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Abstract 
Multicellular organisms have evolved complex responses to cellular stress which are 
protective over the initiation of disease. In response to adverse environmental or 
cellular changes, cells upregulate pathways to repair any damage and restore 
homeostasis. If cell repair is not possible, cells are genetically programmed to 
undergo controlled cell death, known as apoptosis. This provides the ultimate 
protection against the proliferation of damaged cells which would contribute to 
disease development and progression. 

Conditions such as hypoxia and nutrient deprivation lead to robust cellular 
physiological responses by: (i) limiting the capacity of the endoplasmic reticulum (ER) 
to synthesise proteins, inducing an ER stress response which halts translation to aid 
cellular repair; (ii) inducing the degradation of cellular content by the autophagy 
pathway to provide nutrients and energy for survival. Importantly, both ER stress and 
autophagy pathways promote apoptosis after sustained, irreparable damage. 
Tumour cells hijack these protective responses to enable their hyperproliferatation 
in a 3D tumour mass by upregulating pro-survival ER stress and autophagy pathways 
and downregulating pro-death apoptosis pathways.  

The plasma membrane (PM) protein PERP induces apoptosis in many cell types. PERP 
is downregulated in tumours of multiple tissues and this often correlates which 
increased aggressiveness, metastasis risk and resistance to apoptosis-inducing 
chemo- and radiotherapies. The aim of this study was to characterise the pathways 
governing the regulation of PERP at the PM and its protein-protein interactions which 
mediate apoptosis induction.  

Here, we showed that PERP is synthesised in the ER and is trafficked to the PM in 
large post-Golgi carriers. PERP is distributed to protein islands across the PM of 
healthy cells and is present in cell-cell and cell-matrix adhesive membrane regions. 
We found that PERP interacts with ER proteins SERCA2b and ORP8L, which regulate 
calcium and lipid signalling respectively, at ER-PM points of contact. We therefore 
studied the role of PERP in the response to ER stress and found that PERP is 
upregulated in a transcription-independent manner and accumulates across the PM 
due to a reduction in its uptake and degradation. In line with previous studies, ER 
stress induced an upregulation in autophagy. We found that, PERP is degraded by a 
selective lysosomal pathway and sustained autophagy mediated an increase in PERP 
which correlated with apoptosis. Together, this indicated that PERP accumulates at 
the PM in response to ER stress due to an increase in its protein stability as a result 
of sustained induction of autophagy. Significantly, we showed that PERP and 
SERCA2b increasingly interact during ER stress and SERCA2b-mediated apoptosis at 
ER-PM junctions, which suggested that PERP regulates the generation of toxic ER 
calcium levels to induce apoptosis. 

The findings showed that PERP mediates apoptosis at inter-organelle points of 
contact via the regulation of calcium and lipid signals and provides an important 
cross-talk between the ER stress, autophagy and apoptosis pathways. These findings 
highlighted the protective functions of PERP against tumour formation and 
metastasis and identified novel avenues for therapeutic intervention.  
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1.1. PERP- A novel p53-regulated apoptosis effector  

1.1.1. General mechanisms of apoptosis   

Apoptosis was first termed in 1972, describing a universal mode of programmed cell 

death which controls cell number in response to both physiological and pathological 

stimuli and induces no immune response (Kerr et al., 1972). This is in contrast to 

necrosis, an unprogrammed mode of cell death, during which cells swell, lose 

membrane integrity and release their cytoplasmic components into the tissue. This 

leads to an inflammatory response and is therefore disruptive to the tissue’s 

homeostasis (Majno and Joris, 1995). However, apoptosis and necrosis can occur 

simultaneously depending on the severity of the stimuli and the availability of the 

molecules required for apoptosis (Elmore, 2007). Apoptosis is now known to be a 

fundamental mechanism which is important during processes such as embryo 

development, homeostatic cell turnover and the removal of damaged cells from the 

system. Disruption to the apoptotic response is associated with many human 

diseases, for example too much apoptosis contributes to neurodegenerative 

diseases, while too little apoptosis occurs in cancer (Elmore, 2007).  

During apoptosis the cell is broken down in a controlled manner and the cell 

remnants are prepared for engulfment by phagocytes (Taylor et al., 2008). These 

structural changes are largely induced by the action of a family of cysteine protease 

enzymes, known as caspases (cysteine-dependent aspartate specific protease), 

which generally cleave protein substrates on the C-terminal side of aspartate. Twelve 

caspases exist, which can be broadly classified into three groups based on their 

sequence and functional similarities; caspases 8, 9 and 10 are initiator caspases, 

caspases 3, 6 and 7 are effector/executioner caspases, and caspases 1, 4 and 5 are 

inflammatory caspases. Although caspase 2 is structurally related to the initiator 

caspases, its functions are more related to the executioner caspases. In addition, 

caspases 12 and 14 function in specialised cellular contexts (Julien and Wells, 2017). 

Caspases are present within healthy cells as inactive precursor enzymes 

(procaspases), which are activated in a two-step pathway of apoptosis induction. 

Firstly, initiator caspases are activated and auto-proteolytically cleaved. Initiator 
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caspases then amplify the apoptosis signal by activating multiple executioner 

caspases, which carry out the proteolysis during cell demolition (Julien and Wells, 

2017).  

Thousands of caspase targets have been identified in mammalian cells which are 

specifically cleaved by the different family members, recognised by the amino acids 

neighbouring aspartate (Julien and Wells, 2017). However, only a few caspase-

mediated proteolytic cleavages have been linked to the structural and morphological 

changes which occur during apoptosis (Taylor et al., 2008). The main such changes 

are: 

- The cell rounds up and the plasma membrane (PM) undergoes blebbing due 

to the cleavage of cytoskeletal components.  

- The cell detaches from neighbouring cells and the extracellular matrix due to 

the cleavage of cell-cell adhesion complexes and cell-matrix adhesion sites.  

- The nucleus is fragmented due to the collapse of the nuclear envelope via the 

cleavage of nuclear lamina and the actin cytoskeleton. In addition, the DNA is 

condensed and degraded into fragments.  

- Transcription and translation are inhibited by the cleavage of fundamental 

cellular components, such as transcription factors and ribosomal RNA (rRNA).  

- The endoplasmic reticulum (ER), Golgi apparatus and mitochondria are 

fragmented which ensures that the cell is no longer viable. The mitochondria 

is permeabilised by BH3-only proteins rather than caspases, but caspases 

have a role in shutting down the mitochondrial functions   

 

These processes prevent cell division and enable the separation of fragmented 

organelles into small vesicles known as apoptotic bodies (Kerr et al., 1972). Apoptotic 

bodies are recognised by macrophages via a number of mechanisms, including the 

secretion of chemoattractant molecules and the externalisation of 

phosphatidylserine (PS), which binds to PS receptors on the membranes of 

macrophages. Apoptotic cells are therefore engulfed by macrophages and their 

components are degraded and recycled. These mechanisms allow apoptotic cells to 
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be differentiated from healthy cells and ensure that they are removed without 

inducing inflammation (Taylor et al., 2008). 

Apoptosis is a highly complex process involving a huge range of molecules and 

signalling pathways. Pro-apoptotic and anti-apoptotic mechanisms continually 

balance each other and cell fate is determined by disturbances to this equilibrium. 

Apoptotic signalling pathways can be classified as either extrinsic or intrinsic (Figure 

1.1) (Elmore, 2007).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. General extrinsic and intrinsic apoptosis pathways.  Extrinsic apoptosis 
is activated via the binding of an extracellular ligand to a death receptor, inducing 
the formation of a death-inducing signalling complex (DISC) which activates caspase 
8. Intrinsic apoptosis is induced by the activation of pro -apoptotic BH3-only 
proteins (e.g. Bax, Bid, Noxa, Puma) at the mitochondria which mediate 
destabilisation of the mitochondrial membrane and the release of cytochrome c. 
Cytoplasmic cytochrome c forms an apoptosome which activates caspase 9. Caspase 
8 engages the intrinsic apoptosis pathway via the cleavage and activation of Bid 
which promotes mitochondrial destabilisation. Both caspases 8 and 9 activate 
caspases 3/7 for the execution phase of apoptosis.  
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Extrinsic apoptosis is induced from outside of the cell by either the binding or release 

of ligands from death receptors or dependence receptors respectively. Death 

receptors typically belong to the tumour necrosis factor (TNF) receptor superfamily 

of transmembrane proteins which have a conserved cytoplasmic death domain (e.g. 

Fas receptor, TNF receptor 1 (TNFR1), death receptor 4 (DR4), death receptor 5(DR5)) 

(Locksley et al., 2001). Binding of a specific ligand to a death receptor induces 

clustering of the receptor and the recruitment and binding of cytoplasmic adaptor 

proteins via the death domain. In addition, procaspase 8 dimerises with the adaptor 

protein, forming a death-inducing signalling complex (DISC), which results in the 

auto-activation of procaspase 8. Activated caspase 8 subsequently induces the 

execution phase of apoptosis by activating caspases 3/7 (Kischkel et al., 1995). 

Extrinsic apoptosis pathways therefore transmit signals from the plasma membrane 

to activate effector caspase enzymes.  

Intrinsic apoptosis is induced by internal stimuli, such as DNA damage, hypoxia, viral 

infection, free radicals and the depletion of growth factors/hormones (Elmore, 

2007). All of these factors cause pro-apoptotic changes to the mitochondria; the 

mitochondrial permeability transition pore (mPTP) opens and the mitochondrial 

membrane loses potential, leading to the release of mitochondrial proteins into the 

cytoplasm which promote apoptosis (Saelens et al., 2004). For example, the 

mitochondrial protein cytochrome c binds to Apaf-1 (apoptotic peptidase activating 

factor 1) and procaspase 9 in the cytoplasm, forming an apoptosome which activates 

procaspase 9. Cleaved caspase 9 then activates caspases 3/7 for apoptosis induction 

(Chinnaiyan, 1999). Mitochondrial apoptosis is regulated by the BH3-only B-cell 

lymphoma 2 (Bcl-2) family of proteins, which contains both anti-apoptotic (e.g. Bcl-

2, Bcl-XL) and pro-apoptotic (e.g. Bax, Bik, Bid, Puma, Noxa) proteins. The Bcl-2 family 

regulate mitochondrial membrane permeability and the release of cytochrome c and 

can therefore determine whether a cell is committed to apoptosis (Cory and Adams, 

2002). Interestingly, caspase 8 activated by the Fas extrinsic apoptosis pathway 

engages the mitochondrial pathway by cleavage of the pro-apoptotic Bcl-2 family 

protein Bid. Cleaved Bid translocates to the mitochondria where it induces cell death 

mediated by the release of cytochrome c. Therefore, the caspase8/Bid junction 



6 

 

provides a cross-talk between the extrinsic and intrinsic apoptosis pathways (Li et al., 

1998).  

 

1.1.2. The p53 family of transcription factors 

The p53 family contains three members, p53, p63 and p73, which all function as 

transcription factors. All proteins contain a transactivation domain, DNA-binding 

domain and an oligomerisation domain. Both p63 and p73 have significant sequence 

homology with the DNA-binding region of p53, 63% for p73 and 60% for p63, and 

therefore have substantial protein similarities and often regulate the expression of 

similar sets of genes. However, both p63 and p73 have a long C-terminal and are 

differentially regulated to produce multiple isoforms with p53-indendent functions 

(Levrero et al., 2000).  

 

1.1.2.a. p53 and the response to cellular stress 

The p53 protein is a notorious cellular stress sensor which responds to both internal 

and external signals. Diverse stimuli such as DNA damage, hypoxia, loss of cell 

adhesion and oxidative stress activate p53. In response to cellular damage, p53 

regulates the expression (both upregulation and downregulation) of an array of 

genes which mediate cell cycle arrest, senescence or apoptosis. The p53 signalling 

cascade therefore ensures that cells exposed to stress signals are either repaired 

before replication, or are prevented from division. Cell fate is determined by the 

precise transcriptional programme induced, which depends on the duration and 

severity of the damage (Giaccia and Kastan, 1998, Vousden and Prives, 2009). 

However, p53 is now also known to regulate the expression of genes required for 

other cellular responses, such as metabolism, development and differentiation 

(Vousden and Prives, 2009).  

In non-stressed cells, the p53 protein has a short half-life and is present at very low 

levels in an inactive cytoplasmic form. The E3 ubiquitin-protein ligase MDM2 (mouse 

double minute 2) plays an important role in the regulation of the short half-life of 
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p53. MDM2 binds to the transactivation domain of p53, inducing its ubiquitination 

and proteasome-mediated degradation (Haupt et al., 1997). Therefore, MDM2 

inhibits p53 function in non-stressed cells by both binding to the domain required for 

its interactions with transcription co-regulators and by inducing its degradation (Riley 

et al., 2008). As MDM2 is a transcriptional target of p53, the MDM2/p53 junction acts 

as an auto-regulatory feedback loop to control the magnitude of the p53 response 

under stress conditions (Hu et al., 2012).  

Cellular damage is sensed by a variety of proteins (e.g. ATM, ATR, CHK2) which 

transmit these signals to p53 via post-translational modifications. Modifications of 

p53 affect its interactions with regulatory proteins. Thus, p53 half-life increases from 

minutes to hours in response to stress stimuli (Maltzman and Czyzyk, 1984, Riley et 

al., 2008). p53 stability and function is regulated by phosphorylation. For example, 

p53 is phosphorylated at serines 15, 20 and 46 in response to DNA damage induced 

by ionising radiation. Phosphorylation of p53 at both Ser15 and Ser20 reduces its 

affinity for its negative regulator MDM2 and therefore prevents the rapid ubiquitin-

mediated degradation of p53 (Saito et al., 2002). In addition, cellular stress induces 

the auto-ubiquitination and degradation of MDM2, further enabling p53 to 

accumulate and promote transcription by binding to specific response elements in 

the genome (Riley et al., 2008). Phosphorylation of p53 at Ser46 is associated with 

the transcription of genes required for apoptosis and therefore commits a cell to 

apoptosis in response to irreparable DNA damage (Saito et al., 2002). Therefore, 

specific modifications of p53 are also linked to a particular cellular outcome (Riley et 

al., 2008). 

p53 regulates the transcription of components required for both the extrinsic and 

intrinsic apoptosis pathways. For example, p53 induces the expression of 

transmembrane receptors Fas and DR5 which mediate the activation of procaspase 

8 in response to external stimuli. At the same time, p53 regulates the expression of 

a subset of pro-apoptotic Bcl-2 family members, including Puma, Noxa, Bax and Bid, 

and the apoptosome component Apaf-1, which induce mitochondrial apoptosis 

dependent on internal stimuli (Haupt et al., 2003). p53 therefore engages multiple 
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downstream signalling pathways to induce apoptosis via both DISC and apoptosome 

formation.  

The way in which p53 specifically induces different sets of target genes to control the 

cellular response is highly complex. The specific p53 transcriptional programme 

activated is dependent on multiple factors, such as: (i) the status of other signalling 

pathways (e.g. oncogene expression); (ii) the presence of small molecules or proteins 

which influence the DNA binding specificity of p53 (e.g. c-Abl favours p53 binding to 

the p21 promoter); (iii) features of p53 binding sites such as heterochromatin; (iv) 

the presence of transcriptional co-activators/repressors which influence the affinity 

of p53 for specific promoters (Riley et al., 2008, Vousden and Prives, 2009). In broad 

terms, p53 function is finely tuned depending on factors such as the stimuli, cell type 

and surrounding microenvironment to ensure an appropriate response in different 

cellular contexts (Vousden and Prives, 2009). 

 

1.1.2.b. Functions of p63 and p73 

The p63 and p73 genes have multiple promoters and undergo alternative splicing to 

generate many protein isoforms, some of which lack a transactivation domain and 

behave as inhibitors of other family members. In addition, both p63 and p73 have a 

unique C-terminal extension which interacts with different sets of proteins. 

Therefore, despite having significant sequence similarity with p53, p63 and p73 have 

novel p53-independent functions in development and differentiation (Moll and 

Slade, 2004). p63 regulates a transcriptional programme during development which 

induces target genes involved in processes such as cell adhesion and differentiation. 

Specifically, p63 plays a major role in the commitment of the ectoderm to the 

stratification process and the subsequent differentiation of stratified epithelia. These 

functions of p63 are critical for the formation of the epidermis during development. 

In contrast, p73 functions in both the developing and mature central nervous system 

(CNS), where it regulates cell survival. The p73 isoform without a transactivation 

domain blocks p53-mediated apoptosis and this has been highlighted in the case of 
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neurons, which are dependent on the ratio of p53 family members expressed for 

survival (Dötsch et al., 2010).  

However, p63 and p73 also have p53-related functions. All three family members 

form hetero-oligomers to induce p53 target genes and regulate cell fate in response 

to DNA damage (Dötsch et al., 2010). Cells lacking p63 (p63-/-) and p73 (p73-/-) are 

partially resistant to apoptosis despite expression of p53, and p63-/-;p73-/- cells are 

as resistant to apoptosis as p53-/- cells. Furthermore, p53-/-;p63-/- cells and p53-/-

;p73-/- cells are more resistant to apoptosis than p53 null cells. Together these 

findings suggest that p53 activity is not sufficient to induce apoptosis and that all 

three family members co-operate to regulate cell death induced by multiple stimuli 

(Flores et al., 2002). Remarkably, the expression of pro-survival genes p21 and MDM2 

are not affected by knockout of both p63 and p73. However, p53 fails to bind to the 

promoter of genes required for apoptosis, such as Bax and Noxa, in the absence of 

p63 and p73. This indicates that genes required for cell survival and cell death 

functions are differentially regulated at the level of transcription to give two distinct 

classes of p53 target genes. Moreover, p53-regulated genes which function in 

apoptosis have a more complex regulation involving all three p53 family members 

(Flores et al., 2002).  

 

1.1.2.c. Regulation of apoptosis in cancer by the p53 family  

Cancer is a complex disease involving the uncontrolled division of cells which 

ultimately acquire the ability to invade healthy tissues and secondary organs. In basic 

terms, tumours form due to an increase in cell proliferation and a decrease in cell 

death (Elmore, 2007). Cells acquire tumorigenic traits in a multistep process which 

can be reduced to 10 common hallmarks required for transformation: (i) chronic 

proliferation; (ii) evasion of growth suppression (including contact inhibition); (iii) 

indefinite replication; (iv) significant genome instability; (v) reprogramming of 

metabolism; (vi) induction of angiogenesis; (vii) invasion and metastasis; (viii) 

inflammation; (ix) evasion of immune destruction; (x) resistance to apoptosis 

(Hanahan and Weinberg, 2011). Tumours are highly complex organs which are 
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composed of many specialised cell types, including cancer cells, endothelial cells, 

pericytes, fibroblasts and inflammatory cells. These cell types interact and support 

each other to form a complex tumour microenvironment (Hanahan and Weinberg, 

2011). 

Tumour cells exploit numerous mechanisms to resist apoptosis induced by oncogenic 

factors (hyperproliferation, DNA damage, expression of mutant proteins, viral 

infection, detachment from the matrix), the unfavourable tumour microenvironment 

(hypoxia, oxidative stress) and apoptosis-inducing cancer treatments 

(chemo/radiotherapies). Resistance to apoptosis therefore contributes to tumour 

development, progression and resistance to treatments (Hassan et al., 2014). 

Apoptosis resistance can occur via the downregulation/mutation of tumour 

suppressor proteins which engage the apoptosis pathways, the dysregulation of 

apoptosis effectors or the upregulation of anti-apoptotic proteins (Ichim and Tait, 

2016). For example, upregulation of Bcl-2 and mutation of p53 commonly occur in 

human cancers  (Elmore, 2007). 

The cellular stress sensor p53 is an extremely important tumour suppressor protein. 

This is evident since p53-/- mice develop spontaneous tumours, sufferers of Li 

Fraumeni syndrome with one p53 mutation are susceptible to cancer and finally, p53 

is mutated in over half of all human cancers (Lavigueur et al., 1989, Varley et al., 

1997, Levine, 1997). Mutations in p53 are either inherited or occur due to sporadic 

genetic damage as a result of factors such as radiation or viral infection. This typically 

leads to loss of heterozygosity (LOH), resulting in complete loss of p53 function 

(Elmore, 2007). Many of the stimuli which induce a p53 response (DNA damage, 

oncogene activation, hypoxia) are encountered during tumorigenesis (Bieging et al., 

2014). Functioning p53 would respond to these stimuli to induce either irreversible 

cell cycle arrest or cell death. Therefore, the loss of p53 function prevents its tumour 

suppressive role and supports tumour cell survival (Vousden and Prives, 2009). 

Mutations in p53 promote tumour initiation and progression and these cancers are 

typically highly malignant (Bieging et al., 2014).  
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p53 family members p63 and p73 are rarely mutated in human cancers. The roles of 

p63 and p73 in cancer are highly complex due to the presence of multiple isoforms 

which have different effects on cell fate. Currently, the general consensus is that the 

isoforms without a transactivation domain promote cell survival by counteracting the 

function of p53 and are therefore oncogenic. In contrast, the isoforms with a 

transactivation domain mediate cell death and are therefore tumour suppressive 

(Dötsch et al., 2010).  Although the p63 isoform lacking a transactivation domain has 

oncogenic properties, its expression is reduced during the progression of invasive 

tumours and this is believed to promote metastasis by affecting cell adhesion and 

migration (Bergholz and Xiao, 2012). The specific role of p63 and p73 in cancer is 

dependent on the isoform involved and their interactions with other p53 family 

members, including mutant p53. Any dysregulation to the balance between 

transcriptionally active and inactive isoforms will ultimately contribute to 

tumorigenesis by disrupting the tumour suppressive functions of the p53 family 

(Dötsch et al., 2010).  

 

1.1.3. PERP discovery, sequence, structure and expression  

The p53 apoptosis effector related to PMP-22 (PERP) was originally identified as a 

protein that is downregulated in metastasizing cancer cell lines compared to non-

metastasizing cancer cell lines of tissues such as the breast, pancreas, prostate and 

colon (Hildebrandt et al., 2000). The hydropathy profile of PERP identified four 

hydrophobic membrane spanning regions, with two large extracellular loops and 

cytoplasmic N and C-termini (Figure 1.2) (Attardi et al., 2000). PERP was therefore 

characterised as a member of the PMP-22/gas3 family, which are small tetraspan 

plasma membrane proteins with two large extracellular domains and multiple N-

linked glycosylation sites (Ashki et al., 2015, Attardi et al., 2000). The PMP-22/gas3 

protein family also contains peripheral myelin protein 22 (PMP-22) and epithelial 

membrane proteins 1, 2 and 3 (EMP1, EMP2, EMP3). These proteins participate in a 

wide variety of functions, including cell growth, differentiation and apoptosis, 
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through mechanisms such as ion channel formation, receptor trafficking and tight 

junction formation (Jetten and Suter, 2000).  

 

 

 

 

 

 

 

 

 

 

 

The PERP gene is localised on chromosome 6q24 and has three exons, which produce 

one known transcript. The PERP protein is 193 amino acids long (predicted 21 kDa) 

and, similarly to PMP-22, PERP localises to the PM and Golgi apparatus (Attardi et al., 

2000, Davies et al., 2009). PERP is a direct transcriptional target of p53. Four p53 

binding sites have been identified in the PERP gene, three in the PERP promoter and 

one in the first intron, which vary in their affinity for p53 (Attardi et al., 2000, Reczek 

et al., 2003). The majority of p53-mediated PERP expression is induced at the intronic 

site, however, the presence of multiple p53 response elements enables tight 

modulation of PERP expression during conditions of cellular stress (Reczek et al., 

2003). 

Figure 1.2. The protein sequence and predicted structure of PERP. (a) The PERP 
protein sequence is 193 amino acids long with 4 predicted hydrophobic 
transmembrane domains, each 21 amino acids in length (shown in red). (b) The 
predicted protein structure of PERP has 4 helical transmembrane domains with 
cytoplasmic N and C-termini. PERP protein structure predicted using Phyre2 protein 
modelling software.  
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PERP knockout (PERP-/-) mice die within 10 days of birth due to blistering and 

thickening of the oral and skin epithelium. These tissues have severe impairments in 

the adhesion between cell layers and are therefore sensitive to mechanical stress, 

ultimately leading to death by wasting and dehydration. This is in contrast to viable 

p53-/- mice and suggests that PERP has a p53-independent function in the 

development of epithelial tissues (Ihrie et al., 2005). Further analysis showed that 

PERP mRNA is expressed in the epithelia of developing embryos and in the stratified 

epithelia of the skin and tongue of adult mice in a p63-dependent manner. Multiple 

p63 isoforms bind to the intronic consensus element in the PERP gene, which is also 

the major p53 responsive site, and induce PERP expression in epithelial tissues. 

Interestingly, PERP expression during development does not require p53, suggesting 

that PERP functions in distinct processes downstream of p53 and p63 (Ihrie et al., 

2006).  

 

1.1.3.a. PERP functions in apoptosis, cell adhesion and inflammation 

PERP is selectively upregulated by p53 during apoptosis rather than cell cycle arrest 

via direct binding of p53 to the PERP promoter (Attardi et al., 2000, Reczek et al., 

2003). This is in contrast to the pattern of PMP-22 expression during cellular stress, 

which is most upregulated during cell cycle arrest, demonstrating that although PERP 

and PMP-22 are structurally similar, they are functionally distinct (Attardi et al., 

2000). Many of the p53-regulated proteins involved in apoptosis, such as Bax, Noxa 

and Puma, are induced to similar levels during cell cycle arrest and cell death 

responses. However, PERP is a distinct p53 target since it is specifically upregulated 

during the apoptosis response and is therefore likely to be a key molecule which 

switches cell fate from survival to death (Ihrie and Attardi, 2004).   

Despite expression of wild type p53, p63-/-;p73-/- MEFs (mouse embryonic 

fibroblasts) and neurons are resistant to apoptosis and do not upregulate PERP 

expression in response to DNA damage and irradiation respectively (Flores et al., 

2002). However, single p63 and p73 knockout cells induce PERP expression after DNA 

damage to similar levels as wild type cells. Remarkably, p53 does not bind to the PERP 
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promoter after DNA damage in p63-/-;p73-/- cells. Despite this, p63 is still able to 

bind to the PERP promoter in p53-/- cells. This therefore shows that PERP is regulated 

through a complex interaction of all three p53 family members during apoptosis 

(Flores et al., 2002). 

PERP is required for p53-dependent apoptosis in many cell types in response to 

multiple stimuli. Thymocytes and neurons from PERP-/- mice are resistant to 

apoptosis induced by radiation. Interestingly, PERP is not expressed in the CNS before 

damage, but is upregulated in response to radiation in a p53-depdenent manner 

(Ihrie et al., 2003). Apoptosis in these tissues is intermediate to that of wild type and 

p53-/- cells. In addition, expression of PERP in p53-/- cells is only able to partially 

rescue the ability to induce cell death. Together this indicates that PERP is just one 

apoptosis effector induced by the p53 signalling cascade (Attardi et al., 2000).  

Keratinocytes from conditional PERP-/- mice are resistant to apoptosis induced by 

UVB radiation to similar levels as p53-/- mice, suggesting that PERP plays a 

fundamental role in apoptosis in the skin (Beaudry et al., 2010b). PERP transcription 

is also induced by p53 in response to hypoxia followed by reperfusion of renal tissues, 

in a model of ischemia (Singaravelu et al., 2009). Finally, although doxorubicin-

induced DNA damage stimulates a p53-dependent increase in PERP transcription in 

fibroblasts, PERP-/- MEFs expressing the E1A oncogene (apoptosis model) are not 

resistant to doxorubicin-induced apoptosis (Attardi et al., 2000, Ihrie et al., 2003). 

This therefore suggests that PERP activity is not required during DNA damage-

induced apoptosis in fibroblasts, or that its role is redundant (Ihrie et al., 2003). 

However, it should be noted that the protein level of PERP in response to doxorubicin 

treatment in wild type fibroblasts was not determined. The requirement for PERP in 

apoptosis induction is cell type specific and dependent on the stimulus involved.  

Family members of PERP, PMP-22 and EMP-2, induce apoptosis when overexpressed 

and this can be blocked by Bcl-2 expression or caspase inhibition respectively 

(Brancolini et al., 1999, Wang et al., 2001). Similarly, increased expression of PERP 

induces cell death and co-expression of Bcl-2 or caspase inhibition prevents PERP-

mediated cell death (Attardi et al., 2000, Davies et al., 2009). This therefore suggests 
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that PERP levels are maintained within a threshold level in healthy cells and 

increasing PERP beyond that threshold level induces PERP-mediated cell death by 

apoptosis (Davies et al., 2009). Different cell types express different levels of PERP 

and so it follows that the threshold level of PERP expression required for apoptosis 

induction is unique to each cell type.  

PERP is an unusual p53-regulated apoptosis effector since it localises to the PM, 

rather than the mitochondria (such as Noxa, Puma and Bax), and does not contain a 

conserved death domain (Ihrie and Attardi, 2004). Increased PERP expression 

induces cleavage of both caspase 8 and Bid, suggesting that PERP engages molecules 

involved in both the extrinsic and mitochondrial apoptosis pathways (Davies et al., 

2009). Furthermore, PERP is involved in a positive feedback loop with its regulator 

p53 (Figure 1.3). Expression of PERP induces an increase in p53 stability, regulated by 

phosphorylation of p53 on residues Ser20 and Ser46, which are associated with 

MDM2 binding and irreversible apoptosis induction respectively. PERP expression 

induces p53 nuclear translocation and the transcription of genes such as MDM2, DR4 

and LRDD. In addition, the protein levels of PERP increase at 48 and 72 hours post-

transfection with PERP, indicating that PERP can positively regulate its own 

expression levels, and highlighting it as a key molecule which biases cell fate towards 

death (Davies et al., 2011). PERP induces an increase in mitochondrial membrane 

permeability, the release of cytochrome c and subsequent caspase 9 activation in 

renal cells exposed to hypoxic injury. However, since PERP localises to the cytoplasm 

of renal cells, it is unclear whether this mechanism is unique to this cell type 

(Singaravelu et al., 2009).  
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Despite its fundamental role in regulating cell death, the precise molecular 

mechanism of PERP remains elusive. Prior to this study, multiple mechanisms of 

PERP-mediated apoptosis were hypothesised (Ihrie and Attardi, 2004): 

- PERP may function as a death receptor in response to autocrine or paracrine 

signals due to its PM localisation.  

- PERP may act as a channel for apoptosis inducing ions into the cell since it has 

a high sequence similarity with the calcium (Ca2+) channel γ subunit.  

- PERP may interact with death receptors or ion channels in the PM, since PMP-

22 induces cell death by interacting with the cation channel P2X(7) in the CNS.  

 

PERP also has an important role in cell adhesion in multiple cell types. Specifically, 

PERP localises to desmosomes of the skin and mammary epithelium (Ihrie et al., 

2005, Dusek et al., 2012). Desmosomes are one of the strongest cell-cell adhesive 

Figure 1.3. PERP and p53 engage in a positive feedback loop.  PERP expression 
induces the specific phosphorylation of p53. Phosphorylated p53 has a reduced 
affinity for its negative regulator MDM2 and is functional in the upregulation of 
target genes MDM2, DR4, LRDD and PERP. The increased PERP protein further 
activates p53 to form a positive feedback loop.  



17 

 

structures which link to the keratin cytoskeleton and provide the epithelial integrity 

required for resistance to mechanical stress (Koch et al., 1997). The epithelium of 

PERP knockout mice have wider desmosomes which lack cytoskeletal connections 

and are unable to form cell-cell junctions. Furthermore, desmoplakin, a key 

component required for the interaction of desmosomes with keratin filaments, is 

inefficiently targeted to the desmosome complex and accumulates in the cytoplasm 

(Ihrie et al., 2005). Knockout of desmosome components induces a blistering 

phenotype in the same way as PERP knockout (Koch et al., 1997). Together this 

therefore suggests that PERP plays a key role in desmosome stability and the integrity 

of epithelial tissues in vivo (Ihrie et al., 2005). The precise role of PERP within 

desmosome structures is currently not understood and it has been hypothesised that 

(Ihrie and Attardi, 2005): 

- PERP is a core structural desmosome protein.  

- PERP acts as a chaperone that facilitates the transit/assembly/stabilisation of 

desmosome components to PM. 

- PERP interacts with proteins in the PM which provide adhesive contacts for 

the desmosomal framework.  

- PERP is an anchoring point for connections to the intermediate filament 

cytoskeleton. 

 

A more recent study has shown that PERP is not limited to the stratified epithelia, 

but is also expressed in the PM of all simple, columnar, complex and transitional 

epithelia. Analysis of the distribution of PERP in the PM showed that PERP can localise 

close to desmosomes, within small intradesmosomal islands and within 

interdesmosomal regions of the PM. Furthermore, in some cell types, PERP was 

present in regions of the membrane which were not involved in cell-cell adhesion. 

This therefore suggests that PERP is a key PM protein in many types of epithelial cells, 

where it functions in multiple types of adhesion complexes and also in non-adhesive 

membrane regions (Franke et al., 2013). It is likely that the distribution of PERP in the 

plasma membrane is cell type specific, and possibly displays heterogeneity within the 

same cell.  
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Conditional PERP knockout mice have a reduced ability to close wounds in the skin 

due to disruption to cell-cell adhesion and increased migration. This leads to a delay 

in wound closure and suggests that PERP has an important role in the closure process 

in vivo (Beaudry et al., 2010a). Loss of PERP expression has also been detected in 

patients with ankyloblepharon ectodermal dysplasia and cleft lip/palate (AEC), which 

is characterised by multiple phenotypes including skin erosions, and is caused by 

mutations to p63. The specific p63 mutation involved is likely to lead to a unique 

effect on downstream targets and therefore AEC patients develop a wide variety of 

symptoms. A cohort of AEC patients were found to have the loss of PERP expression 

in basal and suprabasal layers of the skin, suggesting that PERP is involved in AEC 

pathology. However, patients with the same p63 mutation did not consistently show 

a reduction in PERP expression, demonstrating that AEC is likely to be caused by a 

combination of the differential expression of many p63 target genes (Beaudry et al., 

2009).   

The dual role of PERP in cell adhesion and apoptosis has been independently 

characterised. However, it remains possible that the role of PERP in cell death may 

be an indirect effect of its role in cell adhesion. These functions of PERP have been 

connected in one study which showed that PERP has an important role in apoptosis 

induction in response to cell detachment, known as anoikis. PERP protein is 

upregulated after cell detachment and knockdown of PERP expression confers 

resistance to anoikis  (Khan et al., 2016). A further understanding of the interplay 

between PERP-mediated cell death and adhesion downstream of p53 and p63 is of 

great interest.  

Multiple studies have now also identified a role for PERP in the inflammatory 

response. The most highly induced genes in the skin of PERP conditional knockout 

mice were genes related to inflammation (Il1f6, S100a9, Chi3l1, Ccl20) and T cells and 

mast cells accumulated in the skin. In addition, inflammation was enhanced in the 

mammary epithelium of PERP null animals (Dusek et al., 2012). It remains to be 

determined whether PERP plays an active role in inflammation, or whether these 

observations are an indirect effect of the reduced epithelial integrity of PERP-/- 

tissues.  
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However, PERP has a direct role in the inflammation of epithelial cells of the intestine 

induced by Salmonella enterica serovar Typhimurium infection. PERP directly 

interacts with SipA and SipC (Salmonella invasion protein A and C), proteins which 

are secreted by Salmonella and have a role in early pathogenesis processes, such as 

bacterial invasion. SipA requires cleavage by caspase 3 into two functional domains, 

and PERP is required for Salmonella-induced caspase 3 activation, possibly by 

activating and engaging the PERP signalling cascade at the PM (Hallstrom et al., 

2015). In addition, inhibition of PERP prevented the migration of polymorphonuclear 

leukocytes, which can cause tissue destruction when intestinal inflammation is not 

controlled. Interestingly, infection with Salmonella induced a subtle increase in PERP 

protein levels and the accumulation of PERP at apical PM puncta. Inhibition of protein 

synthesis and PM protein trafficking reduced the amount of PERP at the apical 

surface compared to non-treated cells; however, PERP levels at the apical membrane 

still increased compared to non-infected cells. Together, these findings suggest that 

the apical accumulation of PERP during Salmonella infection is partly due to an 

increase in PERP levels, but is also likely to be due to alterations in PERP trafficking 

which prevent its removal from the apical PM and subsequent degradation. This 

study therefore shows that PERP expression, distribution and degradation are 

influenced by Salmonella infection, but also that PERP is involved in promoting an 

inflammatory response in the intestine (Hallstrom et al., 2015).  

 

1.1.3.b. Downregulation of PERP in tumorigenesis  

As mentioned previously, PERP was originally identified as a protein that is 

downregulated in metastasising cancer cells compared to non-metastasising cancer 

cells of multiple tissues (Hildebrandt et al., 2000). Since the dysregulation of 

apoptosis, cell adhesion and inflammation are all associated with tumorigenesis, the 

loss of PERP function is likely to significantly promote tumour development. This is 

supported by data obtained with conditional PERP-/- animal models. PERP loss 

promotes the initiation and progression of squamous cell carcinomas induced by UVB 

irradiation in mice, suggesting that PERP functions to suppress skin cancer formation 
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and development (Beaudry et al., 2010b). Furthermore, T cells and mast cells 

accumulate in the skin tumours of PERP-/- mice. This is likely to contribute to tumour 

progression since mast cells secrete factors which stimulate angiogenesis and 

inflammation contributes to cancer development (Beaudry et al., 2010b). Together 

this indicates that PERP is an important tumour suppressor molecule. 

The PERP chromosome region is frequently mutated in melanoma and cancers of the 

cervix, ovary and breast, although no PERP mutations in human tumours have been 

identified (Attardi et al., 2000). PERP LOH is observed in transformed melanoma, 

breast, pancreas, cervix, prostate and colon cell lines. PERP LOH increases from 10-

20% in primary tumours to 50% in melanoma metastasises, suggesting that PERP LOH 

confers a selective advantage for secondary tumour formation (Hildebrandt et al., 

2001). PERP expression is lost in human squamous cell carcinoma of the oral cavity 

with increasing grade, and PERP downregulation inversely correlates with early 

progression and local relapse (Kong et al., 2013). In addition, PERP mRNA and protein 

is downregulated specifically in aggressive sparsely granulated pituitary tumours 

compared to densely granulated tumours. Re-expression of PERP sensitises cells to 

apoptosis during conditions of hypoxia, suggesting that PERP downregulation confers 

a survival advantage under hypoxic stress (Kiseljak-Vassiliades et al., 2017). 

Significantly, mutations in p53 which impair its ability to bind to DNA render the 

transcription factor incapable of inducing PERP expression (Reczek et al., 2003). Since 

p53 is commonly mutated in the majority of human cancers, this means that PERP 

activity is both directly and indirectly lost in tumorigenesis. 

PERP expression is also reduced in breast cancer cell lines compared to non-

transformed cells. Due to the important role of PERP in maintaining the homeostasis 

of the mammary epithelium, the loss of PERP is likely to promote tumorigenesis  

(Dusek et al., 2012). ErbB2 (receptor tyrosine kinase ErbB2) expression is increased 

in 25-30% of breast cancers which are resistant to anoikis. Cell detachment leads to 

a decrease in EGFR (epidermal growth factor receptor) levels via an upregulation in 

EGFR lysosomal degradation, and an increase in PERP levels which function in 

apoptosis induction. However, increased ErbB2 expression in breast cancer cells 

leads to a downregulation of PERP via an increase in the stabilisation of the EGFR; 
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the activity levels of the EGFR inversely influence the protein levels of PERP via an 

unknown mechanism. This pathway prevents an increase in PERP after tumour cell 

detachment and enables the avoidance of anoikis in breast cancer cells, likely to have 

a significant impact on the ability of the tumour cells to grow in a 3D mass detached 

from the extracellular matrix and ultimately metastasise and invade other tissues 

(Khan et al., 2016).   

Uveal melanoma (UM) is the most common adult eye cancer. Tumours originate from 

the melanocytes within the middle tissues of the eye: the iris, ciliary body and choroid 

(Spagnolo et al., 2012). Interestingly, the prevalence of p53 mutation in UM is 

considered to be non-existent (Chana et al., 1999). Despite this, UM tumours are 

notoriously resistant to apoptosis and therefore do not respond well to chemo- and 

radiotherapies. Primary UM tumours metastasise via the bloodstream, most 

commonly to the liver, and due to their aggressive nature, secondary UM tumours 

are fatal within an average of 6 months (Woodman, 2012). PERP was identified as a 

molecular determinant of UM aggressiveness as it is downregulated at both the 

mRNA and protein level in highly metastatic monosomy 3 tumours (Paraoan et al., 

2006). UM cell lines contain only trace levels of both PERP and chromosome 3 

localised p63, and are unable to increase the levels of PERP in response to apoptosis 

induced by either the death-inducing ligand TRAIL or DNA damage mediated by UVB 

irradiation. Re-expression of p63 sensitises UM cells to apoptosis involving an 

increase in PERP and p53 (Awais et al., 2016). This therefore suggests that the loss of 

one p63 allele in monosomy 3 leads to impairments in PERP expression and 

contributes to the apoptosis resistance of UM cells. Furthermore, since expression of 

PERP above a threshold level induces apoptosis in UM cell lines with low levels of 

endogenous PERP, this suggests that the apoptotic machinery downstream of PERP 

is intact in UM cells and that the loss of PERP confers resistance to p53-mediated 

apoptosis in UM (Davies et al., 2009).  

Although lung cancer is largely induced by environmental factors, a lung cancer 

susceptibility locus was identified on chromosome 6q23-24 (Bailey-Wilson et al., 

2004). PERP expression is downregulated in lung adenocarcinoma cells compared to 

the healthy lung tissue of the same patient, suggesting that PERP loss contributes to 
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lung cancer development. Interestingly, PERP gene therapy administered 

intratumourally in a p53 mutant lung cancer xenograft induced the cleavage of 

caspase 3 and PARP, and an increase in Smac and TRAIL, also suppressing VEGF 

(vascular endothelial growth factor); suggesting that PERP gene therapy inhibits 

angiogenesis and induces apoptosis in vivo (Chen et al., 2011). Since PERP expression 

is sufficient to induce apoptosis in many cancer cells, including p53 mutant cells, PERP 

gene therapy is an attractive avenue for the development of novel cancer 

treatments. However, for the development of novel drugs to target the PERP-

mediated apoptosis pathway, greater understanding is required of the precise 

molecular mechanism involved. In addition, since PERP loss correlates with increased 

tumour aggressiveness and progression, the levels of PERP could be used as a 

biomarker to estimate patient prognosis in many cancers including uveal melanoma, 

squamous cell carcinoma and pituitary tumours.   

Loss of PERP expression occurs in many epithelial tumours and correlates with 

tumour aggressiveness and the ability to invade secondary organs. The three known 

functions of PERP, in apoptosis, cell adhesion and inflammation, are all known to play 

significant roles in tumorigenesis. Based on all of this data, it is likely that the loss of 

PERP activity contributes to cancer progression by: (i) Improving tumour cell survival 

by impairing the response to apoptotic stimuli; (ii) Reducing cell-cell adhesion, 

therefore increasing tumour cell detachment and migration; (iii) Impairing apoptosis 

induced by detachment from the extracellular matrix; (iv) Increasing inflammation in 

the tumour microenvironment. Importantly, these impairments are also likely to 

increase the ability of cancer cells to survive metastasis.  
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1.2. The endoplasmic reticulum- Functions in protein 

trafficking, signalling and cellular stress  

1.2.1. General structure and function of the endoplasmic reticulum  

 The ER is the biggest organelle of the cell and has multiple fundamental roles which 

maintain cellular homeostasis: (i) the ER is the site of synthesis, modification, folding 

and transport of secreted and integral membrane proteins; (ii) the ER synthesises 

membrane phospholipids for organelles such as the Golgi apparatus, mitochondria, 

PM and the ER itself; (iii) the ER is the main Ca2+ store of the cell (Schwarz and Blower, 

2016, Baumann and Walz, 2001).  

The ER has a highly dynamic structure which is sensitive to cellular state and is 

maintained by interactions of integral ER membrane proteins with the cytoskeleton 

and other organelles. The ER is a continuous membrane system comprised of two 

lipid bilayers with a 50 nm lumen and is made up of distinct subdomains which are 

important for its different functions (Baumann and Walz, 2001, Schwarz and Blower, 

2016). In general, the ER is a large network of interconnected tubules which extend 

across the whole cell volume and connect to the peripheral sheets and nuclear 

envelope (Figure 1.4a). All compartments have a shared luminal space (Chen et al., 

2013).  

The ER network is continuous with the nuclear envelope and is involved in the 

transport of RNA and proteins to and from the nucleus via nuclear pores. The 

peripheral rough ER branches out of the nuclear envelope and consists of sheets in a 

stacked conformation which are lined with the ribosomes required for protein 

synthesis. The smooth ER tubules have fewer ribosomes and are characterised by a 

highly curved membrane system which form three way junctions between the tip of 

one tubule and the side of another (Figure 1.4b) (Schwarz and Blower, 2016). The 

tubule subdomain of the ER is the most dynamic region which frequently rearranges 

itself by branching, sliding and fusing, and is involved in the lipid and Ca2+ signalling 

functions of the ER (Lee and Chen, 1988). The cortical ER (cER) has a mixed sheet and 

tubule structure and lies adjacent to the plasma membrane. (Figure 1.4c) The cER 
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forms contact sites with the PM and is also highly important for Ca2+ and lipid 

signalling (Schwarz and Blower, 2016).  

 

The ratio between ER sheets and tubules varies depending on the cell type. The ER 

of highly secretory cells largely consists of ribosome lined ER sheets to cope with the 

high load of protein synthesis and folding. Whereas, the ER of cells which require high 

levels of lipid synthesis or Ca2+ signalling are mostly made up of tubule networks. It 

is still not fully understood how the ratio between sheets and tubules is regulated in 

different cell types (Schwarz and Blower, 2016).  

 

1.2.2. Synthesis and trafficking of plasma membrane proteins  

One of the major functions of the ER is the synthesis, folding and trafficking of 

secreted proteins, including plasma membrane proteins, and a subpopulation of 

cytoplasmic proteins. Messenger RNA encoding proteins with an N-terminal ER signal 

Figure 1.4. General structure of the ER. Super resolution images of live HeLa cells 
expressing ER targeted mCherry-SERCA2b. (a) Subdomains of peripheral ER sheets 
and interconnected ER tubules shown. Scale bar 10 μm. (b) Three way junctions 
between ER tubules indicated by arrows. (c) Cortical ER tubules lie adjacent to the 
plasma membrane. (b&c) Scale bars 2 μm. 
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sequence dock with ribosomes in the cytoplasm. The signal sequence is recognised 

by a signal recognition particle (SRP) which promotes the binding of the mRNA-

ribosome structure with an SRP receptor on the cytosolic face of the ER sheets 

(Walter et al., 1981, Walter and Blobel, 1981, Reid and Nicchitta, 2015). Protein 

translation occurs on the ER membrane and the emerging polypeptide chain enters 

the ER lumen via a translocon channel in the ER bilayer (Rapoport, 2007). The 

hydrophobic domain of an integral membrane protein is recognised and its synthesis 

is paused whilst it is inserted into the ER membrane, to prevent aggregation in the 

lumen. Following the completion of protein translation, the signal sequence is 

cleaved and the ribosome dissociates from the ER membrane (Seiser and Nicchitta, 

2000, Schwarz and Blower, 2016). However, ribosomes which have translated a 

protein with a topogenic signal remain in a stable complex with the ER membrane 

and initiate multiple rounds of protein translation (Potter and Nicchitta, 2002).  

