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Abstract  
 

Background: Breast cancer is endemic, ranking the number one cancer in women 

worldwide. About 80% of all breast cancers are late onset, arising in post-

menopausal women, and are mainly estrogen receptor alpha (ER) positive and 

p53 wild type.  However, the function of p53 is compromised in many cancers 

due to constitutive degradation of p53 by the ubiquitin ligase human double 2 

(hdm2). Degradation of p53 by hdm2 can by blocked by the p14ARF tumour 

suppressor protein; however p14ARF is frequently deleted in breast cancer. By 

re-introducing p14ARF into breast cancer cells p53 function can be restored. In 

this study, an inducible p14ARF ER positive breast cancer model was used to 

determine the effects of reactivating p53 in hormone-dependent breast cancer. 

While the role of p53 in the breast cancer treatment is well recognised as a tumour 

suppressor, the evidence supporting an opposite action of p53 in treatment 

resistance and recurrence in breast cancer is emerging.  

Aims of this thesis: The overall aim of this thesis was to define the role of p53 in 

ER+ breast cancer cells. This aim was addressed by three specific aims, 1) to 

determine the global proteomic changes associated with p14ARF-p53 activation 

in breast cancer, 2) to characterise and validate novel p53 regulated proteins and 

associated signalling pathways, detected by the proteomic analysis, and 3) to 

examine the morphological and protein expression changes occurring in the 

cellular metabolism focusing on mitochondria dynamics post p53 activation.  

Methods: Stable isotopic labelling in cell culture and mass spectrometry (LC-

MS/MS) techniques were used for proteomic profiling of simultaneous global 
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protein changes in breast cancer cells post activation of the p14ARF-p53 

signalling pathway. High resolution immunofluorescent microscopy, conventional 

Western blots and RT-qPCR and bioinformatics analyses were used for p14ARF-

p53 signalling validation. 

Results: 1) SILAC LC-MS/MS analyses identified a unique global differential 

profile of protein expression changes upon activation of the p14ARF-p53 pathway 

over a 24 h and 72 h period. Listings of the proteome changes have been 

deposited in the PRoteomics IDEntifications (PRIDE) archive with identification 

numbers PXD009334. Significantly downregulated proteins were associated with 

cell cycle arrest, DNA repair, and anti-apoptosis. Many of the upregulated 

proteins were specifically associated with modulation of the metabolic pathways 

in favour of oxidation and mitochondria regulation. 2) The tumour suppressor p53 

is usually associated with the modulation of the calcium regulator protein annexin 

A5 to promote cell death or to permanently facilitate cell cycle arrest to prevent 

tumour growth. Due to the sequence similarity of the annexin family of proteins, 

it is difficult to determine how these multi-faceted proteins are regulated. Using 

unbiased, quantitative proteomics we identified p53-differential regulation of the 

annexin/S100A family through unique peptide recognition at the N-terminal 

regions. This report is the first to describe how p53 acts as the central 

orchestrator of these calcium regulators and its role in cell survival and function 

in breast cancer. 3) Changes in the mitochondria occurring after p53 activation 

were studied using immunofluorescence, visualising on the high resolution 

DeltaVision OMX Blaze™ microscope and analysing using IMARIS x64 software. 

Activation of the p14ARF-p53 pathway resulted in unique changes in cellular 

metabolism. Activation of this pathway had dramatic effects on the morphological, 
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activity and protein expression changes in the mitochondria, observed by an 

increase in mitochondrial biomass, activity, cellular distribution, sphericity and 

volume. 

Summary: Overall, the work presented in this thesis provides a unique insight into 

the key proteins involved in the changing cell metabolism in hormone dependent 

breast cancer cells upon p53 activation and elucidates the role for p53 as a 

master regulator of cellular processes. Specific proteins and signalling pathways 

that are synchronised to rapidly hit the brakes on proliferation and coordinate 

metabolic cellular switching in breast cancer are discussed. These p53 proteome 

snapshots will provide valuable information on the duplicity of p53 in cell survival 

and its potential role in latency and resistance to treatment in breast cancer. 
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Introduction 
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1.1 Breast cancer  
 

1.1.1 Breast cancer occurrence    

Breast Cancer is the most commonly diagnosed cancer in the female population 

worldwide [1, 2]. Rates of prevalence are highest in Europe, Australia/New 

Zealand and North America (Fig. 1.1) [2]. In Australia, breast cancer is the most 

frequently diagnosed female cancer making up 43% of all new female cancer 

cases: with over 17500 breast cancer cases presenting in 2017 amounting to one 

in eight women diagnosed before the age of 85 [3]. In Australia, breast cancer, is 

the second highest cause of death, marginally after lung cancer, mortality 

estimated at 3087 females (1 in 41 risk of death) per year (Fig. 1.2) [3], 

unfortunately, this number is on the rise due to our aging population. Early 

diagnosis, mainly through the introduction of the mammographic screening 

program in 1991, has led to a perceived increased prevalence of breast cancer, 

however early diagnosis and better treatments (chemotherapy and hormonal 

therapies) have resulted in reduced overall mortality rates [4]. 
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1.1.2 Breast cancer risk factors  

Breast cancer can occur in males, however the primary breast cancer risk factor 

is being of the female gender, after which the risk increases with age [6]. Age is 

also an independent risk factor for breast cancer survival [7]. With a better 

understanding of this disease and more effective treatments, increased overall 

survival rates have been demonstrated in women between the ages of 40 – 69 

[7]. Younger women who develop breast cancer usually have a strong familial or 

genetic history of breast cancer, whereas in older women breast cancer is mainly 

sporadic [6]. One of the major factors in later age of onset breast cancers is the 

fluctuation of the female hormones throughout a woman’s lifetime. Early 

menarche, late menopause, lack of breast feeding, lack of, or late pregnancy, 

taking hormone replacement therapy, and taking the contraceptive pill are breast 

cancer risks factors, all associated with fluxes in the female hormones estrogen 

and progesterone [8]. Hormone responsive breast cancer can typically be treated 

successfully with anti-hormonal therapies. Early onset breast cancers are usually 

hormone receptor negative making these breast cancers harder to treat.  

In addition, lifestyle factors such as obesity, alcohol consumption or smoking can 

lead to increased breast cancer risk [8]. Family history and genetic susceptibility, 

excess body fat and physical inactivity, occupational exposure, including 

exposure to chemicals, dust, radiation and industrial processes, diagnostic X-

rays, air pollution, water and soil, and side effects of medical and pharmaceutical 

drugs can be added to the extended list of risk factors [3]. 
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1.1.3 Breast cancer molecular subtypes 

Breast cancer is a heterogeneous disease which can be clustered into five major 

molecular subtypes, namely (i) Triple negative / basal-like, (ii) Human epidermal 

growth factor receptor 2 (HER2) positive, (iii) Luminal A, (iv) Luminal B and (v) 

normal breast like [9, 10]. The characteristics and prevalence of these subtypes 

are summarised in Table 1.1. The majority (>70%) of all breast cancers are 

estrogen receptor positive and are treated with surgery, radiation therapy and 

anti-estrogen treatments [11, 12].  
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Table 1.1 Summary of major breast cancer subtypes and their prevalence 

[9, 10, 13]. 

Subtype Characteristics Prevalence  

Luminal A ER-positive  and/or  PR-positive, 
HER2-negative, low Ki67 expression 

34% 

Luminal B ER-positive  and/or  PR-positive, 
HER2-positive (or HER2-negative with 
high Ki67 expression) 

18% 

Triple 
negative/basal-like 

ER-negative, PR-negative, HER2-
negative, CK 5/6-positive 

25% 

HER2 ER-negative, PR-negative, HER2-
positive 

18% 

Breast Tissue Like 
/ Unclassified 

ER-negative, PR-negative, HER2-
negative, CK 5/6-negative 

5% 

Abbreviations: ERα (estrogen receptor), PR (progesterone receptor), HER2 
(human epidermal growth factor receptor 2, CK (cytokeratin). 

 

1.1.4 Breast cancer problems with treatments 

Given breast cancer is highly heterogeneous at the clinical and molecular levels 

the treatment of breast cancer is dependent on the cancer sub-type and 

characteristics of the breast cancer (i.e. stage, size, invasive/non-invasive nature 

of the breast cancer) and whether the cancer has spread beyond the breast to 

lymph nodes [9]. Conventional treatments include surgery, chemotherapy, 

radiotherapy, hormonal therapy and targeted therapies such as Herceptin (HER2 

antibody), however treatments have many adverse effects such as pain, hair loss, 

hot flushes, fatigue, and acquired resistance to treatment [11, 12]. The most 

serious side effect would have to be acquired resistance leading to metastasis 

and increased mortality. Endocrine resistance, which is one of the most 

devastating problems facing the majority of hormone-related breast cancers, is 

difficult to predict and treat [14-19].  
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 To this end, many of the recent clinical trials are using combinational treatments, 

combining conventional drugs in new regimes or, conventional drugs with new 

drugs coming onto the market for more efficacious treatment and to combat 

resistance, recurrence and metastasis. Approved treatment options include: 

switching endocrine agents, for example, sequential hormone therapy (switch the 

order and timing of anastrozole (estrogen blocker) with tamoxifen (ER blocker); 

endocrine therapy in combination with targeted therapy such as the cdk4/6 cyclin 

D1 complex; and using endocrine therapy with histone deacetylase (HDAC) 

inhibitors, reviewed in [16].  In Australia there are currently 72 breast cancer 

clinical trials registered with the National Institute of Health (NIH) Clinical Trials 

[20]. Of particular interest for this thesis is combinational treatments using anti-

estrogen combinational therapy with Palbociclib, an inhibitor of the ckd/4 and 

cdk6 complex [21-25]. Currently, Palbociclib + endocrine therapy is showing 

some success in the ongoing clinical trials at the Royal North Shore Hospital in 

Sydney and is one of 88 clinical trial centres worldwide trialling this combinational 

therapy [26].  

The cdk4/6 cyclin D complex is a direct downstream target in the p14 alternative 

reading frame (ARF)/p53 signalling pathway and the activity of cdk4/6/cyclin D1 

is inhibited upon activation of p14ARF/p53 [27]. However, in hormone-dependent 

breast cancer cells, the downside of p53 activation is that cells can enter a 

senescent-like state (dormancy) with latent recurrence [27]. The main emphasis 

in this thesis is to explore the p14/ARF/p53 pathway in more detail to try to explain 

how this pathway is involved in resistance and recurrence in breast cancer.  

In the following sections I will discuss the classical and emerging roles of p53 and 

more specifically the role of p53 in hormone-dependent breast cancer. Further, I 
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will discuss the role of a second tumour suppressor, p14ARF which is a major 

upstream regulator of p53. A full review of the dual role of p53 in breast cancer 

development has been recently published (June 2018) [28] in a special issue in 

Cancers.  

1.2 P53 tumour suppressor gene 
 

The p53 transcription factor is a tumour suppressor protein encoded by the TP53 

gene located on chromosome 17p13 [29]. This gene is one of the most 

extensively studied proteins in the prevention of cancer development, deletion of 

this gene makes the cell more vulnerable to becoming cancerous [30-35]. Due to 

its well-characterised tumour suppressor functions p53 is often described as ‘the 

guardian of the genome’ [36]; stopping the cell cycle to repair DNA damage and 

deciding whether the cell lives or dies. However, the functions of p53 are very 

diverse, beyond the guardian of the genome. A summary of p53 well-

characterised and emerging p53-functions, beyond the guardian of the genome 

are illustrated in Fig. 1.3. Unless otherwise stated, p53 wildtype is referred to as 

p53 in this thesis. 
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Figure 1.3. p53 canonical and non-canonical tumour suppressor roles of 

p53. P53 is activated by a range of cellular stress signals. These activators of p53 

include: nutrient stress, hypoxic conditions, activation of oncogenes, DNA damage and 

oxidative stress from reactive oxygen species (ROS) and, as a result, increase the 

activity of p53. Classical, or canonical responses of p53 include, transcriptionally and 

translationally, cell cycle arrest, repair damage to DNA, place the cell in state of 

senescence or induce apoptosis. Non-canonical, controlled programmed cell death roles 

include autophagy pathways necrosis, necroptosis, and ferroptosis.  Normal 

physiological processes such as hormone activation, can also lead to p53-induced cell 

cycle arrest and p53 acts as a switch in metabolic process involved in differentiation, 

redirecting specialised cell function [28]. 
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1.2.1 p53 – More than the Guardian of the genome 

The classical and most well-documented functions of p53 include induction of cell 

cycle arrest, apoptosis, cellular senescence, DNA repair and autophagy through 

the transcriptional and translational activation of genes in the p53 pathway [37] 

(Fig. 1.3). The p53 pathway can be activated by DNA damage, or through the 

loss of the upstream regulators such as the tumour suppressor protein p14ARF, 

or cytotoxic anti-tumour agents [38, 39]. When induced by cellular stress signals 

such as DNA damage, oxidative and nutrient stress, activation of oncogenes and 

hypoxic conditions, p53 maintains cell viability and regulates the cell cycle by 

functioning as a tumour suppressor gene stabilising within the nucleus and 

regulating genes involved in apoptosis, DNA repair, cell cycle arrest and 

senescence [34, 35, 40, 41]. These functions are mainly mediated in the nucleus 

through p53 binding to the promoter region of p21Waf1 (alternatively known as 

p21Cip1), a cyclin dependent kinase inhibitor that inhibits all cyclin/CDK 

complexes, upregulating the expression of p21. The p21 protein is important in 

dephosphorylation of the retinoblastoma (Rb) protein (also a tumour suppressor 

protein) leading to cell cycle arrest. A number of genes that function in the DNA 

damage repair pathway and/or inhibitors of angiogenesis and metastasis are 

activated and damaged DNA is repaired [38, 42-45]. Nuclear p53 transcriptionally 

regulates pro-apoptotic proteins Noxa and PUMA (p53-upregulated modulator of 

apoptosis) inducing apoptosis [46, 47]. Oda et al. (2000) have shown that 

blocking Noxa resulted in suppression of apoptosis, indicating that Noxa is a 

mediator of p53 dependent apoptosis [46]. p53 has also been shown to 

translocate to the mitochondria and activate Bax, a mitochondrial apoptotic 

regulator, thus contributing to apoptosis [48]. Alternatively, p53 can induce 
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cellular senescence, a state of irreversible cell cycle arrest [49-52], or mediate 

quiescence, a prolonged cell cycle arrest [53-55]. Senescence and quiescence 

lead to a state of dormancy, which unfortunately is not well understood and in the 

context of breast cancer may partly explain recurrence [56] .  

p53-mediated Autophagy  - The definition of autophagy from ancient Greek is 

‘self-devouring’,  a process of cell degradation of proteins and cell organelles and 

their conversion to building blocks that fuel metabolic processes [57]. Autophagy 

is associated with both pro-survival, providing energy for cells by recycling of 

proteins and organelles, and cell death [58-60]. Under normal physiological 

conditions, cytosolic p53 inhibits autophagy whereas under conditions of cellular 

stress (low nutrient content, growth factor, ATP and oxygen depletion; high ER 

stress, and DNA damage) p53 translocates to the nucleus where it 

transcriptionally activates pro-autophagy genes [61]. Cytoplasmic p53 has also 

promote mitochondrial-mediated cell death [62]. On the other hand, autophagy is 

associated with breast cancer survival and resistance to conventional therapies 

including anti-estrogens [58, 59]. 

p53-mediated Necrosis – Less well characterised p53-mediated programmed cell 

death functions include necrosis (programmed necrosis, and necroptosis); Once 

regarded as uncontrolled or ‘accidental’ cell death. This idea has been 

superseded whereby necrosis is now regarded as a process of irreversible 

programmed once regarded as uncontrolled or ‘accidental’ cell death. cell death 

where apoptosis has failed, and this process can also be triggered by p53 [63-

66]. The terms of necrosis have extended to include programmed necrosis, 

regulated necrosis and necroptosis [67, 68]. Necroptosis is a relatively new 

concept, which is a combination of, necrosis and apoptosis-mediated p53 cell 
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death and contributes to immune system regulation, contributing to managing 

cells during inflammation, tissue injury and other organismal stresses such 

pathogen infection [67-69]. 

P53-mediated Ferroptosis. Ferroptosis, a novel non-apoptotic form of cell death, 

characterised by lethal iron-dependent accumulation of lipid ROS, in a caspase-

independent manner. Morphologically, cells undergoing ferroptosis cell death are 

distinguished by small mitochondria with condensed membrane density. p53 

associated energy metabolism and ROS functions have been demonstrated as  

disconnected from the conventional cell cycle arrest and death mechanisms [70]. 

Specific p53 target genes have been identified as important in p53-directed 

ferroptosis including solute carrier family 7 member 11 (SLC7A11), a cysteine-

glutamate exchanger, glutamase 2 (GLS2), prostaglandin-endoperoxide 

synthase 2 (PTGS2), and spermidine/spermine N1-acetytransferase1 (SAT1) 

[71]. This unique form of cell death is implicated in multiple disease states 

including cancer [72, 73].  

P53-mediated Cellular senescence or quiescence or dormancy. P53 is a decision 

maker in cellular senescence, quiescence, or dormancy. Senescence is defined 

as a state of irreversible cell cycle arrest in which cells display an inability to 

proliferate or respond to growth factors [50, 52, 74, 75]. In vivo studies highlight 

the pivotal role that p53-induced senescence plays in tumour suppression [52, 

74]. Quiescence, a prolonged cell cycle arrest and attenuated cellular activity at 

the G0-G1 phase, is also mediated by p53 [54, 76]. Alternatively, dormancy is not 

unheard of in terms of breast cancer recurrence, with 20-50% of all breast 

cancers recurring from years to decades post treatment [77, 78]. A common 

attempt to explain dormancy arises from models of both senescence and 
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quiescence, both mediated by p53. However, understanding the paradox of how 

these potentially overlapping, and supposedly anti-tumorigenic functions facilitate 

dormancy, and lead to recurrence remains incomplete [79]. One potentially 

unidentified area to be investigated, involves the effects of p53 within cancer 

metabolism throughout and leading up to the point of recurrence.  

In summary, mitochondria are core powerhouses for metabolic reactions which 

drive cellular reprogramming through diverse pathways and mechanisms as 

outlined above. Classical roads in p53 tumour suppression lead to mitochondrial 

de-regulation or inactivity, whether it be for cell destruction or 

temporary/permanent inactivation, respectively. However, in cancer, p53-

regulated mitochondrial-cell death programs can be diverted and enhance cell 

survival.  

1.2.2 P53 – epigenomic (epigenetic) regulator 

One of the less characterised functions of p53 is as an epigenetic regulator. 

Epigenetic regulation (DNA methylation, chromatin remodelling, and histone 

modification) is an important process in development, and provides a lasting 

genetic imprint restricting gene expression patterns for many years after the 

modification effector has been removed [80]. The p53 gene is an effector of 

epigenetic modification and is itself a prime target for epigenetic alterations. p53 

protein regulates p53 transcriptional programs, in the repair of genetic alterations 

and also by preventing epigenetic abnormalities [81, 82]. Tovy and colleagues 

showed that p53 was important in balancing DNA methylation in embryonic stem 

cells, maintaining the DNA homeostasis, however loss of p53 responded poorly 

to differentiation signals [83]. These observations were important given the 
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growing evidence that one of the drivers of cancer is epigenetic aberration. It has 

been suggested that p53 participates in chromatin remodelling initiating 

epigenetic reprogramming of during pregnancy [84]. Specific chromatin 

alterations in the mammary glands of parous rodents have been associated with 

the persistent increase in p53 activity [84]. Parous breast cells contain high levels 

of heterochromatin compared to predominantly euchromatin found in the nucleus 

of breast cells in nulliparous postmenopausal women. The suggestion being that 

as the nulliparous breast cells did not reach full differentiation they were more 

susceptible to transformation and insult from carcinogenic agents. As a 

consequence, latent breast cancer cells retain the ability to re-acquire the 

potential to self-renew  [85]. Remodelling of the chromatin during pregnancy has 

been proposed as a decisive step in protection against breast cancer latency in 

post-menopausal years [85].  

1.2.3 P53 and cancer metabolism 

Aberrant cellular metabolism is now considered as one of the key hallmarks of 

cancer. Recently, p53 has been implicated as a master regulator, or mediator in 

the process of oxidative phosphorylation to glycolysis [86-90], and an interesting 

target for cancer treatment. The concept of cancer hijacking the cellular 

mechanism is not new, and was first introduced by Otto Warburg in 1930, 

whereby he predicted cancer cells hijack the glycolytic pathway even under the 

presence of oxygen [91-93]. This shift in cellular metabolism from oxidative 

respiration to a dominant glycolytic state, which preferentially metabolises 

glucose as a form of energy is anti-intuitive as it is less energy efficient (Fig. 1.4) 

[91-93]. Most cancer cells have a ‘sweet’ tooth and become addicted to glucose, 
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and in the absence of glucose, in treatments such as metformin, which reduces 

glucose production (used in diabetic treatment), do not survive [94]. 

