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Abstract 
 

Atypical protein kinase C iota (PKCι) is a serine/threonine kinase that has been 

implicated in both epithelial polarity and oncogenic transformation. Spatio-temporal 

regulation of PKCι activity and accessibility to its binding partners/substrates are 

therefore essential. This thesis set out to understand how PKCι exerts its multiple 

functions through coupling with different partner complexes. Previously we 

identified a dibasic motif (the RIPR motif) within PKCι, which is required for the 

association of a sub-set of PKCι binding partners. Proteomic screens have 

identified RIPR-dependent PKCι interacting proteins, amongst which two protein 

families, MTA and FARP, were chosen for further investigation.  

 

Metastasis-associated (MTA) family proteins are components of the histone 

deacetylase and nucleosome remodelling complex (NuRD). One of the family 

members, MTA2, localises to the mitotic spindles and the cell cortex, suggesting it 

has novel functions. Knockdown of MTA2 causes morphogenesis defects in Caco2 

3D cyst assays, phenocoping the loss of both aPKCs (PKCι and PKCζ). 

Furthermore, PKCι-MTA2 association shows cell density dependency and 

differential localisations inside and outside the nucleus, suggesting the PKCι-MTA2 

complex may relay cortical/cytoplasmic information to the nucleus.   

 

FERM, RhoGEF and pleckstrin domain-containing protein 1 and 2 (FARP1, 2) are 

Cdc42/Rac1 guanine nucleotide exchange factors (GEFs) and are robust hits as 

RIPR-dependent PKCι interacting proteins. Knockdown of FARP1 or FARP2 

phenocopies aPKC (PKCι and PKCζ) loss in Caco2 3D cyst assays. Furthermore, 

FARP2 is shown to be a Cdc42 GEF and phosphorylation of FARP2 on the 

identified PKCι sites is required for junctional formation of Caco2 cells in 2D culture.  

 

Comparison of multiple PKCι-partner complexes has implied the existence of a 

PKCι monomer/dimer/oligomer equilibrium, which can both determine and be 

modulated through partner binding. PKCι RIPR motif seems to contribute to this 

equilibrium, as some partners show indirect RIPR dependency. Biochemical 

studies of PKCι complexes with MTA2, FARP1, FARP2 and other known PKCι 
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binding partners Llgl2, Par3 and Par6 provide evidence for this model. The 

indication is that the oligomerisation status of PKCι contributes to its 

multifunctionality, which is modulated by coupling with distinct partner proteins.  
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Chapter 1. Introduction 

1.1 Overview 

Epithelial cells are the most abundant cell type in the human body and the main cell 

type in the epithelium, the tissue that separates the inner space of the organism 

from the outside environment. Studying epithelial cells is of particular interest to 

cancer biologists, as most cancers initiate from epithelial cells. It has long been 

recognised by histopathologists that cancerous tissues of epithelial origin exhibit a 

disorganised structure, and the extent of tissue disorganisation correlates with 

tumour grade (Triolo, 1964). Therefore, loss of tissue organisation and cell polarity 

has long been speculated to play a role in tumour progression. However, the 

cause-and-effect relationship between the loss of tissue organisation and tumour 

progression has not been clearly elucidated.  

 

This thesis focuses on the functions and regulations of PKCι, which plays an 

essential role in normal epithelial cell polarity and can contribute to oncogenic 

transformation under pathophysiological conditions. The first part of this chapter will 

introduce the protein kinase C family, with a particular emphasis on the atypical 

PKC subfamily. The second part of this chapter focuses on one of the key 

characteristics of epithelial cells, apico-basal polarity, as well as the principles and 

molecular machinery underpinning it. Lastly, I will provide an overview of the 

current literature demonstrating the implications of cell polarity and polarity proteins 

in human cancers.  
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1.2 Atypical protein kinase C 

1.2.1 Protein kinase C family  

The protein kinase C (PKC) family consists of a group of serine/threonine kinases 

that share a highly conserved kinase domain in their C-termini and diverse 

regulatory domains in the N-termini. Based on the homology of the regulatory 

domains, PKCs are grouped into three sub-families: conventional (α, β, γ isoforms), 

novel (δ, ε, η, θ isoforms) and atypical (ι/λ, ζ isoforms) PKCs (Rosse et al., 2010). 

As illustrated in Figure 1.1, all PKCs possess a pseudosubstrate sequence, which 

occupies the substrate-binding pocket of the kinase in their inactive, auto-inhibited 

states. Upon activation, the kinases undergo a conformational change that releases 

the pseudosubstrate from the substrate-binding pocket, allowing the occupancy of 

kinase substrates. Conventional PKCs (cPKCs) and novel PKCs (nPKCs) are 

activated in response to the production of secondary messengers upon external 

cues. cPKCs are activated by both diacylglycerol and calcium, which bind to the C1 

and C2 domain respectively and allow the recruitment of cPKCs to the plasma 

membrane. nPKCs possess a modified C2 domain and they only respond to 

diacylglycerol via their C1 domains. aPKCs do not contain a C2 domain and 

contain a modified C1 domain that does not respond to diacylglycerol. Therefore, 

aPKCs are insensitive to the production of secondary messengers. Instead, aPKCs 

are thought to be activated through protein-protein interaction via their N-terminal 

Phox and Bem1 (PB1) domains. However, exactly how this is achieved and the 

existence of other potential activation mechanisms of aPKCs are still under 

investigation. The literature around aPKC activation will be discussed in detail in 

section 1.2.2. 

 

A common feature of the PKC family proteins is that newly synthesised kinases 

need to be phosphorylated on several priming sites (which are serine/threonine 

residues) to allow their full activation (Parekh et al., 2000). cPKCs and nPKCs 

contain three priming sites, one resides at the activation loop (AL) and two in the C-

terminal region, called the turn motif (TM) and the hydrophobic motif (HM). aPKCs 

have two priming sites at the AL and the TM. The HM priming site in aPKCs is a 

glutamate residue, which acts as a phosphomimetic substitute for the HM phospho-
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threonine (Keranen et al., 1995). Priming site phosphorylation allows the kinases to 

adopt a latent, but catalytically competent state that can be rapidly activated by 

secondary messengers (or protein-protein interaction in the case of aPKCs) ( 

Figure 1.2). Priming site phosphorylation of PKCs is thought to contribute to their 

integrity, stability and is a requirement for their catalytic competency. There is 

evidence that PKCα is destabilised in the absence of priming site phosphorylation 

(Bornancin and Parker, 1996, 1997; Gysin and Imber, 1996). However, in the case 

of PKCι, mono-phosphorylated kinase (only phosphorylated on the TM) is stable 

and ATP-binding competent (Kostelecky, 2009), although the mono-

phosphorylated species cannot recapitulate the functions of the fully primed kinase 

in cell-based assays, indicating that it is functionally compromised despite its 

stability in vitro (Whyte et al., 2010).  

 

 
Figure 1.1 PKC domain structures 

PKC family proteins are grouped into conventional (cPKCs), novel (nPKCs) and 

atypical (aPKCs) subfamilies according to the percentage sequence similarity of their 

N-terminal regulatory domains (note: PKCλ is the murine version of the human PKCι). 

All PKCs contains a pseudosubstrate sequence that occupies the kinase active site 

when the kinase is in an auto-inhibitory state. Furthermore, cPKCs and nPKCs contain 

three priming phosphorylation sites at their activation loop (AL), turn motif (TM) and 

hydrophobic motif (HM), and aPKCs contain two priming sites at the AL and TM, with a 

phosphomimetic glutamate (E) at the HM. Priming site phosphorylation is required for 

the full catalytic activity of PKCs. 
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Figure 1.2 Priming activation of PKC family proteins 

Schematic adapted from (Linch et al., 2014). Activation model for cPKCs is illustrated 

here. However, the general principles of priming activation are applicable to all PKCs 

(see text). Newly synthesised PKCs are in an un-primed, inactive state (left). Priming 

phosphorylation allows PKCs to adopt a primed, latent state (right), which can be 

rapidly activated in response to secondary messengers (middle). KDom: kinase 

domain; PS: pseudosubstrate. 

 

1.2.2 Atypical protein kinase C 

aPKCs have been implicated in various cellular processes and pathways, such as 

cell polarity (see section 1.3.2), cell migration (Boeckeler et al., 2010; Etienne-

Manneville and Hall, 2001; Rosse et al., 2009) and the NF-κB pathway (Diaz-Meco 

et al., 1993; Folgueira et al., 1996). One of the aPKC isoforms, PKCι, is also 

involved in proliferative behaviours downstream of oncogenic Ras (see section 

1.4.1). As mentioned earlier, the activation of aPKCs depends on protein-protein 

interaction via their PB1 domains. The two most studied PB1 domain interacting 

proteins of aPKCs are Par6 and p62 (also known as sequestosome-1 or ZIP). p62 

was discovered as an aPKC interacting protein (Puls et al., 1997) and has been 

mostly studied in the context of NF-κB and cytokine pathways (Lallena et al., 1999; 

Sanz et al., 2000). p62 was thought to activate aPKCs through displacing the 
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pseudosubstrate sequence from the kinase activation site (Tsai et al., 2015). Par6 

is a component of the Par complex and its interaction with aPKCs has been 

intensively studied. aPKC activation in the context of the Par polarity complex will 

be discussed in section 1.3.2.1. In addition to PB1 domain interactions, there is 

also evidence that the C1 domain might contribute to the activation of aPKCs 

(Graybill et al., 2012) (Neil McDonald, personal communication). 

 

1.2.3 PKCι RIPR motif 

Previous work in our Laboratory in collaboration with the structural work on PKCι in 

the McDonald Laboratory (Neil McDonald, the Francis Crick Institute) has 

demonstrated the presence of a bi-basic motif in the PKCι kinase domain, termed 

the RIPR motif (RIPR corresponds to the motif sequence: arginine - isoleucine - 

proline - arginine), which facilitates the formation of an asymmetric homodimer 

crystal packing of the PKCι kinase domain in the presence of an ATP-competitive 

compound that was not seen in other published structures (Figure 1.3) (Protein 

Data Bank code: 3ZH8) (Linch et al., 2013b). Co-immunoprecipitation with 

ectopically expressed GFP PKCι-WT and a PKCι RIPR mutant GFP PKCι-AIPA 

(which has the two arginine residues mutated to alanine residues) revealed that the 

RIPR motif is required for the association of PKCι with Llgl2 and MyoX, but not 

other known PKCι binding partners Par3, Par6 and p62. This suggests that the 

PKCι RIPR motif acts as a selective protein-protein interaction site for PKCι binding 

partners. In addition, expression of the GFP PKCι-AIPA mutant to endogenous 

levels in the absence of the endogenous wild-type protein in MDCK cells causes an 

increasing percentage of multi-lumen cysts in 3D culture, indicating a requirement 

of the intact PKCι RIPR motif during epithelial morphogenesis (Linch et al., 2013b).  

 

The physiological significance of the PKCι RIPR motif was further highlighted by 

the finding that the first residue of the RIPR motif, R480, is the most frequently 

mutated residue of PKCι in human cancer according to the COSMIC (Catalogue Of 

Somatic Mutations In Cancer) database (Forbes et al., 2015), with 12 substitution 

mutation incidences observed in 36571 unique samples, out of which 8 are 

mutation into a cysteine residue (accessed on 5th September 2016) (Figure 1.4). 
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Given that somatic mutation of PKCι is a rare event in cancer, this level of mutation 

observed on one particular residue of PKCι suggests that it is likely to be 

functionally significant. Taken together, we hypothesised that the PKCι RIPR motif 

specifically recruits PKCι interacting partners that could be important for conveying 

its polarity functions. Discovery of the PKCι RIPR motif also poses the possibility 

that protein-protein interaction sites distal to the kinase core could act to 

differentiate PKCι functions through recruitment of different sets of its binding 

partners. Given that PKCι plays a role in both normal cell polarity and oncogenesis, 

mutations of the RIPR motif may unbalance the different functional outputs of PKCι, 

which might contribute to tumour progression and therefore being selected in 

cancer.  

 

To identify the repertoire of PKCι interacting partners whose binding requires the 

PKCι RIPR motif, a mass spectrometry experiment was conducted to compare the 

associated proteomes of GFP PKCι wild type (-WT) and the GFP PKCι-AIPA 

mutant in HCT116 cells (Linch et al., 2013b). The RIPR-dependent candidate 

binding proteins were selected on the basis that the number of unique peptides 

present in the GFP PKCι-WT immunoprecipitates is at least three times or more 

than that in the GFP PKCι-AIPA immunoprecipitates, and the unique peptides of 

the candidate proteins were not found in the GFP immunoprecipitates (detailed 

results of the mass spectrometry screen see Chapter 8 Appendix). The robustness 

of this screen was confirmed by the presence of known PKCι non-RIPR dependent 

proteins (Par3, Par6) and RIPR-dependent proteins (Llgl2) in the respective 

proteomes, as well as the presence of many novel PKCι interacting proteins that 

have also been identified in an independent PKCι interactome proteomic screen 

conducted in the Parker Laboratory (see Chapter 8 Appendix for results of the 

mass spectrometry experiment). The mass spectrometry analysis was followed up 

in this thesis, and the results are presented in the subsequent chapters.  
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Figure 1.3 PKCι RIPR motif 

Figure adapted from (Linch et al., 2013b). The crystal structure of human PKCι kinase 

domain bound to a small molecule aPKC inhibitor CRT0066854 (Protein Data Bank 

code: 3ZH8), where the PKCι RIPR motif is indicated in magenta. The RIPR motif of 

one kinase domain molecule makes contact with the αB-helix of the neighbouring 

kinase domain molecule, allowing the formation of asymmetric dimers.  
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Figure 1.4 R480 is the most frequently mutated residue of PKCι in human 

cancers 

A. Figure adapted from the COSMIC database (Forbes et al., 2015), showing the 

number of substitution mutations (Y axis) observed in 36571 unique samples across 

the protein sequence of PKCι (X axis) (accessed on 5th September 2016). R480 is the 

most frequently mutated residue of PKCι in human cancer, with 12 substitution 

mutation incidences observed. B. The PKCι RIPR motif locates within the kinase 

domain and includes sequences between R480 and R483. PKCι RIPR motif is required 

for the association of Llgl2 and MyoX with PKCι. 
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1.3 Apico-basal polarity 

Broadly, cell polarity can be defined as the asymmetric organisation of a cell 

resulting in distinct functions or behaviours in its different compartments. Cell 

polarisation is a common phenomenon across the metazoan and almost all cells 

exhibit polarity to some extent. For example, neurones possess structurally distinct 

ends, known as the dendrite and the axon (Tahirovic and Bradke, 2009). Migrating 

cells form a migrating front and a protracting end, which are different both in shape 

and molecular composition (Etienne-Manneville, 2008). Cell polarisation is also 

manifested during cell division, such as the budding of S. Cerevisiae (Madden and 

Snyder, 1998) and the asymmetric division of stem cells (Knoblich, 2008). For the 

aim of this thesis, we will focus on apico-basal polarity, which is a key characteristic 

of epithelial cells.   

 

Polarised epithelial cells exhibit two distinct cellular regions, namely the apical 

domain and the basolateral domain. The establishment of apico-basal polarity is 

inter-dependent with the formation of cell junctions. In mammalian cells, position of 

the tight junction segregates the cell into apical and basolateral domains. Here, I 

will first introduce the cell junctions that are implicated in the establishment of 

apico-basal polarity. I will then focus on the composition, functions and molecular 

mechanisms of the three core polarity complexes that govern apico-basal polarity 

in various organisms.  

 

1.3.1 Apical junctional complexes and integrin-based cell-matrix junctions  

The establishment of apico-basal polarity in epithelial cells relies on the formation 

of the apical junctional complexes (AJC) and integrin-based cell-matrix junctions, 

which provide cellular landmarks for the cell to orientate its apical and basolateral 

domains (Figure 1.5). Cell junctions allow epithelial cells to form tissues that 

separate different compartments of the organism through forming barriers towards 

the external environment and provide selectivity over the substance passing 

through. More importantly, many junctional components play signal transduction 

roles, which allow communication between neighbouring cells and between the cell 
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and the external environment. The significance of junctional proteins in cellular 

communication becomes apparent in the context of tumorigenesis, which will be 

discussed in detail in section 1.4.2. 

 

1.3.1.1 The apical junctional complexes 

Apical junctional complexes are comprised of the tight junction (TJ) and the 

adherens junction (AJ). The TJ functions as a seal between adjacent cells and 

provides selective permeability across the epithelial sheet. This is achieved through 

the formation of sealing strand structures through homophilic interactions of 

transmembrane protein components, such as claudin (Colegio et al., 2002; Yu et 

al., 2003). Other transmembrane proteins, such as occludin and junctional 

adhesion molecules (JAMs), are also highly enriched at the TJ and contribute to its 

adhesion and barrier functions (Schneeberger and Lynch, 2004). The cytoplasmic 

regions of these transmembrane proteins are able to associate with a range of 

adaptor proteins, forming a structure named the TJ cytoplasmic plaque. Among the 

adaptor proteins are the ZO proteins (ZO1, ZO2, ZO3), MAGI proteins (MAGI-1/-2/-

3) and cingulin. Most cytoplasmic plaque proteins contain protein-protein 

interaction domains that are able to recruit various signalling molecules and/or 

regions that associate with the actin and microtubule cytoskeleton. For example, 

ZO1 associates with the transcriptional factor ZONAB through its SH3 domain 

(Balda et al., 2003) and contains a C-terminal region that binds to F-actin (Fanning 

et al., 1998). Therefore, the TJ cytoplasmic plaque acts as a signalling hub that 

transmits information from the adjacent cells to the cytoskeleton and guides cellular 

behaviours through the recruitment of a range of signalling molecules.  

 

The adherens junction, also known as the zonula adherens in epithelial cells, 

provides physical strength across the epithelial sheet through inter-connecting the 

actin cytoskeleton network of each epithelial cell, creating a circumferential actin 

belt (also known as the adhesion belt). Furthermore, many AJ components play 

signalling roles, similarly to the TJ cytoplasmic plaque components. The adherens 

junction also resembles the tight junction in its structural composition. The 

adherens junction is comprised of transmembrane proteins and adaptor proteins 
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that associate with both the cytoplasmic region of the transmembrane proteins and 

the cytoskeleton network. One of the classic adherens junction protein complexes 

is the cadherin-catenin complex (Perez-Moreno and Fuchs, 2006). E-cadherin, the 

cadherin family member present in epithelial cells, is a transmembrane protein that 

forms homophilic interactions with the E-cadherin in the neighbouring cells in a 

calcium-dependent manner (Gumbiner et al., 1988). The cytoplasmic domain the 

E-cadherin associates the catenin proteins, with the canonical examples being the 

E-cadherin-β-catenin-α-catenin complex and the E-cadherin-p120-catenin complex.  

 

1.3.1.2 De novo junction formation 

De novo junction formation requires a tightly orchestrated activation and 

deactivation of the Rho family GTPases: Rho, Rac and Cdc42. This is mainly 

achieved through the recruitment, activation and inactivation of a range of small 

GTPase guanine nucleotide exchange factors (GEFs) and GTPase-activating 

proteins (GAPs) by upstream signals at different stages of the apical junction 

formation. In addition, junction formation is closely coupled to the establishment of 

apico-basal polarity in epithelial cells. Studies using cultured epithelial cells 

revealed that nascent junctions form through actin-based membrane protrusions. 

During the initial cell-cell contact, cadherin-catenin complexes are rapidly recruited 

to the site of cell-cell contact and promote cortical actin polymerisation and re-

arrangement through the recruitment and local activation of the small GTPase 

Rac1 (Ehrlich et al., 2002; Kovacs et al., 2002a). In addition, the cadherin-catenin 

complex is able to associate with actin nucleating proteins, such as Arp2/3 and 

formin, which also promote actin polymerisation (Kobielak et al., 2004; Kovacs et 

al., 2002b). The initial cell-cell contact is further expanded through the local acto-

myosin force that pulls the adjacent cell membranes together (Shewan et al., 2005). 

During the expansion stage, activation of Rho becomes essential whereas further 

sustained activation of Rac during this stage disrupts junctional formation (Braga et 

al., 2000; Yamada and Nelson, 2007).  

 

As the cell-cell contact area expands, distinct TJs and AJs start to emerge, which is 

attributed to the separation of TJs and AJs components. The formation of distinct 
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TJs also marks the start of the establishment of apico-basal polarity. Various 

studies indicate that regulation of Cdc42 activity is essential in the formation of tight 

junction and the apical domain, as many Cdc42 GEFs, GAPs and downstream 

effectors are implicated in these processes, with examples including the Cdc42 

GEFs Tuba and Dbl3 (Otani et al., 2006; Zihni et al., 2014), Cdc42 GAP SH3BP1 

(Elbediwy et al., 2012) and Cdc42 effectors PAK4 and Par6 (Wallace et al., 2010).  

One key role of Cdc42 in the establishment of apico-basal polarity seems to be the 

recruitment and activation of the Par6-aPKC complex, although the detailed 

molecular mechanisms of how this is achieved remain controversial (which will be 

discussed further in section 1.3.2.1). During tight junction maturation, Rac activity is 

also further inhibited. One mechanism proposed is through the inactivation of the 

Rac1 GEF Tiam1. The polarity protein Par3, which associates with the TJ through 

an interaction with JAMs (Ebnet et al., 2001), binds directly to Tiam1 and negatively 

regulates its activity during tight junction formation (Chen and Macara, 2005). 

 

Clearly, the regulation of Rac, Rho and Cdc42 activities in a spatio-temporal 

manner and the interplay among Rho family GTPases (directly or indirectly through 

their GEFs, GAPs and effectors), polarity proteins and junctional proteins are 

essential during the formation of apical junctional complexes and the subsequent 

establishment of apico-basal polarity.  

 

1.3.1.3 Integrin-based cell-matrix junctions 

In addition to the TJ and the AJ, epithelial cells also form adhesions with the extra-

cellular matrix (ECM) through integrin-based cell-matrix junctions. The cell-matrix 

junction is structurally similar to the TJ and the AJ, in that it is comprised of 

transmembrane proteins and adaptor proteins that associate with both the 

cytoplasmic region of the transmembrane protein and the cytoskeleton. Integrin is 

the major transmembrane protein involved in the cell-matrix junction and is formed 

by different combinations of the α and β integrin subunits. Depending on the α and 

β subunit combination, integrin receptors are able to bind to a range of ECM 

components and elicit different cellular responses (Hynes, 2002).  

 



Chapter 1 Introduction 

30 

 

Integrin-based cell-matrix junctions provide basal cues for the establishment of 

apico-basal polarity and are frequently studied using 3D cell cultures with 

mammary epithelial cells or the canine kidney epithelial cell line MDCK cells, which 

form cysts that are reminiscent of the mammary and kidney tubular structures 

respectively, with distinguishable apical and basolateral domains when grown in 

ECM components, such as collagen I (Debnath and Brugge, 2005). Among the 

integrin subunits, β1 integrin has been demonstrated to play an important role in 

apico-basal polarity. β1 integrin binds to collagen I in the ECM, which leads to Rac1 

activation and the assembly of laminin in ECM. Laminin assembly in the ECM is 

essential for the establishment of apico-basal polarity in MDCK cell 3D cysts. 

Blocking β1 integrin with a blocking antibody, or expression of a dominant-negative 

Rac1 leads to the “inside-out” phenotype in the MDCK cysts, where apical and 

basolateral domains are inverted (O'Brien et al., 2001; Yu et al., 2005). Another 

study, using mammary epithelial cells cultured in Matrigel (ECM extracted from the 

Engelbreth-Holm-Swarm mouse sarcoma), identified a β1 integrin - ILK pathway, 

which is required for apico-basal polarity in the 3D cysts, and functions through 

removal of apical components from the basal compartment. In addition, the 

formation of polarised cysts in this experimental system seems to be Rac1-

independent (Akhtar and Streuli, 2013). Noticeably, experimental factors, such as 

the cell type and the ECM component used for 3D culture, seem to contribute to 

the different findings across various studies. Nevertheless, all the unravelled data 

discussed above highlight the importance of integrin-based junctions in the 

establishment of apico-basal polarity.  
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Figure 1.5 Apical junctional complexes and integrin-based cell-matrix junctions 

Epithelial cells form cell-cell junctions through the tight junction (TJ) and the adherens 

junction (AJ), which are collectively called the apical junctional complexes (AJC). Tight 

junction segregates the cell into apical and basolateral domains. In addition, epithelial 

cells form integrin-based cell-matrix junctions, which adhere the cells to the extra-

cellular matrix (ECM).  
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1.3.2 Core polarity complexes 

Genetic screens in C.elegans and Drosophila have contributed greatly to the 

identification of proteins involved in cell polarity. Despite the various forms of 

polarisation manifested in a diverse range of organisms, cell types and cellular 

settings, three conserved protein complexes have been shown to govern many 

aspects of cell polarity, namely the Par complex, the Crumbs complex and the 

Scribble complex. 

 

1.3.2.1 The Par complex 

The PAR proteins were first discovered in a RNAi screen identifying proteins that 

are required for the asymmetric partitioning of the C.elegans one-cell stage embryo, 

in which six proteins, systematically named as PAR1 to PAR6, as well as PKC-3 

(ortholog of the mammalian aPKC), were identified (Kemphues et al., 1988). Later, 

several studies identified orthologs of the C.elegans PAR proteins in human, rat 

and Drosophila, and their involvement in a range of polarisation-related processes, 

such as tight junction formation and asymmetric cell division (Izumi et al., 1998; 

Joberty et al., 2000; Johansson et al., 2000; Petronczki and Knoblich, 2001; Qiu et 

al., 2000). These studies led to the realisation that the PAR proteins are conserved 

and play a common role during cell polarisation in different organisms.  

 

Among the PAR proteins identified in the C.elegans RNAi screen, Par3, Par6 and 

aPKC, together with the Rho family GTPase Cdc42 were found to function in the 

same signalling network and form a quaternary protein complex. Initial insights 

came from the discovery that C.elegans PAR3, PAR6 and PKC-3 colocalise to the 

anterior of the one-cell stage embryo (Tabuse et al., 1998; Wu et al., 1998), and 

their orthologs in human colocalise to the tight junction (Izumi et al., 1998; Joberty 

et al., 2000; Suzuki et al., 2001; Tabuse et al., 1998). Mechanistic insights of the 

Par complex came from two pioneering studies by Joberty et al. (Joberty et al., 

2000) and Lin et al. (Lin et al., 2000). Mammalian Par6 was identified as an 

interactor of the active Cdc42/Rac1 through yeast two-hybrid screening. Using co-

IP and pull-down assays, both studies demonstrated that Par6 binds directly to 
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Cdc42-GTP through its semi-CRIB domain (a slightly modified version of the 

classic Cdc42/Rac-interactive-binding domain) and PDZ (PSD-95, Dlg, and ZO-1/2) 

domain. In addition, Par6 can independently interact with both aPKC and Par3, 

which is mediated through the Par6 - aPKC PB1 domain interaction and the Par6 - 

Par3 PDZ domain interaction. Therefore, Par3, Par6, aPKC and Cdc42-GTP form a 

quaternary complex. Furthermore, Par6 can only interact with the active form of 

Cdc42, as exogenously expressed Cdc42-GDP is unable to immunoprecipitate 

endogenous Par6, nor Par3 and aPKC that are normally in a complex with Cdc42-

GTP through Par6 (Figure 1.6). 

 

aPKC and Par6 

Given that aPKC in its latent state is auto-inhibited by the pseudosubstrate 

sequence (which is adjacent to the PB1 domain) occupying the kinase active site, 

aPKC-Par6 interaction through their PB1 domains poses the possibility that aPKC 

kinase activity is regulated through Par6. Several studies have investigated the 

effect of Par6 and Cdc42-GTP on aPKC kinase activity. Earlier studies came to the 

conclusion that Par6 PB1 domain has the intrinsic ability to stimulate aPKC 

catalytic activity. However, this activity is suppressed by the semi-CRIB/PDZ 

domain of Par6. Upon binding to Cdc42-GTP through the Par6 semi-CRIB/PDZ 

domain, the suppression of aPKC kinase activity is relieved, leading to aPKC 

activation. This conclusion is based on the following observations. Firstly, a Par6 

mutant, with the semi-CRIB/PDZ domain deleted, causes a 3.5 fold increase of 

aPKC kinase activity compared to wild-type Par6, as judged by the in vitro kinase 

assay conducted with co-immunoprecipitated exogenous Par6 and GTP-ɣS loaded 

Cdc42 (Yamanaka et al., 2001). Secondly, by solving the structure of the Par6 

semi-CRIB/PDZ domain bound to the constitutive active form of Cdc42 (Cdc42-

Q61L) and FRET (Förster resonance energy transfer) analysis of the Par6 semi-

CRIB/PDZ domain, Garrard et al. demonstrated that the semi-CRIB region of Par6 

is structured by the adjacent PDZ domain. Upon Cdc42-GTP binding, the Par6 

semi-CRIB/PDZ region undergoes a conformational change that separates the N- 

and C- termini of this region. Therefore, the authors concluded that the 

conformational change of Par6 induced by Cdc42-GTP causes the semi-CRIB/PDZ 
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domain to separate from the N-terminal PB1 domain, thereby releasing the 

suppression of aPKC activity caused by the semi-CRIB/PDZ domain (Garrard et al., 

2003). In contrast, many studies challenged the model that Par6-aPKC interaction 

is inhibitory. In vitro kinase assays using recombinant proteins showed that, in the 

absence of Cdc42-GTP, Par6 causes a moderate increase in PKCι kinase activity. 

The presence of both Par6 and Cdc42-GTP leads to a further activation of PKCι, 

although not to a fully activated state, as the PKCι activity in the presence of both 

Par6 and Cdc42-GTP is still not equivalent to the activity of the PKCι kinase 

domain alone (Graybill et al., 2012; Lin et al., 2000) (Neil McDonald, personal 

communication). Despite the difference in the proposed models of these studies, 

what is clear is that both Par6 and Cdc42-GTP are key regulators for aPKC 

activation.  

 

As Cdc42 is recruited to the site of cell-cell contact during de novo junction 

formation (as discussed in section 1.3.1.2), the association of aPKC with Par6 - 

Cdc42-GTP complex also recruits aPKC to the plasma membrane of the apical 

domain. In Drosophila follicle cells depleted of Par6, aPKC fails to accumulate at 

the apical domain (Hutterer et al., 2004). It is also worth noting that not all functions 

of the Par complex require aPKC kinase activity (Kim et al., 2009), suggesting that 

the recruitment role and the activation role of the Par6 - Cdc42-GTP complex for 

aPKC could be uncoupled. Therefore, although Par6 and Cdc42-GTP clearly play a 

role in regulating aPKC activity, they could also facilitate other aPKC-dependent 

but kinase activity-independent functions.  

 

In addition to the role of Par6 in regulating aPKC activity, Par6 is also an aPKC 

substrate and phosphorylation of Par6 has been implicated in TGF-β dependent 

epithelial-to-mesenchymal transition (EMT) (Gunaratne and Di Guglielmo, 2013; 

Gunaratne et al., 2013). This provides an interesting speculation that upon certain 

pathological inputs, such as the TGF-β oncogenic pathway, aPKC can also 

regulate Par6 through phosphorylation. The pre-requisite and consequences of this 

phosphorylation event still require further investigation. 
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aPKC and Par3 

Par3 directly binds to aPKC kinase domain through its C-terminal region, which 

also contains an aPKC phosphorylation site at serine 827 (Nagai-Tamai et al., 

2002). Par3 was initially thought to form a stable complex with Par6-aPKC-Cdc42, 

as suggested by the co-localisation and co-IP studies discussed earlier. However, 

further investigations indicate that Par3 localises to a sub-apical region that is more 

basal to where Par6-aPKC localises (Harris and Peifer, 2005; Morais-de-Sa et al., 

2010; Walther and Pichaud, 2010). This sub-apical localisation of Par3 is partially 

mediated by aPKC phosphorylation, as phosphorylated Par3 dissociates from 

aPKC, leading to its exclusion from the apical domain (Morais-de-Sa et al., 2010; 

Nagai-Tamai et al., 2002). Exclusion of Par3 from the apical domain is functionally 

significant, as failure to do so causes defects in junction formation in Drosophila 

follicle cells (Morais-de-Sa et al., 2010). Phosphorylation of Par3 by aPKC is also 

required in mammalian cells since a non-phosphorylatable Par3 mutant causes 

polarisation defect in MDCK cells (Nagai-Tamai et al., 2002). 

 

Studies of PKCι-Par3 complex shows that Par3 forms more than a transient kinase-

substrate complex with PKCι, as in the “hit-and-run” model, where upon binding to 

the kinase catalytic site, the substrate gets phosphorylated and dissociates from 

the complex. Instead, Par3 can act both as an inhibitor and a substrate of PKCι, as 

indicated by studies showing that a Par3 peptide containing the PKCι 

phosphorylation site inhibits PKCι activity in in vitro kinase assays (Lin et al., 2000; 

Soriano et al., 2016). Results from the McDonald Laboratory demonstrated that 

Par3 belongs to a sub-group of PKCι substrates that possess a high-affinity 

inhibitory arm C-terminal to the phospho-acceptor serine/threonine (Soriano et al., 

2016). When binding to the catalytic site of a nucleotide-bound and fully primed 

PKCι, Par3 makes contacts with the PKCι kinase domain through its inhibitory arm, 

which prevents the kinase from adopting an active conformation (preventing the αC 

helix from taking up a conformation compatible with phospho-transfer). This mode 

of inhibition seen with the PKCι-Par3 complex differs from the conventional product 

inhibition in the way that the substrate (Par3) itself prevents the catalysis by the 

enzyme (PKCι) through allosteric interaction (albeit the allosteric interaction 

happens at the active site of the enzyme). Nevertheless, this mode of inhibition of 
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PKCι by Par3 can be viewed as a form of allosteric competitive inhibition, where 

the Par3 inhibitory arm allosterically inhibits the phospho-transfer by PKCι through 

“locking” the kinase in an inactive conformation. At the same time, the presence of 

Par3 itself in the PKCι catalytic site prevents the occupancy of other PKCι 

substrates at this site. The mechanism that triggers the inhibitor-to-substrate switch 

of Par3 is still not well understood. However, this poses the possibility that there 

are at least two states of the PKCι-Par3 complex, which could be functionally 

different. Furthermore, the phosphorylation of Par3 by PKCι could be regulated by 

additional signals during cell polarisation in a spatio-temporal manner. 

 

In addition to the association with aPKC, Par3 can also oligomerise through its N-

terminal CR1 domain (Benton and St Johnston, 2003; Feng et al., 2007; Mizuno et 

al., 2003). Par3 oligomerisation is required for its localisation to the sub-apical 

domain in Drosophila and to the tight junction in MDCK cells. Par3’s ability to 

oligomerise suggests that it might facilitate the formation of higher-order complexes 

at the cell junction by playing a scaffolding role.  

 

Taken together, it is clear that Par3 is required for the formation and positioning of 

the tight junction (equivalent to the adherens junction in Drosophila), which is partly 

attributed to the phosphorylation of Par3 by aPKC. However, molecular 

mechanisms governing the fine-tuned regulation of Par3 localisation at the apical or 

the sub-apical domain remain to be understood.  
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Figure 1.6 Par complex components and their sites of interaction 

Schematic adapted from (Macara, 2004). The Par complex consists of Par3, Par6, 

aPKC and Cdc42-GTP, which can interact with each other through domain interactions 

(see text). The dotted lines indicate the domains of direct interaction. The double-

headed arrow indicates that Par6 PDZ domain is required for its interaction with 

Cdc42-GTP through structuring the adjacent semi-CRIB domain. However, the Par6 

PDZ domain does not bind directly to Cdc42-GTP. 

 

1.3.2.2 The Crumbs complex 

The Crumbs complex consists of Crumbs, Stardust, PATJ and Lin-71. The founding 

member, Crumbs, is a transmembrane protein that was first identified in a 

Drosophila genetic screen as a protein required for the organisation of epithelia  

(Tepass et al., 1990). Later, Stardust and PATJ were both identified in Drosophila 

epithelial cells as binding partners of Crumbs and are required for epithelial polarity 

(Bachmann et al., 2001; Bhat et al., 1999; Hong et al., 2001). Drosophila Lin-7 was 

identified as an ortholog of the mammalian Lin-7 and directly interacts with Stardust 

(Bachmann et al., 2004).  

 

                                                
1 Mammalian orthologs are CRB1/2/3, Pals1, PATJ and Lin-7 respectively. As most studies 

regarding the Crumbs complex were conducted in Drosophila, Drosophila protein 

nomenclatures will be used in this section.  
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Structurally, Crumbs has 29 epidermal growth factor (EGF) -like repeats and four 

laminin AG domain-like repeats in its extra-cellular region and a 37 amino-acid long 

intra-cellular region (Tepass and Knust, 1990; Wodarz et al., 1993). Despite the 

small size of the Crumbs intra-cellular region, most known functions of Crumbs are 

dependent on its intra-cellular region and expression of the Crumbs intra-cellular 

region alone phenocopies many effects of the full-length protein (Klebes and Knust, 

2000; Wodarz et al., 1995). In addition, the Crumbs intra-cellular region contains a 

PDZ domain-binding motif and a FERM domain-binding motif (Klebes and Knust, 

2000; Wodarz et al., 1995), which interact not only with the Crumbs complex 

component Stardust, but also a range of proteins that have been implicated in cell 

polarity, such as the Par complex component Par6 (Lemmers et al., 2004; Nam 

and Choi, 2003), the FERM domain-containing protein Expanded (Robinson et al., 

2010) and Yurt (Laprise et al., 2006). Stardust acts as a scaffolding protein in the 

Crumbs complex, where it binds to Crumbs through its PDZ domain, and to both 

PATJ and Lin-7 through L27 domain interactions (Bachmann et al., 2004; 

Bulgakova et al., 2008; Roh et al., 2002). In addition, Stardust, PATJ and Lin-7 all 

contain additional protein-protein interaction domains, such as SH3 and PDZ 

domains. Therefore, the Crumbs complex can act as a platform for the recruitment 

of other polarity components and various signalling proteins, posing the potential to 

integrate Crumbs complex signalling with other signalling pathways (Figure 1.7). 

 

The Crumbs complex localises to the apical domain (Berger et al., 2007; Tepass, 

1996), however, the mechanism underlying its apical localisation is still unknown. 

Functionally, depletion of Crumbs complex components results in the loss of apico-

basal organisation in Drosophila epithelial cells and causes tight junction defects in 

mammalian cells (Shin et al., 2005; Straight et al., 2006). Crumbs is considered as 

an apical determinant, as its overexpression leads to the expansion of the apical 

domain and its depletion leads to the loss of the apical domain (Wodarz et al., 

1993; Wodarz et al., 1995), highlighting the importance of its correct regulation for 

epithelial homeostasis. In addition, Crumbs is also an aPKC substrate, whose 

phosphorylation by aPKC is required for epithelial cell polarity in Drosophila 

(Sotillos et al., 2004).  
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Figure 1.7 Crumbs complex components and their sites of interaction 

Schematic adapted from (Bulgakova and Knust, 2009; Tepass, 2012). The Crumbs 

complex is comprised of Crumbs, Stardust, PATJ and Lin-7. Components of the 

Crumbs complex directly associate with each other through protein-protein interaction 

domains (see text). In addition, the intra-cellular region of Crumbs consists of a FERM 

domain-binding motif and a PDZ domain-binding motif, which can interact with FERM 

or PDZ domain-containing proteins, such as Expanded, Yurt and Par6. 
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1.3.2.3 The Scribble complex 

The Scribble complex is comprised of Scribble, Dlg (Discs large) and Lgl (Lethal 

giant larvae)2. All three components of the Scribble complex were first identified in 

Drosophila genetic screens, where their depletion caused hyperplasia (as implied 

in their names) and loss of epithelial organisation (Bilder and Perrimon, 2000; 

Gateff and Schneide.Ha, 1967; Stewart et al., 1972). Unlike the Par complex and 

the Crumbs complex, physical interactions among the Scribble complex 

components have only been demonstrated in two studies (Kallay et al., 2006; 

Mathew et al., 2002). However, the three components of the Scribble complex were 

thought to cooperate with each other based on the following observations. Firstly, 

depletion of Scribble, Dlg or Lgl in Drosophila epithelia causes the same phenotype, 

namely overgrowth and disorganisation of the epithelia. Furthermore, all three 

proteins colocalise to the basolateral domain in Drosophila epithelia and their 

localisation is inter-dependent, as depletion of any one of the three proteins leads 

to the mislocalisation of the other two components from the basolateral domain 

(Bilder et al., 2000; Bilder and Perrimon, 2000).  

 

Scribble 

Functionally, Drosophila Scribble is required for apico-basal polarity by excluding 

apical proteins from the basolateral domain (Bilder and Perrimon, 2000). However, 

the roles of mammalian Scribble in cell polarity is not clear, as two studies both 

using MCF10A 3D acini assays demonstrated conflicting results regarding the 

requirement of Scribble in cyst morphogenesis (Dow et al., 2007; Zhan et al., 2008). 

There are some evidence that mammalian Scribble might be involved in junctional 

functions, as Scribble colocalises with β-catenin and its interaction with the tight 

junction protein ZO2 has been demonstrated by co-IP (Chlenski et al., 2000; 

Navarro et al., 2005). There are also implications of mammalian Scribble in cell 

migration, as depletion of Scribble in MCF10A cells causes defects in cell migration 

in wound healing assays (Dow et al., 2007). Further investigations are required to 

understand the functions of Scribble in both Drosophila and mammalian systems.  

                                                
2   Mammalian orthologs are Scribble, Dlg1-4 and Llgl1/2 respectively.  



Chapter 1 Introduction 

41 

 

 

Dlg 

There is growing evidence that Dlg plays a role in the formation and/or 

maintenance of the adherens junction (equivalent to the Drosophila septate 

junction). In Drosophila, Dlg localises to the septate junction, which is required for 

the maintenance of this structure (Woods et al., 1996). Consistently, mammalian 

Dlg colocalises with E-cadherin at the adherens junction and knocking-down of Dlg 

disrupts adherens junction integrity (Laprise et al., 2004). Nevertheless, the 

mechanisms of how Dlg performs these functions are largely unknown.  

