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Abstract 

 

Phosphoinositdes (PIPs) are a group of signaling phospholipids involved in regulating many 

cellular processes, including organelle dynamics, nutrient uptake, autophagy and apoptosis. 

Through the action of lipid kinases and phosphatases, phosphatidylinositol (PI) can be 

phosphorylated on three different positions of the inositol headgroup resulting in seven distinct 

PIP species. Substantial research has focused on elucidating the function and importance of 

headgroup phosphorylation while much less is known about the significance of the 

incorporation of specific acyl chains within PI. PI exhibits unique specificity of acyl chain 

composition, where majority contains 1-stearoyl-2-arachidonoyl acyl species. This unique acyl 

chain enrichment is, in part, controlled by the PI acyltransferase lysocardiolipin acyltransferase 

(LYCAT). How LYCAT and, in turn, incorporation of specific fatty acids, controls the function of PI 

and PIPs is poorly understood. Thus, I investigated the impact of LYCAT perturbation on PIP acyl 

profile and effects on PIP-dependent processes.  

Perturbation of LYCAT by siRNA gene silencing resulted in a shift in the acyl profile of 

PIP2 species to contain shorter species. Additionally, LYCAT silencing altered the cellular 

localization and levels of phosphatidylinositol-4,5-bisphosphate and phosphatidylinositol-3-
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phosphate but was without effect on other PI species examined. Consistent with this, silencing 

of LYCAT perturbed the membrane traffic of transferrin receptor dependent on these specific 

PIPs. I also observed changes in PI-dependent receptor tyrosine kinase signaling pathways that 

control cell survival and proliferation, which are regulated by phosphatidylinositol-3,4,5-

trisphosphate. LYCAT perturbation altered activation of Akt1, which impacted a number of Akt 

substrates.  

Additionally, using fluorescence microscopy, I discovered that LYCAT is localized to 

peripheral ER vesicles that contain PI synthase enzyme, which is responsible for PI synthesis. 

These peripheral vesicles partially overlap with endoplasmic reticulum-plasma membrane 

contact sites marked by E-Syt2 but showed little overlap with the ER maker, KDEL.  

Collectively, my results show that the PI acyltransferase LYCAT controls the function of 

specific species of PIPs, which in turn selectively impacts specific stages of endomembrane 

traffic and hormone receptor signaling. Hence, the regulation of acyl content of PI is an 

important new dimension for the control of PI and PIP function. 
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1.1. Membrane traffic 

The cell surface acts as a platform for communication between external environmental cues and 

internal processes and activities. Membrane traffic is involved in nutrient uptake, receptor 

signaling, internalization of cargo and transport of newly synthesized molecules (Figure 1.1). 

These actions all involve the exchange of membrane from one organelle to the next and transport 

of various proteins and lipids (Antonescu et al., 2014). Tight regulation of these processes is 

required in order for the cell to maintain homeostasis. Membrane traffic is a dynamic process; 

for example, mammalian cells cycle 50-180% of the surface area of the plasma membrane in and 

out of the cell every hour as a result of endocytosis and exocytosis events (Steinman et al., 1983). 

In addition to constitutive membrane traffic, there is also regulated membrane traffic occurring 

in response to signals in the external environment (Roth, 2004). Membrane traffic is involved in 

many eukaryotic activities and helps establish higher order function in multi-cellular organisms. 

 There are many different mechanisms of membrane traffic that have distinct roles in the 

traffic of molecules like proteins and lipids. Endocytic traffic leads to the sorting of internalized 

material into multiple pathways including maturation, recycling and/or degradation. For 

example, receptors that modulate signal transduction such as epidermal growth factor receptor 

(EGFR) are often selected and sequestered into the degradative pathway where they  traffic 

through early endosomes and late endosomes and are finally delivered to lysosomes (Tomas et 

al., 2014) effectively resulting in downregulation of growth factor signaling. Indeed, dysregulation 

of this pathway can cause uncontrolled cell growth leading to cancer (Díaz et al., 2012; Downes 

et al., 2007). Other receptors are internalized, sorted at early endosomes and then transported 

to recycling endosomes for delivery back to the plasma membrane (Mayle et al., 2012). A classic 
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example is transferrin receptor (TfR) that delivers the nutrient iron into the cell by binding iron—

transferrin (Tfn) complexes. Recycling of this receptor allows for multiple rounds of iron uptake.  

The biosynthetic pathway involves the transport of newly synthesized proteins from the 

endoplasmic reticulum (ER) to the Golgi apparatus and their subsequent delivery to various 

organelles (Urbé et al., 1997). The flow and transfer of membrane from one organelle to the next 

is a highly regulated process that involves many different factors including Rab GTPases, 

tethering effectors, soluble N-ethylmaleimide-sensitive factor attachment protein receptors 

(SNARES), and lipids such as phosphoinositides (PIPs).  

Compromised membrane traffic caused by genetic mutations can have a significant 

impact on cellular homeostasis leading to human disease. For example, Oculocerebrorenal 

Syndrome of Lowe (OCRL) is a genetic disease, which causes defects in endosome to Golgi traffic 

and causes cataracts, mental retardation and renal failure (Howell et al., 2006; McCrea and De 

Camilli, 2009; Vicinanza et al., 2008). Dent’s disease is another syndrome that is caused by 

inhibition of post-Golgi transport of the voltage gated chloride channel to the plasma membrane 

resulting in renal failure (Howell et al., 2006). Clearly, understanding the molecular mechanisms 

of membrane traffic is key to understanding cellular physiology and associated human diseases. 

Many regulators of membrane traffic have been uncovered and a key player is a group of 

signaling phospholipids called phosphoinositides. 

 

1.2. History of PI signaling lipid 

In the early 1950’s, Hokin observed changes in the turnover of phospholipids upon stimulation 

of exocrine tissues in pigeon pancreas (Hokin, 1985). However, it was not until 1956, when 
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techniques to separate phospholipids improved that it was discovered that phosphatidylinositol 

(PI) was undergoing these major changes in turnover (Hokin, 1987). This process was termed the 

phosphatidylinositol effect. Seminal work by Hokin and Hokin throughout the 1950’s found that 

the PI-effect occurred with many ligands and in a variety of tissues including guinea pig brain 

cortex, submaxillary and parotid glands, human sweat glands and toad and turtle bladder, to 

name a few (Hokin, 1985).  

In 1963 it was determined that this PI-effect was due to the turnover of PI and its 

phosphorylated species, PIPs (Hokin, 1987, 1985). Using different radiographic techniques and 

differential centrifugation, it was determined that PI turnover occurred in the ER (Hokin, 1985). 

Further studies by the Hokins found that upon receptor mediated PIP hydrolysis, the levels of 

[32P] metabolically-labelled PI increased, indicating that changes in PI phosphorylation were 

observed (Hokin, 1985). In particular, the importance of diphosphorylated PI first became 

apparent when this lipid was discovered to be the precursor to the important secondary 

messengers diacylglycerol (DAG) and inositol triphosphate (IP3), which are generated upon 

stimulation of plasma membrane receptors (Hokin, 1985). Since then, the known roles and 

functions of PIPs have greatly expanded, as these lipids are involved in numerous signaling 

events, both as ligand binding molecules and as molecules that generate secondary signaling 

intermediates, and as such have been shown to be important in a wide variety of cellular 

processes, as discussed in more detail below.  

 

1.3. Phosphatidylinositol 
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Phosphatidylinositol (PI) is a type of phospholipid that acts as a key regulator of membrane 

traffic, cell signaling, cytoskeletal remodeling and nuclear events (Vicinanza et al., 2008). 

Although PI only comprises 1-10% of total phospholipids in eukaryotic cells, PI is important for 

the temporal and spatial activation of molecular effectors required for maintenance of cell 

physiology (Cullen, 2011; Di Paolo and De Camilli, 2006; Lemmon, 2008). PI is a constituent of 

membranes of many archaea, some bacteria and all eukaryotes (Michell, 2008) but has only been 

studied and functionally characterized in a handful of organisms including a few archaea and 

bacteria and among the eukaryotic organisms, mammals, yeast and plants. Reports have 

suggested that the appearance of phospholipids containing an inositol headgroup may have 

evolved before the divergence of the archaeal and eukaryotic kingdoms (Michell, 2008). 

PI is composed of a diacylglycerol (DAG) backbone containing two acyl chains in the sn1 

and sn2 positions and an inositol headgroup connected to the glycerol backbone through a 

phosphodiester bond at the sn3 position (Figure 1.2) (van Meer et al., 2008). The inositol 

headgroup can be phosphorylated on three different locations resulting in mono-, di- or tri- 

phosphorylated species. Through the action of lipid kinases and phosphatases, seven distinct PIP 

species can be generated (Hammond et al., 2014; Huotari and Helenius, 2011; Vicinanza et al., 

2008).  

 

1.3.1. Phosphoinositides – localization and membrane enrichment 

The seven species of PIPs are unique to eukaryotes (Michell, 2008). They are important in the 

production of secondary messengers, providing membrane identity and acting as markers for the 

recruitment of soluble or membrane effector proteins involved in vesicle traffic and signaling (Di 
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Paolo and De Camilli, 2006; van Meer et al., 2008). PIPs represent 1-2% of total phospholipids in 

cells (Balla, 2013). 

PIPs are synthesized locally on membranes by kinases and phosphatases, which allows for 

the tight control of PIP production resulting in membranes with unique and dynamic PIP 

signatures. These kinases and phosphatases contain membrane-targeting domains that 

recognize the individual PIPs. There are many different PI-binding domains, which allow proteins 

to bind specifically to individual PIP species, including Fab1, YotB, Vac1p and EEA1 (FYVE), 

pleckstin homology (PH), epsin N-terminal homology (ENTH) and phox homology (PX) domains. 

Studies have elucidated the intracellular localization of PIPs using PI-binding domain probes. As 

such, PIPs were determined to function as membrane ligands that anchor certain proteins to 

organelles or vesicles. Stabilization of membrane-protein complexes can be enhanced in multiple 

ways.  For example, the presence of tandem lipid-binding domains increases avidity of binding 

between protein and lipid.  Alternatively, proteins that possess multiple lipid/protein binding 

domains may require a specific combination of substrates to bind.  Importantly, this mechanism 

known as “coincidence detection” also provides specificity within the ever-complex intracellular 

milieu. 

The relative abundance of PIPs varies from one organelle membrane to another, with 

some membranes containing higher levels of specific PIPs than others (Vicinanza et al., 2008).  

Below is a brief overview of phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2], 

phosphatidylinositol-3-phosphate [PI(3)P], phosphatidylinositol-4-phosphate [PI(4)P], 

phosphatidylinositol-3,5-bisphosphate [PI(3,5)P2] and phosphatidylinositol-3,4,5-trisphosphate 

[PI(3,4,5)P3].  
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Phosphatidylinositol-4,5-bisphosphate. PI(4,5)P2 represents 0.5-1% of total phospholipids 

and is mainly localized on the inner leaflet of the plasma membrane (Figure 1.3) (Dickson et al., 

2014; Lemmon, 2008; McLaughlin et al., 2005). Although PI(4,5)P2 is found in relatively low 

abundance in the cell, it is important for the production of PI(3,4,5)P3 and the secondary 

messengers, DAG and IP3. PI(4,5)P2 plays essential roles in clathrin-mediated endocytosis (CME), 

actin cytoskeleton dynamics and overall gene expression (Antonescu et al., 2011; Logan and 

Mandato, 2006; Santagata et al., 2001). PI(4,5)P2 has also been shown to be required for the 

activity of plasma membrane ion channels (Dickson et al., 2014). 

Phosphatidylinositol-3-phosphate. PI(3)P comprises 0.02% of total phospholipids in cells  

(Cullen, 2011; Lemmon, 2008) and is most abundant on early endosomes, late endosomes and 

the intraluminal vesicles of multi-vesicular bodies (Bago et al., 2014; Gillooly et al., 2000; Liu et 

al., 2016). PI(3)P is required for the fusion of endosomes and is involved in sorting and traffic of 

cargo along the endocytic pathway. 

Phosphatidylinositol-4-phosphate. PI(4)P comprises 0.05% of total phospholipids in cells  

(Cullen, 2011; Lemmon, 2008) and is concentrated on the Golgi, plasma membrane and late 

endosomes/lysosomes (Graham and Burd, 2011; Hammond et al., 2014). PI(4)P plays a role in 

intracellular traffic and including Golgi secretory pathway, contributes to the negative charge of 

the inner leaflet of the plasma membrane and contributes to PI(4,5)P2 synthesis and maintenance 

of ion channels (Dickson et al., 2014; Hammond et al., 2012). 

Phosphatidylinositol-3,5-bisphosphate. PI(3,5)P2 comprises less than 0.04% of total 

phospholipids in cells (Cullen, 2011; Lemmon, 2008). PI(3,5)P2 primarily localizes to late 

endosomes and lysosomes (Ho et al., 2012; McCartney et al., 2014). PI(3,5)P2 is responsible for 
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endolysosomal morphology, traffic and acidification, autophagy, and signal mediation in 

response to stresses or hormonal cues (Ho et al., 2012). 

Phosphatidylinositol-3,4,5-trisphosphate. PI(3,4,5)P3, the only tri-phosphorylated species, 

is an important molecule in the phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway, and 

is mainly concentrated at the plasma membrane (Carlton and Cullen, 2005; Nakatsu et al., 2010). 

Some reports indicate that PI(3,4,5)P3 can also be found on intracellular vesicles and endosomes, 

possibly derived from the plasma membrane (Gonzalez and McGraw, 2009). PI(3,4,5)P3 levels are 

nearly undetectable in resting cells, however upon activation of receptor tyrosine kinases or G-

protein coupled receptors, PI(3,4,5)P3 levels increase (Asano et al., 2007; Toker and Cantley, 

1997; Zhao and Vogt, 2008).  PI(3,4,5)P3 is implicated in a number of cellular processes that 

control cell survival, growth, proliferation and motility.  

Mutations in genes encoding PIP metabolizing enzymes are responsible for human 

diseases including Lowe Syndrome, Charcot-Marie-Tooth disease, Alzheimer’s disease and 

myopathy (McCrea and De Camilli, 2009). 

 

1.3.2. Phosphoinositide kinases and phosphatases 

PIP metabolizing enzymes include the phosphoinositide kinases and phosphatases that can be 

cytosolic or membrane bound and are responsible for the turnover of PIPs on intracellular 

membranes, resulting in distinctly concentrated PIP species (Figure 1.2). In mammals, 47 genes 

encode 19 kinases and 28 phosphatases (Sasaki et al., 2009). For example the synthesis and 

turnover of PI(3,4,5)P3 is tightly regulated by the actions of multiple PIP metabolizing enzymes.  

