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Abstract 
 

Characterization Of The Role Of Stra6 In Tumor Suppression 

Mechanisms 

 
Marwah Suliman Maashi 

 
 
Stra6 is a protein that is upregulated in response to retinoids. Interestingly, we have 

found that Stra6 can induces p53 independently of DNA damage through ROS 

generation. Stra6 have shown a great induction of p53 protein levels with high stability 

as well. p53 stabilisation through Stra6 leads to stimulate downstream proapoptotic 

events such as increase the activation of caspase-3, caspase-9 and PARP cleavage. 

Stra6 have shown the capability of driving tumour cell to apoptosis after cell sensitized 

with ATRA and stimulated with DNA damaging agents. However, both Stra6 and p53 

were important to achieve maximum percentage of cell death, as this was observed by 

detecting a positive feedback loop between Stra6 and p53. Pull-down assay of Stra6 

protein have shown truncated forms of the Stra6 protein with molecular weights of 25 

and 15 kDa. Basically, we have found that the small form of Stra6 with 25 kDa was 

translocated from cell membrane to cytosol in the absence of DNA damage and it was 

found to be located within the nucleus in response to DNA damage. Furthermore, this 

shorter form of Stra6 was capable of generating ROS and enhancing p53 dependent 

apoptotic cell death via the upregulation mechanism of the downstream cascade of 

p53 signalling pathway. Additionally, mass spectrometry data have identified some of 

cytosolic and nuclear proteins as Stra6’s protein binding partners. Remarkably, several 

of these identified proteins were related to apoptosis, as well were associated in the 

regulation of important cellular mechanisms. We propose that Stra6 can sensitize 

tumor cells to DNA damaging agents and function as an apoptotic protein in a p53-

dependent manner.  
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1 Introduction 
 

1.1 DNA damage responses through p53 

There are a wide range of cell stresses, including DNA damage, heat shock, 

genotoxicity, oncogene activation, oxidative stress and hypoxia (Vousden & 

Prives, 2009). When cells are subjected to these stresses, they experience 

complicated mechanisms of DNA repair, with the specific end goal to keep the 

genome stable. One of these essential pathways includes the involvement of 

p53 to achieve cell-cycle arrest, which permits the DNA to be repaired and 

rectified. When the harm is excessively broad, making it impossible to be 

repaired, it induces cell senescence or cell apoptosis (Feng et al., 2005; 

Tasdemir et al., 2008; Kibe et al., 2012; Marouco et al., 2013). 

The p53 protein has diverse functions, including the activation of cell-cycle 

arrest, senescence, differentiation and apoptosis (Vousden, 2002). p53 is a 

tumour suppressor that converts stress signals into cellular responses by 

means of activation or repression of many gene promoters (Eliyahu et al., 

1989), and any loss of p53 function could lead to carcinogenesis. Because of 

this, p53 is considered the ‘Guardian of the Genome’ (Lane, 1992). 

Furthermore, the extracellular elements assume a critical part in cell fate, and 

a greater understanding of how these elements influence the way cells react 

to harm could allow us to plan the best procedures for cancer prevention and 

treatment. These elements include DNA damaging agents and supplements 

(nutrients) that may shift the DNA damage response towards cell death 

instead of cell cycle arrest or DNA repair.  

1.1.1 p53 is the guardian of the genome 

The p53 protein earned its name as the ‘Guardian of the Genome’ because its 

function is to maintain the genome’s integrity (Long & Ryan, 2012). It 

essentially serves as a transcription factor that manages a system of more 

than 300 gene promoters through activation or repression of an extensive 

variety of gene functions that would, in the long run, result in cell-cycle arrest, 
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senescence or apoptosis, among other responses (Eliyahu et al., 1989). 

Transcription-independent roles have likewise been illustrated, such as 

regulating metabolism, apoptosis and autophagy (Green & Kroemer, 2009). 

There are numerous studies of p53 in the existing literature; however, after 

30 years of research, they have not yet influenced directly cancer 

management and therapy. p53 was first identified in 1979 by Arnold Levine, 

David Lane and William Old; identifying it as a protein bound to the simian 

virus 40 (SV40) T antigen (Deleo et al., 1979). Strikingly, at the outset, it was 

hypothesised that p53 had an oncogenic function, as a consequence of its 

accumulation in tumour cells, that advanced malignant transformation and 

proliferation (Dippold et al., 1981). However, after 10 years, the 

understanding of p53's action changed, and it was determined that p53 

gained oncogenic trademarks due to mutations (Baker et al., 1989). In 1992, 

the development of knockout mice experiments highlighted the function of 

wild-type p53 as a tumour suppressor (Donehower et al., 1992). 

The p53 multitasking functions are key for tumour suppression and for 

preventing the accumulation of malignant cells (Vousden & Prives, 2009). The 

loss of p53 function happens independently of the cell type or fundamental 

underlying oncogenic mechanism in almost all cancers (Junttila & Evan, 2009). 

It has been shown that TP53-null mice develop sarcomas and lymphomas 

(Donehower et al., 1992), and they appear to be highly susceptible to have 

spontaneous tumourigenesis (Kemp et al., 1994). Inactivation of only one 

copy of the TP53 gene in mice made them profoundly susceptible to 

developing a malignancy at an early stage (Lozano & Zambetti, 2005). It has 

been proposed that all tumour cells somehow escape TP53 control, either by 

changing TP53 itself or by transforming or disturbing basic upstream and 

downstream proteins from the p53 pathways (Vousden, 2002). Consistently, 

mutant p53 has been implicated in more than 50% of a wide range of cancers 

(Kruse & Gu, 2009a). 
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1.1.2 p53 protein structure 

The human TP53 gene is located at chromosome 17p13.1, and it has 19,200 

base pairs across 11 exons, and contains about 10 introns (Kobayashi & 

Kawashima, 1996). The p53 is a nuclear protein of 53 kDa composed of 393 

amino acids. As a monomer (Figure 1.1), p53 is  a multi-domain protein 

subdivided into three main structural domains, each corresponding to specific 

functions: 1) The N Terminus/Transactivation domain (TAD, residues 1-100), 

including the proline-rich region (PRO, residues 67-100); 2) The DNA-binding 

domain (DBD, residues 101-300); and 3) The C-terminus domain (CT, residues 

301-393), including the nuclear localisation sequence (NLS, residues 303-322), 

the oligomerisation domain (OD, residues 323-362) and the regulatory domain 

(RD, residues 363-393; Bai & Zhu, 2006). The p53 protein is active as a 

homotetramer, a dimer of two dimers (Cho et al., 1994; Weinberg et al., 

2004). Most of the p53 domains and their subdomains/regions are important 

for a specific tumour-suppressor function (Kim et al., 2012). In this section, 

these p53 components, from N-terminus to C-terminus, will be discussed in 

brief to show how they specifically function and how they give p53 protein its 

unique characteristics. 
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Figure 1.1: p53 protein structure. The p53 protein is a monomer consisting of 393 

amino acids and three main functional structural domains: N-terminus region, 

containing the transactivation domain (TAD) and proline-rich domain (PD); the 

central core, including the sequence-specific DNA-binding domain, which is crucial for 

p53-binding activity; and a complex C-terminus domain, consisting of nuclear 

localisation sequence (NLS), oligomerisation domain (OD) and regulatory domain 

(RD). (Adapted from Kim et al., 2012) 
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The N-terminus domain plays a vital role in p53 transcriptional activity and 

stability (Lin et al., 1994; Venot et al., 1999; Espinosa et al., 2001); it contains 

the TAD I and TAD II domains, which undergo post-translational modifications 

(PTMs) that modulate their biological function (Jenkins et al., 2012). At this 

region, the interaction with MDM2 (Mouse double minute 2 homolog) masks 

the transactivation domain, resulting in the inhibition of p53 transcriptional 

activity (Oliner et al., 1993). MDM2 protein regulates the activity of p53 

protein by blocking its transcriptional activity, through the mechanism of 

exporting p53 protein into the cytoplasm, and/or by the mechanism of 

promoting the degradation of the p53 protein (Alarcon-Vargas & Ronai, 2002). 

Some researchers have reported that p53 attains its stability by interrupting 

p53-MDM2 interactions and by binding to other proteins when serine (15 & 

20) and threonine 18 are phosphorylated by both the ATM and ATR 

protein kinases (Rajagopalan et al., 2009; Ji et al., 2014). Furthermore, the 

phosphorylation of S46 boosts apoptosis by p53, which is mediated by the 

apoptosis-inducing protein 1 (AIP-1); this protein is one of the proteins that 

localises within mitochondria and induces apoptosis when the mitochondrial 

membrane is permeabilised (Oda et al., 2000; Smeenk et al., 2011). 

The proline-rich domain (PD), which is next to the TAD domain in the N-

terminus, works as an essential part of the p53 structure by inducing growth 

repression (Zhu et al., 1999); this is achieved through recruiting and 

modulating the promoter of genes responsible for p53-mediated cell cycle 

arrest or apoptosis (Edwards et al., 2003). 

In 1997, scientists reported that PD is a crucial element in p53 stability, as the 

PD-null p53 model showed p53 was more prone to be targeted for 

degradation by MDM2 (Sakamuro et al., 1997). Knockout studies have shown 

that deletion of the PD domain has an adverse effect on the expression of 

some genes, such as p21 and MDM2; however, other genes have shown little 

response to this deletion, such as BAX and death receptor 5 (DR5) (Zhu et al., 

1999). 
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DNA binding domain (DBD) mutations have been reported in approximately 

90% of most observed p53 mutations in human cancers, which reflects how 

this domain is significant in conserving p53’s tumour-suppressor function 

(Olivier et al., 2010; Freed-Pastor & Prives, 2012). 

The C-terminus domain of the p53 structure contributes to the transcriptional 

activity and DNA binding of p53; this function was determined when studies 

demonstrated that the deletion of this region weakened p53 DNA binding and 

transactivation capabilities (Kim et al., 2012; Hamard et al., 2012). Nuclear 

localisation sequence (NLS) and nuclear export signals (NES) are both inside 

the C-terminus, and they control p53 transport between the nucleus and the 

cytoplasm (Liang & Clarke, 1999). The next domain is the oligomerisation 

domain (OD), also referred to as the tetramerisation domain, which permits 

formation of the p53 dynamic homotetramer that is fundamental for p53 

transcriptional activity (Clore et al., 1995). The C-terminus is known to be a 

site for many PTMs; therefore, many PTMs are found in the regulatory domain 

(RD), and this could affect p53 stability and control p53 activity (McKinney et 

al., 2004). S392 phosphorylation has been shown to induce p53 stabilisation 

by allowing p53 oligomerisation, in addition to enhancing p53-DNA binding 

activity (Matsumoto et al., 2006). Furthermore, acetylation of K373 

attenuates the binding of the MDM2 to p53 (Kruse & Gu, 2009a).  

1.1.3 p53 activation and regulation 

Activation upregulates specific target genes with defined cellular action, such 

as DNA repair, cell-cycle arrest, senescence and apoptosis. Furthermore, all of 

these different cellular stresses prompt a p53 protein accumulation in the cell 

(Vousden & Prives, 2009).Generally, outcomes of p53 activation towards mild 

or extensive stress strongly promote the activation of cell-cycle arrest by 

means of activating p53 target genes, such as the cyclin-dependent kinase 

inhibitor p21 CIP1/WAF1 (Cyclin-dependent kinase inhibitor 1) and GADD45α 

(Growth arrest and DNA-damage-inducible protein), although extreme stress 

signals induce apoptosis through the stimulation of p53 target genes like BAX, 

PUMA, NOXA, DR5, p53AIP, PIG3, FAS and APAF1, or they induce cell 
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senescence through the stimulation of CDKN1A (Cyclin Dependent Kinase 

Inhibitor 1A) , PML (Progressive multifocal leukoencephalopathy) and PAI1 

(Plasminogen activator inhibitor-1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2: The classical representation of p53 activation and response. DNA damage, 

genotoxic stress, oncogene activation, hypoxia and other stress signals introduced through the 

p53 pathway result in various cellular response such as DNA damage, which begins when the 

DNA double-strand breaks and elicits the activation of Ataxia-telangiectasia mutated (ATM) — 

a kinase that phosphorylates the Chk2 kinase — or DNA replication ataxia telangiectasia and 

Rad3-related protein (ATR) that phosphorylates Chk1 that would phosphorylate p53 on Ser 15 

and Ser 20. PTMs interrupt the interaction between p53 and its negative regulators. 

Furthermore, PTMs permit the interaction of p53 with its target transcriptional genes for 

inducing responses such as DNA repair, cell-cycle arrest, senescence and apoptosis. Hyper-

proliferative signals also activate p53 through disturbing the MDM2–p53 interaction that is 

capable of stimulating the ARF tumour-suppressor transcription. As a result, ARF activation 

boosts p53 activity and stability, inducing different p53 responses, such as apoptosis or cellular 

senescence (Bieging et al., 2014). 
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Other cellular stress signals encourage cell differentiation and DNA repair via 

repair proteins for example, DDB2 and p53r2 (Stiewe, 2007; Michalak et al., 

2010; Spike & Wahl, 2011; Li et al., 2012; Abdelalim & Tooyama, 2014; Bieging 

et al., 2014). 

As mentioned before, once the cell is under stress, a wide variety of 

complicated post-translational modification mechanisms regulate p53, 

determining its stabilisation, sub-cellular localisation and protein-protein 

interaction (Scoumanne & Chen, 2008; Vousden & Ryan, 2009; Smeenk et al., 

2011; Muller & Vousden, 2013). 

The p53 upstream modulators, ATM, ATR, Chk1, Chk2 and DNA-dependent 

protein kinase (DNA-PK), are engaged and activated after DNA damage; this, 

in turn, switches on a series of PTMs, such as phosphorylation or acetylation 

(Bieging et al., 2014; Figure 1.2). 

One of the primary and essential conformational changes that p53 exhibits 

after stress is phosphorylation. Phosphorylation of serine residues (Ser15) is 

involved in the accummulation of p53 within the nucleus. Furthermore, 

phosphorylation of serine residues (Ser20) in the N-terminal domain of p53 

demonstrates its effect on disrupting the p53-MDM2 interaction and 

preventing ubquitination-dependent degradation; all of these PTMs elevate 

p53 levels and leads to its accumulation inside the cell (Shieh et al., 1997). 

The MDM2-MDMX heterodimer is formed, thus working as an E3 ubiquitin 

ligase that adds ubiquitin molecules to lysine residues. This biological action 

mediates the proteasomal degradation of p53 protein; accordingly, p53 

protein is maintained low in normal conditions (Appella & Anderson, 2001). 

Moreover, MDM2 is not only a p53-negative regulator but also one of the 

important p53 transcriptional target genes. In this manner, this biological 

activity forms a negative feedback loop. 

Another way to maintain the p53 protein inactive in normal situations is the 

folding of the C-terminal tail against the N-terminus of p53 protein, which 
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shields the DNA-binding domain. The phosphorylation of the C-terminus 

interrupts this folded conformation and increases the p53-DNA binding ability 

(Hupp et al., 1992). A further PTM in the C-terminus domain, the acetylation 

of lysine residues, would also enhance the activation of p53-DNA binding (Gu 

& Roeder, 1997). 

Therefore, each different stress stimuli affecting the cell induces the p53 

protein to act specifically, depending on the strength of the stress signals 

received, among other things. All of the p53 protein’s biological functions are 

determined by three main regulatiory mechanisms: PTMs, sub-cellular 

localisation and protein-protein interaction. The latter two regulatory 

mechanisms will be discussed in the next section.  

1.1.4 p53’s role in apoptosis 

Apoptosis is an energy-dependent mechanism that is defined as a 

programmed cell death, and it is involved in both physiological and 

pathological processes (Norbury & Hickson, 2001). Two main pathways 

determine the apoptotic events: the extrinsic and intrinsic pathways (Figure 

1.3). These pathways share the latest component of apoptotic machinery: 

effector caspases 3, 6 and 7 (Igney & Krammer, 2002). Caspase-3 is an 

essential proteolytic enzyme related to the cysteine protease family that has 

an equally important role in both Extrinsic and Intrinsic apoptotic pathways as 

primary regulator of apoptotic DNA fragmentation (Gown & Willingham, 

2002). 

Basically, in the extrinsic pathway, an extracellular ligand is associated to cell 

surface death receptors; for example, p53 can activate the extrinsic apoptotic 

pathway by regulating the expression of the tumour necrosis factor (TNF) 

family, including FAS, TNF-α and TRAIL, as well as the death receptor 

DR5/killer and the p53-induced protein-death domain (PIDD) (Chicheportiche 

et al., 1997; Wu et al., 1997). When their specific binding ligands activate 

these receptors, Fas-associated death domain (FADD) is recruited and 

associates with the receptor's death domain (Wajant, 2002). The Death-
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inducing signalling complex (DISC) is then formed and stimulates the 

activation of initiator caspases 8 and 10; in consequence, the effector 

caspases 3, 6 and 7 will also be activated (Kischkel et al., 1995). In order to 

control the cellular responses toward the extrinsic pathway, FLICE-like 

inhibitory protein (c-FLIP) binds to the FADD and caspase-8; thus, apoptotic 

signals will be repressed (Kataoka et al., 1998). 

The intrinsic pathway is a non-receptor cell death pathway. DNA damage, 

oncogene activation, free radicals and hypoxia trigger this pathway (Elmore, 

2007). p53 activates the BCL2 family members, BAX (Bcl-2-associated X 

protein), BAK (BcL-2 antagonist/killer 1) were both considered as multi-

domain pro-apoptotic proteins. While these proteins were considered as BH-3 

only domain, for instance; NOXA (Latin for damage), PUMA (p53 upregulated 

modulator of apoptosis), BAD (Bcl-2-associated death promoter), BID (BH3 

interacting domain death agonist) and BIM (BCL2 interacting protein BIM) 

(Miyashita & Reed, 1995; Oda et al., 2000). The Bcl-2 family proteins are key 

elements that participate in deciding if the cell will undergo apoptosis or 

survive (Elmore, 2007). 

After direct activation of BAX by p53 following DNA damage, oxidative stress 

or nutrient deprivation, BAX is localised into the outer membrane of the 

mitochondria, and this facilitates the formation of a mitochondrial pore that 

leads to cytochrome-C release (Chipuk et al., 2004); this action also promotes 

BAX to oligomerise with BAK to form a BAX/BAK dimer. This is formed when 

the cytoplasmic p53 binds to BAD, a pro-apoptotic BCL2 family member. This 

interaction between p53 and BAD diassociates BAD from its negative 

regulator, the anti-apoptotic MCL1 protein (Myeloid Cell Leukaemia 1), a 

member of the Bcl-2 family (B-cell lymphoma 2) (Jiang, 2001), which results in 

localization of the p53/BAD complex to the mitochondria outer membrane 

(Jiang, 2001). Conversely, members of the Bcl-2 and Bcl-XL family proteins 

regulate the prevention of cytochrome-C release from the mitochondria by 

keeping the mitochondrial permeability transition pore closed (Cory & Adams, 

2002). 
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Once the mitochondrial permeability transition pores are opened and 

cytochrome-C is released the SMAC/DIABLO (second mitochondria-derived 

activator of caspases/direct IAP binding proteins) in order to inhibits the anti-

apoptotic proteins (IAP’s) that allow activation of caspases.  

At that point, cytochrome-C reacts with APAF-1 (apoptotic protease activating 

factor 1) to form an apoptosome complex that facilitates activation of pro-

caspase-9 into the active caspase-9 that is activates pro-caspase-3 into the 

effector caspase-3 and in initiating downstream apoptotic events such as cell 

shrinkage, chromatin condensation, formation of cytoplasmic blebs as well as 

apoptotic bodies. Finally, the apoptotic bodies are phagocytosed by 

parenchymal cells and macrophages (Weinberg, 2007; Elmore, 2007). 
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Figure 1. 3: Schematic representation of extrinsic and intrinsic apoptotic pathways. Each 
pathway needs specific stimuli to provoke molecular events that induce caspase activation 
towards apoptosis. External death signal (for instance, cytokines) activate the extrinsic 
pathway via members of the TNFa receptor family and stimulate apoptosis by death-inducing 
signalling complex (DISC) and involvement of the caspase cascade starting by caspase-8 
activation. Whereas the intrinsic pathway is stimulated by internal stress signals (for instance, 
DNA damage /oxidative stress). The intrinsic pathway is initiated by the mitochondrial outer 
membrane permeabilization (MOMP) and release of the cytochrome c and Smac (also known 
as DIABLO). Cytochrome c release triggers the formation of the cytochrome c/Apaf-1/caspase-
9 apoptosome, which subsequently activates the executioner caspases-3, 6 and/or 7 that 
results in apoptosis and the formation of cellular breakdown. (Adapted from Long & Ryan, 
2012). 
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1.1.4.1 Oxidative stress, p53 and its role in apoptosis 

Apoptosis activated by p53 is accompanied by an increase in the levels of 

intracellular reactive oxygen species (ROS). Some of the p53 target genes, 

such as the PIG3 and FDXR genes, are part of the ROS-related pathways 

(Polyak et al., 1997). ROS and reactive nitrogen species (RNS) work as key 

elements in numerous cell mechanisms, including apoptosis, cell 

development, cell signalling and inflammation. Exogenous components, such 

as ionising or non-ionising radiation, medications and/or drugs (Simon et al., 

2000; Boonstra, 2004; Valko et al., 2007; Kryston et al., 2011; Yang et al., 

2013), generate these free radicals, helping the cells develop antioxidant 

protection mechanisms in the process.  

p53 has a significant impact in deciding cell survival through the modulation of 

intracellular ROS. p53 can work as both a negative and a positive regulator of 

ROS (Macip et al., 2003). Numerous recent studies have proposed that under 

low levels of stress, p53 switches on an anti-oxidative stress transcriptional 

program, which prompts proteins such as sestrins (SESN1 and SESN2), 

glutathione peroxidase (GPX1), manganese superoxide dismutase (MnSOD) 

and aldehyde dehydrogenase 4 (ALDH4) to reduce ROS levels. (Tan, et al., 

1999; Hussain et al., 2004; Yoon et al., 2004). Additionally, p53-triggered 

glycolysis and apoptosis controller TIGAR known as (TP53 Induced Glycolysis 

Regulatory Phosphatase). TIGAR and the antioxidant glutathione, are 

produced to maintain low ROS levels (Bensaad et al., 2006). 

In p53 knockout mouse models, scientists have noticed that the absence of 

these anti-oxidative stress proteins is associated with increased intracellular 

ROS levels, bringing about more oxidative DNA damage and tumourigenesis 

(Sablina et al., 2005).  

The p53 protein accomplishes its tumour-suppressing function and controls 

cell metabolism through different pathways and an array of mechanisms; 

however, exactly how this regulates apoptosis by oxidative stress and, to a 

limited extent, ROS generation to maintain cellular redox is poorly 
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understood. For instance, ROS generates a positive feedback loop by enabling 

p53 upregulation and stabilisation to induce apoptosis (Vigneron & Vousden, 

2010). 

In summary, p53 brings about apoptosis through three distinct stages: (I) the 

transcriptional enlistment of redox-related genes; (II) the initiation of reactive 

oxygen species and (III) the oxidative degradation of mitochondria; that 

resulted in full circle of cell death (Polyak et al., 1997). 

1.1.5 p53 subcellular localisation 

The previous section mentioned how the p53 protein was modulated and 

controlled by specific mechanisms that determine its biological function. One 

of these regulatory mechanisms is the subcellular localisation of p53. This 

section will explore how this essential regulatory mechanism possibly 

influences p53 activity. 

Studies have explored the importance of some factors on p53's nuclear and 

cytoplasmic localisation, as well as its nuclear import and export (O’Brate & 

Giannakakou, 2003; Laine & Ronai, 2007; Kruse & Gu, 2009b; Liu et al., 2010; 

Yuan et al., 2010). All of these factors are necessary in determining the 

distribution of p53 inside the cell. Furthermore, the two domains of the p53 C-

terminus region, the nuclear localisation signal (NLS) and the nuclear export 

signal (NES), are crucial for p53 transport between nucleus and cytoplasm and 

vice-versa (Liang & Clarke, 2001). 

Many PTMs (such as phosphorylation, ubiquitination and acetylation), along 

with p53's protein-binding partners, in each specified condition of cellular 

stress that affect the p53 pathway, influence the p53 subcellular localisation 

(Appella & Anderson, 2001).  

MDM2 is a dominant factor in defining the p53 localisation within the cell. 

MDM2 manages p53’s transport from the nucleus to the cytoplasm by its own 

nuclear export signal (NES) and mono-ubiquitination (O’Brate & Giannakakou, 

2003; Dai & Gu, 2010).  
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In addition, p53 has been implicated in mitochondrial localisation that leads to 

triggering a direct mitochondrial cell death. This mechanism is observed when 

DNA damage or genotoxic stresses initiate it or as a consequence of 

cytoplasmic p53 being stimulated and accumulated in the mitochondrial 

compartment (Kruse & Gu, 2009b). 

1.1.6 Molecular interaction of p53 with other proteins 

The upstream positive and negative regulators of p53, besides PTMs and protein-

protein interactions, are considered key elements in determining p53 activity, stability, 

oligomerization and subcellular localisation (Kruse & Gu, 2009a; Vousden & Prives, 

2009; Fernandez-Fernandez & Sot, 2011b; Murray-Zmijewski et al., 2008).  

Studies have shown that human p53 can interact with approximately 360 proteins, 

based on public protein–protein interaction databases (Figure 1.4; Lin et al., 2014).  

The proteins that bind to p53 can have a wide range of consequences on p53 

functionality and stability, and understanding these interactions are critical for finding 

relevant therapeutic approaches. 
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Figure 1. 4: Summary diagram of the most relevant p53-binding protein partners. 
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Figure 1. 5: The p53-signalling pathway and its target genes from the KEGG database. Here is a diagram shows p53 signalling pathway following 

different stress signals that resulted in activating of various target genes each of them responsible of producing specific cellular response (Adapted 

from Lin et al., 2014).
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1.2 The retinoic acid pathway 

In 1916, vitamin A was one of the first vitamins discovered (Wolf, 1996). In 

1930, Moore demonstrated that beta-carotene, a yellow plant pigment, is 

transformed in the mammalian body to produce a colourless retinol also 

known as Vitamin A that is found in food and used as a dietary supplement to 

replace its deficiency in the mammalian body. In 1931, Karrer solved the D beta-

carotene and retinol molecular structures (Figure 1.6 A-B; Wolf, 1996). 

These days, the term vitamin A is utilised as the nonexclusive descriptor for 

retinoids showing the natural biological activity of retinol. Retinoids are a class 

of molecules comprised of four isoprene (2-methyl-1,3-butadiene) units 

organised in a head-to-tail structure (Olson, 1996). Vitamin A is classified as a 

fat-soluble vitamin that plays an important role in vision, maintaining 

epithelial surfaces, immunity, reproduction, cell differentiation and embryonic 

development and growth (Blomhoff & Blomhoff, 2006). 

Furthermore, vitamin A's various bio-activities are identified with its 

antioxidant characteristics. For example, lycopene and β-carotene are 

powerful antioxidant prevention agents (Hix, 2004; Paiva, 1999), while retinol, 

retinyl esters and retinoic acid (RA) have been identified in the D-lipid 

peroxidation prevention mechanism in vitro (Samokyszyn & Marnett, 1990). 

Another outstanding function of vitamin A is its involvement in the visual cycle 

via a process known as photo isomerisation. 

In 1933, Wald and his colleagues discovered the underlying molecular 

mechanism of vitamin A, and they identified how vitamin A had a role in 

vision; the rod photo receptor cell has a visual pigment known as Rhodopsin, 

which has 11-cis retinal as its cofactor for light sensitivity. Following the 

activation of this receptor by light, the 11-cis retinal is converted to all-trans 

by isomerisation, which results in the release of all-trans retinaldehyde (Ritter 

et al., 2008). 
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Vitamin A dietary sources are mainly plant sources, which contain the pro-

vitamin A carotenoids (mostly β-carotene), and some animal sources, which 

have retinyl esters and retinol as vitamin A precursors (Blomhoff & Blomhoff, 

2006). 

The recommended daily intake of vitamin A varies between 400 to 1300 µg 

daily, depending on gender and age (IARC-Carotenoids, 1998; IARC- Vitamin A, 

1998). There are many major health problems related to vitamin A deficiency, 

such as vision loss (blindness) and abnormalities related to the heart, brain, 

eyes, respiratory system and urogenital system, as well as severe infections 

that can lead to death (Goodman, 1984; Ross et al., 2000). Vitamin A 

deficiency is an important issue in several developing countries.  

Vitamin A acts as positive and negative moderator of numerous pathological 

situations, such as visual disorders, cancer, infectious diseases, diabetes and 

skin diseases (Chivot, 2005; Love & Gudas, 1994; Niles, 2004; Stephensen, 

2001; Travis et al., 2007; Yang et al., 2005; Zouboulis, 2001). Most of these 

physiological and/or pathological functions can be attributed to vitamin A’s 

main biologically dynamic metabolites: all-trans retinoic acid (ATRA) and 9-cis 

retinoic acid (9cRA). (Figure 1.6). These metabolites control gene transcription 

by means of nuclear retinoic acid receptor (RAR) and retinoid X receptor (RXR) 

regulatory mechanisms (Chambon, 1996). These nuclear receptors and their 

biological functions will be discussed in section 1.2.3.2. Furthermore, Stra6’s 

(Stimulated by retinoic acid 6) characteristics, functions and unique features 

enable it to act as a cell membrane receptor/RBP receptor; (RBP will be 

discussed in section 1.2.3.1) and vitamin A transporter that mediates its cell 

uptake. The various biological roles of Stra6 will be highlighted in later 

sections. 
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Figure 1.6: Chemical structures for vitamin A’s main source, precursor and active 

metabolites. The main source of vitamin A in plants is β-carotene (A); the major transport and 

storage form of vitamin A is Retinol (B); the two most important forms of vitamin A’s 

biologically active compounds are ATRA and 9-cRA (C and D). (Adapted from Lidén and 

Eriksson, 2006). 
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1.2.1 Vitamin A digestion and absorption 

As previously mentioned, one of vitamin A’s precursors are carotenoids (pro-vitamin 

A). There are more than 600 types of carotenoids; however, not all of them 

demonstrate vitamin A bioactivity. β-carotene, α-carotene and β-cryptoxanthin are 

three forms of carotenoids that are mostly conserved and converted to the all-trans 

retinol form (Bender et al., 2003). Carotenoids share the similar structure of an extra 

carbon chain with double bonds, which have a mostly but not predominantly 

conjugated structure of β-ionone ring on both or only one end of the chain. Carotenoid 

compounds are present in a wide range of vegetables and fruits, such as tomatoes, 

carrots, spinach, kale, sweet potatoes, apricots and mangoes. Preformed vitamin A can 

also be found in eggs, milk, butter, fish and liver. Approximately 70% of pro-vitamin A 

and preformed vitamin A precursor from plant and animal sources, respectively, is 

absorbed, depending on the way that the food is prepared (Bender, 2003; Straub & 

Pfander, 1987; Dietary Reference Intakes, 2001). The retinol conjugates with other 

food particles, particularly fatty acid esters such as retinyl palmitate or even small 

protein components. In the stomach, a pepsin enzyme mode of action hydrolyses the 

carotenoids and retinyl esters from proteins. Because vitamin A is a fat-soluble 

vitamin, it forms fat globules in the stomach (Ong, 1993). 

Bile salts in the duodenum work to emulsify and degrade these fat globules 

into small droplet molecules. In addition, the pancreatic juices and lipases 

hydrolyse these small droplets several times. Later, the end product of this 

soluble solution is absorbed across the duodenum membrane (microvilli 

border) and the enterocyte (Harrison & Hussain, 2001).  

1.2.2 Vitamin A transport, metabolism and storage 

All of the different sources of Vitamin A, including preformed vitamin A 

(retinyl esters) and pro-vitamin A carotenoids (like β-carotene and retinol), 

are metabolised and hydrolysed in the intestine to form retinaldehyde, or 

retinal, under the action of the 15,15’-carotene dioxygenase enzyme. Retinal 

can be reversed to its precursor form, retinol, by retinal reductase, or it can be 
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further oxidised to its retinoic acid form, which is a non-reversible metabolite 

form of vitamin A.  

In the intestinal mucosal cell, cellular retinol binding protein-II (CRBP-II) is 

conjugated with retinol to form the esterified version of retinol (retinyl 

palmitate). Furthermore, phophatidylcholine acts as a fatty acid donor 

molecule to form retinyl estearate and retinyl oleate compounds via the 

action of the lecithin retinol acyl transferase (LRAT) enzyme. The action of acyl 

CoA retinol acyltranferase (ARAT) can perform another esterification 

mechanism to further esterify the free retinol, involving an LRAT mechanism 

of action (Ong, 1993). 

Retinal esters and carotenoids enter the blood after they are conjugated to 

chylomicron and lipoproteins, such as (VLDLs) very low-density lipoproteins, 

and those compounds transport vitamin A through lymphatic circulation or via 

blood. Later, carotenoids are cleaved into retinol to be transported to other 

cells and tissues (for example bone marrow, blood, muscles, adipose tissues, 

spleen, kidneys and lungs) by means of endocytosis (Schmitz et al., 1991) or to 

be stored in the parenchymal cells of the liver, mostly in the form of retinyl 

esters. The hydrolysis mode of action cleaves retinyl esters into retinol, which 

binds to cellular retinol-binding protein-I (CRBP-I) in the liver, facilitating the 

release of retinol from its storage as required. Furthermore, CRBP-I 

contributes to regulating the plasma physiological level of vitamin A in the 

form of free retinol in the cell by preventing a further oxidation processes in 

the case of high vitamin A intakes due to diet or supplements (Napoli, 1993; 

Ong, 1994; Ross & Ternus, 1993), as well as to maintain an adequate 

concentration of retinol in the blood, approximately 2 µM (Dietary Reference 

Intakes, 2001). 

Contrary to the other previously identified forms of vitamin A transportation, 

retinoic acid (RA) is directly transported by passing through portal circulation 
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from the duodenum to the liver, and it is found in the plasma incorporated 

with albumin (Senoo, 2004; Figure 1.7) 

Vitamin A hypervitaminosis and toxicity occur when all of the regulatory 

mechanisms fail or when the hepatic storage thresholds reach capacity and 

cannot accept any more retinol. 

Toxicity mainly results from an extremely large quantity of retinyl esters 

leaking from the liver and being allocated into the cell membrane in 

cooperation with plasma lipoproteins, such as low-density lipoprotein (LDL). 

Therefore, high retinyl ester levels in the blood are widely used in humans as 

a universal marker for persistent hypervitaminosis A (Krasinski et al., 1989; 

Croquet et al., 2000; Ukleja et al., 2002). However, the underlying 

mechanisms of vitamin A toxicity remain elusive. 
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Figure 1.7: Vitamin A transport, metabolism and storage. This is a summarised schematic 

diagram overview of vitamin A transportation and metabolism via the regulation of various 

enzymatic reactions under the control of the cellular retinol-binding protein process. For more 

details, please refer to section 1.2.2. (Adapted from Ong, 1994). 
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1.2.3 Retinoid signalling in target cells 

Vitamin A, particularly its main signalling active form, all-trans retinoic acid 

(ATRA), has vital cellular functions. Small amounts of retinol are metabolised 

to ATRA (Napoli, 1996), mainly via CRABP I, to convert it to 4-oxo-retinoic acid 

and to maintain low levels of intracellular ATRA concentration. CRABP II works 

by transporting ATRA to the nucleus for subsequent interactions with retinoic 

acid receptors (RAR; Fiorella et al., 1993; Figure 1.8).  

