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THE IMPORTANCE OF THE ACYLTRANSFERASE LYCAT ON PI3K-AKT SIGNALING AND CANCER 

CELL PROLIFERATION 

Victoria Chan 

Master of Science, 2022 

Molecular Science, Ryerson University 

ABSTRACT 

Phosphoinositides (PIPs) play a key role in regulating key cellular functions. PIPs are enriched with 

a unique acyl profile composed of stearate and arachidonate at the sn-1 and sn-2 positions, 

respectively, which is governed by phospholipase As and acyltransferases. Specifically, 

lysocardiolipin acyltransferase (LYCAT) incorporates stearic acid onto the sn-1 position. Previous 

work found that LYCAT silencing selectively perturbs the levels and localization of 

phosphatidylinositol-4,5-bisphosphate, an important precursor for phosphatidylinositol-3,4,5-

trisphosphate (PIP3). PIP3 recruits and modulates the effector Akt, which promotes and 

coordinates cell survival and proliferation. Thus, we hypothesized that LYCAT is important in PIP3-

Akt signaling and cell proliferation. Our results show that LYCAT silencing suppresses EGF-

stimulated phosphorylation of Akt and select downstream substrates. Further, we observed 

impaired cell proliferation. Overall, our results suggest that the acyl specificity governed by LYCAT 

may play a significant role in controlling cell signaling and proliferation, which may have 

consequences for diseases such as cancer.  
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CHAPTER 1: INTRODUCTION 

1.1 An introduction to phospholipids 

1.1.1 The different types of membrane lipids 

Lipids are water insoluble molecules that are highly soluble in organic solvents. They serve a 

variety of biological roles including membrane structure, energy and heat stores, signaling and 

molecular markers to help identify specific organelles (Yang & Han, 2016). Lipids are the main 

component of the cell membrane and are diverse in their structure, distribution and composition. 

The lipid molecules present in cell membranes are amphipathic, meaning they contain both a 

hydrophilic and hydrophobic end.  The shape and amphipathic nature of these molecules cause 

them to form bilayers in aqueous environments. Lipid molecules spontaneously aggregate to 

bury their hydrophobic tail in the interior and expose their hydrophilic heads to water. The most 

abundant structural lipid present in both the outer plasma membrane (PM) and internal 

organelle membranes are glycerophospholipids. Glycerophospholipids are considered the major 

class of lipids and consist of a glycerol backbone with fatty acids attached to the sn-1 and sn-2 

positions (Figure 1.1). The headgroup consists of a phosphate linked at the sn-3 position with an 

alcohol attached to the phosphate (Bozelli & Epand, 2019).  The common alcohol moieties of 

glycerophospholipids are serine, ethanolamine, choline, glycerol and inositol, with the head 

group substituent conferring the name of the glycerophospholipid. In addition to head group 

diversity, the variety and different combinations of fatty acids lead to diversity among the 

different membrane lipids. 
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1.1.2 Fatty acid diversity of lipids 

The fatty acid chains present in glycerophospholipids vary in chain length, degree of 

unsaturation, the position of double bonds and hydroxylation. Fatty acids are written as (X:Y, n-

Z), where X refers to the number of carbons in the chain, Y indicates the number of double bonds 

present, and Z is the position of the first double bond from the carboxylic acid end. Palmitic acid 

(16:0), stearic acid (18:0) oleic acid (18:1, n-9), linoleic acid (18:2, n-6) and arachidonic acid (20:4, 

n-6) are examples of fatty acids that can be incorporated onto phospholipids (Figure 1.1). In 

glycerophospholipids, the fatty acid at the sn-1 position tends to be saturated or 

monounsaturated, while the fatty acid attached to the sn-2 position is either mono- or poly-

unsaturated (Yabuuchi & O’Brien, 1968). The different combinations of fatty acids attached to 

glycerophospholipids generates chemical diversity among the membrane lipids, however, some 

glycerophospholipids have highly specific acyl chain profiles. The acyl chain profile of 

phosphatidylinositol (PI) is less diverse than other glycerophospholipids and is highly enriched 

with a stearoyl (18:0) chain at the sn-1 position and an arachidonoyl (20:4) chain at the sn-2 

position (Hicks et al., 2006). The acyl chain specificity of PI will be further expanded on in section 

1.3.2. The acyl chain composition of these lipids influences the physical properties of the 

membrane.  
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Figure 1.1: Membrane lipid and fatty acid diversity  

Glycerophospholipids consist of a headgroup attached to a glycerol backbone with two fatty acyl 

chains attached to the sn-1 and sn-2 positions. Examples of different fatty acids and their 

structures are shown; X indicates the number of carbons and Y is the number of double bonds 

(X:Y). 

   

1.2 An introduction to phosphoinositides (PIP)  

1.2.1 PIP structure 

As previously mentioned, PI is a member of the glycerophospholipid family, which are a family of 

major structural lipids present in eukaryotic membranes (Van Meer et al., 2008). The 

hydrophobic portion of PI contains saturated or cis-unsaturated fatty acyl chains of varying 

lengths at the sn-1 and sn-2 positions (Bozelli & Epand, 2019; Van Meer et al., 2008). The 

diacylglycerol (DAG) backbone connects the acyl chains to the inositol head group through the 

D1 phosphate group on the inositol ring (Figure 1.2). The inositol head group has free hydroxyl 

groups at positions D2 through to D6, and those at D3, D4 and D5 can be phosphorylated by 

several cytoplasmic lipid kinases (Falkenburger et al., 2010). Phosphorylation of PI generates 

seven possible PIPs consisting of a variety of monophosphorylated PIPs, (phosphatidylinositol 3-
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phosphate (PI(3)P), phosphatidylinositol 4-phosphate (PI(4)P), phosphatidylinositol 4-phosphate 

(PI(5)P)), bis-phosphorylated species, (phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2), 

phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2), phosphatidylinositol 4,5-bisphosphate 

(PI(4,5)P2)), and one tris-phosphorylated species, phosphatidylinositol 3,4,5-trisphosphate 

(PI(3,4,5)P3). Each of these PIP species are found on different membranes and organelles.  

 

 

Figure 1.2: Phosphatidylinositol structure  

The species presented is 1-stearoyl-2-arachidonoyl-sn-glycero-3-phospho-(1-myo-inositol). The 

stearic acid (18:0) is depicted in red and is located at the sn-1 position, while the arachidonic acid 

(20:4) is located at the sn-2 position, depicted in yellow. The acyl chain is connected to the 

glycerol backbone (blue), phosphate (green) and inositol head (purple). The inositol ring is 

numbered, indicating the different positions that it can be phosphorylated on. 

 

1.2.2 PIP metabolizing and converting enzymes 

The metabolizing enzymes that are responsible for the interconversion between PIP species are 

the PIP kinases and phosphatases. These specific metabolizing enzymes are able to generate 

seven different PIP species through the addition or removal of a phosphate group by kinases and 

phosphatases, respectively. For example, phosphatidylinositol 4-kinase (PI4K) phosphorylates PI 

to yield PI(4)P which can be further phosphorylated by PI(4)P 5-kinase (PIP5K) to generate 
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PI(4,5)P2 (Sasaki et al., 2009). Class I phosphatidylinositol 3-kinase (PI3K) is responsible for 

converting PI(4,5)P2 to PI(3,4,5)P3 and PI(4)P to PI(3,4)P2, while phosphatase and tensin homolog 

(PTEN) converts PI(3,4,5)P3 back to PI(4,5)P2. These enzymes will be further expanded upon in 

section 1.4.2. Figure 1.3 shows the kinase and phosphatases responsible for generating the seven 

different PIP species.  

 

 
 
Figure 1.3: Interconversion of PIP species by kinases and phosphatases   

PIP kinases are responsible for the addition of a phosphate group (red) onto the inositol 

headgroup, while phosphatases remove them.  The interconversion between different PIP 

species is indicated by an arrow with its respective PIP metabolizing enzyme. Based on (Wallroth 

& Haucke, 2018)  
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1.2.3 PIP localization 

The phospholipid composition of different membranes varies throughout the cell, allowing the 

cell to differentiate between compartments. The cell relies on specific membrane identities 

which is ultimately controlled by PIPs.  PIPs were previously thought to be restricted to single 

organelles however, we are now realizing that PIP localization is quite complex. For example, 

PI(4)P, typically associated with the trans-Golgi and secretory vesicles, has also been shown to 

localize to the lysosome (Jeschke et al., 2015). PI(4,5)P2 is a key lipid messenger that was 

previously described to be localized primarily at the PM, but has since been shown to localize to 

other intracellular compartments. Although a majority of PI(4,5)P2 is found at the PM, studies 

have revealed that a substantial pool of PI(4,5)P2 is localized to organelles such as endosomes, 

autophagosomes, and the nucleus (Hammond & Balla, 2015; Lemmon & Ferguson, 2000; Watt 

et al., 2002). PI(3,4,5)P3 is mainly found on the PM but is also enriched in the nuclear envelope 

and in early endosomes (EE) (Jethwa et al., 2015). Figure 1.4 illustrates the complex and dynamic 

localization of PIP species. 
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Figure 1.4: Cellular distribution of PIP species 

PIP localization based on headgroup phosphorylation. Each PIP species is localized to distinct 

membranes within the cell, sometimes clustering on specific membranes. Some membranes are 

enriched with higher concentrations of certain species over others. Based on (Choy et al., 2017) 

 

1.2.4 PIP function 

While PIPs make up only 1-10% of total phospholipids, they control many aspects of a cell’s 

functions (Balla, 2013). PIPs play an important role in regulating organelle dynamics, vesicular 

transport, signal transduction and membrane trafficking (Di Paolo & De Camilli, 2006; Mayinger, 

2012). They have been shown to be involved in a number of signalling pathways that are essential 
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to maintaining cell physiology. Each PIP species is responsible for specific cellular functions. PI(4)P 

recruits proteins involved in Golgi trafficking to the Golgi membrane and promotes anterograde 

transport of secretory proteins from the Golgi to the PM (Audhya et al., 2000). PI(4,5)P2 is a key 

lipid messenger at the PM that is also involved in regulating actin dynamics and endocytosis. 

PI(3,4,5)P3 is involved in a number of cellular processes that control cell survival, proliferation 

and motility. Since PI(4,5)P2 and PI(3,4,5)P3 are a critical component of my thesis, they will be 

addressed in more detail in section 1.5.1. PIPs are able to perform their designated cellular 

functions through the recruitment of effector proteins.  

 

1.2.5 PIP effector proteins 

PIPs are able to perform their wide range of cellular activities through interactions with various 

effector proteins that contain PIP binding motifs (Cullen et al., 2001). PI(4,5)P2 acts as a substrate 

for phospholipase C (PLC) following G protein coupled receptor (GPCR) activation and recruits 

adaptor proteins such as AP-2 and dynamin to the PM to regulate clathrin mediated endocytosis 

(CME) (Achiriloaie et al., 1999). Activation of PI3K phosphorylates PI(4,5)P2 to produce PI(3,4,5)P3 

which recruits effector molecules that contain pleckstrin homology (PH) domains, such as Akt 

and phosphoinositde-dependent kinase-1 (PDK1) (Lien et al., 2017). Activation of these effector 

proteins regulate a variety of different cellular functions including cell survival, proliferation, 

metabolism and growth. 
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1.2.6 Acyl chain composition  

Until recently, studies have focused on the importance of differentiation on the inositol 

headgroup. Research has only since begun investigating the importance of the specific acyl chain 

composition of these phospholipids. This is of importance because changes in acyl chain 

composition can affect PIP regulation and function, for example, membrane trafficking (Boneet 

al., 2017). Lipid kinases such as PIP5K and the 5-phosphatases, OCRL and synatpojanin-1, have 

shown specificity and higher enzyme kinetics for the C38:4 acyl chain profile of PI(4,5)P2 (Schmid 

et al., 2004; Shulga et al., 2012). Enzyme kinetics, specifically substrate affinity (KM) and catalytic 

turnover (Vmax), revealed that the 5-phosphatases have sensitivity toward fatty acid composition 

(Schmid et al., 2004). Differences in acyl chain may also alter the way in which the polar inositol 

headgroup is presented for effector binding. PIP effectors interact with the inositol headgroup 

through their PIP-binding domains (Choy et al., 2017). Depending on the length and degree of 

unsaturation, the inositol headgroup may sit higher or lower in the membrane such that the 

effector cannot interact, or bind at all, with the membrane surface (Laux et al., 2000). 

