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Summary 

Tumor development is characterized by uncontrolled cell growth due to genetic and environmental 

factors. Cancer mortality is mainly caused by the spread of cancer cells from the primary tumor to 

other parts of the body. Cancer cells break away from the original tumor, invade the surrounding tissue, 

enter blood or lymph vessels, and extravasate at distant sites to form secondary tumors, or 

metastases. During the different stages of metastasis, the actin cytoskeleton is hijacked by cancer 

cells to increase their motility. Different types of actin-mediated cellular protrusions assist in cancer 

cell motility including lamellipodia and filopodia at the leading edge, and proteolytic active invadopodia 

at the ventral side of invading cells. In physiological conditions, the actin cytoskeleton is essential for 

the maintenance of cell shape, response to environmental changes and protrusive force during cell 

movement. The actin binding, multidomain protein cortactin is one of the many regulators of the shape 

and dynamics of actin filaments: cortactin binds to and activates the Arp2/3 complex, leading to the 

formation of a branched actin network, and stabilizes actin filaments. The cortactin gene is 

overexpressed in different cancer types, and is associated with increased invadopodia formation, cell 

motility, invasion and metastasis formation.  

The objective of this thesis is to delineate the role of different cortactin domains during invadopodia 

formation and function. Three different cortactin nanobody sets are described, each targeting a 

different cortactin region: two NTA nanobodies against the N-terminal acidic (NTA) domain, two FHP 

nanobodies targeting the central regions (the F-actin binding repeats, helical and proline rich domain), 

and one SH3 nanobody against the SH3 domain. The NTA and FHP nanobody sets were generated 

and characterized, and their effect on invadopodia and invasion was compared to the previously 

characterized SH3 nanobody. Additionally, the interaction of the SH3 nanobody with the SH3 domain 

was studied in more detail. 

In the first section, two nanobodies against the NTA domain are characterized and compared with a 

nanobody that targets the SH3 domain. The NTA nanobodies both prevent cortactin-mediated Arp2/3 

activation (Table 1). The two nanobody sets, i.e. the NTA and SH3 nanobodies, similarly decrease 

invadopodia formation, protease secretion, matrix degradation and protease-dependent invasion, 

illustrated by protease inhibitor GM6001. One NTA nanobody also inhibits the cortactin-Arp2/3 

complex interaction and reduces invadopodium stability. Interestingly, inhibition of Arp2/3 complex 

activation, either by cortactin NTA nanobodies or by Arp2/3 inhibitor CK-666, causes a larger decrease 

in invadopodia formation in head and neck squamous cell carcinoma versus breast cancer cells. This 

suggests that invadopodia formation and composition is a cell type-specific process. 
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In the second section, the central regions of cortactin are targeted by two FHP nanobodies and their 

effects are again compared with the SH3 nanobody. Both cortactin nanobody sets equally decrease 

invadopodia formation, invadopodia-mediated matrix degradation and invasion (Table 1). One FHP 

nanobody binds to the proline rich domain and decreases cortactin tyrosine phosphorylation; the other 

FHP nanobody binds the actin binding repeats but has no effect on F-actin interaction. This indicates 

that the cortactin actin binding repeats also have a role in invadopodia formation and function that is 

independent from their ability to bind and stabilize actin filaments.  

Finally, we present a structural analysis of the interaction between the SH3 nanobody and SH3 domain 

by means of X-ray crystallography. The first co-crystal structure was obtained at acidic pH, therefore a 

second structure was determined at physiological pH. However, the degree of acidity has no major 

influence on the thermodynamic parameters or structure of the cortactin-nanobody interaction. The 

SH3 nanobody/domain crystal structure explains two observations: first, the specificity of the SH3 

nanobody for cortactin and the lack of cross reactivity with cortactin homologue HS1; and second, the 

inhibition of cortactin-WIP interaction by the SH3 nanobody without affecting other SH3 domain 

interaction partners.  

Overall, nanobodies are an excellent tool to scrutinize cortactin domain specific functions in 

invadopodia and invasion. Targeting of distinct cortactin domains and their functions causes different 

effects on invadopodia number, stability or function, but ultimately results in a similar decrease of 

cancer cell invasion.  
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Table 1. Overview of the cortactin nanobodies and inhibitors. Effects on invadopodia and invasion are represented by “=”, 

no effect; “↓”, decrease; “-“, not studied. ABRs, actin binding repeats; COR, cortactin; FHP, F-actin binding repeats, helical 

and proline rich domain; Nb, nanobody; MDA, MDA-MB-231 breast cancer cell line; MMP, matrix metalloproteinase; NTA, N-

terminal acidic; pY421, phosphorylated tyrosine at position 421; SCC, SCC-61 head and neck squamous cell carcinoma cell 

line. 

  Cortactin Nbs Inhibitors 

  NTA FHP SH3 

Nb CK-666 GM6001   Nb2 Nb3 Nb11 Nb13 

Epitope NTA NTA 
ABRs/ 

helical 

Proline 

rich 
SH3 Arp2/3 MMPs 

Effect 

COR-

Arp2/3 

activation 

COR -

Arp2/3 

interaction 

& 

activation 

No effect 

on F-actin 

binding 

COR 

pY421 

COR-WIP 

interaction 

Arp2/3 

activation 

MMP 

activity 

Invadopodia        

 
Number 

= MDA 

↓ SCC 

= MDA 

↓ SCC 

 

↓ SCC 

 

↓ SCC 

↓ MDA 

↓ SCC 

↓ MDA 

↓ SCC 

 

↓ SCC 

 

Stability 
= MDA 

= SCC 

↓ MDA 

↓ SCC 
- - 

= MDA 

= SCC 

= MDA 

= SCC 
- 

 Degradation ↓ SCC ↓ SCC ↓ SCC ↓ SCC ↓ SCC ↓ SCC ↓ SCC 

MMP        

 Recruitment ↓ SCC ↓ SCC - - = SCC ↓ SCC = SCC 

 Secretion ↓ SCC ↓ SCC - - ↓ SCC ↓ SCC ↓ SCC 

Invasion = SCC ↓ SCC ↓ SCC ↓ SCC ↓ SCC ↓ SCC ↓ SCC 
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Samenvatting 

De ontwikkeling van een tumor wordt gekenmerkt door ongecontroleerde celgroei, veroorzaakt door 

een genetische achtergrond en door omgevingsfactoren. De grootste oorzaak van kankermortaliteit is 

de uitzaaiing van kankercellen vanuit de primaire tumor naar andere delen van het lichaam. 

Kankercellen slagen erin om zich los te maken van de tumor, dringen omliggende weefsels binnen, 

komen in de bloed- of lymfevaten terecht, en verlaten deze vervolgens op een andere plaats om daar 

secundaire tumoren of metastasen te vormen. Tijdens de verschillende fasen van metastasevorming 

gebruiken kankercellen het actine cytoskelet om hun beweeglijkheid mogelijk te maken. Zo zijn er 

verschillende actine-gebaseerde uitstulpingen die kunnen bijdragen aan die beweeglijkheid, 

bijvoorbeeld lamellipodia en filopodia aan het frontale gedeelte, en proteolytisch actieve invadopodia 

aan de ventrale zijde van invaderende cellen. In fysiologische omstandigheden is het actine cytoskelet 

noodzakelijk voor het behoud van celmorfologie, voor de aanpassing aan omgevingsomstandigheden 

en voor het genereren van een vooruitsturende kracht tijdens celmigratie. Het actine bindend, 

multidomein eiwit cortactine is een van de vele regulatoren van actine filament architectuur en 

dynamiek: cortactine bindt en activeert het Arp2/3 complex, wat leidt tot de vorming van een vertakt 

actine netwerk, en stabiliseert actine filamenten. Het cortactine eiwit komt tot overexpressie in 

verschillende types kanker, wat geassocieerd is met verhoogde invadopodia vorming, mobiliteit, 

invasie en metastase vorming.  

Het doel van deze thesis is om de rol van de verschillende cortactine domeinen tijdens invadopodia 

vorming en functie af te lijnen. Drie verschillende nanobody sets, die elk een verschillende cortactine 

regio binden, worden hier beschreven: twee NTA nanobodies gericht tegen het N-terminaal (NTA) 

domein, twee FHP nanobodies die de centrale domeinen binden (de actine bindende herhalingen, het 

helicaal en proline rijk domein), en een SH3 nanobody dat het SH3 domein herkent. De NTA en FHP 

nanobody sets werden gegenereerd en gekarakteriseerd, en hun effect op invadopodia en invasie 

werd vergeleken met het reeds gekarakteriseerde SH3 nanobody. Daarnaast werd de interactie tussen 

het SH3 nanobody en het SH3 domein in detail bestudeerd.  

In deel één worden twee nanobodies tegen het NTA domein gekarakteriseerd en vergeleken met een 

nanobody tegen het SH3 domein. Beide NTA nanobodies verhinderen cortactine-gemedieerde Arp2/3 

activatie (Tabel 1). De twee nanobody sets, i.e. de NTA en de SH3 nanobodies, zorgen in gelijke mate 

voor een daling van invadopodia vorming, protease secretie, matrix degradatie en protease-

gemedieerde invasie, zoals aangetoond door protease inhibitor GM6001. Bovendien verhindert één 

nanobody ook de interactie van cortactine met het Arp2/3 complex en beïnvloedt het de stabiliteit van 

invadopodia. Ten slotte stelden we vast dat inhibitie van Arp2/3 complex activatie, door cortactine 
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NTA nanobodies of door Arp2/3 inhibitor CK-666, een groter effect had op invadopodia vorming in 

hoofd- en hals tumorcellen vergeleken met borstkanker cellen. Dit suggereert dat invadopodia vorming 

en samenstelling een celtype-afhankelijk proces is. 

In deel twee richten we ons op de centrale domeinen van cortactine met twee FHP nanobodies, en 

vergelijken we hun effecten opnieuw met het SH3 nanobody. Beide cortactine nanobody sets 

veroorzaken een gelijkaardige reductie van invadopodia vorming, invadopodia-gemedieerde matrix 

degradatie en invasie (Tabel 1). Het ene FHP nanobody bindt het proline rijk domein en vermindert 

cortactine tyrosine fosforylering; het andere FHP nanobody bindt ter hoogte van de actine herhalingen 

maar heeft geen invloed op de interactie met F-actine. Dit wijst op een rol voor de actine bindende 

regio in invadopodia vorming en functie, onafhankelijk van de rol in actine filamentbinding en 

stabilisatie.  

Tenslotte rapporteren we een structurele analyse van de interactie tussen het SH3 nanobody en het 

SH3 domein door middel van X-straal kristallografie. Een eerste kristalstructuur werd gevormd bij een 

zure pH, en om die reden werd een tweede structuur bepaald bij fysiologische pH. Hieruit bleek dat de 

zuurtegraad geen invloed heeft op de thermodynamische parameters of de structuur van de 

cortactine-nanobody interactie. De kristalstructuur van het SH3 nanobody met het SH3 domein biedt 

een verklaring voor twee observaties: ten eerste de specificiteit van het SH3 nanobody voor cortactine 

en de afwezigheid van kruisreactie met cortactine homoloog HS1. Ten tweede de gerichte inhibitie van 

de interactie tussen cortactine en WIP door het SH3 nanobody, zonder andere interactiepartners van 

het SH3 domein te verstoren.  

Nanobodies zijn dus een uitstekend middel om op een zeer gedetailleerde manier domein-specifieke 

functies van cortactine in invadopodia en invasie te onderzoeken. Inhibitie van diverse cortactine 

domeinen en hun functie resulteert in verschillende effecten op invadopodia aantal, stabiliteit of 

functie, maar leidt uiteindelijk altijd tot een gelijkaardige afname van kankercel invasie.  
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Tabel 1. Overzicht van de cortactine nanobodies en inhibitoren. Effecten op invadopodia en invasie worden weergegeven 

door “=”, geen effect; “↓”, afname; “-“, geen gegevens. ABRs, actine bindende regio; COR, cortactine; FHP, F-actine bindende 

regio, helicaal en proline rijk domein; Nb, nanobody; MDA, MDA-MB-231 borstkanker cellijn; MMP, matrix metalloproteinase; 

NTA, N-terminaal; pY421, gefosforyleerd tyrosine op positie 421; SCC, SCC-61 hoofd en hals plaveiselcarcinoom cellijn. 

  Cortactine Nbs Inhibitoren 

  NTA FHP SH3 

Nb CK-666 GM6001   Nb2 Nb3 Nb11 Nb13 

Epitoop NTA NTA 
ABRs/ 

helicaal 
Proline rijk SH3 Arp2/3 MMPs 

Effect 

COR-  

Arp2/3 

activatie 

COR- 

Arp2/3 

interactie 

& activatie 

Geen 

effect op 

F-actine 

binding 

COR 

pY421 

COR-WIP 

interactie 

Arp2/3 

activatie 

MMP 

activiteit 

Invadopodia        

 
Aantal 

= MDA 

↓ SCC 

= MDA 

↓ SCC 

 

↓ SCC 

 

↓ SCC 

↓ MDA 

↓ SCC 

↓ MDA 

↓ SCC 

 

↓ SCC 

 

Stabiliteit 
= MDA 

= SCC 

↓ MDA 

↓ SCC 
- - 

= MDA 

= SCC 

= MDA 

= SCC 
- 

 Degradatie ↓ ↓ ↓ ↓ ↓ ↓ ↓ 

MMP        

 Rekrutering ↓ SCC ↓ SCC - - = SCC ↓ SCC = SCC 

 Secretie ↓ SCC ↓ SCC - - ↓ SCC ↓ SCC ↓ SCC 

Invasie = ↓ ↓ ↓ ↓ ↓ ↓ 
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1. The actin cytoskeleton  

Eukaryotic cells rely on their cytoskeleton to maintain their shape and internal organization, coordinate 

responses to their environment and generate forces that drive shape change and cell movement. The 

cytoskeleton consists of three main filament types: microtubules, actin filaments and intermediate 

filaments (Fletcher and Mullins, 2010). Microtubules are the largest and stiffest filament type, 

composed of - and -heterodimers (Fletcher and Mullins, 2010; Muroyama and Lechler, 2017). They 

are involved in the separation of chromosomes during mitosis, the organization of cell polarity, and 

protein and organelle transport (Luders and Stearns, 2007). Actin filaments are composed of actin 

monomers. These filaments are smaller and less rigid than microtubules, but can be organized into 

stiffer bundled or branched networks to mediate cell motility, endocytosis, organelle and vesicle 

transport (Pollard and Cooper, 2009). The diameter of intermediate filaments is in between those of 

actin filaments and microtubules. Intermediate filaments are constructed from one or more different 

subunit proteins (Robert et al., 2016), and contribute to mechanical integrity of organelles and cells 

(Koster et al., 2015). They can also be organized in bundles and network structures. Unlike 

microtubules and actin filaments, intermediate filaments are non-polar and do not support movement 

of motor proteins (Fletcher and Mullins, 2010). Importantly, these three filament systems do not 

function as isolated systems, but rather form cell-type specific, intertwined filament networks 

(Campellone et al., 2008; Jiu et al., 2015; Wiche et al., 2015).  

1.1. Actin nucleation & elongation 

In mammals, actin is distinguished into six different isoforms with high amino acid similarity: 

ubiquitously expressed -actin and cyto-actin, and skeletal, cardiac, smooth, and smooth-actin that are 

mainly expressed in skeletal, cardiac, or smooth muscle respectively (Perrin and Ervasti, 2010). 

Globular actin monomers (G-actin) polymerize into a twisted, helical actin filament (F-actin). The first 

step of actin polymerization is the formation of actin oligomers (Figure 1). This initial nucleation step is 

inefficient and thermodynamically unfavorable, but after nucleus formation (i.e. an unstable actin 

trimer), new ATP-actin monomers are rapidly incorporated at the plus or barbed end of the actin 

filament. Inside the filament, ATP is hydrolyzed, with dissociation and release of phosphate. This results 

in the formation of unstable ADP-actin, preparing actin filaments for dissociation at the minus or 

pointed end. The polarized turnover of actin filaments, also known as ‘tread milling’ (Selve and Wegner, 

1986), is used to drive membrane protrusion and directional cell movement. Spontaneous actin tread 

milling, however, is a slow process that is not compatible with fast actin-dependent processes, e.g. cell 

movement (Le Clainche and Carlier, 2008) and endocytosis (Pollard and Cooper, 2009). Therefore, 
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cells use a range of actin binding proteins (ABPs) for local and controlled initiation of actin 

polymerization (Nurnberg et al., 2011). 

 

Figure 1. Mechanism of actin nucleation and elongation. Actin polymerization starts with oligomer formation. Once a nucleus 

is established, actin monomers are built in at the fast growing plus end. After hydrolysis of ATP, and dissociation and release 

of phosphate, the actin filament becomes a target of severing proteins, e.g. actin depolymerizing factor (ADF)/cofilin family 

proteins. Once dissociated, profilin promotes nucleotide exchange and binds monomeric actin. Filament elongation can be 

inhibited by association of capping proteins at the plus end. Figure from Nurnberg et al., 2011. 

1.2. Actin binding proteins 

Cells express more than 150 proteins that contain an actin binding domain for tight spatial and 

temporal control of actin dynamics in response to extracellular signals and intracellular signaling 

cascades (Fletcher and Mullins, 2010; Nurnberg et al., 2011). These proteins can be categorized in 

different groups and are summarized in Table 2.  

Table 2. Overview of the different types of actin binding proteins.  

Type Examples 

Actin monomer binding proteins Profilin, ADF/cofilin, twinfilin, Srv2/CAP, WASP/WAVE family, 

verprolin/WIP family 

Actin capping proteins CapG, gelsolin, villin and tensin 

Actin severing proteins Gelsolin, ADF/cofilin 

Filament nucleating and elongating proteins  

• de novo Formins, tandem-monomer-binding (TMB) nucleators, 

WISH/DIP/SPIN90 family 

• F-actin seed dependent Arp2/3 complex, Ena/VASP family 

Crosslinking and bundling proteins Fimbrin/plastin, fascin, filamin, -actinin, IRSp53 
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Actin monomer binding proteins maintain an actin monomer pool that can be used to obtain high actin 

concentrations when rapid actin elongation is required. They also regulate subcellular localization and 

nucleotide status of actin monomers (Figure 1) (Paavilainen et al., 2004).  

Actin capping proteins regulate actin polymerization by binding to the barbed end of actin filaments, 

thereby interfering with the kinetics of actin monomer incorporation (Figure 1) (Dos Remedios et al., 

2003).  

Actin severing proteins split actin filaments to depolymerize existing filaments or create new filament 

ends (Figure 1) (Staiger and Blanchoin, 2006).  

Filament nucleating and elongating proteins can be subdivided in de novo nucleation factors, factors 

that promote actin filament formation from monomeric actin, and F-actin seed-dependent factors, 

proteins that require existing actin filaments (Siton-Mendelson and Bernheim-Groswasser, 2017; 

Andrianantoandro and Pollard, 2006). Efficient activation of the Arp2/3 complex depends on class I 

nucleation promoting factors (NPFs), including WASP, N-WASP, WAVE/Scar, WHAMM, WASH and class 

II NPF cortactin (Figure 2) (Siton-Mendelson and Bernheim-Groswasser, 2017). The role of cortactin in 

branched actin network formation will be more extensively discussed in subsequent sections.  

Crosslinking and bundling proteins are, unlike the Arp2/3 complex, not involved in actin assembly, but 

connect existing actin filaments to generate higher order structures. Different crosslinking proteins 

generate actin networks with varying density and polarity (Figure 2) (Courson and Rock, 2010; Millard 

et al., 2007; Schmoller et al., 2008; Skau et al., 2011).  
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Figure 2. Actin filament organization. A. Branched actin networks are formed by Arp2/3 complex activity on an existing actin 

filament (‘primer’). Network density is modulated by capping proteins (CP): actin branches are longer in the absence of CPs, 

and shorter in their presence. Long filaments can align and form actin bundles. B. Long crosslinkers link existing actin 

filaments to form dense networks. C. Short crosslinking proteins create tightly packed actin bundles from filaments generated 

by formins or Ena/VASP. D. Dynamic crosslinkers or molecular motors turn antiparallel actin filaments into contractile 

bundles. Figure adapted from Blanchoin et al., 2014.  
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1.3. The actin cytoskeleton and disease 

Many disorders are caused by cytoskeletal alterations, either upon mutation of actin and/or actin 

binding protein genes (direct) or via aberrant signaling in regulatory pathways (indirect).  

For example, mutations in skeletal actin (ACTA1) cause altered actin filament assembly and are the 

underlying cause of different myopathies (Laing et al., 2009). Heterozygous mutations in the -actin 

gene (ACTB) result in developmental disorders, including the Baraitser-Winter syndrome, characterized 

by developmental delay, intellectual disability, internal organ malformations and growth retardation 

(Cuvertino et al., 2017).  

Several mutations in actin binding proteins have also been reported. These include mutations in the 

filamin A gene (FLNA) which cause several neurological disorders, including periventricular heterotopia 

(a neuronal migration disorder), and cardiac defects. Filamin A is an ubiquitously expressed actin 

crosslinking and scaffold protein involved in cell adhesion, and has a role in developing myofibrils and 

migrating neurons during embryogenesis (de Wit et al., 2011; Lian and Sheen, 2015).  

A fascin gene (FSCN2) mutation has been reported in patients with retinitis pigmentosa, and is 

associated with hearing loss, presumably by altering fascin bundling activity (Shin et al., 2010; Wada 

et al., 2001).  

Mutations in a formin gene (IFN2) are associated with glomerulosclerosis, indicating a role for this 

protein in podocytes, cells that form long foot processes and that are involved in glomerular filtration 

(Boyer et al., 2011; Brown et al., 2010).  

The Wiskott-Aldrich syndrome is caused by mutations in the WAS gene that codes for WASP, mostly in 

exons that code for the EVH1 domain, involved in WIP, PIP2 and F-actin interaction (Zigmond, 2000). 

Reduced or absent WASP expression is associated with defects in hematopoietic cells, including 

chemotaxis, immune synapse formation, podosome formation and phagocytosis, which leads to 

thrombocytopenia, increased susceptibility to infections, autoimmune diseases and cancer. On the 

other hand, activating mutations in the GBD domain lead to recurrent bacterial infections, neutropenia, 

monocytopenia and myelodysplasia (Massaad et al., 2013). Mutations in the WIPF1 gene, coding for 

WIP, or the ARPC1B gene, coding for a subunit of the Arp2/3 complex, result in a similar phenotype 

(Kahr et al., 2017; Lanzi et al., 2012; Somech et al., 2017).  

Besides gene mutations, actin cytoskeleton organization can be disturbed by external factors. During 

early stages of Alzheimer’s disease, amyloid  and tau accumulation alter actin cytoskeleton 

organization at dendritic spines, an early event during disease development (Fulga et al., 2007; Penzes 



8 

 

and VanLeeuwen, 2011). High ROS levels lead to cofilin/actin rod formation, probably via cofilin 

oxidation, intermolecular disulfide bond formation and filament bundling. This results in altered 

dendritic spine morphology and loss of synapses (Bamburg and Bernstein, 2016; Penzes and 

VanLeeuwen, 2011). Moreover, tau links microtubules and the actin cytoskeleton, and is associated 

with aberrant F-actin accumulation, which may result in actin rod and Hirano body formation (Fulga et 

al., 2007). Actin rich inclusion bodies or Hirano bodies are found in patients with Alzheimer’s and other 

neurodegenerative diseases (Dong et al., 2016; Martinez-Saez et al., 2012). Although the mechanism 

of their formation is still unknown, they require de novo actin polymerization, the Arp2/3 complex, 

profilin and VASP (Dong et al., 2016). 

Additionally, the actin cytoskeleton is hijacked by pathogens during different phases of infection: 

infection/invasion of the host cell, requiring actin-mediated cellular uptake mechanisms like 

phagocytosis and micropinocytosis; creation of a replication niche, involving membrane trafficking 

during phagosome maturation and cellular innate immune responses; and dissemination, 

characterized by pathogen movement in the cytoplasm, and cell-to-cell signaling and transport (Elsa, 

2017). For example, Coxiella burnetii infects macrophages via CR3 receptor binding. This induces actin 

filament reorganization (ruffling) at the site of attachment, mediated by Rho GTPases, cortactin and N-

WASP-dependent actin polymerization (Rosales et al., 2012; Salinas et al., 2015).  

Finally, cytoskeletal changes are essential during cancer progression. This is illustrated by the 

overexpression of many actin binding proteins, including formin, Arp2/3, WASP, WAVE, cortactin and 

Ena/VASP, that are involved in cell motility via the formation of actin rich protrusions, e.g. lamellipodia, 

filopodia and cancer-associated invadopodia. Moreover, components of upstream regulatory pathways 

are often upregulated and contribute to cytoskeletal remodeling, for example EGFR signaling, the 

CXCR4 chemokine receptor and Rho GTPases (Alizadeh et al., 2014). Upregulation of cell motility 

pathways and actin regulatory proteins is associated with increased invasion, metastasis and tumor 

aggressiveness, and decreased disease-free and overall survival (Nurnberg et al., 2011).   
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2. Cancer  

Cancer is one of the leading causes of death in the world. Due to increased life expectancy and 

population growth, the prevalence of cancer will only increase in the future (Jemal et al., 2011). Very 

often, not the primary tumor, but secondary lesions or metastases, are the cause of cancer related 

mortality (Taketo, 2011).  

During cancer development, normal cells acquire several traits as they transform into a malignant 

tumor. The major difference between cancer cells and normal tissue is the ability to sustain cell 

proliferation, leading to uncontrolled tissue growth. This can originate from aberrant paracrine 

signaling, mitogenic signaling or growth factor independence. On the other hand, cancer cells 

circumvent inhibitory pathways that restrict cell growth or induce cell death, and they become capable 

of unlimited proliferation, also called immortalization. During (invasive) tumor development, an 

“angiogenic” switch activates angiogenesis, generating blood vessels to deliver oxygen and nutrients, 

and eliminate metabolites and carbon dioxide. More recently emerging hallmarks include deregulated 

energy metabolism to support aberrant cancer cell proliferation, and evasion from eradication by the 

immune system (Hanahan and Weinberg, 2011).  

2.1. Metastasis 

The aforementioned processes may result in primary tumor formation. From this primary tumor, cells 

can enter the multistep metastatic cascade, starting with local invasion of the surrounding extracellular 

matrix (ECM), intravasation to adjacent blood or lymphatic vessels, circulation through hematogenous 

and lymphatic systems and extravasation at distant sites in the body (Reymond et al., 2013).  

For epithelial cells, this requires major alterations in cell shape and cell contacts, also called epithelial 

to mesenchymal transition (EMT). Several regulators drive EMT, including the Snail, Twist and ZEB 

transcription factor families. Additionally, EMT is regulated at the RNA level or by extracellular signaling 

via TGF family proteins, growth factors, differentiation factors, e.g. Wnt, Notch, Hedgehog or IL6 

signaling, or by the tumor microenvironment, for example hypoxic conditions (Lamouille et al., 2014). 

EMT is typically characterized by the loss of proteins required for cell-cell adhesion, e.g. E-cadherin, 

and the upregulation of proteins responsible for cell-matrix contacts, e.g. N-cadherin (Wheelock et al., 

2008). As a result, cancer cells acquire characteristics that enable metastatic spreading. Furthermore, 

the neoplastic stroma promotes invasion. Cancer cells secrete chemo-attractants to recruit pro-

invasive inflammatory cells that, in turn, produce factors that stimulate invasive motility (Bussard et 

al., 2016). Tumor survival, proliferation and dissemination is additionally facilitated by two enabling 
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characteristics: genomic instability and tumor promoting inflammation (Hanahan and Weinberg, 

2011). Downstream of the pro-invasive signaling, the expression, localization and activity of many 

cytoskeletal proteins is affected (Morris and Machesky, 2015).  

During invasion of the surrounding stroma, cells may adopt different migration and invasion modes 

(Figure 3). They can either migrate individually, using elongated mesenchymal, rounded amoeboid or 

spike mediated invasion; or collectively as multicellular groups or as broad sheets or clusters (Friedl et 

al., 2012). Depending on intra- and extracellular signaling, ECM composition and stiffness, tissue 

topography, growth factors, cytokines, etc., invading tumor cells can switch between migratory 

programs, for example mesenchymal to amoeboid, collective to individual, or epithelial to 

mesenchymal and vice versa (Odenthal et al., 2016). This indicates that invasion is a heterogeneous 

process, which is supported by in vivo observations, for example local and transient activation of TGF 

signaling in breast cancer cells induces a switch from collective to single cell migration during 

dissemination (Giampieri et al., 2009).  

 

Figure 3. Schematic overview of the multistep metastatic cascade. Cells from the primary tumor invade the stromal 

environment or ECM using different migration modes towards blood or lymphatic vessels. After intravasation, cancer cells 

spread throughout the body and leave the vasculature via transendothelial migration (TEM). Once cancer cells extravasated, 

only a few will form micrometastasis, others will enter a state of dormancy or undergo cell death. Figure from Reymond et 

al., 2013.  

After dissociation from the primary tumor and invasion of the stroma, primary tumor cells must 

overcome several barriers before they may colonize at proximal or distant sites, starting with the 

basement membrane (BM). The BM is a thin layer of dense, highly crosslinked ECM, and consists 

mainly of type IV collagen, laminin, heparin-sulphate proteoglycans, perlecan, agrin and/or nidogen. It 
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surrounds or underlies epithelia, as well as tumors (Yurchenco, 2011). Crossing of the BM can involve 

three different mechanisms that are not mutually exclusive: proteolytic degradation, non-proteolytic 

displacement or altered BM composition (Glentis et al., 2014). Next, cancer cells adhere to vascular 

endothelial cells, disrupt endothelial junctions and cross the endothelial barrier (Figure 3). Several 

factors modulate cancer cell intravasation, including cell-cell communication, other cells in the tumor 

microenvironment and modulation of endothelial barrier permeability (Alizadeh et al., 2014).  

Once they have reached the blood stream or lymphatic vessels, cancer cells have to overcome new 

challenges to survive and reach distant organs. Circulating tumor cells (CTCs) are devoid of cell-matrix 

interactions, making cells prone to anoikis, a type of caspase-mediated apoptosis. Resistance to 

anoikis and anchorage independence is therefore an essential characteristic of CTCs (Paoli et al., 

2013). Moreover, CTCs are exposed to hemodynamic shear stress and cells of the innate immune 

system, specifically natural killer cells (NKs). Cells can physically shield themselves by inducing 

thrombus formation via interactions with blood platelets, or the formation of tumor cell clusters. To 

evade the immune system, various strategies are used, for example shedding of NK ligands or 

downregulation of NK receptors. On the other hand, other immune cells like macrophages can protect 

CTCs from immune surveillance and promote cancer cell survival (Strilic and Offermanns, 2017).  

Cancer cells typically extravasate at small capillaries, where they get trapped in the confined space of 

the capillary lumen, possibly assisted by selectin- and cadherin-mediated cell-cell interactions (‘rolling’) 

and ultimately leading to stable adhesion to vascular endothelial cells via integrins, CD44 and/or 

MUC1. Additionally, chemokines are important regulators of cancer cell extravasation, migration and 

adhesion (Reymond et al., 2013).  

After stable adhesion, cancer cells pass through the endothelial cell layer, either via transcellular 

(through the cell body) or paracellular (through endothelial junctions) trans-endothelial migration 

(Figure 3), and subsequently the vascular basement membrane (Reymond et al., 2013).  

The establishment of secondary, metastatic foci probably depends on two complementary 

mechanisms: the ‘seed and soil’ principle, or the anatomical/mechanical pathway. The ‘seed and soil’ 

hypothesis states that the compatibility between the extravasated tumor cells, or ‘seeds’ and the local 

microenvironment, also named ‘soil’, is essential for successful metastasis and may also explain the 

tissue tropism of CTCs from specific tumor types. According to the mechanical hypothesis, the site of 

extravasation is determined by vascular or lymphatic architecture and physical properties (Azevedo et 

al., 2015).  
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It is important to note that, during every stage of the metastatic cascade, cancer cell migration and 

invasion requires high plasticity and dynamic changes in cell properties, e.g. cell shape, stiffness, and 

adhesions. The actin cytoskeleton is an essential mediator of cell shape changes in physiological 

conditions, and is hijacked by cancer cells for their invasive program. The next chapter will focus on 

actin based protrusions and how they play a role in cancer cell motility. 

2.2. Actin based protrusions and cancer cell motility 

Actin filaments and individual actin binding proteins cooperate to control the formation, architecture, 

mechanical properties, and turnover of actin networks in living cells. This is essential for processes 

that involve cell motility, internal mechanical support and vesicle trafficking (Figure 4). Using the actin 

cytoskeleton, migrating and invading cancer cells can form lamellipodia, filopodia or invadopodia 

(Ridley, 2011).  

 

Figure 4. Overview of the cytoskeletal actin network organization. Branched actin networks and parallel actin bundles are 

found in a range of different structures. Cortical actin is a loosely organized actin network, dispersed underneath the plasma 

membrane. Stress fibers are composed of actomyosin bundles to mediate cellular contractility. Furthermore, the actin 

cytoskeleton is involved in vesicular trafficking between the endoplasmic reticulum (ER), Golgi and the plasma membrane. 

Finally, actin filaments are the structural basis of different cellular protrusions, including podosomes/invadopodia, 

lamellipodia, fillopodia, microvilli and membrane ruffles. Figure from Taylor et al., 2011.  
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In addition to force generation by actin polymerization, cells can produce forces by forming contractile 

structures to drive changes in organelle, cell and tissue organization. Contractile actomyosin networks 

in non-muscle cells are composed of actin filaments and myosin II motor proteins, and are located at 

the cell cortex or organized in networks or bundles, e.g. transverse arcs, dorsal and ventral stress 

fibers. Activity of myosin II causes contraction or extension of actin filaments during distinct processes, 

including cytokinesis, intracellular transport and cell migration. Several accessory proteins mediate 

filament dynamics, architecture, lifetime, length, coupling to the plasma membrane and to membrane-

associated organelles (Murrell et al., 2015).  

The following sections will highlight how actin filaments are organized by distinct actin binding proteins 

during plasma membrane protrusion, with a focus on invadopodia, and how these structures contribute 

to cancer cell motility.  

2.2.1. Lamellipodia 

Lamellipodia are sheet-like projections at the leading edge of migrating cells (Figure 5). Membrane 

protrusions are driven by the formation of a branched actin network, mediated by the Arp2/3 complex. 

The main function of lamellipodia is to enable cell migration in different cell types, e.g. neural crest 

cells, immune cells, fibroblasts and epithelial cells, and in response to chemokines or extracellular 

matrix composition (Krause and Gautreau, 2014). 

Several mechanisms for the initiation of actin polymerization at lamellipodia have been suggested 

(Figure 5). First, the Arp2/3 complex mediates branched actin network formation and requires the 

presence of preformed actin filaments (‘primer filaments’), provided by nucleation activity of formins 

FMN2 (Block et al., 2012) and mDia2 (Isogai et al., 2015; Yang et al., 2007). Second, actin trimers can 

be formed by proteins with several G-actin binding WH2 domains, for example by JMY, a member of 

the TMB protein family. JMY can also act as a class I NPF via its WCA domain (Zuchero et al., 2009). 

