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Abstract 

 

Cutaneous Squamous Cell Carcinoma (cSCC) is a skin cancer with an increasing worldwide incidence. 

While most patients have an excellent prognosis, a subset of patients develop disease 

recurrence/metastasis, emphasising the need for novel reliable prognostic biomarkers, as well as an 

improved understanding of the cellular signalling mechanisms underlying cSCC tumourigenesis and 

progression. Autophagy is essential for cellular homeostasis and keratinocyte differentiation, with the 

deregulation of both processes being associated with cSCC tumourigenesis. As a key protein to both 

autophagy and keratinocyte differentiation, the aim of the current study was to define crosstalk 

between AMBRA1 and the deregulation of these processes in cSCC development and progression and 

its potential, together with the associated autophagy cargo protein SQSTM1 (p62), as prognostic 

biomarkers. Biomarker assay development and analysis in a cohort of primary cSCC tumours revealed 

that loss of cytoplasmic AMBRA1 expression in the tumour growth front, in combination with loss of 

cytoplasmic p62 expression in the peritumoural epidermis, as putative prognostic biomarkers for cSCC 

reoccurrence and metastasis, independent of tumour differentiation status. Importantly, the 

combined loss of these proteins also identified moderately/poorly differentiated primary cSCC 

tumours at high risk of metastasis. Studies of the potential contribution of cullin E3 ligase-mediated 

degradation or TGF-β2-mediated downregulation of AMBRA1 in cSCC cell lines revealed only increased 

levels of TGF-β2 secretion correlated with loss of AMBRA1 expression. Furthermore, although chemical 

inhibition of TGF-β signalling inhibited cSCC cell proliferation in vitro, no effect on AMBRA1 expression 

levels was observed, suggesting an undefined TGF-β2 independent-mediated mechanism of AMBRA1 

loss in cSCC. Studies investigating AMBRA1 involvement in  keratinocyte differentiation and autophagy 

further demonstrated AMBRA1 expression in keratinocytes initially relies on autophagy activation but 

is later maintained by epidermal differentiation-related calcium signalling. Additional studies also 

revealed that this calcium-signalling mediated regulation of AMBRA1 expression is lost during cSCC 

tumourigenesis, likely resulting in the maintenance of a dedifferentiated cell phenotype, facilitating 

sustained tumour cell proliferation. This further highlights that loss of AMBRA1 expression as a key 

event in the uncoupling of autophagy and keratinocyte differentiation in cSCC development. 

Collectively these data highlight the tumour suppressive role of AMBRA1 in cSCC and its loss of 

expression in the tumour growth front, in combination with the loss of peritumoural epidermal p62 

expression, as a novel prognostic biomarker for cSCC reoccurrence and metastasis. 
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1.1. Normal Skin 
 

1.1.1. Principle Function, Evolution and Structure 

The skin represents the largest organ of the human body whose principle function is as a 

protective barrier. This barrier can broadly be split into two functions, an inside-out barrier 

(preventing escape from the body) and an outside-in barrier (preventing entry to the body), 

with the latter being produced by several sub-barriers such as low permeability, immune 

protection and UV radiation shielding (Basler et al., 2016).  

Whilst principally composed of two layers, the dermis and the epidermis, the initial barrier of 

the skin is conferred by corneocytes and secreted lipid lamellae structures, which are present 

in the upper layers of the epidermis, the stratum corneum and stratum granulosum (Elias, 

2005). Through the interlacing of these corneocytes and lipids, a tortuous route of entry to 

the body by any foreign organism or molecule is produced. The natural hydrophobicity of both 

the secreted lamellar bodies and the lipids present in the cornified envelope of the stratum 

corneum further serve to provide a barrier to water or hydrophilic molecules. Additionally, 

the release of lamellar bodies at the border of the stratum granulosum and corneum, as well 

as the many tight junctional complexes within the stratum granulosum provide an additional 

defence to water penetration or loss (Menon et al., 2012).   

However, lamellar bodies do not only serve as a hydrophobic barrier, as their secretion also 

releases a variety of antimicrobial compounds and cytokines that are able to destroy invading 

pathogens. These chemicals alongside, the presence of Langerhans cells in the epidermis, 

provide an effect barrier to pathogen invasion. (Matsui and Amagai, 2015).  

In addition to its barrier function the skin also provides a vital role as a sensory organ, 

interpreting and transmitting signals from the external environment to the central nervous 

system (Owens and Lumpkin, 2014), as well as functioning as an endocrine organ in its capacity 

as the primary site of vitamin D production (Reichrath et al., 2017). 

 

Human skin forms during the third trimester of pregnancy but development begins much 

earlier (Schempp et al., 2009), originating from both the ectoderm, which produces the 

epidermis (Lawrence F. Eichenfield, 2001), as well as the mesoderm, which produces the 

dermis (Arda et al., 2014).  

It’s also important to appreciate that skin is not a static structure of cells but a dynamic piece 

of tissue,  that is not only able to relay information about an individual’s external environment 
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but also able to move and stretch to facilitate everyday movement. It’s only when the skin 

loses this ability, e.g. from the formation of scar tissue for example, that the vital function of 

skin becomes observable (Wong et al., 2016).  

 

As discussed above, skin is essentially organised into the epidermis and dermis, with an 

additional layer named the hypodermis present beneath. The structure and principle function 

of these layers can be summarised as follows (Figure 1.1). 

 

FIGURE 1. 1. STRUCTURE OF NORMAL SKIN 
A schematic diagram of the various strata of the epidermis, the subdivisions of the dermis and the 
hypodermis, with the separating structures also shown. 
 
 
Hypodermis; Located immediately beneath the dermis, the hypodermis consists of connective 

tissue and a high number of adipose cells. This adipose tissue, and the fat stored within, serve 

to reduce the potential of internal injury by reducing force transmission through the skin while 

also acting as a nutrient store. In addition the hypodermis acts as a thermo-regulator of the 

body and also facilitates connections to the underlying deep fascia, the aponeurosis and 

periosteum (Arda et al., 2014). This area also contains a large amount of proteoglycans and 

glycosaminoglycans, which act to draw in water, ensuring this area has a mucous like 

consistency (Wong et al., 2016). 
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Dermis-Hypodermis Junction;  the boundary between the dermis and hypodermis but a clear 

dividing membrane is not present (Arda et al., 2014). 

 

Dermis; Typically 2 mm thick the dermis is principally comprised of fibroblasts, which function 

to produce an extracellular matrix composed of collagen I/III, elastin, fibrillin and other 

structural proteins lined with a variety of proteoglycans and glycoproteins. Other cells and 

structures present include mast cells, plasma cells, dendritic cells, histiocytes, capillaries and 

nerve terminal structures (Lai-Cheong and McGrath, 2009). The dermis binds to both the 

epidermis and hypodermis and acts to provide nutrients to both areas (Arda et al., 2014). The 

dermis is also responsible for the mechanical resistance of the skin, being able to resist force 

of up to 27 MPa (Wong et al., 2016).  

Structurally, the dermis is subdivided into two separate layers, the papillary dermis and 

reticular dermis, which arise from two different mesenchymal origins, giving them distinct 

ECM architectures and protein distributions.  

 

Papillary Dermis; the superficial subdivision of the dermis that is in direct contact with the 

epidermis, comprising dermal projections at the dermal-epidermal interface, termed dermal 

papillary. These projections, in combination with anchoring fibrils that contact the basement 

membrane, give the dermis its tensile strength (Driskell et al., 2013). Due to its close 

association with the epidermis, it’s this subdivision of the dermis that is innervated with both 

blood supply and nerve fibres.  

 

Reticular Dermis; a subsection of the dermis in contact with the hypodermis (Lai-Cheong and 

McGrath, 2009), containing dense connective tissue housing the eccrine, sebaceous and 

apocrine glands of the skin (Cui and Schlessinger, 2015, Hoover and Krishnamurthy, 2019, 

Murphrey and Vaidya, 2019). A variety of nerve fibres innervations are also present, 

specialised to interpret signals from the external environment (Arda et al., 2014). 

 

Dermal-Epidermal Junction; a 200 nm thick basement membrane (Lai-Cheong and McGrath, 

2009) that separates the epidermis and dermis and comprising glycoproteins and proteins that 

provides a solid structure for epidermal and dermal cells to adhere to via keratin and collagen 

filaments and which is actively involved in transmitting cellular signals between these two 

areas. 
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Epidermis; The epidermis, the uppermost layer of the skin, varying typically between 75 to 

150 μm thick, but which may be as thick as 600 μm on the palms of the hands and soles of the 

feet (Wong et al., 2016). This layer is predominantly composed of keratinocytes (95%), with 

melanocytes (pigmentation), Langerhans (immune system) and Merkel cells 

(mechanoreceptors) making up the remaining 5% (Menon, 2002).  Conferring barrier function, 

the epidermis is formed and replenished through the continuous differentiation (Menon, 

2002) of keratinocytes as they move from the basal layer to the outermost stratum corneum, 

in response to an increasing calcium gradient. Stratified into  four or five layers, depending on 

the body sight; the stratum basale, stratum spinosum, stratum granulosum, stratum lucidum 

(only present in areas of thick skin) and the stratum corneum, the organisation and 

morphology of these layers is outlined as follows; 

 

Stratum Basale; the lowest level of the epidermis, comprising keratinocytes undergoing 

constant division, either dividing horizontally to replenish the epidermis by providing cells that 

are pushed superficially (Baroni et al., 2012), or dividing laterally to replace lost epidermal 

stem cells (Arda et al., 2014). Cells within this epidermal layer appear columnar with a high 

nuclear-to-cytoplasm ratio and attach directly to the basement membrane separating the 

epidermis and dermis. This attachment is facilitated by tonofilaments, which connect to the 

basement membrane via hemidesmosomes present in the basal membrane, thus preventing 

movement towards the surface of skin. These cells also attach to the cells around them, both 

laterally and horizontally via desmosomes (Pappas, 2015). Interestingly, studies into the 

circadian clock present in stratum basale cells have also demonstrated that mitotic activity is 

restricted to night hours (Matsui et al., 2016), with activity occurring in four to five hourly 

cycles and genes involved in skin protection upregulated during daylight hours while genes 

involved in cell proliferation are upregulated during night time hours (Antonioli et al., 2014). 

This pattern of activity limits UV induced damage of DNA during cell mitosis, reducing the 

potential for mutant cell expansion (Matsui et al., 2016).  

 

Stratum Spinosum; directly above the stratum basale, the stratum spinosum is the thickest 

section of the epidermis and is where keratinocyte differentiation begins (Arda et al., 2014). 

The keratinocytes compromising this layer are characterised by many interconnecting 

desmosome junctions and cytoplasmic projections that give them a histologically recognisable 
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polyhedral shape (Pappas, 2015). The tonofilaments/desmosome that facilitate interdigitating 

between cells allows for a reinforced structure of stratum and direct cell-to-cell 

communication. Morphologically cells appears flattened and elongated and the production of 

lamellar bodies can be seen histologically (Menon, 2002).  

 

Stratum Granulosum; sited above the stratum spinosum, the stratum granulosum is further 

divided into three sub layers; SG3, SG2 and SG1 (Matsui and Amagai, 2015). Typically ten to 

eighteen cells thick, cell undergo extensive differentiation in this sub layer, accumulating 

cytoplasmic keratohyalin granules, which stain darkly in the cytosol (Menon, 2002). 

The accumulation of lamellar bodies peaks within this sublayer and the granulosum cells form 

additional tight barrier junctions aiding barrier function (Elias et al., 1998). 

Terminal keratinocyte differentiation occurs at the interface between SG1 and the stratum 

corneum, a process named cornification. This includes the mass secretion of the lamellar 

bodies, which fuse in the extracellular space to fully occlude the area, aiding barrier function. 

The cornified envelope also forms in this epidermal layer, a protein-structure that forms 

around the cell aiding barrier function (Menon, 2002). 

 

Stratum Lucidum; this epidermal sub layer is only present in the skin of the soles and palms. 

Approximately five cells thick, these cells are highly refractive and eosinophilic and due to the 

absence of nuclei, this stratum is typically characterised as a subdivision of the stratum 

corneum (Arda et al., 2014). 

 

Stratum Corneum; Representing the upper most superficial stratum of the epidermis, the 

stratum corneum is approximately fifteen to twenty one cells thick. Keratinocytes within this 

sub layer are characterised by their flattened and elongated morphology which occurs as part 

of their cornification process and also their ‘brick and mortar’ structure (Arda et al., 2014). 

The brick and mortar structure describes the organisation of the corneocytes or ‘bricks’ 

embedded in the lamellar sheets or ‘mortar’ (Steinert, 1999). It’s this interlacing that provides 

the strong barrier function to external pathogens. Additional alterations occurring in the 

stratum corneum also include the conversion of desmosomes to corneodesmosomes; tight 

junctional complexes with increased adhesion compared to their previous counterparts 

(Menon, 2002), later broken down to aid cell separation and desquamation (Matsui and 

Amagai, 2015). 
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1.1.2. Epidermal Differentiation 

Integral to the formation and integrity of the component strata, with their distinct 

morphology, is the process of epidermal differentiation. Highly regulated, this process 

involves a series of gene expression changes that ultimately produce a terminally 

differentiated keratinocyte, key to epidermal barrier function.  

 

The principle driver of epidermal differentiation in keratinocytes is the presence of an 

epidermal calcium gradient, with low calcium concentrations ensuring ongoing proliferation 

and replenishment of the epidermis, while higher calcium concentrations trigger cellular 

differentiation and the production of a functioning epidermal barrier. The extracellular 

calcium gradient in the epidermis is low at the stratum basale, with concentrations as low as 

3 μM, that steadily increase towards the stratum granulosum, eventually reaching >20 μM 

and then reducing to concentrations <3 μM in the stratum corneum (Celli et al., 2010). 

However, the extracellular calcium gradient only partially contributes to calcium gradient 

present in the epidermis, with intracellular concentrations of calcium being the principle 

source of the gradient. The rise in external calcium, from the stratum basale to granulosum, 

is interpreted by the G-protein coupled receptor Calcium Sensing Receptor (CaSR), which leads 

to the production of inositol phosphates via activating phospholipase C (PLC), which in turn 

activates the inositol trisphosphate (IP3) receptor (Elsholz et al., 2014). The activation of this 

IP3 receptor then causes calcium influx as a  result of both the intake of calcium from the 

extracellular space, through TRP channels, and the release from intracellular stores (Bikle et 

al., 2012). This rise in intracellular calcium, promoted by the cell-to-cell adhesion complexes, 

leads to the activation of protein kinase C (PKC) (Tu and Bikle, 2013).  

PKC activation in turn induces a variety of genes involved in epidermal differentiation, some 

activated by calcium sensitive promoters, via transcription factors such as activator protein 1 

(AP1), with others induced via induction of the ‘epidermal differentiation complex,’ a 2 mega 

base pair region located at 1q21 (Kypriotou et al., 2012). It’s this sequence of rising 

extracellular calcium, leading to a rise in intracellular calcium, inducing signalling events and 

gene activation that ultimately produces keratinocyte differentiation. 

 

The result of calcium induced gene expression is the gradual differentiation of keratinocytes 

as they move superficially through the epidermis. During this process, keratinocytes also 
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undergo a variety of protein expression changes that result in a terminally differentiated cell 

that is perfectly suited to reinforce and maintain the epidermal barrier. 

The differentiation process of keratinocytes begins with the cells present in the basal layer 

escaping the cell cycle and detaching from the basement membrane and entering the 

superficial strata (Segre, 2003). 

One of the clearest examples of this change in protein expression is the alteration in keratin 

expression; cells present in the stratum basale express keratin 5 and 14 but upon moving 

superficially and forming the stratum spinosum, a change in expression to the expression of 

keratin 1 and 10 occurs. Keratin 1 and 10 are continuously expressed until differentiating 

keratinocytes cells reach the stratum granulosum, where expression is lost (Elsholz et al., 

2014). 

 

Other key proteins involved in epidermal differentiation and cornification are only expressed 

by keratinocytes within specific strata (Figure 1.2); for example, involucrin and 

transglutaminase expression is induced in the stratum spinosum, while loricrin and 

profilaggrin are induced in the stratum granulosum (Bikle et al., 2012). Changes also occur to 

the expression of cell junction proteins. In the stratum basale, the dominant proteins in 

desmosomes are desmogleins 2 and 3 and desmocollins 2 and 3. However, when entering the 

stratum spinosum, desmoglein 2 and desmocollin 2 become the dominant proteins involved 

in desmosomes (Delva et al., 2009) while in the stratum granulosum/corneum, desmoglein 1 

and desmocollin 1 are the predominant proteins (Bikle et al., 2012). This change in expression 

reflects the change in function that occurs during keratinocyte differentiation, desmoglein 3 

has been shown to be involved in cell proliferation while desmoglein 1 expression is vital to 

barrier function in the upper layers of the epidermis. 
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FIGURE 1. 2. Protein Expression during Keratinocyte Differentiation. 
A schematic diagram demonstrating the alterations to the expression of AMBRA1, keratins, cell junction proteins, tight junctional proteins and other key 
differentiation proteins that occur as keratinocytes undergo differentiation. Also shown is the calcium gradient and nutrient starvation pressure present in the 
epidermis. 
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In terms of tight junctions in the epidermis, both P- and E-cadherin are found in the tight 

junction complexes. This changes as the cells move superficially with the tight junctional 

complexes becoming dominated by E-cadherin, while P-cadherin is no longer expressed. E-

cadherin is assisted in tight junction formation by claudins and occludins, whose expression 

is initiated in the stratum spinosum (Bikle et al., 2012).  

 

Interestingly, recent studies have shown that AMBRA1, a pro-autophagy regulatory protein 

also acts as an epidermal differentiation protein, its expression increasing from the stratum 

basale to the stratum corneum and its loss associated with hyper-proliferation and impaired 

epidermal differentiation (Ellis et al., 2020, Cosgarea et al., 2021) 

 

These gradual changes during the process of epidermal differentiation lead to terminal 

differentiation, or cornification, which occurs at the interface between the stratum 

granulosum and stratum corneum. During this process, several cellular changes occur, 

including the formation of the cornified cell envelope, produced by the cross-linking of 

involucrin, loricrin, small proline rich proteins, desmoplakin and other proteins that provides 

a solid structural encasing of the cell that is resistant to mechanical and chemical disruption 

(Elias, 2005). Profilaggrin is also processed to filaggrin, which is then distributed across the cell 

and accumulates additional keratin filaments, which aid structural rigidity (Eckhart et al., 

2013). A coordinated secretion of the lamellar bodies also occurs during terminal 

differentiation. The contents of these lamellar disc organelles fuse to form lamellar sheets 

which fill and occlude the extracellular space around the terminally differentiated 

keratinocytes (Bouwstra and Honeywell-Nguyen, 2002). This process occurs during organelle 

and nuclei degradation, resulting in the elongation and further flattening of cell morphology. 

 

Given the suggested role of AMBRA1 in epidermal differentiation, and the need to remove the 

organelles present in the keratinocyte during this process, autophagy has been shown to play 

a key role in epidermal differentiation. Supporting this function, recent studies have 

demonstrated increased basal autophagy in the epidermis, as evidenced by the presence of  

increased levels of LC3-II expression, a marker of autophagic flux, in the granular layer (Haruna 

et al., 2008). Further studies also suggest while not vital for epidermal barrier function, 

autophagy is key to cellular remodelling during cornification; skin grafts of Atg7 deficient mice 

showing defective skin formation leading to acanthosis and hyperkeratosis following initial 
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transplantation (Yoshihara et al., 2015). Follow on studies in an epidermal-Atg7-deficient 

mouse model also reveal a thicker stratum corneum, suggesting a failure of organelle 

degradation. (Rossiter et al., 2013). Furthermore differentiating keratinocytes, encounter 

both calcium mediated stress and nutrient deprivation, stress responses required for 

differentiation that lead to UPR-induced ATF6 signalling, and the induction of lysosome 

formation and autophagy signalling, independent of mTOR, a regulator of autophagy 

(Mahanty et al., 2019). Taken together, these studies suggest that whilst the attenuation of 

autophagy does not affect barrier formation of the epidermis, likely due to multiple 

redundancies, it contributes to the process of keratinocyte cornification. The intimate role of 

autophagy within keratinocyte differentiation nevertheless, remains poorly defined.  

 

Collectively this body of evidence demonstrates the numerous and complex cell processes, 

including autophagy and differentiation, that must act in unison to ensure replenishment of 

epidermal cells to produce fully differentiated cells and ensure the barrier function of the skin 

is operational. As such, any disruption to these processes has the potential to become 

pathological and produce epidermal originating malignancies. 

 

 

1.2. Cutaneous Squamous Cell Carcinoma 
 

1.2.1. Incidence, Characteristics and Risk Factors 

Cutaneous squamous cell carcinoma (cSCC) is a cutaneous malignancy that arises from the 

transformation of keratinocytes that appear squamous in appearance, and commonly 

classified as a non-melanoma skin cancer. Incidence continues to rise worldwide, with the UK 

incidence reported to be 77 per 100,000 people (Venables et al., 2019b) and with the highest 

incidence in Australia, at 499 per 100,000 persons (Staples et al., 2006). The growing 

worldwide incidence of cSCC thus places enormous pressure on healthcare services, estimated 

to be around £36 million by 2020, in the UK alone.  

 

The major risk factor identified linked to the development of cSCC is UV radiation, with both 

UV-A and UV-B able to promote keratinocyte tumourigenesis. UV-B is able to directly induce 

DNA mutations via directing C-to-T substitutions, whilst UV-A acts to produce ROS species that 

go on to induce cancerous transformations. Whilst exposure to UV is highly associated with 
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cSCC development, numerous other factors contribute to tumour development (Dotto and 

Rustgi, 2016). These include fair skin, an age of >60yrs (Xiang et al., 2014), and sex (men being 

at greater risk of cSCC development (Venables et al., 2019b, Andersson et al., 2011, Rogers et 

al., 2015, Staples et al., 2006). Immunodeficiency/suppression, both within organ transplant 

patients and patients with immune cell based cancer is also strongly associated with cSCC 

development (Jensen et al., 2000, Hartevelt et al., 1990, Omland et al., 2016, Velez et al., 2014, 

Mehrany et al., 2005), as well as, albeit to a minimal degree, the presence of premalignant 

lesions such as actinic keratoses (AK) (Ratushny et al., 2012). 

 

Both cSCC development and progression pose a significant health care burden. Risk factors for 

cSCC progression include the physical dimension of the primary tumour; a Breslow depth >2 

mm or a tumour diameter >20 mm being associated with a significant risk of local disease 

recurrence (Brantsch et al., 2008, Que et al., 2018, Thompson et al., 2016). Differentiation 

status is also linked to disease progression; a poorly differentiated phenotype being associated 

with both a high risk of local recurrence as well as tumour metastasis (Thompson et al., 2016, 

Que et al., 2018). However, it is worth noting that whilst differentiation status may have some 

prognostic potential, this criterion has been removed from more recent AJCC staging criteria. 

Further physical factors contributing to the risk of local recurrence and metastasis also include 

invasion below subcutaneous fat and perineural invasion (Martinez et al., 2003, Thompson et 

al., 2016, Harris et al., 2017, Carter et al., 2013). 

 

Key to the development and progression of cSCC is the accumulation of genetic mutations, 

including mutations in TP53 (Missero and Antonini, 2014), CDKN2A/RB1, CCDN1, MYC, 

tyrosine kinase receptors (EGFR and FGRF), RAS/MAPK and PI3K signalling, TP63, SOX2, NRF2 

as well as epidermal differentiation genes such as Notch and Fat1 (Dotto and Rustgi, 2016). 

More recently, mutations in AMBRA1 have also been linked with cSCC. A study of 39 patients 

demonstrated a mutational rate of 25%, with the mutations being typically missense in nature. 

Patients with AMBRA1 mutations had a median survival of 25 months, in comparison to 124.9 

months in patients without this mutation, suggesting that loss of AMBRA1 function is a risk 

factor in developing more aggressive cSCC disease (Pickering et al., 2014) and highlighting  the 

potential importance of this protein in tumourigenesis and progression. 
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1.2.2. Current cSCC Staging and Management 

cSCC can be staged according to the 8th edition of the American Joint Committee on Cancer 

Staging for SCC, which in turn may guide treatment stratification. This classification uses the 

TNE staging system, with various clinical criteria for the primary tumour (T), shown in Table 

1.1, criteria for regional lymph nodes (N), shown in Table 1.2 and criteria for distant 

metastasis, shown in Table 1.3, all being used together to stage an cSCC tumour (Califano, 

2017) into 4 different stages, named I-IV, shown in Table 1.4. Stage I represents the presence 

of a small single primary tumour (<2cm), Stage II represents a moderate single primary tumour 

(>2 cm but <4 cm), Stage III represents a large primary tumour (>4 cm) and can also indicate 

the presence in a single ipsilateral lymph node while Stage IV represents a variety of primary 

tumour sizes with different degrees of lymph node involvement and can also include the 

presence of distant metastasis. However, it has also been suggested that this system overly 

stratifies patients into poor outcome groups when compared to the Brigham and Women's 

Hospital (BWH) staging system (Table 1.5) (Ruiz et al., 2019). However, the BWH staging 

system has also been heavily criticised for not including multivariate analysis or additional risk 

factors, such as immunosuppression or tumour location, which have been well documented 

to impact on cSCC progression (Mina N Le, 2017). Despite several revisions of the AJCC staging 

system, the criterion within this system are still unable to reliably predict the risk of disease 

progression (Mina N Le, 2017), leaving an acute unmet need for reliable prognostic biomarkers 
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TABLE 1. 1. THE TUMOUR CRITERIA FOR THE STAGING OF CSCC AS DEFINED BY THE 8TH EDITION OF THE AMERICAN JOINT 
COMMITTEE ON CANCER STAGING.  
Adapted from (Califano, 2017). 
 

 

TABLE 1. 2. THE REGIONAL LYMPH NODE CRITERIA FOR THE STAGING OF CSCC AS DEFINED BY THE 8TH EDITION OF THE 
AMERICAN JOINT COMMITTEE ON CANCER STAGING. 
Adapted from (Califano, 2017). 

T Category T Criteria 
TX Primary tumour cannot be identified 
Tis Carcinoma in-situ 
T1 Tumour <2 cm in its greatest dimension 
T2 Tumour is >2 cm but <4 cm in its greatest dimension 
T3 Tumour is >4 cm in a clinical diameter 

or Minor bone erosion 
or Perineural invasion 

or Deep invasion 
T4 Tumour with gross cortical bone/marrow invasion 

or skull bone invasion 
or skull base foramen invasion 

T4a Tumour with Gross cortical bone/marrow invasion 
T4b Tumour with skull bone invasion 

or Skull base foramen invasion 

N Category N Criteria for Pathologic N 
NX Regional lymph nodes cannot be assessed 
N0 No regional lymph nodes metastasis 
N1 Metastasis in a single ipsilateral lymph node, <3 cm in its greatest dimension 

and ENE- 
N2 Metastasis in a single ipsilateral lymph node <3 cm in greatest dimension and 

ENE+ 
or >3 cm but not >6 cm in greatest dimension and ENE- 

or metastases in multiple ipsilateral lymph nodes, none >6 cm in greatest 
dimension and ENE- 

or in bilateral or contralateral lymph nodes, none >6 cm in greatest dimension 
and ENE- 

N2a Metastasis in a single ipsilateral lymph node <3 cm in greatest dimension and 
ENE+ 

or >3 cm but not >6 cm in greatest dimension and ENE- 
N2b Metastases in multiple ipsilateral lymph nodes, none >6 cm in greatest 

dimension and ENE- 
N2c In bilateral or contralateral lymph nodes, none >6 cm in greatest dimension and 

ENE- 
N3 Metastasis in a lymph node >6 cm in greatest dimension and ENE- 

or in a single ipsilateral node >3 cm in greatest dimension and ENE+ 
or multiple ipsilateral, contralateral, or bilateral nodes, any with ENE+ 

N3a Metastasis in a lymph node >6 cm in greatest dimension and ENE- 
N3b Metastasis in a single ipsilateral node >3 cm in greatest dimension and ENE+ 

or multiple ipsilateral, contralateral, or bilateral nodes, any with ENE+ 
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TABLE 1. 3. THE METASTATIC CRITERIA FOR THE STAGING OF CSCC AS DEFINED BY THE 8TH EDITION OF THE AMERICAN 
JOINT COMMITTEE ON CANCER STAGING. 
Adapted from (Califano, 2017). 

 

 

 

TABLE 1. 4. THE TNE CRITERIA FOR THE STAGING OF CSCC AS DEFINED BY THE 8TH EDITION OF THE AMERICAN JOINT 
COMMITTEE ON CANCER STAGING. 
Adapted from (Califano, 2017). 

 

 

 

TABLE 1. 5. THE STAGING CRITERIA FOR THE BRIGHAM AND WOMEN’S HOSPITAL (BWH). 
High-risk factors are defined as a tumor diameter ≥2 cm, poorly differentiated histology, perineural 
invasion ≥0.1 mm or tumor invasion beyond fat (excluding bone invasion). Adapter from (Karia et 
al., 2014) 

 

 

 

 

M Category M Criteria 
M0 No distant metastasis 
M1 Distant metastasis 

Combined SCC Staging Criteria 
Stage T Criteria N Criteria M Criteria 

0 TIS N0 M0 
I T1 N0 M0 
II T2 N0 M0 
III T3 N0 or N1 M0 
IV T1 and T2 

T1, T2 and T3 
Any T 

T4 
Any T 

N1 
N2 
N3 

Any N 
Any N 

M0 
M0 
M0 
M0 
M1 

Stage No. of High-Risk Factors 

T1 0 
T2a 1 
T2b 2-3 
T3 >4 
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Current treatment options for cSCC depend on disease stage, incorporating surgical and non-

surgical options (Potenza et al., 2018). Tumours are classically removed by surgical excision, 

including the provision of clinical margins, which may be combined with adjuvant therapy, to 

further prevent the risk of local reoccurrence and metastasis (Brodland and Zitelli, 1992, 

Breuninger et al., 2013).  Mohs micrographic surgery is another surgical option, which can be 

used if the site of primary tumour development has aesthetic impacts upon its removal. This 

technique comprises surgical removal of the tumour and a series of horizontal sections around 

the tumour margin and then examining each section histologically for tumour cells. If the 

presence of tumour cells are detected, further sections are taken. This technique has shown 

success in the treatment of cSCC, reducing the rate of tumour recurrence to as little as 3% 

(Neville et al., 2007, Nguyen and Ho, 2002). 

 

If there is evidence for cSCC disease spread then additional broad spectrum treatments 

including radiotherapy are adopted (Bonerandi et al., 2011) while for metastatic disease 

classical chemotherapy treatments incorporate the use of capecitabine (Oliveira et al., 2016, 

Endrizzi et al., 2013), cisplatin (Khansur and Kennedy, 1991) and paclitaxel (Lewis et al., 2004). 

In some rarer occasions, electrochemotherapy can be utilised (Oliveira et al., 2016). The 

limited success of these therapeutic approaches for metastatic disease has more recently led 

to the development of a plethora of more targeted therapies. These include the use of 

immunotherapies and biological response modifiers, such as retinoids and interferons, which 

act to induce immune antitumor activity (Lewis et al., 2012). Others include EGFR inhibitors 

(Maubec et al., 2011), Herbacetin (Kim et al., 2017), the PD1 inhibitor cemiplimab (Blum et al., 

2018, Ogata and Tsuchida, 2019) and autophagy modulatory therapies (Yun and Lee, 2018). 

Nevertheless, despite some success with the use of these agents either alone or in 

combination, there are still no consistently beneficial treatments, emphasising the acute need 

for novel therapeutic strategies for metastatic disease to accompany more reliable prognostic 

and companion biomarkers. 
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1.3. Autophagy 
 

1.3.1. Function and Forms of Autophagy 

Autophagy is often described as the self-eating process, which is used by cells to sequester 

cytoplasmic components and organelles for degradation and recycling to maintain cell 

homeostasis. The cell can employ three distinct mechanism to achieve this, named chaperone 

mediated autophagy, microautophagy and macroautophagy. Whilst all three processes lead 

to the degradation of intracellular components, the mechanisms they employ to achieve this 

are vastly different (Figure 1.3). The best characterised process is macroautophagy (Feng et 

al., 2014). This form of autophagy involves the formation of a double membrane vesicles 

around target substrates, with the resultant vesicle then trafficked to the lysosome, where it 

fuses, allowing the target substrate to be degraded by lysosomal enzymes. Microautophagy, 

differs from macroautophagy as it utilises lysosomal membrane invaginations and extensions 

to surround target substrates and absorb them into the lysosome (Li et al., 2012, Kunz et al., 

2004, Mijaljica et al., 2011) while chaperone mediated autophagy is a highly selective process 

that traffics individual proteins to the lysosome for degradation (Kaushik and Cuervo, 2018, Li 

et al., 2019, Majeski and Dice, 2004). This process of individual protein sequestering is unique 

to chaperone mediated autophagy, as both micro and macroautophagy sequester their target 

substrates in bulk. 

 

The process of mammalian macroautophagy can be broken down into clearly defined stages 

and is facilitated by a large group of autophagy-related proteins (ATG proteins) that form 

distinct complexes, collectively named the ‘core autophagy machinery’. The process is 

summarised in Figure 1.4. 
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FIGURE 1. 3. THE THREE FORMS OF AUTOPHAGY. 
A schematic diagram demonstrating the mechanisms of action for the three major forms of autophagy. 
(A) Macroautophagy involves the enclosing of the autophagosome around the substrate/organelles 
and then trafficking those components to the lysosome, where it fuses and is degraded. This relies on 
the core autophagy machinery to form the phagophore. (B) Microautophagy involves the projection 
and invagination of the lysosomal membrane to sequester substrates for degradation. (C) Chaperone 
mediated autophagy involves the translocation of the substrate via KFEGR mediated HSC70 association 
to the lysosome. Here, it is passed through the oligomerized LAMP2A receptor, aided by lys-HSC70, and 
into the lumen of the lysosome for degradation. Adapted from (Kaushik and Cuervo, 2018). 
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FIGURE 1. 4. THE MECHANISM OF MACROAUTOPHAGY. 
Autophagy is induced following the formation of ULK complex puncta. This leads to the recruitment of 
further core autophagy machinery, the PI3K complex, the ATG9 complex and the ATG12 complex. 
Through the production of lipids by the PI3K complex, this leads to membrane nucleation and the 
formation of the phagophore. Following this, the action of membrane donation by ATG9 and the action 
of the LC3 conjugation system, aided by the ATG12 ubiquitination like complex, phagophore expansion 
and autophagosome maturation occurs. The completed autophagosome is then trafficked to the 
lysosome, where the two organelles fuse, allowing for degradation of the intracellular components. 
Adapted from (Sun et al., 2013).  
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The first of these stages is ‘initiation’, the process which marks the site of formation of the 

double membrane vesicle named the ‘phagophore.’. Initiation of autophagy is marked by the 

formation of ULK1 puncta. Under nutrient rich conditions ULK1 appears to be scattered 

through the cytosol but upon nutrient loss and the induction of autophagy, ULK1 is activated 

by the loss of mTOR mediated inhibition and AMPK-mediated activation (discussed further in 

Section.1.2.2). The resultant formation of the ULK1 complex containing ULK1 

(serine/threonine kinase), ATG13 (regulatory protein) and RB1CC1/FIP200 (scaffold protein) 

then leads to the recruitment of other core autophagy machinery involved in the nucleation 

and elongation of the phagophore. 

 

The second stage of macroautophagy is ‘phagophore nucleation,’ mediated by the VPS34 

complex, comprising VPS34 (phosphoinositide 3-Kinase (PI3K)), VPS13 (serine/threonine 

kinase), Beclin-1 and ATG14 (regulatory protein). Upon the interaction of the regulatory 

protein AMBRA1 with this complex, the production of phosphatidylinositol 3-phosphate 

(PtdIns-3P) is triggered and thus, membrane nucleation begins and further autophagy-related 

proteins are recruited. (Axe et al., 2008, Carlsson and Simonsen, 2015, Karanasios et al., 2013). 

 

Once nucleation has been facilitated, the next stage of macroautophagy is phagophore 

elongation. This process is partly facilitated by the ATG9 complex, comprising ATG9, 

(transmembrane protein), ATG18 (PtdIns-3P binding protein) and ATG2 (ATG18 interacting 

protein) which functions to tether and incorporate lipid membrane structures into the 

phagophore, causing its elongation and expansion. This process is also facilitated by the 

ubiquitin-like protein, LC3 complex, which cooperates with the ATG12 complex in the 

processing of LC3, from proLC3 to LC3-I and its subsequent conjugation to 

phosphatidylethanolamine (PE) to form LC3-II, which serves to aid elongation of the 

phagophore (Knaevelsrud et al., 2013, Dooley et al., 2014, Xie et al., 2008). As a dynamic 

process, LC3-II can be deconjugated from PE to reform LC3-I, where it can then leave the 

phagophore and recruit further membranes (Feng et al., 2014). Another key protein involved 

in this process is the receptor SQSTM1 (p62), which is a scaffold protein that is able to interact 

with ubiquitinated proteins and then shuttle them into the growing phagophore by associating 

with LC3-II. This allows the autophagosome to surround the selected cargo and ultimately 

ensure its degradation. This interaction between p62 and LC3-II does lead to the degradation 
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of p62 by the same lysosomal hydrolases that degrade the ubiquitinated cargo (Lamark et al., 

2017, Pankiv et al., 2007). 

 

The membrane expansion and LC3-induced curvature of the phagophore continues until an 

entire vesicle is nearly formed, when the fourth and final process occurs, named 

‘autophagosome maturation.’ (Zhao and Zhang, 2019, Takahashi et al., 2018). Once the 

autophagosome has formed, it and its contents are then trafficked to a lysosome, where both 

vesicle structures fuse to form an ‘autolysosome’ where cytosolic components are degraded 

by lysosomal hydrolases present in the lumen, allowing the sequestered contents to be further 

broken down. This completes the process of macroautophagy and is collectively termed 

autophagic flux (Yu et al., 2018).  