 

Lgl 

Lgl is the most studied component of the Scribble complex. Structurally, Lgl 

contains four WD-40 repeat motifs in its N-terminal region, predicted to form two 

WD-40 β-propeller structures. The C-terminus of Lgl contains largely unstructured 

regions called the low-complexity region (LCR) and a Tomosyn homology region 

(THR). In between the N- and C-terminal regions of Lgl resides a short hinge region 

that contains three aPKC phosphorylation sites, namely serine 656, serine 660 and 

serine 664 (equivalent sites in human Llgl2 are serine 645, serine 649 and serine 

653) (Betschinger et al., 2005; Betschinger et al., 2003) (Figure 1.8). 

 

One of the key insights into Lgl functions is that Lgl and the Par complex 

components are mutually exclusive. Genetic analysis in Drosophila revealed that 

Lgl loss-of-function mutant leads to the spreading of Par6 to the basolateral domain 

in follicle cells (Hutterer et al., 2004), however, the mechanism for this is unknown. 

Conversely, the Par complex components exclude Lgl from the apical domain, 

which is achieved through phosphorylation of Lgl by aPKC. Lgl competes with Par3 

for the binding with aPKC-Par6 complex in the apical domain. Upon binding to 

aPKC, Lgl gets phosphorylated in its hinge region and dissociates from the 

complex (Plant et al., 2003; Yamanaka et al., 2003). Using domain truncation 

mutants, Betschinger et al. showed that, when accessible, the C-terminal region of 

Lgl can associate with the actin cytoskeleton, which is negatively regulated by 
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aPKC phosphorylation. Upon phosphorylation by aPKC, the N-terminal region of 

Lgl binds to its C-terminal region, thereby disrupts the interaction of Lgl with the 

cortical actin cytoskeleton leading to the release of Lgl into the cytosol (Betschinger 

et al., 2005). Given that the aPKC-Par6 complex localises to the apical domain, 

these findings present a model where any apically localised Lgl is phosphorylated 

by aPKC and thereby excluded from the apical domain.  

 

 
Figure 1.8 Domain structure of Lgl 

A. Schematic adapted from (Betschinger et al., 2005). Lgl contains two WD-40 β-

propeller structures in its N-terminal region. Its C-terminal region contains largely 

unstructured region called the low-complexity region (LCR) and a Tomosyn homology 

region (THR). Between the N-terminal and C-terminal region of Lgl resides a short 

hinge region containing three aPKC phosphorylation sites. B. Sequence alignment of 

the hinge regions of the human Llgl1, Llgl2 and Drosophila Lgl, indicating that the three 

aPKC phosphorylation sites are conserved.  

 

Despite the physiological importance of the phosphorylation of Lgl by aPKC, the 

mechanism of this phosphorylation is still poorly understood. Alignment of the three 

aPKC phosphorylation sites within the Drosophila Lgl and the human Llgl2 hinge 

regions shows that they only partially conform to the aPKC (PKCι and PKCζ) 

substrate consensus sequence. As shown in Figure 1.9 Comparison of the Lgl 

hinge region sequence with the aPKC substrate consensus sequence, all three 

phosphorylation regions have an arginine or lysine (R/K) at either -2 or -3 position 

from the phospho-receptor serine, and a hydrophobic residue (hy) at the +1 
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position. However, they do not have a hydrophobic residue at the -5 or -7 position, 

which has been predicted to be present in aPKC substrates, as it would occupy a 

hydrophobic pocket near the aPKC catalytic site that is absent in cPKCs and 

nPKCs (Soriano et al., 2016; Wang et al., 2012a). Furthermore, one can envisage 

that phosphorylation on one of the three sites in the Lgl hinge region would 

influence the phosphorylation of the other phospho-sites by affecting their flanking 

sequences. Therefore, it would be important to understand what is the order of 

phosphorylation in the Lgl hinge region if phosphorylation of multiple sites can 

occur in cells. In addition, the first and the last of the aPKC phosphorylation sites 

(Lgl S656 and S664) can also be phosphorylated by Aurora kinase A and B during 

mitosis in Drosophila epithelial cells, which is crucial for the release of Lgl from the 

cell cortex to the cytoplasm and for mitotic spindle orientation (Bell et al., 2014; 

Carvalho et al., 2015).  

 

 
Figure 1.9 Comparison of the Lgl hinge region sequence with the aPKC substrate 

consensus sequence 

A. Sequence alignment of the three aPKC phosphorylation sites in the Lgl hinge 

region. The phospho-receptor serine is highlighted, and residues in the flanking 

regions that conform to the aPKC consensus sequence are marked in orange. B. 

The consensus sequence of AGC kinases (protein kinase A, G, and C families) and 

aPKCs as described in (Nishikawa et al., 1997) and (Wang et al., 2012a). The 

phospho-receptor serine at position 0 is highlighted. Hy: a hydrophobic residue; X: 

any residue. 
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Figure 1.10 Three core polarity complexes 

Schematic adapted from (Ellenbroek et al., 2012). Epithelial cells exhibit apico-basal 

polarity, which is regulated largely by three core polarity complexes, namely the Par 

complex, the Crumbs complex, which are apically localised, and the Scribble complex, 

which is basolaterally localised. aPKC can phosphorylate components of the three 

polarity complexes, such as Crumbs, Par3, and Lgl. Phosphorylation by aPKC is 

essential for the localisation of Par3 to the tight junction (TJ) and the localisation of Lgl 

to the basolateral domain. Apical and basolateral complexes are mutually exclusive, 

which is key for establishing and maintaining their polarised localisation in epithelial 

cells.  
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1.4 Polarity proteins and their implications in human cancer 

As mentioned earlier, loss of tissue organisation has long been observed in 

cancerous tissues of epithelial origin. However, the roles of polarity proteins in 

human cancer have only started to emerge in the last decade. This section will first 

focus on the oncogenic functions of PKCι and its alterations in cancer. The second 

section will discuss the literature around the involvement of other polarity proteins 

in human cancers.  

 

1.4.1 Implications of PKCι in human cancer 

Among the PKC family proteins, PKCι is the only known bona fide oncoprotein in 

human cancer. PRKCI, the gene for PKCι, resides at one of the most frequently 

amplified chromosome regions in cancer (3q26). DNA copy number gains of 

PRKCI, elevated mRNA and protein levels of PKCι have been observed in various 

cancer types, such as cancers of the lung (Justilien et al., 2014; Regala et al., 

2005b), ovary (Eder et al., 2005; Zhang et al., 2006b), breast (Kojima et al., 2008), 

pancreas (Scotti et al., 2010) and oesophagus (Yang et al., 2008). In many studies, 

the elevated PKCι mRNA and protein levels are also correlative to tumour grade 

and patient outcome (Eder et al., 2005; Ishiguro et al., 2011; Regala et al., 2005b), 

suggesting PKCι plays a role during tumour progression.  

 

In addition to gene amplification and increased expression, PKCι has also been 

reported to be mislocalised in cancer. Pathological analysis by 

immunohistochemistry demonstrates that the apical localisation of PKCι seen in 

normal epithelial cells is lost in tumour cells. A study in breast cancer shows that 

aPKC staining becomes more cytoplasmic in poorly differentiated cancer cells and 

the apical/cytoplasmic ratio of aPKC staining correlates with the grade of 

differentiation and pathological parameters of the cancer tissues (Kojima et al., 

2008). Similar findings were also reported in ovarian cancer tissues (Eder et al., 

2005). Given the important role of PKCι in orchestrating apico-basal polarity, 

alteration of PKCι localisation is likely to cause disruption in cell polarity and tissue 

organisation often seen in high-grade tumours. Nevertheless, whether the loss of 
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apical PKCι and the associated increasing pool of cytoplasmic PKCι can act as a 

driver event during tumorigenesis still requires further investigation.  

 

In addition, there is ample evidence, both in vitro and in vivo, suggesting that PKCι 

can act downstream of oncogenic Ras under circumstances that are still yet to be 

determined. Murine ovarian epithelial cells transfected with PKCι and oncogenic 

mutant Ras result in an increase in colony numbers in soft agar colony formation 

assays compared with cells transfected with PKCι or mutant Ras alone, suggesting 

a possible cooperative relationship between both proteins during oncogenesis 

(Zhang et al., 2006b). A549 cells, lung cancer cells harbouring an oncogenic Kras 

mutation but with no PRKCI gene amplification, stably transfected with kinase-

deficient PKCι significantly reduces the number of colonies formed in soft agar 

assays compared with cells transfected with the empty vector or wild-type PKCι, 

indicating that PKCι catalytic activity is required for the anchorage-independent 

growth of Ras-transformed cells (Regala et al., 2005a). Similar findings were also 

demonstrated using rat intestinal cells co-transfected with oncogenic Ras together 

with either wild type or kinase-deficient PKCι (Murray et al., 2004). In addition, a 

study from the Parker Laboratory showed that inhibition of PKCι with an aPKC 

specific inhibitor could reverse the aberrant cyst organisation and dysplasia 

phenotypes seen in the oncogenic Hras (V12) - expressing MDCK cells grown in 

3D in Matrigel, which suggests that PKCι catalytic activity is required for hyper-

proliferation caused by oncogenic Ras (Linch et al., 2013a). Furthermore, in vivo 

studies using transgenic mice harbouring oncogenic Ras together with either PKCι 

loss or PKCι kinase-deficient mutant showed that PKCι and its kinase activity are 

essential for Ras-mediated transformation in lung and colon cancer models 

respectively (Murray et al., 2004; Regala et al., 2009). 

 

Somatic mutation of PKCι also occurs in cancer, despite being a rare event. 

According to the COSMIC database (Forbes et al., 2015), there are 109 somatic 

mutation incidences observed in 36571 unique samples that lead to nonsense 

substitution, missense substitution or frameshift (accessed on 5th September 2016). 

It is not clear how many of these mutations are of clinical significance, such as 

leading to loss-of-function or gain-of-function of PKCι that can drive or facilitate 

tumorigenesis. Apart from our study indicating that the frequently-mutated residue 
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R480 of PKCι resides within the RIPR motif, and mutation of R480 disrupts the 

association of PKCι with some of its binding partners (Linch et al., 2013b) (see 

section 1.2.3), there is so far no mechanistic study demonstrating the 

consequences of somatic mutations of PKCι in cancer. 

 

1.4.2 Implications of other polarity proteins in human cancer  

In addition to PKCι, many other polarity proteins have also been implicated in 

different aspects of tumorigenesis. However, unlike PKCι as discussed in the 

previous section, most of the other polarity proteins (apart from Par6) seem to 

function as tumour suppressors. Down-regulation or loss-of-function mutations of 

these polarity proteins are likely to facilitate other oncogenic pathways during 

tumour progression. 

 

Par complex 

Two studies demonstrated that Par3 can act as a metastasis suppressor in breast 

cancer models, as loss of Par3 cooperates with oncogenic H-Ras, Notch and 

ErbB2 to promote tumorigenesis and lung metastasis (McCaffrey et al., 2012; Xue 

et al., 2013). Using lentiviral RNAi and mouse mammary gland orthotopic 

transplant model, both groups demonstrated that depletion of Par3 in driver-

oncogene-expressing cells resulted in a reduction of tumour latency, more invasive 

phenotypes and an increasing number of metastatic nodules in the lungs as 

compared to cells expressing each of the oncogenes alone. In addition, cells 

depleted of Par3 with no oncogenic input did not cause tumour formation in the 

mammary gland following orthotopic injections during the course of the study (24 

weeks), which indicates that Par3 acts as a preventative measure for tumour 

initiation and that loss of Par3 is not a driver event during tumorigenesis.   

 

Par6 has also been implicated in tumour progression, in particular during epithelial-

to-mesenchymal transition (EMT), where cells disrupt their contacts with each other 

and become more migratory. Par6 was found to cooperate with the TGFβ pathway 

during EMT, where Par6 is recruited to the TGFβ receptor complexes and 
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phosphorylated on serine 345 by TGFβII receptor upon stimulation (Ozdamar et al., 

2005). Interestingly, Par6 serine 345 could also be phosphorylated by aPKC. Par6, 

aPKC and TGFβ receptors form a trimeric complex and the presence of aPKC 

enhances Par6 phosphorylation (Gunaratne et al., 2013). Both studies demonstrate 

that the non-phosphorylatable mutant of Par6, S345A, prevents junctional 

dissolution upon TGFβ stimulation, suggesting that Par6 phosphorylation on S345 

is required during EMT. Furthermore, aPKC-Par6 complex has also been 

implicated downstream of ErbB2. Upon activation by a small molecule dimerising 

ligand, ErbB2 associates with the aPKC-Par6 complex, which leads to defects in 

apico-basal polarity and multi-acinar structures in MCF10A cell 3D culture. The 

aPKC-Par6 interaction was essential for the muti-acinar phenotype, as disrupting 

the interaction between aPKC and Par6 rescues the single-acinar phenotype seen 

in normal MCF10A cell 3D culture (Aranda et al., 2006). These studies suggest that 

the roles of Par6 during oncogenesis are likely to be exerted through the aPKC-

Par6 complex, where it couples aPKC to oncogenic pathways. 

 

Crumbs complex 

Among the three human orthologs of Drosophila Crumbs, only CRB3 has been 

implicated in tumorigenesis. Karp et al. demonstrated that CRB3 expression was 

significantly repressed in tumour-derived cell lines compared to the parental cells. 

Down-regulation of CRB3 in these cells leads to defects in junction formation and 

loss of apico-basal polarity, which can be rescued by re-expressing CRB3 (Karp et 

al., 2008). CRB3 has also been implicated during EMT, where CRB3 expression is 

repressed by canonical EMT transcription factors ZEB1 and Snail (Aigner et al., 

2007; Whiteman et al., 2008).  

 

In addition, Drosophila Crumbs has been demonstrated as a tumour suppressor 

through activating the Hippo pathway (Chen et al., 2010; Ling et al., 2010; 

Richardson and Pichaud, 2010). Hippo pathway functions to restrict cell 

proliferation when the tissue has grown to a certain size through activating a kinase 

cascade that leads to the inactivation and cytoplasmic retention of the 

transcriptional coactivators YAP/TAZ (Yorkie in Drosophila) (Yu and Guan, 2013). 
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Therefore, there is speculation that the human ortholog CRB3 functions to activate 

the Hippo pathway in a similar way. One study shows that the Crumbs complex 

components PATJ, Pals1 and Lin7 associate with YAP/TAZ and depletion of CRB3 

or Pals1 results in an increase in YAP phosphorylation and nuclear YAP/TAZ in 

cells at high density (Varelas et al., 2010).  

 

The involvement of the other Crumbs complex members, PATJ, Pals1 and Lin7 in 

human cancer is largely unknown. The anticipated tumour suppressor role of the 

Crumbs complex components still requires further investigations to be clarified.  

 

Scribble complex 

The Scribble complex components, Scribble, Dlg and Lgl, were initially identified as 

tumour suppressor genes in Drosophila genetic screens (see section 1.3.2.3). 

Despite this, the roles of the Scribble complex components in human cancer are 

not well established. Alterations in expression patterns and cellular localisation of 

the Scribble complex components have been observed in tumour samples. For 

example, human Dlg is down-regulated and localises more apically in colon 

adenocarcinoma and cervical dysplasia (Gardiol et al., 2006; Lin et al., 2004) 

Similarly, Lgl2 staining by immunohistochemistry becomes more cytoplasmic or lost 

in gastric adenocarcinoma (Lisovsky et al., 2009). Human Scribble also 

mislocalises in several tumour types, with most studies suggesting that down-

regulation of Scribble promotes neoplasia (Nakagawa et al., 2004; Pearson et al., 

2011; Zhan et al., 2008). Moreover, in vivo studies revealed that Lgl1 knockout 

causes the development of brain dysplasia in mice (Klezovitch et al., 2004) and 

that Scribble heterozygosity results in hyperplasia of the prostate (Pearson et al., 

2011). These studies suggest that components of the Scribble complex are likely to 

play tumour suppressor roles, as is the case for their Drosophila orthologs.  
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1.5 Overarching aims of this thesis 

Given the central roles of PKCι in both epithelial cell polarity under physiological 

condition and hyper-proliferation during oncogenic transformation, it is essential to 

understand how PKCι exerts these two seemingly antagonistic functions. Discovery 

of the PKCι RIPR motif poses a mechanism where protein binding motifs distal to 

the kinase catalytic site act to recruit subsets of PKCι substrates and binding 

partners required for its functions in a spatio-temporal manner. Oncogenic 

pathways, such as oncogenic Ras, might alter the patterns of complex assembly of 

PKCι normally seen under physiological conditions, thereby leading to the 

misregulation of PKCι and unbalancing or switching of PKCι functional outputs. The 

work presented in this thesis follows up on a mass spectrometry screen that aimed 

to identify PKCι RIPR-dependent interacting proteins (see section 1.2.3). The 

interactions between PKCι and several novel interacting partners identified in this 

screen were investigated in the context of epithelial polarity and oncogenesis. In 

addition, I sought to derive general principles of PKCι functions that could be 

exemplified during this investigation. 
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Chapter 2. Materials & Methods 

2.1 Materials 

2.1.1 Reagents  

10% formalin solution, neutral buffered (Sigma HT501128) 

16% Formaldehyde (w/v), Methanol-free (Thermo Fisher Scientific 28906) 

Agarose beads binding control (Chromotek bab-20) 

Albumin, bovine fraction V (BSA) (Melford A1302) 

Amersham ECL western blotting detection reagent (GE Healthcare, RPN2106) 

Amersham Protran nitrocellulose blotting membrane (GE Healthcare 10600002) 

Ampicillin sodium salt (Sigma A0166) 

Anti-c-Myc agarose (Sigma A7470) 

Anti-FLAG M2 magnetic beads (Sigma M8823) 

Anti-HA−agarose (Sigma A2095) 

BigDye terminator v3.1 cycle sequencing kit (Thermo Fisher Scientific 4337455) 

Cdc42 G-LISA activation assay (colorimetric format) (Cytoskeleton Inc. BK127) 

cOmplete, EDTA-free protease inhibitor cocktail (Roche 05056489001) 

dNTP mix (Promega U1515) 

Duolink in situ detection reagents orange (Sigma DUO92007) 

Duolink in situ PLA probe anti-mouse MINUS (Sigma DUO92004)  

Duolink in situ PLA probe anti-rabbit PLUS (Sigma DUO92002) 

DyeEx 2.0 spin kit (Qiagen, 63206) 

Dynabeads protein G (Thermo Fisher Scientific 10004D) 

Filter paper, 3MM (Whatman) 

FuGENE HD transfection reagent (Promega E2312) 

GFP-Trap-M (Chromotek gtm-20) 

Goat serum (Sigma G9023) 

HiPerFect transfection reagent (Qiagen 301704) 

In-Fusion HD cloning system (Clontech 639645) 

Kanamycin sulphate (Sigma 60615) 

Lipofectamine LTX with Plus reagent (Thermo Fisher Scientific 15338100) 

Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific 13778150) 
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Magnetic particles (Chromotek bmp-20) 

Matrigel basement membrane matrix growth factor reduced (BD 354230) 

Mouse IgG−agarose (Sigma A0919) 

Myc-Trap-A (Chromotek yta-20) 

NuPAGE Bis-Tris pre-cast gels (Thermo Fisher Scientific) 

One Shot TOP10 chemically competent E.coli (Thermo Fisher Scientific C404003) 

PageRuler prestained protein ladder (Thermo Fisher Scientific 26616) 

PfuTurbo DNA polymerase (Agilent 600380) 

Phosphatase inhibitor cocktail set II (Merck Millipore 524625) 

Phosphatase inhibitor cocktail set IV (Merck Millipore 524628) 

ProLong gold antifade mountant (Thermo Fisher Scientific P36934) 

QIAfilter plasmid maxi kit (Qiagen 12263) 

QIAquick gel extraction kit (Qiagen 28704) 

QIAquick PCR purification kit (Qiagen 28104) 

Rabbit IgG−agarose (Sigma A2909) 

Rac1,2,3 G-LISA activation assay (colorimetric format) (Cytoskeleton Inc. BK125) 

Rat collagen I (Amsbio, Cultrex 3440-100-01) 

Restriction enzymes (NEB) 

T4 DNA Ligase (NEB M0202) 

UltraPure agarose (Thermo Fisher Scientific 16500500) 

 

2.1.2 Plasticware  

All tissue culture flasks, dishes and multi-well plates were purchased from Corning. 

Transwell with 0.4 µm pore polycarbonate membrane insert was purchased from 

Corning (#3413). 8-well chambers for the Caco2 cells three-dimensional culture 

assay were purchased from Thermo Fisher Scientific (154534). 8-well chambers for 

the proximity ligation assay were purchased from Corning (354108) 
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2.1.3 Buffers  

3D culture assay IF buffer (10x): 1.31 M NaCl, 0.07 M Na2HPO4, 0.03 M 

NaH2PO4, 1% (w/v) bovine serum albumin, 2% Triton X-100, 0.5% Tween-20, 0.5% 

NaN3 

 

3D culture assay permeabilisation and blocking buffer: 10% (v/v) goat serum in 

1x 3D culture assay IF buffer 

 

BigDye terminator v1.1 & v3.1 5x sequencing buffer (5x): Thermo Fisher 

Scientific 4336699 

 

BigDye terminator mix (Thermo Fisher Scientific): 1 ml BigDye terminator v3.1 

ready reaction mix, 7.5 ml 5x sequencing buffer (Thermo Fisher Scientific), 7.5 ml 

dH2O 

 

Co-IP lysis buffer (1x): 20 mM Tris, pH8, 130 mM NaCl, 1% (w/v) Triton X-100, 1 

mM DTT, 10 mM NaF, 1 tablet of protease inhibitor cocktail (CoMplete, Roche), 

phosphatase inhibitor cocktail sets II (1:100), phosphatase inhibitor cocktail sets IV 

(1:50) (Merck Millipore) 

 

Co-IP wash buffer (1x): 20 mM Tris, pH8, 260 mM NaCl, 1% (w/v) Triton X-100, 1 

mM DTT, 10 mM NaF, 1 tablet of protease inhibitor cocktail (CoMplete, Roche) 

 

DNA loading buffer (6x): 10 mM Tris, pH 7.6, 0.03% bromophenol blue, 0.03% 

xylene cyanol FF, 60% glycerol, 60 mM EDTA 

 

Dulbecco's phosphate-buffered saline (DPBS), calcium, magnesium: Thermo 

Fisher Scientific 14040133  

 

IF blocking buffer 1: 3% (w/v) bovine serum albumin, 0.1% (w/v) Triton X-100, 

0.1% NaN3 in PBS 
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IF blocking buffer 2: 0.5% (w/v) bovine serum albumin, 10 mM glycine, 0.1% 

NaN3 in PBS 

 

IF permeabilisation buffer: 0.5% (w/v) Triton X-100 in PBS 

 

L-Broth (LB): 10 g/L bacto-tryptone, 5g/L yeast extract, 10g/L NaCl (Cell services, 

the Francis Crick Institute) 

 

Laemmli sample buffer (4x): 200 mM DTT, 4% SDS, 160 mM Tris pH 6.8, 20% 

glycerol, 0.1% bromophenol blue 

 

MOPS running buffer: NuPAGE MOPS SDS running buffer (20x) (Thermo Fisher 

Scientific NP0001) 

 

Pfu DNA polymerase reaction buffer (10x): Agilent 200532 

 

Phosphate buffered saline (PBS): 8 g/l NaCl, 250 mg/l KCl, 1.43 g/l NaHPO4, 250 

mg/ml KH2PO4, pH 7.2 (Cell Services, the Francis Crick Institute) 

 

PLA blocking buffer: 1% (w/v) bovine serum albumin in TBS 

 

PLA wash buffer A: 0.05% (v/v) Tween-20 in TBS 

 

PLA wash buffer B: 0.2 M Tris, 0.1 M NaCl, adjust to pH 7.5 

 

S.O.C medium: 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 

mM MgCl2, 10 mM MgSO4, 20 mM glucose (Thermo Fisher Scientific 15544034) 

 

T4 DNA ligase reaction buffer (10x): NEB B0202 

 

TAE (50x): 2M Tris, 5.71% glacial acetic acid, 50 mM EDTA, pH 8.0 

 

TBS-Tween (TBST): 0.1% (v/v) Tween-20 in TBS 
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Tris-buffered saline (TBS) (10x): 108 g/L Tris base, 55 g/L boric acid, 7.5 g/L 

EDTA 2 mM (Cell services, the Francis Crick Institute)  

 

Trpsin-EDTA (1x): Trypsin-EDTA (0.25%), phenol red (Thermo Fisher Scientific 

25200072) 

 

WB antibody dilution buffer 1: 5% (w/v) milk powder (Marvel) in TBST 

 

WB antibody dilution buffer 2 (for phospho-antibodies): 3% (w/v) bovine serum 

albumin in TBST 

 

WB blocking buffer (1x): 3% (w/v) bovine serum albumin in TBS 

 

WB transfer buffer (1x): 25 mM Tris, pH 7.4, 192 mM glycine, 20% methanol 

 

2.1.4 Cell culture media and supplements 

McCoy's 5A (Modified), HEPES (Thermo Fisher Scientific 22330070) 

DMEM, high glucose, pyruvate (Thermo Fisher Scientific 41966029) 

Fetal bovine serum (Thermo Fisher Scientific 10270106) 

Penicillin-streptomycin (Sigma P4333)  

Minimum essential medium eagle (Sigma M8167) 

Dialyzed fetal bovine serum (Sigma F0392) 

L-glutamine solution, 200 mM (Sigma G7513) 

Sodium pyruvate solution, 100 mM (Sigma S8636) 

Opti-MEM reduced serum medium (Thermo Fisher Scientific 31985070) 

 

Cell culture media were supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin.  

 

Low calcium medium was made up using minimum essential medium eagle 

supplemented with 10% dialyzed fetal bovine serum, 1% penicillin-streptomycin,  

2 mM L-glutamine and 1 mM sodium pyruvate. 
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Opti-MEM reduced serum medium was used to prepare all the cDNA and siRNA 

transfection mix. 

 

2.1.5 Antibodies  

Table 2.1 Primary antibodies 

Name Description Source Use Dilution 

API5 Rabbit polyclonal Abcam ab99307 WB 1:5000 
Cdc42-GFP Mouse monoclonal New East 

Biosciences 
26905 

IF 1:50 

Dlg Mouse monoclonal 
(2D11) 

Thermo Fisher 
Scientific 35-9000 

IF 1:200 

E-Cadherin Mouse monoclonal BD Transduction 
Laboratories 
610181 

IF 1:200 

EPB41L4B 
(EHM2) 

Goat polyclonal  Abcam ab77484 WB 1:1000 

FAM83B Rabbit polyclonal Novus NBP2-
16423 

WB 1:1000 

FAM83H Rabbit polyclonal Abcam ab121816 WB 1:250 
FARP1 Rabbit polyclonal (K-20) Santa Cruz sc-

74927 
WB 1:250 

FARP2 Mouse monoclonal (H-
9) 

Santa Cruz sc-
390744 

WB 1:250 

FLAG Mouse monoclonal 
(M2), affinity isolated 

Sigma F1804 IF 1:200 

FLAG Mouse monoclonal (M2) Sigma F3165 WB 1:1000 
FLAG Rabbit polyclonal Sigma F7425 WB 1:1000 
GAPDH Mouse monoclonal Millipore MAB374 WB 1:5000 
GFP Rabbit polyclonal Abcam ab290 WB 1:2500 
   IF 1:1000 
   PLA 1:1000 
GFP Mouse monoclonal 

(4E12/8) 
Cell services, the 
Francis Crick 
Institute 

IP 10ug/50ul 
Dynabeads 

GFP (FL) Rabbit polyclonal Santa Cruz sc-
8334 

WB 1:1000 

HDAC1 Rabbit polyclonal Abcam ab7028 PLA 1:200 
Llgl2 Mouse monoclonal Abcam ab55423 WB 1:500 

 
MTA1 Rabbit monoclonal 

(D17G10) 
Cell Signalling 
Technology 5646 

WB 1:500 
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MTA2 Mouse monoclonal Abcam ab50209 WB 1:2000 
   IF 1:150 
   PLA 1:150 
Myc Mouse monoclonal 

(9E10) 
Cell services, the 
Francis Crick 
Institute 

WB 1:1000 

MyosinX Rabbit polyclonal Novus 22430002 WB 1:2500 
p62  Mouse monoclonal BD Transduction 

Laboratories 
610832 

WB 1:1000 

Par3 Rabbit polyclonal Millipore 07-330 WB 1:1000 
Par6B Rabbit polyclonal (H-64) Santa Cruz sc-

67392 
WB 1:500 

   IF 1:200 
Phospho-
(Ser) PKC 
substrate 

Rabbit polyclonal Cell Signalling 
Technology 2261 

WB 1:1000 

PKCζ * Rabbit polyclonal (C-20) Santa Cruz sc-216 WB 1:1000 
   IF 1:250 
   PLA 1:250 
PKCλ Mouse monoclonal BD Transduction 

Laboratories 
610608 

WB 1:1000 

PKCι  
C-terminus 

Rabbit polyclonal Parker Laboratory 
PPA-083 

WB 1:1000 

Phospho-
PKC (pan) 
(zeta 
Thr410) 

Rabbit monoclonal 
(190D10) 

Cell Signalling 
Technology 2060 

WB 1:1000 

Phospho-
PKC-iota 
pThr555 

Rabbit polyclonal Thermo Fisher 
Scientific 44-968G 

WB 1:1000 

PPHLN1 Rabbit polyclonal Sigma 
HPA038902 

WB 1:250 

RuvB1 
(TIP49A) 

Mouse monoclonal 
(2943C1a) 

Abcam ab51500 WB 1:100 

TPX2 Rabbit polyclonal Novus NB500-179 IF 1:500 
ZO-1 Rabbit polyclonal Thermo Fisher 

Scientific 40-2200 
IF 1:400 

α-tubulin Mouse monoclonal  Sigma T5168 WB 1:5000 
 (B-5-1-2)  IF 1:5000 
β-catenin Mouse monoclonal BD Transduction 

Laboratories 
610153 

IF 1:150 
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* PKCζ antibody recognises both PKCι and PKCζ (Durgan et al., 2011). Therefore, 

all Western blots and immunofluorescence designed to assess total aPKC 

presented in this thesis were preformed with this antibody. 

 

Table 2.2 Secondary antibodies 

Name  Description  Source  Use  Dilution 
Alexa fluor 488 Goat anti mouse IgG Thermo Fisher 

Scientific A-11001 
IF 1:400 

Alexa fluor 488 Goat anti rabbit IgG Thermo Fisher 
Scientific A-11008 

IF 1:400 

Alexa fluor 555 Goat anti mouse IgG Thermo Fisher 
Scientific A-21422 

IF 1:400 

Alexa fluor 555 Goat anti rabbit IgG Thermo Fisher 
Scientific A-21431 

IF 1:400 

Mouse-HRP ECL sheep anti mouse 
HRP linked IgG 

GE NA931 WB 1:5000 

Rabbit-HRP ECL donkey anti mouse 
HRP linked IgG 

GE NA934 WB 1:5000 

Goat-HRP Donkey anti goat HRP 
linked IgG 

Santa Cruz sc-2020 WB 1:5000 

 

2.1.6 Fluorescent and chemiluminescent probes  

Table 2.3 Fluorescent and chemiluminescent probes 

Name  Source  Use  Dilution 
Recombinant protein 
A/G, peroxidase 
conjugated 

Thermo fisher scientific 32490 WB 1:5000 

Alexa fluor 546 phalloidin Thermo fisher scientific A22283 IF 1:300 
Hoechst 33342 Sigma B2261 IF 3 µg/ml 
 

2.1.7 Pharmacological agents  

Table 2.4 Pharmacological agents 

Name  Source  Use  Working 
concentration 

CRT0066854 Cancer Research 
Technology 

Specific aPKC inhibitor 10 µM 
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2.2 Methods 

2.2.1 Plasmid preparation 

2.2.1.1 Transformation 

50 µl of TOP10 chemically competent E. coli (Thermo Fisher Scientific) was 

incubated on ice with 1-5 µl of plasmid DNA for 30 minutes. DNA uptake was then 

promoted by heat shock in a 42 °C water bath for 30 seconds followed by an 

incubation on ice for 2 minutes. The bacteria were then incubated in 250 µl S.O.C 

medium (Thermo Fisher Scientific) in a 37 °C shaker for 1 hour. The bacteria 

culture was then plated on LB agar plates in the presence of appropriate selection 

antibiotics (75 µg/ml ampicillin or 50 µg/ml kanamycin) and incubated at 37 °C 

overnight. 

2.2.1.2 cDNA plasmid preparation 

Colonies of bacteria transformed with cDNA plasmids were selected and cultured in 

LB medium with the appropriate antibiotics (100 µg/ml ampicillin or 75 µg/ml 

kanamycin) overnight in a 37°C shaker. For minipreps, 5 ml of overnight culture 

was set up and plasmid purification was carried out by the equipment park, the 

Crick Institute. For maxiprep, 100 ml overnight culture was set up and plasmid 

purification was carried out using the QIAfilter plasmid maxi kit (Qiagen), following 

the manufacturer’s protocol.  

 

Table 2.5 cDNA plasmids acquired during this thesis 

Name Expression 
vector Source 

pcDNA3.1+ pcDNA3.1+ Thermo Fisher Scientific  
EGFP pEGFP-C1 Clontech 
GFP-Myc-PKCι pEGFP-C1 Mark Linch (Parker Laboratory) 
GFP-Myc-PKCι (AIPA) pEGFP-C1 Mark Linch (Parker Laboratory) 
GFP-Myc-PKCι (A129E) pEGFP-C1 Mark Linch (Parker Laboratory) 
GFP-Myc-PKCι (A129E 
AIPA)  

pEGFP-C1 Mark Linch (Parker Laboratory) 

GFP-Myc-PKCι (D377N) pEGFP-C1 Mark Linch (Parker Laboratory) 
GFP-PKCι KDom pEGFP-C1 Mark Linch (Parker Laboratory) 
GFP-PKCι Kdom (AIPA) pEGFP-C1 Mark Linch (Parker Laboratory) 
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Myc-Par3 pcDNA3.1+ Philippe Riou (Parker Laboratory) 
Myc-Par6A pcDNA3.1+ Philippe Riou (Parker Laboratory) 
FLAG-Myc-FARP1  pCMV6-Entry OriGene (RC208329) 
FLAG-Myc-FARP2  pCMV6-Entry OriGene (RC216784) 
pBacPAK-His3 pBacPAK-His3 Svend Kjaer (the Francis Crick 

Institute) 
pBacPAK-His3-GST-PKCι 
KDom 

pBacPAK-His3 Neil McDonald (the Francis Crick 
Institute) 

HA-FAM83B pcDNA3.1+ Philippe Riou (Parker Laboratory) 
HA-FAM83H (mouse) pcDNA3.1+ Philippe Riou (Parker Laboratory) 
pcDNA3-MTA2 (mouse) pcDNA3 Yi Zhang (Harvard Medical 

School) 
 

All constructs encode human sequence of the indicated protein unless stated. 

 

2.2.2 Cloning 

2.2.2.1 Conventional cloning 

C-terminal FLAG-Myc tagged FARP1 (RC208329) and FARP2 (RC216784)  

human cDNA plasmids were purchased from OriGene. Sequencing showed that 

both plasmids contain mutations different from the wild-type sequences. Therefore, 

site-directed mutagenesis was conducted to mutate both cDNA plasmids back to 

wild-type sequences (details see Table 2.9). The back-mutated cDNA constructs 

were denoted as “FARP1-WT” (final sequence: NM_005766.2) and “FARP2-WT” 

(final sequence: NM_014808.1).  

 

FARP1 and FARP2 domain constructs were generated using FARP1-WT or 

FARP2-WT constructs. Primers were designed to incorporate restriction enzyme 

sites SgfI at the 5’ end and MluI at the 3’ end of the FARP fragment PCR products, 

which enables ligation into the digested pCMV6-Entry vector. To optimise PCR 

reaction conditions for fragment amplification, the addition of DMSO into the PCR 

reaction mix and three annealing temperatures (50°C /55°C /60°C) at step 3 for the 

PCR reaction were tested.  
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PCR reactions were set up as follows: 

5 µl  10× Pfu DNA polymerase reaction buffer (Agilent) 
5 µl  template plasmid (10 ng/µl) 
5 µl  forward primer (2.5 µM) 
5 µl  reverse primer (2.5 µM) 
1 µl  dNTP mix (10 nM each) 
(2 µl  DMSO) 
28 µl or 26 µl dH2O 
1 µl  pfu Turbo polymerase 
----------- 
50 µl  total 
 

PCR cycles were set up as follows: 

Step 1: 95 °C, 2 minutes and 30 seconds 

Step 2: 95 °C, 50 seconds 

Step 3: 50 °C /55 °C/60 °C, 1 minute 

Step 4: 68 °C, 2 minutes /1 kb (depending on the predicted size of the PCR 

product) 

Step 5: repeat step 2 to step 4 a further 25 times 

Step 6: 4 °C, forever 

 

PCR reactions were mixed with DNA loading buffer (6x) to a final concentration of 

1x and run on a 0.8% agarose gel at 135 V in 0.5x TAE buffer to verify the 

amplification products. Once the optimal condition for the PCR reactions is 

determined, PCR reactions were repeated at the optimal condition and the 

amplified PCR products were purified using the QIAquick PCR purification kit 

(Qiagen). Purified DNA fragments and the vector were digested with restriction 

enzymes (NEB) at 37°C for 2 hours. Digested PCR fragments were purified with 

the QIAquick PCR purification kit (Qiagen). The digested vector reaction was run 

on a 0.8% agarose gel at 135 V in 0.5x TAE buffer and the linearised vector was 

extracted and purified using QIAquick gel extraction kit (Qiagen). Concentrations of 

the purified DNA fragments and the linearised vector were measured by NanoDrop 

spectrophotometer (Thermo Fisher Scientific).  

 

Ligation reactions were set up at various vector to insert ratios, together with T4 

DNA ligase buffer (1x) and T4 DNA ligase (NEB) and preformed at 25°C for 10 

minutes. Ligation reactions were then used for transformation into TOP10 
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chemically competent E. coli (Thermo Fisher Scientific). cDNA plasmids were 

extracted from the positive colonies and verified by DNA sequencing.  

 

2.2.2.2 In-fusion cloning 

Myc-PKCι WT and Myc-PKCι KDom were cloned from GFP-Myc-PKCι and GFP-

Myc-PKCι KDom respectively into the pcDNA3.1+ vector. The Myc tag was 

incorporated through the PCR reaction. FARP2 FERMFA (Q40 - P397) and FARP2 

FERM (Q40 - K327) were cloned from FLAG-Myc-FARP2 WT into the pBacPAK-

His3 vector. These clonings were conducted using the In-Fusion HD cloning 

system (Clontech). 

 

In-fusion primers were designed using the In-fusion primer design tool 

(http://www.clontech.com/US/Products/Cloning_and_Competent_Cells/Cloning_Re

sources/Online_In-Fusion_Tools). Primers were designed to contain the following 

features (from 5’ to 3’): 15 bases homologous sequences to the vector, restriction 

enzyme sties, any desirable features such as protein tags, the Kozak sequence, 

ATG or the stop codon, followed by sequence that is specific to the target gene. 

Details of the primer features are shown in Table 2.8. 