 

1.3 Incorporation of fatty acids onto PIPs 

1.3.1 De novo synthesis of PIPs 

The enrichment of specific acyl chain profiles on PIPs occurs via two pathways: de novo synthesis 

and the PIP remodelling pathway. The specificity of acyl chain profiles can arise from these two 

parallel pathways. The de novo synthesis of PI is thought to occur at the endoplasmic reticulum 

(ER). Synthesis begins with the acylation of two precursors, yielding lysophosphatidic acid (LPA) 

and phosphatidic acid (PA) (D’Souza & Epand, 2014). PA is then converted to cytidine 
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diphosphate diacylglycerol (CDP-DAG) through CDP-DAG synthases (CDS). Finally, PI synthase 

(PIS) couples CDP-DAG to myo-inositol to form PI (Figure 1.5). The de novo synthesis generates 

PI with mainly saturated and monounsaturated acyl chains (Hicks et al., 2006). The PI cycle also 

contributes to the synthesis of PI by feeding PA into the de novo pathway. PA is formed through 

the phosphorylation of DAG by the lipid kinase diacylglycerol kinase (DGK) (Figure 1.5).  

 

 

 
Figure 1.5: PI synthesis via the de novo synthesis pathway 

De novo synthesis of PI occurs in the ER. The PI cycle, at the plasma membrane, contributes to PI 

synthesis by feeding phosphatidic acid into the de novo pathway. 

 

1.3.2 Acyl chain remodelling of PI through the Lands’ cycle 

PI is highly enriched at the sn-1 and sn-2 positions with specific acyl chains. The most prominent 

species being 1-stearoyl-2-arachidnonyl PI, with a C38:4 fatty-acyl chain (18:0 sn-1/20:4 sn-2). 

Acyl chain remodelling allows lipids to maintain specific acyl chain compositions, which can be 

important for their unique functions. Incorporation of these selective acyl chain profiles is 
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through a process known as the Lands’ cycle (D’Souza & Epand, 2014). The Lands’ cycle relies on 

acyltransferases and phospholipases to enrich specific acyl chain profiles.  

 

During the process of acyl chain remodelling, the fatty acyl groups attached to the glycerol 

backbone are removed and replaced with new acyl chains. Phospholipases and acyltransferases 

are responsible for deacylation and reacylation, respectively (Figure 1.6). Phospholipase A1 

(PLA1) is a hydrolyzing enzyme that cleaves the fatty acid attached at the sn-1 position, producing 

a 2-acyl-lysophospholipid. Similarly, phospholipase A2 (PLA2) targets the sn-2 position of the 

glycerol moieties of phospholipids to generate a 1-acyl-lysophospholipid. Inhibition of PLA2 

expression decreased levels of lysophosphatidylcholine and the ability of the cell to incorporate 

arachidonic acid onto the sn-2 position of membrane lipids (Balsinde et al., 1997). Phospholipase 

A1 (PLA1) activities have been detected in many cell and tissues types, however, only a limited 

number of PLA1s have been cloned and characterized thus far (Inoue & Aoki, 2017).  Conversely, 

PLA2s are the most widely studied phospholipases. The PLA2 family is subdivided into several 

classes of enzymes that each have their own catalytic mechanism, localization, and structural and 

functional features (Aloulou et al., 2012). Once the fatty acid has been removed by 

phospholipases, lysophospholipid acyltransferases are responsible for reacylation of the 

lysophospholipid.  
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Figure 1.6: The Kennedy pathway and Lands’ cycle 

Phospholipid synthesis occurs via the Kennedy pathway, also referred to as the de novo pathway. 

Acyl chain remodelling occurs via the Land’s cycle. In this pathway, phospholipase A1 and A2 

(PLA1 and PLA2) are responsible for removing a fatty acid from PI. Lyso-PI acyltransferases 

reincorporate a fatty acid onto the lysophosphatidylinositol, resulting in a new acyl chain 

composition. 

 

1.3.3 Acyltransferases involved in acyl chain remodelling of PI  

Lysophospholipid acyltransferase have an important role to play in the Lands’ cycle. They are 

responsible for incorporating fatty acyl chains back onto the lysophospholipids and require an 

acyl-coA ester as a substrate. These enzymes are classified into two families, the membrane 

bound O-acyltransferase (MBOAT) family and the 1-acylgylercol-3-phosphate acyltransferase 

(AGPAT) family. Both of these families have motifs that are essential for their lysophospholipid 



 13 

acyltransferase activity (Shindou et al., 2009). Site directed mutagenesis revealed four MBOAT 

motifs and four AGPAT motifs (Shindou et al., 2009, 2017; Takeuchi & Reue, 2009). There are 4 

known MBOAT isoforms, each with different acyl acceptors and products; MBOAT7 is known to 

have lysoPI activity and is responsible for incorporating arachidonate onto lysoPI (Shindou et al., 

2009). Currently, 11 human AGPAT isoforms have been reported, each with different acyl 

acceptors and products. AGPAT1 and AGPAT2 remain the most well established AGPATs and 

possess acyltransferase activity towards lysoPA (Leung, 2001). The acyltransferase, 

lysocardiolipin acyltransferase (LYCAT), also named ALCAT1, AGPAT8 or LCLAT1, is another 

lysophospholipid acyltransferase that is postulated to be involved in acyl chain remodelling at 

the sn-1 position.  

 

1.3.4 LYCAT expression and intracellular localization  

LYCAT is a 414 amino acid membrane protein from the lysophospholipid acyltransferase family 

which have one conserved acyltransferase domain and three putative transmembrane domains. 

LYCAT has been shown to play critical roles in phospholipid metabolism through catalyzing the 

remodeling of CL, as well as several other phospholipids (Bone et al., 2017; J. Li et al., 2012; Zhao 

et al., 2009). LYCAT mRNA is widely expressed in various mouse tissues, but the highest 

expression was found in the heart and liver (Cao et al., 2004). Further, there is a shorter isoform 

of LYCAT mRNA found in specific tissues (Cao et al., 2004). Human LYCAT was found to be 

abundant in organs including heart, liver, lung, spleen and breast (Wang et al., 2010). 
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Initially, LYCAT was believed to localize to the ER, where most phospholipids’ biosynthesis 

take place (Cao et al., 2004). An in vitro study analyzed subcellular fractions and found that LYCAT 

localized to the mitochondrial associated membrane which acts as membrane bridge connecting 

the ER and mitochondria (J. Li et al., 2010; Rieusset, 2018). Further, our group found that LYCAT 

is localized to ER-derived PIS-containing vesicles (Bone et al., 2017).  

 

1.3.5 LYCAT function 

LYCAT was first identified as an acyl-coA:lysocardiolipin acyltransferase involved in regulating the 

phospholipid, cardiolipin , found in the inner mitochondrial membrane (Cao et al., 2004). It was 

later shown that LYCAT-/- results in a reduction of stearate incorporation onto PI, but not of other 

phospholipids such as phosphatidylcholine, phosphatidylserine or phosphatidylethanolamine 

(Cao et al., 2004). Imae et al identified three Caenorhabditis elegans (C. elegans) acyltransferases, 

ACL-8, ACL-9 and ACL-10, that incorporate stearic acid onto the sn-1 position of PI; mammalian 

LYCAT is the closest homolog to these acyltransferases (Imae et al., 2012). Mutations in the genes 

that encode these acyltransferases cause a reduction in acyltransferase activity toward the sn-1 

position. Additionally, in LYCAT-/- mice, there was a reduction of stearic acid at the sn-1 position 

of PI compared to wild-type mice (Imae et al., 2012).  

 

In addition to remodeling PI, LYCAT has also been shown to alter the acyl chain profile of 

cardiolipin (Cao et al., 2004; Huang et al., 2014; Zhao et al., 2009). LYCAT plays a critical role in 

cardiolipin remodeling by catalyzing dilysocardiolipin to monolysocardiolipin and then back to 

cardiolipin (Cao et al., 2004, 2009). The mono- and di-lysocardiolipin recognition by LYCAT 
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depends on the fatty acyl-CoAs. Recombinant LYCAT expressed in Sf9 cells demonstrated 

predominant activity and selectivity toward linoleoyl-CoA and oleoyl-CoA, the two unsaturated 

C18 acyl chains (Cao et al., 2004). 

 

 In addition to its role in acyl chain remodeling, LYCAT is also involved in regulating the 

levels and localization of different PIP species. Work done by recent alumni of our lab, Dr. Leslie 

Bone, showed that LYCAT silencing reduces total levels of PI(3)P and PI(4,5)P2 by 25% and 21%, 

respectively (Bone et al., 2017). Dr. Bone also found that LYCAT silencing alters the acyl chain 

profile of PIP2 but not that of PI or PIP1.  

 

1.4. Receptor tyrosine kinase signaling  

Receptor tyrosine kinases (RTK) are transmembrane cell surface receptor proteins that respond 

to specific extracellular growth factor ligands. These RTKs have roles to play in controlling cellular 

functions such as proliferation, growth and survival. In their inactive state, RTKs are monomeric 

but upon ligand binding, these receptors dimerize and trigger autophosphorylation and 

activation of the receptor (Du & Lovly, 2018).  

 

1.4.1 EGFR signaling 

Epidermal growth factor receptor (EGFR) is one of the most studied RTKs. Binding of the 

epidermal growth factor (EGF) ligand results in EGFR dimerization which leads to 

autophosphorylation of multiple tyrosine residues on the receptor’s intracellular domain (Díaz et 

al., 2012). EGFR ligand binding leads to receptor internalization, ubiquitination and degradation. 
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EGFR is internalized via CME, whereby the receptor is removed from the cell surface via clathrin-

coated pits (CCPs) (Sigismund et al., 2008) EGFR-ligand complexes are then trafficked to the EE, 

which then mature into sorting endosomes or multivesicular bodies. Receptors are either 

recycled to the cell surface or destined for degradation. The EE gradually loses its early endosome 

components (i.e. early endosomal antigen 1 (EEA1) and Rab5) and becomes enriched with late 

endosomal proteins, such as Rab7; thus, maturing into late endosomes. The endosomal sorting 

complexes required for transport (ESCRT) machinery sorts ubiquitinated EGFR onto the 

intraluminal vesicles of maturing endosomes (Tomas et al., 2014). Fusion of the late endosome 

with lysosomes leads to the degradation of EGFR. 

 

1.4.2 Class I PI3K 

PI3K is a lipid kinase that is activated by growth factors and takes part in the signal transduction 

events involved in cell growth and transformation (Soltoff et al., 1993). PI3K catalyzes the 

phosphorylation of PI on the D3 position of the inositol ring. There are three classes of PI3K, 

grouped based on lipid substrate specificity and sequence homology (Vanhaesebroeck et al., 

1997). Since class I PI3K is the most studied and responsible for the direct conversion of PI(4,5)P2 

into PI(3,4,5)P3, I will focus this discussion on class I PI3K.  