The last and most recent discovered mechanism involves the WISH/DIP/SPIN90 protein family, which 

can activate the Arp2/3 complex in the absence of F-actin: their leucine-rich domain brings the Arp2 

and Arp3 subunit together to mimic a barbed end, that can subsequently be elongated (Kim et al., 

2006; Wagner et al., 2013).  

Efficient activation of the Arp2/3 complex at lamellipodia also depends on the presence of class I and 

class II NPFs. In the case of lamellipodia, Rac-activated WAVE interacts with the Arp2/3 complex and 

triggers branched actin nucleation (Law et al., 2013).  
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Figure 5. Mechanism of actin nucleation at the lamellipodium. Arp2/3 complex activity can be initiated by primer filaments 

that were generated by formin activity, by actin trimers that were formed by JMY, or by WISH/DIP/SPIN90 family proteins that 

activate the Arp2/3 complex in the absence of existing filaments. NPFs, including WAVE, JMY and cortactin, stimulate Arp2/3 

activity, generating a branched actin network. Filament elongation at the barbed end is also supported by Ena/VASP and 

formins. Cortactin binds and stabilizes actin filaments, and antagonizes coronin-mediated debranching. Actin severing 

protein ADF/cofilin and Arp2/3 regulators GMF, coronin, gadkin and arpin promote branched network disassembly at the 

rear of lamellipodia.  

Next, as a result of the synergistic activity of cortactin, WAVE is released, and dendritic network 

assembly is initiated (Helgeson et al., 2014; Uruno et al., 2003). Cortactin stabilizes newly formed actin 

branches with its F-actin binding domains (Bryce et al., 2005; Weaver et al., 2001; Weed et al., 2000), 

and protects the Arp2/3 complex from coronin 1B-mediated debranching (Cai et al., 2008).  

Filament elongation and lamellipodium protrusion is further enhanced by elongation factor Ena/VASP 

and formins, which in turn provide additional sites for Arp2/3 activity, and contribute to protrusion 

force generation and stability (Chen et al., 2014; Kage et al., 2017). Moreover, both proteins, as well 

as CARMIL, prevent capping protein interaction with barbed ends (Zwolak et al., 2013).  

Besides branched actin network formation, actin remodeling and turnover is equally important for 

efficient lamellipodium formation and directional cell migration, for example, actin filament 

disassembly at the rear of lamellipodia refills the pool of G-actin available for incorporation at the 

leading edge (Pollard and Borisy, 2003). Moreover, ADF/cofilin disassembles actin filaments through 
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severing (Blanchoin et al., 2000; Koestler et al., 2013), and GMF, a member of the cofilin protein 

family, severs actin junctions between Arp2 and the actin filament (Poukkula et al., 2014). Additionally, 

the Arp2/3 complex itself can be inactivated by coronins (Cai et al., 2008), gadkin (Maritzen et al., 

2012) and arpin (Dang et al., 2013) to inhibit branched actin formation.  

Directional migration in response to growth factors, cytokines or extracellular matrix components is 

essential for efficient cancer cell invasion (Cao et al., 2015; McAndrews et al., 2015; Ray et al., 2017). 

Lamellipodial persistence is associated with directional persistence (Harms et al., 2005), and many 

proteins that are associated with cytoskeletal changes during lamellipodia formation are upregulated 

or overexpressed in cancer cells, for example the Arp2/3 complex, WAVE and mDia (Sarmiento et al., 

2008; Wang et al., 2002).  

2.2.2. Filopodia 

Filopodia are thin, finger-like protrusions of the plasma membrane that are built up by parallel, bundled 

actin filaments. They often originate from the lamellipodial actin network, where they play a role in cell 

migration. Additionally, filopodia are involved in wound healing, cell adhesion, chemotaxis, cell-cell 

signaling, neuronal growth cone pathfinding and embryonic development (Mattila and Lappalainen, 

2008).  

Unbranched actin filaments in filopodia are nucleated and elongated by formins (Young et al., 2015) 

and Ena/VASP proteins (Vaggi et al., 2011), via actin monomer incorporation at the filopodial tip. Actin 

filaments are bundled by fascin, together with DAAM1 or other formins (Jaiswal et al., 2013). Although 

there seems to be a consensus on the mechanism of filopodia elongation and turnover, the process of 

initiation is not entirely elucidated. Two alternative mechanisms are suggested: filament recruitment 

and reorganization at the plasma membrane, or actin filament nucleation. 

The first model is also called the ‘convergent elongation model’ (Figure 6A). Arp2/3 nucleated 

branched filaments from lamellipodia are captured by formins or Ena/VASP, who protect the barbed 

ends from capping proteins and promote filament elongation. These filaments are subsequently 

consolidated by actin bundling protein fascin (Svitkina et al., 2003).  
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Figure 6. Two models of filopodium initiation. A. The convergent elongation model. Filopodia formation is initiated from 

Arp2/3-dependent branched actin networks. Formins or Ena/VASP act as filament elongator and anticapper, fascin and 

DAAM1 as filament bundler. B. De novo tip nucleation model. Parallel actin filaments of filopdia are not derived from the 

lamellipodial actin network, but are nucleated by formins or Ena/VASP.  

The second model, the ‘de novo tip nucleation model’ (Figure 6B), states that formins are activated at 

the plasma membrane, clustered and nucleate actin filaments, independent of Arp2/3 branched actin 

networks (Steffen et al., 2006; Wu et al., 2012). Next, actin filaments are elongated, bundled, and 

anchored to the cortical actin cytoskeleton (Sigal et al., 2007).  

In conclusion, filopodia are formed either by nucleating filaments at the plasma membrane, by 

recruiting filaments to the plasma membrane, or possibly both. Recently, an additional model has been 

proposed, in which different actin filament sources can serve as a starting point for filopodia initiation. 

This implies that both the convergent elongation and tip nucleation model might be used (Young et al., 

2015).  

During (cancer) cell migration, filopodia are deployed to probe the environment by making contacts 

with neighboring cells (Vasioukhin et al., 2000) or the extracellular matrix (Arjonen et al., 2011). The 

latter is the best defined function, and involves active integrin transport and adhesion complex 

assembly (Jacquemet et al., 2015) to direct the formation and orientation of lamellipodia (Johnson et 
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al., 2015). Filopodia have mainly been studied in 2D conditions. However, the existence of filopodia-

like structures in a 3D environment in different cancer cell types to assist migration and invasion is 

being progressively reported (Jacquemet et al., 2013; Shibue et al., 2013). The role of filopodia in 

cancer is further illustrated by the overexpression or upregulation of several filopodial proteins, for 

example fascin, that leads to enhanced filopodia formation, cancer cell motility, invasion and 

extravasation (Vignjevic et al., 2007). 

2.2.3. Invadopodia 

The term ‘invadopodia’ was first used in 1989 to describe actin-rich protrusions with proteolytic activity 

in chicken embryo fibroblasts transformed with Rous sarcoma virus (Chen, 1989). Earlier, clusters or 

‘rosettes’ of vinculin and -actinin were observed at the ventral side of transformed fibroblasts (David-

Pfeuty and Singer, 1980). They are able to degrade the underlying substratum, contain pp60src and 

tyrosine phosphorylated proteins, and interact with the ECM at the ventral side of the cell. These 

structures resembled cellular feet and were therefore named ‘podosomes’ (Chen et al., 1985; Tarone 

et al., 1985). Although the terms invadopodia and podosomes were first used for the same structures, 

they are now classified as podosomes when found in normal cells that are involved in tissue remodeling 

and immune surveillance, e.g. osteoclasts, dendritic cells, macrophages, megakaryocytes, vascular 

smooth muscle and endothelial cells; or invadopodia when they are formed by cancer cells (Bowden et 

al., 1999; Burgstaller and Gimona, 2005; Destaing et al., 2008; Gawden-Bone et al., 2010; Linder et 

al., 1999; Rottiers et al., 2009; Schachtner et al., 2013). 

Both structures share many similarities, hence the term ‘invadosome’ to cover the two protrusion types. 

Invadosomes are specialized adhesion and proteolytic machineries that are formed at the ventral side 

of the cell. Their formation is induced by various stimuli, including growth factors, integrins, miRNA or 

ROS, that converge on canonical signaling pathways and lead to the activation of downstream effectors 

(Murphy and Courtneidge, 2011). Common invadosome proteins are actin binding proteins N-WASP, 

Arp2/3 complex, formins, cortactin, fascin, dynamin; adaptor proteins of the Tks family; non-receptor 

tyrosine kinases Src and PI3K; and other regulatory proteins including Rho GTPases (Genot and 

Gligorijevic, 2014). Their activity results in the formation of actin rich punctae, and is supported by 

adhesion-associated proteins such as talin and the ERM (Ezrin, Radixin, Moesin) proteins (Beaty et al., 

2014).  

Proteolytic degradation of the ECM is initiated during invadosome maturation. Microtubule-mediated 

transport is required for their elongation and function, and possibly leads to recruitment of proteases 

(Schnaeker et al., 2004; Schoumacher et al., 2010). Key proteins for ECM degradation are matrix 
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metalloproteinases (MMP2, MMP9 and MT1-MMP) and ADAMs, although the role of the latter is less 

well established (Han et al., 2013; Monteiro et al., 2013; Spuul et al., 2016; Xiao et al., 2013; Xiao et 

al., 2012).  

Apart from the similarities, there are some architectural and functional differences between 

invadopodia and podosomes.  

Functional differences are linked to their corresponding cell type: podosomes mediate bone resorption 

by osteoclasts, remodeling and repair of blood vessels by vascular smooth muscle cells and endothelial 

cells, and tissue infiltration by macrophages and dendritic cells (Burger et al., 2011; Burgstaller and 

Gimona, 2005; Gawden-Bone et al., 2010; Luxenburg et al., 2007; Rottiers et al., 2009). Invadopodia 

are essential for cancer cell migration during malignant transformation of a tumor, leading to 

metastasis (Leong et al., 2014).  

Invadopodia are usually observed as a small number of irregular dots in the vicinity of the nucleus and 

the Golgi complex. Podosomes on the other hand are often found in large numbers, and organized in 

structured arrays, e.g. rosettes behind the leading edge, clusters, rings or a peripheral belt structure 

(Linder et al., 2011). Moreover, podosomes have shorter lifetimes (2-20 minutes) compared to 

invadopodia, who can persist for hours (Schachtner et al., 2013; Sharma et al., 2013).  

The existence of an adhesion ring has long been considered as a feature of podosomes that 

distinguishes them from invadopodia (Linder, 2009). However, there is emerging evidence that the 

actin rich core of invadopodia can also be surrounded by an adhesion ring that is characterized by the 

presence of integrins, integrin-linked protein kinase (ILK), myosin IIA, RhoC, vinculin, paxilin and zyxin 

(Alexander et al., 2008; Branch et al., 2012; Bravo-Cordero et al., 2011; Revach et al., 2015; Spinardi 

et al., 2004).  

Several factors can induce invadopodia formation, and this process can be subdivided in different 

phases (Figure 7) (Artym et al., 2006).  

 

Figure 7. Overview of the different stages of invadopodia formation. Invadopodia formation is initiated by the formation of a 

precursor core. Next, branched actin networks are formed, elongated and stabilized. After invadopodia maturation, which is 

characterized by extracellular matrix degradation, the stability of actin networks decreases and invadopodia dissolve.  

Extracellular matrix

Cancer cell

Precursor 

formation
Stabilization

Elongation 

& maturation
Disassembly



19 

 

2.2.3.1. Invadopodia initiation 

Various stimuli can initiate invadopodia formation, including growth factors, ECM proteins, ROS and 

hypoxia.  

Many soluble growth factors that induce invadopodia initiation have been identified. Epidermal growth 

factor (EGF), heparin-binding EGF (HB-EGF), platelet derived growth factor (PDGF), hepatocyte growth 

factor (HGF) or TGF are able to initiate invadopodia formation (Eckert et al., 2011; Hayes et al., 2013; 

Mader et al., 2011; Pignatelli et al., 2012; Rajadurai et al., 2012). Other soluble factors, including 

chemokine SDF1 or vascular endothelial growth factor (VEGF) are involved in MT1-MMP recruitment 

and invadopodia maturation (Lucas et al., 2010; Smith-Pearson et al., 2010). Growth factor binding to 

their corresponding growth factor receptor leads to receptor dimerization, (auto)phosphorylation and 

activation of downstream signaling pathways (Lemmon and Schlessinger, 2010). These pathways 

often converge on the same, canonical pathways to initiate invadopodia formation, involving Src and 

Abl family kinases and Rho family GTPases (Hoshino et al., 2013a).  

Integrins and downstream adhesion adaptor proteins, e.g. paxilin, vinculin and FAK, enable cell 

adhesion, as well as the induction of invadopodia formation. Integrins are heterodimeric 

transmembrane proteins, formed by an  and  subunit. Integrin signaling can occur in two directions: 

via ‘inside-out’ signaling, when intracellular signaling mediates integrin affinity for extracellular ligands, 

e.g. fibronectin, fibrinogen or collagen; or ‘outside-in’ signaling, when multivalent ligands induce 

receptor clustering and conformational changes (Shattil, 2010). Different integrin subunits associate 

with invadopodia (Deryugina et al., 2001; Mueller et al., 1999). Some integrin receptors, e.g. 21 

integrins, are sufficient to induce invadopodia formation (Artym et al., 2015; Destaing et al., 2010); 

other types of ECM or integrin subunits require the integration of growth factor receptor and integrin 

signaling for sufficient activation of integrin receptors and downstream signaling pathways (Artym et 

al., 2015; Beaty et al., 2013). For example, 1 integrin, the EGFR and Src kinase associate and are 

essential for invadopodia formation (Williams and Coppolino, 2014). 1 integrin activation can lead to 

tyrosine phosphorylation of p190RhoGAP, a regulator of Rho GTPase activity (Nakahara et al., 1998), and 

subsequently regulate cortactin phosphorylation via Src and Erk1/2 kinase activity (Destaing et al., 

2010; Siqueira et al., 2016) and the organization of adhesion molecules (Destaing et al., 2010). During 

invadopodia initiation, Cdc42 is an essential RhoGTPase, together with Vav1, Fgd1 and -PIX that 

function as RhoGTPase activators via their RhoGEF-activity (Ayala et al., 2009; Hashim et al., 2013; 

Razidlo et al., 2014).  
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Metabolic stress and mitochondrial dysfunction can lead to ROS production in cancer cells. ROS are 

important mediators of carcinogenesis by causing genetic and epigenetic aberrations, as well as 

alterations in protein structure and function (Mates et al., 2008). Moreover, growth factor receptor and 

integrin signaling can elicit low levels of ROS production (Bae et al., 1997). This is mediated by tyrosine 

phosphorylation of the RhoGEF Vav2 by Src kinase (Gianni et al., 2008). Vav2 activity increases Rac1-

GTP levels, and this leads to Nox-mediated ROS production (Ferraro et al., 2006; Lambeth, 2004). It 

has been show that Tks family proteins are also involved in the generation of ROS, leading to 

invadopodia formation (Diaz et al., 2009; Gianni et al., 2011). ROS can affect invadopodia formation 

and cancer cell invasion by activating Src and PKC kinase, and by inhibiting protein phosphatases 

(Giannoni et al., 2005; Meng et al., 2002; Wu et al., 2006).  

Rapid growth of cancer cells in a developing tumor often causes hypoxia. Transcription factor HIF1 

and activation of Notch signaling mediate hypoxia-induced invadopodia formation: activated Notch 

enhances the level of metalloprotease ADAM12 that in turn acts as a sheddase for the membrane 

bound pro-HB-EGF (Diaz et al., 2013; Gustafsson et al., 2005). Released HB-EGF can activate EGFRs 

via paracrine or autocrine signaling, and induces invadopodia formation (Diaz et al., 2013).  

2.2.3.2. Invadopodia precursor formation 

Many stimuli of invadopodia formation induce Src kinase activity. Src kinase can activate different Rho 

GTPases, via tyrosine phosphorylation of RhoGEFs, which stabilize the active, GTP-bound form of a 

GTPase (Figure 8) (Razidlo et al., 2014; Rossman et al., 2005). RhoGTPase Cdc42, and upstream 

regulators Vav1, -PIX and Fgd1, are essential for invadopodia initiation (Ayala et al., 2009; DesMarais 

et al., 2009; Hashim et al., 2013; Razidlo et al., 2014; Yamaguchi et al., 2005). Active Cdc42, in turn, 

can release N-WASP from its autoinhibitory conformation to stimulate Arp2/3-mediated actin 

polymerization at invadopodia (Rohatgi et al., 1999; Yamaguchi et al., 2005). Other regulators of N-

WASP activation at invadopodia are WIP and the adaptor protein Nck (Yamaguchi et al., 2005).  

Invadopodia precursor formation starts with the formation of an unstable precursor core by actin, 

cortactin, N-WASP, the Arp2/3 complex and cofilin (Figure 8) (Sharma et al., 2013). Growth factor 

stimulation leads to PI3K activity and the conversion of PI(4,5)P2 to PI(3,4,5)P3 (Lemmon and 

Schlessinger, 2010). Tyrosine phosphorylated cortactin recruits SHIP2 to the precursor core by a SH2 

domain-mediated interaction. SHIP2, a 5’-phosphoinositol phosphatase, converts PI(3,4,5)P3 to 

PI(3,4)P2, resulting in a PI(3,4)P2-rich invadopodia core, surrounded by a ring of PI(3,4,5)P3 (Figure 9) 

(Sharma et al., 2013). 

 



21 

 

 

Figure 8. Model of invadopodia precursor formation. External stimuli, e.g. EGF, activate Src kinase, which leads to Vav1, -

PIX or Fgd1 phosphorylation. As a result, RhoGTPase Cdc42 activates N-WASP for binding and activation of the Arp2/3 

complex. An invadopodium precursor is initiated by the formation of an actin, Arp2/3 complex, N-WASP, cortactin and cofilin 

core. Tyrosine phosphorylation of cortactin leads to SHIP2 recruitment and PI(3,4)P2 accumulation at the precursor core. 

2.2.3.3. Invadopodia stabilization 

The invadopodia precursor core is stabilized by interaction between the PX domain of Tks5 and 

PI(3,4)P2 in the cell membrane (Figure 9) (Sharma et al., 2013). Tks5 is an adaptor protein that 

contains one PX domain and five SH3 domains. Many invadopodia-related proteins interact with Tks5 

via these SH3 domains, e.g. the adaptor protein Nck1 or nucleation promoting factor N-WASP (Oikawa 

et al., 2008; Stylli et al., 2009). Additionally, Nck1 can interact with N-WASP, possibly via ternary 

complex formation between Tks5, Nck1 and N-WASP, to increase Arp2/3 complex stimulation and 

branched actin polymerization (Stylli et al., 2009). Nck1 can also be recruited to invadopodia via 

interaction of its SH2 domain with tyrosine phosphorylated cortactin (Oser et al., 2010).  
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Figure 9. Invadopodia precursor stabilization. Tks5 is recruited and links the initial complex to PI(3,4)P2 in the plasma 

membrane. Lamellipodin (Lpd) and Mena recruit SHIP2 to replenish the pool of PI(3,4)P2 and thereby stabilize the 

invadopodium precursor. During invadopodium stabilization, tyrosine phosphorylation of cortactin assembles the Nck1-N-

WASP complex to activate Arp2/3-dependent actin polymerization. Actin filaments are stabilized by cortactin binding. An 

adhesion ring is formed by CD44, integrins, talin, vinculin, paxillin and integrin-linked kinase (ILK). Phosphorylated cortactin 

and talin attract the moesin-NHE1 complex, which leads to a local pH increase and cofilin activation.  

Minutes after core initiation, PI(3,4)P2 accumulates at the precursor membrane, and is recognized by 

the PH domain of lamellipodin, which recruits Mena (Carmona et al., 2016). Mena is a member of the 

Ena/VASP protein family, involved in actin filament elongation, and can be alternatively spliced into an 

invasion-specific isoform, MenaINV (Gertler et al., 1996; Philippar et al., 2008). The “INV” exon encodes 

19 amino acids that are included C-terminal to the EVH1 domain (Philippar et al., 2008). MenaINV 

expression is limited to invasive tumor cells and is, compared to Mena, associated with enhanced cell 

motility, invadopodia lifetime, extracellular matrix degradation and metastatic spreading (Philippar et 
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al., 2008; Pignatelli et al., 2014). The FP4 (FPPPP or Phe-Pro-Pro-Pro-Pro) consensus sequence of 

SHIP2 also interacts with the EVH1 domain of Mena (Gertler et al., 1996; Krause et al., 2003; Rajadurai 

et al., 2016). Both functions of SHIP2, phosphatase activity and scaffold function, are essential for 

invadopodia maturation, invasion and metastasis (Rajadurai et al., 2016).  

The precursor core is also stabilized by integrins that anchor invadopodia and their actin core to ECM 

proteins (Figure 9) (Parekh and Weaver, 2016). They form an adhesion ring, together with ILK, paxillin 

and vinculin, that surrounds invadopodia after their formation and promotes invadopodia maturation 

(Branch et al., 2012). Talin links integrins to the actin cytoskeleton, and recruits the moesin-NHE1 

complex to invadopodia (Beaty et al., 2014). NHE1 recruitment is potentiated by cortactin tyrosine 

phosphorylation. The exchange of extracellular sodium for intracellular protons by NHE1 leads to a 

local intracellular pH increase that results in the release of cofilin from cortactin and subsequent cofilin 

activation (Magalhaes et al., 2011). Cofilin activation leads to actin filament severing and the 

generation of new barbed ends for actin polymerization (Bravo-Cordero et al., 2013). At the same time, 

NHE1 activity acidifies the local extracellular environment of invadopodia. This is necessary for 

invadopodia-associated matrix degradation, mediated by enhanced MMP2, MMP9 and MT1-MMP 

delivery at invadopodia (Brisson et al., 2012; Busco et al., 2010).  

Besides integrins, CD44 is another cell surface receptor involved in cancer cell adhesion to hyaluronan 

in the extracellular matrix, fibronectin or collagen: CD44 enhances 51 integrin expression to mediate 

invadopodia maturation via cortactin phosphorylation, MMP9 and MT1-MMP recruitment (Lagarrigue 

et al., 2010; McFarlane et al., 2015; Senbanjo and Chellaiah, 2017; Zhao et al., 2016).  

After precursor core formation and stabilization, the formation of a membrane protrusion is mediated 

by the Arp2/3 complex and its activators N-WASP and cortactin (Oser et al., 2009). Their synergistic 

activity results in the formation of a branched actin network, that is stabilized by cortactin (Helgeson 

et al., 2014; Weaver et al., 2001).  

2.2.3.4. Invadopodia elongation and maturation 

Besides branched actin networks, invadopodia elongation is also supported by parallel actin filaments 

(Figure 10): actin elongation and bundling proteins have been shown to colocalize with invadopodia, 

and to be involved in their elongation, stability and maturation, e.g. diaphanous related formins, 

including mDia2, VASP, -actinin and fascin (Li et al., 2010; Lizarraga et al., 2009; Schoumacher et 

al., 2010).  

Although they are not involved in invadopodia formation, intermediate filaments and microtubules are 

essential for invadopodia elongation and maturation (DesMarais et al., 2009; Kikuchi and Takahashi, 
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2008; Schoumacher et al., 2010), and microtubules are associated with protease recruitment 

(Schnaeker et al., 2004).  

 

Figure 10. Schematic representation of a mature invadopodium. A branched actin network serves as a base for invadopodia 

elongation, mediated by unbranched or bundled actin. Formins elongate actin filaments, that are bundled by -actinin or 

fascin. The expanding dendritic actin network gradually replaces bundled actin filaments during invadopodia elongation and 

maturation. Finally, mature invadopodia are penetrated by microtubules and intermediate filaments. MT1-MMP is recruited 

via Rab2A recycling endosomes or Rab8 exocytic trafficking; other MMPs are transported through a Rab40-dependent 

pathway. Alternatively, MT1-MMP endocytosis can be hindered by MT1-MMP/integrin clustering. RhoA and Cdc42 activity 

induce IQGAP1 and exocyst complex association to enable vesicle delivery at invadopodia. Proteases are released after 

vesicle fusion with the plasma membrane, which is mediated by VAMP proteins. Protease activity not only results in 

extracellular matrix degradation, but also enhances the activity of other proteases via pro-MMP2 activation or TGF shedding 

and EGFR/MEK/Erk signaling, or stimulates invadopodia formation, possibly via HB-EGF, TGF or VEGF release. MMP 

expression, secretion and activity is also facilitated by NHE1 activity. 
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Mature invadopodia are characterized by proteolytic activity, mediated by MMPs, cathepsins, seprase 

and ADAMs (Artym et al., 2006; Brisson et al., 2013; Ghersi et al., 2006; Mueller et al., 1999; Xiao et 

al., 2012). Different mechanisms contribute to protease recruitment, transport and exocytosis at 

invadopodia (Figure 10).  

Proteases, for example MT1-MMP, can be recruited by recycling from late endosomes to invadopodia, 

a process that involves the GTPase Rab2A (Kajiho et al., 2016; Remacle et al., 2003), and is similar to 

the mechanism of integrin recycling (Bretscher, 2008). Additionally, MT1-MMP can be recruited from 

intracellular storage compartments via a Rab8 GTPase-dependent exocytic trafficking pathway (Bravo-

Cordero et al., 2007), or protease endocytosis can be impeded by collagen binding and clustering of 

1 integrin with MT1-MMP (Galvez et al., 2002). Other MMPs, e.g. MMP2 and MMP9, are recruited 

from the trans-Golgi network to invadopodia, and transported via Rab40b GTPase and Tks5 regulation 

(Jacob et al., 2013; Jacob et al., 2016).  

Localized protease delivery requires coordinated activity of the actin cytoskeleton and the exocytic 

system (Sakurai-Yageta et al., 2008). Branched actin networks, formed by the Arp2/3 complex, N-

WASP and cortactin are essential for localized delivery of proteases at invadopodia, e.g. MMP2, MMP9 

and MT1-MMP (Alexander et al., 2008; Artym et al., 2006; Hehnly and Stamnes, 2007; Monteiro et al., 

2013; Yu et al., 2012). Exocytic proteins IQGAP1 and the exocyst vesicle-docking complex also 

colocalize with invadopodia. The former is a protein that links actin and microtubule networks, the 

latter is a protein complex that links post-Golgi and endocytic vesicles to the plasma membrane. After 

RhoGTPase Cdc42 and RhoA activation, IQGAP1 and the exocyst complex interact, and mediate MT1-

MMP delivery (Sakurai-Yageta et al., 2008).  

Protease-containing vesicles are released by fusion of the vesicles with the plasma membrane, 

mediated by VAMP7, a SNARE protein, for MT1-MMP (Steffen et al., 2008), or by VAMP4 for MMP2 or 

MMP9 secretory vesicles (Jacob et al., 2013).  

Once specific proteases are secreted and activated, they can, in turn, enhance the expression or 

activity of other proteases. For example, ADAM17 induces TGF- shedding, which activates the 

EGFR/MEK/Erk signaling pathway and results in increased MMP2 and MMP9 expression (Xiao et al., 

2012); or MT1-MMP dimerization and activity can lead to pro-MMP2 or pro-gelatinase A activation (Itoh 

et al., 2008; Sato et al., 1996).  

MMP activity not only results in disintegration of the dense ECM or BM during cancer cell invasion 

(Leong et al., 2014), but also increases invadopodia formation (Clark et al., 2007). The existence of 

this positive feedback loop is illustrated by the observation that inhibition of MMP activity or depletion 
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of MT1-MMP or VAMP7 reduces invadopodia number (Clark et al., 2007; Steffen et al., 2008). The 

mechanism behind this feedback loop is not completely understood, but could be mediated by 

proteolysis of non-ECM proteins, for example by cleavage and release of latent growth factors, e.g. TGF-

, HB-EGF or VEGF (Dean et al., 2007; Diaz et al., 2013; Mu et al., 2002) that can initiate invadopodia 

formation (Eckert et al., 2011; Hayes et al., 2013; Lucas et al., 2010).  

2.2.3.5. Invadopodia turnover 

Invadopodia are highly dynamic structures, their lifetime varies from minutes to several hours 

(Schoumacher et al., 2010; Yamaguchi et al., 2005), with shorter lifetimes in migrating cells compared 

to nonmigrating cells (Artym et al., 2006). Although stable invadopodia formation is required for 

invasion, invadopodia disassembly is equally important: enhanced invadopodia lifetime and ECM 

degradation is associated with decreased 3D cancer cell invasion (Jeannot et al., 2017; Moshfegh et 

al., 2014). Several proteins have been linked to invadopodia turnover, but their exact mechanism of 

action is often unclear. 

 

Figure 11. Invadopodia disassembly and turnover. Several mechanisms contribute to invadopodia disassembly. The function 

of several proteins is restricted by dephosphorylation, including Src kinase, Tks5 and cortactin. Additionally, actin filament 

stability is reduced by the dissociation of cortactin from actin filaments, either via calpain-mediated cleavage or via TrioGEF-

Rac1-PAK1-mediated serine phosphorylation.  
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Invadopodia disassembly involves, at least in part, calpain-mediated proteolysis of invadopodia 

associated proteins, including cortactin (Figure 11) (Cortesio et al., 2008; Hoskin et al., 2015). Another 

potential mechanism for the regulation of invadopodia dynamics includes phosphatase activity of 

PTP1B or PTP-PEST, targeting Src kinase, Tks5 and cortactin (Figure 11) (Cortesio et al., 2008; Diaz et 

al., 2009; Stuible et al., 2008). A third way to disassemble invadopodia is based on serine 

phosphorylation of cortactin by PAK1 at the actin binding region. PAK1 is one of the main effectors of 

the RhoGTPase Rac1, that is activated by TrioGEF at invadopodia, and associated with invadopodia 

disassembly (Moshfegh et al., 2014). Serine phosphorylation by PAK1 on residues S113, S150 and 

S282 decreases cortactin affinity for F-actin, and thereby destabilizes branched actin networks, leading 

to invadopodia disassembly (Figure 11) (Jeannot et al., 2017; Webb et al., 2006).  

2.2.3.6. Invadopodia in vivo 

Invadopodia have mainly been studied in in vitro models that allow for straightforward and low-cost 

assessment of invadopodia formation and dynamics, and are invaluable to increase our understanding 

of cancer cell motility. They are, however, an oversimplified representation of the actual complex, 3D 

environment of a tumor. The limiting factor for the study of invadopodia in 3D environments is 

microscopic resolution. Recently developed techniques, including non-invasive intravital multiphoton 

imaging, in vivo cell tracking by photoconversion, ex vivo and in vivo models, and (xenograft) studies in 

zebrafish (Danio rerio), nematodes (Caenorhabditis elegans) and mouse (Mus musculus) models are 

now revealing the mode and underlying mechanisms of in vivo cancer cell invasion (Giampieri et al., 

2009; Hagedorn et al., 2013; Hotary et al., 2006; Kienast et al., 2010; Leong et al., 2014; Stoletov et 

al., 2007; Wyckoff et al., 2007). These techniques visualize and reveal how cancer cells invade the 

stroma, breach the BM and enter blood or lymphatic vessels in vivo (Suijkerbuijk and van Rheenen, 

2017).  

When they escape from the primary tumor and intravasate into blood vessels, tumor cells form 

protrusions at their leading edge, with a similar composition to invadopodia in vitro (Gligorijevic et al., 

2012; Murphy and Courtneidge, 2011). In vivo intravital multiphoton imaging and cryosections show 

protrusion formation by cancer cells at the leading edge or towards blood vessels (Gligorijevic et al., 

2012; Wang et al., 2002). They are enriched in actin and cortactin, and are associated with ECM 

degradation and intravasation (Gligorijevic et al., 2012).  

During the next step of metastasis, extravasation and distant colonization, cancer cells again form 

invasive protrusions across the endothelial lining of blood vessels and into the stroma. These 

protrusions also consist of invadopodia markers, including F-actin, cortactin, Tks5 and MT1-MMP 

(Leong et al., 2014).  
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The formation of invadopodia-like protrusions in vivo is supported by a model for BM invasion in C. 

elegans. Invading cells form integrin- and F-actin rich protrusions that enable crossing of the BM 

(Hagedorn et al., 2013).  

Depletion of essential invadopodia components in cancer cells, for example N-WASP, cortactin or Tks5, 

or inhibition of Src activity, also results in decreased protrusion formation, invasion, intravasation, 

extravasation and dissemination (Gligorijevic et al., 2012; Leong et al., 2014). Moreover, many 

invadopodia associated proteins are upregulated or overexpressed in tumor cells and associated with 

metastatic behavior and poor prognosis, e.g. cortactin, Tks5, Fgd1, fascin, the Arp2/3 complex, WIP 

and N-WASP (Ayala et al., 2009; Blouw et al., 2008; Li et al., 2010; Rothschild et al., 2006; Siar et al., 

2016; Wang et al., 2002; Yu et al., 2012). These observations underline the role of invadopodia during 

metastasis in vivo.  

2.3. Therapeutic targeting of cancer cell motility 

In the past century, cancer chemotherapy has evolved enormously, mainly due to advances in genetic 

and molecular techniques and knowledge. Early therapies consisted of general toxic drugs that limit 

the proliferation of rapidly dividing cells, leading to severe side effects. Next, molecular targeted 

therapies were developed to specifically target one molecule involved in tumor progression, either by 

small molecules, monoclonal antibodies or antibody-drug conjugates (Lord and Ashworth, 2010; 

Sievers and Senter, 2013). Examples of targeted oncogenes are BCR-ABL (by imatinib), EGFR (by 

gefitinib) or Her2 (by trastuzumab) (Baselga et al., 1998; Druker et al., 2001; Tracy et al., 2004). This 

second group of cancer therapeutics causes less adverse or non-specific effects in patients compared 

to the first one. Although this seemed a promising approach to treat cancer, chemotherapy is often 

associated with resistance, caused by either intrinsic factors or acquired mechanisms (Gottesman, 

2002). To overcome therapy resistance, inhibitors for the same target but with different mechanisms 

of action can be combined, or co-therapy with components that target the driving mechanisms of 

resistance can be relevant (Ahronian and Corcoran, 2017; Lord and Ashworth, 2010). This approach, 

i.e. combining different targeted therapies, is again limited by tolerability and toxicity (Ahronian and 

Corcoran, 2017).  

