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T-ALL   T-cell acute lymphoblastic leukemia  
TCR   T cell receptor 
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carboxanilide 



Preface 

xvi	
  

Publications arising from this work 
 

Manuscripts 

Turvey ME, Klingler-Hoffmann M, Hoffmann P, McColl SR. p84 forms a negative 

regulatory complex with p110γ to control PI3Kγ signalling during cell migration. Immunol 

Cell Biol. 2015 Mar. doi; 10.1038/icb.2015.35. (Epub ahead of print). 

Refer to Appendix A1. 

 

Turvey ME, Koudelka T, Comerford I, Greer JM, Carroll W, Bernard CC, Hoffmann P, 

McColl SR. Quantitative proteome profiling of CNS-infiltrating autoreactive CD4+ cells 

reveals selective changes during experimental autoimmune encephalomyelitis. J Proteome 

Res. 2014 Aug 1;13(8):3655-70. 

Refer to Appendix A2. 

 

Conference proceedings 

Australian Society for Immunology Annual Scientific Meeting (2013): Poster entitled 

‘Quantitative proteome profiling of CNS-infiltrating autoreactive CD4+ cells reveals 

selective changes during experimental autoimmune encephalomyelitis’ 

 

Australian Society for Immunology (SA / NT Branch) 9th Adelaide Immunology Retreat 

(2013): Oral Presentation entitled ‘The role and regulation of the adaptor subunit p84 in 

phosphatidylinositol 3-kinase γ signalling and implications for cancer metastasis’ 

 

 

 

 

 

 

 

 



Preface 

xvii	
  

Abstract 
The Class IB phosphatidylinositol 3-kinase (PI3K) enzyme, PI3Kγ, is activated and 

recruited to the plasma membrane in response to G protein-coupled receptor stimulation.  

Upon activation, the lipid-kinase activity and downstream signalling cascades initiated by 

PI3Kγ lead to cytoskeletal rearrangements and the formation of a leading edge for the 

induction of directed cell migration. PI3Kγ consists of the catalytic subunit p110γ, which 

forms a mutually exclusive heterodimer with one of two regulatory adaptor subunits, p84 

or p101. Although expressed by most cells in the organism, PI3Kγ subunits are expressed 

at highest levels in motile haematopoietic cells, where the regulation of PI3Kγ signalling is 

critical to controlling and maintaining coordinated cell migration during immune 

responses. Consistent with a central role in leukocyte chemotaxis, innate and adaptive 

immune cell subsets from p110γ-deficient mice have been shown to exhibit migration 

defects in vitro and in vivo. Furthermore, the aberrant expression of PI3Kγ subunits and 

dysregulation of PI3Kγ signalling pathways has been shown to contribute to pathologies 

such as cancer and autoimmunity where enhanced cell migration promotes disease 

progression. Despite this, the mechanistic basis for PI3Kγ signal regulation is not well 

understood, particularly with respect to the distinct contributions of the individual 

regulatory adaptor subunits, p84 and p101. Many PI3Kγ-dependent cell functions have 

been elucidated experimentally using p110γ- and p101-deficient genetically-modified 

mouse strains and the PI3Kγ-selective inhibitor, AS605240.  However, detailed functional 

data regarding p84 is lacking due to the absence of a p84-deficient mouse strain and 

limited availability of high quality p84-specific reagents. Three major research goals were 

addressed in the present study to improve our understanding of the role of p84 in PI3Kγ 

lipid-kinase signalling and its implication in PI3Kγ-dependent cell migration.  

 

The first goal was to examine the phosphorylation status of p84 during PI3Kγ signalling 

and assess the role of identified regulatory phosphorylation sites for p84 function using the 

mammary epithelial carcinoma model cell line, MDA.MB.231. Data presented in this 

thesis demonstrate that in contrast to the p110γ and p101 subunits that promote the 

migration and metastasis of carcinoma cells, the p84 adaptor protein has tumour suppressor 

function in vitro and in vivo, which was determined to be dependent on a potential 

phosphorylation site within p84, Thr607. It was found that Thr607 was required for p84 to 

form an inducible heterodimer with p110γ (after initial PI3Kγ signal activation) in a 
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complex sequestered from active signalling at the membrane. This Thr607-dependent 

p84/p110γ dimerisation may therefore represent a novel mechanism of negative PI3Kγ 

signal regulation that limits the migration and metastasis of cancer cells. 

 

Next, the contribution of p84 to PI3Kγ-dependent immune cell function was determined 

through the generation and characterisation of a novel p84-deficient mouse (Pik3r6-/-) 

using CRISPR gene-editing technology. Pik3r6-/- mice were characterised in the context of 

immune cell development, activation and migration in a variety of haematopoietic cell 

subsets. It was shown that Pik3r6-/- mice develop normally with respect to lymphoid organ 

and circulating leukocyte populations at homeostasis. However upon stimulation, 

neutrophils from Pik3r6-/- mice display reduced migration in response to GPCR agonists in 

vitro and in a murine model of inflammatory autoimmunity (experimental autoimmune 

encephalomyelitis; EAE), it was found that activated Th lymphocytes display impaired 

trafficking and reduced infiltration to inflammatory sites. 

 

The final goal was to develop and optimise a proteomic platform to investigate and 

compare the proteomes of migratory CD4+ lymphocytes isolated from tissues at different 

stages of inflammatory disease progression using experimental autoimmune 

encephalomyelitis as a model. An isotope-coded protein-labelling (ICPL) approach was 

developed and optimised to assess the proteomes of CNS-infiltrating CD4+ lymphocytes 

during disease progression in two models of EAE; chronic MOG35-55-induced EAE and 

relapsing-remitting PLP139-151-induced EAE. This study identified differentially regulated 

proteins related to immune cell function and represented a initial feasibility study to verify 

the validity of ICPL as an approach to examine the differential proteomes of wildtype and 

p84-deficient migratory CD4+ lymphocytes during inflammatory disease. 

 

Collectively, the data presented in this thesis represent the identification and 

characterisation of novel roles for p84 within PI3Kγ lipid-kinase signalling during both the 

regulation of cell migration in carcinoma cells and in haematopoietic cells during immune 

responses. In addition to furthering the understanding of the unique roles for p84 within 

PI3Kγ signal regulation, the generation of a p84-deficient mouse strain constitutes an 

important tool to further experimental research in this area.   
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Chapter 1: Introduction 

1.1 Overview 
Phosphatidylinositol 3-kinases (PI3K) are a family of dual specificity protein- and lipid-

kinases that represent major contributors to lipid signal transduction downstream of 

transmembrane receptors. Within the PI3K family, Class I heterodimeric enzymes 

activated downstream of receptor tyrosine kinases and G protein-coupled receptors 

(GPCRs) are responsible for the catalysis of PtdIns(3,4,5)P3 (PIP3) lipid species1-3. PIP3 

derived from Class I PI3K activity is involved in the induction of phosphorylation-

dependent signalling cascades within the cell that are required for the regulation of 

fundamental cellular processes such as growth, survival, migration and metabolism3. Class 

I PI3Ks are further segregated into two subclasses, Class IA enzymes (PI3Kα, PI3Kβ and 

PI3Kδ) and a sole Class IB enzyme named PI3Kγ, based on coupling to upstream 

activating receptors and dimerisation of the p110 catalytic subunit to distinct adaptor 

proteins. Whilst the regulation of Class IA enzymes has been well characterised due to the 

availability of enzyme crystal structures, isoform-selective inhibitors and subunit-deficient 

genetically-modified mouse strains, in contrast, there is very little known about the 

regulation of the Class IB enzyme PI3Kγ. PI3Kγ consists of the catalytic subunit p110γ, 

which forms a mutually exclusive heterodimer with one of two adaptor subunits, p84 or 

p1014-6. Regulation of PI3Kγ signal activation and duration is critical to controlling and 

maintaining coordinated cell migration, principally within highly motile cells of the 

haematopoietic system during the induction of immune responses7-9. However the 

mechanistic basis for PI3Kγ signal regulation is poorly understood, particularly with 

respect to the distinct contributions of the individual adaptor subunits. Recent data has 

suggested that relative to p101, p84 is less adept at transducing robust PI3Kγ activity6, 10-12 

and may therefore have additional, alternative roles in the regulation of PI3Kγ signalling. 

The data and discussion presented in this thesis are focused on the role and regulation of 

the p84 PI3Kγ adaptor subunit, in the context of PI3Kγ signal activation/termination and 

the control of PI3Kγ-dependent cell functions such as directed migration. 
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1.2 Lipid signal transduction 
Lipid signalling at the plasma membrane serves as a mode of membrane-to-cytosol 

communication, propagated through the simultaneous activation of intracellular 

phosphorylation cascades that ultimately result in transcriptional changes within the cell. 

Signalling through lipid mediators is therefore an integral process required for the 

maintenance of fundamental cellular functions such as growth and survival (reviewed in 13-

15).  The activation of transmembrane receptors through engagement with extracellular 

protein ligands leads to the selective recruitment of lipid kinase effectors to the 

intracellular portion of the activated receptor. Here, the kinase is proximal to lipid 

substrates embedded or docked at the lipid membrane bilayer and can facilitate the 

phosphorylation of specific lipid species3, 13. A summary of major lipid signalling 

pathways and associated effectors is presented in Figure 1.1. These signalling mediators 

include phosphatidylinositol species and DAG/InsP3, which become activated downstream 

of chemokines, cytokines, growth factors, hormones and neurotransmitters1, in addition to 

ceramides, sphingosines16, 17 and serum components such as lysophosphatidic acid (LPA)18, 

19 that have been shown to act in autocrine and paracrine manners through direct 

interactions with GPCRs. Collectively, these lipid pathways contribute to the dynamic 

network of signalling lipids required for cellular communication. 
 

 
Figure 1.1: The lipid signalling network.  

PIP, Phosphatidylinositol-phosphate; PLC, Phospholipase C; IP3, inositol triphosphate; 
DAG, Diacylglycerol; PLA2, Phospholipase A2; C1P, Ceramide-1-phosphate; S1P, 
Sphingosine-1-phosphate; SPC, Sphingosylphosphorylcholine; EETs, Epoxyeicosatrienoic 
acids. 
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Signal specificity is believed to be, at least in part, controlled by the expression and 

subcellular localisation of lipid-kinases and their spatial regulation by opposing 

phosphatases. Within the cell, kinases and their lipid substrates are restricted to distinct 

subcellular locations through the assembly and congregation of lipid rafts, to which 

opposing phosphatases are actively excluded20, 21. This spatial organisation has been shown 

to be essential for the transmission of effective cellular communication. For example, the 

initiation of cell migration requires the organisation and regulation of PI3K lipid signalling 

in order to promote the formation of leading and trailing cell edges that are necessary for 

the cell to respond to directional cues22-24. Firstly, signalling is regulated by the 

chemoattractant signal and cognate receptor, which dictates the PI3K isoform recruited to 

the membrane25. Then, cell polarisation requires the clustering of PI3K-rich lipid rafts that 

leads to the accumulation of PI3K-derived PIP3 at the leading edge membrane of the 

migrating cell20, 23, 24. This is coupled with the simultaneous exclusion of phosphatase and 

tensin homolog (PTEN) and Src homology domain 2 (SH2)-containing inositol 

phosphatase (SHIP) enzymes that counteract PI3K-activity, which are instead targeted to 

the trailing edge of the polarised cell. Polarisation induced by PI3K signalling at the 

leading edge is essential for the cell to migrate directionally toward the chemoattractant 

signal. However, whilst the events that define the formation of leading and trailing cell 

edges have been established, the molecular mechanisms that control PI3K activation and 

signal termination at the leading edge are not well understood. Furthermore, while initially 

conceptualised as linear pathways leading to a single outcome, it is now apparent that 

intracellular lipid signalling pathways exists as an integrated network of kinases and 

phosphatases that require complex regulation dependent on the cellular context and 

activating signal.  

 

The dysregulation of major lipid signal transduction pathways has been linked to diseases 

such as chronic inflammation26, autoimmunity8, 9, 27, allergy28-30, cancer31-35, 

atherosclerosis36-38, hypertension39, 40, heart hypertrophy41, 42 and metabolic diseases43. 

Disease development in these conditions is often attributed to mutational activation (such 

as cancer) or deactivation (such as myopathies, neuropathies or ciliopathies) of lipid-

signalling kinases (reviewed in 13). However, targeting signalling lipids and downstream 

kinase effectors in the treatment of such diseases is complicated since these effectors are 

rarely unique to a single pathway. For instance, many pathways converge on phosphatidyl 

inositols, PLC or Ca2+ mediators and their effectors (refer to Figure 1.1) and as such, their 
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inhibition will impact several pathways. Therefore, a robust understanding of lipid 

signalling pathways and networks, particularly with respect to their regulation, is key to 

comprehending their role in normal cellular function and their contribution to disease when 

pathways become deregulated.  

 

The following sections will introduce the PI3K family, outline what is known about the 

regulation of Class I PI3K enzymes and then highlight the significant gaps in knowledge 

regarding the regulation of PI3Kγ signal activation and the challenges facing PI3Kγ 

research to this point.   

 

1.3 The phosphatidylinositol 3-kinase family 
Phosphatidylinositol 3-kinases (PI3Ks) are a highly conserved family of dual-specificity 

lipid and protein kinases divided into Class I (Class IA and IB), Class II and Class III 

enzymes based on their substrate specificity, modular structure and regulation. Through 

their lipid-kinase activity, PI3K enzymes catalyse the transfer of the γ-phosphate group of 

ATP to the 3-hydroxl group of the inositol ring of three species of phosphatidlyinositol 

(PtdIns) lipid substrates; namely PtdIns, PtdIns-4-phosphate (PtdIns(4)P) and PtdIns-4,5-

bisphosphate (PtdIns(4,5)P2)1. The 3’ phosphorylated lipid species produced by PI3K 

activity (PtdIns(3)P (PIP), PtdIns(3,4)P2 (PIP2) and PtdIns(3,4,5)P3 (PIP3)) at the plasma 

membrane induce the recruitment of protein effectors comprising pleckstrin homology 

(PH), phox homology (PX) and FYVE lipid-binding domains. Upon docking to lipid 

species at the membrane, protein effectors become activated and perpetuate 

phosphorylation-dependent signalling cascades that ultimately lead to the regulation of 

transcription for cellular processes such as growth, proliferation, survival, vesicular 

transport, differentiation and migration2, 3.   

 

PI3Ks have been identified in algae, Dictyostelium discoideum (slime mould), plants, 

Saccharomyces cerevisiae (yeast), diptera (fly) and mammals. After the initial discovery of 

enzymatic PtdIns-kinase activity in 1988 by Cantley et al., numerous isoforms of PI3Ks 

were identified predominantly through sequence homology analyses and in vitro lipid-

kinase activity screening methods2, 44. In mammals, there are eight known isoforms of 

PI3Ks; four Class I isoforms, three Class II isoforms and a single Class III isoform. A 
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schematic of mammalian PI3K isoforms and signalling effectors is depicted in Figure 1.2 

and the domain structures for Class I, II and III PI3K enzymes are presented in Figure 1.3.  

 

Class I PI3Ks are receptor-regulated PtdIns(4,5)P2 kinases that generate intracellular 

PtdIns(3,4,5)P3 (PIP3) in response to extracellular stimuli such as growth factors and 

chemokines. They are activated downstream of cell surface receptor tyrosine kinases and G 

protein-coupled receptors and exist as obligate heterodimeric enzymes composed of a 

catalytic subunit coupled with a regulatory adaptor protein. Upon recruitment of Class I 

PI3K heterodimers to the membrane receptor, the lipid-kinase activity of the enzyme 

results in the accumulation of PIP3 lipids and the selective recruitment of PH-domain 

containing effector proteins. Collectively, the coordinated receptor engagement and lipid 

kinase activity of Class I PI3Ks potentiates multi-step signalling cascades involved in the 

regulation of essential cellular functions. Class I PI3Ks are further divided into subclasses 

IA (PI3Kα, PI3Kβ and PI3Kδ) and IB (PI3Kγ) based on structural differences between 

adaptor proteins. This study is focused on the role and regulation of the Class IB PI3Kγ 

enzyme system and therefore, the expression, function and regulation of Class I enzymes 

will be discussed in detail in later sections.  

 

Class II PI3Ks are large 170-210 kDa monomeric enzymes with a characteristic C-terminal 

C2 homology domain (namely PI3K-C2α, PI3KC2β and PI3KC2γ kinases). Whilst the in 

vitro lipid substrate targets of these enzymes are restricted to PtdIns and PtdIns(4)P, the 

activating signals and lipid substrates in vivo are not yet fully characterised45-48. However, 

it has been proposed that PtdIns(3)P produced by mammalian Class II enzymes is involved  

in intracellular membrane trafficking, endocytosis, exocytosis and autophagy49-51. 

Specifically, PI3K-C2α has been linked to endosomal trafficking via RhoA activation and 

regulation of PtdIns(3)P levels in endothelial cells, where these processes are required for 

endothelial cell maturation and vessel integrity during vasculogenesis52-54. The control of 

PtdIns(3)P production by PI3K-C2α has also been shown to be crucial at the endocytic 

recycling compartment located at the base of the cilium54. Here, PI3K-C2α was identified 

to regulate Sonic HedgeHog (Shh) signalling and contribute to the structural organisation 

of the primary cilium53. In addition to the regulation of PtdIns(3)P levels within cells, 

PtdIns(3,4)P2 generated by PI3K-C2α at the plasma membrane has been shown to be 

critical for clathrin-coated pit maturation during endocytosis. Therefore, consistent with 
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these major roles in intracellular membrane trafficking, the targeted knockout of the PI3K-

C2α gene has been shown to be embryonically lethal in mice (Pik3c2a-/-)54.  

 

The single Class III PI3K is the PtdIns-specific enzyme, Vps34, which is responsible for 

the generation of the major fraction of PtdIns(3)P generated on endocytic vesicles55-57. 

Accumulation of PtdIns(3)P induces the recruitment of FYVE- and PX-domain containing 

proteins that directly bind PtdIns(3)P lipids, thereby linking PI3K lipid signalling to 

endosomal and vesicular transport through the docking and fusion of endosomes and the 

generation of autophagosomes58-60. In fact, the first identification of PI3K cellular function 

was of the Class III enzyme of S. cerevisiae, Vps34p61. Initially identified to be essential 

for vacuolar segregation and protein sorting, the further characterisation of Vps34p 

revealed PI3K lipid-kinase activity, where the function of the enzyme was dependent on 

the Vps15p adaptor protein that was required for the recruitment of the enzyme to the late 

Golgi compartments62. Since the characterisation of Vps34p in S. cerevisiae, many 

homologues have since been identified including Vps34 in mammals. 
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Figure 1.2: Signalling substrates and effectors of Class I, II and III PI3K lipid 

kinases.  

PH, Pleckstrin homology domain; PX, Phox homology domain; FYVE, FYVE lipid-

binding domain; GEFs, Guanine nucleotide exchange factors; GAPs, GTPase-activating 

proteins. 
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Figure 1.3: Domain structures of Class I, II and III PI3K enzymes.  

SH3, SRC homology 3 domain; P, Proline-rich regions; BH, Breakpoint-cluster-region 

homology domain; NSH2, N-terminal SRC homology 2 domain; iSH2, inter-SH2 region; 

CSH2, C-terminal SRC homology 2 domain. 
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1.4 Class I PI3Ks 

1.4.1  The structure of Class I PI3K subunits 

All Class I PI3Ks are obligate heterodimeric enzymes composed of a p110 catalytic 

subunit (α, β, γ, δ isoforms) that are highly conserved amongst the family, bound to a 

regulatory adaptor subunit (see representative diagram; Figure 1.3)3. Within Class IA 

PI3Ks there are three p110 catalytic subunit isoforms; α, β and δ which bind to the adaptor 

subunit p85 (or p85-related subunits, p50 and p55)63. The activation of PI3Kα, PI3Kβ and 

PI3Kδ enzymes is predominantly downstream of receptor tyrosine kinases (RTKs) 

stimulated by exogenous growth factor and hormone ligands26, 64-66. In contrast, the lone 

Class IB kinase PI3Kγ consists of the p110γ catalytic subunit that associates with one of 

two regulatory adaptor subunits, p101 or p84 (also called p87PIKAP), and is activated 

primarily downstream of G protein-coupled receptors4-6.  

 

Unlike the p110 catalytic subunits that share extensive sequence homology and a common 

domain structure between isoforms, the Class IA and IB regulatory subunits share minimal 

homology between subclasses, despite common functions as adaptor proteins responsible 

for the translocation of the catalytic subunit to the plasma membrane. The modular 

structure and domain function of the Class IA PI3Kα, PI3Kβ and PI3Kδ enzymes has been 

well characterised for both the p110 catalytic and p85, p55 and p50 adaptor subunits67-72. 

Whereas in comparison, far less has been established regarding the structure and function 

of PI3Kγ, particularly with respect to the regulatory subunits p101 and p84, of which there 

is no structural information or domain data to this point.  

 

The p110 catalytic subunits  

The p110 subunits of all Class I PI3Ks consist of an N-terminal adaptor-binding domain 

(ABD) that facilitates interactions with p85 or p101/p84 regulatory subunits, a ras-binding 

domain (RBD), C2 domain, helical domain and a C-terminal kinase domain (refer to 

Figure 1.3). As the name suggests, the Ras-binding domain mediates the direct interaction 

of p110 with ras-GTPase and other small, related GTPases that allows the stimulation of 

both PI3K- and ras-driven signalling pathways11. The C2 (protein-kinase-C homology-2) 

domain has high affinity for lipids and is proposed to facilitate the partial integration of 

PI3K complexes into the plasma membrane upon activation. The helical domain of p110 

subunits possesses scaffolding function and contributes to the conformation of PI3K 
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complexes12, 72, 73, in addition to acting as a docking site for further protein-protein 

interactions. As expected, the kinase domain is highly conserved between Class I PI3K 

isoforms, where extensive homology is observed within the ATP-binding site of the 

enzyme and mapping of this region has led to the development of both pan- and isoform-

selective Class I PI3K inhibitors25, 69, 74-77. Specifically, Lys802 within the ATP-binding 

site of p110α has been identified as required for phosphate transfer and the site-directed 

mutagenesis of this lysine residue has been shown to completely abolish protein- and lipid-

kinase activity of PI3Kα75, 78. Analogous residues have been mapped in p110β, p110δ and 

p110γ isoforms in addition to other related enzymes75, 79. As the domain structures of p110 

kinases are highly conserved between isoforms and PI3Kα, β, δ and γ each catalyse the 

generation of PIP3 lipids, signal specificity is achieved through varied tissue and cellular 

distributions of the isoforms and specific activating signals25. 

 

Class I PI3K adaptor subunits  

Class IA and IB catalytic subunits associate with unique regulatory adaptor subunits that 

share minimal homology between subclasses. The Class IA adaptor subunit, p85, consists 

of an N-terminal Src homology 3 (SH3) domain, a breakpoint-cluster-region homology 

(BH) domain flanked by two proline-rich regions, followed by two C-terminal SH2 

domains separated by an inter-SH2 (iSH2) region (refer to Figure 1.3). In addition to p85, 

which represents the major Class IA adaptor protein, there also exist truncation variants of 

the p85 subunit, termed p55 and p50, which are described below and depicted in Figure 

1.4. The heterodimerisation of the p85 adaptor with the p110 catalytic subunit is mediated 

through the iSH2 domain66, 71, 74, 80. The N- and C-terminal SH2 domains recognise and 

bind the canonical phosphotyrosine motif (pYXXM) found on the intracellular portion of 

autophosphorylated activated receptor tyrosine kinases. This interaction between the SH2 

domains of p85 and the activated receptor facilitates the translocation of p85/p110 

complexes to the plasma membrane. Furthermore, the structural requirements of p85 to 

bind RTK phosphotyrosine residues have been elucidated by nuclear magnetic resonance 

(NMR) and X-ray diffraction methods in conjunction with crystal structure mapping. 

These analyses have revealed that conserved residues within p85, Arg340, Arg358 and 

Thr369, encase the phosphate group of phosphotyrosine (pYXXM) and that Tyr416 is 

displaced in order to accommodate the Met residue (pYXXM) in a hydrophobic binding 

pocket71, 72, 81.  
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The complexity and versatility of adaptor/catalytic subunit interactions for Class IA PI3Ks 

is increased through the number of adaptor subunit isoforms, shown in Figure 1.4. There 

are three genes that code for Class IA adaptors, namely p85α, p85β and p55γ. 

Furthermore, alternative splicing of p85α leads to the translation of an additional 53-55 

kDa variant, called p55α, or a 50 kDa product called p50α82-85. In these truncated variants, 

the N-terminal SH3 and BH domains are replaced with either a unique 34 amino acid 

stretch or a shorter 6 amino acid stretch of yet unknown function. In addition, both p85α 

and p55α isoforms have been identified with an 8-amino acid insertion that results in the 

inclusion of two potential serine phosphorylation sites. Tissue-specific expression of these 

subunit variants has been shown to contribute to Class IA signal specificity, where p85α is 

the predominant subunit expressed in the brain, adipose tissue, heart, kidney, lung and 

spleen, whereas p55α variants are expressed in the muscle and p85β and p55γ variants are 

preferentially expressed in the testis85, 86. 

 

 
Figure 1.4: Variants of the p85 Class IA PI3K adaptor subunit.  

SH3, SRC homology 3 domain; P, Proline-rich regions; BH, Breakpoint-cluster-region 

homology domain; NSH2, N-terminal SRC homology 2 domain; iSH2, inter-SH2 region; 

CSH2, C-terminal SRC homology 2 domain. 
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In contrast to the Class IA adaptor subunits described above that are well characterised in 

terms of defined functional domains, the modular structures of the p84 and p101 adaptor 

subunits that bind and regulate the lone Class IB PI3Kγ enzyme have not yet been 

resolved. In fact, p84 and p101 share surprisingly little homology with other regulatory 

subunits within the PI3K family, despite sharing common functions. The Pik3r5 and 

Pik3r6 gene loci, which encode p101 and p84 respectively, are present immediately 

downstream of one another and are located on chromosome 17 in humans and 

chromosome 11 in mice (NCBI gene ID: Pik3r5: 23533 (homo sapiens) / 320207 (mus 

musculus); Pik3r6: 146850 (homo sapiens) / 104709 (mus musculus)). Human p101 and 

p84 proteins share approximately 37% sequence similarity and 30% amino acid sequence 

identity. This homology exists predominantly within N- and C-terminal portions of the 

proteins, which have been shown in p101 at least, to be required for adaptor binding to 

p110γ and Gβγ, respectively5, 6, 87. These proposed association domains within p101 were 

determined by fluorescent resonance energy transfer (FRET), co-immunoprecipitation and 

localisation studies using p101 truncation and deletion mutants5. By comparison, the 

structural organisation of p84 is unknown and no crystal structure has been resolved. 

However due to the similarity with p101 within the N- and C-termini, it has been 

hypothesised that these regions within p84 are similarly required for p110γ- and Gβγ-

binding. The proposed modular structures of p84 and p101 adaptor subunits are outlined in 

Figure 1.5. 

 

 
Figure 1.5: Proposed structure of Class IB PI3Kγ  adaptor subunits 

 

1.4.2 Regulating the lipid-kinase activity of Class I PI3K enzymes 

The exclusive lipid substrate of Class I PI3K enzymes, PtdIns(4,5)P2 (PIP2), is produced at 

the membrane where it is localised for phosphorylation at the D-3 position of the inositol 

lipid head group by the lipid-kinase activity of PI3Kα, β, δ and γ enzymes, thereby 

producing the principal second messenger molecule PtdIns(3,4,5)P3 (PIP3). Tracking of 
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lipid species within cells has revealed that in a basal state, there is substantial PIP relative 

to low levels of PIP2 and PIP3. However upon activation of RTKs and GPCRs in response 

to extracellular stimuli, PIP3 is rapidly generated at the plasma membrane88-90. One of the 

major effectors of Class I PI3K signalling is Akt kinase (PKB), which is recruited to PIP3 

accumulated at the membrane through its PH-lipid-binding domain. Membrane localisation 

of Akt positions it for activation by enzymes PDK1 and mTORC1 that phosphorylate Akt 

at residues Thr308 and Ser473 (p-Akt), respectively91, 92. The induction of p-Akt is 

therefore an established experimental readout of Class I PI3K lipid-kinase activity. Upon 

activation, p-Akt potentiates further signalling events through the phosphorylation of 

protein substrates such as the cell cycle regulators p21 and p27, glycogen synthase kinase 3 

(GSK-3) in the insulin signalling pathway, the pro-apoptotic protein BCL-2 antagonist of 

cell death (BAD), and forkhead box O (FOXO) transcription factors93-95.  

 

These events, initially driven by PI3K-dependent PIP3 accumulation, culminate in the 

regulation of cellular processes such as chemotaxis, differentiation, proliferation and 

survival. Considering the role of PI3K signalling in these fundamental cell functions, it is 

not surprising that the dysregulation of Class I PI3K lipid-kinase activity has been linked to 

pathologies such as cancer and autoimmune conditions where aberrant cellular migration 

and survival contributes to disease8, 9, 31, 76, 96. The regulation of Class I PI3K lipid-kinase 

activity is therefore key to maintaining normal cell function, which is controlled by both 

extrinsic and intrinsic regulatory mechanisms, described hereafter.  

 

Extrinsic regulation of PIP3 levels by phosphatase-dependent hydrolysis  

The actions of Class I PI3Ks are counteracted by three lipid-phosphatases that catalyse the 

conversion of PIP3 to PIP2, namely phosphatase and tensin homolog (PTEN), Src 

homology domain 2 (SH2)-containing inositol phosphatase (SHIP) and inositol 

polyphosphate-5-phosphatase (INPP5), as shown in Figure 1.620, 22, 23, 97. PTEN is the 

major negative regulator of Class I enzymes and is responsible for the hydrolysis of 

phosphates from the 3’ position of phosphoinositides, thereby controlling the level and 

spatial distribution of PIP3 within cells. The balance and coordination between the kinase 

activity of PI3Ks and the phosphatase activity of PTEN is important to ensure that lipid 

signal transduction is both transient and spatially regulated. As described previously, the 

spatial organisation of enzymes within cells is particularly relevant during migratory 

responses. During migration, the accumulation and restriction of PIP3 at the leading edge 
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of the polarised cell is achieved through the targeting of PI3Ks to the leading edge and the 

parallel hydrolysis of phospho-lipids by PTEN at the trailing edge20. Furthermore, the 

hydrolysis of PI3K-derived PIP3 is necessary to control proliferation and prevent cell 

transformation. In keeping with this, the mutation or loss of PTEN is associated with many 

cancer types and leads to the hyperactivation of PI3K signalling through sustained 

recruitment and activation of downstream effectors. Specifically, mutations in the catalytic 

or membrane localisation-domains of the enzyme lead to loss of PTEN tumour suppressor 

activity98-102.  

 

Like PTEN, SHIP (SHIP1) phosphatase also catalyses the conversion of PIP3 lipids to 

PIP2, though in contrast, hydrolysis occurs exclusively from the 5’ position. SHIP is 

ubiquitously expressed in differentiated haematopoietic cells, endothelial cells and some 

stem cells where it is involved in the control of cell growth and proliferation22. Recently, 

mutation of another inositol phosphatase, INPP5, has been linked to ciliopathies. This has 

revealed a role for INPP5 in the regulation of primary cilia function through the hydrolysis 

of PIP3 at the primary cilia membrane during protein trafficking103, 104.  

 

 
Figure 1.6: Dynamic regulation of PIP3 levels 

 

Further regulation of PI3K lipid-kinase signalling is achieved through auxiliary 

phosphatase activity that directly inhibits Akt kinase, the major effector of Class I 

signalling. Protein phosphatase 2 (PP2A) is a serine/threonine phosphatase that is 

abundantly and ubiquitously expressed and contributes to the major fraction of S/T 

phosphatase activity within the cell105, 106. It is therefore integral in the regulation of 

multiple signal transduction pathways. PP2A is capable of hydrolysing Akt at both Ser473 

and Thr308 phosphorylation sites and is the only phosphatase that regulates 

phosphorylation of Thr308107. In summary, the culmination of PTEN, SHIP, INPP5 and 

PP2A phosphatase activities are required for the effective regulation of PI3K signalling in 
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order to ensure the appropriate signal intensity and duration is achieved downstream of 

receptor stimulation. 

 

Intrinsic regulation of Class I lipid-kinases  

The lipid-kinase activities of Class IA PI3Kα, β and δ enzymes are also regulated by 

intrinsic conformation- and phosphorylation-dependent mechanisms, where the interaction 

between catalytic and adaptor subunits or the interaction between PI3K complexes and the 

activated RTK are either promoted or negated67, 72. These mechanisms rely on two 

functions of the p85 subunit as an adaptor protein. Firstly, p85 acts as a 

stabilising/inhibitory binding-partner that holds p110 in a conformationally inactive state 

until RTK-induced activation, then secondly, upon receptor stimulation, the p85 adaptor 

protein is responsible for the translocation of p110 to the plasma membrane through direct 

interactions with RTK phosphotyrosine motifs. The inhibitory role of p85 occurs in the 

absence of receptor stimulation when the p110/p85 complex is located in the cytosol. 

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) has been used to show that 

in the absence of stimulation, the SH2 domains within p85 provide a structural constraint 

on the proximal iSH2 domain (inter-SH2; involved in p110-binding)64, 71, 74, 80. This results 

in a p85/p110 heterodimer conformation that is stable, but inactive due to the 

conformational suppression of the p110 kinase domain. 

 

In addition to structural repression of p85/p110 heterodimers, the lipid-kinase activity of 

Class IA enzymes can be further regulated by phosphorylation-dependent mechanisms, 

where the phosphorylation of p85 by p110α and p110β protein-kinase activity has been 

shown to modulate lipid signalling66, 74, 108. Specifically, p85α can be phosphorylated by 

p110α on Ser608, which has been shown to reduce the lipid-kinase activity of 

heterodimeric PI3Kα by 3- to 7-fold108. Ser608 lies within the iSH2 domain of p85 and the 

incorporation of the negatively charged phosphate group at this site has been proposed to 

inhibit a nearby region required for the presentation of lipid substrates to the catalytic 

subunit of p110108.  

 

There is also evidence to suggest that Class IA PI3K signalling can be regulated by the 

activity of other signalling kinases through the phosphorylation of the p85 adaptor subunit. 

For instance, the membrane translocation of PI3Kα can be negatively regulated by the 
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parallel activation of the PKC signalling pathway, representing crosstalk between the two 

signalling networks. In this case, persistent PKC signalling leads to the phosphorylation of 

two analogous serine residues, Ser361 and Ser652, within the SH2 pTyr-binding pockets of 

p85α66. Phosphorylation at these residues was determined to be mediated by PKD 

activated downstream of PKC activation and was shown to block the recruitment of PI3Kα 

to the activating receptor66. Inhibition of adaptor-mediated membrane translocation is an 

efficient means of regulating PI3K activity, as the proximity of the kinase to lipid 

substrates is essential to its function.  

 

To summarise, in addition to the regulation of Class I PI3K signalling by opposing 

phosphatases that hydrolyse PIP3, many regulatory mechanisms that exist to control PI3K 

heterodimer interactions and lipid-kinase activity involve transient phosphorylation of the 

adaptor subunit. However, whilst regulatory phosphorylation events such as these have 

been demonstrated for Class IA enzymes, the phosphorylation status of the Class IB 

adaptor subunits p84 and p101 during rest and upon PI3Kγ signal activation remain 

unknown.  

 

1.4.3 Determining the tissue-specific functions of Class I PI3K enzymes 

Since the initial characterisation of lipid-kinase activity in vitro, functional analyses of 

Class I PI3K enzymes have rapidly advanced with the resolution of crystal structures for 

the complexes, which have allowed detailed structural mapping and the generation of 

isoform-selective small molecule inhibitors. Crystal structures have now been resolved for 

all of the Class I catalytic p110α, β, δ and γ subunits, beginning with the successful 

crystallisation and modelling of p110γ in 199969, 78, 80, 109. The report by Walker et al. 

(1999) of the 2.2 Å X-ray crystallographic structure of p110γ revealed a modular 

organisation based around a helical domain spine, which was surrounded by C2 and kinase 

domains positioned to allow interactions with membrane lipids and a ras-binding domain 

positioned proximal to the kinase domain in order to facilitate allosteric activation of the 

enzyme78.  The crystal structure of the Class IB catalytic subunit, p110γ complexed with 

the isoform-selective PI3Kγ inhibitor AS605240 is presented in Figure 1.7.  

 

Structural mapping of the ATP-binding pocket within the kinase domain of p110 subunits 

has enabled the discovery and/or generation of small molecule inhibitors that non-
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discriminately target Class I PI3K enzymes by preventing ATP hydrolysis. There are two 

widely-used pan-PI3K inhibitors that bind within the ATP-binding pocket. These are 

wortmannin, a mould metabolite originally described in 1974 as possessing anti-

inflammatory properties and later characterised as being a highly potent, selective and cell-

permeable PI3K inhibitor, and LY294002, the first synthetic inhibitor of PI3Ks77, 110, 111. 

The introduction of these tools accelerated research in this area and allowed the rapid 

identification of many PI3K-dependent cellular responses including mitogenesis, glucose 

uptake, chemotaxis and respiratory burst. In addition to these pan-PI3K inhibitors, isoform-

selective small molecule inhibitors have been synthesised to inhibit the kinase activity of 

p110 isoforms with varied specificity. The structures of Class I PI3K inhibitors are 

presented in Table 1.1. 

 

 

 
 

Figure 1.7: Crystal structure of the p110γ  catalytic subunit complexed with 

AS605240. 

Sourced from: Camps et al. (2005) Nature Medicine doi: 10.1038/nm1284. Protein 

structure resolved to 2.70 Å by X-ray diffraction. 
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Table 1.1: Common Experimental Inhibitors of Class I PI3Ks 

Name Isoform Selectivity Chemical Structure 

Wortmannin Pan-inhibitor 

 

LY294002 Pan-inhibitor 

 

PIK-75 
Isoform-selective 

p110α inhibitor 

 

TGX221 
Isoform-selective 

p110β inhibitor 

 

IC87114 
Isoform-selective 

p110δ inhibitor 

 

AS605240 
Isoform-selective 

p110γ inhibitor 
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Genetically-modified mouse strains are also an invaluable tool to study the function of 

individual proteins through the specific deletion of one or more gene products. Within the 

Class I PI3K family, genetic deletion of p110α or p110β isoforms results in an 

embryonically lethal phenotype, which reflects their ubiquitous tissue expression and 

central roles in cell growth and survival signalling112, 113. This is in contrast to p110δ and 

p110γ isoforms, which display restricted tissue expression and their genetic deletion results 

in viable offspring that display mild phenotypes at homeostasis, although significant 

immune defects are apparent upon the induction of inflammation7, 9, 114. There are a 

number of genetically-modified strains available with PI3K deletions including broad 

germline deletions of catalytic and adaptor subunits, germline p110 knockout/kinase-dead 

p110 knock-in mutations, tissue-specific conditional knockouts and double/triple gene 

knockouts. The generation of tissue-specific knockout strains has allowed the roles of 

PI3Kα and PI3Kβ to be assessed in more detail, which has elucidated further functions for 

PI3Kα as a mediator of insulin signalling and PI3Kβ in platelet biology, respectively115-118. 

The knockout strains available for Class I PI3K isoforms and the functional roles that have 

been characterised based on the phenotypes displayed are summarised in Table 1.2. 

 

 

Table 1.2: Class I PI3K subunit-deficient genetically-modified mouse strains. 

Adapted from Liu et al. (2009) Nature Reviews Drug Discovery doi: 10.1038/nrd2926. 

Subunit Genotype Phenotypes 
p110α  p110α-/- Embryonic lethality (E10.5) 

 p110αD933A/D933A Embryonic lethality (E10.5) E10-11; severe vascular 
abnormalities at E10.5 

 p110α+/D933A Defective in growth and metabolic regulation associated 
with hyperinsulinemia and glucose intolerance 

 p110αRBD/RBD 

Defective lymphatic development; a small fraction 
survived to adult, associated with proliferative defects and 
altered growth factor signalling to PI3K; protected from 
Kras-driven tumourigenesis in a lung cancer model 

 Endothelial 
p110α-/- 

Severe vascular abnormalities at E10.5 and died before 
E12.5 

 Prostate p110α-/- 
Normal for prostate development; not protected from 
PTEN-loss-induced high-grade prostatic intraepithelial 
neoplasia 

p110β  p110β-/- Embryonic lethality (E3.5) 

 p110βK805R/K805R 
Some survived to adult, associated with retarded growth 
and mild insulin resistance with age; attenuated Erbb2-
driven mammary tumour development 
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 Liver p110β-/- Impaired insulin sensitivity and glucose homeostasis 

 Prostate p110β-/- Normal for prostate development; protected from PTEN-
loss-induced high-grade prostatic intraepithelial neoplasia 

p110δ  p110δ-/- 
Viable; impaired B, NK cell development and functions; 
decreased immunoglobulin levels and defective humoral 
response; impaired neutrophil chemotaxis 

 p110δD910A/D910A 
Viable; defective B, NK and mast cell development and 
function; impaired antigen receptor signalling in B and T 
cells, attenuated immune and allergic response 

p110γ  p110γ-/- 

Viable; reduced insulin secretion; increased insulin 
sensitivity and β-cell mass; impaired mast cell functions 
and inflammatory response; reduced neutrophil and 
macrophage migration and oxidative burst; increased heart 
contractility 

 p110γKD/KD Viable; reduced inflammatory reactions with no 
alterations in cardiac contractility 

 p110δ-/- /p110γ-/- Viable; severe defects in T and NK cell development and 
functions 

p85 p85α-/- Hypoglycemia and hypoinsulinemia; impaired B cell 
development and function; normal T cell activation 

 p55α-/- / p50α-/- Viable; enhanced insulin sensitivity 

 
p85α-/- / p55α-/- / 
p50α-/- 

Perinatal death; liver necrosis and hypoglycemia; 
increased insulin sensitivity; impaired B cell development 
and function 

 p85β-/- Improved insulin sensitivity; increased T cell proliferation 
and accumulation in response to various stimuli 

 
Liver p85α-/- / 
p55α-/- / p50α-/- / 
p85β-/- 

Defects in glucose and lipid homeostasis; 
hyperinsulinemia and hypolipidemia 

 
Muscle p85α-/- / 
p55α-/- / p50α-/- / 
p85β-/- 

Viable; reduced muscle growth, insulin response, and 
hyperlipidemia 

 
Endothelial 
p85α-/- / p55α-/- / 
p50α-/- / p85β-/- 

Acute embryonic lethality at E11.5 due to haemorrhaging 

 
Endothelial 
p85α+/- / p55α-/- / 
p50α-/- / p85β-/- 

Viable but with localised vascular abnormalities when 
challenged with pathological insults 

p101 p101-/- Viable; reduced neutrophil migration and inflammatory 
response; impaired thymocyte development. 
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1.5 The PI3K Class IB enzyme, PI3Kγ  

Whilst the structure, functions and regulation of Class IA enzymes have been extensively 

examined, there is far less information regarding the lone Class IB enzyme PI3Kγ, 

particularly with respect to the regulation of the heterodimeric complex and the distinct 

roles of the individual adaptor subunits. PI3Kγ consists of the p110γ catalytic subunit 

bound to one of two putative adaptor subunits, p101 or p84 (also called p87PIKAP), which 

are unique to the IB subclass4-6. Compared with Class IA enzymes that are activated 

primarily downstream of receptor tyrosine kinases, PI3Kγ is predominantly activated 

downstream of G protein-coupled receptor (GPCR) stimulation. Ligand binding to the 7-

transmembrane GPCR induces the dissociation of coupled G-proteins to Gα and Gβγ 

subunits, where Gβγ contributes to the activation of PI3Kγ that has translocated from the 

cytosol to the plasma membrane87. The membrane recruitment of PI3Kγ heterodimers is 

dependent on the adaptor protein interaction with Gβγ, whereby the maximal activation of 

PI3Kγ is achieved with the additional association of the complex with membrane-localised 

ras-GTPase11, 12. PI3Kγ subunits are expressed at highest levels in cells of the 

haematopoietic system where roles for PI3Kγ have been demonstrated during 

development, homeostasis and during immune responses. In these contexts, PI3Kγ is 

involved in signalling downstream of chemokine receptors for the induction of immune 

cell chemotaxis towards extracellular chemokine stimuli7.  

 

While it is known that p84 and p101 PI3Kγ adaptors subunits are imperative for 

interactions with Gβγ and the translocation of p110γ to the plasma membrane, the precise 

roles of the distinct subunits in PI3Kγ regulation and signal specificity are not yet clear. 

The initial characterisation of PI3Kγ signalling was conducted at a time when p101 was 

believed to be the sole adaptor subunit for p110γ, which alone contributed to the protein- 

and lipid-kinase activity of the enzyme. It was not until the cloning and characterisation of 

p84 as a second p110γ adaptor in 2005(6) that the regulation of this system by dual adaptors 

was considered. The gene encoding p84 (Pik3r6) is present in Homo sapiens, Mus 

musculus, Canis lupus familiaris (dog), Gallus gallus domesticus (chicken) and Anura 

(frog) genomes and is always located immediately downstream of the p101 locus6, 119. The 

gene region surrounding Pik3r5 (p101) and Pik3r6 (p84) loci is outlined in Figure 1.8.  
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Although originally proposed to have redundant roles, solely as Gβγ-adaptors, recent data 

have contributed to an increasing body of evidence suggesting that p101 and p84 differ 

both in their tissue expression patterns4, 6, 119, 120, their ability to coordinate p110γ activity in 

separate signalling cascades121-123 and their coupling to upstream inputs in a variety of 

different cellular systems11, 122, 124. It is becoming clear that p84 is less able to transduce 

robust PI3Kγ signalling relative to its p101 counterpart, suggesting that p84 may play an, 

as yet, undefined role in PI3Kγ regulation. The remainder of this literature review will 

focus on what is known about the activation of PI3Kγ, with particular respect to the 

regulation of lipid-kinase signalling by p84 and p101 adaptor subunits. The research 

presented in this thesis concentrates on the distinct role of p84 in PI3Kγ signal regulation 

and the investigation of tissue-specific functions of p84 in the context of immune cell 

development and migration during inflammation. 

 

 

 
 Figure 1.8: The p101 and p84 gene locus 

 

1.5.1 PI3Kγ  subunits: expression, stability and localisation 

The expression of the PI3Kγ catalytic subunit p110γ is exclusively coupled with the 

expression of one or both regulatory adaptor proteins. A recent mRNA array of human 

tissues by Shymanets et al. (2013) revealed that whilst p101 is expressed at high levels in 

restricted cell types, p84 is more widely expressed but generally at a low level when 

expressed as the sole adaptor (refer to Table 1.3)4. The highest expression of PI3Kγ 

subunits was observed for cells of the immune system where it has been shown that PI3Kγ 

signalling is required for haematopoietic cell migration in response to chemokines7, in 
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addition to maturation and differentiation processes downstream of cell surface antigen 

receptors114. In immune compartments such as the bone marrow, spleen and lymph nodes, 

highly motile cells were identified to co-express p101 and p84 at high levels4. Although 

both adaptors can facilitate lipid-kinase activity of PI3Kγ complexes, the level of 

functional redundancy, if any, that exists between the two adaptors is not yet apparent.  

 

 

    Table 1.3: Expression of p84 and p101 subunits in human tissues measured by RT-PCR 

Human tissue p84 adaptor expression p101 adaptor expression 

Adrenal gland + + 
Bone marrow +++ +++ 
Brain + + 
Cervix ++ ND 
Colon + + 
Duodenum + + 
Epididymis + ND 
Esophagus + ND 
Fat ++ + 
Heart * + ND 
Intestine ++ + 
Intracranial artery + ND 
Liver ND + 
Lung ++ +++ 
Lymph node +++ +++ 
Mammary gland  + ND 
Optic nerve + ND 
Ovary + ND 
Oviduct + ND 
Pancreas + ND 
Pituitary gland + + 
Placenta + + 
Plasma blood leukocytes +++ +++ 
Prostate ++ ++ 
Rectum +++ ND 
Retina + + 
Seminal vesicles + ND 
Skin ++ + 
Spinal cord + + 
Spleen +++ +++ 
Stomach ++ ++ 
Testis + ND 
Thymus ++ +++ 
Tonsil ++ + 
Trachea + + 
Urethra ++ ND 
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Urinary bladder + ND 
Uterus + + 
Uvula + ND 
Vagina + ND 
Vena Cava + ND 
 

Sourced from Shymanet et al. (2013) J Biol Chem doi: 10.1074/jbc.M113.508234. 

