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Abstract 
 
Dysregulation of lipid metabolism is a hallmark of oncogenesis. Many lipid metabolites 

have been implicated in non-cancer pain states, but their role in cancer-related pain has 

yet to be firmly established. Previous work in our laboratory has shown that oncogenic 

mutations in PIK3CA trigger a multi-modal signalling network leading to elevated levels 

of arachidonic acid and a concomitant overproduction of prostaglandin E2 (PGE2), both 

of which have been demonstrated to play a significant role in non-cancer pain. 

 

A systematic review of the analgesic efficacy of non-steroidal anti-inflammatory drugs 

reveals that no studies to date have interrogated or identified any association between 

analgesic efficacy of these agents, with metabolic or genomic profiles of tumours. In the 

absence of any data linking these, a retrospective case-controlled study identified that 

oncogenic mutations in PIK3CA are observed with a greater frequency in patients who 

experience persistent post-surgical pain (PPSP) following breast cancer surgery, 

compared to matched controls without pain. Of those experiencing PPSP, PIK3CA 

mutations are associated with greater pain interference and psychological morbidity. 

With respect to exploring potential mechanisms, this thesis begins by replicating 

previous findings that elevated levels of arachidonic acid and PGE2 are observed in the 

context of oncogenic PIK3CA mutations. Subsequently, it is demonstrated that activation 

of the PI3K/AKT pathway also drives enhanced extracellular levels of another pain-

related bio-active lipid – lysophosphatidic acid (LPA). Overproduction of LPA is 

demonstrated to have pro-tumourigenic effects; namely to stimulate cellular migration 

and cell proliferation beyond a cell-autonomous manner. Unlike with arachidonic acid, 

the elevated levels of LPA are observed both in the context of oncogenic PIK3CA and 

AKT mutations with AKT-mediated activation of PLD2 driving this observation.  
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TXA    thromboxane 

TXA2    thromboxane A2 

VAS    visual analogue scale 

VEGF    vascular endothelial growth factor 

WHO    World Health Organization 

WT    wild-type 
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CHAPTER 1  

Introduction 

1.1 The evolution to cancer 

Cancer is capable of affecting any of the actively dividing cells of the body. Although it 

remains the second leading cause of death worldwide1, it has become the leading cause 

of death in middle-aged adults in both high-income and upper middle-income countries2. 

In 2017, 24.5 million cancer cases were reported worldwide, representing a 33% 

increase over the past 10 years3. Furthermore, 2017 was associated with 9.6 million 

cancer-related deaths and 233.5 million disability-adjusted life years (DALYs), which 

represent the number of years of ‘healthy’ life lost3. Despite the numerous advances in 

cancer diagnostics and therapeutics, these figures demonstrate the continued burden 

that cancer represents globally. In addition, for many, it remains their greatest personal 

health fear4,5. 

 

Cancer is a complex and diverse disease entity. Malignant transformation is 

characterised by abnormal cellular division, growth and proliferation, alongside the 

potential to invade or metastasise to other areas of the body6,7. In 2000, Hanahan and 

Weinberg proposed their influential concept; the ‘hallmarks of cancer’, which describes 

six fundamental features acquired by malignant cells8. These are 1) self-autonomy and 
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sustainment in proliferative growth factor signalling, 2) insensitivity to anti-growth signals, 

3) limitless replicative capacity, 4) evasion of apoptosis, 5) superior tissue invasion and 

metastatic capability, 6) persistent angiogenesis. With time, a greater understanding of 

the mechanisms underpinning these hallmarks has been achieved, alongside the 

identification of novel ‘hallmarks’ specifically highlighting the significance of altered 

metabolism and the interactions between tumour cells and their surrounding 

microenvironment9. Tumour cells undergo considerable metabolic rewiring in order to 

sustain the energy requirements necessary for unrestrained cellular proliferation9. It has 

long been recognised that even in the presence of oxygen, cancer cells alter their 

glucose metabolism, largely relying on glycolysis10. With increased energy requirements, 

the lower efficiency of glycolytic ATP production, is in part compensated by increased 

glucose uptake and utilisation11. These features however are not limited to glucose, as 

increased uptake and dysregulated metabolism of lipids are also a major feature of 

cancer pathogenesis12. Further to altered metabolic profiles, immune cells play a critical 

role in tumourigenesis. If it is accepted that the host immune system is integral in the 

identification and clearance of tumour cells, evading its surveillance is essential for 

cancer existence9. Interestingly, whilst tumour infiltration of immune cells has been 

associated with better survival in multiple cancer types13,14, chronic inflammation, is 

conversely associated with increased risk for various malignancies. Cancer associated 

fibroblasts mediate tumour promoting inflammation, through expression of pro-

inflammatory mediators, including interleukin-6 (IL-6) and cyclooxygenase-2, leading to 

enhanced leukocyte infiltration15. Another major pathway for inflammation is the 

production of eicosanoids and prostaglandins from arachidonic acid, catalysed by 

cyclooxygenase (COX) enzymes16 and prostaglandins have been demonstrated to 

promote tumour cell proliferation17. The immune system therefore plays a complex yet 

fundamental role in the evolution of cancer. Overall, the identified ‘hallmarks’ outline a 

number of encapsulating concepts detailing processes involved in tumourigenesis. 
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1.2 Pain 

Until recently, pain was defined by the International Association for the Study of Pain 

(IASP) as ‘an unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage’18. In July 2020, IASP 

updated this definition to ‘an unpleasant sensory and emotional experience associated 

with, or resembling that associated with, actual or potential tissue damage’19. Pain is a 

widely experienced symptom with numerous pathophysiological causes. It is arguably, 

the most common reason for consulting a medical professional20,21. Whilst not a desirable 

sensation, the ability to detect and interpret noxious stimuli is an evolutionary benefit and 

critical to an organism’s survival22. 

 

René Descartes, a 17th century French philosopher, is credited with the first theory 

regarding the physiology of pain, implicating a specific ‘pain pathway’ responsible for  

transmitting messages from the periphery to a specific pain centre within the brain23. 

Until the 1960s, pain was considered an inevitable response to tissue damage24. In 1965, 

Melzack and Wall published their innovative concepts relating to gate control theory, 

suggesting that mechanisms within the central nervous system influence or control the 

perception of noxious stimuli25. Although significantly advancing the understanding of 

pain perception, this theory did not include the concept that noxious input and other 

external factors can alter the nervous system response to noxious stimuli. For example, 

tissue damage is frequently accompanied by the accumulation of endogenous mediators 

such as cytokines, eicosanoids and related lipid species, collectively referred to as the 

‘inflammatory soup’26, which mediate a decrease in activation threshold and increased 

responsiveness of nociceptors27. This phenomenon is known as peripheral 

sensitization18. Moreover, recent years have resulted in a greater understanding 

surrounding the complexity of the experience of pain and the psychosocial factors which 
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may influence it28. Ultimately, it is now appreciated that perception of pain is not a simple 

sensory process, transmitted in a single neuronal pathway. As the understanding of the 

numerous contributing elements to this sensory process increase, the greater the 

complexities appear. 

 

1.2.1 Persistent pain states 

Many classifications for pain exist. One such classification relates to the duration of pain 

and categorises into either acute or chronic, which is also termed persistent. Various 

definitions exist, but acute pain implies onset that is rapid, intensity is typically dynamic 

and pain that resolves after a short duration often in tandem with healing of the causative 

tissue damage29,30. Chronic or persistent pain, refers to pain that persists beyond the 

time that one would have expected healing to have occurred31. Neuroplasticity, defined 

as the ability of the nervous system to change its activity in response to intrinsic or 

extrinsic stimuli through reorganisation of its structure, function or connections32, is 

credited as integral to the development of persistent pain states33. In practice, 

categorising pain based upon duration is somewhat misleading, as the transition from 

acute to persistent pain likely represents a continuum of events or processes, with no 

precise transition point. Although the mechanisms leading to persistent pain are not yet 

fully elucidated, some of these established concepts are integral to understanding pre-

clinical models of pain and appreciating potential processes involved the development 

of persistent pain states. 

 

Mechanisms of neuroplasticity can be peripheral or central. Changes in the periphery 

occur in response to either nerve damage or to secreted mediators including 

prostaglandins34,35 and include nociceptor sensitization36, adaptations to various ion 

channels26 and ectopic activity of uninjured nociceptors37,38. Changes that occur 
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centrally, include modifications to neurotransmitter availability39, alterations to anionic 

gradients resulting in increased membrane excitability40, modifications to receptor 

activity or membrane proximity39, glial cell activation41 and decreased descending 

inhibitory influences42,43. 

 

The peripheral and central changes that occur result in a phenomenon termed 

sensitization, which is defined as “increased responsiveness of nociceptive neurons to 

their normal input, and/or recruitment of a response to normally subthreshold inputs”18. 

Sensitization is a neurophysiological term that requires the input and output of the 

investigated neural system to be known and can include a drop in threshold required for 

activation, an increase in suprathreshold response, increase in receptive field and 

spontaneous discharges18. Clinical manifestations of sensitization therefore include 

allodynia (pain resulting from a stimulus that does not normally provoke pain), 

hyperalgesia (increased pain resulting from a painful stimulus) and spontaneous pain18. 

 

The mechanisms underlying neuroplasticity can be categorised into either modulation or 

modification. Modulation describes reversible alterations that occur, such as post-

translational adjustments in receptors or ion channels, whereas modification describes 

transcription dependent long-lasting changes including expression of neurotransmitters, 

receptors or ion channels and reorganisation of synaptic connections44. 

 

1.2.2 Cancer-related pain 

Pain is common in cancer, affecting between 40 to 60% of patients depending upon 

tumour type and stage45. Of those affected, 38% report pain of moderate to severe 

intensity. A systematic review and meta-analysis performed in 2007, described the 

prevalence of cancer-related pain as a “major problem”46. An updated analysis 
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performed by the same group a decade later, reported that despite an increase in clinical 

awareness and in the number of scientific publications regarding the issue, the 

prevalence of pain had not decreased45. Over a similar time scale, impressive advances 

in cancer diagnostics and treatments have led to a decline in mortality rates47,48, resulting 

in an increased number of cancer survivors and those living with the disease. This 

increase, combined with static prevalence of cancer-related pain, projects a rapidly 

growing population with this morbidity. Notably, those living with and beyond cancer are 

encountering a number of pain states with varied pain phenotypes45. Additionally, the 

physical and psychological sequelae associated with cancer-related pain are significant 

and well documented49,50. 

 

The terms cancer pain and cancer-related pain are often used interchangeably. To date, 

there is no specific definition that governs what exactly is classified as cancer-related 

pain. Attempting to define cancer pain as a singular subset of pain can be problematic, 

as it does not exist as a homogenous entity, rather a magnitude of multiple different pain 

pathologies, influenced by a host of emotional, psychological and spiritual factors51. 

According to IASP, cancer pain patients may experience pain that can be related to their 

disease, treatment of their disease or be unrelated to either and often experience more 

than one pain52. Only recently was the International Classification of Diseases (ICD) of 

the World Health Organization (WHO) updated to incorporate the term ‘chronic cancer 

related pain’ defining this as pain caused by the primary cancer itself or metastases or 

its treatment53. More accurately therefore, the terms cancer pain and cancer-related pain 

encompass many different pain pathologies experienced by individuals living with and 

beyond cancer.   

 

Cancer survivorship represents a relatively novel concept, lacking consensus regarding 

its precise definition54. In the United Kingdom, the National Cancer Survivor Initiative 
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defines a cancer survivor as someone ‘living with and beyond cancer’, whilst the National 

Coalition for Cancer Survivorship (NCCS), in the United States, regards a patient ‘from 

the time of diagnosis and for the balance of life’ as a cancer survivor55. However, the 

European Organisation for Research and Treatment of Cancer (EORTC) Survivorship 

Task Force defines a cancer survivor as ‘any person who has been diagnosed with 

cancer, has completed his or her primary treatment (with the exception of maintenance 

therapy), and has no evidence of active disease56. The nuances within these differing 

definitions may reflect varied clinical pathologies encapsulated by the term cancer-

related pain. Figure 1.1 provides an overview of a variety of pain states relevant to 

cancer-related pain.  

 

 

Figure 1.1: Overview of pain states relevant to cancer-related pain. 
Figure adapted from Brown and Farquhar-Smith57. 

Abbreviations: AIA, aromatase inhibitor induced arthralgia; CIBP, cancer induced bone 

pain; CIPN, chemotherapy induced peripheral neuropathy; PPSP, persistent post-

surgical pain. 
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Pain represents a major area of unmet clinical need in those living with and beyond 

cancer57. The National Cancer Research Institute (NCRI) has specifically highlighted the 

paucity of research within this field and, accordingly, the need to directly address this is 

reflected in their recent research priority setting exercise58. Amongst the identified top 10 

research priorities are the following 1) what are the best ways to manage persistent pain 

caused by cancer or cancer treatments? 2) How can we predict which people living with 

and beyond cancer will experience long-term side-effects and which people will 

experience late effects? 3) What are the biological bases of side-effects of cancer 

treatment and how can a better understanding lead to improved ways to manage side-

effects? 4) How can the short-term, long-term and late effects of cancer treatments be 

(a) prevented, and/or (b) best treated/managed?58 It is clear that persistent pain caused 

by cancer and its treatment are paramount to the research agenda identified by the 

NCRI. 

1.2.2.1 Pain arising from tumours 

Pain directly resulting from an expanding tumour, growing into healthy host tissue is the 

archetype of cancer pain. The pathophysiological mechanisms leading to nociception 

and ultimately pain, are arguably less well described than in non-malignant pain59. 

Previous theories that pain arises from tumour volume causing tissue destruction and 

nerve compression, have been superseded by the prevailing concept that cancer pain is 

initiated by mediators that are secreted within the tumour micro-environment60. These 

mediators subsequently either activate or sensitize primary afferent nociceptors within 

this proximity61. To date, numerous mediators have been implicated in cancer pain 

states, either all from associative data or from pre-clinical studies, predominantly relating 

to the attenuation of pain behaviours in the presence of an antagonist.  

 



 
 

Introduction 

 

 31 

Mediators implicated include nerve growth factor (NGF), endothelin-1 (ET-1), bradykinin, 

cytokines including tumour necrosis factor alpha (TNF-α) and interleukin 1β (IL1β), 

proteases, protons, ATP, prostaglandins and thromboxane. Typically, initial evidence for 

the role of these mediators in nociception or sensitization originates from non-cancer 

pain models62–64, with later studies considering their role in cancer pain. 

 

To summarise, NGF has been implicated in pain using various mouse cancer models, 

with increased spontaneous pain behaviours, palpation evoked pain responses, 

mechanical allodynia and thermal hyperalgesia associated with the tumour model, all of 

which are significantly reduced in the presence of anti-NGF65–68. Interestingly, the 

analgesic effect of anti-NGF has been equated to administration of huge doses of 

morphine (10 or 30mg/kg) in similar models69. ET-1 and bradykinin have also been 

implicated in numerous studies. Tumours excised from different cancer models in mice, 

have demonstrated that those associated with pain (specifically mechanical allodynia), 

exhibit greater ET-1 mRNA expression and higher concentrations of ET-1 protein within 

the tumour microenvironment70. Administration of endothelin-A (ETA) receptor 

antagonists have been shown to significantly reduce pain behaviours and mechanical 

allodynia in different cancer models71,72. Furthermore, ET-1 injection into the tumour 

microenvironment, has been demonstrated to significantly increase spontaneous pain 

behaviours in mice, which are attenuated in a dose-response manner, with two different 

orally administered ETA receptor antagonists73. Pharmacological blockade of bradykinin 

B1 and B2 receptors have been demonstrated to reduce pain behaviours and mechanical 

allodynia observed in different cancer models74,75, suggesting bradykinin B1 and B2 also 

play a role in cancer-mediated pain and sensitization.   

 

Few studies have considered the role of cytokines in cancer pain. Cytokines are 

considered appealing candidates for both nociception and sensitization in cancer 
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patients, based upon the facts that they are produced in high levels in malignancy76, they 

specifically affect interactions between cells77 and there is a plethora of evidence for their 

role in these processes in non-cancer pain models78,79. Various cancer pain mouse 

models have identified significantly elevated TNF-α and IL1β levels in tumour tissue80,81. 

Thermal hyperalgesia associated with these cancer models, is significantly attenuated 

with the use of etanercept (which interferes with TNF-α receptors) and in tumour necrosis 

factor receptor (TNFR) type 2 deficient mice81. Additionally, intra-tumour TNF-α injection 

was associated with mechanical hyperalgesia, which is significantly reduced in the 

presence of a TNF-α receptor antagonist, TNFR:Fc80.   

 

Similarly proteolytic activity is significant within the tumour microenvironment82,83. 

Proteases are capable of activating primary afferent nociceptors either directly or through 

their peptide products76. Supernatant from human head and neck carcinoma cells is 

associated with increased proteolytic activity when compared to control non-cancerous 

cells, and this supernatant when injected into the hind paw of mice, results in prolonged 

mechanical allodynia that is abolished in the presence of serine protease inhibition or in 

protease-activated receptor 2 (PAR2) deficient mice84. Additionally, xenograft models, 

have demonstrated mechanical allodynia that is significantly attenuated in the presence 

of soybean trypsin inhibitor (SBTI), and PAR2 null mice85. Analysis of human head and 

neck tumours, has identified a correlation between pain and higher levels of 

transmembrane protease, serine 2 (TMPRSS2)86. Furthermore, TMPRSS2 

administration induced pain behaviours and mechanical allodynia in mice, which were 

abolished with serine protease inhibitor treatment and in PAR2 null mice86. 

 

Protons activating transient receptor potential vanilloid 1 (TRPV1) and acid-sensing ion 

channels (ASICs) have been implicated in non-cancer pain87–89. Osteoclastic induced 

reduction in pH, in a rat bone cancer model, is credited for pain behaviours, thermal 
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hyperalgesia and upregulation of ASIC1a and ASIC1b channels in the ipsilateral dorsal 

root ganglions (DRGs)90. These findings are significantly reduced in the presence of 

zoledronic acid, further corroborating the role of osteoclasts in these observations90. In 

alternative bone cancer models, the observed pain behaviours associated with tumours, 

are significantly attenuated with TRPV1 receptor antagonists and in TRPV1 receptor null 

mice91–93. Similarly, in other cancer pain models, increased pain behaviours, mechanical 

allodynia and thermal hyperalgesia are observed with either complete or significant 

reduction in mechanical allodynia and thermal hyperalgesia with selective ablation of 

TRPV1 neurons or the administration of antagonists to these receptors/channels94–96. 

 

Fibrosarcoma bone cancer models in mice, have demonstrated mechanical hyperalgesia 

and increased P2X3 receptor expression within the overlying epidermis97. As these 

receptors are activated by extracellular ATP98, the authors conclude their data suggests 

a role for ATP in cancer pain97. Indeed, mean pain scores have been correlated with ATP 

concentration in human head and neck squamous cell carcinoma (SCC) tumours, and 

with increased secreted ATP reported in mice with oral SCC99. Increased P2X3 

expression has also been observed in dorsal root ganglia (DRG) of rats in a bone cancer 

model100. Administration of a P2X3 receptor antagonist markedly attenuated pain 

responses associated with ATP injection into the hind paw of rats100. Furthermore, P2X3 

receptor antagonists are credited with significantly reduced pain behaviours and 

mechanical allodynia associated with various rodent cancer models99–101. 

 

Prostaglandins and thromboxanes are metabolites of the polyunsaturated fatty acid, 

arachidonic acid and will be discussed in greater depth in section 1.5.1. 
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1.2.2.2 Secreted mediators cause pain in cancer 

There are numerous challenges with respect to the interpretation of cancer pain 

research. Many are relevant to all pain research, such as the concept that pain is a 

subjective phenomenon and in vivo preclinical studies are designed to identify 

nociception and sensitization, which will never fully be able to encompass the subjectivity 

of the pain sensation. 

 

Specifically, with respect to cancer pain research, a significant challenge is trying to 

account for the dynamic and complex interaction between cancer cells, their 

microenvironment, the immune system and indeed the host nervous system. Much of 

the evidence regarding mediators responsible for pain is based upon a change in animal 

behaviour following administration of an antagonist or gene knockout of the receptor for 

that mediator in mice. Although these studies certainly implicate these receptors in either 

nociception or sensitization, their explicit role in the transmission of nociceptive signals 

remains imprecise. 

 

Scheff et al., have attempted to further distinguish which elements of the complex 

interplay between tumours and host tissue are responsible for nociception. By injecting 

the conditioned supernatant of 5 different cell lines into the tongues of mice, they 

attempted to delineate the nociceptive impact of secreted mediators without the 

confounding presence of a tumour mass102. Measurements of nociception were 

increased with the supernatant of the two oral cancer cell lines used, but not the 

melanoma cell line, the precancerous dysplastic oral cell line, nor the immortalised non-

tumourigenic cell line. Interestingly, following injection of supernatant, inflammatory 

infiltration was quantified using flow cytometry, with a significant increase in the total 

number of immune cells infiltrated following injection with both oral cancer and 

melanoma cell line supernatants, but not supernatant from the precancerous or non-
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tumourigenic cell line. These findings indicate that immune cell infiltration occurs in 

response to injection of supernatant of all three cancerous cell lines, but pain is only 

associated with injection of supernatant from the oral cancer cell lines. Immune deficient 

mice were subsequently utilised to determine whether the nociceptive findings were 

immune mediated. Nociceptive behaviours were observed in both immune deficient and 

immune competent mice, whilst the increase in immune cell infiltration was only 

observed in the immune competent mice, suggesting that the nociceptive response to 

conditioned supernatant of malignant cells was not immune mediated. Furthermore, they 

identified that primary afferent neurones within the tongue were sensitized in response 

to the conditioned supernatant of malignant oral cancer cells, measured by a significantly 

more negative action potential threshold, a significant decrease in rheobase (the 

smallest amount of current required to generate a single action potential) and a 

significant increase in accommodation (number of action potentials generated by the 

application of a single protocol of current). Finally, on assessing a panel of 35 protein 

mediators within the cell supernatant, they identified TNF-α as one of the significantly 

upregulated secreted mediators, and subsequently demonstrated that oral cancer cell 

line supernatant co-administered with a TNF-α-TNFR interaction modulator, resulted in 

no measurable functional nociception, without a significant change in the increased 

immune cell infiltration observed102. These findings suggest that, certainly with this 

model, secreted mediators from cancer cells are responsible for both nociception and 

sensitization. 

 

  

1.3 Cancer metabolism 

Although Warburg’s initial identification that malignant cells rely upon aerobic glycolysis 

in normoxic conditions was published in the 1950s, it was not until many years later that 
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metabolic rewiring was established as a bona fide hallmark of cancer103. Approximately 

20 years ago, Hanahan and Weinberg first proposed their instrumental ‘hallmarks of 

cancer’, suggesting that all the complexities of cancer, are underpinned by a few 

underlying common biological principles8. A greater understanding of these originally 

proposed concepts in addition to the identification of novel ‘hallmarks’9 have furthered 

this concept and the appreciation that tumours do not exist in isolation, but have a 

dynamic relationship with host cells104. These adaptations are required for sustained 

production of both ATP and macromolecules, such as phospholipids and 

nucleotides12,103. Ultimately, several metabolic pathways have been demonstrated to be 

dysregulated in cancer cells, including lipid metabolism, glycolysis and oxidative 

phosphorylation12. 

 

1.3.1 Lipid metabolism in cancer 

In recent years, dietary lipids have received increased research attention, with studies 

linking ‘Western’ diets to pro-tumourigenic consequences105–107. Fatty acids (FAs) are 

the predominant building blocks for many lipid species, including phospholipids and 

triglycerides. They are composed of a carboxylic acid group with a hydrocarbon chain of 

varying carbon lengths and degrees of desaturation. FAs can be obtained from two 

predominant sources, either exogenous uptake or endogenous de novo synthesis108, 

and subsequently utilised in various metabolic pathways to synthesise more complex 

lipid species109. Accordingly, they regulate several cellular processes including the 

synthesis of biological membranes, acting as secondary messengers in signalling 

pathways, and serving as an energy source109. It is now well recognised that 

dysregulation of lipid metabolism is a major feature of cancer pathogenesis, facilitating 

cancer cell growth, proliferation and dissemination110. 
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1.3.1.1 Endogenous de novo lipogenesis and cancer 

In health, FA synthesis is typically confined to the liver and adipocytes. Thus, normal 

cells are primarily reliant upon the uptake of exogenous FAs. Malignant cells however, 

undertake de novo fatty acid synthesis regardless of circulating lipid levels108. The main 

substrate for the anabolic production of FAs is citrate derived from acetyl coenzyme A 

(acetyl-CoA)108. Under normoxic conditions, glycolysis generates pyruvate, which enters 

the tricarboxylic acid (TCA) cycle generating citrate110. Under hypoxic conditions, citrate 

is generated through reductive carboxylation of glutamine111 or directly from acetate 

through the enzymatic activity of cytosolic acetyl-CoA synthetase (ACSS2)112. ATP-

citrate lyase (ACLY) cleaves citrate into oxaloacetate and acetyl-CoA113. Acetyl-CoA 

subsequently acts as the substrate for acetyl-CoA carboxylases (ACCs) enzymes, 

resulting in the formation of malonyl-CoA108. This irreversible step is the rate limiting step 

of de novo lipogenesis, with ACCs significantly regulated by phosphorylation of multiple 

serine residues114. Serial condensation of seven malonyl-CoA molecules and one acetyl-

CoA molecule, under the enzymatic activity of fatty acid synthase (FASN), generates the 

initial saturated 16-carbon fatty acid palmitate (16:0)115. Palmitate is subsequently 

elongated and desaturated to produce FAs of varying lengths and degrees of 

saturation116. 

1.3.1.2 Exogenous fatty acid uptake and cancer 

Exogenous FA uptake occurs through diffusion across the plasma membrane or in the 

presence of specific transporters. Numerous specialised transporters have been 

identified to be upregulated in malignant cells, including CD36 and FA binding proteins 

(FABP)117,118. Exogenous uptake may provide an important role in maintaining lipid 

requirements under conditions of metabolic stress. For example, hypoxic malignant cells 

have been demonstrated to increase lipid uptake119. Exogenous FA uptake is required 
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to obtain essential FAs which are not able to be synthesised de novo. These FAs are 

characterised by a double bond present beyond position 9 of the acyl chain110. 

1.3.1.3 Lipids are key drivers of tumourigenesis 

Dysregulated lipogenesis is a key feature of malignant cells. Given the numerous and 

complex role of lipids in cellular biology, it is unsurprising that aberrant lipid metabolism 

has been linked to vital roles in tumourigenesis. For instance, actively proliferating cells 

require FAs for the synthesis of key structural components including cell membranes, 

cellular organelles and acylation of numerous proteins110. Moreover, secreted lipid 

mediators play key roles as important signalling molecules, an example of which is 

lysophosphatidic acid (LPA), which has been implicated in inflammation, cell migration 

and cell survival110. LPA has been demonstrated to enhance the invasive and metastatic 

profiles of different tumour types120–122. Furthermore, an enhanced rate of de novo 

lipogenesis, and the accelerated production of saturated fatty acids are associated with 

increased resistance to the oxidative stress associated with chemotherapeutic agents123.   

1.3.1.4 Therapeutic exploitation of dysregulated lipid metabolism in cancer 

Given the vital role dysregulated lipid metabolism plays in tumourigenesis, many studies 

have inhibited these processes in order to investigate metabolic vulnerabilities within 

cancer cells. De novo FA synthesis involves numerous enzymes that have been targeted 

to investigate such sensitivities. These include the observations that inhibition of ACLY, 

both chemically and through siRNA knockdown, reduces proliferation in vitro and in 

vivo124. However, homozygous ACLY knockout is not compatible with embryonic 

viability125, demonstrating the importance of de novo lipogenesis in other vital cellular 

processes. ACC genetic knockdown may reduce cellular proliferation and induce 

apoptosis in vitro126 but results in vivo are less promising, with reports of increased 

xenograft growth127. Multiple FASN inhibitors have been developed with promising 
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effects both in vivo and in vitro110. However, systemic adverse effects secondary to the 

accumulation of malonyl-CoA128 appear to have limited their clinical utility. Furthermore, 

shRNA knockdown of ACSS2 is associated with significantly impaired xenograft 

growth129. These findings corroborate the concept that dysregulated lipid metabolism is 

integral to cancer cell proliferation and survival, highlighting the potential metabolic 

vulnerabilities of malignancies to inhibitors targeting enzymes involved in de novo 

lipogenesis. 

 

1.3.2 Eicosanoid metabolism in cancer 

Eicosanoids are 20-cardon lipids that are derived from polyunsaturated fatty acids 

(PUFAs). The principal PUFA source for eicosanoid formation is arachidonic acid130. 

Eicosanoids are an important sub-class of bio-active lipids that include prostanoids, 

leukotrienes and hydroxyeicosatetraenoic acids (HETEs). They modulate numerous 

biological processes including inflammation, cell proliferation and angiogenesis131. 

Epidemiological, clinical and animal studies have identified aberrant metabolism of 

arachidonic acid to prostanoids and leukotrienes in cancer, with these products 

conferring pro-tumourigenic effects130. 

1.3.2.1 Arachidonic acid uptake and synthesis in cancer cells 

Cancer cells are able to obtain arachidonic acid from exogenous sources, either via 

specific plasma membrane transporters132 or from the uptake of linoleic acid that is 

subsequently converted intracellularly to arachidonic acid16. Furthermore arachidonic 

acid, a polyunsaturated FA, is covalently bound to the cell membrane of most cells in its 

esterified form133. From this position, arachidonic acid may be liberated by various 

phospholipase families (PLAs), however, phospholipase A2 (PLA2) is the only enzyme 

that is able to produce a free arachidonic acid molecule directly, in a single step 
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hydrolysis reaction16. The PLA2 family comprises of three main classes of enzymes; 

cytosolic or calcium-dependent (cPLA2), calcium-independent (iPLA2) and secretory 

(sPLA2)134. Of the three, cPLA2 is the only PLA2 that preferentially acts to produce 

arachidonic acid135, with LPA produced as a by-product136. Free arachidonic acid can 

subsequently be metabolised by four predominant enzymatic reactions; 

cyclooxygenase, lipoxygenase, cytochrome P450 and anandamide pathways16. The 

relevant pathways associated with arachidonic acid are summarised in Figure 1.2. 
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Figure 1.2: Overview of arachidonic acid metabolism. 
Cancer cells obtain arachidonic acid from extracellular uptake and de novo synthesis.  

Intracellular liberation of arachidonic acid from phospholipid cell membranes is 

predominantly cPLA2 mediated, a biproduct of which is LPA. Intracellularly, arachidonic 

acid can be converted to thromboxanes and prostaglandins, mediated by COX-1 and 

COX-2 enzymes. This process is inhibited by COX inhibitors. Intracellular arachidonic 

acid may also be metabolised to via LOX enzymes, cytochrome P450 or FAAH 

pathways. 

Abbreviations: COX, cyclooxygenase; cPLA2, calcium-dependent phospholipase A2; 

CYP 450, cytochrome P450; EETs, epoxyeicosatrienenoic acids; ELOVL5, elongation of 

very long chain fatty acids protein 5; FAAH, fatty acid amide hydrolase; FADS2, fatty 

acid desaturase 2; HETEs, hydroxyeicosatetrenoic acids; LOX, lipoxygenase; LPA, 

lysophosphatidic acid; TRAAK, TWIK related arachidonic acid activated K+ channel; 

TREK, TWIK related K+ channels. 
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1.3.2.2 Prostaglandin and thromboxane production in cancer 

Arachidonic acid is the main precursor for eicosanoids. The enzymes that are 

predominantly implicated in prostaglandin production are prostaglandin G/H 

synthetases, which are more commonly referred to as cyclooxygenase (COX) enzymes. 

Two isoforms have been identified, COX-1 (PTGS1) and COX-2 (PTGS2)130. COX-1, 

responsible for multiple homeostatic processes, is constitutively expressed in almost all 

human tissues, whilst COX-2 is primarily expressed in states of inflammation and 

tumourigenesis130. COX-2 expression is stimulated by growth factors and cytokines137. 

Both COX enzymes exhibit dual activity, initially cyclooxygenase activity converts 

arachidonic acid to prostaglandin G2 (PGG2) and subsequent peroxidase activity 

converting PGG2 to prostaglandin H2 (PGH2)130. PGH2 is subsequently metabolised to 

prostanoids, including prostaglandins and thromboxanes (TXA) by specific prostaglandin 

and thromboxane synthases130. These prostaglandins include prostaglandin D2 (PGD2), 

prostaglandin E2 (PGE2), prostaglandin F2α (PGF2α) and prostaglandin I2 (PGI2). 

Overexpression and increased activity of both COX-1 and COX-2 have been 

demonstrated in cancer cells138,139. 

1.3.2.3 Leukotriene production in cancer 

Similarly, the predominant pathway for leukotriene production is through metabolism of 

arachidonic acid. 5-lipoxygenase (5-LOX) catalyses the formation of leukotriene A4 

(LTA4) in the presence of 5-LOX-activing protein (FLAP)130. LTA4 is unstable and is either 

converted to 5-HETE, hydrolysed by LTA4 hydrolase to leukotriene B4 (LTB4) or forms 

leukotriene C4 (LTC4) in the presence of LTC4 synthase130. 5-LOX expression is typically 

low, or absent, in normal tissues. As with COX isoenzymes, increased 5-LOX expression 

and activity has been implicated in carcinogenesis140,141. 
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1.3.2.4 Eicosanoids are key drivers of tumourigenesis 

Prostaglandins appear to exert both pro-inflammatory and pro-tumourigenic effects in 

autocrine and paracrine fashions through activation of G-protein coupled prostanoids 

receptors; namely; DP and GPR44 activated by PGD2, EP1-4 activated by PGE2, FP 

activated by PGF2α, IP activated by PGI2 and TP activated by thromboxane A2 (TXA2)130. 

 

PGE2 is arguably the eicosanoid with the most significant literature associated with 

tumourigenesis. Higher levels have been associated with multiple malignancies142,143. 

PGE2 has been demonstrated to enhance cell survival, proliferation, migration and 

invasion in vitro144,145. Multiple lines of in vivo evidence exist for implicating PGE2 in 

tumourigenesis. PGE2 treatment has been demonstrated to significantly increase 

intestinal adenomas, colonic tumour incidence and number146,147, whilst reduction of 

endogenous PGE2 levels, through genetic depletion of prostaglandin E synthase, 

resulted in significant reductions in tumourigenesis, measured by decrease in total 

number and size of polyps in the same mice models148. The role of PGE2 in other tumour 

models has been demonstrated by reduced tumourigenesis associated with either EP1 

antagonism or in EP2 receptor null mice149–151. 