  





18 
 

Previous publications from our laboratory support the link between p53 activation 

and mitochondrial architecture changes, and metabolic reprogramming within a 

common epithelial breast cancer cell line (MCF-7) [27, 95, 96]. These include 

increases in mitochondrial biomass, membrane potentiality, as well as metabolic 

and cellular morphological changes. This data suggests p53 activation may 

activate major metabolic re-programming events, possibly triggering metabolic 

and morphological phenotypic changes within the cells. However, further 

investigation must be carried out. The association between p53 and metabolism 

is discussed in more detail in Chapter 5. 

We are now realising is that the actions of p53 are more broad than protection of 

the genome and it has been described as the guardian of the proteome [97], 

guardian of homeostasis [98], guardian of maternal reproduction [99] and 

guardian of cellular respiration and metabolism [86, 89, 100-108], and a negative 

regulator of pluripotency and positive regulator of de-differentiation [109].  
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1.2.4 Overview of p53 in cancer 

P53 is mutated in more than 50 % of human cancers with different p53 mutations 

shown to have different effects on the ability of a cell to maintain genetic stability 

[110, 111]. Interestingly, given the importance of p53 mutations and deletions in 

most cancers, in the breast p53 mutations and deletions only account for 

approximately 20% of all breast cancer patients [112]. Over 70-80 per cent of 

breast cancers retain functional p53, especially in the post-menopausal patients 

[113, 114]. The 20-30% of patients with p53 mutations have a worse patient 

survival (2005) [115], where p53 mutations have been found, in the main, to have 

a negative effect on patient resistance to treatment [115, 116]. Inactivation of p53 

through loss of upstream regulatory factors plays a major role in p53 loss of 

function and underpins the development of many breast cancers [112]. 

Deregulation of p53 has also been associated with p53 isoform expression, which 

may suppress p53 function [117]. However, this thesis focuses on a key upstream 

regulator of p53 is the p14ARF tumour suppressor protein which is frequently 

deleted in breast cancers. Restoring and characterizing the p14ARF/p53 pathway 

in breast cancer is the key pathway described in this thesis.  

1.2.5 P53 and ERα 

Latent breast cancers in post-menopausal women are usually less aggressive 

and growing more slowly than early onset breast cancers (pre-menopause). Post-

menopausal breast cancers are predominantly ERα and p53 positive [118]. 

Overexpression of p53 by immunohistochemistry, used as a surrogate for 

mutation status, is strongly linked to both early and late recurrence of ERα-
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positive breast cancer in postmenopausal patients after treatment with aromatase 

inhibitors, which is commonly used as an adjuvant endocrine therapy [119]. 

There have been several articles that have provided mechanisms indicating a 

strong interaction between ERα and p53 associated with the prevention of cell 

death [112, 120]. Liu et al. (2006) reported that ERα suppressed p53 function via 

direct binding and this suppression was achieved by the activation of the ERα 

function-2 domain and the C-terminal regulatory domain of p53 [121]. ERα has 

been shown to bind to p53 and inhibit its transcriptional repression of anti-

apoptotic genes, thus contributing to the ERα anti-apoptotic function in ERα 

positive breast cancer cells [112]. ERα positive breast cancer with wild-type (WT) 

p53 is more responsive to anti-estrogens than ERα positive breast cancer with 

mutated p53 not only due to blocking estrogen from binding to ERα and inhibiting 

ERα transcription, but also due to the reactivation of p53 by disrupting the p53-

ERα complex [120]. In addition, it is suggested by Liu et al (2009) that radiation 

therapy can be combined with hormonal therapy as it has an inhibitory effect on 

ERα-p53 complex thus activating p53 [122].  

ERα is activated by estrogen [123], and high levels of estrogen in ER positive 

breast cancers has been shown to correlate with high levels of p53 [124]. Berger 

et al. (2012) showed estrogen enhanced p53 activation by ERα whereas, anti-

estrogens reduced p53 activation [125]. Our laboratory has demonstrated that 

combination of increased p53 via p14ARF activation and anti-estrogen treatment 

is more effective in reduction of recurrence in cell culture assays [27, 95]. In 2012, 

Myles Brown’s group at Harvard University, Cambridge MA, provided supportive 

evidence suggesting this avenue of combinational therapy, using antagonists that 

block ERα inhibition of p53 entirely along with drugs that activate p53 mediated 



21 
 

cell death [126]. The evidence strongly implies that the interaction between p53 

and ERα provides a protective mechanism against the cancer cells undergoing 

apoptosis and cell death and blocking this interaction may restore the p53 

apoptotic pathway.  

Breast cancer cells also express ER in most breast cancers [127]. Since the 

completion of the experimental work in this thesis, recent evidence has also 

shown that p53 binds to ER which has a contrasting regulatory action on cell 

survival and proliferation [127]. Competitive binding of ER antagonizes the 

transcription regulation of p53-ERα [127]. 

1.3 p14ARF – an upstream regulator of p53 
 

As mentioned earlier, p14ARF is an endogenous upstream regulator of p53.  

P14ARF is well recognized as an upstream activator of p53 under adverse 

environmental conditions, however its mouse homolog p19ARF it has also been 

shown to respond to hormonal signals in mammary glands [128]. In this thesis, 

reactivation of p14ARF under favourable physiological conditions is used to 

explore p53 function in breast cancer cells.   

Hormonal Activation of P19ARF–p53 in Mammary Development and cancer 

In support of the role of p53 function in normal mammary development, deletion 

of the upstream p53 regulator p19 alternative reading frame (p19ARF), the 

homolog of the human p14ARF protein, led to immortalization of mammary 

epithelial cells [128]. p19ARF was shown to be regulated during pregnancy by 

progesterone, and activation of the p19ARF–p53 pathway was necessary for 
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normal proliferation and cell death during mammary gland development in 

pregnancy. Activation of the p19ARF/p14ARF–p53 pathway has been shown to 

block cells in both the G1 and G2 phases of the cell cycle, initiating a rapid cell 

cycle arrest in breast cancer cells [27, 95, 129]. The cell cycle is dynamic and, 

depending on the phase of cell cycle arrest (G1, G2, or S phase), different genes 

We proteins are be switch on or off, hence activating distinct molecular signalling 

pathways[130]. In speculate that discordance in p53 regulation of the cell cycle 

pathways could, in part, have negative repercussions in p53-associated 

differentiation and de-differentiation of breast cells during development. Using 

reactivation of p14ARF in breast cancer therapy may therefore have longer term 

consequences for breast cancer recurrence. This thesis furthers our 

understanding of reactivation of p14ARF-p53 in breast cancer biology and the 

potential problems raised in using p14ARF based therapies for breast cancer. 

1.3.1 p14ARF – structure and function 

The p14ARF gene is transcribed from the INK4a/ARF locus, located on 

chromosome 9p21-22, which encodes two overlapping but distinct tumour 

suppressor proteins: p14ARF and p16INK4A [131, 132] (Fig. 1.5). Despite their 

different structures, both p16INK4a and p14ARF act as negative regulators of the 

cell cycle through the retinoblastoma (Rb) and p53-p21 pathways (Fig. 1.6) [131]. 

Shan et al. (2013) found that the diverse roles of p16 INK4A and p53 are 

dependent on the subtype of breast cancer. p53 is important in the triple negative 

(negative for ERs and PRs [133]) subtypes of breast cancer, whereas p16 INK4A 

is more important in the luminal (expressing ERs [133]) breast cancer subtypes 

[134].  
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Figure 1.5. The INK4A/ARF locus and transcription of p14ARF. The 

INK4A/ARF locus, located on chromosome 9p21-22, encodes two overlapping 

but distinct tumour suppressor proteins: p14ARF and p16INK4A. p14ARF is an 

alternatively spliced gene which encompasses exon 1β, exon 2 and exon 3. It 

transcribes a completely different gene to p16INK4A. Although both are 

suppressor genes, they act differently in the cell and have different functions. 
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The p14ARF protein activates p53 by blocking HDM2 (homologue of mouse 

MDM2), a ubiquitin ligase that binds and degrades p53. The p14ARF protein 

blocks the interaction of HDM2 and p53 by directly binding to HDM2 and/or 

sequestering it to the nucleolus [131, 135], thus preventing degradation of p53 

(Fig. 1.7) [136]. p53 then binds to the promoter region of p21 and upregulates 

p21 at the transcriptional level and, in turn, dephosphorylates the retinoblastoma 

(Rb) protein leading to cell cycle arrest, senescence or apoptosis [137].   

In addition, the ubiquitous nature of aberrant splicing in the ARF/MDM2/P53 

pathway has significant impact on the functions of p53 (reviewed in [138] however 

due to the constraints of this thesis we only refer to the conventional p14ARF/p53 

pathway. 
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1.3.2 p14ARF in breast cancer 

Activation of the tumour suppressor gene p14ARF is one of the major 

mechanisms driving p53 to initiate cell cycle arrest as a protective response 

against uncontrolled cell proliferation (i.e. protective against cancer development) 

[139]. Although there have been a number of reports describing p14ARF 

functions that are independent of p53 [140-142], this thesis focuses on the 

p14ARF-p53 pathway due to its implication in p53-dependent endocrine 

resistance.  

p14ARF is induced by chemotherapy or radiation treatments in cancer and it is 

mutated, deleted or hypermethylated in most breast cancers [143]. Due to the 

intrinsic role of p14ARF as a tumour suppressor, mimics such as nutlin-3a are 

currently in clinical trial for cancer treatment [95, 144-147]. Nutlin-3a activates 

p53 and suppresses p21-induced senescence [148].  Nutlin-3a was efficient in 

reactivating the p14ARF-p53 pathway in both in vivo and in vitro models including 

ovarian and breast cancers [144, 145]. McGowan et al. (2012) proposed a role 

for p14ARF-p53 in ER positive breast cancers resistance to treatment [27]. This 

theory was supported by a more recent report by Bailey et al. (2012) who 

indicated that the expression of both p53 and ER are associated with poor breast 

cancer patient outcome resulting from the development of apoptosis resistance 

[126]. Therefore, it is questionable whether reactivating the p14ARF-p53 pathway 

alone is a good therapy for ER positive breast cancer. 
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1.4 Importance of understanding p53 in breast cancer 
development, progression, recurrence and 
resistance 

 

Approximately 80% of all breast cancer are late onset, ERα and PR positive and 

p53 positive cancers arising from the luminal epithelial cells of postmenopausal 

women [1, 118]. Currently, these breast cancers are effectively treated with 

radiation, chemotherapy and anti-estrogen therapy [1]. Regrettably, many ERα 

positive breast cancers become resistant to treatment and recur. Mortality is 

usually associated with resistance to treatment and recurrence after treatment 

[14, 149]. WT p53 is associated with both cell death and cancer cell survival (as 

discussed in this introduction). In ERα+ breast cancers p53 is associated with cell 

survival.  Thus, investigating the mechanisms underlying the contribution of p53 

to breast cancer cell survival in ERα positive breast cancer will help in developing 

novel avenues for breast cancer treatment.  

 

1.5 Aims of the project 
 

The overall aim of this project is to define the role of p53 in estrogen responsive 

breast cancer cells. This will be completed through the following specific 

experimental aims. 

Aim 1:  To determine the global proteomic changes associated with p14ARF-p53 

activation in breast cancer using a well characterised MCF-7 breast cancer 

luminal epithelial cell model. 
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Aim 2: To characterise and validate novel p53 regulated proteins and 

associated signalling pathways, detected by the proteomic analysis. 

Aim 3: To examine the morphological and protein expression changes occurring 

in the mitochondria post p53 activation.  

This thesis is composed of three main results sections namely chapters 3, 4 

and 5.  

Chapter 3 addresses Aim 1 and describes the global proteomics changes in 

breast cancer cells that occur upon activation of the p14ARF-p53 pathway. Using 

stable isotopic amino acid labelling (SILAC) in cell culture we identified global 

proteome changes post p14ARF-p53 activation in an ERα positive MCF-7 breast 

cancer luminal epithelial cell line. Listings of the proteome changes have been 

deposited in the PRoteomics IDEntifications (PRIDE) archive with identification 

numbers PXD009334.  (Hatoum D, Ahadi A, Pateetin P, Padulla M, Whitchurch 

C, Yagoub D, McGowan EM (2018) Snapshots of the p14ARF-p53 proteome 

switch in breast cancer. submitted to Nature Scientific Data, under revision). 

Chapter 4 addresses Aim 2. Using the proteomics data from Chapter 3, a sub-

set of proteins belonging to the annexin family and associated S100 family were 

found to be differentially regulated post p14ARF-p53 activation. This section 

describes: 1) verification of differential regulation of the annexin proteins 

identified using conventional western blot analysis and RT-qPCR. 2) Use of the 

Kaplan-Meier plot database (kmplot.com) has revealed how the differential 

regulation of the annexin proteins may be used to influence breast cancer 

treatment. (This work has been published: Hatoum D, et al (2017) 

Annexin/S100A Protein Family Regulation through p14ARF-p53 Activation: A 



31 
 

Role in Cell Survival and Predicting Treatment Outcomes in Breast Cancer. 

PLOS ONE 12(1): e0169925. DOI: 10.1371/journal.pone.0169925).  

Chapter 5 addresses Aim 3.  A major finding from the global proteomic profiling 

described in chapter 3 was that activation of the p14ARF-p53 pathway resulted 

in unique changes in cellular metabolism. This chapter describes novel insights 

into the role of p53 changes that occur in breast cancer metabolism, focusing on 

mitochondrial protein changes which may be specific to breast cancer cells and 

breast function.  

 

1.6 Significance of the project 
 

This thesis provides a unique insight into the key proteins involved in the 

changing cell metabolism in breast cancer cells upon p53 activation and refines 

a role for p53 as a master regulator of cellular processes. This thesis identifies 

unique changes in the proteome of ER positive breast cancer cells post p14ARF-

p53 activation, identifying specific proteins and signalling pathways that are 

synchronised to rapidly hit the brakes on proliferation and coordinate metabolic 

cellular switching in breast cancer. These p53 proteome snapshots will provide 

valuable information on the duplicity of p53 potential latency and resistance to 

treatment in breast cancer. 
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Chapter Two 

 
MATERIALS AND METHODS 
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This materials and methods section describe general materials and methods 

used throughout the thesis. Specific methods relevant to individual Chapters will 

be described within the methods section of each Chapter. 

2.1 MATERIALS 
 

General tissue culture reagents and molecular reagents were supplied by 

Thermo Fisher Scientific (Australia), Life Technologies, Sigma-Aldrich (Australia), 

Sigma Chemical Co. (USA), GE Healthcare Life Sciences (Australia), VWR 

International (Australia), BD Biosciences (Australia), Sapphire Bioscience and 

Abcam. An extensive reagent supplier summary is provided in table 2.1. 
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Table 2.1: Buffers, solutions and commercial reagents. 

Reagents Abbreviation Catalogue 

number 

Stock 

concentration 

Foetal bovine Serum (FBS, 

HI) 

FBS Thermo: 

161140071 

 

Dulbecco’s Modified Eagle 

Medium supplemented with 

4.5g/L  D-Glucose,  L-

Glutamine, 25mM HEPES  

DMEM Thermo: 

12430062 

 

Penicillin / Streptavidin P/S Thermo: 

15140122 

10X 

TryPLE™ (trypsin) Trypsin Thermo: 

A1217701 

 

DMEM media for SILAC SILAC 

medium 

Thermo: 89985 1X 

SILAC amino acids  Silantes, 

Germany 

 

Isopropyl-β-D-

thiogalactopyranoside  

IPTG Sigma: I6758 1M in sterile PBS  

Bovine serum albumin BSA Sigma: A9418  

Geneticin (G418-sulfate) G418 Thermo: 

11811031 

 

Hygromycin B HB Sigma: H3274  

Insulin, human recombinant, 

zinc solution 

Insulin Thermo: 

12585014 

 

Commercial kits    

MycoAlert™  Mycoplasma 

Detection kit 

MycoAlert LT07 (Lonza)  
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- Cytochrome C Rabbit Polyclonal IgG (Thermo Fisher) (Cat # PIEP A5-

28856) 

- Ferredoxin Reductase Rabbit Polyclonal IgG (Thermo Fisher) (Cat # PIEP 

A5-28018) 

- Gelsolin Rabbit Polyclonal IgG (cat # (Thermo Fisher) (Cat # PIEP A5-

27350)  

- MDC1 Rabbit Polyclonal IgG (Thermo Fisher) (Cat # PIEP A5-27757) 

- MCM4 Rabbit Polyclonal IgG (Thermo Fisher) (Cat # PIEP A5-29039)                                                                                             

- mtTFA Rabbit Polyclonal IgG (Thermo Fisher) (Cat # PIEP A5-27865) 

- PAPSS2 Rabbit Polyclonal IgG (Thermo Fisher) (Cat # PIEP A5-29104) 

- p21 (c-19, Santa Cruz) 

- p53 (DO-7, Dako, CA, USA) 

- RNA polymerase II CTD repeat YSPTSPS (phospho S5) (Sapphire 

Bioscience) (cat # ab5131)  

- RNA polymerase II CTD repeat YSPTSPS (phoshpo S2) (Sapphire 

Bioscience) (cat # ab5095)  

- RNA polymerase II CTD repeat YSPTSPS (cat # ab5408) (Sapphire 

Bioscience) 

- RNA polymerase II CTD, unphosphorylated CTD (VWR International) (Cat 

# CHTK1C7TS) 

- α-Tubulin (Invitrogen) 
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Secondary Antibodies  

- α mouse HRP secondary antibody (BD Biosciences) 

- α Rabbit HRP secondary antibody (BD Biosciences) 

- β-actin conjugated antibody (BD Biosciences) 

- GFP booster (Chromotek) 

- Alexa fluro 488 (Invitrogen) 

- Alexa fluro 568 (Invitrogen) 

- Hoechst 33342 (Invitrogen) 
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2.2.5.1 Western blotting 

Denaturing electrophoresis was performed using 10 µg of total protein to which 

was added 2.5 µL of 25% (v/v) NuPAGE® LDS Sample Buffer (4x), 1 µL of 10% 

(v/v) NuPAGE® Reducing Agent (10x) and dH2O to a final volume of 10 µL. The 

samples were then incubated at 85 0C for 3 min and centrifugated for 2 min. 

Proteins were separated on NuPAGE® Novex® Bis-Tris gels with MES SDS 

Running Buffer and SeeBlue® Plus2 Pre-Stained Standard as a reference protein 

ladder. Proteins were electrophoresed for 45 min at 170 V. Separated proteins 

were then transferred onto PVDF membranes for 1 h in Western blot transfer 

buffer using the Invitrogen Western blot transfer system. Protein transfer was 

verified by staining the membrane with Ponceau S. PVDF membranes were 

soaked in blocking solution for 2 h (with gentle agitation) at room temperature 

and washed twice. PVDF membranes were incubated in the appropriate primary 

antibody for 2 h on a MACSmixTM tube rotator at room temperature then washed. 

The membranes were incubated with secondary α mouse HRP for 1 h at room 

temperature then washed every 10 min for 1 h. The membranes were visualised 

using Amersham ECL reagents (1:1 ratio) and protein abundance quantified by 

image analysis using the Kodak image station 4000 MM. To prepare the loading 

control, PVDF membranes were stripped by placing in boiled stripping buffer for 

7 min, repeating three times with fresh stripping buffer each time, then washed 

three times by incubating for 10 min each time followed by blocking with 0.2% 

(v/v) FCS in PBST for 2 h.  Membranes were probed with mouse β-actin 

secondary conjugated antibody for 1 h then visualised as described above.  PBST 

was used in all washing steps. 
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The quality of RNA was assessed, and total RNA concentration was measured 

at 260 nm using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, DE, 

USA).  

2.2.6.2 cDNA Synthesis  

RNA (400ng) was reverse transcribed using the High Capacity cDNA Reverse 

Transcription kit according to the manufacturer’s instructions. The following 

reagents were used to prepare Reverse Transcriptase (RT) master mix per 

reaction: 2.0 µL of 10 x RT Buffer, 0.8 µL of 100 mM dNTP, 1.0 µL of RNase 

Inhibitor, 2.0 µL of 10 x RT Random Primers, 0.5 µL of MultiScribe™ RT and 9.7 

µL RNase/DNase free water. 4 µL of pure RNA (400ng) was added to 16 µL of 

RT master mix and centrifuged briefly. Reverse transcription was carried out at 

37 0C for 120 min. As soon as reverse transcription was completed, cDNA was 

diluted (1:4) in RNase/DNase free water and stored at -20 0C until used. 