Importantly, inhibition of cell proliferation and tumor growth by aggressive and cytotoxic chemotherapy 

does not necessarily decrease the risk of systemic disease development, which is the major cause of 

cancer-related death (Taketo, 2011). Some neoadjuvant therapies which effectively delay tumor 

growth, alter the tumor microenvironment in a way that promotes cancer intravasation and 

dissemination (Karagiannis et al., 2017).  
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Potential metastasis inhibitors can target distinct processes of the metastatic cascade: invasion of the 

stroma away from the primary tumor, intravasation of the vasculature, circulation in the blood stream, 

extravasation at secondary sites, colonization of other organs, or the interaction with the immune 

system. Tumor cell motility has been repeatedly suggested as a relevant target to prevent metastasis 

(Steeg, 2012), and several migration inhibitors against different aspects of metastatic spreading show 

promising results in phase 1, phase 2 and phase 3 clinical trials (Table 3). Targets of these inhibitors 

include proteins that are involved in invadopodia formation and maturation, for example integrins, 

CD44, Rac1 and Cdc42 GTPases, fascin, MMP9 and ADAMs (Table 3). So far, no role for Wnt5a 

signaling has been demonstrated in invadopodia, but it is involved in cytoskeletal remodeling, cancer 

cell migration and invasion, and is now being studied as a target for anti-metastatic therapy (Kumawat 

and Gosens, 2016).  

Table 3. Overview of compounds in clinical trials that target proteins involved in cell migration or invadopodia formation. 

Target Compound Phase Reference, clinical trial identifier 

v5 & v3 

integrin 
Cilengitide I/II 

Vansteenkiste et al., 2015, NCT00842712; Nabors et al., 2012, 

NCT00085254; Haddad et al., 2017; Kim et al., 2012; Massabeau et 

al., 2018 

51 integrin Volociximab I/II Besse et al., 2013, NCT00654758; Cranmer et al., 2006 

v integrin Intetumumab I/II Chu et al., 2011; O'Day et al., 2012; O'Day et al., 2011 

 Abituzumab I/II 
Elez et al., 2015, NCT01008475; Doi et al., 2013; Hussain et al., 2016; 

Wirth et al., 2014 

CD44 SPL-108 I Girda et al., 2018, NCT03078 

 AMC303 I Calvo et al., 2017, NCT03009214 

 RG7356 I van Oordt et al., 2016; Vey et al., 2016 

Wnt-5a Foxy-5 I Soerensen et al., 2014, NCT02655952 

Rac1 & Cdc42 

GTPase 
Ketorolac I 

Coffey et al., 2016,  

NCT01670799 & NCT02470299 

Fascin NP-G2-044 I NCT03199586 

MMP9 Andecaliximab II/III 
Bendell et al., 2017; Shah et al., 2017,  

NCT02545504 & NCT02864381 

ADAM10 & 

ADAM17 
INCB7839 I/II 

Newton et al., 2010,  

NCT00864175 & NCT02141451 
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One way to inhibit cancer cell motility is via modulation of the actin cytoskeleton, e.g. by targeting 

upstream regulators of actin cytoskeleton dynamics, for example Rho GTPase signaling (Table 3), 

including upstream activators, downstream effectors or regulators of Rho GTPase localization (Millar 

et al., 2017); or Src kinase activity (Ammer et al., 2009). Despite the anti-invasive effects of Src 

inhibitors, their efficacy in clinical studies is poor (Fury et al., 2011).  

Instead of targeting catalytic sites of enzymes, another strategy is to modulate protein-protein 

interactions (PPIs). In contrast to the small, well-defined binding pockets of conventional drug targets, 

e.g. tyrosine kinases, receptors or ion channels, PPIs are characterized by a large, flat and featureless 

contact area. Therefore, they were long thought to be undruggable (Sheng et al., 2015). The discovery 

of protein hot spots, i.e. a few amino acids that contribute the most to the binding affinity between two 

proteins (Clackson and Wells, 1995), offered a good starting point for the development of small 

molecule inhibitors of PPIs. In the last few years, several PPI inhibitors have been reported, including 

molecules for cancer treatment. For example, a Nutlin-3 analogue inhibits the p53-MDM2 interaction 

to restore the reduced p53 function in cancerous cells, and is now going through clinical trials (Andreeff 

et al., 2016; Ray-Coquard et al., 2012).  

Direct pharmacological inhibition of actin is considered to be impossible due to the fundamental role 

of the actin cytoskeleton in cells. However, it has been shown that it is possible to target actin filaments 

via tropomyosin inhibition. Tropomyosin isoform Tpm3.1 is predominantly present in transformed cells 

and an inhibitor of Tpm3.1, TR100, is cytotoxic and reduces tumor growth without affecting cardiac 

function, a major side effect of actin inhibitors (Stehn et al., 2013). TR100 interferes with Tpm3.1-

mediated inhibition of actin depolymerization, although it is not clear (yet) how this inhibitor induces 

tumor cell death (Bonello et al., 2016; Stehn et al., 2013). ATM-3507, a Tpm3.1 inhibitor with improved 

selectivity and more favorable characteristics, synergistically induces apoptosis when combined with 

anti-microtubule agents (Currier et al., 2017). This illustrates the connection between actin and 

microtubules, and shows the benefit of targeting two cytoskeletal systems simultaneously.  

Inhibitors of actin binding proteins involved in cancer cell invasion have been described, including 

inhibitors of fascin, N-WASP, the Arp2/3 complex, formins and cortactin (Table 4). Migrastatin and 

analogues target the actin bundling activity of fascin and thereby reduce migration, invasion and 

metastasis (Chen et al., 2010; Lecomte et al., 2011; Nakae et al., 2000). Fascin inhibitor G2 and 

analogues also inhibit fascin bundling activity, filopodia formation, cancer cell migration and 

metastasis formation in mice (Han et al., 2016; Huang et al., 2015; Huang et al., 2018). Recently, a 

G2 analogue, NP-G2-044, entered a phase 1 clinical trial for patients with advanced or metastatic solid 

tumors (Table 3). An inhibitor of N-WASP, wiskostatin, stabilizes the autoinhibitory confirmation of N-
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WASP and thereby inhibits Arp2/3-mediated actin polymerization, invasion and metastasis (Frugtniet 

et al., 2017; Peterson et al., 2004). CK-666 directly inhibits Arp2/3-complex activity (Nolen et al., 

2009) and affects branched actin polymerization, protrusion formation, cell spreading and migration 

(Kazazian et al., 2017; Paul et al., 2015). Formin inhibitor SMIFH2 reduces actin filament nucleation 

and elongation (Rizvi et al., 2009), and cancer cell invasion (Poincloux et al., 2011). Finally, a cortactin 

inhibitor, UCS15A, has been described. UCS15A blocks the cortactin-AMAP1 interaction, mediated by 

the SH3 domain of cortactin and the proline rich region of AMAP1, and impedes invasion and 

metastasis. Despite the high specificity of UCS15A for the cortactin SH3 domain, there is evidence that 

UCS15A interferes with other SH3 domain interactions (Hashimoto et al., 2006). To date, no other 

small molecule inhibitors of cortactin have been reported. 
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Table 4. Overview of the cytoskeletal protein inhibitors and their structure.  

Target Inhibitor Epitope Reference 

Arp2/3 

complex 
CK-666 

 

Arp2-Arp3 interface 
Baggett et al., 

2012 

Cortactin UCS15A 

 

SH3 domain 
Hashimoto et 

al., 2006 

Fascin 

Macroketone  

(migrastatin 

analogue) 

 

Actin binding site at a 

cleft between -trefoil 

domain 1 & domain 4 

Chen et al., 

2010 

Fascin 
NP-G2-029  

(G2 analogue) 

 

Actin binding site at a 

cleft between -trefoil 

domain 1 & domain 2 

Huang et al., 

2018 

Formin SMIFH2 

 

FH2 domain 
Rizvi et al., 

2009 

N-WASP Wiskostatin 

 

GTPase binding domain 
Peterson et 

al., 2004 

Tpm3.1 ATM-3507 

 

C-terminus 
Currier et al., 

2017 
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3. Cortactin 

Cortactin was first identified as a Src substrate (Wu et al., 1991) and was, given the cortical localization 

and F-actin binding capacities, called cortactin (Wu and Parsons, 1993).  

Cortactin is 550 amino acids in size and has a predicted molecular weight of 62 kDa, but migrates as 

80/85 kDa bands after SDS-PAGE. This shift to a higher molecular weight is probably due to the 

presence of the proline rich region (Wu et al., 1991). Moreover, the proline rich and -helical region 

are likely to contribute to two distinct bands upon SDS-PAGE (Campbell et al., 1999; Huang et al., 

1997a). The proline rich region is a target of serine/threonine and tyrosine kinases, and 

phosphorylation or inhibition of phosphatase activity, results in a shift from the 80 kDa to the 85 kDa 

band (vanDamme et al., 1997). Additionally, it has been suggested that cortactin has a closed, 

autoinhibited conformation that is disturbed by phosphorylation, turning cortactin into an open state 

(Evans et al., 2011). This is supported by different structural studies: some suggest that cortactin is a 

thread-like, elongated molecule (Weaver et al., 2002); other experiments indicate that cortactin has a 

globular conformation (Cowieson et al., 2008).  

Cortactin is a cytoplasmic protein that is ubiquitously expressed (van Rossum et al., 2003), except for 

hematopoietic cells that express cortactin homologue HS1 (Kitamura et al., 1989). HS1, or 

hematopoietic lineage cell-specific protein 1, has an overall sequence similarity with cortactin of 51%; 

the actin binding repeats (ABRs) and SH3 domain have up to 86% amino acid sequence similarity (van 

Rossum et al., 2005). Like cortactin, HS1 is able to bind and activate the Arp2/3 complex, interact with 

F-actin, albeit with lower affinity (Uruno et al., 2003), and is involved in actin dynamics (Butler et al., 

2008; Cavnar et al., 2012; Gomez et al., 2006). Despite the similarities, there is a major difference: 

HS1 contains a nuclear localization sequence (NLS) and is therefore not only found in the cytoplasm, 

but also in the nucleus (van Rossum et al., 2005; Yamanashi et al., 1997). Stimulation of 

hematopoietic cells with granulocyte colony-stimulating factor (G-CSF) leads to HS1 phosphorylation, 

and association with HAX1 and transcription factor LEF1. This complex is translocated to the nucleus, 

which results in activation of LEF1 target genes and immune cell differentiation (Skokowa et al., 2012).  

In cells, cortactin is enriched at actin-rich membrane protrusions and the apical surface of polarized 

epithelial cells, for example at microvilli, the terminal web of small bowel epithelium, adhesion sites, 

membrane ruffles and lamellipodia (Ren et al., 2009; Weed et al., 1998; Wu and Montone, 1998; Wu 

and Parsons, 1993).  
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3.1. Cortactin domain structure 

Cortactin is a multidomain protein and is composed of an N-terminal acidic (NTA) domain, 6.5 ABRs, a 

helical domain, a proline rich region and an SH3 domain (Figure 12). The N-terminal domains (NTA and 

ABR) are involved in direct coupling of cortactin to the actin cytoskeleton, and the C-terminal region 

can be seen as the regulatory part of the protein (Cosen-Binker and Kapus, 2006). There are two 

alternative splice variants of cortactin: variant 1 lacks the 5th ABR, variant 2 lacks the 5th and 6th ABR. 

They differ in their ability to activate the Arp2/3 complex and induce cell migration. Wild type cortactin 

and variant 1 are expressed in normal and cancer tissues, but variant 2 is often hardly detectable (van 

Rossum et al., 2003).  

 

Figure 12. Overview of cortactin domain structure and interaction partners. Cortactin has an NTA domain, 6.5 ABRs, a helical 

domain, a proline rich region and a C-terminal SH3 domain. The NTA domain interacts with and activates the Arp2/3 complex 

via a conserved ‘DDW’ motif. When tryptophan is mutated to alanine (W22A), Arp2/3 complex interaction is abrogated. The 

ABRs mediate F-actin binding and are targeted by acetylase SIRT1, deacetylase HDAC6 and serine kinase PAK1. Repeat 5 

and 6 are missing in cortactin splice variants, and repeat 4-6 are absent in cortactin homologue HS1. Cortactin is targeted 

by calpain in between the ABRs and the helical domain. Cortactin serine and tyrosine phosphorylation/dephosphorylation 

mainly occurs at the proline rich domain. Tyrosine phosphorylation creates SH2 domain binding sites for Nck1 and Crk. The 

SH3 domain has various interaction partners. Tryptophan at position 525 (W525) is essential for SH3 domain interactions. 

Figure adapted from Kirkbride et al., 2011. 



35 

 

The NTA domain (AA1-79) contains a conserved ‘DDW’ motif for direct interaction with the Arp2/3 

complex and activation of Arp2/3 nucleation activity. This interaction is also required for cortactin 

localization at sites of branched actin assembly in cells (Uruno et al., 2001). The NTA domain 

extensively interacts with the Arp3 subunit, and with the ArpC2, 4, 5 and 1 subunits (Xu et al., 2012). 

The ABRs (AA80-324) are 6.5 copies of a tandem repeat, that contain 37 amino acids each (Wu et al., 

1991), but only tandem repeat 4 is crucial for cortactin/F-actin interaction (Weed et al., 2000) and 

there seem to be no additional major contacts with actin filaments (Pant et al., 2006). The interaction 

of cortactin with F-actin induces no conformational change in cortactin (Cowieson et al., 2008), but 

does alter local filament stability and deepens the cleft between actin monomers, which can promote 

or strengthen Arp2/3 interaction to the mother filament (Bryce et al., 2005; Pant et al., 2006). 

Moreover, F-actin binding increases Arp2/3 complex activation by cortactin (Uruno et al., 2001). The 

repeat region also contributes to cortactin recruitment to sites of actin assembly, e.g. the cell periphery 

during lamellipodial migration (Bryce et al., 2005; Weed et al., 2000).  

The ABRs are prone to post translational modification, including acetylation and serine 

phosphorylation. Acetylation at the ABRs regulates cortactin/F-actin interaction. Histone acetylases 

PCAF, ATAT1, and presumably other acetyl transferases, acetylate 11 lysine residues of cortactin, of 

which 8 residues are located in the ABRs where they form 2 positively charged patches (Castro-Castro 

et al., 2012; Zhang et al., 2007). Acetylation of these lysine’s neutralizes the positively charged regions 

and abrogates F-actin interaction, which results in decreased cell motility. Histone deacetylases HDAC6 

or SIRT1 deacetylate cortactin and thereby restore cortactin binding to F-actin, increase invadopodia 

formation and function, and cell migration (Rey et al., 2011; Zhang et al., 2007; Zhang et al., 2009). 

Besides acetylation, some phosphorylation sites have been identified. PAK1 phosphorylates S113, 

S150 and S298 (Martin et al., 2006; Webb et al., 2006) and negatively affects F-actin binding, 

destabilizes branched actin filaments and leads to invadopodia disassembly (Moshfegh et al., 2014; 

Webb et al., 2006). Phosphorylation site S298 in the sixth ABR is targeted by PKD and is also involved 

in F-actin binding, lamellipodia protrusion and cell migration (De Kimpe et al., 2009; Eiseler et al., 

2010).  

Next, cortactin has a helical domain (AA348-401). This region is targeted by calpain, a calcium-

dependent protease (Huang et al., 1997b). Calpain-mediated cortactin cleavage seems to have a 

regulatory role: it is essential for correct protrusion dynamics, cell motility and invadopodia disassembly 

(Cortesio et al., 2008; Perrin et al., 2006). PKD phosphorylates S348 at the beginning of the helical 

domain, but the effect on cortactin function is still unclear (De Kimpe et al., 2009). Lastly, the helical 
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domain is essential for cortactin recruitment to pedestals that are formed during enteropathogenic 

and enterohaemorrhagic Escherichia coli (EPEC and EHEC) infection (Cantarelli et al., 2006).  

The proline rich domain (AA402-487) is a target of many serine/threonine and tyrosine kinases. 

Various stimuli can induce cortactin phosphorylation, including EGF, FGF, PDGF and integrin signaling 

(Beaty et al., 2013; Boyle et al., 2007; Hoye et al., 2016; Oser et al., 2010; Zhan et al., 1994).  

Residues Y421, Y470 and Y486 are the main targets of nonreceptor tyrosine kinases, for example Src 

family kinases (Fyn, Syk, Yes and Src), Abl family kinases (Abl, Arg), Fer and FAK (Boyle et al., 2007; 

Gallet et al., 1999; Hoye et al., 2016; Kapus et al., 2000; Kim and Wong, 1998; Lapetina et al., 2009; 

Tomar et al., 2012; Wang et al., 2011; Wu et al., 1991). Serine/threonine kinases, on the other hand, 

mainly target residues S405 and S418 of the proline rich domain, e.g. Erk1/2 and PAK (Campbell et 

al., 1999; Eiseler et al., 2010; Kelley et al., 2010; Webb et al., 2006). Phosphatases PTEN and PTP1B 

have been shown to dephosphorylate cortactin at tyrosine residues (Hoye et al., 2016; Mertins et al., 

2008; Stuible et al., 2008).  

Differential cortactin phosphorylation can have a distinct effect on N-WASP activation in vitro: serine 

phosphorylation enhances cortactin/N-WASP binding, tyrosine phosphorylation inhibits SH3 domain-

mediated N-WASP binding and activation (Martinez-Quiles et al., 2004). This can be explained by a 

“S/Y-switch model”: cortactin has a closed confirmation, mediated by intramolecular interactions 

between the SH3 domain and the helical/proline rich region. Serine/threonine phosphorylation leads 

to an open confirmation, making the SH3 domain is accessible for interaction partners, e.g. N-WASP 

(Lua and Low, 2005; Martinez-Quiles et al., 2004). However, in the presence of adaptor protein Nck1, 

tyrosine phosphorylated cortactin creates binding sites for the SH2 domain of Nck1, which enhances 

cortactin, WIP and N-WASP association to activate Arp2/3-mediated actin polymerization (Oser et al., 

2010; Tehrani et al., 2007). Cortactin serine or tyrosine phosphorylation can also elicit divergent 

effects during cell migration: enhanced lamellipodial protrusion is mediated by serine phosphorylation 

via increased actin polymerization, or by tyrosine phosphorylation through altered focal adhesion 

turnover (Kruchten et al., 2008). This indicates that cortactin regulation by phosphorylation is not 

limited to the S/Y-switch mechanism.  

In addition to N-WASP binding and activation, binding of other interaction partners of the SH3 domain 

can be regulated by cortactin phosphorylation, including dynamin 2 and CD2AP (Lynch et al., 2003; 

Rosse et al., 2014; Zhu et al., 2007). Moreover, tyrosine phosphorylated cortactin potentiates calpain 

cleavage (Huang et al., 1997b). 
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Although cortactin tyrosine and serine/threonine phosphorylation can occur simultaneously (Kelley et 

al., 2010; Martinez-Quiles et al., 2004; Oser et al., 2009; Tehrani et al., 2007), cortactin 

phosphorylation and acetylation are thought to be mutually exclusive. Cortactin is deacetylated during 

initiation of cell migration, exposing tyrosine residues in the proline rich region for kinases, and leading 

to cortactin phosphorylation (Meiler et al., 2012). 

Overall, different post translational modifications and their combinations offers a range of 

opportunities to fine-tune cortactin activity.  

Finally, the SH3 domain (AA492-550) is an interaction platform that links cortactin and the actin 

cytoskeleton to various regulatory proteins. The diversity of interaction partners illustrates the amount 

of processes and cell types that require cortactin activity, including actin assembly for the generation 

of different actin-rich protrusions, e.g. invadopodia, podosomes and lamellipodia, post translational 

modifications, membrane trafficking and excitability, and signal transmission.  

The formation of actin-rich protrusions is often mediated by branched actin polymerization. Cortactin 

itself is a weak activator of the Arp2/3 complex because it does not recruit actin monomers; other 

NPFs are stronger activators of Arp2/3 nucleation activity (Helgeson et al., 2014; Weed et al., 2000). 

Interestingly, in the presence of other NPFs, e.g. N-WASP, cortactin acts as a synergistic activator of 

the Arp2/3 complex (Helgeson and Nolen, 2013; Weaver et al., 2001). Via the SH3 domain, cortactin 

interacts with NPF N-WASP and adaptor protein and regulator of N-WASP activity, WIP (Kinley et al., 

2003; Martinez-Quiles et al., 2004). These interactions lead to enhanced Arp2/3 activation and cell 

motility (Kowalski et al., 2005). MIM, an inhibitor of metastasis, also binds the cortactin SH3 domain 

and induces Arp2/3 complex activation, but attenuates N-WASP activity (Lin et al., 2005).  

Other interactors of the SH3 domain are upstream regulators of actin assembly, e.g. Fgd1 and BPGAP1 

(Hou et al., 2003; Lua and Low, 2004). The former is a Cdc42 GEF involved in Arp2/3 activation, 

invadopodia and lamellipodia formation (Ayala et al., 2009; Kim et al., 2004), the latter is a RhoGAP 

that regulates cell morphology and migration (Shang et al., 2003).  

Through interaction with ZO1, a tight junction protein, and non-muscle MLCK, cortactin has a role in 

cell-cell junctions, chemotaxis and epithelial barrier integrity (Brown et al., 2010; Katsube et al., 1998; 

Lee et al., 2006).  

Cortactin is also involved in membrane trafficking and excitability. Cortactin interaction with CD2AP, a 

scaffolding protein, mediates receptor endocytosis (Lynch et al., 2003). Dynamin 2, a GTPase, is 

involved in vesicle invagination and fission during endocytosis. Cortactin links dynamin 2 to the actin 

cytoskeleton and mediates actin remodeling for efficient endocytosis, protein trafficking and 



38 

 

extracellular matrix degradation (Baldassarre et al., 2003; Cao et al., 2003; Merrifield et al., 2005; 

Rosse et al., 2014). Interaction with Hip1R, on the other hand, inhibits actin assembly at endocytic 

sites (Le Clainche et al., 2007). Finally, cortactin has been shown to interact with CortBP1/Shank2, a 

synaptic adaptor protein that is mainly expressed in brain tissue, and plays a role in synaptic plasticity 

(Du et al., 1998; Qualmann et al., 2004).  

3.2. Cortactin and disease 

As mentioned above, cortactin has a crucial role in many actin-related processes. Perhaps surprisingly, 

cortactin knock out (KO) mice do not display an obvious phenotype, are healthy, have a normal life 

span and lack developmental defects (Schnoor et al., 2011). Cortactin deficiency does however lead 

to increased vascular permeability for high molecular weight components, but diminished neutrophil 

extravasation. The latter is caused by an enhanced 2 integrin-mediated rolling velocity and decreased 

ICAM1-mediated adhesion on the endothelial cells of the vasculature at extravasation sites (Schnoor 

et al., 2011). Similar defects are seen for colon epithelial permeability, which is also increased in 

cortactin KO mice, accompanied by strong mucus deposition and goblet cell depletion (Citalan-Madrid 

et al., 2017). Fibroblast cells, derived from cortactin deficient mice, also lack major phenotypical or 

morphological changes, including lamellipodia, filopodia, membrane ruffle, focal adhesion or stress 

fiber formation; only PDGF-induced directional cell migration is reduced (Lai et al., 2009). Although 

cortactin KO does not cause any tremendous defects on viability or development, alterations in the 

cortactin gene, protein expression, regulation or function can lead to various disorders. 

3.2.1. Cortactin and cancer 

The cortactin gene, CTTN, is located on 11q13, a region that is frequently amplified in breast cancer, 

head and neck, esophagus and lung squamous cell carcinomas, bladder and ovary carcinoma 

(Schuuring, 1995). Cortactin overexpression is not always correlated with cortactin gene amplification 

(Greer et al., 2007; Yuan et al., 2003). Although the mechanisms for amplification-independent 

cortactin overexpression are not well understood, they potentially involve CD44-mediated activation of 

the NFB pathway or phospho-STAT3 binding of the cortactin promotor (Du et al., 2009; Hill et al., 

2006). Remarkably, cortactin is also overexpressed in neoplastic B cells of chronic lymphocytic 

leukemia (Gattazzo et al., 2014). This is associated with increased protease secretion and chemotactic 

migration (Martini et al., 2017). 

Cortactin gene amplification or overexpression is correlated with increased invasion, metastasis, tumor 

aggressiveness, recurrence and disease-related mortality (Cai et al., 2010; Clark et al., 2009; Rodrigo 

et al., 2000; Schuuring, 1995). More specifically, cortactin enhances breast cancer metastasis to bone 
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and lungs (Hashimoto et al., 2006; Li et al., 2001), intrahepatic metastasis of hepatocellular carcinoma 

(Chuma et al., 2004), and lung and lymph node metastasis of head and neck squamous cell carcinoma 

(HNSCC) (Luo et al., 2006; Rothschild et al., 2006; Su et al., 2014). Additionally, cortactin has 

repeatedly been suggested as a valuable marker for tumor prognosis, recurrence and patient survival 

in different cancer types, including HNSCC, colorectal cancer, hepatocellular carcinoma, prostate 

cancer (Cai et al., 2010; Chuma et al., 2004; Hofman et al., 2008; Hou et al., 2012; Rodrigo et al., 

2000).  

Cells with cortactin overexpression are characterized by enhanced cortactin-Arp2/3 complex binding 

and activation, and this is associated with increased cell motility and invasion (Rothschild et al., 2006). 

As mentioned earlier, cortactin has a prominent role in lamellipodia and invadopodium formation: 

cortactin synergistically activates the Arp2/3 complex, together with class I NPFs, and stabilizes newly 

formed actin branches via the ABRs (Helgeson et al., 2014; Oser et al., 2009; Sharma et al., 2013; 

Weaver et al., 2001). Branched actin networks are essential for protrusion formation and localized 

protease delivery at mature invadopodia (Artym et al., 2006; Oser et al., 2009), and invadopodia 

turnover is mediated by cortactin proteolysis, serine phosphorylation and/or tyrosine 

dephosphorylation (Cortesio et al., 2008; Jeannot et al., 2017; Stuible et al., 2008).  

Cortactin overexpression is not only linked to increased cell motility, but also to enhanced cell 

proliferation and tumor growth. Cells with augmented cortactin expression have impaired ligand-

induced EGFR and HGFR downregulation, leading to sustained receptor signaling and Erk pathway 

activation (Timpson et al., 2005; Timpson et al., 2007). Moreover, HGF-induced cell scattering and 

resistance to anoikis via the PI3K/Akt pathway, two contributors of tumor progression (Grotegut et al., 

2006; Paoli et al., 2013), are enhanced in cortactin overexpressing cells (Luo et al., 2006; Timpson et 

al., 2007). Cortactin expression level is also associated with tumor growth of certain cancer types: 

cortactin downregulation leads to decreased HNSCC growth (Clark et al., 2009; Luo et al., 2006), but 

has no role in breast or hepatocellular carcinoma growth (Chuma et al., 2004; Li et al., 2001).  

3.2.2. Cortactin and pathogen infection 

Pathogens use various ways to overcome the hostile environment of host cells to infect, replicate and 

disseminate. As mentioned earlier (paragraph 1.3. The actin cytoskeleton and disease), the actin 

cytoskeleton is used by pathogens during every stage of the infectious process (Elsa, 2017). Cortactin 

is often targeted by pathogens to enable their adhesion, invasion, intracellular movement or scattering.  
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Adhesion of EPEC and EHEC is mediated by pedestal formation at the bacterial attachment site 

(Cantarelli et al., 2006). Cortactin is recruited to bacterial pedestals, and, depending on tyrosine 

phosphorylation status, interacts directly with virulence factors Tir and EspFu (Cantarelli et al., 2007). 

Cryptosporidium parvum, Neisseria meningitidis, Rickettsia conorii, Shigella flexneri, Staphylococcus 

aureus, Coxiella burnetii, Listeria monocytogenes or Chlamydia trachomatis infection cause 

phosphorylated cortactin enrichment at the host cell invasion site, leading to F-actin polymerization 

and membrane protrusion (Agerer et al., 2005; Chen et al., 2003; Dehio et al., 1995; Elwell et al., 

2008; Hoffmann et al., 2001; Martinez and Cossart, 2004; Rosales et al., 2012; Sousa et al., 2007).  

Other pathogens, including Listeria monocytogenes, Shigella flexneri, HIV and vaccinia virus, use 

cortactin and branched actin networks for actin tail formation during intracellular movement 

(Frishknecht and Way, 2001; Spear et al., 2014; Zettl and Way, 2001).  

Finally, Helicobacter pylori induces cortactin serine phosphorylation and tyrosine dephosphorylation, 

leading to host cell elongation and scattering (Selbach et al., 2003; Tegtmeyer et al., 2011). RSV 

infection on the other hand, leads to epithelial barrier disruption, accompanied by altered cortactin 

localization at airway epithelial junctions (Rezaee et al., 2017).  

3.2.3. Cortactin and other diseases 

Cortactin autoantibodies are detected in autoimmune disorders, including myasthenia gravis and 

myositis, and have been suggested as a valuable diagnostic and prognostic marker (Illa et al., 2018; 

Labrador-Horrillo et al., 2014).  

Decreased cortactin expression enhances susceptibility for inflammatory bowel diseases, 

characterized by increased endothelial permeability (Citalan-Madrid et al., 2017). Cortactin provides 

an important link between the actin cytoskeleton and apical junction complexes, via interaction with 

ZO1 and p120-catenin at cell-cell contacts (Boguslavsky et al., 2007; Katsube et al., 1998). Cortactin 

deficiency causes altered cell junction composition and epithelial barrier integrity (Citalan-Madrid et 

al., 2017). 

Cortactin is targeted by HDAC6 during cilia disassembly and induces F-actin polymerization, membrane 

protrusion and ciliary resorption (Ran et al., 2015). This is the underlying cause of many ciliopathies, 

including Joubert syndrome, Bardet-Biedl syndrome, retinal photoreceptor degeneration and polycystic 

kidney disease (Waters and Beales, 2011).  

Actin polymerization and phosphorylated cortactin also mediate mucin exocytosis in airway epithelial 

cells (Liu et al., 2013), ultimately leading to airway obstructive diseases, e.g. asthma (Evans et al., 
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2009). Moreover, the cortactin gene is one of the cytoskeletal genes that is associated with increased 

asthma susceptibility (Ma et al., 2008).  

During the development of cardiovascular diseases, such as atherosclerosis, vascular smooth muscle 

cells (VSMCs) migrate and contribute to disease progression (Lacolley et al., 2012). VSMCs form 

extracellular matrix-degrading actin-rich protrusions, enriched in (tyrosine phosphorylated) cortactin 

(Furmaniak-Kazmierczak et al., 2007). Additionally, exposure of vascular endothelial cells to ROS 

induces cortactin-mediated actin cytoskeleton reorganization and cell injury (Li et al., 2000). 

Endothelial cell injury by ROS can lead to the development of vascular diseases (Taniyama and 

Griendling, 2003).   
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4. Nanobodies 

The immune system defends us against infections and harmful diseases; if pathogens manage to 

break through several surface barriers, e.g. the skin, mucus or enzymes, the immune system comes 

into action. There are two types of defense: the innate and the adaptive immune response. The innate 

response involves cells that secrete inflammatory mediators, phagocytic cells and NKs, and is 

mediated by cytokines, acute phase proteins and the complement system (Delves and Roitt, 2000; 

Zipfel and Skerka, 2009). The adaptive or acquired immune response is antigen specific and relies on 

B and T cells, assisted by antigen-presenting cells. T cells directly bind to their antigen and destroy the 

infected cell, or they activate other cells from the immune system, e.g. macrophages or B cells. B cells 

produce and secrete antigen specific antibodies, or immunoglobulins, to inactivate invading pathogens 

and facilitate their destruction (Delves and Roitt, 2000).  

Antibodies are built up by two identical heavy (H) chains and two identical light (L) chains. Each H chain 

contains 4 domains and each L chain contains two domains (Figure 13).  

 

Figure 13. Schematic illustration of a conventional and a camelid heavy-chain only antibody, and antibody derived fragments. 

Their respective molecular weight is expressed in kDa. The Fab fragment contains a variable and a constant domain of the 

heavy and the light chain. One VH and one VL domain, connected by a linker peptide (scFv), are the smallest intact antigen-

binding fragment. Camelidae also secrete heavy chain-only antibodies devoid of light chains. One variable domain of this 

antibody or VHH is called a nanobody. Figure adapted from Arezumand et al., 2017. 
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The N-terminal domain of each chain is a variable domain, VH and VL domain in the heavy and light 

chain respectively. Variable domains are involved in antigen binding and consist of a framework region 

(FR) and three complementarity determining regions (CDRs). The remaining domains, CH and CL, have 

a constant sequence (Figure 13). The last two CH domains mediate immune cell recruitment and 

effector functions (Muyldermans and Kornberg, 2013). An antibody can be proteolytically processed at 

the hinge region into an antigen-binding (Fab) and a constant or crystallizable (Fc) fragment (Porter, 

1959). The smallest functional antigen-binding fragment from a conventional antibody, scFv, is 

composed of a VH and VL domain, connected by a short linker (Nelson, 2010).  

The serum of Camelidae family members, i.e. one-humped Camelus dromedarius and two-humped 

Camelus bactrianus, llama (Lama glama and Lama guanicoe), and vicugna (Vicugna vicugna and 

Vicugna pacos) contains antibodies that lack a light chain, and are consequently named ‘heavy chain-

only antibodies’ (HCAbs) (Figure 13). They were serendipitously discovered 25 years ago in the serum 

of a dromedary at the Vrije Universiteit Brussel (VUB) (Hamers-Casterman et al., 1993). In search of 

improving and extending antibody applications, single domain antibodies or VHHs were cloned and 

characterized as the smallest intact and functional antigen binding fragment of HCAbs (Muyldermans 

et al., 1994). Similar antibodies, also known as IgNAR, are found in cartilaginous fish, including 

wobbegong sharks (Orectolobus maculates), nurse sharks (Ginglymostoma cirratum) and ratfish 

(Flajnik and Kasahara, 2010; Nuttall et al., 2001).  

4.1. Structure and properties 

A VHH domain or nanobody contains three hypervariable regions or CDRs, surrounded by a conserved 

framework region (FR). Nanobodies are organized in two -sheets, formed by nine -strands in a four-

stranded and a five-stranded -sheet (Figure 14). The CDRs are clustered at one side, complementary 

to their epitope (Muyldermans and Kornberg, 2013).  

Camelid VHH domains from HCAbs possess some unique features compared to their VH counterpart 

in Camelidae, mice or humans. Many advantageous properties of nanobodies can be attributed to 

these particular characteristics: small size, good solubility, high affinity, good stability, low production 

cost, straightforward genetic engineering, high tissue penetration, low immunogenicity, format 

flexibility and modularity.  

Amino acids from the hydrophobic VH-VL and VH-CH interfaces are replaced by more hydrophilic 

residues in the FRs of a VHH domain. Leu11 that interacts with the CH domain, is often mutated to 

Ser. Several residues from the VH-VL interface can also be adjusted: Val37, Gly44, Leu45 and Trp47 

are often mutated to Phe37 or Tyr37, Gly44, Leu45 or Cys45, and Gly47 (Figure 14) (Muyldermans et 
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al., 1994; Vu et al., 1997). These substitutions lead to increased surface hydrophilicity that leads to 

excellent VHH solubility and recombinant production. This is in contrast to the poor solubility and 

‘stickiness’ of VH domains from conventional antibodies (Davies and Riechmann, 1994).  

