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Abstract 

 

 

INVESTIGATION OF THE ROLE OF NCK IN BREAST CANCER CELL INVASION 
AND INVADOPODIA FORMATION AND ITS INTERACTION WITH ADAM19 

 

 

Sarah Elizabeth Wismer       Advisor: 

University of Guelph, 2021       Dr. Nina Jones 

 

 

Nck is an adaptor protein that has been implicated in cancer cell invasion and invadopodia 

formation. Nck is overexpressed in several breast cancer subtypes, and here we show 

that overexpression of Nck in MDA-MB-231 breast cancer cells increases 3D cell 

invasion, invadopodia formation and gelatin degradation. We also find that Nck interacts 

with ADAM19, another protein linked to invadopodia and invasion in several cancers. The 

ADAM19/Nck interaction can be disrupted by mutation of the first or possibly third SH3 

domain of Nck. An inhibitor, AX-024, that binds to the unique DY pocket found in the first 

SH3 domain of Nck can reduce the invasion of breast cancer cells, possibly by disrupting 

the ADAM19/Nck interaction. Altogether, these results show that Nck signaling can 

promote breast cancer cell invasion and that the ADAM19/Nck interaction and more 

specifically the DY pocket is an intriguing target for the reduction of cancer cell metastasis.  
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1.1 Breast Cancer Incidence, Classification and Treatment 

Breast cancer is the most common type of cancer diagnosed in women, with 1 in 8 

women in Canada expected to develop it in their lifetime (Canadian Cancer Statistics 

Advisory Committee, 2019). Breast cancer is divided into subtypes based on molecular 

markers found on the tumour cells, such as estrogen and progesterone receptors and 

human epidermal growth factor receptor 2 (HER2) (Dai et al., 2017; Polyak, 2011). The 

luminal subtype expresses the estrogen and/or the progesterone receptor and can be 

positive or negative for HER2 expression (Harbeck and Gnant, 2017; Polyak, 2011). 

This subtype is sometimes further divided into luminal A and luminal B with the luminal 

B subtype having higher proliferation (Harbeck and Gnant, 2017). The HER2+ subtype 

lacks estrogen and progesterone receptors but expresses HER2 (Dai et al., 2017; 

Polyak, 2011). The triple-negative or basal subtype lacks all three of these markers (Dai 

et al., 2017; Polyak, 2011). These subtypes differ in growth rates and metastatic ability 

with the HER2+ and triple-negative subtypes associated with more aggressive disease, 

metastasis and poorer clinical outcomes (Polyak, 2011; Tinoco et al., 2013). 

Breast cancer therapies can target these molecular markers (Tinoco et al., 2013). In 

luminal breast cancer, endocrine therapy is used to target the estrogen and 

progesterone receptors, sometimes in combination with chemotherapy (Harbeck and 

Gnant, 2017; Tinoco et al., 2013). Cyclin-dependent kinase (CDK) inhibitors, such as 

palbociclib, have also been approved for the treatment of advanced or metastatic HER2 

negative luminal breast cancer (Niu et al., 2019). Trastuzumab and lapatinib are 

commonly used therapies for HER2+ breast cancer because they target the HER2 

receptor and can be used in combination with chemotherapy (Harbeck and Gnant, 
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2017; Tinoco et al., 2013). Triple-negative breast cancer can be treated with 

chemotherapy but has limited options for targeted therapies as it lacks all three of these 

receptors (Tinoco et al., 2013). Patients who have advanced or metastatic HER2-

negative breast cancer with BRCA mutations can receive Poly (ADP-ribose) polymerase 

(PARP) inhibitors such as talazoparib (Lord and Ashworth, 2017; Yu et al., 2020). 

The breast cancer mortality rate has decreased in Canada over the last 30 years 

due to improvements in screening and treatment, including targeted therapies 

(Canadian Cancer Statistics Advisory Committee, 2019). However, metastatic breast 

cancer, defined as cancer that has moved to a secondary site in the body, remains 

incurable (Harbeck and Gnant, 2017). Our understanding of the molecular signals that 

promote movement of cancer cells from the primary tumour to a secondary site is 

incomplete and needs to be improved to better prevent and treat metastatic breast 

cancer (Tinoco et al., 2013). 

1.2 The Metastatic Cascade and the Extracellular Matrix 

The ability of cancer cells to invade local tissue and spread to distant sites in the 

body, or metastasize, is one of the hallmarks of cancer and is more common in some 

types of cancer such as triple-negative breast cancer (Hanahan and Weinberg, 2000; 

Tinoco et al., 2013). Metastasis occurs in a series of steps called the metastatic 

cascade (Fidler, 2003).  Metastatic cancer cells must first leave the primary tumour and 

intravasate into a blood or lymph vessel (Fidler, 2003; Valastyan and Weinberg, 2011). 

The tumour cells must then survive transport through the blood or lymph before they 

attach to the wall of a vessel and extravasate into the tissue of a distant organ (Fidler, 

2003). The processes of intravasation and extravasation are made more complex by the 
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fact that the cells are bordered by the extracellular matrix (ECM), a scaffold of proteins 

and other molecules that surrounds and organizes tissues (Theocharis et al., 2016; 

Valastyan and Weinberg, 2011). The ECM is made up of a variety of molecules 

including laminins, fibronectin, collagens, elastin, glycoproteins, proteoglycans and 

glycosaminoglycans (Theocharis et al., 2016). In addition to providing structure and 

organization to cells, the ECM regulates many cell processes, including growth and 

migration, and attachment to the ECM is required for normal cell survival (Guo and 

Giancotti, 2004; Theocharis et al., 2016). Tumour cells must degrade and move through 

the ECM in order to reach a blood or lymph vessel that can transport them around the 

body (Lu et al., 2012). Cells have focal adhesions which attach their actin cytoskeleton 

to the ECM through integrins (Petrie et al., 2009). Cells must rearrange their focal 

adhesions in order to move through the ECM (Block et al., 2008; Petrie et al., 2009). 

Some cell types also form degradative structures known as invadopodia to break down 

the ECM and assist with invasion (Murphy and Courtneidge, 2011). Both the 

rearrangement of focal adhesions and the formation of invadopodia require changes in 

the organization of the actin cytoskeleton within the cells (Block et al., 2008; Murphy 

and Courtneidge, 2011). 

1.3 Invadopodia Formation 

Invadopodia are specialized actin-based structures formed by invasive cancer 

cells that protrude into and degrade the ECM (Murphy and Courtneidge, 2011). 

Invadopodia formation requires rearrangement of the actin cytoskeleton and 

coordination of a variety of signalling molecules (Murphy and Courtneidge, 2011). 

Multiple molecular markers have been used to determine the steps of invadopodia 
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formation and in general the mechanism begins with an extracellular signal for the cell 

to switch from adhesion to invasion and begin invadopodia assembly at sites of ECM 

contact  (Murphy and Courtneidge, 2011). Downstream signalling proteins are then 

recruited to form a precursor complex, followed by actin rearrangement and 

polymerization, recruitment of proteases, degradation of the ECM and lastly, 

disassembly and recycling of invadopodia components (Artym et al., 2006; Beaty and 

Condeelis, 2014; Murphy and Courtneidge, 2011; Oser et al., 2009, 2010; Sharma et 

al., 2013; Yamaguchi et al., 2005). 

Invadopodia formation can be induced by signals from growth factor receptors, such 

as the epidermal growth factor receptor (EGFR) or through integrins, like β1-integrin, 

which attach the cell to the ECM as part of focal adhesions (Beaty and Condeelis, 2014; 

Murphy and Courtneidge, 2011). The switch from adhesion to invasion involves the 

release of Src kinase from focal adhesion kinase (FAK) at focal adhesions (Chan et al., 

2009). Src is then able to activate proteins, such as Tks5, required for invadopodia 

assembly (Murphy and Courtneidge, 2011; Stylli et al., 2009). These phosphorylation 

events recruit other proteins to the invadopodia precursor including the actin binding 

protein cortactin and the adaptor protein Nck (Oser et al., 2009; Stylli et al., 

2009).These proteins in turn recruit effectors of the actin cytoskeleton such as N-WASP, 

which activates the Arp2/3 complex to begin actin filament nucleation (Murphy and 

Courtneidge, 2011; Oser et al., 2009). The mature invadopodium then degrades the 

ECM with proteases including membrane type 1 matrix metalloprotease (MT1-MMP) 

and a disintegrin and metalloproteases (ADAMs), that have been trafficked to the 

membrane (Murphy and Courtneidge, 2011). Invadopodia are potential targets for 
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therapies to prevent metastasis because these structures are not vital to cell survival 

and their disruption would potentially cause fewer side-effects (Weaver, 2006). 