 
Class I PI3K contains four isoforms of the catalytic subunit: p110α, p110ß, p110δ and 

p110γ. These isoforms are further grouped according to their regulatory subunits and 

connections to upstream signaling (Engelman et al., 2006)). Class IA PI3K encompasses three 

catalytic subunits (p110α, p110ß, p110δ) and five regulatory subunits (p85α, p85ß, p55α, p55γ 

and p50α) (Engelman et al., 2006)). Class I PI3Ks are activated by RTKs. Upon ligand binding, RTKs 
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are activated, resulting in the autophosphorylation of several tyrosine residues. The PI3K 

regulatory subunits form interactions with the phosphotyrosine residues. This leads to 

recruitment of p110 to the membrane leading to the activation of its catalytic activity(Burke & 

Williams, 2015; Hubbard & Miller, 2007). Active class I PI3K catalyzes the conversion of PI(4,5)P2 

to PI(3,4,5)P3. 

 

1.5 The PI3K-Akt Pathway 

1.5.1 PI(4,5)P2 and PI(3,4,5)P3  

PI(4,5)P2 and PI(3,4,5)P3 are involved in regulating key cellular events that maintain homeostasis. 

Here, I will discuss the role that PI(4,5)P2 and PI(3,4,5)P3 play in PI3K-Akt signaling. PI(4,5)P2 is 

localized mainly to the PM, where it interacts with many proteins to control certain cellular 

functions. PI(4,5)P2 is the most abundant phosphoinositide in mammalian cells and represents 

>99% of PIP2 on the PM (Mücksch et al., 2019). PI(4,5)P2 is an important substrate for key 

enzymes such as PLC, PI3K, and 5-phosphatases, OCRL and synaptojanin 1 and 2. Through the 

action of class I PI3K, PI(4,5)P2 acts as an important precursor lipid for PI(3,4,5)P3 production.  

 

PI(3,4,5)P3 is important for Akt signaling and is responsible for activating a wide range of 

proteins through its interaction with their specific binding domains. PI(3,4,5)P3 represents only a 

small percentage of total PIPs and is almost undetectable in resting cells; however, by the 

activation of class I PI3Ks, PI(3,4,5)P3 levels rapidly increase in the inner leaflet of the PM (Milne 

et al., 2005). PI(3,4,5)P3 interacts with its effectors through direct binding of its inositol head 

group to the PH domain of the protein (Rosen et al., 2012). Among its effectors is the 
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serine/threonine kinases Akt (also referred to as protein kinase B (PKB), one of the most well-

known effectors of PI(3,4,5)P3. Signal termination of PI3K-Akt signalling is primarily achieved by 

PTEN and src-homology 2-containing inositol 5-phosphatase (SHIP2), which dephosphorylates 

PI(3,4,5)P3. The initial production of PI(3,4,5)P3 by PI3K is observed within seconds to minutes of 

growth factor stimulation, followed by downregulation with timing that depends on the cell type 

and stimulus (Auger et al., 1989). 

 

1.5.2 Akt signaling axis  

Akt is a critical node in cell signaling downstream of growth factors, cytokines and other stimuli 

(Manning & Cantley, 2007). Akt exists as three isoforms, Akt1, Akt2 and Akt3, each with a N-

terminal PH domain that allows them to bind to either PI(3,4)P2 or PI(3,4,5)P3 (Figure 1.7). More 

specifically, quantitative lipid imaging revealed that Akt1 and Akt3 preferentially bind PI(3,4,5)P3 

while the Akt2 isoform binds PI(3,4)P2 (Figure 1.8) (Liu et al., 2018). All three isoforms of Akt 

follow the same activation mechanism and share some overlapping substrates, however, Akt 

isoforms have specific roles in signal transduction. This may, in part, be due to their unique 

localization and access to specific substrates. Akt1 and Akt3 are localized to the PM, as PI(3,4,5)P3 

production occurs mainly at this site. Akt2, in addition to being localized at the PM, is also 

localized and activated at endosomal sites (Liu et al., 2018).  
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Figure 1.7: Comparison of Akt isoform domain structures 

The Akt domain organization of the three Akt isoforms are mapped. All isoforms possess an N-

terminal PH domain (green) responsible for phospholipid binding, a kinase or catalytic domain 

(red) which is critical for activation of the enzyme, and a regulatory domain (blue). Based on 

(Matheny & Adamo, 2009). 

 

Figure 1.8: Akt isoforms bind specific PIPs 

PI(4,5)P2 is converted to PI(3,4,5)P3 by class IA PI3K while SHIP2 dephosphorylates PI(3,4,5)P3. 

Three isoforms of Akt exist, each preferentially binding to specific PIP species. Akt1 and Akt3 bind 

PI(3,4,5)P3 while Akt2 binds PI(3,4)P2. 
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1.5.3 PI3K-Akt signaling 

The PI3K-Akt signalling axis controls cell survival, proliferation, metabolism, growth and 

is implicated in a variety of different cancers. The PI3K-Akt pathway is highly conserved and its 

activation involves a number of tightly controlled steps (Hemmings & Restuccia, 2012). Binding 

of the EGF ligand to EGFR results in receptor dimerization which ultimately leads to 

autophosphorylation of multiple tyrosine residues on the EGFR’s intracellular domain (Díaz et al., 

2012). The phosphorylation of these tyrosine residues recruits the adaptor proteins, growth 

factor receptor-bound protein 2 (Grb2) and growth factor receptor protein 1 (Gab1) via their 

proline rich domains. Src-mediated phosphorylation of Gab1 allows for binding of the p85 

regulatory subunit of class IA PI3K (Díaz et al., 2012). The activation of class 1A PI3Ks allows for 

the conversion of PI(4,5)P2 to PI(3,4,5)P3. After this conversion, Akt binds to PIP3 at the PM 

allowing PDK1 to phosphorylate the T308 residue of Akt. Phosphorylation at T308 results in only 

partial activation; mammalian target of rapamycin (mTOR) complex 2 (mTORC2) is required to 

phosphorylate Akt at the S473 residue. Phosphorylation at both sites stimulates its full activity. 

Full activation leads to additional substrate specific phosphorylation events in both the cytoplasm 

and nucleus (Figure 1.9). 
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Figure 1.9: Substrates and Cellular Functions of the PI3K-Akt Pathway 

Upon activation of EGFR, adaptor proteins are recruited to aid in the recruitment and activation 

of PI3K, converting PI(4,5)P2 to PIP3. This conversion activates Akt through phosphorylation at 

two sites, allowing for further Akt-mediated phosphorylation on many downstream substrates. 

These substrates are responsible for regulating a number of cellular functions.  

 

1.5.4 Akt effectors 

Akt regulates many downstream effectors that each have different roles to play in important 

cellular functions. The growth factor-regulated PI3K-Akt pathway has diverse downstream effects 

which regulate anabolic metabolism and cell growth. The PI3K-Akt pathway is involved in 

eukaryotic cell growth and metabolism through the Akt-mediated phosphorylation of key 

downstream effectors, namely mTOR complex 1 (mTORC1), glycogen synthase kinase 3ß (GSK3ß) 

and murine double minute 2 (MDM2) (Figure 1.9). mTORC1 is responsible for promoting the 

processes underlying cell growth such as protein, lipid and nucleotide synthesis as well as 
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inhibiting autophagy (Saxton & Sabatini, 2017). The primary mechanism by which Akt activates 

mTORC1 is through the phosphorylation and resulting inhibition of tuberous sclerosis complex 2 

(TSC2). TSC2 acts as a GTPase activating protein (GAP) for Rheb GTPases, promoting the 

conversion of Rheb-GTP to Rheb-GDP. In its GTP-bound form, Rheb is involved in the activation 

of mTORC1; therefore, TSC2 acts as an inhibitor to mTORC1 (Manning & Toker, 2017). The Akt-

mediated phosphorylation of TSC2 relieves the inhibitory effects on mTORC1 allowing it to 

become activated.  Additionally, GSK3ß plays a key role in cellular metabolic reprogramming. 

GSK3ß is a multifunctional serine/threonine protein kinase which phosphorylates numerous 

downstream targets, such as members of the cyclin family, which are involved in cell cycle 

progression, as well as the proto-oncogenes, c-jun and c-myc which promote the transcription of 

survival and growth genes (Manning & Toker, 2017). GSK3ß-mediated phosphorylation often 

labels these targets for proteasomal degradation (Duda et al., 2020). Akt exerts an inhibitory 

phosphorylation on GSK3ß, preventing the degradation and enhancing the stability of the 

previously mentioned proteins, promoting proliferation. Further, the PI3K-Akt pathway is able to 

regulate cell growth, in part, through MDM2. MDM2 is an oncoprotein that promotes cell survival 

and cell cycle progression by inhibiting the p53 tumour suppressor protein. In order to regulate 

p53, MDM2 must gain nuclear entry. Akt-mediated phosphorylation of MDM2 results in its 

translocation from the cytoplasm into the nucleus. Nuclear entry of MDM2 diminishes cellular 

levels of p53 (Abraham & O’Neill, 2014). Dysregulation of this pathway can lead to a number of 

pathological disease states. 
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1.5.5 Dysregulation of PI3K-Akt and disease 

Since the PI3K-Akt pathway plays a critical role in regulating diverse cellular functions such as 

metabolism, growth and survival, its dysregulation often leads to a number of human diseases. 

The dysregulation of Akt substrates may lead to diseases such as diabetes, cardiovascular disease, 

and cancer. Briefly, Akt2 knockout mice were diabetic and were impaired in their ability of insulin 

to lower blood glucose levels (Cho et al., 2001). In relation to cardiovascular disease, it was found 

that long term Akt1 activation results in hypertrophy with pathological attributes such as 

contractile dysfunction (Shiojima et al., 2005). The PI3K-Akt pathway has been found to be 

dysregulated in almost all human cancers. While a number of mutations in this pathway can exist 

in cancer, some of the more common mutations include overexpression of RTKs, elevated PI3K 

activity, and loss of PTEN (Hers et al., 2011). 
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OBJECTIVES AND RATIONALE 

Previous research has focused on the phosphorylation of the inositol head group of PIPs; 

however, current studies are beginning to highlight the importance of the acyl chain composition. 

LYCAT has been shown to preferentially incorporate specific acyl chain profiles. However, the 

role of LYCAT in controlling PIP acyl chain species and the functional consequences that come 

with these unique acyl chain profiles remains unknown. Previous work done by Dr. Leslie Bone, 

a former PhD of our labs, found that LYCAT silencing leads to a partial reduction in EGF-stimulated 

Akt phosphorylation and endomembrane traffic (Bone et al., 2017). However, since Akt 

phosphorylation of specific substrates requires Akt activity on specific membrane compartments, 

it is not known if and how LYCAT silencing may specifically or preferentially impact 

phosphorylation of specific Akt substrates. Additionally, since LYCAT silencing altered 

endocytosis and endosomal trafficking of the transferrin receptor, we also wanted to test 

whether LYCAT disruption would affect EGFR signaling. 

 

I hypothesize that LYCAT regulation of PIPs is essential for both Akt activation and localization on 

various membrane compartments, and as such selectively impacts specific Akt substrates. In 

addition, I hypothesize that LYCAT’s ability to regulate Akt signaling will have a role to play in 

regulating cell growth. To test this hypothesis, I set the following project goals: 

 

1. Determine the role of LYCAT on Akt signaling 

2. Determine the role of LYCAT on EGFR dynamics  

3. Determine the role of LYCAT on protein synthesis and cell proliferation 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell culture 

Wild-type ARPE-19 cells (CRL-2302 from ATCC), a retinal pigment epithelial cell line derived from 

the tissue of a 19-year-old male, were cultured in DMEM/F12 media obtained from ThermoFisher 

Scientific. MDA-MB-231 cells (HTB-26 from ATCC), breast epithelial cells isolated from a 51-year-

old, White, female adenocarcinoma patient, were cultured in DMEM media (Wisent). MDA-MB-

231 Cas9 tet-gLCLAT1 cells (see below for generation), were cultured in DMEM media obtained 

from Wisent. Both DMEM/F12 and DMEM were supplemented with 10% fetal bovine serum, 100 

U/mL penicillin and 100 µg/mL streptomycin. Supplements were obtained from ThermoFisher 

Scientific and cells were cultured at 37°C and 5% CO2.  

