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Abstract  

Aberrant phosphoinositide-3 kinase (PI3K) signalling is associated with the development 

and progression of several types of cancer including colorectal cancer (CRC) and 

accordingly a target for anti-cancer therapy. The canonical PI3K signalling cascade is 

initiated at the cell membrane where, upon receptor tyrosine kinase (RTK) activation by 

ligands such as EGF, PI3K is recruited and activated to convert phosphatidylinositol 

bisphosphate (PI(4,5)P2) to phosphatidylinositol trisphosphate (PI(3,4,5)P3), resulting in 

downstream signalling through phosphorylation and activation of AKT. This results in 

engagement of various downstream targets which are involved in the regulation of 

cellular processes such as proliferation, migration and apoptosis. PI3K signalling is 

negatively regulated by phosphatase PTEN, which removes the 3-phosphate from 

PI(3,4,5)P3. PIK3CA, encoding the catalytic subunit of PI3K, and PTEN are frequent 

targets of activating mutations or epigenetic silencing in CRC respectively. Furthermore, 

activating mutations of the MAPK pathway member KRAS has been implicated in 

oncogenic activation of PI3K signalling. Our knowledge of PI3K signalling derives from 

data assembled across a range of normal and cancer cell types however, a detailed survey 

of the downstream signalling cascade in CRC taking into account PI3K and MAPK 

pathway mutation status is presently lacking. Intriguingly, an alternate nuclear PI3K 

pathway has recently been identified in some cell types. Whether this nuclear PI3K 

cascade exists and is of importance in CRC remains unknown.  

This thesis aims to (i) map the molecular signature of EGF induced PI3K/MAPK 

signalling in CRC with respect to tumour PI3K/MAPK mutation status, (ii) to test for the 

potential involvement of nuclear PI3K signalling in CRC and (iii) to investigate the 

clinical and therapeutic significance of the respective canonical and nuclear PI3K 

pathways. 
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Chapter 1: Introduction 

OVERVIEW OF COLORECTAL CANCER 

1.1 Colorectal Cancer Epidemiology 

Colorectal cancer (CRC, also known as bowel cancer) is a malignancy of the epithelial 

lining of the colon or rectum. CRC develops from a benign precursor lesion known as an 

adenoma and progresses to an invasive carcinoma, driven by the accumulation of a series 

of (epi)genetic change. In 2011, CRC was the second most commonly diagnosed cancer 

in Australia, with over 15,000 new cases and approximately 4,000 deaths (Australian 

Institute of Health and Welfare. Cancer in Australia: an overview 2014, 2014). This 

presents a significant health burden with treatment costs estimated at $235 million to the 

Australian government in 2012 (Al-Sohaily, Biankin, Leong, Kohonen-Corish, & 

Warusavitarne, 2012). 

There are many factors both genetic and environmental that can contribute to the increase 

in risk of developing CRC (Haggar & Boushey, 2009). The lifetime risk of developing 

CRC is greater in men (1 in 17) than women (1in 26) (Al-Sohaily et al., 2012). While the 

majority of cases are sporadic, 5-10% of colorectal cancers arise as a result of inherited 

genetic conditions such as Familial Adenomatous Polyposis (FAP) and Hereditary Non-

Polyposis Colorectal Cancer (HNPCC). Other risk factors include low penetrance 

germline risk variants, advanced age, poor nutrition, lack of exercise, cigarette smoking, 

alcohol consumption and presence of irritable bowel disease (IBD). 

1.2 Colorectal Cancer Staging 

Tumour staging is the histologic and radiologic assessment of disease severity, and is the 

principle feature for estimating disease prognosis and guiding planning of patient 

treatment. The TNM Staging System developed by the American Joint Committee on 

Cancer (AJCC) and the International Union Against Cancer (IUAC) is the most 

commonly used staging system for CRC (Table 1.1). It considers three criteria: the extent 

of the primary tumour invasion (T stage), the spread of disease to lymph nodes (N stage) 

and the presence of distant metastasis (M stage) (Compton & Greene, 2004; Edge, 2010). 
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Within the TNM staging, tumour classification can fall into staging categories; stages 0 

to IV (Figure 1.1) ("Bowel Cancer Australia," 2014). Stage 0 is designated when 

abnormal cells are found in the mucosa of the bowel wall, with the potential of becoming 

cancerous. Stage I describes the formation of the tumour at the mucosa of the bowel wall 

and into the submucosa. Stage II can be subdivided into three stages; IIA, IIB and IIC. 

Stage IIA describes a cancer that has penetrated the muscle layer of the bowel to the 

serosa. The additional spread through the serosa is designated as stage IIB, while spread 

to nearby organs is stage IIC. The progression of cancer to involve lymph nodes describes 

stage III, while the advancement of disease to a distant site from the colon is known as 

stage IV (metastatic disease). 

The implementation of the TNM staging system requires the resection of a previously 

untreated primary tumour followed by pathologic classification by microscopic 

examination. The designation of the N category involves the additional removal of 

lymph nodes to validate node metastasis, while M category classification is determined 

upon examination of distant lesions (Compton & Greene, 2004). 

 

Table 1.1: TNM Classification system according to the AJCC.  

 

 

TNM Classification 

TX Primary tumour cannot be assessed NX Regional lymph nodes cannot be assessed 

T0 No evidence of primary tumour N0 No regional lymph node metastasis 

Tis Carcinoma in situ N1 Metastasis in 1 to 3 regional lymph nodes 

T1 Tumour invades submucosa N2 
Metastasis in 4 or more regional lymph 

nodes 

T2 Tumour invades muscularis propria MX Distant metastasis cannot be assessed 

T3 Tumour invades into the subserosa M0 No distant metastasis 

T4 
Tumour invades other organisms or 

structures 
M1 Distant metastasis 
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Figure 1.1: Colorectal cancer staging.  

Demonstrating the development and staging of colorectal cancer tumours ("Bowel 

Cancer Australia," 2014) 

1.3 Molecular Pathology of CRC 

Colorectal cancer is a highly heterogeneous disease, both at the clinical and the molecular 

levels, resulting in a spectrum of prognoses and responsiveness to therapy. As a result, 

much research has focused on identifying molecular alterations in relation to tumour 

histopathological progression. The classic model of CRC tumourigenesis as defined over 

twenty years ago by Fearon and Vogelstein describes tumour development as a stepwise 

process of inactivating mutations in tumour suppressor genes and activating mutations in 

oncogenes leading to malignancy (Figure 1.2) (Fearon & Vogelstein, 1990). This original 

model of CRC development is known as the adenoma-carcinoma sequence. However, in 

recent times, an alternate pathway of tumour progression known as the serrated neoplasia 

sequence has been described. Notably, while only a small number of established major 

cancer genes are ascribed to these respective developmental sequences, recent exome 

sequencing estimate that the average carcinoma may carry approximately 80 mutated 

genes, with a subset of hypermutated cases carrying approximately 1,500 mutated genes 

(Wood et al., 2007). 
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1.3.1 Classical Adenoma-Carcinoma Sequence  

The classical adenoma-carcinoma sequence accounts for approximately 80% of 

sporadic CRCs and thought to be initiated by biallelic inactivation of the APC tumour 

suppressor gene. This is followed by mutations in KRAS during progression to late 

adenoma and subsequent mutations in TP53, PIK3CA as well as loss of chromosome 

18q (targeting SMAD4) in the final stages of progression to an invasive carcinoma. In 

addition to deregulation of key genes, an increase in chromosomal instability (CIN) is 

observed with tumour progression. Chromosomal instability can manifest as a gain or 

loss of whole chromosomes or chromosomal regions,  resulting in aneuploidy, genomic 

amplifications and loss of heterozygosity (LOH) (Harrison & Benziger, 2011).  

 

 

Figure 1.2: Adenoma to carcinoma sequence in CRC. 

Demonstrating the accumulation of genetic alterations during tumourigenesis (Roper, 

2013). 
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1.3.1.1 APC 

The APC (Adenomatous Polyposis Coli) gene is found on chromosome 5q21 and encodes 

a 312kDa protein that plays a key role in regulating the degradation of β-catenin via the 

WNT signalling pathway. APC is found to be mutated in approximately 70% of sporadic 

colorectal cancer (M. Christie et al., 2013), with the majority of alterations being 

frameshift or nonsense mutations, resulting in a truncated form of the protein 

(Armaghany, Wilson, Chu, & Mills, 2012). When APC is truncated, β-catenin 

accumulates and binds to the Tcf family of transcription factors, resulting in constitutive 

expression of genes involved in proliferation, migration and apoptosis. An alternate form 

of APC inactivation is characterised by the hypermethylation of the APC promoter. This 

mechanism of inactivation is observed in 18% of colorectal carcinomas (Pino & Chung, 

2010). Germline mutations in APC result in the hereditary form of CRC known as 

Familial Adenomatous Polyposis (FAP). This autosomal dominant disorder accounts for 

less than 1% of CRC cases and is characterised by the presence of hundreds of colorectal 

polyps, with onset early in life (Al-Sohaily et al., 2012). According to the Vogelstein 

tumour model, APC mutations occur early in tumour development, initiating polyp 

formation. 

1.3.1.2 KRAS 

The KRAS (Kirsten rat sarcoma viral oncogene homolog) oncogene is a member of the 

MAPK signalling pathway and is highly mutated in various cancers, with activating 

mutations found in approximately 40% of CRCs (Downward, 2003). KRAS activation 

occurs as a result of activated RTKs recruiting GRB2 and SOS to the cell membrane. 

Binding to SOS leads to a conformational change in KRAS and the conversion of its 

inactive GDP-bound form to an active GTP-bound form. This triggers a cascade of 

signalling events through RAF, MEK and ERK (Downward, 2003; Krens, Baas, 

Gelderblom, & Guchelaar, 2010). The most common mutations found in KRAS are 

G12V, G12D and G13D, locking it in the active GTP-bound form (Wicki, Herrmann, & 

Christofori, 2010). In the RASCAL study of 2,721 CRC patients from across 13 countries, 

it was found that a KRAS mutation increased the risk of cancer recurrence and death. 

Furthermore, the G12V mutation was found to increase this risk when compared to other 

KRAS hotspot mutations (Normanno et al., 2009). The significance of KRAS mutations in 

disease development was further supported by the QUASAR trial. This study identified 
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a positive association between the presence of a KRAS mutation and a decrease in 

recurrence-free survival in a cohort of 1,583 stage II CRC patients (Hutchins et al., 2011). 

In a metastatic setting, the FOCUS trial demonstrated the presence of a KRAS mutation 

as a poor prognostic factor for overall survival (Richman et al., 2009). 

1.3.1.3 TP53 

TP53 (Tumour protein p53) gene is a key regulator of numerous genes involved in DNA 

metabolism, cell cycle regulation, apoptosis, cell differentiation, immune response, 

migration and angiogenesis, highlighting its crucial role in cellular homeostasis and thus 

its name “guardian of the genome” (Pino & Chung, 2010). Mutations in this gene are 

found in approximately 40-50% CRC tumours, with the majority of them falling in 5 

hotspot regions believed to be involved in DNA binding (Lopez et al., 2012; Naccarati et 

al., 2012). In exploring the prognostic value of TP53, the TP53-CRC Collaborative Study 

demonstrated an improved response to adjuvant therapy in Dukes’ C grade tumours with 

wildtype TP53 or TP53 mutant proximal tumours (Russo et al., 2005). Further analysis 

of this CRC patient cohort suggested an increase in frequency of loss of function 

mutations in TP53 in stage IV tumours, in addition to an association with worse prognosis 

(Iacopetta et al., 2006).  

1.3.2 Serrated Neoplasia Sequence 

The serrated neoplasia sequence describes the development of CRC tumours that 

account for approximately 10% of CRC cases. These lesions demonstrate a serrated 

morphology, commonly found in the distal colon and rectum (Yamane, Scapulatempo-

Neto, Reis, & Guimaraes, 2014). While the adenoma-carcinoma sequence is primarily 

driven by CIN and mutations in key genes such as KRAS, the serrated neoplasia 

sequence is molecularly governed by CpG methylator phenotype (CIMP) and 

microsatellite instability (MSI) (Figure 1.3).  
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Figure 1.3: The serrated neoplasia sequence in CRC. 

Demonstrating the development and progression of CRC via the serrated neoplasia 

sequence (M Christie & Sieber, 2011) 

1.3.2.1 BRAF 

The BRAF gene encodes a serine-threonine protein kinase that acts downstream of 

KRAS in the RAS/RAF/MEK/ERK/MAPK signaling pathway. BRAF mutations occur 

in approximately 10% of CRCs, with the most common activating mutation being a 

1796T to A transversion, resulting in a valine to glutamic acid substitution at codon 600 

(V600E) (W. Q. Li et al., 2006). The presence of a BRAF mutation is found to be 

positively associated with, female patients, CIMP phenotype, MSI-H status, right-sided 

tumour location (Roth et al., 2010; H. Tanaka et al., 2006). In the metastatic setting, 

mutations in BRAF have also been associated with lack of response to various 

therapeutic agents, with the presence of a mutation being a negative prognostic marker 

for overall survival. This was demonstrated in a retrospective analysis of 519 tumours 

from the CAIRO2 trial, which highlighted the association between BRAF mutations and 
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shorter progression-free survival and overall survival in patients with metastatic disease 

and treated with chemotherapy and antibody based therapy (Tol, Nagtegaal, & Punt, 

2009). 

1.3.2.2 Deficiency in Mismatch Repair (dMMR) 

Microsatellite Instability (MSI) is found in 15-20% sporadic CRC (Pancione, Remo, & 

Colantuoni, 2012). It manifests as hypermutability in nucleotide repeat sequences 

throughout the genome and is a direct result of compromised DNA mismatch repair 

(MMR) machinery. Epigenetic alterations are commonly found in genes of the MMR 

system (MLH1, MLH3, MSH2, MSH3, MSH6, PMS1 and PMS2) (Harrison & Benziger, 

2011), where in normal cells, these genes translate into proteins that in various 

heterodimeric combinations are responsible for the repair of mutations in DNA. A panel 

of 5 microsatellite markers are used in the determination of MSI, these include 

mononucleotide repeats BAT25 and BAT26 and dinucleotide repeats D5S346, D2S123 

and D17S250. Instability observed in at least two of these markers is defined as MSI-high 

(MSI-H). MSI tumours are generally observed in older women and are associated with 

right sided colonic tumours and poor differentiation (Al-Sohaily et al., 2012). MSI-H 

patients tend to be associated with better prognosis (Popat, Hubner, & Houlston, 2005) 

and response to irinotecan-based therapy but not from fluorouracil therapy (Bertagnolli 

et al., 2009; Fallik et al., 2003), making MSI a potential predictor for 5-FU treatment 

selection. Germline mutations in MMR genes may also give rise to Lynch Syndrome 

(Hereditary Non Polyposis Colorectal Cancer (HNPCC)), which accounts for 3-5% of 

CRC cases (Al-Sohaily et al., 2012; Mojarad, Kuppen, Aghdaei, & Zali, 2013).  

1.3.2.3 Hypermethylation (CIMP) Pathway 

The CpG methylator phenotype, characterised by DNA methylation that occurs in 5’-

CpG islands (CpG-rich DNA found in the promoters of tumour suppressor genes), 

accounts for approximately 15% sporadic CRC (Harrison & Benziger, 2011) and 

typically results in transcriptional silencing and thus loss of gene expression. One of the 

most commonly used panels for CIMP characterisation is NEUROG1, IGF2, SOCS1, 

CACNA1G and RUNX3, whereby cancers with four or more of these loci methylated are 

termed CIMP-high (Weisenberger et al., 2006). CIMP is generally associated with MSI 

and mutations in BRAF (Ang et al., 2010; L. Shen et al., 2007). In stage II-III CRC 
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patients, chemotherapy treatment of CIMP positive patients does not improve disease-

free survival. However, where patients do not receive treatment, CIMP-positive patients 

demonstrate a better prognosis (Jover et al., 2011).  

1.4 Colorectal Cancer Treatment 

Patients presenting with stage I, II or III disease can often be cured by surgical 

resection, with 5-year survival rates of approximately 90, 80 and 50% respectively 

(Manfredi et al., 2006). However, recurrent disease presents a significant problem, with 

patients receiving further treatment in the form of fluoropyrimidine-based 

chemotherapy (5-FU or capecitabine), often in combination with oxaliplatin (Cheasley 

et al., 2015). Where patients present with stage IV advanced metastatic disease, a poor 

prognosis is often given with a 5-year survival rate of less than 20% (Jemal, Siegel, Xu, 

& Ward, 2010). While surgery is rarely possible in these instances, the development of 

novel therapies has led to combination therapeutics and more recently, targeted 

therapeutics. These new agents include monoclonal antibodies against the epidermal 

growth factor receptor (EGFR) cetuximab and panitumumab, as well as monoclonal 

antibodies against the vascular endothelial growth factor A (VEGF-A) bevacizumab. 

While the addition of these agents have led to improvements in survival, often these are 

limited to a subset of individuals and responses are short lived. 

 

THE PI3K SIGNALLING PATHWAY 

1.5 Classification of Phosphoinositide-3 Kinases 

Lipids make up approximately 5% of a cells’ mass. Of this pool, 4% are 

phosphatidylinositols of which less than 1% can be phosphorylated to form the important 

cellular messenger molecules phosphoinositides (Riehle, Cornea, & Degterev, 2013). 

Phosphoinositides are phospholipids that can be phosphorylated at the 3, 4 and 5-OH 

position of the inositol ring. As a result, seven phosphoinositides can be generated: IP3, 

IP4, IP5, PI(3,4)P2, PI(4,5)P2, PI(3,5)P2 and PI(3,4,5)P3 (Figure 1.4)  

The discovery of PI3K and its ability to phosphorylate phosphoinositides at the 3-OH 

position of the inositol ring occurred around 30 years ago by Lewis Cantley and his 
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colleagues. Since this initial finding, our understanding of its presence, function and 

specifically its deregulation in the development of disease has rapidly expanded. We now 

know that PI3Ks are involved in several key cellular processes including cell metabolism, 

survival, migration and vesicular trafficking; and numerous intracellular proteins have 

evolved the ability to bind PI3K products triggering their own activation through PI3K 

signalling (Engelman, Luo, & Cantley, 2006).  

There are three broad classes of PI3Ks (Figure 1.5), each with several PI3K isoforms 

categorized into their class based on their substrate preference, sequence homology and 

regulation (Engelman et al., 2006; Vanhaesebroeck, Vogt, & Rommel, 2010). 

 

 

Figure 1.4: The phosphoinositide metabolic cycle. 

The interconversion of phosphoinositide species occurs through a series of 

phosphorylation (solid arrows) and dephosphorylation (dashed arrows) events (Bunney 

& Katan, 2010).  
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1.5.1 Class I PI3K  

Class I PI3Ks are divided into two subgroups based on their receptor binding partners 

(Figure 1.5). Class IA are activated by growth factor receptor tyrosine kinases (RTKs) 

while class IB are activated by G protein-coupled receptors (GPCRs). The class IA PI3Ks 

are heterodimers comprising of a p85 regulatory subunit (of which there are three p85 

isoforms p85α, p85β and p55γ, encoded by genes PIK3R1, PIK3R2 and PIK3R3 

respectively) and a p110 catalytic subunit (of which there are also three isoforms p110α, 

p110β and p110δ, encoded by genes PIK3CA, PIK3CB and PIK3CD respectively) 

(Engelman et al., 2006). The most characterised heterodimer, due to its implication in 

disease development, is the p110α/p85α kinase. p110α contains an N-terminus adaptor 

binding domain (ABD) which acts as the main point of interaction with the regulatory 

subunit, a Ras-binding domain (RBD) that enables interaction with KRAS, a C2 domain 

that is involved in lipid binding, and finally a helical and kinase domain towards the C-

terminus of the protein. The helical domain forms the scaffolding for the other p110α 

domains and interacts with p85α, imposing an inhibitory effect in an inactivated setting, 

while the kinase domain is the main catalytic domain, comprising of two loops which are 

responsible for the recognition of the substrate for PI3K binding (Djordjevic & Driscoll, 

2002; Huang et al., 2007). The p85α subunit has two Src homology 2 (SH2) domains, one 

SH3 domain, a BCR homology (BH) domain flanked by two proline-rich regions and an 

inter-SH2 (iSH2) domain. The SH2 and iSH2 domains are essential for p85 to bind to the 

p110 catalytic subunit. Activated PI3Kα is able to convert phosphatidylinositol (4,5)-

bisphosphate (PI(4,5)P2) to phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3). 

The class IB PI3Ks are also heterodimers comprising of p101 and p84 regulatory subunits 

and p110γ catalytic subunit. The catalytic subunit 110γ shares a large degree of homology 

with the class IA catalytic p110 subunits (Vanhaesebroeck, Guillermet-Guibert, 

Graupera, & Bilanges, 2010).  

In mammals, the class I PI3K signalling pathway is the most characterised, with continued 

efforts to better understand the cascade due to its role in human disease. While both p110α 

and p110β demonstrate ubiquitous expression, p110δ and p110γ expression is highly 

enriched in leukocytes (Kok, Geering, & Vanhaesebroeck, 2009).  
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1.5.2 Class II PI3K  

Class II PI3Ks lack a regulatory subunit and are only comprised of a functional catalytic 

subunit (PI3KC2α, PI3KC2β and PI3KC2γ) (Figure 1.5). They contain a C-terminal C2 

domain that binds phospholipids in vitro in a Ca2+-independent manner. Sharing a great 

degree of sequence homology with the class I catalytic subunits, they are responsible for 

the conversion of PI to PI(3)P and PI(3)P to PI(3,4)P2.Class II PI3Ks are involved in 

vesicular trafficking, often localising in the Golgi network, however there is also evidence 

of nuclear localisation within the pre-mRNA containing nuclear speckles (Carracedo & 

Pandolfi, 2008; Falasca et al., 2007). They are also able to bind clathrin and are involved 

in the regulation of receptor internalisation (Engelman et al., 2006). Unlike class I PI3Ks, 

class II PI3Ks are not ubiquitously distributed but are instead selectively expressed in 

specific differentiated cell types (Kok et al., 2009).  

1.5.3 Class III PI3K  

In humans, class III PI3K consists of PIK3C3, a homologue of the Saccharomyces 

cerivisiae vacuolar protein-sorting 34 (Vps34) (Figure 1.5). Vps34 was originally 

identified in budding yeast as the gene product required for trafficking vesicles from the 

Golgi apparatus to the vacuole. In humans, class III PI3K is responsible for the conversion 

of PI to PI(3)P, is ubiquitously expressed and has been implicated in endocytosis and 

autophagy (Kok et al., 2009; Marone, Cmiljanovic, Giese, & Wymann, 2008; Rommel, 

2010). Recently, human Vps34 was found to regulate mammalian target of rapamycin 

(mTOR) activity in response to amino acid availability, and thus this enzyme, similar to 

the class I PI3Ks, might also be involved in controlling cell growth (Byfield, Murray, & 

Backer, 2005; Engelman et al., 2006; Nobukuni et al., 2005). 
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Figure 1.5: Classification of PI3K family members. 

The domain structures of the PI3K isoforms (Engelman et al., 2006). 

 

1.6 Class IA PI3K Pathway Signalling 

In the absence of RTK activation, class IA PI3Ks adopt an inactive conformation, 

whereby the SH2 domains of the p85 subunit binds to the p110 subunit, imposing an 

inhibitory effect. However, upon RTK activation, there are three mechanisms by which 

PI3K is recruited to the cell membrane and activated. The first involves the recruitment 

and binding of the p85 subunit to the pYXXM motif of the receptor at the cell membrane. 

This releases the inhibitory effect imposed by p85, making the p110 subunit available to 

its lipid substrate (Engelman et al., 2006). In addition to direct binding of the p85 subunit 

to the activated RTK, the adaptor protein growth factor receptor-bound protein 2 (GRB2) 

preferentially binds the pYXN motif in the activated RTK. As a consequence, it recruits 

the scaffold protein Grb2-associated binders (GAB) which binds p85 resulting in kinase 

activation. The final mechanism of activation is independent of the p85 subunit and 

involves the GTP-activated RAS protein. GRB2 binding to the activated RTK results in 

SOS/RAS complex recruitment to the cell membrane, causing the activation of RAS and 

subsequent binding and activation of the p110 subunit (Castellano & Downward, 2011). 

While RAS induced activation of the PI3K pathway is specific to the p110α subunit, 

p110β similarly binds to GTP-activated RAC and CDC42, whereas p110δ binds to the G-

protein TC21 (Fruman & Rommel, 2014). In addition to the three main mechanisms of 
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activation, the function of adaptor proteins such as GAB and IRS has the potential to 

amplify the PI3K response. The family of GAB and IRS proteins contain a pYXXM 

motif, enabling their recruitment to the cell membrane and subsequent binding to PI3K. 

Furthermore, members of the interleukin receptor family utilise Janus-activated kinases 

(JAKs) to phosphorylate pYXXM motifs resulting in the activation of PI3K signalling 

(Wymann, Zvelebil, & Laffargue, 2003).  

1.7 Direct Negative Regulation of PI3K Signalling 

The PI3K signalling pathway is under strict regulation to prevent the accumulation of 

PI(3,4,5)P3 and resultant constitutive pathway activation. This regulation is mediated by 

the lipid phosphatase and tumour suppressor PTEN (phosphatase and tensin homolog 

deleted on chromosome 10), that converts PI(3,4,5)P3 to PI(4,5)P2 by removing the 

phosphate group from the 3’ position. PI(3,4,5)P3 can  be further dephosphorylated by 

the phosphatase SHIP2 (SH2-containing inositide 5’-phosphate) that targets the 5’ 

position of the inositol ring and leading to the formation of PI(3,4)P2 (Hennessy, Smith, 

Ram, Lu, & Mills, 2005) 

1.7.1 PTEN  

PTEN is a 403 amino acid protein comprising of a PI(4,5)P2 binding motif, a phosphatase 

domain, C2 domain, two PEST sequences and a PDZ binding motif at the C-terminal tail. 

Polyubiquitination of PTEN targets it for destruction while in contrast; 

monoubiquitination results in the nuclear localisation of PTEN. Phosphorylation of PTEN 

by CK2 and GSK3 at the C-terminal tail can also inhibit PTEN phosphatase activity by 

locking the protein in a stable “closed” conformation (Leslie & Foti, 2011). Furthermore, 

PTEN can be repressed in a MAPK dependent manner through overexpression of RAS, 

resulting in its binding to the PTEN promoter and thus preventing expression (Vasudevan, 

Burikhanov, Goswami, & Rangnekar, 2007). Finally, hypermethylation of the PTEN 

promotor can occur, resulting in epigenetic silencing of expression and contributing to 

biallelic inactivation (Goel et al., 2004; Molinari & Frattini, 2013). In addition to cellular 

PTEN, a translational variant (576 amino acids in length) termed PTEN-Long, has been 

described as a secreted form of PTEN. This secreted form can enter cells from the 

microenvironment, antagonizing the PI3K signalling and has been shown to reduce 
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tumour growth in xenograft models of both glioblastoma and colon cancer (Hopkins et 

al., 2013). 

PTEN is inactivated by mutation or methylation in approximately 20-30% of CRC cases 

(Day et al., 2013). While some studies have suggested an association between the lack of 

PTEN expression in CRC tumours and advanced disease and poor overall survival, there 

are many conflicting papers to this notion. These discordant studies have meant that at 

present, PTEN expression is not considered a prognostic factor in CRC (Molinari & 

Frattini, 2013).  

1.7.2 SHIP 

The SHIP family of phosphatases comprise of SHIP1 and SHIP2. SHIP1 is capable of 

hydrolysing the 5-phosphate of both PI(3,4,5)P3 and Ins(1,3,4,5)P4, while SHIP2 activity 

is more specific to the hydrolysis of PI(3,4,5)P3 only (Sasaki et al., 2009). SHIPs are 

1,190 amino acid proteins and comprise of an N-terminal SH2 domain, a central 400-500 

amino acid 5’-phosphoinositol phosphatase domain, two phosphotyrosine binding 

consensus sequences and a proline-rich region carboxyl tail (Rohrschneider, Fuller, Wolf, 

Liu, & Lucas, 2000). While SHIP1 is primarily expressed in hematopoietic cells, SHIP2 

is more ubiquitous with high expression observed in adult heart, skeletal muscle and 

placenta (Q. Zhang & Claret, 2012).   

1.8 Downstream Signalling of Class IA PI3Ks 

1.8.1 Recruitment of PI(3,4,5)P3 Binding Domain Proteins 

The generation of PI(3,4,5)P3 at the cell membrane results in the recruitment and docking 

of proteins that contain PI(3,4,5)P3 specific binding domains. These domains include 

Pleckstrin-homology (PH), Phox (PX), Plant Homedomain (PHD), C1 and C2 (Hennessy 

et al., 2005). The most characterised domain, the PH domain, consists of approximately 

120 amino acids. Its bowl-like structure creates a highly positive electrostatic binding 

pocket, to which the inositol head is able to bind. Through the use of various techniques 

including recombinant protein technology, GFP-tagged protein expression and 

microscopy, high affinity PI(3,4,5)P3 binding domains such as the PH domain have 

become invaluable tools in understanding the distribution and dynamics of 

phosphoinositide signalling (Halet, 2005). The PI(3,4,5)P3 effector network comprises of 
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approximately 40 of the 250 known PH domain-containing proteins, including 

serine/threonine kinases, tyrosine kinases, nucleotide exchange factors, GTPase-

activating factors, phospholipases and adaptor and scaffold proteins, which mediate a 

diverse array of cellular functions (Figure 1.6). The most commonly studied ones include 

the serine/threonine kinase AKT, PDK1, GRP1, ARNO and BTK (Riehle et al., 2013).  

 

Figure 1.6: Major PI(3,4,5)P3 effector proteins. 

Schematic representing the recruitment of major PI(3,4,5)P3 effector proteins to the inner 

leaflet of the plasma membrane (Hawkins, Anderson, Davidson, & Stephens, 2006) 

 

1.8.2 PI3K Activation of Serine/Threonine Kinases 

Most of the cellular responses to PI3K activation and PI(3,4,5)P3 production are mediated 

by the activation of a group of AGC kinases comprising of S6K, RSK, SGK and PKC 

isoforms. These play an essential role in regulating physiological processes related to cell 

growth proliferation, survival and metabolism. However, the main downstream signalling 

from class IA PI3K implicated in cellular transformation occurs primarily through the 

serine/threonine protein kinase, AKT (also known as PKB). AKT is the human homologue 

of the viral oncogene v-akt and another member of the AGC family of kinases. There are 

three AKT isoforms: AKT, AKT2 and AKT3. AKT1 is highly expressed in most tissue 

types while AKT2 and AKT3 vary in their tissue distribution and expression levels. 
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Furthermore, their cellular localisation differs between isoforms, with AKT1 found 

primarily in the cytoplasm, AKT2 in both the cytoplasm and the nucleus and AKT3 in 

the nuclear envelope (Agarwal, Brattain, & Chowdhury, 2013). AKT isoforms contain 3 

functional domains: an N-terminal PH domain, central catalytic domain and a C-terminal 

regulatory domain that comprises of a hydrophobic motif (Rommel, 2010). Like other 

members of the AGC family, AKT requires two phosphorylation events for activation, 

one at the activation loop of the catalytic domain and one at the hydrophobic motif. 

Through its PH domain, AKT is recruited to the cell membrane and binds to PI(3,4,5)P3. 

Upon recruitment and binding, AKT undergoes a conformational change that exposes two 

resides Thr308 and Ser473 for phosphorylation by PDK1 and PDK2 (also known as 

mTORC2) respectively. Phosphorylation at Ser473 is essential for full activation as this 

stabilizes the active conformation induced by phosphorylation at Thr308. AKT activation 

results in the phosphorylation of up to 100 substrates, thus regulating a plethora of cellular 

functions (Figure 1.7) (Carracedo & Pandolfi, 2008). 

1.8.2.1 Role of AKT in Cell Survival 

AKT plays a critical role in cell survival by negatively regulating pro-apoptotic proteins. 

AKT phosphorylates a group of transcription factors, FOXO proteins (FOXO1, FOXO3a 

and FOXO4), resulting in their binding to 14-3-3 proteins, being exported from the 

nucleus and ultimately preventing transcription of their pro-apoptotic target genes FasL 

and BIM (Engelman et al., 2006; Manning & Cantley, 2007). In addition, AKT 

phosphorylates BAD (Bcl-2/Bcl-Xʟ antagonist causing cell death) at Ser136 resulting in 

it binding to 14-3-3 proteins and preventing its apoptotic effects (Manning & Cantley, 

2007). AKT can also phosphorylate MDM2 ensuing its translocation to the nucleus and 

negative regulation of p53. Finally, AKT mediated phosphorylation marks IκB kinase for 

degradation, which activates NFκB and initiates transcription of pro-apoptotic genes 

(Marone et al., 2008). 

1.8.2.2 Role of AKT in Cell Cycle Progression 

AKT phosphorylates the cyclin-dependent kinase inhibitor p27Kip1 (Thr157), preventing 

it from translocating to the nucleus and imposing its inhibitory effect on cell cycle 

(Manning & Cantley, 2007). Furthermore, AKT is able to regulate the expression of p27 

through its phosphorylation of FOXO and subsequent transcription of cyclin D1(Marone 



 

 

32 

 

et al., 2008). Like the observed effect on p27, AKT is able to sequester p21Cip1 in the 

cytoplasm through phosphorylation at Thr145 (Manning & Cantley, 2007). AKT can also 

phosphorylate and deactivate the tumour suppressor retinoblastoma (Rb), leading to the 

activation of the transcription factor E2F that promotes cell cycle progression (Brennan 

et al., 1997). Finally, inhibition of GSK3 leads to the stabilisation of c-myc and cyclin 

D1, promoting cell cycle progression (Engelman et al., 2006; Marone et al., 2008). 

1.8.2.3 Role of AKT in Cell Metabolism 

AKT is involved in glucose uptake through its ability to induce membrane translocation 

of GLUT4, most prominently in response to insulin. In addition, AKT is able to activate 

glycogen synthase through phosphorylation and inhibition of glycogen synthase kinase 3 

(GSK3) whose downstream targets include glycogen synthase and translation initiation 

factor eIF2B (Engelman et al., 2006). AKT has also been shown to stimulate the 

association between hexokinases and the mitochondria, enabling the conversion of 

glucose to its active form of glucose 6-phosphate (Robey & Hay, 2006). Finally, AKT 

activation promotes acetyl-CoA production, consequently promoting histone acetylation 

(J. V. Lee et al., 2014).  

1.8.2.4 Role of AKT in Protein Synthesis and Cell Growth 

AKT plays a role in translation and ribosomal biogenesis through the regulation of its 

downstream targets including mTOR, S6K, eukaryotic initiation factor 4E (eIF4E) and 

4E-binding protein (4EBP1). Phosphorylation and activation of S6 and 4EBP1 ultimately 

results in an increase in protein synthesis. AKT is also capable of phosphorylating 

tuberous sclerosis complex 2 (TSC2) and PRAS40, thus preventing their ability to 

independently negatively regulate mTOR (Manning & Cantley, 2007; Markman, Atzori, 

Perez-Garcia, Tabernero, & Baselga, 2010). 
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Figure 1.7: The PI3K Signalling Pathway. 

PI3K activation results in the phosphorylation of AKT and subsequent recruitment and 

phosphorylation of downstream effectors. These effectors play significant roles in cellular 

processes such as cell growth, proliferation, metabolism, protein synthesis and survival 

(Markman et al., 2010).  