 

1.3.2. Autophagy Regulation  

Macroautophagy is principally regulated by nutrient sensing signals acting on mammalian 

target of rapamycin (mTOR), an autophagy repressor, and AMPK, an autophagy activator 

(Figure 1.5) (Laplante and Sabatini, 2012). 

mTOR is active during times of high nutrient availability and represses autophagy by 

interacting directly with ULK and other proteins in the ULK complex. mTOR induces inhibitory 

phosphorylations on the ULK complex, acting on ATG13 and ULK directly and also on the VPS34 

complex, by phosphorylating ATG14 (Kim et al., 2011, Yeh et al., 2011). These inhibitory 

phosphorylations prevent the interaction of these protein complexes and thus prevent their 

coordinated action in autophagy induction. However, in times of nutrient starvation, oxidative 

or cellular stress, the inactivation of mTOR occurs, triggering the induction of autophagy.  
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FIGURE 1. 5. OVERVIEW OF THE REGULATION OF MTOR BY NUTRIENT SENSING. 
A schematic diagram demonstrating the many form of regulation that occurs on mTOR. An increase in 
amino acid concentration is able to signal to the Ragulator complex to mediate the activating 
interaction between Rag A/B, Rag C/D and mTOR. The signalling of growth factor receptors at the cell 
surface is able to activate the PI3K pathway and the activation of Akt, leading to the inhibition of the 
TSC1/2 complex. This causes the TSC1/2 complex to be unable to inhibit Rheb, allowing it to activate 
mTOR. A loss of oxygen in the cell leads to the HIF1α mediated induction of hypoxia related genes, 
including BNIP3 and REDD1. BNIP is able to directly inhibit the mTOR activator Rheb and REDD1 is also 
able to inhibit Rheb indirectly, by acting on TSC1/2. Low oxygen or a high metabolic rate causes the 
accumulation of AMP and ADP, which are able to activate AMPK. AMPK can also be activated by TAK1, 
LKB1 and CAMKKβ. This activation leads to the activation of the TSC1/2 complex, causing Rheb 
inhibition, preventing the activation of mTOR and inhibition of autophagy. Adapted from (Russell et al., 
2014). 
 

 

Whilst inhibition of mTOR is vital to the process of autophagy induction, the reactivation of 

mTOR is vital to autophagy termination once nutrient levels in the cell have returned to 

normal levels. This reinhibition prevents autophagy induced cell death (Antonioli et al., 2017). 

 

The pro-autophagy serine/threonine kinase (AMPK) is also key to autophagy regulation, where 

it principally functions to monitor intracellular ratios of ATP:ADP:AMP (Hardie, 2011). As ATP 

is the metabolic driver of the cell, a shift in the ratio leading to an accumulation of ADP and 

AMP leads to activation of AMPK by several regulatory proteins, such as CAMKKβ, LKB1 and 

TAK1 (Russell et al., 2014). AMPK is able to activate autophagy by removing the inhibitory 
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action on ULK imposed by mTOR, by inducing the activating phosphorylation on TSC1 and TSC2 

and by directly inhibiting mTOR. (Gwinn et al., 2008). In addition to its role in mTOR inhibition, 

AMPK can also directly activate autophagy through ULK1 (Kim et al., 2013a). Further, ULK1 is 

also able to directly phosphorylate beclin1-regulated autophagy (AMBRA1). Under nutrient 

rich conditions, AMBRA1 stops the action of Beclin-1 and VSP34 by sequestering the two 

proteins into a complex on dynein. Upon ULK1 phosphorylation, AMBRA1 releases both 

Beclin-1 and VSP34 from complex, facilitating autophagy induction (Nazio and Cecconi, 2017). 

AMBRA1 itself also has further roles in promoting autophagy, being able to promote TRAF6 

association with mTOR, causing mTOR ubiquitination of mTOR, stopping its action (Nazio and 

Cecconi, 2017).  

 

AMBRA1 itself is regulated to ensure autophagy activation is not indefinite and resulting in 

excessive cell death. Under normal conditions, AMBRA1 is bound to the Cullin adapter DDB1, 

marking the protein for degradation by Cullin 4A and 4B, which stops its proautophagy 

signalling. However, upon nutrient deprivation, AMBRA1 loses this interaction and binds to 

Elongin B. When unbound to AMBRA1, Elongin B degrades the mTOR inhibitor protein 

DEPTOR, but upon its association with AMBRA1, this action is prevented. This allows the 

stabilisation of DEPTOR expression, which then acts to inhibit mTOR and allow the induction 

of autophagy. Thus AMBRA1 is able to establish a strong positive feedback loop on mTOR, 

ensuring the continuation of active autophagy. This switch in binding partner induced by the 

activation of autophagy is slowly reversed, causing the degradation of both AMBRA1 and 

DEPTOR. This stops the feedback system and allows autophagy to be reduced. (Antonioli et 

al., 2014, Cianfanelli et al., 2015b).  

 

Bioinformatic studies (Corazzari and Lovat unpublished data) of the AMBRA1 promotor have 

also identified TGF-β signalling responsive elements with recent data highlighting secretion of 

TGF-β2 by high risk melanomas leads to the transcriptional down regulation of AMBRA1 in the 

epidermal microenvironment (Cosgarea et al., 2021). This suggests an additional novel 

regulation of AMBRA1 by TGF-β signalling, further discussed below.  
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1.3.3. Autophagy in Cancer 

Whilst the mechanism and regulation of autophagy has been well elucidated in normal cells, 

autophagy has been shown to have a paradoxical role in cancer. (Kim and Lee, 2014, Johnson 

and Tee, 2017). A blockade of autophagy in early stage cancers such as shown in prostate, 

ovarian and breast cancer with monoallelic loss of Beclin-1 promotes tumorigenesis (Liang et 

al., 1999, Choi et al., 2013, Aita et al., 1999). Mouse models with loss of ATG5 and ATG7 are 

also susceptible to tumour development, further supporting the notion that loss of autophagy 

is genotoxic, resulting in DNA damage and the initiation of cancer development (White et al., 

2015). On the other hand, in later stages of carcinogenesis, autophagy can act as a tumour 

promotor; in solid tumours such as melanoma, when in a nutrient deprived environment, 

autophagy can actively promote tumour cell survival (Tang et al., 2016, Mathew and White, 

2011). 

 

It has also been shown that autophagy is linked to angiogenesis. Tumour cells promote 

angiogenesis by producing VEGF, which binds to and acts on endothelial cells and initiates 

signalling cascades that causes the growth of new blood vessels into the tumour. Autophagy 

thus acts to limit the damage oxidative stress causes the tumour cell, ensuring cancer cells can 

survive for a limited time without an oxygen or nutrient supply (Cavallaro and Christofori, 

2000). However, autophagy can also be utilised to inhibit angiogenesis, as it is involved in the 

degradation of gastrin, a pro-angiogenesis molecule (Kim et al., 2013b). Again, this highlights 

the paradoxical role of autophagy in cancer, being able to both promote and suppress 

angiogenesis during cancer progression. 

 

Given autophagy’s diverse role in carcinogenesis, considerable interest in the last decade has 

explored autophagy as both a biomarker and a therapeutic target (Levy et al., 2017, Bortnik 

and Gorski, 2017). As a principle autophagy regulatory protein, studies have looked at the 

endogenous expression of LC3 as a potential biomarker in cancer (Lazova et al., 2012), with 

studies in cSCC suggesting its increased expression is associated with more aggressive tumours 

(Giatromanolaki et al., 2010). However due to the lack of cyclic processing of LC3 and the 

dynamic nature of autophagic flux, its expression does not accurately reflect the level of 

autophagy within a tumour cell (Soengas and Lowe, 2003).  
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Pilot data leading to the present study have also shown loss of immunohistochemical 

expression of AMBRA1 in poorly, compared to well-differentiated primary cSCC tumours. 

However, AMBRA1 expression appears to be retained in premalignant lesions such as AK and 

Bowens disease (Green, 2021), further supporting a potential tumour suppressive role for 

AMBRA1, as well as its potential as a diagnostic/prognostic biomarker for cSCC.   

p62 as a autophagy cargo protein has also shown potential as a prognostic biomarker in 

cutaneous malignancy. Its expression closely aligns with the paradoxical role of autophagy in 

cancer, where an increase in p62 expression has been observed in early stage localised 

melanomas, compared to reduced expression in later stages of melanoma progression, 

consistent with the activation of pro-survival autophagy (Ellis et al., 2014). In the context of 

cSCC, pilot data has also shown in line with a loss of AMBRA1 expression, poorly differentiated 

cSCC display a concurrent reduction in p62 expression (Lovat et al unpublished data). It is 

possible that AMBRA1 and/or p62 will therefore display potential as biomarkers of cSCC 

development or progression.   

 

The modulation of autophagy for therapeutic benefit is also a growing area of interest in the 

cancer field, including for cSCC. One of the best examples of this has been the use of the anti-

malarial, chloroquine, shown to have inhibitory actions on autophagy in several cancer types. 

However, chloroquine is not a specific inhibitor autophagy and may lead to detrimental effects 

on kidney function (Kimura et al., 2013) and prompting the use of specific autophagy 

inhibitors, such as those to VPS34. In fact, the use of VPS34 inhibitors has already been shown 

to overcome autophagy-induced drug resistance in breast cancer cells, as well as in mouse 

models of melanoma (Dyczynski et al., 2018, Verykiou et al., 2019).  

Considering a blockade of autophagy is protumorigenic, it is nevertheless possible that clinical 

inhibition of autophagy in cancer may lead to secondary tumourigenesis (Marinkovic et al., 

2018). This possibility that has led to the recent alternative strategy of promoting cytotoxic 

autophagy with agents such as therapeutic cannabinoids, including in the context of 

cutaneous malignancy  (Armstrong et al., 2015, Blazquez et al., 2006). 

In the context of cSCC, studies have shown the inhibition of autophagy with chloroquine in 

cSCC cell lines promotes the efficacy of AKT inhibitor targeted therapy, resulting in the 

significant enhancement of tumour apoptosis (Claerhout et al., 2010), (Wright et al., 2013). 

Additional studies reporting the inhibition of autophagy with lycopene (carotenoid), also 

inhibits cSCC progression in vitro (Bi et al., 2019). Further studies also report the potential for 
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autophagy exacerbation by lapatinib (an EGFR inhibitor) as a means through which to inhibit 

mTOR and promote the inhibition of cSCC proliferation as well as increase apoptosis (Yao et 

al., 2017). Furthermore studies in vitro have shown treatment of cSCC cells  with ALA-PDT (a 

combination of photodynamic therapy and 5‐aminolevulinic acid) leads to increased basal 

autophagy and apoptosis, mediated by an increase in the lncRNA TINCR (Zhou et al., 2019).  

 

1.4. TGF-β Signalling 
 

1.4.1. TGF-β Signalling Family and Network 

The secreted peptide members of the Transforming Growth Factor-β (TGF-β) superfamily have 

been widely studied, and whilst initially characterised as aiding early embryonic development, 

members of this family have been shown to be central regulators of both cellular homeostasis, 

autophagy and pathogenesis (Derynck and Zhang, 2003, Ding and Choi, 2014). The TGF-β 

ligands themselves are produced from 33 distinct and conserved genes and are categorised 

into distinct families, named TGF-β, BMPs and activins, among others (Morikawa et al., 2016). 

Whilst differences exist between the ligand families, generally newly synthesised nascent TGF-

β molecules are initially severely inhibited in function by several mechanisms, including 

disulphide bond formation connecting an inactivating prodomain to the active component, 

latency inducing N-terminal glycosylation and dimerization of immature molecules (Robertson 

and Rifkin, 2016, Miyazono and Heldin, 1989). The production of these pro-TGF-β molecules 

ensures that the manufacturing cell does not respond to its own TGF-β synthesis directly. 

Following production, these inactive molecules undergo disulphide bond-mediated 

association with the latent TGF-β binding protein (LTBP) within the ER lumen, with the 

resultant complex commonly referred to as the large latent complex (LLC) (Hinck et al., 2016). 

This complex than traverses the cis- and trans-Golgi network, during which proteases cleave 

the connecting disulphide bond between the prodomain and active domain of the pro-TGF-β 

proteins present in the dimer. This action results in the separation of these domains, a 

preparatory step before full activation, whilst still preventing unintended internal signalling 

events (Tzavlaki and Moustakas, 2020). The LLC is then localised to secretory vesicles, 

eventually travelling to the cell membrane where they undergo exocytosis into the 

extracellular space. The resultant complex can then be readily activated or associate with 

numerous extracellular proteins, delaying activation. 
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These two different timings of LLC activation has been explained by the action of two different 

mechanisms. Firstly, recent work by Dong et al. has illustrated that if the LLC associates with 

the complex network of ECM related proteins present in the extracellular space, such as 

fibronectin and fibrillin, the beginning step of activation is the enzyme elastase frees the LLC 

from this entrapment through ECM protein cleavage. The LLC complex is then free to associate 

with cell type specific integrin receptors, through RGD residues (arginine, glycine and aspartic 

acid peptides) present within the prodomain of the pro-TGF-β molecule. A unique mechanism 

of ligand activation then pursues whereby the cytoskeletal-mediated physical force on these 

receptors causes the separation of the prodomain of TGF-β molecule from the active ligand 

(Dong et al., 2017). Alternatively reports have suggested the pro-TGF-β molecule is initially 

separated from the LTBP through the action of tolloid-like proteases, such as BMP-1 (Ge and 

Greenspan, 2006a). The resultant latent complex then undergoes a final cleavage, mediated 

by the matrix metalloprotease MMP2, which ensures complete separation of the prodomain 

from the mature TGF-β ligand (Ge and Greenspan, 2006b).  

 

However activated, the secreted TGF-β ligand then associates with a four-component 

oligomer of ATP-dependent serine/threonine kinase receptors. The component receptors are 

separated into two distinct families, named TGF-β Receptor Type 1 (TGFBRI) and TGF-β 

Receptor Type 2 (TGFBRII type II). Currently, seven TGFBRI and five TGFBRII have been 

identified, but family member expression is typically cell specific (Heldin and Moustakas, 

2016). These receptors however need to be activated in order to undergo full oligomerization. 

Upon presentation, the TGF-β ligand initially interacts with a TGFBRII homodimer, leading to 

an increased affinity for TGFBRI homodimers (Groppe et al., 2008). This affinity results in an 

oligomerization event leading to the interaction of the four TGF-β receptors and the 

associated ligand. This induced interaction between TGFBRI and TGFBRII homodimers causes 

the phosphorylation and activation of a juxtamembrane domain in the TGFBRI, leading to the 

dissociation of the negative regulator FKBP12 and allosteric conformational change, 

prompting the activation of downstream signalling components (Wrana et al., 1994). This 

pathway is summarised in Figure 1.6.  
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FIGURE 1. 6. BROAD MECHANISM OF TGF-Β SIGNALLING ACTIVATION. 
TGF-β ligands initially bind to a TGFBRII homodimer, which facilitates TGFBRI homodimer interaction. 
This ligand/receptor oligomer results in allosteric conformational change of the TGFBRI, causing the 
activation of downstream R-SMADs, such as SMAD2 and SMAD3. Upon interaction with the co-SMAD 
SMAD4, this resultant trimer translocates to the nucleus and promotes target gene activation or 
repression. Adapted from (Tzavlaki and Moustakas, 2020) 
 

 

These two TGF-β receptors however are not the only receptors involved in this signalling 

pathway, with multiple receptors now also identified that either act on TGFBRI/II or are able 

to directly bind to TGF-β ligands to cause unique cellular actions. The transmembrane receptor 

betaglycan, the glycoprotein endoglin and the glycosylphosphatidylinositol-anchored protein 

Cripto, have been shown to have complex impacts on TGF-β function, being able to either 

promote, direct or reduce ligand activity (López-Casillas et al., 1994, Barbara et al., 1999, Yan 

et al., 2002).   
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The downstream elements acted on by these receptors are collectively termed R-SMAD 

proteins, with specific ligand-receptor interactions driving specific R-SMAD activation (Wrana 

and Attisano, 2000). Generally, SMAD2 and SMAD3 are activated following the binding of TGF-

β ligands, with SMAD1, SMAD5 and SMAD8 being activated by BMP ligands (Derynck and Budi, 

2019). However, members of all TGF-β ligand families have shown capability of activating all 

SMAD proteins.  In addition to these proteins, co-SMADs act post R-SMAD activation to either 

mediate or repress downstream effects. A critical co-SMAD is the mediator SMAD4, which is 

able to interact with phosphorylated R-SMAD proteins through the MH2 domain on its L3 loop 

(Chacko et al., 2004, Souchelnytskyi et al., 1997). SMAD4 most commonly binds to two 

activated R-SMADs, facilitating their trafficking and downstream effects. However, trimeric R-

SMAD complexes can also be formed that exclude any co-SMADs and can also be produced 

from any combination of R-SMADs, regardless of activating ligand (Lucarelli et al., 2018). These 

differing oligomers of R-SMADs and co-SMADs results in finely tuned gene responses specific 

to signalling and cell contexts.  

The resultant SMAD complexes, in whatever composition produced, translocate to the 

nucleus, where they interact with chromatin remodelling and transcription factors, resulting 

in the activation or repression of TGF-β specific response genes (Mullen et al., 2011).  

 

1.4.2. TGF-β Signalling in Cell Differentiation, Proliferation and Autophagy 

Initial studies of TGF-β revealed its predominant functional role was in the process of 

embryogenesis (Asashima et al., 1990, Hemmati-Brivanlou et al., 1994). However, research 

has now shown many additional roles, with two of the critical functions being the 

coordination of cell differentiation and proliferation. Evidence has shown that TGF-β ligands 

direct differentiation of neuronal, blood and immune cells (Li and Flavell, 2008, Blank and 

Karlsson, 2015, Krieglstein et al., 2011). Additionally genetic interference in mice models has 

further shown that a reduction in TGF-β production, whilst not preventing formation, causes 

significant defects in multiple bone structures, the central nervous system and critical organs 

such as the heart, lung and eye (Morikawa et al., 2016). Critical to the present study, TGF-β 

signalling activity has also been shown to regulate formation of the epidermis, directing 

embryonic  gastrulation and facilitating epithelial-to-mesenchymal transition (EMT) of 

epiblast tissue, which results in the formation of the mesoderm and endoderm (Robertson, 

2014). Later, when the epidermis begins to fully form in the third trimester, TGF-β ligands 

have been shown to direct formation of several epidermal structures, including the 
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interfollicular epidermis, hair follicles, sebaceous glands and sweat glands (Blanpain and 

Fuchs, 2014). Specifically, previous work has demonstrated TGF-β activity as a prominent 

regulator of epidermal formation through its structural control of keratinocyte proliferation; 

TGF-β1 overexpression in mice models driven by the Krt1 promoter arrests the keratinocyte 

cell cycle, ultimately preventing hyperproliferation of the epidermis (Sellheyer et al., 1993). 

Interestingly however, overexpression of TGF-β1 driven by the Krt10 promoter may also lead 

to increased proliferation of epidermal cells (Cui et al., 1995). Given the strata difference in 

the expression of these keratins, it is likely that TGF-β activity acts to ensure controlled 

growth of epidermal stem cell pools but promotes keratinocyte proliferation in higher-level 

strata to ensure the formation of a functioning epidermis. 

 

TGF-β signalling has also been associated with a regulation of autophagy. However, this 

interaction has only been reported in disease states. Most notably, TGF-β signalling has been 

shown to promote fibrosis of both the lung and kidney through direct regulation of autophagy 

(Racanelli et al., 2018, Ding and Choi, 2014). Specifically, studies have shown TGF-β1 promotes 

both autophagy and the unfolded protein response in human lung fibroblasts of idiopathic 

pulmonary fibrosis patients, resulting in the accumulation of collagen and fibronectin, further 

promoting the fibrosis (Ghavami et al., 2018). Interestingly, TGF-β has also been shown to 

regulate autophagic activity in the context of cancer with emerging evidence showing TGF-β-

induced autophagy allows for the escape of growth inhibition signals, preventing the induction 

of apoptotic cell death and promotion of cell invasion (Kiyono et al., 2009, Ding et al., 2010, 

Zhang et al., 2017a).  
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1.4.3. Overview of TGF-β Signalling in Cancer and cSCC 

Beyond its regulation of autophagy, TGF-β has been widely investigated in the broader context 

of cancer. However, even with multiple decades of study, the specific tumour suppressive or 

promoting role of TGF-β is still being debated and defined.  

Several context specific roles of TGF-β signalling in cancer progression have been proposed 

reviewed by, (Akhurst and Derynck, 2001).  

Firstly, it is widely accepted that the transformation of a normal cell to a pre-lesional cell can 

be prevented through the inhibitory action of TGF-β signalling (Cui et al., 1996). If this is 

unsuccessful in preventing tumourigenesis, there are generally two recognised mechanisms 

of TGF-β signalling, that subsequently influence cancer metastasis. The first arises from 

genetic mutations that inhibit TGF-β signalling, such as inactivating mutations in either TGFBRI 

or TGFBRII (Markowitz et al., 1995). Given the well-documented growth inhibitory role of TGF-

β1, especially within epidermal stem cell pools, that acts to prevent cell growth and induce 

apoptosis, the loss of this proliferative control leads to increased cell division. This 

uncontrolled cell division increases the chances of acquired mutations, leading to 

tumourigenesis (Massagué et al., 2000). In contrast, and identified more broadly and 

frequently in numerous cancers, alteration to active TGF-β signalling through interference in 

SMAD signalling pathway may lead to the acquisition of pro-cancerous characteristics such as 

increased plasticity and invasive capacity (Akhurst and Derynck, 2001). 

 

Beyond these generally agreed routes to metastasis, growing evidence points towards the 

crosstalk between TGF-β signalling and other pathways involved in cancer progression and 

metastasis. Several pathways have been extensively linked to TGF-β signalling, such as MAPK, 

ERK and AKT pathways (Zhao et al., 2018) . The MAPK pathway, which has been shown to drive 

cell behaviour changes including reduced differentiation, increased proliferation and 

resistance to apoptosis has been shown to be activated by TGF-β signalling (Javelaud and 

Mauviel, 2005). Additionally, cell growth and proliferation associated ERK and AKT pathway 

activation has also been linked with TGF-β signalling. The activation of the ERK pathway 

requires TGFBRI activation of the ShcA/Grb2/SOS complex, which can rapidly induce cell 

survival signals (Lee et al., 2007). Complicating this relationship however, multiple SMAD 

elements within TGF-β downstream pathways have shown the potential for negative 

regulation by ERK action (Kretzschmar et al., 1999). PI3K activation of AKT leads to increased 

cell proliferation and apoptosis inhibition, with TGF-β1 signalling being shown in epithelial cell 
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lines to bypass PI3K and activation AKT directly (Bakin et al., 2000). Again interestingly, TGF-

β1 is commonly seen as tumour suppressor protein further highlighting the role of TGF-β 

signalling as cell type and cell context specific and the likely differing functional roles within 

different cancers at different stages of progression.  

 

Within the specific context of cSCC, again the specific role of TGF-β signalling in cancer 

progression is still debated. Recent work by Siljamäki et al. has suggested that TGF-β secretion 

by fibroblasts in the cSCC microenvironment leads to the H-Ras dependent accumulation of 

laminin-332 in cSCC cells, which prompts invasion and metastasis (Siljamäki et al., 2020).  

However, contrasting work by Rose et al. has shown broad loss or inactivating mutations of 

TGF-β can be observed in model systems of cSCC tumourigenesis. However, even within this 

study, activating mutations of TGF-β receptors and the tumour promoting roles of TGF-β 

ligands were also identified (Rose et al., 2017, Rose et al., 2018). Given these contradictory 

studies, an improved understanding of TGF-β signalling in cSCC is clearly warranted.  
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1.5. Hypothesis, Aims and Objectives 

Given the importance of AMBRA1 in epidermal differentiation and autophagy and its 

potential as a biomarker for cutaneous malignancy, the central hypothesis was that loss of 

AMBRA1 expression leads to the deregulation of epidermal differentiation and autophagy 

driving cSCC tumourigenesis and progression.   

To test this hypothesis, the specific aims of the present study were to: 

 

• Determine the potential of AMBRA1 expression, alone or in combination with the 

autophagy cargo protein SQSTM1 (p62) in primary cSCC as a prognostic biomarker. 

• Investigate the potential mechanisms mediating loss of AMBRA1 expression in cSCC 

tumourigenesis and specifically the potential contribution of increased ubiquitin-mediated 

degradation of TGF-β-mediated transcriptional downregulation of AMBRA1.   

• Determine the relationship between AMBRA1, autophagy and epidermal differentiation in 

normal keratinocytes and cSCC in vitro. 

• Harness results derived from the present study to inform the commercial development of a 

novel prognostic test for cSCC. 
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2.1. Growth and maintenance of human keratinocyte cell line CCD1106 

The human immortalised keratinocyte cell line CCD1106 (immortalised by HPV-16 E6/E7, 

ATCC, UK) was cultured and maintained in EpiLife medium (ThermoFisher Scientific, USA), 

supplemented with human keratinocyte growth supplement (HKGS) (ThermoFisher Scientific, 

USA) and 5% antibiotic antimycotic solution (PSA) (Lonza, Belgium) in T25/T75/T175 cell 

culture flasks (Corning, USA) and maintained in a humidified atmosphere of 5% CO2 in air at 

37°C. Upon reaching 70-90% confluence, cells were passaged by washing with sterile 

Dulbecco’s phosphate-buffered saline (PBS) (Sigma-Aldrich, USA) twice and detached using 

Trypsin/EDTA solution (Sigma-Aldrich, USA) for 5-10 minutes as previously described 

(Verykiou et al., 2019). Once detached, Dulbecco’s Modified Eagles Medium (DMEM) with 10% 

FBS was added to the flask to terminate Trypsin/EDTA induced surface protein cleavage, 

before between 0.5 – 3.0 mls of detached cells were transferred to new tissue culture flasks 

in complete EpiLife medium and culture continued for up to a maximum of 10 passages. New 

cells stored at a low passage number in freezing medium, composed of 90% foetal bovine 

serum (FBS) (Sigma-Aldrich, USA) and 10% DMSO (Fisher Scientific, USA), in liquid nitrogen, 

were then revived for further culture up to 10 passages. For all experiments CCD1106 cells 

were used between 70-90% confluency. 

CCD1106 cells were routinely screened for mycoplasma infection using a MycoStrip-

Mycoplasma Detection Kit (InvivoGen, USA) according to the manufacturer’s specifications 

and authenticated as cells of a keratinocyte origin by the expression of epithelial specific 

antigen, detected via immunofluorescence (Gudjonsson et al., 2002). 

 

2.2. Growth and maintenance of human squamous cell carcinoma cell lines 

The human cutaneous squamous cell carcinoma isogenic cell lines PM1, MET1 and MET4 

(kindly supplied by Prof Mark Birch Machin, Newcastle University) were derived from a patient 

at different stages of cSCC malignant transformation. PM1, derived from dysplastic forehead 

skin, MET1, derived from the primary cutaneous tumour and MET4, derived from a distant 

metastasis, were cultured and maintained in complete RM+ medium. Stock RM+ medium 

comprised 375 mL of DMEM medium (Lonza, Belgium) and 125 mL of F12 medium 

(ThermoFisher Scientific, USA) supplemented with 10% foetal bovine serum (FBS) (Sigma-

Aldrich, USA), 5 mL antibiotic antimycotic solution (PSA) (Sigma-Aldrich, USA), 0.4 μg/mL 

Hydrocortisone (Sigma-Aldrich, USA), 8.5 ng/mL Cholera Toxin (Sigma-Aldrich, USA), 26.9 
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fg/mL Triiodo-L-Thyronine (Sigma-Aldrich, USA), 48.6 ng/mL Adenine (Sigma-Aldrich, USA), 5 

μg/mL Insulin (Sigma-Aldrich, USA), 20 pg/mL hEGF (Sigma-Aldrich, USA) and 5 μg/mL 

Transferrin (Sigma-Aldrich, USA).  

The human cutaneous squamous cell carcinoma cell lines IC1, IC1-MET and IC12 (Cancer 

Research Technologies, UK) were derived from cSCC patients at different stages of cSCC 

malignant transformation. IC1 and IC1-MET are isogenic cell lines, with IC1 cells derived from 

a primary cSCC tumour and IC1-MET cells derived from a distant metastasis. These cell lines 

were cultured and maintained in complete DMEM medium. Stock complete DMEM was 

comprised of 500 mL DMEM medium (Lonza, Belgium) supplemented with 10% FBS (Sigma-

Aldrich, USA) and 5 mL antibiotic antimycotic solution (PSA) (Sigma-Aldrich, USA). 

All cells were maintained in a humidified atmosphere of 5% CO2 at 37°C and passaged at 70-

90% confluence, as described for CCD1106 cells in section 2.1, for up to a maximum of 50 

passages. Frozen stocks of each cell line were stored at a low passage number in freezing 

medium, as described in section 2.1, in liquid nitrogen, prior to thawing for routine cell culture. 

For all experiments PM1, MET1, MET4, IC1 and IC1-MET cells were used between 70-90% 

confluency. 

PM1, MET1, MET4, IC1 and IC1-MET cells were routinely screened for mycoplasma infection 

using a MycoStrip-Mycoplasma Detection Kit (InvivoGen, USA) according to the 

manufacturer’s specifications and authenticated as cSCC cells by the expression of keratin 8 

and 18, detected by immunofluorescence (Proby et al., 2000). 

 

2.3. Pilot cohort of well and poorly differentiated cutaneous squamous cell carcinoma 

An initial primary cohort of 13 well or poorly differentiated formalin-fixed paraffin-embedded 

(FFPE) primary cutaneous squamous cell carcinomas (cSCC) were obtained from the 

Department of Pathology, Royal Victoria Infirmary, Newcastle Upon Tyne Hospitals NHS 

Foundation Trust, Newcastle upon Tyne, UK. 

Full ethical permission for all studies was granted through the Newcastle University 

Dermatology Biobank (North-East-Newcastle and North Tyneside 1 Research Ethics 

committee, REF (08/H0906195+5_Lovat). 
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2.4 Discovery cohort of well, moderately and poorly differentiated cutaneous squamous cell 

carcinoma 

A discovery retrospective cohort of 106 primary, locally recurrent or metastatic formalin-fixed 

paraffin-embedded (FFPE) cutaneous squamous cell carcinomas (cSCC), which were either 

well, moderately or poorly differentiated, were obtained from Dr Niki Stefanos (Consultant 

Histopathologist, Department of Histopathology, Addenbrookes Hospital, Cambridge 

University Hospitals NHS Foundation Trust, Cambridge, UK (Table 2.1.) 

 

Addenbrookes Hospital Cambridge cSCC Cohort 
Localised Primary cSCC Tumours 
Well-differentiated 22 
Moderately-differentiated 24 
Poorly-differentiated 19 
Recurrent/Metastatic Primary cSCC Tumours  
Well-differentiated 12 
Moderately-differentiated 18 
Poorly-differentiated 10 

TABLE 2. 1. DETAILS OF PRIMARY CSCC TUMOURS IN THE ADDENBROOKES HOSPITAL CAMBRIDGE CSCC COHORT. 

 

Time to disease reoccurrence for each primary tumour was extrapolated from pathology 

reports, detailing the date of surgical removal of both the primary cSCC tumour and the local 

recurrence/metastasis.  

Full ethical permission for all studies was again obtained through the Newcastle Dermatology 

Biobank (REC REF 08/H0906195+5_Lovat) and a material transfer agreement with 

Addenbrookes Hospital Cambridge.  

 

2.5. Chemical and drug treatments 

ALX-270-445 (ALX-270-445, Enzo, USA), a selective ATP-competitive inhibitor of the ALK5 

receptor, was dissolved in DMSO to reach a concentration of 100 μM.  1 mL aliquots of this 

stock solution were stored at -20 °C or used to treat cells before defrosting and added to cell 

culture medium to achieve a final concentration of 50 nM, with an equal volume of vehicle 

control used as a treatment negative control. 

Chloroquine diphosphate salt (hereby referred to as chloroquine), (C6628, Sigma-Aldrich, 

USA), an inhibitor of autophagosome-lysosomal fusion which acts by increasing lysosomal pH, 
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was dissolved in sterile double distilled water (ddH20) to a concentration of 10 mM and stored 

at room temperature, away from direct light. For all experiments, chloroquine was added to 

cells for the final 2 hours of treatment at a final concentration of 10 μM. 

 

2.6. Calcium-induced differentiation and nutrient starvation-induced autophagy of CCD1106 or 

cSCC cell lines. 

The switch of culture of keratinocytes from culture in low calcium chloride 60 μM to culture 

in 1.3 mM calcium chloride was used as a standard model of keratinocyte differentiation (Seo 

et al., 2005). Calcium chloride dihydrate (C3306, Sigma-Aldrich, USA), was dissolved in sterile 

ddH20 to a concentration of 300 mM and stored at room temperature, away from direct light. 

To induce cellular differentiation, CCD1106 or cSCC cell lines were switched from culture in 

either EpiLife medium containing 60 μM calcium chloride or RM+ medium containing 1.4 mM 

calcium chloride to medium containing 1.3 mM calcium chloride for 72 hours. 

To model autophagy induction through nutrient deprivation (Pan et al., 2019) all cells were 

deprived of all growth supplements contained in their respective cell culture medium, i.e. for 

cSCC cell lines removing, foetal bovine serum, Hydrocortisone , Cholera Toxin Triiodo-L-

Thyronine, Adenine, insulin, hEGF and Transferrin and for CCD1106 cells depriving them 

human epithelial growth factor (serum equivalent) for  either 24 or 72 hours. As a reference 

to nutrient deprivation throughout this thesis, the term serum starvation is used in all figures, 

legends and text. 

 

2.7. MTS Cell Viability Assay 

MET1 cells were seeded at a density of 5.0 ×103, in 100 μL of cell culture medium, into each 

well of a 96-well cell culture plate (Starstedt, Germany) in at least 3 technical replicates within 

each experiment and allowed to adhere overnight at 37oC before treatment with either 50 nM 

or 10 μM of ALX-270-445 for a period of either 24 or 48 hours.  

Cell viability was determined by the addition of 20 μL of CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS Reagent) (Promega, UK) for the final 2 hours of treatment incubation, 

and absorbance measured at 490 nm using a Spectra Max 250 plate reader (Molecular 

Devices, USA). 
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2.8. ELISA Assays 

TGF-β2 and TGF-β3 secretion by cSCC cell lines was determined using commercial ELISA assays 

from abcam, UK and Elabscience, USA respectively. Cell culture supernatants from 1.0 x105 

cSCC cell lines (PM1, MET1 and MET4) cultured in 1.5 mL RM+ medium per well of a 6 well 

tissue culture plate for 4 days were extracted into a 1.5 mL eppendorf microfuge tubes before 

centrifugation at 1000 g for 20 minutes at 4°C. Supernatants were then subjected to TGF- β2 

or TGF- β3 activation, through the addition of 12.5 μL 1 N hydrochloric acid (VWR Chemicals, 

USA) and incubation for 10 minutes at room temperature and subsequent neutralisation by 

the addition of 12.5 μL 1.2 N Sodium Hydroxide (Fisher, USA) with 0.5 M HEPES (Sigma-Aldrich, 

USA) solution. The ELISA was then carried out according to manufactures specification with 

TGF-β2 or TGF- β3 concentrations determined at 450 nm using a SpectraMAX 250 plate reader 

as compared with a standard curve on a log-log graph. 

 

2.9 Cell Lysis 

Adhered CCD1106, PM1, MET1, MET4, IC1, IC1-MET and IC12 cells were directly lysed in 150 

μL of lysis buffer 100 mM trizma hydrochloride pH 7.4 (Sigma-Aldrich, USA), 100 mM sodium 

chloride (VWR Chemicals, USA) 25mM sodium fluoride (Sigma-Aldrich, USA), 1 mM benzamine 

(Sigma-Aldrich, USA), 2 mM EDTA (Sigma-Aldrich, USA), 0.1 mM sodium orthovanadate 

(Sigma-Aldrich, USA), 0.1% Triton x100 (Fisher, USA) containing 15% v/v protease inhibitor 

cocktail (Promega, UK) and dislodged using a 1.7 cm blade cell scrapper (Sarstedt, Germany) 

before transfer to a 1.5 mL eppendorf tube and incubation on ice for 30 minutes. Cell lysates 

were then either processed directly for Western blotting of stored prior to use at -20°C  

 

2.10. Western blotting 

Cell lysates were sonicated for 2×5 second pulses at an amplitude of 7 μm, using a Soniprep 

150 probe sonicator (MSE, UK), and protein concentration determined using a Bradford 

protein quantification assay (ThermoFisher Scientific, USA), according to the manufactures 

instructions.  Protein absorption was determined at 595 nm using a SpectraMAX 250 plate 

reader (Molecular Devices Ltd, UK). 10 μg of protein was diluted 3:4 in 4x sample buffer (250 

mM trizma hydrochloride (pH 8) (Sigma-Aldrich, USA), 8% sodium dodecyl sulphate (SDS) 

(Fisher, USA), 40% glycerol (Fisher, USA) and bromophenol blue (Sigma-Aldrich, USA) with 10% 

β-mercaptoethanol (Sigma-Aldrich, USA) and separated using 4-20% pre-cast tris-glycine gels 
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(Bio-Rad, USA), alongside a prestained protein ladder (Invitrogen, UK) by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) in 25 mM trizma base (Sigma-Aldrich, 

USA), 190 mM glycine (Fisher, USA) and 0.1% sodium dodecyl sulphate (SDS) (Fisher, USA) 

running buffer. Resultant gels were then transferred onto PVDF membrane (Bio-Rad, USA) 

using a Turbo-Blotter (Bio-Rad, USA). Membranes were subsequently incubated at room 

temperature for 60 minutes in 5% milk (OXOID, UK) diluted in tris-buffered saline and 0.1% 

tween (TBS-T) blocking solution. Membranes were then incubated in primary antibodies 

(Table 2.2), diluted in either 5% milk (OXOID, UK) or 5% bovine serum albumin (BSA) 

(2BScientific, UK) in TBS-T solution, overnight at 4°C. Following three washes in TBS-T, 

membranes were then incubated with secondary antibodies (Table 2.3), diluted in a 5% milk 

(OXOID, UK) in TBS-T solution, for 60 minutes at room temperature. After a further three 

washes in TBS-T antibody binding was revealed using Clarity Western ECL-Substrate (Bio-Rad, 

USA) according to the manufacturer’s instructions and visualised and quantified by 

densitometry using a Licor Odyssey Fc (Licor, USA). Protein expression was normalised against 

GAPDH loading control and compared to the average densitometry value for the experimental 

replicate to produce a relative expression value. 
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Antibody Target Host 
Species 

Clonality Dilution 
Ratio 

Product 
Code 

Supplier 

AMBRA1 Rabbit Polyclonal 1:1000 26190002 Novus 
AMBRA1 Rabbit Polyclonal 1:1000 24907 Cell Signalling 

Technology 
AMBRA1 Rabbit Polyclonal 1:1000 ABC131 Millipore 
c-Myc Rabbit 

 
Polyclonal 
 

1:1000 9402 Cell Signalling 
Technology 

Cullin 4A Rabbit Polyclonal 1:1000 A300-739A Bethyl 
Laboratories 

GAPDH Rabbit Monoclonal 1:10000 2118S 
 

Cell Signalling 
Technology 

LC3B Rabbit Polyclonal 1:1000 
 

2775S Cell Signalling 
Technology 

Loricrin Rabbit Polyclonal 1:10,000 Poly19051 BioLegend 
p62 (SQSTM1) Mouse Monoclonal 1:1000 sc-28359 Santa Cruz 
P-SMAD1/5/9 Rabbit Monoclonal 

 
1:1000 13820 Cell Signalling 

Technology 
P-SMAD2 Rabbit Polyclonal 1:1000 3101 Cell Signalling 

Technology 
P-SMAD2 Rabbit Monoclonal 1:1000 3108 Cell Signalling 

Technology 
P-SMAD3 Rabbit Monoclonal 1:1000 ab52903 Abcam 
TGF-β2 Rabbit Polyclonal 1:10,000 AB-12-NA R&D Systems  
TGF-β3 Goat Polyclonal 1:500 AB-244-NA R&D Systems  
Total SMAD1 Rabbit 

 
Polyclonal 1:1000 9743 Cell Signalling 

Technology 
Total SMAD2 Rabbit Monoclonal 

 
1:1000 5339 Cell Signalling 

Technology 
Total SMAD3 Rabbit Monoclonal 1:1000 9523 Cell Signalling 

Technology 
Total SMAD5 Rabbit Monoclonal 1:1000 12534S Cell Signalling 

Technology 
TABLE 2. 2. PRIMARY ANTIBODIES USED IN WESTERN BLOTTING. 