 

Conversely PGD2 appears to have anti-tumourigenic properties. Knockout of 

hematopoietic PGD synthase (H-PGDS) has been demonstrate to increase numbers of 

intestinal adenomas in APCMin/+ mice152. Similarly, a more rapid rate of growth is 

observed when lung carcinoma and melanoma cells were injected into the back of H-

PGDS deficient mice, with increased angiogenesis implicated153. Few studies have also 

reported that PGF2α, PGI2 and TXA2 influence malignant cell transformation and tumour 

growth154,155. 
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The role of leukotrienes in tumourigenesis is less well defined. Recent data suggests 

that leukotrienes possess pro-tumourigenic properties through their action on cysteinyl 

leukotriene receptors (CysLTRs). Inhibiting leukotriene production through 

pharmacological inhibition of FLAP or genetic inhibition of 5-LOX has been shown to 

reduce medulloblastoma cell proliferation and growth in vivo156. Additionally, genetic 

knock-out of the CysLT1R in APCMin/+ mice has been demonstrated to reduce tumour 

burden157, whilst treatment with a pharmacological antagonist of CysLT2R significantly 

reduced tumour volume and metastasis in a mouse lung cancer model158.   

1.3.2.5 Therapeutic exploitation of dysregulated eicosanoid metabolism in cancer 

Given the role eicosanoids have demonstrated in tumourigenesis, manipulating their 

production is an appealing target for consideration of potential tumour vulnerabilities. 

COX enzymes are key in the production of eicosanoids and indeed COX-2 expression 

has been identified as up-regulated in various tumours159–163. The first association 

between COX inhibition, through long-term aspirin use, and reduced incidence of 

colorectal cancer was reported in the 1980s164. Subsequently, greater epidemiological 

data emerged, indicating that aspirin and other COX inhibitors may play a role in 

prevention of colorectal carcinoma165,166. The design of scientifically robust randomised, 

placebo-controlled trials are fraught with challenges, not least the duration of enrolment 

and large sample sizes required. As such, randomised placebo-controlled trials have 

been conducted in populations with a higher risk of developing colorectal cancer, 

including those with familial adenomatous polyposis, adenomas, or previous colorectal 

cancer. Whilst not unanimous, positive results have been reported for aspirin and other 

COX inhibitors including those designed with a greater affinity for COX-2167–169. The 

epidemiological evidence base for other tumour types again is strongest with aspirin, 

although other COX inhibitors have also been reported to have clinical benefits. Such 

studies have reported reduced development of multiple cancer types, including lung, 
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breast, oesophageal and prostate170–172. It is important to note that the reported positive 

effects on cancer risk are not uniform and that some studies investigating COX inhibitors 

have failed to show any benefit173,174, or even identified an increased risk of cancer 

development175. 

 

With respect to vulnerabilities of established tumours, aspirin has been considered as 

adjuvant therapy in cancer treatment. Low-dose aspirin use has been reported to be 

associated with reduced mortality and metastatic spread176,177. Of note, aspirin is linked 

with increased survival in patients with PIK3CA mutant, but not PIK3CA wild-type, 

colorectal cancer178. The heterogeneity of studies detailed by the systematic review and 

meta-analysis177 confirms the requirement for adequately powered randomised placebo-

controlled trials. As such, the Add-Aspirin Trial is currently recruiting, aiming for 11,000 

participants to determine whether regular aspirin after early-stage cancer treatment 

improves recurrence rates and mortality for numerous different tumour types179. 

 

Despite the promising indications for COX inhibition in the prevention and treatment of 

carcinomas, a significant barrier to the selection and interrogation of appropriate 

candidates for such therapy remains the lack of identification of the precise mechanism 

by which these anti-tumour effects may be exhibited. Proposed mechanisms include 

reducing prostaglandin-mediated angiogenesis180, reduction of cellular proliferation181, 

modulation of apoptosis17 and reduced metastatic spread182. 

 

1.3.3 The implications of multiple facets of metabolic rewiring in cancer 

Metabolic rewiring is considered a hallmark of cancer. Metabolic pathways themselves 

do not exist in isolation, but are closely linked and interconnected with multiple feedback 

or compensatory mechanisms in order to sustain the metabolic requirements for tumour 
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cells. An example of this, as described previously, is the capacity for exogenous fatty 

acid uptake to compensate for de novo lipogenesis under conditions of metabolic stress. 

Moreover, the preferential use of glycolysis under normoxic conditions may appear 

counterintuitive initially because it results in a relatively lower yield of ATP production per 

molecule of glucose in the absence of metabolic stress. However, there is no significant 

evidence that describes ATP production as a limitation for cellular proliferation183. Rather, 

data suggests that both NADPH and nucleotide synthesis can be limiting for cell 

proliferation, with anaerobic glycolysis producing intermediates including NADPH and 

glucose-6-phosphate, which may be used for both of these limiting processes183. 

 

Exploiting elements of metabolic rewiring critical to cancer cell survival, provide an 

appealing strategy for identifying tumour vulnerabilities. For instance, studies have 

targeted lactate dehydrogenase A (LDH-A), an enzyme that converts the final product of 

glycolysis, pyruvate, to lactate184. Genetic inhibition of LDH-A is associated with 

diminished growth of MYC-driven xenografts185. Further studies, using different 

oncogenic models, have also observed positive outcomes with LDH-A inhibition186,187. In 

order to fully exploit metabolic vulnerabilities similar to this, an extensive comprehension 

and characterisation of the interplay between the metabolic pathway targeted and other 

potential compensatory or impacted pathways must be established. Furthermore, the 

impact of inhibition of key metabolic enzymes on physiological functions in normal 

tissues, needs to be understood12. 
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1.4   Oncogenic signalling pathways regulate cancer 

metabolism 

Mutations in tumour suppressor genes and oncogenes have long been heralded as the 

drivers in oncogenesis. These genetic alterations, include loss of tumour suppressors 

such as PTEN and p53, amplification of oncogenes including MYC and hyperactivating 

mutations, for instance mutations in PIK3CA and AKT. Genetic aberrations 

fundamentally govern the dysregulation of oncogenic signalling pathways, whether by 

overexpression of affected genes, or mutated proteins with modified activity. These 

dysregulated elements with altered activity may be directly involved in or indirectly 

modulate a relevant signalling pathway188. For example, mutations in PTEN lead to 

hyperactivity of the phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR signalling pathway, 

resulting in aberrant lipid metabolism, through increased cholesterol uptake and 

esterification, mediated by low density lipoprotein receptor (LDLr) and acyl coenzyme A: 

cholesterol acyltransferase (ACAT) respectively189. Furthermore, loss of phosphatase 

and tensin homolog (PTEN), encoded by the PTEN gene, leads to greater FASN 

expression and augmented de novo lipogenesis190. Conversely, higher levels of PTEN, 

lead to reduced PKM2 expression, promoting a shift in metabolism of glycolytic products 

through mitochondrial oxidative phosphorylation191. 

 

Another tumour suppressor gene, integral to oncogenic regulation of cancer metabolism, 

is TP53, which encodes tumour protein p53. The tumour suppressor p53 is highly 

dysregulated in oncogenesis with mutations in TP53  identified in over 50% of tumours192. 

This, in addition to the wide range of cellular processes that p53 can regulate, make 

mutations in TP53 all the more pertinent in cancer metabolism. For instance, p53 has a 

considerable role in glucose metabolism, reducing expression of glucose transporter 1  

(GLUT1) and glucose transporter 4 (GLUT4)193, and reducing glycolysis by TP53-
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induced glycolysis and apoptosis regulator protein (TIGAR) mediated degradation of 

fructose-2,6-bisphosphate194. Wild-type p53 generally suppresses de novo lipogenesis 

through multiple mechanisms195, whilst mutations in TP53 are associated with aberrant 

lipid metabolism through increased activity of sterol regulatory element-binding proteins 

(SREBPs)196 and reduction of AMPK activity, which itself inhibits fatty acid synthesis 

through inhibition of ACC activity197,198.  

 

MYC, or c-MYC, is a transcription factor that following activation regulates expression of 

numerous genes. It is credited with potentially regulating the transcription of at least 15% 

of the entire genome199. MYC overexpression is implicated in dysregulation of lipid 

metabolism. For instance, MYC-overexpressing triple negative breast cancer cells are 

associated with higher levels of fatty acid β-oxidation (FAO), and are more sensitive to 

pharmacological FAO inhibition suggesting a reliance upon FAO200. Additionally, MYC 

induces SREBP1, upregulating lipogenesis201. 

 

Other examples of oncogenic mutations influencing signalling pathways, resulting in 

aberrant lipid metabolism include the observations that oncogenic H-Ras (H-RasV12G) is 

associated with increased lipid uptake119 and human epidermal growth factor receptor 

(HER)2 overexpression is associated with increased FASN activity, critical in de novo 

lipogenesis202. 

 

These examples highlight genetic aberrations that are associated with changes to 

relevant signalling pathways that may influence numerous metabolic processes. In order 

to truly probe the metabolic rewiring integral to cancer cells, it is crucial to consider the 

interplay between genetic aberrations, oncogenic mutations and cancer metabolism. 
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1.4.1 PI3K/AKT signalling and cancer metabolism 

The phosphatidylinositol 3-kinase (PI3K)-AKT pathway is the most commonly activated 

pathway in human cancers203. In health, this pathway is activated in response to insulin, 

growth factors and cytokines and regulates multiple key cellular processes including cell 

survival, growth and proliferation204. Both G-protein coupled receptors (GPCRs) and 

receptor tyrosine kinases (RTKs) are capable of activating this pathway, with their 

stimulation leading to membrane localisation of PI3Ks, which subsequently catalyse the 

phosphorylation of phosphatidylinositol (4,5)-biphosphate (PIP2) to phosphatidylinositol 

(3,4,5)-triphosphate (PIP3)205. PIP3 acts as a secondary messenger that recruits to the 

cell membrane and binds to the lipid-binding domain of a number of potential 

downstream targets, including AKT206. PIP3 engages AKT through the pleckstrin 

homology (PH) domain, with subsequent phosphorylation of the Thr308 and Ser473 sites 

by phosphoinositide-dependent protein kinase-1 (PDK1) and mammalian target of 

rapamycin (mTOR) complex 2 (mTORC2) respectively, resulting in activation of AKT207. 

There are three isoforms of AKT (AKT1, AKT2 and AKT3) that are all activated in this 

manner203.   

 

Activated AKT has multiple modulatory effects on cellular metabolism. AKT promotes 

glucose uptake through mobilisation of GLUT1 and GLUT4 to cellular membranes208,209, 

as well as promoting hexokinase 2 (HK2) mediated glucose phosphorylation210. Further 

to acute regulation of glycolytic enzymes, AKT promotes mTOR complex 1 (mTORC1) 

activation, which in turn promotes transcriptional upregulation of targets of hypoxia-

inducible factor 1α (HIF1α)211. HIF1α consequently activates the transcription of 

numerous genes critical for glucose metabolism, resulting in sustained increased aerobic 

glycolysis212. Further to its role in glucose metabolism, AKT promotes numerous anabolic 

processes in order to facilitate the biosynthetic demands of rapidly proliferating cells. 
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AKT directly phosphorylates ACLY, increasing its activity and acetyl-CoA production, 

hence promoting de novo lipiogenesis213,214. Moreover, AKT signalling promotes 

activation of SREBPs, which in turn induce the expression of many enzymes of lipid 

synthesis including ACLY215. Activation of mTROC1, downstream of AKT, results in 

increased cellular protein synthesis through multiple mechanisms216. Additionally, to 

facilitate sustained anabolic processes and maintain redox homeostasis, AKT directly 

promotes nuclear localisation of the transcription factor nuclear factor-like 2 (Nrf2)217. 

Figure 1.3 provides an overview of the PI3K/AKT signalling pathway and the role it has 

in lipid metabolism. 
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Figure 1.3: PI3K signalling and regulation of lipid metabolism in cancer cells.   
PI3K signalling is the most frequently dysregulated pathway in human cancer, 

stimulating cellular survival, growth and proliferation. Receptor activation leads to PI3K 

recruitment to the plasma membrane and subsequent PIP2 to PIP3 conversion. 

Consequently, AKT is localised to the plasma membrane, where it is activated by 

phosphorylation of both Ser473 and Thr308 sites, by mTORC2 and PDK1 respectively. 

AKT exerts its effects on cellular metabolism through several mechanisms, including 

stimulating glycolysis following mobilisation of GLUT1/4 and increasing de novo 

lipogenesis by activating ACLY and stabilising SREBPs. AKT also stimulates lipogenesis 

indirectly through regulation of mTORC1 signalling. AKT-independent signalling, 

downstream of PI3K, additionally influences lipogenesis primarily through mTORC2. 

Figure adapted from Dibble and Cantley 2015218 and Fruman et al., 2017205. 

Abbreviations: ACLY, ATP-citrate lyase; FBXW7, F-Box and WD repeat domain 

containing 7; GLUT, glucose transporter; GSK3, glycogen synthase kinase 3; mTROC, 

mammalian target of rapamycin complex; PDK1, phosphoinositide-dependent kinase-1; 

PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-

triphosphate; PKC, protein kinase C; Rheb, Ras homolog enriched in brain; RKIP, Raf 

kinase inhibitor protein; SGK1, serum- and glucocorticoid-regulated kinase-1; SREBP, 

sterol regulatory element-binding protein; TSC, tuberous sclerosis complex. 
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1.4.2 Oncogenic regulators of PI3K/AKT signalling 

Many of the commonly implicated genetic aberrations in human cancers, dysregulate 

aspects of PI3K signalling. Human cells express three classes of PI3K enzymes; class 

I, class II (PI3K-C2α, β, γ) and class III (hVPS34)205. Class I catalytic isoforms are p110α, 

β, γ, and δ encoded for by PIK3CA, PIK3CB, PIK3CG and PIK3CD respectively219. 

Multiple distinct activating PIK3CA mutations have been identified, the most common of 

which are the H1047R and E542K/E545K205. The H1047R mutation, enhances the 

interaction between the kinase domain and membranes220. E542K and E545K mutations 

disrupt inhibitory interfaces with regulatory subunits221. These three activating mutations 

represent close to 80% of all PIK3CA mutations222. Mutations related to other genes are 

less common, for instance, activating mutations in PIK3CD have been reported in few 

more than 100 patients223. 

 

Three isoforms of AKT have been identified, AKT1, AKT2 and AKT3, and although 

several differences exist in their structure and function, they all possess similar 

phosphorylation sites224. AKT mutations occur less frequently, with 3-5% of human 

cancers displaying mutations in AKT225. The most common mutation is E17K AKT1 

mutation, where a point mutation results in a substitution of lysine to glutamic acid at 

amino acid 17225,226. The ensuing hyperactivity results from the conformational change 

in AKT1 that results in higher affinity to both PIP2 and PIP3, with subsequent constitutive 

membrane localisation226. 

 

In addition to genes directly encoding PI3K and AKT, PTEN and HER2 both influence 

PI3K/AKT signalling. PTEN is a negative regulator of PI3K signalling. It 

dephosphorylates PIP3 to PIP2, reducing AKT activation. PTEN is frequently 

dysregulated in cancer, with many of the genetic aberrations linked to hyperactivity of 
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the PI3K/AKT signalling pathway. The predominant mechanisms include genetic 

deletion, frameshift mutations, or inactivating mutations such as G129E and C124S, both 

of which result in loss of phosphatase activity227,228.  HER2 is a member of the ErbB 

family of receptor tyrosine kinases229. Overexpression of HER2 is associated with 

increased HER3 phosphorylation and activation of PI3K/AKT signalling230. Although 

additional genetic aberrations may impact upon PI3K/AKT signalling, those detailed 

above account for the most frequently encountered203. 

 

1.4.3 Concluding remarks regarding oncogenic signalling regulating 

cancer metabolism 

It is clear that both oncogenes and tumour suppressor genes play integral roles in 

cancer. A complex network of oncogenic signalling pathways exist and combine to 

regulate cancer metabolism. Identifying the mechanisms relating genetic aberrations, 

their influence on signalling pathways and the resultant metabolic phenotype is integral 

to further our understanding and establishing potential therapeutic interventions. For 

example, work recently conducted within our laboratory has led to the novel identification 

that oncogenic PIK3CA mutations are associated with lipid enriched profiles, when 

assessed using rapid evaporative ionisation mass spectrometry (REIMS), in addition to 

increased production of arachidonic acid and eicosanoids, which promote cell 

proliferation in both autocrine and paracrine fashions107. This phenotype is driven 

through an AKT-independent mechanism involving mTORC2-PKC-ζ activation, 

downstream of oncogenic PIK3CA, leading to the activation of cPLA2. This novel finding 

is of huge potential significance, not only in the context of exploiting metabolic 

vulnerabilities for PIK3CA mutant tumours, but also in furthering our understanding of 

cancer-related pain. There is a plethora of data implicating lipids, arachidonic acid and 
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eicosanoids in the pathophysiology of non-cancer pain. To our knowledge, their role in 

cancer-related pain has not thoroughly been explored, but perhaps more importantly, the 

link between this oncogenic mutation and the role it may have in cancer-related pain has 

yet to be considered. 

 

 

1.5 The role of lipids in pain 

Bioactive lipids and their many metabolites have frequently been implicated in 

pathological pain states231. Additionally, aberrant production of lipids in various 

pathophysiological states, is reported to lower sensory neuron activation thresholds, 

resulting in peripheral sensitization231. For instance, lysophosphatidylcholine (LPC) has 

been demonstrated to both activate transient receptor potential (melastatin)-8 (TRPM8) 

and increase its temperature activation threshold, resulting in increased cold 

sensitivity232. Similarly, LPA has been demonstrated to activate peripheral nociceptors 

both directly and indirectly233–235, and play important roles in both the initiation and 

maintenance of neuropathic pain in response to neuronal injury236. 

 

Perhaps the best described pathway in pain and inflammation is the arachidonic acid 

pathway. This pathway is summarised in Figure 1.2. Arachidonic acid itself has been 

demonstrated to have direct effects on ASICs, potentiating their activation237, 

demonstrating direct involvement in nociceptive pathways. Furthermore, multiple 

metabolites of its pathway are implicated in pain238,239. Of these metabolites, 

prostaglandins have the most comprehensive literature associated with pain and have 

been reported to directly activate nociceptors240, as well as result in sensitization of 

peripheral afferent nerve fibres241,242.   
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1.5.1 Cancer pain models implicating lipid species 

The role of eicosanoids in nociception is well established243. Numerous studies have 

demonstrated the roles of prostaglandins and thromboxanes in nociception and 

sensitization in inflammatory models, with findings attenuated in the presence of COX 

inhibitors244–246. Fewer studies appear to have specifically investigated these species in 

the context of cancer pain. Bone murine cancer models, have demonstrated reduction 

in pain behaviours and mechanical allodynia with the use of non-selective COX inhibitors 

and COX-2 specific inhibitors247–249, implicating eicosanoids in both nociception and 

sensitization in these models. Furthermore Sabino et al., measured c-Fos expression in 

the superficial dorsal horn and laminae III-VI of the spinal cord as markers of peripheral 

and central sensitization respectively247. They observed increased expression in both 

locations associated with their bone cancer model, that was significantly reduced in mice 

who received a COX-2 inhibitor247. This suggests that eicosanoids play a role in 

nociception, peripheral and central sensitization in this bone cancer model and that COX 

inhibition, and subsequent reduction of eicosanoids can attenuate these. 

 

Despite the relatively convincing pre-clinical data that COX inhibitors are efficacious for 

treating bone cancer pain, studies interrogating the efficacy of these inhibitors in other 

cancer pain models appear limited. One study investigated pain secondary to oxaliplatin 

administration, with regular dosing resulting in cold and mechanical hypersensitivity250. 

These observations were associated with increased expression of both COX-2 and 

AKT2, but not AKT1 or AKT3 mRNA in the DRG250. Administration of a COX-2 inhibitor 

attenuated cold and mechanical hypersensitivity, reduced COX-2 and AKT2 mRNA 

expression in the DRG and reduced protein levels of COX-2, PI3K, phospho-AKT and 

AKT2 within the DRG250. Although this study does not delineate the exact mechanism 

behind the development of the cold and mechanical hypersensitivity, the observation that 
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PI3K levels are elevated and the reversibility of these features in the presence of a COX-

2 inhibitor is perhaps the only study to identify any potential association between PI3K 

and eicosanoids in the context of cancer-related pain. 

 

 

1.6 Aims and objectives 

The novel identification that oncogenic PIK3CA mutations are associated with lipid 

enrichment and increased production of arachidonic acid and eicosanoids107 generates 

an exciting area for scientific exploration in the context of cancer-related pain. Although 

data linking eicosanoids to cancer-related pain is limited, there is a vast literature 

implicating them in non-cancer pain states. As such, the proposed thesis aims to reveal 

mechanisms of metabolic pathways associated with cancer pain. We hypothesise that 

oncogenic signalling pathways, responsible for dysregulation in lipid metabolism will 

correlate with activation and sensitization of nociceptors. Consequently, the increased 

activity of nociceptive pathways will result in cancer-related pain. 

 

Ultimately, the clinical relationship between aberrant lipid metabolism and cancer pain, 

will require substantive evidence from large-scale prospective clinical trials. However, 

there are numerous challenges to robustly conducting such studies, including but not 

limited to, the heterogeneity of both pain phenotype and underlying malignancy, the size 

and location of tumours, the instability of lipid metabolites challenging the practicalities 

of ex vivo measurements, the multifactorial nature of pain and the subjectivity of its 

perception. These numerous challenges would demand large-scale, lengthy clinical trials 

that are at risk of incurring type II errors. Therefore, in this initial study, we aim to reveal 

mechanisms of metabolic pathways that are associated with cancer pain. This has the 
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potential to refine further prospective investigations, reducing the number of patients and 

duration required for any prospective studies and decreasing the risk of type II error. 

 

Accordingly, the specific aims for this project were: 

1. Review the current literature to determine whether any clinical data links the 

analgesic efficacy of COX inhibitors to oncogenic PIK3CA mutations 

2. To perform a preliminary study with primary patient data and samples to 

determine whether an association between oncogenic PIK3CA mutations and a 

specific phenotype of cancer-related pain exists. 

3. To elucidate the mechanisms responsible for the metabolic rewiring leading to 

altered lipid metabolism resulting in metabolites implicated in cancer pain.  

It is anticipated that these findings will provide novel insights into the relationship 

between cancer metabolism and cancer-related pain. 
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CHAPTER 2  

NSAIDs and pain in cancer 

2.1 Introduction 

The broad therapeutic properties of non-steroidal anti-inflammatory drugs (NSAIDs) 

have been exploited for centuries. Reports of willow tree bark extracts being utilised as 

a remedy for pain and inflammation date back to the time of Hippocrates (ca. 400 BC)1. 

The extensive production of salicylic acid and aspirin commenced in the late 1800s1,2, 

yet it was not until 1971 that their mechanism of action (inhibiting prostaglandin 

synthesis) was discovered3. This significant advance in our understanding resulted in the 

award of the Nobel prize for Physiology or Medicine in 1982 to Bergström, Samuelsson 

and Vane4. Although it was postulated that cyclooxygenase (COX) isoenzymes existed, 

a second distinct protein with COX activity was not isolated until 19895. The identification 

of an isoenzyme that is constitutively expressed in almost all human tissues (COX-1) 

and an alternative, tightly regulated isoenzyme that is mostly associated with states of 

inflammation and tumourigenesis (COX-2) resulted in the recognition that inhibition of 

COX-1 was responsible for many of the NSAID-related side-effects6. Development of 

specific COX-2 inhibitors, and the prospect of anti-inflammatory properties with fewer 

adverse effects7,8, was heralded with initial enthusiasm9. The popularity of these agents 

surged rapidly10, however in 2004, a little more than five years after its licence was 



 
 

NSAIDs and pain in cancer 

 

 83 

initially granted, rofecoxib was voluntarily withdrawn from the market due to an 

association with excess relative risk of cerebrovascular and cardiovascular events11. The 

withdrawal of valdecoxib, another COX-2 inhibitor, promptly followed12.  

 

2.1.1 COX inhibitors in cancer pain management 

Guidelines published by the World Health Organization (WHO) in 1986 (Cancer Pain 

Relief) were established to address the perceived poor management of cancer pain at 

the time13. These guidelines aimed to achieve ‘freedom from cancer pain’, suggesting 

that adherence would provide adequate pain relief for 80-90% of individuals14. This 

guideline, published prior to the development of COX-2 selective inhibitors, advocates 

the use of aspirin, or any of the non-steroidal anti-inflammatory drugs both as a sole 

agent for the management of mild pain and as part of combination therapy for pain with 

greater intensity. As such, NSAIDs form a key element of the WHO’s analgesic ladder 

for cancer pain management13. Despite initial widespread popularity, recent years have 

witnessed a decline in NSAID prescriptions in certain patient groups, most notably for 

COX-2 inhibitors since 200415. There are no specific publications that have considered 

the prescribing patterns of COX inhibitors for cancer-related pain over time. A European 

survey of 2282 patients in 2014, reported that of patients with moderate-to-severe pain 

taking a mean oral morphine equivalent dose of 230 ± 457 mg per day, 29.9% were also 

taking NSAIDs16. However, excluding dipyrone (metamizole) from this data, reduced 

reported NSAID usage to 19.4% within this same population. Smaller-scale studies from 

Australia, Canada and Europe describe even lower usage of NSAIDs (4-13.2%)17–19. 
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2.1.2 Efficacy of COX inhibitors in cancer pain management 

A small number of systematic reviews investigating the use of non-opioid analgesics in 

cancer pain management have been published20–23. Of these four identified studies, 

none included any details relating to cancer genetic or cancer metabolic profiles. One of 

these studies has subsequently been withdrawn, with authors stating that due to the time 

elapsed since initial publication, this review could now be misleading without the 

inclusion of newer publications24. One review investigates the use of a broader drug base 

(non-opioids) in the wider palliative care setting23. Another systematic review considers 

non-opioids in addition to opioids whilst managing advanced cancer pain21, overlooking 

the growing population of cancer survivors, many of whom experience pain25. The fourth 

publication identifies only 11 relevant studies involving a total of 949 participants, likely 

due to specific inclusion criteria which detail route of administration and duration of 

study22. This study did not include any publications evaluating the use of COX inhibitors 

compared to placebo. Furthermore, if studies relating to dipyrone (the clinical use of 

which is no longer permitted in many countries including the UK) are removed, this 

review would be limited to nine studies and 778 participants. 

 

2.1.3 Concluding remarks 

Despite NSAIDs forming a key component of the WHO analgesic ladder, the publications 

identified suggest that their overall usage in cancer pain management is low. Pre-clinical 

trials and epidemiological studies regarding the impact COX inhibitors may have on 

primary prevention26–28, tumour growth29, metastatic spread30,31 and mortality31,32 have 

led to a resurgence in their interest (especially aspirin) as potential anti-cancer 

therapies33. A suggestion has already been made linking the observed benefit of COX 

inhibition in oncological outcomes and oncogenic mutations in PIK3CA34. Given recent 
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observations that these mutations are associated with increased arachidonic acid and 

concomitant eicosanoid production, a logical conclusion would be that COX inhibition 

may provide analgesic benefit for pain associated with tumours with oncogenic mutations 

in PIK3CA. 

 

2.1.4 Aims and objectives 

We hypothesize that the overproduction of eicosanoids associated with oncogenic 

mutations in PIK3CA may result in numerous pain phenotypes. The specific aims of the 

work detailed in this chapter are therefore to: 

1. Perform a systematic review of the literature that investigates the efficacy of COX 

inhibitors in managing cancer-related pain. 

2. Specifically interrogate this data to determine whether efficacy can be linked to 

mutations in PIK3CA. 

 

 

2.2 Methodology 

2.2.1 Literature search strategy 

Literature searches of both the Medline® (via PubMed®) and Embase® databases were 

conducted from their inception to November 2018. Searches of titles, keywords, and 

abstracts were conducted, using a combination of controlled vocabulary (e.g. Medical 

Subject Headings) and individual searches. The search strategy set out to identify 

papers combining two subject matters, firstly cancer pain and secondly NSAIDs.  NSAID-
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related terms were searched using different drug classes, individual drug names, 

common suffixes and acronyms. Variations for the terms considering ‘cancer pain’ joined 

alternatives for the word ‘cancer’ (including tumour, tumor, malignant, malignancy, 

oncology, oncological, neoplastic and neoplasm) with variations on the term ‘pain’ 

(including related pain, associated pain and analgesia). Comprehensive details of the 

search strategy utilised is detailed in Appendix 2.1. 

 

2.2.2 Studies for inclusion 

Searches of both the Medline® and Embase® databases yielded two sets of results. The 

two lists of publications were combined and duplicates were removed. Subsequently, 

abstracts of identified articles were reviewed for relevance to select those for full-text 

screening. Studies designed as randomised controlled trials (RCTs) or double-blind 

controlled studies, considering the use of inhibitors of COX in the management of cancer-

related pain, were included. Studies included were limited to those investigating adults. 

Papers that were not available in the English language, or no longer readily available 

from their publisher were excluded. Studies investigating the impact of these agents on 

acute postoperative pain were also excluded. Review articles describing the use of COX 

inhibitors in the management of cancer pain, either as the basis for their publication or 

as a subsection of their text, were evaluated for any original data or relevant references 

for inclusion. Of the studies included, references were also evaluated using the same 

methodology as the initial search results to identify any additional studies for inclusion. 
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2.2.3 Considerations for results 

Given the diversity in language used throughout the identified studies, for simplicity 

within this chapter, the term NSAIDs will include all agents that inhibit COX.  Where more 

specific details are required, individual drug names will be utilised. At times it may be 

prudent to distinguish between specific mechanisms of action. For instance, whilst 

aspirin non-selectively inhibits COX, it does so in an irreversible manner and additionally 

is reported to have COX-independent mechanisms of action. These unique features may 

warrant distinction, and in such cases, aspirin would be distinguished from ‘traditional 

NSAIDs’, which reversibly inhibit COX enzymes. Additionally, COX-2 inhibitors 

selectively inhibit COX-2 and therefore may merit consideration separate from traditional 

NSAIDs. 

Publications included for evaluation of analgesic efficacy were grouped based upon the 

drug classification of the comparator arm of the studies, for example placebo, other 

NSAIDs and opioid analgesics. 

 

 

2.3 Results 

2.3.1 Identification of appropriate publications 

The literature search identified a total of 1511 publications. Figure 2.1 summarises the 

outcome of the literature search and subsequent process to select relevant publications. 
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* Or full-text if letter or conference proceeding 

Figure 2.1: Summary of literature search and identification of studies for inclusion. 
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In total, 38 publications regarding analgesic efficacy in cancer pain management were 

identified. Six were excluded as a consequence of the agent studied no longer being 

commercially available35–40.  Although frequently described as an NSAID, the mechanism 

of action of dipyrone continues to be investigated many years after its introduction to 

clinical practice41,42. Furthermore, its use is no longer permitted in many countries, 

including both the United Kingdom and United States of America. Consequently, studies 

or arms of studies, considering the use of dipyrone were also excluded43,44, resulting in 

a total of 30 publications remaining for analysis. 

 

Study designs, dosing regimens, routes of drug administration, durations of treatment, 

durations of follow-up, underlying cancer diagnosis and pain phenotype all varied 

considerably. Figure 2.2 provides a timeline for the studies identified and included in this 

review.  To facilitate interpretation of results, these studies are summarised in the tables 

within this chapter based upon comparator drug within the study. Elements of studies 

pertaining to NSAIDs no longer commercially available, are not detailed, however the 

remaining arm(s) of the study are described.   
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Figure 2.2: Timeline of relevant studies included in this review. 
Abbreviations: CIBP, cancer induced bone pain; COX, cyclooxygenase; MR, modified-

release; NSAID, non-steroidal anti-inflammatory drug 

 

 

2.3.2 NSAIDs vs. placebo 

Table 2.1 details studies identified comparing NSAIDs with placebo. Seven studies in 

total, enrolling 509 participants are detailed within this table45–51.  All studies investigated 

either aspirin or other traditional NSAIDs, with no studies considering COX-2 inhibitors. 

All studies investigated single doses of analgesic agents and were performed prior to 

1991. Although all studies demonstrated analgesic superiority of NSAIDs when 

compared to placebo (with one study only showing this advantage with higher doses of 

aspirin), no study considered the use of these agents in the context of tumour genetics 

or metabolism.   

First single 
dose, double 
blind study.  
Involved 
aspirin, 
codeine 
sulphate and 
placebo 51.

Additional single 
dose, double blind 
studies comparing 
aspirin to other 
agents 45,50.

Single dose 
study 
comparing 
different 
doses of 
aspirin (and 
indoprofen) 
to placebo 46.

Single dose, double 
blind study 
comparing 
ketoprofen to 
aspirin 54.

First study considering greater 
than one dose of analgesics. 
Also the first randomised 
double blind crossover study 
considering the opioid-sparing 
properties of ibuprofen 73.

First study investigating the 
use of diclofenac.  Also the 
first study to compare a 
NSAID to an opioid for 
moderate to severe pain 68.

First study to consider a specific pain 
phenotype (CIBP).  First study to 
consider weeks of analgesic 
treatment (three weeks).  Also the 
first study to compare NSAID vs. 
placebo in addition to patients 
regular opioids 52.

Double blind study 
comparing two doses of 
ketoprofen to aspirin 
combined with codeine 
phosphate and placebo 49.

First multicentre study.  
Additionally, the first study 
to solely compare two doses 
of a single NSAID.  
Investigated the use of 
naproxen for CIBP 62.

Three studies comparing 
ketorolac to various agents 
including placebo, 
pentazocaine and  
paracetamol combined 
with codeine 47,48,67.

Randomised double blind 
study comparing diclofenac 
to acetylsalicylic acid (and 
nefopam) 71.

Double blind study 
comparing eight 
NSAIDs and 
paracetamol 61.

Double 
blind study 
investigating 
opioid 
sparing 
effects of 
diclofenac78.

Two studies considering efficacy 
of nimesulide. One compared to 
diclofenac and the other to 
naproxen 59,60.

Randomised double blind 
studies investigating 
piroxicam. One 
compared to codeine, the 
other to aspirin 55,66.

Randomised, 
double blind, 
crossover trial 
comparing 
naproxen to 
morphine MR 
for neuropathic 
pain 65.

Randomised, double blind, 
crossover study investigating 
the use of choline magnesium 
trisalicylate in addition to 
regular opioids for CIBP 53.

Randomised, double 
blind crossover study 
comparing morphine to 
ketorolac for non-
neuropathic pain 64.

The first study involving 
greater than 150 participants. 
A randomised double blind 
single dose study investigating 
ketorolac and diclofenac 58.

A randomised 
double blind trial 
investigating 
diclofenac alone or 
in combination 
with codeine 70.

Multicentre, 
randomized, double 
blind study 
investigating 
ketorolac and 
dexketoprofen for 
CIBP 57.

A double blind 
randomised study 
comparing 
piroxicam and 
sublingual 
fentanyl for the 
management of 
breakthrough pain 
associated with 
bone metastases 63.

The first study 
investigating a 
COX-2 inhibitor.  
A randomised, 
double blind, 
placebo controlled 
trial comparing 
diclofenac and 
celecoxib over six 
weeks 56.

Randomised controlled 
trial of 342 participants 
investigating diclofenac 
and celecoxib, both 
alone and in 
combination for the 
treatment of CIBP 72.