Retinoid receptors play a crucial role in adapting various cellular responses, 

and their cellular importance will be discussed in more detail in section 

1.2.3.2. 

RA is an essential metabolite that promotes the regulation, proliferation and 

differentiation of several cell types, including the development of normal 

embryonic growth, immune systems and liver function, while also maintaining 

the appropriate structure and function of the skin and epithelial cells in the 

lungs, urogenital organs and gastrointestinal tract (Ross & Ternus, 1993). For 

instance, RA induces the differentiation of keratinocytes and transforms them 

from immature to mature epidermal cells (Wolf, 1984; Creek et al., 1993). 

Furthermore, RA can induce cellular arrest in the G1 phase of the cell cycle 

and a reduction in the S-phase (Lotan et al., 1981). For example, RA 

upregulates p21 and can induce apoptosis through the stimulation of death 

receptors like FAS, DR4 and DR5; accordingly, RA can inhibit tumour cell 

growth (Altucci & Gronemeyer, 2001).  

In addition, ATRA has shown its role in myeloid cell differentiation, and many 

studies have previously reported this effect. Wolbach and Howe (1978) and 

Hodges et al. (1978) showed that in vivo vitamin A deficiency resulted in a 

significant reduction in haematopoiesis. Generally, RA works in producing 

granulopoiesis from normal bone marrow storage and multipotent 

hematopoietic cells (Gratas et al., 1993; Tocci et al., 1996). ATRA has also 

shown an effective cell-cycle arrest in several myeloid cell lines and in human 
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cancerous cell lines, including lung squamous carcinoma, breast cancer, 

ovarian cancer and bladder cancer cell lines. This was achieved through 

regulating CDKs and cell-cycle inhibitors by means of direct or indirect cell-

cycle arrest (Bocchia et al., 1997; Hsu et al., 2001; Sueoka et al., 1999; Zhu et 

al., 1997). Furthermore, successful ATRA treatment has been reported in 

promyelocytic leukaemia patients (Altucci & Gronemeyer, 2001), and this will 

be discussed in section 1.3.4 

1.2.3.1 Retinoid-binding protein 

Free retinol is chemically unstable and needs a carrier protein to protect it 

from oxidation and to deliver it to the target tissues. The retinol-binding 

protein (RBP) performs this function. RBP and transthyretin (TTR) bind to 

retinol and facilitate its transport, as well as its release (Bellovino et al., 1996). 

Also, TTR is a protein produced in the liver for the purpose of carrying chemical 

compounds used in cell metabolism throughout the body, another compound that 

TTR is binding to is a thyroid hormone called thyroxine.  However, while RA can 

diffuse throughout the cell membrane, retinol is rarely present in its free form 

because it is unstable, insoluble and toxic to cells (Naylor & Newcomer, 1999). 

The retinoid transportation process from plasma to cytoplasm is still in 

question.  

A 1:1:1 ratio of RBP, TTR and retinol is known as the holo-RBP-TTR complex 

(Bender et al., 2003), and it is called apo-RBP when no retinol is present. This 

combination of RBP and TTR molecules is critical to RBP because it increases 

its molecular weight, and it is essential to prevent RBP’s chances of being lost 

via glomerular filtration in the kidneys. RBP increases the concentration of 

plasma retinol to more than 1000-fold in comparison to free plasma retinol 

(Goodman, 1984). 

RBP can be found in, and produced by, many other organs and tissues apart 

from the liver, which was originally believed to be the one and only source 

that would produce RBP (Zheng et al., 1999). However, the underlying actions 

on RBP functions in these tissues that produce RBP remains elusive. 
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For instance, it was recently identified that adipose tissue produces RBP as 

adipocytokine, which is a cell-signalling protein that promotes insulin 

resistance (Yang et al., 2005). Although, there are different sub-classes of RBP 

including RBP1 (also known as CRBP-I) and RBP2 (also known as CRBP-II). Both 

RBP1 and RBP2 are cellular, whereas RBP3 is detected within the Interstitial 

lumen and RBP4 is predominately detected within plasma (Fierce et al., 2008). 

The infusion of RBP4 into mice has confirmed this result, creating insulin 

resistance and glucose intolerance. This proposes a conceivable option 

regarding insulin resistance (Yang et al., 2005). 

Regarding vitamin A homeostasis, about 20% of the vitamin A (retinyl esters) 

in the adipose tissue is made from chylomicrons through lipoprotein lipases; 

thus, this explains why RBP could exist in the adipocyte, offering a return 

mechanism of extra retinol (Blaner et al., 1994).  

RBP knockout mice have shown a severe defect in metabolising vitamin A 

from its liver storage, as well as an intense sensitivity to vitamin A deficiency; 

thus, even with a dietary supplement of vitamin A, it was clearly shown their 

vitamin A serum level was reduced. Furthermore, typical symptoms of vitamin 

A deficiency were observed, such as weakening of normal immune function by 

having low levels of immunoglobulin, heart abnormalities and vision 

difficulties. However, visual ability was able to be reversed based on a vitamin 

A supplementary diet (Quadro et al., 1999). 

All of the above studies, as well as the current existing knowledge, highlight 

RBP’s critical role in many pathophysiological diseases and its significant 

function in retinol transfer.  
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Figure 1.8: Retinoid signalling in target cell. Stra6 intervenes in the uptake of retinol from RBP 

into the cell. Once in the target cell, the retinol is metabolised to ATRA and/or 9-cRA, which is 

translocated into the nucleus and then binds to homo- or heterodimers of retinoic receptors 

RARs and RXRs to trigger the activation of target genes. Holo-RBP binding to its receptor Stra6 

trigger the tyrosine phosphorylation of Stra6 protein in C-terminus domain. Phosphorylated 

Stra6 causes Jak2 recruitment, which phosphorylates Stat5 and translocates it to the nucleus 

to modulate multiple cellular functions through the regulation of various downstream target 

genes. 
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1.2.3.2 Retinoid receptors 

Once inside the target cell, retinol is converted under the action of alcohol 

dehydrogenase and retinaldehyde dehydrogenase to retinaldehyde and 

retinoic acid (RA), in the form of ATRA and/or 9-cRA, respectively. After that, 

RA is bound to CRBP-I for transportation to the nucleus in order to trigger a 

series of cellular responses via retinoic acid receptors that initiate gene 

expression. RA mediates its physiological function through its two classes of 

nuclear receptors: retinoic acid receptors (RARs) and retinoid X receptors 

(RXRs) (Gropper et al., 2005; Resendes & Rosmarin, 2006; Gillespie & Gudas, 

2007). Both of these receptors are known to have several isotypes, including 

RAR α, β and γ, that would be activated mostly via ATRA and 9-cRA; however, 

RARs bind to 9-cRA with low affinity compared to ATRA (Allenby et al., 1994; 

Repa et al., 1993) and RXR α, β and γ are activated mainly through 9-cRA 

(Petkovich et al., 1987; Krust et al., 1989; Heyman et al., 1992; Allenby et al., 

1993).  

ATRA mediates cell growth and differentiation by binding to RARs (Tang & 

Gudas, 2011). Through alternative splicing mechanisms, both RARs and RXRs 

possess many isoforms, such as RAR α1 and α2, RAR γ1 and γ2 and RAR β1-β4, 

which have various regulatory properties and functions (Swift et al., 2006). 

They can be further homodimerised or heterodimerised towards the 

regulation of particular promoter regions of specific genes through binding 

with retinoic acid response elements (RARE), which are specific DNA 

nucleotide sequences (Gillespie & Gudas, 2007). In addition, RAR/RXR 

heterodimeris can be ATP-dependent for the recruitment of chromatin 

remodelling complexes (Tang & Gudas, 2011).  

Examples of RAR target genes include genes that participate in ATRA 

activation, like RBP2 and RBP4 (Mangelsdorf et al., 1991). In general, all of 

these responses allow retinoid-dependent transcriptional activity to occur 

(Panariello et al., 1996). 
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There has been extensive investigation into RAR expression and its 

physiological importance. RARα is the predominantly expressed isoform; 

however, RARβ and RARγ demonstrate a particular distribution based on cell 

type and tissue origin (Dolle, 2009). 

From previous experimental studies, data has shown that both RARα and 

RARγ play important roles in cell-cycle arrest and growth inhibition (Boyle et 

al., 1999). However, RARβ has shown the tendency to support cell 

proliferation, differentiation and survival (Zhuang et al., 2003; Boyle et al., 

1999) following ATRA stimulation.  

At some stage in carcinogenesis, the loss or silencing of RARβ 2 expression is 

common in human breast cancer cells and hepatoma cancerous cells. RARβ 2 

defects will generally induce cell-cycle inhibitors, including p21 and p27 (Suzui 

et al., 2004; Li et al., 2004). This supports the importance of the RARβ2-RA 

signalling pathway in cellular proliferation and differentiation (Faria et al., 

1999; Chen et al., 2007).  

Retinoid (ATRA) resistance has been reported due to a defect in RAR α, β or γ 

that happens along with cancer development, such as in colon cancer 

(Freemantle et al., 2003; Lee et al., 2000). The mutant receptor is mostly 

associated with RARβ as a result of RARE methylation at the RARβ promoter 

region (Sonneveld et al., 1998; Gudas & Wagner, 2011). 

1.3 Stra6 

1.3.1 Background 

In 1970, RBP was characterised to have a specific cell membrane receptor in 

the retinal pigment epithelium (RPE) (Bok & Heller, 1976; Chen & Heller, 1977; 

Maraini & Gozzoli, 1975). Since then, this evidence has also been found in 

many other tissues, such as placenta, macrophages, undifferentiated 

keratinocytes, bone marrow and choroid plexus. These tissues express the 

RBP receptor, which is important for the diverse functions of vitamin A in 
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foetal development, immune response, cell differentiation, cell proliferation 

and brain development (Bhat & Cama, 1997; Hagen et al., 1999; MacDonald 

et al., 1990; Sivaprasadarao et al., 1994; Smeland et al., 1995). In general, the 

RBP receptors show a predominant distribution in the blood-organ barriers 

(MacDonald et al., 1990) of the brain, RPE and placenta, as well as in both 

genders’ reproductive systems, CNS, skin, heart, kidneys and lungs 

(Stephensen et al., 2001; Baybutt et al., 2000; Ikeda et al., 2005; Livera et al., 

2002; Varani et al., 2000; Weiler et al., 2001; Xu et al., 2001). 

Recently, the RBP cell surface receptor was discovered to be the stimulated by 

retinoic acid 6 (Stra6), first described in P19 embryonic carcinoma cells 

(Bouillet et al., 1995). 

Beside Stra6's function in facilitating retinol uptake from RBP as its own 

receptor, it was also classified as a transporter for vitamin A and as a unique 

protein with no similar homology to any known ion channels, receptors, 

transporters and cell signalling proteins (Bouille et al., 1997; Kawaguchi et al., 

2010; Chen et al., 2016). 

A recent study has established that Stra6 contributes to p53-induced cell 

death after DNA damage and, thus, was independent to RA induction (Carrera 

et al., 2013). In addition, Stra6 was involved in lipid metabolism and insulin 

resistance in obesity and type 2 diabetes (Berry et al., 2012; Kawaguchi et al., 

2012; Muenzner et al., 2013; Marwarha et al., 2014). Furthermore, it was 

recently suggested that holo-RBP and its receptor Stra6 have a role in driving 

oncogenic transformation (Berry et al., 2014). All of these various functions 

have been related to Stra6, and its involvement in many different pathways 

will be discussed in greater detail in section 1.3.3.1  

In 2015, the Stra6 gene was identified to encode two different mRNAs that 

were transcribed by two different promoters, which resulted in producing the 

long and short isoforms of Stra6 (Laursen et al., 2015).  
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Stra6's mutations have been identified in humans. For instance, the Matthew-

Wood syndrome occurs due to truncating mutations in Stra6. Matthew-Wood 

syndrome results in severe microphthalmia/anophthalmia, which is 

characterised by the loss of one or both eyes, and it is also associated with 

severe pathological defects such as mental retardation, lung hypoplasia, 

congenital heart defects, intrauterine growth impairment, pancreatic 

malformations and duodenal stenosis (Golzio et al., 2007; Pasutto et al., 2007; 

Wang et al., 2010; Chassaing et al., 2009; Chitayat et al., 2007).  

Stra6 molecular analysis in humans has demonstrated either a homozygous 

insertion or deletion in exon-2 or a homozygous insertion in exon-7 of the 

Stra6 gene; this study was done on two foetuses of related families that had 

been diagnosed with Matthew-Wood syndrome (Golzio et al., 2007). Thus, a 

study was carried out on three foetuses plus one child, and all of them 

acquired Matthew-Wood syndrome with anophthalmia and mental 

retardation (Chassaing et al., 2009).  

The loss of retinoid uptake in the eye as a result of knocked down Stra6 has 

been studied in zebrafish models, and the results demonstrated vitamin A 

inadequacy and developmental deformities due to the loss of Stra6 (Isken et 

al., 2008). Furthermore, Stra6-null mice models have revealed prominent 

ocular defects (Ruiz et al., 2012; Berry et al., 2013). Hence, the hypothesis is 

that Stra6 is vital for retinol homeostasis in the eye.  

The Stra6-null mice models have inspired debate regarding the existence of 

another protein/receptor in relation to retinol transport to the target cells, 

since this function of retinol uptake from RBP seems to not be limited to Stra6 

(Ruiz et al., 2012; Berry et al., 2013). RBP4 receptor-2 (RBPR2) is a newly 

identified protein that shares 40% homology with Stra6- and it could have a 

role in retinol metabolism and transport independent of Stra6 function 

(Alapatt et al., 2013; Berry et al., 2013). 
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The number of Stra6-related papers has increased in recent years. However, 

there is still a lack of important information related to Stra6 subcellular 

localisation upon retinoid induction, as well as characterising Stra6's 

interacting partners. Hence, there is a necessary need for more cellular, 

biological and structural models to be investigated.  

1.3.2 Stra6 structure 

Stra6 protein/receptor has a fragile nature in addition to its transient binding 

to RBP, thus making the structural study of this receptor protein a challenging 

task. In 2007, Kawaguchi’s group was one of the first to characterise the Stra6 

structure by stabilising the interaction of RBP-Stra6 via a well-planned 

approach that allows a high purification affinity to the RBP-Stra6 complex 

molecule (Kawaguchi et al., 2007). In consequence to its previous purification 

method, Stra6's structure was described as a multi-transmembrane protein of 

no known function to any earlier identified protein. Stra6 is a 74-kDa protein 

(Kawaguchi et al., 2008). Stra6's topology model includes 19 distinguishing 

domains: five of these domains are outside the cell and represented as 

extracellular domains, nine domains are across cell membranes and identified 

as transmembrane domains, and the final five domains are inside the cellular 

matrix and considered intracellular domains (Figure 1.9). 

In identifying the potential binding sites of RBP4 in the Stra6 protein in order 

to mediate the retinol uptake and to facilitate its transport across the plasma 

membrane, a significant number of mutational studies have been done to 

identify some amino acids as possible sites for RBP4 binding in bovine Stra6, 

including Tyr336, Gly340 and Gly342. (Kawaguchi et al., 2008). However, human 

Stra6 shows a polymorphism (G339S) in correlation to the above bovine Stra6 

mutations that reflects pathological defects due to the probable deterioration 

of RBP4’s ability to bind to its receptor (Stra6) and its failure to perform its 

functions (Pasutto et al., 2007).  
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Breen and his colleagues were the first group of scientists to explore the Stra6 

crystal structure. They have expressed Stra6 in Pichia pastoris as a fusion 

protein with green fluorescent protein (GFP) and have revealed that the 1 

mole-RBP:1 mole-Stra6 complex transient interaction was retinol independent 

(Breen et al., 2015).  

Another group has recently studied Stra6 structure by purifying Stra6 from a 

zebrafish model, and it found a natural unpredicted link between Stra6 and 

calmodulin (CaM), which forms a 180 kDa complex molecule; CaM is known as 

a binding partner and a functional controller for various membrane protein 

members (Tidow & Nisse, 2013), such as transporters, ion channels and 

enzymes. Furthermore, researchers have illustrated a possible idea of retinol's 

release mechanism from the Stra6 hydrophobic pocket that facilitates the 

diffusion of retinol across the cellular plasma membrane (Chen et al., 2016). 

From the literature, regardless of the clear significance of Stra6 protein, there 

is little evidence regarding its structure.  The existing data is limited to the 

Stra6 primary structure, and no records exist on the secondary, tertiary or 

quaternary structure of Stra6 receptor. In addition, Stra6 crystal structure 

investigational studies will be an extraordinarily significant measure in 

enlightening, as well as highlighting, its mechanism of action; however, for 

this information to be fully understood, it must be added to studies 

identifying Stra6 protein-binding partners.  
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Figure 1.9: A model of Stra6 receptor protein and possible sites of Stra6 mutations and 

polymorphisms. The Roman numerals from I to IX represent Stra6 transmembrane domains. 

That includes 19 distinguishing domains: five of these domains are outside the cell and 

represented as extracellular domains, nine domains are across cell membranes and identified 

as transmembrane domains, and the final five domains are inside the cellular matrix and 

considered intracellular domains. Thickened lines mark the region of Stra6 subjected to 

random mutagenesis. (Adapted from Kawaguchi et al., 2008). 
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1.3.3 Stra6 activation 

On a target cell, Stra6 binds to the holo-RBP-TTR complex and thus allows 

Stra6 to mediate retinol uptake by catalysing the release of retinol, mainly via 

the action of LRAT and CRBP-I (Kawaguchi et al., 2008). LRAT enhances retinol 

uptake from Stra6 and converts retinol to its storage form (retinyl esters). 

CRBP-I further stimulates the retinol uptake mechanism from the holo-RBP 

complex via Stra6. Furthermore, LRAT and CRBP-I maintain the total level of 

vitamin A in order to avoid vitamin A toxicity by means of monitoring the 

Stra6 retinol uptake, inhibiting Stra6 from loading retinol back to RBP, helping 

Stra6 to uncouple from holo-RBP complex and permitting apo-RBP to 

experience further kidney filtration (Kawaguchi et al., 2008).  

ATRA has been shown to increase the Stra6 mRNA levels, dependent on the 

concentrations, as Stra6 is identified as an RA-inducible gene that is mainly 

mediated by the retinoid receptors’ heterodimerisation of RXRα/RARϒ. 

However, other retinoid receptors were in some cases induced by Stra6, such 

as in RARα and RARβ (Bouillet et al., 1997). 

It has been found that Stra6 is necessary for vitamin A homeostasis in the eye 

but not in other organs. A study has been done on Stra6 knockout mice 

models to evaluate the importance of Stra6. The results showed vitamin A 

levels dropped significantly when compared to the other model of Stra6 WT 

mice (Terra et al., 2013). In 2014, Skazik and his colleagues determined that 

the depleted status of Stra6 in the HaCaT cells, a spontaneously transformed 

aneuploid keratinocyte cell line from adult human skin, does not affect the 

target cells’ retinol uptake. However, this resulted in a significant thickness of 

the epidermal layer, which was associated with an elevation of epidermal 

markers, including Krt6, Krt10 and Krt16, and an observed expansion of Ki67 

expression. The same results have also been observed using an in vivo model 

(Laursen & Gudas, 2014). This supports the hypothesis that there are other 

undiscovered mechanisms related to retinol uptake other than Stra6.  
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The Stra6 cell surface receptor performs numerous vital roles in human health 

and disease, and we will discuss some of them in the following section, 

particularly in respect to Stra6’s involvement in triggering various signalling 

cascades. However, other signalling pathways that explain Stra6’s observed 

functions are still elusive. 

1.3.3.1 Involvement of Stra6 in other pathways 

Researchers have recently found that Stra6 does more than serve as a 

mechanism for retinol uptake from RBP and reloading it back to RBP. Stra6 

has a role as a cell surface signalling receptor after it binds to holo-RBP by 

recruitment and activation of Janus kinase 2 (Jak2) and signal transducer and 

activator of transcription 5 (Stat5).  

Basically, the Stra6 SH2-binding motif in the cytosolic domain of the receptor 

undergoes tyrosine phosphorylation following a direct binding to the holo-

RBP complex; hence, a specific tyrosine residue is phosphorylated, and 

JAK2/Stat5 is activated, thus facilitating Stat5 translocation to the nucleus 

where downstream regulation and expression of target genes takes place, 

including regulation of the cell differentiation and proliferation process (Berry 

et al., 2012).  

Investigations have been done in vivo using mouse models to determine the 

role of Stat5 in the carcinogenesis mechanism. They have reported the activity 

of Stat5 mostly as a proto-oncogene molecule involved in many cancers, 

including breast tumours (Wagner & Rui, 2008). In particular, Stat5a is 

activated after it is phosphorylated, with 75% of breast malignancies 

demonstrating a nuclear localisation of Stat5a (Cotarla et al., 2004). 

ERα and Cyclin D1 are highly expressed after the overexpression of Stat5a, 

which results in cell differentiation and proliferation (Li et al., 2006; Park et 

al., 2002). Furthermore, Stat5a’s expression has been revealed to endorse the 

occurrence of sporadic cancers in mice (Iavnilovitch et al., 2004). Additionally, 
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mouse models of Stat5a’s expression have demonstrated a high tendency to 

develop adenocarcinomas after one year. 

Related to stress signalling in the cell, the mitogen activated protein kinase 

(MAPK) pathway is the primary invoked pathway in such cellular events. The 

MAPK pathway induces cell death, inflammatory cellular responses and 

kidney fibrosis, mainly under the stimulatory effect of the cAMP that 

provoked MAPK family members, including p38 and c-Jun N-terminal kinase 

(JNK(, (Kyriakis & Avruch, 2001; Tian et al., 2000).  

Several studies have reported that the activation of JNK and p38 leads to RAR 

depletion, and they also participate in the regulation of apoptotic events (Tian 

et al., 2000). Jak2-Stat5 signalling cascades exert their actions indirectly via a 

series of events that trigger the JNK-p38 cascade activation and leads to 

apoptosis (Lejeune et al., 2002; Fuster et al., 2011).  

Recently, a model has suggested that Stra6 is a signalling transduction 

molecule (Chen et al., 2012; Berry et al., 2011). Chen et al. have shown 

enhanced phosphorylation of Jak2 and Stat5 upon holo-RBP and Stra6 

binding, thus promoting the production of more AC6 that will in turn catalyse 

more cAMP, where all of these cellular cascade events promote apoptosis by 

means of CRBP-I and RARα suppression and via JNK and p38 activation as an 

outcome (Chen et al., 2012). 

In 2001, Szeto et al. performed a screening study to evaluate genes related to 

the Wnt-1 regulatory response. They found that Stra6 mRNA is greatly 

expressed; thus, suggesting Stra6 to be a critical key regulator in cancer. The 

researchers also determined a synergistic effect between the Wnt-1 and RA 

pathways following a combined treatment of ATRA and Wnt-1 overexpressed 

active constructs, which results in high expression levels of Stra6. The Stra6 

induction by Wnt-1 is mediated mainly via the activation of RAR nuclear 

receptors (Szeto et al., 2001). 
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Recent findings have linked Stra6 to the cellular responses to DNA damage 

events (Carrera et al., 2013). The researchers found that Stra6 played a part in 

the mechanism of p53-induced cell death (Carrera et al., 2013). In addition, 

Stra6 induction after DNA damage was shown to be RA independent, and did 

not activate RARs target genes. Generally, these findings have proposed that 

Stra6 is a new member of the p53 pathway (Carrera et al., 2013).  

Retinoids induce an assortment of metabolic activities in the fat tissue, 

including lipolysis (Bonet et al., 2012). However, most studies in adipocytes 

have recognized ATRA as a potent inhibitor of adipogenesis when present at 

early phases of cellular differentiation (Ziouzenkova et al., 2007; Kamei et al., 

1994). These inhibitory impacts were observed to be mediated by aberrant 

mechanisms, including RARα (Kamei et al., 1994; Xue et al., 1996), and by 

inhibition of the pro-adipogenic transcription component CCAAT/enhancer-

binding protein (C/EBP), (Schwarz et al., 1997). 

ATRA stimulates the expression of the transforming development variable β 

effector protein SMAD3 to activate RARα, which lowers C/EBPβ DNA binding 

by collaborating with C/EBPβ through its Mad homology 1 domain (Choy & 

Derynck, 2003). Other than RARα, RARγ has likewise been implicated in the 

inhibitory impacts of ATRA on adipocyte differentiation by enhancing the 

expression of the strong inhibitor of adipogenesis, which is known as delta-

like 1 homolog/pre-adipocyte factor PREF-1. However, Stra6’s role as a 

mediator for retinol transfer via RBP4 to adipocyte progenitor cells is not 

entirely clear (Berry et al., 2012). 

Although cell retinoid homeostasis via RBP signalling has been associated with 

insulin resistance, it has not been clearly identified.  RBP phosphorylates 

Stra6, which works as a signal transducer and activator for translating Stat5 in 

hepatocytes, adding to the progression of insulin resistance by inducing 

cytokine signalling 3 (SOCS3), as well as by suppressing the expression of 
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peroxisome proliferator actuated receptor gamma (PPARγ) (Berry et al., 2011; 

Berry et al., 2012). 

Taking everything together, GLUT4-RBP4-Stra6, may also be assumed to be an 

essential part in the pathogenesis of type 2 diabetes, where a particular 

glucose transporter type 4 (GLUT4) is suppressed in the adipocyte. GLUT4 is 

the insulin-managed glucose transporter discovered principally in fat tissues 

and striated muscle (skeletal and cardiovascular), and it prompts an increased 

expression of RBP4 that creates more insulin resistance through Stra6 (Nair et 

al., 2010). 

Past studies have also demonstrated that Stra6 can influence the immune 

response. In most reactive T-cells, Stra6 was upregulated via mesenteric 

lymph node-dendritic cells in a blended lymphocyte pool (Kang et al., 2007). 

Retinoids are well known to regulate T-cell sub-classes, including Th1, Th2, 

Th17 and T-regulatory cell development and function (Cantorna et al., 1994; 

Stephensen et al., 2002; Mucida et al., 2007; Benson et al., 2007).  

1.3.4 Retinoids, Stra6 and cancer 

Investigations have been done to determine the role of vitamin A in 

carcinogenesis, particularly on the retinoic acid capability on cancer 

pathogenesis. Results have shown that it could, to some degree, decrease the 

incidence of tumours in mammals (Muto et al., 1998; McCormick et al., 1999; 

Anzano et al., 1994). Epidemiological studies exploring the relationship 

between a vitamin A supplementary diet and human tumours raised the 

theory that low vitamin A intake may have an additive role on cancer 

development and that people who consume three or more servings of leafy 

foods every day, especially those rich in carotenoids, have lower risks of a few 

types of malignancies (Stähelin et al., 1991). The reports originated from case 

control and cohort studies have indicated a reverse relationship between the 

utilization of pro-vitamin A (β-carotene) and the risk of tumours, such as lung 

and stomach tumours (Wakai et al., 2011; Larsson et al., 2007). 
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Studies from a number of human cancers, including kidney, skin, kidney, 

breast and bladder, have revealed an abnormal reduction of intracellular 

retinyl ester levels and diminished LRAT expression (Liu & Gudas, 2005; Guo et 

al., 2002; Sheren-Manoff et al., 2006). In renal cancer, investigations have 

found that low levels of LRAT expression are correlated with low retinol 

concentration in the target cell, as a consequence of diminishing retinol 

uptake from the holo-RBP complex (Guo et al., 2001).  

Another important fact that has a significant impact on disturbing the RA 

signalling pathway in cancer cells is the RARβ2 silencing due to gene 

methylation processes (Hu et al., 1991). Furthermore, some studies have 

revealed that RARβ-RARE is epigenetically silenced in various types of cancers 

(Sirchia et al., 2002; Hoque et al., 2004; Fazi et al., 2007). 

ATRA has been reported to be engaged in inducing cellular differentiation and 

regulation of numerous cell types. Indeed, ATRA's observed biological 

functions have indicated a possible drug for many cancer treatments (Altucci 

& Gronemeyer, 2001). 

Furthermore, some studies have proposed that retinoids have a strong 

antiproliferative impact on colon cellular growth in vitro, and they could have 

potential for the chemoprevention of colon cancer. In vivo studies using rat 

models have revealed a similar concept regarding retinoids’ ability to inhibit 

the transformation of colon progenitor cells to be a cancerous colon cells 

(Delage et al., 2004; Wargovich et al., 2000; Zheng et al., 1999).  

Retinoids trigger apoptosis in numerous types of cancer cells, for instance, in 

acute promyelocytic leukaemia (APL). ATRA has turned out to be a critical 

agent in the treatment of leukaemia, and it is the most preferred drug for the 

treatment of APL (Chomienne et al., 1996). 

APL mostly shows a chromosomal translocation t (15; 17) between the RARα 

gene on chromosome 17 and the PML gene on chromosome 15, resulting in 
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the formation of the RARα-PML fusion protein. However, a few APL cases 

show an association between the RARα gene combined with the 

promyelocytic leukaemia zinc finger gene (PLZF), which shows more 

resistance to retinoid treatment due to additional HDAC-containing 

complexes. Therefore, a combined treatment of ATRA and HDAC inhibitor, 

such as sodium butyrate, has been suggested (Zhang et al., 2000; Marks et al., 

2000). APL was characterised to have improper retinoic acid signalling via 

excessive repression and oligomerization of RARE target genes by the action 

of HDAC, which hinders PML signalling and permanently arrests only 

promyelocytic cells (Breems-de Ridder et al., 2000; de Thé & Chen, 2010). 

Pharmacological doses of ATRA are used as treatment for APL to get its 

advantages of promoting cell differentiation and of restoring the defective cell 

signalling (Zhang et al., 2000; Breems-de Ridder et al., 2000). Conversely, 

treatment with ATRA alone is linked with a high rate of relapse, mainly 

because of ATRA resistance. In 10-15% of cases, patients treated with ATRA 

have suffered serious symptoms of retinoic acid disorder, which is 

characterized by expanding counts of leukocytes, fever, respiratory problems, 

weight gain, pericardial effusions, low blood pressure and sometimes 

impermanent renal functions (Altucci & Gronemeyer, 2001). 

Recently, the treatment of APL has not only been based on retinoids alone but 

also on introducing the concept of combined treatment with chemotherapy 

agents. In 2014, Ablain and colleagues performed an experimental study that 

provided the first knowledge of the APL treatment mechanism involving p53 

as a principle key element in PML-RARA fusion protein deterioration via direct 

p53 response to DNA damage by means of deacetylation of p53. Thus, 

showed that activating the PML-dependent regulation of p53 target genes 

shows post-transitional modification (PTM) of p53 protein and p53 

stabilisation and activation (Ablain et al., 2014). 

In light of previous experimental results, particularly these studies by Carrera 

et al. (2013) and Ablain et al. (2014), our main purpose is to define Stra6 
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functions in the p53 signalling pathway, as little research has been done in 

regards to this aspect of Stra6. Furthermore, the recent results of Ablain's 

group could provide a reasonable justification for retinoids (ATRA) treatment 

via a combined treatment with DNA-damaging agents dependent on p53 

status to treat cancers other than PML. Since Stra6’s involvement in such 

cancer models has not been investigated, our research will be important in 

revealing the mechanisms that link ATRA-Stra6-p53 together and in providing 

a comprehensive understanding of the underlying mechanism of potential 

combination therapies.  
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1.4 Aims of the project 

Based on the previous findings:  

(I) Stra6 enhances p53-induced apoptosis following DNA damage and  

(II) Stra6 is induced by retinoids (vitamin A)  

Our aims are as follows: 

1. To further characterize the involvement of Stra6 in the p53-dependent 

DNA damage response inducing apoptosis.  

2. To study the potential of Stra6 as a novel target for cancer treatment. 

1.4.1 Hypothesis 

Stra6 induction by All-trans retinoic acid (ATRA) may sensitize tumour cells to 

p53-induced apoptosis after treatment with DNA-damaging agents. 

1.4.2 Specific objectives 

(I) Evaluation of the up-regulation of Stra6 by ATRA to study retinoid mediated 

enhancement of cancer cell sensitivity to DNA damaging agents in response to 

Stra6 induction. 

(II) Identification of proteins that bind to Stra6.  

(III) Determination of Stra6 sub-cellular localisation. 
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2 Materials and Methods 

2.1 Cell culture 

Different cancer cells (Table 2.1) were cultured in DMEM (Dulbecco’s Modified Eagle 

Medium) GIBCO supplemented with 10% v/v FBS Foetal Bovine Serum (FBS) (GIBCO) as 

well as 50 units/ml of Penicillin-Streptomycin (GIBCO) (Table 2.2). A 5% CO2 incubator 

was used to culture the cells, Phosphate buffered saline (PBS) was used to wash the 

cells two times before being incubated in 2 ml of 0.05% v/v Trypsin-EDTA for 3 minutes 

at 37 °C, until the cells detached from the plate. Upon detaching the cells, the trypsin 

was inactivated by adding 6 ml of DMEM, then pelleting the cells at 1200 g for 5 

minutes. After washing the cells once in PBS, they were re-suspended in 5 ml of media, 

and re-plated at the desired cell density.   

2.1.1 Long-term storage of human cell lines  

For long-term storage of cell lines, freezing of the cells was done upon being 100% 

confluent in culture plates. After aspirating the old medium, the cells were washed and 

trypsinised using 5 ml of PBS and 2 ml of 0.05% v/v trypsin respectively, and incubated 

for 3 minutes. After being collected in 6 ml of media, the cells were centrifuged at a 

rate of 1200 g for 5 minutes. Cells were Suspended in 3 ml DMEM (as previously 

described) supplemented with 10% v/v DMSO (Sigma-Aldrich, #D5879). Freezing was 

done after transferring 1 ml aliquots to cryovials. For the cells to survive, a controlled 

decrease in temperature was performed by having the vials inserted in an isopropanol 

chamber and maintained at -80°C overnight, with the vials being transferred and 

stored in liquid nitrogen storage racks 24 hours later. A water bath at 37 °C was used 

for thawing the cells by inserting the frozen cryovials in the water bath for 2 minutes, 

and later transferring the cells to a plate with 9 ml of warm media. The old medium 

was aspirated 24 hours later and fresh medium was added.  
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Table 2.1: Cancer cell lines used 

Name Type p53 status 

EJp53 human bladder cancer cell  tetracycline (tet)-off 

inducible p53 expression 

system 

(Sugrue et al., 1997) 

EJp53 sh-Stra6 human bladder cancer cell  tetracycline (tet)-off 

inducible p53 expression 

system 

(Sugrue et al., 1997) 

HCT116 human colon cancer cell line +/+ 

HCT116 p53-/- human colon cancer cell line -/- 

HCT116 sh-Stra6 human colon cancer cell line +/+ 

U2OS human bone osteosarcoma 

epithelial cells 

+/+ 

PA-1 human ovarian carcinoma cell 

line 

+/+ 

MCF-7 human breast cancer cell line +/+ 

H460 human lung cancer cell line +/+ 

JVM-3 B-prolymphocytic leukaemia cell 

line 

+/+ 

DOHH2 large B-cell lymphoma +/+ 

KIS large B-cell lymphoma +/+ 
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Table 2. 2: Reagents for cell culture 

Reagent  Supplier Product# 

Dulbecco's Modified Eagle medium 

(DMEM) 

(high glucose, GlutaMAX™, pyruvate) 

Gibco  61965-026 

Foetal Bovine Serum (FBS) Gibco  10500-064 

Penicillin-streptomycin Gibco  15140-122 

Phosphate-buffered saline (PBS)  Gibco  20012-019 

Trypsin-EDTA (0.05%, Phenol red) Gibco  25300-054 

 

2.1.2 Cell counting  

A BIO-RAD automated machine counter) was used for counting viable cells. After 

mixing 10 μl of suspension cells with an equal amount of Trypan blue solution, an 

addition of 10 μl of the mixture to a counting slide (BIO-RAD, Cell counter Dual 

chamber) was performed. The slide was inserted into the machine, thereby 

automatically reading the quantity of the cells. Cells were counted every day. After cell 

counting, fresh media was added.  