 

Amplification of the inserts by PCR reaction and insert purification were conducted 

in the same way as described in section 2.2.2.1. The vector was also linearised 

and purified in the same way as described in section 2.2.2.1. Concentrations of the 

purified inserts and the linearised vector were measured by NanoDrop 

spectrophotometer (Thermo Fisher Scientific). For the ligation step, various 

amounts of the insert and the linearised vector were used as recommended by the 

manufacturer’s instructions, together with 2 µl of 5x In-fusion HD enzyme premix 

and dH2O to bring the total volume to 10 µl. In-fusion reactions were preformed at 

50°C for 15 minutes. In-fusion reactions were then used for transformation into 

TOP10 chemically competent E. coli (Thermo Fisher Scientific). cDNA plasmids 

were extracted from the positive colonies and verified by DNA sequencing. 
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2.2.2.3 Lists of constructs generated and cloning primers 

Table 2.6 cDNA plasmids generated during this thesis 

Name Expression 
vector Primers 

PKCι    
Myc-PKCι WT pcDNA3.1+ pcDNA3MycPKCiWT-InF-Fw 
  pcDNA3MycPKCiWT-InF-Rv 
Myc-PKCι Kdom pcDNA3.1+ pcDNA3MycPKCiKDom-InF-Fw 
  pcDNA3MycPKCiKDom-InF-Rv 
FARP1   
FLAG-Myc-FARP1 
FERMFA (M1 - P404) 

pCMV6-Entry Farp1-FERM-FA-Fw2 

  Farp1-FERM-FA-Rv2 
FLAG-Myc-FARP1 FERM 
(M1 - P322) 

pCMV6-Entry Farp1-FERM-FA-Fw2 

  Farp1-FERM-Rv 
FLAG-Myc-FARP1 FA 
(K323 - P404) 

pCMV6-Entry Farp1-FA-Fw2 

  Farp1-FERM-FA-Rv2 
FARP2   
FLAG-Myc-FARP2 
FERMFA (M1 - P397) 

pCMV6-Entry Farp2-FERM-FA-Fw2 

  Farp2-FERM-FA-Rv2 
FLAG-Myc-FARP2 FERM 
(M1 - P326) 

pCMV6-Entry Farp2-FERM-FA-Fw2 

  Farp2-FERM-Rv 
FLAG-Myc-FARP2 FA 
(K327 - P397) 

pCMV6-Entry Farp2-FA-Fw2 

  Farp2-FERM-FA-Rv2 
His-FARP2 FERMFA (Q40 - 
P397) 

pBacPAK-His3 BacPAKHis-Farp2-FERM-Fw 

  BacPAKHis-Farp2-FERMFA-Rv 
His-FARP2 FERM (Q40 - 
K327) 

pBacPAK-His3 BacPAKHis-Farp2-FERM-Fw 

  BacPAKHis-Farp2-FERM-Rv 
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Table 2.7 Conventional cloning primers 

Name Primers (5’ -> 3’) Features 

FARP1   
Farp1-FERM-

FA-Fw2 

gcattaGCGATCGCcATGggagaa

ata 

Flanking sequence, SgfI, 

ATG, FARP1 FERMFA  

 

Farp1-FERM-

FA-Rv2 

catataACGCGTtggagattcggcacc

ttc 

Flanking sequence, MluI, 

FARP1 FERMFA 

Farp1-FERM-Rv catataACGCGTgggctcttcaaaaag

tc 

Flanking sequence, MluI, 

FARP1 FERM  

Farp1-FA-Fw2 gatataGCGATCGCcATGaaacca

aagcccaag 

Flanking sequence, SgfI, 

ATG, FARP1 FA 

FARP2   

Farp2-FERM-

FA-Fw2 

gatataGCGATCGCcATGggggag

atagaa 

Flanking sequence, SgfI, 

ATG, FARP2 FERMFA 

Farp2-FERM-

FA-Rv2 

cgatatACGCGTaggagtcctcaatcc

ctc 

Flanking sequence, MluI, 

FARP2 FERMFA 

Farp2-FERM-Rv 

 

cgatatACGCGTaggttggtccaaaag

tct 

Flanking sequence, MluI, 

FARP2 FERM 

Farp2-FA-Fw2 

 

gctcgaGCGATCGCcATGaagcc

aaaagcaaaa 

Flanking sequence, SgfI, 

ATG, FARP2 FA 

MTA2   

HA-MTA2 tacgatGAATTCaccATGtacccata

cgatgttccagattacgctcttGCGGCT

AACATGTACCGGGT 

Flanking sequence, EcoRI, 

Kozak, ATG, HA tag, MTA2 
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Table 2.8 In-fusion cloning primers 

Name Primers (5’ -> 3’) Features 

PKCι    
pcDNA3Myc PKCι 

WT-InF-Fw 

acccaagctgGCTAGCgccaccAT

Ggagcagaag 

pcDNA3.1, NheI, Kozak, 

ATG, Myc 

pcDNA3Myc PKCι 

WT-InF-Rv 

ctggactagtGGATCCTCAgacac

attcttctgcag 

pcDNA3.1, BamHI, STOP, 

PKCι  

pcDNA3Myc PKCι 

KDom-InF-Fw 

acccaagctgGCTAGCgccaccAT

Ggagcagaagctgatctcagaggagg

acctgAGTCTAGGTCTTCAGG 

pcDNA3.1, NheI, Kozak, 

ATG, Myc, PKCι-KDom 

pcDNA3Myc PKCι 

KDom-InF-Rv 

ctggactagtGGATCCTCAgacac

attcttctgcag 

pcDNA3.1, BamHI, STOP, 

PKCι 

 

FARP2   
BacPAKHis-

Farp2-FERM-Fw 

accatcacggGTCGACAcaagaga

agcacctgcac 

pBacPAK-His3, SaII, 

FARP2-FERM  

BacPAKHis-

Farp2-FERM-Rv 

ggccgcccggGAATTCCTActtag

gttggtccaaaa 

pBacPAK-His3, EcoRI, 

STOP, FARP2-FERM  

BacPAKHis-

Farp2-FERMFA-

Rv 

ggccgcccggGAATTCCTAagga

gtcctcaatccc 

pBacPAK-His3, EcoRI, 

STOP, FARP2-FERMFA  

 

2.2.3 Site-directed mutagenesis 

Mutagenesis primers were designed using the Agilent Technologies QuickChange 

primer design tool (http://www.genomics.agilent.com/primerDesignProgram.jsp). 

Site-directed mutagenesis PCR reactions were set up as follows: 

5 µl 10× Pfu DNA polymerase reaction buffer (Agilent) 
1 µl template plasmid (10 ng/µl) 
1 µl forward primer (15 µM) 
1 µl reverse primer (15 µM) 
1 µl dNTP mix (10 nM each) 
40 µl dH2O 
1 µl pfu Turbo polymerase 
----------- 
50 µl total 
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PCR cycles were set up as follows: 

Step 1: 95 °C, 30 seconds 

Step 2: 95 °C, 30 seconds 

Step 3: 55 °C, 1 minute 

Step 4: 68 °C, 10 minutes 

Step 5: repeat step 2 to step 4 a further 18 times 

Step 6: 4 °C, forever 

 

PCR reaction mix was treated with 1 µl Dpn1 (NEB) overnight at 37°C before 

transformation into TOP10 chemically competent E. coli (Thermo Fisher Scientific). 

 

Table 2.9 cDNA plasmids generated by mutagenesis during this thesis 

Name Template Mutation(s) Forward  
primer (5’ -> 3’) 

FARP1    
FLAG-Myc-FARP1 
WT 

FLAG-Myc-
FARP1 
(Origene) 

Y644H ctcacctgtggaagCacagcga
ggccttg 

FLAG-Myc-FARP1 
(S336A) 

FLAG-Myc-
FARP1 WT 

S336A ctttagccgggggGcagcatttc
ggttcagtgg 

FLAG-Myc-FARP1 
(S340A) 

FLAG-Myc-
FARP1 WT 

S340A ggtcatcatttcggttcGCtggtc
ggactcagaagc 

FLAG-Myc-FARP1 
(S336A, S340A) 

FLAG-Myc-
FARP1 (S336A) 

S340A ggtcagcatttcggttcGCtggtc
ggactcagaagc 

FARP2    
FLAG-Myc-FARP2 
WT 

FLAG-Myc-
FARP2 
(Origene) 

P375S caagacccacacgTccgttcga
gctctg 

FLAG-Myc-FARP2 
(S340A) 

FLAG-Myc-
FARP2 WT 

S340A cagccggggctccGccttcaga
tacagt 

FLAG-Myc-FARP2 
(S344A) 

FLAG-Myc-
FARP2 WT 

S344A gggctcctccttcagatacGCtg
gaagaactcagaaacaa 

FLAG-Myc-FARP2 
(S340A, S344A) 

FLAG-Myc-
FARP2 (S340A) 

S344A ggctccgccttcagatacGCtg
gaagaactcagaaaca 

FLAG-Myc-FARP2 
WT siGen01Res 

FLAG-Myc-
FARP2 WT 

nt: a1644g, 
a1647t 

gagattctcgctacagaacgGa
cTtacctcaaggatttagaagt 

FLAG-Myc-FARP2 
(S340A, S344A) 
siGen01Res 

FLAG-Myc-
FARP2 (S340A, 
S344A) 

nt: a1644g, 
a1647t 

gagattctcgctacagaacgGa
cTtacctcaaggatttagaagt 

 

The mutated nucleotides are marked in capital letters. The codons for the mutated 

amino acids are marked in red. 



Chapter 2 Materials and Methods 

 

 67 

2.2.4 Sequencing  

Sequencing PCR reactions were set up as follows: 

1 µl template (~150 ng/µl) 
1 µl primer (5 µM) 
8 µl BigDye terminator mix 
10 µl dH2O 
------------ 
20 µl total 

 

Sequencing PCR cycles were set up as follows: 

Step 1: 96 °C, 1 minutes 

Step 2: 96 °C, 10 seconds 

Step 3: 54 °C, 5 minute 

Step 4: 60 °C, 4 minutes 

Step 5: repeat step 2 to step 4 a further 24 times 

Step 6: 12 °C, forever 

 

Completed sequencing reactions were cleaned-up using the DyeEx 2.0 Spin kit 

(Qiagen) and the sequencing was carried out in the equipment park, the Francis 

Crick Institute.  

 

2.2.5 Cell culture 

HCT116 cells were obtained from the cell services, the Francis Crick Institute and 

were cultured in McCoy’s 5A media (Thermo Fisher Scientific) supplemented with 

10% FBS and 1% penicillin-streptomycin. HCT116 cells were culture at 37°C in 5% 

CO2.  

 

Caco2 cells used in most experiments were obtained from the cell services, the 

Francis Crick Institute unless otherwise stated. Caco2 cells used in the calcium 

switch assay and some immunofluorescence assays were a gift from Ahmed 

Elbediwy (Barry Thompson laboratory, the Francis Crick Institute). Both types of 

Caco2 cells were cultured in DMEM media (Thermo Fisher Scientific) 

supplemented with 10% FBS, 1% penicillin-streptomycin and at 37°C in 5% CO2. 
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2.2.6 siRNA knockdown 

HCT116 cells were reverse transfected with siRNA using HiPerFect siRNA 

transfection reagent (Qiagen). siRNA was used at 20 nM concentration unless 

otherwise stated. HCT116 cells were seeded at a desirable seeding number before 

the addition of the transfection mix. The transfection mix was made up by adding 

siRNA and HiPerFect to Opti-MEM and incubated for 10 minutes at room 

temperature (see Table 2.10 siRNA transfection conditions for HCT116 cells). The 

transfection mix was then added directly onto the cells. Medium was exchanged 16 

to 24 hours post-transfection to reduce toxicity. Most assays were performed 72h 

post-transfection. 

 

Table 2.10 siRNA transfection conditions for HCT116 cells 

Format Seeding number Opti-MEM HiPerFect 

10 cm dish 1.5 million /10 cm dish 500 µl 70 µl 

6-well plate 300,000 /6-well 100 µl 15 µl 

24-well plate 75,000 /24-well 50 µl 4 µl 

 

Caoc2 cells were reverse transfected with siRNA using Lipofectamine RNAiMAX 

transfection reagent (Thermo Fisher Scientific). siRNA was used at 20 nM to 80 nM 

concentrations. All siRNA transfection of Caco2 cells was performed in either 6-well 

or 24-well plates. Caco2 cells were seeded at a desirable seeding number 

depending on the experiments. siRNA was added to Opti-MEM in tube one and 

Lipofectamine RNAiMAX was added to Opti-MEM in tube two. Then the content of 

tube one was added to tube two and incubated for 15 minutes at room temperature. 

The transfection mix was then added directly onto the cells. Medium was 

exchanged 16 to 24 hours post-transfection to reduce toxicity. 

 

Table 2.11 siRNA transfection conditions for Caco2 cells 

Format Seeding number Opti-MEM 
Lipofectamine 

RNAiMAX 

6-well plate 100,000 - 200,000 /6-well 150 µl + 150 µl 9 - 15 µl * 

24-well plate 75,000 /24-well 50 µl + 50 µl 3 µl 

*Depending on the siRNA concentration. 
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siRNAs used in this thesis were all purchased from GE Dharmacon (Table 2.12 

and Table 2.13). All siRNAs target the human sequence of the corresponding 

genes.  

 

Table 2.12 SMART pool siRNA used during this thesis 

Gene target Description Source 
Non-targeting ON-TARGETplus pool of 4 GE Dharmacon (D-001810-10) 
API5 ON-TARGETplus set of 4 GE Dharmacon (LU-004375-00) 
EPB41L4B ON-TARGETplus set of 4 GE Dharmacon (LU-013803-00) 
EPB41L5 ON-TARGETplus set of 4 GE Dharmacon (LU-010729-00) 
FAM83B 
(C6ORF143) 

ON-TARGETplus set of 4 GE Dharmacon (LU-025113-00) 

FAM83H ON-TARGETplus set of 4 GE Dharmacon (LU-027239-00) 
FARP2 ON-TARGETplus set of 4 GE Dharmacon (LU-009237-00) 
LLGL2 ON-TARGETplus set of 4 GE Dharmacon (LU-019812-01) 
MTA1 ON-TARGETplus set of 4 GE Dharmacon (LU-004127-00) 
MTA2 ON-TARGETplus set of 4 GE Dharmacon (LU-008482-00) 
RUVBL1 ON-TARGETplus set of 4 GE Dharmacon (LU-008977-00) 
YME1L1 ON-TARGETplus set of 4 GE Dharmacon (LU-006103-00) 
MTA2 siGENOME set of 4 GE Dharmacon (MQ-008482-00) 
FAM83B siGENOME set of 4 GE Dharmacon (MQ-025113-01) 
FAM83H siGENOME set of 4 GE Dharmacon (MQ-027239-01) 
FARP1 siGENOME set of 4 GE Dharmacon (MQ-008519-02) 
FARP2 siGENOME set of 4 GE Dharmacon (MQ-009237-01) 
 

Table 2.13 Single siRNA used during this thesis 

Gene target Description Source Sequence (sense) 
Non-targeting #1 siGENOME GE Dharmacon 

(D-001210-01) 
UAAGGCUAUGAAG
AGAUAC 

Non-targeting #2 siGENOME GE Dharmacon 
(D-001210-02) 

UAGCGACUAAACAC
AUCAA 

aPKC (siaPKC1) ON-
TARGETplus  

GE Dharmacon 
(custom designed) 

GGGUACAGACAGA
GAAGCAUU 

FARP2 (siFARP2-
01) 

siGENOME GE Dharmacon 
(D-009237-01) 

GAACAUACCUCAAG
GAUUU 

PARD6B siGENOME GE Dharmacon 
(D-010681-03) 

CGAAGAAGAUGACA
UUAUC 

PPHLN1 
(siPPHLN1-01) 

siGENOME GE Dharmacon 
(D-021306-01) 

AAACACAACACAUG
GGAUA 

PPHLN1 
(siPPHLN1-04) 

siGENOME GE Dharmacon 
(D-021306-04) 

AGACAAACCCAGUA
GGCUA 
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2.2.7 cDNA transfection 

HCT116 cells were transiently transfected using FuGENE HD transfection reagent 

(Promega). For one 10 cm dish, 3 million cells were plated 24 hours prior to 

transfection. Medium was exchanged 4 - 6 hours before the transfection. For the 

transfection mix, 10 µg of the total amount of cDNA was added to 1 ml of Opti-MEM. 

FuGENE HD was added at a 1:3 ratio to the amount of cDNA. The transfection mix 

was vortexed and incubated for 15 minutes at room temperature before adding to 

the cells. Medium was changed 20 hours post-transfection and cell assays were 

typically performed 48 hours post-transfection. 

 

Caco2 cells were transiently transfected using Lipofectamine LTX with Plus reagent 

(Thermo Fisher Scientific). For one 6-well, 130,000 cells were plated 24 hours prior 

to transfection. For the transfection mix, 2 µg of cDNA and 2 µl of Plus reagent 

were added to 200 µl of Opti-MEM and incubated for 10 minutes at room 

temperature. 6 µl of Lipofectamine LTX was then added to the transfection mix and 

incubated for a further 25 minutes at room temperature. Medium was exchanged 

before adding the transfection mix and the transfection mix was added to the cells. 

Medium was changed 20 hours post-transfection and cell assays were typically 

performed 48 hours post-transfection. 

 

2.2.8 Co-Immunoprecipitation (co-IP) 

GFP-IP was performed using either GFP-Trap-M (Chromotek) or dynabeads 

protein G coupled to GFP monoclonal antibody 4E12/8 (cell services, the Francis 

Crick Institute) at a concentration of 10 µg /50 µl beads. FLAG-IP was performed 

using anti-FLAG M2 magnetic beads (Sigma). Myc-IP was performed using either 

Myc-Trap-A (Chromotek) or anti-c-Myc agarose (Sigma). HA-IP was performed 

using anti-HA−agarose (Sigma). All the control beads and co-IP beads were 

washed three times with either co-IP lysis buffer or PBS prior to use. 

 

Cells were seeded in 10 cm dishes and cDNA and/or siRNA transfection were 

performed. Co-immunoprecipitation was typically performed 48 hours after cDNA 
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transfection and 72 hours after siRNA transfection. Cells were lysed in 500 µl or 1 

ml of co-IP lysis buffer per 10 cm dish. Cell lysates were spun down at 13,000 rpm 

for 10 minutes at 4°C. A small part of the supernatant was taken and mixed with 4x 

Laemmli sample buffer to a final concentration of 1x sample buffer as the total input 

for Western blot analysis. The rest of the supernatant was per-cleared with 20 µl of 

magnetic particles (Chromotek) for GFP-Trap IP, 20 µl of agarose beads binding 

control (Chromotek) for Myc-Trap IP or 30 µl - 50 µl of agarose coupled to non-

immune mouse or rabbit IgG (Sigma) for all the other IPs at 4°C for 1 hour on a 

rotating wheel. Pre-cleared lysates were then incubated with 20 µl of GFP-Trap 

beads, 30 µl - 50 µl of GFP antibody conjugated dynabeads, 20 µl of Myc-Trap 

beads or 30 µl - 50 µl agarose beads conjugated with antibodies against protein 

tags (Sigma) at 4°C for 90 minutes on a rotating wheel. Beads were then washed 

five times with co-IP wash buffer followed by elution with 2x Laemmli sample buffer. 

co-IP samples were boiled at 95°C for 5 minutes and analysed by SDS-PAGE and 

Western blot. 

 

2.2.9 SDS-PAGE and Western blot 

2.2.9.1 SDS-PAGE and protein transfer 

Adherent cells were washed twice with cold PBS before lysate extraction with 2x 

Laemmli sample buffer. Cell extracts were boiled at 95°C for 5 minutes. Total cell 

extracts were also sonicated to shear genomic DNA prior to gel loading. Samples 

were loaded onto NuPAGE Bis-Tris pre-cast gels (Thermo Fisher Scientific) along 

with the PageRuler prestained protein ladder (Thermo Fisher Scientific). 

Electrophoresis was carried out in 1x MOPS running buffer (Thermo Fisher 

Scientific) at 150 V.  

 

Following electrophoresis, proteins were transferred from the gels to nitrocellulose 

membranes (GE Healthcare) using the wet transfer method. In brief, transfer 

sandwiches were made up with a fibre pad, three layers of filter paper, 3MM 

(Whatman), nitrocellulose membrane, protein gel, three layers of filter paper and a 

fibre pad. Protein transfer was preformed in 1x WB transfer buffer at 110 V, 4°C for 

75 minutes. 
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2.2.9.2 Immunodetection 

After protein transfer, the nitrocellulose membranes were incubated in the WB 

blocking buffer overnight at 4°C. The next day, the nitrocellulose membranes were 

incubated with the primary antibody diluted in the WB antibody dilution buffer for 2 

hours at room temperature. The membranes were washed three times with TBST, 

10 minutes each time on an orbital shaker. After three washes, the membranes 

were incubated in the species-specific HRP-conjugated secondary antibody (GE 

Healthcare) or peroxidase conjugated recombinant protein A/G (Thermo Fisher 

Scientific) diluted in the WB antibody dilution buffer for 1 hour at room temperature. 

The membranes were then washed three times with TBST, 10 minutes each time 

before immunodetection. 

 

Amersham ECL western blotting detection reagent (GE Healthcare) was used for 

the enhanced chemiluminescent reaction according to the manufactures’ 

instructions. Chemiluminescent detection was performed using the ImageQuant 

LAS 4000 series imager (GE Healthcare). Quantification of protein bands was 

performed using ImageJ. 

 

2.2.10 Immunofluorescence 

Cells seeded on glass coverslips or 8-well chambers were fixed with 4% 

paraformaldehyde (Thermo Fisher Scientific) at room temperature for 10 minutes or 

cold methanol at -20°C for 5 minutes. Paraformaldehyde fixed cells were washed 

three times with PBS followed by permeabilisation with IF permeabilisation buffer. 

Permeabilised paraformaldehyde fixed cells or methanol fixed cells were then 

washed once with PBS followed by blocking with IF blocking buffer 1 or 2 for 15 to 

30 minutes at room temperature. Cells were incubated with primary antibodies 

diluted in IF blocking buffer overnight at 4°C. The next day, cells were washed 

three times with PBS followed by incubation with Alexa flora secondary antibodies, 

Hoechst and/or Alexa fluor 546 phalloidin diluted in IF blocking buffer for 1 hour at 

room temperature. Cells were then washed three times with PBS and one time with 

dH2O to remove any residual salt. For the 8-well chambers, the wells were cleaved 
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off after PBS washes. Glass coverslips or the 8-well chamber slides were left to dry 

and mounted with ProLong gold antifade mountant (Thermo Fisher Scientific). 

 

Immunofluorescence images were acquired using Zeiss LSM 510, 710, 780 or 880 

series microscopes using x40 or x63 objectives. 

 

2.2.11 Caco2 cells three-dimensional culture assay 

2.2.11.1 Three-dimensional culture protocol 

The Caco2 cells three-dimensional (3D) culture assay was preformed as described 

in the following timeline: 

 

Day 1: Caco2 cells were seeded in 6-well plates and reverse transfected with 

siRNA as described in section 2.2.6.  

 

Day 2: Culture medium was exchanged. 

 

Day 3: 8-well chambers (Thermo Fisher Scientific 154534) were coated with an 

80% Matrigel (BD) and 20% collagen (Amsbio) mixture, at 5 µl per well of a 8-well 

chamber .Matrigel, collagen, 8-well chambers, eppendorf tubes and pipette tips 

were all kept on ice during this step to prevent Matrigel from gelling. Coated 

chambers were then left at 37°C for at least 15 minutes but no more than 30 

minutes for the Matrigel to set. During this time, Caco2 cells were trypsinised and 

counted. Cells were resuspended in cold culture medium with a final concentration 

of 2% Matrigel and 8,000 cells /500 µl. The cell suspension was then added to the 

8-well chamber at 500 µl /8-well. 

 

Day 6: 300 µl of culture media with 2% Matrigel was added to each 8-well.  

 

Day 8: Cells were fixed in 10% formalin and immunofluorescence staining was 

carried out. 
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In summary, cells were seeded in 3D 48 hours post siRNA transfection and fixed 7 

days post siRNA transfection. To determine the level of siRNA knockdown, Caco2 

cells was also seeded in one 24-well and transfected with siRNA from the same 

transfection mix as that for the 3D culture on day 1. These cells were lysed in an 

appropriate amount (30 µl - 100 µl) of 2x Laemmli sample buffer on day 3. When 

cells were trypsinised and re-seed in 3D on day 3, 25,000 cells were also re-

seeded in one 24-well and were lysed on day 8 in an appropriate amount (30 µl - 

100µl) of 2x Laemmli sample buffer. Cells seeded in 2D were used as a surrogate 

for accessing siRNA knockdown due to the technical difficulties to harvest cells 

from 3D. Total lysates of cells seeded in 2D from day 3 and day 8 were subjected 

to SDS-PAGE and Western blot analysis to determined the level of siRNA 

knockdown.   

 

2.2.11.2 Immunofluorescence and lumen scoring  

On day 8, cells were fixed with 10% formalin (Sigma) at room temperature for 30 

minutes and then washed twice with PBS. Cells were then permeabilised and 

blocked with 3D culture assay permeabilisation and blocking buffer at room 

temperature for 30 minutes and washed twice with PBS. Primary antibody 

incubation, secondary antibody incubation and slides mounting were preformed as 

described in section 2.2.10, with the adaption that 8-well chambers were put in a 

humidified box during the primary antibody incubation to minimise evaporation.  

 

Immunofluorescence images were acquired using Zeiss LSM 510, 710, 780 or 880 

series microscopes using x63 objective. Typically, images of the middle Z-section 

of a cyst were taken.  

 

For the scoring of single and multi-lumen cysts, localisation of the apical marker 

(ZO-1 or aPKC) was used to identify the lumens and single or multi-lumen cysts 

were determined by going through the whole Z-section of a cyst using the eye-

piece. In some cases, the arrangement of the nucleus (stained by Hoechst) could 

also be used to facilitate scoring. Cysts that did not display a typical single or multi- 
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lumen phenotype (i.e. no lumen) were broadly classified as “aberrant cysts”. For 

each condition, at least 100 cysts were counted for the scoring. 

 

2.2.12 Proximity ligation assay 

Cells were seeded in 8-well chambers (Corning) prior to fixation. Cells were fixed 

with cold methanol at -20°C for 5 minutes and then washed with PBS. Cells were 

then blocked in PLA blocking buffer for 15 minutes at room temperature. Primary 

antibodies of different species (mouse and rabbit) were diluted in PLA blocking 

buffer and added to the fixed cells to incubate at 4°C overnight in a humidity 

chamber. The next day, 8-well chambers were cleaved off from the slides and the 

cell areas were delimited with a grease pen. The slides were washed twice in PLA 

wash buffer A in a staining jar on an orbital shaker. All the following incubation 

steps were carried out using the open droplet method with 35 µl solution per well.  

 

PLA probe incubation, ligation and amplification steps were carried out according to 

the manufacturer’s instructions. In brief, anti-mouse MINUS and anti-rabbit PLUS 

Duolink in situ PLA probes (Sigma) were diluted in PLA blocking buffer and left to 

sit for 20 minutes at room temperature. Diluted PLA probes were then added to the 

slides and incubated in a humidity chamber at 37°C for 1 hour. The slides were 

then washed twice in PLA wash buffer A in a staining jar on an orbital shaker. 

Ligation stock and ligase were diluted in dH2O and added to the slides. The slides 

were incubated in a humidity chamber at 37°C for 30 minutes. Slides were then 

washed twice in PLA wash buffer A in a staining jar on an orbital shaker. 

Amplification stock (Duolink in situ detection reagents orange) and polymerase 

were diluted in dH2O and added to the slides. The slides were incubated in a 

humidity chamber at 37°C for 100 minutes. After the amplification step, slides were 

washed in 1x PLA wash buffer B for 5 minutes, followed by incubation with Hoechst 

diluted in 1x PLA wash buffer B (final concentration: 3 µg/ml) for 15 minutes at 

room temperature to stain the nucleus. Slides were then washed twice with 1x PLA 

wash buffer B for 10 minutes each wash, followed by one wash with 0.01x PLA 

wash buffer B. Slides were then left to dry and mounted with ProLong gold antifade 

mountant (Thermo Fisher Scientific). 
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Imaging was performed using Zeiss 780 series microscope using x63 objective.  

 

2.2.13 Density dependency experiments 

Density dependency experiments were carried out for downstream assays, namely 

co-immunoprecipitation and proximity ligation assay. Cells were seeded in 10 cm 

dishes for co-IP and 6-well plates then subsequently 8-well chambers for proximity 

ligation assay (PLA).  

 

HCT116 cells were seeded at 3 million /10 cm dish or 250,000 /6-well on day 1. 

cDNA transfection was carried out as described in section 2.2.7 on day 2. 16 hours 

after cDNA transfection (day 3), cells were trypsinised and re-seeded at either high 

density (H.D.) or low density (L.D.).  

 

For co-IP, cells from one 10 cm dish were resuspended in 10 ml. 8 ml of cell 

suspension was re-seeded in one 10 cm dish as the “high density” condition and 

0.5 ml of cell suspension was re-seeded in each of the four 10 cm dishes as the 

“low density” condition. Medium was added to the cells bringing the total volume 

per 10 cm dish to 10 ml. On day 4 (48 hour after cDNA transfection), “high density” 

cells were lysed in 1 ml of co-IP lysis buffer per 10 cm dish and “low density” cells 

were lysed in 250 µl of co-IP lysis buffer per 10 cm dish. Cell lysates from the four 

“low density” dishes were combined before spinning down. co-IP was then 

preformed as described in section 2.2.8. 

 

For PLA, cells were trypsinised and counted. 35,000 cells were re-seeded pre 8-

well as the “high density” condition and 4,000 cells were re-seeded pre 8-well as 

the “low density” condition. On day 4 (48 hour after cDNA transfection), cells were 

fixed in cold methanol and PLA was preformed as described in section 2.2.12 
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2.2.14 G-LISA Rho GTPase activation assay 

Cdc42 activity was assessed using the Cdc42 G-LISA activation assay kit 

(colorimetric format) (Cytoskeleton Inc.). Rac activity was assessed using the 

Rac1,2,3 G-LISA activation assay kit (colorimetric format) (Cytoskeleton Inc.). 

Caco2 cells from Ahmed Elbediwy were used for the G-LISA assays. All buffers 

and reagents for the G-LISA assays described below were provided in the kits and 

used according to manufacturer’s instructions. 

 

2.2.14.1 Lysate preparation 

On day 1, Caco2 cells were reverse transfected in 6-well plates with 80 nM of 

siGENOME non-targeting pool (non-targeting #1 and #2), FARP1 pool, FARP2 

pool or 80 nM of both FARP1 and FARP2 pool siRNA. Medium was exchanged 16 

hours post-transfection (day 2). On day 4 (72 hours post-transfection), cells were 

washed on ice with cold PBS and lysed in cell lysis buffer provided in the kit. 

Protein concentrations of the lysates were determined by mixing 10 µl lysate and 

300 µl Precision Red solution in a 96-well plate and measuring the absorbance at 

600 nm using a plate reader. The lysates for each sample were then equalised to 

the same protein concentration by diluting them with the cell lysis buffer. 0.25 

mg/ml protein concentration was used for Cdc42 G-LISA assay and 1 mg/ml 

protein concentration was used for Rac G-LISA assay. Equalised cell lysates were 

added to the specific Rho GTPase assay wells and incubated on an orbital shaker 

at 300 rpm at 4°C. Incubation time was 15 minutes for Cdc42 assay and 30 

minutes for Rac assay. Cell lysis buffer alone and Cdc42/Rac control protein 

dissolved in the cell lysis buffer were also added to the wells as negative and 

positive controls. Assay plates were then washed twice with cold PBS and residual 

buffer was removed by vigorously tapping the plates on tissue papers.  

 

2.2.14.2 G-LISA assay 

200 µl of antigen presenting buffer was added to each well and the plates were 

placed on an orbital shaker at 300 rpm for 2 minutes at room temperature. The 

plates were then washed three times with wash buffer and residual buffer was 
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removed by vigorous tapping. Anti-Cdc42 or anti-Rac antibody was diluted in 

antibody dilution buffer and the primary antibody solution was added to each well. 

Primary antibody incubation was performed on an orbital shaker at 300 rpm at 

room temperature for 30 minutes (Cdc42 assay) or 45 minutes (Rac assay). The 

plates were then washed three times with wash buffer and residual buffer was 

removed by vigorous tapping. Secondary HRP labelled antibody was diluted in 

antibody dilution buffer and added to each well. Secondary antibody incubation was 

performed on an orbital shaker at 300 rpm at room temperature for 30 minutes 

(Cdc42 assay) or 45 minutes (Rac assay). Plates were then washed three times 

with wash buffer and residual buffer was removed by vigorous tapping. HRP 

detection reagent A and B were mixed in equal volumes and were added to each 

well. The plates were then incubated at 37°C for 15 minutes (Cdc42 assay) or 20 

minutes (Rac assay). After incubation, stop solution was added to each well. Cdc42 

or Rac activity was measured by measuring the absorbance at 490 nm using a 

plate reader.  

 

2.2.14.3 G-LISA reading normalisation 

The reading of each well was first normalised by subtracting the mean value of the 

blank (lysis buffer only) wells. The value of each well was then normalised to the 

value of siCtrl by dividing by the mean value of all the readings of the siCtrl wells.  

 

2.2.15 Calcium switch assay 

Caco2 cells from Ahmed Elbediwy were used for the calcium switch assays. 80 nM 

of siGENOME non-targeting pool (non-targeting #1 and #2), FARP1 pool, FARP2, 

pool or 80nM of each FARP1 pool and FARP2 pool siRNA were used for the 

transfection.  

 

On day 1, Caco2 cells were seeded in 6-well plates and reverse transfected with 

siRNA as described in section 2.2.6. Medium was exchanged 16 hours post-

transfection (day 2). On day 3, cells were trypsinised and washed three times in the 

low calcium medium (formulation see section 2.1.4) by spinning down at 1000 rpm 
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for 5 minutes pre wash to remove any residual calcium in the medium. Cells were 

then resuspended in the low calcium medium to the desired concentration as 

described below and seeded on either glass coverslips for immunofluorescence or 

on Transwell with 0.4 µm pore polycarbonate membrane insert (Corning) for trans-

epithelial resistance (TER) measurement.  

2.2.15.1 Calcium switch immunofluorescence  

For each condition, cells from two 6-wells were resuspended in 6 ml of low calcium 

medium. 500 µl of cell suspension was then seeded onto each glass coverslip in a 

48-well plate (2 coverslips per time point per condition). Cells were incubated at the 

normal cell culture condition (37°C, 5% CO2) for 16 hours. De novo junction 

formation was promoted by removing the low calcium medium and exchanging with 

the normal medium. Cells were fixed with cold methanol at different time points 

after the addition of normal medium. Immunofluorescence was then performed as 

described in section 2.2.10.  

 

2.2.15.2 Trans-epithelial resistance measurement 

For each condition, cells were resuspended in 3 ml of low calcium media and 

seeded into four Trans-wells. For each Trans-well, 600 µl of the cell suspension 

was added to the upper chamber and 1.5 ml low calcium medium was added to the 

lower chamber. Four Trans-wells with only the normal medium in both the upper 

and lower chambers were used to measure the basal level of resistance caused by 

the medium. Cells were then incubated at the normal cell culture condition (37°C, 

5% CO2) for 16 hours. De novo junction formation was promoted by removing the 

low calcium medium from both the upper and lower chambers of the Tran-wells and 

exchanging with the normal medium. Trans-epithelial resistance was measured 

using an epithelial volt/ohm metre (World Precision Instruments) with a silver/silver-

chloride electrode and the measurements of each Trans-well were taken at the 

following time points after medium exchanged: 1 hour, 2 hours, 4 hours, 8 hours, 

24 hours and 30 hours.  
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For data analysis, the reading of each Trans-well at each time point was 

normalised by subtracting the mean value of the medium-only wells and these 

normalised values were presented as the TER readings.  

 

2.2.16 Recombinant protein expression and purification 

Baculovirus expression vectors were generated for FARP2-FERMFA and FARP2-

FERM using the pBacPAK-His3 construct (see section 2.2.2). pBacPAK-His3-GST-

PKCι KDom construct was obtained from Neil McDonald (the Francis Crick 

Institute). The subsequent recombinant protein expression and purification was 

conducted by Roger George (Protein Production Facility, the Francis Crick 

Institute).  

 

2.2.16.1 His-FARP2 FERMFA and His-FARP2 FERM purification 

Viruses encoding His-FARP2 FERMFA and His-FARP2 FERM were used to infect 

50 ml cultures of Sf21 cells at 1 x106 cells/ml (MOI=1). Cultures were allowed to 

grow for three days after which the cells were harvested and lysed in 5 ml lysis 

buffer containing 50 mM Tris (pH 8.0), 250 mM NaCl, 10% glycerol, 0.5% Triton-

X100, 10 mM β-glycerophosphate, 1 mM NaF, 1 mM Na2VO4, 1 mM EDTA, 10 mM 

benzamidine and protease inhibitors. The suspension was briefly sonicated and 

centrifuged at 15000 rpm to remove the insoluble fraction. The soluble fraction from 

each culture was split in two and incubated with 30 µl bed volume of NiNTA resin. 

Binding was allowed to occur for 30 minutes at 4 °C. The resins were then washed 

extensively in wash buffer containing 50 mM Tris (pH 8.0), 250 mM NaCl, 0.5 mM 

TCEP, 15 mM imidazole. Proteins were eluted from the resin with either 250 mM 

imidazole (50 µl) or SDS PAGE loading buffer (50 µl) and analysed by SDS-PAGE. 

 

Alternatively, His-FARP2 FERMFA and His-FARP2 FERM were purified from 200 

ml of Sf21 culture. To ensure all protein was eluted from the resin 3 x 200 µl 

elutions were used, pooled and concentrated to 500 µl before being applied to a 

S200 Increase size exclusion column. Elution fractions were analysed by SDS-

PAGE. 
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2.2.16.2 Co-purification of His-FARP2 FERMFA/FERM with GST-His-PKCι 

kinase domain  

GST-His-PKCι kinase domain - His-FARP2 FERMFA/FERM complexes were 

purified from Sf21 cultures using glutathione sepharose. Complexes were eluted 

from the resin by 3C protease cleavage and the cleavage reaction was applied to 

an S200 Increase size exclusion column. Elution fractions were analysed by SDS-

PAGE. 
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Chapter 3. Investigation of the PKCι RIPR-
dependent interacting proteins and their roles in 
epithelial morphogenesis 

3.1 Introduction 

Previously we have identified a bi-basic motif within the PKCι kinase domain, 

denoted as the RIPR motif, which is required for both the association of PKCι with 

a subset of its interacting partners (i.e. Llgl2 and MyoX) and epithelial 

morphogenesis (Linch et al., 2013b) (see Section 1.2.3). These results led us to 

hypothesise that the RIPR motif is a protein-protein interaction site specifically 

recruiting a subset of PKCι interacting partners that are important for conveying the 

polarity outputs of PKCι. Furthermore, given that the RIPR motif is a short 

sequence motif, it is plausible that the RIPR-dependent interacting proteins act in 

complexes to associate with PKCι, in which some proteins bind directly to the PKCι 

RIPR motif, recruiting other RIPR-dependent proteins through complex formation.  

 

To test these hypotheses, mass spectrometry analysis was conducted to compare 

the associated proteomes of GFP PKCι-WT and the RIPR motif mutant GFP PKCι-

AIPA in HCT116 cells (performed by Mark Linch and Marta Sanz-Garcia, Parker 

Laboratory). GFP tagged PKCι constructs were historically used in our Laboratory 

to screen for PKCι interacting proteins, as it allows us to make use of the GFP-

TRAP magnetic beads (Chromotek) for co-IP. GFP-TRAP magnetic beads are 

small microparticles (0.5 -1 µm) coupled to anti-GFP single domain antibodies 

(14KDa) produced in alpaca (http://www.chromotek.com/). The small bead size 

minimises the potential disruption of protein-protein interaction during co-IP, and 

the single domain antibody means that there is no heavy and light chain of the 

antibody in downstream applications, both of which help to minimise false positive 

hits and increase the specificity of the screen. The GFP PKCι fusion protein 

expresses well and remains stable for the duration of most in-cell experiments 

presented in this thesis (5-12 days) after transient transfection. The expression and 

stability of the GFP PKCι fusion protein have also been reported by others (Seidl et 

al., 2012). Furthermore, GFP PKCι fusion protein shows a similar localisation 
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pattern (cortical and cytoplasmic) as the endogenous protein in cells (de Naurois, 

2016). GFP PKCι also retains its kinase activity, as demonstrated by both in vitro 

and in cell assays. Immunoprecipitated GFP PKCι from HEK293 cells is able to 

phosphorylate the PKCε pseudo-substrate peptide in in vitro kinase assay, and 

GFP PKCι is able to phosphorylate exogenous Llgl2 when co-overexpressed in 

cells (Linch et al., 2013b).  

 

From the above-mentioned mass spectrometry screen looking for PKCι RIPR-

dependent interacting proteins, twelve candidate proteins were selected to be 

validated and investigated further (Table 3.1) (selection criteria see Section 1.2.3). 

Results presented in this chapter aim to validate the association of candidate 

proteins with PKCι and their RIPR-dependency, test whether any of the PKCι 

RIPR-dependent proteins form complexes and are therefore likely to be inter-

dependent for recruitment to PKCι. Given the requirement of the PKCι RIPR motif 

and the roles of some PKCι RIPR-dependent interacting proteins (i.e. Llgl2, MyoX) 

in regulating cell polarity (Liu et al., 2012; Yamanaka et al., 2003), the involvement 

of each of the candidate proteins in epithelial morphogenesis was also investigated 

using RNAi in Caco2 cell 3D culture. 
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Table 3.1 List of the twelve PKCι RIPR-dependent candidate proteins selected for 

further validation 

Twelve candidate proteins were selected from the mass spectrometry screen 

identifying PKCι RIPR-dependent interacting proteins for further validation. The 

selection criteria are described Section 1.2.3. The mass spectrometry analysis was 

conducted by Mark Linch and Marta Sanz-Garcia, Parker Laboratory. 
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3.2 Results 

3.2.1 Validation of PKCι RIPR-dependent interacting proteins in HCT116 

cells at high density 

To validate the candidate proteins selected from the mass spectrometry analysis, 

co-immunoprecipitation was conducted in the same experimental set-up as that 

was used for the original mass spectrometry analysis, in which cells were at high 

confluency before being lysed for PKCι interactome studies. We exploited the 

highly transfectable nature of HCT116 cells to achieve a high level of exogenous 

PKCι expression, aiming to sequester endogenous PKCι binding proteins so that 

we can capture all possible PKCι interaction events. HCT116 cells were transfected 

with GFP empty vector, GFP PKCι-WT or GFP PKCι-AIPA construct. Co-

immunoprecipitation of the GFP-tagged proteins was conducted, followed by 

Western blot analysis to check the presence or absence of each endogenous 

candidate protein in the immunocomplexes.  

 

In order to use Western blotting as the read-out, commercially available antibodies 

against each of the candidate proteins were tested using HCT116 cells total lysates 

and lysates with the targeted protein being depleted by siRNA knockdown. 

Antibody specificity was determined by its ability to give signals corresponding to 

the predicted molecular weight of its target protein and the absence of the 

corresponding bands in the siRNA treated lysates. Out of the twelve candidates 

investigated, seven of them (Llgl2, MyoX, MTA1, MTA2, EPB41L4B, API5, and 

RUVBL1) have validated, commercially available antibodies. Therefore, their 

association with PKCι could be assessed by a Western blotting approach.  

 

As shown in Figure 3.1, Llgl2, MyoX, MTA2 and the 52 KDa isoform of EPB41L4B 

were validated as RIPR-dependent interacting proteins, since they were present 

only in GFP PKCι-WT immunoprecipitates but not in GFP and GFP PKCι-AIPA 

immunoprecipitates. MTA1, API5 and RUVBL1 were not detected in GFP, GFP 

PKCι-WT or GFP PKCι-AIPA immunoprecipitates, suggesting that they do not 

associate with PKCι under these experimental conditions, or that the amount of 
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proteins present in the GFP PKCι immunocomplexes is below the level of detection 

by Western blot.  