 

Figure 14. Schematic representation of a VHH domain or nanobody. A folded VHH domain typically has nine -strands (grey) 

that form a four-stranded (A-B-E-D) and a five-stranded -sheet (G-F-C-C’C’’). Several amino acids (shown in white circles) in 

the FR of VH domains are substituted in VHH domains to increase their hydrophilicity. Loops between the  -strands create 

the CDR1 (blue), CDR2 (green) and CDR3 (red). CDR3 loop flexibility is constrained by an interloop disulphide bond (yellow). 

Figure adapted from Muyldermans and Kornberg, 2013. 

Second, to compensate for the loss of the VL domain in HCAbs and the decrease in antigen binding 

surface and diversity, the CDR3 of a VHH domain is considerably longer when compared to mouse or 

human VH domains (Muyldermans et al., 1994; Nguyen et al., 2000). Nanobodies often form an 

additional intradomain disulphide bond between their CDRs to increase their stability and antigen 

binding affinity, and to limit the flexibility of the CDR3 loop (Figure 14) (Davies and Riechmann, 1996; 

Vu et al., 1997). A longer CDR3 loop creates a unique, convex paratope that enables nanobodies to 

protrude into cryptic sites and catalytic clefts of their antigen that are inaccessible for classical 

antibodies (De Genst et al., 2006; Stijlemans et al., 2004). 

Additionally, nanobodies are small, have a compact shape, 2.5 nm in diameter and 4 nm in length, and 

have a molecular weight of approximately 15 kDa (De Genst et al., 2006). One VHH domain is encoded 

by a small gene fragment (approximately 360 bp) that is easily amplified by PCR, cloned into different 

vectors, transformed and expressed in microorganisms, mammalian cells and plants (Arbabi-

Ghahroudi et al., 2005; Ismaili et al., 2007; Spadiut et al., 2014). Because microorganisms, e.g. 
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Escherichia coli (E.coli), are easily manipulated and cultivated, nanobody production is straightforward, 

fast and cost-effective (Harmsen and De Haard, 2007). Nanobodies bind their target with high affinity 

and specificity: low nanomolar to picomolar dissociation constants are reported, due to isolation of 

intact, in vivo affinity matured VHH domains from peripheral B cells (Desmyter et al., 2001; 

Muyldermans and Kornberg, 2013). Moreover, these small VHH domains show fast tissue penetration 

and rapid blood clearance in vivo (Cortez-Retamozo et al., 2004; Cortez-Retamozo et al., 2002). This 

is advantageous for in vivo imaging and treatment of acute conditions (Cortez-Retamozo et al., 2004), 

but can be a disadvantage for other therapeutic applications, e.g. long term inhibition of EGFR signaling 

in tumors (Tijink et al., 2008). Their half-life can be improved by different adaptations, e.g. PEGylation, 

fusion to serum albumin or an albumin-binding moiety (Hoefman et al., 2015; Jevsevar et al., 2010; 

Tijink et al., 2008).  

Nanobodies also have a beneficial thermodynamic stability. They resist various chemical denaturing 

conditions, high temperatures (up to 90°C), extreme pH and enzymatic proteolysis (Dumoulin et al., 

2002; Harmsen et al., 2006; Revets et al., 2005; van der Linden et al., 1999). After denaturation, 

nanobodies are able to renature completely and regain their biological activity, possibly due to the 

amino acid substitutions at the VH-VL interface (Dumoulin et al., 2002; Muyldermans et al., 1994; 

Perez et al., 2001).  

The immunogenicity of nanobodies is low, as shown by the absence of an immune response after 

multiple nanobody injections in mice, and can probably be attributed to the high sequence homology 

with conventional VH domains, and their solubility (Coppieters et al., 2006; Cortez-Retamozo et al., 

2002). There are however reports of adverse immune events due to nanobody administration in clinical 

trials, leading to trial discontinuation (Holland et al., 2013; Papadopoulos et al., 2015). Therefore, 

camelid VHH domains can be ‘humanized’ to prevent an immune response (Slordahl et al., 2013): two 

camelid residues in the FR2 region (Glu44 and Arg45), and eleven additional residues outside the FR2 

region are replaced by their human counterpart to create a universal humanized nanobody scaffold 

(Vincke et al., 2009).  

Their small size, excellent stability and solubility makes nanobodies well suited for the construction of 

bispecific (two nanobodies recognizes different antigens), biparatopic (two Nbs recognize different 

epitopes on the same antigen), bivalent (two identical nanobodies) or multivalent formats (Coppieters 

et al., 2006; Emmerson et al., 2011; Hmila et al., 2010; Zhang et al., 2004). Alternatively, they can be 

engineered into many other nanobody-derived constructs, for example fluorescent fusion proteins, as 

a targeting component of toxins, cytokines or enzymes, or as a component of drug delivery systems 
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(Altintas et al., 2013; Cortez-Retamozo et al., 2004; Li et al., 2016; Rothbauer et al., 2006; Szynol et 

al., 2006; van der Meel et al., 2012).  

4.2. Isolation and production 

Antigen-specific nanobodies are routinely obtained from immunized animals. In some cases, 

immunization is not feasible due to toxicity or low immunogenicity. Naïve or synthetic VHH libraries can 

be used to generate nanobodies for these antigens. Naïve libraries are constructed from peripheral 

blood lymphocytes from naïve, unimmunized animals; synthetic nanobody repertoires are artificially 

generated based on natural scaffolds or frameworks with randomized CDRs. In vitro affinity maturation 

strategies are applied to obtain nanobodies with high specificity and affinity (Goldman et al., 2006; Yan 

et al., 2014; Yan et al., 2015). However, during immunization, antigen specific HCAbs are affinity 

matured in vivo. Next, peripheral B lymphocytes are isolated and their mRNA is converted to cDNA. A 

nanobody library that contains the repertoire of in vivo matured VHHs is constructed by cloning 

nanobody gene fragments into a phagemid vector. A library of 106 - 109 transformants is used to screen 

for antigen-specific binders by expressing the library on phages and panning on (immobilized) antigen. 

Antigen-specific phages are enriched after several rounds of panning, and screened in an enzyme-

linked immunosorbent assay (ELISA) (Figure 15) (Revets et al., 2005). Positive binders can be 

sequenced and cloned into a suitable vector for bacterial, yeast or fungal expression (Revets et al., 

2005; Spadiut et al., 2014).  

 

Figure 15. Schematic overview of isolation and identification of antigen-specific nanobodies. Figure adapted from Zafra et 

al., 2011.  

In addition to phage display, a robust and commonly used screening method, antigen specific 

nanobodies can also be selected by other techniques. Proteins can be expressed on the surface of 

bacteria or yeast, which are larger than phages and are therefore detectable by flow cytometry 
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(Fleetwood et al., 2013; Ryckaert et al., 2010). Intracellular two-hybrid selection techniques on the 

other hand are used to retrieve nanobodies that will function as intrabodies, i.e. when expressed in the 

cytoplasm, without the need of purified antigen (Pellis et al., 2012). Recently, a phenotypic lentiviral 

screening method was used to identify inhibitory nanobodies in living cells (Schmidt et al., 2016). 

Besides in vivo selection, in vitro ribosome display and mRNA/cDNA display allow stringent selection 

conditions and library size is not limited by transfection or transformation of a host organism. This 

method is also suitable for challenging targets, e.g. transmembrane proteins (Doshi et al., 2014; Li et 

al., 2017; Perruchini et al., 2009). Alternatively, a high-throughput strategy for nanobody selection was 

developed, based on DNA sequencing of the immune VHH library combined with mass spectrometric 

identification of VHHs from the serum of the same immunized animal. This technique circumvents the 

need to create a display library (Fridy et al., 2014).  

4.3. Applications 

The aforementioned beneficial properties have led to the application of nanobodies in different 

research, diagnostic and therapeutic areas by research groups and companies (de Marco, 2011).  

4.3.1. Research 

Several characteristics of nanobodies, including size, ease of cloning and recombinant expression and 

stability, define their versatility as a research tool for (intracellular) protein function, in addition to 

conventional antibodies or RNAi (Cao and Heng, 2005; van der Linden et al., 1999).  

Intracellular proteins can be traced in vivo using chromobodies, i.e. a VHH domain targeting a specific 

antigen that is fused to a fluorescent protein (Rothbauer et al., 2006). Chromobodies are used for 

direct visualization of endogenous cytoplasmic and nuclear proteins, HIV virions in living cells, vimentin 

as a marker of EMT, actin in zebrafish (Danio rerio), or different proteins in plants (Beghein et al., 2016; 

Helma et al., 2012; Maier et al., 2016; Panza et al., 2015; Schornack et al., 2009).  

Similarly, native proteins, GFP or RFP fusion proteins can be visualized by super-resolution microscopy 

using nanobodies targeting endogenous protein, GFP or RFP respectively (Mikhaylova et al., 2015; 

Platonova et al., 2015; Ries et al., 2012). Recently, a nanobody against a peptide tag was validated 

for super-resolution microscopy (Virant et al., 2018).  

Anti-GFP nanobodies can also be used to image protein-protein interactions in a fluorescent-three-

hybrid approach, or via Förster resonance energy transfer (FRET) analysis in living cells (Herce et al., 

2013; Kunzl et al., 2016). Additionally, nanobodies are used to pull down proteins for mass 
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spectrometry analysis to determine their epitope, or to identify (endogenous) protein complexes 

(Pleiner et al., 2015; Rothbauer et al., 2008; Shi et al., 2015).  

Protein structure can be studied in high detail using X-ray crystallography. The formation of protein 

crystals that are required to obtain diffraction patterns, is often assisted by chaperones. As a result of 

their ability to prevent domain mobility, bind concave epitopes, and increase protein solubility, 

nanobodies are often used as crystallization chaperones for proteins that are difficult to crystallize, 

including membrane proteins, transient conformational states and intrinsically disordered proteins 

(Abskharon et al., 2014; Khamrui et al., 2013; Rasmussen et al., 2011; Ward et al., 2013).  

Nanobodies are also suitable for protein purification after immobilization to solid supports, e.g. for the 

depletion of IgG from blood, or for the purification of peptide-tagged proteins (Braun et al., 2016; 

Klooster et al., 2007).  

Finally, nanobodies are often used to study endogenous protein function in living cells. To this end, 

nanobodies or intrabodies are expressed in cells, either via viral transduction, plasmid transfection or 

profection, to knock out domain-specific functions of their target protein (Boldicke, 2017). This is in 

contrast to entire protein knock down via RNAi, and does not require overexpression of deletion 

mutants in a wild type or knock down background (Boldicke, 2017; Cao and Heng, 2005). Various 

intrabody targets have been described, including enzymes, oncogenic proteins, toxins, virus proteins 

and proteins in plants or other model systems (Alzogaray et al., 2011; Boons et al., 2014; Harmansa 

et al., 2015; Jobling et al., 2003; McGonigal et al., 2009; Van Audenhove et al., 2014; Van Impe et al., 

2013; Van Overbeke et al., 2014). Interestingly, intrabodies are also able to capture or modify 

conformational states of proteins to elucidate their dynamics, e.g. the EGFR, β2 adrenergic receptor 

and L-plastin (De Clercq et al., 2013b; Kirchhofer et al., 2010; Nevoltris et al., 2015; Staus et al., 

2014). When intrabodies are fused to a targeting sequence, they are able to delocalize their target to 

certain organelles, thereby diverting a protein from its typical localization in the cell (Beghein et al., 

2016; Van Audenhove et al., 2014). Intrabodies can also be used for targeted protein degradation, 

without affecting DNA, RNA or protein expression level. Many of the nanobody-mediated degradation 

approaches rely on E3 ubiquitin ligases, with an altered substrate recognition domain, that target 

cytosolic proteins for proteasomal degradation (Baudisch et al., 2018; Caussinus et al., 2012; Fulcher 

et al., 2016; Shin et al., 2015; Wang et al., 2017). Alternatively, antigen-nanobody complexes can be 

directed to the proteasome using a PEST motif (Butler and Messer, 2011; Joshi et al., 2012).  
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4.3.2. Diagnostics 

Nanobodies are potentially superior to conventional antibodies in diagnostics, given their high stability 

and low production cost. Their small size contributes to fast tissue distribution and rapid elimination 

by renal clearance. Therefore, nanobodies are applied for non-invasive molecular imaging, including 

positron emission tomography (PET), single-photon emission computed tomography (SPECT) and near-

infrared imaging (Chakravarty et al., 2014; Debie et al., 2017; Kruwel et al., 2016; Oliveira et al., 2012; 

Vosjan et al., 2011). Images can be generated quickly after nanobody administration, for example a 

xenograft tumor can be imaged in high contrast 45 minutes after administration of a 99mTc-Nb targeting 

the EGFR. When conventional antibody Cetuximab is used, tumor uptake is lower and the time to image 

tumors is significantly increased to at least 24 h (Kruwel et al., 2016). Short imaging times also enable 

the use of radionuclides with shorter half-lives, e.g. 68Ga or 18F, thereby reducing the exposure to 

radiation (Vosjan et al., 2011). Nanobody-mediated imaging has been evaluated for different purposes, 

e.g. to assess EGFR expression level for cancer therapy prognosis, to evaluate breast cancer diagnosis, 

to follow amyloidogenic gelsolin accumulation, or to monitor the distribution of immune cells during an 

inflammatory response (De Groeve et al., 2010; Huang et al., 2008; Vaneycken et al., 2011; Verhelle 

et al., 2016).  

Immunoassays based on an antibody-based biosensor or immunosensor are frequently used to detect 

diagnostic proteins in for example patient sera. Nanobodies can be used as detection probes in surface 

plasmon resonance (SPR) based detection systems and as capturing ligands in antibody-based slide 

and bead arrays (Even-Desrumeaux et al., 2010; Saerens et al., 2005; Saerens et al., 2008). Their 

small size and stability contributes to high probe density, detection sensitivity and denaturation 

resistance during probe regeneration (Saerens et al., 2008). Nanobodies have been investigated as a 

tool for Taenia solium diagnosis, distinction between similar pathogens, e.g. Brucella and Yersinia, HIV 

diagnosis, toxicological and environmental analyte detection, or even caffeine detection in hot 

beverages (Abbady et al., 2012; Bever et al., 2016; Deckers et al., 2009; Habib et al., 2013; Ladenson 

et al., 2006; Li et al., 2014).  

4.3.3. Therapy 

In addition to pathogen detection, nanobodies are also used to eliminate infectious agents. Several 

strategies are proposed to cure bacterial infections. Bacterial surface proteins can be targeted to 

prevent attachment to host cells, nanobodies can inhibit bacterial motility or the secretion of virulence 

factors, e.g. pathogenic enzymes -lactamase and urease, or the type VI secretion system to prevent 

toxin secretion (Ardekani et al., 2013; Nguyen et al., 2015; Riazi et al., 2013; Virdi et al., 2013). The 
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small size and rapid elimination of nanobodies results in better treatment of envenoming by scorpions 

or snakes, compared to current antivenoms (Hmila et al., 2012; Richard et al., 2013). Viral infections 

can be targeted by nanobodies at different stages, including virus-host cell attachment, viral entry, or 

cell-cell transmission of influenza virus, rotavirus, poliovirus, HIV or HCV (Forsman et al., 2008; 

Garaicoechea et al., 2008; Hanke et al., 2016; Tarr et al., 2013; Thys et al., 2010). Nanobodies can 

also mediate parasite clearance by targeting surface proteins of for example Trypanosoma brucei 

rhodesiense, causing African trypanosomiasis (Baral et al., 2006).  

The lack of disease-modifying or neuroprotective therapies for neurodegenerative diseases has 

prompted researchers to explore nanobodies as a potential therapeutic. Alzheimer’s disease is 

characterized by the formation amyloid  plaques. Nanobodies can prevent the formation of amyloid 

precursor proteins by interacting with these precursors, by preventing amyloid  fibril formation, or by 

inhibiting the enzyme responsible for amyloid  processing (Dorresteijn et al., 2015; Habicht et al., 

2007; Lafaye et al., 2009). Other neurodegenerative disorders include Parkinson’s disease, targeted 

by an -synuclein nanobody; Huntington’s disease, targeted by a Huntingtin nanobody; and gelsolin 

amyloidosis by gelsolin nanobodies (De Genst et al., 2010; Schut et al., 2015; Van Overbeke et al., 

2015). Despite the increasing number of nanobodies that are generated to treat neurodegenerative 

diseases, their development as a therapeutic is hindered by the blood-brain barrier (BBB). However, 

some nanobodies were reported to cross the BBB spontaneously, due to their small size and high 

isoelectric point (Li et al., 2012). Pathological increase of BBB permeability can increase nanobody 

transport, albeit below therapeutic levels (Caljon et al., 2012). Other nanobodies cross the BBB via 

receptor-mediated transcytosis, and can be used as a vehicle for drug delivery to the brain (Abulrob et 

al., 2005; Farrington et al., 2014; Muruganandam et al., 2001).  

Other nanobodies are developed to treat inflammatory diseases and autoimmunity. For example, anti-

TNF nanobodies are used against rheumatoid arthritis or chronic colitis, and anti-IgG nanobodies are 

used for patients with Goodpasture syndrome and systemic lupus erythematosus (Abe et al., 2014; 

Klooster et al., 2007; Vandenbroucke et al., 2010).  

The use of nanobodies as a cancer therapeutic is elaborately examined by many different research 

groups. They are not only utilized as antagonistic agents, but also as vehicles of effector molecules, 

radionuclides or more complex drug delivery systems. When used as an antagonistic agent, 

nanobodies are directed against extracellular targets, e.g. surface exposed parts of receptors or 

extracellular ligands, to inhibit crucial downstream signaling pathways and/or activation of protein 

transcription. Some investigated targets are the growth factor receptors EGFR and VEGFR, growth 

factor HGF, or chemokine receptor CXCR7 (Behdani et al., 2012; Maussang et al., 2013; Roovers et 
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al., 2007; Roovers et al., 2011; Slordahl et al., 2013; Vosjan et al., 2012). Alternatively, nanobodies 

can be linked to different types of effector moieties to increase their therapeutic efficacy. For example, 

anti-carcinoembryonic antigen (CEA) nanobodies were conjugated with β-lactamase, an enzyme that 

converts non-toxic prodrugs into cytotoxic compounds (Cortez-Retamozo et al., 2004). In another study, 

a bivalent EGFR nanobody construct was coupled to tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL) in order to target tumor cell proliferation and death pathways simultaneously (van de 

Water et al., 2012). In addition to free circulating drugs, nanoparticles encapsulate cytotoxic drugs to 

protect these drugs from degradation during circulation and to avoid side effects on healthy tissues. 

Nanobodies are used as targeting moieties for these particles and mediate site specific delivery. Some 

examples are anti-EGFR nanobodies that have been linked to liposomes with an IGF1R kinase inhibitor, 

to doxycycline-loaded micelles, or to albumin nanoparticles loaded with a multiple kinase inhibitor 

(Altintas et al., 2013; Talelli et al., 2013; van der Meel et al., 2012). Finally, targeted radionuclide 

therapy offers an alternative approach to conventional radiotherapy: cytotoxic radiation is locally 

delivered to cancer cells by nanobodies that recognize tumor-associated antigens, e.g. HER2, or M-

protein in multiple myeloma (D'Huyvetter et al., 2014; Lemaire et al., 2014).  
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Aim and scope 

Cancer is still one of the leading causes of death worldwide. Around 40% of people will be diagnosed 

with cancer at a certain point in their life, and this number will only continue to rise in the next decades. 

In the past, chemotherapeutic cancer treatment was often cytotoxic and killed any dividing cell, 

including healthy cells. This is associated with some severe, long lasting side effects, e.g. nausea, 

diarrhea, kidney failure, heart and bone marrow damage. Therapeutic intervention now focuses on 

immunotherapy to mobilize the immune system to destroy cancer cells, and targeted therapies that 

act on specific, cancer-associated targets to inhibit the growth and/or spread of tumor cells, for 

example growth factor receptors, kinases, cell surface receptors of the immune system or hormones. 

These, at first sight promising approaches, also cause adverse side effects, have limited efficacy or 

lead to resistance. One possible solution to overcome therapy resistance is the administration of a 

combination of drugs that targets different molecular mechanisms.  

Cancer cell motility is one of the mechanisms that contributes to the spread and progression of cancer 

towards a systemic disease. Therapeutic targeting of cell motility could prevent local invasion of primary 

tumor cells and the evolution towards metastatic cancer, or limit further dissemination from existing 

metastasis. Cells use distinct structures and migration modes during migration and invasion. Many of 

these structures require adaptation of the actin cytoskeleton, for example lamellipodia, filopodia and 

invadopodia. The formation of mature invadopodia is associated with the focal release of proteases 

and extracellular matrix degradation. Modulation of the surrounding matrix is essential when cells 

invade dense tissue microenvironments. 

Actin binding protein cortactin is a molecular integrator of diverse cellular signals, via the SH3 domain 

and posttranslational modifications, and translates them to cytoskeletal changes. The cortactin gene 

is amplified and overexpressed in different cancers, breast cancer, head and neck squamous cell 

carcinoma and bladder cancer. Cortactin overexpression is associated with increased invadopodium 

formation, extracellular matrix degradation, cell migration and invasion. Additionally, cortactin is a 

general invadopodium marker, involved in every stage of their formation. Although it is clear that 

cortactin has a role in cancer cells, the contribution of individual cortactin domains and functions 

remains contradictory and elusive.  

However, the central role of cortactin in cancer cell invasion makes it an attractive and valid potential 

therapeutic target. Still, the question remains: which cortactin domain should be targeted for maximal 

inhibition of invasion? Unlike traditional targets, e.g. kinases, cortactin lacks a well-defined active site 

or enzymatic cleft that should be inhibited. Therefore, we aim to study cortactin domain specific 
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functions in invadopodium formation and invasion by using nanobodies, the variable domain of a heavy 

chain only antibody from Camelidae. Nanobodies represent a unique research tool that has many 

advantages compared to conventional antibodies, RNAi or mutant protein overexpression. Different 

nanobody sets, each targeting a different cortactin domain, enable the establishment of a functional 

protein domain knock out on endogenous protein level, while other domains are still intact. 

A cortactin nanobody targeting the SH3 domain was previously characterized. The cortactin SH3 

nanobody specifically targets the cortactin SH3 domain and thereby prevents WIP recruitment. This 

results in decreased invadopodia formation, MMP secretion, extracellular matrix degradation and 

invasion. However, intracellular delocalization of cortactin results in an additional effect on MMP 

secretion and cancer cell invasion. This indicates that other cortactin domains or interaction partners 

are involved.  

Nanobodies targeting various cortactin domains will increase our understanding of cortactin in cancer 

cell invasion; and they mimic the effect of a therapeutic inhibitor and delineate the epitope that should 

be targeted to prevent and impede metastatic cancer.  
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5. Inhibitory cortactin nanobodies delineate the role of NTA- and 

SH3-domain–specific functions during invadopodium formation 

and cancer cell invasion 

5.1. Introduction 

Cancer metastases are the major cause of cancer related mortality (Tarin, 2011). The prevention of 

metastasis formation has therefore been suggested as a valuable therapeutic strategy, in addition to 

current systemic cytotoxic therapies (Steeg, 2012). Although cortactin has an undisputable role in 

invadopodia and cancer cell motility, which leads to metastasis formation (Cai et al., 2010; Clark et al., 

2009; Hofman et al., 2008; Schuuring, 1995), conflicting results about the role of individual cortactin 

domains have been reported (Kowalski et al., 2005; Magalhaes et al., 2011; Webb et al., 2007). These 

discrepancies can be attributed to the use of different cell lines with overexpression of full length or 

mutant cortactin. We generated and characterized different nanobody sets that target different 

cortactin domains and functions to dissect the role of cortactin domains on endogenous protein level, 

and to determine which cortactin function is suitable for therapeutic targeting.  

In the first paper, we present two cortactin nanobodies that target the NTA domain. The NTA 

nanobodies were first subjected to in vitro characterization, including epitope mapping, the 

determination of thermodynamics of their interaction with cortactin, and their effect on cortactin-

mediated Arp2/3 complex activation. Cortactin nanobodies were expressed as intrabodies in different 

cancer cell lines, in order to assess the effect of NTA domain inhibition in invadopodia formation, 

dynamics and function. The previously characterized cortactin SH3 nanobody was included as an 

internal control, and to allow for comparison of the observed effects with the NTA nanobodies (Van 

Audenhove et al., 2014). Additionally, since the NTA nanobodies have an inhibitory effect on Arp2/3 

complex activation, small molecule Arp2/3 inhibitor CK-666 was included in all functional experiments 

(Hetrick et al., 2013; Nolen et al., 2009). This approach revealed cell line-specific roles of (cortactin 

mediated) Arp2/3 activation in invadopodia formation, dynamics and function, and gives us a unique 

insight into the domain-specific roles of cortactin in invadopodia. 

5.2. Research paper 

Article published in The FASEB Journal, Federation of American Societies for Experimental Biology 

(Bertier et al., 2017).  
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5.2.1. Abstract 

Cancer cells exploit different strategies to escape from the primary tumor, gain access to the 

circulation, disseminate throughout the body, and form metastases, the leading cause of death by 

cancer. Invadopodia, proteolytically active plasma membrane extensions, are essential in this escape 

mechanism. Cortactin is involved in every phase of invadopodia formation, and its overexpression is 

associated with increased invadopodia formation, extracellular matrix degradation, and cancer cell 

invasion. To analyze endogenous cortactin domain function in these processes, we characterized the 

effects of nanobodies that are specific for the N-terminal acidic domain of cortactin and expected to 

target small epitopes within this domain. These nanobodies inhibit cortactin-mediated actin-related 

protein (Arp)2/3 activation, and, after their intracellular expression in cancer cells, decrease 

invadopodia formation, extracellular matrix degradation, and cancer cell invasion. In addition, one of 

the nanobodies affects Arp2/3 interaction and invadopodium stability, and a nanobody targeting the 

Src homology 3 domain of cortactin enabled comparison of 2 functional regions in invadopodium 

formation or stability. Given their common and distinct effects, we validate cortactin nanobodies as an 

instrument to selectively block and study distinct domains within a protein with unprecedented 

precision, aiding rational future generation of protein domain–selective therapeutic compounds. 

5.2.2. Introduction 

Tumor formation is the result of a multistep process and is often accompanied by metastatic 

dissemination. During a complex series of events, the metastatic cascade, cancer cells locally invade 

their surroundings, enter blood vessels (intravasation) and exit them at distant sites (extravasation) 

(Hanahan and Weinberg, 2011). A key factor in metastasis is cell motility, achieved by the protrusive 

force of actin polymerization, combined with protease activity (Hoshino et al., 2013). Invadopodia are 

actin rich membrane protrusions that enable focused secretion or activation of proteases (Murphy and 

Courtneidge, 2011). During precursor formation, cortactin is recruited to sites of invadopodia 

formation, together with other core proteins, e.g. N-WASP, cofilin, the Arp2/3 complex and actin (Oser 

et al., 2009; Sharma et al., 2013). Next, membrane protrusions are formed by branched actin networks 

and stabilized by the presence of Tks5 (Sharma et al., 2013), cortactin (Oser et al., 2009), fascin (Li et 

al., 2010) and 1 integrin (Beaty et al., 2013). Finally invadopodia evolve to their mature form, 

characterized by extracellular matrix degradation mediated by MMP-2, MMP-9 and MT1-MMP activity 

(Artym et al., 2006; Clark et al., 2007). Protease secretion and activity allow movement of cancer cells 

in a dense extracellular matrix (Wolf et al., 2007); activate other proteases, process growth factors and 

receptors; and expose cryptic matrix adhesion sites (Overall and Blobel, 2007). The central role of 

cortactin in cancer cell motility and its presence in every stage of invadopodia formation can be 
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explained by its multidomain structure. The N-terminus links cortactin to the actin cytoskeleton, via an 

N-terminal acidic (NTA) domain and 6.5 actin binding repeats (ABR). The former binds and activates 

the Arp2/3 complex, resulting in branched actin network formation (Uruno et al., 2001); the latter 

interacts with actin filaments and stabilizes them (Weaver et al., 2001). The C-terminal part of cortactin 

contains a proline rich region, which is the target of different kinases (Ayala et al., 2008), and an SH3 

domain that serves as an interaction platform (Kirkbride et al., 2011). The cortactin gene (CTTN, 

11q13) is frequently amplified and overexpressed in human cancers (Rothschild et al., 2006; 

Schuuring, 1995). This is correlated with increased invadopodia formation, matrix degradation (Clark 

et al., 2007), invasiveness, tumor size (Clark et al., 2009) and poor prognosis (Cai et al., 2010). 

Although cortactin has a well-documented role in cancer cell migration, invasion and metastasis, there 

is no agreement regarding to what extent functional cortactin domains contribute to cancer cell motility. 

Some studies report that the N-terminal part is essential for motility (Bryce et al., 2005), whereas others 

claim that the SH3 domain (Kowalski et al., 2005) or posttranslational modifications (Webb et al., 

2007) are essential.  

We analyzed cortactin function at the endogenous protein level by means of nanobodies (Nbs), single 

domains of heavy-chain-only antibodies originating from Camelidae (Hamers-Casterman et al., 1993). 

Nbs have many advantages due to their single domain nature, including high stability, straightforward 

genetic manipulation and recombinant production, high affinity, low immunogenicity and expression 

as intrabody (Muyldermans, 2013). Analyzing cortactin domain-specific functions using Nbs has a dual 

purpose. These Nbs will expand our knowledge on the role of cortactin in invadopodia and metastasis. 

The value of Nbs as a research tool to target a wide variety of proteins and protein-protein interactions, 

in vitro and in vivo, has been elaborately demonstrated (Bethuyne et al., 2014; De Clercq et al., 2013; 

Delanote et al., 2010; Van Audenhove et al., 2014; Van den Abbeele et al., 2010; Van Impe et al., 

2013; Van Overbeke et al., 2014). They will also pinpoint the cortactin domain that is suitable for 

therapeutic targeting: the epitope of a Nb with well-known characteristics can be used for the design 

of a pharmacophore model (Perez-Martinez et al., 2010; Vercruysse et al., 2013) and can lead to 

design of small-molecule inhibitors (Shangary and Wang, 2009; Zheng et al., 2007).  

In this study, we raised and characterized Nbs targeting the N-terminal region of cortactin, involved in 

Arp2/3 complex activation, and show their activity as intrabody. The results were compared with a 

small molecule inhibitor of the Arp2/3 complex, CK-666 (Hetrick et al., 2013; Nolen et al., 2009), to 

validate our conclusions and, with a previously characterized Nb for the SH3 domain of cortactin (Van 

Audenhove et al., 2014), to compare the role of these two cortactin domains in invadopodia formation, 

and 2D and 3D functions.  
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5.2.3. Materials and methods 

Antibodies and reagents 

We used the following primary antibodies: mouse monoclonal anti-cortactin clone 4F11 (05-180) from 

Millipore (Watford, UK), rabbit polyclonal anti-cortactin (H-222, 3503) and anti-EGFP from Cell Signaling 

(Danvers, MA, USA), rabbit polyclonal anti-ARP2/3 subunit 1B (ab99314), rabbit monoclonal anti-

ARPC2 clone EPR8533 (ab133315), anti-MMP9 (ab137867) and anti-MMP14 (ab51074) from Abcam 

(Cambridge, UK), rabbit polyclonal anti-Tks5/fish (M-300, sc-30122) and anti-MMP2 (H-76, sc-10736) 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA), mouse monoclonal anti-actin clone C4 

(0869100) from MP Biomedicals (Santa Ana, CA, USA). Rabbit polyclonal anti-EGFP antibody was 

obtained as previously described (Van den Abbeele et al., 2007). Secondary HRP-linked anti-mouse 

(NA931) and anti-rabbit IgG (NA9340V) are from GE healthcare (Buckinghamshire, UK). Alexa Fluor 

488/594-labeled secondary goat anti-rabbit (A11034/A11037) and anti-mouse (A11001/A11032) 

IgG antibodies, Alexa Fluor 488 (A12379), and Alexa Fluor 594 phalloidin (A12381) were from Thermo 

Fisher Scientific (Waltham, MA, USA). Acti-stain 670 phalloidin (PHDN1-A) was from Cytoskeleton 

(Denver, CO, USA). DAPI (D8417), anti-V5 agarose clone V5-10 (A7345) and anti-HA agarose (A2095) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rabbit skeletal muscle actin (AKL95), pyrene 

muscle actin (AP05) and porcine brain Arp2/3 complex (RP01P) were purchased from Cytoskeleton 

(Denver, CO, USA). VCA peptide was chemically synthesized by Caslo (Denmark). CK-666 (182515) and 

GM6001 (CC1000) were from Millipore. Protein G Sepharose (17-0618-01) was purchased from GE 

healthcare (Buckinghamshire, UK). Rat tail collagen type I (354236 and 354249) was purchased from 

Corning (Bedford, MA, USA). Bovine skin gelatin (G1393) and glutaraldehyde (G6257) were from 

Sigma-Aldrich. QCM™ Gelatin Invadopodia Assay (ECM671) was from Millipore. The OrisTM migration 

assembly kit (CMAUFL4) was from Platypus Technologies (Madison, WI, USA).  

Generation of cortactin Nbs 

All Nbs were generated in collaboration with the Nanobody Service Facility of the VIB. The SH3 Nb was 

generated as previously described (Van Audenhove et al., 2014). NTA Nbs were generated by injecting 

an alpaca on d 0, 7, 14, 21, 28 and 35 with 200 µg of human cortactin fragment A. On d 39, 

anticoagulated blood was collected for lymphocyte preparation; a VHH library was constructed and 

screened for the presence of antigen-specific nanobodies. To this purpose, total RNA from peripheral 

blood lymphocytes was used as template for first strand cDNA synthesis with oligo(dT) primer. The VHH 

encoding sequences, based on this cDNA, were amplified by PCR and cloned into the phagemid vector 

pMECS. A VHH library of independent transformants was obtained, subjected to five consecutive 

rounds of panning and further analyzed by ELISA and sequence analysis.  
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Cloning and recombinant protein production 

Cortactin cDNA was obtained from Origene (Rockville, MD, USA). The fragment coding for the cortactin 

NTA domain was cloned in the pTYB12 vector (New England Biolabs, Herts, UK) with forward primer, 

5’-GCG-CAT-TAA-AAC-ATT-GGT-ACC-CTT-GGC-AAA-GCA-ATA-GCC-ATG-GGA-AGC-3’; reverse primer, 5’-TTT-

AAG-AAG-GAG-ATA-TAC-ATA-TGA-TGT-GGA-AAG-CTT-CAG-CAG-GC-3’. BL21 cells were transformed with 

pTYB12 constructs and grown at 37°C. Cultures were induced with 0.5 mM IPTG and incubated 

overnight at 20°C. The NTA domain-intein fusion protein was purified using the Intein Mediated 

Purification with an Affinity Chitin-binding Tag (IMPACT) system (New England Biolabs). Cortactin cDNA 

sequences encoding fragment A and B were cloned in the pTrcHis vector (Thermo Fisher Scientific), 

using the following primers: fragment A, forward, 5’-AGC-ATG-TGG-AAA-GCT-TCA-GCA-GGC-CAG-G-3’; 

fragment B, forward, 5’-AGC-GGC-TAT-GGA-GGG-AAA-TTT-GG-3’; fragment A and B, reverse, 5’-TGC-GGC-

CGC-TTA-TTC-GAC-AGG-TAC-TGT-CTT-CTG-G-3’. Vectors encoding His-tagged fragment A or B were 

transformed in BL21 cells, protein expression was induced with 1 mM IPTG for 3 h at 37°C. After 

purification with Immobilized Metal ion Affinity Chromatography (IMAC), proteins were eluted using 

250-500 mM imidazole.  

