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Abstract 

 

The Epidermal Growth Factor Receptor (EGFR) is a fundamental regulator of epidermal 

integrity. We recently reported the first loss of function mutation in EGFR in a patient 

with skin fragility and inflammation.  Similar inflammatory phenotypes have been 

reported in cancer patients following treatment with EGFR inhibitors, sometimes with 

severe consequences. This inflammation has been suggested to be due to defects in 

barrier integrity induced by EGFR deficiency, facilitating microbial challenge that 

promotes inflammatory responses.  Here we provide evidence that loss of EGFR 

function in basal keratinocytes in culture is sufficient to induce a profound pro-

inflammatory phenotype characterised by increased bioactive chemokine release that 

promotes leukocyte migration.  We further show this depends on EGFR-dependent 

control of a balance of active STAT3 and SHP2 that control pro-inflammatory cytokine 

production at the transcriptional level.  Moreover, our data demonstrates that that 

these changes are not attributable to loss of cell-cell interactions within keratinocyte 

monolayers.  We therefore conclude that EGFR functions under homeostatic 

conditions to maintain a gene expression programme that limits the expression of pro-

inflammatory genes and their products. These roles of EGFR are in addition to its 

regulation of epithelial cell proliferation and differentiation, and may be important for 

maintaining the a normal, proliferative epidermis. This has implications for the clinical 

use of EGFR inhibitors, and suggests with the combined use of anti-inflammatory, e.g. 

STAT3 inhibitors, but not necessarily anti-microbial inhibitors, may benefit patients 

exhibiting pro-inflammatory responses. Our data also provides evidence that primary 

epithelial defects may be the causal drivers of inflammatory skin disease.  
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1.1 Skin 

 

1.1.1 Structure of the skin 

   

The skin is the largest organ in the body and can be separated into three distinct 

sections. The outmost layer, or epidermis, is a relatively thin layer that is mostly 

waterproof and its main function is as the body’s barrier to the outside world. Under 

the epidermis lies the dermis, which predominantly comprises collagen, elastin and 

fibrillin, and gives our skin its elasticity and strength. The dermis also contains nerve 

endings, sebaceous glands, blood vessels and hair follicles.  The innermost layer of the 

skin is a fatty layer of subcutaneous tissue that is essential for body insulation, padding 

and as an energy store. Figure 1.1 shows a schematic of the structure of the epidermis.  

 

The main cell type of the epidermis are the keratinocytes. These epithelial cells 

originate in the basal layer, ‘Stratum basal’, and differentiate upwards through the 

epidermis forming its further layers. The basal layer is the only site at which 

keratinocytes proliferate and thus is responsible for the replenishment of the skin. 

From here, older keratinocytes are pushed up into the ‘stratum spinosum’, 

differentiating becoming spinier in shape, changing nuclear and chemical composition, 

and assembling into a more rigid arrangement. Above this in the ‘stratum granulosum’, 

the keratinocytes are more granular, owing to the production of large quantities of 

keratin. From here, the keratinocytes further differentiate into the ‘stratum lucidum’ 

where they begin to die off, finally forming the protective ‘stratum corneum’ of dry, 

de-nucleated, keratin-filled, lipid-rich corneocytes.  Basal keratinocytes can be 

identified by expression of both keratin 5 and 14. The epidermis also contains other 

cell types such as melanocytes, Merkel cells, Langerhans cells amongst a plethora of 

other skin-resident immune cells.  

 

Basal keratinocytes anchor the epidermis to the basement membrane via adhesions 

to extra cellular matrix (ECM) proteins, such as collagen and laminin, which are 

produced by both keratinocytes as well as fibroblasts in the dermis. The two most 

common of these adhesions are focal adhesions and hemidesmosomes. Basal 
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keratinocytes also form strong cell-cell adhesions, such as adeherens junctions which 

are responsible for the structure and integrity  of the epidermis and many cell-cell 

junctional proteins regulate cellular polarity and enable the correct differentiation of 

keratinocytes into the complete epidermal architecture.  

 

 

 
Figure 1.1 Schematic representation of the epidermis: Top: The basic structure of the skin. 
Bottom: The organisation of the epidermis . 
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1.1.2 Basement membrane and  extra cellular matrix remodeling 

 

The basement membrane (BM) is a very thin ECM structure that mechanically and 

functionally separates the epidermis from the dermis (Figure 1.1) (Van Agtmael and 

Bruckner-Tuderman 2010) predominantly providing structure to the epidermis. The 

two major components of the BM structure are type IV collagen isoforms and 

laminins (LeBleu, MacDonald, and Kalluri 2007). Type IV collagen and laminin self-

assemble into suprastructures bridged by both nidogen and perlecan, conferring 

stability to the BM (Pöschl et al. 2004). These BM proteins express many biding sites 

for cell adhesion molecules required for the proper anchoring of basal keratinocytes. 

 

Matrix-metallopeptidases or MMPs play important roles in ECM/BM restructuring, 

and composition by degrading gelatin, collagen, fibronectin, elastin, laminin and 

several other protein substrates (Ram, Sherer, and Shoenfeld 2006). MMPs are mostly 

produced by basal keratinocytes and dermal fibroblasts and their expression is 

regulated by a number of secreted factors including TGF-β, TNF-α, and histamine 

produced by mast cells in the upper dermis (Ichiyama et al. 2006). By restructuring the 

extracellular matrix, MMPs can drive immune cell infiltration, and the release of non-

covalently bonded cytokines and growth factors (Bergers et al. 2000; Page-McCaw 

2008).  

 

1.1.3 Barrier function of the skin 

 

The primary function of the skin is to provide a barrier to the outside world. The most 

critical aspects of the barrier are protection against UV radiation, antioxidants, 

antimicrobial function, sensory barrier, and the permeability barrier. Different cell 

compartments are critical for the formation and regulation of each of these barrier 

functions. 

 

Micro-organisms in the skin represent one of the largest microbe population in 

humans (Gallo 2017). In order to control the growth and limit the invasiveness of the 
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microbe colony, cells within the skin including keratinocytes are able to produce a 

number of anti-microbial peptides (AMPs) such as β-defensins (BD) (Harder et al. 1997; 

L. Liu et al. 1998), cathelicidins (human hCAP18/LL37, or its mouse equivalent CRAMP) 

(Frohm et al. 1997),  lactoferrin (Cumberbatch et al. 2000), lysozyme (Marchini et al. 

2002), dermcidin (Schittek et al. 2001), α-Defensins (Harwig, Ganz, and Lehrer 1994), 

and perforin (Stenger et al. 1998).  

 

Defence against UV radiation is another critical aspect of the skin’s barrier function as 

UVA and UVB radiation can lead to DNA photodamage having cytotoxic and mutagenic 

effects (De Gruijl 2000). Protection against UV radiation is the primary function of 

melanocytes in the epidermis. These cells produce melanin in response to UV radiation 

in ovoid organelles known as melanosomes and then accumulates keratinocytes and 

melanocytes via transport along melanocyte dendrites in the epidermis (FITZPATRICK 

and BREATHNACH 1963). Melanin is capable of dissipating up to 99% of UV radiation 

dependent of melanin concentration in the skin (Meredith and Riesz 2004). 

 

The physical barrier function of the skin is responsible for skin structure and 

permeability and  is primarily controlled by the adhesions that are formed between 

cells of the epidermis, adherens junctions and desmosomes,  and the adhesions 

formed between basal layer keratinocytes and the basement membrane, focal 

adhesions and hemidesmosomes. 
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1.2 Keratinocyte Adhesions 

 

1.2.1 Cell-cell adhesions 

 

An important property of keratinocytes is to form cell-cell adhesions with adjacent 

keratinocytes and this plays a critical role in the formation and homeostasis of the 

epidermal barrier. Primarily cell-cell adhesions are crucial for the maintaining of 

epidermal architecture and integrity as well as being involved in the barrier function 

preventing water loss from the body (Sumigray and Lechler 2015). This is achieved by 

helping to organise the cytoskeleton across adjacent cells and conferring cross-talk via 

intracellular signaling pathways. Cell-cell junctions come in three major types in 

keratinocytes; adherens junctions, desmosomes and tight junctions. The primary cell-

cell adhesion in basal keratinocytes are adherens junctions with desmosomes and 

tight junctions being found further up the epidermis in the granular layer (Morita et 

al. 1998; Furuse et al. 2002; Schlüter et al. 2004). 

 

1.2.2 Adherens junctions 

 

As previously mentioned, adherens junctions are the primary cell-cell adhesion in the 

basal layer of the epidermis. They are primarily made of cadherins and catenins which 

form structures that connect the cell-cell junctions to the intracellular actin 

cytoskeleton (Niessen and Gottardi 2008; Čabrijan and Lipozenčić 2011). The 

formation of adherens junctions in the epidermis is primarily driven by the calcium 

dependent function of epithelial cadherin, E-cadherin (Kim et al. 2011).  Calcium 

binding to E-cadherin induces a conformational change allowing for the interaction of 

the large extra cellular domain with the extra-cellular domain of other cadherins on 

adjacent cells (Figure 1.2, Top). (Tomschy et al. 1996; Ozawa 2002). The importance of 

E-cadherin and adherens junctions in the skin is demonstrated by the loss of E-

cadherin and adherens junctions leading to malfunction in differentiation of 

keratinocyte and loss of hair follicles (Tinkle et al. 2004). 
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The intracellular domain of E-cadherin is where cadherin interacts with catenins. 

Stability of E-cadherin at cell-cell junctions is regulated and maintained by β-catenin 

by preventing degradation (Huber et al. 2001). β-catenin allows the interaction of the 

cell-cell adherens junction with the actin cytoskeleton via α-catenin as in Figure 1.2 

(Aberle et al. 1994). α-catenin can drive F-actin cytoskeleton assembly with the 

assistance of a number of actin binding proteins including vinculin (Izard et al. 2004; 

Sumigray and Lechler 2015).  

 

Adherens junctions are not static structures and have been shown to undergo dynamic 

changes during cell migration and play an active role in force and tension sensing 

(Yonemura et al. 2010; Gumbiner 2005).  

 

1.2.3 Desmosomes 

 

Unlike adherens junctions, desmosomes are predominantly associated with 

suprabasal keratinocytes. Desmosomes are made up of 3 main proteins; desmosomal 

cadherins (desmocollin and desmogleins) which form the junctional contact between 

adjacent cells (Figure 1.2, Bottom); armadillo proteins (plakoglobin and plakophilins) 

which allow for intracellular signal transduction from the junction recruits plakin 

family members, such as desmoplakin, into desmosomal plaques; and desmoplakins 

form the link between desmosomes and the IF networks (Stappenbeck and Green 

1992; Stappenbeck et al. 1993) Depletion of desmoplakin disrupts the organisation of 

the IF network (Gallicano et al. 1998; Vasioukhin et al. 2001). Desmasomes play an 

important role in skin barrier homeostasis as demonstrated by epidermal-specific 

knockout of desmoplakin causing skin blistering in mice (Vasioukhin et al. 2001), which 

is also seen after human desmoplakin mutations (Cheong, Wessagowit, and McGrath 

2005).  
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Figure 1.2:  Structural organisation of adherens junctions and desmosomes. Adherens 
junctions connects between adjacent keratinocytes through E-cadherin. It can recruits β-
catenin and p120-catenin, which can then recruit α-catenin to bind the actin cytoskeleton. 
Desmosomal junctions connects through desmocollins and desmogleins. Desmosomes recruit 
plakoglobin and desmoplakins to bind intermediate filaments.(Ohashi, Fujiwara, and 
Mizuno 2017). 
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1.2.4 Role of cell-matrix adhesions in keratinocyte function  

 

Cell-matrix adhesions are essential for many cellular functions, including migration 

and proliferation. They are particularly important after skin injuries, such as 

mechanical trauma and burns, to promote re-epithelisation of the wound (Hopkinson 

et al. 2014). The two main types of cell-matrix adhesions are focal adhesions and 

hemidesmosomes.  

 

1.2.5 Focal adhesions  

 

Focal adhesions are the primary cell-matrix adhesion in the basal layer of the 

epidermis and crucial for the regulating of epithelial homeostasis, basal keratinocyte 

proliferation, and re-epithelialisation after wounding (Duperret and Ridky 2013). The 

structure of a focal adhesion can be seen in Figure 1.3.  Focal adhesions are formed 

via the clustering of integrins followed by the recruitment of talin which binds to the 

actin cytoskeleton (Nagano et al. 2012), which is then followed by actin-binding 

proteins such as vinculin and actinin to further link the extra-cellular matrix to the 

cytoskeleton (Parsons, Horwitz, and Schwartz 2010). 
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Figure 1.3: Structure of mature focal adhesions: Schematic shows integrin clusters binding to 
the extra cellular matrix. Inside the cell, talin is bound to the cytoplasmic tails of integrin 
proteins and bridges them to actin while also recruiting a number of other proteins such as 
paxillin actinin and tensin. (https://www.mechanobio.info/what-is-mechanosignaling/what-
is-the-extracellular-matrix-and-the-basal-lamina/what-are-focal-adhesions/what-are-
mature-focal-adhesions-composed-of/#what-are-mature-focal-adhesions-composed-of) 
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1.2.6 Vinculin  

 
One of the most important components of focal adhesions is the actin binding protein 

Vinculin. Vinculin is made up of a head and tail domain joined via a linker region as 

seen in Figure 3. (Bays and DeMali 2017; Ziegler, Liddington, and Critchley 2006). The 

domains of vinculin have specific functions with the head domain interacting with talin 

and the tail domain interacting primarily with actin, playing an important role in linking 

the ECM with the cytoskeleton (Carisey and Ballestrem 2011; Bays and DeMali 2017).  

 

The importance of vinculin in cell adhesion formation has been previously shown 

where depletion of vinculin leads to less stable focal adhesions and increased focal 

adhesion turnover (Ziegler, Liddington, and Critchley 2006). One of the most 

important roles of vinculin in the focal adhesion is its role in mechanosensing. Vinculin 

has been shown to be recruited to focal adhesions in response to mechanical stress 

which is potentially mediated via talin (Gingras et al. 2005). Vinculin cleavage is also 

critical to the correct disassembly of focal adhesions after inactivation by PIP2 (Franco 

et al. 2004; Saunders et al. 2006).  

 

1.2.7 Hemidesmosomes 

 

As well as focal adhesions, hemidesmosomes are also structures that link basal layer 

keratinocytes to the basement membrane. The epidermis expresses Type I 

hemidesmosomes which consist of α6β4 integrins, BPAG2 and tetraspanin protein 

CD151 (Tsuruta et al. 2011; Walko, Castañón, and Wiche 2014). BPAG2 and α6β4 

integrins interact with basement membrane protein laminin-332 initiating 

hemidesmosome formation (Tsuruta et al. 2011). The cytoplasmic tail of integrins 

interacts with keratin 5 and 14 forming a link to intermediate filaments (Walko, 

Castañón, and Wiche 2014). Hemidesmosomes are critical in  the maintenance of 

epidermal integrity and homeostasis, as mutations of hemidesmosomal proteins have 

been shown to lead to blistering disease. (Tsuruta et al. 2011). 
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1.2.8 Collective cell migration 

 

Collective cell migration is an important collective cellular behavior that occurs in 

keratinocytes in a plethora of processes, including wound healing re-epithelisation , 

cancer, and morphogenesis (De Pascalis and Etienne-Manneville 2017; Friedl and 

Gilmour 2009).   

 

This process is defined as a group of cells attached by stable cell-cell adhesions, 

migrating as a single ‘supra-cellular unit’. Dysregulation of collective cell migration has 

many negative impacts such as driving cancer as well as chronic wound healing 

conditions. During epidermal wound healing, ultra-proliferative keratinocytes at the 

wound edge form lead cells that extend protrusions in the direction of migration to 

close the wound. These protrusions, lamellipodia or filopodia, promote the assembly 

of cell-matrix adhesions such as focal adhesions, which are crucial for generating 

cellular traction allowing the ‘supra-cellular’ unit to migrate in a coordinated fashion 

(Zaidel-Bar et al. 2007; Haeger et al. 2015).  

 

1.3 Inflammation in the skin 

 

1.3.1 Epidermal Inflammation  

 

The skin provides the first immunological defense against infection. The crosstalk 

between epidermal cells and the cells of the immune system is crucial for the 

regulation of tissue homeostasis and tissue repair. Inflammation in the skin is 

regulated by the tissue resident immune cells, infiltrating immune cells, and the 

inflammatory properties of other skin epithelial cells as seen in Figure 1.4.  

 

The skin resident immune cells include skin mast cells which play a role in acute 

bacterial infection and wound healing (Ng 2010); Langerhans cells, which are skin-

resident dendritic cells (DCs) responsible for antigen presentation from the skin to the  
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adaptive immune system (Ginhoux et al. 2006); dendritic epidermal T-cells (DETCs) , 

comprising  tissue-resident γδ cells that appear soon after birth (Vantourout et al. 

2014), and αβ cells that enter the skin after priming against skin infections in the local 

lymph nodes including resident CD8+ T cells involved in the cytotoxic killing of antigen 

presenting epithelial cells (Black et al. 2007). Innate lymphoid cells (ILCs) represent a 

heterogeneous population of immune cells responsible for a plethora of tissue 

inflammatory functions, and have been demonstrated to be activated by keratinocytes 

during inflammatory skin conditions such as psoriasis (Mjösberg and Eidsmo 2014). 

Additionally, keratinocytes actively participate in skin immunity (Streilein 1983), an 

example of epithelial driven inflammation. Skin associated immune cells are 

summarised in Figure 4. 

 

Under normal conditions, keratinocytes produce interleukin (IL)-1, IL-7, and 

transforming growth factor (TGF)-β (Graham et al. 2004). After keratinocyte 

stimulation via microbes such as P. acnes or after other trauma such as physical 

wounding, there is an increase in production of cytokines IL-8, IL-1α, tumor necrosis 

factor (TNF)-α, IL-6, IL-15, IL-18, IL-36 and granulocyte macrophage colony-stimulating 

factor (GM-CSF)(Foster et al. 2014; Mizutani, Black, and Kupper 1991). Some of these 

cytokines are known to be pro-inflammatory, whilst others are promoters of T-cell 

activation and some are modulators of Langerhans cell phenotype.  Keratinocytes are 

also actively involved in leukocyte trafficking having been shown to produce  CCL17, 

CCL27, CXCL12, CCL5, CCL20 and CCL2 (Galkowska, Wojewodzka, and Olszewski 2006), 

blockade of which drastically inhibits leukocyte migration into the skin in mouse 

models (Reiss et al. 2001).  Keratinocytes also produce IL-33 which has been shown to 

be increased in many allergic dermatoses such as rosacea (Suhng et al. 2018).  A 

summary of a number of important keratinocyte derived cytokines and their proposed 

functions is listed in Table 1. 
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Figure 1.4: A schematic view of the different cell types populating the skin.  
Schematic shows the  localisation of major epidermal resident immune cell types such as 
Langerhans cells, DETCs and CD8 T cells within the epidermis. Other immune cells can be 
seen residing in the dermis either as resident cells such as dermal dendritic cells (DC) and 
innate like cells (ILC), or as recruited, circulating CD4 T cells or neutrophils. Other cells like 
macrophages require recruitment into the epidermis via chemotaxis. (Chong, Evrard, and Ng 
2013) 
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Table 1: Keratinocyte derived cytokines and their roles. 

 
CYTOKINE ROLE REF 
IL-1 Plays a role in wound healing and leukocyte 

recruitment 
(Sauder 1990; Kupper 
et al. 1987) 

IL-7 Growth factor for DETCs: 
Increases keratinocyte migration 

(Heufler et al. 1993; 
Takashima et al. 1995) 

IL-6 Increase keratinocyte proliferation and 
plays a role in wound healing and 
hyperplasia 

(Grossman et al. 1989; 
Sugawara et al. 2001) 

IL-10 Expressed after UV radiation and plays an 
immunomodulatory role. Predominantly 
expressed in mouse keratinocytes.  

(Nishigori et al. 1996) 

IL-15 A Growth factor for DETCS and plays role in 
migration of inflammatory cells through the 
dermis. 

(Döbbeling et al. 1998; 
Han et al. 1999) 

IL-18 Augments Th1 responses by enhancing IL-
12 induced IFN-γ production and plays a 
role in early wound healing. 
 

(Kämpfer et al. 2000) 

IL-33 Induces other cytokine production by 
keratinocytes and Mast cells 

(Balato et al. 2012) 

IL-36 Overexpression leads to hyperplasia, also 
plays a role in wound healing in other 
epithelium 

(Hashiguchi et al. 2018) 

GM-CSF Accelerates wound healing and stimulates 
keratinocyte proliferation 

(Mann et al. 2001) 

TNF α Plays a role in early response to UVB 
radiation and plays a role in wound healing 

(Köck et al. 1990; 
Bashir, Sharma, and 
Werth 2009) 

CCL2 Plays a role in leukocyte recruitment  (Purwar et al. 2006) 

CCL5 Increases immune infiltrate into the 
epidermis and plays a role in the migration 
of immature Langerhans cells from the 
dermis to the epidermis 

(Jie Li et al. 1996; 

Ouwehand et al. 2012) 

CCL17 Chemoattractant for Th2 cells and T cells 

expressing the cutaneous homing receptor 

(Gilet et al. 2009) 

CCL20 Plays a role in the maintenance and 

recruitment of Th17 cells in the skin as well 

as recruitment of CCR6+ dendritic cells 

(Harper et al. 2009; Le 

Borgne et al. 2006) 

CCL27 Accelerates wound healing and recruits T 

cells 

(V. Huang et al. 2008) 
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1.3.2 Cross-talk between keratinocytes and immune cells during wound healing  

 

Epidermal wound healing is a dynamic process that involves the complex interaction 

of many tissue components, resident immune cells, infiltrating immune cells and 

soluble mediators, with the goal of returning to homeostasis and epidermal integrity 

(Singer and Clark 1999). 

 

Tissue injury by wounding leads to  the onset of an acute inflammatory response. The 

traditional thinking has been that this inflammatory response and cells of the immune 

system are the primary sources of growth factor and cytokines that are required for 

the repair of damaged tissue (Simpson and Ross 1972). However as mentioned 

previously, it is clear that other skin cells also play a predominant role in this process. 

Keratinocytes play a key role during wound healing in the release of cytokines that 

recruit immune cells such as macrophages to the epidermis (Mann et al. 2001) 

 

Macrophage infiltration into the skin after wounding is regulated by growth factors, 

proinflammatory cytokines, and chemokines such as CCL5 derived by keratinocytes 

(Luisa A. DiPietro et al. 1998)(Badiu, Vasile, and Teren 2011). Macrophages at the 

wound site are important for the resolution of wound healing by promoting 

generation of  growth factors that play a role in driving  keratinocyte proliferation and 

induce production of ECM proteins in keratinocytes and fibroblasts (L. A. DiPietro and 

Polverini 1993). As mice models depleted for macrophages demonstrate delayed 

wound healing (Leibovich and Ross 1975). This demonstrates the importance of 

keratinocytes role in macrophage recruitment for wound healing to be successful. 

 

During the final stages of wound healing, the inflammatory response is primarily 

orchestrated by normal epidermal resident immune cells and T-cells, which remain at 

the wound site after the closure of the wound, during tissue remodelling phase (Fishel 

et al. 1987). These T cells confer their wound healing function via cell-cell interactions 

with keratinocytes and fibroblasts. This crosstalk is partially achieved via CD40 

expressed on both cell types. Importantly, ligation of CD40 expressed on keratinocytes 

leads to inhibited proliferation and induces keratinocyte differentiation, which is 
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required for the generation of healthy skin (Péguet-Navarro et al. 1997). As 

chemokines produced by keratinocytes are crucial to maintaining T cell populations in 

healing skin, this further demonstrates the importance of keratinocytes in the 

inflammatory wound healing process.  