1.4 The Nck family of adaptor proteins 

Nck is a family of two adaptor proteins, Nck1 and Nck2, which are paralogues 

with 68% sequence identity and often collectively referred to as Nck (Buday et al., 

2002).  Deletion of either Nck1 or Nck2 does not result in a phenotype in mice, however 

deletion of both is embryonically lethal, suggesting that Nck1 and Nck2 have similar or 

overlapping functions (Buday et al., 2002). Nck has no enzymatic activity, instead it acts 

as a linker between cell surface receptors and downstream effector proteins (Buday et 

al., 2002). From its N-terminus, Nck has three src-homology 3 (SH3) domains that bind 

proline-rich regions (PRRs) with the sequence PxxP, which is found in a variety of 

signalling proteins (Li et al., 2001) (Figure 1.1). The first SH3 domain of both Nck1 and 

Nck2 (hereafter referred to as SH3.1) has a unique DY pocket that binds the more 

specific sequence PxxPxxDY (Kesti et al., 2007). This DY pocket has only been 

identified in Nck and some Eps8 family proteins (Aitio et al., 2008; Mongiovi et al., 

1999). Following the three SH3 domains, Nck has a single src-homology 2 (SH2) 

domain, which binds phosphorylated tyrosine residues commonly found on cell surface 

receptors (Li et al., 2001). 

Nck is known to be involved in actin cytoskeleton rearrangement as many of the 

downstream effector proteins that Nck binds are involved in this process (Li et al., 2001; 

Murphy and Courtneidge, 2011). For example, in kidney podocytes, which form actin-

based protrusions of the membrane called foot processes, Nck links the cell surface 

protein nephrin to the actin cytoskeleton (Jones et al., 2006). Nck is also required for 
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cell migration during cardiovascular development in mice, and loss of Nck in endothelial 

cells causes defects in focal adhesion turnover and actin remodelling (Clouthier et al., 

2015). 

Nck has also been implicated in tumour cell invasion and in formation of 

invadopodia through its interaction with numerous regulators of the actin cytoskeleton 

including N-WASP and Tks5 (Chaki et al., 2019; Oser et al., 2009; Stylli et al., 2009; 

Yamaguchi et al., 2005). In MDA-MB-231 triple-negative breast cancer cells, Nck has 

been shown to play a role in localization of MT1-MMP to the surface of invadopodia 

(Morris et al., 2017). Accordingly, Nck1/2 knockdown with shRNA reduced degradation 

of the ECM and Matrigel-coated transwell invasion, as well as lung metastasis when the 

same cells were used for tail vein injections in nude mice (Morris et al., 2017). Nck 

silencing has also been shown to reduce both MMP and ADAM activity in prostate 

cancer PC3 cells (Chaki et al., 2019). In a mouse HER2-induced tumour model, 

knockout of both Nck1 and Nck2 in the mammary epithelium delays tumour growth and 

reduces metastasis to the lungs, and double knockout tumours show defects in integrin 

signaling (Golding and Jones, unpublished). The role of Nck overexpression has been 

examined in melanoma where it increases both proliferation and invasion of melanoma 

cell lines (Labelle-Côté et al., 2011). In human breast cancer, bioinformatic analyses 

suggest that Nck is overexpressed in the more invasive triple-negative subtype (Tilak 

and Jones, unpublished). However, the impact of Nck overexpression in breast cancer 

in vitro is not known, nor are all its binding partners during invadopodia formation, which 

are necessary for the design of therapeutics. 
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Figure 1.1: Domain Structure of Nck1 and Nck2. Both Nck1 and Nck2 contain three 

Src Homology 3 (SH3) domains and one Src Homology 2 (SH2) domain. The SH3 

domains bind proline rich motifs as indicated. The SH2 domain binds to 

phosphorylated tyrosine residues. 
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1.5 The ADAM Family Proteins 

A Disintegrin And Metalloprotease (ADAM) proteins are a family of modular 

transmembrane proteins involved in many processes, including cell migration, invasion 

and adhesion (Dreymueller et al., 2017; Edwards et al., 2008; Seals and Courtneidge, 

2003). Typical ADAM proteins have multiple domains and regions, which from the N- to 

C-terminus are: a pro-domain, a metalloprotease domain, a disintegrin domain, a 

cysteine-rich domain, an EGF-like domain, a transmembrane region and a cytoplasmic 

tail (Figure 1.2A) (Arribas et al., 2006; Edwards et al., 2008). In many ADAM proteins 

the pro-domain must be removed for activation of the metalloprotease (Edwards et al., 

2008).  Twenty-one ADAM genes have been identified in humans and many ADAMs 

have well known roles  including ectodomain shedding and growth factor activation 

(Arribas et al., 2006; Edwards et al., 2008). However, the presence of a metalloprotease 

domain and disintegrin domain also enables ADAMs to cause changes in the ECM and 

cell adhesion, important processes in cell invasion (Arribas et al., 2006; Edwards et al., 

2008). The metalloprotease domain of ADAMs is located extracellularly and can cleave 

many proteins, including ECM components, although the substrates for all ADAMs have 

not been determined (Seals and Courtneidge, 2003). ADAMs also contain a disintegrin 

domain that associates with integrins and can influence cell adhesion (Edwards et al., 

2008). The cytoplasmic tails of ADAMs are diverse in sequence and likely regulate 

ADAM activity and localization by binding intracellular proteins (Edwards et al., 2008). 

ADAM19 is a proteolytically active, broadly expressed protein (Edwards et al., 

2008). ADAM19 has the longest cytoplasmic tail of identified ADAMs, containing seven 

proline-rich regions (Figure 1.2B) (Edwards et al., 2008; Kleino et al., 2015). A proline-
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rich region in the cytoplasmic tail of ADAM19 interacts with the fifth SH3 domain of 

Tks5, an invadopodia marker (Abram et al., 2003; Saini and Courtneidge, 2018). It has 

not been confirmed whether ADAM19 actually localizes to invadopodia due to a lack of 

reagents, but ADAM12, which also interacts with Tks5 has been confirmed to locate at 

invadopodia with Tks5 in transfected mouse fibroblast NIH3T3 cells (Abram et al., 

2003). ADAM19 can also interact with β1-integrin, an integrin which localizes to 

invadopodia and is required for their formation (Destaing et al., 2010; Edwards et al., 

2008; Huang et al., 2005). 

ADAM19 has been linked to cell invasion in several cancer types. Analysis of 

ADAM expression in human primary brain tumours found increased expression of 

ADAM19 mRNA in several tumour types, including glioblastoma, which was correlated 

to malignancy (Wildeboer et al., 2006). When ADAM19 was overexpressed in C6 cells, 

a rat glioblastoma cell line, there was increased invasion through Matrigel-coated 

transwells when the cells expressed wild-type ADAM19, but not when expressing 

ADAM19 with a catalytically inactive metalloprotease domain (Wildeboer et al., 2006). 

Knockdown of ADAM19 with siRNA in A673 cells, a human Ewing sarcoma line, 

decreased cell migration in uncoated transwells (Garcia-Monclús et al., 2018). ADAM19 

has also been suggested as a marker of the epithelial-to-mesenchymal transition, a 

transition observed in invasive cancer cells (Peixoto et al., 2019). As well, ADAM19 is 

overexpressed in more aggressive breast cancer subtypes (Tilak and Jones, 

unpublished). 

Intriguingly, there is a potential interaction between the first SH3 domain of Nck1 

and the cytoplasmic tail of ADAM19 (Kleino et al., 2015). A phage library screen of SH3 
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domains with ADAM cytoplasmic tail peptides found that Nck1 SH3.1 binds to the first 

proline-rich region of ADAM19, which contains a PxxPxxDY motif (Kleino et al., 2015). 

The interactions between Nck1 SH3.1 and the proline-rich regions with the simpler 

PxxP motif were much weaker (Kleino et al., 2015). The three SH3 domains of Nck2 

and the second and third SH3 domains of Nck1 were not included in the screen but 

could potentially interact with the proline-rich regions of ADAM19 as well (Kleino et al., 

2015). Although these interactions need to be verified in cells using the full-length 

proteins, an interaction between Nck and ADAM19 could prove important for 

invadopodia formation and invasion in breast and other cancers. 
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Figure 1.2: A. ADAM19 domain structure. Domain structure of A Disintegrin And 
Metalloprotease Domain (ADAM) family member 19. The N-terminal pro-domain is 
not shown. B. Amino acid sequence of the cytoplasmic tail of ADAM19. Residues 
725 to 918 are shown. Numbering includes the Pro domain. The cytoplasmic tail of 
ADAM19 contains 7 proline rich regions which are potential SH3 domain binding 
sites, the first of which contains the longer DY sequence. The typical proline-rich 
regions with the PxxP motif are highlighted in yellow and the longer PxxPxxDY motif 
is highlighted in blue (From GenBank # AAK07852.1). 