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2018

Further 
study 
considering 
the opioid-
sparing 
effects of 
ibuprofen79.
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Ref Year n Cancer 
type 

Pain 
phenotype 

NSAIDs 
utilised  

Study 
duration 

Main outcome 
measure(s) 

Results Adverse effects Additional 
considerations 

47 1990 48 Varied. Moderate to 
severe pain 
intensity. Mix 
of tumour pain, 
bone pain, 
post-treatment 
pain. 
 

Ketorolac 
tromethamine 
10mg vs 
placebo. 

Single 
dose.  

Pain intensity 
difference (4-point 
VRS). 
 

Pain relief scores 
(5-point VRS).  

Mean SPID of NSAID 
superior to placebo at 1, 
2 and 3 hours (p < 0.05). 
 

Mean TOPAR superior 
for NSAID at all time 
points reported (p ≤ 
0.01). 
 

Not specified for single 
doses. 

Abstinence from 
narcotic medication 
during study. 
 

44 included in 
efficacy analysis. 

48 1989 126 Varied. Not fully 
detailed. 
Moderate to 
severe pain 
intensity. 

Ketorolac 
tromethamine 
I.M. (10mg, 
30mg and 
90mg) vs 
placebo. 

Single 
dose. 

Pain intensity (4-
point VRS). 
 

Pain relief (5-point 
VRS). 

Mean SPID favours all 
doses of ketorolac over 
placebo (p < 0.05). 
 

Mean TOPAR favours 
ketorolac over placebo 
only when all data 
combined (p < 0.02). 
 

All adverse effects 
reported as minor. 16% 
in placebo group vs 
6%, 12% and 13% in 
the 10mg, 30mg and 
90mg ketorolac groups 
respectively. No 
statistical testing 
performed. 
 

Prescribed 
analgesics 
discontinued at 
least 3 hours prior 
to study. 
118 included in final 
analysis. 

49 1988 120 Not 
specified. 

Not specified. Ketoprofen 
100mg vs 
ketoprofen 
300mg vs 
placebo. 

Single 
dose. 

Pain intensity (4-
point VRS). 
 

Pain relief (5-point 
VRS converted to 
percentage). 

Mean SPID of both 
NSAIDs superior to 
placebo at multiple time 
points (p < 0.05). 
 

Mean TOPAR superior 
for both NSAID groups at 
all time points reported (p 
< 0.05). 
 

No difference when 
compared to placebo. 

No other analgesics 
permitted during 
study period. 
All included in 
efficacy analysis. 

46 1975 24 Varied. Not specified. Aspirin 600mg 
vs aspirin 
1000mg vs 
placebo. 

Single 
dose. 

Pain intensity (5-
point VRS). 
 

Pain relief (5-point 
VRS). 

SPID and mean TOPAR 
demonstrated aspirin 
1000mg is superior to 
placebo (p < 0.05). 
 

Aspirin 600mg not 
significantly different. 
 

No significant 
differences between 
groups. Combined 
commonest effects 
were sweating (17%), 
heartburn (4%) and 
vomiting (4%). 
 

Does not specify 
whether other 
analgesics 
permitted during 
study period. 
All included in 
efficacy analysis. 
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50 1974 100 Non-
resectable 
abdominal, 
pelvic or 
osseous 
malignant 
tumours. 
 

Not fully 
detailed. 
Chronic or 
recurring pain 
resulting from 
cancer. 

Aspirin 650mg 
vs placebo. 

Single 
dose. 

Onset and offset 
time of analgesia. 
 

Maximal pain 
relief (%). 
 

Patient reported 
relative efficacy. 
 

Aspirin was statistically 
superior to placebo in all 
analyses. 

No difference when 
compared to placebo. 
 

Specific reported 
symptoms not detailed.  

No other analgesics 
permitted during 
study period. 
All included in 
efficacy analysis. 

45 1972 57 Non-
resectable 
abdominal, 
pelvic or 
osseous 
malignant 
tumours. 

Not fully 
detailed. Mild 
to moderate 
intensity. 

Aspirin 650mg 
vs mefenamic 
acid 250mg vs 
placebo. 

Single 
dose. 

Onset and offset 
time of analgesia. 
 

Maximal pain 
relief (%). 
 

Patient reported 
relative efficacy. 

Proportion achieving 
>50% relief superior for 
both NSAIDs (p < 0.05). 
 

Mean percentage of pain 
relief superior for both 
NSAIDs (p < 0.05). 
 

Both NSAIDs ranked 
superior to placebo (p < 
0.01). 
 

No difference when 
compared to placebo. 

No other analgesics 
permitted during 
study period. 
21% reported 
greater than 50% 
pain relief with 
placebo. 

51 1971 34 Pancreatic 
and colonic 
carcinoma. 

Not specified. Aspirin 650mg 
vs placebo. 

Single 
dose. 

Maximal pain 
relief (%). 
 

Patient reported 
relative efficacy. 

Aspirin provided greater 
analgesia (significance 
not discussed). 
 

Aspirin ranked superior to 
placebo (p < 0.05). 

No comments made. No other analgesics 
permitted during 
study period. 
All included in 
efficacy analysis. 

 
Table 2.1:  Summary of publications investigating analgesic efficacy of NSAIDs vs. placebo. 
All oral medications unless specified. 

Abbreviations: n, number enrolled in study; NSAIDs, non-steroidal anti-inflammatory drugs; Ref, reference number; SPID, summed pain intensity 

difference; TOPAR, total pain relief; VRS, verbal rating scale. 
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The agents and doses that demonstrated superior analgesic outcomes compared to 

placebo were ketorolac 10 mg per os (p.o.), ketorolac 10 mg intramuscular (i.m.), 

ketorolac 30 mg i.m., ketorolac 90 mg i.m., ketoprofen 100 mg p.o., ketoprofen 300 mg 

p.o., aspirin 1000 mg p.o., aspirin 650 mg p.o., and mefenamic acid 250 mg p.o. No 

obvious difference in adverse effects were observed between NSAID and placebo 

groups. Although superiority of NSAIDs over placebo is consistently reported, the 

outcome measures utilised to demonstrate this vary considerably between publications. 

The most frequently utilised outcome measures were the mean total pain relief (TOPAR), 

mean summed pain intensity difference (SPID), and proportion of participants reporting 

greater than 50% pain relief. Of note, a single study made specific reference to the 

analgesic efficacy of placebo, stating that a greater than 50% reduction in pain was 

achieved in 21% of those receiving placebo45. Although not specifically commented 

upon, the two other studies utilising this outcome measure had similar findings50,51. 

 

Six out of the seven studies comparing the analgesic efficacy of NSAIDs with placebo, 

specified that no opioid analgesia was permitted during the study period, however the 

remaining publication makes no comment regarding the use of other analgesics 

permitted during this time46. Consequently, the results of this subsection can be 

considered to detail the efficacy of NSAIDs alone in the management of cancer-related 

pain. Two additional studies investigated the use of NSAIDs compared with placebo in 

addition to the participants’ usual background opioid analgesia52,53, and for this reason 

direct comparison alongside the seven studies detailed in Table 2.1 is not appropriate. 

Both of these publications consider cancer-induced bone pain (CIBP), enrolling 26 

participants, each investigating a different NSAID (flurbiprofen52 and choline magnesium 

trisalicylate53) compared to placebo. Both report lower pain intensity scores in the NSAID 

groups that do not reach statistical significance, but conclude that their sample sizes are 

likely underpowered for their primary outcome measure. 
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2.3.3 NSAIDs vs. other NSAIDs 

Table 2.2 details studies identified that compare the efficacy of different NSAIDs54–62. Of 

these nine studies, only two were published in the last 20 years and only a single study 

considered the use of COX-2 inhibitors. In total 777 participants considered the use of 

eleven different analgesics, with six of these agents considered more than once, amid 

different routes of administration, different doses or different regimens. 

 

 

 

 

 

 

 

 



 
 

NSAIDs and pain in cancer 

 

 95 

Ref Year n Cancer type Pain 
phenotype 

Drugs utilised Study 
duration 

Main outcome 
measures 

Results Adverse 
effects 

Additional 
considerations 

56 2015 56  Breast 
cancer. 

Not fully 
detailed. 
Mild to 
moderate 
pain. 

Celecoxib 
200mg BD vs 
diclofenac 
50mg BD. 

Six 
weeks. 

HDRS (primary 
outcome 
measure). 
 

Pain intensity; 
100mm VAS. 

Improvement in HDRS in 
both arms (p < 0.001) 
although greater at 6 weeks 
with celecoxib (p < 0.05). 
 

Mean VAS reduction similar 
between two groups 
(significance not discussed). 
 

No serious adverse 
events.  Mostly GI 
disturbances (more 
frequent with 
diclofenac but not 
statistically 
significant). 
 

Inclusion criteria 
stipulated major 
depression according 
to DSM-IV-TR. 
 

52 participants 
included in analysis. 

57 2003 115 Various with 
bone 
metastases. 

Bone 
cancer 
pain lasting 
more than 
10 days. 
 

VAS ³40 
and PRI ³ 
10. 

Dexketoprofen 
trometamol 
25mg QDS vs 
ketorolac 
10mg QDS. 

Seven 
days. 

Pain intensity; 
100mm VAS 
and PRI. 
 

Karnofsky 
performance 
 

Rescue 
medication use. 
 

Analgesic 
efficacy (4-point 
VRS). 
 

Both treatments provided 
significant reductions in VAS 
(p value not given). 
 

PRI at study end lower in 
dexketoprofen group (p < 
0.05). 
 

Otherwise no differences 
between treatment arms. 

34% reported a total 
of 54 adverse 
events. 
 

Most frequently mild 
to moderate GI 
complaints. One 
serious adverse 
event related to 
medication (GI 
haemorrhage in 
ketorolac arm). 

Planned sample size 
(160) not achieved.  
Paracetamol 500mg 
plus codeine 30mg 
permitted as rescue 
analgesia. >2 doses 
in 24-hours, resulted 
in withdrawal from 
study due to 
insufficient analgesia. 
113 included in 
efficacy analysis. 
 

58 1998 180 Varied. Not fully 
detailed. 
Moderate 
to severe 
intensity. 

Ketorolac 
10mg IM vs 
ketorolac 
30mg IM vs 
diclofenac 
75mg IM. 

Single 
dose. 

Pain intensity; 
100mm VAS 
and 4-point 
VRS. 
 

Patient and 
investigator 
reported efficacy 
 

No differences in termination 
rates, pain intensity or 
reported efficacy between 
the three groups. 

3.3% or less in each 
group (no significant 
difference between 
groups). 
All reported adverse 
events were minor. 

Insufficient analgesia 
rescued with 
morphine resulting in 
study termination. 
All included in 
efficacy analysis. 

55 1994 
 

50 
 

Head and 
neck. 

Not fully 
detailed. 
>3/10 on 
NRS. 

Aspirin 500mg 
QDS vs 
piroxicam 
20mg BD. 
 

Four 
days. 
 

Pain intensity 
(NRS 0-100). 
 

Performance 
status. 
 

Sleep duration. 
 

Both treatments improved 
pain intensity scores and 
sleep duration (p < 0.05).  
 

No changes in performance 
status. 
 

No differences between two 
arms. 
 

All adverse effects 
considered minor.  
More participants 
(31% vs 0%) in the 
aspirin group had 
GI side-effects 
requiring antacid 
therapy (p < 0.05). 
 

36 included in 
efficacy analysis. 
(28% dropout rate 
unrelated to adverse 
effects). 
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59 1993 64 Varied. Not 
specified. 

Nimesulide 
100mg TDS vs 
diclofenac 
50mg TDS vs 
nimesulide 
200mg PR BD 
vs diclofenac 
100mg PR BD 
. 

Seven 
days. 

Integrated Pain 
Scores. 
 

Sleep duration. 

Both NSAIDs improved 
‘Integrated pain scores’ and 
sleep duration irrespective of 
route (p < 0.05). 
 

Trend for better analgesia 
orally (not statistically 
significant). 

Fewer GI adverse 
effects with 
nimesulide (no 
statistical testing 
performed). 

No other analgesics 
permitted during 
study period. 

60 1993 68 Varied. Mild to 
moderate 
intensity. 
Somatic 
and 
visceral in 
origin. 
 

Nimesulide 
200mg BD vs 
naproxen 
500mg BD. 

Two 
weeks. 

Integrated Pain 
Score. 

Both NSAIDs improved 
‘Integrated Pain Scores’ (p < 
0.01). 
 

No difference between the 
two groups. 

15% stopped due to 
adverse effects 
(predominantly GI). 
No significant 
differences between 
groups. 

No opioids permitted 
during study period. 
Only 43 participants 
(63%) included in 
analysis due to high 
dropout rate. 

61 1990 65 Not 
specified. 

Not 
specified. 

Aspirin 600mg 
TDS vs 
diclofenac 
100mg BD vs 
ibuprofen 
600mg TDS vs 
sulindac 
300mg BD vs 
naproxen 
250mg TDS. 

Two 
agents, 
each for 
one 
week. 

Reduction in 
pain intensity 
(100mm VAS). 
 

Patient reported 
preference. 

All agents resulted in 
reductions in pain intensity. 
 

No statistical analysis 
performed. 

Range of side-
effects (dry mouth 
and drowsiness 
most common). 
15% withdrew due 
to side-effects 
(mainly gastric 
discomfort). 
 

Ibuprofen reported 
as best tolerated.  
No statistical 
analysis performed. 
 

22% dropout rate 
during first week of 
study. 
 

20% dropout rate 
during second week 
of study. 

62 1988 143 Various with 
metastatic 
disease. 

Persistent 
bone pain 
due to 
metastatic 
cancer. 
Pain 
intensity ≥ 
40/100. 

Naproxen 
550mg TDS vs 
naproxen 
275mg TDS. 

Three 
days. 

Pain intensity 
(100-point 
NRS). 
 

Overall 
investigator and 
participant rating 
(4-point VRS). 
 

Mean pain intensity reduced 
by approximately one-third in 
both. 
 

More withdrawals in low 
dose naproxen arm due to 
inadequate analgesia (29% 
vs 14%). 
 

No statistically significant 
differences between two 
arms. 
 

No significant 
differences between 
two groups. 
Report adverse 
effects as primarily 
GI complaints and 
mild. 

100 (70%) adhered to 
study protocol to be 
included in efficacy 
analysis. 
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54 1984 36 Various with 
bone 
metastasis. 

Not fully 
detailed. 
“Presence 
of severe 
or very 
severe 
pain”. 

Ketoprofen 
100mg vs 
ketoprofen 
400mg vs 
acetylsalicylic 
acid 1g. 

Single 
dose. 
Two 
agents 
only. 

Pain severity (5-
point VRS). 
 

Pain relief 
(100mm VAS).   

Patient reported 
preference. 

All three agents decreased 
pain intensity by 
approximately 50%.   

Ketoprofen 400mg was 
associated with greater 
reported pain relief (p < 
0.01). 
 

Preference for ketoprofen 
400mg (p < 0.05). 
 

No adverse 
reactions recorded 
during the study. 

 

 
Table 2.2: Summary of publications investigating analgesic efficacy of NSAIDs vs. other NSAIDs. 
All oral medications unless specified. 

Abbreviations: BD, twice daily; DSM-IV-TR, diagnostic and statistical manual of mental disorders, fourth edition, text revision; GI, gastro-intestinal; 

HDRS, Hamilton Depression Rating Scale; IM, intra-muscular; n, number enrolled in study; NRS, numeric rating scale; NSAID, non-steroidal anti-

inflammatory drug; PRI, pain rating index; QDS, four times daily; Ref, reference number; TDS, three times daily; VAS, visual analogue scale; VRS, 

verbal rating scale. 
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Once again, no studies considered the use of these agents in the context of either tumour 

genetics or cancer metabolism. Nearly all publications reported no significant differences 

between the NSAIDs investigated, however the largest sample size studied, involved 60 

participants in each arm, raising the question of whether these studies are powered 

adequately to detect efficacy differences between drugs with the same mechanism of 

action. The single study that did report a difference in pain relief and patient preference, 

found ketoprofen 400mg significantly superior to both ketoprofen 100mg and aspirin 1g. 

Interestingly, however, the maximum licenced daily dose for ketoprofen is 300mg, 

making the clinical relevance of this finding uncertain54. Most studies failed to identify a 

significant difference in adverse effects between the NSAIDs investigated, however one 

publication reported greater gastrointestinal side-effects requiring antacid therapy in 

individuals receiving aspirin compared with piroxicam55. 

 

2.3.4 NSAIDs vs. opioids 

Table 2.3 details publications identified that consider the analgesic efficacy of NSAIDs 

when compared to opioids47,51,63–68. Once again, no study reported data regarding cancer 

genomics or cancer metabolism, and as such, the efficacy of NSAIDs cannot be 

evaluated in the context of these. Only one identified study was conducted in the last 20 

years and none investigated the use of COX-2 inhibitors. The sample sizes were again 

small, with a total of 374 participants considered in the eight studies. Facilitating 

interpretation by combining data is extremely difficult. Although oral morphine would 

theoretically allow such comparisons, other factors – not least heterogeneity in study 

design, outcome measures and duration of follow-up, alongside the small sample sizes 

(most n = 100) – render this a challenging and potentially futile exercise.
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Ref Year n Cancer 
type 

Pain 
phenotype 

Drugs utilised  Study 
duration 

Outcome 
measures 

Results Adverse effects Additional 
considerations 

63 2018 100 Various 
with bone 
metastasis. 

Pain due to 
bone 
metastasis. 
Background 
pain 
controlled. 

Initially 
sublingual 
fentanyl 200µg 
vs fast-
dissolving 
piroxicam 
20mg. 
Doses 
adjusted over 
two-week 
period. 
 

30 days.  
For 
manage-
ment of 
BTP 
only. 

Pain relief 
(100mm VAS). 
 

Onset of 
analgesia. 
 

Frequency of 
BTP. 
 

BPI scores. 

Significant pain relief in 
both groups (p = 0.001). 
  

More rapid analgesic 
onset with fentanyl (p = 
0.001). 
 

Fentanyl associated with 
greater improvements in 
some aspects of BPI 
(sleep and life 
enjoyment) p = 0.001. 
 

Not specifically 
detailed. 

Doses titrated over 2 
weeks to find optimum 
efficacy. 
All included in efficacy 
analysis. 

64 1995 51 Varied. Moderate to 
severe pain.  
Neuropathic 
pain 
excluded. 
75% had 
CIBP. 

Morphine 
10mg IM QDS 
vs ketorolac 
initial dose of 
30mg and 
subsequent 
doses of 10mg 
IM QDS. 

Three 
days. 

Pain intensity (5-
point VRS). 
 

Pain relief (5-
point VRS). 
 

Overall 
investigator and 
participant rating 
(5-point VRS). 

No significant difference 
in maximum overall pain 
intensity, maximum pre-
dose pain intensity, pain 
relief or overall ratings 
from either investigator or 
participants. 

More adverse events 
in morphine arm (p < 
0.01). 
Most commonly 
reported were 
nausea/vomiting and 
drowsiness. 

Inadequate analgesia 
or unacceptable side-
effects led to change in 
study arm or 
withdrawal. Occurred in 
71% and 57% of 
morphine and ketorolac 
arms respectively. 
91% included in 
efficacy analysis. 
 

65 1994 20 Varied. Neuropathic 
pain caused 
by tumour 
involvement 
of nerve 
root(s) or 
plexus. 

Naproxen 
500mg TDS vs 
morphine 
sulphate MR 
30mg BD. 

Two 
weeks. 
(One 
week in 
each 
arm). 

Pain intensity 
(101-point 
NRS). 
 

Pain relief (6-
point VRS). 
 

Rescue 
analgesia use. 
 

Patient 
preference. 
 

Mean pain relief was 
32% with naproxen (p < 
0.05) and 21% with 
morphine (not significant) 
 

After 7 days, need for 
rescue paracetamol less 
with naproxen (p < 0.01). 

Mean adverse effects 
greater with morphine 
(p < 0.05). 
  
One patient 
developed renal 
failure after first week 
using Naproxen. 

Paracetamol permitted 
additionally when 
required. 
 

20% not included in 
final evaluation for 
multiple reasons. 

66 1993 60 Varied. Not fully 
detailed. 
Moderate to 
severe pain. 

Piroxicam 
40mg vs 
codeine 60mg. 

Single 
dose. 

Pain intensity (4-
point VRS). 
 

investigator and 
participant rating 
(4-point VRS). 
 

No differences in any 
outcome measures 
between two groups. 

More adverse effects 
in codeine arm (17% 
vs 7%), although not 
statistically 
significant. 
 

Rescue analgesics 
allowed resulting in end 
point of study. 
59 (98%) included in 
efficacy analysis. 
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47 1990 49 Varied. Moderate to 
severe pain.  
Mix of direct 
tumour, post 
treatment 
and bone 
pain. 
 

Ketorolac 
tromethamine 
10mg QDS vs 
paracetamol 
600mg plus 
codeine 60mg 
QDS. 

Seven 
days. 

Pain intensity 
difference (4-
point VRS). 
 

Pain relief score 
(5-point VRS). 

Mean daily pain relief 
greater for 
paracetamol/codeine 
group (only significant on 
day 2 and 4, p ≤ 0.03). 
 

Otherwise, no significant 
differences. 
 

15% in NSAID group 
and 10% in 
paracetamol/codeine 
group did not 
complete study due to 
adverse effects. 

70 (93%) included in 
efficacy analysis. 

67 1990 40 60% had 
bone 
metastasis. 
No further 
details. 

Not fully 
detailed. 
Moderate to 
extreme 
pain. 
 

Ketorolac 
10mg QDS vs 
pentazocine 
50mg QDS.  
 

Seven 
days 

Pain intensity 
and relief (5-
point VRS). 
 

Use of rescue 
analgesia. 
 

No significant differences 
in pain intensity or pain 
relief between the two 
groups. 

More withdrew due to 
vomiting in 
pentazocine group (p 
< 0.005). 

Overall 20 patients 
withdrew for a variety of 
reasons. 

68 1985 20 Not 
specified. 

Not 
specified. 

Diclofenac 
75mg IM BD 
vs 
Pentazocine 
30mg IM BD. 
 

Eight 
days. 
Three 
days in 
each 
arm.  

‘Integrated pain 
score’. 
 

Overall 
investigator 
rating (4-point 
VRS). 
 

Both drugs reduced pain 
intensity (p < 0.01). 
 

Greater reduction of pain 
intensity with diclofenac 
(p < 0.05). 
 

Four ceased 
pentazocine therapy 
due to nausea and 
vomiting. No adverse 
effects in diclofenac 
group. 
 

 

51 1971 34 Pancreatic 
and colonic 
carcinoma. 

Not 
specified. 

Aspirin 650mg 
vs codeine 
sulphate 
60mg. 

Single 
dose. 

Maximal pain 
relief (%). 
 

Patient reported 
relative efficacy. 
 

Aspirin provided greater 
analgesia (significance 
not discussed). 
 

Aspirin ranked superior to 
codeine (p < 0.05). 
 

No comments made. All included in efficacy 
analysis. 

 
Table 2.3: Summary of publications investigating analgesic efficacy of NSAIDs vs. opioid drugs. 
All oral medications unless specified. 

Abbreviations: BD, twice daily; BPI, brief pain inventory; BTP, breakthrough pain; IM, intra-muscular; n, number enrolled in study; NRS, numeric rating 

scale; NSAID, non-steroidal anti-inflammatory drug; QDS, four times daily; Ref, reference number; TDS, three times daily; VAS, visual analogue scale; 

VRS, verbal rating scale. 
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The outcomes of these publications vary considerably. Of the eight studies detailed 

throughout Table 2.3, outcome measures, although variable, favoured the NSAID 

treatment arm in three studies, the opioid treatment arm in two studies, and no significant 

difference was observed in the remaining three. No two studies compared the same two 

agents. In total five NSAIDs and four opioid analgesics were utilised throughout these 

eight studies. One additional publication identified, describes some unpublished data, for 

which the methodology and specifics are not fully available to interrogate for inclusion in 

Table 2.3. It reports termination of a study secondary to poor enrolment, yet concludes 

ketoprofen administered orally is equal or more effective than morphine administered 

parenterally69. Once again, this publication does not provide any data regarding cancer 

genomics or cancer metabolism. 

 

2.3.5 NSAIDs with opioids 

A total of five publications compared NSAIDs against NSAIDs combined with an opioid 

analgesic49,50,66,70,71. These are detailed in Table 2.4. No study reported data regarding 

cancer genomics or cancer metabolism, therefore once again, the efficacy of NSAIDs in 

the context of these elements cannot be evaluated. None of the identified publications 

considered the use of COX-2 inhibitors and none were conducted in the past 20 years. 

A single study reported greater analgesic benefit when NSAID and opioid were used in 

combination, compared with NSAID use alone50.  One further publication failed to identify 

any difference in analgesic efficacy but more participants withdrew due to inadequate 

analgesia when taking NSAIDs without additional opioid analgesics, albeit statistical 

significance was not discussed70. The three remaining studies failed to demonstrate any 

significant difference in analgesic efficacy between the treatment arms.
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Ref Year n Cancer type Pain 
phenotype 

Drugs utilised  Study 
duration 

Outcome 
measures 

Results Adverse effects Additional 
considerations 

70 1998 121 Not specified 

fully.  

90% had 

metastatic 

disease. 

Diclofenac 

group had 

more bone 

metastases 

(63% vs 46%). 
 

At least 10 

days 

duration. 

VAS >40. 

76% 

nociceptive 

pain. 24% 

neuropathic 

pain. 

Diclofenac 50mg 

QDS vs diclofenac 

50mg + codeine 

40mg QDS. 

Seven 

days. 

Pain intensity 

(100mm VAS). 
 

Depression 

severity (HAM-

D). 
 

Overall 

investigator 

rating (4-point 

VRS). 

No significant 

differences between 

groups. 
 

More withdrew from 

diclofenac arm due 

to inadequate 

analgesia (35% vs 

16%). Significance 

not discussed. 

More participants 

discontinued 

treatment due to 

adverse effects in 

combined arm (16% 

vs 3%). More GI 

discomfort, dry mouth 

and CNS disturbance 

reported in combined 

group (significance 

not discussed). 
 

21 patients received 

SC morphine ‘as 

needed’ during the 

first three days. 

40% discontinued 

drug treatment for a 

variety of reasons. 

All included in 

efficacy analysis. 

66 1993 60 Varied. Not fully 

detailed. 

Moderate to 

severe pain. 

Piroxicam 40mg 

vs piroxicam 

20mg + codeine 

30mg. 

Single 

dose. 

Pain intensity (4-

point VRS). 
 

Investigator and 

participant 

overall rating (4-

point VRS). 
 

No difference in any 

outcome measures 

between two 

groups. 

7% in each arm 

experienced side-

effects. 

Rescue analgesics 

allowed at any time. 

58 (97%) included in 

efficacy analysis. 

71 1989 66 Varied. 

74% had 

metastatic 

disease. 

36% had bone 

metastases. 

At least 10 

days 

duration.  

VAS >40. 

Not specified 

further. 

Diclofenac sodium 

50mg QDS vs 
acetylsalicylic acid 

(ASA) 640mg + 

codeine 

phosphate 40mg 

QDS. 

Ten 

days. 

Pain intensity (4-

point VRS and 

100mm VAS). 
 

Pain relief 

(100mm VAS). 
 

Global rating by 

investigator (4-

point VRS). 

Both treatments 

resulted in 

significant pain 

relief (p < 0.01).  
 

No significant 

difference between 

treatment arms. 

No adverse effects 

could definitely be 

attributed to 

diclofenac. 

More adverse effects 

observed in ASA + 

codeine group 

(statistical 

significance not 

discussed). 

One-third failed to 

complete treatment 

period (multiple 

reasons). More (48% 

vs 30%) withdrawals 

in diclofenac arm for 

ineffective analgesia 

(not significant). 

65 (98%) included in 

efficacy analysis. 
 

49 1988 120 Not specified. Not fully 

detailed. 

Moderate to 

severe pain. 

Ketoprofen 100mg 

vs ketoprofen 

300mg vs aspirin 

650mg + codeine 

60mg. 

Single 

dose. 

Pain intensity (4-

point VRS). 
 

Pain relief (5-

point VRS 

converted to %). 
 

Global rating by 

participant (4-

point VRS). 
 

 

No significant 

differences between 

treatment arms. 

No significant 

difference in adverse 

effects between 

groups. 

No other analgesics 

permitted during 

study period. 
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50 1974 100 Non-

resectable 

abdominal, 

pelvic or 

osseous 

malignant 

tumours. 

Not fully 

detailed. 

Mild or 

moderate 

“chronic or 

recurring 

pain 

resulting 

from 

unresectable 

cancer”. 

Aspirin 650mg vs 
codeine sulphate 

65mg + aspirin 

650mg vs 
pentazocine 25mg 

+ aspirin 650mg 

vs oxycodone 

9.76mg + aspirin 

650mg vs 
propoxyphene 

napsylate 100mg 

+ aspirin 650mg 

vs ethoheptazine 

citrate 75mg + 

aspirin 650mg 

Single 

dose. 

Onset and offset 

time of 

analgesia. 
 

Maximal pain 

relief (%). 
 

Patient reported 

relative efficacy. 

No significant 

difference in timings 

of analgesia. 
 

Proportion 

achieving >50% 

relief superior in 

combinations with 

codeine sulphate, 

pentazocine and 

oxycodone to 

aspirin alone (p < 

0.05). No significant 

difference between 

others and aspirin. 
 

Patient reported 

efficacy closely 

resembled the 

above findings. 
 

Excluding sedation, 

no difference in side-

effect frequency 

between all arms.  

Greater reported 

sedation in 

combinations with 

codeine, oxycodone, 

pentazocine and 

propoxyphene (not 

statistically 

significant). 

No other analgesics 

permitted during 

study period. 

All included in 

efficacy analysis. 

 

Table 2.4: Summary of publications investigating analgesic efficacy of NSAIDs vs. NSAIDs combined with opioid drugs. 
All oral medications unless specified. 

Abbreviations: GI, gastro-intestinal; HAM-D, Hamilton Depression Rating Scale; n, number enrolled in study; QDS, four times daily; Ref, reference 

number; SC, subcutaneous; VAS, visual analogue scale; VRS, verbal rating scale. 
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In total, three of the five studies report a greater incidence of adverse effects associated 

with combination therapy, however, only one performed statistical analysis and 

concluded that the observed difference was not significant. Additionally, two further 

publications were identified. One details a randomised controlled trial of 342 patients 

assigned to one of three treatment arms; namely diclofenac with morphine, celecoxib 

with morphine or both diclofenac and celecoxib with morphine72. The lack of treatment 

arm without opioid use, makes it inappropriate to directly compare this study with the 

others detailed in Table 2.4. The study design ensured the dose of NSAID remained 

constant, whilst the opioid dose was titrated over the four-week study period. A 50% 

reduction in visual analogue scale (VAS) scores across all three groups was reported, 

although the reduction was greater in the group taking both diclofenac and celecoxib in 

combination with morphine (p<0.05)72. The other identified study, describes a 

randomised double-blind crossover study enrolling 28 participants with moderate to 

severe pain secondary to their cancer, reporting that the addition of 600mg of ibuprofen 

to two different methadone doses significantly reduced pain intensity and improved pain 

relief scores without an increase in side-effects73. 

 

2.3.6 Opioid-sparing effects of NSAIDs 

Although the opioid-sparing effects of NSAIDs are well documented in postoperative 

cancer care74,75, with demonstrable reductions in opioid adverse effects76,77, no large 

scale studies were identified with respect to non-postoperative cancer pain 

management. Two small studies were identified, with no data regarding either cancer 

genomics or cancer metabolism, again making evaluation of the efficacy of NSAIDs in 

the context of either of these impossible. One study, with a total of 16 patients reported 

that the addition of diclofenac 50mg suppositories reduced patient-controlled analgesia 

(PCA) morphine use but was potentially underpowered to detect significance in altered 
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pain intensity78. A further randomised, double-blind study of 30 participants regularly 

utilising both paracetamol and oxycodone, demonstrated that ibuprofen 600mg was 

superior to placebo in opioid-sparing properties, in addition to improving reported daily 

pain intensity and pain relief scores79. 

 

 

2.4 Conclusions and discussion 

Given the high prevalence of pain at all stages of cancer and the relative lack of 

efficacious treatments for this pain, it is surprising to observe that there is such a paucity 

of research into the use of NSAIDs in cancer pain management. The age of the majority 

of the publications (predominantly over 20 years old) is also notable, as there have been 

numerous developments within this field, such as the introduction of COX-2 antagonists 

and increasing understanding of the potential influence of COX inhibitors on the 

oncogenic process. The therapeutic landscape of cancer continues to shift at a 

remarkable speed, outpacing the publications in this area. Novel oncogenic treatments 

continue to be introduced to clinical practice at a high rate, resulting in a changing natural 

history for many tumour types, ultimately bolstering the numbers of cancer survivors, 

with a net outcome of more patients experiencing pain. 

 

This search resulted in 106 review articles that considered the use of NSAIDs in cancer 

pain management. Despite the numerous review articles, only 30 studies (randomised 

controlled trials or double-blind controlled studies) were identified for inclusion. The 

results of these publications suggest that NSAIDs are superior to placebo in their efficacy 

at reducing pain intensity and providing pain relief for cancer pain. The overwhelming 

majority of data supporting this observation, is however, based upon single dose studies. 

Extrapolation of this data into longer-term use may not be advisable, however, it is 
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prudent to acknowledge that longer-term studies only considering NSAIDs or placebo 

alone for the management of cancer pain, could be ethically challenging as one cohort 

would hypothetically be randomised to receive no analgesia for their pain. As such, a 

small number of studies did investigate the use of NSAIDs in patients already receiving 

opioid therapy and these studies considered the analgesic efficacy beyond a single 

dose52,53,78,79, although the longest duration investigated was six weeks. The designs of 

these studies varied, with some comparing NSAIDs to placebo and others analysing the 

efficacy of the addition of NSAIDs to opioid treatment. Ultimately, although a number of 

these studies were small and inadequately powered, various benefits associated with 

NSAID use were reported, including greater reduction in pain intensity, enhanced pain 

relief and opioid sparing effects. 

 

Although a total of nine publications comparing NSAIDs were identified, there are 

insufficient data to suggest that any NSAID is superior to another. None of the identified 

comparative studies considered more than 60 patients in a treatment arm and therefore 

it is possible that they were underpowered to adequately detect significant differences 

between drugs with the same mechanism of action. Similarly, the small sample sizes, 

amongst other reasons, make it difficult to draw any meaningful conclusions from the 

eight publications that compare the analgesic efficacy of NSAIDs to opioids. 

Furthermore, concrete conclusions regarding adverse effects are difficult to draw.  Not 

all publications detail adverse events associated with the analgesics investigated, and 

others do not comment on the statistical significance of reported findings. 