* more recent data has shown p101 expression in the heart120, 125. 
 

 

The stability and localisation of PI3Kγ subunits has been elucidated using subunit 

reconstitution experiments, where cells lacking PI3Kγ are complemented with p110γ, p101 

or p84 subunits alone or in combination. These experiments have been conducted in mast 

cells, an innate granulocytic leukocyte subset responsible for IgE-mediated allergic 

responses, which activate PI3Kγ downstream of both antigen/IgE-induced FcεRI-clustering 

and GPCR stimulation through adenosine receptors28, 29, 126. Unlike other haematopoietic 

cell subsets, mast cells have been reported not to express detectable levels of p101, rather 

they express only the p84 regulatory subunit in conjunction with p110γ121, 124. However, it 

was observed that bone marrow-derived mast cells (BMMCs) isolated from p110γ-

deficient (p110γ-/-) mice also completely lack the expression of p84121. This suggested that 

the expression and/or stability of PI3Kγ adaptor proteins may be dependent on the p110γ 

catalytic subunit, at least in mast cells, although the mechanism by which p84 expression 

was lost in this instance was not investigated. Mechanism aside, p110γ-/- BMMCs that lack 

expression of p110γ, p84 and p101 subunits have allowed these cells to be utilised for 

subunit complementation experiments, where the expression of one or a combination of 

PI3Kγ subunits can be re-introduced by nucleofection in order to study monomeric and 

dimeric interactions11, 121. Although PI3Kγ is functional only as a heterodimeric enzyme, 

using subunit reconstituted p110γ-/- BMMCs as a model system; the stability of monomeric 

p110γ, p101 and p84 subunits have been shown to differ under resting conditions. Both 

p110γ and p84 were shown to be stable as monomers, whereas p101 has little stability in 

the absence of p110γ4, 119. The relative stability of monomeric p84 in the absence of p110γ 

in these experiments indicates that the loss of p84 expression in p110γ-/- BMMCs occurs 

through an alternate mechanism. 
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When assessing the subcellular localisation of reconstituted PI3Kγ subunits, it was found 

that monomeric p110γ and p101 localised to the nucleus of cells whilst p84 displayed 

primarily cytosolic expression5, 119. This can be attributed to the presence of nuclear 

localisation sequences (NLS) within the C2 domain of p110γ and the central region of 

p101, but which is lacking from p84. Under resting conditions, constitutive p101/p110γ 

and p84/p110γ heterodimer complexes have been identified, which are localised primarily 

in the cytosol5, 119. In spite of these observations, it should be noted that the expression of 

PI3Kγ subunits induced by nucleofection of p110γ-/- BMMCs does not represent 

endogenous proteins and therefore may not completely reflect the situation in unmodified 

cells. 

 

The analysis of endogenous protein levels in primary cells has revealed that the expression 

of p110γ remains constant during both resting conditions and upon stimulation, whereas 

the expression of p101 and p84 adaptor subunits have been found to be differentially 

regulated upon stimulation4, 120.  In peripheral blood mononuclear cells, it has been shown 

that the expression of p101, but not p84, can be induced by persistent GPCR stimulation 

over 24 hours. The induction of p101 in this context also correlated with increased 

p101/p110γ heterodimerisation compared with that of p84/p110γ4. A similar effect was 

observed in cardiomyocytes, where the tissue expression of p101 could be increased with 

persistent heart stress, whereas the expression of p84 remained unchanged120. However, in 

relation to these experiments and as discussed in earlier sections, the molecular mechanism 

by which protein levels of p101 are increased remains unknown. Furthermore, the 

biological relevance of induced expression of PI3Kγ subunits and heterodimerisation with 

p110γ is unclear, as to date there are no data to suggest that p101 and p84 directly compete 

for p110γ binding in an endogenous system. 

 

At this point, the only description of direct regulation of PI3Kγ gene expression is of the 

Pik3r5 (p101) and Pik3r6 (p84) genes in BMMCs, where miRNA-155 was found to 

specifically suppress the expression of p101 and p84127. Down-regulation of PI3Kγ adaptor 

subunits in mast cells was shown to inhibit the induction of phosphorylated Akt upstream 

of degranulation, cytokine secretion and migration127. miRNA-155 has also been shown to 

suppress the expression of other PI3K isoforms (specifically p85α) and regulate signalling 

downstream of B- and T-cell receptors in mature lymphocytes128. Consistent with 
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heightened PI3K subunit expression and activation, the miR-155-deficient mouse 

(miRNA-155-/-) displays an enhanced anaphylaxis response perpetuated by increased 

FcεRI-mediated degranulation and release of TNF-α, IL-13 and IL-6 from mast cells127.  

 

Together, the studies described above regarding the expression and stability of PI3Kγ 

subunits showed that whilst p110γ is invariably expressed in conjunction with one or both 

adaptor subunits, the adaptor subunits themselves display cell-type specific expression 

patterns and can be differentially regulated. It is also important to consider that although 

both p84 and p101 adaptor proteins may be expressed in the same cell, it has not yet been 

established whether functional redundancy exists between the subunits and to what degree, 

or whether p84/p110γ and p101/p110γ heterodimers mediate distinct functions defined by 

the activating signal. 

 

1.5.2 The interaction between p110γ  and an adaptor subunit 

PI3Kγ functions as an obligate heterodimeric enzyme composed of p110γ and an adaptor 

subunit. However, the heterodimers formed by p84 and p101 regulatory subunits are not 

equal in their capacity to transduce lipid-kinase signalling. At a basic level, the p101/p110γ 

heterodimer maintains a stronger interaction than p84/p110γ4, 11, as demonstrated by the 

inability of increasing concentrations of p84 to outcompete p101 for p110γ-binding in 

vitro, whereas increasing amounts of p101 were shown to readily displace p84 from 

p110γ4. Although, these data are contrary to earlier reports generated during the 

characterisation of p84119, which showed using Fluorescent Resonance Energy Transfer 

(FRET) that p84 and p101 subunits expressed in HEK cells were similarly capable of 

displacing one another from p110γ. Moreover, while it is known that binding of p101 or 

p84 adaptors to p110γ is a mutually exclusive interaction6, 12, whether distinct pools of 

p84/p110γ and p101/p110γ heterodimers participate in separate signalling cascades or 

whether a single p110γ molecule is capable of exchanging adaptor proteins depending on 

the cellular context is yet to be elucidated. 

 

The regions within PI3Kγ heterodimers that form the interface between the interacting 

proteins have been partially resolved using hydrogen-deuterium exchange mass 

spectrometry (HDX-MS). HDX-MS methods have been successfully employed to generate 
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complete data relating to the p101/p110γ interaction, though unfortunately the interaction 

domains within p84 remain unknown due to an inability to crystallise the protein. Analysis 

of the p101/p110γ heterodimer confirmed firstly that p101 interacts predominantly with the 

helical domain of p110γ, as previously described for other p110 isoforms with their 

cognate adaptors, and secondly, that the complex is stabilised through further interactions 

of p101 with the RBD-linker domain of p110γ, a mechanism that is unique to PI3Kγ12. 

Upon exposure of p101/p110γ to membrane lipids, HDX-MS analyses revealed two 

protected regions within the kinase domain of p110γ, namely the Kα2 N-lobe helix and the 

Kα12 C-terminal helix12. This demonstrates that portions of the kinase domain partially 

insert into the membrane upon translocation. Further analysis showed that the direct 

interaction of p110γ with membrane lipids changed the conformation of the helical domain 

so that regions involved in Gβγ-binding were exposed. When Gβγ was subsequently 

introduced to membrane-bound p101/p110γ, it was found that Gβγ bound p110γ within the 

exposed helical domain regions proximal to p101 and also interacted with residues R552 

and K553 within the C2-helical linker12. Interactions between the C2-helical linker (K532 

and K533) and Gβγ have also been described for p110β129, which suggests that this 

interface is common amongst Gβγ-sensitive enzymes, since analogous residues are absent 

from p110α and p110δ isoforms71, 72. Conversely, two key binding regions surrounding C-

terminal residues 777 and 821 within p101 were identified to mediate Gβγ-binding, in 

addition to further residues within the C-terminus of p101 that have been shown to stabilise 

the protein complex12.  

 

In comparison, HDX-MS interaction studies for p84/p110γ heterodimers have been largely 

ineffective due to the inability to form sufficient crystals for monomeric p84 or p84/p110γ 

heterodimers. As such, the only interface resolved by HDX-MS to this point is the p110γ 

interface involved in binding to p84, which involved the expression and purification of 

p110γ and p84 from baculovirus-transduced Sf9 insect cells. As previously proposed based 

on the interaction of the p101 adaptor protein with p110γ, p84 was also identified to bind 

within the helical domain of p110γ in addition to smaller interaction interfaces within the 

N-terminal region that were shown to stabilise the complex124.  

 

Mechanisms that regulate the formation of p84/p110γ and p101/p110γ heterodimeric 

PI3Kγ complexes are not well understood. An interesting mechanism controlling the 
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heterodimerisation interaction between p84 and p110γ has been described recently in 

BMMCs. In this study by Walser et al. (2013), the p84/p110γ heterodimer was shown to be 

regulated through the transient phosphorylation of p110γ within the helical domain, to 

which p84 has been shown to bind124. This represents yet another instance where transient 

phosphorylation events within PI3K complexes exist as a mode of enzyme regulation66, 108, 

as previously discussed in section 1.4.2. In response to intracellular calcium mobilisation 

and FcεRI clustering, activated PKCβ was found to phosphorylate p110γ on Ser582 

leading to a conformational change within the helical domain (to accept the phosphate 

group)124. This phosphorylation-dependent structural change resulted in the displacement 

of p84. A simultaneous conformational change was observed in the catalytic pocket of 

p110γ, thereby inactivating PI3Kγ lipid-kinase activity and allowing p110γ to uncouple 

from GPCR-inputs. It was proposed that p110γ subsequently participated in alternate roles 

downstream of calcium signalling in mast cells, however whether any catalytic activity of 

monomeric p110γ was maintained was not investigated124. Despite this, the 

phosphorylation-dependent uncoupling of p110γ from p84 in BMMCs represents the first 

description of p110γ acting independently of an adaptor subunit and is therefore a 

significant finding.  

 

To summarise, HDX-MS has been a useful tool to elucidate the molecular events that 

occur during the dimerisation of p110γ with p101 and p84 adaptors and the interaction of 

PI3Kγ heterodimers with Gβγ and lipid components. Though these events have only been 

partially mapped and the crystallisation of p84 and p84/p110γ complexes still remain 

elusive, the aforementioned data has resolved structural aspects related to PI3Kγ kinase 

activity at the plasma membrane. To further understand the regulation of PI3Kγ 

complexes, detailed information regarding adaptor-mediated intrinsic regulatory 

mechanisms controlling the enzymatic activity of PI3Kγ (such has been described for p85-

dependent regulation of PI3Kα activity in section 1.3.2) must be attained.  

 

1.5.3 Activation of PI3Kγ  lipid-kinase activity at the plasma membrane 

In response to GPCR activation, PI3Kγ heterodimers translocate from the cytosol to the 

plasma membrane where the enzyme binds the dissociated G-protein subunit, Gβγ, that has 

been released from the activated receptor. The translocation of the catalytic subunit to the 
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membrane and the activation of p110γ lipid-kinase activity towards proximal lipid 

substrates are mediated by the adaptor subunit. However, p101 and p84 regulatory subunits 

display disparate abilities as Gβγ-adaptors. Firstly, it has been shown that p101 displays 4-

fold higher affinity to Gβγ-binding than p84(11), and that as a consequence; p101/110γ 

heterodimers are more readily recruited to the membrane upon receptor stimulation6, 10, 11, 

130. Secondly, by measuring the kinase activity of membrane-tethered myristoylated or 

prenylated p110γ, it was shown that partial activation of kinase activity could be mediated 

by Gβγ alone, p101 alone or by lipid exposure alone, albeit at a sub-maximal level10. 

Maximum stimulation of PI3Kγ required the interaction of p110γ with Gβγ, p101 and lipid 

components in combination10. These data suggest that p101 possesses an intrinsic capacity 

to stimulate the lipid-kinase activity of p110γ. In comparison to p101/p110γ heterodimers, 

p84/p110γ heterodimers display less efficient translocation to the membrane and p84 is 

incapable of directly stimulating membrane-tethered p110γ in the absence of Gβγ4, 10. 

Furthermore, p84-mediated PI3Kγ requires the action of ras-GTPase, which directly binds 

p110γ as a co-factor and promotes its kinase activity11.  

 

Consistent with enhanced membrane translocation, p101/p110γ heterodimers have been 

shown to produce a more robust PI3Kγ signal than p84/p110γ heterodimers as determined 

by the lipid-kinase activity of p110γ, which can be visualised by PIP3 accumulation at the 

membrane and the recruitment of PH-domain containing effectors4, 12. The kinetics of 

PI3Kγ-dependent PIP3 production has been found to vary based on the receptor/stimulus 

and the cell type interrogated, although in general, transient generation of PIP3 can be 

observed at the plasma membrane within minutes of GPCR stimulation. For example, in 

human embryonic kidney cells transfected with p110γ and p101 in conjunction with a PH-

domain/GFP fusion-tagged protein, PIP3 accumulation was shown to occur by 5-10 

seconds of fMLP receptor stimulation where recruitment of PH-GFP to the membrane was 

visualised by live-cell microscopy12. In the case of bone marrow-derived mast cells that 

express p84 as the sole adaptor protein, p84/p110γ has been shown to readily translocate to 

the membrane within 15 seconds of GPCR stimulation121. In contrast, a more delayed 

recruitment and activation of PI3Kγ has been observed in MDA.MB.231 mammary 

carcinoma cells where PIP3 accumulation at the membrane and the induction of 

phosphorylated Akt occurs within 5 minutes of CXCL12 stimulation through CXCR4123.  
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Contrary to the established dogma that Class IB PI3Kγ is activated solely downstream of 

GPCRs, recent data generated in tumour-infiltrating myeloid cells has challenged this 

concept, where PI3Kγ was identified to be activated downstream of the VEGFR1 receptor, 

an RTK previously thought to activate only Class IA kinases122. This report by Schmid et 

al. (2011) found that in tumour-infiltrating myeloid cells, p84-mediated PI3Kγ was 

activated exclusively downstream of RTKs whilst p101-mediated PI3Kγ complexes 

exclusively coupled to GPCRs. Both signalling pathways in this context were found to 

require ras-GTPase as a co-factor. In this study, p84/p110γ-induced PIP3 accumulation at 

the plasma membrane was shown to occur within 15 seconds of VEGF-A stimulation in a 

PI3Kγ-dependent manner, as determined by sensitivity to AS605240 inhibition122. p110γ 

could also be co-precipitated with VEGFR1 upon stimulation122. However, the mechanism 

by which p84/p110γ was recruited to VEGFR1 and interacted with the phosphotyrosine 

residues of activated receptor is not clear, since p84 has not been predicted to contain SH2 

domains that facilitate the interaction of p85 with cognate RTKs. An alternate explanation 

is that cross-activation of p84/p110γ may occur through an interaction between VEGFR1 

and a GPCR, as has been described for IGF1/CXCR4131. VEGF-A stimulation of myeloid 

cells resulted in the activation of integrin α4β1, which facilitated cell adhesion to 

endothelial vessels, extravasation and infiltration of myeloid cells into the tumour mass122. 

Similar to the ability of PI3Kγ to signal downstream of RTKs, it has also been shown that 

Class IA PI3Kβ can be activated downstream of both RTK and GPCR stimulation, 

whereas PI3Kα and PI3Kδ are exclusively activated downstream of RTKs132, 133.  

 

Collectively, studies concerning the actions of p84 and p101 as adaptor subunits have 

demonstrated that p101 is more effective than p84 at facilitating the rapid translocation of 

PI3Kγ enzyme complexes to the activating receptor and Gβγ at the plasma membrane. 

However, a novel function of p84-mediated PI3Kγ heterodimers has recently been 

identified in myeloid cells where p84/p110γ was found to be activated downstream of 

receptor tyrosine kinases, challenging the previously accepted dogma that PI3Kγ coupled 

exclusively to GPCR signalling.  
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1.5.4 Mechanisms of PI3Kγ  signal regulation 

As described in section 1.4.2, PI3K family complexes are commonly regulated by both 

conformation- and phosphorylation-dependent mechanisms, although in contrast to Class 

IA PI3K enzymes, there is considerably less known about the regulation of PI3Kγ. Unlike 

the Class IA regulatory subunit, p85, which inhibits the lipid-kinase activity of p110α, 

p110β and p110δ subunits through conformational restraints whilst inactive in the 

cytoplasm74, the Class IB regulatory subunits p101 and p84 have not been shown to 

directly suppress the enzymatic activity of p110γ. However, structural modelling and 

comparisons between inactive p110/p85 and p110γ have led to the proposal of a negative 

regulatory mechanism where the tertiary conformation of p110γ inhibits its own kinase 

activity rather than an interaction with an inhibitory adaptor12.  

 

For Class IA enzymes, inactive p85/p110 heterodimers adopt a conformation of p110 

where the last two helices of the kinase domain, together with proximal loops, form an 

arch critical for PI3K regulation72, 74, 80. The elbow region within this regulatory arch 

provides the interface to which p85 binds and inhibits the kinase activity of p110 until the 

complex is translocated to the membrane. In contrast, p110γ does not maintain this 

inhibitory interaction with an adaptor protein through its kinase domain. Instead, it has 

been found that when p110γ is not associated with membrane lipids, the Kα12 helix 

functions as an autoinhibitory region by forming inhibitory contacts with the elbow and 

activation loops underneath it12. This results in a kinase-inactive conformation of p110γ. 

Upon translocation of PI3Kγ to the membrane and interaction with membrane lipids, the 

Kα12 helix partially inserts into the membrane, thereby opening the conformation of 

p110γ and leaving the elbow region of the kinase domain and activation loops exposed. 

The disruption of autoinhibitory contacts between the Kα12 helix and elbow/activation 

loop regions allows the induction of p110γ kinase activity12. A similar mechanism of 

intrinsic structural regulation has also been described for the Class III PI3K, Vps3459, 134.  

 

The autoinhibited state of p110γ and the conformational changes induced upon lipid 

exposure, p101-binding and Gβγ-binding are illustrated in Figure 1.9.  
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Figure 1.9: The conformation of p110γ  modulates its lipid-kinase activity. 

Sourced from Vadas et al. (2013) PNAS doi: 10.1073/pnas.1304801110. 
 

 

To date, there has been no description of regulatory phosphorylation events for p84 and 

p101 adaptor subunits in the control of PI3Kγ signal regulation. This is in comparison to 

what has been established for the phosphorylation-dependent regulation of Class IA 

enzymes by p85(66, 108) (refer to section 1.4.2).  

 

However, there are two studies to propose that PI3Kγ signalling may be negatively 

regulated through the control of p101 expression and subcellular localisation121, 135. These 

studies by Johnson et al. (2011) and Bohnacker et al. (2009) involved the over-expression 

of p101 in either primary haematopoietic T lymphocytes or mast cells, respectively. In T 

lymphocytes, it was found that although high p101 expression correlated with increased 

PIP3 levels, the excessive signalling produced by p101/p110γ heterodimers ultimately 

resulted in cell death through the activation of apoptotic pathways135. Since moderate over-

expression of p101 in these experiments instead resulted in the oncogenic transformation 

of T lymphocytes135, it suggests that the activation of death pathways is a mechanism to 

prevent aberrant over-activity of PI3Kγ signalling and subsequent oncogenesis.  

 

In comparison, in mast cells, the subcellular localisation of PI3Kγ heterodimers was shown 

to correlate with distinct signalling outcomes (refer to section 1.5.2). In subunit-

reconstituted p110γ-/- BMMCs (described in Section 1.5.1), it was shown that p84/p110γ 

and p101/p110γ heterodimers formed separate pools of PI3Kγ in distinct subcellular 

localisations121. Here, p110γ-/- BMMCs (lacking expression of p110γ, p84 and p101) were 
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reconstituted with p110γ alone or p110γ in combination with a single adaptor or both 

adaptors. Whilst both p84/p110γ and p101/p110γ complexes were capable of contributing 

to PIP3 accumulation and the induction of phosphorylated Akt, indicative of active PI3Kγ 

signalling, only the activation of p84/p110γ resulted in full-scale degranulation of mast 

cells121. This discrepancy was attributed to the subcellular localisation of PIP3 generated by 

the distinct dimers, where p84/p110γ activity was shown to readily generate plasma 

membrane-associated PIP3, whereas p101/p110γ dimers were rapidly endocytosed and 

signalling occurred at intracellular endosome membranes121. However, it should be noted 

that the biological relevance of activation-induced endocytosis of p101/p110γ complexes 

and PI3Kγ signalling at distinct membrane compartments is still to be confirmed in further 

cell types since mast cells do not endogenously express p101. 

  

To summarise, in comparison to the regulation of Class IA PI3K enzymes, the regulatory 

mechanisms that control PI3Kγ signalling are not well understood. Furthermore, 

phosphorylation-dependent control of PI3Kγ lipid-kinase activity is yet to be investigated 

or described. 

 

1.6 Functional roles for PI3Kγ  

PI3Kγ has been identified to possess cell type-specific functions that are both kinase-

dependent and kinase-independent depending on the tissue context and activating signal. 

For instance within cardiomyocytes, the lipid-kinase activity of p101-mediated PI3Kγ 

controls β-adrenergic receptor density and the regulation of the cardiac response to 

adrenalin, whilst p84-mediated PI3Kγ facilitates a unique kinase-independent scaffolding 

function during the regulation of cellular cAMP levels and heart contractility (described 

further in section 1.6.1)120, 125.  

 

In contrast, PI3Kγ signalling in haematopoietic cells is activated for the induction of 

chemotaxis and is required for both the homeostatic trafficking of naïve and memory cells 

through secondary lymphoid organs and during immune responses7, 114, 136, 137. The 

chemokine receptor profile of a cell population in conjunction with the surrounding 

inflammatory milieu dictates their migratory phenotype. For instance, the temporal 

expression of CCR7 on activated Langerhan dendritic cells allows them to respond to 
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chemotactic gradients of CCL19 and CCL21 within the skin137-139. This facilitates their 

directed migration into the lymphatics to draining lymph nodes where they present 

processed antigen to T lymphocytes and initiate the adaptive immune response138. Upon 

PI3Kγ signalling downstream of chemokine receptors such as CCR7, the cell becomes 

polarised through the rearrangement of the actin cytoskeleton to form a ‘leading’ and a 

‘trailing’ edge (described in section 1.4.2). The leading edge is formed by the spatially 

restricted localisation of PI3Kγ-dependent PIP3 within lipid rafts at the plasma membrane 

in the direction of the increasing chemokine gradient20, 23, 24. Protrusions at the leading 

edge propel the cell directionally towards the increasing chemotactic signal. PTEN and 

SHIP phosphatases that counteract PIP3 accumulation are excluded from these lipid rafts 

and are instead targeted to the trailing edge of the cell23. This polarisation ensures tightly 

localised signalling that is restricted to the leading edge. In fact the breakdown of this 

subcellular organisation and kinase/phosphatase distribution, through either the disruption 

of lipid rafts and/or the loss of PTEN or SHIP phosphatase activity has been shown to 

completely inhibit directed cell migration20, 97.  

 

The temporal and spatial regulation of PI3Kγ signalling must therefore be tightly 

controlled to maintain normal cellular functions. Aberrant signalling through PI3Kγ 

pathways has been shown to result in cardiac dysfunction and also lead to pathologies such 

as autoimmunity and cancer metastasis, which can be attributed to enhanced migration of 

autoreactive or oncogenic cells, respectively. The following sections outline the established 

functional roles for PI3Kγ in normal cell function and during disease when PI3Kγ 

signalling becomes dysregulated. Many of these roles have been elucidated using the 

PI3Kγ-selective inhibitor, AS605240, and disease models in PI3Kγ-deficient mice (refer to 

section 1.3.3 and Tables 1.1 and 1.2). AS605240 is the most robustly characterised 

selective PI3Kγ-inhibitor, which was developed by Camps et al. in 2005(8) and freely 

distributed to the research community. The small molecule inhibitor was strategically 

developed using low throughput enzyme screening and high content ATP-binding pocket 

cell-based screening, together with structural-based design and optimisation8. PI3Kγ-

deficient mice currently include broad p110γ knockout (p110γ-/-) and p110γ kinase-dead 

(p110γKD/KD) strains and a p101 broad knockout strain. At the time of writing, no p84 

knockout mouse was available, and as such, a novel p84 knockout mouse was developed in 

the present study to elucidate p84-dependent roles for PI3Kγ. However during final thesis 
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preparation, another p84 knockout mouse was published. This will be discussed in detail in 

Results and Discussion Chapters.   

 

1.6.1 PI3Kγ  in cardiac function  

Cardiomyocytes express p110γ in conjunction with both p101 and p84 adaptors, where the 

regulatory subunits have been found to execute distinct functions within separate 

subcellular compartments4, 125, 140, 141. The kinase-dependent function of PI3Kγ in 

cardiomyocytes is mediated by p101/p110γ heterodimers activated downstream of cell 

surface β-adrenergic receptors (β-AR) in response to adrenalin. Lipid signalling driven 

downstream of PIP3 at the plasma membrane promotes a transduction pathway resulting in 

β-AR internalisation120, 125, 140, 141. This regulation of β-AR density mediated by PI3Kγ 

signalling is critical to cardiac function. For instance, increased expression of p101 has 

been found to increase PI3Kγ signalling activity and lead to enhanced receptor 

internalisation, which subsequently causes decreased β-AR density and ultimately causes 

heart failure120. 

 

In addition to the regulation of β-AR density, p110γ present in the cytosol of 

cardiomyocytes has been found to regulate cardiac hypertrophy through the inhibition of 

GSK-3 signalling pathways142. GSK-3 is a protein kinase responsible for the 

phosphorylation and activation of numerous transcription factors involved in the regulation 

of hypertrophy, where the inhibition of GSK-3 promotes cardiac growth. In this context, 

p110γ has been shown to directly bind and inhibit PPMT-1 in the cytosol thereby 

preventing the interaction of PPMT-1 with PP2A, a complex that is required for the 

activation of GSK-3142. The expression and localisation of p110γ therefore indirectly 

affects GSK-3 activation and aberrant regulation of PI3Kγ signalling can result in 

abnormal cardiac growth. 

 

A unique kinase-independent role for p84-mediated PI3Kγ has also been identified within 

the heart. In this capacity, the p84/p110γ dimer acts as a scaffold to support a multimeric 

complex with protein kinase A (PKA) and phosphodiesterase 3B (PDE3B), which has been 

shown to negatively regulate cardiac contractility through the regulation of cAMP 

hydrolysis119, 120, 143. Within the multimer, PKA is responsible for the phosphorylation of 
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PDE3B (required for PDE3B phosphodiesterase activity), whilst p110γ anchors PKA 

through the N-terminal domains and p84 is necessary to link the complex through the 

binding of both PDE3B and p110γ120. Whilst the disruption of this multimeric complex in 

p110γ-deficient animals (p110γ-/-) leads to cardiac failure in response to aortic 

compression, animals that express the kinase-dead p110γ mutant protein (p110γKD/KD) 

display a phenotype comparable to wildtype animals120. This confirms the necessity of 

p110γ and p84 as structural components rather than a catalytic entity within this complex. 

Furthermore, in addition to protein-kinase activity towards PDE3B, PKA anchored by 

p110γ, has also been found to phosphorylate p110γ at Thr1024, inactivating PI3Kγ kinase 

activity and thereby allowing p110γ and p84 to act solely as scaffolding proteins120. Of 

note, this inhibitory phosphorylation of p110γ was also observed to result in the 

stabilisation of β-AR density, suggesting a degree of cross-talk between PI3Kγ signal 

transduction pathways within cardiomyocytes and the regulation of β-AR/cAMP/PKA 

signalling120, 125. Although the mechanisms regulating p110γ in cardiomyocytes remain 

unclear with respect to the activation of PI3Kγ by p101 or p84 and the alternate subcellular 

localisations occupied by each of these pathways, it does suggest a dynamic environment 

where p110γ can participate in both kinase-dependent and -independent functions.  

 

1.6.2 PI3Kγ  in haematopoietic cell development and function 

Consistent with highest expression of PI3Kγ subunits observed within haematopoietic 

compartments, PI3Kγ signalling has been shown to be required for functions within both 

innate and adaptive immune cell subsets. The role of PI3Kγ has been most extensively 

characterised in neutrophils and the propagation of inflammation, whereby neutrophils 

from p110γ-/- mice display activation defects7, 136, 144. Specifically, p110γ-deficient 

neutrophils are incapable of generating PIP3 downstream of GPCR stimulation, which 

correlates with decreased levels of phosphorylated Akt, ERK1 and ERK2 species, and 

results in reduced migration to chemokines (such as CCL3, CCL5, CXCL1 and CXCL8) 

and chemoattractants (such as C5a and the bacterial peptide fMLP) in vitro and in vivo7, 114, 

145. Impaired neutrophil recruitment in p110γ-/- mice has been observed in models of 

casein-induced peritonitis, to sites of Listeria monocytogenes or E.coli infections when 

seeded to the peritoneal cavity and in models of neutrophil infiltration during lung sepsis8, 

24, 114, 145-147. Furthermore, PI3Kα, PI3Kβ or PI3Kδ isoforms cannot compensate for the 
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loss of PI3Kγ activity required for neutrophil migration, indicating that PI3Kγ is the sole 

isoform responsible for mediating neutrophil chemotaxis towards chemoattractants. In 

addition to migratory defects, cytokine-primed neutrophils from p110γ-/- mice display 

reduced respiratory burst, characterised by decreased production of reactive oxygen 

species (ROS) in response to fMLP. ROS production is a biphasic process, and while 

multiple PI3K isoforms coordinate to produce the second phase of ROS, the first phase of 

ROS production is mediated by PI3Kγ alone130, 136, 144, 148.  

 

Another cell type that has been extensively used to study PI3Kγ interactions is the mast 

cell, the innate inflammatory mediator activated during allergic responses. In response to 

allergen exposure, mast cells become sensitised with surface-bound allergen-specific IgE 

then are activated to degranulate upon subsequent stimulation, where they release 

intracellular granule stores of inflammatory mediators such as histamine. Degranulation of 

mast cells occurs downstream of antigen/IgE and FcεRI clustering and involves the parallel 

activation of PI3Kγ and Ca2+ signalling pathways29. Unlike other immune cell subsets, 

mast cells have been reported to express only the p84 regulatory subunit in conjunction 

with p110γ121, 124. Therefore in the context of mast cells, p84/p110γ heterodimers are solely 

responsible for the activation of PI3Kγ-dependent signalling cascades. Specifically, PI3Kγ 

is activated downstream of adenosine A3 receptors (A3AR) during mast cell activation 

where stimulation with adenosine leads to the potentiation and amplification of the 

degranulation response29, 121, 126. Consistent with this, and likewise with p110γ-deficiency 

in neutrophils, bone marrow-derived mast cells from p110γ-/- mice are similarly unable to 

generate PIP3 at the plasma membrane and cannot stimulate Akt/ERK1/ERK2 signalling 

pathways121. Moreover, the loss of p110γ expression in p110γ-/- mast cells and neutrophils 

has also been shown to result in decreased adaptor subunit expression (as previously 

described in section 1.5.1), suggesting that the stability of the adaptor proteins is dependent 

on the catalytic subunit121. Collectively, the inability of p110γ-/- bone marrow-derived mast 

cells to generate PIP3 lipids results in the inhibition of adenosine-mediated potentiation of 

FcεRI-induced mast cell degranulation and protects p110γ-/- mice from mast cell-mediated 

cutaneous anaphylaxis and passive systemic anaphylactic shock in the presence of 

intradermal adenosine29, 126.  
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p110γ-deficient mice also display migratory defects, where the recruitment of macrophages 

and dendritic cells to inflamed sites has been shown to be limited. For example, the 

migration of activated mature dendritic cells towards the draining lymphatics (but not their 

antigen-presentation capacity) has been shown to be impaired in p110γ-/- mice in a model 

of contact hypersensitivity, thereby blocking the intermediary link between innate and 

adaptive immune responses and leading to decreased T cell activation137. 

 

Within the adaptive immune system, B and T lymphocytes vary in their expression of 

PI3Kγ subunits and the involvement of PI3Kγ signalling for their activation, differentiation 

and effector functions. PI3Kγ is expressed at low levels in B lymphocytes and has not been 

found to play a major role in B cell differentiation or effector functions114. This is in 

contrast to the expression and requirement of PI3Kδ, which has been found to be the 

predominant PI3K functional isoform in B cells, where PI3Kδ lipid-kinase activity is 

required for B cell development, BCR signalling and the generation of T cell-dependent 

and -independent antibody responses after antigen stimulation in vivo149-153.  

 

The role of PI3Kγ is more prominent in T lymphocyte biology. Whilst p110γ-/- T cells 

display normal TCR-dependent Ca2+ mobilisation upon antigen stimulation, these cells 

have been shown to proliferate at a lower rate after anti-CD3 or ConA treatment and 

display reduced cytokine production in response to TCR-dependent and -independent 

stimuli relative to wildtype counterparts114. This indicates that PI3Kγ is not directly 

involved in signalling downstream of the TCR, but is instead required for the transduction 

of subsequent stimulatory signals downstream of GPCRs activated in parallel to the TCR. 

After activation, the differentiation of mature T lymphocytes, like B lymphocytes, is 

primarily driven by signalling through the PI3Kδ isoform and is independent of PI3Kγ154-

156.  

 

However during the development of immature T cells in the thymus, PI3Kγ has been 

shown to control immature thymocyte survival and differentiation. Relative to wildtype 

littermates, p110γ-/- mice possess equivalent proportion and numbers of mature single 

positive CD4+ and CD8+ T lymphocytes, but display increased proportions of double 

negative cells and a reduction in the proportion of double positive cells in the thymus114, 157, 

158. The reduction at the double positive (CD4+CD8+) stage was determined to be as a 
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result of an inability of p110γ-/- thymocytes to respond to adenosine stimulation through 

the A2A receptor expressed during this transitional stage, where a lack of stimulation 

through A2A results in the activation of apoptotic pathways and cell death114, 158. This 

demonstrates the contribution of PI3Kγ signalling to the control of thymic selection 

through pro-survival signalling.  

 

During immune responses, PI3Kγ signalling in mature T lymphocytes is required for 

activation and migration. Early phase pathogenesis in a model of lymphocytic 

choriomeningitis virus (LCMV) is mediated by cytotoxic CD8+ T cells and is characterised 

by a footpad swelling reaction159. In this model, p110γ-/- mice display reduced footpad 

swelling upon viral infection relative to wildtype mice114. Here, reduced inflammation was 

observed despite the equivalent ability of p110γ-/- CD8+ cells (recovered ex-vivo from the 

site of infection) to elicit cytotoxic responses to viral peptides in vitro compared with CD8+ 

cells recovered from wildtype animals. Instead, it was found that protection of p110γ-/- 

mice from LCMV infection was as a result of impaired migration of activated CD8+ cells 

to the inflamed footpad114. PI3Kγ signalling is similarly required in mature CD4+ 

lymphocytes for their function as helper cells in models of T cell-dependent antibody 

production. In this context, CD4+ T follicular helper cells are required to help B cells 

during antibody responses to produce high-affinity class-switched antibodies within 

germinal centres. Upon immunisation of animals with the CD4+-dependent hapten, NIP-

OVA, p110γ-/- mice display reduced high-affinity antibody production in vivo relative to 

wildtype counterparts114. The migration of activated CD4+ cells is also significantly 

impaired in p110γ-/- animals and is described in the following section 1.6.3. Collectively, 

these data indicate that PI3Kγ is indispensable to lymphocyte migration. 

 

1.6.3 PI3Kγ  in autoimmunity 

The contribution of PI3Kγ signalling to haematopoietic cell migration is essential to the 

maintenance of the immune system during homeostasis and the activation of inflammatory 

responses, where the coordinated migration of cell subsets to defined tissue locations is 

required for their activation and effector functions. As a result of this, PI3Kγ has been 

identified as a promising therapeutic target for the treatment of acute and chronic 

autoimmune conditions through the selective blockade of PI3Kγ-dependent migration8, 9, 28. 



Chapter 1 

42	
  

The involvement of PI3Kγ in the pathology of these diseases has been elucidated using 

both the p110γ-/- (and kinase-inactive p110γKD/KD) PI3Kγ-deficient mice and the inhibition 

of PI3Kγ in wildtype animals using the isoform-selective inhibitor, AS605240. PI3Kγ-

deficient animals are protected from several inflammatory pathologies such as asthma, 

allergic contact hypersensitivity, psoriasis, systemic lupus erythematosis (SLE), 

rheumatoid arthritis (RA), and experimental autoimmune encephalomyelitis (EAE) in 

which pathology is driven by the infiltration of one or more immune cell subsets to the site 

of inflammation where they potentiate tissue damage8, 9, 27-29, 137, 160.  

 

Systemic lupus erythematosis (SLE) is a chronic inflammatory condition characterised by 

the uncontrolled expansion of long-lived autoreactive CD4+ memory T cells that trigger 

polyclonal B cell activation. Broad activation of plasma cells during SLE leads to the 

formation of immune complexes from autoantibodies that aggregate in the kidneys, which 

results in the activation of complement pathways, the induction of a local inflammatory 

response and culminates in glomerulonephritis and renal failure (reviewed in 161).  

 

Current treatment regimes for SLE patients comprise broad immunosuppressant and 

cytostatic agents, with the extensive use of corticoids, most of which involve significant 

side effects27, 161. Therefore, selectively blocking the activity and migration of CD4+ 

lymphocytes by targeting PI3Kγ has become an attractive therapeutic approach for SLE 

treatment. This strategy is based on experimental data generated using the multigenic 

murine model of SLE in the MRL-lpr mouse27, 162. The MRL-lpr mouse spontaneously 

develops SLE-like symptoms driven by mutations at several loci, and consistent with 

human disease, manifests as glomerulonephritis and renal failure. MRL-lpr mice exhibit an 

expanded population of circulating CD4+ memory cells that display increased levels of 

phosphorylated Akt, indicative of PI3Kγ activation27. Selective inhibition of PI3Kγ in 

MRL-lpr mice with AS605240 has been found to result in reduced glomerulonephritis and 

improved lifespan of animals relative to the vehicle-treated control group, with no adverse 

effects detected after 3 months of treatment27. Protection was also observed when 

AS605240 was administered therapeutically, after the onset of disease. Animals with 

established disease were treated with AS605240 and were shown to display reduced p-Akt 

levels in CD4+ T cells, where the circulating memory population was reduced in proportion 

and number in response to inhibitor treatment. Moreover, the incidence of DNA-specific 
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autoantibodies and immune complexes was also reduced in treated animals, which 

correlated with improved kidney function27, 162. In light of these data indicating that PI3Kγ 

inhibition using AS605240 is a viable therapeutic for the treatment of SLE in the MRL-lpr 

mouse, it will be important to assess whether long-term blockade of PI3Kγ is effective to 

inhibit CD4+ memory T cell survival and/or migration in the treatment of human SLE. 

 

Human rheumatoid arthritis (RA) is a chronic systemic inflammatory condition typified by 

massive cellular infiltration to inflamed joints comprised of both innate and adaptive 

immune cell subsets. Inflammation is perpetuated through the release of inflammatory 

mediators and chemoattractants by infiltrating cells, which results in synovial hyperplasia, 

pannus formation and the erosion of cartilage and bone in distal joints. In murine models of 

RA disease is initiated by B and T lymphocytes, which release inflammatory factors 

responsible for the recruitment of innate cells, such as neutrophils and macrophages that 

together mediate tissue damage8, 163.  

 

Collagen-induced arthritis (CIA) in rodents is one such model of chronic joint 

inflammation and is routinely used to test the efficacy of anti-rheumatic drugs due to the 

semblance between the pathobiology of murine CIA and human RA disease164, 165. Oral 

administration of AS605240 has been found to significantly reduce leukocyte infiltration to 

the joints of animals with CIA compared with vehicle-control treatment, suggesting that 

the migration and infiltration of leukocytes is dependent on PI3Kγ signalling in this 

model8. PI3Kγ blockade with AS605240 has been shown to be effective in controlling 

inflammation when administered both at disease onset and during established disease, and 

mimics the protective effect that is observed in p110γ-deficient animals8. Cellular analyses 

revealed that whilst PI3Kγ inhibition led to impaired migration of lymphocytes to inflamed 

joints, the main defect leading to amelioration of disease was as a result of reduced 

neutrophil accumulation in the sinovium8. During chronic disease, neutrophils predominate 

the RA inflammatory infiltrate where they accumulate in the synovial fluid and contribute 

to cartilage erosion through the release of proteolytic enzymes and toxic oxidative 

products.  

 

Consistent with reduced neutrophil accumulation observed in CIA, PI3Kγ inhibition with 

AS605240 has been shown to effectively block symptoms of a lymphocyte-independent 
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αCII-induced model of murine arthritis through the suppression of neutrophil migration8, 

166. Treatment of arthritic mice with AS605240 in this model resulted in reduced paw 

swelling and decreased proliferation of leukocytes that had infiltrated the sinovium, which 

ultimately resulted in improved cartilage integrity compared with vehicle-treated control 

mice8. Furthermore, the therapeutic treatment of both CIA and αCII-induced arthritis with 

AS605240 was shown to suppress disease to a greater extent than a currently marketed 

therapeutic for RA tested in the same study8. 

 

Another debilitating chronic inflammatory condition in humans is multiple sclerosis (MS). 

Although the aetiology of human multiple sclerosis remains unclear, there is significant 

experimental evidence derived from the analysis of a murine model of MS, experimental 

autoimmune encephalomyelitis (EAE) to suggest that MS has, at least in part, an 

autoimmune pathology towards CNS peptides167-171. EAE mimics both the priming of 

autoreactive lymphocytes in secondary lymphoid organs and the migration of activated 

CD4+ Th1 and Th17 cells to the CNS. Activated Th1 and Th17 cells that infiltrate the brain 

and spinal cord of EAE-diseased mice directly contribute to tissue pathology through the 

release of inflammatory mediators, which induce the recruitment of innate effectors such 

as neutrophils and macrophages, culminating in the degradation of oligodendrocytes and 

the onset of paralysis170, 171. The role of PI3Kγ in the priming of pathogenic Th1 and Th17 

cells during EAE progression has been characterised by our own laboratory and by others9, 

139. PI3Kγ signalling has been shown to be critical for the induction of EAE and as such, 

p110γ-/- mice are protected from the clinical symptoms of EAE. Specifically, upon 

immunisation with CNS peptides, p110γ-/- animals display impaired CD4+ Th1 and Th17 

cell priming in secondary lymphoid organs that correlates with the delayed appearance of 

antigen-specific CD4+ cell populations both in the spleen and the CNS, relative to wildtype 

littermates9, 139. Consistent with the requirement of Th1 and Th17 cells for the induction of 

EAE disease, the adoptive transfer of primed wildtype CD4+ cells to a p110γ-/- host has 

been shown to be sufficient to restore disease9.  

 

Data from our own laboratory has extended this phenotype in p110γ-/- mice to show that 

defective CD4+ lymphocyte priming is driven by multiple mechanisms, where the impaired 

migration of antigen-loaded dendritic cells to secondary lymphoid organs in addition to an 

intrinsic deficiency of the CD4+ cell population contributes to ameliorated disease139. 
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PI3Kγ signalling has been previously established to mediate the migration of activated 

dendritic cells137, and in the context of EAE, is required for the trafficking of processed 

antigen to the skin-draining lymph nodes139, 172. The migration of antigen-loaded dendritic 

cells to secondary lymphoid organs is a crucial process that is required for the initiation of 

autoimmune responses towards CNS peptides after subcutaneous immunisation. In 

addition to impaired dendritic cell migration in p110γ-/- mice during EAE, the activation 

and proliferation of Th cells isolated from the spleens of naïve p110γ-/- mice were also 

found to be compromised, where p110γ-/- CD4+ cells displayed reduced proliferation in 

vitro in response to anti-CD3/anti-CD28 TCR stimulation and reduced Th1 differentiation 

under polarising conditions relative to wildtype CD4+ cells139. Furthermore, although not 

directly assessed in the aforementioned study by Comerford et al. (2012), impaired 

migration of activated CD4+ Th1 and Th17 effector cells to the inflamed CNS may also 

have contributed to reduced disease severity in p110γ-deficient animals, since the 

migration of activated lymphocytes is known to be dependent on PI3Kγ signalling 

pathways9. Collectively, both intrinsic and extrinsic defects in CD4+ Th effector cell 

priming were shown to culminate in EAE disease protection in p110γ-/- mice.  

 

However, another study published by Berod et al. (2011), which similarly described 

ameliorated EAE disease in p110γ-/- mice, presented conflicting data regarding the role of 

PI3Kγ in Th1 and Th17 effector cell differentiation. These authors found PI3Kγ to be 

dispensable for the differentiation of IFN-γ-producing Th1 and IL-17-producing Th17 cells 

when cultured from naïve CD4+ splenocytes in vitro9. This led them to conclude that the 

impaired Th effector priming and reduced disease severity observed in p110γ-/- mice was 

due solely to the defective migration of p110γ-deficient dendritic cells and activated CD4+ 

lymphocytes. Consistent with reduced EAE disease severity in p110γ-/- mice described by 

both Comerford et al. (2012) and Berod et al. (2011), the inhibition of PI3Kγ-dependent 

leukocyte migration with systemic AS605240 treatment in wildtype animals at the onset of 

EAE disease was found to ameliorate the clinical symptoms and cellular pathology of 

EAE. Reduced disease severity correlated with decreased numbers of pathogenic CNS-

infiltrating Th1 and Th17 cells and enhanced remyelination and axon numbers in the 

diseased spinal cord9, 139. 
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Collectively, experimental data generated in murine models of autoimmunity has been 

useful in defining the functional roles of PI3Kγ in the immune system and suggest that the 

therapeutic targeting of PI3Kγ-dependent migration is a viable approach for the treatment 

of human autoimmune conditions such as systemic lupus erythematosis, rheumatoid 

arthritis and multiple sclerosis. Furthermore, in addition to the blockade of PI3Kγ 

signalling alone, the dual inhibition of PI3Kγ and PI3Kδ isoforms that are co-expressed by 

leukocytes has proven beneficial in the treatment of such inflammatory disorders173. As 

described in the previous section 1.6.2, PI3Kδ signalling is the predominant PI3K isoform 

required for the differentiation and maturation of both B and T lymphocytes. Therefore, the 

dual inhibition of PI3Kγ and PI3Kδ mediates the suppression of both the development and 

migration of lymphocyte effectors during autoimmunity to restrict proinflammatory 

cytokine signalling and control inflammation173. In fact, a dual p110γ and p110δ inhibitor 

named TG100-115 developed by TargeGen was trialled in 2005 and released on the human 

therapeutics market to treat inflammatory conditions174, 175.  

 

To summarise, PI3Kγ is a crucial signalling complex required for the induction of 

leukocyte migration during both normal immune responses and for the aberrant migration 

of cells during inflammatory autoimmune diseases. However, although the function of 

PI3Kγ as an enzymatic complex has been characterised during cell migration, the studies 

described above do not address the molecular regulation of PI3Kγ signalling within 

migrating leukocytes or the contribution of distinct PI3Kγ regulatory adaptor subunits, p84 

and p101, to these processes.  

 

1.6.4 Roles for Class I PI3K enzymes in cancer initiation and progression 

Dysregulated signalling through PI3K family pathways has been associated with the 

establishment and progression of cancer, where oncogenesis is often coupled with the 

hyperactivation of PI3K lipid-kinase activity and/or the inactivation of PTEN or SHIP 

phosphatases that regulate PIP3 distribution and accumulation31, 99, 135, 176. For example, 

gain-of-function mutations within Pik3ca (p110α) coupled with increased signalling 

through Akt/mTOR pathways is a well-documented driver of PI3K-mediated 

oncogenesis177-180. Mutations in Pik3ca have been reported in many human cancer types, 

where they have been identified to cluster in mutation ‘hotspots’ predominantly within the 

helical and kinase domains of p110α. These mutations have been found to most often arise 
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late in tumour development and coincide with the adoption of an invasive phenotype177. 

Genetic analyses have also identified reduplication or amplification of chromosomal 

regions containing Pik3ca, which has been found to contribute to oncogenesis of a number 

of human cancers181. 