 

2.2 Gene silencing by siRNA 

To silence gene expression of LYCAT in both RPE-WT and MDA-MB-231 cells, custom-synthesized 

siRNA oligonucleotides against LYCAT were obtained, siLYCAT1 with the sequence 5’-

GGAAAUGGAAGGAUGACAAUU-3’ and siLYCAT2 with the sequence 5’-

UCGAAGACAUGAUUGAUUAUU-3’. Additionally, a non-targeting control siRNA (NT siRNA) with 

the sequence 5’-CGUACUGCUUGCGAUACGGUU-3’ was used. All oligonucleotides were obtained 

from Dharmacon. siRNA transfection was performed once cells reached 30-50% confluence using 

Lipofectamine RNAiMAX as per the manufacturer’s instructions. For one well of a 6-well plate, 

110 pmol of siRNA oligonucleotide (5.5 µL of 20 µM siRNA stock), 6.25 µL Lipofectamine 

RNAiMAX, and 100 µL of Opti-MEM medium were pre-complexed for 10 min at room 

temperature. During this time, cells were washed three times with phosphate buffered saline 
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(PBS) removing all traces of serum. Afterwards, the 100 µL siRNA pre-complex solution was added 

dropwise to cells in 900 µL Opti-MEM reduced-serum medium and incubated for 3 h. Following 

incubation, cells were washed once with PBS and replaced with 2 mL of regular growth media. 

Two rounds of transfection were performed, 24 h and 48 h after seeding; experimental assays 

were performed 72 h after seeding.  

 

2.3 Gene silencing by an inducible CRISPR Cas9 system 

MDA-MB-231 Cas9 tet-gLCLAT1 cells were obtained from the Salmena Lab at the University of 

Toronto. The following protocol was provided to us by Dr. Leonardo Salmena. Constitutive Cas9-

expressing MDA-MB-231 cells were generated by infection with lenti Cas9-blast (Addgene: 

#52962).  Generation of lentivirus was conducted using Calcium/phosphate transfections. 

HEK293T cells were seeded at a density of 1.5x106 cells in a 10-cm dish 24 h prior to transfection 

and transfected as follows. Media was replaced 4 hours prior to transfection. For each 10 cm 

dish, 6.4 μg of psPAX2 (Addgene: #12260), 3.6 μg of pMD2.G (Addgene: #12259), 36 μL of 2 M 

CaCl2 were mixed with 10 μg of lenti Cas9-blast (Addgene: #52962) into a final volume of 300 μL. 

2X Hepes Buffered Saline (HBS; Sigma-Aldrich: 51558) was then added dropwise while vortexing. 

48 hours after transfection, media was collected and lentiviral particles were concentrated by 

ultracentrifugation at 90,000 g for 90 min. Viral pellets were resuspended in DMEM and used 

directly or stored at -80 °C. 1x105 MDA-MB-231 were seeded in 6 well dishes, the next day they 

were infected with 2 μL of concentrated virus + 2 μg/mL protamine sulfate in 2 mL of DMEM. 

After 2 days cells were expanded onto 10 cm dishes and cells were selected with 10 μg/mL 
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blasticidin for 7 days. After recovery, cells were initially screened for Cas9 activity through the 

GFP ablation assay. 

 

Inducible LCLAT knockout MDA-MB-231 cells were generated by infecting Cas9+ MDA-

MB-231 with pEZ-TET-pLKO-guide-puro which express the following gRNA sequences specific for 

LYCAT. LCLAT and control LacZ gRNA sequences were cloned as follows. pEZ-TET-pLKO-hygro was 

digested with EcoRI (NEB, R3101S) and NheI (NEB, R3131S) at 37°C, dephosphorylated with 

Antarctic Phosphate (NEB, M0289) for 1 hr at 37°C, and gel purified using the QIAquick Gel 

Extraction Kit (Qiagen, 28704). Three unique LCLAT guide RNAs were generated by PCR with 

AccuPrime Pfx Supermix (Invitrogen, 12344040). Lentiguide-Puro plasmid was used as the PCR 

template with the following primers: LacZ target forward 

(gctagcCCCGAATCTCTATCGTGCGGgttttagagctagaaatagcaagt) gLCLAT1-1 target forward 

(GGCCgctagcACAACCGCCTTGTGGCAACAgttttagagctagaaatagcaagt), gLCLAT1-2 target forward 

(GGCCgctagcTCTGATTGAGGAATGTTGTGgttttagagctagaaatagcaagt) and gLCLAT1-3 target 

forward (GGCCgctagcTGTAAAAGTGATTATAACTGgttttagagctagaaatagcaagt), universal scaffold 

reverse (CCGAATTCtcaagatctagttacgccaagctt). PCR products of 108bp were digested with EcoRI 

and NheI at 37°C O/N, and ligated into digested pEZ-tet-pLKO-hygro using T4 DNA Ligase (NEB, 

M0202) following the manufacturer’s instructions. Ligation products were transformed into 

DH5α cells, maxiprepped with the QIAGEN Plasmid Maxi Kit (Qiagen, 12163) and verified by 

Sanger Sequencing. 
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Once generated, knockdown of LYCAT was achieved through 0.1 µg/mL or 1 µg/mL 

doxycycline induction for 5 days. 

 

2.4 SDS-PAGE and Western blotting 

Before lysate preparation, cells were serum starved for 1 h. Following siRNA transfection, cells 

were washed three times with PBS and incubated with 2 mL of serum free growth medium. After 

serum starvation, cells were stimulated with 5 ng/mL EGF for 5 and 10 min or left unstimulated 

(basal). 

 

 Following serum starvation and subsequent EGF stimulation, cells were washed 3 times 

in ice-cold PBS. Whole cell lysates were prepared in 200 µL 2X Laemmli Sample Buffer (0.5M Tris, 

pH 6.8, glycerol and 10% sodium dodecyl sulfate (SDS)) supplemented with protease and 

phosphatase inhibitors (1 mM sodium orthovanadate, 10 nM okadaic acid, 20 nM protease 

inhibitor cocktail). Lysates were heated at 65°C for 15 min and passed through a 27-gauge needle 

10 times. Finally, 10% ß-mercaptoethanol and 5% bromophenol blue was added to cell lysates. 

Proteins were resolved by Tris-glycine SDS-PAGE; 4-20% mini-PROTEAN TGX precast 

polyacrylamide gel (BioRad), 1X SDS-PAGE running buffer (100 mL 10X Tris-glycine buffer, 10 mL 

10% SDS, 890 mL ddH2O) run at room temperature for 90 min (voltage starts at 120 V and is 

increased to 140 V once samples reach resolving gel). Following this, contents are transferred on 

to a polyvinylidene difluoride (PVDF) membrane through Western blotting at 100 V for 2 h at 

room temperature, on ice. The PVDF membrane was blocked for 1 h at room temperature in 

blocking buffer composed of 3% bovine serum albumin (BSA) in 1X final immunoblot wash buffer 
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(100 mL 10X base immunoblot, 0.5 mL Tween 20, 0.5 mL NP-40 alternative). After blocking, 

membranes were washed 3 times with wash buffer and incubated with 1:1000 primary antibody 

overnight at 4°C. The next day, membranes were washed 3 times, for 5 min each, and then 

subjected to 1:1000 secondary antibody for 1 h at room temperature. After incubation with 

secondary antibody, membranes were washed 3 times, for 5 min each, and imaged using the 

ChemiDoc imaging system by BioRad. Membranes were exposed to Immobilon Crescendo 

Western HRP substrate (Millipore Sigma) for 30-60 s and chemiluminescent images were 

acquired by the ChemiDoc. Western blot signals were analyzed and quantified using the 

ImageLab 6.1 program (BioRad). Band intensity was obtained by signal integration in an area 

corresponding to the appropriate land and band. This value was then normalized to the loading 

control signal. Phosphorylated protein levels were normalized to loading control and 

subsequently normalized to total protein levels relative to loading control. 

 

Primary antibodies used were as follows: antibodies raised in rabbit were anti-LYCAT (cat. 

106759) from GeneTex, anti-phospho-Akt (S473, cat. 9271), anti-phospho-Akt1 (S473, cat. 9018), 

anti-phospho-Akt2 (S474, cat. 8599), anti-Akt1 (cat. 2938), anti-phospho-EGFR (Y1068. Cat. 

2234), anti-phospho-tuberin/TSC2 (T1462, cat. 3611), anti-tuberin/TSC2 (cat. 3612), anti-

phospho-MDM2 (S166, cat. 3521), anti-MDM2 (cat. 86934), anti-phospho-GSK3ß (S9, cat. 9323), 

anti-clathrin (cat. 4796), and anti-GAPDH (cat. 2118) from Cell Signaling Technology. Antibodies 

raised in mouse were anti-Akt (cat. 2920), anti-Akt2 (cat. 5239), anti-GSK3ß (cat. 9832) and, anti-

puromycin (cat. MABE343) from Cell Signaling Technology. Anti-EGFR (cat. 03-G) was raised in 
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goat and from Santa Cruz Biotechnology. Secondary anti-rabbit, anti-mouse and, anti-goat IgG 

horseradish peroxidase (HRP)-linked antibodies were from Cell Signaling Technology.   

 

2.5 EGFR degradation assay 

After 72 h of transfection, MDA-MB-231 cells were serum starved for 1 h followed by EGF 

stimulation (100 ng/mL) for 0, 30, 60, or 90 min. After serum stimulation, whole cell lysates were 

prepared and subjected to Western blot analysis as previously described; total EGFR levels were 

measured. 

 

2.6 Puromycin incorporation assay 

Following siRNA transfection, cells were treated with or without puromycin (10 µg/mL) for 10 

min. Non-transfected control cells were treated with 10 µM cycloheximide for 20 min to block 

mRNA translation. Both puromycin and cycloheximide were obtained from Millipore Sigma. 

Whole cell lysates were prepared and subjected to Western blot analysis to probe for puromycin 

levels.  

 

Figure 2.1: Puromycylation incorporation assay design 

Cells were seeded at 20% confluence 96 h before t=0. After 72 h of transfection, CHX was added 

to non-transfected cells for 20 min, and puromycin to specific conditions for 10 min. After 

treatment, cells were lysed. 



 31 

2.7 Incucyte live cell imaging  

Cellular viability and cytotoxicity were measured using an Incucyte SX5 Live-Cell Analysis System 

(Sartorius). Cell death was assessed using 1 µL of CellTox Green Cytotoxicity Assay reagent 

(Promega G8741) diluted in 12 mL of DMEM. This mixture was added to cells prior to imaging. 

Images were acquired at 30-min intervals for 72 h under 10x magnification using brightfield phase 

contrast and 300 ms exposure of 460 nm excitation, 524 nm emission for green fluorescence. 

For experiments using the CRISPR knockout cell line, cells were incubated with 1 µg/mL 

doxycycline for 3 days. On the third day, cells were reseeded for the experiment. The next day, 

CellTox Green dye was added to the media and imaging under the same conditions explained 

above occurred. 

 

Figure 2.2: Incucyte proliferation and viability assay design for CRISPR cells 

Cells were seeded at 30% confluence, 96 h before the experiment, then re-seeded on a 6-well 

plate at 10% confluence, 24 h prior to the experiment. On day 0, cells were washed with PBS and 

new media was added to cells. CellTox green dye was added to the media and images were 

acquired every 30 min for 72 h. 