 

1.8.3 PI3K Activation of Regulators of Small GTPases 

The Small GTPase cycle is regulated by guanine nucleotide exchange factors (GEFs) and 

GTPase activating proteins (GAPs). GEFs activate small GTPases by catalysing the 

exchange of GDP for GTP, while GAPs inactivate small GTPases by stimulating their 

intrinsic GTPase activity resulting in hydrolysis of GTP to GDP (Bos, Rehmann, & 

Wittinghofer, 2007). Binding of PI(3,4,5)P3 and PI(3,4)P2 to the PH domain of the Rho 

and Arf family of small GTPases, represses an intramolecular inhibition on the catalytic 

domain, thus activating these, as well as recruiting the associated GEFs (Figure 1.6) 

(Hawkins et al., 2006; Jackson, Kearns, & Theibert, 2000). Through the activation of 
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small GTPases, PI3K is able to regulate downstream cellular responses involved in 

cytoskeletal organisation, cell migration, cell cycle progression and cell adhesion.  

1.8.4 PI3K Activation of Protein Tyrosine Kinases 

The Tec family of non-receptor protein tyrosine kinases comprise of five members; Tec, 

Btk, Itk/Emt/Tsk, Bmx and Txk/Rlk. These kinases are primarily expressed in 

hematopoietic tissue and are involved in signalling mediated by various antigen receptors 

and cytokines (W. C. Yang, Ghiotto, Barbarat, & Olive, 1999). While their protein 

structure resembles that of the Src family proteins (comprising of an SH3, an SH2 and a 

kinase domain), their most characteristic feature is the presence of a unique N terminal 

domain. This domain can be subdivided into a PH domain, enabling the recruitment of 

Tec proteins to the cell membrane as a result of PI3K activation (Figure 1.6). In this 

manner, Tec proteins such as Btk, are able to mediate downstream signalling through 

PLCγ2, BRDG1 and Rho (Mano, 1999). 

1.8.5 Feedback Loops 

A number of feedback loops exist as a means of autoregulating the PI3K signalling 

pathway. The downstream effector of mTOR, S6K, is able to phosphorylate 

IRS1resulting in its degradation and ultimately dampening PI3K signalling (Haruta et al., 

2000). In addition, S6K is able to inhibit the MAPK pathway, notably observed in patients 

with cancer of the breast or colon, who when treated with mTOR inhibitors exhibit an 

increase in pERK (Carracedo et al., 2008). Overexpression of p53 (also a downstream 

target of PI3K signalling) can impose an inhibitory effect on PIK3CA expression through 

a binding domain upstream in the PIK3CA promotor region (Astanehe et al., 2008). 

Furthermore, p53 is capable of regulating PI3K signalling through its ability to increase 

expression of the antagonist PTEN via direct binding at its promotor region (Trotman & 

Pandolfi, 2003). Finally, while negatively regulated by PI3K, FOXO3a is capable of 

inducing p110α expression through its ability to bind the PIK3CA promoter region, 

resulting in p110α having the potential to negatively regulate its own expression (Hui et 

al., 2008). It is these complex feedback loops that ensure a strict balance in PI3K 

signalling, maintaining cellular homeostasis.  
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1.9 PI3K Pathway Mutation Activation in Cancer 

The PI3K signalling pathway plays a vital role in many important cellular processes 

including cell growth and survival. Its significance in normal cell development, results in 

the pathway often experiencing targeted aberrations contributing to tumourigenesis. 

Oncogenic activation of the PI3K pathway has been implicated in several human cancers 

including colorectal, breast, endometrial, lung, prostate, melanoma and glioblastoma 

(Hennessy et al., 2005; Markman et al., 2010).  

1.9.1 PIK3CA 

Mutations in PIK3CA, encoding the catalytic subunit p110α, are found in approximately 

15-20% of CRC tumours, making it one of the most commonly mutated genes in CRC 

(Cathomas, 2014; Day et al., 2013). While mutations across the catalytic subunit have 

been identified in a number of cancer, 80% of PIK3CA mutations are found at the C-

terminus of the protein in the helical and kinase domains (Figure 1.8) (Huang et al., 2007). 

These “hotspot mutations are E542K and E545K in the helical domain and H1047R in 

the kinase domain. Initial studies into the oncogenic potential of the PIK3CA “hotspot” 

mutations utilised chicken embryo fibroblasts and demonstrated induced cellular 

transformation, increased kinase activity and constitutive activation of AKT and its 

downstream effectors p70S6K and 4EBP1 (Kang, Bader, & Vogt, 2005). This was shortly 

followed by a study that utilised colon cancer cell lines (HCT116 and DLD1) isogenic 

for wild-type or mutated PIK3CA (single gene copy), identifying the ability for mutated 

PIK3CA to reduce growth factor dependent cell growth, promote resistance to apoptosis 

and increase migration and invasion potential (Samuels et al., 2005). Huang et al extended 

these findings by generating the crystal structure of full length p110α bound to the 

inhibitory domains of p85α (Huang et al., 2007). This complex had full enzymatic activity 

in vitro and was used alongside the known crystal structure of PI3Kγ to investigate the 

effect that helical and kinase mutations may have on the function of PI3K. The helical 

domain mutations E542K and E545K result in a change of charge at these residues (E is 

acidic polar negative, K is basic polar positive), and it is these residues that are involved 

in the interaction with the nSH2 domain of p85 which is positively charged and required 

for catalytic inhibition. A change in amino acid charge at these essential residues thus 

prevents the interaction with nSH2 and therefore abolishes catalytic inhibition (Miled et 
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al., 2007). In contrast, the “hotspot” kinase domain mutation H1047R appeared to alter 

the conformation of the activation loop resulting in constitutive activation of the kinase. 

While the histidine in the wildtype kinase interacts with Leu956 in the activation loop, 

the mutant arginine residue points perpendicular to the wildtype conformation towards 

the cell membrane, making it more accessible to PI(4,5)P2 (Mandelker et al., 2009). Two 

studies have explored the oncogenic potential of activated PI3K in a mutant PI3K mouse. 

Leystra et al generated a mutant PI3K mouse that developed invasive adenocarcinomas 

in the colon in addition to metastases into the lymphatic, ovarian, uterine and pancreatic 

tissue (Leystra et al., 2012). Interestingly, these tumours exhibited a similar histology to 

the mucinous invasive colon cancers observed in humans. This was followed by a study 

conducted by Deming et al who showed that when the PI3K mouse was crossed with an 

APCMin/+ mouse, mutant PI3K acted synergistically with APC mutation, resulting in an 

increase in the number, size and invasiveness of the colon tumours (Deming et al., 2014).  

While there is inconsistent evidence in the literature to classify PI3K mutation status as a 

prognostic marker in human CRC, mutations in PIK3CA have been associated with 

patient clinicopathological and tumour molecular features. PI3K pathway mutations are 

more prominent in proximal colon cancers, with PIK3CA exon 20 and PTEN mutations 

associated with MSI-high, CIMP-high and the presence of BRAF mutation. In contrast, 

PIK3CA exon 9 mutations are associated with CIMP-low and KRAS mutation (Day et al., 

2013).  

 

Figure 1.8: Mutations in PIK3CA.  

Arrowheads indicate the location of mutations across the PIK3CA functional domains 

(Samuels & Velculescu, 2004).  
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1.9.2 PIK3R1 

The regulatory subunit of PI3K, p85α, is encoded by the gene PIK3R1. Constitutively 

activating mutations in PIK3R1 are relatively rare in CRC, with a prevalence of less than 

5% (Markman et al., 2010). Since the phosphorylation of Ser608 in p85α plays a vital 

role in the suppression of p110α catalytic activity, it has been suggested that mutations at 

this residue prevent phosphorylation, resulting in the constitutive activation of PI3K 

(Philp et al., 2001). 

1.10 PI3K Crosstalk with the MAPK Pathway 

There are six distinct MAPK signalling pathways found in mammalian cells; ERK1/2, c-

Jun, JNK1/2/3, p38MAPK, ERK3/4 and ERK7/8 (Aksamitiene, Kiyatkin, & 

Kholodenko, 2012). Among these, the ERK1/2 pathway has been implicated in crosstalk 

with PI3K signalling in CRC. Activation of the ERK1/2 pathway is initiated by the 

binding of the Grb2/Shc/SOS to phosphorylated tyrosine kinase receptor at the plasma 

membrane. This recruits and induces the activation of RAS by the transformation of 

inactive GDP-RAS to GTP-RAS. As a result, RAS phosphorylates downstream RAF 

which in turn triggers a phosphorylation cascade through MEK1/2 and ERK1/2 

(Aksamitiene et al., 2012).  

Crosstalk between the MAPK and PI3K pathways is bi-directional. The most direct 

means of cross talk involves the direct interaction of activated RAS with the Ras-binding 

domain of PI3K, resulting in PI3K activation. In a positive feedback loop, the generation 

of PI(3,4,5)P3 by PI3K at the cell membrane recruits GAB, which in turn recruits the 

Grb2-SOS complex, activates RAS and enables it to directly bind to and activate PI3K. 

An additional point of cross talk that exists between these two pathways lies in the ability 

of PDK1 to phosphorylate MEK for full activation (Aksamitiene et al., 2012; Castellano 

& Downward, 2011).  

Unlike cancers of the breast and endometrium, KRAS and PIK3CA mutations are not 

mutually exclusive in CRC (Day et al., 2013; Yuan & Cantley, 2008). This would 

suggest that mutations in both these genes act synergistically in the colon to promote 

tumourigenesis.  
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In vitro studies have also demonstrated that PI3K exon 9 mutants require KRAS binding 

for full activation. In contrast, PI3K exon 20 mutants are capable of signalling without 

KRAS activation. This is further highlighted in clinical data that suggests that patients 

that have an exon 20 PIK3CA mutation (with wildtype KRAS) have a similar response 

to anti-EGFR therapy to patients with a KRAS mutation (C. Mao, Yang, Hu, Chen, & 

Tang, 2012). This synergistic relationship between these two signalling pathways 

allows the cell to grow and proliferate without the reliance on one signalling cascade, 

suggesting that the best means of targeted therapy is to target both pathways rather than 

one. 

1.11 Targeted Therapeutics in Colorectal Cancer  

1.11.1 Targeted Therapeutics in the Treatment of mCRC 

The standard of care treatment currently adopted for metastatic CRC (mCRC) is 5-

Fluorouracil (5-FU) with leucovorin in combination with oxaliplatin (FOLFOX) or 

irinotecan (FOLFIRI) (Bracht, Nicholls, Liu, & Bodmer, 2010; De Stefano et al., 2014). 

Over the past decade, treatment for metastatic colorectal cancer has significantly 

improved, with the median survival of stage IV disease significantly increasing from 12 

to 24 months with the addition of newer cytotoxic and targeted biological agents 

(Gravalos, Cassinello, Fernandez-Ranada, & Holgado, 2007). The survival improvements 

seen from the introduction of selectively targeted agents demonstrates the value in 

pursuing novel therapies targeting specific signalling pathways/pathway members that 

are known to play a vital role in tumourigenesis. In the treatment of advanced CRC, 

targeted therapeutics have been explored in the context of a particular subset of patients, 

aiming to identify molecular markers of resistance/sensitivity. This was best 

demonstrated in two major studies; the CRYSTAL trial and the OPUS trial, where 

FOLFIRI ± cetuximab and FOLFOX ± cetuximab respectively was assessed. Both studies 

demonstrated a reduction in tumour progression and highlighted the negative predictive 

value of mutant KRAS (Bokemeyer et al., 2009; Van Cutsem et al., 2009). As a result of 

these and many other studies, mutant KRAS is associated with a lack of benefit when 

compared to best supportive care, thus cetuximab is only recommended for use in 

individuals with wildtype KRAS (Bouche, Beretta, Alfonso, & Geissler, 2010; Karapetis 

et al., 2008). While the addition of cetuximab to chemotherapy has increased overall 
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survival rates, its use as a single targeted agent therapy has demonstrated limited efficacy, 

where 50-65% of colon cancer patients with wildtype KRAS do not respond to the anti-

EGFR therapy (Wilson, Labonte, & Lenz, 2010). This suggests that there are other 

mechanisms of resistance that enable tumour cells to evade therapeutic intervention, 

continue signalling and thus promote tumourigenesis. This notion has been supported by 

numerous studies including the work conducted by De Roock et al who analysed 773 

primary tumour DNA samples of chemotherapy-refractory mCRC treated with cetuximab 

and identified that in addition to KRAS mutations being associated with cetuximab 

resistance, BRAF and PIK3CA exon 20 mutations were also associated with a low 

response rate to cetuximab (De Roock et al., 2010). While Jhawer et al also explored 

cetuximab resistance in CRC and concluded that PIK3CA/PTEN mutation status is 

indicative of cetuximab resistance (Jhawer et al., 2008). Nevertheless, ongoing 

investigation into potential mechanisms of resistance and the potential PI3K plays in 

evading targeted therapy is still required. 

1.11.2 PI3K as a Therapeutic Target 

The presence of known activating mutations in the PI3K pathway and their role in driving 

tumourigenesis has resulted in efforts to generate small molecules targeting specific 

nodes of the pathway. The development of the pan-isoform PI3K inhibitors wortmannin 

and LY294002, despite their unfavourable pharmaceutical properties, have been 

invaluable tools in elucidating the biology of PI3K signalling as well as providing the 

scaffold for the development of many PI3K specific compounds (Garcia-Echeverria & 

Sellers, 2008). PI3K specific inhibitors currently in clinical trial include pan-isoform 

PI3K inhibitors BKM120 (Maira et al., 2012), XL147 (Foster et al., 2015) and GDC0941 

(Folkes et al., 2008), while isoform specific inhibitors include BYL719 (p110α specific) 

(Furet et al., 2013), GSK2636771 (p110β specific) and GS-1101 (p11δ specific) (Macias-

Perez & Flinn, 2013). Pan inhibitors including NVP-BEZ235 (Maira et al., 2008) and PI-

103 (S. Park et al., 2008) provide the benefit of targeting two nodes of the PI3K pathway 

(PI3K and mTOR) reducing toxicities associated with the administration of two 

compounds and reducing the activity of potential feedback loops activated through 

mTOR. While pre-clinical studies have shown the ability for these compounds to reduce 

cell proliferation and tumour size, there appears to be a means of therapeutic evasion for 

tumour cells through the reactivation of signalling pathways via feedback loops. PI3K 
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inhibitors are currently in phase I/II clinical trials and while they appear to show efficacy 

in gynaecological cancers (Janku et al., 2011), there appears to be very limited responses 

in the context of CRC. Analysing a collection of phase I clinical trials, Dienstmann et al 

identified a partial response in only 1 patient and stable disease (>16 weeks) in 4 patients 

treated with a PI3K inhibitor out of a cohort of 42 patients with PTEN low or PIK3CA 

mutated tumours (Dienstmann et al., 2012). Similarly, data from a phase I trial from the 

M.D. Anderson Cancer Center encompassing various PI3K/AKT/mTOR inhibitors 

showed no partial responses in 17 CRC patients with PIK3CA mutations, similar to that 

observed in 11 CRC patients without PIK3CA mutations (Ganesan et al., 2013). These 

studies highlight the lack of clinical efficacy of solely targeting PI3K as a single 

therapeutic target.  

Given the high degree of crosstalk between the PI3K and MAPK pathways; and the co-

selection of KRAS and PIK3CA mutations in CRC (Yuan & Cantley, 2008), it has been 

suggested that combination PI3K/MEK therapies may overcome resistance observed with 

single pathway inhibition. Migliardi et al demonstrated that the addition of the pan-PI3K 

inhibitor NVP-BEZ235 to AZD6244, a MEK1/2 inhibitor, showed an improved response 

when compared to single therapies in mCRC patient xenograft models (Migliardi et al., 

2012). However, this improved response was observed as stable disease with only 

minimal tumour regression. While this highlights the improved efficacy of targeting both 

pathways in the treatment of CRC, it also suggests that the lack of tumour regression 

presents the problem of potential resistance development upon prolonged exposure. 

Multiple clinical trials are currently exploring the PI3K/MEK combination in advanced 

solid tumours, including melanoma, breast, pancreatic and colorectal cancer (Britten, 

2013).   

1.12 Nuclear Phosphoinositide Signalling  

While there is an abundance of literature on the presence and functional role of 

phosphoinositide signalling at the plasma membrane, there is limited data on nuclear 

phosphoinositide signalling, despite its presence being detected over 20 years ago. 

Following the original speculations made by Smith and Wells (Smith & Wells, 1983) 

regarding the presence of phosphoinositides at the nucleus, Cocco et al (Cocco et al., 

1987) first demonstrated the presence of nuclear PI(4,5)P2 through radioactive 
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incorporation (32P) in murine erythroleukaemia cells. Most interestingly, this study 

demonstrated differences in the amount of phospholipids present in differentiated versus 

undifferentiated cells, suggesting a distinct nuclear role for nuclear phosphoinositide 

signalling. Since these initial observations, it is now established that within the nuclear 

phosphoinositide pathway, PI(4,5,)P2 plays a central role as a second messenger, as well 

as being a substrate for nuclear PI3K or phospholipase C (PLCγ1), generating PI(3,4,5)P3 

or inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) respectively. The 

generation of PI(4,5)P2 in the nucleus has been linked to the activation of 

phosphatidylinositol phosphate kinases (PIPK). Two forms of these kinases can be found 

in the nucleus, Type I PIPK (utilising PI4P) and Type II PIPK (utilising PI5P), for which 

there are two isoforms of each (Type Iα, Iγ, IIα, IIβ) (Boronenkov, Loijens, Umeda, & 

Anderson, 1998). These enzymes are targeted to the nucleus through the presence of a 

nuclear localisation sequence (NLS) or through association with a nuclear protein (as seen 

in the association of PIPKIIβ with nuclear protein speckle-type PDZ domain protein) 

(Barlow, Laishram, & Anderson, 2010).  

Further evidence suggests that different pools of nuclear PI(4,5)P2 exist, suggesting 

differential roles within the nucleus for phosphoinositide signalling. While their exact 

localisation within the nucleus is still under debate, nuclei stripped of their nuclear 

membranes by detergent retain a phosphoinositide pool, suggesting that they are also 

associated with non-membrane structures (Cocco et al., 1987). Payrastre et al found that 

PI4P kinase, DAG and PLC can be found in the internal nuclear matrix localised to the 

peripheral membrane layer of the nucleus while PI5P kinase nuclei in NIH3T3 cells and 

rat liver cells, (Payrastre et al., 1992). This stresses the notion that nuclear 

phosphoinositides can exist as distinct pools within the nucleus and not solely at the 

nuclear envelope. 

1.12.1 Activation of Nuclear PI3K Signalling 

Nuclear PI3K signalling may be initiated by several mechanisms including nuclear 

shuttling of activated RTKs or activated PI3K. Alternatively, nuclear PI3K may be 

activated through the GTPase PI3K Enhancer Protein (PIKE), analogous to the 

cytoplasmic PI3K activator RAS. The PIKE protein has both GTPase and a partial PH 

domain, enabling it to interact directly with PLCγ1as well as p85 and p110 subunits of 
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PI3K. In contrast, this activation can be inhibited by the interaction of PIKE with nuclear 

4.1N protein at its N-terminal region, the same region that would otherwise bind to p85 

(Ye et al., 2002; Ye et al., 2000). Klein et al demonstrated that nuclear EGFR can be 

activated by EGF, promoting the interaction of PLCγ1 and PIKE, consequently activating 

PI3K signalling (Klein et al., 2004). Furthermore, insulin stimulation has been shown to 

induce nuclear translocation of PKC in Swiss 3T3 cells resulting in a decrease in DAG 

and an increase in PI(4,5)P2 (Divecha, Lander, Scott, & Irvine, 1991), while 

phosphorylation of the insulin receptor substrate-1 (IRS-1) in addition to phospho-S6 has 

been observed in rat hepatocytes (Boylan & Gruppuso, 2002). Increase in nuclear 

PI(3,4,5)P3 has also been observed in response to NGF treatment of PC12 cells (Neri, 

Marchisio, Colamussi, & Bertagnolo, 1999). Perhaps the most convincing study to date 

has been conducted by Lindsay et al who utilised the PH domain of general receptor 

protein 1 (GRP1) to assess the presence and localisation of PI(3,4,5)P3 in Swiss 3T3 cells 

in response to PDGF treatment (Lindsay et al., 2006). Interestingly, this study highlighted 

the presence of PI(3,4,5)P3 in the nuclear matrix, a non-lipid membrane structure. Taken 

together, these studies suggest that nuclear PI3K activity may occur as a result of 

activation of cell membrane tyrosine kinase receptors and signal transduction from the 

cell membrane to the nucleus. Similar to the cytoplasmic PI3K pathway, PTEN and 

SHIP2 are both present in the nucleus and are potential antagonists for nuclear signalling. 

Interestingly, immunocytochemistry studies on vascular smooth muscle have identified 

both proteins in the nucleus but having different subnuclear localisation. This suggests 

that while PTEN and SHIP2 may target PI(3,4,5)P3 for dephosphorylation, their distinct 

locations within the nucleus may result in targeting PI(3,4,5)P3 involved in different 

nuclear roles (Deleris et al., 2003). Finally, it has been shown that although 

phosphoinositides exist in the nucleus, their regulation is independent of the cytoplasmic 

phosphoinositide pool. This was demonstrated in the observed change of nuclear 

PI(4,5)P2, but not cellular PI(4,5)P2, as cells transition through S phase (York & Majerus, 

1994). 

1.12.2 Cellular Functions of Nuclear Phosphoinositides 

Nuclear phosphoinositides have been associated with numerous cellular processes 

including the regulation of gene expression, chromatin remodelling and cell survival. 

Activated AKT has been shown to reside in the nucleus or in some cases, translocate to 
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the nucleus upon extracellular stimulation and subsequent phosphorylation (Borgatti et 

al., 2003). Okada et al demonstrated the significance of nuclear AKT through its ability 

to phosphorylate the nuclear protein Aly (at Thr219), demonstrating its role in mRNA 

export and cell proliferation (Okada, Jang, & Ye, 2008). Furthermore, when stimulated, 

PDK1 can translocate to the nucleus and phosphorylate AKT. This nuclear translocation 

is dependent on Ser396 phosphorylation of PDK1 (Scheid, Parsons, & Woodgett, 2005). 

PI(4,5)P2 and PIPKIα have both been observed in nuclear speckles in addition to 

colocalising with altering speckle morphology upon changing transcriptional activity 

(Boronenkov et al., 1998). Interestingly, PI3KC2α and phosphatases PTEN and SHIP2 

have also been found to be associated with nuclear speckles (Bunce, Bergendahl, & 

Anderson, 2006), further validating the significance nuclear phosphoinositide signalling 

plays in pre-mRNA processing including splicing, 3’-end processing and export. Nuclear 

PI(3,4,5)P3 has been shown to interact with Nucleophosmin/B23 as well as regulating the 

interaction between B23 and AKT after NGF stimulation. These interactions impose an 

anti-apoptotic affect, suggesting a role for nuclear phosphoinositides in cell survival (Ahn 

et al., 2005; Kwon, Lee, Choi, & Ahn, 2010). This notion is further supported by the 

ability for nuclear PI3K and PIKE to prevent DNA fragmentation in growth factor 

stimulated PC12, HEK293 and HeLa cells (Ahn, Rong, Liu, & Ye, 2004). The interaction 

between B23 and AKT plays an important role in cell survival since B23 is capable of 

binding c-Myc and thus inducing hyperproliferation and cellular transformation (Z. Li, 

Boone, & Hann, 2008). Finally, the interaction between PI(4,5)P2 and Brahma-related 

gene-1 (BRG1) and barrier-to-autointegration factor (BAF), in addition to its ability to 

reverse inhibition of RNA transcription imposed by histone 1 (H1), demonstrates a role 

for nuclear phosphoinositides in chromatin remodelling (Rando, Zhao, Janmey, & 

Crabtree, 2002; H. Yu, Fukami, Watanabe, Ozaki, & Takenawa, 1998).  
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Figure 1.9: Nuclear PI3K Signalling Pathway. 

The current model of nuclear PI3K signalling. 
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1.13 Aims of this Thesis 

1.13.1 Hypothesis 

Targeting the PI3K pathway in the treatment of CRC relies heavily on a comprehensive 

understanding of the signalling cascade, both the mechanistic activation and the resulting 

downstream proteomic phenotype, taking into account PI3K and MAPK pathway 

mutation status. It is hypothesised that pathway activation studies in a large panel of CRC 

cell lines with detailed molecular annotation data, can reveal novel biomarkers of PI3K 

pathway activation as a result of extrinsic (growth factor) and intrinsic (oncogenic) 

stimulation.  

Given the emerging data on nuclear phosphoinositide signalling in various cell types, it 

is further hypothesised that a nuclear oncogenic PI3K signalling cascade may exist in 

CRC with an important role in tumour biology, and of both clinical and therapeutic 

relevance.  

1.13.2 Specific Aims 

To address these hypotheses, this thesis aims to map the molecular signature of EGF 

induced PI3K/MAPK signalling in human CRC with regards to tumour mutation status, 

using CRC cell lines as a model system followed by validation of lead biomarkers in 

primary tumour samples. In addition, the identification and characterisation of nuclear 

PI3K signalling will be conducted on a panel of CRC cell lines, with the aim of 

elucidating a novel facet of colorectal cancer biology. Finally, the clinical significance of 

nuclear PI3K signalling will be explored, with the aim of identifying a means of 

personalising patient care.  
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Chapter 2: Materials and Methods 

2.1 Human CRC Cell Lines 

A total of 28 colorectal cancer cell lines established from primary or metastatic colorectal 

cancers were used throughout this project: C125PM, C70, C99, CACO2, COCM1, 

COLO201, COLO205, COLO320, CX1, DLD1, HCC2998, HCT116, HDC57, HRA19, 

HT29 HT55, KM12, LIM1215, LIM2550, LIM2551, LOVO, SKCO1, SW1222, SW403, 

SW480, SW620, SW948, VACO4S (Mouradov et al., 2014).  Cell lines were selected 

based on their mutation status of key genes in the PI3K and MAPK signalling pathway: 

PIK3CA, PTEN, KRAS and BRAF (Table 2.1). Cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) (Life Technologies, USA) with 10% fetal calf serum 

(FCS) (Life Technologies, USA) and maintained at 37°C. 
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Table 2.1: Genetic and epigenetic mutation status of CRC cell line panel studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
*and + are paired cell lines, resected from the same primary tumour.  # represents matched primary and metastatic cell lines.  

CELL LINE PIK3CA PTEN KRAS BRAF MSI CIMP 

C125PM wt wt wt wt S Low 

C70 wt wt wt wt S Low 

C99 wt wt wt wt S Low 

CACO2 wt wt wt wt S Low 

COLO320 wt wt wt wt S Low 

HDC57 wt wt wt wt S Low 

HT55 wt wt wt wt S Low 

LIM1215 wt wt wt wt U Low 

*CX1 mut (Pro449Thr) wt wt mut (Val600Glu) S Low 

*HT29 mut (Pro449Thr)) wt wt mut (Val600Glu) S High 

HRA19 mut (Glu542Lys) wt wt wt S Low 

SW948 mut (Glu542Lys) wt mut (Gln61Leu) wt S Low 

SW403 mut (Gln546Lys) wt mut (Gly12Val) wt S Low 

DLD1 mut (Glu545Lys) wt mut (Gly13Asp) wt U High 

CoCM1 mut (Arg1023Gln) wt wt wt S Low 

LIM2550 mut (His1047Arg) wt mut (Gly13Asp) wt U High 

HCT116 mut (His1047Arg) wt mut (Gly13Asp) wt U High 

LIM2551 mut (His1047Arg) wt wt mut (Val600Glu) U Low 

LOVO wt wt mut (Gly13Asp) wt U Low 

SKCO1 wt wt mut (Gly12Val) wt S High 
#SW480 wt wt mut (Gly12Val) wt S Low 
#SW620 wt wt mut (Gly12Val) wt S Low 

VACO4S wt wt mut (Gly12Val) wt S Low 
+COLO201 wt wt wt mut (Val600Glu) S High 
+COLO205 wt wt wt mut (Val600Glu) S High 

HCC2998 wt mut (Arg130Gln; Phe341Val) wt wt S Low 

KM12 wt mut (Gly129 stop; 800delA) wt wt U High 

SW1222 wt No expression wt wt S Low 
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2.2 Commercial Antibodies and Reagents 

The commercial antibodies and reagents described in this thesis are summarised in the Table 2.2 and 2.3. 

          Table 2.2: Commercial antibodies 

ANTIBODY COMPANY CATALOGUE 

NUMBER 

SPECIES WB 

DILUTION 

IF 

DILUTION 

IHC 

DILUTION 

528 (anti-EGFR) in house (LICR) N/A Mouse N/A 1:500 N/A 

Actin Santa Cruz sc-8432 Mouse 1:200 N/A N/A 

anti-GST in house (WEHI) N/A Rabbit N/A 1:500 N/A 

Lamin B1 Cell Signaling 

Technology 

12586 Rabbit 1:500 N/A N/A 

Lamin B1 Abcam ab8982 Mouse N/A 1:100 N/A 

Nucleolin Invitrogen 39-6400 Mouse N/A 1:100 N/A 

phospho-AKT (S473) Cell Signaling 

Technology 

9271 Rabbit 1:500 N/A N/A 

phospho-S6 (S240/S244) Cell Signaling 

Technology 

4857 Rabbit 1:1000 N/A N/A 

PI3K p110α Cell Signaling 

Technology 

4249 Rabbit N/A 1:250 1:100 

Tubulin Cell Signaling 

Technology 

2146 Rabbit 1:500 N/A N/A 

phospho-PKC βII (S660) Cell Signaling 

Technology 

9371 Rabbit N/A 1:250 N/A 

phospho-MAPK 

(T202/Y204) 

Cell Signaling 

Technology 

9101 Rabbit 1:1000 N/A N/A 

phospho-4EBP1 (S65) Cell Signaling 

Technology 

9451 Rabbit 1:500 N/A N/A 
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phospho-70S6K (T389) Cell Signaling 

Technology 

9206 Mouse 1:500 N/A N/A 

phospho-NDRG1 (T346) Cell Signaling 

Technology 

3217 Rabbit 1:500 N/A N/A 

PI3K p110β Cell Signaling 

Technology 

3011 Rabbit N/A 1:250 N/A 

PI3K p110γ Cell Signaling 

Technology 

5405 Rabbit N/A 1:250 N/A 

PKC βII Abcam ab32026 Rabbit N/A 1:200 N/A 
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   Table 2.3: Reagents 

 

2.2 EGF Stimulation Timecourse for CRC Cells 

Cells were grown in 6 well-plates to approximately 80% confluency. EGF timecourse 

stimulation was performed on serum starved cells using 200ng/mL hEGF (Cell Signaling 

Technology, USA) for 5, 10, 20, 45, 120 and 360 mins. Stimulation was stopped by 

washing cells with Phosphate Buffered Saline (PBS). Cells were pelleted and lysed on 

ice for 20 mins in 100μL lysis buffer (1% Triton X-100, 50mM HEPES pH7.4, 150mM 

NaCl, 1.5mM MgCl2, 1mM EGTA, 100mM NaF, 10mM Na pyrophosphate, 10% 

glycerol, protease and phosphatase inhibitors (Roche Applied Science, Germany)). 

Lysates were centrifuged at 13,000 rpm for 10 mins and supernatants collected. BCA 

assays (Thermo Scientific, USA) were conducted to determine sample protein 

concentrations according to manufacturers’ protocol.  

2.3 Reverse Phase Protein Array Analysis 

Reverse Phase Protein Array (RPPA) analysis is a high-throughput, antibody-based 

method of measuring the relative amount of a protein in a sample. The advantages of 

utilising RPPA in cell signalling studies are that the assay requires low amounts of protein 

REAGENT COMPANY CATALOGUE 

NUMBER 

USEAGE 

DIRECTIONS 

hEGF Cell Signaling 8916 200ng/ml 

DAPI Roche 10236276001 1:2000 from 

10μM stock 

HCS Cell Mask 

Red Stain 

Invitrogen H32712 1:5000 dilution in 

blocking buffer 

DISCOVERY 

Anti-Rabbit HQ 

Ventana 760-4815 one drop/slide 

DISCOVERY 

Anti-HQ HRP 

Ventana 760-4820 one drop/slide 

EcoRI New England Biolabs R0101 1μl/reaction 

SalI New England Biolabs R0138 1μl/reaction 

CIP New England Biolabs M0290 1μl/reaction 

T4 DNA Ligase New England Biolabs M0202 1μl/reaction 

AG1478 (EGFR 

Inhibitor) 

in house (LICR) N/A 10μM/reaction 
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(2nl of 1µg/µl protein per spot) and that multiple total and phospho-proteins can be 

assessed using a single lysate. RPPA analysis can thus be used to complement gene 

expression studies by providing information on protein presence as well as post-

translational modifications, and has for example been used to determine a protein 

signature for CRC progression to metastatic hepatic lesions (Silvestri et al., 2013) and in 

the study of proteomic signatures for drug response (E. S. Park et al., 2010; Ummanni et 

al., 2014). 

For the investigation of the EGF induced PI3K signalling cascade in CRC, 1mg/ml of cell 

lysate was prepared for each stimulation time point. 4 x SDS sample buffer (40% glycerol, 

8% SDS, 0.25M Tris-HCl pH 6.8, 10% 2-mercaptoethanol) was added to the cell lysate 

and samples were boiled for 5 mins prior to storage at -80ºC. RPPA was conducted at the 

MD Anderson Cancer Center (Texas, USA). Briefly, 2nl of 2-fold serial dilutions of the 

lysates (7 dilutions per lysate) were arrayed on nitrocellulose-coated slides (Grace Biolab, 

USA) using the Aushon 2470 Arrayer (Aushon BioSystems, USA). In addition to the 

lysates, each slide had a series of positive (pooled cell lysates from 32 cell lines) and 

negative controls (dilution buffer). Each slide was probed with a validated primary 

antibody and a biotin-conjugated secondary antibody. The signal was amplified using a 

Dako Cytomation-catalysed system (Dako, Denmark) and visualised by DAB 

colorimetric reaction. The slides were scanned, analysed and quantified using 

Microvigene software (VigeneTech Inc, USA). Each dilution curve was fitted with a 

logistic model (“Supercurve Fitting” developed by the Department of Bioinformatics and 

Computational Biology in MD Anderson Cancer Center, 

“http://bioinformatics.mdanderson.org/OOMPA”), the relative protein concentration 

retrieved and log2 transformed for statistical analysis.  

2.3.1 Analysis of RPPA Data and Generation of PI3K Pathway Map for 

CRC 

Data analysis of all timecourse data was conducted with support from Dr Dmitri 

Mouradov using statistical computing software R (Team, 2012). 

For initial analysis, all cell line data (irrespective of the cell line mutation status) was 

combined. The time course was divided into two phases: early signalling (5-45 mins) and 

late signalling (120-360 mins). The mean of the area under the curve for the early and late 
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time courses was compared with the baseline protein/phospho-protein readings.  A t-test 

was conducted to determine significant differences, with a 20% increase/decrease (log2 

fold change of >0.26 or <-0.26) filter to determine significant changes to baseline in 

protein expression or phosphorylation. P-adjustment (Benjamini-Hochberg) was done to 

account for multiple testing. The changes identified were graphically represented in a 

protein pathway map generated using R Software (red = 

downregulation/dephosphorylation, green = upregulation/phosphorylation, black circles 

= significant changes, green writing for membrane receptors = significantly upregulated). 