2.2.6.3 Reference Gene Selection for Quantitative Reverse Transcription 

Polymerase Chain Reaction (RT-qPCR) Validation 

In order to normalise target gene expression data, a reference gene, stably 

expressed across both cell lines under all experimental conditions, was sought. 

Three reference genes were tested: β-actin (ACTB), β2-microglobulin (β2M) and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). A fourth control gene, 

HSPA4L, was also assessed as it was found to have a 1:1 ratio in SILAC analysis 

across all experimental conditions. RT-qPCR was performed on ANXA1, ANXA2, 

ANXA5, ANXA6, CTDSPL2, ARG2, DNAJC15, PAPSS2, ALDH4A1, DNMT1, 

MKI67 and MDC1.    
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restriction enzyme (RE) digests of 1 µg of mito-GFP plasmid DNA were 

performed using the two enzymes BAMH1 and NOT1-HF (20,000 U/mL of each 

enzyme, NEB 4 buffer and 20mg/mL of BSA) and incubated for 1 h at 37 0C.  DNA 

RE digests (10 µL per sample) were analysed using gel electrophoresis (1% 

agarose with 5 µL of loading dye) at 100 V for 45 minutes and the size of the 

insert was determined using 10 kbp and 100 bp standard markers (Biorad). 

2.2.7.2 Transient transfection of mito-GFP 

MCF-7p14ARF cells were transfected with mito-GFP (0.507 µg/µL) using 

Lipofectamine 2000 DNA Transfection reagent protocol (Life Technologies). The 

protocol was performed in a 10 cm2 plate. Mito-GFP DNA solution containing 

Optimum and Lipofectamine 2000 was added to the plate containing p/s free 

medium and incubated for 4-6 hours at 37 0C. Cells were then washed in warm 

PBS and incubated overnight in medium containing p/s at 37 0C.  

2.2.7.3 Fixing and immunofluorescence staining  

Transfected MCF-7p14ARF cells were seeded at 1x105 cells on glass coverslips 

in 6-well plates for 24 h, in a 37 0C, 5% CO2 incubator. Following seeding, 5 mM 

IPTG was added to induce p14ARF and PBS (vehicle) added to control wells for 

24 h and 72 h. Cells were fixed by washing three times in warm PBS, 1 mL of 

freshly thawed 4% paraformaldehyde (PFA) was gently added and incubated at 

37 0C for 30 min at RT. Following incubation, cells were washed with warm PBS 

then permeabilised with 0.2% Triton for 10 min at RT. Cells were washed with 

PBS and blocked with 2% (v/v) BSA in 0.1% (v/v) Triton for 1 hour at RT. Cells 

were washed with PBS and incubated with tubulin primary antibody (1:50) in 1% 

BSA plus Tween 20 overnight at 4 0C.  Cells were washed three times in PBS 
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leaving the first wash for 1 h. Secondary antibodies (1:500) conjugated to Alexa 

fluor 568, Alexa fluor 488, plus GFP booster (1:500) and Hoechst 33342 

(trihydrochloride trihydrate 10mg/mL solution in water) (1:1000) containing 1% 

BSA plus Tween 20 (0.25 v/v) were incubated at RT for 1 h. Coverslips containing 

the cells were washed three times with PBS and mounted by adding n-propyl-

gallate (npg). Slides were placed onto coverslips cells side down then sealed with 

nail polish. Slides were then viewed on Nikon confocal microscope. Objective 

specifications were: 60x, oil planApo, 1.40 N/A Perfect Focus System and 

Differential Interference Contrast (DIC). DAPI (EX 340-380nm), GFP-HQ (EX 

420-440nm) and Texas Red (EX 542-580nm) fluorescent filter cubes were used. 

2.2.7.4 High Resolution OMX Microscopy 

3D Structured Illumination imaging was performed on the prepared sample 

using a DeltaVision OMX SR imaging system (GE Healthcare, Issaquah, WA, 

USA). Solid-state lasers provided wide-field illumination and images were 

captured using a × 60 1.4 numerical aperture UPlanSApo objective (Olympus, 

Toyko, Japan), standard filter sets and three scientific CMOS 512 × 512 pixel 

15-bit cameras (pco.edge, PCO AG, Kelheim, Germany). Interference patterns 

were generated by interfering light beams [157] and samples were sectioned 

using a 125 nm Z-step size. Raw 3-phase images were then reconstructed to 

extract finer detail using the Gustafsson algorithms [158, 159]. Images were 

captured and processed using AcquireSR and SoftWorX software (GE 

Healthcare). Light sources used were 405 and 488 nm lasers and emission 

Filters used were DAPI (405 EX / 419-465 EM) and EGFP (488 EX / 500-550 

EM). 
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Chapter three 
  

Snapshots of the 
p14ARF-p53 proteome 
switch in breast cancer 
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The dataset from this Chapter is presented as a manuscript submitted to Nature 

Scientific data and is currently under review. 

 

Abstract  

The tumour suppressor TP53 (p53 protein) is one of the most studied and 

attractive targets for cancer therapeutics, however in breast cancer there is still a 

conundrum regarding its role in 'prevention of, protection from and latent 

progression' of cancers. This report records and details snapshots of proteomic 

changes occurring in breast cancer cells post p53 stabilisation and activation by 

the induction of CDKN2A (p14ARF), a tumour suppressor that inhibits the 

ubiquitination and degradation of p53 to orchestrate consequent cellular changes 

and outcomes. Using stable isotope labelling by amino acids in cell culture 

(SILAC), the cellular proteome, before the induction of p14ARF expression, was 

directly compared at 24 h and 72 h post induction p14ARF expression. The 

unique dataset generated can be used to identify specific p53-dependent proteins 

and signalling pathways that are synchronised to rapidly hit the brakes on 

proliferation and coordinate metabolic cellular switching in breast cancer. Data 

are available through ProteomeXchange with identifier PXD009334. These p53-

dependent proteome snapshots will provide valuable information on the 

duplicitous role of p53 in potential latency and resistance to treatment in breast 

cancer.  
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3.1 Background & Summary  
 

The p53 (TP53) transcription factor is one of the most extensively studied 

proteins, well characterised for its canonical role as a tumour suppressor in the 

prevention of cancer development [30-34, 40, 86, 160, 161]. As a transcriptional 

regulator, p53 is stabilized within the nucleus upon DNA damage or oncogenic 

signalling regulating genes involved in cell cycle progression, either temporarily 

to facilitate repair of the DNA, or more permanently to induce apoptosis or 

senescence to prevent aberrant cell proliferation [33] (Fig. 3.1). Although TP53 

mutations are common in most cancers, in breast cancer only 28.3% are 

associated with TP53 mutations or deletions leaving the remaining 71.7% with 

WT p53 [162], which makes reactivation of p53 in breast cancer an attractive 

target for breast cancer treatment [163]. This is particularly relevant for hormone 

responsive breast cancers where a large majority of tumours harbour p53 [113, 

114]. In addition, p53 has been identified as a potential hormone-inducible 

protein, in part, responsible for the hormone-refractory phenotype [164], and 

activation of p53 blocks apoptosis in estrogen receptor positive cells [27, 126]. A 

targeted protein for p53 reactivation is the p14 alternative reading frame (ARF): 

p14ARF (transcribed from CDKN2A) blocks the ubiquitination of p53 by 

deactivating the ubiquitin-protein ligase human double minute2 (hdm2) [165], 

preventing p53 degradation and thus stabilizing p53 expression, in turn, p53 

activates p21 (CDKN1A) and consequently blocks cell cycle progression[166-

168]. Under the pressure of an unfavourable environment, p14ARF is activated 

to stabilize p53 (Fig. 3.1). Most studies designed to activate the p14ARF pathway 

are stress-induced, using chemotherapy or ultraviolet (UV) radiation, which are 



54 
 

core cancer therapies. Activation of p53 under favourable physiological 

conditions is less well explored. This report describes the switching of p53 “back 

on” in MCF-7 cells by inducible expression of the p14ARF gene, thus reactivating 

p53-p21 in a mitogen rich, stress free environment.  

The MCF-7 cell line is a hormone responsive human breast cancer cell line [150, 

169] that has retained many of the properties expressed by luminal breast 

epithelium in vivo, making it a good model to study breast cancer cells in vitro 

[170]. This cell line is one of the most well-characterised cell models for basic 

breast cancer research studies [171]. MCF-7 cells retain p53, however they lack 

the upstream p14ARF regulator such that p53 is continuously being degraded. 

Thus, an inducible p14ARF MCF-7 cell model, to explore p14ARF-p53 activation, 

was developed for this study [27, 95, 96]. In this model system p14ARF-p53 is 

activated by the addition of 5mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

into the culture medium. Prior to any experimentation, we determined whether 

IPTG had any overt effects on the MCF-7 parental cells and found no obvious 

morphological changes or changes in any of the well characterised p53-

downstream proteins, providing confidence in the developed p14ARF-p53 model 

system [95]. This study employed a global proteomic approach, using SILAC and 

mass spectrometry coupled with liquid chromatography (LC-MS/MS), to explore 

the proteomic and functional changes occurring post p14ARF-p53 activation.  

To generate a high confidence list of comparative protein changes, a triple 

isotopic labelling strategy we designed and is represented in Fig. 3.2. After 

identifications at the 1% false discovery rate (FDR) threshold of the data 

generated by MaxQuant software, the proteins were further filtered to include only 

proteins present in biological replicates (PRIDE ID PXD009334). A heat map was 
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generated to compare the 24 h and 72 h proteomic changes pre- and post-

p14ARF activation (Fig. 3.3A). Significant changes (p-value <0.05) are 

represented as volcano plots in Fig. 3.3B (24 h) and Fig. 3.3C (72 h). Western 

blotting detection of p53-p21 expression was performed in each experiment to 

confirm activation of the p14ARF-p53-p21 signalling pathway (inset). The 

integrity of this dataset has recently been verified by demonstrating differential 

regulation of the annexins by p14ARF-p53 by mapping peptide sequences from 

the SILAC dataset to unique N-terminal regions of individual annexin proteins [96] 

(Chapter 4 of this thesis). Additional validation is presented in Fig. 3.4 where we 

document p14ARF-p53 activation dependent downstream changes, at the 

transcriptional and translational level, of representatives of the most prominent 

up- and down- regulated proteins in the SILAC dataset. Using the interactive 

REACTOME pathway database, we highlight how this dataset can be used to 

analyse specific p53-signal transduction pathway changes that occur in DNA 

processes, metabolic pathways, and cell morphology, as represented in Fig. 3.6A 

and Fig. 3.6B. Revisiting p14ARF-p53 signalling in these defined conditions can 

be used to identify specific proteins and coordinated signalling pathways adding 

valuable information on p53-dependent metabolic reprogramming events in 

breast cancer cells. This data, which is publicly available in the PRoteomics 

IDEntifications (PRIDE) archive, proteomics data repository [172], will also 

complement and add to the existing knowledge of p14ARF-p53 in the duplicity of 

roles of p53 in acquired resistance to treatment in breast cancer. We have 

updated the p14ARF-p53 SILAC experiment in PRIDE (identifier: PXD009334).  

The reviewers can access this data through PRIDE using the following Reviewer 

account details: 
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Experiment 1 - Username: reviewer53474@ebi.ac.uk Password: LtuZKaUx. 

PRIDE identifier: PXD009334.  

mailto:reviewer53474@ebi.ac.uk
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Table 3.1. Specification table 

Subject area Biology 

More specific subject 

area 

Proteomics – p53 regulation in breast cancer 

Type of data Mass spectrometry 

How  data  was 

acquired 

MS data was acquired on an Orbitrap Velos ETD (Thermo Electron) 

mass spectrometer. 

Data format Mascot and Peaks Studio 

Experimental factors MCF-7 cells were stably transfected with inducible p14ARF using 

the LacSwitchTM lac repressor system. SILAC was used to quantify 

protein regulation pre- and post p14ARF-p53-p21 activation. Cells 

were cultured in light (unlabelled lysine and arginine), medium (2H4-

lysine and 13C6-L-arginine) and heavy (13C6 15N2-L-lysine and 13C6 

15N4-L-arginine). Light was treated with phosphate buffered saline 

(PBS) while medium and heavy were treated with 5 mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) for 24 h and 72 h respectively 

to induce p14ARF. 

Experimental features After treatment cells were lysed and the lysates were fractionated 

using nuclear/cytosol fractionation kits (BioVision) then separated 

by electrophoresis and in-gel tryptic digestion was carried out. 

Peptides were separated by nano-LC using Ultimate 3000 HPLC 

and autosampler system (Dionex) and analysed by high-resolution 

mass spectrometry. 
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3.2 Methods  
 

The specifications for the experimental protocol are outlined in Table 3.1. 

3.2.1 Cell Culture 

MCF-7 breast cancer epithelial cells (ATCC:HTB-22) were stably transfected with 

p14ARF (CDKN2A) [171] using the LacSwitch™ II inducible expression system. 

The LacSwitch™ II methodology has been described in detail in McGowan et al, 

1999 [95]. In brief, two plasmids were transfected into MCF-7 cells: the p3’SS lac 

repressor producing plasmid and the POPRSVI/MCS (lac-operator vector) 

containing the p14ARF insert. To maintain p14ARF inducibility selectively, cell 

culture medium was supplemented with geneticin (200 µg/ml) and hygromycin B 

((200 µg/ml). p14ARF expression was induced with 5 mM Isopropyl β-D-

1thiogalactopyranoside (IPTG) (Promega) dissolved in phosphate buffered saline 

(PBS) from a 1 M stock solution. MCF-7p14ARF cells were routinely cultured in 

Dulbecco’s Modified Eagle Medium (DMEM, high glucose) with 10% (v/v) foetal 

bovine serum (FBS). All cell lines were mycoplasma free, as demonstrated 

through routine testing for mycoplasma using the Lonza MycoAlert mycoplasma 

assay.  

3.2.2 SILAC labelling of breast cancer cells  

Lysine- and arginine-free DMEM medium (SILAC-DMEM), dialyzed foetal calf 

serum (dFCS), and isotopic labelled and unlabelled amino acids were purchased 

from Silantes GmbH (Germany). The triple-labelling of MCF-7p14ARF cells was 

performed by splitting and culturing MCF-7p14ARF cells into three different 

formulations of labelled SILAC-DMEM+10% dFCS supplemented with either: (1) 

normal or ‘light’ (L), unlabelled lysine (146mg/L) and arginine (84mg/L); (2) 
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‘medium’ (M) lysine-4 ( lysine-4 (2H4-lysine) (150 mg/L) and arginine-6 (13C6-L-

arginine) (86 mg/L); or (3) ‘heavy’ (H) lysine-8 (13C6 15N6L-lysine) (152 mg/L) and 

arginine-10 (13C6 15N4-L-arginine) (88 mg/L) (Fig. 3.2). Cells were passaged by 

rinsing with sterile PBS and incubation for 5 min at 37 0C with pre-warmed cell 

dissociation buffer (Invitrogen). Cell dissociation buffer was neutralized with 10 

ml of SILAC wash (SILAC-DMEM containing 5% (v/v) dialyzed FBS with no amino 

acid supplements) and centrifugation for 5 min at 1000 rpm. Cell pellets were 

resuspended in ‘light’, ‘medium’ and ‘heavy’ medium respectively. To achieve 

complete isotopic amino acid incorporation, MCF-7p14ARF cells were cultured in 

labelling medium for a minimum of 6 doubling times. SILAC quantification 

depends on near completion of incorporation of isotopically labelled amino acid; 

therefore, stable amino acid incorporation was verified by LC-MS/MS and 

demonstrated approximately 96% incorporation. 
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Figure 3.2. Schematic illustration of the SILAC LC-MS/MS triple labelling 

protocol. MCF-7 cells were stably transfected with inducible p14ARF using the 

Lac Switch™ system. Equal numbers of cells were cultured in Light ‘L’, Medium 

‘M’, and Heavy ‘H’ SILAC medium for a minimum of 6 doubling times. Labelled 
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stable isotope amino acid incorporation was measure by LC/MS/MS. SILAC 

cultured cells in ‘M’ and ‘H’ medium were treated with 5 mM IPTG for 24 h and 

72 h respectively. Immunofluorescence images demonstrates the induction of 

p14ARF; blue – DAPI; red – p14ARF; green – Ki67.  Cells cultured in ‘L’ medium 

were vehicle (PBS) treated. Cells were counted and equal numbers of cells from 

‘L’, ‘M’ and ‘H’ cultures were pooled (1:1:1). Subcellular fractionation (cytosol and 

nucleus) was conducted and proteins were analysed by LC-MS/MS. The Mascot 

search engine was used for protein identification from the mass spectrometric 

data. 
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3.2.3 Determining p14ARF-p53 proteome changes using 

SILAC triple labelling 

3.2.3.1 Time course of induction of p14ARF in SILAC cell culture 

Labelled cells were split and cultured into the three SILAC DMEM formulations 

until 40-50% confluent. Fresh medium was added to the three conditions as 

follows: on day 0, cells cultured in ’L’ SILAC DMEM were treated with vehicle 

(PBS), and cells cultured in ’H’ SILAC DMEM were treated with 5mM IPTG 

(diluted in PBS). On day 2, cells cultured in ’M’ SILAC DMEM were treated with 

5mM IPTG. All cells were harvested on day 3 to eliminate any potential effects of 

the PBS (vehicle) treatment (Fig 3.2). Cells were visualized under the microscope 

to confirm morphological changes at 24 h and 72 h post IPTG treatment. Cells 

were harvested by incubation with pre-warmed cell dissociation buffer for 5 min, 

neutralized with SILAC wash medium and washed twice with PBS. On harvesting, 

treated cells were counted and equal numbers of cells from the different SILAC 

labelled cells were combined in a 1:1:1 ratio. The SILAC experiment was 

repeated to provide 2 biological replicate experiments, comparing control (PBS) 

with p14ARF (IPTG) at 24 h and 72 h. 

3.2.3.2 LC-MS/MS sample preparation  

For better peptide coverage, nuclear and cytosolic fractions were separated using 

nuclear/cytosol fractionation kits (BioVision). Fractionated protein lysates 

(nuclear and cytosolic) were electrophoresed on 1-D SDS-PAGE gels and 

stained with blue silver. Peptide extraction by in-gel tryptic digestion prior to 

analysis by high-resolution mass spectrometry, was performed using the method 

described by Shevechenko and colleagues [155]. Gel lanes containing 
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electrophoresed proteins were cut into 20 pieces (10 from the nuclear protein 

lane and 10 from the cytosolic protein lane) and the gel fragments were reduced 

(dehydrated) in acetonitrile. Acetonitrile was removed, and the fragments dried 

using a vacuum centrifuge. The dried gel pieces were covered in Dithiotreitol 

(DTT) (10 mM) in 100 mM NH4HCO3 and proteins reduced for 60 min at 56 0C. 

the gel pieces were cooled to room temperature (RT) and the DTT was replaced 

with 55 mM iodoacetamide in 100 mM NH4HCO3 and left in the dark at RT, with 

occasional vortexing, for 45 min prior to washing for a further 10 min with 

approximately 100 µL of 100 mM NH4HCO3. The gel samples were further 

dehydrated with acetronile, rehydrated with 100 mM NH4HCO3 and dehydrated 

with acetronile. All liquid was removed and the gel pieces were dried in a vacuum 

centrifuge. Gel pieces underwent tryptic digestion using 12.5 ng/µL trypsin in 

tryptic digestion buffer (50 mM NH4HCO3/5 mM CaCl2) on ice, for 45 min. 

Supernatant was then replaced with tryptic digestion buffer to ensure gel pieces 

remained wet during overnight enzymatic cleavage at 37 0C. The peptides were 

extracted from the gel with one wash using 20 mM NH4HCO3, and three washes 

with 5% formic acid in 50% acetronile (RT) and dried. 