725     rqnnkl gqlkpsalps klrqqfscpf rvsqnsgtgh anptfklqtp qgkrkvintp 

781 eilrkpsqpp prpppdylrg gsppaplpah lsraarnspg pgsqiertes srrpppsrpi 

841 ppapncivsq dfsrprppqk alpanpvpgr rslprpggas plrppgagpq qsrplaalap 

901 kfpeyrsqra ggmisski 

A 

B 
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1.6 Small Molecule Inhibitor AX-024 

AX-024 is a small organic molecule designed using a hit-to-lead optimization 

process that binds to the DY pocket of the first SH3 domain of Nck and prevents T-cell 

activation (Borroto et al., 2016). When T-cells are stimulated, a proline-rich region with 

the sequence PxxPxxDY in the cytoplasmic tail of CD3ε in the T-cell receptor is 

exposed, allowing recruitment of Nck via its SH3.1 domain (Gil et al., 2002; Santiveri et 

al., 2009). Binding of AX-024 to the DY pocket of Nck was reported to block the 

interaction between CD3ε and Nck, and inhibit the activation of T-cells by reducing 

Zap70 phosphorylation (Borroto et al., 2016). In mouse models of disease, AX-024 

reduced symptoms of several autoimmune diseases, including psoriasis, asthma and 

multiple sclerosis (Borroto et al., 2016). AX-024 has been approved for phase I clinical 

trials in humans with the potential to treat autoimmune disease (Borroto et al., 2016). A 

second group later confirmed using a proximity ligation assay that AX-024 can inhibit 

the interaction between Nck and CD3ε, but they did not find that AX-024 treatment 

reduced Zap70 phosphorylation (Juraske et al., 2018). In contrast, a more recent study 

suggested that there is no direct interaction between Nck and AX-024, and that the 

changes observed in the T-cells were due to off target effects, rather than disruption of 

the Nck/CD3ε interaction (Richter et al., 2020a). Both the initial group to characterize 

AX-024 and the group that found no interaction between Nck and AX-024 have 

responded and critiqued each other’s work and suggested that a published structure of 

the protein-inhibitor interaction would confirm the AX-024/Nck interaction (Alarcon and 

Borroto, 2020; Richter et al., 2020b). If its specificity to the DY pocket of Nck is proven, 



14 
 

 

AX-024 has the potential to inhibit the interaction of Nck with other proteins that 

specifically bind its first SH3 domain using the DY pocket, such as ADAM19. 

1.7 Rationale and Hypothesis 

Understanding the molecular mechanism behind invadopodia formation and breast 

cancer cell invasion is critical to preventing and treating metastatic disease. Nck is 

commonly overexpressed in more metastatic breast cancer subtypes and clearly plays 

a role in invadopodia formation and invasion of cancer cells. However, Nck has not 

been studied in an overexpression model in the context of breast cancer. As well, the 

interaction between Nck and ADAM19 could be relevant during invasion and 

invadopodia formation but has yet to be validated in a cell model. Here I will test the 

hypothesis that Nck plays an important role in increasing invadopodia formation and 

invasion of breast cancer cells and that these processes can be inhibited by disrupting 

the interaction between Nck and ADAM19 with the inhibitor AX-024. 
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2.1 Antibodies  

Antibodies were purchased from the following suppliers: mouse anti-FLAG M2 (Sigma, 

F1804), mouse anti-β-actin (Sigma, A1978), rat anti-ADAM19 (Santa Cruz, sc-73687, 

lots: B1418 and A2219), rabbit anti-FAK (Cell Signalling, 3285S, lot 9), mouse anti-

phospho-FAK (Y397) (Millipore, 05-1140, lot 2388911). Rabbit anti-Nck 1793 was a gift 

from Louise Larose (Lussier and Larose, 1997). Horseradish peroxidase-conjugated 

anti-FLAG antibody (Sigma, A-8592, lot: 124K6044) was used for immunoblot detection 

for FLAG immunoprecipitations. Horseradish peroxidase-conjugated goat anti-mouse 

(BioRad, 170–6516), goat anti-rabbit (BioRad, 170–6515) and goat anti-rat (Invitrogen, 

A10549) secondary antibodies were used for immunoblot detection. Goat anti-mouse 

Alexa Fluor 488 (Invitrogen, A11001), goat anti-mouse Alexa Fluor 549 (Invitrogen, 

A11076) were used for immunofluorescence. 

2.2 Cell Culture 

The MDA-MB-231 cells were a gift from Jim Uniacke. Human Embryonic Kidney (HEK) 

293T cells and U87-MG (U87) cells were from American Type Culture Collection 

(Manassa, VA, USA). All were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Wisent, 319-015-CL) supplemented with 10% fetal bovine serum (FBS), 200 units/mL 

penicillin, and 200 mg/mL streptomycin (Invitrogen). All cells were grown at 37°C with 

5% CO2. MDA-MB-231 cells were lifted using 5mM EDTA (Bio Basic, EB0185) in PBS. 

HEK and U87 cells were lifted with trypsin (Wisent, 325-044-EL) with the addition of 

10mM EDTA (Bio Basic, EB0185). 
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2.3 Plasmids 

Full length cDNA encoding wild-type human ADAM19 (BC140323, clone ID 

HsCD00348109) was obtained from Dana-Farber/Harvard Cancer Center and 

subcloned into pcDNA3.1(+)HA-Zeo using NheI and HindIII sites and then inserted into 

pcDNA3 vector via BamHI and EcoRV sites to make a C-terminally tagged hADAM19-

HA construct, which was verified by sequencing. Full length cDNA encoding wild-type 

human Nck1 (BC006403) and Nck2 (BC000103) and the Nck1 SH3*x3 (W39K, W143K, 

W229K) and Nck2 SH3*x3 (W39K, W149K, W235K) mutants were previously cloned 

into creator mammalian vector V180 (Blasutig et al., 2008), which express an N-terminal 

3xFlag tag. The following Nck2 single SH3 domain mutants were created by Bio Basic 

(Markham, ON) using V180-hNck2-WT as a template: Nck2 SH3.1* (W39K), Nck2 

SH3.2* (W149K) and Nck2 SH3.3* (W235K) and were verified by sequencing. A 

pcDNA3-3xFlag empty vector plasmid was used as a control. The plasmids pcDNA3-

3xFlag-hNck1-WT and pcDNA3-3xFlag-hNck2-WT which contain a C-terminal 3xFlag 

tag were described previously (Jones et al., 2006). 

2.4 Creation of Stable Cell Lines and Clonal Expansion 

MDA-MB-231 cells were transfected with V180-Nck1-WT (3xFLAG), V180-Nck2-WT 

(3xFLAG) or pcDNA3 (3xFLAG alone control) plasmids containing a neo G418 

resistance gene. Transfections were performed using jetPRIME Polyplus (VWR 

International) according to the manufacturer’s protocol. After 24 hours 700μg/ml of 

G418 (Wisent) was added to the growth media and the cells were maintained with the 

same concentration of G418. MCF7 and SKBR3 cells were transfected with the same 

plasmids using Lipofectamine 2000 (ThermoFisher, 11668-019) according to the 
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manufacturers protocol. U87 cells were transfected with pcDNA3-3xFlag-hNck1-WT, 

pcDNA3-3xFlag-hNck2-WT or pcDNA3-3xFlag plasmids in the same manner. For 

selection, 750µg/mL (for U87) or 400µg/mL (for MCF7 and SKBR3) of G418 was added 

to the media after 24 hours. Selection was complete when all the untransfected control 

cells died. Western blot analysis was used to confirm that expression of each construct 

was equal. For clonal selection of the MDA-MB-231 stables, cells were then split 1:200 

and grown until they had expanded to individual colonies of about 100 cells. Twelve 

individual colonies of each construct were then lifted using small filter paper disks 

soaked in trypsin with 10mM EDTA. Colonies were expanded, and the expression was 

assessed by Western blot. The colonies from each construct with the highest 

expression were used for further experiments. 

2.5 Transient Transfections 

HEK cells were used for transient transfections.  0.75-5ug of DNA of each plasmid, 

600uL of serum-free DMEM media and 8uL of polyethylenimine (PEI) (Aldrich, 408727-

100ML, batch # 09529KD) were used per 10cm plate. Cells were lysed after 24 to 48 

hours. 

2.6 Cell lysis 

Cells were washed twice with 5mL of phosphate buffered saline (PBS) and then lysed in 

Phospholipase C (PLC+) lysis buffer (50mM HEPES, 150 mM NaCl, 10% glycerol, 1% 

Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM NaPPi, and 100 mM NaF) with fresh 

protease and phosphatase inhibitors (1mM phenylmethylsulfonyl (PMSF), 1mM sodium 

orthovanadate, 10 ug/ml aprotinin, and 10 ug/ml leupeptin)). Lysates were centrifuged 
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at 14,000g for 10 minutes and the supernatants were stored as whole cell lysate (WCL) 

at -20°C. 