 

Skin resident γδ T cells or γδDETCs, play an important role in epidermal inflammation 

during wound healing and are in constant contact with keratinocytes. γδDETCs are a 

key source of growth factors that play a role in the regulation of keratinocyte 

proliferation and differentiation (Jameson et al. 2002; Sharp et al. 2005). γδDETCs also 

play an important role in immune surveillance. It has been demonstrated that γδDETCs 

expressing NKG2D can sense keratinocyte stress by recognition of upregulated stress 

proteins such as Rae1, MICA and ULBP2 on keratinocytes after UVB radiation or 

cellular damage (Vantourout et al. 2014). However, keratinocytes themselves play an 

important role in maintenance of γδDETCs by their expression of SKINT1, which 

regulates the homing  and maintenance of skin resident γδDETCs in the epidermis 

(Barbee et al. 2011).  

 

Successful tissue repair after wounding is crucial to survival and it is clear that crosstalk 

between not only immune cells but the inflammatory potential of keratinocytes is 

required for wound healing to resolve.  

 

1.4 Epidermal growth factor receptor (EGFR)  

 

Epidermal growth factor receptor (EGFR) was the first receptor tyrosine kinase to be 

discovered in 1978 (Carpenter, King, and Cohen 1978). It belongs to the ErbB family of 

receptor tyrosine kinase, with other members being ErbB2/HER2, ErbB3/HER3 and 

ErbB4/HER4. Unlike EGFR, HER2 does not contain a ligand-binding domain, whereas 

HER3 does not have a kinase domain.  
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1.4.1 EGFR structure  

 

EGFR contains an extracellular receptor domain, a transmembrane domain and a 

cytosolic tyrosine kinase domain. There are four subdomains (I-IV) within the 

extracellular domains, where domain I and III are members of the leucine-rich repeat 

family and domain II and IV being homologous to cysteine-rich domains  (Ullrich et al. 

1984; Ferguson 2008). Three sites within domain I and III have been characterized to 

be involved in ligand binding, whereas a loop within domain II (dimerisation arm) 

mediates EGFR dimerisation (Ogiso et al. 2002). The structure of EGFR is shown in 

Figure 1.5.  

 

 

 

 
Figure 1.5: Structure and activation of EGFR. EGFR contains an extracellular domain with four 
subdomain (I-IV), a transmembrane domain and a intracellular kinase domain.  EGFR exists in 
a closed conformation, where ligand binding induces conformational change of EGFR, 
exposing the dimerisation arm in subdomain II for dimerisaton. This is followed by trans-
autophosphorylation of the cytoplasmic tails to activate downstream signaling pathways. 
(Seshacharyulu et al. 2012) 
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1.4.2 EGFR Signaling 

 

EGFR is a very important mediator in a plethora of functions such as cell 

differentiation, proliferation, survival and migration. To date, many activating ligands 

for EGFR have been reported including epidermal growth factor (EGF), transforming 

growth factor alpha (TGFα), amphiregulin, betacellulin, eigen, epiregulin, heparin-

binding EGF and neuregulin 2β (Henriksen et al. 2013). These EGFR ligands are usually 

expressed as integral-membrane proteins that can be cleaved via metalloproteinases, 

releasing soluble ligands (Mill et al. 2009). 

 

The EGFR signaling mechanism stimulated by ligand binding has been studied 

extensively (Figure 1.6). Dimerization allows the regulatory domain to stabilize the 

tyrosine kinase domain in the active conformation. Importantly, different ligands 

cause the phosphorylation of distinct sets of EGFR tyrosine residues but the specific 

mechanisms are still unclear. Approximately 10 EGFR tyrosine residues are 

phosphorylated following receptor dimerization (Schulze, Deng, and Mann 2005). 

These residues act as binding sites for a series of cytosolic proteins containing Src 

homology 2 (SH2) domains or phospho-tyrosine binding (PTB) motifs. Ligand binding 

to EGFR results in the activation of number of signaling pathways, including Ras, 

MAPK/ERK, Src, JAK/STAT, PLCγ, PKC, and PI3-kinase (Figure 1.6) (M. A. Lemmon, 

Schlessinger, and Ferguson 2014). Thus, phosphorylation of the receptor via the 

tyrosine kinase domain leads to the recruitment of downstream effectors effecting 

proliferation, survival and differentiation (Normanno et al. 2006). These downstream 

effects can be ligand specific (Wilson et al. 2009). Receptor activation eventually leads 

to internalization, which is followed by either degradation or recycling to the cell 

surface (L. Yue et al. 2006). EGFR internalization is thought to be predominantly 

clathrin-mediated (Ebner and Derynck 1991). However, more recent studies have 

shown that in the absence of clathrin, EGFR stimulation with specific ligands can 

induce clathrin-independent internalization (Hinrichsen et al. 2003). Furthermore, it 

was recently shown that ligand concentration can affect internalization pathways, for 

example, stimulation with high concentrations of EGF can result in internalization via 

micropinocytosis (Sigismund et al. 2005). The downstream molecules that negatively 
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modulate the receptor are also stimulated by EGFR ligands. For example, 

phosphorylation of EGFR Tyr974 triggers EGFR endocytosis and that of EGFR Tyr1045 

triggers Cbl-dependent EGFR ubiquitination and proteasomal degradation (Wilson et 

al. 2009). Therefore, EGFR ligands do not only positively regulate the EGFR, but are 

crucial for negative feedback and receptor regulation.  

 

The EGFR also hetero-dimerises with other ErbB family members , and this results in 

the modulation of EGFR signaling. In fact, ErbB2/EGFR heterodimers can form through 

a ligand-independent mechanism, resulting in ligand-independent EGFR signaling 

while increasing affinity for available EGF (Mark A. Lemmon 2009). The hetero-

dimerization of ErbB2 with EGFR also alters EGFR endocytosis and intracellular 

trafficking (Hendriks, Wiley, and Lauffenburger 2003). Another recent study 

demonstrated that EGFR hetero-dimerization with a variant of ErbB4 can protect the 

receptor from ligand induced proteasomal degradation (Kiuchi et al. 2014). 

 

 
Figure 1.6: EGFR phosphorylation and signalling: Phosphorylation of tyrosine residues on 
EGFR provide binding sites for SH2- or PTB-containing proteins which leads to the 
recruitment and activation of various downstream signalling pathways (e.g. Erk/MAPk, 
PI3K/Akt, STAT3) to regulate cellular processes, such as proliferation and and survival.  
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1.4.3 EGFR and integrin cross-talk 

  

Previous studies have suggested that the cross-talk between integrin and EGFR 

signaling is an important pathway in the  regulation of cellular processes, such as 

proliferation, migration and adhesion. For cross-talk to occur local association of EGFR 

and integrins is essential. For example, EGFR interacts with β1 integrins during early 

cell-matrix adhesion formation, as well as at cell-cell adhesions (Figure 1.7)(Moro et 

al., 1998; Wang et al., 1998). β3 integrin and EGFR association has been detected after 

adhesion to fibronectin (Laura Moro et al. 2002; Cabodi et al. 2004).  

 

Cell-matrix adhesions are required to drive EGFR phosphorylation that is in turn 

required for anchorage-dependent proliferation and cell survival fibroblasts, 

endothelial cells, intestinal epithelial cells and smooth muscle cells (Cybulsky, 

McTavish, and Cyr 1994; L Moro et al. 1998)(Kuwada and Li 2000; Jones, Crack, and 

Rabinovitch 1997). 

 

EGFR and integrin cross-talk have also been demonstrated to regulate cell-cell 

adhesions. E-cadherin recruits EGFR and integrin in response to an increased in 

intercellular tension. This leads to the recruitment of  vinculin into cadherin complexes 

at cell-cell junctions (Sehgal et al. 2018).  

 

Integrins have been demonstrated to be partially responsible for directly regulating 

EGFR phosphorylation in a  ligand indapendant manner. Cell-matrix adhesions can 

promote EGFR localistation to β-integrins in a macromolecular complex containing 

p130Cas and c-Src (Figure 1.7) (L Moro et al. 1998; Laura Moro et al. 2002; Cabodi et 

al. 2004). This triggers the ligand-independent phosphorylation of EGFR by c-Src (Bill 

et al. 2004; Miyamoto et al. 1996; Laura Moro et al. 2002; X. Yu, Miyamoto, and 

Mekada 2000).  

 

There is observed bi-directionality in the co-operation between integrin and EGFR as 

EGFR has also been shown to be important in the regulation of integrin function. For 

example, EGFR has been shown to regulate focal adhesion turnover in corneal 
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keratinocytes after EGF-stimulation (Eberwein et al. 2015), and EGF-stimulation can 

trigger the phosphorylation of  β4 integrin leading to disassembly of hemidesmosomes 

(Mariotti et al. 2001; Wilhelmsen, Litjens, and Sonnenberg 2006; Mainiero et al. 1996).  

 

The signalling pathways downstream of EGFR and integrin cross-talk are unclear. One 

protein that has been shown to be regulated by EGFR and integrin is calpain-2 which 

promotes talin turnover during breast cancer cell migration (Schwartz et al. 2018). FAK 

has recently been suggested as  the bridge between EGFR and integrin signalling as 

FAK has been described to interact with phosphorylated EGFR promoting EGF-

stimulated cell migration in fibroblast (Sieg et al. 2000) however the complete 

mechanism of this is still unclear.  
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Figure 1.7: Schematic of EGFR integrin cross-talk. β1/β3 integrin can form a 
macromolecular complex with Src and p130Cas driving ligand-independent activation 
of EGFR. Ligand-independent activation of EGFR can activate p190RhoGAP, leading to 
inhibition of RhoA to promote filopodia formation. On the other hand, EGF-stimulated 
activation of EGFR can phosphorylate p190RhoGAP, Src and FAK to promote focal 
adhesion turnover. EGF-stimulation can also promote Fyn-mediated phosphorylation 
of β4 integrin triggering hemidesmosome disassembly.  
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1.4.4 EGFR in inflammation 

 

EGFR plays a direct role in regulating the immunological properties of the epidermis. 

It was recently demonstrated that the EGFR is required for the full induction of IL-1α 

in keratinocytes infected with S. aureus (Simanski et al. 2016). EGFR activation is 

involved in the control of chemokine expression in human keratinocytes. In particular, 

EGFR activation by TGFα or EGF potently down-regulates the levels of TNFα or IFNy 

induced CCL5 and CCL2, potentially abrogating the recruitment of neutrophils, T cells 

and monocytes/macrophages into the skin (Francesca Mascia et al. 2003). EGFR has 

been shown to have immune regulatory functions such as the impairment of T-cell 

migration due to suppression of the CXCR3 ligand IP-10 by normal EGFR signaling. Also, 

EGFR inhibition has been shown to significantly reduce the upregulation of the NKG2D 

ligand MIC-A normally caused by stress factors such as UV radiation (Vantourout et al. 

2014), providing evidence for a role for EGFR in immune surveillance. 

 

Conversely, EGFR-dominant negative mutations show strong epidermal macrophage-

driven inflammatory responses (Hansen et al. 1997), extended EGFR inhibition can 

cause keratinocyte cell death leading to more acute and longer term immune cell 

activation and infiltration (J Li et al. 2001). Cultured keratinocytes displayed up-

regulation of T-cell chemo-attractants when EGFR was blocked (Pastore et al. 2005). 

In agreement with these findings, mouse models of inflammatory skin conditions 

demonstrate that EGFR/ERK inhibition can lead to acute skin inflammatory response, 

consisting of massively upregulated levels of proinflammatory cytokines and 

chemokines as well as large numbers of infiltrating T-cells and macrophages.  Outside 

of the skin, enhanced expression of pro-inflammatory molecules, including the T-cell-

selective chemo-attractants CXCL9, CX3CL1, and CXCL18, was observed in cervical 

carcinoma epithelial cells treated with small-molecule EGFR inhibitors (Woodworth et 

al. 2005). Despite these many implications of EGFR in skin immune activity, not all 

effects may be direct. For example, in atopic dermatitis abrogated EGFR signaling may 

be responsible for a decrease in epidermal rigidity that allows for easier infiltration of 

inflammatory immune cells (Boguniewicz and Leung 2011). 
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1.4.5 EGFR in Cancer 

 

EGFR was the first receptor to be directly associated to human cancer (de Larco and 

Todaro 1978). Genetic modulation and dysregulation of the EGFR is very common in 

cancers throughout the body including the head and neck, colon, and breast cancer 

(Yarden 2001), and it has been shown that cancer cells express between 10-20 times 

the amount of EGFR on their surface compared with normal cells.  

 

There have been many reports indicating changes in EGFR in cancer. Firstly, it was 

shown that the hypoxic microenvironment caused by tumors could induce EGFR 

overexpression by increasing the translation of EGFR mRNA (Franovic et al. 2007). 

Furthermore, EGFR overexpression can result in high levels of autocrine production of 

TGFα and EGF (Yarden and Shilo 2007). Various activating EGFR mutations have been 

reported in tumor samples as contributors to these phenomena. Truncation mutants 

due to gene rearrangement have been reported in glioblastoma, the most common of 

which is EGFRvIII where amino acids 6–273 are deleted from the gene (Frederick et al. 

2000). Truncation mutants such as EGFRvIII are also reported in other types of tumors, 

including breast, ovarian and non-small-cell lung cancer (Moscatello et al. 1995; 

Wikstrand et al. 1995). Additionally, point mutations and missense mutations in the 

ectodomain of the EGFR can result in increased phosphorylation of the kinase domain. 

This increase in activity has been shown to drive tumorigenicity in  3T3 cells (K. Zhang 

et al. 1996). Mutations have also been described in the kinase domain itself, and these 

have been shown to also hyper-activate the receptor in tumors. 

 

Due to the role of EGFR in driving cancer, various types of EGFR targeting treatments 

have been employed. Monoclonal antibodies (mAbs) and small-molecule tyrosine-

kinase-inhibitors (TKIs) are the most widely used treatments to target EGFR. mAbs 

bind to the extracellular domain of EGFR and compete with endogenous ligands, 

thereby blocking the ligand-induced EGFR tyrosine kinase activation (Garrett et al. 

2002). Small-molecule (TKIs) compete reversibly with adenosine 5ʹ triphosphate and 

inhibit EGFR autophosphorylation and downstream signaling. Despite many of these 

treatments having been approved, and others being in phase II and III of clinical trials, 
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they commonly result in adverse, highly inflamed skin toxicities somewhat similar to 

epidermolysis bullosa (EB) (H. B. Liu et al. 2013). These findings offer another link 

between EGFR and inflammation. 

 

1.4.6 A G428D EGFR mutation leads to epithelial blistering 

 

Recently, the Parsons and McGrath groups identified a novel homozygous missense 

mutation in EGFR from a male infant with extensive skin inflammation resembling EB 

(Campbell et al. 2014). This work reported on the first loss-of-function mutation in 

EGFR and made the link between this mutation and an EB-like disorder raising the key 

question of how altered EGFR function causes a severe inflammatory phenotype. 

 

When interrogated by immunofluorescence microscopy, the distribution of EGFR in 

the patients skin was greatly altered compared to that of healthy controls (Figure 1.8). 

The EGFR, which is normally localized predominantly to the cell membrane, was 

reportedly dispersed throughout the cytoplasm and perinuclear space. The mutation 

was a single amino acid replacement within the linking region of the EGFR. The location 

of this mutation is novel in respect to the more common hyper-activating mutations 

found in tumors that are most commonly found within the tyrosine kinase domain 

(Kumar et al. 2008). Aside from ligand binding, the area around the mutation has been 

postulated to be involved with EGFR dimerization and receptor activation (Dawson et 

al. 2005; Ogiso et al. 2002). 

 

Microarray data from the patients skin revealed modulations in gene expression of a 

wide range of different genes, including extra-cellular matrix (ECM) protein 

expression, immune processes, and anti-microbial peptide expression. Importantly, 

there was little alteration in EGFR at the RNA level. Many of the most highly enriched 

networks amongst up-regulated transcripts were inflammatory networks as seen in 

Table 2. Some genes relating to skin inflammation were highly upregulated such as 

IL1F9 (IL-36), NFKB2 (NF-kB), JNK1, and CCL2 the last of which plays a role in regulating 

monocytic/macrophage infiltrates into the skin and has been shown to be abrogated 

in EGFR knockout mice models (Lichtenberger et al. 2013). Interestingly, there was 
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profound down-regulation in IL-8 (CXCL8), an inducer of neutrophil chemotaxis, which 

was in keeping with the low numbers of neutrophils present in the inflamed skin 

biopsies. Many gene components that are involved in the epidermal chemical barrier 

to microbes were also up regulated, specifically CXCL12, SERPINA1 (Alpha-1-

antitrypsin), CYP1A1 (Cytochrome P450) and IRAK2, which is and indicator of increased 

TLR activation. As this data was generated using total skin biopsy, there is a high level 

of value in studying the effects of EGFR down-regulation in keratinocytes alone, to 

determine the effect of EGFR on the inflammatory potential of keratinocytes. 

 

 
Figure 1.8 - Characterisation of G428D EGFR in the epidermis. A. Skin section of the G428D 

EGFR patient, exhibiting slight epidermal thickening. B. Immunostaining of EGFR in patient 

epidermis shows that G428D EGFR shows reduced EGFR localisation to cell periphery.  

(Campbell et al. 2014) 

 

 

\ 

A. B.
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Table 2: Enriched networks amongst up-regulated transcripts from G428D patient skin 

biopsy. (Campbell et al. 2014) 
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Hypothesis 

 
The hypothesis of this thesis is that EGFR plays a role in the regulation of the 

inflammatory function of keratinocytes and that this may not be coupled to a 

breakdown of the epidermal barrier. 

 
 
Aims 

 
 The experiments in this thesis are designed to address the following aims: 

 

• To investigate the effect of EGFR knockout or G428D mutant re-expression in 

the regulation of basal keratinocyte barrier formation 

 

• To analyse the effect of EGFR knockout or G428D mutant re-expression on 

the immune function of basal keratinocytes in a clean, otherwise 

unperturbed, environment 

 
 

• To identify the signalling pathways downstream of EGFR that may play a role 

in the keratinocyte phenotype caused by EGFR knockout or G428D mutant 

re-expression 
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2. Materials and Methods  
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2.1 Reagents 

 

Table 3: Cell culture Reagents 

Reagent Source  

35mm quad µDish Ibidi 

35mm high µDish Ibidi 

Collagen Type 1 Corning 

DMSO (Dimethyl sulphoxide) Sigma Aldrich  

Eagle’s Minimal Essential Medium (EMEM) Lonza 

EGF (Epidermal Growth Factor) PeproTech 

Fetal Bovine Serum (FBS) Hyclone 

Fibronectin Millipore 

HEPES Sigma-Aldrich 

High Glucose Dulbecco’s Modified Eagle’s Media 

(DMEM) 

Sigma-Aldrich 

Liothyronine Sigma-Aldrich 

Lipofectamine2000 Thermofisher 

OPTIMEM Thermofisher 

PBS (Phosphate Buffered Saline) Sigma-Aldrich 

Penicillin/Streptomycin Sigma-Aldrich  

Polybrene (hexadimethrine bromide) GE Healthcare 

Polyethylenimine (PEI) AKfra Aesar 

Trypsin/ EDTA Sigma-Aldrich  

RPMI-1640 Sigma-Aldrich  

0.1g/L sodium bicarbonate Sigma-Aldrich  
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Table 4: Molecular biology reagents 

Reagent Source  

Ampicillin Sigma-Aldrich 

Kanamycin Sigma-Aldrich  

Luria-Bertani Agar and Broth Sigma-Aldrich 

Midiprep Kit  Qiagen  

Miniprep Kit Qiagen 

OneShot TOP10 Chemically Competent E. coli Thermofisher 

RNeasy Mini Kit Qiagen 

 

Table 5: Biochemical assay reagents 

Reagent Source  

1.5 mm Cassettes  Thermofisher 

2-mercaptoehtanoesulfonic acid sodium salt 

(MesNA)  

Sigma-Aldrich 

30% Acrylamide/Bis solution Biorad 

Agarose resin ThermoFisher 

Ammonium persulphate (APS)  Sigma-Aldrich 

BSA (Bovine Serum Albumin) Sigma-Aldrich  

Dithiothreitol (DTT) Sigma-Alrich 

ECL Plus Western blotting detection system GE Healthcare 

Glycerol VWR International 

Glycine Sigma-Aldrich 

Hybond ECL Nitrocellulose Membrane Amersham Bioscience  

Immersion 5101 Immersion oil Zeiss 

Magnesium chloride Sigma-Aldrich 

Methanol Sigma-Aldrich 

Milk Powder  Sigma-Aldrich  

Nitrocellulose  GE Healthcare 

PBS Tablets Thermo Scientific  
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PeqGOLD Protein Marker V Thermo Scientific 

PFA (Paraformaldehyde) PeqLab  

Phosphatase Inhibitor Cocktail Set II (Stock 100x) 

containing: 200 mM Imidazole, 100 mM Sodium 

Fluoride, 115 mM Sodium Molybdate, 100 mM 

Sodium Orthovanadate, 400 mM Sodium 

Tartrate, dyhydrate  

Millipore  

Pierce ECL Western Blotting Substrate  Alpha Diagnostic International  

Protease Inhibitor Cocktail set I (Stock 100x) 

containing: AEBSF, Hydrochloride - 500 μM 

Aprotinin, Bovine lung, crystalline – 150 nM E-64 

Protease Inhibitor - 1 μM EDTA Disodium – 0.5 

mM Leupeptin, Hemisulphate – 1 μM  

Millipore  

 

Sodium chloride Sigma-Aldrich 

Sodium Dodecyl Sulphate Sigma-Aldrich 

Sodium Fluoride Acros organics  

Sodium Orthovanadate (Vanadate)  New England Biolabs 

Tetramethylethylenediamine (TEMED)  Sigma-Aldrich 

Tris-Base Sigma-Aldrich 

Tris-HCl Sigma-Aldrich  

Triton X-100 Sigma-Aldrich 

Tween-20 Calbiochem 
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Table 6: Materials and solutions for biochemical assays 

Buffer/ Solution Composition  

12% Stacking 

Acrylamide Gel  

12% 30%-acrylamide mix, 400 mM Tris (pH 8.8), 0.1% 

SDS, 0.1% APS, 0.05% TEMED  

10% Stacking 

Acrylamide Gel 

10% 30%-acrylamide mix, 400 mM Tris (pH 8.8), 0.1% 

SDS, 0.1% APS, 0.05% TEMED 

8% Stacking Acrylamide 

Gel 

8% 30%-acrylamide mix, 400 mM Tris (pH 8.8), 0.1% SDS, 

0.1% APS, 0.05% TEMED 

Running Buffer (10x)  0.25 M Tris base, 1.92 M glycine, 1% SDS  

SDS Sample Buffer 2x  60mM Tris-HCl (pH 6.8), 25% Glycerol, 2.5% SDS, 0.02% 

Bromophenol blue, 2% β-mercaptoethanol  

SDS Sample Buffer 5x  250 mM Tris-HCl (pH6.8), 10% SDS, 30% Glycerol, 0.02% 

Bromophenol blue, 5% β-mercaptoethanol  

TBS-Tween (10x)  20 mM Tris-base (pH 7.5), 150mM NaCl, 0.1% Tween- 20  

Transfer Buffer (10x)  0.25 M Tris base, 1.86 M glycine, 10% methanol  

 

Table 7: Inhibitors 

Compound Source 

AG1478 Tocris 

SHP009 Sigma-Aldrich 

GM6001 Tocris 

5,15-DPP Tocris 
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Table 8: Antibodies 

 Reagent Species Dilution Source 

Primary Anti-E-cadherin Mouse 1:400 (IF) Abcam  

 Anti-EGF Receptor Mouse 1:1000  (WB) Santa Cruz  

 Anti-EGF Receptor Rabbit 1:2000 (WB)  Cell Signalling 

 Anti-ERK  Rabbit  1:1000 (WB)  Cell Signalling 

 Anti-GAPDH  Mouse  1:5000 (WB)  Chemicom  

 Anti-HSC70  Rabbit  1:5000 (WB) Sigma-Adrich 

 Anti-Phospho-EGF 

Receptor (Tyr1173)  

Rabbit 1:1000 (WB)  Cell Signalling 

 Anti-Phospho-ERK 

1/2 (Thr202/Tyr204)  

Rabbit 1:1000 (WB) Cell Signalling  

 Anti-STAT3 Mouse 1:500 (WB) Cell Signalling 

 Anti-Phospho-STAT3 

(Tyr705) 

Rabbit 1:500 (WB) Cell Signalling 

 Anti-SHP2 RAbbit 1:1000 (WB) Abcam 

 Anti-Phospho-SHP2 

(Tyr542) 

Rabbit 1:1000 (WB) Abcam 

 Anti-Vinculin  Mouse 1:400 (IF) Sigma-Aldrich 

 Anti-β-Catenin  Rabbit 1:500 (IF) Santa Cruz  

 Il-33 Mouse 1:500 (IF)  Invitrogen 

Secondary Anti-Mouse 

Alexafluor 488  

Goat 1:500 (IF)  Molecular 

probe  

 Anti-Mouse 

Alexafluor 568 

Goat 1:500 (IF)  Molecular 

probe  

 Anti-Mouse-HRP  Goat 1:5000 (WB)  Dako 

 Anti-Rabbit 

Alexafluor 488  

Goat 1:500 (IF)  Molecular 

probe  
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 Anti-Rabbit 

Alexafluor 568 

Goat 1:500 (IF)  Molecular 

probe  

 Anti-Rabbit-HRP  Goat  1:5000 (WB) Dako 

 Phalloidin 488  N/A 1:500 (IF) Invitrogen 

 Phalloidin 568 N/A 1:500 (IF) Invitrogen 

 Phalloidin 647  N/A 1:500 (IF) Invitrogen  

Flow Cytometry Il-4 Alexa-Fluor 488 N/A 1:500 BioLegend 

 CD4 APC N/A 1:500 BioLegend 

 CCR4 PE N/A 1:400 BioLegend 

 CCR6 PE-Cy7 N/A 1:400 Biolegend 

 GATA3 BV421 N/A 1:400 BD 

 L/D Aqua N/A 1µl per 1ml 

stain media 

ThermoFisher 

 

Table 9:  Plasmids 

Plasmid  Type Insert and tag  Original Reference/ Source 

eGFP (SFFV) Lentiviral  GFP tag  (Demaison et al. 2002; Jayo et al. 