NTA Nb coding sequences were cloned into the pEGFP-N1 and the tetracycline (Tet)-inducible, lentiviral 

expression pLVX-TP vector (both from Clontech, Mountain View, CA, USA). For recombinant protein 

production, the Nb encoding pMECS vectors were transformed and purified by binding to Ni2+-chelating 

beads (Probond Nickel resin; Thermo Fisher Scientific) as previously described (Delanote et al., 2010). 

Epitope mapping 

Recombinant NTA Nb (40 µg) and anti-HA-agarose were incubated for 2 h at 4°C in DPBS (Thermo 

Fisher Scientific) with a protease inhibitor cocktail (IC), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 

0.5% NP-40. Cortactin NTA domain or fragment A or B (1-10-100 µg) were added and incubated for an 

additional 2 h. The agarose was washed and boiled in Laemmli sample buffer. Proteins were separated 

by (tricine) SDS-PAGE and visualized by Coomassie (fragment A/B) or silver staining (NTA domain) as 

previously described (Schagger, 2006). 

Isothermal titration calorimetry 

Cortactin fragment A (6 µM) was titrated with NTA NTA Nb1 (39 µM), NTA Nb2 (27 µM), NTA Nb3 (39 

µM), NTA Nb4 (65 µM), NTA Nb5 (87 µM) or NTA Nb6 (38 µM) after simultaneous dialysis in 50 mM 

Tris, 75 mM NaCl, 0.1 mM CaCl2 at pH 8. The heat change during complex formation was measured 

using a Microcal VP-ITC MicroCalorimeter (Malvern, United Kingdom), as previously described 

(Delanote et al., 2010). 
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In vitro actin polymerization assay 

The Arp2/3 complex (50 nM), VCA domain (50 nM) and cortactin (200 nM) were incubated for 10 min 

at room temperature in 1x G-buffer (5 mM Tris pH 8, 0.2 mM CaCl2, 1 mM DTT, 0.2 mM ATP). In 

conditions with Nb, 200-500 nM NTA Nb was first incubated with cortactin for 5 min. When CK-666 

(100 µM) was used, the inhibitor was first incubated with the Arp2/3 complex for 5 min. Next, 10x F-

buffer was added to reach a final concentration of 10 mM Tris pH 7.5, 2 mM MgCl2, 50 mM KCl, 0.1 

mM DTT, 1 mM ATP. Finally, monomeric actin (10 µM, 15% pyrene labelled) was added and 

polymerization was immediately monitored in time using a luminescence spectrometer (Aminco 

Bowman FA-254, Thermo Fisher Scientific) with excitation at 350 nm and emission at 393 nm (band 

width 16 nm).  

Cell culture and transduction 

MDA-MB-231, PC-3 and HEK293T cells were maintained at 37°C in a humidified 10% CO2 incubator. 

MDA-MB-231 and HEK293T cell lines were grown in DMEM, PC-3 cells in RPMI (Thermo Fisher 

Scientific); both supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 100 µg/ml 

streptomycin and 100 IU/ml penicillin (Thermo Fisher Scientific). HNSCC-61 (“SCC-61”) cells were 

maintained at 37°C in a humidified 5% CO2 incubator, and grown in DMEM with 20% fetal bovine 

serum, 0.4 µg/ml hydrocortisone, 100 µg/ml streptomycin and 100 IU/ml penicillin. 

Stable and doxycycline (DOX)-inducible MDA-MB-231, PC-3 and SCC-61 cell lines were made with the 

Lenti-X Tet-On Advanced System (Clontech), according to the manufacturers protocol and as previously 

described (Van Audenhove et al., 2014). 

Immunoprecipitation & pull down 

Nb expression as EGFP-fusion proteins was induced in the MDA-MB-231 and SCC-61 stable cell lines 

with 500 ng/ml DOX for 24 h. Cells were disrupted with lysis buffer (DPBS with IC, 1 mM PMSF and 1% 

triton X-100 (Sigma-Aldrich), incubated on ice for 15 min and centrifuged at 10.000 g for 10 min at 

4°C. Protein concentration was determined using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, 

USA). For immunoprecipitation (IP) of Nb, or pull down (PD) of endogenous cortactin, 1-3 mg total 

protein was incubated overnight at 4°C with 10 µl anti-EGFP antibody or 2.5 µg mouse monoclonal 

cortactin antibody, followed by 25 µl protein G sepharose for 2 h. For PD experiments with recombinant 

Nb, 1 mg parental MDA-MB-231 lysate was incubated with 1 µg Nb for 2 h at 4°C. Next, 25 µl anti-HA 

sepharose was added and rotated for 2 h at 4°C. All samples were washed, boiled in Laemmli sample 

buffer, and analyzed by SDS-PAGE and Western blotting. 
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Immunostaining and microscopy 

Cells were washed with DPBS, fixed with 3% paraformaldehyde (25 min), permeabilized with 0.1% 

triton X-100 (5 min), incubated with 0.75% glycin (20 min) and blocked with 1% BSA (10 min). Primary 

antibody was incubated for 1 h at 37°C, and secondary Alexa Fluor-labeled antibodies for 30 min at 

RT together with DAPI and phalloidin as indicated in the figure legends. Coverslips were mounted with 

VectaShield (Vector Laboratories, Burlingame, CA, USA) and examined with a Zeiss Axiovert 200 M 

Apotome epifluorescence microscope with a cooled CCD Axiocam camera (Zeiss x63 1.4-NA Oil Plan-

Apochromat objective; Carl Zeiss, Oberkochen, Germany) and with Axiovision 4.5 software (Zeiss) or an 

Olympus IX81 FluoView 1000 confocal laser scanning microscope (UPlanSApo x60 1.35-NA UplanSApo 

objective; Olympus, Tokyo, Japan) with FluoView FV1000 software (Olympus). 

Invadopodia number and lifetime analysis  

In stable cell lines, Nb expression was induced 24 h before cells were seeded. Inhibitors CK-666 (100 

µM) and GM6001 (25 µM), or the corresponding level of DMSO (control) were added after cell 

adhesion. 

To determine invadopodia number, a 0.01% gelatin matrix (1 h, RT) was fixed with 0.5% glutaraldehyde 

(10 min, on ice) and quenched (1 h, 37°C) with medium. After cell adhesion (24 h), coverslips were 

fixed, stained and imaged as described above. Lifetime analysis of invadopodia was performed with 

the same cell lines expressing Nb and LifeAct-mCherry. For the effect of CK-666 or GM6001, parental 

cell lines with LifeAct-mCherry expression were used. Cells were seeded in a 96-well plate using the 

same gelatin matrix as described above. Invadopodia dynamics were imaged for 20 h at 37°C and 5% 

CO2 with an Olympus IX81 microscope (Olympus x40 0.60-NA LUCPlanFL N objective) equipped with a 

xyz-robotic stage and Cell M software (Olympus) and temperature and CO2 control.  

Invadopodia (cortactin and F-actin rich dots) number, cell area to obtain relative values, and 

invadopodia lifetime were determined by means of ImageJ (National Institute of Health, Bethesda, MD, 

USA) (Schneider et al., 2012).  

Matrix degradation assay 

Expression of Nb was induced 24 h before cell seeding; CK-666 (100 µM) and GM6001 (25 µM), or 

DMSO, were added after cell adhesion. For visualization of matrix degradation, the QCM™ Gelatin 

Invadopodia Assay was used. Cells were seeded on Cy3-gelatin-coated coverslips according to the 

manufacturer’s protocol. After 16 h of degradation, cells were fixed, stained and imaged as described 

above. Matrix degradation parameters were quantified with ImageJ. 
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MMP secretion and production 

SCC-61 cells were seeded on top of a collagen matrix (50 µg/ml). Cells were allowed to degrade the 

collagen for 16 h in low-serum medium with DOX or inhibitor/DMSO. MMP secretion in conditioned 

medium was quantified with SDS-PAGE and Western blotting. For MMP production, the remainder of 

the cells were pelleted, lysed and analyzed in the same way. Band intensities were quantified with 

ImageJ.  

MT1-MMP recruitment 

Nb expression was induced 24 h before cells were seeded. Inhibitors CK-666 (100 µM) and GM6001 

(25 µM), or the corresponding level of DMSO (control) were added after cell adhesion. Next, cells were 

seeded on a 0.01% gelatin matrix (1 h, RT), fixed, stained and imaged as described above. Invadopodia 

were scored positive for MT1-MMP recruitment when F-actin dots were overlapping or neighboring 

MT1-MMP dots. 

Cancer cell invasion assay 

Invasion was monitored in SCC-61 cells, as described by the manufacturer’s protocol (OrisTM 3D 

embedded invasion assay, Platypus Technologies). In brief, 40.000 cells were seeded on a collagen 

coated 96-well around a silicon stopper. After cell attachment overnight, the stopper is removed, 

leaving a central cell-free zone, and an additional layer of collagen is applied on top of the cells. During 

invasion, cells were kept in low-serum medium (2% FBS) with DOX or inhibitor/DMSO, at 37°C and 5% 

CO2. Invasion into the central zone was quantified in ImageJ and determined as the normalized 

decrease in cell-free area between t = 0 h and t = 48 h. Invasion velocity was determined using the 

CellMia software for image segmentation of the cell-covered area and CellMissy software for 

quantitative analysis and statistics (Masuzzo et al., 2013). After invasion, cells were fixed and stained 

as described above. Invasion monitoring of living cells (48 h, 1 image/h) and visualization of 

postinvasion staining were performed with an Olympus IX81 microscope (Olympus x10 0.60-NA 

LUCPlanFL N objective) equipped with a xyz-robotic stage and Cell M software (Olympus) and 

temperature and CO2-control. 

Statistical analysis 

Sigmaplot (Systat Software Inc., San Jose, CA, USA) was used for Student’s t-test or Mann-Whitney rank 

sum test. 
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5.2.4. Results 

Cortactin Nbs interact with the NTA domain and inhibit branched actin polymerization 

We characterized Nbs targeting the NTA domain of cortactin (Figure 1A). Two Nbs were selected from 

a set of six Nbs (Nb1 – 6) that were raised against cortactin fragment A, comprising the NTA domain 

and 6.5 actin binding repeats (Supplemental Figure 1A). Nb 1 – 3 and Nb5 interact with cortactin 

fragment A, but not with fragment B (actin binding repeats alone; Supplemental Figure 1B).  

 

Figure 1. Cortactin Nb2 and Nb3 interact with the NTA domain and inhibit cortactin-mediated Arp2/3 activation. A. Nb2 and 

Nb3 PD of the cortactin NTA domain. A silver staining was used for the visualization of Nb2 and Nb3 and their interaction 

with increasing amounts of the NTA domain (1, 10, or 100 µg). B-E. Pyrene actin polymerization assays show an effect on 

cortactin- and Arp2/3-induced actin polymerization. All reactions contain 10 µM 15% pyrene labeled actin. The positive 

control contains 50 nM Arp2/3 complex, 50 nM VCA peptide and 200 nM cortactin. Negative controls consist of 

polymerization buffer alone or actin alone (10 µM 15% pyrene labeled actin). NTA Nbs were added in increasing 

concentrations (200-500 nM). B. NTA Nb2 and Nb3 cause a concentration dependent decrease of Arp2/3, VCA and cortactin 

mediated actin polymerization. C. Addition of increasing concentrations of NTA Nb2 or Nb3 to the Arp2/3 complex and 

cortactin decreases actin polymerization. D. NTA Nbs do not alter actin polymerization activation by Arp2/3 and the VCA 

domain in absence of cortactin. E. Inhibition of the Arp2/3 complex by CK-666 results in inhibition of Arp2/3 mediated actin 

polymerization.  

A

B C

D E
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ITC data show that Nb 1 – 3 and Nb5 have similar affinities for fragment A (Supplemental Figure 1C; 

see KD values in Table 1). There seems to be very weak to no interaction between Nb4 or Nb6 and 

cortactin fragment A, as pull down of Nb4 (Supplemental Figure 1B) and ITC of both Nbs (Supplemental 

Figure 1C) are negative. This led to exclusion of Nb4 and Nb6 from further experiments. From the 

remaining 4 Nbs, only Nb2 and Nb3 interact with endogenous cortactin present in MDA-MB-231 lysate 

(Supplemental Figure 1D) and were therefore selected for further functional analysis.  

Table 1. Thermodynamic parameters as determined with ITC for complex formation between cortactin fragment A and NTA Nb 

1, 2, 3 and 5. N = binding stoichiometry; KD = dissociation constant; H = enthalpy change; S = entropy change; G = Gibbs free 

energy change = H – TS; T = temperature = 303.15 K. 

 

Given the stimulatory role of the NTA domain in Arp2/3 activation (Weaver et al., 2002), we performed 

a pyrene actin polymerization assay. Actin alone polymerizes slowly and inefficiently; the combination 

of Arp2/3, the C-terminal VCA peptide from N-WASp and cortactin increases both the rate and extent 

of actin polymerization which reaches a maximum after 450 s (Figure 1B). NTA Nb2 and Nb3 decrease 

Arp2/3 mediated actin polymerization within this time frame in a concentration dependent manner 

and are almost equipotent. A ± 2-fold molar excess of Nb fully inhibits the cortactin effect on actin 

polymerization. Moreover, this effect is cortactin dependent: increasing concentrations of NTA Nb2 or 

Nb3 decrease cortactin mediated Arp2/3 activation (Figure 1C), but do not affect VCA mediated Arp2/3 

activation (Figure 1D). For comparison we used the Arp2/3 small molecule inhibitor CK-666 (Hetrick 

et al., 2013; Nolen et al., 2009). As observed with the Nbs, inhibition of the Arp2/3 complex results in 

a decrease of actin polymerization rate to the level of actin alone (Figure 1E).  

Intracellular expression of NTA Nbs causes distinct effects on cortactin-Arp2/3 interaction  

To study the impact of the NTA Nbs on cellular cortactin function, EGFP-Nb fusion proteins were 

expressed in MDA-MB-231 and HNSCC-61 (SCC-61) cell lines. We established stable, doxycycline 

(DOX)-inducible cell lines using lentiviral transduction. Expression of EGFP-tagged NTA Nbs or EGFP 

alone (negative control) was verified on Western blot (Supplemental Figure 2A). Immunoprecipitation 

of EGFP-NTA Nbs from SCC-61 cell lysate shows interaction of Nb2 and Nb3 with cortactin after 

intracellular expression, and coimmunoprecipitation of the Arp2/3 complex (Supplemental Figure 2B). 

Based on their affinity, the Nbs are expected to pull down different amounts of cellular cortactin as is 

evidenced for SH3 Nb compared with NTA Nb conditions (Supplemental Figure 2B). Consequently, to 

 NTA Nb 1 NTA Nb 2 NTA Nb 3 NTA Nb 5

N 0.90 ± 0.05 0.75  ± 0.12 0.80  ± 0.03 0.91  ± 0.01

KD (M) 3.4E-6 ± 0.8E-6 2.9E-6 ± 0.7E-7 2.2E-6 ± 0.2E-7 7.4E-7 ± 0.3E-7

H (kcal/mol) -7.3 ± 0.8 -9.9 ± 2.3 -9.6 ± 0.6 -24.8 ± 0.2

TS (kcal/mol) 0.27 -2.2 -1.7 -16.3

G (kcal/mol) -7.6 -7.7 -7.9 -8.5
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allow comparison of the effect of NTA Nb expression on cortactin-Arp2/3 complex formation more 

robustly, we pulled down equal amounts of cortactin using a monoclonal cortactin antibody. The 

cortactin-Arp2/3 interaction is slightly decreased in MDA-MB-231 cell lines in the presence of NTA Nb2, 

but more markedly decreased by NTA Nb3 (Figure 2A, left panel) compared with EGFP-expressing cells. 

The SH3 Nb, which interacts with the SH3 domain of cortactin and does not interfere with Arp2/3-

binding by cortactin (Van Audenhove et al., 2014), is also used as a control. In SCC-61, only NTA Nb3 

decreases the cortactin-Arp2/3 interaction (Figure 2A, right panel). Similar PD experiments in the 

presence of CK-666 illustrate that Arp2/3 activation can be inhibited without affecting cortactin-Arp2/3 

interaction (Figure 2B).  

 

Figure 2. NTA Nb3 decreases cortactin-Arp2/3 interaction in cells. A. PD of comparable amounts of cortactin from EGFP or 

EGFP-Nb expressing MDA-MB-231 and SCC-61 cell lines by monoclonal anti-cortactin. The 2 left lanes show input (40 µg 

lysate) with actin as a loading control. The 2 right lanes show immunoprecipitation from 1 mg protein lysate with expression 

of EGFP alone or EGFP-SH3 Nb (positive control), or NTA Nb2 and Nb3. B. Immunoprecipitation of cortactin from MDA-MB-

231 and SCC-61 lysate (1 mg) in the presence of DMSO (control) or Arp2/3 inhibitor CK-666 (100 µM). Lanes with input 

contain 40 µg lysate.  
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Figure 3. Cortactin nanobodies are enriched at invadopodia and affect invadopodia number. A. MDA-MB-231 and SCC-61 cells form 

invadopodia when seeded on a gelatin matrix. EGFP-tagged NTA Nb2 and Nb3 (green) are enriched in dots that colocalize with F-

actin (white) and cortactin (red), both markers of invadopodia (see Supplementary Figure 3 for additional marker staining). The SH3 

Nb (positive control, green) is also enriched in invadopodia, unlike EGFP alone (negative control, green). Left panels show merged 

images of cortactin (red) and EGFP (green), with insets showing a magnification of invadopodia from the indicated area (white box). 

Cortactin (polyclonal anti-cortactin, red), EGFP (green) and F-actin (acti-stain 670 phalloidin, white) images are magnifications of the 

insets on the left. Scale bars, 10 µm. B-C. Quantification of invadopodia number normalized to cell area in MDA-MB-231 and SCC-

61 cell lines. Data are shown as normalized means + SEM. * p<0.05; ** p<0.01; *** p<0.001 as determined by Student’s t-tests 

(3 independent experiments, ≥ 100 cells per condition). Negative controls are EGFP for cell lines with Nb expression (B) or DMSO 

for CK-666-treated cells (C). D. Representative images of invadopodia in MDA-MB-231 and SCC-61 cells treated with Arp2/3 inhibitor 

CK-666 (100 µM) or DMSO (control). Invadopodia were defined as dots rich in actin (red) and cortactin (green). Insets show a 

magnification of invadopodia from the indicated area (white box). Left panels show merged images of cortactin (green) and F-actin 

(red), with insets showing a magnification of invadopodia from the indicated area (white box). Cortactin (polyclonal anti-cortactin, 

green) and F-actin (Alexa fluor 594 phalloidin, red) images are magnifications of the insets on the left. Scale bars, 10 µm. 
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NTA Nbs alter invadopodia formation and stability 

Invadopodia are composed of branched actin networks, formed by the Arp2/3 complex (Schoumacher 

et al., 2010). MDA-MB-231 and SCC-61 cells form invadopodia that are able to degrade the 

extracellular matrix (Supplemental Figure 3A, upper panel), and that are marked by F-actin, cortactin 

and Tks5 (Supplemental Figure 3A, lower panel). The SH3 Nb (positive control) (Van Audenhove et al., 

2014) and NTA Nbs are enriched in invadopodia, marked by actin, cortactin (Figure 3A), Arp2/3 and 

Tks5 (Supplemental Figure 3B-C). Inhibition of Arp2/3 activity by NTA Nbs significantly decreases 

invadopodia number in SCC-61 cells, but not in MDA-MB-231 cells (Figure 3B). The difference in the 

role of Arp2/3 complex activity between both cell lines can be illustrated by CK-666: a larger and more 

significant decrease of invadopodia number is seen in SCC-61 cells (Figure 3C-D).  

 

Figure 4. Cortactin-Arp2/3 interaction is involved in invadopodium stability. MDA-MB-231 and SCC-61 cells constitutively 

express LifeAct-mCherry, and express EGFP (negative control) or EGFP-tagged Nb after addition of DOX. Invadopodia 

dynamics were observed with live cell imaging for 20 h after seeding cells on a gelatin matrix. A. Representative images from 

live cell movies of invadopodia in MDA-MB-231 and SCC-61, visualized by LifeAct-mCherry. Insets show a magnification of 

invadopodia from the indicated area (white box). Different arrowheads indicate the appearance and disappearance of 

different invadopodia. B. Invadopodia lifetime was quantified by analysis of the frames in which invadopodia appear and 

disappear. Data are represented by the distribution of invadopodia lifetime. * p<0.05; *** p<0.001 as determined by Mann-

Whitney rank sum test on median invadopodia lifetime (3 independent experiments, ≥ 50 invadopodia per condition).  
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To examine invadopodium stability, MDA-MB-231 and SCC-61 cell lines were transduced with LifeAct-

mCherry (Riedl et al., 2008) to visualize actin at invadopodia of living cells (Figure 4A). As previously 

shown, the SH3 Nb has no effect on invadopodia lifetime compared with control conditions (Van 

Audenhove et al., 2014). This was confirmed in this assay (Figure 4B). NTA Nb2 does not alter the 

dynamics of invadopodia, whereas NTA Nb3 significantly decreases their lifetime (Figure 4A-B).  

Moreover, inhibition of Arp2/3 activity by CK-666 does not change invadopodia lifetime (Figure 5). This 

implies that Arp2/3 activity is important for invadopodium formation (Figure 3B-C), but has no role in 

invadopodium stability. The effect of NTA Nb3 on invadopodium stability can be caused by its additional 

effect on cortactin-Arp2/3 interaction (Figure 2A). 

 

Figure 5. Arp2/3 complex activity does not determine invadopodium lifetime. Parental MDA-MB-231 and SCC-61 cells 

constitutively express LifeAct-mCherry. Invadopodia dynamics were imaged for 20 h after seeding on a gelatin matrix, in the 

presence of DMSO (control) or 100 µM CK-666. A. Representative images from live cell movies of invadopodia in MDA-MB-

231 and SCC-61, visualized by LifeAct-mCherry. Insets show a magnification of invadopodia from the indicated area (white 

box). Different arrowheads indicate the appearance and disappearance of specific invadopodia. B. Quantification of 

invadopodia lifetime, measured as the time frame in which they appear and disappear. Data are represented by the 

distribution of invadopodia lifetime. No significant differences were found, as determined by Mann-Whitney rank sum test on 

median invadopodia lifetime (3 independent experiments, ≥ 50 invadopodia per condition).  

Interference with invadopodia formation or dynamics leads to decreased matrix degradation 

Cells with mature invadopodia are characterized by matrix degradation (Yamaguchi et al., 2005). To 

visualize matrix degradation, SCC-61 and PC-3 cells were seeded on a Cy3-gelatin matrix. NTA Nb 

expression significantly decreases the number of degradation spots left by mature invadopodia of SCC-

61 cells (Figure 6A), whereas PC-3 cells rather leave a degradation footprint that is less significantly 

present upon NTA Nb expression (Supplemental Figure 4A). In SCC-61 cells, CK-666 treatment induces 

reduced matrix degradation (Figure 6B), indicating that the effect of the Nbs is likely mediated by 
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decreased Arp2/3 activity and invadopodia formation. In PC3 cells, the effect of CK-666 is small but 

not significant at the same concentration (Supplemental Figure 4B).  

 

Figure 6. Invadopodia formation and dynamics are linked to matrix degradation. A. Matrix degradation decreases upon NTA 

Nb expression. Left panel: representative images of SCC-61 cells, after 16 h on a Cy3-gelatin-coated coverslip, with EGFP 

(negative control) or EGFP-tagged Nb expression in green, F-actin (acti-stain 670 phalloidin) in white and gelatin matrix in 

red. Merged images are an overlap of matrix (red) and F-actin (green in merged images). Scale bars, 10 µm. Right panel: 

quantification of the number of degradation spots normalized to cell area. B-C. Arp2/3 and MMP activity are involved in 

matrix degradation. Left panel: representative images of SCC-61 cells, after 16 h on a Cy3-gelatin-coated coverslip in the 

presence of DMSO (negative control), 100 µM CK-666 (B) or 25 µM GM6001 (C). Cells are stained with polyclonal anti-

cortactin (green) and F-actin (acti-stain 670 phalloidin, white). Merged images are an overlap of matrix (red) and F-actin 

(green in merged images). Scale bars, 10 µm. Right panel: quantification of the number of degradation spots normalized to 

cell area in the SCC-61 cell line. D-E. A positive feedback loop exists from MMP activity to invadopodia formation. D. 

Representative images of invadopodia in SCC-61 cells with 25 µM MMP inhibitor GM6001 or DMSO (control). Invadopodia 

were defined as cortactin (polyclonal anti-cortactin, green) and actin (Alexa fluor 594 phalloidin, red) rich dots. Insets show 

a magnification of invadopodia from the indicated area (white box). Scale bars, 10 µm. E. Quantification of invadopodia 

number normalized to cell area in the SCC-61 cell line. All data are shown as normalized means + SEM. * p<0.05; ** p<0.01, 

*** p<0.001 as determined by Student’s t-tests (3 independent experiments, ≥ 100 cells per condition).  
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The importance of MMP activity for matrix degradation can be illustrated using GM6001, a broad 

spectrum MMP inhibitor. This inhibitor causes not only a decrease in matrix degradation by SCC-61 

(Figure 6C) and PC-3 cells (Supplemental Figure 4C), but also a decrease in invadopodium number 

(Figure 6D-E). This supports the existence of a positive feedback loop from MMP activity to 

invadopodium formation (Artym et al., 2006; Branch et al., 2012; Clark et al., 2007; Steffen et al., 

2008).  

 

Figure 7. Reduced MMP secretion accounts for decreased matrix degradation by NTA Nbs. A. Western blots with 100 µg 

lysate from SCC-61 cells with EGFP (negative control) or EGFP-tagged Nb expression. MT1-MMP (anti-MMP14), MMP-2 (anti-

MMP2) and MMP-9 (anti-MMP9) were detected on different Western blots, actin was used as loading control on each blot. 

B. Quantification of MMP production levels by densitometry. Values were normalized to internal loading control actin and are 

shown as normalized means + SEM. There are no significant differences, as determined by Student’s t-tests (3 independent 

experiments). C-D. Equal volumes of conditioned media from SCC-61 cell lines with Nb expression (C) or with 100 µM CK-

666, 25 µM GM6001 and their corresponding DMSO control (D) were simultaneously analyzed. Western blot was used to 

visualize MMP-9 secretion. E-F. MMP-9 secretion levels in the presence of Nb expression (E), 100 µM CK-666 or 25 µM 

GM6001 (F) were quantified by densitometry. Data are shown as normalized means + SEM. * p<0.05; ** p<0.01 as 

determined by Student’s t-tests (3 independent experiments).  
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To elucidate the underlying mechanism of decreased matrix degradation by mature invadopodia, we 

used our Nbs to examine MMP production, recruitment and secretion. SCC-61 cells were lysed to 

analyze intracellular MMP-2, MMP-9 and MT1-MMP protein levels (Figure 7A). There seems to be no 

role for cortactin in MMP production, as there is no effect after SH3 or NTA Nb expression (Figure 7B). 

This suggests an effect of cortactin Nbs downstream of MMP production. Secretion of (soluble) MMP-

9, the most abundant MMP in SCC-61 medium, was analyzed by examining conditioned medium of the 

Nb expressing cells on Western blot (Figure 7C-D). MMP-9 secretion is reduced in the presence of NTA 

Nb2 and Nb3, as well as the SH3 Nb (Figure 7E). CK-666 and GM6001 confirm the role of Arp2/3 

complex activity and MMP activity respectively (Figure 7F). At the level of MMP recruitment, the NTA 

Nbs and CK-666, but not the SH3 Nb, decrease MT1-MMP recruitment to invadopodia (Figure 8). This 

suggests a role for (cortactin mediated) Arp2/3 complex activation and branched actin networks in 

correct MT1-MMP delivery to invadopodia. 
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Figure 8. NTA Nbs interfere with MT1-MMP recruitment to invadopodia. A. SCC-61 cells with Nb expression, or in presence of 

100 µM CK-666 or 25 µM GM6001 on a gelatin matrix, stained for MT1-MMP (monoclonal anti-MMP14, red) and F-actin 

(acti-stain 670 phalloidin, white). The left column shows merged images of MT1-MMP and F-actin (green in merge), with 

magnifications of the indicated areas (white boxes). The right columns show EGFP or EGFP-tagged Nb expression in the stable 

SCC-61 cell lines (upper panel). Scale bars, 10 µm. B-C. Quantification of MT1-MMP recruitment, defined as overlapping or 

adjoining F-actin and MT1-MMP dots. Data are shown as means + SEM, normalized to EGFP for Nb conditions (B), or DMSO 

for CK-666 and GM6001 (C). ** p<0.01, *** p<0.001 as determined by Student’s t-tests (3 independent experiments, ≥ 75 

cells per condition).  

Cancer cell invasion is decreased by NTA Nb expression 

The data so far demonstrate that both NTA Nb2 and Nb3, with an effect on Arp2/3 activity, decrease 

invadopodium formation and their function (i.e. extracellular matrix degradation). NTA Nb3 additionally 

affects the cortactin-Arp2/3 interaction, thereby disturbing invadopodium stability and function. 

Mature invadopodia enable focused secretion of MMPs in order to degrade the surrounding 

extracellular matrix and facilitate cancer cell invasion. This was evaluated using an invasion assay. 
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SCC-61 cells were embedded as a confluent cell sheet in a collagen matrix, with a central cell-free 

zone. Invasion into this zone is followed by live cell imaging for 48h (Figure 9A). After invasion, cells 

were fixed and stained for F-actin. Cells at the leading edge often form large membrane protrusions, 

as well as ventral actin rich dots (Figure 9B).  

 

Figure 9. Arp2/3 activation and MMP activity are involved in cancer cell invasion. A. Bright field images of the invasion of the 

cell-free zone (bottom right in each frame) by SCC-61 cells (top left in each frame) in the presence of 100 µM CK-666, 25 µM 

GM6001 or their DMSO control. The cell-free zone at 0 h and 48 h is outlined in white. B. Magnifications of the black boxes 

in (A) show SCC-61 cells at the leading edge after 48 h of invasion. Cells are stained for F-actin (acti-stain 670 phalloidin). 

Boxes to the right of each actin image show a magnification of ventral actin rich dots (indicated by arrowheads in box 1) and 

frontal protrusions (indicated by arrows in box 2). C. Quantification of collagen invasion, represented as normalized means 

of the decrease in cell-free area + SEM. * p<0.05; *** p<0.001 as determined by Student’s t-tests (3 independent 

experiments). D. Invasion velocity as determined by CellMissy. Bars show median plus median absolute deviation (MAD) with 

* p<0.05; *** p<0.001 as determined by Mann-Whitney rank sum tests (3 independent experiments, ≥ 16 replicates per 

condition).  

When seeded on a 2D matrix, cancer cells form invadopodia perinuclearly and at the ventral side of 

the cell (Yamaguchi et al., 2005). In contrast, when cells are put in a 3D environment, they are able to 

adapt their mode of motility (Wolf et al., 2003). This results in a shift of invadopodia formation and 
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matrix degradation to the cell front or leading edge of invasion, in in vitro 3D conditions (Magalhaes et 

al., 2011; Packard et al., 2009) as well as in situ (Gligorijevic et al., 2012; Leong et al., 2014). Our 

postinvasion staining indeed shows that cancer cells form a protrusion at the front. The few ventral 

actin rich dots could represent invadopodia precursors (Magalhaes et al., 2011). 

Our data demonstrate that Arp2/3 activity and MMP activity are both determinants of invasion level 

and velocity under the tested in vitro conditions because treating the SCC-61 cells with CK-666 or 

GM6001 negatively affects invasion (Figure 9C-D).  

 

Figure 10. Cortactin NTA Nbs delay collagen invasion. A. Images of the invasion assay with invasion of the cell-free zone 

(bottom right in each frame) by SCC-61 cells (top left in each frame). Invasion of the cell-free zone at 0 and 48 h is outlined 

in white. B. Immunostaining of SCC-61 cells after 48 h invasion of a collagen matrix. The images are a magnification of a part 

of the leading edge, indicated by the black boxes in (A). The first column are frames of EGFP to illustrate EGFP (negative 

control) or EGFP-tagged Nb expression; the second column shows an F-actin staining (acti-stain 670 phalloidin). Boxes to the 

right of each EGFP and actin image show a magnification of ventral actin rich dots (indicated by arrowheads in box 1) and 

frontal protrusions (indicated by arrows in box 2). C. Quantification of collagen invasion. Data are represented as normalized 

means of the decrease in cell-free area + SEM. * p<0.05 as determined by Student’s t-tests (3 independent experiments). 

D. Invasion velocity as determined by CellMissy. Bars show median + median absolute deviation (MAD) with * p<0.05 as 

determined by Mann-Whitney rank sum tests (3 independent experiments, ≥ 16 replicates per condition).  
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In line with earlier observations (Van Audenhove et al., 2014), the SH3 Nb (positive control) significantly 

decreases 3D collagen invasion scored either based on the decrease of the central cell-free area after 

48 h or based on the invasion velocity (derived from the continuously monitored increase in cell sheet 

covered area in time) (Figure 10). Moreover, NTA Nb3 significantly decreases SCC-61 invasion and 

invasion velocity (Figure 10C-D), indicating a role for cortactin-mediated Arp2/3 activation in cancer 

cell invasion. 

5.2.5. Discussion 

Cortactin NTA Nbs: same domain, different epitope, different outcome 

In this study, we characterized two cortactin Nbs that interact with the NTA domain with similar affinity. 