First, the PI(4,5)P2 precursor is generated by phosphorylation of PI(4)P by type I 
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phosphatidylinositol 4-phosphate 5-kinases (PIP5Ks). Then, the 3 position of PI(4,5)P2 is further 

phosphorylated by class I PI3Ks to produce PI(3,4,5)P3, an event that is antagonized by the 

phosphatase PTEN (phosphatase and tensin homolog) (Sasaki et al., 2009). The interconversion 

of PIPs is spatially and temporally organized, in part, due to the specific cellular localization and 

characteristics of PIP kinases and phosphatases. For example, the PI(3,4,5)P3 phosphatase PTEN 

contains a C2 domain, which allows for membrane association and also contains a wide and deep 

catalytic pocket to accommodate the bulky headgroup of PI(3,4,5)P3 (Hsu and Mao, 2015).  

 

1.4. Phospholipids 

In order to understand the importance and functions of PI and PIPs, we first need to gain insight 

into the general function of phospholipids in cells. PI and PIPs are among many major eukaryotic 

membrane phospholipids, which also include phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylserine and cardiolipin (van Meer et al., 2008). The distribution of phospholipids 

among different organelle membranes is asymmetric, which contributes to the distinct functions 

and properties of each phospholipid. Collectively these phospholipids form structural biological 

membranes by assembling into the phospholipid bilayer. 

Phosphatidylcholine. Phosphatidylcholine is cylindrical in shape, preferentially forming 

flat bilayer structures (Vance and Steenbergen, 2005). Phosphatidylcholine is the most abundant 

phospholipid in cells, representing 40-50% of total phospholipids (Vance and Steenbergen, 2005). 

Phosphatidylcholine can be utilized in cells for the production of precursor and signaling 

molecules including DAG, phosphatidic acid (PA) and arachidonic acid (Vance and Vance, 2004).  
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Phosphatidylethanolamine. Phosphatidylethanolamine, representing 15-25% of total 

cellular phospholipids, is most abundant in the mitochondria and lipid droplets (Bigay and 

Antonny, 2012; Vance and Steenbergen, 2005). Phosphatidylethanolamine is cone shaped due 

to its small headgroup, and, it plays a role in membrane fission and fusion (van Meer et al., 2008).  

Phosphatidylserine. Phosphatidylserine is a negatively charged phospholipid comprising 

2-10% of total cellular phospholipids, and is primarily found on the inner leaflet of the plasma 

membrane where it functions in maintenance of plasma membrane electrostatics (Bigay and 

Antonny, 2012; Vance and Steenbergen, 2005). Phosphatidylserine also localizes to endocytic 

compartments including early endosomes, late endosomes and lysosomes in macrophages 

(Yeung et al., 2008). Phosphatidylserine, together with PIPs, power the electrostatic field at the 

plasma membrane, endosomes and lysosomes, which is important in attracting cytosolic 

polycationic proteins (Platre and Jaillais, 2017; Yeung et al., 2008). Phosphatidylserine is involved 

in the recruitment and/or activation of proteins including protein kinase C and is a signal for 

phagocytosis and blood coagulation  (Fairn et al., 2011; Yeung et al., 2006).  

Cardiolipin. Cardiolipin is a mitochondrial phospholipid required for energy production 

and maintenance of the mitochondrial membrane proton gradient (Fagone and Jackowski, 2009; 

Vance and Vance, 2004). In the inner mitochondrial membrane, cardiolipin serves as a Ca2+-

binding site required for mitochondrial membrane permeabilization (Cao et al., 2004). Cardiolipin 

comprises 2-5% of total phospholipids in cells (Vance and Steenbergen, 2005) and is the only lipid 

that contains four fatty acid chains, which in the heart, contains largely linoleic acid (18:2), and 

two glycerol phosphate backbones (Sathappa and Alder, 2016). Diet has been shown to play a 

role in the acyl chain content of cardiolipin (Bradley et al., 2016). For example, mice fed a high-
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fat diet (5% lard) increased 18:2 content by 20% (Aoun et al., 2012). Remodeling of the fatty acyl 

groups is important for cardiolipin function, and alterations have been shown to cause 

mitochondrial dysfunction and disease including cardiomyopathies and tumor progression 

(Bradley et al., 2016; Chicco and Sparagna, 2006). 

Phospholipids not only exhibit specific enrichment in different organelles and membrane 

compartments, but also exhibit asymmetry in their distribution within lipid bilayers, suggesting 

that phospholipids have unique functions on specific leaflets of the lipid bilayer. Membrane 

asymmetry occurs due to multiple factors, including the biophysical properties of lipids, 

mechanisms that trap lipids to one leaflet, and lipid transporters (Fadeel and Xue, 2009; van Meer 

et al., 2008).  

At least three different lipid transporter activities within membranes have been described 

and include flippases (ATP-driven inward movement of lipids), floppases (ATP-driven outward 

movement of lipids) and scramblases (spontaneous bi-directional movement) (Balla, 2013; 

Fadeel and Xue, 2009). For example, the floppase P4-ATPase is responsible for ensuring 

phosphatidylserine remains on the intracellular leaflet of the plasma membrane. However, 

during apoptosis or blood clotting, the scramblase TMEM16F is responsible for exposing 

phosphatidylserine on the extracellular leaflet of the plasma membrane (Hankins et al., 2015), 

which is an important signal for phagocytes to clear these dead cells from tissue. PIPs are highly 

concentrated on the cytosolic leaflet of the plasma membrane, which is in part due to the 

transport of these lipids from the ER following synthesis.  

Disruption of phospholipid membrane asymmetry can cause diseases such as Tangier 

Disease, which is characterized by high atherosclerosis and is caused by a mutation in the ABCA1 
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transporter involved in transfer of cholesterol from the inner to the outer leaflet of membranes 

(Fadeel and Xue, 2009).  

 

1.4.1. Phospholipid synthesis – Kennedy pathway 

The ER is the main site of lipid synthesis where the basic molecule glycerol-3-phosphate (G3P) 

and acyl-CoAs are utilized in the de novo Kennedy pathway that ultimately produces 

phospholipids (Figure 1.4) (Coleman and Lee, 2004; Shindou and Shimizu, 2009; Takeuchi and 

Reue, 2009).  

LysoPA is formed  by the acylation of the sn1 position of G3P by glycerol-3-phosphate 

acyltransferases (GPATs) (Coleman and Lee, 2004; Hermansson et al., 2011; Shindou et al., 2009; 

Takeuchi and Reue, 2009). Four different GPATs have been identified, which reside as integral 

ER-membrane proteins and outer mitochondrial membrane proteins (Hermansson et al., 2011; 

Takeuchi and Reue, 2009). Most cell types predominantly use GPAT3 and GPAT4, which are 

localized to the ER, whereas muscle and liver cells predominantly use GPAT1 and GPAT2 localized 

to the mitochondria (Yamashita et al., 2014). In most tissues, the mitochondrial GPATs are only 

responsible for 10% of GPAT activity, however GPAT1 in the liver accounts for up to 50% of GPAT 

activity playing a key role in triacylglycerol synthesis (Coleman and Lee, 2004). GPAT expression 

varies depending on the tissue.  For example, GPAT1 mRNA levels are highest in adipose tissue 

and liver, whereas GPAT3 mRNA levels are highest in the kidney, heart, skeletal muscle, thyroid 

and testis (Takeuchi and Reue, 2009).  

Acylglycerolphosphate acyltransferases (AGPATs, also known as lysoPA acyltransferases, 

LPAATs) are responsible for the addition of a fatty acid onto the sn2 position of lysoPA, resulting 
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in PA (Hermansson et al., 2011; Shindou et al., 2009; Takeuchi and Reue, 2009; Yamashita et al., 

2014). Mammals contain at least 16 members of the AGPAT family, which localize to the ER 

(Yamashita et al., 2014). However, some AGPATs are involved in both the de novo synthesis and 

in the acyl chain remodeling pathway and have acyltransferase activity toward other 

lysophospholipids including lysophosphatidylcholine, lysoPI and lysophosphatidylethanolomine. 

AGPAT1, AGPAT2 and AGPAT3 are broadly distributed in various tissues including the heart and 

liver (Yamashita et al., 2014). AGPAT1 and AGPAT2 have broad donor specificity for acyl-CoAs 

while AGPAT3 prefers arachidonoyl-CoA (20:4) and docosahexanoyl-CoA (22:6) (Yamashita et al., 

2014). However, the majority of the members of the AGPAT family have not been characterized. 

PA is an important precursor molecule used in the production of all phospholipids, but 

different biosynthetic pathways are used for synthesis of the various phospholipids. PA can be 

used to produce DAG, which is then used in the production of phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylserine or triacylglycerol. Alternatively, PA can also be 

used to produce cytidine diphosphate diacylglycerol (CDP-DAG), which is then used in the 

production of PI, phosphatidylglycerol or cardiolipin (Shindou et al., 2009; Takeuchi and Reue, 

2009; Vance and Vance, 2008).  

 

1.4.2. PI synthesis 

PI synthesis can occur through two pathways: the de novo pathway (Kennedy pathway, as 

described above) or through the PI cycle. De novo synthesis occurs in the ER and generates PI 

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

is a cyclical pathway that involves the breakdown and regeneration of PI(4,5)P2 and is thought to 
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occur at the ER and plasma membrane, possibly as a result of vesicular and/or non-vesicular lipid 

transfer (Balla, 2013) (Figure 1.5).   

The PI cycle is important for the replenishment of PI(4,5)P2 following phospholipase C 

(PLC) activation. Upon stimulation of G protein-coupled receptors, for example, which activates 

PLCβ, there is a depletion in plasma membrane PI(4,5)P2 levels (Várnai and Balla, 1998). Following 

PI(4,5)P2 hydrolysis, the first step of the PI cycle is the phosphorylation of DAG to PA by 

diacylglycerol kinases (DGKs) in either the ER or plasma membrane (Shulga et al., 2011a). The 

next step is the formation of CDP-DAG from PA and cytidine triphosphate (CTP), catalyzed by two 

cytidine-diphosphate synthase (CDS) enzymes, CDS1 and CDS2, both which reside as ER 

transmembrane proteins (Hermansson et al., 2011). PI synthase (PIS) converts myo-inositol and 

CDP-DAG into PI. 

In mammalian cells, PIS was mainly thought to be localized to the tubular ER, however in 

2011, PIS was also found to localize to ER-derived motile vesicles (Kim et al., 2011). These PIS 

vesicles tether to the growing ER, which are thought to remain a part of the ER. The cycling of 

the GTPase Sar1, which controls ER remodeling events, is required for PIS vesicle motility (Kim et 

al., 2011). PIS vesicles were termed PIPEROsomes, which stands for PI Producing Endoplasmic 

Reticulum-derived Organelle (Kim et al., 2011). Fluorescent probes showed that these vesicles 

do not contain CDS1 or CDS2 (Kim et al., 2011; Qi et al., 2016). Rab10, an important regulator of 

dynamic ER tubule formation, which localizes to the leading edge of newly formed ER tubules, 

colocalizes well with PIS (Amber R. English and Voeltz, 2013). It is likely that following the 

formation of CDP-DAG in the ER, PIS converts CDP-DAG to PI in PIPEROsomes which, through 

their motile network, may be able to transport PI to various membranes, including the plasma 
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membrane. Depletion of PI in the ER did not have a significant impact on plasma membrane levels 

of PI(4,5)P2 suggesting that PI produced in the ER is not sent to the plasma membrane but rather, 

plasma membrane PI likely originates from PIPEROsomes (Kim et al., 2011).  

The final stage of the PI cycle is the regeneration of PI(4,5)P2 through conversion of PI into 

PI(4)P and finally into PI(4,5)P2 by phosphatidylinositol 4-kinase and PIP5Ks, respectively. 

Important stages of the PI cycle are i) transport of PA from the plasma membrane to the ER and 

ii) transport of PI from the ER to the plasma membrane, which are partially mediated by 

membrane contact sites (MCSs) and transport proteins.  

Thus, PI is synthesized in the de novo synthesis pathway and in the PI cycle, two distinct 

but important pathways that ensure cellular PI is available for conversion into PIPs. Following de 

novo synthesis of PI, PI undergoes fatty acid remodeling to ensure it is enriched with a unique 

fatty acid profile.  

 

1.4.3. Fatty acid remodeling – diversifying phospholipid species 

Fatty acid composition of phospholipids is an important factor in membrane properties and in 

the production of lipid mediators. The acyl chains of phospholipids are highly diverse, ranging in 

length and degree of saturation, resulting in a variety of distinct molecules. The profile of 

molecular acyl species found in native phospholipids in cells and tissues, however, is often 

remarkably different than the molecular species found in the precursor molecule PA. The 

incorporation of select acyl species can occur during de novo synthesis and in the remodelling 

pathway. The remodeling pathway, called the Lands’ cycle, involves the replacement of existing 

fatty acyl chains with activated fatty acids in the form of fatty acyl-CoA, resulting in a chemically 
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diverse pool of phospholipids (Figure 1.4) (Lands, 1958). Shown in Figure 1.4 is a diagram of the 

Lands cycle specifically for PI remodeling, however, similar pathways with different enzymes 

function in the Lands cycle for production of other lipids.  

During remodeling, fatty acyl groups from the glycerol backbone are replaced by other 

fatty acids to form mature molecules. This occurs through the concerted and coordinated action 

of phospholipases and lysophospholipid acyltransferases involved in deacylation and reacylation, 

respectively (Shindou et al., 2009; Zhao et al., 2009). Phospholipase A1s (PLA1s) and PLA2s are 

postulated to be involved in the turnover of the fatty acids on the sn1 and sn2 positions, 

respectively (Yamashita et al., 2014).  

Although not well understood, PLA1 enzymes are believed to be involved in the 

remodeling of the sn1 fatty acid. Compared with PLA2s, only a few PLA1s have been cloned or 

characterized. Mammals contain three intracellular PLA1 proteins with similar sequence 

homology and include DDHD domain containing 1 (DDHD1, also known as PA-PLA1), p125 and 

KIAA0725, which cleave the sn1 fatty acid (Richmond and Smith, 2011). DDHD1 and KIAA0725 

have been shown to cleave the sn1 position of both PA and PI in vitro (Higgs and Glomset, 1996; 

Morikawa et al., 2007; Yamashita et al., 2010).  

PLA2 enzymes are a large family of over 30 enzymes that are well characterized in their 

localization, biochemical properties, and sequence homology (Yamashita et al., 2014). Ca2+-

independent PLA2β (iPLA2β) has been proposed to play a key role in the Lands cycle for 

phosphatidylcholine remodeling (Yamashita et al., 2014). Inhibition of this enzyme results in 

reduced levels of lysophosphatidylcholine and additionally was shown to increase arachidonoyl 

incorporation into phosphatidylcholine in macrophages (Balsinde et al., 1997).  
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Lysophospholipid acyltransferases belong to two different families, AGPAT and 

membrane bound O-acyltransferase (Shindou et al., 2009; Zhao et al., 2009). Mammalian 

lysophospholipid acyltransferases have broad tissue distribution. Several are responsible for a 

single biochemical activity, and, the majority have broad substrate specificity (Zhao et al., 2009). 