3.2.3.3 Liquid chromatography-tandem mass spectrometry (LCMS/MS) 

acquisition  

Nano LC technology (Ultimate 3000 HPLC and autosampler system - Dionex) 

was used to separate the extracted protein peptides, of which 2.975 µL of sample 

was placed into a micro-C18 pre-column containing: 500µm × 2mm [155]; 

Michrom Bioresources; and H2O-CH3CN [98:2 (vol/vol), 0.1% trifluoroacetic acid], 

at 15 µL/min to desalt and concentrate the peptides. The peptides were washed 

for 4 min. The pre-column was transferred to a Valco 10 port valve (Dionex) into 
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line with a fritless nanocolumn (75µ x -10cm). The column contained C18 media 

(5 µm, 200 Å Magic; Michrom), which was manufactured according to Gatlin and 

colleagues (1998) [173]. Using a linear gradient, composed of H2O-CH3CN [98:2 

(vol/vol), 0.1% formic acid] to H2O-CH3CN [64:36 (vol/vol), 0.1% formic acid], set 

at 250 nL/min, the peptides were eluted over 30 min. An Orbitrap Velos ETD 

(Thermo Electron) mass spectrometer was used to sequentially isolate and 

fragment the ten most abundant ions (>5000 counts). The Orbitrap was operated 

in a data-dependent acquisition setting: 2000 volts was applied to the low volume 

tee (Upchurch Scientific) with the column tip positioned 0.5 cm from the heated 

capillary (275 0C) and positive ions were generated by electrospray. The Orbitrap 

acquired a 350–1750 survey scan mass to charge ratio (m/z). Sequential isolation 

and fragmentation of the ten most abundant ions with charge states of +2 or 

greater within the linear ion trap was performed. A target value of 30 000 ions 

was chosen after collision-induced dissociation with an activation q = 0.25 and 

activation time of 30 milliseconds. Dynamic exclusion for 30 seconds of the m/z 

ratios selected for tandem mass spectrometry was applied.  

3.2.3.4 Quantification and MS/MS Data analysis 

To generate a high confidence list of proteins, biological duplicate experiments 

were performed with the triple labelling strategy, with each biological replicate 

subsequently being subjected to mass spectrometric analysis. Mass 

spectrometric data was processed using MaxQuant software (version 1.0.13.13). 

MS/MS spectra were searched with the MASCOT search engine against the 

decoy IPI-human database (forward and reverse sequences). Search parameters 

were as follows: variable modifications of N-terminal acetylation and methionine 

oxidation, fixed modification of cysteine carbamidomethylation, peptides of 
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minimum six or more amino acids, maximum of two missed cleavages, minimum 

two razor peptides for quantitation, and peptide and protein FDR of 0.01 [155].  

MS/MS data files were searched using Peaks Studio (version 8.5) against the 

Human Proteome database and a database of common contaminants with the 

following parameter settings. Fixed modifications: none. Variable modifications: 

propionamide, oxidized methionine, deamidated asparagine. Enzyme: semi-

trypsin. Number of allowed missed cleavages:3. Peptide mass tolerance: 30 ppm. 

MS/MS mass tolerance: 0.1 Da. Charge state: 2+, 3+ and 4+. The results of the 

search were then filtered to include peptides with a -log10P score that was 

determined by the FDR of <1%, the score being that where decoy database 

search matches <1% of the total matches. 

3.2.3.5 Protein analysis and western blotting  

MCF-7p14ARF cells were seeded at 2.0 x 105 cells/mL in DMEM in 6-well plates 

for 24 h. PBS (control) (3 wells) were added. 48 h later 5 mM IPTG was added to 

a further 3 wells. Cells were harvested 24 h later, by washing twice in cold PBS 

then adding 150µL of lysis buffer (10 mM Tris, 0.45 M NaCl, 1% Triton-X100, pH 

7.4, cOmplete Protease inhibitor cocktail table (Sigma-Aldrich) for 3 mins. Cells 

were scraped off the monolayer and transferred to a 1.5 mL Eppendorf tube. Cell 

lysates were centrifuged at 12000 g at 4 0C for 10 min and the supernatant 

transferred to a new Eppendorf tube and samples were always kept on ice. 

Protein was quantitated using QuickStar™ Bradford Kit 2 according to the 

manufacturer’s instructions. Protein was stored at -80 0C until ready for use.  

Denaturing electrophoresis was performed by adding 10 µg of total protein to 

25% (v/v) NuPAGE® LDS Sample Buffer (4x), 10% (v/v) NuPAGE® Reducing 
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Agent (10x) and dH2O, then incubating at 95 0C for 10min and centrifuged for 2 

min. Proteins were separated on NuPAGE® Novex® Bis-Tris gel with NuPAGE® 

MES SDS Running Buffer and SeeBlue® Plus2 Pre-Stained Standard as a 

reference ladder (Invitrogen). The proteins were then transferred onto PVDF 

membranes for 1 h at 30 V in Western blot transfer buffer using the Invitrogen 

Western blot transfer system. Protein transfer was verified by staining the 

membrane with Ponceau S then washing with dH2O, PBS and PBS + 0.2% 

Tween20 (v/v). PVDF membranes were soaked in 5% skim milk/PBST (w/v) 

blocking solution overnight (with gentle agitation) at 4 0C then washed three 

times. PVDF membranes were incubated in the appropriate primary antibodies 

(β-actin (SantaCruz), GAPDH, A2, ALDH4A1, Ferredoxin reductase, Gelsolin, 

p53, PAPSS2 and MCM4 (ThermoFisher)) overnight at 4 0C then washed. The 

membranes were incubated with secondary HRP-conjugated goat anti-mouse 

and HRP conjugated donkey anti-rabbit (Jackson Immuno-research) (1:10,000) 

for one hour at RT then washed every 20 min for a total of one hour. The 

membranes were visualized using Amersham ECL reagents (1:1 ratio) and 

protein abundance quantified by image analysis using the Amersham Imager 600 

(GE Life Sciences). PBST was used in all washing steps.  

3.2.3.6 RNA extraction and Real-time quantitative polymerase chain reaction 

(RT-qPCR)  

MCF-7p14ARF cells were seeded at 2.0 x 105 cells/mL in DMEM for 24 h. Test 

cells and control cells were then treated by 5 mM IPTG and PBS respectively for 

15 h. RNA was harvested by washing cells with cold PBS, adding RNAzol®RT 

(Molecular Research Centre Inc., Cincinnati, OH, USA) at 500 µL per well and 

scraping cells before pipetting into an Eppendorf tube. Cells in RNAzol®RT were 



68 
 

frozen at -20 0C until required for RNA extraction. RNA was extracted by adding 

40% (v/v) RNase/DNase free water to the lysate, centrifuging at 12000g for 15 

min and transferring 75% of the supernatant into a fresh vial. 0.5% (v/v) of 4-

bromoanisole (BAN) was added to supernatant, shaking the mixture for 15 

seconds and storing for 3-5 min at room temperature followed by centrifuging at 

12000 g for 10 min to clear off any residual DNA, proteins and polysaccharide. 

The RNA-containing supernatant was transferred to a new vial and 75% (v/v) 

Isopropanol was then added to the supernatant and incubated overnight at -20 

0C to increase the RNA yield.  

The RNA pellet was collected by centrifugation for 15 min and washed twice with 

75% (v/v) ethanol. The pellet was dried at 37 0C until it became clear and 

resuspended in 20 µL RNase/DNase free water and stored at -80 0C until 

required.  

The quality of RNA was assessed, and total RNA concentration was measured 

at 260 nm using the NanoDrop 1000 Spectrophotometer (Thermo Fisher 

Scientific, DE, USA). RNA (400 ng) was reverse transcribed using the High 

Capacity cDNA Reverse Transcription kit (Life Technologies) according to the 

manufacturer’s instructions. The following reagents were used to prepare the 

Reverse Transcriptase (RT) master mix per reaction: 2.0 µL of 10 x RT Buffer, 

0.8 µL of 100 mM dNTP, 1.0 µL of RNase Inhibitor, 2.0 µL of 10 x RT Random 

Primers, 0.5 µL of MultiScribe RT and 9.7 µL RNase/DNase free water. 4 µL of 

pure RNA (400 ng) was added to 16 µL of RT master mix and centrifuged briefly. 

The tubes were loaded into the Eppendorf vapo.protect thermal cycler that 

performed reverse transcription at 37 0C for 120 min. As soon as reverse 
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transcription was completed, cDNA was diluted (1:4) in RNase/DNase free water 

and stored at -20 0C until used.  

Quantitative RT-PCR reactions were performed in triplicate. 5 µL Taqman fast 

master mix was mixed with 0.5 µL of Taqman probe and 3.5 µL of RNAse/DNAse 

free water and the solution was centrifuged. 1 µL of cDNA was pipetted into each 

well of a MicroAmp® Fast Optical 96-Well Reaction Plate (Applied Biosciences). 

The plate was mixed then sealed, centrifuged for 6 min at 1400 RPM, and placed 

into the QuantStudio™ 12K Flex System (Applied Biosystems). Taqman Gene 

Expression Assays used were as follows (protein names are shown in brackets): 

ALDH4A1, Hs01013142_m1 (Aldehyde dehydrogenase 4 family member A1); 

ANAX2, Hs01561520_m1 (Annexin A2); ANXA1, Hs00167549_m1 (Annexin A1); 

ANXA5, Hs00996187_m1 (Annexin A5); ANXA6, Hs01049082_m1 (AnnexinA6); 

MCM4, Hs00907398_m1 (Minichromosome Maintenance Complex Component 

4); DNAJC15, Hs01098150_m1 (DnaJ heat shock protein family member C15); 

PAPSS2, Hs00989928_m1(3’-Phosphoadenosine 5’-Phosphosulfate Synthase 

2); GSN, Hs00609272_m1 (Gelsolin); MDC1, Hs00206182_m1 (Mediator of DNA 

damage checkpoint protein 1); MKI67, Hs01032443_m1 (Marker Of Proliferation 

Ki-6); DNMT1, Hs00154749_m1 (DNA (cytosine-5)-methyltransferase 1) and 

normalised to GAPDH (Hs02758991_g1) (glyceraldehyde-3-phosphate 

dehydrogenase) expression.  

Mean CT values and standard deviations were used in the ∆∆CT calculations. 

Samples were analysed in triplicates. GAPDH was used as a reference gene. 

The mean CT of GAPDH was subtracted from the mean CT of each of the genes 

(control and IPTG treated) then the mean CT of control (PBS) was subtracted 
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from the mean CT of the IPTG treated 2−∆∆CT. Fold change in expression was 

calculated by the 2−∆∆CT method [156].  

3.2.3.7 Immunofluorescence Microscopy  

MCF-7p14ARF and U2OSp14ARF cells were cultured on glass coverslips in 

6well plates then treated with 5 mM IPTG for 72 h. Cells were fixed in freshly 

thawed 4% paraformaldehyde for 10 min at 37 0C. Cells were then washed with 

PBS and permeabilized by adding cold acetone for 3-5 min at -20 0C, blocked 

with 2% (v/v) BSA and 0.1% (v/v) PBS for 1 h at RT and labelled with primary 

antibodies overnight including Ki67 (1:400, Abcam, Sapphire), and p14ARF 

(1:300, Zymed-DKSH). Secondary antibodies were Alexa fluor 568 conjugated 

anti-mouse IgG (1:500, Invitrogen), Alexa fluor 488 conjugated anti-mouse IgG 

(1:500, Invitrogen) and Hoechst 33342 (trihydrochloride trihydrate 10mg/mL 

solution in water) (1:1000, Invitrogen) staining (1 h at RT) was used to visualize 

the nucleus. Slides were viewed on a Nikon A1 scanning confocal microscope. 

Objective specifications were: 60x, oil planApo, 1.40 N/A Perfect Focus System 

and Differential Interference Contrast (DIC). DAPI (EX 340-380nm), GFP-HQ (EX 

420-440nm) and Texas Red (EX 542-580nm) fluorescent filter cubes were used.  

3.2.4 Statistical analysis  

Mass spectrometric data was processed using MaxQuant software 

(version1.0.13.13). SILAC LC-MS/MS analysis is presented in excel format. The 

hierarchal clustering was performed using the R programming package 3.2.3. 

The p53 signalling pathway analysis was performed using the KEGG pathway 

database. Statistical analysis was performed using the Perseus software platform 
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with two sample T-Test, P-value 0.05. Western blot images were analysed using 

a Bio-Rad imager. 

3.2.5 Data Records  

MCF-7 luminal breast epithelial cells (ATCC:HTB-22) were stably transfected 

with the tumour suppressor gene p14 alternative reading frame (p14ARF) using 

the LacSwitch™II inducible expression system and the methodology and 

validation of these cell lines is published in detail in [95, 171]. The 

SILAC/LC/MS/MS technology underlying the methodological design is 

schematically represented in Fig. 3.2. Mass spectrometric data was processed 

using MaxQuant software (version 1.0.13.13). The MS/MS data files were 

searched using Peaks Studio (version 8.5) against the Human Proteome 

database. The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE [174] partner repository with the 

dataset identifiers: SILAC triple-label accession PXD009334. 

3.2.6 Technical Validation  

Stable amino acid incorporation was verified by LC-MS/MS and demonstrated 

approximately 96% incorporation. All SILAC experiments were performed in 

duplicates at three time points (24 h and 72 h post p14ARF-p53 activation 

compared to vehicle control, PBS) and analysed using MaxQuant and the 

Perseus software platform. To validate the integrity of the datasets a heatmap 

was generated to compare the 24 h and 72 h proteomic changes pre- and post- 

p14ARF activation (Fig. 3.3A). The heat map shows high similarity of proteomic 

changes occurring at 24 h and 72 h. To generate a high confidence list of proteins, 

the identified proteins were further filtered to include only proteins present in 
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duplicate biological experiments.  This filtered dataset is available in Suppl. Table 

3.1 and a direct comparison of proteins expressed at 24 h and 72 h post p14ARF-

p53 is graphically represented in suppl. Fig. 3.1. Volcano plots showing significant 

comparative changes are presented in Fig. 3.3B and 3.3C. Western blots of p53-

p21 expression was performed in each experiment to confirm activation of the 

p14ARF-p53-p21 signalling pathway (Fig. 3.3 inset). Representative Western 

blots and immunofluorescence upregulated and downregulated proteins to 

validate the integrity of the SILAC protein expression are presented in Fig. 3.4. 

RT-qPCR was performed to further validate regulation and is presented in Fig. 

3.4. Quantitative RT-PCR reactions were performed in triplicate and normalised 

to GAPDH expression. Fold change in expression was calculated by the 2-∆∆CT 

method [156].  

3.2.7 Usage Notes 

Visual presentation of the workflow for this manuscript is schematically outlined 

in Fig. 3.2 and the data has been deposited in a centralized, standard compliant, 

and public repository. Data are available via ProteomeXchange with identifier: 

PXD009334 data. Gene Ontology (GO) software packages may be used to 

analyse biological functions post p14ARF-p53 activation. Suggested GO 

software  includes  the  GO  stats  package  in  Bioconductor 

(http//www.bioconductor.org) and Cytoscape (http//www.cytoscape 

.org). 
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3.3 Results and Discussion 
 

3.3.1 SILAC/LC-MS/MS analysis of proteome changes in 

MCF-7 cells post p14ARF-p53 

Here we explored p53-induced metabolic changes in breast cancer cells through 

activation of p14ARF-p53 by stably inducing the p14ARF gene in favourable cell 

culture conditions (DMEM containing 10% FCS). Snapshots of the proteome 

changes occurring at 24 h and 72 h post p14ARF-p53 activation by addition of 

5mM IPTG were compared with control (no IPTG). The SILAC/LC/MS/MS 

technology underlying the methodological design is schematically represented in 

Fig. 3.2. After identifications at the 1% false FDR threshold the data generated 

by MaxQuant software was deposited into the PRIDE database [155]. To validate 

the integrity of the datasets a heat map was generated to compare the 24 h and 

72 h proteomic changes pre- and post- p14ARF activation (Fig. 3.3A).  The heat 

map shows high similarity of proteomic changes occurring at 24 h and 72 h. The 

identified proteins were further filtered to include only proteins present in both 

sets of biological replicates and observed in technical replicates in duplicate 

experiments. This filtered dataset is available in Suppl. Table 3.1 and a direct 

comparison of proteins expressed at 24 h and 72 h post p14ARF-p53 is 

graphically represented as volcano blots in Fig. 3.3B and 3.3C. The 30 most 

prominent downregulated and 50 upregulated proteins were analysed Cytoscape 

3.0 software. A query in ClueGO from cytoscape 3.0 provided the molecular 

network interactions between the query proteins and most related proteins. 
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Figure 3.3. Comparative analysis of the global proteins 24 and 72 h post 

P14ARF-P53 activation. A. A heatmap was generated of hierarchal clustering 

of protein expression 24 h and 72 h post p14ARF induction in MCF-7 cells. B. 

and C. Volcano plots show significant changes in 5 mM IPTG (24 h) and 5 mM 

IPTG (72 h) respectively compared to control (PBS) (significant p-value <0.05). 

Blue and red dots are represented of proteins that were identified as significance 

and show down-regulation or up-regulation respectively. Inset: a representative 

Western blot showing p53-p21 comparative protein levels 24 h post p14ARF 

induction: GAPDH control. 

p53 

p21 

  GAPDH 

     Control    IPTG 

A 

B C 
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3.3.2 Validation of p14ARF-p53 differentially regulated 

proteins at the translational and transcriptional 

level 

Proteins identified as up- and down- regulated by SILAC-LC-MS/MS analysis 

were validated by immunofluorescence and Western blot in independent 

biological experiments at 24 h and 72 h post IPTG (p14ARF) activation. To 

determine if these proteins were regulated at the transcriptional level, RT-qPCR 

was also performed on the same treated cells at an earlier time-point, 15h post 

IPTG activation of p14ARF. Note: RT-qPCR was performed at the earlier 

timepoint of 15h to determine that transcriptional regulation preceded translation. 

Table 3.2 summarizes the main functions of the proteins validated in this section 

and referenced. 

3.3.2.1 Confirmation of down-regulated protein 

In this dataset Ki67, a marker for proliferation (used in breast cancer diagnosis) 

was validified by immunofluorescence at 24 h. As shown in Fig. 3.4A, induction 

of p14ARF using IPTG (red) correlated with downregulation of Ki67 (green), 

clearly indicating, after p14ARF induction, cells stopped proliferating. 

Downregulation of Ki67 was also verified at the transcriptional level by RT-qPCR 

(Fig. 4B). In the SILAC LC-MS/MS dataset, members of the minichromosome 

maintenance complex (MCM) proteins necessary for DNA replication were 

significantly downregulated. A representative of this family of MCM proteins, 

MCM4, was validated as downregulated at both 24 h and 72 h post p14ARF 

activation by Western blot (Fig. 3.4B).  Downregulation of MCM4 was also 

observed at the transcriptional level by RT-qPCR (Fig. 3.4B). Due to antibody 
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availability and cost, only RT-qPCR was performed on A5 (annexin A5), DNA 

(cytosine-5)-methytransferase 1 (DNMT1), DnaJ heat shock protein family 

(Hsp40) Member C15 (DNAJC15) and mediator of DNA damage checkpoint 

protein 1 (MDC1) (Fig. 3.4B). Annexin A5, a marker of apoptosis did not change 

at the transcriptional level supporting the SILAC data where A5 at the protein 

level remained unchanged. Fig. 3.4B also confirmed transcriptional 

downregulation of DNMT1, associated with DNA methylation, DNAJC15, 

associated with negative regulation of mitochondrial respiration, MDC1, 

associated with DNA repair checkpoint. 

3.3.2.2 Confirmation of up-regulated proteins 

Similarly, confirmation of SILAC upregulated proteins was performed using 

Western blots and at the transcription level by RT-qPCR. The following proteins 

were upregulated at both the translational level and transcriptional level (Fig. 4C, 

D respectively) (Table 3.2):  Gelsolin (GSN), associated with regulation of actin 

filament assembly; 3’-phosphoadenosine-5’-phosphosulfate synthase 2 

(PAPSS2), a sulfation enzyme; Aldehyde dehydrogenase 4 family member A1 

(ALDH4A1), a mitochondrial enzyme which oxidises pyrroline-5-carboxylate to 

glutamate; Members of the annexin family of proteins (Annexins A1, A2, A6), 

calcium regulators (see Table 3.2 for references). Ferredoxin reductase (FDXR), 

an iron sulfur protein that mediates NADP+ oxidoreductase, was verified as 

upregulated at the protein level only (Fig.3.4C).  
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Table 3.2. Functions of significantly regulated proteins. 

 

Protein Key functions Reference 

ALDH4A1 Oxidises pyrroline-5-carboxylate to glutamate 

(mitochondrial) 

[175] 

PAPSS2 Sulfation enzyme [176] 

FDXR  Associated with the oxidative metabolism in the cell 

(mitochondrial) 

[177] 

GSN Key regulator of actin filament assembly and 

disassembly 

[178] 

MCM4 Initiation of DNA replication [179] 

MKI67 Marker for proliferation used in breast cancer 

prognosis 

[180] 

DMT1 Maintenance of DNA methylation i.e. replication [181] 

MDC1 Checkpoint mediated cell cycle arrest in response to 

DNA damage within both the S phase and G2/M 

phases of the cell cycle 

[182] 

DNAJC15 Negative regulator of the mitochondrial respiratory 

chain. 

