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Discoidin domain receptor 1 (DDR1) is a member of the receptor tyrosine kinase (RTK) 

family, and binds to collagen in the extracellular matrix (ECM). It therefore plays an 

important role in relaying information from outside the cell to intracellular components. 

Accordingly, DDR1 contributes to many cellular processes including migration and 

differentiation amongst others. In malignant states, cell-matrix interactions are often 

deregulated, resulting in the pro-invasive phenotype characteristic of tumours. Increased 

DDR1 expression is a negative prognostic marker for many cancers, however the 

molecular mechanisms are not fully understood. Interestingly, novel ligand-independent 

roles of DDR1 have recently emerged that potentially implicate the receptor at epithelial 

cell contacts. In this thesis, I show that during new keratinocyte contact formation, DDR1 

is recruited after E-cadherin. In contrast to previous literature, DDR1 does not form a 

complex with E-cadherin, and distinct separate clusters of DDR1 and E-cadherin are 

observed at mature cell contacts. DDR1 depletion decreases the junctional E-cadherin 

and actin levels during cell contact formation. This phenotype is independent of actin 

recruitment to clustered E-cadherin receptors. Actin thin bundles are also visibly 

disrupted during contact formation with DDR1 depletion, which is further linked to a 

reduction in Rho-ROCK signalling and actomyosin contractility. Not only are the levels of 

phosphorylated myosin light chain and myosin phosphatase reduced, but ROCK1 levels 

are also reduced by DDR1 knockdown, suggesting that DDR1 has a regulatory role 

upstream of ROCK1. Preliminary experiments demonstrate potential binding between 

DDR1 and some members of the catenin protein family, however the significance of 

these interactions requires further investigation. Data collected from keratinocytes and a 

series of lung cancer cell lines, suggest that E-cadherin-mediated cell contacts inhibit 

collagen-mediated DDR1 activation, possibly by preventing DDR1 ligand accessibility. 

Overall, my results suggest that DDR1 stabilizes epithelial cell contacts through 

regulation of actomyosin contractility. 
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1. Introduction 
 

Cell adhesion is vital for the architecture of all tissues. The integrity of adhesive contacts 

is crucial throughout multiple biological processes, including developmental remodelling, 

homeostasis and wound healing (Schock & Perrimon 2002; Gumbiner 2005). Comprised 

of intercellular adhesions and attachments to collagenous matrix, adhesive forces must 

therefore be dynamic, as well as stable, to actively respond to multi-directional signalling 

cues. Cells have evolved various junctional complexes including adherens junctions 

(AJs), tight junctions (TJs), desmosomes and cell-matrix adhesions to serve specialized 

functions (Farquhar & Palade 1963). Excluding desmosomes, the other complexes are all 

intimately linked with the actin cytoskeleton, a master controller of cell behaviour. The 

ability of AJs and TJs to form strong adhesions is vital for establishing epithelial 

morphology (Wang & Margolis 2007; Gumbiner 2005). While AJs create strong 

mechanical links between cells, TJs form a physical barrier to prevent diffusion of 

proteins and lipids between cells. Cell-matrix adhesions are comprised of various 

receptors binding to the extracellular matrix (ECM), such as the well-known family of 

matrix-binding Integrin receptors (Campbell & Humphries 2015). Another family of cell-

matrix receptors are the Discoidin Domain Receptors (DDRs), a subfamily of collagen 

binding molecules growing in significance and importance for pathological diseases 

(Leitinger 2014). Despite a complex network of signalling circuitry between mediators of 

cell-matrix adhesion and cell-cell adhesion (see review, Brunton et al. 2004), the loss of 

cell adhesion is considered a hallmark of tumour progression, and an invasive phenotype 

frequently correlates with the loss of cell adhesion receptors (see review, Canel et al. 

2013). Mechanisms into the concerted regulation of cell adhesion are thus an area of 

considerable interest.  
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1.1. Cadherin adhesion receptors 

AJs are held together by members of the classical cadherin protein family; calcium-

dependent type-I transmembrane proteins (see review, Gumbiner 2005). There are 

approximately 20 members in the classical subfamily, including E-cadherin, N-cadherin 

and P-cadherin. Despite ubiquitous expression, the cadherins have specific tissue 

distribution. For example E-cadherin is expressed in epithelial cells, whilst N-cadherin is 

found in neuronal cells as well as some mesenchymal tissues (Niessen et al. 2011). All 

classical cadherins share the same domain architecture; an N-terminal extracellular 

region that mediates binding to other cadherins, a transmembrane domain and finally a 

C-terminal cytoplasmic tail (Figure 1.1A) (Harrison et al. 2011).  

 

As well as providing a structural ‘scaffold’ for adhesive interactions, cadherin complexes 

are dynamic signalling centres that respond to bi-directional signalling from external and 

internal cues (Takeichi 2014). Classical cadherins lack intrinsic enzymatic activity, 

therefore all signalling requires binding of additional adaptor proteins to the cadherin 

cytoplasmic tail. The most studied of these are the catenin protein family, discussed 

further in section 1.2. Cadherin function is essential for cell adhesion as illustrated by 

knockout studies. Mice with E-cadherin knockout exhibit lethality at a very early stage 

during embryogenesis, failing to develop past the trophectoderm stage (Larue et al. 

1994; Ohsugi et al. 1997). Conditional E-cadherin knockout in skin results in epidermal 

hyperproliferation (Tinkle et al. 2004), loss of hair follicles (Young et al. 2003), as well as 

failure of the epidermis to prevent water loss through improper localization of key TJ 

proteins (Tunggal et al. 2005). Interestingly, it is suggested that classical cadherins can 

compensate for each other, as P-cadherin becomes upregulated upon E-cadherin 

depletion (Tinkle et al. 2004). A subsequent study depleting both P-cadherin and E-
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cadherin from the epidermis shows a stronger phenotype with complete loss of cell-cell 

adhesion (Tinkle et al. 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. The cadherin adhesive complex 
A. Cadherin-catenin-actin interactions at adhesive junctions. The cadherin transmembrane protein 
consists of 5 repeating subunits in the extracellular domain. The intracellular C-terminal tail binds to p120-
catenin at the membrane-proximal region, and beta-catenin which mediates binding to alpha-catenin. 
Vinculin can also be recruited however the precise molecular interactions are unknown. Alpha-catenin 
and vinculin mediate direct binding to actin filaments which are cross-linked by myosin II and EPLIN. 
Actomyosin contractility is mediated by myosin II under active Rho-ROCK signalling. This diagram is 
representative of a punctate AJ where the actin filaments lie perpendicular to the plasma membrane 
(Image is adapted from Nature review, Takeichi 2014 with permission). B. Structure of cadherin 
extracellular (EC) domains engaged in cis and trans interactions. N-cadherin EC domains 1-5 based on 
crystal structures. Cis interactions occur via the interface of EC1 and EC2 domains. Trans interfaces are 
mediated by strand swapping between residues of the EC1 domains (Image adapted from Trends in Cell 
Biology review, Brasch et al. 2012 with permission).  
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The classical cadherin extracellular region has intrinsic properties that are crucial for the 

functionality of these proteins as adhesive molecules. They must be able to transmit 

forces as well as resist dissociating forces due to mechanical stress across tissues 

(Leckband & de Rooij 2014). The extracellular region consists of 5 repeating protein 

domains, each with about 110 residues, called ‘E-cadherin extracellular’ (EC) domains 

(Overduin et al. 1995). Between each EC domain are calcium-binding sites essential for 

establishing an ‘active’ conformation of the entire extracellular region (Pokutta et al. 

1994). Once active, cadherins can form homophilic interactions with cadherins on 

opposing cell membranes. The precise mechanism of these homophilic interactions has 

been scrutinized in detail using crystallographic analyses and point mutation studies 

(Brasch et al. 2012). It is generally accepted that trans binding between cadherin 

monomers initiates their interaction (Zhang et al. 2009). This involves ‘strand-swapping’ 

between residues at the EC1 domains of opposing monomers. Once this interaction is 

stabilized, it triggers cis interactions between the EC1 and EC2 interface of adjacent 

trans-dimers (Harrison et al. 2011; Wu et al. 2010). The additive result is therefore a 

‘zipper-like’ effect, where E-cadherin trans-dimers form cis interactions, gradually pulling 

the membranes of neighbouring cells together. Crystallographic studies have managed to 

produce lattice structures of recombinant cadherin extracellular domains, comprising a 

mix of cis and trans interactions (Harrison et al. 2011) (Figure 1.1B).  

 

However emerging evidence tells us that cadherin clustering is not only driven by EC 

domain interactions, as cadherin mutant ‘tail-less’ clusters have life-times in the range of 

a few seconds (Hong et al. 2013). Many studies have postulated that cadherin clustering 

requires essential interactions with the actin cytoskeleton via its intracellular tail (Yap et 

al. 1997; Yap et al. 1998). Recently, an in-depth study using super-resolution microscopy 

techniques provides even more detail on cadherin clustering, demonstrating formation of 
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loose E-cadherin clusters containing five molecules that formed independent of cis or 

trans interactions (Wu et al. 2015). The authors propose that E-cadherin is delimited by 

cytoskeletal filamentous actin (F-actin), through a “diffusion trap” that nucleates initial 

interaction between monomers. The findings of this study confirm the previous idea that 

actin acts as a ‘corral’, guiding the movement of E-cadherin molecules into clusters 

(Zhang et al. 2009; Kusumi et al. 1999; Sako et al. 1998).  

 

1.2. Cadherin-actin interactions 

Actin is essential for cadherin organization and adhesion strength (Cavey et al. 2008). 

Coupling between actin filaments and cadherin receptors is therefore regulated on many 

levels, involving many interactions with different proteins. Whilst some of these proteins 

interact directly with cadherins, the majority involve indirect substoichiometric binding that 

is highly dependent on cellular context (Ratheesh & Yap 2012). In epithelial cells, three of 

the main E-cadherin protein adaptors are from the catenin protein family: α-catenin, β-

catenin and p120-catenin (Figure 1.1A). Whilst p120-catenin is directly bound to the 

membrane-proximal cytoplasmic tail of E-cadherin (Hayakawa et al. 1995; Yap et al. 

1998), α-catenin is bound indirectly via a β-catenin mediated scaffold (Huber & Weis 

2001; Aberle et al. 1994). As α-catenin can directly bind to the actin cytoskeleton (Rimm 

et al. 1995; M. Ozawa 1998; M Ozawa 1998; Chen et al. 2015), it was initially thought 

that β-catenin was ultimately responsible for connecting E-cadherin receptors with the 

actin cytoskeleton (see review, Gates & Peifer 2005). However more recent evidence has 

shown that E-cadherin-actin physical associations are a tension-sensitive process 

requiring external forces (Buckley et al. 2014). This follows on from studies that failed to 

reconstitute the cadherin-catenin-actin complex from purified proteins in solution 

(Yamada et al. 2005). Alpha-catenin has many other binding partners in addition to the 
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cadherin-catenin complex, including EPLIN (Taguchi et al. 2011) and vinculin (Watabe-

Uchida 1998; Thomas et al. 2013), both of which are recruited to cell contacts in a force-

dependent manner. More recent studies have shown fundamental conformational 

changes within α-catenin that are crucial in governing its interaction with vinculin and its 

overall function as a force transducer (Yao et al. 2014; Kim et al. 2015). The importance 

of α-catenin is clearly seen in knockout studies where α-catenin loss in surface 

epithelium causes dramatic defects in epidermal morphogenesis and polarity, with 

keratinocytes not forming proper cell contacts (Vasioukhin et al. 2001). Interestingly, this 

α-catenin-knockout phenotype was likened to effects seen by the double knockdown of 

E-cadherin and P-cadherin in another study (Tinkle et al. 2008).  

 

1.2.1. Actin dynamics 

AJs are also dynamic sites of actin polymerization (see review, Ratheesh & Yap 2012). 

There is overwhelming evidence that depletion of actin regulatory proteins, or disruption 

with actin depolymerizing drugs results in defective adhesion (Tang & Brieher 2012; 

Verma et al. 2012; Verma et al. 2004; Yamazaki et al. 2007), illustrating that actin 

turnover is crucial for the stability of cell-cell adhesion. Upon E-cadherin homophilic 

binding, new actin polymerization is initiated by the actin-related protein 2/3 (Arp2/3) 

complex, which becomes recruited to adhesive contacts (Kovacs et al. 2002). Depletion 

of Neural Wiskott-Aldrich syndrome protein (N-WASP) or cortactin which are activators of 

Arp2/3 mediated nucleation, inhibits actin polymerization, disrupting proper AJ formation 

(Verma et al. 2004; Helwani et al. 2004). Interestingly, depletion of N-WASP disrupts 

actin bundles without compromising actin nucleation, implying that this protein may have 

additional Arp2/3 independent roles in actin reorganization (Kovacs et al. 2011). A more 

recent study illustrates that actin polymerization mediates contraction together with 

myosin II, (see section 1.4), and condenses E-cadherin clusters at both lateral and apical 
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AJs, whilst actin depolymerization increases oscillatory movement of clusters, providing 

evidence that actin polymerization is also linked to junctional tension (Wu et al. 2014). 

Less is known about actin disassembly or depolymerization, but proteins identified in this 

process include ADF/Cofilin (Bravo-Cordero et al. 2013; Andrianantoandro & Pollard 

2006), and non-muscle myosin II (Murrell & Gardel 2012; Haviv et al. 2008).  

 

1.3. Regulation of the cadherin adhesion complex 

1.3.1. Regulation by phosphorylation 

Stability of the cadherin-catenin complex is largely governed by protein kinases (see 

review, Nelson 2008). Phosphorylation sites within the cadherin cytoplasmic tail are 

responsible for regulating interactions between the cadherin tail and catenin adaptor 

proteins. This is particularly evident in the case of cadherin-β-catenin interactions. In 

addition to β-catenin acting as a ‘bridge’ between α-catenin and cadherins, it also 

functions as a transcriptional co-activator in the Wnt signalling pathway, where it controls 

cell fate determination (Polakis 2000). E-cadherin indirectly regulates this process, as 

binding to β-catenin inhibits its translocation to the nucleus (Orsulic et al. 1999). Three 

key residues in the cadherin tail, Ser684, Ser686 and Ser692, are phosphorylated by 

Casein kinase 2 (CK2) and glycogen synthase kinase 3β (GSK3β). Phosphorylation at 

these sites increases binding of cadherin to β-catenin, strengthening their interaction and 

thus cell-cell adhesion (Huber & Weis 2001; Lickert et al. 2000). Inversely, 

phosphorylation of β-catenin residues Tyr489 by Abl kinase (Rhee et al. 2007), or Tyr654 

by Src kinase (Piedra et al. 2001) has been shown to disrupt its binding to cadherins 

(Lilien et al. 2002). The receptor tyrosine kinase (RTK) epidermal growth factor receptor 

(EGFR) was also shown to phosphorylate β-catenin, and thus weaken its interaction with 

E-cadherin (Hoschuetzky et al. 1994). There is evidence that phosphorylation of β-
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catenin also regulates its interaction with other signalling molecules. For example, 

phosphorylation of β-catenin at Tyr142 was shown to reduce its binding affinity to α-

catenin (Lilien et al. 2002; Piedra et al. 2003).  

 

Another key regulator of the cadherin adhesion complex is p120-catenin. The role of 

p120-catenin is primarily to regulate the turnover of E-cadherin at the membrane (Davis 

et al. 2003). It does this by competitively binding with other proteins that constitutively 

target the cadherin for ubiquitination or degradation, such as Hakai (an E3 ubiquitin 

ligase) or Presenilin-1 (Fujita et al. 2002; Baki et al. 2001). Cadherin-p120-catenin 

interactions are also regulated by phosphorylation (Roura et al. 1999; Mariner et al. 

2001). There are some reports which suggest p120-catenin is not essential for cell 

adhesion in Drosophila (Myster et al. 2003; Pacquelet et al. 2003) or Caenorhabditis 

elegans (Pettitt et al. 2003). However in mammalian cells, the other catenin proteins are 

rapidly degraded in the absence of p120-catenin, suggesting a vital role for p120-catenin 

in this context (Davis et al. 2003). Aside from regulating E-cadherin turnover, p120-

catenin is also thought to regulate Rho guanosine triphosphatases (GTPases) 

(Anastasiadis et al. 2000; Anastasiadis & Reynolds 2001), members of the Ras 

superfamily of small GTPase proteins (Menke & Giehl 2012). Rho GTPases are crucial 

modulators of the actin cytoskeleton and AJs (Fukata & Kaibuchi 2001) (see next section 

1.3.2), highlighting the essential regulatory role of p120-catenin.  

	  

1.3.2. Regulation by Rho GTPases  

Other proteins essential for AJ regulation are the family of Rho GTPases. To-date, there 

are approximately 20 Rho GTPase members, however the three most studied are RhoA, 

Rac1 and Cdc42, known for their pivotal role in actin filament organization of stress 

fibres, lamellipodia and filopodia respectively (Ridley & Hall 1992; Ridley et al. 1992; 
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Nobes & Hall 1995). Experiments conducted in the 1990s, showed that RhoA, Rac1 and 

Cdc42 are sequentially activated in fibroblasts (Ridley & Hall 1992; Nobes & Hall 1995). 

This sequential relationship, together with their distinct spatial localization, is believed to 

ultimately co-ordinate cell movement by the actin cytoskeleton. However in addition to 

their fundamental role in actin organization, the Rho GTPases are also involved in 

multiple other processes. To name a few, these include regulation of cell-cell adhesion, 

cell polarity, gene transcription, microtubule dynamics and vesicular transport pathways 

(see review, Etienne-Manneville & Hall 2002). Rho GTPases function as molecular 

switches, cycling between an inactive GDP-bound state and an active GTP-bound state 

(Boguski & McCormick 1993). Three classes of proteins regulate their activation state: 1) 

guanine nucleotide exchange factors (GEFs), which promote the exchange of GDP for 

GTP 2) GTPase-activating proteins (GAPS), which enhance the intrinsic hydrolysis of 

GTPases and 3) Rho GDP dissociation inhibitors (Rho GDIs) which inhibit the 

dissociation of GDP. These regulators are fundamental in governing the spatio-temporal 

activation of Rho GTPases (see review, McCormack et al. 2013). Importantly, once Rho 

GTPases are in their active state, they are able to bind to a multitude of different effector 

proteins, thereby activating distinct signalling pathways (Fukata & Kaibuchi 2001; Bishop 

& Hall 2000; Braga & Yap 2005).  

 

The importance of Rho GTPases in cell adhesion can be demonstrated by their activation 

and localization at cell contacts (Braga 2000; Yamada & Nelson 2007). Active GTP-

bound Rac1 and Cdc42 localize with E-cadherin at cell contacts in Madin-Darby Canine 

Kidney (MDCK) cells (Kuroda et al. 1997; Takaishi et al. 1997; Nakagawa et al. 2001). 

Rac1 is specifically activated upon homophilic ligation of E-cadherin receptors (Noren et 

al. 2001; Betson et al. 2002). The activation states of Rac1 and RhoA are regulated 

throughout all stages of cadherin-mediated adhesion and are highly dependent on 
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cellular context (Fukata & Kaibuchi 2001). For example, MDCK cells microinjected with 

constitutively active V12Rac mutants have increased levels of E-cadherin at cell contacts 

(Hordijk et al. 1997; Takaishi et al. 1997), whilst opposite effects are observed with 

dominant negative N17Rac (Takaishi et al. 1997). However in keratinocytes, expression 

of both constitutively active L61Rac or dominant negative N17Rac result in AJ disruption, 

with reduction of both junctional components and actin accumulation (Braga et al. 2000). 

The same effect is seen with microinjection of C3 botulinum toxin which inactivates RhoA 

(Braga et al. 1997; Braga et al. 1999). The requirement of active Cdc42 has also been 

shown in MDCK cell-cell adhesion (Kuroda et al. 1997).  

 

Rac1 and Cdc42 partly regulate cadherin-mediated adhesion by having a direct influence 

on cadherin-catenin interactions. A key effector of Rac1 and Cdc42 is IQGAP, which 

negatively regulates cadherin-mediated adhesion through binding to β-catenin (Kuroda et 

al. 1998; Fukata et al. 1999). The interaction subsequently dissociates α-catenin from the 

cadherin-β-catenin complex. Active Rac1 and Cdc42 inhibit interactions between IQGAP 

and β-catenin, and therefore positively regulate cell-cell adhesion (Noritake et al. 2005). 

There is also evidence that the Rho GTPases regulate endocytic transport (see review, 

Ellis & Mellor 2000). Microinjection of constitutively active L63RhoA and L61Rac1 block 

clathrin-mediated endocytosis of transferrin receptors (Lamaze et al. 1996). With respect 

to cadherin transport, constitutively active V12Rac1 and V14RhoA inhibit hepatocyte 

growth factor (HGF)-mediated co-endocytosis of E-cadherin and c-Met in MDCK cells 

(Kamei et al. 1999). However, microinjection of constitutively active L61Rac1 into human 

keratinocytes produces large intracellular vesicles, marked by E-cadherin and Rac1 

localization (Akhtar et al. 2000), which occurs via clathrin-independent mechanisms 

(Akhtar & Hotchin 2001). It therefore seems the regulation of cadherin recycling by Rho 

GTPases is also highly dependent on cellular context.   
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Whilst Rac1 and Cdc42 are notably activated during induction of cell-cell adhesion, this is 

not observed for RhoA (Nakagawa et al. 2001). It has been proposed that Rac1 and 

RhoA exert mutually antagonistic effects during cell contact maturation (Noren et al. 

2001). Experiments by Noren and colleagues (2001), show that RhoA activation 

decreases during contact formation. Furthermore, this decrease is dependent on 

cadherin interactions with the actin cytoskeleton, as RhoA activation is not reduced in a 

model of ‘tail-less’ cadherin mutants. Since RhoA signalling is the master regulator of 

actomyosin contractility (see section 1.4), RhoA downregulation is postulated to help 

reduce myosin activity and tension at cell contacts during contact formation.  

 

1.4. The contractile cytoskeleton / Rho-ROCK signalling 

The notion that E-cadherin mediated junctions are static adhesive structures is no longer 

valid (see review, Hoffman & Yap 2015). AJs are increasingly considered as dynamic 

mechanosensors, responding to external forces by remodeling the actin cytoskeleton, as 

well as generating forces themselves (Leckband & de Rooij 2014). Actomyosin 

contractility is fundamental for effective cell adhesion as shown by studies with myosin II 

depletion (Shewan et al. 2005; Smutny et al. 2010). Genetic ablation of non-muscle 

myosin II in mouse embryos causes loss of intercellular adhesion, marked by reduced E-

cadherin at sites of cell contacts (Conti et al. 2004). Experiments by Shewan et al. (2005) 

show that myosin II is required for the accumulation of E-cadherin at cell contacts. The 

RhoA GTPase has been linked extensively to regulation of actomyosin contractility, 

governed by three main effectors: Rho-associated coiled-coil containing kinase (ROCK) 

proteins (Kimura et al. 1996; Maekawa 1999), protein kinase C-related protein kinase 

(PKN) (Vincent & Settleman 1997) and the diaphanous-related formins Dia1 and Dia2 

(Watanabe et al. 1997). Although ROCK activation has been linked with disruption of cell 
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contacts through heightened contractile force (Sahai & Marshall 2002), ROCK-mediated 

tension is also required for cell junction completion (Vaezi et al. 2002; Yamada & Nelson 

2007).  

 

ROCK proteins belong to the family of serine/threonine kinases (Leung et al. 1995; 

Ishizaki et al. 1996; Matsui et al. 1996). The two ROCK homologs, ROCK1 and ROCK2, 

share particularly high homology in their kinase domains (Nakagawa et al. 1996). ROCK 

proteins have N-terminal kinase domains, closely related to those of other 

serine/threonine kinases including the Citron kinases and Myotonic dystrophy kinase 

related-cdc42 related kinases (MRCKs) (see review, Julian & Olson 2014). The Rho 

binding domain (RBD), which binds to GTP-bound RhoA is located towards the carboxyl-

terminus of ROCK (Dvorsky et al. 2004). ROCK is activated upon RhoA-GTP binding, 

however regulation of ROCK activation extends beyond Rho, including possible 

phosphorylation of other regions (see review, Julian & Olson 2014). A few studies have 

linked negative ROCK activation to binding of other proteins, in particular the atypical 

Rho GTPase RhoE (Riento et al. 2003; Riento et al. 2005). In addition, one study 

reported that binding of Gem (another Ras family GTPase member) to ROCK1 inhibits 

downstream signalling (Ward et al. 2002).  

 

ROCK proteins phosphorylate many downstream targets, however their induction of 

actomyosin contractility by myosin light chain (MLC) phosphorylation is characterized the 

most (Figure 1.2). ROCK phosphorylates MLC directly at Ser19, increasing the ATPase 

activity of myosin II and subsequent interaction with actin filaments (M. Vicente-

Manzanares et al. 2009). However ROCK can also induce actomyosin contractility 

indirectly through phosphorylation of myosin phosphatase at Thr696 or Thr850 (Khasnis 

et al. 2014; Riddick et al. 2008). Phosphorylation at Thr696 inhibits targeting of myosin II 
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with myosin phosphatase, thus inhibiting MLC dephosphorylation (Ito et al. 2004). 

Experiments with embryonic mouse fibroblasts depleted of ROCK1 or ROCK2 show that 

ROCK1 is required for peripheral actomyosin ring formation, while ROCK2 is required for 

cytoskeletal stabilization (Shi et al. 2013). In keratinocytes, phosphorylation of MLC 

during cell contact formation mediates full elongation of cell height (Zhang et al. 2005). 

Furthermore, ROCK1 and ROCK2 are both required for thin bundle contraction, which 

also coincides with increased lateral cell height (Kalaji et al. 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

1.5. Localization of AJ components during cell contact formation 

As stated, classical cadherins like E-cadherin are calcium-sensitive molecules, requiring 

calcium binding for adhesive function. Cell contact formation can therefore be controlled 

Figure 1.2. Rho-ROCK signalling 
Rho cycles between inactive GDP-bound and active GTP-bound states via the action of Rho GEFs and 
GAPs (see review, Van Aelst & D’Souza-Schorey 1997). Active GTP-bound Rho leads to ROCK activation 
through direct binding. ROCK then causes contraction of actin filaments directly by phosphorylating 
myosin light chain (MLC) on Ser19, or indirectly by inactivating myosin phosphatase (MYPT) through 
phosphorylation on Thr696. ROCK also activates LIMK which controls the phosphorylation of Cofilin, an 
actin depolymerizing protein. ROCK also has multiple other targets however these are not shown for 
clarity.  
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by first culturing cells in low calcium-containing medium, and then switching to 

physiological calcium levels (1.8mM) (Gumbiner et al. 1986). In this process, cells without 

contacts will rapidly form adhesive interactions, accompanied by a change in distribution 

of cadherin and catenin proteins. In epithelial cells, initial ‘puncta’ of E-cadherin can be 

seen as cells first make contact. These puncta then gradually become a continuous line 

of E-cadherin staining through ‘adhesion zippering’ as the contact matures (Adams et al. 

1996; Adams et al. 1998; Vasioukhin et al. 2000). A similar distribution is seen for all the 

catenin proteins (Adams et al. 1996).  

 

Fundamental changes are also seen in the actin cytoskeleton, which involves 

reorganization of loose actin arrays into circumferential actin bundles (Yonemura et al. 

1995). Evidence is shown in confluent keratinocyte cultures for two spatially distinct actin 

populations (Zhang et al. 2005). Cells in low calcium medium have a loose array of actin 

bundles around the cell periphery. Upon contact formation, thin actin bundles are seen 

running parallel to junctional E-cadherin, as well as a junctional actin population that co-

localizes with E-cadherin. At fully mature cell contacts, these two actin populations 

become indistinguishable, thus referred to as ‘mature actin’. Furthermore, the authors 

show that thin bundles and junctional actin have different rates of turnover, with faster 

polymerization happening at sites of junctional actin. Similar findings are also obtained by 

others (Kovacs et al. 2011; Leerberg et al. 2014). Distinct functions for these two actin 

populations are being revealed. Compaction of thin bundles helps to keep cadherin 

receptors in place by reducing their lateral mobility, whilst junctional actin is required for 

maintaining cadherin stability (Cavey et al. 2008). Furthermore, studies show that thin 

bundles are responsible for increasing lateral cell height and thus ensuring full polarity of 

cells (Kalaji et al. 2012).  
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The exact localization of the cadherin-catenin complex and actin varies between different 

cell model systems. For example, in fully polarized epithelial cells, the AJ is typically part 

of an overall tripartite complex containing the TJ, AJ and desmosome (see review, Meng 

& Takeichi 2009). In these cells, AJs will form ‘adhesion belts’ with compact F-actin 

bundles at the apical plane of cells. However in other cell types such as fibroblastic cells, 

AJs will appear more punctate and discontinuous (Yonemura et al. 1995). In these 

punctate AJs, termed as ‘nascent’ adhesions, actin filaments are usually perpendicular to 

the cell membrane (as shown in Figure 1.1A).  

 

The ‘calcium-switch’ model, first described in the 1980s (Martinez-Palomo et al. 1980; 

Hennings et al. 1980; Gumbiner & Simons 1986), has been used in multiple cell types to 

study the molecular mechanisms of cell contact formation (Figure 1.3). In primary 

keratinocytes, the model has been used extensively; not only to study AJ formation 

(Braga et al. 2000; Betson et al. 2002; Vasioukhin et al. 2000; Vaezi et al. 2002; Marie et 

al. 2003; Zhang et al. 2005; Nola et al. 2011; Kalaji et al. 2012; Erasmus et al. 2015), but 

also to analyse differentiation and stratification (Liebig et al. 2009). As cells from the 

epidermis, primary keratinocytes will start to grow on top of one another if left in culture at 

physiological calcium levels for long periods of time (Hodivala & Watt 1994; Vaezi et al. 

2002; Liebig et al. 2009). However the system also allows for a confluent monolayer to 

be created whilst keeping the cells in low calcium medium under controlled conditions. It 

is therefore possible to study contact formation excluding influence from other factors 

such as cell migration.  
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1.6. Adhesions in cancer/ collective cell migration 

Amongst other traits, a key attribute of cancer cells is their ability to change the way they 

interact with their ECM and neighbouring cells (Hanahan & Weinberg 2011). E-cadherin 

is considered a key tumour suppressor, as loss of E-cadherin promotes invasion and 

metastasis of many epithelial tumours (Christofori & Semb 1999). E-cadherin expression 

is often reduced in cancers by upregulation of the transcriptional repressors Snail, Slug 

and Zeb1 (see review, Berx & van Roy 2009). These repressors promote the canonical 

epithelial-to-mesenchymal transition (EMT), in which tumour cells lose their epithelial 

phenotype and gain mesenchymal characteristics. Although it is clear that many tumour 

Figure 1.3. The calcium-switch model 
There are many cellular changes that occur upon calcium addition and subsequent junction formation. 
These can be divided to three main stages: Assembly, reinforcement and maturation.  During early stages 
of calcium addition, receptors will start to cluster at sites of cell-cell contact. These clusters are reinforced 
by actin recruitment and remodelling. Later stages of maturation involve polarization and trafficking. Image 
adapted from McCormack et al. 2014.  
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cells undergo EMT, some cancers will migrate collectively and retain their cell-cell 

adhesions (Christiansen & Rajasekaran 2006).  This suggests that cancer metastasis is 

ultimately very plastic, and partial loosening of cell contacts may be sufficient for tumour 

cell invasion.  

 

Adhesion complexes between cells and their surrounding ECM are also vastly 

deregulated during tumour cell metastasis. Key mediators of cell-matrix attachment are 

the integrin receptors, which are notable players of tumour progression (see review, 

Desgrosellier & Cheresh 2010). However whilst expression of many integrin subtypes is 

increased (Hood & Cheresh 2002), expression of others such as α2β1-integrin is 

decreased (Kren et al. 2007), highlighting the subtype specificity of these receptors. 

Integrin function in cancer has been linked to upregulation of pro-survival signals through 

various mechanisms (Matter & Ruoslahti 2001; Scatena et al. 1998; Bao & Strömblad 

2004; Aoudjit & Vuori 2001), as well as increased cancer cell migration, often through co-

operation with other growth factor receptors (Miyamoto et al. 1996; Schneller et al. 1997; 

Soldi et al. 1999; Trusolino et al. 2001). There are many reports of integrin-mediated 

activation of diverse growth factor receptors independent of their ligands, such as EGFR 

(Moro et al. 2002) or vascular endothelial growth factor receptor (VEGFR) (Wang et al. 

2001), which potentiates receptor downstream signalling responses (Miyamoto et al. 

1996; Trusolino et al. 2001; Caswell et al. 2008). This integrin-dependent regulation of 

growth factor receptor signalling accentuates the importance of the surrounding ECM on 

cell fate.  

 

Whilst integrins lack any internal kinase activity, they are able to recruit and activate 

multiple kinases including focal adhesion kinases (FAKs) and Src family kinases (SFKs) 

through receptor clustering (Desgrosellier & Cheresh 2010). A key signalling protein 
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common to both cell-matrix adhesions and cell-cell adhesions is the Src non-RTK (see 

review, Canel et al. 2013). Src is activated by E-cadherin ligation (McLachlan et al. 2007) 

as well as integrin-mediated adhesion (Huveneers & Danen 2009). The finely controlled 

balance of Src activity is a key example of signalling cross-talk between these two 

adhesion complexes, ultimately impinging on actomyosin contractility and 

mechanotransduction (see review, Han & de Rooij 2016). Constitutively active Src at 

sites of cell-matrix adhesion was previously shown to disrupt cell-cell adhesions through 

heightened actomyosin contractility via ROCK signalling (Avizienyte et al. 2004). 