2.7 Immunoprecipitation 

Before setting up an immunoprecipitation (IP), 10% anti-mouse IgG-agarose beads 

(Sigma, A6531-5ML) were washed with PLC+ buffer and all the supernatant removed. 

400-500uL of whole cell lysate and the primary antibody (0.8uL for anti-FLAG) were 

added to 200uL of washed anti-mouse beads. The IPs were left for 2 hours or overnight, 

rocking at 4°C. Following incubation, the supernatant was removed, and the beads were 

washed again with PLC+ buffer. Proteins were eluted by heating to 100°C for 10 

minutes in 2x SDS loading buffer. 

2.8 Western Blotting  

WCL was diluted in 5x sodium dodecyl sulfate (SDS) loading buffer (50% glycerol, 

300mM Tris, 10% SDS, 25% β-mercaptoethanol) and heated to 100°C for 10 minutes in 

preparation for sample separation using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Proteins from prepared WCL samples were resolved on 

8% or 10% SDS-polyacrylamide gels according to molecular weights (kDa) and then 

transferred to polyvinylidene fluoride (PDVF) membranes (Millipore) using a wet transfer 

protocol. Membranes were blocked in 5% bovine serum albumin (BSA) in TBST (10x 

TBST (0.02M Tris, 0.15M NaCl, 0.5% Tween20) diluted with MilliQ water) for 1 hour and 

incubated overnight on a 4°C nutator with primary antibody. The following day 

membranes were washed three times in 1x TBST and incubated with horseradish 

peroxidase-conjugated secondary antibody diluted at 1:5,000 in TBST for 1 hour at 

room temperature and then washed again three times in 1x TBST. Signals were 
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detected using ECL Western blotting substrate (Pierce, 32106), and the membranes 

were exposed on film (Pierce). Densitometry was performed to compare relative band 

intensities. The film was scanned, and band intensities were measures using ImageJ 

software (National Institutes of Health, Bethesda, MD). 

2.9 Invadopodia Formation and Gelatin Degradation Assays  

25mm glass coverslips (Fisher Scientific, 12-545-102) were coated with 50µg/mL of 

poly-L-lysine (Sigma, p628-5ML) in PBS and cross-linked with 0.5% glutaraldehyde 

(Sigma, G7651-10ML) in PBS. 2mg/mL gelatin was labelled with 594 fluorescent probes 

using the Alexa Fluor Protein Labeling Kit (ThermoFisher, A10239) and diluted 1:7 with 

unlabeled gelatin. Coverslips were inverted onto 70µL drops of this gelatin. The 

coverslips were then placed on a shaker in 5mg/mL NaBH3 in PBS and then washed 

with PBS. Coverslips were stored in the fridge in PBS supplemented with P/S (200 

units/mL penicillin, and 200 mg/mL streptomycin (Invitrogen)) until use. Cells were 

grown to approximately 80% confluence on 10cm plates and lifted in 10mL of media. 

100-200uL of the cell/media mixture was seeded on the coverslips and the volume was 

then topped up to 2mL with DMEM with 10% FBS. Cells were incubated on the 

coverslips for 4 hours for invadopodia formation and 24 hours for gelatin degradation. 

After that time cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, 

15710-S) in PBS, washed in 150mM glycine (Wisent, 800-045-IK) in PBS, 

permeabilized in 0.1% Triton X-100 (Sigma, 9002-93-1, lot 344H1286) in PBS and 

blocked in 5% BSA (Roche, 10735086001 lot 70450748) in PBS. Coverslips were then 

stained with a FLAG primary antibody (Sigma, F1804, lot SLB14607V), Alexa Fluor 488 

goat anti-mouse secondary antibody (Life technologies, A11001, lot 1726530), Alexa 
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Fluor 647 phalloidin (Invitrogen A22287, lot 2015553) and Hoechst 33258, pentahydrate 

(bis-benzamide) (Molecular Probes, H-1398, lot 2872-1). Coverslips were mounted on 

microscope slides (Fisher, 12-550-15) using Prolong Diamond Antifade Mountant 

(Invitrogen, P36961). Quantification of invadopodia formation and gelatin degradation 

was performed with a 63x lens on a Nikon Eclipse Ti Microscope (Minato, Japan). 50 

cells with positive expression of Nck1-FLAG or Nck2-FLAG from the 4-hour timepoint 

were counted as either positive or negative for invadopodia formation. 50 cells with 

positive expression of Nck1-FLAG or Nck2-FLAG from the 24-hour timepoint were 

scored as having full, partial or no gelatin degradation based on the size of the 

degraded area below the cell. Cells with full degradation were given a score of 1, cells 

with partial degradation were given a score of 0.5 and cells with no degradation 

received a score of 0. The scores for all 50 cells in each replicate were summed 

together to generate a total score which can range from 0 to 50. The total scores for 

each cell line were compared. Confocal images were taken through a 63x (numerical 

aperture 1.4) oil immersion lens using a Leica DM-IRE2 inverted microscope with a TCS 

SP2 scanning head (Leica, Heidelberg, Germany) at the ventral surface of the cells. 

Images were captured using Leica confocal software. All images were processed and 

analyzed using ImageJ software (National Institutes of Health, Bethesda, MD). 

2.10 Invasion Assays 

Transwell inserts with 8µm pore diameter (Corning, CLS3422) were used for invasion 

assays. The bottoms of the transwell inserts were coated with 20µg/mL fibronectin in 

PBS (Sigma F1141-1MG, lots: 067K7545 and SLBX2646). The tops were coated with 

0.2mg/mL Matrigel (Corning, 354234 lots: 5173015 and 0013008). For the invasion 
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assays with the overexpresser lines, 150,000 MDA-MB-231 cells or 400,000 U87 cells 

overexpressing Nck1-FLAG, Nck2-FLAG or FLAG-alone in media supplemented with 

2% FBS were seeded into the top of each well. For the invasion assays with the AX-024 

inhibitor, MDA-MB-231 cells were treated with 40uM AX-024 or a vehicle control for two 

days before seeding 150,000 cells in media supplemented with 2% FBS into the top of 

each well. The medium below each well contained 10% FBS. Cells were placed in the 

incubator and left to invade for 20 hours after which the non-invading cells and Matrigel 

were removed from the top of the well and the membrane was fixed and stained with 

1% crystal violet (Fisher, C581-100, lot: 113489) in 20% methanol. After multiple 

washes of the transwells in 1x PBS, the membranes were removed from the transwells, 

and the crystal violet was eluted in 10% acetic acid. The absorbance of the elutant at 

562nm was read on a spectrophotometer to quantify invasion. 

2.11 Proliferation Assays 

A WST-1 assay was used to determine the rate of cell proliferation. Cells from each cell 

line or treatment were counted and seeded into a 96-well plate in triplicate or 

quadruplicate in DMEM with 10% FBS. A density of 2.0x103 cells/mL (4000 cells per 

well) was used for WT and sable MDA-MB-231 lines. 1.0x104 cells/mL (2000 cells/well) 

were used for the WT and stable U87 cell lines and for the HEK cells. Cells were 

incubated overnight before 10uL of the colorimetric cell proliferation reagent WST-1 

(Sigma, 5015944001) was added to each well. After another 30-60 minutes of 

incubation, the absorbance at 450 and 630nm was measured on a spectrophotometer 

to quantify the proliferation. 
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2.12 Statistical Analysis  

In each graph the error bars represent the standard deviation, and the horizontal bar 

indicates the mean, except in the graphs of invasion and densitometry for the MDA Nck 

stable cells (Figures 3.1B and 3.3B and C), where the error bars represent the 95% 

confidence interval, and the horizontal bar represents the median. For the quantification 

of the pFAK/FAK expression (Figure 3.3B) five replicates were performed and one 

outlier was identified using a Grubbs test and removed resulting in an n value of 4. For 

the invasion assays performed with the MDA-MB-231 stable lines and the densitometric 

analysis of pFAK/FAK and FAK/β actin expression in the MDA-MB-231 stable lines, 

each experimental group was compared to its control by Kruskal-Wallis test with Dunn’s 

multiple comparison test. For the invadopodia formation and gelatin degradation assays 

each experimental group was compared to its control with a one-way ANOVA with 

Dunnet’s post-hoc tests. For the invasion assays performed with WT MDA-MB-231 cells 

treated with AX-024, the treatment group was compared to the control with a Wilcox 

signed rank test. For the proliferation assays, each experimental group was compared 

to its control by a repeated measures ANOVA. A statistical significance threshold of p = 