Associations between total/phosho protein levels and cell line mutations status (PIK3CA, 

PTEN, KRAS, and BRAF) were conducted using univariate and multivariate linear 

regression models adjusting for RPPA batch runs. P-adjustment (Benjamini-Hochberg) 

was performed to account for multiple testing and a two-sided p-value of <0.05 was 

considered significant.  

2.4 EGF Stimulation for Confocal Microscopy for PI(3,4,5)P3 

Detection 

Cells were grown on glass coverslips in 6 well-plates to approximately 80% confluency. 

An EGF stimulation timecourse was performed on serum starved cells using 200ng/mL 

hEGF (Cell Signaling Technology, USA) for 5, 10 and 20 mins. Cells were subsequently 

stained with the recombinant protein GST-tagged GRP1PH (protein domain specific to 

PI(3,4,5)P3) and image acquisition performed as previously published (Palmieri et al., 

2010). Five images were acquired per cell line per condition.  

2.5 Image Analysis of EGF Stimulation 

Data on cell number, total area (cytoplasm, membrane and nucleus) and total intensity 

(cytoplasm, membrane and nucleus) for each image was acquired using MetaMorph 

Image Analysis Software (Molecular Devices, USA). This data was used to calculate the 

percentage total intensity/area/cell for each of the three compartments and subsequently, 

the percentage intensity each compartment contributed to the overall image. The 

cytoplasm and membrane compartments were grouped together as one compartment, 

since a strong positive staining intensity correlation was found between the two 

compartments. Results were then plotted as % GRP-GST Intensity by compartment over 
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the EGF timecourse. A t-test was conducted to compare each of the stimulation time 

points with the unstimulated cells (0 min) and a two-sided p-value of <0.05 was 

considered a significant change.  

2.6 Western Blotting 

For western blots, 40μg protein was resolved on a NuPAGE Novex 4-12% Bis-Tris gel 

(Life Technologies, USA). Proteins were transferred from the gel onto nitrocellulose 

using the iBlot Dry Blotting System (Life Technologies, USA) Program 3 (20V) for 10 

mins and blocked in blocking buffer (TBS/5% (w/v) BSA/0.1% (v/v) Tween-20) for 1 hr. 

Following overnight incubation with primary antibody at 4°C, the blot was incubated with 

fluorescent secondary antibody at RT for 30 mins in the dark. Fluorescence was visualised 

using the Odyssey Infrared Imaging System (LI-COR, USA).  

2.7 Preparation of Cytoplasm/Membrane and Nuclear Cell 

Fractions 

Cytoplasm/Membrane fractions were isolated using a hypotonic buffer (20mM Tris-HCl 

pH7.4, 10mM NaCl, 3mM MgCl2, protease and phosphatase inhibitors). Cells were lysed 

on ice for 10 mins, followed by an additional 5 mins with the addition of 1%Triton X-

100. After the lysis was spun and cytoplasmic fraction collected, the remaining nuclear 

pellet was washed twice with 1% Triton X-100 and lysed on ice for 30 mins in RIPA 

buffer (1% Triton X-100, 0.1% SDS, 500mM NaCl, 50mM Tris-HCl pH7.4, 0.5% 

Sodium Deoxycholate, 1mM EDTA, protease and phosphatase inhibitors). To confirm 

the isolation of distinct nuclear and cytoplasmic fractions, samples were run on Novex 

NuPAGE 4-12% Bis-Tris SDS-PAGE gel and blotted for lamin B1 (nuclear marker) and 

tubulin (cytoplasmic marker). 

2.8 Preparation for PI(3,4,5)P3 Pulldown 

2.8.1 Conjugation of PI(3,4,5)P3 to Affi-10 beads  

NH2-PI(3,4,5)P3 (kindly provided by A. Holmes, Bio21, University of Melbourne: (Conway 

et al., 2010)) was conjugated to Affi-10 beads (Bio-Rad). Briefly, Affi-10 beads were 

washed in water and incubated with NH2- PI(3,4,5)P3 overnight at 4°C with 0.5mg NH2-

PI(3,4,5)P3/ml of beads in water. The beads were then blocked for 2 hrs at room temperature 
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using 5 ml of 1M ethanolamine (pH 8.0). Blank beads were prepared under the same 

conditions but omitting the phosphatidylinositol phosphate (Catimel et al., 2008). 

The efficiency of PI(3,4,5)P conjugation to Affi-10 beads was determined by Biacore 

analysis (Biacore 3000) using neomycin immobilized onto a CM5 carboxymethylated 

biosensor surface (Biacore, Sweden) by amine coupling chemistry. Neomycin was selected 

due to its ability to bind PI(3,4,5)P3 with high affinity through the interaction between the 

basic amino acid residues in the compound and the negatively charged phosphate group of 

the phosphoinositide. The level of conjugated PI(3,4,5)P3 was assessed by comparison with 

a calibration curve generated by injecting various concentrations of PI(3,4,5)P3 (5μg to 

200μg/ml) over immobilized neomycin). 

2.8.2 Mono Q/Mono S Purification 

To further purify the nuclear lysates and reduce the level of non-specific binding to the 

PI(3,4,5)P3 beads, both anion and cation exchange was conducted. For anion exchange, 

Mono Q Sepharose Fast Flow beads (GE Healthcare, UK) were used. They possess a 

positively charged surface, enabling the purification of negatively charged protein 

through the competitive elution with a negatively charged buffer. For cation exchange, 

Mono S Sepharose Fast Flow beads (GE Healthcare, UK) were used. Contrary to the 

Mono Q beads, Mono S beads possess a negatively charged surface to purify positively 

charged proteins.  

Nuclear lysates were prepared at 1 mg/ml in Buffer A (Mono Q: pH 9; Mono S pH 5.5) 

and added to the Mono Q or Mono S beads. Beads were washed with Buffer A until all 

unbound proteins were removed (according to Bradford Assay) and eluted as 500μl 

fractions in Buffer B (Mono Q: pH 8.5; Mono S: pH 6). Positive eluted fractions (as 

confirmed by Bradford Assay) were desalted on a PD10 column (GE Healthcare, UK) in 

10mM Tris buffer pH 7.  

2.9 PI(3,4,5)P3 Beads Pulldown 

Pre-clearing was achieved using 150μl of Affi-10 blank bead slurry (1:1 of beads in PBS) 

in each of the fractions for 4 hrs rotating at 4°C. Fractions were then divided in two for 

overnight incubation (rotating at 4°C) with 75μl of either blank or PI(3,4,5)P3 conjugated 

beads. Beads were washed 3 times with 0.05% Tween-20, boiled in 20μl of sample buffer 
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and loaded on a Novex NuPAGE 4-12% Bis-Tris SDS-PAGE gel in MOPS running 

buffer. Gels were stained for 1 hour with Coomassie Blue Imperial Protein Stain (Thermo 

Scientific, USA), destained overnight in water and finally imaged on the Odyssey Infrared 

Imaging System (LI-COR, USA). Gel lanes were cut into 10-15 sections per lane and 

prepared for protein digestion.  

2.9.1 Protein Digestion 

Protein digestion is a sample preparation process for the identification of proteins by mass 

spectrometry. This involved three steps: (i) destaining, (ii) reduction and alkylation; and 

(iii) proteolytic cleavage and extraction. For proteolytic cleavage, trypsin was used which 

cleaves at Arginine and Lysine residues to generate peptide sizes optimal for protein 

identification by mass spectrometry. Briefly, gel sections were destained in 500μl of 

50mM TEAB, 50% acetonitrile (1:1) for 3 hrs rotating at RT followed by two additional 

30 mins washes and then dehydrated in 500μl of 100% acetonitrile rotating at RT for 30 

mins. Proteins were then reduced in 100μl of 10mM DTT in 50mM TEAB for 45 mins at 

55°C and then alkylated in 100μl of 55mM iodoacetamide in 50mM TEAB at RT in the 

dark for 30 mins. Gel sections were then washed 3x 10 mins in 50mM TEAB followed 

by dehydration in 500μl of 100% acetonitrile rotating at RT for 30 mins and finally 

overnight digestion in 80μl of 5μg/ml of trypsin in 25mM TEAB at 37°C. 

2.9.2 Mass Spectrometry 

Mass Spectrometry was conducted at the Mass Spectrometry and Proteomics Facility of 

the Bio21 Institute with the assistance of Dr Ching-Seng Ang and Dr Nicholas 

Williamson. LC MS/MS was carried out on a LTQ Orbitrap Elite (Thermo Scientific, 

USA) with a nanoESI interface in conjunction with an Ultimate 3000 RSLC nanoHPLC 

(Dionex Ultimate 3000). The LC system was equipped with an Acclaim Pepmap nano-

trap column (Dinoex-C18, 100 Å, 75 µm x 2 cm) and an Acclaim Pepmap RSLC 

analytical column (Dinoex-C18, 100 Å, 75 µm x 15 cm). The tryptic peptides were 

injected into the enrichment column at an isocratic flow of 5 µL/min of 3% v/v CH3CN 

containing 0.1% v/v formic acid for 5 mins applied before the enrichment column was 

switched in-line with the analytical column. The eluents were 0.1% v/v formic acid 

(solvent A) and 100% v/v CH3CN in 0.l% v/v formic acid (solvent B). The flow gradient 

was (i) 0-5 mins at 3% B, (ii) 5-6 mins, 3-6% B (iii) 6-18 mins, 6-10% B (iv) 18-38 mins, 



 

 

56 

 

10-30% B (v) 38-40 mins, 30-45% B (vi) 40-42 mins, 45-80% B (vii) 42-45 mins at 80% 

B (viii) 45-46 mins, 80-3% B and (ix) 46-53 mins at 3% B. The LTQ Orbitrap Elite 

spectrometer was operated in the data-dependent mode with nanoESI spray voltage of 

2.0kV, capillary temperature of 250oC and S-lens RF value of 55%. All spectra were 

acquired in positive mode with full scan MS spectra scanning from m/z 300-1650 in the 

FT mode at 240,000 resolution after accumulating to a target value of 1.0e6. Lock mass 

of 445.120025 was used. The top 20 most intense precursors were subjected to collision 

induced dissociation (CID) with normalized collision energy of 30 and activation q of 

0.25. Dynamic exclusion with of 45 seconds was applied for repeated precursors. 

2.9.3 Database Searching 

All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 

2.3.02). Mascot was configured to search the LudwigNR_Q314_generic_forward 

database (selected for Homo sapiens, 123708 entries) for the digestion enzyme strict 

trypsin. Mascot was searched with a fragment ion mass tolerance of 0.040 Da and a parent 

ion tolerance of 20 PPM. Carbamidomethyl of cysteine was specified in Mascot as a fixed 

modification. Gln->pyro-Glu of the n-terminus, oxidation of methionine and acetyl of the 

n-terminus were specified in Mascot as variable modifications. All database searches 

were conducted by Dr Eugene Kapp.  

2.9.4 Criteria for Protein Identification 

Scaffold (version Scaffold_4.4.3, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications. Protein identifications were 

accepted if they could be established at greater than 95.0% probability and contained at 

least 1 identified peptide. Peptide identifications were accepted if they could be 

established at greater than 99.0% probability by the Scaffold Local FDR algorithm. 

Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii, Keller, 

Kolker, & Aebersold, 2003). Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. All protein identifications were conducted with the assistance of Dr Eugene 

Kapp and Dr Bruno Catimel.  
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2.10 Pathway Enrichment 

Proteomic data was analysed using GeneCodis tool (http://genecodis.cnb.csic.es), which 

interrogates different sources of information to perform enrichment analyses such as 

Gene Ontology (Biological Process, Cellular Component and Molecular Function), 

InterPro domain keywords and KEGG pathways. P-values were obtained through 

hypergeometric analysis corrected by False Discovery Rate method (Nogales-Cadenas et 

al., 2009; Tabas-Madrid, Nogales-Cadenas, & Pascual-Montano, 2012). Network 

analysis to determine potentially interacting proteins was achieved using STRING 

(http://string-db.org). A confidence interaction network was visualised with a high 

confidence (0.700) using data from co-expression and experimental databases (Snel, 

Lehmann, Bork, & Huynen, 2000).   

2.11 PI(3,4,5)P3 Motif Identification 

The PI(3,4,5)P3 pulldown experiments generated a list of PI(3,4,5)P3 binders with unique 

Uniprot IDs. BioPython was used to download corresponding protein sequences from 

NCBI Protein Database. The PIP3 motif: X-[Ф]-X-K-X-[GASP]-X*-[KR]-X*-[RK]-X-

R-X[FL] (where Ф denotes an amino acid with a hydrophobic chain, X represents an 

amino acid and * denotes any number of amino acids) (Lemmon & Ferguson, 2001) was 

translated into a “regular expression” for searching against our protein sequences in 

Python. The analysis output comprised of the Uniprot ID of a positive match as well as 

the start, end and exact sequence of the matched sequence. All PI(3,4,5)P3 motif 

identification using Python were conducted by Dr Robert Jorissen.  

2.12 Generation of Recombinant Protein 

To validate a selection of the PI(3,4,5)P3 interacting protein identified, GST-tagged 

protein domains were generated (Appendix 3). cDNA of selected protein domains were 

purchased in a pMA-T plasmid backbone from GeneArt (Life Technologies, USA). 

Sequences were designed with an EcoRI site at the 5’ and a SalI site at the 3’ end. 

Purchased plasmids as well as pGEX-4T-1vector underwent overnight digestion with 

EcoRI and SalI (New England Biolabs, USA). The vector underwent CIP 

phosphorylation (New England Biolabs, USA) as per manufacturers’ recommendation 

followed by gel extraction using the Wizard SV Gel and PCR Clean-up System (Promega, 

http://genecodis.cnb.csic.es/
http://string-db.org/
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USA) of the purchased insert DNA and pGEX-4T1 vector. Overnight ligation at 16°C, of 

the insert with 100ng of pGEX-4T1 vector was prepared at a 3:1 ratio using T4 DNA 

Ligase (New England Biolabs, USA). 2μl of ligation was transformed into 200μl of DH5α 

cells (2500V, 5ms) and plated on LB (with 100μg/ml Ampicillin) plates. Four colonies 

were selected for each ligation and prepared for DNA extraction via PureYield Plasmid 

Miniprep System (Promega, USA) for diagnostic digestion with EcoRI and SalI to 

determine the presence of the insert. A positive clone was then selected and a higher yield 

of DNA prepared using the Plasmid Midi Kit (Qiagen, Netherlands). Sequencing (AGRF, 

Australia) was conducted on the final plasmids using 

pGEX5’(GGGCTGGCAAGCCACGTTTGGTG) and 

pGEX3’(CCGGGAGCTGCATGTGTCAGAGG) primers to confirm the presence of the 

insert sequence after the GST tag. 

2.13 Protein Purification 

BL21 cells transformed with the relevant plasmid were grown on LB plates (with 

100μg/ml Ampicillin). A single colony was chosen for a 50ml starter culture in Super 

Broth selection media. 20ml of the starter culture was added to 500ml Super Broth 

selection media and induced overnight (37°C, shaking) with 0.2mM IPTG (Sigma, USA) 

at an OD 0.5-0.6. The overnight culture was pelleted at 5,000rpm, for 15 mins, 4°C 

followed by lysis in 10ml bacterial lysis buffer (4°C, rotating) (Celytic 10x Cell Lysis 

Reagent, Sigma). The lysis was spun at 13,000rpm (30 mins, 4°C) and the supernatant 

was added to GST beads (Sigma, USA) for 2 hrs (4°C, rotating). The beads were washed 

in PBS/0.01% (v/v) Tween-20 on a column until (by Bradford) all unbound proteins were 

removed. Bound proteins were then eluted in GST elution buffer in 1ml fractions. 20μl 

of each fraction was run on a NuPAGE Novex 4-12% Bis-Tris Protein Gel in MOPS 

buffer for subsequent Coomassie staining, while the remaining volumes of each fraction 

were pooled together and concentrated to 2ml in a Vivaspin 20 column (GE Healthcare, 

UK). 

For protein elutions that showed evidence of protein contaminants on Coomassie gel, Size 

Exclusion Chromatography was conducted to remove as many contaminants as possible. 

A Superose 12 column (GE Healthcare, UK) was used in connection with a HP1100 

HPLC machine (Agilent). Purified recombinant proteins were injected onto a 1ml loop 
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prior to the column that has a total volume of 30ml. Fractions were collected at 500μl/min 

in PBS/0.05% (v/v) Tween-20 at 2 min intervals from the appearance of the first peak. 

Assessment of the fractions was achieved by running 20μl of each fraction on a NuPAGE 

Novex 4-12% Bis-Tris Protein Gel in MOPS buffer for subsequent Coomassie staining.  

2.14 Biosensor 

Experiments were performed using a Biacore 3000 biosensor (Biacore Life Sciences, GE 

Healthcare). NH2-PI(3,4,5)P3 analog  (1 mg, 2 mg/mL in PBS) was conjugated to biotin 

using Sulfo-NHS-biotin (Thermo Scientific) (1/2 ratio, 2 hours incubation at RT), 

purified using a Superdex peptide connected to an 1100Agilent HPLC and immobilized 

onto a neutravidin derivatized sensor surface as previously described (Catimel et al., 

2009).  

Various concentration of GST-PH domain (BTK:1.8μM, 0.9μM, 0.45μM, 0.22μM and 

0.11μM), GST-PH like (SSRP1: 49.5μM, 24.7μM, 12.3μM, 6.15μM, 3.07μM and 

1.5μM),  GST- PHD-type (TIF1B: 22.8μM, 11.4μM, 5.7μM, 2.8μM, 1.4μM and 0.7μM),  

putative PI(3,4,5)P3 interacting domain with RRM domain (NONO: 2.15μM, 1.07μM, 

0.54μM, 0.27μM, 0.13μM, 0.067μM and 0.033μM; PSPC1: 5.25μM, 2.62μM, 1.31μM, 

0.66μM, and 0.33μM; ROA3: 29.8μM, 14.9μM, 7.45μM, 3.72μM, 1.86μM, and 0.93μM) 

and GST-RRM only (NONO: 2.15μM, 1.07μM, 0.54μM, 0.27μM, 0.13μM, 0.067μM and 

0.033μM; PSPC1: 5.25μM, 2.62μM, 1.31μM, 0.66μM, and 0.33μM) were run across the 

PI(3,4,5)P3 biosensor surface. 

2.14.1 Kinetics Analysis 

Kinetic constants were derived from the resulting sensorgrams with BIAEVALUATION 4.1 

software (Biacore Life Sciences, GE Healthcare) using i) the Global model that includes 

terms for mass transfer of analyte to the surface and ii) the 1:1 Langmuir model. 

2.15 Immunohistochemistry 

2.15.1 Ethical Use of Human Tissue 

The research described in this study utilised de-identified human tissue sourced from 

patients with CRC treated at the Royal Melbourne Hospital, Melbourne Private Hospital, 

Western Hospital Footscray and Western Private Hospital. The ethics approval to conduct 

http://www.biacore.com/lifesciences/index.html
http://www.biacore.com/lifesciences/index.html


 

 

60 

 

research using the human tissue was obtained from the Melbourne Health Human 

Research Ethics Committee (HREC) under HREC Project number 2003.64. HREC 

approval for the studies described is current and valid until the 31st December 2020.  

2.15.2 Study Population 

This study utilised tissue from a cohort of 572 patients. Clinical characteristics of these 

patients are shown in Table 2.4.  

2.15.3 Construction of TMAs 

Colorectal cancer and matched normal colon samples of all patients in the described 

cohort were sourced from archived FFPE tissue blocks. Using representative H&E-

stained slides for guidance, tissue cores of 1mm in diameter and to the full depth of the 

block were punched from the originating FFPE blocks using an Advanced Tissue Arrayer 

(Model ATA-100, Chemicon International). For each patient, four tissue cores were taken 

from the tumour area, and two from normal mucosa. The donor tissue cores were 

transferred to a recipient paraffin block containing a processed agar support medium and 

were arranged in eleven rows of twelve cores; each row containing the samples of two 

patients. Two orientation cores consisting of normal liver were placed adjacent to the first 

(‘A’) and eighth (‘H’) rows. The constructed TMAs were placed in base moulds, melted 

at 70
o
C and re-embedded to create a uniformed paraffin wax block. All TMAs were 

produced by David Byrne at the Peter MacCallum Cancer Centre.  

 

 

 

 

 

 

 

 

 

 



 

 

61 

 

Table 2.4: Clinical Characteristics of the Patient Cohort (n=572) 

Feature Total n n (%) 

Age (years)   

Mean 572 70.4  

Gender   

Male 572 225 (39) 

Female  347 (61) 

Tumour Site   

Right colon 572 251 (44) 

Left colon  202 (35) 

Rectum  119 (21) 

Tumour Stage   

I 572 10 (2) 

II  53 (9) 

III  385 (67) 

IV  124 (22) 

Differentiation   

Well/Moderate 557 480 (86) 

Poor  77 (14) 

Lymphovascular  

Invasion 

  

No 572 318 (56) 

Yes  254 (44) 

Mucinous   

No 571 394 (69) 

Yes  177 (31) 

Microsatellite Status   

MSS 552 443 (80) 

MSI  119 (20) 

Note: n = Number of patients 
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2.15.4 Immunohistochemical Staining of TMAs 

2.15.4.1 Immunohistochemical Staining for PI3K Expression 

A total of 572 patient matched tumour and normal tissue was prepared across twenty-six 

TMAs (approximately 20 patients per TMA). Four tumour cores and 2 normal cores were 

represented for each patient. TMAs were cut at 3μm thickness on the Leica RM2255 

(Leica Biosystems, Germany) and prepared on polylysine slides for PI3Kα staining. 

Briefly, slides were baked at 60°C, followed by deparaffination at 69°C. Antigen retrieval 

was conducted at 60°C for 3 hrs using the EnVision FLEX Target Retrieval Solution 

(Dako, Denmark). PI3Kα antibody (Cell Signaling Technology, USA) was added to each 

slide for 2 hrs, followed by the addition of an anti-rabbit HQ linker (Ventana, USA) for 

30 mins and the anti-HQ-HRP (Ventana, USA) for a further 30 mins. TMAs were 

counterstained with haematoxylin. The immunostaining procedure was all conducted on 

the Discovery ULTRA Staining Module (Ventana, USA) and imaging on the Aperio 

ScanScope AT Slide Scanner (Leica Biosystems, Germany) at a 20x objective. TMAs 

were scored with the assistance of a qualified anatomical pathologist (Dr Michael 

Christie). As a consequence of tissue processing, a subset of Tissue Microarray (TMA) 

cores could not be scored, resulting in a final analysis cohort of 406 patients. 

2.15.4.2 Immunohistochemical Staining for EGFR, PTEN, TP53, Ki67, Phospho-S6 

and Phospho-MAPK Expression 

Immunohistochemical staining for EGFR, PTEN, TP53, Ki67, Phospho-S6 and Phospho-

MAPK expression was conducted by the Novartis Institute for Biomedical Research 

(NIBR). TMAs were scored with the assistance of a qualified anatomical pathologist (Dr 

Michael Christie). 

2.16 RNA Extraction  

Selected CRC cell lines were grown in 24-well plates to approximately 80% confluency. 

Cells were then serum starved in DMEM alone for 1 hr prior to stimulation with 200ng/ml 

hEGF for 6 and 24 hrs. RNA was extracted using the AllPrep DNA/RNA Mini Kit 

(Qiagen, Netherlands) according to manufacturers’ protocol and resuspended in 30μl 

RNAse Free Water. Quality of RNA extracted was determined by running 2μl on a 1% 

(w/v) agarose gel and verifying the presence of 28S and 18S rRNA bands. 2μg of RNA 
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was prepared for mRNAseq using Illumina sequencing, 100bp single read (AGRF, 

Australia).  

2.17 Gene Expression Analysis 

RNAseq data was analysed by Dr Christopher Love. Briefly, sequences were trimmed for 

quality and adaptor contamination using Trimmomatic-0.32 (Bolger, Lohse, & Usadel, 

2014) and read quality was assessed using FastQC 

(www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were then aligned against 

the human GRCh37 genome reference sequence using TopHat 2.0.8 (Kim et al., 2013) 

and alignments assessed for read distribution  using RNA-SeQC v1.1.7 (DeLuca et al., 

2012). Gene quantification to determine the level of gene expression was achieved using 

featureCounts (program within the package subread-1.4.5) (Y. Liao, Smyth, & Shi, 2014), 

with gene coordinates determined using Ensemble release 75 and expression quantified 

at the gene level.  

For differential gene expression analysis, the edgeR (Robinson, McCarthy, & Smyth, 

2010) and limma (Ritchie et al., 2015) Bioconductor packages were used. Genes with at 

least 1 read per million mapped in more than 2 samples were considered expressed. 

Furthermore, genes had to show evidence of variability in expression across the dataset 

with an interquartile range of >0.5. Expression data were normalised using TMM 

(Trimmed Mean of M values) (Robinson et al., 2010) taking into account the depth of 

sequencing. Comparisons between groups were conducted using Voom: genes with a 

Benjamini-Hochberg FDR adjusted p-value <0.05 and greater than 2-fold difference in 

expression were considered significant. R Software package v3.02 was used to generate 

heatmaps for differentially expressed genes. The RNASEQ results were tested for 

enrichment against gene sets from nine gene expression experiments associated with 

MAPK pathway and two associated with AKT/MTOR/PI3K pathways from the 

molecular signatures database (MSigDB.v5.1). The competitive gene set test, Camera, 

was used to test for significant enrichment (Wu & Smyth, 2012). Barcode plots were 

drawn of the significantly enriched gene sets.  
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2.18 CellTiter Glo Cell Viability Assays 

The CellTiter-Glo Cell Viability Assay (Promega, USA) is a luminescent assay that 

enables the estimation of viable cells through the release of ATP during cell lysis. The 

amount of ATP is directly proportional to the number of viable cells, allowing for the 

calculation of viable cells in a well. ("CellTiter-Glo® Cell Viability Assay: Technical 

Bulletin," 2013).  

Cells were plated at an optimised cell density (3000-8000 cells/well) in a 96 well plate in 

triplicate and incubated at 37°C for 24 hrs. Serial dilutions of compounds were added for 

72 hrs. A DMSO alone and a no cell (media alone) controls were included on each plate. 

Cell viability was evaluated by the addition of 20μl of CellTiter Glo (Promega, USA) for 

10 mins and luminescent readings taken using the Thermo Multiskan EX Microplate 

Reader (Thermo Scientific, USA). 

2.18.1 Analysis of Viability Data  

Inhibitor concentrations (μM) were log transformed. The 595nm reading of the media 

only control wells were subtracted from all 560nm values and resultant values were 

normalised for the highest value (100%) and the media control well (0%). To determine 

an IC50, a nonlinear regression curve fit was assessed: log(inhibitor) vs. normalised 

response – variable slope. In cases where an IC50 could not be determined (ie. the titration 

did not reach 50% viability), an IC50 value of the highest concentration tested was 

assigned.  
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Chapter 3: Mapping of EGF Induced PI3K/MAPK 

Signalling in Human CRC 

The Epidermal Growth Factor Receptor (EGFR) and its downstream signalling cascades 

play a significant role in many key cellular processes (e.g. cell proliferation, 

differentiation and migration) which when deregulated, promote tumourigenesis. The 

EGFR family of transmembrane receptor tyrosine kinases are activated upon growth 

factor binding, resulting in receptor dimerization, autophosphorylation of the tyrosine 

kinase domain and subsequent activation of two main intracellular signal transduction 

pathways; the MAPK and the PI3K signalling pathways (Krasinskas, 2011; Normanno et 

al., 2006). While this cascade is under strict regulation in normal cells, mutations in 

EGFR, as well as in other key members of the PI3K and MAPK pathways contributes to 

the development of many different tumour types, including those of the lung, breast, head 

and neck, ovary and colon (Krasinskas, 2011).  

Significant efforts have been undertaken to better understand the molecular effects and 

clinical consequences of mutations in these pathways (Day et al., 2013; W. Q. Li et al., 

2006; Rosty et al., 2013; Y. Shen et al., 2013). Studies exploring associations between 

the presence of mutations in key genes (ie. PIK3CA and KRAS), expression of 

downstream total and phospho proteins with patient clinical features have highlighted the 

potential to integrate tumour molecular profiling in the diagnosis and treatment of CRC. 

For example, in a study of 717 colorectal tumours, pAKT was associated with the 

presence of mutated PIK3CA, early stage tumours and low grade tumours, as well as 

longer cancer-specific and overall survival, suggesting that pAKT may be a predictive 

marker for patients with a favourable outcome (Baba et al., 2011). In another study of 154 

colorectal tumours with matched normal tissues, p-mTOR and p70S6K were found to be 

significantly overexpressed in the tumour, with p70S6K also being more prevalent in left 

sided tumours (S. M. Johnson et al., 2010). Of clinical importance, mutations in genes of 

the EGF pathway including EGFR, KRAS, BRAF, PIK3CA and PTEN have been linked 

with resistance to anti-EGFR antibody therapy in patients with metastatic CRC, with 

KRAS mutation status now being an FDA-endorsed biomarker for guiding treatment use. 

The predictive value of a KRAS mutation was first identified by Lievre et al in a cohort 
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of 30 mCRC patients treated with cetuximab (Lievre et al., 2006). This study found that 

patients with a KRAS mutation demonstrated a lack of response to cetuximab and poorer 

overall survival when compared to those with wildtype KRAS tumours. This finding has 

since been validated in multiple other cohorts where the presence of a KRAS mutation 

status demonstrated a lack of response to cetuximab as well as the anti-EGFR therapy 

panitumumab (Freeman et al., 2008; Karapetis et al., 2008). These studies have enabled 

the screening of KRAS mutation status as standard practise for determining the eligibility 

for anti-EGFR therapy in mCRC patients. Although this provides a greater insight into 

whether a patient will respond to targeted therapy, the use of KRAS mutation status does 

have its flaws, with a proportion of KRAS wildtype patients unresponsive to anti-EGFR 

therapy. This highlights the necessity to further characterise the signalling pathways in 

order to identify additional markers of sensitivity/resistance to targeted therapies.  

While a general picture of EGF induced signalling has been assembled from a number of 

studies, the engagement of numerous downstream effector proteins and the degree of 

crosstalk across other signalling cascades reinforces the complexity of the EGF signalling 

pathway. For example, signalling differs between different cell types, between normal 

and tumour cells as well as with respect to the mutations present in the pathway, 

suggesting that characterising this pathway has important clinical and therapeutic 

implications. Revisiting the EGF signalling pathway in the context of CRC through the 

identification and characterisation of downstream markers may enable the identification 

of patients with activated signalling pathways more accurately, as well as providing 

insights into sensitivity to therapy. 

The aim of this chapter addresses this gap by utilising the human CRC cell lines and an 

RPPA protein platform established at the MD Anderson Cancer Center to re-map EGF 

induced signalling. This information was then used to identify intrinsic pathway 

activation as a result of mutations in PIK3CA, KRAS, BRAF and PTEN. This strategy 

identified the most relevant signalling components in CRC development, highlighting 

potential biomarkers of pathway activation.  
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3.1 RPPA Mapping of EGF Signalling 

Twenty-eight CRC cell lines were selected based on the mutation/expression status of 

PIK3CA, PTEN, KRAS and BRAF as determined by whole-exome sequencing and 

western blotting (Chapter 2: Table 2.1). Eight CRC cell lines were wildtype for all genes, 

10 CRC cell lines were mutant for PIK3CA, 10 CRC cell lines were mutant for KRAS, 5 

CRC cell lines were mutant for BRAF and 3 CRC cell lines had a loss of PTEN expression. 

Cells were stimulated with EGF over a timecourse of 0, 5, 10, 20, 45, 120 and 360 mins. 

Total cell lysates were prepared and assessed for total protein expression and protein 

phosphorylation using 175 antibodies (Appendix 1) and RPPA technology. The antibody 

panel comprises of total and phospho-protein antibodies that represent members of the 

PI3K, WNT, Notch, TGFβ, Hippo, MAPK pathway as well as membrane receptors and 

proteins involved in cell cycle, DNA repair, apoptosis, transcription regulation and lipid 

synthesis. Using Supercurve Fitting, relative levels of protein expression were determined 

at each timepoint for each cell line. A representative example of the timecourse data for 

eight phospho-antibodies of known PI3K pathway members is shown in Figure 3.1.   

 

Figure 3.1: Example of RPPA data.  

Relative level of phosphorylated proteins in a representative wildtype cell line LIM1215. 

Bars represent the relative level of protein over the EGF timecourse of 0-360 mins. 
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To assess changes in protein expression or phosphorylation, the EGF timecourse was 

divided into two groups: early signalling (5-45 mins) and late signalling (120-360 mins). 

These two timecourse groups were selected to assess the immediate changes in protein 

expression and phosphorylation as a result of EGF stimulation (early timecourse) as well 

as long term changes and later avenues of crosstalk (late timecourse). Changes in protein 

expression and phosphorylation were determined as a fold change, by comparing the 

mean area under the curve of the early and late signalling relative to baseline (time zero). 

A t-test was conducted and a fold change corresponding to a minimum of 20% increase 

or decrease was imposed and considered statistically significant. To broadly map the 

overall protein expression/phosphorylation signature of EGF induced signalling in CRC, 

data on all 28 cell lines was initially analysed together (irrespective of genotype). Early 

timecourse analysis showed both EGFR and HER2 receptor activation in response to EGF 

stimulation, inducing the activation of the downstream PI3K and MAPK (ERK1/2). The 

classic PI3K pathway was indicated with the activation of AKT (residues S473 and 

T308), mTOR (AKT phosphorylation site S2448), p70S6K (mTOR phosphorylation site 

T389), Rictor (p70S6K phosphorylation site T1135) and S6 (p70S6K phosphorylation 

site S235, S236, S240 and S244) (p-value<0.05for all comparisons; Figure 3.2, 3.4 and 

Table 3.1). This is in agreement with the majority of the literature that utilises AKT, 

mTOR and S6 phosphorylation as indicators of PI3K activity. The classic ERK1/2 MAPK 

signalling pathway was indicated by the phosphorylation of MAPK (phosphorylation site 

T202/Y204). In addition there was evidence of crosstalk with the JNK pathway through 

JNK phosphorylation (phosphorylation site T183/T185) and WNT signalling through the 

phosphorylation of GSK3β (phosphorylation site S21/S9) (p-value<0.05 for all 

comparisons).  

Significant increases in phosphorylation of NDRG1 and PKCβII were also observed in 

the early timecourse (p-value<0.05 for both comparisons). While these proteins are not 

typically placed in the traditional EGF induced signalling cascades, both have been 

reported to be linked to PI3K signalling (Kovacevic, Chikhani, Lui, Sivagurunathan, & 

Richardson, 2013; J. Y. Lee, Chiu, Asara, & Cantley, 2011; Sun et al., 2013). Overall, 

stimulation of phosphorylated proteins during the early timecourse represented activation 

of pathway nodes involved in protein synthesis, cell proliferation and cell migration.  
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Total protein expression in the early timecourse was unchanged for all 128 proteins 

represented (Figure 3.3). While one protein, PDCD4, appeared to show an increase in 

expression, review of the literature on the antibody used in the array revealed cross-

reactivity with the phosphorylated form. Due to a lack of specificity, this protein was 

removed from the analysis.  