2.1.3 Treatment of cells 

2.1.3.1 Cell treatment with DNA damaging agents: Doxorubicin 

As an anthracycline antibiotic, Doxorubicin is capable of intercalating within the DNA 

double helix and inhibit macromolecules such as topoisomerase II (Capranco, et al. 

1990). Doxorubicin hydrochloride (Sigma-Aldrich, #44583) was used in the DNA 

damage studies. The doxorubicin’s concentration as well as the incubation duration 

varied depending on the cell and experiment and it ranged between 0.5 to 2 µM/ml 

(0.2 to 1 µg/ml). Treatment times were for 24 to 48 hours. A few experiments utilized 

Camptothecin (CPT) at 5 – 10 µM/ml for 24 -48 hours.  
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2.1.3.2 Cell treatment with Radiation 

Cell irradiation was done using the Xstrahl RS320 X-Ray irradiator machine. The doses 

ranged between 10 and 15 grey. Upon completion, the cells were transferred back to 

the incubator for further conditioning for 24-48 hours, before further analysis was 

performed. 

2.1.3.3 Cell treatment with ATRA 

ATRA (Sigma-Aldrich, R2625) was used at a concentration of 1 - 2 µ M for 24 -48 hours. 

2.2 Protein extraction and analysis 

2.2.1 Whole cell lysate 

After removing the medium, the plates were washed two times using 1x PBS and 

trypsinised. Pellets were collected and stored on ice then an addition of 1 µl of 

phosphatase Inhibitor (Sigma Aldrich), 1 µl of Protease Inhibitor Cocktail Set III 

(Calbiochem) and 100 µl of Radioimmunoprecipitation assay buffer (RIPA) (50 mM Tris 

HCl, 1% v/v NP40, 0.5% w/v SDS, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, pH 7.4) was 

done. A 20-min incubation on ice followed. A syringe was used for rupturing the cells 

(5 times) followed by centrifugation at 12000 g for 5 minutes at 4°C. The supernatant 

was transferred to labelled tubes and 35 µl 4X loading buffer (8% w/v SDS, 20% v/v 2-

mercaptoethanol, 40% v/v glycerol, 0.4% w/v bromophenol blue, 200 mM Tris HCl pH 

6.8) was added to 100 µl of the sample. This was followed by boiling the sample at 

95°C, and later cooling it at room temperature prior being spun and loaded into the 

SDS-Polyacrylamide gel. Alternatively, storing for future use was done at -80°C.  

2.2.2 Cell Fractionation using sucrose gradients 

Ice-cold PBS-MC (1x PBS, MgCl2, 1 mM CaCl2) was used to wash cells two times at 

300xg for 5 min. 1 ml ice-cold Hypotonic buffer (RSB: 10 mM HEPES-KOH, 10 mM KCl, 

1.5 mM, MgCl2, pH 7.5) was used to re-suspend the cells, containing complete 

Protease Inhibitor Cocktail (EDTA), 10 mM NaF, 10 µM MG132, 1 mM activated Na3VO4 

, 5 mM N-ethylmaleimide, for 10-minute. An ice-cold Dounce homogenizer was used 

for rupturing the cells. This was followed by centrifuging the homogenate at 500 x g for 

10 min at 4°C. Sucrose Density Gradients (about 12 ml) for SW40 Ti Rotors were 
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produced by using an automated gradient maker. A 10-50% sucrose gradient was 

prepared. Buffer 1: 10 mM HEPES-KOH 10% (W/V) Sucrose, 1mM MgCl2, pH 7.4; buffer 

2: 10 mM HEPES-KOH, 1 mM MgCl2, 50% (W/V) Sucrose, pH 7.4. After the sucrose 

gradients were incubated on ice for 10 minutes, the homogenate was loaded carefully 

on top of the gradient to minimize gradient disruption. This was followed by balancing 

and loading the tubes into SW40 Ti buckets and centrifugation them at 100,000x g for 

18 hours at 4°C. This was followed by fractionating the sample into 24x 0.5 ml 

fractions. After transferring 50-100 µl to 96-well plate plus adding 30 µl of 4x Laemmli 

Sample Buffer, the sample was then loaded into a 10% polyacrylamide gel and protein 

detection was done as described in subsequent sections (2.2.4 – 2.2.7).  

2.2.3 Handcasting polyacrylamide gels 

Various percentages of polyacrylamide gels were used alongside 1.5 mm thickness Bio-

Rad glass plates, depending on the target protein’s size. Each gel comprised of 

resolving (bottom) and stacking (top) parts. To prepare the gel, 1 x 1.5 mm outer glass 

plate and 1 inner glass plate underwent thorough washing using ddH2O and were 

subjected to air-drying before being washed with ethanol. A Mini-PROTEAN PAGE 

(polyacrylamide gel electrophoresis) system (Bio-Rad) with multi- casting chamber was 

used to assemble the glass pair. The first step involved preparing 15 ml resolving gel 

and instantly loading it into the mini gel unit, leaving some space for the stacking gel 

while being overlaid with distilled water, with solidification being achieved 30 minutes 

later.  

After setting the gel, water was removed and an overlaying of the 3 ml stacking gel 

over the separating gel was done. This was instantly followed by insertion of a 1.5 mm 

comb gently, and given 30 minutes to set.  

• This led to the preparation of 10 % 15 ml of resolving gel: 2.5 ml of 40 % Acrylamide mix, 4.8 ml 

of ddH2O, 0.1 ml of 10% w/v SDS, 2.5 ml of 1.5M Tris (pH 8.8), 0.1 ml of 10% w/v Ammonium 

persulfate plus 4 µl of TEMED. 

• Stacking gel (3 ml): 2.23 ml of ddH2O, 380 μl of 1.0 M Tris (pH 6.8), 380 μl of 40 % Acrylamide 

mix, 30 μl of 10% w/v ammonium persulfate, 30 μl of SDS, plus 3 μl of TEMED.  
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2.2.4 SDS polyacrylamide gel electrophoresis 

After placing the hand-cast gel in the electrophoresis cell, 500 ml 1x SDS-running 

buffer was added. Samples heated at 90-100°C were directly loaded using a pipette, 

together with μl protein ladder added to the first lane of the gel. A 1-hour 

electrophoresis was conducted to ensure that the proteins reached the gel’s bottom 

section, primarily at 120 V, and later increased to 160 V after the samples reached the 

resolving gel. The electrophoresis process was terminated prior to the dye front 

leaving the gel.  

• 10X Running buffer: 0.25 M Tris, 1.92 M Glycine, 1% w/v SDS 

2.2.5 Western blot (WB) 

A wet transfer system was used for Western blotting. A piece of nitrocellulose 

membrane (GE Healthcare Whatman, #11375334) was cut at the desired size. 

Assembling the transfer chamber was achieved in a tray using the appropriate quantity 

of 1X transfer buffer. The preparation of gel and membrane sandwich was achieved by 

placing one foam pad on the cassette holder’s given side and one filter paper sheet 

used for covering purposes, followed by placing the gel with resolved proteins over it. 

This was followed by the addition of the nitrocellulose membrane on the gel while 

another filter paper sheet placed was over it and covered using another foam pad. 

Eventually, the cassette holder was secured and positioned inside the tank, thereby 

being immersed into 500 ml of 1x transfer buffer, with the contents of the tank being 

cooled by an ice block. The system was subjected to 100 V for an hour.  

• 10X Transfer buffer: 0.25 M Tris, 1.92 M Glycine 

• 1X Transfer buffer: 100 ml 10X transfer buffer, 700 ml ddH2O, 200 ml Methanol  

 

2.2.6 Protein detection  

 

The membrane was immersed into 10 ml of blocking solution followed by 45 min 

incubation at room-temperature with gentle rocking.  
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• Washing buffer: 1X PBS, 0.1% v/v Tween (Sigma-Aldrich, # P2287)  

• Blocking solution: 5% w/v Bovine Serum Albumin (Sigma-Aldrich, #A9418), 1X PBS, 0.1% v/v 

Tween 

 

2.2.7 Immunological detection 

This process involves primary and secondary antibodies. The initial stage was 

conducted with the blocked membrane using primary antibody (refer to Table 2.3), 

diluted to the required concentration in 10 ml blocking solution, using Sodium azide 

(NaN3). The difference in incubation intervals was based on the antibody, but in 

general, the incubation time was 2 hours at room temperature or overnight at 4 °C on 

a shaker. Before addition of the secondary antibody, washing buffer was used to wash 

the membrane thrice for 10 minutes, rocking moderately at room temperature, to get 

rid of unbound antibody. The subsequent step involved incubating with 10 ml of 

matching secondary antibody (refer to Table 2.4), prepared in 3% w/v BSA, 1X PBS, and 

0.1% v/v Tween. The incubation period lasted for 1 hour at room temperature while 

being gently rocked. For secondary fluorescence, the use of foil to cover the 

membrane was done to prevent light sensitivity. This was followed by washing the 

membrane using 10 ml of washing buffer 3X 10 minutes, rocking heavily to get rid of 

unbound secondary antibody. Incubating the membrane with chemiluminescent HRP 

Substrate (Millipore, #11556345) for 3 minutes on cling film was conducted to have 

the protein detected. After getting rid of the excessive reagent, a cling film was used 

for wrapping the membrane, which was then mounted on the upper face of the 

cassette. The autoradiography film (Thermo Scientific, #34099) development was used 

in detecting the membrane’s chemiluminescent signal in the dark room. Alterantively, 

an Odyssey detection scanner was used in detecting the membrane upon analysing the 

image using Image Studio Software programme.  

 

 

 



 

 

52 | P a g e  
 

Table 2. 3: List of primary antibodies used 

Name Clonality Source Dilution Company 

p53 (DO-1) Monoclonal Mouse 1:1000 Santacruz 

Stra6-C term 

(ab73490) 

Polyclonal Rabbit 1:500 Abcam 

Stra6-C term 

(43200002) 

Polyclonal Rabbit 1:1000 NOVUS 

Stra6-N term Polyclonal Rabbit 1:500 Abnova 

Stra6 FL (D01P) Polyclonal Rabbit 1:500 Abnova 

β-actin Polyclonal Rabbit 1:1000 Abcam 

β-actin Monoclonal Mouse 1:500 Santacruz 

Caspase 3 Polyclonal Rabbit 1:1000 Cell Signaling 

Caspase 9 Polyclonal Rabbit 1:1000 Cell Signaling 

PARP Polyclonal Rabbit 1:1000 Cell Signaling 

BAX Polyclonal Rabbit 1:500 Abcam 

JNK Polyclonal Rabbit 1:1000 Cell Signaling 

P-JNK Polyclonal Rabbit 1:1000 Cell Signaling 

P- γH2A.X 

(phospho S139) 

Polyclonal Rabbit 1:5000 Abcam 

HNRNPK Monoclonal Mouse 1:1000 Sigma-Aldrich 

PRX VI Monoclonal Mouse 1:1000 Santacruz 

Lamin A+C Polyclonal Rabbit 1:500 LSBio 

HMGB1 Polyclonal Rabbit 1:500 GeneTex 

Na+/K+ ATPase α Polyclonal Mouse 1:2000 Santacruz 

HDAC-1 Polyclonal Rabbit 1:1000 Abcam 

MAPK Polyclonal Rabbit 1:2000 Cell Signaling 

IgG Monoclonal Mouse 1:1000 Santacruz 

GFP Polyclonal Rabbit 1:1000 Abcam 
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Table 2. 4: List of secondary antibodies used 

Name Dilution Company 

HRP-Mouse  1:5000  Bio-Rad  

HRP-Rabbit 1:5000  Bio-Rad 

IRDye-Anti-Mouse IgG 

(H+L) 

1:5000 LI-COR 

IRDye-Anti-Rabbit IgG 

(H+L) 

1:5000 LI-COR 

 

2.3 RNA isolation and qRT-PCR 

2.3.1 RNA isolation 

After seeding the cells into 6-well plates, transfection was done 24 hours later (as 

explained in 2.11.5) with some being treated using doxorubicin (as explained in 

2.1.3.1) or ATRA (as explained in 2.1.3.2) or a combination of the two. Harvesting of 

the cells was done through trypsinization. Pellets were transferred to 1.5 ml 

microcentrifuge tubes. After being washed twice using 1X cold PBS, the cells were 

centrifuged at 3000 g at 4 °C for 5-minute. Besides being of RNA grade, all the 

equipment and chemicals during the RNA extraction were equally maintained free of 

RNAase. To have RNA extracted from the harvested cells, 1 ml of TRIzol Reagent 

(Sigma-Aldrich, #T9424) was used to re-suspend the pellet and later homogenized 

through pipetting. Before adding 200 μl (20 % of the starting TRIzol) of chloroform 

(Sigma-Aldrich, #C2432) an incubation period of 10 minutes was done at room 

temperature. After a vigorous shaking of the samples, they were subjected to 5-minute 

incubation at room temperature and 15-minutes centrifuging at 13000 g and 4 °C. 

Afterwards, transfer of the aqueous supernatant into a freshly clean microcentrifuge 

tube (RNase free) was done. RNA precipitation involved addition of 500 µl Isopropanol 

(half of the starting volume of TRIzol), (Sigma-Aldrich, # I9516) followed by 

centrifugation at 1300 g and 4 °C for 15 minutes. After removing the supernatant, the 
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RNA pellet was washed two times using 70% v/v ethanol, followed by another 

centrifugation at 8000 g and 4 °C for 10 minutes. Upon getting rid of the supernatant, 

the pellet was subjected to air-drying for about 5-10 minutes. 30 µl of RNase-free 

water was used in re-dissolving the pellet. After nucleic acids were quantified using 

Nanodrop ND-8000 (Thermo Scientific), the samples were stored at -80 °C awaiting the 

subsequent phase. 

2.3.2 cDNA synthesis 

Preparation of cDNA was achieved from purified RNA by using a First-Strand cDNA 

Synthesis Kit (GE Healthcare Life Science, #27-9261-01). All samples underwent mixing 

of 1 µg of purified RNA with an appropriate quantity of RNase-free ddH2O up to a 

volume of 30 µl, then heating the samples at 65°C for a 10-minutes in a heat-block and 

instantly undergoing ice cooling for 2 minutes. During the reaction involving the 

reverse transcription, the RNA solution was mixed with first-strand reaction fused 

beads (buffer, dGTP, dATP, dTTP, dCTP, reverse transcriptase, RNase/DNase-free BSA, 

as well as RNAguard™, mixed with RNase-free ddH2O and 5 μg Oligo(dT) primer 

(Invitrogen, #18418-012) to attain a total volume of 33μl. The subsequent phase was 

to mix the reaction gently through vortexing and having it spun for a short duration 

and eventually undergoing 1-hour incubation at 37 °C in a regulated incubator. Storage 

of the sample for future use was then done at -20 °C.  

2.3.3 Quantitative Real-time PCR (qRT-PCR) 

As shown in table 2.5, the design of primers was done for the comparative 

quantification of gene expression. The target gene expression was normalized by using 

GAPDH or β-Actin as an endogenous control gene. To come up with the reaction mix, 

various ingredients were used, including 10 μl 2x sensimix SYBR NO-ROX master mix 

(Bioline, #QT650-02), 2 μl of diluted cDNA (1:10 with ddH2O), 20X primer mix (200-400 

nM), as well as ddH2O. Each sample was done in triplicate. The subsequent phase 

included mixing and centrifuging the samples lightly, while the reactions were done on 

Corbett Life Science-Rotor-Gene 6000 by engaging these thermal cycling parameters: 

10-minute enzyme activation “hold” at 95 °C, succeeded by 15-seconds 50 cycles 

denaturation at 95 °C as well as 60-seconds elongation/annealing at 60 °C. PCR analysis 
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resulted in a melting curve utilized in verifying the primers’ specificity. Analysis of the 

data was done through viewing the amplification plots, while setting both baseline and 

threshold values. The final procedure involved a manual comparative quantification 

analysis, in addition to a relative expression value founded on the comparative Ct 

calculations as shown below.   

[delta] Ct, sample = Ct, sample – Ct, GAPDH   

[delta][delta] Ct = [delta] Ct, sample - [delta] Ct, reference 

 

Table 2. 5: List of primers used for qRT-PCR 

Gene  Forward 5' - 3' Reverse 5' - 3' Supplier 

Stra6 TCCTGCCTACCATCCTCCT AGACAGACCTCCACCCAAC Eurofins 

RARα GGGCAAATACACTACGAACAAC GGCGAACTCCACAGTCTTAAT Primer 

Design 

RARβ GCCTTACCCTAAATCGAACTCA GCCTGTTTCTGTGTCATCCAT Primer 

Design 

β-actin GCGGGAAATCGTGCGTGACA AAGGAAGGCTGGAAGAGTGC Primer 

Design 

GAPDH TCTCTGCTCCTCCTGTTC GCCCAATACGACCAAATGC Eurofins 

  

2.4 Flow Cytometry 

Being a laser-based technology, flow cytometry enables the detection of diverse 

features of singles particles within a fluid as it flows via the laser beam one by one. 

Flow cytometry is able to identify various cell qualities like its relative size, internal 

granularity, or complexity as well as fluorescence intensity, which are established 

through recording the cell’s scattering of incident laser light to emit fluorescence. Its 

extensive application lies within the identification and definition of various cell 

populations and equally expression of cell surface and intracellular molecules. Cells 

passing via the beam will have the light detected scattered as either side scatter which 



 

 

56 | P a g e  
 

is proportionate to cellular density or forward scatter which associates with size or 

inner complexity, that is, nucleus shape, granularity, etc. Flow cytometry is equally 

capable of detecting the DNA fluorescence (via PI staining) and apoptosis (via annexin 

V staining).  

2.4.1 Propidium Iodide 

Propidium Iodide (PI) is a fluorescent molecule capable of intercalating into nucleic 

acids. Upon binding to DNA and excited with a wavelength light of 488 nm, it is able to 

fluoresce red. To examine the cell death percentage, a Propidium Iodide staining 

followed by a FACS analysis was typically conducted in this study. After splitting the 

cells into 6-well plates, a timeframe of 24 hours was given prior commencing the 

treatment. The samples were equally duplicated while each sample’s media was 

aspirated and gathered in 15-ml labelled falcon tubes. An amount of 2 ml of 1x PBS 

was used for washing the cells and was retained in the media tube. The process of 

collecting the cells in media tubes and 1x PBS was initiated after adding 1 ml of trypsin. 

This was followed by centrifuging the tubes at 200g for 5 min and eventually washing 

of the pellet two times, using 1x PBS. A mixture of the pellet and 1 ml of 70 % ethanol 

was prepared and placed at -20 °C at minimum 30 minutes. After taking the cells out of 

the freezer, they were centrifuged at 200g for duration of 5 minutes. This was followed 

by washing the cells once using 1 ml of 1x PBS. The pellet was again suspended in 300 

μl of PI buffer: 10 μg/ml RNase A, 50 μg/ml of Propidium Iodide, 1× PBS, and shifted to 

polystyrene round-bottom tubes. This was followed by incubating the tubes at 37 °C in 

the dark for half an hour. Beckton Dickinson FACSCanto II and FACSDiva 6.0 software 

were used for recording 10,000 events for each sample for analysis and acquisition 

purposes.  

2.4.2 Annexin V  

Floating and adherent cells were gathered and washed using 1x binding buffer without 

fixation. This was followed by the re-suspension of cells at 1x106 cells/ml in 1x binding 

buffer. On average, an addition of 0.5 µl of annexin V- FITC was considered for each 1 

ml of 1x binding buffer (1:2000). After that, incubation of the mixture was done for 15 
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minutes at room temperature in dark. This prepared the samples ready for reading 

with FACS.  

• Annexin binding buffer 5x: 50 mM HEPES, 750 mM NaCl, 5 mM MgCl2, 9 mM CaCl2, pH 7.4. 

2.5 Measurement of intracellular oxidation 

Cell permeable fluorescent dyes are among the extensively used methods for assessing 

oxidative stress, with 2′-7′-dichlorodihydrofluorescein diacetate (H2DCFDA) being 

considered a significant fluoregenic reagent to establish reactive oxygen intermediates 

in cells. When subjected to oxygen presence, H2DCFDA changes to heavily green 

fluorescent 2′-7′-dichlorodihydrofluorescein.  

2.5.1 DCF Staining 

DMSO was used to dilute 10 mg/ml stocks of H2DCFDA (Biotium) initially prepared 

afresh prior utilizing it with minimal exposure to the air. This was followed by directly 

adding H2DCFDA to the plate, by taking into consideration 0.5 μl of diluted H2DCFDA 

per ml of the eventual medium (H2DCFDA concentration 5 mg/ml). After that, all the 

samples underwent 30-minutes incubation in the dark at 37 °C, 5% CO2. After being 

trypsinised, the cells were collected. After re-suspending the cell pellet in 500 μl sterile 

PBS, the cell pellet was moved to FACS tubes and shielded from light. ROS levels were 

examined instantly by flow cytometry for stimulation and emission wavelengths for 

the green (FITC) channel as well as ensuring the samples are maintained at 4 °C until 

analysis. Finally, a diagram of MFI (mean fluorescence intensity) values was plotted.  

2.5.2 Using NAC and GSH to inhibit ROS generation 

Treatment with antioxidants involved exposing the cells to 2 μM Glutathione (GSH) or 

10 mM of N-acetyl-L-cysteine (NAC) for 16 hours. After that, DCF staining was used to 

estimate ROS as explained in section (2.5.1) or protein was extracted, followed by the 

analysis of protein lysate via western blot as explained in section 2.2.  

2.6 MTS cell viability assay 

CellTiter-Glo Reagent (Promega, #G7571) was used to estimate cell viability. After 

seeding cells into 96-well plates (with each well’s density being 25 X 104), a growth 

period of 24 hours was allowed. A number of wells containing medium without cells 
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were used as a negative control. Subsequent to 24 hours of growth, cells were treated 

and allowed to grow for 24 hours within a humidified 5% CO2 atmosphere at 37°C. On 

the next day, 20 µl of CellTiter-Glo Reagent was added to each well, with the plate 

being covered firmly using an aluminium foil and later undergoing a 2-6-hour 

incubation at 37°C. Subsequent to incubation, an Infinite F50 Robotic Absorbance 

microplate reader (Tecan) was used to measure absorbance at 490 nm.  

2.7 Immunoprecipitation (IP) 

After blocking 25 µl of protein A Sepharose beads (GE Healthcare) with 40 µl of 5%  

w/v BSA, incubation was done overnight at 4 °C in the rotator. Later, the extract 

solution (protein lysate) was mixed with 1 µg of the appropriate antibody followed by 

an overnight incubation in the rotator at 4 °C. The next blocked beads were incubated 

with the extract (Ab with protein lysate) with a 3-hours incubation following at 4 °C 

while in a rotary state. This was followed by spinning the tubes down for 3 minutes at 

2000 g and 4 °C. After that, the supernatant (SN, equally identified as FT (flow 

through)) was removed and stored in a different tube at -80 °C. Resuspension of the 

antibody-beads complex was done using 500 µl of washing buffer followed by 5-

minutes incubation at 4 °C on the rotary wheel, and later spinning it for 3 minutes at 

2000 g and 4 °C. Resuspension of the antibody-beads complex was done once more in 

500 µl of washing buffer two times. This was followed by IP elution through addition of 

4x SDS loading buffer (Laemmli). After that, the samples were boiled for 5 minutes to 

achieve boiling point at 95 °C. This made the samples ready for loading as well as being 

run on 10 % SDS-PAGE electrophoresis. The next step included staining the gel with 

Instant Commasiee Blue stain while excising the bands from the gel to transfer it for 

mass spectrometry analysis. The PNACL (protein and nucleic acid lab) at the University 

of Leicester provided the protein identification process. The gel issued at PNACL was 

trypsin digested while the peptides were established by the use of LC-MS/MS.    

• Wash buffer: 20 mM Tris-HCl pH 8.0, 120 mM NaCl, 0.5% w/v NP40 (Sigma-Aldrich, #NP40S) 

• IP buffer: 20 mM Tris-HCl pH 8.0, 120 mM NaCl, 0.5% v/v NP40 (Sigma-Aldrich, #NP40S), 1 % 

v/v protease inhibitor (Sigma-Aldrich, #S8820) ,1 mM PMSF.  
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2.8 Mass spectrometry  

After cutting the gel lanes into slices of about 1.5 mm, they were transferred to a 96 

well low binding PCR plate. After washing each slice using ammonia bicarbonate (80 μl, 

50 mM) for 30 minutes, buffer aspiration was done. Before getting rid of the solvent, 

acetonitrile (80 μl) was used to de-stain each slice for 30 mins. After the aspiration of 

acetonitrile, an addition of trypsin (Promega, sequencing grade modified trypsin 

V5111, 20 μg / 1.8 ml 25 mM ammonium bicarbonate, 15 μl) was done to each of the 

dehydrated pieces of gel. After sealing the plate, it was heated overnight at 30 °C. 

Once the sealing film was removed, the extraction buffer was added to each well (80 

μl, 97% TFA (0.2 %) 3% v/v acetonitrile). Extraction of the samples was done for 1 hour 

at room temperature. After extraction, the samples were moved into low-binding 

Eppendorf tubes and dried in a speed vac. An injection of solvent (40 μl, 5% v/v 

Trifluoroacetic acid - TFA) was used in re-dissolving the samples and then samples 

were analysed through mass spectrometry (Shevchenko et al., 2006). Separation of 

complex peptide fusions was achieved through Nanoscale LC by the use of Waters 

nanoACQUITY UPLC. Chromatography was conducted using a 50-mins reversed-phase 

gradient (formic acid (0.1 %) / acetonitrile) as well as a 75 µm x 25 cm C-18 column 

(Waters, BE130) functioning at 300 nL/min. A SYNAPT G2S (Waters Manchester UK) 

was used in performing Mass spectrometry analysis operating in a data-independent 

(MSE) manner.  The chosen analysis method allowed a simultaneous analysis of the 

precursor and fragment ions from the tryptic digest peptides. Processing and 

acquisition of the resulting data was done with ProteinLynx Global Server (Waters) 

while Scaffold (Proteome Software, Oregon, USA) was used in the visualization and re-

analysis.  

2.9 Protein-Protein Interactions (PPI) using Co-immunoprecipitation 

(Co-IP) 

After splitting the cells into 100 mm plates, cells were treated and/or transfected as 

described. Washing of the cells was done twice using 2 ml of 1X PBS, upon aspirating 

the media and eventually cells were collected by scraping and stored in 15 ml tubes. 

Upon centrifuging the tubes for 5 minutes at 1100 g and 4 °C, the pellet was stored at -
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80 °C for immunoprecipitation. Before immunoprecipitation, re-suspension of the 

pellet in 1 ml of binding buffer 1 was done through pipetting and later undergoing ice-

incubation for 30 minutes while gently mixing occasionally. An hour prior use, pre-

chilling of the Diagenode Bioruptor 2000 water bath was done using ice to prevent 

water from heating too fast as a result of thermal inertia, while keeping the water bath 

cold using ice during the process of sonication.    

Upon setting the sonicator at optimum power (30 seconds on and 30 seconds off), it 

was operated for half an hour, with three intervals (3x) with each running 10 minutes. 

This was followed by spinning the samples at 13000 g at 4 °C for 15 minutes after being 

transferred to a new tube. Transferring the supernatant to another microcentrifuge 

tube was the next step with a 10 % aliquot at -80°C being considered for input. Dilution 

of the residue extract was done using 300 µl Buffer 2. After diluting the extract, it was 

sub-divided into two microcentrifuge tubes; with one being utilized for IP by having 1 

µg of antibody added against the protein of interest. The other tube was utilized as a 

negative control by having 1 µg of normal mouse IgG added. Preparation and washing 

of 2 tubes having 20 µl of packed beads (GE Healthcare) was done using 1 ml of Buffer 

3 for three times, and 40 µl of 5% w/v BSA was added to have the beads pre-blocked. 

Finally, incubation of the tubes was done at 4 °C overnight on the rotating wheel.  

On the following day, the mixture of beads and BSA underwent incubation using the 

supernatant/antibody, and later rotated at 4 °C for 3 hours. This was followed by 

having the beads centrifuged at 2000 g and 4 °C for 3 mins, while the supernatant was 

aspirated off. After having the beads washed three times using 1 ml Buffer 1, with each 

wash lasting for 5 minutes at 4 °C and being rotated, they were later subjected to a 

spinning phase at 2000 g and 4 °C for 3 minutes and eventually the supernatant 

removed. The inputs were thawed after re-suspending the beads in 40 µl of 1X PBS. 

This was followed by an addition of an appropriate amount of 4X SDS (Laemmli) to IP, 

input samples and negative control, while having the samples denatured through 

exposing them to 95 °C of heat for 5 minutes. Subsequent to that, protein analysis was 

done, as explained in 2.2.5.  
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• Buffer 1: PBS, 50 mM NaCl, 1 %  v/v NP-40 (Sigma-Aldrich, #NP40S), 1 mM PMSF.  

• Buffer 2: PBS, 50 mM NaCl, 1 mM PMSF, 1 % v/v Protease Inhibitors (Sigma-Aldrich, #S8820).  

• Buffer 3: PBS, 50 mM NaCl, 0.2 % v/v NP-40, 1 mM PMSF. 

2.10 Immunofluorescence imaging and confocal microscopy 

Cells were split into 6-well plates with sterile glass coverslips (Thermo Scientific Nunc, 

#EW-48510-10) and they were let to grow in humidified 5 % CO2 atmosphere at 37 °C 

incubator. Transfection of the cells was done in accordance with the above description 

using 4 μg of plasmids. 24 hours after treatment, aspiration of media from the plates 

was done with the cells being washed thrice using ice-cold Ca2
+ and Mg2

+ free 1x PBS. 

Fixing of the cells was done using either 1 ml of 3.7 % (v/v) formaldehyde at room 

temperature for 20 mins or ice-cold 100 % methanol for 30 minutes at 4 °C while 

shaking them lightly. Subsequent to fixing, washing of the cells was done thrice using 

ice-cold Ca2
+ and Mg2

+ free 1x PBS and permeabilized with ice-cold 1 ml 0.1 % Triton X-

100 for 12 minutes. Furthermore, ice-cold Ca2
+ and Mg2

+  free 1x PBS was used for 

washing the cells 3 times and blocked using 3 % (w/v) BSA for 20 minutes. Incubation 

of the coverslips was done using 100 μl of 1:100 primary antibodies overnight at 4 °C. 

the next day entailed washing the coverslips thrice using ice-cold Ca2
+ and Mg2

+ free 1 x 

PBS with incubation being done using 100 μl of 1:400 secondary anti-rabbit (Alexa 

Fluor 488, Invitrogen) for 45 mins in the dark. Subsequent to incubation, washing of 

the coverslips was done using ice-cold Ca2
+ and Mg2

+  free 1x PBS. Cell nuclei were 

stained using 1 ml diluted to 1:1000 of 40, 6-diamidino-2-phenylindole, 

dihydrochloride (DAPI, Invitrogen) for 10 mins at room temperature in dark. Labelling 

of the slides (Thermo Scientific, #EW-01839-08) was done while adding 6 µl of 

Fluoromount TM aqueous mounting medium (Sigma Aldrich, #F4680) on each slide. 

After having the slides labelled, mounting of the coverslips was done, followed by 

sealing using transparent nail varnish. The reason behind letting the slides dry in the 

dark was to have the coverslip secured in place besides having them stored at 4 °C 

until examination. Confocal microscopy was used in the analysis of the slides.  
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A Leica TCS SP5 confocal laser-scanning microscope (63X oil objective) was used for 

viewing the slides for confocal microscopy, while LAS-AF software was considered in 

the analysis. The z-axis images were captured every 0.4 µm to entirely cover the cell’s 

thickness. An argon laser line 488 nm was considered in exciting the DyLight 488 while 

the emissions were gathered between 500 and 590 nm. The diode laser line 405 nm 

was utilized in exciting DAPI with the emissions being gathered between 415-480 nm. 

Furthermore, 594 nm laser line was used in exciting Red mCherry while the emissions 

collected between 605-700nm.  

2.11 Plasmids preparation and transfection 

2.11.1 Bacterial transformation 

As described in Table 2.6, bacterial transformation with different plasmids was done 

for either overexpression of the anticipated protein or DNA preparation by mini- and 

midiprep. For the purposes of obtaining sufficient plasmids for cell transfection, the 

plasmids growth was done using Stellar Competent Cells (Clontech) typically 

considered an E. coli-HST08 strain with the capacity to offer high transformation 

efficacy. After placing bacterial cells (50 μl of in an Eppendorf) on ice to thaw, an 

addition of 1 μl of plasmid was done. After incubating the mixture on ice for about 15-

30 minutes, a heat block was used to achieve a heat shock at 42°C for 1-2 minutes to 

induce the plasmid DNA uptake. The subsequent step involved immediately returning 

the mixture on ice while incubating it for 5 minutes and adding 100 μl of S.O.C media 

to each tube under sterile conditions. With the transformation mix being left for 30 

minutes at 37 °C, shaking was equally done at 200 g. Spreading of the cells onto LB 

agar plates supplemented using the appropriate antibiotic was done at a concentration 

of 100 μg/ml in agar plate and under sterile condition. After inverting these plates, 

they were left overnight approximately for 16 hours at 37 °C in a regulated incubator 

for growth purposes.  

2.11.2 Isolation of plasmid DNA by DNA midiprep 

Midipreps were considered due to the requirement of large quantity of ultrapure 

plasmid DNA for the cell transfection. Just as mentioned earlier, an addition of Plasmid 
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DNA (1 μl) was done on top of efficient competent cells (50 μl). On the following day, 

one colony from the plate was taken and mixed with 3 ml of LB broth (Sigma-Aldrich, 

#L3022) complemented with the preferred antibiotic (100 μg/ml) and eventually 

undergoing a 6 hours incubation at 37 °C while shaking at 200 g. This was followed by 

inoculating 100 ml of LB in a conical flask supplemented with 100 μg/ml of the 

preferred antibiotic with 100 μl of the bacterial colony, later incubated 37 °C and 

agitated at 200 g. Harvesting procedure included centrifuging the cells at 6000g and 4 

°C for 20 minutes. A QIAGEN plasmid midi kit (Qiagen, #12143) was used to isolate the 

plasmid DNA in accordance with the manufacturer’s directions. This was followed by 

eluting the DNA using 500 μl of sterile ddH2O while nano-drop spectrophotometer 

being used in the quantification process. Plasmids were stored at -20 °C until further 

use.  

2.11.3 Primer design for plasmid 

Primer design was done for various with tags on N terminus or C terminus region. 