0.05 was used for all analyses. The asterisks indicate experimental groups that were 

significantly different from the control (*, p ≤ 0.05, **, p ≤ 0.01). Statistical analysis and 

graph preparation were done using GraphPad Prism version 8.4.3 (GraphPad Software, 

La Jolla, CA), except the repeated measures ANOVA for the proliferation assays, which 

was performed using R with graphs prepared using packages ggpubr and ggplot2. 
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3.1 Nck overexpression increases invasion and invadopodia formation 

To investigate the impact of Nck overexpression on breast cancer cell invasion, clonal 

stable cell lines expressing FLAG-tagged Nck1 or Nck2, or FLAG alone were generated 

in MDA-MB-231 cells, a commonly used human triple-negative, invadopodia-forming 

breast cancer cell line (Dai et al., 2017). Clones with equal levels of Nck1-FLAG and 

Nck2-FLAG expression, as determined by FLAG immunoblot, were selected for further 

study (Figure 3.1A). Immunoblotting with pan-Nck antibodies confirmed the expression 

of endogenous Nck1/2, as well as the FLAG-tagged counterparts, with Nck1 showing 

more immunoreactivity with these antibodies compared to Nck2. The cell lines were 

then subjected to invasion assays using transwells coated with Matrigel, an ECM 

analogue. Invasion was quantified by staining invasive cells with crystal violet (Figure 

3.1B). Both cell lines overexpressing Nck had increased invasion. Cells overexpressing 

Nck1-FLAG had a median 1.518-fold increase (95% CI 1.107 to 1.956) in invasion, 

while cells overexpressing Nck2-FLAG had a 1.759-fold increase (95% CI 1.617 to 

1.827), compared to the cells expressing FLAG alone (Figure 3.1C). Proliferation rates 

were measured using WST-1 assay to confirm that there was no difference in 

proliferation between the cell lines. (Figure 3.1D). These data demonstrate that 

overexpression of Nck1 or Nck2 enhances invasion of breast cancer cells. 
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Figure 3.1: Overexpression of Nck increases invasion of triple-negative MDA-MB-
231 breast cancer cells. A. Immunoblot for FLAG and Nck expression in MDA-MB-
231 cells stably overexpressing Nck1-FLAG, Nck2-FLAG or FLAG alone. B. 
Representative image of the bottom of the transwells after invasion stained with 1% 
crystal violet. C. Quantification of invasion of MDA-MB-231 cells in Matrigel coated 
transwells for 20 hours. Presented as median fold-change relative to FLAG-alone 
cells ± 95% CI (n=5, *, p ≤ 0.05, **, p ≤ 0.01, by Kruskal-Wallis test with Dunn’s 
multiple comparison test). D. Quantification of cell proliferation using a WST-1 
assay. Absorbance was measured over the course of approximately six hours. 
Eleven biological replicates, each with at least three technical replicates were 
performed and analyzed by repeated measures ANOVA. There is no significant 
difference in proliferation between the cell lines. 
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3.2 Nck overexpression increases invadopodia formation and gelatin degradation 

As Nck is a known component of invadopodia (Oser et al., 2009, 2010; Stylli et al., 

2009; Yamaguchi et al., 2005), it was next determined whether the increase in invasion 

was due to changes in invadopodia formation and invadopodia-mediated ECM 

degradation. Cells were seeded on fluorescent gelatin-coated coverslips and fixed and 

stained for F-actin and FLAG after 4 hours to assess Nck localization and invadopodia 

formation. Both Nck1 and Nck2 localized to the actin puncta of invadopodia, which 

further overlapped with regions of gelatin degradation (Figure 3.2A). Nck 

overexpression also increased invadopodia formation. 61.0 ± 2.85% of the FLAG-alone 

cells formed invadopodia, compared to 81.0 ± 3.46% of the Nck1-FLAG cells, and 78.5 

± 10.25% of the Nck2-FLAG cells (Figure 3.2B). Gelatin degradation by invadopodia 

was assessed after 24 hours of seeding the cells on gelatin-coated coverslips, and the 

aggregate score of gelatin degradation was normalized to the FLAG-alone cells. Both 

Nck1-FLAG (144 ± 7%) and Nck2-FLAG (133 ± 19%) cells had a higher degree of 

gelatin degradation compared to the FLAG-alone cells (Figure 3.2C). These results 

show that overexpression of Nck not only increases the ability of the cells to invade 

through an ECM-like matrix, but also increases the formation of functionally degrative 

invadopodia in MDA-MB-231 cells. 
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Figure 3.2: Overexpression of Nck increases invadopodia formation and gelatin 

degradation of triple-negative MDA-MB-231 breast cancer cells. A. MDA-MB-231 

cells stably overexpressing Nck1-FLAG, Nck2-FLAG or FLAG-alone were seeded 

on fluorescent labeled gelatin for 4 hours. Invadopodia are identified by areas of 

gelatin degradation underneath actin puncta. Inset images show areas where actin 

puncta overlay Nck localization. Scale bars = 10µm. B. Quantification of 

invadopodia formation as shown in panel A. Cells positive for FLAG-tagged Nck1 or 

Nck2 with F-actin puncta overlying dark spots of gelatin degradation were counted 

as cells with invadopodia formation. Data are presented as percent of cells forming 

invadopodia ± S.D. (n= 4 with 50 cells counted for each condition, **, p ≤ 0.01, by 

one-way ANOVA with Dunnet’s post-hoc tests). C. Quantification of gelatin 

degradation of MDA-MB-231 cells grown on gelatin coated coverslips for 24 hours. 

Cells were scored as described in the methods and normalized to the FLAG alone 

cells. Data are presented as percent of FLAG alone cells ± S.D. (n= 4 with 50 cells 

counted for each condition, *, p ≤ 0.05, **, p ≤ 0.01, by one-way ANOVA with 

Dunnet’s post-hoc tests).  
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3.3 Overexpression of Nck in triple-negative breast cancer cells decreases 

phosphorylation of focal adhesion kinase 

We next wanted to determine if the stable overexpression of Nck in these cells caused 

changes in the expression of other proteins in the signalling pathways for invasion and 

invadopodia formation. Immunoblots were used to examine protein expression and 

phosphorylation and it was found phosphorylation of FAK at tyrosine 397 was 

decreased in the cells stably overexpressing Nck1 and Nck2 (Figure 3.3A). 

Quantification of the immunoblots showed that there was a median 0.3395-fold 

decrease (95% CI 0.4018 to 0.9357) in cells overexpressing Nck1 and a median 

0.3315-fold decrease (95% CI 0.4089 to 1.014) in cells overexpressing Nck2 compared 

to the median expression of the control (Figure 3.3B). There was no change in total 

FAK expression in the cells overexpressing Nck1 or Nck2 compared to the control 

(Figure 3.3C). These data suggest that Nck overexpression alters FAK-mediated 

signalling associated with invasion and invadopodia formation. 
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IB: β actin 48 

Figure 3.3: Nck overexpression in triple-negative breast cancer cells causes a 
decrease in FAK phosphorylation levels. A. A representative immunoblot of FAK and 
pFAK (Y397) expression in MDA-MB-231 cells stably overexpressing FLAG alone, 
Nck1-FLAG or Nck2-FLAG B. pFAK/FAK intensity ratios normalized to FLAG Alone 
as determined by immunoblot densitometry. Presented as median fold-change 
relative to FLAG-alone cells ± 95% CI (n=4, *, p ≤ 0.05 by Kruskal-Wallis test with 
Dunn’s multiple comparison test). C. FAK/β actin intensity ratios normalized to FLAG 
Alone as determined by immunoblot densitometry. Presented as median fold-
change relative to FLAG-alone cells ± 95% CI (n=4, ns by Kruskal-Wallis test with 
Dunn’s multiple comparison test). 
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3.4 ADAM19 is expressed in several invasive cancer cell lines 

ADAM19 was identified in a search for novel binding partners of Nck implicated in 

invadopodia formation. ADAM19 is a metalloproteinase that is associated with 

invadopodia and its C-terminal proline-rich tail has been found to interact with the first 

SH3 domain of Nck1 in vitro (Abram et al., 2003; Kleino et al., 2015). Since ADAM19 is 

a potential interaction partner of Nck, the expression of ADAM19 and Nck in different 

cancer cell lines was assessed. First, an immunoblot was used to test that our antibody 

could detect both transfected HA-tagged ADAM19 in HEK cells and endogenous 

ADAM19 in two glioma cell lines, U87 and U251 cells (Figure 3.4A). Glioma cell lines 

were used as the Human Protein Atlas shows high expression of ADAM19 in U251 

cells. It was found that both lines express ADAM19, and that the tagged protein is 

slightly larger than the endogenous, as expected. Next, the expression in the glioma 

lines was compared to two breast cancer lines, MCF7 and MDA-MB-231 by immunoblot 

(Figure 3.4B). All the cancerous cell lines appear to express ADAM19, although there 

are some variations in protein size, which are likely the pro and mature forms of the 

protein. 
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Figure 3.4: ADAM19 is expressed in several invasive cancer cell lines. A. 