2016) 

EGFR-eGFP 

(SFFV) 

Lentiviral Human EGFR, 

eGFP tag 

Generated in house by G. Chan 

based on eGFP plasmid 

G428D-eGFP 

(SFFV) 

Lentiviral G428D mutant 

EGFR,, eGFP tag 

Generated in house by G. Chan 

based on eGFP plasmid 

LV-Cre 

pLK0.1  

Lentiviral Cre 

recombinase 

Addgene    

(Beronja et al. 2001) 
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Table 10: Materials for bioassays and functional studies 

Reagent Source 

TRITC Dextran 20kDa Sigma -Aldrich 

CellEventTM Caspase-3/7 Green 

Detection Reagent 

Thermofisher 

QCM™ Gelatin Invadopodia Assay 

(Red) 

Merk 

MS Tubes Miltenyi Biotec 

MiniMACS Separator Miltenyi Biotec 

CD3ε MicroBead Kit, mouse Miltenyi Biotec 

Monocyte Isolation Kit (BM), mouse Miltenyi Biotec 

IL4 Recombinant Mouse Protein Thermofisher 

Recombinant Mouse IL-6 (carrier-free) Biolegend 

Dynabeads Mouse T-Activator 

CD3/CD28 

Thermofisher 

BD GolgiStop™ BD 

Brefeldin A 1000x Biolegend 

CCL2 Neutralising antibodies RnD Systems 

CCL5 Neutralising antibodies RnD Systems 

IL-33 Neutralising antibodies RnD Systems 

CXCL10 Neutralising antibodies RnD Systems 

 

Table 11: Materials for RNAseq and QPCR  

Reagent  Source 

TaqMan® Fast Advanced Master Mix 
5ml  
 

Thermofisher 

Eukaryotic 18S rRNA Endogenous 
Control 125rxns 
 

Thermofisher 



 49 

MicroAmp® Fast Optical 96-Well 
Reaction Plates 
 

Thermofosher 

RevertAid First Strand cDNA Kit Thermofisher 

Next  rRNA Depletion kit New England BioLabs 

 

Table 12: QPCR Probes (All Thermofisher) 

Probe ID 

COL1A1 Mm00801666 

COL4A6 Mm00474735 

CCL2 Mm00441242 

CCL5 Mm01302427 

CCL20 Mm01268754 

CCL27 Mm04206819 

CXCL10 Mm00445235 

C3 Mm01232779 

IL1B Mm00434228 

MMP9 Mm00442991 

MMP10 Mm01168399 

 

Table 13: ELISA Kits 

Kit  Source 

Mouse IL-33 DuoSet ELISA RnD Systems 

Mouse CCL5/RANTES DuoSet ELISA RnD Systems 

Mouse CCL2/JE/MCP-1 DuoSet ELISA RnD Systems 

Mouse CXCL10/IP-10/CRG-2 DuoSet 
ELISA 

RnD Systems 

Mouse CCL20/MIP-3 alpha Quantikine 
ELISA Kit 

RnD Systems 
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2.2 Methods 

 

2.2.1 Bacterial transformation  

 

Chemically-competent E.coli was thawed on ice, followed by addition of DNA into the 

Top10 bacterial cells. After cells were incubated on ice for 30 minutes, they were heat-

shocked at 42°C for 30-45 seconds. They were then incubated on ice for 2 minutes 

before 1 ml of S.O.C. medium or LB was added into the cells. This was followed by 

incubation for 1 hour at 37°C before spreading onto LB agar plates with the 

appropriate antibiotic (Ampicillin 100μg/ml or Kanamycin 50 μg/ml). Plates were 

incubated at 37°C overnight. Single colonies could then be picked using a sterile p100 

pipette tip and grown overnight in LB broth shaken at 37°C at appropriate volume for  

DNA preparation.  

 

2.2.2 Midiprep of DNA plasmids  

 

QIAGEN Plasmid Plus Midi Kit was used to extract DNA plasmid from bacteria. 100 ml 

of bacterial culture was centrifuged at 4000 rpm for 15 minutes at 4°C and the 

supernatant discarded. Pellet was then resuspended in 4ml of Buffer P1. 4ml of Buffer 

P2 was added into the bacteria and was incubated at room temperature for 3 minutes. 

4ml of Buffer S3 was added to stop the cell lysis. The lysate was transferred to a 

QIAfilter cartridge and was incubated at room temperature for 10 minutes. 

Afterwards, the lysate was filtered and 2 ml of Buffer BB was added. After mixing, the 

solution was added to a QIAGEN Plasmid Plus Midi spin column. Vacuum pressure was 

used to filter the solution through the column. The column was then washed with 700 

µL of Buffer ETR and Buffer PE. This was followed by centrifugation for 1 minute at 

13,000 rpm to remove any excess wash buffer. After the column was transferred to a 

clean Eppendorf tube, 200µL of Buffer EB was added to the column to collect DNA in 

the flow-through. DNA concentration and quality was analysed using a Nanodrop 

Spectrophotometer.  
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2.2.3 Generation of lentiviruses from HEK-293T cells 

 

HEK-293T cells were plated to 40-50% confluent the night before transfection. A 

transfection mixture containing 2.1 µg pCMV8.91, 0.7 µg pMD.G and 3.75 µg of the 

appropriate lentivirus constructs was mixed in 500 µL of OPTIMEM. This was followed 

by the addition of 22.5 µL of PEI transfection reagent into the transfection mixture. 

The mixture was left for 15 minutes at room temperature before adding to the cells 

with media without antibiotics. Media was then replaced by OPTIMEM after 

incubation with the transfection mixture for 4-5 hours at 37°C. Viruses were harvested 

after 48 hours, where the media was removed and centrifuged at 1200 rpm for 3 

minutes to remove any HEK-293T. The viruses were then filtered through 0.4 µm and 

stored in 1 mL aliquots at -80°C.  

 

2.2.4 Lentiviral infection to generate stable cell lines  

 

CHO, EGFR-2, and mouse keratinocytes were plated into T-25cm2 to 40% confluency. 

8 µg /mL polybrene was added into media to increase the efficiency of viral infection. 

1 mL of lentiviral particle solution was added to the cells and left to incubate at 37°C 

for 24-48 hours. The media was changed afterwards and cells were grown and 

passaged.  
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2.2.5 Establishing cell lines from EGFR-/- mice 

 

The following mice were received from  the Maria Sibilia lab in Vienna based on the 

EGFR-/- mouse.  Cell-line establishment was performed by Simon Broad from the Fiona 

Watt lab at the Centre for Stem Cells & Regenerative Medicine, King’s College London. 

 

1x male EGFR KO P14 

1x female EGFR KO P14 

1x male WT  P14 

1x female WT P14 

 

Skin was removed from the mice separately and sterilised in 1% iodine (Pevidone). 

Skin was incubated in surgical scrub solution for 10s followed by two rinses in 70% 

ethanol for 5s each then placed in Hanks' BSS (Sigma-Aldrich). Skins were spread out  

on a 90mm perti dish and excess  fat and connective tissue removed  mechanically. 

Trypsin (0.25%) solution was added and the skin was incubated at 37°C for 1 hour. 

The fragments of epidermis were then scraped away from the dermis and 

resuspended in growth medium containing FBS. The mixture was filtered through a 

nylon strainer to remove hair fragments. The resulting cell suspension was then 

washed twice in growth medium and seeded onto a feeder layer of mitotically 

inactivated 3T3 cells. After 8-10 days the cells became confluent and were trypsinised 

and reseeded onto a fresh layer of 3T3 fibroblasts. This process was repeated until 

keratinocytes became immortalised. Basal layer keratinocytes were validated by 

keratin 5 and 14 expression. 

 

2.2.6 EGFR-2  mouse keratinocytes 

 

EGFR-2 cells are immoratalised basal keratinocytes derived from the EGFRfl/fl mouse  

Cells were provided by Laura Hansen at the Department of Biomedical Sciences, 

Creighton University, Omaha, NE, USA. 
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2.2.7 Cell Culture  

 

Human Embryonic Kidney-293T (HEK293T) and CHO cells were cultured in DMEM 

supplemented with 10% (v/v) FBS, 100 unit/ml penicillin, 0.1 mg/ml streptomycin 

and 2 mM L-Glutamine.  

 

KO/WT mouse keratinocytes and EGFR-2 cell lines were cultured in normal growth 

media consisting of EMEM with 2.2% (v/v) chelexed FBS , 4.7% (v/v) unchelexed FBS, 

5000 unit/ml penicillin and 5 mg/ml streptomycin. All cell lines were maintained at 

37°C in a 5% CO2 humidified atmosphere.  

 

Isolated primary mouse T cells and monocytes were cultured in RPMI-1640 with 2mM 

L-glutamine, 0.1g/L sodium bicarbonate, supplemented with 100U/mL penicillin and 

0.1mg/mL Streptomycin, and 10mM Hepes. 

 

All cells, except primary mouse immune cells, were passaged when 80-90% confluent 

by washing once with PBS (without Calcium or Magnesium), followed by trypsinisation 

using trypsin in EDTA (0.05% concentration). After cells detached, normal growth 

media was used to wash and collect the cells. Cells were then centrifuged for 3 minutes 

at 1200 RPM, where the supernatant was removed and the pellet was resuspended in 

media to be plated into tissue culture flasks.  

 

Cells were also frozen down for future use where cell pellets were resuspended in 

freezing media, which consists of 40% normal media, 50% FBS and 10% DMSO. The 

cells were transferred to -80°C and then to liquid nitrogen for long term storage. To 

thaw frozen stocks, cells were thawed at 37°C before adding into normal media. They 

were then centrifuged and resuspended into normal media before plating into tissue 

culture flasks.  
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2.2.8 Recombinant KGF and EGF treatment  

 

EGFR-2 or mouse keratinocytes were serum starved in OptiMEM for 12-24 hours at 

37°C. Recombinant KGF or EGF was added to the cells at a final concentration of 10 

ng/ml or 100ng/ml and incubated at 37°C for the required period of time.  

 

2.2.9 Drug treatments  

 

EGFR-2 cells and mouse keratinocytes were plated in the relevant tissue culture plates 

and once at the correct confluence, treated with reagents as described in Table 8. 

DMSO treated cells were used as a control.  

 

Table 14: Reagent treatments 

Reagent  Role  Concen

tration 

Duration Control  

AG1478 Inhibitor of EGFR 5 µM  1-24 hours  DMSO 

SHP099  Inhibitor of SHP2 activation  50 µM  48 hours  DMSO 

5,15-DPP Inhibitor of STAT3 

phosphorylation 

1 µM  1-24 hours DMSO 

GM6001 Pan-inhibitor of MMPs 25mM Up to 16hrs DMSO 

 

2.2.10 RNA extraction  

 

Total RNA was isolated using the RNeasy Qiagen kit according to the manufacturer’s 

instructions. Cells were trypsinised and pelleted before being resuspended with buffer 

RLT. Afterwards, the lysate was transferred to RNeasy spin column and was 

centrifuged for 15 seconds. Flow-through was discarded, and 700 µL of Buffer RW1 

was added to wash the column. After, the column was washed twice with Buffer RPE 

before the column was centrifuged to remove any excess liquid. Afterwards, the 

column was transferred into a new Eppendorf before 50 µL of RNase-free water was 

used to elute the RNA. The resulting RNA was used for cDNA synthesis using the 

RevertAid First Strand cDNA Synthesis Kit as per manufacturers instruction.  
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2.2.11 QPCR 

 

qPCR was conducted using 7900HT Fast Real-Time PCR System (ThermoFisher 

 Scientific). Using probes, listed in Table 10, multiplexed with a 18S probe (all 

Thermofisher) in TaqMan® Fast Advanced Master Mix as per manufacturer’s 

instructions.  

 

2.2.12 RNA sequencing 

 

EGFR-2 cell lines were plated in 6-well plates at high density and harvested when 

confluent monolayers formed. RNA was isolated using RNeasy Qiagen kit according to 

the manufacturer’s instructions. Library preparation was completed using NEBNext 

Ultra Directional RNA Library Prep Kit for Illumina. Depletion of ribosomal RNA was 

performed using Next  rRNA Depletion kit as per manufacturers instruction. RNA 

quality was confirmed by bioanalyser (Agilent 2100 Bioanalyzer G2938B), resulting in 

a mean RIN score of 8.2, ranging from 7.5-8.6. Paired-end sequencing was then 

conducted using the HiSeq 2500 platform (Illumina). Raw data was checked for quality 

using FASTQC. Processing of the raw data involving alignment and annotation were 

done using Partek. After annotation, reads per million normalised data were then used 

for  statistical analysis. Inclusion criteria for significantly differentially expressed genes 

was a false discovery rate of <0.05 and a fold change of greater than 1.5x. Subsequent 

processing and visualisation of the data was completed in RStudio or Morpheus (Broad 

Institute, Boston, MA). 

 

2.2.13 SDS-PAGE analysis 

 

To evaluate protein expression based on their molecular weights, Sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using gels 

with 8-12% (v/v) polyacrylamide resolving layer and a 4% (v/v) stacking layers. After 

cells were lysed in sample buffer containing DTT to denatures the proteins from 

tertiary structure to a primary amino acid structure, proteins were separated under an 
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SDS-PAGE system. Protein Marker V was also ran alongside. A constant voltage of 80V 

was running through the stacking layer for 20 minutes before the voltage was then 

increased to 180V until the gel band-front had moved through the separating gel. 

 

2.2.14 Western blot  

 

To look for specific protein expression, the proteins were transferred to nitrocellulose 

for 1.5 hours at 20V using a transfer kit (Invitrogen) in Transfer Buffer. The membranes 

were blocked using blocking buffer (5% (w/v) skim milk powder or Bovine Serum 

Albumin in TBS, 0.1% (v/v) Tween) depending on target, for one hour at room 

temperature. This was followed by incubation with primary antibodies, as listed in 

Table 6, in blocking buffer overnight at 4°C. Membranes were then washed three times 

for 10 minutes in TBST before incubation with horseradish peroxidase (HRP)-

conjugated secondary antibodies, also listed in Table 6, for 1 hour at room 

temperature. After washing three times with TBST, proteins were detected by ECL 

chemiluminescence kit (BioRad) and directly imaged using the BioRad imager digital 

imaging system. Blots were analysed and processed using BioRad Image Lab and FIJI. 

 

2.2.15 Immunofluorescence microscopy 

 

Cells were plated into appropriate optical plastic dishes and incubated in normal 

growth media. Cells were fixed in 4% (v/v) PFA in PBS, pH 7.4 for 15 minutes on ice. 

For monolayer staining, cells were fixed with 4% (v/v) PFA in PBS, pH 7.4 with 0.01% 

Triton X-100 for 15 minutes. Dishes were washed once with cold PBS before 

permeabilisation with 0.1% Triton X-100/ PBS or ice-cold methanol for 5 minutes. 

After three washes with PBS, dishes were blocked with blocking buffer (5% (w/v) BSA 

in PBS or TBST) for 1 hour at room temperature before incubating with various 

primary antibodies, as listed in Table 6, in blocking buffer for 1-2 hours at room 

temperature, or overnight at 4°C. Dishes were washed three times with PBS before 

incubating with appropriate secondary fluorescent conjugated antibody, Hoechst 

and phalloidin (if required) for at least 1 hour at room temperature in the dark. 
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Dishes were then washed 3 times with PBS and then PBS added and kept in dishes 

for imaging.  

 

2.2.16 Confocal microscopy 

 

Images of fixed cells were acquired on a Nikon A1R inverted confocal microscope 

(Nikon Instruments UK) with an environmental chamber maintained at 37°C. Images 

were taken using a 60x or 100x Plan Fluor oil immersion objective (numerical 

aperture of 1.4). Excitation wavelengths of 488nm (argon laser), 561nm (diode laser) 

or 640nm (diode laser) were used. Images were acquired using NIS-Elements imaging 

software (v4) and were saved in Nikon Elements .nd2 format. Image processing was 

performed in FIJI processing software.   

 

2.2.17 Flow Cytometry 

 

For intracellular cytokine detection, cells were cultured in the presence of Brefeldin 

A, and GolgiStop, for the final 3 hours of incubation. For surface staining, cells were 

harvested and incubated with live/dead Aqua for 15 minutes in phosphate buffered 

saline (PBS), followed by the appropriate volume of antibody diluted in 0.5% bovine 

serum albumin (BSA) in PBS for 20 minutes, all at 4°C. Cells were then washed and 

fixed in 3% paraformaldehyde for 15 minutes at room temperature. For intracellular 

cytokine staining, cells were incubated with the appropriate volume of antibody, 

diluted in 0.1% saponin in 0.5% BSA in PBS for 45 minutes at room temperature or 

4°C overnight. Cells were acquired using a BD FACSCanto II, and analysis conducted 

using FlowJo V.10.1 software (Tree Star Inc.).  

 

2.2.18 ELISA Assay 

 

Sandwich ELISA was used to detect supernatant analytes. Cell-free supernatants were 

extracted from wells 24 hours after cell monolayers had formed and kept at  -20°C 

until analysis. ELISA kits, Table 11,  were used and conducted according to 



 58 

manufacturer’s protocols and detected on a Victor 1420 multilabel counter (Perkin 

Elmer) quantifying concentrations drawn from a standard curve on each plate. 

 

2.2.19 Spleen/Lymph node digestion into single cell suspension  

 

Both spleen and lymph nodes were isolated from culled WT CD1 mice. Spleens and 

lymph nodes were digested to a single cell suspension using the “Spleen 

dissociation/digestion protocol” from the International Mouse Phenotyping 

Consortium. 

https://www.mousephenotype.org/impress/ProcedureInfo?action=list&procID=732 

 

2.2.20 Isolation of CD3+ T cells and CD14+ monocytes from mouse tissue digestions 

 

Both spleen and lymph node digestions were isolated by magnetic cell sorting using 

mouse monocyte isolation kit and using the column isolate from a mouse CD3 positive 

selection kit, MACS MS columns and MiniMACS magnetic separator as per 

manufacturers instruction. Cells were then counted and used immediately in 

necessary assays. 

 

2.2.21 Chemotaxis Assay 

 

For chemotaxis assays, modified Boyden assays were used. 10,000 isolated primary 

CD3+ T cells or CD14+ monocytes were plated in the top of a transwell with pore size 

of 3.0um. 600ul of conditioned media taken from EGFR-2 cells and WT and KO 

keratinocytes was then added to the lower well beneath the transwell membrane. 

After 4 hours, the transwells were removed and the plates were then centrifuged for 

3 minutes at 1200 RPM. Plates were then left for a further 2 hours in order to allow 

for optimal cell adhesion to the well. Cells were then fixed with 4% (v/v) PFA and 

incubated with Hoechst for 10 minutes. Hoechst positive cells were then counted using 

the DAPI channel on an EVOS.  
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2.2.22 Gel degradation assay  

 

24-well optical plastic plates were coated with Cy3-labelled gelatin using a QCM™ 

Gelatin Invadopodia Assay (Red) kit as per the manufacturer’s instructions. EGFR-2 

cells and mouse keratinocytes were then seeded at high density onto the coated wells 

in normal growth media with or without the pan-MMP inhibitor GM6001 at 25mM for 

16hrs. Cells were carefully washed 3 times with PBS as not to disturb the cell 

monolayer or gealtin. Wells were then fixed with 4% (v/v) PFA. 

 

 2.2.23 Gel degradation analysis 

 

To analyse the total gelatin degradation per well and per cell, the cells were stained 

with Hoechst and phalloidin and imaged via confocal for Hoechst, phallodin and Cy3-

gelatin. In FIJI, channels were separated and cell area was measured by thresholding 

phalloidin channel and degradation was measured by calculating the inverse of the 

thresholded Cy3 channel.  

 

 
Figure 2.1 – Method for gelatin degradation analysis. An example of image analysis using FIJI 
software Hoechst signal is  thresholded for high intensities, then analysed as “particles” to provide a 
nuclear (cell) count. Similarly, phalloidin signal is thresholded for high intensities to allow 
measurement of cell area. Conversely, fluorescent Cy3 gelatin signal is thresholded for low intensities 
to enable degradation area quantification 
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2.2.24 Apoptosis assay 

 

WT and KO mouse keratinocytes were cultured in normal growth media in 24 well 

plates. After monolayers had formed between 24-48 hours, growth media was 

removed and CellEventTM Caspase-3/7 Green Detection Reagent diluted in PBS with 

5% FBS was added to wells for 30 minutes as per manufacturer’s protocol. Wells were 

then washed with PBS and normal growth media added to wells with or without 

appropriate growth factors for 24hr culture. Cells were then fixed with 4% (v/v) PFA 

and images captured using the GFP channel on an EVOS microscope. Green cells were 

then counted using FIJI.  

 

2.2.25 Proliferation assay 

 

EGFR-2 and mouse keratinocytes were plated at 1000 cells/well in 24-well plates in 

normal growth media. One well per cell line was fixed at 12, 24 and 48 hours after 

plating. Cells were incubated with Hoechst for 30mins and then total Hoechst positive 

cells per well were counted using the DAPI channel on an EVOS. 

 

2.2.26 Dextran permeability assay 

 

EGFR-2 and Mouse keratinocytes were plated at 10,000 cells per well in 0.2ml normal 

growth media in the upper chamber of 0.4um pore size transwells pre coated with 

collagen-1, with 0.6ml of growth media in the lower well. After 24hrs, wells were 

checked for the formation of complete cell monolayers. At this point, media was 

removed from the upper and lower wells and replaced with fresh growth media with 

or without 5mM EDTA and incubated for 30 minutes at 37°C. 10μl of TRICT-dextran 

(20 KDa) solution was then added to the upper chamber of all wells and plates placed 

back in the incubator. 100μl of media was collected from the lower chamber after 2 

hours of incubation. The media fluorescence was then measured using a fluorescence 

plate reader. 
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2.2.27 Wound healing assay  

 

EGFR-2 and mouse keratinocytes were plated at high density and incubated for 4-24 

hours. Wells were then washed with PBS and cells cultured in the presence of 2 mM 

Calcium for 4hrs. Confluent monolayers were wounded with a 10-µl pipette tip 

scratched across the middle of the wells. Cells were washed in 2mM calcium 

containing growth media, to remove scraped cells and excess debris. Cell migration 

into the wound was captured using an EVOS every 30 minutes or every hour over 24 

hours. Wound closure was analysed using FIJI.   