 

Whilst the oncogenic potential of p110α requires one or more activating mutations, it has 

been shown that over-expression alone of p110β, p110δ or p110γ catalytic subunits in their 

wildtype forms is sufficient to induce cell transformation31. This may explain the rarity of 

p110β, p110δ and p110γ mutations in human cancers relative to p110α. The intrinsic 

transforming potential of p110β, p110δ and p110γ isoforms was demonstrated in chicken 

embryonic fibroblasts, where the over-expression of p110β, p110δ or p110γ was shown to 

result in cell transformation and loss of cell contact growth inhibition31, 182. This effect was 

found to be dependent on the lipid-kinase but not protein-kinase activity of PI3K enzymes 

and was further enhanced by the forced membrane-targeting of p11031. Heightened lipid-

kinase activity driven by over-expression of p110β, p110δ or p110γ subunits resulted in 

strong constitutive Akt signalling where the transforming potential of p110γ and p110β 

(but not p110δ) was found to be dependent on ras-GTP31.  

 

One mechanism by which over-expression of wildtype p110β drives cellular 

transformation was identified by Dbouk et al. (2012) using structural analyses that 

uncovered the presence of a lysine residue at position 342 (K342), in comparison to other 

p110 isoforms that carry asparagine residues at analogous positions129, 183. Structurally, a 

lysine residue in this position was found to destabilise the C2-iSH2 interface between p85 

and p110β subunits129. This binding interface has been shown to be involved in the 

inhibitory regulation of p110 kinase-activity by p85 (described in section 1.4.2) and the 

weakening of this interaction therefore renders wildtype p110β more transforming than 

other wildtype isoforms of p110. In fact, the transforming nature of p110β was reversed by 

the mutation of lysine to asparagine at position 342 (K342N) and likewise, the mutation of 

the analogous asparagine residue within p110α to lysine (N345K) was shown to be 

oncogenic129, 183. 

 

A number of studies have implicated PI3Kγ in the progression of various cancer types, 

where PI3Kγ-specific inhibitors have been found to suppress tumour growth and metastasis 
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in vitro and in vivo33, 34, 76, 122, 176, 184. Not surprisingly, the metastasis of many invasive 

carcinomas has been found to be PI3Kγ-dependent and is consistent with the established 

role of PI3Kγ in directed cell migration. In keeping with the transforming potential of 

p110γ in vitro (described above)31, up-regulated expression of p110γ has been identified in 

human pancreatic intraepithelial neoplasia and ductal carcinoma185, 186. Tumourigenesis of 

these cancer types was found to correlate with enhanced PI3Kγ activation as determined by 

increased levels of PIP3 and phosphorylated Akt. In addition to the tumour-promoting role 

of p110γ, the gene locus for the p101 adaptor subunit (Pik3r5) of PI3Kγ has been identified 

as a common site of retroviral insertion in T-cell lymphomas187 and the over-expression of 

p101 in MOLT-4 and Jurkat T lymphocyte cell lines has been found to protect T cells from 

UV-induced apoptosis135.  

 

As described in previous sections, lymphocytes co-express PI3Kγ and PI3Kδ. In a murine 

model of T cell acute lymphoblastic leukemia (T-ALL), dysregulation of PI3Kγ and PI3Kδ 

signalling pathways has been shown to contribute to the development and progression of 

disease176. In keeping with this, the dual inhibition of p110γ and p110δ with isoform-

selective inhibitors was found to result in reduced T-ALL disease burden and prolonged 

survival of diseased mice, where the blockade of PI3Kγ and PI3Kδ signalling pathways 

was shown to activate pro-apoptotic pathways in leukemic cells176. Therefore, as described 

for selected autoimmune conditions in section 1.6.3, the dual inhibition of PI3Kγ and 

PI3Kδ may be useful in the treatment of blood cancers. 

 

It is well established that the infiltration of immune cell subsets into tumours influences the 

progression of solid cancers, where both tumour-promoting and suppressive effects have 

been reported depending on the infiltrating population. For example, the invasion of 

inflammatory myeloid cells into tumour masses has been shown to create an environment 

conducive to tumour growth and the stimulation of angiogenesis188-190, in addition to the 

presence of myeloid-derived suppressor cell populations within tumours that suppress T 

cell responses 191-193. PI3Kγ signalling in inflammatory myeloid cells has been shown to 

induce the expression of surface α4β1 integrin, which facilitates the extravasation of these 

cells and their invasion into tumours, thereby promoting tumour growth194. In mice, the 

inhibition of PI3Kγ activity with AS605240 prevented the induction of α4β1-integrin 

expression by inflammatory myeloid cells. This was shown to suppress tumour growth as a 
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result of reduced intratumoural inflammation and the inhibition of angiogenesis194. 

Furthermore, myeloid cells from p110γ-deficient mice (both p110γ-/- and p110KD/KD strains) 

were similarly found to lack α4β1 expression and displayed reduced adhesion to 

endothelial cells194.  

 

Upon examination of the molecular activation of PI3Kγ signalling in tumour-infiltrating 

inflammatory myeloid cells, a novel scenario was revealed where p101/p110γ PI3Kγ 

heterodimers were found to be activated downstream of GPCRs, whereas p84/p110γ PI3Kγ 

heterodimers were found to exclusively couple to activated RTKs194. The activation of 

p84/p110γ in response to RTK stimulation was found to mediate myeloid cell migration in 

this model and represents the first description of PI3Kγ acting downstream of a receptor 

tyrosine kinase. As previously outlined (in further detail) in section 1.5.3, it remains 

unclear whether the activation of p84/p110γ in response to VEGFR stimulation with 

VEGF-A is mediated by the direct association of PI3Kγ with the intracellular 

phosphotyrosine motifs of the activated RTK or whether PI3Kγ is cross-activated by an 

undefined GPCR that is activated in parallel to VEGFR194.  

 

Previous data generated by our laboratory using siRNA-mediated gene knockdown of 

PI3Kγ subunits revealed the requirements for catalytic and adaptor subunits of PI3Kγ for 

mammary carcinoma cell survival and metastasis in the invasive human breast cancer cell 

line, MDA.MD.231123. The knockdown (KD) of p101 and p110γ expression was found to 

ablate PI3Kγ signalling, as determined by the complete inhibition of p110γ membrane 

localisation and Akt phosphorylation upon cell stimulation relative to control KD cells. 

This disruption of PI3Kγ signalling in p101 KD and p110γ KD cells resulted in the 

inhibition of PI3Kγ-dependent chemotaxis in vitro and the suppression of MDA.MB.231 

cell metastasis to the lungs of SCID mice after intravenous transfer in vivo123. Further 

investigation indicated that PI3Kγ signalling mediated by p101/p110γ heterodimers 

regulated cell survival and annoikis in MDA.MB.231 cells, which was found to be 

consistent in the 4T1.2 murine mammary epithelial carcinoma line123.  

 

In contrast to the p101 adaptor protein, siRNA-mediated knockdown of p84 expression 

was found to enhance the metastatic potential of MDA.MB.231 cells. Heightened 

tumourigenicity in the absence of p84 was coupled with the persistence of p110γ at the cell 
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membrane and constitutive Akt phosphorylation, indicative of uncontrolled PI3Kγ 

activity123. These data suggest that p84 possesses novel tumour suppressor function that is 

required for the control of PI3Kγ activity. Although the molecular mechanisms involved in 

the regulation of PI3Kγ signalling and tumour suppression mediated by p84 in this model 

were not explored, these data implicate p84 in the regulation of PI3Kγ signalling in 

MDA.MB.231 cells.  

 

In further support of a suppressive role for p84, a recent high-throughput screen of over 

2,136 primary human breast cancer samples revealed that p84 is commonly down-

regulated in numerous neoplasia and carcinoma types195. This study by Curtis et al. (2012) 

utilised both genome and transcriptome analyses of samples from an extensive cohort of 

breast cancer patients with long-term clinical follow up to elucidate breast cancer 

subgroups and their molecular drivers. For instance, within invasive ductal carcinomas, 

which represented a large breast cancer subgroup, p84 was found to be significantly down-

regulated in >80% of patient samples195. The down-regulation or loss of p84 expression 

described by Curtis et al. (2012) is consistent with cancer genome mutation and copy 

number alteration data compiled in the cBio Cancer Genomic Portal database 

(http://www.cbioportal.org/; accessed February 2015)196, 197. Here, among cancer studies 

where data was available for Pik3r6 (p84), 78% of studies reported only mutation and/or 

deletion alterations to Pik3r6 in comparison to 4% of studies where solely amplification 

events were documented. Together, these two large-scale genome and transcriptome 

analyses provide evidence that p84 is commonly deleted or down-regulated in human 

invasive breast cancer. This is consistent with data generated in our own laboratory, which 

implies that p84 possesses tumour suppressor function in human breast cancer cell lines. 

 

In summary, it has been demonstrated in numerous cancer types that the over-activity of 

PI3Kγ signalling (caused by either the up-regulation of p110γ and p101 subunits or the loss 

of p84 expression) leads to enhanced tumourigenicity. Therefore, unlike the tumour-

promoting potentials of p110γ and p101, p84 possesses novel tumour suppressor function. 

Although not defined as yet, the tumour suppressor function of p84 appears to be 

dependent on a regulatory role of p84 during PI3Kγ signalling. Therefore, the 

characterisation of p84 function in the activation and termination of PI3Kγ signalling is of 

high priority, since at this point the molecular regulation of PI3Kγ signalling remains 



Chapter 1 

51	
  

unclear (refer to section 1.5.4). However, based on known regulatory mechanisms that 

exist for Class IA PI3K enzymes (described in section 1.4.2), it could be proposed that the 

regulation of PI3Kγ activity by p84 and the heterodimerisation of p84 with p110γ may be 

dependent on the transient phosphorylation of the p84 adaptor subunit. An examination of 

the phosphorylation of p84 during PI3Kγ signalling should therefore be performed in order 

to elucidate such mechanisms. 

 

1.7 Advances in genome-editing technologies 
As described in section 1.4.3 and Table 1.2, genetically-modified mice with specific gene 

deletions are powerful tools to study the individual contributions of genes and proteins to 

cellular functions. Consistent with this, the roles of p110γ and p101 PI3Kγ subunits have 

been defined using p110γ- and p101-deficient mouse strains (outlined in Table 1.2). At the 

time of writing this thesis, efforts by many research groups to create a p84-deficient mouse 

had been unsuccessful using conventional embryonic stem cell (ES cell) mutagenesis 

methods. Due to the co-expression of p84 and p101 adaptor proteins in cells such as 

leukocytes, the inexistence of a p84-deficient genetically-modified mouse made it difficult 

to elucidate the distinct contributions of p84 and p101 adaptor subunits to PI3Kγ signalling 

or whether redundancy existed within the PI3Kγ system. Therefore, the generation and 

characterisation of a p84 knockout mouse was of high priority.  

 

Recently, two new genome-editing technologies, CRIPSR and TALEN nuclease targeting 

have become available. The primary advantage of CRISPR and TALEN approaches is the 

rapid time in which genetically-modified knockout animals can be generated relative to 

conventional embryonic stem cell mutagenesis methods. In addition to time advantages, 

genome-editing mediated by CRISPR- and TALEN-based strategies has been found to be 

more efficient than traditional ES cell mutagenesis methods, as measured by the frequency 

of successful target site mutations198-200. 

 

The CRISPR-Cas system (Clustered Regularly Interspaced Short Palindromic Repeat - Cas 

9 nuclease) is based on an adaptable immune mechanism used by bacteria to protect 

themselves from viruses and transferred foreign plasmids201-203. This defence mechanism 

involves the incorporation of sequences from invading DNA between CRISPR repeat 

sequences in the bacterial genome, forming CRISPR repeat arrays. RNA transcripts 
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processed from these arrays (known as crRNA) consist of a variable region transcribed 

from the incorporated foreign DNA (known as the protospacer region) fused to a CRISPR 

repeat. Each short crRNA transcript complexes with another RNA known as the 

transactivating CRISPR RNA (tracrRNA) and the complex is bound by the Cas9 nuclease. 

The protospacer-encoded portion of the crRNA then guides this CRISPR-Cas9 complex to 

the foreign invading DNA, where it binds complimentary target sequences. Homology-

mediated binding of CRISPR-Cas9 complexes to foreign DNA induces the cleavage of 

target viral or plasmid DNA by Cas9, which is subsequently degraded.  

 

The ability to customise CRISPR-Cas9 complexes (composed of crRNA, tracrRNA and 

Cas9 elements) with a desired variable region as the protospacer sequence has been 

harnessed to guide Cas-9 nuclease activity to desired DNA targets and induce designated 

double stranded breaks within the genome. Customised CRISPR strategies involve the 

incorporation of two elements into the target cell, a guide RNA (gRNA), consisting of a 

designed crRNA (where 20 nucleotides at the 5’ end are complementary to the genomic 

target region) fused to a fixed tracrRNA, and the Cas9 nuclease (as either full-length 

protein or mRNA transcript). With this customised approach, the RNA-DNA base 

complementarity between the crRNA and the genomic target guides the Cas9 nuclease to 

the target site where it facilitates double stranded breaks202, 204. The composition of 

CRISPR-Cas9 elements is shown in Figure 1.10 

 

 
Figure 1.10: CRISPR-Cas targeted gene-editing 

 

Since initial demonstrations in 2012 that Cas9 could be targeted to specific DNA 

sequences in vitro201, a multitude of manuscripts published in 2013 reported that Cas9 
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could be programmed using CRISPR strategies to target the genomes of bacteria, human 

cell lines, zebrafish, yeast, mice, rats, and rabbits, amongst others204-209. In addition to 

simple deletions by non-homologous end-joining mechanisms, Cas9-induced double 

stranded breaks have also been used to introduce desired coding sequences through 

homology-directed repair mechanisms utilising both plasmid DNA and oligonucleotide 

donor templates205, 210. 

Methodologies to generate genetically-modified mice using CRISPR-Cas9 techniques have 

been established more recently and involve the direct injection of gRNA constructs and 

Cas9 mRNA into fertilised mouse zygotes. Injected zygotes are implanted into pseudo-

pregnant female surrogates by oviduct transfer and after three weeks gestation, CRISPR-

modified pups can be screened by sequencing PCR.  

 

Another recently developed customisable gene-editing technology is TALEN 

(Transcription Activator-Like Effector Nuclease-based genome editing), which like 

CRISPR, is based on a DNA-targeting mechanism identified in bacteria202, 211, 212. Natural 

TAL effector proteins are produced by bacterial plant pathogens from the Xanthomonas 

genus where upon infection, TAL effector proteins bind specific sequences within the plant 

host DNA resulting in the alteration of gene expression within the plant cells and the 

development of disease. Xanthomonas TAL effector proteins consist of an effector domain 

coupled to a DNA-binding domain composed of linked 33-35 amino acid repeat sequence 

polypeptides that each recognise and bind a single DNA nucleotide. Nucleotide recognition 

and TALE specificity is mediated by two hypervariable residues present at positions 12 

and 13 of each amino acid repeat sequence, which are called the repeat-variable di-residues 

(RVDs). Therefore, through the linking of amino acid repeat sequences with defined RVDs 

(specific to the DNA target), a TALE polypeptide sequence is capable of recognising and 

binding any specific genomic target of contiguous DNA212.  

 

The specificity and DNA-binding of TAL effector proteins has led to the development of 

customised TALE polypeptides coupled to the Foxl nuclease protein, which act in pairs 

and can be engineered to target and induce double stranded breaks at specific genomic 

target sequences. As for natural TALE proteins, the specificity of customised TALENs is 

achieved by linking 33-35 amino acid repeat sequences with varied RVDs (according to 

the TALE code; presented in Figure 1.11) to design an effector polypeptide that allows the 

precise targeting and manipulation of a chosen genomic target sequence202. Customised 
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TALEN pairs have been successfully used to target and genetically-modify genomic DNA 

within human cell lines, plant species such as rice and the genomes of organisms such as 

drosophila melanogaster, zebrafish and mice203, 211. 

 

 
Figure 1.11: TALEN gene-targeting 

 

 

1.8 The research project 
PI3Kγ is a dual specificity protein- and lipid-kinase composed of a p110γ catalytic subunit 

bound to one of two regulatory adaptor subunits, p84 or p101. PI3Kγ components are 

highly expressed in motile cells of the haematopoietic system, where the signal 

transduction mediated by PI3Kγ heterodimeric enzymes activated downstream of GPCRs 

is required for the induction of directed cell migration towards chemotactic gradients. 

Consistent with this, p110γ-/- leukocytes display reduced chemotaxis in vitro7 and p110γ-/- 

mice exhibit protection from inflammatory conditions such as experimental autoimmune 

encephalomyelitis (EAE), rheumatoid arthritis and asthma, where the migration of immune 

cells to inflammatory sites is impaired relative to wildtype controls8, 9, 28. However, despite 

functional data generated in studies utilising p110γ-deficient mice and the inhibition of 

PI3Kγ catalytic activity with the isoform-selective inhibitor AS605240, there is little 

known about the molecular regulation of PI3Kγ signal transduction by the distinct adaptor 

subunits. In fact, the molecular events that control the termination of transient PI3Kγ 

signalling are completely unknown. The importance of signal regulation has been 

highlighted by data demonstrating that aberrant PI3Kγ signalling leading to the heightened 
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and/or prolonged lipid-kinase activity of p110γ results in cellular transformation and 

oncogenesis. Therefore, a detailed understanding of the molecular mechanisms regulating 

PI3Kγ signalling is required to comprehend the function of PI3Kγ during normal cell 

function and also during disease when signalling becomes dysregulated. 

 

Least is known about the role of the p84 adaptor subunit in PI3Kγ signalling, which 

compared to the p101 adaptor, is less capable of transducing robust adaptor-mediated 

PI3Kγ signalling characterised by PIP3 accumulation at the leading cell edge and the 

induction of phosphorylated Akt. For this reason, it has been proposed that p84 may 

possess additional functions in the regulation of PI3Kγ signalling. Therefore, the goals of 

this project are 1) to improve our understanding of the function and regulation of the p84 

adaptor protein during PI3Kγ signalling by examining the phosphorylation of p84, 2) to 

generate a novel p84-deficient mouse and using it, further our understanding of the specific 

roles of p84 in PI3Kγ-dependent immune processes and 3) to establish a proteomics model 

that can be used to study p84-dependent mechanisms in autoreactive CD4+ cells that 

infiltrate the CNS during experimental autoimmune encephalomyelitis (EAE). 

Experiments addressing these three research questions are presented in Results Chapters 3, 

4 and 5, respectively.  

 

 

Chapter 3 

A known regulatory mechanism controlling the lipid-kinase activity of Class I PI3K 

enzymes is through transient phosphorylation events that influence the heterodimerisation 

of the catalytic subunit to an adaptor protein66, 108, 124. Phosphorylation-dependent 

regulation such as this has been established for the Class IA p85 adaptor subunit that is 

transiently phosphorylated to modulate the activity of PI3Kα and PI3Kβ lipid-kinases108. 

However, phosphorylation-dependent regulation of the p84 adaptor subunit during PI3Kγ 

signalling is yet to be described.  

 

The hypothesis tested in Chapter 3 is:  

The p84 adaptor subunit is transiently phosphorylated during PI3Kγ  signalling, 

which is required for the regulation of PI3Kγ  lipid-kinase activity. 
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The following aims have been developed to test this hypothesis: 

1) Assess the phosphorylation status of p84 at rest and in response to PI3Kγ signal 

activation 

2) Develop p84 expression constructs where regulatory (S/T/Y) phosphorylation sites 

within p84 are mutated to alanine residues 

3) Determine the requirement of regulatory phosphorylation sites for the function of 

p84 in the context of PI3Kγ signalling and PI3Kγ-dependent cell migration 

 

 

Chapter 4 

The individual contributions of the p84 and p101 adaptor subunits to PI3Kγ-dependent 

processes and the degree of redundancy, if any, that exists between adaptor subunits 

remain unclear. Whilst the requirement of p110γ has been determined using experimental 

models in p110γ-deficient mice (p110γ-/- and p110γKD/KD strains) and the p110γ isoform-

selective inhibitor AS605240, adaptor subunit function in these processes is unclear. This 

is due in large part to the co-expression of p84 and p101 in the majority of cell types and a 

lack of specific reagents with which to distinguish their function in the context of PI3Kγ 

signalling. Some information regarding the role of p101 in PI3Kγ-dependent cell function 

has been generated using the p101-deficient mouse (p101-/-), which has been characterised 

in terms of leukocyte biology130, 157. At the commencement of this project there was no 

p84-deficient mouse available to assess the specific role of p84 in PI3Kγ-dependent cell 

functions. However at the beginning of the final year of this project, CRISPR genome-

editing technology became available, which would allow the rapid generation of 

genetically-modified mouse strains.  

 

The hypothesis tested in Chapter 4 is:  

The p84 adaptor subunit has non-redundant functions in the regulation of PI3Kγ-

dependent leukocyte migration. 

 

The following aims have been developed to test this hypothesis: 

1) Generate a p84-deficient mouse strain (Pik3r6-/-) using CRISPR and TALEN 

genome-editing technologies 
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2)  Determine the effect of loss of p84 expression on PI3Kγ subunit expression 

and lipid-kinase activity 

3) Conduct initial characterisation of the Pik3r6-/- mouse by assessing the 

requirement of p84 for mast cell maturation and effector function, thymocyte 

development and neutrophil migration 

4) Examine the effect of p84 deficiency on the development of experimental 

autoimmune encephalomyelitis (EAE) in Pik3r6-/- mice 

 

 

Chapter 5 

The induction of experimental autoimmune encephalomyelitis (EAE) has been previously 

shown in our laboratory to be suppressed in p110γ-/- mice as a result of impaired dendritic 

cell migration to secondary lymphoid organs and defective priming of autoreactive CD4+ 

Th1 and Th17 cells139. This correlated with reduced numbers of CNS-infiltrating Th1 and 

Th17 cells and ameliorated disease symptoms in p110γ-/- animals relative to wildtype 

controls. Whilst it has been established that Th1 and Th17 cells initiate pathology within 

the inflamed CNS, the mechanisms that allow these effector cells to migrate to and 

infiltrate the immuno-privileged CNS are not well understood. A large-scale quantitative 

ICPL proteomic analysis method will therefore be developed as an initial study to map the 

critical processes utilised by CNS-infiltrating CD4+ effector cells during EAE progression. 

Then if time permits, the proteomes of activated CD4+ effector cells from wildtype and 

p84-deficient mice will be compared during effector cell priming and disease development 

to determine those cell processes that are dependent on p84 and PI3Kγ signalling.  

 

The hypothesis tested in Chapter 5 is:  

Comparison of the proteomes of antigen-activated wildtype and p84-deficient CD4+ T 

cells will provide insight into p84-dependent signal transduction processes. 

 

The following aims have been developed to test this hypothesis: 

1) Optimise the isolation of target CD4+ cells from the inflamed CNS of wildtype 

mice at various stages of EAE disease progression (disease onset, peak-disease 

and remission phases) 
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2) Assess the efficiency of Isotope-coded protein-labelling (ICPL) isotopic labels 

for the detection and quantification of proteins isolated from CD4+ cells 

3) Compare the proteomes of CD4+ cells isolated from the CNS of wildtype mice 

during EAE at disease onset, peak-disease +/- remission phases of disease in two 

independent models of EAE (MOG35-55-induced chronic EAE in C57Bl/6 mice 

and PLP139-151-induced relapsing-remitting EAE in SJL/J mice) to elucidate key 

processes adopted by autoreactive cells during pathogenesis using ICPL 

 

4) Compare the proteomes of CD4+ Th effector cells isolated from wildtype and 

p84-deficient (Pik3r6-/-) mice during the priming phase in secondary lymphoid 

organs, upon migration through the blood and upon infiltration into the inflamed 

CNS during EAE disease progression   

*Note: This aim (4) is time permitting and dependent on the availability of the 

p84-deficient (Pik3r6-/-) mouse developed in Results Chapter 4. 
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Chapter 2: Methods and materials 

2.1 Mice 

2.1.1 Housing and maintenance 

Wildtype mice were sourced from the Waite Laboratory Animal Services Breeding 

Facility, South Australia (C57Bl/6), and the Australian Resources Centre Western Australia 

(SJL/J and SCID). Genetically modified p84-deficient mice (C57Bl/6 Pik3r6-/-) were 

generated using CRISPR technology (refer to section 2.1.2) in conjunction with the South 

Australian Gene Editing Facility (SAGE) at the University of Adelaide Laboratory Animal 

Services facility. All animals were housed at the University of Adelaide Laboratory 

Animal Services facility for the duration of experimental protocols. All experimental 

procedures employed in this study were approved by the University of Adelaide Animal 

Ethics Committee. At all times, the principles of reduce, refine and replace were adhered to 

and animal suffering was kept to a minimum. 

2.1.2 CRISPR gRNA construct design and injection 

The guide RNA (gRNA) construct for CRISPR gene-targeted mutation of Pik3r6 and Cas9 

RNA components were designed and synthesised by ToolGen Genome Engineering 

(Seoul, Korea). The Pik3r6-targeted gRNA sequence was designed with homology to a 

target sequence within exon 1; the gRNA sequence is as follows: 5’- 

CTTACCCTGATTGCTCTGGA -3’. Pik3r6-/- mice were generated by the direct injection 

of pre-prepared gRNA and Cas9 RNA components into fertilised zygotes. Briefly, female 

C57Bl/6 donors were super-ovulated with the administration of PMSG hormone to 

stimulate egg production and HCG to induce ovulation, prior to mating with male C57Bl/6 

mice. Fertilised zygotes were harvested from mated donor females, microinjected with 

gRNA and Cas9 RNA components in vitro then implanted by oviduct transfer into pseudo-

pregnant female surrogate mice. A total of 150 zygotes (derived from 12 mated donor 

females) were injected with Pik3r6-targeted CRISPR components, which were implanted 

into 6 female surrogates. Five litters of CRISPR-modified pups were born giving a total of 

25 animals for screening (16 male, 9 female).  

2.1.3 TALEN design and injection 

Paired TALEN constructs (Fokl-nuclease-coupled TAL effector polypeptides) for gene-

targeted mutation of Pik3r6 were designed and synthesised by ToolGen Genome 
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Engineering. The Pik3r6 TALEN target sequence within exon 1 is as follows: 5’- 

TGTGGAGCTGGACTTCCAGAGGAGTGTACAGGCTGTGCTGCGAGAGCTCAACA -

3’; where the left and right TALENs bind to the underlined Pik3r6 sequences that are 

separated by a spacer sequence defined by italics. Pik3r6-/- mice were generated by the 

direct injection of pre-prepared TALEN constructs into fertilised zygotes as described 

above for CRISPR-induced mutagenesis. A total of 25 zygotes (derived from 2 mated 

donor females) were injected with TALEN constructs, which were implanted into a single 

female surrogate. A single litter of 7 TALEN-modified pups were born (6 male, 1 female).  

 

2.2 Expression construct design and DNA cloning 

2.2.1 Cloning p84 expression constructs 

Human full-length p84 cDNA (codon-optimised for mammalian expression) was 

synthesised with a C-terminal HA tag and 5’ XhoI / 3’ EcoRI restriction sites (termed 

p84(h)OPT) by GenScript (Piscataway, NJ, USA), which was delivered as a cloned 

construct in the pUC57 shuttle vector. p84(h)OPT cDNA was subsequently subcloned 

using XhoI/EcoRI restriction sites from the purchased pUC57 construct into the retroviral 

pMSCV expression system (pMSCV-p84-HA) (Clontech Laboratories Inc., Mountain 

View, CA, USA) and sequenced using pMSCV forward/reverse and p84(h)OPT F1, F2, 

F3, R1, R2 and R3 sequencing primers (refer to Table 2.1). 

2.2.2 Site-directed mutagenesis of p84 expression constructs 

The retroviral pMSCV-p84-HA expression construct was modified by site-directed 

mutagenesis PCR to generate pMSCV-p84-S358A-HA and pMSCV-p84-T607A-HA 

expression mutants. Mutagenic primers were purchased from Sigma Aldrich (St. Louis, 

MO, USA) and are listed in Table 2.1. Mutagenesis was performed using the QuikChange 

II site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) according 

to supplier protocols. The sequences of resultant pMSCV-p84-S358A-HA and pMSCV-

p84-T607A-HA expression constructs were confirmed by PCR sequencing using 

p84(h)OPT F2 and R2 sequencing primers (Table 2.1). Orbitrap LTQ XL ETD LC-mass 

spectrometry was used to confirm the amino acid sequences of p84-S358A-HA and p84-

T607A-HA proteins isolated from MDA.MB.231 cells transfected with pMSCV-p84-

S358A-HA and pMSCV-p84-T607A-HA vectors. 
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2.2.3 Transfection and retroviral transduction of p84 expression vectors 

MDA.MB.231 and HEK293FT cells were transiently transfected with pMSCV control 

(empty vector control) or pMSCV-p84-HA expression constructs using Lipofectamine2000 

(Life Technologies, Carlsbad, CA, USA), according to supplier protocols. Briefly, cultured 

adherent cells at 90% confluency were incubated with pre-mixed Lipofectamine2000:DNA 

complexes in Opti-MEM I reduced serum medium (Gibco, Life Technologies) with 5% 

foetal calf serum for 6 hours before transfection medium was replaced with complete 

growth medium (refer to section 2.3.1) . Cells were tested for construct expression and 

utilised in experimental procedures at 24-36 hours post-transfection. 

 

Stable MDA.MB.231 expression cell lines were generated by retroviral transduction of 

pMSCV control, pMSCV-p84-HA, pMSCV-p84-S358A-HA and pMSCV-p84-T607A-HA 

constructs, as described in Akekawatchai et al.131. Briefly, HEK293T cells were transiently 

transfected with pMSCV expression constructs (12µg) in conjunction with retroviral 

packaging plasmids, pVSV and pGP (9µg each; Stratagene, Agilent Technologies) to elicit 

retroviral virion production over 48 hours. MDA.MB.231 cells were incubated with 

purified viral supernatants for 8-12 hours before replacement with complete growth 

medium for MDA.MB.231 cells (refer to section 2.3.1). Antibiotic selection (puromycin 

6µg/mL; Sigma Aldrich) was incorporated into cell culture medium 48 hours post-

transduction to select clones with successfully integrated p84 expression constructs. 

2.2.4 DNA sequencing 

All primers utilised for DNA sequencing are listed in Table 2.1. Sequencing PCR 

reactions consisted of Big Dye Sequencing Mix (1µl), Big Dye Buffer (3µl), primer (4µl at 

10pmol/reaction), DNA (25-50ng) and PCR-grade water (up to 20µl total reaction 

volume). The reaction cycle used for sequencing reactions is defined as follows: 

denaturation at 96°C for 10 seconds, annealing at 50°C for 30 seconds, extension at 60°C 

for 4 minutes; 25 cycles; hold at 4°C end. Sequencing PCR products were purified using 

isopropanol precipitation, where 1µl aqueous molecular biology grade glycogen stock 

(Thermo Fisher Scientific, Bremen, Germany) was added to the sequencing reaction (20µl 

volume) prior to addition of 20µl dH2O and 60µl isopropanol (60% isopropanol final). The 

mixture was vortexed thoroughly, incubated at room temperature for 15 minutes, then 

centrifuged at 4°C for 25 minutes at maximum speed to precipitate the DNA. The DNA 

pellet was washed once in 200µl ice-cold 70% ethanol, centrifuged at 4°C for 15 minutes 
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at maximum speed and the supernatant was carefully aspirated. DNA was briefly air-dried, 

then stored at -20°C until analysis on DNA sequencing instruments at the IMVS 

Sequencing Centre, SA Pathology. 

 

TA-cloning for DNA sequencing of genomic DNA isolated from CRISPR- and TALEN-

modified pups was performed using the pGEM-Teasy Vector System (Promega, Madison, 

WI, USA), according to supplier protocols. The vector map for pGEMT-Teasy is shown 

below. 

 
 

2.3 Cell lines and ex vivo cell culture 

2.3.1 MDA.MB.231 and HEK293FT cell culture 

MDA.MB.231 human mammary carcinoma cells were cultured in RPMI 1640 (Gibco, Life 

Technologies) supplemented with 10% foetal calf serum, 2mM L-glutamine (IMVS, SA, 

Australia), 10mM HEPES (IMVS), 1mM sodium pyruvate (Gibco, Life Technologies) and 

0.2 U/mL penicillin/gentamycin (IMVS). HEK293FT human embryonic kidney cells were 

cultured in DMEM (Gibco, Life Technologies) supplemented with 10% foetal calf serum 

and 0.2 U/mL penicillin/gentamycin (IMVS).  Cell density of adherent cell lines was 

maintained as required, where cells were released from adherent conditions by brief 

incubation with warmed PBS / 0.25% trypsin / 0.2 g/l EDTA. Cells were incubated at 37°C 

and 5% CO2. 

2.3.2 BMMC culture from total bone marrow isolates 

Mature bone marrow-derived mast cells (BMMC) were cultured from the total bone 

marrow of 5 week-old female wildtype and Pik3r6-/- mice. Bone marrow cells were flushed 
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from the tibias and femurs of mice and the differentiation and maturation of mast cells was 

induced from BM-derived stem cells by culturing cells in IL-3 supplemented media 

(DMEM (Gibco, Life Technologies) supplemented with 20% WEHI-3 conditioned 

medium) over 6 weeks (weeks 1-3: 3ng/mL IL-3; weeks 4-6: 4ng/mL IL-3), as described 

in Yip et al.213. The maturity of BMMC cultures were assessed by phenotypic analysis of 

May-Grunwald Giemsa stained cells and flow cytometric analysis (refer to section 2.5.11) 

of mature c-kit+/FcεRI+ cells using antibodies listed in Table 2.2.  

 

2.4 In silico analyses 

2.4.1 In silico phospho-prediction database analyses 

Six phosphorylation prediction tools were used to evaluate potential phosphorylation sites 

within p84 (Pik3r6 amino acid sequence; NCBI: NP_001010855.1 / Swiss-Prot: 

Q5UE93.1); DiPhos1.3, NetPhorest2.0, GPS2.1, NetPhos2.0, NetPhosK1.0 and ScanSite3 

programs were accessed May 2014. The (S/T/Y) phosphorylation sites predicted with 

highest confidence (high stringency settings) from each analysis tool were compiled. 

 

DiPhos1.3, (http://www.dabi.temple.edu/diphos/). 

NetPhorest2.0, (http://netphorest.info/). 

GPS2.1, (http://gps.biocuckoo.org/). 

NetPhos2.0, (http://www.cbs.dtu.dk/services/NetPhos/). 

NetPhosK1.0, (http://www.cbs.dtu.dk/services/NetPhosK). 

ScanSite3, (http://scansite3.mit.edu/). 

2.4.2 Database mining 

The cBio Cancer Genomic Portal database for large-scale cancer genomics datasets 

(http://www.cbioportal.org/) was interrogated for data regarding mutation and copy 

number alterations (CNA) for the Pik3r6 gene under the search conditions ‘all cancer 

studies’.  

 

The regulation of Pik3r6 expression in human cancer samples was investigated using the 

Oncomine database, which generates gene expression signatures from large-scale human 

cancer genomic datasets (https://www.oncomine.org/). The Pik3r6 gene was searched 
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against ‘cancer vs. cancer’ datasets, the largest dataset was determined to be Curtis et al. 

Nature (2014) [PMCID: PMC3440846]195. 

 

2.5 In vitro techniques 

2.5.1 Immunoprecipitation and LDS-PAGE 

MDA.MB.231 cells were serum starved for 4 hours at 37°C, 5% CO2 in serum starvation 

media (RPMI 1640 supplemented with 0.1% foetal calf serum, 2mM L-glutamine (IMVS), 

10mM HEPES (IMVS), 1mM sodium pyruvate (Gibco, Life Technologies) and 0.2 U/mL 

penicillin/gentamycin (IMVS)) before stimulation with 100ng/mL recombinant CXCL12 

(kindly provided by Professor Ian Clark-Lewis, UBC, Vancouver, Canada) for designated 

time periods (0-20 minutes). Stimulation was ceased by transferring cells to ice, washing 

cells twice with ice-cold PBS and cell lysis in an NP-40 lysis buffer (refer to section 2.8.8) 

for 1 hour on ice. Lysates were cleared by centrifugation at 20 000 x g for 10 minutes at 

4°C and the protein concentration of lysates was quantitated using a Coomassie Plus 

(Bradford) Assay (Pierce, Thermo Fisher Scientific), according to supplier protocols. 

Lysates were stored at -20°C if required or used for immunoprecipitation or LDS-PAGE 

procedures immediately.  

 

For immunoprecipitation of p84-HA, lysates were incubated overnight with 4µl anti-HA 

antibody (refer to Table 2.2) per 1mg total protein lysate (in 1mL) at 4°C with gentle 

rotation. Antibody/protein complexes were precipitated using FastFlow Protein G linked 

sepharose beads (GE Healthcare Life Sciences, Pittsburgh, PA, USA), according to 

supplier protocols. Bead-bound immunoprecipitates were washed three times with ice-cold 

NP-40 lysis buffer (refer to section 2.8.8) with centrifugation steps performed at 9000 rpm 

for 25 seconds each in a pre-cooled Eppendorf benchtop centrifuge.  

 

Total cell lysates or immunoprecipitates were denatured by incubation with NuPAGE LDS 

sample buffer (4x) (Life Technologies, Invitrogen) and 50mM Dithiothreitol (DTT) for 10 

minutes at 70°C, then proteins were separated by LDS-PAGE using BOLT NuPAGE 4-

12% polyacrylamide gels and BOLT LDS-PAGE gel tanks (Life Technologies, 

Invitrogen).  
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2.5.2 Coomassie Brilliant Blue staining 

LDS-PAGE gels were completely covered with Coomassie Brilliant Blue G-250 stain 

(refer to section 2.8.10) and incubated overnight at 4°C with gentle shaking. Gels were 

destained with dH2O at 4°C for 4 hours and imaged using the ChemiDoc MP Imaging 

System (Bio-rad Laboratories Inc., Hercules, CA, USA). Protein bands for mass 

spectrometry analysis were manually excised using a scalpel. 

2.5.3 Western blot analysis 

Proteins separated by LDS-PAGE were transferred to PVDF Transfer Membrane (Thermo 

Fisher Scientific) using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-rad Laboratories 

Inc.), according to manufacturer’s instructions. Membranes were blocked with Western 

Blocking Reagent (Roche Diagnostics Australia, NSW, Australia) and protein was detected 

by incubating membranes with specific primary and secondary antibodies as directed by 

the supplier (refer to Table 2.2 for antibody details and dilutions). Signal derived from 

HRP-coupled secondary antibodies was visualised using Immobilon Western 

Chemiluminescent-HRP substrate (Merck Millipore, Billerica, MA, USA) and imaged 

using the ChemiDoc MP Imaging System (Bio-rad Laboratories Inc.). 

 

For immuno dot blots, protein samples were spotted onto PVDF membranes in defined 

positions rather than gel separation by LDS-PAGE. The detection of proteins using 

primary and secondary antibodies was performed as described above for Western blot 

methods. Adriana Caon kindly performed the immuno dot blot for detection of p84-p-

Thr607 using purified phospho-specific antibodies raised against a p84 peptide 

phosphorylated on Thr607. Manuela Klingler-Hoffmann kindly performed the immuno dot 

blot for the detection of phosphorylation of a p84 peptide that had been incubated with Akt 

during an in vitro kinase assay. 

2.5.4 Enzyme-linked immunosorbent assay (ELISA) 

High protein-binding EIA/RIA ELISA trays (Corning Costar, Bloomington, MN, USA) 

were coated with antigen-specific capture antibodies diluted in ELISA coating buffer 

(0.1M NaHCO3) overnight at 4°C, according to supplier protocols. Trays were washed 3 

times with PBS / 0.05% Tween20 and incubated with diluted samples for 2 hours at room 

temperature, prior to 3 wash steps and incubation with antigen-specific HRP-coupled 

detection antibodies for 1 hour at room temperature. Signal detection was developed using 

TMB-ELISA Substrate Solution (Thermo Fisher Scientific) according to supplier protocols 
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and absorbance was analysed using a Biotrak II microplate reader (Amersham Biosciences, 

USA). The detection of BMMC-derived IL-6 and TNFα was performed using mIL-6 and 

mTNF OptEIATM kits (BD Biosciences, San Jose, CA, USA), according to kit protocols 

(refer to section 2.5.13). Adriana Caon kindly performed the ELISA for detection of IgG 

from immunised rabbit serums during antibody production experiments. 

2.5.5 XTT/PMS proliferation assay 

Redox activity was used to assess the extent of cell proliferation by PMS-mediated XTT 

reduction of MDA.MB.231 cells in culture. MDA.MB.231 cells were seeded to 96-well 

culture plates (Corning Plasticware, Sigma Aldrich) at a density of 500 cells/well and 

redox activity was measured on days 0, 3, 4 and 5 by incubation with PMS/XTT (Sigma 

Aldrich), according to supplier protocols. Briefly, 1mg/mL 2,3-Bis(2-methoxy-4-nitro-5-

sulphophenyl)-2H-tetrazolium-5-carboxanilide (XTT) and 0.383mg/mL N-methyl 

dibenzopyrazine methyl sulphate (PMS) were combined in a 50:1 ratio and 50µl was 

incubated with cells for 2 hours at 37°C, 5% CO2. Absorbance was measured at 490nm 

(Ref 650nm) using a Biotrak II microplate reader (Amersham Biosciences, USA). 

2.5.6 Soft agar 3D attachment-independent growth assay 

The ability of single cancer cells to form attachment-independent cell spheres was assessed 

by growth in bacto-agar as a measure of oncogenic colony formation. MDA.MB.231 cells 

were seeded to 0.3% bacto-agar in complete Iscove’s Modified Dulbecco’s Medium 

(IMDM supplemented with 10% FCS, 0.2 U/mL penicillin/gentamycin (IMVS) and 

fungizone (IMVS)) at a density of 2000 cells/well in 1mL, which was overlaid onto a pre-

set layer (1mL) of 0.7% bacto-agar / IMDM in 6-well culture trays (Corning Plasticware, 

Sigma Aldrich). Cells were incubated for 2 weeks at 37°C, 5% CO2 to allow sphere 

formation from single cells, then sphere colonies were stained with Crystal Violet solution 

diluted in PBS (0.01%) overnight at room temperature. The number of colonies was 

quantified using QuantityOne Analysis Software (Bio-Rad Laboratories Inc.). 

2.5.7 Membrane fractionation 

The subcellular fractions of MDA.MB.231 cells were isolated using the Subcellular 

Protein Fractionation Kit (Pierce, Thermo Fisher Scientific), according to kit instructions. 

Membrane fraction lysates were equalised using the Coomassie Plus (Bradford) Assay 

(Pierce, Thermo Fisher Scientific) and samples were analysed by LDS-PAGE and Western 

blot as described in sections 2.5.1 and 2.5.3. 
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2.5.8 Incucyte migration assay 

The migration of MDA.MB.231 cells was assessed using the live-cell imaging Incucyte 

tracking system following the introduction of a scratch wound. Cells were seeded to 24-

well Essen ImageLock grid culture trays and cultured to 85% cell confluency in complete 

media (refer to section 2.3.1). Prior to imaging, cells were incubated with Mitomycin C 

(Sigma Aldrich) for 2 hours to block proliferation, before the application of a scratch 

wound of defined width using the Essen Scratch Tool. The ability of cells to directionally 

migrate to colonise the scratch wound was then imaged hourly for 40 hours using the 

Incucyte Live-Cell Imaging System and software (Essen Instruments, Ann Arbour, MI, 

USA) and the mean relative wound density was calculated for four biological replicates in 

each experiment. 

2.5.9 PCR 

Conventional PCR reactions (25µl total volume) were assembled using 100-200ng of 

template DNA and specific primers listed in Table 2.1 (25pmol/primer), in addition to 

either 1x MyTaq Buffer/Polymerase mix (Bioline, Alexandria, NSW, Australia) or 1x 

Dynazyme buffer and 0.25µl/reaction Dynazyme Polymerase (Thermo Fisher Scientific), 

according to supplier’s instructions. Reactions were performed using a Thermal Cycler 

(Bio-Rad Laboratories Inc.) using the following cycle conditions: pre-cycle incubation: 

96°C, 2 minutes; denaturation: 96°C, 30 seconds; annealing: Tm of primers -2°C, 45 

seconds; extension: 72°C, 1 minute/kb of expected amplification product; repeat 

denaturation/annealing/extension steps 35 times; hold at 4°C until end. Amplification 

products were separated by agarose gel electrophoresis using 1.5% agarose gels and 

visualised by GelRed (Biotium Inc., Hayward, CA, USA) incubation for 15 minutes and 

ChemiDoc MP Imaging (Bio-Rad Laboratories Inc.). 

 

Quantitative PCR (qPCR) was performed with cDNA templates produced from total RNA 

isolated using an RNeasy Micro kit (Qiagen Sciences, Maryland, USA), according to kit 

instructions. cDNA synthesis was performed using 1µg RNA (or total extracted RNA if 

<1µg) according to the Roche cDNA synthesis kit (Roche Diagnostics, Australia). qPCR 

reaction mixes were prepared with the LightCycler 480 SYBR Green I Master Mix (Roche 

Applied Science, Mannheim, Germany) according to supplied protocols and reactions were 

run on a LightCycler 480 Real-Time PCR System (Roche Applied Science). Data were 
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analysed using LightCycler 480 software version 1.5 (Roche Applied Science). Gene 

expression was calculated relative to the reference gene RPLP0.  

 

All primers utilised for conventional and quantitative PCR methods are listed in Table 2.1. 

2.5.10 Flow cytometry 

Tissue samples (spleen, lymph node, thymus, bone marrow) were collected and single cell 

suspensions were prepared by tissue homogenisation through a 70µm cell strainer, 

incubation with mouse red cell removal buffer (MRCRB; refer to section 2.8.4) for 10 

minutes at 37°C followed by a single wash step in PBS. Blood samples were collected and 

incubated with MRCRB for 15 minutes at 37°C, then washed three times with PBS to 

remove lysed red cells. CNS-infiltrating cell suspensions were prepared by homogenisation 

of brain and spinal cord tissues through a 70µm cell strainer into PBS, then pelleted CNS 

samples were applied to a 70%/40% Percoll (Sigma Aldrich) gradient in HBSS (Gibco, 

Invitrogen) and centrifuged at 1000 x g for 25 minutes at room temperature (brake 

removed). Isolated leukocytes were subjected to red cell lysis with MRCRB for 5 mins at 

37°C and then washed once with PBS.   

 

1 x 106 cells/well were plated to 96-well U-bottom trays (Corning Plasticware, Sigma 

Aldrich) and cells were washed twice with cold PBS. All centrifugation steps were 

performed at 400 x g for 2 minutes at 4°C.  

 

Cells were incubated with 50µl/well LIVE/DEAD fixable near-IR dead cell stain kit (Life 

Technologies), diluted 1:1000 in PBS for 20 minutes at room temperature in the dark, then 

washed twice with PBS/BSA/Azide (refer to section 2.8.5). Fc receptors were subsequently 

blocked with 50µl/well murine gamma globulin for 20 minutes at room temperature in the 

dark, then 10µl/well diluted directly-conjugated primary antibodies were applied to the 

blocked cells (refer to Table 2.2 for antibody details and final dilutions) and incubated for 

30 minutes at 4°C in the dark. Stained cells were washed twice in cold PBS/Azide (refer to 

section 2.5.6) and either acquired immediately or fixed in 1% paraformaldehyde solution 

(refer to section 2.8.7) and stored at 4°C in the dark. If biotin-conjugated antibodies were 

used, an additional step was included after incubation with the primary antibody where 

stained and washed cells were incubated with streptavidin-647 (refer to Table 2.2) for 15 

minutes at 4°C in the dark, then washed twice in cold PBS/Azide and acquired. 
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For intracellular cytokine staining, following the incubation of cells with surface stain 

directly-conjugated primary antibodies, cells were permeabilised overnight using a Foxp3 

Staining Buffer Set (eBioscience, San Diego, CA, USA), according to supplier protocols. 

Permeabilised cells were stained with directly-conjugated antibodies against intracellular 

antigens (refer to Table 2.2 for antibody details and final dilutions) for 30 minutes at 4°C 

in the dark and washed as directed. Cells were finally fixed in 1% paraformaldehyde 

solution and stored at 4°C in the dark until acquisition. 

 

Samples were acquired using the BD FACSAria III instrument (BD Biosciences) in 

conjunction with FACSDiva Software (BD Biosciences) and then analysed using FlowJo 

version 10.0.7 (Tree Star, Ashland, OR, USA). 