For the late timecourse (120 to 360 mins), only AKT, mTOR, p70S6K and S6 

phosphorylation continued to remain engaged (p-value<0.05 for all comparisons; Figure 

3.2, 3.5 and Table 3.2), highlighting the importance of the PI3K signalling pathway in 

long term signalling response to EGF, particularly with respect to its role in protein 

synthesis (through S6). Importantly, there was no evidence of continued engagement of 

ERK1/2 MAPK signalling or of maintenance of crosstalk with JNK and WNT pathways, 

suggesting their primary involvement in the early response to EGF stimulation For the 

127 proteins (excluding PDCD4), only one protein showed a change in expression as 

compared to baseline, cMYC (p-value<0.05; Figure 3.3). cMYC is a transcription factor 

that plays a vital role in cell proliferation when overexpressed is a potent oncogene. Our 

data highlights cMYC as a central downstream player in EGF/PI3K signalling.  
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Figure 3.2: Diagrams representing changes in phosphorylation in the early and late 

EGF stimulation timecourse when compared to baseline.  

Green corresponds to an increase in phosphorylation and red corresponds to a decrease in 

phosphorylation. Brightness represents the extent of change and proteins with a thick 

black circle represent changes that were significant.  
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Figure 3.3: Diagrams representing changes in total protein expression in the early 

and late EGF stimulation timecourse when compared to baseline. 

Green corresponds to an increase in phosphorylation and red corresponds to a decrease in 

phosphorylation. Brightness represents the extent of change and proteins with a thick 

black circle represent changes that were significant.  
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Table 3.1: Phospho and total proteins that changed significantly due to EGF 

stimulation in the early timecourse compared to baseline. 

Protein 
Baseline 

Mean 

Timecourse 

Mean 
FC (log2) p.value 

EGFR pY1068 -3.0617 -1.6040 1.4577 3x10-7 

S6 pS235/S236 -1.1063 0.4917 1.5980 3x10-7 

p70S6K pT389 -2.6576 -1.6868 0.9708 3x10-7 

S6 pS240/S244 -1.2769 -0.1090 1.1679 3x10-6 

HER2 pY1248 -1.0875 -0.5758 0.5117 1x10-5 

AKT pS473 -1.9972 -0.7745 1.2228 0.0001 

mTOR pS2448 -1.7553 -1.3986 0.3567 0.0002 

Rictor pT1135 -0.9796 -0.7153 0.2643 0.0014 

JNK pT183/T185 -2.6805 -2.3782 0.3023 0.0016 

MAPK pT202/Y204 -2.3119 -1.9610 0.3510 0.0021 

PKCβII pS660 0.0158 0.3878 0.3720 0.0025 

SHC pY317 -1.2552 -0.6486 0.6066 0.0027 

AKT pT308 -1.3430 -0.9643 0.3788 0.0058 

GSK3β pS21/S9 -1.0229 -0.7410 0.2819 0.0072 

NDRG1 pT346 -2.5217 -1.6682 0.8535 0.0129 

Note: FC = Fold change 

Table 3.2: Phospho and total proteins that changed significantly due to EGF 

stimulation in the late timecourse (2-6 hrs) compared to baseline.  

Protein 
Baseline 

Mean 

Timecourse 

Mean 
FC (log2) p.value 

S6 pS235/S236 -1.1063 1.5367 2.6430 9x10-9 

p70S6K pT389 -2.6576 -1.3379 1.3197 9x10-9 

S6 pS240/S244 -1.2769 0.9679 2.2448 3x10-8 

YB1 pS102 -0.5581 -0.2564 0.3016 1x10-5 

mTOR pS2448 -1.7553 -1.2896 0.4656 0.0001 

CMYC -0.2729 0.1614 0.4343 0.0002 

Rictor pT1135 -0.9796 -0.6383 0.3413 0.0044 

EGFR pY1068 -3.0617 -2.5230 0.5387 0.0070 

AKT pS473 -1.9972 -1.1773 0.8200 0.0175 

4EBP1 pS65 0.7357 1.0346 0.2990 0.0451 

Note: FC = Fold change 
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Figure 3.4: Graphs representing phosphorylated proteins that show a significant 

change in the early timecourse when compared to baseline. 
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Figure 3.5: Graphs representing total and phosphorylated proteins that show a 

significant change in the late timecourse when compared to baseline.  
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Table 3.3: Proteins that increased in expression or phosphorylation upon EGF 

stimulation and their primary cellular function.  

 

 

 

 

 

Protein Function 

EGFR 
Receptor tyrosine kinase that activates downstream signalling upon 

ligand binding  

HER2 
Receptor tyrosine kinase that activates downstream signalling upon 

ligand binding  

SHC 
Signalling adaptor protein that activates downstream signalling 

upon RTK activation 

AKT 
Serine/Threonine protein kinase that regulates downstream 

signalling of PI3K 

Rictor 
Subunit of mTORC2 and is responsible for AKT phosphorylation at 

Ser473 

mTOR 
Serine/Threonine protein kinase that is involved in activating 

translation 

p70S6K 
Serine/Threonine protein kinase that phosphorylates S6 for protein 

synthesis 

S6 Ribosomal subunit involved in protein synthesis 

4EBP1 
Translation repressor protein that is unable to repress translation 

upon phosphorylation 

GSK3 

Serine/Threonine protein kinase that phosphorylated downstream 

targets involved in cell proliferation, migration and glucose 

regulation 

MAPK 
Serine/Threonine protein kinase that activates downstream targets 

involved in cell proliferation, differentiation and cell death 

JNK2 
Protein kinase that activates downstream targets involved in cell 

proliferation, differentiation and cell death 

PKCβII 
Calcium-dependent protein kinase that is involved in cellular 

secretion, proliferation and gene expression  

NDRG1 
Tumour repressor that is involved in stress response and p53 

mediated apoptosis 

YB1 Transcription factor that mediates pre-mRNA splicing regulation 

cMYC 
Transcription factor that activates the transcription of genes 

involved cell growth 
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3.2 Associations with Cell Line Mutation Status 

Using the list of proteins that were identified as being altered by phosphorylation or at a 

total protein expression level upon EGF stimulation at the early and/or late timecourse 

(Table 3.3), a further analysis was conducted to test for associations with mutant KRAS, 

BRAF, PIK3CA or PTEN. As the RPPA analysis had been conducted in two batches, 3 of 

the identified proteins (NDRG1, PKCβII, Rictor) were not available for the first batch 

which had included the CRC cell lines with loss of PTEN expression, while 1 protein 

(SHC) was not available for the second batch which included the BRAF mutant cell lines. 

Assessing the effect the presence of gene mutations (as compared to wildtype) has at 

baseline (prior to EGF stimulation) in a multivariate analysis, significant associations 

were found between PIK3CA mutation status and increased phosphorylation of  canonical 

PI3K pathway downstream targets S6 (pS240/S244) and p70S6K (pT389) (p-value<0.05 

for al comparisons; Table 3.4). Phosphorylation of these two proteins is commonly used 

as markers of activated PI3K signalling and would be expected to be associated with the 

presence of a PIK3CA mutation. Furthermore, increased phosphorylation of S6 was 

independently associated with both KRAS mutation and loss of PTEN expression (p-

value<0.05 for both comparisons). Phosphorylation of S6 as an indication of PI3K 

activation is expected in the PTEN mutated CRC cell lines, as the absence of the 

signalling antagonist would reduce the strict regulation on the pathway and thus promote 

PI3K activation. The association between phosphorylation of S6 and KRAS mutation is 

consistent with the anticipated crosstalk between the activated KRAS and the PI3K 

pathway, emphasising the ability for mutant KRAS to activate the PI3K pathway in the 

absence of EGF in human CRC. Finally a negative association was observed between loss 

of PTEN expression and a decrease in MAPK phosphorylation. As this was surprising, 

further review of the cell line specific data suggested that this relationship was due to a 

single outlier which could represent experimental error and would require validation.  

For the early timecourse, associations were found for less relative induction of 

phosphorylation of S6 (pS240/S244) in cell lines with a PIK3CA mutation as compared 

to wildtype (p-value<0.05; Table 3.5), consistent with the higher level of pS6 observed 

at baseline. In addition, a less relative induction of 4EBP1 (pS65) was observed with the 

presence of PIK3CA, KRAS, BRAF mutations and loss of PTEN expression when 
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compared to wildtype. For the late timecourse, a less relative induction of S6 (pS235/S236 

and pS240/S244) and p70S6K phosphorylation was found to be associated with the 

presence of a PIK3CA mutation (p-value<0.05; Table 3.6). In addition, a significant 

increase in phosphorylation of AKT (pS473 and T308) was observed in the presence of a 

PTEN mutation when compared to wildtype. While increases were observed for the 

presence of any of the mutations, the significance seen in the PTEN mutant suggests that 

the presence of a PTEN mutation may allow for a sustained signal over a longer time 

period.  
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Table 3.4 Associations with mutation status at baseline.  

Regression modelling was used to determine associations between mutation status and protein phosphorylation or expression at baseline 

(prior to EGF stimulation).  

 KRAS BRAF PIK3CA PTEN 

 Estimate p.value Estimate p.value Estimate p.value Estimate p.value 

4EBP1 pS65 -0.062 0.881 0.414 0.658 -0.082 0.840 0.080 0.923 

AKT pS473 -0.374 0.330 -0.105 0.825 -0.205 0.627 0.808 0.289 

AKT pT308 -0.234 0.220 0.034 0.910 -0.129 0.545 0.177 0.651 

CMYC 0.264 0.323 -0.034 0.932 0.061 0.777 0.264 0.605 

EGFR pY1068 -0.402 0.361 0.460 0.487 -0.204 0.649 -0.625 0.491 

GSK3β pS21/S9 -0.579 0.128 0.817 0.221 -0.195 0.626 -0.501 0.525 

HER2 pY1248 -0.048 0.836 0.579 0.212 0.130 0.651 -0.202 0.634 

JNK pT183/T185 0.036 0.713 -0.028 0.862 0.069 0.432 -0.135 0.323 

MAPK pT202/Y204 -0.385 0.077 -0.071 0.714 -0.314 0.078 -0.876 0.005 

mTOR pS2448 0.096 0.613 0.368 0.182 0.256 0.183 -0.077 0.825 

NDRG1 pT346 -0.509 0.355 -0.298 0.650 -0.311 0.540 NA NA 

p70S6K pT389 0.434 0.084 0.308 0.095 0.590 0.023 0.368 0.365 

PKCβII pS660 -0.746 0.083 -0.264 0.571 -0.675 0.076 NA NA 

Rictor pT1135 0.022 0.773 0.152 0.222 0.041 0.542 NA NA 

S6 pS235/S236 0.944 0.060 1.285 0.095 1.335 0.036 1.542 0.084 

S6 pS240/S244 0.977 0.036 0.836 0.073 1.480 0.011 2.177 0.016 

SHC pY317 -0.502 0.263 NA NA -0.810 0.252 -0.311 0.200 

YB1 pS102 0.068 0.501 0.168 0.201 0.051 0.542 0.100 0.500 

Note: Significant values (p<0.05) indicated in red. 
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Table 3.5: Associations with mutation status at early timecourse 

Regression modelling was used to determine associations between mutation status and protein phosphorylation or expression in the early 

timecourse.  

  KRAS BRAF PIK3CA PTEN 

  Estimate p.value Estimate p.value Estimate p.value Estimate p.value 

4EBP1 pS65 -0.291 0.048 -0.724 0.047 -0.313 0.047 -0.453 0.038 

AKT pS473 -0.131 0.794 -0.542 0.519 -0.14 0.798 1.025 0.101 

AKT pT308 0.008 0.969 0.183 0.681 0.157 0.56 0.743 0.054 

CMYC 0.052 0.58 0.038 0.838 0.092 0.326 -0.032 0.842 

EGFR pY1068 0.309 0.515 -0.335 0.527 -0.093 0.806 0.223 0.739 

GSK3β pS21/S9 0.004 0.987 -0.186 0.32 -0.042 0.857 0.329 0.119 

HER2 pY1248 0.085 0.669 -0.248 0.292 -0.14 0.441 -0.105 0.677 

JNK pT183/T185 -0.022 0.893 0.386 0.145 -0.14 0.302 0.188 0.351 

MAPK pT202/Y204 0.138 0.469 0.688 0.078 0.31 0.23 0.396 0.189 

mTOR pS2448 -0.126 0.531 -0.044 0.847 -0.233 0.289 -0.125 0.581 

NDRG1 pT346 -0.902 0.168 -0.904 0.256 -0.641 0.322 NA NA 

p70S6K pT389 -0.243 0.323 -0.023 0.957 -0.303 0.322 -0.2 0.444 

PKCβII pS660 -0.021 0.907 0.124 0.667 0.156 0.464 NA NA 

Rictor pT1135 0.11 0.473 0.134 0.222 0.102 0.499 NA NA 

S6 pS235/S236 -0.69 0.104 -0.7 0.324 -1.146 0.031 -0.875 0.167 

S6 pS240/S244 -0.44 0.296 -0.713 0.262 -0.971 0.026 -0.66 0.278 

SHC pY317 0.238 0.464 NA NA -0.011 0.971 -0.074 0.838 

YB1 pS102 0.083 0.433 0.147 0.476 0.06 0.653 -0.087 0.575 

Note: Significant values (p<0.05) indicated in red. 
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Table 3.6: Associations with mutation status at late timecourse. 

Regression modelling was used to determine associations between mutation status and protein phosphorylation or expression in the late 

timecourse. 

 KRAS BRAF PIK3CA PTEN 

 Estimate p.value Estimate p.value Estimate p.value Estimate p.value 

4EBP1 pS65 -0.320 0.188 -0.777 0.126 -0.369 0.133 -0.235 0.542 

AKT pS473 0.894 0.066 0.589 0.471 0.625 0.199 2.346 0.002 

AKT pT308 0.162 0.462 0.351 0.449 0.183 0.485 1.047 0.017 

CMYC -0.253 0.283 -0.308 0.374 -0.147 0.516 -0.399 0.214 

EGFR pY1068 0.450 0.180 0.022 0.970 0.285 0.419 -0.184 0.768 

GSK3β pS21/S9 0.145 0.666 -0.047 0.934 0.004 0.991 0.643 0.283 

HER2 pY1248 0.272 0.078 0.251 0.331 0.212 0.146 -0.073 0.782 

JNK pT183/T185 -0.099 0.444 0.391 0.165 -0.070 0.522 -0.085 0.515 

MAPK pT202/Y204 0.311 0.351 0.728 0.119 0.307 0.275 0.054 0.894 

mTOR pS2448 -0.148 0.523 0.107 0.775 -0.296 0.205 0.015 0.966 

NDRG1 pT346 0.182 0.802 0.535 0.459 0.067 0.911 NA NA 

p70S6K pT389 -0.626 0.062 -0.057 0.896 -0.789 0.029 -0.200 0.672 

PKCβII pS660 0.156 0.702 0.172 0.723 0.110 0.760 NA NA 

Rictor pT1135 -0.140 0.403 0.250 0.299 -0.095 0.547 NA NA 

S6 pS235/S236 -1.078 0.061 -1.241 0.113 -1.850 0.011 -1.491 0.076 

S6 pS240/S244 -0.690 0.214 -1.131 0.070 -1.635 0.009 -1.276 0.092 

SHC pY317 0.116 0.762 NA NA 0.515 0.203 0.079 0.869 

YB1 pS102 0.047 0.716 -0.030 0.861 -0.004 0.977 -0.067 0.667 

Note: Significant values (p<0.05) indicated in red. 
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3.3 Validation of EGF-Induced Protein Signatures 

Having identified from the RPPA analysis a list of proteins defining key downstream 

members of EGF induced signalling in CRC, taking into account the PI3K and MAPK 

pathway mutation status, we set out to validate these candidates by western blotting and 

to test validated signatures in primary tumour samples from 546 patients by 

immunohistochemistry on TMAs generated of tumour and matched normal tissues.  

Western blot validation of the timecourse data for AKT (pS473), S6 (pS235/S236), 

MAPK (pT202/Y204), 4EBP1 (S65), p70S6K (pT389) and NDRG1 (pT346) confirmed 

the observed changes in the RPPA analysis (Figure 3.6 and Appendix 2). Similarly to 

what was observed in the RPPA, an increase in phosphorylation as a result of EGF 

stimulation during the early timecourse was observed, with a continued increase in 

phosphorylation of S6 in the later time points. 
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Figure 3.6: Validation of RPPA. 

LIM1215 timecourse probed for pAKT, pS6, pMAPK, p4EBP1, p70S6K and pNDRG1 

(A) and subsequent quantification after actin normalisation (B).  
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We next explored whether signatures of oncogenic signalling associated with 

PI3K/MAPK pathway mutation status identified in vitro could be translated into the in 

vivo setting. Phosphorylation of S6 was selected as a lead candidate as this was associated 

with the presence of PIK3CA, PTEN and KRAS mutation status in our RPPA data. Tissue 

microarrays of tumour and matched normal tissue were generated for a cohort of 546 

stage A to D CRC patients. Patient clinicopathological features including gender, tumour 

stage, site, differentiation, MSI status and LVI status are summarised in Table 2.4 

(Chapter 2). Data on KRAS, BRAF and PIK3CA mutation status were already available 

(generated by Dr Fiona Day), with 34% (188/546), 13% (71/546), 13% (69/546) cases 

positive, respectively. Tissue microarrays were also stained for PTEN protein expression, 

with 29% (160/546) tumours showing loss of expression. KRAS mutation showed an 

association with stage D disease and MSS tumours (Table 3.7). BRAF mutant patients 

showed the anticipated associations with the female gender, older age, advanced T stage 

disease, MSI, poor differentiation, mucinous histology and right-sided tumour location 

(Table 3.8). With respect to the PI3K signalling genes, PIK3CA mutations were 

associated with left sided tumours (Table 3.9), while a lack of PTEN expression was 

associated with mucinous histology (Table 3.10). All of the associations described were 

seen in both univariate and multivariate analyses.  

Analysis of TMAs for pS6 expression identified positive staining in 73% (400/546) cases. 

In univariate analysis the presence of S6 phosphorylation was associated with 

well/moderate differentiated tumours, PI3KCA mutation and BRAF wildtype (Table 

3.11). A similar trend was observed for association of pS6 with KRAS mutation, although 

this did not reach statistical significance (p-value=0.06), while no association was 

detected with PTEN expression status (p-value=0.46). The associations between pS6 

expression and well/moderate and PIK3CA mutation remained significant in multivariate 

analysis. Interestingly, when we assess for associations with mutation status only (not 

including clinicopathological features) and pS6 expression, we saw a loss in the 

significance previously observed with PIK3CA mutation but a stronger association with 

wildtype BRAF in a multivariate analysis (Table 3.12). This suggests that the observed 

association between mutant PIK3CA and pS6 expression may be in the context of well 

differentiated CRC tumours. Taken together, these results support the role of pS6 as a 

biomarker for PI3K pathway activation.  
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Table 3.7: Clinicopathological associations with KRAS mutation status. 

 KRAS Univariate Multivariate 

 WT MUT Estimate p.value Estimate p.value 

Gender       

M 131 80 1 (Ref.)  1 (Ref.)  

F 227 108 0.78 0.174 0.81 0.281 

Age (years)       

Mean 70.8  69.4  0.99 0.147 0.99 0.12 

Stage       

A 29 6     

B 121 51     

C 139 85     

D 69 46 1.57 0.006* 1.46 0.028* 

T Stage       

1 7 3     

2 34 14     

3 237 130     

4 80 41 1.06 0.748 1.11 0.607 

Microsatellite 

Status 

      

S 253 170 1 (Ref.)  1 (Ref.)  

U 96 17 0.26 0* 0.27 0* 

Differentiation       

Well/Moderate 297 162 1 (Ref.)  1 (Ref.)  

Poor 52 20 0.71 0.213 0.84 0.566 

Mucinous       

No 254 120 1 (Ref.)  1 (Ref.)  

Yes 103 68 1.4 0.081 1.75 0.007* 

Lymphovascular 

Invasion 

      

No 200 102 1 (Ref.)  1 (Ref.)  

Yes 158 86 1.07 0.719 0.86 0.447 

Site       

Right 162 83 1 (Ref.)  1  

Left 129 64 0.97 0.875 0.67 0.069 

Rectum 67 41 1.19 0.459 0.96 0.89 

Note: * Marks p values of statistical significance (<0.05)  

Abbreviations: WT = Wildtype; MUT = Mutant; Ref. = Reference. 
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Table 3.8: Clinicopathological associations with BRAF mutation status. 

 BRAF Univariate Multivariate 

 WT MUT Estimate p.value Estimate p.value 

Gender       

M 201 10 1 (Ref.)  1 (Ref.)  

F 274 61 4.47 0 4.75 0 

Age (years)       

Mean 69.8  73.9 1.04 0.003* 1.04 0.01* 

Stage       

A 33 2     

B 145 27     

C 197 27     

D 100 15 0.97 0.905 1.26 0.361 

T Stage       

1 10 0     

2 46 2     

3 320 47     

4 99 22 1.95 0.009* 2.22 0.005* 

Microsatellite 

Status 

      

S 394 29 1 (Ref.)  1 (Ref.)  

U 71 42 8.04 0* 8.44 0* 

Differentiation       

Well/Moderate 419 40 1 (Ref.)  1 (Ref.)  

Poor 45 27 6.29 0* 4.34 0* 

Mucinous       

No 345 29 1 (Ref.)  1 (Ref.)  

Yes 129 42 3.87 0* 3.19 0* 

Lymphovascular 

Invasion 

      

No 268 34 1 (Ref.)  1 (Ref.)  

Yes 207 37 1.41 0.179 1.56 0.16 

Site       

Right 187 58 1 (Ref.)  1 (Ref.)  

Left 183 10 0.18 0* 0.26 0.001* 

Rectum 105 3 0.09 0* 0.15 0.003* 

Note: * Marks p values of statistical significance (<0.05)  

Abbreviations: WT = Wildtype; MUT = Mutant; Ref. = Reference. 
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Table 3.9: Clinicopathological associations with PIK3CA mutation status. 

 PIK3CA Univariate Multivariate 

 WT MUT Estimate p.value Estimate p.value 

Gender       

M 182 28 1 (Ref.)   1 (Ref.)   

F 290 41 0.92 0.748 0.9 0.692 

Age (years)       

Mean 70.5 69.8 0.99 0.61 0.99 0.474 

Stage       

A 31 3     

B 150 20     

C 196 28     

D 95 18 1.32 0.241 1.35 0.218 

T Stage       

1 10 0     

2 40 6     

3 313 51     

4 109 12 0.86 0.581 0.89 0.677 

Microsatellite 

Status 

      

S 363 55 1 (Ref.)  1 (Ref.)  

U 101 12 0.78 0.472 0.84 0.618 

Differentiation       

Well/Moderate 397 58 1 (Ref.)  1 (Ref.)  

Poor 61 10 1.12 0.755 1.18 0.671 

Mucinous       

No 326 43 1 (Ref.)  1 (Ref.)  

Yes 145 26 1.36 0.251 1.49 0.15 

Lymphovascular 

Invasion 

      

No 263 35 1 (Ref.)  1 (Ref.)  

Yes 209 34 1.22 0.436 1.05 0.869 

Site       

Right 198 46 1 (Ref.)  1 (Ref.)  

Left 181 12 0.29 0* 0.24 0* 

Rectum 93 11 0.51 0.06 0.43 0.031* 

Note: * Marks p values of statistical significance (<0.05)  

Abbreviations: WT = Wildtype; MUT = Mutant; Ref. = Reference. 
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Table 3.10: Clinicopathological associations with PTEN expression. 

 PTEN Univariate Multivariate 

 EXPR NO.EXPR Estimate p.value Estimate p.value 

Gender       

M 148 59 1 (Ref.)   1 (Ref.)   

F 233 101 1.09 0.667 1.09 0.649 

Age (years)       

Mean 69.8  71.6  1.02 0.088 1.02 0.032* 

Stage       

A 23 12     

B 132 38     

C 146 77     

D 80 33 1.22 0.239 1.25 0.198 

T Stage       

1 7 3     

2 33 15     

3 259 103     

4 82 39 1.09 0.661 1.08 0.691 

Microsatellite       

S 298 120 1 (Ref.)  1 (Ref.)  

U 77 36 1.16 0.514 1.16 0.539 

Differentiation       

Well/Moderate 324 130 1 (Ref.)  1 (Ref.)  

Poor 47 25 1.33 0.294 1.24 0.457 

Mucinous       

No 250 121 1 (Ref.)  1 (Ref.)  

Yes 130 39 0.62 0.025* 0.58 0.014* 

Lymphovascular       

No 215 83 1 (Ref.)  1 (Ref.)  

Yes 166 77 1.2 0.331 1.11 0.611 

Site       

Right 180 65 1 (Ref.)  1 (Ref.)  

Left 130 61 1.3 0.217 1.36 0.176 

Rectum 71 34 1.33 0.266 1.39 0.246 

Note: * Marks p values of statistical significance (<0.05)  

Abbreviations: EXPR = Expression; NO EXPR = No Expression; WT = Wildtype; MUT = Mutant;    

Ref. = Reference. 

 

 



 

 

89 

 

Table 3.11: Clinicopathological and molecular associations with tissue expression 

of pS6. 

 IHC score Univariate Multivariate 

  0 1+2 Estimate p. value Estimate p. value 

Gender       

Male 49 162 1 (Ref.)  1 (Ref.)  

Female 96 238 0.75 0.141 0.8 0.317 

Microsatellite 

Status 

      

MSS 108 315 1 (Ref.)  1 (Ref.)  

MSI 34 79 0.8 0.33 1.21 0.509 

Site       

Right 65 180 1 (Ref.)  1 (Ref.)  

Left 44 149 1.22 0.37 1.13 0.635 

Rectum 37 71 0.69 0.141 0.59 0.082 

Stage       

A 8 27 1 (Ref.)  1 (Ref.)  

B 39 133 1.01 0.981 0.81 0.661 

C 68 156 0.68 0.367 0.59 0.262 

D 31 84 0.8 0.629 0.65 0.406 

T Stage       

1 2 8 1 (Ref.)  1 (Ref.)  

2 12 36 0.75 0.737 0.62 0.58 

3 91 276 0.76 0.729 0.61 0.542 

4 41 80 0.49 0.378 0.44 0.327 

Differentiation       

Well/moderate 109 350 1 (Ref.)  1 (Ref.)  

Poor 27 45 0.52 0.014 * 0.54 0.045* 

Mucinous       

Yes 98 276 1 (Ref.)  1 (Ref.)  

No 47 124 0.94 0.753 1.01 0.982 

KRAS       

WT 105 253 1 (Ref.)  1 (Ref.)  

MUT 41 147 1.49 0.06 1.23 0.395 

BRAF       

WT 117 358 1 (Ref.)  1 (Ref.)  

MUT 29 42 0.47 0.005 * 0.62 0.152 

PIK3CA       

WT 135 337 1 (Ref.)  1 (Ref.)  

MUT 11 58 2.11 0.03 * 2.31 0.03* 

PTEN       

EXPR 98 283 1 (Ref.)  1 (Ref.)  

NO EXPR 46 114 0.86 0.467 0.96 0.871 

Note: * Marks p values of statistical significance (<0.05)  

Abbreviations: EXPR = Expression; NO EXPR = No Expression; WT = Wildtype; MUT = Mutant;    Ref. 

= Reference. 
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Table 3.12: Molecular associations with tissue expression of pS6. 

  IHC score Univariate Multivariate 

 0 1+2 Estimate p. value Estimate p. value 

KRAS       

WT 105 253 1 (Ref.)  1 (Ref.)  

MUT 41 147 1.49  0.06 1.21  0.388 

BRAF       

WT 117 358 1 (Ref.)  1 (Ref.)  

MUT 29 42 0.47  0.005* 0.55  0.031* 

PIK3CA       

WT 135 337 1 (Ref.)  1 (Ref.)  

MUT 11 58 2.11  0.03* 1.93  0.059 

PTEN       

EXPR 98 283 1 (Ref.)  1 (Ref.)  

NO EXPR 46 114 0.86  0.467 0.89  0.586 

Note: * Marks p values of statistical significance (<0.05)  

Abbreviations: EXPR = Expression; NO EXPR = No Expression; WT = Wildtype; MUT = Mutant;    

Ref. = Reference.  
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3.4 Discussion 

Although EGF signalling is a key pathway deregulated in human CRC and an important 

therapeutic target, comprehensive mapping of the pathway that takes into account 

mutation status of the downstream PI3K and MAPK signalling cascades is currently 

lacking. While aberrant EGF signalling activation can be due to both extrinsic and 

intrinsic factors, the consideration of EGF/PI3K/MAPK pathway mutation status alone is 

insufficient to identify tumours driven by oncogenic EGF signalling. In addition, the 

numerous feedback loops and crosstalk with other signalling cascades renders this 

inadequate in understanding the true mechanisms driving tumour growth. In this study, 

we have mapped the EGF induced signalling cascade in human CRC, characterising 

differences between early and late signalling and signatures associated with PI3K and 

MAPK pathway mutation status. Our data highlights PI3K signalling as the principal 

pathway maintained with continuous EGF stimulation, provides evidence of oncogenic 

PI3K signalling as a consequence of PIK3CA and KRAS mutation, and highlights pS6 as 

a biomarker of active signalling. 

EGF induced PI3K/MAPK signalling in human CRC is dynamic, with early signalling 

engaging the classic downstream PI3K and MAPK cascades. RPPA analysis confirmed 

the importance of pAKT, p-mTOR, p70S6K and pS6 in EGF induced signalling. The 

observed increases in phosphorylation in the early timecourse is consistent with increases 

documented in the literature in CRC cell lines (N. Kumar, Afeyan, Sheppard, Harms, & 

Lauffenburger, 2007), mammary epithelial cells (Galbaugh, Cerrito, Jose, & Cutler, 

2006) and NSCLC (H. Johnson, Lescarbeau, Gutierrez, & White, 2013). In addition, we 

observed evidence of crosstalk between PI3K signalling and the MAPK pathway, JNK 

and WNT signalling cascades. These avenues of crosstalk and downstream activation are 

well documented in the context of signalling in neuronal cells and prostate cancer cell 

lines (B. H. Shah, Neithardt, Chu, Shah, & Catt, 2006; Vivanco et al., 2007) as well as in 

CRC metastasis (Ormanns, Neumann, Horst, Kirchner, & Jung, 2014). Furthermore, 

PI3K inhibition studies demonstrate the dependence on PI3K signalling for increases in 

phosphorylation in MAPK (Ebi et al., 2013; Will et al., 2014), supporting the complexity 

of signalling proposed in our study.  
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In addition to the classic targets of EGF induced PI3K/MAPK signalling, the importance 

of pPKCβII and pNDRG1 was highlighted as pathway members that should not be 

overlooked and perhaps further explored in the context of EGF induced signalling in 

CRC. PKCβII (Protein Kinase CβII) is a member of the protein kinase enzyme family 

and is involved in the regulation of other proteins through phosphorylation, thus playing 

an important role in many cellular pathways (Garg et al., 2014; Griner & Kazanietz, 

2007). In the colon, it has been shown to promote tumourigenesis through 

hyperproliferation of the colon epithelium (N. R. Murray et al., 1999) and to induce an 

invasive phenotype through the RAS/MAPK pathway (J. Zhang, Anastasiadis, Liu, 

Thompson, & Fields, 2004). NDRG1 (N-myc Downstream Regulated 1) is a tumour 

suppressor involved in hormone response, cell growth and differentiation. Its expression 

can be regulated by p53 and PTEN in their roles as transcription factors. Furthermore, 

NDRG1 increases PTEN expression in many cell types, creating a positive feedback loop 

(Kovacevic et al., 2013). NDRG1 is phosphorylated at T346 by the serine/threonine-

protein kinase SGK1, however the physiological outcome of this phosphorylation 

remains unknown (J. T. Murray et al., 2004; Sun et al., 2013). A decrease in 

NDRG1expression has been observed in CRC tumours, with this decrease correlating 

with poor prognosis and overall survival (Z. Mao et al., 2013). 

The late timecourse RPPA data revealed that long term signalling appears to converge on 

maintaining a strong PI3K signalling level. Downstream consequences were restricted to 

protein synthesis (through pS6) and cell proliferation (through cMYC upregulation). 

Interestingly, cMYC acts as a downstream target of both the PI3K and MAPK pathways, 

enabling increases in cMYC transcription contributing to cell transformation (J. Zhu, 

Blenis, & Yuan, 2008).  

Our data indicate both PIK3CA and KRAS mutations as drivers of oncogenic PI3K 

signalling, being associated with pS6 expression in serum starved conditions. However, 

a reduced induction of pS6 in the presence of a PIK3CA mutation was observed in the 

presence of EGF while a prolonged activation of AKT was seen in the presence of PTEN 

loss. This highlights the degree of pathway activation present as a direct result of these 

mutations and thus the limited extrinsic activation required. 
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The ability to assess protein expression in patient tissue provides the opportunity to utilise 

patient data in retrospective studies to determine potential associations with tumour 

development, therapeutic intervention and overall outcome, as well as determining 

molecular features that may drive the expression of the protein in question. Though 

preserving the integrity of phosphorylated proteins may be hindered in the tissue fixation 

process (Baker et al., 2005), assessing the phosphorylation of particular proteins can act 

as biomarkers for signalling pathway activation. Our study of primary CRCs from 546 

patients indicates pS6 as a generic biomarker of continuous EGF/PI3K signalling. As 

anticipated from our in vitro results, pS6 staining was associated with PIK3CA and KRAS 

mutation, consistent with published in vitro (Wang et al., 2013) and in vivo studies 

involving patient tumour cohorts (Nosho et al., 2008). In addition, we found pS6 to be 

inversely associated with BRAF mutation and poor differentiation, suggesting that 

activated PI3K signalling may be less involved in this latter aggressive CRC subtype. 

Overall positive pS6 staining indicated activated PI3K signalling in 73% of CRCs, with 

51% explained by PIK3CA and KRAS mutation. Notably, not all PIK3CA and KRAS 

mutation positive tumours were pS6 positive. This may indicate a limitation of the use of 

the anti-phospho antibody on archival tissue sections, or alternatively, feed-back loops 

may exists in this tumour subset which quenches the pS6 signal. Notably, loss of PTEN 

expression was not associated with pS6 staining, counter to our results in vitro. Whether 

this reflects a technical issue or differences in biology remains to be explored. 

As highlighted through the use of a CRC cell line panel and vast array of protein 

expression analyses, it is clear that EGF induced PI3K/MAPK signalling in CRC is 

dynamic and more complex than once thought. Early signalling appears to engage the 

classic downstream PI3K and MAPK cascades as well as generating crosstalk with JNK 

and WNT cascades, while long tern signalling appears to converge on maintaining a 

strong PI3K signal, presumably driving protein synthesis and cell proliferation. Our data 

also indicates that both PIK3CA and KRAS mutations act as drivers of oncogenic PI3K 

signalling, in addition to loss of PTEN expression, although the latter was not validated 

in vivo. Finally, our study of primary CRCs confirms pS6 as a biomarker of continuous 

EGF/PI3K signalling, associated with PIK3CA and KRAS mutation, well/moderate 

differentiation and BRAF wildtype status. 
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Chapter 4: Nuclear PI3K/PI(3,4,5)P3 Signalling 

The majority of studies on the PI3K pathway have focused on the canonical 

cytoplasmic/membrane signalling pathway. However, phosphoinositides, kinases and 

inositol phosphatases are present in the nucleus driving a functionally distinct inositol 

lipid metabolism. The resultant lipid molecules are important components of autonomous 

nuclear signalling pathways (Barlow et al., 2010; Martelli et al., 2006). Nuclear 

phosphoinositides, inositol phosphates and inositol polyphosphates have been shown to 

be involved in DNA repair, nuclear stress response pathway, chromatin remodelling, 

homologous DNA recombination, cytokinesis, transcription regulation and RNA 

dynamics (Hammond, Thomas, & Schiavo, 2004; Martelli, Manzoli, & Cocco, 2004; 

Schramp, Hedman, Li, Tan, & Anderson, 2012; Z. H. Shah et al., 2013). However, only 

limited data exist on the nuclear role of PI(3,4,5)P3 and the regulation of nuclear PI3K is 

not fully understood. 