 

 

Antibody Target Host 
Species 

Format Dilution 
Ratio 

Product 
Code 

Supplier 

Peroxidase 
Labelled  
Anti-Goat IgG 

Goat Concentrate 1:2500 PI-1000 Vector 
Laboratories 

Peroxidase 
Labelled  
Anti-Mouse IgG 

Horse Concentrate 1:2500 PI-2000 Vector 
Laboratories 

Peroxidase 
Labelled  
Anti-Rabbit IgG 

Horse Concentrate 1:2500 PI-9500 Vector 
Laboratories 

TABLE 2. 3. SECONDARY ANTIBODIES USED IN WESTERN BLOTTING. 
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2.11. Generation of recombinant antibodies to p62 using HuCAL technology 

Novel recombinant p62 antibody clones were generated by Bio-Rad, USA on the behalf of 

AMLo Biosciences ltd, UK. using their HuCAL antibody generation service. HuCAL antibody 

development employs CysDisplay technology to screen billions of potential antibody genes 

for high-affinity recognition of an immobilised antigen, for this study SQSTM1 (p62). 13 high 

performing clones were produced for use in this study (Table 2.5). 

 

 

Antibody 
Target 

Host Species/ 
Conjugated Species/ 
Conjugated Region 

Clonality 
 

Dilution 
Ratio 

Product 
Code 

Supplier 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34896.1  AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34897.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34898.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34899.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34900.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34901.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34902.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34903.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34904.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34905.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34906.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34907.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34908.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - Mouse Monoclonal 1:10 – 
1:10,000 

AbD34907.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - Mouse Monoclonal 1:10 – 
1:10,000 

AbD34908.1 AMLo 
Biosciences 

TABLE 2. 4. LIST OF PRIMARY ANTIBODIES GENERATED USING HUCAL TECHNOLOGY. 
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2.12. Manual immunohistochemistry for detection of AMBRA1 and p62 expression in FFPE and 

OCT embedded tissue sections. 

Slides with 4 µm FFPE fixed tissue were deparaffinised by submersion in Histo-Clear II 

(National Diagnostics, USA) for 20 minutes at room temperature, followed by 100% , 75% and 

50% ethanol (Fisher, USA) each for 5 seconds before a final rinse in dH2O.  

Both these deparaffinised FFPE sections and 4 µm frozen sections in optimal cutting 

temperature (OCT) compound were then subjected to antigen retrieval.  

Antigen retrieval was performed by heating slides in a microwave (Sharp, Japan) for 5 minutes 

twice in 10 mM tris hydrochloric acid solution (pH 9.0), before cooling at room temperature 

for 15 minutes. Once cooled, sections were marked around with a hydrophobic pen, washed 

in PBS with 1 % tween (Fisher, USA) (PBS-T) and permeabilised in 0.2% Triton x100 (Fisher, 

USA) solution for 10 minutes at room temperature. Endogenous peroxidase activity was then 

blocked by incubating tissue sections in 3% hydrogen peroxide solution (Sigma-Aldrich, USA) 

for 3 minutes, before washing in PBS-T and blocking endogenous avidin binding sites by 

incubation in avidin solution (Vector, USA) for 15 minutes. Following a further three washes 

in PBS-T, sections were then incubated in 2% serum, appropriate to the subsequent primary 

antibody for 20 minutes before two washes in PBS and incubation with primary antibodies 

(Table 2.5), diluted in the appropriate 2% serum/PBS solution, for 60 minutes at room 

temperature. Following 3 PBS-T washes, primary antibody binding was then detected using 

secondary antibodies (Table 2.6), diluted in the appropriate 2% serum/PBS solution, for 60 

minutes at room temperature. Sections were then washed twice in PBS-T before incubation 

with ABC reagent (Vector, USA) for 30 minutes at room temperature. Following this, sections 

were washed again in PBS-T before incubation with 3,3′-diaminobenzidine substrate (DAB) 

(Vector, USA) for 2 minutes at room temperature, washing in tap water for 10 minutes and 

counterstaining with Meyer’s Haemalum (ThermoFisher Scientific, USA) for 30 seconds. 

Sections were finally washed for 10 minutes in tap water, with multiple changes, dehydrated 

by submersing the solution in 75% ethanol for 5 seconds and then 100% ethanol for 5 seconds 

and Histo-Clear II for 2 minutes and mounting with a coverslip in DPX (ThermoFisher Scientific, 

USA). Image analysis was performed using a Licor Aperio AT2 slide scanner (Licor, USA). 
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Antibody 
Target 

Host Species/ 
Conjugated Species/ 
Conjugated Region 

Clonality 
 

Dilution 
Ratio 

Product 
Code 

Supplier 

AMBRA1 HuCAL - Mouse Monoclonal 1:60 AbD33473 AMLo 
Biosciences 

p62 
(SQSTM1) 

Mouse Monoclonal 1:50 sc-28359 Santa Cruz 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34896.1  AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34897.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34898.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34899.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34900.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34901.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34902.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34903.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34904.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34905.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34906.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34907.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - FLAG Monoclonal 1:10 – 
1:10,000 

AbD34908.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - Mouse Monoclonal 1:10 – 
1:10,000 

AbD34907.1 AMLo 
Biosciences 

p62 
(SQSTM1) 

HuCAL - Mouse Monoclonal 1:10 – 
1:10,000 

AbD34908.1 AMLo 
Biosciences 

TABLE 2. 5. PRIMARY ANTIBODIES USED IN MANUAL IMMUNOHISTOCHEMISTRY. 

 

 

 

Antibody Target Host 
Species 

Clonality/ 
Format 

Dilution 
Ratio 

Product 
Code 

Supplier 

Anti-FLAG M2-
Peroxidase 

Mouse Monoclonal 1:200 A8592 Sigma Aldrich 

Peroxidase 
Labelled  
Anti-Mouse IgG 

Horse Concentrate 1:200 PI-2000 Vector 
Laboratories 

TABLE 2. 6. SECONDARY ANTIBODIES USED IN MANUAL IMMUNOHISTOCHEMISTRY. 



Materials and Methods 

45 

2.13. Automated immunohistochemistry for AMBRA1 and p62 expression in FFPE tissue 

sections  

Automated immunohistochemical staining of 4 µm FFPE sections of cSCC tissue on glass slides 

derived from either the Newcastle or Cambridge cohorts of cSCC for AMBRA1 and p62 

expression (Table 2.7) was performed using a Ventana Benchmark (Ventana Medical Systems, 

USA) automated staining instrument by the Department of Pathology, Royal Victoria 

Infirmary, Newcastle Upon Tyne Hospitals NHS Foundation Trust, Newcastle upon Tyne, UK. 

All slides were counterstained with either 3,3′-diaminobenzidine substrate (DAB) or Fast Red 

substrate and Haemalum. Whole slide digital images (X40 magnification) of AMBRA1 or p62 

staining were then obtained using an Aperio AT2 Slide Scanner (Leica Biosystems, UK).  

 

Antibody 
Target 

Host Species/ 
Conjugated Species/ 
Conjugated Region 

Clonality 
 

Dilution 
Ratio 

Product 
Code 

Supplier 

AMBRA1 HuCAL - Mouse Monoclonal 1:60 AbD33473 AMLo 
Biosciences 

p62 
(SQSTM1) 

Mouse Monoclonal 1:50 sc-28359 Santa Cruz 

TABLE 2. 7. PRIMARY ANTIBODIES USED IN AUTOMATED IMMUNOHISTOCHEMISTRY. 

 

 

2.14. Digital H-score quantification of AMBRA1 and p62 expression in cSCC stained tissue 

sections. 

All digital H-score quantification was undertaken using the Aperio ImageScope Software 

(V12.4.2.5010, Leica Biosystems, UK). For each cSCC tumour, four regions of interest were 

identified; the normal epidermis, peritumoural epidermis, tumour mass and tumour growth 

front. 2 areas of normal/peritumoural epidermis and 5 areas of tumour mass/tumour growth 

front were annotated for each tumour, prior to H-score analysis. All cytoplasmic expression 

was analysed using the cytoplasmic V2 algorithm and the nuclear expression was analysed 

using the nuclear V9 algorithm, with both algorithms pre-optimised for analysis of primary 

keratinocytes and cSCC cells (Figure 2.1 and Figure 2.2). The mean H score was derived for all 

representative staining in either the 2 normal/peritumoural epidermal regions or 5 annotated 

area of tumour mass/tumour growth front.  
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FIGURE 2. 1. REPRESENTATIVE IMAGES DEMONSTRATING THE DIGITAL CYTOPLASMIC H-SCORE QUANTIFICATION 
METHODOLOGY. 
(a) Representative image of a cSCC tumour pre-analysis. Scale bar = 3 mm. (b) Representative image 
of a cSCC tumour with the key areas identified. Green annotations depict normal epidermis, yellow 
annotations depict peritumoural epidermis, orange annotations depict tumour mass and red 
annotation depict tumour growth front. Scale bar = 3 mm. (c) Representative image of the detailed 
annotations of one area of tumour mass. Area within solid line depicts viable tumour cells and area 
within dashed line depicts non-viable areas, such as highly keratinised regions. Scale bar = 300 μm. (d) 
Representative image of a detailed annotation of one area of tumour mass analysed with the 
cytoplasmic V2 algorithm. Individual cell cytoplasm -s assigned a colour based on staining intensity. 
Yellow represents negative staining, orange represents weak positive staining, brown represents 
moderate positive staining and red represents strong positive staining. Scale bar = 300 μm. 
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FIGURE 2. 2. REPRESENTATIVE IMAGES DEMONSTRATING THE DIGITAL NUCLEAR H-SCORE QUANTIFICATION METHODOLOGY. 
(a) Representative image of a cSCC tumour pre-analysis. Scale bar = 4 mm. (b) Representative image 
of a cSCC tumour with the key areas identified. Green annotations depict normal epidermis, yellow 
annotations depict peritumoural epidermis, orange annotations depict tumour mass and red 
annotation depict tumour growth front. Scale bar = 4 mm. (c) Representative image of the detailed 
annotations of one area of tumour mass. Area within solid line depicts viable tumour cells and area 
within dashed line depicts non-viable areas, such as highly keratinised regions. Scale bar = 300 μm. (d) 
Representative image of a detailed annotation of one area of tumour mass analysed with the nuclear 
V9 algorithm. Individual cell nucleuses are assigned a colour based on staining intensity. Blue 
represents negative staining, yellow represents weak positive staining, orange represents moderate 
positive staining and red represents strong positive staining. Scale bar = 300 μm. 
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2.15. Statistical Analysis 

Data throughout this thesis were analysed using the statistical software Prism 9 (Graph Pad, 

USA). All data were accessed for normal distribution with a Shapiro-Wilk test. If data had 

insufficient individual points or wasn’t normally distributed, the appropriate nonparametric 

test was used. Statistical significance is indicated by P values of *P<0.05, **P<0.01, 

***P<0.001 and ****P<0.0001.  Statistical tests that resulted in P>0.05 were deemed as non-

significant (ns). 

Protein bands produced by western blotting were quantified using the Image Studio Software 

(Licor, USA). Relative protein expression was calculated by densitometry, comparing the 

protein of interest to either a loading control or inactivated form of the protein, and was 

expressed as a mean ± SD of three independent experiments (N=3). These data were then 

tested for significance using one-way analysis of variance (ANOVA) with Tukey’s post-hoc 

correction. 

TGF-β2 and TGF-β3 concentrations in the cSCC cell line supernatants analysed by ELISA assay 

were expressed as the mean ± SD of three independent experiments (N=3). These data were 

then tested for significance using one-way analysis of variance (ANOVA) with Tukey’s post-hoc 

correction. 

Cell viability assays were analysed by normalising test conditions to control conditions, with 

resultant values expressed as a mean ± SD of three independent experiments (N=3). These 

data were then tested for significance using one-way analysis of variance (ANOVA) with 

Tukey’s post-hoc correction. 

The cytoplasmic and nuclear expression of AMBRA1 and p62 in the normal epidermis, 

peritumoural epidermis, tumour mass and growth front of cSCC tumours were quantified 

using digital methodology (described in section 2.13) to derive a mean H-score for expression 

in each designated region. cSCCs were categorised according to their metastatic and 

differentiation status with the mean ± SD of each area of cSCC tumour compared between 

these categories, and with significance tested using one-way analysis of variance (ANOVA) 

with Tukey’s post-hoc correction. 

The prognostic potential of cytoplasmic and nuclear expression of AMBRA1 and p62 in in the 

normal epidermis, peritumoural epidermis, tumour mass and growth front of cSCC tumours 
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was accessed using ROC curve analysis, with area under the curve (AUC) values closest to 1 

indicating the best prognostic potential. 

The ability of cytoplasmic and nuclear expression of AMBRA1 and p62 in in the normal 

epidermis, peritumoural epidermis, tumour mass and growth front of cSCC tumours to predict 

survival was analysed using Kaplan-Meier survival analysis, with Log-rank (Mantel-Cox) test 

used to determine significant separation of populations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3. Defining the potential of AMBRA1 and p62 as prognostic biomarkers 
for high -risk cutaneous squamous cell carcinoma 
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3.1. Introduction 

The global incidence of cSCC is increasing worldwide and is a considerable health care burden 

(Venables et al., 2019b, Lomas et al., 2012, Goon et al., 2017, Cust, 2017). While surgical 

excision of the primary tumour has a high likelihood of being a curable event (Simonacci et al., 

2018, van Lee et al., 2019) the prognosis however, for patients who develop advanced disease 

is poor (Brodland and Zitelli, 1992, Tokez et al., 2021, Schmults et al., 2013). Coupled with the 

inability of current clinical parameters to accurately predict metastatic risk (Weinberg et al., 

2007) there is hence an urgent unmet need for the development of reliable and consistent 

biomarkers able to  identity subsets of patients with cSCC at risk of disease recurrence or 

metastasis. 

 

Given the high degree of genetic heterogeneity and variety in sub-clonal populations within 

primary cSCC tumours (Ji et al., 2020, Inman et al., 2018) a genetic driven approach to the 

identification of biomarkers for cSCC progression is unlikely to succeed. However, protein 

biomarkers may offer a more effective approach (Azimi et al., 2020a, Azimi et al., 2020b).  

The deregulation of autophagy has been shown to be a key event in cancer development and 

progression (Singh et al., 2018) and in this context several biomarkers reflecting the 

paradoxical role of this key signalling pathway have been proposed, including and importantly 

in the context of cutaneous malignancy, AMBRA1 (Tang et al., 2016, Ellis et al., 2020) and 

SQSTM1 (p62) (Ellis et al., 2014).  

 

Supported by studies in the melanoma microenvironment AMBRA1 plays a key role in 

keratinocyte differentiation with its loss in the epidermis overlying primary early AJCC stage 

melanomas being a prognostic biomarker (Cosgarea et al., 2021, Ellis et al., 2020),and 

suggesting its potential as a biomarker for cSCC.   

 

SQSTM1 (p62), as an autophagy cargo protein has also been proposed as a prognostic 

biomarker in cutaneous malignancy. This again reflects the paradoxical role of autophagy and 

hence its accumulated expression in cells where autophagy is blocked driving genotoxicity, 

while lower levels of expression reflect active autophagy as seen in solid tumour cells 
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undergoing oxidative stress  (Li et al., 2021, Yan et al., 2019, Kim et al., 2019, Lei et al., 2020, 

Ellis et al., 2014).  

These observations, combined with pilot data leading to the current study demonstrating an 

association between the change in the level and subcellular localisation of p62 expression and 

cSCC differentiation status, suggest p62 expression may also act as a prognostic biomarker for 

cSCC progression. 

 

To investigate the potential of both AMBRA1 and p62 as prognostic biomarkers for cSCC, the 

aims of the present chapter were therefore to: 

• Evaluate AMBRA1 expression and cellular localisation in well, moderately or poorly 

differentiated primary cSCCs and any association/correlation with disease outcome. 

• Evaluate p62 expression and cellular localisation in well, moderately or poorly 

differentiated cSCC tumourigenesis and any association/correlation with disease 

outcome. 

• Determine the potential for AMBRA1 and/or p62 expression as prognostic biomarkers 

for cSCC patient progression. 

• Validate a novel anti-p62 antibody for use in future cSCC prognostic biomarker validation 

studies for the sponsoring company of the present study, AMLo Biosciences Ltd.  
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3.2. Results 
 

3.2.1. Loss of AMBRA1 expression occurs in well and poorly differentiated primary cSCC tumours 

Pilot studies leading to the current thesis suggested AMBRA1 expression was associated with 

the differentiation status of primary cSCC tumours; well-differentiated primary cSCC tumours 

maintained cytoplasmic expression, whilst expression was reduced in poorly differentiated 

primary cSCC tumours compared to expression in the normal epidermis (Ellis, Husain and 

Lovat unpublished data). This difference in expression, coupled with published data indicating 

a poorly differentiated phenotype is associated with increased risk of cSCC progression (Que 

et al., 2018), suggested AMBRA1 as a potential prognostic biomarker for cSCC progression.  

To further probe a potential relationship between AMBRA1 expression and differentiation 

status in primary cSCC tumours, automated immunohistochemical staining for AMBRA1 

expression was carried out in a pilot cohort of 13 FFPE primary Newcastle derived cSCC 

tumours. In contrast to initial observations, results demonstrated variable expression of 

AMBRA1 in both well and poorly differentiated primary cSCC tumours (Figure 3.1A), with 

expression of AMBRA1 extensively reduced (Figure 3.1A a and d), partially reduced (Figure 

3.1A b and e) as well as being retained in both cSCC tumour subsets. (Figure 3.1A c and f). 

Moreover, there was notable heterogeneity in AMBRA1 expression (Figure 3.1B) within 

tumours, where expression in some tumour areas was notably absent, (Figure 3.1B a), partially 

lost (Figure 3.1B b) or retained (Figure 3.1B c). 

In contrast to the initial hypothesis that AMBRA1 expression correlates with tumour 

differentiation status, collectively, these data suggest AMBRA1 expression between and 

within cSCC tumours of differing cellular differentiation status is more complex. A more 

thorough investigation of AMBRA1 expression in a larger primary cSCC tumour cohort with 

defined clinical follow up was therefore subsequently undertaken in order to test its potential 

as a prognostic biomarker for cSCC progression. 
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FIGURE 3. 1. AMBRA1 EXPRESSION IN BOTH WELL AND POORLY DIFFERENTIATED PRIMARY CSCC TUMOURS WITH SOME 
DISPLAYING LARGE HETEROGENEITY 
(A) Representative photomicrograph images of AMBRA1 expression in (a-c) 3 well differentiated cSCC 
and (d-f) 3 poorly differentiated cSCC. Visible staining was achieved via automated 
immunohistochemistry with a DAB counterstain. Images were taken using bright field microscopy at a 
magnification of 13.4x. Scale bar = 200 μm. (B) Representative photomicrograph images of AMBRA1 
staining in three areas of a primary cSCC representing (a) low level of expression, (b) moderate level of 
expression and (c) high level of AMBRA1 expression. Visible staining was achieved via automated 
immunohistochemistry with a DAB counterstain. Images were taken using bright field microscopy at a 
magnification of 8.6x. Scale bar = 300 μm. 
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3.2.2. Increased cytoplasmic and nuclear p62 expression is observed in well and poorly 

differentiated primary cSCC tumours 

Additionally, to the observations between cSCC differentiation status and AMBRA1 

expression, previous studies also investigated the relationship between p62 expression and 

cSCC tumourigenesis. Results suggested that p62 expression changes from a nuclear to a 

cytoplasmic subcellular location during cSCC tumourigenesis and invasion into deeper tissue 

compartments (Ellis, Husain and Lovat unpublished data). To further interrogate this result, 

the present study incorporated the automated immunohistochemical analysis of p62 

expression in the same pilot cohort of 13 FFPE primary cSCC tumours (Figure 3.2). In contrast 

to observations made in previous studies, results demonstrated an increase in p62 expression 

in both the nuclear (Figure 3.2 a-c) and cytoplasmic (Figure 3.2 a-b) subcellular locations during 

cSCC tumourigenesis and invasion. However, similarly to observations with AMBRA 

expression, this differential p62 expression was only observed in a few of the 13 pilot cohort 

of primary cSCC tumours, prompting further studies in a larger discovery cohort of cSCC 

tumours of differing cellular differentiations status with full clinical follow up, in order to 

further define the relationship between cSCC tumourigenesis and p62 expression and the 

potential for p62 as a prognostic biomarker for cSCC.  

 

Taken together, these data nevertheless demonstrate a change in both p62 expression and 

subcellular localisation may be linked to cSCC tumourigenesis and progression.  
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FIGURE 3. 2. CYTOPLASMIC AND NUCLEAR P62 EXPRESSION INCREASES DURING CSCC TUMOURIGENESIS 
(A) Representative photomicrograph images of p62 expression in a primary cSCC in the (a) normal 
epidermis, (B) peritumoural epidermis and (c) tumour mass.  Visible staining was achieved via 
immunohistochemistry with a DAB counterstain. Image a was taken using bright field microscopy at a 
magnification of 15.0x. Scale bar = 200 μm. Images b and c were taken using bright field microscopy at 
a magnification of 8.0x. Scale bar = 300 μm. (B) Representative photomicrograph images of p62 
staining in a primary cSCC in the (a) normal epidermis and the (b) tumour mass. Visible staining was 
achieved via immunohistochemistry with a DAB counterstain. Image a was taken using bright field 
microscopy at a magnification of 15.0x. Scale bar = 200 μm. Image b taken using bright field microscopy 
at a magnification of 8.0x. Scale bar = 300 μm 
 

 

 

 

 

 

 

 



Defining the potential of AMBRA1 and p62 as prognostic biomarkers for high-risk cutaneous 
squamous cell carcinoma 

59 

3.2.3. Qualitative analysis of AMBRA1 and p62 expression in a discovery cohort of localised and 

recurrent/metastatic primary cSCC tumours reveals loss of tumoural AMBRA1 expression and a 

gain of nuclear and cytoplasmic p62 expression is associated with cSCC tumourigenesis  

To enable the analysis of AMBRA1 and p62 expression as potential prognostic biomarkers for 

cSCC patients, a discovery cohort of 108 primary cSCC tumours with known clinical follow-up 

and differentiation status was sourced from Dr Niki Stefanos, Addenbrookes Hospital (As 

described in Section 2.4). All tissue sections derived from this tumour cohort were subjected 

to automated immunohistochemistry for both AMBRA1 and p62 expression. 

Consistent with analysis of expression in the pilot cohort of 13 cSCCs derived from Newcastle, 

results revealed, regardless of differentiation status or disease outcome, AMBRA1 expression 

was consistently lost in primary cSCC tumours when compared to expression in the normal 

epidermis (Figure 3.3A). This suggests that the loss of AMBRA1 expression, and the 

subsequent deregulation of both keratinocyte differentiation and autophagy, is key to cSCC 

tumourigenesis.  

 

Secondly, results revealed an increase in p62 expression during cSCC tumourigenesis and 

progression, as evidenced by increased expression in tumour cells which had invaded into 

deeper tissue compartments (Figure 3.3 B). Keratinocytes present in peritumoural regions (i.e. 

epidermal regions lying directly next to the site of cSCC tumour) also exhibited an increased 

level of nuclear p62 expression as compared with expression in the keratinocytes present in 

normal epidermis (Figure 3.3B a-b). Interestingly, within cSCC tumour cells an increase in both 

cytoplasmic and nuclear p62 expression was also observed (Figure 3.3 c).  

Given the apparent complexity of AMBRA1 and p62 expression and subcellular localisation in 

cSCC progression, a digital approach was subsequently developed to quantify AMBRA1 and 

p62 (both nuclear and cytoplasmic) in differing regions of primary cSCCs and in their tumour 

microenvironment using the Cambridge discovery cohort of primary localised or 

recurrent/metastatic cSCCs. 
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FIGURE 3. 3. LOSS OF AMBR1 EXPRESSION AND AN INCREASE IN BOTH CYTOPLASMIC AND NUCLEAR P62 EXPRESSION OCCURS 
IN CSCC TUMOURIGENESIS 
(A) Representative photomicrograph images of AMBRA1 expression in a primary cSCC in the (a) normal 
epidermis and (b) tumour mass.  Visible staining was achieved via automated immunohistochemistry 
with a DAB counterstain. Images were taken using bright field microscopy at a magnification of 15.4x. 
Scale bar = 200 μm. (B) Representative photomicrograph images of p62 staining in primary cSCCs in 
the (a) normal epidermis, (b) peritumoural epidermis and (c) tumour mass. Visible staining was 
achieved via automated immunohistochemistry with a fast red counterstain. Images were taken using 
bright field microscopy at a magnification of 15.4x. Scale bar = 200 μm. 
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3.2.4. Development of a digital quantification method to analyse AMBRA1 or p62 expression in 

the growth front, tumour mass, peritumoural or normal epidermal environment of primary 

cSCCs  

Automated immunohistochemistry for the expression of AMBRA1 and p62 was performed in 

all tissue sections derived from the Cambridge Addenbrookes Hospital discovery cohort of 

cSCCs. Following the acquisition of digital images (40 X magnification), four key regions of 

interest were identified (Figure 3.4):  

• the ‘normal epidermis,’ defined as an epidermal region distant to the primary 

tumour 

• the peritumoural epidermis, defined as the epidermis directly alongside the primary 

tumour 

• the ‘tumour mass,’ defined as the principle tumour area (and not at the deepest 

aspect of the tumour or displaying an invasive phenotype)  

• tumour growth front,’ defined as the tumour regions at the deepest aspect or the 

region displaying a invasive phenotype. 

The normal epidermis served as an internal control for AMBRA1 and p62 expression in 

keratinocytes in homeostatic conditions. The ‘peritumoural epidermis,’ on the other hand,  

represented keratinocytes that had either been exposed to the same tumorigenic field effect 

as the cells that had become transformed and/or cells that were subjected to the same 

signalling environment as the tumour. As such, keratinocytes in this environment are a good 

representation of cells that, whilst not fully functioning under homeostatic conditions, have 

not undergone full carcinogenic transformation. The area of the tumour growth front was 

analysed independently of cellular expression in the tumour mass as cells in this region had 

likely been through several additional mutagenic events, acquired pro-survival mechanisms 

and were beginning to exhibit a metastatic phenotype.  

 

Digital images were annotated using the annotating tool within the Aperio ImageScope 

software, marking 2 X 1.00 mm2 square boxes each for the normal and peritumoural epidermis 

and 5 representative areas/ 1.00 mm2 square boxes each for the tumour mass and tumour 

growth front (Figure 3.4).  The number of square boxes used for each region was determined 

based on the observed variability within primary cSCC tumours. As there was little or no 

variability between the normal epidermis and peritumoural epidermis only two 1.00 mm2 

square boxes, one either side of the site of the primary tumour were annotated. However, 
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since qualitative analysis of both AMBRA1 and p62 showed a high degree of intratumoural 

variability within primary cSCC tumours, multiple representative areas (x 5) were selected to 

best encompass this variability. Further annotation was then undertaken within each box of 

interest ensuring all keratinocytes within recognisable epidermal structures in normal and 

peritumoural epidermal regions and all tumour cells for the annotated tumour mass and 

tumour growth front regions were captured (Figure 3.4). The collaborating study 

histopathologist, Dr Niki Stefanos, confirmed annotations of all cases.  

 

Following this, all annotated areas of interest were subjected to digital H score analysis using 

Aperio ImageScope software analysis with a pre-optimised cytoplasmic or nuclear algorithm. 

The H score from each representative area of interest defined the level of staining intensity of 

either AMBRA1 or p62 (as described in Section 2.14) which was used to derive the mean H 

score value and correlate with clinical follow up data.  
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FIGURE 3. 4. ANNOTATION METHODOLOGY USED TO ANALYSE EXPRESSION OF AMBRA1 AND P62 IN PRIMARY CSCC 
TUMOURS. 
(a) Representative photomicrograph images of a cSCC tumour stained for AMBRA1 with completed 
annotations for the normal epidermis region (green), peritumoural epidermis region (yellow), tumour 
mass region (orange) and tumour growth front region (red). (b) Enlarged photomicrograph image of 
the normal epidermis annotated region of the cSCC tumour. (c) Enlarged photomicrograph image of 
the peritumoural epidermis annotated region of the cSCC tumour. (d) Enlarged photomicrograph image 
of the tumour mass annotated region of the cSCC tumour. (e) Enlarged photomicrograph image of the 
tumour growth front annotated region of the cSCC tumour. Visible staining was achieved via 
immunohistochemistry with a DAB counterstain. Image a was taken using bright field microscopy with 
a magnification of 0.8x. Scale bar = 3 mm. Image b, d and e were taken using bright field microscopy 
with a magnification of 9.5x. Scale bar = 300 μm. Image c was taken using bright field microscopy with 
a magnification of 10.3x. Scale bar = 200 μm 
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3.2.5. Loss of AMBRA1 occurs in primary cSCC tumours regardless of cellular differentiation 

status and disease outcome 

Mean H-scores for cytoplasmic AMBRA1 expression in the normal epidermis, peritumoural 

epidermis, tumour mass and tumour growth front regions were compared within localized 

and recurrent/metastatic primary cSCC tumours derived from the Cambridge cohort (Figure 

3.5). Results in localised primary cSCC tumours revealed a significant loss of cytoplasmic 

AMBRA1 expression between the normal and peritumoural epidermis, tumour mass and 

tumour growth front regions (P<0.0001, Figure 3.5). Additionally, a significant loss of 

cytoplasmic AMBRA1 expression was also observed between the peritumoural epidermis and 

the tumour mass (P<0.01, Figure 3.5) and tumour growth front regions (P<0.05, Figure 3.5). 

Similarly, analysis of cytoplasmic AMBRA1 expression in recurrent/metastatic cSCC tumours 

revealed a significant loss of expression between the normal and peritumoural epidermis 

(P<0.05, Figure 3.5), and the tumour mass (P<0.0001, Figure 3.5) as well as the tumour growth 

front regions (P<0.0001, Figure 3.5). In contrast to results derived from AMBRA1 expression 

analysis in the localised primary cSCC tumours however, there was no significant difference in 

expression between the peritumoural epidermis region and the tumour mass or growth front 

regions.  

 

Comparison of AMBRA1 expression in the four regions between localised and 

recurrent/metastatic cSCC tumours further confirmed no significant difference in expression 

in any region between these two groups (Appendix Figure A.1), collectively suggesting  

AMBRA1 expression is lost is cSCC tumorigenesis regardless of disease outcome. 
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FIGURE 3. 5. CYTOPLASMIC AMBRA1 EXPRESSION DECREASES WITH CSCC TUMORIGENESIS. 
(A) Scatter graph representing the mean cytoplasmic AMBRA1 H-score in the normal epidermis (n=55), 
peritumoural epidermis (n=56), tumour mass (n=62) and tumour growth front (n=58) of 62 localised 
primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for each group. Statistics 
acquired by Kruskal-Wallis test with Dunn’s post hoc correction. (*P<0.05) (**P<0.01) (****P<0.0001). 
(B) Scatter graph representing the mean cytoplasmic AMBRA1 H-score in the normal epidermis (n=29), 
peritumoural epidermis (n=30), tumour mass (n=39) and tumour growth front (n=37) of 39 
recurrent/metastatic primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for each 
group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction. (*P<0.05) 
(****P<0.0001). 
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Additional sub-cohort analysis of AMBRA1 expression in all localised and recurrent/metastatic 

cSCC tumours was also performed on the basis of tumour differentiation status ie in well, 

moderately or poorly differentiated tumour subsets (Appendix Figures A.2-A.7).  

Compared to expression in the normal epidermis, results revealed a trend wise loss in 

AMBRA1 expression in the peritumoural epidermis with a further reduction in expression in 

the tumour mass and growth front in either localised or recurrent/metastatic well, moderately 

or poorly differentiated primary cSCC tumours (Appendix Figure A.2-A.4).  

Comparison of AMBRA1 expression in the normal or peritumoural epidermis, the tumour mass 

or growth front in localised or recurrent/metastatic primary cSCC tumours stratified by 

differentiation status also revealed no significant difference in the mean H score for AMBRA1 

expression (Appendix Figure A.5-A.7) in any region between localised or recurrent/metastatic 

well, moderately or poorly differentiated cSCCs, further suggesting AMBRA1 loss in localised 

or recurrent/metastatic cSCCs occurs regardless of tumour differentiation status. 

 

3.2.6. Nuclear and cytoplasmic p62 expression is increased in primary cSCC tumours regardless 

of tumour differentiation status or disease outcome 

Comparative expression analysis of both cytoplasmic and nuclear p62 was also carried out in 

the normal and peritumoural epidermis as well as in the tumour mass and tumour growth 

front regions of localised and recurrent/metastatic primary tumours included in the 

Cambridge cSCC cohort. Results revealed a significant increase in the level of cytoplasmic p62 

expression in the tumour mass or growth front of localised primary cSCC tumours compared 

to expression levels in either the normal epidermis or peritumoural epidermis (P<0.0001, 

Figure 3.6). A similar trend was also seen in recurrent/metastatic primary cSCC tumours, with 

a significant increase in cytoplasmic p62 expression observed between the peritumoural 

epidermis and the tumour mass (P<0.01, Figure 3.6) or tumour growth front regions (P<0.05, 

Figure 3.6). However, whilst there was a significant increase in cytoplasmic p62 expression in 

the tumour mass compared to the normal epidermis of recurrent/metastatic tumours 

(P<0.05, Figure 3.6), there was no significant difference in expression between the normal 

epidermis and the tumour growth front.  

 

Comparative analysis of cytoplasmic p62 expression between localised and 

recurrent/metastatic primary cSCC tumours in the four regions also revealed no significant 

difference (Appendix Figure A.8). Taken together these data suggest that there is an increase 
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in cytoplasmic p62 expression during cSCC tumourigenesis, although expression may be lost 

in cells at deeper, more invasive aspects of tumours that reoccur/metastasise. 
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FIGURE 3. 6. CYTOPLASMIC P62 EXPRESSION INCREASES WITH CSCC PROGRESSION IN ALL PRIMARY CSCC TUMOURS 
REGARDLESS OF DISEASE OUTCOME. 
(A) Scatter graph representing the mean cytoplasmic p62 H-score in the normal epidermis (n=54), 
peritumoural epidermis (n=56), tumour mass (n=63) and tumour growth front (n=59) of 63 localised 
primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for each group. Statistics 
acquired by Kruskal-Wallis test with Dunn’s post hoc correction. (****P<0.01). (B) Scatter graph 
representing the mean cytoplasmic p62 H-score in the normal epidermis (n=28), peritumoural 
epidermis (n=29), tumour mass (n=39) and tumour growth front (n=38) of 39 recurrent/metastatic 
primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for each group. Statistics 
acquired by Kruskal-Wallis test with Dunn’s post hoc correction. (*P<0.05) (**P<0.01). 
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Sub cohort analysis of p62 expression was also undertaken in well, moderately and poorly 

differentiated cSCCs. Results again revealed increased cytoplasmic expression of p62 in the 

tumour mass and growth front of all tumours regardless of differentiation status but with no 

significant difference in expression between the normal or peritumoural epidermis or the 

tumour mass or growth front of localised or recurrent/metastatic tumours (Appendix Figures 

A.9-A.11). Although increased in the tumour mass and growth front of well, moderately and 

poorly differentiated tumours, notably cytoplasmic p62 expression was only significantly 

increased in these regions of localised cSCCs. This observation is perhaps reflective however, 

of the small number of recurrent/metastatic primary cSCC tumours when stratifying by 

differentiation status.  