[183] 
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controls. The numbers on top of the blots are representative of fold changes with 

p-values <0.05. D. Graph represents Taqman RT-QPCR results for 6 genes 

(ANXA A1, A2, A6, PAPSS2, ALDH1A, and GSN) significantly upregulated in the 

p14ARF-p53 signalling pathway. The graph represents the fold-change in mRNA 

in IPTG-treated cells compared to cells treated with PBS. Error bars show mean 

and sd+/- (*P<0.05). These experiments were performed in biological replicates. 
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3.3.3 Activation of p14ARF-p53 resulted in unique up- 

and down- regulated proteins 

Gene Ontology (GO) analysis based on the top 50 upregulated proteins from the 

SILAC dataset and the bottom 30 significantly downregulated proteins is 

illustrated in Fig. 3.5A and Fig. 3.5B, respectively. Some of top downregulated 

proteins have been previously identified but we found unique significantly 

downregulated proteins which were associated cell cycle arrest, DNA regulation 

and anti-apoptotic pathways (3.5A). Unique significantly upregulated proteins 

were associated with changing metabolic processes in the cell (3.5B). In this 

dataset members of the annexin family and associated members were identified 

as being differentially regulated by activation of the p14ARF-p53 pathway and 

these were further investigated and form Chapter 4 of this thesis. 

In addition, the REACTOME pathway database was used to analyse signalling 

pathways associated with p14ARF-p53 activation, Fig. 3.6. A further indication of 

how re-introducing one gene, p14ARF to activate p53, can enforce global 

changes in cell signalling and cell function in breast cancer cells. We have 

previously published a series of (knockdown) KD experiments in our laboratory 

where KD of p53 results in no effect on p21. KD of p21 reverts the p53 effects on 

cell proliferation and cell morphology. P53 is essential for p21 induction in MCF-

7 cells [27]. 

 

  





https://reactome.org/PathwayBrowser/#/DTAB=AN&ANALYSIS=MjAxODEwMjQxMTI5NTJfMTQyMTc%253D
https://reactome.org/PathwayBrowser/#/DTAB=AN&ANALYSIS=MjAxODEwMjQxMTI1NDJfMTQyMTQ%253D
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that are activated post p14ARF-p53 activation these can be visualized by going 

through the link then on the coloured nodes.  
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In conclusion, using SILAC and LC-MS/MS proteomics Specific downregulated 

proteins were associated with cell cycle arrest, DNA repair, and anti-apoptosis 

whereas, specific upregulated proteins were associated with differentiation and 

changes in cell metabolism after reactivation of p14ARF-p53 in ER+ breast 

cancer cells. 
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Abstract 
 

The annexin family and S100A associated proteins are important regulators of 

diverse calcium-dependent cellular processes including cell division, growth 

regulation and apoptosis. Dysfunction of individual annexin and S100A proteins 

is associated with cancer progression, metastasis and cancer drug resistance. 

This manuscript describes the novel finding of differential regulation of the 

annexin and S100A family of proteins by activation of p53 in breast cancer cells. 

Additionally, the observed differential regulation is found to be beneficial to the 

survival of breast cancer cells and to influence treatment efficacy. We have used 

unbiased, quantitative proteomics to determine the proteomic changes occurring 

post p14ARF-p53 activation in estrogen receptor (ER) breast cancer cells. In this 

report we identified differential regulation of the annexin/S100A family, through 

unique peptide recognition at the N-terminal regions; demonstrating p14ARF-p53 

is a central orchestrator of the annexin/S100A family of calcium regulators in 

favour of pro-survival functions in the breast cancer cell. This regulation was 

found to be cell-type specific. Retrospective human breast cancer studies have 

demonstrated that tumours with functional p53 respond poorly to some 

chemotherapy agents compared to tumours with a non-functional p53. Given that 

modulation of calcium signalling has been demonstrated to change sensitivity of 

chemotherapeutic agents to apoptotic signals, in principle, we explored the 

paradigm of how p53 modulation of calcium regulators in ER+ breast cancer 

patients impacts and influences therapeutic outcomes. 
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4.1 Introduction 
 

Breast cancer sub-types are defined by their molecular heterogeneity and 

pathological profiles and therapeutic options, response to treatment, and 

prognosis are based on the diagnosis and classification of tumours into one of 

the different sub-types [184]. Resistance to treatment and recurrence of breast 

cancer eventually occurs in many patients leading to the need for combinational 

treatments, which are associated with an increase in adverse side effects, 

decreased quality of life and increased morbidity. Latent recurrence is prevalent, 

particularly in estrogen receptor α (ERα) breast cancers, and is associated with 

dormancy after treatment, as reviewed in [185]. Treatment options such as 

radiotherapy and chemotherapy induce tumour suppressor pathways, such as 

p53, to facilitate cell cycle arrest and cell death (apoptosis) [186-190]. Novel 

therapies that mimic p14ARF, a tumour suppressor and an upstream regulator of 

p53, are now in anti-cancer pre-clinical and clinical trials [144, 145]. Albeit, there 

is growing evidence to strongly suggest that re-expression of the p53 protein 

protects cells from apoptosis [186, 187]. Retrospective human breast cancer 

studies show tumours with functional p53 respond more poorly to some 

chemotherapeutic agents when compared to tumours with non-functional p53 

[191-193]. Chemotherapy responses in mouse models with p53 show induction 

of growth arrest, and cellular senescence, but not cell death, resulting in minimal 

tumour regression and early relapse, hence supporting the findings of poorer 

responses to chemotherapy in the presence of p53 [187]. Prior studies have 

suggested that p53 binds to ER as a strategy to prevent apoptosis in ER+ breast 

cancers [112, 121, 126]. Our laboratory has demonstrated that activation of the 
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p53-p21 pathway by p14ARF, in addition to rapid induction of cell cycle arrest, 

initiated a change in cellular metabolism consistent with a metabolically active 

senescence-like phenotype most likely to be important in cell survival and 

recurrence [95]. In our studies, the cancer cells maintained cell viability, and a 

sub-set of these cells retained the ability to proliferate [27, 95]. Dormant and 

senescent cells may be more resistant to cancer treatments so the more we 

understand about the behaviour of these cells, the more likely we will be able to 

understand how cancers develop resistance to current treatments and, 

importantly, how they recur after treatment. 

To gain an understanding of the proteomic fluctuations occurring in breast cancer 

cells post p14ARF-p53-p21 expression, we employed stable isotope labelling of 

amino acids in cell culture (SILAC) and tandem mass spectrometry techniques 

(LC-MS/MS) [194]. This technology allowed the direct comparison of the cellular 

proteome of breast cancer cells pre- and post-activation of the p53 pathway. 

From the broad based proteomic changes detected, we describe a unique 

snapshot profile analysis of the differential regulation of the annexin and S100A 

calcium binding associated protein family members through p14ARF-p53-p21 

activation in breast cancer cells. This family of proteins are important regulators 

of normal cellular function, including cell division, growth regulation and apoptosis 

[195]. The conserved core calcium/membrane binding unit of these proteins has 

been described as a means to peripherally tether proteins to membranes, 

potentially to enable the annexins to organize membranes, thus promoting 

membrane segregation, vesicle fusion and vesicle trafficking in a calcium 

dependent manner. Conversely, the unique N-terminus of the individual annexins 

allows functional diversity [195]. Annexins are consistently deregulated in cancer 
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[196] and particular annexins have been associated with different cancer types 

and as potential clinical biomarkers [196, 197]. However, the literature on 

dysregulation of annexin protein expression in breast cancer is contentious. 

Deregulation of individual annexins and S100A proteins have been associated 

with malignant transformation [198-202], tumour invasion [203-205], metastasis, 

angiogenesis and drug resistance [196, 206, 207], the effect being dependent on 

breast cancer sub-type. 

This report identifies changes in the annexin and associated S100A family in 

breast cancer, brought about by p14ARF-p53-p21-activation. Given that 

individual annexins and S100A proteins have been implicated in cancer initiation 

and progression, and modulation of calcium signalling has been demonstrated to 

change sensitivity of chemotherapeutic agents to apoptotic signals[208], we 

further investigated how the combined overexpression of annexins/S100A 

proteins, as identified in this study, may contribute to treatment resistance and 

breast cancer recurrence and metastasis. In principle, we have explored the 

paradigm of how modulation of calcium regulators through p53 activation may 

impact on therapeutic options. 
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4.2 Materials and Methods 

4.2.1 Cell lines and culture 

MCF-7 breast cancer epithelial cells (American Type Culture Collection (ATCC) 

HTB-22) and U2OS osteosarcoma cells (ATCC HTB-96) were stably transfected 

with p14ARF using the LacSwitch™ inducible vector system as previously 

described [152, 153]. MCF-7p14ARF and U2OSp14ARF cells were selected 

based on hygromycin B (hB) and Geneticin (G418) resistance respectively. Cells 

were maintained in hB (200 mg/ml) and G418 (200 mg/ml) to ensure selection of 

inducible p14ARF. Expression of p14ARF was induced in both cell lines using 

5mM tissue culture grade Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

(Promega) dissolved in phosphate buffered saline (PBS). Cells were routinely 

cultured in Dulbecco’s Modified Eagle Medium (DMEM, high glucose), with 10% 

(v/v) foetal bovine serum (FBS). All cell lines were routinely tested for 

mycoplasma (Lonza MycoAlert). 

4.2.2 SILAC and LC-MS/MS methodology 

The method for SILAC metabolic triple labelling has been described previously 

[155]. Labelled amino acids, dialyzed foetal bovine serum (FBS), and lysine and 

arginine-free media (SILAC media) were purchased from Silantes GmbH. 

Sequencing grade modified porcine trypsin (Promega) was used for all cell 

passages in labelled medium. 

Cells were cultured in SILAC media supplemented with 10% dialyzed FBS and 

either ‘light’, unlabelled lysine and arginine; ‘medium’ lysine-4 (2H4-lysine) and 

arginine-6 (13C6-L-arginine); or ‘heavy’ lysine-8 (13C6 15N2-L-lysine) and arginine-

10 (13C6 15N4-L-arginine). Proteins were metabolically labelled in their respective 
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SILAC medium for a minimum of 6 doubling times and stable amino acid 

incorporation was verified by LC-MS/MS analysis prior to treatments and 

demonstrated approximately 96% incorporation of labelled amino acids (data not 

shown). Cells cultured in ‘medium’ and ‘heavy’ SILAC medium were treated with 

5 mM IPTG to induce p14ARF and cells were harvested for protein isolation at 

24 h and 72 h respectively. Cells cultured in ‘light’ SILAC medium were treated 

with PBS (vehicle) and did not express p14ARF (method outlined in Fig. 4.1). 
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Figure 4.1. Triple labelling SILAC for proteomic analysis pre- and post 

p14ARF-p53-p21 activation. MCF-7 cells were split and triple-labelled with three 

differentially labelled (‘light’, ‘medium’, and ‘heavy’) media formulations as 

previously described[155]. Proteins were metabolically labelled for a minimum of 

6 doublings in lysine- and arginine-free DMEM medium containing 10% (v/v) 

dialyzed FBS and supplemented with either: (a) ‘light’, unlabelled lysine and 

arginine; (b) ‘medium’ lysine-4 (2H4-lysine) and arginine-6 (13C6-L-arginine); or (c) 

‘heavy’ lysine-8 (13C6 15N2-L-lysine) and arginine-10 (13C6 15N4-L-arginine). Cells 

cultured in ‘medium’ and ‘heavy’ medium were treated with 5mM IPTG for 24 h 

and 72 h respectively to induce p14ARF expression. Cells cultured in ‘light’ 

isotopic medium were treated with PBS. On harvesting, cells were counted, and 
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equal numbers of cells were combined at a 1:1:1 ratio. Lysates were fractionated 

into nuclear and cytoplasmic fractions for better peptide coverage. Cell lysates 

were separated by electrophoresis and in-gel tryptic digestion was carried out 

prior to analysis by high-resolution mass spectrometry [155]. Treated cells were 

harvested, counted and equal numbers of cells were combined from the different 

SILAC labelled cells in a 1:1:1 ratio and protein extracted. The extracted protein 

underwent quantitative proteomic analysis by tryptic digestion followed by 

tandem mass spectrometry (LC MS/MS) [155]. 
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4.2.3 Data analysis 

To generate a high confidence list of proteins, biological duplicate experiments 

were performed with the triple labelling strategy, with each biological replicate 

subsequently being subjected to mass spectrometric analysis twice, producing 

technical replicates. Mass spectrometric data was processed using MaxQuant 

software (version 1.0.13.13). MS/MS spectra were searched with the MASCOT 

search engine against the decoy IPI-human database (forward and reverse 

sequences) with a peptide and protein false discovery rate of 0.01 as described 

previously[155]. After identifications at the 1% false discovery rate (FDR) 

threshold were made, identified proteins were filtered. For inclusion into the 

filtered dataset, proteins had to be present in both sets of biological replicates 

and observed at least twice in technical replicates in duplicate experiments. The 

STRING database [209], in conjunction with GeneMania [210], was used to 

analyse the p53/p21/annexin/S100A network associated biological effects. In 

silico pathway-based exploratory multivariate analysis, analysing associations 

between the differential annexin regulation seen and treatment outcomes using 

available patient data from 4142 breast cancer patients with a mean follow up of 

69 months, was performed using the Kaplan-Meier Plotter (KMPlot) for breast 

cancer [211]. 

4.2.4 Protein analysis and western blot 

Protein isolation and western blot analysis were performed as described 

previously [95]. Primary antibodies used were p53 (DO-7, Dako, CA, USA), p21 

(c-19, Santa Cruz), ANXA A1, ANXA A2 (Becton Dickinson) and β-actin (Abcam), 
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followed by mouse secondary conjugated antibody (Abcam). Protein abundance 

was quantified by image analysis using the Kodak image station 4000 MM. 

4.2.5 Immunofluorescence microscopy 

MCF-7p14ARF and U2OSp14ARF cells were cultured on glass coverslips in 6-

well plates for 24 h and then treated with 5mM IPTG for 72 h. Cells were fixed in 

C, washed with PBS then 0freshly thawed 4% paraformaldehyde for 10 min at 37 

C. Cells were 020 -5 min at –permeabilized by the addition of cold acetone for 3

then blocked with 2% (v/v) BSA and 0.1% (v/v) PBS for 1 h at RT and labelled 

with primary antibodies overnight. Primary antibodies were Ki67 (1:400, Abcam, 

Sapphire) and p14ARF (1:300, Zymed-DKSH). Cells were washed with PBS at 

RT with gentle rocking for 1 h prior to incubation for 1 h at RT with secondary 

antibodies. Alexa fluor 568 conjugated anti-mouse IgG (1:500), Alexa fluor 488 

conjugated anti-mouse IgG (1:500) and the nuclear stain Hoechst 33342 

(trihydrochloride trihydrate 10mg/mL solution in water) (1:1000) were purchased 

from Invitrogen. Coverslips containing cells were washed and mounted on slides 

with glycerol based mounting medium. Slides were viewed on a Nikon A1 

scanning confocal microscope. Objective specifications were: 60x, oil planApo, 

1.40 N/A Perfect Focus System and Differential Interference Contrast (DIC). 

DAPI (EX 340-380 nm), GFP-HQ (EX 420-440 nm) and Texas Red (EX 542-580 

nm) fluorescent filter cubes were used. 

4.2.6 RT-qPCR analysis 

RNA was extracted using RNAzol (Molecular Research Centre Inc., Cincinnati, 

OH, USA). RNA (1μg) was reverse transcribed using the High-Capacity cDNA 

Reverse Transcription Kit (Life Technologies). Quantitative RT-PCR reactions 



97 
 

were performed in triplicate in 96-well MicroAmp Fast Optical plates (Applied 

Biosystems) in a QuantStudio 12K Flex System (Applied Biosystems), using pre-

designed and optimized TaqMan gene expression assays (Applied Biosystems). 

TaqMan Gene Expression Assays used were ANXA1, Hs00167549_m1; ANAX2, 

Hs01561520_m1; ANXA5, Hs00996187_m1, ANXA6, Hs00XXX_m1 and 

normalized to GAPDH (Hs02758991_g1) expression. Fold change in expression 

was calculated by the 2-ΔΔCt method [156]. 
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4.3 Results 
 

4.3.1 Differential regulation of the expression of the 

annexin/S100A protein family post p14ARF-p53-

p21 activation 

We have previously reported that activation of the p14ARF-p53 pathway in MCF-

7 cells leads to cell cycle arrest, without inducing apoptosis, and, additionally, 

induces a metabolically active senescent-like phenotype [95]. To further explore 

the underlying mechanisms that lead to cell cycle arrest and 

metabolic/phenotypic changes we used SILAC LC-MS/MS methodology to 

determine the proteomic profile of MCF-7 cells post activation of p14ARF-p53 at 

24 h and 72 h. Re-expression of p14ARF had no effect on the estrogen response 

in these cells (Fig.4.2 inset). Mass spectrometric data processed with MaxQuant 

software using a stringent filtered dataset, as described in materials and methods, 

identified 1265 differentially regulated proteins in duplicate experiments. Only 

proteins identified in biological duplicates in this triple labelling experiment were 

included to ensure a high confidence list. Linear regression analysis performed 

on the 1265 proteins demonstrated a strong correlation coefficient value for the 

24 h and 72 h data (0.79 and 0.72 respectively using the two independent 

datasets) (Fig. 4.2). Most of the proteins did not show a significant difference in 

expression (Fig. 4.2: 0.7:1.3 ratio). A ratio of <0.7 (downregulated) and >1.3 

(upregulated) was considered to be significantly different[212]. Among the top 50 

upregulated proteins, annexins A1, A2, A4, A6, S100A10, S100A11 and 

S100A13 were significantly upregulated at 24 h (P<0.05) and 72 h (P<0.05). 

Annexin A9 was upregulated at 72 h only (P<0.05). The expression of annexins 
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A5 (an important calcium-dependent regulator of apoptosis), A7, A11, S100A6 

and S100A14 remained unchanged at both time points. The SILAC LC-MS/MS 

analysis of the annexin family and S100A associated proteins is listed in Suppl. 

Table 4.1. 
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Figure 4.2. Linear regression analysis of Annexin and S100A protein 

expression 24 h and 72 h post p14ARF-p53-p21 activation. MCF-7 cells were 

treated with IPTG (5mM) to induce the p14ARF-p53 signalling pathway. A filtered 

set of 1265 proteins was analysed for two independent biological experiments 

with technical replicates at 24 h and 72 h post activation. The correlation 

coefficient value for the 24 h and 72 h data for biological duplicate experiments 

showed a strong correlation (0.79 and 0.72 respectively). The black box highlights 

proteins significantly over-expressed p<0.05) post p14ARF-p53-p21 activation at 

24 h and maintained at 72 h. The green box highlights proteins significantly 

downregulated at 24 h and maintained at 72 h post treatment. The red box 

highlights proteins significantly upregulated at 72 h. The red cubes represent 

annexin proteins (A1, A2, A4, A6) significantly upregulated at 24 h and 

maintained at 72 h; the black cube represents annexin A9 significantly 

upregulated at 72 h (P<0.05). Yellow cubes represent S100A10, S100A11 and 

S100A13 proteins significantly upregulated at 24 h and maintained at 72 h. 

Annexins A5, A7, A11, S100A6 and S100A14 are expressed and not regulated 

(between ratios 0.8–1.1). Inset: Western blot shows the expression of p14ARF 

and ER status in MCF-7 cells pre- and post IPTG and β-estradiol treatment at 24 

h. 
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4.3.2 Annexin peptide sequences detected by SILAC LC-

MS/MS map to unique N-terminal regions of 

annexin proteins 

There is a high degree of sequence similarity among the annexin protein family 

members. The annexin proteins retain a conserved core structural region, 

containing a Ca2+ binding site, and responsible for the Ca2+-dependent binding of 

the proteins to phospholipids, however, individual annexin family members 

possess unique N-terminal domains, a feature underscoring the functional 

diversity of individual annexins[195]. Annexin peptides identified by SILAC LC-

MS/MS analysis (Table 4.1) were mapped to the annexin protein sequences 

using the Clustal Omega and sequence coverage of the annexins ranged from 

approximately 12–50% (Table 4.1). The alignment of the annexin sequences 

listed in the SILAC LC-MS/MS data demonstrated the positioning of peptides to 

the N-terminal region, which contains amino acid sequences unique to individual 

annexin family members (Fig. 4.3). No overlap of the annexin peptides, as 

identified by SILAC/MS/MS, was observed confirming the unique identification 

and differential regulation of individual annexin family members through the 

activation of p14ARF-p53-p21. 
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Table 4.1: SILAC data showing differential expression of the Annexins and 

associated S100A proteins at 24 and 72 hours post p14ARF induction. 