Although they interact with the same cortactin domain and both inhibit cortactin-mediated Arp2/3 

complex activation, only NTA Nb3 affects the cortactin-Arp2/3 interaction in both cell lines. Activation 

of the Arp2/3 complex is mediated by nucleation promoting factors (NPFs). There are two subclasses 

of NPFs: class I is characterized by a VCA domain for binding of G-actin and the Arp2/3 complex, class 

II has an acidic domain for interaction with the Arp2/3 complex and actin-binding repeats for the 

stabilization of actin filaments (Rotty et al., 2013). The formation of a branched actin structure can 

involve the 2 types of NPFs, for example Arp2/3 complex activation at invadopodia is mediated by N-

WASP (class I NPF) and cortactin (class II NPF) (Oser et al., 2009). The VCA domain of N-WASP and the 

NTA domain of cortactin compete for binding to the Arp3 subunit (Weaver et al., 2002), and efficient 

synergistic activation of the Arp2/3 complex requires displacement of the VCA domain from the Arp2/3 

complex by cortactin (Helgeson and Nolen, 2013). The latter extensively interacts with the Arp3 subunit 

and with the ArpC2, -4, -5 and -1 subunits (Xu et al., 2012). We hypothesize that NTA Nb2 mainly 

interferes with cortactin-Arp3 interaction, resulting in disturbed Arp2/3 activation but preserved 

interaction between cortactin and the remainder of the Arp2/3 complex. NTA Nb3 might in addition 

disturb cortactin interaction with the other Arp subunits, which results in decreased cortactin-Arp2/3 

complex activation and interaction. Alternatively, the difference between NTA Nb2 and Nb3 can be 

caused by a distinct ability to compete with the Arp2/3 complex. It has recently been shown that the 

Arp2/3 complex can be composed of different isoforms, resulting in complexes with different actin 

nucleating activity and stabilization at branches by cortactin. More specifically, cortactin is better at 

stabilizing ArpC1B/C5L than ArpC1A/C5-containing Arp2/3 complexes (Abella et al., 2016). Although 

it is not known yet which isoforms are found in which cell line or intracellular structure, a weaker 

interaction between the cortactin NTA domain and ArpC1/C5 subunits could enhance the ability of NTA 

Nb2 to interact more extensively with cortactin and disturb the cortactin-Arp2/3 interaction, in addition 
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to Arp2/3 activation. This could also explain the minor decrease of the cortactin-Arp2/3 interaction in 

MDA-MB-231, and not in SCC-61 cells, induced by NTA Nb2.  

This high level of resolution obtained with Nbs to interfere with the functions of their target was 

unexpected, but is not unprecedented in literature. For example, distinct norovirus strain specificity of 

2 Nbs that interact with the same protruding domain of noroviruses was explained by their X-ray crystal 

structure: both Nbs interact within a range of 100 amino acids, but each Nb forms bonds with different 

residues in this range (Koromyslova and Hansman, 2015). Similar observations were made for the 

toxin-neutralizing activity of Ricin's catalytic A subunit (RTA) specific Nbs (Rudolph et al., 2014).  

Invadopodia formation and function: NTA Nb2 versus NTA Nb3 

The 2 NTA Nbs decrease invadopodia formation and matrix degradation, caused by their inhibitory 

effect on cortactin-mediated Arp2/3 complex activation. These observations are in line with previous 

data showing that cortactin, the Arp2/3 complex, N-WASP and actin form the initial core of invadopodia 

precursors (Oser et al., 2009; Sharma et al., 2013). Remarkably, NTA Nb3 additionally destabilizes 

invadopodia by reducing their lifetime. Because Arp2/3 activation seems to have no role in 

invadopodium stability, as shown by Arp2/3 inhibitor CK-666, this observation could be attributed to 

the effect of NTA Nb3 on the cortactin-Arp2/3 interaction. Others have shown that branched actin 

networks, formed by the Arp2/3 complex, are not only involved in invadopodium precursor formation, 

but also in invadopodium stability (Schoumacher et al., 2010; Weaver et al., 2001). Our findings 

support a role for the NTA domain in invadopodium formation and stability, and although the exact 

mechanism remains to be elucidated, they illustrate the complexity of Arp2/3 complex function at 

invadopodia, involving many, yet incompletely understood interactions and conformational changes by 

cortactin, VCA N-WASP, actin monomers and filaments (Abella et al., 2016; Helgeson et al., 2014).  

Invadopodia formation and composition differs between cell lines 

Cortactin NTA Nbs cause a significant decrease in invadopodia formation in SCC-61 cells, but this effect 

was negligible in MDA-MB-231 cells. This could indicate a redundant role for cortactin-mediated Arp2/3 

complex activation in MDA-MB-231, resulting from compensation of Arp2/3 complex activation by 

other NPFs (e.g. N-WASP). This NPF also interacts with the SH3 domain (Weaver et al., 2002), providing 

an indirect way to activate the Arp2/3 complex, even when NTA domain function is blocked by a Nb. 

Small molecule inhibitor CK-666, however, argues for a difference in the role of Arp2/3 complex 

activation in general: a marked decrease in invadopodia formation is seen in SCC-61, and only minor 

effects are caused in MDA-MB-231. This difference between two cell lines is intriguing. Previously, it 

was shown that Arp2/3 complex localization and distribution along invadopodia differs between a colon 

(HCT116) and a breast (MDA-MB-231) cancer cell line. In the former, the Arp2/3 complex is distributed 
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over the entire length of short invadopodia and limited to the base of long invadopodia; in the latter 

the Arp2/3 complex colocalizes along the axis of invadopodia, independent of their length 

(Schoumacher et al., 2010). Moreover, a cell type-dependent effect involving cortactin activity has been 

shown to occur via Ableson (Abl) kinases that can have an opposite role in invadopodia formation upon 

epidermal growth factor (EGFR) stimulation. In MDA-MB-231, Src kinase phosphorylates and activates 

Abl kinases, which in turn phosphorylate cortactin, leading to mature invadopodia formation. By 

contrast, Abl kinases in HNSCC suppress an autocrine HB-EGF loop which results in negative regulation 

of the EGFR-Src-cortactin pathway and as a consequence invadopodia function (Hayes et al., 2013). 

Finally there is a cell-type specific dependence on p130Cas-FAK for MT1-MMP recruitment to 

invadopodia (Alexander et al., 2008; Branch et al., 2012). Considering these data, it is not 

inconceivable that similar discrepancies at the level of cortactin-Arp2/3 interaction and activation in 

invadopodia exist between the MDA-MB-231 and SCC-61 cell lines, with a greater role for (cortactin-

mediated) Arp2/3 activation in SCC-61. This can be directly caused at the level of cortactin by different 

cortactin activation through phosphorylation (Hayes et al., 2013; Tehrani et al., 2007) or altered 

cortactin stability due to calpain cleavage (Cortesio et al., 2008). The presence and activity of 

lamellipodial and filopodial proteins mDia2 (Lizarraga et al., 2009; Schoumacher et al., 2010) and 

fascin (Li et al., 2010; Schoumacher et al., 2010) at invadopodia of MDA-MB-231 suggest the existence 

of different actin networks (branched and parallel or bundled). Although branched and bundled actin 

network formation is strictly regulated (Isogai et al., 2015; Rotty et al., 2015), Arp2/3 complex 

inhibition can cause increased formin activity (Burke et al., 2014). Therefore, it is plausible to assume 

that the filopodial machinery could be deployed to initiate invadopodia formation when branched actin 

formation is inhibited. These direct and indirect mechanisms, as discussed above, might explain the 

different effects observed in the 2 cell lines. 

Our data contribute to a growing body of evidence in support of invadopodia formation as a cell line 

and tumor type-specific process that can vary in its parts or sequential order of assembly, but either 

way results in a highly efficient instrument that cancer cells use to their own benefit. These differences 

in invadopodia can represent the tissue diversity of cancer initiation and cancer cell invasion in general, 

mediated by genetic alterations and genome instability. This is more than likely distinct from 

podosomes that are naturally formed in normal cells (e.g. monocytic, endothelial and smooth muscle 

cells), where they contribute to migration, intravasation and extravasation in physiological conditions 

(Veillat et al., 2015).  

Cortactin Nbs offer a unique view on cortactin function in cancer cells 

Cancer cells assemble invadopodia to degrade the extracellular matrix or basement membrane, 

intravasate (Gligorijevic et al., 2012) and extravasate (Leong et al., 2014). Invadopodia formation, 
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dynamics and function have been extensively studied and the central role of cortactin in every stage 

of invadopodia formation has been repeatedly confirmed (Artym et al., 2006; Ayala et al., 2008; Clark 

et al., 2007; Oser et al., 2009). Nevertheless, there are conflicting results about the role of individual 

cortactin domains in invadopodia (Kowalski et al., 2005; Magalhaes et al., 2011; Webb et al., 2007) 

or the role of cortactin in cancer cell migration (Bryce et al., 2005; Kempiak et al., 2005; Lai et al., 

2009). The discrepancies in literature can often be attributed to the use of different cell lines and the 

introduction of cortactin mutants into cell lines with various expression levels of the endogenous 

counterpart. Using Nb technology, we work at the endogenous protein level with high specificity, 

thereby avoiding overall protein knock down through RNAi (Cao and Heng, 2005). Furthermore Nbs 

enable the modulation of one protein domain or function, and this has 2 major advantages. First, one 

protein domain is repressed and its function can be studied while other protein domains remain intact. 

As demonstrated here, this constitutes a level of functional interference that is impossible on the 

endogenous level by any other means. This is crucial to gain more detailed insight in the complex 

contribution of cortactin to invadopodia formation, ultrastructure and function in vitro and in vivo. 

Second, Nbs can mimick the effect of an inhibitor, and precise delineation of their epitope can serve 

as a lead for the development of therapeutic inhibitors of tumor cell motility. This application of Nbs 

has been proposed by various researchers (Muyldermans, 2013; Perez-Martinez et al., 2010; 

Vercruysse et al., 2013), but to our knowledge we are the first to raise distinct Nb sets targeting the 

same protein but different domains and functionalities, and to report their comparison. One set targets 

the SH3 domain (Van Audenhove et al., 2014), the other is directed toward the NTA domain. We 

showed here that the SH3 Nb decreases invadopodia formation, matrix degradation and collagen 

invasion to the same extent as established previously (Van Audenhove et al., 2014), demonstrating 

the reproducibility of these data. Moreover, the two Nb sets allow comparison of cortactin NTA and SH3 

domain function. In 2D conditions, invadopodia formation is significantly reduced upon inhibition of 

the SH3 domain, in MDA-MB-231 as well as SCC-61 cells. This is in contrast to the NTA domain, which 

is responsible for Arp2/3 complex activation (Uruno et al., 2001) and which has a major role in 

invadopodia formation in SCC-61 but not in MDA-MB-231. Additionally, the SH3 domain is not involved 

in invadopodia stability because it does not affect invadopodia lifetime. The Arp2/3-cortactin 

interaction by the NTA domain, on the other hand, is crucial for the formation of stable, long living 

invadopodia, as demonstrated by the Nb3 effects.  

There is an increasing interest in the visualization and characterization of invadopodia in a 3D 

environment. In 3D conditions, cancer cells form a protrusion at the leading front, characterized by 

enrichment of typical invadopodia markers cortactin, actin, Tks5 (Leong et al., 2014), N-WASP 

(Gligorijevic et al., 2012), WIP (Garcia et al., 2016) and by proteolytic activity (Gligorijevic et al., 2012; 
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Leong et al., 2014; Packard et al., 2009). Knock-down of N-WASP (Gligorijevic et al., 2012) or cortactin 

(Leong et al., 2014) results in decreased protrusion formation and metastasis, implying that these 

components play a role in vitro and in situ. With our cortactin Nbs, we were able to analyze the function 

of one cortactin domain in 3D collagen invasion with high precision, and show that NTA and SH3 Nbs 

inhibit invasion to a different degree. This confirms the overall involvement of cortactin in these 

processes, but points to a different role for the cortactin domains.  

In conclusion, we validate Nbs as a research tool by modulating the function of the cortactin NTA 

domain with high resolution. Together with previous results on the SH3 Nb and future research on 

other cortactin Nb sets, this information is of great value for future potential therapeutic targeting of 

invadopodia, and hence cancer cell invasion and metastasis.  
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5.3. Supplementary data 

 

Supplementary Figure 1. NTA Nb 1, 2, 3 and 5 interact with N-terminal cortactin regions. A. Overview of the different cortactin 

fragments. B. NTA Nb 1, 2, 3 and 5 interact with cortactin fragment A (indicated by black triangles) but not with fragment B. 

Pull down (PD) experiment with cortactin fragment A and B in increasing amounts (1-10-100 µg) and HA-tagged NTA Nb 1, 

2, 3, 4, 5 and 6 (40 µg). Cortactin and Nbs are visualized on Coomassie stained gels. Input lanes contain 5 µg of each 

cortactin fragment. C. Representative ITC profiles of cortactin fragment A (6 µM) with 39 µM NTA Nb3 (also representative 

for NTA Nb 1, 2 and 5) or 38 µM NTA Nb6 (also representative for Nb4). In the upper panel, heat release (µcal/sec) is 

represented in function of time (min). In the lower panel, a fitted curve is shown for the heat release/mole of Nb in function 

of the molar ratio. For extracted binding parameters, see Table 1. D. Recombinant NTA Nb2 and Nb3 bind endogenous 

cortactin in MDA-MB-231 lysate (complex isolated via PD). NTA Nb1 and Nb5 do not interact with cortactin from lysate. 

Cortactin was detected on western blot with monoclonal anti-cortactin, nanobodies were visualized on the Coomassie stained 

gel. PDs were performed with 1 mg lysate and 1 µg HA-Nb. CL = 30 µg crude lysate; HA = HA agarose + lysate (no Nb, negative 

control).  
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Supplementary Figure 2. NTA Nb expression in MDA-MB-231 and SCC-61 cell lines. A. Expression of EGFP or EGFP-tagged 

Nbs is doxycycline (DOX) dependent. 75 µg MDA-MB231 or SCC-61 lysate was analysed by SDS-PAGE and western blot. Anti-

EGFP was used to detect (Nb-)EGFP expression. Comparable levels of cortactin and Arp2/3 complex were detected by 

monoclonal anti-cortactin and monoclonal anti-ArpC2. Actin was used as loading control. B. Immunoprecipitation of EGFP 

alone (negative control), EGFP-SH3 Nb (positive control) and EGFP-NTA Nbs by their EGFP tag, using anti-EGFP antibody. First 

lanes show input (40 µg lysate), next lanes show immunoprecipitation (3 mg lysate).  
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Supplementary Figure 3. NTA Nbs are enriched at invadopodia of MDA-MB-231 and SCC-61 cells. A. Invadopodia markers of 

MDA-MB-231 and SCC-61. Images of parental MDA-MB-231 (left) and SCC-61 (right), seeded on a gelatin matrix. Invadopodia 

are characterized by matrix degradation capability (black spots on a Cy3-gelatin matrix) and cortactin, Tks5 and F-actin 

enrichment. Left panels are merged images of F-actin (Alexa Fluor 488 phalloidin, green in row 1, Alexa Fluor 594 phalloidin, 

red in row 2-3) and matrix degradation, cortactin (rabbit polyclonal, green) or Tks5 (rabbit polyclonal, green). Insets and 

images to the right are magnifications of indicated areas (white boxes). Scale bars, 10 µm. B-C. NTA nanobodies are enriched 

at invadopodia marked by Arp2/3 and Tks5. MDA-MB-231 and SCC-61 cells are seeded on a gelatin matrix. NTA Nb2 and 

Nb 3 (green) are enriched in dots of F-actin (white) and ArpC1, a subunit of the Arp2/3 complex (A, red) or Tks5 (B, red). The 

SH3 Nb (positive control, green) is also present in dots rich in Arp2/3 complex and Tks5, which is not the case for EGFP alone 

(negative control, green). Left panels show merged images of ArpC1 or Tks5 (red) and EGFP (green), with insets showing a 

magnification of invadopodia from the indicated area (white box). ArpC1 orTks5 (polyclonal anti-ArpC1/Tks5, red), EGFP 

(green) and F-actin (acti-stain 670 phalloidin, white) images are magnifications of the insets on the left. Scale bars, 10 µm. 
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Supplementary Figure 4. NTA Nbs decrease matrix degradation by PC-3 cells. A. Left panel: representative images of PC-3 

cells, after 16h on a Cy3-gelatin-coated coverslip. EGFP (negative control) or EGFP-tagged Nb expression is in green, F-actin 

(acti-stain 670 phalloidin) is in white and gelatin matrix is in red. Merged images are an overlap of matrix (red) and F-actin 

(green). Scale bars, 10 µm. Right panel: quantification of the matrix degradation index. This is the normalized difference 

between the mean gray value of the cell area and the background (gelatin matrix). Data are shown as normalized mean + 

SEM (* p<0.05; ** p<0.01 as determined by t-tests, 3 independent experiments, ≥ 150 cells per condition). B-C. The role of 

Arp2/3 and MMP activity in matrix degradation. Left panel: representative images of PC-3 cells, after 16h on a Cy3-gelatin-

coated coverslip in the presence of DMSO (negative control), CK-666 (B) or GM6001 (C). Cells are stained with polyclonal 

anti-cortactin (green) and F-actin (acti-stain 670 phalloidin, white). Merged images are an overlap of matrix (red) and F-actin 

(green). Scale bars, 10 µm. Right panel: quantification of the matrix degradation index. Data are shown as normalized mean 

+ SEM (* p<0.05 as determined by t-tests, 3 independent experiments, ≥ 150 cells per condition).
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6. Nanobodies targeting cortactin proline rich, helical and actin 

binding regions downregulate invadopodium formation and 

matrix degradation in SCC-61 cancer cells 

6.1. Introduction 

The ultimate goal of this project is to compare the involvement of the different cortactin domains and 

functions during invadopodia formation and cancer cell invasion. In the first part, we used the NTA 

nanobodies to scrutinize the role of the NTA domain and cortactin-mediated Arp2/3 complex activation 

in invadopodia, together with the SH3 nanobody that was formerly reported to have an effect on 

invadopodia (Van Audenhove et al., 2014). 

The second part of this project entails the characterization of a third cortactin nanobody set, the FHP 

nanobodies, that was generated to target the central domains of cortactin. One nanobody binds the 

actin binding repeats and helical domain, the other nanobody targets the proline rich region. Their 

effect on cortactin function, actin filament binding by the actin binding repeats or phosphorylation of 

the proline rich region, was determined. Similar to the first section, the FHP nanobodies were expressed 

as intrabodies to assess their effect on invadopodia formation and function, and the SH3 nanobody 

was used as a positive control. Both FHP nanobodies reduce invadopodia formation, extracellular 

matrix degradation and invasion, and their effect is comparable to the effect of the SH3 nanobody.  

6.2. Research paper 

Article published in Biomedicine and Pharmacotherapy (Bertier et al., 2018).  
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6.2.1. Abstract 

Cortactin is a multidomain actin binding protein that activates Arp2/3 mediated branched actin 

polymerization. This is essential for the formation of protrusive structures during cancer cell invasion. 

Invadopodia are cancer cell-specific membrane protrusions, specialized at extracellular matrix 

degradation and essential for invasion and tumor metastasis. Given the unequivocal role of cortactin 

at every stage of invadopodium formation, it is considered an invadopodium marker and potential drug 

target. We used cortactin nanobodies to examine the role of cortactin domain-specific function at 

endogenous protein level. Two cortactin nanobodies target the central region of cortactin with high 

specificity. One nanobody interacts with the actin binding repeats whereas the other targets the proline 

rich region and was found to reduce EGF-induced cortactin phosphorylation. After intracellular 

expression as an intrabody, they are both capable of tracing their target in the complex environment 

of the cytoplasm, and disturb cortactin functions during invadopodia formation and extracellular matrix 

degradation. These data illustrate the use of nanobodies as a research tool to dissect the role of 

cortactin in cancer cell motility. This information can contribute to the development of novel 

therapeutics for tumor cell migration and metastasis. 

6.2.2. Introduction 

During tumor dissemination or microbial infection, physiological processes are dysregulated or 

hijacked to enable disease progression (Morris and Machesky, 2015; Selbach and Backert, 2005). 

Cancer cell invasion consists of different stages: disintegration of the surrounding basement 

membrane, invasion of the extracellular matrix, intravasation of the blood stream, and extravasation 

and colonization at distant sites (Nguyen et al., 2009). Depending on the extracellular environment, 

cancer cells must adapt their shape and migration mode (Odenthal et al., 2016). The actin cytoskeleton 

has a prominent role in the maintenance and regulation of cell shape, and the formation of cellular 

protrusions during cell migration and metastasis (Nurnberg et al., 2011). Different types of actin-

mediated cellular protrusions are known to assist in cancer cell motility including lamellipodia, filopodia 

and invadopodia (Jacquemet et al., 2016; Krause and Gautreau, 2014; Leong et al., 2014). 

Lamellipodia and filopodia are found at the leading edge of migrating cells. The former are thin, sheet-

like, cytoplasmic projections and mainly consist of branched actin networks (Suraneni et al., 2012); 

the latter are finger-like protrusions of the plasma membrane that are built up by parallel, bundled 

actin filaments (Mattila and Lappalainen, 2008). Cancer cell migration, intravasation and extravasation 

can be facilitated by actin rich protrusions that enable focussed secretion of proteases, known as 

invadopodia (Leong et al., 2014). The formation of these structures requires the integration of different 

signals from the surrounding microenvironment to mediate changes in cytoskeletal structure. The 
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cytoskeletal protein cortactin participates in many cellular events such as cell migration, endocytosis, 

cell adhesion and intracellular vesicle trafficking (Cosen-Binker and Kapus, 2006). As a multidomain 

adaptor and actin binding protein, cortactin provides an excellent link between signaling/membrane 

trafficking and the actin cytoskeleton (Ayala et al., 2008; Hong et al., 2015; Oser et al., 2009). The N-

terminal acidic (NTA) domain interacts with the Arp2/3 complex to initiate branched actin network 

formation, and the F-actin binding repeats (ABRs) bind to and stabilize these branched actin networks 

(Weaver et al., 2001). Next, there is a helical domain (Wu and Parsons, 1993) and a proline rich domain 

that contains several residues susceptible to phosphorylation by serine/threonine and tyrosine 

kinases, including Src, Erk, Abl/Arg, PKD and atypical PKC (Beaty et al., 2013; De Kimpe et al., 2009; 

Eiseler et al., 2010; Hayes et al., 2013; Kelley et al., 2010; Rosse et al., 2014). Cortactin function is 

also regulated by posttranslational modifications at the ABRs, including phosphorylation and 

acetylation by PAK1, PAK3, ATAT1 and HDAC6, respectively (Castro-Castro et al., 2012; Moshfegh et 

al., 2014; Webb et al., 2006; Zhang et al., 2007). The C-terminal SH3 domain acts as a scaffold for 

various interaction partners, for example with dynamin 2 during vesicle trafficking and during actin 

reorganization (Krueger et al., 2003; Zhu et al., 2005), with ZO-1 at cell-cell junctions (Katsube et al., 

1998), and with N-WASP and WIP for synergistic activation of the Arp2/3 complex and actin assembly 

(Helgeson et al., 2014). The cortactin gene (CTTN, 11q13) is frequently overexpressed in different 

cancer types (Chuma et al., 2004; Gattazzo et al., 2014; Rothschild et al., 2006; Schuuring, 1995; Xu 

et al., 2010; Zhang et al., 2017), and is associated with increased cancer cell motility, invasion and 

metastasis (Clark et al., 2009; Li et al., 2001; Su et al., 2014). Moreover, cortactin is involved in 

invadopodium formation, stability, maturation and turnover, and hence considered as a bona fide 

invadopodium marker (Jeannot et al., 2017; Oser et al., 2009). Although the role of cortactin in 

invadopodium formation and cancer cell motility has been thoroughly studied, there are conflicting 

results on the role of different cortactin domains in cancer cell motility (Ayala et al., 2008; Bryce et al., 

2005; Webb et al., 2007). Moreover, new challenges that emerge are the contribution of the tumor 

microenvironment and tumor type on invadopodium dynamics and function such as exosome 

secretion, and the molecular pathways contributing to invadopodium formation in vivo during different 

phases of cancer cell dissemination (Eckert et al., 2011; Gligorijevic et al., 2012; Hoshino et al., 2013; 

Leong et al., 2014; Sinha et al., 2016).  

Nanobodies are single-domain antibodies derived from heavy chain-only antibodies present in various 

species of the Camelidae family (Hamers-Casterman et al., 1993). They have been shown to contribute 

to our understanding of domain specific functions of endogenous proteins in living cells, and can help 

pinpoint targets that are relevant for therapeutic intervention (Behar et al., 2009; Hebbrecht et al., 

2017; Newnham et al., 2015; Van Audenhove et al., 2014; Van Impe et al., 2013; Van Overbeke et al., 
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2015; Vercruysse et al., 2013; Verhelle et al., 2017). Additionally, they can be used as a tracer of 

endogenous targets (Beghein and Gettemans, 2017) or for super-resolution microscopy (Ries et al., 

2012; Rothbauer et al., 2006).  

Here, we describe two novel cortactin nanobodies against the central domains of cortactin (actin 

binding repeats and proline rich region). When expressed as an EGFP-tagged intrabody in SCC-61 head 

and neck squamous cell carcinoma cells, they colocalize with and bind their target. Morever, they affect 

cortactin function and decrease invadopodia formation and matrix degradation. These findings 

increase our understanding of the relative contribution of cortactin domains with respect to 

invadopodium formation. Together with earlier studies we conclude that virtually every functional 

domain in cortactin contributes to invadopodium formation or stability, pointing to the prominent role 

that this protein plays in generating these structures.  

6.2.3. Materials and methods 

Antibodies and reagents 

Mouse monoclonal anti-cortactin clone 4F11 (05-180) was purchased from Millipore (Watford, UK). 

Rabbit polyclonal anti-cortactin (H-222, #3503), rabbit monoclonal anti-hematopoietic lineage cell-

specific protein 1 (HS1, 3890S) and rabbit polyclonal anti-EGFP (2555S) were from Cell Signaling 

(Danvers, MA, USA). Rabbit polyclonal cortactin phosphorylation-specific antibodies against Y421 (PA5-

38129) and Y470 (PA5-38130) were from Thermo Fisher Scientific (Waltham, MA, USA), the antibody 

against Y486 (AB3853) was from Millipore. Rabbit polyclonal anti-Tks5/fish (M-300, sc-30122) was 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal anti-ARP2/3 subunit 

1B (ab99314) was from Abcam (Cambridge, United Kingdom). Mouse monoclonal anti-actin clone C4 

(0869100) was from MP Biomedicals (Santa Ana, CA, USA). Mouse monoclonal anti-V5 (R960-25) was 

purchased from Thermo Fisher Scientific. Rabbit polyclonal anti-EGFP antibody was obtained as 

previously described (Van den Abbeele et al., 2007). Secondary HRP-linked anti-mouse (NA931) and 

anti-rabbit IgG (NA9340V) were obtained from GE healthcare (Buckinghamshire, UK). Alexa Fluor 

488/594-labeled secondary goat anti-rabbit (A11034/A11037) and anti-mouse (A11001/A11032) 

IgG antibodies were from Thermo Fisher Scientific. Acti-stain 670 phalloidin (PHDN1-A) was purchased 

from Cytoskeleton (Denver, CO, USA). DAPI (D8417) and anti-V5 agarose clone V5-10 (A7345) were 

from Sigma (St. Louis, MO, USA). Rabbit skeletal muscle actin (AKL95) was from Cytoskeleton. Protein 

G sepharose (17-0618-01) was obtained from GE healthcare (Buckinghamshire, UK). Bovine skin 

gelatin (G1393) and glutaraldehyde (G6257) were purchased from Sigma. QCM™ Gelatin Invadopodia 

Assay (ECM671) was from Millipore.  
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Generation of cortactin Nbs 

Cortactin Nbs were produced in collaboration with the Nanobody Service Facility of the VIB. The SH3 

Nb and GFP Nb were generated as described previously (De Clercq et al., 2013; Van Audenhove et al., 

2014). An alpaca was injected with 120 µg of human cortactin FHP domain (central regions of 

cortactin, see below) on days 0, 7, 14, 21, 28 and 35. On day 39, anticoagulated blood was collected 

for lymphocyte preparation. Next, total RNA from peripheral blood lymphocytes was isolated and used 

as template for first strand cDNA synthesis with oligo(dT) primer. The VHH encoding sequences were 

amplified by PCR and cloned into the phagemid vector pHEN4. A VHH library of independent 

transformants was obtained and subjected to four consecutive rounds of panning. Nbs were further 

analyzed by ELISA and sequence analysis. 

Cloning and recombinant protein production  

Cortactin cDNA was purchased from Origene (Rockville, MD, USA). Full length cortactin, and the 

fragment coding for the cortactin FHP domain, were cloned in the pTYB12 vector (New England Biolabs, 

Herts, UK). For full length cortactin forward primer, 5’-TGT-ACA-GAA-TGC-TGG-TCA-TAT-GTG-GAA-AGC-

TTC-AGC-AGG-C-3’; reverse primer, 5’- TCA-CCC-GGG-CTC-GAG-GAA-TTC-TTA-CTG-CCG-CAG-CTC-CAC-

ATA-3’ were used, the FHP domain was cloned with forward primer, 5’-TGT-ACA-GAA-TGC-TGG-TCA-TAT-

GGG-CTA-TGG-AGG-GAA-ATT-TGG-TGT-GGA-AC-3’; reverse primer, 5’-TCA-CCC-GGG-CTC-GAG-GAA-TTC-

TTA-GAT-CCC-CAG-ATC-GTT-CTC-GTA-CTC-ATC-GTA-G-3’. For protein production, BL21 E. coli cells were 

transformed with pTYB12 constructs, grown at 37°C, induced with 0.5 mM IPTG and incubated 

overnight at 20°C. The intein fusion protein was purified using the Intein Mediated Purification with an 

Affinity Chitin-binding Tag (IMPACT) system (New England Biolabs). Cortactin cDNA sequence for the N-

term, C-term, helical- and the proline rich domain were cloned in the pTrcHis-TOPO vector (Thermo 

Fisher Scientific). The following primers were used: cortactin N-term, forward, 5’-AGC-ATG-TGG-AAA-

GCT-TCA-GCA-GGC-CAG-G-3’; reverse, 5’-TGC-GGC-CGC-TTA-TTC-GAC-AGG-TAC-TGT-CTT-CTG-G-3’; 

cortactin C-term, forward, 5’-AGC-GCT-GTG-ACC-AGC-AAA-ACA-AGT-AAC-ATC-AGA-GC-3’; reverse 5’- TGC-

GGC-CGC-TTA-CTG-CCG-CAG-CTC-CAC-ATA-GTT-GGC-TGG-GA-3’; helical domain, forward 5’-CGA-TGA-

CGA-TAA-GGG-ATC-CGC-TGT-GAC-CAG-CAA-AAC-A-3’; reverse 5’-GCC-AGC-CAA-GCT-TCG-AAT-TGA-ATT-

CTT-ATT-GCG-TTT-TGG-CTC-TGG-C-3’; proline rich domain, forward 5’-CGA-TGA-CGA-TAA-GGG-ATC-CAC-

GCC-CCC-TGT-GTC-G-3’; reverse 5’-CCA-AGC-TTC-GAA-TTG-AAT-TCT-TAC-CCC-AGA-TCG-TTC-TCG-TAC-TC-

3’. The vector encoding cortactin N-term, C-term, helical or proline rich domain were transformed in 

BL21 E. coli cells, grown at 37°C and induced with 1 mM IPTG for 3 h at 37°C. His6-tagged N-term 

domain was purified with Immobilized Metal ion Affinity Chromatography (IMAC) and eluted via 

competitive elution with 250-500 mM imidazole.  
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GST- HS1 was produced and purified as described before (Van Audenhove et al., 2014).  

Nb coding sequences were cloned into the pHEN6-V5-His6 vector for recombinant protein production, 

and in the lentiviral expression pLVX-TP vector for the generation of stable, doxycycline (DOX)-inducible 

cell lines (both vectors were from Clontech, CA, USA). Primers for cloning FHP, SH3 and GFP Nbs in the 

pHEN6-V5-His6 vector were: forward 5’-CCA-GGT-GCA-GCT-GCA-GGA-GTC-TGG-GGG-AGG-ATT-3’; reverse 

5’-TGA-GGA-GAC-GGT-GAC-CTG-GGT-TCC-3’. SH3 and FHP Nbs were cloned in the pLVX-TP-EGFP vector 

with forward primer 5’-TGG-AGA-AGG-ATC-CGC-GGC-CGC-GCC-ACC-ATG-GCC-CAG-GTG-CAG-CTG-CAG-

GAG-TCT-GGG-3’; reverse primer 5’-GCT-CAC-CAT-GGT-GGC-GCG-GCC-GCG-GGA-TCC-TGA-GGA-GAC-

GGT-GAC-CTG-3’. 

For recombinant protein production, the Nb encoding pHEN6-V5-His6 vectors were transformed and 

purified by binding to Ni2+-chelating beads (ProBond nickel-chelating resin, Thermo Fisher Scientific) 

as described before (Delanote et al., 2010). 

Epitope mapping and HS1 pull down (PD) 

For epitope mapping experiments, recombinant V5-tagged Nb (20 µg) and anti-V5 agarose were 

incubated for 2 h at 4°C in DPBS (Thermo Fisher Scientific) with 0.5% NP-40 (Sigma), 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail (IC). Cortactin N-term, helical or 

proline rich domain (50 µg) were added and incubated for an additional 2 h. Cross reactivity with HS1 

was tested by incubating recombinant GST-HS-1 (10 µg) with recombinant Nb (1 µg) or anti-HS-1 

antibody for 2 h at 4°C in DPBS (Thermo Fisher Scientific) with 0.5% NP-40, 1 mM PMSF and IC. Next, 

20 µl anti-V5 agarose (Nb PD) or protein G sepharose (HS1 PD) was added for 2 h at 4°C. All samples 

were washed and boiled in Laemmli sample buffer. Proteins were separated by (tricine) SDS-PAGE and 

visualized by western blot (N-term domain and HS-1) or silver staining (helical and proline rich domain) 

as described earlier (Schagger, 2006).  

Isothermal titration calorimetry 

Cortactin FHP domain (2 µM) was titrated with FHP Nb11 (23 µM) or FHP Nb13 (28 µM) after 

simultaneous dialysis in 20 mM HEPES, 150 mM NaCl at pH 7.4. The heat change during complex 

formation was measured using a Microcal VP-ITC MicroCalorimeter (Malvern, United Kingdom), as 

described before (Delanote et al., 2010).  

In vitro actin sedimentation assay 

First, all recombinant proteins were centrifuged to remove any potential aggregates. Next, cortactin (3 

µM) and Nb (6 µM) were incubated in 1x G-buffer (5 mM Tris pH 8, 0.2 mM CaCl2, 1 mM DTT, 0.2mM 

ATP) for 30 min at room temperature (RT). Actin (7 µM) was added, and polymerization was initiated 
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after the addition of 10x F-buffer (100 mM Tris pH 7.5, 20mM MgCl2, 500 mM KCl, 1 mM DTT, and 10 

mM ATP). The reaction mixture was incubated for 1 hour at RT and centrifuged for 30 min at 200.000g 

to separate actin filaments (pellet) from monomeric actin (supernatant). Equal volumes of pellet and 

supernatant were analyzed via SDS-PAGE, followed by coomassie staining. Protein band density was 

quantified with ImageJ (National Institute of Health, Bethesda, MD, USA).  