 

 
Figure 3.1 Validation of PKCι RIPR-dependent interacting proteins in HCT116 

cells at high density - part 1/2 

Co-immunoprecipitation with GFP was conducted in HCT116 cells overexpressing 

GFP, GFP PKCι-WT and GFP PKCι-AIPA. Cells were >95% confluent before being 

lysed for co-IP. Immunoprecipitates and input lysates were immunoblotted with 

indicated antibodies. Representative blots of three independent experiments are shown. 
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For the other five candidate proteins (FARP2, FAM83B, FAM83H, EPB41L5, and 

YME1L1), commercially available antibodies were either unable to detect their 

target proteins at endogenous levels or gave signals that were not identified as 

specific, for example, not sensitive to the siRNA knockdown treatment. To 

overcome this problem, we acquired cDNA constructs and generated epitope-

tagged constructs for FAM83B, FAM83H and FARP2. HA FAM83B, HA FAM83H or 

FLAG FARP2 was co-overexpressed with GFP, GFP PKCι-WT or GFP PKCι-AIPA 

in HCT116 cells and GFP immunoprecipitation was conducted (Figure 3.2). FLAG 

FARP2 was able to bind to GFP PKCι, and its association shows RIPR 

dependency, as FLAG FARP2 was only present in the GFP PKCι-WT 

immunoprecipitates, but not in the GFP and GFP PKCι-AIPA immunoprecipitates. 

FAM83B and FAM83H were both able to bind to GFP PKCι-WT. However, their 

binding was not RIPR-dependent, as the GFP PKCι-AIPA mutant was still able to 

recover both FAM83B and FAM83H. 
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Figure 3.2 Validation of PKCι RIPR-dependent interacting proteins in HCT116 

cells at high density - part 2/2 

Co-immunoprecipitation with GFP was conducted in HCT116 cells co-overexpressing 

GFP, GFP PKCι-WT or GFP PKCι-AIPA with FLAG FAPR2 (A), HA FAM83B (B), or 

HA FAM83H (C). Cells were >95% confluent before being lysed for co-IP. 

Immunoprecipitates and input lysates were immunoblotted with indicated antibodies. 

Representative blots of three independent experiments are shown. 
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The previously identified non RIPR-dependent interacting proteins, such as Par3, 

Par6 and p62, were also validated by Western blot, as they were present in the 

immunoprecipitates of both GFP PKCι-WT and GFP PKCι-AIPA (Figure 3.1). 

Among the three proteins, Par6 was used as a positive control for GFP PKCι co-IP 

in all the subsequent experiments. Due to the lack of working antibodies and cDNA 

constructs for exogenous expression, we were not able to validate the association 

of EPB41L5 and YME1L1 with PKCι and to assert whether their association is 

RIPR-dependent using a Western blot approach. 

 

All the above-discussed validation results are summarised in Table 3.2 

 

 
Table 3.2 A summary of the validation results shown in Section 3.2.1 
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3.2.2 RIPR-dependent interacting proteins do not show inter-dependency for 

associating with PKCι  

Given that the PKCι RIPR motif is a short sequence motif, we hypothesised that the 

RIPR-dependent candidate proteins identified may form macro-molecular 

complexes, where only one or a few proteins are responsible for the direct binding 

to PKCι through the RIPR motif. If this is true, then the depletion of one of these 

“direct binding proteins” would weaken or abolish the association of other RIPR-

dependent interacting proteins in the same complex to PKCι. If this hypothesis 

holds true and that these protein complexes can be present at the same time in the 

same cellular compartment, then it is also plausible that there are binding 

competitions among these complexes to the PKCι RIPR motif, and that depletion of 

the “direct binding proteins” in one complex will lead to more association of PKCι 

with the other RIPR-dependent complexes. 

 

To test these hypotheses, HCT116 cells were transfected with siRNA pool targeting 

each of the RIPR-dependent candidate proteins and with GFP PKCι-WT cDNA 

construct for ectopic expression. GFP-immunoprecipitation was conducted to 

recover the GFP PKCι-WT associated proteins, and the presence or absence of 

each of the other identifiable candidate proteins was determined by Western blot. 

As shown in Figure 3.3 and Figure 3.4, depletion of each of the candidate proteins 

by siRNA had no effect on the level of association with GFP PKCι of any of the 

other candidate proteins that could be detected by Western blot, including the 

validated RIPR-dependent proteins (MyoX, Llgl2, MTA2, and EPB41L4B).  

 

Interestingly, the three invalidated PKCι binding proteins, MTA1, API5 and RUVBL1, 

could be detected in the GFP PKCι immunoprecipitates of non-targeting siRNA 

treated cells by Western blot in several experimental repeats, although the 

recovery of API5 and RUVBL1 was not consistent (the numbers of experiments 

where the candidate proteins were present in the GFP PKCι immunoprecipitates 

out of the four experimental repeats are: MTA1: 4/4; API5: 2/4; RUVBL1: 2/4) 

(Figure 3.4). In the cases where the presence of MTA1, API5 and RUVBL1 could 

be detected by Western blot, depletion of any other candidate proteins had no 
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effect on the level of recovery of them in GFP PKCι immunoprecipitates. This 

suggests that while API5, MTA1 and RUVBL1 can associate with GFP PKCι under 

this experimental condition, their level of recovery in the GFP PKCι 

immunoprecipitates is not affected by the depletion of any other candidate proteins. 

The discrepancy in the association of GFP PKCι with API5, MTA1 and RUVBL1 

shown in Figure 3.1 and Figure 3.4 is investigated further in Section 3.2.3. 

 

We could not assert the changes in the level of recovery of the other five candidate 

proteins (FARP2, FAM83B, FAM83H, EPB41L5, and YME1L1) in GFP PKCι 

immunoprecipitates, due to the inability to detect endogenous proteins with 

antibodies. The lack of reagents also meant that we could not determine the levels 

of siRNA knockdown of these proteins by Western blot. 

 

In summary, while there are slight variations in the level of recovery of the 

candidate proteins in the GFP PKCι immunocomplexes, comparing the candidate-

protein-depleted conditions to the control condition, there is no consistent changes 

(either increase or decrease) in the level of recovery of any of the validated RIPR-

dependent proteins when each of the other candidate proteins were depleted by 

siRNA. For the candidate proteins against which there is no working antibody 

(FARP2, FAM83B, FAM83H, EPB41L5, and YME1L1), it cannot be concluded 

whether the depletion of the other candidate proteins (both validated RIPR-

dependent and non-validated) influences their level of association with GFP PKCι. 

Taken together, these results suggest that there is no obvious inter-dependency 

among the candidate proteins for associating with PKCι, and they do not form 

hetero-oligomeric protein complexes to interact with PKCι. 
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Figure 3.3 RIPR-dependent interacting proteins do not show inter-dependency 

for associating with PKCι - part 1/2 

A. HCT116 cells were reverse-transfected with 20 nM of the indicated siRNA pool 24 

hours prior to GFP PKCι-WT cDNA transfection. GFP immunoprecipitation was 

performed. GFP immunoprecipitates and total inputs were immunoblotted with the 

indicated antibodies. Representative blots of two independent experiments are shown. 

Experimental conditions are colour-coded as indicated. B. A summary table of the 

results shown in A. siRNA knockdown conditions and protein names are colour-coded 

as shown on the right. “=” means that there are no consistent changes in the levels of 

the indicated protein (rows) in GFP PKCι immunoprecipitates under the indicated 

siRNA knockdown condition (columns). 
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Figure 3.4 RIPR-dependent interacting proteins do not show inter-dependency 

for associating with PKCι - part 2/2 

Figure legend see Figure 3.3. 
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3.2.3 Validation of PKCι RIPR-dependent interacting proteins in HCT116 

cells at low density 

As mentioned before, we noticed that the three invalidated PKCι binding proteins 

(MTA1, API5, and RUVBL1) were present in the GFP PKCι immunoprecipitates of 

the non-targeting siRNA treated condition in some experimental repeats (Figure 

3.4), suggesting that they can associate with GFP PKCι under these experimental 

conditions. As reported earlier, an important technical detail lies in the fact that 

HCT116 cells were at high confluency (more than 95% confluent) before being 

lysed for co-immunoprecipitation in both the initial mass spectrometry analysis 

identifying RIPR-dependent interacting proteins and in the validation experiments 

shown in Section 3.2.1. In the experiments testing the inter-dependency among the 

candidate proteins, HCT116 cells were around 70-80% confluent before being 

lysed for co-immunoprecipitation, due to the toxicity caused by sequential siRNA 

and cDNA transfections (Section 3.2.2). This led us to hypothesise that the 

association of API5, MTA1 and RUVBL1 with PKCι is cell density-dependent and 

that they only associate with PKCι when cells are not over-confluent. 

 

To test this hypothesis, GFP or GFP PKCι-WT was overexpressed in HCT116 cells. 

16 hours after cDNA transfection, cells were split and re-seeded into high density 

(>95%) and low density (15%-20%) and GFP immunoprecipitation was performed 

48 hours post-transfection (for detailed protocol see Section 2.2.13). GFP PKCι-

AIPA overexpression was also conducted in parallel to determine the RIPR-

dependency of the candidate protein interaction with GFP PKCι at low cell density if 

they do interact.  

 

As shown in Figure 3.5, MTA1, API5 and RUVBL1 were not present in GFP PKCι-

WT immunoprecipitates at high cell density, consistent with the result shown in 

Figure 3.1. Under the low-cell-density condition, MTA1, API5 and RUBVL1 could 

not be consistently recovered in the GFP PKCι-WT immunoprecipitates, although in 

two out of three experiments API5 showed a detectable level of association with 

GFP PKCι-WT at low density. Furthermore, the validated RIPR-dependent 

interacting protein, MTA2, was present in the GFP PKCι-WT immunoprecipitate but 
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absent in GFP and GFP PKCι-AIPA immunoprecipitates at both high-density and 

low-density conditions. Interestingly, MTA2 consistently showed more association 

with GFP PKCι at low cell density than at high cell density, despite the lower level 

of total protein at low density compared to that at high density. This observation 

was investigated further and will be discussed in more detail in Chapter 4. 

 

In conclusion, MTA1, API5 and RUVBL1 are non-PKCι binding proteins under both 

high- and low-density conditions. The discrepancy between the recovery of MTA1, 

API5 and RUVBL1 in GFP PKCι immunoprecipitates shown in Figure 3.1 and 

Figure 3.4 could not be explained simply by the difference in cell density.  

 

 
Figure 3.5 Validation of PKCι RIPR-dependent interacting proteins in HCT116 

cells at low density 

GFP immunoprecipitation was conducted in HCT116 cells overexpressing GFP, GFP 

PKCι-WT or GFP PKCι-AIPA. Cells at high density (H.D.) were at >95% confluency, 

and cells at low density (L.D.) were at 15-20% confluency before co-IP. GFP-

immunoprecipitates and total inputs were immunoblotted with the indicated antibodies. 

Representative blots of three independent experiments are shown. 
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3.2.4 Depletion of some candidate proteins causes defects in epithelial 

morphogenesis 

Previously, we have demonstrated a requirement of an intact PKCι RIPR motif in 

epithelial morphogenesis, which led us to hypothesise that the RIPR motif acts to 

relay PKCι polarity functions. Given that an intact PKCι RIPR motif is also 

necessary for the association of a subset of its interacting proteins, we went on to 

assess whether the PKCι RIPR-dependent candidate proteins are involved during 

epithelial morphogenesis. To do this, we exploited the Caco2 cell 3D culture 

system, where cells are seeded in a matrix-like material, such as the Matrigel, in 

order to form cyst-like structures that recapitulate luminal epithelial cell organisation 

in vivo. The canine epithelial cell line MDCK was used previously in our Laboratory 

for 3D assays. However, we chose to use the human colon adenocarcinoma cell 

line Caco2, which allows us to make better use of the commercially available 

reagents and could also complement the molecular investigation performed in 

HCT116 cells, which are also of colon origin.  

 

To assess the involvement of PKCι RIPR-dependent candidate proteins in 

epithelial morphogenesis, each of the candidate proteins was depleted from Caco2 

cells using the corresponding siRNA pools. 48 hours post-transfection, cells were 

seeded in 3D on top of a Matrigel/collagen layer and cultured in medium 

complemented with 2% Matrigel. After a five-day incubation to allow cyst 

development, cells were fixed and stained for an apical marker, a basal marker and 

the nucleus (by Hoechst staining) to access cyst morphology using confocal 

microscopy. The following markers were used: ZO-1, a tight junction protein that 

localises to the apical domain. F-actin, which can be stained with phalloidin and 

outlines both the apical and the basolateral domains. E-cadherin, an adherens 

junction protein and Dlg, a component of the Scribble complex, both of which 

localise to the basolateral domain of the cell. Cyst morphology was assessed 

mainly by the localisation of the apical marker, which indicates the presence of a 

lumen, and the number of single lumen cysts in each condition was counted (more 

than 100 cysts were counted per condition). The detailed method and scoring 

criteria are described in Section 2.2.11.2. 
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In parallel to knocking down each of the candidate proteins, depletion of either 

aPKC or Par6B was conducted as a positive control, since both proteins have been 

shown to be required for epithelial morphogenesis, and their depletion leads to a 

decrease in the percentage of single lumen cysts (Durgan et al., 2011). Initially, 

aPKC depletion was used as the positive control. However, given that the 

candidate proteins are interactors of PKCι and are likely to act downstream of PKCι, 

Par6B knockdown was later used in the experiments. Nevertheless, depletion of 

either aPKC or Par6B in most experiments showed a significant reduction of the 

percentage of single lumen cysts compared with control cells treated with non-

targeting siRNA (Figure 3.6, Figure 3.7 and Figure 3.8).  

 

Knocking down of MyoX, MTA2 or FARP2 caused moderate defects in cyst 

morphology, comparing the percentage of single lumen cysts in these conditions 

with siCtrl and siaPKC conditions (Figure 3.6). Interestingly, depletion of the 

invalidated PKCι interacting proteins MTA1, API5 or FAM83H also gave rise to 

moderate morphogenesis defects (Figure 3.7). In contrast, depletion of either Llgl2 

or FAM83B did not cause a statistically significant reduction in the percentage of 

single lumen cysts compared to that of the siCtrl condition. However, these results 

are more likely to be due to the limited number of experimental repeats (N=2) and 

the low basal level of the percentage of single lumen cysts in the siCtrl condition 

(60-70%) in these experiments rather than physiological functions, as the published 

data (Durgan et al., 2011) and our experiments testing other RIPR-dependent 

candidates show that the percentage of single lumen cysts in the siCtrl condition is 

normally around 80%. This is more likely to be the case for Llgl2, which has been 

demonstrated to be required for epithelial morphogenesis in 2D cell culture and 

Drosophila epithelia (see Section 1.3.2.3). 

 

Due to the length and the labour-intensive nature of the Caco2 3D assay, depletion 

of the candidate proteins that were of low priority was only performed once. Among 

these groups of proteins are EPB41L4B, EPB41L5, RUVBL1 and YME1L1. We 

suspected that EPB41L4B and EPB41L5 were likely to act redundantly, and it 

would be difficult to dissect their functions in the follow-up experiments, given the 

lack of isoform-specific reagents. Moreover, a detailed study in the role of 
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EPB41L4B (also known as Lulu2) on mammalian epithelial morphology and the 

involvement of aPKC in this process was published during this investigation 

(Nakajima and Tanoue, 2011), which makes EPB41L4B and EPB41L5 low-priority 

hits for our study. In our experiments, depletion of either EPB41L4B or EPB41L5 

caused a reduction in the percentage of single lumen (Figure 3.6 and Figure 3.8). 

RUVBL1 was given low priority since its interaction with PKCι is neither robust nor 

RIPR-dependent. Nevertheless, depletion of RUVBL1 caused a moderate 

morphogenesis defect in this one experiment (Figure 3.7). YME1L1 was not 

validated as a PKCι interacting protein, and its depletion in the Caco2 3D assay 

also did not have any effect on epithelial morphology (Figure 3.8). Nevertheless, as 

mentioned before, due to the lack of experimental repeats, we could not formally 

conclude the involvement of EPB41L4B, EPB41L5, RUVBL1 and YME1L1 in 

epithelial morphogenesis in Caco2 3D cultures.  
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Figure 3.6 Effects of candidate protein knockdown on Caco2 3D morphogenesis - 

part 1/3 

Caco2 cells were reverse-transfected in 2D cultures with 20 nM of siRNA pool targeting 

the indicated genes. 48 hours after transfection, cells were seeded in 3D cultures for 

cyst development. Cysts were fixed five days after the initial 3D seeding and stained 

for ZO-1 (green), F-actin/ E-cadherin/ Dlg (red) as indicated and Hoechst (blue) for 
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nucleus staining. Representative images are shown. Scale bar 20 µm. Quantification of 

the percentage of single lumen cysts in each condition is shown next to the images. 

N≥100 cysts were counted per experiment. The number of experimental repeats is 

shown. Error bars represents the mean ± SD. Statistical significance was assessed by 

unpaired T-test with equal SD and represented as follows, ns: p > 0.05; *: p ≤ 0.05; **: 

p ≤ 0.01; ***: P ≤ 0.001. The detailed method and quantification criteria see Section 

2.2.11.  
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Figure 3.7 Effects of candidate protein knockdown on Caco2 3D morphogenesis - 

part 2/3 

Caco2 cells were reverse-transfected in 2D cultures with 20 nM of siRNA pool 

targeting the indicated genes. 48 hours after transfection, cells were seeded in 3D 

cultures for cyst development. Cysts were fixed five days after the initial 3D 

seeding and stained for ZO-1 (green), F-actin/ E-cadherin/ Dlg (red) as indicated 

and Hoechst (blue) for nucleus staining. Representative images are shown. Scale 
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bar 20 µm. Quantification of the percentage of single lumen cysts in each condition 

is shown next to the images. N≥100 cysts were counted per experiment. The 

number of experimental repeats is shown. Error bars represents the mean ± SD. 

Statistical significance was assessed by unpaired T-test with equal SD and 

represented as follows, ns: p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: P ≤ 0.001. The 

detailed method and quantification criteria see Section 2.2.11. 
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Figure 3.8 Effects of candidate protein knockdown on Caco2 3D morphogenesis - 

part 3/3 

Caco2 cells were reverse-transfected in 2D cultures with 20 nM of siRNA pool targeting 

the indicated genes. 48 hours after transfection, cells were seeded in 3D cultures for 

cyst development. Cysts were fixed five days after the initial 3D seeding and stained 

for ZO-1 (green), F-actin/ E-cadherin/ Dlg (red) as indicated and Hoechst (blue) for 

nucleus staining. Representative images are shown. Scale bar 20 µm. Quantification of 

the percentage of single lumen cysts in each condition is shown next to the images. 

N≥100 cysts were counted per experiment.  
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Given that depletion of many candidate proteins, including the invalidated PKCι binding 

proteins (MTA1, API5 and FAM83H), led to a reduction in the percentage of single 

lumen cysts, we wanted to check that these results were not due to the intrinsic 

properties of the Caco2 3D culture assay. PKCδ is a member of the PKC family 

proteins and shows high sequence homology with atypical PKCs in the kinase domain. 

Depletion of PKCδ in Caco2 cells did not give rise to a reduction in the percentage of 

single lumen cysts in 3D cultures, which reassures the robustness of the previously-

presented data, in that the morphogenesis defects seen were not due to any artefact 

caused by the assay itself (Figure 3.9). 

 

 
Figure 3.9 Knockdown of PKCδ does not cause defects in Caco2 3D 

morphogenesis 

Caco2 cells were reverse-transfected in 2D cultures with 20 nM of siRNA pool targeting 

the indicated genes. 48 hours after transfection, cells were seeded in 3D cultures for 

cyst development. Cysts were fixed five days after the initial 3D seeding and stained 

for ZO-1 (green), E-cadherin (red) as indicated and Hoechst (blue) for nucleus staining. 

Representative images are shown. Scale bar 20 µm. Quantification of the percentage 

of single lumen cysts in each condition is shown next to the images. N≥100 cysts were 

counted per experiment.  
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It is worth noting that one caveat of this analysis is that the efficiency of siRNA 

knockdown was assessed using cells seeded in 2D and this may not fully represent 

the knockdown efficiency in 3D. Cells from 2D were used for protein level analysis 

due to the technical difficulties of harvesting cells from 3D and still having enough 

cells for Western blot analysis, given that low numbers of cells need to be seeded 

in an 8-well chamber for individual cyst formation (8,000 cells per well at seeding), 

and the difficulty in completely removing the Matrigel/collagen mix from the cysts by 

using proteases such as collagenase and dispase.  

 

In summary, depletion of MyoX, MTA2, FARP2, MTA1, API5 or FAM83H caused a 

noticeable reduction in the percentage of single lumen cysts compared to that of 

the control cells, indicating their involvement in epithelial morphogenesis. Depletion 

of either Llgl2 or FAM83B did not lead to morphogenesis defects, which we 

attribute to the low baseline level of the percentage of single lumen cysts in the 

control condition. Depletion of EPB41L4B, RUVBL1 and EPB41L5 showed a 

reduction in the percentage of single lumen cysts and depletion of YME1L1 did not 

cause epithelial defects in one experiment, from which we could not assert the 

requirement of these proteins in epithelial morphogenesis in Caco2 3D cultures.  
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3.3 Discussion 

Working on the hypothesis that PKCι RIPR motif acts as a protein-protein 

interaction site, we set out to identify PKCι RIPR-dependent interacting proteins 

using a proteomic approach comparing the associated proteomes between GFP 

PKCι-WT and GFP PKCι-AIPA mutant. Using criteria described in Section 1.2.3, 

twelve proteins were selected as PKCι RIPR-dependent candidate proteins to be 

validated (Table 3.3).  

 

Out of the twelve candidate proteins, Llgl2 and MyoX have already been implicated 

in regulating cell morphology and cell shape (Liu et al., 2012; Yamanaka et al., 

2003). EPB41L4B and EPB41L5 are the mammalian orthologs of the Drosophila 

protein Yurt, which is involved in apical membrane formation (Laprise et al., 2006; 

Laprise et al., 2009). The role of EPB41L4B during apical domain establishment 

has also been demonstrated in mammalian cells, which requires aPKC 

phosphorylation (Nakajima and Tanoue, 2011). FARP1 and FARP2 are FERM 

domain-containing Cdc42/Rac1 GEFs. Although FARP1 and FARP2 have not been 

directly implicated in epithelial morphogenesis, their functions in neurons have 

been studied extensively. FARP1 and FARP2 are required for dendritic growth, 

which is dependent on their Rac1/Cdc42 GEF activity (Toyofuku et al., 2005; 

Zhuang et al., 2009). 

 

In contrast, many candidate proteins do not have known functions that are related 

to the regulation of cell shape and cell morphology, even though some of them are 

robust PKCι interactors as demonstrated by an independent PKCι proteomic 

screen (Table 3.3). Among this group of proteins are the nucleosome remodelling 

and deacetylase (NuRD) complex component MTA1 and MTA2, apoptosis inhibitor 

API5, DNA helicase RUVBL1 and putative ATP-dependent protease YME1L1.  
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Table 3.3 Known functions of the candidate proteins from the PKCι RIPR-

dependency proteomic screen.  

The top panel shows candidate proteins with known functions in regulating cell 

morphology and cell shape. The lower panel shows candidate proteins that do not 

have known functions in regulating cell morphology. “PKCι interactor” column shows 

the number of experiments out of the five repeats where the indicated protein has been 

identified in the GFP PKCι interactome in an independent screen. “N” shows that the 

indicated protein was not identified in any of the five experiments. Protein names are 

colour-coded according to the validation results as shown in Table 3.2. 
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3.3.1 Validation of PKCι interacting proteins and their RIPR-dependency 

We first set out to validate the twelve candidate proteins using the same 

experimental set-up as that was used in the original proteomic screen and 

determined the presence or absence of each candidate protein in the GFP PKCι 

interactome by Western blot. Using this approach, we validated four candidates 

(Llgl2, MyoX, MTA2 and the 52 KDa isoform of EPB41L4B) as RIPR-dependent 

interacting proteins and three candidates (MTA1, API5 and RUVBL1) as non-PKCι 

interacting proteins. The other five candidates (FARP2, EPB41L5, FAM83B, 

FAM83H and YME1L1) could not be validated using a Western blot approach since 

none of the commercially available antibodies tested could identify the target 

proteins at endogenous levels. We have attempted to generate polyclonal antisera 

against each of the five candidates. However, they also failed to detect the target 

proteins at their endogenous levels. To overcome this problem, we acquired cDNA 

constructs for FAM83B, FAM83H and FARP2 and validated them as PKCι 

interacting proteins by co-overexpression with GFP PKCι. FARP2 was further 

validated as a RIPR-dependent interacting protein.  

 

Regarding the invalidated PKCι interacting proteins MTA1, API5 and RUVBL1, we 

could not detect their presence in the GFP PKCι immunoprecipitates by Western 

blot using a similar experiential set up as the one used for the initial mass 

spectrometry screen. This could be due to the sensitivity discrepancy between 

mass spectrometry and Western blot methods, since the sensitivity of Western 

blotting depends mainly on the specificity and the titre of primary antibodies. 

Interestingly, in an independent set of experiments, the presence of all three 

proteins in the GFP PKCι immunoprecipitates with cells treated with non-targeting 

siRNA was detected by Western blot, although of a very small proportion compared 

to the amount of protein in the total inputs (Figure 3.4). We noticed that the 

sequential siRNA and cDNA transfection resulted in a lower cell density before co-

IP. Given that PKCι has been implicated in regulating both cell proliferation and cell 

polarity, as well as the precedent where cell density regulates the localisation and 

downstream signalling of polarity proteins, such as the transcription coactivator 

YAP (Zhao et al., 2007), we went on to investigate whether cell density is the 
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determining factor that influences the association of these proteins with PKCι. Co-

immunoprecipitation of GFP PKCι-WT was conducted with cells at high (>95%) and 

low (15-20%) density. RUVBL1 and MTA1 were not detected in the GFP PKCι 

immunoprecipitates at both high and low cell density. API5 seems to show a 

density-dependent recovery in GFP PKCι immunoprecipitates. However, this 

recovery was not consistent (only in two out of three experiments). One 

unexpected observation from this investigation is that MTA2 consistently shows a 

profound density-dependent association with GFP PKCι. More MTA2 is recovered 

in the GFP PKCι immunoprecipitates at low density compared to that at high 

density, despite the lower total protein level in the inputs (Figure 3.5).  

 

Based on these observations, we suspect that the association of PKCι with a group 

of proteins, such as MTA2, is regulated by yet-to-be-identified, density-related 

factors. There is a growing body of literature demonstrating a group of proteins 

(which are termed as the NACos: proteins that can localise to the Nucleus and 

Adhesion Complexes) that can localise to both the nucleus and adhesion 

complexes, and their translocation to the nucleus is involved in modulating gene 

expression, among which β-catenin is a well-studied example (Balda, 2003). 

Epithelial cells sense the presence of neighbouring cells and interact with them 

through cell-cell junctions. Information on their environment and neighbouring cells 

needs to be relayed to the transcriptional machinery in order to modulate their 

proliferation profiles accordingly. This notion is exemplified by the phenomenon of 

contact inhibition, where normal cells are able to stop proliferation once they have 

covered the surface of a culture dish (Abercrombie, 1979).  

 

We noticed that MTA1, MTA2 and RUVBL1 are all components of chromatin-

remodelling complexes (Jha and Dutta, 2009; Yao and Yang, 2003; Zhang et al., 

1999) and API5 has been shown to contribute to E2F1 transcriptional activation 

(Garcia-Jove Navarro et al., 2013). In addition, misregulation of MTA1 and MTA2 

might be implicated in overcoming the cell-cell contact that restrains proliferation, 

since elevated expressions of MTA1 and MTA2 have been demonstrated in various 

advanced, metastatic cancers (Chen et al., 2013; Ding et al., 2015; Liu et al., 2013; 

Prisco et al., 2012; Zhang et al., 2015). Furthermore, one study shows that 
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RUVBL1 binds to the actin filaments and promotes cell protrusion, which is linked 

to the mobility and invasiveness of pancreatic cancer cells (Taniuchi et al., 2014).  

 

Therefore, it is possible that some of the novel PKCι interacting proteins identified 

here, such as MTA2 (and perhaps API5), associates with PKCι under conditions of 

low cell density and dissociates from PKCι under conditions of high cell density. 

Interestingly, we have also noticed a threshold behaviour in terms of cell density 

during the investigation of the PKCι-MTA2 complex, in that the PKCι-MTA2 

complex can only be detected by co-IP when the cells are less than 20% confluent 

and not when the cells are more confluent than this. Therefore, we suspect that cell 

density itself is unlikely to be the direct regulating factor of the PKCι-MTA2 complex. 

The regulation mechanism of the PKCι-MTA2 complex is more likely to be due to 

signalling events early on during cell-cell junction establishment, such as sensing 

the changes in cortical actomyosin tension. Nevertheless, our results suggest that 

the PKCι-MTA2 complex is regulatable, and we suspect that the regulatable nature 

of this interaction is likely to be important for normal epithelial morphogenesis. 

 

This working model also explains several unexpected results. Firstly, since we did 

not control the density-related factors directly in our experiments, the recovery of 

MTA1, API5 and RUVBL1 in the GFP PKCι immunocomplexes shows 

inconsistency across different experiments. Secondly, it is puzzling that depletion of 

each of the three invalidated PKCι interacting proteins (MTA1, API5, and RUVBL1) 

all led to morphogenesis defects in Caco2 3D assays, even though they were not 

recovered in the GFP PKCι immunocomplexes judged by Western blotting. One 

explanation is that API5, MTA1 and RUVBL1 all play a role in regulating cell 

morphology independently from PKCι. However, this working model also suggests 

the possibility that MTA1, API5 and RUVBL1 are indeed acting downstream of the 

PKCι RIPR motif to regulate cell morphogenesis, however since this interaction 

only occurs under certain circumstances, we could not detect the interactions 

consistently by co-IP and Western blot.  

 

One question that is not elucidated by this model is the cellular localisation of the 

PKCι - partner protein complexes. In the case of MTA2, which shows density-
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dependent interaction with PKCι, we do not know whether it is MTA2 translocates 

to the junctions / the cytosol, similar to the known NACos proteins, or that PKCι 

translocates to the nucleus to form the PKCι-MTA2 complex. This question will be 

addressed further in Chapter 4. 

 

In addition, we suspect that MTA1, MTA2, RUVBL1 and API5 are not PKCι 

substrates, as the putative PKCι phosphorylation sites on these proteins were not 

phosphorylated by PKCι in vitro using peptide array assays (Philippe Riou, 

unpublished data). This suggests that the association and dissociation of these 

proteins with PKCι is not regulated by direct phosphorylation, and that they are 

more likely to interact with PKCι as scaffold proteins. Other lines of evidence also 

hint that, at least for MTA2, the complex formation with PKCι is regulatable. 

Additional evidence supporting this notion will be addressed and discussed further 

in the subsequent chapters.  

 

3.3.2 Non inter-dependency among the candidate proteins for association 

with PKCι  

Given that the PKCι RIPR motif is a short sequence motif, we hypothesised that the 

candidate proteins associate with the RIPR motif as hetero-oligomeric complexes. 

However, results shown in Section 3.2.2 suggests that there is no inter-

dependency between the candidate proteins and that they could associate with 

PKCι independent of each other. This result is consistent with the fact that the 

candidate protein families all have diverse functions, and none of the family 

proteins forms known protein complexes, as analysed from the publically available 

data at the STRING database (Szklarczyk et al., 2015).  

 

So why do the candidate proteins all depend on the RIPR motif to associate with 

PKCι? One explanation could be that the candidate proteins are not all accessible 

to the PKCι RIPR motif at the same time or present in the same cellular 

compartment. If this is the case, we suspect that their requirement for the PKCι 

RIPR motif is unlikely to be due to a shared domain or sequence that binds to the 

RIRR motif directly, since sequence alignment and domain analysis show that 
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there is no common domain or sequence among these candidate proteins, at least 

at the level of primary amino acid sequence. Another possibility is that there are 

proteins that were not identified or selected from the proteomic screens, which are 

required for the association of some of these candidate proteins. Furthermore, one 

caveat of this analysis is that we could not determine whether the level of recovery 

of the non-validated candidate proteins changes upon depletion of the other 

candidate proteins, due to the lack of working antibodies. Therefore, there could sill 

be inter-dependency of these proteins for associating with PKCι. 

 

3.3.3 Effects of the candidate protein depletion on epithelial morphogenesis 

Previously we have demonstrated that an intact PKCι RIPR motif is required for 

epithelial morphogenesis. To assess the involvement of PKCι RIPR-dependent 

candidate proteins in epithelial morphogenesis, we exploited the Caco2 cell 3D 

culture system and used the percentage of single lumen cysts as a read-out for 

normal epithelial morphogenesis. Our results show that MyoX, MTA2, FARP2, 

MTA1, API5 and FAM83H are required for epithelial morphogenesis and 

individually contributing to this process. It is worth noting that the morphogenesis 

defect caused by the depletion of some candidate proteins is more moderate 

compared to the depletion of aPKC or Par6B, given that depletion of aPKC or 

Par6B results in around 60% of multi-lumen cysts, compared to 40-50% of multi-

lumen cysts caused by the depletion of some of the candidate proteins. This could 

be due to the potential different levels of knockdown of each candidate protein. 

However, another reasonable explanation could be that the candidate proteins act 

downstream of PKCι, and each of them is contributing to a small aspect of the 

morphogenesis process. 
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3.4 Conclusions  

The investigations shown in this chapter demonstrate that most candidate proteins 

selected from the PKCι RIPR proteomic screen appear to be genuine PKCι RIPR-

dependent interacting partners. The results also hint that there is another level of 

complexity in the PKCι RIPR-dependency of these candidate proteins, and the 

association of PKCι with some candidate proteins (MTA2 and API5) is regulatable 

through density-related factors. Furthermore, the candidate proteins are likely to act 

independently of each other to interact with PKCι through the RIPR motif and many 

of the candidate proteins are required during epithelial morphogenesis.  
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Chapter 4. Characterisation of the PKCι-MTA2 
protein complex 

4.1 Introduction 

MTA2 is a member of the metastasis-associated (MTA) family proteins and a 

component of the histone deacetylase and nucleosome remodelling (NuRD) 

complex. As demonstrated in chapter 3, MTA2 is a validated PKCι RIPR-

dependent interacting protein. In addition, MTA2 is a robust PKCι interacting 

protein, having been found in 5 out of 5 experiments in an independent proteomic 

screen conducted in our Laboratory (Philippe Riou, unpublished data). Furthermore, 

depletion of MTA2 in the Caco2 cell 3D assay leads to epithelial morphogenesis 

defects, phenocoping the effect of aPKC depletion. Interestingly, the interaction of 

PKCι and MTA2 is regulatable, as the presence of this protein complex is cell-

density dependent. Although there are limited literature evidence suggesting the 

involvement of MTA2, or MTA family members, in the regulation of cell polarity and 

cell shape, findings shown in chapter 3 prompted us to speculate the existence of 

novel functions of MTA2 and to investigate the regulation mechanisms and the 

physiological significance of the PKCι-MTA2 protein complex.  
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4.2 Results 

4.2.1 Subcellular localisation of MTA1 and MTA2 in epithelial cells 

We first set out to investigate the localisation of MTA2 in cells. Caco2 cells were 

seeded on glass coverslips and immuno-stained for MTA2. As shown in Figure 

4.1A, MTA2 localises to both the nucleus and the cell cortex under methanol 

fixation condition. In addition, MTA2 localises to the spindle structure at each 

mitotic stage (Figure 4.1B), as it co-localises with the spindle assembly factor TPX2 

(Targeting protein for Xklp2).  

 

Although both MTA1 and MTA2 were candidate proteins from the original PKCι 

RIPR dependency proteomic screen, we could only validate the PKCι interaction 

with MTA2, but not MTA1, by co-IP and Western blot. To further investigate this 

discrepancy between MTA1 and MTA2, we also checked the localisation of MTA1 

in cells by immunofluorescence. Caco2 cells were fixed and immuno-stained for 

MTA1. As shown in Figure 4.2, MTA1 localises to the nucleus, but not the spindle 

structures during mitosis, as there is no co-localisation with α tubulin in mitotic cells. 

 

The specificity of the MTA1 and MTA2 antibodies was also tested. As shown in 

Figure 4.3A, MTA1 and MTA2 antibodies only recognise their respective protein 

targets, and the Western blot signal is sensitive to siRNA treatment. Western blot of 

the Caco2 total cell lysates also revealed that the MTA1 and MTA2 antibodies 

recognise protein targets of different sizes that correspond to MTA1 and MTA2 

respectively (Figure 4.3B). In addition, the immunofluorescence signal by the MTA2 

antibody is weakened when the antibody is pre-incubated with the peptide that 

bears the antigen sequence. As shown in Figure 4.3C, the MTA2 signal on the 

mitotic spindles on both HCT116 and Caco2 cells, and the cortical signal on the 

Caco2 cells weakens when the antibody is pre-incubated with the antigen peptide, 

suggesting that the spindle and cortical staining with the MTA2 antibody in 

immunofluorescence assays is specific.   

 

These results suggest that although MTA1 and MTA2 belong to the same protein 

family and exhibit sequence similarity (57% sequence similarity), they do not show 
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the same localisation pattern in cells. These results, together with the previous 

finding that MTA2, but not MTA1, is a validated PKCι interacting protein, suggest 

that MTA1 and MTA2 might be functionally different. 
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Figure 4.1 Subcellular localisation of MTA2 in epithelial cells 

A. Caco2 cells were seeded on glass coverslips, fixed with methanol and stained for 

MTA2 (green) and DNA (by Hoechst, blue),. Scale bar: 50 µm. B. Asynchronous 

Caco2 cells were seeded on glass coverslips, fixed with 4% PFA and stained for MTA2 

(green), TPX2 (red) and DNA (by Hoechst, blue),. Representative images of cells in 

interphase and at each mitotic stage are shown. Scale bar: 20 µm.  
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Figure 4.2 Subcellular localisation of MTA1 in epithelial cells 

Asynchronous Caco2 cells were seeded on glass coverslips, fixed with 4% PFA and 

stained for MTA1 (green), α tubulin (red) and DNA (by Hoechst, blue),. Representative 

images of cells in interphase and at each mitotic stage are shown. Scale bar: 20 µm. 
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Figure 4.3 The specificity of MTA1 and MTA2 antibodies 

A. HCT116 cells were reverse transfected with 20 nM of the indicated siRNA pool. 72 

hours-post transfection, cells were lysed and immunoblotted with the indicated 

antibodies. B. Unperturbed Caco2 cells were lysed and the total cell lysates were 

immunoblotted for MTA1 and MTA2. C. Unperturbed HCT116 and Caco2 cells were fix 

with methanol. Cells were then immuno-stained with the MTA2 antibody alone, or 

MTA2 antibody pre-incubated with the antigen peptide at the indicated concentrations. 
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DNA is stained with Hoechst. Representative images of two independent experiments 

are shown. Scale bar: 50 µm. 
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4.2.2 MTA2 spindle localisation is aPKC independent 

MTA2 is known to be a component of the NuRD complex and has mainly been 

implicated in transcription regulation and DNA damage response (Luo et al., 2000; 

Smeenk et al., 2010). However, the observation that MTA2 localises to the cell 

cortex and mitotic spindle suggests that MTA2 might be involved in polarity-related 

functions, such as regulating spindle orientation. Working on our hypothesis that 

PKCι RIPR motif is required for the PKCι polarity functional output, and the finding 

that MTA2 is a validated PKCι RIPR-dependent interacting protein, we set out to 

investigate whether the cortical and/or the spindle localisation of MTA2 are 

dependent on the presence of aPKC.  

 

Caco2 and HCT116 cells were reverse transfected with non-targeting siRNA or 

aPKC siRNA single duplex. Cells were fixed and co-immunostained for MTA2 and 

aPKC. In both Caco2 and HCT116 cells, MTA2 staining on the mitotic spindles was 

not affected by the depletion of aPKC, suggesting that the mitotic localisation of 

MTA2 is independent of aPKC (Figure 4.4). aPKC knockdown efficiency was 

judged by the decreased intensity of aPKC immunofluorescence, comparing control 

cells and siaPKC-treated cells that were in the same plane of focus and where the 

intensity of the nuclear staining is comparable. This result suggests that the spindle 

localisation of MTA2 does not require aPKC. 
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Figure 4.4 MTA2 spindle localisation is aPKC independent 

Caco2 (A) and HCT116 (B) cells were reverse transfected with 40 nM of non-targeting 

or aPKC siRNA single duplex. 72 hours-post transfection, cells were fixed and stained 

for MTA2 (green), aPKC (red) and DNA (by Hoechst, blue),. Representative images of 

three independent experiments are shown. Scale bar: 50 µm. 
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4.2.3 MTA2 cortical localisation might be aPKC-dependent 

In Caco2 cells, the cortical staining of MTA2 could be detected consistently in all 

cells in both the mock condition (Figure 4.1A) and the non-targeting siRNA treated 

condition (Figure 4.5 A1) using methanol fixation. To assess whether the cortical 

staining of MTA2 in Caco2 cells is dependent on the presence of aPKC, cells were 

treated with non-targeting siRNA and aPKC siRNA single duplex. As shown in 

Figure 4.5 A2, MTA2 cortical staining in Caco2 cells could still be observed in cells 

treated with aPKC siRNA. However, upon closer investigation of the MTA2 cortical 

staining in Caco2 cells, we noticed that although the cytoplasmic aPKC immuno-

staining was strongly reduced compared to control cells, aPKC 

immunofluorescence signal remains detectable at the cell cortex (Figure 4.5 A2). In 

another cell region where the cortical aPKC staining is significantly weakened, the 

cortical MTA2 immunofluorescence was also reduced. The relative strength of the 

cortical aPKC staining was judged by its fluorescent intensity compared to that in 

the non-targeting siRNA treated cells under the same laser set-up. These results 

suggest that the cortical presence of MTA2 in Caco2 cells might be somehow 

dependent on the presence of aPKC. 

 

In HCT116 cells, the cortical MTA2 staining could only be detected in some cell 

regions (Figure 4.5 B1). Whether MTA2 cortical staining can be observed does not 

seem to correlate with the difference in cell density in these regions. In the regions 

where MTA2 cortical staining could be observed, this staining does not seem to be 

affected by aPKC depletion, as MTA2 cortical staining remains when both the 

cytoplasmic and the cortical aPKC staining were greatly reduced (Figure 4.5 B2). 