Additional sub cohort analysis of cytoplasmic p62 expression in the normal or peritumoural 

epidermis or tumour mass or growth front of localised or recurrent/metastatic cSCC tumours 

stratified by differentiation status again revealed no significant difference in expression in any 

region in either well, moderately or poorly differentiated tumours (Appendix Figures A.12-

A.14). Collectively these data suggest that the increase in cytoplasmic p62 expression in the 

tumour mass/growth front of primary cSCC tumours occurs regardless of differentiation status 

or disease outcome.  

 

Analysis of nuclear p62 expression in the normal or peritumoural epidermis or the tumour 

mass or growth front of localised primary cSCC tumours, revealed a significant increase in 

expression between the normal epidermis and peritumoural epidermis and the tumour mass 

or tumour growth front regions (P<0.0001, Figure 3.7A). This significant increase in nuclear 

p62 expression between the normal epidermis and the tumour mass and tumour growth front 

(P<0.0001, Figure 3.7B) and between expression in peritumoural epidermis and the tumour 

mass or tumour growth front (P<0.01, Figure 3.B) was also observed in recurrent/metastatic 

primary cSCC tumours. Comparative analysis of nuclear p62 expression between localised and 

recurrent/metastatic primary cSCC tumours in the four differing regions however, revealed no 

significant difference between localised and recurrent/metastatic primary cSCC tumour 

(Appendix Figure A.15). Taken together these data suggest that there is an increase in nuclear 

p62 expression during cSCC tumourigenesis regardless of differentiation status or disease 

outcome. 
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FIGURE 3. 7. NUCLEAR P62 EXPRESSION INCREASES WITH CSCC PROGRESSION. 
(A) Scatter graph representing the mean nuclear p62 H-score in the normal epidermis (n=54), 
peritumoural epidermis (n=56), tumour mass (n=63) and tumour growth front (n=59) of 63 localised 
primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for each group. Statistics 
acquired by Kruskal-Wallis test with Dunn’s post hoc correction. (****P<0.0001). (B) Scatter graph 
representing the mean nuclear p62 H-score in the normal epidermis (n=28), peritumoural epidermis 
(n=29), tumour mass (n=39) and tumour growth front (n=38) of 39 recurrent/metastatic primary cSCC 
tumours. Horizontal bars represent the mean ± SD H-score for each group. Statistics acquired by 
Kruskal-Wallis test with Dunn’s post hoc correction. (**P<0.01) (****P<0.0001). 
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Further sub-cohort analysis of nuclear p62 expression in primary cSCC tumours revealed a 

significant increase in nuclear p62 expression between normal epidermis and peritumoural 

epidermis and the tumour mass and tumour growth front regions (Appendix Figure A.16-A.18) 

in localised tumours with a well, moderately or poorly differentiated phenotype. However, 

regardless of whether well, moderately of poorly differentiated, the only consistent significant 

increase in nuclear p62 expression observed was between the normal epidermis and the 

tumour mass and tumour growth front regions of recurrent/metastatic primary cSCC tumours 

(Appendix Figure A.16-A.18). Collectively these data suggest nuclear p62 expression in the 

peritumoural epidermis of cSCC tumours is influenced by disease outcome. However, when 

the level of nuclear p62 expression in the peritumoural epidermis region was directly 

compared between well, moderately or poorly differentiated localised or 

recurrent/metastatic primary cSCC tumours, there was no significant difference in expression 

or indeed any significant difference in nuclear p62 expression levels between tumours 

(Appendix Figure A.19-A.21). Taken together these data suggest, that like cytoplasmic p62 

expression, there is a significant increase in nuclear p62 expression with cSCC tumourigenesis. 

 

3.2.7. Loss of cytoplasmic AMBRA1 expression at the cSCC tumour growth front, in combination 

with loss of cytoplasmic, peritumoural epidermal p62 expression is a putative prognostic 

biomarker for cSCC disease progression 

ROC curve analysis was used to define the prognostic potential of cytoplasmic AMBRA1 or 

nuclear or cytoplasmic p62 expression for cSCC, where the greatest potential is given by the 

area under the curve (AUC) value, closest to 1.00.   

ROC curve analysis of all primary cSCC tumours within the Cambridge cohort revealed 

cytoplasmic AMBRA1 expression in the tumour growth front region (as opposed to expression 

in the peritumoural epidermis or tumour mass, Appendix Figure A.22), with an AUC value of 

0.5622 and cytoplasmic p62 expression in the peritumoural epidermis (as opposed to 

expression in the tumour mass or growth front (Appendix A.26) or nuclear expression in any 

region of interest, (Appendix Figure A.30), with an AUC of 0.6178 as the regions with greatest 

prognostic potential (Figure 3.8). Within the tumour growth front region, a mean AMBRA1 H-

score value of <59.740 (Figure 3.8A) had the highest sensitivity and specificity while for 

cytoplasmic p62 an H-score value <20.010 (Figure 3.8B) had the highest sensitivity and 

specificity for identifying primary cSCC tumours at risk of disease recurrence or metastasis. 
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FIGURE 3. 8. LOSS OF CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND LOSS OF 
CYTOPLASMIC P62 EXPRESSION IN THE PERITUMOURAL EPIDERMIS BEST PREDICT CSCC RECURRENCE OR METASTASIS. 
(A) Receiver operating characteristic (ROC) curve for prediction of either cSCC reoccurrence or 
metastasis based on the cytoplasmic AMBRA1 H-score in the tumour growth front of all primary cSCC 
tumours (n=95). The AMBRA1 H-score with the highest specificity and sensitivity is highlighted by a red 
circle. AUC = area under the curve. (B) Receiver operating characteristic (ROC) curve for prediction of a 
cSCC event (reoccurrence/metastasis) based on the cytoplasmic p62 H-score in the peritumoural 
epidermis of all primary cSCC tumours (n=85). The p62 H-score with the highest specificity and 
sensitivity is highlighted by a red circle. AUC = area under the curve. 
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ROC curve analysis of cytoplasmic AMBRA1 expression in the peritumoural epidermis, and the 

tumour mass and growth front was also undertaken in sub-cohorts of well, moderately and 

poorly differentiated primary cSCC tumours (Appendix Figures A.23-A.25). Regardless of 

cellular differentiation status, cytoplasmic AMBRA1 expression in the tumour growth front 

region was consistently the region with the highest AUC value (Appendix Figure A.23-A.25).  

 

However, for expression of p62, ROC curve analysis in sub cohorts of well, moderately or 

poorly differentiated cSCCs identified different regions in which cytoplasmic or nuclear 

expression corresponded with the highest prognostic potential. For well-differentiated cSCCs 

loss of cytoplasmic p62 expression in the peritumoural epidermis gave the highest prognostic 

potential, (Appendix Figure A.27), while in moderately differentiated cSCCs, loss of 

cytoplasmic p62 expression in the tumour growth front (Appendix Figure A.28) or in poorly-

differentiated cSCCs the increase in nuclear p62 expression in the peritumoural epidermis 

gave the highest prognostic potential (Appendix Figure A.33).  

 

Taken together, these data demonstrate that regardless of tumour differentiation status, the   

loss of cytoplasmic AMBRA1 expression in the tumour growth front region and the loss of 

cytoplasmic p62 expression in the peritumoural epidermis have the highest potential to 

identify cSCCs at risk of disease recurrence or metastasis. 

 

Having determined the optimal expression levels of AMBRA1 in the tumour growth front and 

p62 in the peritumoural epidermis with greatest prognostic potential, survival curve analysis 

was then performed to determine the potential or either marker or the combined prognostic 

potential of these two putative biomarkers. Initial analysis based on cytoplasmic AMBRA1 

expression in the tumour growth front region alone and a cut off H-score of <59.740 to define 

a high-risk tumour revealed no significant difference in predicting disease progression in high 

or low risk subsets;  73.59% of tumours defined as low-risk and 57.58% of tumours defined as 

high-risk had no disease event within 60 months (Figure 3.9), collectively indicating the 

unsuitability of AMBRA1 expression in the tumour growth front alone as a prognostic 

biomarker for cSCC. 
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FIGURE 3. 9. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT ALONE IS NOT A PROGNOSTIC 
BIOMARKER FOR CSCC. 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 86 primary cSCC 
tumours stratified as low risk (n=52) and high risk (n=34) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region. Statistics acquired by Mantel-Cox log-rank test and 
Mantel-Haenszel test (ns=non-significant). 

 

Additional Kaplan-Meier survival analysis of AMBRA1 expression in the tumour growth front 

of sub-cohorts of either well, moderately or poorly differentiated cSCCs also demonstrated 

the inability of this single marker to identify low and high risk tumour subsets (Appendix Figure 

A.34).  

 

Kaplan-Meir survival analysis based on cytoplasmic p62 expression in the peritumoural 

epidermis alone and a cut off mean H-score of <20.01 to define a high risk sub set was also 

unable to define high risk cSCC subsets; 72.72% of tumours defined as low-risk and 69.57% 

tumours defined as high-risk had no disease event within 60 months (figure 3.10), again, 

collectively indicating the inability of p62 expression in the peritumoural epidermis alone as  a 

prognostic biomarker for cSCC.  
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FIGURE 3. 10. CYTOPLASMIC P62 EXPRESSION IN THE PERITUMOURAL EPIDERMIS ALONE IS NOT A PROGNOSTIC BIOMARKER 
FOR CSCC.  
Kaplan-Meier survival analysis representing 60-month disease event free rate in 79 primary cSCC 
tumours stratified as low risk (n=46) and high risk (n=33) groups based on cytoplasmic p62 expression 
in the peritumoural epidermis. Statistics acquired by Mantel-Cox log-rank test and Mantel-Haenszel 
test (ns=non-significant). 

 

Similarly, to analysis of AMBRA1 in the tumour growth front of sub cohorts of primary cSCCs 

with differing differentiation status, Kaplan-Meier survival analysis based on both cytoplasmic 

and nuclear p62 expression was performed in well, moderately and poorly differentiated 

tumours. Whilst cytoplasmic p62 expression in the peritumoural epidermis of well and 

cytoplasmic p62 expression in the tumour growth front of moderately differentiated primary 

cSCCs had the greatest prognostic potential, neither marker was able to significantly 

distinguish between high and low risk tumour subsets. Nuclear p62 expression in the 

peritumoural epidermis, on the other hand was able to distinguish disease recurrence or 

metastasis in tumour subsets of poorly differentiated cSCCs (Appendix Figure A.35).  

 

Given the limited ability of AMBRA1 expression in the growth front of cSCCs or the expression 

of cytoplasmic p62 in the peritumoural epidermis as single biomarkers, their capacity as 

combined prognostic biomarkers was evaluated in the entire Cambridge cohort of poorly, 

moderately or well differentiated localised or recurrent/metastatic cSCCs (Figure 3.11) as well 

as in individual sub cohorts of well, moderately or poorly differentiated tumours (Appendix 

Figure A. 36). A tumour with a cytoplasmic AMBRA1 H-score in the growth front region of 

<59.74 and a mean cytoplasmic p62 H score in the peritumoural epidermis of <20.010, was 

defined as being at high risk of a disease recurrence/metastasis, while a cytoplasmic AMBRA1 
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H-score in the tumour growth front ≥59.74 and/or a mean cytoplasmic p62 H score in the 

peritumoural epidermis of ≥20.010 was categorised as low risk.  

Resultant Kaplan-Meier survival curve analysis revealed dual AMBRA1 expression in the 

tumour growth front and p62 expression in the peritumoural epidermis significantly 

distinguished between high and low risk tumour subsets (P<0.05, Figure 3.11); 78.57% of 

patients with low risk tumours were disease free at 60 months compared to only 46.15% of 

patients with high risk tumours. Furthermore, as a biomarker, the combined AMBRA1 tumour 

growth front and peritumoural epidermal p62 expression predicted recurrence /metastasis of 

primary cSCCs with a hazard ratio of 4.421 (95% CI 1.322-14.790), a negative predictive value 

of 75.38%, a positive predictive value of 53.85%, an assay specificity of 89.09% and sensitivity 

of 30.43%. 

 

 
FIGURE 3. 11. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION ACT AS A PUTATIVE BIOMARKER FOR CSCC PATIENTS. 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 79 primary cSCC 
tumours stratified as low risk (n=65) and high risk (n=13) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region and cytoplasmic p62 expression in the peritumoural 
epidermis. Statistics acquired by Mantel-Cox log-rank test and Mantel-Haenszel test (*P<0.05). 

 

Kaplan-Meier survival curve analysis of combined AMBRA1 growth front and peritumoural 

epidermal p62 expression in well, moderately or poorly differentiated localised or 

recurrent/metastatic tumours also significantly distinguished between high and low risk 

subsets of moderately or poorly differentiated tumours although this was not significant in 

well differentiated tumours (Appendix Figure A.36).  

 

In summary these data suggest the combined expression of cytoplasmic AMBRA1 in the 

tumour growth front and cytoplasmic p62 expression in the peritumoural epidermis as a novel 

putative prognostic biomarker for cSCC disease recurrence/metastasis.  
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3.2.8. Loss of cytoplasmic AMBRA1 expression at the cSCC tumour growth front, in combination 

with loss of cytoplasmic, peritumoural epidermal p62 expression is a putative prognostic 

biomarker for metastasis in moderately and poorly differentiated cSCC tumours 

Having established the combined expression of cytoplasmic AMBRA1 in the tumour growth 

front and cytoplasmic p62 in the peritumoural epidermis is able to predict cSCC recurrence 

and metastasis, further sub cohort analysis was undertaken to evaluate the improved 

potential of this combined biomarker to predict metastasis with in well, moderately, poorly or 

moderately/poorly differentiated cSCCs. Results demonstrated combined cytoplasmic 

AMBRA1 expression in the tumour growth front and cytoplasmic p62 expression in the 

peritumoural epidermis was unable to significantly predict metastasis of well-differentiated 

cSCCs (Figure 3.12); 85.71% patients with low risk tumours did not have a metastatic event at 

60 months compared to 100% of patients with high risk tumours, suggesting the unsuitability 

of this combined biomarker for prognosticating well-differentiated cSCCs.  

The prognostic ability of AMBRA1 tumour growth front and p62 peritumoural epidermal 

expression was however significantly improved in moderately (P<0.01, Figure 3.13) and 

poorly-differentiated cSCCs (P<0.05, Figure 3.14) by removal of the recurrent tumour subsets. 

Specifically, metastasis at 60 months did not occur in 70.37% patients with low risk moderately 

differentiated primary cSCC tumours while all patients with high-risk tumours developed 

metastasis by 60 months (Figure 3.13). 82.35% of patients with poorly differentiated low risk 

primary cSCC tumours on the other hand did not develop metastatic disease at 60 months, 

while 66.67% of patients with high-risk tumours developed metastasis by 60 months (Figure 

3.14). Collectively these data suggest combined AMBRA1 tumour growth front and 

peritumoural epidermal p62 expression as a viable prognostic biomarker of metastasis in 

moderately or poorly differentiated cSCCs.   
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FIGURE 3. 12. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION DO NOT ACT AS A PROGNOSTIC BIOMARKER FOR DISEASE METASTASIS 
IN WELL-DIFFERENTIATED CSCC TUMOURS. 
Kaplan-Meier survival analysis representing 60-month metastasis free rate in 23 well-differentiated 
primary cSCC tumours stratified as low risk (n=21) and high risk (n=2) groups based on cytoplasmic 
AMBRA1 expression in the tumour growth front region and cytoplasmic p62 expression in the 
peritumoural epidermis. Statistics acquired by Mantel-Cox log-rank test and Mantel-Haenszel test 
(*P<0.05). 

 

 

 

 
 
FIGURE 3. 13. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION DOES ACT AS A PROGNOSTIC BIOMARKER FOR DISEASE METASTASIS IN 
MODERATELY DIFFERENTIATED CSCC TUMOURS. 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 31 moderately- 
differentiated primary cSCC tumours stratified as low risk (n=27) and high risk (n=4) groups based on 
cytoplasmic AMBRA1 expression in the tumour growth front region and cytoplasmic p62 expression in 
the peritumoural epidermis. Statistics acquired by Mantel-Cox log-rank test and Mantel-Haenszel test 
(*P<0.05). 
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FIGURE 3. 14. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION DOES ACT AS A PROGNOSTIC BIOMARKER FOR DISEASE 
METASTASIS IN POORLY DIFFERENTIATED CSCC TUMOURS. 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 20 poorly-
differentiated primary cSCC tumours stratified as low risk (n=17) and high risk (n=3) groups based on 
cytoplasmic AMBRA1 expression in the tumour growth front region and cytoplasmic p62 expression in 
the peritumoural epidermis. Statistics acquired by Mantel-Cox log-rank test and Mantel-Haenszel test 
(*P<0.05). 

 

Clinically, primary cSCCs are more commonly categorised as moderately-to-poorly 

differentiated, rather than being categorised separately as either moderately or poorly 

differentiated. Further validating the potential for combined AMBRA1 tumour growth front 

and peritumoural epidermal p62 expression as a prognostic biomarker for disease metastasis 

in combined moderately/poorly differentiated cSCCs, Kaplan-Meier survival curve analysis 

revealed a significant increase in the ability to predict metastasis in these tumours  (P<0.0001, 

Figure 3.15); 75.00% patients with low risk tumours did not develop metastasis at 60 months 

compared to 85.71% of patients with high risk tumours that developed metastatic disease. 

Furthermore as a biomarker, the combined AMBRA1 tumour growth front and peritumoural 

epidermal p62 expression predicts metastasis of moderately/poorly differentiated cSCCs with 

a hazard ratio of 30.07 (95% CI 5.48- 165), a negative predictive value of 75.00%, a positive 

predictive value of 85.71%, an assay specificity of 97.06% and sensitivity of 35.29%. 

Collectively this highlights the power and potential clinical impact of combined AMBRA1 

tumour growth front and peritumoural epidermal p62 expression as a novel prognostic 

biomarker for moderately/poorly differentiated cSCC.   
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FIGURE 3. 15. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION DOES ACT AS A PROGNOSTIC BIOMARKER FOR DISEASE METASTASIS IN 
MODERATELY/POORLY DIFFERENTIATED CSCC TUMOURS. 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 51 primary cSCC 
tumours separated into low risk (n=44) and high risk (n=7) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region and cytoplasmic p62 expression in the peritumoural 
epidermis. Statistics acquired by Mantel-Cox log-rank test and Mantel-Haenszel test (*P<0.05). 

 

3.2.9. Post-viva data analysis of AMBRA1 and p62 as putative prognostic biomarkers 

Following the initial submission of this thesis, and the subsequent viva examination, additional 

work was completed to refine and correct the analysis of the potential of cytoplasmic AMBRA1 

expression in the tumour growth front and cytoplasmic p62 in the peritumoural epidermis 

region as a putative prognostic biomarker for cSCC. Further clinical feedback led to the 

removal of some tumours from the cohort, due to either clinical or quality control standard 

alterations. The remaining tumours were also subject to re-examination of their tumour 

differentiation status, with tumours being either completely reclassified and moderately-

differentiated tumours additionally classified as either well-moderately or moderately-poorly 

differentiated tumours. This refined cohort was then subject to the same survival curve 

analysis as previous explained (Section 3.2.7.) to access the potential of AMBRA1 and p62 

immunohistochemical expression as predictive markers of cSCC metastasis. 

Resultant Kaplan-Meier curve analysis revealed that cytoplasmic AMBRA1 expression in the 

tumour growth front region and cytoplasmic p62 expression in the peritumoural epidermis 

region, whilst not significant, does still show some ability to distinguish between cSCC at a high 

or low risk of metastasising, regardless of differentiation status (Figure 3.16); 81.36% of 59 

low risk tumours did not progress to metastatic disease, whilst 60.00% of 10 high risk tumours 

did experience metastatic disease. Additionally, analysis with a Mantel-Haenszel test revealed 

this classifying system had a hazard ratio of 3.85 (95% CI 0.82-18.08). 



Defining the potential of AMBRA1 and p62 as prognostic biomarkers for high-risk cutaneous 
squamous cell carcinoma 

81 

 

FIGURE 3. 16.CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION IS ASSOCIATED WITH DECREASED METASTASIS FREE SURVIVAL IN CSCC 
TUMOURS REGARDLESS OF DIFFERENTIATION STATUS 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 69 primary cSCC 
tumours stratified as low risk (n=59) and high risk (n=10) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region. Statistics acquired by Mantel-Cox log-rank test and 
Mantel-Haenszel test (ns=non-significant). 
 

Subcohort analysis demonstrated that cytoplasmic AMBRA1 expression in the tumour growth 

front region and cytoplasmic p62 expression in the peritumoural epidermis region is still 

unable to identity well-differentiated cSCC patients at high risk of metastasis (Figure 3.17). 

Additionally, whilst the original analysis showed that this putative biomarker was able to 

identify high-risk patient subsets in both moderately- and poorly-differentiated cSCC tumours, 

this refined cohort subjected to the same survival curve analysis only showed capability of 

identifying high-risk poorly-differentiated cSCC patients (Figure 3.18 and 3.19, *P<0.05), with 

81.25% of 14 low risk patients being metastasis-free after 60 months and only 33.33% of 5 

high-risk cSCC patients not experiencing a metastasis, a hazard ratio of 20.52 (p5% CI 1.197-

351.70), a PPV of 66.67%, NPV 81.25% and an assay sensitivity of 40.00% and specificity 

92.86%. 
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FIGURE 3. 17. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION IS NOT A PREDICTOR OF METASTASIS IN WELL-DIFFERENTIATED SCC 
TUMOURS 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 22 primary cSCC 
tumours stratified as low risk (n=22) and high risk (n=0) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region. Statistics acquired by Mantel-Cox log-rank test and 
Mantel-Haenszel test (ns=non-significant). 
 

 

 

FIGURE 3. 18. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION IS NOT A PREDICTOR OF METASTASIS IN MODERATELY-DIFFERENTIATED 
SCC TUMOURS 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 28 primary cSCC 
tumours stratified as low risk (n=19) and high risk (n=8) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region. Statistics acquired by Mantel-Cox log-rank test and 
Mantel-Haenszel test (ns=non-significant). 
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FIGURE 3. 19. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION IS A PREDICTOR OF METASTASIS IN POORLY-DIFFERENTIATED SCC 
TUMOURS 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 19 primary cSCC 
tumours stratified as low risk (n=14) and high risk (n=5) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region. Statistics acquired by Mantel-Cox log-rank test and 
Mantel-Haenszel test (ns=non-significant). 
 

In addition to these subcohorts, all cSCC tumours that were classified as poorly-differentiated 

where combined with all moderately-differentiated cSCC tumours that had at least one 

compartment that is trending towards a poorly-differentiated cSCC tumours, to access if 

cytoplasmic AMBRA1 expression in the tumour growth front region and cytoplasmic p62 

expression in the peritumoural epidermis region was able to identity high-risk tumours that 

have a poorly-differentiated element. Results revealed that whilst not significant, this putative 

prognostic biomarker has some ability to identify high-risk cSCC patient subsets (Figure 3.20), 

with 76.19% of 31 low-risk patients not experiencing a metastatic event and 50.00% of 13 

high-risk patients progressing to metastatic disease; with a hazard ratio of 3.34 (95% CI 0.56-

19.72).  
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FIGURE 3. 20. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT REGION AND CYTOPLASMIC P62 
EXPRESSION IN THE PERITUMOURAL EPIDERMIS REGION IS ASSOCIATED WITH DECREASED METASTASIS FREE SURVIVAL IN SCC 
TUMOURS WITH A COMPONENT TRENDING TOWARDS A LESS-DIFFERENTIATED PHENOTYPE 
Kaplan-Meier survival analysis representing 60-month disease event free rate in 44 primary cSCC 
tumours stratified as low risk (n=31) and high risk (n=13) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region. Statistics acquired by Mantel-Cox log-rank test and 
Mantel-Haenszel test (ns=non-significant). 
 
 
Collectively, these survival analyses on this refined cohort further demonstrates the potential 

and power of the joint use of cytoplasmic AMBRA1 expression in the tumour growth front 

region and cytoplasmic p62 expression in the peritumoural epidermis region as a prognostic 

biomarker for cSCC metastasis. 

3.2.10. Development and validation of a novel p62 antibody for future cSCC biomarker studies 

Results from the current study demonstrating the expression of AMBRA1 in the tumour 

growth front and p62 expression in the peritumoural epidermis of cSCCs as a putative 

prognostic biomarker were derived using a clinically validated antibody from AMLo 

Biosciences and a pre-optimised SQSTM1 p62 antibody from Santa Cruz. To develop a 

potential novel AMBRA1/p62 biomarker prognostic kit for cSCC an additional aim of the 

present study was to develop and pre validate a novel recombinant p62 antibody developed 

using the same technology used to generate the AMBRA1 antibody by the study sponsoring 

company, AMLo Biosciences Ltd. 13 anti-p62 HuCAL FAB antibody fragment clones were 

generated (BioRad in association with AMLo Biosciences Ltd) and screened by manual 

immunohistochemistry for their binding specificity in FFPE sections of normal human skin 

(Figure 3.16). The individual binding performance of each HuCAL FAB antibody was judged by 

comparison to the staining achieved by the commercially available research antibody to p62 

from Santa Cruz (acting as a positive control). Results revealed strong and specific staining by 

7 of the anti-p62 HuCAL FAB antibody fragment clones, specifically clones AbD34898, 

AbD34899, AbD34900, AbD34902, AbD34904, AbD34907 and AbD34908 when compared to 



Defining the potential of AMBRA1 and p62 as prognostic biomarkers for high-risk cutaneous 
squamous cell carcinoma 

85 

staining achieved using the Santa Cruz antibody (Figure 3.21). Positive p62 expression was 

observed in the cytoplasmic and nuclear cell sub compartments of both epidermal 

keratinocytes and dermal endothelial cells. A degree of non-specific background staining, 

localised to areas rich in dermal collagen, was also observed in both the anti-p62 HuCAL FAB 

antibody fragment clones and the positive control Santa Cruz. 
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FIGURE 3. 21. THE RECOMBINANT ANTI-P62 HUCAL ANTIBODY CLONES ABD34898, ABD34899, ABD34900, 
ABD34902, ABD34904, ABD34907 AND ABD34908 HAVE THE HIGHEST COMPARABLE STAINING TO THE CURRENT 
RESEARCH STANDARD IN FFPE NORMAL SKIN TISSUE. 
Representative photomicrograph images of p62 staining in FFPE normal epidermis with (a) a null 
primary anti-mouse (negative control), (b) a null primary anti-FLAG (negative control), (c)  a Santa Cruz 
p62 antibody (positive control) and each of the potential recombinant anti-p62 HuCAL antibody clones, 
(d) AbD34896, (e) AbD34897, (f) AbD34898, (g) AbD34899, (h) AbD34900, (i) AbD34901, (j) AbD34902, 
(k) AbD34903, (l) AbD34904, (m) AbD34905, AbD34906, (n) (o) AbD34907  and (p) AbD34908. Visible 
staining was achieved via immunohistochemistry with a DAB counterstain. Images taken using bright 
field microscopy at a magnification of 13.4x. Scale bar = 200 μm. 
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To functionally validate the 7 best performing anti-p62 HuCAL FAB antibody fragment clones, 

western blotting was used to evaluate p62 expression in the CCD1106 keratinocyte cell line in 

response to starvation-induced autophagy, using the anti-p62 Santa Cruz antibody as a 

positive control (data not shown). In comparison to the GAPDH loading control, the Santa Cruz 

p62 antibody as well as the anti-p62 HuCAL FAB antibody fragment clones AbD34902, 

AbD34907 and AbD34908 demonstrated the expected autophagy-induced reduction in p62 in 

comparison to non-starved CCD1106 cells. As such, the anti-p62 HuCAL FAB antibody fragment 

clones AbD34902, AbD34907 and AbD34908 were taken forward for further validation. 

 

The binding specificity of the HuCAL FAB antibody fragment clones AbD34902, AbD34907 and 

AbD34908 was next assessed via manual immunohistochemistry of FFPE sections derived 

from both well and poorly differentiated primary cSCC tumours. The anti-p62 HuCAL FAB 

antibody fragment clones AbD34907 and AbD34908 demonstrated the same staining pattern, 

albeit with a much higher staining intensity, as that observed by the positive control p62 

antibody from Santa Cruz p62 (Figure 3.22). The p62 HuCAL FAB antibody fragment clone 

AbD34902 also appeared to show the same binding specificity at that of the positive control, 

but given the much weaker level of staining, was not taken forward for further validation. 

Positive p62 expression was observed consistently in the cytoplasmic of cSCC tumour cells, 

with occasional nuclear staining also detected. Additionally, to the staining observed in the 

cSCC tumour cells, cytoplasmic and nuclear p62 expression was again observed in dermal 

endothelial cells and also detected in infiltrating immune cells and glandular cells. Consistent 

with the observations made in the analysis of p62 staining in FFPE normal skin (Figure 3.16), 

dermal collagen demonstrated a high level of non-specific secondary binding. 
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FIGURE 3. 22. THE RECOMBINANT ANTI-P62 HUCAL ANTIBODY CLONES ABD34907 AND ABD34908 HAVE THE HIGHEST 
COMPARABLE STAINING TO THE CURRENT RESEARCH STANDARD IN FFPE CSCC TISSUE. 
Representative photomicrograph images of p62 staining in FFPE cSCC with (a) a null primary anti-
mouse (negative control), (b) a null primary anti-FLAG (negative control), (c) a Santa Cruz p62 antibody 
(positive control) and each of the potential recombinant anti-p62 HuCAL antibody clones, (d) 
AbD34902, (e) AbD34907  and (f) AbD34908. Visible staining was achieved via immunohistochemistry 
with a DAB counterstain. Images were taken using bright field microscopy at a magnification of 13.4x. 
Scale bar = 200 μm. 

 

Given the high staining intensity observed from the p62 HuCAL FAB antibody fragment clones 

AbD34907 and AbD34908 from manual immunohistochemistry in FFPE cSCC tumour sections, 

concentration optimisation of these antibody clones was performed in sections of FFPE 

normal skin. Primary concentrations of AbD34907 and AbD34908 at 20 μg/mL, 10 μg/mL, 5 

μg/mL, 1 μg/mL and 0.1 μg/mL were used in manual immunohistochemistry and compared to 

the intensity and localisation of p62 expression achieved by the positive control anti-p62 Santa 

Cruz antibody, at the pre-optimised concentration of 4 μg/mL (Figure 3.23 and 3.24). Results 

revealed that using 0.5 μg/mL of either AbD34907 or AbD34908 had comparable staining 

intensity and cellular localisation of p62 expression as that derived from use of the Santa Cruz 

p62 antibody at its optimised concentration. This suggested that these p62 HuCAL FAB 

antibody fragment clones have the same binding specificity and intensity in FFPE material, at 

a 20-fold dilution rate, as that of the Santa Cruz antibody. 
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FIGURE 3. 23. A CONCENTRATION OF 1.0 ΜG/ML OF THE RECOMBINANT ANTI-P62 HUCAL ANTIBODY CLONE ABD34907 IS 
MOST COMPARABLE TO THE CURRENT RESEARCH STANDARD IN OCT NORMAL SKIN TISSUE. 
Representative photomicrograph images of p62 staining in three areas of OCT normal epidermis with 
(a-c) a null primary anti-mouse (negative control), (d-f) a Santa Cruz p62 antibody and the potential 
recombinant anti-p62 HuCAL antibody clone AbD34907 at the concentrations (g-i) 0.1 μg/mL, (j-l) 1 
μg/mL, (m-o) 5 μg/mL, (p-r) 10 μg/mL and (s-u) 20 μg/mL. Visible staining was achieved via 
immunohistochemistry with a DAB counterstain. Images taken using confocal microscopy with a 
magnification of 13.4x. Scale bar = 200 μm. 
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FIGURE 3. 24. CONCENTRATION OF 0.1 ΜG/ML OF THE RECOMBINANT ANTI-P62 HUCAL ANTIBODY CLONE ABD34908 IS 
MOST COMPARABLE TO THE CURRENT RESEARCH STANDARD IN FFPE NORMAL SKIN TISSUE. 
Representative photomicrograph images of p62 staining in three areas of FFPE normal epidermis with 
(a-c) a null primary anti-mouse (negative control), (d-f) a Santa Cruz p62 antibody and the potential 
recombinant anti-p62 HuCAL antibody clone AbD34908 at the concentrations (g-i) 0.1 μg/mL, (j-l) 1 
μg/mL, (m-o) 5 μg/mL, (p-r) 10 μg/mL and (s-u) 20 μg/mL. Visible staining was achieved via 
immunohistochemistry with a DAB counterstain. Images taken using bright field microscopy with a 
magnification of 13.4x. Scale bar = 200 μm.  
 



Defining the potential of AMBRA1 and p62 as prognostic biomarkers for high-risk cutaneous 
squamous cell carcinoma 

91 

Given the use of frozen tissue samples in diagnostic pathology, methodology optimisation was 

repeated in a series of OCT embedded normal skin sections. Anti-p62 HuCAL FAB antibody 

fragment clones AbD34907 and AbD34908 were used in manual immunohistochemistry at 

concentrations of 20 μg/mL, 10 μg/mL, 5 μg/mL, 1 μg/mL and 0.1 μg/mL and p62 expression 

compared to the staining derived from use of the positive control Santa-Cruz at its pre-

optimised concentration. Results revealed similar staining intensity and localisation of p62 

expression could be observed between the clone AbD34907 and AbD34908 when used at a 

concentration of 1 μg/mL as that derived from use of the positive control Santa Cruz antibody 

(Figure 3.25 and 3.26), suggesting p62 HuCAL FAB antibody fragment clones have the same 

binding specificity and intensity in OCT material, at a 4-fold dilution rate, as the Santa Cruz 

antibody. 
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FIGURE 3. 25. A CONCENTRATION OF 1.0 ΜG/ML OF THE RECOMBINANT ANTI-P62 HUCAL ANTIBODY CLONE ABD34907 IS 
MOST COMPARABLE TO THE CURRENT RESEARCH STANDARD IN OCT NORMAL SKIN TISSUE. 
Representative photomicrograph images of p62 staining in three areas of OCT normal epidermis with 
(a-c) a null primary anti-mouse (negative control), (d-f) a Santa Cruz p62 antibody  and the potential 
recombinant anti-p62 HuCAL antibody clone AbD34907 at the concentrations (g-i) 0.1 μg/mL, (j-l) 1 
μg/mL, (m-o) 5 μg/mL, (p-r) 10 μg/mL and (s-u) 20 μg/mL. Visible staining was achieved via 
immunohistochemistry with a DAB counterstain. Images taken using confocal microscopy with a 
magnification of 13.4x. Scale bar = 200 μm. 
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FIGURE 3. 26. A CONCENTRATION OF 1.0 ΜG/ML OF THE RECOMBINANT ANTI-P62 HUCAL ANTIBODY CLONE ABD34908 IS 
MOST COMPARABLE TO THE CURRENT RESEARCH STANDARD IN OCT NORMAL SKIN TISSUE. 
Representative photomicrograph images of p62 staining in three areas of OCT normal epidermis with 
(a-c) a null primary anti-mouse (negative control), (d-f) a Santa Cruz p62 antibody and the potential 
recombinant anti-p62 HuCAL antibody clone AbD34908 at the concentrations (g-i) 0.1 μg/mL, (j-l) 1 
μg/mL, (m-o) 5 μg/mL, (p-r) 10 μg/mL and (s-u) 20 μg/mL. Visible staining was achieved via 
immunohistochemistry with a DAB counterstain. Images taken using confocal microscopy with a 
magnification of 13.4x. Scale bar = 200 μm. 
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Taken together, these data indicated similar staining localisation and intensity for p62 

expression in FFPE and OCT sections of human skin was derived using anti-p62 HuCAL FAB 

antibody fragment clones AbD34907 and AbD34908 HuCAL. However, non-specific 

background staining was observed at a higher level in sections stained with the AbD34907 

clone when compared to the AbD34908 clone. As such the clone AbD34908 was selected to 

undergo the final validation. 

 

The ability of AbD34908 to detect p62 expression in FFPE cSCC tumours was further assessed 

by manual IHC (Figure 3.27). Results revealed that, whilst staining was weaker, the anti-p62 

HuCAL FAB antibody fragment clone AbD39408 performed equally well to the positive control 

Santa Cruz antibody, being able to detect cell-to-cell differences in p62 expression, in both 

cytoplasmic and nuclear regions, within the same cluster of cSCC cells. 

 

Collectively these data validated the anti-p62 HuCAL FAB antibody fragment clone AbD34908 

as a potential diagnostic antibody for use in combination with the current AMBRA1 antibody 

in the development of a novel prognostic biomarker IHC assay kit for cSCC. 

 
FIGURE 3. 27. THE RECOMBINANT ANTI-P62 HUCAL ANTIBODY CLONE ABD34908 IDENTIFIES THE SAME P62 EXPRESSION 
AS THE CURRENT RESEARCH STANDARD ANTIBODY IN FFPE CSCC TISSUE. 
Representative photomicrograph images of p62 expression in FFPE normal skin with (a-b) a null primary 
anti-mouse (negative control), (c-d) a Santa Cruz p62 antibody and (e-f) the potential recombinant anti-
p62 HuCAL antibody clone AbD34908. Visible staining was achieved via immunohistochemistry with a 
DAB counterstain. Images a, c and e taken using bright field microscopy with a magnification of 0.8x. 
Scale bar = 3 mm. Images b, d and f taken using bright field microscopy with a magnification of 6.0x. 
Scale bar = 400 μm. 
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3.3. Discussion 

In the last decade, several systematic genomic and proteomic approaches have been 

undertaken in an attempt to identify prognostic biomarkers for cSCC (Wei et al., 2018, 

Shapanis et al., 2021). Those that have been identified include the expression of the 

glycoprotein podoplanin (Kreppel et al., 2013), the histone acetyltransferase p300  (Chen et 

al., 2015), TERT a catalytic subunit of telomerase (Campos et al., 2019), over expression of 

EGFR (Cañueto et al., 2017c), miR-205 expression (Cañueto et al., 2017b),  expression of 

INPP5A and CD133 (Sekulic et al., 2010, Xu et al., 2016) and a 40-gene expression profile test 

proposed by Castle Biosciences Ltd (Wysong et al., 2020). However, the credible biomarker 

capacity of all is limited by their consistency, reliability, accuracy and/or feasibility.  