Table 2.6 summarizes the vectors and primers utilized.  

Upon preparation of the plasmids, sequencing was performed to guarantee the 

readiness and efficacy of the plasmids for future use. The University of Leicester was 

the venue for all vectors cloning work, done by PROTEX group, particularly thanks to 

Dr. Xiaowen Yang’s efforts, support and advice concerning vector selection and primer 

design.  

2.11.4 PCR amplification from plasmid  

After preparing the PCR mix including 10 μl 2x sensimix SYBR NO-ROX master mix 

(Bioline, #QT650-02), 2 μl of diluted cDNA (1:10 with ddH2O), 20X primer mix (200-400 

nM), as well as ddH2O, proof reading DNA-no Taq, also known as Velocity DNA 

Polymerase, was used. In accordance with PCR cycling and manufacturer protocol, we 

loaded the samples’ end products on 1.0 % gel electrophoresis.  

Preparation method for the gel involved combining 1 g of agarose powder with 100 mL 

of 1X TAE buffer followed by storing it in the tank with the required amount of 1X TAE 

buffer. The first well was fed with 5µl DNA marker (1kb Gene Ruler DNA ladder plus, 
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Biolab) and 25 µl from each DNA sample being loaded to each well using 6X DNA-

loading dye (Fermentaz). Eventually, the gel was run at 105 V for 1 hour. This was 

followed by extraction of DNA from agarose gel through Qiaquick gel extraction kit 

while the quantification of the concentration done by the use of a nano-drop 

spectrophotometer. The needed DNA template from (PCR) to be delivered to PROTEX 

was 50 ng/µl. 

• 50X TAE: 242 g Tris, 57.1 mL glacial acetic acid, and 20.81 g EDTA dissolved in 1L ddH2O  

 

2.11.5 Plasmid transfection 

TurbofectTM transfection reagent (Thermo Scientific, # R0531) was used in the cells’ 

transfection using various plasmids. A day prior transfection, cell seeding was done to 

ensure about 70 % confluence during the transfection day. 6.0 μg of DNA plasmid were 

diluted in 600 μl of Opti-MEM low serum medium (Gibco, #31985-047) for each 60 mm 

plate, using a sterile tube with the solution being mixed lightly and incubated for 

minutes. After adding 12.0 μl of TurbofectTM transfection reagent to the DNA/Opti-

MEM mixture, pipetting was done upon mixing and later subjected to 20 minutes 

incubation at room temperature for the purposes of complexes formation. The next 

phase involved adding the mixture gently drop by drop to the plated cells. After 

shaking, the cells were stored within a humidified 5 % CO2 atmosphere at 37 °C. The 

plates considered varied in size while volume of plasmid and TurbofectTM transfection 

reagent were scaled down as expected. 
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Table 2.6: Plasmids used in experiments 

Name Insert 

name 

Vector primer 

Stra6  Stra6 

(FL) 

pLEICS-

12 

F-5’-ACCCAAGCTTGGTACCATGTCGTCCCAGCCAGCA-3’ 

R-5’-GACGGAGCTCGAATTTCATCAGGGCTGGGCACCATT-3’ 

Stra6-C-

EGFP 

Stra6 

(FL) 

pLEICS-

29 

F-5’-TAGCGCTACCGGACTCAGATCTCGAGATGTCGTCCCAGCCAGCA-3’ 

R-5’-CTGAAAATACAGGTTCTCGAGGGGCTGGGCACCATT-3’ 

Stra6-Sm 

Sm=Small-C  

C term pLEICS-

12 

F-5’-ACCCAAGCTTGGTACCAGTCCTCGTGGCCCTTCT-3’ 

R-5’-GACGGAGCTCGAATTTCACTGAGGCTGTCCTGG-3’  

Stra6-Sm-C-

EGFP 

C term  pLEICS-

29 

F-5’-

TAGCGCTACCGGACTCAGATCTCGAGATGAGTCCTCGTGGCCCTTCT-3’ 

R-5’-CTGAAAATACAGGTTCTCGAGCTGAGGCTGTCCTGG-3’ 

Stra6-N-

EGFP 

Stra6 

(FL) 

pLEICS-

21 

F-5’-AAAACCTGTATTTTCAGGGCGCCTCGTCCCAGCCAGCA-3’ 

R-5’-TACCGTCGACTGCAGAATTTCAGGGCTGGGCACCATT-3’ 

Stra6-N-

mcherry 

Stra6 

(FL) 

pLEICS-

23 

F-5’-AAAACCTGTATTTTCAGGGCGCCTCGTCCCAGCCAGCA-3’ 

R-5’-TACCGTCGACTGCAGAATTTCAGGGCTGGGCACCATT-3’ 

 

2.12 Software programme  

2.12.1 Phosphorylation prediction of Stra6 

Potential phosphorylation sites of Stra6 with advanced bioinformatics software tools, 

using the NetPhos 2.0 software.  

http://www.cbs.dtu.dk/services/NetPhos/ 

Sequence- and structure-based prediction of eukaryotic protein phosphorylation sites. 

Blom, N., Gammeltoft, S., and Brunak, S. Journal of Molecular Biology: 294(5): 1351-

1362, 1999. 

http://www.cbs.dtu.dk/services/NetPhos/


 

 

66 | P a g e  
 

2.12.2 Proteases cleavage prediction of Stra6 

Expected proteases that would play a role in Stra6 cleavage was analysed using the 

MEROPS database and this work was done kindly by Dr. J. Villa (Universitat de Vic, 

Spain). 

http://merops.sanger.ac.uk  

Rawlings, N.D., Barrett, A.J. & Finn, R.D. (2016) Twenty years of the MEROPS database 

of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids Res 44, D343-

D350. 

2.13 Statistical analysis  

All the trials were replicated in a triplicate or more, with the resulting data being 

conveyed as means ± standard deviations. Prism software (GraphPad 6 version 6, 

California, USA) was used in Statistical analysis procedure. One-way ANOVA 

(breakdown of variance of means) was used to determine statistical significance by 

comparing more than 3 data sets, with comparison of the two data sets being done 

through unpaired t-test analysis. The significant variations between multiple sets of 

data were further achieved with Tukey’s multiple comparison post analysis (p < 0.05 

was regarded statistically significant and underscored with an asterix (*).  

 

 

 

 

 

 

 

 

http://merops.sanger.ac.uk/
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3 Characterising the novel function of Stra6 

3.1 Introduction 

Stra6's function is to facilitate retinol uptake from RBP as its specific receptor. 

Stra6 has been classified not only as a transporter for vitamin A, but also as a 

unique protein with no similar homology to any known ion channels, 

receptors, transporters and cell signalling proteins that have been identified.  

However, Carrera et al. in (2013) proposes that Stra6 has an additional, novel 

function as a new member in the p53 cell death signalling pathway. 

Though Carrera et al. (2013) proposed a new function of Stra6, research has 

not yet fully addressed the role of Stra6 in the p53 signalling pathway. 

Therefore, the purpose of the current study is to address this research gap 

and to investigate how retinoid treatment, via the induction of Stra6, would 

have impact on the p53 signalling pathway towards cell death. In particular, 

this study aims to define the link between retinoid signalling and p53 

signalling pathways through Stra6. Moreover, this study investigates how 

retinoids can be used in combination with DNA damaging agents, which 

should upregulate Stra6 at both transcriptional and transitional levels. This 

study also considers the role of Stra6 in such treatments, thus determining 

how ATRA-Stra6-p53 operate together and provides a comprehensive 

understanding of the underlying mechanism of combinational therapy for 

successfully treating cancer. 

3.2 In vitro up regulation of Stra6 by ATRA to sensitise cancer cells to 

DNA damaging agents 

3.2.1 Determining the mRNA levels of Stra6 and retinoic acid receptors in 

response to different stimuli 

To evaluate the levels of induction of Stra6 and the nuclear retinoic acid 

receptors (RARα & RARβ) upon ATRA stimulation compared to DNA damage 

agents, the mRNA expression was quantified using qRT-PCR. This experiment 

was conducted on several different cell lines that all have WT p53. EJp53, a 
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human bladder cancer cell line that comprises a tetracycline (tet)-off inducible 

p53 expression system (Sugrue et al., 1997), was used to control the 

expression of p53 by removal of the tet from the culture media. EJp53 cells 

were cultured with tet with or without an ATRA treatment of 1 μM for 24 

hours. Alternatively, tet was removed from the media for two days to get a 

sufficient induction of p53, and cells were treated with a similar concentration 

of ATRA 1 μM for 24 hours. Cells were then collected and RNA was isolated to 

be used for cDNA synthesis. The qRT-PCR analysis was performed with 

specified designed primers for Stra6, RARα and RARβ. The obtained Ct values 

were normalised against GAPDH and against the Ct value of the control to 

calculate the mRNA fold change.  

Following p53 induction by tet removal and ATRA treatment, a significant 

increase in the Stra6 mRNA levels was observed. These levels were one 

hundred times the Stra6 mRNA levels of induction through ATRA treated cells 

with a similar dose and by p53 expression alone, which had previously 

demonstrated a low level of Stra6 mRNA upregulation (Figure 3.1). Moreover, 

cells treated with ATRA alone demonstrated a greater tendency to upregulate 

RARβ than the cells treated with ATRA after p53 induction, which produce 

more RARα than RARβ upregulation. These results suggest that the combined 

ATRA treatment with p53 dependent induction produces more significant 

Stra6 upregulation compared to each treatment on its own, but this does not 

correlate with RAR induction. 

The study continued by examining a more physiological induction of p53 

expression, i.e. after DNA damage using doxorubicin (Dox). The cell lines used 

were the human colon cancer cell line (HCT116), the human bone 

osteosarcoma epithelial cells (U2OS) and human chronic B cell leukaemia, also 

known as B-prolymphocytic leukaemia cell line (JVM-3). Each of these cell 

lines was treated in similar experimental conditions. As shown in Figure 3.2 A, 

B and C, Stra6 mRNA levels increased significantly after the cells were pre-

sensitised with 1 μM of ATRA and incubated with 1.4 μM of Dox for 24 hours, 
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compared to other treatments. RARs upregulation showed that the 

arrangement of different RARs depends on the treatment protocol pattern 

similar to that presented in Figure 3.1.   

3.2.2 Determining the protein levels of Stra6 and p53 

Next, we determined Stra6 and p53 protein levels in response to ATRA and 

DNA damage in a wide range of cell lines. This information was then used to 

correlate the upregulation status of Stra6 to its transcriptional level.  p53 

induction by tet removal, p53 physiological induction using Dox or radiation or 

treatment of cells with ATRA were used. Prior to WB analysis, each cell line 

was classified into two groups based on its origin. The first group was 

comprised of solid tumour cell lines including EJp53 (human bladder cancer 

cell line), HCT116 (human colon cancer cell line), U2OS (human bone 

osteosarcoma epithelial cells), MCF-7 (human breast cancer cell line), PA-1 

(human ovarian carcinoma cell line), and H460 (human lung cancer cell line). 

The other group included blood leukaemia and lymphoma cell lines including 

JVM-3 (B-prolymphocytic leukaemia cell line) as well as KIS and D0HH2 (large 

B-cell lymphoma) cell lines. 

EJp53 cells constituted the experimental model cell line for this study. Tet was 

removed from the media for 48 hours to induce p53 expression or tet was 

kept in the media to suppress p53 induction. Additionally, cells were treated 

with 1 µM of ATRA for 24 hours with or without tet regulation. Total protein 

lysates were prepared to perform WB. Figure 3.3A confirms a previous result 

found by Carrera et al. (2013), which demonstrates that under DNA damage, 

which is comparable to tet removal to induce p53 expression, that Stra6 

induction was combined by p53 induction and it was only dependent on WT-

p53 cell status. We observed that p53 protein levels after tet is removed is 

upregulated significantly after ATRA treatment (Figure 3.3B).  
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EJp53 

 

Figure 3.1: Up-regulation of Stra6 and retinoic acid receptors (α and β) mRNA levels in EJp53 

cells. RNA was isolated from EJp53 cells under the control of tet and after tet removal to 

induce p53 expression for 48 hours. 1 μM of ATRA for 24-hr was also used. Data are expressed 

as a fold change compared to the control, are normalised to GAPDH as a loading control and 

represent the mean ± SD of three independent experiments. 
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Figure 3.2: Up-regulation of Stra6 and retinoic acid receptors (α and β) mRNA levels. RNA 

was isolated from (A) HCT116 WT p53 cells, (B) U2OS WT p53 cells and (C) JVM-3 cells treated 

with 1 μM of ATRA and/or 1.4 μM of Dox for 24-hr. Data are expressed as a fold change 

compared to the control, are normalised to GAPDH as a loading control and represent the 

mean ± SD of three independent experiments. 
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Figure 3.3: Stra6 and p53 protein levels are upregulated after p53 induction and ATRA 

treatment in EJp53 cells. (A) Tet was removed from the media for 48 hrs to induce p53 

expression or it was kept in the media to suppress p53 induction. Additionally, cells were 

treated with 1 µM of ATRA for 24 hrs. β-Actin was used as a loading control. (B) Western blot 

fold change indicated that Stra6 upregulation is associated with a significant increase in p53 

protein levels, specifically in ATRA treatment after p53 induction by tet removal 

(****p<0.0001). Data are expressed as a fold change compared to the control and represent 

the mean ± SD of three independent experiments. Mwt was indicated (kDa).  
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Moreover, the Stra6 was upregulated by both p53 and ATRA, and even more when 

both were combined. 

In addition to these results, we wanted to confirm the role of DNA damage in 

Stra6 expression after ATRA treatment and to confirm the role of ATRA in p53 

expression after using DNA damaging agents. Cells (HCT116, U2OS, MCF-7, 

PA-1, H460, KIS, D0HH2 and JVM-3) were treated with 1.4 to 2 μM of Dox for 

24 hours or irradiated with a dose of 10 gray with or without previous ATRA 

sensitisation (1 μM, 24 hrs). Alternatively, cells were treated only with 1 μM 

of ATRA for 24 hours. Protein lysates were collected, and Stra6 and p53 

protein levels were assessed by WB. As shown in Figures 3.4 – 3.11, consistent 

with Stra6 mRNA results, levels of Stra6 increased after treatment with ATRA 

and DNA damaging agents, compared to induction by DNA damaging agents 

or ATRA alone.  

Moreover, this finding was similar to that obtained inducing p53 using a tet 

regulatable expression system and DNA damaging agents. This showed that 

p53 is upregulated more in response to a combined treatment of ATRA with 

Dox or radiation for 24 hours, compared to treatment involving DNA 

damaging agents alone. However, ATRA treatment was not able to induce p53 

expression on its own (Figures 3.4 – 3.11). 

These findings suggest that combined therapy using ATRA and DNA damaging 

agents can induce high levels of Stra6 and can also induce p53 significantly. 

This is also the case of the levels of Stra6 and p53 (Figure 3.4 – 3.11), which 

suggests that the upregulation of both Stra6 and p53 may be under the effect 

of a positive feedback loop.   
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Figure 3.4: Stra6 and p53 protein levels after DNA damage and ATRA treatment in HCT116 

WT p53 cells. (A & C) Western blots of HCT116 cells WT p53 after 24 hrs of Dox 1.4 µM, 

irradiated with 10 grays, treated with 1 µM of ATRA or a combined treatment of ATRA with 

Dox or ATRA with radiation. β-Actin was used as a loading control. (B & D) Quantitation of the 

Western blots. Stra6 upregulation is associated with a significant increase in p53 protein levels, 

specifically in ATRA treatment after p53 induction by Dox (****p<0.0001) compared top53 

induction by radiation (*<p0.05). Data are expressed as a fold change compared to the control 

and represent the mean ± SD of three independent experiments. Mwt was indicated (kDa).  
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Figure 3.5: Stra6 and p53 protein levels after p53 induction and ATRA treatment in U2OS 

cells. (A & C) Western blots of U2OS cells after 24 hrs of Dox 1.4 µM, irradiated with 10 grays, 

treated with 1 µM of ATRA, or a combined treatment of ATRA with Dox or ATRA with radiation. 

β-Actin was used as a loading control. (B & D) Quantitation of the Western blots.  Stra6 

upregulation is associated with a significant increase in p53 protein levels, specifically in ATRA 

treatment after p53 induction either by Dox or radiation (***p<0.001). Data are expressed as a 

fold change compared to the control and represent the mean ± SD of three independent 

experiments. Mwt was indicated (kDa). 
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Figure 3.6: Stra6 and p53 protein levels after p53 induction and ATRA treatment in MCF-7 

cells. (A) Western blot of MCF-7 cells showing Stra6 up-regulation after 24 hrs of Dox 1.4 µM, 

irradiation with 10 grays, treatment with1 µM of ATRA, or combined treatment of ATRA with 

Dox or ATRA with radiation. β-Actin was used as a loading control. (B) Quantitation of the 

Western blot indicates that Stra6 upregulation is associated with a significant increase in p53 

protein levels, specifically in ATRA treatment after p53 induction either by Dox or radiation 

(****p<0.0001). Data are expressed as a fold change compared to the control and represent 

the mean ± SD of three independent experiments. Mwt was indicated in (kDa). 
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Figure 3.7: Stra6 and p53 protein levels after p53 induction and ATRA treatment in PA-1 cells. 

(A) Western blot of PA-1 cells showing Stra6 up-regulation after 24 hrs of Dox 1.4 µM or 

radiated with 10 grays, treatment with 1 µM of ATRA, or combined treatment of ATRA with 

Dox or ATRA with radiation. β-Actin was used as a loading control. (B) Quantitation of the 

Western blot indicates that Stra6 upregulation is associated with a significant increase in p53 

protein levels, specifically in ATRA treatment after p53 induction either by Dox or radiation 

(****p<0.0001). Data are expressed as a fold change compared to the control and represent 

the mean ± SD of three independent experiments. Mwt was indicated in (kDa). 
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Figure 3.8: Stra6 and p53 protein levels after p53 induction and ATRA treatment in H460 

cells. (A) Western blot of H460 cells showing Stra6 up-regulation after 24 hrs of Dox 1.4 µM or 

radiated with 10 grays, treatment with 1 µM of ATRA, or combined treatment of ATRA with 

Dox or ATRA with radiation. β-Actin was used as a loading control. (B) Quantitation of the 

Western blot indicates that Stra6 upregulation is associated with a significant increase in p53 

protein levels, specifically in ATRA treatment after p53 induction either by Dox or radiation 

(****p<0.0001). Data are expressed as a fold change compared to the control and represent 

the mean ± SD of three independent experiments. Mwt was indicated in (kDa).  
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Figure 3.9: Stra6 and p53 protein levels after p53 induction and ATRA treatment in KIS cells. 

(A) Western blot of KIS cells showing Stra6 up-regulation after 24 hrs of Dox 1.4 µM or 

radiated with 10 grays, treatment with 1 µM of ATRA, or combined treatment of ATRA with 

Dox or ATRA with radiation. β-Actin was used as a loading control. (B) Quantitation of the 

Western blot indicates that Stra6 upregulation is associated with a significant increase in p53 

protein levels, specifically in ATRA treatment after p53 induction either by Dox or radiation 

(****p<0.0001). Data are expressed as a fold change compared to the control and represent 

the mean ± SD of three independent experiments. Mwt was indicated in (kDa). 
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Figure 3.10: Stra6 and p53 protein levels after p53 induction and ATRA treatment in DOHH2 

cells. (A) Western blot of D0HH2 cells showing Stra6 up-regulation after 24 hrs of Dox 1.4 µM 

or radiated with 10 grays, treatment with 1 µM of ATRA, or combined treatment of ATRA with 

Dox or ATRA with radiation. β-Actin was used as a loading control. (B) Quantitation of the 

Western blot indicates that Stra6 upregulation is associated with a significant increase in p53 

protein levels, specifically in ATRA treatment after p53 induction either by Dox or radiation 

(****p<0.0001). Data are expressed as a fold change compared to the control and represent 

the mean ± SD of three independent experiments. Mwt was indicated in (kDa).  
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Figure 3.11: Stra6 and p53 protein levels after p53 induction and ATRA treatment in JVM-3 

cells. (A & C) Western blot of JVM-3 cells Showing Stra6 and p53 protein levels after 24 hrs of 

cells treated with Dox (1.4 or 2 µM), radiated with 10 grays or treated with 1 µM of ATRA and 

treated with a combination of ATRA with Dox or ATRA with radiated cells. β-Actin was used as 

a loading control. (B & D) Quantitation of the Western blot indicates that Stra6 upregulation is 

associated with a significant increase in p53 protein levels, specifically in ATRA treatment after 

p53 induction either by Dox or radiation (****p<0.0001). Data are expressed as a fold change 

compared to the control and represent the mean ± SD of three independent experiments. Mwt 

was indicated in (kDa).  

 

 

  

 

M

wt 

74 

53 

 

42 

M

wt 

74 

53 

 

42 



 

 

82 | P a g e  
 

3.2.3 Exploring the effect of ATRA and DNA damaging agents on both cellular 

metabolism and morphological changes 

3.2.3.1 Determining cell viability counts in JVM-3 cells 

We next attempted to determine whether there is any influence on cell 

viability after a combined treatment of ATRA (1 μM) and Dox (2 μM). This 

analysis was performed using a JVM-3 cell line. Cells were placed into six well-

plates in equal amounts; the next day and for the following three days, cells 

were stained with trypan blue and counted using an automated cell counting 

machine. Figure 3.12 shows that a combined treatment of ATRA and Dox on 

JVM-3 cells significantly reduces cell viability (*p < 0.05), compared to 

treatment using Dox only.  Contrary to these results, an ATRA treatment using 

a similar concentration (1 μM) shows a slight, sustained increase in cell 

viability counts within three days of continuous cell viability assessment. This 

suggests that ATRA alone at 1 μM concentration does not induces cell death 

but it enhances DNA damaging agents.  

Additional investigations were conducted to confirm the effects of the 

combined treatment of ATRA and DNA damaging agents on cell viability. An 

MTS is a cell proliferation colorimetric assay which is considered one of the 

most commonly used screening methods to estimate cell viability. MTS was 

performed in JVM-3 cells 24 and 48 hours after treatments. Similar to the 

result obtained in Figure 3.12, cell proliferation was reduced significantly upon 

ATRA and Dox treatments for 48 hours (p<0.0001). This reduction in cellular 

metabolic activity could be associated with cell death or cell cycle arrest. 

Unlike combined treatment of ATRA and Dox, the level of cell proliferation 

significantly increased over the first 24 hours of cells treated with ATRA 

compared to the control.  
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Figure 3.12: Decreasing of cell viability counts following combined treatment of ATRA and 

Dox in JVM-3 cells. Cells were split into six well-plate in equal amounts; the next day and for 

the following three days, cells were stained with trypan blue and counted using an automated 

cell counting machine. Data are expressed as the mean ± SD of three independent 

experiments. Cells treated with combined treatments of ATRA and Dox yielded a significance 

of *p,0.05 compared to Dox treated cells.  
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Figure 3.13: Reduced cell proliferation in JVM-3 cells using MTS Cell Proliferation 

Colorimetric Assay. (A) JVM-3 cells were treated with different concentrations of DNA 

damaging agents for 24 hrs: Dox (1.4 μM and 2 μM) or with 5 μM CPT, all with or without 1 μM 

of ATRA treatment. (B) JVM-3 cells were treated for 48 hrs with 1 μM of ATRA, 2 μM of Dox or 

with similar concentrations of ATRA and Dox. (A & B) indicate colorimetric quantification and 

calculation of cell viability. Data are expressed as the mean ± SD of three independent 

experiments. **p<0.01, ***p<0.001 and ****p<0.0001.  
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3.2.3.2 Determining the morphological changes in EJp53 and JVM-3 cell lines 

We then performed microscopic experiments to further assess the effect of 

ATRA in response to p53 induction by studying the morphological changes in 

EJp53 and JVM-3 cells. In general, results showed variation in the size and 

shape of the cells according to the type of treatment used, and the degree of 

cell deterioration ranged from slightly moderate (in the case of using a DNA 

damaging agent only) to highly severe (in response to a combined treatment 

of ATRA and Dox). 

EJp53 cells were split into equal cell numbers to begin different treatment 

protocols. In Figure 3.14, 1 μM of ATRA in the presence of tet to supress p53 

was shown to have no effect on the morphology of the cells. By contrast, 

induction of p53 by tet removal for 48 hours yielded elongated cells with a 

slight tendency to lose cell membrane, as shown in Figure 3.14B. Moreover, in 

Figure 3.14D cells were treated with 1 μM of ATRA for 24 hours and p53 

induced by tet removal from media for 48 hours have shown many cells lost 

membrane and some cells even degraded completely (Figure 3.14). 

Similar results determining the effect of ATRA on the DNA damage response 

of using Dox were observed in JVM-3 as shown in Figure 3.15. JVM-3 cells 

were split into equal cell numbers in six well-plates. Figure 3.15A represents 

cells before any treatment. After 48 hours, the control cells demonstrated 

typical rounded cells, suggestive of normal cell growth (Figure 3.15B). 

However, when cells were incubated with 1 µM of ATRA for 48 hours, the cells 

became more enlarged (Figure 3.15C).  Figures 3.15 D and E display ruptured 

cells with characteristic apoptotic cells that exhibit common properties of 

apoptotic bodies and cellular membrane blebs as well as nuclei with a horse-

shoe like appearance. This was detected more after ATRA treatment (1 µM, 

48 hours) in response to DNA damage induction by Dox (2 µM, 48 hours) than 

in Dox treatment alone of similar concentration and incubation time (Figure 

3.15).  
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Overall, these results were consistent with previous results of cell viability 

counts and cell proliferation assays that showed a significant reduction in cell 

metabolic activity and viability after a combined treatment of ATRA and Dox. 

Therefore, further studies are necessary to investigate the effects of ATRA on 

enhancing DNA damage cellular response and to correlate these detected 

morphological changes of the cells with the previously obtained results of p53 

protein upregulation, that was associated with Stra6 upregulation after the 

cell was treated with ATRA and exposed to DNA damaging agents. 
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Figure 3.14: p53 induction following ATRA treatment induced changes on the cellular 

morphology of EJp53 cells. (A) EJp53 cells were put under the control of tet for 48 hrs so that 

p53 would not be expressed. (B) Tetracycline (tet) was removed from the media for 48 hrs to 

induce p53 expression. (C) Here, the EJp53 cells under tet control are incubated with 1 µM of 

ATRA for 24 hrs. (D) Tet is removed for 48 hrs with 1 µM of ATRA treatment for 24 hrs. 

Captured images are visualised using light microscopy (10x objective lens). In (A & C), the red 

arrows indicate typical spindle shape and compact cells with no cellular changes have been 

detected after ATRA treatment.  In (B & D), the black arrows indicate elongated cells with more 

tendency to lose cell membranes after ATRA treatment in response to p53 induction. Images 

presented are from one experiment and characteristic of three independent experiments. 

Scale bar = 100 µm.   
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Figure 3.15: Characterised apoptotic cellular morphology is observed after ATRA treatment 

and p53 induction in the JVM-3 cells. (A) JVM-3 cells were split into equal cell numbers in six 

well-plates; this image represents the cells before any treatment is received. Figure 3.15 (B) 

represents the JVM-3 control cells after 48 hrs. (C) Here, the JVM-3 cells were incubated with 1 

µM of ATRA for 48 hrs. Figure 3.15 (D) shows the JVM-3 cells after 48 hrs with 2 µM of Dox 

treatment. Figure 3.15 (E) represents the JVM-3 cells after ATRA and Dox combined treatment 

after 48 hrs. Captured images were visualised using light microscopy (20x objective lens). In 

(A), the blue arrow indicates zero time of cell cultured. In (B), the black arrow indicates typical 

rounded cells. In (C), the black arrow indicates more enlarged cells after ATRA treatment with 

no cellular changes.  In (D & E), the red arrows indicate ruptured cells with characteristic 

apoptotic cells, which observed showed common properties of apoptotic bodies and 

membrane blebs as well as nuclei with a horse-shoe like appearance. These features are 

detected more highly after ATRA treatment in response to p53 induction compared to Dox 

treatment alone. Images presented are from one experiment and representative of three 

independent experiments. Scale bar = 100 µm in (A) and = 50 µm in (B-E).   
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3.3 Determining the effect of ATRA and DNA damaging agents on cell 

death: 

3.3.1 Measurement of cell death by PI staining 

The results of this study suggest that both Stra6 and p53 are upregulated on 

the translational level in a positive feed-back loop after ATRA treatment and 

induction of DNA damage. We were interested in determining whether this 

effect would increase the induction of cell death. In seven different cell lines 

(JVM-3, U2OS, HCT116, PA-1, MCF-7, D0HH2 and KIS), cell death was 

measured using PI staining. Cells were treated with 1 μM ATRA, treated with 2 

μM Dox, irradiated with a dose of 10 gray, received a combined treatment of 

ATRA and Dox or received ATRA and radiation for 24 hours. Results showed 

that ATRA did not induce Sub-G1 cell death compared to the control (Figure 

3.16). However, the results did reveal the ability of ATRA to determine cell 

fate by shifting the status of a cell from cell cycle arrest to cell death in 

response to DNA damaging agents (Dox and radiation) in the majority of our 

tested cells (Figure 3.16). This confirms that ATRA treatment can enhance 

DNA damage responses, which we hypothesized is a Stra6-mediated effect. 

3.3.2 Apoptotic cell death profile 

Based on the obtained results, we then wanted to use Annexin V staining and 

FACS analysis to determine whether apoptotic cell death occurs in the 

combined treatment of ATRA and Dox. The results confirmed that ATRA did 

not induce cell death but did significantly enhance apoptotic cell death after 

DNA damage using Dox by an approximately four-fold increase, compared to 

the result of using Dox alone in JVM-3 cells (Figure 3.17). Similar results were 

observed in U2OS, H460, MCF-7 and HCT116 cell lines, as shown in Figures 

3.18, 3.19, 3.20 and 3.21, respectively.   
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Figure 3.16.1: ATRA increases cell death in response to p53 after using DNA damaging 

agents. In seven different cell lines (JVM-3, U2OS, HCT116, PA-1, MCF-7, D0HH2 and KIS). Cell 

death was measured by PI staining. Cells were treated with 1 μM ATRA, treated with 2 μM 

Dox, irradiated with a dose of 10 gray, received a combined treatment of ATRA and Dox or 

received ATRA and radiation for 24 hrs. The cells were then stained with PI for FACS analysis. 

The graphs depict representative PI staining. The numbers indicate percentages of Sub-G1 

events of cell death. 
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Figure 3.16.2: A summary of cell death measured by PI staining in seven different cell lines.  Cells were treated with 1 μM ATRA, treated with 2 μM 

Dox, irradiated with a dose of 10 gray, received a combined treatment of ATRA and Dox or received ATRA and radiation for 24 hrs. The cells were then 

stained with PI for FACS analysis. The graphs depict representative PI staining. The numbers indicate percentages of Sub-G1 events of cell death. Data 

are expressed as the mean ± SD of three independent experiments. 
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Figure 3.17: ATRA enhances apoptotic cell death in combination with chemotherapeutic 

agent in JVM-3 cells. (A) Representative FACS analysis of Annexin V/PI-stained cells. Apoptosis 

was assessed using Annexin V staining and FACS analysis. Cells were treated with 1 μM ATRA, 

treated with 2 μM Dox or received a combined treatment of ATRA and Dox of similar 

concentrations, 1 μM and 2 μM respectively, for 48 hrs. (B) Summary of the data shown in A. 

The numbers indicate percentage of positive apoptotic cells compared to control. Data are 

expressed as the mean ± SD of three independent experiments. 
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Figure 3.18: ATRA enhances apoptotic cell death in combination with chemotherapeutic 

agent in U2OS cells. (A) Representative FACS analysis of Annexin V/PI-stained cells. Apoptosis 

was assessed using Annexin V staining and FACS analysis. Cells were treated with 1 μM ATRA, 

treated with 2 μM Dox or received a combined treatment of ATRA and Dox of similar 

concentrations, 1 μM and 2 μM respectively, for 48 hrs. (B) Summary of the data shown in A. 

The numbers indicate percentage of positive apoptotic cells compared to control. Data are 

expressed as the mean ± SD of three independent experiments. 
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Figure 3.19: ATRA enhances apoptotic cell death in combination with chemotherapeutic 

agent in H460 cells. (A) Representative FACS analysis of Annexin V/PI-stained cells. Apoptosis 

was assessed using Annexin V staining and FACS analysis. Cells were treated with 1 μM ATRA, 

treated with 2 μM Dox or received a combined treatment of ATRA and Dox of similar 

concentrations, 1 μM and 2 μM respectively, for 48 hrs. (B) Summary of the data shown in (A). 

The numbers indicate percentage of positive apoptotic cells compared to control. Data are 

expressed as the mean ± SD of three independent experiments. 
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Figure 3.20: ATRA enhances apoptotic cell death in combination with chemotherapeutic 

agent in MCF-7 cells. (A) Representative FACS analysis of Annexin V/PI-stained cells. Apoptosis 

was assessed using Annexin V staining and FACS analysis. Cells were treated with 1 μM ATRA, 

treated with 2 μM Dox or received a combined treatment of ATRA and Dox of similar 

concentrations, 1 μM and 2 μM respectively, for 48 hrs. (B) Summary of the data shown in A. 

The numbers indicate percentage of positive apoptotic cells compared to control. Data are 

expressed as the mean ± SD of three independent experiments.  
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Figure 3.21: ATRA enhances apoptotic cell death in combination with chemotherapeutic 

agent in HCT116 cells. (A) Representative FACS analysis of Annexin V/PI-stained cells. 

Apoptosis was assessed using Annexin V staining and FACS analysis. Cells were treated with 1 

μM ATRA, treated with 2 μM Dox or received a combined treatment of ATRA and Dox of 

similar concentrations, 1 μM and 2 μM respectively, for 48 hrs. (B) Summary of the data shown 

in A The numbers indicate percentage of positive apoptotic cells compared to control. Data are 

expressed as the mean ± SD of three independent experiments. 
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3.4 The positive feed-back loop between Stra6 and p53: 

  3.4.1 ATRA increases the expression of p53 through Stra6 

The results obtained by the study so far have verified that ATRA is not able to 

induce cell death or upregulate p53 protein level without a DNA damage 

response provoked by DNA damaging agents. Therefore, to understand 

whether this effect is mediated by Stra6 (as it is one component of the 

retinoic signalling pathway), the HTC116 (p53 +/+) shStra6 was used as the 

experimental cell line model. To evaluate whether this cell line has indeed a 

suppressed expression of the Stra6 gene, the cells were treated with 2 μM of 

ATRA for 24 hrs. The Stra6 mRNA levels were assessed with qPCR and the 

Stra6 protein expression levels were assessed by immunoblotting. Results 

obtained from both qPCR and WB analysis demonstrated no increase in Stra6 

at the transcriptional and transitional levels, respectively, as expected (Figure 

3.22 A and B).  

Once the efficiency of the ShStra6 was confirmed, the impact of Stra6 absence 

on p53 upregulation in response to DNA damage and ATRA was evaluated. 