 

One of the themes which runs through this thesis, is the appeal behind the concept that 

analgesic strategies can be targeted based upon underlying pain mechanisms and 

phenotype. However, of the studies identified, not a single publication considered or 

detailed the genotype or phenotype of the tumour and therefore it is not possible at this 
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stage to determine whether there may be a link between oncogenic mutations in PIK3CA, 

their associated eicosanoid overproduction and pain. Of note, however, it is important to 

appreciate that NSAID use has been reported to be associated with analgesic benefit in 

a number of the publications identified, suggesting that COX inhibition certainly may 

have a role in cancer-related pain management. With respect to consideration of NSAID 

efficacy in the context of pain phenotype, 18 of the 30 studies lacked full details regarding 

the pain phenotype investigated, whilst two studies included a broad mix of different pain 

phenotypes. Of the remaining studies, seven investigated CIBP, two considered non-

neuropathic pain, and one studied neuropathic pain alone. Drawing meaningful 

conclusions on the efficacy of NSAIDs based upon pain phenotype is therefore 

challenging, with only CIBP being represented in numerous studies. CIBP is often 

considered to include both non-neuropathic and neuropathic features.  Each of the seven 

publications related to CIBP, investigated a different NSAID and no study investigated 

the use of NSAIDs compared with placebo alone. Although all seven studies suggest an 

analgesic benefit associated with NSAID use in CIBP, translating these findings into 

clinical recommendations is hindered by disparate study designs and diversity of 

outcome measures utilised.  

 

There are multiple obstacles to combining data from the identified publications for wider 

analysis on the efficacy of NSAIDs in cancer pain management. Firstly, the duration of 

the studies included, varied considerably. Ten of the total 30 studies were single dose 

studies, whereby patients were followed up for up to a maximal time point of 6 hours 

after the single dose. Eight of the total 30 studies were conducted over more than a 

week, yet only six of these studied the use of analgesic agents for longer than 7 days. 

The longest study duration of all the included studies was 6 weeks. Given the short 

duration of many of the studies, it is conceivable that the results are not translatable to 

longer-term use.  As such, the analgesic efficacy of all agents considered could be either 



 
 

NSAIDs and pain in cancer 

 

 108 

over- or underestimated. Similarly, the incidence and significance of reported adverse 

effects is challenging to extrapolate. It is plausible that repeated use could cumulatively 

increase the risk or incidence of certain side-effects (e.g. ulcers of the gastrointestinal 

tract), thus making short and single dose studies falsely reassuring. Throughout this 

review, no studies were identified that specifically aimed to investigate and quantify the 

risks of short-, or longer-term NSAID use in the cancer population. 

 

Another significant barrier to a wider scale interpretation, is the heterogeneity in study 

designs. Variations in drugs, doses, frequency and routes of administration all limit the 

ability to combine data generated from different studies. Additionally, the disparity in 

outcome measures utilised to evaluate analgesic efficacy makes combined data analysis 

difficult and inadvisable. The choice of outcome measure in evaluation of pain 

management has been demonstrated to have a greater influence on measured pain 

relief than the analgesic being assessed80, demonstrating the difficulty and conceivable 

inaccuracy associated with combined interpretation of numerous studies with multiple 

heterogenous outcome measures. 

 

Ultimately the paucity of high-quality evidence regarding analgesic efficacy of NSAIDs in 

cancer pain management continues to exist. A comprehensive systematic review 

performed in 2005 concluded that “there remains a need for a substantial increase in the 

number of high-quality trials of NSAIDs in patients with cancer”20. Despite this ‘call to 

arms’, we identified only three studies performed subsequent to this publication. 

However, it is important to appreciate that the paucity in high-quality evidence for an 

agent does not equate to lack of efficacy and indeed many of the studies identified by 

this literature search suggest an analgesic benefit associated with NSAID use. 

Unfortunately, no publications were identified that considered tumour genetics or cancer 
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metabolism when considering efficacy of NSAIDs in cancer pain management, leading 

to the conclusion that this underlying hypothesis warrants further exploration. 
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CHAPTER 3  

Oncogenic mutations in PIK3CA 
are associated with persistent 
post-surgical pain following 
breast cancer surgery 

3.1 Introduction 

Chapter 2 systematically reviews and appraises the evidence for the efficacy of 

cyclooxygenase (COX) inhibitors in cancer pain management. Although this chapter 

outlines the fact that several published randomised controlled or double-blind trials have 

reported analgesic benefits in the management of cancer pain, perhaps the starkest 

observation is the relative paucity of research within this field. Given the high prevalence 

of pain at all stages of cancer, the significant impact pain has on physical, psychological 

and social well-being1,2, and the recent resurgence of interest in the impact these agents 

have on oncogenic outcomes3,4, this is conceivably, all the more surprising. 

 

Pain medicine is increasingly moving toward a mechanism-based approach, the 

underlying principle of which is to identify the processes contributing to nociception, or 

mechanisms contributing to neuroplasticity, and thus allowing these processes to be 
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targeted with appropriate and refined treatment selection5. As detailed in section 1.2.2, 

cancer-related pain comprises of multiple different pain pathologies, each with disparate 

underlying mechanisms. As such, the concept that one analgesic agent would work 

effectively for all pain phenotypes seems highly improbable. For instance, COX-2 

overexpression associated with aberrant prostaglandin E2 (PGE2) production has been 

reported in many different cancer types6, and it would seem plausible that pain arising 

from PGE2 in these tumours would be more responsive to COX inhibition. Similarly, 

mechanisms depicted as responsible for cancer-induced bone pain (CIBP) include 

inflammatory mediator release, in particular PGE2
7 and COX inhibition has been 

demonstrated to have efficacy at reducing pain behaviours in animal models of  CIBP8. 

Conversely, the reported mechanisms for thalidomide related chemotherapy-induced 

peripheral neuropathy (CIPN) include neuronal cell death mediated by inhibition of both 

tumour necrosis factor alpha (TNF-α) and nuclear factor kappa B (NF-kB), or reduced 

angiogenesis secondary to inhibition of vascular endothelial growth factor (VEGF)9. 

These identified mechanisms are not associated with hyperactivity of the arachidonic 

acid pathway, nor excess prostaglandin production and as such, do not suggest that 

COX inhibition would be efficacious. In accordance with this, there remains no evidence 

that COX inhibition is an effective therapy for pain, nor for the other unpleasant sensory 

disturbances, associated with CIPN10. The concept of a mechanism-based approach to 

analgesic therapy, is not dissimilar to the manner in which oncological therapies are 

utilised. It would not be appropriate to use hormonal therapies for all subtypes of breast 

cancer, let alone all cancer types. As such, the concept that all analgesic agents may be 

suitable for all cancer-related pain, irrespective of the aetiology, fails to adequately 

address the increasing nuanced landscape of cancer biology. 

 

Despite this, it could be argued that of the 30 studies included in Chapter 2, none 

sufficiently explored or described the underlying mechanisms associated with pain nor 
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the related efficacy of COX inhibition to these processes. 18 out of the 30 studies lacked 

details regarding the pain phenotype and 2 studies included a mix of different pain 

phenotypes, without subsequent analysis of whether the efficacy of COX inhibition 

differed based upon the phenotype of pain. Of the studies that categorised pain 

pathology or phenotype for inclusion, seven studies specifically considered CIBP, whilst 

two investigated non-neuropathic pain and one considered neuropathic pain alone. Only 

three of the 30 studies identified considered the efficacy of COX inhibitors in patients 

with pain related to a single site primary tumour. No further subcategorization of these 

tumours, their genotype or metabolic profiles occurred. Similarly, of the other 27 

publications (tumour sites either not described or various sites included in the study), no 

further subcategorization, genetic or metabolic profiling occurred. Therefore, if this 

review is considered within the context of this thesis’ hypothesis (that oncogenic 

signalling pathways, responsible for dysregulation of lipid metabolism will correlate with 

the activation and sensitization of nociceptors, resulting in cancer related pain), there 

was no data identified that could be considered either supportive or contradictory to the 

hypothesis. 

 

3.1.1 Determining whether mutations in PIK3CA are associated with pain 

The novel identification that oncogenic PIK3CA mutations are associated with lipid 

enrichment and increased production of arachidonic acid and eicosanoids11 generates 

an exciting area for scientific exploration in the context of cancer-related pain. Whilst 

contemplating how best to investigate whether a link exists between pain and PIK3CA 

mutations, there are numerous elements that require consideration. Firstly, as detailed 

previously, cancer-related pain encompasses multiple different pain generating 

neurobiological processes. As such, these mutations may be associated with a specific 

pain pathology or phenotype rather than all pain phenotypes. It would therefore be 
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prudent to assess this association in the context of a specific pain phenotype or by 

undertaking a large-scale study that allows the interrogation of this association in the 

context of multiple specific pain phenotypes. 

 

Similarly, heterogeneity of the underlying malignancy introduces factors that are likely to 

influence pain pathologies. As such, in order to interrogate the association between 

PIK3CA mutations and pain, it would be necessary to either perform large-scale studies 

that allows interrogation of sub-grouped data or to begin by considering a specific tumour 

type. 

 

Ultimately, if a clinical relationship exists between PIK3CA mutations and pain, this will 

require substantive evidence from large scale prospective trials. Although significant 

advantages are associated with prospective studies, in this context they raise a number 

of challenges. One such advantage would be the ability to investigate the levels of lipid 

metabolites in tumours, as well as their PIK3CA mutation status, although the instability 

of lipid metabolites ex vivo would raise a number of challenges regarding the 

practicalities of such measurements. Another advantage, would be the ability to map 

pain over time, potentially identifying a biomarker for pain. However, given the nature of 

many of the cancer-related pain phenotypes, at the time of recruitment, it would be 

unclear what pain phenotype (if any) a patient may develop and as such, both the time-

scale of the study and the number required for recruitment would be significant. 

 

In the first instance therefore, designing a retrospective study, where the pain phenotype 

is already established and considering a single pain phenotype in a single tumour type 

matched to controls would allow an initial exploration as to whether this pain phenotype 

could be associated with oncogenic mutations in PIK3CA. 
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3.1.1.1 Identifying an appropriate tumour group for initial investigation 

Table 3.1 summarises the range of PIK3CA mutation frequencies reported by a number 

of publications investigating primary tumour samples. 

Tumour type Range reported of 

PIK3CA mutations (%) 

References 

Breast 18.1 – 40.1% 12–18 

Colorectal 13.6 – 31.6% 13,19–21 

Endometrial 31.8 – 38.6% 22–24 

Gastric 4.3 – 10.6% 14,20,25 

Glioblastoma 0 – 4.8% 26,27 

Head and neck SCC 7.4% – 10.5% 28,29 

Liver 0 – 35.6% 14,30 

Lung 1.3 – 3.6% 14,31,32 

Oesophageal 7.7 – 22.9% 33,34 

Ovarian 6.0 – 12.1% 13,15 

Pancreatic 0 – 11.1% 35–37 

Sarcoma 2.3 – 2.9% 38,39 

Thyroid 10.4 – 14.0% 40–42 

Table 3.1: The reported frequency of PIK3CA mutations across various 

malignancies divided by tumour type. 

 

 

The recent study from our laboratory has linked activating mutations in PIK3CA with 

higher levels of arachidonic acid in primary breast tumours, as well as patient-derived 

xenograft (PDX) tumours of breast, ovarian, pancreatic and sarcoma origin11. Given that 

this phenotype was observed in both primary breast and PDX tumours of breast origin, 

in addition to the high incidence of this cancer in the general population and a greater 
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frequency of PIK3CA mutations reported within this tumour type, breast cancer is the 

most appealing malignancy to begin investigating the potential link between PIK3CA 

mutations and pain. 

 

Two pooled analyses of data report incidence of PIK3CA mutations in breast cancer as 

32% and 35.7%43,44. One of these studies concludes that five mutations account for 73% 

of all PIK3CA mutations observed in 6338 patients, namely H1047R (35%), E545K 

(17%), E542K (11%), N345K (6%) and H1047L (4%)44. 

3.1.1.2 Identifying an appropriate pain phenotype for initial investigation 

A previous service evaluation of the patients presenting to pain management clinics at 

the Royal Marsden Hospital identified that almost one third of patients attending, 

presented with persistent post-surgical pain (PPSP), with 39.1% of these patients 

experiencing PPSP following breast cancer surgery (Appendix 3.1). This accounted for 

over 10% of patients presenting to pain management clinics during this service 

evaluation and represented the most commonly encountered pain pathology in cancer 

survivors with primary breast cancer. Accordingly, PPSP following breast cancer surgery 

represents an appealing cohort to first explore the link between oncogenic mutations in 

PIK3CA and pain. 

 

3.1.2 Persistent post-surgical pain 

Surgery continues to represent an integral component in the management pathway of 

many malignancies. Persistent pain arising after surgical procedures is particularly 

pertinent to cancer patients, not only because of its incidence, but also due to the impact 

it has upon downstream quality of life and the poor recovery of functional outcomes45. 

Only recently was the ICD of the WHO updated to incorporate the term ‘chronic 
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postsurgical pain’ defining this as pain that develops, or increases in intensity, 

subsequent to a surgical procedure, persisting beyond the healing process i.e. at least 3 

months after surgery. It must be contained within the surgical field or effect the territory 

of a nerve or dermatome associated with the surgical field, whilst other causes of pain 

must have been excluded46. Prior to this, no formal definition of PPSP existed, leading 

to the consensus statements in order to facilitate clinical management and research 

within the field47. 

 

PPSP develops more frequently following certain procedures, including limb amputation, 

thoracotomy and breast surgery, although it may occur after any surgery, even if 

relatively limited48–50. A large Norwegian study reported that close to 20% of patients will 

experience moderate to severe pain beyond three months after surgical procedures51. 

3.1.2.1 PPSP following breast cancer surgery 

PPSP represents a considerable burden to the population of breast cancer survivors52. 

The incidence reported varies considerably. Although a formal definition now exists, it is 

likely that the previous lack of definition, different methodologies and tools for detection 

contributed to the variation in reported incidence53.  A systematic review performed by 

Wang et al. published in 2018, identified 30 studies including 3746 patients and reported 

a pooled pain prevalence of 29.8%53. Nine of these studies (involving 1414 patients) 

investigated pain severity with pooled incidence of mild, moderate and severe pain 

reported as 19.0%, 11.4% and 10.9%, respectively53. Owing to the fact that breast cancer 

accounts for over 25% of all new cancer cases in women globally54, survival rates are 

high55, surgery remains the mainstay of its treatment56, and incidence of PPSP following 

surgical treatment is high53, it is reasonable to conclude that absolute numbers of 

individuals experiencing PPSP following breast cancer surgery are high. Persistent post-

breast surgery pain manifests with variable characteristics. Neuropathic pain is common 
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(reported as approximately 68% when combining studies with varied methodologies for 

assessment)57, with features localised to the scar, thoracic/breast wall, the axilla and the 

medial aspect of the upper ipsilateral arm58. 

3.1.2.2 Mechanisms underpinning PPSP 

Acute pain following surgery is essentially a universal experience. Although, this acute 

pain will typically resolve, there are occasions when pain persists beyond the time taken 

for tissue healing to occur. The mechanisms underpinning the development of persistent 

pain are not yet fully understood59. Preclinical models have been developed to better 

understand the mechanisms underpinning acute postoperative incisional pain and 

associated sensitization, with identified cellular and molecular changes that differ from 

other preclinical models of pain60,61. Although preclinical models may clearly demonstrate 

sensitization associated with surgical incisions, extrapolating data obtained from these 

studies into meaningful data associated with PPSP requires caution. The definition of 

PPSP involves a number of elements that are not directly transferable to pre-clinical 

models; namely the duration of greater than three months and the requirement to exclude 

all other causes of pain. As such, I am unaware of any validated preclinical models that 

are currently being used to further our understanding of the mechanisms responsible for 

the development of PPSP. 

 

Broadly speaking the prevailing theory of mechanisms underpinning PPSP development 

are profound changes to both the peripheral and central somatosensory circuits. These 

changes are thought to occur in response to neurochemical influences on the nociceptive 

system62. Several publications have attempted to review the many mechanisms 

implicated in the development of PPSP59,63,64, with overwhelming barrage of the 

nociceptive pathways incriminated in the development of a number of these changes, in 

particular those that occur centrally62,65. Neuroplastic changes in the periphery, 
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facilitating sustained or increased activation of primary afferent neurons are thought to 

play a significant role59, too. 

3.1.2.3 The potential role of eicosanoids in PPSP 

The role of eicosanoids in nociception is well established66 and PGE2 is implicated in the 

activation and sensitization of nociceptors67–69. Elevated levels associated with 

oncogenic PIK3CA mutations could therefore be expected to contribute to a prolonged 

barrage of nociceptive pathways, or indeed, greater input through this system. Further 

studies have specifically implicated PGE2 in the context of persistent pain. Injection of 

PGE2 into naïve rat paws results in short-lived hyperalgesia lasting less than four hours, 

whereas injection of PGE2 weeks after resolution of an inflammatory model, results in 

hyperalgesia lasting more than 24 hours70. Additionally, dose-response relationships for 

PGE2-induced hyperalgesia are shifted to the left when assessed using similar models71. 

These findings suggest that elevated levels of PGE2 may be associated with increased 

(both intensity and duration) barrage through a sensitized nociceptive pathway. 

Interestingly, injection of a stabilised PGE2 analogue is reported to result in mechanical 

allodynia lasting 24 hours, whilst a second subsequent injection performed a week later 

resulted in prolonged mechanical allodynia lasting four days72, suggesting that repeated 

PGE2 exposure may result in prolonged sensitization. Similarly this study reports that 

pain secondary to PGE2 injection is prolonged in rats which have previously been 

injected with the stabilised PGE2 analogue72. A time-dependent increase in EP4 levels 

has been identified in peripheral nerves and in associated dorsal root ganglion (DRG) 

neurons following injection with the stabilised PGE2 analogue, further implicating the role 

of PGE2, with the authors concluding that this finding is crucial in the transition from acute 

to persistent pain72. Furthermore, sustained PGE2 treatment has been demonstrated to 

induce substance P and calcitonin gene-related peptide (CGRP)73, both of which are 
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implicated in central sensitization74. These findings implicate the potential role that PGE2 

may play in the development of PPSP. 

3.1.2.4 Neuronal injury and PPSP 

As detailed previously, the prevailing concept is that PPSP is triggered by profound 

changes to both peripheral and central somatosensory circuits in response to 

neurochemical influences on the nociceptive system62. Although nerve injury has been 

identified as a risk factor for PPSP, the relationship is not straightforward. Some studies 

suggest that up to 68% of patients with PPSP have neuropathic features, such as 

hyperalgesia, allodynia, hyperesthesia and hypoesthesia57,75. The presence of these 

neuropathic features has been associated with a greater impact upon quality of life76. 

Despite this, a proportion of individuals with PPSP demonstrate no sensory changes 

even when quantitative sensory testing (QST) is undertaken77. One study has identified 

that 100% of participants undergoing rib retraction demonstrated intercostal nerve 

trauma in the immediate postoperative period, as measured by nerve conduction 

studies78. This cohort were not followed up to determine the incidence of persistent pain 

but PPSP is not consistently observed following rib retraction79, suggesting that 

intraoperative nerve trauma does not explicitly cause PPSP. Furthermore, attempts to 

delineate the relationship between PPSP and intercostal nerve damage have failed to 

establish a direct link80. Similarly, following mandibular bilateral sagittal split osteotomy, 

94.7% demonstrated evidence of intraoperative nerve injury, with 5% reporting persistent 

pain at one-year81. In the context of breast cancer surgery, intraoperative attempts to 

preserve the intercostobrachial nerve have not reduced the incidence of PPSP82. 
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3.1.3 The Royal Marsden pain management database 

Patients attending the Royal Marsden Hospital pain management clinics are routinely 

invited to participate in the pain management database. This database has received 

Committee for Clinical Research (CCR) and Research Ethics Committee (REC) 

approvals, references CCR 442 and 16/LO/1989, respectively. This database comprises 

of clinical data input and patient reported outcome measures (PROMs) using validated 

questionnaires. The clinician-led data entry relates to underlying diagnoses, cancer 

treatments, pain pathologies and treatments. Data input from patients is achieved 

through a bespoke tablet interface and includes the following questionnaires: Brief Pain 

Inventory (BPI), Douleur Neuropathique 4 (DN4), Hospital Anxiety and Depression Scale 

(HADS). On return visits, patients will also complete the Patient Global Impression of 

Change (PGIC). Other specific questionnaires related to particular pain pathologies can 

be added if required but are not relevant for the population presenting with PPSP. This 

data provides a unique opportunity to map any findings to specific aspects of pain, such 

as the psychological morbidity. 

3.1.3.1 Brief Pain Inventory 

The BPI was initially developed by the Pain Research Group of the World Health 

Organization Collaborating Centre for Symptom Evaluation in Cancer Care83. It has been 

validated across several cultures and in multiple languages84. Amongst the questions 

that make up the BPI, are four questions related to the intensity of pain (sensory or 

severity dimension) and seven questions regarding the interference of pain in the 

individual’s life (reactive or interference dimension)83. 

3.1.3.2 Douleur Neuropathique 4 

The DN4 screening tool comprises of 7 questions and 3 brief physical tests, with a score 

of 1 given to each positive item, resulting in a score out of 1085. A score of greater than 
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or equal to 4 is used with a reported sensitivity of 82.9% and specificity of 89.9% in 

correctly identifying individuals with persistent neuropathic pain85. It has been validated 

in numerous languages86,87. 

3.1.3.3 Hospital Anxiety and Depression Scale 

HADS is a widely used self-reporting tool that is designed to perform a brief assessment 

of both anxiety and depression in non-psychiatric populations88,89. It comprises of 14 

questions, seven designed to focus on anxiety and seven to consider depression. Each 

question results in a score of 0-3 with a total score of 21 possible in each domain or a 

total score of 42 overall. A number of studies report the reliability and utility of measuring 

anxiety and depression in the oncological population using HADS90,91. 

3.1.3.4 Patient Global Impression of Change   

The PGIC scale was designed specifically to evaluate a subject’s perception of change 

following instigation of treatment. It is comprised of a 7-point scale92 and has been 

validated against multiple other assessment tools and in a broad range of medical 

conditions93,94. 

 

3.1.4 The PIK3CA gene 

The PI3Ks are lipid kinases, comprised of regulatory and catalytic subunit variants 

encoded by separate genes. In humans, the family of PI3K enzymes are categorised in 

three main classes (class I, II and III). Class I catalytic isoforms are p110α, β, γ, and δ 

encoded for by PIK3CA, PIK3CB, PIK3CG and PIK3CD respectively95. Class I regulatory 

isoforms are p85α, p55α and p50α (encoded for by PIK3R1), p85β (encoded for by 

PIK3R2), p55γ (encoded for by PIK3R3), p101 (encoded for by PIK3R5), p84 and p87 

(encoded for by PIK3R6)96. Class II catalytic isoforms are PI3KC2α, β, γ, encoded for by 
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PIK3C2A, PIK3C2B and PIK3C2G respectively, with no known obligatory regulatory 

subunit96,97. A single class III PI3K exists, with the catalytic Vps34 protein and regulatory 

Vps15 protein encoded for by PIK3C3 and PIK3R496,97. 

 

PIK3CA encodes P110α catalytic subunit of PI3K. PIK3CA is a 34 kb gene that is 

comprised of 20 exons coding for 1068 amino acids, located on chromosome 3q26.398. 

In 2004, mutations in PIK3CA were first identified in human cancers19, and subsequent 

analysis of multiple human tumours, report that it is the second most frequently 

encountered mutated gene99. Over 80% of identified PIK3CA mutations occur at three 

‘hotspots’, namely E542 and E545 in the helical domain, and H1047 in the kinase 

domain, with these hotspots reported to have the most potent effect on enzymatic 

activation and subsequent downstream processes100. These mutations result in 

constitutively active p110α101. In vivo studies have demonstrated the role of activating 

mutations of PIK3CA in tumour initiation, progression and recurrence102–105.  

 

3.1.5 Aims and objectives 

We hypothesize that the overproduction of eicosanoids associated with oncogenic 

mutations in PIK3CA may result in numerous pain phenotypes. The specific aims for the 

work detailed in this chapter are to: 

1. Determine whether a difference exists in frequency of PIK3CA mutations in 

patients experiencing persistent post-surgical pain following breast cancer 

treatment, compared with those who do not. 

2. Determine whether oncogenic mutations in PIK3CA are associated with 

particular pain characteristics in those who experience persistent post-surgical 

pain following breast cancer treatment. 
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3.2 Materials and methods 

3.2.1 Study design 

A retrospective, case-control study with two groups was utilised. The identification for 

inclusion into each group is detailed in section 3.2.1.3 and section 3.2.1.4. To facilitate 

the contents within this chapter, the two groups may be referred to as “pain” and “no 

pain”. The primary endpoint to be determined is the difference in proportion of PIK3CA 

mutations in those with pain, compared to those without pain.  

3.2.1.1 Inclusion and exclusion criteria 

The inclusion criteria were as follows: 

• Patients receiving treatment at the Royal Marsden Hospital. 

• Patients with a diagnosis of primary breast cancer. 

• Patients who have had surgical resection of their breast tumour. 

• Patients who have provided adequate consent for tissues to be used for ongoing 

research projects.  

• Paraffin-embedded tissue samples available from the Royal Marsden Hospital 

tissue banks. 

The exclusion criteria were: 

• Under 18 years of age. 

• Lack of adequate tissue sample available from the Royal Marsden Hospital tissue 

banks. 

3.2.1.2 Sample size 

A recent service evaluation identified that 28.1% of patients attending the Royal Marsden 

Hospital pain management clinics had PPSP. 39.1% of these patients had persistent 
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pain following breast cancer surgery, accounting for over 10% of patients during this 

service evaluation (Appendix 3.1). Data available from various publications reports that 

the incidence of persistent pain following breast cancer surgery ranges from 22 – 53%106. 

Of note, a similar range is reported for the frequency of PIK3CA mutations in breast 

cancer (18.1 – 40.1%)12–18. 

 

This study was powered by the difference in PIK3CA mutations in paired patients with 

pain and those without. The initial calculation was made based upon 104 patients 

comprised of 52 pairs (52 cases and 52 controls), at a 2-sided 5% alpha, with 80% power 

to detect a 25% difference in PIK3CA gene mutations. The choice of 25% difference in 

PIK3CA mutations was selected, using a possible incidence at the upper end of the 

reported range in the literature for the pain group and an incidence close to the lower 

end of the reported range in the group without pain. 

3.2.1.3 Identifying patients for inclusion within the “pain” group 

Patients attending the Royal Marsden pain management clinics between the 1st of 

January 2016 and 31st of March 2020, who have consented to being included in the pain 

management database and have a clinician specified diagnosis of persistent post-

surgical pain following breast cancer treatment were initially identified. Any ambiguity in 

diagnosis meant individuals were not included. Patients from this cohort were 

subsequently considered to determine whether they had provided consent for their 

tissues to be used for future research. If so, an application was made to the tissue bank 

for formalin fixed paraffin embedded (FFPE) tissue samples. 

3.2.1.4 Identifying matched controls for inclusion within the “no pain” group 

These patients were identified using records of hospital operating lists, matched based 

upon age, surgical procedure and date of surgical procedure. These records were then 
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evaluated to ensure that the individuals concerned had not reported pain as an issue 

(normally reported through the London Holistic Needs Assessment with subsequent 

referral to the pain management team). Provided pain was not reported and a referral to 

the pain team had not taken place, patients were subsequently considered to determine 

whether they had provided consent for their tissues to be used for future research. If they 

had, an application was made to the tissue bank for FFPE tissue samples. 

 

3.2.2 Tissue requests and tracking 

Applications for tissue samples were made to the Royal Marsden tissue banks in 

accordance with relevant institutional policies. FFPE blocks requested, were blocks that 

histopathology reports indicated contained tumour tissue. Samples were tracked and 

logged through FreezerPro® laboratory management software (Brooks Life Sciences). 

 

3.2.3 Obtaining sections from FFPE blocks 

Six sections were cut from FFPE blocks, one subsequently stained using haemotoxylin 

and eosin (H&E) and five sections at 10µm thick for DNA extraction. Sections were cut 

and stained by the histopathology core facility at the Institute of Cancer Research. 

 

3.2.4 DNA extraction 

DNA was extracted using the QIAamp DNA FFPE Tissue Kit (Quiagen, 56404) according 

to the manufacturers’ instructions. In brief, this protocol involves six steps, namely 

removing paraffin, lysing, heating, binding DNA, washing and eluting. Ultimately, DNA 

was eluted in 50µl of the kit’s Buffer ATE. DNA was subsequently stored at -80°C. 
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3.2.5 Assessment of DNA quantity and quality 

DNA was quantified using QubitTM 1X dsDNA HS Assay Kit (Thermo Fisher Scientific, 

Q33230) and the QubitTM 2.0 Fluorometer (Thermo Fisher Scientific). DNA quality was 

assessed using the NanoDrop 1000 spectrophometer (Thermo Fisher Scientific). 

 

3.2.6 Analysis of the PIK3CA mutation status 

Mutations in PIK3CA, more specifically mutations in exon 9 (helical domain) and exon 

20 (kinase domain) of PIK3CA were assessed using the PNAClamp PIK3CA Mutation 

Detection Kit (Panagene, PNAC-4001), in keeping with the manufacturer’s instructions. 

This kit is based upon peptide nucleic acid (PNA)-mediated real-time PCR. PNA probes 

will only hybridize to complementary DNA if the sequence is a perfect match, and 

therefore prevent amplification. If a mutation is present, the PNA probe is unable to bind 

to the corresponding DNA and consequently the DNA polymerases to initiate elongation. 

Figure 3.1 represents a schematic to illustrate this process. 

 

Figure 3.1: A schematic of the PNA clamp PCR method used for PIK3CA mutation 

detection. 
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In brief, 10ng of DNA was incubated with SYBR Green PCR reaction premix and primer 

premixes detecting E542, E545, Q546 and H1047 mutations using the TProfessional 

Thermocycler (Biometra). Following pre-denaturation for 5 min at 94°C, 40 cycles 

comprised of the following were used: 30 seconds at 94°C (denaturation), 20 seconds 

at 70°C (PNA clamping), 30 seconds at 63°C (annealing) and 30 seconds at 72°C 

(extension). The standard Ct values utilised were those that had been previously 

optimised and validated for this kit on this PCR machine11. ∆Ct-1 and ∆Ct-2 values were 

calculated according to the manufacturer’s protocol and PIK3CA mutations were 

confirmed if 2 < ∆Ct-1 or if 0 < ∆Ct-1 < 2 and ∆Ct-2 < 6. 

 

This kit is able to detect 13 different mutations confined to the exons 9 and 20. These 

mutations are reported to account for anywhere from over 80% to 88.9% of all PIK3CA 

mutations13,100. 

 

3.2.7 Statistical analysis 

The primary outcome measure, PIK3CA mutation status, was considered a binary 

outcome (mutation vs. wild-type). As such, and for analysis of other data where binary 

outcome measures were being compared between two groups, a Fisher’s exact test was 

utilised to determine statistical significance. For comparison of non-parametric data 

between two groups, Mann-Whitney U test is used for evaluation of statistical 

significance.  n.s (not significant), *(P<0.05), **(P<0.01), ***(P<0.001). 
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3.2.8 Ethical approval 

This study received CCR approval (reference CCR5006) and both REC and Health 

Research Authority (HRA) approvals (reference 19/LO/0482). 

 

 

3.3 Results 

3.3.1 Identifying cases 

The Royal Marsden pain management database was initially utilised to identify patients 

presenting to pain management clinics with a clear diagnosis of PPSP. Figure 3.2 

summarises the outcome and identification of appropriate samples for patients with 

PPSP following breast cancer treatment. 
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Figure 3.2: Summary of methodology and outcome for identifying appropriate 

samples for patients with PPSP. 
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Although PPSP following breast cancer surgery accounted for 105 (11.1%) of patients 

who had consented for their data to be used within the pain management database, 

fewer than expected patients had provided consent for their tissues to be used for future 

research. Consequently, it was not possible to include 52 patients with PPSP in this 

study. In keeping with the study protocol, this resulted in a shift in matching strategy, with 

1:2 matches for cases and controls employed (35 within the pain group and 70 within the 

no pain group). 

 

3.3.2 Population 

105 samples were obtained with a 1:2 ratio of cases and controls. Both the matched 

parameters (as expected) and other treatments received were similar between the two 

groups (Table 3.2).
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  Patients with PPSP Matched controls 

n 
 

 35 70 
Female 
 

 100% 100% 
Age at time of operation 
(years) 

Median 
IQR 
Range 
Mean 
 

51 
48 – 65 
38 – 77 
55.8 

53 
49 – 66 
35 – 81  
56.6 

Surgical procedure – 
Breast tissue 

WLE 
Mastectomy 
Mammoplasty 
 

15 
16 
4 

30 
32 
8 

Surgical procedure – 
lymph nodes 

Nil 
SLNB 
AND/clearance 
 

4 
22 
8 

8 
46 
16 

Surgical procedure - 
reconstruction 

Nil 
Implant 
DIEP flap 
 

22 
7 
6 

44 
14 
12 

Procedure date (year) Median 
Range 
 

2015 
2013 – 2019 

2015 
2013 – 2019 

Laterality of procedure Unilateral 
Bilateral 
 

27 
8 

58 
12 

Subsequent procedure Yes 
No 
 

20 
15 

37 
33 

Table 3.2: Demographics and details related to surgical procedures undertaken by patients with persistent post-surgical pain and 
matched controls. 
Abbreviations: DIEP, deep inferior epigastric artery perforator; IQR, interquartile range; n, number of individuals; PPSP, persistent post-

surgical pain; SLNB, sentinel lymph node biopsy; WLE, wide local excision.
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3.3.3 Oncogenic mutations in PIK3CA occur with a higher frequency in the 

pain group 

Extracted DNA was quantified and quality assessed (Appendix 3.2). DNA yield of less 

than 1ng per µl was deemed too low for subsequent analysis. Four samples resulted in 

DNA yields below this threshold. The other 101 samples were subsequently analysed 

for PIK3CA mutation status and hormone receptor status; estrogen receptor (ER), 

progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) or triple 

negative (TN) (Fig. 3.3A). Appendix 3.3 provides the raw data as well as the calculated 

∆Ct-1 and ∆Ct-2 values for the assessment of PIK3CA mutation status. The proportion 

of PIK3CA mutations in the pain group was significantly higher than in the no pain group 

(p = 0.03), whilst no significant difference was observed for any of the receptor statuses 

(Fig. 3.3A). Mutations within the helical domain were most frequently encountered, with 

no significant difference between the two groups (Fig. 3.3B). 
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Figure 3.3: Mutations of PIK3CA occur more frequently in the pain group.   
(A) Heatmap summarising PIK3CA mutation status and hormone receptor status of 

tumour samples from patients with persistent pain and those without (left) and 

quantification of PIK3CA mutation status (right). (B)  Location of mutations identified 

overall (left) and by cohort (right). n.s., not significant; *p < 0.05. p values calculated 

using Fisher’s exact test. 

 

 

3.3.4 Mutations in PIK3CA are associated with greater psychological 

morbidity in individuals with persistent pain 

Considering the individuals with PPSP, characteristics of pain and associated morbidity 

were subsequently compared to determine whether differences exist between patients 

who had PIK3CA mutant (MUT) or wild-type (WT) tumours. There was no significant 

difference in the incidence of neuropathic features either based upon the clinicians’ 

assessment or using the DN4 screening tool. Neuropathic features were identified by 

clinicians in 85.7% of those with PIK3CA MUT tumours and 94.4% of those with WT 

tumours. The DN4 screening tool was positive in 66.7% of those with PIK3CA MUT 

tumours and 77.8% of those with WT tumours. No significant differences were observed 
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in pain severity scores, analgesic treatments received or PGIC scores. However, 

significant differences were observed in pain interference scores and psychological 

morbidity.   