Studies in podoplanin expression suggest its presence in tumour cells acts as a potential 

prognostic biomarker for cSCC with a univariate hazard ratio of 17.95 (95% CI: 3.85-83.66). 

(Kreppel et al., 2013, Cañueto et al., 2017a). However, expression was based on manual 

consensus scoring by pathologists, which is subjective and inconsistent, and again, to date no 

larger-scale patient validation studies with more detailed statistical analysis (i.e. PPV, NPV, 

sensitivity or specificity) have been described. Overexpression of the histone acetyltransferase 

p300 has also been suggested as a potential biomarker, but with a poor hazard ratio of 2.42 

(95% CI: 1.32-4.42) and again with no detailed statistical analysis on test performance 

described (Chen et al., 2015). The mutation of the catalytic subunit of telomerase TERT, has 

been suggested to predict cSCC recurrence, with a hazard ratio of 8.41 (95% CI: 2.53-27.90), 

and metastasis with a hazard ratio of 15.60 (95% CI: 1.85-131.65). However, given the 

requirement to extract, amplify, sequence and analyse DNA from FFPE patient samples, this 

poses a significant cost and time commitment and hence questions the translation feasibility 

of this biomarker into standard clinical practice (Campos et al., 2019). 

 As with other cancers, EGFR overexpression has been linked to a poor outcome in cSCC. 

Immunohistochemical based biomarker analysis in a cohort of 94 cSCC patients showed some 

ability to predict cSCC TNM stage progression, however, as a biomarker it did not concur any 

advantage over tumour differentiation status. (Cañueto et al., 2017c). Further studies by 

Cañueto et al also investigated the prognostic potential of microRNA miR-205 expression. 

However, with a univariate hazard ratio of 6.552 (95% CI: 1.332–32.232) and high cost 

implications, this is unlikely to be a viable prognostic biomarker for cSCC (Cañueto et al., 

2017b).  
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The proposed biomarkers INPP5A and CD133, both employ immunohistochemical expression 

analysis as the basis of a prognostic test for cSCC, the easiest methodology to integrate into 

standard clinical practice. However, with univariate hazard ratios predicting either recurrence 

or metastasis all below 5.00, their potential as accurate biomarkers is also limited  (Maly et 

al., 2020, Cumsky et al., 2019, Xu et al., 2016). 

Finally, Castle Biosciences have recently published their validation of a 40-gene expression 

profile test (Wysong et al., 2020). To date, this has been the most extensive study of a 

potential prognostic biomarker for cSCC, as discussed below, and making it perhaps the best 

candidate to compare against the prognostic potential of the proposed combined expression 

of AMBRA1 and p62. It should be noted however that this 40 gene test only reports the 

multivariate hazard ratio with no explanation underpinning the chosen 40-genes. 

 

Collectively the various issues associated with the above proposed biomarkers emphasise the 

remaining unmet need for novel credible prognostic biomarkers to identify high-risk cSCC and 

prompting the current study aimed at defining the prognostic potential of AMBRA1 and p62 

expression. 

 

3.3.1. Loss of AMBRA1 expression occurs in cSCC tumourigenesis  

Initial observations from immunohistochemical staining of AMBRA1 in both the pilot 

Newcastle and Cambridge discovery cohorts of primary cSCCs revealed a consistent loss of 

AMBRA1 expression in the tumour mass compared to control, maintained expression in the 

adjacent normal epidermis.  Loss of AMBRA1 expression occurred regardless of either the 

cellular differentiation status of the tumour or the ultimate disease outcome (Figure 3.1 and 

Figure 3.3A), conflicting early preliminary data suggesting loss of AMBRA1 expression is 

associated with a poorly differentiated tumour phenotype (Lovat et al un published data) , a 

factor frequently associated with higher levels of disease recurrence and metastasis 

(Thompson et al., 2016, O'Hara et al., 2011, Samarasinghe et al., 2011, Friedman et al., 1985).  

However, multiple studies have shown disease recurrence and metastasis occurs in both well 

and poorly differentiated cSCC tumours, albeit at different rates (Rodriguez et al., 2021). Given 

this fact and the uniform loss of AMBRA1 in all primary cSCC tumours, if loss of AMBRA1 

expression does influence cSCC disease outcome, it is more likely that loss of AMBRA1 

expression occurs more often and to a greater extent in poorly differentiated tumours, and 

potentially explaining the differing progression rates in the present study sub-cohorts of cSCC. 
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Visual analysis of AMBRA1 expression in the pilot Newcastle cohort of cSCCs was consistent 

with its quantified expression in the normal epidermis, peritumoural epidermis, tumour mass 

and tumour growth front of all primary cSCC tumours within the Cambridge discovery cohort. 

Data further demonstrated a significant loss of AMBRA1 expression between the normal 

epidermis and all other regions of the primary cSCC tumours regardless of disease outcome 

(Figure 3.5). These results suggest that loss of AMBRA1 expression is universal in cSCC 

tumourigenesis, rather than aiding or being required for cSCC progression. The most likely 

explanation for this result comes from previous work, suggesting AMBRA1 is critical for the 

completion of keratinocyte differentiation, an additional function (Cosgarea et al., 2021) 

outside of its well-documented role in autophagy induction (Huang et al., 2018). Studies 

further examining the potential relationship between AMBRA1, keratinocyte differentiation 

and autophagy are described in chapter 5, but its loss of expression in cSCCs likely results in 

the maintenance of a more dedifferentiated cell state, preventing terminal differentiation and 

ensuring higher levels of proliferation (Dahl, 2012, Ghadially, 2012, Dallaglio et al., 2013). With 

this initial transformation complete, loss of AMBRA1 expression would thus further promote 

cSCC development by causing dysregulated autophagy that leads to an increase in the 

mutation rate of cancer cells, and ultimately the acquisition of pro-oncogenic functions, cSCC 

cell survival and progression (Rosenfeldt and Ryan, 2011, Qu et al., 2003, Liang et al., 1999).  

Notably however, AMBRA expression differed between localised and recurrent/metastatic 

primary cSCC tumours, with no apparent loss in expression detected between the 

peritumoural epidermis and the tumour mass and growth front regions of 

recurrent/metastatic cSCCs (Figure 3.5B). These data suggest there is a greater decrease in 

AMBRA1 expression in the tumour epidermal environment of cSCCs that progress and 

potentially explained by two potential mechanisms.  

Firstly the tumour-inducing field effect that led to cSCC initiation, most likely UV radiation, 

may have been chronic or concentrated enough to more severely impact on epidermal 

keratinocytes (Kuluncsics et al., 1999, Douki et al., 2003, Lochhead et al., 2015) resulting in the 

early acquisition of a larger number of pro-oncogenic mutations, including loss of AMBRA1 

that allowed for more rapid tumour progression. This hypothesis could be tested by evaluating 

if the observed loss of AMBRA1 expression in the peritumoural epidermis is more frequently 

associated with a UV signature of carcinogenesis associated with a higher mutational burden 

(D'Errico et al., 2000, Liu-Smith et al., 2017). Alternatively, this greater loss of AMBRA1 
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expression in the peritumoural environment may be driven by increased paracrine signalling 

in primary cSCC tumours that reoccur or metastasise. It is possible that such tumours develop 

an early mutation leading to an increase in a signalling driver of reduced AMBRA1 expression. 

This secretion would impact nearby noncancerous epidermal cells as well as cSCC cells, 

explaining the greater loss of AMBRA1 expression. This hypothesis is additionally supported 

by recent studies indicating melanoma secretion of isoform specific TGF-β2 underpins both 

epidermal loss of AMBRA1 expression and a weakening in epidermal integrity, factors likely 

also critical in cSCC progression (Cosgarea et al., 2021). An investigation into the potential 

signalling mechanisms mediating loss of AMBRA1 expression in cSCCs is further explored in 

chapter 4.  

Taken together, these data provide strong evidence for the loss of AMBRA1 expression in the 

tumour mass of all primary cSCC tumours regardless of their differentiation status or disease 

outcome. This lack of difference between AMBRA1 expression in the tumour mass of localised 

and recurrent/metastatic cSCC tumours suggests such loss may promote initial 

tumourigenesis rather than progression, dampening expectations that AMBRA1 expression 

has prognostic potential for cSCC.  

3.3.2. Cytoplasmic and nuclear p62 expression increases in cSCC tumourigenesis  

A similar characterisation of p62 expression changes in cSCC tumourigenesis was also 

conducted, examining the alterations to both cytoplasmic and nuclear p62 expression initially 

with simple visual assessment of p62 staining in immunohistochemically stained slides derived 

from the pilot Newcastle cohort of cSCCs but followed up with more detailed digital 

quantification analysis in the Cambridge cohort of cSCCs. 

Initial results revealed, in both the pilot and discovery cohorts, an increase in both cytoplasmic 

and nuclear p62 expression in all primary cSCC tumours regardless of differentiation status or 

disease outcome (Figure 3.2 and 3.3B).  These data conflicted previous studies, which 

suggested the observable change in subcellular localisation of p62 from a nuclear to a 

cytoplasmic subcellular compartment was associated with cSCC tumorigenesis and 

progression (Liu et al., 2014). However, digital quantification of p62 expression in both 

subcellular compartments of all primary cSCC tumours in the Cambridge discovery cohort 

demonstrated a significant increase in both cytoplasmic and nuclear p62 expression in the 

tumour mass and growth front regions, suggesting such translocation unlikely occurs (Figure 

3.5 and 3.6). 
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The observed increase in both cytoplasmic and nuclear p62 has been linked to cancer through 

several different mechanisms in previous studies.  In terms of cytoplasmic p62 expression, a 

higher level of p62 may play an active role in both aspects of the accepted paradoxical role of 

autophagy in cancer. Firstly, the accumulation of p62 could indicate defective autophagy in 

cancer, leading to an increased mutation rate (Huang et al., 2018). However, multiple studies 

have demonstrated p62 could also be supporting cell growth through its signalling-hub like 

activity that leads to the stimulation of mTORC1, thus allowing for continual tumour cell 

proliferation (Linares et al., 2013, Linares et al., 2015). p62 has also been shown to maintain 

aberrant expression of Nrf2 by interfering with the ubiquitin E3 ligase adapter protein Keap1, 

which normally acts to reduce Nrf2 under homeostatic conditions. This allows for greater 

protection of cancer cells against antioxidant stress and thus their resistance to apoptosis (Sun 

et al., 2016, Jain et al., 2010). Finally, cytoplasmic p62 expression could also be involved in 

preventing or reducing excessive activation of the NF‐κB signalling pathway by either 

preventing the activation of the IKK complex indirectly (Zotti et al., 2014) or by activating RIP1, 

leading to the ubiquitin induced degradation of the IKK complex (Kanayama et al., 2015).  

Nuclear p62 expression has been investigated chiefly as a central tumour microenvironment 

reprogramming protein but recent work has suggested it also promotes tumourigenesis. Work 

by Zhang et al. has shown that nuclear p62 expression leads to NICD1 and LC3-mediated 

degradation of NOTCH1, a critical differentiation protein in the epidermis and thus allowing 

for the preservation of a dedifferentiated phenotype (Zhang et al., 2018).  

The numerous associations between p62 and cancer thus suggest the observed increase in 

both cytoplasmic and nuclear expression within the well, moderately or poorly differentiated 

cSCCs likely directly contributes to tumour progression. Noteworthy however, was the decline 

in increased cytoplasmic p62 expression levels in the tumour mass and growth front regions 

of all primary cSCCs upon sub cohort analysis of tumours stratified by differentiation status. 

Additionally, results also revealed no significant difference in cytoplasmic p62 expression 

between any region of well, moderately or poorly-differentiated recurrent/metastatic cSCC 

tumours (Appendix Figures A.9 – A.11).  This result was surprising as studies in a wide range 

of cancers have suggested that an increase in p62 expression is correlated with a poor 

prognosis. Studies in colon, gastric, thyroid, lung and liver cancer have all demonstrated that 

a high level of p62 expression is consistent with a poor prognosis (Lei et al., 2020, Kim et al., 

2019, Mao et al., 2021, Denk et al., 2019). Additionally, the expression of p62 has also been 
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shown to have prognostic potential in epithelial or squamous tumours where high expression 

is also associated with poor patient outcomes (Wang et al., 2020b, Ellis et al., 2014, Yoshihara 

et al., 2014, Liu et al., 2014). These consistent observations in the literature and the fact p62 

accumulation was not observed in sub-cohort analysis but was observed in the pooled analysis 

of the Cambridge discovery cohort of cSCCs suggests that this cohort may have been under 

powered rather than a lack of p62 accumulation being attributed to a distinct biological 

mechanism. 

A similar observation was seen for the distribution of nuclear p62 expression across differing 

regions analysed in sub cohorts of well, moderately or poorly cSCCs (Appendix Figure A.16-

A.18). While nuclear p62 expression levels differed in well, moderately and poorly 

differentiated sub-cohorts of recurrent/metastatic primary cSCC tumours, particularly 

showing significant differences in expression between the normal epidermis/peritumoural 

epidermis regions and the tumour mass/tumour growth front regions, the pattern of 

expression was nevertheless inconsistent. Similarly, to the hypothesis proposed for 

cytoplasmic p62 expression analysis, this result may reflect the use of underpowered cSCC sub 

cohorts. Collectively these data suggest however, that cSCC tumourigenesis is associated with 

a significant increase in both cytoplasmic and nuclear p62 expression regardless of tumour 

differentiation status or disease outcome. 

3.3.3. The combined loss of cytoplasmic AMBRA1 expression in the tumour growth front and loss 

of cytoplasmic p62 expression in the peritumoural epidermis is a putative prognostic biomarker 

for cSCC  

Cytoplasmic AMBRA1, cytoplasmic p62 and nuclear p62 expression levels were compared in 

the normal epidermis, peritumoural epidermis, tumour mass and tumour growth front 

between localised and recurrent/metastatic primary cSCC tumours. This comparative regional 

analysis was performed in order to define the region in which AMBRA1, cytoplasmic or nuclear 

p62 expression had the highest prognostic potential. Results however, revealed no significant 

difference in either AMBRA1 or cytoplasmic or nuclear p62 expression in any region between 

localised and recurrent/metastatic primary cSCCs (Appendix Figure A.1, A.8 and A.15). 

Comparative sub cohort analysis was thus repeated in well, moderately or poorly 

differentiated tumour subsets. Results again revealed no significant difference in AMBRA1 or 

p62 expression in any region between localised and recurrent/metastatic primary cSCC 

tumours (Appendix Figure A.5-A.7, A.12-A.14 and A.19-A.21). These results may have been 
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limited by the initial statistical approach. While data analysis was performed using both 

parametric and non-parametric one-way ANOVA tests, this statistical approach is not in fact 

best suited to determining the prognostic potential of a given protein (Mishra et al., 2019).  

Digital quantification led biomarker discovery has been demonstrated to have several 

limitations and given the heavy reliance on this methodology in the present study, these may 

have prevented the identification of a region with prognostic potential in several discreet ways 

(Aeffner et al., 2019, Jahn et al., 2020). Firstly, several representative areas of AMBRA1 and 

p62 expression within a cSCC tumour were identified, with the aim to capturing the mean 

differential expression, but the resultant average H-score derived may not reflect the greatest 

loss of expression observed in some cSCC tumours. Given the well-documented subclonal 

expansion model of squamous cell carcinogenesis (Perez-Ordoñez et al., 2006, Shergill et al., 

2018, Greaves and Maley, 2012), expression of either AMBRA1 or p62 in a specific region, 

defined by either clinical, histopathological or phenotypical markers may actually be better 

suited for biomarker discovery. Secondly, the software used for the quantification of AMBRA1 

and p62 expression may also introduce several potential issues (as detailed in Section 2.14 

and 3.2.3). Whilst the Aperio ImageScope Software allows for a certain level of optimisation 

of the quantifying algorithm for a specific tissue, they remained better suited for use in the 

analysis of highly phenotypically consistent cancers. The large variability of cSCC phenotype, 

driven by differing levels of differentiation within cells, produced the occasional 

misidentification of either whole cells, the cytoplasm boundaries or the actual nucleus within 

an annotated area. This would therefore have potentially reduced the accuracy of the derived 

H-scores. Finally, quantification of p62 was based on algorithm assessment of the colour 

produced by the fast red counterstain. Given the blue colour of haematoxylin and the purple 

colour of fast red counterstaining, it is possible that given their close positions on the colour 

spectrum, haematoxylin blue may have been incorrectly identified as fast red staining. 

However, it is noteworthy that other biomarker discovery methodologies rely solely on human 

judgement to assign staining levels into discreet categories and thus, even with these potential 

limitations, this digital led methodology therefore still seems appropriate for the discovery of 

new biomarkers.  

The ideal biomarker for any disease should leave little to no interpretation by a 

histopathologist and as such, ROC curve  analysis was undertaken to better assess the 

prognostic potential of either AMBRA1 or p62 expression in any defined cSCC tumour region 
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(Kamarudin et al., 2017). ROC curve analysis was conducted on all primary cSCC tumours 

regardless of differentiation status, to limit potential bias and misinterpretation by 

histopathologists of influencing factors such as tumour differentiation (Aronson and Ferner, 

2017). However, ROC curve analysis was nevertheless performed in sub-cohorts of well 

moderately and poorly differentiated cSCCs to evaluate the potential of tumour 

differentiation status as a prognostic variable.  

Results revealed loss of cytoplasmic AMBRA1 expression in the tumour growth front region 

and loss of cytoplasmic p62 in the peritumoural epidermis of region in all primary cSCC 

tumours had the highest level of prognostic potential, with an AUC of 0.5522 and 0.6352 

respectively (Figure 3.8). These relatively low AUC values however typically indicate that the 

expression of these individual proteins in these region have little to no prognostic potential 

(Kamarudin et al., 2017) as confirmed by Kaplan-Meier survival analysis, showing both 

markers were unable individually predict disease recurrence or metastasis (Figure 3.9 and 

3.10). Nevertheless, these data did allow for the definition of AMBRA1 expression in the 

tumour growth front as a better prognostic indicator than expression in the tumour mass.  

This result contradicts a sizeable amount of previously published work demonstrating the 

upregulation of autophagy is vital for the initiation and survival of metastatic cancer cells. This 

increase in active autophagy has been implicated in the scavenging and reuse of vital cell 

nutrients, the process of epithelial-to-mesenchymal transition, resistance to anoikis, cell 

motility, immune detection avoidance and the rearrangement of focal adhesion complexes 

(Kenific et al., 2010, Li et al., 2013, Fung et al., 2008, Kadandale et al., 2010, Sharifi et al., 2016, 

Akalay et al., 2013), suggesting that the loss of the pro-autophagy protein AMBRA1 is illogical. 

Noteworthy, was the fact that a total loss of AMBRA1 expression was not observed in the 

tumour growth front of cSCC tumours suggesting the maintenance of some automatic activity. 

Given the recent suggestion that AMBRA1 is a critical regulator of keratinocyte differentiation 

(Cosgarea et al., 2021) (further discussed in chapter 5), this suggests loss of expression is 

therefore more representative of reduced cell differentiation capacity and the preservation 

of a more stem cell state, another vital component of cancer cell metastasis (Chaffer and 

Weinberg, 2011). Collectively the level of AMBRA1 expression likely demonstrates the 

retention of some autophagy capacity and a more stem like cancer cell state which together 

facilitate and promote cSCC metastasis. 
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Interestingly, and in contrast to all other studies which have explored the potential for p62 as 

a biomarker in cancer tumourigenesis or progression, the present study in cSCC suggests the 

prognostic potential for p62 expression is derived from its reduced expression in the 

peritumoural epidermis, and not the tumour itself. Supporting this notion, p62 has been 

implicated in multiple tumour microenvironment reprogramming events, such lipid 

redistribution and metabolic reprogramming of adipose cells and Nrf2 activation of cancer-

associated fibroblasts, allowing cancer tumourigenesis through an altered ECM (Reina-

Campos et al., 2018, Kang et al., 2021). Additionally, recent work has demonstrated a 

correlation between breast cancer cell motility and suppressed p62 expression (Tan et al., 

2018), suggesting the observed reduction in peritumoural epidermal p62 expression may 

allow early cSCC cell invasion due to a reduction in epidermal integrity. However, studies 

examining the specific role of p62 in the epithelial of tumour microenvironments is currently 

lacking, making it difficult to define the precise underlying mechanism underpinning the 

observed prognostic potential.  

Taken together data from the present study suggest that individually AMBRA1 and p62 are 

not viable prognostic biomarkers for cSCC recurrence/metastasis. However, the combination 

of AMBRA1 expression in the tumour growth front with the cytoplasmic expression of p62 in 

the peritumoural epidermis was able to significantly distinguish high and low risk tumour 

subsets at risk of disease recurrence/metastasis independently of tumour differentiation 

status (Figure 3.11, P<0.05, HR 4.421 (1.322 to 14.91).  

Furthermore the prognostic potential of combined AMBRA1 expression in the tumour growth 

front and cytoplasmic expression of p62 in the peritumoural epidermis is further strengthened 

when removing recurrent primary tumours and stratifying for the risk of metastasis in 

metastasis in poorly-differentiated cSCC tumours (Figures 3.19, P<0.01, HR 20.52 (95% CI 

1.197-351.70)) and shows potential for cSCC tumours that contain a poorly-differentiated 

compartment (Figure 3.20, HR 3.34 (95% CI 0.56-19.72)). 

As mentioned previously, the 40-gene biomarker test produced by Castle Bioscience is the 

most extensively studied biomarker to date for cSCC (Wysong et al., 2020). Comparing hazard 

ratios with the combined use of AMBRA1 and p62 in moderately/poorly differentiated cSCCs, 

its is clear to see use of AMBRA1/p62 outperforms the 40-gene test at a two-fold rate, with a 

hazard ratios of 20.52 and 9.55 respectively. The positive predictive value (PPV) of 66.67% and 

the assay specificity of 92.86% for combined AMBRA/p62 expression are also significantly 
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higher than the PPV or assay specificity for the 40 gene test. Furthermore, the negative 

predictive value of 81.25% for combined AMBRA1/p62 expression as a prognostic biomarker 

for metastatic development is comparable to the value of 91% reported for the 40 gene test. 

Assay sensitivity for combined AMBRA1/p62 expression is also comparable to that of the 

Castle Biosciences 40 gene test, with a value of 40.00%, which outperforms the Class 2B 

classification of the test at 28.80%. Additionally, upon further validation, the use of 

AMBRA1/p62 as an IHC based prognostic marker will fit seamlessly into current diagnostic 

procedures for cSCC, not requiring additional tissue as it can be performed using a serial FFPE 

tissue section and will easily be able to be developed as a rapid digital machine learning based 

test in line with the move of pathology services to a more digital approach.  

Overall, the combined AMBRA1 expression in the tumour growth front and cytoplasmic 

expression of p62 in the peritumoural epidermis thus defines a novel putative prognostic 

biomarker able to predict disease recurrence/metastasis of cSCCs regardless of differentiation 

status, and more accurately as a prognostic biomarker of disease metastasis in 

moderately/poorly differentiated cSCCs.   
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3.4. Summary 

• Data resulted in the characterisation and validation of a novel recombinant antibody to 

p62, applicable for use in the development of a novel commercial AMBRA1/p62 

prognostic test for cSCC 

• Loss of AMBRA1 expression occurs in primary cSCC tumours regardless of differentiation 

status or disease outcome. 

• Cytoplasmic and nuclear p62 expression increases in primary cSCC tumourigenesis 

regardless of differentiation status or disease outcome. 

• Loss of cytoplasmic AMBRA1 expression in the tumour growth front and cytoplasmic p62 

expression in the peritumoural epidermis identifies high risk cSCC tumour subsets at risk 

of disease recurrence/metastasis independently of differentiation status 

• Loss of cytoplasmic AMBRA1 expression in the tumour growth front and cytoplasmic p62 

expression in the peritumoural epidermis identifies high-risk poorly differentiated cSCC 

tumour subsets at risk of metastasis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4. Mechanisms mediating AMBRA1 loss in cSCC tumourigenesis and 
progression: Investigating the potential for Cullin E3 Ligase-mediated degradation 

or TGF-β signalling-induced downregulation 
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4.1. Introduction 

Results from the previous chapter underpinned the clear association between the loss of 

AMBRA1 expression and cSCC tumourigenesis in vivo. Given the well-established paradoxical 

role of autophagy in cancer, and the association of a loss or blockade in activity leading to 

increased mutagenesis, (Mathew and White, 2011, Tang et al., 2016, Levine and Kroemer, 

2008), the observed loss of AMBRA1 likely reflects the key tumour suppressor role of this 

protein in cSCC. As such, the principle aim of the present chapter was to define the 

mechanism(s) leading to loss of AMBRA1 in cSCC tumourigenesis and the potential to define 

novel targets for therapeutic intervention. 

 

Key reported mechanisms leading to AMBRA1 loss in tumorigenesis and progression are 

Ubiquitin E3 ligase-mediated degradation, the mechanism behind loss of AMBRA1 expression 

in HPV+ve Oropharyngeal Squamous Cell Carcinoma (OPSCC) (Antonioli et al., 2021) and TGF β 

signalling-mediated transcriptional down regulation, recently shown to mediate AMBRA1 loss 

in the melanoma epidermal microenvironment (Cosgarea et al., 2021).  

 

Specifically,  Antonioli et al identified a novel mechanism by which the E3 ligases Cullins 4A 

and 4B limit autophagic activity via the ubiquitination and proteasomal degradation of 

AMBRA1 (Antonioli et al., 2016, Antonioli et al., 2017). These observations of Ubiquitin E3 

ligase-mediated degradation of AMBRA1 in OPSCC (Antonioli et al., 2021) couple with recent 

evidence indicating Cullin4A as a potential oncogene associated with a UV carcinogenic 

signature (Liu et al., 2009b, Sharma and Nag, 2014), question the possibility that 

overexpression of Cullin 4A in cSCC may be a potential mechanism underpinning loss of 

AMBRA1 expression. Furthermore, given the recent generation of novel clinical inhibitors of 

Cullin activity (Liu and Mallampalli, 2016), defining the potential contribution of Cullin E3 

ligases to loss of AMBRA1 in cSCC may also define a novel therapeutic target.  
 

Bioinformatic data identifying TGF-β response elements in the AMBRA1 promoter (Lovat et al. 

unpublished data), the contribution of  TGF-β2 secretion by high risk melanomas to the 

downregulation of AMBRA1 in the epidermal microenvironment (Cosgarea et al 2021 in press) 

and studies showing deregulated TGF-β signalling drives cSCC tumourigenesis, (Oshimori et 

al., 2015, Glick, 2012), suggests loss of AMBRA1 expression in cSCC may be mediated by TGF-
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β induced transcriptional downregulation. TGF-β signalling however is reported as a ‘double 

edged’ sword in carcinogenesis (Akhurst and Derynck, 2001).  While TGF-β1 exerts a tumour 

suppressive role as shown in recent reports of recessive dystrophic epidermolysis bullosa 

(RDEB) associated cSCC, TGF-β2 and TGF-β3 have been shown to be tumour promoting 

(Akhurst and Derynck, 2001, Pietenpol et al., 1990, Reed et al., 1994, Van Belle et al., 1996). 

Since increased TGF-β signalling has been linked with a metastatic phenotype in other 

cutaneous malignancies (Busse and Keilholz, 2011, Ke and Wang, 2021), the present study also 

aimed at defining the potential contribution of TGF-β2 and TGF-β3 to loss of AMBRA1 

expression in cSCC and their potential as novel therapeutic targets.  

 

To investigate the potential contribution of Cullin E3 ligase activity or TGF-β2/3 signalling to 

AMBRA1 degradation/downregulation in cSCC tumourigenesis, the specific objectives/aims of 

the current chapter were thus to:  

 

• Confirm loss of AMBRA1 in cSCC tumorigenesis in vitro in isogenic cell lines. 

• Test the hypothesis that increased expression of Cullin 4A leads to increased ubiquitin-

mediated degradation of AMBRA1 expression in cSCC tumourigenesis in vitro. 

• Test the hypothesis that TGF-β signalling mediates AMBRA1 downregulation in cSCC 

tumourigenesis in vitro 

• Evaluate the potential for chemical TGF-β receptor inhibitors to prevent AMBRA1 

down regulation and reduce cSCC cell viability in vitro  
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4.2. Results 

4.2.1. cSCC tumourigenesis in vitro is associated with loss of AMBRA1 expression  

To confirm observations of AMBRA1 loss in cSCC tumourigenesis in vivo are also linked to cSCC 

tumourigenesis in vitro,  AMBRA1 expression was evaluated in two series of cSCC isogenic cell 

lines; PM1 (normal/dysplastic keratinocytes), MET1 (primary cSCC cells) and MET4 (metastatic 

cSCC cells) or IC1 (primary cSCC cells) and IC1-MET (metastatic cSCC cells).  Since the IC1 and 

IC1-MET isogenic cSCC cell lines lacked a normal/dysplastic cell line, differentiated and 

undifferentiated CCD1106 cells were used for comparison. Western blot analysis revealed a 

loss of AMBRA1 expression with tumourigenesis in PM1, MET1 and MET 4 cells with 

expression in MET 1 and MET 4 cells significantly reduced compared to expression in PM1 

(P<0.01, for MET 1 and P<0.001 for MET 4 cells, Figure 4.1B). Whilst a significant loss of 

AMBRA1 expression was also observed between differentiated CCD1106 cells and the IC1 and 

IC1-MET cell lines (P<0.01, Figure 4.1D), no significant difference in expression however, was 

detected between undifferentiated CCD1106 and IC1 and IC1-MET cells. Taken together, data 

suggest loss of AMBRA1 expression is associated with cSCC tumourigenesis, in the PM1, MET1 

and MET4 isogenic cell lines but not the IC1 and IC1-MET cell lines. Moreover, loss of AMBRA1 

expression in MET 1 and MET 4 cells closely reflects observations of loss of AMBRA1 

expression in cSCC tumourigenesis shown in vivo. 
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FIGURE 4. 1 AMBRA1 EXPRESSION IS LOST DURING CSCC PROGRESSION IN THE PM1, MET1 AND MET4 CELL LINES BUT 
NOT IN THE IC1 AND IC1-MET CELL LINES. 
(A) Representative western blot of AMBRA1 (132 kDa) and GAPDH (37 kDa, loading control) expression 
in the PM1, MET1 and MET4 cell lines. (B) Relative AMBRA1 expression in the PM1, MET1 and MET4 
cell lines. Each bar represents three replicates of AMBRA1 band intensity, normalised against GAPDH 
band intensity for each cell line, and expressed relative to each individual experimental average (mean 
± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc correction (**P<0.01) 
(***P<0.001). (C) Representative western blot of AMBRA1 (132 kDa) and GAPDH (37 kDa, loading 
control) expression in differentiated (D) CCD1106, undifferentiated (UD) CCD1106, IC1 and IC1-MET cell 
lines. (D) Relative AMBRA1 expression in the differentiated (D) CCD1106, undifferentiated (UD) 
CCD1106, IC1 and IC1-MET cell lines. Each bar represents three replicates of AMBRA1 band intensity, 
normalised against GAPDH band intensity for each cell line, and expressed relative to each individual 
experimental average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc 
correction (**P<0.01). 
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4.2.2 Cullin 4A overexpression is not associated with cSCC tumourigenesis in vitro   

To evaluate the potential contribution of increased Cullin 4A expression to AMBRA1 

degradation (Antonioli et al., 2016, Antonioli et al., 2021), Cullin 4A expression levels were 

evaluated and compared by Western blotting in PM1, MET1 and MET4 cells (Figure 4.2). 

Compared to GAPDH expression, results revealed however, no statistically significant change 

in Cullin 4A expression between these cell lines (Figure 4.2B), suggesting ubiquitin mediated 

degradation of AMBRA1 is unlikely responsible for the observed loss of AMBRA1 expression 

in cSCC tumourigenesis. 

 

 

 

 

FIGURE 4. 2. CULLIN 4A EXPRESSION IS NOT SIGNIFICANTLY ALTERED DURING CSCC PROGRESSION IN VITRO.  
(A) Representative western blots of Cullin 4A (87 kDa) and GAPDH (37 kDa, loading control) expression 
in PM1, MET1 and MET4 cell lines. (B) Relative Cullin 4A expression in the PM1, MET1 and MET4 cell 
lines. Each bar represents three replicates of Cullin 4A band intensity, normalised against GAPDH band 
intensity for each cell line, and expressed relative to each individual experimental average (mean ± SD, 
N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc correction. 
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4.2.3. Increased TGFB2 secretion by the primary cSCC cell line, MET 1 results in canonical 

activation of the ALK5 receptor and is associated with loss of AMBRA1 expression. 

To evaluate the potential contribution of pro oncogenic TGFβ signalling to loss of AMBRA1 

expression in cSCC tumourigenesis in vitro, TGF-β2 and TGF-β3 expression levels were 

evaluated and compared by Western blotting in PM1, MET1 and MET4 cell lines as well as in 

IC1 and IC1-MET cell lines (Figure 4.3).  Results revealed a significant increase in TGF-β2 

expression between the PM1 and MET1 cell lines (P<0.05, Figure 4.3C) and between IC1-MET 

and IC1 cell lines (P<0.05, Figure 4.3D). No significant difference in TGF-β3 expression levels 

however, was detected between either PM1, MET1 and MET 4 or IC1 and IC1-MET cells (Figure 

4.3E and F), suggesting TGF-β2 may contribute to the down regulation/loss of AMBRA1 

observed during cSCC tumourigenesis in vitro. 
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FIGURE 4. 3. INCREASED TGF-Β2 BUT NOT TGF-Β3 EXPRESSION IS ASSOCIATED WITH CSCC TUMOURIGENESIS IN VITRO. 
(A) Representative western blots of TGF-β2 (25 kDa), TGF-β3 (25 kDa) and GAPDH (37 kDa, loading 
control) expression in the PM1, MET1 and MET4 cell lines. (B) Representative western blots of TGF-β2 
(25 kDa), TGF-β3 (25 kDa) and GAPDH (37 kDa, loading control) expression in the IC1 and IC1-MET cell 
lines. (C) Relative TGF-β2 expression in the PM1, MET1 and MET4 cell lines. Each bar represents three 
replicates of TGF-β2 band intensity, normalised against GAPDH band intensity for each cell line, and 
expressed relative to each individual experimental average (mean ± SD, N=3). Statistics acquired by 
one-way ANOVA with Tukey’s post hoc correction (*P<0.05). (D) Relative TGF-β2 expression in the IC1 
and IC1-MET cell lines. Each bar represents three replicates of TGF-β2 band intensity, normalised 
against GAPDH band intensity for each cell line, and expressed relative to each individual experimental 
average (mean ± SD, N=3). Statistics acquired by unpaired t-test (*P<0.05). (E) Relative TGF-β3 
expression in the PM1, MET1 and MET4 cell lines. Each bar represents three replicates of TGF-β3 band 
intensity, normalised against GAPDH band intensity for each cell line, and expressed relative to each 
individual experimental average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s 
post hoc correction. (F) Relative TGF-β3 expression in the IC1 and IC1-MET cell lines. Each bar represents 
three replicates of TGF-β3 band intensity, normalised against GAPDH band intensity for each cell line, 
and expressed relative to each individual experimental average (mean ± SD, N=3). Statistics acquired 
by unpaired t-test. 
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To confirm the observed increase in TGF-β2 expression in both MET1 and IC1-MET cell lines 

was reflective of an increase in TGF-β2 secretion, TGF-β2 as well as 3 secretion by PM1, MET1, 

MET4, IC1 and IC1-MET cells were assessed using commercially available ELISA assays (Figure 

4.4). Results revealed significantly increased TGF-β2 secretion by MET1 cells compared to PM1 

(P<0.001, Figure 4.4A) and MET4 cell lines (P<0.01, Figure 4.4A). IC1-MET1 cells also secreted 

significantly increased levels of The TGF-β2 compared to IC1 cells (P<0.05, Figure 4.4B). 

However, the only significant increase in TGF-β3 secretion observed was in MET4 cells as 

compared to secretion by PM1 cells (P<0.05, Figure 4.4C), which was surprising given TGF-β3 

expression levels did not differ in these cells (Figure 4.3E). Collectively these data confirmed 

TGF-β2 expression levels observed in cSCC cell lines correlated with observed changes in 

secretory levels. This increase in TGF-β2 expression/secretion by MET1 cells also correlated 

with the observed decline in AMBRA1 expression.  