 

2.2.28 Focal adhesion analysis  

 

To analyse the number and area of focal adhesion in cell monolayers, cells were fixed 

and stained with antibody against vinculin to label focal adhesions. Focal adhesion was 

thresholded and the number and area of focal adhesions were analysed using the 

analyse particle option in FIJI.  

 
Figure 2.2:  Method for focal adhesion analysis. 1. Multichannel images were used showing vinculin, 
phalloidin and nuclear stain. 2 & 3. The vinculin staining channel was isolated for thresholding to 
isolate the focal adhesions from background noise and particle analysis in ImageJ was used to 
measure the number and area of focal adhesions.  
 

 

 

 

 

 

 

1. Original multichannel image 3. Image is thresholded and focal adhesion 
average size and number per cell is measured

2. Vinculin channel is separated
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2.2.29 Statistical analysis  

 

Data is represented as the mean ± standard error of the mean (s.e.m.). All statistical 

tests were carried out using GraphPad Prism. The Student’s t-test was performed for 

comparing two groups for statistical analysis. Analysis of variance (ANOVA) with 

Tukey’s post hoc test was used for multiple comparisons. P < 0.05 was considered as 

statistically significant. Specific statistical tests and P numbers are indicated within 

figures.  
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3.1 Introduction 

 

The basal layer is the only site at which keratinocytes divide and thus is responsible for 

the replenishment of the skin. Dysfunction in these basal keratinocytes has been 

identified as a major contributing factor to many skin diseases such as epidermolysis 

bullosa simplex  (EBS) (Coulombe, Kerns, and Fuchs 2009). Basal keratinocytes express 

high levels of EGFR and this is required for their proliferation and normal function in 

homeostasis. 

 

As previously mentioned, Parsons and McGrath groups identified a novel homozygous 

missense mutation in EGFR, p.Gly428Asp (G428D) from a male infant with extensive 

skin inflammation resembling EBS (Campbell et al. 2014). This work reported on the 

first loss-of-function mutation in EGFR and made the link between this mutation and 

an EBS-like disorder raising the key question of how altered EGFR function causes a 

severe inflammatory phenotype. This mutation has since been reported on in other 

cases (Ganetzky et al. 2015). 

 

The aim of this chapter was to interrogate the role of EGFR in regulating the 

inflammatory phenotype as observed in patients harbouring the homozygous G428D 

mutation. To do so, it was essential to generate cell lines lacking endogenous EGFR as 

well as those re-expressing the G428D EGFR variant to determine the effects on cell 

behaviour. A useful cell line for the study of the function of EGFR are CHO cells as they 

do not express endogenous EGFR, although they do express other HER family 

receptors. This provides a suitable host for testing the expression and function of the 

EGFR constructs to be used in this study, however CHO cells do not provide any use in 

studying the role of EGFR in skin inflammation. The study of EGFR negative 

keratinocytes is technically challenging as EGFR is such an important receptor for 

processes such as proliferation and cell growth. To overcome this, we chose to use the 

EGFR-2 keratinocyte cell line generated from an EGFRfl/fl mouse (Hammiller et al. 

2015). This would allow us to knockout endogenous EGFR by expressing Cre-

recombinase, generating EGFR null background keratinocytes in which to re-express 

WT and G428D constructs. A benefit of using this cell line is that they have been shown 
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to be competent and proliferative in the absence of EGFR when supplemented with 

KGF rich media in lieu of the more commonly supplemented EGF. Along with the CHO 

cells and EGFR-2 cells, we also established immortalized mouse keratinocytes derived 

from a male EGFR-/- mouse (Sibilia and Wagner 1995) at P14 and a matched WT mouse. 

These cells provide a useful addition to the other cell lines as these EGFR-KO 

keratinocytes have not had to be infected in order to express specific constructs or to 

knockout any endogenous receptor.  
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3.2. Results 

 

3.2.1 G428D EGFR in CHO cells show loss of plasma membrane localisation and 

cannot be activated by EGF  

 

In order to first characterise the effect of expressing wild-type (WT) or G428D EGFR in 

a naturally EGFR null cell line, lentivirus was generated from plasmids encoding WT 

human EGFR tagged to GFP (EGFR-GFP), p.Gly428Asp mutated EGFR tagged to GFP 

(G428D-GFP) or GFP alone (GFP) and used to infect CHO-K1 cells. One-week post 

infection, cells were plated on coverslips, fixed and stained for F-actin (Phalloidin) and 

DAPI and analysed by confocal microscopy. Resulting images showed successful 

expression of GFP-tagged constructs (Fig 3.1). Cells expressing EGFR-GFP 

demonstrated clear surface localisation of the receptor as indicated by arrows, 

whereas G428D-GFP lacked distinct membrane localisation and was predominantly 

cytoplasmic, similar to GFP alone (Fig 3.1A). During normal cell culture, no obvious 

differences were observed in growth rates of any of the CHO cell lines.  

 

To determine whether expression of WT or G428D EGFR altered EGF-dependent 

activation of the receptor, CHO cells were stimulated with 10ng/ml EGF for 10 and 30 

minutes. Lysates were then extracted from the cells and prepared for SDS-PAGE 

followed by blotting for EGFR, phospho-EGFR-Tyr-1173 (pEGFR), and GAPDH as a 

loading control. Resulting blots demonstrated that both EGFR-GFP and G428D-GFP 

were expressed at similar levels and only cells expressing EGFR-GFP showed an 

increase in EGF-induced pEGFR (Fig 3.1 B).  
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A

EGFR-GFP G428D-GFP GFP

B

(Top	row:	GFP,	DAPI,	ACTIN.		Bottom	Row	GFP	only)	

EGFR-GFP G428D-GFP GFP
0 10 30 0 10 30 0 10 30EGF

EGFR

GAPDH

250kDa

250kDa

35kDa

pEGFR
(Y1173)

Figure 3.1:  G428D EGFR in CHO cells shows loss of plasma membrane localisation and 
cannot be activated by EGF (A) Confocal images of CHO cells expressing GFP, WT-EGFR-GFP 
or G428D-GFP (green) stained for F-actin (red) and DAPI (blue). Arrows on bottom panels 
highlight EGFR plasma membrane localisation. Images representative of 3 independent 
experiments. (B) Western blots showing EGFR and pEGFR levels in CHO cells after stimulation 
with 10ng/ml of EGF for 0, 10 and 30 minutes. Representative of 3 experiments. 
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3.2.2  G428D EGFR expression in EGFR null keratinocytes shows loss of plasma 

membrane localisation and cannot be activated by EGF  

 

Having demonstrated that G428D EGFR resulted in an inactive receptor in CHO cells, 

the next goal was to determine whether this was also the case in keratinocytes 

depleted of endogenous EGFR. EGFR-2 cells were infected with the EGFR-GFP, G428D-

GFP and GFP lentiviruses. Two weeks post infection, cell lines were again infected with 

lentivirus generated to include a Cre-recombinase (CRE) construct to knock out the 

endogenous EGFR gene that, in EGFR-2 cells, is sited between two LoxP sites allowing 

for removal. Before infecting with the CRE virus, the cells were grown in low calcium 

growth media supplemented with KGF in lieu of EGF as is normal for keratinocyte in 

vitro culture. This allowed for growth and proliferation after the removal of 

endogenous EGFR.  

 

Infection with CRE virus, followed by two weeks of growth, led to the generation of 4 

distinct EGFR-2 cell lines: GFP expressing GFP and endogenous EGFR; EGFR-GFP 

expressing WT-EGFR-GFP with endogenous EGFR removed, G428D-GFP, expressing 

G428D EGFR with endogenous EGFR removed and KO-GFP expressing GFP only with 

endogenous EGFR removed.. Confocal imaging of fixed cells stained for F-actin 

(phalloidin) and DAPI showed similar localisation of WT-EGFR as in CHO cells, and 

G428D-GFP was predominantly cytoplasmic (Fig 3.2A). Western blotting was also used 

to assess the ability of the EGFR-GFP variants to respond EGF stimulation and as seen 

with the CHO cell lines, only the EGFR-GFP cells showed EGFR phosphorylation 

following EGF stimulation (Fig 3.2B). This blot also demonstrated very near complete 

loss of EGFR in the KO-GFP cells, confirming successful removal of endogenous 

receptor.  
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EGFR-GFPG428D-GFP KO-GFP
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Figure 3.2: G428D EGFR expression in EGFR null keratinocytes shows loss of plasma 
membrane localisation and cannot be activated by EGF (A) Confocal images of EGFR-2 cells 
expressing WT-EGFR-GFP, G428D-GFP and GFP after knockout of endogenous EGFR. Cells 
were stained for F-actin (red) and DAPI (blue). Arrows highlight plasma membrane 
localization of WT-EGFR-GFP. Images representative of 3 experiments. (B) Western blots of 
EGFR and pEGFR expression in EGFR-2 cells after knockout of endogenous EGFR by CRE-
recombinase and stimulation with 10ng/ml of EGF for 0, 10 and 30 minutes. Representative 
of 3 experiments. 
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3.2.3 EGFR knockout or re-expression of G428D EGFR results in reduced keratinocyte 

proliferation which can be partially rescued by growth in KGF rich media. 

 

Under normal culture conditions, mouse keratinocytes are grown in growth media 

supplemented with EGF. This is crucial for the normal growth and survival of the cells 

and indicates the importance of the EGFR in these processes. The EGFR-2 cell lines 

generated in this chapter are grown in media supplemented with KGF instead of EGF 

to retain cell growth in culture. In order to confirm that loss of EGFR has a detrimental 

effect on cell growth, equal numbers of GFP, EGFR-GFP, G428D-GFP and KO-GFP cells 

were cultured in growth media with or without 2mM KGF and were then fixed at 1hr, 

24hrs and 48hrs post-plating follow by staining with DAPI. Images were then captured 

for the entire well using tile scans and total cell numbers calculated. Data 

demonstrated that G428D-GFP and KO-GFP lines showed significantly lower growth 

rates that GFP and EGFR-GFP cell lines (Figures 3.3A,B). The data also indicated that 

G428D-GFP and KO-GFP cells grown in KGF rich media proliferated more than with 

either EGF or DMSO, and that this increase was significant in the case of the G428D-

GFP line.  To confirm these findings in an alternative model system, the same analysis 

was also performed on keratinocytes isolated from WT or EGFR-/- mice (termed WT 

and KO from hereon in). The KO cells proliferated less than the WT cells under all 

conditions except the DMSO condition (Figures 3.3C,D). However, as with the EGFR-2 

cell lines, the addition of KGF significantly increased proliferation of KO cells compared 

to when treated with EGF or DMSO (Figure 3.3D).  

 

To determine whether the apparent reduced proliferation in the absence of EGFR was 

also due to enhanced apoptosis, cells were incubated with CellEvent Caspase 3/7 

Green detection reagent. This cell permeable reagent is intrinsically non-fluorescent, 

however in the presence of activated caspase-3 or caspase-7, the reagent is able to 

bind to DNA and produces green fluorescence upon illumination with 488nm light. Due 

to the fact that the assay relies on the production green fluorescence, only the WT and 

KO cell lines could be used as the EGFR-2 cell lines already expressed GFP tagged 

constructs.  
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Cells were grown in KGF+, KGF-, and KGF-EGF+ growth media in the presence of 

CellEvent and fixed at 24h, followed by analysis of green fluorescence using 

fluorescence microscopy. Data demonstrated that similar levels of caspase-positive 

cells were seen in both WT and KO lines in KGF+ media, and whilst overall levels of 

caspase-positive cells increased in KGF- growth media, no significant differences were 

observed between WT and KO cells (Figures 3.3D,E). However, EGFR KO cells showed 

a higher level of apoptosis compared to WT cells when cultured in KGF-EGF+ media 

(Figure 3.3F). This data demonstrates that loss of EGFR leads to lower proliferation and 

increased apoptosis in cells cultured in standard keratinocyte growth media.  
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Figure 3.3: KGF increases proliferation after EGFR knockout or re-expression of G428D 
mutant EGFR (A,B,C,D) Graphs showing proliferation at 48 hours in EGFR-2 cells expressing 
WT-EGFR-GFP, G428D-GFP and GFP after knockout of endogenous EGFR or of WT or EGFR 
KO keratinocytes, in +EGF, +KGF and DMSO containing growth media. (E,F,G) Graphs 
showing the number of caspase-3/7 positive WT or EGFR KO cells after 24 hours grown in 
+KGF, -KGF and –KGF+EGF containing growth media. For all graphs n=3 and data points 
represent the mean of duplicate technical repeats. Means +/- SEM are shown. Statistics 
performed using unpaired t-test. * P<0.01, ** P<0.001, *** P<0.0001,  ****P<0.00001 
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3.2.4 EGFR knockout or re-expression of G428D EGFR does not alter assembly of E-

cadherin or b-catenin positive cell-cell adhesions  

 

The next aim was to assess the impact of and the loss of EGFR or G428D mutation on 

the formation of keratinocyte monolayers and cell-to-cell adherens junctions. To 

analyse this, EGFR-2 cell lines were grown into confluent monolayers in normal growth 

media in basal conditions. Once confluent, growth media was removed and replaced 

with growth media containing 2mM calcium for 2hrs in order to enable assembly of 

intact cadherin-positive junctions. The cells were then fixed and stained for either E-

cadherin or b-catenin, F-actin (phalloidin) and DAPI and analysed by confocal 

microscopy.  

 

Resulting confocal images demonstrated that E-cadherin localised in the junctional 

regions between cells with clear cortical F-actin cables assembled in all cell lines with 

no visible differences in staining pattern observed (Figure 3.4). A similar localisation 

pattern was also seen for b-catenin, and this was also unchanged across the different 

cell lines (Figure 3.5).   
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Figure 3.4: EGFR knockout or re-expression of G428D EGFR does not alter assembly of 
E-cadherin positive cell-cell adhesions Confocal images of EGFR-2 cell line monolayers 
cultured in basal conditions after addition of 2mM calcium for 2h, fixed and stained for 
actin (green), E-cadherin (red) and DAPI (blue). Cell lines are labelled to the left. Images 
are representative of 3 separate experiments and 6 frames per experiment. Scale bars 
are 8um. 
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Figure 3.5: EGFR knockout or re-expression of G428D EGFR does not alter assembly of b-catenin 
positive cell-cell adhesions Confocal images of EGFR-2 cell line monolayers cultured in basal 
conditions after addition of 2mM calcium for 2h fixed and stained for actin (green), b-catenin (red) 
and DAPI (blue). Cell lines are labelled to the left. Images are representative of 3 separate 
experiments and 6 frames per experiment. Scale bars are 12um. 
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3.2.5 EGFR knockout or re-expression of G428D EGFR does not alter keratinocyte 

monolayer permeability  

 

Whilst immunostaining did not reveal any clear changes to cell-cell adhesion assembly, 

a dextran assay was used to determine whether any differences in permeability of the 

monolayers, as a readout of barrier formation, could be detected.  

 

EGFR-2, KO and WT cells were grown into monolayers on 0.4µm pore transwell 

membranes under basal conditions. Once monolayers were formed, cells were treated 

with 2mM calcium containing growth media with or without 5mM EDTA. EDTA is a 

chelating agent that reduces the effectiveness of calcium to induce the formation of 

strong cell-to-cell junctions and therefore acted as a positive inducer of permeability 

and a control for these experiments. TRITC Dextran (20kDa) was then added to the 

media on top of the monolayers and left for 2hrs.  At this time, media from below the 

transwells was removed and TRITC fluorescence intensity was measured on a 

fluorescence plate reader.  

 

EGFR-2 monolayers treated with calcium alone showed significantly less dextran 

passage than monolayers treated with calcium and EDTA (Figure 3.6A). The same was 

also seen in WT and KO cells (Figure 3.6B). There was no observable difference in 

monolayer permeability between EGFR-2 cell lines treated with calcium alone (Figure 

3.6A, right hand bars) There was also no difference in permeability between WT and 

KO cells treated with calcium alone (Figure 3.6B, right hand bars).  Taken together, 

these data suggest that EGFR dysregulation has no impact on the strength of cell-to-

cell junctions or responsiveness to Calcium and no effect on the permeability of 

keratinocyte monolayers.  
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Figure 3.6: EGFR knockout or re-expression of G428D EGFR does not alter keratinocyte 
monolayer permeability (A) Graph showing fluorescence intensity of media obtained 
from dextran permeability assay performed on EGFR-2 cell lines. Cells were cultured in 
basal conditions with 2mM calcium for the duration of the assay, with or without 5mM 
EDTA as a positive control. (B) Permeability of WT and EGFR KO mouse keratinocytes. 
Cells were cultured in basal conditions with 2mM calcium for the duration of the assay, 
with or without 5mM EDTA as a positive control. All data pooled from 3 independent 
experiments with 2 sample replicates per experiment. Data shown is pooled from all 
experiments and shows mean +/-SEM. Statistics measured by 2way ANOVA, **** P 
<0.0001. Statistics show comparison between EDTA+ calcium and calcium alone for all 
cell lines 
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3.2.6 EGFR knockout or re-expression of G428D EGFR leads to assembly of larger 

focal adhesions 

 

As one of the phenotypes of patients with the G428D mutant EGFR was epithelial 

fragility, this suggested that EGFR may play a role in cell-matrix adhesion. To analyse 

this, EGFR-2 cells were grown into monolayers under basal conditions and treated with 

2mM calcium for 2hrs, then fixed and stained for the focal adhesion protein vinculin, 

as well as F-actin (phalloidin) and DAPI, followed by imaging by confocal microscopy.  

 

Resulting images demonstrate that all EGFR-2 cell lines were able to assemble focal 

adhesions (Figure 3.7). However, the focal adhesions in G428D-GFP and KO-GFP cells 

appeared to be larger than those seen in GFP and EGFR-GFP cells (Figure 3.7). To 

analyse this in more detail, images were quantified using FIJI and resulting data 

demonstrated that G428D-GFP expressing cells assembled significantly fewer focal 

adhesions/cell than other cells analysed (Figure 3.8A). Moreover, both G428D-EGFR 

and KO-GFP cells had larger adhesions than both GFP and EGFR-GFP cells (Figure 3.8B). 

However, despite the changes in number and size of the focal adhesions, there was no 

significant change in the number of focal adhesions when corrected for cell area, due 

to the smaller size of the G428D-EGFR and KO-GFP cells (Figure 3.8 C). This data 

demonstrates that dysregulation of EGFR has an effect on the formation of focal 

adhesions in keratinocyte monolayers.  
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Figure 3.7: EGFR knockout or re-expression of G428D EGFR leads to assembly of larger 
focal adhesions EGFR-2 cell monolayers were grown in basal conditions followed by the 
addition of 2mM calcium for 2hrs before fixing and staining for vinculin (red), F-actin (cyan) 
and DAPI (blue). Images are representative of three independent experiments. Scale bars 
are 8um 
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Figure 3.8: EGFR knockout or re-expression of G428D EGFR leads to assembly of larger 
focal adhesions. Cell monolayers were grown in basal conditions followed by the 
addition of 2mM calcium for 2hrs before fixing and staining for vinculin ad F-actin. Focal 
adhesions were measured using vinculin fluorescence. (A) Number of adhesions per 

cell, with cell boundary identified by actin staining. (B) Adhesion size in um2 (C) Number 

of adhesions per um2 within cell area. Calculated for 50 randomly selected cells per cell 
line, over 3 independent experiments. One representative experiment is shown, also 
showing means and SEM. n=3 Statistics measured by 2way ANOVA. For **** P <0.0001 
*** P <0.001 * P>0.05 
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3.2.7 EGFR knockout or re-expression of G428D EGFR  has no significant effect on 

collective migration speeds 

 

Given that EGFR was shown to play a role in the formation of focal adhesions, for a 

potential role for EGFR in collective cell migration was assessed by wound healing 

assays. EGFR-2, WT and KO cells were grown into monolayers on wells coated with 

collagen. Monolayers were then scratched using a pipette tip in the presence of 2mM 

calcium with or without EGFR inhibitor AG1478, and imaged using phase-contrast 

microscopy after 0.5, 12 and 24 hours. The sizes of the remaining ‘wounds’ were then 

compared at each time point. Figure 3.9A shows an example of the images acquired. 

 

Resulting quantification demonstrated that there was no significant difference in 

wound closure between cell lines although a trend towards lower rates of migration 

were seen in G428D-GFP and KO-GFP cells compared to GFP and EGFR-GFP cells 

(Figure 3.9B). This trend was also seen between WT and KO cells (Fig 3.9C). The graphs 

also suggested that there is a reduction in wound closure in all cell lines when treated 

with AG1478, although again no significant differences were seen.  This data suggests 

that EGFR dysregulation has little if any effect on collective keratinocyte migration in 

2D.   
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Figure 3.9: EGFR knockout or re-expression of G428D EGFR has little effect on 2D 
wound closure 
(A) Representative images of scratch wound healing assays performed on EGFR-2 and 
WT/EGFR KO keratinocytes. Cells were grown to monolayers in 24 well plates in basal 
conditions. Wound border shown in yellow. Wounds were imaged after 0.5 and 24 hours. 
Scale bars are 185um. (B) Graph showing % wound closure at 24h in EGFR-2 cells with or 
without addition of EGFR inhibitor AG1478 (red) (C) Graph showing % wound closure in 
WT vs EGFR KO keratinocytes at 24h with or without addition of EGFR inhibitor AG1478 
(red). Each data point shown is from one experiment, and 5 independent experiments 
were performed. Lines denote mean. Statistical analysis was performed by one-way 
ANOVA and multiple comparison tests with no significance reported.  
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3.2.8 EGFR knockout cells are sensitised to undergo apoptosis in response to UVB 

radiation.  

 
As the skin, and keratinocytes, are constantly being challenged by numerous sources 

of stress, the potential role of EGFR in regulating keratinocyte responses to UV 

irradiation were assessed. To do so, WT and KO keratinocytes were irradiated with 

UVB at 10 and 20 mJ/cm2 and apoptosis was measured using the CellEvent reporter as 

in Figures 3.3 D-F. 

 

Data demonstrates that 4hrs after UVB irradiation, an increase in WT cell apoptosis 

was seen at both radiation levels compared to basal conditions, with a trend towards 

higher apoptosis in 20 mJ/cm2 UV treated cells (Figure 3.10A). This response was also 

seen in KO cells, however similar levels of apoptosis were detected at both 10mJ and 

20mJ/cm2 (Fig 3.10 B). This suggests that knockout of EGFR can potentially sensitise 

keratinocytes to undergo apoptosis in response to UVB radiation.    
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Figure 3.10: EGFR knockout cells are sensitised to undergo apoptosis in 
response to UVB 
Graphs of caspase-3/7 positive mouse keratinocytes monolayers under basal 
conditions after UVB irradiation at basal, 10 or 20mJ/cm2 for (A) WT and (B) KO 
cells. Caspase-3/7 was measured at 1, 6 and 24 hours after irradiation. Pooled 
from 3 independent experiments and the mean of duplicate technical repeats. 
Data shows means +/-SEM. One-way ANOVA was performed between 
treatments at 24h with no significance recorded.  
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3.3 Discussion 

 

This chapter provides the data that characterises an in vitro cellular model with which 

to study the effects of EGFR knockout or G428D mutant re-expression in mouse 

keratinocytes. To this point, most studies of EGFR loss-of-function have been done by 

using EGFR inhibitory drugs as well as useful but limited conditional in vivo models. 

The data demonstrates that by supplementing keratinocytes with KGF, it is possible to 

culture EGFR knockout or G428D mutant re-expression cells in vitro with little 

observable alterations in 2D monolayer structure. The data also indicates that the 

G428D mutant has similar functional and localisation properties as previously shown 

in vitro and from patient biopsies (Campbell & Morton 2014). This chapter also 

indicates at a potential role of EGFR in regulating response to stress induced by UVB 

radiation.  