Constitutively active Src is often observed in tumourigenesis and has been shown to 

downregulate E-cadherin levels and promote EMT in pancreatic adenocarcinoma 

(Nagathihalli & Merchant 2012) and colon carcinoma (Avizienyte et al. 2002), the latter of 

which requires integrin-mediated signalling. Tightly balanced control of Src activity is 

likely to be just one of multiple processes that determines the mode of cancer cell 

migration. Ultimately, it is likely that tumours use a diverse range of migration 

mechanisms, which is based on extensive signalling cross-talk between cell-matrix and 

cell-cell adhesion junctions, growth factor receptors and the ECM (Smith 2016) (Figure 

1.4). 
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1.7. Discoidin Domain Receptors (DDRs) 

The DDRs are a subfamily of collagen-binding cell-matrix receptors, and are a topic of 

increasing interest in the cell adhesion field (see review, Leitinger 2011). As atypical 

members of the RTK family, DDRs bind various collagens and subsequently mediate a 

multitude of different cellular functions through as-of-yet unresolved signalling pathways 

(see review, Leitinger 2014). DDRs are increasingly becoming a target for anti-cancer 

therapies due to accumulating evidence for their involvement in cancer progression (see 

review, Valiathan et al. 2012). DDR deregulation has also been reported for many other 

diseases including fibrosis, osteoarthritis and atherosclerosis which shall not be 

discussed here (Leitinger 2014; Borza & Pozzi 2014; Kerroch et al. 2016; Xu et al. 2007; 

Figure 1.4. Modes of cancer cell migration 
The plasticity of cancer cell migration is dependent on multiple factors. Complete disruption of cell contacts 
through loss of cadherins results in single cell migration, whereas partial disruption or loosening facilitates 
collective cell migration in which cells will retain their cell-cell adhesions. Cross-talk between cell-matrix 
adhesions, signals from surrounding stroma, and growth factors will govern the mode of cell migration. In 
reality tumour cells are likely to adopt a diverse range of mechanisms, sometimes using many forms of 
migration simultaneously. Image taken from Canel et al. 2013 with permission.  
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Ferri et al. 2004). The two DDR family members, DDR1 and DDR2, were initially 

discovered by homology cloning of their kinase domains (Di Marco et al. 1993; Johnson 

et al. 1993). It took a few more years before their ligands (different types of collagen) 

were identified (Shrivastava et al. 1997; Vogel et al. 1997). The DDRs are today 

considered as atypical members of the RTK family, as unlike classical RTKs that have 

smaller soluble ligands, DDRs are activated by collagen, an insoluble component of all 

types of ECM. In addition to collagen-dependent functions of DDRs, ligand-independent 

roles are emerging for DDR1 at epithelial cell contacts (Wang et al. 2009; Yeh et al. 

2011; Eswaramoorthy et al. 2010; Hidalgo-Carcedo et al. 2011a). This has opened up 

the field of DDR1 research even further, to encompass potential roles at sites of cell-cell 

adhesion (see section 1.13).  

 

1.8. Expression and physiological functions 

There are two DDR family members, DDR1 and DDR2. Although both DDRs are widely 

expressed, DDR1 and DDR2 are enriched in different tissues. DDR1 is expressed in the 

epithelia of the skin, kidney, gut and colon (Di Marco et al. 1993; Laval et al. 1994; 

Johnson et al. 1993). In contrast, DDR2 has higher expression in the heart, muscle and 

connective tissues (Karn et al. 1993; Lai & Lemke 1994). Physiological functions of the 

DDRs have been revealed by knockout studies, and show that although DDR1 and 

DDR2 are closely related, they mediate different processes. DDR1 knockout mice have 

multiple reproductive defects, including infertility due to impaired blastocyst implantation 

and lactational defects caused by hyperproliferation and abnormal branching of 

mammary ducts (Vogel et al. 2001). DDR1 induced defects are also seen in the kidneys, 

where DDR1 knockout mice have an altered glomerular basement membrane with matrix 

overproduction (Gross et al. 2004). Furthermore, DDR1 has been linked to auditory 

functions as defects in inner ear architecture are observed upon DDR1 knockdown 
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(Meyer Zum Gottesberge et al. 2008). Whilst DDR1 has been linked to physiological 

organogenesis, DDR2 functions in bone growth. DDR2 knockout mice exhibit dwarfism 

and shortened long bones due to reduced chondrocyte proliferation (Labrador et al. 

2001). Further evidence for the role of DDR2 in skeletal growth comes from a rare human 

genetic disorder called spondylo-meta-epiphyseal dysplasia with short limbs (SMED–SL) 

(Borochowitz et al. 1993). The disease is caused by various DDR2 mutations (Ali et al. 

2010; Bargal et al. 2009; Mansouri et al. 2015; Al-Kindi et al. 2014), and results in 

shortened limbs, bone abnormalities and premature calcifications (Mansouri et al. 2015; 

Bargal et al. 2009).  

 

1.9. Domain structure 

The DDRs are single spanning type I transmembrane glycoproteins, with a C-terminal 

tyrosine kinase domain (see review, Fu et al. 2013) (overall structure shown in Figure 

1.5). The DDRs have a distinct domain located at their extracellular N-terminus, that 

distinguishes them from other RTKs. This domain is termed the discoidin (DS) domain; 

named due to homology with the protein Discoidin I secreted by the slime mould 

Dictyostelium discoideum (Poole et al. 1981). The DS domain comprises the ligand-

binding site of the DDRs (Leitinger 2003; Abdulhussein et al. 2004), and provides DDR1 

and DDR2 with distinct specificity for different collagen ligands (Konitsiotis et al. 2008; Xu 

et al. 2011) (described further in section 1.11). Initial experiments showed that surface-

exposed loops at the top of the DS domain are critical for DDR-collagen interactions 

(Leitinger 2003; Abdulhussein et al. 2004). With the subsequent help of NMR and 

crystallographic analysis, a precise DDR binding ‘trench’ was revealed on the DS domain 

(Ichikawa et al. 2007; Carafoli et al. 2009). This consists of an amphiphilic binding pocket 

for the identified apolar DDR binding motif GVMGFO that is contained in fibrillar 

collagens (Konitsiotis et al. 2008; Xu et al. 2011). Adjacent to the DS domain is a highly 
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homologous globular domain termed the DS-like domain (Carafoli et al. 2012). Both 

domains are comprised of an eight-stranded β-barrel fold, however the DS-like domain 

contains an additional five strands (Ichikawa et al. 2007; Carafoli et al. 2009; Carafoli et 

al. 2012). These strands encompass additional glycosylation sites, as well as a calcium-

binding site that currently has unknown significance.  

 

The intracellular region of DDRs contains a relatively large juxtamembrane region 

followed by the tyrosine kinase domain and a short C-terminal tail. The crystal structure 

of the DDR1 kinase domain was recently solved in complex with one of several kinase 

type II inhibitors (Kim et al. 2013; Canning et al. 2014). The DDR1 kinase domain 

contains the classical N-terminal and C-terminal lobes found in most protein kinases, with 

the ATP binding pocket located between the two lobes (Johnson et al. 1996). The DDR1 

activation loop, near the active site cleft, has three key tyrosine residues (Tyr792, Tyr796, 

and Tyr797, numbered according to DDR1b) that are phosphorylated upon collagen 

binding (Kim et al. 2013). Phosphorylation of these tyrosines is thought to switch the 

kinase domain from an inactive conformation to an active conformation, causing 

subsequent downstream DDR1 signalling responses (discussed further in section 1.11).  

 

1.10 Genomic structure 

The DDR1 gene, located to chromosome 6 (6p21.3) (Perez et al. 1994; Edelhoff et al. 

1995), is comprised of 17 exons, and can be spliced to one of five different DDR1 

isoforms a-e (Playford et al. 1996) (Figure 1.5). DDR1a and DDR1b are the most 

abundant isoforms, with DDR1b containing an extra 37 amino acid insertion in the 

cytoplasmic juxtamembrane region (Alves et al. 1995). Whilst DDR1a-c isoforms encode 

functional proteins, DDR1d and DDR1e are truncated and non-functional, lacking either 
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the entire kinase domain or other parts of the juxtamembrane domain (Alves et al. 2001). 

In contrast, the DDR2 gene locates to chromosome 1 (1q23.3), and contains 19 exons 

(Karn et al. 1993). There are currently no reports of alternative isoforms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.11. Ligand specificity and activation mechanism 

Both DDR1 and DDR2 bind to collagen in its native triple-helical form, as shown by 

experiments where denatured collagens are unable to induce receptor activation (Vogel 

et al. 1997; Leitinger 2003; Shrivastava et al. 1997). Furthermore, it was shown that 

Figure 1.5. DDR isoforms 
Schematic diagram of the DDR isoforms showing their domain architecture. The DDR1 gene can be 
spliced to one of five different isoforms a-e. Whilst DDR1a-c encode for functional receptors, DDR1d and 
e are nonfunctional. DDR1a and b are the most commonly expressed, and differ only by an additional 37 
amino acid insertion in the intracellular juxtamembrane region of DDR1b. DDR2 exists as a single isoform. 
Overall, all DDRs share the same domain architecture with an N-terminal Discoidin (DS) domain that 
contains the collagen-binding site. This is followed by the Discoidin-like (DS-like) domain. A 
transmembrane (TM) domain crosses the plasma membrane, and the kinase domain lies at the C-
terminus. Predicted N-glycosylation and O-glycosylation sites are found in the extracellular regions 
however these are not shown for clarity. Image adapted from Leitinger, 2014. 
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higher-order collagen structures are not required to activate DDRs, as short triple-helical 

collagen-mimetic peptides are able to induce DDR phosphorylation at the same kinetics 

as full length collagen (Konitsiotis et al. 2008; Xu et al. 2011). Crystallographic studies as 

well as NMR methods have allowed us to obtain atomic-level detail of the DDR DS 

domain-ligand interface (Ichikawa et al. 2007; Carafoli et al. 2009). A co-crystal was 

generated consisting of the DDR2 DS domain bound to a triple-helical collagen-mimetic 

peptide (Ichikawa et al. 2007), and subsequent experiments revealed an amphiphilic 

binding pocket within the DS domain (Carafoli et al. 2009) for the identified apolar DDR 

binding motif GVMGFO as previously mentioned (Konitsiotis et al. 2008; Xu et al. 2011). 

The binding pocket is characterized by apolar residues on one side of the pocket, and a 

salt bridge on the other side (Carafoli et al. 2009). These residues are strictly conserved 

between DDR1 and DDR2, however the differential collagen binding of DDR1 and DDR2 

is driven by amino acid variability at the periphery of the binding pocket (Xu et al. 2011). 

Whilst both receptors can bind fibrillar collagens, there are preferences amongst non-

fibrillar collagens. For example only DDR1 can bind collagen IV, while DDR2 prefers 

collagen II and X (Vogel et al. 1997; Shrivastava et al. 1997; Leitinger et al. 2004; 

Leitinger & Kwan 2006). 

 

Although we have obtained atomic-level detail of the DDR-collagen interface, the 

activation mechanism of DDRs is still not fully understood. Typically, RTKs dimerize upon 

ligand binding (Ullrich & Schlessinger 1990). Whilst different ligands will use different 

strategies to achieve an active RTK state (see review, Lemmon & Schlessinger 2010), 

they all result in the activation of the intracellular kinase domain. This is achieved through 

transphosphorylation of tyrosine residues in the activation loop of the kinase domain 

(Hubbard et al. 1998; Lemmon & Schlessinger 2010). Crystallographic analyses of 

kinase domains have highlighted key regulatory elements including the N-lobe αC helix 



Chapter 1 - Introduction  

	   35 

which must adopt a specific configuration to destabilize cis-autoinhibitory interactions and 

allow phosphotransfer from ATP within the active site cleft (Nolen et al. 2004). Most 

RTKs exhibit subsequent autophosphorylation of additional intracellular tyrosine residues 

in the intracellular region, which leads to recruitment of other downstream signalling 

molecules (Lemmon & Schlessinger 2010).  

 

The canonical model of ligand-induced RTK dimerization does not apply to DDRs. 

Experiments showed that DDRs exist in a pre-dimerized state to ligand binding (Mihai et 

al. 2009; Noordeen et al. 2006). Dimerized DDR1 extracellular domains are a 

prerequisite for collagen binding (Leitinger 2003; Agarwal et al. 2007). Furthermore, there 

is a strong propensity for DDR dimerization via a leucine zipper motif within the 

transmembrane region (Noordeen et al. 2006; Finger et al. 2009). Another unique feature 

of DDR activation is that upon ligand binding, the ligand-induced phosphorylation 

response is very slow and sustained, sometimes extending up to 18 hours after collagen 

stimulation (Vogel et al. 1997; Shrivastava et al. 1997). It is suggested that the slow 

kinetics may reflect DDR aggregation, internalization, and recycling back to the cell 

surface upon collagen binding (Mihai et al. 2009; Fu et al. 2014). Although the precise 

oligomerization state of DDRs remains unknown, recent evidence from our lab suggests 

that formation of higher-order DDR1 oligomers might be required for collagen-induced 

activation (unpublished data). Furthermore, monoclonal antibodies generated against the 

DS-like domain of DDR1, inhibit DDR1 activation without compromising collagen binding 

(Carafoli et al. 2012). This suggests that perhaps other regulatory sites are located away 

from the main collagen-binding region, which are required for intramolecular interactions 

(Carafoli & Hohenester 2012). Studies have also proposed that conformational changes 

across the membrane are unlikely to contribute to DDR activation (Xu et al. 2014). DDR1 

was shown to tolerate large deletions and insertions within the extracellular 
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juxtamembrane domain without affecting receptor activation in response to collagen 

stimulation. This is perhaps not surprising considering the unusually large and 

unstructured glycine-rich nature of these regions. Furthermore, crystallographic studies 

revealed no obvious conformational changes between the DDR2 DS domain bound to a 

collagen-mimetic peptide and the unbound DDR1 DS domain (Carafoli et al. 2012; 

Carafoli et al. 2009; Ichikawa et al. 2007). This is in contrast to comparable studies with 

α2β1-integrin, where large conformational changes were seen between a co-crystal 

structure of α2β1-integrin bound to a collagen-mimetic peptide, and unbound α2β1-

integrin (Emsley et al. 2000).  

 

Very little has been published on the regulation of DDR activation, however a few studies 

have shown evidence of DDR1 ectodomain shedding as a potential mechanism of 

signalling cessation. For example, collagen-induced shedding that requires 

metalloproteinase activity can terminate DDR1 signalling (Slack et al. 2006; Vogel 2002). 

Specifically, one study reports negative DDR1 activation by membrane-type matrix 

metalloproteinases (MT-MMPs) MT1-, MT2- and MT3-MMPs (Fu et al. 2013). Moreover, 

the same authors propose possible constitutive DDR1 shedding, as cleavage of DDR1 is 

also seen in the absence of ligand. Another study also proposes a role for a disintegrin 

and metalloproteinase 10 (ADAM10) in collagen-mediated DDR1 ectodomain shedding 

(Shitomi et al. 2014). Endocytosis is another mechanism of frequent RTK regulation, in 

which receptors are internalized following ligand binding and either degraded or recycled 

back to the cell membrane (see review, Sorkin & Von Zastrow 2002). However 

considering the unusually sustained activation response of DDRs, it might seem unlikely 

they are rapidly endocytosed. Only one study so far has directly addressed DDR1 

endocytosis upon collagen binding (Mihai et al. 2009), although experiments by another 
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group have also shown evidence of DDR1 internalization during surface biotinylation 

assays (Fu et al. 2014).  

 

1.12. Signalling and functions 

Of the two DDR family members, much more is known about DDR1 signalling than 

DDR2. It was shown that DDR1b, through pTyr513, binds to the phosphotyrosine-binding 

(PTB) domain of Src-homology 2 (SH2)-containing transforming protein A (ShcA) upon 

receptor activation (Vogel et al. 1997). Other proteins found to interact with DDR1b 

include the Shp-2 phosphatase and Nck2 adaptor protein (Koo et al. 2006). A 

comprehensive study of DDR1 signalling partners was done by a phospho-peptide 

screen, based on all the possible phospho-tyrosines in the intracellular domain of DDR1 

(Lemeer et al. 2012). DDR1 contains 15 intracellular tyrosines that can be potentially 

phosphorylated after receptor activation. Many putative binding partners were identified, 

most of which contain SH2 domains or PTB domains. To name a few, these include 

phosphoinositide 3-kinase (PI3-K), SH2-containing inositol polyphosphate 5-phosphatase 

1/2 (SHIP-2), ShcA, Src kinases and Signal transducer and activator of transcription 3/5b 

(Stat3 and 5b). However whilst this study provides many putative binding partners, more 

evidence will be required to prove their physiological relevance. Moreover, information is 

still lacking as to how these binding partners are linked with particular downstream 

signalling pathways.  

 

Despite this, signalling information is continuously emerging in the DDR field (Figure 1.6). 

We know that DDR1 is largely expressed in epithelial tissues, and mediates diverse 

epithelial cell functions including cell migration, adhesion and differentiation (see review, 

Leitinger 2014). Importantly however, it seems that cellular and biological context are 

crucial in determining DDR1-mediated outcomes. For example, DDR1 activates 
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extracellular signal-related kinase (ERK) 1/2 in mammary epithelial cells (Hilton et al. 

2008) and smooth muscle cells (Lu et al. 2011), but suppresses ERK 1/2 activation in 

mesanglial cells (Curat 2002). Evidence also links DDR1 with c-Jun N-terminal kinase 

(JNK) signalling in cancer cells (Shintani, Fukumoto, et al. 2008). In some cell types such 

as MDCK cells, DDR1 suppresses α2β1-integrin induced cell migration by reducing 

phosphorylation of Stat1 and Stat3 through Shp-2 recruitment (Wang et al. 2006). In 

contrast, DDR1 can induce cell migration by blocking Syk function in mammary epithelial 

cells (Neuhaus et al. 2011).  A DDR1 pro-migratory role is also observed in 

megakaryocytes and smooth muscle cells (Abbonante et al. 2013; Hou et al. 2002). 

DDR1 crosstalk with α2β1-integrins is likewise seen in the regulation of cell spreading, 

where DDR1 reduces α2β1-integrin-mediated MDCK cell spreading through inhibition of 

Cdc42 activity (Yeh et al. 2009). DDR1 promotes cell adhesion in many cell types 

including smooth muscle cells (Hou et al. 2002), leukocytes (Kamohara et al. 2001) and 

mesanglial cells (Curat 2002). Furthermore, it was shown that both DDR1 and DDR2 

overexpression promotes integrin-mediated adhesion to collagen I, highlighting an 

example of co-operative cross-talk between DDRs and integrins (Xu et al. 2012).  

 

As stated, DDR1 is widely expressed throughout many epithelial tissues. Generally, it 

promotes epithelial differentiation in many normal epithelial cells including mammary 

NMuMG cells and kidney LLC-PK1 cells (Yeh et al. 2011). DDR1 depletion increases 

expression of fibronectin, β1-integrin, α-smooth muscle actin and other mesenchymal 

related markers, whilst DDR1 overexpression has opposite effects (Yeh et al. 2011). 

Whilst increased DDR2 expression has been linked to increased EMT in breast cancer 

cells (Ren et al. 2014; Zhang et al. 2013), DDR1 is downregulated during EMT 

(Maeyama et al. 2008). This is further exemplified by a study that demonstrates DDR1 is 

a direct transcriptional target of Zeb1 in breast epithelial cells undergoing EMT (Koh et al. 
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2014).  Furthermore, DDR1 is thought to stabilize E-cadherin at cell contacts and thus 

promote the epithelial phenotype (Eswaramoorthy et al. 2010; Yeh et al. 2011). 

 

	  
	  

	  
	  
	  

	  
	  

	  
	  

	  
	  

	  
	  
	  

 

	  
	  
	  
	  

1.13. DDR1 collagen-independent functions 

Whilst many of the DDR1 functions discussed so far involve collagen binding and 

receptor kinase activity, collagen-independent functions of DDR1 are also emerging. For 

example, one study has shown collagen-independent autophosphorylation of DDR1 upon 

genotoxic damage (Ongusaha et al. 2003). It was also shown that DDR1 is a direct 

transcriptional target of p53, and its activation can be triggered by ionizing radiation in 

carcinoma cells with wild-type p53. However the majority of evidence for collagen-

Figure 1.6. DDR1 signalling 
Intracellular DDR1 signalling pathways induced by collagen binding. DDR1 promotes cell spreading and 
migration in some cell types, whereas DDR1 inhibits cell migration in others. With most pathways, cross-
talk from integrins are involved however these are not shown for clarity. In co-operation with integrin 
signalling, DDR1 promotes cell scattering and an EMT-like phenotype in pancreatic cancer cells. 
Signalling is also highly dependent on cellular context (see main text).  
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independent roles implicates DDR1 at epithelial cell contacts, where it localizes together 

with E-cadherin (Wang et al. 2009; Yeh et al. 2011). This has been observed in normal 

epithelial cells, but also in cancer cell lines including MCF7, MCF10-A and A431 

(Hidalgo-Carcedo et al. 2011b). In this thesis, I address the role of DDR1 in primary 

keratinocytes for the first time.  

 

Initial studies by Wang et al., 2009, demonstrate that epitope-tagged overexpressed 

DDR1 localizes to MDCK cell contacts together with E-cadherin, independently of 

collagen stimulation. This suggests that collagen induced signals are not a prerequisite 

for DDR1 localization at contacts. Experiments that deplete E-cadherin expression show 

that DDR1 redistributes from lateral sites to apical and basal membranes (Wang et al. 

2009). The authors therefore propose that E-cadherin sequesters DDR1 away from sites 

where it can interact with collagen. In addition, by changing the cell seeding density, they 

show that DDR1 phosphorylation is regulated by the presence of cell contacts. When 

MDCK cells are seeded at low density, DDR1 is phosphorylated by collagen stimulation. 

However, DDR1 cannot be activated when cells are seeded at high density. Furthermore, 

DDR1 phosphorylation is rescued when high density seeded cells are treated with E-

cadherin blocking antibody or E-cadherin siRNA. DDR1 knockdown also increases the 

membrane fluidity of E-cadherin, measured by fluorescence loss in photobleaching 

(FLIP) experiments (Yeh et al. 2011).  

 

Studies also propose direct interaction between DDR1 and E-cadherin (Wang et al. 2009; 

Eswaramoorthy et al. 2010). Co-immunoprecipitation (Co-IP) experiments using epitope-

tagged overexpressed DDR1, show that DDR1 binds with endogenous E-cadherin from 

MDCK cell lysates (Wang et al. 2009). Furthermore, experiments designed to pinpoint 

the site of interaction, suggest that DDR1 and E-cadherin interact via their extracellular 
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domains (Eswaramoorthy et al. 2010). DDR1 missing the entire intracellular domain 

interacts with E-cadherin and vica versa. In addition, DDR1 binding to E-cadherin occurs 

independently of p120-catenin or β-catenin interactions with E-cadherin (Wang et al. 

2009).  

 

Another study investigating the collective migration mode of A431 squamous carcinoma 

cells, show that DDR1 is a key mediator at epithelial cell contacts (Hidalgo-Carcedo et al. 

2011b). DDR1 recruits the Par polarity proteins Par3 and Par6 to epithelial cell contacts, 

and reduces RhoA/ROCK-driven actomyosin contractility, possibly via RhoE. The 

depletion of DDR1 at cell contacts is proposed to disrupt cell contacts by increasing 

tension within cell colonies, thereby inhibiting collective cell migration. Moreover, neither 

DDR1 collagen binding function nor kinase activity is required for this role.  

 

1.14. DDR1 in cancer  

Tumour cell-ECM interactions are a key regulator of the metastatic cascade (Lu et al. 

2012; Valastyan & Weinberg 2011; Bonnans et al. 2014; Chambers et al. 2002). During 

the initial stages of tumour cell invasion, they must acquire the ability to detach from their 

primary microenvironment and invade into the surrounding matrix. As discussed in 

section 1.6 (page 26), receptors involved in ECM signalling thus frequently become 

deregulated. Besides the well-documented integrin receptors, the DDRs are growing in 

importance and becoming an increasing target of anti-cancer therapies (Kim et al. 2013; 

Ambrogio et al. 2016a; Kothiwale et al. 2015; Valiathan et al. 2012; Rammal et al. 2016). 

DDR1 deregulation has been reported in multiple solid tumours including cancers of the 

brain, breast, liver, prostate and lung, as well as blood cancers (Valiathan et al. 2012). In 

the context of tumour progression, DDR1 activation has been linked to pro-survival 

pathways, signalling via Ras/Raf/ERK and PI3K/Akt under conditions of genotoxic stress 
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(Ongusaha et al. 2003). It was shown that DDR1 is a direct transcriptional target of p53, 

and inhibition of DDR1 in p53-wildtype cells increases apoptosis through a caspase-

dependent pathway. Furthermore, DDR1 exerts pro-survival effects in human breast 

cancer cells undergoing treatment with genotoxic drugs, via NFkB activation and 

Cyclooxygenase-2 expression (Das et al. 2006). A study investigating the effect of DDR1 

on lung cancer metastasis to bone, showed that sh-DDR1 H460 cells have increased 

apoptosis in basal conditions and induced apoptosis in vitro (Valencia et al. 2012). Pro-

survival signalling is also observed in Hodgkin lymphoma cells through oncogenic LMP1-

mediated upregulation of DDR1 expression (Cader et al. 2013). In colon cancer cells, 

DDR1 is found to activate Notch1 and induce Notch1-mediated upregulation of pro-

survival genes (Kim et al. 2011). Although DDR1 is generally considered to promote the 

epithelial phenotype, DDR1 was also shown to cooperate with β1-integrin in pancreatic 

cancer cells, to upregulate N-cadherin and induce cell scattering via JNK signalling 

(Shintani et al. 2008). In cancer, DDR1 is generally regarded as pro-migratory and pro-

invasive (Ram et al. 2006; Park et al. 2007). DDR1-mediated invasion is likely carried out 

in conjunction with proteolytic machinery and upregulation of MMP expression (Castro-

Sanchez et al. 2011).  

 

Arguably, the majority of our understanding about DDR1 in cancer has come from lung 

cancer models, specifically non-small cell lung carcinoma (NSCLC). A global 

phosphotyrosine survey using 41 NSCLC cell lines and over 120 NSCLC solid tumours, 

showed that DDR1 and DDR2 are amongst the top 20 most hyper-phosphorylated RTKs 

(Rikova et al. 2007). Additional evidence comes from numerous other studies that show 

upregulation of DDR1 expression in NSCLC tissues compared to normal tissues (Miao et 

al. 2013; Yang et al. 2010; Valencia et al. 2012). Increased DDR1 expression correlates 

with increased tumour cell survival, motility and invasion. One study also reports 
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decreased homing and colonization of lung cancer cells to bone, using both in vitro and 

in vivo models with sh-DDR1 innoculated mice (Valencia et al. 2012). Clinical data is also 

emerging with several groups conducting Kaplan-Meier analyses on patients after 

NSCLC surgical resection. Most evidence so far couples high DDR1 levels with poor 

patient survival (Miao et al. 2013; Valencia et al. 2012; Yang et al. 2010). This is with the 

exception of one study that concluded DDR1 as a favourable prognostic marker for early-

stage NSCLC patients (Ford et al. 2007). However on the whole, mounting evidence 

points toward a negative role of DDR1 in lung cancer, and new drug treatments are thus 

being devised. Recently, one in-depth study showed that co-inhibition of DDR1 and its 

pro-survival mediator Notch induces a therapeutic response in advanced KrasG12VTrp53-

null lung adenocarcinomas (Ambrogio et al. 2016b). The authors propose this is more 

efficient than the single Dasatinib treatment used for many NSCLC patients (Johnson et 

al. 2010). Although some DDR1 mutations have been identified in lung cancer, their 

functional relevance has not been investigated or validated (Davies et al. 2005; Ding et 

al. 2008). 

	  

1.15. Overall Hypothesis  

The collagen-independent functions of DDR1 described in the literature so far, pose 

interesting points for future direction. The proposed binding between DDR1 and E-

cadherin at epithelial cell contacts opens up many new questions, and whilst potential 

molecular mechanisms have been investigated in a model of collective cell migration 

(Hidalgo-Carcedo et al. 2011b), the involvement of DDR1 during new cell contact 

formation is not known. This leads to the hypothesis of my PhD thesis that DDR1 

switches between two different roles: ‘DDR1 is either localized to epithelial cell-cell 

contacts upon active E-cadherin mediated adhesion, where it helps to stabilize cell 
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contacts, or alternatively DDR1 is a cell-matrix receptor, in which it can bind collagen in 

the extracellular matrix and facilitate cell migration’.  

 

I address this hypothesis using two different models: 

1) Primary keratinocytes to study new cell contact formation, in which I investigate 

several parameters of cell contacts including E-cadherin localization, actin recruitment 

and actomyosin contractility.  

2) A series of NSCLC cell lines, to explore the relationship between DDR1 and E-

cadherin in a lung cancer context.  

 

By using these two models, I explore the following questions over 3 chapters: 

1) How does DDR1 localize in primary keratinocytes and how does collagen stimulation 

influence this localization? 

2) What is the function of DDR1 in primary keratinocytes? 

3) How does the relationship between DDR1 and E-cadherin compare between normal 

and cancer cell states? 
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2. Materials and Methods 
 

 

2.1 Cell culture 

Normal human keratinocytes from neonatal foreskin (strain SF, passages 2-6) were 

grown on a layer of 3T3 fibroblasts treated with mitomycin C (Sigma) at 37°C and 5% 

CO2. Keratinocytes were cultured in standard calcium medium (DMEM/F12 medium, 

Sigma) containing 1.8mM CaCl2, 10% fetal calf serum (FCS) (Sera Laboratories, 

International Ltd, UK), 5mM glutamine, 100units/ml Penicillin, 10μg/ml Streptomycin, 

10ng/ml epidermal growth factor (EGF), 5μg/ml insulin, 0.5μg/ml hydrocortisone (all from 

Sigma) and 0.1nM cholera toxin (Quadratech diagnostics, UK) (Rheinwald & Green 

1975). For passaging, keratinocytes were seeded in 6cm dishes in a total volume of 5ml. 

Keratinocytes were trypsinized in 3ml total volume (1:2 trypsin: versene) and 

resuspended to 6ml with standard calcium medium before cell counting. 3T3 fibroblasts 

were cultured at 37°C and 5% CO2 in DMEM (Sigma) supplemented with 100 units/ml 

Penicillin/Streptomycin, 5mM glutamine and 10% donor calf serum (DCS) (Sera 

Laboratories, International Ltd, UK). For passaging, fibroblasts were seeded in 9cm 

dishes in a total volume of 10ml. Fibroblasts were trypsinized in 3ml (1:2 trypsin: 

versene) and resuspended to 10ml with DMEM. For use as feeders, fibroblasts were 

trypsinized in 3ml (1:2 trypsin: versene) and resuspended to 6ml with standard calcium 

medium. Keratinocyte passage dishes (6cm) were seeded with standard calcium medium 

at 7x104 cells per dish (Table 2.1). For the calcium switch model as described by Braga 

et al. (2000), cells were switched to low calcium medium containing 0.1mM CaCl2 (same 

formulation as standard medium but serum depleted of divalent ions by treatment with 

Chelex-100 resin (Bio-Rad) (Hodivala & Watt 1994) when small colonies were present 

(20-30 cells/colony) and grown until confluent. Adherens junction formation between cells 
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was then induced by addition of 1M CaCl2 (1.8mM CaCl2 final concentration) at specified 

timepoints.  

 
Table 2.1. Seeding densities of keratinocytes in standard and low calcium medium 
*For calcium switch, cells are originally seeded in standard calcium medium at seeding densities listed 
under ‘low calcium’, before switching cells to low calcium medium after 2-3 days. 
**Volume of 3T3 fibroblasts refers to volume of 6ml resuspension after trypsinization of fibroblasts (see 2.1 
text).   

 
 

Human embryonic kidney-293 (HEK-293) cells (ATCC, Manassas, VA) were grown on 

T25-flasks or 6-well plates (Orange Scientific) and cultured using Dulbecco’s modified 

Eagle’s medium/F-12 nutrient mixture (DMEM/F12, Invitrogen) with 10% fetal bovine 

serum (FBS) and supplemented with 100units/ml Penicillin and 2mM glutamine (all from 

Gibco, Life Technologies). Cells were grown at 37°C and 5% CO2.  

 

Human NSCLC cell lines (H460, H322, H358, A549 and PC14) were obtained from Dr 

Fernando Lecanda (University of Navarra, Spain). T47D human breast cancer cells were 

obtained from the Imperial Cancer Research Fund Cell Production Laboratory, London. 

Cells were grown at 37°C, 5% CO2 and maintained in RMPI 1640 medium (Gibco, Life 

 Standard 
calcium 
(1.8mM CaCl2) 

Low calcium *       
(0.1mM CaCl2) 

 

 

Dish or plate Number of 
keratinocytes 
 

Number of 
keratinocytes 

3T3 feeders 
** 

9cm dish (57.6 cm2) 2 x 105 per dish 4 x 105 per dish 2 ml 

6cm dish (19.6 cm2) 
 

7 x 104 per dish 2 x 105 per dish 0.5 ml 

6-well plate  
(9.03 cm2/well) 
 

4 x 104 per well 1.4 x 105 per well 0.3 ml 

4-well plate  
(2 cm2/well) 
 

1 x 104 per well 3 x 104 per well  0.1 ml 
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Technologies) with 10% FBS, and supplemented with 100units/ml Penicillin and 2mM 

glutamine.  

 

For DDR1 activation assays, cells were switched to serum free medium (SFM) overnight. 

This excluded 10% FBS from both RMPI-1640 medium and DMEM/F12 medium, and 

10% FCS from keratinocyte standard or low calcium medium. 

2.2 RNAi transfection 

Keratinocytes-  

For siRNA transfection experiments, cells were seeded at a density of 3x104cells/well in 

4-well plates. After switching cells to low calcium-containing medium, cells were 

transfected at near confluency (90%). DDR1 siRNA experiments were carried out with 

INTERFERin® reagent (Polyplus). SiRNA oligos for DDR1 were purchased from Thermo 

Scientific: J-003111-12-0005 (Oligo #1) GGGACACCCUUUGCUGGUA. Non-targeting 

siRNA oligos were used throughout as a negative control (Dharmacon, Invitrogen). 