 

 

FIGURE 4. 4. TGF-Β2 BUT NOT TGF-Β3 EXPRESSION IS SECRETED BY THE MET1 AND IC1-MET CELL LINES. 
(A) TGF-β2 secretion (pg/mL) by PM1, MET1 and MET4 cells. Each bar is the mean ± SD of three 
independent experiments. Statistics acquired by one-way ANOVA with Tukey’s post hoc correction 
(N=3) (*P<0.05) (****P<0.0001). (B) TGF-β2 secretion (pg/mL) by IC1 and IC1-MET cells. Bar is the mean 
± SD of three independent experiments. Statistics acquired by unpaired t-test (N=3) (*P<0.05). (C) TGF-
β3 secretion (pg/mL) by PM1, MET1 and MET4 cells. Bar is the mean ± SD of three independent 
experiments. Statistics acquired by one-way ANOVA with Tukey’s post hoc correction (N=3) (P<0.05). 
(D) TGF-β3 secretion (pg/mL) in IC1 and IC1-MET cells. Bar is the mean ± SD of three independent 
experiments. Statistics acquired by unpaired t-test (N=3). 
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Since previous studies have identified SMAD3 and SMAD5 response elements in the AMBRA1 

promoter (Lovat et al unpublished data), the observed increase in TGF-β2 expression in MET 

1 cells likely results in the activation of the TGF-β receptors ALK1 and ALK5 , and the 

downstream transduction of TGF-β signalling  (Heldin et al., 1997). To investigate if ALK1 

and/or ALK5 were activated by TGF-β2 secretion, total and phosphorylated levels of SMAD1, 

SMAD2, SMAD3, SMAD5 expression were evaluated in PM1, MET1 and MET 4 cells by Western 

blotting (Figure 4.5). Results revealed a significant increase in activated SMAD2 and SMAD3 

expression in MET1 compared to PM1 (P<0.05, Figure 4.5C and P<0.01 respectively, Figure 

4.5D) and MET4 cell lines (P<0.05, Figure 4.C and D). These data therefore suggest that TGF-

β2 secretion by MET 1 cells results in canonical ALK5 receptor activation. Additionally, whilst 

no significant increase in SMAD1 activation was observed, a significant increase in SMAD5 

activation was detected between the MET1 and PM1 (P<0.01, Figure 4.5E) and MET4 cells 

(P<0.01, Figure 4.5E). Given that SMAD5, but not SMAD1, was activated in the MET1 cell line, 

this suggests that ALK5 and not ALK1 is activated by TGF-β2 secretion, resulting in the 

activation of both canonical and non-canonical signalling. 
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FIGURE 4. 5. SMAD2, SMAD3 AND SMAD5 ACTIVATION IS INCREASED IN MET 1 CSCC CELLS. 
(A) Representative western blot of P-Smad2 (60 kDa), Smad2 (60 kDa), P-Smad3 (52 kDa), Smad3 (52 
kDa), P-SMAD1/5/9 (60 kDa), SMAD1 (60 kDa), SMAD5 (60 kDa) and GAPDH (37 kDa, loading control) 
expression in PM1, MET1 and MET4 cells. (Aii) P-Smad1/5/9 (60 kDa), Smad1 (60 kDa), Smad5 (60 kDa) 
and GAPDH (37 kDa, loading control) in the PM1, MET1 and MET4 cell lines. (B) Relative P-SMAD1 
expression of PM1, MET1 and MET4 cells. Each bar represents three replicates of P-SMAD1/5/9 band 
intensity, normalised against SMAD1 band intensity for each cell line, and expressed relative to each 
individual experimental average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s 
post hoc correction (N=3) (**P<0.01). (C) Relative P-SMAD2 expression of the PM1, MET1 and MET4 
cell lines. Each bar represents three replicates of P-SMAD2 band intensity, normalised against SMAD2 
band intensity for each cell line, and expressed relative to each individual experimental average (mean 
± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc correction (N=3) (*P<0.05). 
(D) Relative P-SMAD3 expression of the PM1, MET1 and MET4 cell lines. Each bar represents three 
replicates of P-SMAD3 band intensity, normalised against SMAD2 band intensity for each cell line, and 
expressed relative to each individual experimental average (mean ± SD, N=3). Statistics acquired by 
one-way ANOVA with Tukey’s post hoc correction (N=3) (*P<0.05) (**p<0.01). (E) Relative P-SMAD5 
expression of PM1, MET1 and MET4 cells. Each bar represents three replicates of P-SMAD1/5/9 band 
intensity, normalised against SMAD5 band intensity for each cell line, and expressed relative to each 
individual experimental average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s 
post hoc correction (N=3) (**P<0.01) (***P<0.001). 
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This observed activation of SMAD5 in response to increased TGF-β2 secretion by MET1 cells 

was difficult to distinguish since the antibody used to detect activation was a pan antibody to 

P-SMAD1/5/9. To test if activation of ALK5 caused the non-canonical activation of SMAD5, 

MET1 cells were cultured in the presence of the ALK5 chemical inhibitor ALX-270-445 prior to 

western blotting for P-SMAD1/5/9, SMAD5 and GAPDH (loading control) expression (Figure 

4.6). Results however, revealed the chemical inhibition of ALK5 had no significant effect on 

the reduction of SMAD5 activation in MET1 cells (Figure 4.6B), suggesting the previously 

observed increase in activated SMAD5 was most likely an artefact and TGF-β2 secretion by 

MET1 cells leads to the canonical activation of the ALK5 receptor.  

 

 

 

FIGURE 4. 6. INHIBITION OF ALK5 ACTIVATION DOES NOT REDUCE SMAD5 ACTIVATION IN THE MET1 CELL LINE. 
(A) Representative western blot P-SMAD1/5/9 (60 kDa), SMAD5 (60 kDa) and GAPDH (37 kDa, loading 
control) expression in the PM1, MET1 and MET4 cell line following 2-hour treatment with ALX-270-445 
(50 nM) prior to lysis. (B) Relative P-SMAD5 expression in the MET1 cell line following 2-hour treatment 
with ALX-270-445 (50 nM) prior to lysis. Each bar represents three replicates of P-SMAD1/5/9 band 
intensity, normalised against SMAD5 band intensity for each cell line, and expressed relative to each 
individual experimental average (mean ± SD, N=3). Statistics acquired an unpaired t-test. 
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4.2.4. Chemical inhibition of the ALK 5 receptor fails to rescue AMBRA1 loss but reduces cell 
viability of MET 1 cells.  
Next to test if TGF-β2 secretion by MET 1 cells drives the downregulation of AMBRA1 

expression, MET1 or PM1 cells for comparison, were cultured in the presence of the ALK5 

chemical inhibitor ALX-270-445 for either 2 or 72 hours prior to western blotting for AMBRA1, 

P-SMAD2, SMAD2, P-SMAD3, SMAD3 and GAPDH (loading control) expression (Figure 4.7). 

Results revealed ALX-270-445 prevented ALK5 activation in MET1 cells with a concurrent 

significant decrease at either time point in expression levels of pSMAD2 (P<0.01, Figure 4.7C) 

and pSMAD3 (P<0.05-P<-0.01, Figure 4.7D), an effect not observed in PM1 cells (Figure 4.7C 

and D). However, the inhibition of ALK5 had no significant effect on AMBRA1 expression by  

MET1 cells (Figure 4.7B) ,collectively suggesting  increased TGF-β2  in this cell line unlikely 

drives the loss of AMBRA1 expression.  
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FIGURE 4. 7. ALK5 INHIBITION REDUCES SMAD2 AND SMAD3 ACTIVATION BUT DOES NOT RESCUE AMBRA1 LOSS IN 
MET1 CELLS. 
(A) Representative western blot of AMBRA1 (132 kDa), P-SMAD2 (60 kDa), SMAD2 (60 kDa), P-SMAD3 
(52 kDa), SMADd3 (52 kDa) and GAPDH (37 kDa) expression in the PM1 and MET1 cell lines cultured in 
the presence or absence of ALX-270-445 (50 nM) for either 2-hours or 72-hours. (B) Relative AMBRA1 
expression in the PM1 and MET1 cell lines cultured in the presence or absence of ALX-270-445 (50 nM) 
for either 2-hours or 72-hours. Each bar represents three replicates of AMBRA1 band intensity, 
normalised against GAPDH band intensity for each cell line, and expressed relative to each individual 
experimental average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc 
correction. (C) Relative P-SMAD2 expression in the PM1 and MET1 cell lines cultured in the presence or 
absence of ALX-270-445 (50 nM) for either 2-hours or 72-hours. Each bar represents three replicates of 
P-SMAD2 band intensity, normalised against SMAD2 band intensity for each cell line, and expressed 
relative to each individual experimental average (mean ± SD, N=3). Statistics acquired by one-way 
ANOVA with Tukey’s post hoc correction (**P<0.01). (D) Relative P-SMAD3 expression in the PM1 and 
MET1 cell lines cultured in the presence or absence of ALX-270-445 (50 nM) for either 2-hours or 72-
hours. Each bar represents three replicates of P-SMAD3 band intensity, normalised against SMAD3 
band intensity for each cell line, and expressed relative to each individual experimental average (mean 
± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc correction (**P<0.01) 
(***P<0.001). 
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Finally to evaluate if the observed increase in TGF-β2 secretion/expression by MET 1 cells 

contributes to their sustained /increased viability, cells were cultured in the presence or 

absence of ALX-270-445 for 24 hours prior to assessment of the effects on cell viability. Results 

revealed a small but significant decrease in MET 1 cell viability by ALK5 inhibition (P<0.01, 

Figure 4.8) suggesting that while TGF-β2 secretion supports MET1 cell viability, it more likely 

contributes to cellular mechanisms facilitating cSCC metastasis. 

 

 
 
 

 
FIGURE 4. 8. ALK5 INHIBITION INHIBITS MET1 CELL VIABILITY. 
Relative cell viability of MET1 cells cultured in the presence or absence of ALX-270-445 (50 nM) for 24-
hours. Each bar represents the mean ± SD of three independent experiments. Statistics acquired by an 
unpaired t-test (**P<0.01). 
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4.3. Discussion 

4.3.1. cSCC tumourigenesis in vitro is associated with loss of AMBRA1 expression  

As shown in chapter 3, loss of AMBRA1 expression in the tumour mass of cSCCs is a consistent 

event in cSCC tumourigenesis. This effect was mirrored by studies of tumourigenesis in cSCC 

in vitro using the isogenic cell lines PM1, MET 1 and MET 4. Specifically results confirmed a 

decline in AMBRA1 expression in MET1 and MET4 cells compared to PM1 cells (Figure 4.1). 

Interestingly however, this decline in AMBRA1 expression was not observed in IC1 or IC1-MET 

cells compared to undifferentiated CCD1106 cells (Figure 4.1D). This was unexpected, and may 

have been confounded by the lack of an isogenic normal/dysplastic isogenic control cell line 

to allow for a more accurate comparison of AMBRA1 expression in IC1 or IC1- MET cells. 

Alternatively, the inconsistency in AMBRA1 loss between these two isogenic cell lines may 

reflect their origin from different stem cell initiators. Studies aimed at identifying the cell of 

origin for cSCC carcinogenesis have shown cSCC initiation may arise from multiple different 

resident stem cell pools in different anatomical locations of the skin (Page et al., 2013, Horsley 

et al., 2006, Jaks et al., 2008, Sánchez-Danés and Blanpain, 2018). Additionally, lineage tracing 

studies have demonstrated that stem cell pools in both the interfollicular epidermis and hair 

follicle may contribute to cSCC formation, thus suggesting the possibility that PM1-MET4 and 

IC1-IC1-MET arose from distinct and separate stem cell populations. Given mounting evidence 

for the role of AMBRA1 in keratinocyte differentiation (Cosgarea et al., 2021, Tang et al., 2016, 

Ellis et al., 2020), and a lack of evidence for its role in hair follicle differentiation (Rogers, 2004), 

this could suggest that the IC1-IC1-MET cell line may have originated from a hair follicle stem 

cell rather than an inter follicular epidermal stem cell.  

Another possible explanation is that the difference in AMBRA1 expression between these 

cSCC isogenic cell lines is due to the fact they were isolated at different stages of 

differentiation. Rodríguez-Paredes et al. has shown that cSCC tumours can be stratified based 

on DNA keratin methylation profiles, that either resemble that of a keratinocyte or of a stem 

cell (Rodríguez-Paredes et al., 2018, Moran et al., 2016). If this is the case, the PM1-MET4 cell 

line series may have originated from a cell group with a more keratinocyte origin, having 

progressed through some initial differentiation processes, meaning the loss of AMBRA1 

expression is more detectable. The production of these cell lines don’t specify at what stratum 

the origin of these cells were isolated from and thus this remains a possibility (Proby et al., 

2000, Watt et al., 2011).  
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Whilst fundamental differences in cell origin may provide an answer to the difference 

between the in vivo and in vitro observations of AMBRA1 expression, as stated above, the lack 

of an isogenic normal keratinocyte cell line for the IC1 and IC1-MET cell lines makes this 

difficult to access. Given CCD1106 keratinocytes display high differentiation capability, unlike 

PM1 cells (later discussed in chapter 5), undifferentiated CCD1106 cells may be a poor 

substitute. Collectively, this suggests AMBRA1 expression may have been lost during the 

tumourigenesis of IC1 cells but was undetectable given experimental limitations. 

Taken together however, these data demonstrate that the PM1, MET1 and MET4 cSCC 

isogenic cell line series most closely aligns with the loss of AMBRA1 expression observed in 

vivo and thus, all future investigations into the underlying mechanism(s) mediating a 

reduction in expression were conducted with these cell lines. 

 

4.3.2. Increased TGF-β2 expression and secretion, and not over expression of Cullin 4A, 

correlated with loss of AMBRA1 expression in the MET1 primary cSCC cell line  

The ubiquitin E3 ligase Cullin 4A has been shown to act with the substrate adapter DDB1 to 

degrade AMBRA1 expression during extended periods of active autophagy and has also been 

implicated as an oncogene in liver, lung and bile duct cancers (Hung et al., 2016, Zhang et al., 

2017b, Chen et al., 2018, Antonioli et al., 2014). However, results revealed no observable 

difference in Cullin 4A expression between PM1, MET1 and MET4 cells (Figure 4.2), suggesting 

an increase in Cullin 4A expression is not responsible for degrading AMBRA1 expression during 

cSCC tumourigenesis.  

Noteworthy however, recent work has suggested that Cullin 4A is not a central regulator of 

AMBRA1 expression, with RNF being a more likely candidate (Cianfanelli et al., 2015d). RNF, 

like Cullin 4A, is an ubiquitin E3 ligase that has been shown to interact with WASP to mediate 

AMBRA1 degradation. Given this, future studies should also examine the role of RNF in cSCC 

tumourigenesis.  Additionally, the expression level of Cullin 4A alone may not have been 

sufficient to access its potential contribution to the loss of AMBRA1 expression. Given the 

modularity of Cullin-RING complexes, their complex regulation by the CAND1/NEDD8 cycle 

and the requirement for substrate adaptors to interact with their target proteins, alterations 

to any of these components could have influenced the rate of AMBRA1 degradation without 

altering Cullin 4A expression directly (Petroski and Deshaies, 2005, Wu et al., 2000, Ohh et al., 
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2002, Yu et al., 1998, Nikolaev et al., 2003). Additionally, and specifically in relation to 

AMBRA1, the mechanism connecting DDB1 to target substrates and to Cullin 4A is poorly 

understood and thus, separate regulation of DDB1 may also have influenced AMBRA1 

degradation (Wertz et al., 2004, Shiyanov et al., 1999). As such, future work should also 

investigate potential alterations to these regulatory mechanisms of Cullin 4A activity and the 

subsequent effect on AMBRA1 expression. 

Bioinformatic studies have also identified SMAD3 and SMAD5 responsive elements in the 

AMBRA1 promoter (Lovat et al. unpublished data), suggesting TGF-β signalling may impact on 

AMBRA1 expression. Coupled with observations of loss of AMBRA1 expression in the 

melanoma epidermal microenvironment, mediated by tumoural secretion of TGF-β2, these 

findings prompted analysis of TGF-β2 and TGF-β3 expression in cSCC isogenic cell lines. Results 

revealed increased expression of TGF-β2, but not TGF-β3, in both MET1 and IC1-MET cells 

(Figure 4.3). These observations were corroborated by studies of TGF-β secretion, which 

demonstrated significantly increased TGF-β2 secretion by both MET1 and IC1-MET cells 

(Figure 4.4). Collectively these data suggest that primary cSCC MET1 cells undergo 

autocrine/paracrine TGF-β2 signalling, which in turn mediates downregulation of AMBRA1 

expression. Additionally, the fact that AMBRA1 loss and increased TGF-β signalling is only seen 

in MET1, and not in the IC1 cells, provides further evidence that these two cellular events may 

be interlinked. 

The role of TGF-β signalling in cancer has been well studied but an exact understanding of its 

function is still poorly understood, with conflicting reports of certain signalling pathways being 

either tumour suppressive or promoting (Syed, 2016). The general consensus for epithelial 

malignancies however, is that whilst TGF-β signalling represses growth and promotes cellular 

differentiation of premalignant cells, it exerts a tumour promoting role upon the accumulation 

of more pro-oncogenic mutations. In terms of its tumour promoting action, TGF-β signalling 

has specifically been shown to facilitate epithelial-to-mesenchymal transition (EMT), 

angiogenesis, preventing cellular differentiation and immune suppression within the tumour 

microenvironment of certain cancers (Principe et al., 2014, Moustakas and Heldin, 2016, 

Komuro et al., 2009, Sakaki-Yumoto et al., 2013, Batlle and Massague, 2019). TGF-β signalling 

has also been studied specifically within the context of epithelial carcinogenesis. To date, 

considerable evidence has demonstrated the involvement of TGF-β signalling in promoting 
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cSCC to undergo EMT and invade into deeper tissue compartments, however studies disagree 

with whether the loss (Rose et al., 2018, Cammareri et al., 2016) or gain (Ju et al., 2019, 

Siljamäki et al., 2020) of activation causes this phenomenon. Additionally, work by Rose et al. 

has demonstrated that broad loss of TGF-β signalling drives cSCC formation from epidermal 

stem cells (Cammareri et al., 2016, Rose et al., 2017). However, these same studies did identify 

a smaller subset of cSCC tumours that had increased activation of TGF-β signalling and that is 

was associated with a poor prognostic outcome. This suggests that even within cSCC, TGF-β 

signalling is context specific and the mutation profile of any given tumour will influence if the 

TGF-β signalling is tumour promoting or suppressive. 

These studies, combined with our results, suggest that TGF-β2 signalling is activated in the 

MET1 cell line and that it may have a tumour promoting effect, which may include the 

suppression of AMBRA1 expression, to prevent cellular differentiation and allow continued 

proliferation. 

 

4.3.3. Activation of TGF-β2 secretion in MET1 cells activates canonical signalling of the ALK5 

receptor 

The present study has demonstrated increased expression and secretion of TGF-β2 by MET1 

cells. Generally, TGF-β ligands interact with a dual receptor complex that is composed of a 

TGF-β type II receptor (TGFβRII) and a TGF-β type I receptor (TGFβRI), with multiple receptors 

belonging to each receptor family (Shi and Massagué, 2003, Tzavlaki and Moustakas, 2020). 

Numerous TGFβRI have been identified, with ALK5 being shown to have the broadest 

expressed across multiple cell types and activated by TGF-β2 ligand binding (Heldin and 

Moustakas, 2016). Another identified TGFβRI is ALK1, which is predominantly expressed by 

endothelial cells but is still activated by interaction with TGF-β2 (Goumans et al., 2003). 

Following ligand binding and allosteric conformational change, these receptor complexes lead 

to the phosphorylation and activation of specific substrates. ALK5 activation leads to 

phosphorylation of both SMAD2 and SMAD3 (Vander Ark et al., 2018), while activation of ALK1 

leads to SMAD1, SMAD5 and SMAD8 activation (Roman and Hinck, 2017). As both receptors 

have the potential to respond to TGF-β2, the level of activation of SMAD1, SMAD2, SMAD3 

and SMAD5 was assessed in the PM1, MET1 and MET4 isogenic cell line series (Figure 4.5). 

Results revealed that MET1 cells demonstrated a significant increase in the activation of both 
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SMAD2 and SMAD3, suggesting that increased TGF-β2 secretion by MET1 cells leads to 

canonical activation of ALK5 (Figure 4.5C and 4.5D). This observation is consistent with 

published data demonstrating increased SMAD2 and SMAD3 activation is involved in multiple 

cancers, including pancreatic, breast and ovarian cancer (An et al., 2021, Zhou et al., 2018, 

Wang et al., 2020a) 

Results also revealed that only SMAD5, but not SMAD1, was also significantly activated in the 

MET1 cell line. As not all downstream elements were observed to be phosphorylated, this 

suggests that ALK1 is not directly activated by increased TGF-β2 secretion (van den Bosch et 

al., 2014). This concurs with recent published data showing primary keratinocytes 

(differentiated or undifferentiated) do not express the ALK1 receptor (Cosgarea et al., 2021). 

However, given the observed activation of SMAD5, this suggests that another route of 

phosphorylation may have been evoked. Previous studies have demonstrated that SMAD5 can 

be activated through the non-canonical activation of the ALK5 receptor. Liu et al has 

demonstrated that in breast cancer cells, the non-canonical activation of SMAD5 by ALK5, via 

its L45 loop motif, is linked with a switch of TGF-β2 response to a tumour promoting role, 

including the promotion of tumour cell migration, invasion and metastasis (Liu et al., 2009a). 

Given this switch in response is also critical in epithelial cancer progression, it is possible that 

this is a mechanism in cSCC tumourigenesis (Lamouille et al., 2014). Taken together, non-

canonical activation of ALK5 is the most likely explanation for the observed phosphorylation 

of SMAD5.  

Nevertheless, given the experimental limitation of using a combined P-SMAD1/5/9 and not a 

specific pSMAD5 antibody, it is possible that the observed statistical increase in SMAD5 

phosphorylation may not reflect specific SMAD5 activation. To test this, the ALK5 inhibitor 

ALX-270-445 was used to prevent ALK5 activation as a selective ATP-competitive inhibitor 

(Gellibert et al., 2004). Results however, revealed no reduction in SMAD5 activation (Figure 

4.6), suggesting TGF-β2 signalling only results in canonical activation of the ALK5 receptor. 
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4.3.4. ALK5 inhibition reduces cSCC cell viability in vitro but does not prevent loss of AMBRA1 

expression  

Studies to evaluate the potential for ALX-270-445 to prevent loss of AMBRA1 expression by 

MET 1 cells revealed inhibition of the ALK5 receptor did not prevent loss of AMBRA1 

expression (Figure 4.7). These data suggest that whilst increased TGF-β2 expression, secretion 

and canonical ALK5 activation in MET1 cells correlated with AMBRA1 loss, this signalling event 

is not responsible for the down regulation of AMBRA1 expression. The link between AMBRA1 

expression and TGF-β signalling is poorly understood but recent work has attempted to 

elucidate this relationship. Interestingly, AMBRA1 has shown to have a transcriptional 

regulatory role, being able to enter the nucleus through interacting with nuclear pore 

complexes. Once inside, AMBRA1 associates with scaffold, regulatory and chromatin 

remodelling proteins and together they act to induce the transcription of a variety of tumour 

promoting proteins, including TGF-β2 (Schoenherr et al., 2020). Additional studies have shown 

that AMBRA1, through an interaction with Cullin 4, is able to induce the polyubiquitination of 

SMAD4, increasing its transcriptional activity and leading to the induction and fine tuning of 

TGF-β signalling and the promotion of metastasis (Liu et al., 2021). These results disagree with 

the current study, which demonstrates that AMBRA1 loss is associated with an increase in 

TGF-β signalling. This highlights the current lack of understanding of the role of TGF-β in cancer 

more generally and the interplay between AMBRA1 and TGF-β2 in cSCC carcinogenesis 

specifically.  

To further investigate a potential role of TGF-β2 signalling in cSCC progression, the effect of 

ALX-270-445 on the inhibition of MET1 cell viability was assessed (Figure 4.8). Results revealed 

a small but significant decrease in cell viability, suggesting that TGF-β2 signalling more likely 

contributes to its more classical tumour promoting roles, such as mediating EMT or surviving 

anoikis (Ahmadi et al., 2019, Fung et al., 2008). 

Overall, these data demonstrate that whilst loss of AMBRA1 expression observed in MET1 cells 

is associated with an increase in TGF-β2 induced canonical signalling of the ALK5 receptor, 

these are two independent cellular events. The mechanisms underpinning AMBRA1 loss in 

cSCC tumorigenesis thus require further investigation.  

Given the high mutational burden that occurs during cSCC development, including mutations 

in p53, CDKN2A, NOTCH and RAS (Corchado-Cobos et al., 2020, Ratushny et al., 2012, Ziegler 
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et al., 1994, South et al., 2014, Brown et al., 2004, Pierceall et al., 1991), and recent preliminary 

studies demonstrating  missense genetic mutations in AMBRA1 are associated with a poor 

outcome (Pickering et al., 2014), further studies of the potential contribution of AMBRA1 

mutations to cSCC development and any association with protein expression are also 

warranted.  
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4.4. Summary 
 

• The isogenic cell line series PM1, MET1 and MET4 most closely model loss of AMBRA1 

expression observed during cSCC tumourigenesis  in vivo. 

• Increased TGF-β2 expression and secretion, and not an increase in Cullin 4A expression, 

is correlated with loss of AMBRA1 expression in the primary tumour cSCC cell line MET1. 

• Increased TGF-β2 expression and secretion leads to the canonical activation of the ALK5 

receptor in the MET1 cell line. 

• The TGF-β2 induced canonical activation of ALK5 is not responsible for the observed loss 

of AMBRA1 expression in the MET1 cell line and the underlying mechanism remains 

undefined. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5. Defining the relationship between AMBRA1, autophagy and keratinocyte 
differentiation in cSCC 



 

 

Table of Contents 

 

5.1. Introduction ...................................................................................................................... 132 

5.2. Results .............................................................................................................................. 134 

5.2.1. Calcium-induced differentiation and serum starvation-induced autophagy are 

required for AMBRA1 induction in CCD1106 keratinocyte differentiation, while expression 

is sustained by cellular differentiation alone ...................................................................... 134 

5.2.2. Calcium-induced differentiation is deregulated and autophagy is decoupled from 

keratinocyte differentiation in cSCC tumourigenesis in vitro. ............................................ 139 

5.3 Discussion .......................................................................................................................... 145 

5.3.1. AMBRA1 promotes keratinocyte differentiation in the presence of calcium and 

nutrient starvation ............................................................................................................... 145 

5.3.2. AMBRA1 loses calcium signalling-induced regulation during cSCC tumourigenesis in 

vitro ....................................................................................................................................... 151 

5.4 Summary ........................................................................................................................... 156 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Defining the relationship between AMBRA1, autophagy and keratinocyte differentiation in 
cSCC 

  

132 

5.1. Introduction 

As discussed in Chapter 1, loss of AMBRA1 expression by primary cSCCs is clearly associated 

with tumourigenesis and disease progression. As a key autophagy regulatory protein, the loss 

of AMBRA1 in cSCC supports the paradoxical role of autophagy in cancer whereby autophagy 

blockade or deregulation leads to genotoxicity thereby promoting tumourigenesis (Russo and 

Russo, 2018). Studies have also shown the importance of AMBRA1 in keratinocyte 

differentiation, where expression in the epidermis increases from the basal layer to the 

stratum corneum and where by its knock down in leads to deregulated keratinocyte 

differentiation, in particular the loss of the terminal differentiation marker Loricrin, enhanced 

cytokeratin 14 expression (a marker of epidermal stem-like state, (Alam et al., 2011))  and 

uncontrolled proliferation (Ellis et al 2020).  

One of the key signalling drivers responsible for keratinocyte differentiation is the presence 

of calcium. The presence of calcium causes the activation of the GPCR calcium sensing 

receptor (CaSR) and the ultimate activation of PKC, which in turn is responsible for activating 

a variety of gene responses that ultimately lead to terminal differentiation (Tu and Bikle, 

2013). Calcium signalling however, also cooperates with another environmental pressure, 

increasing low nutrient stress, to induce the activation of autophagy (Mahanty et al., 2019). 

Differentiating keratinocytes employ autophagy to ensure complete removal of all cell 

organelles, to allow for morphological cell flattening, which is required for terminal 

differentiation (Akinduro et al., 2016). Calcium signalling is therefore key to both processes 

and any deregulation may lead to deregulated cell proliferation and differentiation.  

It is therefore highly likely AMBRA1 functions as a gate-keeper of epidermal tumourigenesis 

through its intimate relationship with keratinocyte differentiation autophagy. Moreover, this 

potential dual role of AMBRA1 likely contributes to cSCC carcinogenesis whereby loss of 

expression or function may impact on both the process of autophagy and differentiation at 

once, i.e., causing both the potential blockade of autophagy resulting in tumourigenesis but 

also impairing keratinocyte differentiation and thereby promoting proliferation 
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To further define the relationship between AMBRA1, autophagy and differentiation in cSCC, 

the aim of the present chapter was to: 

• Confirm the effect of calcium-induced differentiation and/or starvation-induced 

autophagy in keratinocytes using the keratinocyte cell line CCD1106 as a model on 

AMBRA1 expression, and the expression of markers of cellular differentiation and 

autophagy 

• Determine the impact of calcium-induced differentiation and nutrient deprivation-

induced autophagy in cSCC and the impact of the deregulation of these processes on 

AMBRA1 expression and function using a series of isogenic cSCC cell lines that model 

progressing tumorigenesis  in vitro 
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5.2. Results 

5.2.1. Calcium-induced differentiation and serum starvation-induced autophagy are required for 

AMBRA1 induction in CCD1106 keratinocyte differentiation, while expression is sustained by 

cellular differentiation alone 

To confirm the role of AMBRA1 in both keratinocyte differentiation and autophagy, CCD1106 

cells were subjected to calcium-induced differentiation for five days and/or serum starvation 

for an additional 24 hours, prior to determining the effect on AMBRA1, loricrin, p62, LC3B II 

and GAPDH expression by Western blotting (Figure 5.1 A).  

Results revealed serum starvation of undifferentiated CCD1106 cells induced a small , but not 

significant increase in AMBRA1, LC3B-II and p62 expression (Figure 5.1 B, D and E). In addition 

there was no significant effect of serum starvation-induced autophagy on loricrin expression 

(Figure 5.1C). 

Calcium-induced differentiation was also associated with a small non-significant induction of 

AMBRA1 (Figure 5.1 B), a reduction in p62 expression (Figure 5.1D) and a statistically 

significant increase in loricrin expression (*P<0.05, Figure 5.1C).  A non-significant reduction 

in LC3B-II expression was also observed in response to calcium-induced differentiation. (Figure 

5.1E).  

Interestingly, serum starvation of calcium-induced differentiated CCD1106 cells resulted in a 

significant increase in AMBRA1 expression compared to undifferentiated cells subjected to 

serum starvation (*P<0.05, Figure 5.1B), as well as compared to control undifferentiated cells 

maintained in normal serum conditions (*P<0.05, Figure 5.1B). Serum starvation of 

differentiated CCD1106 cells also resulted in a statistically significant induction of loricrin 

expression, again compared to expression in control non-starved, undifferentiated cells or 

cells only subjected to serum starvation (*P<0.01, Figure 5.1C). However, there was no 

significant effect on the induction of loricrin beyond levels induced by calcium-induced 

differentiation alone (Figure 5.1C). Furthermore, although serum starvation of calcium-

induced differentiated CCD1106 cells appeared to result in an increase in LC3B-II expression 

compared to cells singularly subjected to calcium-induced differentiation, levels of induction 

were not significantly different to those induced by serum starvation alone (Figure 5.1 A and 

E). Similarly, although p62 expression appeared to be reduced to a greater extent in serum 



Defining the relationship between AMBRA1, autophagy and keratinocyte differentiation in 
cSCC 

  

135 

starved, calcium-induced differentiated CCD106 cells, this did not significantly differ to p62 

expression levels in undifferentiated cells subjected to serum starvation (Figure 5.1A and D). 

 
 
 
 
 

 
FIGURE 5. 1 CALCIUM-INDUCED DIFFERENTIATION AND STARVATION INDUCED AUTOPHAGY RESULTS IN INCREASED AMBRA1 
EXPRESSION IN CCD1106 KERATINOCYTES. 
(A) Representative western blot of AMBRA1 (132 kDa), Loricrin (26 kDa), p62 (65 kDa), LC3B (16 kDa) 
and GAPDH (37 kDa, loading control) expression in CCD1106 cells in the presence or absence of calcium 
chloride (CaCl2) (72 hours, 1.3 mM) and serum starvation (24 hours). Densitometric expression of (B) 
AMBRA1 (C) Loricrin (D) p62 and (E) LC3B II expression. Each bar represents three replicates of the 
protein of interest expression, normalised against GAPDH expression, following the previously 
described treatments, and expressed relative to each individual experimental average (mean ± SD, 
N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc correction (*P<0.05) (**P<0.01) 
(**P<0.01) (****P<0.0001). 
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Collectively these data highlight an increase in AMBRA1 expression in CCD1106 cells in 

response to both calcium-induced differentiation and serum starvation induced autophagy, 

with a further likely additive effect on expression levels in calcium-induced differentiated cells 

subsequently subjected to serum starvation, suggesting AMBRA1 plays a role in both 

keratinocyte differentiation and autophagy. 

Whilst this experiment suggested a correlation between AMBRA1 expression and keratinocyte 

differentiation in CCD1106 cells, it was unclear if the higher expression levels observed 

resulted outside the influence of autophagic signalling. The increase in AMBRA1 correlated 

with a trend wise reduction in LC3B-II expression (Figure 5.1E), suggesting that autophagic 

signalling was not responsible for the induced expression. However, since the relative 

expression of LC3B-II alone is not a sufficient marker of active autophagy, further experiments 

were undertaken in CD1106 cells to evaluate autophagic flux following prolonged exposure to 

serum starvation and in presence or absence of the lysosomal inhibitor chloroquine (CQ) 

which prevents autophagosome-lysosome fusion (Mauthe et al., 2018).  

Specifically, CCD1106 cells were again subjected to calcium-induced differentiation for 72 

hours and/or serum starvation for 72 hours  in the presence or absence of treatment for the 

final 2 hours of incubation with CQ and the assessment of AMBRA1, loricrin, c-Myc , p62, LC3B 

II and GAPDH expression (Figure 5.2 A). 

By inhibiting autophagosome- lysosomal fusion CQ prevents the cycle of LC3, resulting in 

accumulation of lipidated LC3-II. Additionally, CQ prevents the degradation of p62 by 

preventing its degradation in the completed autophagolysosome (Wu et al., 2020). As such, 

the accumulation of this protein, alongside the relative expression of LC3B-II, when compared 

to LC3B-I, is a marker of autophagic flux.  

Results revealed, in a similar manor to the previous experiment, that subjecting calcium-

induced differentiated CCD1106 cells to serum starvation resulted in  significant  increase in 

both AMBRA1 expression and loricrin expression (****P<0.0001, Figure 5.2 B and C). A 

significant increase in AMBRA1 expression (*P<0.05, Figure 5.2 B) was also observed when 

calcium-induced differentiated CCD1106 cells subjected to serum starvation were incubated 

in the presence of CQ, suggesting autophagy is responsible for some loss of AMBRA1 

expression. Conversely, the significant loss in loricrin expression (****P<0.0001, Figure 5.2 C) 

by calcium-induced differentiated CCD1106 cells subjected to serum starvation in the 
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presence of CQ also suggests the inhibition of lysosomal fusion and pH disrupts inhibits loricrin 

expression. Interestingly, serum starvation, calcium-induced differentiation and calcium-

induced differentiation together with serum starvation all caused a significant decrease in the 

level of c-Myc expression by CCD1106 cells (*P<0.05 - ***P<0.001, Figure 5.2 D), regardless of 

whether cells were co treated with CQ or not. Results also revealed serum starvation resulted 

in a significant accumulation of p62 expression, suggesting a blockade in autophagy flux 

(Figure 5.2 E). However, calcium-induced differentiation and calcium-induced differentiation 

together with serum starvation in the presence of chloroquine did not result in p62 

accumulation (Figure 5.2E).  Nevertheless whether or not CQ was present in cells subjected to 

calcium induced differentiated +/- serum starvation, a significant decrease in p62 expression 

was observed (***P<0.001-**** P<0.0001, Figure 5.2E).  

Finally, evaluation of LC3B-II expression levels revealed the only significant changes observed 

in the presence or absence of CQ were in CD1106 cells subjected to calcium-induced 

differentiation, where a significant increase in expression was observed (**P<0.01, Figure 5.2 

F). In addition regardless of the presence or absence of CQ, the greatest levels of LC3B 

expression were observed in CCD1106 cells subjected to serum starvation-induced autophagy.  

Taken together, these data suggest AMBRA1 expression in CCD106 cells is induced maximally 

as a result of combined calcium-induced differentiation and serum starvation-induced 

autophagy. Further, these data suggest while autophagic signalling is required for AMBRA1 

expression in keratinocytes, the process and completion of keratinocyte differentiation and 

cornification maintains AMBRA1 expression. This suggests AMBRA1 expression becomes 

decoupled from autophagy-mediated regulation when the cellular requirement for active 

autophagy falls, during the process of cellular differentiation.  
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FIGURE 5. 2. INCREASED AMBRA1 EXPRESSION INDUCED BY THE PRESENCE OF CALCIUM AND STARVATION IS MAINTAINED 
BEYOND THE LOSS OF AUTOPHAGIC ACTIVITY IN CCD1106 KERATINOCYTES. 
(A) Representative western blot of AMBRA1 (132 kDa), Loricrin (26 kDa), c-Myc (57 kDa), p62 (65 kDa), 
LC3B (16 kDa) and GAPDH (37 kDa, loading control) expression in CCD1106 cells in the presence or 
absence of calcium chloride (CaCl2) (72 hours, 1.3 mM), serum starvation (72 hours) and chloroquine 
treatment (10 μM). Densitometric expression of (B) AMBRA1 (C) Loricrin (D) c-Myc (E) p62 and (F) LC3B 
expression. Each bar represents three replicates of the protein of interest expression, normalised 
against GAPDH expression, following the previously described treatments, and expressed relative to 
each individual experimental average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with 
Tukey’s post hoc correction (*P<0.05) (**P<0.01) (**P<0.01) (****P<0.0001). 
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5.2.2. Calcium-induced differentiation is deregulated and autophagy is decoupled from 

keratinocyte differentiation in cSCC tumourigenesis in vitro.  

To investigate the dynamics of AMBRA1 expression in response to calcium-induced 

differentiation and or serum starvation-induced autophagy in cSCC cells  in vitro , PM1 cells 

were first subjected to calcium-induced differentiation for 72 hours and/or serum starvation 

for 72 hours in the presence or absence of CQ for the final 2hrs of incubation before evaluating 

the effects on  AMBRA1, loricrin, c-Myc, p62, LC3B and GAPDH expression by Western blotting  

(Figure 5.3 A). Results revealed only calcium and serum starvation treatment in the presence 

of CQ had a significant effect on AMBRA1 induction (*P<0.05, Figure 5.3 B). Noteworthy 

however, was an observable trend for increased expression of AMBRA1 in PM1 cells subjected 

to treatment with high calcium and/or serum starvation in the presence of CQ (Figure 5.3 A 

and B). 

Results also revealed neither treatment in high calcium or serum starvation in the presence 

or absence of CQ had any effect on Loricrin expression in PM1 cells (Figure 5.3A), while c-Myc 

expression was significantly decreased in cells subjected to serum starvation in the presence 

or absence of high calcium and/or in the presence of CQ (***P<0.001 - ****P<0.0001, Figure 

5.3 C). Similarly to the effects of serum starvation on c-Myc expression by PM1 cells, serum 

starvation induced a reduction in p62 expression, both in the presence of high calcium and 

additional treatment with CQ, although this effect was only significant in cells treated in the 

presence of CQ  (***P<0.001-****P<0.0001, Figure 5.3 D).  