Proteins synthesised in the ER are modified by N-linked glycosylation, disulphide 

bond formation and oligomerisation dependent on their amino acid sequence, and 

this process begins as soon as translation is initiated. These modifications are 

regulated by ER chaperones and folding enzymes. ER chaperones recognise 

hydrophobic regions of newly synthesised proteins and provide a suitable 

environment for protein folding, maturation and oligomerisation, whilst minimising 

aggregation (Braakman and Hebert, 2013). For example, Grp78 (also known as BiP) 

is a molecular chaperone in the ER lumen which maintains newly synthesised 

proteins in a state for correct folding. Remarkably, Grp78 is thought to transiently 

interact with the majority of ER synthesised proteins (Flynn et al., 1991). Proteins 

which are not correctly folded are retained in the ER where they are ultimately 

degraded (Hammond and Helenius, 1995). This allows the ER to “quality control” the 

proteins that it produces and ensures that the proteins which pass through the 

secretory pathway are functional structures (Braakman and Hebert, 2013).  

Plasma membrane proteins are trafficked to the cell surface through the secretory 

pathway, which is a highly organised directional trafficking system composed of the 

ER, Golgi apparatus and PM (Braakman and Hebert, 2013). The protein cargo is 

matured and further processed as it passes through the secretory pathway in 
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membrane bound transport vesicles. Proteins destined for the cell surface are firstly 

incorporated into vesicles (50-70 nm) with a COPII cytosolic protein coat at ER exit 

sites (Bannykh et al., 1996). These vesicles fuse with the Golgi cisternae nearest to 

the ER (cis-Golgi) and the cargo moves through the Golgi stacks (medial-Golgi to 

trans-Golgi), where they are exposed to glycoprotein processing enzymes (Stanley, 

2011, Gu et al., 2001). Finally, fully modified proteins are incorporated into the trans-

Golgi network (TGN), where they are sorted into secretory vesicles for delivery to the 

PM (Gu et al., 2001). Secretory vesicles are either delivered immediately to the cell 

surface or are stored in the TGN until a signal is received for their release; in this way 

the Golgi acts as a filter to regulate the delivery of PM proteins to the cell surface 

(Blázquez and Shennan, 2000).  

Trafficking and incorporation into the PM is a highly complex process and the precise 

molecular mechanism is specific to the protein cargo being delivered. In general, PM 

proteins are transported to the cell surface in post-Golgi carriers (PGCs) which vary 

in their size, structure and composition; PGCs can be small vesicles (100 nm) or larger 

non-vesicular tubular structures (300-5000 nm) (Luini et al., 2008, Polishchuk et al., 

2000). Protein cargo is concentrated into domains on the TGN dependent on their 

destination, regulated by an interaction between the cargo’s cytoplasmic sorting 

signal and protein adapters which form part of the PGC protein coat (Bonifacino, 

2014). PGCs detach from the TGN and undergo changes to their shape as they 

translocate towards the PM along cytoskeletal tracks, driven by interactions between 

motor proteins (e.g. kinesin and dynein) with either cargo molecules or PGC 

components. This ensures that cargo specifically destined for the apical or basal 

membrane are laterally segregated by distinct PGCs (Luini et al., 2008). PGCs dock 

with the PM and remain stationary for 15-30 seconds, finally dispersing their cargo 

into the PM by exocytosis (Bonifacino, 2014, Luini et al., 2008, Lippincott-Schwartz 

et al., 2000).  
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1.2.3. Calcium signalling generated by the endoplasmic reticulum  

Ca2+ is a fundamental signal transducer which regulates a vast array of pathways and 

cellular responses. Proteins bind to Ca2+ with different affinities and this results in 

changes to the proteins charge and conformation. Thus, Ca2+ regulates the activity of 

Ca2+-binding proteins which subsequently transduce signals in response to 

intracellular Ca2+ fluxes. The activity of Ca2+ channels, pumps and exchangers in 

membranes allows cells to tightly regulate the compartmentalisation and release of 

Ca2+. Importantly, Ca2+ signalling is self-regulating; many proteins involved in the 

control of Ca2+ oscillations are regulated at the transcriptional and/or post-

transcriptional level by the Ca2+ signal, either directly by Ca2+ ions or indirectly by 

Ca2+-binding proteins (Brini and Carafoli, 2009).  

The Ca2+ concentration of the cytoplasm (around 100 nM) is approximately 20,000 

fold lower than that of the extracellular space (mM concentrations) and this 

concentration gradient is maintained by the active pumping of Ca2+ out of the cell 

and into the ER (Clapham, 2007). The ER is the major Ca2+ store of the cell, with a free 

concentration of around 200 μM. However, Ca2+ is also sequestered in the ER by the 

action of buffering proteins which have a high capacity for Ca2+ binding. This means 

that the total concentration of Ca2+ in the ER is more like 1 mM. Ca2+ buffering 

proteins in the ER also have a fundamental role in the maintenance and 

communication of ER homeostasis; buffer proteins are often ER chaperones involved 

in protein folding or can transduce signals to inform about the Ca2+ levels of the ER. 

(Prins and Michalak, 2011).  

In non-excitable cells the release of Ca2+ from the ER and the influx of Ca2+ from the 

extracellular space are the main routes of Ca2+ signal transduction (Berridge et al., 

2003). The function and mechanism of SERCA pumps and IP3R channels, which 

regulate the movement of Ca2+ in and out of the ER respectively, will be discussed in 

more detail.  
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1.2.3.a. Inositol trisphosphate receptors  

Inositol trisphosphate receptors (IP3Rs) are expressed in all cell types from three 

genes (IP3R1-3) which undergo alternative splicing to form a protein family with many 

isoforms (Taylor et al., 1999, Ivanova et al., 2014). IP3R isoforms form homo- and 

heterotetramers to give a high level of channel diversity (Monkawa et al., 1995). IP3Rs 

are non-selective cation channels which localise to the ER membrane. Since the 

major gradient across the ER membrane is a Ca2+ gradient, IP3Rs largely function to 

transport Ca2+ from the ER lumen to the surrounding cytoplasm and mitochondria 

(Lam and Galione, 2013). IP3Rs are therefore highly important in the regulation of 

cytoplasmic Ca2+ levels. IP3R activity is regulated by multiple intracellular messengers 

including inositol trisphosphate (IP3), Ca2+ ions and Ca2+-binding proteins (Ivanova et 

al., 2014). This means that the activity of IP3Rs and therefore the release of Ca2+ from 

the ER is tightly controlled at many levels.  

Signals generated at the PM can regulate the activity of IP3Rs. Binding of hormones 

and growth factors to G protein-coupled receptors leads to their activation and the 

stimulation of phospholipase C (PLC). PLC then cleaves phosphatidylinositol (4,5) 

bisphosphate (PIP2) into diacyl-glycerol (DAG) and IP3 at the inner face of the plasma 

membrane (Oude Weernink et al., 2007). IP3 translocates to the ER where it interacts 

with the cytoplasmic domain of an IP3R, inducing clustering of the receptor and the 

activation of its Ca2+ conducting activity (Schwarz and Blower, 2016, Tateishi et al., 

2005). This stimulates a transient and localised increase in cytoplasmic Ca2+ levels 

from 100 nM to approximately 1 μM (Clapham, 2007). 

IP3Rs are also regulated by the cytoplasmic Ca2+ concentration in both positive and 

negative feedback loops. Furthermore, IP3 and Ca2+ act as co-agonists for the complex 

fine tuning of IP3R activation state (Kaftan et al., 1997). At moderate IP3 

concentrations, submicromolar cytoplasmic Ca2+ levels activates IP3Rs. Conversely, 

cytoplasmic Ca2+ at or above micromolar levels inhibits IP3R activity (Bezprozvanny 

et al., 1991). This is likely to be due to the presence of activating and inhibiting Ca2+ 

binding sites on the IP3Rs and allows for the generation of temporal Ca2+ oscillations 

and waves. However, the sensitivity of IP3Rs to Ca2+ is modulated by IP3; binding of 
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IP3 to IP3Rs relieves the receptors inhibition at resting levels of Ca2+ (Mak, 1998, 

Joseph et al., 2005).  

The regulation of IP3Rs is further complicated by their direct interaction with proteins 

which modulate the receptors sensitivity to IP3. In addition, IP3R activity is regulated 

by phosphorylation from the coordinated action of multiple protein kinases 

(Mikoshiba, 2007). 

 

1.2.3.b. Sarco/endoplasmic reticulum calcium ATPase pumps  

Mammals have a tissue-specific expression of at least 10 sarco/endoplasmic 

reticulum calcium ATPase (SERCA) pumps, which are generated by alternative 

splicing from three genes (ATP2A1-3, corresponding to SERCA1-3). The SERCA2 gene 

has three isoforms (SERCA2a-c) which differ only in their C-terminal domain. The last 

4 amino acids in the C-terminus of SERCA2a is replaced by 49 amino acids in the 

SERCA2b protein and 6 amino acids in the SERCA2c protein as a result of tissue-

specific splicing (Brini and Carafoli, 2009). The additional C-terminus of SERCA2b is 

thought to be an additional transmembrane domain since it is highly hydrophobic 

(Bayle et al., 1995). SERCA2b has the highest affinity for Ca2+ and is the housekeeping 

isoform which is expressed in all tissues (Verboomen et al., 1992, Lytton et al., 1992, 

Brini and Carafoli, 2009) 

SERCA proteins pump Ca2+ from the cytoplasm into the ER lumen, including the 

nuclear envelope, and into the Golgi apparatus. The activity of SERCA enzymes 

therefore ensure the appropriate balance of Ca2+ ions in the cytoplasm and ER/Golgi 

lumen for cellular homeostasis (Vandecaetsbeek et al., 2011). The structure of 

SERCA1a has been solved in multiple conformations which cover the enzymes 

catalytic cycle and therefore gives a lot of insight into the mechanism of the SERCA 

pump (Toyoshima, 2009). SERCA1a has 10 transmembrane helices connected by 

short luminal loops and 3 large cytoplasmic domains. Ca2+ ions sequentially bind to 

two Ca2+ binding sites close to the cytoplasmic surface of the ER membrane which 

induces a conformational change to both the cytoplasmic and transmembrane 

regions of the protein, forming an open structure which enables the delivery of 
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adenosine triphosphate (ATP) to the phosphorylation site (Inesi et al., 1980, 

Toyoshima et al., 2000). Binding of one ATP molecule induces further conformational 

changes which enclose the Ca2+ ions within the transmembrane binding sites 

(Toyoshima et al., 2004). Phosphoryl transfer to residue Asp351 induces substantial 

protein rearrangements, including disruption to Ca2+ binding sites and the opening 

of ER luminal domains for the release of the two Ca2+ ions into the ER (Toyoshima 

and Nomura, 2002). Finally, hydrolysis of aspartylphosphate induces structural 

changes which close the luminal gate and regenerate the Ca2+-free protein 

conformation (Toyoshima et al., 2007).  

The regulation of SERCA pump activity has best been characterised for the SERCA2 

enzyme, however, due to variation in the sequence and structure of the different 

SERCA isoforms, it is likely each protein has a slightly different/specialised regulatory 

network. Unsurprisingly, due to the importance of SERCA proteins in the regulation 

of Ca2+ dynamics, SERCA2 activity is controlled by multiple complex competing 

pathways via direct protein-protein interactions and post-translational 

modifications. The most characterised protein regulator of SERCA is phospholamban 

(PLB), which is a small (6 kDa) integral ER membrane protein. Unphosphorylated PLB 

interacts with multiple SERCA isoforms (SERCA1a, SERCA2a, SERCA2b) via a 

cytoplasmic protrusion which inhibits SERCA Ca2+ pumping activity (James et al., 

1989, Toyofuku et al., 1993). PLB is phosphorylated by multiple Ca2+ sensing 

pathways, including protein kinase A and calmodulin-dependent kinase II, which 

induce the detachment of PLB from SERCA and the activation of Ca2+ uptake into the 

ER when cytoplasmic Ca2+ levels increase (Brini and Carafoli, 2009).  

SERCA-mediated ER Ca2+ filling is also regulated by the concentration of Ca2+ in the 

ER lumen via the action of Ca2+-binding proteins within the ER. Ca2+-binding ER 

chaperone proteins calreticulin and calnexin both functionally interact with SERCA2b 

when they are bound to Ca2+, negatively regulating SERCA2b activity (Camacho and 

Lechleiter, 1993, John et al., 1998). Furthermore, the interaction of calnexin with 

SERCA2b is dependent on the phosphorylation state of calnexin, which is regulated 

by the Ca2+-dependent phosphatase calcineurin. Calcineurin is activated by both ER 

stress and high Ca2+ levels in the ER lumen and phosphorylates Ser562 of calnexin to 
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enable its interaction with SERCA2b (Bollo et al., 2010). This therefore suggests that 

Ca2+ entry into the ER is directly modulated by the Ca2+ levels of the ER and its folding 

capacity.  

SERCA activity is also directly regulated by redox post-translational modifications and 

some of the proteins and pathways involved have been uncovered (Chernorudskiy 

and Zito, 2017). Binding of calreticulin specifically to the unique C-terminus of 

SERCA2b mediates an interaction between SERCA2b and the oxioreductase ER 

resident protein 57 (ERp57). ERp57 is responsible for the redox-dependent regulation 

of SERCA2b activity via the oxidation of two cysteine residues within the luminal loop. 

A disulphide bond is formed within the SERCA2b pump which inhibits its ability to 

release Ca2+ into the ER. This process is directly regulated by the Ca2+ levels of the ER 

which are sensed by calreticulin; it has been shown experimentally that an ER luminal 

concentration of 300 μM induces SERCA2b inhibition mediated by calreticulin and 

ERp57. Furthermore, depletion of Ca2+ from the ER (to around 10 μM) induces the 

dissociation of ERp57 from SERCA2b and its activation is restored by the reduction of 

the disulphide bond (Li and Camacho, 2004). Selenoprotein N (SEPN1) and ER DNA J 

domain-containing protein 5 (ERdj5) both have the ability to reduce oxidised 

SERCA2b protein to restore its Ca2+ pump activity. Although SEPN1 has a Ca2+-binding 

domain, the precise molecular mechanism of SEPN1 activation in relation to the Ca2+ 

levels of the ER is currently unknown (Marino et al., 2015). However, ERdj5 is known 

to be responsible for SERCA2b reduction when Ca2+ levels of the ER are low (Ushioda 

et al., 2016).  

Due to the fundamental importance of the SERCA pumps in the regulation of 

cytoplasmic and ER Ca2+ levels, the control over SERCA enzymatic activity is complex. 

However, it is clear that SERCA Ca2+ pumping activity is dynamically maintained by 

Ca2+-regulated networks in both the cytoplasm and ER lumen.  

 

1.2.3.c. ER-mitochondria calcium transfer and apoptosis induction 

Similarly to the ER, the Ca2+ concentration of the mitochondria is critically important 

for its many functions, including fundamental cellular processes such as metabolism 
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and energy production. Mitochondrial Ca2+ levels are maintained at a relatively low 

concentration by the action of unique buffering proteins and ion channels (Rizzuto 

et al., 2012, Somlyo et al., 1985). The outer mitochondrial membrane contains pores 

known as voltage-dependent anion channels (VDACs) which allow the diffusion of 

small molecules, such as Ca2+, into the intermembrane space (De Pinto and Palmieri, 

1992). However, the movement of molecules across the inner mitochondrial 

membrane is tightly regulated by transporter proteins. The mitochondrial calcium 

uniporter (MCU) is a large gated complex which regulates the uptake of Ca2+ into the 

mitochondria across an electrochemical gradient. The MCU complex has a low 

affinity for Ca2+ which is only overcome during large increases (5-10 μM) in the 

surrounding Ca2+ concentration. Such concentrations of Ca2+ are localised at regions 

of the mitochondria which are closely opposed to the ER, known as mitochondrial 

associated-membranes (MAMs, see section 1.2.4.) (Rizzuto et al., 1993, Drago et al., 

2011). Ca2+ ions which are not transported into the mitochondrial matrix are 

exported out of the intermembrane space by VDACs and are sequestered back into 

the ER via SERCA pumps. In mammalian cells, approximately 20% of the mitochondria 

network forms direct contact points with the ER and the uptake of Ca2+ via the MCU 

is dependent on the distance between the ER and mitochondria (Rizzuto et al., 1998, 

Rizzuto et al., 1993). This means that Ca2+ acts as a highly important messenger in 

dynamic signalling between the ER and mitochondria.  

Anti-apoptotic and pro-apoptotic pathways converge to regulate intracellular Ca2+ 

homeostasis. Disturbances to the balance of these pathways signals for apoptosis 

induced by a large sustained release of Ca2+ from the ER. Cross-talk between the ER 

and mitochondria at MAMs means that the mitochondria are exposed to toxic levels 

of Ca2+ (Rizzuto et al., 1993). This induces mitochondrial destabilisation and triggers 

the opening of the mPTP, which releases pro-apoptotic proteins into the cell (e.g. 

cytochrome c) and rapidly induces programmed cell death (Baumgartner et al., 

2009). Ca2+ is considered a master regulator of apoptosis and its involvement is 

proposed to regulate the switch between survival and death responses. Therefore, 

the proteins which regulate ER Ca2+ fluxes (SERCA pumps, IP3R channels, buffering 

proteins) are fundamental regulators of apoptosis (Marchi et al., 2017). Efficient Ca2+-
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induced mitochondrial destabilisation and apoptosis induction is critically dependent 

on: (i) a high level of Ca2+ within the ER lumen generated by the action of SERCA 

pumps; (ii) efficient depletion of Ca2+ from the ER via IP3R channels at MAMs.  

The three IP3R isoforms have tissue-specific expression, however, IP3R3 is expressed 

in most cell types. Cells with IP3R3 knockdown are more resistant to apoptosis than 

cells with knockdown of any other IP3R isoform, which suggests that IP3R3 has the 

biggest involvement in apoptosis induction. This is interesting since more IP3R3 

proteins localise to MAMs (Mendes et al., 2005). Furthermore, the three VDAC 

isoforms have different functions in apoptosis induction; VDAC1 is pro-apoptotic 

whereas VDAC2 is anti-apoptotic. VDAC1 physically interacts with IP3R3 involving 

molecular chaperone glucose-related protein 72 at MAMs during cell death (De 

Stefani et al., 2011, Szabadkai et al., 2006). Therefore, IP3R3 promotes apoptosis by 

efficiently delivering toxic levels of Ca2+ directly to mitochondrial ion channels at 

MAMs. Ca2+ release from the ER is tightly controlled through the interaction of a vast 

number of protein effectors with IP3Rs which impact the ability of the receptors to 

transmit Ca2+ to the mitochondria (Prole and Taylor, 2016). For example, anti-

apoptotic protein Bcl-2 interacts with IP3Rs to inhibit the release of Ca2+ to VDAC in 

the mitochondria and therefore prevents apoptosis induction (Chen et al., 2004).  

Both increasing and decreasing SERCA activity induces apoptosis. Firstly, 

upregulation of SERCA expression increases the Ca2+ capacity of the ER which 

sensitises cells to apoptosis (Chami et al., 2001, Ma et al., 1999). In contrast to this, 

chemical inhibition of SERCA using thapsigargin activates an ER stress response due 

to impaired Ca2+ regulation and apoptosis is induced via the release of Ca2+ from the 

ER through IP3Rs (Marchi et al., 2017). These studies demonstrate that the 

appropriate balance of SERCA expression and activity is required to maintain ER 

homeostasis and cell integrity. It is therefore not surprising that anti-apoptotic and 

pro-apoptotic signalling cascades directly regulate SERCA activity (Chemaly et al., 

2018). p53 has been shown to have non-transcriptional functions in promoting 

apoptosis by interacting with SERCA2 at MAMs. The interaction of p53 with SERCA2 

lowers the oxidation state of the enzyme under stress conditions, increasing Ca2+ 

transfer into the ER and promoting toxic Ca2+ signals to the mitochondria (Giorgi et 
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al., 2015c). Anti-apoptotic Bcl-2 has the reverse effect and lowers the ER Ca2+ 

concentration by reducing the expression of SERCA and inhibiting its activity to 

promote cell survival (Abeele et al., 2002, Hewarathna et al., 2017). However, 

increased levels of Bcl-2 induces apoptosis and this is thought to be due to the toxic 

depletion of ER Ca2+ levels (Bittremieux et al., 2016). This further demonstrates the 

importance of the precise balance of SERCA activity, regulated by multiple competing 

pathways, and shows that SERCA can act as an apoptosis effector (Chemaly et al., 

2018). 

Many molecular pathways impact on dynamic ER Ca2+ signalling. The balance 

between pro-apoptotic and anti-apoptotic signalling pathways finely tune the Ca2+ 

levels of the ER and mitochondria to dictate cell fate. These pathways directly 

modulate the activity of ER Ca2+ channels and pumps to ensure precise and efficient 

control over Ca2+ flues, including mitochondrial overload and apoptosis regulation.    

 

1.2.4. Endoplasmic reticulum-plasma membrane contact sites 

The ER forms contact sites with every other class of membrane bound organelle, 

including the mitochondria, endosomes, Golgi apparatus and plasma membrane. 

Contact sites form between ER tubules and apposing membranes, which are 

characterised by the close tethering of membranes without fusion (7-30 nm) and the 

absence of ribosomes on the ER (Prinz, 2014). Remarkably, contact points between 

the ER and highly motile organelles, such as endosomes, remain tethered over long 

distances. This highlights the strength of inter-organelle junctions and suggests that 

the ER structure is greatly influenced by its contact with multiple classes of organelle. 

In addition, junctions between ER tubules and endosomes can influence the 

translocation and maturation of the endosomes, and 99% of all late endosomes 

junction with the ER during trafficking (Phillips and Voeltz, 2016, Friedman et al., 

2013). The sophisticated and intricate ER network in direct connection with every 

other class of organelle allows cells to rapidly disseminate signals from the 

extracellular space throughout the entire ER and connected organelles.  
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Contact sites between the cER and the PM were first described in the 1950’s and are 

now known to occur in all cells (Porter and Palade, 1957, Gallo et al., 2016). Junctions 

between the ER and PM are 10-30 nm in distance and can be either stable or 

transient, depending on the behaviour of the cell. Transient junctions form in 

response to specific cellular events, such as Ca2+ depletion from the ER, and are 

dynamic in both their development and dissolution. Stable junctions form in highly 

specialised post-mitotic cells, such as neurons and muscle cells. It is likely that the 

static nature of these cells allows them to form ER-PM contact points with greater 

complexity in terms of both their architecture and function (Okeke et al., 2016).  

ER-PM junctions are maintained by tethering proteins which reside in the ER 

membrane and interact with phospholipids or proteins in the PM. ER-PM junctions 

tethered by different proteins vary in their architecture and intermembrane distance 

(Henne et al., 2015). For example, both extended synaptotagmin-1 (E-Syt1) and 

stromal interaction molecule 1 (STIM1) can regulate ER-PM junction formation 

through interactions with plasma membrane components in response to changes in 

intracellular Ca2+ levels (Wu et al., 2006, Giordano et al., 2013, Chang et al., 2013). 

Electron microscopy analysis showed that E-Syt1 tethered junctions have an electron 

dense layer between the ER and PM regions. However, STIM1 tethered junctions 

have a filamentous structure at a right angle to the PM (Fernández-Busnadiego et al., 

2015). This shows that junctions formed by different types of tether proteins are 

structurally distinct. Since E-Syt1 functions in the exchange of phospholipids and 

STIM1 is involved in Ca2+ transfer, this suggests that the structure of an ER-PM 

junction is related to its function (Gallo et al., 2016). Furthermore, studies have 

shown that the composition and function of STIM1-mediated ER-PM junctions is 

different when stimulated by Ca2+ or cAMP signalling (Tian et al., 2012). Taken 

together, these studies suggest that multiple types of ER-PM junctions form in the 

same cell which differ in their building blocks, stimulation for formation, 

ultrastructure and activity.   

It is only in the past decade that the significance of ER-PM junctions for cellular 

signalling has become apparent. The transfer of Ca2+ and lipid signals at ER-PM 

contact points will be discussed in more detail.  
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1.2.4.a. Store-operated calcium entry 

The loss of Ca2+ ions from the ER activates a sophisticated signalling pathway which 

induces the influx of Ca2+ from the extracellular space, known as store-operated 

calcium entry (SOCE). SOCE is regulated by two families of proteins which interact to 

form new ER-PM contact sites; stromal interaction molecules (STIM1 and STIM2) and 

calcium release-activated calcium channel proteins (Orai1, Orai2 and Orai3) (Smyth 

et al., 2010, Roos et al., 2005, Vig et al., 2006).  

STIM has two isoforms (STIM1-2), however, the STIM2 protein has a lower Ca2+ 

binding affinity and responds to subtle changes in ER Ca2+ levels around the basal 

level and is not attributed to SOCE (Brandman et al., 2007, Wang et al., 2014b). STIM1 

is a transmembrane protein which predominantly localises to the ER and is predicted 

to have a single transmembrane domain with a cytoplasmic C-terminal orientation. 

When ER Ca2+ levels are at the homeostatic level, STIM1 is evenly distributed 

throughout the tubule structures of the ER. The ER lumen localised N-terminal 

domain of STIM1 binds to Ca2+. Therefore, when the Ca2+ levels of the ER are 

depleted, Ca2+ molecules dissociate from STIM1 and this destabilises the protein 

resulting in its oligomerisation (Bird et al., 2009). STIM1 oligomers mobilise to the 

cER regulated by its cytoplasmic C-terminal and form discrete puncta of STIM1 

aggregates which interact with the PM Ca2+ channel Orai1 to form new ER-PM points 

of contact (Park et al., 2009, Yeromin et al., 2006, Muik et al., 2008).   

Orai has three isoforms (Orai1-3) which are all Ca2+ pores in the PM and have the 

ability to form SOCE channels. Orai1 has the greatest ability of the Orai proteins to 

conduct Ca2+ and is predicted to have 4 transmembrane domains, with both its N and 

C-termini orientated in the cytoplasm (Zhang et al., 2006, Prakriya et al., 2006, 

Mercer et al., 2006). Under resting conditions Orai1 forms dimers across the PM. 

Binding of STIM1 to Orai1 in response to the depletion of ER Ca2+ leads to the 

accumulation of Orai1 tetramers at cER puncta and the influx of Ca2+ from the 

extracellular space within a few seconds (Penna et al., 2008). Importantly, SERCA 

pumps also re-localise to these ER-PM junctions and this allows for efficient refilling 

of Ca2+ directly into the ER and prevents a prolonged increase in cytoplasmic Ca2+ 
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(Manjarres et al., 2010). Therefore, the loss of Ca2+ from the ER directly leads to an 

influx of Ca2+ via the plasma membrane.  

SOCE is a reversible process and after the ER reaches the homeostatic Ca2+ level, 

STIM1 dissociates from the cER leading to the termination of SOCE (Varnai et al., 

2007). In addition, Orai1 is directly inactivated by increasing levels of Ca2+, regulated 

by a calmodulin (CaM) binding domain on its N-terminus (Mullins et al., 2009). CaM 

is a Ca2+-binding protein which undergoes conformational changes when bound to 

Ca2+ to expose hydrophobic regions involved in its protein binding activities. 

Increased intracellular Ca2+ levels as a result of SOCE activation induces the binding 

of CaM to Orai1 and the inactivation of Orai1 activity. Therefore, the activity of Orai1 

to translocate Ca2+ into the cell is directly regulated by the cytoplasmic Ca2+ 

concentration, known as Ca2+-dependent fast inactivation (Mullins et al., 2009). This 

demonstrates the tight regulation of pathways which directly influence the Ca2+ 

levels of the cell.  

Pancreatic ER-resident kinase (PERK) is also present on ER-PM contact sites and has 

been shown to directly modulate the formation of ER-PM junctions after depletion 

of the ER Ca2+ store. PERK interacts with the actin cytoskeleton regulator filamin A to 

induce actin polymerisation and reorganisation that allows for contact site 

formation. A PERK mutant which lacks the ER luminal domain is still able to modulate 

junction formation, suggesting that the regulation of ER-PM junctions by PERK is 

independent of its functions during ER stress (see section 1.2.5.) (van Vliet et al., 

2017). In addition, PERK is activated by Ca2+ depletion from the ER and inhibition or 

knockdown of PERK leads to significantly less uptake of Ca2+ into the ER after 

depletion (Wang et al., 2013). SERCA activity is inhibited by an interaction with the 

ER chaperone protein calnexin and PERK negatively regulates this interaction by 

binding to calcineurin, leading to calnexin dephosphorylation and the activation of 

SOCE (Roderick et al., 2000, Bollo et al., 2010). This potentially allows PERK to 

positively modulate SERCA activity in response to Ca2+ depletion from the ER. Taken 

together, this suggests that PERK activation after Ca2+ loss from the ER promotes 

efficient re-entry of Ca2+ into the ER by influencing both new ER-PM contact site 

formation and the activity of SERCA pumps. 
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Localised SOCE-mediated Ca2+ fluxes influence the activity of Ca2+-dependent 

proteins which can modulate a wide variety of signalling pathways. For example, 

SOCE activates IKK (inhibitor of nuclear factor kappa B kinase) which leads to the 

activation of NF-κB (nuclear factor kappa B) and downstream inflammatory signalling 

(Dolmetsch et al., 1997). NF-κB also induces the transcription of SOCE regulators 

STIM1 and Orai1 (Eylenstein et al., 2012, Lang et al., 2013). In addition, during 

conditions of sustained SOCE induction CaM activates calcineurin which 

phosphorylates the transcription factor nuclear factor of activated T-cells (NFAT), 

inducing its translocation to the nucleus. In the nucleus, NFAT co-operates with 

multiple transcription factors to upregulate the genes required for various cellular 

responses, including proliferation and migration (Müller and Rao, 2010). This shows 

how SOCE currents can directly transmit signals to the nucleus and influence cellular 

activity.  

An emerging hypothesis within the field is that the molecules involved in SOCE can 

regulate apoptosis. This is unsurprising considering the high sensitivity of the 

surrounding mitochondria to Ca2+ fluxes. Apoptosis induction regulated by Ca2+ 

release from the ER, as discussed previously, requires high levels of ER Ca2+ for lethal 

mitochondrial overload. This peak level of ER Ca2+ required is generated through the 

action of SOCE. Furthermore, elevated cytoplasmic Ca2+ levels as a result of Orai 

activity could also directly destabilise the mitochondria during conditions of 

sustained SOCE at PM-mitochondria points of contact.  

Orai and SERCA molecules, which regulate the influx of Ca2+ into the cell and ER 

respectively, also have a direct role in inducing cell death. Downregulation of Orai1 

is protective against apoptosis stimulated by Ca2+ deregulation (thapsigargin), Ca2+-

independent pathways (TNFα) and DNA damaging agents (cisplatin and oxaliplatin). 

Furthermore, susceptibility to apoptosis induced by Ca2+ fluxes is dependent on Orai1 

expression, which suggests that Orai1 is an important source of Ca2+ influx required 

for apoptosis (Flourakis et al., 2010). In addition, increased activity of the SERCA 

pump via exogenous expression induces caspase-dependent apoptosis via an 

increase in ER Ca2+ load (Ma et al., 1999, Pinton et al., 2001a). Together these studies 

identify Orai and SERCA as key modulators of cell fate.  
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1.2.4.b. Non-vesicular lipid exchange 

Lipids make up the building blocks of cellular membranes and consist of three 

families: (i) glycerophospholipids (PS, phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylinositol (PI); (ii) sphingolipids; (iii) 

sterols. Eukaryotic cells produce approximately 1000 lipid species, generated by 

variations and modifications to lipid head groups and chains. Phosphorylated lipids 

actively form phospholipid bilayers which compartmentalise all cellular organelles 

and the cell itself. Phospholipid membranes ensure the spatial separation of cellular 

components, give mechanical stability and the flexibility required for endo- and 

exocytosis. Cell membranes differ in their lipid composition depending on the 

organelle to which they belong. Membrane lipid composition directly affects the 

activity of both peripheral and integral membrane proteins (including Ca2+ 

pores/receptors) and the interactions of the membrane with the cytosol and 

cytoskeleton. Therefore, lipids can directly transduce signals to regulate a wide 

variety of processes including phagocytosis, cell adhesion and cell motility (van Meer 

et al., 2008, Di Paolo and De Camilli, 2006).  

Lipids synthesised in the ER are specifically targeted to the appropriate membrane 

and metabolites are returned to the ER for recycling. Lipids require specialist 

trafficking since they are often transferred across a concentration gradient and are 

highly hydrophobic. The majority of lipids are delivered to the appropriate 

membrane in vesicles via the classical secretory pathway. However, such trafficking 

is too slow to allow the cell to make immediate changes to membrane composition. 

Eukaryotic cells have evolved a mechanism to exchange lipids directly across bilayers 

from the ER to organelles such as the PM, mitochondria, lysosomes and endosomes 

using protein tethers at membrane contact sites (van Meer et al., 2008). Lipid 

transfer proteins (LTPs) localise to the ER membrane by either insertion in the 

membrane or by interacting with ER membrane lipids.  LTPs interact with either lipids 

or proteins on a second membrane, forming a contact site between the ER and an 

opposing membrane. The lipid specificity of LTPs is responsible for their targeting to 

specific membrane junctions (Levine, 2004, Lahiri et al., 2015).  
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In general, LTPs accept a newly synthesised lipid from the ER and incorporate it into 

their lipid-binding pocket. This causes a conformational change to the protein which 

protects the lipid from the aqueous microenvironment. Interaction of the lipid-

binding protein with the acceptor membrane induces a further conformational 

change to the protein into an open orientation and the lipid is released into the 

adjacent membrane (Lev, 2010). The high concentration gradient required for lipid 

transfer is overcome using either a trapping or exchange mechanism (Lahiri et al., 

2015, Holthuis and Menon, 2014). Firstly, lipids can be “trapped” and stabilised at 

the receptor membrane by either chemical modification or by interacting with a 

protein or lipid within the membrane. In contrast, two lipids can be “exchanged” 

between opposing membranes by LTPs which simultaneously bind to two lipids. The 

gradient generated from one lipid transfer (e.g. a lipid metabolite) allows for the 

active transfer of a second lipid across a high concentration gradient.  

The PM largely consists of patches of sphingolipids and cholesterol which protect the 

cell from mechanical stress. In addition, cholesterol throughout the PM stabilises the 

surrounding phospholipids and maintains them in the correct position. PI is a 

precursor of 7 phospholipids and three of these (PI4P, PIP2, PIP3) are enriched at the 

plasma membrane. PI is delivered to the PM where lipid kinases and phosphatases 

generate PI4P, PIP2 and PIP3 (Di Paolo and De Camilli, 2006, Saheki and De Camilli, 

2017).  

Phospholipids within the PM are unevenly distributed due to the action of highly 

regulated flippase enzymes, which move lipids across the leaflets of the plasma 

membrane. For example, flippase regulates the distribution of PS and PE solely to the 

cytoplasmic leaflet of the PM; the negative charge of PS maintains an overall negative 

charge of the cytoplasmic side of the plasma membrane. However, this asymmetric 

distribution can be disrupted by the action of PM phospholipid scramblase enzymes, 

which can be activated by an increase in cytoplasmic Ca2+ concentration (Günther 

Pomorski and Menon, 2007). Scramblase can therefore regulate the activity of the 

plasma membrane and is responsible for the externalisation of PS, which signifies for 

the engulfment of senescent or apoptotic cells by macrophages with PS receptors 

(Wang et al., 2003).  
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Multiple protein families have been identified which regulate PM lipid transfer, 

grouped by their sequence similarity and core lipid-binding pocket (Gallo et al., 

2016). As discussed previously, E-Syt1 is an ER membrane Ca2+-binding protein which 

forms ER-PM points of contact through interactions with PIP2 (Di Paolo and De 

Camilli, 2006). Interestingly, E-Syt1 only forms ER-PM junctions when cytoplasmic 

Ca2+ levels increase to the micromolar range, concentrations which are only reached 

during the influx of Ca2+ from the extracellular space (e.g. during SOCE). However, E-

Syt1 function is not required for SOCE and is predicted to shuttle lipids between the 

ER and PM in combination with Nir2 (Chang et al., 2013, Giordano et al., 2013). 

Therefore, this pathway regulates the lipid composition of the plasma membrane in 

response to changes to intracellular Ca2+ levels.  

One family of proteins important for lipid exchange at the PM is the oxysterol-binding 

protein-related protein (ORP) family, of which there are 12 genes which produce 16 

proteins by alternative splicing. ORP homologs share structural similarities in their 

core lipid-binding and lid domains, the latter of which shields the lipid from the 

aqueous environment. However, the residues within the lipid-binding domain are not 

well conserved and so different ORP family members have different lipid specificities 

(Raychaudhuri and Prinz, 2010). Some ORP proteins are anchored to the ER by a 

transmembrane domain (Loewen et al., 2003). Both ORP5 and ORP8 are present in 

the cER and are able to transiently bind to the plasma membrane via interactions 

with PI4P. ORP5 and ORP8 have been shown to regulate a counter-transport 

mechanism and simultaneously deliver PS to the plasma membrane in exchange for 

PI4P which is recycled to the ER. It is therefore likely that the activity of ORP5 and 

ORP8 at ER-PM junctions is highly important for maintaining the high negative charge 

of the plasma membrane (Chung et al., 2015).  

 

1.2.5. The cellular response to endoplasmic reticulum stress  

Adverse cellular conditions which affect ER function, such as hypoxia, glucose 

deprivation and viral infection, lead to the build-up of unfolded proteins in the ER. 

This is known as ER stress. Disturbances are sensed by ER molecules and genetically 
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programmed signalling pathways are activated to restore homeostasis. If damage to 

the ER is severe or prolonged, apoptosis is induced and the cell is removed from the 

system (Iurlaro and Muñoz-Pinedo, 2016).   

 

1.2.5.a. The unfolded protein response  

The unfolded protein response (UPR) is an evolutionary conserved signalling pathway 

which is activated in response to ER stress. The UPR aims to restore ER homeostasis 

and therefore promotes cell repair and survival. The UPR relieves ER stress by: (i) 

inhibiting protein synthesis; (ii) upregulating protein folding; (iii) inducing protein 

degradation (Rutkowski and Kaufman, 2004, Kim et al., 2006). ER stress pathways are 

complex with multiple layers of regulation within each pathway; a general overview 

of ER stress signalling will be discussed here.  

The three major components of the UPR signalling cascade PERK, IRE1 (inositol 

requiring enzyme 1) and ATF6 (activating transcription factor 6) are ER membrane 

proteins which are maintained in an inactive state through binding to ER chaperone 

Grp78 (Bertolotti et al., 2000, Shen et al., 2002). In response to the accumulation of 

unfolded proteins in the ER, Grp78 dissociates from PERK, IRE1 and ATF6, leading to 

their auto-activation and the induction of the UPR (Figure 1.5). In this way, Grp78 

acts as a master regulator of the cellular response to ER stress (Kim et al., 2006).  

PERK forms the immediate response to ER stress and functions to slow the influx of 

proteins into the ER. On dissociation from Grp78, PERK dimerises, auto-

phosphorylates and activates (Bertolotti et al., 2000). Activated PERK phosphorylates 

the translation initiation factor eIF2α (eukaryotic translation initiation factor 2 

subunit alpha), which prevents ribosomal initiation complexes forming and therefore 

inhibits translation (Harding et al., 2000). Despite this block on translation, proteins 

with a specific sequence in there 5’ untranslated regions are still produced (Kaufman, 

2004). These proteins are required to aid the relief of ER stress, such as IRES (internal 

ribosomal entry site) and ATF4 (activating transcription factor 4). ATF4 is a 

transcription factor which activates the genes required for the UPR, including those 

with roles in protein secretion and amino acid metabolism (Harding et al., 2003). 
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Therefore, PERK specifically controls translation initiation so that only proteins 

required for the UPR are synthesised, dramatically slowing the global influx of 

proteins into the ER.   

The second arm of the UPR to be activated is regulated by ATF6 which, on release 

from Grp78, translocates from the ER to the Golgi (Shen et al., 2002). At the Golgi 

apparatus, ATF6 is cleaved by site-1 and site-2 proteases and the cleaved form is a 

transcription factor which translocates to the nucleus. In the nucleus, ATF6 binds to 

nuclear factor Y (NF-Y) and induces the transcription of genes with an ER stress 

response element (ERSE) in their promoter, such as Grp78 and XBP-1 (X-box protein 

1) (Yoshida et al., 2000, Yoshida et al., 1998). 

 

 

 

 

IRE1 is the last arm of the UPR to be activated and oligomerises and auto-

phosphorylates after Grp78 dissociation (Bertolotti et al., 2000). IRE1 is an RNA-

processing enzyme which degrades mRNA during conditions of ER stress to prevent 

protein synthesis. However, this activity of IRE1 depends on the amino acid sequence 

of the mRNA, allowing for the upregulation of genes required to aid the UPR (Hollien 

and Weissman, 2006). IRE1 cleaves a short sequence from XBP-1 mRNA to produce a 

splice variant of the XBP-1 protein (sXBP-1). The cleaved form of XBP-1 binds to NF-Y 

to activate the transcription of many UPR genes with an ERSE within their promoter, 

such as Grp78 and XBP-1 itself. sXBP-1 also activates the transcription of the HSP40 

Figure 1.5. Summary of pro-survival functions of the UPR signal transducers. ER 
stress activates PERK, IRE1 and ATF6 signalling cascades which function in the 
upregulation of the UPR and ERAD processes and the inhibition of translation to 
mediate cellular repair and promote cell survival. 
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family protein P58IPK, which binds to PERK to inhibit its activity, providing a negative 

feedback loop controlling UPR signalling and terminating translation inhibition (Yan 

et al., 2003). The major function of both IRE1 and ATF6 during ER stress is to 

transcriptionally upregulate the genes required for cellular repair.  

The UPR also induces the degradation of unfolded or misfolded proteins in the ER to 

aid the restoration of the balance between ER chaperones and unfolded proteins. 

This is known as ER stress-associated degradation (ERAD). The transcription of genes 

required for ERAD are upregulated by both IRE1 and ATF6 pathways. For example, 

IRE1-XBP-1 induces the transcription of ER degradation-enhancing α-mannosidase-

like protein (EDEM) which is important for translocating misfolded proteins to the 

cytoplasm where they are degraded by the proteasome (Werner et al., 1996, Yoshida 

et al., 2003). Therefore, ERAD is an important mechanism in the elimination of ER 

stress and promotes cell survival.  

 

1.2.5.b. Endoplasmic reticulum stress-induced apoptosis 

High levels or prolonged ER stress induces caspase and mitochondrial-mediated 

apoptosis, and a regulated form of necrosis (Iurlaro and Muñoz-Pinedo, 2016). The 

PERK and IRE1 signalling cascades of the UPR are able to induce apoptosis, whereas 

the ATF6 pathway largely promotes cell survival (Figure 1.6). This ensures that cells 

which are unable to maintain ER homeostasis are removed from the system and 

prevents the initiation of disease (Tabas and Ron, 2011). ER stress-induced apoptosis 

is highly complex, involving multiple signalling cascades and many effectors, and so 

only a general mechanistic overview is presented here. 

After prolonged exposure to ER stress and IRE1 activation, phosphorylated IRE1 

interacts with the cytoplasmic signal transducer TNF receptor-associated factor 2 

(TRAF2). TRAF2 signals for apoptosis by ultimately activating apoptosis-signalling 

kinase 1 (ASK1) and c-Jun N-terminal protein kinase (JNK) (Urano et al., 2000, 

Nishitoh et al., 2002). Furthermore, caspase 12 localises to the ER where it is critically 

important for apoptosis induction specifically in response to ER stress and TRAF2 has 

been shown to interact with and cleave procaspase 12 (Nakagawa et al., 2000). This 
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results in the activation of caspase 12 and the induction of apoptosis (Yoneda et al., 

2001). Therefore, caspase-dependent apoptosis is directly induced by the IRE1-

TRAF2 signalling cascade.  

 

Figure 1.6. Summary of pro-apoptosis mechanisms of the UPR signal transducers. 
ER stress activates PERK and IRE1 signalling cascades which induce pro -apoptotic 
signalling pathways to mediate cell death in response to severe or prolonged 
damage. PERK-mediated apoptosis involves NF-κB, p53 and CHOP, and IRE1 induces 
apoptosis via the TRAF2-mediated activation of JNK and caspase 12. IRE1/TRAF2 
also engages NF-κB. 

 

The PERK arm of the UPR has a major role in the switch to apoptosis signalling as it 

regulates multiple pathways which induce cell death (Liu et al., 2015). ATF4 activated 

by the PERK/eIF2α pathway dimerises with C/EBP-β (CCAAT/enhancer-binding 

protein beta) to induce the expression of the transcription factor CHOP (C-EBP 

homologous protein). An increase in CHOP expression is an important mediator of 

the switch towards apoptosis signalling during ER stress as it regulates the 

transcription of multiple pro-apoptotic targets, such as GADD34 (growth arrest and 

DNA damage-inducible protein 34), DR5 and Ero1α (endoplasmic reticulum 

oxidoreductase-1) (Sano and Reed, 2013). GADD34 is responsible for 

dephosphorylating eIF2α to reverse the PERK-induced inhibition of protein 

translation, which allows for the expression of the pro-apoptotic machinery (Novoa 

et al., 2001). Furthermore, CHOP suppresses the expression of the anti-apoptotic 
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protein Bcl-2, possibly through interactions with transcriptional repressors 

(McCullough et al., 2001, Tabas and Ron, 2011).  

Apoptosis can be induced by multiple arms of the UPR signalling cascade, either 

utilising common effector molecules or activating completely different pathways. 