Following initial optimization, all DDR1 siRNA experiments were carried out using oligo 

#1 at a final concentration of 30nM with 3μl Interferin (volume based on 4-well plate) in a 

total transfection volume of 400μl. Transfections were carried out according to the 

manufacturer’s instructions. Briefly, siRNA was first diluted in low calcium-containing 

SFM and mixed by pipetting. 3μl of Interferin was added to each transfection mix (per 4-

well), and vortexed before spinning down. The transfection mix was incubated for 15 

minutes at room temperature (RT) and then added drop-wise to wells with low calcium 

serum-containing medium. Wells were changed to fresh low calcium medium 4 hours 

later, and left to incubate for a further 44 hours (48 hours post transfection time in total). 

Cells were subsequently fixed for immunofluorescence or lysed depending on the 

experiment planned. For all DDR1 knockdown experiments, knockdown efficiency was 
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quantified by Western blot densitometry analysis. DDR1 knockdown was always 80% or 

greater.  

 

PC14 cells-  

For activation assays, cells were seeded in 9cm culture dishes and transfected with E-

cadherin siRNA at 40-50% confluency using JetPrime reagent (Polyplus). E-cadherin 

siRNA was purchased from Thermo Scientific: M-003877-02-0010 - siRNA SMART pool 

of 4 different oligos. Non-targeting siRNA oligos (Dharmacon) were used throughout as a 

negative control. Following optimization, E-cadherin siRNA oligos were used at a final 

concentration of 60nM, with 25μl of JetPrime in a total transfection volume of 5ml. 

Transfections were carried out according to the manufacturer’s instructions. Briefly, 

siRNA was first diluted in JetPrime transfection buffer and mixed by vortexing for 10 

seconds. 25μl of JetPrime was added to each transfection mix, and vortexed again 

before spinning down. The transfection mix was incubated for 15 minutes at RT and then 

added drop-wise to dishes with serum-containing complete medium (RPMI). Wells were 

left to incubate for 24 hours before changing medium to SFM overnight in preparation for 

collagen stimulation.  

 

To analyse the effect of DDR1 knockdown on E-cadherin localization and vica versa, 

transfection was optimized in 4-well plates. E-cadherin and DDR1 oligos were used at a 

final concentration of 60nM, with 2μl JetPrime in a total transfection volume of 400μl.  

Cells were left to incubate for 24 hours before changing medium to fresh complete media 

for another 24 hours (48 hours post transfection time in total). Cells were subsequently 

fixed for immunofluorescence or lysed. DDR1 or E-cadherin knockdown efficiency was 

always 80% or greater. SiRNA knockdown efficiency was quantified according to 

Western blot densitometry analysis from 3 independent experiments. 
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H322 and H358 cells- 

For two other NSCLC cell lines, H322 and H358, many different transfection reagents 

were tested with the aim of achieving successful siRNA-mediated E-cadherin 

knockdown. Reagents tested included DharmaFect (Dharmacon, Invitrogen), RNAiFect 

(Qiagen), Oligofectamine, Lipofectamine (both ThermoFisher Scientific), JetPrime and 

Interferin (both Polyplus). In this thesis, only DharmaFect, RNAiFect and Jetprime results 

are shown (Figure 5.6). All transfection reagent protocols were followed according to the 

manufacturer’s instructions. For Jetprime transfections, cells were incubated with 30 or 

60nM oligo and 2μl Jetprime per transfection (based on 4-well plate volume). DDR1 

siRNA was also tested in parallel as this had been working efficiently for other cells. For 

DharmaFect transfections, cells were incubated with 25 or 50nM oligo and the volume of 

DharmaFect reagent was varied between 0.25μl and 2.5μl (based on 4-well plate 

volume). For RNAiFect, transfections were carried out with either 0.5μg or 1μg siRNA, 

and transfection buffer was also compared between complete media versus their 

enclosed company buffer (EC buffer). 6μl of RNAiFect was used per transfection (based 

on 4-well plate volume). Throughout all transfections, the PC14 cell line was used as a 

positive control for efficient knockdown as this cell line was working well for all reagents 

tested. Mock transfections (no siRNA) were done in parallel as a negative control. During 

optimization, SiRNA knockdown efficiency reached 35% in H322 cells and 26% in H358 

cells, quantified by Western blot densitometry analysis.  

 

2.3 DNA transfection 

HEK293 cells were transiently transfected using the calcium phosphate transfection 

method (Leitinger 2003). HEK293 cells were grown in 24-well plates until 50% confluent. 
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1 hour before transfection, cells were changed to fresh complete media (DMEM/F12). 

1.25ug of DNA was transfected per 24-well, and mixed first with 6.25μl 2M CaCl2 

solution. The DNA/CaCl2 mix was added dropwise into 50μl of 2x HBS (290 mM NaCl, 50 

mM HEPES buffer, 1.5 mM Na2HPO4, pH 7.1) whilst vortexing. The mix was incubated at 

RT for 30 minutes, and then added dropwise to the wells and incubated overnight at 

37°C. 

 

2.4 Cell lysis 

Following 2x washes with ice cold phosphate-buffered saline (PBS) (pH 7.2-7.4), cells 

were lysed on ice for 1 hour in lysis buffer containing 150mM NaCl, 50mM Tris (pH 7.4), 

1mM ethylenediaminetetraacetic acid	   (EDTA), 1% Nonidet P-40 (NP-40), 5mM NaF, 

1mM phenylmethylsulfonyl fluoride (PMSF), 1mM orthovanadate and 50ug/ml aprotinin. 

Lysates were subsequently centrifuged for 10 minutes at 4°C with a centrifuge 

(accuSpinTM MicroR, Fisher Scientific) at 13,000rpm and the pellet discarded to remove 

insoluble material (except for detergent insolubility experiments). The remaining 

supernatant was boiled for 5 minutes at 100°C with 5x sample buffer (300 mM Tris pH 

6.8, 10% sodium dodecyl sulphate (SDS), 50% glycerol, 0.1% bromophenol blue) 

containing 10% β-mercaptoethanol), before SDS polyacrylamide gel electrophoresis 

(SDS-PAGE). 	  

 

2.5 Western blotting 

Cell lysates were separated on polyacrylamide gels (5-12.5%) by SDS-PAGE at 120V 

using an electrophoresis chamber (BioRad). Proteins were then transferred to 

nitrocellulose membrane (0.2um Amersham Protran, GE healthcare LifeSciences) at 

200mA for 1 hour using a wet transfer chamber (BioRad). Total protein was visualized by 
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Ponceau stain (Sigma), before blocking with 5% milk powder (Marvel) in 1x PBS at pH 

7.4 containing 0.1% Tween-20 (Sigma) (PBS-T) for 1 hour at RT. Primary antibodies 

were incubated overnight at 4°C, and secondary antibodies for 1 hour at RT. Antibodies 

were diluted in filtered 1x PBS-T. Between antibody incubations, blots were washed in 1x 

PBS-T on an orbital shaker at RT. For phospho-protein detection, membranes were 

blocked with 5% bovine serum albumin (BSA) (Fisher Scientific) in 1x Tris-buffered saline 

(TBS) at pH 7.4 containing 0.1% Tween-20 (TBS-T) for 1 hour at RT. Antibodies were 

incubated in 5% BSA diluted in TBS-T. Between antibody incubations, blots were washed 

in 1x TBS-T. For stripping, membranes were incubated with stripping buffer (Alpha 

Diagnostic international) for 10 minutes at RT. A molecular weight marker was loaded to 

all gels (11-190kDa blue pre-stained protein standard broad range, New England 

Biolabs). To visualize protein bands, ECL 2 detection substrate (GE healthcare) was 

added to the membranes, and imaged via the Ettan DIGE scanner (GE Healthcare 

Biosciences). 

 

2.6 DDR1 activation assays 

DDR1 activation assays for keratinocytes and NSCLCs were optimized in 10cm dishes. 

NSCLC cell lines were grown to 50-70% confluence and incubated overnight in SFM. 

Keratinocytes were switched to low calcium medium when small colonies were present 

(after 2-3 days), and then placed in SFM overnight when cells were 90-100% confluent. 

After serum starvation, cells were stimulated with SFM containing either 10μg/ml 

collagen I (acetic acid solubilized rat-tail, C7661 Sigma), 50μg/ml collagen IV (acetic acid 

solubilized, C5533 Sigma) or acetic acid only (1mM) as a negative control for 3 hours at 

37°C. For timecourse experiments, other incubation times were used ranging from 0 

minutes to 24 hours.  After washing cells twice with ice-cold 1x PBS, cells were lysed 
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(section 2.4). To analyse DDR1 activation levels, DDR1 was first immunoprecipitated 

from lysates by rotation with 2μg of anti-DDR1 monoclonal antibody (mAb) 7A9 

(produced in the lab, (Carafoli et al. 2012)) on a cold-room wheel overnight. Protein G 

sepharose beads (GE Healthcare) were then added to capture the antigen-antibody 

complexes for 1 hour at 4°C, and following washes with cold lysis buffer, samples were 

boiled for 5 minutes at 100°C with 2x sample buffer (125mM Tris pH 6.8, 2% SDS, 50% 

glycerol, 0.1% bromophenol blue) containing 2% β–mercaptoethanol. Samples were then 

subjected to SDS-PAGE and Western blotting (see section 2.5). Blots were first probed 

with mouse anti-phosphotyrosine mAb 4G10 (EMD Millipore), followed by Horseradish 

peroxidase (HRP)-conjugated anti-mouse IgG (GE Healthcare). Afterwards, blots were 

incubated with stripping solution (Alpha Diagnostics) for 10 minutes, and re-blocked in 

5% Milk in PBS-T for 1 hour at RT.  Blots were probed with rabbit anti-DDR1 polyclonal 

Ab sc532 (Santa Cruz), followed by HRP-conjugated anti-rabbit IgG (Dako) overnight at 

4°C. Membranes were developed and imaged as described in section 2.5.  A full list of 

antibodies (for all applications) is shown below in Table 2.2.  

 
Table 2.2. Details of primary and secondary antibodies used 
WB - Western blotting. IF – Immunofluorescence. BA - bead assay. SP – Solid-phase 
binding assays 
 

 Supplier Source Concentration used 

Primary Antibodies    

DDR1 mAb 7A9 Produced in-
house(Carafoli et 
al. 2012) 

Mouse 10ug/ml (IF) 

DDR1 mAb 1F10 Produced in-
house(Carafoli et 
al. 2012)  

Mouse 10ug/ml (IF) 

DDR1 mAb 1F7 Produced in-
house(Carafoli et 
al. 2012)  

Mouse 10ug/ml (IF) 

DDR1 polyclonal Ab 
AF2396 

R&D systems Goat 10ug/ml (IF) 
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DDR1 polyclonal Ab 
Sc532 

Santa Cruz Rabbit 1:200 (WB) 

E-cadherin  
mAb ECCD-2  

Life Technologies Rat 1:400 (IF) 

E-cadherin  
HECD-1 (supernatant) 
 

Gift from 
M.Takeichi 

Mouse 1:1000 (WB) 
 
 

E-cadherin HECD1 mAb 
(purified) 

Gift from 
M.Takeichi 

Mouse 2μg/ coverslip (BA) 

α3β1 integrin VM2 mAb 
(purified) 

Gift from F.Watt Mouse 2ug/coverslip (BA) 

α-Tubulin DM1A mAb Sigma Aldrich Mouse 1:10,000 (WB) 

4G10 anti-
phosphotyrosine mAb 

Millipore Mouse 1:666 (WB) 
 

Beta-catenin VB2 Produced in house Rabbit 1:1000 (WB) 

Alpha-catenin VB1 Produced in house Rabbit 1:3000 (WB) 

p120-catenin Gift from J. 
Staddon, EISAI 

Mouse 1:1000 (WB) 

c-Myc 9E10 mAb AbD Serotec Mouse 1:1000 (SP) 

ROCK1 (K-18) Santa Cruz Goat 1:500 (WB) 

Vinculin  Mouse 1:10,000 (WB) 

p-MLC (S19) Cell signalling Mouse 1:500 (WB) 
1:200 (IF) 
 

MYPT1 Upstate Rabbit 1:500 (WB) 

p-MYPT1 (T696)  Upstate Rabbit 1:500 (WB) 

    

 
 Supplier Source Concentration used 

Secondary Antibodies    

Horseradish peroxidase 
(HRP) anti-mouse IgG 

GE healthcare, 
Amersham 

Sheep 1:10,000 (WB) 
 
1:1000 (SP) 
 

HRP anti-rabbit IgG Dako, Denmark Goat 1:10,000 (WB) 
 

HRP anti-goat IgG Zymed Laboratories Rabbit 1:10,000 (WB) 
 

Cy3 anti-rat IgG Jackson 
ImmunoResearch 
Laboratories, Inc. 

Donkey 1:4000 (IF) 
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Cy2- anti-rat IgG Jackson 
ImmunoResearch 
Laboratories, Inc. 

Donkey 1:500 (IF) 

Cy3- anti-mouse IgG Jackson 
ImmunoResearch 
Laboratories, Inc. 

Donkey 1:500 (IF) 

Alexa-568 anti-goat IgG Invitrogen Donkey 1:500 (IF) 
 

Alexa-555 anti-rabbit IgG Life Technologies Goat 1:500 (IF) 

Alexa 546 anti-mouse 
IgG 

Invitrogen Goat 1:500 (WF) 

Alexa 488 anti-mouse 
IgG 

Invitrogen Goat 1:500 (IF) 

HRP anti-Fc IgG Jackson 
ImmunoResearch 
Laboratories, Inc.,  

Goat 1:1000 (SP) 

Fluorescent probes    

Dapi Sigma - 1:5000 (IF) 

Phalloidin- Alexa 647 Invitrogen - 1:1500 (IF) 

Phalloidin- Alexa 488 Invitrogen - 1:1500 (IF) 

 

2.7 Co-immunoprecipitation (Co-IP) 

For Co-IP experiments, keratinocytes were grown in 6-well plates or 9cm culture dishes 

in standard calcium medium until cells reached 80-90% confluence. Lysates were 

collected as described in section 2.4 and then incubated overnight at 4°C with 2μg of 

mouse anti-DDR1 mAbs 7A9, 3E3, 5D5, 1F7 or 1F10 (all target one of four DDR1 

extracellular region epitopes, produced in the lab previously) or the rabbit polyclonal Ab 

sc532 (against a C-terminal epitope). Alternatively, lysates were incubated with 2μg of 

anti-E-cadherin mAbs mouse HECD1 (gift from M.Takeichi at Kyoto University, targets 

extracellular epitope) or rabbit FWCAD (against the C-terminal 20 amino acids of mouse 

pan-cadherin (Geiger et al. 1990). Protein G sepharose beads were added to capture the 

antigen-antibody complexes for 1 hour at 4°C, and following 4x washes with cold lysis 

buffer, samples were boiled for 5 minutes at 100°C with 2x sample buffer containing 2% 
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β–mercaptoethanol. Samples were then subjected to SDS-PAGE and Western blotting 

(see section 2.5). Blots were probed for the protein of interest, e.g. DDR1 (sc532, HRP-

conjugated anti-rabbit IgG) or E-cadherin (HECD1, HRP-conjugated anti-mouse IgG), 

and subsequent to stripping for 10 minutes at RT, blots were placed in 5% Milk in PBS-T, 

and re-probed for the other protein (E-cadherin after DDR1 and vica versa) for 1 hour at 

RT. To test interaction between DDR1 and other junctional components (Figure 4.9), 

immunoprecipitation of DDR1 was followed by probing blots for alpha-catenin (rabbit 

VB1- produced in the lab (Braga et al. 1995)), p120-catenin (mouse p120- gift from J. 

Staddon, EISAI) or beta-catenin (rabbit VB2- produced in the lab (Braga et al. 1995)). In 

Figure 4.10, alpha-catenin and p120-catenin were immunoprecipitated using mAbs VB1 

and 2B12 (BioLegend) respectively. After SDS-PAGE and Western blotting, DDR1 was 

subsequently probed (sc532) to identify potential interactions. Alpha-catenin (VB1) and 

p120-catenin (mouse-p120) were also probed to confirm efficient immunoprecipitation. 

Membranes were developed and imaged as described in section 2.5. 

 

2.8 Gluthathione-S-transferase (GST) pull downs  

Keratinocytes were grown in standard calcium medium until cells reached 80-90% 

confluence. Lysates were collected as described in section 2.4. GST-catenin fusion 

proteins had been previously purified in the lab, and immobilized onto Gluthathione 

sepharose 4B beads (Pharmacia).  GST-catenin fusion construct details are listed below.  

Coded protein 
 

Species Plasmid Source 

E-cadherin tail Mouse pGEX-6P Y. Fujita, 
University 
College London, 
UK 

α-catenin Human pGEX-2T D.Rimm, Yale 
University, USA 

β-catenin Human pGEX-2T D.Rimm, Yale 
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University, USA 
p120-catenin Mouse pTEX-GST A.Bershadsky, 

Weizmann 
Institute of 
Science, Israel 

 

Beads were stored at -80°C in 60% glycerol as small aliquots. Lysates were incubated 

with equal ug of Gluthathione-S-transferase (GST)-catenin fusion proteins (or GST only 

negative control) for 2 hours at 4°C on a rotating wheel. Beads were washed four times 

with cold lysis buffer and bound proteins were eluted with 2x sample buffer containing 2% 

β–mercaptoethanol. Samples were loaded to SDS-PAGE gels, before transfer to 

nitrocellulose membranes by Western blotting. GST-fusion proteins were first visualized 

by Ponceau stain, before probing for potential interactions with DDR1 (sc532).  

 

2.9 Bead recruitment assay 

For F-actin recruitment experiments (Braga et al. 1997; Betson et al. 2002), keratinocytes 

were grown in low calcium-containing medium to 90-100% confluence. Latex polystyrene 

beads (15um, Polysciences) (1 x 105 beads/ coverslip) were coated with 2μg mAb 

HECD1 (purified, see Table 2.2) overnight at 4°C. Beads coated in heat-inactivated BSA 

(10mg/ml) were used as a negative control. Following two washes with 1x PBS, non-

specific binding sites were blocked by incubating beads with 5% heat-inactivated BSA for 

1 hour at RT. Beads were then washed three times with 1x PBS, and resuspended in 

keratinocyte low calcium-containing medium. Cells were treated with HECD1-coated 

beads for 20 minutes at 37°C prior to fixation with 3% paraformaldehyde (PFA) diluted in 

1x PBS for 15 minutes at RT. Cells were blocked with 5% BSA (diluted in PBS) for 1 hour 

at RT, followed by permeabilization with 0.1% Triton X-100 (Sigma) diluted in 5% 

BSA/PBS for 10 minutes. Cells were stained for actin with Phalloidin-Alexa 647 
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(Invitrogen) and Dapi (Sigma) diluted in 5% BSA/PBS for 30 minutes at RT. Between 

blocking, permeabilization and staining steps, cells were washed 9 times in total by 

dipping coverslips into three beakers containing 1x PBS. Subsequent to actin labelling 

with Phalloidin, attached beads were scored for positive actin recruitment by a criteria of 

three or more visible dots of actin, and expressed as a percentage of total attached 

beads. BSA-coated beads were used as a control to give a basal level of attachment. 

300+ beads were quantified in total from at least 12 images for both NT control and 

DDR1 knockdown cells from 4 independent experiments.  

 

To assess the levels of DDR1 recruitment to clustered E-cadherin (Figure 3.3), 

keratinocytes were similarly incubated with HECD1-coated beads. Non-specific binding 

sites were blocked with 50% FCS for 1 hour at RT. As a negative control for DDR1 

recruitment, beads were coated with anti-α3β1 integrin antibody (VM2, gift from F.Watt). 

Following fixation with 3% PFA/PBS, cells were blocked with 10% FCS/PBS for 1 hour at 

RT, followed by permeabilization with 0.1% Triton X-100 diluted in 10% FCS/PBS for 10 

minutes. Cells were stained with goat anti-DDR1 polyclonal Ab AF2396 (R&D systems) 

diluted in 10% FCS/PBS for 1 hour at RT, followed by Alexa-555 conjugated anti-goat 

IgG (Invitrogen) and Dapi diluted in 10% FCS/PBS for 30 minutes at RT. To ensure 

HECD1-coated beads were sufficiently coated with antibody, cells were also stained for 

actin recruitment with Phalloidin-647 diluted in 10% FCS/PBS for 30 minutes at RT. BSA-

coated beads were again used as a control to give a basal level of bead attachment. 35 

beads were imaged in total for DDR1 recruitment to both HECD1-coated beads and 

VM2-coated beads, from two independent experiments.  
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2.10 Solid-phase binding assays 

E-cadherin-Fc binding to His-DDR1 coated plates- 

His-DDR1 (produced in the lab, (Leitinger 2003)) was diluted in 50mM Tris, 2mM CaCl2 

(pH 7.5) (assay buffer) to 10µg/ml and coated in 50μl aliquots on 96-well plates (Nunc, 

Maxisorp) overnight at 4°C. Blocking conditions were first optimized for E-cadherin Fc 

binding by varying BSA and casein (Sigma) concentrations (Figure 3.5A). Following 

optimization, wells were blocked with 150μl of 0.5mg/ml casein in assay buffer. E-

cadherin-Fc (648-EC, R&D systems) was added at a range of concentrations from 0-

20μg/ml diluted in assay buffer with 0.5mg/ml casein and 0.05% Tween-20 (wash buffer), 

and incubated for 3 hours at RT. Wells were rinsed 6 times with wash buffer (150μl/well), 

before incubation with HRP-conjugated anti-human IgG Fc (Jackson, 1:3333) for 1 hour 

in wash buffer. For detection of bound proteins, substrate solution was added (75μl/well) 

consisting of 0.5mg/ml o-phenylenediamine dihydrochloride (OPD) (Sigma) and 

hydrogen peroxide (30% w/w) in 50mM citrate-phosphate buffer (pH 5.0). After 6 minutes 

incubation, stopping solution (3M H2SO4) was added (50μl/well). Absorbance was 

measured at 492nm using a Micro-plate reader (Sunrise Tecan). For a positive control, 

collagen I was diluted in assay buffer to 10μg/ml and coated on 96-well plates overnight 

at 4C. Wells were blocked with 150μl of 0.04mg/ml casein in assay buffer. DDR2-Fc 

(produced in the lab, (Leitinger 2003)) was added at a range of concentrations from 0-

20μg/ml diluted in assay buffer with 0.5mg/ml casein and 0.05% Tween-20 (wash buffer), 

and incubated for 3 hours at RT. The rest of the procedure was as described above.  

His-DDR1 and His-DDR2 binding to E-cadherin-Fc coated plates- 

E-cadherin-Fc was diluted in assay buffer to 5μg/ml and coated in 50μl aliquots on 96-

well plates overnight at 4°C. For a positive control, collagen I was diluted in assay buffer 

to 10μg/ml and coated as 50μl aliquots. Wells were blocked with 150μl of 0.04mg/ml 
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casein in assay buffer. His-tagged constructs containing the extracellular region of DDR1 

or DDR2 (residues 19-416 for DDR1, residues 22-398 for DDR2) with an N-terminal His 

tag and Myc antigen had been produced in the lab previously (Leitinger 2003). His-DDR1 

or His-DDR2 were added at a range of concentrations from 0-60μg/ml diluted in wash 

buffer, and incubated for 3 hours at RT. Wells were rinsed 6 times with washing buffer, 

before incubation with anti-Myc antibody (9E10 Serotec AbD, 1:1000) for 1 hour at RT 

(His-DDR1 and DDR2 constructs also contain a myc coding sequence, Leitinger (2003)). 

Following 6 rinses with wash buffer, wells were incubated with HRP-conjugated anti-

mouse IgG (1:1000) for 1 hour at RT. For detection of bound proteins, the rest of the 

procedure was carried out as previously described.   

 

2.11 Cell adhesion assay- H322 

In order to confirm functionality of the E-cadherin-Fc fusion protein, cells were seeded 

onto E-cadherin-Fc coated wells. Adhesion assays were carried out using 96-well 

Immulon 2HB plates (Fisher Scientific). Plates were coated at 4°C overnight with either 

E-cadherin-Fc chimeric protein (5μg/ml) diluted in 50mM Tris, 2mM CaCl2 (pH 7.5) or 

collagen IV (1μg/ml) diluted in 50mM Tris, 100mM NaCl (pH 8.5) as a positive control for 

cell attachment. Heat-inactivated BSA (5mg/ml) was used as a negative control. The 

H322 cell line was chosen as these cells express high levels of E-cadherin, and form E-

cadherin mediated cell junctions (unpublished data from the lab). H322 cells were 

trypsinized and resuspended in SFM with 0.1% heat-denatured BSA to a final seeding 

density of 1x 105/ml and added to coated wells. For cells seeded on E-cadherin-Fc 

substrate, trypsin without EDTA (ThermoFisher Scientific) was used in order to maintain 

the E-cadherin extracellular domain in an active conformation; 1M CaCl2 was also added 

to the trypsin to a final concentration of 1mM. Cells were allowed to adhere for 90 
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minutes at 37°C. Non-adherent cells were removed by four washes with HEPES buffer 

(10mM HEPES pH 7.4, 1mM MgCl2, 1.8mM CaCl2). Remaining cells were imaged by 

phase-contrast microscopy.  

 

2.12 Comparison of detergent-soluble and insoluble protein fractions 

Keratinocytes were grown either in low or standard calcium-containing medium, washed 

two times with ice-cold 1x PBS, and lysed for 1 hour at 4°C in lysis buffer consisting of 

0.5% (v/v) Triton X-100, 120mM NaCl, 25mM KCl, 2mM CaCl2, 15mM Tris-HCl pH 7.5, 

1mM PMSF, 1mM orthovanadate, 5mM NaF and 50μg/ml aprotinin. Lysates were 

centrifuged for 10 minutes at 4°C in a centrifuge (accuSpinTM MicroR, Fisher Scientific) at 

13,000rpm. The supernatants (soluble protein fraction) were transferred to clean 

Eppendorf tubes on ice. The pellets (insoluble protein fraction) were solubilized in 200μl 

of SDS buffer (2% SDS, 2mM CaCl2, 15mM Tris-HCl pH 7.5) by boiling at 100°C for 10 

minutes. Protein concentrations of both soluble and insoluble fractions were determined 

using the DC protein assay kit (BioRad), and equal protein amounts were loaded to 7.5% 

polyacrylamide gels. Proteins were separated by SDS-PAGE and transferred to 

nitrocellulose membranes by Western blotting (see section 2.5).  

 

2.13 Detergent extraction of soluble material  

Cells grown on coverslips were extracted with cytoskeletal (CSK) buffer (10mM Pipes pH 

6.8, 50mM NaCl, 3mM MgCl2, 0.5% (v/v) Triton X-100, 300mM sucrose) for 10 minutes, 

washed three times with 1x PBS and fixed with 3% PFA/PBS for 15 minutes at RT. Cells 

were immunostained for remaining insoluble material as described in section 2.14.   

 



Chapter 2 – Materials and Methods 

	   61 

2.14 Immunofluorescence, image acquisition and microscopy 

Cells were fixed with 3% PFA/PBS for 15 minutes at RT, and blocked with 5% BSA/PBS 

for 1 hour at RT. Cells were permeabilized with 0.1% Triton-X100 diluted in 5% BSA/PBS 

for 10 minutes prior to staining. All antibodies were diluted in 5% BSA/PBS and incubated 

for 1 hour (primary antibodies) or 30 minutes (secondary antibodies) at RT. Between all 

steps, coverslips were washed x9 in total with 1x PBS by dipping coverslips into 3 

beakers. All antibody details for immunofluorescence experiments are listed in Table 2.2. 

For triple staining of DDR1, E-cadherin and actin, a sequential staining protocol was 

optimized: 1) mouse mAb 7A9, Cy3-conjugated anti-mouse IgG 2) rat mAb ECCD2, Cy2-

conjugated anti-rat IgG 3) Phalloidin-Alexa 647 and Dapi. Cover slips were mounted 

using Prolong gold anti-fade mounting reagent (Life Technologies). For phospho-MLC (p-

MLC) immunostaining, a separate staining protocol was optimized. Cells were 

permeabilized with 0.1% Triton X-100 diluted in 10% FCS/PBS for 10 minutes, and all 

subsequent antibodies were diluted in 10% FCS/PBS. Cells were stained with mouse 

anti-pMLC antibody (S19) (Cell Signalling), followed by Cy3-conjugated anti-mouse IgG 

and Phalloidin-Alexa 647.  

 

Images were acquired with either widefield or confocal microscopy. For widefield 

imaging, images were taken by an Olympus BX51 microscope controlled by Simple-PCI 

acquisition software, and then processed using Fiji (Fiji Is Just ImageJ) software (an 

open-source platform for biological-image analysis (Schindelin et al. 2012)). Confocal 

images were acquired on a Zeiss LSM-510 inverted confocal microscope (Imperial 

College Facility for Imaging by Light Microscopy (FILM)) equipped with a 63x 1.3 NA 

plan-NEOFLUAR oil objective lens. Image processing and quantification were carried out 

using Fiji software.  
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2.15. Z-stack imaging parameters 

For Figures 4.4, 4.6 and 4.8, Z-stacks were acquired with a Zeiss LSM-510 inverted 

confocal microscope (FILM), equipped with a 63x 1.3 NA plan-NEOFLUAR oil objective 

lens. For Figures 4.4 and 4.6, 4-5 individual Z-stack slices were taken per image to cover 

the full height of the actin thin bundles. This covered a total range of 1-1.5µm. A 

projection of the slices was then created using the ‘sum slices’ tool in Fiji imaging 

software (schematic shown in Figure 4.6A). For Figure 4.8, optical slices were taken at 

0.3µm increments (average of 25 slices per image). To obtain orthogonal views of the 

keratinocytes, the ‘orthogonal view’ function was used in Fiji software.  

2.16 Image quantification 

Junctional E-cadherin and actin (widefield imaging)-  

For analysis of junctional E-cadherin and actin levels upon DDR1 depletion (Figure 4.1), 

it was first necessary to optimize the appropriate quantification method. Two different 

methods were tested: a thresholding-based method (i) and a semi-quantitative method 

(ii) 

(i) E-cadherin levels at junctions were detected by thresholding to select only the 

proportion of receptors found at cell contacts. This was defined as ‘junctional E-cadherin’. 

Using the same parameters, the percentage of area thresholded could then be measured 

across multiple images that contained different levels of E-cadherin at junctions. To 

obtain junctional actin levels, a binary mask was first created from the thresholded E-

cadherin. This mask was then subtracted from the total actin staining to obtain only the 

actin pool found at cell-cell contacts. Junctional actin was thresholded in a similar way to 

E-cadherin, and once again compared across images using the same parameters. To 

quantify the effect of DDR1 depletion on junctional E-cadherin and actin at contacts, 

DDR1 siRNA images were quantified relative to NT siRNA images. Imaging was done on 
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10 images per condition of NT siRNA or DDR1 siRNA transfected cells from at least 3 

independent experiments.  

 

(ii) For quantification of junctional E-cadherin and actin upon DDR1 depletion, a semi-

quantitative method was used. The following specific criteria were defined to determine 

intact junctional E-cadherin and actin. Junctional E-cadherin was defined as E-cadherin 

staining that appeared continuous along the entire length of the contact, from one 

tricellular corner to another. Junctional actin was defined as a continuous line of actin co-

localizing with junctional E-cadherin at contacts, again spanning the distance from one 

tricellular corner to another. 12 images were quantified per condition (NT and DDR1 

siRNA transfected cells), from at least 3 independent experiments. In each frame, only 

cells in which all cell borders were visible were numbered. Cells were numbered and 5 

cells were randomly selected using a random number generator. The number of junctions 

with intact junctional E-cadherin or actin was divided by the total number of junctions 

surrounding each cell, and then multiplied by 100. This gave an overall percentage of 

intact junctions.  300 cells were counted in total from 3 independent experiments.  

 

Of the two methods, the semi-quantitative method was chosen for final analysis. This 

was largely due to problems with non-specific fluorescence during the thresholding 

process in the first method. Many false positives (i.e. bright necrotic cells or cells on top 

of the monolayer) were automatically selected during thresholding that were likely to 

skew the intensity data.  

 

Percentage of actin thin bundles (confocal imaging)-  

To calculate the percentage of cells with actin thin bundles, a projection of the actin 

bundles was first created. To achieve this, 4-5 confocal slices were taken covering a total 
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range of 1-1.5μm. The slices were then assembled to a stack using Fiji software, and a 

total projection was created using the ‘sum slices’ Z-project tool. In each projection, only 

cells in which all cell borders were visible were quantified. The number of cells with three 

or more borders displaying clear actin bundles, was divided by the total number of cells 

(with all borders visible), and multiplied by 100. This gave an overall percentage of cells 

with actin thin bundles.  

 

p-MLC levels at actin bundles (confocal imaging)- 

For analysis of p-MLC levels at actin bundles, a projection of the actin bundles was first 

created as described above. Images were then thresholded to select actin thin bundles, 

and transformed to a binary inverted mask. The thresholded intensity boundaries 

(minimum and maximum intensity values) were set for control images and then applied to 

DDR1 knockdown images. To select only p-MLC staining at bundles, total p-MLC 

staining was subtracted from the actin mask. The remaining p-MLC was then 

thresholded, and the selected area measured. Once again, thresholded intensity 

boundaries (minimum and maximum intensity values) were set the same for control and 

DDR1 knockdown images. This method of quantification was repeated for approximately 

8 images per timepoint, from 1 independent experiment.  

 

2.17 Cloning of GST-DDR1 tail  

Polymerase chain reaction (PCR) and restriction enzyme digestion 

Primers were designed to amplify the intracellular region of both DDR1a and DDR1b. 