ID Protein 24h 

Ratio 

M/L 

72h 

Ratio H/L 

Peptides Sequence 

Coverage 

(%) 

IPI00218918 A1 1.6 1.8 14 49.7 

IPI00418169 A2 1.5 2.0 35 71.7 

IPI00793199 A4 1.6 1.8 7 24.9 

IPI00329801 A5 1.1 1.1 17 44.4 

IPI00221226 A6 1.9 1.8 19 13.1 

IPI00002460 A7 1.1 1.2 5 12.3 

IPI00008714 A9 1.2 2.0 6 20.3 

IPI00414320 A11 0.9 1.2 5 10.6 

IPI00395627 S100A6 0.8 0.8 6 33.8 

IPI00183695 S100A10 1.4 1.9 3 32.0 

IPI00013895 S100A11 1.4 1.6 9 63.8 

IPI00016179 S100A13 1.6 1.6 12 28.6 

IPI00010214 S100A14 0.99 1 4 46.2 

A1-A11 = Annexins A1-A11; S100A = S100A calcium binding protein. Grey 
highlights indicate no significant regulation at 24 h post p14ARF induction 
(significance threshold ≥ 1.4). 
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Figure 4.3. Alignment of annexin peptides identified by MaxQuant with the 

annexin protein sequences. Unique annexin peptide sequences identified by 

SILAC-based mass spectrometric analysis were aligned to the N-terminal region 

of annexins A1, A2, A4, A5, A6, A7, A9, and A11. The number 1 represents the 

start “M” (methionine) codon, or first amino acid of the protein. Each arrow 

identifies a unique peptide identified by SILAC LC/MS/MS. The numbers in black 

indicate the start of the peptide and the orange numbers indicate the overlap of 

different peptide sequences. 
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4.3.3 Differential regulation of annexin expression in 

MCF-7 cells post p14ARF-p53 activation occurs at 

the transcriptional level 

To determine if the changes in the annexin protein expression observed were 

reflected at the transcription level, RT-qPCR was performed at 15h post-p14ARF-

p53 induction using specific annexin Taqman probes. The results showed 

significant upregulation of ANXA1, ANXA2 and ANXA6 (P<0.01) mRNA 

expression, whereas ANXA5 expression remained unchanged (Fig. 4.4). This is 

consistent with the SILAC protein quantitation data, which showed upregulation 

of A1, A2 and A6 proteins with no change in the A5 protein level (Table 1.1). 
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Figure 4.4. Differential regulation of Annexin A1, A2, A5 and A6 expression 

at the transcriptional level in MCF-7 breast cancer cells. p14ARF expression 

was induced by the addition of 5mM IPTG for 15h. Quantitation of ANXA1, 

ANXA2, ANXA5 and ANXA6 expression was analysed at 15h post p14ARF 

induction using the Taqman fast master mix and pre-optimized primer and probe 

sets. Data were normalized to levels of the reference gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). Data have been expressed as fold change 

in expression post p14ARF induction by IPTG at the 15h time point relative to 

control (2−ΔΔCt). Experiments were performed in duplicate in which each set of 

experiments contained technical triplicates. Statistical differences between 

groups were determined using a two tailed, paired t-test. *p < 0.02, **p < 0.003 

respectively. 
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4.3.4 Functional significance of alterations in the p53-

p21-annexin network signaling 

As we have strong evidence implicating p53 in the control of annexin and S100A 

protein expression, we sought to determine how changes in the expression of this 

family of proteins could influence cell physiology. Using the STRING (v10) 

database we first searched for strength of the interactions between TP53 (p53) 

and CDKN1A (p21) and the 13 annexin and S100A proteins. The predicted 

interactome scores for the protein-protein interactions are shown in the score 

ladder in Table 4.2. Unsurprisingly, there is a strong relationship between TP53 

and CDKN1A as shown in the score ladder (Table 4.2), with a very high score of 

0.999 (the highest predictive score being 1.0). ANXA1, ANXA2 and ANXA4 

directly and strongly interact with TP53 with scores of 0.871, 0.946 and 0.867 

respectively. Although ANXA5 is the annexin protein most commonly associated 

with p53 function, the predicted interactome scores for both TP53 and CDKN1A 

revealed a lower score of 0.744. ANXA6 and ANXA9 did not reveal direct 

interaction with TP53 and CDKN1A (Fig. 4.5A). Therefore, the prediction from the 

STRING analysis demonstrated that not all the ANXAs/S100A family interacted 

directly with TP53 or CDKN1A. 
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Table 4.2.  p53/p21/annexin/S100A interactome scores for the protein to 

protein interactions from STRING database.  

Protein 1 Protein 2 

Accession  for 

protein 1 

Accession  for 

protein 2 Score 

TP53 CDKN1A ENSP00000269305 ENSP00000244741 0.999 

S100A10 ANXA2 ENSP00000357799 ENSP00000346032 0.999 

CDKN1A TP53 ENSP00000244741 ENSP00000269305 0.999 

ANXA2 S100A10 ENSP00000346032 ENSP00000357799 0.999 

S100A11 ANXA1 ENSP00000271638 ENSP00000257497 0.983 

ANXA1 S100A11 ENSP00000257497 ENSP00000271638 0.983 

TP53 ANXA2 ENSP00000269305 ENSP00000346032 0.946 

ANXA2 TP53 ENSP00000346032 ENSP00000269305 0.946 

TP53 S100A6 ENSP00000269305 ENSP00000357708 0.93 

S100A6 TP53 ENSP00000357708 ENSP00000269305 0.93 

TP53 ANXA1 ENSP00000269305 ENSP00000257497 0.871 

ANXA1 TP53 ENSP00000257497 ENSP00000269305 0.871 

TP53 ANXA4 ENSP00000269305 ENSP00000377833 0.867 

ANXA4 TP53 ENSP00000377833 ENSP00000269305 0.867 

S100A6 ANXA11 ENSP00000357708 ENSP00000265447 0.842 

ANXA11 S100A6 ENSP00000265447 ENSP00000357708 0.842 

S100A6 ANXA2 ENSP00000357708 ENSP00000346032 0.776 

ANXA2 S100A6 ENSP00000346032 ENSP00000357708 0.776 

TP53 ANXA5 ENSP00000269305 ENSP00000296511 0.744 

ANXA5 TP53 ENSP00000296511 ENSP00000269305 0.744 
 Note: The highest predictive score is 1.0. 
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Figure 4.5. Schematic representation of the p53/p21/annexin/S100A 

interactome. TP53 and CDNK1A, and their association with ANXA A1, A2, A4, 

A5, A6, A7, A9, A11 and S100A -6, -10, -11, -13 and -14 were analysed using 

the STRING database (v10.0) and the Cytoscape Mimi PLUGIN. A. Each node 

represents all the proteins produced by a single protein-coding gene locus, 

whereby a small node signifies a protein of unknown 3D structure and a large 

node denotes a protein where some 3D structure is known or predicted. Coloured 

nodes indicate query proteins and first shell interactors. Coloured edges (lines) 

represent interactions between proteins: light blue—known interactions from 

curated databases; purple—experimentally determined interactions; green—

predicted interactions between gene neighbourhood; red—gene fusions; dark 

blue—gene co-occurrence; light green–represents text mining; black—co-

expression; grey—protein homology. B. and C. Highlighted in yellow are the 

direct common interactions between CDNK1A and TP53. The annexins and 

S100A interactions are highlighted in grey. Linkages were analysed using two 

methods. B. TP53 interactions: black lines, CDKN1A red lines. C. TP53 red lines 

and CDKN1A black lines (summarized in Suppl. Table 4.2). 
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Further, we used the Cytoscape platform to determine the TP53 and CDKN1A 

and annexin interactive functions. These are predicted functions drawn from 

known interactions from curated databases or have been experimentally 

determined. Functional analysis showed TP53 and CDKN1A share many 

common interactions as distinctly shown in Fig.4.5B and 4.5C, and Suppl. Table 

4.2. Again, using this program, we show a close association between all the 

ANXAs/S100A and TP53 and CDKN1A with only 2–3 degrees of freedom (Fig. 

4.5B and 4.5C). Specifically, these are illustrated by CR2 and HNF4A, which 

directly interact with TP53 and CDKN1A and directly interact with ANXA6, 

however ANXA6 does not directly interact with either TP53 or CDKN1A (Fig. 4.5B 

and 4.5C and Suppl. Table 4.2). Similarly, ANXA9 directly interacts with HNF4A 

by not CDKN1A or TP53. The full gene description, function and processes of the 

p53-p21-annexin/S100A interactome are presented in Suppl. Table 4.2. 

4.3.5 Predicted changes in cellular dynamics associated 

with annexin/S100A expression post p53 activation 

The annexins are calcium-dependent phospholipid binding proteins and 

Metscape analysis of the annexin/S100A families identified in this report showed 

similar and compensatory functions of the family members as outlined in Table 

4.3. The annexin family members and the S100A binding proteins have shared 

protein domains and the GeneMANIA program was used to predict potential 

degeneracy, or substitution through alternative physical interaction, co-

localization and genetic interactions (Table 4.4). Changes in annexin binding or 

interacting partners lead to changes or alterations in cellular function, dependent 

upon the annexin in question. An example from this report is that of annexin A2, 
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predicted to physically interact with both S100A10 and S100A6. However, p53 

activation leads to a preferential increase in A2 and S100A10 levels, therefore, in 

the absence of increases in any of the other A2 binding proteins, A2 would 

preferentially bind to S100A10. Consequently, the formation of increased levels 

of the A2/S100A10 complex will promote the cellular functions mediated by this 

complex, which is to bind to cytoskeletal components associated with intracellular 

fusion [213]. Annexin A4, also upregulated through p53 activation, is also 

associated with membrane fusion [214]. Whether A4 and A2/S100A10 are 

complementary or compensatory mechanisms is yet to be shown. 
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Table 4.3: Annexin protein function analysed using the MetScape Plugin in 

Cytoscape. 

Protein Functions 

A1 Calcium-dependent phospholipid binding, phospholipid binding, lipid 

binding, extracellular organelle, extracellular vesicle exosome, extracellular 

membrane-bounded organelle, lipase inhibitor activity, vesicle fusion. 

A2 Calcium-dependent phospholipid binding, phospholipid binding, lipid 

binding, extracellular organelle, extracellular vesicle exosome, extracellular 

membrane-bounded organelle, vesicle fusion. 

A4 Calcium-dependent phospholipid binding, phospholipid binding, lipid 

binding, lipase inhibitor activity, calcium ion binding. 

A5 Calcium-dependent phospholipid binding, phospholipid binding, lipid 

binding, extracellular organelle, extracellular vesicle exosome, extracellular 

membrane-bounded organelle, lipase inhibitor activity. 

A6 Calcium-dependent phospholipid binding, phospholipid binding, lipid 

binding, extracellular organelle, extracellular vesicle exosome, extracellular 

membrane-bounded organelle. 

A7 Calcium dependent protein binding, lipid binding. 

A9 Phospholipid binding. 

A11 Calcium dependent protein binding. 

S100A6 Calcium dependent protein binding, calcium ion binding, regulation of 

fibroblast proliferation, ruffle. 

S100A10 No independent function listed 

S100A11 Ruffle 

S100A13 Calcium ion binding 

Grey shading denotes no change in annexin and S100A protein expression. 
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Table 4.4: Cytoscape (GeneMANIA) analysis of overexpression of Annexins 

and associated S100A partners defining the physical interactions; co-

localisation and genetic interactions post p14ARF induction. 

Protein Physical interaction Co-localise Genetic interactions 

A1 S100A11 S100A11, A11 A2 

A2 S100A10, S100A6 NO A1 

A4 NO A9 A5, A11 

A5 NO S100A10 A4 

A6 NO NO NO 

A7 S100A10 NO NO 

A9 NO A4 NO 

A11 S100A6 A1, S100A11 A4, A11 

S100A10 A2 and A7 A10 A2 

S100A11 A1 A1, A11 NO 

S100A13 NO NO NO 

 

All annexin and associated S100A proteins are co-expressed. Annexins have 

shared protein domains and the S100A proteins have shared protein domains. 

Physical interactions, co-localization and genetic interaction analysis was 

completed using Cytoscape GenMANIA plugin. Grey shading highlights proteins 

that are not regulated by ARF-p53. 
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4.3.6 Regulation of annexin expression is cell type 

specific 

To determine if annexin expression was regulated by p53 in other cell types, we 

examined the effects of p53 activation in two distinct and functionally different cell 

lines, U2OS, an osteosarcoma cell line and MCF-7 breast cancer cells. 

Immunofluorescence microscopy showed P14ARF expression in the nucleolus in 

both cell lines post IPTG treatment (Fig. 4.6A and 4.6B). p14ARF expression 

correlates with downregulation of the proliferation marker Ki-67 in the same cells 

(Fig. 4.6A and 4.6B). We compared annexin A1 and A2 protein expression, both 

of which are important regulators of normal breast cell physiology [213, 215, 216], 

breast cancer progression and are associated with more aggressive and invasive 

cancer phenotypes [205]. Using specific annexin (A1 and A2) antibodies, we 

detected p14ARF-p53 induced upregulation of A1 and A2 proteins in MCF-7 cells 

(Fig. 4.6C) but no significant change in these protein levels was observed in the 

U2OS p14ARF cells. Interestingly, higher basal levels of A1 and A2 were 

detected in U2OS cells compared to MCF-7 cells (Fig. 4.6C). Activation of 

p14ARF-p53-p21 was confirmed by western blot analysis of p53 and p21 in the 

same experiments (Fig. 4.6C). This lack of annexin regulation by p53 in U2OS 

cells was also confirmed at the transcriptional level by RT-qPCR analysis (Fig. 

4.6D). Differential annexin regulation was unique to MCF-7 cells and not a 

common feature of other cell types. This adds further evidence that regulation of 

annexin expression by p14ARF-p53 is strongly associated with specific annexin-

mediated cell functions. Interestingly, one common feature of both cell lines 

(U2OS and MCF-7) was that calcium dependent apoptosis through annexin A5 

was not regulated by p53 at either the transcriptional or translational level. 
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Figure 4.6. Differential regulation of Annexin A1, A2, A5 by p14ARF-p53 

occurs in MCF-7 but not in U2OS osteosarcoma cells. p14ARF expression 

was induced in MCF-7p14ARF and U2OSp14ARF cells by the addition of 5mM 

IPTG at 15h 24 h and 72 h, PBS was added to control cells. Expression and 

localization of p14ARF expression in A. U2OS cells, B. MCF-7 pre- and post 

IPTG induction using immunofluorescence microscopy. C. Top panel shows a 

representative western blot analysis of annexin A1 and A2 protein expression in 

MCF-7 and U2OS cells at 24 h and 72 h time points after p14ARF induction. β-

actin was used as a loading control. The MCF-7p14ARF and U2OSp14ARF 

protein samples shown are from the same western blot. Bottom panel, p21, a p53 

transcriptional target, was used to confirm p53 activation in the cell lysates. β-

actin was used as a loading control. D. Gene expression of p14ARF was induced 

by the addition of 5mM IPTG for 15 h in U2OSp14ARF cells. Vehicle control 

contained PBS in place of IPTG. Transcriptional regulation of ANXA1, ANXA2, 

ANXA5 and ANXA6 was analysed at 15h post p14ARF induction using RT-qPCR. 

Data were normalized to the reference gene glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). Data have been expressed as fold change in 

expression post p14ARF induction relative to the control (2−ΔΔCt). Experiments 
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were performed in duplicate in which each set of experiments contained technical 

triplicates. Statistical differences between groups were determined using a two 

tailed, paired t-test. 
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4.3.7 Association between p53 induced annexin-S100A 

overexpression and treatment outcomes in breast 

cancer: Analysis by individual protein expression 

status 

Dysregulation of the expression of individual annexins has been associated with 

breast cancer development and poor prognosis, and modulation of calcium 

signalling by p53 has been associated with lack of sensitivity to chemotherapy 

and radiotherapy [196, 198, 203, 217-221]. Pre-clinical validation of prognostic 

gene candidates in a large independent cohort is a prerequisite for the 

development of robust biomarkers. To evaluate the potential prognostic value of 

elevated annexin/S100A protein levels, as identified in this study, we performed 

a meta-analysis using a publicly available breast cancer patient mRNA 

expression database (accessed from the website Kmplot.com) [211]. The 

available breast cancer patient data from the Kaplan Meier website, which 

consists of 4142 patients with a mean follow up of 69 months, was categorized in 

treatment sub-groups as indicated in Fig. 4.7A and the number of patients in each 

cohort is also provided. Cohorts were also compared to a filtered sub-set of 

patients with ER+/p53 status (Fig. 4.7B), to determine if patients harbouring p53 

had a better or poorer prognosis. We aimed to assess how p53 induced 

upregulation of annexin/S100A would affect the following clinical outcomes: 

Relapse Free Survival (RFS), Distant Metastasis Free Survival (DMFS), and 

Overall Survival (OS), both in untreated and treated ER+ (luminal A) breast 

cancer patients. The first set of Kaplan-Meier plot analyses were conducted to 

determine how elevated expression of individual annexins and S100A family 
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members (i.e. ANXA1 ANXA2 ANXA4 ANXA6 ANXA9 S100A10 S100A11 

S100A13) would influence response of ER+ patient cohorts to conventional 

treatments (Fig. 4.7A). Associations between individual annexin/S100A 

expression data and predicted clinical outcome were categorized according to 

patient treatment regimes of (A) combined endocrine therapy and chemotherapy 

(Endo/C), (B) tamoxifen therapy (Tam), (C) chemotherapy alone (Chemo), (D) 

endocrine therapy alone (Endo), (E) combined tamoxifen and chemotherapy 

(Tam+C) and (F) untreated (UNTR). All finding and associations are summarized 

in Fig. 6.7. For simplicity, the predicted survival data has been portrayed as a 

heat chart whereby the green bars represent a positive prognosis; a negative 

prognosis by the pink bars and a neutral or non-significant outcome represented 

the yellow bars (Fig. 4.7). 
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Figure 4.7. The effect of p53 and individual upregulated annexins on patient 

prognosis. Kaplan-Meier analysis [211] was used to predict breast cancer 

patient survival (RFS, DMSF and OS) post p53 induction and upregulation of 

individual annexins: ANXA1, ANXA2, ANXA4, ANXA6, ANXA9 and S100A10, 

S100A11 and S100A13. A comparison was made between ER+ patients (A), and 

a sub-set of patients with ER+/p53 (B). A hazard ratio of 95% confidence intervals 

and the log-rank P-value (P<0.05) was determined for differences in survival for 

each treatment option outcome and the results are represented as a heat chart: 

green = positive prognosis; pink = negative prognosis and yellow neutral (the 

median was used as a cut off). The number of patients in each treatment sample 

is shown. Abbreviations: RFS = Relapse free survival; DMFS = Distant 

metastasis free survival; OS = Overall survival; UNTR = untreated; Endo = 

endocrine; Tam = Tamoxifen, C and chemo = chemotherapy. 
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Using the Kaplan-Meier plot for breast cancer treatment outcome, there were 

distinct differences in how patients responded to specific therapies dependent on 

their annexin gene expression profile (Fig. 4.7). In general, a more positive DMSF 

and overall outcome was predicted in the sub-set of patients where tumours were 

documented as expressing ER+/p53. With reference to Fig. 4.7A, only expression 

of annexin A9, and S100A13 predicted poor overall survival when endocrine 

therapies were used for treatment. In the sub-set of patients that expressed 

ER+/p53, only S100A13 was shown to be a predictor of poor overall survival (Fig. 

4.7B). 