While the existence of nuclear PI(3,4,5)P3 signalling has been known for over twenty 

years and has been demonstrated in cell types such as neural PC12 cells, NIH3T3 

fibroblasts and glioma cells, there has been no evidence of nuclear PI3K signalling in 

CRC to date. We hypothesised that a novel nuclear PI(3,4,5)P3 signalling axis may exist 

in human CRC, with important roles in tumour biology and which may have direct clinical 

and therapeutic relevance. Here, we provide the first evidence of EGF responsive nuclear 

PI(3,4,5)P3 signalling in human CRC, using immunofluorescence microscopy with 

PI(3,4,5)P3-specific GST-tagged GRP1PH protein on 28 CRC cell lines. Furthermore, 

we have begun to dissect this nuclear signalling cascade through the identification of a 

candidate class IA kinase responsible for this nuclear signal, identification of downstream 

proteins and profiling of the associated transcriptional program.  
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4.1 Localisation of PI(3,4,5)P3 in CRC Cell Lines Using GST-

GRP1PH Reporter Protein 

Using the high affinity of GST-GRP1PH domain reporter for PI(3,4,5)P3, we have 

previously developed an immunocytochemistry method for semi-quantitative detection 

of PI(3,4,5)P3 (Palmieri et al., 2010). The reporter protein enables the visualisation of 

PI(3,4,5)P3  in cell lines using confocal microscopy and is specific to PI(3,4,5)P3 as 

confirmed by biosensor analysis and lipid overlay assays (Palmieri et al., 2010).  

To investigate the possibility of nuclear PI(3,4,5)P3 signalling in human CRC, 28 CRC 

cell lines (Chapter 2: Table 2.1) were stimulated with 200ng/ml of human EGF for a 

timecourse of 5, 10 and 20 mins. The cells were prepared for immunofluorescence 

microscopy and imaged using the Olympus Inverted Confocal microscope. Five images 

of each cell line were acquired at each timepoint imported into Metamorph Image 

Analysis Software for image segmentation, signal intensity and localisation analysis. 

Images of stimulated cells stained with GST-GRP1PH were separated out into three 

individual images; DAPI stain (nuclei), Cell Mask stain (whole cells) and GST-GRP1PH 

(PI(3,4,5)P3) and average percentage intensity of GST-GRP1PH staining was determined 

for membrane/cytoplasm versus nucleus.  

Figure 4.1 shows PI(3,4,5)P3 localisation and response to EGF stimulation for 28 CRC 

cell lines using our GST-GRP1PH reporter protein. Confocal analyses led to the 

identification of two distinct pools of PI(3,4,5)P3 observed across the cell line panel: 

membrane/cytoplasm and nucleus, with cell lines showing a spectrum ranging from 

predominately membrane/cytoplasm to predominately nucleus staining. Using a cut off 

of greater than 60% of total signal intensity, 57% (16/28) of CRC cell lines demonstrated 

predominantly plasma membrane/cytoplasm PI(3,4,5)P3 staining at baseline. Among 

these cell lines, PIK3CA/KRAS/BRAF/PTEN wildtype cell lines (n=8) displayed the 

typical pattern of EGF induced PI3K activity, with a low PI(3,4,5)P3 signal at the 

membrane at baseline followed by an increase in intensity with the addition of EGF at 5-

10 mins and reaching plateau or returning to baseline by 20 mins. This highlights the 

transient signalling that occurs via PI3K and the rapid 

phosphorylation/dephosphorylation of inositides. A similar EGF response pattern was 

observed in the KRAS, BRAF and PTEN mutants, but these appeared to show a higher 
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PI(3,4,5)P3 signal at the membrane prior to stimulation as compared to the wildtype cell 

lines. Cell lines that had a PIK3CA mutation alone or with an additional KRAS or BRAF 

mutation displayed a strong membrane signal at baseline, similar to the signal observed 

in the stimulated wildtype cells, consistent with the anticipated activation of PI3K 

signalling in these cells prior to stimulation (Palmieri et al., 2010). Interestingly, these 

cells could still be further stimulated with the addition of EGF. 

Using a cut off of greater than 60% of total signal intensity, 25% (7/28) CRC cell lines 

presented with predominately nuclear P(3,4,5)P3 signal at baseline, with two of these cell 

lines showing an increase in nuclear PI(3,4,5)P3 in response to EGF stimulation.. The 

specificity of the nuclear PI(3,4,5)P3 signal was confirmed using soluble PI(3,4,5)P3 in 

a competition binding assay with GST-GRP1PH. DLD1 cells were imaged for 

fluorescence in the absence or presence of 20μg soluble PI(3,4,5)P3 (Figure 4.2), 

confirming that the presence of soluble PI(3,4,5)P3 competed for the binding domain of 

our reporter protein, resulting in a diminished fluorescent signal. Blocking was also 

confirmed following stimulation of the cells with EGF (10 mins). Taken together, this 

represents the first evidence of EGF responsive nuclear PI(3,4,5)P3 signalling in CRC 

and signifies a potential new PI3K signalling cascade in a subset of CRC. 

Testing for associations between PI(3,4,5)P3 localisation and genetic background and 

clinical characteristics of the CRC cell lines, we found no relationship with mutations in 

KRAS, BRAF, PIK3CA and expression of PTEN, MSI status, tumour site or stage (Figure 

4.3).  
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Figure 4.1: PI(3,4,5)P3 localisation across CRC cell line panel.  

CRC cell lines stimulated with EGF over a timecourse and imaged for PI(3,4,5)P3 

localisation using the GST-tagged GRP1PH. Localisation confirmed by assessing the % 

GRP-GST intensity in the nuclear (blue line) and cytoplasm/membrane (green line) 

compartments. Significant changes in GST-GRP1PH intensity compared to baseline 

marked as * p < 0.05 and ** p < 0.001. 
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Figure 4.2: Specificity of GST-tagged GRP1PH. 

Immunofluorescence of DLD1 cells stained with GST-GRP1PH in the absence/presence 

of soluble PI(3,4,5)P3. Reduced signal can be seen in the presence of soluble PI(3,4,5)P3 

+/-EGF. Scale bar represents 10μm. 
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Figure 4.3: Distribution of PI(3,4,5)P3 across cellular compartments. 

Localisation of PI(3,4,5)P3 in CRC cell lines stimulated with EGF at 10 mins and 

association analysis with the presence of a mutation (shown as a red box) in PIK3CA, 

PTEN, KRAS and BRAF. 
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4.2 PI(3,4,5)P Compartmentalization Within the Nucleus. 

Having identified PI(3,4,5)P3 in the nucleus of a subset of CRC cell lines, we assessed 

the specific localisation of PI(3,4,5)P3 within the nucleus. Two representative nuclear 

cell lines (DLD1 and SW480) were stained with GST-GRP1PH and co-stained with 

antibodies against lamin B1 (to identify the nuclear membrane) and nucleolin (to identify 

the nucleoli). Using super resolution microscopy (Figure 4.4A) and 3D reconstruction 

software (Figure 4.4B), we found that the nuclear pool of PI(3,4,5)P3 was localised at the 

nuclear envelope and nucleoli. Co-localisation immunofluorescence assays with lamin 

B1 further validated the presence of PI(3,4,5)P3 at the nuclear envelope (Figure 4.4C), 

with a Pearson correlation coefficient of 0.78. Co-localisation experiments with nucleolin 

(Figure 4.4D) confirmed that nuclear PI(3,4,5)P3 also co-localised with the nucleoli, with 

a Pearson correlation coefficient of 0.87. These data suggest compartmentalisation of 

nuclear PI(3,4,5)P3 within at least two pools, one at the nuclear envelope and another in 

nucleoli, raising the possibility that these nuclear PI(3,4,5)P3 pools may be associated 

with distinct cellular functions. 
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Figure 4.4: Compartmentalisation of nuclear PI(,3,4,5)P3.  

Super resolution microscopy (A) and 3D reconstruction (B) demonstrating the presence 

of PI(3,4,5)P3 at the nuclear envelope. Co-localisation assays validate PI(3,4,5)P3 present 

at the nuclear envelope through co-localisation with Lamin B1 (C) and identify a pool of 

PI(3,4,5)P3 within nuclear bodies through co-localisation with Nucleolin (D).  
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4.3 Potential Involvement of EGFR Shuttling 

To investigate the regulation and signalling of nuclear PI(3,4,5)P3 as compared to 

membrane PI(3,4,5)P3, we further studied  DLD1 and SW480 as representative nuclear 

PI(3,4,5)P3 cell lines (nucPIP3) and SKCO1and LIM1215 as representative membrane 

PI(3,4,5)P3 cell lines (memPIP3). 

Since the nuclear cell line responded to EGF, we investigated whether EGFR could be 

directly involved in initiating the nuclear PI(3,4,5)P3 signal. Our two nucPIP3 and two 

memPIP3 cell lines were analysed for EGFR localisation at baseline, following EGF 

stimulation and in the presence of the EGFR inhibitor AG1478. While both groups of cell 

lines exhibited EGFR at the cell membrane prior to EGF stimulation, EGF stimulation 

induced pronounced shuttling of EGFR to the nucleus in nucPIP3 cell lines, but not in 

memPIP3 cell lines (Figure 4.5A). This suggests that the nuclear pool of PI(3,4,5)P3 may 

be directly related to shuttling of activated EGF. The specificity of PI(3,4,5)P3 formation 

following EGF stimulation was confirmed with the tyrosine kinase inhibitor AG1478, 

whereby the PI(3,4,5)P3 signal was inhibited with the addition of 10μM AG1478 (Figure 

4.5B and C).  
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Figure 4.5: EGFR shuttling and inhibition in nucPIP3and memPIP3 CRC.  

EGFR shuttling to the nucleus 10 mins post EGF stimulation appears most prominent in 

the nucPIP3 cell line DLD1 compared to the memPIP3 line SKCO1 (A). 

Immunofluorescence (B) and Metamorph quantification (C) of PI(3,4,5)P3in DLD1 upon 

EGF stimulation +/- EGFR inhibitor AG1478.  
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4.4 Identification of the PI3K Responsible for the Generation 

of Nuclear PI(3,4,5)P3. 

The identification of PI(3,4,5)P3 in the nucleus of a subset of CRC cell lines raised the 

question as to which isoform of the catalytic subunit of class I PI3K (p110) could be 

responsible for nuclear PI(3,4,5)P3 production. To investigate this, we conducted 

immunofluorescence microscopy and assessed the localisation of the three main isoforms; 

p110α, p110β and p110γ in our representative nuclear and membrane PI(3,4,5)P3 cell 

lines (Figure 4.6). We found that p110β and p110γ were localised to the nucleus in both 

subset of cell lines consistent with previous localisation studies (Conte et al., 2013; A. 

Kumar et al., 2011). Interestingly, p110α was found to differ in localisation between the 

two different subtypes, with nuclear p110α found in DLD1 and SW480 cell lines and 

cytoplasmic p110α in SKCO1 and LIM1215 cell lines. This suggests that the catalytic 

isoform p110α may be responsible for the EGF responsive PI(3,4,5)P3 pools in both the 

membrane/cytoplasm and nuclear compartments.  
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Figure 4.6: PI3K localisation in memPIP3 versus nucPIP3 lines.  

Assessment of PI3K isoforms p110α, p110β and p110γ in nucPIP3 (DLD1 and SW480) 

and memPIP3 (SKCO1and LIM1215) cell lines by immunofluorescence microscopy.  
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4.5 Deciphering Differences in Baseline and EGF Induced 

Signalling Between Membrane and Nuclear PI(3,4,5)P3 CRC Cell 

Lines. 

To gain insight into the signalling pathways engaged by EGF stimulation in nucPIP3 versus 

memPIP3 cell lines, we performed RPPA analysis for 40 phospho-proteins on cytoplasmic and 

nuclear lysates of four memPIP3 (Group A: DLD1, SW480, CACO2 and HT55) and four 

nucPIP3 (Group B: SKCO1, LIM1215, COLO320 and LOVO) cell lines at baseline and 10 

minutes after treatment with 200ng/ml EGF. We first evaluated the differences in both 

compartments between the two groups at baseline (without EGF stimulation) and observed no 

differences between the two groups in the expression of any of the 40 phospho-proteins in 

either the cytoplasm or the nucleus. 

We then mapped the global EGF-induced signalling in nuclear and cytoplasmic fractions across 

the entire 8 cell line panel. In the cytoplasmic fraction, we observed increases in 

phosphorylation of proteins involved in the classical PI3K pathway; EGFR (pY1173), EGFR 

(pY1068), Rictor (pT1135), PRAS40 (pT246), SHC (pY317), 4EBP1 (pT37/T46), p70S6K 

(pT389), as well as the MAPK pathway; BRAF (pS2445), CRAF (pS338), MAPK 

(pT202/Y204). In addition, we observed an increase in phosphorylation of, BAD (pS112), 

MEK (pS217/S221), YB1 (pS102), PKCβII (pS660) (Figure 4.7). Similarly to the cytoplasmic 

fractions, in the nuclear fraction we observed increases in the PI3K and MAPK pathways; 

EGFR (pY1068), HER2 (pY1248), SHC (pY317), 4EBP1 (pT37/T46), p70S6K (pT389), S6 

(pS235/S236), S6 (pS240/S244), MAPK (pT202/Y204); as well as increases in 

phosphorylation of PKCβII (pS660) and YB1 (pS102) (Figure 4.8).   

We then compared changes in both cellular compartments between the two groups (memPIP3 

versus nucPIP3). nucPIP3 cell lines showed evidence of significantly increased MAPK 

pathway signalling compared to memPIP3 cell lines with increased phosphorylation of CRAF 

(pS338), MAPK (pT202/Y204) and MEK1 (pS217/S221) in the cytoplasmic and MAPK 

(pT202/Y204) in the nuclear compartments (Figure 4.9). In addition, we observed notable 

engagement of PKCβII (pS660). This data suggests a model in which EGF engages both classic 

PI3K and MAPK signalling in memPIP3 cell lines, but predominately MAPK signalling in 

nucPIP3 cell lines. PKCβII is a member of the protein kinase C (PKC) family of serine- and 

threonine-specific protein kinases that can be activated by calcium and second messenger 
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diacylglycerol, suggesting that calcium and/or diacylglycerol signalling may be specifically 

activated in nucPIP3 cell lines.  

 

 

 

Figure 4.7: Changes in protein phosphorylation in the cytoplasm 10 mins post EGF.  

Log2 fold change in protein phosphorylation at 10 mins post EGF compared to baseline in the 

cytoplasm. Statistically significant changes represented as red bars.  

 



 

 

111 

 

 

Figure 4.8: Changes in protein phosphorylation in the cytoplasm 10 mins post EGF.  

Log2 fold change in protein phosphorylation at 10 mins post EGF compared to baseline in the 

cytoplasm. Statistically significant changes represented as red bars.  



 

 

112 

 

 

Figure 4.9: Changes in memPIP3 versus nucPIP3 lines 10 mins post EGF. 

Log2 fold changes in phosphorylated proteins that are significantly different in the cytoplasmic 

and nuclear compartments, between memPIP3 and nucPIP3 cell lines. 
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4.6 Transcriptional Programs Associated with Nuclear 

PI(3,4,5)P3 Signalling.  

Canonical PI3K signalling is associated with established downstream gene expression changes. 

To test for differential gene expression associated with nuclear PI(3,4,5)P3, we evaluated gene 

expression using RNA-Seq on nucPIP3 (DLD1, SW480 and CACO2) and memPIP3 (SKCO1, 

LIM1215, COLO320) CRC cell lines at baseline and following stimulation with EGF 

(200ng/ml for 6 hrs).  

While both groups demonstrated a similar downstream gene expression profile in response to 

EGF stimulation, the extent to which expression changed compared to baseline was more 

discernible in the memPIP3 CRC lines (p<0.001) (Figure 4.10A). This difference may be 

attributed to the nucPIP3 cell lines already exhibiting activation of PI3K signalling at baseline 

when compared to memPIP3 cell lines (Figure 4.10B). No significant differences were detected 

between groups when comparing baseline gene expression profiles, while both groups showed 

similar gene expression changes in response to EGF stimulation, with 30 downregulated and 

11 upregulated genes in common (Figure 4.10 C and Table 4.1). Genes that were found to 

decrease in expression were enriched in cell cycle arrest, WNT signalling and negative 

regulation of transcription. In contrast, upregulated genes were found to be involved in 

processes such as cell differentiation, cell adhesion and signal transduction. The gene set 

identified in this analysis was significantly enriched for ribosome biogenesis in eukaryotes, 

steroid biosynthesis and p53 signalling KEGG pathways. These preliminary results suggest 

that EGF stimulation of nuclear and membrane PI(3,4,5)P3 cell lines drives an overall similar 

gene expression program. However, while memPIP3 CRC cell lines appear to require extrinsic 

cytokine stimulation for activation, nucPIP3 CRC cell lines already signal at baseline.  

Further analysis against gene expression studies found that four transcriptional profiles from 

the 11 MSigDB genesets analysed were enriched with the results that were observed from the 

differential analysis between nuclear and membrane samples on EGF stimulation (see Table 

4.2). Genes upregulated by EGF stimulation after six hours between nuclear and membrane 

cell lines were found to be significantly enriched for upregulated genes associated with the 

MAPK pathway (Camera, FDR < 0.05). Figure 4.11 shows the enrichment as a barcode plot. 

These analyses suggest that there are no gross differences in transcriptional responses to EGF 

between nucPIP3 and memPIP3 cell lines, although statistical power to detect differences was 
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limited given the small sample size per group (n=3). Furthermore, only one time point post-

stimulation (6 hrs) was surveyed and differences between groups at other time points cannot 

be excluded.  
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Figure 4.10: Consistent gene expression changes in nucPIP3 versus memPIP3 CRC cell 

lines. 

Heatmap of gene expression changes for nucPIP3 and memPIP3 CRC cell lines (A) in response 

to 6 hrs EGF stimulation, normalised to baseline and (B) comparing baselines. (C) Volcano 

plot displaying differentially regulated genes between EGF and baseline in nucPIP3 and 

memPIP3 (red points are significantly differential genes with absolute logfc > 1).  
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Table 4.1: Downregulated and upregulated genes in response to EGF stimulation in 

CRC cell lines.  

Gene name Ensemble ID Uniprot ID Uniprot Entry LogFC 

CALCOCO1 ENST00000548263 Q9P1Z2 CACO1_HUMAN -1.766 

PBXIP1 ENST00000368463 Q96AQ6 PBIP1_HUMAN -1.766 

CCNG2 ENST00000316355 Q16589 CCNG2_HUMAN -1.720 

CREBRF ENST00000540014 Q8IUR6 CRERF_HUMAN -1.413 

LINC00263 ENST00000454935 ― ― -1.385 

TBC1D17 ENST00000221543 Q9HA65 TBC17_HUMAN -1.368 

FAM214A ENST00000534964 Q32MH5 F214A_HUMAN -1.358 

CREB3L4 ENST00000368607 Q8TEY5 CR3L4_HUMAN -1.334 

TMEM198B ENST00000478241 ― ― -1.328 

ULK1 ENST00000321867 O75385 ULK1_HUMAN -1.310 

SESN3 ENST00000536441 P58005 SESN3_HUMAN -1.303 

MXD4 ENST00000513372 Q14582 MAD4_HUMAN -1.300 

ING4 ENST00000341550 Q9UNL4 ING4_HUMAN -1.284 

PCMTD1 ENST00000360540 Q96MG8 PCMD1_HUMAN -1.258 

PLD1 ENST00000356327 Q13393 PLD1_HUMAN -1.245 

HIST2H4A ENST00000392939 P62805 H4_HUMAN -1.241 

NLGN2 ENST00000302926 Q8NFZ4 NLGN2_HUMAN -1.226 

OBSCN ENST00000570156 Q5VST9 OBSCN_HUMAN -1.205 

HBP1 ENST00000222574 O60381 HBP1_HUMAN -1.191 

ACSS2 ENST00000360596 Q9NR19 ACSA_HUMAN -1.183 

WNT11 ENST00000322563 O96014 WNT11_HUMAN -1.157 

MVK ENST00000540353 Q03426 KIME_HUMAN -1.147 

KLC4 ENST00000467906 Q9NSK0 KLC4_HUMAN -1.069 

PNRC1 ENST00000336032 Q12796 PNRC1_HUMAN -1.051 

RP11-196G18.22 ENST00000564237 ― ― -1.027 

IFT140 ENST00000426508 Q96RY7 IF140_HUMAN -1.026 

YPEL5 ENST00000379520 P62699 YPEL5_HUMAN -1.016 

SPSB3 ENST00000564709 Q6PJ21 SPSB3_HUMAN -1.012 

ABHD4 ENST00000428304 Q8TB40 ABHD4_HUMAN -1.008 

QPRT ENST00000395384 Q15274 NADC_HUMAN -1.001 

DUSP6 ENST00000279488 Q16828 DUS6_HUMAN 1.001 

TNFRSF21 ENST00000296861 O75509 TNR21_HUMAN 1.016 

RP11-4K3__A.5 ENST00000486001 ― ― 1.065 

RP11-320N7.3 ENST00000456928 ― ― 1.086 

SDC4 ENST00000372733 P31431 SDC4_HUMAN 1.089 

CREM ENST00000333809 Q03060 CREM_HUMAN 1.165 

EPHA2 ENST00000358432 P29317 EPHA2_HUMAN 1.190 

PHLDA2 ENST00000314222 Q53GA4 PHLA2_HUMAN 1.303 

SERPINE2 ENST00000473202 P07093 GDN_HUMAN 1.338 

THBS1 ENST00000260356 P07996 TSP1_HUMAN 1.431 

TNFRSF12A ENST00000571351 Q9NP84 TNR12_HUMAN 1.558 

 



 

 

117 

 

Table 4.2: MSigDB gene sets significantly correlating with differential gene sets between 

EGF stimulated nuclear and membrane cell lines. 

MsigDB gene set 

Number 

of genes in 

set 

Inter-gene 

Correlation 

Direction 

of change 

P-

value 

(FDR) 

Biocarta p38MAPK Pathway 21 -0.043 Up 0.03 

Biocarta MAPK Pathway 53 -0.011 Up 0.03 

ST ERK1 ERK2 MAPK Pathway 18 -0.038 Up 0.03 

Reactome MAPK targets nuclear 

events mediated by MAP Kinases 

17 -0.035 Up 0.03 

 

 

 

 

Figure 4.11: Barcode plots of differential genes from the RNASEQ analysis were enriched 

for four gene signatures (A-D) from the MSigDB.  

Enrichment plot displays moving average of enrichment based on modified t-statistic from 

Voom/limma differential expression analysis. The red bars within the barplot represent genes 

within MSigDB genesets overlapping with differential RNASEQ analysis. 
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4.7 Discussion 

Phosphoinositides have been shown to play a role in various cellular processes such as cell 

growth, proliferation, migration and apoptosis. While many of these processes have been 

associated with the canonical membrane PI3K signalling pathway, the identification of nuclear 

phosphoinositides indicates a novel facet of PI3K biology with a potential contirbution to 

tumourigenesis. Nuclear phosphoinositides were first identified in the mid 1980s in the nucleus 

of rat liver and murine erythroleukaemia cells (Cocco et al., 1987; Smith & Wells, 1983). Since 

these initial discoveries, the study of nuclear phospholipid signalling has gradually grown, with 

the identification of nuclear PI(3,4,5)P3 in neural PC12 cells, NIH3T3 fibroblasts and U87-

MG glioma cells (Divecha et al., 1991; Neri, Martelli, et al., 1999; Okada et al., 2008; Payrastre 

et al., 1992). While these studies have opened a window to understanding nuclear PI3K 

signalling, the potential involvment of nuclear PI3K signalling in the context of CRC has not 

been previously explored. 

In this study, we have identified a subset of CRC cell lines (25%) that exhibit a nuclear 

PI(3,4,5)P3 pool. This nuclear pool was observed in serum starved conditions and responds to 

EGF stimulation similar to the canonical membrane PI(3,4,5)P pool. The ability of nuclear 

phosphoinositides to respond to extrinsic growth factor stimulation has been observed 

previously in response to insulin (Boylan & Gruppuso, 2002), PDGF (Lindsay et al., 2006) and 

NGF (Ye et al., 2000). In addition, relocalisation of PI3K isoform p110β has been reported in 

PC12 and NIH3T2 cells  in response to NGF and PDGF (A. Kumar et al., 2011). Nuclear 

PI(3,4,5)P3 staining in CRC cells was found in both the nuclear envelope and the nucleoli. This 

compartmentalisation of nuclear PI(3,4,5)P3 is contrary to observations previously published 

by Kwon et al who reported a more diffuse distribution throughout the nucleus of PC12 cells 

(Kwon et al., 2010). Whether this reflects cell-type specific differences in nuclear PI(3,4,5)P3 

or technical differences/differences in assay specificity remains to be explored. 

Using immunofluorescence microscopy, the catalytic subunit p110α was identified as the 

candidate PI3K isoform responsible for generation of the observed nuclear PI(3,4,5)P3 pool. 

While p110β and p110γ were localised in the nucleus in both nucPIP3 and memPIP3 cell lines, 

localisation of p110α tracked with the respective nuclear and membrane PI(3,4,5)P3 pools. The 

presence of p110β and p110γ, as well class II PI3K, has been well documented with regards to 

nuclear phosphoinositides (Bacqueville et al., 2001; Banfic et al., 2009). However, to our 

knowledge, nuclear localisation of p110α has not been previously documented. Previous 
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studies have documented the presence of class I PI3K in the nucleus without defining the 

specific isoform, possibly due to the use of pan-PI3K antibodies. The mechanism which 

underlies differential localisation of p110α in nucPIP3 and memPIP3 cell lines remains to be 

elucidated. Since p110α lacks a nuclear localisation sequence (NLS) (present in p110β), this 

would suggest that p110α nuclear translocation would occur through association with a 

potential shuttling protein that contains an NLS (A. Kumar et al., 2011). Importantly, p110α is 

the main isoform carrying oncogenic mutations in human CRC, raising the possibility of a 

contribution of aberrant nuclear PI3K signalling (in addition to canonical PI3K signalling) to 

carcinogenesis. 

The mechanism for transduction of the EGF signal to the nucleus in nucPIP3 CRC cell lines is 

unknown. In our study we have found evidence of EGFR shuttling from the plasma membrane 

to the nucleus in response to EGF stimulation, indicating a role for the receptor. Furthermore, 

the response to EGF stimulation observed in the nucPIP3 CRC cell lines, could be mitigated 

by use of the EGFR inhibitor AG1478. Three mechanisms of EGFR relocalisation from the 

plasma membrane to the nucleus have been previously described: 1) an EGFR variant that lacks 

the transmembrane domain is internalised with the wildtype; 2) movement of EGFR from the 

membrane by a chaperone protein (such as importin-β) or 3) proteolytic cleavage of the 

activated wildtype receptor with localisation of the cytoplasmic domain to the nucleus (Lin et 

al., 2001; Ni, Murphy, Golde, & Carpenter, 2001; Wells & Marti, 2002).  

Differential signalling in response to EGF stimulation was evident in nucPIP3 versus memPIP3 

CRC cell lines. In memPIP3 CRC cell lines, EGF triggered classic EGFR activation and 

canonical signalling via both the PI3K pathway with involvement of S6, 70S6K and 4EBP1, 

and the MAPK pathway with involvement of MEK and MAPK. In contrast, EGF stimulation 

in nucPIP3 CRC cell lines did not trigger canonical PI3K signalling, consistent with our 

observed lack of class IA PI3Ks at the plasma membrane, instead shifting signalling to further 

MAPK pathway engagement with increased involvement of CRAF, MEK and MAPK. In 

addition, our analyses identified phospho-PKC as differentially activated in nucPIP3 cells. The 

PKC protein can be activated by diacylglycercerol (DAG) in the presence of calcium. This 

activation is dependent on the action of Phospholipase C (PLC) that hydrolyses PI(4,5)P2 into 

the second messenger inositol 1,4,5-trisphosphate (Ins1,4,5P3) and DAG; with Ins1,4,5P3 

acting as a trigger for the release of calcium from intracellular stores, while DAG mediates the 

activation of PKC isoforms (Antal & Newton, 2014). PKC is able to translocate from the 

cytoplasm to the nucleus (Divecha et al., 1991). Several downstream pathways can be activated 
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by PKC including AKT, MAPK, STAT3 and NF-ĸβ (Garg et al., 2014). In addition to DAG, 

PKC can also be activated by phosphorylation via PDK1, priming the protein for 

autophosphorylation into a functionally mature protein (Griner & Kazanietz, 2007). The 

isoform PKCβII isoform has been implicated in CRC progression, with increased levels 

observed with advanced stage and associated with poor survival rates (Spindler, Lindebjerg, 

Lahn, Kjaer-Frifeldt, & Jakobsen, 2009). Furthermore, mice expressing elevated levels of 

PKCβII exhibit hyperproliferation of the colonic epithelium and are prone to carcinogen-

induced colon cancer (N. R. Murray et al., 1999; J. Zhang et al., 2004). PKCβII appears to 

promote CRC development through increasing Cox-2 expression and reducing TGFβ 

signalling (W. Yu et al., 2003) as well as inducing an invasive phenotype and activating MAPK 

through an increase in KRAS, as demonstrated in rat intestinal epithelial cells (J. Zhang et al., 

2004). The mechanism underlying PKCβII activation in nucPIP3 CRC cells remains to be 

elucidated. This could be a direct result of changes to the interrelated phosphoinositide pools, 

direct signalling via nuclear PI(3,4,5)P3, or a consequence of the more pronounced MAPK 

pathway engagement. Some evidence supporting the latter contention is seen in the work from 

Martelli et al who showed that extracellular signalling through the translocation of ERK1/2 

results in the phosphorylation (at Ser982) and subsequent activation of PLCγ1, essential to the 

generation of DAG and PKC activation (Martelli et al., 2000). Furthermore, studies in HeLa 

cells have demonstrated a decrease in MAPK activity in response to PKC inhibition (W. Zhang 

& Liu, 2002). Based on evidence in the literature and the results observed, it appears that an 

increase in phospho-PKC and phospho-MAPK are both key downstream members in nuclear 

PI3K signalling. 

While differences between nucPIP3 and memPIP3 CRC cell lines were evident at the post-

translational level, transcriptional responses to EGF stimulation appeared similar in both 

groups. Interestingly, the nucPIP3 cell lines showed an elevated level of expression at baseline, 

suggesting that these cells are less reliant on extrinsic activation and further supporting the 

presence of nuclear PI(3,4,5)P3 prior to EGF stimulation. Power to detect such differences may 

have been limited by the relatively small number of cell lines surveyed (3 per group), or may 

be due to the fact that only one timepoint (6hr post-stimulation) was considered. The results 

may indicate that transcriptional responses at 6 hrs were largely driven by MAPK pathway 

signalling which was engaged in both groups of cell lines. 

The immunofluorescence microscopy studies, proteomic arrays and transcriptome analyses 

presented in this chapter provide evidence for a novel nuclear PI3K signalling cascade in 
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human CRC. Localisation studies identified EGF responsive PI(3,4,5)P3 in the nucleoli and 

nuclear envelope, and the p110α appears to track with these localisations. nucPIP3 CRC cell 

lines, due to a lack of PI3K at the plasma membrane, predominantly engage MAPK signalling 

in response to EGF stimulation and show evidence of selective PKCβII activation. 

Transmission of EGF signal may involve EGFR internalisation and nuclear translocation. 

Transcriptional signatures in response to EGF signalling appear similar between nucPIP3 and 

memPIP3 CRC cell lines, perhaps due to commonality in signalling via the MAPK pathway. 
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Chapter 5: The Nuclear PI(3,4,5)P3 Interactome in 

Human CRC 

The identification of a subset of colorectal cancer cell lines that display evidence of activated 

nuclear PI(3,4,5)P3 signalling provides unique tools and opportunity to decipher this pathway. 

The characterisation of nuclear PI3K downstream effectors and PI(3,4,5)P3 interacting proteins 

are crucial for a better understanding of this nuclear pathway. The combination of 

phosphoinositide affinity matrices with mass-spectrometry based proteomics is a key 

technology for the identification of candidate phosphoinositide interacting proteins, and has 

been used  to investigate the PI(3)P, PI(3,4)P2, PI(4,5)P2 and PI(3,4,5)P3 proteome of 

cytoplasmic and  membrane extracts of macrophages, colorectal carcinoma, metastatic breast 

cancer carcinoma, astrocytomas and cervix carcinoma (Catimel et al., 2013; Catimel et al., 

2008; Catimel et al., 2009; Jungmichel et al., 2014; Lewis et al., 2011). We have previously, 

used this proteomics approach with PIPn conjugated affinity matrices to identify binding 

proteins for PI(3,4,5)P3, PI(4,5)P2, P(3,5)P2 and PI(3)P from the colorectal carcinoma cell line 

LIM1215 (Catimel et al., 2013; Catimel et al., 2008; Catimel et al., 2009).  Individual binding 

proteins as well as protein complexes can be captured using this approach, and both can provide 

clues as to the potential downstream functional roles of signalling. Here, we have applied this 

strategy to identify proteins that bind specifically to PI(3,4,5)P3 in nuclear extracts from two 

CRC cell lines that display strong nuclear PI(3,4,5)P3 staining. 

5.1 Nuclear PI(3,4,5)P3 Interactome Mapping 

5.1.1 PI(3,4,5)P3 Conjugation to Affi-10 Beads 

To identify nuclear PI(3,4,5)P3 binding partners in nucPIP3 CRC cell lines (DLD1 and 

SW480), we utilized synthesized NH2-PI(3,4,5)P3 conjugated to Affi-10 agarose  beads for 

nuclear PI(3,4,5)P3 pulldown experiments. Efficiency of PI(3,4,5)P3 conjugation to the beads 

was tested using a biosensor assay with positively charged antibiotic neomycin as a binding 

substrate. Both the starting material of 1mg/ml PI(3,4,5)P3 as well as the breakthrough solution 

after conjugation was run on a neomycin chip. Biosensor analysis showed that the breakthrough 

curve was significantly lower than the starting material (Figure 5.1A), demonstrating complete 

conjugation of PI(3,4,5)P3 to the beads. In addition, specificity of the PI(3,4,5)P beads was 

confirmed using a GST-GRP1PH pulldown (Figure 5.1B). 
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Figure 5.1: Specificity of PI(3,4,5)P3 beads.  

Biosensor analysis (A) and GST-GRP1PH pulldown (B) confirming the conjugation of 

PI(3,4,5)P3 to the Affi-gel 10 agarose beads. 