 

3.3.1 G428D cellular phenotype is consistent across cell lines and shows 

cytoplasmic/perinuclear localisation.  

 

The data in Figure 3.1 further validates previous findings (Campbell et al. 2014) that 

the G428D mutant fails to effectively localise the cell surface as is the case for both 

endogenous and WT construct EGFR. Importantly, Figure 3.1A demonstrates this in 

CHO cells that do not express any endogenous EGFR. The data in this chapter also 

shows that this loss of membrane localisation is consistent in EGFR-2 mouse 

keratinocytes (Figure 3.2A). As well as localisation defects, the G428D mutant receptor 

also fails to respond to EGF treatment as assessed by EGFR phosphorylation (Figure 

3.1B, 3.2B). Again, this is consistent with previously published data on the mutation 

(Campbell et al. 2014; Ganetzky et al. 2015). As EGFR signalling is crucial for many 

processes in keratinocytes such as proliferation and growth and differentiation 

(Olayioye 2000), this data suggests that these processes would be compromised in the 

cell models presented. 

 

The data suggests that the reason the G428D mutant fails to respond to EGF signalling 

is that there is no receptor on the cell surface able to bind to ligand, driving receptor 
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dimerisation and phosphorylation. The G428D mutant is defined by a single point 

mutation in the junctional region of the EGFR protein monomer, and this chapter holds 

no information on the mechanism by which this mutation confers an inability for the 

protein to properly express at the cell surface. However, unpublished work from our 

lab has suggested that this mutation plays a role in protein folding, glycosylation and 

trafficking. A key finding is that the G428D mutant EGFR monomer displays a reduced 

ability to homo-dimerise and hetero-dimerise with other HER family receptors. 

Additionally, there is a high level of co-localisation between the G428D mutant and 

proteins of the endoplasmic reticulum, suggesting an inability for the receptor to 

properly traffic within the cell. These findings were made using siRNA knockdown of 

endogenous EGFR in normal, human keratinocytes, NHKs. 

 

3.3.2 EGFR knockout or G428D mutant re-expression reduces proliferation in 

keratinocytes and this can be partially rescued by incubating cells in KGF rich media.  

 

The demonstrated loss of EGFR signalling caused by EGFR knockout or G428D mutant 

re-expression presents a difficulty in the long-term culture and study of cells with 

these characteristics. EGFR-2 cells are suggested to be grown in KGF rich media in lieu 

of EGF when knocking out endogenous EGFR by Cre-recombinase (Hammiller et al. 

2015). In order to properly characterise the cellular models generated in this chapter, 

it was important to assess the effects of KGF on cell proliferation and apoptosis.  

 

The data presented indicates that cells expressing either endogenous or WT re-

expression EGFR fail to properly proliferate in the absence of either EGF or KGF but 

are able to proliferate in the presence of either of the growth factors (Figure 3.3A, 

Figure 3.3C). This corroborates other literature demonstrating that KGF plays a role in 

keratinocyte growth and differentiation (Yang, Fu, and Li 2002; Marchese et al. 1990). 

As expected, all cell lines with EGFR knockout or G428D mutant re-expression 

proliferate less than WT EGFR expressing cells Figure 3.3B, 3.3D). However, when 

grown in KGF rich media, WT EGFR lacking cells were able to proliferate only slightly 

more than without KGF. Although the increase in proliferation is small, it is sufficient 

to keep the cells alive and proliferative in culture although they grow significantly 
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slower than cells expressing WT EGFR even when both are grown in KGF rich media in 

the absence of EGF. A reason for this may be due to the role of autocrine EGFR 

signalling in the WT expressing cell lines. Keratinocytes express EGFR ligands such as 

EGF tethered to the cell surface which are shed in response to ADAM family protease 

activity (Sahin et al. 2004). In cells expressing WT EGFR, these keratinocyte derived 

EGFR ligands could easily bind to EGFR and drive downstream processes whereas this 

would not happen in EGFR knockout or G428D mutant re-expression cell lines. As well 

as partially restoring cell proliferation in the absence of EGFR signalling, this chapter 

has also demonstrated that KGF can protect keratinocytes from increased apoptosis 

(Figure 3.3E, 3.3F, 3.3G). This has been previously demonstrated both under basal 

conditions and in response to stress and toxins (Braun et al. 2006). 

 

 

3.3.3 EGFR dysregulation effects barrier function via cell-ECM interactions although 

cell-to-cell barrier function appears unaffected. 

 

Having generated EGFR knockout and G428D mutant re-expression cell lines and 

demonstrated that they are viable in vitro if cultured in the presence of KGF in lieu of 

EGF, the next aim of this chapter was to assess the effect of EGFR dysregulation on 

basal keratinocyte monolayer formation and structure as barrier deficiency is a 

hallmark of skin inflammation.  

 

The images in Figure 3.4 and 3.5 show clearly that all EGFR-2 keratinocyte cell lines 

form 2D monolayers regardless of EGFR status. Furthermore, it appears that there is 

little variation in cell-cell interactions as assessed by the junctional localisation of the 

proteins E-cadherin and β-catenin. E-cadherin has been shown to control adherins 

junctions in the epidermis (Young et al. 2003). β-catenin  binds to the intracellular 

domain of E-cadherin. This interaction is crucial for the coupling of actin cytoskeletons 

of neighbouring cells in the epidermis (Aberle et al. 1994; Fuchs and Raghavan 2002; 

Jamora and Fuchs 2002). Interestingly, EGFR signalling has been shown to trigger 

tyrosine phosphorylation of the E-cadherin/b-catenin complex resulting in adherens 

junction disruption (Fujita et al. 2002). Other studies have also shown that e-cadherin 
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mediated adhesions can inhibit EGFR signalling (Qian et al. 2004). Despite this 

bidirectional regulation between EGFR and e-cadherin, the data presented in this 

chapter suggests that EGFR knockout or G428D mutant re-expression has little effect 

on the formation of calcium dependant E-cadherin/b-catenin mediated adherens 

junctions. As well the cell-cell junction structural similarity, there was also no effect on 

the barrier functionally as demonstrated by the data in Figure 3.6.  

 

As well as assessing cell-cell interactions, the data presented in this chapter shows that 

EGFR knockout or G428D mutant re-expression leads to the development of larger 

focal adhesions (Figure 3.7, Figure 3.8). This suggests that these cells could adhere 

more to the basement membrane. In addition, focal adhesions and in particular the 

focal adhesion protein vinculin have been shown to be important in mechano-sensing 

at the cell-ECM junction (Hayakawa, Tatsumi, and Sokabe 2012). This suggests that 

EGFR signalling may have a functional relationship with the mechano-sensing 

dynamics in keratinocytes. In order to fully understand this relationship, it would be 

useful to study other focal adhesion proteins such as paxillin and talin in respect to 

EGFR dysregulation. It would also be of interest to interrogate vinculin/focal adhesion 

dynamics using fluorescence recovery after photobleaching (FRAP) in response to 

EGFR dysregulation either by knockout and g428D mutant receptor re-expression or 

acute EGFR inhibition.  

 

Despite the appearance of larger focal adhesions in EGFR knockout and G428D mutant 

re-expression cells, there was no significant difference in collective migration between 

any cell lines.  Vinculin have been demonstrated to play a role in collective cell 

behaviour when located at focal adhesions but also at the site of cell-cell adhesions 

(Seddiki et al. 2018). It would be of interest to assess the localisation of vinculin in 

respect to adherens junctions to see if this was consistent across cell lines. 
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3.3.4 EGFR may protect keratinocytes from overactive response to stress.  

 

The skin barrier function is essential in protecting the body from external challenges 

and stresses such as pathogen, mechanical, radiation and toxic stress. It has been 

shown that EGFR activation is a downstream effect of UVB radiation and that UVB 

induced overactivation of EGFR can lead to specific skin conditions (Iordanov et al. 

2002)(El-Abaseri, Putta, and Hansen 2006). The data in Figure 3.10 demonstrates that 

EGFR KO keratinocytes become more readily apoptotic in response to UVB radiation 

than WT keratinocytes. This may be due to the UVB transient activation of EGFR in WT 

cells driving cell growth and proliferation. This suggests that EGFR may confer a certain 

level of protection from UVB induced cell death and that under normal conditions, 

UVB driven EGFR activation is important for barrier epidermal stability under UVB 

stress. Interestingly, it has been previously published that EGFR expression is positively 

correlated with NKG2D receptor ligand expression (Vantourout et al. 2014). NKG2D 

ligands are often expressed in response to stress and their expression regulates 

immune visibility. This makes it clear that the effect of EGFR dysregulation of the stress 

response of keratinocytes requires further study despite the findings in this chapter.  

 

In summary, data presented in this chapter has demonstrated that loss of EGFR in 

basal keratinocytes results in little alteration of the structure and stability of 2D 

monolayers. Cell-cell interactions appear to be intact and cells are proliferative enough 

to be grown in culture. This validates the EGFR-2 cell line model as useful for the study 

of EGFR dysregulation in the epidermis and will thus be used in the rest of this study 

to assess the effects of EGFR dysregulation on epidermal inflammation.  
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4. EGFR Knockout and G428D Mutant 

Re-Expression Drives an Inflammatory 

Phenotype in Keratinocytes 
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4.1 Introduction 

 

As previously discussed, microarray performed on DNA obtained from total skin biopsy 

from a patient harbouring the G428D EGFR mutation had a significant upregulation in 

a number of inflammatory pathways (Campbell et al. 2014). This result was consistent 

with the prominent EBS-like inflammatory skin condition displayed by the patient, 

which was the first case of such a skin condition being linked to a genetic mutation in 

EGFR. Interestingly there are many similarities between the patient’s skin phenotype 

with the phenotype of those on EGFR inhibitory anti-cancer treatment courses 

(Ranson 2004). This EGFR inhibition associated skin phenotype is used clinically as an 

indicator of good prognosis suggesting that the inflammation only occurs when EGFR 

is significantly inhibited (Herbst and Shin 2002). The severity of the skin inflammation 

is however much more severe in the G428D mutant harbouring patient. Despite these 

findings, the relationship between epidermal inflammation and EGFR has been scantily 

studied. One of the main unanswered questions in this topic is whether or not EGFR 

has a direct impact on epidermal inflammation via epithelial derived inflammatory 

mediators, or whether EGFR dysregulation results in epidermal barrier breakdown 

that in turn drives inflammatory skin conditions.  

 

The impact of EGFR knockout and loss-of-function mutation expression on epidermal 

inflammation is poorly understood primarily due to the systems available. Having 

generated EGFR-2 cell lines expressing G428D mutation and EGFR knockout, these 

cells will act as a system by which to study inflammation under basal conditions in a 

clean environment in vitro. Hallmarks of inflammation in the skin are elevated levels 

of specific cytokines and chemokines as well as the recruitment of various immune 

cells to the site of inflammation (Richmond and Harris 2014). These responses are 

crucial in the skins response to pathogenic microorganisms as well as in wound healing 

(Cañedo-Dorantes and Cañedo-Ayala 2019).  

 

A characteristic of the inflammation observed during EGFR-I treatment and in the 

pathology of persons harbouring the G428D mutation is a relatively ‘clean’ 

inflammation signature, with no obvious trigger outside of the loss-of-function of 
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EGFR.  For this reason, the aim of this chapter was to assess the impact of EGFR 

mutation and knockout on inflammatory factors generated by keratinocytes under 

basal conditions. To do this we first took a genetic approach using RNAseq and QPCR 

assays, followed by a series of assays to assess the inflammatory factors at the protein 

level and their bioactivity in vitro. 

 

4.2 Results 

 

4.2.1 EGFR knockout or re-expression of G428D EGFR leads to differential expression 

of pro-inflammatory genes  

 

The microarray data of the original patient harbouring the G428D EGFR mutation was 

performed using whole skin biopsies. For this reason, the originating cell type or the 

specific contribution of different cell types, of this altered profile could not be 

determined. In order to analyse whether G428D mutant re-expression or EGFR 

knockout leads to altered pro-inflammatory responses in vitro, RNA-sequencing was 

performed using cDNA generated from RNA of EGFR-2 cell lines GFP, EGFR-GFP, 

G428D-GFP and KO-GFP that were grown to confluent mono-layers under basal 

conditions. Each cell line was tested at different 2 passages as an internal control. 

Paired-end sequencing was then conducted using the HiSeq 2500 platform. Raw data 

was checked for quality using FASTQC. Processing of the raw data involving alignment 

(STAR) and annotation (mouse Ensembl) were done using Partek. After annotation, 

reads per million normalised data were then used for statistical analysis. Inclusion 

criteria for significantly differentially expressed genes was a false discovery rate of 

<0.05 and a fold change of greater than 2.0x.  Subsequent processing and visualization 

of the data was completed in RStudio, Morpheus (Broad Institute, Boston, MA) or 

CytReg. 

 

Principal component analysis (PCA) demonstrated that the main variation in the 

transcriptional profile was dependent on the expression of functional EGFR, with both 

passages from GFP and EGFR-GFP cells forming one cluster and G428D-GFP and KO-

GFP cells forming another cluster (Figure 4.1A). This clustering was further confirmed 
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by the lack of variation between GFP and EGFR-GFP cells by volcano plot (Figure 4.1B). 

A list of genes with a  fold increase or fold decrease greater than 5% vs GFP cells is in 

Appendix Table 1.  

 

The list of differentially expressed genes (DEGs) of both G428D-GFP and KO-GFP cells 

showed up-regulation of many genes involved in inflammatory pathways. Because of 

this, the DEGs were compared to human and mouse libraries of genes that are 

known/likely skin inflammation factors (SkInFs). These SkInFs were derived from 

mining published literature on skin inflammation. From the total DEGs, 48 common 

SkInFs were found. Using pathway mapping, of these 48 differentially expressed 

SkInFs, a number were potential downstream targets of EGFR with the most potent 

regulators being STAT3 (Figure 4.1C). The most prominent DEGs regulated are shown 

in Figure 4.1D.  
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Figure 4.1: EGFR knockout or re-expression of G428D EGFR leads to a differential gene 
expression phenotype that includes a number of genes involved in epidermal 
inflammation and regulated downstream of Stat 1/3 (A) Principal component analysis of 
EGFR-2 cell lines with analysis performed on total normalised counts in an unsupervised 
manner (n=2 per cell line) (Red = GFP, Yellow = EGFR-GFP, Blue = G428D-GFP, Grey = KO-
GFP). (B) Volcano plot showing the differential gene expression of EGFR-GFP cells vs GFP 
cells. (Red= up-regulated, Blue= down-regulated, Grey = not significant) (C) Workflow for 
the identification of putative to skin inflammation factors (SkInFs). First, differentially 
expressed genes were cross referenced with known or likely human and mouse SkInFs, 
and the subsequently identified differentially expressed transcription factors were cross 
referenced with previously validated Stat 1/3 mediated genes using CytRef. These genes 
are shown in (D).  



 95 

4.2.2 EGFR knockout or re-expression of G428D EGFR leads to upregulation of pro-

inflammatory cytokine expression. 

 

After identifying the DEGs involved in skin inflammation, it was then important to validate the 

RNAseq data using QPCR against a number of chosen target genes. CCL2, CCL5, CXCL10, CCL20 

and CCL27 as well as the cytokine IL1β, the matrix metallopeptidases 9 and 10, and ECM 

proteins col1a1 and col4a6 were chosen for follow-up analysis.  

 

The graphs in Figure 4.2 show the expression of these genes by QPCR in EGFR-2 KO-GFP, EGFR-

GFP and G428D-GFP cells, all presented relative to GFP cells. The graphs demonstrate that no 

significant change in gene expression was detected in EGFR-GFP cells compared to GFP cells, 

confirming the RNA-seq data. Moreover, all genes analysed by QPCR showed similar significant 

changes in expression to those seen in RNAseq data. 

 

 

4.2.3 EGFR knockout or re-expression of G428D EGFR leads to reduced Collagen I and 

IV expression  

 

After validating target DEGs using QPCR it was then important to investigate whether or not 

these changes were observable at the protein level. EGFR-2 cells were grown under basal 

conditions to confluent monolayers before being lysed and lysates analysed by western 

blotting for Collagen I or IV, and HSC70 as a loading control.  

 

The resulting blots and quantification showed a clear decrease in both collagen IV (Figure 

4.3A,B) and Collagen I (Figure 4.4A,B) in both G428D-GFP and KO-GFP cells in comparison to 

GFP and EGFR-GFP cells. This data confirms that synthesis of these ECM proteins is reduced 

upon loss of EGFR or re-expression of the G428D EGFR mutant. 
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Figure 4.2: EGFR knockout or re-expression of G428D EGFR leads to upregulation of pro-
inflammatory cytokine expression Graphs showing qPCR analysis for specified targets in 
EGFR-2 cell lines. RNA expression ddCt values of specified target proteins was normalised 
to EGFR-2 GFP expressing cells. n=3 data points represent the mean of triplicate wells per 
experiment. Data is shown as mean +/- SEM. Statistical analysis performed by one-way 
ANOVA are indicated as follows, * P < 0.05, ** P < 0.005.  
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Figure 4.3: EGFR knockout or re-expression of G428D EGFR leads to reduced Collagen IV 
expression (A) Western blot showing Collagen IV protein expression in EGFR-2 cell lines. 
Lysates extracted from cell monolayers cultured under basal conditions. Representative 
of three independent experiments (B) Graph showing quantification of densitometry on 
western blots normalised to HSC70 loading control. Data is presented as mean +/- SEM. 
Statistical analysis performed by one-way ANOVA are indicated as follows, * P < 0.05, 
**** P < 0.0001. 
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Figure 4.4: EGFR knockout or re-expression of G428D EGFR leads to reduced Collagen I 
expression (A) Western blot showing Collagen I protein expression in EGFR-2 cell lines. 
Lysates extracted from cell monolayers cultured under basal conditions. Representative 
of three independent experiments (B) Graph showing quantification of densitometry on 
western blots normalised to HSC70 loading control. Data is presented as mean +/- SEM. 
Statistical analysis performed by one-way ANOVA are indicated as **** P < 0.0001. 
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4.2.4 EGFR knockout or re-expression of G428D EGFR leads to up-regulation of pro-

inflammatory cytokine secretion  

 

In order to examine the changes in cytokine/chemokine levels identified in the RNAseq and 

QPCR experiments, ELISA assays were carried out to measure the level of the target proteins 

secreted by EGFR-2 cell lines as well as KO and WT keratinocytes.  

 

For this, all keratinocyte lines were grown to confluent monolayers under basal conditions at 

which point the growth media was replaced and harvested after 24hrs. The harvested 

supernatants were then used alongside protein standards to determine the concentrations of 

secreted cytokines.  

 

Resulting data (Figure 4.5) showed a significant increase in the concentration of CCL2, CCL5, 

CXCL10 and CCL20 in G428D-GFP and KO-GFP EGFR-2 cells in comparison with GFP cells. A 

similar significant  increase in these cytokine was also detected in KO keratinocytes compared 

to WT counterparts as shown on the right hand side of the graphs in Figure 4.5. These data 

confirm that the increased cytokines detected at mRNA level translate to increased secretion 

of these cytokines in EGFR knockout or G428D EGFR expressing cells. 
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Figure 4.5: EGFR knockout or re-expression of G428D EGFR leads to up-regulation of 
pro-inflammatory cytokine secretion Graphs showing ELISA assays for specified targets 
performed using supernatant from EGFR-2 and WT/EGFR KO mouse keratinocyte cell line 
monolayers grown under basal conditions. Data is pooled from 5 independent 
experiments with each data point representing the means of 2 duplicate wells per 
experiment. Significance was measured in comparison to GFP cells for EGFR-2 cell lines 
and to WT for mouse keratinocytes. Statistical analysis performed by one-way ANOVA are 
indicated as ** P < 0.01, *** P < 0.001,  **** P < 0.0001. 
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4.2.5 Increased CCL5, CXCL10 and CCL2 secretion in EGFR knockout or re-expression 

of G428D EGFR promotes immune cell chemotaxis.  

 

 Having determined that there was an increase in secreted chemokine concentration after 

EGFR knockout and G428D re-expression, it was then necessary to investigate whether the 

observed concentrations were enough to promote chemotaxis in various immune cell subsets. 

To measure chemotaxis, modified Boyden assays were used. Primary CD3+ T-cells or CD14+ 

monocytes were isolated from healthy WT CD1 mouse spleens and lymph nodes and then 

grown in the top of a transwell with pore size of 3.0um, large enough to allow active migration 

through the membrane, but not too large to permit non-specific migration of cells to the 

bottom chamber. Conditioned media taken from EGFR-2 cells and WT and KO keratinocytes 

was then added to the lower well beneath the transwell membrane, enabling the 

determination of whether factors secreted by keratinocytes could drive the chemotaxis of T-

cells across the membrane. To determine specificity of responses, experiments were also 

performed with or without the presence of specific chemokine neutralising antibodies.  

 

Resulting data demonstrated that media from G428D-GFP and KO-GFP cells promoted 

significant chemotaxis of T cells, whereas media from GFP and EGFR-GFP cells did not (Figures 

4.6A,B). The addition of CCL5 neutralising mABs led to a significantly reduction in the amount 

of T-cell migration compared to media alone, but did not fully block chemotaxis (Figure 4.6A, 

grey bars).  The addition of CXCL10 neutralising mABs also significantly reduced the migration 

of T cells in response to G428D-GFP cell media but was insufficient to fully block chemotaxis 

(Figure 4.6B, grey bars). Media from KO keratinocytes was also able to drive T cell migration 

in comparison to WT keratinocyte media (Fig 4.6 C). Addition of CCL5 neutralising mABs again 

led to a significant reduction in T cell migration, and whilst a similar trend to reduced 

chemotaxis was also seen in the presence of a CXCL10 mAB, this was not seen to be significant 

(Figure 4.6C). Media from G428D-GFP and KO-GFP cells was able to drive monocyte 

chemotaxis (Fig 4.7A). Addition of CCL2 neutralising mABs were able to significantly reduce 

monocyte migration. Similar data was obtained using media form KO keratinocytes in 

comparison to WT cells (Fig 4.7B). These data combined demonstrate that the elevated 

chemokines and cytokines seen in EGFR knockout or G428D EGFR expressing cells are 

bioactive and able to enhance immune cell migration. 
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Figure 4.6: Increased CCL5 and CXCL10 secretion in EGFR knockout or re-expression of 
G428D EGFR promotes T cell chemotaxis Primary mouse CD3+ T cell chemotaxis in 
response to conditioned media from EGFR-2 and WT/EGFR KO mouse keratinocyte cell 
lines in a modified Boyden assay. Conditioned media was used with or without specific 
chemokine neutralising antibodies. (A) EGFR-2 media without (black bars) or with (grey 
bars) CCL5 antibody. (B) EGFR-2 media without (black bars) or with (grey bars) CXCL10 
antibody. (C) Mouse keratinocyte WT/EGFR KO media without (black bars) or with CCL5 
(grey bars) or CXCL10 (hatched bars) antibody. Data is pooled from 3 independent 
experiments, means +/- SEM are shown. Statistical analysis performed by two-way 
ANOVA are indicated as * P < 0.01 *** P <0.0001 **** P <0.00001. * indicates media 
alone conditions compared with GFP or WT cell lines.  
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Figure 4.7: Increased CCL2 secretion in EGFR knockout or re-expression of G428D EGFR 
promotes monocyte cell chemotaxis Mouse CD14+ monocyte chemotaxis in response to 
conditioned media from EGFR-2 and WT/EGFR KO mouse keratinocyte cell lines in a 
modified Boyden assay. Conditioned media was used with or without CCL2 neutralising 
antibodies. (A) EGFR-2 media without (black bars) or with (grey bars) CCL2 antibody. (B) 
WT/EGFR KO mouse keratinocyte media without (black bars) or with (grey bars) CCL2 
antibody. Data is pooled from 3 independent experiments, means +/- SEM are shown. 
Statistical analysis performed by two-way ANOVA. ** indicates P < 0.005 
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4.2.6 EGFR knockout or re-expression of G428D EGFR leads to enhanced gelatin 

degradation  

 

As both MMP9 and MMP10 were seen to be increased in EGFR knockout/G428D EGFR cells by 

RNAseq and QPCR analysis, these targets were analysed as further potential functional 

regulators of the epithelial fragility and inflammation phenotypes associated with these EGFR 

defects. Both these MMP’s are known to degrade collagen and basement membrane proteins. 