In contrast, there was a significant accumulation in LC3B-II expression in PM1 cells following 

serum starvation and /or high calcium in the presence of CQ (*P<0.05 - ****P<0.0001, Figure 

5.3 E).  

Collectively these data showing a trend wise increase in AMBRA1 and significant accumulation 

of LC3B-II in PM1 cells subjected to treatment in high calcium +/- serum starvation suggest 

these cells retain their ability to respond to calcium signalling as well as autophagy induction. 

However, the fact that there was no observable change in loricrin expression or c-Myc in PM1 

cells subjected to high calcium alone suggest homeostatic differentiation is deregulated.  
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FIGURE 5. 3. AMBRA1 EXPRESSION IS STILL INFLUENCED BY THE PRESENCE OF CALCIUM IN PM1 CELLS. 
(A) Representative western blot of AMBRA1 (132 kDa), Loricrin (26 kDa), c-Myc (57 kDa), p62 (65 kDa), 
LC3B (16 kDa) and GAPDH (37 kDa, loading control) expression in PM1 cells in the presence or absence 
of calcium chloride (CaCl2) (72 hours, 1.3 mM), serum starvation (72 hours) and chloroquine treatment 
(10 μM). Densitometric expression of (B) AMBRA1 (C) c-Myc (D) p62 and (E) LC3B expression. Each bar 
represents three replicates of the protein of interest expression, normalised against GAPDH expression, 
following the previously described treatments, and expressed relative to each individual experimental 
average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc correction 
(*P<0.05) (**P<0.01) (**P<0.01) (****P<0.0001). 
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Next, cSCC MET1 cells were subjected to calcium-induced differentiation for 72 hours and/or 

serum starvation for 72 hours in the presence or absence of 2 hours final treatment with CQ , 

prior to evaluating AMBRA1, loricrin, c-Myc, p62, LC3B and GAPDH expression by western 

blotting (Figure 5.4 A). Unlike results observed in PM1 cells, results demonstrated a significant 

decrease in AMBRA1 expression in cells subjected to serum starvation in the presence or 

absence of high calcium or CQ  (**P<0.01 - ***P<0.001, Figure 5.4 B). 

Similar to results derived from studies of PM1 cells, neither serum starvation nor treatment in 

the presence or absence of high calcium and or CQ had any effect on loricrin expression (Figure 

5.3A). 

Again similarly to results observed in PM1 cells, subjecting MET 1 cells to serum starvation in 

the presence or absence of treatment in high calcium with CQ resulted in a significant 

decrease in c-Myc expression (**P<0.01 - *** P<0.001, Figure 5.4 C). In contrast to data 

derived from studies in PM1 cells, culture of MET 1 cells in high calcium in the absence of CQ 

resulted in a significant decrease in c-Myc expression (* P< 0.05, Figure 5.4C).  

In terms of p62 expression, subjecting of MET 1 cells to serum starvation in the presence or 

absence of high calcium and/or CQ resulted in a significant down regulation of expression 

(***P< 0.001, Figure 5.4D). Culture of MET 1 cells in high calcium alone also resulted in 

significant reduction of p62 expression (* P< 0.05, Figure 5.4D), but this was not observed in 

cells cultured in high calcium in the presence of CQ. 

While studies in PM1 Cells (Figure 5.3) demonstrated significant accumulation of LC3B-II 

following culture in high calcium and/or serum starvation in the presence of CQ, the culture 

of MET 1 cells in high calcium in the presence of CQ did not results in LC3B-II accumulation 

(Figure 5.4E). However, serum starvation in the presence of absence of high calcium and in 

the presence of CQ did result in a significant accumulation of LC3B-II (*** P<0.001 - 

****P<0.0001, Figure 5.4E). 

Taken together, these data suggest calcium signalling and autophagy in MET1 cells is 

deregulated or uncoupled. Furthermore, the inability of MET 1 cells to respond to calcium 

signalling likely sustains their de-differentiated phenotype thereby promoting carcinogenesis.  

.  
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FIGURE 5. 4. AUTOPHAGY INDUCTION IS RESPONSIBLE FOR ALL ALTERATIONS TO AMBRA1 EXPRESSION IN MET1 CELLS. 
(A) Representative western blot of AMBRA1 (132 kDa), Loricrin (26 kDa), c-Myc (57 kDa), p62 (65 kDa), 
LC3B (16 kDa) and GAPDH (37 kDa, loading control) expression in MET1 cells in the presence or absence 
of calcium chloride (CaCl2) (72 hours, 1.3 mM), serum starvation (72 hours) and chloroquine treatment 
(10 μM). Densitometric expression of (B) AMBRA1 (C) c-Myc (D) p62 and (E) LC3B expression. Each bar 
represents three replicates of the protein of interest expression, normalised against GAPDH expression, 
following the previously described treatments, and expressed relative to each individual experimental 
average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc correction 
(*P<0.05) (**P<0.01) (**P<0.01) (****P<0.0001). 
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Finally, the metastatic cSCC MET4 cells were subjected to culture in high calcium and/or serum 

starvation for 72 hours, again in the presence or absence of CQ, and prior to western blotting 

for AMBRA1, loricrin, c-Myc, p62, LC3B and GAPDH expression (Figure 5.5 A).  

Similarly to data derived from studies in PM1 cells (Figure 5.3), studies in MET 4 cells revealed 

only calcium and serum starvation treatment in the presence of CQ had a significant effect on 

AMBRA1 induction (*P<0.05, Figure 5.5 B). In addition, as again seen in PM1 cells, there was 

a non-significant observable trend for increased expression of AMBRA1 in MET4 cells 

subjected to treatment with high calcium and/or serum starvation in the presence of CQ 

(Figure 5.3 A and B). 

As in PM1 and MET 1 cells, neither culture in high calcium nor serum starvation of MET 4 cells, 

in the presence or absence of CQ had any effect on Loricrin expression (Figure 5.5A).   

Again as observed in both PM1 and MET 1 cells, the subjection of MET 4 cells to serum 

starvation alone and in combination with treatment in high calcium in the presence or absence 

of CQ resulted in a significant reduction in c-Myc expression (**P<0.01-  ****P<0.0001, Figure 

5.5 C).  Interestingly, there was also a significant increase in c-Myc expression in MET 4 cells 

following treatment in high calcium in the absence of CQ (*P<0.05, Figure 5.5 C).  

Similarly to observations in MET 1 cells, serum starvation in the presence or absence of culture 

in high calcium and/or CQ also resulted in the significant down regulation of p62 in MET4 cells  

(***P<0.001 - ****P<0.0001, Figure 5.5 D).  

Interestingly, an accumulation of p62 in MET4 cells was observed in response to culture in the 

presence of high calcium and CQ (*P<0.05, Figure 5.5 D), suggesting calcium signalling induces 

active autophagy in MET 4 cells.  

Finally, serum starvation, alone or in combination with culture in high calcium in the presence 

of CQ resulted in a significant induction of LC3B-II expression (*P<0.05 - ***P, 0.001, Figure 

5.5 E).  Unexpectedly, this accumulation of LC3B-II expression in response to culture in high 

calcium in the presence of CQ, also observed in PM1 cells (figure 5.3E), was not observed in 

MET 1 cells (Figures 5.4E).  

Taken together these data suggest the relationship between calcium signalling, autophagy 

induction and the dynamics of AMBRA1 expression in MET 4 cells more closely align 

observation is PM1 cells compared to MET 1 cells.  
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FIGURE 5. 5. AMBRA1 EXPRESSION REGAINS ITS SENSITIVITY TO THE PRESENCE OF CALCIUM IN MET4 CELLS. 
(A) Representative western blot of AMBRA1 (132 kDa), Loricrin (26 kDa), c-Myc (57 kDa), p62 (65 kDa), 
LC3B (16 kDa) and GAPDH (37 kDa, loading control) expression in MET4 cells in the presence or absence 
of calcium chloride (CaCl2) (72 hours, 1.3 mM), serum starvation (72 hours) and chloroquine treatment 
(10 μM). Densitometric expression of (B) AMBRA1 (C) c-Myc (D) p62 and (E) LC3B expression. Each bar 
represents three replicates of the protein of interest expression, normalised against GAPDH expression, 
following the previously described treatments, and expressed relative to each individual experimental 
average (mean ± SD, N=3). Statistics acquired by one-way ANOVA with Tukey’s post hoc correction 
(*P<0.05) (**P<0.01) (**P<0.01) (****P<0.0001). 
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5.3 Discussion 

5.3.1. AMBRA1 promotes keratinocyte differentiation in the presence of calcium and nutrient 

starvation 

To model the process of keratinocyte differentiation and the effects of autophagy on this 

process and the dynamics of AMBRA1 expression in normal keratinocytes, CCD1106 cells were 

subjected to both calcium-induced differentiation and serum starvation-induced autophagy 

(Figure 5.1). These environmental pressures closely model those present in the epidermis as 

keratinocytes migrate to the stratum corneum (Mahanty et al., 2019). Consistent with 

previous observations results showed calcium-induced differentiation increased both 

AMBRA1 and Loricrin expression (Figure 5.1 B and C) (Tang et al., 2016), also supporting recent 

observations of the critical role AMBRA1 plays in epidermal differentiation (Cosgarea et al., 

2021). Interestingly, AMBRA1 expression levels in CCD1106 cells were further induced by 

combined calcium-induced differentiation and serum starvation, compared to expression 

levels induced by single agent treatment.   However, this high level of AMBRA1 expression 

resulting from dual calcium-induced differentiation and serum starvation did not correlate 

with a significant increase in LC3B-II expression (Figure 5.1 E). This was surprising as AMBRA1 

expression levels would normally closely reflect the level of active autophagy with a cell (Fimia 

et al., 2007). Also surprisingly, treatment of CCD1106 cells with single agent, high dose calcium 

over 72 hours resulted in a trend wise reduction in LC3B-II expression, suggesting that the 

presence of calcium is unable to induce autophagic activity, a well-known component of 

keratinocyte differentiation (Hohl et al., 1993, Bikle et al., 2012). Nevertheless, the relative 

expression of LC3B-II to the loading control protein GAPDH is not a sufficient marker to analyse 

the level of active autophagic flux within a cell and thus further experiments were under taken 

in the presence of the lysosomal inhibitor chloroquine (CQ), to block autophagic flux and the 

accumulation LC3B-II and p62 (Klionsky et al., 2012). In addition, to allow for persistent 

autophagic stress and more complete organelle clearance and thus differentiation (Mahanty 

et al., 2019), CCD1106 cells were also subsequently subjected to extended serum-starvation 

(Figure 5.2). 

Similarly to initial experiments, prolonged exposure of CCD1106 cells to calcium-induced 

differentiation and serum starvation-induced autophagy resulted in the greatest increase in 

AMBRA1 expression (Figure 5.2 B). However, unlike initial experiments (Figure 5.1C) the 

greatest increase in loricrin expression was observed following calcium-induced 



Defining the relationship between AMBRA1, autophagy and keratinocyte differentiation in 
cSCC 

  

146 

differentiation in combination with serum-induced autophagy (Figure 5.2 C). It is possible that 

the extended period of starvation allowed for more complete differentiation to occur in the 

presence of high calcium, however, cell seeding density was also optimised to ensure cell 

contact signalling to encourage full differentiation (Charest et al., 2009). 

This significant increase in loricrin expression when CCD1106 cells were subjected to both 

calcium-induced differentiation and serum-starvation induced autophagy (Figure 5.2 C) 

highlights the importance of considering the in vivo conditions in a model system when 

studying keratinocyte differentiation. Many studies utilise a calcium only approach to induce 

differentiation, which may be insufficient (Wilson, 2014, Mahanty et al., 2019, Richardson et 

al., 2020).  Additional evidence to support this possibility were the observations that whilst a 

significant accumulation of LC3B-II was demonstrated in CCD1106 cells subjected to calcium-

induced differentiation in the presence of chloroquine, suggesting active autophagy, this was 

not observed in cells subjected to calcium-induced differentiation in combination with serum-

starvation-induced autophagy (Figure 5.2 F). This suggests that cell clearance has already been 

completed in the cells exposed to both treatments, allowing further and more complete 

differentiation. However, further investigation is required to compare the genomic and 

proteomic profile of the two modelling approaches and to evaluate if the presence of a 

nutrient deprived environment results in any significant changes to cell phenotype or 

genotype. There is also still a need for a standardised approach to modelling keratinocyte 

differentiation in vitro in dermatological research. 

The ability of calcium-induced differentiation and serum starvation-induced autophagy to 

induce the greatest levels of AMBRA1 expression in CCD1106 cells, in the absence of high 

levels of autophagic flux, was surprising  (Figure 5.2 B). Coupled, with observations that 

AMBRA1 induction by dual exposure to high calcium and serum starvation was greater than 

expression levels induced by either condition alone suggests that both conditions are needed 

in parallel to produce a fully differentiated keratinocyte.  

As such, it is most likely that a nutrient deprived environment in the presence of calcium 

signalling allows for the largest sustained expression of AMBRA1. Importantly these data 

suggest AMBRA1 expression in keratinocyte differentiation becomes uncoupled from its 

normal autophagy-regulated degradation. Moreover, these data suggest the process of 

keratinocyte differentiation and cornification actively sustains AMBRA1 expression.  
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The question however, still remains as to how AMBRA1 expression becomes decoupled from 

autophagic regulation at later stages of keratinocyte differentiation and before terminal 

differentiation occurs. One possibility is that AMBRA1 expression is able to escape the normal 

ubiquitin mediated degradation that acts as a limiting factor in autophagy to prevent cell 

death (Antonioli et al., 2014). This may result from post translational modifications leading to 

structural alterations that cause the obscuring of either the E3 ligase binding site or the 

ubiquitin target sites directly (Duan and Walther, 2015). The ability of AMBRA1 to be post-

translationally modified has been extensively studied, with key phosphorylation and ubiquitin 

sites identified, mostly relating to autophagy regulation (Cianfanelli et al., 2015d, Nazio et al., 

2013). These specific binding and target sites that lead to AMBRA1- mediated degradation are 

still however, poorly understood. Two possible candidates have been identified, the first of 

which is the CULLIN4–DDB1–complex (Antonioli et al., 2014), which binds to the WD40 

sequence present in amino acid region 111-126, however, the target ubiquitin residue is 

currently unknown (Cianfanelli et al., 2015b, Cianfanelli et al., 2015d, He et al., 2006). The 

second possibility is the  protein RNF (Xia et al., 2014), which has a currently unknown binding 

site, is able to induce K48-ubiquitination at lys45 (Cianfanelli et al., 2015d). Nevertheless, the 

current lack of understanding of protein interaction makes speculating on the possible 

mechanisms of masking either E3 ligase binding site or ubiquitination target residue difficult. 

Such understanding would however, provide a novel insight into AMBRA1 regulation, as 

current literature has only profiled post-translational modifications altering autophagy 

regulation. 

Since the cross talk between calcium signalling and autophagy regulation has been well 

documented in the context of cellular stress and cancer (Dubois et al., 2016, Høyer-Hansen 

and Jäättelä, 2007, Kania et al., 2015), it is possible that calcium signalling can directly impact 

AMBRA1 regulation (Kania et al., 2015, Settembre et al., 2012). However, to date there have 

been no reports of calcium signalling and autophagy cross talk in the context of cellular 

differentiation.  

An alternative mechanism potentially influencing the genetic regulation of AMBRA1 in 

CCD1106 cells is the possibility that calcium signalling is able to induce AMBRA1 transcription. 

Possible connections between AMBRA1 and calcium signalling have only been suggested in 
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the context of autophagy activation (Bootman et al., 2018, Patergnani et al., 2020, Medina et 

al., 2015). However, there are currently no published data to suggest AMBRA1 expression can 

be induced by calcium outside of this context, thereby suggesting that calcium specific 

transcriptional activation of AMBRA1 expression is unlikely. Another potential is for AMBRA1 

to be incorporated into multi-protein complexes and as such, evade detection by potential 

degradation pathways, a possibility given the large scale cellular alterations that occur during 

differentiation, including the formation of the cornified envelope and alterations to protein 

compositions at tight junctional complexes (Bikle et al., 2012). Autophagy has already been 

studied and been shown to be involved in protein arrangements at tight junctional complexes 

(Nighot and Ma, 2016). Additionally, AMBRA1 has been directly implicated in this alteration 

through its association with FAK (Schoenherr et al., 2017).  

AMBRA1 is also a highly intrinsically disordered protein. Given their high degree of structural 

flexibility, intrinsically disordered proteins have been implicated as core components of multi-

protein signalling complexes (Wright and Dyson, 2015), suggesting AMBRA1 may be readily 

incorporated into a wide variety of protein complexes that give rise to a differentiated cellular 

phenotype. Given the high degree of changes and multiple protein interlinking that occurs 

during keratinocyte differentiation this seems the most likely explanation for the maintained 

levels of AMBRA1 expression observed in CCD1106 cells following calcium-induced 

differentiation in combination with serum starvation.  

In agreement with previous published studies, the subjection of CCD1106 cells to both 

calcium-induced differentiation and serum starvation-induced autophagy resulted in a 

significant decrease in the level of c-Myc expression (Figure 5.2 D) (Cianfanelli et al., 2015c). 

Furthermore supporting the present study in the context of keratinocyte differentiation, 

Cianfanelli et al. demonstrated that AMBRA1 is able to induce PP2A phosphatase to inactive 

c-Myc and reduce the rate of cell proliferation (Cianfanelli et al., 2015c). Moreover, also 

supporting the current studies and the observed reduction in c-Myc expression following both 

calcium-induced differentiation and serum starvation-induced autophagy, previous studies 

have also demonstrated that whilst  the transient amplification of keratinocytes relies on c-

Myc (Kolly et al., 2005, Arnold and Watt, 2001),  a low level of c-Myc is required to ensure 

complete differentiation (Gandarillas and Watt, 1997, Pelengaris et al., 1999, Waikel et al., 

1999).  
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One possible mechanism for loss of c-Myc transcriptional activity is through calcium-

dependant, and thus differentiation related, calpain mediated cleavage (Small et al., 2002), 

which in certain tissues has been shown to promote differentiation (Conacci-Sorrell and 

Eisenman, 2011). Another option is loss of c-Myc in the more common ubiquitin-mediated 

autophagy/proteasome manor, which has also been highly implicated in keratinocyte 

differentiation and suggests a level of redundancy (Dikic, 2017, Farrell and Sears, 2014, 

Mahanty et al., 2019). 

Given the well-established role of p62 as a cargo adaptor protein delivering ubiquitinated 

proteins to autophagosomes (Lamark et al., 2017), results derived from studies of p62 

expression in CCD1106 cells subjected to calcium-induced differentiation and serum-

starvation-induced autophagy were surprising. Given the high level of autophagy that occurs 

during keratinocyte differentiation it was hypothesised that treatment of CCD1106 cells pre 

exposed to high dose calcium (either in the presence or absence of serum starvation) with 

chloroquine  would result in p62 accumulation. In contrast results showed no such 

accumulation of p62 (Figure 5.2 E). It is possible that two hours treatment with CQ may not 

have been sufficient to allow for p62 accumulation, perhaps additionally impaired by a low 

level of active autophagy. Alternatively, treatment of cells with high calcium alone wasn’t 

enough to sufficiently replenish p62 through genetic transcription causing a lag in the 

production and translation of new proteins. p62, as a cargo delivery protein, is degraded 

during the stage of autophagosome-lysosomal fusion, which is prevented by chloroquine.  

Whilst calcium has previously been shown to be able to induce pro-autophagy elements 

through a TFEB dependent mechanism (Medina and Ballabio, 2015), it is possible that calcium 

signalling alone can’t sufficiently induce enough expression of p62 to replace that lost by 

autophagic degradation, thus preventing an observable accumulation. However, there was 

also no observable accumulation of p62 in CCD1106 cells in response to both calcium-induced 

differentiation and serum starvation-induced autophagy (Figure 5.2E).  This was unexpected 

since nutrient deprivation is a well-known inducer of autophagy related gene expression 

(Russell et al., 2014, Settembre et al., 2012, Martina et al., 2012).  It is therefore likely that 

cells subjected to both calcium-induced differentiation and serum starvation-induced 

autophagy have undergone terminal differentiation and therefore lost autophagic capacity as 

well as the ability to induce de novo genetic expression.   
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Comparative studies of the effects of calcium-induced differentiation and/or serum 

starvation-induced autophagy in CCD1106 cells on LC3B-II expression in the presence or 

absence of chloroquine demonstrated that only culture in high calcium in the presence of 

chloroquine resulted in the significant accumulation of LC3B-II (Figure 5.2 F).  

These observations were in conflict to the observed effects on p62 accumulation under the 

same treatment conditions (Figure 5.2 E), which suggested an absence of active autophagy. 

These conflicting results could be explained by the alternative mechanism of action of 

chloroquine on p62 and LC3B expression. Unlike p62, LC3B is not degraded by the process of 

autophagy and as such does not require genetic transcription to replenish its expression 

(Klionsky et al., 2016). As LC3B cycles between a non-lipidated and a lipidated form to expand 

the autophagophore, an action that is prevented by chloroquine (Tanida et al., 2008, Klionsky 

et al., 2016), an accumulation of lipidated LC3 would therefore be more readily detected, 

thereby suggesting results derived from calcium-induced LC3B expression in CCD 1106 cells 

are a more representative indicator of active autophagy than p62 expression.  

Surprisingly, CQ treatment of CCD1106 cells in a nutrient deprived and high calcium 

environment did not result in LC3B accumulation (Figure 5.2F). This suggests that whole cell 

clearance by autophagy was completed and as such, the autophagy machinery was degraded 

preventing LC3B accumulation. Linked to this conclusion, the high levels of loricrin expression 

observed in cells subjected to calcium-induced differentiation in combination with serum 

starvation-induced autophagy further supports the likely hood that terminal differentiation 

has occurred, and consistent with levels of loricrin observed in the stratum granulosum, pre-

cornification (Steinert and Marekov, 1999).  

Unexpectedly CCD1106 cells subjected to serum starvation with chloroquine did not result in 

a block in LC3B flux (figure 5.2F). However, exposing keratinocytes cells to 72 hours of 

complete serum starvation is not representative of an environment cells would be exposed to 

in vivo, and although a model of nutrient deprivation in vitro, this is a non-typical 

environmental pressure. Current published literature focuses on the temporal regulation of 

starvation-induced autophagy in a short-term time frame (0-8 hrs) and no long term study to 

date has analysed the temporal regulation of autophagy at substantially longer time points 

(Sahani et al., 2014, Antonioli et al., 2016). However, given the negative regulation of AMBRA1 

through ubiquitin-mediated degradation during periods of prolonged stress, this suggests that 
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severe extended autophagy may cause higher levels of self-regulated degradation of this and 

other pro-autophagy regulators (Antonioli et al., 2014), completely ablating the ability of the 

cell to undergo active autophagy. It also possible that degradation of pro-autophagy proteins 

such as seen here indicates a switch to cell death fate and the population of cells analysed in 

this experiment were likely at the point of undergoing cell death (Antonioli et al., 2014, 

Pagliarini et al., 2012, Fimia et al., 2013). Further studies however, are required to determine 

if primary keratinocytes would be as resistant to such a switch in cell fate as appears to be 

observed in transformed CCD1106 keratinocytes. 

In conclusion, the present studies in CCD1106 cells suggest keratinocytes require the 

cooperation of both calcium-induced differentiation and autophagy induction to ensure 

complete terminal differentiation and that this differentiation is associated with significantly 

increased AMBRA1 expression which is decoupled from its standard regulation as a pro-

autophagy protein.  

 

5.3.2. AMBRA1 loses calcium signalling-induced regulation during cSCC tumourigenesis in vitro 

To understand if calcium signalling, autophagy induction and the dynamics of AMBRA1 

expression are altered in cSCC cells compared to CCD1106 cells, the isogenic series of cSCC cell 

lines, PM1, MET 1 and MET 4 representing dysplastic skin, primary and metastatic cSCC (Proby 

et al., 2000) were also subjected to culture in high calcium and/or serum starvation-induced 

autophagy.  

The paradoxical role of autophagy in cancer has been extensively reported and is widely 

accepted as a major component of tumourigenesis as well as a target for treatment (Huang et 

al., 2018). AMBRA1 as a pro-autophagy protein has been implicated in several cancers (Li et 

al., 2016, Sun et al., 2018, Liu et al., 2019), with specific interest in its role in cutaneous 

malignancies (Ellis et al., 2020, Ellis et al., 2014, Tang et al., 2016). Calcium and its downstream 

signalling has also been implicated in cancer through a variety of different mechanisms 

impacting on gene and protein expression, tumour microenvironment remodelling and 

treatment resistance (Monteith et al., 2017). Calcium signalling in this context is of particular 

relevance in keratinocyte carcinomas, as evidenced by the established relationship between 

calcium signalling and keratinocyte differentiation (Bikle et al., 2012). The uncoupling of this 

relationship therefore likely leads to the resistance of keratinocytes to cell death, their 
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sustained proliferative signalling, and the maintenance of a dedifferentiated cell state, all 

classical hallmarks of cancer (Hanahan and Weinberg, 2000, Hanahan and Weinberg, 2011) .  

Studies in the dysplastic/pre-lesional keratinocyte cell line PM1 (Figure 5.3) demonstrated 

these cells retained their capacity to respond to both calcium signalling and autophagy 

induction, and in this context the induction of AMBRA1, in a similar manner to CCD1106 

keratinocytes.  Collectively these data therefore suggest that even though dysplastic, the 

relationship between calcium signalling and AMBRA1 expression is maintained in PM1 cells. 

Nevertheless, in contrast to calcium signalling and the induction of Loricrin in CCD1106 cells 

and primary epidermal keratinocytes (Cosgarea et al 2021 in press), there was no effect of 

culturing PM1 cells in high calcium on Loricrin expression, suggesting some alteration of 

calcium signalling in these dysplastic keratinocytes prevents their ability to terminally 

differentiate, even though their culture in high calcium still induces AMBRA1 expression. 

Further alterations to calcium signalling in PM1 cells as compared with CCD1106 cells was 

evident in the context of the resulting effect on c-Myc expression. While serum starvation in 

both cell types resulted in a significant reduction in c-Myc expression, unlike in CCD1106 cells, 

culture of PM1 cells in high dose calcium had no impact on the reduction of c-Myc expression 

(Figure 5.3 C). This is likely explained by the dysplastic nature of PM1 cells where deregulated 

proliferation is an already characterised component of this atypia (Azazmeh and Ben-Porath, 

2020). Furthermore, the loss of c-Myc regulation has also been characterised as a key 

molecular event in early cSCC tumourigenesis (Zheng et al., 2014). However, given that 

expression of c-Myc in PM1 cells exposed to high calcium returned to control levels (ie levels 

observed in cells cultured under normal/lower calcium concentrations), rather than 

increasing, this suggests PM1 cells lose a tumour suppressive mechanism rather than gaining 

a pro oncogenic transformation.  

Studies of LC3B-II expression in PM1 cells revealed, as expected, that serum starvation 

induced autophagy, but that subjecting cells to high calcium in the presence of chloroquine 

also resulted in the  accumulation of LC3B-II (Figure 5.3E). This provides further evidence for 

the preservation of calcium signalling responses in this dysplastic/pre-lesional skin cell line. 

Furthermore it is likely that PM1 cells therefore hijack the ability of the calcium-induced 

differentiation machinery to activate autophagy, allowing for increased cell survival in the 

early stage of tumourigenesis, without losing their proliferative capacity. This hypothesis 
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however, is complexed by results showing culture of PM1 cells in high calcium in the presence 

of chloroquine did not result in accumulation of p62. It is possible that two hours of 

chloroquine treatment may not have been sufficient for p62 accumulation. Alternatively, the 

level of active autophagy (although demonstrable by the trend wise increase in AMBRA1 

expression and the accumulation of LC3B-II) was not high enough to be detected following 

only two hours of chloroquine treatment. 

Taken together, these data suggest that PM1 cells retain the ability to respond to calcium 

signals but the downstream elements have been altered to a level that sustains pro-survival 

mechanisms such as active autophagy and proliferation. Nevertheless and critical to cSCC 

tumourigenesis PM1 cells have lost their ability to undergo terminal differentiation thereby 

sustaining a de differentiated cell phenotype. 

In contrast to the effects of culture in high calcium and serum starvation-induced autophagy 

in PM1 cells, the effects of these treatments on AMBRA1 expression in the primary cSCC cell 

line MET1 differed dramatically. Results revealed AMBRA1 expression in MET 1 cells 

decreased in the presence of serum starvation for 72 hrs (Figure 5.4 B). However, as discussed 

previously, prolonged serum starvation for 72 hours is not a typical environmental pressure in 

vivo, and it is therefore unclear how such exposure impacts on autophagy regulatory protein 

expression. It is likely therefore that serum starvation for 72 hours in vitro leads to increased 

temporal downregulation and degradation of autophagy regulatory proteins, such as 

AMBRA1. However, since culture of MET1 cells in high dose calcium did not result in an 

increase in AMBRA1 expression, as observed in PM1 and CCD1106 cells, this suggests that the 

ability of calcium signalling in MET 1 cells to induce active autophagy has been lost. It is 

therefore possible that whilst the preservation of the ability for calcium signalling to induce 

autophagy is vital in early dysplastic/pre-lesional cells to ensure cell survival, by the time the 

cells have formed large scale tumour growth, this activity is detrimental to further cSCC 

progression. 

Studies in MET 1 cells also revealed, in line with observations in PM1 cells that there was no 

detectable change in loricrin expression in response to culture in high calcium in the presence 

or absence of serum starvation and/or chloroquine suggesting loss of calcium-induced 

terminal differentiation is also a maintained feature in cSCC tumourigenesis.  
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Interestingly, unlike the expression of c-Myc observed in PM1 cells, culture of MET1 cells in 

the presence of high calcium in the absence of chloroquine resulted in a significant decrease 

in the level of c-Myc expression (Figure 5.4 C). This decrease was prevented by treatment with 

chloroquine, suggesting loss of c-Myc results from general autophagic recycling rather than 

targeted degradation. The fact that c-Myc is retained in the presence of high calcium therefore 

suggests that primary MET 1 cells retain increased proliferative capacity as initially observed 

in the PM1, dysplastic/pre-lesional cell line.  

Similar to results from studies in PM1 cells, the subjection of MET1 cells to culture in high 

calcium and/or serum starvation in the presence of chloroquine did not result in p62 

accumulation. As previously discussed this is likely due to 2 hrs chloroquine treatment not 

being sufficient enough to allow for p62 accumulation. Interestingly, the culture of MET 1 cells 

in high calcium in the presence of chloroquine also did not result in LC3B-II accumulation 

(Figure 5.4 E). These data suggest that while CCD1106 cells and PM1 cells retain their 

sensitivity to calcium-induced autophagy, MET1 cells have lost this ability. The fact that 

calcium signalling is diminished in MET1 cells also likely leads to an overall reduction in 

autophagic activity, thus facilitating further mutagenesis and ultimately tumour progression 

(Amaravadi et al., 2016).   

The pattern of changes in protein expression in MET4 cells exposed to high calcium and or 

serum starvation in the presence or absence of chloroquine was near identical to that 

observed in PM1 cells (Figures 5.3 and 5.5). Specifically and most critically AMBRA1 expression 

displayed a trend wise increase in response to serum starvation, culture in high calcium and 

both high calcium and serum starvation (Figure 5.5 B). In contrast in MET1 cells, calcium 

signalling was unable to increase AMBRA1 expression, suggesting MET4 cells regain their 

ability to respond to calcium signalling and calcium-induced AMBRA1 expression. In addition 

these data suggest that the loss of calcium-induced AMBRA1 expression in primary cSCC cells 

is temporary, and most likely arises from a mechanistic alteration rather than a mutational 

mediated loss of response to calcium signalling. 

Data demonstrating MET4 cells cultured in high calcium in the presence of chloroquine 

resulted in increased AMBRA1 expression coupled with an accumulation in LC3B-II (Figure 

5.5), suggesting that MET4 cells regain their capacity for calcium-induced autophagy, and 

supports the notion that metastatic cSCC cells have a higher capacity for and more readily 
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inducible autophagy, likely supporting their survival following metastasis (Mowers et al., 

2017). Further supporting metastatic cSCC survival, observations in MET4 cells also showed 

culture in high calcium in the absence of chloroquine resulted in a significant increase in c-

Myc expression. This not only suggests that cSCC cells will be highly proliferative in their 

metastatic environment but also suggests that a pro-oncogenic mutation has occurred that 

leads to increased c-Myc expression further driving tumour proliferation (Waitzberg et al., 

2004, Ba et al., 2020).  

  

Taken together, these data demonstrate pre-lesional/dysplastic skin cells and metastatic cSCC 

cells in vitro respond to calcium signalling, allowing for the induction of pro-survival autophagy 

but resisting terminal differentiation thereby allowing for continued cell proliferation. This pro 

survival autophagy response to calcium signalling is lost however in primary cSCC cells, 

resulting in reduced autophagic capacity, thereby allowing increased mutagenic stress, driving 

cSCC progression.  

Overall these studies demonstrate that AMBRA1 expression is key to terminal keratinocyte 

differentiation and is reliant on both calcium signalling and autophagy induction. In cSCC 

tumourigenesis however, the dynamics of AMBRA 1 expression are uncoupled through the 

deregulation and hijacking of calcium signalling to facility pro-autophagy survival and the 

maintenance of a proliferative and de differentiated cell phenotype.  
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5.4 Summary 

• Calcium signalling and autophagy initiation are required for full AMBRA1 induction, 

which is required for terminal keratinocyte differentiation in vitro. 

• While AMBRA1 expression in keratinocyte differentiation relies on both calcium 

signalling and autophagy induction, its expression is decoupled from homeostatic 

autophagy regulation  

• In cSCC tumourigenesis and progression, the dynamics of AMBRA 1 expression are 

uncoupled through the deregulation and hijacking of calcium signalling to facility pro-

autophagy survival and the maintenance of a proliferative and de differentiated cell 

phenotype.  
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Cutaneous Squamous Cell Carcinoma (cSCC) poses a significant burden to health care systems 

and has a growing worldwide incidence (Lomas et al., 2012, Venables et al., 2019a). Whilst 

largely treatable, some patients do go onto develop disease reoccurrence and/or metastasis 

(Weinberg et al., 2007, Tokez et al., 2021) and highlighting the current lack of reliable 

biomarkers or ability of clinical guidelines to identify high-risk patient subsets. Whilst several 

biomarkers have been proposed, all lack consistency, reliability, accuracy and/or feasibility 

(Kreppel et al., 2013, Campos et al., 2019, Shapanis et al., 2021), further emphasising the 

unmet need for both novel prognostic biomarkers, as well as improved understanding of the 

underlying mechanisms that promote cSCC tumourigenesis and progression.  

Autophagy has been shown to be essential to both cellular homeostasis and keratinocyte 

differentiation, with the deregulation of these processes being associated with cSCC initiation 

(Ravanan et al., 2017, Akinduro et al., 2016). Given AMBRA1 is a key regulatory protein in 

autophagy induction, coupled with mounting evidence for its involvement in keratinocyte 

differentiation, the aim of the current study was to define crosstalk between AMBRA1 and the 

deregulation of these processes in cSCC development and progression as well as its potential 

as a prognostic biomarker (Cianfanelli et al., 2015a, Cosgarea et al., 2021). 

Data from the present study in a retrospective cohort of primary cSCC tumours, which either 

remained localised or subsequently progressed (reoccurred/metastasised), revealed loss of 

AMBRA1 expression occurs during cSCC tumourigenesis regardless of differentiation status or 

disease outcome. Given SQSTM1 (p62) is a selective autophagy receptor protein, analysis of 

its expression in primary cSCC tumours was undertaken to investigate its potential either 

alone or in combination with AMBRA1 (Katsuragi et al., 2015).  Results demonstrated both 

cytoplasmic and nuclear p62 expression increased in primary cSCC tumourigenesis, regardless 

of tumour differentiation status or disease outcome, similarly to AMBRA1 expression. Since 

cSCC cells in the tumour mass or tumour growth front likely represent cells at different levels 

of cancerous progression and invasive capacity, the expression of both AMBRA1 and p62 was 

defined in these regions of primary cSCC tumour, along with their expression in the normal 

and peritumoural epidermis. Given that manual H-score quantification of any given protein 

revealed by immunohistochemical expression is subjective and inconsistent, a digital 

approach was therefore used to quantify AMBRA1 and p62 expression. Subsequent regional 

ROC curve analysis identified loss of cytoplasmic AMBRA1 expression in the tumour growth 

front and loss of cytoplasmic p62 expression in the peritumoural epidermis as the regions of 
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primary cSCC tumour with greatest prognostic potential for stratifying patients based on 

disease outcome. Survival curve analysis then revealed that loss of AMBRA1 tumour growth 

front and peritumoural epidermal p62 expression identified high-risk cSCC tumour subsets at 

increased risk of disease recurrence/metastasis, independently of tumour differentiation 

status. 

Further sub-cohort analysis of poorly differentiated primary cSCC tumours, which either 

remained localised or developed metastasis, revealed loss of cytoplasmic AMBRA1 expression 

in the tumour growth front and loss of cytoplasmic p62 expression in the peritumoural 

epidermis identified high-risk tumour subsets with a significant propensity for metastasis. 

Notably, with a significant separation of low-risk and high-risk subsets, a hazard ratio of 

30.070, an assay specificity of 97% and a positive predictive value (PPV) of 86%. As such, the 

combined immunohistochemical loss of tumour growth front expression of AMBRA1, in 

combination with loss of peritumoural epidermal p62 expression in FFPE cSCC sections, 

outperforms the currently most well studied prognostic 40 gene test for poorly-differentiated 

tumours (Wysong et al., 2020). Additionally, given this test can be performed on the original 

excision biopsy tissue, it will fit seamlessly into current clinical diagnostic and histopathology 

pathways.  Nevertheless, further retrospective and perspective validation studies are 

warranted, to include the validation of the novel recombinant antibody to p62 prevalidated 

in the present study. Since we are entering a new generation of digital pathology with the use 

of AI to interpret immunohistochemical biomarker expression (Bera et al., 2019), the present 

study also provides a platform through which to inform the development of a novel machine 

learning driven biomarker test for cSCC.  