WB was performed in HCT116 ShStra6 and EJp53 shStra6 cells, as shown in 

Figures 3.22 C and D. It was observed that p53 protein levels are depleted 

significantly in cells that lack Stra6 after a combined treatment of ATRA (1 μM) 

and Dox (2 μM) for 24 hours compared to a wild type cell model that 

possesses Stra6. Moreover, a similar observation was observed in EJp53 cell 

lines, where p53 induction was regulated by removal of tet from media for 48 

hours and incubated with 1 μM of ATRA for 24 hours on both cell lines of 

EJp53 sh-Luciferace and sh-Stra6. There was a noticeable depletion in p53 

protein levels in the absence of Stra6 compared to control cells, which 

suggested that p53 upregulation in response to DNA damage is enhanced by 

the presence of Stra6 (Figure 3.22). This is consistent with the fact that ATRA, 

which induces Stra6, enhances p53 responses. 
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Further investigations were necessary to determine the role of p53 on Stra6 

upregulation in response to DNA damage and ATRA, since our earlier results 

that were presented in section 3.2.2 have shown a synergistic effect regarding 

Stra6 upregulation when Stra6 was induced by p53 after DNA damage and 

when Stra6 was induced after ATRA treatment. The combined treatment of 

ATRA and DNA damaging agents demonstrated the synergy of both 

treatments in producing more Stra6 mRNA and protein levels than solo 

treatments. We conducted western blot and qPCR in U2OS p53 null cells and 

in HCT116 p53 null cells, as shown in Figure 3.23. While ATRA could induce 

Stra6 expression, DNA damaging agents did not in the absence of p53. Our 

results demonstrated the importance of p53 after DNA damage for 

upregulating Stra6 on both transcriptional and transitional levels.  

Both p53 and Stra6 have shown to be involved in inducing cell death after 

ATRA and DNA damage response induction by DNA damaging agents. Hence, 

the absence of p53 and Stra6 had a great impact on cell fate, as shown in 

Figure 3.24, which was determined by PI Staining and FACS analysis on EJp53 

sh-Stra6 and HCT116 sh-Stra6 as well as on U2OS p53 null cells. The cells that 

lacked p53 or Stra6 tended to be arrested or in other means they tended to 

show less cell death compared to their counterpart’s wild type cells after 

ATRA and DNA damage response.   

These results were extended by assessing apoptotic cell death using Annexin 

V staining and FACS analysis in HCT116 WT p53 sh-Stra6 and HCT116 p53 null 

cells. In Figure 3.25, the results demonstrated that both Stra6 and p53 

cooperate in the induction of apoptotic cell death after a combined therapy of 

ATRA and DNA damage agents. The results indicate a reduction in apoptotic 

cell death, regardless of if the cells did not have p53 or Stra6 genes when 

compared to their counterpart WT cells.  
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Figure 3.22: ATRA increases the expression of p53 through Stra6. (A) A WB of HCT116 WT p53 

sh-Luciferase to assess the Stra6 protein levels in Stra6 knock down mode (sh-Stra6) under the 

stimulation of 2 μM of ATRA for 24 hrs incubation time was conducted. (B) RNA was isolated 

from HCT116 sh-Stra6 cells with two different ShRNA against Stra6 (numbers 1 and 4) to 

silence Stra6 gene expression. These were prepared previously in the laboratory. To determine 

which cell line would be used for later experiments, cells were treated with 2 μM of ATRA for 

24 hrs. Stra6 mRNA levels are expressed as a fold change compared to the HCT116 sh-

Luciferace control and is normalised to β-actin as loading control. Data represent the mean ± 

SD of three independent experiments (C) p53 protein levels are depleted significantly in cells 

that lack Stra6 after a combined treatment of ATRA (1 μM) and Dox (2 μM) for 24 hrs 

compared to the wild type cells that possess Stra6. (D) A similar observation is can be seen in 

EJp53 cell lines, where p53 induction was regulated by removal of tet from media for 48 hrs 

and incubated with 1 μM of ATRA for 24 hrs for both cell lines of EJp53 sh-Luciferace and sh-

Stra6 cells. Mwt was indicated in (kDa).  
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Figure 3.23: p53 control the transcriptional and transitional activity of Stra6 after DNA 

damage and not ATRA. (A &C) Western blots of U2OS and HCT116 (p53 null) cell lines 

demonstrated that Stra6 protein levels are down-regulated significantly after 24 hrs in cells 

treated with 1 µM of ATRA and 2 µM of Dox. P-ϒH2A.X is used as a control for DNA damage 

response and β- Actin is used as a loading control. WB results are representative of similar 

results of three independent experiments. (B & D) RNA was isolated from U2OS and HCT116 

(p53 null) cells. Stra6 mRNA levels cannot upregulate under 1 µM of ATRA stimulation 

compared to WT p53 counterparts. Stra6 mRNA levels are significantly suppressed in the p53 

null cell models where cells are treated with a combination of 1 µM of ATRA and 2 µM of Dox 

for 24 hrs. Stra6 mRNA levels are expressed as a fold change compared to the control and are 

normalised to β-actin as loading control. Data represent the mean ± SD of three independent 

experiments. Mwt was indicated in (kDa). 
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Figure 3.24: Cells that possess Stra6 favour cell death rather than cell cycle arrest dependent 
on p53. (A, B and C) The graphs show representative cell death profiles that were measured by PI 

staining using FACS analysis. ATRA increases cell death in response to p53 after using DNA damaging 
agents through Stra6 in a p53 dependent manner. Cells were treated with 1 μM ATRA, 2 μM Dox or 
received a combined treatment of ATRA and Dox for 24 hrs. The numbers indicate percentages of Sub-
G1 events of cell death. Data are expressed as a mean of three independent experiments. **p<0.01, 
***p<0.001 and ****p<0.0001.  
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Figure 3.25: Both Stra6 and p53 genes are equally important for apoptotic cell death 

induction. (A & C) Apoptosis was assessed using Annexin V staining and FACS analysis in 

HCT116 WT p53 sh-Stra6 and HCT116 p53 null cells. Cells were treated with 1 μM ATRA, 

treated with 2 μM Dox or received a combined treatment of ATRA and Dox of similar 

concentrations, 1 μM and 2 μM respectively, for 48 hrs. (B & D) The graphs represent cell 

death as a percentage in positive apoptotic cells. Data are expressed as the mean ± SD of three 

independent experiments. 
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3.4.2 Stra6 induces p53 

Given the previously obtained results (Figure 3.22), which showed that 

responses to p53 expression increases after DNA damage via Stra6, we 

wanted to explore the possibility of whether Stra6 itself could induce p53, as 

suggested by our results, and upregulate the retinoic acid receptors (RARα 

and RARβ).  

As seen in Figure 3.26A, EJp53 cells under the regulatory effect of tet do not 

express p53. Stra6, RARα and RARβ mRNA levels were quantified in cells 

treated with 1 μM ATRA for 24 hours or transfected with 4 μg of Stra6 for 24 

hours.  Stra6 mRNA levels were up-regulated much higher than the 

physiological levels of Stra6 induced by ATRA, with an approximately ten-fold 

increase. However, the retinoic acid receptors (α and β) mRNA levels were 

upregulated in cells treated with ATRA only and not in Stra6 transfection. 

Next, EJp53 cells after tet was removed for 48 hours to permit p53 expression 

were treated with 1 μM of ATRA for 24 hours or transfected with 4 μg of Stra6 

for 24 hours. There was a clear and significant upregulation in p53 protein 

level after Stra6 transfection (Figure 3.26B). To test whether this induction of 

p53 by Stra6 is dependent on the DNA damage response to take place, WB 

was performed on HCT116 p53+/+ cells treated with 1 μM ATRA for 24 hours, 

treated with 1.4 μM Dox for 24 hours or transfected with 4 μg of Stra6 

without using any DNA damaging agents for 24 hours.   

The results suggest that Stra6 induces p53 independent of DNA damage, as 

seen in Figure 3.26C. Moreover, it was clear that p53 protein levels depended 

on the received treatment. In cells treated with Dox, p53 was induced and 

was clearly associated with a moderate increase in Stra6 protein level. More 

importantly, in the cells transfected with Stra6 without using any DNA 

damaging agents, RARα and RARβ were not induced at all. Stra6 could induce 

p53 with a more potent expression level and stability compared to the p53 

protein level induced after DNA damage response occurred (Figure 3.26). 
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3.4.3 Stra6 induces apoptotic cell death 

Because Stra6 was found to induce p53 independently of DNA damage, we 

wanted to test whether Stra6 could also induce apoptotic cell death 

independently of p53.  

To determine this, Annexin V staining and FACS analysis were conducted on 

HCT116 WT p53 (p53+/+) and HCT116 p53 null (p53-/-) cells after both cell 

types were transfected with 4 μg of Stra6. Cells were treated with 1 μM ATRA, 

treated with 2 μM Dox or received a combined treatment of ATRA and Dox of 

similar concentrations (1 μM and 2 μM, respectively) for 24 hours after 4 μg 

of Stra6 transfection for 48 hours. As shown in Figure 3.27, Stra6 had no 

influence to enhance the induction of apoptotic cell death in cells that lack 

TP53. In addition, Stra6 itself showed an apoptotic cell death percentage 

similar to those cells after using DNA damage (Dox) to induce apoptotic cell 

death (Figure 3.21). Overall, this shows that Stra6 overexpression induces 

apoptotic cell death depending on p53 and shows additive apoptotic cell 

death after a combined treatment of ATRA and Dox (Figure 3.27). 

 

3.4.4 Stra6 enhances the induction of pro-apoptotic and apoptotic proteins 

As shown earlier, Stra6 induces p53-independent cell death; thus, we were 

interested in investigating the pro-apoptotic genes such as Bax and caspases 

(3 and 9) after Stra6 induction by ATRA and Dox or Stra6 transfection. 

Furthermore, a WB was conducted to investigate whether enhancement of 

Stra6 induction of pro-apoptotic and apoptotic genes is dependent on p53. As 

shown in Figure 3.28, caspase 9, cleaved caspase 9 and Bax were all up-

regulated in the JVM-3 cells treated with 1 μM of ATRA and 10 gray of 

radiation for 24 hours (Figure 3.28A). Moreover, caspase 3 and cleaved 

caspase 3 were also up-regulated in HCT116 WT p53 cells but not in HCT116 

p53 null cells after transfection with 8 μg of Stra6 for 48 hours with a panel of 

varying treatments (Figure 3.28B and C). This shows that Stra6 enhances the 

induction of pro-apoptotic and apoptotic proteins dependent on p53. 
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Figure 3.26: Stra6 induces p53. (A) EJp53 cells under the control of tet were either treated with ATRA (1 μM, 24 hrs) or transfected with 4 μM of Stra6 

for 24 hrs. Stra6 mRNA levels were up-regulated in a 10-fold increase after Stra6 transfection, and the retinoic acid receptors (α and β) mRNA levels 

were upregulated only in ATRA treated cells but not in Stra6 transfection. Data are expressed as fold changes compared to the control and are 

normalised to GAPDH as a loading control and represent the mean ± SD of three independent experiments. (B)  EJp53 cells express p53 induction 

after 48 hrs of tet removal. Cells were transfected with an empty vector (e.v.) and treated with 1 μM of ATRA for 24 hrs or transfected with 4 μg of 

Stra6 for 24 hrs. There was a clear upregulation in p53 expression after Stra6 transfection. β-actin was used as a loading control. (C) Similar to the 

previous experimental conditions in (B), to induce p53, the HCT116 WT p53 cells were treated with 1.4 μM of Dox for 24 hrs. The levels of p53 protein 

were determined and its up-regulation was clearly associated with Stra6 and not related to ATRA or to the downstream retinoic acid receptor as 

shown in (A) after the cells were transfected with 4 μg of Stra6 (FL) for 24 hrs without using any DNA damaging agents. 

Mwt 

74 

53 

 

42 

Mwt 

74 

53 

 

42 



 

 

106 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C
o

n
tr

o
l

C
o

n
tr

o
l

A
T

R
A

D
o

x
 

A
T

R
A

+
D

O
X

0

2 0

4 0

6 0

8 0

H C T 1 1 6

T re a tm e n ts

%
 o

f 
A

p
o

p
to

ti
c

 C
e

ll
 D

e
a

th

p 5 3
+ /+

p 5 3
- /-

e . v . + S t r a 6  ( F L )

 

Figure 3.27: Stra6 induces apoptotic cell death dependent on p53. (A) Apoptosis was assessed 

using Annexin V staining and FACS analysis in HCT116 WT p53 or HCT116 p53 null cells. Split cells were 
treated with 1 μM ATRA, treated with 2 μM Dox or received a combined treatment of ATRA and Dox of 
similar concentrations (1 μM and 2 μM, respectively) for 24 hrs after 4 μg of Stra6 transfection for 48 
hrs. (B) Stra6 has no influence to enhance the induction of apoptotic cell death in cells that lack TP53. 
The numbers indicated in percentages of positive apoptotic cells in the same conditions, expressed as 
the mean ± SD of three independent experiments.  
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Figure 3.228: Stra6 enhances the induction of pro-apoptotic and apoptotic proteins 
dependent on p53. (A) Caspase 9, cleaved caspase 9 and Bax were all up-regulated in the JVM-3 

treated cells with combined treatment of 1 μM of ATRA and 10 gray of radiation for 24 hrs. (B) Caspase 
3 and cleaved caspase 3 were also up-regulated in HCT116 WT p53 cells after transfection with Stra6 (8 
μg, 48 hrs) and treated with Dox 2 μM, ATRA 1 μM for 24 hrs or transfection with an empty vector (e.v.) 
and treated with Dox 2 μM for 24 hrs. (C)  HCT116 p53 null cells after Stra6 transfection and treatments 
in a similar condition to (B) did not detect cleaved caspase 3. β-actin is used as a loading control. 
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3.5 Stra6 and Reactive Oxygen Species (ROS) 

3.5.1 Determining the effect of ATRA and DNA damage on ROS generation 

We have previously shown that Stra6 can induce ROS and this has an impact 

on p53 cell function (Carrera et al., 2013). We next studied whether Reactive 

Oxygen Species (ROS) levels correlated with the observed synergistic effect of 

ATRA and DNA damage on upregulation of p53 and p53 target genes in 

response to the induction of apoptosis in JVM-3, U2OS and HCT116 cells.  

As shown in Figure 3.29, measurements of ROS mean fluorescence intensity 

(MFI) indicated a significant increase in stimulated cells that received 

combined treatments of ATRA and Dox, compared to ROS levels in cells 

treated with ATRA or Dox alone. Of note, JVM-3 cells showed much higher 

ROS levels than U2OS and HCT116 cells. This is consistent with our previous 

results. 

3.5.2 Stra6 induces ROS 

Further, we also studied whether Stra6 induces ROS by measuring ROS levels 

in HCT116 (p53 +/+) sh-Stra6 and transfecting HCT116 (p53 +/+) with Stra6 to 

assess Stra6 role towards ROS generation.  

Figure 3.30A depicts the ROS measurements in the HCT116 WT p53 sh-Stra6 

model, which is accompanied by a strong overall reduction in MFI fold change 

compared to the result of HCT116 WT p53 shown in Figure 3.29C. Moreover, 

the HCT116 WT p53 cells after transfection with 4 μg of Stra6 for 48 hrs with 

or without using an ATRA and Dox combined treatment indicated a significant 

increase of ROS in the presence of both stimuli (Figure 3.30B). Our results 

suggest the importance of endogenous Stra6 to mediate ROS generation and 

confirmed that Stra6 induces ROS accumulation within the cells. Moreover, 

Stra6 transfected cells demonstrate ROS induction similar to that yielded by 

Dox alone, as shown in Figure 3.29C.  
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Figure 3. 29: Measurements of reactive oxygen species MFI fold change in JVM-3 and U2OS cells (A, B & C). The graphs show the levels of ROS produced 

in JVM-3 cells and U2OS cells after treatment with 1 μM of ATRA or 2 μM of Dox and with both ATRA and Dox of similar concentrations for a 24-hr incubation time. 
The results indicated a significant increase in mean fluorescence intensity of stimulated cells compared to ROS levels in cells treated with ATRA or Dox alone. Data 
are expressed as the fold change compared to control cells and as the mean ± SD of three independent experiments. 
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Figure 3. 30: Stra6 induces ROS. (A) This figure depicts ROS measurements in the HCT116 WT p53 

sh-Stra6 model, which are accompanied by a reduction in MFI fold change. (B) HCT116 WT p53 after 4 
μg of Stra6 (FL) transfection for 48 hrs with or without treatments indicate an increase in ROS 
production with an ATRA and Dox combined treatment approach. Data are expressed as the fold change 

compared to control cells and as the mean ± SD of three independent experiments. 
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3.5.3 The effect of ROS inhibitors on p53 levels 

As this study has shown, higher ROS levels are associated with the induction 

of apoptosis in response to ATRA, dependent on activation of the p53-DNA 

damage response. Additionally, higher ROS levels correlated with the 

induction of Stra6, which consequently induces apoptotic response.  

To extend these results, we tested whether Stra6 induction of ROS (Carrera et 

al., 2013) and the higher p53 protein levels associated with Stra6 transfection 

could be due to the fact that Stra6 induces p53 through ROS generation, as we 

hypothesized.  

To test this hypothesis, the levels of intracellular ROS after cells were treated 

with Glutathione (GSH) or N-acetyl-L-cysteine (NAC), as shown in Figure 

3.31A. MFI levels of ROS decreased in EJp53 cells cultured in the absence of 

tet and treated with ATRA or transfected with Stra6. In addition, ROS levels, as 

shown in Figure 3.31B, decreased in HCT116 WT p53 treated with GSH or NAC 

after a combined treatment of ATRA and Dox or transfection with Stra6. Both 

cell lines were compared to their respective control ROS levels with no 

GSH/NAC added, which demonstrated higher levels of ROS induction either by 

ATRA and tet removal or Dox or else by Stra6 transfection only (Figure 3.31). 

This suggest that Stra6 was responsible on ROS generation that was 

associated with p53 induced apoptosis.  

p53 protein levels showed a significant reduction in p53 induced by Stra6 after 

cells were treated with GSH or NAC (Figure 3.32). This suggests that Stra6 

possibly induces p53 through an ROS generation mechanism, as both GSH and 

NAC may reduce p53 to its basal level.    
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Figure 3. 31: Determining the influence of Stra6 on ROS generation using an ROS inhibitor 

(NAC/ GSH). (A) EJp53 cells were cultured without tet for two days to induce sufficient 
p53 expression. Cells were treated with 1 μM of ATRA in addition to an ROS inhibitor 
(NAC, 2 μM, 10 mM and GSH) for 24 hrs, or cells were transfected with an empty 
vector (e.v.), with Stra6 4 μg for 48 hrs alone or with an ROS inhibitor for 24 hrs.  A 
significant depletion of ROS was observed after using ROS inhibitors, as expected. (B) 
Significant suppression of ROS was observed in HCT116 WT p53 cells. To induce p53 in 
HCT116 WT p53 cells, dox was used at a concentration of 2 μM for 24 hrs. Data are 
expressed as the fold change compared to the controls and as the mean ± SD of three 
independent experiments. 

 

 

 

 

 

 



 

 

113 | P a g e  
 

 

 

 

 

 

Figure 3. 32: Stra6 induction of p53 operates through ROS production. WB of EJp53 cells was 

conducted, and tet was removed from media for two days to induce a sufficient p53 expression. Cells 
were transfected with an empty vector (e.v.), with a Stra6 8 μg for 48 hrs alone or with an ROS inhibitor 
(NAC, 10 mM and GSH, 2 μM) for 24 hrs. A substantial reduction of p53 protein level was observed after 
using an ROS inhibitor. β-actin was used as a loading control. n=3 
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3.6 Discussion 

Drug resistance is a major concern for cancer patients with recurrent relapses 

of leukaemia/lymphoma or tumours and it has been the main obstacle in 

achieving effective cancer treatment (Duesberg et al., 2007; Roberti et al., 

2006). To overcome drug resistance, scientists have been examining the use 

of a combined treatment approach. For example, retinoic-acid based 

treatments in combination with anticancer drugs have been successful (Sun et 

al., 2015).  

However, the involved signalling pathways and underlying mechanisms of this 

combined therapeutic regime were unclear. In general, the retinoic acid 

compounds, which can be either natural, such as ATRA, or synthetic, such as 

Fenretinide, have functions such as regulation of cell growth, differentiation 

and apoptosis. However, these effects are dependent on the concentration 

and exposure time (Hsu et al., 2000; Zhang et al., 2003; Okada et al., 2000). 

Moreover, retinoic acid can potentially treat and prevent cancers due to its 

antiproliferation and chemoprevention characteristics (Choi et al., 2003). 

To provide molecular evidence of successful combined treatments of cancer 

cells pre-treated with ATRA as a sensitiser to DNA damaging agents 

(chemotherapy and radiation) the presented work was done. Because Stra6 is 

a retinoic acid responsive gene, its expression can be induced by retinoids and 

it has been shown to express and contribute to cell death after DNA damage 

(Carrera et al., 2013). Thus, the roles of Stra6 and p53 were investigated in the 

present study. 

In most of these experiments, cells were cultured in four groups. The first 

group was the negative control with no treatment; the second group was 

treated with ATRA; the third group was treated with DNA damaging agents, 

including Dox or ionising radiation; and the forth group was a pre-treatment 

of ATRA followed by DNA damaging agents. 
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Concentrations of ATRA, Dox and gamma radiation were determined based on 

literature and recommendations from other users. We aimed to achieve a 

successful cell death (apoptosis) with minimal concentrations. The tested 

concentration of ATRA (1 µM) was a physiological concentration and did not 

induce cell cycle arrest or apoptosis, as these two cellular events require a 

higher concentration of ATRA (starting from 10 µM) to be induced (Huang et 

al., 2006; Mao et al., 2006; Mandegary & Mehrabani, 2010).  

 A Dox of 1.4 - 2 µM was the concentration of choice to be used in all our 

experiments, as this concentration had demonstrated its ability to elicit p53-

induced apoptosis in cultured cell lines (Lüpertz et al., 2010).  The applied 

radiation dose was 10 gray, as this dose and time can induce p53 apoptotic 

cell death in cultured cell lines based on previous studies (Allan & Fried, 1999; 

Vucic et al., 2006). 

In our p53-inducible model, EJp53 cell lines that regulated by a tet off system, 

we have shown upregulation of Stra6 mRNA (Figure 3.1) and Stra6 protein 

levels (Figure 3.3) with a synergistic effect of ATRA treatment in response to 

p53 induction. Moreover, the p53 protein levels were accumulated and 

stabilised more with ATRA treatment compared to tet removal alone. Since 

we have observed previously that Stra6 is induced by p53 (Carrera et al., 

2013), this strongly suggests that there was a positive feedback loop between 

the Stra6 and p53.   

Previous studies have indicated that p53 induced Stra6 has no role on the 

regulation of downstream signalling pathway, such as RARα and RARβ mRNA 

levels (Carrera et al., 2013). The current study confirms these results, as 

shown in Figure 3.1. ATRA treatment regulated the mRNA levels of RARα and 

RARβ, as expected. However, the upregulated levels of these two retinoic acid 

receptors displayed different patterns that suggested different cellular 

functions. Figure 3.1 demonstrates that in ATRA treated cells the RARβ is 
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upregulated more than the RARα. RARβ has shown the tendency to support 

cell proliferation, differentiation and survival (Zhuang et al., 2003).  

When p53 is induced and ATRA is applied, the RARα is upregulated more than 

the RARβ, which suggests that ATRA response to DNA damage drives cells in 

the opposite direction of cell proliferation towards more tendency of growth 

inhibition. This is consistent with previous experimental studies, which have 

shown that RARα plays an important role in cell-cycle arrest and growth 

inhibition (Boyle et al., 1999). 

Similar results have been observed in HCT116, U2OS and JVM-3 cell lines, 

which demonstrated a clear, significant upregulation of Stra6 mRNA levels and 

a potentially synergistic effect of the combined treatments of ATRA and Dox 

(Figure 3.2). Moreover, RARβ mRNA levels were upregulated more after ATRA 

treatment than RARα mRNA levels, but RARα were upregulated more than 

RARβ mRNA levels after ATRA and DNA damage induction by Dox. This could 

determine the role of the ATRA pathway in enhancing DNA damaging signals. 

Consistent with Stra6 mRNA levels, the Stra6 protein levels demonstrated a 

significant increase in the combined treatment of ATRA and DNA damaging 

agents, either by Dox or radiation, in cancer cell lines including HCT116, U2OS, 

MCF-7, PA-1, H460, KIS, D0HH2 and JVM-3, as shown in Figures 3.4, 3.5, 3.6, 

3.7, 3.8, 3.9, 3.10, and 3.11, respectively.  

Moreover, the p53 protein stability was significantly enhanced with more p53 

protein accumulated in the cells after ATRA treatment (1 μM) with DNA 

damaging agents compared to p53 protein levels induced by DNA damaging 

agents alone. In line with this effect, a study done by Ablain et al. (2014) 

demonstrated that high levels of RA (100 mg) combined with arsenic trioxide 

stabilised p53 with an associated triggered increase in PML-RARα fusion 

protein degradation in PML. Moreover, the researchers suggested that p53 

stabilisation was not affected by RA downstream signalling pathway when 

they conducted a p53 gene transcript analysis study (Ablain et al., 2014).  
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The cellular and molecular mechanisms involved in this treatment efficiency 

are still unclear. The current data suggest that both Stra6 and p53 may play an 

important role in cell death since ATRA alone did not induce the p53 protein 

(Figures 3.4-3.11), this indicates that its ability of inducing cell death is 

mediated by an enhancement of DNA damaging signals.  

We further explored the effect of ATRA and DNA damaging agents on both 

cellular metabolism and morphological changes on EJp53 and JVM-3 cell lines. 

In Figure 3.12, cell viability was a direct screening method to test our 

hypothesis. ATRA showed a slight increase in cell viability compared to cells 

that received a combined treatment of ATRA followed by Dox within three 

days of continuous cell viability assessment. In addition, the combined 

treatments significantly reduced cell viability counts versus Dox treatment 

alone.  

Previous studies have indicated that 1 μM of ATRA does not affect cell viability 

for 48 hours, whereas cell viability is reduced to 30% with a 10 μM 

concentration (Huang et al., 2006; Mandegary & Mehrabani, 2010). We 

observed that the combined treatment of ATRA and Dox caused a significant 

loss of viability of JVM3 cells compared to Dox alone. Of note, cell 

proliferation was enhanced significantly after ATRA treatment.  

A study conducted by Mandegary & Mehrabani (2010) observed similar 

effects of ATRA treatment. However, cell proliferation was reduced 

significantly after an ATRA and Dox combined treatment compared to Dox 

treatment alone. This reduction in cellular metabolic activity could be 

associated with cell death or cell cycle arrest.  

Consistent with this, cellular morphological changes were detected in 

characterised apoptotic cells with a higher degree of cell deterioration after 

ATRA treatment and p53 induction compared to p53 induction alone by tet 

removal or Dox in EJp53 and JVM-3 cells as shown in Figures 3.14 and 3.15, 

respectively.  
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On the contrary, EJp53 and JVM-3 have shown no more changes in cell 

morphology after ATRA treatment alone. A study indicated that 1 μM of ATRA 

after 72 hours induced cell differentiation in human myeloid leukaemia HL-60 

cells (Huang et al., 2006).  

We suggest that endogenous Stra6 may play different roles. First, in response 

to ATRA, based on study done by Berry et al. (2012), Stra6 facilitates cellular 

growth by tyrosine phosphorylation of the Stra6 receptors and JAK2/STAT5 

signalling pathway activation, thus causing STAT5 translocation to the nucleus 

where downstream regulation and expression of target genes takes place, 

including regulation of cell differentiation and proliferation. Second, in 

response to ATRA treatment in the context of DNA damage-induced p53, 

Stra6 levels are highly upregulated and contribute to cell death. This suggests 

an involvement of Stra6 in another signalling pathway that would results in 

cell death induction.  

The results of this study also show the ability of ATRA to determine cell fate 

decision by shifting the status of cell from cell cycle arrest to cell death 

response in the presence of p53 activation. Thus, ATRA could be used to 

sensitise cancer cells to DNA damage and thus enhance cell death induction. 

This was confirmed through Annexin V staining and FACS analysis, which 

determined that a combined treatment approach of ATRA and Dox 

significantly enhances apoptotic cell death after DNA damage using Dox 

compared to apoptotic cell death induction of Dox alone (Figures 3.17-3.21).  

Many previous studies have indicated that combination therapy with ATRA 

and DNA damage agents provides better outcomes for cancer therapy than 

monotherapy (Gianni et al., 1998; Mandegary & Mehrabani, 2010; Jiang et al., 

2011), which is consistent with our results. The novelty of our data lies on the 

fact that we propose that these sensitizing effects of retinoids may be 

mediated by Stra6, which we show is induced by retinoids and has a pro-

apoptotic function in the context of the p53 pathway.   
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Though the study verified that cancer cells treated with 1 μM of ATRA are not 

able to induce cell death or cell cycle arrest and that the p53 protein level was 

not upregulated after ATRA treatment alone, the mechanisms behind this 

process were still unknown.  Thus, we aimed to determine the underlying 

factors that upregulate the activity and stability of p53 protein levels towards 

enhanced apoptotic cell death after combined treatments of ATRA and DNA 

damaging agents compared to the p53 protein levels after treatments with 

DNA damaging agents alone. After confirming the efficiency of the shStra6 cell 

lines their readiness for use in further experiments (Figure 3.22 A and B), we 

observed that DNA damage-induced p53 protein levels are significantly 

depleted in cells that lack Stra6 after a combined treatment of ATRA and p53 

induction by Dox or tet removal, as shown in (Figures 3.22 C and D). Also, 

there was a slight depletion in the levels of p53 protein after Dox or tet 

removal in HCT116-shStra6 and EJp53-shStra6 cells, respectively, which This 

supports the hypothesis of a positive feedback-loop between p53 and Stra6 

after DNA damage.  

Thus, our results demonstrated that retinoids mediate the upregulation and 

stabilisation of p53 after DNA damage and that this is dependent on Stra6, 

and this effect stems from Stra6 only, as it is considered a retinoic acid 

responsive gene. Moreover, this result suggests that the observed p53 

upregulation with combined treatment is not dependent on the downstream 

retinoic acid signalling pathways since the RARs have no influence on p53 

stabilisation. If the RARs have an influence on p53 protein upregulation, the 

levels of p53 protein should not be depleted even in Stra6 knock down cells.  

More importantly, the slight depletion of p53 protein levels in cells induce p53 

after DNA damage without ATRA treatment in sh-Stra6 cell lines (3.22 C and 

D) indicates that the increase in induction of p53 protein stability is exclusively 

maintained with Stra6 gene expression.  
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Ablain et al. (2014) showed that induction of p53 in cells from APL mice 

treated with retinoic acid in medium to high doses (10 – 100 mg, respectively) 

can induce p53 activation and stabilisation that leads to PML-RARα 

degradation, which determines the p53 stability, particularly as Trp53 

transcripts are unaffected by retinoic acid treatments (Ablain et al., 2014). 

Moreover, similar studies have suggested that retinoid-induced apoptosis in 

numerous cancer cells appeared to be induced by an unknown mechanism 

independent of retinoic acid receptors activation and mediated by the 

intrinsic apoptotic cell death — mainly through association with mitochondrial 

cell death (Hail et al., 2006). 

It has been well known that p53 activation can accumulate in cells through 

post-translational modifications (PTM) with small changes in protein 

abundance. This fact generated the possibility of Stra6 being significantly 

engaged in p53 stabilisation. To our knowledge, this is the first study that has 

stated the importance of ATRA and DNA damaging agents in increasing the 

stability of p53 protein and restoring its activity to overcome anticancer drug 

resistance — mainly through the expression of Stra6.   

Previous studies have considered the molecular basis that could explain why 

the combined treatment of retinoids and DNA damaging agents can be 

effective in treating cancer. For example, ATRA and Arsenic trioxide in low 

concentrations were previously used effectively in the treatment of APL 

(Ablain et al., 2014), but its underlying mechanism was still elusive. Some 

scientists have suggested that this therapeutic efficacy in APL might be 

because of Arsenic-trioxide-induced PML-RARα degradation, but this is not 

the only reason behind a successful combination therapy, because HL-60 cells 

have not shown t (15;17) rearrangement and have not expressed the PML-

RARα fusion protein, but still show the same effect (Andre et al., 1996; Huang 

et al., 2006). The results of this study indicate that Stra6 could be the 

mechanism behind the success of the combined treatment of ATRA and DNA 

damaging agents in p53 wild type cells.   
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The results of this study also demonstrate a synergistic effect of combined 

treatments regarding Stra6 upregulation at mRNA (Figures 3.1 and 3.2) and 

protein levels (Figures 3.3- 3.11). We first determined that the combined 

treatment of ATRA and DNA damaging agents produces more significant Stra6 

mRNA and protein levels than mono therapy.  

In a previous report, we showed that p53 was needed to induce Stra6 after 

DNA damage (Carrera et al., 2013). Our current results demonstrate that Stra6 

can be induced by retinoids or DNA damaging agents by independent 

mechanisms. For example, Stra6 expression was observed after ATRA but not 

Dox treatment in p53-/- treated cells.  

This study suggests Stra6 as an important factor in whether cancer cells 

undergo cell cycle arrest or apoptosis in response to DNA damage and retinoid 

treatment. Cells that lack p53 or Stra6 tended to be arrested compared to 

their counterpart wild type cells after ATRA and DNA damage response. The 

results demonstrated that both Stra6 and p53 are important in facilitating the 

induction of apoptotic cell death after a combined therapy of ATRA and DNA 

damage agents. Generally, our results indicate an over reduction in apoptotic 

cell death regardless of if cells lack p53 or Stra6 genes when compared to 

their counterpart WT cells that possess p53 or Stra6 genes. Consistently, 

previous reports have indicated that endogenous Stra6 knocked down by 

shRNA or siRNA cells converted to be more resistant to Dox (2 μM)- or 

Fenretinide (15 μM)-induced apoptotic cell death. (Carrera et al., 2013; Mittal 

et al., 2014).  

Moreover, Chen et al. (2012) showed that siRNA against endogenous Stra6 

decreased the levels of active caspase-3. Similar results show reduced levels 

of cleaved PARP and cleaved caspase-9 when Stra6 is silenced (Chen et al., 

2012; Mittal et al., 2014). Taken together, previous reports support the results 

of this study.  
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The results of this study suggest that Stra6 induces p53 independent of DNA 

damage response, as shown in Figure 3.26, and Stra6 can induce p53 with a 

more potent expression level and stability compared to p53 protein level 

induced after DNA damage response with Dox or tet removal in HCT116 and 

EJp53 cells, respectively.  

Previous studies showed that the p53-induced Stra6 after DNA damage was 

independent of retinoic acids’ downstream signalling pathway (Carrera et al., 

2013). Additionally, our results provide a clear explanation of cells transfected 

with Stra6 without using any DNA damaging agents do not show any 

upregulation of RARα and RARβ, suggesting that Stra6 has another principle 

function in addition to be a cellular receptor for retinol uptake. Moreover, 

these results correlate with our previous results regarding investigation of the 

observed relationship between the Stra6 and p53 positive feedback loop after 

combined treatment of ATRA and DNA damaging agents.  

The results of the current study confirm that Stra6 is capable of inducing 

apoptosis given its observed ability to induce p53 protein and regulate its 

activity and stability. Our results suggest that Stra6 has its own apoptotic 

function dependent on p53, as Stra6 has no influence to enhance the 

induction of apoptotic cell death in cells that lack TP53. Furthermore, Stra6 

itself has shown apoptotic cell death percentages like those cells treated with 

Dox after DNA damage as observed in Figure 3.21.   