For example, lysophosphatidylcholine acyltransferase 1 is expressed in alveolar cells in lungs and 

shows preference for lysophosphatidylcholine over other lysophospholipids with palmitoyl-CoA 

as the acyl donor (Bridges et al., 2010). Lysophosphatidylcholine acyltransferase 3 is localized to 

metabolically active tissues, including lungs and gastrointestinal tract, and can use 

lysophosphatidylcholine, lysophosphatidylethanolomine and lysophosphatidylserine, with 

preference for saturated acyl chains as substrates (Zhao et al., 2009). Mice with a mutation 

resulting in partial loss of lysophosphatidylcholine acyltransferase 1 function present with 

respiratory failure and decreased saturated phosphatidylcholine content (Bridges et al., 2010). 

Lysophosphatidylcholine acyltransferase 3 knockout mice exhibit decreased membrane fluidity 

in hepatocytes (Lee and Tontonoz, 2015). These studies illustrate that considerable regulation of 

the acyl chain profile of specific phospholipids occurs in cells through a network of PLAs and 

acyltransferases, which have emerging functions in controlling cell physiology. However, the 

mechanisms that regulate acyl chain composition of phospholipids and the impact of this 

regulation on cell physiology are not well understood. 

 

1.5. Unique fatty acid enrichment of PI 

PI and PIPs show a remarkably unique acyl chain composition compared to other phospholipids.  

Depending on the tissue and cell type, up to 70% of PI contains 1-stearoyl-2-arachidonoyl 
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(18:0/20:4) acyl chain content (Baker and Thompson, 1972; D’Souza and Epand, 2015; Hicks et 

al., 2006). The molecular composition of bi-phosphorylated (PIP2) species found in whole cell 

extracts of various cell types including HeLa, THP-1 and A432, showed the predominant species 

was 18:0/20:4 (Ogiso et al., 2010). The enrichment of PI with specific fatty acids can conceivably 

occur during de novo synthesis, the PI cycle and the Lands cycle to produce 1-stearoyl-2-

arachidonoyl-sn-glycero-3-phosphatidylinositol species (Shulga et al., 2011b). However, studies 

have shown that the acyl chain content of PI synthesized through the de novo pathway contain 

mainly saturated and mono-unsaturated acyl chains (Luthra and Sheltawy, 1976; MacDonald et 

al., 1975). The Lands cycle is distinct from the PI cycle in that the Lands cycle remodels the acyl 

chain content, while the PI cycles alters PI/PIP headgroup. Below, I examine possible mechanisms 

of establishing PI acyl chain specificity within the de novo, PI and Lands cycles. 

 

1.5.1. Does acyl chain enrichment occur during de novo synthesis? 

Biosynthesis of PI is part of a common pathway involved in the synthesis of other phospholipids. 

However, compared to PI, other phospholipids do not show similar acyl chain enrichment and 

thus seems likely that PI undergoes fatty acid remodeling. In vitro studies using macrophage 

microsomes under conditions described to measure de novo synthesis (endogenous CDP-DAG 

and PA with [14C]G3P) found the acyl profiles of PA, CDP-DAG and PI contained a broad range of 

molecular species, where only 2-3% of de novo synthesized PI contained 1-stearoyl-2-

arachidonoyl acyl species (Nakagawa et al., 1989). Other work showed that newly synthesized PI 

from rat liver microsomes incubated with dipalmitoyl CDP-DAG and [3H]inositol results in 

dipalmitoyl [3H]PI, which is hydrolyzed by PLA1 and then reacylated with stearic acid in the 
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presence of an acyltransferase (Darnell et al., 1991a, 1991b). These data suggest that the fatty 

acid present on the sn1 position of PI is determined by the action of PLA1 and acyltransferases. 

Another study found significant differences in the acyl chain profile of PI and PA in mouse 

fibroblasts  (Shulga et al., 2010). Additionally, PI in the ER and plasma membrane contain acyl 

species that are not present in PA, suggesting that PI is undergoing some sort of fatty acid 

remodeling following de novo synthesis (Shulga et al., 2010). Below I will outline some enzymes 

involved in PI metabolism, including PI synthesis and fatty acid remodeling that show preference 

for acyl chain profile of the substrate. 

 

1.5.2. PI cycle enzymes show substrate specificity  

Many enzymes of the PI cycle could contribute to 1-stearoyl-2-arachidoynoyl acyl chain 

enrichment in PI. One of the critical stages of the PI cycle is the phosphorylation of DAG by DGKs 

to produce PA. In vitro and in vivo studies have shown that one isoform of this enzyme, DGKε 

exhibits preference for its substrate DAG to contain 18:0/20:4 (Bunting et al., 1996; Lung et al., 

2009; Shulga et al., 2011c; Topham and Epand, 2009; Walsh et al., 1994). DGKε-/- cells exhibit 

altered incorporation of stearic acid  (Lung et al., 2009) and arachidonic acid (Milne et al., 2008) 

into PI. There are a number of DGK isoforms expressed ubiquitously in cells, and it is unclear how 

DGKε functions within the context of other DGKs, most of which do not exhibit substrate 

specificity for DAG based on acyl chain profile, in order to establish a “preferred” DAG 

intermediate with a specific acyl profile for PI generation.  

 Subsequent to DAG production, CDS enzymes produce CDP-DAG from PA. CDS2 appears 

to show substrate specificity in PA. In vitro studies showed that CDS2 prefers PA containing 1-
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stearoyl-2-arachidonoyl acyl species (D’Souza et al., 2014). As mentioned above, CDS1 and CDS2 

do not localize to PIPEROsomes, which are thought to make contact with a variety of membranes, 

but have been found to localize to the general ER (Kim et al., 2011).  

The other isoforms of DGK and CDS1 however, do not show any acyl chain specificity. The 

last stage of PI synthesis involves PIS, an enzyme responsible for the production of PI from CDP-

DAG and myo-inositol. Importantly, PIS does not exhibit acyl chain specificity towards its 

substrate (D’Souza and Epand, 2015). Hence, for the PI cycle to generate PI with unique acyl chain 

specificity, DGKε and CDS2 may work together in a form of substrate channelling, where only 

DAG with 18:0/20:4 is initially selected to produce PA and CDP-DAG for subsequent production 

of 18:0/20:4-enriched PI by PIS, despite the fact that this last step does not itself have substrate 

acyl chain preference. 

 

1.5.3. PI phospholipases and acyltransferases that may function in the Lands cycle 

In addition to the PI cycle, the Lands cycle also plays a role in enriching PI with 1-stearoyl-2-

arachidonoyl acyl species. The Lands cycle involves phospholipases and acyltransferases, which 

function to enrich PI and PIPs with a particular acyl chain profile. Currently, there is no direct 

evidence that shows the involvement of PLA1 enzymes in fatty acid remodeling in mammals. 

However, IPLA-1, the Caenorhabditis elegans homolog of DDHD1, is involved in the sn1 fatty acid 

remodeling of PI (Imae et al., 2010), suggesting that DDHD1 may perform this function in 

mammalian cells. Ipla-1 mutants replaced PI containing sn1 stearic acid with vaccenic acid 

(18:1n11). Additionally, in vitro studies found that IPLA-1 was able to hydrolyze the sn1 fatty acid 

of PI (Imae et al., 2010).   
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Phospholipase A2 (PLA2) enzymes liberate the sn2 fatty acid of PI and PIP species 

(Yamashita et al., 2014). In addition to acyl chain remodeling, some PLA2 enzymes are responsible 

for producing free arachidonic acid under certain conditions. Arachidonic acid is an important 

signaling molecule used in the production of eicosanoids, a family of inflammatory compounds 

(Astudillo et al., 2011). Due to the importance of arachidonic acid in cell and systemic physiology, 

a substantial amount of research has focused on the enzymes responsible for the release and 

incorporation of arachidonoyl-CoA at the sn2 position.  

LysoPI acyltransferase 1 (LPIAT1, also known as membrane bound O-acyltransferase 7) 

and LPAAT3 have been shown to preferentially transfer arachidonoyl-CoA onto the sn2 position 

of lysoPI and lysoPA, respectively (Gijón et al., 2008; Koeberle et al., 2010). LPIAT1 has been 

shown to be the major arachidonoyl-CoA acyltransferase in cells, as knockout mice showed 

significant decreases in 20:4-containing PI and PI(4,5)P2 (Anderson et al., 2013; Lee et al., 2012). 

LPIAT1-/- mice were viable for 30 days but exhibited a smaller, atrophied cerebral cortex and 

hippocampus (Lee et al., 2012). Thus, LPIAT1 appears to be critical for neural development of 

mice and cortical lamination. 

In contrast to the remodelling of the sn2 position, the role of the Lands cycle involving 

PLA1 enzymes and acyltransferases capable of selecting fatty acid groups and incorporation into 

lysoPLs is much less clearly understood. As mentioned above, DDHD1 and KIAA0725a show PLA1 

activity toward PI, which may generate lysoPI (sn1-lyso) within various membrane 

compartments. Importantly, lysocardiolipin acyltransferase (LYCAT) is suggested to be 

responsible for the selective incorporation of stearic acid onto the sn1 position of PI (Imae et al., 

2011).  
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1.5.4. PIP metabolizing enzymes with substrate specificity 

In addition to selection of 1-stearoyl-2-arachidonoyl containing PI during de novo synthesis and 

the PI cycle, some enzymes involved in PIP conversion exhibit fatty acyl specificity or preference 

for their PI/PIP substrates. PIPs cycle between the seven different phospho-headgroup species 

through the action of kinases and phosphatases specific to each phospho-species. Some enzymes 

involved in PIP conversion exhibit substrate acyl chain profile preference. All three isoforms (α, β 

and γ) of PIP5K, which convert PI(4)P to PI(4,5)P2, have been shown to prefer PI(4)P containing 

18:0/20:4 and 18:0/18:1 over 16:0/16:1 (Shulga et al., 2012, 2011b). Kinetic analyses show that 

the isoforms exhibit highest activity for PI(4)P containing 1-stearoyl-2-arachidonoyl acyl species, 

with the difference in selectivity being largest for isoform γ (Shulga et al., 2012).  

In addition, OCRL and synaptojanin-1, responsible for converting PI(4,5)P2 to PI(4)P, also 

exhibit preference for PI(4,5)P2 acyl chain content. Both OCRL and synaptojanin-1 show varying 

degrees of 18:0/20:4 substrate specificity with OCRL being much more selective (Schmid et al., 

2004).  Thus, enzymes from the PI cycle and the Lands cycle work together to ensure PI and PIP 

species are enriched with a 1-stearoyl-2-arachidonoyl acyl profile.  

 

1.6. Transport of phospholipids in cells 

An important aspect of organelle identity and function is the unique composition of lipids within 

the membrane of each organelle. In order for this to occur, cells transport lipids from the site of 

synthesis to target membranes.  Due to the amphipathic nature of phospholipids, they need to 

be transported by specialized mechanisms from the ER to their target membranes. Cells have 
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various mechanisms of lipid transport, including lateral diffusion within a membrane (a 

spontaneous process), vesicular transport and non-vesicular transport mediated by MCSs and 

lipid transfer proteins (Lev, 2010; Loewen et al., 2003; van Meer et al., 2008). As the ER is the 

main organelle for lipid synthesis, it employs its vast network to make ER contacts with various 

other organelle membranes (Cullen, 2011; Lahiri et al., 2014; van Meer et al., 2008). At these ER-

organelle contact sites, lipid transfer proteins facilitate non-vesicular exchange of lipids from the 

ER to target membranes (Giordano et al., 2013a; Toulmay and Prinz, 2011).  

 

1.6.1. Membrane contact sites 

The distance between MCSs can range from 10-30 nm in cytosolic gaps (Lahiri et al., 2015; Lev, 

2010; Mesmin et al., 2013). MCS do not fuse with adjacent membranes but are stabilized by 

tethering proteins that maintain close proximity (Figure 1.6). Thus, non-vesicular lipid transport 

requires machinery that can tether two membranes to bridge the cytosolic gap, extract a lipid 

out of a membrane, protect it from the aqueous cytosolic environment and insert the lipid into 

the target membrane. Many lipid transfer proteins localize to MCSs (Lev, 2010).  MCSs are highly 

dynamic structures that form in response to physiological conditions (Lev, 2010). Two integral 

ER-membrane proteins called vesicle-associated membrane proteins (VAPs), VAPA and VAPB, are 

key proteins involved in tethering of the ER to other membranes (Dong et al., 2016). The N-

terminus of VAPs binds to many lipid transfer proteins containing FFAT (phenylalanines in an acid 

tract) motifs, which are typically enriched at MCSs for example, between the ER and plasma 

membrane (Dong et al., 2016; Lev, 2010).  
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MCSs exist between many different organelles including the ER-Golgi, ER-endosomes, ER-

mitochondria and ER-plasma membrane. MCS have been observed between epidermal growth 

factor (EGF) receptor (EGFR)-containing late endosome/lysosomes and the ER (Eden et al., 2010). 

The ER protein tyrosine phosphatase, PTP1B, interacts with EGFR in multi-vesicular bodies where 

it plays a dual role in tethering the membranes as well as helping sequester the receptor for 

transport to the lysosome and causing dephosphorylation of EGFR (Eden et al., 2010). ER-

endosome MCSs help regulate endosomal traffic (Phillips and Voeltz, 2016). Membrane contacts 

have also been observed between mature late endosome/lysosomes and the ER, which is 

mediated by the cholesterol sensor, oxysterol-binding protein (OSBP)-related protein 1L (ORP1L) 

which binds the late endosome/lysosomal small GTPase Rab7 and ER-localized VAPA (Rocha et 

al., 2009). This interaction is dependent on cholesterol levels (Rocha et al., 2009).  

At ER-plasma membrane MCSs, the ER-resident proteins called extended synaptotagmin 

1, 2 and 3 (E-Syt1, E-Syt2 and E-Syt3) tether the two membranes by binding PI(4,5)P2 (Fernández-

Busnadiego et al., 2015; Schauder et al., 2014). E-Syts contain an N-terminal anchor, which 

embeds in the ER, a synaptotagmin-like mitochondrial-lipid binding protein domain and C2 

domains (Giordano et al., 2013a). The tethering function between the ER and plasma membrane 

is mediated by the C2 domain binding to PI(4,5)P2 at the plasma membrane and by cytosolic Ca2+. 