2.5.11 BMMC β-hexaminidase release assay 

Mature BMMC cells (from 6 week-old cultures) were resuspended to 1 x 106 cells/mL in 

3ng/mL IL-3 supplemented growth media (DMEM/WEHI-3; refer to section 2.3.2) and 

sensitised overnight at 37°C, 5% CO2 with 2µg/mL IgE anti-DNP mAb (clone SPE-7; 

Sigma Aldrich). Sensitised cells were washed twice in Tyrodes buffer (refer to section 

2.8.9), resuspended to 8 x 106 cells/mL and 8 x 104 cells/well were plated to V-bottom 

trays (Corning Costar). Cells were then pre-incubated with +/- AS605240 (1µM)(Echelon 

Biosciences Inc., Salt Lake City, UT, USA) and +/- adenosine (20µM)(Sigma Aldrich) for 

30 minutes at 37°C. Degranulation was induced with the addition of DNP-HSA antigen 

(Sigma Aldrich) at 10ng/mL in Tyrodes buffer for 1 hour at 37°C, 5% CO2 and the extent 

of β-hexaminidase release was assessed by calculating the ratio of β-hexaminidase released 

into the supernatant relative to β-hexaminidase associated with the cell pellet. The V-

bottom tray was centrifuged and 10µl of the supernatant was transferred to a 96-well flat 

bottom tray (Corning Costar) and the remaining supernatant was discarded. Cell pellets 

were lysed with the addition of 20µl/well 0.5% Triton-X100 solution and 10µl of the lysate 

was transferred to a 96-well flat bottom tray. 50µl PNAG substrate (p-Nitrophenyl-N-

acetyl-Beta-D-glucosaminide, 4mM; Sigma Aldrich) was added to supernatant and cell 

lysate samples and developed for 45 minutes at 37°C, 5% CO2. Finally, 150µl 0.2M 

glycine was added to each well and the absorbance was acquired at 405nm on a Biotrak II 

microplate reader (Amersham Biosciences, USA). 
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2.5.12 BMMC cytokine release assay 

Mature BMMC cells (from 6 week-old cultures) were resuspended to 1 x 106 cells/mL in 

3ng/mL IL-3 supplemented growth media (DMEM/WEHI-3; refer to section 2.3.2) and 

sensitised overnight at 37°C, 5% CO2 with 2µg/mL IgE anti-DNP mAb (clone SPE-7). 

Sensitised cells were washed twice with warmed PBS, resuspended to 1.5 x 106 cells/mL in 

BMMC culture medium (DMEM/WEHI-3) and 3 x 105 cells/well were seeded to U-bottom 

96-well trays (Corning Costar). Cells were then pre-incubated with +/- AS605240 

(1µM)(Echelon Biosciences Inc.) and +/- adenosine (20µM)(Sigma Aldrich) for 30 

minutes at 37°C. The activation of sensitised BMMC was induced with the addition of 

10ng/mL DNP-HSA antigen (Sigma Aldrich) and cytokine production and release was 

allowed for 6 hours at 37°C, 5% CO2. Supernatants were collected and the levels of soluble 

IL-6 and TNFα were measured by ELISA using BD OptEIATM kits for mIL-6 and 

mTNFα (BD Biosciences). 

2.5.13 In vitro transwell chemotaxis assay 

Total bone marrow cells were isolated from the tibias and femurs of 6 week-old male 

C57Bl/6 wildtype and Pik3r6-/- mice, washed once in PBS and subjected to red cell lysis in 

MRCRB (refer to section 2.8.4) for 5 mins at 37°C. Cells were washed three times in pre-

warmed chemotaxis buffer (RPMI no phenol, 5mg/mL BSA, 25mM HEPES) and 

resuspended to 5 x 106 cells/mL. IL-8 dilutions (0, 1, 10 and 50nM) were prepared in 

chemotaxis buffer and 600µl/well was plated to the lower chamber of HTS Transwell 24-

well plates with 3.0µm polycarbonate membranes (Corning Inc., NY, USA), prior to the 

addition of 400µl cell suspension to the upper chamber of the transwells. Trays were 

incubated for 30 minutes at 37°C, 5% CO2 then transwell inserts were removed. The cells 

that had migrated through to the lower transwell chamber were stained by flow cytometry 

as described in section 2.5.10. Neutrophils were defined as CD11b+Gr-1+ and detected 

using anti-CD11b-PECy7 and anti-Gr-1-PE antibodies (refer to Table 2.2), where the 

migration index of neutrophils across samples was normalised and calculated relative to 

BD Calibrite unlabelled beads (BD Biosciences). 

2.5.14 In vitro Akt phosphorylation in bone marrow cells 

Total bone marrow cells were isolated from the tibias and femurs of 6 week-old male 

C57Bl/6 wildtype and Pik3r6-/- mice, washed once in PBS and subjected to red cell lysis in 

MRCRB (refer to section 2.8.4) for 5 mins at 37°C. Bone marrow cells were then washed 3 
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times in warmed PBS and serum starved for 3 hours at 37°C 5% CO2 in serum starvation 

media (RPMI 1640 supplemented with 0.1% foetal calf serum, 2mM L-glutamine (IMVS), 

10mM HEPES (IMVS), 1mM sodium pyruvate (Gibco, Life Technologies) and 0.2 U/mL 

penicillin/gentamycin (IMVS)). Cells were stimulated with 10nM IL-8 for 0, 1 or 5 

minutes. Stimulation was ceased by transferring cells to ice, washing cells twice with ice-

cold PBS and cell lysis in an NP-40 lysis buffer (refer to section 2.8.8) for 1 hour on ice. 

Lysates were cleared by centrifugation at 20 000 x g for 10 minutes at 4°C and the protein 

concentration of lysates was quantitated using a Coomassie Plus (Bradford) Assay (Pierce, 

Thermo Fisher Scientific), according to supplier protocols. Lysates were separated by 

LDS-PAGE and analysed by Western blot for the detection of phosphorylated Akt (refer to 

sections 2.5.1 and 2.5.3).  

 

2.6 In vivo techniques 

2.6.1 Phospho-specific antibody production 

A phospho-specific p84 antibody (anti-p84-pThr607) was raised against a synthetic 

phosphorylated p84 peptide (CRPREVpTVSLRA) in a rabbit using a four-dose 

immunisation regime. The phospho-peptide was conjugated to the mcKLH hapten using 

the Imject EDC Carrier Protein spin kit (Thermo Fisher Scientific) and dialysed overnight 

through four changes of PBS. The hapten-coupled phospho-peptide was then used to 

immunise a rabbit according to the following regime: 1st dose (week 0), 500µg/animal; 2nd 

dose (week 3), 250µg/animal; 3rd dose (week 6), 250µg/animal; 4th dose (week 9), 

250µg/animal. A pre-bleed was collected prior to the first immunisation to establish 

baseline serum IgG levels, a test bleed was performed prior to the final immunisation at 

week 7.5 and the final serum collection was performed at week 10.5. Serum titres were 

assessed by ELISA as described in section 2.5.4.  

2.6.2 Experimental haematogenous metastasis 

MDA.MB.231 cells transduced with pMSCV control, pMSCV-p84-HA, pMSCV-p84-

S358A-HA and pMSCV-p84-T607A-HA expression vectors were transferred 

intravenously at 2 x 105 cells/mouse into 8-10 week old female Severe Combined Immuno-

Deficient (SCID) mice and metastatic lung nodules were allowed to form for 7 weeks. 

Mice were monitored daily for clinical symptoms and distress according to University of 

Adelaide animal ethics approvals and NH&MRC guidelines. At the completion of the 
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experiment, lungs were harvested and separated into individual lobes prior to the 

enumeration of metastatic surface nodules. Lungs were subsequently imaged using a Leica 

MZ16FA Stereomicroscope (Leica Microsystems, Wetzlar, Germany). 

2.6.3 Induction of chronic MOG35-55-induced EAE 

Chronic experimental autoimmune encephalomyelitis (EAE) disease was induced in 8-10 

week old female C57Bl/6 mice with the subcutaneous injection of 50µg MOG35-55 peptide 

(MEVGWYRSPFSRVVHLYRNGK) (GL Biochem, China) emulsified in a Complete 

Freund’s Adjuvant (CFA) preparation for MOG (85% mineral oil / 15% mannide 

manooleate (Sigma Aldrich) with 8.33mg/mL Mycobacterium tuberculosis (Difco 

Laboratories, Becton Dickinson, NT, USA)). Briefly, MOG peptide was dissolved in 

endotoxin-free PBS and mixed at a 1:1 ratio with CFA by passing the mixture through a 

stopcock with two syringes until a thick emulsion was achieved. MOG/CFA was injected 

subcutaneously into the hind flanks (50µl/flank) and the scruff of the neck (20µl), in 

conjuction with 300ng/dose pertussis toxin (List Biological Laboratories Inc., CA, USA) in 

endotoxin-free PBS administered intravenously in two doses; 2 hours prior to MOG/CFA 

immunisation and a second dose on day 2 post-disease induction. EAE clinical disease 

scores and signs of distress were monitored daily according to University of Adelaide 

animal ethics approvals and clinical disease symptoms were scored according to Table 2.3.  

2.6.4 Induction of relapsing-remitting PLP139-151-induced EAE 

Relapsing-remitting experimental autoimmune encephalomyelitis (EAE) disease was 

induced in 8-10 week old female SJL/J mice with the subcutaneous injection of 50µg 

PLP139-151 peptide (HSLGKWLGHPDKF) (Biomedical Research Centre, University of 

British Columbia, Vancouver BC, Canada) emulsified in a Complete Freund’s Adjuvant 

(CFA) preparation for PLP (85% mineral oil / 15% mannide manooleate (Sigma Aldrich) 

with 8.33mg/mL Mycobacterium tuberculosis and 0.5mg/mL Mycobacterium butyricum 

(Difco Laboratories, Becton Dickinson)). Briefly, PLP peptide was dissolved in endotoxin-

free PBS and mixed at a 1:1 ratio with CFA by passing the mixture through a stopcock 

with two syringes until a thick emulsion was achieved. PLP/CFA was injected 

subcutaneously into the hind flanks (50µl/flank), in conjunction with 300ng/dose pertussis 

toxin (List Biological Laboratories Inc.) in endotoxin-free PBS administered intravenously 

in two doses; 2 hours prior to PLP/CFA immunisation and a second dose on day 2 post-

disease induction. EAE clinical disease scores and signs of distress were monitored daily 
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according to University of Adelaide animal ethics approvals and clinical disease symptoms 

were scored according to Table 2.3. 

 

2.7 Proteomics 
All proteomics methods and experimentation were performed in conjunction with the 

Adelaide Proteomics Centre under the guidance of Professor Peter Hoffmann. I would like 

to acknowledge the contribution of past and present staff of the Adelaide Proteomics 

Centre who have worked on this project; Georgia Arentz, Michelle Hooi, Chris Cursaro, 

James Eddes, Johan Gustafsson and Tomas Koudelka. 

2.7.1 Orbitrap LTQ XL ETD LC-MS for p84 phosphorylation studies 

Sample preparation  

Gel bands were excised, washed in 500µL of 50mM ammonium bicarbonate and de-

stained with 100mM ammonium bicarbonate in 30% acetonitrile (ACN). Protein was 

reduced using 0.5µmol dithiothreitol (DTT) in 100mM ammonium bicarbonate, alkylated 

using 2.75µmol iodoacetamide (IAA) in 100mM ammonium bicarbonate and digested 

overnight using 100ng modified porcine trypsin (Promega) in 5mM ammonium 

bicarbonate 10% acetonitrile. 30µL of 0.1% formic acid (FA) was added and sonicated for 

15 min. Peptides were extracted and two subsequent extractions steps were performed with 

sonication for 15 minutes using 50µL of 0.1%FA in 50% ACN and 50µl of 100% ACN, 

respectively. Peptides were purified and concentrated using Pierce C18 spin columns 

(Thermo Fisher Scientific). The volumes of peptide extracts were reduced by vacuum 

centrifugation (to approximately 1µL), then resuspended with 0.1% TFA in 2% ACN to a 

total volume of 10µL. 5µL of the sample was injected into the liquid chromatography 

system. 

 

Liquid chromatography mass spectrometry  

Peptides were separated on an HPLC system (UltiMate 3000; Dionex) using a separation 

column (Thermo Fisher Scientific) (Acclaim PepMap RSLC, C18, pore size 100 Å, 

particle size 2µm, 75µm inner diameter (ID) × 15 cm length) and a trapping column 

(Thermo Fisher Scientific) (Acclaim PepMap100, C18, pore size 100 Å, particle size 3µm, 

75µm ID × 2 cm length). The HPLC system was coupled to an LTQ Orbitrap XL mass 

spectrometer (Thermo Fisher Scientific), using the following buffer system: (A) 2% ACN, 
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0.1% FA in H20; (B) 80% ACN, 0.1% FA in H20. For in-line desalting and concentration, 

5µL of digests were loaded onto the trap column and washed for 5 min with 100% (A) at a 

flow rate of 5µL/min. Peptides were eluted at 300 nL/min with the following 100 min 

gradient: 4% (B) for 10 min, gradient to 40% (B) over 50 min, gradient to 90% (B) in 20 

min, 90% (B) for 10 min, gradient from 90% to 4% (B) in 30 sec, 4% (B) for 19.5 min. 

The effluent from the HPLC column was directly electrosprayed into the mass 

spectrometer. The LTQ Orbitrap XL instrument was operated in data-dependent mode to 

automatically switch between full scan MS and MS/MS acquisition. Instrument control 

utilised Thermo Tune Plus and Xcalibur software (Thermo Fisher Scientific). Full scan MS 

spectra (from m/z 300-1700) were acquired in the Orbitrap analyser and resolution in the 

Orbitrap system was set to r = 60 000. The standard mass spectrometric conditions for all 

experiments were: spray voltage, 1.25kV; no sheath and auxiliary gas flow; heated 

capillary temperature, 200°C; predictive automatic gain control (AGC) enabled, and an S-

lens RF level of 50-60%. All unassigned charge states and charge states of 1 were rejected. 

An inclusion list for the parents’ masses and their neutral losses of 98 was generated. The 

parent peptide ions were sequentially isolated and fragmented in the high-pressure linear 

ion trap by low-energy CID. However, MS2 scans were carried out on the most intense 

peptide ions with charge states ≥2 and minimum signal intensity of 500 if no parent masses 

were detected. A repeat count of 1 and exclusion duration of 180s was taken into account 

before the same mass was acquired again. An activation q = 0.25, activation time of 15ms 

and normalised collision energy of 35% were used. The resulting fragment ions were 

scanned out in the low-pressure ion trap at the “normal scan rate” (33 333 amu/s) and 

recorded with the secondary electron multipliers. Nine data dependent for CID-MS 

measurements were carried out in the LTQ using the same settings as the CID/MS2.  

 

Data analysis  

Samples were subjected to the Proteome Discoverer software (Thermo Fisher Scientific) to 

set up the workflow prior to submission to MASCOT (Version 2.2; Matrix Science Inc., 

Boston, USA) by the Proteome Discoverer Daemon (Thermo Fisher Scientific). Peak lists 

in the range from 350 m/z to 5000 m/z were searched against the SwissProt 2014_08 

database. Search parameters for fixed modifications were carbamidomethyl (C) and for 

variable modifications were oxidation (M), phosphorylation (ST) and phosphorylation (Y). 

The MSMS scans of the samples were also analysed manually to confirm the 

phosphorylation sites using the Thermo Scientific Xcalibur software (Version 2.0.7).  
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2.7.2 In vitro Akt kinase assay 

The AKT1 Kinase Enzyme System (Promega, Madison, WI, USA) was used to assess the 

phosphorylation of full-length p84 protein, digested p84 peptides and a p84 synthetic 

peptide (CRPREVTVSLRA), according to kit protocols. Briefly, the protein or peptide 

samples were buffered and incubated with Akt kinase, DTT and ATP for 30 minutes, prior 

to isolation and mass spectrometry analyses. The extent of phosphorylation at Thr607 was 

compared with a synthetic p84 phospho-peptide (CRPREVpTVSLRA) by immunoblot 

methods using an anti-phospho-(Ser/Thr) Akt substrate antibody that detects 

phosphorylation at an Akt kinase phosphorylation consensus site. The precise position of 

the phosphorylation was confirmed by mass spectrometry using the UltrafleXtreme 

MALDI-TOF/TOF system (Bruker Daltonics), as described below. 

 

Peptides were purified from the kinase assay using a C18 ZipTip (Merck Millipore, 

Darmstadt, Germany) and were diluted to a concentration of 1pmol/µL with 0.1% trifluor 

acetic acid (TFA). 1µL of sample was spotted onto an 800µm AnchorChip target plate 

(Bruker Daltonics) and allowed to dry. 1µL of matrix (alpha-cyano-cinnamic acid, 0.5 

mg/mL in water/acetonitrile/TFA 10/90/0.1) was spotted onto the same positions on the 

target plate and dried. Mass spectra were acquired on an UltrafleXtreme MALDI-

TOF/TOF mass spectrometer (Bruker Daltonics) operating in reflective positive mode. 

Instrument settings were set in flexControl software (Version 3.3; Bruker Daltonics). 

Sample m/z range was set to 800-5000 Da. Two thousand shots were collected for the 

external calibration and ten thousand shots were collected for the sample spots. External 

calibration was performed using a 1:50 dilution of peptide calibration standard 2 (Bruker 

Daltonics) in the range 1000-4000 Da, which was analysed under the same conditions as 

the sample. Spectra from each analysed spot were obtained at various locations over the 

surface of the matrix spot at an intensity determined by the operator. The MS spectra 

obtained were analysed using flexAnalysis software (Version 3.3; Bruker Daltonics) 

employing smoothing, background subtraction and peak detection algorithms. 

 

2.7.3 Parallel reaction monitoring (PRM)  

LC-ESI-MS/MS was performed using an Ultimate 3000 nano-flow system (Dionex) 

coupled to an Impact II QTOF mass spectrometer (Bruker Daltonics) via an Advance 

CaptiveSpray source (Bruker Daltonics). 20mL of each trypsin digested sample was loaded 
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onto a trapping column (Acclaim PepMap100, C18, pore size 100 Å, particle size 3µm, 

75µm ID × 2 cm length, Thermo Scientific) at 3ml/min using 0.1% FA, 5% ACN in water.  

Peptide separation was then performed on a Acclaim PepMap RSLC column (C18, pore 

size 100 Å, particle size 2µm, 75µm internal diameter × 15cm length, Dionex) at 

0.3ml/min using a linear gradient of 5-45% ACN in 0.1% FA over 40 min. PRM was 

performed on the QTOF using the following parameters for the peptide ELVLFLRPR; m/z 

571.8559, collision energy of 20.1, and an isolation width of 10. The following parameters 

for the peptide SVQAVLR; m/z 386.7374, collision energy of 14.5, and an isolation width 

of 10. Data was analysed using the open source software Skyline where it was compared to 

a Pik3r6 spectral library acquired from previous experiments (refer to section 2.7.1). The 

following Skyline settings were used; trypsin digestion, up to 2 missed cleavages, variable 

modifications of carbamidomethyl and oxidation, and mass error tolerance of 40 ppm.  

 

2.7.4 Isotope-Coded Protein Labelling (ICPL) analyses: Sample preparation 

Single cell suspensions were generated from brain and spinal cord (CNS) tissues by 

enzymatic dissociation in 2mg/mL collagenase D (Roche Diagnostics, Australia) and 10U 

DNaseI (Sigma Aldrich) for 1 hour at room temperature prior to homogenisation through a 

70µm cell strainer into PBS. Pelleted CNS samples were applied to a 70%/40% Percoll 

(Sigma Aldrich) gradient in HBSS (Gibco, Invitrogen) and centrifuged at 1000 x g for 25 

minutes at room temperature (brake removed). Isolated leukocytes were subjected to red 

cell lysis with MRCRB (section 2.8.4) for 5 mins at 37°C. Cells were resuspended in 0.1% 

BSA/PBS and CD4+ cells were isolated using Invitrogen DynaBead positive Isolation for 

CD4+ cells and Detach-a-Bead for mouse CD4 kits, according to provided protocols 

(Invitrogen). Unactivated control samples were isolated from the spleens of naïve mice, 

where cells isolated by homogenisation through a 70µm cell strainer into PBS, red cell 

lysis in MRCRB for 10 minutes at 37°C and CD4+ cell purification as described for CNS 

samples above. Cells were washed three times in ice-cold PBS, then lysed to extract either 

protein for ICPL labelling or RNA for quantitative PCR. For protein extraction, cells were 

lysed for 10 minutes on ice with NP-40 lysis buffer (section 2.8.8), then lysates were 

cleared by centrifugation at maximum speed and stored at -80°C until processing. mRNA 

transcript levels of selected protein candidates identified during ICPL analyses were 

assessed by quantitative PCR according to section 2.5.9. 
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2.7.5 ICPL analyses: Labelling, LDS-PAGE and peptide isolation 

15µg protein from each control or disease stage (naive control, disease onset, peak-disease 

+/- remission) were reduced, alkylated and then labeled with ICPL 0, ICPL 6 and ICPL 10 

for MOG35-55-EAE samples or with ICPL 0, ICPL 4, ICPL 6 and ICPL 10 for PLP139-151-

EAE samples, respectively, according to protocols provided with the SERVA ICPL 

Quadruplex PLUS Kit (SERVA, Heidelberg, Germany). Following labelling, samples were 

combined (triplex for MOG35-55-EAE; 45µg total protein or quadruplex for PLP139-151-

EAE; 60µg total protein). Protein was then precipitated using acetone precipitation as 

described in SERVA provided protocols followed by solubilisation in 20µL 1x LDS 

loading buffer with 20mM DTT using sonication. Samples were heated at 95°C for 10 min, 

allowed to cool and separated by LDS-PAGE on 1mm 4-12% NuPAGE Bis-Tris gels 

(Invitrogen) using MOPS running buffer at 200V for 50 min.  

 

Following separation, gel bands were visualised using Colloidal Coomassie Blue staining 

(Amersham Biosciences, USA) prior to manual excision and in-gel reduction (DTT), 

alkylation (iodoacetamide) and tryptic digestion (100ng modified porcine trypsin, 

Promega, Madison, WI, USA). Peptides were extracted from the gel plugs using sonication 

in 50% ACN with 0.1% TFA followed by 100% ACN. Combined peptide eluates for each 

gel band were dried down in a vacuum centrifuge and each was reconstituted using 2% 

ACN with 0.1% TFA. 

2.7.6 ICPL triplex: HPLC, fraction collection and mass spectrometry 

An Agilent 1100 system was operated using binary gradients of mobile phase A (0.1% 

TFA in 95% H2O, 5% ACN) and B (0.1% TFA in 95% ACN, 5% H2O). The Agilent 1100 

was controlled using the Hystar software platform (V3.2-SR2, Bruker Daltonics, Bremen, 

Germany).  Peptide samples were eluted and separated directly over an Acclaim 

PepMap100 C18 analytical column (180µm i.d. × 15cm, 5µm particle size, 100 Å, Dionex) 

at a flow rate of 1µL/min. The peptides were eluted with an ACN gradient of 0% B for 10 

min, 0 to 48% solvent B in 54 min, 48 to 60% solvent B in 5 min, 60 to 80% solvent B in 

0.5 min, followed by 80% B for 5 min.  

 

Fifteen-second fractions were collected onto a MTP 384 MALDI 800µm AnchorChip 

target (Bruker Daltonics) using a Proteineer Fraction Collector (Bruker Daltonics). A 

supporting liquid (50% ACN in 0.1% TFA) was added discontinuously over the last 2 sec 
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during deposition onto the MALDI target via sheath flow to reduce peak tailing. After the 

spots were air-dried, 1µL of α-cyano-4-hydroxycinnamic acid (CHCA) matrix solution 

was added manually to each fraction according to Zhang et al.214, 215 and allowed to dry. 

For calibration spots 1µL of Bruker Daltonics Peptide Calibration Standard II (dissolved in 

125µL of 0.1% TFA) was mixed with 99µL of 30% ACN in 0.1% TFA and 600nL 

deposited onto the target. After drying, 0.8µL of matrix solution was subsequently added 

and left to dry.   

 

MS analysis was performed on an Ultraflex III MALDI-TOF/TOF system (Bruker 

Daltonics) in reflectron positive ion mode, using WARP-LC (V1.2; Bruker Daltonics) 

interfaced with flexControl. Laser power and detector gain was operator determined to 

provide optimal MS intensity and resolution. 500 and 400 laser shots were collected for 

both sample and calibration spots respectively using an acquisition m/z range of 700-4500. 

Following MS collection, MS spectra were smoothed (Gaussian, 1 cycles, width - m/z 

0.05), and baseline subtracted (TopHat). Peak masses and intensities were detected with 

flexAnalysis using the SNAP algorithm. 

 

WARP-LC was used to calculate a compound list for automated MS/MS based on a preset 

LC-MALDI method. MS/MS instrument settings were defined by the LIFT method. 

Following automated MS/MS acquisition, MS/MS spectra were imported into Proteinscape 

version 3.0.0346 (Bruker Daltonics) and submitted to Mascot (V2.3.02) for identification 

using the following search parameters:  Taxonomy, Mus musculus; Database, Swiss-Prot 

release 2013_04; Maximum missed cleavages, 1; MS tolerance, 50ppm, MS/MS tolerance, 

0.8Da; Enzyme, Arg C; Variable modifications, oxidation (M), ICPL_0 (Lysine), ICPL_0 

(Protein N-terminal), ICPL_6 (Lysine), ICPL_6 (Protein N-terminal), ICPL_10 (Lysine), 

ICPL_10 (Protein N-terminal); fixed modifications; carbamidomethyl (cysteine). 

2.7.7 ICPL quadruplex: HPLC, fraction collection and mass spectrometry 

An UltiMate 3000 RS Nano/Cap System (Dionex, California, USA) was operated using 

binary gradients of mobile phase A (0.05% TFA in 98% H2O, 2% ACN) and B (0.04% 

TFA in 80% ACN, 20% H2O) and controlled using Hystar (V3.2-SR2; Bruker Daltonics). 

A micro-WPS-3000 autosampler (Dionex) injected 5µL samples onto an Acclaim Pepmap 

100 trap column (75µm × 2cm, 3µm, 100 Å). Sample loading was performed at 3µL/min 

at 0% B for 10 min. For analytical separation the trap was switched inline to an Acclaim 
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Pepmap100 C-18 analytical column (75µm × 15cm, 3µm; Dionex) running at 300nL/min. 

Peptides were eluted with 4-8% B in 1 min, 8-42% B in 44 mins, 42-90% B in 5 min 

followed by 90% B for 10 min. 

 

Fifteen-second fractions were collected onto an MTP 384 MALDI 800µm AnchorChip 

target (Bruker Daltonics) using a Proteineer Fraction Collector (Bruker Daltonics), as 

described in Gustafsson et al.216. Briefly, eluate was mixed with CHCA matrix, supplied 

by a syringe pump (Cole-Parmer, Illinois, USA), in a MicroTee junction (PEEK, 1/32 in, 

Upchurch Scientific). Matrix consisted of 748µL 95% ACN in 0.1% TFA, 36µL saturated 

CHCA in 90% ACN and 0.1% TFA, 8µL of 10% TFA and 8µL of 100mM ammonium 

phosphate. 1µL of Peptide Calibration Standard II (Bruker Daltonics) dissolved in 125µL 

0.1% TFA was mixed with 99µL 30% ACN in 0.1% TFA and 150µL of matrix.  600nL of 

this mixture was deposited onto calibration spots.  

 

MS and MS/MS analyses were performed using an UltrafleXtreme MALDI-TOF/TOF 

system (Bruker Daltonics) in reflectron positive ion mode, using WARP-LC (V1.2; Bruker 

Daltonics) interfaced with flexControl. Laser power was operator determined to provide 

optimal MS intensity and resolution. 3000 laser shots were collected for both sample and 

calibration spots. Acquisition settings: m/z range of 700-4000, 5.0 × reflector gain and 2.00 

GS/s acquisition rate. MS spectra were smoothed (Gaussian, 1 cycles, width - m/z 0.02), 

and baseline subtracted (TopHat). Peak masses and intensities were detected in 

flexAnalysis using the SNAP algorithm. 

 

WARP-LC was used to calculate a compound list for automated MS/MS based on a preset 

LC-MALDI method. MS/MS instrument settings were defined by the LIFT method. 

Following automated MS/MS acquisition, MS/MS spectra were imported into Proteinscape 

version 3.0.0346 (Bruker Daltonics) and submitted to Mascot (V2.3.02) for identification 

using the following search parameters: Taxonomy, Mus musculus; Database, Swiss-Prot 

release 2013_04; Maximum missed cleavages, 1; MS tolerance, 50ppm; MS/MS tolerance, 

0.8Da; Enzyme, Arg-C; Fixed modifications, carbamidomethyl (C); Variable 

modifications, Oxidation (M), ICPL_0 (Lysine), ICPL_0 (Protein N-terminal), ICPL_4 

(Lysine), ICPL_4 (Protein N-terminal), ICPL_6 (Lysine), ICPL_6 (Protein N-terminal), 

ICPL_10 (Lysine), ICPL_10 (Protein N-terminal) . To prepare a list of candidate peptides 
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for quantitation, all protein identifications with at least one identification with an ion score 

greater than the identity threshold were accepted.  

2.7.8 ICPL analyses: Determination of peptide and protein ratios  

Peptide identifications were exported from Proteinscape to tab delimited text and LC-

MALDI data was converted to the open mzMXL format using CompassXport (version 1.3; 

Bruker Daltonics).  For each ICPL labeled peptide, the expected monoisotopic m/z of the 

corresponding ICPL 0, ICPL 4, ICPL 6 and ICPL 10 labeled peptides were calculated and 

their intensities extracted from the data as follows: the spectra from the LC-MALDI 

fraction from which the identification was made, and both the preceding and following two 

fractions (a 75 second window) were loaded into R using the mzR package217 and m/z 

peaks were detected using the MALDIquant package218; the intensity of peaks with 0.1Da 

of each calculated ICPL m/z were then extracted from each spectrum and summed to give 

an intensity for each ICPL labeled species (where peak detection failed, the maximum 

signal within 0.05 Da of the expected m/z was taken).  For peptides with a single ICPL 

label, the intensity of ICPL 6 monoisotopic peak was corrected by subtracting the predicted 

intensity of the overlapping third isotope of the ICPL 4 labeled species.  The correction 

factor was determined empirically from the dataset by examining the relative heights of the 

isotopes of all peptides identified as being modified with two or more ICPL 4 labels.  The 

ICPL 4, ICPL 6 and ICPL 10 intensities were each divided by the ICPL 0 signal to give 

ratios for each peptide.  Log2 ratios were then normalised by subtracting the mean log2 

ratios for ICPL 4 / ICPL 0, ICPL 6 / ICPL 0 and ICPL 10 / ICPL 0 for the dataset.  Finally, 

protein regulations were expressed as the mean of the log2 of their peptide ratios. 

 

The spectra for the regulated 23 proteins (presented in Tables 5.1 and 5.2) were manually 

inspected and reviewed for accuracy.  The annotated spectra and extracted ion 

chromatograms are provided and can be accessed online 

(www.pubs.acs.org/doi/suppl/10.1021/pr500158r) as Supporting Information associated 

with the published manuscript. 

 

Differential regulation of protein expression was defined as at least 2-fold change in 

peptide intensity of a disease stage sample (ICPL_4, ICPL_6, ICPL_10; either increase 

>2.0 or decrease <0.50 fold-change) relative to the naive control sample (ICPL_0; defined 

as 1). This conservative threshold was based on preliminary control analysis of the 
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technical variance associated with ICPL labelling, where protein extract from CD4+ cell 

lysate from naïve spleen samples were split into 4 aliquots, labelled with ICPL Quadruplex 

labels, then combined and quantitatively analysed following the described experimental 

workflow (sections 2.7.2 and 2.7.4). From 4 prominent protein bands the experimental 

deviation from 1:1 was determined. The mean and standard deviations relative to ICPL_0 

were determined [ICPL_0 : ICPL_4 : ICPL_6 :ICPL_10][1 : 0.85 : 0.95 : 0.90]. The 

standard derivation for the ratios were low; 0.2011 for ICPL _4,  0.1332 for ICPL_6  and 

0.1442 for ICPL_10.  The mean of the standard deviation was 0.1595 and to be 

conservative we defined the regulation window, which is considered to be above the 

technical variation, by being 2 times the mean standard deviation below the lowest and 

above the highest value (0.531- 1.269). Considering these values, protein regulation was 

considered as significant if there was at least a 2-fold change in regulation.   

 

2.8 Antibodies and General Reagents 

2.8.1 Primers and antibodies 

Primers used in this study were purchased from Sigma Aldrich and are listed in Table 2.1. 

All primers were resuspended to 100µM in PCR grade H2O and stored at -20°C. 

Antibodies used in immunoprecipitation, Western blot, flow cytometry and 

immunofluorescence are listed in Table 2.2.  

2.8.2 Phosphate buffered saline (PBS) / Tris buffered saline (TBS) 

PBS and TBS solutions were obtained from the Technical Services Unit at the School of 

Molecular and Biomedical Sciences, The University of Adelaide. 

2.8.3 Diethyl Pyrocarbonate (DEPC) reagents for RNA isolation 

RNase-free water and ethanol solutions were prepared using DEPC (Sigma Aldrich). 

DEPC-H20 was prepared by diluting DEPC 1/1000 in Milli-Q water and the solution was 

autoclaved before use. DEPC-H20 was used to prepare a 70% ethanol solution, then DEPC 

was added at 1/1000 and the solution was autoclaved before use to generate DEPC-70% 

ethanol. 

2.8.4 Murine Red Cell Removal Buffer (MRCRB) 

MRCRB is 140mM NH4Cl, 17mM Tris, pH7.2 and is prepared as required by mixing two 

pre-prepared solutions; parts A and B. part A is prepared by solubilising 8.3g NH4Cl in 1L 
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Milli-Q water; part B is prepared by solubilising 20.594g Tris in 1L Milli-Q water and 

adjusting the pH to 7.65. The final buffer is prepared as required by mixing parts A and B 

in a 9:1 ratio (A:B), adjusting the pH to 7.2 and filter sterilisation using a 0.2 µm filter. 

MRCRB stored at 4°C. 

2.8.5 PBS/BSA/Azide 

PBS/BSA/Azide solutions for flow cytometry were prepared with the addition of 1% BSA 

(Sigma Aldrich) and 0.04% sodium azide (Ajax Finechem) to PBS. Stored at 4°C.  

2.8.6 PBS/Azide 

PBS/Azide solutions for flow cytometry were prepared with the addition of 0.04% sodium 

azide (Ajax Finechem) to PBS. Stored at 4°C. 

2.8.7 Paraformaldehyde solutions (PFA) 

4% PFA was prepared by dissolving 4g of paraformaldehyde (Sigma Aldrich) in 100mL 

1x PBS overnight with constant stirring at 50°C. 4% PFA was stored at -20°C. 1% PFA 

solution was prepared by diluting 4% PFA 1:4 in 1x PBS and was stored at 4°C. 

2.8.8 NP-40 lysis buffer 

The NP-40 lysis buffer used for all protein lysis in this study was composed of 1% NP-40, 

50mM Tris pH 7.5, 200mM NaCl and 1mM EDTA. The lysis buffer was stored at 4°C and 

supplemented with 2mM Na3VO4, 50mM NaF, 10mM phenylmethylsulfonyl fluoride and 

protease inhibitor cocktail diluted 1:100 (Sigma Aldrich) immediately prior to use. 

2.8.9 Tyrodes buffer 

Tyrodes buffer for BMMC β-hexaminidase assays was prepared by mixing 10mL 1M 

HEPES, 7.54g NaCl, 0.37g KCl, 0.206g CaCl2, 0.203g MgCl2, 1.008g D-glucose, 1g BSA 

to a final volume of 1L in Milli-Q water. The solubilised buffer was sterilised through a 

0.2µm filter and stored sterile at 4°C. 

2.8.10 Coomassie Brilliant Blue G-250 (CBB) 

CBB stock was prepared fresh as required. For 75mL, 6.5g ammonium sulphate was 

dissolved in Milli-Q water to a volume of 61 mL, then 1.5mL 85% phosphoric acid, 

1.25mL G-250 dye stock and 15.5mL methanol was added. 
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2.9 Statistical analyses 
Statistical analysis was performed using GraphPad Prism v6 (GraphPad Software, San 

Diego, CA, USA). Data are summarised and presented as mean ± standard error. Unless 

otherwise stated, statistical tests used for analyses are unpaired two-tailed t-tests with 

statistical significance defined as follows: *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001. 

Densitometry analysis for Western blots was performed using ImageJ 1.47v (National 

Institute of Health, Bethesda, MD, USA).  
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Table 2.1: Primers used in this study 

Primer name Sequence (5’ – 3’) Type 
pMSCV forward CCCTTGAACCTCCTCGTTCGACC 
pMSCV reverse CAGCGGGGCTGCTAAAGCGCATGC sequencing 

p84(h)OPT F1 CACTGTGGCTCTCGATTGTG 
p84(h)OPT F2 GACTTCCTGATGCCTGGAT 
p84(h)OPT F3 GTCACCGAGGTGGTCAAATC 

sequencing 

p84(h)OPT R1 GTGAGGTTCTGCTCAGCGAT 
p84(h)OPT R2 
p84(h)OPT R3 

TCACTCCTGGCAGCATCTC 
TGAATCTGGATGTTGTTTGTCC 

sequencing 

p84(h)OPT S358A mut GCTGCCTGCACCTGGAGCCCCTGAGATGGA 
p84(h)OPT S358A as TCCATCTCAGGGGCTCCAGGTGCAGGCAGC mutagenesis 

p84(h)OPT T607A mut ACCACGCGAAGTGGCCGTCTCCCTGAG 
p84(h)OPT T607A as CTCAGGGAGACGGCCACTTCGCGTGGT mutagenesis 

p84 screen F ATTGCTACTGGGCACCCTTC 
p84 screen R GACAGAAATGGAAGGACGGGATAG 

PCR / seq 

p84 CRISPRlong F 
p84 CRISPRlong R 

AGTGGGAATGATACAGCAGGAC 
TCCGAACTCGTGAGTGGAAG PCR / seq 

mu p84 variant 1 F GAGCTGGAGAAGGCAGAAAGC 
mu p84 variant 1 R GGATGCCTGTGGCCTTAGTG qPCR 

mu p84 predicted X1 F 
mu p84 predicted X1 R 

TGCTCAGAGAGCTGGAGAAGAAA 
GGATGCCTGTGGCCTTAGTG qPCR 

mu p101 F 
mu p101 R 

CTGCCCTGGAAAGACAGCAT 
CCAAGCAAGGACTATCCTGAGAGT qPCR 

mu p110γ F 
mu p110γ R 

GGCCGCTGGTGGATGAC 
GTGAACACACTCTCGTGGTCCTT qPCR 

mu Annexin A1 F 
mu Annexin A1 R 

GCAACCATCATTGACATTCTTACC 
TGTAAGTACGCGGCCTTGATC qPCR 

mu Annexin A2 F 
mu Annexin A2 R 

AAGGACATCATCTCTGACACATCTG 
GCTCGTCTGCCCTTTGCA qPCR 

mu S100A4 F 
mu S100A4 R 

TTGAGGGCTGCCCAGATAAG 
GCAAACTACACCCCAACACTTCA qPCR 

mu S100A9 F 
mu S100A9 R 

GAAGCCCTCATAAATGACATCATG 
CATCAGCATCATACACTCCTCAAAG qPCR 

mu RPLP0 F 
mu RPLP0 R 

TGCAGATCGGGTACCCAACT 
ACGCGCTTGTACCCATTGA qPCR 
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Table 2.2: Antibodies used in this study 

WESTERN BLOT and IMMUNOPRECIPITATION 

Name Clone Catalog # Provider Species / 
Isotype1 Dilution2 

HA tag C29F4 3724 Cell Signalling 
Technology 

rabbit IgG 
mAb 1/10 000 

p84.2 - N/A Home-made rabbit 
polyclonal 1/200 

p87PIKAP K-17 sc-241593 Santa Cruz 
Biotechnology 

goat 
polyclonal 

IgG 
1/500 

p84-pThr607 - N/A Home-made 
phospho-specific 

rabbit 
polyclonal 1/200 

p110γ D55D5 5405 Cell Signalling 
Technology 

rabbit IgG 
mAb  1/1000 

p101 (R87) - N/A Home-made rabbit 
polyclonal 1/1000 

Akt (pan) 11E7 4685 Cell Signalling 
Technology 

rabbit IgG 
mAb 1/2000 

phospho Akt 
(Ser473) 193H12 4058 Cell Signalling 

Technology 
rabbit IgG 

mAb 1/1000 

phospho-
(Ser/Thr) 

Akt substrate 
110B7E 9614 Cell Signalling 

Technology 
rabbit IgG 

mAb 1/1000 

β-actin AC-15 A1978 Sigma-Aldrich mouse IgG1 
mAb 1/10 000 

pan-cadherin 28E12 4073 Cell Signalling 
Technology 

rabbit IgG 
mAb 1/1000 

      
rabbit IgG-

HRP - 31460 Thermo 
Scientific 

goat 
polyclonal 1/100000 

mouse IgG-
HRP - 31480 Thermo 

Scientific 
goat 

polyclonal 1/20 000 

FLOW CYTOMETRY 
Antibody 

name Clone Catalog # Provider Species / 
Isotype1 Dilution3 

Leukocyte staining 
CD3 - 
PECy7 145-2C11 25-0031-82 eBioscience Hamster 

(Ar) IgG 1/240 

CD4 - 
BV450 RM4-5 560468 BD Biosciences Rat IgG2a 1/240 

CD8 - 
BV510 53-6.7 563068 BD Biosciences Rat IgG2a 1/240 

CD44 - 
biotin IM7 553132 BD Biosciences Rat IgG2b 1/210 
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IL-17A - PE TC11-18H10 559502 BD Biosciences Rat IgG1 1/180 
IFNγ - FITC XMG1.2 554411 BD Biosciences Rat IgG1 1/180 

FoxP3 - 
PerCPCy5.5 FJK-16s 45-5773-82 eBioscience Rat IgG2a 1/120 

CD45.2 - 
PerCPCy5.5 104 45-0454-82 eBioscience Mouse 

IgG2a 1/300 

B220 - 
PerCPCy5.5 RA3-6B2 552771 BD Biosciences Rat IgG2a 1/240 

CD11b - 
PECy7 M1/70 552850 BD Biosciences Rat IgG2b 1/240 

Gr-1 - PE RB6-8C5 553128 BD Biosciences Rat IgG2b 1/300 
F4/80 - FITC BM8 11-4801-85 eBioscience Rat IgG2a 1/180 

Thymocyte staining 

CD3 - biotin 17A2 13-0032-82 eBioscience Hamster 
(Ar) IgG 1/240 

CD4 - biotin H129.19 553649 BD Biosciences Rat IgG2a 1/240 
CD8 - biotin 53-6.7 553029 BD Biosciences Rat IgG2a 1/180 

CD11c - 
biotin HL3 553800 BD Biosciences Hamster 

(Ar) IgG1 1/180 

Gr-1 - biotin RB6-8C5 553125 BD Biosciences Rat IgG2b 1/180 
CD45R - 

biotin RA3-6B2 553086 BD Biosciences Rat IgG2a 1/180 

CD25 - PE 7D4 558642 BD Biosciences Rat IgM 1/180 
CD44 - 
BV450 IM7 560451 BD Biosciences Rat IgG2b 1/180 

Streptavidin 
- 647 - S-32357 Molecular 

Probes - 1/250 

Mast cell staining 
c-kit - PE 2B8 561075 BD Biosciences Rat IgG2b 1/200 

FcεRI - APC MAR-1 17-5898-82 eBioscience Hamster 
(Ar) IgG 1/100 

CELL ISOLATION 
Antibody 

name Clone Catalog # Provider Species / 
Isotype Dilution4 

Dynabeads 
Mouse CD4 - 11445D Invitrogen - 

25µl per 
1x107 
cells 

      
 

1 Hamster (Ar), Armenian Hamster 
2 Dilution of antibodies for Western blot in TBS/Tween (0.05%)  
3 Dilution of antibodies for flow cytometry in PBS/BSA/Azide with murine gamma globulin; 
dilution is final 
4 Dilution of antibodies for cell isolation in Invitrogen Isolation Buffer (PBS/0.1% 
BSA/2mM EDTA; pH7.4) 
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Table 2.3: Clinical disease scoring of murine experimental autoimmune encephalomyelitis 

Experimental Autoimmune Encephalomyelitis (EAE) 

DISEASE SCORING 

Disease stage 

designation (ICPL) 

SCORE SYMPTOMS  

0.5 
Good but reaching for front/back paws when held by 

the tail 

Disease 

onset 

1 
Partially flaccid tail and some difficulty up-righting 

when placed on back 

 
Remission 

2 
Fully flaccid tail or difficulty up-righting when 

placed on back 

  

2.25 
Fully flaccid tail and difficulty up-righting when 

placed on back 

  

2.5 
Fully flaccid tail and some hind limb paralysis 

(ataxia) 

3 Hind limb paralysis 

3.25 Hind limb paralysis and favouring one paw 

3.5 Hind limb paralysis and some fore limb paralysis 

4 Hind limb paralysis and (mostly) fore limb paralysis Peak-disease 

4.5 Paralysis and looking very sick   

5 Moribund   

ICPL - Isoptope-coded protein labelling 
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Chapter 3: Identification and characterisation of regulatory 

phosphorylation sites within p84 in the context of PI3Kγ  

signalling and implications for cell migration 

3.1 Introduction 
Of the three PI3Kγ subunits, least is known about the p84 adaptor protein and the distinct 

role of this subunit in the regulation of PI3Kγ signalling at the molecular level. This is 

largely due to the absence of structural or domain data for p84 and a lack of high-quality 

p84-specific reagents, which has limited the examination of p84 interactions with the 

p110γ catalytic subunit and the regulation of its activity. One established mechanism by 

which PI3K enzyme complexes are regulated involves the transient phosphorylation of 

PI3K subunits that can facilitate or prevent protein interactions within the enzyme 

complex. However to date, post-translational modifications to p84, including the 

phosphorylation of p84 during PI3Kγ signalling downstream of GPCRs, has not been 

examined. Therefore, the goal of the experiments outlined in this chapter was to assess the 

phosphorylation of p84 during PI3Kγ signal activation and determine the role of regulatory 

phosphorylation for the function of p84. A number of in silico, proteomic and biochemical 

approaches were utilised in order to assess the phosphorylation of p84. Following this, the 

functions of regulatory phosphorylation sites within p84 were investigated in the context of 

PI3Kγ signal activation, p84 heterodimerisation with p110γ, subcellular localisation of 

PI3Kγ subunits and cell migration. 

 

3.2 Results 

3.2.1 In silico prediction of phosphorylation sites within p84 

Using a number of bioinformatic database tools, phosphorylation sites within p84 were 

predicted based on the amino acid sequence of p84 and known kinase consensus 

sequences. Table 3.1 summarises the highest ranking predicted phosphorylation sites 

within p84 compiled from DiPhos 1.3, NetPhorest 2.0, GPS 2.1, NetPhos 2.0, NetPhosK 

1.0 and Scansite3 prediction tools. The top ranked phosphorylation site within p84 

predicted by GPS 2.1, NetPhorest 2.0 and Scansite 3 tools was found to be threonine 607 

(Thr607). In addition, another predicted phosphorylation site, Serine 358 (Ser358), was 

identified by five of the six bioinformatic tools. Together, these two sites Ser358 and 
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Thr607 represented the top 2 predicted phosphorylation sites within p84. Moreover, 

Thr607 and Ser358 residues were predicted to be phosphorylated by Akt/PKB and GSK-3 

kinases, respectively, which are known downstream effectors of the PI3Kγ signalling 

pathway91, 219, 220. 

 

3.2.2 Identifying phosphorylation sites within p84 

There are limited high-quality reagents available to specifically detect endogenous 

expression of p84. A commercial antibody (anti-p87PIKAP) from Santa Cruz Technologies 

and an in-house antibody (anti-p84.2) were tested by Western blot analysis and 

immunoprecipitation (IP/WB) for specificity and sensitivity to endogenous p84. It was 

found that neither antibody could adequately detect p84 from either lysates (Figure 3.1 

(left)) or immunoprecipitates (Figure 3.1 (right)). A weak protein band at approximately 

84 kDa could be detected by IP/WB using the anti-p84.2 antibody (as shown in Figure 3.1 

(right)), however the result was messy and produced many non-specific bands. For this 

reason, detection of p84 using anti-p84.2 was deemed neither specific nor sensitive enough 

for planned experiments investigating the functional role of p84 in PI3Kγ signalling.  