This allows cells to amplify a specific apoptosis signalling pathway, or use multiple 

pathways to simulate rapid cell death (Tabas and Ron, 2011). However, the PERK arm 

may still have a larger influence on apoptosis induction since it is activated to higher 

levels than the IRE1 and ATF6 signalling cascades after prolonged ER stress (Tabas 

and Ron, 2011, Lin et al., 2007). For example, CHOP can also be activated by 

phosphorylation mediated by the IRE1 signalling cascade, and can be 

transcriptionally upregulated by ATF6-XBP-1 (Wang and Ron, 1996). Furthermore, 

NF-κB can be induced by both the PERK and IRE1 arms of the UPR. Firstly, 

PERK/eIF2α-mediated translation inhibition leads to a net decrease in the levels of 

the NF-κB regulator IκBα (nuclear factor kappa B inhibitor alpha) due to its short half-

life, enabling the activation of NF-κB (Jiang et al., 2003a). In addition, TRAF2 mediates 

an interaction between IRE1 and the NF-κB regulator IKK. This leads to an increase in 

phosphorylated IκBα which is degraded, activating NF-κB. Activated NF-κB stimulates 

the production of TNFα which further induces NF-κB activation, forming a positive 

feedback loop which pushes the cell into apoptosis requiring caspase 8 (Hu et al., 

2006). There is some evidence which suggests that IRE1 and PERK co-operate in the 

activation of NF-κB during conditions of ER stress; knockdown of either UPR effector 

leads to only a partial induction of NF-κB (Tam et al., 2012).  

NF-κB can activate the expression of p53 by binding to the p53 promoter under stress 

conditions (Wu and Lozano, 1994, Sun et al., 1995). Exposure to ER stress for short 

time periods (3-6 hours) leads to a decrease in total p53 levels, however, after 

prolonged exposure to ER stress (from 12 hours) p53 is transcriptionally upregulated 

by NF-κB (Lin et al., 2012). During conditions of ER stress, PERK mediates the 

alternative splicing of p53 mRNA to specifically increase the p53ΔN40 isoform, which 

lacks the first transactivation domain associated with cell cycle regulation 

(Bourougaa et al., 2010). p53 activated by ER stress functions in apoptosis since 

silencing of p53 gives cells resistance to ER stress-induced cell death (Lin et al., 2012). 
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However, the p53ΔN40 isoform is sufficient to induce p53-regulated apoptosis genes 

Noxa and Puma during ER stress (Bourougaa et al., 2010). Furthermore, both full 

length p53 and p53ΔN40 bind to Grp78 mRNA to suppress its translation, correlating 

with apoptosis induction (Lopez et al., 2017). Downregulation of the ER chaperone 

Grp78 is likely to disrupt the balance between its interactions with unfolded proteins 

and UPR receptors, impairing the ability of the cell to relieve ER stress and therefore 

contributing towards pushing the cell into apoptosis. ER stress is the first known 

physiological response where p53 regulates translation rather than transcription 

(Lopez et al., 2017). This highlights the unique mechanisms which are used to 

respond to ER stress compared to other forms of cellular stress, such as DNA damage.  

ER stress-induced apoptosis signalling is complex and requires the co-ordinated 

action of multiple effectors to efficiently remove damaged cells from the system and 

prevent the initiation of disease.  

 

1.2.5.c. Calcium signalling during ER stress 

Protein folding in the ER is dependent on its Ca2+ concentration due to the action of 

Ca2+-dependent chaperones which require a high concentration of ER Ca2+ for their 

functions (Sano and Reed, 2013). Therefore, dysregulation of Ca2+ signalling can 

induce an ER stress response; this is exploited to aid studies of the UPR, for example 

the potent SERCA inhibitor thapsigargin is used to induce ER stress signalling 

(Thastrup et al., 1990). A key example of the sensitivity of the ER to Ca2+ fluctuations 

is the ER chaperone protein calreticulin which, as discussed previously, negatively 

regulates Ca2+ influx into the ER by binding to SERCA pumps (John et al., 1998). 

Fluctuations in the Ca2+ levels of the ER affects the ability of calreticulin to fold and 

synthesise proteins in the ER. This reduces the folding capacity of the ER, inducing ER 

stress and cell death (Lim et al., 2008). Furthermore, dysregulation of ER chaperone 

proteins can induce apoptosis independent of the UPR, due to the imbalance of Ca2+ 

ions in the ER lumen, and disruption to Ca2+ signalling can directly activate caspase 

12-mediated apoptosis (Nakagawa et al., 2000).  
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Ca2+ signalling is also dysregulated as a result of ER stress induction and, as discussed 

previously, this has a major role in the regulation of cell fate. For example, under 

homeostatic conditions, Grp78 binds to the luminal domain of IP3R1 to activate the 

receptor. After ER stress induction, Grp78 dissociates from IP3R1, inactivating the 

release of Ca2+ from the ER  (Higo et al., 2010). This can be both pro-survival and pro-

apoptotic; IP3R1 inactivation prevents mitochondrial Ca2+ overload, but sustained 

inhibition of IP3R1 causes the mitochondrial Ca2+ levels to become too low for its vital 

functions (Kiviluoto et al., 2013). In contrast, prolonged ER stress stimulates the 

upregulation of Ero1α mediated by CHOP, and Ero1α promotes hyperoxidation and 

apoptosis by activating IP3Rs at MAMs (Li et al., 2009, Gilady et al., 2010). This leads 

to mitochondrial Ca2+ overload and provides a direct mechanistic link between CHOP 

transcriptional signalling, manipulation of ER Ca2+ load and apoptosis induction.  

The relationship between ER stress induction and Ca2+ homeostasis is highly complex. 

This is due to the vast number of Ca2+-dependent molecules which regulate the 

protein folding capacity of the ER. However, ER Ca2+ dynamics is also influenced by 

the protein folding capacity of the ER, since ER Ca2+ receptors and channels are 

regulated by ER chaperones. This means that Ca2+ is likely to be an important 

regulator of the ER stress response, even when ER stress was induced by other 

means. ER Ca2+-binding proteins display a huge range of affinities for Ca2+ ions and 

this allows the ER to self-regulate and have precise control over Ca2+ fluxes; mild 

insults to ER homeostasis will induce subtle changes to Ca2+ signalling, whereas 

dramatic insults will induce a rapid Ca2+-dependent cellular response (Prins and 

Michalak, 2011).  

 

1.2.6. The endoplasmic reticulum in tumorigenesis  

1.2.6.a. Calcium remodelling  

The remodelling of Ca2+ signalling pathways drives many oncogenic processes, 

including transformation, proliferation and angiogenesis, and is therefore now 

recognised as a hallmark of cancer (Bittremieux et al., 2016). Due to the fundamental 

role that Ca2+ ions play in the regulation of cell fate, disruption to these pathways 
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also gives tumour cells resistance to apoptosis. The differential expression of key 

molecules involved in the induction or repression of Ca2+ transfer from the ER to 

MAMs function as tumour suppressor genes or oncogenes respectively (Marchi et 

al., 2014).  

Any increase in the levels or activity of proteins which are involved in reducing the 

Ca2+ concentration of the ER and its transfer to the mitochondria will have oncogenic 

effects. Characterised oncogenes with this function include Bcl-2 and Ras (Marchi et 

al., 2014). Bcl-2 is upregulated in many different types of cancer and this has a 

complex impact on ER Ca2+ homeostasis (Bittremieux et al., 2016). In general, 

upregulation of Bcl-2 lowers the steady state Ca2+ level of the ER by both inhibiting 

the SERCA pump and stimulating Ca2+ leak from IP3Rs (Dremina et al., 2004, 

Eckenrode et al., 2010, Pinton et al., 2000). This means that tumours with increased 

expression of Bcl-2 are less able to induce pro-apoptotic ER-MAM Ca2+ transfer.  

Conversely, tumour suppressor proteins function in the stimulation of ER-

mitochondria Ca2+ transfer in healthy cells and therefore the mutation or 

downregulation of these proteins aids the apoptosis resistance of the tumour. 

Multiple tumour suppressor genes have been identified with these functions, 

including BRCA1 and p53 (Bittremieux et al., 2016). For example, mutant p53 is non-

functional in the chemotherapy-induced activation of SERCA and therefore ER Ca2+ 

does not accumulate to the cytotoxic levels required for mitochondrial overload 

(Giorgi et al., 2015b). Furthermore, p53 deficient tumours are unable to stimulate an 

increase in cytoplasmic and mitochondrial Ca2+ levels for apoptosis induced by 

photodynamic therapy in vivo. Importantly, photodynamic therapy-mediated toxic 

Ca2+ signalling was repaired by the induction of SERCA or MCU expression in p53 

deficient cells (Giorgi et al., 2015a). Manipulation of Ca2+ transfer at the ER and 

mitochondria is therefore a potential route to overcome the apoptosis resistance of 

human tumours with mutant p53 (Bittremieux and Bultynck, 2015).  

SERCA activity is also directly affected in multiple types of tumours by either 

mutation or dysregulation in its expression levels (Chemaly et al., 2018, Brini and 

Carafoli, 2009). This is supported by heterozygous SERCA2 knockout mouse models, 
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which develop squamous cell carcinomas of the upper digestive tract (Liu et al., 

2001). SERCA expression is downregulated in human tumours, including that of the 

colon, lung and prostate (Chemaly et al., 2018). However, SERCA2 expression was 

also found to increase in colorectal tumours, which correlated with tumour size and 

metastasis (Fan et al., 2014). The involvement of both decreasing and increasing 

SERCA levels in tumorigenesis is potentially due to the involvement of different 

isoforms and the  impact may be tissue-specific (Chemaly et al., 2018). In either case, 

SERCA is an attractive target for the development of novel cancer therapies which 

induce apoptosis by either stimulating or inhibiting its activity (Chemaly et al., 2018).  

The development of treatments which target key regulators of ER-MAM Ca2+ transfer 

is an attractive avenue for the treatment of tumours which do not respond to current 

therapies. However, such drugs require a mechanism to specifically target their 

effects to tumour cells and avoid toxicity to the surrounding healthy cells 

(Bittremieux and Bultynck, 2015). Since both the activation and inhibition of SERCA 

activity leads to substantial changes to intraceullar Ca2+ transport and ultimately 

apoptosis, SERCA is one such target. However, since SERCA is expressed in all cell 

types, manipulations of its activity to treat cancer requires tumour-specific targeting. 

This has been achieved by the development of a thapsigargin-based drug which is 

only activated in the prostate tumour microenvironment; thapsigargin is targeted 

specifically to prostate tumours by coupling with a substrate of serine/protease-

specific membrane antigen (PMSA). PMSA is exlcusively secreted by prostate luminel 

epithelial cells and activates thapsigarin-induced tumour cell death (Denmeade et al., 

2003). This drug successfully induced tumour regression in vivo and is now in phase 

I clinical trials, demonstrating how manipulations of SERCA activity can be used to 

develop novel personalised cancer therapies (Denmeade et al., 2012).  

 

 1.2.6.b. ER stress resistance   

Cancer cells within a solid tumour are exposed to high levels of ER stress as a result 

of their high metabolic demand, expression of mutant proteins, increased secretion 

and poor vasculature (Brown and Giaccia, 1998, Giampietri et al., 2015). The lack of 
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vasculature within the tumour means that cells are deprived of nutrients and oxygen, 

and are therefore exposed to low pH, oxidative stress and hypoxia (Brown and 

Giaccia, 1998). All of these conditions put pressure on the folding capacity of the ER 

and induce ER stress. Tumour cells adapt to this microenvironment by activating UPR 

signalling pathways, which gives a selective advantage for continued proliferation. In 

non-transformed cells, prolonged induction of ER stress pathways activates pro-

apoptotic signalling and this ensures that cells do not proliferate in unsuitable 

microenvironments. However, cancer cells are able to resist ER stress-induced cell 

death to ensure their continued survival (Wang et al., 2014a).  

All of the ER stress sensors (PERK/ATF4, IRE1/XBP-1 and ATF6) and multiple ER 

chaperones are exploited in human cancers to enable adaptation to the tumour 

microenvironment (Giampietri et al., 2015). Both the PERK and IRE1 signalling 

pathways are required for cancer cells to grow under hypoxic conditions 

(Constantinos, 2006). Hypoxic conditions induce PERK/eIF2α-mediated translation 

inhibition in tumours and this contributes to cell survival and tumour progression due 

to the upregulation of ATF4 and genes required for angiogenesis (Blais et al., 2006, 

Blais et al., 2004). ATF4 is increased in highly hypoxic areas of breast tumours and 

further contributes to adaptation to nutrient deprivation by negatively regulating 

genes involved in senescence and upregulating the expression of genes involved in 

amino acid recycling (e.g. asparagine synthetase) (Horiguchi et al., 2011, Ye et al., 

2010). Activation of IRE1/XBP-1 signalling in human cancers also contributes to their 

adaptation to hypoxia via the upregulation of the ER chaperone Grp78 (Giampietri et 

al., 2015). ATF6 is also upregulated in solid human tumours, although its function in 

tumour cell adaptation is less well understood (Shuda et al., 2003). It is likely that 

ATF6 co-operates with other UPR stress sensors and contributes to the upregulation 

of XBP-1 and Grp78 (Wang et al., 2014a).  

ER chaperones are also upregulated and this enhances the protein folding capacity 

of the ER and therefore promotes the continued proliferation and survival of the 

cancer cells. For example, Grp78 is highly expressed in human tumours such as that 

of the breast, lung and prostate (Dudek et al., 2009). Multiple mechanisms have been 

identified in which the upregulation of Grp78 protects against ER stress-induced 
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apoptosis, including the inactivation of pro-apoptotic molecules (Bik and caspase 7) 

and the suppression of CHOP induction (Reddy et al., 2003, Fu et al., 2007). In 

addition, Grp78 contributes to angiogenesis signalling at both the ER and cell surface, 

promoting tumour growth and metastasis (Luo and Lee, 2012). Expression levels of 

Grp78 can also be used as a prognostic indicator since Grp78 expression correlates 

with resistance to multiple cancer therapies (chemotoxic, anti-hormonal, DNA 

damaging, anti-angiogenesis) (Luo and Lee, 2012, Reddy et al., 2003). Silencing Grp78 

sensitises cancer cells to apoptosis induced by current therapies and so targeting 

Grp78 in combination with chemotherapies is a novel approach for the treatment of 

chemo-resistant tumours (Lee, 2007).  

Human cancers exploit pro-survival UPR signalling pathways to adapt to the tumour 

microenvironment and avoid apoptosis (Wang et al., 2014a). Upregulation of the UPR 

also enables tumours to resist apoptosis induced by chemotherapy cancer 

treatments. However, since the UPR pathways are essential for the proliferation and 

survival of cells within the solid tumour, they provide an attractive target for the 

development of novel drugs to induce tumour cell death. Drugs targeting the UPR 

could induce tumour cell death by either pushing cells into ER stress-induced 

apoptosis, or by sensitising cells to apoptosis inducing drugs. Furthermore, targeting 

UPR pathways also enables specificity of the treatment since UPR pathways are 

inactive in the surrounding non-tumorigenic cells (Yadav et al., 2014). For example, 

anti-angiogenesis cancer drugs targeting VEGF increase the progression and 

metastatic potential of tumours in vivo as the tumours are able to adapt to the 

hypoxic microenvironment (Pàez-Ribes et al., 2009). However, this could be 

overcome if used in combination with a drug which targets the pathways that the 

cells use to survive in highly hypoxic conditions. Drugs are currently being developed 

to target the UPR using a number of different molecular mechanisms including: (i) 

inhibition of the proteasome; (ii) inhibition of the activity or expression of UPR 

molecules (PERK, eIF2α, CHOP, IRE1); (iii) activation of UPR molecules (PERK, eIF2α, 

CHOP, IRE1, Grp78, XBP-1) (Yadav et al., 2014). In either case, these therapies would 

exploit the pathways which tumour cells require to proliferate and tip the balance 

towards cell death induction.  
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1.3. The autophagy-lysosome system 

1.3.1. General functions and mechanisms of autophagy  

Proteostasis (protein homeostasis) is the balance between the processes which 

control protein folding, trafficking and degradation. Two protein degradation 

systems exist which continually monitor the proteasome of the cell to protect against 

accumulating misfolded and damaged proteins which would cause disease and 

contribute to ageing. The ubiquitin-proteasome system involves the degradation of 

short-lived and misfolded/damaged proteins which are labelled with ubiquitin 

molecules, catalysed by the 26S proteasome. The autophagy-lysosome system 

delivers large cellular components, such as protein aggregates and organelles, to the 

lysosome for degradation (Dikic, 2017). However, there is also significant cross-talk 

between the proteasome and autophagy pathways, which is important to ensure the 

homeostasis of the proteasome. In addition, autophagy can compensate for the 

proteasome when it is overloaded to ensure the removal of toxic material, for 

example in response to ER stress (Dikic, 2017, Ding et al., 2007b).  

The exact molecular mechanism of autophagy is highly complex and is likely to 

depend on both the cargo processed and the cellular state (Stolz et al., 2014). Firstly, 

a crescent shaped double membrane known as a phagophore/isolation membrane 

forms (Figure 1.7). The phagophore expands to engulf the cellular cargo and closes 

to form an autophagosome structure. The lipids required for the formation of a 

phagophore are provided by the ER, Golgi, mitochondria and PM. Interestingly, 

MAMs and ER-PM junctions are known to play an important role in the growth of 

phagophores (Hamasaki et al., 2013, Nascimbeni et al., 2017). Around 30 autophagy-

related genes (ATG) have been identified in mammalian cells which are recruited to 

the phagophore in a hierarchical manner and control autophagosome formation, 

development and trafficking. The mature autophagosome is trafficked along 

microtubules and ultimately fuses with a lysosome, where the cellular material is 

degraded by lysosomal hydrolase enzymes (Stolz et al., 2014, Dikic, 2017).  
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Basal levels of autophagy occur under normal conditions and this plays a major role 

in maintaining cellular homeostasis, regulated by signals generated from metabolism 

and growth processes. However, autophagy is upregulated in response to cellular 

stress, such as nutrient/growth factor starvation, hypoxia and oxidative stress. Under 

such conditions autophagy acts as an adaptive response to provide the amino acids 

and energy required for cell survival. Starvation-induced autophagy is a non-selective 

process which degrades cytosolic proteins and macromolecules to generate 

Figure 1.7. Endosomal and autophagy degradation pathways. Plasma membrane 
proteins are absorbed into endocytic vesicles which fuse with early endosomes and 
are subsequently either recycled back to the plasma membrane or pass through the 
endosomal system for lysosomal degradation. Cytoplasmic  material is engulfed by 
expanding phagophores and targeted for lysosomal degradation via 
autophagosomes. Endosome and autophagy pathways converge via the fusion of a 
late endosome with an autophagosome to form a hybrid amphisome which finally 
fuses with the lysosome for degradation of their contents.  
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nutrients. Formation of the isolation membrane is induced by the activation of the 

AMPK (AMP-activated protein kinase) pathway and the inactivation of the mTOR 

(mammalian target of rapamycin) pathway (Dikic, 2017).  

However, cargo, including aggregated proteins, mitochondria, ribosomes, ER and 

pathogens, can also be degraded in a selective manner at both basal conditions and 

in response to stress signals (Stolz et al., 2014). Cargo degraded by selective 

autophagy is recognised by receptor proteins which interact with both the cargo and 

an ATG8 family protein on the membrane of a nascent autophagosome. Currently, 

the exact co-ordination of cargo recruitment and autophagosome formation is not 

well characterised, although this may depend on the stimulus. Multiple molecules 

have now been identified which are selectively degraded during starvation-induced 

autophagy and so there appears to be some redundancy between autophagy 

pathways (Zaffagnini and Martens, 2016). This suggests that the co-ordination of 

autophagy degradation may be dependent on the cargo itself.  

Remarkably, the most common modification to cargo destined for selective 

autophagy is ubiquitination. This means that ubiquitin molecules have a fundamental 

role in the labelling of substrates for both proteasome and autophagy degradation. 

However, selective autophagy can also occur in a ubiquitin-independent manner, 

mediated by autophagy receptors which directly recognise their cargo to activate 

autophagy (Khaminets et al., 2016). Ubiquitin-dependent autophagy is regulated by 

receptor proteins containing an ubiquitin-binding domain. Several autophagy 

receptors have been identified with this function, including p62/SQSTM1 which links 

both ubiquitinated intracellular aggregates and bacteria to the autophagosome 

membrane (Khaminets et al., 2016, Seibenhener et al., 2004). Autophagy receptors 

interact with an ATG8 family protein on the autophagosome membrane via 

conserved LC3-interacting regions. The ATG8 protein family has 3 subfamilies (LC3, 

GABARAP and GATE-16) which are tightly associated with autophagosomes and are 

essential for cargo uptake during selective autophagy (Stolz et al., 2014, Slobodkin 

and Elazar, 2013).  
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1.3.2. Detection of autophagy flux  

The level of autophagy is dependent on the balance between autophagosome 

formation, maturation and lysosomal breakdown, known as autophagy flux. The total 

levels of specific autophagosome membrane proteins can be used to detect the 

relative number autophagosome structures within cells. The ATG8 family member 

LC3 (microtubule-associated proteins 1A/1B light chain 3A) has multiple homologues, 

but the LC3B isoform is commonly used as a measure of autophagy. The cytosolic 

form of LC3B (LC3I) is conjugated to PE (LC3II) and the LC3II form is incorporated into 

both the inner and outer autophagosome membranes (Slobodkin and Elazar, 2013). 

The protein levels of LC3II correlates with the number of autophagosomes present 

within a cell and so is commonly used to estimate the level of autophagy. However, 

following fusion of the autophagosome with a lysosome, LC3II on the inner 

membrane is degraded and LC3II on the outer membrane is unconjugated from PE 

(Mizushima and Yoshimori, 2007). This means, for example, that an observed 

increase in the total LC3II protein level cannot differentiate between an upregulation 

of autophagy initiation and an inhibition of autophagy termination.  

As mentioned previously, p62 is an autophagy receptor which links ubiquitinated 

cargo to LC3 on the autophagosome membrane (Pankiv et al., 2007). Following fusion 

of the autophagosome with a lysosome, p62 is degraded (Bjorkoy et al., 2005). 

Therefore, p62 is a substrate of autophagy and can be used to estimate the rate of 

autophagy suppression. However, p62 levels are also regulated by different 

mechanisms and so should only be used to estimate autophagy degradation in 

combination with other markers (Jiang and Mizushima, 2015).  

In order to measure the level of autophagy flux, the levels of autophagy markers, 

such as LC3II and p62, should be determined in the absence and presence of a 

lysosome inhibitor. The degradation of both LC3II and p62 is prevented by lysosomal 

inhibition and so comparison of their levels in the absence of a lysosome inhibitor 

enables distinction between autophagy induction and lysosome impairment. This 

provides a more accurate estimation of the rate of autophagy flux (Mizushima and 

Yoshimori, 2007).  
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1.3.3. Lysosomal degradation of plasma membrane proteins  

Plasma membrane proteins are continually removed from the membrane and 

absorbed into vesicles where they are ultimately recycled or degraded in a process 

known as endocytosis (Figure 1.7). (Pryor and Luzio, 2009). Different endocytosis 

pathways exist which can be characterised by the vesicle’s protein coat (e.g. clathrin 

and caveolae), or function without a specific vesicle coat (Kirchhausen, 2000, Mayor 

et al., 2014). The kinetics, precise molecular mechanism and vesicle’s final 

destination differs depending on the pathway involved (Mayor et al., 2014). PM 

protein internalisation can be induced by the binding of a specific ligand to their 

extracellular domain. However, endocytosis can also be ligand-independent and 

continually occur to maintain the appropriate protein level within the membrane. 

Ubiquitin molecules are often added to the cytoplasmic domain of a PM protein 

which interacts with an adapter protein to promote cargo selection for endocytosis. 

A complex series of events ensues which promotes the assembly of the endocytic 

machinery and the budding of a PM protein-containing vesicle (Pryor and Luzio, 

2009). The half-life of a PM protein is determined by the balance between its 

internalisation, recycling and degradation (Goh and Sorkin, 2013). Therefore, 

endocytosis plays a major role in the regulation of signal transduction at the PM. 

The PM protein cargo is subsequently transported through the endolysosomal 

system, composed of a series of endosomes and lysosomes, where its fate is 

determined. Endosomes are classified as early/sorting, late and recycling, which vary 

in their function, protein/lipid composition and morphology. Following budding from 

the PM, endocytic cargo vesicles lose their protein coat and fuse with an early 

endosome. At this point, PM proteins can be recycled back to the plasma membrane, 

either directly or via recycling endosomes (Klumperman and Raposo, 2014). Bound 

ligands or modifications play an important role in determining whether a protein will 

be recycled or degraded; the release of a protein’s ligand within the early endosome 

can induce its recycling, whereas ubiquitin acts as a degradation signal and promotes 

lysosomal degradation (Pryor and Luzio, 2009). A complex set of sorting steps 

regulate the maturation of early endosomes into late endosomes, which are 

characterised by the presence of intraluminal vesicles. The late endosome 
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subsequently fuses with a lysosome, forming a hybrid organelle with intermediate 

characteristics, and the protein material is digested into its basic components (Pryor 

and Luzio, 2009).  

One of the best characterised endocytic pathways is the EGFR, which is used as a 

model for ligand-induced receptor-mediated endocytosis. Binding of epidermal 

growth factor (EGF) to the EGFR induces auto-phosphorylation of the receptor’s 

cytoplasmic domain. Ubiquitin conjugating, activating and ligating enzymes mediate 

the addition of ubiquitin residues to the EGFR, which are regulated by multiple 

pathways. For example, the ubiquitin ligase Cbl binds to the EGFR’s phosphorylated 

residue and adds a short ubiquitin chain to the receptor. The activity of Cbl is 

regulated by an array of proteins, including Sprouty2, allowing for indirect regulation 

of specific PM protein endocytosis (Goh and Sorkin, 2013). Interactions between the 

EGFR and adapter proteins promote the assembly of clathrin coated pits and the 

subsequent internalisation of the receptor via the clathrin pathway. Remarkably, 

high doses of EGF leads to saturation of the clathrin machinery and the activated 

EGFR is therefore internalised by clathrin-independent mechanisms (Mayor et al., 

2014). However, both clathrin-dependent and independent vesicles proceed to the 

same early endosome route. Depending on the receptors localisation within the 

endosome, it is either recycled back to the membrane or held within the endosome 

as it matures and ultimately fuses with a lysosome (Goh and Sorkin, 2013). Therefore, 

the endolysosomal pathway mediates the degradation of the EGFR following ligand 

binding signals. Many molecules are involved in this process and so the 

internalisation and fate of the receptor is regulated by multiple pathways.  

Autophagy and endocytosis share common features such as the use of ubiquitin as a 

degradation signal and the requirement of the lysosome for material digestion (Stolz 

et al., 2014, Pryor and Luzio, 2009). However, the endosomal pathway also directly 

intersects with autophagy at multiple points to promote its initiation and 

development. For example, early endosomes provide proteins and membrane 

components which contribute to phagophore formation and maturation. In addition, 

late endosomes provide several protein complexes which are required for 

autophagosome maturation and fusion with the lysosome. Importantly, 
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autophagosomes fuse with mature endocytic compartments to form a hybrid 

organelle, known as an amphisome. Amphisomes then fuse with a lysosome to form 

an autolysosome, which contains the hydrolases and machinery required for 

degradation of their contents (Lamb et al., 2012). Endosomal and autophagosomal 

membrane components and proteins are finally removed from the autolysosome, 

and the lysosome is reformed (Tooze et al., 2014). 

The endosomal pathway is essential for efficient autophagy flux (Lamb et al., 2012). 

Much of the molecular machinery required for endocytosis and autophagy is shared 

between the pathways and this suggests that the endosomal system plays a key role 

in the initiation and expansion of phagophores and the maturation of 

autophagosomes. The formation of amphisomes and their fusion with lysosomes also 

plays a very important role in the degradation of autophagic material (Lamb et al., 

2012, Tooze et al., 2014). Together, this hints at possible communication and co-

operation between autophagy and endocytosis, to ensure the homeostasis of the 

proteasome.  

 

1.3.4. The role of autophagy in cell death  

Autophagy is a pro-survival adaptive response in most settings. However, too much 

autophagy promotes cell death. Therefore, three modes of cell death have currently 

been described: Type I (apoptosis), Type II (autophagy) and Type III (necrosis). 

Autophagy and apoptosis vary greatly on both a molecular and morphological scale. 

In addition, autophagy and apoptosis are sequentially activated under stress stimuli; 

autophagy is activated to promote cellular repair in the early response to stimuli such 

as metabolic stress, pathogen infection and starvation, whereas apoptosis is induced 

as a last resort to specifically mediate cell death. However, when cell repair is not 

possible, prolonged autophagy induction contributes to both Type I and Type II cell 

death. Significant cross-talk occurs between the signalling networks and molecular 

machinery involved and so autophagy and apoptosis cannot be considered unique 

modes of cell death (Booth et al., 2014).  
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Multiple autophagy proteins have been identified which function in apoptosis 

independent to their autophagy-related mechanism (Booth et al., 2014). For 

example, ATG5 functions in autophagosome formation when covalently conjugated 

to ATG12. However, unconjugated ATG5 is cleaved and translocates to the 

mitochondria where it interacts with pro-survival Bcl-XL to mediate the release of 

cytochrome c. The role of ATG5 in apoptosis is autophagy-independent since it does 

not require an interaction with ATG12 (Yousefi et al., 2006). Multiple autophagy 

proteins, including p62 and Beclin-1 (BECN1), are cleaved and inactivated by caspase 

enzymes during apoptosis (Booth et al., 2014). Cleaved BECN1 generates a C-terminal 

fragment which mediates the release of cytochrome c from the mitochondria, further 

amplifying the apoptosis signal (Wirawan et al., 2010). The cleavage of ATG5, p62 

and BECN1 promotes cell death by suppressing their autophagy functions. In 

addition, the cleaved forms of ATG5 and BECN1 gain functions which enhance the 

apoptosis response. These events mediate a cross-talk between the autophagy and 

apoptosis pathways to promote cell death in response to irreparable cellular damage 

(Booth et al., 2014).  It is also likely that sustained autophagy disrupts the proteasome 

to such an extent that apoptosis is induced as a result of the excessive digestion of 

organelles/proteins required for cell survival over death factors (Benbrook and Long, 

2012). 

Equally, key apoptosis effector molecules interact with autophagy proteins to 

manipulate the autophagy response. For example, Bcl-2 constitutively binds to and 

inhibits the activity of BECN1, maintaining autophagy at a low level which promotes 

cell survival under resting conditions. Bcl-2 is released from BECN1 in response to 

cellular stress and autophagy is subsequently upregulated. This means that anti-

apoptotic Bcl-2 promotes cell survival by simultaneously blocking high levels of 

autophagy and the induction of apoptosis (Pattingre and Levine, 2006). The precise 

balance of Bcl-2 feedback loops which regulate autophagy and apoptosis enables Bcl-

2 to consecutively activate the appropriate cellular response, dependent on the 

severity and duration of the stress stimuli (Kapuy et al., 2012). In addition, recently 

emerging discoveries suggest that caspase enzymes can be directly activated on 

autophagosome membranes. For example, caspase 8 and adapter proteins which 
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form the DISC at the PM are also recruited to autophagosome membranes, forming 

an intracellular DISC-like complex. In this manner caspase 8 is activated by the 

autophagosome and induces an apoptotic caspase cascade (Young et al., 2012).  

p53 functions in the regulation of autophagy using both transcription-dependent and 

independent mechanisms (Booth et al., 2014). The transcriptional programme of p53 

stimulates autophagy via an upregulation in autophagy genes, such as ATG10, ATG7 

and lysosomal protein DRAM, and a downregulation in mTOR signalling (Vousden and 

Prives, 2009). However, cytoplasmic p53 functions in the suppression of autophagy. 

For example, p53 downregulates LC3 during conditions of chronic starvation, which 

leads to a reduction in autophagy flux and promotes cell survival (Scherz-Shouval et 

al., 2010). The precise co-ordination of the opposing effects of p53 on autophagy is 

still unknown.  

Recently, an apoptosis-independent mode of autophagic cell death was 

characterised, known as autosis. Autosis cell death is induced by increased levels of 

BECN1, starvation and hypoxia ischemia, and can be prevented using inhibitors of 

autophagy (Liu et al., 2013). Importantly, inhibition of the apoptosis and necrosis 

pathways does not prevent autosis-mediated cell death. Cells undergoing autosis 

display unique and progressive morphological features. During early autosis 

autophagosomes and autolysosomes accumulate, the ER dilates and fragments and 

the nuclear membrane displays convolution. During the later stages of autosis there 

is a decrease in the number of cytoplasmic organelles, including the ER, and the 

perinuclear space swells. Autosis is specifically induced by high levels of autophagy 

and mediates cell death independent of the apoptotic machinery (Liu et al., 2013). 

The exact molecular mechanism of autosis remains to be defined.  

The EGFR regulates diverse cellular processes such as growth, proliferation and 

differentiation. In addition, all EGFR-mediated signalling pathways regulate 

autophagy. The effect of the EGFR on autophagy is dependent on its subcellular 

localisation (PM, endosome, mitochondria, nucleus) and phosphorylation state; both 

phosphorylation-dependent and independent mechanisms exist. The 

phosphorylated EGFR inhibits autophagy by: (i) mediating the phosphorylation and 
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inhibition of BECN1; (ii) inducing the PI3K/AKT pathway which activates the 

autophagy inhibitor mTOR. However, phosphorylated EGFR can also promote 

autophagy initiation by inducing the STAT3 and Ras/Raf/MEK/ERK pathways. Also, 

the non-phosphorylated EGFR translocates to endosomes where it promotes the 

dissociation of BECN1 from its inhibitors and therefore activates autophagy (Sooro et 

al., 2018). It is likely that the effect of the EGFR on autophagy is dependent on the 

cellular state; the activated EGFR suppresses autophagy under normal conditions, 

but initiates autophagy in response to prolonged nutrient starvation (Tan et al., 

2015).  

Interestingly, the EGFR plays an important role in determining how autophagy 

induction affects cell fate. For example, sustained induction of the 

EGFR/Ras/Raf/MEK/ERK pathway mediates the switch towards apoptosis (Sooro et 

al., 2018). In addition, the EGFR regulates autophagy in response to hypoxia and 

controls the switch between survival and death outcomes (Chen et al., 2016). During 

short exposures to hypoxia (4 hours) the EGFR is phosphorylated and activated by 

binding to CAV1 (caveolin 1). The active EGFR phosphorylates and inhibits the 

autophagy protein BECN1, enhancing the interaction of BECN1 with inhibitors such 

as Bcl-2. This maintains a low level of hypoxia-induced autophagy and promotes cell 

survival. However, following prolonged hypoxia (48 hours+) CAV1 is degraded by 

autophagy and therefore the levels of the active EGFR decrease. This reduces the 

interaction between the EGFR and BECN1, promoting high levels of autophagy and 

subsequent cell death by autosis (Chen et al., 2016).  

A huge amount of cross-talk exists between apoptosis and autophagy and the 

integration of these pathways enables cells to dynamically respond to stress stimuli. 

Future characterisation of the contribution of each pathway to cell death in specific 

cellular contexts is required for a deeper understanding of the interplay observed.  

 

1.3.5. Cross-talk between autophagy, the UPR and calcium signalling  

Activation of the UPR directly generates a rapid and dramatic increase in autophagy, 

which aims to alleviate cellular damage by: (i) degrading ubiquitinated proteins and 
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protein aggregates which are not efficiently processed by the proteasome; (ii) 

digesting damaged ER which contains UPR signal transducers and decreases the UPR 

signal; (iii) digesting damaged mitochondria which avoids apoptosis. Autophagy is 

therefore a pro-survival cellular response during conditions of ER stress which 

counters excessive UPR signalling (Senft and Ronai, 2015, Bernales et al., 2006). 

Autophagy and apoptosis are both induced by the UPR and significant cross-talk 

occurs between all three pathways. Ultimately cell fate is determined by the most 

dominant response, which is dependent on the stimuli (Liu et al., 2015). However, 

autophagy-dependent cell death can be induced in response to persistent/severe ER 

stress (Senft and Ronai, 2015, Bernales et al., 2006).  

 ER stress engages multiple pathways to induce autophagosome initiation and 

maturation, involving all three arms of the UPR signalling cascade. In addition, the 

UPR regulator Grp78 is directly required for ER stress and starvation-induced 

autophagosome formation (Li et al., 2008). The activation of JNK by the IRE1/TRAF2 

pathway contributes to the induction of autophagy via the phosphorylation of Bcl-2. 

Phosphorylated Bcl-2 is released from BECN1, promoting the induction of autophagy 

(Ding et al., 2007b, Ogata et al., 2006). UPR-related transcription factors also mediate 

the upregulation of genes required for a sustained increase in autophagy flux. For 

example, nuclear ATF6 co-operates with C/EBP-β to induce the expression of DAPK1 

(death-associated protein kinase 1) which functions in autophagy in response to 

cytokine treatment (Gade et al., 2012).  

The PERK/eIF2α/ATF4 pathway plays a major role in the induction and regulation of 

autophagy flux in response to ER stress. Transcription factors activated by the PERK 

signalling cascade mediate the expression of more than 12 autophagy-related genes; 

ATF4 induces at least 6 genes (e.g. ATG3, ATG12, ATG16, BECN1), CHOP induces at 

least 2 genes (ATG5 and LC3) and ATF4 and CHOP co-operate to induce at least 3 

genes (e.g. p62, ATG7) required for an increase in autophagy (Liu et al., 2015). PERK 

also upregulates autophagy in a transcription-independent manner in response to ER 

stress induced by cell detachment from the extracellular matrix. PERK rapidly 

activates AMPK which leads to the inactivation of the autophagy repressor mTOR. 

The PERK-mediated induction of autophagy is likely to promote cell survival and 
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reattachment (Avivar-Valderas et al., 2012). The induction of both autophagy and 

apoptosis by PERK in response to ER stress is well characterised and the emerging 

evidence suggests that PERK mediates the switch between autophagy and apoptosis 

to dictate cell fate (Liu et al., 2015). p38 is a mitogen-activated protein kinase which 

functions to regulate autophagy and apoptosis in response to ER stress. PERK 

regulates the phosphorylation of p38 which subsequently promotes the binding of 

ATF4 to the promoters of selective targets required for apoptosis induction, including 

CHOP (Jiang et al., 2014).  

Ca2+ is also an important mediator of both ER stress and starvation-induced 

autophagy. Multiple Ca2+ channels are involved in the regulation of autophagy, 

including the ER IP3R, which integrates the UPR with ER Ca2+ fluxes and autophagy. 

IP3Rs mediate the release of Ca2+ from the ER, which can induce or inhibit autophagy 

depending on the cellular state; Ca2+ oscillations maintain mitochondrial function and 

basal levels of autophagy, whereas Ca2+ signalling induces autophagy in response to 

cellular stress/damage (Kania et al., 2015, La Rovere et al., 2016). Starvation/mTOR-

induced autophagy is dependent on IP3R-mediated Ca2+ signalling and so the 

pathways which regulate autophagy appear to be highly integrated (Decuypere et al., 

2013, Kania et al., 2015). As discussed previously, the UPR is activated by fluctuations 

in cytoplasmic and ER Ca2+ levels. Autophagy is subsequently induced by the UPR 

signalling cascade and by Ca2+ sensitive proteins such as Grp78 (Kania et al., 2015).  

Ca2+ release from the ER via IP3Rs is regulated by interactions of the receptor with 

both Bcl-2 (as mentioned previously) and BECN1. Therefore, the inhibitory effects of 

Bcl-2 on the IP3R also promote its function to suppress autophagy induction (Hoyer-

Hansen et al., 2007). In addition, the direct binding of the IP3R with BECN1 actively 

suppresses autophagosome initiation (Zalckvar et al., 2009). Ca2+ released from the 

ER via IP3Rs in response to ER stress results in the activation of kinases, such as 

CaMKKβ (Calcium/calmodulin-dependent protein kinase kinase beta) and DAPK, 

which mediate autophagy induction by disrupting inhibitory interactions between 

BECN1 with both Bcl-2 and the IP3R  (Hoyer-Hansen et al., 2007, Zalckvar et al., 2009). 

The CaMKKβ pathway further induces autophagosome formation via the activation 

of AMPK and the inhibition of mTOR (Hoyer-Hansen et al., 2007).  
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Autophagy, the UPR, Ca2+ oscillations and apoptosis are intimately linked via a 

number of mechanisms to enable a co-ordinated response to cope with cellular 

stress/damage.  

 

1.3.6. Autophagy dysregulation in tumorigeneses  

Autophagy is an adaptive response which provides the energy and nutrients required 

for cell survival in adverse cellular conditions. However, autophagy is also protective 

against proliferation in unsuitable environments since it engages both apoptosis-

dependent and independent cell death pathways in response to severe and 

prolonged damage (Coates et al., 2010). Autophagy therefore acts to suppress 

tumorigenesis. However, following tumour formation, multiple cancers upregulate 

autophagy to provide the energy and nutrients required for their high metabolic 

demands and to adapt to the oxygen and glucose deficient microenvironment 

(White, 2015, Benbrook and Long, 2012). Furthermore, autophagy removes 

damaged organelles, such as mitochondria, which prevents intrinsic apoptosis and 

necrosis death pathways (Coates et al., 2010).  

The accumulation of autophagosome-related LC3 puncta in breast cancer and 

melanoma correlates with increased malignancy, metastasis and poor clinical 

outcome (Lazova et al., 2012). Many of the oncogenes and tumour suppressor genes 

discussed, such as p53 and Bcl-2, also exert their effects via autophagy which 

contributes to tumour development. For example, mutant p53 accumulates in the 

cytoplasm where it acts to induce autophagy (Mrakovcic and Frohlich, 2018). 

Significantly, autophagy also plays a major role in the survival of tumour cells 

following detachment from the extracellular matrix (anoikis resistance). Autophagy 

is rapidly induced following detachment which promotes cell survival and is therefore 

protective during metastasis, although the mechanism underlying this is not well 

understood (Coates et al., 2010).  

The upregulation of basal autophagy specifically in hypoxic tumour regions suggests 

that autophagy provides a selective advantage within harsh tumour 

microenvironments (White, 2015). Autophagy is therefore also likely to play a key 
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role in the adaptation to anti-angiogenesis cancer drugs, as discussed previously 

(Pàez-Ribes et al., 2009). Autophagy alleviates the toxic effects of chemotherapies by 

digesting damaged proteins and organelles, contributing to chemoresistance (Fulda 

and Kögel, 2015). In addition, many human cancers are driven by overexpression or 

activating mutations of the EGFR. Multiple cancer treatments have been developed 

to target the EGFR and reduce the proliferative capability of tumour cells. However, 

tumour cells gain resistance to such treatments by manipulating the level of 

autophagy (Sooro et al., 2018).  

Apoptosis resistance is an inherent problem in the successful treatment of solid 

tumours and so an attractive strategy is to induce autophagy-mediated cell death. In 

response to prolonged autophagy induction, non-transformed cells undergo cell 

death due to the excessive degradation of molecules required for survival. However, 

transformed cells resist autophagy-mediated cell death and this is likely to be, at least 

in part, due to their lack of dependency on survival factors (Benbrook and Long, 

2012). Both autophagy inhibition and chronic induction are potential mechanisms 

which would sensitise tumour cells to death induced by ER/metabolic stress or 

chemotherapy drugs (Coates et al., 2010). For example, a combination of drugs which 

induce ER stress and inhibit autophagy would alleviate the pro-survival pathways that 

tumour cells use to resist ER stress-induced apoptosis (Deegan et al., 2013).  

Chronic autophagy induction contributes to tumorigenesis and metastasis by 

enabling adaptation to the tumour microenvironment and conferring resistance to 

anoikis respectively. Furthermore, autophagy plays a fundamental role in the 

resistance of tumour cells to non-selective chemotherapy drugs and to drugs 

targeting specific pathways (EGFR/VEGF). A further understanding of how tumour 

cells evade cell death despite a sustained increase in the basal levels of autophagy 

will allow for the design of drugs to target the pathways required for continued 

survival.  
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1.4. Project hypothesis and aims 

PERP is a key apoptosis effector protein in many cell types which is likely to play a 

significant role in biasing cell fate towards death. Despite this, the precise molecular 

mechanism of PERP-mediated apoptosis is not well characterised. The 

downregulation of PERP specifically in highly aggressive, metastatic and 

chemoresistant tumours suggests that its loss confers a survival advantage for 

tumours which have a poor clinical outcome; such is the case in UM. Novel 

approaches are required to treat apoptosis resistant tumours and sensitise them to 

chemo- and radiotherapies. Detailed characterisation of the mechanism of action of 

PERP will contribute to the study of a pathway which is dysregulated in aggressive 

tumours that could be used for future therapeutic intervention. 

PERP is downregulated in UM cells which confers resistance to apoptosis. However, 

increased levels of PERP at the PM of UM cells induces cell death, suggesting that the 

PERP-mediated downstream apoptosis axis is functional. UM cells are therefore used 

as an in vitro model system to study the mechanism of action of PERP.  

We hypothesise that in response to stress stimuli, PERP accumulates at the plasma 

membrane where it interacts with a set of unknown proteins to engage a signalling 

cascade which ultimately leads to the activation of caspase enzymes and the 

induction of apoptotic cell death.   

The aim of this study was to identify the molecules and signalling pathways involved 

in PERP-mediated apoptosis at the plasma membrane of UM cells.  

 The specific aims were: 

(i) To identify and validate specific protein-protein interactions of PERP.  

(ii) To characterise the protein-protein interactions of PERP and their role in 

PERP-mediated apoptosis signalling.  

(iii) To characterise the pathways which regulate the stability of PERP protein 

and its levels at the plasma membrane.  
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CHAPTER 2 
 

METHODS 
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2.1. Cell Culture  

2.1.1. Cell lines and their characteristics  

In vitro cell culture model systems were used in this study to investigate the 

mechanism of action of PERP. Authenticated cell lines Mel202, HCT116 and HeLa 

were used for experimentation, and A431 cells were cultured to generate cell lysates 

for Western blot positive control samples. Characteristics of these cells are outlined 

below: 

 

Mel202 cells 

Mel202 cells were established from a primary human UM tumour and have two 

identical copies of chromosome 3 (Ksander et al., 1991). It is likely that these cells 

had monosomy 3 status at the time of explant, but their chromosome 3 has 

duplicated in culture (Nareyeck et al., 2006). Mel202 cells have two mutations in the 

GNAQ gene (Q209L and R210K) and express melanoma markers gp100 and 

tyrosinase (Griewank et al., 2012). Mel202 cells have very low levels of PERP protein, 

however, as exogenous expression of PERP induces apoptosis this suggests that 

PERP-mediated downstream signalling is functional. The cells used in this study were 

purchased from Public Health England (lot number 13H016).  

 

HCT116 cells 

HCT116 cells were established from the colon tumour of an adult male with wild type 

p53 status and so are used as a model p53 cell line within the field (Brattain et al., 

1981). HCT116 cells with mutant or knockout p53 were generated to aid studies of 

p53 signalling pathways. The region of p53 required for transcriptional activity, exon 

3, was removed by homologous recombination to generate a cell line with the loss 

of functional p53 protein (Bunz et al., 1998). From herein, wild type HCT116 cells will 

be referred to as HCT116 and p53 knockout HCT116 cells will be referred to as 
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HCT116 p53-/-. HCT116 cells were used to study the response of endogenous PERP 

throughout this project.  