These were primer A, ACGGATCCCGGCTGCACTGGCGCAGGCT (with the BamH1 site 

in bold) and primer B, CGGAATTCTCACACCGTGTTGAGTGCATCCTCT (with the 

EcoR1 site in bold). cDNA encoding full-length DDR1a and DDR1b were previously 

cloned into the mammalian expression vector pRK5 (BD Pharmingen). The pRK-DDR1a 
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and pRK-DDR1b vectors were used as templates for PCR. Expected product sizes were 

1.3Kb for DDR1a and 1.4Kb for DDR1b. The following conditions were used for the PCR 

cycle: 

 98°C 30 seconds 

25 cycles 98°C  10 seconds 

 55°C 30 seconds 

 72°C 1 minute 30 seconds 

 72°C 10 minutes 

Hold  4°C  

 

 

For PCR reactions, two different enzymes were tested: Phusion HF polymerase and Q5 

HF polymerase (both from New England Biolabs). Reactions consisted of: 5x polymerase 

buffer, 0.25µM dNTPs (Invitrogen), vector template (100ng), 0.5μM primer A, 0.5μM 

primer B and 0.5µl DNA polymerase (Phusion or Q5) in a total volume of 50µl. Following 

PCR, correct amplification was determined by running a small amount of PCR product on 

a 1% agarose gel (Invitrogen), and then visualized with SYBR Safe DNA gel stain 

(Invitrogen). A 1Kb DNA ladder was loaded to all agarose gels (New England Biolabs). 

The PCR products were subsequently purified using the microcentrifuge protocol from a 

QIA quick PCR purification kit (Qiagen) (protocol followed according to manufacturers 

instructions), and eluted in 5mM Tris, pH 8.5 (30μl).  

 

Subcloning to pSP72 vector 

PCR products and the pSP72 vector (Promega) were then digested with EcoR1 and 

BamH1 restriction enzymes (New England Biolabs) to create ‘sticky ends’ for ligation. 

PCR products (30μl) were digested for 3 hours at 37°C, with 1x buffer 3.1 (New England 
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Biolabs), 1x BSA, EcoR1 (1μl) and BamH1 (1μl) enzymes in a total volume of 40μl. The 

pSP72 vector (2μg) was digested for 2 hours at 37°C with the same enzymes. The 

digested fragments were run on a 1% agarose gel, and following gel extraction, purified 

using the gel purification protocol from Qiagen. For ligation reactions, two different molar 

ratios were tested for insert: vector: 3:1 and 6:1. A negative control with no insert was 

performed in parallel. A master mix was made for the total number of ligation reactions, 

however per reaction this included: 1x ligase buffer, 0.8μl ligase T4 (both Life 

Technologies), 30ng of vector, and the calculated ng of insert. Ligation mixtures were 

transformed to DH5α cells (Life Technologies) by heat shock for 1 minute at 42°C. This 

was followed by plating onto agar plates containing ampicillin antibiotic (Sigma) 

(100μg/ml), and incubation overnight at 37°C. The next day, colonies were picked and 

inoculated in LB broth containing ampicillin (100μg/ml). DNA was purified by making 

Minipreps (Qiagen spin Miniprep kit), and the protocol was followed according to the 

manufacturer’s instructions (Qiagen). To analyse whether the insert had inserted 

correctly, DNA was digested using EcoR1 and BamH1 restriction enzymes as described 

previously. DNA was digested for 1.5 hours at 37°C, and loaded onto a 1% agarose gel. 

The expected sizes were 1.3Kb for the DDR1a insert, and 1.4Kb for the DDR1b insert. 

The cut pSP72 vector size was 2.5Kb. Correct DNA insertion was confirmed by 

sequencing through Beckman-Coulter Genomics, UK.  

 

Cloning to pGEX-2T vector 

After successful subcloning, the inserts were digested from the pSP72 vector with EcoR1 

and BamH1 restriction enzymes. The final pGEX-2T vector (kindly provided by Erhard 

Hohenester. Imperial College) was also digested with the same enzymes. Following 

agarose gel analysis, gel extraction and purification (performed as described above), 

DDR1a and DDR1b inserts from the pSP-DDR1 constructs were ligated into the digested 
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pGEX-2T vector. A 3:1 ligation ratio was used for insert: vector. Ligations were 

transformed once again to DH5α cells, and plated onto agar plates containing ampicillin 

overnight. Plasmid DNA was isolated from several colonies, and then examined for 

correct DNA insertion by restriction digestion (as described above). Expected sizes for 

the inserts were the same as before; 1.3Kb for DDR1a and 1.4Kb for DDR1b, whilst the 

cut pGEX-2T vector was 4.9Kb. Successful cloning was confirmed by sequencing 

through Beckman-Coulter Genomics, UK.  

 

2.18 Protein expression of GST-DDR1 

Optimal conditions for GST-DDR1 fusion protein expression were investigated. Several 

colonies of E.Coli (BL21 DE3 strain) transformed with pGEX-DDR1a or pGEX-DDR1b 

recombinants were picked and transferred to universal tubes containing 3ml of LB broth 

with ampicillin (100μg/ml). Colonies transformed with the parental pGEX-2T vector were 

also cultured as a positive control for protein expression. Cultures were grown to an 

optical density (OD) of 0.6-0.8 with agitation at 37°C (Jenway 6300 Spectrophotometer, 

Bibby Scientific Limited, UK). Fusion protein expression was induced by addition of 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5mM or 1.0mM 

for 2.5 hours at 37°C. Cultures were transferred to labelled Eppendorf tubes, and 

centrifuged for 1 minute to discard the supernatant. Each pellet was resuspended in 

300μl of ice-cold PBS, and 10μl was loaded to SDS-PAGE gels to check protein 

expression. A sample of culture was also taken before each induction and loaded to the 

same gel. InstantBlue safe Coomassie stain (Sigma) was used to visualize protein 

expression, together with Coomassie destain (20% methanol, 15% acetic acid in water).  
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3. Localization and activation of DDR1 in 
keratinocytes 
 

 

3.1 Introduction 

 
DDR1 is widely considered as a cell-matrix receptor, where it binds to collagen in the 

ECM (see review, Leitinger 2014). We know that upon collagen binding, DDR1 becomes 

activated as revealed by phosphorylation of multiple intracellular tyrosine residues (Vogel 

et al. 1997; Shrivastava et al. 1997). These tyrosines serve as subsequent docking sites 

for a range of signalling molecules that ultimately result in downstream signalling 

responses (Lemeer et al. 2012; Koo et al. 2006). Recently however, collagen-

independent roles of DDR1 have emerged that potentially implicate the protein at 

epithelial cell contacts. It was shown that overexpressed DDR1 tagged with Myc or 

Hemagglutinin (HA), localizes to intercellular contacts in MDCK cells and a number of 

other epithelial cell lines (Wang et al. 2009; Yeh et al. 2011). Moreover complex 

formation between DDR1 and E-cadherin is proposed (Wang et al. 2009; Eswaramoorthy 

et al. 2010). Experiments with MDCK cells show a redistribution of HA-tagged DDR1 

from lateral to apical and basal sites when E-cadherin is depleted (Wang et al. 2009). 

The same effect is observed when cells are seeded on collagen I-coated dishes or 

uncoated dishes, suggesting that collagen-induced signals are not a prerequisite for 

DDR1-E-cadherin co-localization or complex formation. Endogenous DDR1 localization 

at contacts is also observed in some breast cancer cell lines including MCF10a and 

MCF7 (Hidalgo-Carcedo et al. 2011a).  

 

In this chapter I explore the localization of endogenous DDR1 in primary keratinocytes, 

and try to reproduce the findings of DDR1-E-cadherin complex formation at intercellular 



Chapter 3 – Localization and activation of DDR1 

	   69 

contacts. I also investigate collagen-mediated activation of DDR1 in keratinocytes and 

how collagen influences DDR1 localization. The aims of this chapter are to answer the 

following questions: 

 

§ Is a complex formed between DDR1 and E-cadherin in keratinocytes? 

§ How does DDR1 localize with respect to E-cadherin at mature keratinocyte 

contacts? 

§ How is this localization affected by collagen stimulation? 

§ What is the collagen-mediated activation profile of DDR1 in keratinocytes?  

	  
 

I chose the keratinocyte model because it is an excellent system to study dynamics of 

proteins involved in cell junction formation. The classical ‘calcium-switch’ model, 

(Martinez-Palomo et al. 1980; Hennings et al. 1980; Gumbiner & Simons 1986), allows 

for cell junction formation to be followed during a timecourse of calcium addition through 

fixation of cells at various timepoints, followed by immunostaining and microscopy. The 

model has been used in many different cell lines, including MDCK cells, Caco-2 cells, 

16HBE14o- cells and MCF7 cells amongst others (McNeil et al. 2006; Otani et al. 2006; 

Wallace et al. 2010; Hogan et al. 2004). The use of primary keratinocytes closely mimics 

the physiological state of cell junctions in vivo, as they are freshly isolated and only 

cultured for a limited number of passages (Rheinwald & Green 1975). Another advantage 

of the model is the ability to induce cell contact formation from a confluent monolayer of 

keratinocytes. This eliminates cell spreading and migration towards each other, allowing 

for tighter control of cadherin adhesive function (Braga, 2002). DDR1 localization has so 

far mainly been studied through overexpression of tagged DDR1, therefore primary 

keratinocytes provide a good opportunity to study dynamics of endogenous DDR1.  
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The keratinocyte calcium switch model involves culturing the cells in medium containing 

0.1mM CaCl2 (low calcium medium) and switching to medium containing 1.8mM CaCl2 

(standard calcium medium). In low calcium medium, keratinocytes can be cultured for 

several days, with cells forming a confluent monolayer in the absence of cell contacts. In 

standard calcium medium, the concentration of calcium reaches physiological levels, 

which allows for cadherin adhesive function (described in Chapter 1, sections 1.1, 1.5). 

Junction formation can therefore be induced by addition of CaCl2 directly to low calcium 

medium. Alternatively, keratinocytes can be cultured initially in standard calcium medium 

to grow cells with mature cell contacts.  

 

3.2 Results 

3.2.1 Examining DDR1 localization in keratinocytes 

	  
To begin, I probed for endogenous DDR1 localization in keratinocytes by using a range 

of anti-DDR1 mAbs previously made in the lab (Carafoli et al. 2012). These all target one 

of four different epitopes of the same domain in the extracellular region of DDR1. 

Keratinocytes were grown in standard calcium medium, fixed with 3% PFA/PBS, and 

then stained for endogenous DDR1 (mAbs 1F10, 7A9, and 5D5), which localized to 

mature cell contacts with all antibodies tested (Figure 3.1A). Similar results were also 

obtained with mAbs 1F7 and 3E3, and a polyclonal antibody AF2396 (not shown). I 

decided to continue with mAb 7A9 for future immunofluorescence experiments, as there 

were no clear differences between the antibodies tested, and we had a large stock of 

purified 7A9 antibody available.  
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To investigate the dynamics of DDR1 during contact formation, keratinocytes were first 

cultured in low calcium medium until confluent, and then switched to standard calcium for 

90 minutes to induce cell contacts. In medium with low calcium, DDR1 was diffusely 

localized throughout the cell, however upon calcium addition DDR1 was recruited to cell 

contacts (Figure 3.1B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Endogenous DDR1 localizes to keratinocyte cell contacts 
A. Primary keratinocytes were grown in standard calcium medium. Cells were fixed, blocked, 
permeabilized, and immunostained for DDR1 with various monoclonal antibodies (mAbs 1F10, 7A9, 
5D5). Nuclei were also stained with Dapi. DDR1 single staining (lower panels) and a merge with Dapi 
(upper panels) are shown. B. Keratinocytes were grown in low calcium-containing medium, and induced 
to form cell contacts by addition of calcium (final CaCl2 concentration 1.8mM) for 90 minutes. 
Keratinocytes were immunostained for DDR1 (7A9). Images were taken by widefield microscopy. 
Representative images are shown. Scale bar = 50µm. N=3 
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This is similar to the localization seen previously for E-cadherin, a key marker of AJs 

(O’Keefe et al. 1987; Braga et al. 1995; Vasioukhin et al. 2000). Subsequently, I 

performed a timecourse experiment of calcium addition (from 0 to 240 minutes) and after 

fixation, co-stained for DDR1 (mAb 7A9) and E-cadherin (mAb ECCD2) to follow their 

recruitment to contacts simultaneously. Both proteins were recruited to contacts gradually 

up to 60 minutes of calcium addition, after which time contacts had fully matured (Figure 

3.2A). Beyond 4 hours, cells began to stratify and differentiate as shown by previous 

studies (Liebig et al. 2009). Cells in these upper layers appeared larger with brighter 

staining. DDR1 and E-cadherin first appeared at cell contacts approximately 10 minutes 

after calcium addition, during early stages of contact formation. However by zooming in 

on these early timepoints, it was clear that E-cadherin was recruited slightly before DDR1 

(Figure 3.2B). At junctions with clear E-cadherin staining, there was visibly less DDR1 

(highlighted by the white arrowhead). This was in comparison to later timepoints such as 

60 minutes calcium addition, where both proteins seemed equally present at cell-cell 

contacts (Figure 3.2B bottom panel). Furthermore, DDR1 recruitment seemed to be 

dependent on E-cadherin as there was no DDR1 staining at contacts unless E-cadherin 

was also present. This is in agreement with previous studies suggesting that localization 

of DDR1 to contacts requires E-cadherin function (Hidalgo-Carcedo et al. 2011a; Wang 

et al. 2009).  
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Figure 3.2. DDR1 and E-cadherin are recruited to keratinocyte contacts with distinct kinetics  
A. Keratinocytes were grown in low calcium-containing medium, and induced to form junctions by addition 
of calcium at various timepoints ranging from 10 to 240 minutes. Keratinocytes were fixed, blocked, 
permeabilized and co-immunostained for DDR1 (7A9) and E-cadherin (ECCD-2). Images were taken by 
widefield microscopy. Scale bar = 50µm. N=3 B. Zoom of timepoints shown in part A showing DDR1 and 
E-cadherin at 10 and 60 minutes Ca2+ 

addition. White arrowhead = representative junction with less DDR1 
compared to E-cadherin at early timepoints. Scale bar = 20µm. Representative images are shown. N=3. 
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To see whether E-cadherin clustering is sufficient to recruit DDR1, I performed a bead 

recruitment assay. In this experiment, I can forcibly cluster endogenous E-cadherin by 

first coating latex polystyrene beads with anti-E-cadherin mAb (HECD1, epitope against 

the E-cadherin extracellular region), and then incubating these antibody-coated beads on 

live cells. After incubation, unbound beads are washed off and the cells can be fixed as 

usual. I was interested in potential DDR1 recruitment to the beads, therefore after fixation 

I stained the cells for DDR1 (polyclonal Ab AF2396). An important positive control was to 

stain cells incubated with HECD1-coated beads for actin recruitment. This would confirm 

efficient HECD1 bead coating, as previous experiments have shown positive actin 

recruitment to HECD1-coated beads (Braga et al. 1997; Nola et al. 2011; Erasmus et al. 

2015). As a negative control, I used beads coated with anti-α3β1-integrin mAb (VM2, 

epitope against extracellular region), as α3β1-integrin clustering should not recruit DDR1. 

I found that HECD1-coated beads were negative for DDR1 recruitment (Figure 3.3), 

implying that E-cadherin clustering alone is not sufficient to bring DDR1 to keratinocyte 

contacts.  
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3.2.2 Investigating potential interaction between DDR1 and E-cadherin 

To-date, only one group has proposed direct binding of DDR1 with E-cadherin at 

epithelial cell contacts (Wang et al. 2009; Eswaramoorthy et al. 2010). Overexpressed 

DDR1a (HA tagged) and DDR1b (Myc tagged), were shown to interact with E-cadherin in 

co-IP experiments using MDCK cell lysates (Wang et al. 2009). Subsequent studies 

revealed that binding between DDR1 and E-cadherin required their extracellular domains 

(Eswaramoorthy et al. 2010). Interestingly, these authors also proposed extracellular 

domain binding of E-cadherin to DDR2 in the same experiments (DDR2 is not normally 

expressed in epithelial cells).  

 

Figure 3.3. DDR1 is not specifically recruited by clustering of E-cadherin receptors 
Keratinocytes were grown in low calcium-containing medium. Latex polystyrene beads were coated 
overnight with anti-E-cadherin mAb (HECD1), and blocked with heat inactivated BSA (10mg/ml) to prevent 
non-specific binding. Alternatively, beads were coated with anti-α3β1 integrin mAb (VM2) as a negative 
control for DDR1 recruitment. Cells were treated with the antibody-coated beads for 20 minutes at 37°C 
prior to fixation, blocking and permeabilization. Cells were stained for DDR1 (AF2396). Cells treated with 
HECD1-coated beads were also labelled for actin (Phalloidin- Alexa 647) as a control for efficient antibody 
coating. White arrowheads = positive actin recruitment to HECD1-coated beads. Images were taken by 
widefield microscopy. Scale bar = 15µm. 35 beads were imaged in total for DDR1 recruitment to both 
HECD1-coated beads and VM2-coated beads from N=2. Representative images are shown.  
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In order to investigate potential binding between DDR1 and E-cadherin, I carried out a 

range of different assays. The first of these was solid-phase binding assays using 

ectodomain fusion proteins of both DDR1 and E-cadherin to see if I could detect binding 

between their extracellular regions. We already had constructs containing the entire 

extracellular regions of DDR1 and DDR2 (Leitinger 2003). His-tagged constructs 

contained the extracellular region of DDR1 or DDR2 (residues 19-416 for DDR1, 

residues 22-398 for DDR2) with an N-terminal His tag and Myc antigen. DDR-Fc fusion 

proteins were also made containing the extracellular region of DDR1 or DDR2 (residues 

1-416 for DDR1, residues 1-398 for DDR2), fused to human IgG1 at the C-terminus. 

These constructs were all produced, purified and shown to bind immobilized collagens 

(Leitinger 2003; Leitinger et al. 2004; Konitsiotis et al. 2008; Xu et al. 2011). This is with 

the exception of His-DDR1 that was shown to exist as a monomer and thus lack 

collagen-binding affinity (Leitinger 2003). E-cadherin-Fc fusion protein was commercially 

bought (648-EC, R&D systems) and contained the 5 extracellular (EC) domains of E-

cadherin fused to a human IgG1 tag at the C-terminus (Figure 3.4A). SDS-PAGE 

revealed a double band for the E-cadherin-Fc fusion protein around 120kDa, which 

represented different glycosylation forms of the protein (personal communication with 

R&D systems) (Figure 3.4B). The DDR1-Fc fusion protein produced a single band 

around 80kDa as expected. To confirm the functionality of the E-cadherin-Fc protein, I 

performed an adhesion assay where I coated 96-well plates with E-cadherin-Fc protein 

overnight and seeded cells on top. I chose the H322 cancer cell line because this has 

high E-cadherin expression and forms E-cadherin mediated cell contacts (see chapter 5, 

Figure 5.1, Table 5.2, Figure 5.3). BSA coated plates were used as a negative control for 

cell adhesion. Collagen IV coated plates were used as a positive control, because this 

reflects the physiological interactions between cell-matrix receptors and collagen IV in the 

basement membrane (Aumailley & Timpl 1986).  Similar to collagen IV coated control 
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plates, cells successfully bound to E-cadherin-Fc coated plates implying the E-cadherin-

Fc fusion protein was folded correctly and functional (Figure 3.4C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Testing functionality of E-cadherin-Fc chimeric fusion protein 
A. Schematic of the E-cadherin-Fc fusion protein consisting of the five E-cadherin extracellular (EC) 
domains (Asp155-Ile707) fused to a human IgG1 fragment. B. Reducing SDS-PAGE gel of the E-
cadherin-Fc and DDR1-Fc fusion proteins, 0.5, 1 and 1.5µg of protein. C. Adhesion assay - Multi-well 
plates were coated with either collagen IV (1µg/ml) l or E-cadherin-Fc (5µg/ml) overnight at 4°C. Heat 
inactivated BSA (5mg/ml) was used as a negative control for cell adhesion. H322 cells (NSCLC cell line) 
were seeded at the optimal density and allowed to attach for 90 minutes at 37°C. Non-adherent cells 
were removed by washes with HEPES buffer. Remaining cells were imaged by phase-contrast 
microscopy. N=2. Representative images shown. 
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For the solid-phase binding assays, I began by testing E-cadherin-Fc binding to His-

DDR1 coated plates. I first had to optimize the blocking conditions for E-cadherin-Fc 

binding as initial attempts using the standard protocol with 1mg/ml BSA showed 

excessive background binding to His-DDR1 coated plates (not shown). A variety of 

blocking conditions were tested; BSA at 0.1, 1 and 3mg/ml, and casein at 0.04, 0.1 and 

0.5mg/ml, all diluted in 50mM Tris, 2mM CaCl2 (pH 7.5.). Whilst all the BSA 

concentrations showed excessive E-cadherin-Fc background binding to His-DDR1, the 

casein worked better with optimal blocking at 0.5mg/ml (Figure 3.5A). This was therefore 

chosen for future binding experiments. 

 

In addition to measuring E-cadherin-Fc binding to His-DDR1, I measured DDR2-Fc 

binding to collagen I as a positive control for Fc-tag detection. The DDR2-Fc fusion 

protein was previously shown to have strong binding affinity to immobilized collagen I 

(Leitinger 2003).  In contrast to a strong binding signal for DDR2-Fc binding to collagen I, 

E-cadherin-Fc showed no detectable binding to His-DDR1 compared to casein control 

(Figure 3.5B). The experiment was repeated 2 times with the same result. Following this, 

I tested potential interactions of DDR1 with E-cadherin the opposite way; i.e. His-DDR1 

and His-DDR2 binding to E-cadherin-Fc coated plates. Binding of His-DDR2 to collagen I 

was measured in parallel as a positive control for Myc tag detection (His-DDR1 exists as 

a monomer and thus lacks collagen-binding affinity (Leitinger 2003)). Again, no 

significant binding was observed between the DDR proteins and E-cadherin-Fc (Figure 

3.5C). This result was reproducible from 2 repeats.  
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Figure 3.5. Solid-phase binding assays show no direct interaction between E-cadherin and DDR1 
extracellular domains 
A. Blocking conditions were optimized for E-cadherin-Fc binding to His-DDR1 coated plates by varying 
BSA (0.1, 1 and 3mg/ml) and casein (0.04, 0.1 and 0.5mg/ml) concentrations. B. E-cadherin-Fc binding to 
His-DDR1 coated plates - His-DDR1 was diluted in assay buffer to 10µg/ml and coated on 96-well plates. 
Subsequent to blocking with 0.5mg/ml casein, E-cadherin-Fc was added at a range of concentrations from 
0-20µg/ml, followed by anti-Fc antibody. Bound proteins were detected by adding substrate solution. 
Absorbance was measured at 492nm. DDR2-Fc binding to collagen I was used as a positive control for Fc-
tag detection (right-hand panel). N=2 C. His-DDR1 and His-DDR2 binding to E-cadherin-Fc coated plates – 
E-cadherin-Fc was diluted in assay buffer to 5µg/ml and coated on 96-well plates. Wells were blocked with 
0.04mg/ml casein. His-DDR1 or His-DDR2 was added at a range of concentrations from 0-60µg/ml, before 
incubation with anti-Myc antibody. Bound proteins were detected as previously described. His-DDR2 
binding to collagen I was used as a positive control for Myc tag detection (right-hand panel). N=2. 
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To explore potential DDR1-E-cadherin interactions further, I performed co-IP experiments 

between endogenous DDR1 and E-cadherin from keratinocyte lysates. Keratinocytes 

were grown in standard calcium medium to 80-90% confluence, and lysates were 

collected as described (see Methods and Materials). Lysates were then incubated with 

2µg of DDR1 antibody (mAbs 7A9, 3E3, 5D5, 1F7, 1F10; all against epitopes within the 

same extracellular domain, or the polyclonal rabbit Ab sc532 against a C-terminal 

epitope) or E-cadherin antibody (mAbs HECD1 against an extracellular epitope or 

FWCAD against a C-terminal epitope). Results showed that while both E-cadherin 

antibodies (FWCAD and HECD1) efficiently immunoprecipitated E-cadherin, there were 

no E-cadherin bands detected after DDR1 immunoprecipitation by any of the DDR1 

antibodies tested (Figure 3.6, top blot). After stripping and re-probing for DDR1, efficient 

DDR1 immunoprecipitation could be seen (Figure 3.6, lower blot). Samples 

immunoprecipitated with FWCAD showed bands of similar size to DDR1 however due to 

excessive non-specific background, it was difficult to conclude whether these 

represented co-immunoprecipitated DDR1. It is possible these bands were a result of 

inefficient stripping after E-cadherin probing as both proteins ran at a similar size 

(~130kDa). The HECD1 lane showed a very weak band upon DDR1 probing, however 

this ran slightly above bands seen in IPs 4-8 and therefore may once again be 

background from inefficient stripping (Figure 3.6, lower blot). Similar results were 

reproduced from 3 repeats. It was previously reported that DDR1 and E-cadherin form a 

complex independent of E-cadherin adhesions, as complex formation was detected in the 

presence of ethylene-glycol-tetraacetic acid (EGTA) (Wang et al. 2009). Further 

experiments were done with Hacat cell lysates, exploring DDR1-E-cadherin interactions 

at mature cell-cell contacts (standard calcium medium) and in the absence of cell-cell 

contacts (low calcium medium). No interactions were seen in either condition (results not 

shown).  
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The next method of examining possible DDR1-E-cadherin interactions was by taking 

high-resolution confocal images. Keratinocytes with mature cell contacts were co-

immunostained for DDR1 (mAb 7A9) and E-cadherin (mAb ECCD2), and imaged by 

confocal microscopy. DDR1 (red) and E-cadherin (green) were visibly localized in distinct 

clusters, with no apparent co-localization (Figure 3.7A). To obtain more detailed 

Figure 3.6. E-cadherin and DDR1 do not form a complex during co-immunoprecipitation 
Keratinocytes were grown in standard calcium medium. Lysates were collected, and incubated with anti-
DDR1 antibody (mAbs 7A9, 3E3, 5D5, 1F7, 1F10 or polyclonal Ab sc532) or anti-E-cadherin antibody 
(mAbs HECD1 or FWCAD). Protein G sepharose beads were added to capture antigen-antibody 
complexes. Samples were prepared and analyzed by SDS-PAGE and Western blotting. Blots were first 
probed for E-cadherin (HECD1), then stripped and re-probed for DDR1 (sc532). Representative blots are 
shown. N=3. 
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information, deconvolution was applied and individual clusters could be seen with even 

greater distinction (Figure 3.7A,B right panels). The images in Figure 3.7A,B show the XY 

plane, i.e. looking at the monolayer face down. To gain information from the YZ plane I 

took several Z-stack slices. Throughout this orthogonal plane, distinct spot-like clusters of 

DDR1 and E-cadherin could also be clearly distinguished (Figure 3.7C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. DDR1 and E-cadherin localize as distinct separate clusters at mature contacts 
A. Keratinocytes grown in standard calcium medium were fixed, blocked and permeabilized. Cells were 
co-immunostained for DDR1 (7A9) and E-cadherin (ECCD2). Images were taken with confocal 
microscopy. A normal XY confocal image is shown on the left, and the same image on the right after 
deconvolution processing. A merge is shown of DDR1 (red) and E-cadherin (green). Scale bar = 25µm B. 
Z-stack image of mature contact showing DDR1 and E-cadherin, as a confocal image on the left, and 
deconvolved image on the right. Scale bar = 10µm C. Orthogonal YZ slice of cell junction Z-stack at point 
depicted by yellow cross-hair in B. N=3. Representative images shown. 
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Cadherin receptors are intimately linked with the actin cytoskeleton (Ratheesh & Yap 

2012). During cell contact formation, concomitant changes are seen in both localization 

of cadherin puncta and actin organization (Vasioukhin et al. 2000; Adams et al. 1996; 

Adams et al. 1998). During early stages of cell contact, filopodia structures are generated 

that reach out towards neighbouring cells. E-cadherin receptors were shown to cluster at 

the tips of filopodia, resembling an ‘adhesive zipper’ (Vasioukhin et al. 2000). In a model 

of confluent keratinocyte monolayers that excluded the influence of cell spreading or 

migration during cell contact formation, two spatially distinct actin populations were 

observed (Zhang et al. 2005). Upon stimulation of contact formation, thin actin bundles 

were seen running parallel to junctional E-cadherin, as well as a junctional actin 

population co-localizing with E-cadherin.  

 

I was curious to see how DDR1 and E-cadherin localized with respect to actin at cell 

contacts, so I co-immunostained keratinocytes for all three components. Actin thin 

bundles were clearly seen running parallel to junctional E-cadherin (Figure 3.8, top panel 

yellow arrows). By zooming in on these junctions, radial actin fibres could also been seen 

extending from actin thin bundles to junctional actin. E-cadherin complexes were 

clustered specifically at the ends of these fibres (Figure 3.8, bottom panels white 

arrowheads). In contrast to E-cadherin, DDR1 was not concentrated at these points. 

DDR1 localized diffusively around E-cadherin, and in agreement with Figure 3.7, DDR1 

and E-cadherin were localized as distinct clusters with no apparent co-localization.  
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Figure 3.8. DDR1 and E-cadherin localization with respect to actin filaments at cell contacts 
Keratinocytes were grown in standard calcium medium and fixed, blocked and permeabilized. Cells were 
co-immunostained for DDR1 (7A9), E-cadherin (ECCD-2), actin (Phalloidin-647) and nuclei (Dapi). Images 
were taken by confocal microscopy. Box with dashed white line indicates area zoomed in bottom three 
panels. Yellow arrows = Actin thin bundles aligned parallel to cell contact. White arrowheads = E-cadherin 
receptors clustered to tips of radial actin fibres. Pseudo colours are shown for clarity: Magenta - Actin, Blue 
- E-cadherin, Orange - DDR1. Scale bar = 25µm (top panel), 10µm (bottom panels). Representative image 
is shown.  
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3.2.3. Investigating DDR1 solubility 

The results from Figure 3.8 suggest that DDR1 might not be linked to the actin 

cytoskeleton. To test this hypothesis, I compared the detergent solubility of DDR1 and E-

cadherin by two different methods. The first method involved separating the soluble and 

insoluble protein fractions after cell lysis. Keratinocytes were grown in standard or low 

calcium-containing medium for a comparison of detergent solubility in the presence and 

absence of contacts respectively. Cells were lysed for 1 hour on ice. Lysates were 

centrifuged and the supernatants (soluble fraction) were transferred to separate tubes. 

The remaining pellets (insoluble fraction) were solubilized in denaturing SDS buffer by 

boiling at 100°C for 10 minutes. Equal protein concentrations of insoluble and soluble 

proteins were loaded to SDS-PAGE gels, and following Western blotting, levels of DDR1 

and E-cadherin were probed. This method was previously used to show that a population 

of cadherins remained detergent insoluble in keratinocytes cultured in both low and 

standard calcium medium (Braga et al. 1995). The authors showed that in low calcium 

conditions, cadherins were found in both the detergent soluble and insoluble fractions. 

However after 5 hours in standard calcium medium, a proportion of cadherins increased 

in the detergent insoluble pool (Braga et al. 1995). My results were in agreement with this 

data. E-cadherin was found in both supernatant (soluble) and pellet (insoluble) fractions, 

and the proportion of E-cadherin in the pellet was higher in standard calcium cells (1 to 

0.3 in low calcium, versus 1 to 0.6 in standard calcium) (Figure 3.9A right-hand panel). 

Compared to E-cadherin, there was much less DDR1 in insoluble fractions (1 to 0.1 in 

low calcium, and 1 to 0.03 in standard calcium) (Figure 3.9A left-hand panel). It is unclear 

why there was more DDR1 in the pellet fraction of low calcium keratinocytes compared to 

standard calcium. One possible explanation may be increased association of DDR1 with 

cell-matrix adhesions in low calcium conditions, as DDR1 is not associated with cell-cell 
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contacts. Alternatively, these results may possibly reflect unequal protein loading in this 

particular repeat. The experiment was repeated twice with similar results.   

 

Detergent solubility of DDR1 and E-cadherin was also analysed by another method 

involving detergent extraction and immunostaining (Braga et al. 1995). Soluble proteins 

were extracted by incubation with CSK buffer (10mM Pipes pH 6.8, 50mM NaCl, 3mM 

MgCl2, 0.5% (v/v) Triton X-100, 300mM sucrose) for 10 minutes prior to fixation with 3% 

PFA/PBS. The process leaves behind any insoluble proteins that are bound to the 

cytoskeleton. Keratinocytes were cultured in standard calcium medium, and following 

detergent extraction, cells were fixed and co-immunostained for DDR1 and E-cadherin. 

My results were in agreement with previous studies, that a residual pool of insoluble E-

cadherin was left at cell contacts after detergent extraction (Braga et al. 1995) (Figure 

3.9B). This exemplifies the recognized linkage between E-cadherin and the actin 

cytoskeleton (Yonemura 2011). In comparison, DDR1 was much more soluble and 

almost completely extracted from cell contacts. The residual DDR1 staining that is seen 

after detergent extraction is non-specific background from secondary antibody only 

(Figure 3.9B, bottom panels). In conclusion, both methods from Figure 3.9 show that 

DDR1 is more soluble than E-cadherin. Furthermore, it suggests that DDR1 is not linked 

to the actin cytoskeleton or other insoluble cytoskeletal elements such as intermediate 

filaments.  
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Figure 3.9. DDR1 and E-cadherin have different solubility 
A. Keratinocytes were grown in the absence and presence of contacts. Lysates were collected and 
centrifuged to separate soluble (S) and insoluble protein (P) fractions. Equal protein concentrations of 
soluble and insoluble fractions were analysed by SDS-PAGE and Western blotting. Blots were probed for 
DDR1 (sc532) or E-cadherin (HECD1). The relative amount of soluble (S) versus insoluble (P) material 
was calculated through densitometry analysis. The density of (P) is shown relative to (S) which was set to 
1 for low calcium and standard calcium conditions. N=2 B. Soluble proteins were extracted with CSK 
buffer for 10 minutes prior to fixation. Cells were blocked and co-immunostained for DDR1 (7A9) and E-
cadherin (ECCD2). Cells (-/+ extraction) were also stained with secondary antibodies only (bottom 
panels). Images were taken by widefield microscopy. Representative images are shown. N=3. Scale bar = 
50µm.  
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3.2.4. Activation of DDR1 in keratinocytes 

As described in the introduction, DDR1 is an unusual member of the RTK family. 