E-Syt2 and E-Syt3 bind to the plasma membrane at resting Ca2+ levels while E-Syt1 binding is only 

triggered upon an increase in cytosolic Ca2+ (Chang et al., 2013; Giordano et al., 2013a). These 

are just a select few MCSs that exist, which enable transport of lipids between membranes in 

order to maintain unique membrane composition. 
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1.6.2. Membrane contact sites involved in PI transport 

More pertinent to PI and PIPs are MCSs that are responsible for the transport and control of PI 

and PIPs including ER-plasma membrane, ER-Golgi and ER-endosomes contact sites. The ER 

contains an integral membrane protein called Sac1, a 4-phosphatase, which, through MCSs, can 

regulate PI(4)P levels in trans on the plasma membrane and Golgi (Nemoto et al., 2000). The ER 

membrane proteins ORP5 and ORP8 tether the ER to the plasma membrane by binding PI(4)P via 

a PH domain. Simultaneously, ORP5 and ORP8 negatively regulate the levels of PI(4)P at the 

plasma membrane through exchange of phosphatidylserine to the plasma membrane and PI(4)P 

to the ER where Sac1 is localized (Chung et al., 2015) (Figure 1.6). As PI(4)P is transported to the 

ER and converted to PI, a gradient is established which drives phosphatidylserine transport to the 

plasma membrane (Chung et al., 2015).  

MCS between the ER and Golgi are also involved in maintaining a PI(4)P gradient where 

OSBP acts as a sterol/PI(4)P exchanger (Levine and Munro, 1998; Mesmin et al., 2013). After 

cholesterol is transported from the ER to the trans-Golgi, PI(4)P is then transported back to the 

ER for PI(4)P breakdown into PI (Mesmin et al., 2013). The PI(4)P gradient ensures directional 

sterol transport to the Golgi while simultaneously controlling PI(4)P levels. 

These MCSs, where OSPB/ORP family cooperate with Sac1 on the ER, are important in 

negatively regulating PI(4)P levels (Chung et al., 2015; Mesmin et al., 2013; Moser von Filseck et 

al., 2015; Stefan et al., 2011). The pathways discussed above maintain sterol/phosphatidylserine 

transport dependent on the metabolic energy of PI(4)P. The hydrolysis of PI(4)P by Sac1 is 

responsible for maintaining this PI(4)P gradient where higher levels of PI(4)P occur on other 
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membranes, which in turn allows for the transport of sterol/phosphatidylserine from higher 

concentrations on the ER membrane to other membranes.  

MCSs between the ER and endosomes involve sorting nexin 2 binding to VAP on the ER, 

thus sorting nexin 2 is a tether between ER and endosome MCSs. Sorting nexin 2 is a subunit of 

the retromer complex involved in retrograde traffic between the ER and Golgi. Working alongside 

sorting nexin 2 at ER-endosome MCS is OSBP, which mediates the transport of PI(4)P from 

endosomes to the ER for degradation (Dong et al., 2016). Unlike the membranes, which exchange 

PI(4)P for phosphatidylserine or sterol, this pathway of PI(4)P transport does not drive lipid 

transport of another lipid.  

An additional MCS exists between the ER and late endosome. The ER transmembrane 

protein protruding binds to Rab7 and PI(3)P, localized on late endosomes, and is responsible for 

tethering the two membranes together (Raiborg et al., 2015). This interaction promotes plus-end 

directed traffic of late endosomes in neutrite outgrowths (Raiborg et al., 2015). PIPs are 

important in maintaining MCSs between various organelles, which help with the transport of 

sterol/cholesterol or help in ensuring proper cellular function. 

 

1.6.3. Lipid transport proteins 

Lipid transport at MCSs is greatly facilitated by lipid transfer proteins. Based on binding specificity 

and transfer capabilities, lipid transfer proteins can be grouped into three classes: phospholipid-

, sterol- and sphingolipid-transfer proteins. In mammals, three classes of phospholipid transfer 

proteins exist, phosphatidylcholine-transfer protein, PI-transfer protein and the non-specific lipid 

transfer protein (NSLTP, also known as sterol carrier protein 2) (Gadella and Wirtz, 1994; Lev, 
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2010; Wirtz, 2006). OSBP and ORPs are considered sterol-transfer proteins. An example of 

sphingolipid-transfer protein is ceramide-transfer protein, which transport ceramide at ER-Golgi 

MCSs (Kawano et al., 2006). 

Extensive in vitro studies have resolved the crystal structure and mechanism of lipid 

transfer proteins (Lahiri et al., 2015; Lev, 2010). The size of the hydrophobic pocket of lipid 

transfer proteins dictates lipid binding while the lid protects the lipid from the cytosolic aqueous 

environment (Lev, 2010; Wirtz, 2006). Lipid transfer proteins can exist in two different 

confirmations; closed confirmation when a lipid is enclosed in the pocket and open confirmation, 

when bound to a membrane (Lev, 2010). Lipid transfer proteins act to decrease the energy barrier 

between two membranes and facilitate the desorption of the lipid from the membrane (Lalanne 

and Ponsin, 2000).  

Lipid transfer proteins are important in ensuring membranes transport the correct lipids 

in order to maintain membrane identity and function. There have been many studies that shows 

phosphatidylcholine-transfer protein binds exclusively to phosphatidylcholine (Kanno et al., 

2007). One study monitored the transfer of radiolabelled phosphatidylcholine between 

membranes and determined that phosphatidylcholine-transfer protein specifically binds to the 

headgroup of phosphatidylcholine and found that binding is very sensitive to changes in 

headgroup (Kamp et al., 1977). In vitro studies using a fluorescence based approach to study the 

transfer of lipids from a donor to acceptor membrane showed NSLTP to be promiscuous in its 

binding capabilities ranging from diacetyl phospholipids, to cholesterol and glycolipids (Gadella 

and Wirtz, 1994). One function of the cytosolic NSLTP is cholesterol transport to the plasma 

membrane and to the peroxisome for β-oxidation of fatty acids (Wirtz, 2006). PI-transfer proteins 
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exhibit specificity for phosphatidylcholine and PI and transport these lipids based on the 

concentration of lipid present in the membrane (Kasper and Helmkamp, 1981). OSBP and the 

twelve mammalian ORPs have been proposed to be sterol-sensing and/or sterol-transfer proteins 

(Beh and Rine, 2004; Raychaudhuri et al., 2006). OSBP has a dual role of lipid transporter and ER-

Golgi tether (Mesmin et al., 2013).   

 

1.6.4. PI-transport proteins 

More applicable to the transport of PI and PIPs are PI-transfer proteins. Mammals contain two 

different PI-transfer protein classes, class I and class II, which contain an N-terminal PI-transfer 

protein domain. PI-transfer proteins have been shown to be required for important signaling 

events including PLC-mediated hydrolysis of PI(4,5)P2 at the plasma membrane (Y. J. Kim et al., 

2013). PI-transfer proteins are important in controlling the lipid composition of membranes by 

ensuring membranes are enriched with particular PIPs that are required for these signaling 

events.  

Class I is composed of PI-transfer protein α and PI-transfer protein β, which transfer PI 

and phosphatidylcholine between membranes in vitro (Phillips et al., 2006; Van Paridon et al., 

1987). PI-transfer protein α is localized in the cytosol and nucleus, while PI-transfer protein β is 

localized in the cytosol and Golgi (de Vries et al., 1996). PI-transfer protein α is important in the 

nucleus to transport PIPs that bind to nuclear receptors; for example, PI(3,4,5)P3 has been shown 

to stabilize steroidogenic factor-1 (Blind et al., 2014).  

Class II PI-transfer proteins contains N-terminal domain-interacting receptor 2 and 3 (Nir2 

and Nir3), and PI-transfer protein, cytoplasmic 1 (PITPNC1). Nir2 has been shown to be 
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responsible for the replenishment of PI(4,5)P2 at the plasma membrane following receptor 

activation (Chang and Liou, 2015).  Nir2 localizes to the cytosol and Golgi, but translocates to the 

plasma membrane following an increase in PA levels following growth factor stimulation or PLC 

activation (Chang and Liou, 2015; S. Kim et al., 2013; Kim et al., 2015). Nir2 contains a motif 

specific for VAPA and VAPB binding and a PH domain, which binds PI(4)P on the Golgi (Chang et 

al., 2013; Loewen et al., 2003). In resting cells, Nir2 plays a role in DAG levels in the Golgi, which 

is important for protein transport (Litvak et al., 2005). However, receptor stimulation resulting in 

low levels of PI(4,5)P2 causes Nir2 to translocate to the plasma membrane where it assists in 

replenishing PI for PI(4,5)P2 resynthesis (Chang et al., 2013; Chang and Liou, 2015; S. Kim et al., 

2013). In vitro studies have shown that Nir2 is responsible for transporting PI from the ER to 

plasma membrane (Garner et al., 2012) (Figure 1.6). Using fluorescent probes in combination 

with pharmacological inhibitors, it was determined that Nir2 also binds to PA and plays an 

important role at ER-plasma membrane MCSs where it transports PA from the plasma membrane 

to the ER (Kim et al., 2015).  

Additionally, E-Syt1 has been shown to be functionally linked to Nir2 to help mediate ER-

plasma membrane contacts and assists in Nir2 recruitment during low PI(4,5)P2 levels (Chang et 

al., 2013; Saheki et al., 2016). Thus, Nir2 acts as a PI-PA exchanger between the plasma 

membrane and ER. It could be possible that Nir2 plays a role in transporting PIPEROsome-

mediated synthesis of PI to the plasma membrane during the PI cycle.  

Nir3 functions have not been well characterized compared to its homologue, Nir2. Nir3 is 

responsible for maintaining basal levels of PI(4,5)P2 by binding to PA at ER-plasma membrane 

MCSs (Chang and Liou, 2015). Using fluorescently labelled Nir3 and total internal reflection 
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fluorescence microscopy (TIRF-M), it was found that Nir3 is more sensitive to levels of PA than 

Nir2 and upon treatment with PA, Nir2 translocated from the cytosol to the ER-plasma 

membrane contacts. This was also confirmed with liposome sedimentation assays using 

recombinant Nir2 and Nir3 proteins (Chang and Liou, 2015). 

Using purified PITPNC1 and liposomes, a fluorescent dequenching assay found that 

PITPNC1 preferentially binds PA produced from the phospholipase D pathway in addition to 

binding to PI (Garner et al., 2012). Analysis of PI or PA acyl species bound to isolated PITPNC1 

showed that PITPNC1 preferred PI 18:0/20:4 and PA 16:0/16:1 and 16:1/18:1 (Garner et al., 

2012). It has not yet been shown whether PITPNC1 is involved in PA transport from the plasma 

membrane to the ER, but it has been shown that PA produced from the phospholipase D pathway 

may not be used for PI resynthesis (Whatmore et al., 1999).  

In addition to E-Syts playing a role in tethering of the ER-plasma membrane MCSs, studies 

have shown that they may also be involved in lipid transport. Mass spectrometry analysis of E-

Syt2 expressed in mammalian cells showed that E-Syt2 co-purifies with several phospholipids 

including phosphatidylcholine, phosphatidylethanolamine and PI, showing no preference of lipid 

(Schauder et al., 2014). One model suggests that E-Syt2, in addition to tethering the ER-plasma 

membrane, can also function in concert with other lipid transfer proteins to transfer lipids 

between membranes (Schauder et al., 2014). Tethering proteins, MCSs and PI-transfer proteins 

are essential for the proper regulation and transport of PI and PIPs to various cellular membranes. 

Non-vesicular lipid transport is essential in regulating PIP levels on various membranes, which 

ensures organelles contain distinct profile of PIPs responsible for regulating organelle dynamics 

and functions. 
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1.7. PIPs are key regulators of cellular processes 

After PI is synthesized and transported to the proper membranes, inositol kinases and 

phosphatases synthesize appropriate PIPs, which are then able to perform specialized functions. 

Three of the most well-studied PIPs, PI(4,5)P2, PI(3)P and PI(3,4,5)P3 are responsible for regulating 

key events that maintain homeostasis. The proper maintenance of these lipids on organelle 

membranes allows them to regulate cellular processes including endocytosis, endosomal 

maturation and signaling for cell growth. Here, I discuss these aspects of regulation and the 

individual functions of PI(4,5)P2, PI(3)P and PI(3,4,5)P3. 

 

1.7.1. Phosphatidylinositol-4,5-bisphosphate  

PI(4,5)P2 is mainly localized to the plasma membrane where levels are subject to tight regulation 

through a variety of lipid metabolizing enzymes including PI kinases and inositol 4- and 5-

phosphatases. Type I PIP5Ks are largely responsible for PI(4,5)P2 synthesis in mammals 

(Antonescu et al., 2011; Nakatsu et al., 2010; Shulga et al., 2012). A dimerization motif in the N-

terminus of PIP5Ks is required for plasma membrane localization and for PI(4,5)P2 synthesis 

(Lacalle et al., 2015). The kinase activity of type I PIP5Ks were shown to be upregulated in the 

presence of PA (up to ten fold) (Jarquin-Pardo et al., 2007; Jenkins et al., 1994). Thus, enzymes 

responsible for PA production (phospholipase D and DGKs) could ultimately regulate PIP5K 

activity. Additionally, autophosphorylation and phosphorylation by protein kinase A within the 

catalytic domain suppresses PIP5K activity (Kwiatkowska, 2010). One study, using a protein-lipid 

overlay assay and PI(4,5)P2 liposomes found that PIP5K binds to PI(4,5)P2 and acts as an anchor 
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in the plasma membrane (Kwiatkowska, 2010; Szymańska et al., 2008). Another route of PI(4,5)P2 

synthesis, though minor, is from PI(5)P by PI4-kinases (Gericke et al., 2013) (Figure 1.2).  

There are many 5-phosphatases responsible for the turnover of PI(4,5)P2 including 

synaptojanin-1 and OCRL. Synaptojanins contain a phosphatase domain at the C terminus, which 

is responsible for hydrolyzing PI(4,5)P2 to PI(4)P (Erneux et al., 1998). 

In vitro studies have shown that plasma membrane levels of PI(4,5)P2 are continuously 

and dynamically maintained by two pools of PI(4)P localized to the Golgi and plasma membrane, 

with the later contributing more (Dickson et al., 2014; Szentpetery et al., 2010). One model that 

has been proposed suggests that after PI is produced in the ER, it is delivered to the plasma 

membrane and Golgi via transport proteins (D’Souza and Epand, 2015; Dickson et al., 2014). Type 

IIIα PI4-kinases produce PI(4)P at the Golgi and plasma membrane (Dickson et al., 2014; Graham 

and Burd, 2011). Depletion of PI(4)P at the plasma membrane does not have significant effects 

on PI(4,5)P2 cell surface levels (Hammond et al., 2012). Thus, it has been proposed that Golgi 

PI(4)P pools help supplement PI(4)P levels at the plasma membrane in addition to being 

converted into PI(4,5)P2 upon transit from the Golgi to plasma membrane (Dickson et al., 2014).  