 

Affinity experiments were then performed on nuclear extracts of DLD1 and SW480 cells 

prepared using cellular fractionation and verified by immunoblotting for lamin B1 (nuclear 

fraction) and β-tubulin (cytoplasmic fraction). The extent of non-specific binding was assessed 

by incubation with blank ethanolamine derivatized Affi-gel10 beads. A representative SDS-

PAGE analysis corresponding to the Mono Q (anion exchange) and Mono S (cation exchange) 

nuclear fraction pull downs using PI(3,4,5)P3 beads is shown in (Figure 5.2A). Each lane was 

cut into 10-15 bands and proteins were identified using LC/MS-MS analyses. Four biological 

replicates were performed for each cell line and a protein was considered a member of the 

nuclear PI(3,4,5)P3 interactome if it was identified in 2 experiments in both cell lines. Affinity 

experiments lead to the identification of 331 and 461 proteins from DLD1 and SW480 nuclear 

extracts respectively (Figure 5.2B). Approximately 45% of these proteins were identified in 

both cell lines resulting in a final list of 246 candidate nuclear PI(3,4,5)P3 interactors 

(Appendix 4).  



 

 

124 

 

 

Figure 5.2: Analysis of nuclear PI(3,4,5)P3 purified proteins.  

(A) Representative SDS-PAGE analysis of proteins purified through Mono Q and Mono S 

followed by PIP3 affinity bead pulldown. (B) Venn diagram representing the number of 

proteins identified in duplicate experiments for each cell line.  

 

5.1.2 Cellular Compartment Localisation Enrichment 

Purified proteins were tested for cellular compartment enrichment to verify the quality of our 

nuclear lysate preparations. Over-representation was estimated using Cytoscape and the Bingo 

software (Maere, Heymans, & Kuiper, 2005; Shannon et al., 2003). Of the 246 proteins, 68.7% 

were found to have specific localization in the nucleus (169 proteins, p = 9.16x10-37) (Figure 

5.3 and Figure 5.4). Approximately 36.9% displayed a nuclear lumen enrichment (91 proteins, 

p = 2.67x10-38), encompassing the nucleoplasm (56 proteins, p = 1.04x10-19) and the nucleolus 

(42 proteins, p = 3.36x10-21). The nucleoplasm further featured enrichment for nuclear body 

(18 proteins, p = 2.57x10-09) including nuclear speckles (13 proteins, p = 6.97x10-08) and 

paraspeckles (5 proteins, p = 3.04x10-08). Protein over-representation was evident for 

chromosomal part (nucleosome, chromatin, telomere cap complex) (14 proteins, p = 6.17x10-

03) and the histone methyl transferase complex (6 proteins, p = 7.27x10-04). Similarly, moderate 

enrichments were observed for proteins localised in the nuclear periphery (11 proteins, p = 

3.91x10-08), envelope (12 proteins, p = 6.01x10-04) and inner membrane (4 proteins, p = 

2.93x10-03). Finally, strong enrichment was observed for both spliceosomal (34 proteins, p = 

7.21x10-32) and ribonucleoprotein complexes (73 proteins, p = 2.62x10-51). 
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Figure 5.3: Cellular compartment enrichment of nuclear PI(3,4,5)P3 binding proteins. 

Cellular compartment enrichment analysis using Cytoscape. Blue bars represent protein 

number; orange bars represent -log10(P-value). 
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Figure 5.4: GO network visualisation of enriched cellular compartments. 

Cellular compartment enrichment analysis using BINGO. Node colour represents significance of the category. The node area is proportional to 

the number of genes in the annotated set.   
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5.1.3 Protein Domain Analysis and Enrichment.   

To gain further insights into the molecular functions of identified PI(3,4,5)P3interacting 

protein, protein domain enrichment analysis was conducted with GeneCodis analysis using 

InterPro motifs against proteins annotated to the nucleus in the Uniprot database (Figure 5.5). 

The RNA recognition motif domain was identified as the most significantly enriched domain 

across both nucPIP3 cell lines (35 proteins, IPR000504, Hyp-C = 1.43x10-34). Proteins with 

the RNA recognition motif represented approximately 14.2% of the purified proteins and 

included heterogeneous nuclear ribonucleoprotein, serine/arginine-rich splicing factors, non-

POU containing octamer binding protein, paraspeckle component 1, poly(A) binding protein 

and poly-U binding splicing factor. The Helicase C-terminal (16 proteins, IPIPR001650, Hyp-

C = 6.84x10-15) and DEAD-like helicase domains (16 proteins, IPR014001, Hyp-C = 1.15x10-

12) were also found overrepresented. Other domains enriched include, RNA helicase/DEAD –

box type (10 proteins, IPR014014, Hyp-C = 8.18x10-12), DNA-binding SAP (7 proteins, 

IPR003034, Hyp-C = 1.23x10-8), WD40 repeat 2 (6 proteins, IPR019782, Hyp-C = 3.64x10-2) 

and Small GTP-binding proteins (6 proteins, IPR005225, Hyp-C = 7.13x10-3). Chaperone 

tailless complex polypeptide 1 (5 proteins, IPR017998, Hyp-C = 3.93x10-8), Annexin repeat (5 

proteins, IPR018502, Hyp-C = 1.40x10-7), K Homology (5 proteins, IPR004087, Hyp-C = 

9.4x10-6), High mobility group HMG1/HMG2 (5 proteins, IPR000910, Hyp-C = 6.11x10-5) 

and Calponin homology domain (5 proteins, IPR001715, Hyp-C = 2.62x10-4) were also 

overrepresented.  
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Figure 5.5: Protein domain enrichment of PI(3,4,5)P3 purified proteins.  

PI(3,4,5)P3 interacting proteins assessed for the presence of known protein domains using 

InterPro analysis in GeneCodis. Blue bars represent protein number; orange bars represent -

log10(P-value). 
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5.1.4 Evaluation of PI(3,4,5)P3 Binding Motif Enrichment   

In contrast with our previous phosphoinositide interactome studies performed with cellular 

membrane/cytoplasmic extracts (Catimel et al., 2008; Catimel et al., 2009), our domain 

enrichment analysis for the nuclear PI(3,4,5)P3 interactome using Genecodis and InterPro 

motifs against proteins annotated to the nucleus in the Uniprot database did not identify an 

enrichment of classic PI(3,4,5)P3 binding domains. Overall, only 16 proteins contained 

established phosphoinositide interacting domains including Pleckstrin homology (PH) domains 

(n=2), PH-like (n=2), PHD-type (n=2), SH2 (n=1), FERM (n=1), CH (n=5) and small GTPase 

domains (n=6) (Table 5.1).  

 To reconcile this difference, we expanded our search for potential binding domains by 

collating investigator defined phosphoinositide binding motifs from the literature that are not 

captured by standard search algorithms. These additional domains included a canonical basic 

consensus motif capable of high-affinity binding to PI3K products [Ф]-X-K-X-[GASP]-X*-

[KR]-X*-[RK]-X-R-X[FL] (Lemmon & Ferguson, 2001) and a recently identified extended 

PI(3,4,5)P3-interacting PH domain motif G-X[3]-K-X[7,13]-[FW]-X[2]-R-X-F-X[30,80]-

[KR]-X[12,14]W (Jungmichel et al., 2014). In our protein candidate list, 16% of proteins 

(n=40) possessed the canonical basic consensus motif (Appendix 5) . In comparison, only 8.2% 

of proteins annotated to the nucleus in the Uniprot database, representing a 2 fold enrichment 

(p=1.17x10-05) for this motif in our protein list. Interestingly, of the 40 proteins identified with 

the canonical basic consensus motif, 7 proteins are enriched in the process of RNA splicing, 

suggesting the presence of this motif as a mechanism for interaction with nuclear PI(3,4,5)P3 

and thus contributing to its role in RNA splicing through a protein complex. No proteins were 

identified with an extended PH domain motif. 
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Table 5.1: Phosphoinositide and phospholipid binding domains. 

PI(3,4,5)P3 interacting proteins that contain a known phospholipid binding domain. 

PI(3,4,5)P Binding Domains Protein ID Protein Name 

PH 
SPTB2_HUMAN Spectrin beta chain, non-erythrocytic 1  

BTK_HUMAN Tyrosine-protein kinase BTK  

PH-like 
EZRI_HUMAN Ezrin  

SSRP1_HUMAN FACT complex subunit SSRP1  

PHD-type 
TIF1B_HUMAN Transcription intermediary factor 1-beta  

PRP19_HUMAN Pre-mRNA-processing factor 19 

SH2 BTK_HUMAN Tyrosine-protein kinase BTK  

FERM EZRI_HUMAN Ezrin  

CH 

ACTN1_HUMAN Alpha-actinin-1  

MARE1_HUMAN 
Microtubule-associated protein RP/EB family  

member 1  

PLEC_HUMAN Plectin 

IQGA1_HUMAN Ras GTPase-activating-like protein IQGAP1 

SPTB2_HUMAN Spectrin beta chain, non-erythrocytic 1  

small GTPase 

U5S1_HUMAN 
116 kDa U5 small nuclear ribonucleoprotein 

component 

DRG1_HUMAN Developmentally regulated GTP binding protein 1 

EF2_HUMAN Elongation factor 2 

RAN_HUMAN GTP-binding nuclear protein Ran 

RAB14_HUMAN Ras-related protein Rab-14 

RAB7A_HUMAN Ras-related protein Rab-7a 

 

 

5.1.5 Validation of Nuclear PI(3,4,5)P3 Binding domains.   

To validate the identified binding motifs, selected GST-tagged recombinant proteins were 

produced, purified and assessed for their ability to bind immobilised PI(3,4,5)P3 using 

biosensor analysis. These included the classic PH domain from Bruton Tyrosine Kinase (BTK 

3-133), classic PH-like domain from FACT complex subunit (SSRP1 1-107) and classic PHD-

type from transcription intermediary factor 1-beta (TIF1B 627-672). We also produced three 

RNA binding proteins containing the putative canonical consensus motif in the context of an 

RNA Recognition Motif 1 (RRM1) domain (referred to as PIP3-RRM domain): non-POU 

domain-containing octamer-binding protein (NONO 51-141), paraspeckle component 1 

(PSPC1 82-154) and heterogeneous nuclear ribonuclear protein A3 (ROA3). The RRM1 motif 

omitting the basic consensus motif were also produced for NONO (74-141) and PSPC1 (58-

154) as negative controls. Our PI(3,4,5)P3 interacting protein pool also contained 6 
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serine/arginine-rich slicing factors that all possess a characteristic Ser/Arg-rich domain. We 

investigated the role of this positive charged domain in PI(3,4,5)P3 specific binding by 

producing the Ser/Arg domain of  serine/arginine-rich splicing factor 1 (SRSF1 198-247).  

Kinetic data from biosensor analysis on recombinant protein domains for PI(3,4,5)P3 binding 

was determined using both global 1:1 (with mass transfer) and Langmuir 1:1 analyses, while 

comparative modelling was conducted using PyMOL and Rasmol for visualisation of 

molecular interactions. As expected, the recombinant PH domain of BTK bound with high 

affinity to immobilised PI(3,4,5)P3 with an equilibrium dissociation constant (KD) of 

approximately 36.5nM to 45.5nM according to global and  Langmuir 1:1 analyses respectively 

(Figure 5.6A and Table 5.2). Accordingly, molecular modelling using the IP4-bound BTK-PH 

domain (PDB entry 1B55) identified a PI(3,4,5)P3 binding pocket with strong, positive 

electrostatic potential (four lysine residues and one arginine residues) is present in BTK-PH 

domain (Appendix 6). The PH-like domain of SSRP1 displayed high nanomolar affinity for 

PI(3,4,5)P3 (KD = 819nM) (Figure 5.6B and Table 5.2). Superimposition of the modelled PH-

like domain of SSRP1 on the IP4-bound BTK PH domain identified a single lysine residue 

(Lys 33) in SSPR1 in proximity to the phosphoinositol ring, explaining the lower affinity of 

this domain as compared to the BTK-PH domain. However, the full-length SSRP1 protein 

possesses two additional PH-like domains (PH domain 2: 194-330 and PH domain 3: 332-427) 

that are predicted to provide additional contacts with PI(3,4,5)P3 (Lys211 in PH domain 2 and 

Lys346 and Lys364 in PH domain 3) as determined by superimposition with the IP4-bound 

BTK-PH model and may increase affinity (Appendix 6). The PHD-type of TIF1B displayed an 

approximate 66 fold lower affinity than BTK (KD = 2.13-263μM) towards the immobilised 

PI(3,4,5)P3, suggesting low specificity and affinity (Figure 5.6C and Table 5.2).  

 

The PIP3-RRM domains of NONO and PSPC1 were found to bind PI(3,4,5)P3 with 

equilibrium dissociation constants of approximately 9nM, and 263nM respectively, while the 

PIP3-RRM domain of ROA3 showed a low micromolar equilibrium dissociation constant of 

1.5μM (Figure 5.6E, G, I and Table 5.2). The importance of the predicted PIP3 domain was 

confirmed by analyses of the RRM domain only constructs for NONO and PSPC1, which 

showed approximately a 70 fold reduction in affinity or complete loss of binding as compared 

to the PIP3+RRM domains, respectively (Figure 5.6F, H and Table 5.2). PSPC1 and NONO 

form a heteromeric complex in vivo and electrostatic visualisation using PDB structure of the 

complex (3SDE, chain A for PSPC1, chain B for NONO) highlights the accessible positively 
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charged PI(3,4,5)P3 binding regions for both proteins (Appendix 6). Complex formation may 

thus increase recruitment to PI(3,4,5)P3 rich nuclear structures. 

Analysis of the electrostatic surface for ROA3 (PDB 2LYV) identified a positively charged 

cleft including residues Lys35, Arg75 and Arg112, and several hydrophobic residues (Phe37, 

Met66, Phe77 and Phe79), making this site a candidate region for phosphoinositide binding.  

Finally, it was found that serine/arginine rich domain of SRSF1 was able to bind to immobilised 

phosphoinositide at a KD of 1.04μM (Figure 5.6D and Table 5.2). Using the IUPred server, this 

region was predicted to be unstructured, suggesting that PI(3,4,5)P3 binding is likely to be due 

to the electrostatic attraction of the PI(3,4,5)P3 phosphate groups to the positively charges 

arginine residues in this domain.  
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Figure 5.6: Biosensor analysis of the interaction between GST-tagged protein domains 

and immobilised PI(3,4,5)P3. 
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Table 5.2: Kinetic analysis of the interactions between GST-tagged domains and 

immobilised PI(3,4,5)P3. 

Q06187: BTK (PH domain) 

Model ka (1/Ms) kd (1/s) KD (M) χ2 

Global 1:1 with Mass Transfer 1.1x104 5.01x10-4 4.55x10-8 33.8 

Langmuir 1:1 separate ka/kd 2.71x10-4 9.9x10-4 3.65x10-8 0.45 

Q08945: SSRP1 (PH-like domain) 

Model ka (1/Ms) kd (1/s) KD (M) χ2 

Global 1:1 with Mass Transfer 4.74x103 5.84x10-4 1.23x10-7 1.76x103 

Langmuir 1:1 separate ka/kd 2.94x103 1.55x10-3 5.27x10-7 859 

Q13263: TIF1B (PHD domain) 

Model ka (1/Ms) kd (1/s) KD (M) χ2 

Global 1:1 with Mass Transfer 5.71x102 1.68x10-3 2.93x10-6 28.8 

Langmuir 1:1 separate ka/kd 1.66x103 3.6x10-3 2.17x10-6 0.154 

Q07955: SRSF1 (Ser/Arg rich domain) 

Model ka (1/Ms) kd (1/s) KD (M) χ2 

Global 1:1 with Mass Transfer 1.53x103 1.44x10-3 9.50x10-7 47.6 

Langmuir 1:1 separate ka/kd 1.59x10-3 1.66x10-3 1.04x10-6 0.271 

Q15233: NONO (RRM+PIP3 motif) 

Model ka (1/Ms) kd (1/s) KD (M) χ2 

Global 1:1 with Mass Transfer 2.20x104 1.83x10-4 8.32x10-9 767 

Langmuir 1:1 separate ka/kd 1.44x104 1.30x10-4 9.10x10-9 210 

Q15233_a: NONO (RRM only) 

Model ka (1/Ms) kd (1/s) KD (M) χ2 

Global 1:1 with Mass Transfer 1.55x103 1.03x10-3 6.65x10-7 25 

Langmuir 1:1 separate ka/kd 2.17x103 1.34x10-3 6.18x10-7 1.03 

Q8WXF1: PSPC1 (RRM+PIP3 motif) 

Model ka (1/Ms) kd (1/s) KD (M) χ2 

Global 1:1 with Mass Transfer 4.5x103 1.1x10-3 2.43x10-7 9.37 

Langmuir 1:1 separate ka/kd 8.56x103 2.25x10-3 2.63x10-7 1.7 

P51991: ROA3 (RRM+PIP3 motif) 

Model ka (1/Ms) kd (1/s) KD (M) χ2 

Global 1:1 with Mass Transfer 8.20x103 2.16x10-3 2.64x10-7 5.73 

Langmuir 1:1 separate ka/kd 9.1x103 2.30x10-3 2.56x10-7 0.21 
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5.1.6 Biological Process Enrichment, KEGG Pathway and STRING Network 

Analysis 

To further assess the potential role nuclear PI(3,4,5)P3 signalling may play in the nucPIP3 cell 

lines, we performed biological process enrichment analysis using Cytoscape and BINGO 

software against proteins annotated to the nucleus in the Uniprot database, combined with 

STRING network analysis which utilises information on known protein interactions to identify 

candidate functional protein complexes.  

Biological processes analysis for our protein list identified an overrepresentation of proteins 

involved in cellular metabolic processes (146 proteins, p = 1.71x10-18), gene expression (90 

proteins, p = 4.78x10-22), RNA metabolic process (78 proteins, p = 4.48x10-17), RNA 

processing (69 proteins, p = 9.39x10-24), RNA splicing (55 proteins, p = 2.51x10-25), mRNA 

processing (54 proteins, p = 6.00x10-24), cellular macromolecule biosynthetic process (38 

proteins, p = 4.82x10-3), ribonucleoprotein complex biogenesis (20 proteins, p = 1.25x10-4), 

translation (20 proteins, p = 3.78x10-9), posttranslational regulation of gene expression (19 

proteins, p = 6.41x10-5), translational elongation (17 proteins, p = 1.00x10-11) and protein 

folding (14 proteins, p = 1.07x10-6) (Figure 5.7A and Figure 5.8). Moderate enrichment was 

also observed for spliceosome assembly (9 proteins, p = 7.73x10-5), regulation of RNA stability 

(8 proteins, p = 1.87x10-5) and regulation of mRNA stability (8 proteins, p = 1.2x10-5).  

KEGG pathway analysis identified an enrichment for proteins involved in the spliceosome (30 

proteins, Hyp-C = 2.39E-36). These included members of the Serine/Arginine (SR) proteins, 

heterogeneous nuclear ribonucleoproteins (hnRNP) as well as proteins involved in the U1, U2, 

U4, U5 and U6 of the spliceosomal RNA complexes; and proteins involved in the PRP19 and 

Exon Junction complexes (EJC) (Figure 5.7B and 5.8). Other pathways enriched in our 

PI(3,4,5)P3 protein list include that of the Ribosome (16 proteins, Hyp-C = 7.48E-17), RNA 

transport (15 proteins, Hyp-C = 5.14E-12), mRNA surveillance pathway (10 proteins, Hyp-C 

= 6.49E-9), regulation of actin cytoskeleton (9 proteins, Hyp-C = 3.55E-4), protein processing 

in ER (7 proteins, Hyp-C = 1.99E-3) and ribosome biogenesis in eukaryotes (6 proteins, Hyp-

C = 2.96E-4) (Figure 5.7B).  

STRING network analysis highlighted putative protein complexes associated with gene 

expression, splicing and translation (Figure 5.9). This suggests that nuclear PI(3,4,5)P3 has the 

ability to interact with nuclear complexes and thus play a role in numerous vital nuclear 

processes such as RNA splicing and gene expression.  
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Figure 5.7: Biological process and pathway analysis of PI(3,4,5)P3 binding proteins.  

Biological process enrichment (A) and KEGG pathway enrichment (B) analysis using 

Cytoscape and GeneCodis. Blue bars represent protein number; orange bars represent -

log10(P-value). 
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Figure 5.8: Spliceosome pathway identification in nuclear PI(3,4,5)P3 interactome. 

Schematic representing the spliceosome pathway, highlighting proteins that were identified in 

the nuclear PI(3,4,5)P3 interactome enriched in complexes within the pathway.  
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Figure 5.9: GO network visualisation of enriched biological processes. 

Biological process enrichment analysis using BINGO. Node colour represents significance of the category. The node area is proportional to the 

number of genes in the annotated set. 
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Figure 5.10: STRING network analysis of PI(3,4,5)P3 binding proteins.  

String network analysis demonstrating direct PI(3,4,5)P3 binders as members of nuclear complexes. 
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5.2 Discussion 

This study represents the first survey of the nuclear PI(3,4,5)P3 interactome in human CRC, 

highlighting potential roles in RNA splicing and gene expression. A single previous proteomic 

study investigated binding partners of nuclear PI(3,4,5)3 on brain homogenates, identifying a 

43kDa protein known as phosphatidylinositol 3,4,5-trisphosphate-binding protein (PIP3BP) or 

Centaurin alpha1(K. Tanaka et al., 1997). This study was complemented with synthesis and 

localisation studies in rat neuronal and human 293T cells, demonstrating the capability of 

PIP3BP being synthesized and exported from the nucleus (Hammonds-Odie et al., 1996; K. 

Tanaka et al., 1999; K. Tanaka et al., 1997; Venkateswarlu, Oatey, Tavare, Jackson, & Cullen, 

1999). The PIP3BP contains a zinc finger motif and two pleckstrin homology domains; and 

has been shown to link the PI3K pathway to the MAPK pathway in growth factor signalling 

through its ability to interact with PI(3,4,5)P3 (Hayashi et al., 2006). Furthermore, PIP3BP is 

involved in calcium transport in the mitochondria and RNA metabolism in the nucleus (Dubois, 

Zemlickova, Howell, & Aitken, 2003; Galvita et al., 2009). Jungmichel and colleagues 

explored phosphatidylinositol binding proteins in HeLa whole cell lysates identifying a 

significant enrichment in nuclear PI(3,4,5)P3 interactors, and suggested that in the context of 

HeLa cells, PI(3,4,5)P3 may play a significant nuclear role. (Jungmichel et al., 2014).  

Two studies have previously explored the nuclear proteome of the phosphoinositides PI(4,5)P2 

and PI(3)P in Jurkat cells and LIM1215 human CRC cells respectively (Catimel et al., 2013; 

Lewis et al., 2011). Both studies generated nuclear interactomes for their respective 

phosphoinositides and assessed their specificity through motif searches, Gene Ontology 

analyses and validation of proteins of interest though the generation of GST-tagged 

recombinant proteins. Lewis and colleagues identified 349 candidate binding proteins for 

nuclear PI(4,5)P2 and reported an enrichment for biological processes including nucleosome 

positioning, chromatin remodelling and mRNA processing was observed (Lewis et al., 2011). 

In contrast, Catimel et al identified 186 candidate binding proteins for nuclear PI(3)P and 

reported an enrichment in processes including signal transduction, protein transport and cell 

cycle.  

In line with the phosphoinositide proteomic studies of Catimel and colleagues, we adopted the 

method of utilising amino PI(3,4,5)P3 analogue conjugated to Affi-10 beads on nuclear lysates 

of the nucPIP3 cell lines DLD1 and SW480, to identify the nuclear PI(3,4,5)P3 interactome. 

Nuclear extracts were pre-fractionated using anion and cation exchange beads, and pre-
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incubated with Affi-10 blank beads prior to the specific PI(3,4,5)P3 affinity step to reduce 

nonspecific binding thus allowing for deeper proteomic mining of proteins present at low 

protein levels in the biological samples. We used 2 biological replicates (DLD1 and SW480) 

and 4 experimental replicates to ensure the robustness and specificity of our identified proteins. 

This approach identifies both direct binders as well as PI(3,4,5)P3 interacting protein 

complexes. 

Our proteomic studies led to the identification of a nuclear PI(3,4,5)P3 interactome of 246 

binders. Comparing our candidate proteins to those identified in the global HeLa PI(3,4,5)P3  

interactome, 5% of PI(3,4,5)P3 interactors were in common. Jungmichel identified a total of 

only 71 candidate nuclear PI(3,4,5)P3 interacting proteins, demonstrating the superior 

resolution of focused analysis of nuclear cell fractions. The proteins identified in our study 

displayed the anticipated enrichment for nuclear compartments including the nucleoplasm, 

nucleolus, spliceosomal and ribonucleoprotein complexes and nuclear envelope. These 

localisations are in agreement with reported residency of nuclear phosphoinositides and 

associated enzymes. Phosphatidylinositol phosphate kinases PIPKIα and PIPKIIβ; as well as  

phosphoinositide PI(4,5)P2 have been shown to be present in nuclear speckles and their 

distribution to alter spatially and temporally with nuclear speckle proteins such as small nuclear 

ribonucleoproteins, suggesting a role in  transcription and mRNA processing (Boronenkov et 

al., 1998). Finally, our nuclear compartment enrichment is further consistent with the nuclear 

localisation of PI(3,4,5)P3 in our cell lines as demonstrated by both confocal and super 

resolution microscopy with GRP1PH reporter protein.  

In our previous analysis of the membrane/cytoplasm PI(3,4,5)P3 interactome of LIM1215 CRC 

cells we identified a total of 388 interacting proteins, 14.9% (n=58) of which contained 

established phosphoinositide/phospholipid binding domains (Catimel et al., 2009). In contrast, 

only 6.5% (16/246) proteins identified for the nuclear PI(3,4,5)P3 interactome comprised of 

the classical phosphoinositide/phospholipid binding domains. These include PH, PHD, C2, 

FERM, PDZ and small GTPase domains. Our findings are consistent with the PI(3,4,5)P3 

interactome analysis on whole cell lysates from HeLa cells reported by Jungmichel et al that 

identified 9.4% (38/405) proteins with known phosphoinositide binding domains (Jungmichel 

et al., 2014). Interestingly, the same study identified a significant enrichment in nuclear 

PI(3,4,5)P3 interactors, representing the largest portion of phosphatidylinositol interacting 

proteins in their interactome. Similar observations have been made for the global PI(4,5)P2 
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interactome derived from  murine erythroleukemia cell lines that identified 8.0% (28/349) of 

proteins with a predicted nuclear localisation (Lewis et al., 2011). 

The comparisons of membrane/cytoplasmic versus nuclear PI(3,4,5)P3 interactomes suggest 

that nuclear proteins may contain alternative “non-classical” phosphoinositide interaction sites. 

We identified significant enrichment for the presence of a canonical basic consensus motif 

capable of high-affinity binding to PI3K products [Ф]-X-K-X-[GASP]-X*-[KR]-X*-[RK]-X-

R-X[FL] (Lemmon & Ferguson, 2001), with 16.2% (40/246) of our candidate nuclear 

PI(3,4,5)P3 interactome proteins possessing this motif, resulting in a 2 fold enrichment in 

comparison with proteins annotated to the nucleus in the Uniprot database. Interestingly, this 

motif was contained within or overlapped an RNA recognition motif in 8 of these proteins. A 

further alternative binding domain, a Ser/Arg-rich motif was also found in 7 of our nuclear 

binding protein candidates, although this did not represent significant enrichment.  

Two candidate nuclear PI(3,4,5)P3 binding proteins comprising classic phosphoinositide 

binding domains were successfully validated for specificity of PI(3,4,5)P3 binding, BTK and 

SSRP1. The PH domain of BTK, a well characterised PI(3,4,5)P3 binder, displayed  a high 

affinity towards  PI(3,4,5)P3 (approximately 40nM). Bruton’s tyrosine kinase (BTK) is thought 

to have a role in transcription regulation, cell differentiation and proliferation (Mohamed et al., 

2009).  

It has been primarily studied in B lymphocytes where it is implicated in a number of leukemias, 

with overexpression implicated in oncogenesis (D'Cruz & Uckun, 2013). Notably, an increase 

in colorectal neoplasms has been observed in patients with X-linked agammaglobulinemia 

(XLA) (primarily caused by mutations in BTK), yet little is known on the role BTK may play 

in CRC (Brosens et al., 2008). BTK is thought to be predominately a cytoplasmic protein 

however, a small pool has been shown to translocate to the nucleus (Nore et al., 2000). While 

some have suggested protein-protein interactions with other shuttling proteins, such as 

members of the Src family, may enable BTK to translocate to the nucleus (Mohamed et al., 

2000), the true mechanism for the accumulation of a nuclear pool still remains unknown. 

Consistent with PI(3,4,5)P3 binding, BTK has been shown to act downstream of PI3K p110δ 

(Fruman & Rommel, 2014). Furthermore, several PKC isoforms have been shown to associate 

with BTK via its PH domain resulting in phosphorylation and modulation of their kinase 

activity (Qiu & Kung, 2000). Interestingly, we have identified high levels of phospho-PKCβII 

in our nucPIP3 CRC cell lines (see Chapter 4), however these findings and potential 
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associations between BTK and PKC in our nucPIP3 cell lines will require further experimental 

follow-up.  

The PH-like domain of SSRP1 was shown to bind immobilised PI(3,4,5)P3 with a high 

nanomolar affinity (KD = 819nM). SSRP1 is a histone chaperone that is believed to play a vital 

role in mRNA elongation, DNA replication and DNA repair. In these processes, it is primarily 

involved in the destabilising and restoring of the nucleosomal structure (Winkler & Luger, 

2011). In contrast, the PHD-type of TIF1B displayed a low micromolar affinity (KD = 2.13-

263μM) towards the immobilised PI(3,4,5)P3. PHD fingers can interact with phosphoinositides 

such as PI(5)P (Gozani et al., 2003), although only a subset of PHD motifs interact strongly 

with phosphoinositides (Z. H. Shah et al., 2013). This interaction is dependent on several 

charged residues not significantly conserved in PHD fingers, and some of which are present 

outside of the PHD domain (Bienz, 2006). Therefore, the low affinity interaction observed with 

the PHD domain of TIF1B is probably of low specificity toward phosphoinositides. 

In addition to proteins containing the classic PI(3,4,5)P3 binding domains, we validated the 

PI(3,4,5)P3 binding of the predicted basic consensus motif in the context of the RNA 

recognition motif (PIP3-RRM) of NONO, PSPC1 and ROA3.The PIP3-RRM domain of 

NONO, PSPC1 and ROA3 bound PI(3,4,5)P3 with an affinity of 9nM, 263nM and 1.5μM 

respectively. Analysis of protein RRM motifs with deleted basic consensus motif resulted in 

either a significant reduction (70 fold) or abolition of PI(3,4,5)P3 interaction, confirming the 

role of the predicted PI(3,4,5)P3 motif in the interaction. Finally, we validated the binding of 

the serine/arginine rich domain of SRSF1 to PI(3,4,5)P3, with an affinity of 1.04μM. This 

region was predicted to be unstructured, suggesting that PI(3,4,5)P3 binding is likely to be due 

to the electrostatic attraction of the PI(3,4,5)P3 phosphate groups to the positively charges 

arginine residues in this domain. 

Both biological processes and KEEG pathway enrichment analyses highlighted the potential 

role of PI(3,4,5)P3 binding proteins in RNA splicing, processing, export, translation and 

ribonucleoprotein complex biogenesis. This enrichment is consistent with proposed roles for 

generic phosphoinositide signalling in the nucleus. Nuclear phosphoinositides, inositol 

phosphates and inositol polyphosphates have also been shown to be involved in DNA repair, 

nuclear stress response pathway (CK1α interaction with PIPK1α), chromatin remodelling 

(SWI/SNF-like BAF interaction with PI(4,5)P2 and actin), homologous DNA recombination, 

cytokinesis, transcription regulation (interaction with RNA polyermase I and II) and RNA 
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dynamics (Barlow et al., 2010; Hammond et al., 2004; Martelli et al., 2004; Rando et al., 2002; 

Z. H. Shah et al., 2013). In addition, Okada et al demonstrated that the ribonuclear protein Aly, 

involved in RNA export, is a physiological target of nuclear PI3K through PI(3,4,5)P3 binding 

and phosphorylation by AKT (Okada et al., 2008). These studies taken together with the protein 

list identified and presented in this thesis demonstrate a role for nuclear PI(3,4,5)P3 and PI3K 

signalling in a number of nuclear processes of which may contribute to colon tumourigenesis.  

Our proteomic study substantially refines the global PI(3,4,5)P3 interactome analyses 

described in the literature and highlights the importance of PI(3,4,5)P3 in the nucleus. Through 

the use of conjugated PI(3,4,5)P3, this study has been able to identify a nuclear PI(3,4,5)P3 

interactome in CRC. In addition to detecting proteins with known phosphoinositide binding 

domains, we have utilised bioinformatic searches to identify proteins with novel binding 

domains, as well as validating their ability to bind PI(3,4,5)P3 in the nucleus using immobilised 

PI(3,4,5)P3 and biacore analysis. These kinetic studies along with gene ontology analyses have 

enabled us to identify potential roles for nuclear PI(3,4,5)P3 in chromatin remodelling, 

transcription, mRNA processing  and export. Our data highlights BTK as a potential 

downstream effector of nuclear PI3K that could be involved in the regulation of PKCβII. 
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Chapter 6: Clinical Relevance of Nuclear PI3K 

Signalling. 

Apart from the TNM staging, there are a number of tissue-based prognostic and predictive 

biomarkers that are utilised in both diagnosis and decision making for therapeutic intervention 

in the treatment of CRC. These include expression of oncogenes and tumour suppressors such 

as KRAS and TP53, genetic instability markers (MSI), proliferation markers such as Ki67, 

angiogenic and metastatic markers (Deschoolmeester, Baay, Specenier, Lardon, & Vermorken, 

2010). Since 2008, the presence of activating KRAS mutations has been classified as a 

predictive biomarker for the resistance to anti-EGFR therapies (Foltran et al., 2015). However, 

over 50% of wildtype KRAS CRC patients also demonstrate resistance to these therapies, 

revealing a need to identify novel molecular biomarkers that can predict response to adjuvant 

treatment with greater accuracy.  

Aberrant PI3K and MAPK signalling are key drivers of colorectal cancer development and are 

therefore attractive avenues for targeted therapeutics. PI3K mutation status as a prognostic 

marker for therapeutic response has been debated for a number of years, with a number of 

conflicting studies in the literature. Perrone et al first analysed a cohort of 54 CRC patients 

treated with cetuximab and identified 4 non-responders with mutations in PIK3CA (and 

wildtype KRAS), suggesting PIK3CA as a predictor of anti-EGFR resistance (Perrone et al., 

2009). Similarly, a study of 110 mCRC patient treated with either cetuximab or panitumumab 

identified a significant association between the presence of PIK3CA mutation and resistance to 

anti-EGFR therapy in addition to a poor progression-free survival (Sartore-Bianchi et al., 

2009). Finally, an assessment of the prognostic role of mutant PIK3CA in 1170 colorectal 

cancer identified exon 9 and exon 20 double mutants experienced significantly higher cancer-

specific mortality and shorter overall survival, when compared to PIK3CA wildtype patients. 