 

2.8 Statistical analysis 

Experiments comparing two experimental conditions (i.e. NT siRNA and siLYCAT), were analyzed 

for statistical significance using an unpaired Student’s t test with a two-tailed P value. Significant 
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pairwise comparisons were marked with asterisks on the graph, with p <0.05 as a threshold for 

statistically significant differences between conditions. For experiments with two or more 

independent variables, a two-way ANOVA was conducted with Prism selecting Tukey’s multiple 

comparison test. Significant pairwise comparisons were marked with asterisks on the graphs, 

with p <0.05 as a threshold for statistically significant differences between conditions. All data 

are displayed as mean ± SEM and tests were conducted under the assumption of normality and 

sphericity. At least three independent experiments were conducted for all assays. 
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CHAPTER 3: RESULTS 

3.1 Gene silencing methods target short and long isoform of LYCAT 

3.1.1 LYCAT silencing using siRNA 

To characterize the function of LYCAT in MDA-MB-231 cells, a triple negative breast cancer cell 

line, I used siRNA to knockdown LYCAT mRNA and thus, protein levels. To minimize the potential 

that observed phenotypes were due to off target effects, we designed two different 

oligonucleotides that targeted different sequences of LYCAT mRNA. Cells were transiently 

transfected with a non-targeting sequence (NT siRNA) or the oligonucleotides against LYCAT 

(siLYCAT1, siLYCAT2) for 72 h. When examined by western blot, two bands were detected at ~35 

and ~25 kDa, which is consistent with predictions made by mRNA expression of a long and short 

LYCAT isoform (Cao et al., 2004) (Figure 3.1.1A). Silencing of LYCAT with siLYCAT1 resulted in a 

robust decrease in both the short and long isoform; 77% and 46% knockdown, respectively. 

siLYCAT2 was also successful in reducing both LYCAT bands, with an 8% reduction in the short 

isoform and 59% reduction in the long isoform (Figure 3.1.1B). Since the knockdown efficiency 

was greatest with siLYCAT1, we proceeded to conduct most of the experiments with siLYCAT1, 

and repeated key experiments with siLYCAT2. 

 

3.1.2 LYCAT silencing using CRISPR Cas9 system  

To explore an additional method of silencing LYCAT, through our collaborators at the University 

of Toronto, we developed an inducible CRISPR Cas9 system targeting LYCAT. The Salmena Lab 

generated for us MDA-MB-231 cells that stably express the Cas9 recombinase. These cells were 

then modified by the stable insertion of doxycycline-inducible expression of 3 different guide 
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RNAs (gRNA) targeting LYCAT. To test the knockdown efficiency of this system, I treated cells with 

0.1 µg/mL or 1 µg/mL doxycycline for 5 days. Upon testing the 3 different cell lines, I found that 

gRNA2 was the only cell line that resulted in a significant reduction in LYCAT levels (Figure 3.1.2). 

Further, the 1 µg/mL doxycycline induction resulted in greater knockdown of LYCAT compared to 

the 0.1 µg/mL treatment (Figure 3.1.2D-E). Thus, these results show that the CRISPR Cas9 cells 

are able to effectively knockdown LYCAT. 

 

3.2 LYCAT silencing impacts EGFR phosphorylation and degradation differently in each cell type 

3.2.1 LYCAT silencing increases EGF-stimulated EGFR phosphorylation in ARPE-19 cells 

Previously, our work found that LYCAT silencing altered transferrin receptor internalization in 

ARPE-19 cells (Bone et al., 2017). Therefore, I wanted to determine whether LYCAT silencing 

would alter total EGFR levels and its signaling. In order to examine whether EGFR signaling was 

affected by LYCAT silencing, I utilised ARPE-19 cells, a non-transformed cell line. Cells were 

transfected with NT siRNA or siLYCAT1 for 72 h. Next, I incubated cells in 2 mL of serum free media 

for 1 h, followed by EGF stimulation for 5 minutes. Lysates were probed for total EGFR levels and 

phospho-EGFR (Y1068) levels (Figure 3.2.1A). We observed no change in total EGFR levels but a 

slight increase in phospho-EGFR levels (Figure 3.2.1B-C). These results suggest that EGFR 

signalling remains intact despite perturbations in LYCAT expression. 

 

3.2.2 LYCAT silencing reduces EGF-stimulated EGFR phosphorylation in MDA-MB-231 cells 

To determine whether the effect of LYCAT silencing on EGFR signalling was the same in a 

cancerous cell line, we measured total and phospho-EGFR in MDA-MB-231 cells. While there 
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appears to be a loss of total EGFR upon LYCAT silencing, the effect was not significant (Figure 

3.2.2C). Thus, in MDA-MB-231 cells there may be a change in total levels, but we cannot conclude 

this definitively at this time. However, we observed a definite loss of EGFR phosphorylation upon 

LYCAT silencing (Figure 3.2.2B). These results suggest that EGFR activation may be affected by 

LYCAT silencing in MDA-MB-231 cells.  

 

3.2.3 LYCAT silencing may impact EGFR degradation in MDA-MB-231 cells 

The possibility that EGFR levels are reduced in LYCAT silenced cells suggests that EGFR membrane 

traffic and degradation may be regulated by LYCAT. Upon binding EGF, EGFR undergoes 

dimerization, internalization, and a fraction of ligand-bound EGFR is sorted to the lysosome for 

degradation, leading to signal termination (Goh & Sorkin, 2013). In order to determine the effect 

of LYCAT silencing on EGFR degradation, I performed an EGFR degradation assay. Cells were 

transfected for 72 h with non-targeting siRNA or siLYCAT. Following transfection, cells were 

serum starved for 1 h. After serum starvation, cells were stimulated with 100 ng/mL EGF for 0, 

30, 60 and 90 min; whole cell lysates were prepared. This concentration of EGF is sufficient for 

inducing to EGFR degradation in certain cell lines (Antonescu et al., 2010). Consistent with 

previous findings (Tubbesing et al., 2020), the receptor was not degraded in MDA-MB-231 cells 

transfected with NT siRNA. Total EGFR levels remain elevated after 90 min of EGFR stimulation 

(Figure 3.2.3). Total EGFR levels were slightly reduced in siLYCAT treated cells compared to 

control. Though not significant, it appears as though LYCAT silencing did alter EGFR degradation 

(Figure 3.2.3B). However, these results may suggest that a minor role for LYCAT in suppressing 

EGFR degradation could be revealed if this experiment was further repeated. These results 
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indicate that LYCAT silencing may not have a robust effect on receptor degradation in MDA-MB-

231 cells. 

 

3.3 LYCAT silencing suppresses EGF-stimulated Akt phosphorylation 

3.3.1 LYCAT silencing suppresses EGF-stimulated Akt phosphorylation in ARPE-19 cells 

In order to determine whether LYCAT silencing suppresses EGF-stimulated phosphorylation of 

Akt, I transfected ARPE-19 cells for 72 h with non-targeting siRNA (NT siRNA) or siLYCAT (siLY1). 

Following transfection, cells were serum starved for 1 h followed by 0 or 5 min EGF stimulation. 

After stimulation, whole cell lysates were prepared and used for Western blot analysis. I used a 

pan-phospho-Akt antibody that recognizes several Akt isoforms to probe for phosphorylation of 

Akt. EGF stimulation caused an increase in the activation and phosphorylation of Akt relative to 

basal levels (Figure 3.31.A). However, upon LYCAT silencing, there was a reduction in the 

phosphorylation of Akt compared to control. I observed an overall 17% decrease in phospho-Akt 

(S473) levels (Fig. 3.3.1B). To determine whether the reduction in phosphorylation was in fact a 

result of less activation rather than lower total Akt protein levels, I normalized phospho-Akt levels 

to total Akt levels. Relative to total Akt, there was a 31% decrease in the phosphorylation of Akt 

upon LYCAT silencing (Figure 3.3.1C). These results suggest that LYCAT silencing selectively 

inhibits EGF-stimulated Akt phosphorylation. 

After determining that LYCAT silencing suppresses Akt phosphorylation in ARPE-19 cells, 

I wanted to test whether LYCAT silencing specifically impacted the Akt isoforms, Akt1 and Akt2. 

Since the different Akt isoforms preferentially bind to different phosphoinositides, we wanted to 

examine whether there were any differences in phosphorylation level after LYCAT silencing. In 
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order to determine the effect on specific Akt isoforms, we utilized isoform specific phospho-Akt 

antibodies to observe the effect of LYCAT silencing on phosphorylation. Lysates were probed with 

anti-pAkt1 (S473) and anti-pAkt2 (S474) antibodies (Figure 3.3.1E-L). Our results showed a 35% 

decrease in Akt1 phosphorylation and a 79% decrease in Akt2 phosphorylation normalized to 

total protein levels. These results suggest that LYCAT silencing inhibits EGF-stimulated 

phosphorylation of both Akt isoforms, with Akt2 phosphorylation appearing to be more inhibited.  

 

3.3.2 LYCAT silencing suppresses EGF-stimulated Akt phosphorylation in MDA-MB-231 cells 

Keeping with the intention of comparing a control cell line to a cancerous cell line, I next 

examined the effect of LYCAT silencing on Akt phosphorylation in MDA-MB-231 cells. Of note, 

LYCAT silencing in MDA-MB-231 cells led to a reduction in EGF-stimulated EGFR phosphorylation. 

Hence, these cells will not allow me to resolve a role for LYCAT specifically in the activation of 

Akt, but this cancer cell line does allow study of the function of LYCAT in cancer cell signaling and 

physiology. Cells were transfected with NT siRNA, or siLYCAT1. After 72 h of transfection, cells 

were serum starved for 1 h followed by subsequent EGF stimulation for 0, 5 or 10 min. After 

stimulation, cells were lysed and whole cell lysates were prepared. Using pan-phospho-Akt and 

pan-total-Akt levels antibodies, Western blot analysis showed a 71% reduction in absolute pAkt 

levels, and 66% reduction when normalized to total Akt levels (Figure 3.3.2A-D). These results 

suggest that LYCAT silencing impacts Akt activation and phosphorylation in MDA-MB-231 cells. 

Next, I further examined the effect of LYCAT silencing on Akt1 and Akt2, using isoform specific 

antibodies. The western blot results showed a 70% decrease in pAkt1 levels (Figure 3.3.2G) and 
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a 62% decrease in pAkt2 levels (Figure 3.3.2K), relative to total levels. These results suggest that 

activation of Akt suppressed in LYCAT silenced cells. 

 

3.4.  LYCAT silencing suppresses specific substrates downstream of Akt 

3.4.1 LYCAT silencing suppresses pTSC2 and pGSK3ß in ARPE-19 cells 

Since I previously observed a decrease in the phosphorylation of Akt, I next wanted to see if this 

effect was observed on several known substrates downstream of Akt. To measure the effect on 

these specific targets, I used anti-phospho-TSC2 (T1462), anti-phospho-GSK3ß (S9) and anti-

phospho-MDM2 (S166) antibodies. I observed a 47% decrease in phospho-TSC2 (Figure 3.4.1C) 

and a 34% decrease in phospho-GSK3ß (Figure 3.4.1G) when normalized to total levels. There 

was a 41% decrease in absolute phospho-MDM2 levels (Figure 3.4.1J). However, when 

normalized to total levels this effect was no longer seen. This suggests that in ARPE-19 cells, 

LYCAT silencing leads to loss of EGF-stimulated TSC2 and GSK3ß phosphorylation, as well as a loss 

of MDM2 protein levels.  

 

3.4.2 LYCAT silencing suppresses pTSC2 and pGSK3ß in MDA-MB-231 cells 

In order to measure the effect of LYCAT silencing on the phosphorylation of substrates 

downstream of Akt in MDA-MB-231 cells, I re-probed previously made samples for phospho-

TSC2, phospho-GSK3ß and phospho-MDM2. In LYCAT silenced cells, there was a significant 

decrease in the phosphorylation of all three substrates (Figure 3.4.2). When normalized to total 

protein levels, there was a 68% decrease in phospho-TSC2 levels (Figure 3.4.2C) and a 46% 

decrease in phosoho-GSK3ß levels (Figure 3.4.2G). Consistent with what I observed in ARPE-19 
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cells, although there was a significant decrease in absolute phospho-MDM2 levels, there was also 

a significant decrease in total MDM2 levels upon LYCAT silencing. When normalized to total 

MDM2, there was no difference in the phosphorylation of MDM2 in LYCAT silenced cells 

compared to control (Figure 3.4.2K). These results suggest that LYCAT silencing impacts the ability 

of Akt to phosphorylate specific downstream targets, in particular GSK3b and TSC2. 