4.3.7.1 Association of p53 induced annexin-S100A overexpression and 

breast cancer treatment outcome: Analysis by combined annexin 

expression status 

To determine whether cluster analysis of the differentially regulated annexins and 

S100A genes (Fig. 4.8A) would confer any concessionary changes on patient 

prognostic outcome, we used an unbiased combinational approach, which 

assessed treatment outcome based on the overall (combined) annexin and 

S100A overexpression profile in ER+ breast cancer patients (Fig. 4.8B). In 

comparison to the analysis of individual annexins, the first observation was that, 

overall, patient prognosis was significantly improved when all upregulated gene 

expression changes (annexin + S100A) were taken into account, and this was 

independent of treatment regime (compare Figs 4.7 and 4.8B). The most striking 

difference was when the ER+/p53+ sub-group was analysed with the same 

parameters. Significantly improved outcomes (RFS, DMSF and OS) were 

observed with tamoxifen treatment alone, or when tamoxifen was included in the 

treatment regime (compare Fig. 4.8B, 4.8C, 4.8D and 4.8E). Representative 
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Kaplan-Meier plots comparing the difference in ER+ patient outcome (Fig. 4.8D) 

with the ER+/p53+ (Fig. 4.8E) patient subset when patients are treated with 

endo+chemo whereby a significant improvement in time to relapse is observed 

in the presence of p53. 
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Figure 4.8. Effect of p53 and all upregulated annexins and S100A genes 

(annexin expression profile) on ER+ patient prognosis. Kaplan-Meier 

analysis [211] was used to predict breast cancer patient survival (RFS, DMSF 

and OS) post p53 and upregulation of all combined annexins/S100A genes (Fig. 

4.8A). A comparison was made between ER+ patients (B), and a sub-set of 

patients with ER+/p53 (C). A hazard ratio with 95% confidence intervals and the 

log-rank P-value (P<0.05) was determined for differences in survival for each 

treatment option outcome and the results are represented as a heat chart: green 

= positive prognosis; pink = negative prognosis and yellow neutral (the median 

was used as a cut off). The number of patients in each treatment sample is 

shown. (D) and (E) show comparative representative Kaplan-Meier plots of 
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relapse free survival (RFS) for ER+ (D) and ER+/p53+ (E) patients treated with 

Endo + chemo therapies. The x-axis shows the number survival months from 

diagnosis. The red line represents patients with high annexin/S100A expression, 

and the black line represents patients with low annexin/S100A expression. 
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4.4 Discussion 
 

Approximately two-thirds of all breast cancers harbour the p53 protein. Contrary 

to a long-held belief that favourable chemotherapy outcome is dependent upon 

p53-mediated apoptosis [222], some reports suggest a less favourable outcome 

for p53 breast cancers [126, 187]. Our previous studies have demonstrated that 

p53 induces a viable, metabolically active senescence-like cellular phenotype 

which supports the paradigm that p53 may be protective against apoptosis in 

breast cancer cells [27, 95]. This has been partly explained by the concept that 

p53 interacts with ER to protect cells against apoptosis, yet how p53 activity 

hinders chemotherapy response is not clear. In order to accurately predict clinical 

response, we need to understand the cellular changes occurring in response to 

activation of the p53 pathway. Regulating calcium signalling is essential for 

mammary gland function and deregulation of calcium homeostasis is associated 

with cancer pathophysiology. It has been difficult to determine how these calcium-

dependent multi-faceted annexin proteins are regulated due to the sequence 

similarity of the annexin family of proteins and their compensatory functions within 

the cell. However, using SILAC LC-MS/MS methodology, we could identify 

unique peptides within the N-terminal region of the individual annexin proteins 

and show how p53 regulates the expression of members of this protein family. 

Our bioinformatic analysis of p53-induced upregulation of protein expression 

showed a strong association between ANXAs/S100A and either TP53 (p53) or 

CDKN1A (p21). This aligns with previous findings showing that p53 

transcriptional regulation of p21 is a link to its pro-survival function and is opposed 

to the A5 induced cell death, reviewed in Clarke et al, 2015 [223]. These findings 
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support a renewed study of p53 as a central regulator of normal cellular function 

and pathophysiology. This report is the first to demonstrate p14ARF-p53 as a key 

central orchestrator of the annexin/S100A family of calcium regulators in favour 

of pro-survival functions in the breast cancer cell, in contrast to the activation of 

the canonical annexin A5 pro-apoptotic response usually associated with this 

tumour suppressor function. In the two cell lines studied, the annexin A5 pro-

apoptotic pathway was not activated by p14ARF-p53. 

The annexins A1, A2, A4, A6 and A9, and annexin binding proteins S100A10, 

S100A11 and S100A13 were in the top 50 proteins upregulated by p14ARF/p53, 

as evidenced by SILAC-based analysis. Although the function(s) of each annexin 

is not clearly defined, annexin-Ca2+ regulation is unquestionably important in a 

wide range of both intra- and extracellular functions that require interaction with 

the acidic phospholipids of the intracellular compartment of all membranes and 

Ca2+ signalling [195]. 

4.4.1 Annexins in normal physiology and breast cancer 

The annexin A2/S100A10 complex, the abundance of which is increased by p53 

activation, plays a role in membrane organization, membrane trafficking, in 

promoting ion conductance across membranes [195], and in calcium 

redistribution from bone to breast [224-226]. Annexin A4 has recently been shown 

to be involved in plasma membrane remodelling, through regulation of the actin 

cytoskeleton, and in cellular cholesterol homeostasis [227]. The role of annexin 

A6 as a membrane organizer is further supported by a recent study [228]. These 

observations are consistent with the changes we have observed in the 

architectural reorganization of the cytoskeleton of MCF-7 cells post 
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p14ARF/p53/p21 activation [27], suggesting annexin regulation via this pathway 

may be a normal cellular process in breast physiology. 

Aberrant calcium signalling is often linked to each of the hallmarks of cancer cells 

[229]. In this report we highlight how differential changes in annexin and S100A 

expression may impact on signalling pathways and potentially lead to the 

activation or inhibition of downstream and/or compensatory cellular mechanisms, 

dependent upon the direction of expression change. Annexin and S100A 

deregulation has been associated with tumour invasion and metastasis, 

angiogenesis and drug resistance [196, 206, 207]. Loss of annexin A1 has been 

associated with malignant transformation in ER+ breast cancer[198], and, 

conversely, recent reports associate high annexin A1 expression with cellular 

invasion in ER- [203]. Increases in annexin A2 and S100A11 are associated with 

cell viability and increased invasiveness through their ability to maintain plasma 

membrane integrity [230] and promote epithelial-mesenchymal transition [205]. 

Dysregulation of individual annexin expression is associated with cancer 

development and treatment outcomes and it has been suggested that 

considering the expression of individual annexins may provide useful diagnostic 

and prognostic biomarkers [196]. Furthermore, modulation of calcium signalling 

has been demonstrated to change sensitivity of chemotherapeutic agents to 

apoptotic signals. This led to our further investigation of the impact of the 

differential regulation of annexin expression by p53 on patient treatment 

outcomes. 
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4.4.2 The ER-p53-annexin expression profile and 

treatment outcomes 

To address how increases in the expression of individual annexins (A1, A2, A4, 

A6 and A9) and S100A binding partners (S100A10, S100A11 and S100A13), and 

combinations of thereof, could influence treatment outcomes, we performed a 

meta-analysis (biomarker assessment) based on 4142 breast cancer samples 

using the Kaplan-Meier plot database for breast cancer (available online) [211]. 

This is the first biomarker analysis directly comparing patient treatment outcomes 

using expression data of each individual annexin and then combining the 

expression date of all annexins and S100A binding proteins (i.e. an annexin 

expression profile) in a specific sub-set of breast cancer patients (ER+p53+) within 

a larger cohort. Overall, ER+ patient prognosis was more favourable when p53 

was present and was associated with increased RFS, DMSF and OS. The 

exception to this was upregulation of annexin A9 and S100A13, which were 

associated with poor RFS and RFS/OS respectively, and, interestingly, this was 

only in patients who had undergone endocrine treatments. The most favourable 

prognosis and survival odds were observed when all the upregulated annexins 

and S100A proteins were taken into account together as an expression profile or 

signature, and a comparison was made between ER+p53- patient tumours and 

ER+p53+ tumours. In general, all tumours responded more positively when p53 

was expressed independent of treatment regime. The most striking observation 

was that of ER+p53+ tumours with the expression profile of upregulated annexin 

A1, A2, A4, A6, A9 and S100A, A11 and A13, which showed great benefit from 

tamoxifen intervention alone, and, it was further shown, that additional treatment 

with chemotherapy would have no added beneficial effect. In conclusion, this 
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study ascribes to p53 the functions of a key organizer of calcium metabolism in 

breast cancer cells through the differential regulation of expression of the 

annexins, which are important calcium regulators. We have shown that p53 

mediates pro-survival signalling in breast cancer cells and does not induce the 

canonical annexin A5 apoptotic pathway as previously thought. Although we, and 

others, have shown that reactivation of the canonical p14ARF-p53 pathway does 

not induce apoptosis in our studies, this does not necessarily relate to resistance 

to either chemotherapy or endocrine therapies. In our retrospective studies using 

a freely available breast cancer database, induction of p53 and overexpression 

of annexins associated with pro-survival functions is not associated with 

resistance to endocrine therapy. However, p53 induced overexpression of 

annexins, with consequent cellular phenotypic alterations appears to influence 

treatment outcomes in breast cancer. Importantly, prognosis/treatment outcome 

prediction is modified by whether one considers single genes individually or 

combines the gene expression profiles of various genes. Combining expression 

data of many genes is therefore the way forward to getting best /most accurate 

prognostic/treatment outcome information. 
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5.1 Introduction 
 

5.1.1 Overview of the p14ARF-p53 pathway 

The p53 transcription factor is well characterised for its anti-cancer role and is 

one of the most extensively studied tumour suppressor proteins preventing 

cancer development [30-33]. Upon DNA damage or oncogenic signaling, p53 is 

stabilised within the nucleus, thus inducing genes associated with cell cycle 

progression, DNA repair, senescence or apoptosis [32, 37, 231, 232]. Mutations 

in TP53 are common in approximately 50% of all cancers, however only 30% of 

breast cancers are associated with TP53 mutations or deletions of this gene, 

leaving the remaining 70% with WT p53 [113], which makes reactivation of p53 

in breast cancer a good target for breast cancer treatments [163]. This is 

particularly relevant for hormone responsive breast cancers where a large 

majority of tumours harbour WT p53 [113, 114]. A targeted protein for p53 

reactivation is p14ARF, which blocks the ubiquitination of p53 by the ubiquitin-

protein lysate, human double minute 2 (hdm2) [165], preventing p53 degradation 

thus stabilizing p53 expression [166, 233-235].  

Additionally, the cellular roles of p53 extend beyond its role in cancer prevention 

whereby p53 plays a key role in normal breast development and function [164]. 

In 2001, O’Malley and colleagues proposed ample precedent to the complex role 

of hormonal regulation of p53 expression in both normal mammary gland 

development as well as in tumourigenesis [236], thus providing a hypothesis for 

the p53 paradigm in normal breast development and function and extending to 

the contradictory and evasive role p53 plays in breast cancer progression and 

protection.  
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Most studies have used DNA damaging agents (radiation, chemotherapeutics) or 

mimetics of p14ARF, such as nutlin-3a, to explore p53 reactivation in breast 

cancer [126, 145, 237]. Other studies have used retroviruses or adenovirus to 

reactivate p14ARF-p53 and the main focus of these studies has been revisiting 

cell cycle arrest and cell death [238]. To understand the process of reactivating 

the p53 pathway in breast cancer cells, an inducible vector system whereby 

physiologically relevant expression of p14ARF is induced in the same cellular 

background as control is used [27, 95, 153]. Previous studies in our laboratory, 

exploring the paradigm of p14ARF in the activation of the p53 pathway in breast 

cancer demonstrated a metabolically active, differentiated, senescence-like 

(dormant) phenotype [27, 95]. Some of the features included an increase in cell 

size (cytoplasmic and nuclear), a more structural cellular skeletal architecture and 

a significant increase in viable mitochondrial biomass (Fig. 5.2) [27]. Thus, 

activation of the p14ARF-p53-p21 pathway initiated a change in cellular 

metabolism consistent with a differentiated phenotype with an increase in 

mitochondrial activity, most likely to be important in cell survival and recurrence 

[95]. This led to the hypothesis that the breast cancer cell retains a ‘functional 

memory”, and, by reactivating this pathway, we could mimic some of the functions 

of p53.  

5.1.2 Cancer metabolism and metabolic reprogramming 

Cancer is the uncontrolled growth and division of cells in which cell cycle 

regulatory checkpoints have been lost  [239]. As in normal cells, cell division 

requires an increase in energy  [240], in cancer, metabolic pathways and nutrient 

uptake mechanisms are reprogrammed to fulfil the requirements of the 

uncontrolled cell proliferation characteristic of cancer cells [240-243]. As 
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discussed in section 1.2.3, the ‘Warburg Effect’ is a characteristic of all 

proliferating cells where cancer cells exhibit have a shift in energy production 

from oxidative phosphorylation, occurring in the mitochondria, to a predominance 

of glycolysis in the cytoplasm [91-93]. It is therefore not surprising that glucose 

transporters have been shown to be overexpressed in cancer cells [244, 245].  

5.1.3 The role of p53 in cellular metabolism and 

metabolic switch  

Alterations in cellular metabolism are one of the well characterised hallmarks of 

cancer [246], however, we still do not fully appreciate the importance of the 

metabolic changes occurring in normal and cancer cells and how these changes 

may lead to tumourigenesis. It is only in the last 9 years that p53 has been 

identified as a co-ordinator of the mitochondrial respiratory and cytosolic 

glycolytic pathways of cellular energy generation, [247]. Of interest, p53 is 

associated with the suppression of cytoplasmic glycolysis and enhancement of 

the mitochondrial oxidative phosphorylation [248].  

In normal metabolism, Saleem and Hood (2013) demonstrated that in skeletal 

muscle, levels of p53 in the mitochondria are usually low, but upon acute exercise 

p53 translocates to the mitochondria. This accumulation of p53 in the 

mitochondria was shown to induce oxidative respiration [249]. Further to this, p53 

has been shown to supress glycolysis and when p53 is mutated or defective, as 

occurs in many cancers of various types, glycolytic metabolism is increased [250]. 

In addition, p53 physically interacts with the mitochondrial transcription factor A 

(TFAM) [251], which enhances the binding of TFAM to mitochondrial DNA 

(mtDNA), thus enhancing mtDNA transcription [249].  
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In 2011, work in our laboratory showed that induction of p14ARFexpression and 

p53 reactivation in MCF-7 breast cancer epithelial cells did not lead to cellular 

apoptosis but instead, the cells remained viable, were metabolically active and 

demonstrated an increase in mitochondrial biomass [95]. This chapter describes 

work that was conducted to further explore the mechanisms underlying the 

metabolic changes occurring in the breast cancer epithelial cells post p53 

activation and focuses on the role of p53 in regulating mitochondria and 

mitochondrial dynamics. 

5.1.4 Mitochondrial Dynamics 

Sustaining metabolic homeostasis not only relies on the activity of tumour 

suppressor proteins such as p53, but also on the regulation of mitochondria and 

mitochondrial function. This includes the regulation of mitochondrial size, number 

and shape through fusion and fission events and intracellular transportation [252, 

253]. These mechanisms, known as mitochondrial dynamics, ensure optimal 

mitochondrial bioenergetic function to accommodate the energy demands of the 

cell [254, 255]. Mitochondrial dynamics have been observed to be influenced by 

p53 [95, 256, 257], however, this is yet to be explored in breast cancer models.  

Mitochondrial morphology is intimately linked to mitochondrial functional state 

[252, 254, 255] with mitochondrial fission and fusion being critical balancing 

events in the maintenance of mitochondrial function when cells are exposed to a 

wide array of metabolic and environmental stresses [254, 255, 258]. This includes 

maintaining mitochondria biomass, number, biogenesis and degradation (Fig. 

5.1). When fission is unopposed, mitochondrial fragmentation occurs, and is 

associated with excess glucose abundance, severe stress, cellular death and 
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impaired oxidative phosphorylation (OXPHOS). However, fission has also been 

observed to be vital in the generation of new mitochondria (mitochondrial 

biogenesis) alongside a quality control process to remove old defective 

mitochondria, ensuring proper mitochondrial function (Fig. 5.1) [254, 255].  
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5.2 Methods 
 

5.2.1 Cell culture 

Cells were seeded at a density of 2.0 x 105 cells/mL in DMEM for 24 h. IPTG 

(5mM) and PBS (control) were added to cells for 24 h and 72 h, respectively. 

Cells were harvested by washing twice in cold PBS then adding 150 µL of lysis 

buffer with protease inhibitors (PI) for 3 mins each wash. Cells were scraped from 

the monolayer and transferred to a 1.5 mL Eppendorf tube. Cell lysates were 

centrifuged for 10 min and the supernatant transferred to a new Eppendorf tube. 

Cell were centrifuged at 12000 g at 4 0C and samples were kept on ice at all 

times. Protein was quantitated using the Quick Start™ Bradford Kit 2 according 

to the manufacturer’s instructions. Protein samples were stored at -80 0C until 

required for use. 

5.2.2 Western blotting 

Denaturing polyacrylamide gel electrophoresis was performed by adding 10 µg 

of total protein to 25% (v/v) NuPAGE®LDS Sample Buffer (4x), 10% (v/v) 

NuPAGE®Reducing Agent (10x) and dH2O, then incubating at 85 0C for 3 min, 

followed by centrifugation for 2 min. Proteins were separated on 

NuPAGE®Novex®Bis-Tris gels using MES SDS Running Buffer and SeeBlue® 

Plus2 Pre-Stained Standard as a reference ladder. The proteins were then 

transferred onto PVDF membranes for 1 h in Western blot transfer buffer using 

the Invitrogen Western blot transfer system. Protein transfer was verified by 

staining the membrane with Ponceau S. PVDF membranes were soaked in 

blocking solution for 2 h (with gentle agitation) at RT and washed twice. PVDF 

membranes were incubated in the appropriate primary antibody for 2 h on a 
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MACSmixTM tube rotator at room temperature then washed. The membranes 

were incubated with secondary α-mouse HRP for 1 h at RT then washed every 

10 min for 1 h. The membranes were visualised using Amersham ECL reagents 

(1:1 ratio) and protein abundance quantified by image analysis using the Kodak 

image station 4000 MM. To prepare the loading control, PVDF membranes were 

stripped by placing in boiled stripping buffer for 7 min, repeating three times with 

fresh stripping buffer each time, then washed three times by incubating for 10 min 

each time followed by blocking with 0.2% (v/v) FCS in PBST for 2 h. Membranes 

were probed with mouse β-actin secondary conjugated antibody for 1 h then 

visualised as described above.  PBST was used in all washing steps. 

5.2.3 RNA extraction and Real-time quantitative 

polymerase chain reaction (RT-qPCR) 

MCF-7p14ARF and U2OSp14ARF cells were seeded at 2.0 x 105 cells/mL in 

DMEM for 24 h. Test cells and control cells were then treated with 5 mM IPTG 

and PBS respectively for 6 h and 15 h. Centrifugation at all steps was performed 

at 12000 g at 4 0C and samples were always kept on ice. 

5.2.3.1 RNA extraction and quality control 

RNA was harvested by washing cells with cold PBS, adding RNAzol®RT, at 500 

mL per well and scraping cells before pipetting into an Eppendorf tube. Cells in 

RNAzol®RT were frozen at -20 0C. RNA was extracted by adding 40% (v/v) 

RNase/DNase free water to the lysate, centrifuging at 12000 g for 15 min and 

transferring 75% of the supernatant to a fresh vial. 0.5% (v/v) 4-bromoanisole 

(BAN) was added to the supernatant, the mixture was shaken for 15 sec and 

store for 3-5 min at room temperature followed by centrifugation at 12000 g for 
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10 min. The RNA-containing supernatant was transferred to a new vial and 75% 

(v/v) Isopropanol was then added to the supernatant and incubated overnight at 

-20 0C to increase the RNA yield.  

The RNA was collected as a pellet after centrifugation for 15 min (at RT) and 

washed twice with 75% (v/v) ethanol to completely remove any residue 

supernatant. The pellet was dried at 37 0C until it became clear and resuspended 

in 20 µL RNase/DNase free water by pipetting slowly up and down, then heating 

the samples 55 0C for no more than 5 min. RNA samples were stored at -80 0C 

until required.  

The quality of RNA was assessed and total RNA concentration was measured at 

260 nm using the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, 

DE, USA).  