 

Therefore, due to the described challenges regarding the detection and isolation of 

endogenous p84, in conjunction with the requirement for large amounts of protein in order 

to conduct phospho-proteomic analyses, the following protein over-expression approach 

was devised to specifically analyse p84. In order to determine the phosphorylation status of 

p84 isolated from stimulated cells, a p84 expression construct was designed where p84 was 

expressed with an HA fusion tag that could be used to specifically immunoprecipitate the 

protein. A synthetic expression-optimised p84-HA fusion construct (p84(h)OPT-HA) was 

produced in the pUC57 shuttle vector by Genscript using XbaI and SalI restriction sites, as 

shown in Figure 3.2 (A-C). The p84-HA construct was then subcloned from the shuttle 

vector into the retroviral expression vector pMSCVpuro using XhoI and EcoRI restriction 

sites (D, E), which was confirmed by gel electrophoresis of digested plasmid products (F).  

 

The expression of p84-HA in MDA.MB.231 cells transiently-transfected with pMSCV-

p84(h)OPT-HA was readily detected by Western blot analysis of cell lysates using an HA-

specific antibody, compared with cell lysates from control cells transfected with the empty 

pMSCV vector, as shown in Figure 3.3 (A). The HA-specific antibody was also used to 
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immunoprecipitate p84-HA from total cell lysates produced from MDA.MB.231 cells 

transfected with the pMSCV-p84(h)OPT-HA expression vector, which could be detected 

by Coomassie Brilliant Blue staining (CBB) compared with the vector control IP (cells 

transfected with pMSCV empty vector) that lacked p84-HA expression (Figure 3.3 (B)). 

Collectively, these data suggest that expression of p84 using the pMSCV-p84(h)OPT-HA 

expression system was a suitable method to express and isolate sufficient amounts of p84 

for proteomic analysis and detection of phospho-amino acids.  

 

Using p84-HA expression and immunoprecipitation from transfected MDA.MB.231 cells 

as described above, p84 was isolated for phospho-proteomic analyses to detect 

phosphorylation events induced by GPCR stimulation. Specifically, p84-HA was 

expressed in human mammary carcinoma MDA.MB.231 cells by transient transfection 

with pMSCV-p84-HA and cells were stimulated for 0, 1, 5, 10 and 20 minutes with 

CXCL12 to activate PI3Kγ signalling downstream of CXCR4. Vector control cells 

(transfected with pMSCV only) were used as a negative control for p84-HA detection. 

Total cell lysates from stimulated cells were subjected to immunoprecipitation with the 

HA-specific antibody to isolate p84-HA, then precipitates were separated by LDS-PAGE 

and gels were stained with Coomassie Brilliant Blue. A prominent protein band at 

approximately 84 kDa was observed in p84-HA stimulated samples compared with the 

vector control IP, which was confirmed to be p84-HA by Western blot analysis as shown 

in Figure 3.4 (A). Bands representing p84-HA were manually excised and prepared for 

mass spectrometry through reduction, alkylation, tryptic digestion and peptide purification 

techniques (refer to Materials and Methods section 2.7.1). Peptide samples were analysed 

and the identity of p84 was verified with 69-73% peptide coverage, as depicted in Figure 

3.4 (B-F). A summary of post-translational modifications identified within p84 isolated 

from cell lysates upon CXCL12 stimulation is presented in Table 3.2, where 

phosphorylation, oxidation and methylation modifications were considered according to 

the data analyses methods defined in section 2.7.1. Phosphorylation of p84 on Ser358 was 

identified from each sample (unstimulated and stimulated), suggesting that Ser358 

phosphorylation is constitutive. The extent of Ser358 peptide phosphorylation was 

estimated by calculating the ratio of phospho-peptide relative to non-phospho-peptide 

detected, which was determined to range from 5-17% (data not shown). A representative 

MS/MS spectrum demonstrating phosphorylation on Ser358 is presented in Figure 3.5 (A) 

and the position of Ser358 within the p84 sequence is shown in (B).  
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Unlike p-Ser358 that was readily identified within p84 isolated from stimulated cell 

lysates, no further phosphorylation was identified, including the expected phosphorylation 

on Thr607 that was predicted with highest confidence by in silico prediction tools. 

Although speculative, two reasons for the lack of phosphorylated Thr607 (p-Thr607) 

detection in these analyses were proposed. Firstly, that the phosphorylation of Thr607 is a 

brief transient event and the described isolation method failed to detect the induction of p-

Thr607. Secondly, that transient phosphorylation of Thr607 occurs to a lesser extent than 

the constitutive Ser358 phosphorylation observed and may therefore be lost due to the 

extensive sample manipulation involved in extracting p84 from total cell lysates, despite 

the presence of phosphatase inhibitors. An alternative scenario, which cannot be ruled out, 

is that p84 is not phosphorylated on Thr607, contrary to in silico predictions.  

 

Since Akt kinase was predicted with high confidence to phosphorylate p84 on Thr607, an 

in vitro kinase assay was performed using active Akt kinase to induce phosphorylation of 

p84 isolated from cells, both at the peptide and protein levels. Figure 3.6 shows the 

experimental design. For phosphorylation at the peptide level (A), p84-HA was 

immunoprecipitated from MDA.MB.231 cells transfected with pMSCV-p84-HA, then 

precipitates were separated by LDS-PAGE and stained with CBB. Bands representing p84-

HA (dotted box) were excised and protein was digested with trypsin. The resultant peptide 

solution was buffered and then incubated with active Akt to stimulate phosphorylation of 

Thr607 before analysis by mass spectrometry. For phosphorylation at the protein level (B), 

p84-HA was immunoprecipitated from MDA.MB.231 cells transfected with pMSCV-p84-

HA then incubated with Akt kinase whilst bound to the immunoprecipitation sepharose 

beads to stimulate the phosphorylation of Thr607. Precipitates were then denatured, 

separated by LDS-PAGE and stained with Coomassie Brilliant Blue. The dotted box 

represents p84-HA protein bands and the large band at approximately 55 kDa represents 

the Akt enzyme. p84 bands were excised and analysed by mass spectrometry for detection 

of p84 phosphorylated on Thr607. A vector control immunoprecipitation (v) was included 

to ensure the specific immunoprecipitation of p84-HA. Using the described approaches, 

proteomic analyses of p84 isolated and stimulated in vitro with Akt did not detect p-

Thr607. 
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To determine whether Akt kinase was capable of phosphorylating a p84 peptide (12 amino 

acids in length that included Thr607 (CRPREVTVSLRA)), an in vitro kinase assay was 

performed comparing synthetic non-phosphorylated and phosphorylated p84 peptides to 

the non-phosphorylated peptide incubated with Akt. In keeping with in silico predictions, 

the amino acid sequence surrounding Thr607 (RPREVT) shown in Figure 3.7 (A) 

represents an Akt kinase consensus motif for phosphorylation (RXRXXS/T), as depicted in 

(B). Upon incubation of the non-phosphorylated p84 peptide with Akt, it was found that 

Akt mediated the phosphorylation of p84 at an Akt phosphorylation consensus site, as 

detected by Western dot blot presented in Figure 3.7 (C). This Western blot assay utilised 

a commercial antibody (anti-phospho-(Ser/Thr) Akt substrate) that detects phosphorylation 

at an Akt phosphorylation consensus site (R.X.R.X.X.S/T), such as Thr607 within the p84 

peptide. In addition to detection by Western dot blot, the p84 peptide product isolated from 

this incubation with Akt was confirmed to encompass phosphorylation specifically on 

residue Thr607 by mass spectrometry, as shown in Figure 3.7 (D). Further evidence to 

suggest that Akt mediates phosphorylation of p84 on Thr607 was provided by the co-

precipitation of Akt with p84, suggesting an interaction between the two proteins. As 

shown in Figure 3.8, similar amounts of Akt were detected to co-precipitate with p84-HA 

from unstimulated and stimulated cell lysates.  

 

Based on the evidence provided above suggesting that Akt can phosphorylate p84 on 

Thr607, a method was devised to generate an antibody to specifically detect p84 

phosphorylated on Thr607. Since Akt is a major effector of PI3Kγ signalling, transient 

phosphorylation of p84 on Thr607 by Akt may represent a regulatory feedback mechanism 

influencing the activity of p84. Whilst p84 was also determined to be phosphorylated on 

Ser358, an antibody to detect this phosphorylation was not pursued since Ser358 

phosphorylation was shown to be constitutive. 

 

A phospho-specific antibody against p84 phosphorylated at Thr607 (anti-p84-pThr607) 

was raised in rabbits using a phosphorylated p84-pThr607 immunising peptide 

(CRPREVpTVSLRA; refer to Materials and Methods section 2.6.1). However, whilst IgG 

serum titres after three peptide immunisations appeared to show considerable antibody 

production (Figure 3.9 (A)) and the antibodies within the harvested serum were sufficient 

to detect the immunising peptide by immuno dot blot (data not shown), after purification, 

the anti-p84-pThr607 antibody was not capable of immunoprecipitating and detecting 
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phosphorylated p84 from cells to a sufficient level (Figure 3.9 (B) left blot). Although a 

weak band could be seen at the correct molecular weight of approximately 84 kDa, which 

was shown to increase very slightly after 5 minutes stimulation with CXCL12, detection at 

this level was not convincing when compared with the Western blot of duplicate lysates 

using the anti-HA antibody to detect p84-HA as a control (Figure 3.9 (B) right blot). The 

stimulation time-frame assessed was extended to 20 minutes (0, 1, 5, 10 and 20 minutes 

CXCL12 stimulation)(data not shown), however phosphorylated p84 was not detected 

using the anti-p84-pThr607 antibody at any of these time-points. The inability to detect 

phosphorylated p84 using this phospho-specific antibody indicates that either p84 was not 

phosphorylated at Thr607 at 0 or 5 minutes stimulation with CXCL12 or that the raised 

anti-p84-pThr607 antibody was not sufficient to detect phosphorylated p84-pThr607. 

Collectively, the experiments presented here and in Figure 3.1 investigating the sensitivity 

and specificity of commercial, in-house and phospho-specific p84 antibodies demonstrate 

that currently available antibodies were not sufficient to detect p84 or p84 phosphorylated 

on Thr607. It was therefore concluded that detection of p84 would require the expression 

of the pMSCV-p84-HA construct in MDA.MB.231 cells and the detection of p84 using the 

HA fusion tag (anti-HA). 

 

3.2.3 Development of an expression system to detect and immunoprecipitate 

wildtype and mutant p84 proteins 

The role of p84 expression and the function of Ser358 and Thr607 putative 

phosphorylation sites were examined in MDA.MB.231 mammary carcinoma cells in the 

context of PI3Kγ signal regulation and cancer cell biology. In order to generate stable 

MDA.MB.231 cell lines expressing p84-HA and determine the role of Ser358 and Thr607 

residues in p84 function, the pMSCV-p84-HA retroviral expression vector was mutated to 

encode p84-HA where Ser358 and Thr607 residues were mutated to alanine residues. Site-

directed mutagenesis of the p84(h)OPT-HA sequence to mutate S358!A358 and 

T607!A607 required the substitution of two nucleotides (AGC (serine) ! GCC (alanine)) 

or one nucleotide (ACC (threonine)! GCC (alanine)), respectively, as shown in Figure 

3.10 (A-C). This produced pMSCV-p84-S358A-HA and pMSCV-p84-T607A-HA vectors 

that would result in the expression of mutant p84-S358A and p84-T607A proteins. The 

successful mutation of the pMSCV-p84-HA parental vector was confirmed by DNA 

sequencing of plasmid preparations and proteomic analysis of mutant p84 proteins 
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expressed by transient transfection of MDA.MB.231 cells. The mutation of p84-S358A is 

demonstrated in Figure 3.11 (upper section) as shown by amino acid sequence (A), DNA 

sequencing and alignment (B) and mass spectrometry of p84-S358A isolated from 

transfected cells (C, D). The mutation of p84-T607A is demonstrated in Figure 3.11 

(lower section) as shown by amino acid sequence (E), DNA sequencing and alignment (F) 

and mass spectrometry of p84-T607A isolated from transfected cells (G, H).  

 

Retroviral expression constructs encoding wildtype p84 (pMSCV-p84-HA) and mutant 

p84 proteins (pMSCV-p84-S358A-HA and pMSCV-p84-T607A-HA) were then 

transduced into MDA.MB.231 cells and the stable expression of p84 proteins were 

confirmed by Western blot analysis, compared with the vector control cell line (pMSCV 

empty; depicted as ‘v’), as shown in Figure 3.12 (A). The expression levels of wildtype 

and mutant p84 proteins shown in Figure 3.12 (A) (upper panel) were found to be 

equivalent when normalised to the expression of β-actin as a cell lysate loading control 

shown in Figure 3.12 (A) (lower panel). Immunoprecipitation of wildtype and mutant p84 

proteins using the HA fusion tag was also found to be equivalent, as determined by 

Coomassie Brilliant Blue staining of anti-HA precipitates separated by LDS-PAGE, shown 

in Figure 3.12 (B). The stained protein bands representing p84-HA, p84-S358A-HA and 

p84-T607A-HA were observed at approximately 84 kDa, as expected, and determined to 

be immunoprecipitated specifically by anti-HA as shown by the absence of a protein band 

in the vector control cell line (that lacked the HA tag) (Figure 3.12 (B)). These data 

suggest that wildtype p84 and mutant p84 proteins are expressed at equal levels in 

transduced MDA.MB.231 cell lines and that the stability of p84 expression is not 

dependent on Ser358 or Thr607 residues. 

 

3.2.4 Investigating the tumour suppressor function of p84 and the role of Ser358 

and Thr607 phosphorylation sites  

The role of p84 was then assessed in a model of experimental haematogenous metastasis of 

MDA.MB.231 cells to the lung. This assay mimics the later stages of breast cancer 

metastasis and it examines the ability of carcinoma cells to survive as single cells in the 

blood, adhere to the endothelial vessels of lung capillaries, extravasate and invade the lung 

parenchyma and form secondary tumours221. MDA.MB.231 cells transduced to express 

wildtype p84, p84-S358A or p84-T607A mutant proteins were injected intravenously into 
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SCID mice. Seven weeks later, lungs were harvested, lobes of the lungs separated and 

surface lung nodules were enumerated. The expression of both wildtype p84 and p84-

S358A were found to reduce the metastatic capability of MDA.MB.231 cells as shown by 

a reduction in the number of surface lung nodules relative to the vector control cell line, 

shown in Figure 3.13 (A, B). The suppressive effect of p84 expression on MDA.MB.231 

cell metastasis was found to be dependent on Thr607, since in contrast to cells expressing 

wildtype p84, the expression of p84-T607A resulted in a comparable number of metastases 

to the vector control cell line (Figure 3.13 (A, B)). Unlike Thr607, the mutation of Ser358 

to alanine (p84-S358A) did not alter the tumour suppressor function of p84, suggesting that 

Ser358 is dispensable for the tumour suppressor function of p84. The ratio of surface lung 

nodules relative to the vector control for each p84-expressing cell line is presented in 

Figure 3.13 (A) and representative lung images are presented in Figure 3.13 (B), where 

the black arrows indicate examples of metastatic MDA.MB.231 surface lung nodules. 

These data suggest that p84 possesses tumour suppressor function and that the suppression 

mediated by p84 is dependent on Thr607. 

 

3.2.5 The effect of wildtype and mutant p84 protein expression on PI3Kγ  signal 

activation 

Since wildtype p84 was shown to possess tumour suppression function, it was 

hypothesised that increased expression of wildtype p84 may have an effect on PI3Kγ signal 

activation and that this effect would be dependent on Thr607. To test this hypothesis, the 

induction of PI3Kγ-mediated phosphorylated Akt (p-Akt) was examined in MDA.MB.231 

cells transduced to express wildtype p84, p84-S358A or p84-T607A proteins. The 

induction of p-Akt is a well-established read-out of PI3Kγ-dependent PIP3 accumulation 

downstream of GPCR activation and was induced in the present study with CXCL12 

stimulation. However, it is important to note that endogenous p101 is present in these cells 

and that this assay is not capable of distinguishing between PI3Kγ signalling (as measured 

by p-Akt induction) mediated by p84/p110γ as opposed to p101/p110γ enzymes. 

Phosphorylation of Akt on Ser473 was observed after 5 minutes CXCL12 stimulation, as 

shown by the vector control cell line (Figure 3.14 (A) upper panel left), and the 

expression of wildtype p84 or mutant p84-S358A, p84-T607A proteins did not 

significantly alter the level or kinetics of Akt phosphorylation (Figure 3.14 (A) lower 

panels left). The induction of p-Akt was confirmed to be PI3Kγ-dependent using the 
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isoform-selective inhibitor AS605240 (Figure 3.13 (A, B, C) right panels). The expression 

of wildtype and mutant p84-HA proteins and total Akt were detected from cell lysates, 

which represented expression and loading controls, respectively, as shown in Figure 3.14 

(B, C). Collectively, these data suggest that the activation of PI3Kγ signalling, as measured 

by p-Akt induction, is not affected by the over-expression of p84 or the loss of Ser358 or 

Thr607 residues, at least during the stimulation time frame investigated (0-20 minutes). 

Instead, these data suggest that p-Akt induction is independent of p84 and is generated 

through the actions of p101/p110γ heterodimers.  

 

3.2.6 The effect of wildtype and mutant p84 protein expression on MDA.MB.231 

cell proliferation and 3D growth 

The data presented in the previous section suggested that the tumour suppressor function of 

p84 was not as a result of altered PI3Kγ signal activation. It was therefore examined 

whether the expression of wildtype p84 mediated tumour suppression through indirect 

effects on cell proliferation and/or 3D carcinoma cell growth. However, consistent with 

comparable p-Akt induction between vector control and p84-expressing cell lines, no 

difference in the proliferation of transduced MDA.MB.231 cell lines was observed, as 

demonstrated in Figure 3.15 (A). Though primarily controlled through the actions of 

PI3Kα and PI3Kβ isoforms, the proliferation of some cell types has been shown to require 

contributions from PI3Kγ signalling2, 34, 160. Albeit, the data presented in Figure 3.15 (A) 

indicates that reduced lung metastases observed in MDA.MB.231 cells expressing 

wildtype p84 (shown in Figure 3.13) was not as a result of a decreased intrinsic ability of 

the cells to proliferate.  

 

The ability of carcinoma cells to form attachment-independent 3D colonies in bactoagar is 

an established method to assess their oncogenic potential. In accordance with reduced 

metastases of MDA.MB.231 cells transduced to express wildtype p84 in vivo (Figure 

3.13), the expression of wildtype p84 was found to modestly decrease the oncogenic 

potential of MDA.MB.231 cells in vitro relative to the vector control cell line, as shown in 

Figure 3.15 (B). Expression of a similar amount of p84-S358A further reduced the number 

of 3D colonies formed. In contrast, the expression of p84-T607A by MDA.MB.231 cells 

led to a significant increase in the number of 3D colonies formed, relative to the expression 

wildtype p84 (Figure 3.15 (B)). These data indicated that the suppression of oncogenic 
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potential in vitro mediated by wildtype p84 was dependent on Thr607, but not Ser358, as 

was the case for in vivo metastases. These data further support previous findings123 that 

indicate p84 to possess tumour suppressor function in MDA.MB.231 cells, and that the 

function of p84 in this context is dependent on Thr607.  

 

3.2.7 Assessing the formation of p84/p110γ  heterodimers and their translocation to 

the membrane  

Initial data indicated that p84 suppresses the oncogenic potential and metastasis of 

MDA.MB.231 cells in vitro and in vivo, however, the PI3Kγ-dependent induction of p-Akt 

signalling was unaffected by p84 expression. Therefore, it was proposed that p84 may be 

involved in the regulation of PI3Kγ signalling, specifically, the termination of the transient 

signal rather than the activation of PI3Kγ signalling cascades. To assess this, the ability of 

p84 to dimerise with p110γ was examined, in addition to the subcellular localisation of the 

subunits in order to ascertain whether p84/p110γ enzymes were present at the membrane. 

The recruitment of PI3Kγ complexes to the plasma membrane is required for the activation 

of their lipid-kinase activity and therefore, according to the accepted model of PI3K 

enzyme activation, the detection of p84/p110γ heterodimers at the membrane would imply 

the formation of a PI3Kγ enzyme capable of lipid-kinase activity. The extent of p84/p110γ 

dimerisation was measured by the precipitation of p84-HA from CXCL12 stimulated cell 

lysates and the detection of co-precipitated endogenous p110γ by Western blot analysis 

(Figure 3.16). Wildtype p84 was found to maintain a degree of basal dimerisation with 

p110γ, as shown by a modest p110γ co-precipitated protein band detected in the 

unstimulated (0) sample, which was further induced upon CXCL12 stimulation and peaked 

at 10 minutes stimulation (Figure 3.16 (A) top panel). This result represents the first 

description of inducible heterodimerisation between p84 and p110γ. Of note, the formation 

of this induced p84/p110γ dimer observed at 10 minutes stimulation occurred after the 

induction of p-Akt in these cells. This provides further evidence to suggest that p-Akt 

generated at 5 minutes stimulation (see Figure 3.14) was not produced by the enzymatic 

activity of p84/p110γ heterodimers, thereby indicating that p84 does not participate in the 

induction phase of PI3Kγ signalling. In contrast to wildtype p84, whilst p84-T607A 

maintained a comparable basal interaction with p110γ in the absence of stimulation, 

heterodimerisation between p84-T607A and p110γ could not be induced above 
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unstimulated levels (Figure 3.16 (A) middle panel). This suggests that Thr607 is required 

for p84 to form the inducible heterodimer with p110γ in response to CXCL12 stimulation. 

Albeit at a lower level, the dimerisation of p84-S358A with p110γ was found to follow the 

same induction pattern as wildtype p84 (Figure 3.16 (A) bottom panel), suggesting that 

Ser358 is not required for p84 interactions with p110γ. A number of controls were 

employed in this assay and demonstrated that p84, p84-S358A and p84-T607A were 

immunoprecipitated with equal efficiency from each sample (Figure 3.16 (B)), that 

endogenous p110γ was expressed at equal levels in each cell line (Figure 3.16 (C) upper) 

and that equal amounts of total lysate were used for each condition, as determined by the 

detection of β-actin (Figure 3.16 (C) lower). Control immunoprecipitations are shown in 

Figure 3.16 (D) and confirm that p110γ is not precipitated non-specifically with the anti-

HA antibody or immunoprecipitation beads. The induction of p84/p110γ 

heterodimerisation, as determined by Western blot detection of co-precipitated p110γ, was 

quantified using ImageJ densitometry from 3 independent experiments as shown in Figure 

3.16 (E).  

 

As described above, the lipid-kinase activity of PI3Kγ enzymes requires the adaptor-

mediated translocation of the p110γ catalytic subunit to the plasma membrane, where it is 

proximal to lipid substrates. To establish whether p84/p110γ heterodimers induced at 10 

minutes CXCL12 stimulation were present at the membrane, the membrane localisation of 

p84 and p110γ subunits were assessed in transduced MDA.MB.231 cells. Cells transduced 

to express wildtype and mutant p84 proteins were stimulated with CXCL12 and lysed, then 

the membrane fraction of the lysate was isolated by subcellular fractionation. Figure 3.17 

depicts the detection of endogenous p110γ (A) and p84 proteins (B) within the membrane 

fraction of stimulated cells as detected by Western blot, in addition to the detection of 

cadherin as a membrane fraction control (C). In the vector control cell line, p110γ was 

shown to be recruited to the membrane at 1 minute stimulation. The detection of p110γ 

within the membrane fraction was then shown to decrease after 1 minute stimulation, 

suggesting that PI3Kγ participates in transient signalling at the membrane (Figure 3.17 (A) 

top panel). The recruitment of p110γ in cells transduced to express wildtype p84 and p84-

S358A was found to reflect the kinetics observed for the vector control cell line (Figure 

3.16 (A) second and fourth panels), indicating that the expression of p84 does not 

influence the membrane recruitment of p110γ. Consistent with this, p84 and p84-S358A 
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were detected at very low levels within the membrane fraction and did not increase above 

unstimulated levels (Figure 3.17 (B)). As suggested previously, these data provide further 

evidence to indicate firstly, that the recruitment of p110γ to the membrane at 1 minute in 

these cells is mediated by p101, and secondly, that the p84/p110γ dimer observed at 10 

minutes CXCL12 stimulation is not present at the plasma membrane and is therefore 

unlikely to represent an active PI3Kγ enzyme, since it is not in proximity to its lipid 

substrates. Although not specifically assessed, due to the absence of p84/p110γ 

heterodimers (detected at 10 minutes stimulation) within the membrane fraction, it could 

be speculated that p84/p110γ complexes are instead present within the cytosol. 

 

In contrast to the transient membrane recruitment of endogenous p110γ in the vector 

control cell line and cells expressing wildtype p84 and p84-S358A, the membrane 

recruitment of p110γ in cells transduced to express p84-T607A was found to be delayed 

and persistent (Figure 3.17 (A) third panel). Furthermore, p84-T607A was shown to have 

increased localisation at the membrane relative to wildtype 84 and p84-S358A (Figure 

3.17 (B) middle panel). The detection of total cadherin was used to confirm equivalent 

loading of membrane fractions across samples (Figure 3.17 (C)). The purity of cytosolic, 

membrane and nuclear fractions attained using subcellular fractionation methods were 

demonstrated by Western blot detection of cytosolic (calpain 1), membrane (cadherin) and 

nuclear (HDAC2) proteins (Figure 3.17 (D)). The recruitment of p110γ to the membrane 

in response to CXCL12 stimulation was quantified using ImageJ densitometry from 3 

independent experiments, as shown in Figure 3.17 (E).  

 

3.2.8 Implications of p84 expression on MDA.MB.231 cell migration 

Data presented in the current study demonstrate that the loss of Thr607 (p84-T607A) 

within p84 prevents p84-mediated tumour suppression and that cells transduced to express 

mutant p84-T607A exhibited a similar phenotype to MDA.MB.231 cells in which p84 

expression had been knocked down (p84 KD). In a previous publication produced by the 

laboratory, p84 KD cells were shown to display enhanced metastatic potential relative to 

wildtype MDA.MB.231 cells123 using the same assay of haematogenous metastasis 

presented in Figure 3.13. Increased metastasis of p84 KD cells was coupled with 

constitutive membrane localisation of p110γ123, indicating that loss of p84 resulted in 

increased PI3Kγ signalling driven by p101/p110γ enzymes. Therefore in the present study, 
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the migratory capacities of MDA.MB.231 p84 KD cells and cells transduced to express 

p84-T607A were assessed using an Incucyte migration assay, which allowed the tracking 

of directed cell migration in real-time (Figure 3.18). In this assay, cell proliferation was 

blocked with Mitomycin C, then a scratch of defined width was introduced to a confluent 

cell layer and the migration of cells to colonise the scratch wound was measured.  Figure 

3.18 shows the rate of directed cell migration during a 40-hour incubation (A) and 

representative images taken at 20 hours are shown (B). Relative to cells expressing 

wildtype p84, it was found that p84 KD cells (that lacked p84-mediated tumour suppressor 

function) migrated at a significantly faster rate, as shown in Figure 3.18 (A, B). Although 

not to the same extent as p84 KD cells, MDA.MB.231 cells expressing p84-T607A were 

also shown to migrate significantly faster than those expressing wildtype p84. These data 

suggest that in the absence of p84 (p84 KD) or where p84 lacks Thr607 (p84-T607A), cells 

do not exhibit the tumour suppression conferred by p84. The migration of MDA.MB.231 

cells in this assay was confirmed to be PI3Kγ-dependent as shown by significantly 

inhibited migration of AS6065240-treated cells (Figure 3.18 (A) and (B) lower panel). 

 

3.3 Summary 
Collectively, these data presented in Chapter 3 describe the identification of two putative 

phosphorylation sites within p84, Ser358 and Thr607, in a study that represents the first 

detailed analyses of post-translational modifications to p84 with a specific focus on 

phosphorylation. The characterisation of these potential regulatory phosphorylation sites 

revealed that the tumour suppressor function of p84 in MDA.MB.231 cells is dependent on 

Thr607. Specifically, whilst the expression of wildtype p84 suppressed the oncogenic 

potential in vitro and metastasis in vivo of human mammary carcinoma MDA.MB.231 

cells, it was found that the mutation of Thr607 to alanine reversed this effect. It was shown 

that Akt, a prominent downstream effector of PI3Kγ signalling, was capable of interacting 

with p84 and phosphorylating Thr607 in vitro, suggesting that phosphorylation of p84 on 

Thr607 may represent a feedback loop within PI3Kγ signalling. Moreover, Thr607 was 

shown to be required for p84 to form an inducible heterodimer with p110γ in a complex 

sequestered from active signalling at the membrane. Temporal analysis revealed that the 

interaction between p84 and p110γ occurred after the induction of initial PI3Kγ signalling 

mediated by p101/p110γ complexes (as measured by p-Akt induction), suggesting that the 

Thr607-dependent interaction between p84 and p110γ represents negative feedback 
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potentially involved in the termination of signalling. This represents a novel mechanism of 

PI3Kγ signal regulation in the control of carcinoma cell migration and metastasis. 
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Table 3.1: Predicted phosphorylation sites within p84.  

Six bioinformatic prediction tools were used to identify potential phosphorylation sites 

within the human p84 sequence (NCBI Reference Sequence: NP_001010855.1). The top 

20 (S/T/Y) phosphorylation sites from each prediction program and predicted kinases were 

compiled. Prediction tools accessed May 2014.  

DiPhos 1.3 (http://www.dabi.temple.edu/diphos/); NetPhorest 2.0 (http://netphorest.info/); 

GPS 2.1 (http://gps.biocuckoo.org/);  

NetPhos 2.0 (http://www.cbs.dtu.dk/services/NetPhos/); NetPhosK 1.0 

(http://www.cbs.dtu.dk/services/NetPhosK/); ScanSite3 (http://www.scansite3.mit.edu/). 

 

 
Table 3.1 continued on next page 
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Figure 3.1: Assessing p84-specific antibodies. 

Commercially available and in-house antibodies against p84 were tested by Western blot 

and immunoprecipitation methods to determine specificity and sensitivity against lysates 

prepared from MDA.MB.231 cells. (A) Western blot assessing the commercial p84 

antibody from Santa Cruz (anti-p87PIKAP) and an in-house anti-p84.2 antibody to detect 

p84 in total cell lysates. The position within the blot where p84 would be detected 

according to the molecular weight of p84 is designated (arrow). (B) Immunoprecipitation / 

Western blot analysis using Santa Cruz anti-p87PIKAP and in-house anti-p84.2 antibodies to 

immunoprecipitate and detect p84 from cell lysates. Detection of p84 and immunoglobulin 

from immunoprecipitates are designated (arrows). (C) Control Western blot for β-actin of 

total cell lysates; detection of β-actin is designated (arrow). 
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Figure 3.2: Generating a p84 expression construct with an HA fusion tag. 

A codon-optimised sequence for human p84 with a C-terminal HA tag was synthesised in 

the pUC57 shuttle vector and subcloned into the retroviral expression vector pMSCV. (A) 

Plasmid map of shuttle vector pUC57 with p84(h)OPT-HA cloned into the multiple 

cloning site (XbaI/SalI). (B) MCS of PUC57. (C) Nucleotide sequence of p84(h)OPT-HA. 

(D) MCS of pMSCV. (E) Plasmid map of pMSCV with p84(h)OPT-HA cloned into the 

multiple cloning site (XhoI/EcoRI). (F) Restriction digest of parent pMSCV and subcloned 

pUC57-p84(h)OPT-HA and pMSCV-p84(h)OPT-HA vectors. pMSCV vector and 

p84(h)OPT-HA insert fragments are designated (arrows). 
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Figure 3.3: Transient expression of p84-HA in transfected MDA.MB.231 cells. 

(A) The expression of p84-HA in MDA.MB.231 cells transfected with pMSCV-

p84(h)OPT-HA was detected using HA-specific antibodies by Western blot analysis 

compared with the retroviral vector control. 50µg total protein lysates from vector control 

cells (v) and cells transfected to express p84-HA (84) were separated by LDS-PAGE, 

transferred to PVDF membrane using semi-dry transblot methods and p84-HA was 

detected using an anti-HA antibody at 1 : 10 000 dilution; detection of p84-HA is 

designated (arrow). (B) 2mg total protein lysates from vector control cells (v) and cells 

transfected to express p84-HA (84) were incubated with anti-HA antibody overnight and 

precipitated using Protein A coupled sepharose beads. Precipitated proteins were separated 

by LDS-PAGE and stained with Coomassie Brilliant Blue (CBB). Detection of p84-HA 

and co-precipitated Hsp70 are designated (arrows) and their identity confirmed by mass 

spectrometry.  

 

 

 

 

 



Chapter 3 

116	
  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Proteomic analysis of p84-HA precipitated from stimulated MDA.MB.231 

cell lysates. 

MDA.MB.231 cells transiently transfected with the vector control (v) or pMSCV-

p84(h)OPT-HA were stimulated with 100ng/mL CXCL12 for 0-20 minutes. p84-HA was 

immunoprecipitated from total protein lysates using HA-specific antibodies, precipitates 

were separated by LDS-PAGE and stained with Coomassie Brilliant Blue. (A) p84-HA 

was identified by CBB staining (upper panel) and confirmed by Western blot analysis 

(lower panel). Protein bands representing p84-HA, Hsp70 and immunoglobulin are 

designated (arrows). p84-HA bands were excised and prepared for mass spectrometry to 

identify post-translational modifications within p84 induced with stimulation. Retrieved 

sequence coverage (%) of p84 protein is shown for (B) unstimulated, (C) 1 minute 

stimulation, (D) 5 minute stimulation, (E) 10 minute stimulation and (F) 20 minute 

stimulation samples; identified peptides are designated in red. 
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Table 3.2: Summary of post-translational modifications identified within p84.  

p84-HA was immunoprecipitated from MDA.MB.231 cell lysates post stimulation with 

CXCL12 for 0-20 minutes. Peptide modifications included were phosphorylation, 

oxidation and methylation. 
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Figure 3.5: p84 is constitutively phosphorylated at Serine 358 (Ser358). 

(A) MS/MS spectrum of identified p84 peptide (DLPTGADELPAPGSPEMER) 

demonstrates phosphorylation at Ser358; mass spectrometry of p84 immunoprecipitated 

from unstimulated and stimulated MDA.MB.231 cell lysates. (B) Amino acid sequence of 

p84; tryptic peptide encompassing Ser358 is designated (red and underlined). 
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Figure 3.6: Identifying Thr607 phosphorylation within p84 in vitro. 

p84-HA was immunoprecipitated from transfected MDA.MB.231 cells and was incubated 

with active Akt kinase in vitro as either peptide substrates or full length protein. (A) 

Workflow for phosphorylation analysis for in vitro kinase assay at the peptide level; anti-

HA precipitates were separated by LDS-PAGE, stained with Coomassie Brilliant Blue, and 

bands representing p84-HA (highlighted by dotted lines) were excised and digested with 

trypsin. Tryptic peptides were buffered and incubated with active Akt prior to isolation for 

mass spectrometry. (B) Workflow for phosphorylation analysis for in vitro kinase assay at 

the protein level; p84-HA precipitated using anti-HA was buffered and incubated with 

active Akt whilst bound to sepharose immunoprecipitation beads. Products from the kinase 

assay were denatured, separated by LDS-PAGE and stained with Coomassie Brilliant Blue. 

Bands representing p84-HA (highlighted by dotted lines) were excised, tryptic digest was 

performed and peptides were isolated for mass spectrometry.  
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Figure 3.7: Thr607 is part of an Akt phosphorylation consensus site and can be 

phosphorylated by Akt kinase in vitro. 

Phosphorylation of Thr607 was confirmed using an in vitro Akt kinase assay utilising 

synthetic p84 peptides. (A) p84 amino acid sequence; the tryptic peptide encompassing 

Thr607 is designated (red and underlined). (B) The residues surrounding Thr607 form an 

Akt phosphorylation consensus sequence (R.X.R.X.X.S/T). (C) Dot blot of control non-

phosphorylated peptide, control phospho-peptide and non-phosphorylated peptide after 

incubation with active Akt kinase; phosphorylation at an Akt kinase phosphorylation 

consensus site (R.X.R.X.X.pS/T) was detected using a phospho-(Ser/Thr) Akt substrate 

antibody. (D) Mass spectrometry analysis of kinase assay products demonstrates 

phosphorylation on Thr607 after incubation of the non-phosphorylated peptide with Akt.  
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Figure 3.8: Akt interacts with p84. 

Co-immunoprecipitation of Akt with p84 from stimulated (100ng/mL CXCL12 for 5 

minutes) and unstimulated MDA.MB.231 cells transfected to express p84-HA. p84-HA 

was precipitated and detected using anti-HA, co-precipitated Akt was detected using anti-

pan Akt (designated by arrow), in addition to the detection of total Akt using anti-pan Akt 

from total lysates as a loading control.  
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Figure 3.9: Generation of a phospho-specific p84 antibody (anti-p84-pThr607). 

A phospho-specific antibody against p84 phosphorylated on Thr607 was generated by 

rabbit immunisation with a phospho-Thr607 p84 synthetic peptide (CRPREVpTVSLRA). 

(A) IgG immunoglobulin serum titres from rabbit bleeds harvested pre-immunisation and 

post-immunisation as determined by ELISA. (B) Immunoprecipitation and Western blot 

detection of p84 phosphorylated on Thr607 using the anti-p84-pThr607 antibody (left 

panel); MDA.MB.231 cells were transfected to overexpress p84-HA and stimulated for 0 

or 5 minutes with 100ng/mL CXCL12; protein bands representing p84 and 

immunoglobulin are designated (arrows). The sensitivity and specificity of the anti-p84-

pThr607 antibody (left panel) was compared with Western blot detection of p84-HA from 

total cell lysates where p84 was detected using the HA fusion tag (anti-HA) as a positive 

control (right panel). 
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Figure 3.10: Site-directed mutagenesis of Ser358 and Thr607 residues. 

pMSCV-p84-HA was modified by site-directed mutagenic PCR to mutate codons 

representing the putative phosphorylation sites Ser358 and Thr607 from serine/threonine to 

alanine (GCC codon). (A) Nucleotide sequence for p84-HA is shown with Ser358 and 

Thr607 target codons highlighted in blue and the mutagenic PCR primer targets 

surrounding these codons underlined. (B) Mutagenic primer sequences to mutate Ser358 

AGC (serine) to GCC (alanine). (C) Mutagenic primer sequences to mutate Thr607 ACC 

(threonine) to GCC (alanine). 
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Figure 3.11: Validation of S358A and T607A mutations. 

The mutated pMSCV-p84-S358A-HA and pMSCV-p84-T607A-HA expression vectors 

were validated at the sequence and protein expression levels. (A) The alanine mutation at 

position 358 (A358). (B) DNA sequencing of pMSCV-p84-S358A-HA confirms mutation 

to GCC alanine codon. (C, D) Proteomic analysis of p84-S358A-HA immunoprecipitated 

from MDA.MB.231 cells transfected with pMSCV-p8-S358A-HA confirms alanine 

mutation at position 358, as determined by mass spectrometry. (E) The alanine mutation at 

position 607 (A607). (F) DNA sequencing of pMSCV-p84-T607A-HA confirms mutation 

to GCC alanine codon. (G, H) Proteomic analysis of p84-T607A-HA immunoprecipitated 

from MDA.MB.231 cells transfected with pMSCV-p8-T607A-HA confirms alanine 

mutation at position 607, as determined by mass spectrometry.  
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Figure 3.12: Stable transduction of MDA.MB.231 cells with p84 retroviral vectors. 

MDA.MB.231 cells were transduced with pMSCV empty vector control (v), pMSCV-p84-

HA (84), pMSCV-p84-S358A-HA (S358A) or pMSCV-p84-T607A-HA (T607A) 

retroviral expression vectors. (A) Equivalent expression of p84-HA, p84-S358A-HA and 

p84-T607A-HA proteins was confirmed by Western blot analysis of total protein lysates 

(20µg loaded per lane). p84 proteins were detected using anti-HA and compared relative to 

the expression of β-actin as a loading control, as designated (arrows). Densitometry was 

performed using ImageJ software to calculate the relative intensity of p84 compared with 

the loading control. (B) p84-HA, p84-S358A-HA and p84-T607A-HA  proteins were 

immunoprecipitated from stable transduced cell lines using anti-HA (2mg total cell lysate), 

separated by LDS-PAGE and stained with Coomassie Brilliant Blue; isolations of p84 

proteins are designated (arrows).  
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Figure 3.13: p84 expression limits the metastatic capability of MDA.MB.231 cells in a 

model of experimental haematogenous metastasis. 

2 x 105 MDA.MB.231 cells transduced with pMSCV vector control, pMSCV-p84-HA, 

pMSCV-p84-S358A-HA or pMSCV-p84-T607A-HA vectors were injected intravenously 

into SCID mice. After 7 weeks lung lobes were separated and surface metastatic lung 

nodules were counted. (A) Ratio of surface lung nodules relative to retroviral vector 

control (dotted line); (n=7),  t-test **p<0.01, ****p<0.001. (B) Representative lung 

images; black arrows indicate examples of surface metastatic lung nodules.  
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Figure 3.14: Expression of wildtype or mutant p84 proteins does not alter PI3Kγ  

signal activation. 

MDA.MB.231 cells transduced with control, pMSCV-p84-HA, pMSCV-p84-S358A-HA, 

or pMSCV-p84-T607A-HA expression vectors were stimulated with 100ng/mL CXCL12 

for 0-20 minutes in the absence or presence of AS605240 to induce PI3Kγ signalling, as 

measured by the induction of phosphorylated Akt. Western blot analysis of 20µg cell 

lysates was used to detect (A) p-Akt (S473), (B) p84 proteins using anti-HA and (C) total 

Akt as a protein loading control. Representative blot shown. 
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Figure 3.15: Expression of p84 does not alter cell proliferation but affects attachment-

independent colony formation of MDA.MB.231 cells in vitro. 

MDA.MB.231 cells transduced with pMSCV vector control, pMSCV-p84-HA, pMSCV-

p84-S358A-HA or pMSCV-p84-T607A-HA vectors were assessed for growth properties. 

(A) An XTT/PMS assay was used to determine the rates of cell proliferation where 

transduced MDA.MB.231 cells were grown in continuous culture and redox activity was 

measured on days 0, 3, 4 and 5 of growth; (n=4). (B) Transduced MDA.MB.231 cells were 

assessed for the ability to form spherical cell colonies in bactoagar when cultured for 2 

weeks from single cells; plotted as ratio relative to the retroviral vector control cell line 

(dotted line); (n=6), t-test ***p<0.005, ****p<0.001. 
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Figure 3.16: p84 forms an inducible heterodimer with p110γ  upon CXCL12 

stimulation that is dependent on Thr607. 

MDA.MB.231 cells transduced with pMSCV vector control, pMSCV-p84-HA, pMSCV-

p84-S358A-HA or pMSCV-p84-T607A-HA vectors were stimulated with 100ng/mL 

CXCL12 for 0-20 minutes to activate PI3Kγ signalling. Wildtype and mutant p84 proteins 

were immunoprecipitated from total cell lysates using an HA-specific antibody and 

precipitates were analysed by Western blot. (A) Detection of p110γ (co-precipitated with 

p84-HA), as a measure of p84/p110γ heterodimerisation. (B) Detection of 

immunoprecipitated p84. (C) Detection of total p110γ and β-actin from cell lysates were 

included as loading controls. Representative blot shown. (D) Quantitation of p110γ co-

precipitation as a measure of p84/p110γ heterodimerisation from 3 independent 

experiments calculated as fold-induction; densitometry performed using ImageJ. 
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Figure 3.17: Recruitment of p110γ  to the membrane is transient and is not affected by 

the expression of wildtype p84. 

MDA.MB.231 cells transduced with pMSCV vector control, pMSCV-p84-HA, pMSCV-

p84-S358A-HA or pMSCV-p84-T607A-HA vectors were stimulated with 100ng/mL 

CXCL12 for 0-10 minutes to activate PI3Kγ signalling. Cells were lysed and the 

membrane (plasma and endosomal) fraction of the protein lysate was isolated by 

subcellular fractionation for Western blot analysis. (A) Detection of endogenous p110γ 

within the membrane fraction. (B) Detection of p84 proteins within the membrane fraction 

using anti-HA. (C) Detection of total cadherin was included as a membrane fraction 

loading control. Representative blot shown. (D) Membrane fraction controls; detection of 

calpain 1 (cytosolic), cadherin (membrane) and HDAC2 (nuclear) proteins; representative 

blots shown. (E) Quantitation of membrane-localised endogenous p110γ from 3 

independent experiments calculated as fold-induction; densitometry performed using 

ImageJ. 
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Figure 3.18: MDA.MB.231 cells transduced to express mutant p84-T607A are 

functionally similar to p84 knockdown cells in a model of PI3Kγ-dependent 

migration. 

MDA.MB.231 cells transduced with pMSCV vector control, pMSCV-p84-HA, pMSCV-

p84-T607A-HA vectors or the p84 expression knockdown construct pLKO.1shp84 were 

assessed for directional migration in an Incucyte migration assay. Transduced cells were 

grown to 90% confluence, incubated with Mitomycin C for 2 hours and then were 

scratched to create a wound of defined width. PI3Kγ dependence was demonstrated by the 

incubation of wildtype MDA.MB.231 cells with AS605240. (A) Rate of cell migration to 

colonise the scratch wound imaged in real time; (n=3). (B) Representative images of 

wound closure at 20 hours.  
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Chapter 4: Generation, screening and characterisation of a 

novel p84-deficient mouse (C57Bl/6 Pik3r6-/-)  

4.1 Introduction 

The functional roles of PI3Kγ, both kinase-dependent and -independent, have for the most 

part been elucidated using the genetically-modified p110γ and p101 subunit-deficient 

mouse strains (p110γ-/-, p110γKD/KD and p101-/-). These tools have been invaluable in 

characterising the functions of PI3Kγ signalling in the development, activation and 

directed cell migration of haematopoietic cells during homeostasis and immune responses 

(refer to sections 1.6.2 and 1.6.3). However to this point, detailed information regarding 

the specific role of p84 in PI3Kγ signalling and the contribution of p84 to PI3Kγ-dependent 

functions, such as immune cell development and migration have been lacking in the 

absence of a p84-deficient mouse model. The lack of a p84 knockout mouse has been the 

most significant limitation holding back research into the role of p84. Therefore, in the 

present study, CRISPR gene-editing technology was employed to generate a novel p84-

deficient mouse (C57Bl/6 Pik3r6-/-). Access to CRISPR technology (detailed in 

Introduction section 1.7) only became available at the commencement of the last year of 

PhD candidature, therefore the generation and screening of the Pik3r6-/- mouse was 

conducted at a late stage of the project. For this reason, an initial characterisation of the 

Pik3r6-/- mouse was completed to as much detail as possible within the time constraints of 

the project. The data presented in Chapter 4 represent the generation, screening and initial 

characterisation of the Pik3r6-/- mouse, which has allowed the identification of novel p84-

dependent roles within immune cell function. 
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4.2 Results 

4.2.1 Targeting Pik3r6 using CRISPR gene-editing technology  

Genome-editing using CRISPR technology involves the direct injection of CRISPR guide 

RNA (gRNA) constructs and Cas9 nuclease mRNA transcript components into murine 

zygotes harvested from impregnated females (reviewed in 198, 210). Within the single 

fertilised cell, the CRISPR gRNA complexes with Cas9 nuclease through the tracrRNA 

region and guides the nuclease to the CRISPR gene target via complimentarily binding 

interactions. Binding of the CRISPR:Cas9 complex to the genomic target induces the 

double-stranded cleavage of the target by Cas9 nuclease and leads to the introduction of 

insertion/deletion mutations through error-prone non-homologous end joining DNA repair 

pathways (refer to section 1.7 for further detail). A strategy to target Pik3r6 using CRISPR 

technology was designed to mediate Cas9 cleavage of a target region within the first exon 

of Pik3r6. Figure 4.1 depicts the locus (A) and exon structure (B) of Pik3r6 on murine 

chromosome 11, where the CRISPR target region within exon 1 of Pik3r6 is shown with 

the complimentary guide RNA sequence (C). A schematic of the CRISPR:Cas9 interaction 

with the target sequence is presented in Figure 4.1 (D). The Pik3r6-targeted gRNA 

construct in conjunction with Cas9 components (synthesised by Toolgen) were injected 

into C57Bl/6n zygotes and implanted into pseudo-pregnant surrogate females. Each 

successfully implanted zygote that survived through development would potentially carry 

individual CRISPR-induced mutations within each allele of Pik3r6 exon 1. Two CRISPR 

injection/implantation rounds were completed, which resulted in the birth of 25 Pik3r6-

targeted CRISPR pups in communal litters of 10 and 15 (Pik3r6 CRISPR #1-10 and #11-

25), as depicted in Figure 4.2. 
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4.2.2 Screening CRISPR-induced mutations within Pik3r6 exon 1 

A PCR screening approach was designed and optimised to amplify the region surrounding 

Pik3r6 exon 1 and the CRISPR target region (Figure 4.3 (A)) in order to verify CRISPR-

induced mutations. PCR primers (p84 screen F and p84 screen R) were designed to 

amplify a 300bp product (Figure 4.3 (A)) and were tested for their efficiency by PCR of 

control C57Bl/6 wildtype DNA using Dynazyme (ThermoScientific) and MyTaq (Bioline) 

polymerase systems with two different annealing temperature gradients, as shown in 

Figure 4.3 (B, C). Amplification using Dynazyme polymerase with an annealing 

temperature of 65oC was found to be optimal, as determined by the sharpest amplification 

product observed at approximately 300bp in Figure 4.3 (C) dotted box. Therefore, these 

conditions were employed for all further PCR amplifications for screening of Pik3r6 exon 

1. Following amplification, the 300bp PCR screen product was manually excised from the 

gel and purified for sequencing. 