 

3.5. LYCAT silencing impairs mRNA translation and cell proliferation 

3.5.1 LYCAT silencing inhibits protein synthesis 

Since the PI3K-Akt pathway is involved in regulating protein synthesis and Akt activation was 

found to be impaired in LYCAT silenced cells, I wanted to test whether silencing had an effect on 

mRNA translation. To do this, I performed a puromycin incorporation assay. Puromycin is a 

tyrosyl-tRNA mimic that blocks translation by labelling and releasing elongating polypeptide 

chains from translating ribosomes. Puromycylated nascent peptides can then be detected 

through Western blot analysis using anti-puromycin antibodies. MDA-MB-231 cells were 

transfected for 72 h with non-targeting siRNA or siRNA targeting LYCAT, or left untransfected as 

a control. Upon Western blot analysis, I observed a 44% reduction in protein puromycylation 

upon LYCAT silencing, which is consistent with the reduction in signaling by the Akt pathway in 

these cells. As a control, cells treated with cycloheximide, an inhibitor of protein synthesis, 

exhibited a robust reduction of protein puromycylation. These results suggest that LYCAT 

silencing is involved in regulating protein synthesis, although a significant level of protein 

synthesis still occurs in LYCAT-silenced cells. 
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3.5.2 LYCAT silencing inhibits cell proliferation and increases apoptosis 

Since the PI3K-Akt pathway is known to be involved in cell proliferation and survival, I next sought 

to determine whether LYCAT silencing would have an effect on cell growth. To measure the effect 

of LYCAT silencing on cell proliferation and apoptosis, I used the Incucyte SX5 Live Cell Analysis 

system to image cells in an environmentally controlled chamber over long periods of time and 

two gene silencing methods. Firstly, MDA-MB-231 cells were transfected with non-targeting 

siRNA or siLYCAT1. After the second round of transfection, optiMEM was removed and cells were 

washed once with PBS. Next, media with CellTox Green was added to the cells. Phase contrast 

and green fluorescent channel images were taken over the course of 72 h with images acquired 

every 30 min. While control cells grew and increased in confluency over 72 h, the LYCAT silenced 

cells displayed an impairment in cell growth. We observed a 21% decrease in phase confluence 

at 72 h, upon LYCAT silencing, as well as an 55% increase in CellTox Green count relative to phase 

confluence (Figure 3.5.2A-C). These results suggest that LYCAT silencing increases cell death and 

may also impair cell proliferation.    

Since these experiments required prolonged LYCAT silencing, I also used the CRISPR cell 

line obtained from the Salmena lab as an additional experimental model. 4 days after initial 

seeding, cells were washed with PBS and new media containing CellTox green dye was added to 

the cells. Brightfield phase contrast and green channel images were taken every 30 min over 72 

h. MDA-MB-231 Cas9 control cells with and without doxycycline treatment, increased in phase 

confluence over the 72 h period. MDA-MB-231 Cas9 tet gLCLAT1-2 cells treated with 1 µg/mL 

doxycycline exhibited impaired cell growth as indicated by overall percent phase confluence 

when compared to control conditions (Figure 3.5.2D-F). However, the difference in CellTox Green 
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object count between conditions was negligible (data not shown). Taken together with the 

results of the siRNA silencing of LYCAT, these results suggest that LYCAT has a role to play in 

regulating cell proliferation and survival. 
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CHAPTER 3 FIGURES 
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Figure 3.1.1 LYCAT silencing by siRNA is efficient in MDA-MB-231 cells.  

MDA-MB-231 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT (siLYCAT1 

or siLYCAT2). Prior to cell lysis, cells were serum starved for 1 h, then subsequently stimulated 

with EGF (5 ng/mL) for 5 min. Whole cell lysates were prepared and subjected to Western blot 

analysis. A) Representative immunoblots probing for LYCAT and housekeeping protein, clathrin, 

are shown. Blots show two LYCAT bands at ~35 and ~25 kDa. B-E) Quantitative measurements of 

LYCAT levels relative to clathrin are displayed as mean ± SEM (n=3). Unpaired t test, *p <0.05. 
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Figure 3.1.2 LYCAT silencing by an inducible CRISPR Cas9 system is efficient in MDA-MB-231 

cells. 

MDA-MB-231 cells stably expressing Cas9 with three inducible gRNAs targeting LYCAT were 

utilised. Cells were treated with or without doxycycline of differing concentrations (0.1 μg/mL or 

1 μg/mL) for 5 days. Following doxycycline induction, whole cell lysates were prepared and 

subjected to Western blot analysis. A) Representative immunoblots probing for LYCAT and 

housekeeping protein, clathrin, are shown. B-G) Quantitative measurements of the levels of two 

LYCAT isoforms (~35 and ~25 kDa) normalized to clathrin for each gRNA are represented as mean 
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± SEM (n=3). Two-way ANOVA with Tukey’s multiple comparison test, only panels with a p value 

over the threshold of p <0.05, are denoted with an asterisk on the graph. 

  



 46 

 
 
Figure 3.2.1 LYCAT silencing increases EGFR phosphorylation in ARPE-19 cells. 

ARPE-19 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT (siLYCAT1). 

Following transfection, cells were serum starved for 1 h and subsequently stimulated with EGF 

(5 ng/mL) for 5 min. Whole cell lysates were prepared and subjected to Western blot analysis. A) 

Representative immunoblots probing for phospho-EGFR (Y1068), total EGFR and GAPDH are 

shown. B) Quantitative measurements represented as mean ± SEM of phospho-EGFR (Y1068) 

levels relative to total EGFR (n=4), two-way ANOVA with Tukey’s multiple comparison test, *p 

<0.05. C) Quantitative measurements of total EGFR levels represented as mean ± SEM (n=4), 

unpaired t test. 
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Figure 3.2.2 LYCAT silencing reduces EGFR phosphorylation in MDA-MB-231 cells. 

MDA-MB-231 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT 

(siLYCAT1). Following transfection, cells were serum starved for 1 h and subsequently stimulated 

with EGF (5 ng/mL) for 5 min. Whole cell lysates were prepared and subjected to Western blot 

analysis. A) Representative immunoblots probing for phospho-EGFR (Y1068), total EGFR and 

GAPDH are shown. B) Quantitative measurements represented as mean ± SEM of phospho-EGFR 

(Y1068) levels relative to total EGFR (n=3), two-way ANOVA with Tukey’s multiple comparison 

test. C) Quantitative measurements of total EGFR levels represented as mean ± SEM (n=3), 

unpaired t test. Results in panels B and C reported no significant difference between conditions. 
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Figure 3.2.3 LYCAT silencing does not impact EGFR degradation in MDA-MB-231 cells. 

MDA-MB-231 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT 

(siLYCAT1). After 72 h of transfection, cells were serum starved for 1 h followed by EGFR 

stimulation (100 ng/mL) for 0, 30, 60 or 90 min. After serum stimulation, whole cell lysates were 

prepared and subjected to Western blot analysis. A) Representative immunoblots probing total 

EGFR and housekeeping protein, GAPDH, are shown B) Quantitative analysis represented as 

mean ± SEM of percent of EGFR retained relative to GAPDH levels, (n=3). Conditions were n.s. 
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Figure 3.3.1 LYCAT silencing suppresses EGF-stimulated Akt phosphorylation in ARPE-19 cells 

ARPE-19 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT (siLYCAT1). 

After 72 h of transfection, cells were serum starved for 1 h followed by stimulation with EGF (5 

ng/mL) for 5 or 10 min. Whole cell lysates were prepared and subjected to Western blot analysis. 

A) Representative immunoblots probing for phospho-Akt (S473), total Akt and housekeeping 

protein, clathrin. B-D) Quantitative measurements represented as mean ± SEM of absolute 

phospho-Akt (S473) levels, phospho-Akt (S473) levels relative to total Akt, and EGF-stimulated 

gain in phospho-Akt (S473) relative to total Akt, (n=3). E) Representative immunoblots probing 

for phospho-Akt1 (S473), total Akt1 and housekeeping proteins, GAPDH and clathrin. F-H) 

Quantitative measurements represented as mean ± SEM of absolute phospho-Akt1 (S473) levels, 

phospho-Akt1 (S473) levels relative to total Akt1, and EGF-stimulated gain in phospho-Akt1 

(S473) relative to total Akt1, (n=3). I) Representative immunoblots probing for phospho-Akt2 

(S474), total Akt2 and housekeeping proteins, GAPDH and clathrin. J-L) Quantitative 

measurements represented as mean ± SEM of absolute phospho-Akt2 (S474) levels, phospho-
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Akt2 (S474) levels relative to total Akt2, and EGF-stimulated gain in phospho-Akt2 (S474) relative 

to total Akt, (n=3). All panels except for panels D, H and L were subjected to a two-way ANOVA 

with Tukey’s multiple comparison test. Unpaired t tests were conducted for panels D, H and L, *p 

<0.05. 
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Figure 3.3.2 LYCAT silencing suppresses EGF-stimulated Akt phosphorylation in MDA-MB-231 

cells 

MDA-MB-231 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT 

(siLYCAT1). After 72 h of transfection, cells were serum starved for 1 h followed by stimulation 

with EGF (5 ng/mL) for 5 or 10 min. Whole cell lysates were prepared and subjected to Western 

blot analysis. A) Representative immunoblots probing for phospho-Akt (S473), total Akt and 

housekeeping proteins, GAPDH and clathrin. B-D) Quantitative measurements represented as 

mean ± SEM of absolute phospho-Akt (S473) levels, phospho-Akt (S473) levels relative to total 

Akt, and EGF-stimulated gain in phospho-Akt (S473) relative to total Akt, (n=3). E) Representative 

immunoblots probing for phospho-Akt1 (S473), total Akt1 and housekeeping proteins, GAPDH 

and clathrin. F-H) Quantitative measurements represented as mean ± SEM of absolute phospho-

Akt1 (S473) levels, phospho-Akt1 (S473) levels relative to total Akt1, and EGF-stimulated gain in 

phospho-Akt1 (S473) relative to total Akt1, (n=3). I) Representative immunoblots probing for 
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phospho-Akt2 (S474), total Akt2 and housekeeping proteins, GAPDH and clathrin. J-L) 

Quantitative measurements represented as mean ± SEM of absolute phospho-Akt2 (S474) levels, 

phospho-Akt2 (S474) levels relative to total Akt2, and EGF-stimulated gain in phospho-Akt2 

(S474) relative to total Akt, (n=3). All panels except for panels D, H and L were subjected to a two-

way ANOVA with Tukey’s multiple comparison test. Unpaired t tests were conducted for panels 

D, H and L, *p <0.05. 
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Figure 3.4.1 LYCAT silencing leads to a reduction in the phosphorylation of select substrates 

downstream of Akt in ARPE-19 cells.  

ARPE-19 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT (siLYCAT1). 