Expression of HA-tagged ADAM19 in transfected HEK cells and endogenous 

ADAM19 in U87 and U251 glioma cells. B. Immunoblot of ADAM19 expression in 

two breast cancer (MCF7 and MDA-MB-231) and two glioma (U87 and U251) cell 

lines. 
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3.5 ADAM19 interacts with Nck1 and Nck2, but the interaction is stronger with 

Nck2 

Next, an immunoprecipitation from transfected HEK cells was used to investigate the 

possible interaction between ADAM19 and Nck using full length proteins. First, cells 

were transfected with HA-tagged ADAM19 and Nck1-FLAG or Nck2-FLAG and 

immunoprecipitated using an anti-FLAG antibody (Figure 3.5). This confirmed that 

ADAM19 interacts with both Nck1 and Nck2. The interaction appears to be stronger 

between ADAM19 and Nck2, although this may be due to the lower co-expression of 

ADAM19 with Nck1. 
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Figure 3.5: Nck and ADAM19 interact and the interaction is stronger with Nck2. 

HEK 293T cells were transiently transfected for 24 hours with plasmids containing 

HA-tagged ADAM19, Nck1-FLAG or Nck2-FLAG. Cells were lysed and Nck was 

immunoprecipitated (IP) from the cell lysates using an anti-FLAG antibody. No 

antibody (Ab) IP (beads alone) is the negative control. The whole cell lysates (WCL) 

show expression of transfected Nck-FLAG and ADAM19-HA. 

IP: FLAG IB: FLAG (Nck) 

IP: FLAG IB: HA (ADAM19) 100 

48 
IP: FLAG 

WCL 
IB: HA (ADAM19) 135 

100 

48 IB: FLAG (Nck) 



36 
 

 

3.6 The interaction between ADAM19 and Nck2 requires the first SH3 domain of 

Nck2 

The importance of each of the SH3 domains of Nck2 was then determined using 

immunoprecipitation with Nck2 binding mutants. Nck2 was selected to map the binding 

because its interaction with ADAM19 is stronger. FLAG-tagged mutants of Nck2 with 

point mutations in one or all SH3 domains that disrupt binding to PxxP motifs were co-

transfected into HEK cells with ADAM19-HA and immunoprecipitated with an anti-FLAG 

antibody (Figure 3.6A). We found that Nck2 and ADAM19 are still able to interact when 

the SH3.2 domain of Nck2 is mutated. The interaction seems to be disrupted when the 

first (SH3.1) or third (SH3.3) domains are mutated, although this may be due to an 

expression issue with ADAM19-HA in the case of the SH3.3 domain mutant (Figure 

3.6B). Mutation of all three SH3 domains (SH3x3*) disrupted binding between Nck2 and 

ADAM19. The Nck2 ADAM19 interaction may be specific to the first SH3 domain of 

Nck2, but further optimization of the immunoprecipitation and use of Nck2 with two SH3 

domains mutated is necessary. 
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Figure 3.6: The interaction between Nck2 and ADAM19 requires the first and third 

SH3 domains of Nck2 A. Schematic of Nck2 mutants used to map the interaction 

between Nck2 and ADAM19 including point mutations and nomenclature used for 

inactivation of single or multiple SH3 domains. B. HEK 293T cells were transiently 

transfected for two days with plasmids containing HA-tagged ADAM19 and Nck2-

FLAG, or Nck2-FLAG SH3 domain mutants. Cells were lysed and Nck was 

immunoprecipitated (IP) from the whole cell lysates (WCL) using an anti-FLAG 

antibody. 
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3.7 AX-024 inhibits the invasion of cancer cells 

The small molecule inhibitor AX-024 binds to the DY pocket in the first SH3 domain of 

Nck (Borroto et al., 2016). Since the Nck/ADAM19 interaction might be specific to the 

first SH3 domain, transwell invasion assays were used to determine whether disruption 

of protein interactions with the DY pocket might impact cell invasion through an ECM-

like matrix. Wild-type MDA-MB-231 cells were treated with 40µM of AX-024 or a vehicle 

control for two days before being seeded in Matrigel-coated transwells. The MDA-MB-

231 cells treated with AX-024 had a decrease in invasion compared to the control 

(0.5967 ± 0.0767 for AX-024 treatment vs 1.0000 ± 0 for the control) (Figure 3.7A). 

Proliferation rates were measured using WST-1 assay to determine if AX-024 had any 

effect on cell proliferation. Cells treated with AX-024 appear to grow slightly faster than 

the control cells, despite having reduced invasion (Figure 3.7B). This demonstrates that 

AX-024 can reduce the invasiveness of cancer cells in vitro. 
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Figure 3.7: AX-024 inhibits invasion of triple-negative breast cancer cells in vitro. 

A. Quantification of invasion for MDA-MB-231 cells. Wild-type MDA-MB-231 cells 

were treated with 40µM of AX-024 or vehicle control before being seeded into 

Matrigel coated transwells for an invasion assay. Fold-change in invasive cells is 

shown for six biological replicates with at least two technical replicates of each. Data 

is presented as mean fold-change relative to control ± S.D. (n=6, *, p ≤ 0.05 by 

Wilcox Signed rank test). B. Quantification of cell proliferation using a WST-1 assay. 

Absorbance was measured over the course of 24 hours for four biological replicates, 

each with four technical replicates. Data was analyzed using repeated measures 

ANOVA and there was a slight increase in proliferation in the AX-024 treated cell 

over the 24-hour time course. 
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Here we have identified a role for Nck in promoting invasion and metastatic 

properties of triple-negative breast cancer cells. We also validate an SH3 domain-

mediated interaction between Nck and ADAM19. Lastly, we show that an inhibitor, AX-

024, that binds specifically to a unique DY pocket found in the first SH3 domains of 

Nck1 and Nck2 can reduce the invasion of breast cancer cells, possibly by disrupting 

the interaction between Nck and ADAM19. Altogether these studies identify a potential 

target for the reduction of cancer cell invasion. 

Overexpression of Nck in triple-negative MDA-MB-231 breast cancer cells 

increases their invasion in a cell culture setting (Figure 3.1B,C). It is interesting to 

observe that an increase in Nck expression can enhance invasion in an already highly 

invasive cell line (Dai et al., 2017). The fold-change in invasion observed in our cells 

overexpressing Nck1 or Nck2 is comparable to the fold-change in other studies 

including MCF7s overexpressing Nck1 and WM278 melanoma cells overexpressing 

Nck2 (Labelle-Côté et al., 2011; Yin et al., 2019). The positive effect of Nck on invasion 

is in line with previous studies using an opposite approach, whereby knockdown of Nck 

expression decreases the invasiveness of MDA-MB-231 cells as well as HUVECs 

(Chaki et al., 2019; Morris et al., 2017). Overexpression of Nck1 in MCF7 cells, a 

luminal breast cancer cell line, also increased cell invasion in a transwell assay, 

suggesting that Nck might increase invasion in all breast cancer subtypes (Yin et al., 

2019). To investigate this further, we have developed HER2-enriched SKBR3 cell lines 

stably overexpressing Nck1 or Nck2 (Figure 6.1A), which will be used in future studies. 

We attempted to establish overexpressors in the MCF7 breast cancer cell line but were 

unsuccessful with the Nck1-FLAG transfection, despite two attempts (Figure 6.1B). We 
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have also generated U87 glioma cells overexpressing Nck1 or Nck2 (Figure 6.1C). 

These cells were selected as they form invadopodia (Tilak et al., 2021, in press); 

however, preliminary results have shown no effect of Nck overexpression on invasion in 

this setting, perhaps because these are pooled lines rather than clones and have low 

expression of transfected Nck compared to the endogenous protein (Figure 6.2A). 

Further selection of clonal stable lines of the U87 cells could increase the overall levels 

of Nck. 

We also show that Nck overexpression increases the percentage of MDA-MB-

231 cells forming invadopodia, and it enhances gelatin degradation, which confirms that 

these cells are forming functional invadopodia that can help the cells breakdown and 

move through an ECM-like matrix during invasion (Figure 3.2B,C). We did not observe 

any differences between the phenotypes of the Nck1 and Nck2 overexpressing cells in 

either invasion or invadopodia formation. Our findings align with previous 

complementary studies that have shown a reduction in invadopodia formation and 

gelatin degradation when Nck expression is knocked down (Chaki et al., 2019; Morris et 

al., 2017). The increased gelation degradation we observed could be the result of an 

increase in proteases within invadopodia, given that Nck is known to play a role in 

localizing the metalloprotease MT1-MMP to invadopodia (Morris et al., 2017).  Future 

work profiling changes in cell surface proteins, such as metalloproteases and ADAMs 

when Nck is overexpressed would provide a clearer picture of the role of Nck in these 

processes. 