In a previous study conducted on renal dysfunction and diabetic patients by 

Chen et al. (2012), it was proposed that Stra6 induces apoptosis because of an 

increased ratio of apo-RBP4 to holo-RBP4. The referred term apo-RBP 

indicates when no retinol is present and holo-RBP indicates that retinol binds 

to RBP.  

This ratio affects Stra6 signalling and activates a JAK2/STAT5 signalling 

cascade which in turn up-regulates adenylate cyclase 6 (AC6) and cAMP, 
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therefore enhancing the signalling cascade of JNK1/p38 and resulting in CRBP-

I/RARα suppression and apoptosis induction (Chen et al., 2012). 

We show that Stra6 as an important factor in increasing the caspase-3 

cleavage with Dox dependent on WT p53. Other studies have indicated that 

siRNA against endogenous Stra6 would decrease the levels of active caspase-

3, cleaved PARP and cleaved caspase-9 (Chen et al., 2012; Mittal et al., 2014).  

Moreover, the combined treatment of ATRA and DNA damaging agents have 

similarly shown enhancement of pro-apoptotic and apoptotic protein levels of 

Bax and cleaved caspase-9, respectively, which supports the hypothesis that 

Stra6 enhances the apoptotic cascade.  

As a further step, we determined the effects of ATRA and DNA damage on 

ROS generation Higher levels of ROS have been suggested as crucial factors in 

determining the cell fate decision between cell cycle arrest and apoptosis 

after the cell reaches a maximum threshold of oxidative damage (Macip et al., 

2003).  

Our results show that ATRA induces amounts of ROS, which does not correlate 

at any molecular levels to induce apoptosis. However, ATRA plus DNA damage 

shows higher ROS levels due to the induction of Stra6. The mechanisms by 

which Stra6 induces ROS remain to be elucidated. 

The obtained results established the importance of endogenous Stra6 to 

mediate ROS generation after cells were treated with Dox or a combined 

treatment of ATRA and Dox based on the observed results regarding the 

HCT116 WT p53 sh-Stra6 model was demonstrated a robust overall reduction 

in MFI fold change of ROS generation compared to the result of HCT116 WT 

p53 that possess Stra6, as shown in Figure 3.29C.  

A previous report indicated that cells that lack Stra6 show less induced 

oxidative damage to their DNA in response to doxorubicin (Carrera et al., 

2013). Our results are consistent with this finding. In this study, cells lacked 
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Stra6 were more resistant to induce cell death and ended with cell cycle 

arrest. We propose that this is because these cells lack the Stra6-p53 positive 

feedback loop after ATRA and Dox combined treatments. 

This study has shown for the first time to our knowledge that Stra6 induces 

p53 independent of DNA damage and has identified ROS generation as the 

mechanism by which Stra6 induces p53.  

Overall, our conclusion is that Stra6 induces apoptotic cell death depending 

on p53 and demonstrates an additive apoptotic effect. More interestingly, the 

apoptotic features of Stra6 suggests that upregulation of Stra6 in combination 

with other anticancer treatments such as chemotherapy or radiotherapy 

could be therapeutically relevant. This could minimise the side effects of 

traditional cancer therapies, thus providing a better option for helping cancer 

patients in their treatment.  
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4 Study of the biological functions of Stra6 
 

4.1 Introduction 

There is much still to be known about Stra6 protein—both regarding its role in 

cell signalling and its structure. Their interacting partners have also not been 

extensively studied. This chapter provides the first step to understanding the 

biological function of Stra6 based on protein interaction studies to describe 

and identify Stra6 interacting proteins. 

We aimed to investigate how and under what conditions Stra6 protein might 

interact with other proteins. We also aimed to investigate the functional 

consequences of these interactions in the context of different treatments—

particularly DNA damage and cellular stress. We focused on the two most 

common methods that are used for protein-protein interactions (PPI) analysis: 

co-immunoprecipitation and the pull-down assay. 

4.2 Protein-protein interacting partners for Stra6 

An important step in characterising protein function is to determine which 

proteins interact with the studied protein. We reasoned that this would 

facilitate identifying the related biological signalling pathways of Stra6. In this 

section, we propose protein-protein interacting partners for Stra6 that may 

bind directly or indirectly. We used a database search for proteins of already 

known functions that were involved in cellular processes and cell signalling 

pathways that may be implicated with the Stra6’s biological functions.  

In Figure 4.1A, we first performed a pull-down assay with GFP antibody to 

pull-down GFP as a negative control of the experiment, which is presented in 

Figure 4.1. HCT116 (p53 +/+) cells were transfected with 13 μg of GFP. After 

48-hrs, cell lysates were used for pull-down, and the IP product was 

subsequently sent for mass-spectrometry analysis as a negative control. The 

data obtained was used as a background to eliminate any other proteins that 
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may be falsely interacting with Stra6 when compared to the obtained mass-

spectrometry data of the Stra6-GFP and/or Stra6 pull-down assay.  

In these experiments, three wells were loaded with different sample 

preparations. The first lane contained the input (INP), which was 10% of 

protein lysate—no antibody or beads were added; this was known as the 

control IP. The second lane contained the negative control (N), made with 

anti-IgG, the non-specific antibody, which matched the class of the antibody 

that was used for pull-down. This sample preparation consisted of the protein 

lysate plus the beads and anti-IgG in purpose to eliminate false positive results 

of non-specific binding. This was known as the control antibody. The third 

lane, known as IP, was the anti-GFP antibody or with the anti-Stra6 antibody. 

This sample preparation consisted of the corresponding antibody to pull-down 

the protein of interest (Stra6) plus the protein lysate and beads. Samples were 

run on 10% SDS-PAGE and were stained with instant Commasiee blue.  

In Figure 4.1B and 4.1C, the pull-down assays used a GFP antibody to pull-

down the Stra6 tagged with GFP in the C-terminus of the protein as well as a 

Stra6 antibody to pull-down the Stra6 protein. HCT116 (p53 +/+) cells were 

divided into four groups. All groups were transfected with 13 μg of either 

Stra6-GFP or Stra6. After 24-hrs, the first group of cells was used as a control 

with no treatment received, the second group was treated with 1 μM of ATRA, 

the third group was treated with 2 μM of Dox, and the last group was treated 

with a combined treatment of ATRA and Dox, 1 and 2 μM, respectively. After 

48-hrs, cells were collected and cell lysates were used for pull-down. The 

results with presented in 4.1B and 4.1C showed different IP product sizes of 

approximately 53 kDa as well as lower molecular band sizes of 25 and 20 kDa 

(especially following Dox and the combined treatment of ATRA and Dox). We 

hypothesised that these lower band sizes could be due to the fact that Stra6 

undergoes cleavage, specifically within the C-terminus domain of the protein. 

This hypothesis was supported by previous results obtained in the lab, which 
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also suggested the presence of a smaller form of Stra6 in certain conditions 

(data not shown). 

These 53 kDa bands are strong in ATRA/Dox-treated samples; the 25 and 20 

kDa products are moderate in Dox/ATRA- and Dox-treated samples. The bands 

were cut and analysed to determine their identity using Peptide Mass 

Fingerprinting (PMF) by mass spectrometry analysis (performed by PNACLE).  

In addition, the Stra6-GFP pull-down with the anti-GFP antibody (IP) in Figure 

4.1B indicated a band of about 73 kDa. The expected size of the GFP-tagged 

Stra6 construct is approximately 100 kDa. However, the Stra6 IP in Figure 4.1C 

indicated the correct molecular size of untagged Stra6, which is about 73 kDa. 

In general, the pull-down and tagged pull-down assays were more successful 

using Stra6 than Stra6-GFP (Figure 4.1). 

After we validated the IP samples of Stra6 and Stra6-GFP pull-down in Figure 

4.1B and 4.1C, we run the same samples for 5 minutes on a 10% agarose gel 

and stained it with instant Coomassie blue. The purpose was to analyse them 

with LC-MS/MS, as this approach will provide us with extensive information 

about possible interacting protein binding partners for Stra6 (Figure 4.2).   

The LC-MS/MS analysis data of the Stra6 pull-down, which is provided in Table 

4.1, shows the possible PPI partners for Stra6 following different treatment 

protocols. The purpose was to investigate the influence of retinoids or DNA 

damage on PPI responses and better understand the Stra6 biological functions 

in each situation. 

The LC-MS/MS data identified a series of proteins that have a role in cell 

signalling pathways and in regulating cellular processes, such as apoptosis (see 

the discussion section for more detail on these proteins). These proteins that 

are involved with Stra6 as possible interacting proteins have been identified 

on Uniprot, Swissprot and NCBI databases. In addition, the identified proteins 

have been analysed in the database of Wiki-Pi 

(http://severus.dbmi.pitt.edu/wiki-pi) to understand PPI and to help to 
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determine functions. This is because protein interactions can result in novel 

functions that would not adhere if the protein is presented alone.   

The observed bands of approximately 20, 25 and 53 kDa in Figure 4.1 were 

analysed by PMF by mass-spectrometry analysis. We determined the identity 

of these bands/proteins as shown in Table 4.2 and 4.3 (see the discussion 

section for more detail on these proteins). 

Furthermore, the PPI for Stra6 shows a noticeable difference in the proteins 

reported from the LC-MS/MS data of the Stra6 pull-down when it came to the 

type of treatment received. In Table 4.4, we provided the major differences 

between the PPI partners for Stra6 depending on the treatment of ATRA 

versus Dox. In other words, this difference in proteins that probably bind 

Stra6, may suggest the influence of retinoids-signalling pathway or the DNA 

damage response and be an important factor in shaping the function of Stra6 

in each situation (Table 4.4). 

We have identified from the LC-MS/MS data a list of the most interesting 

proteins to further confirm the physical interactions between Stra6 and these 

selected proteins. The list is provided in Table 4.5 and includes Lamin A/C 

(LMNA), Heterogenous Nuclear Ribonucleoprotein-K (hnRNPK), High Mobility 

Group Protein B1 (HMGB1) and Peroxiredoxin-6 (PRX-6) (Table 4.5). 
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Figure 4.1: Pull-down and tagged pull-down samples run on SDS-PAGE. HCT116 WT p53 cells 

transfected with GFP as negative control (A), Stra6 tagged GFP 13 μg (B) or with Stra6 

transfection 13 μg (C) then pulled down with anti-GFP antibody (A & B) or anti-Stra6 antibody 

(C).  Samples treated with 1 μM ATRA, 2 μM Dox and a combined treatment of ATRA and Dox 

at the same concentrations for 24-hrs (B & C). Three wells were loaded with different sample 

preparations:  input (INP) 10% of sample, negative control made with anti-IgG (N), and IP made 

with anti-GFP or with anti- Stra6 (IP). Samples run on 10% SDS-PAGE and stained with instant 

Coomassie blue stain. The obtained results with IP samples in (B & C) showed different IP 

product sizes (Black arrow), these bands were analysed using Peptide Mass Fingerprinting 

(PMF). 



 

 

130 | P a g e  
 

 

Figure 4.2: Pull-down of IP products to purify proteins that bind to Stra6 by LC-MS/MS 

analysis. Sample preparation done on HCT116 WT p53 cells transfected with 13 μg of Stra6 

tagged GFP or with Stra6 transfection and pulled down with anti-GFP antibody or anti-Stra6 

antibody, both transfected models treated with 1 μM ATRA, 2 μM Dox and a combined 

treatment of ATRA and Dox at the same concentrations for 24-hrs. IP’s samples run on 10% 

SDS-PAGE for 5 minutes and stained with instant Coomassie blue stain.  
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Size 
(KDa) 

Stra6 
Stra6 

(ATRA) 
Stra6 (Dox) Stra6 (ATRA + Dox) Biological process 

73 Stra6 Stra6 Stra6 Stra6 

 
RBP receptor, Cell 

signalling receptors, 
Apoptosis 

 

43 
Alpha- Centractin 

(Arp1)   

Alpha- 
Centracti

n 
(Arp1)   

Alpha- 
Centractin 

(Arp1)   

Alpha -Centractin 
(Arp1)   

 
G2/M transition of 
mitotic cell cycle 

 

107 
Serine/Threonine 

Protein Kinase 
X 

Serine/Threoni
ne Protein 

Kinase 

Serine/Threonine 
Protein Kinase 

Cell fate decision 
 

29 
60 S Ribosomal 

Protein S7 (RPS7) 
X 

60 S 
Ribosomal 
Protein S7 

(RPS7) 

60 S Ribosomal 
Protein S7 (RPS7) 

 
Inhibit the MDM2 E3 

ligase activity towards 
degradation of p53 
tumor suppressor 

protein 
 

25 
40 S Ribosomal 

Protein S3 (RPS3) 
X 

40 S 
Ribosomal 
Protein S3 

(RPS3) 

40 S Ribosomal 
Protein S3 

(RPS3) 

Bind to p53, MDM2, 
hnRNPK and RPL9 

 

 
25 

 

Peroxiredoxin-6 

(Prx-6) 
X 

Peroxiredoxin-
6 (PRX-6) 

Peroxiredoxin-6 
(PRX-6) 

 Response to ROS and 
oxidative stress, bind to 
(Nuclear receptor RARα, 
Caspase 10, Caspase8, 
SUMO4, and PPARD) 

 

18 
60 S Ribosomal 

Protein L26 (RPL26) 
X 

60 S 
Ribosomal 
Protein L26 

(RPL26) 
 

60 S Ribosomal 
Protein L26 

(RPL26) 
Apoptosis 

 
 

25 
High Mobility 

Group Protein B1 
(HMGB1) 

X 
High Mobility 
Group Protein 
B1 (HMGB1) 

 
High Mobility 

Group Protein B1 
(HMGB1) 

 

Apoptosis, bind to p53, 
Caspase 3 and CDK1   

33 
Nucleophosmin 

(NPM) 
X 

Nucleophosmi
n (NPM) 

 
Nucleophosmin 

(NPM) 
 

In relation with ARF, p53 
and MDM2 regulation 

 

70 lamin A/C X lamin A/C lamin A/C 

Help proteins translocate 
to nucleus, apoptosis 
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Table 4.1: Mass-spectrometry (LC-MS/MS) analysis of possible protein-protein interacting 
partners for Stra6 following different treatment protocols. 

Size 
(KDa) 

Stra6 
Stra6 

(ATRA) 
Stra6 (Dox) Stra6 (ATRA + Dox) Biological process 

51 

Heterogenous 
Nuclear 

Ribonucleoprotein-
K (hnRNPK) 

X 

Heterogenous 
Nuclear 

Ribonucleopro
tein-K 

(hnRNPK) 

Heterogenous 
Nuclear 

Ribonucleoprotein
-K (hnRNPK) 

Apoptosis, DNA Damage 
response, p53 

 

77 Nucleolin (NCL) X 
Nucleolin 

(NCL) 
Nucleolin (NCL) 

 
 Apoptosis, bind to p53 
 

87 
Nucleolar RNA 

Helicase 2 (DDX21) 
X 

Nucleolar RNA 
Helicase 2 
(DDX21) 

Nucleolar RNA 
Helicase 2 
(DDX21) 

Cofactor for Jun, 
required to 

phosphorylate Jun 
 

14 
Histone H2A Type 

1-B 
X 

Histone H2A 
Type 1-B 

Histone H2A Type 
1-B 

 
Downregulation and 

inhibition of cell 
proliferation 

 

14 
Histone H2B Type 

1-D 
X 

Histone H2B 
Type 1-D 

 
Histone H2B Type 

1-D 
 

Apoptosis 
 

31 

Enoyl- CoA 
Hydratase 

Mitochondrial 
(ECHS1) 

Enoyl- 
CoA 

Hydratase 
Mitochon

drial 
(ECHS1) 

Enoyl- CoA 
Hydratase 

Mitochondrial 
(ECHS1) 

Enoyl- CoA 
Hydratase 

Mitochondrial 
(ECHS1) 

 
Bind to Calpain large 

subunit (which binds to 
TP53, BID, HNRNPD), 

protein import to 
nucleus, negatively 

regulates STAT3 signaling 
 

73 Caprin X Caprin Caprin 

 
G1/S cell cycle, protein  

synthesis inhibition 
 

76 

Splicing factor 
Proline and 

Glutamine Rich OS 
(PSF) 

X 

Splicing factor 
Proline and 
Glutamine 

Rich OS (PSF) 

 
Splicing factor 

Proline and 
Glutamine Rich OS 

(PSF) 
 

 
 

Post-transcriptional 
processing of mRNAs 

 
 

285 
Spectrin α/ β 
Chain, non-
Erythrocytic 

X 
Spectrin α/ β 
Chain, non-
Erythrocytic 

Spectrin α/ β 
Chain, non-
Erythrocytic 

 
upregulated in response 
to cellular damage and 

heat stress  
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Size(KDa) 
Stra6 (Dox) 

Approx.  25 KDa 
Stra6 (Dox) 

Approx.  20 KDa 
Stra6 (ATRA + Dox) 

Approx. 25 KDa 
Biological process 

22 X 
Preoxiredoxine-1 

(PRX1) 
Preoxiredoxine-1 

(PRX1) 

 
Response to ROS 

 

24 
Preoxiredoxine-2 

(PRX2) 
X 

Preoxiredoxine-2 
(PRX2) 

 
Response to 

oxidative stress, 
bind to BAD 

24 
60 Ribosomal 
Protein L13a 

(RPL13a) 
X 

60 Ribosomal 
Protein L13a 

(RPL13a) 

 
Negative regulation 

of translation, 
induces cell growth 
arrest in G2/M and 

apoptosis 

29 
14-3-3 Protein 

Epsilon (YWHAE) 
X 

14-3-3 Protein 
Epsilon (YWHAE) 

 
Apoptosis, JNK 

activation, bind to 
BAD and Caspase 3 

 

25 
High Mobility 

Group Protein B1 
(HMGB1) 

X 
High Mobility Group 

Protein B1 
(HMGB1) 

Apoptosis, bind to 
p53, Caspase 3 and 

CDK1  
 

25 X 
40 S Ribosomal 

Protein S3 (RPS3) 
40 S Ribosomal 

Protein S3 (RPS3) 

 
Bind to p53, 

MDM2, hnRNPK 
and RPL9 

 

25 
Peroxiredoxin-6 

(PRX-6) 
X 

Peroxiredoxin-6 
(PRX-6) 

 
Response to ROS 

and oxidative stress 
bind to (Nuclear 
receptor RARα, 

Caspase 10, 
Caspase8, SUMO4 

and PPARD) 
 

28 X X 
Proteosome Subunit 

α type 5 and 7 

Proteasome-
dependent 

degradation during 
apoptosis 

 

31 

Enoyl- CoA 
Hydratase 

Mitochondrial 
(ECHS1) 

X 

Enoyl- CoA 
Hydratase 

Mitochondrial 
(ECHS1) 

Bind to Calpain large 
subunit (which binds 

to TP53, BID, 
HNRNPD), protein 
import to nucleus, 

negatively regulates 
STAT3 signaling 
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Table 4.2: Peptide Mass Fingerprinting (PMF) analysis of specific IP products band sizes 
approximately (20 and 25 kDa) to determine possible protein-protein interacting partners for 

Stra6 following different treatment protocols. 

 

Size(KDa) 
Stra6 (Dox) 

Approx.  25 KDa 
Stra6 (Dox) 

Approx.  20 KDa 
Stra6 (ATRA + Dox) 

Approx. 25 KDa 
Biological process  

20/25 Stra6 Stra6 Stra6 
 

Apoptosis 
 

29 X X Calpain (CAPNS1) 

Apoptosis, binds to 
CDK4, NDRG1, 

PPARGC1A which 
bind to (RXRA, 

TP53, CDK6 and 
NCL) 

28 X X 

B- Cell Receptor 
Associated 
Protein31 
 (BAP31) 

 

Binds to Caspase 8, 
caspase 9 and 

Caspase 3. 

29 X X 

 
Eukaryotic 

Translation Initiation 
Factor 4 Subunit E 

(eIF4E) 
 

Cytokines mediated 
signalling pathway 

28 X X 

 
Electron Transfer 
Flavoprotein, β 

Polypeptide (ETFB) 
 
 
 

 
Transfers the 

electrons to the 
main mitoch. 

respiratory chain, 
bind to ETFA and 

Amyloid precursor 
protein (APP) which 

bind to c-Jun  
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Size(KDa) 
Stra6 (ATRA) 

Approx. 53 KDa 
Stra6 (Dox) 

Approx.  53 KDa 
Biological process 

51 
RUVB-Like Protein 2 

(RUVBL2) 
RUVB-Like Protein 2 

(RUVBL2) 

 
Mediated growth arrest 

and apoptosis 
 

47 α-Enolase (ENO1) α-Enolase (ENO1)  

 
Negative regulation of cell 
growth, response to stress, 
bind to HDAC1, (SUMO-4: 

regulation of apoptotic 
process) 

 

51 X 

 
Heterogenous Nuclear 
Ribonucleoprotein-K 

(hnRNPK) 
 

Apoptosis, DNA Damage 
response, p53 

59 X 
Eukaryotic Translation 

Initiation Factor 2 Subunit 
3 (eIF2S3) 

 
Regulation of protein 

synthesis, bind to METAP2, 
(NDRG1: DNA damage 

response by p53) 
 

95 
Elongation Factor 2 

(eEF2) 
X 

 
PTM of proteins and 

protein kinase binding, 
bind to p53, CDKN2A and 

NDRG1 

77 X Nucleolin 
 

Apoptosis, bind to p53 
 

48 
Elongation Factor 1-α 

(eEF1A) 
X 

 
Protein kinase binding and 
interact with peroxiredoxin 
I in response to oxidative 

stress. 

64 X 
Ubiquitin-Like Modifier 

Activity Enzyme-1 

 
Ubiquitin activating 

enzyme  
Activity 

49 X 
Heterogenous Nuclear 
Ribonucleoprotein-H1 

(HNRNPH1) 

 
stimulate pre-mRNA 

cleavage and 
polyadenylation 

55 

 
Drebrin Like Protein 

(DBNL)/HIP-55 
 

X 

 
Direct mechanism to inhibit 
HPK1 activity (HPK1 activate 
JNK regulating cellular stress 

response) 
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Table 4.3: Peptide mass fingerprinting (PMF) analysis of specific IP products band sizes of 
approximately (53 kDa) to determine possible protein-protein interacting partners for Stra6 
following different treatment protocols. 

 

 

 

 

 

 

  

 

 

Size(KDa) 
Stra6 (ATRA) 

Approx. 53 KDa 
Stra6 (Dox) 

Approx.  53 KDa 
Biological process 

121 X 
ATP- Citrate Synthase 

(ACLY) 

 
Primary enzyme for 
cytosolic acetyl-CoA 

synthesis 
 

91 X 

 
Heterogenous Nuclear 
Ribonucleoprotein-U 

(HNRNPU) 
 

Contributes to stabilize the 
kinetochore-microtubule 

interaction during mitosis, 
bind to NDRG1 and 

Caspase 3 

53 X Pyruvate Kinase (PKM) 

 
Regulation of glycolysis, 

response to stress, bind to 
MDM2, NDRG1, CDK4 and 

CDKN1 
 

58 X 
Leucine-rich 

pentatricopeptide repeat 
containing (LRPPRC) 

 
Play a role in mitoch. 

encoded cytochrome C 
oxidase stability, regulation 

of ROS and response to 
oxidative stress, bind to 

HNRPA1, FOXO1 
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Table 4.4: The differences between the protein-protein interactions partners for Stra6 
depends on the treatment (ATRA Vs Dox).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (ATRA)  (Dox) 

MAP/Microtubule affinity kinase-3 (MARK3) Lamin A/C 

Drebrin Like Protein (DBNL)/HIP-55 Caprin 

E3 ubiquitin-protein ligase TRIM21 
Heterogenous Nuclear Ribonucleoprotein-K  

(hnRNPK) 

Co-activator of PPAR Gamma Like Protein 60 S Ribosomal Protein (RPL13a) / (RPS7) 

Hornerin (HRNR) Histone H2A / Histone H2B 

Eukaryotic Translation Initiation Factor 4 Subunit E 
(eIF4E) 

Nucleolar RNA Helicase 2 (DDX21) 

Elongation Factor 2 (eEF2) Nucleophosmin (NPM) 

Elongation Factor 1-α (eEF1A) Nucleolin (NCL) 
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Table 4.5: List of most interesting Stra6 binding protein for follow-up experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

Protein Name 
Recommended 

to test first 
Biological process 

Lamin A/C (LMNA) √ Help proteins translocate to nucleus, apoptosis  

Nucleophosmin (NPM)  In relation with p53, MDM2, ARF  

Heterogenous Nuclear 
Ribonucleoprotein-K (hnRNPK) √ 

Apoptosis, DNA Damage response, p53 
 

Nucleolar RNA Helicase 2 (DDX21)  Cofactor for Jun, required to phosphorylate Jun 

Spectrin Alpha Chain, non-Erythrocytic  Apoptosis, bind to Caspase 3 

Nucleolin (NCL)  Apoptosis, bind to p53 

High Mobility Group Protein B1 
(HMGB1) √ 

Apoptosis, bind to p53 and Caspase 3  

Peroxiredoxin-6 (PRX-6) √ 

Response to ROS and oxidative stress, bind to 
(Nuclear receptor RARα, Caspase 7, Caspase8, 
SUMO4, and PPARD) 

Calpain (CAPNS1)  
Apoptosis, binds to CDK4, NDRG1, PPARGC1A which 
bind to (RXRA, TP53, CDK6 and NCL) 

Enoyl- CoA Hydratase Mitochondrial 
(ECHS1) 

 
 

Bind to Calpain large subunit (which binds to TP53, 
BID, HNRNPD), protein import to nucleus, negatively 
regulates STAT3 signaling 
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4.3 Characterization of potential Stra6 binding partners 

Based on the mass spectrometry of potential PPIs for Stra6, we selected four 

proteins to be tested to determine whether they are interacting with and bind 

to Stra6 protein. To address this, Co-immunoprecipitation (Co-IP) was 

performed with HCT116 (p53+/+) cells. The cells were transfected with Stra6; 

after 24-hrs, cells were exposed to a combined treatment of 1 μM ATRA and 2 

μM Dox for 24 hrs. After that, a cell lysate was used for IP using anti-Stra6. 

This was followed by a Western blot analysis to visualize the physical 

interaction between Stra6 and HMGB1, hnRNPK, Peroxiredoxin6 and Lamin 

A/C proteins by using anti-HMGB1, anti-hnRNPK, anti-Peroxiredoxin6 and 

anti-Lamin A/C antibodies, respectively. Three wells were loaded with 

different sample preparations. The negative control was made with anti-IgG 

(N), input 10% of protein lysate (INP) and IP made with anti-Stra6 (IP).   

 Figure 4.3 shows the physical interaction between Stra6 and HMGB1 (Figure 

4.3A), Stra6 and hnRNPK (Figure 4.3B), Stra6 and Peroxiredoxin6 (Figure 4.3C), 

and Stra6 and Lamin A/C (Figure 4.3D). These results suggest that these 

proteins support the function of the Stra6 in induced cell death (apoptosis) or 

in stress responses. However, this is subject to further verification (Figure 4.3). 

In Figure 4.4, we further investigated the potential interactions of HMGB1, 

hnRNPK, Peroxiredoxin6 and Lamin A/C with Stra6. The experiment was done 

in reverse to the experiment in Figure 4.3. In this experiment, the HMGB1, 

hnRNPK, Peroxiredoxin6 and Lamin A/C were explored by pull-down in 

HCT116 (p53+/+) cells. The cells were transfected with Stra6; after 24-hrs, cells 

were treated with 1 μM ATRA and 2 μM Dox or treated with 2 μM of Dox for 

only for 24 hrs. A Western blot analysis followed to visualise the interaction of 

HMGB1, hnRNPK, Peroxiredoxin6 and Lamin A/C (IP products) with Stra6 using 

the Stra6 antibody to detect it. The results support the physical interaction of 

the pulled down proteins with Stra6; this suggested that these proteins are 

Stra6’s protein binding partners. 
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Figure 4.3: Co-immunoprecipitations indicate interaction of Stra6 with other proteins. The 

figure represents immunoprecipitation (IP) of Stra6 followed by Western blot using anti-

HMGB1, anti-hnRNPK, anti-Peroxiredoxin6 and anti-Lamin A/C antibodies to detect HMGB1, 

hnRNPK, Peroxiredoxin6 and Lamin A/C proteins in figure A, B, C and D respectively. (N: 

immunoprecipitation with anti-IgG negative control, INP: 10% input, IB: immunoblot with anti-

target protein of interest on Stra6 pulled down IP product). 
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Figure 4.4: Co-immunoprecipitation show interaction between HMGB1, hnRNPK, 

Peroxiredoxin6 and Lamin A/C with Stra6. The figure represents immunoprecipitation (IP) of 

HMGB1, hnRNPK, Peroxiredoxin6 and Lamin A/C in figure A, B, C and D respectively, followed 

by Western blot using anti-Stra6 antibody (N: immunoprecipitation with anti-IgG negative 

control, INP: 10% input, IB: immunoblot with anti-Stra6 antibody on different pulled down IP 

product). 
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4.4 Study of protein levels of the potential binding partners of Stra6 

We next investigated the interaction between Stra6 and the proteins 

described in section 4.3, including HMGB1, hnRNPK, Peroxiredoxin6 and 

Lamin A/C. In addition, the Jun N-terminal Kinase (JNK) signalling pathway in 

Figure 4.4 was investigated based on the identified PPI for Stra6, where some 

of these proteins were predicted to be involved in the JNK pathway. 

A Western blot was performed with HCT116 (p53+/+) cells transfected with 

Stra6 to determine the protein levels of HMGB1, hnRNPK, Peroxiredoxin6, 

Lamin A/C, JNK and P-JNK related to the endogenous and exogenous Stra6 

levels in the context of DNA damage. Also, we used HCT116 (p53+/+) cells 

transfected with 13 μg of Stra6 for 24-hrs followed by 1 μM of ATRA, 2 μM of 

Dox or the combined ATRA and Dox treatment for 24-hrs. As shown in Figure 

4.5, the endogenous levels of Stra6 in response to DNA damage (Dox) 

correspond to an upregulation in the protein levels of Lamin-A, 

peroxiredoxine-6, HMBGB1 and hnRNPK but not in Lamin-C. The combined 

ATRA and Dox treatment with the endogenous levels of Stra6 showed similar 

results to the treatment of Dox but with the added upregulation in Lamin-C 

protein levels.  

In cells transfected with Stra6, the levels of Lamin-A were upregulated more 

than Lamin-C in the control and ATRA treatment cells. However, Lamin-C was 

upregulated more than Lamin-A in response to DNA damage and the 

combined ATRA and Dox treatment. 

In addition, there was very slight upregulation of hnRNPK, peroxiredoxine-6 

and HMBGB1 proteins in the ATRA treatment. However, in control cells and 

cells treated with Dox and the combined ATRA and Dox, higher levels of these 

proteins were detected. These results together show induction of the 

potential binding partners of Stra6 in response to stimuli that can induce Stra6 

itself. Thus, the data support the potential relationship between Stra6 and 

them. More experiments will need to be performed to further explore these 
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relationships but, unfortunately, there was no time to start this new phase of 

the project. 

Induction of P-JNK was detected in cells treated with combined ATRA and Dox, 

but not in control cells and Dox treatment. In Stra6 transfected cells, cells 

treated with Dox or combined ATRA and Dox showed higher levels of P-JNK 

activation. However, Stra6 transfected cells treated with ATRA showed very 

slight levels of P-JNK activation (Figure 4.5). The obtained results are 

consistent with the hypothesis that Stra6 may engage the JNK signalling 

pathway in the induction of apoptosis.  
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Figure 4.5: Protein levels of potential Stra6 binding partners and JNK signalling pathway. 

HCT116 WT p53 cells, treated with Dox or transfected with 13 μg followed by ATRA 1 μM, Dox 

2 μM or combined ATRA and Dox treatment for 24-hrs. Stra6, p53, Lamin A/C, hnRNPK, 

Peroxiredoxine-6, HMBGB1, JNK and P-JNK proteins were detected with specific antibodies. C 

(e.v.) = empty vector. Mwt= Molecular weight in kDa.   
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4.5 Structural insights into Stra6: A prediction study 

Using the Stra6 pull-down of IP products in Figure 4.2, Stra6 peptides were 

identified by LC-MS/MS analysis, which confirmed that the pulled down 

protein was indeed Stra6.  

The mass spectrometry identified different Stra6 peptides. As shown in Figure 

4.6, their expression depends on the stimuli received. We hypothesised that 

Stra6 could be cleaved in the C-terminus region of the protein, as previously 

suggested by Figure 4.1 whereas the bands in the sizes of 20 and 25 kDa were 

observed after the cells were treated with Dox or combined ATRA and Dox. 

Using the information in Figure 4.6B, we recognised that the peptide belongs 

to the C-terminus domain (AATLDPGYYTYR) in Stra6 transfected cells with no 

treatment, in cells treated with Dox and the combined ATRA and Dox 

treatment, but not with the ATRA treatment alone. Moreover, in all 

treatments a peptide of GAALDLSPLHR was detected, which is a Holo-RBP 

domain. Additionally, in Figure 4.6C, a peptide was only recognised in the 

presence of ATRA (QLWPDCVR), and it was related to the N-terminus domain 

of Stra6 protein (Figure 4.6).  

We next aimed to investigate the potential phosphorylation sites of Stra6 with 

advanced bioinformatics software tools, using the NetPhos 2.0 software. 

Protein phosphorylation is a post-translational modification (PTM) that has an 

important role in regulating cell signalling, cell cycles and apoptosis in addition 

to many other cellular processes. As shown in Figure 4.7, NetPhos 2.0 

predicted several Tyrosine, Threonine, or Serine phosphorylation sites in Stra6 

protein. Phosphorylation prediction and mass spectrometry data show 

peptides of Stra6 that may undergo tyrosine and threonine phosphorylation 

mainly in the C-terminus domain and a serine phosphorylation in the 

extracellular helical part where Holo-RBP binds. 

The NetPhos 2.0 phosphorylation software predicted that the C-terminus of 

Stra6 is a likely site for phosphorylation to take place. As shown in Figure 4.8, 
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we propose a model for Stra6 primary phosphorylation sites that would 

contribute to a Stra6 signalling pathway. We suggest that Stra6 may be 

cleaved at the C-terminus as a consequence of PTM of tyrosine and threonine. 