 

There has been significant debate about the most reliable method to utilise the HADS as 

a screening tool for both anxiety and depression, notably considering the optimal cut off 

value or threshold utilised and how underlying health issues may affect this107. Despite 

this, individuals with PIK3CA MUT tumours scored significantly higher in both the anxiety 

(Fig. 3.4A) and depression (Fig. 3.4B) domains of this assessment tool. The original 

authors of the HADS tool suggest that an appropriate cut-off for the detection of definitive 

cases of anxiety and depression is a score of 11 or greater in the respective domain88. 

Using this cut-off, a significantly greater incidence of depression was observed in those 

with PIK3CA MUT tumours (Fig. 3.4C). Although at this cut-off, a significant difference 

in incidence of anxiety was not observed, several subsequent larger-scale studies 

suggest a greater sensitivity and specificity of HADS using a lower cut-off108,109 and 

indeed a greater incidence of anxiety was observed in those with PIK3CA MUT tumours 

using both of these suggested lower cut-off values (≥ 8 and ≥ 9) (Fig. 3.4D and Fig. 3.4E 

respectively). Interestingly, some advocate that the domain structure of the HADS tool is 

less meaningful than the total score particularly in the oncological setting110,111, with a 

HADS total score of greater than 19 indicating the presence of an affective disorder in 

cancer patients following treatment90. Again, using this cut-off, a significantly greater 

psychological morbidity was observed in individuals who had PIK3CA MUT tumours 

(Fig. 3.4F). 

 

Pain interference scores associated with PIK3CA MUT tumours were higher than 

compared to WT tumours (Fig. 3.4G). Furthermore, large-scale analysis of thousands of 

patients has been used to determine the optimal cut off point for severe interference 
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scores using the BPI in the oncological population, reporting this to be a score of greater 

than 5112. Accordingly, significantly greater severe interference scores were associated 

with PIK3CA MUT tumours (Fig. 3.4H).   

 

Figure 3.4: Patients with persistent pain following surgical resection of PIK3CA 
mutant tumours experience greater pain interference and psychological 
morbidity. 
(A) Average anxiety and (B) depression scores reported using HADS by individuals with 

persistent pain. (C) Number of cases of depression associated with persistent pain in 

patients who had PIK3CA WT or MUT tumours (identified using originally described 

HADS cut-off threshold). Number of cases of anxiety associated with persistent pain in 

patients who had PIK3CA WT or MUT tumours (identified using two thresholds – greater 

than or equal to (D) 8 and (E) 9). Number of cases of an affective disorder associated 

with persistent pain in patients with PIK3CA WT or MUT tumours (identified using HADS 

total score of greater than 19). (F) Average pain interference scores, reported using BPI, 

and (G) reported severe and non-severe pain interference by patients with persistent 

pain following breast cancer surgical resection divided based on their tumour’s PIK3CA 

mutations status. Statistical analysis was performed using Mann-Whitney U test for 

comparison of non-parametric data between the two groups. For statistical analysis of 

binary outcome measures Fisher’s exact test was used. *P<0.05, **P<0.01.  
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3.4 Conclusions and discussion 

In this retrospective case-controlled study, PPSP following breast cancer surgery is 

shown to be positively correlated with oncogenic mutations in PIK3CA. Furthermore, in 

those experiencing pain, mutant PIK3CA tumours were associated with a greater 

psychological morbidity (identified by the HADS questionnaire), and a higher proportion 

of individuals with severe pain interference scores.  

 

No identified publication has previously demonstrated an association between oncogenic 

mutations and PPSP. The recent discovery that PIK3CA mutations are associated with 

greater production and release of arachidonic acid and concomitant overproduction of 

eicosanoids11, provides a solid scientific basis for this identified association. Given the 

underlying mechanism hypothesised, an extensive genomic interrogation of samples 

was not undertaken, nor required. Investigating multiple genes would have increased the 

risk of type I error, which was minimised by targeted assessment of the PIK3CA gene. 

Whilst minimising the risk of type I error, the lack of extensive genomic interrogation does 

not allow for other genes of potential interest to be considered. For instance, PTEN is a 

negative regulator of PI3K signalling, dephosphorylating PIP3 to PIP2, and is frequently 

dysregulated in cancer with many of the genetic aberrations linked to hyperactivity of the 

PI3K/AKT signalling pathway. As such, it could be plausible that other genetic mutations 

that hyperactivate the relevant aspects of this signalling pathway could be implicated in 

PPSP. 

 

Furthermore, it is now well established that breast cancers exhibit significant 

intratumoural spatial and temporal heterogeneity. The use of FFPE blocks, to cut 

sections from which DNA was extracted would not account for such heterogeneity within 

the tumours assessed. Whilst the method utilised to test for PIK3CA mutations would 
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theoretically identify any mutant DNA sequence within the sample of DNA extracted, it is 

plausible that regions of the tumour not used to obtain DNA, could contain tumour tissue 

with PIK3CA mutations. 

 

Another major strength of this study was the ability to map findings to specific validated 

patient reported outcome measures. Persistent pain following breast cancer surgery, 

after excision of a tumour with MUT PIK3CA appears to be associated with greater 

psychological morbidity, which could potentially be related to a higher incidence of 

severe pain interference. 

 

In terms of the participants included in this study, they represented a range of ages (38 

– 81) and a range of surgical procedures. Table 3.2 demonstrates that the two groups 

were matched well in terms of age, surgical procedures and time since surgical 

procedure. Furthermore, the total incidence of PIK3CA mutations identified by this study 

(28.7%), is in keeping with the reported incidence43,44. These factors would suggest that 

the results obtained are generalisable to the wider population of breast cancer patients. 

 

Cases of PPSP were identified following data input to the pain management database 

by a pain specialist. Matched controls were evaluated to ensure that pain had not been 

a significant issue, specifically by ensuring not reported through the London Holistic 

Needs Assessment, nor referral to the pain management team. The clearly defined and 

rigorous criteria for selection into appropriate groups will have reduced the risk of 

selection bias. The matching process was also clearly defined in an attempt to minimise 

any selection bias and should increase the reliability of the results. Additionally, once 

samples were received, a pseudonymised number was utilised for subsequent DNA 

extraction and assessment of PIK3CA mutation status. Therefore, whilst determining the 
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mutation status of samples, the investigator was blinded as to which cohort the sample 

belonged to, attempting to limit any potential investigator bias.    

 

With respect to considering any differences in pain related data, questionnaires or 

PROMs based upon the PIK3CA mutation status, it is important to note that there were 

small numbers in each group, highlighting one of the major limitations of this study. 

Although absolute numbers of patients experiencing PPSP are high, numbers enrolled 

into this study were limited (mainly due to lack of pre-existing consent for tissues to be 

used for ongoing research purposes). Despite this, the study was still able to recruit the 

total number of individuals that it was powered for, but a 1:2 ratio of cases to controls 

was required to achieve this. As a consequence, fewer than initially anticipated patients 

with pain were enrolled resulting in a smaller group for comparison of pain questionnaires 

and associated PROMs. This smaller number still identified significant differences 

between pain patients based upon the PIK3CA mutation status of their tumours. 

 

This study was designed to look at a specific pain pathology following a specific 

treatment for a specific cancer type. The rationale behind this design was clearly laid out 

prior to undertaking the study. However, although a significant association has been 

made between oncogenic PIK3CA mutations and PPSP following breast cancer surgery, 

whether this finding can be extrapolated to PPSP following surgical resection of other 

cancer types is not known. Furthermore, although the underlying hypothesised 

mechanism would suggest that this oncogenic mutation may be relevant for other pain 

phenotypes, the outcomes of this study cannot be used to confirm or refute this. Despite 

this, identifying this novel association is an important first step in linking this oncogenic 

mutation to pain and suggests that exploration for links to PPSP following other surgical 

procedures, and other pain phenotypes are warranted. 
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Many risk factors for the development of PPSP have previously been identified65,113, 

however no association to tumour genotype or metabolic phenotype has previously been 

reported. Interestingly, one of the identified risk factors is surgery undertaken in low 

volume centres65. This was a single centre study, which ordinarily could be considered 

a study limitation, however, in this particular circumstance, confining investigation to a 

single centre with high surgical throughput limits this potential risk factor from 

confounding any results obtained. 

 

The level of evidence obtained from retrospective case-controlled studies is, of course, 

lower when compared to prospective interventional clinical trials and ultimately the 

findings of this study will require corroboration using large scale prospective trials. 

However, undertaking such studies in the first instance raised numerous challenges, not 

least the concept that at the time of recruitment, it would be unclear what pain phenotype 

(if any) a patient may encounter and therefore both the number required for recruitment 

and time-scale of study would be significantly larger. For the initial exploration of a 

potential link, a retrospective case-controlled study was chosen to mitigate against these 

particular challenges. 

 

This study demonstrates that oncogenic mutations in PIK3CA are associated with PPSP 

following breast cancer surgery. This novel finding represents the first time that both 

oncogenic PIK3CA mutations have been associated with the presence of pain and that 

oncogenic mutations have been determined to influence the development of PPSP. As 

such, this finding potentially represents a significant shift in our understanding of the 

pathophysiology of this condition, shifting the way in which the relationship between 

cancer and pain are perceived. This finding also identifies multiple avenues for further 

research which are in keeping with four of the top ten research priorities established by 

the NCRI for those living with and beyond cancer, namely: 
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1) What are the best ways to manage persistent pain caused by cancer or cancer 

treatments?  

2) How can we predict which people living with and beyond cancer will experience 

long-term side-effects and which people will experience late effects?  

3) What are the biological bases of side-effects of cancer treatment and how can a 

better understanding lead to improved ways to manage side-effects? And, 

4) How can the short-term, long-term and late effects of cancer treatments be (a) 

prevented, and/or (b) best treated/managed?114 
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CHAPTER 4 

Reprogramming of bio-active 
lipid metabolism through hyper-
activation of PI3K/AKT signalling 

4.1 Introduction 

Chapter 3 details the identification of a novel association between oncogenic mutations 

in PIK3CA and PPSP following breast cancer surgery. It is important to note that this 

novel association has been identified retrospectively and therefore although it is possible 

to hypothesise as to potential underlying mechanisms, the design of this study does not 

allow the exact mechanistic link to be established. Furthermore, this study was designed 

to examine a specific pain pathology following a specific treatment for a single type of 

cancer. Although the rationale for this design was clearly described, it is not yet known 

whether this finding can be extrapolated to PPSP following other surgical procedures, 

nor whether an association between oncogenic PIK3CA and other cancer pain 

phenotypes exist. Recent identification that PIK3CA mutant tumours are associated with 

significantly altered lipid profiles, and in particular increased production and release of 

both arachidonic acid and concomitant eicosanoids1, provides a potential mechanism for 

this observed association. Determining the clinical impact of this observation will require 
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substantive evidence from large-scale prospective trials. However, fully elucidating all 

potential mechanisms prior to conducting these trials will be integral to designing and 

appropriately refining the methodology for these trials. 

 

Chapter 1 details some of the mechanisms underpinning pain and how oncogenic 

mutations, cancer metabolism and secreted metabolites can be implicated. Bioactive 

lipids and their many metabolites have frequently been implicated in pathological pain 

states2. Furthermore, aberrant production of lipids in various pathophysiological states, 

is reported to lower sensory neuron activation thresholds, resulting in peripheral 

sensitization2. An example of this is LPC, which has been demonstrated to both activate 

TRPM8 and increase its temperature activation threshold, resulting in increased cold 

sensitivity3. Therefore, identifying cancer metabolism resulting in aberrant production of 

lipids that have previously been implicated in pain and elucidating the underlying 

mechanisms and metabolic rewiring responsible, are essential to determining potential 

mechanisms and therapeutic options for cancer-related pain. 

 

4.1.1 Cancer Metabolism 

Although Warburg’s initial identification that malignant cells rely upon glycolysis in 

normoxic conditions was published in the 1950s, it was not until many years later that 

metabolic rewiring was established as a bone fide hallmark of cancer4. Nearly 20 years 

ago, Hanahan and Weinberg first proposed their instrumental ‘hallmarks of cancer’, 

suggesting that all the complexities of cancer, are underpinned by a few underlying 

common biological principles5. A greater understanding of these originally proposed 

concepts plus the identification of novel ‘hallmarks’6 have furthered this concept and the 

appreciation that tumours do not exist in isolation, but have a dynamic relations with host 

cells7. This understanding reinforces the notion that cancer metabolic rewiring and pain 
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phenotype may be closely linked. To our knowledge, this association has yet to be 

explored. 

4.1.1.1 Lipid metabolism in cancer 

FAs are the predominant building blocks of many lipid species, including phospholipids 

and triglycerides. They are composed of a carboxylic acid group with a hydrocarbon 

chain of varying carbon lengths and degrees of desaturation. FAs can be utilised in 

various metabolic pathways to synthesise more complex lipid species8. Accordingly, FAs 

and these lipids regulate several biochemical processes within normal cells. Examples 

of this include the synthesis of biological membranes, operating as secondary 

messengers in signalling pathways, and serving as an energy source9. Consequently, in 

order to sustain their growth and proliferative rate, dysregulation of lipid metabolism is a 

major feature of cancer pathogenesis10. Alterations in lipid metabolism are of particular 

interest to this project due to their well-recognised involvement in tumourigenesis and 

non-cancer pain states. However, the oncogenic stimuli that trigger these alterations and 

their ultimate role in cancer-related pain are still obscure. 

4.1.1.2 Arachidonic acid pathway 

Perhaps the best described pathway in pain and inflammation is the arachidonic acid 

pathway, which is summarised in Figure 1.2. Cancer cells are able to obtain arachidonic 

acid from exogenous sources, either via specific plasma membrane transporters11 or 

from the uptake of linoleic acid that is subsequently converted intracellularly to 

arachidonic acid12. Additionally, arachidonic acid is a polyunsaturated fatty acid, which 

in its esterified form, is covalently bound to the cell membrane of most cells13.  Although 

arachidonic acid can be liberated from this position by various PLAs, PLA2 is the only 

enzyme that is able to produce a free arachidonic acid molecule, directly, in a single step 

hydrolysis reaction12. There are three main classes of the PLA2 family; cPLA2, iPLA2 
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and secretory sPLA214.  Of the three, cPLA2 is the only PLA2 that preferentially acts to 

produce arachidonic acid15.  A by-product of cPLA2 mediated release of arachidonic acid 

from the phospholipid cell membrane are lysophospholipids which contain a phosphate 

head group and one fatty-acid chain, with lysophosphatidic acid (LPA) being amongst 

the most abundant16. Free arachidonic acid can be subsequently metabolised by four 

predominant enzymatic reactions; cyclooxygenase, lipoxygenase, cytochrome P450 and 

anandamide pathways12. 

4.1.1.3 Oncogenic PIK3CA mutations trigger the overproduction of arachidonic 

acid and prostaglandin E2 

Arachidonic acid, an omega-6 PUFA, has an influential role in pro-inflammatory 

responses both directly and secondary to its metabolism to eicosanoids, namely 

prostaglandins, leukotrienes and thromboxanes17. Previous work from our laboratory has 

identified and delineated the mechanism behind increased levels of arachidonic acid and 

PGE2 triggered by oncogenic PIK3CA mutations, involving a multimodal signalling 

network that leads to mTORC2-PKC-ζ-mediated activation of cPLA21. Phospholipids 

found both in plasma membranes and lipid droplets may be a source of arachidonic acid 

through cleavage of fatty acid tails at the sn-2 position by PLA2 enzymes18. The PLA2 

enzymes are classified as either cPLA2, iPLA2 or sPLA2, with cPLA2 reported to have 

a more influential role in arachidonic acid production and inducing the inflammatory 

response15,19.  A by-product of cPLA2-mediated arachidonic acid production is LPA16.    

4.1.1.4 Lysophosphatidic acid production in cancer cells 

LPA is a bioactive lipid that comprises of a free phosphate group, as a polar head, a 

glycerol backbone and a singular fatty acyl chain20. This fatty acid chain may be of 

varying length and degrees of saturation depending on the precursor phospholipid. As 

such, LPA species include both saturated (14:0, 16:0, 18:0) and unsaturated (16:1, 18:1, 
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18:2, 20:4, 22:6) fatty acids21. Unlike many other phospholipids, LPAs are water soluble22 

and predominantly exist in extracellular serum or bodily fluids23. LPA mediates its effects 

via action upon six identified G protein-coupled LPA receptors24 and has been 

demonstrated to induce many cellular responses including prevention of apoptosis, 

cytokine and chemokine secretion, cell proliferation and cell migration20.   

 

The bioactive lipid LPA can be produced in cancer cells by various pathways. In addition 

to its formation as a by-product from cPLA2 mediated release of arachidonic acid from 

phospholipid cell membranes16, there are two principal pathways responsible for LPA 

formation. Firstly, precursor phospholipids (phosphatidylcholine [PC], 

phosphatidylethanolamine [PE] or phosphatidylserine [PS]) can be converted to 

lysophospholipids (LPC, lysophosphatidylethanolamine [LPE] or lysophosphatidylserine 

[LPS] respectively) by various PLA enzymes24. The lysophospholipids are subsequently 

converted to LPA by autotaxin (ATX) extracellularly24,25 (Fig 4.1A). The second pathway 

for LPA production is direct conversion from phosphatidic acid (PA) by PLA1 or PLA226. 

PA is produced from three major pathways, firstly de novo synthesis catalysed by the 

enzyme glycerol-3-phosphate acyltransferase (GPAT), secondly by phosphorylation of 

diacylglycerol (DAG) by DAG kinases (DAGK) and finally by hydrolysis of PC by 

phospholipase D (PLD)27 (Fig 4.1B).  An overview of the pathways for LPA synthesis are 

summarised in Figure 4.1. 
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Figure 4.1: An overview of lysophosphatidic acid biosynthesis, including the 
common precursors and enzymes catalysing its formation.  
Cancer cells obtain LPA from two predominate substrates; LPC and PA. (A) LPC can be 

directly converted to LPA extracellularly by autotaxin. (B) Phospholipases, such as 

PLA2, hydrolyse PA resulting in LPA. The cellular pool of PA can be obtained from either 

phospholipids through the activity of PLD or by the action of DAG kinase on DAG. De 

novo synthesis is catalysed by GPAT. 

Figure adapted from Mills and Moolenaar 200322 and Yung et al. 201424. 

Abbreviations: AGPAT, acylglycerophosphate acyltransferase; ATX, autotaxin; cPLA2, 

cytosolic or calcium-dependent phospholipase A2; DAG, diacylglycerol; DAGK, 

diacylglycerol kinase; FABP, fatty acid binding protein; G-3-P, glycerol-3-phosphate; 

GPAT, glycerol-3-phosphate acyltransferase; iPLA2, calcium-independent 

phospholipase A2; LPA, lysophosphatidic acid; LPAAT, lysophosphatidic acid 

acyltransferase; LPC, lysophosphatidylcholine;  LPP, lipid phosphate phospho-
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hydrolase; MAG, monoacylglycerol; MAGK, monoacylglycerol kinase; MGAT, 

monoacylglycerol acyltransferase; PA, phosphatidic acid; PAP, phosphatidate 

phosphatase; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, 

phosphatidylinositol; PLA, phospholipase A; PLC, phospholipase C; PLD, phospholipase 

D; PS, phosphatidylserine; sPLA2, secretory phospholipase A2. 

 

 

4.1.1.5 Lysophosphatidic acid promotes tumourigenic effects through autocrine 

and paracrine actions 

LPA is a bioactive lipid with significant pro-tumourigenic effects, including proliferation, 

migration and cell survival, which are mediated through both autocrine activity, whereby 

cancer cells respond to their own production of LPA, and paracrine mechanisms, 

describing cell response to LPA produced by surrounding cells28. For instance, LPA 

driven induction of multiple inflammatory mediators in breast cancer cells, has been 

demonstrated to increase cell proliferation29. The pro-tumourigenic effects of LPA have 

been observed in multiple cancer types including breast, lung, ovarian, liver, colon, 

melanoma, thyroid, glioblastoma and renal28. The predominant mechanism of LPA-

mediated oncogenicity is through activation of the LPA receptors (LPARs) 1 – 5, which 

are G-protein coupled receptors30. Binding of LPA to its cognate receptor activates 

several growth-stimulatory pathways, including PI3K/AKT, MAPK and Rho/ROCK 

signalling leading to increased proliferation, survival and migration31–33. 

 

4.1.2 The role of lipids in pain 

Many lipids and their metabolites have been implicated in numerous pain states2. Lipids 

associated with the previously described arachidonic acid pathway have generated 

significant interest, with the ability to both activate and sensitise sensory neurones2. 

Chapter 1 explores these in greater detail. 
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4.1.2.1 LPA, nociception and inflammatory pain 

LPA has been demonstrated to activate peripheral nociceptors both directly and 

indirectly through histamine release from mast cells34–36. Injection of LPA in a mouse 

model of orofacial pain, resulted in increased allodynic responses supporting its role in 

sensitisation in this inflammatory model37. These findings were abolished in LPA1 

receptor-deficient mice and significantly reduced in the presence of a LPA1 receptor 

antagonist38. Interestingly, the use of various PLA2 inhibitors reduced pain responses in 

a carrageenan model of orofacial pain39. Coupling this with their observation that 

arachidonic acid administration did not increase pain responses, led the authors to 

conclude that reduced lysophospholipids, and in particular LPA, explain the decreased 

pain responses observed with the use of PLA2 inhibitors39. 

4.1.2.2 LPA and neuropathic pain 

LPA has been implicated in the development and sustainment of neuropathic pain. LPA 

is reportedly produced in response to injury40, and specifically in response to neuronal 

injury41. It has been demonstrated to initiate neuropathic pain behaviours in mice, which 

are abolished with the use of a specific LPA1 receptor antagonist42 or in LPA1 receptor 

deficient mice41. Other studies using peripheral nerve injury induced neuropathic pain 

models have similarly demonstrated attenuation of their findings in LPA1 receptor 

deficient mice43,44. Beyond the initiation of neuropathic pain, LPA is implicated in 

mechanisms leading to sensitisation and persistent neuropathic pain, namely 

demyelination within the dorsal root and damage to Schwann cells41,45.  Such changes, 

again are abolished in LPA1 receptor deficient mice46. These observations have led to 

the conclusions that LPA may have a significant role in both the initiation and 

maintenance of neuropathic pain in response to neuronal injury46 and either LPA receptor 

antagonists, or inhibitors of LPA synthesis could be ideal targets for the treatment of 

neuropathic pain47,48. Furthermore, a small exploratory study reports a linear correlation 
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between LPA concentrations in cerebrospinal fluid and pain scores in individuals with 

neuropathic pain of varying underlying aetiologies49. 

4.1.2.3 LPA and cancer-related pain 

The observation that LPA1 receptor-deficient and LPA3 receptor-deficient mice do not 

develop mechanical allodynia in response to paclitaxel50, indicate that LPA may have a 

role in paclitaxel mediated CIPN. Beyond this, no studies exploring the link between 

cancer-related pain and LPA were identified. 

4.1.2.4 LPA and pruritis 

Pruritis, defined as ‘an unpleasant cutaneous sensation which provokes a desire to 

scratch’51 has considerable overlap with the definition of pain (‘an unpleasant sensory 

and emotional experience associated with, or resembling that associated with, actual or 

potential tissue damage’52). Rodent models have identified LPA as a puritogen53–55. 

Furthermore, significantly elevated serum LPA levels have been demonstrated in 

cholestatic patients with pruritis56. This study additionally identified that autotaxin activity 

correlated positively with the intensity of itch reported. 

 

4.1.3 Concluding remarks 

When compared to other ‘omics’ disciplines, metabolomics is a relatively new addition to 

the study of cancer biology. It represents an exciting unique area for investigation as it 

represents the interplay between cancer genetics and environmental factors, allowing 

consideration of several tumourigenic processes. Identifying metabolic pathways 

associated with tumourigenic profiles may be the key to unlocking novel therapeutic 

targets. Pain is a complex maladaptive process with a high incidence and significant 

morbidity. Despite significant research attempts, our current understanding of the 
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underlying mechanisms and potential therapies remains insufficient. Currently analgesic 

strategies are often targeted at treating the resulting symptom, rather than the underlying 

mechanism responsible for nociception. It can be argued that in order to improve 

analgesic therapies, a greater understanding of the underlying mechanisms responsible 

for distinct pain pathologies is imperative. In the context of cancer, exploring a link 

between cancer metabolic profiles and pain could be the key to unlocking a greater 

understanding of pain pathologies that could ultimately lead to greater success in 

treatments. 

 

4.1.4 Aims and objectives 

Previous work in our laboratory has linked oncogenic PIK3CA mutations with altered lipid 

metabolism, increased production of arachidonic acid and eicosanoids1. These 

metabolites are found to drive cellular proliferation in both autocrine and paracrine 

manners1. This adds to the literature suggesting that certain bioactive lipid metabolites 

promote tumourigenesis in the oncogenic setting17,57–59. 

 

The previous chapter (Chapter 3) also demonstrates an association between PIK3CA 

mutations and a specific cancer-related pain phenotype. We hypothesise that the 

dysregulation in lipid metabolism associated with malignancy correlates with activation 

and sensitisation of nociceptors, ultimately activating pain pathways and resulting in 

cancer-related pain. 

 

With this in mind, the specific aims of the work detailed in this chapter are: 
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1. To identify common lipid metabolites that have been implicated in non-cancer 

pain states and interrogate their association with commonly occurring oncogenic 

mutations. 

2. Determine whether these bioactive lipids influence tumourigenicity. 

3. To elucidate the mechanisms responsible for their production. 

It is anticipated that these findings will provide novel insights into the relationship 

between cancer metabolism and bioactive lipids implicated in pain and/or oncogenesis. 

This would ultimately guide substantive studies and potentially identify novel therapeutic 

targets that may have both a role in analgesic and onco-therapy. 

 

 

4.2 Materials and methods 

4.2.1 Tumour samples 

4.2.1.1 Patient derived xenografts 

Fresh frozen breast patient derived xenograft (PDX) tumours were acquired from Crown 

Bioscience. Champions Oncology provided additional breast, ovarian, pancreatic, 

sarcoma and colorectal PDX tumours. The PIK3CA mutational status for all 63 PDX 

tumour samples is summarised in Appendix 4.1.  

4.2.1.2 Primary tumours 

Primary breast cancer tissue specimens were obtained through a project registered with 

the Imperial College Tissue Bank (R18024). This tissue bank has research ethics 

committee approval from the Wales Research Ethics Committee (Reference 
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17/WA/0161) and the East of England – Cambridge East Research Ethics Committee 

(Reference 14/EE/0024).  

 

4.2.2 Cell culture and cell based assays 

4.2.2.1 Cell culture 

MCF10A isogenic cells, including PIK3CA (E545K and H1047R mutations), AKT (E17K 

mutation), BRAF (V600E mutation), KRAS (G12V mutation) and EGFR (ΔE746-A750 

mutation) were purchased from Horizon Discovery. MCF10A cells were cultured in 

DMEM/F-12 (Gibco, 31330-038) supplemented with 5% horse serum (Thermo Fisher 

Scientific, 16050-122), 20ng/ml epidermal growth factor (EGF) (Peprotech, AF-100-15), 

100ng/ml cholera toxin (Sigma-Aldrich, C-8052), 0.5mg/ml hydrocortisone (Sigma-

Aldrich, H0888) and 10μg/ml insulin (Sigma-Aldrich, I1882). 

 

Colorectal SW48 PIK3CA isogenic cell lines were purchased from Horizon Discovery 

and were cultured in Roswell Park Memorial Institute (RPMI) 1640 media (Sigma-Aldrich, 

R8758) supplemented with 10% fetal bovine serum (FBS) (Gibco, 10220-106).  

 

CRISPR knockouts of PLA1 and PLD2 in MCF10A PIK3CA isogenics were obtained 

from Synthego (California, USA). The specific guide sequences are detailed in 

Appendix 4.2. CRISPR knockouts of cPLA2, were previously generated within our 

laboratory. Briefly MCF10A PIK3CA WT and H1047R cells were transfected with 

PLA2G4A sgRNA CRISPR/Cas9 All-in-One Lentivector Target 2 (Applied Biological 

Materials, K1659207) or, the corresponding control LentiCRISPR v2, as per the 

manufacturer’s protocols. 
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For cell culture conditions free of exogenous fatty acid sources, 10% FBS or 5% horse 

serum was replaced with 1% fatty acid free bovine serum albumin (BSA) (Sigma-Aldrich, 

A8806). All cell lines were incubated at 37°C and 5% CO2. Cells were routinely tested 

for mycoplasma contamination. 

4.2.2.2 Cell viability assays 

5x103 MCF10A PIK3CA wild-type and E545K/H1047R mutant cells, or AKT wild-type 

and E17K mutant cells were seeded in 96-well plates (Corning, 7007), and cultured for 

18-hours to allow adherence. Subsequently, cells were washed twice with PBS and 

cultured in DMEM-F/12 media containing growth factors and 1% fatty acid free BSA 

(herein called ‘fatty acid free media’) supplemented with either 0.1% DMSO or inhibitor 

concentrations as described in Table 4.1 for 72 hours. CellTiter 96 Aqueous Non-

Radioactive (MTS) cell proliferation assay (Promega, G5430) was used to assess 

viability at 72 hours. 

4.2.2.3 Cell proliferation assays 

To assess autocrine and paracrine signalling effects mediated by secreted lipid species, 

conditioned media was derived from MCF10A PIK3CA or AKT wild-type cells and their 

respective mutant isogenic pair (PIK3CA E545K and H1047R, or AKT E17K). Cells were 

cultured to 70% confluency in full media conditions, at which point cells were washed 

twice with PBS, and subsequently cultured in fatty acid free media for 48 hours. After 48 

hours, this conditioned media was collected and centrifuged at 2000g for 20 minutes to 

remove cell debris. This conditioned media was subsequently either utilised or depleted 

of secreted lipids by incubation with Lipid Removal Adsorbent (LRA, Suppleco, 13358) 

at 0.4 grams of LRA per 10ml media. LRA, a synthetic calcium silicate hydrate, 

specifically binds to lipids and lipoproteins, isolating them from solutions60. Following 
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overnight incubation with gentle shaking, lipid-deprived media were centrifuged at 2000g 

for 20 min and supernatants were collected.  

 

For assessment of proliferation, cells were seeded at 3x103 cells per well in a 96-well 

plate (Corning, 7007) and left to adhere for 18 hours. Wells were subsequently washed 

twice with PBS, and incubated with either conditioned media (CM), lipid deprived 

conditioned media (LDCM), CM supplemented with inhibitors described in Table 4.1, or 

LDCM supplemented with 25µM lysophosphatidic acid (LPA, Sigma Aldrich, L7260). Cell 

proliferation was quantified over 5 days (on days 0, 1, 3 and 5) using the Sulforhodamine 

B (SRB) assay. 

4.2.2.4 Cell migration 

Cells were seeded at a density of 12x103 cells per well in 100μl of media in an IncuCyte® 

ImageLock 96-well plate (Essen BioScience, 4379). The following day, wells were 

washed twice with PBS and subsequently cultured in fatty acid free media for 24 hours. 

A wound area was then generated using the Essen® 96-well WoundMakerTM as per 

manufacturer’s instructions. Immediately following, cells were washed twice with 200μl 

PBS and replaced with either full or fatty acid free media.  Plates were then incubated in 

the IncuCyte® S3 Live Cell Analysis System for 36 hours with images collected every 2 

hours using phase-contrast with 10X magnification. The IncuCyte® Analysis Software 

was utilised to perform analysis. 

 

4.2.3 Reagents and transfections 

4.2.3.1 Inhibitors 

The inhibitors, and their respective concentrations utilised are summarised in Table 4.1. 
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Inhibitor Supplier Catalogue # Final 
concentration 

(μM) 
Bromoenol lactone (BEL) 

(iPLA2 inhibitor) 

Sigma-Aldrich B1552 5 

ASB14780 (cPLA2 inhibitor) Axon Medchem 2578 0.1 

BYL719 (PI3Kα inhibitor) Selleckchem S2814 0.1 

Diacylglycerol Kinase inhibitor II 

(DAGK inhibitor) 

Sigma-Aldrich D5794 0.2 

FSG67 (Glycerol 3-phosphate 

Acyltransferase GPAT inhibitor) 

Fisher 

Scientific 

NC1591374 1 

GSK690693 (AKT inhibitor) Selleckchem S1113 0.15 

HA130 (Autotaxin inhibitor) Tocris 4196 10 

Ki16425 (LPA receptor 1,2 and 3 

inhibitor) 

Sigma-Aldrich SML0971 10 

MK2206 (AKT inhibitor) Selleckchem S1078 0.15 

ML395 (PLD2 inhibitor) Sigma-Aldrich 532978 0.1 

sPLA2 inhibitor Sigma-Aldrich S3319 1 

Torin 1 (mTOR inhibitor) Selleckchem S2827 0.02 

Table 4.1: Summary of inhibitors used in this project.   
Details of reagents used, supplier, catalogue number and final working concentrations. 

 

 

4.2.3.2 Transfections 

For the stable overexpression of Myc, the pcDNA3-cmyc plasmid was used (Addgene, 

16011).  A transfection mix comprised of 0.4μg VSVG, 3.7μg GAG, 3.7μg REV and 4.2μg 

of the pcDNA3-cmyc vector was prepared in 20µl of DNAse free water. This vector was 

transfected in human embryonic kidney (HEK) cells using FuGENE® HD Transfection 

reagent (Promega, E2311), according to the manufacturer’s instructions.  After 48 hours, 
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lentivirus containing media was filtered and utilised to infect MCF10A PIK3CA WT cells 

for eight hours before being replaced.  

 

The pCMV6-Myc-DDK-PLD2 vector containing Myc-tagged human PLD2 was 

purchased from OriGene Technologies (RC202042), and transiently overexpressed in 

appropriate cell lines using 9µg pCMV6-Myc-DDK-PLD2 and 18µl FuGENE® HD 

Transfection reagent (Promega, E2311), according to the manufacturer’s instructions. 

Experiments were performed 48 hours subsequent to transfection. 

 

4.2.4 Western Blotting 

4.2.4.1 Immunoblot analysis 

Cells were washed with ice-cold PBS and lysed on ice for 30 minutes using 1X Cell Lysis 

Buffer (Cell Signaling Technologies, 9803S), with 400μM PMSF protease inhibitor (Cell 

Signaling Technology, 8553). Lysates were centrifuged at 12,000g for 30 minutes at 4°C.  

Protein concentrations were attained by using either the Bradford assay (Bio-Rad, 

5000006) or the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, 23227). 

Samples were boiled for 10 minutes prior to being subjected to SDS-PAGE 

electrophoresis using 4-15% precast gels (Bio-Rad, 567-1084). Transfer to nitrocellulose 

membrane was achieved using Trans-Blot® TurboTM Transfer Packs (Bio-Rad, 1704159) 

using the Trans-Blot® TurboTM Transfer System (Bio-Rad, 1704150). The Image Lab 

Software 6.0.1 (Bio-Rad) was used to calculate densitometry.  