PI(4,5)P2 is a substrate for PLC signalling, which was one of the first functions identified 

for PI(4,5)P2 (Berridge and Irvine, 1984). DAG produced from PI(4,5)P2 plays a large role in PI 

resynthesis in the PI cycle, but also can remain at the cell surface where it activates protein kinase 

C, which in turn activates other cytosolic proteins through phosphorylation and effectors 

including plasma membrane ion channels (Mochly-Rosen et al., 2012). IP3 enters the cytosol 

where it activates IP3 receptors on the ER opening Ca2+ channels and allowing Ca2+ to enter the 

cytosol where it can then elicit Ca2+-dependent signals. This includes stimulation of calcineurin, 
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which dephosphorylates the transcription factor, nuclear factor of activated T cells (NFAT), which 

then enters the nucleus to transcribes genes involved in cell proliferation (Feske, 2007). In vitro 

studies in HeLa cells showed PI(4,5)P2 levels declined rapidly after PLC activation, resulting in 

redistribution of the PI(4,5)P2  probe to the cytosol (Dong et al., 2016). Furthermore, prolonged 

receptor activation can lead to a compensatory burst of PI(4,5)P2 resynthesis from PI(4)P, which 

was determined to be sourced from PI(4)P pools at the plasma membrane (Dong et al., 2016). 

Thus, PI(4,5)P2 levels are highly dynamic and possess many mechanisms to control them. 

 

1.7.2. PI(4,5)P2 regulates clathrin mediated endocytosis  

PI(4,5)P2 is required for CME, a process that internalizes receptors and their ligands, transporters 

and other integral membrane proteins (collectively termed cargo) from the plasma membrane. 

CME is a highly controlled process, which is dependent on the recruitment of multiple factors 

including clathrin, cargo-binding adaptors such as adapter protein-2 (AP2) and endocytic 

accessory proteins to the plasma membrane (Antonescu et al., 2011; Garay et al., 2015; Porat-

Shliom et al., 2013). PI(4,5)P2 is a key regulator of this process as it is the main lipid binding 

partner of clathrin and many endocytic accessory proteins, including AP2, sorting nexin 9, epsin, 

CALM/AP180 and dynamin (Antonescu et al., 2011; Jost et al., 1998; Perera et al., 2006).  

To initiate the process of CME, PI(4,5)P2 recruits AP2 which recruits clathrin, which 

assemble into clathrin-coated pits (CCPs), structures that are formed by assembly of clathrin into 

lattices on the inner leaflet of the plasma membrane. These clathrin complexes act as scaffolds 

for the recruitment of cargo receptors and endocytic accessory proteins. Following membrane 

invagination and constriction of the neck of the CCP, the GTPase dynamin2 scissions the neck of 
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the pit forming a clathrin-coated vesicle (CCV) (Loerke et al., 2009). During the various stages of 

CCV formation, multiple 5-phosphatases (examples of endocytic accessory proteins) bind to 

clathrin, AP2 or other endocytic accessory proteins and localize to CCPs including OCRL, 

synaptojanin-1 and synaptojanin-2, all which regulate PI(4,5)2 turnover (Antonescu et al., 2011; 

Perera et al., 2006). The spatial-temporal metabolism of PI(4,5)P2 synthesis and turnover varies 

depending on the lifetime of the CCP (Antonescu et al., 2011; Perera et al., 2006).  

Bulk PI(4,5)P2 levels produced by PIP5K that localize diffusely within the plasma 

membrane regulate CCP assembly. In contrast, the localized turnover of PI(4,5)P2 within CCPs by 

synaptojanin-1  and other 5-phosphatases controls multiple stages of CCV formation (Antonescu 

et al., 2011), including abortive turnover of some CCPs without producing an intracellular vesicle, 

vesicle scission and vesicle uncoating (Loerke et al., 2009). Synaptojanin-1-/- mice showed 

prolonged CCP formation, indicating that the hydrolysis of PI(4,5)P2 by synaptojanin-1 is an 

important trigger for clathrin uncoating and is a key component of CME (Cremona and De Camilli, 

2001; Hayashi et al., 2008). 

One of the most commonly studied models of CME is transferrin (Tfn) receptor (TfR) 

endomembrane traffic  (Maxfield and McGraw, 2004; Navaroli et al., 2012; Sheff et al., 2002). TfR 

is responsible for transporting the essential nutrient iron into the cell. Iron plays a vital role in 

oxygen uptake, electron transfer in the mitochondria, energy metabolism and muscle function. 

Iron is absorbed into circulation from nutrition by duodenal enterocytes and by macrophages, 

which release iron from internalized old red blood cells (Ludwig et al., 2015). Iron can also be 

stored in ferritin protein complexes, which are present in all cells. Iron levels in the blood are 

regulated by Tfn, a glycoprotein that has two high affinity binding sites for ferrous iron (Fe3+).  
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TfR1 is a type II transmembrane glycoprotein that typically exists as a homodimer of 180 

kDa (Daniels et al., 2006). Two disulfide bonds join two TfR monomers, each which contain a large 

C terminal domain responsible for binding to Tfn and a short N terminal domain. The intracellular 

N terminus contains a YTRF-motif that is required for internalization via binding to AP2 in the 

clathrin complex (Antonescu et al., 2014). TfR is regulated at the post-translational level 

dependent on intracellular iron levels through mRNA stability (Daniëls et al., 2014).  

At the pH of the extracellular space, 7.4, iron-containing Tfn preferentially binds to TfR. 

This triggers the internalization of the TfR/Tfn/Fe3+ complex via CME into CCVs. Once the complex 

is in the mildly acidic endosome, pH 5.5-6, Fe3+ dissociates from the TfR/Tfn complex  and is 

transported to the cytosol via the divalent metal transporter 1 (Yu et al., 2007). Tfn remains 

bound to TfR due to its high affinity to the receptor in acidic conditions. Following release of Fe3+, 

the TfR/Tfn complex is recycled back to the plasma membrane. Following fusion of recycling 

endosomes with the plasma membrane and exposure to the neutral pH, Tfn is released due to it 

having 500 fold lower affinity for the receptor (Antonescu et al., 2014). TfR is constitutively 

internalized and recycled, with or without ligand binding. TfR recycles to the plasma membrane 

with a half-time of 10-15 min (van Dam et al., 2002).  

Following internalization, TfR can undergo two distinct recycling pathways that differ in 

kinetics back to the plasma membrane (Figure 1.7). By following the movement of fluorescent 

Tfn through various endosomal pools, it was determined that 80-90% of Tfn recycles through the 

fast recycling pathway, which takes approximately 30 mins and transports Tfn from early 

endosomes to the plasma membrane, while the remaining TfR recycles through the slow 

recycling pathway through early endosomes to recycling endosomes to the plasma membrane 
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and takes 60-90 mins (Sönnichsen et al., 2000; van Dam et al., 2002). TfR traffic through the fast 

recycling pathway is regulated by Rab5 and Rab4 positive compartments, while the slow recycling 

pathway is regulated by Rab4 and Rab11 positive compartments (Kubo et al., 2015; Sönnichsen 

et al., 2000; Ullrich et al., 1996). Rab proteins cycle between active GTP-bound state and inactive 

GDP-bound state acting as an on and off switches. Rab proteins interact with many factors 

including sorting adaptors, tethering factors, kinases and phosphatases and motor proteins, all 

which are involved in the sorting of cargo, transport of vesicles and tethering of transport vesicles 

to target membranes (Ebine et al., 2011; Pasqualato et al., 2004). TfR endomembrane traffic has 

been extensively studied and represents a model that is commonly used to study CME and 

recycling.  

 

1.7.3. Phosphatidylinositol-3-phosphate  

PI(3)P is highly concentrated on endosomal membranes and plays a role in receptor signaling, 

endosomal tethering and fusion, and sorting of cargo. Proteins containing FYVE finger binding 

domains, such as early endosomal antigen 1 (EEA1), exclusively bind PI(3)P while the PX protein 

binding domains bind predominantly, but not exclusively, to PI(3)P (Bago et al., 2014; Gillooly et 

al., 2000; Lawe et al., 2000). PI(3)P is important for homo- and heterotypic fusion of EE via 

effector proteins involved in cargo sorting and transport to lysosomes, trans-Golgi network or 

plasma membrane.  Endosomes containing cargo destined for degradation in the lysosome will 

mature along the pathway and require PI(3)P conversion to PI(3,5)P2 by PIKfyve, a 5-kinase, which 

is required for degradation in the lysosome (Huotari and Helenius, 2011; Liu et al., 2016).  
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There are three classes of PI3Ks. Class I is the most studied, responsible for the production 

of PI(3,4,5)P3.  Type II is the least studied and type III, which contains the single isoform Vps34, is 

responsible for the production of PI(3)P from PI (Bago et al., 2014). Vps34 is unique among the 

other PI3Ks, as it only utilizes PI as a substrate. This is thought to be due to the relatively 

uncharged substrate recognition loop, compared to class I and II, which contain basic residues 

that can accommodate the negative charges of their substrates (Pirola et al., 2001). Though 

Vps34 is not the only source of PI(3)P, the use of an anti-Vps34 function blocking antibodies 

caused a 70% reduction of PI(3)P in endosomal fractions (Shin et al., 2005). Vps34 has been 

shown to play important roles in the Golgi-to-lysosome transport pathway (Brown et al., 1995), 

multi-vesicular body formation (Futter et al., 2001) and autophagy  (Petiot et al., 2000). 

Vps34 has been shown to be the major lipid kinase at the EE and is recruited via the 

GTPase Rab5. There are many mechanisms that regulate Vps34 activity including the kinase 

domain of p150 (Backer, 2008). Additionally, binding of Vps34 to the accessory protein Beclin-1 

is required for autophagy (Backer, 2008). AMPK, a nutrient sensor, which functions to maintain 

energy homeostasis upon nutrient starvation in the cell (Hardie, 2007), has been shown to 

regulate different Vps34 complexes involved in pro- and non-autophagy pathways through 

phosphorylation of Beclin-1 or Vps34, respectively  (J. Kim et al., 2013).  

Another mechanism of PI(3)P production is through the conversion of PI(3,4,5)P3 to 

PI(3,4)P2 by the 5-phosphatase SHIP1 and then conversion to PI(3)P by the 4-phosphatase INPP4B 

(Bago et al., 2014), which has been shown to also be regulated by Rab5 (Shin et al., 2005). 

Myotubularin 1 (MTM1), a 3-phosphatase, is responsible for hydrolyzing PI(3)P to PI (Bago et al., 

2014; Hsu and Mao, 2015). 
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1.7.4. PI(3)P and effector proteins regulate endosomal pools  

The traffic and sorting of cargo through the endosomal pathway depends on the spatial and 

temporal regulation of PI synthesis and degradation and recruitment of effector proteins. As 

mentioned above, the presence of the GTPase Rab5 on early endosomes leads to the recruitment 

of Vps34 (Christoforidis et al., 1999; Jovic et al., 2010), which synthesizes PI(3)P. PI(3)P works 

together with Rab5 to coordinate the assembly of effector proteins involved in endosome 

function and maturation. There are multiple Rab proteins in the cell, but particularly Rab4, Rab5 

and Rab11 are associated with early endosomes and recycling endosomes and Rab7 and Rab9 

are associated with late endosomes (Liu et al., 2016; Mellman, 1996; Sheff et al., 2002) Rab 

proteins are often used to visualize various endosomal compartments in the cell. In vivo studies 

have shown that a loss of Rab5 disrupts the proper assembly of endocytic machinery resulting in 

reduced numbers of early endosomes, recycling endosomes and late endosomes, which 

significantly impacts endomembrane traffic (Zeigerer et al., 2012). Together, Rab5 and PI(3)P are 

important regulators in endosome maturation and fusion.  

Within the context of this model of acquisition of early endosomal markers for vesicles 

derived from the plasma membrane, a large fraction of CCVs become PI(3)P positive endosomes 

containing EEA1, the latter which is involved in endosome tethering and fusion (Christoforidis et 

al., 1999). Recently it was determined that EEA1 undergoes conformational changes that allows 

for tethering and fusion events. As EEA1 tethers onto a vesicle, binding to Rab5 on the vesicle 

causes EEA1 to collapse and become flexible, which generates a force that pulls the vesicle 

toward the target membrane (Murray et al., 2016).  
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Not all endosomes, however, mature into EEA1 positive vesicles immediately following 

internalization. Depending on the cargo a fraction of endosomes will acquire APPL1 prior to 

maturing into EEA1-containing endosomes (Zoncu et al., 2009). Vesicles containing growth factor 

receptors such as EGFR have been shown to acquire APPL1 and acts as platforms for signaling 

complexes (Schenck et al., 2008). Zoncu et al found that in order for these endosomes to mature 

from APPL1 to EEA1 labelled compartments, a molecular PI switch involving PI(3)P synthesis from 

PI is required (Zoncu et al., 2009). Inhibition of PI3K with wortmannin or by using the inducible 

recruitment of the PI3-phosphatase, MTM1, to early endosomes resulted in EEA1 compartments 

disappearing and the appearance of more APPL1 compartments, particularly in the central 

regions of the cell where they were not normally found (Zoncu et al., 2009). Furthermore, they 

found that without this molecular switch there was enhanced growth factor signaling (Zoncu et 

al., 2009).   

The conversion of PI(3)P to PI by MTM1 is another molecular switch, that is, in this case, 

required for proper endosome maturation required for exocytosis. Knockdown of MTM1 in HeLa 

cells reduced levels of TfR exocytosis but had no effect on TfR internalization (Ketel et al., 2016). 

This caused an accumulation of TfR REs underneath the cell surface that failed to fuse with the 

plasma membrane but was rescued by re-expression of MTM1. This suggests a critical role for 

PI(3)P in controlling the maturation of endosomal pools and for signaling and begs the question 

whether other aspects of the endosomal pathway are regulated by PIPs.  

 

1.7.5. Phosphatidylinositol-3,4,5-trisphosphate 
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PI(3,4,5)P3 is involved in  pathways that control many aspects of cell physiology including cell 

proliferation, survival and metabolism. Proteins that contain PH domains can bind to PI(3,4,5)P3 

(Klippel et al., 1997). PI(3,4,5)P3 is localized to the plasma membrane and is mainly produced 

from PI(4,5)P2 by class I PI3Ks (Martini et al., 2014). PTEN reverses this reaction and is often 

mutated or otherwise rendered partly or completely non-functional in many types of cancers 

(Díaz et al., 2012; Downes et al., 2007). In addition to PTEN, PI(3,4,5)P3 is negatively regulated by 

multiple 5-phosphatases, which convert PI(3,4,5)P3 to PI(3,4)P2, including SHIP2, synaptojanin-1 

and OCRL (Nakatsu et al., 2010).  

In resting cells, levels of PI(3,4,5)P3 are nearly undetectable, however upon activation of 

PI3Ks by receptor tyrosine kinases and G protein-coupled receptors, levels of PI(3,4,5)P3 increase 

(Asano et al., 2007; Toker and Cantley, 1997; Zhao and Vogt, 2008). One example of receptor 

tyrosine kinase signaling is insulin binding to the insulin receptor, which activates PI3K and also 

causes the translocation of the glucose transporter, GLUT4 to the plasma membrane (Asano et 

al., 2007). This pathway is necessary for glucose uptake into the cell.  

 

1.7.6. PI(3,4,5)P3 regulates PI3K/Akt signaling pathway  

EGFR, also known as ErbB-1, is a receptor tyrosine kinase that can trigger signaling cascades that 

activate PI3K/Akt, MAPK and STAT pathways (Díaz et al., 2012; Garay et al., 2015) (Figure 1.8). 