Although DDR1 is activated upon ligand binding, as shown by phosphorylation of 

intracellular tyrosine residues, the activation response is much slower compared to other 

RTKs (Shrivastava et al. 1997; Vogel et al. 1997), such as EGFR (Kholodenko et al. 

1999) or IGFR (Li & Miller 2006) which autophosphorylate within seconds to minutes 

after ligand stimulation. The activation mechanism of DDR1 is still not understood in 

detail, but evidence suggests that unlike typical RTKs, DDRs do not follow the classical 

model of ligand-induced dimerization (Lemmon & Schlessinger 2010).  

 

An interesting discovery was made from studies with MDCK cells, which showed that 

DDR1 activation was inhibited by the presence of E-cadherin mediated cell contacts (Yeh 

et al. 2011; Wang et al. 2009). In cells seeded at low density, DDR1 phosphorylation was 

detected upon collagen stimulation. However in MDCK cells seeded at high density, 

DDR1 could not be activated (Wang et al. 2009). The phosphorylation was rescued in 

high-density seeded cells when E-cadherin was depleted by either siRNA or pre-

incubation with E-cadherin blocking antibody. This suggests the hypothesis that the 

presence of E-cadherin mediated cell contacts decreases DDR1 activity, however the 

mechanism remains unknown.  

 

According to the hypothesis raised by the aforementioned study, the absence of cell 

contacts should allow DDR1 to be activated by collagen. I therefore first cultured 

keratinocytes in low calcium-containing medium and looked at DDR1 activation levels. 

During optimization, it became clear I needed to immunoprecipitate DDR1 from 

keratinocyte lysates to identify DDR1 phosphorylation. This was due to multiple 
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background bands appearing after anti-phosphotyrosine probing of cell lysates (results 

not shown). Keratinocytes were cultured in low calcium medium, and changed to SFM 

overnight. The next day, cells were stimulated with collagen I in a timecourse from 0-24 

hours. Cell lysates were collected and following DDR1 immunoprecipitation, samples 

were processed and analysed by Western blotting.  Phosphotyrosine signal was first 

probed (4G10), followed by stripping and re-probing for DDR1 (sc532; recognizes 

denatured state unlike previously used DDR1 mAbs). Results showed that maximal 

DDR1 phosphorylation appeared between 4 and 8 hours collagen I stimulation (Figure 

3.10A), and started to decrease after 8 hours. This was reproduced from 3 independent 

experiments. When compared with previous studies on DDR1 activation, the keratinocyte 

activation profile corresponds with the slow and sustained response seen in other cell 

types. 
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Figure 3.10. Collagen I induced DDR1 phosphorylation is inhibited by the presence of mature 
keratinocyte contacts 
A. Keratinocytes were grown in low calcium-containing medium and serum starved overnight. Cells were 
stimulated with 20µg/ml collagen I for 0-24 hours. Lysates were collected, and immunoprecipitated with 
anti-DDR1 mAb (7A9). Samples were prepared and analyzed by SDS-PAGE and Western blotting. 
Phosphotyrosine levels were probed (4G10) followed by stripping and re-probing for DDR1 (sc532). 
Representative blots are shown. Western blots were quantified by densitometry analysis. N=3 for 
timepoints 0,2 and 4 hours, N=1 for other timepoints. Graph shows SEM error bars. Statistical significance 
was calculated by an unpaired two-tailed T-test between 0 and 4 hours, however did not reach significance 
(N.S. p=0.063). B. Keratinocytes were grown in the absence (low calcium) and presence (standard 
calcium) of cell contacts. Cells were serum starved overnight and stimulated with 20µg/ml collagen I for 0-8 
hours. Lysates were collected and immunoprecipitated for DDR1 as described above. Graph shows mean 
values from N=2. C. The experiment in part (A) was repeated, except this time cells were stimulated with 
50µg/ml collagen IV. N=1. Orange arrows indicate bands specific to DDR1. Non-specific bands are marked 
by N.S. 
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In order to explore the hypothesis that presence of cell contacts inhibits collagen-

mediated DDR1 activation, the timecourse of collagen stimulation was performed in 

parallel with keratinocytes cultured in standard calcium medium. Cells were stimulated 

with collagen I for 0, 2, 4 and 8 hours, and lysates were collected for analysis. As before, 

keratinocytes in low calcium medium showed a DDR1 phosphorylation signal after 8 

hours of collagen stimulation (Figure 3.10B). However for the keratinocytes in standard 

calcium medium, DDR1 phosphorylation was reduced across 2 repeats. Although both 

repeats showed a similar trend, further repeats will be required in future to consolidate 

this finding.  

 

Although keratinocytes may come into contact with collagen I during pathological 

conditions, specifically those with increased collagen deposition such as fibrotic diseases 

(see review, Wynn et al. 2013), the activation of DDR1 by collagen IV may be more 

physiologically relevant. Keratinocytes are located towards the basal part of the 

epidermis where they are in direct contact with the basement membrane (BM) 

(Marinkovich et al. 1993; Breitkreutz et al. 1997). The BM, which excludes collagen I, is 

largely composed of collagen IV in addition to other components including laminin and 

proteoglycans (Kalluri 2003). We know from DDR1 knockout studies in mice, that defects 

are seen in the glomerular basement membrane structure with epithelial thickening due 

to matrix overproduction (Gross et al. 2004). This highlights an important regulatory role 

for DDR1-collagen IV interactions at the basement membrane. Furthermore, another 

study demonstrated that DDR1 interactions with minor type collagen IV α5 chain are 

indispensible for cancer progression in a model of KrasG12D-driven lung cancer (Xiao et 

al. 2015).  
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I therefore also performed a timecourse of collagen IV stimulation in keratinocytes 

cultured in low calcium medium, and probed for DDR1 phosphorylation as before. 

Interestingly, results showed that DDR1 was activated with somewhat different kinetics, 

with maximal phosphorylation at 2 hours collagen IV stimulation (Figure 3.10C). However 

this experiment was only performed one time therefore further repeats are required to 

draw any reliable conclusions.   

 

An alternative and complementary approach to look at DDR1 activation would be to 

probe for phospho-DDR1 localization during a timecourse of collagen stimulation. The 

DDR1 kinase domain, situated at the C-terminus, contains an activation loop with three 

key tyrosine residues near the active site cleft (Tyr792, Tyr796, and Tyr797, numbered 

according to DDR1b) (Kim et al. 2013). Phosphorylation of these tyrosines activates the 

receptor, causing phosphorylation of other intracellular tyrosine residues. DDR1 

activation can be measured by probing for these specific phosphotyrosine residues, 

which until recently, could only be detected with the 4G10 mAb (Millipore). This Ab 

targets all phosphotyrosine residues of all proteins, and is therefore not specific to DDR1. 

However, new phospho-DDR1 specific antibodies have now been developed. These 

include pY-792 (Cell Signalling) that recognizes a phosphotyrosine from the DDR1 

activation loop, pY-513 (Abbexa) that identifies phosphorylated DDR1b only (Tyr-513 is 

contained in the extra 37 amino acid insertion of DDR1b compared to DDR1a, see 

Introduction), and pY-DDR1 (custom-made) that targets all 3 of the key DDR1 activation 

loop phosphotyrosines.  

 

I therefore also tested immunostaining with the phospho-specific DDR1 antibodies pY-

513 and pY-DDR1. Unfortunately, I had problems regarding non-specific background 
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binding. Phospho-DDR1 staining with these two antibodies appeared the same 

regardless of collagen stimulation, with diffuse localization throughout the cell (results not 

shown). This is in comparison to Cos cells overexpressing DDR1b, which we have 

previously observed to increase phospho-DDR1 staining upon collagen stimulation, with 

the signal confined to DDR1b over-expressing cells (data not shown). It therefore 

appears the problem of background phospho-DDR1 staining is specific to endogenous 

DDR1 expression in keratinocytes.  

 

3.2.5. The effect of collagen on DDR1 localization at cell contacts  

The DDR1 activation data (Figure 3.10) suggest that presence of cell contacts in 

keratinocytes prevents the receptor from being activated by collagen I. Another point of 

interest would therefore be whether collagen stimulation affects DDR1 localization. It was 

previously reported that DDR1 and E-cadherin both localize to cell contacts in MDCK 

cells independent of collagen I stimulation (Wang et al. 2009). No differences were seen 

when cells were seeded on collagen I coated dishes compared to uncoated dishes, 

suggesting that collagen induced signalling was not a prerequisite for DDR1 localization 

at cell contacts. I therefore seeded keratinocytes onto collagen-coated dishes, comparing 

localization of DDR1 at contacts between different substrates. These included collagen I 

and collagen IV, as well as laminin and uncoated dishes as controls. Similar to published 

studies (Wang et al. 2009), I seeded cells onto coated dishes for 24 hours, before fixation 

and immunostaining. Under usual circumstances, keratinocytes are seeded onto a layer 

of 3T3 fibroblast feeders, however in this experiment feeders were omitted. This was to 

eliminate any effect from external factors produced by the feeders.  

 

My results showed that DDR1 and E-cadherin localization at cell contacts remained 

largely unchanged between cells seeded on laminin or uncoated wells, and cells seeded 
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on collagen (Figure 3.11). DDR1 localized to cell-cell contacts in the presence of collagen 

I and IV (Figure 3.11), in agreement with previously published findings (Wang et al. 

2009). Whilst these results suggested that DDR1 localization at contacts was unaffected 

by collagen stimulation, Z-stack information was collected to see whether a proportion of 

DDR1 became specifically redistributed to basal sites (where it would be in contact with 

collagen). Unfortunately, the relatively flat morphology of keratinocytes made it difficult to 

find any notable differences in DDR1 localization in the YZ plane of cells (not shown). 

DDR1 localization was also investigated with soluble collagen I stimulation, however no 

changes in distribution were seen across multiple timepoints up to 24 hours of collagen 

stimulation in cells seeded in either standard or low calcium media (results not shown).  
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Figure 3.11. DDR1 localizes to cell-cell contacts in the presence of collagen I or collagen IV 
Coverslips were coated with laminin, collagen I or IV overnight, or left uncoated. Keratinocytes were 
seeded onto coated wells at a density of 5x104 cells/well for 24 hours to ensure presence of cell colonies 
with intercellular contacts upon fixation. Cells were fixed, blocked, permeabilized, and subsequently 
immunostained for DDR1 (7A9), E-cadherin (ECCD2) and nuclei (Dapi). Images were taken by confocal 
microscopy. Representative images are shown. Scale bar = 50µm. N=2.  
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An unanswered question is whether DDR1 receptors localized at keratinocytes contacts 

are active and phosphorylated. I performed experiments to analyse phospho-DDR1 

localization at mature cell contacts using the pY-DDR1 antibody. Although the pY-DDR1 

antibody appeared to show some phospho-DDR1 localization at sites of mature 

keratinocyte contacts, there was also some staining visible between keratinocytes 

cultured in low calcium conditions (see Figure, Appendix I). This suggested that perhaps 

the staining in low calcium conditions corresponded to focal adhesions rather than DDR1 

at lateral sites of cell contacts. To explore what proportion of the phospho-DDR1 staining 

was specific, I treated keratinocytes with the kinase inhibitor Dasatinib for 30 minutes 

prior to fixation and immunostaining. Dasatinib targets multiple tyrosine kinases including 

Bcr-Abl and Src (Weisberg et al. 2007; Shah et al. 2004), however it has also been 

shown to inhibit DDR1 activity (Day et al. 2008). Dasatinib treatment eliminated the 

phospho-DDR1 staining at sites of cell-cell contacts, however the staining observed at 

intercellular contacts in low calcium conditions was still present (see Figure, Appendix I). 

I therefore concluded that the phospho-DDR1 staining in low calcium conditions was not 

specific to DDR1, but rather an artefact of non-specific binding by the pY-DDR1 antibody. 

However the staining observed in keratinocytes cultured in standard calcium, suggests 

that some phosphorylated DDR1 may exist at lateral sites of cell-cell contacts. Further 

experiments will be required to confirm this finding. Interestingly, cells treated with 

Dasatinib showed normal DDR1 localization at mature cell contacts after immunostaining 

with mAb 7A9 (see Figure, Appendix I). This implies that whilst it remains unknown if 

DDR1 has functions requiring kinase activity at contacts, its recruitment is independent of 

kinase function.  
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3.3 Discussion  

This chapter gives new insight to the localization of endogenous DDR1 in primary 

keratinocytes. Whilst both DDR1 and E-cadherin localize at mature cell contacts, their 

recruitment kinetics during new contact formation are different (Figure 3.2). Not only is 

DDR1 recruited after E-cadherin to cell contacts, but its recruitment seems dependent on 

E-cadherin mediated adhesion. This implies that DDR1 recruitment is a process 

downstream of E-cadherin clustering in the timescale of cell contact formation, and may 

thus have functions involved in later stages of contact maturation (Adams et al. 1998; 

Vasioukhin et al. 2000; Braga 2000; Vaezi et al. 2002; Baum & Georgiou 2011) 

(described further in Chapter 4). DDR1 recruitment is not however attributed to E-

cadherin homophilic ligation alone (Figure 3.3), suggesting that other factors are 

required.  

 

Experiments by Wang et al. (2009), demonstrate positive co-IP between DDR1 and E-

cadherin in MDCK cells. Overexpressed DDR1 tagged with either a HA tag for DDR1a, or 

Myc tag for DDR1b, was shown to interact with full-length endogenous E-cadherin from 

MDCK cell lysates. However some of their experiments lack controls, for example they 

do not show control data using pull downs with only HA- or Myc- containing control 

vectors, raising the possibility of false positives. The authors conclusions are not 

supported by my data from co-IP between endogenous DDR1 and E-cadherin in 

keratinocytes (Figure 3.6). Although there are discrepancies between my data and that of 

Wang et al. (2009), there are experimental differences that should be noted. Firstly, it is 

possible that DDR1-E-cadherin interactions are cell-type specific; my data is collected 

from primary keratinocytes whereas Wang and colleagues investigate MDCK cells (in 

addition to HEK-293 cells). Secondly, there are some variations within the lysis buffer 
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used. The experiments published by Wang et al. (2009), use a modified RIPA buffer 

containing 150 mM NaCl, 1 mM EGTA, 50 mM Tris pH 7.4, 10% glycerol, 1% Triton X-

100, 1% sodium deoxycholate, 0.1% SDS and protease and phosphatase inhibitors. In 

my experiments, I use a less stringent 1% NP-40 buffer with no SDS detergent or sodium 

deoxycholate. Although NP-40 buffers are generally considered more suitable for co-IP 

experiments, extraction of DDR1-E-cadherin complexes may potentially require stronger 

detergents to solubilize them from the cell membrane. While my data from detergent 

solubility experiments (Figure 3.9) suggest that DDR1 is largely found in the soluble 

fraction, it is possible that E-cadherin solubilization demands more stringent conditions, 

and thus also the identification of E-cadherin-bound complexes in co-IP studies. In 

addition, my co-IP experiments lack the important negative control of 

immunoprecipitations using IgG only. Future experiments should therefore include these 

alongside immunoprecipitations of DDR1 or E-cadherin.  

 

Experiments by Eswaramoorthy et al. (2010), also suggest that DDR1-E-cadherin binding 

occurs directly via their extracellular domains. Constructs missing the entire intracellular 

domain of DDR1 or E-cadherin were designed and expressed in HEK-293 cells, together 

with full-length E-cadherin or DDR1 respectively. DDR1 lacking the intracellular domain 

was shown to co-IP with full-length wild type E-cadherin, implying DDR1 interacts with E-

cadherin via its extracellular domain. Equally, E-cadherin lacking the intracellular domain 

was shown to co-IP with full-length DDR1. However the authors ultimately conclude that 

DDR1 and E-cadherin interact via their extracellular domains; this is un-justified, as co-IP 

between both proteins lacking their intracellular domains is not shown. My solid-phase 

binding assays using purified ectodomain fusion proteins of DDR1 and E-cadherin 

present no evidence for direct binding via their extracellular domains (Figure 3.5B,C). 

The same authors also show data on co-IP between E-cadherin and DDR2 in HEK-293 
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cells (Eswaramoorthy et al. 2010). In similar methods, DDR2 lacking the intracellular 

domain was shown to co-IP with full-length E-cadherin and vica versa. However this 

raises some questions concerning physiological relevance, as DDR2 is normally only 

found in mesenchymal cells (such as heart, muscle and connective tissues) and not in 

epithelia (Karn et al. 1993; Lai & Lemke 1994), whilst E-cadherin is a canonical epithelial 

marker. Furthermore, an inverse correlation between DDR2 and E-cadherin expression 

has been shown through DDR2-mediated stabilization of Snail1 in a model of breast 

cancer (Zhang et al. 2013). None the less, I also address potential interactions between 

DDR2 and E-cadherin in my solid-phase binding experiments and conclude there is no 

positive binding (Figure 3.5C).  

 

Although I do not observe binding between purified DDR1 and E-cadherin ectodomains, 

it could be argued the two proteins interact indirectly via other proteins. However I also 

do not see binding between endogenous full-length DDR1 and E-cadherin from co-IP 

experiments in keratinocytes (Figure 3.6), which suggests the two proteins do not interact 

indirectly either. Furthermore, my data from high-resolution confocal imaging suggest that 

DDR1 and E-cadherin localize in distinct separate clusters (Figure 3.7), although further 

work should ideally quantify any potential overlap of DDR1 and E-cadherin clusters by 

calculation of co-localization coefficients. In conclusion, my data indicate a lack of 

complex formation between DDR1 and E-cadherin. Direct binding is not observed 

between their purified ectodomains, and interactions between endogenous full-length 

proteins are not detected in co-IP experiments or co-localization studies.  

 

My results from DDR1 and E-cadherin localization experiments show distinct clustering of 

the two receptors at mature keratinocyte contacts (Figure 3.7). Spot-like clusters of 

DDR1 and E-cadherin localize in close proximity, however, there is no co-localization in 
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either the XY or YZ plane of keratinocytes. These results are in contrast to earlier studies 

that show co-localization between overexpressed DDR1 and endogenous E-cadherin at 

MDCK cell contacts (Wang et al. 2009). However in these experiments, the authors fuse 

DDR1 to a HA tag, and subsequently use an anti-HA antibody to probe for DDR1 

localization. My experimental approach has advantages over this model as I am probing 

for endogenous DDR1 with antibodies specifically targeted against the DDR1 

extracellular region (Carafoli et al. 2012). It is therefore a new discovery to find DDR1 

and E-cadherin localized as separate clusters.  

 

During a literature search for other proteins localized similarly to DDR1, the nectin 

proteins seem a promising candidate (Indra et al. 2013). Nectins are immunoglobulin-like 

molecules that form nectin-nectin interactions via their N-termini (Franke 2009; Takai et 

al. 2008). Cadherins and nectins were previously shown to localize in closely associated 

adhesive clusters in keratinocytes (Indra et al. 2013), and have several similarities. Not 

only do they have comparable modes of assembly into AJs, they are also both connected 

to the actin cytoskeleton (see review, Takai & Nakanishi 2003), raising hypotheses that 

actin may connect these two types of clusters. Cadherin-mediated adhesions can form in 

nectin-inactivated cells, although the kinetics of junction formation are reduced (Sato et 

al. 2006; Indra et al. 2014). Conversely, nectin junctions can assemble in cells deficient 

of cadherins (Takahashi et al. 1999). Previous studies in keratinocytes have shown a 

clustered pattern of nectin receptors at cell-cell contacts (Indra et al. 2013). Interestingly, 

this localization is similar to my observed DDR1 clusters, raising the possibility that DDR1 

is directly associated with nectins. However this is unlikely for several reasons. Firstly, 

the timeframe of DDR1 localization does not match that of nectins. My data suggests that 

DDR1 recruitment to contacts is dependent on E-cadherin localizing there first (Figure 

3.2). In contrast, there is evidence that nectin interactions mediate the first contact 
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between two cells with cadherin complexes following afterwards (Takai & Nakanishi 

2003; Takai et al. 2008). Secondly, nectins bind to one another in a calcium-independent 

manner (Takahashi et al. 1999; Miyahara et al. 2000). In comparison, DDR1 is only 

recruited to cell contacts upon calcium addition, i.e. when calcium-dependent cadherin 

adhesions can form (Figure 3.2). Therefore, whilst the spot-like DDR1 clusters in my data 

are similar to published nectin localization at keratinocyte cell contacts, it seems unlikely 

they are physically associated.   

 

It is clear that DDR1 and E-cadherin localize differently with respect to actin structures at 

mature contacts (Figure 3.8). E-cadherin complexes cluster specifically at the ends of 

radial actin fibres extending between thin bundles and junctional actin (Figure 3.8), a 

finding also observed by others (Vasioukhin et al. 2000; Raich et al. 1999). In contrast, 

DDR1 is not concentrated at these points, and instead clusters diffusely in the vicinity of 

E-cadherin. Furthermore, DDR1 does not co-localize with actin thin filaments aligned 

either side of cell-cell contacts, suggesting that overall DDR1 might not be physically 

associated with actin. Further insight comes from detergent extraction experiments to 

assess detergent solubility of DDR1 and E-cadherin. An insoluble pool of E-cadherin is 

detected at contacts after detergent extraction, as expected, implying connections to the 

actin cytoskeleton (Figure 3.9). In comparison, no such evidence is observed for DDR1. 

Although this suggests DDR1 is not bound to the cytoskeleton, the possibility cannot be 

excluded altogether. For example, previous studies identify accumulation of β1-integrin at 

cell contacts upon calcium addition which can be completely solubilized upon Triton X-

100 extraction (Braga et al. 1995). Physical connections between β1-integrin and actin 

are well documented (see review, Harburger & Calderwood 2009), therefore this result 

could potentially be an attribute of weaker β1-integrin-actin interactions at cell-cell 

contacts compared to those between cadherins and actin. In conclusion, my data from 
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immunostaining (Figure 3.8) and detergent solubility experiments (Figure 3.9) suggest 

that DDR1 does not physically associate with actin. However this does not exclude 

potential roles for DDR1 in regulating actin organization, which shall be discussed further 

in Chapter 4.  

 

In addition to exploring the localization of DDR1 in keratinocytes, experiments were done 

to investigate DDR1 activation in response to collagen stimulation. From a timecourse of 

collagen I stimulation in low calcium cells, DDR1 is maximally phosphorylated between 4 

and 8 hours (Figure 3.10A). This result matches with earlier literature which 

demonstrates an unusually slow and sustained DDR1 activation response (Vogel et al. 

1997; Shrivastava et al. 1997). Whilst the mechanism of DDR1 activation is currently not 

understood in detail, the slow response may be an evolutionary trait designed to prevent 

over-stimulation as a consequence of abundant collagen. Others have suggested the 

slow kinetics may reflect DDR1 aggregation, internalization and recycling back to the cell 

surface following collagen stimulation (Mihai et al. 2009). In comparison to keratinocytes 

grown in low calcium-containing medium, DDR1 can no longer be activated by collagen I 

in the presence of keratinocyte cell-cell contacts (Figure 3.10B). This is in agreement with 

previous studies, proposing the hypothesis of cell contact-mediated inhibition of DDR1 

activation (Wang et al. 2009; Yeh et al. 2011). Although I was not able to explore 

possible mechanisms behind this inhibition, there is wide-ranging evidence that reports 

E-cadherin mediated RTK inhibition (Qian et al. 2004).  
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4. Function of DDR1 in keratinocytes 
 

4.1 Introduction 

 
Most of our understanding about DDR1 function involves collagen-mediated activation, 

however collagen-independent roles have slowly been emerging. DDR1 was shown to 

facilitate collective cell migration of A431 squamous carcinoma cells by forming a 

complex with polarity proteins Par3 and Par6 at sites of cell contact (Hidalgo-Carcedo et 

al. 2011a). This requires neither DDR1 kinase activity nor collagen-binding function. 

Other studies also identify DDR1 localization at sites of epithelial cell contacts, both in 

normal and cancer cell states (Wang et al. 2009; Yeh et al. 2011). In MDCK cells, DDR1 

stabilizes E-cadherin at sites of cell contact by preventing its turnover through Cdc42-

mediated endocytosis (Yeh et al. 2011). Another study showed that DDR1 regulates 

linear invadosome formation via Cdc42-Tuba signalling (Juin et al. 2014). Although this 

function requires the presence of collagen I fibrils, interestingly DDR1 kinase activity is 

not required. In addition, DDR1 was shown to be a direct transcriptional target of p53, 

becoming autophosphorylated in response to genotoxic stress in carcinoma cells with 

wild-type p53 (Ongusaha et al. 2003). These few studies highlight interesting alternative 

roles for DDR1, other than a cell-matrix receptor, and pose the question whether 

unknown ligands are waiting to be discovered.  

 

In chapter 3, I explored the localization of endogenous DDR1 in primary keratinocytes, 

particularly focusing on the relationship between DDR1 and E-cadherin at cell contacts. 

E-cadherin complexes were clustered specifically at the tips of extending radial actin 

fibres. However DDR1 was not concentrated at these sites, and instead localized more 

diffusely near E-cadherin clusters with no apparent co-localization (Figures 3.7, 3.8). To 
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continue these findings, it was therefore interesting to explore DDR1 function and 

question how DDR1 depletion would influence other components at cell contacts.  

 

In this chapter, I investigate potential functions of DDR1 at keratinocyte cell contacts, 

concentrating on the steps involved in cell contact formation. I use the calcium-switch 

model to induce cell contact formation and explore various components upon DDR1 

knockdown, including E-cadherin localization, actin recruitment and actomyosin 

contractility. The aims of this chapter are to answer the following questions: 

 

§ Does DDR1 knockdown affect junctional E-cadherin and/or actin localization 

during keratinocyte contact formation? 

§ Is DDR1 involved in the recruitment of actin to clustered E-cadherin receptors? 

§ Does DDR1 depletion affect actomyosin contractility? If so, what signalling 

pathways are involved?  

§ Can DDR1 interact with other junctional partners, specifically members of the 

catenin protein family? 

 

4.2 Results 

4.2.1. Influence of DDR1 knockdown on junctional E-cadherin and actin 

A knockdown protocol was first optimized that involved transfection of DDR1 siRNA into 

keratinocytes grown in low calcium-containing medium (see Section 2.2 in Materials and 

Methods). This was followed by immunostaining and light microscopy to investigate 

whether DDR1 depletion affected localization of junctional components including E-

cadherin and actin. Non-targeting (NT) siRNA was used as a negative control for all 

transfections. Keratinocytes were transfected at 90-100% confluence with Interferin 
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reagent (Polyplus) according to the Manufacturer’s instructions, and left to incubate for 

48 hours post-transfection time in total. Cells were induced to form intercellular contacts 

by addition of CaCl2 to 1.8mM final concentration for 90 minutes. Cells were 

subsequently fixed and immunostained for DDR1 (7A9), E-cadherin (ECCD2) and actin. 

Some cells were also lysed to check knockdown levels of DDR1 by Western blotting.  

 

Knockdown of DDR1 was always at least 85% (quantified by densitometry analysis of 

bands using Fiji software) (Figure 4.1E). To analyse whether DDR1 depletion affected E-

cadherin or catenin expression levels, I probed for E-cadherin (HECD1), α-catenin (VB1), 

β-catenin (VB2) and p120-catenin (m-p120). Alpha-tubulin was also probed to act as a 

loading control (DM1A). Results showed that DDR1 knockdown did not affect the 

expression levels of E-cadherin or any of the catenin proteins (Figure 4.1E). 

Immunostaining of cells transfected with DDR1 siRNA showed an almost complete 

disappearance of DDR1 from sites of cell-cell contact (Figure 4.1A, right-hand panels). 

Control cells had intact junctional E-cadherin staining (intact defined as continuous 

staining from corner to corner) (Figure 4.1A top-left panel, white arrowheads). DDR1 

knockdown cells seemed to exhibit a range of phenotypes, from complete E-cadherin 

loss (Figure 4.1A bottom-left panel, orange arrowhead) to a reduction at cell contacts 

(Figure 4.1A, bottom-left panel, blue arrowhead). The overall intensity of E-cadherin 

staining was lower with DDR1 knockdown, and also less intact due to disruptions in 

staining from one junction corner to another (Figure 4.1A, bottom-left panel, blue 

arrowhead). Control cells had a visible line of junctional actin that co-localized with 

junctional E-cadherin (Figure 4.1A top-middle panel, white arrowheads) and organized 

actin thin bundles that could be seen either side of junctional actin (Figure 4.1A, top-

middle panel, white arrows). With DDR1 knockdown, junctional actin was visibly reduced 

and less intact than in control cells (Figure 4.1A, bottom-middle panel, blue arrowheads). 
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Furthermore, thin bundles were clearly more disorganized. The pink arrowhead in Figure 

4.1A (bottom panels) depicts a junction with some residual DDR1 staining after DDR1 

knockdown, accompanied by intact junctional E-cadherin and actin, indicating that the E-

cadherin and actin phenotypes were specifically linked to the absence of DDR1.  
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To assess the DDR1 knockdown phenotype in a quantitative manner, I used two different 

methods (described in Materials and Methods, section 2.16). The first of these was a 

thresholding-based method to detect junctional E-cadherin and actin, followed by 

comparison of thresholded area in control versus knockdown cells (results not shown). 

However problems arose with this method due to non-specific fluorescence being 

selected during thresholding. Many false positives (i.e. bright necrotic cells or cells on top 

of the monolayer) were automatically selected during thresholding that were likely to 

skew the intensity data. To avoid this problem I used another semi-quantitative method 

with specific criteria to determine intact E-cadherin and actin. Junctional E-cadherin was 

defined as E-cadherin staining that appeared continuous along the entire length of the 

contact, from one tricellular corner to another. Junctional actin was defined as a 

continuous line of actin co-localizing with junctional E-cadherin at contacts, again 

spanning the distance from one tricellular corner to another. In each image, only cells in 

which all cell borders were visible were numbered. Cells were randomly numbered and 

five cells were selected using a random number generator. The number of junctions with 

Figure 4.1. DDR1 knockdown disrupts junctional E-cadherin and actin during cell contact 
formation 
A. Keratinocytes were transfected with siRNA against DDR1 (or non-targeting (NT) control), switched to 
standard calcium medium for 90 minutes, and fixed. Cells were blocked, permeabilized and co-
immunostained for DDR1 (7A9), E-cadherin (ECCD2) and actin. Arrowheads: white - control junctions with 
intact E-cadherin and actin, orange - complete E-cadherin loss, blue - slight reduction in junctional E-
cadherin/actin, green - intact E-cadherin and actin in DDR1 knockdown cell, pink - residual DDR1 staining 
after knockdown. White arrows - actin thin bundles. Images were taken by widefield microscopy. Scale bar 
= 50μm. B. The percentage of junctions with intact E-cadherin - calculated by dividing the number of 
junctions with intact E-cadherin per cell by the total number of cell junctions, and multiplying by 100. N=3 
C. The percentage of junctions with intact actin - calculated by dividing the number of junctions with intact 
actin per cell by the total number of cell junctions, and multiplying by 100. N=3 D. Cell junctions with intact 
E-cadherin were selected and analyzed for intact junctional actin to get a measurement of junctions with 
intact E-cadherin and actin. Approximately 300 cells were counted in total from N=3. Graphs show the 
mean values with SEM error bars. Statistical significance was calculated by an unpaired two-tailed T-test. 
E. DDR1 knockdown levels were assessed by SDS-PAGE and Western blotting. Keratinocyte lysates 
were probed for DDR1 (sc532), α-catenin (VB1), p120-cat (m-p120), β-catenin (VB2) and E-cadherin 
(HECD1). Tubulin (DM1A) was used as a loading control. N=5. Representative blots are shown.  
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intact junctional E-cadherin or actin was evaluated to give an overall percentage of 

junctions containing either intact E-cadherin or actin. Upon quantification, the proportion 

of cells with intact E-cadherin or actin at junctions was reduced by 72% and 80% 

respectively in the absence of DDR1 (Figure 4.1B and 4.1C).  

 

In junctions where E-cadherin was still present with DDR1 knockdown, junctional actin 

was also visible (Figure 4.1A, bottom panels, green arrowheads). Likewise in junctions 

without E-cadherin staining, there was also no junctional actin (Figure 4.1A, bottom 

panels, orange arrowheads). I therefore quantified the phenotype again, this time only 

considering whether the population of junctions with E-cadherin also had actin. In control 

cells, approximately 70% of junctions with E-cadherin also had actin (Figure 4.1D). In 

DDR1 knockdown cells, even though only 20% of junctions had intact junctional E-

cadherin (Figure 4.1B), approximately 60% of these still had junctional actin (Figure 

4.1D). This suggested that actin recruitment to E-cadherin was unaffected and therefore 

independent of the DDR1 knockdown phenotype.  