In order to determine whether the increased transcripts of these genes translated to 

functionally active proteases, a functional gelatin degradation assay was carried out.  

 

Cy-3 labelled gelatin was coated onto optical plastic chambers. EGFR-2, WT and KO 

keratinocytes were then seeded at high density and grown to monolayers on the dyed gelatin 

for 16hrs under basal conditions with or without the pan-MMP inhibitor GM6001 (indicated 

as GM on graphs).  Cells were then fixed and stained for f-actin (phalloidin) and DAPI, and Cy3-

gelatin was visualised using confocal microscopy and the amount of degradation (as defined 

by black spots in the gelatin-Cy3 monolayer) was analysed using FIJI software. Example images 

of cy3-gelatin degradation by WT and KO cells is shown in Figure 4.8A.  

 

Quantification of multiple fields of view revealed a significant increase in the total gelatin 

degradation by G428D-GFP and KO-GFP cells in comparison to GFP and EGFR-GFP cells (Figure 

4.8B). A similar result was also seen in KO keratinocytes compared with WT cells (Figure 4.8C). 

This increase in total degradation area was also correlated with an increase in the number of 

degraded gelatin punctae per cell (Figure 4.8D) Moreover addition of GM6001 significantly 

reduced the amount of gelatin degradation in all cases (Figures 4.8B,C; red bars). These data 

combined demonstrate that knockout of EGFR or expression of G428D EGFR leads to increased 

active MMP secretion, resulting in enhanced degradation of the underlying extracellular 

matrix.   
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Figure 4.8: EGFR knockout or re-expression of G428D EGFR leads to enhanced gelatin 
degradation (A) Example confocal images of Cy-3 dyed gelatin after 24hr culture with 
WT/EGFR KO mouse keratinocytes. Top row: Cy-3 Gelatin, bottom row: binarized images 
showing measurable degradation points. Scale bars are 9um (B) Analysis of gel 
degradation as % of image tiles by EGFR-2 cell lines (C) Analysis of gel degradation as % of 
image tiles by WT/EGFR KO mouse keratinocytes. (D) Average number of degradation 
points per cell area in EGFR-2 cells (top graph) and WT/EGFR KO mouse keratinocytes 
(bottom graph).  Data is pooled from 3 independent experiments with duplicate wells per 
experiment, means +/- SEM are shown. Statistical analysis performed by two-way 
ANOVA. * P<0.05 ** P<0.005 *** P<0.0005 
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4.2.7 EGFR knockout or re-expression of G428D EGFR leads to enhanced IL-33 

secretion and altered localisation  

 

IL-33 was another DE SkInFs that was significantly increased in EGFR knockout and mutant 

samples. IL-33 is increasingly studied in epithelial inflammation and allergy, and as such made 

an interesting target for follow-up. As an alarmin cytokine, the localisation of IL-33 is an 

important factor in assessing the function of this molecule in context. To analyse localisation, 

WT and KO keratinocytes were fixed and stained for IL-33, DAPI and F-actin (phalloidin). 

Resulting images demonstrated that IL-33 showed strong nuclear/peri-nuclear localisation in 

WT keratinocytes (Figure 4.9A, left panels). However, this localisation was lost in KO 

keratinocytes and IL-33 instead demonstrated diffuse cytoplasmic localisation (Figure 4.9A, 

right panels).  

 

Western blotting for IL-33 from cell lysates showed a significant reduction in cell-associated 

IL-33 in EGFR-2 cell lines compared with GFP line. There was no significant change in cell-

associated IL-33 between WT and KO cells (Figure 4.9B, 4.9C).  Analysis of secreted IL-33 using 

ELISA assays also demonstrated a significant increase in secreted IL-33 from G428D-GFP and 

KO-GFP EGFR-2 cells in comparison with GFP and EGFR-GFP cells (Figure 4.9D). A similar 

increase in secreted IL-33 was also seen in KO compared to WT keratinocytes (Figure 4.9C, far 

right on graph). These data combined demonstrate that knockout or mutation of EGFR leads 

to reduced sequestration of IL-33 within the peri-nuclear region and enhanced IL-33 secretion.   
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Figure 4.9: EGFR knockout or re-expression of G428D EGFR leads to enhanced IL-33 
secretion and altered localisation (A) Example confocal images of IL-33 localisation 
(green) in WT/EGFR KO mouse keratinocytes stained for F-actin (red) and DAPI (blue). 
Scale bars are 9µm. (B) Western blot analysis of IL-33 expression from lysates of EGFR-2 
cells and WT/EGFR KO mouse keratinocytes grown in basal conditions. Blots 
representative of 3 experiments. (C) Graph showing quantification of densitometry on 
western blots normalised to HSC70 loading control. Data is presented as mean +/- SEM. 
Statistical analysis performed by one-way ANOVA are indicated as * P <0.01 * P <0.001 
(D) Concentration of IL-33 in supernatants from EGFR-2 and mouse keratinocytes grown 
under basal conditions measured by ELISA. Data is pooled from 5 independent 
experiments with individual data points representing the mean of triplicate experimental 
repeats; means +/- SEM are shown. Statistical analysis performed by one-way ANOVA 
using GFP and WT as controls for respective cell lines. * P<0.05 ** P<0.005 
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4.2.8 Enhanced cytokine expression in EGFR knockout keratinocytes promotes 

increased cytokine expression in WT keratinocyte  

 

Keratinocytes express many cytokine receptors as well as large amounts of ST2, the IL-33 

receptor. For this reason,  the next  experiments were aimed at investigating whether the 

increased levels of cytokines secreted after EGFR knockout or G428D re-expression could 

feedback autonomously onto keratinocytes to alter inflammatory potential. 

 

To analyse this, media from confluent monolayers of KO keratinocytes was harvested and 

added to WT keratinocytes for 6hrs in the presence of either DMSO or IL-33 neutralising mAbs. 

The WT keratinocytes were then harvested for QPCR to analyse levels of cytokine transcripts. 

Resulting data demonstrated a significant increase in CCL5, CCL27, CCL20 and CXCL10 RNA 

expression in WT keratinocytes treated with media from KO keratinocytes, whereas CCL2 

mRNA levels were unaffected (Figure 4.10). There was no significant difference in cytokine 

expression between cells treated with KO media containing DMSO or IL-33 neutralising mAbs 

(Figure 4.10). This data suggests that increased cytokine production by EGFR knockout 

keratinocytes can act in an autocrine fashion to further exacerbate a pro-inflammatory 

phenotype in the epithelium.    
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Fig 4.10: Enhanced cytokine expression in EGFR knockout keratinocytes promotes 
increased cytokine expression in WT keratinocyte QPCR data for GFP expressing EGFR-2 
cells. GFP cells were cultured as monolayers under basal conditions followed by culture in 
media from KO-GFP cells including DMSO or IL-33 neutralising antibodies for 6h. Pooled 
from 3 independent experiments with 2 technical replicates per experiment; means +/- 
SEM are shown. Statistical analysis performed by one-way ANOVA compared to basal for 
each cytokine. * P<0.05 ** P<0.005 
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4.2.9 Acute inhibition of EGFR mimics loss of EGFR expression in mouse 

keratinocytes  

 

As data in this chapter demonstrated that EGFR knockout or G428D mutant re-

expression can lead to an inflammatory phenotype in mouse keratinocytes, it was 

important to determine whether these phenotypes were due to activation of EGFR 

through the canonical auto-phosphorylation and dimerization pathway.  To analyse 

this, GFP expressing EGFR-2 cell monolayers were grown under basal conditions 

followed by treatment with the EGFR kinase inhibitor AG1478 for 4hrs, a time during 

which no observable change in cell health occurred. RNA from the AG1478 treated 

cells was then used to perform QPCR measuring the levels of the differentially 

expressed SkInFs analysed in previous figures. 

 

Data revealed that treatment with AG1478 was sufficient to induce significantly 

increased expression of CCL5, CCL20, CCl27 and IL-1b, with other cytokines showing a 

trend towards increased expression that was not statistically significant (Figure 4.11A). 

However, treatment of cells with AG1478 had no effect on IL-33 expression levels in 

GFP and EGFR-GFP cells (Fig 4.11B).  

 

To determine whether kinase inhibition of EGFR was also sufficient to enhance MMP 

activity, gelatin degradation assays were carried out (as in Fig. 4.8) using GFP and 

EGFR-GFP cells treated with either DMSO or AG1478. Analysis revealed that AG1478 

treatment led to a significant increase in gelatin degradation by EGFR-2 keratinocytes 

(Fig 4.11C) although not to the extent seen in G428D-GFP or KO-GFP cells (Fig 4.8B). 

These data demonstrate that blocking EGFR activity acutely is sufficient to induce a 

pro-inflammatory phenotype in keratinocytes. 
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Fig 4.11: Acute inhibition of EGFR mimics loss of EGFR expression in mouse 
keratinocytes (A) QPCR data for specified targets from GFP expressing EGFR-2 cells 
cultured as monolayers under basal conditions with DMSO or EGFR inhibitor AG1478 for 
4hrs. Data is pooled from 3 independent experiments with 2 technical replicates per 
experiment. (B) IL-33 expression in lysates from GFP and EGFR-GFP expressing EGFR-2 
cells treated with or without AG1478 for 4hrs. Representative of 3 independent 
experiments. (C) Analysis of gelatin degradation by GFP and EGFR-GFP expressing EGFR-2 
cells with or without AG1478 for 16hrs. n = 3. Means +/- SEM are shown throughout. 
Statistical analysis performed by T-Test compared to respective controls. * P<0.05 ** 
P<0.005 
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4.2.10 Conditioned media from KO-GFP cells is insufficient to drive IL-4+ CD4 T cells 

 

A number of the cytokines and chemokines shown to be up-regulated after EGFR knockout or 

G428D mutant re-expression have been shown to play an important role in the driving and 

maintenance of a Th2 immune response such as CCL2 (Chensue et al. 1996), CCL5 (Zhang et 

al. 2015), CCL20 (Weckmann et al. 2007), CCL27 (Chen et al. 2006) and IL-33 (Murukami-

Satsutani et al. 2014). Thus, it was of interest to determine whether or not these secreted 

factors in conditioned growth media taken from KO-GFP cells could drive the expansion of Th2 

T-cells in vitro.  

 

To analyse this, CD4+ T cells were isolated from the lymph nodes of WT CD1 mice using 

magnetic activated-cell sorting. The T cells were then activated by incubating with CD3/28 

beads and grown in either normal T cell media or in conditioned media from KO-GFP EGFR-2 

keratinocytes with or without IL-4 (10ng/ml), a known driver of Th2 differentiation. This was 

performed  in the presence of brefeldin and monensin to block cytokine secretion. The T-cells 

were then fixed and stained for CD4, CCR4, CCR6, GATA3 and IL-4 and analysed by flow 

cytometry.  

 

Flow cytometric analysis revealed that incubation of T-cells with IL-4 was able to significantly 

increase the number of IL-4+ T-cells compared with unstimulated or activated CD4 T cells 

(Figure 4.12A, 4.12B). However, treatment with conditioned media from KO-GFP EGFR-2 

keratinocytes had no effect on the population of IL-4+ T cells with or without IL-4 stimulation.  
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Fig 4.12: Conditioned media from KO-GFP cells is insufficient to drive IL-4+ CD4 T cells 
(A) Expression of intracellular IL-4 in isolated murine primary CD4+ T cells. CD+ T cells 
were pre-gated for CCR4+, CCR6-. Cells were activated with CD3/28 beads with or 
without recombinant IL-4 in normal growth media or conditioned media from KO-GFP 
EGFR-2 cells supplemented with recombinant IL-2. Histograms are representative of 3 
separate experiments. (B) Analysis of IL-4 expression between stimulation variants. 
Statistical analysis performed by one-way ANOVA with multiple comparisons against 
unstimulated control. ** P < 0.001 
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4.3 Discussion 

 

The data presented in this chapter demonstrates that under basal conditions, 

knockout or G428D mutant re-expression is sufficient to drive an inflammatory 

phenotype basal layer keratinocytes in vitro. This is indicated by the up-regulation of 

many inflammatory mediators at both the transcript and protein level. RNAseq 

revealed thousands of differentially expressed genes after EGFR knockout or G428D 

mutant re-expression. Furthermore, the data shows that EGFR knockout and G428D 

mutant re-expression can be considered phenocopies in comparison to cells 

expressing endogenous EGFR or WT EGFR re-expression. Additionally, the data 

demonstrates that the level of up-regulated cytokines, chemokines and MMPs are 

sufficiently bioactive when assessed using a number of bioassays such as T 

cell/monocyte chemotaxis and gelatin degradation analysis.  

 

 

4.3.1 The Inflammatory phenotype has commonalities with EGFR-I patient 

phenotypes as well as with patients harbouring G428D mutation.  

 

Although the data demonstrated that EGFR knockout or G428D mutant re-expression 

act as phenocopies, there are a number of inconsistencies between these data and the 

microarray data obtained from the G428D mutant patient (Campbell et al. 2014). This 

is not unexpected as the data presented in this chapter is derived from pure 

populations of mouse keratinocyte lines compared with the patient data which was 

obtained from whole skin biopsies. Despite this, there are a number of commonalities 

within the immune compartment between the data presented in this chapter and the 

data generated from the patient. This includes significant up-regulation of CCL2, CCL5, 

CCL20 and CCL27. This may suggest that the keratinocytes are major contributors to 

this component of the clinical phenotype. However, the patient data also shows 

significant up-regulation of IL-8, a major chemoattractant for the recruitment of 

neutrophils (Zeilhofer and Schorr 2000), which is not seen in the data presented here. 

This is consistent with the elevated levels of neutrophil skin infiltration seen in 

conditional EGFR skin knockout mice. This difference between data sets suggests that 
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the contribution of IL-8 to the in vivo phenotype is likely not primarily derived from 

keratinocytes, or at least requires other cell-cell interactions to occur. It has also been 

previously shown that cancer patients treated with EGFR inhibitor drugs such as 

Gefitinib have higher levels of skin CCL2 and CCL5 compared with healthy skin (Yamaki 

et al. 2010).  

 

4.3.3 The inflammatory phenotype has a functional effect on ECM degradation, 

which could be linked to immune cell recruitment 

 

Having demonstrated that EGFR knockout or G428D mutant re-expression was able to 

drive an inflammatory phenotype in keratinocytes, the next aim of this chapter was to 

determine whether or not this phenotype was sufficient to drive inflammatory 

processes in other cell types.  

 

Figure 4.5 showed that a number of cytokines up-regulated at the transcript level were 

also secreted at higher levels by KO-GFP and G428D-GFP cells in comparison to GFP 

and EGFR-GFP cells.  The data in Figure 4.6 and 4.7 demonstrate that these secreted 

chemokines are able to induce chemotaxis in primary mouse T cells and monocytes. 

This result suggests that under normal, homeostatic conditions, EGFR signalling is able 

to supress the secretion of chemokines that could go on to induce immune infiltration 

into the skin via chemotaxis. As increased immune cell infiltrate has been shown to 

occur after conditional EGFR knockout (F Mascia et al. 2013), and EGFR inhibitory 

treatment (Holcmann and Sibilia 2015), the data presented in this chapter suggests 

that the keratinocytes may play a primary role in promoting this infiltration. 

 

As well as cytokines and chemokines, other pro-inflammatory factors such as MMPs 

were also upregulated, in particular MMP-9 and MMP-10. These proteases have been 

implicated in the breakdown of ECM proteins involved in immune infiltration into a 

number of tissues (Deryugina et al. 2014; Jedryka et al. 2012). The data presented in 

Figure 4.8 indicates that the elevated levels of MMP production by G428D-GFP, KO-

GFP EGFR-2 cells and EGFR KO cells was able to cause high levels of gelatin degradation 

compared to cells expressing WT EGFR. Taken together with the increase in chemokine 
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expression and the ability for this to drive immune cell chemotaxis, the data presented 

in this chapter proposes a major role for EGFR in the regulation of keratinocyte-driven 

immune infiltration into the skin.  

 

4.3.4 Portions of the inflammatory phenotype suggest a Th2 motif which has been 

linked to wound healing phenotypes in the skin. 

 

The immune phenotype uncovered in this chapter does not correspond perfectly to 

well-categorised inflammatory compartments such as Th1, Th2 and Th17 

inflammation. However, there are many similarities to Th2 immune response 

especially in the context of wound healing. Although the phenotype presented in this 

chapter does not include expression of IL-4, a major indicator or Th2, many other 

factors are involved in Th2 immune responses. Th2 immune response is known to be 

required in acute wound healing (Ellis, Lin, and Tartar 2018) and in particular, CCL2 

(Wood et al. 2014), CCL20 (Kennedy-Crispin et al. 2012) and CCL27 (Inokuma et al. 

2006) have all been shown to play critical roles in the initiation of wound healing 

processes. This suggests that EGFR signalling may play a regulatory role in the 

production of Th2/wound healing associated immune mediators. Both CCL2 and CCL5 

have been shown to be involved in chronic wound healing conditions (Ridiandries, Tan, 

and Bursill 2018). This is important as the EBS-like phenotype displayed by the G428D 

mutant expressing patient shows hallmarks of chronic wound healing.  

 

Although not a complete, canonical Th2 phenotype, it was important to try and 

determine if the secreted factors were able to drive the differentiation of Th2 T cells 

in vitro. Figure 4.12 demonstrates that conditioned media from KO-GFP cells was 

unable to increase the population of IL-4+ Th2 T-cells. This was only possible with the 

inclusion of recombinant IL-4, however this had no synergistic effect with the 

conditioned media. This suggests that although the phenotype is Th2-like, there are 

many other factors necessary to induce a full Th2 response which are likely supplied 

not by basal layer keratinocytes. Other reasons for this result may be due to technical 

difficulties with this particular assay. It would be more suitable to be able to co-culture 

the keratinocytes with the T cells however this proves lethal for either cell type 
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depending on the growth media used. This is unfortunate as direct cell-cell interaction 

between the epithelium and immune cells has been shown to effect immune cell 

phenotype (Peeters, Wouters, and Reynaert 2015). An experimental model that could 

be used to further study this is using co-culture in a 3D microenvironment (Van Den 

Bogaard et al. 2014), however this would need to be further optimisation to be 

performed using the EGFR-2 cell line. Another explanation for the results of this assay 

may be due to other secreted factors that are not associated with Th2 immune 

response. One of these is the chemokine CXCL10 which, along with its receptor CXCR3, 

has been shown to primarily drive Th1 responses in the skin (Kuo et al. 2018).  

 

Taken together, the data from this chapter has shown that both EGFR knockout and 

G428D-mutant re-expression induce a proinflammatory, Th2-like phenotype in 

keratinocytes and that this phenotype is sufficient in driving immune cell chemotaxis 

and ECM degradation suggesting a major role in epidermal immune infiltration.  
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5. The inflammatory phenotype in 

EGFR knockout and G428D mutant re-

expression cells is partly driven by 

altered STAT3 and SHP2 signalling 
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5.1 Introduction 

 

The EGFR signalling pathway controls many downstream transcription factors, 

contributing to a plethora of cellular processes. A number of the key downstream 

proteins such as ERK and AKT have been shown to exhibit reduced activation after 

EGFR inhibition, knockout, or G428D mutant re-expression, however the status of the 

subsequent pathways activated by key upstream regulators, such as STAT1/3, remains 

unclear.  

 

STAT1/STAT3 are involved in the regulation of many of the SkInFs identified in chapter 

2, hence this was a primary candidate to investigate as a potential mediator of the pro-

inflammatory signature observed in EGFR manipulated cells. STAT3 is known to be 

involved in many cellular processes such as survival and proliferation in keratinocytes. 

However, depending upon the activation level, STAT3 has been shown to drive both 

inflammatory and anti-inflammatory phenotypes in different cells in different 

contexts.   

 

Some of the identified up-regulated cytokines regulated by STAT3 include, CCL2 

(Griesinger et al. 2015), CCL5 (Zhou et al. 2016), CCL20 (Bae et al. 2018), and CCL27 

(Karakawa et al. 2014). CXCL10, an interferon induced chemokine, has been shown to 

be regulated in part by STAT1 however the role of STAT3 in CXCL10 regulation is 

unclear (Burke et al. 2013). Interestingly, the receptors for many of these cytokines 

also activate STAT3 initiating a positive feedback loop of high STAT3 phosphorylation 

unless otherwise regulated (H. Yu, Pardoll, and Jove 2009). In some conditions, STAT3 

activation is partly regulated by the protein-tyrosine-phosphatase (PTP) SHP2 (Y. 

Huang et al. 2017; Zehender et al. 2018)(Huang et al. 2017).  As both SHP2 and STAT3 

are activated downstream of EGFR under normal conditions, the aim of this chapter 

was to dissect the effects of STAT1/3 and SHP2 activation on the inflammatory 

phenotype seen in EGFR-2 cells after EGFR knockout or G428D mutant re-expression.  

 

 

 



 120 

5.2 Results 

 

5.2.1 STAT3 is over active in EGFR knockout and G428D re-expression EGFR-2 cells 

grown under basal conditions. 

 

To investigate the role of STAT3 signalling in regulating the inflammatory phenotype 

in keratinocytes, the activation state of STAT3 under basal conditions in EGFR-2 cells 

was analysed. EGFR-2 cells were grown into confluent monolayers and either left in 

normal growth media or starved for 24hrs.  Lysates were then extracted from the cells 

and run on SDS-page gels before being transferred and blotted for total STAT3, pSTAT3 

and GAPDH as a loading control.  

 

Resulting blots and quantification revealed that under basal conditions, G428D-GFP 

and KO-GFP cells expressed higher levels of pSTAT3 than both GFP and EGFR-GFP cells 

(Figure 5.1A lanes 1,2,5,6; Figure 5.1B). All starved cell lines show significantly lower 

pSTAT3 levels than cell lines under basal conditions. Under starved conditions, GFP 

and EGFR-GFP cells have significantly lower expression of pSTAT3 compared with KO-

GFP. Starved G428D-GFP also have a significantly reduced pSTAT3 expression 

compared to KO-GFP although to a lower extent than the GFP and EGFR-GFP cells.  
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Figure 5.1: STAT3 is over active in EGFR Knockout and G428D re-expression EGFR-
2 cells grown under basal conditions  (A) Western blot showing phospho-STAT3 
and STAT3. Lysates extracted from confluent monolayers of EGFR-2 cells grown 
under basal or starved conditions. Representative of four independent 
experiments (B) Graph showing quantification of densitometry on western blots 
normalised to GAPDH loading control. Data is presented as mean +/- SEM. 
Statistical analysis performed by one-way ANOVA  indicated as follows, *** P < 
0.0001, **** P < 0.00001. * represents comparison against basal GFP expressing 
cells. * represents comparison within cell lines between basal and starved 
conditions. * represents comparison of starved cell lines against starved KO-GFP. 
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5.2.2  IL-6 stimulation leads to increased pSTAT levels in all EGFR-2 cell lines  

 

As pSTAT3 was significantly increased after EGFR knockout or G428D mutant re-

expression we wanted to understand whether pSTAT3 levels were at the maximal level 

in these cells, and whether this result could be replicated after actute EGFR inhibition 

using AG1478.  

 

To determine the maximal activation level of pSTAT3, EGFR-2 cells were stimulated 

with 10 ng/ml recombinant IL-6, a cytokine known to strongly activate STAT3 in many 

cell types including keratinocytes (Wnag et al. 2004), and lysates probed for pSTAT3.  