 

HeLa cells 

HeLa cells were established from the cervical cancer of a 31 year old female adult 

and are infected with human papillomavirus (HPV) (Scherer et al., 1953). HPV 

produces a protein that targets p53 for degradation and so HeLa cells have very low 

levels of p53 protein (Haupt et al., 1995). Despite this, HeLa cell express high levels 

of endogenous PERP protein. The HeLa cells used in this study were purchased from 

ATCC and cultured to generate HeLa cell lysates for immunoblotting positive control 

samples. 

 

HeLa BAC Venus-PERP cells 

HeLa cells which stably express Venus-PERP from a bacterial artificial chromosome 

(BAC) encoding the full PERP promoter and regulatory regions were cloned by Dr 

Raheela Awais. HeLa BAC Venus-PERP cells enable studies of the synthesis, 

localisation and turnover of fluorescently labelled PERP protein expressed at 

physiological levels in real-time by live cell microscopy. 

 

A431 cells 

A431 cells were established from an epidermoid carcinoma in the skin of an 85 year 

old female and have a mutation in p53 that renders it non-functional (Reiss et al., 

1992, Giard et al., 1973).  A431 cell lysates were used in this study as a positive 

control for PERP and p53 antibodies.  
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2.1.2. Maintenance of cells  

Mel202 cells were grown in RPMI-1640 media with 2 mM L-glutamine and 25 mM 

HEPES (Thermo Fisher), supplemented with 1 mM sodium pyruvate and 1% non-

essential amino acids (Sigma Aldrich). HCT116 and HCT116 p53-/- cells were grown 

in McCoy’s 5a (Modified) media with 1.5 mM L-glutamine and high glucose (Thermo 

Fisher) and A431 cells were grown in Dubecco’s Modified Eagle Medium (Sigma 

Aldrich). HeLa cells were grown in Eagles Minimum Essential Medium (ATCC) and 

HeLa BAC Venus-PERP cells were selected for using 0.8 mg/ml geneticin (Thermo 

Fisher). All media was supplemented with 10% heat inactivated foetal calf serum 

(FCS) (Sigma Aldrich). Routine images were taken of cells in culture using a Nikon 

DIAPHOT microscope (Figure 2.1).  

Cells were grown at 37˚C and 5% CO2 and once 90% confluent, were washed twice 

with Dulbecco’s Phosphate Buffered Saline (dPBS) (Sigma Aldrich) and detached from 

the flask using 1X Trypsin-EDTA (Sigma Aldrich). Trypsin activity was neutralised using 

pre-warmed complete media and the cells were pelleted by centrifugation at 1000 

RPM for 5 minutes. The cells were re-suspended in an appropriate amount of media 

and were seeded into new flasks at a ratio of 1:3 for Mel202 and A431 cells, and 1:12 

for HeLa, HCT116 and HCT116 p53-/- cells. To seed a known density of cells into a 

plate or dish for experimental treatment, the concentration of cells in suspension 

was calculated using a haemocytometer. 

Cells stocks were kept in liquid nitrogen. To freeze a T75 flask of cells, the cells were 

detached using trypsin as previously described, centrifuged and re-suspended in 5 ml 

of freezing media (95% FCS, 5% DMSO), to give a cell density of approximately 1-

2x106 cells/ml. The cell suspension was divided into 1 ml aliquots in cyrovials, frozen 

to -80˚C at a rate of -1˚C/min using a Mr Frosty Freezing Container (Thermo Fisher) 

and placed into liquid nitrogen for long-term storage.  
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For thawing of cells, the cryovial was placed in a water bath at 37˚C with constant 

agitation until only a small frozen pellet remained. The culture was then added to 

pre-warmed complete media and spun at 1000 RPM for 5 minutes to remove the 

DMSO. After re-suspension, the cells were placed in a T25 flask until they recovered 

to 90% confluency and were then expanded into bigger flasks as necessary. Cells 

were passaged at least once before any experimental treatment.  

 

Figure 2.1. Morphology of Mel202, HCT116 and HCT116 p53-/- cells. Images of sub-
confluent and 100% confluent Mel202, HCT116 and HCT116 p53 -/- cells in long-
term culture. Scale bars 100 μm.  
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2.1.3. Mycoplasma testing  

Cell lines were tested for the presence of mycoplasma contamination using the 

LookOut PCR Mycoplasma Detection Kit (Sigma Aldrich) on a monthly basis. PCR 

based mycoplasma tests have high sensitivity and the LookOut PCR Mycoplasma 

Detection Kit detects the 16S rRNA coding region, which is conserved across all 

mycoplasma species tested. Cells were grown to 100% confluency and mycoplasma 

presence was tested in samples of 2 day old media using the standard protocol. PCR 

products were ran on a 1.2% agarose gel and DNA was detected using SafeView 

Nucleic Acid Stain (NBS Biologicals). Mel202, HCT116 and HCT116 p53-/- cells were 

free from mycoplasma contamination (Figure 2.2). The internal control band at 

around 481 base pairs (bp) showed that the PCR reaction had worked in all cases and 

the 259 base pair band indicated mycoplasma contamination in the positive control 

sample only.  

 

 

Figure 2.2. Mel202, HCT116 and HCT116 p53-/- cells are free of mycoplasma 
contamination. Mycoplasma contamination was tested in long-term cultures of 
Mel202, HCT116 and HCT116 p53-/- cells using the LookOut PCR Mycoplasma 
Detection Kit. The bands at 481 bp are internal control bands which indicate that 
the PCR reaction was successful. The band at 259 bp confirms the presence of 
mycoplasma contamination in the positive control sample.   
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2.1.4. Stable isotope labelling of amino acids in culture  

Stable isotope labelling of amino acids in cell culture (SILAC) is a method that enables 

accurate quantification of proteins by mass spectrometry. Cells are grown in media 

containing light, medium and heavy isotopes of specific amino acids, which are 

incorporated into newly synthesised proteins to generate three distinct cell 

populations. After treatment and cell lysis, the lysates can be mixed at a 1:1:1 ratio 

before protein pull-down, reducing the error that occurs in pull-down experiments 

from the use of independent columns.  

For SILAC media preparation, RPMI-1640 without arginine or lysine (Dundee Cell 

Products) was supplemented with 10% dialysed FCS (Dundee Cell Products), 2 mM L-

glutamine and 1 mM sodium pyruvate. Different isotopes of arginine (final 

concentration 84 mg/l) and lysine (final concentration 146 mg/l) were added to make 

light (R0K0), medium (R6K4) and heavy (R10K8) media, and 200 mg/l of the normal 

isotope of proline (P0) was added to all medias to minimise arginine-to-proline 

conversion. The media was sterilised using a Corning 0.22 µm vacuum filter system. 

Between 5 and 8 passages in SILAC media are required for labelling of >98% of 

proteins. Mel202 cells were first grown in light SILAC media to determine whether 

they could proliferate in dialysed serum, which lacks many of the growth factors 

present in complete serum. These cells had the same morphology and growth rate 

as Mel202 cells grown in normal media and after 2 passages in light media the cells 

were pelleted and re-suspended in either light, medium, or heavy SILAC media. The 

cells in medium and heavy media continued to proliferate and so were split again in 

SILAC media (passage 2). However, the cells did not recover after the second passage 

and became senescent with gross changes to morphology (Figure 2.3). This was 

repeated for a further 5 attempts and it was concluded that the medium and heavy 

isotopes of arginine and lysine were toxic to Mel202 cells. A label-free approach was 

therefore used in mass spectrometry experiments. 
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2.2. Cell transfections and treatments 

2.2.1. Transient transfection  

Turbofect transfection reagent (Life Technologies) was used throughout this study 

for the transient transfection of plasmid DNA. Mel202 cells were seeded in 6 well 

plates (400,000 cells/well) 24 hours before transfection to allow them to attach to 

the surface. At the time of transfection, 1 µg of DNA and 2 µl of Turbofect were 

diluted in 0.2 ml of serum-free media and incubated for 15 minutes. The spent media 

was replaced with 1.8 ml of complete media and the DNA-transfection reagent 

mixture was added dropwise to the cells. For transfections in different sized plates 

or dishes, the amount of DNA and Turbofect was scaled accordingly so that the final 

concentration in the media was the same for all experiments (i.e. 0.5 µg DNA and 1 

Figure 2.3. Medium and heavy SILAC media is toxic to Mel202 cells. Images of 
Mel202 cells cultured in full, light, medium and heavy SILAC media for 2 or more 
passages. Scale bars 100 μm.  
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µl Turbofect per 1 ml total media). Transfection efficiency was calculated by both 

fluorescent microscopy at 24 hours post-transfection (Table 2.1) and flow cytometry 

at 48 hours post-transfection (Table 2.2). 

 

Table 2.1. Plasmid transfection efficiency assessed by fluorescent microscopy 24 
hours post-transfection. Mel202 cells were transfected with control plasmids and 
plasmids encoding fluorescently labelled PERP, SERCA2b and ORP8L and 
transfection efficiency was assessed 24 hours post-transfection by fluorescent 
microscopy. Nuclei were stained with NucBlue Live ReadyProbes and cells were 
counted using ImageJ. Five fields were counted in three independent experiments 
and the average transfection efficiency was calculated.  

Plasmid name Abbreviated name % Transfected cells 

pHTN-HaloTag HaloTag 51.90% 

pHTN-HaloTag-PERP Halo-PERP 50.00% 

DEST53-GFP-PERP GFP-PERP 22.28% 

peGFP-C1 GFP 22.60% 

pmCherry-C1 mCherry 29.59% 

peGFP-C1-ORP8L GFP-ORP8L 21.63% 

pmCherry-C1-ORP8L mCherry-ORP8L 36.15% 

pcDNA3-eGFP-SERCA2b GFP-SERCA2b 33.43% 

pcDNA3-mCherry-SERCA2b mCherry-SERCA2b 31.30% 

 

Table 2.2. Plasmid transfection efficiency assessed by flow cytometry 48 hours post -
transfection. Mel202 cells were transfected with HaloTag and GFP control plasmids 
and plasmids encoding Halo-PERP, GFP-SERCA2b and GFP-ORP8L and transfection 
efficiency was assessed 48 hours post-transfection by flow cytometry. HaloTag 
proteins were labelled with the R110Direct ligand. Average transfection efficiency 
from three independent experiments shown, 30,000 cells analysed in each 
experiment. 

Plasmid name Abbreviated name % Transfected Cells 

pHTN-HaloTag HaloTag 67.23% 

pHTN-HaloTag-PERP Halo-PERP 77.46% 

peGFP-C1 GFP 68.10% 

peGFP-C1-ORP8L GFP-ORP8L 42.67% 

pcDNA3-eGFP-SERCA2b GFP-SERCA2b 55.67% 
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2.2.2. siRNA transfection   

HCT116 cells were seeded in 6 well plates for optimisation of siRNA transfection using 

FITC labelled control siRNA (Santa Cruz; sc-36869).  FITC control siRNA (60, 80, 100, 

or 120 nM) was mixed at a 1:1 ratio with siRNA Transfection Reagent (Santa Cruz) in 

200 μl of serum-free media and incubated for 30 minutes. Following incubation, the 

media in each well was replaced with 800 μl of serum-free media and the 

transfection mixture was added dropwise to the cells. Five hours post-transfection, 

1 ml of media containing 20% FCS was added to each well and transfection efficiency 

was assessed by fluorescent microscopy at 7 and 24 hours post-transfection. 

A pool of three siRNA duplexes targeting unconventional myosin- 1C (MYO1C) (Santa 

Cruz; sc-44604, Table 2.3) were used to knockdown MYO1C expression. HCT116 cells 

were transfected with 120 nM of either non-sense control siRNA (Santa Cruz; sc-

37007) or MYO1C siRNA and cells were collected up to 48 hours post-transfection for 

analysis of knockdown efficiency by Western blotting.  

 

Table 2.3. Sequences of siRNA used to knockdown MYO1C expression. 

  

 

2.2.3. Apoptosis induction  

Mel202, HCT116 and HCT116 p53-/- cells were seeded in 6 well plates (400,000 

cells/well) and allowed to grow for 48 hours. Apoptosis was induced either by DNA 

damage using 0.5 µg/ml doxorubicin hydrochloride, ER stress using 1 µg/ml Brefeldin 

A (BFA) (both from Sigma Aldrich), or prolonged autophagy using serum-free media. 

Cell lysates were collected for mRNA and/or protein analysis from 2 to 48 hours post-

treatment.  

siRNA Sequence Alignment on MYO1C mRNA Exon Number 

GTCCAGTATTTCAACAACA 1415–1433 13 

CGTGCGGACAATAAGCAAA 2951–2969 29 

CTTGGCACCTTGTCTTTCT 3671-3689 32 
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2.2.4. Protein synthesis, proteasome and lysosome inhibition  

HCT116 cells were used to study the half-life and degradation of PERP. Cells were 

seeded in 6 well plates (800,000 cells/well) and the following day were treated with 

30 µg/ml cycloheximide (CHX), 20 µM MG132, 100 µM chloroquine (CQ), or 1, 10 and 

100 nM bafilomycin (Baf) (all from Sigma Aldrich). Cell lysates were collected for 

protein analysis from 2-48 hours post-treatment. To measure autophagy flux induced 

by ER stress, HCT116 cells were pre-treated with 10 nM bafilomycin, followed by 

incubation with BFA for 2-48 hours.  

 

2.2.5. Signalling pathway inhibition  

Specific inhibitors of NF-κB/p65 and PERK were used to determine any effect on the 

PERP-mediated positive feedback loop. Mel202 cells were transfected with HaloTag 

or Halo-PERP and 5 hours post-transfection the cells were treated with 100 μM 

ammonium pyrrolidinedithiocarbamate (PDTC), 5 μM Bay 11 7082 (both from Sigma 

Aldrich), or 1 μM GSK2606414 (PERKinh) (Merck Millipore). Cell lysates were 

collected at 16, 24, 48 and 72 hours post-transfection for immunoblotting analysis.  

Pentachloropseudilin (PCIP) is a reversible inhibitor of class 1 myosin motor activity, 

and was kindly synthesized and provided by the laboratory of Hans-Joachim Knölker 

at the Technology University, Dresden, Germany (Chinthalapudi et al., 2011). HCT116 

cells were treated with 5 μM of PCIP for 24 hours and the protein levels of PERP were 

analyzed by immunoblotting.  

 

 

2.3. Cell imaging, analysis and functional assays  

2.3.1. Live cell imaging  

Two fluorescent non-confocal microscope systems were used for live cell imaging 

where detailed analysis of protein localisation was not required. Cells were treated 

and/or transfected as required and following incubation nuclei were labelled using 

NucBlue Live ReadyProbes Reagent (Thermo Fisher). Fluorescent proteins and stains 
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were visualised using either a Nikon TiE Eclipse microscope with a 10x or 40x 

objective or a Zeiss Axio Observer Z1 microscope with Apotome.2 system and a 40x 

objective (Plan-Apochromat Oil DIC VIS-IR M27).  

 

2.3.2. Super resolution live cell imaging 

The localisation of fluorescently labelled proteins was assessed by super resolution 

imaging, performed using a Zeiss LSM 880 Axio Observer microscope with Airyscan 

detection system. Conventional confocal microscopes use a pinhole to increase 

resolution, however, this leads to loss of signal. The Airyscan comprises of a 32 

element multichannel detector, with each detector acting like a very small pinhole. 

As the confocal pinhole remains open, information about all photons can be collected 

to give higher resolution in all dimensions (Huff, 2015). The Airyscan detector was 

used in super resolution mode for detailed analysis of protein co-localisation.   

Cells were plated in 35 mm glass bottom dishes (Greiner) and following treatment 

and/or transfection, images were taken using a 40x (Fluar Oil M27) or 63x (Plan-

Apochromat Oil DIC M27) oil objective. Excitation was achieved using the 488 line 

from an argon laser and a 561 diode laser. Fields were scanned to find representative 

cells which were zoomed in on to maximise resolution. Single slice images or z-stacks 

were taken using the optimal pixel density and slice depth determined by the 

software. Raw images were immediately Airyscan processed and analysed using ZEN 

2.1 software.  

 

2.3.3. Time-lapse imaging  

Time series imaging was performed using a Zeiss LSM 880 Axio Observer microscope 

with Airyscan detection system (super resolution mode) as described above. One 

hundred images were taken using a 63x objective on a continuous loop. The data was 

analysed using ZEN 2.1 software and a selection of representative images were 

presented.  
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2.3.4. Immunofluorescence staining  

For staining of endogenous proteins, cells were grown on 12 mm glass cover slips in 

24 well plates. Cells were fixed in 3.6% formaldehyde for 5 minutes and 

permeabilised using 0.05% Triton X-100 in PBS at 4°C for 7 minutes. Cells were 

blocked in 10% goat serum (Sigma Aldrich) at 37°C for 30 minutes, followed by 

incubation with the primary antibody diluted in PBS with 1% bovine serum albumin 

(BSA) at 4°C overnight (Table 2.4).  

 

Table 2.4. Primary antibodies using for immunofluorescence staining.  

Antibody target Supplier (code) Description Concentration 

SERCA2 
Abcam 

(ab2861) 
Mouse monoclonal 1:200 

MYO1C 
Abcam 

(ab194828) 
Rabbit monoclonal 1:400 

 

The following day, cells were washed 3 times for 5 minutes with PBS containing 0.1% 

Tween-20 and incubated with the appropriate secondary antibody diluted in PBS 

containing 0.1% BSA for 1 hour at 37°C (Table 2.5). 

 

Table 2.5. Secondary antibodies used for immunofluorescence staining.  

Antibody target Supplier (code) Description Concentration 

Anti-mouse 
Abcam  

(ab150115) 

Goat anti-mouse IgG 

(Alexa Fluor 647) 
1:500 

Anti-rabbit 
Invitrogen  

(R37117) 

Goat anti-rabbit IgG 

(Alexa Fluor 594) 
1:250 

 

Cells were washed as previously described and nuclei were stained with DAPI 

(Invitrogen) at a concentration of 1:10,000 diluted in PBS containing 1% BSA for 10 

minutes at room temperature. Coverslips were mounted on to glass slides in 

VectaShield Antifade Mounting Medium (Vector Labs) and sealed using nail varnish.  
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Images were taken using a Zeiss LSM 800 confocal microscope with 40x objective 

immediately after processing. Within each experiment a no primary antibody control 

was used to determine the specificity of the secondary antibody, representative 

images are shown in figure 2.4.  

 

2.3.5. HaloTag fluorescent labelling  

HaloTag fluorescent ligands (Promega) allow for the analysis of HaloTag fusion 

proteins by fluorescent microscopy or flow cytometry. The HaloTag TMRDirect ligand 

(555 Ex/585 Em) was used for live cell imaging and was added to the cells at a final 

concentration of 100 nM at the time of transfection. The HaloTag R110Direct ligand 

(502 Ex/527 Em) was used for flow cytometry and was added to the cells at a 

concentration of 100 nM 24 hours before analysis. 

 

Figure 2.4. Negative controls for secondary antibody specificity in 
immunofluorescence staining. Representative images of fixed Mel202 and HCT116 
cells incubated with (a) anti-rabbit Alexa Fluor 594 and (b) anti-mouse Alexa Fluor 
647. Nuclei stained with DAPI. Scale bars 20 μm.  
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2.3.6. Apoptosis detection  

PS externalisation was used to detect early apoptosis using the Annexin V Alexa Fluor 

647 Ready Flow Conjugate (Thermo Fisher) by both flow cytometry and fluorescent 

microscopy. 

 

2.3.6.a. Fluorescent microscopy 

Following transfection or treatment for the required time, spent media was replaced 

with media containing one drop of Annexin V Alexa Fluor 647 Ready Flow Conjugate 

per millilitre. After 30 minutes incubation, images were taken using a Nikon TiE 

Eclipse microscope. Using this method any floating apoptotic cells were removed 

before analysis.  

 

2.3.6.b. Flow cytometry  

Cells were treated or transfected (GFP labelled proteins, or HaloTag proteins labelled 

with the R110 fluorescent ligand) in 6 well plates and following incubation floating 

cells were collected and attached cells were removed using an enzyme-free Cell 

Dissociation Buffer (Thermo Fisher). After centrifugation, cells were resuspended in 

1 ml of Annexin Binding Buffer (Thermo Fisher) and one drop of Annevin V Alexa Fluor 

647 Ready Flow Conjugate was added to 100 µl of each cell suspension for 15 

minutes.  

Cells were analysed using a BD Accuri C6 flow cytometer with four fluorescence 

detectors and the BD Accuri C6 Software. The polygonal gating tool was used to select 

the population of intact cells (P1) which were the only cells analysed by applying a P1 

gate to all fluorescence histograms. GFP/R110 fluorescent proteins were detected 

using filter 1 and Annexin V Alexa Fluor 647 was detected using filter 4. For 

experiments analysing non-transfected cells, a vertical marker was applied to 

histograms to quantify the percentage of cells with the most intense Annexin V 

staining. For experiments using GFP/R110 labelled proteins, non-transfected cells 

were used to determine the level of background fluorescence and gate for only 
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positive green fluorescent cells for analysis (M1). The percentage of apoptotic 

transfected cells was calculated at the intersection of the P1 and M1 gates.  

 

 

2.4. DNA plasmid preparation  

2.4.1. DNA plasmids used  

DNA plasmids were used to exogenously express fluorescently labelled PERP, 

SERCA2b and ORP8L. Details of the DNA backbone, expression promoter, sites used 

for cloning and bacterial resistance gene of each construct is shown in table 2.6.  

 

Table 2.6. Details of plasmids encoding fluorescently labelled PERP, SERCA2b and 
ORP8L. 

Name Vector backbone Promoter Cloning sites Resistance 

Halo-PERP pFN21 CMV EcoRI/NotI Ampicillin 

GFP-PERP pcDNA-DEST53 CMV attL/attR Ampicillin 

GFP-SERCA2b pcDNA3 CMV HindIII/BamHI Ampicillin 

mCherry-SERCA2b pcDNA3 CMV HindIII/BamHI Ampicillin 

GFP-ORP8L peGFP-C1 CMV BglII/SalI Kanamycin 

mCherry-ORP8L pmCherry-C1 CMV BglII/SalI Kanamycin 

 

2.4.2. Plasmid preparation and quality control  

Plasmid DNA was routinely subject to restriction digest quality control (Table 2.7). 

The restriction enzymes were all supplied by Roche Diagnostics and used according 

to their standard protocol. Briefly, 1 µg of plasmid DNA was digested using 1 µl (10U) 

of enzyme and 2 µl of 10X reaction buffer, made to a total volume of 20 µl with water. 

The digestion was performed by incubation at 37˚C for one hour, followed by heat 

inactivation at 70˚C for 20 minutes.  

 



84 

 

Table 2.7. Restriction enzymes used for plasmid characterisation. 

Enzyme Digestion site Description 

EcoRI 
5’-  G*AGCCT  -3’ 

3’-  TTCGA*A  -5’ 

Releases PERP cDNA 

Characterisation of SERCA2b/ORP8L plasmids 

NotI 
5’-  GC*GGCCGC  -3’ 

3’-  CGCCGG*CG  -3’ 
Releases PERP cDNA 

BamHI 
5’-  G*GATCC  -3’ 

3’-  CCTAG*G  -5’ 

Extra site introduced after PERP cloning 

Characterisation of SERCA2b/ORP8L plasmids 

XhoI 
5’- C*TCGAG -3’ 

3’- GAGCT*C -5’ 
Characterisation of SERCA2b/ORP8L plasmids 

 

Restriction digest products were analysed by agarose gel electrophoresis. A 1% 

agarose gel was prepared by dissolving agarose in TBE buffer (Appendix 1) using a 

microwave and SafeView Nucleic Acid Stain (NBS Biologicals) was added to both the 

gel and running buffer at a concentration of 1:10,000 for DNA visualisation. DNA 

loading buffer (Appendix 1) was added to the samples and 10 μl of each sample was 

ran at 50V for 15 minutes, followed by 100V for one hour. The DNA marker used was 

Hyperladder 1 (Bioline), which has a range from 0.2-10 kbp.  

GFP-PERP was cloned as described in (Davies et al., 2009) and Halo-PERP was cloned 

during a previous Masters study (McDonnell, 2014). Briefly, PERP cDNA was amplified 

from the GFP-PERP vector with the addition of EcoRI and NotI sites to the N and C-

terminals respectively. PERP cDNA was ligated into the N-terminal HaloTag vector 

after double restriction digest of both the insert and vector using EcoRI and NotI 

enzymes (Roche).  

The resulting construct was used to transform the competent E-Coli strain DH5α 

using the manufacturer’s standard protocol. Transformed bacteria was spread in 

serial dilutions on agar plates containing 100 μg/ml ampicillin and grown at 37˚C 

overnight. A single colony was added to 10 ml of LB broth using aseptic technique 

and cultured for 6 hours at 37˚C with shaking at 300 RPM. The bacterial suspension 

was then diluted 1:500 to a total volume of 200 ml and incubated at 37˚C and 180 

RPM overnight. Glycerol stocks were stored at -80˚C and plasmid DNA was extracted 
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using the Qiagen EndoFree Plasmid Purification kit. DNA concentration and quality 

was measured using a Nanodrop 2000 spectrophotometer (Thermo Fisher). The 

resulting plasmid was verified by both DNA sequencing and restriction digest (Figure 

2.5).  

 

SERCA2b plasmids were a kind gift from the laboratory of Professor Javier García 

Sancho and Dr María Teresa Alonso at the University of Valladolid, Spain (Figure 2.6). 

ORP8L plasmids were a kind gift from the laboratory of Professor Pietro De Camilli at 

the Yale School of Medicine, USA (Figure 2.7). Plasmid DNA was extracted from filter 

paper in 30-50 μl of water and 5 μl was used to transform competent DH5α cells 

using the standard protocol. Transformed bacteria was selected on agar plates 

containing 100 μg/ml ampicillin for SERCA2b plasmids and 50 μg/ml kanamycin for 

Figure 2.5. Characterisation of Halo-PERP. Vector maps of the (a) HaloTag and (b) 
Halo-PERP constructs with restriction digestion sites used for characterisation 
shown. (c) HaloTag and Halo-PERP constructs were uncut (UC), digested with EcoRI 
and NotI, or digested with BamHI and the products were analysed on an agarose 
gel. PERP was cloned between EcoRI and NotI sites of the N-terminal HaloTag vector 
and so a double digestion with these enzymes releases the PERP cDNA, shown by 
an arrow. Ligation of PERP into the HaloTag vector introduces a second BamHI site 
(2052). Digestion of Halo-PERP with BamHI therefore produces two bands, at 
approximately 2300 bp and 4300 bp in size. These restriction digestions confirm 
that PERP was successfully cloned into the N-terminal HaloTag vector. 
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ORP8L plasmids at 37˚C overnight. Plasmid DNA was amplified and purified as 

described previously.  

 

Figure 2.6. Characterisation of SERCA2b constructs. Vector maps of the (a) mCherry-
SERCA2b, (b) GFP-SERCA2b and (c) untagged-SERCA2b constructs with restriction 
sites used for characterisation shown. (d) mCherry-SERCA2b, GFP-SERCA2b and 
untagged-SERCA2b constructs were digested with BamHI, XhoI, or double digested 
with BamHI and XhoI, and the digestion products were ran on an agarose gel. The 
uncut (UC) plasmids were also ran on the gel.  
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2.4.3. DNA sequencing  

Plasmid sequences were confirmed by DNA sequencing performed by DNA 

Sequencing and Services, University of Dundee, Scotland, using an Applied 

Biosystems model 3730 automated capillary DNA sequencer. The primers used are 

detailed in table 2.8.  

 

 

 

Figure 2.7. Characterisation of ORP8L constructs. Vector maps of the (a) GFP-ORP8L 
and (b) mCherry-ORP8L constructs with restriction sites used for characterisation 
shown. (c) GFP-ORP8L and mCherry-ORP8L were digested with BamHI, XhoI, or 
double digested with BamHI and XhoI, and the digestion products were ran on an 
agarose gel. The uncut (UC) vector was also ran on the gel.  
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Table 2.8. Primers used for DNA sequencing.  

Primer Sequence Description  

CMV Fwd 5’-CGCAAATGGGCGGTAGGCGTG-3’ SERCA2b/ORP8L forward 

BGH Rev 5’-TAGAAGGCACAGTCGAGG-3’ SERCA2b reverse 

EBV Rev 5’-GTGGTTTGTCCAAACTCATC-3’ ORP8L reverse  

T7 Fwd 5’-TAATACGACTCACTATAGGG-3’ Halo-PERP forward  

pBABE Rev 5’-CCACACCTGGTTGCTGACTAATTGAG-3’ Halo-PERP reverse 

 

The sequences generated were aligned with the expected sequences using 

Nucleotide BLAST to ensure the correct in-frame fusions which were free of 

mutations.  

 

 

2.5. Quantification of protein levels  

2.5.1. Cell lysate preparation and SDS-PAGE electrophoresis  

To prepare cell lysates for protein analysis, cells were washed twice with cold PBS 

and scraped in an appropriate amount of Laemmli lysis buffer (Appendix 1) to cover 

the surface; 350 µl was used for a 6 well plate. The cell lysate was homogenised using 

a 23G needle and heated to 95˚C for 5 minutes to denature the proteins. For equal 

loading of western blots, protein concentration was measured using the Qubit 

Protein Assay Kit and Qubit Fluorometer (Thermo Fisher) according to the standard 

protocol.  

Proteins within whole cell lysates were separated based on size using 1.5 mm 

polyacrylamide gels and the Bio-Rad Mini-PROTEAN Electrophoresis System. Gels 

were cast between glass plates with a permanently bonded spacer using the casting 

frame and stand provided with the system. A 10% resolving gel (Appendix 1) was 

poured between the plates leaving a 2 cm gap at the top and the top of the gel was 

levelled using 500 µl of distilled water. Once set, the water was removed and a 4% 

stacking gel (Appendix 1) was added to the top of the plates. A comb with 10 wells 
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was inserted into the gel and the gel was allowed to set for at least one hour (up to 

overnight at 4˚C). 

Gels were removed from the casting equipment and assembled in the electrode 

module and tank. Running buffer (Appendix 1) was added to the appropriate level 

and the combs were removed. Samples were loaded into the gel and 5 µl of 

PageRuler Prestained Protein Ladder (Thermo Fisher, 26616) was used as an indicator 

of molecular weight, with a range of 10-180 kDa. Gels were ran at 90V until the bands 

were adequately separated. 

 

2.5.2. Western blotting and antibodies used 

Western blot involves the transfer of proteins from a polyacrylamide gel into a 

nitrocellulose membrane using an electric current. An antibody is then used to detect 

the level of a specific protein within a sample. To achieve this, the transfer cassette 

was placed with the negative electrode (black side) on the bench and the sandwich 

was assembled as follows: 1 foam pad, 5 filter papers, polyacrylamide gel, 

nitrocellulose membrane, 5 filter papers and 1 foam pad, all of which had been pre-

soaked in cold transfer buffer (Appendix 1). Air bubbles between each layer were 

removed. To ensure that the tank remained cold, an ice pack was placed inside the 

tank and the tank was placed on ice. Proteins were transferred at 100V for 2 hours.  

After the transfer was complete, the membrane was washed for 5 minutes in wash 

buffer (Appendix 1) and blocked in either 5% non-fat milk or 5% BSA (Appendix 1) for 

one hour with constant rotation. The primary antibody was then added in an 

appropriate buffer at 4˚C overnight (Table 2.9). 

 

Table 2.9. Primary antibodies used for Western blotting.  

Antibody target Supplier (code) Description Concentration, Buffer 

PERP 
Abcam  

(ab5986) 

Rabbit 

polyclonal 
1:1000, wash buffer 
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HaloTag 
Promega  

(G9211) 

Mouse 

monoclonal 
1:5000, wash buffer 

GAPDH 
Abcam  

(ab8245) 

Mouse 

monoclonal 
1:30,000, 5% milk 

p53 
Sigma Aldrich  

(P6874) 

Mouse 

monoclonal 
1:5000, 3% milk 

p53 pSer46 
New England Biolabs 

(2521) 

Rabbit 

polyclonal 
1:1000, 5% BSA 

TMEM33 
Sigma Aldrich 

(SAB2106771) 

Rabbit 

polyclonal 
1:500, 5% BSA 

CD36 
Abcam 

(ab133625) 

Rabbit 

monoclonal 
1:1000, 5% milk 

KRIT1 
Abcam 

(ab196025) 

Rabbit 

monoclonal 
1:1000, 5% milk 

SERCA2b 
Abcam 

(ab137020) 

Rabbit 

monoclonal 
1:1000, 5% milk 

SERCA2 
Abcam 

(ab2861) 

Mouse 

monoclonal  
1:1000, 5% milk 

MYO1C 
Abcam 

(ab194828) 

Rabbit 

monoclonal 
1:1000, 5% milk 

ORP8 
Abcam  

(ab60110) 

Mouse 

monoclonal 
1:200, 3% milk 

p65 
Abcam 

(ab16502) 

Rabbit 

polyclonal 
1:1000, 5% BSA 

p65 pSer536 
New England Biolabs  

(3033) 

Rabbit 

monoclonal 
1:500, 5% BSA 

PERK 
Abcam 

(ab65142) 

Rabbit 

polyclonal 
1:500, 5% milk 

PERK pThr982 
Abcam 

(ab192591) 

Rabbit 

polyclonal 
1:500, 5% milk 

CHOP 
New England Biolabs  

(2895) 

Mouse 

monoclonal 
1:500, 5% BSA 

eIF2α 
New England Biolabs  

(9722) 

Rabbit 

polyclonal 
1:1000, 5% BSA 
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eIF2α pSer51 
New England Biolabs  

(9721) 

Rabbit 

polyclonal 
1:500, 5% BSA 

IκBα 
Abcam  

(ab32518) 

Rabbit 

monoclonal  
1:1000, 5% milk  

Modified 

sulfenic acids 

Millipore 

(abs30) 

Rabbit 

polyclonal 
1:500, 5% BSA 

LC3B 
New England Biolabs  

(3868) 

Rabbit 

monoclonal 
1:500, 5% BSA 

p62 
New England Biolabs 

(8025) 

Rabbit 

monoclonal 
1:500, 5% BSA 

 

After incubation with the primary antibody, the membrane was washed three times 

for 5 minutes in TBS with 0.1% Tween-20 and the secondary antibody was added at 

room temperature for one hour (Table 2.10). The membrane was again washed three 

times for 5 minutes in wash buffer and bands were visualised using SuperSignal West 

Pico Chemiluminescent Substrate (Thermo Fisher) and a Bio-Rad ChemiDoc Imaging 

System. Radiance Substrate (Cambridge Bioscience) was used to detect proteins with 

very low expression levels, such as PERP, CHOP and PERK.  

 

Table 2.10. Secondary antibodies used for Western blotting. Secondary antibodies 

from New England Biolabs were only used with primary antibodies from New 

England Biolabs. 

Antibody target Supplier (code) Description Concentration, Buffer 

Anti-mouse 
Sigma Aldrich  

(A9044) 

Rabbit anti-mouse IgG,  

HRP-linked 
1:2000, 5% milk 

Anti-mouse 
New England Biolabs 

(7076) 

Horse anti-mouse IgG,  

HRP-linked 
1:2000, 5% milk 

Anti-rabbit 
Sigma Aldrich  

(A0545) 

Goat anti-rabbit IgG,  

HRP-linked 
1:2000, 5% milk 

Anti-rabbit 
New England Biolabs 

(7074) 

Goat anti-rabbit IgG,  

HRP-linked 
1:2000, 5% milk 
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Antibodies were removed from the membrane using a stripping solution (Appendix 

1) containing β-mercaptoethanol at 55˚C for 25 minutes. Membranes were blocked 

and re-probed as described previously. Image Lab software was used to quantify 

protein levels by densitometry and Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) was used as a loading control normaliser.  

 

2.5.3. Silver staining of protein gels  

For non-specific protein detection on polyacrylamide gels, gels were stained using 

the Pierce Silver Stain Kit (Thermo Fisher). Gels were removed from glass plates, 

washed with ultrapure water twice for 5 minutes and fixed in 30% ethanol/10% acetic 

acid for 30 minutes. The gel was washed in 10% ethanol twice for 5 minutes, followed 

by two washes in ultrapure water for 5 minutes and incubated in sensitizer working 

solution for 1 minute followed by two 1 minute washes in water. Stain working 

solution was added for 30 minutes and the gel was quickly washed with ultrapure 

water to remove the solution. The developer working solution was added to develop 

the stain and images were taken for up to five minutes before 5% acetic acid was 

added to stop the development. An image of the gel was then taken using a Bio-Rad 

ChemiDoc Imaging System.  

 

 

2.6. Isolation and identification of protein complexes  

2.6.1. HaloTag protein pull-down  

The HaloTag Mammalian Pull-Down System (Promega) was used to identify novel 

protein-protein interactions of PERP in Mel202 cells. HaloLink resin binds to the 

HaloTag protein specifically and irreversibly, allowing for efficient isolation of 

HaloTag protein complexes from whole cell lysates. For each pull-down experiment, 

200 µl of HaloLink resin was spun at 800g and the supernatant was removed. The 

resin was washed three times in 800 µl of resin wash buffer (1X TBS, 0.05% IGEPAL 

CA-360) and was collected by spinning at 800g for 2 minutes. 
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Mel202 cells were seeded in four 100 mm dishes per transfection, for a total of 1x107 

cells per sample, and were transfected with 5 µg of HaloTag or Halo-PERP using 

Turbofect. After 24 hours, the cells were washed twice and scraped in 5 ml of ice cold 

PBS, pooled and spun at 2000g for 10 minutes. The PBS was removed and the cell 

pellet was frozen at -80˚C for at least 30 minutes. Immediately before pull-down, the 

cell pellet was thawed and re-suspended in 300 µl of Mammalian Lysis Buffer and 1X 

Protease Inhibitor Cocktail (Promega). The lysates were incubated on ice for 5 

minutes and homogenised using a 25G needle. Protein concentration was measured 

using a Bradford Protein Assay Kit (Thermo Fisher) and 2 mg of protein was diluted 

to 1 ml using TBS. 

Diluted cell lysates were incubated with the HaloLink resin at 4˚C overnight with 

mixing. The resin was collected by centrifugation at 800g for two minutes and 

unbound proteins in the supernatant were removed. The resin was washed with 1 ml 

of wash buffer for a total of four washes to remove unspecifically bound proteins. 

The resin was then incubated for five minutes with rotation in wash buffer. The 

supernatant was removed each time using a needle to avoid the loss of resin in the 

washes.  

Protein complexes were cleaved from the resin using either SDS elution buffer (1% 

SDS, 50 mM Tris-HCl pH 7.5) for 30 minutes, or 30 units of ProTEV Plus Protease 

(Promega) in 50 µl ProTEV Buffer (50 mM HEPES pH 7.0, 0.5 mM EDTA) for 1 hour. 

ProTEV cleaves the TEV (tobacco etch virus) site within the linker sequence between 

HaloTag and PERP. The resin was collected by centrifugation at 800g for two minutes 

and the protein eluate was removed (elution 1). The resin was then heated to 95˚C 

at 900 RPM for five minutes in SDS loading buffer and a second eluate was collected 

(elution 2). 

To calculate the binding efficiency of the resin, 10 µl of diluted total cell lysate, the 

unbound fraction and all five wash steps were ran on a Western blot and HaloTag or 

Halo-PERP protein was detected using an anti-HaloTag antibody.  
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2.6.2. In-gel digestion of proteins separated by SDS-PAGE 

To prepare samples for mass spectrometry analysis, proteins were separated for 1 

cm on NuPAGE Bis-Tris 4-12% gradient gels (Thermo Fisher). Proteins were stained 

using SimplyBlue SafeStain (Thermo Fisher) for 30 minutes and de-stained overnight 

in high performance liquid chromatography grade water. Each lane was cut into three 

slices and the slices were divided into band pieces approximately 1x1 mm in size. Gel 

pieces were de-stained in 50 mM ammonium bicarbonate (Ambic)/50% acetonitrile 

(ACN) (both from Sigma Aldrich) at 37˚C and 900 RPM for 10 minutes, followed by 

dehydration in 100% ACN at room temperature and 900 RPM for 5 minutes. The gel 

pieces were then dried in a SpeedVac for 5 minutes. 

To help the recovery of cysteine-containing peptides from the in-gel digestion, the 

samples were reduced in 10 mM dithiothreitol at 56˚C and 900 RPM for one hour, 

followed by alkylation using 50 mM iodoacetamide (in 100 mM Ambic) at room 

temperature and 900 RPM for 30 minutes. Band pieces were washed in 100 mM 

Ambic followed by 50 mM Ambic/50% ACN at 900 RPM for 15 minutes, dehydrated 

using 100% ACN and dried in a SpeedVac. For trypsin digestion of the proteins within 

the dehydrated band pieces, 0.08 µg of Trypsin Gold (Promega) was added per slice 

in 40 mM Ambic/9% ACN and incubated at 37˚C for 16 hours.  

Peptides were extracted from the band pieces by adding 1 volume of 100% ACN to 

the digest at 30˚C for 30 minutes and the supernatant was transferred to an 

Eppendorf LoBind tube (Sigma Aldrich). Formic acid (1%) was added to the band 

pieces for 20 minutes and the supernatant was added to that previously collected, 

this was repeated once more. Band pieces were dehydrated in 100% ACN at 900 RPM 

for 10 minutes and the supernatant was again added to the eluate. The in-solution 

peptides were dried in a SpeedVac overnight and were stored at -20˚C until ready to 

be loaded on to the mass spectrometer.  
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2.6.3. Mass spectrometry  

Liquid chromatography coupled with mass spectrometry (LC-MS/MS) allows for the 

physical separation of a solution of peptides, followed by mass analysis and protein 

identification. Immediately before loading samples on to the mass spectrometer, 

dried peptides were re-suspended in 25 µl of 1% formic acid, sonicated, spun at 

14,000g and transferred to a glass vial. A total of 5 µl of each sample was loaded on 

to a nanoACQUITY UPLC system (Waters) for separation, followed by a LTQ Orbitrap 

XL mass spectrometer (Thermo Fisher) with a Proxeon nanoelectrospray source. 

Peptides were passed through a 5 cm x 180 µm BEH-C18 symmetry trapping column 

(Waters), followed by a 25 cm x 75 µm BEH-C18 column (Waters) at a flow rate of 

400 nl/min for 39 minutes. The mass spectrometer acquired full scan MS spectra (m/z 

300-2000, resolution 30,000) and the five most abundant ions were further 

fragmented for MS/MS analysis in the LTQ. A blank (1% formic acid) was ran between 

each sample.  

 

2.6.4. Mass spectrometry analysis  

Raw mass spectrometry files were analysed using Maxquant proteomics software 

(version 1.5.3.30) and proteins were identified using the whole HumanIPI database 

(June 2016). The maximum number of missed cleavages allowed was 2 and maxLFQ 

(label free quantification) with a maximum ratio count of 2 was selected. Cysteine 

carbamidomethylation was selected as a fixed modification and oxidation and N-

terminal acetylation were selected as variable modifications.  

The analysis generated two measures of abundance, intensity and LFQintensity. 

LFQintensity is a normalized intensity figure obtained by pairing corresponding 

peptides between runs using extracted ion currents (XIC) of peptides rather than 

spectral counts and it is claimed to make label-free quantification as accurate as 

SILAC quantification. However, as maxLFQ relies on the assumption that the majority 

of proteins in the sample change minimally across the experiment, the LFQintensity 

generated is not a reliable measure of relative peptide abundance in this experiment. 

The abundance of each protein was calculated by averaging the intensity value from 
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elution 1 and elution 2, and proteins that were 1.5 times higher in Halo-PERP in at 

least 2 independent experiments were considered to be of potential interest.  

The experiment was repeated in a further 3 independent experiments and the 

presence of potential interacting partners was confirmed by Western blot.  

 

2.6.5. SERCA2 immunoprecipitation  

SERCA2 interacting proteins were isolated using the Dynabeads Protein A 

Immunoprecipitation (IP) Kit (Life Technologies). The amount of SERCA2 antibody 

(Abcam, ab2861, mouse monoclonal) required for IP was first determined using 

Mel202 whole cell lysates prepared as described in section 2.6.1. The antibody was 

diluted 1:50 or 1:100 in PBS containing 0.01% Tween-20 and incubated with 50 µl of 

Dynabeads for 15 minutes at room temperature with mixing. The magnetic beads 

were collected using a DynaMag-2 magnet (Life Technologies) and washed with PBS 

containing 0.01% Tween-20. The Dynabead-SERCA2 antibody conjugate was then 

incubated with 1.5 mg of protein lysate (total volume 200 µl) for 30 minutes at room 

temperature with mixing to allow for antibody-antigen binding. Unspecific proteins 

were cleared with three washes using 200 µl of PBS and the beads were resuspended 

in 100 µl of PBS and transferred to a new tube to avoid the collection of proteins 

bound to the tube wall. Proteins were eluted in 30 µl of loading buffer (Appendix 1) 

at 95°C for 5 minutes and loaded on a gel for Western blot analysis. To determine the 

optimal concentration of antibody required, SERCA2 protein in the unbound fraction 

and eluate were analysed.  

Proteins were isolated from Mel202 cells transfected with HaloTag plasmids or 

HCT116 cells treated with 1 µg/ml BFA using the optimised protocol and the presence 

of PERP in the eluate was detected by Western blotting.  

 

2.6.5.a. Labelling of sulfenic acids  

Dimedone selectively reacts with sulfenic acids to form a stable thioester product 

which can be detected using antibodies (Seo and Carroll, 2009). HCT116 cells were 
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treated with 15 mM of dimedone (Sigma Aldrich) either attached to the dish or in 

suspension for 2 hours. Following this, cells were washed with PBS, lysed and SERCA2 

was immunoprecipitated as optimised previously. The protein eluate was loaded on 

to a gel and dimedone labelled residues were detected using an anti-modified 

sulfenic acid antibody (Millipore, abs30).  

 

 

2.7. Quantification of mRNA levels 

2.7.1. RNA extraction  

RNA extraction was performed using the RNeasy Mini Kit (Qiagen) and standard 

protocol. Cells seeded in 6 well plates were washed twice with PBS and scraped in 

600 µl of Buffer RLT Plus with 1% β-mercaptoethanol. The lysate was homogenised 

using a QIAshredder spin column for 2 minutes at 14,000g and genomic DNA (gDNA) 

was removed using a gDNA eliminator column. The lysate was diluted with 600 µl of 

70% ethanol and passed through an RNeasy spin column for 15 seconds at 800g. The 

column was washed with 700 µl of Buffer RW1, followed by two washes with 500 µl 

of Buffer RPE. To remove any buffer residue on the column before elution, the 

column was placed in a new collection tube and spun at 14,000g for 2 minutes. 