Cell culture and transduction 

HNSCC-61 (“SCC-61”) cells were maintained at 37°C in a humidified 5% CO2 incubator, and grown in 

Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific) with 20% fetal bovine serum 

(Thermo Fisher Scientific), 0.4 µg/ml hydrocortisone (Sigma), 100 µg/ml streptomycin and 100 IU/ml 

penicillin (Thermo Fisher Scientific). HEK293T cells were maintained at 37°C in a humidified 10% CO2 

incubator, and grown in DMEM supplemented with 10% fetal bovine serum, 100 µg/ml streptomycin 

and 100 IU/ml penicillin.  

Stable and DOX-inducible SCC-61 cell lines were generated with the Lenti-X Tet-On Advanced System 

(Takara Bio Inc., Shiga, Japan), according to the manufacturers protocol and as described before (Van 

Audenhove et al., 2014). 

Immunoprecipitation & PD of endogenous cortactin 

EGFP-Nb expression was induced in the SCC-61 stable cell lines with 500 ng/ml DOX for 24 h. Cells 

were lysed in lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl with 1% NP-40, 1 mM PMSF and IC, 

incubated on ice for 15 min and centrifuged at 10.000 g for 10 min at 4°C. Protein concentration was 

determined using the Bio-Rad Protein Assay (Bio-Rad, Hercules, California, USA). For 

immunoprecipitation (IP) of Nb, 1-2 mg total protein was incubated overnight at 4°C with 10 µl anti-

EGFP antibody, followed by 25 µl protein G sepharose for 2 h. For PD experiments with recombinant 

Nb, 1 mg parental SCC-61 lysate was incubated with 1 µg Nb for 2 h at 4°C, and 20 µl anti-V5 

sepharose for 2 h at 4°C. All samples were washed, boiled in Laemmli sample buffer, and analyzed by 

SDS-PAGE and western blotting. 

Nbs as primary antibody for western blot analysis 

Endogenous and recombinant cortactin fragments were loaded on an SDS-PAGE gel. Endogenous 

cortactin came from parental SCC-61 cells, that were lysed as described above. Crude lysate (100 µg) 

or recombinant protein (0.5 µg) were fractionated by SDS-PAGE. For western blot analysis, Nb (1 µg/ml) 

was incubated for 2 h at 4°C. Next, anti-V5 antibody and secondary antibody were added for detection 

of Nb binding.  
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Cortactin phosphorylation 

SCC-61 cells were serum starved for 16 h in low serum medium (1% FBS), with DOX to induce Nb 

expression. After stimulation of cortactin phosphorylation with 15 nM EGF for 3 min, cells were washed 

twice with ice cold DPBS and lysed in lysis buffer, containing 20 mM Tris-HCl pH 7.5, 150 mM NaCl 

with 1% NP-40, 1 mM PMSF, IC and phosphatase inhibitors (1 mM sodium orthovanadate (Na3VO4), 5 

mM sodium fluoride (NaF), 1 mM sodium pyrophosphate (Na4P2O7) and 5 mM -glycerophosphate), 

followed by SDS-PAGE and western blotting to determine cortactin phosphorylation status.  

Immunostaining and microscopy 

Cells were washed with DPBS, fixed with 3% paraformaldehyde (25 min), permeabilized with 0.1% 

triton X-100 (5 min), incubated with 0.75% glycin (20 min) and blocked with 1% BSA (10 min). Primary 

antibody was incubated for 1 h at 37°C, secondary Alexa Fluor-labeled antibodies, DAPI and phalloidin 

for 30 min at RT. Coverslips were mounted with VectaShield (Vector Laboratories, Burlingame, CA, USA) 

and examined with Zeiss Axiovert 200 M Apotome epifluorescence microscope with a cooled CCD 

Axiocam camera (Zeiss x63 1.4-NA Oil Plan-Apochromat objective; Carl Zeiss, Oberkochen, Germany) 

and with Axiovision 4.5 software (Zeiss), or with an Olympus IX81 FluoView 1000 confocal laser 

scanning microscope (UPlanSApo x60 1.35-NA UplanSApo objective; Olympus, Tokyo, Japan) with 

FluoView FV1000 software (Olympus). 

Invadopodia number analysis  

In stable cell lines, Nb expression was induced 24 h before cells were seeded. A 0.01% gelatin matrix 

(1 h, RT) was fixed with 0.5% glutaraldehyde (10 min, on ice) and quenched (1 h, 37°C) with medium. 

After cell adhesion (24 h), coverslips were fixed, stained and imaged as described above. Invadopodia 

(cortactin and F-actin rich dots) number and cell area to obtain relative values were determined by 

means of ImageJ.  

Matrix degradation assay 

For visualization of matrix degradation, the QCM™ Gelatin Invadopodia Assay was used. Expression of 

Nb was induced 24 h before seeding on Cy3-gelatin-coated coverslips, according to the manufacturer’s 

protocol. After 16 h of degradation, cells were fixed, stained and imaged as described above. Matrix 

degradation parameters were quantified with ImageJ. 

Cancer cell invasion assay 

Invasion was monitored in SCC-61 cells, as described by the manufacturer’s protocol (OrisTM 3D 

embedded invasion assay, Platypus Technologies). In brief, 40.000 cells were seeded on a collagen 

coated 96-well around a silicon stopper. After cell attachment overnight, the stopper is removed, 
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leaving a central cell-free zone, and an additional layer of collagen is applied on top of the cells. During 

invasion, cells were kept in low-serum medium (2% FBS) with DOX at 37°C and 5% CO2. Invasion into 

the central zone was quantified in ImageJ and determined as the normalized decrease in cell-free area 

between t = 0 h and t = 48 h. Invasion monitoring of living cells (48 h, 1 image/hour) was performed 

with an Olympus IX81 microscope (Olympus x10 0.60-NA LUCPlanFL N objective) equipped with a xyz-

robotic stage and Cell M software (Olympus) and temperature and CO2-control. 

Statistical analysis 

Sigmaplot (Systat Software Inc., San Jose, CA, USA) was used for a t-test or a Mann-Whitney Rank Sum 

test, with * p<0.05, ** p<0.01, *** p<0.001. 

6.2.4. Results 

FHP Nbs target the central domains of cortactin 

Immunization of an alpaca with the central domains of cortactin, or F-actin-helical-proline rich (FHP) 

fragment (Figure 1A), yielded two nanobodies (Nbs) that were deemed of sufficient quality for further 

study: FHP Nb11 and Nb13. For the determination of their epitope in cortactin, we performed pull down 

(PD) experiments using recombinant cortactin fragments encompassing regions of the FHP fragment 

and purified nanobodies (Figure 1A, fragments labeled N-term; helical and proline rich domain). FHP 

Nb11, but not FHP Nb13, interacts with the N-terminal fragment of cortactin (Figure 1B). None of the 

Nbs seem to bind to the helical domain (Figure 1C). FHP Nb13 interacts with the proline rich domain 

from the C-terminal part (Figure 1D). These PD experiments indicate that FHP Nb11 recognizes the 

actin binding repeats (ABR) whereas the epitope of FHP Nb13 is located on the proline rich domain.  

Table 1. Thermodynamic parameters for the FHP Nbs. ITC was performed for complex formation between the cortactin FHP 

fragment and FHP Nb11 and Nb13. N = binding stoichiometry; KD = dissociation constant; H = enthalpy change; S = entropy 

change; G = Gibbs free energy change = H – TS; T = temperature = 303.15 K 

 FHP Nb11 FHP Nb13 

N 0.90  0.1 1.2 ± 0.02 

KD (M) 6.5E-7 ± 2.2E-7 7.7E-7  1.1E-7 

H (kcal/mol) -10.4   -17.6 ± 0.4 

TS (kcal/mol) -1.8 -9.1 

G (kcal/mol) -8.6 -8.5 

The affinity of the Nbs for cortactin was determined by isothermal titration calorimetry (ITC, 

Supplementary Figure 1A). The equilibrium dissociation constant (KD) was determined at 650 nM for 

FHP Nb11, and 770 nM for Nb13. An overview of all extracted binding parameters is shown in Table 

1. 
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Figure 1. Characterization of two FHP Nbs. A. Schematic overview of cortactin domain structure and fragments used in this 

study. A. Full length cortactin has an N-terminal acidic (NTA) domain, 6.5 actin binding repeats (ABRs), a helical, proline rich, 

and SH3 domain. The F-actin-helical-proline rich (FHP) fragment lacks the NTA and SH3 domain. The N-terminal (N-term) 

fragment includes the NTA domain and ABRs, the C-terminal fragment (C-term) comprises the helical, proline rich, and SH3 

domain. B-D. Epitope mapping of the FHP Nbs. Pull down (PD) experiment with V5-tagged Nb, coupled to V5 agarose, and N-

term cortactin (B), helical (C) or proline rich (D) domain. The first lane (input) contains recombinant protein fragment. Cortactin 

and V5 agarose alone were incubated as a negative control (-ctrl). After western blot, the N-term domain was detected with 

monoclonal anti-cortactin and the FHP Nbs with anti-V5 (B). The helical and proline rich domain were visualized after silver 

staining (C-D). E-F. Interaction with full length cortactin. Recombinant V5-tagged FHP Nbs pull down recombinant (E) and 

endogenous cortactin from SCC-61 lysate (F). For recombinant cortactin PD, the input lane contains recombinant cortactin, 

and the negative control (-ctrl) consists of V5 agarose and cortactin alone. The input lane of the endogenous PD experiment 

contains SCC-61 total lysate, and V5 agarose and cell lysate alone as a negative control (-ctrl). In both experiments, the SH3 

Nb is used as a positive control. Cortactin and Nbs were detected after western blotting by monoclonal anti-cortactin and 

anti-V5 respectively.  
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Next, the interaction of these nanobodies with full length cortactin was evaluated by PD experiments 

with recombinant Nb and cortactin. The previously characterized cortactin SH3 Nb was used as a 

positive control for Nb-cortactin interaction (Van Audenhove et al., 2014). Both FHP Nbs 

immunoprecipitate either recombinant (Figure 1E) or endogenous (Figure 1F) full length cortactin from 

SCC-61 head and neck squamous carcinoma cells. Importantly, none of the cortactin Nbs cross reacted 

with hematopoietic lineage cell-specific protein (HS1), despite high sequence similarity: 51% overall 

similarity, and even higher (86%) for the SH3 domain or actin binding repeats (Supplementary Figure 

1B).  

FHP Nb binding characteristics were further evaluated by their use as a primary antibody for western 

blot (Figure 2). FHP Nb11 and Nb13 are able to detect full length cortactin, either recombinant or from 

SCC-61 cell lysate, and the FHP fragment. The SH3 Nb also recognizes full length cortactin, and the C-

term region that contains the SH3 domain, but not the FHP fragment.  

 

Figure 2. FHP Nbs as primary antibody for western blot. SCC-61 total cell lysate and recombinant full length cortactin, FHP, 

N-term, C-term fragment (left panel), helical or proline rich domain (right panel) were separated by (tricine) SDS-PAGE. After 

western blotting, cortactin antibody or nanobodies were used as primary antibody, followed by anti-V5 antibody. Monoclonal 

anti-cortactin and the SH3 Nb were used as a (positive) control, and the GFP Nb as a negative control. 
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In contrast to data from PD experiments (Figure 1B-D), FHP Nb11 recognizes the C-term fragment of 

cortactin on western blot, but not the N-term fragment. This indicates that the epitope of Nb11 in the 

N-term fragment is discontinuous or conformational, and as a result is not recognized when cortactin 

is denatured on western blot. Only when cortactin is in (non-denaturing) solution, FHP Nb11 is able to 

interact with the N-term region. On the other hand, binding of denatured C-term fragment, the helical 

domain in particular, on western blot suggests a linear epitope, that is inaccessible in the folded protein 

fragment, but exposed when the protein is denatured. FHP Nb13 binds to the C-term fragment and the 

proline rich domain on western blots, in accordance with PD experiments. This implies that the epitope 

of Nb13 is limited to the proline rich domain, and is linear in nature.  

In conclusion, the two FHP Nbs interact with cortactin with similar affinities, but the epitope of FHP 

Nb11 is complex and distributed over the ABR and helical domains, while FHP Nb13 solely interacts 

with the proline rich region.  

Cortactin Nbs function as intrabodies 

To study the role of different cortactin domains in cellular processes, cortactin Nbs were utilized as 

intrabodies, implying that they are expressed intracellularly. Cortactin Nbs were introduced into SCC-

61 head and neck squamous cancer cells by means of lentiviral transduction (see Materials and 

Methods). Stable SCC-61 cell lines were generated, uniformly expressing EGFP-tagged Nb or EGFP 

alone as a control, in a doxycycline (DOX)-inducible manner (Supplementary Figure 2A-B). After 

expression as intrabodies, cortactin binding was verified by immunoprecipitation (IP) of the Nbs via 

their EGFP tag (Figure 3A). The interaction between the intrabodies and cortactin was confirmed by 

immunostaining: EGFP-tagged FHP Nbs and cortactin colocalized in SCC-61 cells (Supplementary 

Figure 2B). 
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Figure 3. FHP intrabodies interact with endogenous cortactin and decrease invadopodia number. A. Western blot analysis of 

the expression of EGFP-tagged Nbs or EGFP alone, with actin as a loading control (input, left panel). EGFP-tagged constructs 

were immunoprecipitated (IP, right panel) and detected by their EGFP tag using EGFP antibody. Expression of EGFP alone is 

used as a negative control, SH3 Nb expression serves as a positive control for cortactin-Nb interaction. B. SCC-61 cells were 

seeded on a gelatin matrix and stained for invadopodia markers F-actin (white) and cortactin (red). Right panels show merged 

images of cortactin (red) and EGFP (green). White arrowheads indicate enrichment of EGFP-tagged FHP Nb11 and Nb13 at 

invadopodia. Unlike EGFP alone (negative control, green), the SH3 Nb (positive control) also colocalizes with cortactin at 

invadopodia. Scale bar, 10 µm. C. Quantification of invadopodia number normalized to cell area. Data are shown as 

normalized mean + SEM (** p<0.01; *** p<0.001 as determined by t-tests, 3 independent experiments, ≥ 170 cells per 

condition). 

FHP intrabodies restrict SCC-61 invadopodium formation, matrix degradation and invasion 

In previous studies we have shown that cortactin SH3 and NTA domains play a major role in 

invadopodia formation and function (Bertier et al., 2017; Van Audenhove et al., 2014). Invadopodia 

are ventral membrane protrusions that are marked by the presence of cortactin, F-actin, the Arp2/3 
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complex, Tks5 (among others) and by their ability of degrading the extracellular matrix (Supplementary 

Figure 2C). This is thought to promote dissemination of cancer cells following their escape from the 

primary tumor (Gligorijevic et al., 2012; Leong et al., 2014). We wondered if FHP nanobodies were able 

to perturb invadopodia formation, concomitant matrix degradation and cancer cell invasion. The FHP 

intrabodies were found to colocalize with cortactin and F-actin rich puncta, indicating that they bound 

to cortactin that is localized in invadopodia but that they do not as such prevent cortactin from localizing 

to invadopodia (Figure 3B). Moreover, FHP nanobodies were found to significantly decrease 

invadopodia number in SCC-61 cells (Figure 3C).  

Invadopodia function of these cells was assessed with a matrix degradation assay. After cells are 

seeded on a Cy3-fluorescently labeled gelatin matrix, black spots are left by mature, i.e. proteolytically 

active, invadopodia (Figure 4A). When FHP Nbs were expressed, the number of cells that are able to 

degrade the extracellular matrix was decreased by more than 50% (Figure 4B, left panel). Furthermore, 

the population of proteolytically active cells forms less mature invadopodia compared to the control 

cell line, as the relative number of degradation spots/cell was also significantly decreased in SCC-61 

cells that express a FHP nanobody (Figure 4B, middle panel). The degradation area of mature 

invadopodia in Nb expressing cells is significantly smaller compared to control conditions (Figure 4C, 

right panel). Finally, invadopodia function was assessed in a collagen invasion assay. SCC-61 cells were 

seeded in a collagen matrix around a central cell-free zone. Invasion in the central cell-free zone is 

imaged by live cell microscopy for 48 h (Figure 5A). Cortactin SH3 Nb (positive control), FHP Nb11 or 

Nb13 expression significantly decreases SCC-61 invasion, compared to the EGFP control cell line 

(Figure 5B). Together, these data show that FHP Nb expression not only decreases invadopodia number 

but also affects their function. 
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Figure 4. FHP Nb expression decreases matrix degradation by SCC-61 cells. A. Representative images of SCC-61 cell lines 

with EGFP alone (negative control), SH3 Nb (positive control), or FPH Nb11 or Nb13 expression (green, left panel). Cells were 

seeded on a Cy3-gelatin matrix (red) and stained for F-actin (white). Merged images are an overlap of F-actin (green in merge) 

and gelatin matrix (red). Insets show a magnification of the indicated area (white box). Scale bar, 10 µm. B. Quantification of 

matrix degradation parameters. Left, FHP Nbs decrease the percentage of degrading cells. Data are shown as normalized 

mean + SEM (* p<0.05; ** p<0.01 as determined by t-tests, 3 independent experiments, ≥ 190 cells per condition). Middle, 

FHP Nb expression reduces the number of degradation spots per cell, normalized to cell area. Right, the degradation area, 

normalized to cell area, is decreased in all Nb cell lines. Data are shown as normalized mean + SEM (* p<0.05; ** p<0.01, 

*** p<0.001 as determined by t-tests, 3 independent experiments, ≥ 75 cells per condition).  
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Figure 5. Cortactin FHP Nbs affect collagen invasion. A. Images of the invasion assay with invasion of the cell-free zone 

(bottom right in each frame) by SCC-61 cells (top left in each frame). Invasion of the cell-free zone in bright field (BF) and 

EGFP is shown at 0 h and 48 h and is outlined in white. B. Quantification of collagen invasion. Data are represented as 

normalized mean of the decrease in cell-free area + SEM (*** p<0.001 as determined by t-tests, 3 independent experiments, 

≥ 16 replicates per condition). 

Mechanism of cortactin modulation by FHP Nbs 

Both FHP Nbs have distinct epitopes; Nb11 targets the ABRs and helical region, Nb13 interacts with 

the proline rich domain; yet they both affect invadopodia formation and function.  

The ABRs are known for their ability to bind to and stabilize actin filaments in vitro (Weaver et al., 

2001). The establishment of stable and mature invadopodia requires an intact cortactin ABR for 

stabilization of the branched actin network (Webb et al., 2007). To test for an effect of FHP Nb11 on 
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cortactin/F-actin binding, a high speed actin sedimentation assay was performed (Figure 6A). None of 

the FHP Nbs significantly decreased the interaction between cortactin and F-actin (Figure 6B).  

 

Figure 6. The FHP Nbs do not affect cortactin/F-actin interaction. A. Representative coomassie stained gel of an actin 

sedimentation assay. Samples of pellet (P) and supernatant (SN) were loaded after ultracentrifugation. Actin filaments (F-

actin) alone, cortactin alone or F-actin + cortactin were used as a control. B. Quantification of cortactin distribution in pellet 

and supernatant. Cortactin alone is predominantly found in the supernatant, but shifts to the pellet in the presence of F-actin. 

The FHP Nbs do not alter cortactin levels in the pellet. Data are represented as mean + SEM (* p<0.05 as determined by t-

tests, 4 independent experiments).  

Another potential mechanism through which FHP Nbs might interfere with cortactin function involves 

cortactin post translational modifications. The proline rich domain is a target for many different 

(tyrosine) kinases, involved in invadopodia formation and function (Oser et al., 2010). Cortactin 

phosphorylation can be induced by integrin mediated signaling or by growth factors, e.g. EGF (Beaty et 

al., 2013; Mader et al., 2011). After EGF stimulation and Src activation, cortactin tyrosine 

phosphorylation in SCC-61 cells on residues Y421, Y470 and Y486 is enhanced (Supplementary Figure 

2D) (Huang et al., 1998). We observed that phosphorylation on residue Y421 is significantly decreased 
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in the FHP Nb13 cell line, but not in the FHP Nb11 or the SH3 Nb cell lines (Figure 7). This is in 

agreement with the epitope of Nb13 that is located in the proline rich domain. Tyrosine phosphorylation 

of the two other residues in the proline rich domain was not affected by the FHP Nbs (Figure 7).  

 

Figure 7. FHP Nb13 decreases EGF-mediated cortactin Y421 phosphorylation. A. After serum starvation and EGF stimulation, 

crude lysates of SCC-61 cell lines with EGFP alone (negative control) or EGFP-tagged Nb expression were immunoblotted with 

phosphorylation specific cortactin antibodies for the detection of tyrosine phosphorylated cortactin on positions Y421, Y470 

or Y486. Blots were stripped and reprobed for total cortactin. EGFP or Nb-EGFP expression was detected with EGFP antibody 

and actin was used as a loading control. B. Quantification of cortactin phosphorylation level by quantitative densitometry. 

Data are shown as normalized mean + SEM (** p<0.01 as determined by t-tests, 3 independent experiments).  

In summary, these functional experiments show that FHP Nb13 affects cortactin function in 

invadopodia through its interaction with the proline rich domain and its effect on phosphorylation on 

Y421. Binding with the ABR and helical domain by FHP Nb11 has no influence on cortactin 

phosphorylation.  
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6.2.5. Discussion 

In this study, we present two novel cortactin Nbs with a distinct epitope. PD experiments indicate that 

Nb11 binds the ABRs, and Nb13 targets the proline rich region. When used as a primary antibody for 

western blotting, both nanobodies detect denatured, full length cortactin from SCC-61 cell lysates. 

Interestingly, FHP Nb11 does not bind the ABRs when cortactin fragments are denatured on western 

blot, but now recognizes residues in the helical domain. This suggests that the epitope of Nb11 is not 

restricted to one cortactin domain, but consists of a conformational epitope in the ABRs, and a linear 

epitope in the helical domain. FHP Nb13 on the other hand binds the proline rich domain, either in PD 

experiments or as a primary detection agent on western blot. This increases the repertoire of cortactin 

nanobodies suitable for western blotting. Although the majority of currently available nanobodies have 

a conformational epitope due to their convex paratope (Oliveira et al., 2013), linear epitopes also have 

been reported (Braun et al., 2016; Ditlev et al., 2014; Smolarek et al., 2010; Van den Abbeele et al., 

2010). The recognition of linear epitopes could indicate that these regions are easily accessible and 

rather unstructured, compared to a conformational epitope which indicates a more complex 

conformation (Ditlev et al., 2014).  

These FHP Nbs, in addition to the SH3 Nb (Van Audenhove et al., 2014), are cortactin-specific, and do 

not cross react with HS1, a cortactin paralogue with high sequence similarity that is mainly expressed 

in hematopoietic cells (van Rossum et al., 2005). FHP Nb specificity is confirmed on western blot by 

the absence of any cross reactivity with other cytoplasmic proteins from SCC-61 cell lysates. This 

confirms the high level of specificity that can be obtained with Nbs. For example an EGFP-specific Nb 

lacks cross reactivity for fluorescent proteins with 53% sequence identity (Fridy et al., 2014).  

We show that cortactin FHP Nbs are applicable as intrabodies. Nanobodies were stably integrated in 

the genome of SCC-61 cells using lentiviral transduction. After DOX-induced expression as EGFP-tagged 

constructs, the FHP Nbs are able to pull down endogenous cortactin and bind cortactin at invadopodia.  

The effect of FHP Nb11 on invadopodia number, extracellular matrix degradation and invasion seems 

to be independent of F-actin binding. This suggests that the epitope of FHP Nb11 is not located at the 

4th ABR, responsible for cortactin/F-actin interaction (Helwani et al., 2004; Weed et al., 2000). FHP 

Nb11 probably interacts with the ABRs, as suggested by PD, and some (linear) residues in the helical 

domain, as indicated by the use of this Nb as primary antibody on western blot. Besides actin filament 

binding and stabilization, the cortactin ABRs are a target of (de)acetylation for the regulation of actin 

filament stabilization (Zhang et al., 2007; Zhang et al., 2009). At invadopodia, cortactin acetylation by 

ATAT1 or Tip60 decreases MT1-MMP vesicular transport, matrix degradation, and cancer cell migration 

and invasion (Castro-Castro et al., 2012; Sun et al., 2015); cortactin deacetylation by HDAC6 has the 



112 

 

opposite effect (Rey et al., 2011). It is unlikely however that FHP Nbs bind acetylated cortactin, given 

the fact that cortactin was not acetylated prior to immunization. If FHP Nb11 would recognize 

deacetylated cortactin and prevented cortactin acetylation, it would, similar to ATAT1 knock down, 

increase invadopodial matrix degradation (Castro-Castro et al., 2012). In our experiments, Nb11 

expression reduces matrix degradation, suggesting that this Nb does not affect cortactin acetylation 

status. Furthermore, FHP Nb11 could disturb serine phosphorylation at the ABRs. Cortactin is 

phosphorylated by p21-activated serine/threonine kinase PAK at S113, located at the 1st ABR. This 

event negatively regulates cortactin/F-actin binding, and induces invadopodia disassembly (Webb et 

al., 2006). Interference with S113 phosphorylation increases invadopodia lifetime and matrix 

degradation (Ayala et al., 2008; Moshfegh et al., 2014). PKD phosphorylates cortactin on S298 and 

S348, located at the 6th ABR and at the beginning of the helical domain, respectively, and this reduces 

cortactin/F-actin interaction and cancer cell migration (De Kimpe et al., 2009; Eiseler et al., 2010). 

Mutation of S298 enhances Arp2/3-mediated actin polymerization and cancer cell migration (Eiseler 

et al., 2010). Cortactin FHP Nb11 has no stimulatory effect on invadopodia formation, matrix 

degradation or invasion, suggesting that it has no influence on serine phosphorylation. Finally, the 

mechanism of cortactin inhibition by FHP Nb11 could involve calpain cleavage. Calpain is a calcium 

dependent protease that regulates protein function by cleaving them, usually in unstructured regions, 

e.g. the helical domain of cortactin (Perrin et al., 2006). Inhibition of calpain-mediated cortactin 

cleavage reduces invadopodia number, matrix degradation and cancer cell invasion (Cortesio et al., 

2008). A Nb that binds around the cortactin helical domain could prevent calpain interaction and 

activity by steric hindrance, thereby decreasing invadopodia formation and function.  

Cortactin FHP Nb13 decreases cortactin tyrosine phosphorylation on residue Y421, but does not 

perturb phosphorylation of Y470 or Y486. This was investigated by inducing cortactin phosphorylation 

with EGF in serum starved SCC-61 cells. Invadopodia formation can be induced by a variety of stimuli, 

including growth factors, chemokines, extracellular matrix proteins, reactive oxygen species or hypoxia 

(Murphy and Courtneidge, 2011). EGF is a well characterized growth factor, and induces invadopodia 

formation in many different cancer types, e.g. breast cancer, HNSCC, pancreatic cancer and lung 

cancer (Diaz et al., 2013; Mader et al., 2011). EGFR activation leads to receptor dimerization and 

phosphorylation of residues that serve as interaction sites for Arg and Src kinase SH2 domains (Mader 

et al., 2011; Normanno et al., 2006). Binding of the kinases and (auto)phosphorylation releases their 

autoinhibited confirmation and enables cortactin tyrosine phosphorylation, on residues Y421, Y466 

and Y482 (equivalent to Y421, Y470 and Y486 residues in human cortactin) (Huang et al., 1998; 

Mader et al., 2011). This creates an additional binding site for SH2 domains, e.g. Src kinase, Arg 

kinase, adaptor protein Nck1 or the Rho-family GTPase guanine nucleotide exchange factor (GEF) Vav2 
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(Lapetina et al., 2009; Oser et al., 2010; Rosenberg et al., 2017). Cortactin tyrosine phosphorylation 

is essential for invadopodia maturation, but not for precursor formation (Mader et al., 2011). Although 

cortactin can be phosphorylated on 3 tyrosine residues, mutation of either Y421 or Y470 is sufficient 

to inhibit Nck1 recruitment to matrix degrading invadopodia, and as a consequence, proteolysis-

dependent cancer cell invasion (Oser et al., 2010). Moreover, Vav2 has the highest affinity for 

phosphorylated Y421 or Y470 (Rosenberg et al., 2017), and expression of a phosphorylation-

mimicking Y421D mutant induces invadopodia formation and matrix degradation (Ayala et al., 2008). 

The effect of FHP Nb13 on Y421 phosphorylation could be sufficient to interfere with Nck1 or Vav2 

interaction, leading to diminished extracellular matrix degradation by mature invadopodia.  

Conclusion 

In conclusion, two cortactin FHP Nbs were characterized and validated as a research tool to bind and 

visualize endogenous cortactin, and to dissect domain-specific functions of cortactin in invadopodia.  
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6.3. Supplementary data 

 

Supplementary Figure 1. FHP Nb binding characteristics. A. ITC profiles of the complex formation between the cortactin FHP 

fragment and FHP Nb11 and Nb13. The upper panel shows heat release (µcal/sec) in function of time (min), the lower panel 

is a fitted curve for the heat release/mole of Nb in function of the molar ratio. For extracted binding parameters, see Table 

1. B. Cortactin Nbs do not cross react with HS1. The first lane contains recombinant GST-HS1 (input). The second and third 

lane (HS1 PD) show pull down (PD) of HS1 using monoclonal anti-HS1 as a positive control. Protein G sepharose and GST-

HS1 were incubated as a negative control (-ctrl). For Nb PD, recombinant V5-tagged Nbs were incubated with GST-HS1 and 

pulled down via their V5 tag. V5 agarose and GST-HS1 alone (-ctrl), and the SH3 Nb were used as a negative control. After 

western blotting, HS1 was detected with monoclonal anti-HS1, Nbs were visualized with monoclonal anti-V5.  
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Supplementary Figure 2. A-B. FHP Nb expression in SCC-61 cells. Doxycylin (DOX) dependent expression of EGFP alone 

(negative control), EGFP-SH3 Nb (positive control), EGFP-FHP Nb11 or Nb13 in SCC-61 cell lines was analyzed via SDS-PAGE 

(A) and immunostaining (B). Crude lysate with or without DOX was immunoblotted with anti-EGFP antibody, anti-cortactin or 

anti-actin (loading control). Confocal images of SCC-61 cells show EGFP-tagged Nbs (green) expression and colocalization 

with their target, cortactin (red), indicated by white arrowheads. EGFP alone (negative control) is uniformely distributed in 

cells but does not colocalize with cortactin. Scale bar, 10 µm. C. Invadopodia markers in SCC-61 cells. Parental SCC-61 cells 

were seeded on a (Cy3-) gelatin matrix and immunostained for cortactin, the Arp2/3 complex or Tks5, together with F-actin. 

Scale bar, 10 µm. D. Validation of phosphorylation specific cortactin antibodies. Cortactin phosphorylation was stimulated 

with EGF in parental SCC-61 cells, after overnight serum starvation. Lysate samples before and after EGF stimulation were 

immunoblotted with antibodies against phosphorylated Y421, Y470 or Y486. Next, blots were stripped and reprobed for total 

cortactin, and actin as a loading control. 
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7. A nanobody provides structural insights into the cortactin SH3 

domain 

7.1. Introduction 

In addition to functional experiments to unravel the role of cortactin domains in cancer cells, we aimed 

to visualize the interaction between the SH3 nanobody and its epitope, the SH3 domain, with high 

resolution. The SH3 nanobody was previously characterized and used to study the role of the cortactin 

SH3 domain in invadopodia and podosomes. In cancer cells, the SH3 nanobody prevents WIP 

recruitment and reduces invadopodia formation, MMP secretion, extracellular matrix degradation and 

invasion (Van Audenhove et al., 2014). In immune cells on the other hand, this nanobody reduces 

podosome number, disturbs podosome organization, and impairs the development of a migratory 

phenotype in macrophages (Van Audenhove et al., 2015).  

In this section, we describe a co-crystal structure of the SH3 nanobody with the cortactin SH3 domain 

and the thermodynamic parameters of this interaction. The site of SH3 nanobody interaction elucidates 

why this nanobody specifically perturbs WIP, but seems to have no effect on other interaction partners. 

Additionally, the interaction of the SH3 nanobody with two residues in the SH3 domain might explain 

the specificity for cortactin, and not for cortactin homologue HS1. 

7.2. Results 

7.2.1. The SH3 nanobody - SH3 domain structure 

The structure of the SH3 nanobody/SH3 domain complex was determined with X-ray crystallography, 

in collaboration with Aleksandra Fulara and Prof. Dr. Savvas Savvides (Department of Biochemistry and 

microbiology, Ghent University; VIB-UGent Center for Inflammation Research, Ghent, Belgium).  

The first crystallization screen provided a co-crystal structure of high quality and resolution (1.7 Å) 

(Figure 16 and Table 5). 
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Figure 16. Co-crystal structure of the SH3 nanobody/domain complex. The SH3 domain (left, blue) has a highly conserved 

structure, with 5 tightly packed antiparallel -sheets, connected by the RT, N-Src and distal loops, and a short 310 helix (red). 

The SH3 nanobody is shown at the right (green) with complementarity determining regions CDR1 (yellow), CDR2 (magenta) 

and CDR3 (orange) and framework regions (FR) 1-3. N-term, N-terminal; C-term, C-terminal. This figure was generated using 

PyMOL (Delano Scientific LLC). 

Table 5. Data collection and refinement statistics. 

 pH 4.6 pH 7.4 

Wavelength (Å) 1.00 1.00 

Resolution range (Å) 47.879 - 1.999 43.549 - 2.755 

Space group P 41 21 2 P 1 21 1 

Unit cell 70.102 70.102 184.918 90 90 90 72.573 79.356 74.669 90 90 90 

Unique reflections 32103 19956 

Completeness (%) 99.75 90.36 

R-work 0.1873 0.2297 

R-free 0.2285 0.2866 

RMS(bonds) 0.008 0.006 

RMS(angles) 1.01 1.08 

Ramachandran favored (%) 96.77 86.71 

Ramachandran allowed (%) 2.70 10.49 

Ramachandran outliers (%) 0.54 2.80 

Clash score 4.88 17.76 

 

Because this crystal was formed at pH 4.6, an additional screen was set up to generate crystals at 

physiological pH. This resulted in a second (similar) structure at pH 7.4 (Figure 17 and Table 5).  
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pH 4.6 pH 7.4 

  

Figure 17. Two crystal structures of the SH3 nanobody/domain complex at different pH. Left, the initial structure determined 

at pH 4.6 with a resolution of 1.7 Å. Right, structure at physiological pH of 7.4 with a resolution of 2.8 Å. The SH3 domain 

(left, blue) is shown with a short 310 helix (red); the SH3 nanobody is at the right (green) with complementarity determining 

regions CDR1 (yellow), CDR2 (magenta) and CDR3 (orange).Figures were generated using PyMOL (Delano Scientific LLC). 