Prior to cell lysis, cells were serum starved for 1 h then subsequently stimulated with EGF (5 

ng/mL) for 5 min. Whole cell lysates were prepared and subjected to Western blot analysis. A) 

Representative immunoblots probing for phospho-TSC2 (T1462), total TSC2 and housekeeping 

protein, GAPDH. B-D) Quantitative measurements represented as mean ± SEM of absolute 

phospho-TSC2 (T1462) levels, phospho-TSC2 (T1462) levels relative to total TSC2, and total TSC2 

(n=3). E) Representative immunoblots probing for phospho-GSK3ß (S9), total GSK3ß and 

housekeeping proteins, GAPDH and clathrin. F-H) Quantitative measurements represented as 

mean ± SEM of absolute phospho-GSK3ß (S9) levels, phospho-GSK3ß (S9) levels relative to total 

GSK3ß, and total GSK3ß (n=3). I) Representative immunoblots probing for phospho-TSC2 (T1462), 

total TSC2 and housekeeping protein, GAPDH. J-L) Quantitative measurements represented as 



 54 

mean ± SEM of absolute phospho-MDM2 (S166) levels, phospho- MDM2 (S166) levels relative to 

total MDM2, and total MDM2 (n=3). All panels except for panels D, H and L were subjected to a 

two-way ANOVA with Tukey’s multiple comparison test. Unpaired t tests were conducted for 

panels D, H and L, *p <0.05. 
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Figure 3.4.2 LYCAT silencing leads to a reduction in the phosphorylation of select substrates 

downstream of Akt in MDA-MB-231 cells.  

MDA-MB-231 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT 

(siLYCAT1). Prior to cell lysis, cells were serum starved for 1 h then subsequently stimulated with 

EGF (5 ng/mL) for 5 min. Whole cell lysates were prepared and subjected to Western blot 

analysis. A) Representative immunoblots probing for phospho-TSC2 (T1462), total TSC2 and 

housekeeping protein, GAPDH. B-D) Quantitative measurements represented as mean ± SEM of 

absolute phospho-TSC2 (T1462) levels, phospho-TSC2 (T1462) levels relative to total TSC2, and 

total TSC2 (n=3). E) Representative immunoblots probing for phospho-GSK3ß (S9), total GSK3ß 

and housekeeping proteins, GAPDH and clathrin. F-H) Quantitative measurements represented 

as mean ± SEM of absolute phospho-GSK3ß (S9) levels, phospho-GSK3ß (S9) levels relative to 

total GSK3ß, and total GSK3ß (n=3). I) Representative immunoblots probing for phospho-TSC2 
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(T1462), total TSC2 and housekeeping protein, GAPDH. J-L) Quantitative measurements 

represented as mean ± SEM of absolute phospho-MDM2 (S166) levels, phospho- MDM2 (S166) 

levels relative to total MDM2, and total MDM2 (n=3). All panels except for panels D, H and L were 

subjected to a two-way ANOVA with Tukey’s multiple comparison test. Unpaired t tests were 

conducted for panels D, H and L, *p <0.05. 
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Figure 3.5.1 LYCAT silencing inhibits protein synthesis in MDA-MB-231 cells.  

MDA-MB-231 cells were transfected with non-targeting siRNA, siRNA targeting LYCAT (siLYCAT1), 

or neither. Following transfection, cells were treated with cycloheximide (CHX) (10 μM) for 20 

min and puromycin (10 μg/mL) for 10 min, as indicated. Whole cell lysates were prepared and 

subjected to Western blot analysis. A) Representative immunoblots probing puromycin and 

clathrin are shown. B) Quantitative measurements represented as mean ± SEM of puromycin 

levels relative to clathrin in NT siRNA, siLYCAT1 and non-transfected cells treated with CHX (n=3), 

unpaired t test, *p <0.05. 
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Figure 3.5.2 LYCAT silencing reduces cellular abundance in MDA-MB-231 cells.  

A-D) MDA-MB-231 cells were transfected with non-targeting siRNA or siRNA targeting LYCAT 

(siLYCAT1). Following the second round of transfection, time-lapse images of the cells were taken 

every 30 min for 72 h using the Incucyte SX5. A) Representative images from the time-lapse 

recordings at 0, 24, 48 and 72 h are shown. B) Quantitative measurements of phase confluence 
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(%) over time (h) are displayed as mean ± SEM (n=4). C) Quantitative measurements of CellTox 

count (per image) normalized to cell confluence are displayed as mean ± SEM (n=4). D-F) MDA-

MB-231 cells stably expressing Cas9 with an inducible gRNA targeting LYCAT were treated with 1 

ug/mL doxycycline for 3 days. Cells were ten re-seeded and placed in the Incucyte SX5 where 

time-lapse recording of the cells were taken every 30 min for 72 h. D) Representative images 

from the time-lapse recording at 0, 24, 28 and 72 h are shown. E) Quantitative measurements of 

phase confluence relative to initial confluence are displayed as mean ± SEM (n=3), two-way 

ANOVA with Tukey’s multiple comparison test, *p <0.05. 
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CHAPTER 4: DISCUSSION 

4.1 Effects of LYCAT silencing on EGFR signaling are cell line dependent   

Previously, our lab showed that LYCAT silencing altered endocytosis and transferrin receptor 

uptake in ARPE-19 cells (Bone et al., 2017). We then wanted to further explore whether LYCAT 

silencing would impact total EGFR levels and EGFR signaling. In ARPE-19 cells, there was no 

change in total EGFR levels between conditions (Figure 3.2.1C). Looking at EGFR signaling, we 

found that there was a slight increase in the phosphorylation of EGFR upon LYCAT silencing 

(Figure 3.2.1B). Similarly, in MDA-MB-231 cells, there was no significant difference in total EGFR 

levels between control and LYCAT silenced cells (Figure 3.2.2C). However, additional experiments 

may reveal a significant change in total EGFR levels. When we measured phospho-EGFR levels, 

we saw that there was a slight decrease in EGFR signaling, though not significant (Figure 3.2.2B). 

MDA-MB-231 cells are known for overexpressing EGFR, so I reasoned that the cell specific 

differences could perhaps be due to levels of EGFR and their trafficking and degradation. 

Activation of EGFR upon ligand binding, leads to receptor internalization, ubiquitination 

by E3 ligases and traffic to the lysosome, ultimately leading to downregulation of the receptor. 

EGFR is internalized via CME and recycled to the EE where it can be sorted for degradation. The 

ESCRT machinery sorts ubiquitinated EGFR onto the intraluminal vesicles of maturing endosomes 

and further, fusion of the late endosome with lysosomes leads to the degradation of EGFR (Tomas 

et al., 2014). To elucidate whether LYCAT silencing had an effect on receptor degradation, I 

performed an EGFR degradation assay. In MDA-MB-231 cells, when control cells are treated with 

100 ng/mL EGF for 90 minutes, total EGFR levels remain elevated, indicating no receptor 

degradation (Figure 3.2.3); this is consistent with previous findings (Tubbesing et al., 2020). When 



 61 

we silenced LYCAT in these cells, we saw no effect on EGFR degradation. EGFR remained intact 

and there was no significant difference in total EGFR levels. This suggests that altered EGFR 

degradation is perhaps not the reason for the observed reduction in EGFR signaling, in LYCAT 

silenced cells. Another possibility is that EGFR has a preference to reside intracellularly in LYCAT-

silenced MDA-MB-231 cells. EGF-stimulation causes the receptor to internalize and accumulate 

intracellularly without being degraded. In MDA-MB-231 cells, EGFR is strongly recruited to CCPs 

following EGF stimulation (Mutch et al., 2014). Perhaps cell surface EGFR levels are impacted by 

LYCAT silencing. Cell surface EGFR levels should be measured in MDA-MB-231 cells to better 

understand the mechanism by which LYCAT effects EGFR signaling. 

 

4.2 LYCAT controls PI3K-Akt signaling 

Using both pan-isoform and isoform-specific antibodies, we found that LYCAT silencing impaired 

PI3K-Akt signaling in ARPE-19 cells. LYCAT silencing was able to reduce the phosphorylation of 

Akt1 and Akt2. Interestingly, the magnitude at which LYCAT silencing perturbed activation was 

different between the two Akt isoforms. Our results showed a greater effect on phospho-Akt2, 

with a 79% reduction in phospho-Akt2 levels and a 35% reduction in phospho-Akt1 levels, relative 

to total levels (Figure 3.3.1). The Akt isoforms are known to preferentially bind to specific PIPs; 

Akt1 binds PI(3,4,5)P3 while Akt2 binds PI(3,4)P2 (Liu et al., 2018). In ARPE-19 cells, it seems as 

though there is a preference for LYCAT to act on the activation of Akt2 rather than Akt1. Perhaps 

this effect is due to altered SHIP2-dependent production of PI(3,4)P2. SHIP2 is localized to CCPs 

upon EGFR activation (Cabral-Dias et al., 2022; Nakatsu et al., 2010). It is possible that SHIP2 

localization and function is altered by LYCAT-silencing. Total internal reflection fluorescence 
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microscopy images of cells expressing GFP-SHIP2 and clathrin-mRP as described in (Nakatsu et 

al., 2010), may be able to tell us whether LYCAT silencing affects SHIP2 localization to CCPs.  

 

When measuring the effect of LYCAT silencing on Akt activation in MDA-MB-231 cells, we 

observed a decrease in pan and isoform specific Akt phosphorylation. Phosphorylation of Akt1 

and Akt2, was perturbed by LYCAT silencing at a similar magnitude. We saw a 71% decrease in 

relative phospho-Akt1 levels and a 66% decrease in relative phospho-Akt2 levels (Figure 3.3.2). 

However, when we compared the effect on Akt phosphorylation in the two different cell lines, 

we found that there was a greater effect in MDA-MB-231 cells compared to ARPE-19. LYCAT 

silencing resulted in a 66% reduction of relative phospho-Akt levels in MDA-MB-231 cells (Figure 

3.3.2), while ARPE-19 cells only saw a 31% decrease (Figure 3.3.1). The magnitude, or extent to 

which LYCAT may affect Akt signaling in the two cell lines, may be explained by the effect on EGFR 

signaling that was previously discussed. Perhaps, the reason as to why there is a greater reduction 

in MDA-MB-231 cells is because LYCAT regulates not only PI3K-Akt signaling, but EGFR signaling 

at the level of receptor phosphorylation as well. I propose that LYCAT silencing has a greater 

effect in MDA-MB-231 cells because EGFR phosphorylation is also impaired, meaning there is 

reduced recruitment of adaptor proteins necessary to activate PI3K and produce PI(3,4,5)P3. To 

test this, we could measure phosphorylated Gab1 levels in LYCAT silenced cells. This may also 

help us to address a critical component that is missing in our understanding: what is happening 

upstream of PIP3? How does LYCAT silencing affect events after EGFR signaling and before PIP3 

synthesis. Additionally, the change in acyl chain profile, lower levels, and altered localization of 

PI(4,5)P2 will also impair PI(3,4,5)P3 conversion. To test this, we could measure PIP levels in LYCAT 
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silenced MDA-MB-231 cells through radiolabelling and high-performance liquid chromatography 

(HPLC) and detect acyl profile through mass spectrometry. We can investigate PIP localization 

upon LYCAT silencing in MDA-MB-231 cells, through the use of PIP specific probes, such as PH-

PLC𝛿 which binds PI(4,5)P2 (Garcia et al., 1995). Another aspect that would be important to 

address is how LYCAT, an ER-localized protein, is able to affect PM PIPs. LYCAT localizes to PIS-

containing vesicles, which have been shown to make transient contacts with the plasma 

membrane (Kim et al., 2011).  Thus, further work should investigate the role of LYCAT at ER-PM 

contact sites. 

 

In both cell lines, I observed a decrease in the phosphorylation of Akt substrates, TSC2 

and GSK3ß, upon LYCAT silencing. In ARPE-19 cells, I saw a 47% reduction in relative phospho-

TSC2 levels and a 34% decrease in relative phospho-GSK3ß levels (Figure 3.4.1) In MDA-MB-231 

cells, there was a 68% decrease in relative phospho-TSC2 levels and a 46% decrease in relative 

phospho-GSK3ß levels (Figure 3.4.2). Again, when we compare the effects seen in the two cell 

lines, I saw that the effect was greater in MDA-MB-231 cells. The effect on MDM2 varied slightly. 