This result suggests that in HCT116 cells, the cortical localisation of MTA2 is not 

dependent on aPKC.  
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Figure 4.5 MTA2 cortical localisation might be aPKC-dependent 

Caco2 (A) and HCT116 (B) cells were reverse transfected with 40 nM of non-targeting 

or aPKC siRNA. 72 hours-post transfection cells were fixed and stained for MTA2 

(green), aPKC (red) and DNA (by Hoechst, blue),. Representative images of three 

independent experiments are shown. Scale bar: 50 µm. 
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4.2.4 Functional comparison between MTA2 and the NACos protein 

symplekin 

Searching in the literature, we found that our observations of MTA2 so far were 

very similar to the published findings on the RNA processing factor symplekin 

(Chang et al., 2012; Kavanagh et al., 2006; Keon et al., 1996). Firstly, both MTA2 

and symplekin are dual-localisation proteins. Immunofluorescence reveals that both 

proteins localise to the nucleus and the cell cortex, with the nucleus being the 

predominant localisation, shown by the intense nucleus staining and the 

comparatively weaker cell cortical staining. Secondly, the presence of symplekin 

cortical staining is dependent on cell lines, where cortical staining was observed 

consistently in certain cell line and only occasionally in some cell regions in other 

cell line. This is similar to the different patterns of the MTA2 cortical staining in 

Caco2 and HCT116 cells. Thirdly, depletion of symplekin in HT-29 cells, a human 

colorectal adenocarcinoma cell line that can form organised structures (albeit not 

acini) with a single lumen in 3D culture, caused defects in lumen formation, which 

suggests that symplekin is required for epithelial cell polarity. Moreover, results in 

our Laboratory shows that symplekin is a putative PKCι interaction protein, as it 

was identified in three out of five independent experiments in the GFP PKCι 

immunoprecipitates in HCT116 cells by mass spectrometry analysis. (Philippe 

Riou, unpublished data. See Table 8.1). Taken together, these findings suggest 

that MTA2 might function in similar cellular processes and be regulated in a similar 

manner as symplekin.  

 

Symplekin is required for tight junctional integrity, as depletion of symplekin 

increases the permeability of the epithelial monolayer of HT-29 cells. In addition, 

the total protein level of symplekin is increased during the formation of tight junction 

(Chang et al., 2012). Therefore, we investigated whether these observations about 

symplekin also apply to MTA2.  

 

Firstly, we tested whether MTA2 is required for the integrity of epithelial cell 

junctions. Caco2 cells were treated with non-targeting or MTA2 siRNA pools and 

seeded in both 2D and 3D cultures. The localisation of the tight junction protein 

ZO1 and the adherens junction protein E-cadherin were analysed by 
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immunofluorescence. In 2D culture, depletion of MTA2 did not affect the immuno-

staining of ZO1, both in terms of its intensity and the pattern of staining, suggesting 

that MTA2 does not affect ZO1 recruitment to the tight junction nor the integrity of 

tight junction. The immuno-staining of E-cadherin in MTA2-depleted cells were also 

largely intact. Although the staining in the knockdown condition is weaker in 

intensity than the control condition, this is likely to be due to the difference in 

cellular tension, as the cells in siMTA2 condition were more spread than the cells in 

control condition (Figure 4.6A). In 3D culture, the tight junction localises to the 

apical domain and the adherens junction localises to the basolateral domain. As 

shown in Figure 4.6B, the localisation of ZO1 and E-cadherin were not affected in 

cells depleted of MTA2. Even in cysts that exhibit a multi-lumen phenotype, ZO1 

and E-cadherin still localise to their respective compartments within each lumen. 

The efficiency of the siRNA knockdown was sufficient, as determined by 

immunoblotting against MTA2 in the total cell lysates of the siCtrl and siMTA2 

treated cells (Figure 4.6C). This result indicates that MTA2 is not required for 

junctional integrity in both 2D and 3D cultures, nor is MTA2 required for the 

recruitment of ZO1 to the tight junction.  
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Figure 4.6 MTA2 knockdown does not affect junction integrity in cells in 2D and 

in 3D 

Caco2 cells were reverse transfected with 20 nM of non-targeting or MTA2 siRNA pool. 

48 hours post-transfection cells were trypsinised and re-seed in either 2D on glass 

coverslips (A) or in 3D (B). Cells from 2D culture were fixed at 72 hours post-

transfection. 3D culture was preceded as described in Section 2.2.11 and cells were 

fixed 6 days post-transfection. Cells from both 2D and 3D culture were immuno-stained 

for ZO1 (green), E-cadherin (red) and DNA (by Hoechst, blue),. Scale bar: 20 µm. 

siRNA knockdown efficiency was assessed by immunoblotting against MTA2 and 

GAPDH (loading control) using total lysates of cells 48 hours post-transfection from 2D 

(C). 
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We then investigate whether the protein expression of MTA2 is regulated by cell 

density, as this is the case for symplekin. When preforming the cell density 

experiments to validate MTA2 as a PKCι interacting protein in HCT116 cells (see 

Section 3.2.3), the level of MTA2 in the total inputs was also assessed. Figure 4.7 

shows the levels of MTA2 and α tubulin in the lysates of GFP transfected HCT116 

cell at high (>95%), medium (45-50%) and low (15-20%) cell densities. The protein 

level of MTA2 seems to correlates with the protein level of α tubulin and is not up- 

or down- regulated with increasing cell density. Assuming that GFP transfected 

cells behave in the same way as unperturbed cells, this result shows that the 

protein expression of MTA2 is not regulated by cell density.  

 

Therefore, although MTA2 shows many similarities with symplekin in terms of its 

localisation pattern and putative functions in cell polarity, MTA2 is not required for 

tight junction integrity and the protein level of MTA2 in cells does not seem to be 

modulated by cell density.  

 

 
Figure 4.7 The MTA2 total protein level is not influenced by cell density 

Total lysates of GFP transfected HCT116 cells at high (H: >95%), medium (M: 45-50%) 

and low (L: 15-20%) density were immunoblotted for MTA2 and α tubulin. 

Representative blots of two independent experiments are shown. 
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4.2.5 Density-dependency of the PKCι-MTA2 interaction is not due to 

secreted factors 

Unable to relate the roles of MTA2 and the biological significance of the PKCι-

MTA2 complex using existing knowledge in the literature, we focused on the 

density-dependent nature of the PKCι-MTA2 complex and attempted to address 

the underlying mechanisms contributing to this density-dependent behaviour. In 

Chapter 3, we have demonstrated that MTA2 consistently showed more 

association with GFP PKCι-WT under low cell density condition comparing with that 

under the high cell density condition, despite the lower level of total protein 

compared to that in the high density condition.  

 

First, we tested whether this density dependency of the PKCι-MTA2 complex is due 

to secreted factors from low or high density cells, which might provide external 

inputs for the regulation of the PKCι-MTA2 complex formation. HCT116 cells were 

transfected with GFP or GFP PKCι. 16 hours after transfection, cells were 

trypsinised and re-seeded into high and low densities in the presence of normal 

medium or conditioned media from high or low density cells as indicated in Figure 

4.8. Treating high-density cells with low-density cells conditioned media did not 

change the level of recovery of MTA2 in the GFP-PKCι immunoprecipitate 

(compare lane 3 with lane 5) and vice verse (compare lane 4 with lane 6). This 

result demonstrates that the density-dependent nature of PKCι-MTA2 interaction is 

not through released factors from either low or high-density cells. 

 



Chapter 4 Results 

 

 131 

 
Figure 4.8 Density-dependency of the PKCι-MTA2 interaction is not due to 

secreted factors 

HCT116 cells were transfected with GFP or GFP PKCι. 24h post-transfection, cells 

were trypsinised and re-seeded into high (HD) and low (LD) densities in the presence 

of normal medium or conditioned media from high or low density cells. Co-

immunoprecipitation with GFP was conducted 48h post-transfection. 

Immunoprecipitates and inputs were immunoblotted with indicated antibodies. 

Representative blots of two independent experiments are shown. 
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4.2.6 PKCι-MTA2 protein complex localises to different cellular 

compartments at different cell densities 

To further characterise the PKCι-MTA2 protein complex, we exploited the in situ 

proximity ligation assay (PLA), which detects protein-protein interactions and allows 

visualisation of the protein complex by microscopy. PLA relies on antibodies of two 

different species that target each of the protein in the complex. Secondary 

antibodies that bind to each of the primary antibody are conjugated with 

oligonucleotides. After primary and secondary antibody incubation, a ligation 

solution containing ligase and two oligonucleotides is added, where the two 

oligonucleotides will hybridise with the oligonucleotides conjugated to the 

secondary antibodies if the two secondary antibodies are in close proximity. If 

ligation occurs, the addition of an amplification solution containing polymerase and 

fluorescently labelled nucleotides will cause the ligated oligonucleotides to amplify 

through a rolling-circle amplification mechanism, where the fluorescently labelled 

nucleotides are incorporated and protein-protein interactions can be visualised by 

the presence of fluorescent spots by microscopy. Positive PLA signals indicate the 

presence of protein-protein interactions and that the two proteins in the complex 

are within 40 nm range.  

 

PLA allows us to address several questions regarding to the PKCι-MTA2 complex 

at the same time. Firstly, it provides an alternative method from co-IP to confirm the 

PKCι-MTA2 interaction. It also allows us to address the density-dependency 

behaviour of this complex in a quantitative manner, as the number of PLA signals 

(represented as distinctive spots) is in direct correlation with the number of 

interaction events. Secondly, PLA allows us to visualise the localisation of the 

PKCι-MTA2 complex. Given that MTA2 localises to both the cell cortex and the 

nucleus, as well as the literature evidence suggesting that aPKC can also localise 

to both of these compartments, we set out to investigate in which compartment 

does the PKCι-MTA2 interaction occur. Thirdly, unlike co-IP where only interactions 

with the ectopically expressed (GFP-tagged) PKCι are recovered, using an aPKC 

antibody allows us to detect protein complexes of both exogenous and endogenous 

PKCι at the same time by PLA (although if endogenous interaction occurs, we 
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could not distinguish that the protein complex is formed with endogenous PKCι or 

PKCζ). Being able to detect endogenous protein complexes will also give us more 

confidence that the interaction between PKCι and MTA2 we observed by co-IP is 

not due to ectopic expression of GFP-PKCι. 

 

Along with the experimental conditions, several control conditions were preformed 

to check the background PLA signals that might be due to unspecific interactions 

between antibodies. Combinations of normal mouse and rabbit IgG, aPKC, MTA2 

antibody with the normal IgG of the other species did not produce any PLA signals 

(no distinctive spots), suggesting there is no unspecific interaction caused by the 

antibodies (Figure 4.9A). PLA between MTA2 and HDAC1, another component of 

the NuRD complex, was also preformed as a positive control (Zhang et al., 1999). 

PLA between MTA2 and HDAC1 gave strong positive signals in the nucleus, which 

is consistent with what is known about the localisation of the NuRD complex in cells 

and verifies that the PLA procedures was conducted properly (Figure 4.9B).  

 

The PLA between aPKC and MTA2 was performed at both high and low cell 

densities. The timing of the cDNA transfection and cell re-seeding was kept the 

same as that of the co-IP experiments to ensure we capture the protein-protein 

interactions observed by co-IP (details see Section 2.2.13). Positive PLA signals 

between aPKC and MTA2 were observed in cells of both low and high densities. 

However, there are more positive signals in cells at low density compared with that 

of high density (Figure 4.9C). In some experimental repeats, the PLA signals in 

high-density cells were hardly detectable (Figure 4.9 C2). This is consistent to what 

we have observed by co-IP, which shows that there are more PKCι-MTA2 

interactions at low cell density than at high cell density. In addition to the 

discrepancy in the number of interaction events of PKCι and MTA2 at high and low 

cell densities, the localisation of the protein complexes is also different. At low cell 

density, majority of the PLA signals were in the nucleus, shown by the overlay with 

DNA staining by Hoechst (Figure 4.9 C3). When PLA signals could be detected in 

high-density cells, the signals were mostly cytoplasmic and cortical (Figure 4.9 C1). 

Furthermore, positive PLA signals between aPKC and MTA2 were detectable in 

GFP negative cells at both high and low densities. Although the PLA signals in the 

GFP negative cells were much weaker than that in the GFP PKCι-WT transfected 
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cells, this result indicates that protein complex of endogenous aPKC (could be 

either PKCι or PKCζ) with MTA2 was present in cells.  

 

Results from the PLA analysis confirm what we have observed by co-IP that there 

are more PKCι-MTA2 interaction incidences at low cell density than at high cell 

density. The PLA analysis also revealed that not only the incidence of interaction 

between PKCι and MTA2 is influenced by cell density, the localisation of this 

protein complex is also affected by cell density.  
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Figure 4.9 The PKCι-MTA2 protein complex localises to different cellular 

compartments at different cell densities 

In situ proximity ligation assay (PLA) was preformed on HCT116 cells transiently 

transfected with GFP PKCι. A, B. Cells were seed at high density and probed in PLA 

with the indicated antibody pairs. Antibody species are indicated in the brackets 
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(mouse or rabbit). Scale bar: 20 µm. C. Cells were transfected with GFP PKCι, 

trypsinised and re-seeded into high density and low density as described in Section 

2.2.13. Cells were probed in PLA with aPKC and MTA2 antibodies. Scale bar: 20 µm. 

Representative images of three independent experiments are shown. Figure C2 is from 

a different experimental repeat from all the other images presented here to show that in 

some experimental repeats, the PLA signals in high-density cells were hardly 

detectable.  
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4.2.7 MTA2 and aPKC shows different subcellular localisations at high and 

low cell density 

Knowing that the PKCι-MTA2 complex localises to different cellular compartments 

depending on cell densities, we then went on to investigate whether these changes 

in the subcellular localisation of the PKCι-MTA2 complex are a consequence of the 

changes in the localisation of PKCι or MTA2 proteins themselves. To test this, 

HCT116 cells were seeded on glass coverslips at low and high cell numbers, which 

would result in low and high cell confluency after few days of incubation. Three 

days after seeding, cells were fixed and stained for aPKC and MTA2 to determine 

their localisation.  

 

As shown in Figure 4.10, there is a change in the localisation of both aPKC and 

MTA2 at different cell densities. MTA2 shows a nuclear localisation at both high 

and low cell densities. However, MTA2 becomes more cytoplasmic when cells are 

at low density. On the other hand, aPKC shows a staining that suggests nuclear 

accumulation when cells are at low density, as the nuclear staining of aPKC is 

almost absent when cells are at high density, as judged by the 

immunofluorescence intensity using the same laser setting. Nevertheless, the 

aPKC nuclear staining is concentrated in the nucleolus regions and only co-

localises very weakly with the MTA2 staining in the nucleus (note that the MTA2 

staining in the nucleus at both low and high cell density is mainly outside of the 

nucleolus region).  

 

Comparing this results with the PLA results presented earlier, it could be that the 

increasing amount of PKCι-MTA2 complex that was observed by PLA is due to an 

accumulation of PKCι in the nucleolus region, even though this pool of PKCι only 

shows weak co-localisation with MTA2. However, this is less likely given that the 

PLA staining between PKCι and MTA2 when cells are at low density (Figure 4.9) 

did not show a very distinct pattern that indicates the complex is only present in the 

nucleolus compartment. In addition, both PKCι and MTA2 show a cytoplasmic 

staining when cells are at low density, yet there is no PLA signal between PKCι and 

MTA2 in this region. This seems to indicate that the interaction between PKCι and 
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MTA2 at low cell density is not purely due to both proteins being present at the 

same cellular compartment, and there are other factors that regulate the ability for 

MTA2 and PKCι to interact.  

 

 

 
Figure 4.10 MTA2 and aPKC shows different subcellular localisations at high and 

low cell density 

Unperturbed HCT116 cells were seeded on glass coverslips at low and high cell 

numbers. 3 days later, cells were fixed and stained for MTA2 (green), aPKC (red) and 

DNA (by Hoechst, blue). Representive images of three experiments are shown. Scale 

bar: 20 µm. 
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4.2.8 PKCι and MTA2 association is independent of the PKCι kinase activity 

Working on the hypothesis that the ability to form PKCι-MTA2 complex is regulated 

by cell density, we tested whether PKCι kinase activity plays a role in regulating the 

PKCι-MTA2 complex.  

 

Previous findings in our Laboratory suggest that MTA2 is unlikely to be a PKCι 

substrate, as the MTA2 peptides containing the predicted PKCι phosphorylation 

sites were not phosphorylated by recombinant PKCι kinase domain in vitro (Parker 

Laboratory, unpublished data). Although MTA2 is unlikely to be phosphorylated by 

PKCι directly, we tested whether the kinase activity of PKCι indirectly influences the 

PKCι-MTA2 protein complex. 

 

GFP and GFP PKCι-WT were ectopically expressed in HCT116 cells. To recovery 

MTA2 in the GFP-PKCι immunoprecipitates, cells were split into high and low 

densities 16 hours post-transfection. GFP PKCι-WT transfected cells were treated 

with either DMSO or 10 µM of the aPKC specific inhibitor CRT0066854 (Kjaer et al., 

2013) for one hour before cell lysis for co-IP. Although there is no published 

method to acutely trigger aPKC activation in the same way as the conventional and 

novel PKCs and the activation mechanisms of atypical PKC are still open for 

debate in the literature, findings in our Laboratory show that the over-expressed 

GFP-PKCι WT is active and its kinase activity can be inhibited, as the 

phosphorylation level of ectopically expressed Llgl2 (a known PKCι substrate) is 

reduced with increasing concentration of the inhibitor CRT0066854 in a dose-

dependent manner after one hour inhibitor treatment (Parker Laboratory, 

unpublished data). In addition, one hour treatment with CRT0066854 is sufficient to 

reduce the phosphorylation of many putative PKCι substrates. Using an anti-

phosphoserine antibody that recognises phosphorylated putative PKC substrates 

(Cell Signalling Technology 2261), we found that one hour treatment with 

CRT0066854 results in a decrease in the PKC substrate phosphoserine signals by 

Western blot when GFP PKCι is ectopically expressed in cells (Parker Laboratory, 

unpublished data). 
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As demonstrated in Figure 4.11, MTA2 is present in the GFP PKCι-WT 

immunoprecipitates in both high and low densities cells in the DMSO treated 

condition. MTA2 is more efficiently recovered in low density cells than in high 

density cells, consistent with the previous results (Section 3.2.3). Upon one hour 

treatment with the aPKC inhibitor CRT0066854, the levels of MTA2 recovery in the 

GFP PKCι-WT immunoprecipitates were not affected at both low and high densities. 

This indicates that the association of PKCι with MTA2 is not regulated by PKCι 

kinase activity, at least one hour after PKCι inhibition. Therefore, the density 

dependent nature of the PKCι-MTA2 complex is less likely to be due to modulation 

in PKCι kinase activity. 

 

 
Figure 4.11 PKCι and MTA2 association is independent of the PKCι kinase 

activity 

HCT116 were transiently transfected with GFP or GFP PKCι. 16 hours post-

transfection cells were trypsinised and re-seeded into low (L.D) and high (H.D.) 
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densities. Cells were treated with either DMSO (1:1000) or aPKC inhibitor 

CRT0066854 (10 µM) for 1 hour before being lysed for co-immunoprecipitation with 

GFP as indicated. Immunoprecipitates and inputs were immunoblotted with indicated 

antibodies. Representative blots of two independent experiments are shown. 
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4.3 Discussion 

MTA2 is a component of the NuRD complex, which is involved in transcriptional 

regulation and DNA damage response (Luo et al., 2000; Smeenk et al., 2010). The 

MTA family proteins (MTA1, MTA2 and MTA3) in the NuRD complex are thought to 

play scaffolding roles and mediate protein-protein interactions with other 

components of the NuRD complex and transcription factors through their 

conserved motifs (Humphrey et al., 2001; Roche et al., 2008). As the name 

suggests, the MTA family proteins were first discovered due to their elevated 

expression in many types of metastatic cancer (although MTA3 was later found to 

behave differently from MTA1 and MTA2, both in its expression pattern in cancer 

and its tumour promoting properties) (Fujita et al., 2003; Zhang et al., 2006a).  

In the context of epithelial cell polarity, several studies have suggested that MTA1 

and MTA2 promote tumour invasiveness through repressing the expression of 

adhesion proteins, hence promoting epithelial to mesenchymal transition (Wang et 

al., 2012b; Zhang et al., 2015). However, there is no study so far suggesting any 

direct involvement of the MTA family proteins in regulating cell polarity. 

 

4.3.1 Potential functional differences between MTA1 and MTA2 

MTA1 and MTA2 show sequence homology and share four highly conserved 

domains. Functional differences between MTA1 and MTA2 have only been 

demonstrated in the context of the NuRD complex. It is generally thought that MTA 

family members do not co-exist in the NuRD complex and the incorporation of a 

particular family member confers specificity of the NuRD complex for associating 

with specific transcription factors or towards its targeting genes (Fujita et al., 2003). 

 

In Chapter 3 we have demonstrated that MTA2, but not MTA1, is a robust PKCι 

interacting protein. Findings shown in this chapter indicate that MTA1 and MTA2 

have different localisations in cells, where MTA1 is mainly localised to the nuclear 

whilst MTA2 localises to three different cellular compartments: the nucleus, the cell 

cortex and the mitotic spindle. Given that most functional studies of the NuRD 

complex are around transcription regulation, the nuclear localisation of both MTA1 
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and MTA2 is not surprising. However, the spindle and cortical localisation of MTA2 

poses the possibility that MTA2 exerts unique functions in these compartments that 

are not shared with MTA1.  

 

In this chapter, we attempted to address the functions of cortical MTA2. Proximity 

ligation assay revealed that the PKCι-MTA2 complex becomes more cytoplasmic 

and cortical at high cell density. Given what we have discovered in chapter 3 that 

MTA2, but not MTA1, is a validated PKCι interacting protein, this shows that the 

cortical pool of MTA2 is regulatable and is likely to be involved in some PKCι-

dependent processes that are unique to MTA2. 

 

Although we could not assert the functions of the spindle pool of MTA2 in our study 

and that the MTA2 spindle localisation is independent of aPKC, our findings 

together with several published studies seem to suggest a yet-to-be-characterised 

role of NuRD complex components during mitosis (see below). 

 

4.3.2 Potential involvement of MTA2 and the NuRD complex during mitosis 

MTA2 has been shown previously to localise to the centrosomes and the midbody 

in mitotic cells (Sillibourne et al., 2007). In our study, we found that MTA2 not only 

localises to the centrosomes, but also to the mitotic spindles. During cytokinesis, 

MTA2 seems to localise to the central spindle rather than the midbody. This 

localisation of MTA2 suggests that it might play a role during mitosis. 

 

Given that aPKC has been well established in regulating spindle orientation and 

asymmetric cell division (Durgan et al., 2011; Hao et al., 2010), we explored the 

possibility that aPKC is involved in the potential mitotic functions of MTA2. As a first 

measure, we checked whether the spindle localisation of MTA2 is aPKC dependent. 

Our result shows that MTA2 spindle localisation is not affected upon aPKC 

depletion, suggesting that MTA2 functions at the mitotic spindle is independent of 

aPKC, although this does not rule out the possibility that aPKC modulates MTA2 in 

some ways other than its localisation. 
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MTA2 is not the only NuRD complex component being speculated to play a role 

during mitosis. Several other components of the NuRD complex were also thought 

to function in various mitotic-related processes. MBD3, HDAC1 and CHD3 have all 

been shown to localise to the centrosomes during mitosis and CHD3 was shown to 

be required for centrosome integrity (Sakai et al., 2002; Sillibourne et al., 2007). 

CHD4 has been demonstrated as a Ran-GTP dependent microtubule-associated 

protein and is required for bipolar spindle formation (Yokoyama et al., 2013). This 

body of literature seems to indicate a yet-to-be characterised role of the NuRD 

complex or some components of the NuRD complex in mitosis, in particular during 

spindle assembly and positioning. Furthermore, we demonstrated in Chapter 3 that 

depletion of MTA2 phenocopies the depletion of aPKC in Caco2 3D culture and led 

to morphogenesis defects in cyst formation (Section 3.2.4). Given that mis-

orientation of the mitotic spindle is one of the mechanisms that leads to multi-lumen 

cyst formation in Caco2 3D culture, it would be interesting to examine whether 

MTA2 is required in spindle orientation or centrosome-related functions during 

mitosis, and if so, whether the PKCι-MTA2 interaction is invovled in these 

processes.  

 

In support to this, results from our Laboratory suggest that many components of the 

NuRD complex are PKCι interacting proteins. In a proteomic screen conducted in 

our Laboratory, we investigated the PKCι interactome by analysing the 

immunoprecipitates of the overexpressed GFP PKCι in HCT116 cells (Philippe 

Riou, unpublished data). In this screen, many NuRD complex components were 

recovered in the GFP PKCι immunoprecipitates in more than three out of five 

independent experiments (Table 4.1) We cannot assume that the potential roles of 

the NuRD complex during mitosis is through interaction with PKCι base on 

localisation and protein-protein interaction studies alone. Moreover, the interaction 

between PKCι and components of the NuRD complex still need to be validated, as 

in the case of MTA1, which could not be validated as a PKCι interacting protein. 

Nevertheless, these observations pose a plausible avenue for further investigation. 

For example, is the interaction between PKCι and other components of the NuRD 

complex enriched in mitotic cells?  
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Identified Proteins PKCι-WT Co-IP
Metastasis-associated protein 1 MTA1 3/5
Metastasis-associated protein 2 MTA2 5/5
Metastasis-associated protein 3 MTA3 2/5
Chromodomain-helicase-DNA-binding protein 4 CHD4 4/5
Histone deacetylase 1 HDAC1 3/5
Methyl-CpG-binding domain protein 2 MBD2 4/5
Transcriptional repressor p66-alpha GATAD2A 3/5
Transcriptional repressor p66-beta GATAD2B 2/5  

Table 4.1 Other known components of the NuRD complex as potential PKCι 

interacting proteins 

Many components of the NuRD complex have been identified as potential PKCι 

interacting proteins, as demonstrated by the frequency of the indicated protein 

being identified in the GFP PKCι-WT associated proteome in HCT116 cells out of 

five independent experiments (the “PKCι-WT Co-IP” column) (Philippe Riou, Parker 

Laboratory). 

 

4.3.3 Comparison between MTA2 and other known NAcos proteins 

During our investigation, we found that MTA2 shares a very similar pattern of 

behaviours phenotypically with a known NAcos protein, symplekin, in terms of their 

nuclear/cortical dual-localisation and potential functions in epithelial morphogenesis. 

Interestingly, symplekin was also found to be a PKCι interacting protein in the PKCι 

interactome proteomic screen conducted in our Laboratory. These similarities 

between MTA2 and symplekin pose the possibility for some common regulation 

mechanisms and functions between these two proteins.  

 

We explored the possibility that MTA2 is required for junction formation and 

junctional integrity in epithelial cells, as symplekin was found to be required for 

maintaining tight junction integrity and ZO1 localisation (Chang et al., 2012). 

Assessed by immunofluorescence, the localisation of the tight junction protein ZO1 

was not affected by MTA2 depletion in both 2D and 3D cell culture. In 2D culture, 

the junctional integrity of both the tight junction and the adherens junction also does 

not seem to be affected. This suggests that functionally MTA2 is not required for 

ZO1 positioning and junction integrity, as is the case for symplekin. However, this 
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could also be due to the insensitivity of immunofluorescence in observing junctional 

defects. Further investigation could be performed to test the permeability of the 

epithelial cell monolayer in MTA2 depleted cells by permeability assay using 

fluorescently labelled dextran or trans-epithelial resistance assay.  

 

In Chapter 3 we speculated that MTA2 might be a nuclear-cortical dual localised 

protein that sense cell-cell contact at the cortex and relay this information to 

modulate the transcription programmes in the nucleus. This speculation was based 

on the known functions of MTA2 in transcription regulation and the density-

dependency of its association with PKCι. In this chapter, we demonstrated that 

MTA2 shows nuclear and cortical dual-localisation like other known NAcos proteins. 

However, the distribution of MTA2 in these two cellular compartments is not 

affected by cell density. Moreover, the protein expression of MTA2 also does not 

seem to be regulated by cell density. These two features of MTA2 are in contrast 

with many other known NAcos proteins, such as the ZO1 associated transcription 

factor ZONAB, which shows nuclear or cortical accumulation depending on the cell 

density and the expression level of ZONAB itself is also regulated by cell density 

(Balda et al., 2003).  

 

This discrepancy between MTA2 and the other NAcos proteins might be due the 

difference in the way they regulate transcription programmes, NACos proteins that 

show nuclear/cortical accumulation with changes in cell density are themselves 

transcription factors and they can target genes that are involved in a particular 

pathway with some degrees of specificity. For example, ZONAB has been shown to 

promote cyclin D1 expression (Kavanagh et al., 2006). In contrast, the functions of 

MTA2 in modulating transcription are exerted through the chromatin remodelling 

complex (NuRD complex), which regulates gene expression at an epigenetic level. 

Given the small number of chromatin remodelling complexes compared to the vast 

number of transcription factors in cells, the specificity of the chromatin remodelling 

complexes need to come from a number of inputs and more complex regulation 

mechanisms are likely to be involved compared with transcription factors.  

 

Therefore, we speculate that conceptually MTA2 functions in a similar way to other 

NAcos proteins, where it exerts different roles at the cell cortex and the nucleus in 
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a density dependent manner. However, mechanistically the density-dependent 

functions of MTA2 might be regulated by more complex mechanisms, one of which 

could its ability to form protein complex with PKCι (see below). 

 

4.3.4 The density-dependent nature of the PKCι-MTA2 complex 

In Chapter 3 we have demonstrated that the PKCι-MTA2 interaction is cell density 

dependent, in that there are more PKCι-MTA2 interactions at low density compared 

with that at high density. In this chapter, we further investigated the nature of this 

density-dependency of the PKCι-MTA2 complex.  

 

Using proximity ligation assay, we discovered that not only the association between 

PKCι and MTA2 is density-dependent, the localisation of the complex is also 

regulated by cell density. At low cell density, the PKCι-MTA2 complex is 

predominantly in the nucleus, whilst at high density the complex becomes more 

cytoplasmic and cortical. Given that MTA2 localises to both the cell cortex and the 

nucleus, as demonstrated in this chapter, as well as the body of literature 

suggesting the nuclear/cytoplasmic shuttling of aPKC (Perander et al., 2001; White 

et al., 2002), we tested whether the density-dependency of the PKCι-MTA2 

complex is due to the changes in local concentration of PKCι or MTA2 themselves 

in the nucleus or the cytoplasm/cell cortex. Our findings indicate that although there 

are changes in the localisation of MTA2 and aPKC at different cell densities, this is 

unlikely to be the reason that there are more PKCι-MTA2 interactions when cells 

are at low density. Furthermore, the expression levels of both MTA2 and aPKC in 

cells do not seem to be regulated by cell density. Taken together, these results 

suggest that it is more likely that the association of PKCι with MTA2 that is 

regulated by cell density.  

 

To address the underlying mechanisms of the association between PKCι and 

MTA2, we first tested the involvement of secreted factors in high and low density 

cells. Using conditioned media from high and low density cells, we found that the 

formation of the PKCι-MTA2 does not seem to be regulated by secreted factors 

from cells at different densities. We then tested whether the association between 
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PKCι and MTA2 is regulated by PKCι kinase activity. Even though we anticipate 

that MTA2 is not a PKCι substrate based on the in vitro peptide array data, this 

does not rule out the possibility that MTA2 is regulated in a PKCι kinase activity 

dependent manner through the phosphorylation of other proteins. We showed that 

inhibition of aPKC by a specific inhibitor CRT0066854 does not affect the level of 

association between ectopically expressed GFP PKCι and endogenous MTA2. 

Therefore, the association between PKCι and MTA2 is independent of PKCι activity, 

and the density dependency of the PKCι-MTA2 complex is less likely to be due to 

the modulation of PKCι kinase activity.  

 

To further address the regulation mechanisms that control the association of PKCι 

with MTA2 in the nucleus and the cell cortex, we could turn our question into the 

following: what are the properties of the nuclear and the cortical PKCι and MTA2 

that might make them able or unable to form complexes with each other? 

Assuming that the regulatory element comes from PKCι, we hypothesise that 

MTA2 is only able to form complex with a specific form of PKCι, which is more 

prevenient in the nucleus at low density and in the cortex at high density. From the 

point of view of PKCι, several observations in our Laboratory suggest that PKCι 

conformation might play a role in this regulation mechanism. We found that 

although endogenous aPKC do not show changes in localisation to the nucleus 

and the cytoplasm/cell cortex, results in our Laboratory show that ectopically 

expressed PKCι WT and PKCι conformational mutants localise to different cellular 

compartments (de Naurois, 2016). Ectopically expressed GFP PKCι WT localises 

predominantly in the cytoplasm, whereas the GFP PKCι kinase domain and the 

PKCι A129E mutant, which the pseudo-substrate alanine residue is mutated to a 

phospho-mimetic glutamate residue, localises predominantly in the nucleus. It is 

thought that wild-type PKCι adopts a “closed” conformation in cells, where the 

pseudo-substrate region in the regulatory domain of the kinase is folded into the 

kinase cleft. In contrast, the PKCι kinase domain and PKCι A129E mutant adopt a 

more “opened” conformation, due to the absence of the pseudo-substrate 

sequence (in the case of the kinase domain) or the phosphomimetic residue 

favouring the release of the pseudo-substrate region from the kinase cleft (in the 

case of the A129E mutant) (Rosse et al., 2010). Therefore, we anticipate that for 

some yet-to-be-characterised mechanisms, the open conformation of PKCι tends to 



Chapter 4 Results 

 

 149 

localise to the nucleus and the closed conformation PKCι localises more to the 

cytoplasm.  

So could it be that MTA2 associates preferentially with the “open” conformer of 

PKCι, and that the open/close state of PKCι is somehow (directly or indirectly) 

regulated by cell density? This very rudimentary working model explains the 

observation that the ability of PKCι and MTA2 to associated is regulated by cell 

density, even though there is no change in the local concentrations of PKCι at the 

nucleus and the cell cortex. The involvement of PKCι conformation in RIPR 

dependent protein-protein interactions is also hinted during the investigation of 

PKCι with other RIPR-dependent interacting proteins, which will be discussed 

further in Chapter 6. 

 

Apart from the hypothesis that PKCι conformation is contributing to the association 

between PKCι and MTA2, other possible regulatory mechanisms should also be 

explored. For example, it would also be of interest to identify the binding region of 

MTA2 that associates with PKCι. This could be determined by arraying MTA2 

sequence and incubate the peptides with recombinant PKCι. Due to the specificity 

of PKCι -MTA2 binding, it is likely that the binding site on MTA2 is outside of the 

four domains that are conserved across the MTA family proteins and the binding 

site is likely to be in the C-terminal region of MTA2. In addition, one could explore 

the possible involvement of cytoskeletal tension at low and high cell density in 

regulating the PKCι-MTA2 complex formation.  
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4.4 Conclusions 

In this chapter, we first demonstrated that MTA2 shows a subcellular localisation 

pattern that is not shared with its family member MTA1. Apart from its nuclear 

localisation, which is a shared feature with MTA1, MTA2 also localises to the cell 

cortex and mitotic spindles, which suggests that MTA2 might be involved in 

polarisation-related functions, such as controlling the spindle orientation. However, 

siRNA knockdown study indicates that both the cortical and spindle localisation of 

MTA2 are aPKC-independent. During our investigation, we found that MTA2 

shares many features with a known nuclear-adhesion dual-localised protein 

symplekin, which shows density-dependent expression pattern and is required for 

tight junction integrity. Investigation on whether MTA2 shares these functions of 

symplekin showed that MTA2 does not seem to be required for junctional integrity, 

nor is its expression regulated by cell density.  

 

Unable to relate the functions of MTA2 using knowledge from the existing literature, 

we focused on the observation reported in Chapter 3 that the PKCι-MTA2 

interaction is cell density-dependent. Using the proximity ligation assay, we 

discovered that not only the PKCι-MTA2 interaction is cell density-dependent, the 

localisation of this protein complex is also regulated by cell density, which is not 

owning to the differential localisation of aPKCι or MTA2 themselves at different cell 

densities. In addition, the PKCι-MTA2 interaction does not seem to be modulated 

by PKCι catalytic activity. These results suggest that MTA2 is likely to function as a 

scaffolding protein to PKCι. We speculate that the density-dependency of the PKCι-

MTA2 interaction could own to some density-related stimuli resulting in PTMs on 

one or both proteins, which are required for their association. Another plausible 

mechanism is that MTA2 only associates with PKCι of a particular conformation, 

which itself is regulated by cell density.  
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Chapter 5. FARP1 and FARP2 are PKCι substrates 
that regulate Cdc42 activity and tight junction 
formation 

5.1 Introduction 

FERM, RhoGEF and pleckstrin domain-containing protein 1 and 2 (FARP1 and 

FARP2) are putative Cdc42/Rac1 guanine nucleotide exchange factors (GEFs), as 

they contain the tandem DH-PH domain, which is a shared feature of all the known 

GEFs (Rossman et al., 2005). As demonstrated in Chapter 3, FARP2 was 

confirmed as a PKCι RIPR-dependent interacting protein and identified as required 

for epithelial morphogenesis in Caco2 3D cultures.  

 

Although FARP1 was not identified as a hit in the PKCι RIPR proteomic screen, the  

FARP family proteins were chosen for follow-up investigation based on several 

considerations. Firstly, both FARP1 and FARP2 were identified as robust PKCι 

interacting proteins in an independent proteomic screen conducted in our 

Laboratory (see Chapter 8 Appendix) (Philippe Riou, Parker Laboratory). Secondly, 

the FARP proteins are putative Cdc42/Rac1 GEFs, which are functionally relevant 

to our studies, since active Cdc42 plays a key role in triggering aPKC active state 

at membranes. In addition, many key polarity processes require the activation of 

Rho family GTPases, and Par6, one component of the Par polarity complex 

associating with aPKC, is directly regulated by the activation of Cdc42 (Joberty et 

al., 2000). Thirdly, FARP proteins contain FERM (four point one, ezrin, radixin, 

moesin) and FA (FERM-adjacent) domains. FERM domains are present in many 

membrane-associated proteins that act as scaffolds between the cell membrane 

and the cortical actin cytoskeleton, such as the ERM (ezrin, radixin, moesin) 

proteins (Fehon et al., 2010). FA domain has been discovered to be present in a 

subset of FERM-domain-containing proteins. Much attention has been drawn to the 

FA domain as they contain putative phosphorylation sites for PKA and PKC (the 

PKC putative sites were identified by the presence of -2 or -3 R/K or +2 R/K 

residues flanking the phospho-accepting serine/ threonine residue). The 

phosphorylation of the FA domain has been shown to be functionally important. For 
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example, phosphorylation of the FA domain in EPB41L4B was required for the 

regulation of the circumferential actomyosin belt in epithelial cells (Nakajima and 

Tanoue, 2011). Therefore, the presence of the FERM and FA domains in the FARP 

family proteins suggest that they might play a role at the cell cortex and be 

regulated by aPKC. Furthermore, in vitro phosphorylation experiments conducted 

in our Laboratory show that the FARP family proteins are PKCι substrates (Philippe 

Riou, unpublished data). Therefore, it was reasonable to speculate that the 

phosphorylation of FARP proteins by PKCι might play a similar role in regulating 

cytoskeletal dynamics or other polarity related processes.  

 

In this chapter, we first investigated the functional implications of the FARP proteins 

in terms of their GEF activity and their roles during cell junction formation. We then 

accessed the role of PKCι phosphorylation in regulating the PKCι-FARP complex 

and the physiological functions of the FARP family proteins in junction formation. 

Results shown in section 5.2.2 and section 5.2.3 were performed in collaboration 

with Ahmed Elbediwy (Thompson Laboratory, the Francis Crick Institute). 
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5.2 Results 

5.2.1 FARP1 is identified as a PKCι RIPR-dependent interacting protein and 

is required for epithelial morphogenesis in 3D 

FARP1 was initially not identified as a PKCι RIPR-dependent interacting protein in 

the proteomic screen described in Chapter 3. In the screen, FARP1 was only 

identified as a PKCι interacting protein in one out of the three experiments 

performed and it failed to match the criteria that the number of unique peptides 

present in the PKCι WT immunoprecipitates is three times more than that in the 

PKCι AIPA mutant. However, in an independent screen identifying the PKCι 

interactome, FARP1 was a positive hit in five out of five experiments (Figure 5.1A). 

Given the high sequence homology and conserved domains between FARP1 and 

FARP2 (including the FERM and the FA domains), we set out to address the 

association of FARP1 with PKCι and to determine whether this interaction is PKCι 

RIPR dependent.  

 

We used the same experimental set-up as demonstrated in Chapter 3, where GFP 

PKCι was ectopically expressed in HCT116 cell and the presence or absence of 

FARP1 in the GFP-immunoprecipitates was accessed by Western blot. First, we 

attempted to detect the presence of endogenous FARP1 in the GFP PKCι 

immunoprecipitates. However, commercially available antibodies against FARP1 

were unable to detect FARP1 in either the GFP PKCι immunoprecipitates or the 

total inputs. Therefore, co-expression of PKCι and FARP1 was performed. GFP, 

GFP PKCι-WT or GFP PKCι-AIPA was co-transfected with FLAG-FARP1 in 

HCT116 cells. GFP-immunoprecipitation was performed and the presence or 

absence of FLAG-FARP1 was determined by immuno-blotting against the FLAG 

tag. As shown in Figure 5.1B, FLAG-FARP1 was present only in the GFP PKCι-WT 

immunoprecipitates but not in the GFP or the GFP PKCι-AIPA immunoprecipitates. 

In contrast, the PKCι non-RIPR dependent interacting protein Par6B was present in 

the immunoprecipitates of both GFP PKCι-WT and GFP PKCι-AIPA. This result 

shows that although FARP1 was not identified in the original PKCι RIPR screen, 

FARP1 is also a PKCι RIPR-dependent interacting protein. 
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Having established that FARP1 is a PKCι RIPR-dependent interacting protein, we 

then went on to test whether FARP1 is also required for epithelial morphogenesis 

and whether the depletion of FARP1 phenocopies the depletion of aPKC or FARP2 

in Caco2 3D cultures. Caco2 cells were reverse transfected with 20nM of a pool of 

FARP1 siRNA, 48 hour post-transfection, cells were seeded in 3D and allowed to 

grow for 6 days for cyst development. Caco2 cysts were then fixed and stained for 

the apical marker ZO1, basolateral marker Dlg and Hoechst for nuclear staining. 