 

To extract secreted proteins such as autotaxin, conditioned media was incubated with 

100% w/v trichloroacetic acid (TCA) at a ratio of 1ml 100% TCA to 4ml conditioned media 

on ice for 15 mins. Samples were subsequently centrifuged at 14,000 rpm for 5 mins, 

after which the supernatant was removed and the pellet washed 3 times with 1ml cold 
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acetone. Pellets were directly resuspended in 2x Laemmli buffer (Bio-rad, 1610737) and 

boiled for 10 minutes prior to SDS-PAGE electrophoresis. 

4.2.4.2 Antibodies 

The antibodies used throughout the project are summarised in Table 4.2. 
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Antibodies Supplier Catalogue # 

Normal rabbit IgG Santa Cruz Biotechnology sc-2027 

Rabbit anti-4E-BP1 (53H11) Cell Signaling Technology 9644 

Rabbit anti-phospho-4E-BP1 (Ser65) Cell Signaling Technology 9451 

Rabbit anti-AKT antibody Cell Signaling Technology 9272 

Rabbit anti-phospho-AKT (Ser473) Cell Signaling Technology 4060 

Rabbit anti-phospho-(Ser/Thr) AKT 

Substrate 

Cell Signaling Technology 9611 

Rabbit anti-autotaxin Thermo Fisher Scientific 14243-1-AP 

Rabbit anti-β-actin Cell Signaling Technology 4976 

Rabbit anti-EGF Receptor (D38B1) Cell Signaling Technology 4267 

Rabbit anti-phospho-EGF Receptor 

(Tyr1173) 

Cell Signaling Technology 4407 

Rabbit anti-GAPDH Cell Signaling Technology 2118 

Rabbit anti-MEK1/2 Cell Signaling Technology 9122 

Rabbit anti-phospho-MEK1/2 

(Ser217/221) 

Cell Signaling Technology 9121 

Rabbit anti-p44/42 MAPK (Erk1/2) Cell Signaling Technology 9102 

Rabbit anti-phospho-p44/42 MAPK 

(Thr202/Tyr204) 

Cell Signaling Technology 9101 

Rabbit anti-PLD1 Cell Signaling Technology 3832 

Rabbit anti-PLD2 (E1Y9G) Cell Signaling Technology 13904 

Rabbit anti-PRAS40 Cell Signaling Technology 2610 

Rabbit anti-phospho-PRAS40 

(Thr246) 

Cell Signaling Technology 2997 

Rabbit IgG anti-Myc-Tag (71D10) Cell Signaling Technology 2278 

Table 4.2: Summary of antibodies and suppliers used in this project.   
All primary antibodies were used at a dilution of 1:1000 and secondary antibodies at a 

dilution of 1:5000. 
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4.2.4.3 Immunoprecipitations 

Appropriate cell lines were transiently transfected with myc-DDK-tagged PLD2 (OriGene 

Technologies, RC202042) and incubated for 48 hours. Cells were subsequently lysed 

using 1X Cell Lysis Buffer (Cell Signaling Technology, 9803S). Lysates were diluted to 

equal volumes containing 4mg of soluble protein and incubated with 0.26μg normal 

rabbit IgG (Santa Cruz Biotechnology, sc-2027) as a negative control, or 0.26μg rabbit 

IgG-anti-Myc-Tag (Cell Signaling Technology, 2278) which were pre-coupled to protein 

G sepharose beads (Sigma-Aldrich, P3296) following incubation whilst rotating at 4°C 

for 3 hours.  The beads were washed four times in 1X Cell Lysis Buffer and subsequently 

resuspended in 30μl of 2X Laemmli Buffer (Bio-Rad, 161-0737) and boiled for 10 minutes 

to release bound proteins. 

 

4.2.5 Enzymatic assays 

4.2.5.1 Immunoassays 

Enzyme-linked immunosorbent assays (ELISAs) were performed according to the 

manufacturer’s protocols. The ELISAs used throughout this project are summarised in 

Table 4.3. 

ELISA kit Supplier Catalogue # 

Arachidonic Acid Cloud-Clone Corp. CEB098Ge 

Lysophosphatidic Acid Cloud-Clone Corp. CEK623Ge 

Lysophosphatidic Acid MyBioSource MBS707269 

Lysophosphatidylcholine Cloud-Clone Corp. CEK621Ge 

Prostaglandin E2 Enzo Life Sciences ADI-900-001 

Table 4.3: Summary of ELISA kits used throughout this project. 
Details of ELISA kits utilised, their suppliers and catalogue numbers. 
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Briefly, at least 107 cells were cultured in biological triplicates in fatty acid free media for 

48 hours prior to assessment.  For assaying cell culture supernatants, conditioned media 

were removed from cells grown to approximately 80% confluency, centrifuged for 20 

minutes at 1500 rpm to remove cell debris, and the supernatant subsequently collected. 

The volume of media directly assayed was determined by the manufacturer’s protocol of 

the respective ELISA kit, and the results obtained were subsequently normalised to the 

protein content of the cells from which the conditioned media was obtained. For 

assessment of intracellular levels, cells were once again grown in fatty acid free 

conditions for 48 hours as before until approximately 80% confluent. Cells were then 

lysed using 1X Cell Lysis Buffer (Cell Signaling Technology, 9803S), with lysates 

centrifuged at 4°, at 13000 rpm for 30 minutes. Cell debris was discarded and lysates 

were evaluated for the levels of the respective lipids, with readings normalised to protein 

content. 

4.2.5.2 Phospholipase A1 and A2 activity assays 

PLA1 and cPLA2 activities were measured using commercially available kits (Thermo 

Fisher Scientific, E10129 and Abcam, ab133090 respectively) according to the 

manufacturer’s protocols. Briefly, total cell lysates were obtained using 1X Cell Lysis 

Buffer (Cell Signaling Technology, 9803S) under non-denaturing conditions. For cPLA2 

activity, 10µl lysate, 5µl assay buffer and 200µl substrate solution containing 

arachidonoyl Thio-PC were incubated at room temperature for one hour. Absorbance 

was subsequently measured at 405nm, and the readings were normalized to protein 

concentration. 

 

To measure PLA1 activity, cell lysates were initially diluted 1:4 in 200µl PLA1 reaction 

buffer. A lipid mix containing 30µl 10mM dioleoylphosphatidylcholine (DOPC), 30µl 

10mM dioleoylphosphatidylglycerol (DOPG) and 30µl 2mM PLA1 substrate was 
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prepared.  50µl of this lipid mix was subsequently added to 5ml 1X PLA1 reaction buffer, 

with 50µl of this substrate-liposome mix incubated with 50µl of sample at room 

temperature for 30 minutes, during which fluorescence readings were measured at 

multiple time points.  

4.2.5.3 Autotaxin and Phospholipase D activity assays 

Activity assays were preformed according to protocols issued from suppliers.  The details 

of these activity assays are summarised in Table 4.4. 

Activity assay kit Supplier Catalogue # 

Autotaxin Echelon K-4100 

DAG kinase Cell Biolabs MET-5036 

Phospholipase D Sigma-Aldrich MAK137 

Phospholipase D1 Abcam Ab183306 

Table 4.4: Summary of activity assay kits used in this project. 
Details of activity assay kits utilised, their suppliers and catalogue numbers. 

 

 

To measure autotaxin activity, 50µl of conditioned medium was incubated with 50µl 

reaction buffer containing protein stabilizers, lysophosphatidylcholine and fluorescently 

labelled autotaxin substrate (FS-3), all of which were provided with the assay (Echelon, 

K-4100). Fluorescence was measured at excitation/emission 485nm/528nm at 37oC, 

with readings taken every two minutes for two hours. Data analysis was performed using 

a fluorescin dye standard curve and calculating the rate of FS-3 hydrolysis using the 

following formula: FS-3 hydrolysis (sample) = slope of FS-3 hydrolysis (sample) / 

fluorescein fluorescence (sample). 
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PLD1 activity was directly assayed using a Phospholipase D activity assay kit (Abcam, 

ab183306), based on the manufacturer’s instructions. Briefly, at least 5x106 cells were 

harvested and pellets were washed twice with cold PBS. Pellets were subsequently 

resuspended in 100µl of ice-cold Phospholipase D Assay Buffer, homogenized through 

sonication, and incubated on ice for 30 minutes. Samples were centrifuged for 5 minutes 

at 4oC and 12000 rpm, after which supernatants were transferred to a fresh Eppendorf 

tube. 5µl of each sample was made up to 50µl using the kit’s assay buffer and incubated 

with 50µl of a reaction mix containing PLD assay buffer, enzyme mix, probe and 

substrate, and the reaction kinetics were measured at 570nm every 3 minutes for 30 

minutes at 25oC.  

 

To measure PLD2 activity specifically, MCF10A PIK3CA and AKT WT and MUT cells 

were transiently transfected with pCMV6-Myc-DDK-PLD2 as described previously in 

section 4.2.3.2. After 48 hours, cells were lysed under non-denaturing conditions using 

1X Cell Lysis Buffer (Cell Signaling Technology, 9803S). Lysates were diluted to equal 

volumes containing 4mg of soluble protein and incubated with 0.26μg normal rabbit IgG 

(Santa Cruz Biotechnology, sc-2027) as a negative control, or 0.26μg rabbit IgG-anti-

Myc-Tag (Cell Signaling Technology, 2278) which were pre-coupled to protein G 

sepharose beads (Sigma-Aldrich, P3296) after incubation whilst rotating at 4°C 

overnight.  Following this incubation, the sepharose beads containing myc-tagged PLD2 

were washed 3 times with cold PBS and resuspended directly in 30µl assay buffer. 10µl 

of the assay buffer/bead mix was subsequently incubated at 37oC with 90µl of a master 

reaction mix containing 85µl assay buffer, 1µl enzyme mix, 1µl dye reagent and 12µl 

choline substrate for 10 minutes, after which an initial absorbance measurement was 

taken at 570nm. The samples were incubated an additional 20 minutes, and a final 

absorbance reading was measured at 570nm. 
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4.2.5.4 In vitro kinase assay 

In vitro kinase assays were performed using the ADP-Glo Kinase Assay (Promega, 

V6930) and the AKT1 Kinase Enzyme System (Promega, V1911). Briefly, 500ng 

recombinant AKT1 (Promega, V1911) and 300ng/μl human recombinant PLD2 (Abnova, 

H00005338-P01) were incubated according to the manufacturer’s instructions, including 

supplementation with 150μM ATP. Reactions were incubated at 30°C for 1 hour, after 

which luminescence was measured following an integration time of 1 second. 

 

4.2.6 Cell line and primary tumour analysis with REIMS 

Rapid Evaporative Ionisation Mass Spectrometry (REIMS) was previously performed by 

another member from our lab (Dr. Nikolaos Koundouros). For this, cell lines were 

cultured in biological triplicates, in 10cm2 plates until 80% confluent.  Media was replaced 

for one hour prior to harvesting. Plates were subsequently washed twice with ice-cold 

PBS and flash frozen in liquid nitrogen. Cells and their extracts were scraped in 1ml PBS 

and collected into an Eppendorf tube, which was then centrifuged for 5 mins at 1300g. 

Pellets were flash frozen and stored at -80°C prior to REIMS analysis. For fresh frozen 

PDX and primary breast tumours, three separate regions of the tumour were sectioned 

for REIMS analysis. 

 

REIMS was performed using commercially available electrosurgical bipolar forceps 

(Erbe Elektromedizin, Tubingen, Germany) connected to a ForceTriad electrosurgical 

unit (Covidien, Ireland). This unit was programmed in Macro bipolar settings, using 4 W 

power for cell lines and 30 W power for tumours. Bipolar forceps were connected to the 

inlet capillary of a Thermo Exactive orbitrap instrument (Thermo Fisher Scientific, 

Germany) using PTFE tubing. This setup allows aerosol generated from rapid biomass 
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heating to be directly suctioned to the mass spectrometer. The mass spectrometer 

settings used for phospholipid and fatty acid profiling are described in Appendix 4.3. 

 

Data obtained from the mass spectrometer is analysed independently for its inclusion 

within this thesis. 

 

4.2.7 Liquid chromatography-mass spectrometry based lipidomics 

Liquid chromatography-mass spectrometry (LC-MS) was performed by Creative 

Proteomics, New York, USA. In brief, cells were cultured and harvested once 80% 

confluent. Cells were trypsinised and centrifuged at 1300g to obtain a cell pellet. This 

pellet was subsequently washed twice with PBS prior to snap freezing with liquid 

nitrogen. Samples were stored at -80°C. 

 

Lipid extraction was achieved by the following process. Initially adding 1.6 mL HPLC 

grade water, 2 mL of chloroform and 4 mL of methanol to the samples, and after shaking 

well, a further 2 mL of chloroform and 2 mL of water were added. Samples were again 

mixed well by shaking and then centrifuged at 4000 rpm for 10 minutes.  A glass Pasteur 

pipette was used to remove the lower layer.  2 mL chloroform was added, mixed well 

and centrifuged, again at 4000 rpm for 10 minutes, before the lower lipid layer was again 

removed. This last step was repeated once more. The removed layers were 

subsequently dried under a nitrogen stream. Extracted lipids were subsequently 

dissolved in 0.5 mL of chloroform and transferred to a pre-weighed vial.  A further 0.3 

mL of chloroform was used twice to transfer any remaining lipids to the pre-weighed vial, 

which was again dried under nitrogen gas. 
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4.2.8 Statistical analysis 

Student t-test and two-way ANOVA were utilised to evaluate statistical significance as 

indicated in the respective figure legends. n.s (not significant), *(P<0.05), **(P<0.01), 

***(P<0.001), ****(P<0.0001). Unless stated otherwise, error bars represent ± standard 

error of the mean (SEM).  

 

 

4.3 Results 

4.3.1 Arachidonic acid, eicosanoids and lysophosphatidic acid 

metabolism is elevated in PIK3CA mutant tumours 

Previous work from our lab has identified and delineated the mechanism resulting in 

increased levels of arachidonic acid and PGE2 triggered by oncogenic mutations in 

PIK3CA1. Given that bioactive lipid molecules, including arachidonic acid and PGE2 are 

implicated in tumourigenesis and non-cancer pain states, this observation was initially 

confirmed using a panel of MCF10A isogenic cell lines. In addition to the MCF10A cells 

harbouring activating mutations in PIK3CA (E545K and H1047R), this analysis included 

AKT1 (E17K), BRAF (V600E), KRAS (G12V) and EGFR (ΔE746-A750) isogenic mutant 

MCF10A cells, as well as MYC-overexpressing cells (Figure 4.2). After confirming 

activation of the relevant downstream signalling of these cell lines using western blotting 

(Fig. 4.2A) and MYC overexpression (Fig. 4.2B), arachidonic acid and PGE2 levels were 

measured. As previously demonstrated, significant increases in both extracellular (Fig. 

4.2C) and intracellular (Fig. 4.2D) arachidonic acid were only observed in PIK3CA 

mutant compared to WT cells, whilst no discernible differences were observed in other 

isogenic cell lines (Fig. 4.2E). Similar results were also obtained for PGE2 (Fig. 4.2F-H). 
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Figure 4.2: Arachidonic acid and prostaglandin E2 are elevated in the context of 
PIK3CA, but not other common oncogenic mutations.  

(A) Immunoblot analysis of relevant signaling pathways for MCF10A isogenics 

harbouring activating mutations in PIK3CA (E545K and H1047R), AKT1 (E17K), EGFR 

(ΔE746-A750) and BRAF (V600E). Cells were serum and growth-factor starved for 16 

hours and subsequently stimulated with 5% horse serum, 20ng/ml EGF, 0.5 mg/ml 

hydrocortisone and 10 µg/ml insulin for 30 minutes. (B) Relative MYC mRNA expression 

following overexpression in MCF10A PIK3CA WT cell line. Relative (C) extracellular and 

(D) intracellular arachidonic acid levels in MCF10A PIK3CA WT and mutant isogenic 

cells. (E) Relative extracellular arachidonic acid levels in other common oncogenic 

isogenic mutant MCF10A cells. Relative (F) extracellular and (G) intracellular PGE2 

levels in MCF10A PIK3CA WT and mutant isogenic cells. Relative (H) extracellular PGE2 

concentrations in other common oncogenic isogenic mutant MCF10A cells. All values in 

(B)-(H) are presented as the mean ± SEM and relative to the appropriate WT cell lines. 
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n.s., not significant; *p < 0.05; **p<0.01. p values calculated using unpaired two-tailed 

Student’s t-test. 

 

 

Our laboratory has identified the mechanism underpinning  elevated levels of arachidonic 

acid in PIK3CA mutant cells, and this involves a multimodal signalling network driving 

mTORC2-PKC-ζ-mediated activation of cPLA21.  LPA is produced as a by-product when 

arachidonic acid is cleaved from plasma membranes by cPLA216. Therefore, it was 

tempting to speculate that LPA would also be higher in the presence of increased cPLA2 

activity in PIK3CA mutant cells, which was indeed the case (Fig. 4.3A). To further 

corroborate the findings seen in the MCF10A isogenic model, extracellular LPA levels 

were investigated in the isogenic SW48 colorectal cancer cell line harbouring PIK3CA 

mutations (E545K and H1047R), and extracellular LPA levels were significantly higher 

in the PIK3CA mutant relative to the WT cells (Fig. 4.3B). Subsequent assessment of 

PDX tumours demonstrated significantly elevated levels of LPA associated with PIK3CA 

mutations in PDX tumours of breast, pancreatic and colorectal origin (Fig. 4.3C). Finally, 

the observation of significantly elevated LPA levels associated with PIK3CA mutations 

was validated in 12 primary breast tumours (Fig. 4.3D). Together, these data 

demonstrate a consistent association between oncogenic PIK3CA mutations and 

elevated LPA across different cell line and tumour models. 
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Figure 4.3: Lysophosphatidic acid is elevated in PIK3CA mutant cell lines and 
tumours. 
Relative extracellular lysophosphatidic acid levels in (A) MCF10A PIK3CA and (B)  

colorectal SW48 PIK3CA WT and mutant cells. (C) Relative tumour derived 

lysophosphatidic acid levels from 63 PDX tumours categorized based on both the 

PIK3CA mutation status and tissue type. (D) Relative lysophosphatidic acid levels in 

primary PIK3CA WT and mutant breast primary tumours. Values in (A)-(B) are 

represented as the mean ± SEM and relative to the appropriate WT cell lines or tumours. 

n.s., not significant; *p < 0.05; **p<0.01. p values calculated using unpaired two-tailed 

Student’s t-test.  

 

 

4.3.2 Lysophosphatidic acid drives cell proliferation beyond a cell 

autonomous manner 

A striking finding of the previous work within our lab was the observation that PIK3CA-

induced overproduction of arachidonic acid and associated eicosanoids drive cell 
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proliferation in autocrine and paracrine fashions1. There is some data to support the 

notion that LPA drives proliferation in a similar fashion22. To evaluate the functional 

consequences of elevated LPA production, the effects of conditioned media from 

PIK3CA mutant cells were assessed. PIK3CA WT cells demonstrated significantly 

increased proliferative rate when incubated with conditioned media from the PIK3CA 

mutant cells (Fig. 4.4A-B). This could be rescued by either treatment with an LPA 

receptor antagonist (Ki 16425) or depleting lipids from the conditioned media, and the 

phenotype could be re-established in lipid deprived media conditions by adding in LPA 

as the only source of lipids (Fig. 4.4A-B). Of note, these observations occurred with 

conditioned media obtained from mutant but not WT cells (Fig. 4.4C).   Furthermore, the 

autocrine-mediated proliferation of both PIK3CA mutant cell lines was significantly 

reduced following incubation with their respective lipid deprived conditioned media or 

treatment with Ki 16425. (Fig. 4.4D-E). Similarly, adding LPA to the lipid deprived media 

significantly increased proliferation (Fig. 4.4D-E). These findings highlight the role of lipid 

components, and specifically LPA, in mediating the autocrine and paracrine pro-

tumourigenic effects of oncogenic PIK3CA mutations. 
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Figure 4.4: Enhanced PIK3CA-induced extracellular lysophosphatidic acid 
promotes autocrine and paracrine dependent cell proliferation.  
Cell proliferation assays of MCF10A PIK3CA WT cells cultured in conditioned media 

derived from (A) E545K, (B) H1047R or (C) WT cells containing either 10µM of the LPA 

receptor inhibitor KI16425, lipid-deprived, or lipid-deprived supplemented with 25µM 

lysophosphatidic acid. Cell proliferation assays of MCF10A PIK3CA (D) E545K or (E) 

H1047R cells cultured with their respective conditioned media alone, supplemented with 

10µM KI16425, lipid deprived media, or lipid-deprived media supplemented with 25µM 

lysophosphatidic acid. Sulforhodamine B (SRB) protein staining used to measure cell 

proliferation over 5 days. Data are presented as mean ± SEM. n.s., not significant; *p < 

0.05; **p<0.01, ***p<0.001; ****p<0.0001. p values calculated using two-way ANOVA. 

 

 

4.3.3 PI3K/AKT activation contributes to bimodal modulation of 

lysophosphatidic acid metabolism 

If increased cPLA2 activity in PIK3CA mutant cells was exclusively responsible for the 

observed elevated LPA levels, one would expect cPLA2 inhibition, and not inhibition of 

other PLA2 enzymes, to rescue the observed increased in LPA concentrations. cPLA2 
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inhibition, but not inhibition of iPLA2 or sPLA2, rescued the observed phenotype (Fig. 

4.5A). Of note, the inhibition of cPLA2 did not completely rescue LPA concentrations to 

WT levels, leading to the hypothesis that increased cPLA2 activity may not be solely 

responsible for the observed elevated LPA levels in the PIK3CA mutant cells. Increased 

cPLA2 activity in PIK3CA mutant cells is mediated through AKT-independent 

mechanisms1. To further interrogate whether other mechanisms may contribute to the 

observed phenotype, MCF10A PIK3CA mutant cells were treated with various inhibitors 

of the PI3K/AKT pathway, including BYL719 (p110α specific inhibitor), MK2206 

(allosteric inhibitor of AKT) and Torin 1 (an inhibitor of the catalytic subunit of mTORC1 

and mTORC2). Drug concentrations used for these treatments were based upon cell 

viability assays performed previously within our lab1. LPA levels were significantly 

reduced in the PIK3CA mutant isogenics following treatment with BYL719, MK2206 and 

Torin 1 (Fig. 4.5B), but not to levels seen in WT cells. Subsequently extracellular LPA 

levels were investigated using the MCF10A isogenic panel previously described in 

Figure 4.2. Elevated levels of LPA were also observed in AKT mutant cells but remained 

unchanged in other isogenic cell lines (Fig. 4.5C), further suggesting an AKT-dependent 

mechanism contributing to elevated LPA levels in the context of PI3K/AKT activation.  In 

support of this, treatment of AKT mutant cells with inhibitors of various nodes of AKT 

signalling (MK2206 and GSK690693, a competitive pan-AKT kinase inhibitor) could 

rescue the observed phenotype (Fig. 4.5D).   

 

As with the MCF10A PIK3CA isogenic mutant cells, AKT WT cells demonstrated a 

significantly increased proliferative rate once incubated with conditioned media from AKT 

mutant cells (Fig. 4.5E), which was rescued by both depleting lipids from the conditioned 

media and treatment with the Ki 16425 inhibitor. This phenotype could be re-established 

in lipid deprived media conditions with the addition of LPA as the only lipid source (Fig. 

4.5E). Once again, these observations occurred with mutant, but not WT conditioned 
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media (Fig. 4.5F). The autocrine-mediated proliferation of AKT mutant cells was 

significantly reduced in the presence of Ki 16425 treatment and in lipid deprived 

conditioned media (Fig. 4.5G). Most importantly, the addition of LPA to lipid deprived 

media could restore the proliferation rate of these mutant cells (Fig. 4.5G).  Overall, this 

data suggests that LPA also plays a key role in mediating the autocrine and paracrine 

pro-tumourigenic effects of oncogenic AKT mutations. 
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Figure 4.5: Elevated extracellular lysophosphatidic acid is mediated by PI3K/AKT 
dependent mechanisms, and promotes autocrine and paracrine dependent cell 
proliferation. 
(A) Relative extracellular lysophosphatidic acid levels in MCF10A PIK3CA WT and 

mutant cells following treatment with 0.1µM ASB14780, 0.5µM BEL and 1µM sPLA2 

inhibitor for 48 hours. (B) Relative extracellular lysophosphatidic acid levels in MCF10A 

PIK3CA WT and mutant cells following treatment with 0.1µM BYL719, 0.15µM MK2206 

and 20nM Torin-1 for 48 hours. (C) Relative extracellular LPA levels in a panel of 

common oncogenic isogenic mutant MCF10A cells, including those harbouring activating 

mutations in AKT1 (E17K), BRAF (V600E), KRAS (G12V) and EGFR (ΔE746-A750), as 

well as those overexpressing MYC. (D) Relative extracellular lysophosphatidic acid 

levels in MCF10A AKT WT and mutant cells following treatment with 0.15μM MK2206 

and 0.15µM GSK690693 for 48 hours. Cell proliferation assays of MCF10A AKT WT 

cells cultured in conditioned media derived from AKT (E) mutant E17K or (F) WT cells 

containing either 10µM of the LPA receptor inhibitor KI16425, lipid-deprived media, or 
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lipid-deprived media supplemented with 25µM lysophosphatidic acid. (G) Cell 

proliferation assay of MCF10A AKT E17K cells cultured with their respective conditioned 

media, supplemented with or without 10µM KI16425, lipid deprived media, or lipid-

deprived media supplemented with 25µM lysophosphatidic acid. Sulforhodamine B 

(SRB) protein staining was used in (E)-(G) to measure cell proliferation over 5 days. Data 

are presented as mean ± SEM. All values in (A)-(D) are relative to the appropriate WT 

control cell line. n.s., not significant; *p < 0.05; **p<0.01, ***p<0.001; ****p<0.0001. p 

values in (A)-(D) were calculated using unpaired two-tailed Student’s t-test. p values in 

(E)-(G) were calculated using two-way ANOVA. 

 

 

4.3.4 Increased cPLA2 activity contributes to elevated lysophosphatidic 

acid levels in PIK3CA, but not AKT, mutant cells 

To shed light on the mechanism leading to elevated LPA levels in both the context of 

PIK3CA and AKT mutations, the relevance of cPLA2 was initially evaluated. As 

discussed previously, cPLA2 is a key regulator of arachidonic acid production through 

cleavage of the sn-2 position of phospholipid fatty acid tails, also generating LPA as a 

by-product. Notably, the activity of cPLA2 was elevated in PIK3CA (Fig. 4.6A) but not in 

AKT mutant cells (Fig. 4.6B), consistent with our previous study1. Indeed, CRISPR-

mediated knockout of cPLA2 in MCF10A PIK3CA isogenic cells reduced LPA levels in 

H1047R mutant, but not in WT cells (Fig. 4.6C), suggesting that cPLA2 is implicated in 

LPA production in the oncogenic PIK3CA setting. Contrastingly, treatment of MCF10A 

AKT mutant cells with the previously described PLA2 inhibitors did not affect extracellular 

LPA levels (Fig. 4.6D). Overall, these findings suggest that although elevated 

extracellular LPA is a consistent phenotype associated with PIK3CA and AKT mutations, 

the mechanism of its production – and particularly the importance of cPLA2 – may differ 

from one oncogenic mutation setting to another.  
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Figure 4.6: Increased cPLA2 activity contributes to elevated extracellular 
lysophosphatidic acid levels in PIK3CA, but not AKT, mutant cells.  
Relative calcium-dependent phospholipase A2 (cPLA2) activity in MCF10A (A) PIK3CA 

and (B) AKT isogenic cell lines. (C) Relative extracellular lysophosphatidic acid 

concentrations in MCF10A PIK3CA WT or H1047R mutant cells following CRIPSR 

knockout of cPLA2. (D) Relative extracellular lysophosphatidic acid concentrations in 

MCF10A AKT WT and mutant cells following treatment with 0.1µM ASB14780, 5µM BEL 

and 1µM sPLA2 inhibitor for 48 hours. Values represent mean ± SEM and are relative to 

the appropriate WT cell line. n.s., not significant; *p < 0.05; **p<0.01, ***p<0.001. p 

values were calculated using unpaired two-tailed Student’s t-test. 
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4.3.5 Elevated lysophosphatidic acid levels are not autotaxin mediated in 

PIK3CA or AKT mutants 

In an attempt to identify specific enzymes that drive LPA synthesis, common to both 

MCF10A PIK3CA and AKT isogenic cell lines, the different pathways that contribute to 

its production were assessed (Figure 4.1). Previous studies have demonstrated that the 

ectoenzyme autotaxin is implicated in the direct synthesis of LPA from 

phosphatidylcholine (PC) and lysophosphatidylcholine (LPC) in pancreatic cancer61. Our 

laboratory had previously performed lipidomic profiling of 43 breast cancer cells and the 

MCF10A PIK3CA isogenic panel using the REIMS/iKnife technology1, which allowed for 

a global analysis of phospholipid signatures associated with oncogenic PIK3CA 

mutation. This analysis identified that phosphatidic acid (PA) and 

phosphatidylethanolamine (PE) species were amongst the most upregulated across both 

the breast cancer cells (Fig. 4.7A) and MCF10A PIK3CA isogenics (Fig. 4.7B). It is 

important to note that PC and LPC species could not be detected using this methodology. 

Investigation of PC levels in MCF10A PIK3CA and AKT isogenic cells using LC-MS did 

not demonstrate any significant difference between WT and mutant cells (Fig. 4.7C). 

LPC is reportedly one of the most abundant lysophospholipids and all LPA species can 

be produced by ATX-mediated release from their corresponding LPC substrate62.  LPC 

levels were not significantly elevated in PIK3CA or AKT mutant cells (Fig. 4.7D-F). This 

combined with the observations that LPE and LPS species were not amongst the most 

enriched following lipidomic profiling suggested that the lysophospholipid substrates are 

not the source of elevated extracellular LPA. Furthermore, both ATX levels (Fig. 4.7G) 

and activity (Fig. 4.7H) were unchanged between MCF10A PIK3CA or AKT WT and 

mutant cells. Additionally, treatment with HA130 (an autotaxin inhibitor) failed to rescue 

the elevated concentrations of LPA observed in both MCF10A PIK3CA or AKT mutant 

cells (Fig. 4.7I). Finally, if ATX was driving increased extracellular LPA production in both 
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PIK3CA and AKT mutant cell lines, and given that LPA appears to support the 

proliferation of these cells in an autocrine and paracrine manner, one would expect that 

these oncogenic mutations would also render cells sensitive to ATX inhibition. 

Importantly, neither oncogenic mutation conferred increased sensitivity to ATX inhibition 

(Fig. 4.7J), further indicating that elevated extracellular LPA levels are not mediated by 

ATX activity. 
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Figure 4.7: Elevated extracellular lysophosphatidic acid levels in PIK3CA and AKT 
mutants are not autotaxin mediated. 
(A) Volcano plot of significantly different phospholipid species between PIK3CA WT and 

mutant breast cancer cell lines using REIMS (left) and their putative annotations (right). 
Green dots represent lipids with significantly higher abundances in mutant cells. (B) 

Volcano plot of significantly different phospholipid species between MCF10A PIK3CA 

WT and mutant breast cancer cell lines using REIMS (left) and their putative annotations 

(right). Green dots represent lipids with significantly higher abundances in mutant cells. 
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(C) Relative intracellular phosphatidylcholine levels in MCF10A PIK3CA and AKT 

isogenic cell lines measured using liquid chromatography-mass spectrometry. Relative 

intracellular lysophosphatidylcholine levels in MCF10A PIK3CA and AKT isogenic cell 

lines measured using (D) liquid chromatography-mass spectrometry and (E) ELISA. (F)  

Relative extracellular lysophosphatidylcholine levels in MCF10A PIK3CA and AKT 

isogenic cell lines measured using liquid-chromatography mass spectrometry. (G) Total 

autotaxin protein levels in MCF10A PIK3CA and AKT isogenic cell lines. (H) Relative 

autotaxin enzymatic activity in MCF10A PIK3CA and AKT isogenic cell lines. (I) Relative 

extracellular lysophosphatidic acid concentrations in MCF10A PIK3CA and AKT isogenic 

cells following treatment with 10µM HA130 for 48 hours. (J) Viability of MCF10A PIK3CA 

and AKT isogenic cell lines treated with increasing concentrations of the autotaxin 

inhibitor HA130 for 72 hours. Values in (C)-(F) and (H)-(J) represent mean ± SEM. 

Values in (C)-(F) and (H)-(I) are relative to the appropriate WT cell line. Significance in 

in (A) and (B) determined by p value < 0.05. n.s., not significant; *p < 0.05; **p<0.01, 

***p<0.001; ****p<0.0001. p values in (C)-(F) and (H)-(I) were calculated using unpaired 

two-tailed Student’s t-test. p values in (J) were calculated using two-way ANOVA. 

 

 

4.3.6 Elevated levels of phosphatidic acid in PIK3CA and AKT mutant cells 

serve as a substrate for lysophosphatidic acid production 

The second predominant pathway for LPA production is direct conversion from PA by 

PLA1 or PLA226. Indeed, analysis of the REIMS lipidomic profiling of 43 breast cancer 

cell lines (Fig. 4.7A) and the MCF10A PIK3CA isogenic panel (Fig. 4.7B) previously 

performed by colleagues in our laboratory, identified PA as one of the most abundant 

phospholipid classes in PIK3CA mutant compared to WT cells. LC-MS of MCF10A 

PIK3CA and AKT isogenic cells demonstrated significantly higher levels of PA in the 

mutant cells (Fig. 4.8A-B). PA has three predominant pathways for production, de novo 

synthesis catalysed by GPAT, phosphorylation of DAG by DAG kinases and hydrolysis 

of PC by PLD27. To investigate the mechanism through with PIK3CA and AKT mutant 

cells may synthesise PA, activity of DAG kinase was first assessed. Although pan DAG 

kinase enzymatic activity was significantly elevated in MCF10A cells harbouring an 
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H1047R PIK3CA mutation, this was not consistent in the E545K mutants (Fig. 4.8C), nor 

the AKT mutants (Fig. 4.8D). Furthermore, treatment with a diacylglycerol kinase 

inhibitor II and FSG67, a DAG kinase and GPAT inhibitor respectively, did not 

significantly reduce PA levels, whereas treatment with MK2206 (an inhibitor of AKT) did 

(Fig. 4.8E-F). These findings suggest that elevated levels of PA are not mediated by 

DAG kinase phosphorylation of DAG, nor de novo synthesis catalysed by GPAT. 