This would possibly recruit JNK/P-JNK upon DNA damage or in the absence of 

DNA damage, which is response dependent to p53 (Figure 4.8).    
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Figure 4.6: Stra6 peptides identified by LC-MS/MS analysis. (A) A representative graph of 

Stra6 sequence coverage based on tryptic peptides identified by LC-MS/MS, ranging from the 

left site (N-terminus) to the right site of the protein (C-terminus). (B) Yellow highlight show 

identified peptides from Stra6 protein of sample treated with Dox, ATRA and Dox or as control 

with no treatment. (C) Yellow highlight show identified peptides from Stra6 protein of sample 

treated with ATRA.  
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Figure 4.7: A prediction study of phosphorylation sites for Stra6. The NetPhos 2.0 software 

predicted Tyrosine, Threonine, or Serine phosphorylation sites in Stra6 protein. (A) amino acid 

sequence of Stra6. (B) Representative graph shows predicted phosphorylation site in the 

sequence. (C) Tables of Serine, Threonine and Tyrosine phosphorylation predictions with the 

corresponding peptides that show an exact amino acid number. The different colour code 

highlight and indicate whether the predicted phosphorylation site is within extracellular 

domain (green), helical domain (blue) and cytoplasmic domain (yellow). Red highlights show 

the correlation between these predicted phosphorylation sites in this figure and the obtained 

results of mass spec that show Stra6 identified peptides that contain Serine, Threonine, and 

Tyrosine residues.  
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Figure 4.8: A proposed model of Stra6-primary phosphorylation sites that would contributes 

into Stra6 signalling pathway. Based on data from LC-MS/MS and NetPhos 2.0 

phosphorylation prediction software we propose that the C-terminus of Stra6 is a likely site for 

phosphorylation to take place. The black arrow indicates the known fact upon retinol binds to 

RBP and transport to cells via Stra6 then Stat5 is recruited to the phosphorylate-tyrosine 

residue of Stra6, which is activated by JAK2, and after that Stat5 translocates to the nucleus, 

where it induces the expression of target genes (Berry, C. et al., 2012). The red arrow indicates 

the approximate suggested cleavage site of Stra6 within the C-terminus based on prediction 

analysis done by NetPhos software that showed PTMs in addition to the corresponding cleaved 

peptide of Stra6 protein at C - terminus domain within 25-15 kDa.   
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 4.6 Discussion 

Stra6’s has a well-known function as a retinol binding protein (RBP) receptor 

and facilitating vitamin A transport into the cell. Here, we aimed to further 

characterise the Stra6 biological function in the context of DNA damage.  

We have repeatedly observed Stra6 bands of approximately 53, 25 and 20 

kDa-specifically. Considering that the full length Stra6 protein as around 75 

kDa, it is likely that these are cleavage products. Stra6 is a cell surface 

receptor with 19 distinguishing domains (Kawaguchi et al., 2008), which make 

the protein difficult to be internalised from the cell surface and to bind other 

nuclear proteins. Thus, any potential nuclear functions (like interacting with 

p53) could be better explained by a cleaved form that does not have the 

transmembrane domains. 

The pull-down assay using a Stra6 antibody to be shown an IP product size of 

approximately 75 kDa, in addition to an IP product size of 53 kDa and lower 

molecular band sizes of 25 and 20 kDa, especially following Dox and the 

combined treatment of ATRA and Dox. These 53, 25 and 20 kDa bands were 

cut and analysed to determine their identity by using Peptide Mass 

Fingerprinting (PMF) by mass spectrometry analysis.  Thus, we hypothesized 

that Stra6 gets cleaved into a larger form (53 kDa) and a smaller form, that 

perhaps undergoes further cleavage or some PTMs that could account for the 

two different ~20kDa bands. 

The C-terminus of Stra6 could be cleaved and translocated into the nucleus in 

response to DNA damage. This is supported by the fact that the mass spec 

screen identified nuclear proteins as potential binding partners for Stra6. 

The LC-MS/MS data (Table 4.1, 4.2 and 4.3) shows numerous important 

proteins, co-factors, proteases and enzymes. These could be found within 

different cell compartments, such as the cell membrane, cytosol, 

mitochondria, ER or the nucleus, and they have a role in cell signalling 

pathways and in regulating cellular processes, such as apoptosis. These 
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identified proteins may be implicated in Stra6’s biological function in response 

to DNA damage.  

The first step to accept any mass spectrometry data is the existence of the 

pulled down protein of interest that has been tested. This indicates a 

successful pull-down experiment. The mass spectrometry result has identified 

that the Stra6 (pulled down) protein (Uniprot: Q9BX79) served the function of 

being the transporter of vitamin A and the RBP receptor.  

Alpha-Centractin (Arp1) is a protein associated with the spindle assembly and 

chromosome segregation at the metaphase to anaphase transition; it is 

involved in the G2/M transition of the mitotic cell cycle. Overexpression of 

Arp1 in cells would disturb microtuble organization throughout mitosis and 

interphase (Hamada et al., 2004; Clark and Meyer, 1999). However, there is 

no clue how could Stra6 and Arp1 could interact to support Stra6 in its 

function towards apoptosis.   

The Serine/Threonine protein kinase identified in the mass spectrometry data 

without specified any name for Serine/Threonine protein kinase. It has an 

influence on cell fate decision. The kinases of this family have been proposed 

to play a role in apoptosis, such as the mitogen-activated protein kinase 

(MAPK) family, particularly p38, Mitogen-activated protein kinase (MAPK) and 

c-Jun N-terminal kinase (JNK) and cyclic AMP-dependent protein kinase 

(Timothy et al., 2000). Chen et al. (2012), proposed that Stra6 induces 

apoptosis because of an increased ratio of apo-RBP4 to holo-RBP4. The 

referred term apo-RBP indicates when no retinol is present, and holo-RBP 

indicates that retinol binds to RBP. This ratio affects Stra6 signalling and 

activates a JAK2/STAT5 signalling cascade, which up-regulates adenylate 

cyclase 6 (AC6) and cAMP, enhancing the signalling cascade of JNK1/p38 and 

resulting in CRBP-I/RARα suppression and apoptosis induction (Chen et al., 

2012).  
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Members of the peroxidases family (Prx) are present in the mass 

spectrometry data analysis—for instance, Peroxiredoxin-6 (Prx-6), 

Peroxiredoxin-2 (Prx-2) and Peroxiredoxin-1 (Prx-1). In the NH2 terminal 

domain, all Prx enzymes’ families have a conserved cysteine residue that 

serves as the main oxidation site for hydrogen peroxide (H2O2). However, Prx 

1, 2, 3, and 6 hold a further conserved cysteine residue in the COOH terminal 

domain (Chang et al., 2002). Theses Prx enzymes reduce reactive oxygen 

species (ROS) and oxidative stress (Fatma et al., 2008). However, there are 

some contradictory reports regarding the role of Prx-6, as it displayed dual 

biological functions. Prx-6 is a bifunctional catalytic enzyme that has 

peroxidase and phospholipase A-2 (PLA-2) activities; the function of the PLA-2 

of Prx-6 is largely unidentified. Kim et al. (2011) reported a novel function for 

the PLA-2 that regulates TNF-induced apoptosis via the release of arachidonic 

acid (AA) and the production of interleukin-1β (IL-1β), which prevents 

tumorigenesis (Kim et al., 2011).  The endogenous and overexpression levels 

of Prx-6 protected retinal ganglion cells (RGCs) from glutamate. In contrast, 

the overexpression of Prx-6 in the tumour cells of squamous cell carcinomas 

speeded up mechanism of malignant development of the same tumours (Rolfs 

et al., 2013).  

Prx-1 and Prx-2 are cytosolic enzymes that respond to oxidative stress and 

ROS; they have an important role as cellular antioxidant mechanisms (Peskin 

et al., 2007). Prx-1 and Prx-2 both are phosphorylated by several cyclin-

dependent kinases (CDKs); for example, Cdc2 was activated during the G2-M 

transition phase. Phosphorylation mediated by Cdc2 of these two Prxs 

resulted in their inactivation and accumulation of H2O2 within the cells. H2O2 

accumulation stimulated Cdc25C inactivation, thus stopping the positive 

feedback loop between Cdc25C and Cdc2. Moreover, studies have found that 

high levels of H2O2 accumulation might have a role in Cdc25C activity 

inhibition in the G2-M transition phase of mitosis; this could prevent cell cycle 

progression. In addition, studies have demonstrated a cell cycle arrest via 
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p21cip1 upregulation and cyclin D downregulation in response to sub-lethal 

levels of H2O2 (Barnouin et al., 2002; Chang et al., 2002). These observations 

supported our view of the possible role of the peroxidases family in response 

to ROS and oxidative stress.  

The activation of High Mobility Group Protein B1 (HMGB1) is based on a 

reactive oxygen species (ROS)-dependent mechanism or calcium release. 

Researchers have found that transcription factors, such as p53, mediate the 

upregulation of HMGB1 expression (Yusein-Myashkova et al., 2016). In 

addition, HMGB1 overexpression is involved with apoptotic cell death in 

breast cancer cell lines treated with anti-cancer drugs or radiation (Sohun and 

Shen, 2016). We think this protein HMGB1 could be one of the possible 

protein binding partner for Stra6 by evaluating HMGB1 biological role and 

nature of induction, which correlates with Stra6-induced p53.  

Histone H2B Type 1-D and Histone H2A Type 1-B were identified in the mass 

spectrometry data. Histone modifications play important roles in gene 

expression and chromatin regulation. Some studies correlate the involvement 

of histone H2B phosphorylation at serine 14 with cells that undergo apoptosis. 

Moreover, this was suggested to be significant for apoptotic chromatin 

condensation (Cheung et al., 2003; Zhang et al., 2004). Histone H2A Type 1-B’s 

main biological function is to downregulate and inhibit cell proliferation. The 

phosphorylation of H2AS1, has been found to be associated with chromatin 

transcription inhibition (Kim et al., 2013). 

Some ribosomal proteins were identified in the mass spectrometry data, such 

as 60 S Ribosomal Protein L26 (RPL26), 60 S Ribosomal Protein S7 (RPS7), 60 S 

Ribosomal Protein L13a (RPL13a) and 40 S Ribosomal Protein S3 (RPS3). 

Ribosomal proteins have discrete additional-ribosomal functions in apoptosis, 

DNA repair and transcription. 

Ribosomal proteins are recognised for participating in additional functions to 

their known roles in ribosome assembly and protein translation. Several lines 
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of evidence have shown that ribosomal proteins are involved in regulating the 

transcription and activation of significant and important proteins, including c-

Myc, NF-κB and nuclear receptors, and to trigger a p53 pathway activation in 

response to ribosomal stress (Lindström, 2009; Zhou et al., 2015). For 

instance, RPL26 and RPS7 were found to be involved in apoptosis by binding 

to MDM2, which would lead to E3 ligase activity inhibition and prevent p53 

tumour suppressor degradation (Zhang et al., 2003; Khanna et al., 2003; He et 

al., 2007). Additionally, RPL26 promoted the translation of p53 mRNA after 

DNA damage via the process of binding to the p53 mRNA 5’ untranslated 

region (5’UTR), which resulted in the more efficient translation of p53 protein 

(Takagi et al., 2005). A study revealed RPL13a’s mechanism regarding its 

function as a negative regulator of translation, in which RPL13a was targeting 

the eukaryotic translation initiation factor 4 (eIF4G) by mRNA-bound 

produced transcript-specific translational suppression (Mazumder et al., 

2003). Furthermore, studies have shown the association of RPL13a with cell 

growth arrest in the G2-M transition phase of mitosis and apoptosis (Chen et 

al., 1999). A good example of ribosomal protein that can directly regulate and 

control the gene transcription mechanism is RPS3. Because the KH-domain 

that RPS3 possessed facilitated DNA/RNA binding (Wan et al., 2007), many 

other proteins have the KH-domain, such as the first identified human protein 

with KH-domain, which is the heterogeneous nuclear ribonucleoprotein K 

(hnRNPK). RPS3 was implicated in the mechanism of caspase-dependent 

apoptosis induction (Jang et al., 2004). These observations support our view 

of a possible role of these ribosomal proteins in response to p53 tumour 

suppressor protein stabilisation and activation, which could be mediated by 

Stra6. In the results presented in Chapter 3, we determined the existence of a 

positive feedback loop between Stra6 and p53 protein, which resulted in p53 

stabilisation. These ribosomal proteins were identified in the mass 

spectrometry data as possible Stra6 protein binding partners. They might be 

suggested to play a role in the observed p53 protein activation and 

stabilisation. This might be further analysed in future studies to correlate 
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these ribosomal proteins that are associated with p53 activation in response 

to Stra6 induction in the context of DNA damage and cellular stress.  

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are complexes of RNA 

and protein found in the nucleus during gene transcription and subsequent 

post-transcriptional modification of the newly synthesized RNA (pre-mRNA). 

From mass spectrometry data, three hnRNPs were identified: hnRNPK, 

hnRNPH1 and hnRNPU.  

hnRNPK is mainly present in the nucleus and sometimes in the cytoplasm 

because of its K nuclear shuttling domain (KNS), which facilitates its transport 

between the nucleus and the cytoplasm. hnRNPK participated in many 

different cellular functions, such as protein transcription, pre-mRNA splicing 

and chromatin remodelling (Matunis et al., 1992; Bomsztyk et al., 2004). 

Recently, proteomics studies have identified hnRNPK to be associated to the 

response to DNA damage via the process of ATM-dependent phosphorylation 

of hnRNPK (Moumen et al., 2005). Moreover, hnRNPK has been identified as a 

p53 target for MDM2 regulation, and hnRNPK has been recognised to be a 

p53 transcriptional cofactor in response to DNA damage (Moumen et al., 

2005; Enge et al., 2009). Studies have indicated that ATM-dependent hnRNPK 

phosphorylation is essential for hnRNPK stabilization (Moumen et al., 2013). 

Pelisch et al. (2012) found that DNA damage stimulated hnRNPK sumoylation, 

and this PTM was necessary for the expression and activation of p53 target 

genes (Pelisch et al., 2012).  

hnRNPH1 was found to stimulate pre-mRNA cleavage, polyadenylation and 

alternative splicing. hnRNPH1 is upregulated in some cancers, such as 

pancreatic adenocarcinoma, hepatocellular carcinoma, gastric carcinoma and 

colon cancer. Sun et al. (2016) recently found that oesophageal squamous cell 

carcinoma has high expression levels of both hnRNPH1 mRNA and protein. 

Thus, it was related to tumour cells’ poor differentiation status (Sun et al., 

2016).   
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 hnRNPU is an abundant nuclear protein. Ma et al. (2011) recently identified 

hnRNPU as a microtubule-associated protein (Ma et al., 2011). Moreover, a 

recent study has determined that hnRNPU, during mitotic cell division, is 

localised at the mitotic spindles. Indeed, the hnRNPU participated in the 

process of maintaining the stability of the kinetochore-microtubule 

interaction (Chun et al., 2016).  

The most relevant hnRNPs found in our mass spectrometry data is the 

hnRNPK. We suggest that hnRNPK might be implicated within a Stra6-p53-

apoptotic pathway as this protein was one of the possible protein binding 

partners for Stra6 as it has been recognised to be a p53 transcriptional 

cofactor in response to DNA damage and activation of p53 target genes that 

could have resulted in apoptosis, as we hypothesized.  

Eukaryotic Translation Initiation Factor 4 (eIF4E) an Eukaryotic Translation 

Initiation Factor 2 (eIF2) both regulate protein translation and synthesis in 

response to DNA damage and other cellular stresses, such as apoptosis and 

nutrient deficiency (Kimball, 1999). eIF4E and eIF2 phosphorylation is 

enhanced by several protein kinases; this includes both the p38 mitogen-

activated protein kinase (MAPK) and Erk signalling pathways (Wek et al., 

2006).  

Nucleophosmin (NPM1) is an important nucleolar protein that has shown a 

function as a tumour suppressor. NPM1 has participated in various cellular 

events, such as mRNA transport, chromatin remodelling, ribosome biogenesis 

and apoptosis (Grisendi et al., 2006; Sherr, 2006). Some researchers have 

reported a direct association of NPM1 with p53 (Colombo et al., 2002). Other 

researchers have also associated NPM1 with the tumour suppressor function 

of p53 by binding directly with MDM2 in a p14 Arf independent manner to act 

as an inhibitor of MDM2 and thus prevent p53 degradation (Kurki et al., 

2004). An example of the regulatory mechanism of NPM1 in apoptosis is that 

both p14 Arf and NPM1 form a heterodimer in the nucleoli, thus permitting 
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MDM2 to bind to p53 for subsequent ubiquitination and degradation. Once 

the cell has been under stress and the DNA damage response started, both 

p14 Arf and NPM1 are dissociated and translocated to the nucleus to bind 

MDM2 and form MDM2-NPM1 and MDM2-p14 Arf complexes. This series of 

cellular events stabilise p53 and promote p53 to induce cell cycle arrest or 

apoptosis (Box et al., 2016). Overall, we hypothesise that this protein NPM1 

could be involved in possible Stra6-NPM-p53 complex.  

Nucleolin (NCL) is a nucleolus protein that has a role in ribosome assembly 

and biogenesis. Additionally, it has the role of providing a platform for PPI due 

to the nature of the NCL structure that is comprised of many structural 

domains (Ginisty et al., 1999). Cellular stress and DNA damage stimulated the 

process of translocation of NCL, allowing for NCL-p53 complex initiation and 

leading to a direct interaction between these two proteins. An in-vivo study 

revealed that the initiation of the NCL-p53 complex was dependent on the 

regulatory C-terminal domain of the p53 protein and was not dependent on 

p53 transactivation (Daniely et al., 2002). 

All the previous studies regarding NPM1 and NCL proteins have strongly 

suggested that these two proteins are important proteins related to Stra6 in 

response to p53 stabilisation and could help explain the Stra6-mediated 

increase in p53 protein levels that we have observed.  

Lamin A/C is considered to be one of the nuclear lamins’ main components. 

Generally, lamins have an important role in controlling the structural 

organisation of the proteins involved in the nuclear membrane (Hozak et al., 

1995). Moreover, lamins provide a foundation stage for the protein binding 

and chromatin remodelling as well as regulating the activity of some of the 

proteins involved in cell signalling, such as retinoblastoma (Rb)/E2F and 

mitogen activating protein kinase (MAPK) pathways (Gonzalez et al., 2008; 

Dittmer and Misteli, 2011). Previous studies have determined the role of 

lamin in controlling gene expression and cell cycle regulation (Vlcek et al., 
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2007; Heessen et al., 2007). For instance, lamin A overexpression levels 

resulted in preventing cell proliferation (Gonzalez et al., 2008; He et al., 2015). 

In addition, Slee et al. (2000) have implicated caspase-6 as the primary 

caspase dependent for lamin A/C cleavage in apoptosis (Slee et al., 2000). We 

hypothesized that when Stra6 is cleaved and translocated to the nucleus it 

binds Lamin A/C that resulted in further cellular process towards apoptosis. 

Caprin is cytoplasmic phosphoprotein necessary for maintaining normal cell 

progression and for controlling the G1-S phase of the cell cycle. Wang et al. 

(2005) established gene analysis studies that have shown the effect of cells 

that did not possess Caprin, with the G1-S phase delays in cell cycle 

progression (Wang et al., 2005). Caprin overexpression mediated protein 

synthesis inhibition via its ability to phosphorylate eukaryotic translation 

initiation factor 2 α (eIF-2 α) that binds mRNA (Solomon et al., 2007). We 

think it might be Stra6 binds Caprin is to inhibit cell cycle progression, as 

further experiments are necessary to define this hypothesis.  

Drebrin-like (DBNL) protein, also known as HIP-55 (HPK1-interacting protein of 

55 kDa), is a multidomain adaptor protein. This protein has been found to be 

vital in the immune response. HIP-55 facilitated tumorigenesis by inducing 

inhibition of the tumour suppressor activity of the hematopoietic progenitor 

kinase 1 (HPK1) (Li et al., 2014). Schulze et al. (2002) determined that HPK1 

supported the apoptosis of T lymphocytes. HPK1 overexpression enhanced 

apoptosis through ROS generation. Moreover, HPK-1 expression was 

correlated with JNK activation and thus might participate in the HPK1-

mediated apoptosis (Schulze et al., 2002). 

14-3-3 protein epsilon (YWHAE) ,as it was described by mass spectometry 

data, it has a high phospho-serine and phospho-threonine binding activity that 

promotes and facilitates its interaction with different classes of cellular 

proteins. These include transcription factors, cell signalling cascades and 

apoptotic proteins. For example, several lines of evidence have shown that 
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JNK, in response to cellular stress, can disturb 14-3-3 interactions by its action 

of phosphorylation—either on the 14-3-3 proteins or on the 14-3-3 proteins’ 

binding partners. In the apoptotic cellular events, JNK controls this mechanism 

when the 14-3-3 proteins undergo phosphorylation and release their ligands. 

B-Cell Receptor Associated Protein 31 (BAP31) is a highly-expressed 

membrane protein with great abundance in the endoplasmic reticulum (ER), 

which could be found as homo or hetero dimers. BAP31 was found to serve as 

the possible modulator of apoptosis, and it was considered to be a caspase-8 

substrate (Breckenridge et al., 2002). Nguyen et al. (2000) found that the 

cleavage of BAP31 was implicated with the cytoplasmic apoptotic activity 

linked with cellular fragmentation and membrane blebbing during apoptosis 

(Nguyen et al., 2000). We thought all of the above could be an explained 

reason for why Stra6 binds BAP31.   

α-Enolase (ENO1) is also recognised as 2-phospho-D-glycerate hydrolase, 

which is found all over the cells from the cell surface to nucleus with more 

tendency for ENO1 expression found in the cytoplasm. In the glycolytic 

pathway, this metalloenzyme catalyses 2-phosphoglyceric acid and converts it 

to phosphoenolpyruvic acid (Pancholi and Fischetti, 1998; Ji et al., 2016). 

Many proteomic studies have associated ENO1 with the mechanism of stress 

response increase; this is because the recorded levels of ENO1 protein were 

dramatically different before and after the onset of stress (Young and Elliott, 

1989). Sawhney et al. (2015) recently determined that mouse tumour cells 

model containing p53 isoform Δ133p53α have shown an upregulation of 

ENO1 protein expression. Therefore, these results have determined that the 

association between the p53 and ENO1 expression in inflammatory response 

induction and ENO1 was the main player in increasing the inflammatory 

response (Sawhney et al., 2015). 

Enoyl-CoA Hydratase Mitochondrial (ECHS1) is localised within the 

mitochondrial matrix and is responsible for the catalysation process of the 
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mitochondrial fatty acid β-oxidation—especially when the cells have low 

levels of energy and glucose (Janben et al., 1997). Recently, ECHS1 has been 

recognised as the negative regulator of the STAT3 signalling cascade because 

ECHS1 was identified as the associated protein for STAT3. Moreover, a study 

determined ECHS1’s capability to control STAT3 pro-oncogenic target genes, 

such as BCL-2 and Cyclin D1 (Chang et al., 2013). These observations could be 

a conceivable explanation for being possible protein binding partners for Stra6 

and participating in shaping Stra6’s biological function in apoptosis induction, 

which is dependent on p53 and mediated through JNK activation. This needs 

to be investigated in further studies.   

RUVB-Like Protein 2 (RUVBL2) is also recognised as TIP49b with ATPase 

activity, and it is allocated within chromatin remodelling complexes. Later 

studies have found that cells lacking RUVBL2 have shown cell growth 

reduction, increased caspase-3 activity, and activation of pro-apoptotic genes, 

including BAK and BAX, in addition to a significant apoptotic cell death. 

Conversely, RUVBL2 has shown an oncogenic function when overexpressed, 

promoting tumour cell growth and increasing cell resistance towards 

apoptosis (Rousseau et al., 2007).  Stra6 binds RUVBL2 could be as a negative 

regulator to supress RUVBL2 expression which will help in apoptosis.  

 Calpain is one of the well-known cysteine proteases involved in apoptotic cell 

death. Calpain is a calcium-dependent cysteine protease and is found all over 

the cytosol of cells. It has a biological role that is involved in the regulatory 

mechanism of many transcription factors and cell cycle-regulating factors, 

such as c-Jun, NF-κB and c-Fos. In-vitro studies have determined that p53 

undergoes proteolytic cleavage by calpain (Kubbutat et al., 1997; Debiasi et 

al., 1999). A recent study by Sobhan et al. (2013) identified that both calpain 

and ROS facilitated Bax activation (Sobhan et al., 2013). We hypothesized that 

Calpain could be also cleaved Stra6 as well as when ROS generated from Stra6 

binds to Calpain to upregulate Bax which result in apoptosis.  
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Leucine-rich pentatricopeptide repeat containing (LRPPRC) is found in the 

mitochondria. It plays an important role in the regulation process of 

mitochondrial mRNA stability, in the stimulation of mtDNA transcription and 

in cytochrome c oxidase stabilisation (Xu et al., 2004; Harmel et al., 2013).      

The PPI data for Stra6 show an obvious difference in the proteins reported 

depending on the type of treatment received.). Most of the identified proteins 

appear in all different treatments, except for the ATRA treatment. In Table 

4.4, we summarised the differences of proteins involved in the ATRA 

treatment versus the DNA damage response of cells treated with Dox. It might 

be suggested that both the PPI for Stra6 and the degree of received stimuli are 

important factors that participate in shaping the biological function of Stra6. 

For instance, Berry et al. (2012 and 2014) have called Stra6 a ‘cytokine 

signalling transporter’(Berry et al., 2012; Berry et al., 2014). We propose that 

these observations are dependent on the control of specific factors, such as 

the ratio between Stra6 protein expressed to the amount of ATRA received. 

We agreed with Chen et al.’s (2012) that Stra6 induces apoptosis; that study 

also proposed the possible mechanism related to the increased ratio of apo-

RBP4 to holo-RBP4. This ratio affects Stra6 signalling and activates a 

JAK2/STAT5 signalling cascade, which upregulates adenylate cyclase 6 (AC6) 

and cAMP. Therefore, it enhances the signalling cascade of JNK1/p38 and 

results in CRBP-I/RARα suppression and apoptosis induction (Chen et al., 

2012).  A recent report from our lab by Carrera et al. (2013) showed that Stra6 

participated in apoptosis induction and as a new member in the p53 signalling 

pathway. This was in response to DNA damage, although this study did not 

reveal the underlying mechanism that engaged Stra6 in cell death. Taken 

together, we believe that Stra6 has a dual regulatory function in the context 

of retinoids or in the context of DNA damage. The PPIs and protein binding 

partners for Stra6 have a great influence on defining Stra6’s role in cell fate 

decisions.  
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As the data produced by mass spectrometry was within a large scale of 

identified proteins, we selected some of these proteins for further varication 

and confirmation, examining the physical interactions between Stra6 and 

these selected proteins. We have made a list in Table 4.5 of the most 

interesting proteins that would be Stra6’s possible binding partners based on 

their contribution in cell death and p53 DNA damage response. These include 

(LMNA) Lamin A/C, (hnRNPK) Heterogenous Nuclear Ribonucleoprotein-K, 

(HMGB1) High Mobility Group Protein B1 and (PRX-6) Peroxiredoxin-6 (Table 

4.5).    

Indeed, the obtained results in Figure 4.3 and Figure 4.4 showed the physical 

interaction between Stra6 and HMGB1 (Figure 4.3A and 4.4A), Stra6 and 

hnRNPK (Figure 4.3B and 4.4B), Stra6 and Peroxiredoxin-6 (Figure 4.3C and 

4.4C), and Stra6 and Lamin A/C (Figure 4.3D and 4.4D). The author suggested 

that these proteins were Stra6’s protein binding partners. Additionally, we 

suggest that many of the interacting proteins described contribute to the 

function of Stra6 to induce apoptosis. Therefore, these interactions play a 

critical role in the regulation of p53 at several levels, though this is subject to 

further verification.   

In Figure 4.5, Western blot was performed to confirm whether Stra6 binds to 

HMGB1, hnRNPK, Peroxiredoxin-6 and Lamin A/C proteins to upregulate or 

downregulate them. It also confirmed whether these proteins would interact 

with Stra6 as a positive or negative regulator. Furthermore, the JNK signalling 

pathway was investigated in light of the mass spectrometry data that 

identified many PPIs for Stra6 that can cross talk with JNK-mediated 

apoptosis.  

We found that the Western blot result (Figure 4.5) was consistent with the 

mass spectrometry data, suggesting that our mass spectrometry data are 

reliable. The endogenous Stra6 and overexpression of Stra6 in the presence or 
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absence of DNA damage have upregulated hnRNPK, HMGB1, Lamin A/C and 

Peroxiredoxin-6.   

We propose that the molecular and cellular functions of the hnRNPK and 

HMGB1 proteins may play a causal role in apoptosis through ROS and DNA 

damage-dependent mechanism. hnRNPK has been found to be required for 

the expression and activation of the p53 target genes (Pelisch et al., 2012). In 

addition, HMGB1 was found to be implicated in apoptotic cell death mediated 

by p53 (Sohun and Shen, 2016). Moreover, we suggested that the lamin A/C 

upregulation is related to its role in cell cycle regulation and apoptosis since 

previous studies found that lamin A overexpression resulted in preventing cell 

proliferation (Gonzalez et al., 2008; He et al., 2015). Lamin A/C cleavage was 

also detected in apoptosis through the action of caspase-6 (Slee et al., 2000). 

More importantly, the obtained WB result suggested that Stra6 and possible 

protein binding partners for Stra6 induced apoptosis in response to DNA 

damage or in the absence of DNA damage dependent on p53 through the 

activation of the JNK signalling pathway that mediated apoptosis (Figure 4.5). 

The results reported in Figure 4.6 have shown that mass spectrometry data 

identified a peptide (550-569) corresponding to the C-terminus domain of 

Stra6. We proposed that the represented region of Stra6 might be subjected 

to potential post-transnational modifications related to phosphorylation. 

Collectively, these results indicated that Stra6 may be cleaved and 

translocated to the nucleus to contribute to p53-dependent apoptosis (see 

next chapter).  

Stra6 was not identified in previous studies in which Stra6 undergos PTM to 

regulate apoptosis. In Figure 4.7, The NetPhos 2.0 server predicts Tyrosine, 

Threonine, or Serine phosphorylation sites in Stra6 protein. Protein 

phosphorylation is a post-translational modification (PTM) performing an 

important role in regulating cell signalling, cell cycle and apoptosis in addition 

to many other cellular processes. Phosphorylation prediction data and mass 
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spectrometry data show peptides of Stra6 that may undergo phosphorylation 

in tyrosines and threonines mainly in the C-terminus domain and a serine 

phosphorylation in the extracellular helical part where Holo-RBP binds. For 

these reason, we postulate that Stra6 may regulate p53 expression through 

Stra6 C-terminus phosphorylation. This would potentially (our hypothesis) 

phosphorylate other protein binding partners for Stra6 that have a 

downstream effect on p53 stimulation in response to DNA damage or absence 

of DNA damage, triggering the p38/JNK signalling pathway mediated 

apoptosis.  

Mass spectrometry data and NetPhos 2.0 phosphorylation prediction software 

analysis have shown that the C-terminus of Stra6 is a highly constitutive site 

for phosphorylation to occur. As shown in Figure 4.8, we suggest a model for 

Stra6 primary phosphorylation sites that would contribute to a Stra6 signalling 

pathway. We assumed that Stra6 could be cleaved within the C-terminus 

because of the possible PTM of tyrosine and threonine that founded in C-

terminus region in addition to the biological functions of Stra6’s protein 

binding partners and protein protein interactions that could have a role on 

this cleavage mechanism of Stra6 C-terminus. This would possibly later have 

recruited JNK signalling pathway upon DNA damage response in a p53-

dependent manner towards apoptosis (Figure 4.8). 

In summary, screening of PPIs for Stra6 could help in discovering proteins that 

contribute to apoptosis. This will also help in understanding Stra6’s function. 

In addition, we propose that this screen could be used to outline ways to 

define the Stra6 signalling pathway. Although Stra6 appears to be implicated 

in p53-induced apoptosis, it is not clear what constitutes the upstream and 

downstream components of a signalling cascade that Stra6 might fit in, 

particularly in the context of a DNA damage response. 
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5 Investigation on the cellular localisation of Stra6  
 

5.1 Introduction 

This chapter focusses on the cellular localisation of the Stra6 protein considering 

different stimulations. The aim of this chapter is to further investigate the results that 

were presented in the past two chapters (Chapter 3 and Chapter 4). In Chapter 3, the 

results revealed a positive feedback loop between Stra6 and p53, which was mostly 

detected in cells that were treated with ATRA and Dox compared to Dox alone. These 

results made us curious about the mechanism by which a membrane protein, such as 

Stra6, may interact with a nuclear protein, such as p53. In addition, in chapter 4, mass 

spectrometry data and a co-Immunoprecipitation study revealed the association of 

nuclear and cytoplasmic proteins with Stra6 as its possible interacting binding partners. 

In this chapter, we investigated the localisation of Stra6, and the possibility of a 

translocation from cell membranes to nucleus after DNA damage, especially the 

cleaved C terminus domain of the Stra6 protein. Moreover, this hypothesis correlated 

with the observed biological function of Stra6 in apoptotic cell death, which could be 

related to Stra6-C-Term localisation within the nucleus.  Cell fractionation as well as 

the confocal analysis of the cells were performed using HCT116 WT p53 after cells 

received different treatments, in order to study the cellular localisation of Stra6.  

5.2 Cell fractionation to determine the subcellular localisation of Stra6 

To confirm the localisation of the Stra6 protein, fractionation by a sucrose gradient of 

whole cell lysates of HCT116 p53+/+ was performed.  As shown in Figure 5.1, cells were 

transfected with an empty vector (e.v.) and treated with 2 μM of Dox for 48 hrs. Then, 

the cells were collected, and whole cell lysate was analysed on the sucrose gradient 

before centrifugation at 100,000 g for 18 hrs at 4 ⁰C. After that, the cell lysate was 

separated into 24 fractions and was loaded onto a 10 % gel for Western blot analysis. 

The result determined the localisation of the Stra6 protein in the nuclear fraction, as 

the nuclear marker HDAC-1 was indicated. Therefore, this result suggested that the 

endogenous Sta6 protein after DNA damage response was in the nucleus, with a 

molecular size of 25 kDa, which represented the molecular size of the whole 
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intracellular C terminus domain of the Stra6 protein. However, there was also a 

detectable amount of the full size Stra6 protein within the cytosol fraction (Figure 5.1).  

Next, this was compared to cells transfected with Stra6 (13 μg, 48 hrs) and no 

treatment added (Figure 5.2). The results determined that the exogenous Stra6 was 

detected within the cytosol, as shown by the cytosol marker MAPK. Na/K ATPase and 

HDAC1 are markers of plasma membrane and nucleus, respectively, and were used to 

make sure that no contamination occurred during fractionation (Figure 5.2).  

Interestingly, Stra6 was mainly localised within the plasma membrane fraction after 

cells were transfected with Stra6 (13 μg, 48 hrs), and after the first 24 hrs of cell 

transfection, treated with 1 μM of ATRA for 24 hrs (Figure 5.3). Moreover, both the 

antibody for Stra6 C-Term and the Stra6 N-Term antibody found Stra6 predominately 

in the plasma membrane. MAPK and HDAC1 are markers of cytosol and nucleus, 

respectively, and were used to make sure that no contamination occurred during 

fractionation. 

Finally, as shown in Figure 5.4, the HCT116 WT p53 was transfected with Stra6 (13 μg, 

48 hrs), and after the first 24 hrs of cell transfection, the cells were treated with 2 μM 

of Dox for 24 hrs. The Stra6 protein was detected mainly in the nucleus, with molecular 

sizes of 25 and 15 kDa.).  