RNase-free water (30 µl) was added to the column for 5 minutes and RNA was eluted 

by spinning at 800g for 1 minute. The RNA eluate was passed through the column for 

a second time to ensure efficient RNA retrieval. RNA concentration and purity was 

measured using a Nanodrop 2000 spectrophotometer (Thermo Fisher). To minimise 

RNA degradation from freeze-thaw cycles, cDNA was synthesised immediately after 

RNA extraction and the remaining RNA was stored at -80˚C. 

 

2.7.2. cDNA synthesis  

The First Strand cDNA Synthesis Kit (Thermo Fisher) was used to synthesise 

complementary DNA (cDNA) for real-time quantitative PCR (RT-PCR) analysis. 

Template RNA (1-3 µg) was diluted to 10 µl in nuclease-free water and 1 µl of Oligo 
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(dT)18 primers were added, which synthesise cDNA from poly(A) tailed RNA. To 

ensure proper denaturation of GC-rich RNA, this was incubated at 65˚C for 5 minutes. 

Following this incubation, 4 µl of 5X reaction buffer, 1 µl of RiboLock RNase Inhibitor 

(20 units), 2 µl of 10 mM dNTP mix and 2 µl of M-MuLV Reverse Transcriptase (40 

units) were added to the reaction mixture. cDNA was synthesised at 37˚C for one 

hour and the reaction was terminated at 70˚C for 5 minutes. The cDNA was diluted 

to 20 ng/µl and stored at -20˚C for analysis.  

 

2.7.3. Real-time quantitative PCR and primers used 

RT-PCR was used in this study to quantify the mRNA levels of specific genes in 

response to a number of treatments. One-step quantitative PCR with SYBR Green 1 

detection was performed using the MESA Blue qPCR MasterMix Plus Low Rox 

(Eurogentec) and a Stratagene MX3000P qPCR system (Agilent Technologies). The 

total reaction volume was always 50 µl, with 25 µl of 2x reaction buffer, 1 µl of 

forward and reverse primers (200 nM), and a volume of cDNA (20 ng/µl) suitable for 

the gene being tested (e.g. 5 µl for PERP, 2 µl for GAPDH). The thermal profile was 

set up with an initial denaturation step at 95˚C for 10 minutes, followed by 40 cycles 

of denaturation at 95˚C for 30 seconds, primer annealing at the optimised 

temperature for 30 seconds and amplification at 72˚C for 30 seconds. Finally, a 

dissociation curve was generated at 95˚C for 1 minute, 55˚C for 30 seconds and 95˚C 

for 30 seconds.  

The mRNA levels of PERP, SERCA2b and GAPDH were detected by RT-PCR using gene 

specific primer sets (Table 2.11). The PERP and GAPDH primers were optimised 

previously. For SERCA2b primer optimisation, a serial dilution of cDNA (0, 6.25, 12.5, 

25, 50, 100 ng/well) was plated in technical triplicate and the annealing temperature 

was adjusted until a primer efficiency of between 90 and 110% was achieved.  
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Table 2.11. Sequence and annealing temperature of primers used for  RT-PCR. 

 

Ct values were generated using the MXPro qPCR software and the mRNA fold change 

was calculated by the ΔΔCt method using the equation:  

     2(Ct Calibrator GOI – Ct Calibrator HK) – (Ct Sample GOI – Ct Sample HK)         

Where GOI and HK stand for gene of interest and housekeeping gene respectively. 

The housekeeping gene used for normalisation in this study was GAPDH.  

                   

 

2.8. Statistical analysis  

Data generated in this study was analysed to determine any statistical significance 

using GraphPad Prism 6 (GraphPad Software, USA). Sample means were compared 

to that of the control sample using either a Student’s t-test or one-way analysis of 

variance (ANOVA) with Dunnett’s post hoc test. A two-way ANOVA with either a 

Tukey or Bonferroni post hoc test was used to compare two or more treatments 

measured over time. F and p values are shown in figure legends, where *p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001. 

  

Gene Strand Sequence 
Annealing 

temperature 

PERP 
Forward 5´-CCAGATGCTTGTCTTCCTGAGAG-3´ 65 ˚C 

Reverse 5´-AGTGACAGCAGGGTTGGCATGA-3´ 65 ˚C 

SERCA2b 
Forward 5’-TCGAACCCTTGCCACTCATC-3’ 60 ˚C 

Reverse 5’-GCACAAACGGCCAGGAAATC-3’ 60 ˚C 

GAPDH 
Forward 5´-AACAGCCTCAAGATCATCAG-3´ 60 ˚C 

Reverse 5´-TGAGTCCTTCCACGATACC-3´ 60 ˚C 
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RESULTS 

CHAPTER 3: 

IDENTIFICATION OF PERP PROTEIN-PROTEIN INTERACTIONS 
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3.1. Halo-PERP expression and characterisation  

3.1.1. Halo-PERP expression and plasma membrane localisation  

The Halo-PERP construct was cloned during a previous project to enable the study of 

PERP protein-protein interactions during apoptosis using the HaloTag Protein Pull-

Down System. Successful cloning was confirmed by both restriction digestion and 

DNA sequencing and the transient transfection of UM cells was optimised previously 

(McDonnell, 2014). To confirm the exogenous expression of HaloTag and Halo-PERP 

in Mel202 cells, HaloTag proteins were detected by Western blot using the anti-

HaloTag antibody. The Halo-PERP fusion protein had an increased molecular weight 

than the HaloTag only protein, which indicated successful expression of the fusion 

construct (Figure 3.1). Despite this, the HaloTag protein ran slightly slower than 

would be expected by its predicted 33 kDa size and the Halo-PERP protein ran slightly 

faster than expected from its predicted 54 kDa molecular weight. This is likely to be 

due to the high hydrophobicity of PERP as an integral PM protein. 

 

To ensure that the covalent labelling of PERP protein on its N-terminal with a HaloTag 

did not disrupt its PM trafficking, Halo-PERP was visualised in live Mel202 cells by 

microscopy using the HaloTag TMRDirect fluorescent ligand. Halo-PERP displayed the 

Figure 3.1. Exogenous expression of HaloTag and Halo-PERP proteins in Mel202 
cells. Mel202 cells were transfected with HaloTag or Halo-PERP and lysed 24 hours 
post-transfection for immunoblotting using the anti -HaloTag antibody. 
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correct secretory pathway and PM targeting as previously described, which indicated 

that the N-terminal HaloTag did not impair the trafficking of PERP to the plasma 

membrane (Figure 3.2).  

 

 

 

3.1.2. Halo-PERP positively regulates p53  

Exogenous PERP expression was previously shown to stabilise p53 by 

phosphorylation and to act in a positive feedback manner to increase the 

endogenous protein levels of PERP (Davies et al., 2011). To determine whether Halo-

PERP was functional in inducing a p53 feedback loop, HaloTag or Halo-PERP were 

expressed in Mel202 cells for the indicated time points and the protein levels of PERP 

and p53 were assessed by Western blot. The protein levels of p53 and endogenous 

Figure 3.2. Halo-PERP localises to the plasma membrane and secretory pathway . 
Mel202 cells were transiently transfected with Halo-PERP and 24 hours post-
transfection the fusion protein was visualised using the fluorescent HaloTag 
TMRDirect ligand (555 Ex/585 Em). Images taken using a Zeiss Axio Observer Z1 
microscope with Apotome.2 system and are representative of 10 fields. S cale bars 
20 µm. 
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PERP significantly increased at 48 hours post-transfection with Halo-PERP, which 

corresponded to the peak level of Halo-PERP expression detected (Figure 3.3a).  

 

 

Furthermore, phosphorylation of p53 specifically at residue 46, which is associated 

with apoptosis signalling, was detected by immunoblotting in Mel202 cells 

expressing HaloTag or Halo-PERP using a phosphorylation specific antibody. In non-

transfected cells, cells expressing HaloTag and cells expressing Halo-PERP at 16 and 

24 hours post-transfection, no phosphorylation of p53 at residue 46 was detected. 

Figure 3.3. Halo-PERP activates the PERP/p53 positive feedback loop. Mel202 cells 
were non-transfected (NT), transfected with Halo (24 hours), or transfected with 
Halo-PERP for the indicated time points and the protein levels of (a) endogenous 
PERP and p53 and (b) p53 phosphorylated at residue Ser46 were detected by 
immunoblotting. Graph represents PERP and p53 protein levels normalised to the 
level of GAPDH. Means and SEM shown. One-way ANOVA, n=3, p53: F=13.39, 
p=0.0001***; PERP: F=17.12, p<0.0001****.   
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However, expression of Halo-PERP at both 48 and 72 hours post-transfection induced 

the phosphorylation of p53 on Ser46 (Figure 3.3b). Together this data suggested that 

Halo-PERP was functional in the previously characterised positive feedback loop; 

Halo-PERP induced the phosphorylation and stabilisation of p53 and increased the 

endogenous PERP protein level.  

 

3.1.3. Halo-PERP is functional in apoptosis induction 

Increasing PERP protein levels beyond a threshold induces apoptosis (Davies et al., 

2009). To determine if Halo-PERP was functional in apoptosis induction, Mel202 cells 

were transfected with HaloTag or Halo-PERP and HaloTag proteins were labelled with 

the HaloTag R110 ligand for flow cytometry analysis using the PS externalisation 

marker Annexin V Alexa Fluor 647. Cells were collected for analysis at 48 hours post-

transfection, as this was the peak expression level previously seen. The living 

population of cells were gated (P1) and transfected cells within this population were 

detected by green fluorescence. Non-transfected cells grown in the presence of the 

HaloTag R110 fluorescent ligand were used to gate out background fluorescence 

(M2) and the average transfection efficiency was 67.23 ±4.4% for HaloTag and 77.46 

±7.5% for Halo-PERP (Figure 3.4a). The percentage of apoptotic transfected cells was 

quantified by measuring the highest intensity red fluorescence (M5) from the 

intersection of the two gates previously described (Figure 3.4b). There was a 

significant increase in the percentage of apoptotic Halo-PERP expressing cells 

compared to HaloTag only expressing cells (Figure 3.4c), which indicated that Halo-

PERP successfully induced programmed cell death.  

These results validated the expression, function and localisation of the Halo-PERP 

fusion protein and therefore the use of HaloTag as a suitable platform for the study 

of novel PERP protein-protein interactions required for apoptosis induction at the 

plasma membrane.  
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3.2. HaloTag protein pull-down optimisation  

The HaloTag Mammalian Protein Pull-Down System is an efficient method of isolating 

protein complexes. HaloTag proteins bind covalently and specifically to HaloLink 

resin, which allows for the isolation of low abundance protein complexes.  

 

Figure 3.4. Exogenous Halo-PERP expression induces apoptosis. Mel202 cells 
expressing HaloTag or Halo-PERP were labelled with the R110 HaloTag fluorescent 
ligand (502 Ex/527 Em) and Annexin V Alexa Fluor 647 for flow cytometry analysis  
48 hours post-transfection. The population of living cells was selected using a 
primary gate (P1). (a) Transfected cells were selected for using the non-transfected 
cells cultured in the presence of the R110 l igand to determine background 
fluorescence (M2). (b) The percentage of apoptotic transfected cells was 
determined using Annexin V fluorescence for cells in the intersection of gates P1 
and M2 (M5). (c) Graph shows the percentage of apoptotic HaloTag or Halo-PERP 
transfected cells in three independent experiments. Means and SEM shown. 
Student’s t-test, n=3, p=0.0026**. 
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3.2.1. HaloTag protein pull-down preliminary results  

A preliminary HaloTag pull-down experiment was completed according to the 

standard protocol to determine whether the system required optimisation. Mel202 

cells were transfected with HaloTag or Halo-PERP and 24 hours post-transfection the 

total cell lysate was incubated with HaloLink resin for the capture of protein 

complexes. Non-specific proteins were washed five times and proteins bound to the 

resin were removed in four successive elutions using a SDS based buffer. A total of 

35 proteins were identified by mass spectrometry and 12 proteins had a mass 

spectrometry intensity score of greater than 1.5 in the Halo-PERP pull-down 

compared to the HaloTag control (Appendix 2, Table 1). Interestingly, PERP was not 

identified in the eluate, which indicated that the Halo-PERP fusion protein withstood 

SDS denaturation. In addition, as endogenous PERP protein was not detected, this 

suggested that Halo-PERP did not dimerise with endogenous PERP in the PM. 

Analysis of the elution profile of the proteins extracted from the HaloTag and Halo-

PERP HaloLink resin showed that the majority of proteins were removed from the 

resin on the third and fourth attempt, when analysed using both protein intensity 

(Figure 3.5a) and the total number of proteins (Figure 3.5b). Furthermore, 7 of the 

12 proteins which had a fold change of 1.5 or higher in the Halo-PERP protein pull-

down were identified exclusively in elution 3 and/or 4. Specifically, TMEM132E was 

identified only in Halo-PERP elution 3, RSF1 and CCDC87 were identified exclusively 

in Halo-PERP elution 4 and ATP13A5, SPTBN2, ELMO1 and RNF169 were identified in 

both elution 3 and 4 of the Halo-PERP pull-down experiment (Appendix 2, Table 1). 

This suggested that the SDS elution was not sufficiently strong to remove specific 

proteins from the HaloLink resin. For this reason, protein elution from the HaloLink 

resin was performed by enzymatic cleavage using TEV. TEV cleaves a specific 

sequence located in the linker region between the HaloTag and protein of interest. 

Therefore, the whole protein complex including the protein of interest are removed 

for analysis. Following this, the resin was subsequently denatured in SDS loading 

buffer containing β-mercaptoethanol as a second elution, to ensure that all proteins 

were removed for analysis. 
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3.2.2. Optimisation of HaloLink binding 

To determine the binding efficiency of HaloTag proteins to the HaloLink resin in the 

preliminary mass spectrometry run, a sample of the total cell lysate, unbound 

fraction and all five washes were analysed by immunoblotting using the anti-HaloTag 

antibody (Figure 3.6a).  

 

 

Figure 3.5. Efficiency of the SDS elution of HaloTag and Halo -PERP interacting 
proteins from HaloLink resin. HaloTag and Halo-PERP interacting proteins were 
removed from the HaloLink resin in four successive SDS elutions (1-4) and analysed 
by LC-MS/MS. Peptides were identified and quantified using Maxquant proteomics 
software and a total of 35 proteins were identified. (a) The combined intensity of 
all proteins identified in each elution is shown, each shade of grey  represents a 
different protein. (b) The total number of proteins identified in each elution is 
plotted. 
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The percentage of HaloTag proteins bound to the resin was calculated as the 

proportion of HaloTag protein in the unbound fraction and wash steps relative to the 

amount of HaloTag protein in the total cell lysate using the equation: 100-((total 

unbound + total washes / total lysate)x100). A binding efficiency of 68.6% was 

calculated for the HaloTag pull-down and 38.8% for the Halo-PERP pull-down in the 

preliminary experiment (Figure 3.6a) and therefore approximately 1.7x more 

HaloTag protein bound to the HaloLink resin than Halo-PERP protein. A possible 

explanation for this is due to the hydrophobicity of the PERP protein, which may 

make it difficult to maintain protein stability during the pull-down experiment. In 

addition, Halo-PERP expression induced apoptosis and so less cells may have been 

collected for analysis than the HaloTag expressing cells. To help prevent substantial 

loss of the protein of interest during the binding step, the amount of protein added 

to the resin was normalised to 2 mg before binding. Following this, a binding 

efficiency of 84.4% was obtained for the HaloTag pull-down and 74.9% for the Halo-

PERP pull-down (Figure 3.6b). 

 

Figure 3.6. HaloLink resin binding efficiency in HaloTag protein pull-down 
experiments. Western blot showing the amount of HaloTag or Halo-PERP protein 
present in the total cell lysate (1), unbound fraction (2) and washes 1-5 (3-7) of pull-
down experiments when (a) the total cell lysate or (b) 2 mg of total protein were 
added to the resin. The binding efficiency was calculated using densitometry.  
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3.2.3. Optimised HaloTag Pull-Down System 

To confirm that the optimised HaloTag protein pull-down experiment was able to 

isolate specific protein complexes, the experiment was performed and proteins were 

visualised on an SDS-PAGE gel using silver stain (Figure 3.7). Mock transfected cells 

served as a control for the non-specific binding of proteins to the resin and HaloTag 

transfected cells controlled for proteins which unspecifically bound to both the resin 

and HaloTag protein. Bands were identified common to the mock, HaloTag and Halo-

PERP pull-down samples, which were likely to be non-specific proteins. The Halo-

PERP eluate contained a higher amount of protein and bands that were not present 

in the control samples, which suggested that specific proteins were isolated. 

 

An overview of the optimised HaloTag Mammalian Protein Pull-Down System used 

in subsequent experiments is shown in figure 3.8.  

 

Figure 3.7. Isolation of specific Halo-PERP protein complexes using the HaloTag 
Protein Pull-Down System. Mel202 cells were mock transfected or transfected with 
HaloTag or Halo-PERP and 2 mg of each cell lysate was exposed to HaloLink resin 
overnight. The resin was washed five times and protein complexes were cleaved 
from the resin using TEV. Total eluted proteins were separated by SDS-PAGE and 
visualised by silver stain. * indicate bands exclusively detected in the Halo-PERP 
sample. 
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Figure 3.8. Schematic of the optimised HaloTag Protein Pull-Down System. Mel202 
cells were lysed 24 hours after transfection with HaloTag or Halo-PERP constructs 
and 2 mg of total protein was exposed to HaloLink resin overnight. Unspecif ic 
proteins were washed five times and the linker sequence between the HaloTag and 
PERP was cleaved using TEV enzyme. Proteins were separated by SDS-page, 
followed by in-gel trypsin digestion and gel extraction for LC-MS/MS analysis. 
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3.3. Characterisation of PERP protein interactions  

3.3.1. Identification of PERP protein interactions by mass spectrometry  

Halo-PERP protein complexes were isolated from Mel202 cells using the optimised 

HaloTag Protein Pull-Down System in three independent experiments and an average 

HaloLink binding efficiency of 84 ±2.4% and 70 ±4.9% was achieved for HaloTag and 

Halo-PERP pull-downs respectively. Proteins were separated and stained on 4-12% 

Bis-Tris gradient gels and a very low amount of protein was detected for both the 

HaloTag and Halo-PERP protein pull-downs. Nevertheless, each lane was cut into 

three slices for digestion and extraction (Figure 3.9). Extracted peptides were 

analysed on a LC-MS/MS and quantified using Maxquant proteomics software and 

the intensity of elution 1 and elution 2 was averaged. A total of 52 proteins were 

identified and 21 proteins had a fold change of 1.5 or higher in at least two 

independent Halo-PERP pull-down experiments. In addition, 6 proteins were 

identified exclusively in Halo-PERP pull-downs in all three experiments (Appendix 2, 

Table 2). 

 

Figure 3.9. In-gel digestion of proteins isolated using the HaloTag Mammalian Pull-
Down System. Proteins were isolated using the HaloTag pull-down system from 
Mel202 cells expressing (a) HaloTag or (b) Halo-PERP, separated by SDS-PAGE and 
visualised using SimplyBlue SafeStain. Each lane was cut into three slices (red lines, 
S1-3) and each slice was further cut into 1x1 mm cubes before in-gel digestion and 
extraction for mass spectrometry analysis.  
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The 21 proteins identified were analysed to determine any known functional 

associations using the STRING protein interaction network database (Szklarczyk et 

al., 2017). As PERP is known to positively influence the stability of its transcription 

factor p53, both p53 and p63 were added to the analysis (Figure 3.10). PERP did not 

have a known association with any proteins other than p53 and p63. Unsurprisingly, 

the analysis showed a functional interaction between p63 and TUBA1C, and p53 with 

9 proteins (including PERP and p63) such as heat shock proteins and ubiquitin. This 

analysis indicated groups of proteins which may have unspecifically been pulled-

down together, such as SLC25A3 with SLC25A5 and RPS18 with RPS3. Five proteins 

were identified with no known functional association with either PERP, p53, or p63. 

Figure 3.10. Known functional relationships of proteins identified as potential 
interactors of PERP by mass spectrometry. HaloTag and Halo-PERP interacting 
proteins were isolated from Mel202 cells,  identified by LC-MS/MS and quantified 
using Maxquant proteomics software. Proteins with a fold change of 1.5 or higher 
in Halo-PERP identified in 2 or more independent experiments were plotted 
according to known functional associations using the STRING database and 
software. Regulators of PERP transcription, TP53 and TP63, were also added.  
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As PERP was cleaved from the resin using the TEV enzyme, PERP protein was 

identified in all three Halo-PERP pull-down experiments and the intensity of PERP in 

control pull-downs was always 0. Therefore, proteins which had 0 intensity in control 

pull-downs in at least two experiments, localise near to the PM and have a plausible 

functional relationship with PERP were considered to be of interest for validation. Six 

proteins were chosen for further validation (Table 3.1).  

 

Table 3.1. Top 6 proteins identified as potential protein-protein interactors of PERP. 
Protein intensity values generated from Maxquant analysis of raw mass 
spectrometry data in three independent HaloTag pull -down experiments are shown. 

Protein Protein intensity 

 Experiment 1 Experiment 2 Experiment 3 

 HaloTag Halo-PERP HaloTag Halo-PERP HaloTag Halo-PERP 

PERP 0 1,731,700 0 1,786,600 0 4,110,200 

ORP8 0 1,582,700 0 924,650 0 311,170 

SERCA2 0 643,060 0 521,280 0 384,640 

TMEM33 0 0 0 5,019,500 0 4,049,900 

MYO1C 0 5,892,000 1,200,000 4,201,700 0 3,968,800 

KRIT1 0 74,388,000 0 25,337,200 18,488,000 15,909,800 

CD36 982,450 1,357,800 794,780 1,356,500 343,630 626,600 

 

Although CD36 was present in all control pull-down experiments, an interaction 

between PERP and CD36 was further investigated due to its PM localisation and 

numerous roles in cell signalling and adhesion.  

 

3.3.2. Western blot validation of mass spectrometry results 

The interaction between Halo-PERP with 6 proteins identified by mass spectrometry 

(MYO1C, SERCA2, ORP8, KRIT1, CD36, TMEM33) were validated in a further three 

independent HaloTag pull-down experiments by immunoblotting (Figure 3.11). In all 

experiments the pull-down of PERP was confirmed before analysis of protein binding 
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partners. It is interesting to note that the majority of PERP was removed from the 

resin in the second elution, after both enzymatic digestion and reduction/ 

denaturation steps.  

 

A summary of the results for each protein of interest are detailed below: 

 

1. Unconventional myosin-1C, MYO1C 

Localises in the cytoplasm and is associated with the actin cytoskeleton. 

MYO1C was identified by mass spectrometry in three Halo-PERP pull-down 

experiments and one control experiment and had the second highest score of all 6 

proteins of interest. The presence of MYO1C was confirmed in all three Halo-PERP 

pull-down experiments by immunoblotting and was present in both elution 1 and 2. 

However, MYO1C was also detected in the HaloTag control pull-down of all three 

experiments, although it was present at much lower levels. Despite this, MYO1C gave 

Figure 3.11. Western blot validation of PERP protein-protein interactions. HaloTag 
and Halo-PERP interacting partners were isolated using the HaloTag Mammalian 
Pull-Down System from Mel202 cells and the presence of MYO1C, SERCA2b, ORP8, 
KRIT1, CD36 and TMEM33 was determined by immunoblotting.  
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the strongest pull-down with Halo-PERP of all proteins tested by immunoblotting. 

Therefore, due to the very high, consistent, pull-down of MYO1C with PERP, MYO1C 

was considered to be of potential interest for follow-up experiments.  

 

2. Sarco/endoplasmic reticulum ATPase 2, SERCA2 

Localises to the ER membrane and junctions between the ER and PM. 

SERCA2 was identified in three Halo-PERP pull-down experiments by mass 

spectrometry and was absent from all controls. Furthermore, the intensity of the 

SERCA2 peptide was less than that of PERP, which suggested that this was a specific 

interaction. SERCA2 has three isoforms (SERCA2a-c), however the peptide identified 

by mass spectrometry could not distinguish which isoform was isolated with Halo-

PERP. Therefore, protein pull-down of the housekeeping SERCA2b isoform was 

detected using an isoform specific antibody. SERCA2b was present in both elutions 1 

and 2 of two independent Halo-PERP pull-down experiments and was absent from 

all control pull-down samples. Unfortunately, in the third pull-down experiment no 

signal was detected for SERCA2b, but this was likely to be due to a problem with the 

Western blot procedure, as no signal was detected in the HeLa positive control 

sample. The pull-down of SERCA2b with Halo-PERP was highly specific, detected by 

both mass spectrometry and immunoblotting and was therefore of great interest for 

follow-up functional experiments.    

 

3. Oxysterol-binding protein-related protein 8, ORP8 

Localises to the ER membrane and junctions between the ER and PM. 

ORP8 was also exclusively identified in three Halo-PERP pull-down experiments by 

mass spectrometry and its intensity values were all less than that of PERP. ORP8 has 

two isoforms, full length ORP8L and truncated splice variant ORP8S, and the antibody 

used for pull-down validation detected both isoforms. ORP8L and ORP8S were 

present in the total cell lysate (input), which indicated that both isoforms were 

expressed in Mel202 cells. Remarkably, Halo-PERP specifically isolated the full length 
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ORP8L isoform in elution 2 of all three pull-down experiments and both ORP8L and 

ORP8S were absent from all control experiments. These results validated a specific 

interaction between PERP and ORP8L for further functional characterisation.  

 

4. Krev interaction trapped 1, KRIT1 

Localises in the nucleus and cytoplasm, and is associated with microtubules 

KRIT1 had the highest mass spectrometry scores of all proteins of interest. The 

relative intensity of KRIT1 detected was between approximately 3 and 43x higher 

than that of PERP and a very high amount of KRIT1 was present in one control sample. 

In Western blot validation pull-down experiments, KRIT1 was present in elution 2 of 

three independent Halo-PERP pull-down experiments and was present in both 

elutions 1 and 2 of one HaloTag control pull-down experiment, which was consistent 

with the mass spectrometry data. The high relative intensity of KRIT1 identified by 

mass spectrometry and its presence in multiple control samples, suggested that it 

was unreasonable to conclude that PERP and KRIT1 specifically interact. For this 

reason, functional experiments between PERP and KRIT1 were not completed.  

 

5. Platelet glycoprotein IV,CD36 

Localises to the PM and acts as a receptor. 

CD36 was present in all mass spectrometry control pull-down experiments, but had 

a fold change of greater than 1.5x in two independent Halo-PERP experiments 

compared to the control. Despite optimisation, the CD36 antibody did not perform 

well. Although CD36 was detected in the input of all pull-down experiments by 

Western blot, it was not possible to detect CD36 in either the control or Halo-PERP 

pull-down samples and so an interaction between PERP and CD36 could not be 

validated.    
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6. Transmembrane protein 33, TMEM33 

Localises to the ER membrane.   

TMEM33 was detected specifically in the Halo-PERP elutions of two pull-down 

experiments by mass spectrometry. However, despite testing multiple commercially 

available antibodies, it was not possible to obtain a specific TMEM33 signal in Mel202 

cells. The best antibody tested gave multiple very weak bands at approximately the 

molecular weight of TMEM33 and so was used for validation. No pull-down of 

TMEM33 was detected in either the control or Halo-PERP experiments and so an 

interaction between PERP and TMEM33 could not be independently validated by 

immunoblotting.  

 

3.3.3. Summary of pull-down experiments  

In summary, interactions between Halo-PERP with MYO1C, SERCA2b, ORP8L and 

KRIT1 were identified by mass spectrometry and validated by immunoblotting in up 

to six independent experiments. However, an interaction between Halo-PERP with 

TMEM33 and CD36 could not be confirmed by Western blot, possibly due to poor 

antibody sensitivity. Due to the unproportional amount of KRIT1 identified by mass 

spectrometry and a lack of a clear hypothesis for a functional relationship between 

PERP and KRIT1, further experiments to characterise this interaction were not 

completed during this study.  

Figure 3.12 is a schematic representation of SERCA2b, ORP8L and MYO1C proteins, 

with the peptide sequences identified by mass spectrometry (black regions) and the 

antigen sites used for validation (red regions) aligned to the full protein structure. 

For both SERCA2b and ORP8L, one peptide was identified in multiple mass 

spectrometry experiments and the peptide and immunogen site were on different 

regions of the protein. Furthermore, both antibodies distinguished between protein 

isoforms by binding at the C-terminal region of SERCA2b and the N-terminal region 

of ORP8L. Three peptides were identified for MYO1C by mass spectrometry and the 

antibody used for pull-down validation bound to a region which contained two of the 

peptides identified. This analysis showed that multiple regions of SERCA2b, ORP8L 
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and MYO1C were identified in Halo-PERP protein pull-down experiments using two 

methods for detection.  

 

  

3.3.4. PERP feedback regulation with protein interactors 

To determine whether Halo-PERP induces apoptosis by modulating the total levels of 

SERCA2b, ORP8L, or MYO1C, HaloTag or Halo-PERP were expressed in Mel202 cells 

and changes to the levels of each protein were detected by immunoblotting. No 

significant changes were observed to the protein levels of SERCA2b, ORP8L, or 

Figure 3.12. Schematic representation of SERCA2b, ORP8L and MYO1C proteins, 
showing the sequence and alignment of peptides identified by mass spectrometry 
(black) and antigen sites (red) used for protein-protein interaction validation.  
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MYO1C for up to 72 hours of Halo-PERP expression compared to the non-transfected 

control cells (Figure 3.13). This result suggested that PERP did not require either an 

increase or decrease in the total protein levels of SERCA2b, ORP8L, or MYO1C for its 

role in apoptosis. Despite this, due to the complex nature of protein regulation in 

signalling pathways, functional characterisation of an interaction between PERP and 

SERCA2b, ORP8L and MYO1C was explored in greater detail.  
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Figure 3.13. Protein levels of SERCA2b, ORP8L and MYO1C in response to exogenous 
PERP expression. Mel202 cells were transfected with Halo Tag (24 hours) or Halo-
PERP for the indicated time points, and the protein levels of (a) SERCA2b, (b) ORP8L 
and (c) MYO1C were detected by immunoblotting. Protein levels were quantified by 
densitometry relative to the level of GAPDH. Means and SEM shown. One-way 
ANOVA, n=3, SERCA2b: F=0.1091 p=0.9882 ns; ORP8L: F=1.690 p=0.2113 ns; MYO1C: 
F=1.026 p=0.4453 ns. 
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Summary of results 

- A new genetic construct, Halo-PERP, was extensively characterised and 

functionally validated for localisation, known signalling events and apoptosis 

induction. 

- The binding of Halo-PERP to HaloLink resin was less efficient than the HaloTag 

protein, possibly due to its hydrophobicity as a PM protein. 

- Protein-protein interactions between PERP with two endoplasmic reticulum 

membrane proteins (SERCA2b and ORP8L) and a motor protein (MYO1C) 

were identified and independently validated. 

- Although an interaction between PERP and TMEM33 could not be validated, 

as a protein involved in maintaining ER homeostasis, future experiments to 

validate this should be considered. RT-PCR analysis of TMEM33 mRNA 

expression in Mel202 cells would give an initial indication as to whether this 

gene is expressed in UM cells.  

 

 

Limitations of experiments  

- The PM localisation of PERP is very well characterised, however, we did not 

identify any protein interacting partners in the PM. It is highly unlikely that 

PERP does not interact with any proteins in the PM and this therefore 

suggested that the HaloTag system was not sufficiently optimised to maintain 

PM protein stability during protein pull-down.  
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RESULTS 

CHAPTER 4:  

STUDYING THE ROLE OF PERP IN ER STRESS AT ER-PM JUNCTIONS  



123 

 

4.1. PERP and SERCA2b respond to ER stress 

We have identified an interaction between PERP and two integral endoplasmic 

reticulum membrane proteins which have a role in ER stress signalling. Therefore, we 

next wanted to determine whether PERP is involved in responding to ER stress in UM 

and non-UM cells.  

 

4.1.1. Characterisation of ER stress signalling in HCT116 and Mel202 cells 

BFA prevents the export of proteins from the Golgi apparatus, inducing retrograde 

transport of proteins into the ER and activating ER stress pathways (Miller et al., 

1992). Firstly, the response of HCT116 and Mel202 cells to BFA-induced ER stress was 

characterised. Morphological analysis of HCT116 cells treated with BFA showed a 

time-dependent induction of apoptosis, with a few cells rounding up at 8 hours post-

treatment and an increasing proportion of round cells at 24 hours post-treatment 

(Figure 4.1a). Phosphorylation of the ER stress modulator PERK at residue 982 

increased at 2 and 8 hours post-BFA treatment, which indicated successful activation 

of UPR signalling. Furthermore, the levels of total PERK increased at all time points 

tested and PERK dimers formed (Figure 4.1b). The total levels of p65 significantly 

increased from 2 hours post-BFA treatment and remained high for up to 48 hours of 

ER stress induction. The protein levels of the apoptosis-associated CHOP remained 

constant for 2 and 8 hours of ER stress, but increased at 16, 24 and 48 hours post-

treatment, which indicated the induction of ER stress-induced apoptosis after 

prolonged exposure to BFA (Figure 4.1c). 
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The ER stress response of Mel202 cells has not previously been characterised. 

Morphological analysis of Mel202 cells exposed to BFA showed no change in cell 

morphology at 8 hours post-treatment compared to non-treated cells. After 24 hours 

of BFA exposure approximately one third of cells showed apoptotic morphology and 

Figure 4.1. Response of HCT116 cells to Brefeldin A-induced ER stress. (a) 
Morphological analysis of HCT116 cells treated with 1 μg/ml BFA for 8 and 24 hours. 
(b) Immunoblotting of total and phosphorylated (Thr982) levels of PERK in response 
to 1 μg/ml BFA. (c) Immunoblotting of p65 and CHOP levels in response to 1 μg/ml 
BFA. Graph shows p65 levels normalised to GAPDH. Means and SEM shown. One -
way ANOVA, n=5, F=3.350, p=0.0195*. 
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at 48 hours post-treatment the majority of Mel202 cells were apoptotic (Figure 4.2a). 

As at 24 hours a smaller proportion of Mel202 cells responded to BFA than HCT116 

cells, this suggested that Mel202 cells are less sensitive than HCT116 cells to ER 

stress-induced apoptosis. BFA induced PERK phosphorylation at 2, 8, 16, 24 and 48 

hours post-treatment in Mel202 cells and PERK dimers were present at all time points 

(Figure 4.2b). This indicated that the PERK arm of the UPR signalling pathway 

responded quickly to BFA, as seen in the HCT116 cells, but continued to remain active 

during prolonged ER stress in Mel202 cells. Total p65 protein levels increased from 2 

hours post-BFA treatment, with a significant increase from 16 hours of ER stress. 

CHOP levels were barely detectable in non-treated cells, or cells treated with BFA for 

2 or 8 hours, however, treatment with BFA for 16, 24 and 48 hours increased the 

levels of CHOP protein (Figure 4.2c). This suggested that, similarly to HCT116 cells, at 

16 hours post-BFA treatment Mel202 cells switch to apoptotic signalling.  

Figure 4.2. Response of Mel202 cells to Brefeldin A-induced ER stress. (a) 
Morphological analysis of Mel202 cells treated with 1 μg/ml BFA for 8, 24 and 48 
hours. (b) Immunoblotting of phosphorylated PERK (Thr982)  levels in response to 1 
μg/ml BFA. (c) Immunoblotting of p65 and CHOP levels in response to 1 μg/ml BFA. 
Graph shows p65 levels normalised to GAPDH. Means and SEM shown. One-way 
ANOVA, n=5, F=6.692, p=0.0005***.  
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This data confirmed the successful activation of the PERK arm of the UPR signalling 

cascade in both HCT116 and Mel202 cells, with the induction of apoptotic signalling 

after prolonged treatment (16 hours).  

 

4.1.2. SERCA2b is expressed in HCT116 and Mel202 cells  

Firstly the expression of endogenous SERCA2b was confirmed in Mel202 and HCT116 

cells using both a SERCA2b isoform specific antibody (Figure 4.3a) and an antibody 

which detects all SERCA2 isoforms (Figure 4.3b) by Western blot. 

Immunofluorescence detection of SERCA2 protein showed ER-associated perinuclear 

staining with a broad localisation throughout the cell in both Mel202 and HCT116 

cells (Figure 4.3c). The expression of SERCA2b in HCT116 cells has been reported 

previously, however this data showed for the first time that the ER Ca2+ pump 

SERCA2b is expressed in UM cells.  

Figure 4.3. SERCA2 is expressed in HCT116 and Mel202 cells. Immunoblotting 
detection of (a) SERCA2b and (b) SERCA2 protein in HCT116 and Mel202 cells. (c) 
Immunofluorescence staining of SERCA2 in fixed Mel202 and HCT116 cells detected 
using an Alexa Fluor 647 conjugated secondary antibody. Nuclei stained with DAPI.  
Representative images of 10 fields. Scale bars 20 μm. 
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4.1.3. Optimisation of RT-PCR conditions for detection of SERCA2b mRNA  

Primers were designed to detect the transcript levels of SERCA2b by RT-PCT. Firstly, 

the primer annealing temperature was optimised using a serial dilution of cDNA 

(6.25-100 ng/well). RNase and DNase-free water was used as the non-template 

control (NTC). RT-PCR was performed using an annealing temperature of 60°C and 

the amplification and dissociation curves showed that one product was amplified in 

all cases except for the NTC (Figure 4.4a&b). Furthermore, a primer efficiency of 

104.4% was achieved (Figure 4.4c).  

For detection of SERCA2b mRNA levels, the optimised SERCA2b primer set were used 

to amplify SERCA2b cDNA from an initial reaction containing 12.5 μg of total cDNA at 

an annealing temperature of 60°C.  
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Figure 4.4. Optimisation of SERCA2b primers for RT-PCR. cDNA (0, 6.25, 12.5, 25, 
50, 100 ng/well) was amplified by RT-PCR using SERCA2b primers at 60°C and primer 
specificity and efficiency was analysed using the (a) amplification curve, (b) 
dissociation curve and (c) standard curve (RSq=0.0999, Efficiency=104.4%).  
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4.1.4. SERCA2b responds to ER stress 

The SERCA2b gene is known to have an ERSE in its promoter and therefore is 

transcriptionally upregulated during conditions of ER stress (Caspersen et al., 2000). 

To confirm that SERCA2b responds to BFA-induced ER stress, Mel202, HCT116 and 

HCT116 p53-/- cells were treated with BFA and SERCA2b mRNA levels were detected 

by RT-PCR. SERCA2b significantly increased at 8 hours post-BFA treatment in Mel202 

cells, followed by a significant decrease at 24 and 48 hours compared to the non-

treated control cells (Figure 4.5a).  

Figure 4.5. SERCA2b mRNA levels increase in response to ER stress. (a) Mel202, (b) 
HCT116 and (c) HCT116 p53-/- cells were treated with 1 μg/ml BFA and SERCA2b 
mRNA levels were detected by RT-PCR, normalised to the level of GAPDH. Means 
and SEM shown. One-way ANOVA, n=4, Mel202: F=18.63, p<0.0001****; HCT116: 
F=3.442, p=0.0239*; HCT116 p53-/-: F=4.088, p=0.0118*.  
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Interestingly, in both HCT116 wild type cells and HCT116 p53-/- cells, SERCA2b 

significantly increased at 2 hours post-BFA treatment and did not significantly change 

at any other time point tested (Figure 4.5b&c). This indicated that p53 is not required 

for SERCA2b transcription. Furthermore, the different dynamics of SERCA2b mRNA 

transcription in Mel202 and HCT116 cells suggested that UM cells have a delayed 

genetically programmed ER stress response for SERCA2b.  

Immunoblotting detection of SERCA2b protein levels in HCT116 cells exposed to BFA 

showed a significant increase at 8 and 48 hours post-treatment, which confirmed 

that the increased levels of SERCA2b mRNA is translated into an increase in SERCA2b 

protein during conditions of ER stress (Figure 4.6).  

 

4.1.5. PERP responds to ER stress independent of p53 transcription  

Due to the discovery of an interaction between PERP and the ER stress inducible 

protein SERCA2b, along with PERP’s established role in regulating cell death, we 

hypothesised that PERP regulates apoptosis in response to ER stress. Firstly, the 

response of PERP protein levels to BFA-induced ER stress was detected by 

immunoblotting and PERP protein increased from 8 hours post-BFA treatment in 

Figure 4.6. SERCA2b protein levels increase in response to ER stress. HCT116 cells 
were treated with 1 μg/ml BFA and SERCA2b protein  levels were detected by 
immunoblotting. Histogram represents SERCA2b protein levels normalised to  the 
level of GAPDH. Means and SEM shown. One-way ANOVA, n=4, F=4.208, p=0.0104*.  
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Mel202 cells (Figure 4.7a). This finding suggested that despite the downregulation of 

PERP and the apoptosis resistance of UM cells, PERP protein is able to respond to ER 

stress induction. Quantification of PERP protein levels in Mel202 cells was not 

possible due to its very low abundance. HCT116 cells express higher levels of PERP 

protein and so were used for analysis of the response of endogenous PERP 

throughout this study. BFA-induced ER stress significantly increased the protein 

levels of PERP at 8, 16, 24 and 48 hours post-treatment in HCT116 cells (Figure 4.7b).  

Figure 4.7. PERP protein levels increase in response to ER stress independent of 
p53. (a) Mel202, (b) HCT116 and (c) HCT116 p53-/- cells were treated with 1 μg/ml 
BFA and the response of PERP protein levels were detected by immunoblotting. 
Histogram represents PERP protein levels normalised to GAPDH in HCT116 cells. 
Means and SEM shown. One-way ANOVA, n=7, F=3.025, p=0.0329*.  



132 

 

Previous characterisation of the ER stress response of HCT116 and Mel202 cells 

showed that the apoptosis-associated protein CHOP increased from 16 hours post-

BFA treatment. The increase in PERP protein at 8 hours of ER stress in both UM and 

non-UM cells suggested that PERP responds before the switch towards apoptosis 

signalling.  

Figure 4.8. Response of PERP to ER stress is independent of p53 transcriptional 
regulation. (a) Mel202, (b) HCT116 and (c) HCT116 p53-/- cells were treated with 1 
μg/ml BFA and the response of PERP mRNA levels were detected by RT -PCR and 
normalised to the level of GAPDH. Means and SEM shown. One-way ANOVA, n=4, 
Mel202: F=6.697, p=0.0011**; HCT116: F=5.297, p=0.0036**; HCT116 p53 -/-: 
F=1.888, p=0.1465 ns.  
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To determine whether p53 activity is required for PERP to respond to ER stress, 

HCT116 p53-/- cells were treated with BFA and PERP protein levels were monitored 

by immunoblotting. Similarly to wild type cells, BFA induced an increase in PERP 

protein levels in p53 knockout cells (Figure 4.7c), which suggested that p53 activity is 

not required for PERP to increase during conditions of ER stress.  

To determine whether PERP is transcriptionally upregulated during conditions of ER 

stress, Mel202, HCT116 and HCT116 p53-/- cells were treated with BFA and PERP 

mRNA levels were measured by RT-PCR. Surprisingly, no significant increase in PERP 

mRNA levels were induced by ER stress in any cell line (Figure 4.8). PERP mRNA levels 

actually significantly decreased at 16, 24 and 48 hours post-BFA in Mel202 cells 

(Figure 4.8a) and specifically decreased at 16 hours in HCT116 cells (Figure 4.8b). No 

significant changes were observed in HCT116-/- cells (Figure 4.8c).  

Many reports have shown that PERP’s transcription factor p53 is activated by ER 

stress. Therefore, HCT116 cells were treated with BFA and total p53 protein levels 

were detected by immunoblotting. Although not statistically significant, p53 

consistently decreased in response to BFA-induced ER stress (Figure 4.9). However, 

it is important to note that the antibody used in this study does not recognise the 

p53Δ40 isoform, which regulates translation during ER stress.  

Figure 4.9. p53 protein levels do not respond to BFA-induced ER stress. HCT116 cells 
were treated with 1 μg/ml BFA for the indicated time points and p53 protein levels 
were detected by immunoblotting. Histogram represents p53 protein levels 
normalised to the level of GAPDH. Means and SEM shown. One-way ANOVA, n=7, 
F=1.811, p=0.1528 ns.  
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Analysis of the PERP promoter and 1000 base pairs upstream showed that no 

currently characterised ERSE is present in the PERP gene regulatory region. Together, 

this data suggested that PERP protein increases in response to ER stress independent 

of p53 transcriptional regulation. Therefore, the increase in PERP protein during ER 

stress is potentially due to an increase in protein stability. These findings identify, for 

the first time, regulation of PERP at the protein level specifically in response to ER 

stress induction. Further understanding of the protein half-life and degradation of 

PERP is required for full interpretation of these findings. 

 

4.1.6. PERP accumulates at the plasma membrane during ER stress 

HeLa BAC Venus-PERP cells express fluorescently labelled PERP protein at 

physiological levels, transcriptionally regulated by the endogenous PERP promoter. 

To determine the localisation of PERP during ER stress, HeLa BAC Venus-PERP cells 

were treated with BFA and visualised by super resolution microscopy. Non-treated 

cells imaged through the mid optical section of the cell showed Venus-PERP 

localisation at the PM (Figure 4.10a). As Venus-PERP was expressed at physiological 

levels, a non-homogenous distribution of PERP across the PM was seen, with the 

most intense regions at “hair-like” connections between adjacent cells. These are 

likely to be discrete regions in the PM which are important for PERP’s role in cell 

adhesion and signalling. Venus-PERP also localised to the perinuclear region of 

healthy cells, which is likely to be the Golgi apparatus. Treatment with BFA for 16 

hours induced the accumulation of Venus-PERP intracellularly; with an ER tubule-

associated distribution and the formation of ER vacuoles. In addition, the distribution 

of Venus-PERP across the cell surface became more uniform and intense.  

BFA induces ER stress by the retrograde trafficking of proteins from the Golgi 

apparatus into the ER. As Venus-PERP localises to the Golgi in healthy cells, it is likely 

that the accumulation of Venus-PERP in the ER in response to BFA is due to the 

mechanism of BFA. It is therefore not possible to determine whether the 
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accumulating PERP protein in the ER is functionally significant during ER stress or is 

an artefact of the mechanism of BFA.  

 

For this reason, the distribution of PERP at the basal PM in response to BFA was 

assessed by imaging at the flat base of the cell (Figure 4.10b). In healthy cells, Venus-

PERP localised to distinct protein islands across the plasma membrane, likely to be 

Figure 4.10. Venus-PERP accumulates in the ER and at the PM in response to BFA-
induced ER stress. Super resolution images of live HeLa BAC Venus-PERP cells non-
treated (NT) or treated with 1 μg/ml BFA for 16 hours at (a) the centre of the cell 
and (b) the flat base of the cell. Representative images of 14 NT cells and 41 BFA 
treated cells. Scale bars 20 μm.  
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areas important for PERP signalling at the cell surface, and much of the plasma 

membrane was PERP protein-free. In response to BFA-induced ER stress, the 

distribution of Venus-PERP became more dense and uniform across the plasma 

membrane. Furthermore, Venus-PERP accumulated at intense puncta at the cell 

periphery (shown by arrows). As BFA impairs the transport of proteins from the Golgi 

to the PM, the accumulation of PERP at the PM must be driven by a reduction in the 

recycling or degradation pathways of PERP, rather than the trafficking of newly 

synthesised PERP protein to the PM. The HeLa BAC Venus-PERP cells used were not 

a pure clonal population and therefore it was not possible to reliably quantify the 

Venus-PERP fluorescence as an indication of protein level in response to BFA.  