The thermodynamic parameters of complex formation at pH 4.6 and pH 7.4 were compared by 

isothermal titration calorimetry (ITC). The KD is in the nanomolar range for both complexes (877 nM at 

pH 4.6 and 91.7 nM at pH 7.4) (Figure 18 and Table 6), which is in line with the previously reported KD 

of 74.6 nM (Van Audenhove et al., 2014).  

     pH 4.6     pH 7.4 

  

Figure 18. Thermodynamic parameters. ITC for complex formation between the SH3 domain and SH3 Nb. ITC profiles of 

cortactin SH3 domain with SH3 Nb. The upper panel shows heat release (µcal/sec) represented in function of time (min). In 

the lower panel, a fitted curve is shown for the heat release/mole of Nb as a function of molar ratio. Conditions at pH 4.6 

were 12 µM SH3 Nb with 114 µM SH3 domain in 100 mM acetate, 150 mM NaCl; or 10 µM SH3 Nb with 108 µM SH3 

domain in 20 mM HEPES, 150 mM NaCl at pH 7.4.  
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Table 6. Molecular interaction between the SH3 domain and the SH3 nanobody. Thermodynamic parameters as determined 

with ITC. N = binding stoichiometry; KD = dissociation constant; H = enthalpy change; S = entropy change; G = Gibbs free 

energy change = H – TS; T = temperature = 303.15 K. 

  pH 4,6 pH 7,4 

N 0.97 ± 0.03 0.89 ± 0.004 

KD (M) 8.8E-7 ± 8.0E-8 9.2E-8 ± 7.4E-9 

H (kcal/mol) -5.8 ± 2.5 -13.9 ± 0.1 

TS (kcal/mol) 2.6 -4.1 

G (kcal/mol) -8.4 -9.8 

 

The SH3 domain structure in complex with the SH3 nanobody is highly similar to the unbound SH3 

domain (PDB 1X69), as illustrated by their structural alignment with an RMSD = 0.74 Å (Figure 19). 

 

Figure 19. Comparison of (un)bound SH3 domains. Structural alignment of the unbound cortactin SH3 domain (pink) (PDB 

1X69) with the cortactin SH3 domain (light blue) in complex with the SH3 nanobody (green). 

7.2.2. The SH3 nanobody and WIP interaction 

The interaction of the SH3 nanobody seems to specifically disturb the interaction with WIP and prevents 

WIP recruitment, without affecting dynamin 2 or WASP (Van Audenhove et al., 2014). SH3 domains 

typically recognize ligands with proline rich motifs via three specificity pockets that are located in the 

RT- and N-Src loop, 3 sheet and 310 helix: two conserved xP pockets, and a third, negatively charged 

pocket (Mayer, 2001; Saksela and Permi, 2012). In the human cortactin SH3 domain, this corresponds 

to the conserved amino acids Tyr10 + Tyr12 + Tyr54, Trp38 + Pro51, and Glu19 (Figure 20). 
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Figure 20. SH3 domain specificity & interaction partners. Ligands typically interact with the SH3 domain (blue) via two xP 

binding pockets and a specificity pocket, formed by a negatively charged cleft. Conserved ligand binding residues are shown 

as yellow sticks. Figure was generated with PyMOL (Delano Scientific LLC). 

The SH3 nanobody does not interact the majority of the specificity zone, except for Tyr10 (> 50% buried 

surface area) and Tyr54 (< 50% buried surface area) that are part of the interaction interface (Figure 

20), nor with Trp38 (Trp525 in full length cortactin). The latter is often mutated to inhibit binding of 

SH3 interaction partners, e.g. N-WASP, WIP and dynamin (Kinley et al., 2003; Martinez-Quiles et al., 

2004; Schafer et al., 2002; Tehrani et al., 2007; Yamada et al., 2016).  

Two co-crystal structures of the cortactin SH3 domain have been published before: one in complex with 

AMAP1, one with Arg kinase (Hashimoto et al., 2006; Liu et al., 2012). Structural alignment of these 

structures shows that the interaction interface of the SH3 nanobody with the SH3 domain is away from 

the binding site of the AMAP1 or Arg peptides (Figure 21). Both peptides interact around the specificity 

zone, in contrast to the SH3 nanobody that interacts on the side of the SH3 domain.  
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Figure 21. Comparison of the cortactin SH3 domain/nanobody complex with other complexes. Structural alignment of the 

cortactin SH3 domain (light blue)/SH3 nanobody (green) complex with the co-crystal structures of the cortactin SH3 domain 

(purple)/AMAP1 peptide (orange) (PDB 2D1X) and the cortactin SH3 domain (dark blue)/Arg peptide (red) (PDB 3ULR). 

Conserved residues from the specificity zone (Tyr10, Tyr12, Glu19, Trp38, Pro51 and Tyr54) are shown as sticks (yellow). 

Figures were generated with PyMOL (Delano Scientific LLC). 

These observations can account for the specific inhibition of cortactin-WIP interaction by the SH3 

nanobody, but the apparent lack of effect on other interaction partners (Van Audenhove et al., 2014).  

7.2.3. The SH3 nanobody specifically interacts with cortactin 

The SH3 nanobody specifically interacts with the cortactin SH3 domain, and not with the SH3 domain 

of HS1 (Bertier et al., 2018; Van Audenhove et al., 2014). This can be explained by the co-crystal 

structure. Two residues in the interaction interface with more than 50% buried surface area, leucine 

(Leu9) and glutamic acid (Glu56), are substituted by valine (Val) and lysine (Lys) respectively in HS1 

(Figure 22). When the SH3 nanobody interacts with the SH3 domain, Leu9 of the SH3 domain fills a 
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pocket defined by Trp33, Arg102 and Ser105. Valine on position 9 would be too small to fill this pocket 

and establish van der Waals contacts. Glu56 from the SH3 domain forms hydrogen bonds with Trp33 

and Arg102. Substitution of glutamic acid by lysine would cause steric hindrance on the interface 

(Figure 22). 

A. B. 

 

 

  

Figure 22. SH3 nanobody/domain crystal structure explains SH3 nanobody specificity for cortactin. A. Alignment of the SH3 

domains from cortactin and HS1. Residues marked with green dots (less than 50% of buried surface area) and red diamonds 

(more than 50% of buried surface area) interact with the SH3 nanobody. Substitutions L9V and E56K can rationalize the lack 

of recognition of HS1 by the SH3 nanobody. B. Detail of the crystal structure of the SH3 domain (blue)/nanobody (green) 

complex. Leu9 (orange) of the SH3 domain fills a pocket defined by Trp33, Arg102 and Ser105 (yellow) and creates van der 

Waals contacts. Valine on position 9 would be too small to fill this pocket. Glu56 (magenta) forms hydrogen bonds (black 

dashed lines) with Trp33 and Arg102 (yellow). Substitution of glutamic acid by lysine would cause steric hindrance. Figure 

was generated using PyMOL (Delano Scientific LLC). 
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Discussion 

We used cortactin nanobodies to dissect the role of different domain-associated functions in 

invadopodia formation, dynamics and function, i.e. focal protease secretion for extracellular matrix 

degradation and invasion. Two nanobody sets, one set targeting the NTA domain, the other set 

targeting central FHP (F-actin binding repeats, helical and proline rich region), were separately 

generated and characterized. The NTA nanobodies bind the NTA domain that mediates Arp2/3 complex 

activation; the FHP nanobodies bind the F-actin binding repeats (FHP Nb11) and the proline rich region 

(FHP Nb13) that are essential for F-actin binding and post translational modification respectively 

(Figure 23).  

 

Figure 23. Schematic representation of cortactin and the different cortactin nanobody sets. A. Cortactin domain structure. 

The NTA domain interacts with and activates the Arp2/3 complex, and the ABRs mediate F-actin binding. Cortactin tyrosine 

phosphorylation occurs at residues Y421, Y470 and Y486 in the proline rich domain. The SH3 domain interacts with proline 

rich regions of WIP, N-WASP and dynamin at invadopodia. B. The NTA nanobodies inhibit Arp2/3 complex binding and 

activation. The FHP nanobodies target the FHP (F-actin binding repeats, helical and proline rich domain) region, FHP Nb11 

binds to the ABRs, FHP Nb13 interacts with the proline rich region and prevents tyrosine (Y421) phosphorylation. The SH3 

nanobody targets the SH3 domain and inhibits WIP interaction but not N-WASP or dynamin. 
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Their effect on cancer cell invadopodia was compared to the formerly characterized SH3 nanobody 

(Figure 24). In the following chapter, our observations are discussed and how this information has 

deepened our understanding of cortactin and invadopodia function. 

 

Figure 24. Overview of cortactin nanobody effects. The effect of the NTA, FHP and SH3 nanobodies on different stages of 

invadopodia formation are shown, including the underlying mechanism or cortactin domain that is involved (left panel). A 

detailed representation of the molecular structure of a mature invadopodium is shown at the right. Mature invadopodia are 

composed of branched and bundled actin filaments. Branched actin networks are formed by the Arp2/3 complex, together 

with cortactin, N-WASP and WIP. Cortactin remains associated with newly formed branches and stabilizes actin filaments. 

Stable and mature invadopodia promote focal extracellular matrix degradation, either via soluble or membrane bound MMPs.  

Cortactin NTA nanobodies 

Inhibitory cortactin nanobodies delineate the role of NTA- and SH3-domain–specific functions during 

invadopodium formation and cancer cell invasion (2017) FASEB Journal (Bertier et al., 2017).  

This paper discusses the cortactin nanobodies that target the NTA domain. Affinity measurement in 

vitro indicated that they interact with micromolar affinity. This is rather low, compared to nanomolar or 

even picomolar affinities that can be obtained (Muyldermans and Kornberg, 2013). This does however 

not necessarily imply that these nanobodies cannot compete with cortactin interaction partners: the 

cortactin-Arp2/3 complex interaction is a weak and transient interaction that is characterized by a 

dissociation constant in the micromolar range, similar to the cortactin-NTA nanobody interaction 

(Hetrick et al., 2013; Perkins et al., 2010; Uruno et al., 2001; Weed et al., 2000).  



133 

 

When the four cortactin NTA nanobodies were tested for their binding of endogenous cortactin, only 

two nanobodies, NTA Nb2 and Nb3, were able to pull down cortactin from MDA-MB-231 cell lysate. The 

lack of endogenous cortactin recognition by the other nanobodies can be explained by the fact that the 

NTA nanobodies were generated after immunization with cortactin fragment A, which contains the NTA 

domain and ABRs. Nanobodies generally bind a discontinuous and structural epitope through their 

longer CDR3 loop, and therefore fail to recognize their epitope in full length cortactin, that most likely 

has an altered 3D structure compared to recombinantly expressed cortactin fragment A (Rudolph et 

al., 2014; Saerens et al., 2004). Alternatively, their epitope can be shielded after protein folding in 

cells, or can become inaccessible due to sterical hindrance of an interaction partner.  

The NTA domain is essential for Arp2/3 complex binding and activation to assist the formation of 

branched actin networks (Uruno et al., 2001; Weaver et al., 2002). Cortactin NTA Nb2 and Nb3 

decrease cortactin-mediated Arp2/3 activation and actin polymerization (Figure 23). Our experiments 

also confirm that (1) spontaneous actin nucleation and polymerization is slow and inefficient, (2) the 

VCA domain is a more potent activator of the Arp2/3 complex compared to cortactin, and (3) maximal 

Arp2/3 complex activation only occurs when the VCA domain and cortactin are combined (Helgeson 

and Nolen, 2013; Uruno et al., 2001; Weaver et al., 2001).  

Only NTA Nb3 causes a marked decrease of cortactin-Arp2/3 complex interaction, indicating that the 

two cortactin nanobodies recognize slightly different epitopes on the NTA domain. NTA Nb3 most likely 

interacts with the conserved acidic ‘DDW’ motif that is required for Arp2/3 binding and cortactin NPF 

activity (Helgeson et al., 2014; Uruno et al., 2001); NTA Nb2 probably binds to residues outside this 

region, that do not mediate Arp2/3 binding but do have a role in synergistic Arp2/3 complex activation 

with N-WASP (Helgeson et al., 2014).  

Cortactin NTA Nb2 or Nb3 expression similarly decreases invadopodia number in the SCC-61 head and 

neck squamous cell carcinoma, but not in the MDA-MB-231 breast cancer cell line. The importance of 

Arp2/3 complex activity is confirmed by small molecule inhibitor CK-666 (Hetrick et al., 2013; Nolen 

et al., 2009). It has previously been demonstrated that invadopodia formation and composition differs 

between cell lines (Alexander et al., 2008; Chan et al., 2009; Hayes et al., 2013; Schoumacher et al., 

2010; Wang and McNiven, 2012). The cortactin SH3 nanobody decreases invadopodia number in both 

cell lines, indicating a more general role for the SH3 domain.  

Only NTA Nb3 additionally destabilizes invadopodia by decreasing their lifetime (Figure 24). It was 

previously demonstrated that the SH3 domain has no role in invadopodia stability (Van Audenhove et 

al., 2014), which is again confirmed here. The effect of NTA Nb3 on invadopodia lifetime is independent 

of Arp2/3 complex binding or activation, given the lack of effect on invadopodia lifetime by CK-666. 
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This is somewhat contradictory to the observations by Schoumacher et al., where the depletion of the 

Arp2/3 complex inhibits the formation of long living invadopodia in MDA-MB-231 cells (Schoumacher 

et al., 2010). The different observations are presumably caused by a different method for Arp2/3 

inhibition: the Arp2/3 complex was knocked down by targeting one subunit (ARPC2) with siRNA, a 

powerful technique that has successfully been applied to study protein function, that is also associated 

with off-target effects, or incomplete knockdown (Cao and Heng, 2005). The influence of NTA Nb3 can 

be explained by a possible effect on F-actin binding. Although NTA Nb3 has no detectable interaction 

with the ABRs, it could cause sterical hindrance for F-actin binding, or have an indirect effect via 

inhibition of acetylation or serine phosphorylation. However, inhibition of post translational 

modifications is not plausible: deacetylated cortactin or prevention of serine phosphorylation at the 

ABRs leads to enhanced invadopodia formation, matrix degradation and invasion, which was not 

observed here (Castro-Castro et al., 2012; Moshfegh et al., 2014; Sun et al., 2015).  

Cortactin is also associated with MMP recruitment and delivery at invadopodia: cortactin is a part of 

the exocytic machinery, together with the vesicle docking exocyst complex and VAMP7 (Artym et al., 

2006; Liu et al., 2009; Rosse et al., 2014). The cortactin nanobodies indicate that the SH3 domain is 

not involved in MT1-MMP recruitment, in contrast to the NTA domain (Figure 24). The SH3 domain 

however does link cortactin to vesicular trafficking and extracellular matrix degradation at invadopodia, 

via an interaction with dynamin 2 (Baldassarre et al., 2003; Cao et al., 2005). The SH3 nanobody only 

affects WIP recruitment, but not dynamin 2 (Figure 23) (Van Audenhove et al., 2014), which explains 

why this nanobody does not influence MT1-MMP trafficking. Arp2/3 complex activity on the other hand 

is essential for MT1-MMP recruitment to invadopodia, as illustrated by our NTA nanobodies and CK-

666, and also by others (Liu et al., 2009; Monteiro et al., 2013). 

Both nanobody sets decrease MMP secretion (Figure 24): for the NTA nanobodies, this can be linked 

to their effect on vesicular trafficking as described above; for the SH3 nanobody, this involves an 

indirect effect via decreased invadopodia formation, or via WIP interaction. WASP-interacting protein 

WIP regulates N-WASP function, and is involved in invadopodia formation and matrix degradation 

together with cortactin and N-WASP (Anton et al., 2007; Ditlev et al., 2012; Garcia et al., 2016; 

Martinez-Quiles et al., 2001). N-WASP mediates MT1-MMP stabilization via anchorage to the actin 

cytoskeleton (Yu et al., 2012). Therefore, interference with N-WASP regulator WIP could disturb MT1-

MMP activity at invadopodia, and indirectly the activation of other MMPs (Itoh et al., 2008; Toth et al., 

2003). Additionally, it has been shown that WIP deficiency is associated with decreased MMP secretion 

by podosomes of dendritic cells (Banon-Rodriguez et al., 2011).  
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Cortactin FHP nanobodies 

Nanobodies targeting cortactin helical and actin binding regions downregulate invadopodium 

formation and matrix degradation in SCC-61 cancer cells (2018) Biomedicine & Pharmacotherapy 

(Bertier et al., 2018). 

In this paper, we present the nanobodies that target the central domains of cortactin. The nanobodies 

were generated by injecting an alpaca with the cortactin FHP fragment, encompassing the F-actin 

binding repeats, the helical region and the proline rich domain. Two nanobodies were used for further 

analysis. Again, they belong to two different groups, based on their CDR sequence, and have 

dissociation constant (KD) in the high nanomolar range. One nanobody, FHP Nb11, binds to the ABRs 

and helical domain; the other nanobody, FHP Nb13, targets the proline rich region (Figure 23). The FHP 

nanobodies decrease invadopodia number, extracellular matrix degradation and invasion (Figure 24).  

The ABRs are essential for cortactin binding to actin filaments and stabilization of branched actin 

networks in vitro, and contribute to cancer cell motility (Bryce et al., 2005; Weaver et al., 2001; Weed 

et al., 2000). There is however no extensive interaction of the ABRs with actin filaments (Pant et al., 

2006); more specifically, the 4th ABR of the 6,5 tandem repeat region is essential for F-actin interaction 

(Helwani et al., 2004; Weed et al., 2000). There is no inhibitory effect on F-actin interaction by FHP 

Nb11, suggesting that the epitope of FHP Nb11 does not comprise the 4th ABR. Alternatively, FHP Nb11 

could perturb serine phosphorylation at the ABRs or helical region (De Kimpe et al., 2009; Eiseler et 

al., 2010; Moshfegh et al., 2014), (de)acetylation of several residues throughout the ABR (Castro-

Castro et al., 2012; Sun et al., 2015; Zhang et al., 2009), or calpain cleavage (Huang et al., 1997b; 

Perrin et al., 2006). Previously, it has been shown that nanobodies are indeed able to shield their target 

protein from proteolytic activity (Van Overbeke et al., 2014; Van Overbeke et al., 2015).  

In the second functional experiment, cortactin phosphorylation status after EGF stimulation was 

examined. EGF is a well-known inducer of cortactin tyrosine phosphorylation by Src and Arg kinases, at 

residues Y421, Y470 and Y486 (DesMarais et al., 2009; Huang et al., 1998; Mader et al., 2011). We 

show that FHP Nb13 expression significantly decreases tyrosine phosphorylation of Y421, but not Y470 

or Y486. Cortactin phosphorylation releases cofilin that can now create barbed ends for Arp2/3-

mediated actin polymerization via its actin severing activity (Oser et al., 2009). Additionally, this creates 

an interaction site for SH2 domain proteins, e.g. Arg and Src kinase, Vav2 or Nck. During invadopodium 

formation, the adaptor protein Nck recruits N-WASP and WIP and activation of Arp2/3 complex activity 

(Lapetina et al., 2009; Okamura and Resh, 1995; Oser et al., 2010; Tehrani et al., 2007). RhoGEF 

Vav2 recruits RhoGTPase Rac3 and promotes invadopodia maturation (Donnelly et al., 2017; 
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Rosenberg et al., 2017). Cortactin phosphorylation also has an effect on interaction partners of the 

SH3 domain, for example on dynamin for MT1-MMP or receptor trafficking (Rosse et al., 2014; Zhu et 

al., 2007), or on CD2AP for EGFR endocytosis (Lynch et al., 2003). Interference with Y421 

phosphorylation by FHP Nb13 can be sufficient to perturb invadopodia formation or maturation: Vav2 

has the highest affinity for phosphorylated Y421 (Rosenberg et al., 2017), and mutation of Y421 is 

sufficient to inhibit Nck recruitment, matrix degradation and invasion (Ayala et al., 2008; Oser et al., 

2010).  

The proline rich region is also targeted by serine/threonine kinases, e.g. Erk1/2 and PAK1, that 

phosphorylate residues S405 and S418 upon EGF stimulation (Campbell et al., 1999; Grassart et al., 

2010; Kelley et al., 2010). This increases SH3 domain accessibility, possibly via the formation of an 

open cortactin structure, leading to enhanced N-WASP binding and Arp2/3 complex activation 

(Martinez-Quiles et al., 2004). Serine/threonine kinases and serine phosphorylated cortactin are 

enrinched at invadopodia and promote proteolytic activity (Ayala et al., 2008; Bowden et al., 1999; 

Kelley et al., 2010). FHP Nb13 can possibly have an effect on serine phosphorylation, given the close 

proximity of the serine residues to Y421.  

Cortactin SH3 nanobody: structural insights 

The interaction between the SH3 nanobody and cortactin SH3 domain was visualized into detail by 

means of X-ray crystallography. This co-crystal structure helps to rationalize two previous observations 

with the SH3 nanobody: the specific interaction of the SH3 nanobody with cortactin and not with 

cortactin homologue HS1, and the interference of cortactin-WIP interaction (Van Audenhove et al., 

2014). 

The specificity of the SH3 nanobody for cortactin is strikingly high; for example, the SH3 nanobody does 

not cross react with the SH3 domain of HS1 (Bertier et al., 2018; Van Audenhove et al., 2014), the 

cortactin homologue in hematopoietic cells, which has 86% amino acid sequence similarity or 71% 

identity with the SH3 domain of cortactin (Kitamura et al., 1989; van Rossum et al., 2005). SH3 

nanobody specificity is additionally confirmed by using this nanobody as primary antibody on western 

blot (Bertier et al., 2018). Based on the co-crystal structure, specificity of the SH3 nanobody for the 

cortactin SH3 domain can be explained by the substitution of 2 amino acids, i.e. leucine to valine, and 

glutamic acid to lysine. This high level of specificity was unexpected, but is not unprecedented. For 

example, an EGFP-specific nanobody does not cross react with other fluorescent proteins, despite 78% 

sequence identity (Fridy et al., 2014).  



137 

 

The SH3 nanobody seems to affect cortactin-WIP interaction, but not the interaction of other proteins 

that are involved in cancer cell migration and invasion, e.g. WASP family proteins or dynamin 

(Baldassarre et al., 2003; DesMarais et al., 2009; Rosse et al., 2014; Van Audenhove et al., 2014). 

This is in contrast to UCS15A, a small compound that was reported to block the interaction between 

the cortactin SH3 domain and the proline rich region of AMAP1 (Hashimoto et al., 2006). UCS15A does 

however also affect other SH3 domain-mediated interactions, e.g. ZO1, Nck1, Src and Grb2 (Hashimoto 

et al., 2006; Oneyama et al., 2002). This level of specificity by the SH3 nanobody can be explained by 

its interaction site, which is away from the specificity zone and Trp38 (Trp525 in full length cortactin), 

a residue that is essential for the interaction with the proline rich domains of many proteins, for 

instance N-WASP, WIP and dynamin (Kinley et al., 2003; Martinez-Quiles et al., 2004; Schafer et al., 

2002; Tehrani et al., 2007; Yamada et al., 2016). The specificity zone on the other hand mediates the 

interaction with proline rich domains (Saksela and Permi, 2012). The co-crystal structure of the 

cortactin SH3 domain with other interaction partners shows that AMAP1 and Arg interact around this 

specificity zone (Hashimoto et al., 2006; Liu et al., 2012). The location of the interaction site of the 

SH3 nanobody, away from the specificity zone or Trp38, might therefore explain why this nanobody 

specifically interferes with cortactin interaction partners. Other, non-conserved residues in the RT- and 

N-Src loop can also contribute to ligand binding specificity, for example for specific Hck-SH3 binding to 

Nef, or for the Vav-SH3 interaction with Grb2 (Hiipakka and Saksela, 2007; Nishida et al., 2001). This 

indicates that residues outside the specificity pockets are also involved in fine tuning of specific ligand 

binding; therefore, binding of a nanobody outside the specificity zone can have a selective effect on an 

interaction partner. Moreover, this reveals the essential residues for WIP interaction.  

General conclusion & future prospects 

The essential role of cortactin in cancer motility, aggressiveness and metastasis has repeatedly been 

shown, but the conflicting results were reported on the role of different cortactin domains (Kowalski et 

al., 2005; Magalhaes et al., 2011; Oser et al., 2009; Webb et al., 2007). The purpose of this project 

was to analyze the role of different cortactin domains and functions by means of three nanobody sets.  

All nanobodies interact with recombinant cortactin or cortactin fragments in vitro. When they are 

expressed as EGFP-tagged intrabodies, all cortactin nanobodies are able to trace and bind endogenous 

cortactin. For the first time, we were able to investigate the role of individual cortactin domains in 

invadopodia formation and function, at endogenous protein level. Our data reveal that all cortactin 

domains, i.e. the NTA domain, ABRs, proline rich and SH3 domain, are essential for invadopodia 

formation. Inhibition of one of cortactin domain always causes a reduction of invadopodia number, 

matrix degradation or invasion capabilities.  
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However, some nanobodies elicited slightly different effects on invadopodia, indicating that different 

cortactin domains are involved at different stages of invadopodia formation. For example, NTA Nb3 

decreases invadopodia stability, which is not affected by the SH3 nanobody; or the NTA nanobodies 

affect MT1-MMP recruitment while the SH3 nanobody does not. The effect of the FHP nanobodies on 

invadopodium stability or MMP recruitment and secretion remains to be tested.  

Our three nanobody sets perturb diverse cortactin functions: the NTA nanobodies inhibit Arp2/3 

activation, an FHP nanobody prevents cortactin tyrosine phosphorylation and the SH3 nanobody 

hinders WIP interaction. However, the action of one FHP nanobody that interacts with the ABRs and 

helical domain, remains to be elucidated. Effects on (serine) phosphorylation, acetylation or calpain 

cleavage can be demonstrated or ruled out by an in vitro calpain cleavage assay or 

acetylation/phosphorylation assays in cell lines (De Kimpe et al., 2009; Martin et al., 2006; Perrin et 

al., 2006; Sun et al., 2015). Additional experiments can demonstrate a potential effect of FHP Nb13 

on Nck or Vav2 interaction (Oser et al., 2010; Rosenberg et al., 2017), on serine phosphorylation at 

the proline rich domain (Kelley et al., 2010), or an indirect effect on SH3 domain interaction partners, 

e.g. N-WASP or dynamin (Martinez-Quiles et al., 2004; Zhu et al., 2007). Furthermore, the effect of the 

SH3 nanobody on cortactin interaction partners that are involved in invadopodia formation and 

invasion can be investigated in more detail, for example using a mass spectrometry approach (Pleiner 

et al., 2015; Rothbauer et al., 2008; Van Impe et al., 2013). The effect of cortactin nanobodies on 

interaction partners and post translational modifications would increase our understanding of how the 

cortactin nanobodies affect invadopodia and cancer cell invasion. 

The NTA nanobodies revealed a cell line-specific dependence on cortactin-mediated Arp2/3 activation 

for invadopodia formation. This probably reflects a general difference in Arp2/3 dependence between 

HNSCC and breast cancer cells, as illustrated by small molecule Arp2/3 inhibitor CK-666. It remains 

to be determined whether this difference also exists for invadopodia function and invasion, and 

whether this heterogeneity can also be observed with the FHP nanobodies. Therefore, the effect of the 

FHP nanobodies on invadopodia should be studied in additional cancer cell lines, and different cancer 

cell lines should be tested for an effect on cancer cell invasion. Different cancer cell lines were reported 

to have different invadopodia structure and signaling pathways (Hayes et al., 2013; Schoumacher et 

al., 2010), which is supported by our observations. It would be of great interest to study the effect of 

cortactin nanobodies on invadopodia ultrastructure and dynamics with super-resolution resolution 

imaging techniques to unravel the role of cortactin and branched actin networks (Ashdown et al., 2017; 

Leyton-Puig et al., 2016), similar to studies in yeast and imaging of podosomes (Arasada et al., 2018; 

Shirai et al., 2017). Moreover, fluorescently labeled nanobodies can be applied as a detection agent 

of endogenous protein for super-resolution microscopy (Mikhaylova et al., 2015; Pleiner et al., 2015). 
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The effect and localization of cortactin nanobodies in different cancer cell lines will elucidate the role 

of particular cortactin domains and functions during invadopodia formation and invasion. This is not 

only interesting from an academic point of view, but this will also help to predict which tumor type is 

the most sensitive to therapeutic cortactin inhibition.  

Cortactin nanobodies can also be used to deepen our understanding of cortactin function on 

endogenous protein level in invadopodia in other cell lines and tumor types. Besides invadopodia 

formation, cortactin is also involved in other cancer motility-related processes, including lamellipodia 

formation during directional cell migration, growth factor internalization, MT1-MMP vesicle trafficking 

and exosome secretion (Bryce et al., 2005; Hoshino et al., 2013b; Monteiro et al., 2013; Sinha et al., 

2016; Timpson et al., 2005). Although cortactin has an undeniable role in cancer motility, nanobodies 

can help to elucidate the role of individual cortactin domains in the aforementioned processes, for 

example, the cortactin nanobodies are now being used to study the role of cortactin in exosome 

secretion by cancer cells (Beghein et al., in preparation).  

The SH3 nanobody does not cause a major cell line-specific effect, pointing to a more general role for 

the cortactin-WIP interaction in invadopodia, although more cell lines should be tested to justify this 

statement. Obviously, cancer cell lines are a simplified tumor model that is useful for high throughput 

screens (Barretina et al., 2012; Garnett et al., 2012), but they lack a tumor microenvironment, 

composed of immune cells, extracellular matrix, blood and lymph vessels. The tumor microenvironment 

can affect drug sensitivity and therapeutic efficacy, therefore cortactin nanobodies should be tested in 

a more complex environment for a more complete preclinical assessment of their therapeutic value in 

different tumor types, for example in an in vitro 3D invasion models or co-culture assays (Katt et al., 

2016; Mi et al., 2016), or an in vivo orthotopic mouse model (McMillin et al., 2013).  

Nanobodies with an anti-metastatic effect in preclinical assays can be suitable for therapeutic 

application. Accurate and precise delineation of the nanobody epitope on cortactin can serve as a basis 

for a pharmacophore model for the rational design of a cortactin inhibitor (Muyldermans and Kornberg, 

2013; Perez-Martinez et al., 2010; Vercruysse et al., 2013). Therefore, we determined the SH3 

nanobody/domain co-crystal structure. The SH3 nanobody was the first cortactin nanobody to be 

extensively characterized and its effect on invadopodia formation, dynamics and function has been 

demonstrated in multiple reports (Bertier et al., 2017; Bertier et al., 2018; Van Audenhove et al., 2014). 

The co-crystal structure gives an explanation for SH3 nanobody specificity and points out essential 

amino acids for SH3 domain interaction partners. Structural analysis of NTA and FHP nanobody 

epitopes would be useful to define the key residues for their interaction, and to increase our 
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understanding of, for example, cortactin-Arp2/3 complex interaction and how Arp2/3 interaction and 

activation is affected by the NTA nanobodies.  

Structural information on the nanobody interaction site can reveal the residues or ‘hot spots’ in the 

otherwise flat and featureless contact area that should be targeted by a small molecule inhibitor of 

cancer cell motility and metastasis (Clackson and Wells, 1995; Ray-Coquard et al., 2012; Vercruysse 

et al., 2013). The regulation and activity of cytoskeletal proteins is often based on protein-protein 

interactions (PPIs), and they lack for example a well-defined active site that could be targeted by an 

inhibitor (Sheng et al., 2015). Although PPIs were thought to be undruggable, PPI inhibitors are now in 

clinical trials. For example inhibitors of p53-MDM2 interaction restored p53 transcriptional activation 

of target genes, which is associated with clinical activity in a phase 1 study in patients with relapsed or 

refractory leukemias (Andreeff et al., 2016; Lakoma et al., 2014; Ray-Coquard et al., 2012). Phase 2 

and phase 3 clinical trials are now ongoing. Moreover, a small molecule that inhibits fascin-actin 

interaction and fascin bundling activity is now in a phase 1 clinical trial (Han et al., 2016; Huang et al., 

2015).  

It is also important to keep in mind that there is a high level of redundancy between actin binding 

proteins. For example, two proteins from the gelsolin superfamily, gelsolin and supervillin, have 

redundant roles in invadopodia and podosome function, i.e. extracellular matrix degradation 

(Bhuwania et al., 2012; Crowley et al., 2009). This was confirmed in invadopodia by the absence of an 

effect of gelsolin nanobodies on podosome formation function in macrophages (De Clercq et al., 

2013a). Conversely, two actin bundling proteins, fascin and L-plastin, that are both present in 

invadopodia, were shown to have non-redundant roles in invadopodia and filipodia in cancer cells (Van 

Audenhove et al., 2016). However, no redundant roles have been reported for cortactin in cancer cells 

and invadopodia (Ayala et al., 2008; Van Audenhove et al., 2014). 

Another factor that can hamper the development of cytoskeletal protein inhibitors is the identification 

of potential inhibitory compounds. Actin binding proteins are often multidomain proteins that integrate 

different inputs to regulate the cytoskeleton, e.g. cortactin, N-WASP or Tks5 (Ayala et al., 2008; Stylli 

et al., 2009; Yamaguchi et al., 2005). First, it is crucial to define and validate the site or domain that 

should be targeted by an inhibitory compound for a maximal therapeutic effect. Next, high throughput 

screens are often used to identify small molecules that bind a given target. Interaction of a compound 

with a target can be measured using biochemical techniques including mass spectrometry, NMR, ITC 

or SPR (Nero et al., 2014). However, this approach can lead to very low hit rates when large collections 

of compounds are screened for PPI inhibitors, compared to classical targets. PPIs are characterized by 

a large hydrophobic contact area, that has a different amino acid composition compared to hydrophilic 
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binding pockets of enzymes. Recent and future efforts focus on the design of PPI-oriented libraries, 

based on increasing knowledge of PPIs and PPI inhibitors (Milhas et al., 2016; Nero et al., 2014). 

Additionally, the 3D structure of a protein complex can assist in structure-based design of a compound, 

complementary to high throughput screening (van Montfort and Workman, 2009). This underlines the 

relevance of the SH3 nanobody/domain co-crystal structure. Next, the impact of compounds on the 

PPI must be addressed. Standard methods can be used, e.g. fluorescence polarization, FRET or ELISA. 

However, the effects of a compound on protein fragments or protein domains used in these assays are 

not always confirmed with the full length protein. Moreover, these assays lack the complex 

environment, e.g. cofactors, membranes and multiprotein complexes, that are often involved in PPI 

formation (Ivanov et al., 2013; Nero et al., 2014). Cell-based 2D and 3D high throughput screens are 

now being developed for drug discovery (Langhans, 2018). Although the development, optimization 

and data analysis can still be challenging, costly and time consuming, there is an increasing number 

of reports on the use of cell based assays in high throughput screening (Evensen et al., 2013; Gough 

et al., 2011; Langhans, 2018; Timm et al., 2013; Zhang et al., 2012). 

This indicates that PPIs are druggable, and that cytoskeletal proteins can be therapeutically targeted 

by small molecule inhibitors for the inhibition of cancer cell metastasis.  

Overall, this project aimed to scrutinize the role of cortactin in invadopodia and cancer cell invasion. 

We generated and characterized cortactin nanobodies against different cortactin domains and 

functions. Three nanobody sets targeting four cortactin regions were shown to function in vitro and in 

vivo as potent tracers of cortactin and inhibitors of cortactin function in invadopodia.  
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