The PI3K/Akt pathway controls cell survival, proliferation, migration and metabolism and is 

implicated in a number of different cancers. EGF ligand binding activates the kinase domain of 

EGFR resulting in the autophosphorylation of multiple tyrosine residues on its intracellular 

domain (Díaz et al., 2012; Garay et al., 2015; Wu et al., 2006). This recruits the adapter protein, 
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growth factor receptor-bound protein 2 (Grb2), which binds to the receptor and mediates the 

binding of growth factor receptor protein 1 (Gab1). Phosphorylation of Gab1, once recruited to 

the EGFR complex, creates a docking site for class I PI3K (Díaz et al., 2012). The tyrosine 

phosphatase SHP2 is also recruited to a distinct phospho-tyrosine motif on Gab1, and has been 

shown to dephosphorylate the PI3K-interacting motif on Gab1, resulting in termination of PI3K 

recruitment thereby impacting further signaling (Zhang et al., 2002). However, the regulation of 

PI3K by SHP2 is complex, as SHP2 may also directly recruit PI3K to receptor complexes.  

PI3K contains two subunits, the catalytic subunit, p110 and the regulatory subunit, p85, 

p50 or p55 (Díaz et al., 2012; Downes et al., 2007; Fruman et al., 1998). The conversion of 

PI(4,5)P2 to PI(3,4,5)P3 by PI3K recruits Akt via its PH domain, which binds PI(3,4,5)P3. This causes 

a conformational change in Akt, exposing two phosphorylation sites, Thr308 and S473 (Song et 

al., 2005). Phosphoinositide-dependent kinase-1 (PDK1) binds Akt directly and also binds 

PI(3,4,5)P3 with its PH domain and phosphorylates Thr308 on Akt. Full activation of Akt also 

requires phosphorylation of S473 by mammalian target of rapamycin complex 2 (mTORC2) (Bago 

et al., 2014; Díaz et al., 2012; Downes et al., 2007).  

Akt, or protein kinase B (PKB), is a serine/threonine protein kinase that exists in three 

different isoforms, Akt1, Akt2 and Akt3 in mammals. All three isoforms contain an N-terminal PH 

domain, a central kinase domain and a C-terminal regulatory domain (Song et al., 2005). Studies 

in mice have indicated that Akt1 plays a dominant role in fetal growth, embryonic development 

and fetal survival (Dummler et al., 2006), Akt2 functions in glucose homeostasis (Cho et al., 2001) 

and Akt3 functions in postnatal brain development (Yang et al., 2004).  Using isoform specific 

antibodies, studies on the cellular localization of each isoform discovered that in basal 
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(unstimulated cells); Akt1 primarily localizes to the cytoplasm and plasma membrane, Akt2 

localizes to the mitochondria and Akt3 localizes to the nucleus (Santi and Lee, 2010). Upon 

insulin-stimulated activation of Akt in adipocytes, using TIRF-M and Flag-tagged constructs, both 

Akt1 and Akt2 localized to the plasma membrane, though the levels of Akt2 recruiter were 

significantly greater (Gonzalez and McGraw, 2009) (Gonzalez and McGraw, 2009). However, rat 

adipocytes and skeletal muscle cells stimulated with insulin found Akt2 localizes to APPL1 

endosomes as assessed by co-immunoprecipitation (Saito et al., 2007). Although the various Akt 

isoforms exhibit localization difference, no clear picture of this exists to date. 

Activation of Akt modulates the activity of over 100 different substrates (Manning and 

Toker, 2017). Akt-mediated phosphorylation of its substrates has physiological consequences 

such as survival, proliferation or metabolism. The first Akt substrate identified was glycogen 

synthase kinase-3 (GSK3β) (Cross et al., 1995), which is a serine and threonine kinase that exists 

in two isoforms, GSK3α and GSK3β. In resting cells, GSK3 is active, however upon growth factor 

stimulation GSK3 becomes phosphorylated and inactivated. Akt phosphorylates GSK3α on Ser21 

and GSK3β on Ser9 and regulates many different GSK3 substrates, which play a role in 

metabolism, proliferation or cell survival (Manning and Toker, 2017). For example, inactivation 

of GSK3β via its phosphorylation blocks its binding to c-Myc, a transcription factor, thereby 

stabilizing c-Myc and promoting cell growth and proliferation (Sears et al., 2000).  

Another substrate of Akt is mTORC1, a serine/threonine kinase that activates 

downstream protein kinases that are required for ribosomal biosynthesis and translation of 

mRNA of proteins involved in cell growth (Díaz et al., 2012). Akt activates mTORC1 by 

phosphorylating tuberous sclerosis complex 2 (TSC2), which inhibits its binding to mTORC1 
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(Huang and Manning, 2009). mTORC1 promotes protein synthesis through the direct 

phosphorylation of p70S6 kinase (S6K) and eIF4E binding protein (4EBP). S6K can activate several 

substrates that are involved in mRNA translation initiation and enhances transcription efficiency 

(Saxton and Sabatini, 2017). Dysregulation of the PI3K/Akt signaling pathway results in tumor 

growth by promoting cell proliferation and survival.  

It is well accepted that PI headgroup phosphorylation controls PIP function, localization 

and effector binding in distinct pathways and cellular processes. However, PI contains up to 70% 

of the unique acyl profile consisting of 1-stearoyl-2-arachidonoyl species  (Baker and Thompson, 

1972; D’Souza and Epand, 2015; Hicks et al., 2006). The role this unique acyl chain profile plays 

in regulating PI and PIP function is not well understood. Two acyltransferases have been 

identified to be involved in PI acyl enrichment. LYCAT has been postulated to be involved in the 

incorporation of stearic acid at the sn1 position of PI and LPIAT1 has been shown to be 

responsible for the incorporation of arachidonic acid at the sn2 position of PI. While the majority 

of research has focused on the function of LPIAT1 in PI arachidonoyl acyl enrichment (Anderson 

et al., 2013; Gijón et al., 2008; Lee et al., 2012), only a fraction of research has focused on 

understanding the function of LYCAT. Thus, to better understand PI and PIP regulation, it is 

important to understand the function of LYCAT.  

 

1.8. LYCAT is an acyltransferase that is postulated to control the stearic acid enrichment in PI 

Lysocardiolipin acyltransferase (LYCAT, also known as AGPAT8, ALCAT1 or LCLAT1) was first 

characterized as an acyl-CoA:lysocardiolipin acyltransferase involved in cardiolipin remodelling 

through in vitro enzyme assays (Cao et al., 2004). Since then, LYCAT has also been observed to 
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exhibit acyltransferase activity toward lysoPI and lysophosphatidylglycerol (Agarwal et al., 2006; 

Cao et al., 2009; Zhao et al., 2009). Phosphatidylglycerol is synthesised in the ER and 

mitochondria and is a direct precursor for the synthesis of cardiolipin. Phosphatidylglycerol, 

cardiolipin and PI are synthesized from CDP-DAG, a synthesis pathway that differs from that of 

other phospholipids, which can be synthesized directly from DAG without a CDP-DAG 

intermediate (Vance and Vance, 2008).  

LYCAT contains a substrate binding pocket that binds to anionic lysophospholipids (Zhao 

et al., 2009).  Murine LYCAT is a 376 amino acid protein of 44.4 kDa that is characterized by 

transmembrane domain containing motifs that are conserved among members of the GPAT 

family (Agarwal et al., 2006; Cao et al., 2004). The human primary sequence of LYCAT is 89% 

identical to murine. LYCAT is expressed in multiple tissues but appears highest in brain and liver 

in mice, but is highly expressed in heart and kidney in human tissues (Agarwal et al., 2006; Cao 

et al., 2004; Zhao et al., 2009).  

Imae el al identified genes encoding acyltransferases, acl-8, acl-9 and acl-10 that work to 

incorporate stearic acid into the sn1 position of PI in C. elegans (Imae et al., 2010). Furthermore, 

genetic manipulation of the C. elegans PLA1 gene, ipla-1, reduced stearic acid levels at the sn1 

position of PI, a similar phenotype seen in acl-8, acl-9 and acl-10 triple mutants (Imae et al., 

2010). This study proposed a PI-specific Lands cycle where IPLA1 and ACL-8, -9 and -10 function 

together in fatty acid remodeling at the sn1 position of PI.  

ACL-8, -9 and -10 are members of the AGPAT family exhibiting lysophospholipid 

acyltransferase activity (Imae et al., 2011, 2010).  Mammals contain 16 different AGPAT members 

and the closest homologue to ACL-8, -9 and -10 is LYCAT (Imae et al., 2011). Since the discovery 
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of LYCAT, in vitro and in vivo assays have shown that LYCAT is specific to PI and has no impact on 

the acyl species present in other phospholipids including phosphatidylcholine, 

phosphatidylethanolamine and phosphatidylserine (Cao et al., 2004; Imae et al., 2011). Analysis 

of LYCAT-/- tissues of mice showed major reductions in stearate incorporation into PI as well as 

significant reductions in overall 18:0/20:4 acyl species in PIPs, where PIP2 species showed the 

greatest impact of 50% reduction (Imae et al., 2011). There were significant changes to the acyl 

profile of PI, however, no impact was seen on total PI levels in LYCAT-/- mice. 

The yeast homologue, Psi1p, when knocked out, also caused significant reductions in 

stearic acid in PI and an increase in palmitoleic acid (16:1) content at the sn1 position of PI, but 

showed no changes to the acyl species of cardiolipin (Le Guédard et al., 2009). This group of 

researchers went on to examine the molecular species of PIPs and found major reduction in 

stearic acid in both PIP and PIP2 species, but had no effect on total PI levels (Doignon et al., 2015). 

Furthermore, they examined the impact of the yeast psi1Δ strain on cell polarity by assessing 

actin cytoskeletal organization and intracellular traffic and found the mutant strain had large 

disturbances to cell polarity including changes in localization of PI(4)P and PI(4,5)P2 (Doignon et 

al., 2015). 

Although the synthesis of PI, phosphatidylglycerol and cardiolipin are subject to a 

common synthesis pathway, produced from the intermediate, CDP-DAG, there are 

acyltransferases that selectively control the remodeling of each particular phospholipid. Several 

reports have shown that the acyl profile of PA and CDP-DAG are not enriched in 1-stearoyl-2-

arachidonoyl acyl species (Nakagawa et al., 1989; Shulga et al., 2010), thus implying that PI acyl 

chain enrichment does not occur during the de novo synthesis pathway, but instead during the 
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Lands cycle where acyl chains are remodelled. Therefore, an important question remains; where 

does this acyl remodelling take place in the cell? 

 

1.8.1. LYCAT localization 

Since the discovery of LYCAT there have been multiple conflicting reports on the cellular 

localization. In 2004, researchers identified an ER retention signal on the C-terminus of LYCAT 

(Cao et al., 2004). Two studies that used immunohistological analysis showed FLAG-tagged LYCAT 

was localized to the ER in COS-7 and HEK293 cells (Cao et al., 2004; Zhao et al., 2009), while 

another study showed through subcellular fractionation that LYCAT-FLAG was localized to the 

mitochondria in COS-7 cells (Li et al., 2010). Imae et al however, were able to examine 

endogenous levels of LYCAT in MEFs and found LYCAT to be localized to the ER (Imae et al., 2011). 

Though, examination of the micrographs do show some localization to the ER, it is clear that not 

all LYCAT and perhaps not the majority localizes to the ER. The localization of LYCAT was further 

refined in 2010, when subcellular fractionation revealed that LYCAT-FLAG was localized to the 

contact sites between the ER and mitochondria, called the mitochondrial associated membrane. 

This was further confirmed by analyzing the acyltransferase activities in each fraction (Li et al., 

2010). Despite these findings, the ER is a diverse network that contains many compartments, 

thus a systematic, quantitative analysis of the localization of LYCAT is needed to reveal the 

specific compartments to which it localizes. 

 

1.8.2. LYCAT links oxidative stress and mitochondrial dysfunction to metabolic disease  
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In 2009, is was suggested that LYCAT played a role in regulating mitochondrial activity and 

reactive oxygen species (ROS) through cardiolipin remodeling (Cao et al., 2009; Li et al., 2010). 

Cardiolipin remodeling is important in repairing damage from tissues undergoing high levels of 

mitochondrial activity such as heart and liver, and is sensitive to ROS. Cao et al identified that 

defective cardiolipin remodeling can produce metabolic disease including hyperthyroidism (Cao 

et al., 2009). Further examination of a murine model mimicking hyperthyroidism showed LYCAT 

expression was decreased (Cao et al., 2009).  

Diabetes and obesity are additional metabolic disorders associated with oxidative stress 

and production of ROS in the mitochondria. A murine LYCAT-/- model fed a normal diet showed 

no major disruptions to litter size and were found to be healthy overall (organ histology, plasma 

triglyceride and cholesterol levels) and no disruptions to cardiolipin fatty acid composition were 

identified (Imae et al., 2011). In a different study, which used high fat diet, LYCAT-/- mice had 

significant changes to the fatty acid composition of cardiolipin (Li et al., 2010). The LYCAT-/- mice 

showed improved glucose tolerance and had significantly lower weight gain compared to wild-

type mice (Li et al., 2010). This study, however, did not examine the fatty acid composition of PI 

in LYCAT-/- mice. This phenotype of LYCAT-/- mice were only observed when mice where fed a high 

fat diet. Overexpression of LYCAT in C2C12 cells, a mouse skeletal muscle cell line typically used 

in metabolic research, caused a decrease in total cardiolipin levels, altered cardiolipin acyl chain 

composition, and oxidative stress (Li et al., 2010). Additionally, LYCAT expression increased in 

response to diet-induced obesity and at the onset of type-II diabetes in mice (Li et al., 2010), 

leading to production of ROS, but had no impact on the acyl chain composition of PI and 

phosphatidylglycerol (Li et al., 2010). This study suggested that targeted inactivation of LYCAT 
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prevents the onset of diet-induced obesity and its related metabolic conditions. LYCAT was thus 

implicated as a major regulator of abnormal cardiolipin remodeling in diet induced obesity. 

In addition, overexpression of LYCAT in H9c2 cardiac cells caused oxidative stress and 

mitochondrial dysfunction, whereas knockout of LYCAT prevented the onset of cardiomyopathy 

(Liu et al., 2012). These studies show that LYCAT plays a role in responding to oxidative stress in 

diabetes, obesity and cardiomyopathy, three conditions that lead to ROS production, 

mitochondrial dysfunction and insulin resistance (Li et al., 2010; Liu et al., 2012). Furthermore, 

the overexpression of LYCAT was responsible for mitochondrial fusion defect or mitochondrial 

DNA instability in a mouse myoblast cell line used, C2C12 (Li et al., 2012). 