Out of general interest, images were taken of optical slices through HeLa BAC Venus-

PERP cells that had undergone apoptosis in response to BFA exposure (Figure 4.11). 

A diverse range of apoptotic morphologies was seen and Venus-PERP was present in 

the plasma membrane surrounding all cells. The top left cell in figure 4.11a is a newly 

apoptotic cell and the Venus-PERP containing connections are apparent from where 

the cell had detached from the dish and rounded up. In addition, Venus-PERP 

localised to the membrane of apoptotic bodies (Figure 4.11b). These images 

displayed the intricacy of apoptotic morphology.  

Figure 4.11. Distribution of Venus-PERP in apoptotic cells induced by ER stress. HeLa 
BAC Venus-PERP cells were treated with 1 μg/ml BFA for 24 hours and super 
resolution images were taken using a 40x objective in (a) the full field and (b) an 
optical zoom. Scale bars 20 μm.  
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In summary the data until now has shown that PERP protein is stabilised in response 

to ER stress, independent of p53 transcriptional regulation, and accumulates at the 

plasma membrane.  

 

4.1.7. PERP mRNA, but not protein, increases during DNA damage 

It was previously shown that p53 regulates an increase in PERP mRNA levels in mouse 

embryonic fibroblasts expressing the E1A oncogene when exposed to doxorubicin-

induced DNA damage (Attardi et al., 2000). Mel202, HCT116 and HCT116 p53-/- cells 

were treated with doxorubicin and PERP mRNA levels were measured by RT-PCR over 

time (Figure 4.12a-c). PERP mRNA significantly increased at 16 and 24 hours post-

treatment in Mel202 cells and at 24 hours post-treatment in HCT116 cells. However, 

doxorubicin induced no significant changes to PERP mRNA levels in HCT116 p53-/- 

cells. This data confirmed that PERP mRNA is transcriptionally upregulated by p53 

during DNA damage. 

Next, the protein levels of PERP in Mel202, HCT116 and HCT116 p53-/- cells treated 

with doxorubicin were detected by immunoblotting (Figure 4.12d-f). Firstly, DNA 

damage-induced stabilisation of p53 was confirmed and p53, which was hardly 

detectable in non-treated Mel202 and HCT116 cells, increased from 2 hours of 

doxorubicin treatment. The antibody used for detection of p53 binds to the deleted 

region of the protein in HCT116 p53-/- cells and so no p53 protein was detected. 

Despite the successful stabilisation of p53 and its activation to increase PERP mRNA 

expression, no increase in PERP protein levels were detected in any cell line in 

response to doxorubicin-induced DNA damage.  

These findings confirmed that PERP mRNA is upregulated by DNA damage in both 

UM and non-UM cells in a p53-dependent manner. Despite this, DNA damage alone 

was not sufficient to induce an increase in PERP protein, which suggested that PERP 

protein expression is further regulated by translation or degradation mechanisms. 

Due to its fundamental role in regulating cell death, it is unsurprising to find that the 

regulation of PERP protein expression is controlled at multiple levels.  
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4.2. PERP interacts with SERCA2b during ER stress at ER-

PM junctions  

SERCA2b pumps Ca2+ into the ER and is fundamentally important for maintaining a 

Ca2+ gradient of 3-4 orders of magnitude higher than the cytoplasm. Ca2+ is a master 

regulator of apoptosis and its involvement irreversibly promotes cell death by 

Figure 4.12. p53-regulated induction of PERP mRNA, but not protein, expression in 
response to DNA damage. (a-c) Fold change in PERP mRNA levels relative to the 
level of GAPDH measured by RT-PCR in (a) Mel202, (b) HCT116 and (c) HCT116 p53-
/- cells treated with 0.5 μg/ml doxorubicin. Means and SEM shown. One-way 
ANOVA, n=6, Mel202: F=21.81, p<0.0001****; HCT116: F=7.406, p=0.0004***; 
HCT116 p53-/-: F=2.699, p=0.537 ns. (e-f) Protein levels of PERP and p53 detected 
by immunoblotting in (d) Mel202, (e) HCT116 and (f) HCT116 p53-/- cells treated 
with doxorubicin. Representative blots of three independent experiments shown.  
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dysregulating mitochondrial membranes (Chemaly et al., 2018). We therefore 

hypothesised that PERP interacts with SERCA2b during conditions of cellular stress to 

increase the Ca2+ concentration of the ER for apoptosis induction.  

 

4.2.1. PERP co-immunoprecipitates with SERCA2 

An interaction between PERP and SERCA2b was validated using the HaloTag Protein 

Pull-Down System by both mass spectrometry and Western blot. SERCA2 co-IP was 

next used to independently confirm the interaction between PERP and SERCA2. 

Firstly, the amount of antibody required for IP of SERCA2 interacting proteins from 

Mel202 cells using the Dynabead Protein A immunoprecipitation system was 

optimised. As an antibody concentration was not available, the antibody was diluted 

1:50 or 1:100 and following IP, SERCA2 proteins were detected in the cell lysate, 

unbound fraction and IP eluate (Figure 4.13). Although less SERCA2 protein was 

present in the unbound fraction when an antibody concentration of 1:50 was used, 

more of the antibody chains were detected, which indicated saturation of the beads. 

In addition, the amount of SERCA2 protein present in the eluate was similar when an 

antibody concentration of 1:50 or 1:100 was used. For these reasons, a SERCA2 

antibody concentration of 1:100 was used for IP experiments.  

Figure 4.13. Optimisation of SERCA2 immunoprecipitation. SERCA2 interacting 
proteins were isolated from Mel202 cells using the Dynabead Protein A 
immunoprecipitation system and SERCA2 monoclonal antibody at a dilution of 1:50 
and 1:100. The presence of SERCA2 protein in samples of the total cell lysate (input), 
unbound fraction and protein eluate (IP) were identified by immunoblotting using 
the same SERCA2 antibody used for IP.  
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Mel202 cells express very low levels of PERP protein which is difficult to detect. 

Therefore, SERCA2 interacting proteins were isolated by IP from Mel202 cells 

expressing HaloTag or Halo-PERP and the presence of HaloTag proteins in the eluate 

were detected using a HaloTag antibody. Halo-PERP co-immunoprecipitated with 

SERCA2 and no HaloTag protein was detected in the control SERCA2 IP (Figure 4.14a). 

Therefore, an interaction between PERP and SERCA2 was confirmed in an 

independent system.  

Isoforms SERCA2a-c differ in their C-terminal domain and the peptide identified by 

mass spectrometry and the antibody used for SERCA2 immunoprecipitation do not 

distinguish between the three isoforms (Figure 4.14b). However, as the antibody 

used for validation of an interaction between PERP and SERCA2 using the HaloTag 

Pull-Down System specifically recognised the full length SERCA2b isoform, functional 

characterisation of PERP with SERCA2b was subsequently completed. 

 

Figure 4.14. Validation of an interaction between SERCA2 and Halo-PERP. (a) 
SERCA2 interacting proteins were isolated by co-immunoprecipitation from Mel202 
cells expressing HaloTag or Halo-PERP and the presence of HaloTag proteins were 
identified in the total cell lysate (input) and protein eluate (IP) using a HaloTag 
antibody. (b) Schematic of SERCA2a-c proteins with the relative alignment of the 
peptide identified by mass spectrometry (black) and antibodies used for validation 
(grey; 1- HaloTag pull-down; 2- SERCA2 IP) of the PERP-SERCA2b interaction.   
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4.2.2. PERP and SERCA2b interact at ER-PM junctions  

SERCA2b localises to the ER and contact points between the ER and PM (Manjarres 

et al., 2010). To determine the localisation of the physical interaction between PERP 

and SERCA2b, GFP-PERP and mCherry-SERCA2b were expressed in Mel202 cells and 

co-localisation was assessed by super resolution microscopy (Figure 4.15). Images 

were taken at the centre of the cell and below the nucleus for analysis. Imaging at 

the centre optical section showed that GFP-PERP localised at the PM and perinuclear 

region, as previously described.  Interestingly, imaging below the nucleus at high 

resolution showed the complex architecture of the PERP-containing plasma 

membrane and the presence of PERP in discrete vesicles. mCherry-SERCA2b has 

previously been shown to express at physiological levels and the fusion protein 

localised to both the perinuclear and cER, extending towards the PM, visualised at 

both the centre plane and below the nucleus. This showed that the PM protein GFP-

PERP and the ER protein mCherry-SERCA2b localise to different membranes in 

Mel202 cells, but the network of SERCA2b-containing ER tubules adjacent to the PM 

suggested that the two proteins may physically interact at ER-PM junctions.  

Figure 4.15. PERP and SERCA2b co-localise at ER-PM junctions in Mel202 cells. Super 
resolution images of live Mel202 cells co-expressing GFP-PERP and mCherry-
SERCA2b 24 hours post-transfection at the centre of the cell and below the nucleus. 
Representative images of 13 cells.  Scale bars 20 μm. 
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Previously, imaging of HeLa BAC Venus-PERP cells showed the complex distribution 

of PERP-containing protein islands in the PM. The exogenous expression of GFP-PERP 

using a CMV promoter is likely to drive the levels of PERP protein beyond its 

physiological distribution at the cell surface. Therefore, to study the co-localisation 

of PERP and SERCA2b, mCherry-SERCA2b was co-expressed in HeLa BAC Venus-PERP 

cells and the cells were imaged by super resolution microscopy (Figure 4.16). Distinct 

junctions between mCherry-SERCA2b in the cER and Venus-PERP in the PM were 

visible, shown by arrows in the zoomed panels. Interestingly, in regions where 

mCherry-SERCA2b attached to the PM, there was a discrete accumulation of Venus-

PERP, which suggested that PERP is held at ER-PM junctions by interactions with 

SERCA2b.   

 

It should also be noted that a small proportion of Mel202 cells expressing GFP-PERP 

and HeLa cells expressing Venus-PERP displayed PERP co-localisation with SERCA2b 

Figure 4.16. PERP and SERCA2b co-localise at ER-PM junctions in HeLa cells. Super 
resolution images of live HeLa BAC Venus-PERP cells co-expressing mCherry-
SERCA2b 24 hours post-transfection. Arrows show contact points between the ER 
and PM. Representative images of 14 cells. Scale bar 20 μm in full image and 5 μm 
in zoom panel.  
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in the ER (Figure 4.17). Although newly synthesised fluorescently labelled PERP 

protein is expected to be transiently present in the ER sheets of all cells as a result of 

its translocation through the secretory pathway, PERP localisation is typically only 

detected by microscopy at the Golgi and plasma membrane. Possible reasons why 

Venus-PERP and GFP-PERP are not typically visualised by microscopy in the ER are: 

(i) the GFP/Venus fluorophore is not correctly folded; (ii) the expression in the ER is 

much lower than the Golgi and PM.  

The lack of Venus-PERP protein at the PM of the HeLa cell suggested that this cell has 

recently divided and started synthesising Venus-PERP (Figure 4.17b). It is also 

plausible to hypothesise that these cells are undergoing an ER stress response. 

Figure 4.17. PERP and SERCA2b co-localise in the ER. Super resolution images of (a) 
Mel202 cells co-expressing GFP-PERP and mCherry-SERCA2b and (b) HeLa BAC 
Venus-PERP cells co-expressing mCherry-SERCA2b. A total of 3 Mel202 and 3 HeLa 
cells were identified across multiple experiments. Scale bars 20 μm. 
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Together this data indicated that PERP and SERCA2b interact at contact points 

between the ER and PM in healthy cells and suggested that PERP is a junctional 

protein.  

 

4.2.3. SERCA2b stabilises PERP protein for apoptosis induction  

Increased SERCA2b expression has previously been shown to induce apoptosis due 

to an increase in ER Ca2+ load (Ma et al., 1999). To determine whether PERP is 

upregulated during SERCA2b-induced apoptosis, Mel202 cells were transfected with 

mCherry-SERCA2b, and PERP protein levels were detected by immunoblotting. Firstly 

the expression of mCherry-SERCA2b was confirmed using a SERCA2b antibody (Figure 

4.18a). At 24 hours post-transfection, the protein level of mCherry-SERCA2b was less 

than that of the endogenous protein and there was no significant changes to the 

protein levels of PERP. From 48 hours post-transfection the levels of both mCherry-

SERCA2b and endogenous SERCA2b greatly increased and there was a significant 

increase in PERP protein expression.  

To determine whether the increase in PERP protein levels in response to increased 

SERCA2b expression was due to an upregulation in PERP transcription, mCherry-

SERCA2b was expressed in Mel202 cells and PERP mRNA levels were measured by 

RT-PCR. Expression of mCherry or mCherry-SERCA2b for up to 72 hours had no 

significant effect on PERP mRNA levels (Figure 4.18b). As PERP increases at the 

protein but not the mRNA level in response to exogenous SERCA2b expression, this 

suggested that SERCA2b stabilises PERP protein.  
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To confirm whether increased SERCA2b expression induces apoptosis in Mel202 cells, 

cells were transfected with GFP or GFP-SERCA2b and apoptotic cells were labelled 

using Annexin V Alexa Fluor 647 at 24 and 48 hours post-transfection. Labelling of 

apoptotic cells was firstly confirmed by fluorescent microscopy and although 

expression of GFP for 48 hours initiated apoptosis in a few cells, a higher proportion 

of apoptotic cells transfected with GFP-SERCA2b for 48 hours was visible (Figure 

4.19a). The percentage of transfected apoptotic cells was quantified by flow 

cytometry (Figure 4.19b). Expression of GFP-SERCA2b for 24 hours had no significant 

Figure 4.18. Increased expression of SERCA2b stabilises PERP protein. Mel202 cells 
were transfected with mCherry (24 hours) or mCherry-SERCA2b for the indicated 
time points and (a) PERP protein levels and (b) PERP mRNA levels were measured 
relative to the level of GAPDH. Means and SEM shown. PERP protein analysed by 
Student’s t-test; 48hr PT p=0.005**; 72hr PT p=0.0017**. 
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effect on apoptosis induction compared to the GFP control. However, there was a 

significant increase in apoptosis induced by expression of GFP-SERCA2b compared to 

GFP only at 48 hours post-transfection. This indicated that expression of SERCA2b at 

physiological levels at 24 hours post-transfection had no impact on cell survival. 

However, increased SERCA2b expression beyond the homeostatic threshold level at 

48 hours post-transfection induced apoptosis in UM cells.   
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 Figure 4.19. Increased expression of SERCA2b induces apoptosis 48 hours post -
transfection. Fluorescent microscopy images of live Mel202 cells transfecte d with 
(a) GFP and (b) GFP-SERCA2b, stained with Annexin V Alexa Fluor 647 and NucBlue 
Live 24 and 48 hours post-transfection. Scale bars 100 μm. (c) The percentage of 
apoptotic transfected cells was quantified by flow cytometry, 30,000 cells were 
analysed. Means and SEM shown. Student’s t-test, n=3, 24hrs PT: p=0.4924 ns, 
48hrs PT: p=0.0048**.  
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To determine whether there was an increase in co-localisation between PERP and 

SERCA2b after prolonged SERCA2b exogenous expression, mCherry-SERCA2b was co-

expressed in HeLa BAC Venus-PERP cells and super resolution images were taken at 

24 and 48 hours post-transfection (Figure 4.20). At 24 hours post-transfection, the 

mCherry-SERCA2b containing ER network appeared healthy and discrete contact 

sites between the ER and PM were visible. However, at 48 hours post-transfection 

with mCherry-SERCA2b, SERCA2b protein aggregates formed across the whole of the 

ER and within the ER tubules which attached to the PM (examples shown by arrows). 

Furthermore, in regions where SERCA2b accumulated at the PM there was also an 

increase in Venus-PERP puncta formation.  

 

Together these data suggested that SERCA2b expression above a threshold level 

increases PERP half-life by accumulating towards the PM where it interacts with PERP 

at ER-PM junctions for apoptosis induction. 

Figure 4.20. SERCA2b accumulates in the ER 48 hours post-transfection. Super 
resolution images of live HeLa BAC Venus-PERP cells co-expressing mCherry-
SERCA2b at 24 and 48 hours post-transfection (PT). Arrows show the accumulation 
of mCherry-SERCA2b towards the plasma membrane. Representative images of 14 
cells at 24hrs PT and 13 cells at 48hrs PT. Scale bars 20 μm.    
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4.2.4. Dimedone-based detection of SERCA2 oxidation state 

SERCA2b protein activity is regulated by oxidation and so we next wanted to 

determine whether the interaction of SERCA2b with PERP affects its oxidation state. 

Oxidation of the thiol side chain of cysteine residues to sulfenic acids affects protein 

function and activity. Dimedone is a cell permeable reagent which specifically reacts 

with sulfenic acids to form a stable thioether product and detection of the modified 

sulfenic acids by either mass spectrometry or Western blot allows for the 

quantification of sulfenic acid modifications within cells (Seo and Carroll, 2009). This 

system can be used to measure the sulfenic acid/oxidation state of a specific protein 

when the total cell lysate has been enriched for the protein of interest by IP.   

This method was previously used to show that SERCA2b oxidation state in HCT116 

cells decreases in response to DNA damage in a p53-dependent manner (Giorgi et al., 

2015c). Therefore, we first tried to optimise the dimedone-based detection of 

SERCA2 oxidation state in healthy HCT116 cells. Cells attached to a dish or in cell 

suspension were treated with 15 mM dimedone and SERCA2 was 

immunoprecipitated using the Dynabeads Protein A kit and SERCA2 antibody. 

Dimedone labelled proteins were detected in the whole cell lysate and SERCA2 eluate 

by Western blot using a modified sulfenic acid antibody (Figure 4.21). Firstly, the 

success of dimedone labelling was determined in the whole cell lysates (input); non-

treated cells served as a control for non-specific antibody binding. The modified 

sulfenic acids antibody gave weak background signal in the non-treated cells and 

many bands were detected when cells were labelled with dimedone attached or in 

suspension, which indicated that labelling of sulfenic acids was achieved. Dimedone 

labelling of cells in suspension was most effective. Despite this, after SERCA2 IP, all 

bands detected in treated samples were also present in the non-treated control. This 

indicated that all bands were non-specific and the detection of oxidised SERCA2 was 

not possible using this experimental system. Future use of dimedone-based methods 

to detect SERCA2 oxidation state in response to its interaction with PERP will require 

further optimisation.  
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4.2.5. PERP and SERCA2 increasingly interact during ER stress 

Since PERP and SERCA2 both respond to ER stress, we next wanted to determine how 

the interaction between endogenous PERP and SERCA2 is affected by ER stress. 

HCT116 cells were used for this study as they express higher levels of PERP protein 

than the melanoma cells used previously. SERCA2 interacting proteins were isolated 

by IP from HCT116 cells treated with BFA for 8, 16, 24 and 48 hours and the presence 

of PERP in the eluate was detected by Western blot (Figure 4.22). An increase in both 

SERCA2 and PERP protein levels in response to BFA was detected in the whole cell 

lysates, which confirmed the induction of ER stress. In non-treated cells a faint PERP 

band was detected in the SERCA2 eluate, which confirmed the interaction of 

endogenous PERP with SERCA2 in healthy HCT116 cells. The induction of ER stress 

increased the immunoprecipitation of PERP with SERCA2 at all time points tested, 

Figure 4.21. Dimedone-based detection of oxidised SERCA2. HCT116 cells were 
incubated with 15 mM dimedone attached to a dish or in suspension for 2 hours 
and SERCA2 was isolated using the Dynabeads Protein A Immunoprecipitation K it 
and SERCA2 antibody. Modified sulfenic acids were detected in the total cell lysates 
(input) and protein eluates (IP) by immunoblotting.  
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which suggested that PERP and SERCA2 increasingly interact during conditions of ER 

stress.  

 

To determine the localisation of the interaction between PERP and SERCA2b during 

ER stress, mCherry-SERCA2b was co-expressed in HeLa BAC Venus-PERP cells and 

super resolution images were taken after exposure to BFA for 16 hours (Figure 4.23). 

Imaging through the centre of the cell showed the accumulation of Venus-PERP 

intracellularly as previously described, but the expression of the ER protein mCherry-

SERCA2b confirmed that Venus-PERP accumulated in the ER in response to BFA 

treatment (Figure 4.23a). In addition, the presence of vacuoles throughout the ER 

confirmed the induction of ER stress and Venus-PERP formed an intense line across 

the entire cell surface.  

Imaging at the flat base of the cell showed that Venus-PERP had a uniform 

distribution across the plasma membrane and SERCA2b accumulated at intense 

aggregates in the ER tubules towards the PM (Figure 4.23b, highlighted by arrows). 

The accumulation of SERCA2b aggregates within the ER in response to BFA resembled 

that seen after 48 hours of SERCA2b expression, which suggested that increasing 

SERCA2b protein expression induces an ER stress response before apoptosis. 

Furthermore, in regions where SERCA2 accumulated at the PM, the highest levels of 

Venus-PERP were detected, which suggested that there was an increase in co-

localisation of PERP and SERCA2b in these areas.  

Figure 4.22. Endogenous PERP and SERCA2 increasingly interact in response to ER 
stress. HCT116 cells were treated with 1 μg/ml BFA for the indicated time points 
and SERCA2 interacting proteins were isolated using the Dynabeads Protein A kit 
and SERCA2 antibody. The presence of SERCA2, PERP and GAPDH in the total cell 
lysates (input) and protein eluates (IP) were detected by immunoblotting.  
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Together this data supports the hypothesis that PERP and SERCA2b increasingly 

interact at contact points between the ER and PM in response to ER stress.  

 

 

4.3. Feedback regulation of PERP with p65 and PERK 

PERP positively regulates its transcription factor p53 and was also recently shown to 

activate p65 by phosphorylation to induce nuclear trafficking (Figure 4.24). The PERK 

arm of the ER stress signalling cascade is one of the few pathways which is currently 

known to involve both NF-κB/p65 and p53.  

 

 

Figure 4.23. PERP and SERCA2b increasingly co-localise at ER-PM junctions in response to ER 
stress. Super resolution images of HeLa BAC Venus-PERP cells co-expressing mCherry-
SERCA2b and treated with 1 μg/ml BFA for 16 hours. Arrows show the accumulation of 
mCherry-SERCA2b towards the PM. Representative images of 30 cells. Scale bars 20 μm.  
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4.3.1. PERP selectively induces PERK phosphorylation  

During conditions of ER stress the PERK arm of the UPR activates p65 which 

subsequently induces p53 transcription (Jiang et al., 2003b, Lin et al., 2012). Since 

increased PERP expression activates both p65 and p53, we sought to determine 

whether PERP has any influence on the activity of PERK.  

 

Mel202 cells were transfected with HaloTag or Halo-PERP and the protein levels of 

total PERK and PERK phosphorylated at residue 982 were detected by 

immunoblotting. Across three experiments there was little change to the total levels 

of PERK in response to PERP expression (Figure 4.25a). However, Halo-PERP 

expression led to an increase in PERK phosphorylation, although the timings and 

Figure 4.24. p65 is phosphorylated in response to increased PERP expression. HeLa 
cells were transfected with GFP (24 hours) or GFP-PERP and the levels of 
phosphorylated p65 (Ser536) were detected by immunoblotting. Representative 
blot of three independent experiments shown.  

Figure 4.25. PERK is phosphorylated in response to increased PERP expression. 
Mel202 cells were transfected with HaloTag (24 hours) or Halo -PERP and the levels 
of (a) total PERK and (b) phosphorylated PERK (Thr982) were detected by 
immunoblotting. (c) PERK and p982 PERK protein levels normalised to the level of 
GAPDH. Means and SEM shown. Two-way ANOVA, n=6, p=0.0070**.  
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magnitude of this phosphorylation was variable across experiments (Figure 4.25b). 

The ratio between the normalised levels of total PERK and phosphorylated PERK 

protein was analysed as a measure of PERK activation (Figure 4.25c). Expression of 

Halo-PERP at 24 and 48 hours post-transfection significantly increased the amount 

of phosphorylated PERK protein compared to total PERK protein, which indicated 

that at these time points PERP increased PERK activity.  

 

In response to ER stress, PERK activates eIF2α by phosphorylation and if the ER stress 

is not resolved, this pathway increases CHOP protein levels for apoptosis induction. 

Expression of HaloTag or Halo-PERP induced no changes to the protein levels of total 

eIF2α (Figure 4.26a), eIF2α phosphorylated at residue 51 (Figure 4.26b), or CHOP 

(Figure 4.26c). This indicated that the increased levels of active PERK protein induced 

by exogenous PERP expression did not upregulate the classical UPR signalling cascade 

associated with ER stress. The signalling network of PERK is complex, involving both 

autophagy and apoptosis responses, and so further experiments are required to 

Figure 4.26. eIF2α and CHOP are not activated by increased PERP expression. 
Mel202 cells were transfected with HaloTag (24 hours) or Halo-PERP and the protein 
levels of (a) total eIF2α, (b) phosphorylated eIF2α (Ser51) and (c) CHOP were 
detected by immunoblotting. Representative blots of three independent 
experiments shown.  
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determine the function of PERK activation in response to increased PERP expression. 

Furthermore, PERK activity is sensitive to changes to cytosolic Ca2+ levels and so it is 

plausible to speculate that the activation of PERK by PERP is an indirect effect of 

changes to intracellular Ca2+ fluxes due to the interaction of PERP and SERCA2b.  

Nevertheless, we hypothesised that increased PERP protein levels activate PERK in 

the ER, which in turn activates p65, followed by p53 and an increase in endogenous 

PERP protein levels. Therefore, experiments to inhibit PERK and p65 signalling were 

designed to determine any effect on the previously characterised PERP/p53 positive 

feedback loop. This hypothesis and experimental design is depicted in figure 4.27. 

 

 

 

 

4.3.2. Effect of p65 inhibition on the PERP/p53 feedback loop  

PDTC is an antioxidant that prevents TNFα-induced trafficking of p65 to the nucleus 

(Schreck et al., 1992). In order to determine whether p65 nuclear activity is required 

for increased PERP expression to feedback and upregulate both p53 and endogenous 

PERP, Mel202 cells were transfected with HaloTag or Halo-PERP and treated with 

PDTC 5 hours after transfection for immunoblotting analysis. Although the total 

levels of p65 remained constant for up to 72 hours of PDTC treatment, the 

phosphorylation of p65 at serine 536, which is associated with nuclear translocation, 

decreased in a time-dependent manner (Figure 4.28a). This suggested that the 

nuclear trafficking activity of p65 was reduced by PDTC. In addition, a time-

dependent decrease in the levels of phosphorylated PERK were detected.  

Figure 4.27. Schematic representation of PERP feedback hypothesis and 
experimental design. 
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Endogenous PERP and p53 protein levels significantly increased at 48 hours post-

transfection with Halo-PERP, due to the positive feedback loop characterised 

previously (Figure 3.3a). During conditions of PDTC-mediated p65 inhibition, no 

significant changes to PERP protein levels in response to Halo-PERP expression were 

detected, however, p53 protein levels significantly increased at 48 hours post-

transfection (Figure 4.28b). This result suggested that p65 activity is required for 

PERP to feedback and increase the endogenous PERP levels, however, p65 nuclear 

activity is not required for the increase in p53 stability.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28. Effect of PDTC on the Halo-PERP feedback loop. Mel202 cells were 
treated with 100 μM  PDTC 5 hours post-transfection with HaloTag or Halo-PERP and 
the protein levels of (a) total p65, phosphorylated p65 (Ser536), phosphorylated 
PERK (Thr982) and (b) endogenous PERP and p53 were detected by immunoblotting. 
Histogram represents PERP and p53 protein levels normalised to the level of 
GAPDH, means and SEM shown. One-way ANOVA, n=3, PERP: F=1.4220, p=0.8247 
ns; p53: F=3.481, p=0.0356*.  
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The hypothesis stated that PERP firstly activates PERK, which subsequently induces 

the activation of p65 followed by p53, and therefore PERK is at the top of the 

signalling cascade. If this hypothesis was proven, PERK would be phosphorylated in 

response to increased PERP expression during conditions of p65 inhibition. The 

decrease in PERK phosphorylation by PDTC has two possible reasons: (i) PERP-

mediated activation of PERK is dependent on p65; (ii) PDTC indirectly affects PERK 

phosphorylation.  

To further characterise the role of p65 in the PERP-mediated feedback loop, the 

experiment was repeated using a second p65 inhibitor, Bay 11 7082. NF-κB/p65 is 

held in an inactive state in the cytoplasm by IκBα. The IKK complex regulates the 

nuclear translocation and activity of NF-κB by phosphorylating IκBα which is 

consequently degraded. Bay 11 7082 inhibits IKK and therefore IκBα accumulates and 

holds NF-κB in an inactive state in the cytoplasm (Mori et al., 2002).  

 

Figure 4.29. Bay 11 7082 does not inhibit IKK in Mel202 cells. (a) Mel202 cells were 
treated with 5 μm Bay 11 7082 5 hours post-transfection with HaloTag or Halo-PERP 
and the protein levels of IκBα, p53 and PERP were detected by immunoblotting.  
Representative blot of six independent experiments. (b) HCT116 cells were treated 
with 5 μM of Bay 11 7082 for 8 and 48 hours and IκBα protein levels were detected 
by immunoblotting.   
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Mel202 cells were transfected with HaloTag or Halo-PERP and treated with Bay 11 

7082 5 hours post-transfection. Despite optimisation, no increase in IκBα protein 

levels were detected, which indicated that the concentration of Bay 11 7082 used 

was not sufficient to inhibit IKK in Mel202 cells (Figure 4.29a). The protein levels of 

PERP significantly increased at 48 hours post-transfection and the protein levels of 

p53 significantly increased at 24 and 48 hours post-transfection. Therefore, in the 

presence of Bay 11 7082 the PERP positive feedback loop was functional. IKK 

inhibition by Bay 11 7082 was confirmed in HCT116 cells and IκBα protein levels 

increased in a time-dependent manner (Figure 4.29b). Unfortunately, a higher 

concentration of Bay 11 7082 was toxic to transfected Mel202 cells and so it was not 

possible to use Bay 11 7082 to confirm our previous findings.  

 

4.3.3. Effect of PERK inhibition on the PERP/p53 feedback loop  

PERKinh inhibits PERK activity by preventing auto-phosphorylation (Axten et al., 

2012). To ensure that PERKinh inhibited PERK activation in Mel202 cells, cells were 

treated with PERKinh in the absence and presence of the ER stress inducer BFA 

(Figure 4.30). Phosphorylated PERK was not detectable in non-treated cells and cells 

treated with PERKinh for 8 or 48 hours. Treatment with BFA induced PERK 

phosphorylation at 8 hours which increased further after 48 hours, however, pre-

treatment of Mel202 cells with PERKinh prevented the phosphorylation of PERK in 

response to BFA. This indicated that PERKinh successfully inhibited PERK auto-

phosphorylation in Mel202 cells for 48 hours.  

Figure 4.30. PERKinh inhibits BFA-induced PERK phosphorylation in Mel202 cells. 
Western blot detection of the levels of phosphorylated PERK (Thr982) in Mel202 
cells treated with 1 μM PERKinh, 1 μg/ml BFA or pre-treated with PERKinh for 1 hour 
followed by incubation with BFA for 8 and 48 hours.   
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Mel202 cells were transfected with HaloTag or Halo-PERP and 5 hours post-

transfection were treated with PERKinh to determine the effect of PERK inhibition on 

the PERP-mediated feedback loop (Figure 4.31). A decrease in the basal levels of 

phosphorylated PERK was detected compared to non-treated control cells at 48 and 

72 hours post-transfection. Expression of Halo-PERP in the presence of PERKinh 

induced no significant changes to the protein levels of p53. However, although not 

statistically significant compared to the non-transfected control cells, the protein 

levels of endogenous PERP increased at 48 hours post-transfection, followed by a 

significant increase to approximately 25x the level of non-transfected cells at 72 

hours post-transfection. This finding suggested that PERK activity is required for PERP 

to stabilise p53 protein, but PERK activity is not required for the feedback loop which 

increases endogenous PERP.  

Figure 4.31. Effect of PERKinh on the Halo-PERP feedback loop. Mel202 cells were 
treated with 1 μM  PERKinh 5 hours post-transfection with HaloTag or Halo-PERP 
and the protein levels of phosphorylated PERK (Thr982), p53 and PERP were 
detected by immunoblotting. Histogram represents PERP and p53 protein levels 
normalised to GAPDH, means and SEM shown. One-way ANOVA, n=3, PERP: F=62.71, 
p<0.0001****; p53: F=1.531, p=0.2523 ns.  
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4.3.4. Summary of feedback signalling experiments  

A retrospective analysis was performed to compare the Halo-PERP positive feedback 

regulation of endogenous PERP and p53 in non-treated cells and cells treated with 

PDTC or PERKinh (Figure 4.32).  

 

Figure 4.32. Effect of p65 and PERK inhibition on the PERP/p53 positive feedback 
loop. The response of (a) PERP and (b) p53 protein levels to the expression of 
HaloTag (24 hours) or Halo-PERP (16, 24, 48, 72 hours) in non-treated (NT) Mel202 
cells, or cells cultured in the presence of 100 μM PDTC or 1 μM PERKinh. Means and 
SEM shown. Two-way ANOVA with Tukey post hoc test, n=3. 
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PERP (Figure 4.32a) 

Halo-PERP was previously shown to significantly increase the endogenous PERP 

protein levels at 48 hours post-transfection (Figure 3.3a).  

However, incubation with PDTC significantly reduced the protein levels of 

endogenous PERP at 48 hours post-transfection with Halo-PERP compared to non-

treated cells. This suggested that inhibition of p65 prevented the PERP feedback loop.  

At 48 hours post-transfection with Halo-PERP in the presence of PERKinh, there was 

a consistent increase in endogenous PERP levels, although it was not statistically 

significant compared to the non-transfected control cells within that experiment. 

However, there was no significant difference in the level of endogenous PERP at 48 

hours post-transfection with Halo-PERP in non-treated and PERKinh treated cells. 

Furthermore, treatment with PERKinh significantly increased the levels of 

endogenous PERP compared to PDTC at 48 hours post-transfection. This analysis 

therefore suggested that at 48 hours post-transfection, inhibition of PERK does not 

affect the feedback regulation of Halo-PERP on endogenous PERP. At 72 hours post-

transfection with Halo-PERP, there was a very high and significant increase in 

endogenous PERP protein levels compared to both non-treated and PDTC treated 

cells. Together this suggested that inhibition of PERK has no effect on the Halo-PERP 

feedback loop at 48 hours post-transfection, but increased it at 72 hours post-

transfection.  

 

p53 (Figure 4.32b) 

Expression of Halo-PERP significantly increased p53 protein levels at 48 hours post-

transfection, although a consistent increase at 16 and 24 hours was also observed 

(Figure 3.3a).  

Previously the analysis showed that treatment with PDTC significantly increased p53 

protein levels at 48 hours post-transfection with Halo-PERP compared to the non-

transfected control cells within that experiment. However, when analysed against 

the previous feedback loop data from non-treated cells, PDTC significantly decreased 
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the protein levels of p53 at 16, 24 and 48 hours post-transfection with Halo-PERP. 

This indicated that inhibition of p65 activity prevented PERP-mediated p53 

stabilisation.  

Treatment with PERKinh significantly reduced p53 protein levels compared to non-

treated cells at 16, 24 and 48 hours post-transfection with Halo-PERP. In addition, 

the p53 protein levels of cells treated with PDTC and PERKinh were not statistically 

different. This suggested that inhibition of PERK activity prevented the positive 

feedback regulation of Halo-PERP on p53 protein stability.  

 

In summary, inhibition of p65 prevented the positive feedback regulation of Halo-

PERP on both endogenous PERP and p53, which suggested that p65 activity is 

required for PERP-mediated signalling. However, PDTC also led to a decrease in the 

basal levels of phosphorylated PERK and it was not possible to determine whether 

this was a direct or indirect effect of the treatment. Inhibition of PERK activity 

prevented the stabilisation of p53 protein induced by Halo-PERP expression. 

However, inhibition of PERK had no effect on the Halo-PERP feedback regulation of 

endogenous PERP levels at 48 hours post-transfection and massively increased the 

PERP protein levels after 72 hours. These findings suggested that PERK activity is 

required for PERP to stabilise p53 but not endogenous PERP. However, acute PERK 

inhibition has been shown to affect Ca2+ fluxes from the ER and dysregulate SOCE, 

and so the increase in PERP levels may be an indirect effect of changes to intracellular 

Ca2+ signalling (Wang et al., 2013). Further studies to determine the impact of PERK 

inhibition on PERP protein levels in the absence of Halo-PERP expression are required 

for full interpretation of the results presented here.  

The hypothesis stated that PERK and p65 activity are required for the PERP/p53 

positive feedback loop. Although this data supports the hypothesis that p65 activity 

is required for PERP-mediated p53 stabilisation and the increase in endogenous 

PERP, the findings that PERK inhibition may selectively reduce p53 stabilisation 

requires further analysis. The PERK and p65 signalling cascades are vast and so 

inhibition of these proteins is likely to impact many cellular pathways. In addition, 
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the specificity of chemical inhibitors during long treatments is questionable. Future 

experiments should therefore utilise PERK and p65 knockout cells analysed on a 

single cell basis, such as by live cell imaging, to understand the function of PERK and 

p65 in the PERP/p53 signalling cascade.   

 

 

4.4. ORP8L induces apoptosis and co-localises with PERP 

at ER-PM junctions 

Previously we identified and validated an interaction between PERP and the ER 

membrane protein ORP8L. ORP8L localises to ER-PM junctions where it counter-

transports PI4P and PS to enrich the plasma membrane for PS (Chung et al., 2015). 

However, increased expression of ORP8L has also been shown to induce ER stress 

signalling and apoptosis in human hepatocellular carcinoma cells, involving p53-

mediated trafficking of the Fas receptor to the PM and PERK-regulated p65 nuclear 

translocation (Zhong et al., 2015). Therefore, we hypothesised that ORP8L and PERP 

interact at ER-PM junctions to activate PERK, p65 and p53 and induce apoptosis.  

 

4.4.1. ORP8L induces apoptosis in Mel202 cells 

To determine whether increased expression of ORP8L induces apoptosis in UM cells, 

GFP or GFP-ORP8L were expressed in Mel202 cells and apoptotic cells were labelled 

using Annexin V Alexa Fluor 647 48 hours post-transfection. Firstly, specific staining 

of apoptotic cells was confirmed by fluorescent microscopy and an increased 

proportion of GFP-ORP8L expressing cells were Annexin V positive compared to GFP 

expressing cells (Figure 4.33a). The percentage of apoptotic transfected cells was 

quantified by flow cytometry and expression of GFP-ORP8L significantly induced 

apoptosis compared to expression of GFP (Figure 4.33b), which indicated that 

increased protein expression of ORP8L induces apoptosis in Mel202 cells. 
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4.4.2. ORP8L does not influence PERP expression levels  

An increase in PERP protein levels is required for PERP-mediated induction of 

apoptosis. To determine whether ORP8L increases the expression of PERP during 

apoptosis, Mel202 cells were transfected with mCherry or mCherry-ORP8L and the 

total protein levels of PERP were determined by immunoblotting (Figure 4.34a). 

Expression of mCherry-ORP8L was confirmed using an ORP8L antibody and the peak 

expression level detected was at 48 hours post-transfection. The protein level of 

endogenous PERP is very low and difficult to detect in Mel202 cells, however, an 

Figure 4.33. Increased expression of ORP8L induces apoptosis in Mel202 cells. 
Fluorescent microscopy images of live Mel202 cells transfected with (a) GFP and (b) 
GFP-ORP8L, stained with Annexin V Alexa Fluor 647 and NucBlue Live 48 hours post-
transfection. Scale bars 100 μm. (c) The percentage of apoptotic transfected cells 
was quantified by flow cytometry, 30,000 cells were analysed. Means and SEM 
shown. Student’s t-test, n=3, p=0.0002***.  
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increase in PERP protein has been detected previously. Very low signal for PERP was 

detected in non-transfected cells and the expression of mCherry-ORP8L did not 

induce any detectable increase in PERP protein levels.   

As exogenous ORP8L expression has been shown to activate p53, the effect of ORP8L 

expression on PERP mRNA levels was detected in Mel202 cells by RT-PCR (Figure 

4.34b). Expression of mCherry or mCherry-ORP8L had no significant effect on PERP 

mRNA levels compared to the non-transfected control. These findings showed that 

ORP8L does not require an increase in PERP levels for apoptosis induction in UM cells.  

 

4.4.3. PERP and ORP8L co-localise at ER-PM junctions 

To determine the cellular location of the interaction between PERP and ORP8L, 

Mel202 cells were co-transfected with GFP-PERP and mCherry-ORP8L and co-

localisation was assessed 24 hours post-transfection by super resolution microscopy 

Figure 4.34. Increased expression of ORP8L does not affect PERP expression levels. 
Mel202 cells were transfected with mCherry (24 hours) or mCherry -ORP8L for the 
indicated time points and (a) PERP protein levels and (b) PERP mRNA levels were 
measured relative to the level of GAPDH. Representative blot of three independent 
experiments. Means and SEM shown. One-way ANOVA, n=3, F=2.297, p=0.1305 ns. 
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(Figure 4.35). Imaging through the centre optical section of the cell showed that 

mCherry-ORP8L had a broad ER distribution throughout the cell and accumulated at 

the cell periphery (shown by arrows). Furthermore, imaging below the nucleus 

showed that mCherry-ORP8L localised to ER networks across the whole of the cell 

and formed discrete contacts with the GFP-PERP containing plasma membrane. This 

suggested that PERP and ORP8L interact at junctions between the ER and PM, 

although this requires further characterisation in a physiological model.  

 

In summary, a consistent and specific interaction between PERP and ORP8L was 

detected in UM cells and there was some evidence to suggest that the proteins 

interact at contact points between the ER and PM. Despite the similarities in the 

established PERP and ORP8L signalling cascades (both proteins regulate PERK, p65, 

p53 and induce apoptosis) no functional relationship has been characterised so far. 

Future studies should address the impact of ORP8L knockdown on PERP-mediated 

apoptosis and PS externalisation. 

Figure 4.35. PERP and ORP8L co-localise at ER-PM junctions in Mel202 cells. Super 
resolution images from a z-stack of a Mel202 cell co-expressing GFP-PERP and 
mCherry-ORP8L 24 hours post-transfection. Arrows indicate regions of the ER at the 
cell surface. Representative images of 6 cells. Scale bars 10 μm.   
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Summary of results 

- UPR signalling is conserved in UM cells, involving PERK, CHOP, p65 and 

SERCA2b.  

- PERP protein is stabilised in response to ER stress independent of p53 

transcriptional regulation. PERP protein has a non-homogenous distribution 

across the plasma membrane in healthy cells, which becomes more uniform 

during conditions of ER stress with the formation of intense PERP-containing 

puncta.  

- An interaction between PERP and SERCA2 was independently validated in 

both UM and non-UM cells. PERP and SERCA2b increasingly interact during 

conditions of prolonged ER stress at ER-PM junctions. 

- Increased SERCA2b expression induces apoptosis in UM cells correlating with 

its accumulation at the plasma membrane and the stabilisation of PERP 

protein.  

- Increased PERP expression correlates with the activation of both p65 and 

PERK and there is some evidence that p65 and PERK are involved in the 

PERP/p53 feedback loop. PERP-mediated PERK activity is UPR-independent.  

-  Increased ORP8L expression induces apoptosis in UM cells without any 

changes to PERP mRNA or protein levels. PERP and ORP8L co-localise at ER-

PM junctions, however, no functional interaction was characterised. Since 

PERP expression induces PS externalisation and ORP8L regulates PS levels in 

the plasma membrane, future studies should address the impact of the PERP-

ORP8L interaction on their protein activity using knockout models.  
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Limitations of experiments  

- Although an increase in PERP protein stability during ER stress was 

discovered, the function of PERP during ER stress should be further explored 

using PERP knockdown cells.  

- Although multiple lines of investigation have identified both a physical and 

functional interaction between PERP and SERCA2, the direct impact of PERP 

on intracellular Ca2+ fluxes remains to be characterised.  

- Studies at the population level by Western blot and RT-PCR of non-

synchronised cells allow for crude analysis of cell signalling pathways, 

however, single cell experiments are required to determine the dynamics of 

cellular responses dictating cell fate in real-time. 

- Protein overexpression allows for the manipulation of individual pathways for 

analysis of downstream signalling routes and cellular responses. However, 

subtle and quick downstream changes are difficult to detect by crude 

analyses such as Western blotting and RT-PCR. Negative results from these 

experiments are difficult to validate and should be interpreted with caution.  

- Chemical inhibitors provide a quick and easy method to manipulate specific 

molecules for preliminary characterisation of signalling pathways. However, 

long treatments with chemicals in excess can lead to non-specific side effects 

and toxicity. Experiments should be followed up using the appropriate 

knockdown cells.  
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RESULTS 

CHAPTER 5:  

PERP PROTEIN STABILITY, DEGRADATION AND TRAFFICKING 
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5.1. PERP protein is selectively degraded by the 

autophagy-lysosome system 

Previously we found that ER stress induced an increase in PERP protein which was 

not due to an increase in PERP mRNA transcription. Therefore, we next wanted to 

characterise the degradation route of PERP that may influence its protein stability.  

  

5.1.1. PERP protein is actively turned-over 

CHX inhibits protein synthesis and is therefore routinely used to study protein half-

life (Schneider-Poetsch et al., 2010). To give an indication of the stability of PERP 

protein, HCT116 cells were treated with CHX and the response of PERP protein levels 

were detected over time by immunoblotting (Figure 5.1). Due to its short half-life, 

p53 protein levels were used as a positive control for protein synthesis inhibition and 

p53 decreased from 2 hours post-treatment.  

 

Figure 5.1. PERP protein is actively degraded. HCT116 cells were treated with 30 
μg/ml CHX for the indicated time points and the protein levels of PERP and p53 
were detected by immunoblotting. Histogram shows PERP protein levels normalised 
to GAPDH. Means and SEM shown. One-way ANOVA, n=3, F=12.63, p=0.0003***. 
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PERP protein levels remained constant at 2 hours post-CHX treatment, but 

significantly decreased from 4 hours of protein synthesis inhibition. Remarkably, 

there was a 50% reduction in the total levels of PERP protein after 4 hours of protein 

synthesis inhibition and after 24 hours there was approximately a 75% reduction in 

the PERP protein levels compared to the non-treated control cells.  

This data provided the first evidence that PERP protein is actively degraded from the 

cell.   