The percentage of single lumen cysts in each condition was then counted. As 

shown in Figure 5.1C, depletion of FARP1 resulted in a moderate morphogenesis 

defect, as indicated by the reduction in the percentage of single lumen cysts, and it 

phenocopies the effect seen with aPKC depletion on epithelial morphogenesis, 

similarly to FARP2 knockdown. 

 

Result presented here, together with our investigation on FARP2 shown in Chapter 

3, suggest that both FARP1 and FARP2 are PKCι RIPR-dependent interacting 

proteins and both contribute to epithelial morphogenesis.  
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Figure 5.1 FARP1 is identified as a PKCι RIPR-dependent interacting protein and 

is required for epithelial morphogenesis in 3D 

A. Numbers of unique peptides of FARP1 and FARP2 identified in three independent 

experiments comparing GFP PKCι-WT and GFP PKCι-AIPA associated proteomes. 

PKCι-WT column shows the frequency of FARP1 and FARP2 being identified in the 

GFP PKCι-WT associated proteome in five independent experiments. B. Co-
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immunoprecipitation with GFP was conducted on HCT116 cells co-overexpressing 

GFP, GFP PKCι-WT or GFP PKCι-AIPA with FLAG-FAPR1. Cells were >95% 

confluent before being lysed for co-IP. Immunoprecipitates and input lysates were 

immunoblotted with the indicated antibodies. Representative blots of three independent 

experiments are shown. C. Caco2 cells were reverse-transfected with 20 nM of non-

targeting siRNA (siCtrl),siaPKC and siFARP1 siRNA pools. 48 hours after transfection, 

cells were seeded in 3D for cyst development. Cysts were fixed with PFA five days 

after 3D seeding and stained for ZO-1 (green), Dlg (red) and DNA (by Hoechst, blue). 

Representative images are shown. Scale bar 20 µm. Quantification of the percentage 

of single lumen cysts in each condition is shown next to the images. N≥100 cysts were 

counted per experiment. Error bars represent the mean ± SD. Statistical significance 

was assessed by unpaired T-test with equal SD and represented as follows, *: p ≤ 

0.05; **: p ≤ 0.01. 
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5.2.2 Effects of FARP1 and FARP2 on junctional integrity 

To further investigate the physiological functions of FARP1 and FARP2 in epithelial 

cells, we tested the requirement of FARP proteins in de novo junction formation. 

Caco2 cells were transfected with non-targeting, FARP1, FARP2 or FARP1 and 

FARP2 siRNAs and cells were trypsinised and re-seed in low calcium medium 72 

hours post-transfection. De novo junction formation was promoted by exchanging 

the medium to normal culture medium, and junctional integrity was assessed at 

different time points after the addition of normal medium, either by 

immunofluorescence or by measuring the trans-epithelial resistance as a read-out 

of the barrier function of the junctions. 

 

Caco2 cells were fixed and stained for the tight junction marker ZO1 (Figure 5.2) 

and the adherens junction marker E-cadherin (Figure 5.3). Depletion of FARP2 

caused a delay in the formation of both tight junction and adherens junction. In 

control cells, ZO1 staining appeared at the 4 hour time point and showed a 

organised junctional pattern 24 hours after normal medium addition, whereas the 

ZO1 staining of siFARP2 cells only started to appear at the 8 hour time point and 

exhibited a more dis-continuous, disorganised pattern by 24 hours. The E-cadherin 

staining in the FARP2 depleted cells also appeared later than that in the control 

cells and the florescence intensity was fainter than in the control cells at the 24 

hour time point (in comparsion to the staining in the control cells under the same 

laser setting). FARP1 depletion also had a moderate effect on the pattern of ZO1 

staining at the 24 hour time point. However, the recruitment of ZO1 and E-cadherin 

to the junctions does not seem to be delayed. Depletion of both FARP1 and FARP2 

partially phenocopied the effect of FARP2 depletion alone, in that the pattern of 

junction staining was disrupted 24 hour after the addition of calcium. However, the 

recruitment of both ZO1 and E-cadherin to the junctions was not delayed, as they 

were observable by 4 hours after normal medium addition.  

 

To test the effect of FARP1 and FARP2 depletion on the barrier function of the cell 

junctions, siRNA transfected cells were re-seeded in Trans-wells 72 hours post-

transfection and the resistance of the epithelial cell layer (trans-epithelial 
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resistance) after normal medium addition was measured as a read-out for its 

barrier property. The resistance across the epithelial layer will increase upon 

junction formation in normal cells, which will not be the case if the barrier property 

of the cell junction is compromised. As shown in Figure 5.4, the trans-epithelial 

resistance (TER) of the FARP2 depleted cells were strongly reduced at 24 and 30 

hours after medium exchange, suggesting that FARP2 is required for the barrier 

function of the cell junctions. Depletion of FARP1 alone or FARP1 and FARP2 

together did not lead to a significant reduction in the TER. The depletion of both 

FARP1 and FARP2 surprisingly did not influence junctional resistance. One 

explanation is that FARP1 knockdown may lead to a compensatory event that 

overcomes FARP2 loss. Nevertheless, the results indicate that FARP2 plays a role 

in cell junction integrity, while FARP1 depletion causes a morphological defect in 

the tight junction but not a significant compromise to the barrier function. FARP2 is 

required for both the integrity and the barrier function of cell junctions. Furthermore, 

FARP2, but apparently not FARP1, is required for the timely recruitment of ZO1 

and E-cadherin to the cell junctions during de novo junction formation. These 

results also indicate that FARP1 and FARP2 are not redundant in their roles in 

epithelial junctional integrity. 
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Figure 5.2 Effects of FARP1 and FARP2 depletion on ZO1 staining 

Caco2 cells were reverse transfected with siRNAs as indicated. 72 hours post-

transfection, cells were re-seeded on coverslips in low calcium medium and incubated 

overnight. Medium was then exchanged to normal culture medium and cells were fixed 

at the indicated time points after the addition of normal media and stained for ZO1. 

Scale bar 20 µm. 
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Figure 5.3 Effects of FARP1 and FARP2 depletion on E-cadherin staining 

Caco2 cells were reverse transfected with siRNAs as indicated. 72 hours post-

transfection, cells were re-seeded on coverslips in low calcium medium and incubated 

overnight. Medium was then exchanged to normal culture medium and cells were fixed 

at the indicated time points after the addition of normal media and stained for E-

cadherin. Scale bar 20 µm.  
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Figure 5.4 Effects of FARP1 and FARP2 depletion on junction integrity 

Caco2 cells were reverse transfected with siRNAs as indicated. 72 hours post-

transfection, cells were re-seeded into Trans-wells and incubated overnight. Medium 

was then exchanged to normal culture medium and the trans-epithelial resistance 

(TER) of the epithelial cell layers was measured at each indicated time points after 

exchanging to normal medium. Results from three independent experiments were 

shown. In each experiment, the average reading of four wells was used. Error bars 

represent the mean ± SD. Statistical significance was assessed by two-way ANOVA 

and represented as follows: ***: P ≤ 0.001, **: p ≤ 0.01, *: p ≤ 0.05, ns: p > 0.05. 
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5.2.3 Effects of FARP1 and FARP2 on Cdc42/Rac active states 

FARP1 and FARP2 are both putative Cdc42/Rac1 guanine nucleotide exchange 

factors (GEFs), as they contain the tandem PH-DH domain that is typical of all the 

Rho-family GTPase GEFs (Rossman et al., 2005). In the literature, there are mixed 

reports regarding the Cdc42 and Rac1 specificity of FARP1 and FARP2. 

Furthermore, the requirement and physiological effects of FARP1 and FARP2 GEF 

activities have not been examined in the context of epithelial cells.  

 

To test the effects of FARP1 and FARP2 on Cdc42 and Rac active states in 

epithelial cells, Caco2 cells were treated with non-targeting, FARP1, FARP2, or 

FARP1 and FARP2 siRNAs. Cells were lysed 72 hours post-transfection and the 

levels of active Cdc42 and Rac were measured by GLISA assays (see Section 

2.2.14). Depletion of FARP1, FARP2 or FARP1 and FARP2 together all led to 

significant reductions in the level of active Cdc42 in cells, of which FARP2 

depletion had the strongest effect (Figure 5.5A). In contrast, depletion of FARP2 

did not affect the level of active Rac in cells and depletion of FARP1 only had a 

minor effect on the level of active Rac (Figure 5.5B). These results indicate that 

both FARP1 and FARP2 are predominantly involved in the regulation of Cdc42 

activity in epithelial cells, with FARP2 having a stronger effect on Cdc42 compared 

with FARP1. FARP2 does not seem to regulate Rac activity and FARP1 might have 

a moderate role in regulating Rac activity in epithelial cells.  

 

To further investigate the roles of FARP1 and FARP2 in regulating Cdc42 activity, 

we exploited a Cdc42-GFP antibody that specifically recognises the active, GTP-

bound form of Cdc42. The specificity of the Cdc42-GTP antibody has been tested 

by depleting Cdc42 with siRNA, which results in the reduction of junctional staining 

by immunofluorescence. The punctate staining in the cytosol does not weaken 

upon Cdc42 knockdown, suggesting that it is likely to be unspecific staining 

(Elbediwy et al., 2012). Caco2 cells were treated with siRNA pools to deplete 

FARP1, FARP2 or both FARP1 and FARP2. Cells were then fixed 72 hours post-

transfection and immuno-stained for ZO1 and Cdc42-GTP. Consistent with our 

previous findings, ZO1 staining was strong disrupted in FARP1, FARP2 and both 
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FARP1 and FARP2 depleted cells, with FARP2 depletion having the strongest 

effect on the organisation of ZO1 staining (Figure 5.5C). Likewise, the cortical pool 

of Cdc42-GTP staining was also strongly reduced in FARP1, FARP2 and both 

FARP1 and FARP2 depleted cells, with FARP2 depletion having the strongest 

effect (Figure 5.5C). This result corroborates the conclusion of the 

immunofluorescence analysis shown in section 5.2.2 and the GLISA assay that 

both FARP1 and FARP2 are involved in junctional integrity and the regulation of 

Cdc42 activity, of which FARP2 plays a more prominent role in these processes 

compared with FARP1. 
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Figure 5.5 Effects of FARP1 and FARP2 on Cdc42/Rac active states 

A-B: Caco2 cells were treated with the indicated siRNA pools and the levels of active 

Cdc42 (A) and active Rac (B) in cells were measured 72 hours post-transfection by 

GLISA assay. Representative results of three independent experiments are shown. 

Error bars represent the mean ± SD. Statistical significance was assessed by unpaired 

T-test with equal SD and represented as follows, ns: p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01; 

***: P ≤ 0.001. C-D. Caco2 cells were treated with the indicated siRNA pools, fixed 72 



Chapter 5 Results 

 

 165 

hours post-transfection and immuno-stained for Cdc42-GTP (green), ZO1 (red) and 

DNA (by Hoechst, blue). White arrows indicate the staining at the junctions. Scale bar 

20 µm. (C). Efficiency of the siRNA knockdown was examined by Western blot using 

cell lysate 72 hours post-transfection (D). 
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5.2.4 Phosphorylation of FARP2 by PKCι promotes complex disassembly 

Both FARP1 and FARP2 contain putative PKCι phosphorylation sites in their 

FERM-adjacent (FA) domains (Figure 5.6A). Given that both FARP1 and FARP2 

are robust PKCι interacting proteins, it was of interest to investigate whether they 

are also PKCι substrates. In vitro phosphorylation experiments conducted in our 

Laboratory indicate that both serine sites in the FARP1 and FARP2 FA domain 

could be phosphorylated by recombinant PKCι kinase domain (unpublished data). 

Therefore, FARP1 and FARP2 are putative substrates of PKCι.  

 

We first set out to test the effect of PKCι kinase activity on the PKCι - FARP protein 

complex. Since FARP1 and FARP2 show high sequence homology in the region 

surrounding the putative phosphorylation sites, most experiments were conducted 

using FARP2 constructs. HCT116 cells were co-transfected with GFP PKCι and 

FLAG FARP2. Cells were treated with either DMSO or 10 µM of the specific aPKC 

inhibitor CRT0066854 for 1 hour before GFP immunoprecipitation. Inhibition of 

PKCι kinase activity promotes PKCι-FARP2 association, as there is more FLAG 

FARP2 present in the GFP PKCι immunoprecipitates in the inhibitor-treated 

condition compared with control (Figure 5.6B). The effect of PKCι kinase activity on 

the PKCι - FARP protein complex was further tested using the PKCι-kinase dead 

mutant D377N (which does not compromise the ATP pocket integrity) and a 

FARP2 mutant with both putative phosphorylation sites mutated to alanine 

(FARP2-AA). Co-expression of GFP PKCι-kinase dead mutant with FLAG FARP2-

WT and GFP PKCι-WT with the FLAG FARP2-AA mutant both resulted in an 

increasing recovery of FLAG FARP2 in the GFP PKCι immunoprecipitates (Figure 

5.6C). It is worth noting that the increase in recovery of FARP2-AA in the GFP 

PKCι immunoprecipitates was not as profound as the increased recovery of 

FARP2-WT in GFP- PKCι kinase dead immunoprecipitates or GFP PKCι WT 

immunoprecipitates treated with CRT0066854, suggesting that additional PKCι 

phosphorylation sites might be present in FARP2 and are involved in regulating the 

dissociation of the PKCι - FARP2 complex. Taken together, these data show that 

PKCι kinase activity promotes the dissociation of the PKCι - FARP2 complex.  
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Figure 5.6 Phosphorylation of FARP2 by PKCι promotes complex disassembly - 

part 1/2 

A. Schematic representing the domain structures of FARP1 and FARP2, with the 

putative PKCι phosphorylation sites indicated. B. GFP-immunoprecipitation was 

conducted on lysates from HCT116 cells co-overexpressing GFP PKCι with FLAG-

FAPR2. Cells were treated with either DMSO (1:1000) or the aPKC inhibitor 

CRT0066854 (10 µM) for 1 hour before cell lysis. Immunoprecipitates and input lysates 

were immunoblotted with indicated antibodies. Representative blots of three 

independent experiments are shown. C. GFP-immunoprecipitation was conducted on 

lysates from HCT116 cells co-overexpressing GFP, GFP PKCι-WT or GFP PKCι 

kinase dead (K.Dead) with FLAG tagged FARP2 WT or S340,344A (-AA) constructs. 

Immunoprecipitates and input lysates were immunoblotted with indicated antibodies. 

Representative blots of three independent experiments are shown. 
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To further investigate the effect of each of the PKCι phosphorylation sites of FARP 

proteins, we generated single non-phosphorylatable mutants of each of the 

phosphorylation sites for FARP1 and FARP2. HCT116 cells were co-transfected 

with GFP PKCι -WT and FARP1/2-WT or FARP1/2 serine to alanine non-

phosphorylatable mutants. In the case of FARP2, mutation of the first serine (S340) 

to alanine increases the association between PKCι and FARP2, whilst mutation of 

the second serine (S344) did not affect the binding between PKCι and FARP2, as 

compared to the levels of recovery of wild-type FARP proteins in the PKCι complex. 

Mutating both phosphorylation sites to alanine resulted in a similar level of increase 

in the recovery of FARP2 protein in GFP PKCι immunoprecipitates as mutating 

only the first serine (S340) (Figure 5.7, B and D). In the case of FARP1, serine to 

alanine mutation led to a similar trend of FARP1 recovery in the PKCι complex, 

compared to the mutation results of FARP2. However, the increased binding 

caused by FARP1 S336A and the double alanine mutants was not significant 

(Figure 5.7C). This could be either due to the variation among experiment repeats 

for FARP1, leading to non-significant increase, or due to the physiological 

differences between the interaction of PKCι with FARP1 and FARP2.  

 

In summary, these results indicate that phosphorylation of FARP2 by PKCι 

promotes dissociation of the protein complex. Phosphorylation of the first serine on 

FARP2 (S340) has a major role in the dissociation of the PKCι - FARP complex 

and phosphorylation of the second serine (S344) does not seem to affect complex 

disassembly.  
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Figure 5.7 Phosphorylation of FARP2 by PKCι promotes complex disassembly - 

part 2/2 

A. Schematic representing the domain structures of FARP1 and FARP2, with the 

putative PKCι phosphorylation sites (red) and the surrounding sequences in the FA 

domain indicated. B. GFP-immunoprecipitation was conducted on lysates from 

HCT116 cells co-overexpressing GFP or GFP PKCι with FLAG tagged FARP1 or 
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FARP2 WT and S to A mutant constructs. Immunoprecipitates and input lysates were 

immunoblotted with indicated antibodies. Representative blots of three or more 

independent experiments are shown. C-D. Quantification of the relative recovery of the 

FARP proteins (WT or S>A mutants) in the PKCι complex. 
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5.2.5 FARP1 and FARP2 do not seem to influence PKCι kinase activity 

Our results so far indicate that FARP proteins regulate Cdc42 activity in epithelial 

cells and play a role in epithelial morphogenesis. In addition, the association of the 

PKCι - FARP protein complex is regulatable through PKCι kinase activity. Given 

that aPKC activation requires PB1 domain interaction with Par6, which requires 

active Cdc42 (Joberty et al., 2000; Lin et al., 2000), our results prompt a possibility 

that FARP proteins are involved in the process of aPKC activation through locally 

activating Cdc42 via their GEF activity.  

 

As a first measure for assessing PKCι kinase activity, we tested whether depletion 

of FARP proteins influences the phosphorylation of PKCι priming sites. Priming site 

phosphorylation is a conserved feature of all AGC kinases and is often used as a 

surrogate read-out for kinase activity. Newly synthesised aPKC proteins are 

phosphorylated on two threonine residues: T412/T410 in the T-loop and T546/T560 

in the turn-motif (the amino acid nomenclature is of PKCι and PKCζ respectively) 

(Chou et al., 1998; Le Good et al., 1998; Li and Gao, 2014). To test the potential 

effect of the FARP proteins on the priming phosphorylation of PKCι, Caco2 cells 

were transfected with FARP1, FARP2 or FARP1 and FARP2 siRNA and cell 

lysates were analysed 72 hours post-transfection by Western blot. Depletion of 

FARP1, FARP2 or both FARP proteins did not influence the level of endogenous 

PKCι (PKCλ blot) in cells, nor the level of phosphorylation on aPKC T412/T410 and 

T546/560 sites (Figure 5.8A). This indicates that FARP proteins are not required for 

the priming site phosphorylation of aPKC in cells. 

 

As an alternative read-out for PKCι kinase activity, we tested whether depletion of 

FARP proteins in cells changes the levels of phosphorylation of PKCι substrates in 

cells. GFP-PKCι was exogenously expressed and the phosphorylation of a range of 

PKCι substrates could be detected using a phospho-antibody (Phospho-Ser PKC 

Substrate Antibody #2261, Cell Signalling Technology) that recognises phospho-

targets containing the generic PKC substrate sequence: (R/K)X(S*)(Hyd)(R/K). 

This method has been tested and optimised for various assays in our Laboratory. 

We showed that many PKCι - substrate interactions remain intact upon 
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phosphorylation and could be detected by co-IP, unlike the conventional “hit-and-

run” model for kinase - substrate interaction (Parker Laboratory, unpublished data). 

Although the use of a generic PKC substrate phospho-antibody does not reveal the 

whole spectrum of the PKCι substrate phosphorylation in cells, and some hits 

detected by this method might contain the recognition sequence for the phospho-

serine antibody but are not necessarily direct PKCι substrates, this method 

provides an initial insight into the impacts on PKCι kinase activity upon perturbation. 

If there is any indication that the perturbation influences the pattern of PKC 

phospho-substrate by this assay, then more accurate methods for accessing PKCι 

kinase activity could be exploited for further analysis.  

 

We hypothesised that if PKCι kinase activity is impaired or reduced, the pattern of 

its phosphorylated substrates in cells would be different from that of the intact 

kinase. If this is the case, then the difference could be revealed by the changes in 

the signal pattern of Western blot using the PKC phospho-serine antibody. To test 

this, HCT116 cells were transfected with siRNA to deplete FARP1, FARP2 and 

both FARP proteins in cells, as well as overexpression of GFP PKCι. GFP PKCι 

immunoprecipitates were analysed by Western blot using the generic PKC 

phospho-serine antibody. As shown in Figure 5.8, depletion of FARP1, FARP2 or 

both FARP proteins caused a decrease of the phospho-signal for some of the 

potential PKCι substrates, such as the phospho-proteins at 90KDa and 120KDa. 

However, depletion of the FARP proteins did not cause a global decrease of the 

phospho-signal of the potential PKCι substrates. This result indicates that the 

FARP proteins might be involved in controlling the localisation, or act as scaffold 

proteins in the phosphorylation of these potential PKCι substrates. Nevertheless, 

the FARP proteins are not likely to be involved in regulating the catalytic activity of 

PKCι, given that there is no global decrease of the phospho-substrate signals that 

are detectable using the generic PKC phospho-serine antibody when the FARP 

protein is depleted, both in the GFP PKCι immunoprecipitates and in the total 

inputs. Despite the caveats and the limited range of recognition for PKCι substrates 

of this assay as discussed before, the result shown here suggests that the FARP 

proteins are less likely to be required for PKCι kinase activity. 
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Figure 5.8 FARP1 and FARP2 do not seem to influence PKCι kinase activity 

A. Caco2 cells were reverse transfected with the indicated siRNA. Cells were lysed 72 

hours after transfection and the levels of indicated proteins in the cell lysates were 

analyses by Western blot. Representative blots of three independent experiments are 

shown. B. HCT116 cells were transfected with the indicated siRNA and GFP PKCι 

cDNA 24 hours after siRNA transfection. GFP-immunoprecipitation was conducted 72 

hours after siRNA transfection. Immunoprecipitates and input lysates were 
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immunoblotted with indicated antibodies. Representative blots of two independent 

experiments are shown.  

 



Chapter 5 Results 

 

 175 

5.2.6 Phosphorylation of the putative PKCι sites on FARP2 is required for 

tight junction integrity 

To test whether the phosphorylation of the two putative PKCι sites on FARP2 is 

required for its functions in junctional formation, we performed cDNA rescue 

experiments to see if the wild type and the non-phosphorylatable mutant with both 

of the PKCι putative phosphorylation sites mutated could rescue the junctional 

defect caused by FARP2 depletion. First, siRNA-resistant cDNA constructs of 

FARP2 wild type and the non-phosphorylatable mutant (FARP-AA) were generated 

by mutating the nucleotides on the cDNA constructs that correspond to the seed 

region of the siRNA. The efficiency of the siRNA-resistant cDNA construct was 

confirmed by Western blot. As shown in Figure 5.9A, expression of the wild-type 

FARP2 construct was repressed by the presence of FARP2 siRNA, whilst the 

expression of the siRNA-resistant FARP2 construct was not affected by siRNA 

treatment.  

 

Having generated the siRNA-resistant constructs for FARP2, we then tested 

whether they could rescue the defect of tight junction formation caused by FARP2 

depletion. Caco2 cells were first transfected with FARP2 siRNA, followed by the 

siRNA-resistant cDNA of either FARP2-WT or FARP2-AA mutant 16 hours after 

siRNA transfection. Cells were subjected to calcium switch assay using the same 

protocol as described in section 5.2.2 and fixed at 24 hours after the replacement 

of normal medium. Tight junction integrity was analysed by ZO1 staining. As shown 

in Figure 5.9B, depletion of FARP2 severely disrupted the organization of ZO1 

staining, indicating defects in tight junction integrity. Over-expression of FARP2 WT 

in control siRNA-treated cells did not cause disruption in ZO1 staining. It could be 

that the GEF activity of the over-expressed FARP2 was regulated by endogenous 

machinery so that excess amount of FARP2 proteins does not result in a significant 

increase in GEF activity. It could also be that the lack of GEF activity, as in the 

case of FARP2 knockdown, is more detrimental to junctional integrity than the 

excess of GEF activity caused by FARP2 over-expression. In the FARP2-depleted 

cells, overexpression of wild type FARP2 partially rescued the junctional defects. 

Overexpression of the non-phosphorylatable FARP2 mutant (FARP-AA) in the 
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FARP2-depleted cells did not rescue the junctional defects, although the junctional 

defects in these cells were not as severe as the no cDNA expressed condition. This 

result indicates that phosphorylation of the two putative PKCι sites were required 

for tight junction integrity. The difference in junctional integrity of the FARP2-

depleted cells and the FARP2-depleted cells with overexpression of FARP2-AA 

also suggest that other factors, such as additional phosphorylation sites on FARP2, 

might also contribute to the function of FARP2 in junction integrity.  

 

 
Figure 5.9 Phosphorylation of the putative PKCι sites on FARP2 is required for 

tight junction integrity 

A. Caco2 cells were reverse transfected with the indicated siRNA. 16 hours post-

siRNA transfection, cells were transfected with the siRNA-resistant version of the 
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indicated cDNA constructs. 16 hours post-cDNA transfection, cells were re-seeded in 

low calcium medium and then subjected to calcium switch assay as described in 

Section 2.2.15. Cells were fixed at 24 hours after replacement of normal medium and 

stained for ZO1. Scale bar 20 µm. B. HCT116 cells were reverse transfected with 

FARP2 siRNA. 16 post-siRNA transfection, cells were transfected with either wild type 

(WT) FARP2 cDNA or siRNA resistant (Res) FARP2 cDNA. Cell were lysed 72 hours 

after siRNA transfection and the lysates were analysed by Western blot. 
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5.3 Discussion 

Activation of the Rho GTPase family proteins (Rho, Rac and Cdc42) has been 

implicated in various processes that govern cell morphology, such as the dynamics 

of the actin cytoskeleton. Often Rho GTPase activity is required in a spatio-

temporal manner, for example during the formation of cell junctions and at the 

protrusion front of migrating cells (Jaffe and Hall, 2005). To achieve this, Rho 

GTPase activity is tightly controlled by various GEFs and GAPs that localise to 

specific cellular compartments and are able to respond to various extra-cellular and 

intra-cellular cues (Hodge and Ridley, 2016). Therefore not surprisingly, many 

GEFs and GAPs have been implicated in epithelial morphogenesis and junction 

formation (Elbediwy et al., 2012; Qin et al., 2010; Rodriguez-Fraticelli et al., 2010; 

Zihni et al., 2014).  

 

Following on our hypothesis that the PKCι RIPR motif plays a role in the polarity 

function of PKCι, we chose the FARP family proteins for follow-up investigations. In 

this chapter, we demonstrated the physiological functions of the FARP proteins and 

the effects of PKCι phosphorylation on complex assembly and FARP functions.  

 

5.3.1 Specificity of FARP1 and FARP2 GEF activity towards Cdc42 and Rac 

The FARP proteins have been studied mostly in the context of neural development.  

Both FARP1 and FARP2 are implicated downstream of the semaphorin-plexin 

pathway, which regulates various aspects of neuron development, such as 

dendritic protrusion and synapse formation (Cheadle and Biederer, 2012; Toyofuku 

et al., 2005; Zhuang et al., 2009). In most published studies, FARP1 and FARP2 

are demonstrated as Rac GEFs. However, their specificity towards Cdc42 was not 

reported in these studies (Cheadle and Biederer, 2012; Toyofuku et al., 2005).  

 

In our investigation, we identified both FARP1 and FARP2 as Cdc42 GEFs, with 

FARP1 showing a lesser activity towards Rac. This difference in FARP Cdc42/Rac 

specificity between our study and the published studies could be due to several 

reasons. It could be that FARP proteins are able to regulate both Cdc42 and Rac 
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activity and their specificity is cell type-dependent, considering that our study was 

conducted in epithelial cells and most published results was performed in neurons. 

Furthermore, our investigation showed that FARP1 had some effects on Rac 

activity in epithelial cells. Therefore, it could be that in addition to the discrepancy 

between cell types, FARP1 and FARP2 have differential specificities toward Cdc42 

and Rac. This speculation is supported by two observations. Firstly, FARP2 

depletion, but not FARP1 depletion, led to a delay in the recruitment of junctional 

proteins during de novo junction formation, which predominantly requires the local 

activation of Cdc42 at the primordial junctional sites and the formation of filopodia-

like structures (Du et al., 2009; Wu et al., 2007). Secondly, immunofluorescence 

results with the Cdc42-GTP antibody revealed that staining of the junctional pool of 

active Cdc42 was reduced in FARP2-depleted cells, but to a much lesser extent in 

the FARP1-depleted cells, comparing the immunofluorescence signal intensity from 

cells in the same experiment. In concurrence with the immunofluorescence data, 

GLISA analysis also suggested that FARP2 plays a more important role in 

regulating Cdc42 activity compared to FARP1.  

 

5.3.2 Functions of FARP proteins in epithelial morphogenesis and the 

involvement of PKCι phosphorylation  

Here we showed that both FARP proteins are required for junction formation. In 

particular, FARP2 is required for both junction formation and its barrier property, 

and the function of FARP2 in tight junction formation is regulated by PKCι 

phosphorylation.  

 

It is reasonable to assume that junctional functions of FARP2 are carried out 

through its Cdc42 GEF activity (which is testable using a constitutively active 

Cdc42 construct to rescue the defect caused by FARP2 depletion). If this is the 

case, then our results seem to suggest that FARP GEF activity is regulated, at 

least to some extent, through PKCι phosphorylation, as the FARP2-AA mutant was 

unable to rescue the junctional defects caused by FARP2 depletion. It would be 

worth testing directly whether the FARP Cdc42 activity is regulated by PKCι 

phosphorylation in vitro, which could be achieved by conducting Rac/Cdc42 pull-
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down assays using cells expressing wild type or the non-phosphorylatable FARP 

proteins.  

 

Another interesting avenue for future investigation is the involvement of FARP 

proteins in spindle orientation. A recent publication shows that the semaphorin - 

plexin pathway controls spindle orientation in epithelial cells, which is mediated 

through Cdc42 activation (Xia et al., 2015). Given the well-studied roles of the 

FARP proteins in the semaphorin - plexin pathway in neurones, it will be interesting 

to see if the Cdc42 GEF activity of the FARP protein also play a role in regulating 

spindle orientation in epithelial cells, and whether the regulatory mechanisms of the 

semaphorin-plexin pathway and the function of FARP proteins as Cdc42 GEFs 

converge. 

 

5.3.3 Physiological effects of FARP proteins on PKCι  

Given that FARP proteins are Cdc42 GEFs and PKCι substrates, it was reasonable 

to speculate that FARP proteins might themselves also regulate PKCι activity 

through the active Cdc42 - Par6 - aPKC pathway. However, preliminary data 

shown in this chapter suggest that FARP proteins do not seem to regulate PKCι 

kinase activity, using aPKC priming site phosphorylation and the changes in the 

patterns of the PKC phospho-substrates as rudimentary read-out for PKCι kinase 

activity.  

 

Additional evidence supporting this conclusion is that we could not co-IP FARP 

proteins with Par6, regardless of the level of PKCι in cells (depletion, endogenous 

level or overexpression of PKCι) (preliminary observations, examples see Figure 

6.11, FLAG-IP, Par6B blot). However, we should take into consideration the 

experimental limitation that Cdc42-GTP may quickly hydrolyse upon cell lysis and 

cause the FARP - Par6 complex to dissociate during co-IP. To further test the 

effect of FARP proteins on PKCι kinase activity, in vitro kinetic assays could be 

performed with the reconstituted recombinant Cdc42-Par6-aPKC in the presence or 

absence of FARP-expressing cell lysate to see whether the presence of FARP 

protein promotes aPKC kinase activity. Furthermore, PKCι and Llgl2 can be co-
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overexpressed in normal cells or cells depleted of FARP proteins, and the 

phosphorylation levels of exogenously expressed Llgl2 could be used as a read-out 

for the PKCι kinase activity as an alternative to using the generic PKC phospho-

substrate antibody. 

 

Another possibility is that FARP proteins act to recruit aPKC to the membrane, 

given that the FERM domain of many ERM proteins is able to associate with 

membrane lipids (Hamada et al., 2000; Mani et al., 2011). Nevertheless, our results 

show that depletion of the FARP proteins did not compromise the cortical 

localisation of aPKC in Caco2 2D culture, nor did expression of the FARP-AA 

mutants (assuming that they act in a dominant-negative manner) (preliminary 

observations).  

 

Taken together, phosphorylation by PKCι is required for the functions of FARP 

proteins in junction formation. However, the physiological effects of the PKCι - 

FARP interaction on PKCι still need to be determined. Further investigation on the 

PKCι- FARP complex showed an interacting pattern of recovery of PKCι in the 

FARP complex, which suggests that FARP proteins do regulate PKCι, but not in 

ways that have been mentioned above. Results related to the further investigation 

of the PKCι- FARP complex are presented in Chapter 6. 

 

5.4 Conclusions 

In this chapter, we demonstrated that similar to FARP2, FARP1 is also a PKCι 

RIPR-dependent interacting protein and is required for epithelial morphogenesis.  

FARP1 and FARP2 are Cdc42 GEFs in epithelial cells and are required for junction 

formation, with FARP2 playing a more prominent role in these processes than 

FARP1. Phosphorylation of the FARP proteins by PKCι promotes complex 

dissociation, which is required for tight junction integrity. 
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Chapter 6. Molecular insights into the PKCι-FARP 
complex and the potential involvement of the RIPR 
motif in modulating PKCι conformation and 
activation state 

6.1 Introduction 

In Chapter 5, we have demonstrated that the FARP proteins, in particular FARP2, 

play a role in junction formation and are important for junctional integrity. Functions 

of FARP2 in junction formation require its ability to be phosphorylated on the two 

putative PKCι phosphorylation sites, suggesting the PKCι-FARP interaction is 

important in this process. Following on the cell-based studies regarding to the 

PKCι-FARP interaction, we sought to gain more insights into the molecular 

mechanisms that underlies the regulation of this complex.  

 

In the process of investigating the underlying molecular mechanism of the PKCι-

FARP interaction, we discovered an unexpected role of the PKCι RIPR motif in 

modulating PKCι conformation. Furthermore, results from investigating PKCι 

interaction with various of its binding partners (both RIPR-dependent and non 

RIPR-dependent) seem to imply the existence of a PKCι oligomeric state, which is 

required for the association of PKCι with some of its binding partners and 

potentially PKCι conformation and activation states. The results shown in this 

chapter provide evidence supporting this model and demonstrate that the PKCι 

RIPR motif is involved in regulating additional functions of the kinase besides 

acting as a protein-protein interaction site.  

 

Results presented in Section 6.2.2 were performed by Roger George (Protein 

Production Facility, the Francis Crick Institute), and results presented in Section 

6.2.6 were performed by Philippe Riou (Parker Laboratory, the Francis Crick 

Institute). 
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6.2 Results 

6.2.1 Mapping the minimum binding sites between PKCι and FARP1 / FARP2  

Following on our investigations of the PKCι-FARP complex presented in Chapter 5, 

it was of interest to understand the molecular mechanisms involved into the 

regulations of this interaction. We first set out to determine the minimum binding 

regions required for the FARP proteins to associate with PKCι. Given that the 

FARP FA domain contains PKCι phosphorylation sites, whereas the tandem DH-

PH domain is a common feature of all Rho family GTPase GEFs, we anticipated 

that some of the binding regions of FARP proteins with PKCι are likely to be within 

the FERMFA domains (Figure 6.1A). Therefore, FLAG tagged constructs of the 

FERMFA, FERM and FA regions were generated for both FARP1 and FARP2, and 

their expression levels were tested in HCT116 cells. The FERMFA domain of both 

FARP proteins, and the FERM domain of FARP2 express well in cells. The FA 

domain of both FARP1 and FARP2 does not express as well in cells as the 

respective full-length proteins (Figure 6.1B, inputs), which could be due to the small 

size of the FA domain proteins (15KDa). The FARP1 FERM domain does not 

express well in cells. However, given the high sequence similarity between the 

FERM domain of FARP1 and FARP2, the low expression of FARP1 FERM domain 

is likely to be attributed to technical reasons rather than physiological 

consequences. 

 

To determine the minimum interacting sites required between PKCι and the FARP 

proteins, HCT116 cells were co-transfected with GFP PKCι full-length (-FL) or GFP 

PKCι kinase domain (-KDom), together with each of the FLAG-tagged domain 

constructs of FARP1 or FARP2. GFP-immunoprecipitation was performed and the 

presence or absence of the FARP protein domains was determined by 

immunoblotting against the FLAG tag. As shown in Figure 6.1B and Figure 6.2, 

both full-length FARP1 and FARP2 interact with the full-length PKCι, consistent 

with the results reported in Chapter 5. PKCι kinase domain is able to interact with 

FARP1 and FARP2 to a similar degree as the full-length protein, after taking into 

consideration of the relative lower levels of FARP protein expression when it is co-

expressed with the GFP PKCι kinase domain, as compared to when it is co-
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expressed with GFP PKCι full-length as indicated in the total inputs. In addition, 

both PKCι full-length and kinase domain can associate with the FERMFA domain 

of FARP1 and FARP2, and the FERM domain of FARP2. In contrast, the FA 

domain of both FARP proteins was not recovered in the GFP-PKCι full-length or 

kinase domain immunoprecipitates, which could be due to the low levels of 

expression of the FA domains, as indicated in the inputs. This could also be due to 

that the FA domain is unlikely to contain other anchoring regions with PKCι, which 

will be discussed later.  

 

Moreover, the FERM domain, the FA domain, and regions outside the FERM and 

FA domains all seem to contribute to the association between PKCι and FARP, at 

least in the case of FARP2. As shown in Figure 6.2, FARP2 -FL, -FERMFA, and -

FERM constructs all express to a similar level when co-expressed with GFP PKCι-

FL, as judged by the immunoblot intensity in the total inputs. However, there is a 

reduction in the level of recovery of the FLAG FARP2 domains in the GFP-

immunoprecipitates, comparing FARP2-FL to FARP2-FERMFA, and FARP2-

FERMFA to FARP2-FERM. Similar effects can also be observed when the FARP2 

domain constructs were co-overexpressed with GFP PKCι-KDom. 
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Figure 6.1 Mapping the minimum binding sites between PKCι and FARP1 

A. Schematic representing the domain structures of FARP1/2 and PKCι, with the 

putative PKCι phosphorylation sites of FARP1/2 indicated. B. HCT116 cells were co-

transfected with the GFP-PKCι and the FLAG-FARP1 constructs as indicated. GFP-

immunoprecipitation was performed 48 hours post-transfection. The GFP-

immunoprecipitates and total inputs were immunoblotted with the indicated antibodies. 

Representative blots of three independent experiments are shown. 
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Figure 6.2 Mapping the minimum binding sites between PKCι and FARP2 

HCT116 cells were co-transfected with the GFP-PKCι and the FLAG-FARP2 

constructs as indicated. GFP-immunoprecipitation was performed 48 hours post-

transfection. The GFP-immunoprecipitates and total inputs were immunoblotted with 

the indicated antibodies. The asterisk indicates the several forms of FARP2 FERMFA 

and FERM domains recovered in the GFP-immunoprecipitates. In addition, an 

unspecific band for the anti-FLAG blot in the inputs corresponds to the signals from the 

initially performed anti-Par6 blot of the same membrane. Representative blots of three 

independent experiments are shown. 
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Considering that the FARP FA domain is a small region (15kDa), we expect that 

the FA domain is unlikely to contain other sufficient anchoring regions to PKCι 

apart from the region surrounding the PKCι phosphorylation sites. Therefore, upon 

binding with PKCι, the FARP FA domain may get efficiently phosphorylated and 

consequently dissociate from the PKCι immunocomplexes. To test whether the 

absence of the FARP-FA domain in the GFP PKCι immunocomplexes reported 

earlier is due to the FA domain being rapid phosphorylated by PKCι, we assessed 

the recovery of the FARP2 FA domain in the GFP PKCι immunoprecipitates when 

treating the co-transfected cells with the aPKC specific inhibitor CRT0066854 

before GFP-immunoprecipitation. As shown in Figure 6.3, treating the cells with 

CRT0066854 did not lead to the recovery of FARP2 FA domain in the GFP PKCι 

immunoprecipitates.  

 

 
Figure 6.3 The FARP2 FA domain is not recovered in the GFP PKCι 

immunocomplexes 

HCT116 cells were co-transfected with GFP PKCι and FLAG FARP2-FA. 48 hours 

post-transfection, cells were treated with either DMSO (1:1000) or 10 µM of 

CRT0066854 for 1 hour before cell lysis and GFP-immunoprecipitation. The GFP-

immunoprecipitates and total inputs were immunoblotted with the indicated antibodies. 

Representative blots of two independent experiments are shown. 
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Interestingly, several forms of FARP2 FERMFA and FERM domains that could be 

separated by SDS-PAGE were recovered in the GFP-PKCι immunoprecipitates 

(both full-length and kinase domain), which is not the case for FARP1 (compare 

Figure 6.1B and Figure 6.2). To test whether the different forms of FARP2 

FERMFA and FERM domains recovered in the GFP PKCι immunoprecipitates are 

due to PKCι phosphorylation, HCT116 cells co-transfected with GFP PKCι full-

length or kinase domain, together with FLAG FARP2-FL, -FERMFA or -FERM 

domain were treated with 10 µM of the aPKC inhibitor CRT0066854, or DMSO as a 

control, before GFP-immunoprecipitation (Figure 6.4 and Figure 6.5). In most cases, 

treating cells with CRT0066854 led to an increase in the recovery of the FARP2 

domains in the GFP-immunoprecipitates (both full-length and kinase domain), after 

normalisation taking into account of the variation in the expression levels of the 

FARP2 domains as shown in the total inputs. This is consistent with the conclusion 

presented in Chapter 5 Section 5.2.4 that phosphorylation of FARP2 by PKCι 

promotes complex dissociation. However, the several forms of FARP2 FERMFA 

and FERM domains recovered in the GFP-PKCι immunoprecipitates were not 

affected by the inhibitor treatment, indicating that the various detectable forms 

recovered in the GFP immunoprecipitates are independent of the PKCι catalytic 

activity.  
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Figure 6.4 FARP2 domain recovery in the GFP PKCι immunocomplexes is not 

affected by PKCι inhibition - part 1/2 

HCT116 cells were co-transfected with GFP PKCι full-length (-FL) together with FLAG 

FARP2 full-length (-FL), -FERMFA or -FERM. 48 hours post-transfection, cells were 

treated with either DMSO (1:1000) or 10 µM of CRT0066854 for 1 hour before cell lysis 

and GFP-immunoprecipitation. The GFP-immunoprecipitates and total inputs were 

immunoblotted with the indicated antibodies. The asterisk indicates the several forms 

of FARP2 FERMFA and FERM domains recovered in the GFP-immunoprecipitates. 