 

Pik3r6 CRISPR pups #1-25 born from the two zygote injection/implantation rounds (refer 

to Figure 4.2) were tail-tipped upon weaning as a source of genomic DNA for CRISPR-

induced mutation screening. Tail-tips were digested and DNA was isolated for CRISPR 

screening PCR, described above, to amplify the 300bp region flanking Pik3r6 exon 1 and 

the CRISPR target site. The screening PCR products for each of the 25 pups were purified 

and segregated into two aliquots; an aliquot for direct DNA sequencing and an aliquot that 

was used to subclone the product into the pGEM-Teasy vector for further sequencing; 

collectively to reveal the mutational changes to the CRISPR target. DNA sequencing was 

performed using Big Dye sequencing PCR and the p84 screen F primer, followed by 

processing at the SA Pathology Sequencing Centre. Cloning of a single PCR amplification 

unit into pGEM-Teasy and the sequencing of single clones allowed the discrimination 

between alleles. The mutational changes identified for Pik3r6 CRISPR pups #1-25 are 
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depicted by sequence alignments between WT DNA [Query] and Pik3r6 CRISPR pup 

DNA [Sbjct] (upper) with mutations highlighted in red, and associated sequence 

chromatograms (lower) in Figure 4.4 (A-Y). In cases where more than 2 sequences are 

presented, such as Pik3r6 CRISPR #3 and #19, it was concluded that these animals were 

mosaic. Mosaic animals are generated when the direct injection of CRISPR components is 

performed at a stage when the fertilised zygote has already undergone one cycle of 

division, rather than injection at the single cell stage, hence multiple alleles are available 

for CRISPR-editing. As expected based on the targeting strategy presented in Figure 4.1, 

the majority of mutations induced by Pik3r6-targeted CRISPR editing were within, or 

immediately 5’ to the CRISPR target site within exon 1 of Pik3r6 (Figure 4.4). 

Furthermore, the efficiency of mutation in the present study was found to be very high with 

mutation achieved in 24 of the 25 pups (Figure 4.4). This is a far superior mutation rate 

than previously reported for conventional genetic-modification techniques in embryonic 

stem cells200, 205.  

 

By analysing the CRISPR-induced mutations to Pik3r6, it was observed that Δ-10bp 

deletions were prominent amongst the multi-nucleotides mutations. One common mutation 

observed immediately 5’ of the CRISPR target site, AAACCCΔ-10bp deletion, was 

identified to result in a frame-shift event that would bring a stop codon into frame, thereby 

ceasing translation and leading to the production of a truncated non-sense p84 protein. This 

mutation, if bred to homozygosity, would therefore result in a p84-deficient animal. For 

this reason, Pik3r6 CRISPR pups #7 (F), #12 (M) and #22 (F) that each carried 

AAACCCΔ-10bp deletions on a single allele were retained for breeding as a trio, in order 

to select and maintain the desired AAACCCΔ-10bp mutation to homozygosity. 

Unfortunately pup #25 (F) that carried AAACCCΔ-10 deletions on both alleles could not 
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be utilised for breeding purposes as it died due to unknown causes shortly after weaning. 

The pups born from the aforementioned AAACCCΔ-10bp  #12 (M), #7 (F) and #22 (F) 

breeding trio were screened for Pik3r6 alleles using the same PCR screening approach 

described previously and were used to replace initial breeders until the Pik3r6 AAACCCΔ-

10bp mutation was selected to homozygosity. The resultant line was named C57Bl/6 

Pik3r6-/-. 

4.2.3 Targeting Pik3r6 with TALEN gene-editing technology and screening of 

TALEN-induced mutations 

A second gene-editing technique, Transcription Activator-Like Effector Nuclease-based 

genome editing (TALEN), was also employed to generate mutations within Pik3r6 exon 1. 

Customised TALEN constructs act in pairs and are composed of multiple linked TAL 

effector polypeptides that form a DNA-binding domain coupled to a Fokl nuclease protein. 

Each polypeptide has a set of common repeat residues with two variable di-residues 

specific to a nucleotide within the TALEN target. By linking polypeptides (defined by the 

specific TALE code to target a corresponding nucleotide sequence), customised TALENs 

allow the targeted editing of any genomic sequence (reviewed in 211, 212)(refer to section 1.7 

for further detail). The TALEN strategy to target exon 1 of Pik3r6 is presented in Figure 

4.5, where the TALEN target site is shown within exon 1 in (A) and annotated in (B). A 

schematic representation of the TAL effector polypeptide binding and TALE di-residue 

code is depicted in Figure 4.5 (C). Like CRISPR-targeting described in the previous 

section, genome targeting using TALEN technology requires the direct injection of 

TALEN pairs into zygotes, which are subsequently implanted into pseudo-pregnant 

surrogate females. A single round of TALEN injection/implantation was completed, which 

resulted in the birth of 7 Pik3r6-targeted TALEN pups (#26-32). An identical PCR 

screening approach (previously described for CRISPR-induced mutation screening) was 
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utilised to screen the Pik3r6-targeted TALEN pups. The mutational changes identified for 

Pik3r6 TALEN pups #26-32 are depicted by sequence alignments between WT DNA 

[Query] and Pik3r6 TALEN pup DNA [Sbjct] (upper) with mutations highlighted in red, 

and associated sequence chromatograms (lower) in Figure 4.6 (A-G). The mutations 

induced within Pik3r6 by TALEN-targeting were less frequent and less pronounced than 

those observed for CRISPR-targeting, where only one mutation involved the deletion of 

more than 2 nucleotides (Pik3r6 TALEN #32) and many WT alleles were maintained. 

Therefore, it was concluded that for the present study, CRISPR-targeting of Pik3r6 was 

more effective than TALEN-targeting and efforts to generate a p84-deficient mouse using 

TALEN-targeting were not pursued.  

4.2.4 Characterising large CRISPR-induced deletions flanking the target site  

It was observed anecdotally at the South Australian Genome-Editing facility (SAGE) that 

larger deletions to areas outside, but immediately flanking the CRISPR target site could 

also be introduced as a result of CRISPR component injection (unpublished observations). 

Larger mutations such as these to these areas outside the Pik3r6 target site would not have 

been detected by the PCR screening method described in Figure 4.3. Therefore, in order to 

detect larger deletions within Pik3r6 of CRISPR-targeted pups #1-25, a supplementary 

screening PCR was developed to amplify a larger 1.7kb region surrounding exon 1 using 

p84 CRISPRlong F and p84 CRISPRlong R primers, as shown in Figure 4.7 (A). Genomic 

DNA samples from Pik3r6 CRISPR pups #1-25 were then re-screened to reveal further 

deletions, which were identified by polyacrylamide gel electrophoresis for Pik3r6 CRISPR 

pups #1, #5, #7, #16 and #20, as presented in Figure 4.7 (B), where PCR products carrying 

larger deletions are defined by red arrows. PCR fragments encompassing larger deletions 

(smaller product bands) were excised, purified and analysed by Big Dye sequencing PCR 

to identify the deletions. Deletions were found to range between Δ-266bp and Δ-800bp and 
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were present both 5’ and 3’ to the CRISPR target region, as depicted in Figure 4.8. Of 

note, Pik3r6 CRISPR #7 carried a Δ-266bp deletion and was one of the animals used for 

breeding of the p84-deficient line described in section 4.2.2 (C57Bl/6 Pik3r6-/-). However, 

the desired AAACCCΔ-10bp deletion mutation and the larger undesired Δ-266bp deletion 

mutation were found to be carried on separate alleles. Therefore, with the thorough 

screening of female #7 offspring, the desired AAACCCΔ-10bp mutation was maintained 

and the Δ-266 mutation was eliminated by selective breeding.  

 

Taken together, the data presented in sections 4.2.1 - 4.2.4 describe the successful 

generation of a novel p84-deficient mouse (C57Bl/6 Pik3r6-/-) using CRISPR gene-editing 

technology. The generation of this genetically-modified strain to a homozygous line was 

achieved in a total of 9 months following zygote injection with CRISPR Pik3r6-targeting 

components. This represented a significantly reduced time investment relative to the time 

required for traditional embryonic stem cell mutagenesis techniques for genetic-

modification. Pik3r6-/- pups were found to be born at normal male:female Mendelian ratios 

and no obvious developmental defects were observed. All Pik3r6-/- mice utilised for 

experiments presented in this study were genotyped to confirm the CRISPR-induced (Δ-

10bp) deletion to exon 1 of Pik3r6. 

 

4.2.5 PI3Kγ  subunit expression in Pik3r6-/- tissues  

The expression of p110γ, p101 and p84 PI3Kγ subunits were assessed in lymphoid tissues 

of Pik3r6-/- mice relative to wildtype C57Bl/6 controls at the transcript and protein levels. 

The stability of p101 and p84 adaptor proteins has been shown to be affected by the 

deletion of the p110γ catalytic subunit4, 121, however the effect of p84 adaptor deletion on 

endogenous p110γ and p101 expression has not yet been examined. Quantitative PCR 
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analyses of p84, p101 and p110γ levels in lymph node and thymus tissue samples from 

Pik3r6-/- and wildtype mice showed no difference in the transcript expression of p84, p101 

or p110γ, as depicted in Figure 4.9 (A-C). Although Pik3r6-/- mice have been generated to 

lack functional p84 at the protein level, mRNA transcribed from Pik3r6 was expected to be 

present, albeit in a modified form (AAACCCΔ-10bp) indistinguishable from the wildtype 

message as detected by the qPCR primers used for this assay (Figure 4.9 (A)). The 

expression of an in silico predicted mRNA transcript for p84, named Pik3r6 X1, was also 

assessed in these samples. The Pik3r6 X1 variant is predicted to have an alternate splice 

pattern (relative to variant 1) that does not include exon 1, therefore would not be affected 

by the CRISPR-induced AAACCCΔ-10bp deletion within exon 1 and the transcribed 

mRNA would thereby result in the translation of the truncated p84 X1 protein. However, 

as shown in Figure 4.9 (D), negligible expression of the X1 variant transcript was 

detected.  

 

Protein expression of p84 was assessed in the spleen, lymph nodes, thymus and bone 

marrow of Pik3r6-/- mice compared with wildtype counterparts by targeted Parallel 

Reaction Monitoring (PRM) mass spectrometry, which was utilised due to the absence of a 

reliable p84 antibody with which to detect endogenous p84 from tissue samples. PRM is a 

highly sensitive form of targeted mass spectrometry that allows the relative quantification 

of selected peptides. During a PRM run, peptides are targeted for fragmentation and 

detection using their observed precursor ion mass within the mass spectrometer, taking into 

account the mass and charge of the peptides (known as m/z). During PRM analysis, data is 

matched back to a spectral library containing previously acquired fragmentation spectra of 

the peptides of interest ensuring specificity, and area under the curve measurements are 

calculated for the detected fragment ions. Sensitivity is achieved in the technique by 
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targeting and fragmenting only specific masses of interest. As expected, selected p84 

peptides were not detected (above background noise) in tissue samples from Pik3r6-/- mice, 

whereas p84 peptides were readily identified from wildtype tissue samples (representative 

PRM plots are shown in Figure 4.10 (A)). This confirmed the successful protein knockout 

of p84 in these mice.  

 

Consistent with comparable mRNA transcript levels, the protein expression of p101 and 

p110γ subunits detected in lymph node (B) and thymus (C) tissue lysates were found to be 

proportionate, with some variation existing within both wildtype and Pik3r6-/- grouped 

samples, as determined by Western blot analysis in Figure 4.10. Collectively, these data 

suggest that the expression and stability of p101 and p110γ proteins are not dependent on 

p84. 

 

4.2.6 Lymphoid organ development in Pik3r6-/- mice 

The newly-generated Pik3r6-/- mice were first characterised in the context of immune cell 

biology. PI3Kγ subunit-deficient mice have previously been established to exhibit defects 

in immune cell development and activation (refer to Table 1.2)33. Specifically, functional 

roles for PI3Kγ have been described for mast cell activation downstream of adenosine 

receptor stimulation121, 126, for the migration of thymocytes during developmental stages in 

the thymus114, 157, 222 and for the trafficking of neutrophils and lymphocytes in models of 

inflammation7-9, 130. Although PI3Kγ as an enzyme complex has been implicated in the 

above processes, the requirement of p84 for these functions is unknown. Therefore, the 

role of p84 was investigated in these PI3Kγ-dependent systems by comparing Pik3r6-/- and 

wildtype animals (C57Bl/6n; sourced from the Waite Animal Facility) to determine the 

effect of p84 deletion at homeostasis and during immune responses. Unfortunately, 
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wildtype littermate controls that would have been the preferred control animals for 

experiments presented in this study were not available due to the time constraints.  

 

Total animal weight and weights of selected lymphoid organs of 6-8 week-old male mice 

Pik3r6-/- mice relative to wildtype control animals were compared at homeostasis. Figure 

4.11 demonstrates that the weights of naïve Pik3r6-/- mice are comparable to wildtype 

controls, as determined by the total animal weight (A) and weights of the spleen (B), 

inguinal lymph nodes (C) and the thymus (D). The proportions of immune cell subsets 

were then assessed in the spleen, lymph nodes and blood of Pik3r6-/- and wildtype mice by 

flow cytometry for naïve and activated CD4+ and CD8+ T lymphocytes, B lymphocytes 

and neutrophils. No significant differences were observed in the proportions of any of 

these cell subsets between Pik3r6-/- and wildtype animals, as shown in Figure 4.12 for the 

spleen (A-D), lymph node (E-H) and blood (I-K), suggesting that Pik3r6-/- animals 

maintain normal lymphoid organ development and cell differentiation at homeostasis.  

 

4.2.7 Reduced PI3Kγ  signal activation in Pik3r6-/- bone marrow-derived cells  

The role of p84 in immune cell development and function was then assessed in a range of 

cellular contexts. Firstly, the effect of p84 deletion on PI3Kγ activation in Pik3r6-/- bone 

marrow cells was assessed to determine whether PI3Kγ signalling was altered by loss of 

p84. It has been previously shown that both p84 and p101 adaptors can mediate p110γ 

translocation to the membrane and the activation of lipid-kinase signalling6, 11, 130, 

indicating a degree of functional redundancy between the adaptor proteins. However, 

deletion of p101 results in reduced but not ablated PI3Kγ activation (as determined by the 

induction of phosphorylated Akt and recruitment of GFP-tagged PH domains)5, 87, which 

indicates that p84 cannot completely compensate for the loss of p101 expression. In the 
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present study, in order to investigate the individual requirement of p84 in PI3Kγ signal 

activation, bone marrow cells were isolated and stimulated with IL-8 (CXCL8) to induce 

PI3Kγ signalling downstream of CXCR2. IL-8 was chosen as a stimulant as it is a potent 

activator of neutrophils and neutrophils were determined to be the predominant immune 

cell subset present in the bone marrow of 8-10 week old male mice used (data not shown). 

The induction of phosphorylated Akt (p-Akt) in response to IL-8 was determined by 

Western blot analysis of bone marrow lysates as a measure of PI3Kγ activation. Wildtype 

bone marrow cells were found to exhibit transient p-Akt induction in response to IL-8 

stimulation, as demonstrated by strong protein bands present after 1 minute of stimulation 

(Figure 4.13 (A) upper panel). In contrast, bone marrow cells isolated from Pik3r6-/- mice 

showed only very low levels of p-Akt that could not be induced by IL-8 stimulation 

(Figure 4.13 (A) lower panel). This suggests that p84 is crucial for the activation of PI3Kγ 

signalling and the induction of p-Akt in neutrophils, and that the loss of p84 expression 

cannot be compensated for by p101. The level of total Akt was detected as a control and 

was shown to be equivalent across all lysate samples (Figure 4.13 (B) upper and lower 

panels). 

 

4.2.8 The effect of p84 deletion on bone marrow-derived mast cell maturation and 

function  

Unlike other immune cells, mast cells are the only haematopoietic cell type reported to 

express a single adaptor, p84, in conjunction with p110γ121, 124. The absence of p101 

protein expression in mast cells has been documented following Western blot analysis of 

mast cell lysates121 and therefore all characterised PI3Kγ-dependent processes in these cells 

have been presumed to dependent on p8428, 29, 121. Therefore the effect of p84 deletion was 

assessed in bone marrow-derived mast cells (BMMC) and it was hypothesised that the 
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phenotype of p84-deficient mice would mimic the mast cell defects observed in the p110γ-

/- mouse.  

 

Bone marrow cells were harvested from 5 week-old female Pik3r6-/- and wildtype control 

mice and mast cells were selectively cultured in vitro in the presence of IL-3 for 6 weeks. 

The maturity of cultured mast cells was assessed at 5.5 weeks by May-Grunwald Giemsa 

staining and flow cytometry for c-kit and FcεRI maturity cell surface markers. As shown in 

Figure 4.14, both wildtype and Pik3r6-/- BMMC displayed mature granular phenotypes as 

determined by May-Grunwald Giemsa staining (A) and were found to be greater than 90% 

c-kit+ FcεRI+ mature mast cells as determined by flow cytometric staining (B, C). Genomic 

DNA and total protein was extracted from cultured Pik3r6-/- BMMCs to confirm CRISPR-

induced mutation (AAACCCΔ-10bp deletion) within exon 1 of Pik3r6 and absent p84 

protein expression relative to wildtype counterparts, using previously optimised PCR and 

PRM mass spectrometry screening techniques (described in sections 4.2.2 and 4.2.5). DNA 

sequencing confirmed that each of the four Pik3r6-/- BMMC cultures carried the 

AAACCCΔ-10bp deletion within Pik3r6 exon 1 compared with wildtype cultures that 

maintained the wildtype genomic sequence, as depicted in representative chromatograms 

presented in Figure 4.14 (D) and protein knockout of p84 expression was confirmed by 

PRM proteomic analyses of Pik3r6-/- BMMC cultures compared with wildtype BMMC 

culture samples (data not shown).  

 

Pik3r6-/- mice were then assessed in two functional assays to determine the effect of p84 

deletion on PI3Kγ-dependent processes in BMMCs; β-hexaminidase release and the 

secretion of IL-6, in the presence of the GPCR agonist adenosine. These assays measure 

the degranulation response and cytokine secretion induced by activation, respectively, 
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where both assays are well-established indicators of mast cell functionality29, 121. 

Adenosine signalling through the adenosine A3 receptor (A3AR) is known to potentiate 

the degranulation response in BMMCs29. Since p84 has been reported to be the solely 

expressed adaptor protein responsible for mediating PI3Kγ signalling in BMMC121, 124, it 

was hypothesised that deletion of p84 would result in the loss of adenosine-mediated 

potentiation of mast cell degranulation. In the present study, Pik3r6-/- and wildtype 

BMMCs were sensitised overnight with anti-DNP IgE, then incubated in the presence of 

adenosine prior to DNP antigen-mediated activation to induce degranulation. The extent of 

BMMC degranulation was measured by the degree of β-hexaminidase release into the 

culture supernatant.  Consistent with previous reports, data produced in the present study 

confirmed that adenosine stimulation during DNP antigen activation of wildtype BMMC 

resulted in the potentiation of degranulation, as measured by increased β-hexaminidase 

release in the presence of DNP and adenosine compared with DNP alone (Figure 4.15 (A) 

third and fourth columns). This adenosine-induced potentiation of degranulation was 

confirmed to be PI3Kγ-dependent as shown by the ability of AS605240 treatment to 

prevent this potentiating effect (Figure 4.15 (A) fifth column). Contrary to the hypothesis, 

the adenosine-mediated potentiation of degranulation was observed to be equivalent in 

Pik3r6-/- BMMC as in wildtype BMMCs, as demonstrated by an equivalent increase in β-

hexaminidase release in the presence of DNP and adenosine compared with DNP alone 

(Figure 4.15 (A) eighth and ninth columns).  These data suggest that p84 is not required 

for the PI3Kγ-dependent potentiation of BMMC degranulation induced by adenosine. 

 

A similar phenotype between Pik3r6-/- and wildtype BMMCs was observed for the 

adenosine-mediated potentiation of IL-6 secretion from DNP antigen-stimulated BMMC.  

Specifically, like β-hexaminidase release, Pik3r6-/- BMMCs exhibited indistinguishable 
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potentiation of IL-6 secretion from wildtype BMMCs in the presence of adenosine, as 

shown in Figure 4.15 (B) by ELISA. Collectively, these data indicate that PI3Kγ 

signalling downstream of adenosine/A3AR stimulation is independent of p84 in Pik3r6-/- 

BMMC, which is contrary to hypothesised p84/p110γ signalling mechanisms described for 

these cells121.  

 

The expression of p101 in wildtype and Pik3r6-/- BMMCs was therefore investigated in the 

presence of adenosine to determine whether p101 expression had been induced to 

compensate for the absence of functional p84. Whilst very low, p101 mRNA transcript 

expression could be detected in wildtype BMMC, which was not affected by the presence 

of adenosine (Figure 4.16). Interestingly, the transcript expression of p101 in Pik3r6-/- 

BMMCs was found to be significantly up-regulated upon incubation with adenosine (45 

minute stimulation), relative to unstimulated Pik3r6-/- BMMC and wildtype BMMCs, 

shown in Figure 4.16. This result provides evidence first that BMMCs express low levels 

of p101 and secondly, that p101 expression is regulated in p84-deficient BMMCs 

presumably to compensate for the absence of p84. Furthermore, these data represent the 

first description of PI3Kγ adaptor subunit compensation as a mechanism of PI3Kγ signal 

regulation in mast cells. Although not the main goal of these experiments, to extend these 

findings, the protein expression of p101 in adenosine-stimulated Pik3r6-/- BMMCs was 

examined to determine whether the increased mRNA transcript levels were reflected at the 

protein level. Although p101 could be weakly detected by IP/Western blot of adenosine-

stimulated Pik3r6-/- BMMCs (data not shown), insufficient amounts of protein and time 

constraints prevented experimental replication and therefore, these data will need to be 

confirmed. 
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4.2.9 Thymocyte development is unaltered in Pik3r6-/- mice  

PI3Kγ has been shown to be involved in the control of thymocyte survival and 

development. Previous studies have shown that p110γ-/- thymocytes display defects in the 

number and proportion of double positive (CD4+CD8+) immature transitional precursors, 

compared with wildtype littermates, which was determined to be due to an inability of cells 

to respond to adenosine pro-survival signals114. A separate study revealed that p101 is 

required for PI3Kγ signalling downstream of CXCR4 during β-selection in the thymus 

using the p101-deficient mouse157. However, the specific contribution of p84 during 

thymocyte development, if any, has yet to be determined. Therefore, in the present study, 

the effect of p84 deletion on the proportion and number of various thymocyte 

subpopulations was examined by flow cytometry. The thymi of 6-7 week-old male Pik3r6-

/- and wildtype mice were analysed for CD4+ and CD8+ mature single-positive (SP), 

CD4+CD8+ immature double-positive (DP) and double-negative (DN1-4) intermediaries. 

Flow cytometric analyses of these cell populations demonstrated that thymocyte 

development occurred independently of p84, as determined by comparable proportions 

(Figure 4.17) and numbers (data not shown) of SP, DP (A, B) and DN1-4 (C, D) 

populations between Pik3r6-/- and wildtype thymi. This suggests that PI3Kγ-dependent 

signalling during thymocyte development is dependent on p101-mediated PI3Kγ activity 

and that p84 is redundant during this process. 

 

4.2.10 Neutrophil migration is inhibited by the loss of p84 in Pik3r6-/- mice  

In addition to immune cell development, another major function of PI3Kγ signalling is 

during the induction of leukocyte chemotaxis in response to GPCR agonists. During 

inflammatory responses, neutrophils require the rapid activation of PI3Kγ signalling 

pathways in order to respond to inflammatory mediators and traffic to sites of infection. 
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Consistent with this, p110γ-/- neutrophils display significantly inhibited migration towards 

chemokine gradients in vitro7 and p110γ-/- mice exhibit reduced neutrophil accumulation 

during in vivo infection models8, 24, 114, 145.  The role of p84 in neutrophil chemotaxis was 

assessed in the present study in response to IL-8 stimulation of Pik3r6-/- and wildtype 

neutrophils. The bone marrow of male 6-8 week-old mice was used as a source of 

neutrophils. It was found that wildtype bone marrow comprised approximately 52% 

neutrophils, as defined by forward and side scatter parameters and CD11b+ Gr-1+ staining 

as presented in Figure 4.18 (representative plot in (A) and proportion (B)). In contrast, 

Pik3r6-/- mice displayed a modest reduction in the proportion of CD11b+ Gr-1+ bone 

marrow neutrophils relative to wildtype controls (Figure 4.18 (A, B)). Total bone marrow 

cells were subjected to a transwell chemotaxis assay, where the migration of cells was 

assessed in response to the neutrophil agonist IL-8 for 30 minutes. The migrated cell 

population was analysed by flow cytometry (as gated in Figure 4.18 (C)) and normalised 

using unlabelled flow cytometry beads (shown by the gated population in the upper left of 

(C)). Pik3r6-/- neutrophils showed significantly reduced ability to respond and migrate 

towards IL-8 gradients in comparison to wildtype cells (Figure 4.18; gated in lower panel 

of (C) and presented as normalised chemotactic index in (D)). These data demonstrate that 

p84 is required for the effective migration of neutrophils, an effect that could not be 

compensated for by p101. 

 

4.2.11 Pik3r6-/- mice are protected from EAE disease  

Directed cell migration is crucial for the induction of immune responses, both in the 

activation and differentiation of effector cells within secondary lymphoid organs and their 

trafficking to inflammatory sites. Experimental autoimmune encephalomyelitis (EAE) is a 

murine inflammatory autoimmune model that mimics the priming and effector phases of 
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the human condition, multiple sclerosis170, 171. PI3Kγ has been implicated in both the 

priming of pathogenic Th1 and Th17 cells in the spleen in response to neuropeptide/CFA 

immunisation and also in the trafficking of these activated cells into the central nervous 

system during EAE, where they potentiate inflammation, resulting in damage to the 

neuronal sheaths of oligodendrocytes and symptoms of ascending paralysis9, 139. In the 

present study, the contribution of p84 to PI3Kγ-dependent processes during EAE was 

assessed in Pik3r6-/- mice compared with wildtype counterparts. In response to the 

induction of MOG35-55-induced chronic EAE, disease severity was found to be significantly 

inhibited in Pik3r6-/- mice relative to wildtype controls, where Pik3r6-/- mice were 

completely protected from hind limb paralysis, as shown by the measure of clinical disease 

score in Figure 4.19 (refer to Table 2.3 for EAE clinical disease scoring). Reduced disease 

severity in Pik3r6-/- mice was coupled with a significant reduction in the number and 

proportion of Th cells that had infiltrated the CNS, relative to wildtype animals (Figure 

4.20 (A, E)). The proportion and number of CNS-infiltrating Th1 (CD4+ IFN-γ+) cells was 

significantly reduced (B, F), however whilst the number of CNS-infiltrating Th17 (CD4+ 

IL-17+) cells was minimal in Pik3r6-/- mice (G), these data were not statistically significant. 

Although, it is important to mention that 3 wildtype mice did not respond to immunisation 

or develop disease, which was reflected by corresponding low numbers of CNS-infiltrating 

cells (Figure 4.20). No significant difference in the proportion or number of regulatory T 

lymphocytes was observed in the CNS of Pik3r6-/- and wildtype mice (Figure 4.20 (D, 

H)). Consistent with ameliorated disease symptoms and reduced infiltration of Th cells 

into the CNS, Pik3r6-/- mice also showed a significant reduction in the number of 

neutrophils that had accumulated in the inflamed CNS relative to wildtype animals, as 

shown in Figure 4.20 (I, J). Collectively, the observed reduction of immune cell infiltrate 



Chapter 4 

158	
  

into the CNS of EAE-diseased Pik3r6-/- mice is consistent with reduced disease severity 

and protection from paralysis compared with EAE disease observed in wildtype animals. 

 

The reduction in the number of CNS-infiltrating activated cells was not due to a deficiency 

in priming of activated Th1 and Th17 cells in secondary lymphoid organs. Although 

modest differences in the proportion of Th subsets were observed in the spleen between 

Pik3r6-/- and wildtype mice, no significant differences in the number of Th1 or Th17 

activated cells were identified within the spleen, Figure 4.20 (K-M, O-Q), or lymph nodes 

(data not shown). In comparison to inflammatory Th cells, an increased proportion and 

number of regulatory T cells were observed in the spleen of Pik3r6-/- mice relative to 

wildtype controls, although this was not reflected in the CNS (Figure 4.20 (N, R) and 

(H)).  

 

Considering that Pik3r6-/- mice were shown to display reduced infiltration of Th cells to the 

CNS during EAE induction, but their activation in secondary lymphoid organs was 

unaffected, it was proposed that defective trafficking of activated cells was responsible for 

reduced accumulation within the CNS. This hypothesis was based on the known role of 

PI3Kγ in lymphocyte migration9. Consistent with this hypothesis, activated Th1 and Th17 

cells were found to accumulate in the blood of Pik3r6-/- mice compared with wildtype 

counterparts, as depicted in Figure 4.20 (S, T). This suggests that whilst Pik3r6-/- Th1 and 

Th17 cells are capable of emigrating the spleen and lymph nodes and entering the blood, 

they are unable to complete their migratory path into the CNS during EAE disease 

induction, and instead accumulate in the blood. This may be as a result of defective 

adhesion or chemotaxis of Pik3r6-/- Th1 and Th17 cells. 
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In keeping with these findings, the early priming events measured at day 10 post EAE 

disease induction were also found to be equivalent between Pik3r6-/- and wildtype mice, as 

shown by comparable proportion and number of Th1 and Th17 cells detected in the spleen 

(Figure 4.21 (A-F)) and lymph nodes (data not shown). No significant differences in the 

proportion or number CNS-infiltrating Th1, Th17 or neutrophil populations were observed 

at early disease stages 10 days post disease induction, as shown in Figure 4.21 (G-L). 

 

4.3 Summary 
The data presented in Chapter 4 describe the generation of a novel p84-deficient mouse 

(C57Bl/6 Pik3r6-/-), which was used to demonstrate previously uncharacterised p84-

dependent roles within the immune system. Using experimental autoimmune 

encephalomyelitis as a lymphocyte-dependent model of chronic inflammatory disease, it 

was shown that the trafficking of activated Th lymphocytes, but not their differentiation, 

was dependent on p84. Specifically, the infiltration of Th cells into the inflamed CNS was 

inhibited in Pik3r6-/- mice relative to wildtype animals, which correlated with reduced EAE 

disease severity. In addition to lymphocyte trafficking, the accumulation of neutrophils 

within the inflamed CNS of Pik3r6-/- mice during EAE disease was also found to be 

decreased relative to wildtype control mice. Furthermore, the migration of neutrophils in 

vitro was shown to be dependent on p84. The in vitro transwell migration of naïve Pik3r6-/- 

lymphocytes isolated from the spleen were also assessed; although variable results were 

observed using chemokine ligands (data not shown) and these experiments therefore 

require confirmation. However, it is expected that the in vitro migration of Pik3r6-/- Th 

cells will be inhibited relative wildtype cells, consistent with p84-deficient neutrophils and 

the reduced trafficking of Pik3r6-/- Th cells during inflammation in vivo. 
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An interesting mechanism of PI3Kγ adaptor subunit compensation was observed in mast 

cells, an inflammatory cell subset that has been previously reported to express only the p84 

adaptor protein in association with p110γ. Data presented in Chapter 4 demonstrate that in 

the absence of endogenous p84 expression in Pik3r6-/- bone marrow-derived mast cells, the 

expression of p101 could be up-regulated to compensate for the loss of p84 and maintain 

PI3Kγ-dependent processes.  

 

Collectively, the generation of the p84-deficient mouse in this study represents a valuable 

tool that can be utilised to elucidate further p84-dependent processes at both homeostasis 

and during inflammation.  
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Figure 4.1: CRISPR target design for murine Pik3r6 (p84). 

A CRISPR guide RNA (gRNA) was designed to target a region within exon 1 of Pik3r6. 

(A) Position of Pik3r6 within chromosome 11 (11B3) of the mus musculus genome. (B) 

The intron/exon structure of Pik3r6; exons are designated by vertical green lines 

interspersed by intron regions, strand direction is demonstrated by grey arrows, scale is 

relative.  (C) The genomic region surrounding the CRISPR target site in Pik3r6 exon 1; 

features are defined as follows: intron (lower case), exon (upper case and boxed in green), 

PAM sequence (underlined), CRISPR gRNA target sequence (shaded grey). (D) 

Schematic of CRISPR-Cas9 targeting induced by homology between the gRNA and the 

CRISPR target facilitates nuclease activity by associated Cas-9 nuclease towards the target. 
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Figure 4.2: Strategy workflow of CRISPR component injection into C57Bl/6n zygotes. 

Zygotes were harvested from superovulated donor female mice and injected with CRISPR 

gRNA and Cas9 components to target a sequence within Pik3r6 exon 1. Modified zygotes 

were implanted into surrogate female mice by oviduct transfer and embryos were carried to 

term. Pups were screened for CRISPR-induced mutations to exon 1 of Pik3r6. 
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Figure 4.3: Screening for Pik3r6 CRISPR-induced mutations within exon 1. 

Genomic DNA was isolated from the tail-tips of pups produced from CRISPR-targeted 

zygotes and a 300bp region within exon 1 of Pik3r6 flanking the CRISPR target site was 

screened by PCR and sequencing. (A) Screening PCR primers for the 300bp amplification 

product, features are defined as follows: exon 1 (highlighted grey), p84 screen forward (F) 

and reverse (R) screening primers (highlighted yellow), CRISPR target region 

(underlined). Sequencing PCR was employed using the p84 screen F primer only. (B) 

Amplification of the 300bp screening PCR product (red arrows) generated by Bioline 

MyTaq or ThermoScientific Dynazyme polymerase/buffer systems using an annealing 

temperature gradient covering 50-59oC. (C) Amplification of the 300bp screening PCR 

product (red arrows) generated by Bioline MyTaq or ThermoScientific Dynazyme 

polymerase/buffer systems using an annealing temperature gradient covering 60-65oC; 

optimal conditions of 65oC annealing temperature with Dynazyme polymerase 

amplification is designated (red dotted box). 
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Figure 4.4: Screening CRISPR-induced mutations within exon 1 from Pik3r6 

CRISPR pups. 

Genomic DNA was isolated from the tail-tips of Pik3r6 CRISPR pups #1-25 and the 300bp 

PCR amplification region flanking the CRISPR target site within exon 1 of Pik3r6 was 

screened by PCR and sequencing. (A-Y) CRISPR-induced mutations identified from 

Pik3r6 CRISPR pups #1-25 are shown by sequence alignment (upper) and corresponding 

chromatograms for each allele (lower); mutations (substitution/deletion/insertion) are 

highlighted in red for Query (represents wildtype Pik3r6 sequence) and Subject (represents 

CRISPR pup Pik3r6 sequence). 
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Figure 4.5: TALEN design to target murine Pik3r6 (p84). 

A TALEN sequence was designed to target a region within exon 1 of Pik3r6. (A) The 

region surrounding TALEN target region; features are defined as follows: intron (lower 

case), exon (upper case and boxed in green), left and right TALEN sequences (shaded 

grey), TALEN spacer sequence (underlined). (B) TALEN target sequence. (C) Schematic 

of TALEN targeting by Fokl nuclease-coupled effector DNA-binding polypeptides and 

TALE code.  
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Figure 4.6: Screening TALEN-induced mutations within exon 1 from Pik3r6 TALEN 

pups. 

Genomic DNA was isolated from the tail-tips of Pik3r6 TALEN pups #26-32 and the 

300bp PCR amplification region flanking the TALEN target site within exon 1 of Pik3r6 

was screened by PCR and sequencing. (A-G) TALEN-induced mutations identified from 

Pik3r6 TALEN pups #26-32 are shown by sequence alignment (upper) and corresponding 

chromatograms for each allele (lower); mutations (substitution/deletion/insertion) are 

highlighted in red for Query (represents wildtype Pik3r6 sequence) and Subject (represents 

TALEN pup Pik3r6 sequence). 
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Figure 4.7: CRISPR-based gene-targeting can induce large deletions to regions 

immediately flanking the CRISPR target site. 

Genomic DNA isolated from Pik3r6 CRISPR pups #1-25 was screened for larger deletions 

in the regions flanking the CRISPR target. (A) PCR screening primers for a 1.7kb 

amplification product, features are defined as follows: intron (lower case), exon 1 

(highlighted grey), CRISPR target region (underlined) and p84 CRISPRlong forward (F) 

and reverse (R) primers (highlighted yellow). (B) CRISPRlong PCR amplification products 

were separated by polyacrylamide gel electrophoresis to reveal large deletions, shown are 

gel separations for Pik3r6 CRISPR #1, #5, #7, #16 and #20. PCR products containing large 

deletions are designated (arrows) and were excised for sequencing, performed using the 

p84 CRISPRlong R primer. 
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Figure 4.8: Sequencing PCR of Pik3r6 CRISPR pups #1, #5, #7, #16 and #20 confirms 

large deletions to regions flanking the CRISPR target site. 

PCR products amplified from the genomic DNA of Pik3r6 CRISPR #1, #5, #7, #16 and 

#20 were sequenced to determine CRISPR-induced large deletions. The regions flanking 

Pik3r6 exon 1, the CRISPR target site, the CRISPRlong F and R primers (highlighted 

yellow) and the deletions identified (highlighted grey) are summarised for (A) #1, (B) #5, 

(C) #7, (D) #16 and (E) #20.  
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Figure 4.9: Genomic CRISPR-induced deletion (Δ-10bp) within Pik3r6 does not alter 

the transcript expression of PI3Kγ  subunits. 

Total RNA from the lymph nodes (2 x 105 cells) and thymus (5 x 105 cells) of wildtype and 

Pik3r6-/- mice were isolated for quantitative PCR analysis. The mRNA transcript 

expression is shown for (A) Pik3r6 (p84), (B) Pik3r5 (p101), (C) Pik3cg (p110γ) and (D) a 

predicted X1 isoform of Pik3r6. Data is presented as expression relative to RPLP0 ± SEM 

(n=8). 
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Figure 4.10: Genetic mutation of Pik3r6 does not destabilise the protein expression of 

p101 and p110γ  PI3Kγ  subunits. 

(A) Knockout of p84 protein expression confirmed from spleen, thymus and bone marrow 

tissues of Pik3r6-/- mice relative to wildtype tissues by Parallel Reaction Monitoring using 

a Dionex nano-flow HPLC coupled to an Impact II QTOF (Bruker Daltonics). Two 

peptides were targeted; the doubly charged forms of ELVLFLRPR (m/z 571.8559) and 

SVQAVLR (m/z 386.7374). Peptides were selected based on previous acquisition data for 

Pik3r6 (refer to section 3.2.2) as observed precursor ion masses were known and 

fragmentation spectra were available for use in a spectral library. Representative spectra 

for Pik3r6-/- and wildtype spleen samples are shown. Protein expression of p110γ and p101 

assessed by Western blot analysis of total protein lysates from (B) lymph node (7µg lysate 

per lane) and (C) thymus (10µg lysate per lane), relative to the expression of β-actin as a 

protein loading control; (n=4).  
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Figure 4.11: The weights of lymphoid organs of Pik3r6-/- mice are comparable to 

wildtype C57Bl/6n mice. 

(A) Total animal weight and the weight of the (B) spleen, (C) inguinal lymph nodes and 

(D) thymus of 6-8 week-old male mice were assessed. Data are presented as mean ± SEM 

(n=12).  
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Figure 4.12: Immune cell subsets within lymphoid compartments and the blood of 

Pik3r6-/- mice are consistent with wildtype mice. 

The spleen, lymph nodes and peripheral blood were harvested from 8 week-old wildtype 

control and Pik3r6-/- mice and analysed by flow cytometry for populating cell subsets. 

Proportions for cell subsets are shown for (A-D) spleen, (E-H) lymph nodes and (I-K) 

peripheral blood; subsets are defined as follows: Helper and cytotoxic T lymphocytes 

(CD3+CD4+; CD3+CD8+) were divided into naïve and effector populations based on CD44 

expression (naïve, CD44-; activated, CD44+), B lymphocytes (B220+) and neutrophils 

(CD11b+ F4/80- Gr-1+). Data are presented as mean percentage positive ± SEM (n=4). 
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Figure 4.13: Pik3r6-/- bone marrow cells display inhibited induction of 

phosphorylated Akt in response to GPCR stimulation. 

Total bone marrow cells were harvested from the femurs and tibias of Pik3r6-/- and 

wildtype mice, rested and then stimulated with 10nM IL-8. Western blot analysis of 

stimulated bone marrow cell lysates was used to detect (A) phosphorylated Akt as a 

measure of PI3Kγ activation, in comparison to the level of (B) total Akt as a loading 

control. Representative blot shown. 
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Figure 4.14: p84-deficient bone marrow-derived mast cells are phenotypically similar 

to wildtype cells and express maturity markers. 

Total bone marrow was harvested from the femurs and tibias of Pik3r6-/- and wildtype 

mice, then mast cells were cultured and expanded for 6 weeks in IL-3 supplemented media. 

(A) May-Grunwald Giemsa staining of 6 week-old bone marrow mast cell (BMMC) 

cultures revealed a mature phenotype; representative images of WT and Pik3r6-/- BMMCs 

(n=4). (B, C) Maturity of BMMC cultures assessed by flow cytometric analyses based on a 

mature c-kit+ FcεRI+ phenotype, shown by representative plots and the percentage of live 

cells from WT and Pik3r6-/- BMMC cultures; (n=4). (D) Genetic CRISPR-induced (Δ-

10bp) deletion of Pik3r6-/- BMMCs confirmed by genomic DNA sequencing PCR 

compared with wildtype BMMCs; representative chromatogram shown (n=4). 
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Figure 4.15: Pik3r6-/- BMMCs maintain adenosine-mediated potentiation of 

degranulation and IL-6 cytokine production. 

Functionality of Pik3r6-/- and wildtype bone marrow-derived mast cells (BMMCs) was 

assessed in the context of degranulation and cytokine release in the presence of adenosine. 

(A) BMMCs were sensitised overnight with anti-DNP IgE and stimulated with 10µg DNP 

in the presence or absence of 20µM adenosine and 1µM AS605240; β-hexaminidase 

release was calculated as a measure of antigen/IgE-mediated degranulation; (n=4). (B) 

BMMCs were sensitised overnight with anti-DNP IgE and stimulated with 10µg DNP in 

the presence or absence of 20µM adenosine and 1µM AS605240; IL-6 cytokine release 

was determined by ELISA of the cell supernatant; (n=4). 
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Figure 4.16: Pik3r6-/- BMMCs display redundancy between p84 and p101 adaptor 

subunits. 

Pik3r6-/- and wildtype BMMCs were cultured for 45 minutes in the presence or absence of 

20µM adenosine, lysed and RNA was harvested. qPCR analysis of p101 mRNA transcript 

expression relative to RPLP0, data are presented as mean ± SEM, (n=6), t-test *p<0.05, 

**p<0.01. 
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Figure 4.17: Thymocyte development is unaffected in Pik3r6-/- mice. 

The proportions of double positive (CD4+CD8+) and double negative thymocyte 

populations (DN1-4) were determined by flow cytometry. (A) Representative dot plots and 

(B) proportion of wildtype and Pik3r6-/- thymocytes defined as CD4 single positive (CD4+ 

CD8-), CD8 single positive (CD4- CD8+) or double positive (CD4+ CD8+). (C) 

Representative dot plots and (D) proportion of wildtype and Pik3r6-/- double negative 

thymocyte populations (DN1-4) based on a lineage dump pre-gate (CD3, CD4, CD8, 

CD11c, Gr-1, CD45R), then CD44+/-CD25+/- phenotype, defined as follows: DN1 

(CD44+CD25-), DN2 (CD44+CD25+), DN3 (CD44-CD25+) and DN4 (CD44-CD25-). Data 

are presented as mean percentage positive ± SEM, (n=4). 
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Figure 4.18: Pik3r6-/- bone marrow-derived neutrophils display reduced migration in 

vitro. 

Total bone marrow cells were harvested from 8 week-old male wildtype and Pik3r6-/- mice 

for transwell chemotaxis. (A) Representative plots and (B) proportion of live CD11b+Gr-1+ 

neutrophils within total bone marrow cells for wildtype and Pik3r6-/- mice, as determined 

by flow cytometry. Total bone marrow cells were induced to migrate in response to 0nM, 

1nM, 10nM or 50nM IL-8 gradients in a transwell chemotaxis assay for 30 mins. 

Neutrophil migration was calculated as chemotactic index as determined flow cytometric 

analysis relative to the negative control (0µM IL-8) and standardised using BD FACS 

microbeads; shown as (C) representative plots and (D) chemotactic index of Pik3r6-/- and 

wildtype neutrophils. Data are presented as mean ± SEM, (n=8), t-test *p<0.05, **p<0.01. 
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Figure 4.19: Pik3r6-/- mice display attenuated disease upon induction of MOG35-55-

induced chronic experimental autoimmune encephalomyelitis. 

Chronic experimental autoimmune encephalomyelitis disease was induced with 

subcutaneous hind flank injection of 50µg MOG35-55 peptide in a CFA emulsion and dual 

injections of 300ng pertussis toxin administered intravenously. The clinical disease scores 

of wildtype and Pik3r6-/- mice were monitored daily post induction, (n=8); 2-way ANOVA 

****p<0.0001. 
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Figure 4.20: Dampened EAE disease severity in Pik3r6-/- mice is coupled with reduced 

infiltration of Th cells into the CNS. 

The spleen, peripheral blood, brain and spinal cord were harvested from diseased wildtype 

and Pik3r6-/- mice at day 23-post EAE disease induction to assess the generation and 

trafficking of CD4+ T helper subsets and the recruitment of neutrophils to the damaged 

CNS. The proportion and number of defined immune cell subsets are presented for (A-J) 

CNS, (K-R) spleen and (S, T) peripheral blood preparations, as determined by flow 

cytometry. Populations were defined as follows; Th1 (CD4+ FoxP3- IFN-γ+ IL-17A-), Th17 

(CD4+ FoxP3- IFN-γ- IL-17A+), Treg (CD4+ FoxP3+), neutrophils (CD45+ CD11b+ F4/80- 

Gr-1+). Data are presented as mean ± SEM, (n=8), t-test *p<0.05, **p<0.01. 
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Figure 4.21: Generation of Th1 and Th17 effector cells is unaffected in Pik3r6-/- mice 

during early stage EAE disease compared with wildtype controls. 