 

The loss of AMBRA1 expression, in the context of its potential as prognostic biomarker for 

cSCC, has been linked to the secretion of TGF-β2 by high-risk melanomas that result in 

transcriptional down regulation of AMBRA1 within its epidermal environment (Cosgarea et al., 

2021), while in HPV driven OPSCC, AMBRA1 loss is driven by HPV-induced calpain-mediated 

ubiquitin-dependent degradation (Antonioli et al., 2021). Studies of these two potential 

mechanisms of AMBRA1 loss in cSCC in vitro however revealed only increased TGF-β2 

expression and secretion, and not an increase in Cullin 4A expression, correlated with loss of 

AMBRA1 expression. Further studies of TGF-β signalling revealed increased TGF-β2 expression 

and secretion resulted in canonical activation of the TGF-β receptor ALK5 and downstream 

activation of SMAD2 and SMAD3. However, although successful in inhibiting cSCC cell viability 
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in vitro, chemical inhibition of the TGF-β2 evoked ALK5 canonical signalling pathway did not 

prevent the loss of AMBRA1 expression, suggesting this pathway is unlikely responsible for 

the observed loss of AMBRA1 seen in cSCC tumourigenesis in vivo. Several alternative 

mechanisms may drive the loss of AMBRA1 in cSCC tumourigenesis and one that warrants 

further investigation is the potential role of the ubiquitin E3 ligase RNF, also identified as a 

potential regulator of AMBRA1 expression, and whose overexpression may also lead to 

deregulated autophagy, tumorigenesis and ultimately cSCC progression (Xia et al., 2014).  

 

As well as its importance in autophagy, AMBRA1 has been shown to contribute to epidermal 

differentiation (Cosgarea et al., 2021). Given the well-documented importance of the 

maintenance of a dedifferentiated or stem-like cell state for carcinogenesis (Hanahan and 

Weinberg, 2000, Hanahan and Weinberg, 2011), the involvement of AMBRA1 in keratinocyte 

differentiation and autophagy was explored, in order to determine how loss of AMBRA1 

expression and the subsequent deregulation of these processes contribute to cSCC 

tumourigenesis. Studies of immortalised keratinocytes demonstrated AMBRA1 expression is 

initially reliant upon autophagy activation, but is later maintained through calcium-mediated 

epidermal differentiation signalling, suggesting AMBRA1 expression completely dissociates 

from autophagic regulation during keratinocyte differentiation. Nevertheless, to confirm the 

specific role of AMBRA1 in keratinocyte differentiation, further studies should include an 

investigation into whether its expression also contributes to the structural formation of the 

cornified envelope and/or cell junctional complexes of higher-level epidermal strata. 

Furthermore, given the role of AMBRA1 in membrane nucleation through phospholipid 

production (Axe et al., 2008), studies should also explore its potential role in lamellar body 

formation. In addition to confirming the initial reliance of AMBRA1 expression on autophagy 

activation, further studies are also required to understand if AMBRA1 expression is subject to 

a regulatory switch to calcium signalling-mediated differentiation only or if structural 

integration into required differentiation related machinery prevents standard targeted 

degradation pathways from reducing its expression.  

 

Additional studies of cSCC in vitro also revealed that calcium-signalling mediated regulation of 

AMBRA1 expression is lost during tumourigenesis, likely resulting in the maintenance of a 

dedifferentiated cell phenotype and facilitating sustained tumour cell proliferation. This 

further highlights that loss of AMBRA1 expression as a key event in the uncoupling of 
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autophagy and keratinocyte differentiation in cSCC development.   Given the observations of 

AMBRA1 loss in cSCC in vivo and the suggested regulation by calcium signalling, this highlights 

the potential for perturbed or hijacked calcium signalling, which may result in severely 

reduced AMBRA1 expression. 

 

Collectively these data highlight the tumour suppressive role of AMBRA1 in cSCC and its loss 

of expression in the tumour growth front in combination with the loss of peritumoural 

epidermal p62 expression as a novel prognostic biomarker. 
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FIGURE A. 1. CYTOPLASMIC AMBRA1 EXPRESSION IN THE NORMAL EPIDERMIS, PERITUMOURAL EPIDERMIS, TUMOUR MASS 
OR GROWTH FRONT DOES NOT DIFFER BETWEEN LOCALISED AND RECURRENT/METASTATIC PRIMARY CSCC TUMOURS. 
Scatter graph comparing the cytoplasmic AMBRA1 H-scores in the normal epidermis, peritumoural 
epidermis, tumour mass and tumour growth front regions in localised primary cSCC tumours (L) (n=62) 
or recurrent/metastatic primary cSCC tumours (R/M) (n=39). Horizontal bars represent the mean ± SD 
H-score for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction (ns = 
non-significant). 
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FIGURE A. 2. CYTOPLASMIC AMBRA1 EXPRESSION DECREASES IN THE PERITUMOURAL EPIDERMIS, TUMOUR MASS AND 
GROWTH FRONT OF LOCALISED AND RECURRENT/METASTATIC WELL-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Scatter graph representing the cytoplasmic AMBRA1 H-scores in the normal epidermis (n=19), 
peritumoural epidermis (n=20), tumour mass (n=21) and tumour growth front regions (n=21) of 21 
localised well-differentiated primary cSCC tumours. Horizontal bars represent the mean ± SD H-score 
for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction (*P<0.05) 
(**P<0.01) (****P<0.0001). (B) Scatter graph representing the cytoplasmic AMBRA1 H-scores in the 
normal epidermis (n=8), peritumoural epidermis (n=9), tumour mass (n=12) and tumour growth front 
regions (n=11) of 12 recurrent/metastatic well-differentiated primary cSCC tumours. Horizontal bars 
represent the mean ± SD H-score for each group. Statistics acquired by ordinary one-way ANOVA test 
with Tukey’s post hoc correction (*P<0.05). 
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FIGURE A. 3. CYTOPLASMIC AMBRA1 EXPRESSION DECREASES IN THE TUMOUR MASS AND GROWTH FRONT OF LOCALISED 
AND RECURRENT/METASTATIC MODERATELY WELL-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Scatter graph representing the cytoplasmic AMBRA1 H-scores in the normal epidermis (n=18), 
peritumoural epidermis (n=19), tumour mass (n=22) and tumour growth front regions (n=20) of 22 
localised moderately-differentiated primary cSCC tumours. Horizontal bars represent the mean ± SD H-
score for each group. Statistics acquired by ordinary one-way ANOVA test with Tukey’s post hoc 
correction (***P<0.001) (****P<0.0001). (B) Scatter graph representing the cytoplasmic AMBRA1 H-
scores in the normal epidermis (n=14), peritumoural epidermis (n=14), tumour mass (n=17) and tumour 
growth front regions (n=16) of 17 recurrent/metastatic moderately-differentiated primary cSCC 
tumours. Horizontal bars represent the mean ± SD H-score for each group. Statistics acquired by 
ordinary one-way ANOVA test with Tukey’s post hoc correction (****P<0.0001). 
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FIGURE A. 4. CYTOPLASMIC AMBRA1 EXPRESSION DECREASES IN THE PERITUMOURAL EPIDERMIS, TUMOUR MASS 
AND GROWTH FRONT OF LOCALISED AND RECURRENT/METASTATIC POORLY-DIFFERENTIATED PRIMARY CSCC 
TUMOURS. 
(A) Scatter graph representing the cytoplasmic AMBRA1 H-scores in the normal epidermis (n=18), 
peritumoural epidermis (n=17), tumour mass (n=19) and tumour growth front regions (n=17) of 19 
localised poorly-differentiated primary cSCC tumours. Horizontal bars represent the mean ± SD H-score 
for each group. Statistics acquired by ordinary one-way ANOVA test with Tukey’s post hoc correction 
(*P<0.05) (**P<0.01). (B) Scatter graph representing the cytoplasmic AMBRA1 H-scores in the normal 
epidermis (n=7), peritumoural epidermis (n=7), tumour mass (n=10) and tumour growth front regions 
(n=10) of 10 recurrent/metastatic poorly-differentiated primary cSCC tumours. Horizontal bars 
represent the mean ± SD H-score for each group. Statistics acquired by ordinary one-way ANOVA test 
with Tukey’s post hoc correction (*P<0.05) (***P<0.001). 
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FIGURE A. 5.  CYTOPLASMIC AMBR1 EXPRESSION IN THE NORMAL EPIDERMIS, PERITUMOURAL EPIDERMIS, TUMOUR MASS 
OR GROWTH FRONT DOES NOT DIFFER BETWEEN WELL-DIFFERENTIATED LOCALISED AND RECURRENT/METASTATIC PRIMARY 
CSCC. 
Scatter graph comparing the cytoplasmic AMBRA1 H-scores in the normal epidermis, peritumoural 
epidermis, tumour mass and tumour growth front regions in well-differentiated localised primary cSCC 
tumours (L) (n=21) or well-differentiated recurrent/metastatic primary cSCC tumours (R/M) (n=12). 
Horizontal bars represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis 
test with Dunn’s post hoc correction (ns = nonsignificant). 
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FIGURE A. 6. CYTOPLASMIC AMBR1 EXPRESSION IN THE NORMAL EPIDERMIS, PERITUMOURAL EPIDERMIS, TUMOUR MASS 
OR GROWTH FRONT DOES NOT DIFFER BETWEEN MODERATELY DIFFERENTIATED LOCALISED AND RECURRENT/METASTATIC 
PRIMARY CSCC. 
Scatter graph comparing the cytoplasmic AMBRA1 H-scores in the normal epidermis, peritumoural 
epidermis, tumour mass and tumour growth front regions in moderately-differentiated localised 
primary cSCC tumours (L) (n=22) or moderately-differentiated recurrent/metastatic primary cSCC 
tumours (R/M) (n=17). Horizontal bars represent the mean ± SD H-score for each group. Statistics 
acquired by ordinary one-way ANOVA test with Tukey’s post hoc correction (ns = non- significant). 
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FIGURE A. 7. CYTOPLASMIC AMBR1 EXPRESSION IN THE NORMAL EPIDERMIS, PERITUMOURAL EPIDERMIS, TUMOUR MASS 
OR GROWTH FRONT DOES NOT DIFFER BETWEEN POORLY-DIFFERENTIATED LOCALISED AND RECURRENT/METASTATIC 
PRIMARY CSCC.  
Scatter graph comparing the cytoplasmic AMBRA1 H-scores in the normal epidermis, peritumoural 
epidermis, tumour mass and tumour growth front regions in poorly-differentiated localised primary 
cSCC tumours (L) (n=19) or poorly-differentiated recurrent/metastatic primary cSCC tumours (R/M) 
(n=10). Horizontal bars represent the mean ± SD H-score for each group. Statistics acquired by ordinary 
one-way ANOVA test with Tukey’s post hoc correction (ns = non-significant). 
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FIGURE A. 8. CYTOPLASMIC P62 EXPRESSION IN THE NORMAL OR PERITUMOURAL EPIDERMIS OR THE TUMOUR MASS OR 
GROWTH FRONT OF PRIMARY CSCCS DOES NOT DIFFER BETWEEN LOCALISED AND RECURRENT/METASTATIC TUMOURS. 
Scatter graph comparing the cytoplasmic AMBRA1 H-scores in the normal epidermis, peritumoural 
epidermis, tumour mass and tumour growth front regions localised primary cSCC tumours (L) (n=63) or 
recurrent/metastatic primary cSCC tumours (R/M) (n=39). Horizontal bars represent the mean ± SD H-
score for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction (ns = 
nonsignificant). 
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FIGURE A. 9. CYTOPLASMIC EXPRESSION OF P62 IN WELL-DIFFERENTIATED LOCALISED OR RECURRENT IN PRIMARY CSCC 
TUMOURS. 
(A) Scatter graph representing the cytoplasmic p62 H-scores in the normal epidermis (n=19), 
peritumoural epidermis (n=21), tumour mass (n=22) and tumour growth front regions (n=22) of 22 
localised well-differentiated primary cSCC tumours. Horizontal bars represent the mean ± SD H-score 
for each group. Statistics acquired by ordinary one-way ANOVA test with Tukey’s post hoc correction 
(*P<0.05) (**P<0.01) (***P<0.001). (B) Scatter graph representing the cytoplasmic p62 H-scores in the 
normal epidermis (n=7), peritumoural epidermis (n=8), tumour mass (n=12) and tumour growth front 
regions (n=11) of 12 recurrent/metastatic well-differentiated primary cSCC tumours. Horizontal bars 
represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s 
post hoc correction. 
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FIGURE A. 10. CYTOPLASMIC EXPRESSION OF P62 IN MODERATELY-DIFFERENTIATED LOCALISED OR RECURRENT/METASTATIC 
PRIMARY CSCC TUMOURS. 
(A) Scatter graph representing the cytoplasmic p62 H-scores in the normal epidermis (n=18), 
peritumoural epidermis (n=19), tumour mass (n=22) and tumour growth front regions (n=20) of 22 
localised moderately-differentiated primary cSCC tumours. Horizontal bars represent the mean ± SD H-
score for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction 
(*P<0.05) (***P<0.001). (B) Scatter graph representing the cytoplasmic p62 H-scores in the normal 
epidermis (n=14), peritumoural epidermis (n=14), tumour mass (n=17) and tumour growth front 
regions (n=17) of 17 recurrent/metastatic moderately-differentiated primary cSCC tumours. Horizontal 
bars represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis test with 
Dunn’s post hoc correction. 
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FIGURE A. 11. CYTOPLASMIC EXPRESSION OF P62 IN POORLY DIFFERENTIATED LOCALISED OR RECURRENT/METASTATIC 
CSCCS. 
(A) Scatter graph representing the cytoplasmic p62 H-scores in the normal epidermis (n=17), 
peritumoural epidermis (n=16), tumour mass (n=19) and tumour growth front regions (n=17) of 19 
localised moderately-differentiated primary cSCC tumours. Horizontal bars represent the mean ± SD H-
score for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction 
(*P<0.05). (B) Scatter graph representing the mean cytoplasmic p62 H-score in the normal epidermis 
(n=7), peritumoural epidermis (n=7), tumour mass (n=10) and tumour growth front regions (n=10) of 
10 recurrent/metastatic moderately-differentiated primary cSCC tumours. Horizontal bars represent 
the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc 
correction. 
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FIGURE A. 12. CYTOPLASMIC P62 EXPRESSION IN THE NORMAL OR PERITUMOURAL OR TUMOUR MASS OR GROWTH 
FRONT OF WELL-DIFFERENTIATED CSCCS DOES NOT DIFFER BETWEEN LOCALISED AND RECURRENT/METASTATIC 
TUMOURS. 
Scatter graph comparing the cytoplasmic p62 H-scores in the normal epidermis, peritumoural 
epidermis, tumour mass and tumour growth front regions of well-differentiated localised primary cSCC 
tumours (L) (n=22) or-differentiated recurrent/metastatic primary cSCC tumours (R/M) (n=12). 
Horizontal bars represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis 
test with Dunn’s post hoc correction (ns = non-significant). 
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FIGURE A. 13. CYTOPLASMIC P62 EXPRESSION IN THE NORMAL OR PERITUMOURAL OR TUMOUR MASS OR GROWTH 
FRONT OF MODERATELY WELL-DIFFERENTIATED CSCCS DOES NOT DIFFER BETWEEN LOCALISED AND 
RECURRENT/METASTATIC TUMOURS. 
Scatter graph comparing the cytoplasmic p62 H-scores in the normal epidermis, peritumoural 
epidermis, tumour mass and tumour growth front regions in moderately-differentiated localised 
primary cSCC tumours (L) (n=22) or moderately-differentiated recurrent/metastatic primary cSCC 
tumours (R/M) (n=17). Horizontal bars represent the mean ± SD H-score for each group. Statistics 
acquired by Kruskal-Wallis test with Dunn’s post hoc correction (ns = non-significant). 
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FIGURE A. 14. CYTOPLASMIC P62 EXPRESSION IN THE NORMAL OR PERITUMOURAL OR TUMOUR MASS OR GROWTH FRONT 
OF POORLY-DIFFERENTIATED CSCCS DOES NOT DIFFER BETWEEN LOCALISED AND RECURRENT/METASTATIC TUMOURS. 
Scatter graph comparing the cytoplasmic p62 H-scores in the normal epidermis, peritumoural 
epidermis, tumour mass and tumour growth front regions in poorly-differentiated localised primary 
cSCC tumours (L) (n=19) recurrent/metastatic poorly-differentiated primary cSCC tumours (R/M) 
(n=10). Horizontal bars represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-
Wallis test with Dunn’s post hoc correction (ns = non-significant). 
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FIGURE A. 15. NUCLEAR P62 EXPRESSION IN THE NORMAL OR PERITUMOURAL EPIDERMIS OR THE TUMOUR MASS OR GROWTH 
FRONT DOES NOT DIFFER BETWEEN LOCALISED AND RECURRENT/METASTATIC PRIMARY CSCC TUMOURS. 
Scatter graph comparing the nuclear p62 H-scores in the normal epidermis, peritumoural epidermis, 
tumour mass and tumour growth front regions of localised primary cSCC tumours (L) (n=63) to those 
in recurrent/metastatic primary cSCC tumours (R/M) (n=39). Horizontal bars represent the mean ± SD 
H-score for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction (ns = 
non-significant). 
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FIGURE A. 16. NUCLEAR P62 EXPRESSION INCREASES WITH CSCC PROGRESSION IN ALL WELL-DIFFERENTIATED CSCC 
TUMOURS REGARDLESS OF RECURRENT/METASTATIC OUTCOME. 
(A) Scatter graph representing the nuclear p62 H-scores in the normal epidermis (n=19), peritumoural 
epidermis (n=21), tumour mass (n=22) and tumour growth front regions (n=22) in 22 well-differentiated 
localised primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for each group. 
Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction (*P<0.05) (****P<0.0001). (B) 
Scatter graph representing the mean nuclear p62 H-scores in the normal epidermis (n=7), peritumoural 
epidermis (n=8), tumour mass (n=12) and tumour growth front regions (n=11) of 12 well-differentiated 
recurrent/metastatic primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for each 
group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction (*P<0.05) (**P<0.01). 
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FIGURE A. 17. NUCLEAR P62 EXPRESSION INCREASES WITH CSCC PROGRESSION IN ALL MODERATELY-DIFFERENTIATED CSCC 
TUMOURS REGARDLESS OF DISEASE OUTCOME. 
(A) Scatter graph representing the nuclear p62 H-scores in the normal epidermis (n=18), peritumoural 
epidermis (n=19), tumour mass (n=22) and tumour growth front regions (n=20) in 22 moderately-
differentiated localised primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for 
each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction (**P<0.01) 
(***P<0.001). (B) Scatter graph representing the nuclear p62 H-scores in the normal epidermis 
(n=14), peritumoural epidermis (n=14), tumour mass (n=17) and tumour growth front regions (n=17) 
in 17 moderately-differentiated recurrent/metastatic primary cSCC tumours. Horizontal bars 
represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis test with 
Dunn’s post hoc correction (*P<0.05) (***P<0.001) (****P<0.0001). 
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FIGURE A. 18. NUCLEAR P62 EXPRESSION INCREASES WITH CSCC PROGRESSION IN ALL POORLY-DIFFERENTIATED CSCC 
TUMOURS REGARDLESS OF DISEASE OUTCOME. 
(A) Scatter graph representing the nuclear p62 H-scores in the normal epidermis (n=17), peritumoural 
epidermis (n=16), tumour mass (n=19) and tumour growth front regions (n=17) in 19 poorly-
differentiated localised primary cSCC tumours. Horizontal bars represent the mean ± SD H-score for 
each group. Statistics acquired by Kruskal-Wallis test with Dunn’s post hoc correction (*P<0.05) 
(**P<0.01) (***P<0.001) (****P<0.0001). (B) Scatter graph representing the nuclear p62 H-scores in 
the normal epidermis (n=7), peritumoural epidermis (n=7), tumour mass (n=10) and tumour growth 
front regions (n=10) in 10 poorly-differentiated recurrent/metastatic primary cSCC tumours. Horizontal 
bars represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis test with 
Dunn’s post hoc correction (**P<0.01)  
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FIGURE A. 19. NUCLEAR P62 EXPRESSION IN THE NORMAL OR PERITUMOURAL EPIDERMIS OR THE TUMOUR MASS OR GROWTH 
FRONT DOES NOT DIFFER BETWEEN  WELL-DIFFERENTIATED LOCALISED OR RECURRENT/METASTATIC CSCCS. 
Scatter graph comparing the nuclear p62 H-scores in the normal epidermis, peritumoural epidermis, 
tumour mass and tumour growth front regions in well-differentiated localised primary cSCC tumours 
(L) (n=22) or well-differentiated recurrent/metastatic primary cSCC tumours (R/M) (n=39). Horizontal 
bars represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis test with 
Dunn’s post hoc correction (ns = non-significant). 
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FIGURE A. 20. NUCLEAR P62 EXPRESSION IN THE NORMAL OR PERITUMOURAL EPIDERMIS OR THE TUMOUR MASS OR 
GROWTH FRONT DOES NOT DIFFER BETWEEN MODERATELY WELL-DIFFERENTIATED LOCALISED OR RECURRENT/METASTATIC 
CSCCS. 
Scatter graph of nuclear p62 H-scores in the normal epidermis, peritumoural epidermis, tumour mass 
and tumour growth front regions of  moderately-differentiated localised primary cSCC tumours (L) 
(n=22) or moderately-differentiated recurrent/metastatic moderately-differentiated primary cSCC 
tumours (R/M) (n=17). Horizontal bars represent the mean ± SD H-score for each group. Statistics 
acquired by Kruskal-Wallis test with Dunn’s post hoc correction (ns = non-significant). 
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FIGURE A. 21. NUCLEAR P62 EXPRESSION IN THE NORMAL OR PERITUMOURAL EPIDERMIS OR THE TUMOUR MASS OR GROWTH 
FRONT DOES NOT DIFFER BETWEEN POORLY-DIFFERENTIATED LOCALISED OR RECURRENT/METASTATIC CSCCS.  
Scatter graph of nuclear p62 H-scores of the normal epidermis, peritumoural epidermis, tumour mass 
and tumour growth front regions of poorly-differentiated localised primary cSCC tumours (L) (n=22)  or 
poorly-differentiated recurrent/metastatic primary cSCC tumours (R/M) (n=17). Horizontal bars 
represent the mean ± SD H-score for each group. Statistics acquired by Kruskal-Wallis test with Dunn’s 
post hoc correction (ns = non-significant). 
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FIGURE A. 22. CYTOPLASMIC AMBRA1 EXPRESSION IN THE PERITUMOURAL EPIDERMIS OR THE TUMOUR MASS REGION DOES 
NOT PREDICT CSCC PROGRESSION OF PRIMARY CSCC TUMOURS AS WELL AS EXPRESSION IN THE TUMOUR GROWTH FRONT. 
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis) 
based on the cytoplasmic AMBRA1 H-score in the peritumoural epidermis of all primary cSCC tumours 
(n=86). The AMBRA1 H-score with the highest specificity and sensitivity is highlighted by a red circle. 
AUC = area under the curve. (B) Receiver operating characteristic (ROC) curve for prediction of 
prediction of a cSCC event (recurrence/metastasis) based on the cytoplasmic AMBRA1 H-score in the 
tumour mass of all primary cSCC tumours (n=101). The AMBRA1 H-score with the highest specificity 
and sensitivity is highlighted by a red circle. AUC = area under the curve. 
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FIGURE A. 23. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT BEST PREDICTS A CSCC DISEASE EVENT 
IN WELL-DIFFERENTIATED PRIMARY CSCC TUMOURS.  
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the cytoplasmic AMBRA1 H-score in the peritumoural epidermis of 
well-differentiated primary cSCC tumours (n=29). The AMBRA1 H-score with the highest specificity and 
sensitivity is highlighted by a red circle. AUC = area under the curve. (B) Receiver operating 
characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis) metastasis based on 
the cytoplasmic AMBRA1 H-score in the tumour mass of well-differentiated primary cSCC tumours 
(n=33). The AMBRA1 H-score with the highest specificity and sensitivity is highlighted by a red circle. 
AUC = area under the curve. (C) Receiver operating characteristic (ROC) curve for prediction of a cSCC 
event (recurrence/metastasis) based on the cytoplasmic AMBRA1 H-score in the tumour growth front 
of well-differentiated primary cSCC tumours (n=32). The AMBRA1 H-score with the highest specificity 
and sensitivity is highlighted by a red circle. AUC = area under the curve. 
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FIGURE A. 24. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT BEST PREDICTS A CSCC DISEASE EVENT 
IN MODERATELY-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the cytoplasmic AMBRA1 H-score in the peritumoural epidermis of 
moderately-differentiated primary cSCC tumours (n=33). The AMBRA1 H-score with the highest 
specificity and sensitivity is highlighted by a red circle. AUC = area under the curve. (B) Receiver 
operating characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis) based on 
the cytoplasmic AMBRA1 H-score in the tumour mass of moderately-differentiated primary cSCC 
tumours (n=39). The AMBRA1 H-score with the highest specificity and sensitivity is highlighted by a red 
circle. AUC = area under the curve. (C) Receiver operating characteristic (ROC) curve for prediction of a 
cSCC event (recurrence/metastasis) based on the cytoplasmic AMBRA1 H-score in the tumour growth 
front of moderately-differentiated cSCC tumours (n=36). The AMBRA1 H-score with the highest 
specificity and sensitivity is highlighted by a red circle. AUC = area under the curve.  
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FIGURE A. 25. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT BEST PREDICTS A CSCC EVENT 
OCCURRING IN POORLY-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the cytoplasmic AMBRA1 H-score in the peritumoural epidermis 
of poorly-differentiated primary cSCC tumours (n=24). The AMBRA1 H-score with the highest 
specificity and sensitivity is highlighted by a red circle. AUC = area under the curve. (B) Receiver 
operating characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis) based on 
the cytoplasmic AMBRA1 H-score in the tumour mass of poorly-differentiated primary cSCC tumours 
(n=29). The AMBRA1 H-score with the highest specificity and sensitivity is highlighted by a red circle. 
AUC = area under the curve. (C) Receiver operating characteristic (ROC) curve for prediction of a cSCC 
event (recurrence/metastasis) based on the cytoplasmic AMBRA1 H-score in the tumour growth front 
of poorly-differentiated cSCC tumours (n=27). The AMBRA1 H-score with the highest specificity and 
sensitivity is highlighted by a red circle. AUC = area under the curve.  
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FIGURE A. 26. CYTOPLASMIC P62 EXPRESSION IN THE TUMOUR MASS OR GROWTH OF PRIMARY CSCCS DO NOT PREDICT 
DISEASE PROGRESSION AS WELL AS EXPRESSION IN THE PERI-TUMOURAL EPIDERMIS. TUMOUR GROWTH FRONT. 
 (A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(recurrence/metastasis) based on the cytoplasmic p62 H-score in the tumour mass of all primary cSCC 
tumours (n=102). The p62 H-score with the highest specificity and sensitivity is highlighted by a red 
circle. AUC = area under the curve. (B) Receiver operating characteristic (ROC) curve for prediction of a 
cSCC event (recurrence/metastasis) based on the cytoplasmic p62 H-score in the tumour growth front 
of all primary cSCC tumours (n=97). The p62 H-score with the highest specificity and sensitivity is 
highlighted by a red circle. AUC = area under the curve 
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FIGURE A. 27. CYTOPLASMIC P62 EXPRESSION IN THE PERITUMOURAL EPIDERMIS BEST PREDICTS A CSCC EVENT OCCURRING 
IN WELL-DIFFERENTIATED PRIMARY CSCC TUMOURS.  
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the cytoplasmic p62 H-score in the peritumoural epidermis of well-
differentiated primary cSCC tumours (n=29). The p62 H-score with the highest specificity and sensitivity 
is highlighted by a red circle. AUC = area under the curve. (B) Receiver operating characteristic (ROC) 
curve for prediction of a cSCC event (recurrence/metastasis) based on the cytoplasmic p62 H-score in 
the tumour mass of well-differentiated primary cSCC tumours (n=34). The p62 H-score with the highest 
specificity and sensitivity is highlighted by a red circle. AUC = area under the curve. (C) Receiver 
operating characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis) based on 
the cytoplasmic p62 H-score in the tumour growth front of well-differentiated primary cSCC tumours 
(n=33). The p62 H-score with the highest specificity and sensitivity is highlighted by a red circle. AUC = 
area under the curve. 
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FIGURE A. 28. CYTOPLASMIC P62 EXPRESSION IN THE TUMOUR GROWTH FRONT BEST PREDICTS A CSCC EVENT OCCURRING 
IN MODERATELY-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the cytoplasmic p62 H-score in the peritumoural epidermis of 
moderately-differentiated primary cSCC tumours (n=23). The p62 H-score with the highest specificity 
and sensitivity is highlighted by a red circle. AUC = area under the curve. (B) Receiver operating 
characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis) based on the 
cytoplasmic p62 H-score in the tumour mass of moderately-differentiated primary cSCC tumours 
(n=39). The p62 H-score with the highest specificity and sensitivity is highlighted by a red circle. AUC = 
area under the curve. (C) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(recurrence/metastasis)  based on the cytoplasmic p62 H-score in the tumour growth front of 
moderately-differentiated primary cSCC tumours (n=37). The p62 H-score with the highest specificity 
and sensitivity is highlighted by a red circle. AUC = area under the curve. 
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FIGURE A. 29. CYTOPLASMIC P62 EXPRESSION IN THE PERITUMOURAL EPIDERMIS BEST PREDICTS A CSCC EVENT OCCURRING 
IN POORLY-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the cytoplasmic p62 H-score in the peritumoural epidermis of 
poorly-differentiated primary cSCC tumours (n=23). The p62 H-score with the highest specificity and 
sensitivity is highlighted by a red circle. AUC = area under the curve. (B) Receiver operating 
characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis)  based on the 
cytoplasmic p62 H-score in the tumour mass of poorly-differentiated primary cSCC tumours (n=29). The 
p62 H-score with the highest specificity and sensitivity is highlighted by a red circle. AUC = area under 
the curve. (C) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(recurrence/metastasis) based on the cytoplasmic p62 H-score in the tumour growth front of poorly-
differentiated primary cSCC tumours (n=27). The p62 H-score with the highest specificity and sensitivity 
is highlighted by a red circle. AUC = area under the curve. 
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FIGURE A. 30. EXPRESSION OF NUCLEAR P62 IN PERITUMOURAL EPIDERMIS, TUMOUR MASS OR GROWTH FRONT DOES NOT 
PREDICT DISEASE PROGRESSION AS WELL AS CYTOPLASMIC EXPRESSION IN THE PERITUMOURAL EPIDERMIS.  
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the nuclear p62 H-score in the peritumoural epidermis of all 
primary cSCC tumours (n=85). The p62 H-score with the highest specificity and sensitivity is highlighted 
by a red circle. AUC = area under the curve. (B) Receiver operating characteristic (ROC) curve for 
prediction of a cSCC event (recurrence/metastasis) based on the nuclear p62 H-score in the tumour 
mass of all primary cSCC tumours (n=102). The p62 H-score with the highest specificity and sensitivity 
is highlighted by a red circle. AUC = area under the curve. (C) Receiver operating characteristic (ROC) 
curve for prediction of a cSCC event (recurrence/metastasis) based on the nuclear p62 H-score in the 
tumour growth front of all primary cSCC tumours (n=97). The p62 H-score with the highest specificity 
and sensitivity is highlighted by a red circle. AUC = area under the curve. 
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FIGURE A. 31. NUCLEAR P62 EXPRESSION IN THE TUMOUR GROWTH FRONT BEST PREDICTS A CSCC EVENT OCCURRING IN 
WELL-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the nuclear p62 H-score in the peritumoural epidermis of well-
differentiated primary cSCC tumours (n=29). The p62 H-score with the highest specificity and sensitivity 
is highlighted by a red circle. AUC = area under the curve. (B) Receiver operating characteristic (ROC) 
curve for prediction of a cSCC event (recurrence/metastasis) s based on the nuclear p62 H-score in the 
tumour mass of well-differentiated primary cSCC tumours (n=34). The p62 H-score with the highest 
specificity and sensitivity is highlighted by a red circle. AUC = area under the curve. (C) Receiver 
operating characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis) based on 
the nuclear p62 H-score in the tumour growth front of well-differentiated primary cSCC tumours (n=33). 
The p62 H-score with the highest specificity and sensitivity is highlighted by a red circle. AUC = area 
under the curve. 
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FIGURE A. 32. NUCLEAR P62 EXPRESSION IN THE PERITUMOURAL EPIDERMIS BEST PREDICTS A CSCC EVENT OCCURRING IN 
MODERATELY-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the nuclear p62 H-score in the peritumoural epidermis of 
moderately-differentiated primary cSCC tumours (n=33). The p62 H-score with the highest specificity 
and sensitivity is highlighted by a red circle. AUC = area under the curve. (B) Receiver operating 
characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis)  based on the nuclear 
p62 H-score in the tumour mass of moderately-differentiated primary cSCC tumours (n=39). The p62 H-
score with the highest specificity and sensitivity is highlighted by a red circle. AUC = area under the 
curve. (C) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(recurrence/metastasis) based on the nuclear p62 H-score in the tumour growth front of moderately-
differentiated primary cSCC tumours (n=37). The p62 H-score with the highest specificity and sensitivity 
is highlighted by a red circle. AUC = area under the curve. 
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FIGURE A. 33. NUCLEAR P62 EXPRESSION IN THE PERITUMOURAL EPIDERMIS BEST PREDICTS A CSCC EVENT OCCURRING IN 
POORLY-DIFFERENTIATED PRIMARY CSCC TUMOURS. 
(A) Receiver operating characteristic (ROC) curve for prediction of a cSCC event 
(reoccurrence/metastasis) based on the nuclear p62 H-score in the peritumoural epidermis of poorly-
differentiated primary cSCC tumours (n=23). The p62 H-score with the highest specificity and sensitivity 
is highlighted by a red circle. AUC = area under the curve. (B) Receiver operating characteristic (ROC) 
curve for prediction of a cSCC event (recurrence/metastasis) based on the nuclear p62 H-score in the 
tumour mass of poorly-differentiated primary cSCC tumours (n=29). The p62 H-score with the highest 
specificity and sensitivity is highlighted by a red circle. AUC = area under the curve. (C) Receiver 
operating characteristic (ROC) curve for prediction of a cSCC event (recurrence/metastasis) based on 
the nuclear p62 H-score in the tumour growth front of poorly-differentiated primary cSCC tumours 
(n=27). The p62 H-score with the highest specificity and sensitivity is highlighted by a red circle. AUC = 
area under the curve. 
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FIGURE A. 34. CYTOPLASMIC AMBRA1 EXPRESSION IN THE TUMOUR GROWTH FRONT ALONE IS UNABLE TO IDENTIFY HIGH 
RISK WELL, MODERATELY OR POORLY DIFFERENTIATED CSCC TUMOUR SUBSETS.  
(A) Kaplan-Meier survival analysis representing 60-month disease event free rate in 29 primary cSCC 
tumours stratified as low risk (n=15) and high risk (n=14) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region. (B) Kaplan-Meier survival analysis representing 60-
month disease event free rate in 32 primary cSCC tumours stratified as low risk (n=17) and high risk 
(n=15) groups based on cytoplasmic AMBRA1 expression in the tumour growth front region. (C) Kaplan-
Meier survival analysis representing 60-month disease event free rate in 25 primary cSCC tumours 
stratified as low risk (n=13) and high risk (n=12) groups based on cytoplasmic AMBRA1 expression in 
the tumour growth front region. Statistics acquired by Mantel-Cox log-rank test and Mantel-Haenszel 
test (ns=non-significant). 
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FIGURE A. 35. ONLY NUCLEAR P62 EXPRESSION IN POORLY-DIFFERENTIATED CSCC TUMOURS IS ABLE TO STRATIFY CSCC 
PATIENTS BASED ON DISEASE OUTCOME. 
(A) Kaplan-Meier survival analysis representing 60-month disease event free rate in 27 primary cSCC 
tumours stratified as low risk (n=16) and high risk (n=11) groups based on cytoplasmic p62 expression 
in the peritumoural epidermis. (B) Kaplan-Meier survival analysis representing 60-month disease event 
free rate in 32 primary cSCC tumours stratified as low risk (n=14) and high risk (n=18) groups based on 
cytoplasmic p62 expression in the tumour growth front region. (C) Kaplan-Meier survival analysis 
representing 60-month disease event free rate in 21 primary cSCC tumours stratified as low risk (n=14) 
and high risk (n=7) groups based on nuclear p62 expression in the peritumoural epidermis. Statistics 
acquired by Mantel-Cox log-rank test and Mantel-Haenszel test (ns=non-significant) (*P<0.05).  
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FIGURE A. 36. COMBINED TUMOUR GROWTH FRONT AMBRA1 AND PERITUMOURAL P62 EXPRESSION IS A PUTATIVE 
PROGNOSTIC BIOMARKER FOR MODERATELY AND POORLY DIFFERENTIATED CSCCS. 
(A) Kaplan-Meier survival analysis representing 60-month disease event free rate in 26 primary cSCC 
tumours stratified as low risk (n=20) and high risk (n=6) groups based on cytoplasmic AMBRA1 
expression in the tumour growth front region and cytoplasmic p62 expression in the peritumoural 
epidermis. (B) Kaplan-Meier survival analysis representing 60-month disease event free rate in 32 
primary cSCC tumours stratified as low risk (n=25) and high risk (n=7) groups based on cytoplasmic 
AMBRA1 expression in the tumour growth front region and cytoplasmic p62 expression in the tumour 
growth front region. (C) Kaplan-Meier survival analysis representing 60-month disease event free rate 
in 20 primary cSCC tumours stratified as low risk (n=15) and high risk (n=5) groups based on cytoplasmic 
AMBRA1 expression in the tumour growth front region and nuclear p62 expression in the peritumoural 
epidermis. Statistics acquired by Mantel-Cox log-rank test and Mantel-Haenszel test (ns=non-
significant) (*P<0.05).
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