Decreased FAK phosphorylation at tyrosine 397 was also observed when Nck 

was overexpressed (Figure 3.3B). Despite the fact that FAK is located at focal 
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adhesions and not present at invadopodia, it is involved in regulation of invadopodia 

formation, as it is part of the switch within the cell from adhesion to invasion (Bowden et 

al., 2006; Chan et al., 2009; Genna et al., 2017). FAK phosphorylation inhibits 

invadopodia formation in both breast cancer and melanoma cells, because 

phosphorylated FAK sequesters Src away from invadopodia (Chan et al., 2009; Kolli-

Bouhafs et al., 2014). Src binds to FAK when FAK is phosphorylated at tyrosine 397, 

and must be released in order to phosphorylate proteins at sites of invadopodia 

formation (Chan et al., 2009; Kolli-Bouhafs et al., 2014; Murphy and Courtneidge, 

2011). The reduction in FAK phosphorylation in cells overexpressing Nck suggests that 

they are primed to form invadopodia, even when growing on a plastic cell culture dish 

that is not conducive to invadopodia formation before lysis. Nck overexpression could 

potentially decrease phosphorylation of other focal adhesion proteins such as p130Cas 

and paxillin, while increasing phosphorylation of invadopodia proteins such as Tks5 and 

cortactin, similar to what is seen when FAK expression is knocked down in rat 

mammary adenocarcinoma and mouse melanoma cell lines (Chan et al., 2009; Kolli-

Bouhafs et al., 2014). Profiling changes in other proteins in these signalling pathways 

caused by Nck overexpression would give us a better understanding of the signalling 

that occurs during invadopodia formation and specifically the role of Nck in this process. 

We showed that ADAM19 is expressed in four different cancer cell lines (Figure 

3.4A, B). We had, however, hypothesized that the MDA-MB-231 triple negative breast 

cancer cells would have higher expression than the less invasive MCF7 hormone 

receptor positive cells, as ADAM19 has a potential role in invadopodia formation and 

has been linked to invasion in several cancer types (Abram et al., 2003; Garcia-Monclús 
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et al., 2018; Wildeboer et al., 2006). It is likely that our single immunoblot may not give 

the full picture of ADAM19 in these cell lines. As seen in Figure 3.4, ADAM19 appears 

at multiple sizes, including a double band in the MCF7, MDA-MB-231 and U251 cells. 

ADAM proteins, including ADAM19 are expressed as pro-enzymes and the pro-domain 

is cleaved to activate the enzyme, so the two sizes likely represent the larger pro and 

smaller mature forms of the protein (Edwards et al., 2008; Kang et al., 2002). In the 

course of this study, we had difficulty sourcing a reliable antibody for ADAM19 and 

determining the exact size of the endogenous human protein. The majority of previous 

publications used antibodies generated in-house that are not commercially available, 

are specific for a different species of ADAM19, or did not include specific product details 

for the antibodies in the publications (Table 6.1). We assessed both commercially 

available antibodies (Abcam ab104800 and Santa Cruz sc-73687) that had been 

previously annotated in the literature and had more success with the latter, even though 

it is raised against mouse ADAM19. We are also unsure of the exact size of 

endogenous human ADAM19 as the publications that included molecular weight 

markers were either working with a different species of ADAM19 or were not using the 

full-length protein. One publication that used full-length C-terminally FLAG-tagged 

human ADAM19 found that the pro form of the protein was about 115kDa and the 

mature form about 80kDa, which are within range of the sizes of our transfected and 

endogenous proteins (Kang et al., 2002). Determining the size of ADAM19 is further 

complicated by the fact that it has five potential N-glycosylation sites and the same 

transfection construct was found at different sizes in two different cell lines (Chesneau 
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et al., 2003; Wei et al., 2001). Future work involving endogenous ADAM19 may require 

testing other antibodies. 

A previous study using a phage library screen showed that the first SH3 domain 

of Nck1 interacts most strongly with the first proline rich region in peptides representing 

the cytoplasmic tail of ADAM19 (Nck2 was not included in the study) (Kleino et al., 

2015). This interaction could be the strongest because the first PRR of ADAM19 

contains the extended motif for the more specific binding site in the first SH3 domain of 

Nck1 and Nck2, called a DY pocket (Borroto et al., 2016; Kleino et al., 2015). We 

confirmed the interaction between ADAM19 and Nck with transfected full-length proteins 

(Figure 3.5). Although our interest was originally drawn to ADAM19 because of a 

potential interaction with Nck1, we found that the interaction was stronger between 

Nck2 and ADAM19. This is also the first difference we observed in the functions of Nck1 

and Nck2, as there was no difference in phenotype between the Nck1 and Nck2 

overexpressers. We attempted to confirm the interaction between endogenous ADAM19 

and Nck in MDA-MB-231 cells, as well as U87 cells, since both cell lines express both 

proteins, but were unsuccessful (data not shown). A successful immunoprecipitation 

may require a different ADAM19 antibody. Given that we now know that ADAM19 and 

Nck are both expressed in these cell lines, that they interact, and that ADAM19 is 

correlated to malignancy in glioblastoma (Wildeboer et al., 2006) and overexpressed in 

more invasive breast cancer subtypes (Tilak and Jones, unpublished), investigating the 

effect of ADAM19 knock-down or knock-out on invasion and invadopodia formation in 

breast cancer or glioblastoma cell lines would be an interesting parallel to our Nck 

overexpression experiments. It would also need to be confirmed that ADAM19 localizes 
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to invadopodia, as the last group to tackle this lacked the appropriate reagents (Abram 

et al., 2003). 

We next mapped the interaction between ADAM19 and Nck2 and determined 

that a mutated SH3.1 domain prevents the interaction (Figure 3.6B). There was also no 

interaction observed between ADAM19 and the Nck2 SH3.3 mutant. This might be due 

to low expression of ADAM19 in the co-transfection with the Nck2 SH3.3 mutant, or 

because both functional SH3 domains are required, potentially interacting with different 

PxxP motifs on ADAM19. Further experiments and use of Nck2 double SH3 domain 

mutants could help verify the specificity of the interaction. If we determine that the first 

SH3 domain of Nck is both necessary and sufficient for the interaction of ADAM19 and 

Nck, it is probable that the interaction is specific because ADAM19 is interacting with 

the DY binding pocket that is only present in the first SH3 domain of Nck. 

The DY binding pocket provides increased binding specificity and was first 

described in Eps8 (Mongiovi et al., 1999). The DY pocket has since only been found in 

other Eps8 family proteins and the first SH3 domain of Nck proteins (Aitio et al., 2008; 

Saksela and Permi, 2012). So far, the only ligand identified to make use of the DY 

pocket of Nck is CD3ε (Aitio et al., 2008; Saksela and Permi, 2012). The small molecule 

inhibitor AX-024 was designed using a hit-to-lead optimization process to specifically 

bind to the unique DY pocket found in the first SH3 domain of Nck1 and Nck2 (Borroto 

et al., 2016). We showed here that AX-024 can reduce the invasiveness of breast 

cancer cells (Figure 6.3A). We also found that there was a slight increase in the 

proliferation rates of the cells treated with AX-024, most noticeable at the 24-hour 

timepoint (Figure 6.3B). This suggests that an interaction with the DY pocket of Nck, for 
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example involving ADAM19, is important during 3D cell invasion and is a potential drug 

target for prevention of breast cancer cell metastasis. However, the specificity of the 

binding of AX-024 has been questioned (Richter et al., 2020a). Given that we have not 

conclusively shown the specificity of the Nck/ADAM19 interaction and that we observed 

changes in proliferation of the AX-024 treated cells, it is possible that the reduction in 

invasion is due to off target effects. Alternately, treatment with AX-024 may interfere 

with the phenotypic switch between proliferation and invasion that has been observed in 

glioblastoma cells (Oliveira et al., 2017). Our MDA-MB-231 cells treated with AX-024 

could be proliferating instead of invading leading to a decrease in cell invasion. The 

concentration of AX-024 (40µM) used on the WT MDA-MB-231 cells for invasion assays 

was higher than that used in previous studies. Concentrations previously used ranged 

from 1 to 10nM on purified human blood T cells (Borroto et al., 2016; Juraske et al., 

2018), 10nm to 10µM on Jurkat T cells (Borroto et al., 2016), 1µM on human fibroblasts 