 

4.2.2. The effect of DDR1 knockdown on actin recruitment to E-cadherin 

To address the theory that actin recruitment to E-cadherin is unaffected by DDR1 

knockdown, I performed a bead recruitment assay. In this experiment, I can forcibly 

cluster endogenous E-cadherin with latex polystyrene beads coated with anti-E-cadherin 

mAb (HECD1), followed by staining for actin recruitment. Keratinocytes grown in low 

calcium-containing medium were transfected with NT or DDR1 siRNA for 48 hours and 

incubated with HECD1-coated beads for 20 minutes, before fixation, blocking and 

permeabilization. DDR1 expression was always reduced by at least 85% upon siRNA 

transfection (Figure 4.2A). Representative images of actin recruitment in control and 

DDR1 knockdown cells are shown (Figure 4.2B). In agreement with my hypothesis, 
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quantification revealed that actin recruitment was not significantly affected by DDR1 

knockdown (Figure 4.2C). Furthermore, confocal imaging of keratinocytes transfected 

with DDR1 siRNA presented evidence of actin recruitment to E-cadherin in the absence 

of DDR1 (Figure 4.2D). The right-hand zoomed panels show an example where E-

cadherin receptors are clustered specifically to actin filaments aligned radially to the cell 

contact (white arrowheads).  
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Figure 4.2. DDR1 does not affect the recruitment of actin to clustered E-cadherin receptors 
A. Keratinocytes were transfected with siRNA against DDR1 (or NT control). DDR1 knockdown levels were 
assessed by SDS-PAGE and Western blotting. Keratinocyte lysates were probed for DDR1 (sc532) and α-
tubulin (DM1A). N=4. B. Latex polystyrene beads were coated with E-cadherin mAb (HECD1), and 
incubated with keratinocytes transfected with DDR1 siRNA. Cells were fixed, blocked, permeabilized. Actin 
was labelled with Phalloidin-Alexa647. Images were taken by widefield microscopy. N=4 Scale bar = 8µm. 
C. Beads were scored for ‘positive’ actin recruitment (white arrowhead in B), and expressed as a 
percentage of total attached beads. BSA-coated beads were used as a control to give a basal level of 
recruitment (not shown). Graph shows the mean values with calculated SEM error bars. Statistical 
significance was calculated by an unpaired two-tailed T-test. 300+ beads were quantified in total from at 
least 12 images for both NT control and DDR1 knockdown cells from 4 independent experiments. D. 
Keratinocytes transfected with NT or DDR1 siRNA were switched to standard calcium medium for 90 
minutes, and fixed, blocked and permeabilized. Cells were co-immunostained for DDR1 (7A9 - red), E-
cadherin (ECCD2 - green), actin (magenta) and nuclei (Dapi - blue). Dashed white line boxes indicate 
areas zoomed in right-hand panels. White arrowheads - actin recruitment to E-cadherin in the absence of 
DDR1. Images were taken by confocal microscopy. N=3+ Representative images are shown.  
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4.2.3. Investigating the impact of DDR1 knockdown on actin thin bundles 

Whilst junctional actin is essential for maintaining cadherin stability at contacts, actin thin 

bundles are thought to reduce E-cadherin cluster mobility as well as increase the lateral 

height of cells (Cavey et al. 2008; Kalaji et al. 2012). My images obtained by widefield 

microscopy showed a disorganization of actin bundles with DDR1 knockdown, in addition 

to a reduction in junctional actin (Figure 4.1A). Quantification revealed that actin 

recruitment to clustered E-cadherin receptors was unaffected by DDR1 knockdown 

(Figure 4.2), implying that DDR1 may be affecting other factors of actin organization. I 

therefore turned my attention to the disorganized actin bundles seen with DDR1 

depletion.  

 

Widefield images showed very clear cortical actin rings at the edges of cells with mature 

contacts (Figure 4.3A, NT siRNA, 90 Ca2+). However upon DDR1 depletion, not only 

were these structures less defined but it was difficult to focus on them (Figure 4.3A, 

DDR1 siRNA, 90 Ca2+). In basal conditions (cells cultured with low calcium 

concentrations), no clear differences were seen in the actin bundles between control and 

DDR1 knockdown cells (Figure 4.3A, 0 Ca2+). To quantify this phenotype, I calculated the 

percentage of cells with thin bundles, i.e. those with at least three junctions with clear 

actin bundles. In each image, only cells with all visible cell borders were quantified. There 

was an approximate decrease of 78% in the percentage of cells with bundles at 90 

minutes of standard calcium medium addition, in the absence of DDR1 compared to 

control cells (Figure 4.3B). Although there was a small decrease in the percentage of 

cells with bundles at basal conditions, this change was not significant.  
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Figure 4.3. DDR1 knockdown disrupts peripheral actin thin bundles during contact formation 
A. Keratinocytes were transfected with siRNA against DDR1 (or NT control) for 48 hours. Cells were 
switched to standard calcium medium for 90 minutes (90 Ca2+), or left unstimulated (0 Ca2+) and 
subsequently fixed. Cells were blocked, permeabilized and immunostained for actin and nuclei (Dapi). 
Images were taken by widefield microscopy. Scale bar = 50μm. Representative images are shown. N=3 
B. The percentage of cells with actin thin bundles was calculated by dividing the number of cells with 
three or more junctions with clear thin bundles, by the total number of cells in each image (with all cell 
borders visible), and multiplying by 100. Statistics were based on 3 independent experiments, with 100+ 
cells counted per condition. Graphs show the mean values with SEM. Statistical significance was 
calculated by an unpaired two-tailed T-test.  
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Following these experiments, I also imaged actin thin bundles with confocal microscopy. 

To ensure I collected information from all the bundles, I took 4-5 Z-stack slices to cover 

the full height of the bundles, and created ‘projections’ using the sum slices tool in Fiji 

imaging software (schematic shown in Figure 4.6A). Similar to the phenotype observed in 

Figure 4.1, there was some variability observed for E-cadherin staining upon DDR1 

depletion. Junctions with residual E-cadherin staining retained junctional actin (Figure 

4.4.white arrowhead), as well as clear organized thin bundles either side of the junction 

(Figure 4.4 white arrows). Conversely, junctions depleted of E-cadherin had loss of 

organized bundles (Figure 4.4. orange arrows). There was an approximate decrease of 

48% in the percentage of cells with bundles at 90 minutes standard calcium medium 

addition, in the absence of DDR1 compared to control cells (Figure 4.4B). 
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Figure 4.4. DDR1 knockdown reduces the percentage of cells with thin bundles 
A. Keratinocytes were transfected with siRNA against DDR1 (or non-targeting (NT) control), switched to 
standard calcium medium for 90 minutes, and fixed. Cells were blocked, permeabilized and co-
immunostained for DDR1 (7A9) - not shown, E-cadherin (ECCD2), actin and nuclei (Dapi). Z-stack slices 
were taken by confocal microscopy, and compiled to projections using the ‘sum slices’ tool in Fiji imaging 
software. Representative projections are shown. Scale bar = 50μm. White arrowhead - intact junctional E-
cadherin and actin, white arrows - organized actin thin bundles, orange arrows - loss of actin thin bundles. 
N=3 B. The percentage of cells with actin thin bundles was calculated by dividing the number of cells with 
three or more junctions with clear actin thin bundles, by the total number of cells in each image (with all cell 
borders visible), and multiplying by 100. Statistics were based on 3 independent experiments, with 100+ 
cells counted per condition. Graphs show the mean values with SEM. Statistical significance was 
calculated by an unpaired two-tailed T-test.  
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4.2.4. Investigating DDR1 regulation of actin bundle contractility 

Proteins affecting contractility of actin filaments are key regulators of cell contact 

formation. The reduced proportion of cells with thin bundles (Figure 4.3, 4.4) implied that 

in the absence of DDR1, perhaps actomyosin contractility was reduced during contact 

formation. I therefore investigated proteins involved in contraction, specifically ROCK1, p-

MLC, MYTP1 and p-MYPT1, by assessing their expression and/or phosphorylation. 

Keratinocytes transfected with NT or DDR1 siRNA were induced to form cell contacts for 

0, 15, 60 and 90 minutes. Across four independent repeats, DDR1 knockdown was at 

least 75% (Figure 4.5B shows average knockdown based on densitometry analysis). In 

control cells, ROCK1 expression increased over 90 minutes calcium addition (Figure 

4.5A, 4.5C). In contrast, DDR1 knockdown cells exhibited relatively similar levels of 

ROCK1 expression throughout contact formation. Levels of myosin phosphatase were 

unchanged across both control and DDR1 knockdown cells during contact formation 

(Figure 4.5A,D). In control cells, p-MYPT1 increased during junction (Figure 4.5A,E), 

however p-MYPT1 decreased in the first 15 minutes upon DDR1 depletion, which then 

slowly increased back to levels seen at 0 minutes Ca2+ (Figure 4.5A,E). Although there 

appeared to be a clear difference in phosphorylation levels, this did not reach statistical 

significance as the experiment was only repeated 2 times. Vinculin expression remained 

relatively unchanged over the course of junction formation, in both control and DDR1 

knockdown cells (Figure 4.5A,F).  
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Figure 4.5. DDR1 knockdown reduces Rho-ROCK signalling during contact formation 
A. Keratinocytes were transfected with siRNA against DDR1 (or NT control) and switched to standard 
calcium medium for 15, 60 or 90 minutes (or left unstimulated 0 mins Ca2+). Keratinocyte lysates were 
probed for DDR1 (sc532) as well as proteins related to Rho-ROCK signalling: ROCK1 (K-18), myosin 
phosphatase  (MYPT1), phospho-myosin phosphatase (p-MYPT1 T-696) and vinculin (vinculin). Tubulin 
(DM1A) was used as a loading control throughout. N=2-4 B-F. Protein levels were quantified by densitometry 
analysis, normalized to tubulin levels (p-MYPT1 levels were normalized to total MYPT1 levels) and 
calculated relative to basal expression (0 Ca2+) for both control and DDR1 knockdown cells (except for DDR1 
blot (B) which shows average knockdown from 4 independent experiments). Graphs show the mean values 
with SEM. Statistical significance was calculated using an unpaired two-tailed T-test for each time-point 
between NT and DDR1 siRNA conditions. In cases where no significance was seen across any timepoints, 
N.S. is shown.  
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Unfortunately, attempts to probe for p-MLC via Western blotting were unsuccessful (no 

signal was obtained). However the antibody was working well for immunostaining, 

therefore keratinocytes were transfected with NT or DDR1 siRNA, induced to form 

contacts at the same timepoints of calcium addition, and fixed for immunostaining. To 

ensure I imaged all of the p-MLC staining at actin bundles, I took 4-5 Z-stack slices by 

confocal microscopy to cover the full height of the bundles, producing a total range of 1-

1.5μm (Figure 4.6A). The slices were then compiled to a stack, and a ‘sum slices’ tool 

was used to create a total projection (Figure 4.6B). As expected, p-MLC staining aligned 

along the actin thin bundles either side of cell contacts (Figure 4.6B zoomed panels, 

white arrowheads). Note that p-MLC did not co-localize with junctional actin (Figure 4.6B 

zoomed panels, blue arrowhead).  
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Figure 4.6. Phospho-MLC localizes to actin bundles either side of cell contacts 
A. Schematic representation of imaging actin bundles. Several images were taken over a total range of 1-
1.5µm (4 or 5 Z-stack slices per image). These were then assembled to a single stack, and a sum of the 
slices was created via the ‘Z-project’ function in Fiji software (representative example shown in (B). 
Diagram adapted from Liang, Gomez and Yap; Cell Health and Cytoskeleton (2014) with permission. B. 
Keratinocytes were grown in low calcium-containing medium and induced to form contacts by addition of 
calcium for 90 minutes. Cells were fixed, permeabilized and co-immunostained for p-MLC (S-19), actin 
and nuclei (Dapi). Box with white-dashed line shows area zoomed in right-hand panels. White 
arrowheads - p-MLC staining at actin thin bundles, blue arrowheads - absence of p-MLC at junctional 
actin. Images were taken by confocal microscopy. Left-hand panel, scale bar = 25µm. Right-hand zoom 
panels, scale bar = 10µm.  
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In order to quantify p-MLC levels exclusively at actin bundles, an actin ‘mask’ was 

created by thresholding the images to highlight thin bundles, and then subtracted from 

total p-MLC staining. The resulting image was then thresholded again. Thresholded 

intensity values (minimum and maximum) were first set for control images, and then 

applied to knockdown images. Representative images of thresholded images at 90 

minutes Ca2+ are shown (Figure 4.7A). In control cells (NT), p-MLC levels at bundles 

remained relatively equal up to 60 minutes Ca2+ addition, and increased approximately 2-

fold between the 60 and 90 minute Ca2+ timepoints (Figure 4.7B). Upon DDR1 

knockdown, cells with mature contacts at 90 minutes Ca2+ had less p-MLC staining at 

actin bundles (Figure 4.7B). Although the reduction was 4-fold, this quantification was 

only from one repeat and therefore more repeats are required for consolidation. In basal 

states at 0 minutes Ca2+, there was no difference in p-MLC levels at actin bundles 

between control and knockdown cells. The 15 and 60 minute Ca2+ timepoints showed a 

time-dependent decrease in p-MLC levels in DDR1 knockdown cells.  
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Figure 4.7. DDR1 knockdown reduces the levels of p-MLC at actin bundles during contact formation 
A. Keratinocytes were transfected with siRNA against DDR1 (or NT control) and switched to standard 
calcium medium for 90 minutes (90 Ca2+), or left in low calcium-containing medium (0 Ca2+) and 
subsequently fixed. Cells were permeabilized and co-immunostained for p-MLC (S-19), actin and nuclei 
(Dapi – not shown). To quantify p-MLC levels at bundles, an actin ‘mask’ was first created by thresholding 
actin staining at bundles. A binary mask was created, and then subtracted from total p-MLC staining to 
select only p-MLC staining at bundles. P-MLC intensity was thresholded and the ‘thresholded area’ was 
measured. Representative images are shown. Scale bar = 40µm. B. The thresholded area of p-MLC at 
bundles was used to give relative levels of p-MLC in arbitrary units. Approximately 8 images were 
thresholded per condition (for each timepoint and siRNA). N=1. Graph shows mean values 
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4.2.5 Measuring cell height changes with DDR1 knockdown  

Contraction of thin bundles at cell contacts often accompanies an increase in cell height. 

Therefore measurement of cell height was done to examine whether DDR1 regulates 

actomyosin contraction and thus also polarity of keratinocytes. In the past, confocal 

microscopy has been used to measure cell height (Zhang et al. 2005; Kalaji et al. 2012). I 

performed similar experiments to obtain information on both lateral cell height and total 

cell height in the absence of DDR1 (schematic shown in Figure 4.8A). A representative 

XY projection of a control Z-stack is shown in Figure 4.8B, together with XZ and YZ 

orthogonal views taken from the cross-hair depicted in yellow. Total cell height was not 

significantly affected by DDR1 depletion, however there was a 30% reduction in lateral 

cell height with DDR1 knockdown compared to control cells that reached statistical 

significance (Figure 4.8C). These measurements were based on 7-9 Z-stacks of both 

control and DDR1 knockdown images across three independent experiments.  
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Figure 4.8. Lateral cell height is reduced with DDR1 knockdown 
A. Schematic of measuring total cell height and lateral cell height. Total cell height was measured by 
multiplying the number of Z-stack slices with F-actin staining by the distance between each slice (0.3µm). 
Lateral cell height (height of cell contacts between cells) was measured by multiplying the number of Z-
stack slices with E-cadherin staining at junctions by 0.3µm. B. Representative example of a Z-stack slice, 
shown as a projection using the ‘sum slices’ tool with Fiji software. Keratinocytes were co-immunostained 
for DDR1 (7A9), E-cadherin (ECCD2), actin and nuclei (Dapi). An XY view is shown, as well as XZ and YZ 
orthogonal views taken from the cross-hair depicted in yellow. Scale bar = 25µm. C. Total cell height and 
lateral cell height were measured as described in (A). 7-9 Z-stacks were taken for both NT and DDR1 
knockdown cells across 3 independent experiments. SEM error bars are shown. Statistical significance 
was calculated by an unpaired two-tailed T-test.  
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4.2.6. Identifying interaction partners of DDR1 in keratinocytes 

DDR1 is an RTK that upon collagen binding leads to phosphorylation of distinct tyrosine 

residues in the intracellular region (Vogel et al. 1997; Shrivastava et al. 1997). These 

phospho-tyrosines serve as docking sites for multiple signalling proteins, however 

information is still lacking as to which tyrosines are phosphorylated and how these are 

linked to downstream signalling responses. Despite advances in DDR1 interaction 

networks (see review, Leitinger 2014), the focus has been on ligand-mediated DDR1 

signalling. To-date, only a handful of studies have looked at collagen-independent 

binding partners of DDR1.  

 

As discussed in the previous chapter, it is proposed that DDR1 forms a direct complex 

with E-cadherin at sites of epithelial cell contacts (Wang et al. 2009; Yeh et al. 2011). 

However my co-IP experiments to examine potential DDR1-E-cadherin interactions in 

Chapter 3 (Figure 3.6), suggested that DDR1 and E-cadherin do not bind in 

keratinocytes. Nonetheless, it was interesting to question whether DDR1 binds to any 

other junctional components, as DDR1 localizes closely to E-cadherin clusters at mature 

contacts (Chapter 3, Figures 3.7, 3.8). Although it is widely accepted that a pool of 

catenins localize with E-cadherin at cell contacts, adhesion-independent pools of 

catenins are also found in the cytoplasm (Anastasiadis & Reynolds 2000; Maiden & 

Hardin 2011; Gottardi et al. 2001). I thus searched for interactions between DDR1 and 

the catenin proteins by co-IP experiments.  

 

Keratinocytes were grown in standard calcium medium and cultured in 10cm dishes. 

Lysates were collected (1ml total volume) and immunoprecipitated with anti-DDR1 mAb 

(7A9). In addition, whole cell lysates (WCL) were processed to probe for total protein 
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levels. Results showed that DDR1 potentially interacted with α-catenin and p120-catenin 

(Figure 4.9). Bands of the expected molecular weight were detected in all WCL samples 

after probing with the respective antibodies. In the immunoprecipitation lanes, a faint 

band was seen for both α-catenin and p120-catenin of the expected size. Although these 

bands suggested positive interaction, the experiment was not wholly reliable as the 

experiment was repeated 8 times in total, with only 3 repeats showing positive binding 

(the other 5 repeats showed no interaction). On the whole, the immunoprecipitation lanes 

after E-cadherin and β-catenin probing indicated no interaction with DDR1, however on 

two occasions (including the result shown in Figure 4.9), these bands appeared slightly 

stronger. However the intensity of these bands was never comparable to those seen with 

α-catenin or p120-catenin, suggesting these results were not reproducible. A drawback 

of these experiments is the lack of negative controls during immunoprecipitation. 

Attempts were made to repeat the experiments using protein G beads only as a negative 

control (no antibodies). Whilst no binding was detected in the negative controls, 

unfortunately these repeats also had negative binding between DDR1 and the catenins 

after DDR1 immunoprecipitation (results not shown). 
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To consolidate these results, I immunoprecipitated α-catenin and p120-catenin, and 

probed for DDR1 interaction. Keratinocytes were cultured in the same way as before, and 

lysates were incubated with either α-catenin antibody (VB1) or p120-catenin antibody 

(2B12) overnight. The rest of the procedure was as described above. Results indicated 

positive binding between DDR1 and α-catenin, but not with p120-catenin (Figure 4.10). 

Unfortunately this experiment was only repeated once due to time constraints therefore 

further repeats are required to confirm these findings.  

 

Figure 4.9. DDR1 binds to endogenous p120-catenin and α-catenin but not β-catenin or E-cadherin 
Keratinocytes were grown in standard calcium medium. Lysates were collected (1ml total volume), and 
immunoprecipitated with DDR1 mAb (7A9). An aliquot of whole cell lysate (WCL) (10µl) was also taken 
before immunoprecipitation, and loaded in parallel to SDS-PAGE gels as a marker of total protein levels. 
Following Western blotting, blots were probed for E-cadherin (HECD1) and members of the catenin 
family: α-catenin (VB1), β-catenin (VB2) and p120-catenin (m-p120). DDR1 (sc532) was probed to check 
efficient DDR1 immunoprecipitation. Bands of interest are marked by orange asterisks. Non-specific 
bands are marked by N.S. N=3+ 
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To strengthen the findings of potential DDR1 interactions with p120-catenin and alpha-

catenin, I analyzed binding of exogenous Glutathione-S-transferase (GST)-catenin 

proteins with endogenous DDR1. GST-catenin constructs had previously been designed 

and expressed in the lab (see Materials and methods, section 2.8). Keratinocytes were 

grown in standard calcium medium and lysates were incubated with equal amounts of 

GST-tagged catenin proteins (or GST alone as a negative control). Bound proteins were 

eluted with denaturing sample buffer and loaded to SDS-PAGE gels. Protein bands of the 

GST constructs were visualized by Ponceau stain (Figure 4.11). Blots were then probed 

with DDR1 antibody (sc532) to detect potential DDR1 interaction (Figure 4.11A). Strong 

signals were seen at the position of GST-α-catenin and GST-β-catenin, therefore it was 

difficult to detect potential DDR1-specific bands. This is because DDR1 has a similar 

molecular weight, as most of the GST-catenin fusion proteins (around 130kDa). However 

Figure 4.10 DDR1 binds to endogenous α-catenin 
Keratinocytes were grown in standard calcium medium. Lysates were collected (1ml total volume), and 
immunoprecipitated with either alpha-catenin mAb (VB1) or p120-catenin mAb (2B12). An aliquot of whole 
cell lysate (WCL) (10µl) was also taken before immunoprecipitation, and loaded in parallel to SDS-PAGE 
gels as a marker of total protein levels. Following Western blotting, blots were probed for DDR1 (sc532), as 
well as α-catenin (VB1) and p120-catenin (m-p120), to check efficient immunoprecipitation. Bands of 
interest are marked by orange asterisks. Non-specific bands are marked by N.S. N=1 
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for the pull down with GST-p120-catenin, which has a slightly higher molecular weight, a 

convincing sharp band was seen at the expected molecular weight of DDR1 (shown by 

yellow arrow in Figure 4.11A). This band did not appear when the GST-catenin proteins 

were loaded without lysate incubation (Figure 4.11B), suggesting this band was specific 

to interactions with endogenous DDR1. The GST-E-cadherin protein contains only the tail 

fragment of E-cadherin and therefore has a lower molecular weight around 50kDa. Many 

other non-specific bands were also detected (shown by N.S.* Figure 4.11A). In an 

attempt to decrease this non-specific background, I probed the blots with DDR1 antibody 

directly after transfer (i.e. without staining the blot with Ponceau solution), however the 

same background bands appeared (results not shown).  
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Figure 4.11. GST-catenin pull downs of DDR1 
A. Keratinocytes were grown in standard calcium medium. Lysates were collected, and incubated with 
equal amounts of GST-catenin proteins (or GST only as a negative control). Samples were prepared and 
analyzed by SDS-PAGE and Western blotting. Protein bands of the GST-catenin recombinant proteins 
were visualized by Ponceau stain (left hand panels). Blots were probed for DDR1 (sc532) (right hand 
panels). N=2 B. Background binding of the DDR1 sc532 antibody was tested by loading GST-proteins 
directly to SDS-PAGE gels, i.e. with no lysate incubation.  
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4.2.7. Cloning and production of DDR1-GST tail  

The GST pull-downs using GST-catenin constructs gave inconclusive data due to DDR1 

being the same size as many of the GST-catenin proteins. This resulted in many non-

specific background bands upon DDR1 probing. If pull downs were to be done with GST-

DDR1 tail however, this would run at a different size (~80kDa) to full-length catenins, and 

thus hopefully circumvent the problem. I cloned the cDNA encoding the intracellular 

region of DDR1a and DDR1b into a pGEX-2T vector encoding a GST tag (see Materials 

and Methods, section 2.18) (Figure 4.12A). Two DNA preps (pGEX-DDR1a and pGEX-

DDR1b) were sent for sequencing, and confirmed to contain the correct DNA sequences 

(not shown). These preps were used for subsequent protein expression experiments.  

 

The next step was to express GST-DDR1a and GST-DDR1b proteins in bacteria. 

Optimization was done to investigate the best conditions for fusion protein expression, by 

screening crude lysates after IPTG induction (see Figure 4.12B figure legend). 

Unfortunately, despite many attempts I did not manage to reproducibly express either of 

the GST-DDR1 constructs. Various IPTG concentrations were tested, as well as growth 

temperature and time of induction, however none of the conditions resulted in successful 

protein expression (results not shown). Importantly however, induction of a pGEX-2T 

parental vector resulted in successful GST production (~26kDa) demonstrating the 

induction procedure was working correctly. There was potentially some expression of 

GST-DDR1a during one repeat, however this could not be reproduced in later 

experiments (Figure 4.12B).  

 



Chapter 4 – Function of DDR1 in keratinocytes 

	   131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Cloning and expression of DDR1-GST tail 
A. Following subcloning to the pSP72 expression vector, the DDR1a and DDR1b cytoplasmic inserts 
were digested together with the final pGEX-2T vector (~4.9Kb). Ligations were transformed to DH5α 
bacteria and plated on agar plates containing ampicillin. Colonies were picked for DNA isolation using a 
Miniprep kit (Qiagen), and digested with restriction enzymes EcoR1 and BamH1 to check correct insertion 
of DDR1 intracellular fragments. Expected band sizes were 1.3Kb for DDR1a and 1.4Kb for DDR1b. A 
control ligation with no insert was also done in parallel, and loaded to the same gel following DNA 
isolation. Red boxes highlight those DNA samples sent for sequencing, which were confirmed to contain 
the correct inserts. These same samples were used for subsequent protein expression experiments. B. 
Several colonies of E.Coli (BL21 DE3 strain) transformed with pGEX-DDR1a or pGEX-DDR1b 
recombinants were picked and cultured. Cultures were grown to an optical density (OD) of 0.6-0.8. Fusion 
protein expression was induced by addition of IPTG to a final concentration of 0.5mM or 1.0mM for 2.5 
hours at 37°C. Aliquots were taken (before and after induction) and loaded to SDS-PAGE gels to check 
protein expression. Coomassie blue stain was used to visualize protein expression.  
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Efforts are currently on-going to express these constructs. The DDR1b cytoplasmic 

region was also cloned into another bacterial expression vector pGRO-EL containing a 

6xHis-tag instead of GST, and GRO-EL domains to help protein folding, but this construct 

was also not expressed despite repeated efforts (experiments performed by MRes 

student Adrià Cañellas Socias). This suggests that the negative expression is not due to 

expression vector, but rather other contributing factors. It is possible that because the 

sequence starts just adjacent to the transmembrane domain of DDR1, the fusion protein 

cannot fold correctly as normally the positively charged amino acids in this region would 

interact with membrane phospholipids in the intact receptor.  

 

Since then, we have received data from an expression screen performed at the Oxford 

Protein Production facility, which has performed a screening of soluble recombinant 

DDR1 cytoplasmic domain expression. Constructs of various sizes were tested, 

containing either the entire intracellular region starting from residue 445 (my constructs 

started from residue 440, i.e. closer to the transmembrane region), or shorter fragments 

of various lengths. The constructs were tagged with either an N-terminal His-tag, a C-

terminal His-tag, or an N-terminal His Tag with GST protein. The facility tested 

expression of soluble forms for all these constructs using both E.Coli (both Lemo21 and 

Rosetta2 pLacI strains) and a baculovirus system. They found that the full-length DDR1 

cytoplasmic constructs had absent to very minimal expression in the bacterial strains, 

and also absent/minimal expression in the baculovirus system. For the shorter 

constructs, there was again no expression in either of the bacterial strains, however most 

of the constructs were expressed by using the baculovirus system.  



Chapter 4 – Function of DDR1 in keratinocytes 

	   133 

 

4.3 Discussion 

This chapter sheds light on the function of DDR1 at epithelial cell contacts, specifically in 

primary keratinocytes. By depletion of DDR1 through siRNA transfection, cell contacts 

present a considerable reduction of junctional E-cadherin and junctional actin (Figure 

4.1B,C). However expression levels of E-cadherin are not affected (Figure 4.1E) 

suggesting the reduced junctional E-cadherin is due to redistribution rather than 

degradation. Previous studies have suggested that DDR1 mediates stabilization of E-

cadherin by reducing Cdc42-mediated endocytosis (Yeh et al. 2011). It would therefore 

be interesting in future experiments to investigate DDR1-mediated regulation of E-

cadherin endocytosis or recycling in the keratinocyte model. Future work could for 

example test co-localization of E-cadherin with Rab5, an early endocytic marker, to see 

whether their co-localization increases with DDR1 knockdown. Rab11 is specifically 

associated with recycling of endocytosed material and could also be investigated 

(Woichansky et al. 2016; Wandinger-Ness & Zerial 2014; Hutagalung & Novick 2011).  

 

Experiments by Yeh and colleagues (2011) also propose reduced lateral diffusion of E-

cadherin with DDR1 depletion, by FLIP analysis of Eos-conjugated E-cadherin. I have not 

explored live E-cadherin dynamics, but it is possible that DDR1 could influence clustering 

of E-cadherin either directly, or via alternative means such as actin coupling (Cavey et al. 

2008; Wu et al. 2015; Hong et al. 2013, Chen et al. 2015), myosin II (Shewan et al. 2005) 

or Ena/VASP (Scott et al. 2006). It is known that for functional intercellular adhesion, E-

cadherin receptors must be intimately linked with the actin cytoskeleton. However despite 

the reduced levels of junctional actin with DDR1 knockdown, actin recruitment to 

clustered E-cadherin receptors does not appear to be affected (Figure 4.2). This implies 

that the phenotype at contacts may be due to other defects, such as perturbed actin thin 
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bundles. Experiments to look at actin bundles in cells with DDR1 knockdown show that 

whilst control cells have clear organized bundles at 90 minutes Ca2+ addition, they are 

visibly perturbed in DDR1 knockdown cells (Figure 4.3, 4.4). This seems to be an effect 

specific to cell contact formation, as cells in basal conditions (without Ca2+ addition) show 

similar organization of thin bundles for both control and DDR1 knockdown cells.  

 

There is a strong relationship between the contractility of actomyosin networks and the 

formation and maturation of cell-cell junctions (Cavey & Lecuit 2009). This led me to 

investigate contractility of actin bundles in DDR1 knockdown cells. My data suggest that 

during contact formation, DDR1 plays a role in regulating actomyosin contractility. 

Depletion of DDR1 appears to reduce phosphorylation of both myosin phosphatase 

(Figure 4.5E) and MLC during cell contact formation (Figure 4.7), however further repeats 

will be required for confirmation. Quantification showed that in control cells, p-MLC levels 

at bundles remain relatively constant up to 60 minutes Ca2+ addition, but then increase 

approximately 2-fold between the 60 and 90 minute Ca2+ timepoints (Figure 4.7B). This is 

in contrast to previous studies, which demonstrate a 2.7-fold increase in p-MLC 

fluorescence at keratinocyte thin bundles after 30 minutes Ca2+ addition compared to 

basal levels (no Ca2+) (Zhang et al. 2005). The same authors also look at total p-MLC 

levels via Western blotting, and detect a 3-fold increase after 15 minutes Ca2+ addition, 

which then gradually decreases from 15 to 120 minutes Ca2+ addition. Importantly 

however, the methodology of junction formation differs between my own experiments and 

those of Zhang et al (2005). I induce contact formation through the addition of Ca2+ ions 

directly to low calcium-containing medium (1.8mM CaCl2 final concentration). Zhang and 

colleagues switch keratinocytes from low calcium-containing medium to fresh medium 

with 1.8mM CaCl2. Subsequent work by Ruba Kalaji in the Braga lab (PhD thesis, 2008) 

was to compare these two methodologies of cell contact formation. She demonstrated 



Chapter 4 – Function of DDR1 in keratinocytes 

	   135 

that switching keratinocytes from low calcium-containing medium to fresh medium also 

activates other pathways independently of E-cadherin ligation. This phenomenon is likely 

caused by the keratinocyte culture medium which contains many other components that 

are known to stimulate Rho GTPase activation, such as EGF (Noren et al. 2001; Itoh et 

al. 2008; Tong et al. 2013; Zhu et al. 2015; Tong et al. 2016). Nonetheless, despite these 

discrepancies between p-MLC levels during contact formation in control cells, DDR1 

depletion results in a dramatic 4-fold reduction in p-MLC fluorescence at thin bundles 

(Figure 4.7B). Importantly, this result is only based on one independent experiment 

therefore further repeats will be required for confirmation.  

 

The levels of phosphorylated myosin phosphatase (p-MYPT1 Thr696) decrease upon 

DDR1 knockdown (Figure 4.5E). Whilst control cells display a gradual increase of p-

MYPT1 during junction formation, levels stay approximately the same in DDR1 

knockdown cells. Interestingly, basal levels of p-MYPT1 and ROCK1 are increased 1.5 

fold in DDR1 knockdown cells compared to control cells (Figure 4.5A, 0 mins Ca2+, DDR1 

vs. NT). The significance of this is unclear, and to my knowledge, has not been observed 

in previous studies. Whilst increased ROCK expression has been observed in many 

different cancers (see review, Morgan-Fisher et al. 2013), there is much less known 

about changes in ROCK expression within normal cell states. To investigate whether 

DDR1 regulates ROCK expression at the transcriptional level, it would be interesting in 

future work to see whether DDR1 knockdown also increases ROCK1 mRNA levels. 

Notably, the DDR1 knockdown-induced increase in ROCK1 expression occurs at basal 

states (0 mins Ca2+), the timepoint at which DDR1 is not localized at cell-cell contacts 

(Figure 3.2A). This may suggest that in control cells at 0 mins Ca2+, DDR1 is localized 

away from cell contacts, and able to affect ROCK expression and/or activation through its 

role as a cell-matrix receptor (discussed further at the end of chapter 5). In agreement 
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with this, one study showed that ROCK activation is regulated by cell adhesion 

(Bhadriraju et al. 2007).  

 

Amongst other kinases, MLC and myosin phosphatase are both direct phosphorylation 

targets of the ROCK protein. Although there is evidence that p-MYPT1 levels are 

decreased with DDR1 knockdown (Figure 4.5E), phosphorylated levels of MLC do not 

seem to increase (Figure 4.7), suggesting that DDR1 may regulate contractility upstream 

of ROCK. Although there is less ROCK1 expression with DDR1 knockdown during 

contact formation (Figure 4.5C), this cannot be linked directly with reduced ROCK1 

activation. Actomyosin contractility is ultimately regulated by a vast signalling network, 

and other proteins besides ROCK should consequently be explored (see reviews, 

Vicente-Manzanares et al. 2009; Zaidel-Bar et al. 2015). Citron kinase is another 

downstream effector of RhoA, and also phosphorylates MLC directly on Ser19 and Thr18 

(Yamashiro et al. 2003). Although it is generally linked to roles in cytokinesis (Serres et 

al. 2012), it may be worthwhile to explore effects of DDR1 depletion on citron kinase 

activity. Another kinase of interest could be myotonic dystrophy kinase-related Cdc42-

binding kinase (MRCK), which was recently shown to be required for endothelial junction 

stabilization through Rap1-mediated myosin II activation (Ando et al. 2013). MRCK is a 

Cdc42 effector, and also acts to phosphorylate MLC and induce subsequent actomyosin 

contractility (Unbekandt & Olson 2014). As my data so far has only addressed Rho 

related signalling, future work could therefore also consider Cdc42 downstream targets, 

as there are examples of convergence between the two pathways (Wilkinson et al. 2005).  