 

Figure 4.8: Elevated phosphatidic acid levels in PIK3CA and AKT mutant cells are 
not mediated by de novo synthesis catalysed by GPAT, nor DAG kinase-mediated 
phosphorylation of DAG. 
Relative phosphatidic acid levels in MCF10A (A) PIK3CA and (B) AKT WT and mutant 

cell lines. Relative DAG kinase enzymatic activity in MCF10A (C) PIK3CA and (D) AKT 

isogenic cell lines. Relative phosphatidic acid levels in MCF10A (E) PIK3CA and (F) AKT 

WT and mutant cells following treatment with 0.2µM diacylglycerol kinase inhibitor II, 

1µM FSG67 and 0.15µM MK2206 inhibitor for 48 hours. Values represent mean ± SEM 

and are relative to the appropriate WT cell line. n.s., not significant; *p < 0.05; **p<0.01, 

***p<0.001. p values were calculated using unpaired two-tailed Student’s t-test. 
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4.3.7 AKT directly activates phospholipase D2, with greater levels and 

activity observed in PIK3CA and AKT mutant cells  

The remaining pathway for PA production, yet to be considered, is mediated by PLD.  

PLD exists as two isoforms in most cell types (PLD1 and PLD2), and its overexpression 

has been observed across several cancer types63. We consequently set out to 

investigate the relevance of PLD1/2 by first examining enzymatic activity in both PIK3CA 

and AKT mutant settings. No significant difference in PLD1 activity was observed 

between the MCF10A PIK3CA and AKT mutant cells and their respective WT controls 

(Fig. 4.9A-B). To measure PLD2 activity, a myc-tagged isoform was initially 

overexpressed in MCF10A PIK3CA and AKT isogenic cells, and subsequently 

immunoprecipitated from WT and mutant cells as described in sections 4.2.3.2 and 

4.2.5.3. This allowed for the direct assessment of PLD2 activity using pan-PLD 

substrates, and demonstrated significantly increased enzymatic activity in both PIK3CA 

(Fig. 4.9C) and AKT (Fig. 4.9D) mutant cells compared to their WT counterparts. 

Furthermore, both MCF10A PIK3CA and AKT mutant cells demonstrated elevated 

protein levels (Fig. 4.9E) and stability (Fig. 4.9F-G) of PLD2. Given that PLD2 has a 

predicted AKT phosphorylation motif64, the possibility that PLD2 could be a direct 

substrate of AKT was investigated. An in vitro kinase assay using purified PLD2 and 

AKT1 showed a significant increase in conversion of ATP to ADP when both were 

incubated together when compared to either components incubated alone (Fig. 49H), 

suggesting that PLD2 could be a kinase substrate for AKT. Moreover, 

immunoprecipitating myc-tagged PLD2 from both PIK3CA and AKT MCF10A isogenic 

cells and probing with an antibody specifically recognizing phosphorylated AKT-motifs 

further demonstrated a potential direct interaction and phosphorylation of PLD2 by AKT 

(Fig. 4.9I-J). Together, these findings suggest that PLD2 may be a direct substrate for 

AKT, which in turn regulates its activity and protein stability. This signaling axis could 
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contribute to increased PA synthesis, thus sustaining the substrate pool required for LPA 

production. 

 

 

 

 

 

 

 

 

 

 

 



 
 

Reprogramming of bio-active lipid metabolism through hyperactivation of PI3K/AKT signalling  

 

 204 

 

Figure 4.9: AKT directly activates phospholipase D2, with greater protein levels, 
stability and activity observed in PIK3CA and AKT mutant cells. 
Relative PLD1 enzymatic activity in MCF10A (A) PIK3CA and (B) AKT WT and mutant 

cell lines. Relative PLD2 enzymatic activity in MCF10A (C) PIK3CA and (D) AKT WT and 

mutant cell lines. (E) Total PLD2 protein levels in MCF10A PIK3CA and AKT isogenic 

cell lines. Immunoblot analysis of PLD2 protein decay following treatment with 50µM 

cycloheximide (CXH) for the indicated times in MCF10A (F) PIK3CA and (G) AKT 

isogenic cell line. (H) In vitro kinase assay using 300ng/μl human recombinant 

phospholipase D2 and 500ng recombinant AKT1, incubated in the presence of 150μM 

ATP.  Immunoblot analysis of anti-Myc immunoprecipitates derived from Myc-tagged 

PLD2 transfected MCF10A (I) PIK3CA or (J) AKT isogenic cell lines. Values in (A)-(D) 

and (H) represent mean ± SEM. Values in (A)-(D) are relative to the appropriate WT cell 

line. n.s., not significant; *p < 0.05; **p<0.01, ***p<0.001; ****p<0.0001. p values in (A)-

(D) and (H) were calculated using unpaired two-tailed Student’s t-test. 
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4.3.8 Phosphatidic acid and lysophosphatidic acid levels are regulated by 

PLD2 in PIK3CA and AKT mutant cells 

It has previously been demonstrated that PA levels are higher in PIK3CA and AKT 

mutant cells (Fig. 4.8A-B). Treatment with ML395, a highly selective PLD2 inhibitor65, 

rescued the elevated levels of PA and LPA observed in both PIK3CA and AKT  mutant 

cells (Fig. 4.10A-D). Indeed, CRISPR-mediated knockout of PLD2 in MCF10A PIK3CA 

isogenic cells reduced PA levels in both WT and mutant cells (Fig. 4.10E), and rescued 

the observed elevated levels of LPA in H1047R mutant cells (Fig. 4.10F). In order to 

obtain LPA from PA, the latter must be deacetylated by phospholipases including PLA1 

and PLA226. It has previously been demonstrated that cPLA2 activity is increased in 

PIK3CA, but not AKT mutant cells (Fig. 4.6A-B). As such, the relevance of PLA1 was 

investigated by examining the enzymatic activity in MCF10A PIK3CA and AKT isogenic 

cells. Significantly increased enzymatic activity was observed in both PIK3CA (Fig. 

4.10G) and AKT (Fig. 4.10H) mutant compared to WT cells. Furthermore, CRISPR-

mediated knockout of PLA1 significantly reduced LPA levels in PIK3CA H1047R mutant, 

but not WT cells (Fig. 4.10I). Of note, CRISPR knockout of PLA1 did not completely 

rescue LPA concentrations to WT levels, however, the increased cPLA2 activity in these 

cells could account for continued production of LPA from PA in the absence of PLA1 

activity. These findings suggest that increased PLA1 activity plays a role in the 

generation of LPA from its substrate, PA. 

 



 
 

Reprogramming of bio-active lipid metabolism through hyperactivation of PI3K/AKT signalling  

 

 206 

 

Figure 4.10: Lysophosphatidic acid levels are regulated by PLD2 and PLA1 activity 
in PIK3CA and AKT mutant cells. 
Relative phosphatidic acid levels in MCF10A (A) PIK3CA and (B) AKT isogenic cell lines 

following treatment with 0.1µM ML395 for 48 hours, measured using fluorometric assay. 

Relative extracellular lysophosphatidic acid concentrations in MCF10A (C) PIK3CA and 

(D) AKT isogenic cell lines following treatment with 0.1µM ML395 for 48 hours, measured 

using ELISA. (E) Relative phosphatidic acid levels, measured by LC-MS, in MCF10A 

PIK3CA WT or H1047R mutant cells following CRIPSR knockout of PLD2. (F) Relative 

extracellular lysophosphatidic acid levels in MFC10A PIK3CA WT or H1047R mutant 

cells following CRISPR knockout of PLD2, measured using ELISA. Relative PLA1 
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enzymatic activity in MCF10A (G) PIK3CA and (H) AKT WT and mutant cell lines. (I) 
Relative extracellular lysophosphatidic acid levels in MCF10A PIK3CA WT or H1047R 

mutant cells following CRISPR knockout of PLA1. Values represent mean ± SEM. Values 

in (A)-(D) and (G)-(H) are relative to the appropriate WT cell line. Values in (E), (F) and 

(I) are relative to WT sgControl. n.s., not significant; *p < 0.05; **p<0.01, ***p<0.001; 

****p<0.0001. p values were calculated using unpaired two-tailed Student’s t-test. 

 

 

4.3.9 PLD2 knockout attenuates the migration of PIK3CA mutant, but not 

wild-type, cells 

Although it has already been demonstrated that LPA drives cell proliferation in autocrine 

and paracrine fashions in MCF10A PIK3CA and AKT isogenics (Fig. 4.4A-E and Fig. 

4.5E-G), much of the literature surrounding LPA details its role in cellular migration, 

invasion and metastasis31,33,66. Consequently, cellular migration was investigated. 

Following CRISPR knockout of PLD2, the migration of MCF10A PIK3CA WT and 

H1047R mutant cells in both full media and fatty acid free media was assessed (Fig. 

4.11A-B). In the WT cells, fatty acid free media reduced cellular migration rates 

(p<0.0001), whilst PLD2 knockout did not significantly alter migration (Fig. 4.11A). 

However, in the PIK3CA mutant cells, deprivation of lipids from the cultured media and 

PLD2 knockout both significantly reduced cellular migration (p<0.0001) to a similar 

degree, whilst the combination of PLD2 knockout and fatty acid free media further 

reduced the migration capacity of these mutant cells (p<0.0001) (Fig. 4.11B). 
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Figure 4.11: PLD2 knockout attenuates the migration of PIK3CA mutant, but not 
wild-type, cells. 
Migration of MCF10A PIK3CA (A) WT and (B) H1047R mutant cells under full serum 

and exogenous fatty acid free conditions following CRISPR knockout of PLD2, measured 

by the IncuCyte® S3 Live Cell Analysis System for 36 hours, with images collected every 

2 hours using phase-contrast with 10X magnification. Data are presented as mean ± 

SEM. n.s., not significant; *p < 0.05; **p<0.01, ***p<0.001; ****p<0.0001. p values 

calculated using two-way ANOVA. 

 

 

4.4 Conclusions and discussion 

The results presented in this chapter demonstrate an integral role for both PIK3CA and 

AKT mutations in driving LPA production. This represents a novel finding that specifically 

delineates the relationship between activating mutations of both PIK3CA and AKT in 

altered LPA metabolism. These findings suggest that, as hypothesised, increased cPLA2 

activity, driven by AKT independent mechanisms, contributes to elevated LPA production 

in the context of PIK3CA, but not AKT mutation. The mechanistic focus of this study 

concentrated on the novel identification of elevated extracellular LPA levels in both 

PIK3CA and AKT mutant cells, suggesting unlike in the case of arachidonic acid, that 

there is an AKT-dependent mechanism driving the overproduction of LPA. The 
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numerous pathways critical to LPA synthesis were systematically assessed and 

ultimately it was identified that oncogenic PIK3CA and AKT mutations result in higher 

protein levels, stability and activity of PLD2, contributing to higher levels of PA. PA acts 

as the predominant substrate for LPA in this identified phenotype and is subsequently 

converted to LPA by increased enzymatic activity of PLA1 in both PIK3CA and AKT 

mutant cells. This represents a novel mechanism describing the role of PIK3CA and AKT 

mutations in the identified elevated concentrations of extracellular LPA. 

 

This data, supports the concept that differences in lipid metabolism are associated with 

the described oncogenic mutations. It has now been identified that activating mutations 

of PIK3CA are associated with elevated secreted levels of three metabolites (arachidonic 

acid, PGE2 and LPA) that are well described throughout the literature as having a role in 

both nociception and sensitisation in non-cancer pain states. Chapter 3 provides, to our 

knowledge, the first identification that these metabolites may additionally be associated 

with cancer-related pain. Both this work and the initial paper identifying the aberrant lipid 

metabolism associated with oncogenic mutations of PIK3CA1, show that these 

metabolites are implicated in the tumourigenicity of these cells, contributing to both 

proliferation and migration. These metabolites therefore likely have a significant role in 

both oncogenicity and the generation and maintenance of pain. 

 

It is important to note that, although the results detailed within this chapter represent 

novel findings, specifically detailing elevated extracellular LPA associated with PIK3CA 

and AKT mutations, in addition to the mechanisms underpinning this, some of the data 

generated is in keeping with previously published findings. Firstly, many previous studies 

have demonstrated that activation of PI3K/AKT signalling is associated with aberrant 

lipid metabolism, regulated both through AKT-dependent67,68 and independent1 
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mechanisms. Furthermore, the observations that LPA plays a role in increased cellular 

proliferation and migration, are in keeping with previously published literature22. 

 

Although the findings detailed within this chapter demonstrate results that have been 

consistently reproduced, they raise a number of interesting questions and 

considerations. Firstly, all measurements of LPA have been performed using ELISA kits. 

These ELISA kits are able to identify the certain LPA species with fatty acid chains 

containing 18 carbons. These are reportedly the most commonly encountered LPA 

species28. However, these kits are therefore not able to measure all LPA species. The 

gold standard for measuring lipid species would be LC-MS, however, having contacted 

and pursued numerous services and facilities capable of performing LC-MS, one that 

has a validated method for LPA measurement has yet to be identified. More recently we 

have been collaborating with Shimadzu UK Mass Spectrometry Unit to validate a method 

of measuring distinct species of LPA using LC-MS. Ultimately achieving this and 

subsequently validating these findings represent important future work with respect to 

this observation.   

 

Another significant unanswered question relating to the described mechanism, relates to 

the consistent observation that extracellular LPA concentrations are higher in both 

PIK3CA and AKT mutant cells when compared to WT cells. However, it remains unclear 

whether intracellular LPA levels are significantly higher. As the increased pool of its 

substrate PA is intracellular, it would stand to reason that PA could be converted to LPA 

intracellularly before LPA is secreted. One could therefore expect intracellular LPA 

concentrations to also be elevated. Multiple attempts to investigate this have shown no 

significant difference, but very low levels of intracellular LPA in both WT and mutant cells 

were detected. There are multiple possible explanations for this. Firstly, measurement of 

extracellular LPA using the ELISA technique can begin almost immediately as once 
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media is harvested, it can soon be utilised for assessment. In order to measure 

intracellular levels however, cell preparation prior to assessment takes significantly 

longer. The physical act of retrieving cells from their cultured plates, the lysis process 

and subsequent centrifugation result in a substantially longer duration before samples 

are ready to analyse using the ELISA. Studies have suggested that the half-life of LPA 

is 5 minutes or less69,70, and therefore this increase in time to measurement of 

intracellular levels could account for these findings. Another possible explanation is that 

although LPA is synthesised intracellularly, its secretion extracellularly occurs at a 

significantly higher rate in both PIK3CA and AKT mutant cells. It has been reported that 

PLD2 is enriched on exosomes and release of exosomes correlates to the activity of 

PLD271,72. It is therefore possible that LPA is generated intracellular but the increased 

activity of PLD2 results in its rapid secretion extracellularly, keeping intracellular levels 

low. The previously mentioned collaboration in an attempt to validate LC-MS 

measurements of LPA, would allow intracellular measurements utilising a different 

methodology (see section 4.2.7). Ultimately this process results in rapid snap freezing 

of cell pellets, which would minimise the breakdown of LPA, allowing for more accurate 

measurements of intracellular LPA to be obtained. Additionally, analysis of exosome 

activity in PIK3CA and AKT isogenic cells may provide some insight into their role in LPA 

secretion. 

 

In order to further validate the findings suggesting an integral role for AKT in directly 

activating PLD, additional experiments are warranted and some of the experiments 

performed require repeating. Firstly, it is not clear whether the increased total PLD2 

levels observed in PIK3CA and AKT mutants, are due to a transcriptional or post-

translational phenomenon. The design of appropriate primers and qPCR analysis would 

help determine this. The cycloheximide chase assay performed to determine PLD2 

stability (Fig. 4.9F-G), encountered various difficulties, with initial aspirations to measure 
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stability over a 72 hour period. Despite attempts to optimise this particular assay over 

this time period, cell death incurred towards the later time point. Ultimately, performing 

the assay with a dose of 50µM cycloheximide for 48 hours, resulted in an assay during 

which cell death did not occur and cell morphology appeared unchanged. The results 

demonstrated in this chapter are certainly encouraging, suggesting that the stability of 

PLD2 is higher in MCF10A PIK3CA and AKT mutant cells (perhaps most convincing in 

the AKT isogenics in this particular experiment), however, this assay warrants further 

repetition and possibly even further optimisation to confirm the finding that PLD2 stability 

is higher in the mutant cells. 

 

Additionally, the role of AKT in activating PLD2 could be further validated by specifically 

inhibiting the catalytic domain of AKT and subsequently repeating the in vitro kinase 

assay and immunoprecipitation experiments to demonstrate that this inhibition prevents 

interaction between AKT and PLD2. Further corroboration would be to determine that 

PLD2 activity, PA levels and extracellular LPA concentration are all reduced in the 

presence of catalytically inactive AKT. Pharmacological and genetic methods have been 

used to assess kinase functions of AKT73, and could be used to demonstrate that the 

elevated PLD2 activity, PA levels and extracellular LPA concentrations are dependent 

upon the kinase activity of AKT. Given that PLD2 has a predicted AKT phosphorylation 

motif64, further confirmation could be sought by overexpression of the phosphomimetic 

or phosphoresistant isoforms.  Again, determining how these might affect PLD2 activity, 

PA levels and extracellular LPA would further substantiate the hypothesis that AKT 

directly activates PLD2. Nevertheless, the results detailed within this chapter clearly 

demonstrate an interaction between AKT and PLD2 and that both play a role in the 

elevated extracellular levels of LPA in the presence of activating mutations in PIK3CA 

and AKT. 

 



 
 

Reprogramming of bio-active lipid metabolism through hyperactivation of PI3K/AKT signalling  

 

 213 

CRISPR-mediated knockout of PLD2 and PLA1 has helped demonstrate the roles that 

these two enzymes have in the generation of elevated extracellular LPA in MCF10A 

PIK3CA isogenics. Generation of CRISPR knockouts of both these enzymes in MCF10A 

AKT isogenics would further corroborate the mechanism implicated by the findings in 

this chapter. Assessment of PA and LPA levels with these cells represent important initial 

experiments to be performed with these CRISPR cell lines. 

 

This chapter has provided some insight into the oncogenic consequences of elevated 

LPA in both PIK3CA and AKT mutant cells. Firstly, secreted LPA appears integral to 

increased cellular proliferation observed in both mutant cells. The role it plays in cellular 

migration requires further interrogation. CRISPR knockout of PLD2 has demonstrated a 

significant reduction in the migratory capacity of MCF10A PIK3CA H1047R mutant cells. 

Adding back LPA to the lipid deprived media that these cells are cultured in, to determine 

whether this re-establishes the migratory capacity of these cells would further ascertain 

the role of LPA in this process. Performing these experiments following generation of 

CRISPR knockout of PLD2 in MCF10A AKT isogenics would further corroborate these 

results. 

 

In conclusion, the work presented in this chapter demonstrates that increased 

extracellular LPA levels are associated with PIK3CA mutations in cell lines and tumours 

of various tissue types. Both increased activity of cPLA2 and AKT-mediated activation 

of PLD2 are implicated in the mechanisms resulting in this phenotype. 
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CHAPTER 5  

Final conclusions and future 
perspectives 

Cancer remains the second leading cause of death worldwide1 and the foremost cause 

of death in middle-aged adults in both high and upper middle-income countries2. In 2017, 

24.5 million cancer cases were reported worldwide, representing a 33% increase when 

compared with 10 years previously3. Despite tremendous advances in cancer 

diagnostics and therapeutics, morbidity and mortality remain high3. Furthermore, for 

many, it remains their greatest health fear4,5. 

 

Pain is common in cancer, affecting between 40 to 60% of patients depending upon 

tumour type and stage of disease6. Of those affected, 38% report that pain is of moderate 

to severe intensity6. Pain represents a major area of unmet clinical need in those living 

with and beyond cancer7. Accordingly, the NCRI has specifically highlighted the paucity 

of relevant research and the need to directly address this, in their recent research priority 

setting exercise8. 

 

As the understanding of this heterogenous disease process grows, it is becoming 

increasingly apparent that not all cancers behave the same way, in terms of disease 
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process, metastatic dissemination and response to treatment9. Heterogeneity may, at 

least in part, determine the pain phenotype encountered by the individual with cancer10. 

Recent genetic studies have identified significant heterogeneity within breast cancer.  

For example, the METABRIC study describes 10 subgroups of breast cancer, based 

upon genetic profiling, each with unique prognoses11. Nik-Zainal et al. performed 

extensive mutational analysis of over 500 breast cancers, reporting that mutations in 93 

genes were probable driver mutations. These findings suggest that the broad 

subclassification of breast cancer that currently guides therapeutic approaches, may one 

day be superseded. 

 

In addition to genetic variance, it is now widely accepted that cancer cells are obliged to 

alter their metabolism in order to meet the demands required to maintain their high 

proliferative rates12,13.  Ultimately, several metabolic pathways have been demonstrated 

to be dysregulated in cancer cells, including but not limited to lipid metabolism, glycolysis 

and oxidative phosphorylation12. Importantly, there is significant overlay between genetic 

alterations and aberrant metabolic processes as demonstrated by the identification that 

PIK3CA mutations are associated with distinct lipid profiles, and more specifically with 

aberrant arachidonic acid and concomitant eicosanoid production14. Other publications 

have additionally reported the influence of the PI3K/AKT signalling pathway on regulating 

oncogenic lipid metabolism15,16. This lipid enrichment and in particular the increased 

production of arachidonic acid and PGE2 associated with oncogenic PIK3CA mutations, 

highlights an exciting area for scientific exploration both in the context of tumourigenicity, 

and cancer-related pain. There already exists a plethora of data linking lipid species, 

arachidonic acid and eicosanoids to nociception and sensitisation17–22, although to date, 

data exploring their role in cancer-related pain is limited.  Accordingly, the hypothesis for 

this project was that oncogenic signalling pathways, responsible for dysregulation in lipid 
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metabolism will correlate with activation and sensitization of nociceptors, with the 

subsequent increased activity of nociceptive pathways resulting in cancer-related pain. 

 

The specific aims for this project were: 

4. To review the current literature to determine whether any clinical data links the 

analgesic efficacy of COX inhibitors to oncogenic PIK3CA mutations. 

5. To perform a preliminary study with primary patient data and samples to 

determine whether an association between oncogenic PIK3CA mutations and a 

specific phenotype of cancer-related pain exists. 

6. To elucidate the mechanisms responsible for the metabolic rewiring which leads 

to altered lipid metabolism, resulting in the aberrant synthesis of metabolites 

implicated in pain.  

It was felt that specifically exploring these aims would begin to address a number of the 

top ten research priorities set out by the NCRI, namely: 

1) What are the best ways to manage persistent pain caused by cancer or cancer 

treatments? 

2) How can we predict which people living with and beyond cancer will experience 

long-term side-effects and which people will experience late effects? 

3) What are the biological bases for these effects related to cancer treatment and 

how can a better understanding lead to improved ways to manage these effects? 

4) How can short-term, long-term and late effects of cancer treatment be (a) 

prevented, and/or (b) best treated or managed? 
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5.1 NSAIDs in cancer pain management 

A systematic re-appraisal of randomised controlled and double-blind controlled trails has 

identified a number of studies reporting that NSAIDs offer analgesic benefit in the 

management of cancer-related pain. The limitations of these data are discussed at 

greater length in Chapter 2 (section 2.4), however a few points merit reiterating. 

 

Firstly, despite the conclusions drawn by a systematic review performed in 2005 that 

“there remains a need for a substantial increase in the number of high-quality trials of 

NSAIDs in patients with cancer”, in the fifteen years that have subsequently passed, only 

three studies appear to have been performed. In keeping with this, only two studies have 

investigated COX-2 specific inhibitors. This sparsity in data, limits the ability to draw 

many meaningful conclusions. 

 

When considered with respect to the aims and hypothesis of this project, no publications 

identified had investigated or considered the use of these agents in the context of either 

cancer genetics or cancer metabolism. Targeted analgesic therapies are considered 

essential in effective pain management, both to enhance the analgesic efficacy and to 

limit adverse effects23,24. Determining the individuals or the specific circumstances in 

which certain patients may benefit from specific analgesic therapies is integral to 

effective pain medicine. Although ultimately this re-appraisal of the published literature 

failed to conclusively identify a specific cohort that COX inhibitors would especially 

benefit, there was sufficient data to suggest that these agents do have analgesic efficacy. 

Overall, the work undertaken in this review highlights the need to identify individuals with 

cancer-related pain, who may specifically respond to or benefit from COX inhibitor 

therapy. Identification of such individuals would allow these agents to be used with 
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greater efficacy and limit or reduce unwanted side-effects in those patients in whom 

efficacy may be limited. 

 

 

5.2 Oncogenic mutations in PIK3CA are associated with 

persistent post-surgical pain following breast cancer surgery 

This retrospective case-controlled study demonstrates that oncogenic mutations in 

PIK3CA are associated with the development of PPSP following breast cancer surgery. 

This novel finding is the first association between oncogenic PIK3CA and pain, and the 

first time that oncogenic mutations have been implicated in PPSP. As such, this finding 

potentially represents a shift in our current understanding of the pathophysiology of 

PPSP and may represent an important initial step in identifying further research avenues 

that may ultimately provide greater insight into many of the research priorities set out by 

the NCRI. 

 

Furthermore, this study highlighted that in those patients experiencing PPSP following 

resection of a PIK3CA mutant tumour, severe pain interference and psychological 

morbidity was reported more frequently, potentially demonstrating a greater impact of 

pain on quality of life and mental well-being. The limitations of this study are discussed 

at greater length in Chapter 3 (section 3.4), however it is important to acknowledge that 

this study was designed to investigate one pain pathology following a specific modality 

of treatment for a single cancer type. Therefore, it is debateable as to whether these 

findings can be extrapolated to the wider cancer patient population who undergo surgical 

treatment. Furthermore, although the underlying hypothesised mechanism would 

suggest that this may be relevant for other pain phenotypes, there is no data currently 
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available that can support or refute this. Despite these unknowns, the initial finding that 

oncogenic PIK3CA mutations are associated with PPSP following breast cancer surgery, 

supports the hypothesis within this thesis and lends weight to the concept that oncogenic 

signalling pathways, responsible for lipid dysregulation, correlate with increased activity 

of nociceptive pathways resulting in cancer-related pain. This finding undoubtedly 

vindicates the need for further clinical studies to explore this association. 

 

 

5.3 PIK3CA and AKT mutations are associated with elevated 

levels of secreted lysophosphatidic acid 

The results presented within this chapter firstly reproduce those previously reported14, 

that oncogenic mutations in PIK3CA are associated with greater production and 

secretion of arachidonic acid and PGE2. It also identifies that these mutations are 

associated with elevated extracellular levels of another bioactive lipid, that has previously 

been implicated in non-cancer pain states, LPA.  Mechanistically, these findings suggest 

that, as hypothesised, increased cPLA2 activity (driven by AKT independent 

mechanisms) contributes to elevated LPA production in PIK3CA mutant, but not AKT 

mutant cells.   

 

Additionally, unlike with elevated production of arachidonic acid and PGE2, AKT 

activation appears to play a role in the increased extracellular LPA levels, which is 

detected across both PIK3CA and AKT mutant cells. More specifically, AKT-mediated 

activation of PLD2 results in elevated levels of cellular PA, which acts as a substrate for 

LPA. In order for LPA to be obtained from PA, the latter must be deacetylated by 

phospholipases including PLA1 and PLA2. The work in this chapter also demonstrates 
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that PLA1 activity is greater in MCF10A isogenic cell lines harbouring activating 

mutations of PIK3CA and AKT. 

 

Furthermore, elevated levels of extracellular LPA were associated with significantly 

increased cellular proliferation, in autocrine and paracrine fashions, in MCF10A isogenic 

cell lines harbouring activating mutations of PIK3CA and AKT.  Initial work also implicates 

increased cellular migration associated with aberrant LPA production, however, further 

experiments are required to fully characterise this phenotype. 

 

 

5.4 Clinical implications and future considerations 

Pain in those living with and beyond cancer remains a major cause of morbidity and 

represents a significant area of unmet clinical need7. Accordingly, the NCRI has 

highlighted the importance of research into the unwanted ensuing effects associated with 

cancer and its treatment, including mechanisms, predicting those who will experience 

these effects and ultimately their prevention and management. Although the work 

presented within this thesis begins to address some of these research priorities, 

especially in a specific group of cancer survivors, the underlying mechanisms identified 

may ultimately lead to many more of the research priorities being addressed in broader 

patient groups. 

 

5.4.1 Persistent post-surgical pain following breast cancer surgery 

Firstly, the identification that activating mutations of PIK3CA are associated with PPSP 

following breast cancer surgery, is a novel finding that has the potential to significantly 
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impact clinical practice. When breast cancer is considered, it accounts for over 25% of 

all new cancer cases in women globally25 and close to 320,000 cases are expected in 

the United States in 2020 alone26. Therefore, the absolute number of individuals requiring 

treatment for breast cancer is large, with surgery remaining the mainstay of therapy27. 

Survival rates, compared with other malignancies, are relatively high26 resulting in a large 

population of cancer survivors. These elements combined with the high reported 

incidence of PPSP28, result in large absolute numbers of individuals expected to develop 

PPSP following breast cancer treatment. Utilising the figures reported by Siegel et al., 

one could expect close to 100,000 of those diagnosed with breast cancer in the United 

States in 2020 to develop PPSP. This represents a large and growing population who 

are impacted by this morbidity. 

 

PPSP represents a significant burden to the individual, the healthcare system and 

economy29–31. Often patients with PPSP are not referred to specialist pain management 

services until the diagnosis of PPSP has been made, which by definition would be 

months after the surgical procedure has taken place. Considering the mechanisms 

thought to underpin the development of PPSP, it is conceivable that referral at this stage 

limits the interventions that are possible and the impact that they may have on modifying 

the burden associated with this morbidity32. The use of targeted resources in the peri-

operative period, directed at those deemed at higher risk for the development of PPSP 

indicate that improvements in pain, pain interference, pain catastrophising, psychological 

morbidity and opioid use can all be achieved32. A major limitation in the ability to deliver 

targeted resources is the accurate identification of those who would benefit. Identifying 

factors associated with PPSP, or biomarkers that may signify a risk of developing PPSP, 

would facilitate this. The potential to utilise mutation status of PIK3CA as a biomarker for 

the risk of developing PPSP is beyond the scope of this thesis but represents an exciting 

prospect. 
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Considering this further, it is important to contemplate the timing at which mutation status 

could be identified and interventions initiated. Following tumour resection, analysis and 

identification of mutation status could be undertaken, allowing peri-operative referral to 

pain management specialists once this is known. Referral could hence be made soon 

after the surgical procedure, and likely represent ability to initiate interventions 

significantly sooner than the current standard.   

 

Earlier detection of mutation status could potentially be achieved, either by intraoperative 

iKnife/REIMS analysis, which is reported to classify PIK3CA mutation status with an 

accuracy of 90%14 or by analysis of circulating tumour DNA (ctDNA) at the time of 

diagnosis. The analysis of circulating tumour DNA remains a relatively novel technique, 

yet these so-called ‘liquid biopsies’ have been reported to detect mutations in key 

oncogenes with specificities and sensitivities of up to 87% and 99%, respectively33. 

Although this technique has been used to identify PIK3CA mutant circulating tumour 

DNA, this has been achieved with lower sensitivity and specificity34. Nonetheless, both 

of these techniques may offer a potential for earlier detection of oncogenic mutations in 

PIK3CA, allowing earlier targeted interventions for the management of pain. 

 

Ultimately, the identification of a specific risk factor, or indeed indicator that one is more 

likely to experience PPSP represents an exciting opportunity to instigate targeted 

interventions in this population so as to reduce the incidence and morbidity associated 

with PPSP in breast cancer patients. 
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5.4.2 Persistent post-surgical pain following other surgical procedures 

The identification that oncogenic mutations in PIK3CA are associated with PPSP 

following breast cancer surgery represents an exciting and novel finding that is the first 

to suggest that oncogenic mutations may influence the development of PPSP. As such, 

this finding potentially represents a shift in our understanding of the pathophysiology of 

the condition, with an emphasis placed upon the tumour phenotype, not simply patient 

and surgical factors. This finding therefore identifies avenues for further research, one 

of which, is whether PPSP following other surgical procedures is also associated with 

oncogenic PIK3CA mutations. 

 

The initial identification that PIK3CA mutations were associated with elevated levels of 

arachidonic acid and PGE2, demonstrated that not all PIK3CA mutant tumours displayed 

these distinct lipid profiles, and in fact colorectal tumours were not associated with 

significantly elevated levels of these bioactive lipid metabolites14. Chapter 4, 

demonstrates that elevated levels of LPA were observed in tumour tissue of breast, 

colorectal and pancreatic origin, but not ovarian or sarcoma (Fig. 4.3D). Should the 

hypothesised mechanism underlie the development of PPSP, then these findings would 

suggest that PIK3CA mutations may be associated with PPSP following surgical 

resection across many tumour types. The identification that oncogenic mutations may 

be associated with persistent pain following surgical resection, could allow the mutation 

status of tumours to act as biomarkers for those at risk of experiencing pain. As such, 

this could allow early intervention of targeted resources to potentially address this at an 

early stage. It is reported that these interventions could reduce the transition from acute 

to persistent pain, or impact upon pain trajectories, decreasing suffering, disability and 

healthcare costs35. Determining the specific tumour types for which oncogenic PIK3CA 
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mutations are a risk factor for the development of PPSP would be important to ensuring 

that targeted interventions and resources could be used appropriately and efficiently. 

 

Similarly designed retrospective studies could be utilised in the first instance to establish 

the association between oncogenic mutations in PIK3CA and PPSP following resection 

of other tumour types. However factors that would require consideration include lower 

incidence of PPSP associated with surgical resection of other tumour types36–38, fewer 

patients presenting to the Royal Marsden Hospital pain management clinics with PPSP 

following resection of other tumour types (service evaluation reference 693, Appendix 

3.1) and potentially fewer surgical resections of other tumour types being undertaken. 

 

5.4.3 Other cancer-related pain pathologies  

The underlying hypothesised mechanism behind the observation that oncogenic 

mutations in PIK3CA are associated with PPSP following breast cancer surgery, would 

suggest that mutations in this oncogene may be relevant for other pain phenotypes. The 

exact role that the implicated bioactive lipids have in the numerous pain phenotypes 

experienced by cancer patients remains unclear, however, numerous studies have 

identified that arachidonic acid, PGE2 and LPA have a significant role in non-malignant 

pain18–20,22,39–44. 

 

Although a number of retrospective studies could be designed to examine the 

relationship between this gene and multiple pain pathologies, large scale prospective 

trials would provide a greater level of evidence for this association and allow multiple 

pain pathologies to be considered simultaneously. Performing large scale prospective 

studies is not without challenge.  For instance, depending upon design, it is likely that at 

the time of recruitment, the pain pathologies that a patient may experience (if any) would 
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not be known. Consequently, the size and length of the study required would be 

significantly larger than a retrospective study. Although retrospective studies allow 

mutation status to be evaluated reliably, analysis of any lipid biomarkers is likely to be 

inaccurate, due to the instability of these metabolites ex vivo and the length of time 

between resection and subsequent analysis. Prospective studies would therefore not 

only allow mutation status, but also bioactive lipids, to be investigated in the context of 

pain, which could enhance our understanding of the underlying mechanisms involved. 

 

Establishing responsible bioactive metabolites implicated in various cancer-related pain 

pathologies is integral to interrogating the mechanisms responsible for the development 

of these metabolites and ultimately resulting in the pain pathology. Determining the 

responsible mechanisms are key to either identifying individuals who may benefit from 

established analgesic agents (for instance NSAIDs) or ascertaining potential targets for 

novel therapeutic interventions that may reduce these processes and ultimately reduce 

or prevent cancer-related pain. 