The spleen, brain and spinal cord were harvested from immunised wildtype and Pik3r6-/- 

mice at day 10 post-EAE disease induction to assess the generation of CD4+ T helper 

subsets and the recruitment of neutrophils to the CNS. The proportion and number of 

defined immune cell subsets are presented for (A-F) spleen and (G-L) CNS preparations, 

as determined by flow cytometry.  Populations were defined as follows; Th1 (CD4+ FoxP3- 

IFN-γ+ IL-17A-), Th17 (CD4+ FoxP3- IFN-γ- IL-17A+), Treg (CD4+ FoxP3+), neutrophils 

(CD45+ CD11b+ F4/80- Gr-1+). Data are presented as mean ± SEM, (n=8).  
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Chapter 5: Quantitative proteome profiling of CNS-infiltrating 

CD4+ Th cells reveals selective changes during experimental 

autoimmune encephalomyelitis 

5.1 Introduction 

PI3Kγ has established roles in the priming of pathogenic Th1 and Th17 cells in secondary 

lymphoid organs and for their trafficking to the inflamed CNS during EAE disease 

pathology9, 139. Previous publications from our laboratory have demonstrated that p110γ-

deficient mice (p110γ-/-) display reduced EAE disease severity relative to wildtype control 

animals and that priming of CD4+ Th effector cell subsets is impaired as a result of 

defective dendritic cell migration into secondary lymphoid organs139. Others have shown 

that activated Th cells also exhibit migratory defects during disease induction, which 

results in significantly reduced accumulation of immune cells within the inflamed CNS, 

compared with wildtype animals9. For these reasons, it was hypothesised that the PI3Kγ 

adaptor protein p84 would be required for PI3Kγ-dependent lymphocyte migration during 

EAE disease induction. To address the requirement of p84 in PI3Kγ-dependent processes 

during EAE, two approaches were undertaken to generate a p84-deficient mouse. The first 

approach and initial strategy, which was conducted in years 1 and 2 of the project, 

involved the cloning of a DOX-inducible lentiviral p84 knockdown construct for the 

transduction of bone marrow-derived stem cells. Transduced stem cells would be used to 

create reconstituted chimeric mice where p84 expression could be inducibly knocked down 

in haematopoietic cells using doxycycline. However, while the cloned p84 knockdown 

constructs were capable of reducing p84 expression in transduced cell lines upon 

doxycycline treatment, the lentiviral transduction of bone marrow-derived stem cells with 

these constructs was unreliable and inefficient (data not shown). Therefore, when CRISPR 

and TALEN gene-editing technologies became available at the commencement of year 3 of 
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the project, these were employed to generate a broad p84 knockout mouse (data presented 

in Chapter 4). Targeting p84 using CRISPR gene-editing of Pik3r6 proved the most 

efficient method to produce a p84-deficient mouse and was therefore pursued and resulted 

in the generation and characterisation of the Pik3r6-/- mouse. 

 

Prior to the generation of the p84-deficient mouse, a proteomic strategy was developed that 

would be used to compare the proteomes of p84-deficient and wildtype CD4+ Th cells 

during EAE disease progression. The optimisation of an isotope-coded protein-labelling 

(ICPL) method using wildtype cells isolated during EAE disease was conducted to firstly 

develop the method of cell isolation, labelling and analysis and secondly, to determine the 

mechanisms by which CD4+ cells promote inflammation in the CNS during EAE. 

Ultimately, the goals of the devised proteomic analyses were to determine the proteins 

involved in the activation, differentiation, migration and pathobiology of CD4+ cells during 

EAE disease and elucidate the signalling pathways that are dependent on p84. After the 

initial study using wildtype cells, this would be achieved by comparing the proteomes of 

CD4+ cells isolated from the spleen, peripheral blood and CNS of Pik3r6-/- and wildtype 

mice during EAE disease progression, in order to examine CD4+ cell priming in secondary 

lymphoid organs through to their migration into the inflamed CNS. 

 

However, extensive proteomic analyses on defined cell populations isolated during EAE 

disease had not been performed due to the rarity of CD4+ cells in the blood and inflamed 

CNS, particularly during disease induction. Rather, previous studies relating to EAE have 

utilised whole tissues (such as the brain, spinal cord and cerebrospinal fluid) for proteomic 

analyses223-237. The disadvantage of these approaches is that highly abundant serum 

proteins dominate whole-tissue analyses and it is not possible to distinguish between 
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proteins derived from CNS-infiltrating cells and tissue-resident cells. In order to gather 

information regarding the pathobiology of CD4+ cells specifically, these cells would need 

to be isolated from diseased tissues for proteomic analysis. Therefore, an initial study was 

performed to determine the feasibility of an extensive quantitative isotope-coded protein 

labelling (ICPL) approach to investigate the differential proteome profiles of wildtype and 

p84-deficient CD4+ cells isolated during EAE disease. For this initial study, CD4+ cells 

were isolated from the CNS of wildtype mice induced with EAE disease, at different time-

points during disease progression, and were compared using quantitative ICPL labelling to 

determine the validity of ICPL as an approach and optimise the isolation of CD4+ cells 

from tissues. Specifically, CD4+ cells were isolated from the CNS of EAE-diseased 

wildtype mice in two EAE disease models; MOG35-55-induced chronic EAE and PLP139-151-

induced relapsing-remitting EAE. For chronic MOG-induced EAE, the proteomes of CD4+ 

cells isolated from the CNS at disease onset and peak-disease were compared with CD4+ 

cells isolated from the spleens of naïve mice as an unactivated cell control (3 data points). 

For relapsing-remitting PLP-induced EAE, the proteomes of CD4+ cells isolated from the 

CNS at disease onset, peak-disease and remission phases were compared with CD4+ cells 

isolated from the spleens of naïve mice as an unactivated cell control (4 data points).  

 

The data presented in Chapter 5 represent the results of this comprehensive initial study, 

which demonstrate that ICPL labelling of CD4+ cells isolated from tissues at multiple 

stages during EAE disease progression is a valid approach to assess the proteomes of 

pathogenic Th cells. Due to time constraints, ICPL analyses of p84-deficient (compared 

with wildtype) CD4+ cells during EAE disease progression could not be completed. 

Despite this, the results of this initial study described herein provide the platform for future 
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studies comparing the proteomes of p84-deficient and wildtype CD4+ cells during EAE 

pathogenesis. 

 

5.2 Results 

5.2.1 Isolating CD4+ cells during EAE disease progression for ICPL labelling 

The goal of this initial study was to employ ICPL quadruplex and triplex labelling methods 

to examine the proteins differentially regulated by activated CD4+ Th cells during EAE 

disease progression compared with naïve CD4+ Th cells. This was achieved by comparing 

CNS-infiltrating CD4+ cells isolated at disease onset, peak-disease and remission phases 

with naïve unactivated CD4+ controls from wildtype mice. Two models of EAE were 

examined; PLP139-151-induced relapsing-remitting EAE in SJL/J mice and MOG35-55-

induced chronic EAE in C57Bl/6 mice, in order to determine common mechanisms of cell-

mediated pathology171. The proteomic workflow for this feasibility study in wildtype mice 

is presented in Figure 5.1. Briefly, CD4+ cells were isolated from the CNS of mice with 

PLP139-151-induced EAE or MOG35-55-induced EAE at defined disease stages; disease 

onset, peak-disease +/- remission (remission relevant only to PLP-induced relapsing-

remitting EAE disease). As an unactivated cell control, naïve CD4+ cells were purified 

from the spleen of healthy controls. Total protein from each of these control or disease 

groups were differentially labelled with quadruplex (PLP-EAE analysis; 4 data points) or 

triplex (MOG-EAE analysis; three data points) ICPL, pooled and separated by LDS-PAGE 

and HPLC fractionation. MALDI-TOF/TOF analysis was used to determine differentially 

regulated proteins across disease stages and identified protein candidates were subjected to 

network/pathway analyses and validation by quantitative PCR of mRNA transcript 

expression.  
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CD4+ cells were isolated from the brain and spinal cord of mice with PLP139-151-induced 

relapsing-remitting EAE (SJL/J) (left) or MOG35-55-induced chronic EAE (C57Bl/6) (right) 

at designated disease stages, as shown in Figure 5.2 (A), and the purity of isolated cells 

after positive selection using anti-CD4-coupled Dynabeads from mixed CNS (data not 

shown) and spleen cell populations was confirmed to be >95% CD4+, as determined by 

flow cytometric analysis (Figure 5.2 (B)). The disease progression observed for both EAE 

models was consistent with previous reports by ourselves and others139, 238, 239, and as 

expected, the number of cells isolated from the CNS throughout disease progression 

mimicked the clinical disease score based on the severity of clinical symptoms. At disease 

onset, which varied between days 8 and 12 post-disease induction for individual mice, on 

average 2 x 104 cells could be isolated from the CNS, compared with approximately 1 x 

105 cells that could be isolated at peak-disease and remission stages, as shown in Figure 

5.2 (C). Although infiltrating immune cells have been detected in the CNS as early as day 

6 post EAE disease-induction240, 241, these were too few at this early disease stage for a 

comprehensive proteomic analysis. Moreover, since the pathogenic CD4+ target cells that 

infiltrate the CNS to initiate disease are a rare population of cells, the total CD4+ cells 

recovered from numerous mice at each disease stage were required to be pooled to attain 

sufficient amounts of protein for ICPL labelling procedures. 

5.2.2 ICPL labelling and triplex/quadruplex analyses 

Total protein lysates extracted from CD4+ cells from each disease group (naïve, disease 

onset, peak-disease +/- remission) were differentially labelled with one of three (triplex) or 

four (quadruplex) ICPL isotopic labels; light (1H4
12C6), light-mid (2H4

12C6), mid-heavy 

(1H4
13C6), or heavy (2H4

13C6), according to established protocols242 and as shown in Figure 

5.3 (A). Labelled samples were pooled, separated by LDS-PAGE, stained with Coomassie 

Brilliant Blue and excised into 34 distinct gel bands for analysis. Proteins were subjected 
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to tryptic digestion and HPLC fractionation, then peptides were analysed using either the 

UltraflexIII MALDI-TOF/TOF instrument for the MOG-EAE triplex analysis or the more 

sensitive next generation UltrafleXtreme MALDI-TOF/TOF instrument for the PLP-EAE 

quadruplex analysis, which became available to us after the acquisition of the triplex 

dataset. Regulated labelled peptides were quantified and identified using WARP LC and 

MASCOT software (Figure 5.3 (A)).  

 

ICPL quadruplex analyses of CNS-infiltrating CD4+ cells isolated during PLP139-151-

induced relapsing-remitting EAE resulted in the identification of 1515 unique proteins, of 

which 1073 were successfully quantified. Quantification of a peptide requires the detection 

of that defined peptide at least once with each of the isotopic labels. This allows the 

calculation of relative expression of the defined peptide across the analysis groups. In 

comparison to the quadruplex dataset, ICPL triplex analyses of chronic MOG35-55-induced 

EAE resulted in the identification of 565 proteins and the quantification of 336 proteins. 

The discrepancy between the numbers of proteins identified between these two analyses 

was due to the acquisition of the ICPL quadruplex data on the more sensitive technical 

platform afforded by the UltrafleXtreme instrument, compared with the Ultraflex III 

system.  

 

Collectively, 30.8% of the total quantified proteins across the two analyses were found to 

be differentially regulated by at least 2-fold during EAE disease progression relative to 

unactivated naïve control CD4+ cells, as depicted in Figure 5.3 (B, C). Proteins identified 

to be commonly up- and down-regulated by at least 2-fold in both relapsing-remitting 

(PLP-EAE) and chronic (MOG-EAE) models of EAE disease, respectively, relative to 

naïve control samples are summarised in Figure 5.3 (C) and Tables 5.1-5.3. Although the 
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main focus of this study was to determine proteins differentially regulated in both analyses, 

and hence relevant to disease progression in both relapsing-remitting and chronic disease 

models, the proteins regulated in each individual analyses are presented in Appendix A3 

and A4.  

 

The ICPL datasets were further analysed using DAVID Functional Annotation 

Bioinformatics and STRING protein association network tools, as presented in Figure 5.4. 

The assignment of quantified proteins to the DAVID functional GOTERM_BP_1 

annotation revealed that a major percentage of proteins contributed to cellular and 

metabolic processes (PLP: 77.8%, MOG: 83.7% and PLP: 61.7%, MOG: 64.6%, 

respectively), in addition to immune system processes (PLP: 6.9%) and the establishment 

of localisation and cell migration (PLP: 16.0%) (Figure 5.4 (A)). Of the quantified proteins 

determined to be up-regulated in both relapsing-remitting EAE quadruplex and chronic 

EAE triplex datasets, a proportion of proteins were found to cluster as a functional group 

when assessed using the protein association network tool, STRING. This evaluation tool 

builds association networks based on experimental evidence, where the functional groups 

highlighted in Figure 5.4 (B) represent proteins with known roles in immune function 

during inflammation and disease. Proteins within these clusters were identified as pro-

inflammatory factors (Lcn2, S100A4, S100A9, S100A10), anti-inflammatory factors 

(AnxA1), adhesion molecules involved in trans-endothelial migration (Lgals3), mediators 

of signal transduction (AnxA2, Calm1, Nfkb1) and regulators of cytoskeletal 

rearrangement, lymphocyte adhesion and transmigration (Lcp1, Vim). Proteins involved in 

lymphocyte migration and inflammation were of particular interest since these potentially 

represent novel CD4+ cell-driven mechanisms of EAE disease regulation. Furthermore, 

since the migration and infiltration of activated CD4+ Th cells into the CNS represents a 
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major step in the development of EAE disease, these proteins may be required for effective 

infiltration of lymphocytes into the inflamed CNS.  As expected for activated cells, other 

major protein clusters were associated based on functional involvement with protein 

translation and glycolysis (Figure 5.4 (B)). 

5.2.3 Validating protein candidates identified to be up-regulated during EAE 

Collectively, across PLP139-151-induced relapsing-remitting EAE and MOG35-55-induced 

chronic EAE analyses, the expression of 13 proteins were determined to be commonly up-

regulated and the expression of 10 proteins were determined to be commonly down-

regulated by CNS-infiltrating CD4+ cells by at least 2-fold during disease progression in 

both models, relative to their expression by naïve control cells. Tables 5.1 and 5.2 

summarise the degree of regulation of these proteins in each disease model, where the 

intensity of shading represents the extent fold-increase/decrease of peptide intensity. The 

associated annotated spectra and extracted ion chromatograms can be accessed online 

(www.pubs.acs.org/doi/suppl/10.1021/pr500158r) as Supporting Information associated 

with the published manuscript. Four proteins identified to be up-regulated during EAE 

disease progression were selected for validation based on their established roles in 

inflammation (S100A4 and S100A9)243-248, tissue repair (AnxA1)249-251 or membrane 

cytoskeletal rearrangement (AnxA2)252, 253. The expression of these four candidate proteins 

were validated by quantitative PCR analyses of mRNA transcript levels using RNA 

extracted from CNS-infiltrating CD4+ cells isolated from individual mice during PLP139-

151-induced EAE disease progression. The use of biological replicates for validation 

experiments was achievable due to the small amount of RNA required for qPCR analyses, 

therefore the small numbers of CD4+ cells that could be isolated from the CNS of a single 

mouse were sufficient to analyse each mouse individually. In contrast, ICPL required large 

amounts of protein for comprehensive analyses. Therefore, since CNS-infiltrating CD4+ 
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cells were such a rare cell population and large amounts of protein could not be easily 

attained, it required the pooling of protein isolated from the CD4+ cells from multiple mice 

within a disease group for proteomic ICPL labelling. For candidate validation by qPCR 

analysis, CD4+ cells were isolated at peak-disease and remission disease stages, as shown 

in Figure 5.5 (A), and the expression of S100A4, S100A9, Annexin A1 and Annexin A2 

were assessed relative to unactivated CD4+ cells isolated from the spleens of naïve mice, 

Figure 5.5 (B-E), respectively. Up-regulated expression of S100A4, S100A9 and Annexin 

A1 proteins during EAE disease were confirmed at the mRNA transcript level and were 

consistent with regulation observed at the protein level. S100 proteins are known 

inflammatory mediators that have established roles as chemoattractants for neutrophils243. 

The expression of S100 proteins by CNS-infiltrating CD4+ cells may therefore contribute 

to lymphocyte-mediated neutrophil accumulation within the inflamed CNS during EAE 

progression. In contrast to the protein expression of Annexin A2, transcriptional analysis of 

AnxA2 mRNA revealed no significant difference between transcript levels within naïve 

and CNS-infiltrating CD4+ cells during EAE, suggesting that translational regulation may 

account for the observed increase in protein levels of AnxA2 (Figure 5.5 (E)). 
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5.3 Summary 
The results of the initial ICPL proteomic study presented in Chapter 5 demonstrate that 

differentially regulated proteins required for immune system processes could be 

successfully identified and quantified using ICPL isotopic labelling methods of CNS-

infiltrating CD4+ cells during EAE disease progression. This work investigating the 

proteomes of wildtype CD4+ lymphocytes during EAE pathogenesis provides the 

foundation for future works investigating the proteomes of CD4+ cells isolated from the 

CNS of p84-deficient (Pik3r6-/-) mice during EAE disease progression. In order to conduct 

future analyses of CD4+ cells isolated from spleen, blood and CNS of Pik3r6-/- mice during 

EAE, the colony would need to be expanded, since relative to diseased wildtype animals 

fewer CD4+ cells can be isolated from the CNS of Pik3r6-/- mice (refer to section 4.2.11). 

For this reason and due to time constraints, ICPL proteomic analyses using Pik3r6-/- mice 

were outside the scope of this project.  
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Figure 5.1: CD4+ cell sample preparation and ICPL proteomic workflow. 

The proteomes of CD4+ cells isolated from the CNS during experimental autoimmune 

encephalomyelitis (EAE) disease progression in two disease models were examined 

relative to unactivated control CD4+ cells isolated from healthy naïve mice. PLP139-151-

induced relapsing-remitting EAE and MOG35-55-induced chronic EAE disease were 

induced in SJL/J and C57Bl/6 mice, respectively, and disease was monitored daily. 

Infiltrating CD4+ Th cells were isolated from the diseased CNS at disease onset, peak-

disease and remission for PLP139-151-induced relapsing-remitting EAE, or disease onset and 

peak-disease for MOG35-55-induced chronic EAE, in addition to control CD4+ cells isolated 

from the spleens of naïve mice. Protein samples from naïve control or EAE disease groups 

were labelled using quadruplex (PLP-induced EAE; 4 data points) or triplex (MOG-

induced EAE; 3 data points) isotope-coded protein labelling (ICPL) methods, separated by 

LDS-PAGE and then tryptic digest was performed. Differentially regulated peptides were 

identified by LC-MS/MS analyses and proteins identified to be differentially regulated by 

CD4+ cells during EAE disease by >2-fold relative to naïve control cells were subjected to 

pathway/network analyses using Database for Annotation, Visualisation and Integrated 

Discovery (DAVID) and Search Tool for the Retrieval of Interacting Genes/Proteins 

(STRING) evaluation tools. The mRNA transcript expression of selected protein 

candidates was examined by quantitative PCR analyses of CNS-infiltrating CD4+ cells 

isolated during EAE disease progression from individual diseased mice relative to control 

CD4+ cells isolated from naïve mice. 
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Figure 5.2: CD4+ cell isolation from the CNS during EAE disease progression.  

CD4+ cells were isolated from the CNS of EAE-diseased mice at various disease stages in 

two models of EAE disease. (A) Disease progression for PLP139-151-induced relapsing-

remitting EAE in SJL/J mice (left panel) and MOG35-55-induced chronic EAE in C57Bl/6 

mice (right panel); clinical disease score monitored daily, (n=14). Selected disease stages 

for analysis (disease onset, peak-disease ± remission) are designated (arrows) and defined 

as follows; disease onset (clinical disease score 0.5), peak-disease (clinical disease score 

>2.5) and remission (clinical disease score 0.5/1, recovery >2 scores; PLP-induced EAE 

only). (B) CD4+ cells were isolated from CNS or spleen cell preparations at designated 

disease stages by positive cell selection using CD4-specific antibody-coupled Dynabeads. 

Representative flow cytometry plots of CD4+ cell purity pre- and post-CD4+ cell isolation 

from a naïve splenocyte suspension is shown. Live lymphocytes were pre-gated (left panel) 

and the percentage of cells stained positive for CD4 surface expression (black histogram) 

relative to the isotype control staining (grey shaded histogram) is depicted for pre-isolation 

(middle panel) and post-isolation (right panel) samples. (C) The number of CD4+ cells 

isolated from pooled CNS samples within each disease stage group was enumerated 

following positive selection. Each data point represents the average number of cells 

isolated per mouse from each isolation sample. PLP139-151-induced EAE: disease onset 

(n=53; 11 isolations), peak-disease (n=17; 7 isolations), remission (n=20; 6 isolations); 

MOG35-55-induced EAE: disease onset (n=51; 8 isolations), peak-disease (n=22; 6 

isolations). 
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Figure 5.3: Examining two EAE disease models: ICPL analysis of CD4+ cells isolated 

from the CNS during relapsing-remitting and chronic EAE disease progression. 

(A) Total protein lysates (15µg) from each disease sample group were differentially 

labelled with one of four ICPL isotopic labels; light (1H4
12C6), light/mid (2H4

12C6), 

mid/heavy (1H4
13C6) or heavy (2H4

13C6), then pooled and separated by LDS-PAGE. Gel 

bands were excised (annotated by dotted lines), tryptic digest was performed and resultant 

peptides were fractionated by HPLC for acquisition on either UltrafleXtreme (PLP-induced 

EAE) or Ultraflex III (MOG-induced EAE) MALDI-TOF/TOF instruments. The intensity 

distribution of individual ICPL labels determined for each peptide was quantified and 

identified using WARP LC 1.2 and MASCOT software tools. Fold-regulation of peptide 

intensity was calculated relative to naïve CD4+ control samples for quadruplex and triplex 

labelling, where significance was considered to be >2-fold up- or down-regulation. (B) 

Summary of identified and regulated proteins for PLP139-151-induced relapsing-remitting 

EAE analysis. (C) Summary of identified and regulated proteins for MOG35-55-induced 

chronic EAE analysis. (D) Venn diagram depicting the number of proteins identified, 

quantified and determined to be differentially regulated between two EAE model analyses.  
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Figure 5.4: Analyses of CNS-infiltrating CD4+ cells isolated during relapsing-

remitting and chronic EAE disease progression identified a broad coverage of 

regulated proteins. 

(A) Total quantified proteins for PLP139-151-induced and MOG35-55-induced EAE analyses 

were subjected to Database for Annotation, Visualisation and Integrated Discovery 

(DAVID) and categorised based on the functional gene ontology annotation, 

GOTERM_BP_1, which assigned proteins to functional groups. (B) Search Tool for 

Retrieval of Interacting Genes/Proteins (STRING 9.05) was used to evaluate proteins 

determined to be up-regulated during PLP139-151-induced and MOG35-55-induced EAE 

disease progression relative to control samples; association clusters were compiled based 

on experimentally verified and predicted protein-protein interactions. A sub-network of 

proteins associated with immune function during inflammation and disease is highlighted 

(dashed box). 
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Table 5.1: Proteins up-regulated by CNS-infiltrating CD4+ cells during both relapsing-

remitting and chronic EAE progression.  

Differential regulation defined as >2-fold increase in intensity relative to naïve CD4+ 

control; selected protein candidates for validation are highlighted.   
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Table 5.2: Proteins down-regulated by CNS-infiltrating CD4+ cells during both relapsing-

remitting and chronic EAE progression.  

Differential regulation defined as >2-fold decrease in intensity relative to naïve CD4+ 

control. 
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Table 5.3: Established cellular functions of identified regulated proteins. 

The known functions of proteins identified to be differentially regulated by CD4+ cells 

isolated from the CNS during relapsing-remitting and chronic EAE disease relative to 

naïve control cells are compiled. Selected protein candidates for validation are highlighted. 
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Figure 5.5: Candidate validation by quantitative PCR of mRNA transcript levels. 

CD4+ cells were isolated from the inflamed CNS of mice induced with PLP139-151-EAE at 

peak-disease and remission stages, in addition to CD4+ cells isolated from the spleens of 

naïve control mice; total RNA was extracted for quantitative PCR of mRNA transcript 

expression. (A) Disease progression of PLP139-151-induced EAE; disease stages for analysis 

are designated (arrows). Transcript expression of (B) S100A4, (C) S100A9, (D) Annexin 

A1 and (E) Annexin A2 are presented, as determined by quantitative PCR (normalised 

relative to reference gene RPLP0). Data are presented as mean ± SEM; peak-disease (n=6), 

remission (n=10), naïve control (n=6); t-test *p<0.05, **p<0.01.  
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Chapter 6: Discussion 
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Chapter 6: Discussion 
PI3Kγ signalling is required for the formation of the leading edge during induction of cell 

polarisation and migration in response to chemotactic signals transmitted though G 

protein-coupled receptors (GPCR)2, 7, 145, 160, 254. While the PI3Kγ subunits p110γ, p84 and 

p101 are expressed by most cells in the organism4, they are predominantly expressed by 

highly motile haematopoietic cells, where PI3Kγ signalling is necessary for their 

coordinated migration during immune responses7, 8, 145, 160. The dependence on PI3Kγ 

complexes for cell migration has been demonstrated primarily through the use of 

genetically-modified p110γ-deficient mouse models (p110γ-/- and p110γKD/KD)7-9, 121 and 

the p110γ-specific inhibitor (AS605240)8, 9, 255. With these tools, the dependence on the 

catalytic activity of p110γ for PI3Kγ function can be assessed using AS605240 or the 

p110γKD/KD mouse, where the kinase activity of p110γ is inhibited whilst the structure of 

p110γ remains intact. In contrast, the p110γ-/- mouse that is deficient in p110γ protein 

expression has also been shown to lack expression of p84 and p101 adaptor proteins121, 148. 

For this reason, in addition to the potential functional redundancy that exists between the 

regulatory adaptor subunits, elucidating the molecular regulation of p110γ by p84 and p101 

adaptor proteins is a complex task. Upon GPCR engagement, PI3Kγ complexes (composed 

of heterodimeric p84/p110γ or p101/p110γ) are transiently recruited to the plasma 

membrane where they interact with Gβγ and partially integrate into the lipid bilayer, 

processes that facilitate the activation of p110γ lipid-kinase activity towards proximal 

phosphatidylinositol lipid substrates embedded within the membrane4-6, 10, 12, 87. PIP3 lipids 

catalysed by PI3Kγ propagate phosphorylation cascades involving multiple protein kinase 

effectors, such as Akt/PKB, which depending on the cell type, ultimately result in 

transcriptional changes within the cell and/or the induction of chemotaxis1, 91, 145, 220.  

 

Although a number of steps in this signalling pathway are well-characterised, the roles of 

the p84 and p101 adaptor proteins in PI3Kγ signalling are not completely understood. 

Specifically, the subcellular localisation and kinetics of the interaction between a p110γ 

catalytic subunit and an adaptor subunit, and how signal specificity is achieved in relation 

to the dimerisation of p110γ with either p84 or p101 are yet to be elucidated. Whilst it has 

been shown that p110γ participates in mutually-exclusive binding to a single adaptor 

protein at any given time4, 6, 11, 119, 256, whether p84 and p101 binding-partners can be 
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exchanged by the catalytic subunit (depending on the activating signal) or whether 

p84/p110γ and p101/p110γ heterodimeric enzymes exist in different subcellular pools and 

therefore contribute to distinct signalling cascades121 remains unclear. Likewise, the 

molecular mechanisms that drive PI3Kγ complex formation and signal activation at the 

membrane, in addition to those that control the subsequent termination of transient 

signalling and release of the enzyme from the membrane are yet to be defined.  

 

The importance of PI3Kγ signal regulation has been further emphasised by the 

demonstration that up-regulated expression of p110γ and/or p101 subunits results in 

enhanced PIP3 accumulation and is sufficient to promote cellular transformation31, 135, 176. 

In comparison to the tumour-promoting potential of p110γ and p101 described above, data 

suggesting that p84 maintains a weaker interaction with p110γ4, 6, 119, has reduced 

sensitivity towards Gβγ4, 11 and mediates less robust PI3Kγ lipid-kinase activity relative to 

p101, has led to the proposal that p84 may have an alternative regulatory role within PI3Kγ 

signalling. Divergent roles for p84 and p101 have been previously reported119, 120, 122, 123, 

for example, p84/p110γ and p101/110γ heterodimers have been shown to differ in their 

spatio-temporal localisation in vitro4, 11, 122, 125 and produce distinct intracellular pools of 

PIP3 lipid products121. Furthermore, data from our own laboratory in models of mammary 

epithelial carcinoma have revealed that unlike p110γ and p101 that enable growth and 

facilitate tumour metastasis through heightened and/or prolonged PI3Kγ signalling, p84 

possesses novel tumour suppressor capacity via an effect on p110γ membrane 

localisation123.  

 

While it is clearly important to resolve the molecular regulation of PI3Kγ signalling, in 

particular the distinct contributions of p84 and p101 adaptor proteins, there are significant 

challenges involved with this research. Firstly, PI3Kγ proteins are expressed at low 

endogenous levels, particularly with respect to the p84 and p101 adaptor proteins, of which 

there are limited quality reagents to specifically detect their expression and localisation. 

Secondly, although the highest expression of PI3Kγ subunits has been reported in 

haematopoietic cells, these cells are notoriously difficult to manipulate, which has resulted 

in many research groups utilising cell lines where PI3Kγ subunits can be ectopically 

expressed in order to study protein complex interactions4, 6, 11, 87, 119, 135. Furthermore, since 

p84 and p101 adaptor proteins have been shown to mediate PI3Kγ signalling through 
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analogous mechanisms, where signalling is commonly defined and measured by the 

accumulation of membrane-localised PIP3 and the induction of phosphorylated Akt, 

potential redundancy and compensation between these adaptor subunits must be 

considered.  

 

The aims and experiments of the present study were undertaken to increase our knowledge 

of the molecular regulation of p84 and the distinct roles for p84 in PI3Kγ signalling and 

PI3Kγ-dependent cell functions. This was achieved using three main avenues of research. 

The first examined the molecular regulation of p84 by investigating the phosphorylation 

status of p84 in response to GPCR-mediated cell stimulation. Regulatory phosphorylation 

sites identified within p84 were assessed for their role in p84/p110γ heterodimer formation, 

subunit localisation and the tumour suppressor function of p84.  This first aspect of the 

project utilised the MDA.MB.231 mammary carcinoma cell line to examine mechanisms 

of PI3Kγ signal activation in the context of p84-mediated tumour suppression. The second 

major research aim led to the generation and characterisation of a p84-deficient mouse 

(C57Bl/6 Pik3r6-/-) using CRISPR gene-editing technology, which was utilised to assess 

the requirement of p84 for haematopoietic cell function during homeostasis and disease. 

The third and final aspect of this research project was centred on the development and 

optimisation of an ICPL proteomics method to investigate the proteomes of migratory 

effector lymphocytes during inflammatory disease, with the ultimate aim of deciphering 

p84- and PI3Kγ-dependent signalling pathways in these cells.  

 

The research presented in this thesis has resulted in the characterisation of a p84-dependent 

mechanism within PI3Kγ signalling to control p110γ membrane localisation and inhibit the 

growth and metastasis of breast cancer cells. In addition, the Pik3r6-/- mouse strain was 

used to identify novel p84-dependent roles within immune cell migration in vivo and in 

vitro. Finally, the results presented here described the optimisation of an ICPL proteome 

labelling approach to analyse differentially-regulated proteins expressed by CD4+ 

lymphocytes during the induction of the autoimmune inflammatory condition, EAE. The 

presented proteomic analyses represent a platform for future investigation of the role of 

p84 in PI3Kγ-dependent signalling and cell migration during inflammatory disease, 

through comparisons between p84-deficient lymphocytes and wildtype counterparts.  
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6.1 The induction of Thr607-dependent p84/p110γ  heterodimers represents 

a regulatory mechanism of PI3Kγ  signalling that is required for the tumour 

suppressor function of p84  
 

The ability of p84 to suppress tumour metastasis was previously observed in a model of 

experimental haematogenous metastasis, where the siRNA-induced knockdown of p84 

expression in MDA.MB.231 mammary carcinoma cells was found to enhance their 

metastatic potential in vivo123. In that study, PI3Kγ signalling in p84-knockdown cells was 

dysregulated, as shown by persistent membrane-localisation of p110γ and constitutive 

phosphorylation of Akt in the absence of additional GPCR stimulation, indicative of 

constitutive PI3Kγ activity. This phenotype observed for p84-knockdown cells suggests 

that p84 is required for the termination of PI3Kγ signalling. In contrast, p110γ- and p101-

knockdown cells displayed a reduction in metastatic potential, characterised by diminished 

PI3Kγ signalling123, thereby confirming the role of p110γ and p101 subunits in PI3Kγ-

dependent metastasis.  Collectively, these data suggest that p110γ and p101 subunits 

promote tumour metastasis whilst p84 possesses tumour suppressor function in 

MDA.MB.231 cells through the control of p110γ localisation and therefore activity. 

However despite these findings, the molecular mechanisms by which p84 participates in 

PI3Kγ signal activation/termination and influences the localisation of p110γ in 

MDA.MB.231 cells remain unclear. Therefore to understand the mechanisms by which 

p84 functions as a tumour suppressor, information regarding the regulation of the p84 

adaptor protein during PI3Kγ signalling was sought. 

 

There are three regulatory mechanisms known to control PI3K family interactions that 

promote or inhibit lipid-kinase activity; these are structural restrictions where heterodimers 

adopt open or closed conformations that dictate adaptor binding and/or kinase activity12, 59, 

71, 72, the phosphorylation of catalytic or adaptor subunits that allow or prevent 

heterodimerisation66, 124 and the phosphorylation of catalytic subunits within PI3Kγ 

complexes that directly inhibits their kinase activity74, 108, 120. Thus, transient 

phosphorylation of PI3K complexes represents an integral mode of regulation that defines 

the activity of PI3K heterodimers. Structural analyses of p84 have been limited by the 

inability to generate crystals of sufficient quality for hydrogen-deuterium exchange mass 

spectrometry (HDX-MS) and to date the crystal structure of p84 has not been resolved124. 
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At the commencement of the present study, protein expression of codon-optimised human 

p84 was attempted in mammalian and insect cells using baculovirus expression vectors in 

order to purify p84 for crystallisation (data not shown). However, as per previous reports 

in the field, the expression of full-length p84 protein was not achieved to sufficient 

amounts or purity for crystallisation with the technology available and therefore was not 

further pursued. Had this been a major aim of the project, p84 protein truncation mutants 

could have been designed and screened in order to crystalise segments of the protein, 

although this approach is limited since the domain structure of p84 remains unknown. 

 

In the data presented in this thesis, the regulation of PI3Kγ signalling was examined in the 

context of transient regulatory phosphorylation of p84 upon GPCR stimulation. The 

phosphorylation status of p84 during PI3Kγ signalling downstream of CXCL12/CXCR4 

stimulation was investigated to identify regulatory phosphorylation sites within p84 that 

may influence the activity and/or localisation of p84/p110γ heterodimers. Regulatory 

phosphorylation events have been previously reported for Class I PI3K isoforms, where 

phosphorylation of p85α at Ser608 by p110α has been shown to inhibit the lipid-kinase 

activity of PI3Kα by 3- to 7-fold108. This represents a mechanism of intrinsic PI3K 

regulation and it was therefore proposed that a similar phosphorylation-dependent 

mechanism of regulation might be relevant to PI3Kγ complexes through the 

phosphorylation of p84. In silico analyses, mass spectrometry of p84 immunoprecipitated 

from stimulated cells and in vitro kinase assays using p84 peptides resulted in the 

identification of two putative phosphorylation sites within p84, Ser358 and Thr607. These 

regulatory sites were predicted to be phosphorylated by two known downstream kinases of 

the PI3Kγ signalling pathway, namely GSK-333, 219 and Akt91, 220, respectively, indicating 

that phosphorylation of p84 at these sites may represent feedback signalling within the 

system. Numerous oxidation modifications to p84 were also identified by mass 

spectrometry of p84 isolated from stimulated cell lysates. Although the biological 

relevance of these modifications was not examined, the significance of these novel 

oxidation events to p84 should be investigated in future studies, particularly Met236, 

where oxidation was induced upon stimulation. Reversible methionine oxidation is a 

common post-translational modification that often alters the activity of the protein257. For 

instance, cofilin is a regulator of actin dynamics during T cell activation and migration that 
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is sensitive to oxidation modifications, where the oxidation of cofilin results in the 

inactivation of its actin-depolymerising activity258. 

 

Phosphorylation of Ser358 within p84 has been previously reported in a large-scale kinome 

study259 and in the present study, phosphorylation of Ser358 was identified to be 

constitutive, as determined by mass spectrometry of p84 isolated from resting and 

CXCL12-stimulated MDA.MB.231 cell lysates. In contrast to Ser358 and despite in silico 

prediction data, Thr607 phosphorylation could not be identified within p84 precipitated 

from cell lysates. Assuming that phosphorylation of p84 by Akt kinase on Thr607 is a true 

phosphorylation event in response to GPCR stimulation in cells, three explanations as to 

why p-Thr607 was not detected from cell lysates could be proposed. Firstly, the 

phosphorylation of Thr607 is a brief transient signalling event and the stimulation 

conditions and isolation method employed failed to detect phosphorylation of p-Thr607. 

Secondly, only a small percentage of p84 is transiently phosphorylated on Thr607 and this 

was below the detection limit of the method. The extent of detectable phosphorylation may 

also have been reduced by the extensive sample manipulation involved in extracting p84 

from total cell lysates, despite the presence of phosphatase inhibitors, which prevented the 

detection of p-Thr607. Although phosphorylation on Ser358 would be compromised to the 

same extent within isolated p84, phosphorylation at this site was observed to be 

constitutive and a strong signal above the detection limit. The third explanation that cannot 

be ruled out is that p84 is not phosphorylated on Thr607 in cells contrary to in silico 

predictions, although as discussed below, substantial further data suggest this is unlikely.  

 

Since Akt kinase was predicted to phosphorylate p84 on Thr607 (based on Thr607 and 

surrounding residues forming a defined Akt consensus site), but p-Thr607 was not detected 

in cell lysates, the phosphorylation of a p84 peptide was assessed in vitro. Whilst no 

antibodies were available to detect phosphorylated p84 directly (discussed later), a 

commercially-available antibody was utilised that detected the presence of phosphorylation 

at an Akt kinase-phosphorylation consensus site such as phosphorylation on Thr607 within 

the p84 peptide. Using this antibody, Akt was found to readily phosphorylate Thr607 

within the synthetic p84 peptide and furthermore, Akt co-precipitated with p84-HA in 

lysates from both resting and stimulated MDA.MB.231 cells. While it is unclear if the 

basal co-precipitation of Akt with p84-HA is real or as a consequence of in vitro culture, 

the interaction is clearly induced upon GPCR stimulation. These data showing a physical 
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interaction between p84 and Akt further support an Akt-mediated feedback signal through 

the phosphorylation of p84 on Thr607, downstream of PI3Kγ signal activation. This 

phosphorylation within p84 represents another instance where transient phosphorylation of 

single residues within Class I PI3K signalling complexes is a mode of regulation, as has 

been described for p110α/p85 interactions with phospho-tyrosine residues of activated 

RTKs66 and the displacement of p84 from p110γ in mast cells through the phosphorylation 

of the helical domain of p110γ124. Phosphorylation of p84 on Thr607 and the numerous 

oxidation sites identified by mass spectrometry in the present study represent novel post-

translational modifications to p84. 

 

The role of identified putative Ser358 and Thr607 phosphorylation sites in the tumour 

suppressor function of p84 was assessed using the MDA.MB.231 model of mammary 

carcinoma. As described earlier, one of the major challenges facing PI3Kγ research is the 

lack of quality reagents available to specifically detect endogenous PI3Kγ subunit 

expression, particularly with respect to p84. In the present study, the sole commercially-

available antibody (Santa Cruz anti-p87PIKAP), an anti-p84 antibody developed in-house 

(anti-p84.2) and a newly-developed in-house phospho-specific antibody (against a 

synthetic Thr607-phosphorylated p84 peptide) to detect p84 phosphorylated on Thr607 

were tested for their sensitivity and specificity against MDA.MB.231 cell lysates. 

Unfortunately, each was found to be ineffective for the detection of p84 or p84-pThr607, 

respectively. In the literature there is evidence of a polyclonal antibody that specifically 

recognises p84(4, 6). Unfortunately, this has not been commercialised and has not been 

shared by the inventors. 

 

Therefore, to examine the ability of p84 to dimerise with p110γ, the kinetics of p84/p110γ 

recruitment to the plasma membrane and determine the requirement of Ser358 and Thr607 

residues for p84 function, an HA-tagged p84 expression system was developed using the 

retroviral expression vector pMSCV. Engineered constructs were used to transduce 

MDA.MB.231 cells to express wildtype p84 (p84-HA) or mutant p84 (p84-S358A-HA and 

p84-T607A-HA) proteins, where Ser358 and Thr607 residues had been mutated to alanine, 

thereby negating phosphorylation at these sites. This system led to the stable, high level of 

expression of wildtype and mutant p84-HA proteins in MDA.MB.231 cells and allowed 

their detection and immunoprecipitation utilising high quality, sensitive anti-HA 
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commercial antibodies. The control cell line employed for experiments where p84-HA was 

expressed was MDA.MB.231 cells transduced with the empty pMSCV retroviral 

expression vector. This control served two purposes; firstly to allow the comparison 

between endogenous p84 and the effect of enhanced p84 expression on the tumourigenic 

properties of MDA.MB.231 carcinoma cells; and secondly to provide a negative control 

for p84 protein interaction studies in which interaction partners were detected using anti-

HA precipitations. Collectively, in the absence of quality p84-specific antibodies, the p84-

HA expression system was concluded to be a valid method to specifically assess the 

function of p84 and Ser358/Thr607 regulatory residues through the detection of p84 

proteins using the HA tag. Advances in methodology allow for novel approaches, for 

example another alternative approach that may be considered in the future would be to 

genetically-modify cells to incorporate the HA fusion tag immediately 5’ of the 

endogenous gene for p84 (Pik3r6). This could be achieved using CRISPR technology199, 

200, 203 and would allow the detection and isolation of endogenously expressed p84 using 

anti-HA antibodies.  

 

Considering that siRNA-induced knockdown of p84 expression was shown to enhance the 

metastatic potential of MDA.MB.231 cells123, consistent with a tumour suppressor function 

of p84, it was hypothesised that the increased expression of p84 would inhibit the 

metastatic potential of these cells. A major aim of the present study was therefore to 

determine the mechanism by which p84 mediated tumour suppression of MDA.MB.231 

mammary carcinoma cells. In keeping with the above hypothesis, increased expression of 

wildtype p84 was found to reduce the metastatic capability of MDA.MB.231 cells both in 

vivo, in a model of experimental haematogenous metastasis, and in vitro in an attachment-

independent growth assay. Collectively, these assays assessed the ability of cancer cells to 

survive and form tumour masses from single cells. These data support the tumour 

suppressor function of p84 and suggest that increased expression of p84 is sufficient to 

inhibit tumour growth properties. Although speculative, it was proposed that increased 

expression of p84 led to the suppression of MDA.MB.231 cell tumourigenesis through the 

inhibition of PI3Kγ signalling. In this context, p84 may act as a negative regulator of 

PI3Kγ and compete with p101 for p110γ binding, resulting in reduced PI3Kγ signalling. 

This model assumes that p110γ is available for either p84- or p101-binding at the same 

spatial localisation (allowing competition between adaptors) and would be consistent with 
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the phenotype observed in p84-knockdown cells, where the absence of p84 expression 

resulted in increased PI3Kγ activity and constitutive p110γ localisation at the membrane 

(mediated by p101).  

 

In addition to data generated in p84-knockdown MDA.MB.231 cells123 and described 

above, the tumour suppressor function of p84 documented in the present study is supported 

by large-scale genomic and expression studies of human invasive primary breast cancer 

samples195-197. More specifically, a publication by Curtis et al. (2012) in Nature 

documented a high-throughput transcriptomics screen of over 2,000 primary human breast 

cancer samples, which identified p84 to be commonly down-regulated by invasive breast 

cancer cells at a number of stages of tumour progression. For instance, within invasive 

ductal carcinoma that represented a large breast cancer sub-group, p84 was found to be 

down-regulated in >80% of patient samples195. Likewise, when interrogating cancer studies 

in the cBio Cancer Genomic Portal database for genome mutation and copy number 

alterations (http://www.cbioportal.org/)196, 197, it was found that of 98 studies where data 

was available for Pik3r6 (p84), alterations were observed in 47 analyses across numerous 

cancer types. Of these 47 studies, 78% documented only mutation and/or deletion 

alterations to Pik3r6 in comparison to 4% that documented solely amplification alterations. 

Of these, a single analysis included invasive breast cancer samples where cases of mutation 

and deletion were reported, whilst no amplification events were identified. Together, these 

two large-scale studies suggest that p84 is commonly deleted or down-regulated in human 

invasive breast cancer, which is consistent with the data presented in this thesis generated 

in human breast cancer cell lines describing p84 as a tumour suppressor protein. 

 

Beyond the confirmation of p84 as a novel tumour suppressor protein, further 

experimentation revealed that the tumour suppressor function of p84 was dependent on 

Thr607, but not Ser358. Whilst expression of wildtype p84 was shown to suppress the 

oncogenic potential of MDA.MB.231 cells in vivo and in vitro relative to the vector control 

cell line, the suppression conferred by p84 was lost in the absence of Thr607, where cells 

expressing p84-T607A showed a comparable number of metastases to the vector control 

cell line. Although it cannot be concluded that the tumour suppressor function of p84 is 

dependent specifically on phosphorylation at Thr607 (due to the inability to isolate p84-

pThr607 from cells), it suggests that Thr607 is an essential residue to the function of p84, 

whether as a phosphorylation site or as a residue required for the structure or conformation 
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of the protein. Specifically, p84-T607A may not function in the same manner as wildtype 

p84 due to an inability to fold as required, an inability to bind with other interaction 

partners such as ras-GTPase, or an inability to localise near or interact with p110γ. Indeed, 

by examining the interactions between p110γ and wildtype p84 or p84-T607A, it was 

found that p84-T607A displayed reduced binding with p110γ in response to GPCR 

stimulation.  

 

The requirement of Thr607 to the function of p84 was further emphasised by the 

comparison of MDA.MB.231 cells transduced to express p84-T607A with cells lacking 

p84 expression (p84-knockdown cells). In a model of in vitro PI3Kγ-dependent migration, 

the expression of p84-T607A was found to accelerate the migration of MDA.MB.231 cells 

in a similar fashion to p84 knockdown, when compared with cells expressing the wildtype 

protein. Comparable phenotypes observed for p84-T607A-expressing cells and p84-

knockdown cells indicate that p84-T607A may represent a non-functional p84 protein, at 

least in the context of cell migration. Furthermore, it could be speculated based on these 

data that in the absence of p84-mediated suppression in p84-T607A-expressing cells, 

enhanced tumourigenicity may be driven by heightened or prolonged PI3Kγ signalling as a 

result of increased availability of the p110γ catalytic subunit for p101-mediated PI3Kγ 

activation, as has been previously proposed for p84-knockdown cells123. Although it 

remains unclear whether p84 and p101 adaptor proteins directly compete for p110γ-

binding in an endogenous system, these data and previous data123 suggest that loss of 

functional p84 results in enhanced PI3Kγ signalling driven by p101. The molecular 

regulation of heterodimeric complexes by two distinct adaptor proteins that possess 

opposing functions as tumour-suppressive or oncogenic adaptor proteins, has been 

previously described for tumour suppressor Pbx-regulating protein-1 (Prep1) and myeloid 

ecotropic viral integration site-1 (Meis1) proteins that competitively bind the same partner, 

pre-B-cell leukemia homeobox-1 (Pbx1), to regulate protein stability and 

tumourigenesis260. 

 

In contrast to Thr607, the loss of Ser358 (p84-S358A) was not found to affect the tumour 

suppressor function of p84, indicating that the constitutive phosphorylation identified on 

Ser358 is dispensable for p84-mediated suppression. In addition, p84-S358A showed 

comparable heterodimerisation to p110γ to wildtype p84 and the expression of p84-S358A 
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did not alter the kinetics of p110γ membrane recruitment upon cell stimulation. 

Collectively, the loss of Ser358 did not impact p84 function in the context of PI3Kγ signal 

regulation or tumour suppression in vitro or in vivo. Rather, it could be proposed that 

phosphorylation on Ser358 is required for additional interactions of p84 with other protein 

binding partners, such as ras-GTPase11, or may play specific roles in other cell types under 

different stimulation conditions, such as in cardiomyocytes where p84 is required as a 

structural protein in a multimeric complex involved in the regulation of cardiac 

contractility120, 143. 

 

In order to determine the molecular mechanism by which p84 exerts tumour suppression in 

a Thr607-dependent manner in MDA.MB.231 cells, the ability of wildtype and mutant p84 

proteins to form heterodimers with p110γ and translocate to the plasma membrane was 

investigated. These experiments were designed to determine whether p84-mediated tumour 

suppression was as a result of p84 participation in PI3Kγ enzymatic activity at the plasma 

membrane. In the present study, basic attachment-independent survival (data not shown) 

and cellular proliferation of MDA.MB.231 cells were not affected by the expression of 

wildtype or mutant p84 (p84-S358A and p84-T607A) proteins, indicating that the tumour 

suppression conferred by p84 was not a result of inhibited proliferation from the single 

carcinoma cell stage. This suggests that these particular tumour cell properties are not 

governed by p84 expression, which is consistent with the known contributions of PI3Kα, 

PI3Kβ and PI3Kγ to the control of proliferation and survival2, 3, 34, 160. However, these are 

in contrast to the significant effect of p84 expression on the spherical tumour growth of 

MDA.MB.231 cells, which may alternatively be regulated via an effect on apoptosis. 