Resulting blots and quantification revealed that IL-6 stimulation of GFP and EGFR-GFP 

cells led to the expected increase in pSTAT3 (Figure 5.2A, lanes 1-4; Figure 5.2B) but 

that this increase was at higher levels than observed in KO-GFP and G428D-GFP cells 

under basal conditions (Figure 5.2B). Moreover, KO-GFP and G428D-GFP cells 

stimulated with IL-6 showed higher still levels of pSTAT3 (Figure 5.2A, lanes 5-8) 

demonstrating that EGFR knockout or G428D re-expression does not lead to maximal 

activation of STAT3 in EGFR-2 keratinocytes.  

 

AG1478 was then used to actuley inhibit EGFR in GFP or EGFR-GFP cells to determine 

whether the increase in pSTAT3 levels seen in KO-GFP and G428D-GFP cell lines could 

be reproduced by kinase inhibition (Figure 5.2C, D). Data demonstrated a significant 

reduction in pSTAT3 was seen after acute EGFR inhibition to levels seen in GFP cells. 

AG1478 did not reduce pSTAT levels in GFP cells (Figure 5.2C, D).  
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Figure 5.2: IL-6 stimulation leads to increased pSTAT3 levels in all EGFR-2 cell lines 
whereas acute EGFR inhibition leads to reduced pSTAT3 levels  (A) Western blot showing 
pSTAT3 and STAT3. Lysates extracted from confluent monolayers of EGFR-2 cells grown 
under basal conditions stimulated with or without 10ng/ml recombinant IL-6 for 30mins. 
Representative of three independent experiments (B) Graph showing quantification of 
densitometry on western blots normalised to GAPDH loading control.  (C) Western blots 
showing pSTAT3 and STAT3. Lysates extracted from confluent monolayers of EGFR-2 cells 
grown under basal conditions treated with or without AG1478 for 4hrs. Representative of 
three independent experiments. (D) Graph showing quantification of densitometry on 
western blots normalised to GAPDH loading control.  Data is presented as mean +/- SEM. 
Statistical analysis performed by one-way and two-way ANOVA are indicated as follows, * 
P < 0.01, ** P < 0.001, **** P < 0.00001. * indicates comparison to basal GFP expressing 
cells. * indicates comparison between IL-6 treated cell lines against GFP expressing cells 
treated with IL-6. 
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5.2.3 SHP2 activation is abrogated in EGFR knockout, inhibited or G428D re-

expression EGFR-2 cells  

 

Having demonstrated that STAT3 activation is altered down stream of EGFR knockout 

or G428D mutant re-expression, we next turned to SHP2 activation state, a known 

regulator of STAT3 activation.  

 

EGFR-2 cells were grown to confluent monolayers and then left in normal growth 

media or starved for 24hrs. Lysates were then run on SDS-page gels before being 

transferred and blotted for total SHP2, pSHP2 at Y542 and loading control GAPDH. 

Y542 is a major phosphorylation site of SHP2 and has been shown to interact with Grb2 

directly downstream of EGFR (Ahmed 2019). The resultant blots showed significantly 

higher levels of pSHP2 in GFP and EGFR-GFP cells compared with KO-GFP and G428D-

GFP (Figure 5.3A,B). In order to determine whether the altered active SHP2 levels were 

also seen following acute EGFR inhibition, cells were treated with AG1478 (as in Figure 

5.2). Data demonstrated that pSHP2 levels were also significantly reduced in KO-GFP 

and G428D-GFP cells compared to EGFR-expressing cells. These data combined 

demonstrate that loss or inhibition of EGFR, or expression on G248D-EGFR, all result 

in reduced active SHP2. 
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Figure 5.3: SHP2 activation is abrogated in EGFR knockout and G428D re-expression 
EGFR-2 cells grown under basal conditions and after acute EGFR inhibition.  (A) Western 
blot showing phospho-SHP2 and SHP2. Lysates extracted from confluent monolayers of 
EGFR-2 cells grown under basal or starved conditions. Representative of three 
independent experiments (B) Graph showing quantification of densitometry on western 
blots normalised to GAPDH loading control. (C) Western blots showing pSTAT3 and 
STAT3. Lysates extracted from confluent monolayers of EGFR-2 cells grown under basal 
conditions treated with or without AG1478 for 4hrs.Representative of three independent 
experiments. (D) Graph showing quantification of densitometry on western blots 
normalised to GAPDH loading control. Data is presented as mean +/- SEM. Statistical 
analysis performed by one-way and two-way ANOVA are indicated as follows, * P < 0.01, 
** P < 0.001, *** P < 0.0001 **** P < 0.00001. 
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5.2.4 STAT1 activation is unaffected by EGFR-knockout or G428D mutant re-

expression.   

 

The analysis of the RNAseq data suggested that the inflammatory factors up-regulated 

after EGFR-knockout or G428D mutant re-expression, could be regulated by STAT1 as 

well as STAT3.  For this reason, active STAT1 levels were also investigated in the EGFR-

2 cell lines.  

 

Confluent monolayers of EGFR-2 cell lines were grown in either normal growth media 

or starved for 24hrs before having lysates extracted and analysed by western blotting 

for total STAT1, pSTAT1 and GAPDH loading control.  

 

Resulting blots and densitometry analysis demonstrated a significant reduction in 

pSTAT1 in starved conditions compared to growth conditions in all four EGFR-2 cell lies 

(Figure 5.4A,B).  However no significant difference in the levels of pSTAT1 were seen 

between GFP/EGFR-GFP cells and KO-GFP/G428D-GFP cells. This suggests that STAT1 

is differentially regulated to STAT3 upon EGFR knockout or G428D-EGFR in 

keratinocytes.   
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Figure 5.4: STAT3 activation is unaffected by EGFR-knockout or G428D mutant re-
expression.  (A) Western blot showing phospho-STAT1 and total STAT1. Lysates extracted 
from confluent monolayers of EGFR-2 cells grown under basal or starved conditions. 
Representative of three independent experiments (B) Graph showing quantification of 
densitometry on western blots normalised to GAPDH loading control. Data is presented 
as mean +/- SEM. Statistical analysis performed by one-way ANOVA. **** P < 0.00001 
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5.2.5 STAT3 inhibition rescues the inflammatory phenotype in EGFR null 

keratinocytes.    

 

As data in the previous chapter showed a number of up-regulated SkInFs after EGFR 

knockout and G428D mutant re-expression, and this is coupled with higher levels of 

active STAT3, the next experiments were aimed to test whether EGFR-dependent 

STAT3 activation contributed to the increase in observed altered transcripts.  

 

In order to determine this, the specific STAT3 inhibitor 5,15-DPP was used, that inhibits 

STAT3 dimerization via Src homology 2 (SH2) domains, preventing nuclear 

translocation and DNA binding.  Importantly, 5,15-DPP has a negligible effect on STAT1 

and does not affect Grb2 (Uehara et al. 2009).  

 

EGFR-2 cell lines were grown to confluent monolayers under growth conditions and 

treated with either DMSO or 5mM 5,15-DPP for 2hrs. RNA was then extracted and 

used for QPCR analysis of target genes identified in the previous chapter 

(CCL2/5/20/27, CXCL10, MMP9 and MMP10). Resulting data revealed that treatment 

of EGFR-GFP cells with 5,15-DPP had no effect on any of the target genes analysed 

(Figure 5.5A). However, a significant reduction in levels of CCL2, CCL5, CXCL10 and 

CCL20 were seen in both G428D-GFP and KO-GFP cells after 5,15-DPP treatment 

(Figure 5.5A) Interestingly, 5,15-DPP treatment had no effect on the levels of MMP9 

and MMP10 in any EGFR-2 cell lines (Figure 5.5A).  Analysis of lysates from control or 

treated cells confirmed that 5,15-DPP treatment effectively inhibits pSTAT3 in GFP 

expressing EGFR-2 cells (Figure 5.5B).  

 

The Blots in Figure 5.5 (C) demonstrate that 5,15-DPP has no effect on active pSHP2 or 

total SHP2 levels in EGFR-2 cell lines. This data suggests that there is no negative 

feedback on active SHP2 levels after STAT3 inhibition.  
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Figure 5.5: STAT3 inhibition rescues non-inflammatory normal phenotype in EGFR-2 
keratinocytes.   (A) Graphs showing qPCR analysis for specified targets in EGFR-2 cell lines 
treated with or without STAT3 inhibitor 5, 15-DPP. RNA expression ddCt values of 
specified target proteins was normalised to EGFR-2 GFP expressing cells. (B) Western blot 
showing pSTAT3, total STAT3 and GAPDH loading control. Lysates extracted from 
confluent monolayers of GFP expressing EGFR-2 cells treated with either DMSO or 5, 15-
DPP (C) Western blot showing pSHP2, total SHP2 and GAPDH loading control. Lysates 
extracted from confluent monolayers of EGFR-2 cells treated with either DMSO or 5, 15-
DPP. Representative of three independent experiments Data is presented as mean +/- 
SEM. Statistical analysis performed by one-way ANOVA * P < 0.01, ** P < 0.001. * 
indicates significant change over GFP expressing cells. 
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5.2.6 SHP2 inhibition leads to an inflammatory phenotype and increased levels of 

pSTAT3 in keratinocytes 

 

Data thus far has demonstrated that loss of EGFR activity leads to higher active pSTAT3 

and an increased inflammatory gene signature, that can be partly inhibited by blocking 

STAT3 activation. The next experiments were aimed at determining whether SHP2 

played a role in the regulation of STAT3 in EGFR-2 cells and the resulting inflammatory 

phenotype of EGFR knockout and G428D mutant re-expressing EGFR-2 cells.   

 

In order to test this possibility, EGFR-2 cell lines were grown to confluent monolayers 

under basal conditions and treated with either DMSO or 10μM SHP099 for 2hrs. 

SHP099 is small molecule inhibitor that stabilizes SHP2 in an auto-inhibited 

conformation leading to loss of action of the enzyme upon the target substrates. 

Following treatment with SHP099, RNA was extracted and used for QPCR to quantify 

levels of the same transcripts analysed in Figure 5.5. Resulting data demonstrated that 

EGFR-GFP cells treated with SHP099 showed significantly increased levels of CCL2, 

CCL5, CXCL10 and CCL20 (Figure 5.6A).  Conversely, SHP099 had no effect of the levels 

of SkInFs in either G428D-GFP or KO-GFP cell lines.  In all EGFR-2 cells, SHP099 

treatment had no effect on the expression of SkInFs (Figure 5.6A). The blots in Figure 

5.6 (B) showed that SHP099 effectively inhibited pSHP2 in GFP expressing EGFR-2 cells.  

 

It was then important to test whether or not this inhibition of SHP2 has an impact on 

the levels of pSTAT3 in all EGFR-2 cell lines. The blots in Figure 5.6 (C) shows that both 

GFP and EGFR-GFP cells treated with SHP099 exhibited increased levels of pSTAT3 

compared to DMSO control, indicating that blocking SHP2 activity has a positive 

impact on STAT3 activation.  



 131 

 

A

GFP GFPEGFR-GFP EGFR-GFP

SHP099 - - + +

pSTAT3

STAT3

GAPDH

70 kDa

70 kDa

35 kDa

EGFR-G
FP

G42
8D

-G
FP

KO-G
FP

0

5

10

15

Δ
Δ
C
t

CCL2

DMSO
SHP099

*
NS NS

*
*

*

**
*

EGFR-G
FP

G42
8D

-G
FP

KO-G
FP

0

5

10

15

Δ
Δ
C
t

CXCL10

DMSO
SHP099

NS NS

*
*

** ** ** **

EGFR-G
FP

G42
8D

-G
FP

KO-G
FP

0

5

10

15

CCL27

Δ
Δ
C
t

DMSO
SHP099

***
** *** **

*

NS NS

*

EGFR-G
FP

G42
8D

-G
FP

KO-G
FP

0

5

10

15

MMP10

Δ
Δ
C
t

DMSO
SHP099

***
***

**

**

NS
NS

NS

EGFR-G
FP

G42
8D

-G
FP

KO-G
FP

0

5

10

15

Δ
Δ
C
t

CCL5

DMSO
SHP099

**

NS NS

**

***
*** ***

**

EGFR-G
FP

G42
8D

-G
FP

KO-G
FP

0

5

10

15

CCL20

Δ
Δ
C
t

DMSO
SHP099

***

**** **** ****
****

NS NS

***

EGFR-G
FP

G42
8D

-G
FP

KO-G
FP

0

5

10

15

MMP9
Δ
Δ
C
t

DMSO
SHP099

****

****

****
***

NS
NS

NS

B

C

35 kDa

70 kDa

70 kDa
pSHP2

SHP2

GAPDH

Figure 5.6: SHP2 inhibition drives inflammatory phenotype and increased levels of 
pSTAT3 in WT EGFR expressing cells.   (A) Graphs showing qPCR analysis for specified 
targets in EGFR-2 cell lines treated with or without SHP2 inhibitor SHP099. RNA 
expression ddCt values of specified target proteins was normalised to EGFR-2 GFP 
expressing cells. (B) Western blot showing pSHP2, total SHP2 and GAPDH loading control. 
Lysates extracted from confluent monolayers of EGFR-2 cells treated with either DMSO or 
SHP099. (C) Western blot showing pSTAT3, total STAT3 and GAPDH loading control. 
Lysates extracted from confluent monolayers of EGFR-2 cells treated with either DMSO or 
SHP099. Representative of three independent experiments Data is presented as mean +/- 
SEM. Statistical analysis performed by one-way ANOVA * P < 0.01, ** P < 0.001, *** P < 
0.0001 **** P < 0.00001. * indicates significant change over GFP expressing cells. 
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5.2.7 KO-GFP cell conditioned media increases the level of active STAT3 in 

keratinocytes 

 

Previous data in this chapter showed that pSHP2 and pSTAT3 levels are differentially 

affected by EGFR knockout or G428D mutant re-expression in EGFR-2 keratinocytes. 

The next question to address was whether the secreted SkInFs that were up-regulated 

in G428D-GFP and KO-GFP cells could contribute to the inflammatory phenotype by 

altering pSTAT3 and pSHP2 levels in an autocrine fashion.  

 

To test this hypothesis, growth media containing secreted SkInFs from KO-GFP cell 

monolayers was removed after 24hrs of culture and used to stimulate GFP expressing 

EGFR-2 cells for 4hrs. This was performed in the presence of either DMSO or SHP099 

to determine any potential contributions from SHP2 to the activation of STAT3. Cells 

were then lysed and subjected to western blotting analysis of pSHP2 and pSTAT3. 

 

Resulting blots and quantification demonstrated that in all conditions, using SHP099 

led to significantly decreased pSHP2 levels (Figure 5.7A,B). However, the addition of 

KO cell media had no effect on pSHP2 levels in these cells. In contrast, pSTAT3 levels 

were significantly increased following stimulation with KO media and this increase was 

also observed in cells treated with both KO media and SHP099 (Figure 5.7A and C).  

These data combined demonstrate that factors secreted by EGFR knockout 

keratinocytes can promote enhanced levels of active STAT3 in WT keratinocytes. 
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Figure 5.7: Conditioned media from KO-GFP cells increases the level of active pSTAT3 in 
GFP expressing EGFR-2 cells (A) Western blot showing pSTAT3, total STAT3, pSHP2, total 
SHP2 and GAPDH loading control. Lysates extracted from confluent monolayers of GFP 
expressing EGFR-2 cells treated with either DMSO, KO cell Media, SHP099 or a 
combination. Representative of three independent experiments. (B) Densitometry plot 
for pSHP2 blot. (C) Densitometry plot for pSTAT3 blot.  Data is presented as mean +/- 
SEM. STATistical analysis performed by one-way ANOVA * P < 0.01, ** P < 0.001, **** P < 
0.00001 
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5.3 Discussion 

 

Data presented in this chapter demonstrated that EGFR knockout or G428D mutant 

re-expression in EGFR-2 keratinocytes leads to an increase in pSTAT3 levels and a 

decrease in pSHP2 levels under basal conditions. Furthermore, acute inhibition of 

STAT3 was sufficient to significantly reduce the expression of inflammatory cytokines 

in KO-GFP and G428D-GFP cell lines, while acute inhibition of SHP2 was sufficient to 

significantly increase the expression of inflammatory cytokines in GFP and EGFR-GFP 

expressing cells. In addition, EGFR knockout or G428D mutant re-expression had little 

effect on the activation state of STAT1. Data in this chapter also demonstrated that 

media taken from KO-GFP cells was sufficient to induce an increase in pSTAT3 in GFP 

expressing EGFR-2 keratinocytes.  

 

 

5.3.1 Chronic EGFR dysregulation leads to an increase in STAT3 activation that is not 

seen after acute inhibition of EGFR 

 

Data in this chapter has shown that under basal conditions, there are elevated levels 

of pSTAT3 in EGFR knockout and G428D mutant re-expression keratinocytes (Figure 

5.1). This is an interesting and unexpected finding as it is known that acute inhibition 

of EGFR leads to a reduction in pSTAT3 in keratinocytes (W. J. Wang et al. 2017). 

However, due to the cell toxicity of AG1478, the majority of available literature where 

this is used to inhibit EGFR only tests pSTAT3 levels between approximately 20 minutes 

up to a few hours. This decrease in pSTAT3 has also been an expected outcome due to 

STAT3 phosphorylation being downstream of EGFR signalling, amongst other 

receptors. In the cells used in this thesis, where EGFR is stably knocked out with or 

without G428D mutant re-expression, allowed us to define that chronic lack of EGFR 

signalling leads to increased levels of pSTAT3, which has not been previously reported. 

 

Interestingly, in cases where STAT3 is constitutively activated in vivo in mouse models, 

there was observable skin hyperplasia and up-regulation of some terminal 
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differentiation markers in isolated primary keratinocytes (Orecchia et al. 2015). These 

features closely resemble phenotypes of the skin during chronic inflammation where 

elevated STAT3 levels have been shown (Yu et al. 2009). Moreover, these features are 

shared in the skin of the patients harbouring the G428D mutation (Campbell et al. 

2014). It would be interesting to interrogate pSTAT3 levels in primary keratinocytes 

isolated from mice with conditional epidermal EGFR knockout that have been used in 

other studies (F Mascia et al. 2013). It would also be of interest to study the levels of 

pSTAT3 in the keratinocytes of mice treated with clinical EGFR inhibitors on a similar 

drug course as prescribed to human cancer patients as these patients also 

demonstrate mild epidermal hyperplasia and inflammation (Holcmann and Sibilia 

2015).   

 

Another interesting area of study would be to understand at what point the level of 

pSTAT3 begins to increase after the initial decrease following EGFR inhibition or 

knockout. This was not possible in our system as immediately following infection with 

CRE lentivirus, the EGFR-2 cell lines become very unhealthy and mildly senescent, 

requiring between 5-10 days to fully recover and begin to proliferate in KGF-enriched 

media. As this also happens to the EGFR-2 cells when infecting with non-CRE 

lentiviruses, it is not possible to say whether this senescence and lack of proliferation 

is a direct effect of EGFR knockout or an off target broad effect of lentiviral infection.  

 

5.3.2 Increased STAT3 activity may be driven by the loss of active SHP2 after EGFR 

knockout or G428D mutant re-expression, as seen by SHP2 inhibition in WT EGFR 

expressing cells.  

 

As the elevated levels of STAT3 was a surprising find downstream of EGFR knockout 

and G428D mutant re-expression, it was important to elucidate whether or not EGFR 

dysregulation had an effect on any STAT3 regulators. Previous published data has 

shown that SHP2, which is activated downstream of EGFR, can potently de-

phosphorylate STAT3 and plays an active role in attenuating normal STAT3 activation 

downstream of IL-6 signalling (Ohtani et al. 2000).  
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The data presented in Figure 5.3 demonstrates that level of active SHP2 is decreased 

following EGFR knockout or G428D mutant re-expression. Previous studies have also 

demonstrated that active SHP2 levels are decreased after acute EGFR inhibition (Y. C. 

Wang et al. 2018). The data presented here also shows this pSHP2 decrease following 

EGFR inhibition using AG1478. Interestingly it has also been shown that inhibition of 

SHP2 abrogates EGFR signalling as SHP2 has been shown to prolong EGFR activation 

and downstream signalling (Sun et al. 2017). Despite this, data in this chapter has 

demonstrated that the loss of pSTAT3 dephosphorylation after SHP2 inhibition 

outweighs any potential attenuation of EGFR signalling in regulating pSTAT3 levels.   To 

date, there have been no publications that have studied the feedback loop between 

SHP2 and STAT3 activation specifically downstream of EGFR in the skin.  

 

Data in this chapter also shows that inhibition of SHP2 in cells expressing wild-type 

EGFR leads to elevated levels of pSTAT3 under basal conditions (Figure 5.7). This is the 

first indication that SHP2 may play a homeostatic role in regulating over-activation of 

STAT3, and that this is downstream of basal EGFR signalling. However, constitutively 

active EGFR mutations in cancers have been shown to lead to both increased levels of 

active SHP2 and STAT3 (Furcht et al. 2014), demonstrating that this potential feedback 

loop can be manipulated by both loss-of and gain-of function in EGFR.  

 

5.3.3 The inflammatory phenotype driven by EGFR dysregulation can be partially 

rescued by STAT3 inhibition 

 

Data in the previous chapter demonstrated that EGFR dysregulation via EGFR knockout 

or G428D mutant re-expression was sufficient to drive an inflammatory phenotype in 

EGFR-2 keratinocytes and primary keratinocytes from an EGFR-/- mouse in the form of 

upregulation of many inflammatory mediators such as cytokines and chemokines. As 

the data in this chapter uncovered a significant increase in pSTAT3 after EGFR 

dysregulation, it was important to test whether or not this was helping to drive this 

inflammatory phenotype.  
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The data in Figure 5.5 illustrates that upon STAT3 inhibition with 5,15-DPP, there is a 

partial rescue of EGFR KO or mutant cells back to a homeostatic phenotype. CCL2, 

CCL5, CCL20 and CCL27 levels are all increased in KO-GFP and G428D-GFP cell lines 

under basal conditions and these levels are significantly decreased after STAT3 

inhibition. Although this decrease is not to the expression levels seen in GFP and EGFR-

GFP cell lines, this may be due to the timing of the interrogation after 5,15-DPP 

treatment. Unfortunately, due to the toxicity of the inhibitor it was impossible to get 

trustworthy results at longer time points. This finding is in line with current 

publications that also demonstrate that STAT3 inhibition drives downregulation of 

these chemokines in other cell types such as neurons (Fletcher et al. 2019), vascular 

smooth muscle cells (Daniel et al. 2012) and T-cells (Ikeda et al. 2016) amongst others.  

 

Interestingly, the data also demonstrated that STAT3 inhibition decreased CXCL10 

expression in KO-GFP and G428D-GFP cells. This was a surprising finding as previous 

literature has suggested that in STAT3 knockout keratinocytes there is a prolific 

upregulation of CXCL10 (Archer et al. 2017) as well as in CD8+ T-cells (C. Yue et al. 

2015). The data in Figure 5.5A does show that although not significant, there is an 

increase in CXCL10 in EGFR-GFP cells after STAT3 inhibition. This suggests that the 

decrease in CXCL10 may be caused by a cooperative effect STAT3 inhibition but also 

EGFR knockout or G428D mutant re-expression. Alternatively, this could suggest that 

another regulator of CXCL10 may be regulated by EGFR that was not tested in this 

study and competes with STAT3 in the regulation of CXCL10 expression. Previous 

publications have shown that STAT1 can drive CXCL10 expression (Tomita et al. 2017). 

However, the data in this chapter reveals that there is no change in STAT1 activation 

driven by EGFR dysregulation. Other studies have established that overexpression and 

activation of EGFR in cancers leads to increased STAT1 activity (Cheng et al. 2018), 

demonstrating that EGFR knockdown is unlikely to simply be the reverse of 

overexpression. 

 

Data presented in this chapter also established that the overexpression of both MMP-

9 and MMP-10 in KO-GFP and G428D-GFP cells is unaffected by STAT3 inhibition. This 

was surprising as STAT3 has been shown to upregulate MMP-9 (Jia et al. 2017) and 



 138 

MMP-10 (X. Zhang et al. 2009), however both of these studies were in cancer models. 