Overall, Stra6 was not detected using the Stra6 N-Term antibody in the tested cells 

with endogenous and overexpressed Stra6 after DNA damage (Figure 5.1 and Figure 

5.4, respectively). Moreover, the Stra6 N-Term antibody was not detected in cells 

overexpressing with Stra6, and those cells were not stimulated with DNA damage or 

retinoids (Figure 5.3). Of note, the Stra6 N-Term antibody was detected only in the 

cells that had the overexpressed Stra6 and had received retinoid treatment (ATRA).  
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Figure 5.1: Cell fractionation study to determine the subcellular localisation of Stra6 

following Dox treatment in whole cell lysate of HCT116 WT p53. Cells were transfected with 

empty vector (e.v.), and after 24 hrs, treated with 2 μl of Dox for 48 hrs. Cell lysate was loaded 

onto to a sucrose gradient before centrifugation at 100,000 g for 18 hrs at 4 ⁰C. The yield was 

separated into 24 fractions and was loaded onto a 10 % gel for Western blot analysis. Na/K 

ATPase, HDAC-11 and MAPK were used as markers of plasma membrane, nucleus, and cytosol, 

respectively. Antibodies used to detect Stra6 were Stra6 C-Term and Stra6 N-Term. This 

experiment was done in duplicate.  
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Figure 5.2: Fractionation study to determine the subcellular localisation of Stra6 following 

Stra6 transfection in whole cell lysate of HCT116 WT p53. Cells transfected with Stra6 (13 μg, 

48 hrs). Cell lysate was applied to the sucrose gradient before centrifugation at 100,000 g for 

18 hrs at 4 ⁰C. The yield was separated into 24 fractions and was loaded onto a 10 % gel for 

Western blot analysis. Na/K ATPase, HDAC1 and MAPK are the markers of plasma membrane, 

nucleus, and cytosol, respectively. Antibodies used to detect Stra6 were Stra6 C-Term and 

Stra6 N-Term. Stra6 protein was detected mainly in the cytosol. This experiment was done in 

duplicate. 
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Figure 5.3: Fractionation study to determine the subcellular localisation of Stra6 following 

Stra6 transfection and ATRA treatment in whole cell lysate of HCT116 WT p53. Cells were 

transfected with Stra6 (13 μg, 48 hrs), and after the first 24 hrs of cell transfection, cells were 

treated with 1 μM of ATRA for 24 hrs. Cell lysate was applied to the sucrose gradient before 

centrifugation at 100,000 g for 18 hrs at 4 ⁰C. The yield was separated into 24 fractions and 

was loaded onto a 10 % gel for Western blot analysis. Na/K ATPase, HDAC1 and MAPK are the 

markers of plasma membrane, nucleus, and cytosol, respectively. Antibodies used to detect 

Stra6 were Stra6 C-Term and Stra6 N-Term. Stra6 protein was detected mainly in the plasma 

membrane within both of the Stra6 antibodies that were used. This experiment was done in 

duplicate.  
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Figure 5.4: Fractionation study to determine the subcellular localisation of Stra6 following 

Stra6 transfection and Dox treatment in whole cell lysate of HCT116 WT p53. Cells were 

transfected with Stra6 (13 μg, 48 hrs), and after the first 24 hrs of cell transfection, cells were 

treated with 2 μM of Dox for 24 hours. Cell lysate was applied to the sucrose gradient before 

centrifugation at 100,000 g for 18 hrs at 4 ⁰C. The yield was separated into 24 fractions and 

was loaded onto a 10 % gel for Western blot analysis. Na/K ATPase, HDAC1 and MAPK are the 

markers of plasma membrane, nucleus, and cytosol, respectively. Antibodies used to detect 

Stra6 were Stra6 C-Term and Stra6 N-Term. Stra6 protein was detected mainly in the nucleus 

with molecular sizes of 25 and 15 kDa. This experiment was done in duplicate.  
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5.3 Exploring the biological functions of the small fragment of Stra6 

(Sm-C-term Stra6)  

The results obtained from the pull-down assay with the Stra6 antibody and the mass 

spectrometry data in Chapter 4 determined protein bands of low molecular sizes of 25 

and 20 kDa (Figure 4.1). It was later revealed that these smaller proteins were 

belonged to the Stra6 protein after the visualised bands were excised from the gel and 

analysed with the peptide mass fingerprinting (PMF) method.  

To investigate the functions of the 25kDa fragment of Stra6 protein, it was cloned into 

expression vectors, as explained in Section 2.11.3.  

Next, plasmid preparation and sequencing were performed to ensure that the correct 

nucleotide sequence was inserted in the vector and that the plasmids were ready to be 

used for experimental studies.   

5.3.1 Role of Sm-C-Term Stra6 on p53 and the downstream apoptotic 

pathway  

As shown previously in Chapter 3, Stra6 induced p53 independently of DNA damage 

(Figure 3.26); thus, we were interested in investigating p53 protein induction and 

stabilisation in addition to assessing pro-apoptotic gene caspases 3 as well as 

examining the apoptotic marker PARP after Stra6 transfection with the Sm-C-Term 

Stra6. 

Therefore, a Western blot was conducted, and interestingly, as shown in Figure 5.5, 

the C terminus region of Stra6 was capable of conserving the biological function of the 

Stra6 gene by inducing p53 protein stability. Moreover, caspase 3, cleaved caspase 3, 

PARP and cleaved PARP were all upregulated in the HCT116 WT p53 cells treated with 

1 μM of ATRA and/or 2 μM of Dox for 24 hrs after being transfected within the Sm-C-

Term Stra6 plasmid for 48 hrs (Figure 5.5).  

The transfection of Stra6 (Sm-C-Terminus) was compared with the endogenous levels 

of Stra6 after the combined treatment of ATRA and Dox (1 μM and 2 μM, respectively) 

for 24 hrs. The 15 kDa fragment of the Stra6 protein was detected mainly after the 

cells were treated with a DNA-damaging agent (Dox).  
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Still, endogenous levels of the Stra6 protein of a 75-kDa molecular size were detected 

because Stra6 induction by ATRA and Dox upregulated Stra6 induction, as expected.   

5.3.2 The effect of Sm-C-Term Stra6 on inducing apoptotic cell death and ROS 

generation  

Stra6 was found to induce p53 independently of DNA damage, and Stra6 

overexpression was found to induce apoptotic cell death depending on p53, 

showing additive apoptotic cell death after a combined treatment of ATRA 

and Dox (Chapter 3; Figure 3.27). Thus, we wanted to test whether Sm-C-Term 

Stra6 could also induce apoptotic cell death and conserve the biological 

function of Stra6.  

To determine this, Annexin V staining and FACS analysis was conducted on 

HCT116 WT p53 (p53+/+) and U2OS WT p53 (p53+/+) cells after cells were 

transfected with 4 μg of Sm-C-Term Stra6. The cells were treated with 1 μM of 

ATRA, treated with 2 μM of Dox or received a combined treatment of ATRA 

and Dox of similar concentrations (1 μM and 2 μM, respectively) for 24 hrs, 48 

h after transfection.  

As shown in Figure 5.6, 5.7 and 5.8, Sm-C-Term Stra6 showed an apoptotic cell 

death percentage that was greater than that after using DNA damage (Dox) 

alone. Overall, this confirms that the Stra6 overexpression of Sm-C-term 

induces apoptotic cell death and shows additive apoptotic cell death after a 

combined treatment of ATRA and Dox, particularly when compared to cells 

that have Stra6 overexpression (Figure 5.6 and Figure 5.8). The percentages of 

positive apoptotic cells for HCT116 WT p53 and U2OS WT p53 are presented 

as fold change in Figure 5.7 and Figure 5.9, respectively.  

 

 

 



 

 

174 | P a g e  
 

 

Figure 5.5: The effect of Sm-C-Term Stra6 on p53 protein and other apoptotic markers. 

HCT116 WT p53 cells with or without the adding of Dox (2 μM), treated with 1 μM of ATRA for 

24 hrs and transfected with Sm-C-Term Stra6 (8 μg, 48 hrs). Here, Stra6 (Sm-C-Terminus) 

induced p53 and upregulated some of the investigated apoptotic proteins involved in p53 

induced apoptosis. β-actin was used as a loading control. e.v. = empty vector. Mwt= Molecular 

weight in kDa.   
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Figure 5.6: Stra6 small fragment (Sm-C-term) induces apoptotic cell death in HCT116 cells. 

Apoptosis was assessed using Annexin V staining and FACS analysis in HCT116 WT p53 cells. 

Cells were treated with 1 μM of ATRA, 2 μM of Dox or received a combined treatment of ATRA 

and Dox of similar concentrations (1 μM and 2 μM, respectively) for 24 hrs after transfection 

with 4 μg of Stra6 (FL/ Sm-C-term) for 48 hrs. e.v. = empty vector. 
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Figure 5.7: HCT116 WT p53 fold changes in percentages of positive apoptotic cells. Fold 

changes expressed as the mean ± SD of three independent experiments.  
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Figure 5.8: Stra6 small fragment Sm-C-Term Stra6 induces apoptotic cell death in U2OS cells. 

Apoptosis was assessed using Annexin V staining and FACS analysis in U2OS WT p53 cells. Split 

cells were treated with 1 μM of ATRA, were treated with 2 μM of Dox or received a combined 

treatment of ATRA and Dox of similar concentrations (1 μM and 2 μM, respectively) for 24 hrs 

after transfection with 4 μg of Stra6 (FL/ Sm-C-term) for 48 hrs. e.v. = empty vector.  
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Figure 5.9: U2OS WT p53 fold changes of positive apoptotic cells. Fold changes expressed as 

the mean ± SD of three independent experiments. e.v. = empty vector.  
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We next assessed Stra6’s role towards ROS generation by measuring changes 

in intracellular ROS levels. We had previously shown that full length Stra6 

induces ROS accumulation inside the cells (Carrera et al., 2013). We aimed to 

examine whether Sm-C-Term Stra6 could also induce ROS. 

As shown in Figure 5.10, we measured ROS in HCT116 WT p53 cells after the 

cells were transfected with (Sm-C-Term Stra6; 4 μg, 48 hrs) or an e.v. as a 

control. The results showed an increase in the mean fluorescence intensity in 

cells transfected with Sm-C Term Stra6.  

Of note, Sm-C-Term Stra6 showed much higher apoptotic cell death 

percentages and ROS levels than did Stra6 itself as we observed this results 

over our obtainable results in chapter 3. 

5.4 Explore the possible cleavage of Stra6 

Our hypothesis is that, after DNA damage, Stra6 gets cleaved and a smaller C-Terminal 

fragment of ~25 kDa translocates into the nucleus, where it enhances p53 apoptotic 

functions. We explored the proteases that could potentially play a role in Stra6 

cleavage using the MEROPS - the peptidase database (http://merops.sanger.ac.uk). 

This work was done in collaboration with Dr Jordi Villà (Universitat de Vic, Spain). The 

MEROPS database is based on a cohesive source of information that helps finding out 

whether or not a cleavage site could be biologically relevant in the light of cell 

signalling pathways and on the basis that such a cleavage site is probably conserved 

(Rawlings et al., 2016). 

One interesting result revealed from the MEROPS database presented in (Table 5.1), is 

the identification of caspase-3, which could be cleaving Stra6 after the apoptotic 

pathway is engaged.    

However, these data are considered to be only an initial result. Further confirmatory 

experiments are needed to define Stra6’s cleavage sites and the proteases involved in 

such a process as well as to characterise their impacts on the Stra6 biological function 

towards apoptosis.  

http://merops.sanger.ac.uk/
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Figure 5.10: Measurements of ROS represented by mean fluorescence intensity fold changes 

in HCT116 WT p53 cells. The graphs show the levels of ROS produced in HCT116 WT p53 cells 

after cells were transfected with (Sm-C-Term Stra6; 4 μg, 48 hrs) or e.v. as a control. The 

results indicated an increase in the mean fluorescence intensity. Data are expressed as the fold 

changes compared to the control cells and as the mean ± SD of three independent 

experiments. e.v. = empty vector.  
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Motif Weight-1 kDa Weight-2 kDa Cut-Position Protease name 

FLSWARVC 29.94 43.54 270 mucorpepsin 

FLSWARVC 29.94 43.54 270 phytepsin 

SWARVCLR 30.17 43.32 272 coagulation factor G 

SWARVCLR 30.17 43.32 272 furin 

VCLRHCIY 30.64 42.85 276 archealysin 

VCLRHCIY 30.64 42.85 276 furin 

VCLRHCIY 30.64 42.85 276 prostasin 

LPLKLVLS 32.37 41.11 291 papain 

VLSATLTG 32.86 40.63 296 mucorpepsin 

VLSATLTG 32.86 40.63 296 phytepsin 

LLLVGVVP 34.53 38.96 312 archaean proteasome 

QKVRAGVT 35.61 37.88 322 furin 

KVRAGVTT 35.68 37.81 323 elastase-1 

VTTDVSYL 36.15 37.33 328 caspase-3 

VSYLLAGF 36.61 36.87 332 rhizopuspepsin 

SYLLAGFG 36.73 36.76 333 scytalidoglutamic peptidase 

YLLAGFGI 36.8 36.69 334 elastase-1 

LAGFGIVL 37 36.48 336 adenain 

GIVLSEDK 37.38 36.1 340 dipeptidyl-peptidase III 

VLSEDKQE 37.6 35.89 342 mucorpepsin 

VLSEDKQE 37.6 35.89 342 phytepsin 

LSEDKQEV 37.71 35.77 343 caspase-3 

VTHRTNLR 40.81 32.68 370 mucorpepsin 

VTHRTNLR 40.81 32.68 370 phytepsin 

TNLRALHR 41.89 31.59 379 furin 

TNLRALHR 41.89 31.59 379 PCSK5 peptidase 

TNLRALHR 42.59 30.9 385 furin 

TNLRALHR 43.07 30.41 389 archealysin 

ALHRGAAL 43.07 30.41 389 furin 

HRGAALDL 43.07 30.41 389 Kallikrein-1  

 

Table 5.1: Possible proteases cleavage of Stra6.  A list of predictable proteases and their 

expected cleavage sites at Stra6 protein using MEROPS - the peptidase database analysis.  
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5.5 Explore the cellular localisation of Stra6 by Immunofluorescence

  

After validating Sm-C-Term Stra6 functions, we studied its localisation following 

different cell stimuli, using immunofluorescence analysis and confocal imaging in 

HCT116 WT p53 cells.  

Our results presented in the previous two chapters provide a rationale for how Stra6 

can exert different biological functions depending on its localization.  

As shown in Figure 5.11, HCT116 p53+/+ cells treated with 1 μM of ATRA and/or 2 μM 

of Dox for 48 hrs showed that non-stimulated cells had very low endogenous levels of 

Stra6.  ATRA treatment localised Stra6 mainly within the cell membrane as expected. 

On the contrary, the DNA damage response to Dox treatment showed that Stra6 was 

distributed equally within the cytosol and nucleus. However, in cells stimulated with 

the combined ATRA and Dox treatment, we can observe that Stra6 is mostly located 

within the nucleus.  

Figure 5.12 provides a negative control to the experiments described above, using anti-

Rabbit IgG-DyLight-488 antibody only with no Stra6’s primary antibody. The result 

confirms the quality of the used secondary antibody in avoiding non-specific binding 

activity.  

Next, cells were co-transfected with 0.4 μg of both Stra6-C-EGFP and Stra6-N-mCherry 

plasmids. The main aim of this experiment was to study Stra6 localisation under 

different treatment conditions (1 μM of ATRA and/or 2 μM of Dox for 24 hrs). The C 

terminus tagged version of Stra6 included both the full length and the shorter forms, 

while the N terminus tagged was on full length version. As shown in Figure 5.13, we 

observed that Stra6 appears at different localisations within the cell according to the 

received stimulus.  ATRA treatment resulted in Stra6 localisation within the cell 

membrane as anticipated. However, Stra6 was mostly in the nuclear membrane after 

DNA damage. In addition, the combined ATRA and Dox treatment showed 

accumulation of Stra6 mainly within the nucleus. In the cells that were not stimulated, 
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Stra6 was found to be predominantly in the cytosol with a small amount of Stra6 

expressed on the plasma cell membrane. Of note, the Stra6 tagged with mCherry at 

the N terminus was detected only on the cells treated with ATRA, and not with other 

stimulated or not-stimulated cells, for reasons that are not fully understood.   

Last, as shown in Figure 5.14, HCT116 p53+/+ cells were transfected with Sm-C-Term 

Stra6 tagged EGFP; 0.4 μg, 48 hrs), and after the first 24 hrs, the cells were treated 

with 1 μM of ATRA and/or 2 μM of Dox for 24 hrs. We observed that Sm-C-Term Stra6 

tagged EGFP appears mainly localised within the nucleus regardless of the stimuli.  

In non-stimulated cells, Sm-C-Term Stra6 was found to be localised within the nucleus, 

with low amounts in the cytosol. ATRA treatment resulted in Stra6 localisation mainly 

around the nucleus. Following DNA damage, Stra6 was found within the nucleus. 

Moreover, the combined ATRA and Dox treatment provoked Stra6 accumulation 

predominantly inside the nucleus.  

Of note, these results correlated with the results obtained via a fractionation study to 

determine the subcellular localisation of Stra6.  
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Figure 5.11: Immunofluorescence analysis of endogenous Stra6 subcellular localisation in 

HCT116 WT p53 cells following different cell stimulations. Representative 

immunofluorescence confocal analysis in HCT116 p53+/+–stimulated cells treated with 1 μM of 

ATRA and/or 2 μM of Dox for 48 hrs. Displaying Stra6 (green), which means green fluorescence 

indicates Stra6 protein labelled with anti-Stra6 (C-term) antibody in addition to anti-Rabbit 

IgG-DyLight-488–conjugated secondary antibody. The nucleus (blue) stained with DAPI. 

‘Merge’ shows the overlapped images. The objective power used was 63x. The results shown 

are representative of the analysis done on duplicate of two different samples.   

 

 

DAPI Stra6 Merge 
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Figure 5.12: Negative control of endogenous Stra6 testing with the addition of anti-Rabbit 

IgG-DyLight-488 antibody alone. Representative immunofluorescence confocal analysis in 

HCT116 p53+/+ stimulated cells treated with 2 μM of Dox for 48 hrs. The anti-Stra6 (C-term) 

antibody was not added, to be able to confirm that the used antibody was not inducing non-

specific binding. Scale bar= 10 μm. 
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Figure 5.13: Intracellular localisation of Stra6-C-EGFP/ Stra6-N-mCherry following different 

cell stimulations in HCT116 WT p53 cells. Representative immunofluorescence confocal 

analysis in HCT116 p53+/+ cells transfected with 0.4 μg of Stra6 for 48 hrs and after the first 24 

hrs cells treated with 1 μM of ATRA and/or 2 μM of Dox for 24 hrs. Stimulated cells displaying 

Stra6 tagged with either EGFP or mCherry) at C and N terminus, respectively, and the nucleus 

displaying (blue) stained with DAPI. ‘Merge’ shows the overlapped images. The objective 

power used was 63 x. The results shown are representative of the analysis done on duplicate 

of two different samples. Scale bar= 10 μm. 

 

 

RFP- N Term DAPI Merge GFP- C Term 
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Figure 5.14: Immunofluorescence analysis of Stra6 small fragment (Sm-C-Term Stra6) tagged 

with EGFP of its intracellular localisation following different cell stimulations in HCT116 WT 

p53 cells. Representative immunofluorescence confocal analysis in HCT116 p53+/+ cells were 

transfected with Stra6 (Sm-C-term; 0.4 μg, 48 hrs), and after the first 24 hrs, cells were treated 

with 1 μM of ATRA and/or 2 μM of Dox for 24 hrs. The nucleus was stained with DAPI. ‘Merge’ 

shows the overlapped images. The objective power used was 63x. The results shown are 

representative of the analysis done on duplicate of two different samples. Scale bar= 10 μm.  

 

DAPI GFP- Stra6 (Sm-C term) Merge 
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5.6 Discussion   

Our research on Stra6 subcellular localisation in cancer cells that received different 

treatments revealed that the Stra6 has at least three different cellular localisations—

either on the cell membrane, in the cytosol or within the nuclear complex. —These 

localisations are fundamentally dependent on the type of stimulus the cell received. 

Fractionation studies were done first assessing the endogenous Stra6 cellular 

localisation in response to DNA damage, followed by evaluating the overexpressed 

Stra6 towards DNA damage or ATRA treatment. 

Endogenous Stra6 after a DNA damage was found to be in the nucleus, with a detected 

molecular size of 25 kDa. This result suggested that Stra6, which normally has a 

molecular size of 73.5 kDa, was cleaved to a smaller part to be re-localised from the 

cell membrane to the nucleus. However, there was a detectable amount of the 

endogenous Stra6 protein within the cytosol, and that could suggest that not all stra6 

is cleaved upon stimulation (Figure 5.1).   

Regarding the overexpression of Stra6 in cells where no treatment was added, we 

observed (Figure 5.2) that Stra6 was detected only in the cytosol. On the other hand, 

when the cells received ATRA, Stra6 was detected in the plasma cell membrane (Figure 

5.3). This suggests that Stra6 has its own specified function to be achieved at a 

specified cellular localisation. For instance, Stra6 has always been identified as an RBP 

receptor that facilitates retinol uptake, and to serve this function, Stra6 needs to be 

localised on the plasma cell membrane (Berry et al., 2012; Breen et al., 2015).  

Therefore, we could relate the observed biological function of Stra6 to the fact that 

Stra6 induces p53 independently of DNA damage (results presented in Chapter 3). We 

can do this by suggesting somehow that transcriptional modification was involved in 

the context of these two proteins Stra6 and p53 towards apoptotic cell death.  

As described in the past report, p53 cytoplasmic immunoreactivity increased, which 

preceded Bax activation and caspase-3 cleavage (Geng et al., 2010). Also, the same 

authors found that the cytoplasmic p53 also showed colocalisation with 
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nucleophosmin (NPM), a nuclear chaperone protein previously implicated in cell death, 

and it was one of the proteins that has been identified from our mass spectrometry 

analysis data as a possible protein binding partner for Stra6 (results presented in 

Chapter 4). As we hypothesized that could be a link of how could Stra6 induces p53 

induction towards cell death through NPM.  

Still, Stra6 protein was detected primarily in the nucleus with molecular sizes of 25 and 

15 kDa (Figure 5.4). Most remarkably, the 15-kDa fragment of Stra6 that was detected 

in the nucleus typically represented the molecular size of the C terminus domain of the 

Stra6 protein.  

Furthermore, these data were in line with our previous data that showed that both 20- 

and 25-kDa fragments belonged to Stra6 by mass spectrometry analysis.  

Generally, Stra6 cytosolic and nuclear fragments on non-stimulated cells and Dox-

stimulated cells, respectively, have been detected by using the Stra6 antibody that 

recognised the C terminal domain. However, using the Stra6 antibody to detect the N 

term of the Stra6 protein was not possible most of the times, and this could be due to 

experimental and technical issues. However, after ATRA treatment, Stra6 was detected 

on the plasma cell membrane using the N term antibody. In addition, this could be 

related to the protein nature, involving cleavage and protein folding, which would 

restrict the epitope of the N term antibody from binding to Stra6 at the N terminus 

domain.  

We have confirmed from our results of the Western blot analysis in Figure 5.5 that Sm-

C-Term Stra6 induces p53 independent of DNA damage as well as increases apoptotic 

proteins, such as caspase-3 cleavage and apoptotic marker PARP cleavage, with or 

without Dox-induced DNA damage dependent on WT p53. Furthermore, the combined 

treatment of ATRA and DNA damaging agents have shown the enhancement of the 

cleavage of PARP and cleaved caspase-3. The observed result supports the hypothesis 

that Stra6 enhances the apoptotic cascade, particularly the C terminus of the Stra6 

domain. In addition, endogenous levels of Stra6 were upregulated in proportion to the 

degree of stimulus received, especially when combined ATRA and Dox was added after 
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p53 was induced. This continued to support our hypothesis about the initiation of a 

positive feedback loop between Stra6 and p53. However, in this experiment, we 

transfected only the cells with Sm-C-Term Stra6 and we still can recognise the 

increased induction of Stra6 (endogenous and overexpressed) along with an increase 

in p53 protein stabilisation.    

The 15 kDa form of Stra6 was detected mainly in the presence of DNA damage, 

suggesting that the 25 kDa of transfected Stra6 could undergo another cleavage to 

induce a smaller fragment of the protein. Both 25- and 15-kDa Stra6 were together or 

individually translocated into the nucleus, which suggested the association of Stra6 

and p53 in starting the apoptotic cellular events.  

Also, the obtained data from MEROPS identified caspase-3 as a predictable protease 

that would participate in Stra6 protein cleavage. 

Accordingly, the results confirmed that Stra6 (Sm-C-term) can induce 

apoptotic cell death. We propose that Stra6 (Sm-C-term) has apoptotic 

function, probably dependent on p53. Moreover, Stra6 (Sm-C-term) 

determines an apoptotic effect that might be related to the fact that not all 

Stra6 undergoes cleavage.  

In addition, we established the involvement of Sm-C-Term Stra6 in mediating 

ROS generation. The mechanisms by which Stra6 induces ROS are still not 

understood.  

Stra6 has a known role as a cell surface receptor for RBP and its localisation on the 

plasma cell membrane serves this function in the context of being an important 

member of the retinoid signalling pathway. The confocal images showed that Stra6 has 

a membrane localisation following ATRA treatment in the endogenous Stra6 and Stra6 

overexpression model. However, upon DNA damage, Stra6’s showed different cellular 

localisations, especially in the area of the nucleus.  
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Overall, the changes of Stra6 subcellular localisation are likely a consequence of many 

issues, the biological function under certain conditions, the interacting binding 

partners, post transcriptional modification and other factors that all cooperate in 

shaping Stra6’s role and facilitate the cross-talk between the retinoid signalling 

pathway and p53 apoptotic pathway.  
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6 Overview, Conclusion and Summary  

6.1 Overview 

The work presented in this thesis has brought further insight into the 

biological role that Stra6 plays in p53-induced apoptosis, in addition to its role 

as a retinol-RBP receptor or as a member of other signalling pathways. We 

also provided molecular evidence of a potentially successful combination 

treatment for cancer, based on using retinoids as sensitizers to DNA-damaging 

agents, which would depend on Stra6 expression. As Stra6 is a retinoic acid 

responsive gene, its expression can be induced by ATRA and other retinoids, 

and it has been shown to contribute to cell death following DNA damage 

(Carrera et al., 2013).  Exploiting these two features of Stra6 may result in 

improved antineoplastic therapies. 

We found that endogenous Stra6 mRNA and protein levels were upregulated 

in response to retinoid treatment and DNA damage, observing a significant 

marked increase in Stra6 induction when both ATRA and DNA-damaging 

agents were used. Moreover, p53 protein levels were also increased after 

Stra6 upregulation, with high stability and apoptotic-inducing activity in 

following cell sensitisation with ATRA, and stimulation with DNA-damaging 

agents, showing that Stra6 can help drive tumour cells to apoptosis. Thus, our 

results showed that retinoids can enhance the upregulation and stabilisation 

of p53 after DNA damage, and that this is dependent on Stra6. However, both 

Stra6 and Tp53 were important in achieving maximum cell death, as was 

observed by the identification of a positive feedback loop between Stra6 and 

p53.  

Of note, overexpression of Stra6 showed that this molecule can induce p53 

independently of DNA damage, thus stimulating downstream apoptotic and 

proapoptotic proteins, such as caspase-3 and caspase-9, as well as PARP 

cleavages. More interestingly, we observed differences in retinoid stimulation 

of Stra6 in several cancer cell lines. 
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According to whether it was endogenously expressed or overexpressed, as the 

latter has shown the obvious characteristic of being an apoptotic protein, 

rather than functioning only as a retinol-RBP cell surface receptor. The novelty 

of our data lies in the fact that we propose that these sensitising effects of 

retinoids may be mediated by Stra6, which we have shown is induced by 

retinoids and has a pro-apoptotic function in the context of the p53 pathway. 

Overexpression of Stra6 in cancer cell lines that were sensitised with ATRA 

and stimulated with DNA-damaging agents showed an accumulation of ROS, 

which we propose would result in enhanced cell death. The mechanisms by 

which Stra6 induces ROS remain to be elucidated. Treatment of these cells 

with ROS inhibitors (NAC and GSH) showed that Stra6 induced p53 through 

ROS generation, and the possibility of an existing cooperation between 

binding partners still remains. We explored this possibility in order to identify 

potential binding partners for Stra6, as there is much still to elucidate about 

its mechanisms of action, both regarding its role in cell signalling and its 

apoptotic characteristics. These interacting partners were identified by 

carrying out a pull-down assay that was analysed by mass spectrometry and 

confirmed by co-IP.  

These data identified important nuclear and cytosolic proteins, many of which 

have been related to apoptosis, such as NPM (Box et al., 2016), NCL (Daniely 

et al., 2002) and HMGB1 (Sohun and Shen, 2016). Moreover, DNA damage 

stimulates hnRNPK SUMOylation, and this PTM was necessary for the 

expression and activation of p53 target genes that triggered apoptosis (Pelisch 

et al., 2012).  

The pull-down assay of Stra6 protein in cells stimulated by ATRA and/or Dox 

showed bands of low molecular weight, specifically 25 and 20 kDa, that were 

related to the Stra6 sequence, as identified by peptide mass fingerprinting. 

This led to the hypothesis that Stra6 is somehow cleaved at its C-terminal 

domain in response to cellular stress and DNA damage. We assumed that 
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Stra6 could be cleaved within the C-terminus in response to the PTM of 

tyrosine and threonine in that region, on the basis of our primary data using a 

phosphorylation prediction software programme. However, this area of 

research requires further study.  

We observed that the truncated forms of Stra6 could be translocated from 

the plasma cell membrane to the cytosol in the absence of DNA damage, and 

then relocated within the nucleus in response to Dox. Furthermore, this small 

fragment of Stra6, which represented the C-terminus domain of the molecule, 

was capable of generating ROS and inducing p53-dependent apoptotic cell 

death, and it also enhanced the downstream cascade of the p53 signalling 

pathway.  

The presence of a 15 kDa form of Stra6 detected in the presence or absence 

of DNA damage suggests that the 25 kDa of transfected Stra6 may undergo 

another cleavage to produce smaller fragment of the protein. Both 25 and 15 

kDa Stra6 were present in the nucleus, which is indicative of the fact that the 

association of Stra6 and p53 cooperate in the pro-apoptotic cellular events 

that eventually occur.  

To sum up, our experimental studies have provided strong evidence of the 

fact that Stra6 is involved in sensitising tumour cells to DNA-damaging agents 

and functions as an apoptotic protein in a p53-dependent manner.  

The changes of subcellular localisation of Stra6 would be important to define 

its biological function, the selection of interacting protein-binding partners, 

PTM and other factors, which would all cooperate in shaping the biological 

role of Stra6 to address the corresponding stimuli and facilitate the existing 

cross-talks between the retinoid signalling pathway and the p53 apoptotic 

signalling pathway. Most importantly, the apoptotic features of Stra6 suggest 

that its upregulation in combination with other anticancer treatments, such as 

chemotherapy or radiotherapy, could be therapeutically promising. Given the 

fact that retinoids have minimal side effects, when compared to classic 
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chemotherapy, they could be used as adjuvants to induce Stra6 and minimise 

the side effects of traditional cancer therapies, providing a better option for 

helping people receiving cancer treatment.  

Finally, below is a proposed model (Figure 6.1) of the most likely ways in 

which Stra6 participates in inducing apoptotic cell death, whereby the 

increased oxidative stress and DNA damage is dependent on TP53, and the 

resulting levels of oxidative DNA damage and ROS generation initiate the 

upregulation of p53. Furthermore, these p53 levels would increase induction 

of Stra6 levels, meaning that Stra6 induces p53 expression in a positive 

feedback loop, with a greater tendency of ROS production to fully trigger an 

apoptotic cell death response through the stimulation of p53-dependent pro-

apoptotic and apoptotic proteins in cooperation with the binding protein 

partners of Stra6.  
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Figure 6. 1: A summary of a proposed model of the role of Stra6 in a p53-dependent 
apoptosis. It has been shown that p53 induces Stra6 in the context of the response to DNA damage 

and in a p53 dependent manner, (Carrera et al., 2013). Here, we prposes Stra6 induces p53 independent 
of DNA damage through ROS generation and initiates a Stra6-p53 positive feedback loop that would 
trigger an apoptotic cell death response via the stimulation of p53-dependent pro-apoptotic and 
apoptotic proteins, in cooperation with the binding-protein partners of Stra6 represented on the 
diagram by (?). Moreover, Caspase-3 could be associated with Stra6 cleavage process and its could be 

facilitate Stra6 translocation from cell membrane to be inside the cell.  
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6.2 Summary 

 

• p53 upregulates Stra6 and Stra6 upregulates p53 thus suggesting a positive 

feedback loop. 

 

•  Stra6 can induce p53 independent of DNA damage. 

 

• Stra6 induced p53 mainly through a ROS generation mechanism. 

 

• Stra6 induction sensitizes cells to DNA-damaging agents. 

 

• Several Stra6 binding protein partners are involved in apoptosis. 

 
 

• Stra6 could be cleaved to smaller fragments at its C-terminus domain in 

response to DNA damage, resulting in truncated forms of 25 and 20–15 kDa 

molecular sizes. 

 

• The Stra6 C-terminus truncated version of the protein has tumour suppressor 

characteristics, thus suggesting that this domain of the Stra6 protein has 

conserved an apoptotic function. 

 

• Fractionation and immunofluorescence studies showed Stra6 cytosolic and 

nuclear localisation in the absence or presence of DNA damage, respectively. 

Therefore, Stra6 function may depend on its subcellular localisation and the 

stimulus that induces it. 
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6.3 Outcomes and future studies 

The experiments conducted in the present study suggest that Stra6 expression 

can be a predictive marker of tumour sensitivity to DNA damaging agents and 

that vitamin A, through Stra6, could be useful as adjuvants. The presence of 

Stra6 should enhance the apoptotic effect of DNA-damaging agents. 

Moreover, of all the tested cancer cell lines that responded to a combination 

of retinoid and DNA-damaging agents, it was shown that those cell lines 

would particularly benefit from this approach following upregulation of Stra6 

levels after retinoid treatment leads to an increased sensitivity to 

chemotherapy/radiotherapy. Determining the induction of Stra6 in different 

cancers in response to retinoids should allow us to predict which would be 

more sensitive to a retinoid pre-treatment. 

Furthermore, our results have provided novel understandings regarding the 

Stra6 mechanism of tumour suppression, which had not been previously well 

defined. In addition, the data we obtained regarding Stra6 and its binding-

protein partners, as well as its localisation, were used to propose a new 

hypothesis relating to the mechanism of action of Stra6. All of these outcomes 

provide evidence that vitamin A is a possible chemopreventive agent and/or 

an adjuvant, via Stra6 in a p53-dependent manner. Additional studies are 

necessary to further examine Stra6 as a potential new member of the 

apoptotic signalling pathway and as playing a role in tumour suppression. 

One suggested area of further study is to confirm the clinical relevance of the 

abovementioned outcomes and apply these findings in vivo by using mouse 

models of tumour development in order to test the possibility that a basal 

increase in Stra6 from chronic dietary supplementation with vitamin A would 

sensitize cancer cells to DNA damaging agents. Thus, it would help in 

characterising the adjuvant effects of retinoids via Stra6-expressing tumours 

that would be treated with DNA-damaging agents. An alternative would be to 

take a wider approach to the study of proteins that bind Stra6 by using a yeast 
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two-hybrid system and the Human Kidney MATCHMAKER cDNA library 

(Clontech) or to use the tandem affinity purification method. 

PTM is another area of Stra6 research that requires further investigation in 

order to identify at what residue, and by which proteases, Stra6 undergoes 

PTM and cleavage in the context of the response to DNA damage; the PTM of 

Stra6 by ATRA would be used as a control.  
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