The result of one experiment is shown. 
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Figure 6.5 FARP2 domain recovery in the GFP PKCι immunocomplexes is not 

affected by PKCι inhibition - part 2/2 

HCT116 cells were co-transfected with GFP PKCι kinase domain (-KDom) together 

with FLAG FARP2 full-length (-FL), -FERMFA or -FERM. 48 hours post-transfection, 

cells were treated with either DMSO (1:1000) or 10 µM of CRT0066854 for 1 hour 

before cell lysis and GFP-immunoprecipitation. The GFP-immunoprecipitates and total 

inputs were immunoblotted with the indicated antibodies. The asterisk indicates the 

several forms of FARP2 FERMFA and FERM domains recovered in the GFP-

immunoprecipitates. The result of one experiment is shown. 
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6.2.2 PKCι kinase domain forms complexes with the FARP2 FERMFA /FERM 

domains in the baculovirus co-purification system 

To further investigate the interaction between PKCι and FARP proteins, we 

exploited the baculovirus expression system to see whether we could recover PKCι 

- FARP complex in insect cells. Expression vectors for His tagged FARP2-

FERMFA and FARP2-FERM were generated. Firstly, we tested their expression in 

the baculovirus expression system. Lysates of Sf21 cells infected with virus 

encoding either His FARP2-FERMFA or His FARP2-FERM were purified using the 

nickel-nitriloacetic acid (Ni-NTA) agarose and eluted with either SDS-PAGE sample 

buffer or 250 mM of imidazole. Both FARP2 FERMFA and FERM domains express 

well in Sf21 cells, and a major species of the expected molecular weight for both 

domains was seen by SDS-PAGE analysis (Figure 6.6). The purified FARP2 

FERMFA and FERM proteins were then subjected to the size exclusion 

chromatography analysis. Both FARP2 FERMFA and FERM domains form homo-

oligomeric aggregates, as indicated by their elution in fractions of high molecular 

weight (Figure 6.7). FERM domain aggregation has been observed during the 

purification of the FERM domains of other proteins (Neil McDonald, personal 

communication). However, whether this FERM domain aggregation bears any 

physiological relevance is unknown.  
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Figure 6.6 Expression of the FARP2 FERMFA and FERM domains in the 

baculovirus expression system - part 1/2 

His-FARP2 FERMFA or FERM domain was expressed using baculovirus system and 

purified using NiNTA resins as described in Section 2.2.16. Purified His-FARP2 FERM 

domain (lane 1 and 2) and FERMFA domain (lane 3 and 4) were eluted by either 250 

mM imidazole or SDS-PAGE sample buffer. The elutions were then analysed by SDS-

PAGE and Coomassie blue staining. This experiment was performed by Roger George 

(Protein Production Facility, the Francis Crick Institute). 
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Figure 6.7 Expression of FARP2 the FERMFA and FERM domains in the 

baculovirus expression system - part 2/2 

His-FARP2 FERMFA or FERM domain was expressed using the baculovirus system 

and purified using NiNTA resins as described in Section 2.2.16. The concentrated 

elutions (see Section Section 2.2.16) were applied to a S200 increase size exclusion 

column. The indicated elution fractions were then analysed by SDS-PAGE and 

Coomassie blue staining. M: molecular marker; L: total lysates. This experiment was 

performed by Roger George (Protein Production Facility, the Francis Crick Institute). 
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To assess whether PKCι form protein complexes with FARP2 FERMFA or FERM 

domain as seen in mammalian cells, a virus encoding GST tagged PKCι kinase 

domain was co-infected with the virus encoding either His FARP2-FERMFA or His 

FARP2-FERM in Sf21 cells. Purification of the GST PKCι kinase domain was 

performed using glutathione sepharose. The GST PKCι kinase domain construct 

contains a 3C protease cleavage site between the GST sequence and the PKCι 

kinase domain sequence. Elution of the GST PKCι kinase domain and its 

associated proteins was conducted by 3C protease cleavage. Analysis of the 3C 

cleavage eluted lysates shows that both FARP2 FERMFA and FERM domain co-

purify with the GST PKCι kinase domain (Figure 6.8, lane 1 and lane 4), consistent 

with our observations in mammalian cells. However, when the GST-purified cell 

lysates that have been eluted by 3C protease cleavage were subjected to the size 

exclusion chromatography, proteins were eluted in two fractions of distinct 

molecular weight. Analysis by SDS-PAGE of each of the fractions revealed that the 

higher-molecular-weight fraction contains PKCι kinase domain and the lower-

molecular-weight fraction contains FARP2 FERMFA or FERM domain (Figure 6.8, 

lane 2, 3, 5 and 6). This indicates that although GST PKCι kinase domain co-

purifies with the FARP2 FERMFA or FERM domain by GST pull-down, the protein 

complexes become less stable after cleavage of the GST tag and dissociates 

during the process of size exclusion chromatography. Given that GST tag 

dimerises, we suspect that GST dimerisation might contribute to the stability of the 

GST PKCι kinase domain - FARP2 FERMFA / FERM complexes during co-

purification.  
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Figure 6.8 PKCι kinase domain forms complexes with the FARP2 FERMFA /FERM 

domains in the baculovirus co-purification system 

Cultures from Sf21 cells co-infected with viruses encoding GST-His-PKCι kinase 

domain and His-FARP2 FERMFA/FERM were subjected to GST-purification using 

glutathione sepharose. Complexes were eluted from the resin by 3C protease cleavage, 

and the cleavage reaction was applied to a S200 Increase size exclusion column. 

Elution fractions were analysed by SDS-PAGE and Coomassie blue staining. This 

experiment was performed by Roger George (Protein Production Facility, the Francis 

Crick Institute). 
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6.2.3 Enrichment of a fast-migrating form of GFP PKCι in the FARP 

complexes  

To further assess the specificities of the PKCι - FARP interaction, we went on to 

test whether PKCι could be recovered in the FARP complex. HCT116 cells were 

transfected with GFP PKCι alone or co-transfected with GFP or GFP PKCι, 

together with FLAG FARP1 or FLAG FARP2. FLAG-immunoprecipitation was 

conducted and the recovery of GFP PKCι was assessed by immunoblotting against 

the GFP tag. GFP PKCι was recovered in the immunoprecipitates of both FLAG 

FARP1 and FLAG FARP2, confirming the reciprocity of this interaction. 

Interestingly, the fast-migrating form of GFP PKCι present in the total inputs was 

preferentially enriched in the FLAG FARP immunoprecipitates, as the two forms of 

GFP PKCι were recovered in a near 1:1 stoichiometry, as judged by the intensity of 

the immunoblots (Figure 6.9). This indicates that FARP1/2 selectively captures the 

fast-migrating form of GFP PKCι, and the PKCι- FARP1/2 protein complex exists in 

a configuration where two forms of PKCι are equally represented.  

 
Figure 6.9 Enrichment of a fast-migrating form of GFP PKCι in the FARP 

complexes 

HCT116 cells were transfected with GFP PKCι or co-transfected with GFP or GFP 

PKCι with FLAG FARP1 or FLAG FARP2 as indicated. FLAG-immunoprecipitation was 

conducted 48 hours post-transfection. FLAG-immunoprecipitates and total inputs were 

immunoblotted with the indicated antibodies. The arrows indicate the fast-migrating (F) 
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and slow-migrating (S) forms of GFP PKCι. Representative blots of three independent 

experiments are shown. 

 

6.2.4 Investigation of the putative nature of the two forms of GFP PKCι in 

the FARP complexes 

To determine the nature of the two forms of GFP PKCι recovered in the FARP1/2 

complexes, we explored several possibilities that were easily testable. Firstly, given 

that PKCι possesses two priming phosphorylation sites, and both mono-

phosphorylated (pT564) and doubly phosphorylated (pT412 and pT564) forms can 

exist in cells, we tested whether the fast-migrating form of PKCι is the mono-

phosphorylated version. FLAG-immunoprecipitation was conducted on HCT116 

cells co-transfected with GFP PKCι and FLAG FARP1/2. The priming status of 

exogenous PKCι in the FLAG-immunoprecipitates and total inputs were analysed 

using phospho-antibodies specific for each of the priming sites. As shown in Figure 

6.10A, both forms of GFP PKCι recovered in the FLAG FARP immunoprecipitates 

were doubly phosphorylated on T412 and T564 sites, indicating that the fast-

migrating form of GFP PKCι is not the mono-phosphorylated version.  

 

Another possibility is that FARP proteins form complexes with PKCι, forcing it into a 

conformation that is more prone to degradation or loss of post-translational 

modifications (PTMs) that is other than pT412 and pT564. If this is the case, then a 

degraded form of GFP PKCι, or a form of GFP PKCι that is of a lower molecular 

weight (which are both fast-migrating on a SDS-PAGE gel) is likely to be enriched 

during the three-hour process of co-IP when co-expressed with FLAG FARP1/2 

compared with expression of the GFP PKCι alone. To test this possibility, GFP-

PKCι alone or together with FLAG-FARP2 was transfected in HCT116 cells. Cells 

were lysed 48 hours post-transfection in co-IP lysis buffer and the sample buffer 

was added either immediately after lysis (0h) or after a three-hour incubation at 

4 °C as is the case during co-IP procedures (3h). Leaving the lysates for three 

hours did not cause an enrichment of the fast-migrating form of GFP PKCι in the 

GFP PKCι and FLAG FARP2 co-transfected condition, ruling out the possibility that 

GFP PKCι in the FLAG FARP complex is more prone to degradation or loss of 

PTMs (Figure 6.10B). 
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Thirdly, we tested whether the fast-migrating form of GFP PKCι is caused by 

terminal truncation. The fact that GFP PKCι in the FLAG FARP complexes is still 

detectable by a GFP antibody indicates that it cannot be N-terminal truncation (note 

that the GFP PKCι construct is N-terminal tagged). To determine whether the fast-

migrating form of GFP PKCι is due to C-terminal truncation, GFP PKCι in the FLAG 

FARP2 immunocomplexes was immunoblotted with a custom antibody that 

specifically recognises the extreme C-terminal of PKCι. Both forms of GFP PKCι in 

the FLAG immunoprecipitates were detected by the PKCι C-terminal antibody, 

suggesting that the fast-migrating form is not a C-terminal truncated version of GFP 

PKCι (Figure 6.10C). 
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Figure 6.10 Investigation of the putative nature of the two forms of GFP PKCι in 

the FARP complexes 

A. HCT116 cells were co-transfected with GFP or GFP PKCι together with FLAG 

FARP1 or FLAG FARP2. FLAG-immunoprecipitation was conducted 48 hours post-

transfection. FLAG-immunoprecipitates and total inputs were immunoblotted with the 

indicated antibodies. Representative blots of three independent experiments are shown. 

B. HCT116 cells were transfected with GFP, GFP PKCι or co-transfected with GFP 

PKCι and FLAG FARP2. Cells were lysed in co-IP lysis buffer 48 hours post-

transfection. Sample buffer was added to the cell extracts either immediately after lysis 

(0h) or after a three-hour incubation at 4 °C (3h). The cell extracts were analysed by 

Western blot with the indicated antibodies. Representative blots of three independent 

experiments are shown. C. HCT116 cells were transfected with GFP, GFP PKCι or co-
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transfected with GFP PKCι and FLAG FARP2. FLAG-immunoprecipitation was 

performed 48 hours post-transfection. FLAG-immunoprecipitates and total inputs were 

immunoblotted with the indicated antibodies. The result of one experiment is shown. 

 

Finally we tested whether the enrichment of the fast-migrating form of GFP PKCι is 

modulated by PKCι phosphorylation of the FARP proteins. To test this, HCT116 

cells co-transfected with GFP PKCι and FLAG FARP2 were treated with either 10 

µM of CRT0066854 or DMSO as a control before FLAG-immunoprecipitation. GFP 

PKCι in the FLAG immunoprecipitates were then analysed by Western blot. 

Inhibition of PKCι did not change the enrichment of the fast-migrating form of GFP 

PKCι in the FLAG-immunoprecipitates (Figure 6.11A). Similar conclusions were 

also obtained by using the PKCι kinase-dead mutant (K.Dead, D377N) and 

FARP2-AA mutant. Co-expression of GFP PKCι kinase-dead mutant with FLAG 

FARP2 WT or GFP PKCι WT with FLAG FARP2-AA mutant did not change the 

enrichment of the fast-migrating species of GFP PKCι in the FLAG FARP2 

immunocomplexes (Figure 6.11B). These results show that the enrichment of the 

fast-migrating form of GFP PKCι in the FARP2 complex is not influenced by PKCι 

catalytic activity and phosphorylation of FARP2. 

 

An interesting observation from these experiments is that Par6 seems to be 

efficiently recovered in the FLAG FARP2 immunocomplex when PKCι catalytic 

activity is compromised, as this is the case with cells treated with CRT0066854 or 

expressing the PKCι kinase-dead mutant. However, the presence of Par6 in the 

FARP2 complex is likely to be independent of PKCι phosphorylating FARP2, as 

Par6 is not recovered in the FLAG FARP2 immunoprecipitates when GFP PKCι 

WT is co-expressed with the non-phosphorylatable FLAG FARP2-AA mutant.  
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Figure 6.11 Enrichment of the fast-migrating form of GFP PKCι in the FARP2 

complex is not influenced by modulating PKCι kinase activity 

A. HCT116 cells were co-transfected with GFP PKCι and FLAG FARP2. 48 hours post-

transfection, cells were treated with either the aPKC inhibitor CRT0066854 (10 µM) or 

DMSO (1:1000) for 1 hour before FLAG-immunoprecipitation. The FLAG-

immunoprecipitates and total inputs were immunoblotted with the indicated antibodies. 

Representative blots of three independent experiments are shown. B. HCT116 cells 

were co-transfected with GFP, GFP PKCι-WT or GFP PKCι kinase-dead constructs 

together with FLAG FARP2 -WT or FLAG FARP2-AA mutant as indicated. FLAG-

immunoprecipitation was conducted 48 hours post-transfection. FLAG-

immunoprecipitates and total inputs were immunoblotted with the indicated antibodies. 

Representative blots of three independent experiments are shown. 
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6.2.5 Enrichment of the fast-migrating form of PKCι requires the PKCι 

regulatory domain and the FARP FERM domain 

Continuing on our efforts to determine the nature of the two forms of GFP PKCι in 

the FARP complex, we tested whether domain truncation of PKCι and FARP 

proteins alters the enrichment of the fast-migrating form of GFP PKCι in the FARP 

complex. HCT116 cells were co-transfected with GFP PKCι full-length (-FL) or 

kinase domain (-KDom), together with full-length or the domain constructs of 

FLAG-FARP2. FLAG-immunoprecipitation was conducted and both the 

immunoprecipitates and the total inputs were analysed by Western blot. As shown 

in Figure 6.12, the fast-migrating form of GFP PKCι-FL was enriched in the FLAG 

immunoprecipitates when it was co-overexpressed with FLAG FARP2-FL, -

FERMFA or -FERM domain. When GFP PKCι-FL was co-expressed with the 

FARP2-FA domain, the fast-migrating form of GFP PKCι was also slightly enriched 

in the FLAG immunoprecipitates compared with that in the total inputs. However, 

the stoichiometry of the slow- and fast-migrating forms of GFP PKCι was not in the 

1:1 ratio as with the full-length FLAG FARP2. This result suggests that FARP2 

FERM domain is contributing to the 1:1 stoichiometry of the slow- and fast-

migrating forms of GFP PKCι in the FARP complex.  

 

Furthermore, when FLAG FARP2 full-length protein was co-expressed with GFP 

PKCι kinase domain, the enrichment of the fast-migrating form of GFP PKCι in the 

FLAG FARP immunoprecipitates was not to the extent observed with the GFP 

PKCι full-length protein. This suggests that the regulatory domain of PKCι is also 

contributing to the 1:1 ratio of the slow- and fast-migrating form of GFP PKCι. Co-

expression of GFP PKCι kinase domain with FLAG FARP2-FERMFA or -FERM 

domain did not further influence the recovery pattern of GFP PKCι kinase domain 

in the FLAG immunoprecipitates, and co-expression with the FLAG FARP2-FA 

domain led to a further loss of the enrichment of the fast-migrating form of GFP 

PKCι kinase domain in the FLAG immunoprecipitates.  

 

It is also worth noting that GFP PKCι full length and kinase domain could both be 

recovered in the FLAG FARP2-FA immunoprecipitates, suggesting that FARP2 FA 
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domain associates with PKCι. The proportion of GFP PKCι recovered in the 

FARP2-FA immunocomplexes is of a very small proportion compared to the total 

inputs, as the signals of GFP PKCι by Western blot could only been seen after long 

exposure, which might explain why FLAG FARP2-FA was not detected in the GFP 

PKCι immunocomplexes as shown earlier in Figure 6.2. 

 

Taken together, these results show that the enrichment of the fast-migrating form of 

GFP PKCι in a 1:1 stoichiometry with the slow-migrating form in the FARP complex 

requires PKCι regulatory domain and FARP FERM domain.  

 

 
Figure 6.12 Enrichment of the fast-migrating form of PKCι requires the PKCι 

regulatory domain and the FARP FERM domain 

HCT116 cells were co-transfected with GFP PKCι full length (-FL) or GFP PKCι kinase 

domain (-KDom), together with the FLAG FARP2 full length (-FL) or each of the FLAG 

FARP2 domain constructs (-FERMFA / -FERM / -FA). FLAG-immunoprecipitation was 
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conducted 48 hours post-transfection. FLAG-immunoprecipitates and total inputs were 

immunoblotted with the indicated antibodies. Representative blots of three independent 

experiments are shown. 
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6.2.6 The potential involvement of PKCι RIPR motif in regulating kinase 

conformation 

Parallel to this study, another study in our Laboratory has found an unexpected role 

of the PKCι RIPR motif. We generated RIPR motif mutations (AIPA) in both GFP 

PKCι-kinase domain and GFP PKCι-A129E backgrounds, aiming to gain more 

insights into the functions of PKCι RIPR motif through studying the patterns of 

recovery of RIPR-dependent interacting proteins in the mutant-protein complexes.  

PKCι A129 is the pseudosubstrate alanine and mutating it into a glutamate 

generates a full-length, open-conformation kinase, as the phosphomimetic 

glutamate promotes dissociation of the pseudosubstrate region from the kinase 

active site. PKCι kinase domain is also thought to adopt an open conformation, as 

there is no pseudosubstrate sequence (which is in the regulatory domain) for auto-

inhibition of the kinase.  

 

HCT116 cells were transfected with GFP PKCι-WT, GFP PKCι -KDom and GFP 

PKCι -A129E, along with the corresponding constructs that bear the AIPA mutation. 

GFP-immunoprecipitation was performed, and the recovery of PKCι binding 

partners in the GFP immunoprecipitates were analysed by Western blot. Among 

the PKCι binding partners of interest are MTA2 and PPHLN1. MTA2 is a validated 

PKCι RIPR-dependent interacting protein as reported in Chapter 3. PPHLN1 is also 

a PKCι RIPR-dependent binding protein, which was not identified in the original 

RIPR-dependent interacting protein screen but was later validated by co-IP and 

Western blot analysis (see Figure 6.13, compare the PPHLN1 blot of the GFP PKCι 

-WT and -FL AIPA co-IP). As shown in Figure 6.13, MTA2 in the GFP PKCι 

immunoprecipitates showed a recovery pattern that is as expected from a PKCι 

RIPR-dependent interacting protein base on our hypothesis that the RIPR motif is a 

protein-protein interaction site. MTA2 is present in the GFP PKCι 

immunoprecipitates of GFP PKCι-WT, -KDom and -A129E when the RIPR motif is 

intact and absent when the RIPR motif is disrupted. Regarding PPHLN1, it is 

present in the GFP PKCι WT immunoprecipitates and its recovery is greatly 

reduced in the GFP PKCι-FL-AIPA immunoprecipitates. Unexpectedly, PPHLN1 is 

present in GFP PKCι-A129E and GFP PKCι-A129E-AIPA immunoprecipitates to 
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almost the same extent (Figure 6.13A). Similar finding for PPHLN1 recovery was 

also observed with the GFP PKCι-kinase domain mutants. PPHLN1 is present in 

the immunoprecipitates of GFP PKCι-KDom and GFP PKCι-KDom-AIPA to nearly 

the same extent, despite the fact that it is almost absent in the GFP PKCι-FL-AIPA 

immunoprecipitates (Figure 6.13B). This result suggests that the RIPR-dependency 

of PPHLN1 for associating with PKCι is not through protein-protein interaction via 

the PKCι RIPR motif, as we originally proposed for all the PKCι RIPR-dependent 

interacting partners. 

 

We conclude from these experiments that there are at least two groups of PKCι 

RIPR-dependent proteins and their requirements for the RIPR motif for associating 

with PKCι are mechanistically different. There are proteins, such as MTA2, whose 

requirement for the RIPR motif is through protein-protein interaction as originally 

hypothesised. In addition, there are proteins, such as PPHLN1, whose requirement 

for the PKCι RIPR motif does not own to protein-protein interaction. Given that both 

PKCι-A129E and PKCι kinase domain adopt an open conformation, we 

hypothesised that the PKCι RIPR motif might play a role in regulating PKCι 

conformation, and the requirement for the PKCι RIPR motif for proteins like 

PPHLN1 is through the role of RIPR motif in promoting PKCι into an open 

conformation. Therefore, for PKCι mutants that already adopt an open 

conformation, such as PKCι kinase domain and PKCι-A129E, the requirement for 

an intact RIPR motif for associating with binding partners like PPHLN1 is bypassed.  
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Figure 6.13 The potential involvement of PKCι RIPR motif in regulating kinase 

conformation 

HCT116 cells were transfected with GFP PKCι-WT, GFP PKCι -KDom and GFP PKCι -

A129E, along with the corresponding constructs that bear the AIPA mutation. 48 hours 

post-transfection, GFP-immunoprecipitation was conducted. GFP-immunoprecipitates 

and total inputs were immunoblotted with the indicated antibodies. The experiment was 

conducted by Philippe Riou (Parker Laboratory). Representative blots of two 

independent experiments are shown. 
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6.2.7 The nature of the RIPR-dependency for the PKCι- FARP2 interaction 

To investigate the nature of the RIPR-dependency for PKCι-FARP interaction, we 

used the same panel of GFP PKCι constructs as in the previous experiments, and 

examined the pattern of association between PKCι and FARP2. HCT116 cells were 

co-transfected with FLAG FARP2, together with GFP PKCι-WT, GFP PKCι-KDom, 

GFP PKCι-A129E, or the corresponding GFP PKCι constructs that bear the AIPA 

mutation. Both GFP- and FLAG-immunoprecipitation were conducted and the 

recovery of FLAG FARP2 and GFP PKCι in each of the immunoprecipitates was 

analysed by Western blot. As shown in Figure 6.14, FLAG FARP2 was recovered 

in the GFP-immunoprecipitates of GFP PKCι-WT, -kinase domain and -A129E, and 

its recovery in all three immunoprecipitates was to a similar extent. The recovery of 

FLAG FARP2 was greatly reduced in GFP PKCι-FL-AIPA, -KDom-AIPA, and -

A129E-AIPA immunoprecipitates, where the RIPR motif is disrupted. Only a slight 

recovery of the GFP PKCι KDom-AIPA and A129E-AIPA was detectable by 

immunoblotting after long exposure.   

 

In the FLAG-immunoprecipitates, GFP PKCι-WT, -kinase domain and -A129E were 

all recovered as two species. GFP PKCι-WT showed an enrichment of the fast-

migrating species to a near 1:1 ratio with the slow-migrating species in the FLAG 

FARP2 immunoprecipitates. For both GFP PKCι-kinase domain and GFP PKCι-

A129E, the fast-migrating species was only slightly enriched in the FLAG FARP2 

immunoprecipitates, and the enrichment did not lead to a 1:1 stoichiometry of the 

two species. Mutations of the RIPR motif in the GFP PKCι-FL background 

abolished the recovery of GFP PKCι in the FLAG FARP2 immunoprecipitates. 

However, GFP PKCι-KDom-AIPA and GFP PKCι-A129E-AIPA mutants were both 

recovered in the FLAG FARP2 immunoprecipitates, albeit of only a very small 

proportion compared to the total protein levels in the inputs. In addition, no 

enrichment of the fast-migrating species of GFP PKCι-KDom-AIPA or GFP PKCι-

A129E-AIPA was seen in the FLAG FARP2-immunoprecipitates.   

 

This result suggests that an open conformation of GFP PKCι (as is the case for 

both PKCι-kinase domain and PKCι-A129E) partially bypasses the requirement for 
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an intact RIPR motif for associating with FAPR2, which is similar to the requirement 

of PKCι RIPR motif for association with PPHLN1 (Figure 6.15 B2). However, 

enrichment of the fast-migrating species of GFP PKCι in the FARP2 

immunocomplexes still requires an intact RIPR motif, as mutations of the RIPR 

motif in all three PKCι construct backgrounds abolish the selective enrichment of 

the fast-migrating species in the FLAG immunoprecipitates. Furthermore, this result 

indicates that the PKCι - FARP2 interaction is not dependent on the presence of 

the fast-migrating form of GFP PKCι, as the slow-migrating form of GFP PKCι is 

still present in the FLAG FARP2 immunoprecipitates in the absence of the fast-

migrating form of GFP PKCι (as is the case for PKCι-KDom-AIPA and PKCι-

A129E-AIPA). Therefore, it is likely that FARP2 is selectively capturing a pre-

existing GFP PKCι hetero-oligomer (hetero- is in terms of the two species of PKCι 

that are distinguishable by SDS-PAGE), of which both the fast-migrating and the 

slow-migrating forms of GFP PKCι are equally represented (Figure 6.15 A1). 

Conformational mutants of PKCι, namely PKCι kinase domain and PKCι-A129E, 

disrupt this 1:1 stoichiometry of the two forms of GFP PKCι in the pre-existing 

hetero-oligomer, which is then selectively captured in the FARP complex and 

manifested as a loss of the enrichment of the fast-migrating form of PKCι in the 

FARP complex (Figure 6.15 B1). 
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Figure 6.14 PKCι - FARP2 interaction and its dependency on PKCι conformation 

HCT116 cells were co-transfected with FLAG-FARP2, together with GFP PKCι-WT, 

GFP PKCι -KDom, GFP PKCι -A129E, or the corresponding GFP PKCι constructs that 

bear the AIPA mutation. 48 hours post-transfection, cells were lysed and subjected to 

either GFP-immunoprecipitation or FLAG-immunoprecipitation. GFP-IP, FLAG-IP and 

total inputs were analysed by immunoblotting. Representative blots of two independent 

experiments are shown. 

 



Chapter 6. Results 

 

 211 

 
Figure 6.15 A working model of the PKCι - FARP2 interaction and its dependency 

on PKCι conformation 

The working model is based on the results shown in Figure 6.14. FARP2 

associates with GFP PKCι pre-existing hetero-oligomers, the composition of which 

seems to be dependent on the kinase conformation (details see text). Green 
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represents that the kinase is in an open conformation. Filled kinase represents the 

fast-migrating species of GFP PKCι. Reg: regulatory domain; Cat: catalytic domain. 
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6.2.8 A pre-existing PKCι hetero-oligomer is required for the enrichment of 

the fast-migrating species of PKCι in the FARP complex 

So far, all the analysis of the PKCι - FARP complex was conducted using GFP 

tagged PKCι constructs. To test if the same recovery pattern of PKCι in the FARP 

complex could be seen with endogenous protein, we re-examined the state of 

endogenous PKCι in the FLAG FARP immunocomplexes in some of the previous 

experiments. HCT116 cells were transfected with GFP PKCι alone or co-

transfected with GFP or GFP PKCι together with FLAG FARP1 or FLAG FARP2. 

FLAG-immunoprecipitation was conducted and the recovery of both exogenous 

and endogenous PKCι was analysed by Western blot using a PKCλ antibody 

(which preferentially recognises PKCι over PKCζ). Two forms of GFP PKCι were 

recovered in the FLAG FARP2 immunoprecipitates in a near 1:1 ratio, as reported 

in the previous experiments. In the presence of GFP PKCι, endogenous PKCι also 

showed an enrichment of a fast-migrating species in the FLAG FARP2 

immunoprecipitates (Figure 6.16A). To account for any effect that might be caused 

by the GFP tag in the PKCι expression constructs, we exploited an untagged 

version of PKCι for exogenous expression. Untagged PKCι was over-expressed, 

either alone or together with the FLAG FARP2 in HCT116 cells. FLAG-

immunoprecipitation was performed and the recovery of PKCι was analysed using 

both the PKCλ antibody and an aPKC antibody (which recognises PKCι and PKCζ 

to a similar extent). PKCι in the FLAG FARP2 immunoprecipitates did not show an 

enrichment of the fast-migrating species, regardless of PKCι overexpression 

(Figure 6.16B). These results seem to suggest that only in the presence of GFP 

PKCι, there is an enrichment of a fast-migrating species of PKCι, both exogenous 

and endogenous, in the FLAG FARP complex. To test weather this is the case, 

FLAG FARP2 alone or together with GFP PKCι was over-expressed in HCT116 

cells. FLAG-immunoprecipitation was conducted and the states of both exogenous 

and endogenous PKCι were analysed by Western blot using the aPKC antibody. 

Preliminary data seem to indicate that the presence or the absence of GFP PKCι is 

important for the enrichment of the fast-migrating form of PKCι. As shown in Figure 

6.16C, endogenous PKCι is recovered in the FLAG FARP2 immunoprecipitates in 

the absence of GFP PKCι expression. However, there is no enrichment of a fast-
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migrating species of PKCι in the FLAG immunoprecipitates as is the case when 

GFP PKCι is over-expressed.  

 
Figure 6.16 Enrichment of the fast-migrating species of PKCι in the FARP 

complex seems to require GFP tagged PKCι  

HCT116 cells were co-transfected with the indicated constructs. FLAG-

immunoprecipitation was conducted 48 hours post-transfection. FLAG- 

immunoprecipitates and total inputs were immunoblotted with the indicated antibodies. 

A & B.Representative blots of three independent experiments are shown. C. The result 

of one experiment is shown. 
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Considering our findings and hypothesis presented in section 6.2.7, if FARP2 is 

selectively capturing a pre-existing GFP PKCι hetero-oligomer, where two species of 

PKCι are represented equally, then the results shown in this section suggest that the 

pre-existing PKCι hetero-oligomer requires the presence of GFP PKCι. To test whether 

the GFP tag of the exogenous PKCι is contributing to the pattern of recovery of PKCι in 

the FARP2 complex, we generated Myc-tagged PKCι to take advantage of the epitope-

tagged proteins but eliminate the potential influence of a big epitope such as GFP. 

HCT116 cells were co-transfected with FLAG FARP1 or FLAG FARP2, together with 

an empty vector (pcDNA3), Myc PKCι-WT or Myc PKCι kinase domain (-KDom). 

FLAG-immunoprecipitation was performed and the recovery pattern of Myc PKCι was 

assessed by immunoblotting against the Myc tag. As shown in Figure 6.17, both Myc 

PKCι-WT and Myc PKCι kinase domain were able to associate with FLAG FARP1 and 

FLAG FARP2. However, the enrichment of the fast-migrating form of PKCι seen with 

GFP PKCι is not observed with Myc PKCι. This result suggests that Myc PKCι is 

unable to form pre-existing hetero-oligomers where two species of PKCι are equally 

represented.  

 

Given that the composition of the pre-existing GFP PKCι hetero-oligomer, which is 

manifested by the pattern of enrichment of the two species of GFP PKCι in the 

FARP immunocomplexes, is dependent on the PKCι RIPR motif and/or PKCι 

conformation, the discrepancy of the PKCι recovery pattern between GFP PKCι 

and Myc PKCι is likely to be of physiological significance rather than owning to the 

potential experimental artefacts caused by the epitope tags. This speculation will 

be further addressed in the discussion section.  
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Figure 6.17 Myc-PKCι is not recovered as two species in the FLAG-FARP2 

immunocomplexes 

HCT116 cells were co-transfected with empty vector (pcDNA3), Myc-PKCι WT or Myc-

PKCι kinase domain (KDom) together with either FLAG FARP1 or FLAG FARP2. 

FLAG-immunoprecipitation was conducted 48 hours post-transfection. FLAG- 

immunoprecipitates and total inputs were immunoblotted with the indicated antibodies. 

Representative blots of three independent experiments are shown. 
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6.2.9 GFP PKCι exists in various states depending on its association with 

partner proteins 

Parallel to this investigation, another study conducted in our Laboratory looking at 

the interaction between PKCι and FAM83B / FAM83H also found a similar pattern 

of GFP PKCι recovery in the partner protein complexes as seen with the FARP 

complex. When GFP PKCι is co-overexpressed with HA FAM83B or HA FAM83H, 

an enrichment of a fast-migrating form of GFP PKCι was found in the HA-

immunoprecipitates (Wallroth, 2014). Based on our working model, this seems to 

suggest that FAM83B and FAM83H can also bind to pre-existing GFP PKCι hetero-

oligomers.  

 

Given that FARP1, FARP2, FAM83B and FAM83H are all PKCι RIPR-dependent 

interacting proteins, it was of interest to see whether this enrichment of a fast-

migrating form of GFP PKCι in the partner protein complex is a common feature of 

the PKCι RIPR-dependent proteins. To test this, HCT116 cells were transfected 

with GFP PKCι alone or co-transfected with a panel of epitope-tagged PKCι 

interactors, namely the RIPR-dependent interactors FLAG FARP1, FLAG FARP2, 

HA FAM83B, HA FAM83H, HA MTA2 and the non RIPR-dependent interactors 

Myc Par3 and Myc Par6. Immunoprecipitation of the epitope tags of the partner 

proteins was conducted and the states of exogenous PKCι in each of the partner 

protein immunoprecipitates were analysed by Western blot. Corroborating the 

results presented earlier, an enrichment of the GFP PKCι fast-migrating species 

was found in the immunoprecipitates of FLAG FARP1, FLAG FARP2 and HA 

FAM83H. The state of GFP PKCι in the HA FAM83B immunocomplexes could not 

be assessed owning to the low expression level of HA FAM83B, which could not be 

detected by an HA antibody in the HA-immunoprecipitates (FAM83B molecular 

weight is around 120KDa). Interestingly, enrichment of the fast-migrating form of 

GFP PKCι was not seen in the immunoprecipitates of HA MTA2, Myc Par3 and 

Myc Par6. This result firstly suggests that the recovery pattern of GFP PKCι seen in 

the FARP immunoprecipitates is not a common feature of all PKCι RIPR-

dependent interacting proteins, as GFP PKCι in the HA MTA2 immunoprecipitates 

did not show an enrichment of the fast-migrating species. It also suggests GFP 
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PKCι exists in different states when in complex when different partner proteins 

(Figure 6.18).  

 

In two out of three experimental repeats, we also observed that the slow-migrating 

form of GFP PKCι recovered in the HA MTA2, Myc Par3 and Myc Par6 

immunocomplexes is of a slightly different molecular weight from that in the FLAG 

FARP and HA FAM83H immunocomplexes, as judged by SDS-PAGE and Western 

blot. This seems to further hint that GFP PKCι can exist in different states, such as 

bearing different PTMs, which is either a pre-requisite or the consequence of 

complex formation with one of its interacting partners.  



Chapter 6. Results 

 

 219 

 
Figure 6.18 GFP PKCι exists in various states when it is in complex with different 

partner proteins 

HCT116 cells were transfected with either GFP PKCι alone (-) or together with the 

indicated partner protein constructs. 48 hours post-transfection, FLAG-, HA-, or Myc- 

immunoprecipitation was conducted as indicated. The immunoprecipitates and total 

inputs were analysed by immunoblotting with the indicated antibodies. Note that the 

GFP blots for FLAG-, HA- and Myc-IP were originally from the same membrane and 

different exposures were shown for the ease of inter-comparison. Representative blots 

of three independent experiments are shown, where the enrichment of the fast-

migrating form of PKCι in FLAG FARP1, FLAG FARP2 and HA FAM83H is consistent 

in all three experiments, whilst the GFP PKCι recovered in HA MTA2, Myc Par3 and 

Myc Par6 varies among the three experimental repeats (see text for details). 
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6.2.10 GFP PKCι and Myc PKCι exhibit different patterns of interaction with 

PKCι partner proteins  

To further demonstrate that the discrepancy shown in the previous sections 

between GFP PKCι and Myc PKCι is not due to experimental artefacts that might 

be caused by epitope tags, but is of physiological significance, we assessed the 

patterns of recovery of PKCι interacting partners associated with the GFP-tagged 

and Myc-tagged PKCι-WT and PKCι-kinase domain. HCT116 cells were 

transfected with GFP, GFP PKCι-WT, GFP PKC-KDom, or with an empty vector 

(pcDNA3), Myc PKCι-WT or Myc PKCι-KDom. GFP and Myc immunoprecipitation 

was conducted with cells expressing the respective epitope-tagged proteins, and 

the recovery of several well-established PKCι interacting partners, namely Llgl2, 

Par3, Par6 and p62, was assessed by Western blot. Out of the four partner 

proteins examined, only the recovery of p62 is consistent in the GFP- and the Myc- 

immunoprecipitates. p62 is present in the PKCι WT immunocomplexes but not in 

the PKCι kinase domain immunocomplexes of both GFP- and Myc-tagged proteins, 

which is as expected, since p62 interacts with PKCι through PB1-PB1 domain 

interaction (Figure 6.19). In contrast, Llgl2, Par3 and Par6 all showed differential 

recovery patterns between the GFP-PKCι and the Myc-PKCι immunoprecipitates. 

As shown in Figure 6.19, Llgl2 associates with both GFP PKCι-WT and Myc PKCι-

WT. However, Llgl2 was only present in the Myc PKCι-KDom immunoprecipitates 

but not in the GFP PKCι-KDom immunoprecipitates. Par3 was recovered in GFP 

PKCι-WT immunoprecipitates, and to a slightly lesser extent in the GFP PKCι-

KDom immunoprecipitates, possibly due to the loss of PKCι - Par6 interaction 

mediated through PKCι PB1 domain. However, Par3 recovery was lost in the Myc 

PKCι-WT immunoprecipitates. Par6 was present in the GFP PKCι-WT 

immunoprecipitates and was absent in the GFP PKCι KDom immunoprecipitates, 

which could be explained by the lack of PKCι PB1 domain in PKCι kinase domain 

proteins. Unexpectedly, Par6 recovery in the Myc PKCι-KDom was of the same 

level as that in the Myc PKCι-WT immunoprecipitates. Given our previous finding 

that GFP PKCι, but not Myc PKCι, is able to form hetero-oligomer, this discrepancy 

in the pattern of recovery of PKCι interactors suggests that factors other than the 
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presence of absence of protein-protein binding domains are influencing the 

recovery pattern of PKCι with its interactors.  

 

Considering the potential link between kinase conformation and oligomer formation 

demonstrated using PKCι conformational mutants (PKCι kinase domain and PKCι-

A129E), we then tested whether the substrate phosphorylation patterns of the 

GFP-tagged and Myc-tagged PKCι WT and kinase domain are also different. This 

is based on the assumption that if there is discrepancy of partner protein 

association and kinase conformation between the GFP-tagged and Myc-tagged 

kinases, this is likely to cause changes in the recovery pattern of their phospho-

partners, which can be assessed using a generic PKC phospho-serine antibody 

(Phospho-Ser PKC Substrate Antibody #2261, Cell Signalling Technology).  

GFP- and Myc- immunoprecipitation were conducted with cells over-expressing 

GFP, GFP PKCι-WT, GFP PKCι kinase domain, or pcDNA3 (an empty vector), Myc 

PKCι-WT or Myc PKCι kinase domain. GFP-, Myc- immunoprecipitate and total 

inputs were analysed with the generic phospho-serine antibody that recognises the 

PKC consensus sequence. As shown in Figure 6.20, the phospho-partner proteins 

recovered in both the full-length PKCi and the kinase domain immunoprecipitates 

showed different patterns between the GFP-tagged and Myc-tagged version. 

Although it would be difficult to assert mechanistic insights of the GFP-PKCι and 

Myc-PKCι by simply examining the pattern of recovery of their partner proteins, 

experiments shown here demonstrate that, as we have suspected, the GFP PKCι 

and Myc PKCι do not behave in the same way in cells.  
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Figure 6.19 GFP PKCι and Myc PKCι exhibit different patterns of interaction with 

PKCι partner proteins - part 1/2 

HCT116 cells were transfected with the indicated construct. GFP- or Myc- 

immunoprecipitation was conducted 48 hour post-transfection. GFP-IP, Myc-IP and 

total inputs were immunoblotted with the indicated antibodies. Representative blots of 

three independent experiments are shown. 
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Figure 6.20 GFP PKCι and Myc PKCι exhibit different patterns of interaction with 

PKCι partner proteins - part 2/2 

HCT116 cells were transfected with the indicated construct. GFP- or Myc- 

immunoprecipitation was conducted 48 hour post-transfection. GFP-IP, Myc-IP and 

total inputs were immunoblotted with GFP, Myc and a generic phospho-serine 
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antibody that recognises the PKC consensus sequence. Representative blots of 

two independent experiments are shown. 



Chapter 6. Results 

 

 225 

6.3 Discussion 

6.3.1 Formation of a pre-existing PKCι hetero-oligomer  

In the original crystal structure through which the PKCι RIPR motif was discovered, 

PKCι kinase domain, in the presence of an ATP-competitive inhibitor, forms 

asymmetric dimers, where the RIPR motif of one PKCι kinase domain molecule 

associates with the N-lobe αB-helix of the other PKCι kinase domain (Figure 6.21A) 

(Linch et al., 2013b). Therefore, it has been suspected that PKCι could also form 

asymmetric dimers under physiological conditions.  