 

5.1.2. PERP protein is degraded by the lysosome  

Proteins are actively removed from the cell by either the proteasome or lysosome 

system and inhibitors of these pathways can be used to study the degradation route 

of specific proteins. The proteasome inhibitor MG132 blocks the proteolytic activity 

of the proteasome complex and the lysosome inhibitor CQ increases the pH of the 

lysosome (Lee and Goldberg, 1998, Steinman et al., 1983). To determine how PERP 

protein is degraded, HCT116 cells were treated with MG132 or CQ and the protein 

levels of PERP were monitored over time by immunoblotting (Figure 5.2a). Inhibition 

of the proteasome for up to 24 hours induced no significant changes to the protein 

levels of PERP, which suggested that the proteasome pathway had no control over 

PERP protein half-life. However, the protein levels of PERP increased from 2 hours 

post-CQ treatment and significantly increased from 8 hours of lysosome inhibition, 

reaching a peak level at 24 hours post-treatment. This suggested that lysosomal 

activity is required for PERP protein to be degraded. p53 has a very short half-life and 

is rapidly turned-over by the proteasome system. Therefore, p53 levels were used as 

a positive control for proteasome inhibition by MG132 (Figure 5.2b). As expected, 

p53 protein levels increased from 2 hours post-MG132 treatment, with a significant 

increase from 8 hours of proteasome inhibition. 
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Figure 5.2. PERP protein is degraded by the lysosome system. (a) HCT116 cells were 
treated with 20 μM MG132 or 100 μM chloroquine (CQ) and the protein levels of 
PERP were detected over time by immunoblotting. Graph represents the level of 
PERP protein normalised to the level of GAPDH. Means and SEM shown. One -way 
ANOVA, n=3, MG132 PERP: F=0.8849, p=0.5204 ns; CQ PERP: F=13.03, p= 0.0002***. 
(b) HCT116 cells were treated with 20 μM MG132 and the protein levels of p53 were 
detected by immunoblotting and normalised to the level of GAPDH. Means and SEM 
shown, one-way ANOVA, n=3, F=11.58, p=0.0003***. (c) HCT116 cells were treated 
with 1, 10 and 100 nM bafilomycin for 24 hours and the protein levels of PERP and 
LC3B were detected by Western blot. Representative blot of three independent 
experiments shown.  
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Bafilomycin is an inhibitor of the V-ATPase proton pump which leads to neutralisation 

of acidic organelles such as lysosomes and endosomes (Yamamoto et al., 1998). To 

confirm the finding that PERP protein is degraded by the lysosome, HCT116 cells were 

treated with 1, 10 and 100 nM of bafilomycin for 24 hours and the protein levels of 

LC3B and PERP were detected by immunoblotting (Figure 5.2c). The levels of both 

LC3I and LC3II increased in response bafilomycin treatment, which indicated that 

lysosomal degradation was successfully blocked. The protein levels of PERP increased 

in a dose-dependent manner in response to bafilomycin treatment, which again 

suggested that PERP is degraded by the lysosome and confirmed our previous result.  

These findings showed for the first time that PERP is regulated at the protein level by 

active removal from the cell via the lysosomal system.  

 

5.1.3. PERP increases during autophagy-induced apoptosis 

Proteins can be delivered directly to the lysosome in either an endosome or an 

autophagosome structure. However, an endosome and autophagosome can also 

fuse together to form an amphisome before delivery of their cargo to a lysosome 

(Lamb et al., 2012). We therefore next wanted to establish whether PERP protein 

levels are affected by an increase in autophagy induction. HCT116 cells were cultured 

without serum for 24 hours and the protein levels of PERP, p62 and LC3B were 

detected by immunoblotting (Figure 5.3a&b). During conditions of autophagy 

induction the protein level of the autophagy substrate p62 decreases. Short 

starvation periods induce an increase in LC3II protein levels, but LC3II decreases 

during long starvation periods as it is degraded by the lysosome. Serum starvation 

for 24 hours induced a significant decrease in the protein levels of both p62 and LC3II, 

which indicated successful autophagy induction. The increased induction of 

autophagy stimulated by serum starvation also gave a significant increase in the 

protein levels of PERP. To determine whether autophagy induction for 24 hours was 

also activating an ER stress response, the levels of phosphorylated PERK were 

detected by immunoblotting and no changes to PERK activity were observed (Figure 

5.3c). 
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We next sought to determine the dynamics of the increase in PERP protein levels 

induced by autophagy stimulation over time. HCT116 cells were serum starved for 2, 

4, 8, 24 and 48 hours and PERP levels were detected by Western blot (Figure 5.4). No 

changes to PERP protein levels were detected at 2 and 4 hours post-serum starvation. 

However, PERP significantly increased in response to serum starvation for 8, 24 and 

Figure 5.3. PERP protein increases in response to autophagy induction. HCT116 cells 
were cultured in complete media (CM) or serum-free media (SS) for 24 hours and 
the protein levels of (a) p62 and PERP, (b) LC3B and (c) phosphorylated PERK 
(Thr982) were detected by immunoblotting. Histograms represent the protein levels 
of p62 and PERP normalised to the level of GAPDH, means and SEM shown. 
Student’s t-test, n=9, PERP: p=0.0018**; p62: p=0.0001***.  
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48 hours. This suggested that PERP protein is selectively upregulated during 

conditions of prolonged autophagy activation.  

 

Since prolonged autophagy activation can induce apoptosis, the sensitivity of HCT116 

cells to autophagy-induced apoptosis was next characterised. Cells were serum 

starved for 2-48 hours and labelled with Annexin V Alexa Fluor 647. Apoptotic cells 

were first visualised by live cell fluorescent microscopy and there was a clear 

induction of apoptosis from 24 hours of serum starvation (Figure 5.5a). The 

percentage of apoptotic cells was quantified by flow cytometry and autophagy 

activation for 2, 4 and 8 hours induced no significant changes to the percentage of 

Annexin V positive cells (Figure 5.5b).  However, starvation for both 24 and 48 hours 

significantly induced PS externalisation, which indicated the induction of apoptosis.  

This data provided evidence that the autophagy-lysosome pathway is involved in the 

regulation of PERP protein levels. Furthermore, during conditions of prolonged 

autophagy induction, PERP is selectively upregulated before apoptosis.  

Figure 5.4. PERP protein levels specifically increase during prolonged autophagy 
induction. HCT116 cells were serum starved for the indicated time points and PERP 
protein levels were detected by Western blot.  Histogram shows PERP protein levels 
normalised to the level of GAPDH, means and SEM shown. One-way ANOVA, n=5, 
F=7.426, p=0.0003***.  
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5.1.4. ER stress induces autophagy upregulation   

ER stress is known to induce changes to autophagy flux. To determine the effect of 

BFA-induced ER stress on autophagy in HCT116 cells, the protein levels of LC3II and 

p62 were detected by immunoblotting (Figure 5.6). LC3II immediately increased from 

2 hours post-BFA treatment and continued to increase in a time-dependent manner. 

The increased levels of LC3II indicated an accumulation of autophagosome 

Figure 5.5. Prolonged autophagy activation induces apoptosis. (a) Fluorescent 
microscopy images of HCT116 cells cultured in serum-free media for the indicated 
time points and labelled with Annexin V Alexa Fluor 647. Scale bars 100 μm . (b)  
HCT116 cells were serum starved for the indicated time points and the percentage 
of apoptotic cells was quantified by flow cytometry using Annexin V Alexa Fluor 647,  
10,000 cells were analysed. Means and SEM shown. One-way ANOVA, n=4, F=41.00, 
p<0.0001****. 
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structures, which can be a result of either an increase in autophagy induction or a 

decrease in lysosomal turnover. The huge relative increase in LC3II at 24 and 48 hours 

post-BFA treatment compared to the non-treated control cells meant that LC3II was 

not within the dynamic range required for quantification. For this reason, the protein 

levels of the autophagy substrate p62 were used for analysis. BFA induced a 

significant decrease in p62 at 2 and 8 hours post-treatment, followed by a significant 

increase at 48 hours post-treatment. This finding suggested that there was an 

increase in autophagy induction after short exposures to BFA, followed by an 

impairment in autophagosome maturation after longer exposures to BFA treatment. 

However, p62 levels alone cannot be used to accurately determine changes to 

autophagy flux. In order to differentiate between an increase or decrease in 

autophagy degradation, the response of p62 and LC3II levels to ER stress in the 

absence and presence of a lysosome inhibitor should be analysed.  

Figure 5.6. Response of autophagy effectors p62 and LC3B protein levels to BFA-
induced ER stress. HCT116 cells were treated with 1 μg/ml BFA for the indicated 
time points and changes to the protein levels of autophagy markers LC3B and p62 
were detected by immunoblotting. Graph represents p62 levels normalised to 
GAPDH. Means and SEM shown. One-way ANOVA, n=3, F=84.71, p=0.0098**.  
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To accurately confirm the mechanism of autophagosome accumulation in response 

to BFA-induced ER stress, changes to autophagy flux were measured using the 

lysosome inhibitor bafilomycin. HCT116 cells were pre-treated with bafilomycin, 

Figure 5.7. BFA upregulates autophagy induction. (a) HCT116 cells were pre-treated 
with 10 nM bafilomycin (Baf) followed by incubation with 1 μg/ml BFA for the 
indicated time points and the protein levels of LC3B and p62 were detected. Graph 
represents p62 levels normalised to GAPDH, means and SEM shown. One-way 
ANOVA, n=3, F=16.35, p<0.0001****. (b) Changes to autophagy flux in response to 
BFA determined by comparing p62 levels in the presence and absence of 
bafilomycin. Means and SEM shown, n=6. Two-way ANOVA with Bonferroni post hoc 
test.  
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followed by incubation with BFA to induce ER stress and the protein levels of LC3B 

and p62 were detected by Western blot (Figure 5.7a). LC3II levels increased from 2 

hours post-treatment and, as previously, the 24 and 48 hour bands were saturated 

relative to the control and so were not quantified. Interestingly, p62 levels increased 

relative to the non-treated control cells from 8 hours post-treatment. Analysis of p62 

levels in response to BFA in the absence and presence of bafilomycin showed that in 

the presence of a lysosome inhibitor, p62 increased beyond that of the BFA only 

treated cells at all time points (Figure 5.7b).  

This indicated that autophagy induction is upregulated in response to both short and 

long exposures to BFA-induced ER stress. 

 

5.1.5. Summary of PERP protein stability regulation during ER stress 

Basal autophagy continually turns-over cellular components and we have found that 

the autophagy-lysosome system is responsible for actively maintaining PERP protein 

levels within a threshold level in healthy cells (Figure 5.8a). However, autophagy is 

also an adaptive mechanism which is upregulated when cells are prone to die. 

Autophagy reduces the cells energy requirements and recycles cellular components 

to promote cell survival. Prolonged autophagy activation induces apoptosis and this 

is believed to be due to the selective removal of proteins and cellular components 

required for cell survival (Dikic, 2017). Our data indicated that during conditions of 

sustained autophagy stimulation, PERP protein is upregulated correlating with 

apoptosis induction. This suggested that during conditions of cellular stress and 

autophagy activation, a selective pathway downregulates PERP lysosomal 

degradation and PERP protein is stabilised for apoptosis induction.  

In a parallel line of investigation we found that PERP protein is stabilised at the 

plasma membrane during conditions of ER stress. Consistently with previous reports, 

we also showed that ER stress increased autophagy induction. Together, these data 

suggested that prolonged autophagy induction in response to ER stress leads to a 

selective decrease in PERP protein turnover and the accumulation of PERP at the 

plasma membrane for apoptosis induction (Figure 5.8b). This provided the first 
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mechanistic evidence of PERP protein stabilisation induced by a physiological 

disturbance. Future studies should further characterise the selective pathway which 

regulates PERP autophagy-lysosomal degradation, including identifying post-

translational modifications of PERP and the involvement of endosomes. 

 

 

 

 

 

 

 

 

 

  

Figure 5.8. Proposed mechanism of the regulation of PERP protein levels in (a) 
healthy cells and (b) cells exposed to prolonged ER stress.  
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5.2. MYO1C regulates PERP protein levels   

We previously identified an interaction between PERP and MYO1C in UM cells. 

MYO1C is an actin-binding molecular motor protein which has a number of 

specialised tissue-specific functions including; (i) trafficking of lipids required for 

autophagosome-lysosome fusion; (ii) trafficking of lipid rafts to the plasma 

membrane; (iii) delivery of raft-associated plasma membrane proteins to the cell 

surface; (iv) regulation of adherin based cell-cell junction stability; (v) regulation of 

actin filament arrays at ER sheets (McIntosh and Ostap, 2016). Interestingly, MYO1C 

is regulated by the Ca2+-binding protein CaM and so MYO1C activity is sensitive to 

changes to cytosolic Ca2+ levels (Manceva et al., 2007). We therefore hypothesised 

that MYO1C regulates the trafficking and recycling of PERP at the plasma membrane. 

 

5.2.1. MYO1C is expressed in Mel202 and HCT116 cells 

Firstly the expression of endogenous MYO1C was confirmed in HCT116 and Mel202 

cells by Western blot and a single band at approximately the predicted molecular 

weight of the MYO1C protein (122 kDa) was detected in both cell lines (Figure 5.9a). 

Immunofluorescence staining showed that MYO1C localised towards the cell surface 

of both HCT116 and Mel202 cells, although it was also present intracellularly in 

Mel202 cells (Figure 5.9b). 
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5.2.2. PERP and MYO1C co-localise at the cell surface  

Next, we wanted to determine where PERP and MYO1C co-localise in Mel202 cells. 

Since there is no specific PERP antibody available for staining of the endogenous 

protein, GFP-PERP was expressed in Mel202 cells and 24 hours post-transfection the 

cells were fixed for immunofluorescence staining of MYO1C. GFP-PERP and 

endogenous MYO1C were detected by confocal microscopy (Figure 5.10). Although 

GFP-PERP was detected at the PM and perinuclear region of fixed Mel202 cells, the 

fusion protein also had a diffused distribution within some intracellular areas which 

may be due to the fixing process. MYO1C localised towards the PM and was largely 

absent from the nucleus and perinuclear regions. This suggested that MYO1C and 

Figure 5.9. MYO1C is expressed in HCT116 and Mel202 cells . (a) Immunoblotting 
detection of MYO1C protein in HCT116 and Mel202 cells. (b) Immunofluorescence 
staining of MYO1C in fixed HCT116 and Mel202 cells , detected using an Alexa Fluor 
594 conjugated secondary antibody. Nuclei stained with DAPI. Representative 
images of 10 fields. Scale bars 20 μm. 
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PERP co-localised at the cell periphery, although this should be confirmed in greater 

detail by imaging at higher resolution. 

 

 

Figure 5.10. PERP and MYO1C co-localise at the cell periphery. Mel202 cells 
expressing GFP-PERP were fixed and stained for MYO1C which was detected using 
an Alexa Fluor 594 conjugated secondary antibody. Nuclei stained with DAPI.  
Representative images of 17 cells. Scale bars 10 μm. 
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5.2.3. PERP increases in response to MYO1C inhibition  

PCIP is a natural compound which inhibits class 1 myosin motor activity and has 

specifically been shown to inhibit MYO1C function (Chinthalapudi et al., 2011). As 

loss of MYO1C activity causes a defect in autophagosome-lysosome fusion, we next 

wanted to determine whether inhibition of MYO1C activity affects the protein levels 

of PERP. HCT116 cells were treated with PCIP for 24 hours and a subtle but significant 

increase in PERP protein levels compared to the non-treated control cells was 

detected (Figure 5.11a). In addition, a large increase in LC3II levels was detected in 

PCIP treated cells, which confirmed the accumulation of autophagosome structures 

as a result of impaired fusion with lysosomes (Figure 5.11b).  

 

This finding suggested that MYO1C activity is required for PERP lysosomal 

degradation. 

Figure 5.11. MYO1C inhibition leads to an increase in PERP and LC3B protein levels. 
HCT116 cells were treated with 5 μM PCIP for 24 hours and the protein levels of (a) 
PERP and (b) LC3B were detected by immunoblotting. Histogram represents the 
protein level of PERP normalised to GAPDH. Student’s t-test, n=6, p=0.0298*. 
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5.2.4. Optimisation of MYO1C siRNA knockdown  

As PCIP inhibits all class 1 myosin proteins, we next wanted to determine the specific 

effect of loss of MYO1C activity using a siRNA-based knockdown approach. Firstly, 

siRNA transfection of HCT116 cells was optimised using FITC labelled control siRNA. 

Cells were transfected with 60, 80, 100 and 120 nM of FITC conjugated siRNA at a 1:1 

ratio with siRNA transfection reagent and images were taken at 7 and 24 hours post-

transfection (Figure 5.12). The number of siRNA molecules increased in proportion 

to the amount of siRNA used for the transfection, however, less siRNA molecules 

were present at 24 hours post-transfection compared to 7 hours post-transfection. 

Transfection of HCT116 cells with 120 nM of siRNA gave the highest efficiency with 

no toxicity detected and so this was the optimised condition used in experiments. 

Figure 5.12. Optimisation of siRNA transfection of HCT116 cells. HCT116 cells were 
transfected with 60, 80, 100 and 120 nM of FITC conjugated siRNA and transfection 
efficiency was assessed at (a) 7 hours and (b) 24 hours post-transfection by live cell 
fluorescent microscopy. Scale bars 100 μm.  
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HCT116 cells were next transfected with non-sense control siRNA or a pool of three 

siRNA duplexes targeting MYO1C using the optimised method and cell lysates were 

collected at 8, 24 and 48 hours post-transfection. No changes to the protein level of 

MYO1C was induced by transfection with MYO1C siRNA compared to control siRNA 

(Figure 5.13).  

 

Possible reasons for the lack of MYO1C protein knockdown using siRNA are: (i) only 

a subset of cells are transfected and so any knockdown is masked by sampling the 

whole population of cells; (ii)  MYO1C is a stable protein and so no change is seen at 

the protein level; (iii) the siRNA is degraded over time. Therefore, future 

optimisations to knockdown MYO1C at the protein level should consider transfecting 

cells with siRNA multiple times and incubating the cells for longer. In addition, a 

shRNA based method where transfected cells can be selected for should be 

considered.  

 

5.2.5. Summary of MYO1C experiments  

MYO1C was consistently pulled-down by Halo-PERP and gave the strongest signal by 

both mass spectrometry and Western blot. Expression of MYO1C protein at the cell 

periphery was confirmed in Mel202 cells and endogenous MYO1C co-distributed with 

PERP at the cell surface. Inhibition of class 1 myosins in HCT116 cells led to an 

increase in autophagosome structures and a subtle increase in the protein levels of 

Figure 5.13. Transfection with MYO1C siRNA does not affect MYO1C protein levels. 
HCT116 cells were transfected with 120 nM control siRNA or MYO1C siRNA  and 
MYO1C protein levels were detected by immunoblotting. Representative blot of two 
independent experiments. 
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PERP. Despite this, efforts to confirm this result by specifically knocking-down 

MYO1C levels using siRNA were unsuccessful.   

Although MYO1C inhibition prevents the fusion of autophagosomes/amphisomes 

with lysosomes, the delivery of endogenous endocytic cargo such as the EGFR 

directly to lysosomes is not affected. Furthermore, while MYO1C inhibition leads to 

morphological changes to lysosomes, no defects in lysosome activity were reported 

(Brandstaetter et al., 2014).  As PERP protein levels increased in response to PCIP-

mediated inhibition of MYO1C, this suggested that PERP degradation is via fusion of 

either autophagosomes or amphisomes with lysosomes, rather than direct delivery 

of PERP cargo within an endosome to the lysosome. However, previously inhibition 

of lysosome function for 24 hours gave a 10 fold increase in PERP protein levels. As 

MYO1C inhibition gave a 1.5x increase in PERP protein levels, this suggested that only 

a partial defect in PERP degradation was induced.  

Future studies should address the effect of loss of MYO1C on PERP PM trafficking and 

endosome/autophagosome localisation by single live cell analysis. Furthermore, 

since MYO1C is specifically involved in the trafficking of proteins associated with lipid 

rafts, the PERP-containing membrane composition and cholesterol concentration is 

of interest. Finally, as MYO1C is an actin based molecular motor, the association and 

trafficking of PERP along the actin cytoskeleton should be determined.  

 

 

5.3. PERP is trafficked from the ER to PM by exocytosis  

Although the localisation of PERP protein within the Golgi apparatus and at the 

plasma membrane suggests that the protein is synthesised in the ER and trafficked 

through the secretory pathway, this has never been shown experimentally. We next 

utilised super resolution microscopy to characterise PERP translocation from the ER 

to the PM.  

 



188 

 

5.3.1. PERP is targeted through the secretory pathway 

BFA induces ER stress as an indirect effect of its block on the secretory pathway and 

is therefore often used to study intracellular protein trafficking and secretion. 

Previously, it was shown that BFA treatment for 16 hours induced an accumulation 

of PERP in the ER, however, secretion studies are typically performed on a much 

shorter time scale. Therefore, to determine whether PERP passes through the ER on 

transit to the plasma membrane, Mel202 cells were co-transfected with GFP-PERP 

and the ER protein mCherry-SERCA2b and super resolution images were taken after 

a short exposure to BFA (Figure 5.14). Treatment with BFA for just one hour induced 

an accumulation of PERP in the ER, which was determined by an increase in co-

localisation with SERCA2b. This confirmed that endogenously synthesised PERP is 

trafficked to the plasma membrane via the Golgi apparatus.  

 

Figure 5.14. PERP protein is synthesised in the ER. Super resolution images of 
Mel202 cells expressing GFP-PERP and mCherry-SERCA2b, non-treated or treated 
with 1 μg/ml BFA for 1 hour. Scale bars 20 μm.   
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5.3.2. PERP localises in discrete non-vesicular cargo structures    

To study the intracellular distribution and trafficking of PERP, Mel202 cells were 

transfected with GFP-PERP and short time-lapse movies were taken at super 

resolution of small perinuclear regions of cells. GFP-PERP localised at the plasma 

membrane and to discrete structures across the cell, which moved quickly in all 

directions and in and out of the focal plane (Figure 5.15a).  Images taken at 0, 1.45, 

3.3 and 5.3 minutes showed there were vast changes in the distribution and number 

of GFP-PERP containing structures in a matter of minutes. The size of six GFP-PERP 

containing structures were estimated from the first image taken in the time series, 

and ranged from 363-512 nm in diameter (Figure 5.15b). Vesicular post-Golgi carriers 

are typically around 100 nm in diameter, whereas non-vesicular tubular PGCs can 

range from 0.3-5 μm in diameter (Luini et al., 2008). This therefore suggested that 

PERP is trafficked through the cytoplasm in non-vesicular PGCs.  
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Figure 5.15. GFP-PERP containing PGCs move quickly throughout the cell. (a) Super 
resolution images from a time-lapse of the perinuclear region of a Mel202 cell 
expressing GFP-PERP, time shown is in minutes. (b) The diameter of six GFP-PERP 
containing structures were measured: 1: 363 nm; 2: 512 nm; 3: 428 nm; 4: 400 nm; 
5: 432 nm; 6: 587 nm. Scale bars 2 μm.  
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5.3.3. PERP is delivered to the plasma membrane by exocytosis  

In order to attempt to visualise the movement of PERP-containing vesicles, Mel202 

cells were transfected with GFP-PERP and images were taken every 2 seconds at 

super resolution. GFP-PERP localised to the plasma membrane and a few GFP-PERP 

containing structures moved in and out of the focal plane (Figure 5.16). One PGC 

remained within the focal plane from initial detection to fusion with the plasma 

membrane and so its trafficking was traced, shown by the white arrows. The PGC was 

approximately 595 nm in diameter and was first detected adjacent to the PM, half-

way between the nucleus and the tip of the cell. Two seconds following detection, 

the PGC docked to the plasma membrane and rolled across the cell surface for 6 

seconds. Ten seconds following detection, and 8 seconds following attachment to 

the plasma membrane, the GFP-PERP containing PGC showed a “puff” of 

fluorescence and was incorporated into the plasma membrane.  

This demonstrated for the first time the trafficking and incorporation of PERP-

containing PGCs into the PM. Furthermore, the time lag between GFP-PERP docking 

and dispersion into the plasma membrane is consistent with the general mechanism 

of exocytosis.  
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5.3.4. PERP localises in plasma membrane cell protrusions  

Analysis of the distribution of PERP at the bottom plane of the cell was used 

throughout this study to visualise the accumulation of PERP at the plasma 

membrane. Cell protrusions are extensions of the cell membrane which are involved 

Figure 5.16. PERP is delivered to the plasma membrane by exocytosis. (a) Super 
resolution images from a time series of a Mel202 cell expressing GFP -PERP. Images 
were taken at 2 second intervals and the movement of one PGC from detection to 
membrane fusion is shown by the arrows. Scale bar 5 μm. (b) Diameter of the PGC 
was measured in a digital zoom of the first image from the time series (595 nm). 
Scale bar 2 μm.  
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in cell attachment and cell movement (DeMali and Burridge, 2003). GFP-PERP 

localised to plasma membrane extensions of Mel202 cells in the XY plane (Figure 

5.17a). Multiple GFP-PERP protrusions extended from all arms of the cells, although 

some arms had more PERP-containing protrusions than others. In the cells shown in 

figure 5.17a, the majority of PERP protrusions are on the right hand side of both cells 

which suggested that PERP may be involved in the leading protrusions which give 

directionality for cell movement.  

 

To visualise the localisation of GFP-PERP across the whole cellular membrane, Z-stack 

images were taken of Mel202 cells expressing GFP-PERP and 3D cell projections were 

reconstructed (Figure 5.17b). GFP-PERP was present on the whole of the cell surface 

and was also clearly visualised in the three-dimensional perinuclear region. 

Figure 5.17. PERP localises in plasma membrane extensions. Super resolution Z -
stack images were taken of Mel202 cells expressing GFP-PERP; (a) shows the 
bottom focal plane and (b) shows whole cell 3D reconstructions. Representative 
images of 20 cells. Scale bars 20 μm.  
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Furthermore, this analysis showed that the GFP-PERP containing cell protrusions 

were attached to the dish.  

Cell protrusions form dynamically in response to chemoattractive signals in the 

microenvironment. Cell protrusions require force generated from the actin 

cytoskeleton, the trafficking and expansion of membrane components and 

attachment to a substrate to form (Schmick and Bastiaens, 2014). Since PERP has an 

established role in cell adhesion, it will be interesting to further explore the role of 

PERP in cell protrusions. Future studies should fully characterise PERP-containing 

protrusions with respect to the actin cytoskeleton and cell movement.  

 

5.3.5. Summary of PERP protein trafficking to the plasma membrane 

Super resolution microscopy has allowed us to visualise PERP in the plasma 

membrane in detail not previously possible and we have seen that PERP has a 

complex distribution across the cell surface. We have also showed for the first time 

evidence of PERP synthesis in the ER and trafficking to the PM in membrane bound 

PGCs, including the fusion of PERP-containing exosomes with the plasma membrane. 

However, the experiments described in this study are only a starting point in the 

complex study of PERP protein trafficking. The next studies should characterise the 

protein coats of PERP-containing PGCs, including those which transport PERP 

between the different compartments (ER-Golgi; Golgi-PM; PM-Golgi) and the role of 

the actin cytoskeleton and/or microtubules. These processes are likely to be highly 

important in the complex regulation of PERP levels at the plasma membrane.  

In addition to this, we also showed that PERP is present in long membrane 

protrusions of Mel202 cells and in membrane connections between adjacent HeLa 

cells. These PERP-containing extensions are likely to be highly important for the 

established function of PERP in cell adhesion, but also raise the possibility of a role 

for PERP in intercellular signalling and communication.  
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Summary of results 

- PERP protein is actively turned-over and its stability is regulated by a selective 

autophagy-lysosome pathway which is sensitive to conditions of cellular 

stress. PERP increases during conditions of prolonged autophagy stimulation 

before apoptosis induction. 

- Both ER stress and starvation-induced autophagy increased the protein levels 

of PERP. ER stress upregulated autophagy, but starvation did not stimulate ER 

stress. Together this suggested that ER stress induced autophagy which 

selectively upregulated PERP.  

- PERP and MYO1C co-localised at the cell periphery and inhibition of MYO1C 

led to an increase in PERP protein levels and the number of autophagosomes. 

- MYO1C siRNA-based knockdown was not efficient and requires further 

optimisation to study the functional relationship between PERP and MYO1C. 

- PERP protein is synthesised in the ER and is trafficked through the cell in large 

PGCs, likely to be non-vesicular tubular structures. PERP is trafficked and 

incorporated into the plasma membrane by exocytosis.  

- PERP is a component of plasma membrane extensions and cell-cell contacts.  
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Limitations of experiments  

- PERP degradation was shown by inhibition of protein synthesis using 

cycloheximide. However, as Western blot is only semi-quantitative, an 

accurate measurement of PERP protein half-life could not be made. Protein 

half-life can be more accurately determined using radioactivity, although this 

was not required in this present study. 

- Autophagy is a complex multilevel process and further understanding is 

required of the involvement of endosomes in the recycling and degradation 

process of PERP. 

- The dynamics of PERP uptake into endosomes/autophagosomes/ 

autolysosomes in healthy and stressed cells should be determined to fully 

validate the proposed model of PERP selective degradation.  

- Functional trafficking experiments should be combined with high resolution 

time-lapse imaging to further validate the observations made about the 

trafficking of PERP from the Golgi apparatus to the PM, with respect to the 

involvement of specific coat proteins, the cytoskeleton and the motor 

proteins involved.  

 

  



197 

 

 

CHAPTER 6 

DISCUSSION 
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6.1. Summary of main findings  

The aim of this study was to characterise the molecules and signalling pathways 

involved in PERP-mediated apoptosis. To this end, protein-protein interactions of 

PERP were identified using the HaloTag Protein Pull-Down System with unbiased 

mass spectrometry analysis. Interactions between PERP with a motor protein, 

MYO1C, and two ER proteins, SERCA2b and ORP8L, were identified in an 

authenticated UM cell line and independently validated by immunoblotting. Studies 

of the functional relationship(s) between PERP and all three proteins were initiated 

in order to inform the detailed investigation of the mechanism of action of PERP.   

The interaction between PERP and SERCA2b was confirmed by co-

immunoprecipitation in both UM and non-UM cells, both for fluorescently labelled 

and endogenous proteins. SERCA2b is an ER stress inducible protein and so the role 

of the PERP-SERCA2b interaction during ER stress was examined. PERP and SERCA2b 

were both induced by ER stress and although SERCA2b increased at the 

transcriptional level via responsive regulatory regions in its promoter, PERP increased 

immediately before the switch to apoptosis signalling in a p53-independent manner 

due to an increase in protein stability. Increased expression of PERP also selectively 

activated ER stress apoptosis mediators PERK, p65 and p53.  

The pathway governing PERP protein degradation was found to be the lysosomal 

system, rather than the proteasome system. Interestingly, autophagy selectively 

upregulated PERP protein following prolonged starvation, which correlated with 

apoptosis induction. Autophagy was strongly induced in response to ER stress which 

suggested that the autophagy-lysosome system mediated the increase in PERP 

protein stability during ER stress-induced apoptosis. Importantly, in response to ER 

stress PERP accumulated in the ER due to impaired ER-PM trafficking and increased 

uniformly across the PM with intense puncta at the cell periphery. Together, this 

suggested that PERP protein increased at the PM in response to ER stress due to an 

increase in its protein stability via changes in the selective recycling/degradation 

pathways which govern PERP PM levels.    
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Interestingly, inhibition of the actin-binding molecular motor MYO1C led to an 

increase in PERP protein levels and the accumulation of autophagosomes/ 

amphisomes due to impaired lysosomal fusion. MYO1C localised to the periphery of 

UM cells, which suggested that MYO1C could regulate the protein levels of PERP at 

the PM.  

PERP co-localised with SERCA2b and ORP8L at discrete junctions between the ER and 

PM and exogenous expression of SERCA2b, but not ORP8L, increased the stability of 

PERP protein which correlated with apoptosis induction. SERCA2b accumulated in 

intense puncta at the cell periphery which also contained higher levels of PERP in 

response to both prolonged SERCA2b expression and ER stress treatment. In 

addition, ER stress induced an increase in PERP-SERCA2b complex formation. 

Together this suggested that in response to ER stress, PERP and SERCA2b increasingly 

interact at the contact points between the ER and PM to induce cell death.   

Finally, the pathways governing PERP PM protein levels were characterised by 

studies of its synthesis and trafficking. Experimental evidence of the trafficking of 

PERP through the secretory pathway was shown for the first time, including its 

synthesis in the ER, trafficking to the PM in large PGCs and incorporation into the PM 

by exocytosis.  

 

 

6.2. Regulation of PERP protein localisation and stability 

Proteins are maintained at an appropriate level by a balance between their synthesis, 

trafficking, recycling and degradation (Dikic, 2017). This is particularly important in 

the case of proteins which regulate apoptosis, which are highly regulated to ensure 

that their levels are precisely controlled; avoiding inappropriate cell death. PERP 

biases cell fate towards death via the activation of p53 and the induction of caspase-

dependent apoptosis when expressed above a threshold level (Davies et al., 2009, 

Davies et al., 2011). Prior to this study, although the pathways controlling PERP 
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synthesis were well characterised, the mechanisms governing PERP trafficking to the 

PM and its recycling/degradation were not understood.   

This study contributed to knowledge of the PM distribution and regulation of PERP 

protein. PERP was shown to localise to discrete protein islands within the PM and to 

regions of the membrane which formed connections with adjacent cells and the 

substrate, including long PM extensions/protrusions. In apoptotic cells, PERP-

containing protrusions remained attached to the dish whilst the cell rounded up, 

which suggested that they function in cell-matrix adhesion, and PERP localised to the 

PM surrounding apoptotic bodies. The heterogeneous distribution of PERP across the 

PM is further supported by the study of Franke et al which showed that PERP 

localised to protein islands in both cell-cell contact and non-adhesive membrane 

regions using staining of the endogenous protein (Franke et al., 2013). This finding 

also provided evidence for the physiological relevance of the HeLa BAC Venus-PERP 

model cell line.  

 

PERP protein synthesis and PM trafficking  

Hydrophobic PM proteins are synthesised in ER-docked ribosomes, processed 

through the ER to Golgi networks and incorporated into the TGN where they are 

sorted into secretory vesicles for delivery to the PM (Reid and Nicchitta, 2015). 

Sorting is dependent on signals within the protein and their interactions with adapter 

proteins. Secretory vesicles are either immediately released from the TGN or are 

released in response to a specific cue, allowing for the filtering of PM protein cargo 

(Blázquez and Shennan, 2000). Small vesicular and larger non-vesicular PGCs move 

along the cytoskeletal tracks driven by interactions between the protein cargo/PGC 

components with a motor protein (Luini et al., 2008). This enables segregation of 

protein cargo destined for the apical or basal membrane. The processes regulating 

PM protein secretion are highly important for many cellular responses since they 

regulate the levels of proteins involved in signal transduction from the PM.  
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In this study, inhibition of Golgi to PM trafficking induced the accumulation of PERP 

in the ER, which provided the first experimental evidence that PERP is synthesised 

and trafficked through the secretory pathway. PERP localised to membrane bound 

structures which moved quickly from the perinuclear space across the cell volume. 

The size of the PERP-containing mobile structures was consistent with non-vesicular 

tubular PGCs. Further to this, a non-vesicular PGC containing PERP translocated 

across the cell to the PM, where it fused with the membrane before incorporation of 

PERP into the PM. This provided the first observation of PERP protein delivery and 

exocytosis to the PM.  

The pathways governing the trafficking of PERP-containing PGCs to the PM are likely 

to be highly complex. Future studies should address any contribution of specific 

signals which regulate the release of PGCs containing PERP from the TGN and identify 

the cytoskeletal components and motor proteins governing the apical/basolateral 

trafficking of PERP. In addition, the observations described in this study were made 

using the CMV-driven overexpression of PERP and so require further characterisation 

using a physiological model to understand the dynamics of the synthesis and PM 

trafficking of PERP.  

 

PERP lysosomal degradation during cellular stress  

PERP is involved in apoptosis induction in multiple cell types in response to different 

stimuli. PERP was previously shown to be important in the induction of apoptosis in 

response to radiation, upregulated transcriptionally by p53. However, the 

contribution of PERP to radiation-induced apoptosis varied depending on the cell 

type; PERP had a small contribution in thymocytes and neurons, but had a major role 

in keratinocytes (Ihrie et al., 2003, Beaudry et al., 2010a). In addition, PERP was 

transcriptionally upregulated by p53 in renal cells exposed to hypoxic injury 

(Singaravelu et al., 2009). However, although PERP mRNA was transcriptionally 

upregulated in a p53-dependent manner in response to DNA damage, PERP activity 

was not required for apoptosis under such conditions (Ihrie et al., 2003).  
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During this study, the mRNA and protein levels of PERP were found to be 

differentially regulated in response to DNA damage and ER stress apoptotic stimuli. 

Firstly, PERP mRNA expression was upregulated in response to prolonged 

doxorubicin-induced DNA damage in a p53-dependent manner, however, no changes 

to the protein levels of PERP were detected. This suggested that DNA damage was 

not sufficient to induce an increase in PERP protein, despite upregulation at the 

mRNA level by p53. The lack of correlation between PERP mRNA and protein levels 

in response to DNA damage may have been due to either a downregulation of PERP 

mRNA translation or an upregulation of PERP protein degradation. In either case, this 

finding was consistent with a previous report which showed that PERP did not 

function in cell death induced by doxorubicin/DNA damage (Ihrie et al., 2003).  

Secondly, PERP protein increased in response to ER stress in a p53 transcription-

independent manner. Analysis of the PERP promoter found no ERSE, which 

supported the finding that PERP is not transcribed during conditions of ER stress. 

Under these conditions, the ability of the cell to induce PERP protein without an 

increase in PERP transcription was potentially due to either multiple rounds of 

translation of the existing PERP mRNA, or an increase in PERP protein stability due to 

a decrease in its degradation. Interestingly, it was shown that PERP mRNA levels 

significantly decreased after prolonged ER stress induction, specifically in wild type 

p53 UM and colon cancer cells. Since p53 is known to regulate mRNA translation 

under ER stress conditions, it is possible that p53 regulates the mRNA 

stability/translation of PERP in response to ER stress. In addition, the IRE1 pathway 

could have contributed to the degradation of PERP mRNA to aid the relief of ER 

stress. Changes to the rate of PERP mRNA translation during ER stress were not 

determined as part of this study. During ER stress translation is globally inhibited, 

except for specific genes with recognition signals in their sequences. Identification of 

such signals in the PERP mRNA sequence and any involvement of p53 in the 

regulation of PERP translation should be addressed in future studies.  

Together these findings showed that the protein levels of PERP did not solely depend 

on p53-mediated transcription and instead PERP levels are regulated by multiple 

competing mechanisms. The levels of PM proteins are regulated by processes which 
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control their recycling and degradation. We therefore next characterised the 

degradation of PERP protein. PERP protein levels were reduced by half following 4 

hours of protein synthesis inhibition which showed that PERP is rapidly turned-over 

in healthy cells. Furthermore, we found that lysosomal activity was required for the 

degradation of PERP and PERP significantly increased 8 hours post-lysosome 

inhibition. This provided the first evidence that PERP protein is actively degraded by 

a pathway requiring lysosomal function, i.e. the endolysosomal or autophagy 

pathways. PM proteins are absorbed into endocytic vesicles and are either recycled 

back to the PM or are degraded by fusion of the endosome with a lysosome; an 

endosome can also fuse with autophagosome before lysosomal degradation (Pryor 

and Luzio, 2009). The half-life of a PM protein is influenced by post-translational 

modifications, such as ubiquitination, and the binding of specific ligands (Pryor and 

Luzio, 2009). These initial studies showed that PERP protein is rapidly degraded, 

although the precise molecular mechanisms governing this remain elusive. Future 

studies should characterise the protein coats of PERP-containing endocytic vesicles 

and the dynamics of PERP uptake. To this end, identification of post-translational 

modifications of PERP, such as phosphorylation and ubiquitination, should be 

identified. Analysis of the kinase and ubiquitin ligase enzymes involved in such events 

will inform of the pathways governing the half-life of PERP, which are fundamental 

for the regulation of cell fate.   

MYO1C is an actin-based molecular motor which has multiple functions in the 

regulation of protein levels, including the trafficking of the lipids required for 

autophagosome/amphisome fusion with the lysosome and the trafficking of lipid 

raft-associated PM proteins to the cell surface (McIntosh and Ostap, 2016). We 

identified a very strong and consistent interaction between PERP and MYO1C in UM 

cells, which co-localised at the cell periphery. Inhibition of the activity of class 1 

myosin proteins, including MYO1C, induced a subtle increase in PERP protein levels 

and the accumulation of autophagosomes due to impaired fusion with the lysosome. 

MYO1C inhibition had previously been shown to have no effect on the delivery of 

endogenous endocytic cargo to the lysosome and on lysosome function. Therefore, 

the increase in PERP levels may have been due to an indirect effect of the 
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impairments on autophagosome/amphisome fusion with the lysosome, which 

suggested that PERP endocytic vesicles fused with autophagosomes before 

lysosomal degradation. However, the increase in PERP observed in response to 

MYO1C inhibition was much more subtle than that observed when the total lysosome 

function was inhibited, which implied that the majority of PERP protein is delivered 

to the lysosome directly by the endosome system. However, as MYO1C interacts with 

PERP, it remains possible that MYO1C has a more direct effect on PERP. A possible 

hypothesis is that MYO1C interacts with a region of PERP exposed on the face of 

PGCs/endocytic vesicles to regulate the trafficking of PERP along the actin 

cytoskeleton to/from the cell surface. The protein domains which mediate the 

interaction between PERP and MYO1C should be identified to conclusively validate 

this interaction and the requirement of MYO1C for PERP trafficking should be studied 

in live cells in real-time.  

A large amount of intersection occurs between the autophagy and endosome 

pathways, including the requirement of the endosomal pathway for efficient 

autophagy flux and the fusion of autophagosomes with late endosomes before 

lysosomal degradation of their cargo (Lamb et al., 2012). We therefore next 

determined the effect of upregulation of starvation-induced autophagy on the 

protein levels of PERP and found that PERP increased at 8 hours post-autophagy 

induction, followed by apoptosis at the next time point tested (24 hours+). This 

suggested that PERP is selectively upregulated during conditions of sustained 

autophagy, with a possible role in the switch towards apoptosis signalling. Although 

starvation-induced autophagy was originally thought to be a non-selective bulk 

degradation pathway, it is now accepted that some molecules/organelles are 

selectively degraded during starvation conditions (Zaffagnini and Martens, 2016). As 

a PM protein, PERP is likely to be taken from the membrane by endocytosis rather 

than autophagy itself. However, the upregulation of PERP during starvation 

conditions suggested that autophagy influenced the degradation of PERP. Together, 

this suggested that PERP protein degradation is selectively regulated by the 

endosomal/autophagy pathways during conditions of starvation. Possible 

mechanisms for this include: (i) starvation-induced post-translational modifications 
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of PERP which increase its stability; (ii) the selective degradation of survival factors 

leading to an increase in death proteins such as PERP. Future characterisation of PERP 

endocytosis and localisation to autophagosomes and autolysosomes in healthy and 

starvation-induced cells will enable further conclusions on the co-

operation/communication between endocytosis and autophagy in the regulation of 

cell fate.  

We also found that autophagy was upregulated at all time points in response to ER 

stress, a finding which is supported by numerous studies in the literature (Senft and 

Ronai, 2015). ER stress, induced by inhibition of Golgi to PM trafficking, induced a 

transcription-independent increase in PERP protein and the accumulation of PERP 

across the PM; the increased levels of PERP at the PM were not due to an increase in 

Golgi to PM trafficking since this process had been blocked. Furthermore, we showed 

that PERP was consistently upregulated during sustained autophagy induction. 

Together our findings suggested that PERP is stabilised in response to prolonged ER 

stress due to chronic autophagy induction which results in a reduction in PERP uptake 

from the PM and its lysosomal degradation. Previously, it was shown that PERP 

protein increased specifically at the apical PM in response to Salmonella infection. 

Although a slight increase in PERP was due to the delivery of new protein to the PM, 

the data suggested that the accumulation of PERP specifically at the apical PM was 

mainly due to alterations in its uptake and degradation (Hallstrom et al., 2015). This 

study therefore supported our findings that PERP PM levels are regulated by uptake 

during stress conditions; future characterisation of the effect of Salmonella infection 

on autophagy flux are of interest.  

Autophagy is induced by cell detachment (Coates et al., 2010). In addition, the EGFR 

can inhibit or induce autophagy via a number of mechanisms to control cell fate, 

dependent on the cellular state (Sooro et al., 2018). For example, long exposures to 

hypoxia results in the autophagy-mediated degradation of CAV1 and the subsequent 

inhibition of the EGFR. This leads to a reduction in the inhibitory EGFR-BECN1 

complex, enabling the activation of BECN1 and promoting high levels of autophagy 

for apoptosis induction. The EGFR is a well characterised target of the endolysosomal 

system and its degradation is regulated by the binding of EGF and Cbl-mediated 
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ubiquitination (Goh and Sorkin, 2013). Interestingly, a recent study showed that 

lysosomal degradation of the EGFR is upregulated is response to cell detachment via 

the induction of Cbl activity. Furthermore, they found that detachment-induced loss 

of the EGFR led to an increase in PERP which subsequently mediated apoptosis 

induction (Khan et al., 2016). In combination with our findings that PERP is 

upregulated by sustained autophagy induction, this suggested that following cell 

detachment the loss of the EGFR promoted high levels of autophagy which mediated 

an increase in PERP and the subsequent induction of apoptosis. However, inhibition 

of the EGFR also led to an increase in PERP protein levels in attached cells, which 

suggested that the relationship between EGFR activation and PERP protein levels is a 

universal mechanism connecting autophagy and apoptosis, likely to be significant for 

many physiological responses.   

On the basis on these findings, we propose that PERP protein half-life is regulated by 

a selective pathway and increases during ER stress due to sustained autophagy 

induction to mediate apoptosis signalling at the PM (Figure 6.1). Therefore, our data 

suggest that PERP is protective against both chronic ER stress and autophagy and 

engages apoptosis in response to irreparable cellular damage. In this case, PERP 

mediates a cross-talk between the autophagy and apoptosis pathways; high levels of 

autophagy, induced by ER stress, starvation or cell detachment, stimulates an 

increase in PERP protein which engages the machinery required for apoptotic cell 

death.  
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Figure 6.1. Regulation of PERP protein stability. PERP levels are maintained at a threshold 

level in healthy cells by a balance between its synthesis and lysosomal degradation. ER stress 

induces high levels of autophagy and PERP accumulates at the PM due to a decrease in its 

degradation where it interacts with SERCA2 to induce apoptosis via mitochondrial calcium 

overload.  
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6.3. PERP mediates apoptosis at ER-PM points of contact 

PERP induces apoptosis at the PM by engaging both caspase 8 and Bid in UM cells 

and increases mitochondrial membrane permeability and the activation of caspase 9 

in renal cells exposed to hypoxic injury (Davies et al., 2009, Singaravelu et al., 2009). 