As the relationship between STAT3 and MMP-9/10 has not been widely researched in 

keratinocytes, the data presented here demonstrates that although EGFR 

dysregulation clearly upregulates both proteases, STAT3 is unlikely to play a key role 

in this process.  

 

Conversely to STAT3 inhibition, SHP2 inhibition with SHP099 had no effect on the 

chemokine levels in EGFR knockout or G428D mutant re-expression cells. This was 

expected as the data has demonstrated that pSHP2 levels are already reduced in these 

cells. However, the data in Figure 5.6 shows that SHP2 inhibition in WT EGFR 

expressing cells does increase levels of these chemokine. Taken together with the data 

from Figure 5.5, this suggests that SHP2 inhibition in WT EGFR expressing 

keratinocytes increases pSTAT3 which drives chemokine expression.  

 

 

5.3.4 Secreted SkInFs by EGFR knockout and G428D mutant re-expression cells 

further drive the inflammatory phenotype in a cell-autonomous fashion. 

  

As previously published, the receptors for CCL2 (Tian et al. 2017), CCL5 (Tang, Jiang, 

and Liu 2015), CCL20 (Yamazaki et al. 2008) and CCL27 (Davila et al. 2016) all signal 

downstream via STAT3. For this reason, it was important to determine whether the 

cytokines secreted by KO-GFP cells could potentially drive the inflammatory 

phenotype. The data demonstrates that the addition of KO-GFP media to GFP cells 

does indeed increase pSTAT3 levels. Importantly, this increase is exacerbated by the 

addition of SHP2 inhibitor. This suggests two co-operative features enable this 

inflammatory phenotype to persist when EGFR is dysregulated. Firstly, dysregulation 

of EGFR leading to a loss of active SHP2 leading to an increase in pSTAT3. Then in turn, 

increased chemokine expression acting back on the keratinocytes in a cell-

autonomous fashion to further drive pSTAT3 expression. It would be of interest to 

study the effect of recombinant chemokines in driving the mRNA expression of the 

other SkInFs in the cell models used here along with SHP2 and or STAT3 inhibition.  
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In conclusion, data in this chapter has demonstrated that the inflammatory phenotype 

driven by EGFR dysregulation is in part regulated by a STAT3/SHP2 axis. However, 

other transcription factors are very likely either effected directly downstream of EGFR, 

or potentially downstream of cytokines or chemokines that may be responsible for 

further characteristics of the inflammatory phenotype such as the MMP-9/10 

overexpression.  
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6. Discussion 
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6.1 Final Discussion 

 

Data in this thesis has demonstrated that loss of EGFR signalling or protein expression 

in basal keratinocytes leads to a pro-inflammatory epithelial cell phenotype and that 

this is driven in the absence of any major barrier defects in vitro apart from the 

appearance of larger focal adhesions (Summarised in Figure 6.1). 

 

 The phenotype has been shown to include the up-regulation of many chemokines and 

cytokines involved in Th2 inflammation such as IL-33, CCL2, CCL5, CCL20 and CCL27. 

The data also shows upregulation of MMPs and their active ability to break down the 

ECM. This suggests that under normal conditions, EGFR signalling or expression is 

required for the regulation of epithelial-derived immune mediators in the epidermis. 

Additionally, data presented demonstrates that loss of EGFR signalling or expression 

leads to an accumulation of active pSTAT3 driven by a loss of active SHP2, and that this 

drives the upregulation of many of the inflammatory chemokines (Summarised in 

Figure 6.2). The combined data therefore demonstrates that the EGFR is a critical 

receptor in the regulation of epithelial inflammation and demands further study into 

its potential role as a drug target in the treatment of certain inflammatory skin 

conditions.  
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(1)
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(3)

Figure 6.1:  Model of the effect of EGFR knockout or G428D mutant re-expression in basal 
keratinocytes. Middle cell represents WT-EGFR knockout cell expressing G428D mutant 
receptor, flanked by cells expressing WT-EGFR. (1) Cell expresses no surface EGFR and G428D 
mutant receptor is primarily located in the ER. (2) Adherens junctions between cells are 
unaffected in both structure and measured by monolayer porosity. (3) Larger focal adhesions 
are present in knockout and G428D expressing cells compared with normal keratinocytes. 
Active MMP molecules are up-regulated compared to normal cells and these contribute to 
the degradation of the ECM. (5) Knockout or G428D mutant expressing cells have increased 
secretion of a plethora of pro-inflammatory chemokines/cytokines. 
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Figure 6.2:  Breakdown of homeostatic SHP2/STAT3 feedback loop drives expression of 
inflammatory mediators in basal keratinocytes. (A) In a WT basal keratinocytes there is 
normal surface expression of EGFR (1) allowing the receptor to bind to ligand and drive 
downstream signalling. (2) EGFR phosphorylation leads to STAT3 phosphorylation via JAK. 
EGFR phosphorylation also leads to the phosphorylation of GAB1 via adapter protein GRB2. 
(3) GAB1 phosphorylation drives the phosphorylation of SHP2 into its active state. (4) Active 
SHP2 potently inhibits pSTAT3 dimers resulting in dephosphorylation. (5) Limited amounts 
of pSTAT3 are able to localise to the nucleus for gene transcription leading to cell processes 
such as survival and cell growth. (B) Keratinocytes expressing no EGFR or expressing G428D 
mutant have no surface EGFR receptor available for ligand binding. (6) Various receptors, 
including chemokine/cytokine receptors, bind to ligand and drive intracellular signalling. (7) 
Many of these receptors drive the upregulation of pSTAT3. (8) The absence of EGFR leads to 
a reduction in active SHP2, with most SHP2 locked in its auto-inhibitory state. (9) Loss of 
active SHP2 leads to over-accumulation of pSTAT3 and an excess of pSTAT3 activity. Excessive 
pSTAT3 drives alternative gene transcription and cellular processes such as over-expression 
and secretion of pro-inflammatory mediators. (10) Secreted inflammatory mediators further 
exacerbate the phenotype in a cell-autonomous fashion.  
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6.1.1 EGFR regulates inflammation in basal layer keratinocytes with no evidence of 

barrier function defects 

 

Data presented here demonstrates that normal EGFR expression and/or signalling 

regulates expression of inflammatory mediators in basal keratinocytes. Previous 

studies have demonstrated that the level of cytokines such as CCL2, CCL5 and CXCL10 

that are up-regulated during inflammation can be reduced in the epithelium by 

stimulation of EGFR with EGFR-ligand (Yamaki et al. 2010; Francesca Mascia et al. 

2003). It has been suggested that the up-regulation of these chemokines are driven by 

elevated levels of IFNγ and TNFα produced by immune cells at the site of inflammation 

(Van Den Bogaard et al. 2014). Taken together with the data presented here, this 

suggests that under normal conditions EGFR signalling negatively regulates 

keratinocyte chemokine expression and that IFNγ and/or TNFα are necessary to 

overcome this negative regulation. It also suggests that epidermal barrier breakdown 

is a precursor to epidermal inflammation due to the requirement of immune 

infiltration to drive epithelial inflammatory mediators. However, data presented in this 

thesis demonstrates that in the absence of any major barrier malfunction or the 

presence of immune cells, EGFR dysregulation is sufficient to drive an inflammatory 

phenotype in keratinocytes.  

 

Despite the lack of any barrier malfunction in the data presented here, it is likely that 

EGFR knockout or G428D mutant re-expression does have an effect of the epidermal 

barrier. Patient biopsies from G428D mutant harbouring patients show clear 

thickening of the upper layers of the epidermis as well as widening of spaces between 

keratinocytes (Campbell et al. 2014; Ganetzky et al. 2015). The phenotype closely 

resembles that of inherited abnormality of desmosomes (Petrof, Mellerio, and 

McGrath 2012). As this study focused on basal layer keratinocytes, desmosomal 

abnormalities were impossible to detect as epidermal desmosomes are primarily 

expressed between suprabasal keratinocytes (White and Gohari 1984; Wan et al. 

2003). Interestingly, genes encoding for proteins associated with desmosomes such as 

desmogleins, desmocollins, desmoplakin, plakoglobin, and plakophilins (Garrod and 

Chidgey 2008) were not differentially expressed in KO-GFP or G428D-GFP cell lines. 
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Additional investigations would need to be carried out to determine the role of EGFR 

in desmosome formation. Assays involving the generation of 3D epidermal in vitro 

models were attempted for this however EGFR-2 cells failed to differentiate much 

further than the basal layer and thus this would require more optimisation. 

Interestingly another study has demonstrated that acute EGFR inhibition actually 

promotes desmosome assembly and can strengthen adherens junctions in squamous 

cell carcinoma cells suggesting that the relationship between EGFR and barrier 

integrity is a complex one and potentially cell type specific (Lorch et al. 2004).  

 

Another reason it is likely that EGFR dysregulation can perturb epidermal barrier 

formation is the relationship between E-cadherin and EGFR in the control of tissue 

polarisation and tight junction formation. Tight junctions in the epidermis are crucial 

for epithelial polarisation and the barrier function of the outer layers of the epidermis 

and previous studies have demonstrated that trans-epithelial-resistance, a measure of 

tissue barrier function, is lowered after EGFR overactivation (Singh and Harris 2004). 

Interestingly it has also been demonstrated that acute inhibition of EGFR leads to a 

reduction of tight junctions in the epidermis (Rübsam et al. 2017). E-cadherin plays a 

major role in the formation of these tight junctions and has also been shown to co-

localise at junctions and e-cadherin can transactivate EGFR (Fedor-Chaiken et al. 

2003).  

 

Despite the evidence that EGFR likely plays a role in barrier function and formation in 

the epidermis, it is clear from the data presented in this thesis that the observed pro-

inflammatory phenotype is not driven as a result of barrier malfunction but is driven 

purely by the loss of EGFR expression or signalling. This goes against the common 

notion that epidermal inflammation is preceded by barrier malfunction. This notion 

has been questioned before in the case of psoriasis where it has been demonstrated 

that the deletion of Jun proteins in keratinocytes is sufficient to drive psoriasis-like skin 

conditions in mice (Zenz et al. 2005). 
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6.1.2 The activity of STAT3 and SHP2 play a role in driving the inflammatory 

phenotype downstream of EGFR and could be targeted to combat EGFR inhibition 

induced epidermal inflammation. 

 

Although EGFR knockout and inhibition has been shown to lead to epidermal 

inflammation, the downstream pathway controlling this is not well understood. Data 

form this thesis has shown a novel finding that after EGFR knockout or long-term 

expression of G428D mutant receptor, there is a striking accumulation of pSTAT3. 

Most studies concerning inhibition of EGFR utilise EGFR inhibitors in order to acutely 

inhibit the receptor due to the lethality of EGFR knockout. This acute EGFR inhibition 

characteristically involves a drop in pSTAT3 however the data presented here 

demonstrates that chronic EGFR dysregulation leads to a novel increase in pSTAT3 not 

seen before. By inhibiting pSTAT3, it was possible to reduce the expression of pro-

inflammatory mediators suggesting that in the case of EGFR inhibition associated 

inflammation, STAT3 may be driving much of the phenotype.  This data also 

demonstrates that this overactivity of STAT3 may be due to a loss of SHP2 activity 

downstream of EGFR as inhibiting SHP2 was sufficient to partially induce an 

inflammatory phenotype in WT keratinocytes and able to increase pSTAT3. 

Interestingly, many cancers harbour EGFR- gain-of-function mutations and/or EGFR is 

overexpressed. In these cancer cells, there is increased pSTAT3 and this is linked to the 

increased survival rate of the cancer cells (Quesnelle, Boehm, and Grandis 2007; Lo et 

al. 2005). This suggests that at a certain point SHP2 is insufficient in inhibiting STAT3 

phosphorylation. In many of these cases STAT3 also plays a role in the driving of 

tumour associated inflammatory pathways (Nguyen et al. 2013). Combined with the 

data presented here, it can be surmised that EGFR is a crucial regulator of STAT3 

activity in epithelial cells and that both too much EGFR or too little, is enough to 

hyperactivate STAT3 and drive inflammation. 

 

In terms of epidermal inflammation associated with EGFR inhibition, the work in this 

thesis suggests that combined EGFR and STAT3 or JAK inhibition may alleviate the 

inflammatory side-effect. In fact, there has been a clinical trial using combination 

erlotinib (EGFR inhibitor) and ruxolitinib (JAK inhibitor) in the treatment of breast 
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cancer (H. A. Yu et al. 2017). Although the combined treatment has little effect on 

cancer progression, the study was based on using JAK inhibitors to reduce resistance 

to erlotinib. As erlotinib resistant patients rarely display any inflammatory skin 

conditions this trial failed to answer whether or not STAT3 inhibition could alleviate 

said side effects in erlotinib reactive patients.  

 

 

6.1.3 Potential relevance to the role of EGFR in inflammatory skin conditions.  

 

The role of EGFR in skin inflammation is somewhat limited to that of the skin rash 

associated with EGFR inhibitors and the patients harbouring loss-of-function EGFR 

mutations. STAT3 however has been studied extensively due to its role in 

inflammatory skin conditions and in particular, psoriasis. Due to the coupling of EGFR 

activity and STAT3 activity to the inflammatory phenotype of keratinocytes presented 

in this thesis, it would be of interest to study EGFR in the context of other inflammatory 

skin conditions.  

 

STAT3 has been demonstrated to be over active in many cases of psoriasis (Calautti, 

Avalle, and Poli 2018). Elevated levels of active STAT3 have been shown to drive 

psoriasis in mouse models (Sano et al. 2005). Interestingly, in these cases, STAT3 

overactivation is linked to the upregulation of many Th17 cytokines and chemokines 

including IL-23, IL-22 and IL-17 in the skin, none of which were upregulated in the 

model presented here. This suggests that STAT3 overactivation downstream of EGFR 

loss-of-function drives a unique epidermal inflammatory phenotype. The immune 

mediators greatly up-regulated in this study fall roughly into a Th2 compartment, with 

the caveat that there is no IL-4. Th2 inflammation in the skin is primarily related to the 

early and more commonly the late stages of wound healing (Loke et al. 2007; Allen 

and Wynn 2011). IL-33 in particular has been demonstrated to rapidly accelerate 

cutaneous wound healing (Yin et al. 2013). This is somewhat contradictory to the 

exhibited inflammatory conditions by both EGFR inhibition patients and G428D 

harbouring patients. In the case of the G428D mutation, the skin presents an 

epidermolysis bullosa simplex like phenotype. However, the phenotype presented in 
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this thesis may suggest a role for EGFR in regulating normal wound healing dynamics 

and that this is partially triggering the observed epidermal inflammatory response.  

 

More broadly, the data presented suggests that in healthy individuals, expressing 

functional WT EGFR, the EGFR may be playing a role in protecting the epidermis from 

over-active immune responses. However, inflammatory skin conditions are commonly 

occurring diseases and there is little evidence to suggest there is any aberrant EGFR 

function in patients. This may suggest that the underlying cause of inflammatory skin 

disease is potent enough to overcome any protective function of EGFR. This means 

that EGFR likely plays a role in skin homeostasis as opposed to directly playing a role 

in the causality of many inflammatory diseases.   

 

In sum, data from this thesis has explored the relationship between EGFR and 

epidermal inflammation and demonstrated that EGFR signalling regulates Th2-like 

inflammatory mediators in keratinocytes. The data has also demonstrated that it is 

possible to drive epidermal inflammation in the absence of any barrier malfunction, 

stress, or macrobiotic challenge. The data suggests that EGFR could be an important 

receptor to further study in the context of inflammatory disease and that STAT3/SHP2 

may be potential co-targets in combatting the EGFR inhibition driven epidermal 

inflammation.  
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6.2 Future Directions 

 

6.2.1 Investigate the role of EGFR dysregulation on suprabasal epidermal barrier 

function 

 

As previously mentioned, the main barrier defects observed in the skin of G428D 

mutant harbouring patients is in the suprabasal layers of the epidermis. For this reason 

it would be of interest to further attempt to generate in vitro epidermal models using 

the EGFR-2 cell lines generated in this thesis. By doing this, it would be possible to 

observe the structure of desmosomes and the loacalisation of specific desmosomal 

proteins in relation to EGFR dysregulation. Importantly, this could be done in a clean 

environment lacking and immune infiltrate. 3D models would also allow a more in-

depth study of wound healing in relation to EGFR dysregulation using published 

methods of studying re-epithelialisation stage wound healing in vitro (Deshayes et al. 

2018).  

 

6.2.2 Investigate the role of STAT3/SHP2 in epidermal inflammation in vivo  

 

As the majority of EGFR-/- global knockout mice are still born and the rest die within a 

few days, many studies looking into EGFR related epidermal inflammation utilise the 

conditional epidermal EGFR knockout mouse model (Lichtenberger et al. 2013). Using 

this mouse model ,it would be possible to treat the mice with STAT3 inhibitors to see 

if it is possible to recapitulate the data presented here demonstrating a slight rescue 

in abrogating the inflammatory phenotype. We could also use this model to 

interrogate the activation state of both SHP2 and STAT3 in the skin pre and post EGFR 

knockout induction.  

 
 
6.2.3 To understand the pathway controlling the upregulation of MMPs 
downstream of EGFR dysregulation 
 
Although the data demonstrated that STAT3 was responsible for the up-regulation of 

a number of chemokines in keratinocytes, both MMP-9 and MMP-10 were not 

affected by STAT3 or SHP2 inhibition, suggesting that there is another downstream 
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regulator of these proteases. Interestingly, published studies have demonstrated that 

MMP-9 is sometimes downregulated after acute EGFR inhibition (Cowden Dahl et al. 

2008; Hudson, Moss, and Stack 2009). In order to tease out what factors may be 

involved in the upregulation of MMPs observed in this thesis. PEA3 and AP-1 have 

been shown to be regulators of MMPs and that they are often in turn regulated by 

MAPKS such as ERK, JNK and p38, all of which are downstream of EGFR (Ellerbroek et 

al. 2001; Dahl, Zeineldin, and Hudson 2007). By interrogating PEA3 an AP-1 in our cell 

lines it may be possible to get an idea of where this MMP upregulation is coming from. 

 

6.2.4 To understand the molecular basis for the changes in localisation and secretion 

of IL-33 

 

An interesting finding in this thesis is the altered localisation and probable active 

secretion of IL-33 by keratinocytes after EGFR knockout or G428D mutant re-

expression. Il-33 is becoming known as a major Th2 driving cytokine but is normal 

observed as an alarmin, only released from the cell body after cellular damage. The 

model generated here would be useful for the co-staining of IL-33 with a plethora of 

exosomal markers in order to figure out what secretory pathway may be responsible 

for its active release. By expressing fluorescently tagged IL-33 in keratinocytes it would 

be possible to observe the trafficking of Il-33 within the cell giving further clues to its 

secretory mechanism. 

 

6.2.5 Define the effects of EGFR inhibition on immune cells in the skin 

 

Although this thesis has focused entirely on the role of EGFR dysregulation on 

keratinocyte derived inflammation it is important to look further into its role on 

immune cells themselves. EGFR is almost ubiquitously expressed and has been shown 

to play a role in a number of immune cell processes such as the licensing of Th2 T cells 

to produce IL-13 in response to IL-33 during infection (Minutti et al. 2017). This is of 

particular interest in the case of those patients harbouring the G428D mutation as this 

mutation would also be present in the immune cells. This could be done by 

establishing a number of immune cell lines generated from the EGFRfl/fl mouse and 
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removing EGFR with Cre-recombinase, or alternatively using siRNA against EGFR in 

readily developed proliferative immune cell lines.  
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Appendix 

 
Appendix Table 1.  Genes up or down regulated in KO-GFP and G428D-GFP cells vs 
GFP cells with old increase or deacrease over 5x.  
 

GENE KO-GFP G428D-GFP 
ACOT4  -5.441 
ADAMTS1 -14.76 -18.41 
ADAMTSL4 16.782  
ADM 11.231 17.931 
AKR1C3 5.564 12.264 
ALDH3A1 5.322 17.022 
ALG10B -6.122  
ATF3 7.864 14.564 
BCL6 10.045 5.825 
BTG1 23.881 49.661 
C1S 5.693 11.357 
C3 18.703 24.367 
CALM1 -17.885 -21.535 
CCDC28A -7.677 0.067 
CCL2 44.075 49.739 
CCL20 7.389 13.053 
CCL27A 12.644 22.308 
CCL5 15.688 21.352 
CCNB1 -41.365 -45.015 
CCND1 -6.871 -10.521 
CCNF -34.129 -37.779 
CD276 -15.123 -18.773 
CDC20 -28.746 -32.396 
CDC25A -5.002 -8.652 
CDKN1C 5.401 14.065 
CENPF -12.448 -11.228 
CLDN4  7.984 
COL1A1 -22.37 -21.15 
COL1A1 -26.193 -24.973 
COL4A6 -20.896 -19.676 
CSF2 6.023 8.687 
CTPS -5.002 -5.782 
CXCL10 15.101 21.765 
CXCL14 89.49 25.154 
CXCL15 -5.576 -7.974 
CYP1A1 34.957 40.621 
CYP1A2 31.498 37.162 
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DAPL1 5.461 11.125 
DIRC2  -7.53 
DST 5.667 5.331 
DUSP1 5.135 10.799 
EGR1 -12.112 -10.892 
F3 -8.987 -11.385 
FERMT1 -11.774 -18.172 
FLNB -11.349 -13.747 
FOXM1 -34.587 -36.985 
GABARAPL1 6.781 12.445 
GALC -6.009  
GNB3 5.069  
GPN1 NA -10.276 
H2BC12 19.124 15.124 
H2BC21 11.897 7.897 
H2BC4 14.047 10.047 
HAS3 -11.005 -13.403 
HBP1 7.344 13.008 
HS3ST2 -5.001 -7.399 
ID3 5.123 12.733 
IFI27 29.686 27.296 
IFIT1 12.478 10.088 
IL1B 8.002 5.612 
IL1F11 14.001 5.611 
IL1F9 5.981 20.426 
IL1R2 26.783 14.393 
IL1RN 13.928 11.538 
IL24 -6.001 -8.399 
IRAK2 41.881 39.491 
IRF1 32.189 29.799 
ITGA5 -5.104 -7.502 
KIF14 -8.987 -11.385 
KIF20A -15.123 -17.521 
KIF2C -9.465 -8.187 
KLK6  12.164 
LUM 18.456 16.066 
LYAR -5.001 -5.732 
MAP3K8 12.236 9.846 
METTL7A1 5.002  
MFSD11  -5.013 
MMP10 31.467 36.897 
MMP1A 28.122 33.552 
MMP9 45.682 30.112 
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MRVI1 11.324  
MYC -5.104 -6.22 
MYCBP -26.489  
NCOA7 6.401 11.831 
NFKB2 26.004 29.434 
NRG1 -12.112 -15.512 
NUPR1 6.077 11.507 
OGG1 11.221  
PCDHGA11 -16.791 -20.191 
PCDHGA7 -12.471 -15.871 
PCDHGB5 -10.103 -13.503 
PHLDA1 -22.37 -25.77 
PHLDA2 -26.193 -23.523 
PIK3IP1 12.884 18.314 
PLEK2 -15.238 -12.568 
PLK1 -17.998 -15.328 
PPRC1 -11.005 -8.335 
PSMA2 -14.122  
PTK6 -15.889 -13.219 
PTPRA -5.034  
PUS1 -5.001 -9.581 
RAB9 14.788 20.218 
RGMA 14.892 17.322 
RNASE4 22.301 27.731 
RWDD4A  -12.355 
SERPINA1C 14.509  
SLC26A2 7.044  
SOX4 13.205 18.635 
SSRP1 -5.576 -10.156 
STAT2 48.102 23.532 
SUMO2  14.567 
SYNGR3 20.117  
SYNJ2BP 5.003  
TC2N  -17.5 
TGFA -9.465 -14.045 
THBS2 -15.889 -20.469 
TOP2A -6.001 -10.581 
TPX2 -22.587 -27.167 
UGT1A6A 15.823 21.253 
ULK1 12.434 17.864 
VAV3 13.785 19.215 
VTCN1 82.268 97.698 
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