LYCAT thus appears to have multiple functions in control of metabolism and ROS, linked 

to cardiolipin remodeling. The regulation of metabolism and ROS by LYCAT may only occur during 

systemic stress, such as in diet-induced obesity. While LYCAT controls PI acyl profile in otherwise 

healthy, unstressed animals (Imae et al., 2011), it will be important for future research to examine 

how the role of lipid enzymes and indeed lipid acyl profiles change under different metabolic 

conditions. Here, I focus on resolving the role of LYCAT in controlling PI acyl profile and function 

in unstressed cells and conditions. 

Multiple studies have shown that LYCAT gene disruption alters the acyl chain composition 

of PI and PIPs (Agarwal et al., 2006; Cao et al., 2009; Zhao et al., 2009). Studies on yeast found 

that targeted disruption to Psi1p (LYCAT homologue) showed disruption to stearic acid 

incorporation into PI that impacted cell polarity and intracellular traffic (Doignon et al., 2015). 

Multiple studies have shown that LYCAT plays a significant role in regulating mitochondrial 

dysfunction that can ultimately lead to metabolic disease including hyperthyroidism and diet 
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induced obesity and heart disease. The impact of LYCAT on PI and PIP function and signaling 

capabilities at the molecular level has not yet been investigated or established.  

 

1.9. Project Goals and Rationale 

PIPs play crucial roles in regulating cellular process responsible for controlling nutrient uptake, 

intracellular traffic, cell motility and cell growth and development, all of which are important for 

cell homeostasis.  

The role of LYCAT in controlling PI and PIP acyl chain species and the functional 

consequences of this unique acyl chain composition, remains elusive. Thus, for my Ph.D. thesis, I 

set out to explore the functional role of LYCAT in PI and PIP acyl chain remodeling and the impact 

on cellular processes. The following list encompasses my goals: 

 

1) Characterize the function of LYCAT in the regulation of phospholipid acylation 

2) Determine the significance of LYCAT in regulating endomembrane traffic 

3) Determine the role of LYCAT in regulating hormone receptor signaling 
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Figure 1.1. Maintenance and dynamics of membrane trafficking are fundamental in 

maintaining cellular homeostasis and cell survival. The exchange of membrane is key to the 

dynamic regulation of cell surface proteins. Endomembrane trafficking mediates nutrient 

uptake, product release and sensing of the external environment.  
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Figure 1.2. Synthesis of distinct phosphoinositide species. The parent, phosphatidylinositol is 

composed of a diacylglycerol (DAG) backbone containing two acyl chains in the sn1 and sn2 

positions and an inositol headgroup connected to the glycerol backbone through a 

phosphodiester bond at the sn3 position. The inositol headgroup can be phosphorylated on 

the 3, 4 or 5 positions generating seven molecularly distinct phosphoinositide (PIP) species. 

The generation and interconversion of the PIP species is tightly regulated through the action 

of inositol kinases (green) and phosphatases (blue).  Purple circles represent positions of 

phosphate groups. 
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Figure 1.3. The cellular distribution of phosphoinositides. Phosphoinositides (PIPs) are 

localized to distinct membranes in the cell, where some membranes will have higher 

concentrations of certain species over others.  The appearance of one species on a particular 

membrane can be very dynamic depending on cellular needs and, often times can localize to 

several membranes. The resulting PIP clusters on various membranes can give that 

membrane a unique identify and particular functions.  
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Figure 1.4. Phospholipid synthesis and acyl chain remodelling. The Kennedy pathway is 

responsible for the de novo synthesis of phospholipids, which occurs in the endoplasmic 

reticulum. The pathway begins with glycerol-3-phosphate (G3P), which is converted to 

phosphatidic acid (PA) through the action of acyltransferases, G3P acyltransferase (GPAT) and 

lysoPA acyltransferase (LPAAT). Cytidine-diphosphate synthase enzymes (CDS1/2) convert PA 

to cytidine diphosphate diacylglycerol (CDP-DAG) and phosphatidylinositol (PI) is formed by 

phosphatidylinositol synthase. Following de novo synthesis is the Lands cycle where 

phospholipids undergo acyl chain remodeling through the action of phospholipase A (PLA) 

enzymes and acyltransferases.  Shown is the Lands cycle specific to PI synthesis.  
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Figure 1.5. Phosphatidylinositol cycle in the cell. In addition to the de novo pathway, the 

phosphatidylinositol (PI) cycle also contributes to PI synthesis. Phosphatidic acid (PA) is 

produced from the phosphorylation of diacylglycerol (DAG) by diacylglycerol kinases (DGKs), 

which is formed by the cleavage of PI(4,5)P2 by phospholipase C (PLC). PI(4,5)P2 is 

resynthesized at the plasma membrane from PI via lipid kinases. The PI cycles requires both 

the endoplasmic reticulum (ER) and plasma membrane (PM). 
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Figure 1.6. Regulation of phosphoinositides at PM-ER membrane contact sites. Membrane 

contact sites (MCSs) are the site of lipid transport where tethering proteins and lipid transfer 

proteins work together to deliver lipids to the appropriate membrane. VAP proteins in the 

endoplasmic reticulum (ER) are key tethering proteins that bind to many different lipid 

transfer proteins. Shown is a contact site between the ER and plasma membrane (PM). (i) 

ORP5 and ORP8 tether the ER and plasma membrane by binding VAP and PI(4)P, respectively, 

and are responsible for transporting phosphatidylserine (PS) to the plasma membrane and 

PI(4)P to the ER for conversion into phosphatidylinositol (PI) by the 4-phosphatase, Sac1. (ii) 

Upon phospholipase C activation, Nir2 localizes and tethers contact sites between the ER and 

plasma membrane by binding to VAP and PI(4)P, respectively. Nir2 transports phosphatidic 

acid (PA) to the ER and PI to the plasma membrane. E-Syt1 works alongside Nir2 to mediate 

these ER-plasma membrane contacts. 
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Figure 1.7. Transferrin receptor endomembrane traffic. Iron-bound transferrin (Tfn) binds to 

transferrin receptor (TfR) at the cell surface which is internalized by clathrin-mediated 

endocytosis. In the slightly acidic environment of early endosomes (EE), iron disassociates 

from Tfn and is retained intracellularly. The TfR/Tfn complex is then recycled back to the 

plasma membrane through the fast recycling pathway and the slow recycling pathway, which 

transits the TfR/Tfn complex through recycling endosomes (REs).  
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Figure 1.8. PI3K/Akt signaling pathway. A simplified schematic showing the activation of Akt 

by epidermal growth factor (EGF) binding to epidermal growth factor receptor (EGFR) at the 

plasma membrane. Ligand binding recruits phosphatidylinositol-3 kinase (PI3K) to the cell 

surface, which is responsible for converting PI(4,5)P2 into PI(3,4,5)P3. Akt becomes activated 

by its phosphorylation and can then act on over 100 different substrates resulting in cell 

survival, metabolism, proliferation and migration.  
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2.1. Materials 

Antibodies and fluorescent ligands used were as follows: anti-EEA1 and actin from Cell Signaling; 

anti-TfR from Santa Cruz Biotechnology; Tfn-antibodies (used in Tfn uptake assay) were from 

Bethyl Laboratories and Alexa 647-conjugated Tfn (A647-Tfn) from Life Technologies. 

Fluorophore-conjugated or horseradish peroxidase (HRP) secondary antibodies were from 

Jackson ImmunoResearch (West Grove, PA). 

Antibodies used were as follows: anti-phospho-EGFR (pY1068), anti-EGFR, anti-Akt (pan), 

anti-phospho-Akt1 (S473), anti-phospho-Akt2 (S474), anti-phospho-GSK-3β (S9), anti-GSK-3β, 

anti-phospho-p70 S6 kinase (T389), anti-p70 S6 kinase, phospho-p42/44 MAPK (T202/Y204), 

p42/44 MAPK and phospho-Akt substrate RXXS*/T* were from Cell Signaling Technology; anti-

phospho-Akt (pS473) antibody was from Life Technologies; anti-actin and anti-clathrin heavy 

chain (TD.1) were from Santa Cruz Biotechnology. Fluorophore-conjugated or horseradish 

peroxidase (HRP) secondary antibodies were from Jackson ImmunoResearch (West Grove, PA). 

 

2.2. Cell culture 

Wild-type ARPE-19 (RPE) human retinal pigment epithelial cells (RPE-WT) and a derivative line 

stably expressing clathrin light chain fused to eGFP (RPE eGFP-CLCa) were previously described 

(Aguet et al., 2013; Garay et al., 2015). RPE cells were cultured in DMEM/F12 media and MDA-

MB-231 cells were cultured in DMEM media. Both media were supplemented with 10% fetal 

bovine serum, 100 U/mL penicillin and 100 µg/mL streptomycin at 37°C and 5% CO2. DMEM/F12 

media, DMEM media, fetal bovine serum and penicillin/streptomycin solution were obtained 

from Life Technologies. 

 

2.3. Gene silencing by siRNA 

To silence LYCAT expression in both RPE and MDA-MB-231 cells, I used two independent siRNA 

oligonucleotides LYCAT1 with the sequence 5’-GGAAAUGGAAGGAUGACAAUU and LYCAT2 with 

the sequence 5’-CCUCAAAGCGAGUCUCAAAUU. As controls for silencing, I also transfected cells 

with non-targeting control siRNA oligonucleotides with the sequence 5’-

CGUACUGCUUGCGAUACGGUU. All were obtained from Dharmacon. Oligonucleotides were 



61 
 

transfected using Lipofectamine RNAiMAX (Life Technologies), as per manufacturer’s 

instructions. Briefly, once cells reached 50-60% confluency (0 h), 110 pmol of each siRNA 

oligonucleotide (5.5 µL of 20 µM siRNA stock) was pre-complexed with 6.25 µL transfection 

reagent and 200 µL Opti-MEM medium (Life Technologies) for 15-20 min at room temperature. 

Afterwards, the 200 µL siRNA pre-complex solution was added dropwise to cells in 1.8 mL Opti-

MEM medium and incubated for 4 h, after which cells were washed three times in phosphate 

buffered saline (PBS) (Life Technologies) and replaced in regular growth media. siRNA 

transfections were performed twice (0 h and 24 h) prior to each experiment. Experiments took 

place at 72 h.  

 

2.4. Transfection and plasmids  

A plasmid encoding LYCAT-myc-FLAG (henceforth, LYCAT-FLAG) was from Origene (plasmid 

MR226119). Plasmids expressing VSVG-GFP protein were previously characterized (Fairn et al., 

2011; Lippincott-Schwartz et al., 1997). Plasmids encoding eGFP-PIS and eGFP-P4M were kindly 

provided by T. Balla (National Institutes of Health, Bethesda, MD) (Hammond et al., 2014; Kim et 

al., 2011). A plasmid encoding eGFP-E-Syt2 (Addgene # 66831) was kindly provided by P. de 

Camilli (Yale School of Medicine, CT) (Giordano et al., 2013b). Plasmids encoding eGFP-KDEL, 

eGFP-PH-PLC-δ1, eGFP-2-FYVE, eGFP-P4M and eGFP-PH-Akt were from the Botelho and 

Antonescu labs. 

For plasmid transfection of RPE cells and MDA-MB-231 cells, I used Lipofectamine 2000 

(Life Technologies) as per manufacturer’s instructions. Briefly, for each well of a 6-well plate, 2 

μg of cDNA was pre-complexed with 6 μL of transfection reagent in 100 µL Opti-MEM medium at 

room temperature for 15-20 min. DNA-reagent complexes were added dropwise to each well 

containing 1.8 mL Opti-MEM medium and were subsequently incubated for 4 h, followed by 

washing with PBS three times and incubation of cells in regular growth media for 24 h prior to 

the start of the experiment. If transfection of cDNA was occurring after siRNA, transfection took 

place at 48 h. 

 

2.5. Cell treatment with inhibitors  
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Validation assay for detection of radiolabelled PI(3)P: Cells were treated with LY294002 (Cell 

Signaling) (10 µM) for 30 min. Validation assay for detection of radiolabelled PI(4,5)P2: Cells were 

serum deprived for 1 h in DMEM media, during that 1 h cells were treated with 10 µM ionomycin 

(Sigma-Aldrich) for 20 min supplemented with 15 mM HEPES. Project completed in collaboration 

for Delos Santos et al, 2017. Accepted to Molecular Biology of the Cell).  

Detection of phospho-proteins: Cells were serum deprived for 1 h in DMEM media before 

experimental assays and stimulated with 5ng/ml EGF (human; Life Technologies) for 5 min. 

Detection of pAkt substrates: Cells were serum deprived for 1 h in DMEM media, during 

which some conditions were treated with 5 μM Akti-1/2 (Toronto Research Chemicals) for 1 h.  

Cells were then stimulated with 5 ng/ml EGF (human; Life Technologies) for 5 min. 

PH-Akt probe localization: Cells were serum deprived for 1 h and then stimulated with 5 

ng/ml EGF for 5 min. During the 1 h serum deprivation, cells were treated with LY294002 (10 µM) 

for 30 min. 

Detection of cell surface EGFR levels: Cells were serum deprived for 1 h in DMEM media 

while simultaneously stimulated with EGF (100 ng/ml) for 1 h. 

 

2.6. SDS-PAGE and western blotting 

Whole cell lysates were prepared in Laemmli sample buffer (LSB; 0.5 M Tris, pH 6.8, glycerol, 10% 

SDS, 10% β-mercaptoethanol, and 5% bromophenol blue; all from BioShop) supplemented with 

a protease and phosphatase cocktail (1 mM sodium orthovanadate, 10 nM okadaic acid, and 20 

nM Protease Inhibitor Cocktail [BioShop]). Lysates were then heated at 65°C for 15 min, passed 

through a 27.5-gauge syringe and then centrifuged for 5 min at 101 x g. Proteins were resolved 

by Glycine-Tris SDS–PAGE, a 9% polyacrylamide gel for 1 h at 120V at room temperature, followed 

by transfer onto a PVDF membrane for 2 h at 100V at room temperature or for 12 h at 20 V at 

4ᵒC. The PVDF membranes were washed in 5% milk blocking solution or 3% bovine serum 

albumin (BSA) blocking solution, both made in tris-buffered saline, 0.05% tween 20 (TBST) plus 

0.05% NP-40 alternative  and then washed three times in TBST. Membranes were incubated with 

1:1000 primary antibody (made in TBST) overnight at 4ᵒC, washed four times for 10 min each and 

then incubated with 1:000 secondary antibody (made in TBST) for 1 h at room temperature, as 
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previously described (Garay et al., 2015). Membranes were exposed to Clarity ECL reagent (1:5 

in water) (BioRad) for 20 sec to 1 min and then exposed to a cooled CDC detector (BioRad). 