 

Apart from the fact that the PKCι RIPR motif was discovered originally as the 

interface between the two PKCι kinase domain molecules in an asymmetric dimer, 

other observations during this study also prompted us to envisage a model were 

PKCι forms asymmetric dimers/ asymmetric oligomers. The first clue came from 

the discovery that GFP PKCι-WT is recovered as two species in the FARP 

immunocomplexes that can be distinguished on SDS-PAGE gels (which is likely to 

be due to PTMs as the result of different conformers), and that the fast-migrating 

species and the slow migrating species are present in a near 1:1 stoichiometry, 

despite the slow-migrating species is the major form that is present in the total 

inputs (Figure 6.21B). Secondly, co-purification of the GST-PKCι kinase domain 

with FARP2 FERMFA / FERM domain suggested that GFP-PKCι kinase can 

associate the FARP2 FERMFA / FERM domain in insect cells. However, this 

interaction seems to be of low affinity, as elution by 3C protease cleavage of the 

GST tag leads to complex disassembly during the process of size exclusion 

chromatography. Given that the GST proteins dimerise, it is reasonable to 

speculate that GST dimerisation is in some ways facilitating the complex assembly 

of PKCι kinase domain and FARP2 FERMFA / FERM domain (Figure 6.21C). 

Therefore, after 3C cleavage of the GST tag, the PKCι-FARP complex becomes 

less stable (the molecular details of the PKCι-FARP complex assembly will be 

discussed in details in Section 6.3.2.). Whether the GST dimer is contributing to the 

PKCι kinase domain - FARP2 FERMFA / FERM domain could be tested by eluting 

the protein with glutathione solutions after the GST-pull down to maintain the GST 

dimer contact.  
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In addition, the discrepancy between exogenous PKCι recovery patterns in the 

FARP immunocomplexes of GFP PKCι and Myc PKCι also suggests that GFP 

PKCι is required for the enrichment of the fast-migrating form of PKCι in the FARP 

immunocomplexes. Given our findings of the behaviour of the GST-PKCι kinase 

domain in the PKCι-FARP complex in insect cells, we suspect that the GFP tag 

might also contribute to some dimerisation events in a similar manner to the GST 

dimer, which the Myc-tagged PKCι can not achieve.  

 

 
Figure 6.21 Formation of a pre-existing PKCι hetero-oligomer 

A. PKCι kinase domain bound to an ATP-competitive inhibitor forms asymmetric 

dimers via the RIPR motif, which makes contact with the N-lobe αB-helix of the other 

PKCι kinase domain molecule (PDB: 3ZH8), (Linch et al., 2013b). B. A schematic 

demonstrating that GFP PKCι is recovered as a hetero-dimer in the FARP2 
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immunocomplexes. The filled kinase indicates the fast-migrating species of GFP PKCι 

in the FARP2 complex. C. A schematic demonstrating the hypothesis that GST 

dimerisation contributes to the GST PKCι-kinase domain and FARP2 FERMFA domain 

complex assembly, which is weakened upon 3C cleavage of the GST tag.  

 

6.3.2 Nature of the RIPR-dependency for PKCι- FARP2 interaction  

Investigation of the PKCι RIPR mutants in the background of a presumed open 

conformation kinase (PKCι kinase domain and PKCι-A129E) revealed that some 

RIPR-dependent interacting proteins, such as PPHLN1, could bypass the 

requirement for an intact RIPR motif if the kinase is in an open conformation 

(Section 6.2.6). This demonstrated that the PKCι RIPR motif might play a role in 

promoting an open-conformation kinase. Moreover, RIPR-dependent interacting 

protein, namely MTA2, still shows a requirement for an intact RIPR motif to 

associate with PKCι that already adopts an open conformation. Therefore, these 

results suggest that the functions of the PKCι RIPR motif are at least two-fold: to 

act as a protein-protein interaction site, and to promote PKCι to adopt an open 

conformation.  

 

Working on this model, it was of interest to determine the nature of RIPR 

dependency for PKCι-FARP interaction. Using a panel of PKCι mutants that adopt 

an open conformation and bear either intact or disrupted RIPR motif, we 

discovered that the RIPR dependency of FARP2 for associating with PKCι 

encompasses both requirements of the RIPR motif. The association of FARP2 with 

the fast-migrating form of PKCι is protein-protein interaction dependent, as 

mutation of the RIPR motif to AIPA abolishes the presence of the fast-migrating 

form of PKCι in the FARP2 complex. On the other hand, the presence of the slow-

migrating form of PKCι in the FARP2 complex is conformational-dependent, as 

GFP PKCι-kinase domain and A129E mutant bearing the AIPA mutant can still be 

recovered in the FARP2 immunocomplex, despite the AIPA mutation (Figure 6.14).  

 

Taking into account our findings regarding PPHLN1, one could envisage a model 

where GFP PKCι forms oligomeric complexes with predominantly closed 

conformation kinases. Upon stimulation by unknown cues, some of the PKCι 
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molecules in the oligomer undergo conformational changes to adopt an open 

conformation, which is a RIPR-dependent process. PPHLN1 specifically associates 

with the open conformation PKCι, hence its interaction with PKCι shows RIPR-

dependency.  

 

Regarding the PKCι-FARP interaction, results shown in Section 6.2.7 suggest that, 

for GFP PKCι-WT, the slow-migrating form of GFP PKCι in the FARP complex is in 

an open conformation and the fast-migrating form is in a closed conformation, 

where the different migrating patterns of the two forms of GFP PKCι during SDS-

PAGE is likely to be the due to PTMs as a consequence or prerequisite of the 

different conformations, rather than conformation per se. PKCι RIPR motif 

promotes the conformational change from a closed conformer to an open 

conformer. As the RIPR dependency of FARP2 with PKCι is two-fold, namely the 

binding requirement and conformational requirement, mutations of the RIPR motif 

in the full-length (-FL) PKCι background disrupt its association with FARP2, on the 

one hand through directly disrupting the binding, on the other hand through 

preventing PKCι to adopt an open conformation (Figure 6.22 A2). In conditions 

where conformational mutants are expressed, the requirement of the RIPR motif for 

conformational changes is bypassed. As majority of the PKCι is already in an open 

conformation, the equal representation of the open and closed forms of PKCι is 

also disrupted. Therefore, enrichment of the fast-migrating species (which is in 

closed conformation) is lost (Figure 6.23 B1). When AIPA mutation is introduced in 

the background of the GFP PKCι open conformer, GFP PKCι is still able to 

associate with FARP2, as it is already in an open conformation and the 

conformation requirement of the RIPR motif is bypassed. However, the presence of 

the fast-migrating GFP PKCι in the FARP2 complex is abolished, as the binding 

requirement through the RIPR motif is disrupted (Figure 6.23 B2). 
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Figure 6.22 Nature of the RIPR-dependency for PKCι- FARP2 interaction - part 1/3 

A. A working model of FARP2 interaction with GFP PKCι-WT and GFP PKCι-FL AIPA 

based on the results shown in this chapter. This model is an improved version of the 

model shown in Figure 6.15, indicating both the binding and conformation requirement 

of the RIPR motif in the PKCι - FARP2 interaction. Green represents that the kinase is 

in an open conformation. Filled kinase represents the fast-migrating species of GFP 

PKCι. Reg: regulatory domain; Cat: catalytic domain. Details see text. 
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Figure 6.23 Nature of the RIPR-dependency for PKCι- FARP2 interaction - part 2/3 

B. A working model of FARP2 interaction with GFP PKCι-kinase domain (KDom) and 

GFP PKCι-kinase domain AIPA based on the results shown in this chapter. This model 

is an improved version of the model shown in Figure 6.15, indicating both the binding 

and conformation requirement of the RIPR motif in the PKCι - FARP2 interaction. 

Green represents that the kinase is in an open conformation. Filled kinase represents 

the fast-migrating species of GFP PKCι. Reg: regulatory domain; Cat: catalytic domain. 

Details see text. 
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Regarding the contribution of the FARP domains in the PKCι-FARP interaction, 

results shown in section 6.2.5 suggests that the PKCι regulatory domain and the 

FARP FERM domain are required for the enrichment of the GFP PKCι in the FARP 

immunocomplexes. Given our understanding of the role or RIPR motif in 

modulating PKCι conformation, the requirement of the regulatory domain is likely to 

be equivalent to the requirement of a closed-conformation kinase. This could be 

tested using the PKCι A129E mutant, which adopts an open conformation but 

contains the regulatory domain. Furthermore, both FARP2 FERM domain and FA 

domain can associate with PKCι kinase domain, although the association between 

FARP2 FA and PKCι is likely to be of low affinity. Assuming that open conformation 

kinase is equivalent to a catalytically component kinase, then it is likely that the 

requirement for an open conformation kinase through the RIPR motif is to promote 

its binding with the FARP FA domain. Given that the FARP2-FERM domain still can 

bind to GFP PKCι, despite the loss of the enrichment of the fast-migrating species, 

this suggests that FERM domain is likely to mediate protein-protein interaction with 

PKCι through the RIPR motif (Figure 6.24). Taken together, there are at least three 

points of contacts between the GFP PKCι and FARP2 protein: GFP-GFP 

interaction, FARP2 FERM domain and PKCι RIPR interaction, and FARP2 FA 

domain and PKCι kinase active site interaction. The FERM domain - RIPR 

interaction is likely to be of high affinity and the FA domain - kinase active site 

interaction is likely to be of low affinity. Questions remain to whether the FERM-FA 

domain contribution in the PKCι-FARP interaction comes from one FARP2 

molecule or a FARP2 dimer, where the FERM and FA domain of each molecule 

associates with PKCι.  



Chapter 6. Results 

 

 232 

 
Figure 6.24 Nature of the RIPR-dependency for PKCι- FARP2 interaction - part 3/3 

A schematic showing the hypothesised molecular details of the interaction between 

GFP PKCι and FARP2 (details see text). Green represents that the kinase is in an 

open conformation. Purple represents that the kinase is in a closed conformation. Filled 

kinase represents the fast-migrating form of GFP PKCι. Reg: regulatory domain; Cat: 

catalytic domain.  
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6.3.3 PKCι oligomerisation state and its implication in PKCι activation 

In the crystal structure of which the PKCι RIPR motif was identified, the asymmetric 

dimer formed by the two PKCι kinase domain molecules bears similarity to the 

structure of the EGFR homodimer that is adopted during its transactivation (Zhang 

et al., 2006c). Therefore, it was suspected that the RIPR motif might mediate PKCι 

activation in a similar manner. We have tested whether the PKCι asymmetric dimer 

is required for the transactivation in the original study (Linch et al., 2013b). By using 

a mixture of GFP tagged-PKCι mutants that are either compromised in their RIPR 

motif (AIPA mutations) or their catalytic activity (kinase dead D377N) or both, and 

using the phosphorylation of exogenously expressed Llgl2 as a read out for PKCι 

catalytic activity, we concluded that the PKCι RIPR motif is not involved in PKCι 

transactivation, but rather in mediating protein-protein interaction. In addition, we 

have demonstrated in the original study that the AIPA mutation does not 

compromise PKCι kinase activity in vitro, as PKCι kinase domain and PKCι kinase 

domain AIPA showed comparable activity towards a PKCε pseudosubstrate 

synthetic peptide. These results suggest that the RIPR motif is not involved in 

regulating PKCι catalytic activity and that mutation of the RIPR motif (AIPA) does 

not compromise the kinase catalytic activity. In contrast, investigations shown in 

this chapter suggest that PKCι RIPR motif is involved in modulating PKCι 

conformation. Although an open-conformation kinase is not necessarily equivalent 

to a catalytically active kinase, our results suggest that the conformational input 

exerted through the RIPR motif is required for the binding with some of the PKCι 

interactors, such as PPHLN1.  

 

In addition, given what we have known through the investigation shown in this 

chapter about the potential effect of the GFP tagged protein in mediating PKCι 

dimeric/oligomeric state, as well as the effect of an open conformation PKCι (such 

as the kinase domain) on interactor binding, it is worth noting the several caveats in 

the original study addressing the effect of the RIPR motif in modulating PKCι 

kinase activity. Firstly, GFP tagged PKCι mutants were used to test the trans-

activation model in the original study. Therefore, modulation on PKCι 

conformational state mediated through GFP tethering might have an influence on 
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the results obtained. Secondly, the in vitro kinase assay was conducted with the 

PKCι kinase domain, but not the full-length protein. Therefore, the original result 

suggests that the PKCι AIPA mutation does not compromise the integrity of the 

kinase and its intrinsic ability to bind and phosphorylate its substrates. However, 

additional conformational inputs exerted from the regulatory domain and the 

monomer/oligomer state of PKCι under physiological conditions could have been 

overlooked.  

 

6.3.4 The potential physiological relevance of the PKCι oligomerisation 

model 

In this investigation, a pre-existing PKCι hetero-oligomer was promoted by the 

expression of the GFP tagged kinase. Subsequent investigations suggest that, 

although the oligomeric effects of PKCι were partially mediated through the GFP 

tag, it is likely to have a functional significance. In the literature, there is ample 

evidence suggesting that the active Cdc42-Par6 complex is required for activating 

aPKCs. Given that Cdc42 is a small GTPase that is always anchored to the 

membrane, one could envisage that the tethering effect caused by GFP in our 

investigations may be exerted through active Cdc42-Par6 complex. Upon 

stimulation by external cues, aPKCs are recruited to the membrane through active 

Cdc42-Par6 complex. Local increase of concentration of aPKCs caused by the 

tethering effect could lead to oligomer formation as discussion previously and 

activation of the kinase through promoting conformational changes in the kinase 

through the RIPR motif.  
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6.4 Result summary and conclusions 

Attempting to gain more molecular insights into the interaction between PKCι and 

FARP2, we started the investigation in this chapter by dissecting the domain 

requirement for PKCι - FARP2 interaction. Using ectopically expressed domain 

constructs in cells, as well as baculovirus expression system, we found that both 

the FARP2 FERM domain and the FA domain are able to interact with full-length 

PKCι and PKCι kinase domain (section 6.2.1 and 6.2.2).  

 

Unexpectedly, we discovered that there is an enrichment of the fast-migrating 

species of GFP PKCι in the FARP2 complex by co-IP experiments, which is not the 

case for the GFP PKCι in the total inputs. The fast-migrating and the slow-migrating 

form of GFP PKCι are present in a near 1:1 ratio in the FARP2 complex, and they 

can be distinguished by their different migrating patterns during SDS-PAGE 

(section 6.2.3). Several experiments were conducted to address the nature of the 

two species of the GFP PKCι in the FARP2 complex. The results show that the 

enrichment of the fast-migrating form of GFP PKCι in the FARP2 complex is not 

due to de-phosphorylation on the activation loop (T412) or turn motif (T564) priming 

sites, nor is it caused by degradation or terminal truncation of GFP PKCι resulting 

in a lower-molecular weight species. In addition, modulating PKCι kinase activity, 

either by chemical inhibition with CRT0066854 or by expressing the kinase dead 

mutant of GFP PKCι, does not change the 1:1 representation of the two forms of 

GFP PKCι in the FARP2 complex (section 6.2.4).  

 

In parallel to the investigation of PKCι - FARP2 complex, we also discovered an 

unexpected involvement of the PKCι RIPR motif in potentially promoting PKCι into 

an open conformation. We found that when open conformation mutants of PKCι, 

namely PKCι kinase domain and PKCι A129E, are expressed, the requirement of 

an intact RIPR motif is bypassed for the binding of the validated RIPR-dependent 

interacting protein PPHLN1, whereas the binding of another validated RIPR-

dependent interacting protein, MTA2, still requires an intact RIPR motif, as is the 

case for its binding to the full-length PKCι. This result revealed that the requirement 

of an intact RIPR motif for the binding of RIPR-dependent interacting proteins is at 
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least two-fold. Firstly, the RIPR motif can act as a protein-protein interaction site, as 

is originally hypothesised (binding requirement). Secondly, the RIPR motif seems 

to be required for promoting an open conformer of PKCι (conformational 

requirement) (section 6.2.6).  

 

This discovery prompted us to investigate the nature of the RIPR dependency for 

FARP2 to associate with PKCι. Surprisingly, the requirement of the PKCι RIPR 

motif for FARP2 binding encompasses both conformational and binding aspects. 

We found that FARP2 binding to the slow-migrating form of PKCι requires the RIPR 

motif in a conformational manner (PPHLN1-like). However, FARP2 binding to the 

fast-migrating form of PKCι requires the RIPR motif as a protein-protein interacting 

site (MTA2-like). In other words, the 1:1 representation of the two forms of GFP 

PKCι in the FARP2 complex requires an intact RIPR motif despite PKCι is in an 

open conformation (section 6.2.7).  

 

Using FARP2 and PKCι domain constructs, we found that the PKCι regulatory 

domain and the FARP2 FERM domain seem to be also required for the 1:1 

representation of the two forms of GFP PKCι in the FARP2 complex, since ectopic 

expression of the GFP PKCι kinase domain or the FARP2 FA domain causes the 

loss of the enrichment of the fast-migrating species of GFP PKCι in the FARP2 (or 

FARP2 domain) complexes (section 6.2.5). Given what we have discovered about 

the conformational requirement of PKCι for associating with FARP2, the 

requirement of the PKCι regulatory domain is likely to be due to its role in 

modulating PKCι conformations. We suspect that the requirement of the FARP2 FA 

domain is due to its ability to interact with an open conformation kinase through a 

substrate-kinase interaction.  

 

Furthermore, we suspect that the presence of a pre-existing PKCι dimer/oligomer 

facilitated by the GFP tag or the GST tag is important for the enrichment of the fast-

migrating species of PKCι in the FARP2 complex. This postulation is based on the 

following evidence. Firstly, GST-PKCι and FARP2 FERMFA domain interaction in 

the baculovirus expression system is weakened after the GST tag is cleaved off, 

and the complex dissociates during the process of gel exclusion purification 

(section 6.2.2). Secondly, the expression of GFP PKCι in cells promotes the 1:1 
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representation of the two forms of both the exogenous and the endogenous PKCι 

in the FARP2 complex, which is not the case when an untagged or a Myc-tagged 

PKCι is expressed in cells (section 6.2.8).  

 

To demonstrate that the oligomeric effect of the GFP-tagged PKCι is likely to be of 

physiological relevance rather than simply experimental artefacts, we showed that 

GFP-tagged and Myc-tagged PKCι full-length and kinase domain have different 

binding patterns for the three established PKCι interacting proteins, namely Par3, 

Par6 and Llgl2. In addition, GFP-PKCι and Myc-PKCι showed different patterns for 

the binding of putative PKC phophoserine substrates, further indicating that GFP 

and Myc tagged PKCι are likely to have different binding patterns and substrates 

when being expressed in cells (section 6.2.10).  

 

Another interesting observation is that GFP PKCι exists in different states when it is 

in complex with different PKCι interacting proteins, both RIPR-dependent and 

RIPR-independent. This result indicates, as least for the exogenous GFP PKCι, 

that it can exist in different forms (such as bearing different PTMs) and this is either 

a requirement for or a consequence of associating with various PKCι interactors. 

This result also poses the possibility that the state of PKCι (such as bearing 

different PTMs or in a monomeric or oligomeric form) in cell could be the key in 

differentiating its cellular functions or differentiating its functions between 

physiological and pathophysiological conditions (section 6.2.9). 

 

In conclusion, results presented in this chapter shed more light on the molecular 

mechanism of the PKCι - FARP interaction. Furthermore, through studying the 

interaction of PKCι with the FARP proteins, as well as other known PKCι 

interactors (such as MTA2, PPHLN1, Par3 and Par6), we have uncovered a 

potential requirement of the PKCι RIPR motif in modulating PKCι open 

conformation and its monomeric/oligomeric state, which is likely to be important for 

dictating or conveying its different cellular functions. 
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Chapter 7. Summary and final discussion  

7.1 Overview 

PKCι is an important player in the establishment and maintenance of cell polarity. 

In addition, PKCι has been established as an onco-protein and there is ample 

evidence demonstrating that PKCι acts downstream of oncogenic Ras during 

tumorigenesis. Given that normal cell polarity and tissue homeostasis are often 

considered to be inhibitory to tumorigenesis, it is of interest to understand how 

PKCι signalling is wired differently under these circumstances. One possibility is 

that PKCι couples to different partner proteins under physiological and 

pathophysiological conditions. Although the functional importance of PKCι has 

been established for almost twenty years now, the molecular mechanisms as to 

how PKCι exert its diverse functions, especially in mammalian cells, remain poorly 

understood.  

 

The work presented in this thesis follows on the discovery of a dibasic motif within 

the PKCι kinase domain, namely the RIPR motif, and founded on the previous work 

demonstrating that the RIPR motif is selectively required for the binding of a subset 

of PKCι interactors, as well as being important for the polarity function of PKCι. 

This led us to form the initial hypothesis that PKCι exerts its polarity function 

through interacting with a subset of its partner proteins via the RIPR motif. 

Following up on this hypothesis, subsequent mass spectrometry experiments were 

conducted to identify candidate RIPR-dependent interacting proteins, which forms 

the basis of the work presented in this thesis.  

 

The thesis work started with validation of the candidate RIPR-dependent interacting 

proteins identified from the mass spectrometry screens. Out of the validated hits 

from the screen, the MTA family (in particular MTA2) and the FARP family (FARP1 

and FARP2) proteins were chosen for further investigation. The study of the PKCι-

MTA2 complex uncovered a regulatable interaction that is potentially involved in 

the sensing of cell-cell contact and the regulation of cell proliferation, whilst the 

study of the PKCι-FARP protein complex revealed their involvement in junction 

establishment and junction integrity. Furthermore, the investigation of PKCι with its 
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partner proteins (not limited to MTA2 and FARP proteins) has uncovered an 

unexpected function of the RIPR motif in modulation PKCι conformation, potentially 

through regulating a PKCι monomer/dimer/oligomer equilibrium. 

 

7.2 Main findings 

The main findings of this thesis are as follow: 

Validation of the RIPR-dependent interacting candidate proteins 

- From the mass spectrometry screen looking for PKCι RIPR interacting proteins, 

five out the twelve selected candidate proteins were validated as genuine hits.  

- The validated RIPR-dependent interacting proteins do not show inter-dependency 

for binding to PKCι, suggesting that they bind to PKCι independently of each other. 

- Depletion of each of the validated RIPR-dependent interacting proteins resulted in 

a moderate disruption of cell morphogenesis in the Caco2 3D cyst model. 

 

PKCι and the MTA family proteins 

- Both MTA1 and MTA2 were validated as PKCι interacting proteins. MTA1 

interacts with PKCι in a non-RIPR dependent manner, whereas MTA2 interacts 

with PKCι in a RIPR-dependent manner. 

- MTA1 localises mainly in the nucleus, whereas MTA2 localises in three cellular 

compartments: the nucleus, the mitotic spindle and the cell cortex (in both HCT116 

and Caco2 cells). 

- The localisation of MTA2 and its requirement in cell morphogenesis bear 

resembles to the NACos protein symplekin, which is a potential PKCι interactor as 

identified in the PKCι interactome mass spectrometry screens (in 3/5 experimental 

repeats). However, attempts to address the physiological similarities between 

MTA2 and symplekin showed that, unlike symplekin, MTA2 is not required for tight 

junction integrity (as judged by IF), nor is its protein expression level modulated by 

cell density.  

- MTA2 interacts with PKCι in a cell density-dependent manner, in which the 

binding between MTA2 and PKCι is more prevalent when cells are at low density. 
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- PLA experiments revealed that not only the interaction between PKCι and MTA2 

is cell-density dependent, but also the PKCι-MTA2 protein complex shows different 

localisations when cells are at low or high cell density. Specifically, PKCι-MTA2 

complex is present mainly in the nucleus when cells are at low density, and is at 

the cell cortex and in the cytoplasm when cells are at high density. 

 

PKCι and the FRAP family proteins  

- Both FARP1 and FARP2 were validated as PKCι RIPR-dependent interacting 

proteins. 

- FARP2 is required for both tight junction integrity and the barrier function, 

whereas FARP1 seems to be only required for tight junction integrity, but has no 

significant effect on the barrier function.  

- FARP2 is a Cdc42 GEF in epithelial cells and shows no significant activity 

towards Rac, whereas FARP1 shows some activity towards both Cdc42 and Rac.  

- Both FARP1 and FARP2 are substrates of PKCι, with the two putative 

phosphorylation sites residing in the FERM-adjacent (FA) domain. Phosphorylation 

of the FARP2 protein by PKCι promotes complex dissociation. 

- Phosphorylation of the FARP2 PKCι sites is required for tight junction integrity. 

- Molecularly, both FARP2 FERM domain and FA domain can interact with full-

length PKCι or the PKCι kinase domain. 

 

The potential role of the RIPR motif in modulating PKCι conformation 

- Two species of GFP PKCι are present in a near 1:1 ratio in the FARP complex, 

which can be distinguished by their different migrating patterns during SDS-PAGE. 

In other words, the fast-migrating species of GFP PKCι is enriched in the FARP 

complex. This phenomenon has also been observed in previous studies conducted 

in our Laboratory when GFP PKCι is in complex with FAM83B and FAM83H.  

- Ectopic tags that tend to dimerise, such as the GFP tag and the GST tag, seem to 

also contribute to the PKCι -FARP2 interaction. Furthermore, expression of GFP 

PKCι promotes the enrichment of the fast-migrating species of both exogenous 

(GFP PKCι) and endogenous PKCι in the FARP2 complex. This result suggests 
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that dimerisation tags, such as GFP, might promote a pre-existing PKCι dimer, 

which is then selectively enriched in the FARP2 complex.  

- For some RIPR-dependent interacting proteins, such as PPHLN1, the 

requirement of an intact RIPR motif can be bypassed if the PKCι is in an open 

conformer (such as PKCι kinase domain and PKCι A129E). However, this is not the 

case for other RIPR-dependent interacting proteins, such as MTA2. This suggests 

that the requirement of the RIPR motif for PKCι partner proteins is at least two-fold: 

the binding requirement and the conformational requirement. This might explain the 

plethora of partnes that display dependence on the motif, not all competing directly 

but conformationally dependent. 

- Unlike both PPHLN1 and MTA2, the requirement of the RIPR motif for FARP2 

interaction with PKCι seems to encompass both the binding requirement and the 

conformational requirement. Therefore, there are at least three different 

possibilities as to how the RIPR motif is required for a PKCι partner protein to 

interact with PKCι, as demonstrated in Figure 7.1.  

 

 
Figure 7.1 A schematic demonstrating the three possibilities that the PKCι RIPR 

motif is required for its interaction with partner proteins  
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- GFP PKCι is present in different states when it is in a complex with different PKCι 

interactors. This result, together with the results showing the different mechanisms 

that the PKCι RIPR motif is required for the binding of PKCι interactors, indicate 

that different forms of PKCι, such as bearing different PTMs or present in its 

monomeric or oligomeric state, is either the pre-requisite or the result of interacting 

with different partner proteins. Therefore, the different cellular functions of PKCι, 

such as its polarity function and its proliferative function, are likely to be exerted 

through having different states of PKCι coupling to different partner proteins. This 

model also allows one to envisage that oncogenic signals, such as through 

oncogenic Ras, might perturb the physiological functions of PKCι through changing 

the normal equilibrium between the different states of PKCι that pertain under 

physiological conditions. 

 

7.3 Remaining questions and future perspectives 

PKCι and the MTA family proteins 

In chapter 4 I have shown that, apart from MTA1 and MTA2, several other 

components of the NuRD complex were also identified in the PKCι interactome 

mass spectrometry screen. Therefore, it would be worth validating the result from 

the mass spectrometry screen by co-IP and Western blot. If the other components 

of the NuRD complex are genuine PKCι interacting proteins, then it would be 

interesting to explore whether the observations regarding the PKCι - MTA2 

complex also hold true for the components of the NuRD complex, such as its 

density-dependent binding to PKCι. This will also elucidate to whether the 

discovery regarding the PKCι - MTA2 complex is a novel function of MTA2 itself or 

the NuRD complex as a whole.  

 

The results in chapter 4 shows that MTA2 localises to the mitotic spindle, which is 

not the case for the related protein family member MTA1. Although results from 

chapter 4 suggest that PKCι is not required for the spindle localisation of MTA2, as 

least in cells seeded in 2D, it would still be worth exploring the role of the spindle 

pool of MTA2. Given that mis-orientation of the mitotic spindle is one of the 

mechanisms that can lead to multi-lumen formation during Caco2 3D cyst 
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development, as well as the results in chapter 3 showing that depletion of MTA2 

leads to defects in cyst morphogenesis, it would be interesting to test whether 

MTA2 is involved in regulating the positioning of the mitotic spindle during Caco2 

cyst development using the spindle orientation assay. This can be achieved by 

synchronising the Caco2 cysts that are at the two-cell stage at the G1/M boundary 

using the CDK1 inhibitor Rö3306, and release of the cells into metaphase for easy 

identification of the mitotic spindle (the method is described in detail in (Durgan et 

al., 2011)). The angle between the mitotic spindle (marked by the α tubulin staining) 

and the apical surface (marked by the actin staining) can be measured. If MTA2 is 

required for spindle orientation, we can further test whether this function of MTA2 is 

exerted through its interaction with PKCι.  

 

As discussed in chapter 3, the interaction between MTA2 and PKCι is more 

prominent when cells are at low density than when cells are at high density. 

However, there seems to be a threshold behaviour regarding this cell density-

dependency, in that the PKCι-MTA2 complex can only be detected by co-IP when 

cells are less than 20% confluent and not when the cells are more confluent than 

this. This led us to hypothesise that cell density might not be the direct influencing 

factor that regulates the PKCι-MTA2 interaction, rather some signalling events 

early on during cell junction establishment or through mechano-sensing 

mechanisms. These possibilities should be tested. For example, one can explore 

whether changes in the cortical acto-myosin tension could change the prominence 

of the PKCι-MTA2 interaction. This can be done by treating cells at high density 

with actin polymerisation poisons, such as Latrunculin, to disrupt the acto-myosin 

tension. 

 

PKCι - FRAP2 protein complex 

In chapter 5, I showed that FARP2 is a Cdc42 GEF in epithelial cells by using the 

GLISA assay. In this experiment, when the FARP2 protein level is at its lowest 

(which is 72-hour post-siRNA transfection), the cells were in a steady state rather 

than at the junctional establishment stage. Therefore, this result is likely to 

represent a requirement of FARP2 as a Cdc42 GEF when cells are in a steady 
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state. Given the crucial role of active Cdc42 during cell junction initiation (see 

Introduction), one could test whether FARP2 Cdc42 GEF activity is also required 

specifically at the early time point during junction initiation. To do this, we would 

need first to determine the time point at which Cdc42 is activated. This can be 

achieved by measuring the Cdc42 activity using GLISA several time points after a 

calcium switch assay. Once the time points of Cdc42 activation are determined, we 

can then assess whether FARP2 depletion changes or reduces the activation of 

Cdc42 at those particular time points.  

 

Results in chapter 5 show that, firstly, depletion of FARP2 results in defects in 

junction integrity. Secondly, FARP2 is a Cdc42 GEF in epithelial cells. Thirdly, 

phosphorylation of the PKCι sites on FARP2 is required for junction integrity. These 

results seem to imply that the requirement of PKCι phosphorylation of FARP2 is to 

modulate its Cdc42 GEF activity, which is important for junction integrity. 

Nevertheless, the effect of PKCι phosphorylation on FARP2 Cdc42 GEF activity 

needs to be formally addressed. This can be achieved by using the Cdc42 GLISA 

assay with cells expressing the non-phosphorylatable mutant of FARP2, and 

comparing the results to cells that are expressing wild-type FARP2. 

 

Given that both FARP1 and FARP2 showed activity towards activating Cdc42, I 

have tested the possibility that the FARP proteins regulate PKCι catalytic activity 

through the Par6 - active Cdc42 pathway, which is the only PKCι activation 

mechanism reported in the literature so far in the context of cell polarisation. Using 

the priming site phosphorylation of PKCι and the PKC phospho-substrate profile as 

a rudimentary read-out, the result seems to suggest that the FARP proteins do not 

regulate PKCι catalytic activity. However, to address the involvement of the FARP 

proteins in regulating PKCι catalytic activity, other methods need to be adopted. 

For instance, PKCι and Llgl2 can be co-expressed in non-targeting siRNA treated 

and FARP siRNA treated cells, and the phosphorylation profile of Llgl2 can be 

determined by Western blot as a read-out for PKCι catalytic activity.  

 

In chapter 5, I have mainly focused on the function of the FARP proteins in Caco2 

cells growing 2D. However, given that the result in chapter 3 showed a requirement 

of the FARP proteins during Caco2 3D cyst development, it would be interesting to 
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explore what is the requirement of the FARP proteins in 3D as well. As a first 

measure, one could investigate the localisation of FARP2 in 3D, and whether the 

non-phosphorylatable mutant of FARP2 is required for this localisation.  

 

The potential role of the RIPR motif in modulating PKCι conformation 

Results shown in chapter 6 demonstrate that there is a two-fold requirement of the 

RIPR motif for the binding of PKCι partner proteins, namely the requirement of the 

RIPR motif as a binding site, and the requirement of the RIPR motif for its 

involvement in promoting an open conformer of PKCι. This conclusion is mainly 

deduced through the use PKCι open conformer mutants (PKCι kinase domain and 

PKCι A129E) with or without an intact RIPR motif and assessing their binding 

profile for MTA2 and PPHLN1.  

 

To follow up on this observation, it would be essential to prove, at least for MTA2 

and PPHLN1, that they do require the RIPR motif through the above-mentioned 

two distinct mechanisms. To do this, we can exploit a selective cross-linking 

approach using the genetic code expansion technology. Genetic code expansion 

technology takes advantage of an orthogonal tRNA and aminoacyl tRNA synthease 

pair, which when expressed in cells, is able to insert unnatural amino acids into the 

ectopically expressed protein of interest. For example, the tRNA amber-PylRS 

(pyrrolysyl-tRNA synthetase) pair from Methanosarcina barkeri is able to insert an 

unnatural amino acid when the tRNA encounters the amber stop codon TAG 

instead of terminating the transcription (Crnkovic et al., 2016). Therefore, using the 

tRNA amber-PylRS pair, we can insert an unnatural amino acid into our protein of 

interest by mutating a coding codon into the TAG amber codon. For selective 

cross-linking purposes, we can exploit a photo-crosslinkable amino acid, such as 

AbK (3'-azibutyl-N-carbamoyl-lysine), which can be activated by UV irradiation. The 

use of this technology for detecting protein-protein interaction has already been 

optimised in our Laboratory and successfully been used to demonstrate the 

interaction between PKCε and 14-3-3 (Khalil Davis, unpublished data). 
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For PKCι, we can use the genetic code expansion technology to insert a photo-

crosslinkable amino acid into the region proximal to the RIPR motif. Provided the 

insertion of this unnatural amino acid in PKCι does not alter the involvement of the 

RIPR motif in modulating protein conformation (which will need to be tested first), 

this method would allow us to distinguish RIPR-dependent interacting proteins that 

require the RIPR motif for binding (MTA2-like), and those require the RIPR motif for 

its role in modulating PKCι conformation (PPHLN-like), as only those proteins that 

require the RIPR motif for binding would be cross-linked. As a proof of concept, we 

can first test the cross-linking profile of PKCι bearing the cross-linkable amino acid 

with exogenous MTA2 and PPHLN1. This will allow us to test our hypothesis that 

MTA2 binds in proximal to the PKCι RIPR motif, whilst PPHLN1 binds in distal to 

the RIPR motif.  

 

If the pilot experiment confirms our hypothesis regarding the two-fold requirement 

of the RIPR motif for associating with PKCι interacting partners, and shows that the 

selective cross-linking method using genetic code expansion technology works for 

our propose, there are several interesting avenues that we can explore. Firstly, 

given the regulatable nature of the PKCι-MTA2 interaction, we can use this 

approach to further investigate the binding of MTA2 with PKCι under different 

conditions, such as different cell densities, and the potential PTMs on PKCι and 

MTA2 when they are in complex. Secondly, we can use this approach as a 

screening method to identify the different groups of RIPR-dependent interacting 

proteins that require the RIPR motif through distinct mechanisms. Thirdly, this 

method can be used to test whether PKCι dimer and oligomer exist in the cell as 

we have hypothesised. Given our hypothesis that the RIPR motif is involved in 

modulating PKCι conformation through oligomerisation, and the evidence from the 

crystal structure from which the RIPR motif was originally identified, we would 

expect to see cross-linked PKCι dimer or oligomer under certain conditions through 

the RIPR motif. Finally, given the speculation that oncogenic signals, such as 

oncogenic Ras, may alter the interaction between PKCι and partner proteins 

through changing the equilibrium of PKCι monomer/oligomer state, we can 

investigate how the crosslinking profile of PKCι with partner proteins, and PKCι 

dimer/oligomer profile change under normal and oncogenic Ras conditions.  
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7.4 Concluding remarks 

Since the discovery of atypical PKCs (PKCι and PKCζ) as key factors in the 

regulation of cell polarisation almost twenty years ago, the physiological functions 

of aPKCs have been intensively studied, especially in model organisms such D. 

melanogaster and C.elegans. More recently, there is also a growing interest in 

understanding the role of one of the aPKCs, PKCι particularly, in tumorigenesis and 

its significance as a potential drug target. Despite this effort, the understanding of 

the regulation and functions of PKCι molecularly, especially in mammalian cells, 

remains poor. 

 

Unlike many other studies of PKCι, the screening approach that we have adopted 

prior to the work presented in this thesis allowed us to gain a more global view of 

the functions and potential regulations of PKCι. The studies of the PKCι-MTA2 and 

PKCι-FARP protein complexes presented in this thesis exemplify the diverse 

functions that PKCι are involved in. More importantly, through studying the 

interaction of PKCι with multiple partner proteins (as presented in chapter 6), we 

were able to uncover another layer of regulation of PKCι that has not been reported 

before, and this would not be possible by only studying the interaction of PKCι with 

one or several closely related partner proteins.  

 

In retrospect, the complexity of the PKCι regulation and its signalling with partner 

proteins that I have encountered during this investigation might explain the slow 

progress in the field in gaining more insight into the molecular mechanism of PKCι 

in mammalian cells, in comparison to the vast body of literature of PKCι functions in 

model organisms and of other PKC family members. I hope the work presented in 

this thesis provides a paradigm shift as to how PKCι might be activated and 

regulated, and forms the foundation for further investigation into its role in both cell 

polarisation and oncogensis.  
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Chapter 8. Appendix 

Identified Proteins GFP WT AIPAGFP WT AIPAGFP WT AIPA
Protein kinase C iota 0 36 36 0 23 23 0 46 33

PKCι-WT 
Known PKCι RIPR independent proteins Co-IP
Partitioning defective 3 (151 KDa isoform) PAR3 0 28 28 0 27 21 0 19 17 5/5
Sequestosome-1 SQSTM1 0 5 2 - - - 0 10 11 5/5
Par-3 partitioning defective 3 homolog (110 KDa isoform) PARD3 0 1 2 - - - - - - 5/5
Par-3 partitioning defective 3 homolog (144 KDa isoform) PARD3 0 2 1 - - - - - - 5/5
Partitioning defective 6 homolog beta PARD6B 0 3 4 - - - 0 6 3 5/5
Partitioning defective 6 homolog gamma PARD6G 0 1 2 - - - - - - 5/5

PKCι RIPR-dependent candidate proteins
Lethal(2) giant larvae protein homolog 2 LLGL2 0 6 1 0 7 0 1 16 5 4/5
Myosin-X MyoX 0 2 0 0 4 0 - - - 5/5
Metastasis-associated protein 1 MTA1 0 4 0 - - - 0 3 0 3/5
Metastasis-associated protein 2 MTA2 0 12 1 - - - 0 4 0 5/5
FERM, RhoGEF and pleckstrin domain-containing protein 2 FARP2 0 2 0 - - - 0 5 0 5/5
Band 4.1-like protein 4B EPB41L4B 2 5 1 - - - 1 7 2 5/5
Band 4.1-like protein 5 EPB41L5 - - - 1 1 0 0 5 0 2/5
Protein FAM83B FAM83B 0 5 0 - - - 0 3 0 4/5
Protein FAM83H FAM83H 1 2 0 0 1 0 - - - 3/5
Apoptosis inhibitor 5 API5 0 4 0 - - - 1 6 0 N
RuvB-like 1 RUVBL1 0 2 0 - - - 1 7 2 N
ATP-dependent zinc metalloprotease YME1L1 0 2 0 - - - 0 4 1 2/5

FERM, RhoGEF and pleckstrin domain-containing protein 1 FARP1 0 1 0 - - - - - - 5/5

NuRD complex components
Metastasis-associated protein 3 MTA3 0 2 0 - - - - - - 2/5
Chromodomain-helicase-DNA-binding protein 4 CHD4 0 12 0 - - - - - - 4/5
Histone deacetylase 1 HDAC1 0 3 0 3/5
Methyl-CpG-binding domain protein 2 MBD2 0 1 0 - - - - - - 4/5
Transcriptional repressor p66-alpha GATAD2A 0 5 0 - - - - - - 3/5
Transcriptional repressor p66-beta GATAD2B - - - - - - - - - 2/5
Histone-binding protein RBBP4 RBBP4 0 6 0 0 1 0 - - - N

Other proteins of interest
Symplekin SYMPK 7 8 17 - - - - - - 3/5
Periphilin 1 PPHLN1 - - - - - - - - - 5/5

PKCι-WT vs. -AIPA Co-IP (No. unique peptide)
 Exp No.1 Exp No.2  Exp No.3

 
Table 8.1 Proteomic screen results for the proteins investigated and of interest 

for this thesis 

The table shows the number of unique peptides of the indicated proteins being 

identified in three independent experiments that compares the associated proteomes of 

GFP PKCι-WT and GFP PKCι-AIPA in HCT116 cells (conducted by Mark Linch and 

Marta Sanz-Garcia, Parker Laboratory). The “PKCι-WT Co-IP” column shows the 

frequency of the indicated protein being identified in the GFP PKCι-WT associated 

proteome in HCT116 cells out of five independent experiments (conducted by Philippe 

Riou, Parker Laboratory). 
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