 

Although the expression of wildtype p84 was shown to limit the tumourigenicity of 

MDA.MB.231 cells in a Thr607-dependent manner in vitro and in vivo, cell proliferation in 

these cells was found to be unaltered. The data presented in this thesis suggest that p84 

negatively regulates PI3Kγ signalling, therefore the ability of wildtype and mutant p84 

(p84-S358A and p84-T607A) proteins to dimerise with p110γ and translocate to the 

plasma membrane was examined. PI3Kγ activity downstream of GPCR stimulation 

requires the translocation of PI3Kγ heterodimers (p84/p110γ or p101/p110γ) to the plasma 

membrane where the lipid-kinase activity of p110γ is activated by the interaction of the 

complex with Gβγ, partial integration of p110γ into the lipid membrane and direct 
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stimulation by the adaptor protein, as has been proven in the case of p1014, 12, 129, 130. In 

contrast, p84 lacks intrinsic p110γ-activating ability and requires the auxiliary actions of 

ras-GTPase to form a catalytically-active PI3Kγ complex4, 11. In the present study using co-

precipitation assays, wildtype p84 was found to maintain a low basal level of interaction 

with p110γ in the absence of cell stimulation, which was further induced upon 10 minutes 

stimulation with CXCL12. This represents the first description of inducible dimerisation of 

p84 with p110γ in response to stimulation. Independent studies in cardiomyocytes and 

peripheral blood mononuclear cells had previously observed that p101/p110γ complexes 

were induced in response to persistent stimulation, but in contrast to the data of the present 

study, p84/p110γ dimerisation in those analyses was found to be constant4, 120. The 

differences observed between p84/p110γ dimerisation in our study (inducible dimerisation) 

compared with previous reports in cardiomyocytes and peripheral blood mononuclear cells 

(stable dimerisation) could be attributed to the temporal context of the stimulation and 

differences between the cell types examined. Specifically, in the previous studies described 

above, cardiomyocytes and peripheral blood mononuclear cells were persistently 

stimulated (from 24 hours to weeks). Whereas in contrast, the stimulation of 

MDA.MB.231 cells in the present study was limited to 0-20 minutes, as these experiments 

were designed to assess the immediate activation of PI3Kγ signalling.  

 

Next, the formation of induced p84/p110γ heterodimers in response to cell stimulation was 

considered in relation to the kinetics of p-Akt induction (as an indication of PI3Kγ signal 

activation) to establish the contribution of p84/p110γ complexes to p-Akt generation in 

MDA.MB.231 cells. The phosphorylation of Akt was unaffected by the expression of 

wildtype or mutant p84, and was found to occur within 5 minutes stimulation with 

CXCL12 in MDA.MB.231 cells. It should be noted that this assay was not capable of 

distinguishing between PI3Kγ signalling mediated by p84/p110γ as opposed to p101/p110γ 

complexes. However, since the detectable induction of p84/p110γ heterodimers (at 10 

minutes) was found to occur after the induction of p-Akt (peaking at 5 minutes), it suggests 

that initial PI3Kγ-lipid-kinase activity was not mediated by p84/p110γ complexes. Instead, 

the observed PI3Kγ activation leading to peak p-Akt levels at 5 minutes stimulation was 

likely to be facilitated by p101 adaptor-mediated PI3Kγ, as has been previously proposed, 

where p101 has been shown to execute more rapid and robust PIP3 catalysis6, 10-12. 

Alternatively, these data may reflect a scenario where p84/p110γ heterodimers contribute 
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to PI3Kγ signalling resulting in Akt phosphorylation, but that an increase in p84 expression 

does not affect this outcome. 

 

In contrast to wildtype p84, there was no induction of p84-T607A/p110γ heterodimers 

upon cell stimulation even though a similar level of basal dimerisation was evident. This 

suggests that the ability of p84 to form an inducible heterodimer with p110γ is dependent 

on Thr607. It should also be noted that although the domain structure for p84 is unknown, 

it has been proposed that the N-terminal portion of the protein is required for p110γ-

binding (based on a degree of homology with p101)5, 6, whereas Thr607 is located closer to 

the C-terminus of p84. However, crystallisation of the p84/p110γ complex will be required 

to resolve and define the p110γ-binding interface of p84.  

 

A second approach was employed to determine the likely contribution of induced 

p84/p110γ heterodimers to active PI3Kγ signalling. Subcellular fractionation of stimulated 

MDA.MB.231 cells allowed the detection of membrane-localised p84 and p110γ subunits, 

and was utilised to determine whether the observed Thr607-dependent p84/p110γ 

heterodimer induced at 10 minutes stimulation was likely to represent a catalytically-active 

enzyme at the plasma membrane. At 10 minutes CXCL12 stimulation (when p84/p110γ 

dimer formation peaked) neither wildtype p84 nor p110γ were found to be membrane-

localised, as shown by minimal detection of these proteins within the membrane fraction of 

stimulated cell lysates. This indicated that p84/p110γ heterodimers were not present at the 

membrane (plasma or endosomal) near its substrate and were therefore unlikely to 

constitute an active enzyme complex. Instead, these data suggest that p84/p110γ 

heterodimers, formed after initial PI3Kγ signal activation, may represent an intrinsic 

negative regulatory mechanism where p84 sequesters p110γ from the membrane in order to 

terminate the transient signal. This is the first description of adaptor-mediated negative 

PI3Kγ signal regulation. However, as discussed in previous sections, it remains unclear 

whether a given p110γ subunit exchanges between p101 and p84 adaptor subunits in order 

to actively terminate signalling or whether the inducible heterodimerisation of p84 with 

p110γ after initial PI3Kγ signal activation is a separate mechanism to sequester p110γ from 

interactions with p101 that is independent of pre-existing p101/p110γ complexes.  
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Furthermore, the inability of p84-T607A to form induced heterodimers with p110γ and the 

failure of p84-T607A to mediate tumour suppression (compared with wildtype p84), 

suggests firstly, that Thr607 is required for the negative regulation of p110γ activity by p84 

and secondly, that the tumour suppressor function of p84 is dependent on the formation of 

induced p84/p110γ dimers. Together, these data identify a novel mechanism by which p84 

limits the tumourigenicity of MDA.MB.231 cells by controlling PI3Kγ signalling.  

 

In vector control MDA.MB.231 cells, endogenous p110γ was not detected in the 

membrane fraction prior to stimulation, but was recruited to the membrane in response to 

CXCL12 stimulation where peak levels were observed transiently at 1 minute stimulation, 

then decreased levels were observed by 10 minutes. In contrast, the membrane localisation 

of wildtype p84 did not mimic the kinetics observed for p110γ and instead was found to be 

minimal under both resting and stimulation conditions. This further supports the proposed 

model that the membrane recruitment of p110γ and initial activation of PI3Kγ signalling 

resulting in p-Akt induction is mediated by p101 in these cells (p101/p110γ PI3Kγ 

heterodimers). However, in order to fully comprehend PI3Kγ signal activation by p101 and 

p84 adaptors, the precise kinetics and localisation of p-Akt induction in cells, in addition to 

the dimerisation and membrane recruitment of p101/p110γ and p84/p110γ heterodimers 

should be confirmed in future studies by tracking tagged endogenous proteins in real-time 

by immunofluorescence to visualise the formation of distinct PI3Kγ heterodimers and their 

subcellular localisation. 

 

Whilst the expression of p84-T607A (or wildtype p84) were not shown to alter the 

induction of phosphorylated Akt in stimulated MDA.MB.231 cells, it was found that 

expression of p84-T607A resulted in delayed and increased membrane recruitment of 

p110γ. Specifically, in cells expressing p84-T607A, p110γ was shown to translocate to the 

membrane at 5 minutes and persisted at the membrane through to 10 minutes stimulation. 

This is in contrast to cells expressing wildtype p84 that showed transient translocation of 

p110γ to the membrane that peaked at 1 minute. Since p110γ must be at the membrane to 

mediate PI3Kγ lipid-kinase activity, and peak p-Akt levels were similarly observed at 5 

minutes stimulation in both of these cell lines (expressing wildtype p84 or p84-T607A), it 

suggests that the delayed recruitment of p110γ in p84-T607A-expressing cells was 

sufficient to facilitate p-Akt production within the time-frames assessed. It was postulated 
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that the increased level of membrane-localised p110γ observed at 5 minutes was sufficient 

to compensate for the delayed recruitment of p110γ and thereby maintain p-Akt induction 

(similarly observed at 5 minutes stimulation). p84-T607A showed increased membrane 

localisation relative to wildtype p84, and although the loss of Thr607 clearly changes the 

behaviour of p84, the consequence and biological relevance of this spatial difference 

remains unclear. However, it could be speculated that due to aberrant localisation and 

inhibited dimerisation with p110γ (compared with wildtype p84), p84-T607A is a non-

functional p84 protein and that endogenous p84 protein expression is not sufficient to 

compensate and mediate the effects observed for the expression of p84-HA.  

 

Together, the data obtained in MDA.MB.231 cells investigating the role of p84 in PI3Kγ 

signal activation and the function of p84 as a tumour suppressor have led to the 

characterisation of a novel regulatory function for p84 in the control of PI3Kγ signalling 

and the suppression of tumourigenesis. Unlike established PI3Kγ adaptor functions related 

to the activation of lipid-kinase signalling, the data indicate that p84 forms a negative 

PI3Kγ heterodimer with p110γ that is dependent on Thr607 and that does not localise to 

the membrane. As discussed previously, although phosphorylation on Thr607 could not be 

identified within stimulated cell lysates, Thr607 is predicted to be phosphorylated by Akt. 

Phosphorylation of p84 by Akt on Thr607 (downstream of initial PI3Kγ activation 

mediated by p101/p110γ heterodimers) and the subsequent induction of inhibitory 

p84/p110γ heterodimers would represent the first description of negative feedback 

signalling within the PI3Kγ pathway. This proposed model of PI3Kγ signal regulation is 

presented in Figure 6.1. 
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Figure 6.1: Proposed mechanism of PI3Kγ  signalling in MDA.MB.231 cells in 

response to CXCL12 stimulation.  

Upon GPCR engagement with the cognate chemokine ligand, p101/p110γ heterodimers are 

recruited to the plasma membrane where they become activated through interactions with 

Gβγ, ras-GTPase and membrane phospholipids. Catalysis of PIP3 lipids at the leading edge 

membrane by p101/p110γ leads to the recruitment of PH domain-containing effector 

proteins such as Akt/PKB that become activated (p-Akt induced after 5 minutes CXCL12 

stimulation) and propagate phosphorylation-dependent signalling cascades resulting in cell 

responses such as migration. After 10 minutes CXCL12 stimulation, p84 forms an 

inducible heterodimer with p110γ in a complex that is dependent on Thr607 (p84) and is 

not localised at the membrane. p84 is predicted to be phosphorylated by Akt on Thr607. 

The induced p84/p110γ heterodimer is proposed to represent a negative regulatory 

mechanism of PI3Kγ signalling through the control of p110γ localisation. 
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6.2 Generation of a Pik3r6-/- mouse and characterisation of p84-dependent 

processes in haematopoietic cell function 

 

Much of the functional data pertaining the roles of PI3Kγ signalling with respect to the 

p110γ catalytic and p101 adaptor subunits has been determined through the 

characterisation of PI3Kγ subunit-deficient or kinase-dead mutant mice7, 8, 157, 160, 254, 255 

(refer to Introduction section 1.3.3 and Table 1.2). However, the lack of a p84-deficient 

genetically-modified mouse strain has limited the exploration of distinct p84-dependent 

functions within PI3Kγ-dependent processes. Therefore, two approaches were undertaken 

in order to generate a p84-deficient mouse system. Firstly, a DOX-inducible lentiviral p84 

knockdown construct was engineered in order to transduce bone marrow-derived stem 

cells, which would allow the inducible knockdown of p84 expression in the haematopoietic 

cells of reconstituted bone marrow chimeric mice. However, the inefficient transduction of 

bone marrow-derived stem cells with the lentiviral inducible p84 knockdown construct 

limited this approach. Fortunately, CRISPR gene-editing technology became available in 

the final year of the project and was subsequently employed to generate a p84 knockout 

(Pik3r6-/-) mouse strain through the mutation of Pik3r6 exon 1, resulting in the early 

termination of translation and the production of a nonsense p84 protein that would likely 

be degraded. However, during the final stages of thesis preparation, a manuscript was 

published describing the generation of another p84-deficient mouse by the 

Stephens/Hawkins laboratories of Cambridge University, UK. Unlike the Pik3r6-/- mouse 

generated in this study using CRISPR technology, Deladeriere et al. (2015) generated their 

knockout mouse (named p84-/- by the authors, and herein) by traditional embryonic stem 

cell homologous recombination techniques in conjunction with the European Conditional 

Mouse Mutagenesis Program (EUCOMM), which provided the targeting vector148. Whilst 

the publication by Deladeriere et al. (2015) characterised the effect of p84 deletion on 

PI3Kγ signalling in neutrophils148 (discussed further in later sections), the data presented in 

this thesis provide more broad and detailed analyses regarding the role of p84 in immune 

cell function. 

 

The primary advantage of CRISPR technology relative to other genome-editing 

techniques, such as traditional embryonic stem cell mutagenesis methods, is the reduced 

time by which genetically-modified organisms can be made and screened198-200. The 
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Pik3r6-/- mouse generated in the present study demanded a total of 9 months from the 

injection of zygotes with CRISPR components to the availability of homozygous knockout 

animals ready for experimentation. More specifically, following the design, synthesis and 

injection of synthetic CRISPR guide RNA and Cas9 transcript components into zygotes, 

gene-modified pups were born after a 3-week gestation period and were available for 

genetic screening a further 3 weeks later after weaning. PCR screening of genomic DNA 

from these pups was performed and selected animals with desired CRISPR-induced 

mutations were mated in breeding trios once sexual maturity was reached at 6 weeks of 

age. The breeding process to screen, select and maintain the desired CRISPR-induced 

AAACCCΔ-10bp deletion modification to homozygosity required a further 7 months. This 

time-frame (9 months total) represents considerably less time investment than that required 

for traditional embryonic stem (ES) cell mutagenesis methods, which typically demand 18-

24 months to generate the desired strain210, 261, 262. A TALEN based gene-editing approach 

was also designed to mutate Pik3r6 in the present study, and like CRISPR-induced 

mutagenesis, was rapid in comparison to traditional ES cell methods. However, screening 

of TALEN-modified pups revealed that this approach was not successful in producing the 

desired frame-shift mutations and was therefore not pursued.  

 

Despite obvious time advantages, it is also worth noting that CRISPR technology, 

conceived in vitro in June 2012(201) and first published in two competing manuscripts in the 

February 2013 edition of Science204, 205, is a relatively new technological advance that will 

require optimisation and improvement as potential complications are identified. For 

instance, the characterisation of CRISPR-induced off-target mutation events has been the 

focus of a number of publications in recent years and has placed minor doubt over the 

validity of the method263-265. The concern, such as for any targeted genome-modification 

technology, is that additional off-target mutations may occur undetected and contribute to a 

phenotype, where resultant effects are incorrectly attributed to the desired gene-

modification. An awareness of this potential risk and thorough screening design is 

therefore necessary to ensure effective genome-modification using CRISPR technologies. 

Additional precautions including the generation of multiple independent lines and the use 

of backcrossing can also be undertaken. 

 

Consistent with this, the CRISPR gRNA construct utilised in the present study was shown 

(in a proportion of CRISPR-injected zygotes) to elicit large deletions to the regions 
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outside, but immediately flanking the CRISPR target site within exon 1 of Pik3r6. 

Although these deletion mutations appeared to be specific to the designed gRNA and 

corresponding target site, as determined by the close proximity to the target region for each 

of the deletions described, they represented unanticipated modifications. The majority of 

non-target region deletions observed (Pik3r6 CRISPR pups #1, #5, #7, #20) existed on 

separate alleles to desired mutations within the exon 1 target site and could therefore be 

eliminated by selective breeding, whereby only the desired allele is selected and 

maintained. This was the case for Pik3r6 CRISPR female #7 that was selected for breeding 

due to the identification of one allele carrying the desired CRISPR-induced AAACCCΔ-

10bp deletion within exon 1, in addition to a second allele that carried a non-target Δ-

266bp deletion immediately downstream of exon 1. Selective out-breeding allowed the 

maintenance of the AAACCCΔ-10bp allele to homozygosity and the loss of the undesired 

non-target deletion allele. Pik3r6 CRISPR mouse #16 was determined to possess two 

distinct mutations on a single allele; a Δ-10bp deletion within the exon 1 CRISPR target 

site and a non-target Δ-483bp deletion to the region immediately downstream of the target. 

Due to this, Pik3r6 CRISPR #16 was completely discounted for breeding purposes.  

 

Although not identified by the extensive screening performed, other non-target mutations 

to the selected alleles outside the PCR screened region cannot be ruled out. Therefore, in 

order to verify that the current Pik3r6-/- breeding strain possesses the Pik3r6 AAACCCΔ-

10bp deletion as the sole mutation, whole genome sequencing of the homozygous line 

should ultimately be undertaken in order to confirm that any phenotypes observed in the 

Pik3r6-/- mouse are a result of p84 deletion alone. Due to time constraints, this was not 

possible in the present study, however could be conducted in the future in conjunction with 

the Mouse Engineering at Garvan /ABR (MEGA) facility based at Australian 

BioResources and the Australian Genome Research Facility (AGRF). In spite of this, with 

the resources available and within the time constraints of the current project, it was 

concluded that CRISPR gene-editing technology was successfully employed to generate a 

p84-deficient mouse strain.  

 

At the time of writing, this study represented the generation and characterisation of the first 

and only p84 knockout (Pik3r6-/-) mouse strain, however as mentioned above, upon final 

thesis preparation, a new manuscript was published in Science Signalling by the Stephens 
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and Hawkins laboratories of Cambridge University, UK. The published manuscript 

describes a brief characterisation of the p84-/- phenotype at homeostasis and demonstrates 

both p84-dependent and -independent functions within PI3Kγ signalling in neutrophils148. 

Consistent with the observations presented in this thesis, Deladeriere et al. (2015) found 

that the p84-/- mouse was viable, fertile, of comparable size to wildtype littermates and 

possessed no obvious phenotype148. It was demonstrated that neutrophils isolated from p84-

/- mice displayed a 50% reduction in PIP3 production, compared with p101- and p110γ-

deficient neutrophils that exhibited reductions of 50% and 95%, respectively148. This 

suggested that both p84 and p101 adaptor proteins contribute to PI3Kγ signalling and PIP3 

accumulation in neutrophils. However, despite reduced ability to stimulate PIP3 production, 

p84-/- neutrophils displayed only modest reductions in p-Akt induction in response to 

fMLP and C5a stimulation148. 

 

Neutrophil migration in response to chemoattractant signalling through GPCRs is well 

established as a PI3Kγ-dependent process involving cytoskeletal rearrangement and cell 

polarisation7. Consistent with this, Deladeriere et al. (2015) showed that neutrophils from 

p101-/- and p110γ-/- mice displayed significant migratory defects in vitro and in vivo, which 

was coupled with reduced ability to polarise F-actin at the leading edge of the cell148. In 

contrast to this, p84-/- neutrophils showed indistinguishable F-actin polarisation and 

migration from wildtype littermates in both an in vitro transwell migration assay to fMLP 

and in an in vivo model of neutrophil accumulation after the intraperitoneal injection of 

thioglycollate. These data indicate that p84 is completely redundant in these processes, and 

suggest that PI3Kγ signalling for the induction of neutrophil migration is dependent on 

p101/p110γ complexes148. Conversely, the opposite dependency of PI3Kγ adaptor subunits 

was found for the production of reactive oxygen species (ROS) in neutrophils, a process 

that is required for the killing and degradation of pathogens. As previously published by 

the same authors, Stephens et al. (2015) showed that ROS production was ablated in 

p110γ-/- neutrophils whilst unaffected in p101-/- neutrophils148. The authors therefore 

predicted that ROS production was dependent on p84-mediated adaptor function. This 

hypothesis was supported whereby p84-/- neutrophils displayed approximately 50% 

reduction in ROS production relative to wildtype controls in response to GPCR 

engagement with chemoattractants148.  
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In comparison the published work of Deladeriere et al. (2015) detailed in the previous two 

paragraphs, which focused on the function of p84 adaptor-mediated PI3Kγ signalling in 

neutrophils alone, the data presented in this thesis using the Pik3r6-/- mouse strain depict a 

broad and more detailed characterisation of roles for p84 in immune organ development, 

haematopoietic cell activation and migration during homeostasis and during the induction 

of immune responses. The findings and implications of the present study are discussed 

hereafter. 

 

PI3Kγ functions predominantly within the immune system, where the subunits are 

expressed at highest levels4 and where lipid-kinase-dependent functions of PI3Kγ enzymes 

have been identified within the innate and adaptive arms of immunity. For instance, PI3Kγ 

has been shown to be required for functions in neutrophils7, 114, mast cells29, 121, 124, 

developing thymocytes during education114, 157, 222, 266 and mature T lymphocyte activation 

and migration during immune responses8, 114, 254. Although roles for PI3Kγ as an enzymatic 

entity have been well established, the relative contributions and/or redundancy of the 

individual adaptor subunits, p84 and p101, within these functions remained largely 

unknown, particularly regarding distinct roles for p84. The p84-deficient Pik3r6-/- mouse 

generated in this study was developed to address this and was therefore assessed for 

haematopoietic cell genesis, differentiation, activation and effector function both at 

homeostasis and during immune responses using a number of experimental models. Pik3r6-

/- mice generated in the present study were viable, fertile, of comparable size to wildtype 

animals of the same age and had no obvious developmental defects. This was expected, 

based on the prior characterisation of the p110γ-deficient mouse145, which does not display 

an outward developmental phenotype, and the assumption that dependence on p84 would 

be in the context of PI3Kγ activity. Collectively, these observations are consistent with 

those recently published by Deladeriere et al. (2015)148. 

 

Lymphoid organs of the Pik3r6-/- mouse including the spleen, lymph nodes and thymus 

were found to develop normally in terms of weight and cell subset proportions at 

homeostasis. Though not required for splenic or lymph node architecture, both p110γ and 

p101 have been previously shown to be involved in the progression of immature 

thymocytes through double negative stages of development in the thymus114, 157. This 

requirement for PI3Kγ signalling in thymocytes was shown to be downstream of CXCR4 
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and adenosine GPCR receptors, where thymocytes from p110γ- and p101-deficient mice 

lacked the ability to respond to survival and migratory signals, respectively114, 157. In the 

present study, examination of thymocyte developmental stages revealed that mature and 

immature thymocyte populations were equivalent between the thymi of wildtype and 

Pik3r6-/- mice. This demonstrates that p84 is dispensable in PI3Kγ signalling during 

thymocyte development and indicates that signalling through p101 adaptor-mediated 

PI3Kγ complexes drives this process. This is consistent with expression data generated by 

Shymanets et al. (2013) that indicated higher expression of p101 relative to p84 in the 

thymus (refer to Table 1.3)4. Alternatively, these data could indicate that p101 is sufficient 

to compensate for the loss of p84 expression in Pik3r6-/- thymocytes.  

 

The proportions of circulating leukocytes were also assessed in Pik3r6-/- mice and were 

determined to be comparable to wildtype controls. Although this comparison comprised 

only four replicates in each group, the data are conflicting with the observations of 

Deladeriere et al. (2015) that suggested the numbers of circulating blood leukocytes are 

reduced in p84-/- mice relative to wildtype littermates148. However, these findings that were 

described in-text by Deladeriere et al. (2015) were not presented as manuscript figures nor 

were available as supplementary manuscript files and are therefore difficult to discuss 

further. 

 

Through an unknown mechanism, the stability of PI3Kγ adaptor proteins has been shown 

to be altered by the loss of p110γ catalytic subunit expression, where decreased protein 

expression of both p84 and p101 adaptors has been reported in p110γ-/- neutrophils and 

mast cells6, 121, 148. In the present study, the stability of p101 and p110γ subunits at 

homeostasis was assessed at the mRNA transcript and protein levels in the Pik3r6-/- mouse 

and was found to be independent of p84 expression. This confirms that the stability of the 

catalytic p110γ subunit does not require the presence of either adaptor, consistent with the 

stable expression of p110γ and p84 in the p101-/- mouse130. In a previous study, the absence 

of p84 had been proposed to result in slightly elevated p101 protein expression in resting 

neutrophils148, suggesting a degree of compensation between the PI3Kγ subunits. However, 

the data presented to support this hypothesis was neither statistically significant nor 

conclusive due to experimental variation148. In contrast, in the present study, the expression 

of p101 in resting cells of the lymph node and thymus of Pik3r6-/- mice was determined to 
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be equivalent to wildtype counterparts at both transcript and protein levels. As expected, 

p84 protein was undetectable by mass spectrometry analyses of lymphoid tissues derived 

from Pik3r6-/- mice, thereby confirming the successful deletion of p84 through CRISPR 

genome-targeting.  

 

Mast cells are innate inflammatory cells involved in the propagation of allergic responses 

and represent a unique cell type in the context of PI3Kγ signalling, as they are the only 

haematopoietic cell subset reported to express p84 as the lone adaptor protein121, 124. 

Hence, p84/p110γ complexes have been previously assumed to mediate all characterised 

PI3Kγ-dependent processes within mast cells29. One such process is the potentiation of 

IgE/antigen-induced mast cell degranulation in the presence of adenosine, where PI3Kγ 

signalling downstream of the adenosine A3 receptor (A3AR) leads to a heightened and 

sustained degranulation response29, 121. It was therefore hypothesised that potentiation of 

the degranulation response downstream of adenosine stimulation would be abolished in the 

absence of p84; as previously shown for p110γ-deficient mast cells29. Contrary to this, the 

adenosine-mediated potentiating effect observed for both IgE/antigen-induced β-

hexaminidase release and IL-6 secretion in wildtype bone marrow-derived mast cells 

(BMMCs) was maintained to equal levels in Pik3r6-/- BMMCs. The observed potentiation 

was confirmed to be PI3Kγ-dependent, as determined by AS605240-induced inhibition of 

the response, thereby suggesting that PI3Kγ activation downstream of adenosine in these 

assays in Pik3r6-/- mast cells does not require p84. The ability of p84-deficient mast cells to 

maintain PI3Kγ-dependent processes was reconciled by the up-regulation of p101 adaptor 

expression in the presence of adenosine, which was shown in Pik3r6-/- BMMCs but not 

wildtype control BMMCs. This not only suggests that p101 can compensate for the loss of 

p84 in mast cells upon adenosine stimulation; it is also the first evidence of complete 

functional compensation between PI3Kγ adaptor proteins.  

 

Up-regulation of p101 expression in response to persistent stimulation or stress has been 

reported in peripheral blood mononuclear cells and cardiomyocytes, respectively4, 120. 

However the mechanisms that facilitate transcriptional regulation of p101 in p84-deficient 

mast cells and other aforementioned cell types is not known. To date, the only report of 

post-transcriptional control of p101 expression is the suppression of p101 translation by 

micro RNA miR-155 described in BMMCs127. Whilst microRNAs are capable of 
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mediating both repression and activation of protein translation267, such has been described 

for the synthetic microRNA miRcxcr4, any microRNAs that up-regulate p101 expression 

are yet to be identified. Therefore, the signalling events necessary to induce the 

compensatory up-regulation of p101 in p84-deficient BMMCs requires further 

investigation and should include a screen of microRNAs present in these cells in response 

to adenosine stimulation by microRNA sequencing. 

 

The rapid migration of neutrophils towards chemoattractant gradients during inflammatory 

responses relies on transient activating bursts of PI3Kγ signalling. Consistent with this, 

neutrophils from p101-/- and p110γ-/- mice have been shown to display significant 

migratory defects in vitro and in vivo, in addition to a reduced ability to polarise F-actin at 

the leading edge of the cell7, 130, 148. In the present study, it was determined firstly that p84-

deficient mice exhibit a modest reduction in the proportion of CD11b+Gr-1+ neutrophils 

isolated from the bone marrow at homeostasis, and secondly, that these neutrophils 

displayed reduced migration to IL-8 gradients in vitro relative to wildtype neutrophils. 

These data, in conjunction with previous reports in the p101-/- mouse130 suggest that the 

two PI3Kγ adaptors have non-redundant roles in neutrophil migration. Whether p84 and 

p101 act in synergy to mediate maximal migratory capacity of neutrophils or whether each 

adaptor is required individually for PI3Kγ signalling in response to different stimuli is still 

to be determined.  

 

In conflict with the data presented in the current study, recent data published by 

Deladeriere et al. (2015) using the independently generated p84-/- mouse found no 

distinguishable difference between the in vitro migration of p84-/- and wildtype neutrophils 

in a transwell chemotaxis assay towards the GPCR agonist, fMLP148. However, the 

transwell conditions employed by Deladeriere et al. (2015) appeared to be designed to 

facilitate maximum migration of neutrophils and may therefore have potentially masked a 

relatively subtle effect elicited by loss of p84. More specifically, a high concentration of 

fMLP (1µM) was used, far exceeding that necessary to induce migration of highly motile 

neutrophils and excessive in comparison to nanomolar concentrations used routinely in the 

literature; and a migration time-frame of one hour, which represented more than double the 

migratory time-frame assessed in the present study (as is also generally used in the 

literature). Furthermore, the migration of p110γ-/- neutrophils assessed in parallel was 
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determined to be reduced by only 30-40%(148) compared with previous reports by the same 

authors of up to 90% reduction in migration of p110γ-deficient neutrophils when 

conducted under lower chemoattractant concentrations and shorter times130. Collectively, it 

could be concluded that the differences in conditions between the present study and that of 

Deladeriere et al. (2015) account for the discrepancy between results, and that p84 and 

p101 have non-redundant functions in neutrophil migration.  

 

Like in neutrophils, PI3Kγ signalling has been heavily implicated in the differentiation and 

migration of lymphocytes, where p110γ-/- mice are protected from the CD4+ lymphocyte-

mediated inflammatory autoimmune condition, experimental autoimmune 

encephalomyelitis (EAE)9, 139. EAE is an experimental murine model for human multiple 

sclerosis (MS) that mimics both the priming and effector phases of MS aetiology driven by 

autoreactive Th1 and Th17 cells, which ultimately results in symptoms of ascending 

paralysis9, 170, 171, 240. Previous work conducted in the laboratory demonstrated that p110γ-

deficient animals display impaired Th1 and Th17 cell priming in secondary lymphoid 

organs as a result of defective dendritic cell migration to these sites139. Whilst active PI3Kγ 

complexes are required for the migration of Th1 and Th17 cells into the damaged CNS9, 

the dependence on either or both PI3Kγ adaptors to this process was previously 

unexplored.  

 

In the present study, it was demonstrated that MOG35-55-induced chronic EAE disease in 

Pik3r6-/- animals was inhibited to a similar extent as in p110γ-deficient mice9, 139, thus 

implicating p84 as the major adaptor protein for PI3Kγ signalling during disease induction 

and demonstrating that loss of p84 could not be compensated for by the endogenous 

expression of p101 in Pik3r6-/- mice. Cellular analyses revealed that reduced disease 

severity observed in Pik3r6-/- mice was as a result of defective migration and infiltration of 

pathogenic Th1 and Th17 cells into the CNS, as determined by the reduction in total CD4+ 

Th cells that had infiltrated the CNS in Pik3r6-/- mice relative to wildtype controls. Rather, 

Th1 and Th17 cells accumulated in the blood of Pik3r6-/- mice, indicative of an inability to 

traverse the blood brain barrier and enter the CNS. This suggests that p84 is required for 

PI3Kγ-dependent trafficking of activated CD4+ Th cells during inflammatory disease. 

Furthermore, the decreased presence of inflammatory Th1 and Th17 cells correlated with a 

reduction in neutrophils within the CNS of Pik3r6-/- mice, compared with wildtype 
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controls. Although not delineated by the present data, the cause of reduced neutrophil 

migration to the CNS may be two-fold. Firstly, reduced neutrophil accumulation within the 

CNS may be as a direct result of impaired neutrophil migration, as was observed in vitro. 

Additionally, reduced neutrophil accumulation may be indirectly influenced by the absence 

of Th1 and Th17 cells within the CNS of Pik3r6-/- mice, and subsequently reduced levels 

of lymphocyte-derived inflammatory mediators present in the CNS milieu required for 

neutrophil migration.  

 

The priming and differentiation of pathogenic Th1 and Th17 cells in the spleen and lymph 

nodes were determined to be comparable between Pik3r6-/- and wildtype mice, as shown 

by equivalent total numbers of Th1 and Th17 cells during both early disease (at day 10 

post-disease induction) and at the experimental end-point (day 23). Pik3r6-/- mice were also 

found to display an increased proportion and number of regulatory T cells relative to 

wildtype controls. However, whilst consistent with reduced disease, the mechanism which 

regulatory T cells were expanded in Pik3r6-/- mice is not apparent. Moreover, although 

p84- and p110γ-deficient animals are similarly protected from EAE disease symptoms, the 

priming and activation of pathogenic cells in the spleens of p110γ-/- mice has been 

previously shown to be deficient as a result of reduced dendritic cell migration to 

secondary lymphoid organs139. Since p84 was shown to be dispensable for effector cell 

priming, together these data suggest that the migration of dendritic cells and PI3Kγ-

dependent priming of CD4+ Th cells in secondary lymphoid organs may be mediated by 

p101 rather than p84, whereas the PI3Kγ-dependent migration of activated cells to the 

CNS is dependent on signalling through p84/p110γ heterodimers. This supports the notion 

that p84 and p101 possess distinct adaptor-mediated functions during adaptive immune 

responses that are non-redundant. Detailed characterisation of these unique adaptor 

functions will require further investigation using the p84-deficient (Pik3r6-/-) and p101-

deficient mouse models. 
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6.3 Proteomic analyses of CNS-infiltrating CD4+ cells during EAE disease 
The signalling and cellular processes required for CD4+ Th cells to infiltrate the CNS and 

initiate inflammation and tissue damage during EAE disease progression were further 

investigated by examining the proteomes of CNS-infiltrating CD4+ cells relative to 

unactivated CD4+ control cells by quantitative ICPL proteomic analyses. The proteomic 

analyses presented in this thesis constituted an initial study using CD4+ cells isolated from 

the CNS of wildtype mice during EAE disease, in order to determine the feasibility of 

employing ICPL quantitation methods to assess the differences between the proteomes of 

wildtype and p84-deficient CD4+ Th cells in this disease model. This aspect of the project 

was commenced long before the generation and screening of the Pik3r6-/- mouse strain, in 

order to optimise the sample preparation, proteomic analyses and data processing involved 

with the chosen methods that would require extensive time investment. Experimental 

autoimmune encephalomyelitis (EAE) was chosen as the model of lymphocyte-dependent 

inflammatory disease for proteomic studies as it had been shown previously in the 

laboratory that p110γ-/- mice displayed reduced EAE disease severity as a result of 

defective dendritic cell migration and impaired Th cell priming in secondary lymphoid 

organs9, 139, 170. It was therefore hypothesised that the p84 adaptor protein would be 

required for the PI3Kγ-dependent migration of lymphocytes in this model.  

 

The presented proteomic analyses demonstrated quadruplex and triplex ICPL quantitative 

labelling methods to be an effective approach to compare the proteomes of CD4+ cells 

isolated from the CNS of EAE-diseased mice at multiple disease stages relative to 

unactivated control CD4+ cells. To ensure biological relevance, two different models of 

EAE were investigated; PLP139-151-induced relapsing-remitting EAE in SJL/J mice and 

MOG35-55-induced chronic EAE in C57Bl/6 mice171. Of the 1622 unique proteins identified 

within CD4+ cell lysates across both analyses (relapsing-remitting and chronic EAE 

models), the number of differentially regulated candidate proteins was condensed to 13 up-

regulated and 10 down-regulated proteins that were common to both analyses and therefore 

relevant to disease progression in dual models of EAE, where differential regulation was 

considered to be at least 2-fold relative to naïve control cells.  

 

Included in this preliminary candidate list were the known pro-inflammatory S100A4 and 

S100A9 proteins, that were found to be significantly up-regulated by activated CNS-
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infiltrating CD4+ cells relative to naïve controls. S100A4 and S100A9 act as potent 

chemoattractant proteins for neutrophils and have been implicated in the pathogenesis of 

multiple inflammatory disorders such as rheumatoid arthritis, transplant rejection, 

sarcoidosis and EAE244-247, 268. Whilst S100 proteins have already been associated with 

inflammation during EAE, the present study is the first proteomic analysis to show that 

S100A4 and S100A9 production is intrinsic to pathogenic CNS-infiltrating CD4+ 

lymphocytes. Therefore, CD4+ cell-derived S100A4 and S100A9 proteins are likely to 

represent important factors within the inflammatory milieu within the CNS that contribute 

to the recruitment of neutrophils and the promotion of tissue damage during EAE. 

Furthermore, S100 proteins including S100A4 have been shown to mediate the activation 

of PI3K signalling for the induction of cell migration248, 269-271. Considering that p84-

deficient mice display minimal numbers of CD4+ Th cells and reduced neutrophil 

recruitment to the inflamed CNS during EAE disease relative to wildtype animals, it could 

be speculated that the reduction in CNS-infiltrating neutrophils in Pik3r6-/- mice is caused 

by decreased presence of CD4+ lymphocyte-derived S100 proteins in the inflammatory 

milieu to trigger their recruitment. In addition, neutrophil migration and recruitment to the 

CNS may also be limited by the inability of Pik3r6-/- neutrophils to respond to S100 

proteins in the absence of p84-mediated PI3Kγ activity downstream of cell activation. 

 

Another protein identified to be up-regulated by activated CNS-infiltrating CD4+ cells 

relative to naïve controls at both the mRNA transcript and protein levels during EAE 

progression in wildtype mice was annexin A1. Unlike the S100 proteins, the transcript 

expression of annexin A1 was found to peak during the remission phase of relapsing-

remitting EAE disease. Annexin A1 has been previously associated with the resolution of 

inflammation and tissue repair in disease models characterised by the activation of the 

adaptive immune system, primarily through the restriction of lymphocyte transmigration at 

the microvasculature250, 251, 272-275. This is the first description of CD4+ cell-derived annexin 

A1 and represents the successful identification and quantitation of a protein/process 

involved in the regulation of lymphocyte migration into the CNS during EAE.  

 

In summary, the data of this initial feasibility study confirm that the optimised cell 

isolation procedures and ICPL data processing and analysis methods are a valid approach 

to investigate the proteomes of antigen-activated wildtype and p84-deficient CD4+ T cells. 

However, since p84-deficient CD4+ cells display defective migration into the CNS during 
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EAE compared with wildtype cells, CD4+ cells will be isolated from the spleen, blood and 

CNS of wildtype and Pik3r6-/- mice and analysed in order to investigate p84-dependent 

signal transduction processes required for their pathobiology. This will assess CD4+ cell 

priming in secondary lymphoid organs and trafficking to the CNS where they promote 

inflammation causing tissue damage. Another method that could be utilised is an antigen-

specific system, which would involve crossing the Pik3r6-/- mouse with the TCR transgenic 

(2D2) mouse specific for the MOG35-55 EAE immunising peptide, allowing the analysis of 

MOG-specific CD4+ T cells. 

 

6.4 Summary and outlook 
In summary, the data presented in this thesis highlight distinct roles for p84 both in the 

regulation of PI3Kγ signalling and to PI3Kγ-dependent processes in the context of immune 

cell function and migration. Firstly, a novel regulatory mechanism was identified in 

mammary carcinoma cells where p84 forms an inducible heterodimer with p110γ in 

response to GPCR stimulation that is dependent on Thr607. This induced p84/p110γ 

heterodimer was shown to form after initial PI3Kγ signal activation (measured by the 

induction of p-Akt), in a complex sequestered from active signalling at the plasma 

membrane. Evidence was provided to indicate that p84 was phosphorylated on Thr607 by 

feedback signalling facilitated by Akt, the major kinase effector of PI3Kγ signalling. The 

formation of the inducible p84/p110γ heterodimer was found to be required for the tumour 

suppressor function of p84 in MDA.MB.231 cells and the control of migration and 

metastasis.  

 

Whilst carcinoma cells (such as MDA.MB.231 cells) are a useful model to study the 

regulation of PI3Kγ signalling, as shown by the differential roles of the adaptor proteins 

during tumourigenesis123, it would be interesting to determine whether the described p84-

mediated regulatory mechanisms exist within other cell types. Expression data generated 

by Shymanet et al. (2013) showed that whilst p110γ is always expressed with at least one 

PI3Kγ adaptor protein, compared with p101, p84 is more widely expressed4. The data 

presented in that study provide evidence that less-motile cells predominantly express p84 

as the major adaptor protein and that p84 expression is maintained at low levels. In 

contrast, highly motile cells such as those of the haematopoietic system, express both p84 

and p101 adaptors at relatively high levels in conjunction with p110γ4.  Those data, in 
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extension with the findings in the present study, suggest that p84 may possess different 

roles in PI3Kγ signalling depending on the cellular context.  

 

To demonstrate specific roles for p84 in PI3Kγ-dependent processes within immune 

system function, a novel p84-deficient (Pik3r6-/-) mouse was generated using CRISPR 

gene-editing technology. Haematopoietic compartments were found to develop normally in 

terms of leukocyte subset proportions and numbers at homeostasis, however upon 

stimulation, it was determined that neutrophils and activated CD4+ Th lymphocytes 

exhibited reduced migration in vitro in a transwell chemotaxis assay and in vivo in a model 

of inflammatory autoimmunity, respectively. However, it remains unclear what 

implications the loss of p84 has on PI3Kγ signalling at the molecular level in Pik3r6-/- 

lymphocytes and neutrophils that results in their impaired migratory responses in vivo. The 

molecular regulation of PI3Kγ signalling in Pik3r6-/- cells stimulated ex-vivo should 

therefore be examined in future studies. A novel mechanism of PI3Kγ subunit 

compensation was also identified in mast cells where p101 expression could be up-

regulated to compensate for the loss of p84 expression in Pik3r6-/- mice. Collectively, these 

data suggest that some functional redundancy exists between p84 and p101 adaptor 

subunits, whilst in other contexts, p84 has unique function that cannot be compensated for 

by p101. Based on the results observed in BMMCs, the compensation between p84 and 

p101 adaptor proteins should also be assessed in more detail in other haematopoietic cell 

types to determine if the up-regulation of p101 expression in Pik3r6-/- cells is a common 

mechanism. 

 

To extend the work of the current project, the next major avenue of investigation should be 

to determine the effect of loss of the p84 adaptor protein on PI3Kγ signalling at the 

molecular level. The molecular regulation of PI3Kγ signalling is more complex than 

initially anticipated and although functions of p84 within the immune system have been 

characterised in this study using Pik3r6-/- mice, the effect at the molecular level is still 

unclear. Specifically, examining the spatial localisation of PIP3 production in Pik3r6-/- cells 

at different time-points, including during prolonged activation, would be important to 

ascertain whether p84 is acting as a suppressor protein that controls PI3Kγ-dependent PIP3 

accumulation. This would elucidate whether the loss of p84 leads to reduced migration as a 

result of an inability to form a defined leading edge; or whether p84 is instead required to 
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mediate active PI3Kγ signalling to facilitate migration in response to specific stimuli, 

where loss of p84 cannot be compensated for by p101. Furthermore, the roles of Ser358 

and Thr607 regulatory sites within p84 could be further examined during PI3Kγ signalling 

using embryonic fibroblasts isolated from Pik3r6-/- mice. These cells lack endogenous p84 

expression and could be transduced to express mutant p84-S348A-HA and p84-T607A-HA 

proteins, in order assess the activity and subcellular localisation of these p84 mutants 

during PI3Kγ signalling.   

 

Increased PI3Kγ signalling driven by dysregulated activity of p110γ and p101 subunits has 

also been shown to promote tumourigenesis31, 135, 176. Therefore, consistent with the 

observed role of p84 as a tumour suppressor in MDA.MB.231 cells, it would be of interest 

to determine whether Pik3r6-/- mice spontaneously develop cancers in the absence of p84-

mediated suppression of PI3Kγ signalling. A chemical carcinogenesis model such as 

methylcholanthrene-induced fibrosarcoma276-278 could be examined in Pik3r6-/- and 

wildtype mice in order to address this and could be further extended to include 

comparisons with p101- and p110γ-deficient mice.  

 

Within the current project, different immune cell processes were shown to have different 

requirements for the individual PI3Kγ adaptor subunits and the functions of p84 were 

shown to be, at least in part, cell type-specific. For instance, thymocyte development 

through immature double-negative transitional stages was found to be entirely independent 

of p84 expression and instead relied completely on signalling through p101/p110γ157, 

whereas the activation and migration of Th cells during inflammation was found to require 

the contributions of both p84 and p101 at different temporal stages of the immune 

response139. In contrast, in mast cells that had previously been reported to solely express 

the p84 adaptor (and lack p101 expression), PI3Kγ-dependent functions were maintained 

in Pik3r6-/- cells via the up-regulation of p101 expression in response to adenosine 

stimulation, to compensate for the loss of p84. This was not the case in bone marrow cells, 

where the loss of p84 expression in Pik3r6-/- cells was shown to inhibit the activation of 

PI3Kγ lipid-kinase activity, as measured by reduced p-Akt induction relative to wildtype 

cells. This phenotype in bone marrow cells suggests that p84 is required as an adaptor 

protein to activate PI3Kγ activity in response to IL-8, a role that cannot be compensated for 

by p101. Each of these scenarios describes signal specificity within the PI3Kγ system, 



Chapter 6 

266	
  

where either of the distinct adaptor proteins are mobilised to activate and regulate PI3Kγ 

signalling in response to specific cues. However, mechanisms that determine which 

adaptor protein (p84 or p101) binds to p110γ in a given scenario, thereby controlling 

PI3Kγ signal specificity, are yet to be identified. To address this, the activation of p84 and 

p101 adaptors in response to varied GPCR agonists and in different cell types should be 

examined to determine whether signal specificity is achieved through differential coupling 

of individual heterodimers to specific receptors, whether p84/p110γ and p101/p110γ 

complexes display varied localisation within distinct signalling hubs, or whether the 

activation of specific receptors leads to the promotion/inhibition of one adaptor protein or 

the other. These questions should be addressed though the generation of genetically-

modified mice that have the coding sequences for different protein tags incorporated 

immediately upstream of the genes for p110γ (Pik3cg), p101 (Pik3r5) and p84 (Pik3r6). 

This would allow the detection and tracking of endogenously expressed PI3Kγ subunits, 

where the protein interactions and subcellular localisations of PI3Kγ heterodimers in 

response to GPCR stimulation could be resolved. 

 

In addition, the p84-deficient Pik3r6-/- mouse should be used to further characterise cell 

type-specific roles for p84, not just within the immune system, but also in cardiac function 

where PI3Kγ has been shown to serve both kinase-dependent and kinase-independent 

roles. The other major extension of the work presented in this thesis is to complete the 

ICPL proteomic analyses comparing the proteomes of Pik3r6-/- and wildtype CD4+ Th 

lymphocytes during EAE disease progression, from their priming and activation in 

secondary lymphoid organs to their migration into the inflamed CNS. This analysis would 

be used to determine the p84-dependent signal transduction pathways employed by 

activated lymphocytes in their migration during adaptive immune responses. The proposed 

experiments could also be further extended to include comparisons with p101- and p110γ-

deficient CD4+ Th cells. 

 

This study has highlighted the complexity and flexibility of the PI3Kγ system, signal 

regulation at the molecular level and provides further evidence for the unique roles of the 

p84 adaptor protein in the PI3Kγ kinase system. The generation and characterisation of a 

p84-deficient genetically-modified mouse strain represents a valuable tool for the 

perpetuation of research regarding p84 and PI3Kγ signalling in the future.  
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Appendix A1:  
Turvey ME, Klingler-Hoffmann M, Hoffmann P, McColl SR. p84 forms a negative 

regulatory complex with p110γ to control PI3Kγ signalling during cell migration. Immunol 

Cell Biol. 2015 Mar. doi; 10.1038/icb.2015.35. (Epub ahead of print). 
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Turvey ME, Koudelka T, Comerford I, Greer JM, Carroll W, Bernard CC, Hoffmann P, 

McColl SR. Quantitative proteome profiling of CNS-infiltrating autoreactive CD4+ cells 

reveals selective changes during experimental autoimmune encephalomyelitis. J Proteome 

Res. 2014 Aug 1;13(8):3655-70. 
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