 

5.4.4 Targeted therapeutic interventions 

Identifying and understanding the underlying pathophysiology associated with various 

pain pathologies is hugely important in generating potential targeted therapies for 

management. By understanding the mechanism and specific metabolites that result in 

either nociception or sensitization, action of these metabolites could potentially be 

inhibited. For instance, EP or LPA receptor antagonism may inhibit the processes that 

are mediated by increased PGE2 or LPA, respectively. 

 

Alternatively, it could be possible to target the underlying metabolic processes that lead 

to the generation of the metabolites responsible for nociception and sensitization. 
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Inhibiting these processes could reduce the availability of these bioactive lipids and their 

role in both nociception and sensitization. One example is the appropriate use of 

NSAIDs, resulting in reduced conversion of arachidonic acid to PGE2, and therefore 

reducing PGE2-mediated pain. Given that elevated levels of arachidonic acid are 

secreted by PIK3CA mutant tumours, and that arachidonic acid is metabolised to 

prostaglandins by COX enzymes, NSAIDs could be an attractive therapy for pain 

associated with tumours with oncogenic PIK3CA mutations. Studies designed to 

investigate the analgesic efficacy of NSAIDs in this population would be appropriate. 

Ultimately determining which individuals have PGE2 mediated pain processes, would 

allow the targeted use of NSAIDs in patients that are likely to receive analgesic benefit 

without exposing those who are unlikely to obtain benefit to any side-effects associated 

with NSAID use.   

 

Similarly, identifying the pain pathologies that LPA is implicated in, would allow the 

exploration of various targeted therapies in the management of pain. In the context of 

PIK3CA and AKT mutant tumours, this could be a PLD2 inhibitor, which would reduce 

the increased PA production that is associated with these mutations and acts as a 

substrate pool for LPA.  

 

Ultimately, reducing the production of bioactive lipids that have been implicated in pain 

by targeting the responsible hyperactive pathways, may either reduce the intensity or 

incidence of pain. Targeted analgesic therapies are considered essential in effective pain 

management, to enhance the analgesic efficacy and limit adverse effects23,24. 

Determining the individuals or the specific circumstances in which certain patients may 

benefit from specific analgesic therapies is integral to pain medicine. However, the use 

of these agents would need to be considered in the wider context of the disease process, 

not solely in the context of pain. For instance, the oncological and immunological effect 
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of many of these agents would warrant attention and as such, appropriately designed 

studies would need to consider these elements. 

 

 

5.5 Final remarks 

In addition to the recent identification that oncogenic mutations in PIK3CA are associated 

with elevated levels of arachidonic acid and PGE2 both intra- and extracellularly14, 

PIK3CA and AKT mutations drive increased production of extracellular LPA. These 

bioactive lipids play important roles in many non-cancer pain pathologies, both through 

direct nociception and sensitization. To date, their role in cancer-related pain remains 

uncertain. However, this thesis presents the first association between oncogenic 

mutations in PIK3CA and a pain phenotype - persistent post-surgical pain following 

breast cancer surgery. This finding lends weight to the hypothesis that these bioactive 

lipids play a role in the development and potentiation of pain phenotypes relevant to 

cancer patients. The elevated levels of extracellular LPA are generated through two 

distinct mechanisms; firstly, through increased cPLA2 activity in PIK3CA mutant, but not 

AKT mutant cells, and secondly through AKT-mediated activation of PLD2 in both 

PIK3CA and AKT mutant cells. Ultimately, these novel findings begin to address and 

identify multiple avenues for further research in keeping with many of the top ten 

research priorities established by the NCRI for those living with and beyond cancer.  Pain 

in cancer survivors remains a significant morbidity and a major area of unmet clinical 

need. The identification of novel mechanisms that may be responsible, and potential 

biomarkers that can facilitate the use of targeted resources are important initial steps in 

improving the care that one can provide to the high number of individuals experiencing 

cancer-related pain. 
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Appendix 2.1 

Medline search strategy 
 (*"CANCER PAIN"/OR (Cancer Pain).ti,ab OR (Cancer associated pain).ti,ab OR 

(Cancer-associated pain).ti,ab OR (Cancer-related pain).ti,ab OR (Cancer related pain).ti,ab OR 

(Neoplasm associated pain).ti,ab OR (Neoplasm-associated pain).ti,ab OR (Neoplasm related 

pain).ti,ab OR (Neoplasm-related pain).ti,ab OR (oncological pain).ti,ab OR (oncology pain).ti,ab 

OR (tumor associated pain).ti,ab OR (tumor-associated pain).ti,ab OR (tumour-associated 

pain).ti,ab OR (tumour associated pain).ti,ab OR (tumour related pain).ti,ab OR (tumour-related 

pain).ti,ab OR (tumor-related pain).ti,ab OR (tumor related pain).ti,ab) AND (*"ANTI-

INFLAMMATORY AGENTS, NON-STEROIDAL"/OR *"CYCLOOXYGENASE 2 

INHIBITORS"/OR (NSAIDs).ti,ab OR (Non steroidal anti-inflammatory drugs).ti,ab OR (Non 

steroidal anti inflammatory drugs).ti,ab OR (Non steroidal anti inflammatory agents).ti,ab OR (Non 

steroidal anti-inflammatory agents).ti,ab OR (Non steroidals).ti,ab OR (Non-steroidals).ti,ab OR 

(Non-steroidal anti-inflammatory drugs).ti,ab OR (Non-steroidal anti inflammatory drugs).ti,ab OR 

(Non-steroidal anti inflammatory agents).ti,ab OR (Non-steroidal anti-inflammatory agents).ti,ab 

OR (Aspirin).ti,ab OR ("profen").ti,ab OR (ibuprofen).ti,ab OR (diclofenac).ti,ab OR ("coxib").ti,ab 

OR (salicylate).ti,ab OR ("bufen").ti,ab OR ("brufen").ti,ab OR (naproxen).ti,ab OR 

(ketorolac).ti,ab OR (COX-2 inhibitors).ti,ab OR (COX 2 inhibitors).ti,ab OR (Cyclooxygenase 

inhibitors).ti,ab OR (Cyclo-oxygenase inhibitors).ti,ab) 

 

Embase search strategy: 
(*"CANCER PAIN"/OR (Cancer Pain).ti,ab OR (Cancer associated pain).ti,ab OR 

(Cancer-associated pain).ti,ab OR (Cancer-related pain).ti,ab OR (Cancer related pain).ti,ab OR 

(Neoplasm associated pain).ti,ab OR (Neoplasm-associated pain).ti,ab OR (Neoplasm related 

pain).ti,ab OR (Neoplasm-related pain).ti,ab OR (oncological pain).ti,ab OR (oncology pain).ti,ab 

OR (tumor associated pain).ti,ab OR (tumor-associated pain).ti,ab OR (tumour-associated 

pain).ti,ab OR (tumour associated pain).ti,ab OR (tumour related pain).ti,ab OR (tumour-related 

pain).ti,ab OR (tumor-related pain).ti,ab OR (tumor related pain).ti,ab) AND (*"NONSTEROID 

ANTIINFLAMMATORY AGENT"/OR *"CYCLOOXYGENASE 2 INHIBITOR"/OR (NSAIDs).ti,ab 

OR (Non steroidal anti-inflammatory drugs).ti,ab OR (Non steroidal anti inflammatory drugs).ti,ab 

OR (Non steroidal anti inflammatory agents).ti,ab OR (Non steroidal anti-inflammatory 

agents).ti,ab OR (Non steroidals).ti,ab OR (Non-steroidals).ti,ab OR (Non-steroidal anti-

inflammatory drugs).ti,ab OR (Non-steroidal anti inflammatory drugs).ti,ab OR (Non-steroidal anti 

inflammatory agents).ti,ab OR (Non-steroidal anti-inflammatory agents).ti,ab OR (Aspirin).ti,ab 

OR ("profen").ti,ab OR (ibuprofen).ti,ab OR (diclofenac).ti,ab OR ("coxib").ti,ab OR 

(salicylate).ti,ab OR ("bufen").ti,ab OR ("brufen").ti,ab OR (naproxen).ti,ab OR (ketorolac).ti,ab 

OR (COX-2 inhibitors).ti,ab OR (COX 2 inhibitors).ti,ab OR (Cyclooxygenase inhibitors).ti,ab OR 

(Cyclo-oxygenase inhibitors).ti,ab 

Appendix 2.1: Details of search strategy used for literature review detailing efficacy of 
NSAIDS in cancer pain. 



 
 

Appendix 

 

 243 

Appendix 3.1 

 

 

 

 

Service Evaluation Results Form  v2.0 (01/11/2013) 
 Page 1 of 2 
 

Service Evaluation Results Form 
 
Please complete this form after local presentation and agreement of the results and discussion of any action plan from your service evaluation.  Please 
submit this form to Sevice.Evaluation@rmh.nhs.uk who can also advise you if you have any queries.  This information will be included in Quarterly 
reports to the Integrated Governance and Risk Management Committee (IGRM) and in any other relevant trust reports.   
Thank you  

Service Evaluation Title: SE693: Persistent post-surgical pain: patients attending Royal Marsden Pain 
Management outpatient clinics 

Name: David Magee Contact No:  1749 
Designation: ST6 Anaesthetics Trainee Unit/ Dept: Pain Management Team 
Email address for certificate: davidmagee@nhs.net 

 

RESULTS:  Brief Summary of Service Evaluation Results  
 
A total of 601 patients were included, of which 169 (28.1%) had a diagnosis of persistent post-surgical pain (PPSP).  The 
most common preceding surgical specialties were: 

• Breast cancer (39.1%) 
• Sarcoma surgery (14.2%) 
• Head and neck cancer surgery (13.2%) 

 
The presence of neuropathic pain was more common in patients with PPSP compared to those with other pain diagnoses 
(81.1% vs 53.7%). 
 
No significant difference in pain severity or pain interference scores (measured using the Brief Pain Inventory) were 
observed between those with PPSP and those with other pain diagnoses. 
 
The proportion of individuals identified as likely to be suffering with depression using the Hospital Anxiety and Depression 
Scale was significantly higher in group with PPSP.  There was no significant difference in the proportion of individuals 
likely to be suffering with anxiety when comparing those with PPSP to other pain pathologies. 
 
No significant differences in pain severity, interference, anxiety, depression or neuropathic features were seen when 
comparing PPSP amongst different surgical groups. 
  
Conclusions 
PPSP was diagnosed as the cause of pain in almost one third of outpatients attending pain clinics at a specialist cancer 
centre. 
 
Pain severity was reported was severe in ~20% and pain interference was reported as severe in ~40% of individuals with 
PPSP, representing a substantial morbidity. 
 
Neuropathic features and the proportion of individuals likely to be suffering with depression were both higher in patients 
with PPSP, when compared to other pain pathologies. 
 
WERE THE AIMS OF THE SE MET?  Yes  
WERE THE OBJECTIVES OF THE SE MET?  Yes   

 

AGREED ACTION PLAN 
Will implementation of SE recommendations lead to change in practice? No  
Action(s) to be taken resulting from SE findings By whom?  

(Name and designation) 
To be completed by 
when? (date) 

1. Disseminate results David Magee 31/06/2018 
2. Consider further research opportunities to identify risk factors for PPSP David Magee 01/01/2019 
3.    
Will it be appropriate to audit when actions have been implemented?  If Yes 
please give details here ie Audit topic and date planned: 

No  

*Retention period for audit data agreed? No  
 

R&D_TEM-39 
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Appendix 3.1: Completed Service Evaluation 693 results form. 

 

 

 

 

Service Evaluation Results Form  v2.0 (01/11/2013) 
 Page 2 of 2 
 

Risk Management issues arising from report / action plan? No 
If YES:  
Nature of issue(s) : 

Raised with Head 
of Department? 

Formally reported to Head of Risk Management? 

1. N/A N/A Date: 
 

Dissemination of Service Evaluation Results Yes  Department Meeting & British Pain Society 
Annual Scientific Meeting 

Local feedback to Unit / Team Yes Department Meeting 
Other feedback eg to related Units / Network Yes British Pain Society Annual Scientific Meeting  
External Publication of audit results planned No  
Poster submission planned Yes British Pain Society Annual Scientific Meeting 

 

* Note: Freedom of Information Act 2000 – Retention of SE data 
i) The initial data should be retained for 5 years. 
ii) If the data are related to ongoing research eg following extraction from a research data set – the data should be retained for the same 
period of time as the related research data set or for five years, whichever is the longer. 

Name of Research Lead Approving Report : Dr. Matt Brown 

Signed by Research Lead:  Date (Report form completed):  

08/11/2019 
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Appendix 3.2 
Pain group  No pain group 

Sample DNA concentration 

(ng/µl) 

260/280 ratio  Sample DNA concentration 

(ng/µl) 

260/280 ratio Sample DNA concentration 

(ng/µl) 

260/280 ratio 

1 5.78 2.00  1 4.14 1.99 2 2.28 2.06 
2 1.40 1.64  3 0.19 2.14 4 11.7 1.90 
3 38.0 1.97  5 4.84 2.04 6 56.8 2.02 
4 2.18 2.01  7 6.02 1.95 8 5.80 2.00 
5 26.4 2.01  9 21.8 1.98 10 22.4 2.00 
6 3.06 1.75  11 3.50 2.04 12 6.60 2.02 
7 45.4 2.07  13 5.52 2.05 14 18.7 1.96 
8 3.58 1.96  15 3.54 2.10 16 56.4 2.04 
9 13.7 2.00  17 9.04 1.98 18 13.1 1.89 
10 19.5 1.98  19 11.7 2.03 20 23.0 2.00 
11 7.26 1.95  21 3.00 1.70 22 97.8 1.97 
12 13.5 2.04  23 2.60 1.99 24 24.0 1.98 
13 15.7 1.99  25 4.88 1.92 26 1.56 1.79 
14 5.70 1.97  27 30.2 1.92 28 1.55 2.05 
15 5.76 1.93  29 52.6 2.03 30 14.1 1.97 
16 5.56 2.14  31 3.02 1.96 32 8.44 2.02 
17 20.4 1.97  33 59.0 2.02 34 9.78 1.93 
18 10.4 1.96  35 11.2 2.03 36 33.8 2.01 
19 22.4 2.00  37 35.8 2.06 38 5.82 2.10 
20 1.14 1.64  39 11.3 2.05 40 3.12 1.98 
21 76.0 1.98  41 16.0 2.01 42 5.30 2.10 
22 0.77 1.23  43 15.3 1.97 44 71.2 2.05 
23 0.11 1.68  45 37.0 2.10 46 3.48 2.11 
24 1.43 1.53  47 15.9 2.03 48 2.22 1.87 
25 56.6 2.03  49 16.3 1.96 50 5.48 2.03 
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Appendix 3.2 continued 

Pain group  No pain group 

Sample DNA concentration 

(ng/µl) 

260/280 ratio  Sample DNA concentration 

(ng/µl) 

260/280 ratio Sample DNA concentration 

(ng/µl) 

260/280 ratio 

26 2.40 1.95  51 15.1 1.96 52 16.3 1.95 
27 36.8 2.03  53 2.24 1.99 54 38.4 1.99 
28 7.54 2.00  55 51.4 2.00 56 27.2 2.06 
29 0.98 2.05  57 26.4 1.97 58 7.96 1.93 
30 8.94 1.92  59 5.08 2.00 60 63.6 1.97 
31 8.04 1.95  61 20.0 2.02 62 31.6 1.97 
32 29.4 1.93  63 17.0 1.98 64 8.68 1.96 
33 2.32 2.04  65 12.4 1.98 66 14.3 2.04 
34 27.0 1.99  67 1.38 1.86 68 18.6 1.95 
35 2.90 2.00  69 8.10 2.05 70 26.6 1.85 

Appendix 3.2: Summary of DNA yields and DNA quality assessments for all 105 DNA samples extracted from formalin fixed paraffin 
embedded samples. 
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Appendix 3.3 

Group Sample Non 
PNA 

mix (S1) 

E5452 
PNA 

mix (S2) 

E545 or 
Q546 PNA 
mix (S3) 

H1047R 
PNA 

mix (S4) 

 

E542 
PNA mix 
(ΔCT-1) 

E545 or 
Q546 PNA 

mix (ΔCT-1) 

H1047R 
PNA mix 
(ΔCT-1) 

 E542 
PNA Mix 
(ΔCT-2) 

E545 or 
Q546 PNA 

mix (ΔCT-2) 

H1047R 
PNA mix 
(ΔCT-2) 

Pain 1 23.18 31.25 24.45 32.68  2.82 8.05 2.08  8.07 1.27 9.50 
Pain 2 27.89 35.44 34.25 38.00  -1.37 -1.75 -3.24  7.55 6.36 10.11 
Pain 3 23.22 32.58 38.00 30.78  1.49 -5.50 3.98  10.27 16.15 12.67 
Pain 4 27.31 39.14 36.39 38.00  -5.07 -3.89 -3.24  11.83 9.08 10.69 
Pain 5 21.23 30.12 35.19 33.74  3.95 -2.69 1.02  8.89 13.96 12.51 
Pain 6 22.84 33.60 33.30 34.88  0.47 -0.80 -0.12  10.76 10.46 12.04 
Pain 7 22.83 31.00 34.56 34.37  3.07 -2.06 0.39  8.17 11.73 11.54 
Pain 8 23.53 31.64 31.08 38.15  2.43 1.42 -3.39  8.11 7.55 14.62 
Pain 9 24.39 33.55 30.22 34.19  0.52 2.28 0.57  9.16 5.83 9.80 
Pain 10 25.37 29.68 35.53 38.00  4.39 -3.03 -3.24  4.31 10.16 12.63 
Pain 11 23.14 32.04 27.98 35.29  2.03 4.52 -0.53  8.90 4.84 12.15 
Pain 12 24.72 34.92 34.64 35.68  -0.85 -2.14 -0.92  10.20 9.92 10.96 
Pain 13 22.80 33.77 38.00 34.27  0.30 -5.50 0.49  10.97 15.20 11.47 
Pain 14 32.32 39.17 38.01 39.51  -5.10 -5.51 -4.75  6.85 5.69 7.19 
Pain 15 22.66 34.26 38.00 34.57  -0.19 -5.50 0.19  11.60 15.34 11.91 
Pain 16 24.30 32.42 33.32 38.00  1.65 -0.82 -3.24  8.12 9.02 13.70 
Pain 17 22.31 35.12 38.00 34.24  -1.05 -5.50 0.52  12.81 15.69 11.93 
Pain 18 23.31 31.93 32.23 39.33  2.14 0.27 -4.57  8.62 8.92 16.02 
Pain 19 23.99 33.24 38.57 35.99  0.83 -6.07 -1.23  9.25 14.58 12.00 
Pain 20 26.53 38.00 30.51 38.00  -3.93 1.99 -3.24  11.47 3.98 11.47 
Pain 21 23.01 32.75 38.00 28.50  1.32 -5.50 6.26  9.74 14.99 5.49 
Pain 22 N/A N/A N/A N/A  N/A N/A N/A  N/A N/A N/A 
Pain 23 N/A N/A N/A N/A  N/A N/A N/A  N/A N/A N/A 
Pain 24 26.31 38.00 34.46 32.53  -3.93 -1.96 2.23  11.69 8.15 6.22 
Pain 25 26.90 34.27 34.83 34.77  -0.20 -2.33 -0.01  7.37 7.93 7.87 
Pain 26 30.00 35.39 34.91 38.00  -1.32 -2.41 -3.24  5.39 4.91 8.00 
Pain 27 23.36 33.15 32.31 34.45  0.92 0.19 0.31  9.79 8.95 11.09 
Pain 28 25.98 36.59 37.10 38.00  -2.52 -4.60 -3.24  10.61 11.12 12.02 
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Appendix 3.3 continued 

Group Sample Non 
PNA 

mix (S1) 

E5452 
PNA 

mix (S2) 

E545 or 
Q546 PNA 
mix (S3) 

H1047R 
PNA 

mix (S4) 

 

E542 
PNA mix 
(ΔCT-1) 

E545 or 
Q546 PNA 

mix (ΔCT-1) 

H1047R 
PNA mix 
(ΔCT-1) 

 E542 
PNA Mix 
(ΔCT-2) 

E545 or 
Q546 PNA 

mix (ΔCT-2) 

H1047R 
PNA mix 
(ΔCT-2) 

Pain 29 N/A N/A N/A N/A  N/A N/A N/A  N/A N/A N/A 
Pain 30 27.38 32.96 32.46 38.99  1.11 0.04 -4.23  5.58 5.08 11.61 
Pain 31 25.38 34.70 35.92 38.09  -0.63 -3.42 -3.33  9.32 10.54 12.71 
Pain 32 24.22 33.80 35.25 37.28  0.27 -2.75 -2.52  9.58 11.03 13.06 
Pain 33 23.77 34.69 33.16 39.79  -0.62 -0.66 -5.03  10.92 9.39 16.02 
Pain 34 23.83 32.78 29.99 38.00  1.29 2.51 -3.24  8.95 6.16 14.17 
Pain 35 24.32 33.58 33.40 38.00  0.49 -0.90 -3.24  9.26 9.08 13.68 
No Pain 1 24.86 38.36 38.00 38.00  -4.29 -5.50 -3.24  13.50 13.14 13.14 
No Pain 2 25.55 36.77 36.66 38.00  -2.70 -4.16 -3.24  11.22 11.11 12.45 
No Pain 3 N/A N/A N/A N/A  N/A N/A N/A  N/A N/A N/A 
No Pain 4 23.34 32.96 32.23 35.40  1.11 0.27 -0.64  9.62 8.89 12.06 
No Pain 5 22.37 34.05 31.55 34.92  0.02 0.95 -0.16  11.68 9.18 12.55 
No Pain 6 27.70 28.11 34.11 40.36  5.96 -1.61 -5.60  0.41 6.41 12.66 
No Pain 7 21.98 32.09 30.83 38.00  1.98 1.67 -3.24  10.11 8.85 16.02 
No Pain 8 25.44 38.26 34.35 38.72  -4.19 -1.85 -3.96  12.82 8.91 13.28 
No Pain 9 25.19 33.90 32.97 38.00  0.17 -0.47 -3.24  8.71 7.78 12.81 
No Pain 10 22.92 32.12 32.18 35.41  1.95 0.32 -0.65  9.20 9.26 12.49 
No Pain 11 23.11 33.51 38.89 38.93  0.56 -6.39 -4.17  10.40 15.78 15.82 
No Pain 12 25.63 36.40 34.02 38.00  -2.33 -1.52 -3.24  10.77 8.39 12.37 
No Pain 13 23.39 32.32 31.59 38.00  1.75 0.91 -3.24  8.93 8.20 14.61 
No Pain 14 23.78 31.33 38.90 36.06  2.74 -6.40 -1.30  7.55 15.12 12.28 
No Pain 15 21.21 32.39 31.58 35.17  1.68 0.92 -0.41  11.18 10.37 13.96 
No Pain 16 31.51 38.00 34.37 37.14  -3.93 -1.87 -2.38  6.49 2.86 5.63 
No Pain 17 23.78 33.26 38.00 30.97  0.81 -5.50 3.79  9.48 14.22 7.19 
No Pain 18 24.82 33.83 29.85 39.38  0.24 2.65 -4.62  9.01 5.03 14.56 
No Pain 19 23.80 32.79 33.73 35.51  1.28 -1.23 -0.75  8.99 9.93 11.71 
No Pain 20 23.50 32.13 33.37 30.58  1.94 -0.87 4.18  8.63 9.87 7.08 
No Pain 21 23.12 36.44 38.00 33.92  -2.37 -5.50 0.84  13.32 14.88 10.80 
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Appendix 3.3 continued 

Group Sample Non 
PNA 

mix (S1) 

E5452 
PNA 

mix (S2) 

E545 or 
Q546 PNA 
mix (S3) 

H1047R 
PNA 

mix (S4) 

 

E542 
PNA mix 
(ΔCT-1) 

E545 or 
Q546 PNA 

mix (ΔCT-1) 

H1047R 
PNA mix 
(ΔCT-1) 

 E542 
PNA Mix 
(ΔCT-2) 

E545 or 
Q546 PNA 

mix (ΔCT-2) 

H1047R 
PNA mix 
(ΔCT-2) 

No Pain 22 24.74 33.25 38.00 38.00  0.82 -5.50 -3.24  8.51 13.26 13.26 
No Pain 23 25.46 38.00 35.58 38.58  -3.93 -3.08 -3.82  12.54 10.12 13.12 
No Pain 24 33.78 35.76 34.95 38.96  -1.69 -2.45 -4.20  1.98 1.17 5.18 
No Pain 25 24.55 36.69 34.39 38.00  -2.62 -1.89 -3.24  12.14 9.84 13.45 
No Pain 26 28.14 38.00 38.00 38.00  -3.93 -5.50 -3.24  9.86 9.86 9.86 
No Pain 27 26.25 35.46 33.52 38.00  -1.39 -1.02 -3.24  9.21 7.27 11.75 
No Pain 28 27.28 39.44 35.42 38.00  -5.37 -2.92 -3.24  12.16 8.14 10.72 
No Pain 29 25.09 33.25 28.69 38.00  0.82 3.81 -3.24  8.16 3.60 12.91 
No Pain 30 23.56 33.36 33.06 32.29  0.71 -0.56 2.47  9.80 9.50 8.73 
No Pain 31 23.75 34.17 30.70 37.20  -0.10 1.80 -2.44  10.42 6.95 13.45 
No Pain 32 24.21 34.52 33.68 35.12  -0.45 -1.18 -0.36  10.31 9.47 10.91 
No Pain 33 23.15 32.48 33.28 35.44  1.59 -0.78 -0.68  9.33 10.13 12.29 
No Pain 34 23.20 33.09 33.93 34.74  0.98 -1.43 0.02  9.89 10.73 11.54 
No Pain 35 23.16 32.21 33.15 34.88  1.86 -0.65 -0.12  9.05 9.99 11.72 
No Pain 36 23.54 32.64 35.53 35.18  1.43 -3.03 -0.42  9.10 11.99 11.64 
No Pain 37 24.12 33.18 34.41 38.05  0.89 -1.91 -3.29  9.06 10.29 13.93 
No Pain 38 26.71 35.45 34.52 38.00  -1.38 -2.02 -3.24  8.74 7.81 11.29 
No Pain 39 23.68 32.98 31.53 37.13  1.09 0.97 -2.37  9.30 7.85 13.45 
No Pain 40 26.24 38.00 38.18 38.00  -3.93 -5.68 -3.24  11.76 11.94 11.76 
No Pain 41 21.53 32.04 38.00 36.40  2.03 -5.50 -1.64  10.51 16.47 14.87 
No Pain 42 23.00 31.84 24.88 36.38  2.23 7.62 -1.62  8.84 1.88 13.38 
No Pain 43 22.28 32.61 33.49 36.73  1.46 -0.99 -1.97  10.33 11.21 14.45 
No Pain 44 25.08 34.30 32.53 38.00  -0.23 -0.03 -3.24  9.22 7.45 12.92 
No Pain 45 25.63 34.04 34.80 38.05  0.03 -2.30 -3.29  8.41 9.17 12.42 
No Pain 46 23.11 34.40 33.42 37.66  -0.33 -0.92 -2.90  11.29 10.31 14.55 
No Pain 47 23.42 32.79 34.68 36.40  1.28 -2.18 -1.64  9.37 11.26 12.98 
No Pain 48 26.48 37.17 34.79 38.00  -3.10 -2.29 -3.24  10.69 8.31 11.52 
No Pain 49 24.02 33.02 40.22 30.17  1.05 -7.72 4.59  9.00 16.20 6.15 
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Appendix 3.3 continued 

Group Sample Non 
PNA 

mix (S1) 

E5452 
PNA 

mix (S2) 

E545 or 
Q546 PNA 
mix (S3) 

H1047R 
PNA 

mix (S4) 

 

E542 
PNA mix 
(ΔCT-1) 

E545 or 
Q546 PNA 

mix (ΔCT-1) 

H1047R 
PNA mix 
(ΔCT-1) 

 E542 
PNA Mix 
(ΔCT-2) 

E545 or 
Q546 PNA 

mix (ΔCT-2) 

H1047R 
PNA mix 
(ΔCT-2) 

No Pain 50 25.61 34.71 33.07 38.00  -0.64 -0.57 -3.24  9.10 7.46 12.39 
No Pain 51 23.07 32.86 33.11 32.33  1.21 -0.61 2.43  9.79 10.04 9.26 
No Pain 52 24.14 34.34 33.54 36.08  -0.27 -1.04 -1.32  10.20 9.40 11.94 
No Pain 53 23.24 33.61 31.18 36.63  0.46 1.32 -1.87  10.37 7.94 13.39 
No Pain 54 22.90 33.32 30.92 36.30  0.75 1.58 -1.54  10.42 8.02 13.40 
No Pain 55 24.61 35.47 38.00 38.00  -1.40 -5.50 -3.24  10.86 13.39 13.39 
No Pain 56 23.58 33.97 35.16 38.00  0.10 -2.66 -3.24  10.39 11.58 14.42 
No Pain 57 23.46 35.75 38.00 38.00  -1.68 -5.50 -3.24  12.29 14.54 14.54 
No Pain 58 31.25 34.06 32.36 37.27  0.01 0.14 -2.51  2.81 1.11 6.02 
No Pain 59 24.83 34.56 28.23 38.00  -0.49 4.27 -3.24  9.73 3.40 13.17 
No Pain 60 25.41 35.35 34.10 37.46  -1.28 -1.60 -2.70  9.94 8.69 12.05 
No Pain 61 23.68 36.28 32.64 35.47  -2.21 -0.14 -0.17  12.60 8.96 11.79 
No Pain 62 23.66 34.15 32.01 38.60  -0.08 0.49 -3.84  10.49 8.35 14.94 
No Pain 63 27.80 34.85 33.81 39.29  -0.78 -1.31 -4.53  7.05 6.01 11.49 
No Pain 64 25.05 34.67 35.08 38.00  -0.60 -2.58 -3.24  9.62 10.03 12.95 
No Pain 65 30.27 38.29 39.79 38.00  -4.22 -7.29 -3.24  8.02 9.52 7.73 
No Pain 66 20.49 26.89 32.47 36.12  7.18 0.03 -1.36  6.40 11.98 15.63 
No Pain 67 27.06 36.60 35.42 38.00  -2.53 -2.92 -3.24  9.54 8.36 10.94 
No Pain 68 22.86 32.39 34.96 30.24  1.68 -2.46 4.52  9.53 12.10 7.38 
No Pain 69 24.85 32.44 32.32 35.81  1.63 0.18 -1.05  7.59 7.47 10.96 
No Pain 70 26.04 33.23 32.08 38.85  0.84 0.42 -4.09  7.19 6.04 12.81 

Appendix 3.3: Assessment of PIK3CA mutation status of DNA samples extracted from 105 formalin fixed paraffin embedded using a 
PNA clamp PCR method. 
PIK3CA mutations were confirmed if 2 < ∆Ct-1 or if 0 < ∆Ct-1 < 2 and ∆Ct-2 < 6



 
 

Appendix 

 

 251 

Appendix 4.1 

Sample PIK3CA 
mutation 

 Sample PIK3CA 
mutation 

Breast BR1282 C420R  Breast BR1115 WT 
Breast BR5009 C420R, I391M, 

G346R 
 Breast BR1283 WT 

Breast BR5011 H1047R, N345K  Breast BR1458 WT 
Breast BR5012 N345K  Breast BR1474 WT 
Breast BR5014 H1047R  Breast BR3267 WT 
Breast BR5017 I391M  Breast BR5010 WT 
Breast BR5020 H1047R  Breast BR5013 WT 
Breast BR5022 E545K, M1004I, 

G364R 
 Breast BR5015 WT 

Breast BR6695 G1049R  Breast BR5337 WT 
Breast CTG0033 E545A  Breast CTG0012 WT 
Breast CTG1059 H1047R  Breast CTG0017 WT 
Breast CTG1350 N345K  Breast CTG0018 WT 
Breast CTG1941 E545K  Breast CTG0437 WT 
Breast CTG2308 E545K  Breast CTG0473 WT 
Colorectal CTG0083 R88Q  Colorectal CTG0058 WT 
Colorectal CTG0129 R88Q  Colorectal CTG0062 WT 
Colorectal CTG0360 K111E  Colorectal CTG0063 WT 
Colorectal CTG0706 K111N  Colorectal CTG0065 WT 
Ovarian CTG0253 E365K  Ovarian CTG0252 WT 
Ovarian CTG01423 E545K  Ovarian CTG0258 WT 
Ovarian CTG1602 E545K  Ovarian CTG0259 WT 
Ovarian CTG1627 E542K  Ovarian CTG0486 WT 
Pancreatic CTG0292 P539R  Pancreatic CTG0282 WT 
Pancreatic CTG0381 H1047R  Pancreatic CTG0283 WT 
Pancreatic CTG0391 D806D  Pancreatic CTG0284 WT 
Pancreatic CTG1485 E545K  Pancreatic CTG0285 WT 
Pancreatic CTG2205 E545KQ  Pancreatic CTG0286 WT 
Sarcoma CTG0886 Q545P  Sarcoma CTG0142 WT 
Sarcoma CTG1116 E545K  Sarcoma CTG0143 WT 
Sarcoma CTG1255 E543Q  Sarcoma CTG0241 WT 
Sarcoma CTG1628 E545K  Sarcoma CTG0242 WT 
   Sarcoma CTG0243 WT 

Appendix 4.1: Summary of PIK3CA mutation status for the PDX tumours used within this 

study. 
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Appendix 4.2 

MCF10A PIK3CA Cell Line Guide Sequence(s) Synthego 
SO# 

WT CRISPR CTL None 1706730-2 

WT PLA1A+119606887 CRISPR UCUACUAGCUGCCCACAGCU 1706730-2 

H1047R CRISPR CTL None 1706730-4 

H1047R PLA1A+119613030 CRISPR CGCUGGACCUGAGUACACCA 1706730-4 

WT CRISPR CTL None 1706730-1 

WT PLD2-4808309 CRISPR UAUUCUGUCCGCUUGACUCA 1706730-1 

H1047R CRISPR CTL None 1706730-3 

H1047R PLD2+4807986 CRISPR UUUCUUUCCUCCCAGCCGAC  1706730-3 

Appendix 4.2: Summary of CRISPR cells used in this study. 
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Appendix 4.3 

Parameter Setting 

Scan Range 150-2000 m/z 

Fragmentation HCD gas off 

Resolution Ultra high 

Polarity Negative 

Microscans 1 

Lock masses Off 

AGC target High dynamic range 

Maximum inject time 1000 ms 

Sheath gas flow rate 0 

Aux gas flow rate 0 

Sweep gas flow rate 0 

Spray voltage (kv) 0 

Capillary temp (°C) 250 

Capillary voltage (v) -50 

Tube lens voltage (v) -160 

Skimmer voltage (v) -24 

Appendix 4.3: Mass spectrometer parameters for REIMs profiling of phospholipids. 

 