5.2.3.2 cDNA Synthesis  

RNA (400ng) was reverse transcribed using the High Capacity cDNA Reverse 

Transcription kit according to the manufacturer’s instructions. The following 

reagents were used to prepare Reverse Transcriptase (RT) master mix per 

reaction: 2.0 µL of 10 x RT Buffer, 0.8 µL of 100 mM dNTP, 1.0 µL of RNase 

Inhibitor, 2.0 µL of 10 x RT Random Primers, 0.5 µL of MultiScribe™ RT and 9.7 

µL RNase/DNase free water. 4 µL of pure RNA (400ng) was added to 16 µL of 

RT master mix and centrifuged briefly. Reverse transcription was performed at 

37 0C for 120 min. As soon as reverse transcription was completed, cDNA was 

diluted (1:4) in RNase/DNase free water and stored at -20 0C until required. 
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5.2.4 Immunofluorescence microscopy 

5.2.4.1 Cell fixation and immunofluorescence staining  

Transfected MCF-7p14ARF cells were seeded at 1x105 cells on glass coverslips 

in 6-well plates for 24 h, in a 37 0C, 5% CO2 incubator. Following seeding, 5 mM 

IPTG was added to induce p14ARF and PBS (vehicle) added to the control wells 

for 24 h and 72 h. Cells were washed three times in warm PBS followed by fixation 

by the addition of 1 mL of freshly thawed 4 % paraformaldehyde (PFA) and 

incubation at 37 0C for 30 min at RT. Following incubation, cells were washed 

with warm PBS then permeabilised with 0.2% Triton for 10 min at RT. Cells were 

washed with PBS and blocked with 2% (v/v) BSA in 0.1% (v/v) Triton for 1 hour 

at RT. Cells were washed with PBS and incubated with tubulin primary antibody 

(1:50) in 1% BSA plus Tween 20 overnight at 4 0C.  Cells were washed three 

times in PBS leaving the first wash for 1 h. Secondary antibodies (1:500) 

conjugated to Alexa fluor 568, Alexa fluor 488, plus GFP booster (1:500) and 

Hoechst 33342 (trihydrochloride trihydrate 10mg/mL solution in water) (1:1000) 

containing 1% BSA plus Tween 20 (0.25 v/v) were incubated at RT for 1 h. 

Coverslips containing the cells were washed three times with PBS and mounted 

by adding n-propyl-gallate (npg). Slides were placed onto coverslips cells side 

down then sealed with nail polish. Slides were then viewed on OMX super 

resolution microscope.  

5.2.4.2 OMX microscopy and analysis 

3D Structured Illumination imaging was performed on the prepared sample using 

a DeltaVision OMX SR imaging system (GE Healthcare, Issaquah, WA, USA). 

Solid-state lasers provided wide-field illumination and images were captured 
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using a × 60 1.4 numerical aperture UPlanSApo objective (Olympus, Toyko, 

Japan), standard filter sets and three scientific CMOS 512 × 512 pixel 15-bit 

cameras (pco.edge, PCO AG, Kelheim, Germany). Interference patterns were 

generated by interfering light beams [157] and samples were sectioned using a 

125 nm Z-step size. Raw 3-phase images were then reconstructed to extract finer 

detail using the Gustafsson algorithms [158, 159]. Images were captured and 

processed using AcquireSR and SoftWorX software (GE Healthcare). Light 

sources used were 405 and 488 nm lasers and emission Filters: DAPI (405 EX / 

419-465 EM) and EGFP (488 EX / 500-550 EM). 

IMARIS x64 (9.0.0) was used to find the number of mitochondria per cell using 

the ‘Surface’ module by thresholding for DAPI to find surface 1 (nucleus) and 

EGFP signal to find surface 2 (mitochondria) then the number of detected 

surfaces was counted in the selected region of interest. 
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5.3 Results and Discussion 
 

5.3.1 p14ARF upregulates TFAM but not Cytochrome C 

Given p53 has been demonstrated to positively increase mitochondria dynamics,  

effects of two key regulatory proteins that are associated with p53-mediated 

regulation of mitochondrial function were investigated in our breast cancer model. 

Cytochrome C, located mainly in the inner mitochondrial membrane [260], is 

associated with p53-mitochondrial mediated cell death [260, 261]. On the other 

hand transcriptional factor A, mitochondrial (TFAM) is a positive regulator of 

mitochondrial  activity [262]. TFAM is a DNA binding protein that is transcribed in 

the nucleus and translocates to the mitochondria where it activates two of the 

major promoters of mitochondrial-DNA (mt-DNA) [263].  

Both cytochrome C and TFAM pre- and post p14ARF-p53 induction were 

visualised by immunofluorescent staining in MCF-7p14ARF cells and 

representative images are shown in Fig. 5.3 and TFAM videos (attached). 

Cytochrome C, which is associated with p53 mediated cell death did not change 

in intensity in the pre- and post- images of p14ARF-p53 activation (Fig. 5.3A). 

Alternatively, a significant increase in TFAM was observed in the nucleus (the 

source of TFAM transcription and translation) and throughout the cytoplasm (Fig. 

5.3B). A video showing the TFAM expression throughout the nucleus and 

cytoplasm can be found in the attached supplementary files. These results were 

very exciting both visually and conceptually, providing more evidence that p53 

was very much associated with cell survival and the cells were functionally active 

post p14ARF-p53 activation. 
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5.3.2 Signalling pathways associated with metabolic 

reprogramming 

Here we investigated the co-ordination of signalling pathways associated with 

p53-metabolic reprogramming in our MCF-7p14ARF breast cancer model. The 

uniqueness of SILAC used in this study was that it allowed the direct comparison 

of all proteins in the same cell, pre- and post-treatment at any given timepoint. 

Using the triple SILAC technique allowed us to analyse p53-mediated changes in 

metabolic signalling pathways over time. Here direct comparison of proteome 

profiling in our breast cancer cell model was performed comparing global protein 

expression in the vehicle-treated the cells with cells expressing p14ARF at 24 h 

and 72 h time-points post p53 activation. Only p53-mediated protein changes in 

MCF-7p14ARF at both time points were analysed using the GOstats analysis 

package in Bioconductor [264]. This allowed us to observe long-term, or more 

permanent, changes in signalling pathways involved in p53-mediated metabolic 

reprogramming in contrast to transitory changes.  

5.3.2.1 Signalling pathways that are rapidly downregulated inhibit cell cycle 

progression, DNA repair and apoptosis 

Our observations clearly showed that p53- mediated metabolic changes involved 

turning off all non-essential functions including the aforementioned DNA 

replication mechanism, and anti-intuitively, DNA repair mechanisms (Fig. 5.4). 

Interestingly, protein signalling pathways associated with apoptosis were either 

unchanged or downregulated (Fig. 5.4). The well characterised annexin 

associated with apoptosis was not regulated by p53, however the less known 

mitochondrial-associated protein, DNAJC15, whose expression is associated 



144 
 

with negative regulation of the mitochondrial respiratory chain was 

downregulated [183].  

5.3.2.2 Signalling pathways that are upregulated are associated with metabolic 

functions 

Long-term changes in the p53-mediated signalling pathways associated with 

upregulation of global cell proteins at 24 h and 72 h were very much centred on 

gross changes in the cellular metabolism. One of the most interesting findings of 

this study was the stimulation of the fatty acid oxidation (FAO) and an integral 

pathway of FAO, -oxidation (Fig. 5.5). As mentioned, p53 has known roles in 

FAO to inhibit the hyperactivity of membrane synthesis in cancer and enhance 

OXPHOS, thus hindering the reliance on glycolysis [90]. p53 has also been 

shown to regulate fatty acid oxidation (FAO) by facilitating the transport of fatty 

acids into the mitochondria through the activation of carnitine 

palmitoyltransferase 1C (CPTC1) and by positively regulating the b-oxidation of 

fatty acids in response to nutrient stress [30]. This ability of p53 to increase FAO 

promotes NADH and FADH2 production that enhances OXPHOS. As mentioned, 

cancer cells typically increase fatty acid uptake and synthesis to meet the 

demands of membrane biosynthesis and p53 has been shown to oppose this 

effect. Furthermore, membrane fusion and organelle reorganisation functions 

may correspond to organelles including mitochondria undergoing dynamic 

alterations post p14ARF-p53 activation.  
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Figure 5.4 Gene ontology analysis of the top 50 down-regulated proteins 

post p53 activation in MCF-7 cells. Each horizontal bar represents the 

percentage of total genes for each gene ontology (GO) term which are present in 

the list of the bottom 50 down-regulated proteins post p14ARF-p53 activation. 

The first number next to each bar represents the gene count, and the second 

number represents the total number of genes associated with that GO term. GO 

terms were obtained from the GO Central GO terms for Homo sapiens. All 

associations are valid at P < 0.05. GO term analysis was performed using 

GOstats package in Bioconductor [264]. 
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Figure 5.5 Gene ontology (GO) analysis of the top 50 upregulated proteins 

post p53 activation in MCF-7 cells. Each horizontal bar represents the 

percentage of total genes for each GO term which are present in the list of top 50 

up-regulated proteins post p14ARF-p53 activation. The first number next to each 

bar represents the gene count, and the second number represents the total 

number of genes associated with that GO term. GO terms were obtained from 

the GO Central GO terms for Homo sapiens. All associations are valid at P < 6.1 

x 10-06. GO term analysis was performed using GOstats package in Bioconductor 

[264]. 
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These studies placed p53 as the ‘guardian of the proteome’ and confirmed the 

rightful place of p53 as the ‘guardian of cellular energy metabolism’.  

5.3.3 p53-mediated mitochondrial relocation/distribution 

and regulation of mitochondrial size and shape 

One of the unique observations from the p53-mediated proteomic changes was 

the importance of p53 in redirecting specific mitochondrial functions. From the 

literature (discussed in section 5.1.4), sustained metabolic homeostasis is very 

much reliant on the regulation of mitochondrial number and distribution, size and 

shape. These are also dictated by intracellular transportation and mitochondrial 

fission and fusion events. As previously mentioned, changes in mitochondrial 

dynamics ensures the energy demands within the cell are optimally met. 

To-date there are no studies focusing on determining the mechanism(s) by which 

p53 directs mitochondrial organisation in the cell, in association with cellular 

function. Here we observed how p53 is involved in regulating mitochondrial re-

distribution, size and shape. We employed super resolution microscopy (OMX) 

to observe, in detail, mitochondrial size and shape. In addition, redistribution of 

mitochondria post p14ARF-p53 activation was determined both by visualisation 

and by measuring the distance of individual mitochondria from the nucleus. using 

3D imaging. As demonstrated in MCF-7 cells, before p14ARF-p53 induction, 

mitochondria are more tubular in structure (Fig. 5.6) and most of the mitochondria 

were very closely associated with the nucleus, indicating more communication 

between the mitochondria and the nucleus in these cells. Mitochondria are the 

powerhouse of a cell and most of the energy produced by the mitochondria is 

needed for cell proliferation and associated nuclear division [265]. Post p14ARF-
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p53 activation, mitochondria were found to be more dispersed throughout the 

cytoplasm in the MCF-7 cells (Fig. 5.7). There was also an increase in the number 

of mitochondria (Fig 5.8 and Fig 5.9), as well as a change in their distribution, 

which is associated with the function of the cell. In the control MCF-7 cell, all 

mitochondria are found to be close to the nucleus, however, in the induced cells, 

mitochondrial distribution was clearly cytoplasmic (i.e. more spread out and 

further away from the nucleus). This change is likely due to changes in cellular 

function from cell proliferation, where more energy is needed for DNA replication 

and nuclear division, to the lesser energy demands of a non-proliferating cell. 
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Figure 5.6. Visualisation of mitochondria in normal proliferating MCF-7 cells 

before p14ARF-p53 activation. Super resolution OMX microscopy and IMARIS 

x64 (9.0.0) image analysis was used to visualise the nucleus (blue) and the 

mitochondria (brown) of a normal proliferating MCF-7 cell. The bar represents 10 

µm. 
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Figure 5.7. visualisation of mitochondria in non-proliferating MCF-7 cells 

after p14ARF-p53 activation. Expression of p14ARF was induced by the 

addition of 5 mM IPTG for 72 h. Super resolution OMX microscopy and IMARIS 

x64 (9.0.0) image analysis was used to visualise the nucleus (blue) and the 

mitochondria (brown) of MCF-7 cell after p14ARF-p53 activation. The bar 

represents 3 µm. 
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Figure 5.9. Mitochondria number and distance from the nucleus are 

increased post p14ARF activation. IMARIS X64 (9.0.0) was used to measure 

the distance of individual mitochondria from the nucleus of MCF-7 cells. 
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5.4 Conclusion 
 

Altered cellular metabolism is a hallmark of cancer [91, 241-243, 266]. p53 is a 

key regulator of metabolic processes and metabolic programming [86-89]. 

Morphological and protein expression changes occurring in the mitochondria post 

p53 activation was investigated in this chapter and an increase in biomass, 

activity, and distribution of mitochondria was observed. In addition, mitochondria 

were more diverse in their shape post p14ARF induction and were dispersed 

throughout the cytoplasm. Upregulated proteins identified by SILAC analysis 

were mainly associated with mitochondria function.  

Mitochondria were very closely associated with the nucleus pre- p53 activation 

(Fig. 5.6 and 5.9) and since mitochondria are the powerhouse of the cell, and 

these cells are cancer cells, they require all the energy provided by the 

mitochondria for their uncontrolled proliferation [130, 239, 240]. 

While p53 is associated with mitochondrial cell death (as discussed in Chapter 1 

section 1.2) and preventing cancer, it also has a role in cell survival and function 

as shown in this chapter. Activation of the p53 pathway results in to cell cycle 

arrest, however, the unique protein changes and pathways being activated upon 

‘switching on’ p53 are not those associated with cell death. This is clearly 

demonstrated in the results of this chapter where TFAM, a known transcriptional 

target of p53, which is important for the transcriptome and replication of 

mitochondria [267, 268], was increased both in the nucleus and cytoplasm (Fig. 

5.3B), accompanied by global changes in proteins affecting the metabolic 

signalling pathways (Fig. 5.5), effected by changes in mitochondrial dynamics. 
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(Figs. 5.6, 5.8 and 5.9) Thus, p53 regulates mitochondrial DNA at the nuclear and 

mitochondrial cell compartments in these breast cancer cells  [269]. 
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Concluding Remarks 

Breast cancer is one of the leading burdens of disease worldwide. Quality of life 

for women with breast cancer is reduced, and the cost to society emotionally and 

financially is huge. The majority of ERα positive breast cancers are treatable 

however acquired resistance, or recurrence of breast cancer is the major cause 

of morbidity.  

P53 is a master protein that is important for normal mammary development and 

function and is switched off in the majority of cancers. One of the regulators of 

the p53 protein is p14ARF, which regulates p53 post-transcription, therefore 

regulation is not observed at the transcription level. In a mouse model, ARF is 

regulated by hormones in pregnancy, necessary for proliferation and cell death 

[28]. Loss of ARF is involved of breast cancer progression and reactivating 

p14ARF has been proposed as a targetable protein for breast cancer therapy. 

However too little is known about the consequences of activating this pathway. 

Rationale for targeting p14ARF in the p53 pathway: Many breast cancer cells 

have lost expression of p14ARF, therefore allowing MDM2 ubiquitination of p53 

destabilizing p53 expression. Reactivation of p14ARF has been proposed as a 

novel gene therapeutic approach to re-stabilising p53 expression. Alternatively, 

therapies that target MDM2 and MDMX, such as Nutlin 3A, again as a means of 

stabilising p53 are being trialled as a cancer therapy [144]. 

Problems associated with targeting p14ARF/p53 in breast cancer treatment: We 

have previously shown that breast cancer cells are still viable when the p14ARF-

p53 pathway is reinitiated into breast cancers lacking p14ARF with p53-WT, as 

found in many post-menopausal breast cancers. The importance of 
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understanding this pathway is imperative to prevent recurrence or resistance with 

this type of treatment. This thesis explored the pathways initiated by p14ARF and 

explored the biology underlying potential resistance. At the start of this 

investigation, little was known about p14ARF-p53 and metabolism. Here we 

identified p14ARF-p53 as a game-changer in the contribution of p53 in the 

metabolism of breast cancer. 

Most reports on overexpressing p14ARF systems show high levels of p14ARF 

and induce apoptosis. This system uses inducible low levels of p14ARF, more 

representative of the endogenous system. To determine if p14ARF was activated 

we always followed through and looked at p53 and p21 expression. In this system 

we did not see apoptosis, cells were still viable (the basis of this thesis). The 

system used expresses low levels of p14ARF, difficult to detect on a western, 

and more representative of what you may observe in the natural system. 

This thesis raises concerns about reactivating p53 through p14ARF by exploring 

changes in downstream signalling and cell biology. The p14ARF-p53 tumour 

suppressor pathway is induced by environmental stress, leading to cell 

death/apoptosis or senescence, or, as mentioned reproductive hormones. Our 

laboratory has previously shown that activation of p53 through its upstream 

regulator p14ARF in our ERα positive breast cancer model did not produce the 

expected canonical effects i.e. apoptosis. Paradoxically, reactivation of p53 led 

to an increase in cell size, with cells remaining viable and showing an increase in 

mitochondrial biomass and mitochondrial viability [27, 95]. Therefore, the overall 

aim of the project was to define the role of the p14ARF-p53 in estrogen 

responsive breast cancer cells and the following were the experimental aims. 
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Aim one was to determine the global proteomic changes associated with p53 

activation in breast cancer using a well characterised MCF-7 breast cancer 

luminal epithelial cell model. This was addressed by using SILAC and LC-MS/MS 

proteomics where 1265 differentially regulated proteins were identified after 

reactivation of p14ARF-p53 in ER+ breast cancer cells. From these proteins we 

found that specific downregulated proteins were associated with cell cycle arrest, 

DNA repair, and anti-apoptosis; and specific upregulated proteins were 

associated with differentiation and changes in cell metabolism. 

Aim two was to characterise and validate novel p53 regulated proteins, and 

associated signalling pathways, detected by the proteomic analysis. Aim two was 

addressed by identifying from our SILAC dataset, a family of proteins, the annexin 

family and its associated S100 proteins, which were differentially regulated by 

activation of the p14-p53 pathway. This regulation of annexin protein expression 

was found to be cell type specific and this most probably equates with function 

since annexins are associated with calcium regulation. Using a free, well 

recognised software analysis program called Kaplan Meier (kmplot.com) we 

inferred that proteomic signature profiles may play a key role in determining 

treatment options. 

Aim three was to examine the morphological and protein expression changes 

occurring in the mitochondria post p53 activation. Here we demonstrated unique 

p53-mediated effects on mitochondrial dynamics and function in hormone-

dependent breast cancer cells. We showed how activation of the p14ARF-p53 

has dramatic effects on the morphological, activity and protein expression 

changes in the mitochondria perceived by an increase in biomass, increase in 

activity, changes in distribution, sphericity, volume and distance from nucleus. 
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Thus, reactivation of p53 induced mitochondria associated cell survival and cell 

function and not mitochondria associated cell death in the breast cancer cell 

model. 

In this thesis, we looked at the global proteomic changes that occur in breast 

cancer cells rather than a simplistic approach where we look at protein changes 

in isolation on Western blots. We looked at the whole cell proteome to observe is 

changes post activation of p53. p53 is a multifaceted master regulator of cellular 

dynamics. Most investigations use artificial chemical reagents and/or DNA 

damaging reagents to investigate p53 dynamics in cancer. Here, in this thesis, a 

natural upstream regulator (p14ARF) of p53 was used to investigate how 

activation of the p53-pathway affected not only the proteomic changes but how 

reactivation of one protein can dramatically change cell dynamics, especially 

observed in the metabolism. This work in this thesis provides a novel paradigm 

of p53 activation in hormone-dependent breast cancer cells, which may explain 

breast cancer survival after treatment and recurrence many years after seemingly 

successful treatment. 

Future Directions  

Mitochondrial isolation and SILAC analysis are still ongoing in our laboratory. This 

will provide insight to specific mitochondria proteins involved in the changes in 

mitochondria dynamics observed. Understanding the change in dynamics will 

provide insight on the basis of cell survival which may have implications in future 

therapy. 
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Supplementary Materials 
 

Disclaimer: These files relate to chapters three and four. They are too large to 

be inserted into the thesis and are available in the zip file and on the USB drive 

provided. A PDF version of the thesis and two of my review papers are also 

included. The following materials can be found: 

- Supplementary table 3.1: an excel workbook containing the filtered 

dataset of proteomic changes occurring at 24 h and 72 h which includes 

only proteins present in both sets of biological replicates and observed in 

technical replicates in duplicate experiments (Chapter 3). 

- Supplementary table 3.2A: an excel workbook containing the results for 

the pathway analysis for Fig. 3.6A (Chapter 3). 

- Supplementary table 3.2B: an excel workbook containing the results for 

the pathway analysis for Fig. 3.6B (Chapter 3). 

- Supplementary table 4.1: an excel workbook containing the SILAC LC-

MS/MS analysis of the annexin family and S100A associated proteins 

(Chapter 4). 

- Supplementary table 4.2: an excel workbook containing full gene 

description, function and processes of the p53-p21-annexin/S100A 

interactome (Chapter 4).  

- TFAM pre p14ARF-p53 activation video 

- TFAM post p14ARF-p53 activation video 

PDF file of the Thesis  
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