This was in contrast to the lack of association with single exon 9 or exon 20 mutants and overall 

patient survival (X. Liao et al., 2012). Contrary to the significant associations observed in the 

previous publications, a study of 200 chemorefractory mCRC patient failed to identify a 

significant association with cetuximab resistance (Prenen et al., 2009). This observation was 

later supported by a study of 627 stage III patients that confirmed the lack of predictive value 

for PIK3CA mutation status with response to irinotecan-based adjuvant therapy, recurrence-

free, disease-free and overall survival (Ogino et al., 2013). While the debate on the prognostic 
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value of PI3K continues, the potential for nuclear PI3K expression to be a prognostic or 

predictive biomarker remains unexplored.  

Our discovery of nuclear PI3K signalling in human CRC cell lines may have significant 

implications with respect to the clinical setting, including tumour presenting features, 

prognosis and therapy responses. To test this hypothesis, we made use of our observation that 

p110α localisation tracked with membrane/cytoplasmic versus nuclear PI(3,4,5P3) localisation 

in our CRC cell line panel (see Chapter 4). We stained tissue microarrays for 544 patients with 

anti-p110α antibody and correlated staining localisation and intensity with patient 

clinicopathological characteristics, tumour molecular features (PIK3CA, KRAS and BRAF 

mutation; EGFR and PTEN expression) and outcome. Staining for pS6, pMAPK, pEGFR and 

Ki67 were used to assess associations with pathway activation status and tumour proliferative 

status. In addition, we investigated the relationship between nuclear PI3K signalling and 

response to PI3K and MAPK pathway inhibitors  

6.1 Identification of Nuclear PI3K in primary CRC Patient Tissue 

and Association with Patient Clinicopathological Features 

Based on our observation of nuclear p110α in the nucPIP3 CRC cell lines, we tested for the 

presence of nuclear p110α staining in patient tumour samples. TMAs comprising of tumour 

tissue corresponding to 544 CRC patients (Chapter 2: Table 2.4) were stained using 

immunohistochemistry with an anti-PIK3CA (p110α) antibody. A positive assessment of 

nuclear PI3K was concluded where at least one of the four tumour cores demonstrated nuclear 

PI3K staining.  

While the majority of tumour specimens showed cytoplasmic PI3K staining (Figure 5.1A), 

immunohistochemistry analysis identified 27.5% (150/544) of cases exhibited nuclear PI3K in 

5-60% of tumour cells (Figure 5.1B), validating results from the CRC cell lines.  
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Figure 6.1: PI3Kα antibody staining on patient tumour samples. 

Cytoplasmic (A) and nuclear (B) staining. Scale bars represent 20μm. 

Nuclear PI3K staining occurred with similar prevalence among tumours from the right colon, 

left colon and rectum, was similar across tumour stages and between well/moderately and 

poorly differentiated cases. However, a significant positive association was found between the 

presence of nuclear PI3K and mucinous histology in both a univariate and multivariate analyses 

(p = 0.009 and p= 0.003 respectively) as well as being associated with early T stage (p=0.004 

and p=0.033 respectively) (Table 6.1). 
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Table 6.1: Clinicopathological features associated with nuclear PI3K in CRC patients. 

 Nuclear p110α Univariate Multivariate 

Feature N Y 
Estimate 

OR 
p. value 

Estimate 

OR 
p. value 

Gender            

M 92 60 1 (Ref.)   1 (Ref.)   

F 167 87 0.8  0.29 0.83  0.399 

Stage         

A 13 14       

B 89 45       

C 108 57       

D 49 31 0.97  0.853 1.15  0.52 

T Stage         

1 4 3       

2 13 21       

3 177 97       

4 65 26 0.52  0.004* 0.59 0.033* 

Microsatellite 

Instability 

        

S 201 119 1 (Ref.)   1 (Ref.)   

U 54 27 0.84  0.52 0.875 0.569 

Differentiation         

Well/Moderate 222 134 1 (Ref.)   1 (Ref.)   

Poor 32 13 0.67  0.253 0.678 0.501 

Mucinous         

No 65 55 1 (Ref.)   1 (Ref.)   

Yes 194 92 0.56  0.009* 0.5 0.003* 

Lymphovascular 

Invasion 

       

No 148 81 1 (Ref.)   1 (Ref.)   

Yes 111 66 1.09  0.69 1.2  0.426 

Site         

Right 123 69 1 (Ref.)   1 (Ref.)   

Left 90 57 1.13  0.592 1.36  0.219 

Rectum 46 21 0.81  0.497 0.73  0.347 

Note: * Marks p values of statistical significance (<0.05)  

Abbreviations: WT = Wildtype; MUT = Mutant; Ref. = Reference; OR = Odd Ratio 
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6.2 Relationship Between Nuclear PI3K in Primary CRC and 

Tumour Molecular Features 

Out of the 544 tumours, 27.3% (n=149) had mutation in KRAS, 9.9% (n=54) mutation in BRAF 

and 9.3% (n=51) mutation in PIK3CA. 16.1% (n=88) of tumours showed strong EGFR staining 

(EGFR scores 2 and 3) and 12.3% (n=67) of tumours showed loss of PTEN expression (PTEN 

score 0). Similarly to our observations in the CRC cell lines, nuclear PI3K staining was not 

associated with tumour KRAS, BRAF and PIK3CA mutation status, EGFR and PTEN 

expression (multivariate P>0.05 for all comparisons). No difference was observed when 

comparing PIK3CA exon 9 versus exon 20 mutated tumours (univariate P>0.05) (Table 6.2). 

21.9% (n=119) of tumours showed evidence of activated PI3K signalling based on pS6 staining 

(pS6 scores 1 and 2), and 6.4% (n=35) of tumours showed evidence of activated MAPK 

signalling based on pMAPK signalling (pMAPK score 1). Extent of Ki67 expression varied 

from 3% to 90% of tumour cells across the cancer set. Intensity distributions for pS6 and 

pMAPK were similar between tumours with nuclear and cytoplasmic p110α staining 

(univariate P>0.05 for both comparisons). However, tumours with nuclear PI3K staining 

exhibited a higher mean percentage of cells positive for pS6 (univariate P<0.05) (Table 6.3 and 

Figure 6.2). This difference remained significant when adjusting for tumour PIK3CA and KRAS 

mutation status which we have shown to be associated with pS6 progression (multivariate 

P<0.05) (see Chapter 3). In addition, tumours with nuclear PI3K staining had a significantly 

lower mean percentage of cells positive for Ki67 (univariate P<0.05) (Table 6.3 and Figure 

6.2). 
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Table 6.2: Molecular features associated with nuclear PI3K in CRC patients. 

 

 

 

 

 

 

 

 

 

 Note: * Marks p values of statistical significance (<0.05) 

Abbreviations: WT = Wildtype; MUT = Mutant; Ref. = Reference; OR = Odd Ratio 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Nuclear p110α Univariate Multivariate 

Feature No Yes   OR p.value   OR p.value 

KRAS           

WT 165 92 1 (Ref.)   1 (Ref.)   

MUT 94 55 1.05  0.822 0.99  0.842 

BRAF         

WT 224 128 1 (Ref.)   1 (Ref.)   

MUT 35 19 0.95  0.867 0.97  0.935 

PIK3CA         

WT 222 130 1 (Ref.)   1 (Ref.)   

MUT 36 15 0.71  0.297 0.75  0.392 

EGFR Max 

Intensity 

      

0 13 14     

1 89 45     

2 108 57     

3 49 31 1.25 0.253 1.24 0.278 

PTEN Max 

Intensity 

      

0 108 67     

1 89 48     

2 62 32 0.76 0.158 0.79 0.237 
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Table 6.3: Immunohistochemical features associated with nuclear PI3K in CRC 

patients. 

Note: * Marks p values of statistical significance (<0.05)  

Abbreviations: Ref. = Reference; OR = Odd Ratio  

 

 

 

 

 

 Nuclear p110α Univariate Multivariate 

Feature N Y 
Estimate 

OR 
p. value 

Estimate 

OR 
p. value 

pS6 Max Score       

0 68 28       

1 120 75       

2 66 44 1.35  0.12 0.91  0.683 

pS6 mean positive 

cells 

15.7 ± 

19 

23.3 ± 

23.5 

1.02  0.001* 1.02  0.002* 

pMAPK       

0 195 112 1 (Ref.)   1 (Ref.)   

1 63 35 0.97  0.891 0.68  0.244 

Ki67 mean  positive 

cells 

54.4 ± 

20.6 

47.3 ± 

21.3 

0.98  0.001* 0.98  <0.001* 
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Figure 6.2: Representative images of immunohistochemistry with antibodies towards 

PI3Kα, Ki67 and Phospho-S6. 

Colon tumour cores stained for expression of PI3Kα (A and D), Ki67 (B and E) and Phospho-

S6 (C and F) in nuclear PI3K (lower panel) and cytoplasmic PI3K (upper panel) expressing 

patients. Scale bar represents 200μm. 

Note: Although TMA cores showed are from the same patients (patient 449 and 523), due to the different times 

and locations the staining was conducted, IHC imaging could not be captured at the same position for each marker. 
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Figure 6.3: Representative images of immunohistochemistry with antibodies towards 

EGFR, Phospho-MAPK, TP53 and PTEN 

Colon tumour cores stained for expression of EGFR (A and D), Phospho-MAPK (B and E), 

and PTEN (C and F) in nuclear PI3K (lower panel) and cytoplasmic PI3K (upper panel) 

expressing patients. Scale bar represents 200μm. 

Note: Although TMA cores showed are from the same patients (patient 449 and 523), due to the different times 

and locations the staining was conducted, IHC imaging could not be captured at the same position for each marker. 

 

6.3 Relationship Between Nuclear PI3K in Primary CRC and 

Disease Outcome 

We tested whether nuclear PI3K staining was associated with prognosis in patients with stage 

II/III CRC, adjusting for gender, age, tumour site, stage, differentiation and adjuvant treatment. 

Outcome information was available for all 544 patients for overall survival (OS) and for 441 

patients for recurrence-free survival (RFS). 

Outcomes were similar for patients with nuclear versus cytoplasmic PI3K staining tumours 

irrespective of whether RFS or OS were considered (multivariate p>0.05 for all comparisons, 

Figure 6.4).  
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Figure 6.4: Kaplan-Meier survival plots of CRC patient cohort. 

Associations between recurrence-free survival (RFS) and overall survival (OS) and the 

presence of nuclear p110α (A and B), mucinous histology (C and D), Ki67 mean % positive 

cells (E and F) and pS6 mean % positive cells (G and H). 
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6.4 Therapeutic Potential 

In collaboration with Sir Walter Bodmer (Oxford, UK) we investigated whether presence of 

nuclear PI3K signalling may predict for efficacy of PI3K and MAPK pathway inhibitors. Cell 

viability assays were performed for 21 CRC cell lines to determine IC50 values for the PI3K 

and the MAPK pathway inhibitors (Figure 6.5). Nuclear PI(3,4,5)P3 staining was not 

associated with PI3K or AKT inhibitor responses (P>0.05). Notably, PI3K or AKT inhibitor 

responses were also not associated with PIK3CA, KRAS, BRAF mutation, PTEN expression or 

MSI status (P>0.05 for all comparisons). 

 

However, nuclear PI(3,4,5)P3 staining was significantly associated with resistance to MEK 

inhibitor treatment in univariate analysis (P<0.05) as well as in multivariate analysis adjusting 

for PIK3CA, KRAS, BRAF mutation, PTEN expression and MSI status (P<0.05 for all 

comparisons). The requirement for higher MEK inhibitor concentrations to inhibit viability of 

nucPIP3 CRC cells is consistent with the relatively increased MAPK signalling signature in 

these cell lines as observed in our RPPA analysis (see Chapter 4). 
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Figure 6.5: Nuclear PI(3,4,5)P3 localisation associates with MEK resistance.  

CRC cell lines and their response to PI3K (A), AKT (B) and MEK (C) inhibitors shown as 

pIC50. Assessment of associations between cell line response and mutation status were also 

conducted. Boxes coloured red represent the presence of a mutation in the gene.  
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6.5 Discussion 

 

Prognosis and treatment options for CRC is influenced by the TNM classification assigned to 

a patient’s tumour (Reimers, Zeestraten, Kuppen, Liefers, & van de Velde, 2013). While this 

provides a guide as to the progression of one’s disease, possible under-treatment or over-

treatment of some patient groups may arise when using this staging system, both with the 

potential of being detrimental to the patients’ well-being and prognosis. With advances in 

molecular diagnostics through gene sequencing and targeted therapeutics, there is a shift from 

the traditional “trial and error” approach to patient care, to a personalised medicine approach 

(Deschoolmeester et al., 2010). The need to identify robust markers of response in order to 

discriminate between patients who are likely to respond to a particular therapy from those that 

may demonstrate resistance, are critical in maximising the quality of response and advancement 

in personalised medicine.  

In this study we provide the first evidence for nuclear PI3K signalling in human primary CRC 

consistent with our data on CRC cell lines. Utilising the same anti-PI3K (p110α) antibody as 

in our cell line studies, nuclear PI3K expression was identified in ~30% of primary tumours. 

Previous studies of PI3K (p110α) expression in sporadic CRC evaluated staining intensity, but 

did not comment on staining localisation. While data on PI3K expression patterns in CRC are 

limited, Cui et al assessed mRNA expression levels in 82 primary CRC samples to identify a 

positive correlation between increased p110α expression and primary tumour size, stage and 

lymph node metastasis (Cui, Tao, & Yang, 2012). This study was followed by Zhu et al who 

analysed PI3K (p110α) expression in 60 paraffin-embedded matched primary and metastatic 

lesions (Y. F. Zhu et al., 2012). It was noted that an increase in PI3K expression could be 

observed in the metastasis when compared to the primary lesion, suggesting the involvement 

of PI3K in the progression of CRC to metastatic disease. In contrast to our study, these 

previously described studies assessed the expression of PI3K as opposed to the localisation of 

PI3K, as assessed in our cohort. 

Our data suggest that nuclear PI3K expression is more prevalent in tumours with mucinous 

histology and associated with lower T stage. The latter may be a reflection of the lower 

proliferative index associated with nuclear PI3K expression as determined by Ki67 staining. 

However, these differences did not translate into differential outcomes for recurrence-free or 

overall survival. In the context of CRC, mucinous histology has been shown to correlate with 

poorer outcomes. In a study conducted by Catalano et al, who assessed 255 colorectal cancer 
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patients treated with first-line chemotherapy containing oxaliplatin and/or irinotecan, it was 

noted that patients with mucinous histology demonstrated poor response to chemotherapy and 

poor prognosis when compared to non-mucinous CRC patients (Catalano et al., 2009). This 

was further supported by a study identifying mucinous histology as an adverse prognostic 

indicator for stage II and III CRC patients treated with FOLFOX chemotherapy (D. W. Lee et 

al., 2013). However, our study of 544 CRC patients failed to demonstrate an association 

between mucinous histology and recurrence-free or overall survival.  

Additional immunohistochemistry studies on our CRC cohort identified a negative association 

between nuclear PI3K and expression of the biomarker Ki67 as well as a positive association 

with phospho-S6 expression. An observed increase in phospho-S6 would propose a role for the 

canonical downstream mTOR/S6 proteins in nuclear PI3K signalling. An increase in phospho-

S6 has been shown to be associated with metastatic adenocarcinoma of the lung (McDonald et 

al., 2008) as well as a potential marker of poor prognosis for renal cell carcinoma (Pantuck et 

al., 2007) and glioblastoma (Pelloski et al., 2006). However, similarly to Ki67, we find no 

association between phospho-S6 and recurrence free and overall survival in our CRC cohort. 

Surprisingly, we did not observe an increase in phospho-S6 expression in the nuclear PI3K cell 

lines using the RPPA analysis. However, it possible that due to the small number of cell lines 

screened in the RPPA (4 nuclear PI3K cells lines) as well as the assay specificity of the 

antibody, we were limited in seeing this increase in phospho-S6 expression. Antibody 

specificity and assay dependence may also explain the lack of association observed between 

nuclear PI3K expression and phospho-MAPK expression in the TMA study when compared to 

the RPPA analysis.  

Utilising CRC cell line panels, we identified a positive association between nuclear PI3K 

expression and a lack of efficacy of MEK inhibition, independent of the previously suggested 

MEK inhibitor sensitivity/resistance markers BRAF and KRAS mutation status (Balmanno, 

Chell, Gillings, Hayat, & Cook, 2009; Davies et al., 2007). In contrast, nuclear PI3K staining 

was not associated with response to PI3K and AKT inhibitors. Taken together with our cell 

biology data, two potential explanations for the differential MEK inhibitor responses are i) that 

MEK inhibitor action was attenuated by increased MAPK signalling observed in nuclear PI3K 

CRC cell lines or ii) that increased phospho-PKCβII signalling enables cells to overcome MEK 

inhibition perhaps by resulting in activation of shared downstream pathways. 



 

 

160 

 

 In conclusion, our studies on primary tumour specimens further support the presence of 

nuclear PI3K signalling in a subset of sporadic CRCs, potentially associated with lower T stage, 

mucinous histology and decreased proliferation. Nuclear PI3K does not appear to be a 

prognostic factor, but our initial data suggest a potential association with MEK inhibitor 

efficacy. The impact of nuclear PI3K signalling on PI3K and MAPK pathway activation 

remains unclear and will require further study. Taken together, our results highlight nuclear 

PI3K signalling as a novel cascade of potential clinical relevance in human CRC. 
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Chapter 7: Summary and Conclusions 

Aberrant PI3K signalling is a central driver of colorectal tumourigenesis. A comprehensive 

understanding of the cascade is required in order to identify tumours addicted to oncogenic 

PI3K signalling and to develop novel approaches for therapeutic targeting. Our understanding 

of the PI3K signalling cascade is derived from an assembly of data derived from diverse cell 

and tumour types, identifying a large array of possible downstream responses and feedback-

loops. However, no comprehensive pathway mapping data exist for human CRC. 

A key growth factor initiating PI3K signalling, as well as MAPK signalling, in CRC is EGF. 

Antibodies against EGFR are an important treatment modality for patients with metastatic 

CRC. Chapter 3 of this thesis aimed to map the EGF induced signalling cascade in human 

CRC, taking into account PI3K and MAPK pathway mutation status, to identify the critical 

signalling nodes contributing to tumour development and to identify biomarkers of pathway 

activation status. RPPA analysis was used to assess downstream protein expression changes 

that are associated with aberrant intrinsic activation of the PI3K/MAPK pathway through 

mutations in PIK3CA, PTEN, KRAS and BRAF. Protein analysis revealed the anticipated 

engagement of canonical PI3K downstream targets (ie. pAKT, pS6) and MAPK downstream 

targets (pMEK and pMAPK) and cross talk with JNK and WNT during early signalling. 

However, analyses at late signalling indicated that only PI3K signalling remained continuously 

engaged with pS6 as a key activation marker and upregulation of cMYC oncogene expression. 

pS6 expression is a marker of protein synthesis and cell growth (Ruvinsky et al., 2005), while 

cMYC expression is a central driver of cell proliferation and metabolism (Dang, 1999). Our 

data suggests that protein synthesis and cell proliferation are two major functions driven by 

EGF stimulation in CRC. 

While our EGF signalling studies identified many of the routinely used markers for activated 

PI3K and MAPK signalling, we also identified strong engagement of a number of proteins not 

generally considered downstream targets including phospho-PKCβII and phospho-NDRG1. 

The functional role these two proteins play in the context of PI3K signalling in CRC remains 

unexplored, but their clear identification suggests a need for further investigation. 

Considering PI3K and MAPK mutation status, our analyses highlighted potential mechanism 

by which PIK3CA and KRAS mutations may substitute for extrinsic EGF signalling and confer 

resistance to anti-EGFR antibody treatment. PIK3CA mutation was associated with p70S6K 
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and pS6 while KRAS mutation associated with pS6 under conditions of serum starvation. The 

association of pS6 with KRAS independent of PIK3CA further supports the role oncogenic 

KRAS plays in activating PI3K (Castellano & Downward, 2011). These data highlight pS6 

expression as a marker of pathway activation for both extrinsic (growth factor) and intrinsic 

(mutation) activation of PI3K signalling and our studies of primary tumours confirmed the 

association with PIK3CA and KRAS mutation status. These studies support the use of pS6 as a 

downstream biomarker for PI3K pathway activation.  

Chapter 4 to 6 describe the identification of a novel nuclear PI3K signalling axis in human 

CRC and begin to place this signalling cascade into context. While the canonical 

membrane/cytoplasmic PI3K pathway represents a highly characterised phosphoinositide 

pathway in CRC, the presence of nuclear PI3K signalling has to date been largely unexplored. 

Our study is the first to highlight the existence of two PI3K signalling pathways that can 

promote tumourigenesis in colorectal cancer, with potential clinical and therapeutic relevance. 

Immunofluorescence microscopy studies demonstrated membrane/cytoplasm or nuclear 

localisation for PI(3,4,5)P3 and p110α in CRC cell lines, and p110α in primary tumour 

specimens at similar prevalence of ~30%. In contrast the p110β and p110γ isoforms of class 1 

PI3K were all localised in the nucleus in all the cell lines examined. The reason for the nuclear 

localisation of p110α, an observation that has not been previously reported, remains to be 

elucidated. The p110α isoform lacks a NLS, suggesting involvement of shuttling proteins. This 

question could be addressed by performing nuclear p110α pulldown using nuclear lysates from 

a nucPIP3 cell lines or blocking of nuclear import using importazole. Although a 

comprehensive PI3K interactome has not been previously identified, the use of p110α specific 

antibodies and mass spectrometry technology would make this possible in a similar manner to 

the p85 interactome study conducted by Yang et al (X. Yang et al., 2011).  

PI(3,4,5)P3 and p110α co-localisation does not prove that p110α is responsible for producing 

PI(3,4,5)P3, and studies such as siRNA knockdown experiments will be required to formally 

demonstrate this. Our microscopy studies further suggest a role of shuttling of EGFR to the 

nucleus in triggering nuclear signalling. Again multiple mechanisms may be responsible for 

this as discussed in Chapter 4, which require further investigation. In addition the functional 

role of EGFR shuttling in stimulating PI(3,4,5)P3 formation will require formal demonstration, 

for example by blocking EGFR relocalisation using importazole. 
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Our proteomics studies highlight differences in responses to EGF signalling for nuclear and 

cytoplasmic PI3K CRC cells. EGF signalling in nuclear PI3K cell lines results in increased 

MAPK response, consistent with low level of PI3K at the plasma membrane shifting the 

pathway to MAPK signalling. It has been previously reported that in a resting state, MAPK 

primarily resides in the cytoplasm however, upon phosphorylation it can translocate to the 

nucleus (Lenormand, Brondello, Brunet, & Pouyssegur, 1998). While the mechanism by which 

MAPK can translocate to the nucleus remains unknown, evidence points to interactions with 

nuclear pore proteins, calcium immobilisation and/or interactions with importin 7 as possible 

means of translocation (Adachi, Fukuda, & Nishida, 1999; Chuderland & Seger, 2008). 

Identifying a significant increase in phospho-MAPK in both cellular compartments suggests 

that MAPK may play two distinct roles in nucPIP3 cell lines. However, whether it is the same 

pool of MAPK that is phosphorylated in the cytoplasm and moves to the nucleus or whether 

these are two distinct pools as a result of two phosphorylation events is yet to be determined. 

It has been shown that MAPK plays a role in a number of nuclear processes including gene 

expression, chromatin remodelling and nuclear import/export (Plotnikov, Zehorai, Procaccia, 

& Seger, 2011; Turjanski, Vaque, & Gutkind, 2007). Increased MAPK in nuclear PI3K 

signalling may explain our observed association between the lack of efficacy of the MEK 

inhibitor and the presence of nuclear PI3K. Analysis of an expanded cell line panel will be 

required to further strengthen these findings. In addition, nuclear PI3K cells show engagement 

of PKCβII. The increase in phospho-PKCβII has the potential to also drive MAPK signalling. 

Both the PKC and MAPK pathways share many downstream targets including cMyc and NFĸβ. 

Furthermore, PKCβII is able to phosphorylate MAPK, driving MAPK signalling. This leads us 

to the hypothesis that the presence of an increased level of phospho-PKCβII in the nucPIP3 

cell lines may be able to overcome MEK inhibition by phosphorylating MAPK and driving 

MAPK signalling. While PKCβII is able to further activate MAPK signalling, the context of 

its role in nuclear PI3K signalling will require further studies.   

RNAseq data revealed similar gene expression changes in response to EGF stimulation 

between the two PI(3,4,5)P3 cellular compartment groups. The common downstream signature 

was enriched for MAPK pathway genes, the pathway engaged consistently in both nuclear and 

cytoplasmic PI3K cells (albeit at different levels) suggesting a potential explanation for this 

observation, and further highlighting the importance of the MAPK transcriptional program as 

a downstream consequence of EGF signalling.  
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Rather than directly affecting gene expression, our PI(3,4,5)P3 interactome and high resolution 

microscopy studies  point towards a role of nuclear PI3K signalling in mRNA processing and 

splicing. Our PI(3,4,5)P3 interactome studies captured what appeared to be multi-protein 

splicing machinery complexes as indicated by gene set enrichment and STRING network 

analyses, and PI(3,4,5)P3 was found to localise to nuclear speckles, known to be hubs for RNA 

processing in the nucleus. Interesting PI(4,5)P2 has already been implicated in mRNA 

processing and splicing (Boronenkov et al., 1998). Functional demonstration of the role of 

PI(3,4,5)P3 in RNA processing could involve investigation of differences in intron retention 

between the nucPIP3 and memPIP3 cell lines. Intron retention  has been shown to contribute 

to the transcriptional diversity of various cancers as demonstrated using a number of cancer 

cell lines (Dvinge & Bradley, 2015). Novel splicing alterations have also been found in human 

breast cancer tissue, enabling the generation of splicing signatures specific to breast cancer 

subtypes (Eswaran et al., 2013). In a similar manner, investigating intron retention in our CRC 

cell line panel may reveal splicing signatures specific to nuclear PI3K.  

Our studies of nuclear PI3K signalling on primary tumour specimens provide further evidence 

for functional relevance in CRC biology. The presence of nuclear PI3K signalling, observed in 

~30% of sporadic CRCs, was associated with lower T stage, mucinous histology and decreased 

proliferation as determined by Ki67 staining. Although these associations did not translate into 

difference in patient outcomes, our evaluation of PI3K and MAPK pathway inhibitors in CRC 

cell lines highlighted a potential role with respect to MEK inhibitor efficacy independent of 

KRAS, BRAF, PIK3CA and MSI status. Additional cohort studies and expanded CRC cell line 

studies will be required to strengthen and confirm these data. In conclusion, our results 

highlight nuclear PI3K signalling as a novel cascade of potential clinical and therapeutic 

relevance in human CRC. 

This thesis addresses the key question of characterising the role PI3K signalling plays in 

colorectal cancer. In identifying PI3K signalling in the nucleus of a subset of CRC cell lines 

and patient samples, we have built on the current understanding of PI3K signalling and 

expanded this to incorporate a novel mechanism of phosphoinositide signalling in CRC (Figure 

7.1). While this study represents the beginning of characterising this novel cascade, this thesis 

highlights the clinical significance of this discovery and the necessity for further 

characterisation in both mapping this cascade and exploiting this cascade as a therapeutic 

target. 
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Figure 7.1: Schematic of the proposed nuclear PI3K signalling pathway in CRC. 

The proposed nuclear PI3K signalling pathway in CRC appears to drive downstream signalling 

through PKC and MAPK and may play a significant role in mRNA splicing and gene 

expression. 
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Appendices 

Appendix 1: RPPA Antibodies. 

Ab Name Company Catalogue # Species Validation Status Dilution 

14-3-3 beta Santa Cruz sc-628 Rabbit Validated 1:5000 

14-3-3 epsilon Santa Cruz sc-23957 Mouse Use with caution 1:100 

14-3-3 zeta Santa Cruz sc-1019 Rabbit Validated 1:1200 

4EBP1 CST 9452 Rabbit Validated 1:100 

4EBP1 pS65 CST 9456 Rabbit Validated 1:250 

53BP1 CST 4937 Rabbit Use with Caution 1:200 

ACC1 Epitomics 1768-1 Rabbit Use with caution 1:250 

ACC1 pS79 CST 3661 Rabbit Validated 1:300 

ACVRL1 Epitomics 2940-1 Rabbit Use with caution 1:250 

AKT CST 9272 Rabbit Validated 1:1000 

AKT pS473 CST 9271 Rabbit Validated 1:250 

AKT pT308 CST 9275 Rabbit Validated 1:250 

AMPK  CST 2532 Rabbit Use with caution 1:250 

AMPK Tp172 CST 2535 Rabbit Validated 1:750 

Annexin Invitrogen 71-3400 71-3400 Rabbit Validated 1:8000 

Annexin VII BD Biosciences 610668 Mouse Validated 1:500 

AR Epitomics 1852-1 Rabbit Validated 1:100 

A-Raf CST 4432 Rabbit Validated 1:1000 

ATM CST 2873 Rabbit Validated 1:750 

Bak  Epitomics 1542-1 Rabbit Use with caution 1:200 

BAX CST 2772 Rabbit Use with caution 1:250 

Bcl-2 Dako M0887 Dako M0887 Mouse Validated 1:200 

Bcl-X Epitomics 1018-1 Rabbit Use with caution 1:250 

Bcl-xL CST 2762 Rabbit Use with caution 1:100 

Beclin Santa Cruz sc-10086 Goat Validated 1:300 

Beta-catenin CST 9562 Rabbit Validated 1:300 

Beta-catenin 
pT41/S45 

CST 9565 Rabbit Validated 1:500 

Bid  Epitomics 1008-1 Rabbit Use with caution 1:100 

BIM Epitomics 1036-1 Rabbit Validated 1:500 

B-Raf Santa Cruz sc-5284 Mouse Use with caution 1:250 

B-Raf pS445 CST 2696 Rabbit Validated 1:500 

BRCA2 CST 9012 Rabbit Use with caution 1:100 

Caspase 7 cleaved 
Asp198 

CST 9491 Rabbit Use with caution 1:150 

Caveolin1 CST 3238 Rabbit Validated 1:250 

CD31 Dako M0823 Mouse Validated 1:500 

CD49b BD Biosciences 611016 Mouse Validated 1:250 

CDK1 CST 9112 Rabbit Validated 1:500 

Chk1 CST 2345 Rabbit Use with caution 1:1000 
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Ab Name Company Catalogue # Species Validation Status Dilution 

Chk1  pS345 CST 2348 Rabbit Use with caution 1:200 

Chk2 CST 3440 Mouse Use with caution 1:250 

Chk2 pTr68 CST 2197 Rabbit Use with caution 1:100 

c-Jun pS73 CST 9164 Rabbit Use with caution 1:100 

c-Kit Abcam ab32363 Rabbit Validated 1:1000 

Claudin7 Novus NB100-91714 Rabbit Validated 1:250 

c-Met CST 3127 Rabbit Validated 1:1000 

c-Met pY1234/Y1235 CST 3129 Mouse **Used for QC** 1:500 

c-Myc Santa Cruz sc-764 Rabbit Validated 1:100 

Cox-2 Epitomics 2169-1 Rabbit Use with caution 1:500 

C-Raf Millipore 04-739 Rabbit Validated 1:200 

C-Raf pS338 CST 9427 Rabbit Validated 1:250 

Cyclin B1 Epitomics 1495-1 Rabbit Validated 1:500 

Cyclin D1 Santa Cruz SC-718 Rabbit Validated 1:1000 

Cyclin E1 Santa Cruz SC-247 Mouse Validated 1:500 

DJ-1 Abcam ab76008 Rabbit Use with caution 1:5000 

Dvl3 CST 3218 Rabbit Validated 1:1000 

E-Cadherin CST 3195 Rabbit Validated 1:250 

eEF2 CST 2332 Rabbit Validated 1:200 

eEF2K CST 3692 Rabbit Validated 1:200 

EGFR  Santa Cruz SC-03 Rabbit Use with caution 1:100 

EGFR pY1068 CST 2234 Rabbit Use with Caution 1:100 

EGFR pY1173 Epitomics 1124 Rabbit Use with caution 1:300 

EGFR pY992 CST 2235 Rabbit Validated 1:300 

eIF4E CST 9742 Rabbit Validated 1:1000 

ER-a pS118 Epitomics 1091-1 Rabbit Validated 1:500 

ERCC1 Lab Vision MS-671-PO Mouse Use with caution 1:250 

ESR1 Lab Vision RM-9101-S Rabbit Validated 1:250 

FAK Epitomics 1700-1 Rabbit Use with caution 1:500 

FASN CST 3180 Rabbit Validated 1:1000 

Fibronectin Epitomics 1574-1 Rabbit Use with caution 1:5000 

FoxM1 CST 5436 Rabbit Validated 1:250 

FOXO3a CST 9467 Rabbit Use with caution 1:250 

FOXO3a pS318/S321 CST 9465 Rabbit Use with caution 1:250 

G6PD Santa Cruz sc-373887 Mouse Validated 1:250 

Gab2 CST 3239 Rabbit Validated 1:200 

Gata3 BD Biosciences 558686 Mouse Validated 1:500 

GSK3 pS21/S9 CST 9331 Rabbit Validated 1:250 

GSK3-Beta Santa Cruz SC-7291 Mouse Validated 1:2000 

HER2 Lab Vision MS-325-P1 Mouse Validated 1:7500 

HER3 Santa Cruz sc-285 Rabbit Validated 1:150 

HER3 pY1289 CST 4791 Rabbit Use with Caution 1:50 
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Ab Name Company Catalogue # Species Validation Status Dilution 

Heregulin CST 2573 Rabbit Validated 1:250 

IGFBP2 CST 3922 Rabbit Validated 1:100 

IGFR1b CST 3027 Rabbit Use with caution 1:500 

INPP4B Santa Cruz SC-12318 Rabbit 
poly 

Use with caution 1:500 

IRS-1 Upstate (Millipore) 06-248 Rabbit Validated 1:250 

JNK pT183/Y185 CST 888 Rabbit Validated 1:250 

JNK2 CST 4672 Rabbit Use with caution 1:100 

Lck CST 2752 Rabbit Validated 1:500 

MAPK pT202/Y204 CST 4377 Rabbit Validated 1:1200 

MEK1 Epitomics 1235-1 Rabbit Validated 1:15000 

MEK1 pS217/S221 CST 9121 Rabbit Validated 1:2000 

MIG-6 Sigma WH0054206M1 Mouse Validated 1:2500 

MSH2 CST 2850 Mouse Use with caution 1:250 

MSH6 SDI SDI Rabbit Use with caution 1:500 

mTOR MTOR CST 444 Rabbit 1:400 

mTOR pS2448 CST 2971 Rabbit Use with Caution 1:200 

Myosin IIa Novus 21370002 Rabbit Validated 1:1000 

Myosin IIa pS1943 CST 5026 Rabbit Validated 1:1000 

N-Cadherin CST 4061 Rabbit Validated 1:100 

NDRG1 pT346 CST 3217 Rabbit Validated 1:500 

NF2 SDI #2271 SDI #2271 Rabbit Use with caution 1:400 

NF-kB CST 3033 Rabbit Use with caution 1:250 

Notch 1 CST 3268 Rabbit Validated 1:100 

Notch3 Santa Cruz sc-5593 Rabbit Use with caution 1:200 

N-Ras Santa Cruz sc-31 Mouse Validated 1:250 

p16INK4a Abcam ab81278 Rabbit Validated 1:250 

p21 Santa Cruz SC-397 Rabbit Use with caution 1:100 

p27  Epitomics 1591-1 Rabbit Validated 1:250 

p27 pT157 R&D AF1555 Rabbit Use with caution 1:150 

p27 pT198 Abcam ab64949  Rabbit Validated 1:250 

p38 CST 9212 Rabbit Use with caution 1:250 

p38 pT180/Y182 CST 9211 Rabbit Validated 1:250 

p53 CST 9282 Rabbit Validated 1:500 

p70S6K Epitomics 1494-1 Rabbit Validated 1:250 

p70S6K pT389 CST 9205 Rabbit Validated 1:250 

p90 RSK pT359/S363 CST 9344 Rabbit Use with caution 1:1000 

PARP cleaved CST 9546 Mouse Use with caution 1:250 

Paxillin Epitomics 1500-1 Rabbit Validated 1:1500 

PCNA Abcam ab29 Mouse Validated 1:100 
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Ab Name Company Catalogue # Species Validation Status Dilution 