 

So far, regulation of ROCK has mainly been shown through binding of Rho GTPases 

and/or phosphorylation (see review, Julian & Olson 2014). Whilst ROCK activation does 

not require phosphorylation (Jacobs et al. 2006), other proteins have been demonstrated 



Chapter 4 – Function of DDR1 in keratinocytes 

	   137 

to regulate ROCK signalling through phosphorylation or dephosphorylation (see review, 

Julian & Olson 2014). For example, it was concluded that ROCK2 activity is negatively 

regulated by phosphorylation at Tyr722, as dephosphorylation of ROCK2 at Tyr722 by 

Shp2 enhances RhoA responsiveness (Lee & Chang 2008). Although I did not 

investigate the effect of DDR1 knockdown on ROCK2 expression due to time constraints, 

it is conceivable that DDR1 may directly bind and phosphorylate ROCK2 (or ROCK1), 

thereby regulating its activity. Further experiments involving in vitro binding and kinase 

assays will be required to investigate this hypothesis.  

 

Alternatively, DDR1 may regulate ROCK localization. Phosphorylation of ROCK1 by 

atypical protein kinase C (a-PKC) in complex with Par3, Par6 and Willin, negatively 

regulates the distribution of ROCK1 at apical junctional complexes (Ishiuchi & Takeichi 

2011). Interestingly, a link between DDR1 and the Par polarity proteins is demonstrated 

in another paper (Hidalgo-Carcedo et al. 2011b), where a complex of DDR1/Par3/Par6 

antagonizes ROCK1-mediated actomyosin contractility at sites of cell contact. Future 

experiments could therefore look into ROCK localization in keratinocytes upon DDR1 

knockdown.  

 

Alternatively, DDR1 could have a regulatory role upstream of ROCK, for example on 

RhoA activation. In future work, this could be investigated through the use of GTPase 

activation assays, or fluorescence resonance energy transfer (FRET) biosensor systems 

to study localization of active RhoA (Pertz et al. 2006). Another possibility could be 

regulation of Rho GEFs and/or GAPs by DDR1. Lemeer et al (2012) identify a potential 

interaction between DDR1 and Vav2, a known regulator of both Rac1 and RhoA (Abe et 

al. 2000; Liu & Burridge 2000), using a library of phospho-peptides immobilized on 

beads. Although the authors identify a positive interaction between Vav2 and two of the 
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DDR1 phospho-peptides (pTyr484 and pTyr569), binding between Vav2 and full-length 

DDR1 has not been confirmed. Nonetheless, it poses an interesting notion that DDR1 

could bind Vav2 thereby regulating downstream signalling.  

 

Furthermore, another study shows that whilst DDR1 does not directly bind to RhoE, 

DDR1 regulates RhoE localization at sites of cell-cell contact (Hidalgo-Carcedo et al. 

2011b). RhoE is an unusual member of the Rho GTPase family since it has no intrinsic 

GTPase activity itself (Foster et al. 1996). RhoE activity correlates with its expression, 

and has been shown to negatively regulate RhoA activity through phosphorylation of 

ROCK1 (Riento et al. 2005; Riento et al. 2003) and upregulation of p190 RhoGAP 

(Wennerberg et al. 2003), which directly antagonizes RhoA activation (Wildenberg et al. 

2006). I have not explored the relationship between DDR1 and RhoE in the keratinocyte 

model, however it is possible that DDR1 regulates RhoA signalling through RhoE. 

Interestingly, protein kinase PDK1 was previously shown to compete with RhoE for 

ROCK1 binding, and thus prevent RhoE-mediated ROCK1 inhibition (Pinner & Sahai 

2008). Perhaps DDR1 serves a similar function and thus regulates RhoE-ROCK1 

interactions. Knockdown of DDR1 mimics the effects of RhoE depletion with higher p-

MLC levels at cell contacts (Hidalgo-Carcedo et al. 2011b). At first this seems 

contradictory to my data which suggest that DDR1 knockdown decreases signalling 

downstream of RhoA/ROCK (Figures 4.5, 4.7), however my data are in the context of cell 

junction formation as opposed to mature contacts. Whilst evidence suggests that 

increased contractility at contacts can disrupt their stability, tension is required during 

their initial formation (Zhang et al. 2005; Kalaji et al. 2012). E-cadherin ligation has itself 

been shown to recruit myosin II to epithelial cell contacts (Shewan et al. 2005). Therefore 

biological context is key to whether p-MLC is required at cell contacts, and is a likely 
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reason why cell junctions have evolved to become dynamic mechanosensors (Leckband 

& de Rooij 2014).  

 

Unfortunately, due to time constraints, my experiments do not investigate the other 

ROCK family member ROCK2. In other cell types, distinct roles for ROCK1 and ROCK2 

are known. For example in embryonic mouse fibroblasts, ROCK1 is required for 

peripheral actin ring formation, and ROCK2 is required for cytoskeletal stabilization (Shi 

et al. 2013). However in keratinocytes, the two members seem to have similar functions 

with both contributing to thin bundle contraction (Kalaji et al. 2012). Additionally, whilst 

MLC and myosin phosphatase are key targets of ROCK signalling, ROCK proteins signal 

through many other downstream signalling pathways, for example LIM kinase (LIMK) or 

Ezrin-Radixin-Moesin (ERM) proteins (see review, Riento & Ridley 2003). If effects of 

DDR1 depletion extend to these other targets, it would suggest that DDR1 not only 

affects ROCK-driven contractility, but also other processes, for example actin dynamics 

through LIMK (see review, Scott & Olson 2007). Furthermore, if DDR1 is acting upstream 

of ROCK, it may also regulate the activity of other RhoA effectors including the 

diaphanous-related formins Dia1 and Dia2, which have roles in actin polymerization and 

microtubule stabilization (see review, Janke 2014).  

 

Contraction of actin thin bundles is required for efficient epithelial polarization and full 

elongation of lateral cell height (Kalaji et al. 2012). My results show that lateral cell height 

is reduced by approximately 30% upon DDR1 knockdown compared to control cells, 

whilst total cell height is unaffected (Figure 4.8C). Similarly, ROCK1 or ROCK2 depletion 

does not affect total cell height, but significantly reduces lateral cell height (Kalaji et al. 

2012). However, the raw values of lateral cell height differ between my results and those 

published by Kalaji et al (2012), as my average lateral cell height is 2.5μm in control cells 
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compared with 4μm in their results. Furthermore, the keratinocyte orthogonal views (for 

example in Figure 4.8B) suggest a relatively flat cell monolayer, compared to the 

cuboidal keratinocyte morphology described by Kalaji and colleagues. This may suggest 

that junction formation is not as efficient in my experiments. I also noted slightly variable 

measurements of both total cell height and lateral cell height within individual images, 

therefore more images will need to be taken in future experiments to achieve a more 

reliable representation of cell heights.  

 

In addition, there is one drawback of my experimental approach that must be considered. 

The observed reduction of junctional E-cadherin with DDR1 depletion demonstrates a 

range of phenotypes (Figures 4.1, 4.4). Whereas some cell junctions retain intact E-

cadherin staining, other junctions have complete loss of E-cadherin, presenting a weak 

and strong phenotype respectively. The measurement of lateral cell height based on E-

cadherin staining may therefore not be the best approach, as E-cadherin localization is 

itself affected. It would therefore be preferable in future experiments to use another 

protein of cell junctions (that would not be affected by E-cadherin loss), or a general 

membrane marker as an alternative measure of lateral cell height. One possible 

candidate could be the nectin receptors that also assemble at AJs in an E-cadherin-

independent manner (Takahashi et al. 1999), however importantly it would first need 

confirming that DDR1 knockdown does not affect nectin localization. Despite these few 

caveats, there is a statistically significant difference in lateral cell height between control 

and DDR1 knockdown cells from 7-9 Z-stacks, suggesting that DDR1 regulates lateral 

cell height and therefore plays a role in cell polarization. 

 

The potential binding between DDR1 and some of the catenin proteins (Figure 4.9, 4.10, 

4.11) pose interesting thoughts for future direction. Although it is clear these experiments 
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need to be repeated due to variability, I observe co-IP between endogenous proteins 

which is often difficult to obtain. It is therefore likely the interactions are very weak, and/or 

represent only a small pool of total protein available. Furthermore, conditions for 

extracting these complexes in future will likely require fine-tuning. In the co-IP protocol 

(see Materials and Methods, section 2.7), I use a lysis buffer with relatively low ionic 

strength (150mM NaCl), and a non-ionic detergent (1% NP-40). Although this is generally 

regarded as a suitable buffer for detection of protein-protein interactions, it may be 

worthwhile to try buffers that are even less stringent (whilst ensuring DDR1 solubility from 

the membrane). A less stringent buffer could also be tested for the washing steps after 

binding. 

 

In future work, it will be invaluable to obtain efficient GST-DDR1 fusion expression using 

the baculovirus system to see whether this can confirm the interactions seen by 

endogenous co-IP between DDR1 and α-catenin and/or p120-catenin. Furthermore, 

mutant constructs could be created lacking specific DDR1 domains to pinpoint the sites 

of interaction. If indeed DDR1 is found to bind these catenins, it would be interesting to 

see which subset of catenins are involved as both α-catenin and p120-catenin have 

adhesion-independent roles. Diverse functions of p120-catenin are continually emerging, 

from the canonical regulation of E-cadherin trafficking (Reynolds & Carnahan 2004) to 

regulation of Rho GTPases in the cytoplasm (Anastasiadis & Reynolds 2001; Reynolds 

2007). Cytoplasmic p120-catenin can inhibit RhoA activity, whilst activating Rac1 and 

Cdc42 (Noren et al. 2000; Anastasiadis et al. 2000; Grosheva et al. 2001; Zebda et al. 

2013; Ponik et al. 2013; Schackmann et al. 2011). However it remains debatable whether 

p120-catenin influences their activity through direct interaction or via other indirect 

means. For example p120-catenin can inhibit RhoA indirectly, through activation of Rac1 

and Cdc42 by the Vav2 GEF (Noren et al. 2000), as negative regulation of Rho by Rac is 
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observed in some cell types (Sander 1999; Zondag et al. 2000; Burridge & Wennerberg 

2004). However other studies have shown a Rho-GDI-like mechanism for p120-catenin 

and RhoA, where p120-catenin keeps RhoA in an inactive state through direct interaction 

(Anastasiadis et al. 2000; Kourtidis et al. 2015). Another study proposes direct regulation 

through direct binding of p120-catenin to RhoA, mediated by Src and Fyn tyrosine kinase 

phosphorylation of p120-catenin (Castaño et al. 2007). It is conceivable that DDR1 could 

bind and phosphorylate p120-catenin in a similar manner to these kinases, thereby 

controlling its regulation of RhoA activity. In vitro kinase assays between DDR1 and 

p120-catenin could be performed in future experiments to explore this possibility. 

Knockdown of p120-catenin was recently shown to induce apical expansion of MDCK cell 

surfaces through excessive actomyosin contractility, caused by heightened RhoA activity 

at lateral membranes (Yu et al. 2016). The phenotype is rescued by inhibiting ROCK or 

myosin II, concluding that p120-catenin is a key mediator of cellular tension.. This could 

potentially place DDR1 as a regulator of cellular tension via p120-catenin.  

 

With regard to α-catenin, E-cadherin independent roles include the regulation of 

proliferation (Vasioukhin et al. 2001; Lien et al. 2006) and cytoskeletal modulation 

(Shtutman et al. 2010; Benjamin et al. 2010). It was proposed that α-catenin may act 

within two separate pools: a monomeric population that associates with E-cadherin and 

β-catenin at sites of junctional actin recruitment, and another homodimeric cytosolic 

population that regulates actin organization through inhibition of Arp2/3 mediated 

polymerization and cofilin mediated depolymerization (Drees et al. 2005; Benjamin et al. 

2010; Hansen et al. 2013; Bianchini et al. 2015). According to my data, DDR1 depletion 

does not affect the recruitment of actin to E-cadherin (Figure 4.2). Therefore if DDR1 

interactions with α-catenin are proven in future experiments, it seems plausible this 

would be to cytosolic pools that have roles in actin polymerization. Through regulation of 
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actin organization, α-catenin is regarded as a crucial tension-sensing molecule. It was 

shown that α-catenin contains a conformation-dependent inhibitory region that regulates 

binding of vinculin in response to force or stress (Yonemura et al. 2010; Yao et al. 2014). 

Although it was initially proposed that only cytoplasmic α-catenin could regulate actin 

dynamics (Drees et al. 2005), it was later shown that membrane-anchored α-catenin was 

also able to exhibit force-dependent binding of vinculin (Yonemura et al. 2010). Although 

I did not find differences in vinculin expression upon DDR1 depletion during cell contact 

formation (Figure 4.5A,F), it would be important in future experiments to see whether 

DDR1 knockdown influences vinculin localization.  
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5. DDR1 in NSCLC 
 
 
5.1 Introduction 

The majority of our understanding about DDR1 in cancer comes from lung cancer 

models, specifically non-small cell lung carcinoma (NSCLC). Many studies report 

upregulation of DDR1 in NSCLC tissues compared to normal tissues (Miao et al. 2013; 

Yang et al. 2010; Valencia et al. 2012), where DDR1 not only promotes tumour cell 

survival, migration and invasion, but also correlates with poor patient survival in clinical 

data involving Kaplan-Meier analyses. Furthermore, one global phosphoproteomic study 

showed that DDR1 (and DDR2) are among the top 20 most hyper-phosphorylated RTKs 

within 41 NSCLC cell lines and over 120 NSCLC solid tumours (Rikova et al. 2007). 

Although growing evidence indicates a role for DDR1 in cancer progression, molecular 

mechanisms are still poorly understood.  

 

Whilst DDR1 is primarily considered as a cell-matrix receptor, its function during cancer 

has recently been extended to facilitation of collective migration of A431 squamous 

carcinoma cells (Hidalgo-Carcedo et al. 2011a). As outlined in previous chapters, in this 

study, DDR1 localizes with E-cadherin to sites of cell-cell contact in A431 cells, and 

mediates collective cell migration independent of DDR1 kinase activity or collagen 

binding. This poses the question whether DDR1 is acting in a similar fashion in other 

cancer types such as NSCLC. There are multiple cell lines derived from NSCLC, and 

their morphology and expression profiles vary greatly, reflecting the heterogeneity of 

NSCLC as a disease (see review, Chen et al. 2014).  
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The overall hypothesis of my thesis is that DDR1 switches between two different roles: 

‘DDR1 is either localized to epithelial cell-cell contacts upon active E-cadherin mediated 

adhesion, where it helps to stabilize cell contacts, or alternatively DDR1 is a cell-matrix 

receptor, in which it can bind collagen in the ECM and facilitate cell migration’. As there is 

evidence of DDR1 also localizing at cell-cell contacts in the collective migration mode of 

cancer cells, it suggests that DDR1 may also switch interchangeably between these two 

roles during cancer. In this chapter, I explore the expression and localization of DDR1 

among several NSCLC cell lines, with particular focus on the relationship between DDR1 

and E-cadherin. I also investigate the activation of DDR1 in response to collagen I and IV 

stimulation amongst the various NSCLC cell lines.  

 

The aims of this chapter are to explore the following questions: 

§ How do DDR1 and E-cadherin localize in a series of NSCLC cell lines with varying 

expression levels of E-cadherin? 

§ How does DDR1 activation in response to collagen stimulation, correlate with E-

cadherin expression levels in NSCLC? 

§ What is the difference between collagen I and collagen IV mediated DDR1 

activation in NSCLC?  
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5.2 Results 

5.2.1. Characterization of NSCLC cell lines 

As mentioned above, there is increasing evidence that DDR1 is upregulated in NSCLC 

tissues where it promotes tumour cell migration (Miao et al. 2013; Yang et al. 2010; 

Valencia et al. 2012). Expression data from a large panel of lung cancer cell lines shows 

that DDR1 is greatly upregulated (primarily in NSCLC) compared to normal lung cells 

(NHBE and BEAS) (Valencia et al. 2012). Upon collagen incubation, it was shown that 

DDR1 is activated to varying levels (measured by DDR1 phosphorylation levels) amongst 

the different lung cancer cell lines. Work by a previous MRes student in our lab (Frances 

Turrell, MRes Cancer Biology) consolidated and investigated these findings further. A 

series of NSCLC cell lines (kindly provided by Dr Fernando Lecanda, University of 

Navarra, Spain) included H460, H661, H322, H358, A549, PC14 and H727 (all used in 

the study by Valencia et al. (2012)) and T47D, a breast cancer cell line, that also exhibits 

high endogenous DDR1 expression levels (Vogel et al. 1997; L’hôte et al. 2002). In 

addition to T47D cells, H322, H358 and PC14 cells had the highest DDR1 expression 

levels (Figure 5.1A,B). H460 and A549 cells had less DDR1 expression, whilst H661 and 

H727 had very minimal expression. DDR1 surface levels were also investigated by flow 

cytometry. The surface levels of DDR1 generally reflected the total DDR1 levels shown 

by Western blotting (Figure 5.1C). However, whilst the H322 cell line had highest levels 

of total DDR1 expression (Figure 5.1B), interestingly a smaller proportion was expressed 

on the cell surface. DDR1 isoform expression amongst the cell lines was also tested by 

RT-PCR analysis (performed by BSc student Honami Kawai). All cell lines tested (A549, 

H460, PC14, H322 and T47D) were found to express the two main DDR1 isoforms, 

DDR1a and DDR1b (not shown).  
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Previous literature has implicated E-cadherin in the regulation of DDR1 localization and 

activation, as described in Chapter 3 (Wang et al. 2009; Yeh et al. 2011). E-cadherin 

levels in the NSCLC cell lines were investigated by similar methods (Western blotting and 

flow cytometry) (Figure 5.1D,E,F). From the surface expression results, it was clear there 

was a positive correlation between DDR1 and E-cadherin levels, as H358, H322 and 

PC14 cells also had the highest levels of surface E-cadherin expression (as seen for 

DDR1; compare Figure 5.1C and F). These results (summarized in Table 5.2) formed the 

basis of my own experiments. 
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Whilst all the cell lines are ultimately derived from NSCLC, they are all different subtypes 

depending on their site of origin (listed in Table 5.2). The H358 cell line is derived from a 

bronchioalveolar carcinoma, H460 and H661 from large cell lung carcinomas, and H727 

from a pulmonary carcinoid (Takahashi et al. 1989). The H322 cell line is also from a 

bronchioalveolar carcinoma (Gazdar et al. 1990), and the A549 cell line from an alveolar 

adenocarcinoma (Giard et al. 1973). The PC14 cell line is sometimes referred to as PC9, 

due to conflicting reports of its origin (Lee et al. 1985; Masters et al. 2001). The RIKEN 

BioResource Centre reported that this cell line was originally termed as ‘un-

differentiated’, however studies showed that PC14 cells were in fact highly similar to 

another cell line PC9, a differentiated cell line derived from lung adenocarcinoma 

(http://cell.brc.riken.jp/en/rcb/rcb0446_announce) (Masters et al. 2001). Nonetheless, 

throughout this thesis I refer to this cell line as PC14. From all the NSCLC cell lines we 

had available, I chose to continue with H460 and A549 as examples of low-DDR1 

expressing cell lines, and H358, H322 and PC14 as examples of high-DDR1 expressing 

cell lines.  These cell lines also had varying levels of E-cadherin expression, with H460 

and A549 having much lower expression than H358 and H322 cells. In terms of E-

cadherin surface levels, H358, H322 and PC14 cells had greater levels compared to 

Figure 5.1 Total and surface levels of DDR1 and E-cadherin in a series of NSCLC cell lines 
A,D. A series of NSCLC cell lines and T47D breast cancer cells were probed for total DDR1 (A) or total 
E-cadherin (D) expression levels. Tubulin was used as a loading control (DM1A). Lysates of each NSCLC 
cell line were loaded in duplicate. Representative blots are shown. B,E. Total DDR1 or E-cadherin 
expression levels were quantified relative to tubulin levels using densitometry analysis (Fiji software). The 
experiments were repeated 3-7 times, other than H727 which was N=2. Graph shows mean intensities of 
DDR1 (B) or E-cadherin (E) bands. Error bars represent SEM values. C,F. Surface DDR1 or E-cadherin 
levels were investigated by flow cytometry, using anti-DDR1 mAb (7A9) (C) or anti-E-cadherin mAb 
(HECD1) (F). Cells incubated with secondary antibody only were used as a negative control. For each 
sample, 10,000 events were recorded. Median fluorescent intensities (MFIs) were collected from each 
cell line, and the signal from secondary antibody only controls was subtracted. Graphs show the mean of 
MFI values collected from three independent experiments. Error bars show SEM. Experiments performed 
by Frances Turrell. 
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H460 and A549 cells.  It was also interesting to explore differences between H358 and 

H322 cells compared to PC14; the latter having a different morphology with no cell-cell 

contacts.  
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5.2.2. Immunostaining of DDR1 and E-cadherin in NSCLC cell lines 

To explore further the relationship between DDR1 and E-cadherin, I co-immunostained 

the cell lines for DDR1 and E-cadherin localization. The H358 and H322 cell lines grew in 

3D colonies so it was difficult to focus on all the cells simultaneously, however it was 

clear they formed cell-cell contacts marked by presence of both E-cadherin and DDR1 

(Figure 5.3). Meanwhile the A549 cell line, which had minimal E-cadherin expression, did 

not form E-cadherin mediated cell contacts. The cells grew in a single monolayer with 

diffuse DDR1 immunostaining. H460 cells were similar to the A549 cell line; they had 

minimal E-cadherin expression and grew as a monolayer. The PC14 cell line which had 

relatively high E-cadherin expression (Figure 5.1, Table 5.2), surprisingly did not form E-

cadherin mediated cell-cell contacts. DDR1 was localized in a similar diffuse distribution 

to E-cadherin, however there was no visible co-localization (shown further in Figure 5.6). 

The T47D breast cancer cell line was also co-immunostained for DDR1 and E-cadherin, 

and found to have both proteins at cell-cell contacts. Immunostaining experiments were 

repeated a minimum of 3 times with similar results. In conclusion, the NSCLC cell lines 

with higher E-cadherin expression levels formed intercellular adhesions marked by 

presence of both E-cadherin and DDR1. In contrast, cell lines with less E-cadherin 

expression had diffuse DDR1 localization and no E-cadherin or DDR1 at cell-cell 

Table 5.2. Summary of NSCLC cell lines investigated.  
Table shows key characteristics of the NSCLC cell lines investigated, including NSCLC subtype, 
morphology, genetic profile and DDR1 and E-cadherin total expression levels (Western blotting) and 
surface levels (flow cytometry). Experiments performed by Frances Turrell. Protein levels are denoted ‘-’ 
for absent expression, or ‘+/++/+++’ relative to quantification of Western blots (Figure 5.1B,E) or flow 
cytometry data (Figure 5.1C,F), with +++ representing highest levels. The T47D breast cancer cell line 
was also included as a positive control for subsequent DDR1 activation experiments. Morphology of the 
cell lines was examined by phase-contrast microscopy (not shown). Genetic profile information was 
taken from the ATCC cell line by gene mutation database. 
(https://www.atcc.org/~/media/PDFs/Culture%20Guides/Cell_Lines_by_Gene_Mutation.ashx). PC14 
information, Noro et al., 2006. *The PC14 cell line is sometimes referred to as PC9 due to conflicting 
reports of its origin. See main text for details.  
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contacts. This correlation did not apply to the PC14 cell line, which shall be discussed 

further in section 5.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	  

Figure 5.3. Immunostaining of DDR1 and E-cadherin in NSCLC cell lines 
NSCLC and T47D cell lines were cultured in RPMI medium. Cells were fixed, blocked and permeabilized, 
before co-immunostaining for DDR1 (7A9) and E-cadherin (ECCD2). A merge is shown as well as single 
images for DDR1 and E-cadherin. All images were taken by widefield microscopy at the same 
magnification. Representative images are shown. N=3. Scale bar = 50µm.  
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5.2.3. Activation of DDR1 by collagen I and IV in NSCLCs 

Previous literature has implicated E-cadherin in the regulation of DDR1 activation in 

response to collagen stimulation (Wang et al. 2009; Yeh et al. 2011). Experiments by 

Wang et al. (2009), showed that DDR1 activation is regulated by the presence of MDCK 

cell contacts. This finding is matched by my data from chapter 3 investigating collagen-

mediated DDR1 activation in keratinocytes. When keratinocytes are seeded in low 

calcium-containing medium (therefore without cell-cell contacts), DDR1 is phosphorylated 

in response to collagen I after 8 hours stimulation (Figure 3.10A,B). However when 

keratinocytes are cultured in medium with standard calcium levels (with intercellular 

contacts), and are incubated with collagen I for 8 hours, DDR1 is not phosphorylated 

(Figure 3.10B). 

 

The NSCLC cell lines had varying levels of E-cadherin expression (Table 5.2), therefore 

it was interesting to compare the DDR1 activation status of these NSCLC cell lines in 

response to collagen I stimulation. The T47D breast cancer cell line was used as a 

positive control for DDR1 activation for all experiments. Not only have other studies noted 

strong T47D DDR1 phosphorylation in response to collagen (Vogel et al. 1997; L’hôte et 

al. 2002), but we have also seen a strong DDR1 activation response in the lab previously 

(unpublished data). Preliminary activation assays had been done with the H460, H322 

and H358 cell lines (Frances Turrell, not shown). The results showed that relative to total 

DDR1 levels in these cell lines, H460 cells had a much stronger DDR1 phosphorylation 

signal in response to collagen compared to H322 or H358. Although H322 and H358 

cells had higher total (and surface) DDR1 levels (Figure 5.1), they exhibited either very 

faint phospho-DDR1 signal (H322) or no detectable DDR1 activation (H358) (not shown).  
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To consolidate these findings, I stimulated the NSCLC cell lines (A549, H460, H358 and 

PC14) and T47D cells, for 3 hours with 10μg/ml collagen I or left them unstimulated as a 

negative control. Following SDS-PAGE and Western blotting, membranes were probed 

for phosphotyrosine, before stripping and re-probing for DDR1. Results showed that 

DDR1 was strongly phosphorylated by collagen I stimulation in the T47D breast cancer 

cells as expected from previous studies (Vogel et al. 1997; L’hôte et al. 2002) (Figure 

5.4A, lanes 1 and 2). In the H460 and A549 cells, DDR1 was also phosphorylated 

however the signal was weaker. The H358 and PC14 cells showed complete absence of 

DDR1 phosphorylation, despite higher levels of total DDR1. The activation assays were 

repeated more than 5 times with reproducible results. Longer timepoints of collagen I 

stimulation were also tested for the PC14 cell line (up to 24 hours), to see whether this 

cell line needed longer stimulation times for DDR1 activation, however no DDR1 

phosphorylation was detected (results not shown). In conclusion, an overall correlation 

was evident from both my own activation assay results, and experiments performed in 

the lab previously: higher E-cadherin expression correlated with low DDR1 activation in 

response to collagen stimulation (Figure 5.4B).  
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Thereafter, the activation of DDR1 by collagen IV was investigated. In chapter 3, I 

described how the stimulation of DDR1 by collagen IV might be more physiologically 

relevant as epithelial cells are in direct contact with the basement membrane comprised 

of collagen IV as the main collagen, amongst other components (Aumailley & Timpl 

1986; Kalluri 2003). In the context of cancer, tumour cells break through the basement 

membrane and come into contact with multiple other collagens, including collagen I (Lu 

et al. 2012; Kalluri 2003; Rowe & Weiss 2008; Van Zijl et al. 2011). For this reason, it 

was interesting to compare the activation of DDR1 in NSCLC cell lines in response to 

collagen IV versus collagen I.  

 

NSCLC cell lines (and T47D) were stimulated with collagen IV, using similar methods to 

those described for collagen I. Results showed that whilst T47D, H460 and A549 cells 

were responsive to collagen I stimulation (shown by DDR1 phosphorylation), there was 

no phosphorylation upon collagen IV stimulation (Figure 5.5A,B). The H358 and PC14 

cell lines showed no DDR1 phosphorylation with either collagen I or IV, despite much 

higher levels of DDR1 compared to the other cell lines (Figure 5.5A). To confirm that 

collagen IV was functional in these assays, HEK-293 cells transfected with a DDR1b 

Figure 5.4. High E-cadherin expression is correlated with low DDR1 activation 
A. NSCLC cell lines were incubated overnight in SFM, and then stimulated with 10ug/ml collagen I for 3 
hours or left unstimulated. Following stimulation, cell lysates were collected and incubated with DDR1 
mAb (7A9). Immunoprecipitated samples were prepared and analyzed by SDS-PAGE and Western 
blotting. Blots were first probed for phosphotyrosine signal (4G10), before stripping and re-probing for 
DDR1 (sc3532). Equal amounts of DDR1 antibody were used for each IP, as demonstrated by the IgG 
bands at ~50kDa. N=3+. DDR1 phosphorylation levels were quantified relative to total DDR1 levels in 
each cell line. Mean values for collagen-induced phosphorylation levels are shown relative to unstimulated 
levels for each cell line. Unstimulated samples were set to 1. Graph shows mean values from N=3+ with 
SEM error bars. Statistical significance was calculated by an unpaired T-test between unstimulated and 
collagen stimulated cells of each cell line. (Bands corresponding to DDR1 are clearly seen for the PC14 
samples, although the IgG bands have been partly cropped). B. Summary schematic of the correlation 
between high E-cadherin expression and low DDR1 activation in the investigated NSCLC cell lines.  
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expression plasmid were stimulated in parallel. HEK-293 cells showed DDR1 

phosphorylation in response to both collagens I and IV (Figure 5.5C). These results were 

reproduced from three independent experiments. In conclusion, these findings imply that 

whilst the NSCLC cell lines showed DDR1 activation after collagen I stimulation, there 

was no DDR1 activation by collagen IV under these conditions.  
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5.2.4. Optimization of E-cadherin knockdown in PC14, H358 and H322 

The DDR1 activation data produced an overall relationship; high E-cadherin expression 

had a tendency to correlate with low DDR1 activation in response to collagen I (Figure 

5.4). This finding, taken together with localization data of DDR1 and E-cadherin in the 

NSCLC cell lines (Figure 5.3), led to the hypothesis that presence of E-cadherin-

mediated contacts inhibits DDR1 activation, in agreement with previous studies (Wang et 

al. 2009; Yeh et al. 2011). To explore this hypothesis, I optimized the depletion of E-

cadherin by siRNA transfection to see if this would increase DDR1 activation levels in 

response to collagen stimulation.  

 

The three cell lines with highest E-cadherin expression were PC14, H322 and H358, all 

of which showed absent/very minimal DDR1 phosphorylation (Figure 5.4 and previous 

results- Frances Turrell). Several transfection reagents were tested for siRNA 

transfection including JetPrime, DharmaFect and RNAiFect. Other transfection reagents 

were also tested including Oligofectamine, Interferin and Lipofectamine, however these 

were unsuccessful and resulted in no knockdown of E-cadherin expression (results not 

shown). During optimization, various transfection conditions were tested including 

variation of oligo concentration, total transfection/incubation time and volume of 

Figure 5.5. DDR1 is unable to be activated by collagen IV in a series of NSCLC cell lines 
A, B, C. NSCLC cell lines (and T47D) were stimulated for 3 hours with 10μg/ml collagen I, 50μg/ml 
collagen IV, or left unstimulated. HEK-293 cells transfected with a DDR1b expression vector (pRK-DDR1b) 
were used as a positive control. Following stimulation, cell lysates were collected and immunoprecipitated 
with DDR1 mAb (7A9). Samples were prepared and analyzed by SDS-PAGE and Western blotting. Blots 
were first probed for phosphotyrosine signal (4G10), before stripping and re-probing for DDR1 (sc532). 
HEK-293 cells were stimulated for 90 minutes, and loaded directly to SDS-PAGE gels after cell lysis. 
DDR1 phosphorylation levels were quantified relative to total DDR1 levels in each cell line. Mean values 
for collagen-induced phosphorylation are shown relative to unstimulated levels for each cell line. 
Unstimulated samples were set to 1.0. DDR1 specific bands shown by orange arrows. N.S. marks non-
specific bands. N=2. 
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transfection reagent, some of which are shown in Figure 5.6. Cell lines were grown to the 

required confluence, and transfection protocols were followed according to the 

manufacturer’s guidelines (see Materials and Methods, section 2.2). When using 

JetPrime reagent, DDR1 siRNA was used as a positive control for transfection (See 

Chapter 4). 

 

The PC14 cells had efficient knockdown with both siRNA oligos (up to 90% with 60nM 

oligo concentration) (Figure 5.6A). However the H322 and H358 cells did not respond as 

well with maximal knockdown of 35% in H322 and 26% in H358 (Figure 5.6A). 