(Borroto et al., 2016) to 20µM on peripheral blood mononuclear cells (Richter et al., 

2020a). Given that an immortalized cancer cell line is likely hardier and less sensitive 

than primary blood cells, the higher concentration is warranted, since it did not kill or 

inhibit the proliferation of the MDA-MB-231 cells. However, determining the effects of 

both higher and lower concentrations of AX-024 on cell invasion and proliferation would 

provide a more complete picture. Confirming the specificity of the ADAM19/Nck 

interaction, as well as using AX-024 to disrupt the interaction of both transfected and 

endogenous proteins would provide evidence to support the specificity of AX-024. In the 

future, examining the effect of AX-024 on FAK signaling in invadopodia-forming cells as 

well as on ADAM19 and MMP activity would give us a better idea of the effect of AX-
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024 on the pathways involved in cancer cell invasion. Altogether, the DY pocket of Nck 

and the inhibitor AX-024 form an intriguing target for the reduction of breast cancer cell 

invasion. 
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Figure 6.1: Stable expression of Nck in three cancer cell lines A. Immunoblot for 

FLAG and Nck expression in SKBR3 cells stably overexpressing Nck1-FLAG, Nck2-

FLAG or FLAG alone. B. Immunoblot of Nck expression in MCF7 cells stably 

overexpressing Nck2-FLAG or FLAG alone. The transfection of Nck1-FLAG was 

unsuccessful in these cells. C. Immunoblot for FLAG and Nck expression in U87 

cells stably overexpressing Nck1-FLAG, Nck2-FLAG or FLAG alone. Pooled lines 

are shown for all. 
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Figure 6.2: Overexpression of Nck has no effect on invasion of pooled lines of U87 

stable cells A. Quantification of invasion over 20 hours of U87 cells in Matrigel 

coated transwells. Presented as median fold-change relative to FLAG-alone cells ± 

95% CI (n=4, ns by Kruskal-Wallis test with Dunn’s multiple comparison test). B. 

Quantification of cell proliferation using a WST-1 assay. Absorbance was measured 

over four hours. Four biological replicates, each with four technical replicates were 

performed and analyzed by repeated measures ANOVA. There was no significant 

difference in proliferation between the groups. 
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Figure 6.3: Proliferation of wild-type U87 and HEK cells treated with AX-024 A. 

Wild-type U87 cells were treated with 40µM or a vehicle control for 24 hours before 

seeding and then quantified with a WST-1 assay. One biological replicate with four 

technical replicates was performed. Data was analyzed using repeated measures 

ANOVA. There was no significant difference in proliferation between the groups. B. 

Wild-type HEK cells were treated with 10µM or a vehicle control for 24 hours before 

seeding and then quantified with a WST-1 assay. One biological replicate with four 

technical replicates was performed. Data was analyzed using repeated measures 

ANOVA. There was no significant difference in proliferation between the groups. 
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Table 6.1: A partial list of ADAM19 antibodies in the literature. Most antibodies used 

were generated in-house and are not commercially available. 

Reference Antibody 
Size of 

ADAM19 
Sample type Notes 

(Inoue et 

al., 1998) 

Rabbit antibody 

raised against the 

cytoplasmic tail of 

mouse ADAM19 

115, 87, 42 and 

35kDa 

COS-7 cells 

transfected with 

mouse ADAM19, 

as well as mouse 

primary 

osteoblasts and 

mouse C2C12 

myoblasts for 

endogenous 

expression 

115kDa protein 

is larger than 

predicted size 

(99.72kDa), likely 

due to 

glycosylation. 

87kDa protein 

likely has pro-

domain removed. 

Smaller bands 

are from further 

processing 

(Wei et al., 

2001) 

Anti-FLAG M2 

antibody from 

Sigma 

Secreted 

ADAM19 

(ectodomain) 

sizes of 95, 56 

and 33kDa 

HEK cells 

transfected with 

FLAG-tagged full 

length human 

ADAM19 

Only blotted for 

secreted protein, 

not full length 

(Shirakabe 

et al., 2001) 

Rabbit antiserum 

raised against a C-

terminal peptide of 

mouse meltrin β 

(ADAM19) 

125 and 

100kDa 

L292 cells 

transfected with full 

length mouse 

meltrin β 

(ADAM19) 

The 125kDa and 

100kDa proteins 

are likely the pro 

and mature 

forms of the 

protein 

respectively 

(Zhao et al., 

2001) 

Rabbit polyclonal 

antibodies 

generated against 

the pro, 

metalloprotease 

and disintegrin 

domains of human 

ADAM19 

Secreted 

protein 

(ectodomain) 

sizes of 86, 56, 

45, 40 and 

35kDa 

Secreted 

ectodomain of 

human ADAM19 

from transfected 

HEK cells 

Only looked at 

secreted 

ADAM19. 35kDa 

band likely a 

proteolytic 

fragment with the 

pro domain 

(Kurisaki et 

al., 2002) 

Anti-meltrin β 

(mouse ADAM19) 

antiserum, no 

source listed 

Full-length 

protein: 120 

and 100kDa. 

‘meltrin β mini’: 

60 and 40kDa 

COS-7 cells 

transfected with 

full-length mouse 

meltrin β 

(ADAM19) or 

meltrin β mini 

Meltrin β mini is 

a splice variant 

without the pro, 

metalloprotease 

and disintegrin 

domains 
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(Kang et 

al., 2002) 

Rabbit polyclonal 

antibodies 

generated 

previously against 

several domains of 

human ADAM19 

(Zhao et al., 2001) 

and anti-FLAG M2 

(Sigma) 

Pro form: 

~115kDa, 

Active/mature 

form: ~80kDa, 

Processed N-

fragments: ~72 

and ~58kDa 

COS-1 cells 

transfected with C-

terminally FLAG-

tagged human 

ADAM19 

The anti-FLAG 

and anti-

ADAM19 

antibodies picked 

up different 

processed bands 

depending on the 

fragment 

(Chesneau 

et al., 2003) 

Rabbit antibody 

raised against the 

extracellular 

domain of 

catalytically 

inactive mouse 

ADAM19, and anti-

Myc antibodies 

Pro form of 

extracellular 

domain 

~82kDa, 

mature form: 

63-67kDa. Pro 

form of pro and 

metalloprotease 

domain: 

~60kDa, 

mature form 

~30kDa 

Hi5 and COS-7 

cells transfected 

with extracellular 

domain of 

ADAM19 or the pro 

and 

metalloprotease 

domains of 

ADAM19. Both 

constructs were 

mouse and Myc 

tagged  

Did not use full 

length ADAM19. 

Differences in 

protein sizes 

between the cell 

lines likely 

reflects 

differences in 

glycosylation 

(Kang et 

al., 2004) 

Rabbit polyclonal 

antibody generated 

previously (Zhao et 

al., 2001) against 

the disintegrin 

domain of human 

ADAM19 and anti-

FLAG M2 (Sigma) 

~90 and 

~70kDa 

COS-1 cells 

transfected with 

the C-terminally 

FLAG-tagged 

extracellular 

domain of human 

ADAM19 

Did not use full 

length ADAM19. 

(Zhang et 

al., 2015) 

anti-ADAM19, 

1:1000, Abcam, no 

catalogue number 

listed 

No size 

markers 

WB on HCT116 

human colon 

cancer cells, and 

human normal and 

cancerous colon 

tissue 

 

(Wang et 

al., 2017) 

ADAM19 antibody 

from Santa Cruz, 

no catalogue 

number listed but 

probably ADAM19 

(14J12): sc-73687 

(rat antibody raised 

against mouse) 

No size 

markers 

WB on human 

GBM tissue and 

cells lines, 

including U87 and 

U251 cells 
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(Garcia-

Monclús et 

al., 2018) 

Abcam #ab104800 

at 1:500 

No size 

markers 

WB on A673 cell 

WCL for 

endogenous 

expression 

 

(Li et al., 

2018) 

Rabbit antibodies 

generated 

previously against 

the C-terminus of 

Xenopus ADAM19 

(Neuner et al., 

2009) 

Pro form at 

about 100kDa 

and mature just 

below 75kDa 

HEK cells 

transfected with 

Xenopus tropicalis 

ADAM19 

 

(Peixoto et 

al., 2019) 

Anti-ADAM19 

antibody listed in a 

supplemental table 

I could not find  

N/A IHC on human 

non-small cell lung 

cancer tissue 

Not used for WB 

(Wang et 

al., 2019) 

Not listed in 

methods 

No size 

markers 

WB on PC-3 WCL 

(prostate cancer) 

 

(Arai et al., 

2019) 

Rabbit antibody 

generated in 

Sehara lab 

(Shirakabe et al., 

2001) 

No size 

markers, but 

pro is larger 

than mature 

WB on transfected 

HEK cells 

 

 