PDCD4 Rockland 600-401-965 Rabbit Use with caution 1:400 

PDGFR-beta CST 3169 Rabbit Validated 1:250 

PDK1 CST 3062 Rabbit Validated 1:100 

PDK1 pS241 CST 3061 Rabbit Validated 1:500 

Pea15 CST 2780 Rabbit Validated 1:500 

Pea15 pS116 Invitrogen 44-836G Rabbit Validated 1:400 

PI3K p110alpha CST 4255 Rabbit Use with caution 1:200 

PI3K p85 Upstate (Millipore) 06-195 Rabbit Validated 1:4000 

PKC alpha Upstate (Millipore) 05-154 Mouse Validated 1:2000 

PKC alpha pS657 Millipore 06-822 Rabbit Use with Caution 1:3000 

PKC beta II pS660 CST 9371 Rabbit Validated 1:75 

PKC pS657 Upstate (Millipore) 06-822 Rabbit Validated 1:3000 

PKC-delta pS664 Millipore 07-875 Rabbit Validated 1:500 

PR Epitomics 1483-1 Rabbit Validated 1:250 

Pras40 pT246 Biosource 441100G Rabbit Validated 1:10000 

PTEN CST 9552 Rabbit Validated 1:500 

Rab25 CST 4314 Rabbit Use with caution 1:250 

Rad50 Millipore 05-525 mouse Use with caution 1:1000 

Rad51 Chem Biotech na 71 Mouse Use with caution 1:200 

Rb CST 9309 Mouse Validated 1:3000 

Rb pS807/S811 CST 9308 Rabbit Validated 1:250 

RBM15 Novus Biologicals 21390002 Rabbit Validated 1:10000 

Rictor pT1135 CST 1130 Rabbit Validated 1:200 

S6 pS235/S236 CST 2211 Rabbit Validated 1:30000 

S6 pS240/S244 CST 2215 Rabbit Validated 1:3000 

SCD1 Santa Cruz sc-58420 Mouse Validated 1:100 

SF2 Invitrogen 32-4500 Mouse Validated 1:100 

Shc pY317 CST 2431 Rabbit Use with caution 1:1000 

Smad1 Epitomics 1649-1 Rabbit Validated 1:250 

Smad3 Epitomics 1735-1 Rabbit Validated 1:150 

Smad4 Santa Cruz sc-7966 Mouse Validated 1:250 

Snail CST 3895 Mouse Use with caution 1:300 

Src Upstate (Millipore) 05-184 Mouse Validated 1:200 

Src pY416 CST 2101 Rabbit Use with caution 1:250 

Src pY527 CST 2105 Rabbit Validated 1:400 

Stat3 pS705 CST 9131 Rabbit Validated 1:500 

Stat5 Epitomics 1289-1 Rabbit Validated 1:250 

Stathmin Epitomics 1972-1 Rabbit Validated 1:500 

Syk Santa Cruz sc-1240 Mouse Validated 1:250 

Tau Upstate (Millipore) 05-348 Mouse Use with caution 1:150 

Taz Abcam ab3961 Rabbit Validated 1:500 
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Ab Name Company Catalogue # Species Validation Status Dilution 

TIGAR Abcam ab137573 Rabbit Validated 1:150 

Transglutaminase Lab Vision MS-224-P1 Mouse Validated 1:750 

TRFC Novus 22500002 Rabbit Validated 1:100 

TTF1 Abcam ab76013 Rabbit Validated 1:250 

Tuberin/TSC2 Epitomics 1613-1 Rabbit Use with caution 1:500 

TYRO3 CST 5585 Rabbit Validated 1:500 

VEGFR2 CST 2479 Rabbit Validated 1:700 

VHL BD Biosciences 556347 Mouse Use with caution 1:1000 

XIAP CST 2042 Rabbit Use with caution 1:250 

XRCC1 CST 2735 Rabbit Use with caution 1:200 

YAP sc-15407 sc-15407 Rabbit Validated 1:750 

YAP pS127 CST 4911 Rabbit Use with caution 1:250 

YB1  SDI--GA1725 1725.00.02 Rabbit Validated 1:500 

YB1 pS102 CST 2900 Rabbit Validated 1:250 
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Appendix 2: Western Blot Validation of RPPA 

 

 

Appendix Figure 2: Total cell lysates were probed for phospho-S6 and phospho-MAPK 

expression across an EGF timecourse. All blots were also probed for actin to confirm protein 

loading. 
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Appendix 3: PIP3 Interactome Recombinant Proteins. 

Highlighted White: GST Tag 

Highlighted Yellow: Protein sequence insert 

Red text: canonical basic PIP3 consensus motif 

 

Q06187: Tyrosine-protein kinase BTK (BTK_HUMAN) 

PH domain 3-133 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCL

DAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAAVILESIFL

KRSQQKKKTSPLNFKKRLFLLTVHKLSYYEYDFERGRRGSKKGSIDVEKITCVETVV

PEKNPPPERQIPRRGEESSEMEQISIIERFPYPFQVVYDEGPLYVFSPTEELRKRWIHQL

KNVIRYNSDLVQ 

Molecular weight: 41985.6 

Theoretical pI: 8.34 

 

Q13263: Transcription intermediary factor 1-beta (TIF1B_HUMAN) 

PHD-type domain: 627-672 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCL

DAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKTSAPGGGPG

TLDDSATICRVCQKPGDLVMCNQCEFCFHLDCHLPALQDVPGEEWSCSLCHVLPDL

KEEDG 

Molecular weight: 32971.1 

Theoretical pI: 5.24 
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Q15233: Non-POU domain-containing octamer-binding protein (NONO_HUMAN) 

RRM1 domain 74-141(underline) + one PIP3 binding motif (highlighted in red) 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCL

DAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKQNEGLTIDL

KNFRKPGEKTFQRSRLFVGNLPPDITEEEMRKLFEKYGKAGEVFIHKDKGFGFIRLET

RTLAEIAKVELDNMPLRGKQLRVRRFACHSASL 

Molecular weight: 37089.1 

Theoretical pI: 8.39 

 

Q15233_a: Non-POU domain-containing octamer-binding protein (NONO_HUMAN) 

RRM1 domain 74-141(underline) only. No PIP3 binding motif 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCL

DAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKRLFVGNLPP

DITEEEMRKLFEKYGKAGEVFIHKDKGFGFIRLETRTLAEIAKVELDNMPLRGKQLR

VRRFACHSASL 

Molecular weight: 34400.1 

Theoretical pI: 7.63 

 

Q08945: FACT complex subunit SSRP1 (SSRP1_HUMAN)    

PH-like domain: 1-107 
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MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALD 

VVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHP

PKMAETLEFNDVYQEVKGSMNDGRLRLSRQGIIFKNSKTGKVDNIQAGELTEGIWRR

VALGHGLKLLTKNGHVYKYDGFRESEFEKLSDFFKTHYRLELMEKDLCVKGWNWG

TVKFGGQ 

Molecular weight: 39017.1 

Theoretical pI: 7.11 

 

Q8WXF1: Paraspeckle component 1 (PSPC1_HUMAN) 

RRM1 domain 82-154 (underline) + one PIP3 binding motif (highlighted in red) 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCL

DAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKEEMGFTIDIK

SFLKPGEKTYTQRCRLFVGNLPTDITEEDFKRLFERYGEPSEVFINRDRGFGFIRLESR

TLAEIAKAELDGTILKSRPLRIRFATHGAALTV 

Molecular weight: 37224.1 

Theoretical pI: 6.42 

 

Q8WXF1_a: Paraspeckle component 1 (PSPC1_HUMAN) 

RRM1 domain 82-154 (underline) only. No PIP3 binding motif 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCL

DAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKEEMGFTIDIK
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CRLFVGNLPTDITEEDFKRLFERYGEPSEVFINRDRGFGFIRLESRTLAEIAKAELDGTI

LKSRPLRIRFATHGAALTV 

Molecular weight: 35687.3 

Theoretical pI: 6.04 

 

P51991: Heterogeneous nuclear ribonucleoprotein A3 (ROA3_HUMAN) 

RRM1 domain (underline) + one PIP3 binding motif (highlighted in red) 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCL

DAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKEGHDPKEPE

QLRKLFIGGLSFETTDDSLREHFEKWGTLTDCVVMRDPQTKRSRGFGFVTYSCVEEV

DAAMCARPHKVDGRVVEPKRAVSREDSVKPGAHLTVKK 

Molecular weight: 37238.9 

Theoretical pI: 6.39 

 

Q07955: Serine/arginine-rich splicing factor 1 (SRSF1_HUMAN) 

Arg/Ser rich domain 179-248 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY

YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF

ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCL

DAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKKFRSHEGET

AYIRVKVDGPRSPSYGRSRSRSRSRSRSRSRSNSRSRSYSPRRSRGSPRYSPRHSRSRS

RT 

Molecular weight: 33723.7 

Theoretical pI: 9.65 
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Appendix 4: Proteins Identified in the Nuclear PI(3,4,5)P3 

Interactome. 

Entry Entry name Protein names 

Q15029 U5S1_HUMAN 116 kDa U5 small nuclear ribonucleoprotein component  

O00231 PSD11_HUMAN 26S proteasome non-ATPase regulatory subunit 11 

P55036 PSMD4_HUMAN 26S proteasome non-ATPase regulatory subunit 4  

P62263 RS14_HUMAN 40S ribosomal protein S14 

P62269 RS18_HUMAN 40S ribosomal protein S18  

P62851 RS25_HUMAN 40S ribosomal protein S25 

P23396 RS3_HUMAN 40S ribosomal protein S3  

P61247 RS3A_HUMAN 40S ribosomal protein S3a  

P08865 RSSA_HUMAN 40S ribosomal protein SA  

Q9H0D6 XRN2_HUMAN 5'-3' exoribonuclease 2 

P62906 RL10A_HUMAN 60S ribosomal protein L10a  

P62913 RL11_HUMAN 60S ribosomal protein L11 

P30050 RL12_HUMAN 60S ribosomal protein L12 

P26373 RL13_HUMAN 60S ribosomal protein L13  

Q07020 RL18_HUMAN 60S ribosomal protein L18 

P35268 RL22_HUMAN 60S ribosomal protein L22  

P62750 RL23A_HUMAN 60S ribosomal protein L23a 

P46777 RL5_HUMAN 60S ribosomal protein L5 

Q02878 RL6_HUMAN 60S ribosomal protein L6  

P18124 RL7_HUMAN 60S ribosomal protein L7 

P62424 RL7A_HUMAN 60S ribosomal protein L7a  

Q99798 ACON_HUMAN Aconitate hydratase 

P60709 ACTB_HUMAN Actin, cytoplasmic 1  

P63261 ACTG_HUMAN Actin, cytoplasmic 2  

P61160 ARP2_HUMAN Actin-related protein 2  

O15144 ARPC2_HUMAN Actin-related protein 2/3 complex subunit 2  

P12814 ACTN1_HUMAN Alpha-actinin-1  

P06733 ENOA_HUMAN Alpha-enolase 

P50995 ANX11_HUMAN Annexin A11  

P07355 ANXA2_HUMAN Annexin A2  

P09525 ANXA4_HUMAN Annexin A4  

P08133 ANXA6_HUMAN Annexin A6  

P20073 ANXA7_HUMAN Annexin A7 

Q9BZZ5 API5_HUMAN Apoptosis inhibitor 5  

Q9UKV3 ACINU_HUMAN Apoptotic chromatin condensation inducer in the nucleus 

Q08211 DHX9_HUMAN ATP-dependent RNA helicase A  

Q92499 DDX1_HUMAN ATP-dependent RNA helicase DDX1 

Q9NVP1 DDX18_HUMAN ATP-dependent RNA helicase DDX18  

O00571 DDX3X_HUMAN ATP-dependent RNA helicase DDX3X  

Q9NYF8 BCLF1_HUMAN Bcl-2-associated transcription factor 1 
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Q9HB71 CYBP_HUMAN Calcyclin-binding protein 

P35221 CTNA1_HUMAN Catenin alpha-1  

Q99459 CDC5L_HUMAN Cell division cycle 5-like protein  

Q9NX58 LYAR_HUMAN Cell growth-regulating nucleolar protein 

Q13185 CBX3_HUMAN Chromobox protein homolog 3  

O75390 CISY_HUMAN Citrate synthase 

Q16630 CPSF6_HUMAN Cleavage and polyadenylation specificity factor subunit 6  

Q05048 CSTF1_HUMAN Cleavage stimulation factor subunit 1 

Q12996 CSTF3_HUMAN Cleavage stimulation factor subunit 3  

P23528 COF1_HUMAN Cofilin-1  

Q9H6F5 CCD86_HUMAN Coiled-coil domain-containing protein 86  

O75367 H2AY_HUMAN Core histone macro-H2A.1 

Q9ULV4 COR1C_HUMAN Coronin-1C  

P13073 COX41_HUMAN Cytochrome c oxidase subunit 4 isoform 1 

Q07065 CKAP4_HUMAN Cytoskeleton-associated protein 4  

Q96EP5 DAZP1_HUMAN DAZ-associated protein 1 

Q9Y295 DRG1_HUMAN Developmentally-regulated GTP-binding protein 1  

P26358 DNMT1_HUMAN DNA (cytosine-5)-methyltransferase 1  

P11387 TOP1_HUMAN DNA topoisomerase 1 

Q02880 TOP2B_HUMAN DNA topoisomerase 2-beta  

P25685 DNJB1_HUMAN DnaJ homolog subfamily B member 1 

P55265 DSRAD_HUMAN Double-stranded RNA-specific adenosine deaminase  

Q15717 ELAV1_HUMAN ELAV-like protein 1  

P29692 EF1D_HUMAN Elongation factor 1-delta  

P26641 EF1G_HUMAN Elongation factor 1-gamma  

P13639 EF2_HUMAN Elongation factor 2  

Q14240 IF4A2_HUMAN Eukaryotic initiation factor 4A-II  

P38919 IF4A3_HUMAN Eukaryotic initiation factor 4A-III  

P05198 IF2A_HUMAN Eukaryotic translation initiation factor 2 subunit 1  

P20042 IF2B_HUMAN Eukaryotic translation initiation factor 2 subunit 2  

P41091 IF2G_HUMAN Eukaryotic translation initiation factor 2 subunit 3  

Q9Y262 EIF3L_HUMAN Eukaryotic translation initiation factor 3 subunit L  

Q04637 IF4G1_HUMAN Eukaryotic translation initiation factor 4 gamma 1 

P15311 EZRI_HUMAN Ezrin  

Q9Y5B9 SP16H_HUMAN FACT complex subunit SPT16 

Q08945 SSRP1_HUMAN FACT complex subunit SSRP1  

P52907 CAZA1_HUMAN F-actin-capping protein subunit alpha-1  

P47756 CAPZB_HUMAN F-actin-capping protein subunit beta  

Q92945 FUBP2_HUMAN Far upstream element-binding protein 2 

P35269 T2FA_HUMAN General transcription factor IIF subunit 1  

P04406 G3P_HUMAN Glyceraldehyde-3-phosphate dehydrogenase  

P30419 NMT1_HUMAN Glycylpeptide N-tetradecanoyltransferase 1  

P62826 RAN_HUMAN GTP-binding nuclear protein Ran 

Q9NX24 NHP2_HUMAN H/ACA ribonucleoprotein complex subunit 2  

O60832 DKC1_HUMAN H/ACA ribonucleoprotein complex subunit 4 
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P11142 HSP7C_HUMAN Heat shock cognate 71 kDa protein 

P04792 HSPB1_HUMAN Heat shock protein beta-1 

P07900 HS90A_HUMAN Heat shock protein HSP 90-alpha 

Q99729 ROAA_HUMAN Heterogeneous nuclear ribonucleoprotein A/B 

Q13151 ROA0_HUMAN Heterogeneous nuclear ribonucleoprotein A0  

P09651 ROA1_HUMAN Heterogeneous nuclear ribonucleoprotein A1 

P51991 ROA3_HUMAN Heterogeneous nuclear ribonucleoprotein A3  

Q14103 HNRPD_HUMAN Heterogeneous nuclear ribonucleoprotein D0 

O14979 HNRDL_HUMAN Heterogeneous nuclear ribonucleoprotein D-like 

P52597 HNRPF_HUMAN Heterogeneous nuclear ribonucleoprotein F 

P31943 HNRH1_HUMAN Heterogeneous nuclear ribonucleoprotein H 

P31942 HNRH3_HUMAN Heterogeneous nuclear ribonucleoprotein H3 

P61978 HNRPK_HUMAN Heterogeneous nuclear ribonucleoprotein K  

P14866 HNRPL_HUMAN Heterogeneous nuclear ribonucleoprotein L  

P52272 HNRPM_HUMAN Heterogeneous nuclear ribonucleoprotein M  

O60506 HNRPQ_HUMAN Heterogeneous nuclear ribonucleoprotein Q 

O43390 HNRPR_HUMAN Heterogeneous nuclear ribonucleoprotein R  

Q00839 HNRPU_HUMAN Heterogeneous nuclear ribonucleoprotein U  

Q1KMD3 HNRL2_HUMAN Heterogeneous nuclear ribonucleoprotein U-like protein 2  

P22626 ROA2_HUMAN Heterogeneous nuclear ribonucleoproteins A2/B1  

P07910 HNRPC_HUMAN Heterogeneous nuclear ribonucleoproteins C1/C2  

P09429 HMGB1_HUMAN High mobility group protein B1 

P26583 HMGB2_HUMAN High mobility group protein B2  

O15347 HMGB3_HUMAN High mobility group protein B3  

P17096 HMGA1_HUMAN High mobility group protein HMG-I/HMG-Y 

P07305 H10_HUMAN Histone H1.0 

P10412 H14_HUMAN Histone H1.4  

Q92522 H1X_HUMAN Histone H1x 

Q09028 RBBP4_HUMAN Histone-binding protein RBBP4  

Q16576 RBBP7_HUMAN Histone-binding protein RBBP7  

P50502 F10A1_HUMAN Hsc70-interacting protein 

Q14974 IMB1_HUMAN Importin subunit beta-1  

Q12905 ILF2_HUMAN Interleukin enhancer-binding factor 2  

Q12906 ILF3_HUMAN Interleukin enhancer-binding factor 3  

P50213 IDH3A_HUMAN Isocitrate dehydrogenase [NAD] subunit alpha 

P14923 PLAK_HUMAN Junction plakoglobin  

P42166 LAP2A_HUMAN Lamina-associated polypeptide 2, isoform alpha 

P42167 LAP2B_HUMAN Lamina-associated polypeptide 2, isoforms beta/gamma 

P20700 LMNB1_HUMAN Lamin-B1 

Q96AG4 LRC59_HUMAN Leucine-rich repeat-containing protein 59  

Q14847 LASP1_HUMAN LIM and SH3 domain protein 1  

P05455 LA_HUMAN Lupus La protein  

P40926 MDHM_HUMAN Malate dehydrogenase 

P43243 MATR3_HUMAN Matrin-3 

P11310 ACADM_HUMAN Medium-chain specific acyl-CoA dehydrogenase 
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P53582 MAP11_HUMAN Methionine aminopeptidase 1 

Q15691 MARE1_HUMAN Microtubule-associated protein RP/EB family member 1  

P28482 MK01_HUMAN Mitogen-activated protein kinase 1 (MAP kinase 1)  

P35579 MYH9_HUMAN Myosin-9  

Q8NFW8 NEUA_HUMAN N-acylneuraminate cytidylyltransferase 

E9PAV3 NACAM_HUMAN Nascent polypeptide-associated complex subunit alpha 

Q8NEJ9 NGDN_HUMAN Neuroguidin  

P55769 NH2L1_HUMAN NHP2-like protein 1  

Q15233 NONO_HUMAN Non-POU domain-containing octamer-binding protein  

Q14978 NOLC1_HUMAN Nucleolar and coiled-body phosphoprotein 1  

Q9NR30 DDX21_HUMAN Nucleolar RNA helicase 2  

P06748 NPM_HUMAN Nucleophosmin  

O75607 NPM3_HUMAN Nucleoplasmin-3 

P12270 TPR_HUMAN Nucleoprotein TPR 

Q8WXF1 PSPC1_HUMAN Paraspeckle component 1  

P62937 PPIA_HUMAN Peptidyl-prolyl cis-trans isomerase A  

P23284 PPIB_HUMAN Peptidyl-prolyl cis-trans isomerase B 

Q08752 PPID_HUMAN Peptidyl-prolyl cis-trans isomerase D  

Q00688 FKBP3_HUMAN Peptidyl-prolyl cis-trans isomerase FKBP3 

Q02790 FKBP4_HUMAN Peptidyl-prolyl cis-trans isomerase FKBP4 

Q06830 PRDX1_HUMAN Peroxiredoxin-1  

Q9Y285 SYFA_HUMAN Phenylalanine--tRNA ligase alpha subunit 

Q9NSD9 SYFB_HUMAN Phenylalanine--tRNA ligase beta subunit 

Q9H307 PININ_HUMAN Pinin  

Q8NC51 PAIRB_HUMAN Plasminogen activator inhibitor 1 RNA-binding protein 

Q15149 PLEC_HUMAN Plectin 

P09874 PARP1_HUMAN Poly [ADP-ribose] polymerase 1  

Q15365 PCBP1_HUMAN Poly(rC)-binding protein 1  

Q15366 PCBP2_HUMAN Poly(rC)-binding protein 2 

P11940 PABP1_HUMAN Polyadenylate-binding protein 1  

Q86U42 PABP2_HUMAN Polyadenylate-binding protein 2 

P02545 LMNA_HUMAN Prelamin-A/C  

Q9UMS4 PRP19_HUMAN Pre-mRNA-processing factor 19 

O43143 DHX15_HUMAN Pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 

Q92841 DDX17_HUMAN Probable ATP-dependent RNA helicase DDX17 

Q96GQ7 DDX27_HUMAN Probable ATP-dependent RNA helicase DDX27  

Q7L014 DDX46_HUMAN Probable ATP-dependent RNA helicase DDX46  

Q9H0S4 DDX47_HUMAN Probable ATP-dependent RNA helicase DDX47 

P17844 DDX5_HUMAN Probable ATP-dependent RNA helicase DDX5 

P35232 PHB_HUMAN Prohibitin 

Q99623 PHB2_HUMAN Prohibitin-2  

Q9UQ80 PA2G4_HUMAN Proliferation-associated protein 2G4  

P35659 DEK_HUMAN Protein DEK 

P30101 PDIA3_HUMAN Protein disulfide-isomerase A3  

Q9P258 RCC2_HUMAN Protein RCC2  
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Q13123 RED_HUMAN Protein Red  

Q9Y383 LC7L2_HUMAN Putative RNA-binding protein Luc7-like 2 

P14618 KPYM_HUMAN Pyruvate kinase PKM 

P50395 GDIB_HUMAN Rab GDP dissociation inhibitor beta  

Q13283 G3BP1_HUMAN Ras GTPase-activating protein-binding protein 1  

P46940 IQGA1_HUMAN Ras GTPase-activating-like protein IQGAP1 

P61106 RAB14_HUMAN Ras-related protein Rab-14 

P51149 RAB7A_HUMAN Ras-related protein Rab-7a 

Q9NQG5 RPR1B_HUMAN Regulation of nuclear pre-mRNA domain-containing protein 1B  

P18754 RCC1_HUMAN Regulator of chromosome condensation  

P35249 RFC4_HUMAN Replication factor C subunit 4 

O76021 RL1D1_HUMAN Ribosomal L1 domain-containing protein 1 

Q92979 NEP1_HUMAN Ribosomal RNA small subunit methyltransferase NEP1  

Q14498 RBM39_HUMAN RNA-binding protein 39  

Q9UKM9 RALY_HUMAN RNA-binding protein Raly  

Q9Y265 RUVB1_HUMAN RuvB-like 1 

Q9Y230 RUVB2_HUMAN RuvB-like 2  

Q8NBX0 SCPDL_HUMAN Saccharopine dehydrogenase-like oxidoreductase  

P82979 SARNP_HUMAN SAP domain-containing ribonucleoprotein  

Q15019 SEPT2_HUMAN Septin-2  

Q8IYB3 SRRM1_HUMAN Serine/arginine repetitive matrix protein 1  

Q07955 SRSF1_HUMAN Serine/arginine-rich splicing factor 1  

Q01130 SRSF2_HUMAN Serine/arginine-rich splicing factor 2  

P84103 SRSF3_HUMAN Serine/arginine-rich splicing factor 3 

Q13243 SRSF5_HUMAN Serine/arginine-rich splicing factor 5 

Q13247 SRSF6_HUMAN Serine/arginine-rich splicing factor 6  

Q16629 SRSF7_HUMAN Serine/arginine-rich splicing factor 7  

P53041 PPP5_HUMAN Serine/threonine-protein phosphatase 5 

P62136 PP1A_HUMAN Serine/threonine-protein phosphatase PP1-alpha catalytic subunit 

Q9Y3F4 STRAP_HUMAN Serine-threonine kinase receptor-associated protein  

P62314 SMD1_HUMAN Small nuclear ribonucleoprotein Sm D1 

P62316 SMD2_HUMAN Small nuclear ribonucleoprotein Sm D2  

P05023 AT1A1_HUMAN Sodium/potassium-transporting ATPase subunit alpha-1  

Q13813 SPTN1_HUMAN Spectrin alpha chain, non-erythrocytic 1  

Q01082 SPTB2_HUMAN Spectrin beta chain, non-erythrocytic 1  

Q13838 DX39B_HUMAN Spliceosome RNA helicase DDX39B  

Q13435 SF3B2_HUMAN Splicing factor 3B subunit 2  

Q15393 SF3B3_HUMAN Splicing factor 3B subunit 3 

P23246 SFPQ_HUMAN Splicing factor, proline- and glutamine-rich  

Q7KZF4 SND1_HUMAN Staphylococcal nuclease domain-containing protein 1  

P31948 STIP1_HUMAN Stress-induced-phosphoprotein 1 

P42285 SK2L2_HUMAN Superkiller viralicidic activity 2-like 2 

O75940 SPF30_HUMAN Survival of motor neuron-related-splicing factor 30 

Q13148 TADBP_HUMAN TAR DNA-binding protein 43  

P78371 TCPB_HUMAN T-complex protein 1 subunit beta 
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P50991 TCPD_HUMAN T-complex protein 1 subunit delta 

P48643 TCPE_HUMAN T-complex protein 1 subunit epsilon  

P49368 TCPG_HUMAN T-complex protein 1 subunit gamma  

P50990 TCPQ_HUMAN T-complex protein 1 subunit theta 

Q6I9Y2 THOC7_HUMAN THO complex subunit 7 homolog  

Q9Y2W1 TR150_HUMAN Thyroid hormone receptor-associated protein 3  

O14776 TCRG1_HUMAN Transcription elongation regulator 1 

Q00059 TFAM_HUMAN Transcription factor A 

Q13263 TIF1B_HUMAN Transcription intermediary factor 1-beta  

P55072 TERA_HUMAN Transitional endoplasmic reticulum ATPase 

Q9BSH4 TACO1_HUMAN Translational activator of cytochrome c oxidase 1  

Q13428 TCOF_HUMAN Treacle protein  

Q9Y3I0 RTCB_HUMAN tRNA-splicing ligase RtcB homolog  

P07437 TBB5_HUMAN Tubulin beta chain  

Q06187 BTK_HUMAN Tyrosine-protein kinase BTK  

P54577 SYYC_HUMAN Tyrosine--tRNA ligase 

P09661 RU2A_HUMAN U2 small nuclear ribonucleoprotein A'  

O75643 U520_HUMAN U5 small nuclear ribonucleoprotein 200 kDa helicase 

Q9Y224 CN166_HUMAN UPF0568 protein C14orf166  

P49748 ACADV_HUMAN Very long-chain specific acyl-CoA dehydrogenase 

Q00341 VIGLN_HUMAN Vigilin 

P21796 VDAC1_HUMAN Voltage-dependent anion-selective channel protein 1  

P45880 VDAC2_HUMAN Voltage-dependent anion-selective channel protein 2  

P13010 XRCC5_HUMAN X-ray repair cross-complementing protein 5  

P12956 XRCC6_HUMAN X-ray repair cross-complementing protein 6  

Q8WU90 ZC3HF_HUMAN Zinc finger CCCH domain-containing protein 15  
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Appendix 5: Proteins Identified in the Nuclear PI(3,4,5)P3 

Interctome that contain the PI(3,4,5)P3 Motif  X-[Ф]-X-K-X-

[GASP]-X*-[KR]-X*-[RK]-X-R-X[FL]. 

Uniprot Entry Start End Match 

ACINU_HUMAN 1233 1275 
IVQKEAERAERAKEREKRRKEQEEEEQKEREKEAE

RERNRQL 

BTK_HUMAN 8 30 IFLKRSQQKKKTSPLNFKKRLF 

CKAP4_HUMAN 187 230 
KAVKQGESEVSRISEVLQKLQNEILKDLSDGIHVV

KDARERDF 

DAZP1_HUMAN 131 156 YFKKFGVVTEVVMIYDAEKQRPRGF 

EF2_HUMAN 567 609 
IPIKKSDPVVSYRETVSEESNVLCLSKSPNKHNRLY

MKARPF 

GDIB_HUMAN 108 143 FVYKGGKIYKVPSTEAEALASSLMGLFEKRRFRKF 

HNRL2_HUMAN 467 510 
WALKYAKENPEKRYNVLGAETVLNQMRMKGLEE

PEMDPKSRDL 

HNRPD_HUMAN 115 140 YFSKFGEVVDCTLKLDPITGRSRGF 

KPYM_HUMAN 471 502 VLCKDPVQEAWAEDVDLRVNFAMNVGKARGF 

LA_HUMAN 308 336 EVEKEALKKIIEDQQESLNKWKSKGRRF 

LRC59_HUMAN 122 163 
VLAKVAGDCLDEKQCKQCANKVLQHMKAVQAD

QERERQRRL 

LYAR_HUMAN 76 97 WIQKISELIKRPNVSPKVREL 

MARE1_HUMAN 178 216 
VVRKNPGVGNGDDEAAELMQQVNVLKLTVEDLE

KERDF 

NGDN_HUMAN 70 102 ILDKASGGSLQGHDAVLRLVEIRTVLEKLRPL 

NONO_HUMAN 60 77 NFRKPGEKTFTQRSRLF 

PAIRB_HUMAN 99 138 
ALKKEGIRRVGRRPDQQLQGEGKIIDRRPERRPPRE

RRF 

PLEC_HUMAN 1971 2006 LAEKLAAIGEATRLKTEAEIALKEKEAENERLRRL 

PSPC1_HUMAN 68 85 SFLKPGEKTYTQRCRLF 

RED_HUMAN 497 519 ALPKAAFQYGIKMSEGRKTRRF 

RFC4_HUMAN 59 106 
AVLKKSLEGADLPNLLFYGPPGTGKTSTILAAARE

LFGPELFRLRVL 

RL12_HUMAN 82 121 
KALKEPPRDRKKQKNIKHSGNITFDEIVNIARQMR

HRSL 

RL18_HUMAN 150 174 HFGKAPGTPHSHTKPYVRSKGRKF 

RL1D1_HUMAN 116 164 
LLNKHGIKTVSQIISLQTLKKEYKSYEAKLRLLSSF

DFFLTDARIRRL 

RL7A_HUMAN 93 115 QLLKLAHKYRPETKQEKKQRLL 

ROA3_HUMAN 53 78 HFEKWGTLTDCVVMRDPQTKRSRGF 

ROAA_HUMAN 87 112 YFTKFGEVVDCTIKMDPNTGRSRGF 

RTCB_HUMAN 202 216 DPNKVSARAKKRGL 

SFPQ_HUMAN 315 362 
LFAKYGEPGEVFINKGKGFGFIKLESRALAEIAKAE

LDDTPMRGRQL 

SK2L2_HUMAN 820 858 
LCEKKAQIAIDIKSAKRELKKARTVLQMDELKCRK

RVL 
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SND1_HUMAN 286 323 
LLLKEGFARCVDWSIAVYTRGAEKLRAAERFAKE

RRL 

SPTN1_HUMAN 1189 1218 SPWKSARLMVHTVATFNSIKELNERWRSL 

SRRM1_HUMAN 368 388 SPPKKPPKRTSSPPRKTRRL 

SYFA_HUMAN 113 164 
RVDKSAADGPRVFRVVDSMEDEVQRRLQLVRGG

QAEKLGEKERSELRKRKL 

TCRG1_HUMAN 988 1004 RCIKFSSSDRKKQREF 

TFAM_HUMAN 47 91 
SCPKKPVSSYLRFSKEQLPIFKAQNPDAKTTELIRRI

AQRWREL 

TOP1_HUMAN 133 165 KPLKRPRDEDDADYKPKKIKTEDTKKEKKRKL 

TPR_HUMAN 1101 1138 
QVSKMASVRQHLEETTQKAESQLLECKASWEERE

RML 

TR150_HUMAN 684 732 
TFRKHGLAHDEMKSPREPGYKAEGKYKDDPVDL

RLDIERRKKHKERDL 

U520_HUMAN 1548 1590 
AITKHSPKKPVIVFVPSRKQTRLTAIDILTTCAADIQ

RQRFL 

XRCC6_HUMAN 278 303 KALKPPPIKLYRETNEPVKTKTRTF 
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Appendix 6: Structures of BTK PH domain bound to 

Ins(1,3,4,5)P4. 

 

Appendix 6 Figure: (A) Backbone trace of BTK PH domain with IP4 showing nearby basic 

(arginine and lysine) residues as sticks. (B) Solvent accessible surface of BTK PH domain 

with bound IP4 coloured by electrostatic potential on the surface, where blue indicates 

positive electrostatic potential and red indicates negative electrostatic potential. (C) Solvent 

accessible surface of the N-terminal fragment of PSPC1coloured by electrostatic potential. 

(D) Solvent accessible surface of the N-terminal fragment of NONO coloured by electrostatic 

potential. (E) Solvent accessible surface fragment of ROA3 coloured by electrostatic 

potential. (F) ROA3 backbone trace displayed with selected residues shown as sticks, with 

the carbon atoms of residues 24-127 coloured cyan. (G) Superimposition of the modelled N-

terminal PH-like domain of SSRP1 on the IP4-bound BTKPH domain. Shown Lys33, shown 

in cyan coloured spheres, is in proximity to the IP4 molecule. (H) Backbone traces of the PH-

like domains of SSRP1 superimposed on the BTKPH domain bound to PIP5.  
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