DharmaFect and RNAiFect produced similar results, with PC14 cells presenting efficient 

knockdown with both reagents (more than 90%), and H322 and H358 cells once again 

presenting considerably less E-cadherin knockdown (Figure 5.6B, H358 not shown). The 

lack of knockdown in H322 and H358 cells may reflect reduced uptake of siRNA oligos, 

as compared to PC14 cells that grow as a heterogeneous population of single cells, 

H322 and H358 cells grow as 3D colonies (see Figure 5.3). Therefore it is possible this 

may physically prevent siRNA transfection in these two cell lines. From all the different 

conditions tested, JetPrime was chosen for further transfection experiments with the 

PC14 cell line, as this resulted in good knockdown and was a relatively straightforward 

transfection protocol.  
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Figure 5.6. Optimization of E-cadherin siRNA transfection in H322, H538 and PC14 cells 
A. Optimization of E-cadherin siRNA transfection in PC14, H322 and H358 cell lines. Jetprime reagent was 
tested using both E-cadherin and DDR1 siRNA (Mock control - no oligo). Cells were incubated with 30 or 
60nM siRNA oligo. B. For DharmaFect transfections, cells were incubated with 25 or 50nM siRNA oligo 
with 0.25-2.5µl of DharmaFect reagent. RNAiFect transfections were carried out with 6µl RNAiFect 
reagent, and either 0.5µg or 1µg of siRNA. Transfection buffer was compared between complete media 
and EC buffer. All transfections were based on 400µl total transfection volume. Cells were transfected for 
48 hours, before collecting cell lysates. Samples were analyzed by SDS-PAGE and Western blotting. 
Membranes were probed for E-cadherin (HECD1) or DDR1 (sc532). Alpha-tubulin (DM1A) was probed to 
act as a loading control. Knockdown levels were quantified relative to Mock-transfected control levels in 
each cell line and condition (shown underneath all blots throughout figure). DDR1 levels were first 
normalized against tubulin. Mock control levels were set to 1.0.  
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5.2.5. Effect of E-cadherin knockdown on DDR1 activation and localization in PC14 cells  

To explore the hypothesis that presence of E-cadherin-mediated contacts inhibits DDR1 

activation, I successfully optimized the depletion of E-cadherin by siRNA transfection in 

the PC14 cell line. Unfortunately this cell line also displayed unusual characteristics, as 

despite having high E-cadherin expression levels, the PC14 cells grew as a 

heterogeneous population of single cells (see Figure 5.3). To question whether high E-

cadherin expression was responsible for reduced DDR1 phosphorylation in response to 

collagen stimulation (as opposed to the specific formation of E-cadherin mediated cell 

contacts), PC14 cells were transfected with E-cadherin siRNA, and 48 hours later, cells 

were stimulated with collagen I for 3 hours or left unstimulated as a negative control. The 

rest of the procedure was as described previously (T47D cells were also stimulated). 

Whilst T47D cells showed clear DDR1 phosphorylation in response to collagen 

stimulation, there was no phosphorylation in either PC14 control or E-cadherin 

knockdown cells (Figure 5.7A, E-cadherin knockdown shown in 5.7B). This was 

reproduced from 3 independent experiments.  

 

The effect of E-cadherin knockdown on DDR1 localization was also investigated by 

immunostaining for DDR1 and E-cadherin. In PC14 control cells, DDR1 and E-cadherin 

were localized diffusely in a punctate-like appearance with no visible co-localization 

(Figure 5.7C, zoomed in right-hand panels). Upon E-cadherin knockdown, DDR1 

localization was unaffected in the PC14 cells (Figure 5.7C, second row panels). 

Conversely, upon DDR1 knockdown, E-cadherin localization did not change (Figure 

5.7C, third row panels), suggesting these two receptors localize independently of each 

other in the PC14 cell line. The residual staining of DDR1 and E-cadherin after their 

knockdown was due to non-specific background from secondary antibody only (Figure 

5.7C bottom row panels). 
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Figure 5.7. E-cadherin knockdown does not affect DDR1 localization or activation in response to 
collagen stimulation in PC14 cells 
A. PC14 cells were transfected with E-cadherin siRNA (or NT) control. T47D cells were used as a positive 
control for DDR1 phosphorylation. Cells were stimulated with collagen I for 3 hours or left unstimulated. 
Lysates were collected and the rest of the activation assay was carried out as described previously. Blots 
were probed for phosphotyrosine signal (4G10), before stripping and re-probing for DDR1 (sc3532). N=3. 
B, C. PC14 cells transfected with either E-cadherin siRNA or DDR1 siRNA were fixed for immunostaining 
(C) or lysed to check knockdown levels (B). Knockdown levels were quantified relative to NT-transfected 
levels. DDR1 or E-cadherin levels were first normalized against tubulin. NT control levels were set to 1.0. 
N=3 C. After fixation, PC14 cells were blocked, permeabilized and co-immunostained for DDR1 (7A9) – 
red, and E-cadherin (ECCD2) - green. Images were taken by widefield microscopy. Scale bar = 50µm left-
hand panels, 20µm in right-hand zoomed panels.  N=3 
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5.3 Discussion 

DDR1 localization and activation data within this chapter put forward an overall 

hypothesis; the presence of cell contacts inhibits DDR1 activation. From a series of 

NSCLC cell lines, those with little to absent E-cadherin expression grow as monolayers 

with no E-cadherin at contacts (Figure 5.3). When stimulated with collagen I, these cells 

demonstrate DDR1 activation as observed by DDR1 phosphorylation (Figure 5.4). 

Conversely, those cell lines with higher E-cadherin expression form cell contacts marked 

by E-cadherin localization, and show no DDR1 phosphorylation when stimulated with 

collagen I. The exception to this pattern is the PC14 cell line. It is surprising that although 

these cells have high E-cadherin expression, they grow without cell contacts and as a 

heterogeneous cell population of two different cell types (Figure 5.3). Furthermore, when 

PC14 cells are stimulated with collagen I, there is no DDR1 activation, suggesting that 

other factors besides the presence of cell-cell contacts contribute to inhibition of collagen-

mediated DDR1 activation.  

 

One hypothesis is that high E-cadherin expression inhibits DDR1 activation rather than 

the specific formation of E-cadherin mediated contacts. However results show that 

inhibition of E-cadherin expression in the PC14 cell line does not rescue DDR1 activation 

in response to collagen stimulation (Figure 5.7). To my knowledge, there is no previous 

example of E-cadherin mediated RTK inhibition where E-cadherin does not form 

intercellular adhesions, therefore the meaning of this result is unclear. It may reflect 

particular characteristics of the PC14 cell line, for example although E-cadherin is 

expressed in this cell line, perhaps mutations or other genetic traits prevent E-cadherin 

forming intercellular adhesions. It has previously been reported that PC14 cells lack 

phosphatase and tensin homologue deleted from chromosome 10 (PTEN) expression 

(Noro et al. 2007). PTEN is considered a key tumour suppressor, and is frequently lost 
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from many cancers (Hollander et al. 2011). PTEN is thought to stabilize cell-cell contacts 

by acting as a crucial regulator of the E-cadherin-catenin complex through its 

phosphatase activity (Kotelevets et al. 2001; Vogelmann et al. 2005; Fournier et al. 

2010). It would be useful in future experiments to confirm loss of PTEN in the PC14 cell 

line, and whether expression of wild-type PTEN can rescue E-cadherin mediated 

contacts in these cells. Additionally, future work could look into whether these cells lack 

expression of other essential proteins required for cell junction formation, for example the 

catenin proteins.  

 

However this would still leave unexplained why DDR1 is not activated by collagen in 

these cells. It would be valuable in future experiments to sequence the entire DDR1 

cDNA of these cells to investigate potential mutations that prevent DDR1 activation upon 

collagen stimulation. For example, these mutations could be present within the ligand-

binding site of the DDR1 DS domain, and therefore prevent collagen binding altogether 

(Ichikawa et al. 2007; Carafoli et al. 2009). Alternatively, mutations may be present at 

other regulatory sites such as the conserved signalling patch on the DS-like domain of 

DDR1 (Carafoli et al. 2012). Monoclonal antibodies targeted to this region, were 

previously observed to inhibit collagen-induced DDR1 phosphorylation without affecting 

collagen binding (Carafoli et al. 2012), thus suggesting an important regulatory role for 

this site.  

 

Interestingly, knockdown of E-cadherin expression in the PC14 cell line causes a 20% 

reduction in total DDR1 expression levels (Figure 5.7B). A similar effect is observed upon 

DDR1 knockdown; E-cadherin expression is reduced by 10-20%. On the whole, previous 

studies have shown that knockdown of either E-cadherin or DDR1, does not affect total 

expression levels of DDR1 or E-cadherin respectively (Eswaramoorthy et al. 2010; 
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Hidalgo-Carcedo et al. 2011b). However one study looking at differentiation of kidney and 

breast epithelial cells, show that DDR1 overexpression increases epithelial markers like 

E-cadherin, whilst DDR1 knockdown increases mesenchymal markers including 

fibronectin and β1-integrin, and decreases expression of E-cadherin (Yeh et al. 2011).  

The result observed in PC14 cells is open to interpretation, but may suggest that DDR1 

and E-cadherin can positively co-operate in their expression.  

 

Gathering evidence from the other NSCLC cell lines would hopefully shed some light on 

the impact of E-cadherin on DDR1 activation. Unfortunately knockdown of E-cadherin in 

the H322 and H358 cell lines is difficult to achieve, possibly due to morphological 

hindrances (Figure 5.6). As an alternative, it may be worthwhile in future to incubate 

these cells with E-cadherin blocking antibodies or disrupt intercellular contacts with the 

use of EGTA, to study their effect on DDR1 activation in response to collagen. Another 

possibility would be to look at the effect of E-cadherin depletion in keratinocytes, as my 

data from chapter 3 shows these cells responding well to siRNA transfection.    

 

Alternatively, future work could also overexpress E-cadherin in the NSCLC cell lines with 

little to absent E-cadherin (H460 and A549), to see whether this would reduce DDR1 

activation levels in response to collagen stimulation. I performed preliminary experiments 

to transfect E-cadherin tagged with green-fluorescent protein (GFP) to H460 and A549 

cells (results not shown). Unfortunately, I was unable to achieve a transfection efficiency 

that was high enough to study global effects on DDR1 activation. However interestingly, 

at sites where two or more E-cadherin-GFP expressing cells were in contact, it seemed 

that DDR1 was recruited to cell contacts. This is in agreement with my data from chapter 

3, where DDR1 recruitment to keratinocyte contacts was dependent on E-cadherin 

localizing there first.  
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With the exception of PC14, the other NSCLC cell lines show a strong correlation 

between E-cadherin-mediated cell contacts and low DDR1 activation. A limitation of 

these results is the lack of a normal lung epithelial cell line control during experiments, 

which should be investigated in parallel to the other NSCLC cell lines in future 

experiments. Additionally, it should be noted that despite a direct comparison in DDR1 

activation levels between the various NSCLC cell lines, they all comprise different genetic 

mutations and/or deletions (Table 5.2). This therefore means other factors, besides E-

cadherin expression, could theoretically contribute to altered levels of DDR1 activation 

and should be considered when drawing overall conclusions. 

 

There are many reports of E-cadherin-dependent inhibition of RTKs (Qian et al. 2004), 

therefore it is possible that E-cadherin interferes with DDR1 activation by similar 

mechanisms. For example, E-cadherin reduces EGF-dependent activation of EGFR 

(Takahashi & Suzuki 1996; Qian et al. 2004; Bremm et al. 2008; Bae et al. 2013). 

Subsequent studies revealed this is partly due to a reduction in EGFR mobility at the 

membrane by E-cadherin (Qian et al. 2004). Whilst the effect of DDR1 knockdown on E-

cadherin mobility has been investigated (Yeh et al. 2011), the mobility of DDR1 itself has 

not been studied. Considering that DDR1 would most likely interact with collagens at the 

basal or apical surface of cells, it is possible that E-cadherin inhibits DDR1 activation by 

sequestering DDR1 to lateral sites in such a way that they are inaccessible to collagen 

binding. This is again demonstrated in the model of EGFR inhibition, where E-cadherin 

was shown to inhibit EGF binding (Qian et al. 2004).  

 

Whilst soluble ligand binding can be investigated with relative ease by Scatchard analysis 

or chemical cross-linking for example, DDR1 has an unusual ligand that is both insoluble 
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and large. Although this makes it more difficult to assess DDR1 ligand binding in vivo, it 

may be possible to detect binding with the use of fluorescently labelled collagen or anti-

collagen antibodies. We have recently optimized a new anti-collagen antibody for 

immunofluorescence in the lab, and preliminary data show that collagen I co-localizes 

with DDR1 in DDR1-overexpressing Cos cells (David Corcoran and Birgit Leitinger, 

unpublished data). It would be interesting in future work to see whether collagen staining 

is observed at cell-cell contacts in the various NSCLC cell lines (as well as keratinocyte 

contacts, Chapter 3).  

 

Another possible mechanism of E-cadherin mediated RTK inhibition is the interference of 

receptor dimerization upon ligand binding, a feature required for subsequent 

autophosphorylation and activation (see review, Lemmon & Schlessinger 2010). As 

DDR1 receptors are known to exist as pre-formed dimers (Noordeen et al. 2006; Mihai et 

al. 2009; Abdulhussein et al. 2008; Xu et al. 2014), this can be excluded as a possible 

mechanism. Recent evidence in our lab suggests that formation of higher-order DDR1 

oligomers is required for collagen-induced activation (unpublished data). The high-

resolution confocal images from Chapter 3 show that DDR1 and E-cadherin localize as 

distinct clusters in close proximity to one another (Figure 3.7). It is therefore conceivable 

this close organization could interfere with binding sites required for DDR1 clustering in 

response to collagen binding. Once we discover more about the DDR1 activation 

mechanism, it will be possible in future work to study the effects of E-cadherin-mediated 

contacts on DDR1 activity in more detail.  

 

Interestingly, whilst some NSCLC cell lines are responsive to collagen I stimulation, there 

is complete absence of DDR1 activation by collagen IV (Figure 5.5). The significance of 

why collagen IV is unable to activate DDR1 in the NSCLC cell lines is open to 
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interpretation. Collagens I and IV induce slightly different DDR1 activation kinetics in 

keratinocytes (Figure 3.10), therefore it is conceivable similar effects might be observed 

in the NSCLC cell lines. Another possibility may be that DDR1 has acquired specific 

mutations, for example in the ligand-binding site, rendering it inaccessible to collagen IV 

binding. Future work could therefore sequence the DDR1 cDNA in the various cell lines, 

to reveal potential mutations that abolish binding of collagen IV. Putative disruptions to 

DDR1-collagen IV binding could also be investigated through immunofluorescence using 

a collagen IV antibody, to see whether collagen IV co-localizes with DDR1 in the NSCLC 

cell lines. In ‘normal’ physiological states, collagen IV is found in the basement 

membrane, which plays a fundamental role in separating epithelial (or endothelial) cells 

from underlying stromal tissue (Kalluri 2003). However in tumorigenic states, cells will 

breach the basement membrane barrier and infiltrate the stroma (see review, Lu et al. 

2012). This is frequently accompanied by degradation of the ECM (including collagen IV) 

through upregulation of matrix metalloproteinases (see reviews, Egeblad & Werb 2002; 

Kessenbrock et al. 2010). It could be argued that the NSCLC cell lines I have tested are 

no longer responsive to collagen IV as this would have been degraded in cancerous 

physiological states. In contrast, increased deposition and reorganization of fibrous 

collagens like collagen I has been shown during tumour formation (Provenzano et al. 

2006; Lu et al. 2012), which might explain the positive response of DDR1 activation in the 

NSCLC cell lines to collagen I. However this theory is weakened by reports of increased 

collagen IV expression in NSCLC stroma (Xu et al. 2006). Signalling mediated by the 

minor type collagen IV α5 chain is also observed for DDR1-mediated ERK activation in a 

recent K-RasG12D-driven lung cancer study (Xiao et al. 2015).  

 

DDR1 is considered a driver of epithelial differentiation (Yeh et al. 2012). Overexpression 

of DDR1 increases expression of epithelial markers such as E-cadherin, whilst reducing 
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expression of fibronectin and β1-integrin (Yeh et al. 2011). Experiments also show that 

DDR1 increases stability of E-cadherin at the cell membrane via inhibition of E-cadherin 

turnover and reduction of E-cadherin mobility (Yeh et al. 2011). My expression data from 

the NSCLC cell lines are in agreement with these findings, as those cell lines with higher 

DDR1 expression also have higher E-cadherin expression (Figure 5.1, Table 5.2). At first, 

it might seem paradoxical that DDR1 stabilizes E-cadherin, a key tumour suppressor, at 

cell-cell contacts whilst also facilitating tumour cell survival and metastasis. However this 

likely reflects the emerging ‘dark-side’ of E-cadherin in tumour cell migration (see review, 

Rodriguez et al. 2012). Whilst the EMT mechanism of tumour cell migration is widely 

observed, there are many examples of collective cell migration where tumours maintain 

their cell contacts and other epithelial characteristics (Theveneau & Mayor 2012; Rørth 

2012; Friedl & Wolf 2003).  
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6. Final discussion and future work 
 

This thesis provides new insight to the function of DDR1 at epithelial cell contacts. Upon 

initiation of cell contact formation, DDR1 is recruited in an E-cadherin dependent manner 

to stabilize cell contacts. However in contrast to previous literature, DDR1 does not bind 

to E-cadherin, either directly or indirectly. DDR1 and E-cadherin localize in distinct 

clusters that do not seem to overlap with one another. Interestingly however, DDR1 may 

potentially interact with p120-catenin and/or α-catenin independent of E-cadherin. DDR1 

is required for cell contact stabilization, as junctional E-cadherin and actin levels are 

significantly reduced upon DDR1 knockdown. Depletion of DDR1 also disrupts 

contractility of actomyosin bundles, through downregulation of Rho-ROCK signalling 

during cell contact formation. There is a potential reduction in p-MLC levels at peripheral 

actin bundles upon DDR1 knockdown, which is accompanied by a decrease in lateral cell 

height. In a series of NSCLC cell lines, DDR1 is also localized to sites of cell-cell contacts 

in an E-cadherin dependent manner. The localization of DDR1 and E-cadherin at cell 

contacts seems to correlate with a lack of collagen-mediated DDR1 activation, 

suggesting that DDR1 is unable to bind collagen and thus potentially ‘kinase inactive’. 

 

6.1 Overall model of DDR1 function 

Collectively, my data from primary keratinocytes and a series of NSCLC cell lines, 

suggest that the presence of DDR1 at epithelial cell contacts prevents the receptor from 

being activated by collagen. This leads to my proposed overall model of DDR1 function, 

in which the receptor acts as one of two distinct roles: 1) a stabilizer of cell-cell contacts, 

where it localizes with E-cadherin in normal cell states in a kinase-inactive role and 2) as 

a kinase-active cell-matrix receptor where it binds to collagen in the ECM (Figure 6.1). I 
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propose this second role would be more prominent during states of single cell migration, 

for example in response to extracellular signals that disrupt cell contacts such as HGF or 

transforming growth factor-β1 (TGF-β1) (Shintani, Maeda, et al. 2008; Giampieri et al. 

2009; Lamouille et al. 2014; Birchmeier et al. 2003). Conversely, in states of ‘rest’ or 

homeostasis, I propose DDR1 would act primarily to stabilize cell-cell contacts.  

 

However in reality, it is likely that DDR1 would switch between these two functions 

interchangeably, as a reflection of dynamic physiological states. One study suggests a 

hypothesis that in ‘normal’ epithelial states, DDR1 is found at cell-cell contacts (Yeh et al. 

2011). However upon junctional instability, such as abnormal growth factor signalling, 

DDR1 is released from intercellular contacts and moves to apical or basal sites where it 

can be stimulated by collagen (Yeh et al. 2011). Upon activation, DDR1 would inhibit β1-

integrin-mediated Cdc42 activation (and subsequent E-cadherin destabilization), and 

subsequently move back to its location at cell-cell contacts. However this theory is 

currently not substantiated, and further evidence will be required for confirmation, such 

as whether outside signalling (e.g. TGF-β1 stimulation) can manipulate DDR1 localization 

from lateral to apical or basal cell sites. My finding that DDR1 localizes at keratinocyte 

cell contacts in cells seeded on both collagen-coated and uncoated coverslips (Figure 

3.11) is in agreement with similar experiments performed in MDCK cells (Wang et al. 

2009). Overall this suggests that DDR1 localization at epithelial cell contacts is 

independent of collagen-induced signals. However this in vitro model is a large over-

simplification of what happens in situ, and DDR1 localization is likely to be controlled by a 

huge array of signalling networks from within the cell as well as the surrounding 

environment.  
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Cross-talk between integrins and DDR1 is well documented (Yeh et al. 2009; Wang et al. 

2006; Shintani et al. 2008; Xu et al. 2012). Whilst in some cases, DDR1 inhibits integrin-

mediated processes including cell migration (Wang et al. 2006) and cell spreading (Yeh 

et al. 2009), DDR1 and integrin-β1 also co-operate positively and induce EMT-like cell 

Figure 6.1. Hypothetical model of DDR1 function  
Proposed model for DDR1 function showing the receptor switching between one of two different roles: (1) 
DDR1 is localized to epithelial cell-cell contacts in states of active E-cadherin mediated adhesion, where it 
helps to stabilize junctional E-cadherin and actin (cells shown slightly apart for clarity of E-cadherin 
ectodomain interactions). Through as-of-yet unknown mechanisms, DDR1 regulates ROCK activity and 
subsequent actomyosin contractility. Additionally, although DDR1 does not bind to E-cadherin directly, 
DDR1 potentially interacts with cytoplasmic p120-catenin and/or α-catenin. (2) DDR1 is a cell matrix 
receptor, in which the receptor can bind collagen and is ‘kinase-active’. This mode would likely occur under 
conditions of single cell migration, for example in response to growth factor signalling. The two DDR1 modes 
could also be applied to cancer progression, in which DDR1 could behave in role (1) at cell-cell contacts 
within cancers prone to collective cell migration, or role (2) in cancers prone to single cell migration. 
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scattering in pancreatic cancer cells (Shintani et al. 2008). Interestingly, whilst DDR1 

does not localize to focal adhesions itself (Vogel et al. 2000), DDR1 overexpression 

increases the number of focal adhesions marked by activated β1-integrin localization 

(Staudinger et al. 2013). During developmental processes, DDR1 and integrin-β1 carry 

out either opposing or co-operative functions (see review, Yeh et al. 2012). However in 

mature states found in adult tissues, their roles are generally opposite to one another, 

particularly in the aspect of epithelial differentiation (Yeh et al. 2010; Yeh et al. 2011). 

This further demonstrates the complexity of DDR1 signalling in cancer, which ultimately 

seems dependent on cellular and biological context, as well as cross talk from other cell 

matrix adhesions.  

 

Notably, there are some parallels between my observations and integrins, which have 

also been observed to participate in the formation of cadherin-based adhesions, in 

addition to their well-documented role as cell-matrix receptors (Martinez-Rico et al. 2010; 

Chattopadhyay et al. 2003; Weber et al. 2011). For example, in keratinocytes, α6β4 and 

α3β1 integrins stimulate E-cadherin mediated adhesions (Chartier et al. 2006; 

Hintermann et al. 2005). The modulation of actomyosin contractility is fundamental for the 

cross-talk between cell-matrix and cell-cell adhesion complexes, which are both 

considered key mechanosensors (Han & de Rooij 2016). One similarity of both 

complexes is the recruitment of vinculin under tension, which strengthens adhesive 

interactions in both cases (Thomas et al. 2013; Yao et al. 2014). Whilst my data show no 

difference in vinculin expression upon DDR1 knockdown during cell contact formation, it 

will be important to look at potential changes in vinculin localization. It is currently 

unknown whether DDR1 recruits vinculin. There is evidence for DDR1 inducing the 

formation of linear invadosomes (Juin et al. 2014), however unlike classical 

invadosomes, these structures are absent of vinculin, Paxillin and β1/β3-integrins (Juin et 
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al. 2012). It remains to be discovered whether DDR1 recruits vinculin at other sites, such 

as cell-matrix or cell-cell adhesions. Both adhesion complexes signal downstream via Src 

kinase (see review, Smith 2016). Whilst E-cadherin ligation leads to Src activation and 

subsequent stabilization of cell-cell contacts (McLachlan et al. 2007), Src activation at 

sites of cell-matrix attachment disrupts cell-cell adhesion through increased peripheral p-

MLC (Avizienyte et al. 2004). Src is a well-characterized binding partner of DDR1 with 

some studies suggesting that Src is required for full phosphorylation of DDR1 (Dejmek et 

al. 2003; Lu et al. 2011). This places Src as a potential mediator of DDR1 signalling 

cross-talk between sites of cell-matrix adhesion and cell-cell adhesion. Importantly 

however, future work will still need to establish whether DDR1 participates in kinase-

dependent signalling, or merely provides a scaffolding function at sites of cell-cell 

contact. This should be addressed by firstly elucidating whether DDR1 is kinase-active 

through the use of phospho-DDR1 specific antibodies, followed by in vitro kinase assays 

to see whether DDR1 phosphorylates any junctional proteins.  

 

6.2 DDR1 as a regulator of actomyosin contractility  

DDR1 knockdown dramatically reduces the levels of both junctional E-cadherin and actin 

at keratinocyte contacts (Figure 4.1). However this phenotype seems to occur 

independently of actin recruitment to clustered E-cadherin receptors, which is unaffected 

by DDR1 depletion (Figure 4.2). Although the disruption to actin organization by DDR1 

knockdown has been noted previously (Hidalgo-Carcedo et al. 2011b), my data provide a 

more in-depth analysis of different actin populations at cell contacts. In my data, not only 

are the levels of junctional actin reduced with DDR1 knockdown, but also the percentage 

of cells with thin bundles is lowered during contact formation (as opposed to basal states) 

(Figure 4.3).  
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The contractility of actomyosin bundles in keratinocytes is perturbed as DDR1 

knockdown reduces total levels of ROCK1, as well as downstream phosphorylation of 

both MLC and myosin phosphatase (Figures 4.5,4.7). It seems likely that DDR1 thus 

regulates events upstream of ROCK, for example on ROCK activity itself. Interestingly, 

DDR1 depletion also causes upregulation of ROCK-mediated MLC phosphorylation in 

A431 cell colonies (Hidalgo-Carcedo et al. 2011b), suggesting that DDR1 is able to 

regulate ROCK signalling both negatively (Hidalgo-Carcedo et al. 2011) and positively 

(my data). In accordance with this, studies have shown that ROCK activity must be finely 

balanced, as both constitutively active ROCK1 and ROCK1 depletion perturb stable cell-

cell contacts (Smutny et al. 2010; Sahai & Marshall 2002; Ayollo et al. 2009). Whilst the 

mechanism of DDR1-mediated ROCK regulation is not known, it may have similarities to 

PKC-mediated ROCK1 phosphorylation which regulates the incorporation of ROCK1 at 

apical junctional complexes (Ishiuchi & Takeichi 2011). It would be invaluable in future 

work to see firstly whether DDR1 can physically associate with ROCK1, and secondly 

whether DDR1 phosphorylates ROCK1.  

 

The presumption that DDR1 might have a regulatory role upstream of ROCK could also 

implicate DDR1 in Rho GTPase regulation, particularly RhoA which directly activates 

ROCK signalling (Julian & Olson 2014). Previous studies have linked DDR1 with 

regulation of RhoA (Hidalgo-Carcedo et al. 2011b) and Cdc42-mediated functions (Yeh 

et al. 2009; Yeh et al. 2011; Juin et al. 2014), as well as RhoE localization (Hidalgo-

Carcedo et al. 2011b). RhoE inhibits RhoA activity via ROCK1 (Riento et al. 2003) or 

p190RhoGAP (Wennerberg et al. 2003; Wildenberg et al. 2006). It is conceivable that 

DDR1 may regulate RhoE through phosphorylation, as observed for ROCK1-mediated 

RhoE inhibition (Riento et al. 2005). I performed preliminary experiments to look at RhoE 

activation, however no differences were seen with DDR1 knockdown (not shown). 
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Importantly however, I explored RhoE activation in basal states (unstimulated Ca2+ 

levels), therefore future work should explore potential changes in RhoE activity during 

cell contact formation.  

 

6.3 DDR1 influence on myosin II 

Whilst I have investigated the effects of DDR1 depletion on MLC phosphorylation during 

contact formation, I have not explicitly addressed myosin II itself. Interestingly, DDR1 co-

IPs with the non-muscle myosin II A (NMIIA) heavy chain upon collagen stimulation in 

3T3 fibroblasts transfected with DDR1 (Huang et al. 2009). Furthermore, although no 

evidence for DDR1-NMIIA binding is seen in A431 cells, DDR1 depletion increases 

staining of NMIIA at the edges of individual cells in A431 colonies (Hidalgo-Carcedo et al. 

2011b). In yet another context, DDR1 also co-localizes with NMIIA in the outer hair cells 

of the ear (Meyer Zum Gottesberge & Hansen 2014), where the authors propose that 

DDR1 might co-operate with proteins of actomyosin machinery to regulate mechanical 

forces in the inner ear.  

 

The NMII isoforms A and B both localize to cadherin-mediated cell contacts (Smutny et 

al. 2010; Gomez et al. 2015; Smutny et al. 2011; McLachlan & Yap 2011). Whilst NMIIA 

is required for cadherin clustering at cell contacts (Shewan et al. 2005; Ivanov et al. 

2007), NMIIB promotes the stability of the actin cytoskeleton (Smutny et al. 2010). In 

future work, it would therefore be worthwhile to explore the effects of DDR1 knockdown 

on these specific NMII isoforms and see whether DDR1 physically interacts with either 

NMII isoform in the keratinocyte model. Interestingly, one recent study suggested that 

NMII can regulate RhoA activity by a novel feedback mechanism (Priya et al. 2015). 

ROCK1 was shown to activate RhoA via inhibition of RhoE through directly 

phosphorylating RhoE and preventing its localization at sites of cell-cell contact. NMIIA 
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was vital for this mechanism, as it was responsible for scaffolding ROCK at apical 

regions of cell-cell contacts, irrespective of its contractile function (Priya et al. 2015). If 

DDR1 depletion affects NMIIA localization or stability, it may therefore extend to 

scaffolding defects of ROCK as well as perturbed contraction of actomyosin bundles.  

 

6.4 Effect of DDR1 on actin dynamics 

Another avenue for future exploration is actin dynamics, which is regulated by various 

proteins through actin polymerization and depolymerization (see review, Ratheesh & Yap 

2012). There is overwhelming evidence that depletion of actin regulatory proteins, or 

disruption with actin depolymerizing drugs results in defective adhesion (Tang & Brieher 

2012; Verma et al. 2012; Verma et al. 2004; Yamazaki et al. 2007), illustrating that actin 

turnover is crucial for the stability of cell-cell adhesion. It was recently shown that 

increased actin polymerization, together with myosin II-mediated contraction, condenses 

E-cadherin clusters at both lateral and apical AJs, whilst actin depolymerization 

increased oscillatory movement of clusters (Wu et al. 2014). Furthermore, Arp2/3 

mediated actin polymerization affects junctional tension, with Arp2/3 depletion reducing 

tension at lateral sites due to reduced cortical myosin II incorporation. In future work, it 

would be useful to investigate whether DDR1 depletion affects junctional tension through 

regulation of actin turnover. This could be examined using fluorescence techniques such 

as fluorescence recovery after photobleaching (FRAP) with fluorescently tagged actin 

monomers. The lateral movement of E-cadherin clusters increases upon DDR1 

knockdown (Yeh et al. 2011), however the involvement of actin has not been specifically 

addressed.   
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6.5 Does DDR1 facilitate adhesion? 

One possibility is that DDR1 may itself facilitate intercellular adhesions. It would be 

interesting in future experiments to overexpress DDR1 in cells lacking cadherin 

expression, such as the fibroblastic L cells (Duguay et al. 2003), to see whether this 

would induce their aggregation. One previous study speculated that DDR1 receptors in 

neighbouring cells might form homophilic trans interactions between their N-terminal DS 

domains (Hidalgo-Carcedo et al. 2011b). It was shown that upon DDR1 shRNA-mediated 

knockdown, actin organization is disrupted in A431 cell colonies. Through rescue 

experiments, the phenotype is rescued only when neighbouring cells express DDR1 

resistant to shRNA (as opposed to isolated single cells). Although not formally shown, the 

data suggests that trans DDR1 interactions might be involved. In future work, it would be 

worthwhile to perform similar experiments, although it might be beneficial to create a 

stable DDR1 knockdown cell line, rather than using transient siRNA-mediated 

knockdown, to avoid the problematic sensitivity of primary keratinocytes to multiple 

transfections.  

 

6.6 Conclusion 

In conclusion, I show for the first time that DDR1 and E-cadherin localize as distinct 

separate clusters at mature keratinocyte cell contacts. In line with this, I demonstrate that 

DDR1 and E-cadherin do not bind to one another, either directly or indirectly. During new 

cell contact formation, DDR1 recruitment is dependent on E-cadherin localizing to 

contacts first. This is a novel finding which demonstrates that DDR1 and E-cadherin have 

different kinetics of recruitment. However I also show that E-cadherin homophilic ligation 

is potentially not sufficient alone to induce DDR1 recruitment, suggesting that other 

unknown factors might be required. My data reveal that DDR1 functions to regulate 

actomyosin contractility during cell contact formation through control of Rho-ROCK 
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signalling, as phosphorylation of both MLC and myosin phosphatase appear to be 

reduced upon DDR1 depletion. Lastly, in cancer cell lines with high E-cadherin 

expression, DDR1 also localizes to cell contacts suggesting that active E-cadherin-

mediated adhesion ultimately governs DDR1 localization. Furthermore, the recruitment of 

DDR1 to cell contacts prevents it from being activated by collagen I. As DDR1 is 

generally considered as a negative prognostic marker for cancer progression, DDR1 may 

therefore facilitate metastatic dissemination through acting as either a cell-cell adhesion 

receptor in collective cancer cell migration, or through its collagen-binding function in 

modes of single cell migration.  
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Appendix I. Phospho-DDR1 staining in keratinocytes  
Keratinocytes were grown in standard calcium or low calcium medium, before fixation, blocking, 
permeabilization and immunostaining for phospho-DDR1 (pY-DDR1) and DDR1 (7A9). Cells were 
either left untreated (DMSO) or treated with Dasatinib (100nM diluted in DMSO) for 30 minutes prior to 
fixation. Images were taken by widefield microscopy. Representative images are shown.  
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