Akt-mediated phosphorylation of MDM2 increases MDM2 stability by promoting nuclear entry 

(Chibaya et al., 2021) and inhibiting its self-ubiquitination (Feng et al., 2004). We observed a 

decrease in absolute phospho-MDM2 levels in both cell lines. When normalized to total levels, 

this effect was no longer present. This was because there was also a massive loss of total MDM2 

upon LYCAT silencing. Therefore, normalizing phospho-MDM2 levels to total levels may not give 

us a clear understanding of how LYCAT regulates MDM2 activity. It would be useful to use 

subcellular fractionation to measure cytoplasmic and nuclear MDM2 levels.  I suggest that the 
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drop in total levels is due to reduced MDM2 stability as a result of less Akt-mediated 

phosphorylation. However, MDM2 stability is not solely regulated by its Akt phosphorylation 

events. MDMX is a close homologue of MDM2 that plays an important role in stabilizing MDM2. 

Studies have shown that MDMX binds to MDM2 via their RING finger domains which may inhibit 

MDM2’s self-ubiquitin ligase activity (Stad et al., 2000). Akt has also been shown to mediate the 

phosphorylation of MDMX at Ser367 (Lopez-Pajares et al., 2008). This phosphorylation leads to 

the stabilization of MDMX and subsequently, the stabilization of MDM2. Perhaps, LYCAT silencing 

destabilizes MDM2 by preventing Akt-mediated phosphorylation of both MDM2 and MDMX.  

 
MDM2 and p53 form a negative feedback loop. The tumour suppressor, p53 induces the 

expression of MDM2, which in turn promotes the degradation of p53. More specifically, 

phosphorylation of MDM2 leads to the translocation of MDM2 from the cytoplasm into the 

nucleus. Once MDM2 has gained nuclear entry, it is able to regulate p53, inactivating it (Mayo & 

Donner, 2001). Thus, a loss of MDM2 would result in less p53 degradation. This would mean that 

p53 is able to exert its tumour suppressing functions, promoting cell cycle arrest and apoptosis. 

Lysates should be probed for p53 levels to see whether LYCAT silencing has an effect on protein 

levels. Since there is a reduction in MDM2 levels upon LYCAT silencing, I predict that there would 

be an increase in p53 levels, which may also contribute to the effect on apoptosis discussed in 

the next section.   

 

4.3 LYCAT controls protein synthesis, cell proliferation and apoptosis 

In MDA-MB-231 cells, LYCAT silencing resulted in a reduction of protein synthesis compared to 

control non-targeting siRNA (Figure 3.5.1). As previously discussed, I observed a decrease in 
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phospho-TSC2 levels upon LYCAT silencing (Figure 3.4.2A-D). TSC1 and TSC2 function as a 

heterodimer to inhibit cell growth and proliferation by regulating the mTOR signaling pathway(Y. 

Li et al., 2004). TSC2 acts as a GAP for Rheb, promoting the conversion of Rheb-GTP to Rheb-GDP. 

In its active GTP-bound state, Rheb activates mTORC1 which stimulates the phosphorylation of 

ribosomal protein S6 kinase beta-1 (S6K) and eukaryotic translation initiation factor 4E binding 

protein 1(4E-BP1) (Yu et al., 2005). S6K and 4E-BP1 are involved in promoting protein synthesis 

(Choo et al., 2008). Thus, TSC2 is responsible for inactivating Rheb, which in turn inhibits mTORC1 

and some aspects of protein synthesis. However, Akt-mediated phosphorylation of TSC2 

prevents the hydrolysis of Rheb-GTP. This means that there is more active Rheb which allows for 

mTORC1 to become activated when Akt signaling is activated normally upon EGF stimulation 

(Inoki et al., 2003). Therefore, I propose that the observed decrease in protein synthesis upon 

LYCAT silencing is due to a decrease in phosphorylation of TSC2.  

 

In Figure 3.5.2, I showed that two methods of LYCAT gene silencing led to an impairment 

of cell growth and a reduction in overall cell abundance, when compared to control. In MDA-MB-

231 cells transfected with siRNA targeting LYCAT, I observed a decrease in phase confluence over 

72 h, along with an increase in CellTox green object count (Figure 3.5.2A-C). CellTox green is a 

dye that is excluded from viable cells but preferentially stains DNA from apoptotic cells, allowing 

us to measure cell death. In MDA-MB-231 CRISPR Cas9 cells engineered to stably knockdown 

LYCAT expression, I observed a decrease in relative cell confluence compared to control (Figure 

3.5.2D-F). As previously described, upon LYCAT silencing I observed a decrease in the 

phosphorylation of GSK3ß. GSK3 is a serine/threonine protein kinase which is able to 
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phosphorylate a number of downstream targets. GSK3-mediated phosphorylation of cyclins, c-

jun and c-myc, labels them for proteasomal degradation (Duda et al., 2020). Specifically, c-myc is 

a transcription factor that regulates the expression of many target genes that coordinate cell 

growth and proliferation. When GSK3ß is phosphorylated by Akt, this results in the negative 

regulation of GSK3ß activity. Further, this phosphorylation leads to enhanced c-jun and c-myc 

stability, promoting cell proliferation (Melnik et al., 2019). It has been shown that the nuclear 

localization of GSK3ß is regulated by mTORC1 activity. Impaired mTORC1 activity results in the 

translocation of GSK3ß to the nucleus where it is able to degrade c-myc (Bautista et al., 2018). 

Upon LYCAT silencing, we observed a decrease in GSK3ß phosphorylation. This decrease in GSK3ß 

phosphorylation leads to degradation of c-myc and impaired cell growth. Thus, I predict that the 

effect seen on proliferation and apoptosis is due, in part, to the reduction in phosphorylated 

GSK3ß and impaired mTORC1 activity, upon LYCAT silencing.  

 

Our groups have previously shown that LYCAT is involved in regulating PIP localization and 

acyl chain composition (Bone et al., 2017). Specifically, LYCAT silencing causes impaired PI(4,5)P2 

synthesis and turnover. Since PI(4,5)P2 is an important precursor for PI(3,4,5)P3, we hypothesized 

that LYCAT would have a role to play in regulating the PI3K-Akt pathway. Therefore, the model 

that I propose is that LYCAT silencing reduces PI(4,5)P2 and PI(3,4,5)P3 levels, resulting in less 

recruitment and activation of PI3K and Akt. Additionally, I predict that PI3K preferentially binds 

to PI(4,5)P2 with specific acyl chain profiles. The change in acyl chain profile induced by LYCAT 

silencing will also impair PI3K activity and subsequent Akt phosphorylation. Less Akt activation 

will result in a reduction in the phosphorylation of substrates downstream of Akt such as TSC2 
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and GSK3ß. Since the phosphorylation of these substrates are reduced, protein synthesis and cell 

proliferation will also be impaired. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

In conclusion, my work presents evidence that the acyltransferase LYCAT has a role to play in 

regulating the PI3K-Akt pathway and its cellular functions. LYCAT silencing affects the activation 

of Akt1 and Akt2 in both a wild-type cell line and triple negative breast cancer cell line. This 

altered activation had effects on select substrates downstream of Akt, including TSC2 and GSK3ß. 

Moreover, my results suggest that LYCAT is also involved in regulating functional outcomes of 

the PI3K-Akt pathway. While we hypothesize that the reduction in Akt phosphorylation is due to 

less PI(3,4,5)P3, we are unsure of whether this is also due to an effect on PI3K activity. Further 

studies should seek to test whether the binding of PI3K to PI(3,4,5)P3 is affected. Additionally, we 

should examine whether LYCAT silencing has an effect on the recruitment and activation of 

adaptor proteins, Grb2 and Gab1.  

 

We observed a decrease in puromycylated nascent peptides upon LYCAT silencing, 

indicating a disruption in protein synthesis and mRNA translation. To further elucidate the 

mechanism by which LYCAT regulates protein synthesis, insight into the phosphorylation of 

mTOR, S6K and 4E-BP1 would be beneficial for future work. We also observed a decrease in cell 

proliferation and an increase in apoptosis, upon LYCAT perturbation. Since the regulation of 

proliferation and cell survival is complex, further studies should look beyond the PI3K-Akt 

pathway. The MAPK/ERK pathway is responsible for transmitting signals that result in the 

prevention or induction of apoptosis and cell cycle progression (Chang et al., 2003). Further 

studies should seek to explore whether LYCAT affects MAPK/ERK signaling. This could potentially 

provide insight into how LYCAT regulates these key cellular outcomes. Additionally, future work 
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should seek to understand what other aspects of the PI3K-Akt pathway are affected, such as 

metabolism and migration. We could use the Incucyte SX5 to perform ATP assays to gain 

understanding in how LYCAT silencing promotes certain metabolic changes. Since PI(4,5)P2 and 

PI(3,4,5)P3 are important for regulating the actin cytoskeleton, it will be important to investigate 

the effect of LYCAT silencing on migration and invasion. Studies should focus on examining the 

organization of the actin cytoskeleton, changes in actin machinery, and activity of Rho-family 

GTPases. 

 

In addition to PIPs, LYCAT has also been shown to alter the acyl chain profile of cardiolipin 

(Cao et al., 2004; Huang et al., 2014; Zhao et al., 2009). Cardiolipin is an important phospholipid 

that is highly enriched in the mitochondria and contributes up to 20% of total lipids (Gebert et 

al., 2009; Schlame & Greenberg, 2017; Tatsuta & Langer, 2017). As it predominantly presents in 

mitochondria, cardiolipin plays critical roles in many mitochondrial processes including 

maintaining membrane potential and fluidity, respiration and energy conversion. One study 

found that LYCAT regulates non-small-cell lung cancer (NSCLC) cell proliferation and migration by 

modulating mitochondrial dynamics (Huang et al., 2020). Future work should aim to elucidate 

the effects of LYCAT silencing on mitochondrial dynamics in ARPE-19 and MDA-MB-231 cells. 

 

Upon investigating the effect of LYCAT silencing on EGFR signaling, we observed cell 

specific differences. Total EGFR levels in ARPE-19 cells remain the same across conditions, while 

a slight increase in activation was observed in LYCAT silenced cells. On the other hand, while total 

levels in MDA-MB-231 cells also remained constant, there was a decrease in EGFR 
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phosphorylation upon LYCAT silencing. This suggests that cell specific differences exist and that 

MDA-MB-231 cells potentially suffer a double hit in terms of a decrease in PI(4,5)P2 levels as well 

as a decrease in EGFR activation. Our lab previously found that LYCAT silencing does not alter 

EGFR cell surface levels or activation in ARPE-19 cells. It will be important to measure cell surface 

EGFR levels to further solidify our understanding of how LYCAT affects EGFR signalling in MDA-

MB-231 cells.  

 

Throughout my research, I used two different cell lines. Specifically, MDA-MB-231 cells 

are a triple negative breast cancer cell line with no known mutations in PI3K. It would be 

interesting to investigate the effect of LYCAT silencing in cell lines with mutations that affect PI3K-

Akt signaling. Further studies should utilize cells such as SUM149 PT, which display elevated 

constitutive Akt signaling as a result of PTEN mutation, or MDA-MB-361 cells which have 

mutations in PI3KCA. Including these cell lines in our studies will help us to further understand 

how LYCAT affects PI3K-Akt signaling. Additionally, my work validated an alternative model for 

LYCAT gene silencing. This CRISPR/Cas9 system proved to be efficient in inducing a robust 

decrease in LYCAT levels and phospho-Akt levels. This model will be useful for future studies and 

experiments that require stable LYCAT silencing. Further experiments should be done to test the 

validity of this model in regulating key Akt substrates. 

 

Ultimately, my work provides insight into how LYCAT controls components of the PI3K-

Akt pathway and the key cellular functions they regulate. Comparing two cell lines, a non-

transformed cell, ARPE-19, and triple negative breast cancer cells, MDA-MB-231, this study 
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provides evidence for cell specific differences. Our results prove that LYCAT impairs aspects of 

cell growth and proliferation which may provide a basis for understanding how LYCAT may be 

targeted for certain therapeutics.  
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