This suggests that PERP engages both extrinsic and mitochondrial apoptosis 

pathways to induce cell death. However, PERP lacks a conserved death domain and 

its precise mechanism of apoptosis induction at the PM is not well characterised.  

In this study we identified an interaction between PERP with SERCA2b and ORP8L, 

which both localise to ER-PM junctions and are involved in two fundamental 

functions of the ER: Ca2+ signalling and lipid transfer. PM proteins which form 

junctions with the ER typically form puncta across the cell surface. As discussed 

previously, PERP localised to protein islands across the PM and areas of the 

membrane which were involved in cell adhesion. In addition, PERP localised to 

domains of the PM which formed contacts with the SERCA2b/ORP8L-containining ER. 

Together this therefore suggested that PERP localised to junctional and non-

junctional PM regions. ER-PM points of contact should be characterised in PERP 

knockout cells to conclusively determine whether PERP is an ER-PM junctional 

protein.  

 

Regulation of ER calcium signalling 

The ER is the major Ca2+ store of the cell which maintains a relatively low 

concentration of Ca2+ in the cytoplasm of resting cells. However, the ER also acts as 

a highly dynamic Ca2+ reservoir which regulates many cellular processes and is 

critically important in the regulation of apoptosis (Brini and Carafoli, 2009). Here, we 

identified a highly consistent and specific interaction between the apoptosis effector 

protein PERP and the ER Ca2+ pump SERCA2b, which translocates Ca2+ from the 

cytoplasm into the ER in an ATP-dependent manner. An interaction between PERP 

and SERCA2b was detected by both pull-down and co-immunoprecipitation in UM 

cells and by co-immunoprecipitation in colon cancer cells. In addition, PERP and 
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SERCA2b were found to co-localise at ER-PM points of contact in cervical cancer cells. 

PERP was specifically found to interact with the housekeeping SERCA2b isoform, 

which is expressed in all cell types, although an interaction with SERCA2a/c was not 

disproved. SERCA2b has a unique C-terminal extension which mediates protein-

protein interactions which do not occur with SERCA2a/c (Bayle et al., 1995). It is 

therefore possible that PERP could specifically interact with SERCA2b, although the 

interacting protein domains were not characterised during this study.  

Instead, we focused on the functional significance of the interaction between PERP 

and SERCA2b with regards to apoptosis induction. Both inhibition and activation of 

SERCA2b results in toxic Ca2+ signalling which mediates apoptosis (Marchi et al., 

2017). We showed that during conditions of ER stress, SERCA2b accumulated in ER 

tubules which were in contact with the PM and increasingly interacted with PERP. 

Remarkably, using the physiological HeLa BAC Venus-PERP model cell line, we found 

that the levels of PERP were highest in regions where SERCA2b accumulated. This 

suggested that SERCA2b held PERP in PM regions which contacted with the ER. 

SERCA2b had a similar distribution to that induced by ER stress in response to 

exogenous SERCA2b expression above resting levels; SERCA2b accumulated in 

puncta at the cell periphery and PERP also accumulated within these regions. 

Increased SERCA2b expression also led to a time-dependent stabilisation of PERP 

protein which correlated with apoptosis induction. Together these findings suggest 

that in response to cellular stress, such as ER stress, SERCA2b accumulates in the cER 

regions and interacts with PERP at ER-PM points of contact (Figure 6.1). This 

interaction leads to the stabilisation of PERP protein and the induction of apoptosis.   

The activity of SERCA2b is regulated by redox modifications and multiple calcium-

sensitive pathways have been identified which contribute to this (Chernorudskiy and 

Zito, 2017). The function of SERCA2b is tightly controlled by a balance between such 

pathways. Unfortunately, we were unable to detect the oxidation state of SERCA2b 

using a published dimedone-based approach during this study. p53 was previously 

shown to interact with SERCA2 at MAMs, which mediated the activation of SERCA2 

and increased ER-MAM Ca2+ signalling under stress conditions (Giorgi et al., 2015c). 

Future studies should attempt to determine the effect of the interaction between 
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PERP and SERCA2b on the oxidation state and activity of SERCA2b, and any 

involvement of p53 in this process.  

Interestingly, MYO1C activity is regulated by an interaction with the Ca2+ sensor 

protein CaM. CaM binding results in MYO1C stabilisation and motor activity. 

Increased cytoplasmic Ca2+ levels results in the dissociation of CaM from MYO1C, 

inhibiting its actin-gliding activity (Manceva et al., 2007, Lu et al., 2014). Importantly, 

the localisation of MYO1C at the membrane means that it is likely to be exposed to 

Ca2+ fluxes which are capable of regulating its activity. This is interesting since it raises 

the possibility that MYO1C-mediated PERP trafficking/degradation is regulated by 

Ca2+, providing a feedback mechanism with the PERP-SERCA2b interaction.  

SOCE is activated in response to Ca2+ depletion from the ER and results in the influx 

of Ca2+ from the extracellular space (Smyth et al., 2010). SERCA2b mobilises to SOCE 

junctions, tethered by interactions between STIM1 and Orai1, in response to Ca2+ 

depletion from the ER to ensure that the ER is efficiently refilled and returns to 

homeostasis (Manjarres et al., 2010). However, there is inevitably a transient 

increase in the Ca2+ concentration of the cytoplasm at localised regions surrounding 

SOCE junctions which can activate signalling pathways, including the transcription 

activity of NF-κB (Dolmetsch et al., 1997). The activity of SOCE also provides toxic 

levels of Ca2+ which induces apoptosis, involving both Orai1 and SERCA Ca2+ 

conducting activity (Flourakis et al., 2010, Pinton et al., 2001b). The localisation of 

PERP at SOCE junctions, involving STIM1 and Orai1, and its function in the regulation 

of ER Ca2+ refilling via the SERCA2b pump should be determined. Previously it was 

shown that PERP increases mitochondrial membrane permeability to induce cell 

death and so the requirement of Ca2+ oscillations in this process should be 

characterised. 

The ER and Ca2+ are both master regulators of apoptotic cell death. Pro-apoptotic 

and anti-apoptotic pathways converge to regulate key molecules which control Ca2+ 

fluxes from the ER to the mitochondria (Marchi et al., 2017). Based on the data 

described here, we propose that during apoptosis PERP increases at the PM where it 

interacts with SERCA2b at ER-PM junctions involving STIM1 and Orai1. The 
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interaction between PERP and SERCA2b activates the Ca2+ pumping activity of 

SERCA2b to induce toxic levels of ER Ca2+ which is subsequently released via IP3Rs at 

MAMs, inducing mitochondrial destabilisation and apoptosis induction (Figure 6.2).   

 

 

 

PERP is a key apoptosis effector protein since it is specifically induced during 

apoptosis (Attardi et al., 2000). Our data suggested that PERP modulates intracellular 

Ca2+ levels via the ER to induce apoptosis. Increased PERP during cellular stress would 

disrupt ER Ca2+ homeostasis to favour apoptosis. PERP has a high sequence similarity 

with established Ca2+ channels and the related PMP-22 protein interacts with the ion 

channel P2X(7) in the PM to induce apoptosis (Ihrie and Attardi, 2004). It therefore 

remains possible that PERP functions in the influx of Ca2+ from the extracellular space 

in combination with the modulation of ER Ca2+ levels to rapidly induce cell death. 

Dynamic Ca2+ signalling experiments should be performed to determine how PERP 

affects both Ca2+ influx into the cell and the ER in healthy and apoptotic cells. In 

addition, the ability of the pathways which regulate PERP (autophagy/p53/MYO1C) 

and the PERP protein to sense intracellular Ca2+ levels should be characterised, e.g. 

post-translational modifications of PERP in response to increased cytoplasmic Ca2+ 

levels which affects its protein stability.  

 

Figure 6.2. Schematic of the PERP-SERCA2 hypothesis. Transient ER-PM points of contact 

form tethered by Orai1 and STIM1, activating the influx of calcium from the extracellular 

space via Orai1 channels. SERCA2 mobilises to these junctions where it interacts with PERP 

in the PM for activation of calcium transfer into the ER. The high concentration of calcium in 

the ER is released for mitochondrial overload and apoptosis induction.  
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PERP-mediated ER stress signalling  

Exogenous expression of PERP specifically induces PERP-mediated signalling and was 

previously shown to activate p53 and induce apoptosis (Davies et al., 2011, Davies et 

al., 2009). During this study we showed that PERP protein is increased in response to 

severe ER stress and that exogenous expression of PERP induced an increase in the 

phosphorylated form of the NF-κB subunit p65 and the ER stress modulator PERK. 

Currently the only pathway which is known to involve p53, p65 and PERK is the UPR-

mediated apoptosis response; phosphorylated PERK promotes apoptosis by 

activating NF-κB-mediated p53 transcription and regulating the alternative splicing 

of p53ΔN40 which favours cell death (Jiang et al., 2003a, Lin et al., 2012, Bourougaa 

et al., 2010).  

We therefore sought to determine whether PERK and p65 activity are required for 

the PERP/p53 feedback loop. Inhibition of p65 activity prevented the induction of the 

PERP/p53 feedback loop by exogenous PERP expression compared to non-treated 

cells. However, a decrease in the levels of phosphorylated PERK was also induced by 

the p65 inhibitor. This meant that it was not possible to exclusively determine the 

effect of the loss of p65 activity on PERP signalling. However, it could be concluded 

that a reduction in both phosphorylated PERK and p65 prevented the PERP/p53 

signalling loop, which suggested that PERK and p65 activity are required for the PERP-

mediated stabilisation of p53.  

PERKinh prevents ER stress-induced PERK phosphorylation, but can drive 

dimerization of PERK via its cytoplasmic domains (Axten et al., 2012, van Vliet et al., 

2017). PERKinh prevented the increase in p53 induced by PERP expression, but had 

no significant effect on the endogenous PERP levels at 48 hours post-transfection 

compared to non-treated cells. However, after 72 hours of treatment with PERKinh, 

a 25 fold increase in the endogenous PERP protein was observed. Although this 

finding suggested that PERK phosphorylation was required for PERP to feedback on 

p53 but not itself, chronic PERKinh is known to induce multiple severe phenotypes, 

including the generation of Ca2+ fluxes and the dysregulation of SOCE (Wang et al., 

2013). It is therefore possible that the dramatic increase in PERP levels after 
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sustained PERKinh is due to the activation of Ca2+ oscillation pathways. This data 

therefore supported the hypothesis that PERP, p53, p65 and PERK signalling are 

intimately linked, but the precise signalling network remains to be characterised.  

During ER stress NF-κB is activated by both a PERK/eIF2α-mediated translation 

inhibition-dependent decrease in its negative regulator IκBα and a TRAF2-mediated 

activation of IKK by IRE1; these pathways are believed to co-operate to activate NF-

κB in response to ER stress (Tam et al., 2012). NF-κB then stimulates a positive 

feedback loop with TNFα to push cells into apoptosis requiring caspase 8 (Hu et al., 

2006). Although increased PERP expression induced PERK phosphorylation, the 

activation of downstream molecules eIF2α and CHOP, which regulate translation 

inhibition and apoptosis respectively, was not found. This suggested that the PERP-

mediated phosphorylation of PERK was not functional in the canonical UPR pathway. 

Therefore, since eIF2α was not engaged, this indicated that the induction of NF-κB 

by PERP was not dependent on PERK/eIF2α-mediated translation inhibition; although 

this negative result should be interpreted with caution since changes to eIF2α may 

have been lower than the detection limit.  

Interestingly, unpublished data from our lab identified an interaction between PERP 

and the TNF signal transducer TRAF2. TRAF2 has multiple roles in the regulation of 

apoptosis in response to ER stress, including: (i) activation of the pro-apoptotic 

ASK1/JNK pathway; (ii) activation of NF-κB via interactions with IRE1 and IKK; (iii) 

activation of caspase 12 (Urano et al., 2000, Hu et al., 2006, Yoneda et al., 2001). 

Therefore, the interaction between TRAF2 and PERP could promote the activation of 

NF-κB to induce apoptosis mediated by caspase 8/12.  

Taken together, our data suggested that during ER stress PERP protein is stabilised 

and interacts with the adapter protein TRAF2. TRAF2 mediates the activation of NF-

κB, potentially via interactions with IKK and IRE1, which subsequently induces TNFα 

feedback and p53 transcription to mediate caspase-dependent apoptosis. 

PERP expression correlated with the selective phosphorylation of PERK, with no 

changes to the level of UPR effectors eIF2α and CHOP. This suggested that PERK 

phosphorylated via the PERP signalling cascade was not functional in UPR induction 
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and so the question remains as to what the downstream effect of this is. In addition 

to regulating translation and apoptosis in response to ER stress, PERK also plays a key 

role in the induction of autophagy. The PERK-induced transcription factors ATF4 and 

CHOP upregulate many genes required for autophagy flux (Liu et al., 2015); since no 

changes to the level of phosphorylated eIF2α and CHOP were observed in response 

to PERP expression, activation of this pathway seems unlikely based on our current 

data. However, PERK can also induce autophagy in a transcription-independent 

manner via the inactivation of mTOR in response to cell detachment (Avivar-Valderas 

et al., 2012). In addition, the IRE1/TRAF2 pathway induces the activation of JNK which 

ultimately leads to the phosphorylation of Bcl-2 and its release from BECN1, 

promoting autophagy induction (Ding et al., 2007a). Together, these findings suggest 

that PERP could influence autophagy induction via interacting with TRAF2 and 

phosphorylating PERK. This would generate a feedback mechanism to balance the 

autophagy/apoptosis response. If homeostasis is not restored, the chronic induction 

of autophagy would further increase PERP stability and promote apoptosis induction; 

generating the PERP feedback detected in response to exogenous expression.  

PERK also has UPR-independent functions in the regulation of ER-PM junction 

formation in both resting cells and in response to Ca2+ depletion from the ER. After 

store depletion PERK is rapidly phosphorylated, independent of its ER stress sensing 

domain. PERK dimers interact with the actin-binding protein filamin A to generate 

cytoskeletal rearrangements which enable the formation of cER and ER-PM junctions 

involving both STIM1 and E-Syt1. In this process PERK plays an important scaffolding 

role to co-ordinate efficient ER-PM junction formation (van Vliet et al., 2017). In 

addition, in response to depletion of Ca2+ from the ER, PERK activates SERCA to 

mediate the uptake of Ca2+ into the ER and the induction of SOCE (Roderick et al., 

2000). Possible hypothesises are therefore that PERP induces the phosphorylation of 

PERK to: (i) promote the generation of new ER-PM points of contact for its 

interactions with SERCA2b/ORP8L; (ii) further induce the activation of SERCA to 

promote the generation of toxic ER Ca2+ levels.  

However, the precise molecular mechanism governing the phosphorylation of PERK 

in response to an increase in PERP expression is not understood. Interestingly, the ER 
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membrane protein TMEM33 was identified as a protein interacting partner of PERP 

by mass spectrometry during this study, although this could not be confirmed due to 

the lack of a specific commercially available antibody. TMEM33 is induced by ER 

stress and its exogenous expression drives UPR signalling (involving PERK/ATF/CHOP 

and IRE1/XBP-1), autophagy and apoptosis. Furthermore, TMEM33 is a protein 

binding partner of PERK (Sakabe et al., 2015). Together with our data, this supports 

a hypothesis that PERP and TMEM33 interact to induce the activation of PERK and 

promote autophagy/apoptosis signalling. Future studies should further characterise 

this interaction and determine whether TMEM33 localises to the cER.  

It should be noted that ER stress, PERK, p65, p53 and caspase enzymes can all be 

activated by changes to intracellular Ca2+ levels (Thastrup et al., 1990, Dolmetsch et 

al., 1997, Wang et al., 2013, Scotto et al., 1998, Nakagawa et al., 2000). It therefore 

remains possible that PERP indirectly activates such signalling pathways by 

generating Ca2+ oscillations via the PERP-SERCA2b axis. Furthermore, we cannot rule 

out at present that the activation of PERK by exogenous PERP expression is not an 

artefact of the induction of a subtle ER stress response.  

The data generated from this study suggests that PERP promotes the 

phosphorylation of PERK without engaging downstream UPR signalling. This could 

potentially mediate either autophagy induction or ER-PM junction formation. Future 

studies should address these mechanisms to uncover the function of PERP in 

response to ER stress.  

 

Regulation of PM lipid composition  

Lipids are synthesised in the ER and are either delivered to the appropriate 

membrane in vesicles or are directly exchanged at organelle points of contact (van 

Meer et al., 2008). The delivery of lipids at inter-organelle junctions is particularly 

important to enable a rapid response to changes in cellular conditions. The ER 

membrane protein ORP8L tethers regions of the ER to the PM by interacting with 

PI4P lipids in the PM. ORP8L counter-transports PI4P and PS at ER-PM points of 
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contact to enrich the PM with PS (Chung et al., 2015). PS is distributed specifically to 

the inner PM by the action of flippase enzymes (Günther Pomorski and Menon, 

2007). During this study we identified a specific and consistent interaction between 

PERP and ORP8L and showed that this is likely to occur at junctions between the ER 

and PM.  

Increased expression of ORP8L was previously shown to activate UPR signalling and 

apoptosis, involving PERK, p65, p53 and the Fas death receptor (Zhong et al., 2015). 

We therefore tested whether exogenous ORP8L expression affected the protein 

levels of PERP and found that although ORP8L induced apoptosis in UM cells, no 

increase in PERP mRNA/protein was detected. This suggested that ORP8L did not 

require an increase in PERP levels to induce cell death. However, PERP and ORP8L 

both independently activate PERK, p65, p53 and apoptosis, and so future studies 

should detect whether they co-operate to do so.  

During apoptosis scramblase enzymes promote the externalisation of PS to the outer 

membrane. Scramblase are activated by either an increase in intracellular Ca2+ or 

cleavage by caspase enzymes (Segawa and Nagata, 2015). External PS is recognised 

by macrophages to ensure the rapid removal of apoptotic cells by phagocytosis 

(Wang et al., 2003). During this study we showed that expression of Halo-PERP 

induced the externalisation of PS, which was detected using Annexin V as a marker 

of apoptosis. Until this point, the PERP-mediated externalisation of PS was presumed 

to be due to the activation of caspases. However, the interaction between PERP and 

ORP8L suggests a more direct role for PERP in the regulation of PS exposure. Based 

on this recent data, we hypothesise that PERP interacts with ORP8L at ER-PM 

junctions to enrich the PM with PS for efficient phagocytosis (Figure 6.3). Knockdown 

of PERP promotes an inflammatory response and these recent findings would suggest 

that this is potentially due to a decrease in the efficiency of PS externalisation and 

the recognition of apoptotic cells by phagocytes (Dusek et al., 2012).   

Future work should firstly characterise the domains of PERP and ORP8L which 

interact and the affinity of this interaction with respect to the interaction of ORP8L 

and PI4P, i.e. is ORP8L mainly held at the PM by PI4P or does PERP play a big role in 
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this? In addition, the effect of PERP on ORP8L activity should be characterised to 

determine whether the interaction is structural or functional and subsequently the 

effect of PERP on the lipid composition of the PM in resting and dying cells should be 

determined. Finally, the requirement of Ca2+-dependent and independent 

scramblases should be characterised to understand whether this function of PERP is 

sensitive to intracellular Ca2+ levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Schematic of the PERP-ORP8L hypothesis. Under resting conditions PERP 
transiently interacts with ORP8L at ER-PM junctions to regulate the levels of PS in 
the PM. In apoptotic cells PERP accumulates at the PM and increasingly interacts 
with ORP8L to promote the accumulation of PS in the PM for efficient phagocytosis.  
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6.4. Implications for PERP deficient tumours   

PERP expression is downregulated in many epithelial cancers which promotes the 

initiation and progression of both primary and secondary tumours. Mechanisms 

governing the loss of PERP during tumorigenesis include: (i) PERP LOH; (ii) p53 

mutation; (iii) monosomy 3-associated p63 downregulation; (iv) ErbB2 

overexpression (Hildebrandt et al., 2001, Reczek et al., 2003, Awais et al., 2016, Khan 

et al., 2016). PERP contributes to apoptosis, cell adhesion and inflammation and so 

its loss confers a selective advantage for the development of aggressive tumours. 

Many PERP deficient tumours are highly resistant to the current non-selective cancer 

drugs due to the ability of the tumours to resist cell death cues. For these reasons, 

PERP could be used as a biomarker to predict both patient prognosis and the 

efficiency of chemo- and radiotherapy treatments. However, we should also aim to 

develop novel treatments to target PERP and sensitise cancer cells to apoptosis. This 

study uncovered mechanistic properties of PERP which provided a better 

understanding of the intrinsic aggressiveness of PERP deficient tumours and has 

identified pathways which could be targeted in their treatment.  

 

Cross-talk between ER stress, autophagy, calcium fluxes and apoptosis   

The ER stress, autophagy and apoptosis pathways are closely linked by many 

mechanisms to ensure an efficient and co-ordinated response to cellular stress. The 

UPR and autophagy promote cell repair, but both pathways engage apoptosis if this 

is not achieved (Booth et al., 2014, Tabas and Ron, 2011). The identification of 

molecules which mediate such cross-talk is key to understanding how cell fate is 

determined. ER stress, autophagy and apoptosis pathways are regulated by Ca2+ 

oscillations and this is an important determinant of cell fate since the mitochondria 

is highly sensitive to increased Ca2+ at MAMs and PM-mitochondria junctions (Kania 

et al., 2015).  

Findings from this study showed that the apoptosis effector protein PERP is 

upregulated during conditions of sustained ER stress and autophagy, and interacts 
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with the ER Ca2+ pump SERCA2b. These functions are likely to contribute to the 

aggressive nature of PERP deficient tumours by one or a combination of the following 

mechanisms: 

 

1. Dysregulating ER stress/autophagy-mediated apoptosis  

Cancer cells exploit the pro-survival ER stress and autophagy pathways and inhibit 

the pro-death apoptosis pathway to ensure their continued survival. ER stress and 

autophagy are both activated in tumour cells due to factors such as their high 

metabolic demand and the lack of vasculature results in areas of the tumour which 

are highly hypoxic and deficient in nutrients (Benbrook and Long, 2012). Activation 

of these pathways enables cancer cells to continue to proliferate in an unfavourable 

environment. For example, both autophagy and PERK/IRE1 signalling are upregulated 

in highly hypoxic tumour regions and promote growth under such conditions (White, 

2015, Constantinos, 2006). Non-transformed cells are protected against sustained ER 

stress and autophagy as both pathways induce apoptosis if cellular homeostasis is 

not restored (Benbrook and Long, 2012). It therefore follows that tumour cells must 

resist such apoptosis pathways to ensure their continued survival.  

Here, we showed that PERP protein was stabilised in response to both ER stress and 

starvation-induced autophagy and this correlated with apoptosis induction in the 

latter. These findings suggested that the apoptosis effector protein PERP is 

selectively induced to mediate cell death in response to chronic UPR and autophagy 

signalling. The loss of PERP expression is therefore likely to contribute to an 

aggressive tumour nature by preventing apoptosis induced by ER stress and 

autophagy; PERP loss is protective against oncogenic transformations (high 

metabolic demand, expression of mutant proteins, increased secretion) and the 

tumour microenvironment (low levels of oxygen/nutrients and pH) which activate ER 

stress and autophagy. This is supported by a study which showed that the 

downregulation of PERP in tumours aids resistance to hypoxia (Kiseljak-Vassiliades et 

al., 2017).  
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Based on this, we therefore believe that PERP deficient tumour cells acquire the 

ability to upregulate the UPR and autophagy to adapt to their microenvironment 

without inducing cross-talk to the apoptosis pathway. 

 

2. Promoting cell detachment and resistance to anoikis  

Autophagy is also induced in response to cell detachment to promote cell survival 

and reattachment. During metastasis tumour cells must resist detachment-induced 

apoptosis and generate the nutrients required for survival whilst they travel through 

the body; the latter of which is mediated by increased autophagy (Coates et al., 

2010). PERP expression is often reduced in metastases compared to the primary 

tumour and is therefore protective against secondary tumour initiation (Hildebrandt 

et al., 2001, Paraoan et al., 2006).   

For tumour cells to metastasise they must reduce their cell-cell and cell-matrix 

adhesion (Okegawa et al., 2002). Although not investigated during this study, PERP 

plays a fundamental role in cell-cell adhesion and so its downregulation is likely to 

promote the initial detachment of cells from the tumour mass which is required for 

metastasis.  

Here, we showed that PERP protein is selectively regulated by the autophagy-

lysosomal pathway. PERP was previously shown to induce apoptosis after cell 

detachment and the loss of PERP was found to promote anoikis resistance. PERP was 

downregulated in ErbB2 positive breast cancer cells due to the activation of the MEK 

signalling pathway which led to the inhibition of Cbl and a decrease in the lysosomal 

degradation of the EGFR. Activation of the EGFR induced the downregulation of PERP 

which contributed to the anoikis resistance of the breast cancer cells (Khan et al., 

2016). The EGFR regulates the level of autophagy to dictate cell fate and so we 

previously hypothesised that PERP is stabilised for apoptosis induction in response 

to high levels of autophagy mediated by the loss of EGFR activity. It therefore follows 

that in ErbB2 positive breast cancer cells, which have activated EGFR, PERP protein is 

not induced after cell detachment due to the EGFR-mediated regulation of 

autophagy at a level which promotes cell survival. Furthermore, downregulation of 
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PERP is likely to aid the resistance to apoptosis induced by sustained autophagy 

during metastasis.  

PERP deficiency is a determinant of metastatic potential in many human cancers. The 

results from this study have advanced the understanding of how PERP 

downregulation promotes the formation of secondary tumours, involving: (i) the 

reduction of cell-cell adhesion; (ii) resistance to detachment-induced cell death; (iii) 

resistance to apoptosis induced by sustained autophagy. 

 

3. Remodelling of ER calcium signalling  

Many oncogenic processes are driven by the remodelling of intracellular Ca2+ 

oscillations. This is achieved by either the direct mutation or dysregulation of Ca2+ 

receptors, pumps and binding proteins or the indirect effect of tumour suppressor 

proteins and oncogenes which regulate Ca2+ signals. Ca2+ is a fundamental regulator 

of cell fate and so its dysregulation is involved in the apoptosis resistance of tumour 

cells (Bittremieux et al., 2016).  

Here, we identified an interaction between PERP and the major ER Ca2+ pump 

SERCA2b at ER-PM junctions, which increased in response to ER stress and SERCA2b-

driven apoptosis. This suggested that PERP induces apoptosis by interacting with 

SERCA2b and we proposed that PERP increased the activity of SERCA2b to generate 

toxic ER-mitochondria Ca2+ signals. Ca2+ oscillations are tightly regulated by 

competing pro-apoptotic and anti-apoptotic pathways and it is the dominant 

pathway which dictates cell fate (Marchi et al., 2017). Our findings suggest that PERP 

deficient tumours lack a PERP-SERCA2b signalling axis and so undergo Ca2+ signalling 

remodelling. Furthermore, the loss of the pro-apoptotic protein PERP would disturb 

the equilibrium regulating SERCA2b activity, favouring cell survival.  

Generally a molecule which stimulates ER-MAM Ca2+ transfer functions as a tumour 

suppressor and a molecule which inhibits ER-MAM Ca2+ transfer functions as an 

oncogene (Bittremieux et al., 2016). For example, the tumour suppressor protein p53 

interacts with SERCA2 and stimulates ER-MAM Ca2+ transfer and apoptosis induction. 
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However, mutant p53 was not functional in the regulation of SERCA2 activity (Giorgi 

et al., 2015c). PERP is known to have tumour suppressive roles since it is protective 

over oncogenic transformation and its loss results in tumorigenesis. This therefore 

supports our hypothesis that PERP activates SERCA2b to induce ER-MAM Ca2+ 

transfer.   

The ER tightly regulates intracellular Ca2+ oscillations to ensure homeostasis and 

mediates pro-apoptotic signalling to the mitochondria in response to cellular stress 

(Marchi et al., 2017). Our findings into the mechanism of action of PERP suggest that 

its downregulation in tumour cells disturbs the Ca2+-mediated apoptosis signals from 

the ER.  

 

Novel avenues for therapeutic intervention  

PERP deficient tumours are highly resistant to non-selective chemo- and 

radiotherapy and so require a targeted approach for treatment (Paraoan et al., 2006, 

Kong et al., 2013). Increased expression of PERP sensitises tumour cells to apoptosis 

and so PERP deficient cancers could potentially be treated by restoring/enhancing 

the expression of PERP using a gene therapy system (Davies et al., 2009, Kiseljak-

Vassiliades et al., 2017). PERP gene therapy has been shown to inhibit angiogenesis 

and induce apoptosis in a p53 mutant tumour xenograft in vivo (Chen et al., 2011). 

As PERP functions downstream of p53, induction of PERP-mediated apoptosis would 

sensitise both PERP and p53 deficient tumours to death. p53 is the most common 

genetic change observed in human cancers and so this approach could be used to 

treat a high proportion of aggressive cancers.  

However, characterisation of the PERP-mediated signalling pathway which is 

dysregulated in PERP deficient tumours allows for an informed decision on an 

appropriate form of personalised treatment. Specific drugs could be used to induce 

tumour cell death by either upregulating PERP or by targeting the pathways which 

the cells require for continued survival. For example, the data presented here 

suggested that PERP regulates SERCA2b to induce cell death. Inhibition or activation 
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of SERCA2 induces apoptosis and drugs are currently being developed to target this 

pathway. For example, a targeted thapsigargin-based drug which inhibits SERCA 

activity has been developed for the treatment of prostate tumours and induces 

tumour regression in vivo (Denmeade et al., 2003, Denmeade et al., 2012). The 

success of such treatments requires an efficient targeting mechanism and so the 

identification of tumour specific markers is imperative. Chemical inhibition of SERCA 

would dramatically increase the cytosolic levels of Ca2+ and rapidly induce apoptosis, 

overcoming the remodelling observed due to PERP downregulation. This has also 

been achieved by the expression of SERCA or MCU in p53 deficient tumour cells, 

which upregulated the ER-MAM Ca2+ pathways and sensitised them to photodynamic 

therapy (Giorgi et al., 2015a).  

ER stress and autophagy play a key role in the resistance of tumours to both non-

selective (chemo- and radiotherapy) and selective (anti-EGFR, anti-angiogenesis) 

cancer therapies (Luo and Lee, 2012, Pàez-Ribes et al., 2009, Fulda and Kögel, 2015, 

Sooro et al., 2018). These pathways are essential for the survival of tumour cells and 

so can be targeted to induce tumour cell death. For example, activation of the UPR 

in combination with chemotherapy or autophagy inducing drugs would tip the 

balance towards apoptosis induction; manipulating the pathways that tumour cells 

exploit for survival (Deegan et al., 2013). ER stress and autophagy pathways engage 

multiple mechanisms to cross-talk with apoptosis effectors and mediate cell death 

(Benbrook and Long, 2012). We have found that PERP increased in response to 

prolonged ER stress and autophagy induction in UM and colon cancer cells. 

Previously it was shown that p63-deficient UM cells are unable to induce an increase 

in PERP protein levels in response to both TRAIL and UV treatment (Awais et al., 

2016). Our findings therefore show that it is possible to upregulate PERP by 

manipulation of its protein stability, bypassing the need for its transcription factors 

which are often mutated/dysregulated in tumours. Drugs targeting the 

autophagy/UPR pathways would induce an increase in PERP for cross-talk with 

apoptosis, sensitising tumour cells to chemotherapy.  

There is no doubt that the future of cancer medicine requires a personalised 

approach. Tailored drugs should target specific pathways to ensure that tumours are 



224 

 

effectively treated and that survival rates are improved. This study has made 

progress in understanding the mechanism of action of PERP which is lost in many 

cancers and thus pinpointing possible novel routes for therapeutic intervention.  

 

 

6.5. Future directions and closing remarks  

This study of the protein-protein interactions of PERP in UM cells has uncovered 

fundamental mechanisms which contribute to our understanding of the cross-talk 

between the cellular responses which dictate cell fate. This approach enabled us to 

make discoveries that would not have been hypothesised based on our previous 

knowledge of the mechanism of action of PERP. Two major themes have arisen from 

this research, which pave the way for future studies: 

 

1. Regulation of PERP protein levels in the PM  

PERP is regulated by a complex interaction of competing mechanisms. Studies into 

the dynamics between PERP translation, exocytosis, endocytosis and degradation in 

healthy and apoptotic cells should address: (i) the regulation of PERP mRNA stability 

and translation; (ii) the requirement of release signals for PERP exosome Golgi to PM 

trafficking and the role of motor proteins and the cytoskeleton in their translocation; 

(iii) post-translational modifications of PERP which signal for its uptake from the PM; 

(iv) the composition of endosomes which regulate PERP uptake and the dynamics of 

its recycling and degradation.  

 

2. PERP-mediated apoptosis at ER-PM junctions  

The presence and function of PERP at ER-PM junctions in healthy and apoptotic cells 

should be characterised with respect to intracellular calcium fluxes and PM lipid 

composition. Details which should be addressed include: (i) the presence of PERP at 

characterised junctions which regulate calcium and lipid signalling; (ii) the role of 
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PERP in the regulation of SERCA2/ORP8L activity and/or distribution (is this a 

structural or functional interaction?); (iii) the composition of PERP-SERCA2 and PERP-

ORP8L junctions; (iv) the conditions required for PERP junction formation and 

dissolution. The data presented in this study highlighted novel mechanisms of 

apoptosis induction involving organelle points of contact. Such future studies will 

contribute to an understanding of the fundamental role of inter-organelle 

communication in the regulation of cell fate.  
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Buffer Recipes 

DNA analysis 

5x TBE stock, used at 0.5x    

0.4 M Tris, 0.4 M Orthoboric acid, 0.01 M EDTA  

 

 

 

 

pH to 8.3 with orthoboric acid. 

 

6x DNA loading buffer, used at 1x 

33.3% Glycerol, 0.5 mM EDTA, 0.1% Bromophenol blue 

 

 

 

 

Protein analysis 

Laemmli lysis buffer      

0.128 M β-mercaptoethanol, 40 mM Tris, 10% Glycerol, 1% SDS, 0.01% Bromophenol blue 

 

 

 

 

 

Tris 54 g 

Orthoboric acid 27.5 g 

0.5 M EDTA, pH 8.0 20 ml 

dH20 To 1 l 

Glycerol 1.5 ml 

0.5 M EDTA 5 µl 

Bromophenol blue 0.25% (w/v) 

dH20 5 ml 

10% SDS 10 ml 

Glycerol 10 ml 

Β-mercaptoethanol 10 ml 

0.25 M Tris, pH 6.8 16 ml 

1% Bromophenol blue 1 ml 

dH20 To 100 ml 
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5x running buffer, used at 1x 

0.125 M Tris, 1.25 M Glycine, 0.5% SDS 

 

 

 

 

 

Resolving gel buffer      

3M Tris-HCl, pH 8.85       

 

 

pH to 8.85 with HCl      

 

Stacking gel buffer 

0.25 M Tris-HCl, pH 6.8  

 

 

 

pH to 6.8 with HCl 

   

Wash buffer        

0.02 M Tris, 0.14 M NaCl, 0.1% Tween-20, pH 7.6  

 

 

 

 

Blocking buffer      

0.02 M Tris, 0.14 M NaCl, 0.1% Tween-20, 5% (w/v) non-fat dry milk or BSA 

    

Tris 15.1 g 

Glycine 94 g 

10% SDS 100 ml 

dH20 To 1 l 

Tris 36.33 g 

dH20 To 100 ml 

Tris 3.028 g 

dH20 To 100 ml 

10x TBS 100 ml 

Tween-20 1 ml 

dH20 To 1 l 

Wash buffer 100 ml 

Powdered milk/BSA 5 g 
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Transfer buffer 1         

0.0125 M Tris, 0.125 M Glycine, 0.05% SDS, 23.3% Ethanol     

 

 

 

 

Transfer buffer 2 

0.025 M Tris, 0.25 M Glycine, 20% Methanol  

 

 

 

Optimised for use with antibodies from New England Biolabs  

 

Stripping solution 

0.06 M Tris, 2% SDS, 0.7% β-mercaptoethanol 

 

      

  

pH to 6.7 with HCl 

175 µl of β-mercaptoethanol/25 ml stripping solution added fresh before use  

 

10x TBS 

0.2 M Tris, 1.4 M NaCl, pH 7.6 

Tris 24.2 g 

Sodium chloride  80 g 

dH20 To 1 l 

pH to 7.6 with HCl 

 

 

 

5x Running buffer 100 ml 

100% Ethanol 233 ml 

dH20 To 1 l 

5x Running buffer (no SDS) 200 ml 

100% Methanol 200 ml 

dH20 To 1 l 

3 M Tris  10.4 ml 

10% SDS 100 ml 

dH20 To 500 ml 
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APPENDIX 2 
 

MASS SPECTROMETRY DATA  
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Table 1. Preliminary HaloTag protein pull-down mass spectrometry results. HaloTag 
and Halo-PERP interacting proteins were removed from the HaloLink resin in four 
successive SDS elutions, identified by LC-MS/MS and quantified using Maxquant. 
The intensity value of proteins that were identified in more than one HaloTag or 
Halo-PERP elution were averaged. Proteins that were >1.5 times higher in Halo -
PERP than HaloTag are highlighted 

Gene Name Protein Name HaloTag Halo-PERP 

CCDC87 Coiled-coil domain-containing protein 87 0 11193250 

RNF169 E3 ubiquitin-protein ligase RNF169 0 3514475 

SPTBN2 Spectrin beta chain, non-erythrocytic 2 0 2242950 

ELMO1 Engulfment and cell motility protein 1 0 1379050 

ATP13A5 Cation transporting ATPase 0 1358923 

RSF1 Remodeling and spacing factor 1 0 1218750 

TMEM132E Transmembrane protein 132E 0 479625 

CIAPIN1 Cytokine induced apoptosis inhibitor 1 524125 1325490 

USP36 Ubiquitin carboxyl-terminal hydrolase 36 259875 2498555 

BSCL2 Berardinelli-Seip congenital lipodystrophy 2 (seipin)  816875 1789375 

ATG7 Ubiquitin-like modifier-activating enzyme ATG7 1018360 2134325 

POLA2 DNA polymerase alpha subunit B 173740 447517.5 

IRGM Immunity-related GTPase family M protein 2287605 1985855 

EFCAB5 EF-hand calcium-binding domain-containing protein 5 2577375 1512308 

ACTG1 Actin, cytoplasmic 2 3118650 1233400 

CCDC150 Coiled-coil domain-containing protein 150 16193800 627425 

SCHIP1 Schwannomin-interacting protein 1 102667.5 0 

NYAP1 
Neuronal tyrosine-phosphorylated phosphoinositide-
3-kinase adapter 1 

1244463 1057255 

ITSN1 intersectin 144345 0 

DST Dystonin 8201350 0 

HSPA8 Heat shock cognate 71 kDa protein 2691618 388025 

HAX1 HCLS1-associated protein X-1 238470 0 

FAM154A Protein FAM154A 7426325 7351250 

ZC3H14 zinc finger CCCH-type containing 14 1166995 0 

MTNR1B Melatonin Receptor 1B 60067.5 0 

NAV3 Neuron navigator 3 2623850 1857943 

HSPA1B/1A Heat shock 70 kDa protein 1B/1A 124777.5 0 

ZNF23 Zinc finger protein 23 3098200 3837925 

ACTR1B Beta-centractin 4571975 2824580 

DCD Dermcidin;Survival-promoting peptide;DCD-1 129292.5 0 

ZNF235 Zinc finger protein 235 3620250 1219423 

CIART Circadian-associated transcriptional repressor 1123268 1077238 

MFSD3 
Major facilitator superfamily domain-containing 
protein 3 

226742.5 0 

CCDC113 Coiled-coil domain-containing protein 113 4625100 2552593 

COG5 Conserved oligomeric Golgi complex subunit 5 1589350 539447.5 
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Table 2. Complete mass spectrometry data from three independent HaloTag pull -down experiments. Intensity values generated by 
Maxquant are shown. Proteins that were >1.5 times higher in Halo -PERP than HaloTag in at least two independent experiments are 
highlighted and the 6 proteins which were further validated are at the top.  

Gene 
Name 

Protein Name Experiment 1 Experiment 2 Experiment 3 

  HaloTag Halo-PERP HaloTag Halo-PERP HaloTag Halo-PERP 

PERP p53 effector related to PMP-22 0 1,731,700 0 1,786,600 0 4,110,200 

SERCA2 Sarco/endoplasmic reticulum calcium ATPase 2 0 643,060 0 521,280 0 384,640 

ORP8 Oxysterol-binding protein related protein 8 0 1,582,700 0 924,650 0 311,170 

TMEM33 Transmembrane protein 33 0 0 0 5,019,500 0 4,049,900 

MYO1C Unconventional myosin-1c 0 5,892,000 1,200,000 4,201,700 0 3,968,800 

KRIT1 Krev interaction trapped protein 1 0 74,388,000 0 25,337,200 18,488,000 15,909,800 

CD36 Platelet glycoprotein 4 982,450 1,357,800 794,780 1,356,500 343,630 626,600 

BAG2 BAG family molecular chaperone regulator 2 0 3,532,800 0 4,233,400 0 3,482,700 

CNOT1 CCR4-NOT transcription complex subunit 1 0 297,775,000 507,380 1,434,600 0 242,135,400 

EE1A1 Putative elongation factor 1-alpha-1 1,580,710 11,312,000 691,660 15,323,370 5,669,450 16,985,100 

HSP90AB1 
Heat shock protein 90kDa alpha family class B 
member 1 

1,780,400 5,690,910 0 2,801,600 0 2,793,030 

HSPB1 Heat shock protein family B (small) member 1 0 6,500,400 0 646,420 0 3,599,100 

MYO18B Myosin XVIIIB 3,452,350 36,103,000 0 218,863,000 71,788,000 80,922,900 

RPS18 Ribosomal protein S18 8,801,700 17,127,000 16,069,000 22,256,000 7,486,000 17,141,000 

RPS3 Ribosomal protein S3 0 0 0 559,470 0 720,880 

SLC25A3 Solute carrier family 25 member 3 2,498,100 30,205,700 24,666,000 25,731,500 2,544,300 27,610,900 

SLC25A5 Solute carrier family 25 member 5 2,738,800 45,923,000 9,869,000 66,155,000 4,510,400 66,720,200 

SLFN13 Schlafen family member 13 5,802,600 83,578,000 45,813,500 0 36,166,540 80,326,000 

TUBA1C Tubulin alpha 1c 6,887,300 57,191,000 18,780,000 72,091,000 17,838,000 80,895,000 
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TUBB Tubulin beta class I 5,527,900 33,589,000 9,695,500 36,846,000 8,288,800 44,223,000 

UBB Ubiquitin B 0 73,813,000 758,970 129,447,000 0 46,150,000 

VIM Vimentin 470,170 6,243,400 6,370,800 5,237,800 1,137,200 6,998,320 

ACTG1 Actin gamma 1 21,498,000 75,174,300 244,613,000 63,002,600 97,371,000 96,046,000 

ASPN Asporin 0 0 0 0 0 0 

CAMK1D Calcium/calmodulin dependent protein kinase ID 129,940,000 9,794,600 7,460,700 6,488,300 34,391,000 12,689,900 

CHM  
CHM, Rab escort protein 1 

 

0 17,089,700 8,452,300 739,700 0 0 

DAPK2 Death-associated protein kinase 2 2,066,260 2,661,000 11,288,480 484,460 1,044,760 0 

FANCD2 Fanconi anemia complementation group D2 1,322,030,000 710,714,000 769,580,000 585,320,000 265,496,000 404,170,000 

H3F3B H3 Histone, family 3B (H3.3B) 20,823,900 10,744,000 191,030,000 291,730 31,036,060 0 

HIST1H2AJ Histone cluster 1, H2aj 16,578,000 22,074,000 225,670,000 0 39,266,000 0 

HIST1H2BN Histone cluster 1, H2bm 9,710,700 25,858,000 256,850,000 380,740 55,191,300 0 

HIST1H4A Histone cluster 2, H4b 25,824,290 44,329,000 439,155,900 2,417,900 82,533,000 0 

HNRNPC Heterogeneous nuclear ribonucleoprotein C (C1/C2) 498,110 958,240 4,606,400 956,800 2,680,700 0 

HSPA1B Heat shock protein family A (Hsp70) member 1B 316,534,000 35,390,600 320,397,000 59,025,000 242,517,000 17,413,700 

HSPA5 Heat shock protein family A (Hsp70) member 5 2,445,200 755,470 1,311,070 335,100 442,590 0 

HSPA6 Heat shock protein family A (Hsp70) member 6 23,697,000 3,988,600 50,688,000 9,200,400 16,519,900 2,081,980 

HSPA8 Heat shock protein family A (Hsp70) member 8 875,550,000 163,026,000 1,064,850,000 179,893,000 737,610,000 62,683,000 

HSPA9 Heat shock protein family A (Hsp70) member 9 29,431,000 277,420 31,392,100 0 14,349,500 0 

KRT6B Keratin 6B 0 1,794,900 1,813,100 0 2,085,900 0 

MISP Mitotic spindle positioning 3,075,960,000 25,956,600 860,963,000 722,149,700 6,373,800 20,547,200 

MUC19 Mucin 19, oligomeric 42,464,000 49,869,000 42,187,000 31,224,000 9,695,200 13,406,000 

MYH14 Myosin, heavy chain 14, non-muscle 0 0 1,586,800 0 801,010 0 

MYH9 Myosin, heavy chain 9, non-muscle 414,120 4,654,600 17,861,000 3,319,900 5,819,000 0 

PHB Prohibitin 8,727,900 9,179,800 7,385,110 9,795,940 9,352,370 9,455,030 
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PHB2 Prohibitin 2 6,206,100 9,600,800 20,000,000 23,727,700 17,287,710 11,900,440 

RAP1GDS1 Rap1 GTPase-GDP dissociation stimulator 1 1,690,630 1,948,810 1,049,210 546,950 916,820 1,055,940 

SERPINA12 Serpin family A member 12 7,524,200 3,920,700 3,122,650 4,500,800 8,590,100 5,776,900 

SETD2 SET domain-containing 2 0 0 2,432,480 0 0 0 

TMEM39A Transmembrane protein 39A 844,460 484,300 1,842,200 1,406,080 879,400 0 

TP63 Tumour protein P63 38,751,000 32,350,000 50,263,000 54,034,000 45,668,000 24,070,000 

UTRN Utrophin 208,731,000 0 1,581,744,700 141,887,000 1,071,800 2,899,000 

ZSWIM6 Zinc finger SWIM-type containing 6 392,850,000 485,265,400 1,215,180,000 798,056,500 168,928,100 6,950,920 
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