Images were analysed with ImageJ software. Western blot ECL signals to detect the 

intensity corresponding to total protein was obtained by signal integration in an area 

corresponding to the appropriate lane and band for each condition. This measurement is then 

normalized to the loading control signal. Western blot signals to detect the intensity 

corresponding to phosphorylated proteins (e.g., pAkt) were obtained as previously described 

(Antonescu et al., 2005) by signal integration in an area corresponding to the appropriate lane 

and band for each condition. This measurement is then normalized to the loading control (e.g., 

actin) signal, and subsequently normalized to the total Akt signal, obtained either following blot 

stripping or reblotting. In each experiment, the resulting normalized pAkt / total Akt signal in 

each condition was expressed as a fraction of the normalized pAkt / total Akt measurement in 

the control condition stimulated with EGF for 5 min. 

Antibodies used were as follows: anti-LYCAT (cat. 106759) from Genetex; anti-TfR (cat. 

32272) from Santa Cruz Biotechnology; anti-phospho-EGFR (pY1068, cat. 3777), anti-EGFR (cat. 

03), anti-Akt (pan, cat. 2920), anti-phospho-Akt1 (S473, cat. 9018), anti-phospho-Akt2 (S474, cat. 

8599), anti-phospho-GSK-3β (S9, cat. 9323), anti-GSK-3β (cat. 9832), anti-phospho-p70 S6 kinase 

(T389, cat. 9205), anti-p70 S6 kinase (cat. 2708), anti-phospho-p42/44 MAPK (T202/Y204, cat. 

9101), anti-p42/44 MAPK (cat. 9102) and anti-phospho-Akt substrate RXXS*/T* (cat. 9614) were 

from Cell Signaling Technology; anti-phospho-Akt (pS473, cat. 44621) antibody was from Life 

Technologies; anti-actin (cat. 1616) and anti-clathrin heavy chain (TD.1, cat. 12734) were from 

Santa Cruz Biotechnology.  

All primary and secondary antibodies were used at 1:1000 with the exception of anti-

phospho-GSK-3β which was used at 1:700. IgG horseradish peroxidase (HRP)-linked secondary 

antibodies were from Jackson ImmunoResearch (West Grove, PA). 

 

2.7. [3H]myo-inositol labelling of PIPs 

RPE cells were incubated for 24 h in inositol-free DMEM (MP Biomedicals) supplemented with 10 

µCi/ml myo-[2-3 H(N)] inositol (PerkinElmer Life Sciences), 10% fetal bovine serum (Gibco), 4 mM 
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L-glutamine (Sigma-Aldrich), 1x insulin-transferrin-selenium-ethanolamine (Gibco), 20 mM 

HEPES (Gibco), and 1x penicillin/streptomycin. Cells were treated with 600 μL of 4.5% perchloric 

acid (v/v) on ice for 15 min, scraped, and pelleted at 12,000g for 10 min. Pellets were washed 

with 1 mL ice cold 0.1 M EDTA and resuspended in 50 μL of water. Phospholipids were deacylated 

with 500 μL of a solution of methanol/40% methylamine/1-butanol (45.7% methanol:10.7% 

methylamine:11.4% 1-butanol (v/v)) for 50 min at 53°C. Samples were vacuum-dried and washed 

twice with water. The dried samples were then resuspended in water, extracted with a solution 

of 1-butanol/ethyl ether/ethyl formate (20:4:1), vortexed for 5 min, and centrifuged at 12,000 × 

g for 2 min. The bottom aqueous layer was collected and extracted twice more. The aqueous 

layer was vacuum-dried and resuspended in 50 μL of water. Detailed protocol can be found (Ho 

et al., 2016).  

 

2.8. Detection of radiolabelled PIPs 

Equal counts of 3H were separated by HPLC (Agilent Technologies) through an anion exchange 

4.6 x 250 mm column (Phenomenex) with a flow rate of 1 mL/min and subjected to a gradient of 

water (buffer A) and 1 M (NH4)2HPO4, pH 3.8 (adjusted with phosphoric acid) (buffer B) as follows: 

0% B for 5 min, 0 to 2% B for 15 min, 2% B for 80 min, 2 to 10% B for 20 min, 10% B for 30 min, 

10 to 80% B for 10 min, 80% B for 5 min, and 80 to 0% B for 5 min. The radiolabeled eluant was 

detected by β-RAM 4 (LabLogic) with a 1:2.5 ratio of eluate to scintillant (LabLogic) and analyzed 

using Laura 4 software. Each of the phosphoinositides was normalized against the parent 

phosphatidylinositol peak.  

 

2.9. Acyl chain lipid detection 

After siRNA transfection, cells were placed on ice and washed with ice cold PBS three times. Cells 

were scraped, flash frozen in liquid N2 and then stored at -80ᵒC until delivery to our collaborators 

in Japan where samples were transported on dry ice.   

 

2.9.1. Phospholipid acyl chain detection (LC-ESI-MS/MS) 
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Completed by the Arai lab in Tokyo, Japan as outlined below. Lipids were extracted by the method 

of Bligh and Dyer (Bligh and Dyer, 1959). Phospholipids in lipid extracts were quantitated by using 

the inorganic phosphorus assay. Internal standards (13:0/15:0 phosphatidylcholine, 

phosphatidylethanolamine, PI, and phosphatidylserine) were added to the samples prior to LC-

ESI-MS/MS analysis. The LC-ESI-MS/MS analysis was performed on a Shimadzu Nexera ultra high 

performance liquid chromatography system (Shimadzu, Kyoto, Japan) coupled with a QTRAP 

4500 hybrid triple quadrupole linear ion trap mass spectrometer (AB SCIEX, Framingham, MA, 

USA). Chromatographic separation was performed on an Acquity UPLC HSS T3 column (100 mm 

× 2.1 mm, 1.8 µm; Waters) maintained at 40ᵒC using mobile phase A (water/methanol (50/50, 

v/v) containing 10 mM ammonium acetate and 0.2% acetic acid) and mobile phase B 

(isopropanol/acetone (50/50, v/v)) in a gradient program (0–3 min: 30% B→50% B; 3–24 min: 

50% B→90% B; 24–28 min: 30% B) with a flow rate of 0.3 mL/min. Neutral loss scans of 74 and 

87 Da in the negative ion mode were used to detect phosphatidylcholine and phosphatidylserine, 

respectively. Neutral loss scan of 141 Da in the positive ion mode was used to detect 

phosphatidylethanolamine. Precursor ion scan of m/z 241 in the negative ion mode was used to 

detect PI. The instrument parameters for negative ion mode were as follows: curtain gas, 10 psi; 

collision gas, 7 arb. unit; ionspray voltage, -4500 V; temperature, 700ºC; ion source gas 1, 30 psi; 

ion source gas 2, 70 psi; declustering potential, -96 V; entrance potential, -10 V; collision energy, 

-36 V; collision cell exit potential, -15.4 V. The instrument parameters for positive ion mode were 

as follows: curtain gas, 10 psi; collision gas, 7 arb. unit; ionspray voltage, 4500 V; temperature, 

700ºC; ion source gas 1, 30 psi; ion source gas 2, 50 psi; declustering potential, 116 V; entrance 

potential, 10 V; collision energy, 31 V; collision cell exit potential, 12 V. Quantification was 

performed by integration of the peak area of the extracted ion chromatograms for each 

phospholipid species. 

 

2.9.2. Phosphatidylinositol acyl chain measurement (LC-ESI-MS/MS) 

Cells (∼106 cells) were washed with cold PBS, scraped in 1 M HCl, and centrifuged at 15,000 × g 

for 5 min. The pellets were resuspended in 170 μl of water and 750 μl of CHCl3/MeOH/1 M HCl 

(2:1:0.1 [vol/vol]) and incubated for 5 min at room temperature. To each sample, 725 μl of CHCl3 
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and 170 μl of 2 M HCl were added, followed by vortexing. After centrifugation at 1500 × g for 5 

min, the lower phase was collected and washed with 780 μl of pre-derivatization wash solution 

(the upper phase of CHCl3/MeOH/0.01 M HCl (2:1:0.75 [vol/vol]). The lipid extracts were 

derivatized by adding 50 μl of 2 M TMS-diazomethane in hexane. The derivatization was carried 

out at room temperature for 10 min and stopped by adding 6 μl of glacial acetic acid. The 

derivatized samples were washed twice with 700 μl of post-derivatization wash solution (the 

upper phase of CHCl3/MeOH/water (2:1:0.75 [vol/vol]). After addition of 100 μl of MeOH/H2O 

(9:1 [vol/vol]), the samples were dried under a stream of N2, dissolved in 80 μl of MeOH, and 

sonicated briefly. After addition of 20 μl of water, the samples were subjected to LC-ESI-MS/MS 

analysis. The LC-ESI-MS/MS analysis was performed on a Shimadzu Nexera ultrahigh-

performance liquid chromatography system coupled with a QTRAP 4500 hybrid triple quadrupole 

linear ion trap mass spectrometer. Chromatographic separation was performed on an Acquity 

UPLC C4 BEH column (100 mm × 2.1 mm, 1.8 μm; Waters) maintained at 40°C using mobile phase 

A (water containing 0.1% formate) and mobile phase B (acetonitrile containing 0.1% formate) in 

a gradient program (0–5 min: 45% B; 5–10 min: 45% B → 100% B; 10–15 min: 100% B; 15–16 min: 

100% B → 45% B; 16–20 min: 45% B) with a flow rate of 0.1 ml/min. The instrument parameters 

for positive-ion mode were as follows: curtain gas, 10 psi; collision gas, 7 arbitrary units; ionspray 

voltage, 4500 V; temperature, 600°C; ion source gas 1, 30 psi; ion source gas 2, 50 psi; 

declustering potential, 121 V; entrance potential, 10 V; collision energy, 39 V; and collision cell 

exit potential, 10 V. Phosphoinositides were identified and quantified by multiple reaction 

monitoring (MRM) (Bone et al., 2017). 

For these measurements, an internal standard of 10 ng of 32:0 PIP2 was added to each 

sample. However, normalization of lipid counts to this internal standard was impractical due to 

the increase in 32:0 and 34:0 PIP2 in lipid samples from LYCAT-silenced cells. That the raw counts 

of PI and PIP between control and LYCAT-silenced cells are very similar indicates that the 

differences in abundance of specific acyl species of PIP2 between these silencing conditions is not 

due to differences in whole-sample preparation and instead reflects changes in the levels of PIP2 

acyl species relative to the cellular levels of PI and PIP. Indeed, normalization of each PIP2 acyl 
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species to the amount of 38:4 PI in each control or LYCAT-silenced sample illustrates the al-

terations of PIP2 acyl species levels relative to PI upon LYCAT silencing. 

 

2.10. Immunofluorescence staining and fluorescent probes 

 

2.10.1. Permeabilized cells 

Immunofluorescence staining for detecting proteins in permeabilized cells was performed as 

previously described (Antonescu et al., 2008a). Samples were fixed in 4% paraformaldehyde for 

15 min, permeabilized in 0.1% Triton X-100 for 10 min, blocked in 3% milk solution (BioShop) and 

then probed with primary anti-FLAG antibodies (1:400), anti-TfR antibodies (1:400) or anti-EGFR 

(mAb 108) antibodies (1:400) for 1 h at room temperature. After washing, appropriate 

fluorophore-conjugated secondary antibodies (1:200, Jackson ImmunoResearch) were used for 

1 h at room temperature, stained with 1 µg/mL Dapi for 5 min and then mounted in fluorescence 

mounting medium (Dako) or retained within aqueous medium for imaging by TIRF-M.  

 

2.10.2. Cell surface TfR or EGFR  

Cell surface proteins were detected as previously described (Antonescu et al., 2008a). Samples 

were immediately placed on ice and washed three times in ice-cold PBS2+ (PBS supplemented 

with 1 mM CaCl2 and 1 mM MgCl2) and blocked in 3% milk solution (on ice; BioShop). Cells were 

then incubated with 1:400 anti-TfR antibodies (also on ice; Santa Cruz Biotechnology) or 1:400 

anti-EGFR antibodies (also on ice; mAb108, collected in-house from a hybridoma cell line from 

the America Type Culture Collection). After washing to remove unbound antibodies, cells were 

fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100, stained with appropriate 

secondary antibodies (1:200) for 1 h at room temperature, stained with 1 µg/mL Dapi (Life 

Technologies) and then mounted in fluorescence mounting medium (Dako). For EGFR cell surface 

levels, prior to placing cells on ice, cells were serum deprived for 1 h in DMEM while 

simultaneously stimulated with EGF (100 ng/ml) for 1 h. 

 

2.10.3. Tfn colocalization with EEA1 or TfR 
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Colocalization of two proteins was determined as previously described (Bradley et al., 2015). RPE 

cells were incubated with 20 μg/ml of A647-Tfn for indicated times at 37°C and then immediately 

placed on ice and washed three times in ice-cold PBS2+ to remove unbound ligand, fixed in 4% 

paraformaldehyde, permeabilized in 0.1% Triton X-100, stained with either 

anti-EEA1 (Cell Signaling Technology) or anti-TfR (Santa Cruz Biotechnology) and appropriate 

secondary antibodies, and then mounted in fluorescence mounting medium (Dako).  

 

2.10.4. VSVG Biosynthetic membrane traffic assay 

VSVG traffic assay was performed as previously described (Fairn et al., 2011). RPE cells were 

transfected with VSVG-GFP and incubated overnight at 40°C. To allow VSVG-GFP to exit the ER 

and accumulate in the Golgi, the cells were switched to HEPES-buffered DMEM/F12 and 

incubated at 20°C for 2 h. To visualize secretory vesicles in transit to the plasma membrane, after 

the 20°C block, the cells were transferred to medium pre-warmed to 37°C and incubated for 0, 

15, 30, 60 or 90 min. After incubation at 37°C for the indicated time points, cells were washed 

and fixed with 4% paraformaldehyde for 15 min, and washed with PBS. Results were subjected 

to two-way ANOVA followed by Bonferonni’s multiple comparison posttest. 

 

2.10.5. Tfn internalization assay 

Tfn internalization assay was performed as previously described (Antonescu et al., 2010). Cells 

were then incubated with 10 μg/ml biotinylated transferrin (Invitrogen) for the indicated times 

at 37°C, after which they were immediately placed on ice and washed 3 times in ice-cold PBS
2+

 

to remove excess (unbound) ligand and arrest membrane traffic. Uninternalized (surface-

exposed) biotin-Tfn was quenched by sequential incubation with free avidin (3.1 μg/ml) and 

biocytin (5 μg/ml). Cells were then solubilized in blocking buffer (0.05% Triton X-100 and 0.05% 

SDS in Superblock solution; ThermoFisher), and cell lysates were plated onto ELISA plates coated 

with anti-Tfn antibodies and assayed for detectable (internalized) biotin-Tfn using HRP-

conjugated streptavidin. Measurements of internalized Tfn were normalized to the total levels of 

surface ligand binding measured at 4°C, measured in parallel for each condition. The results were 

subjected to two-way ANOVA followed by Bonferonni’s multiple comparison post-test. 
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Biotin-xx-Tfn was obtained from Life Technologies. Avidin and o-Phenylenediamine 

hydrochloride reagent were obtained from Biobasic and biocytin was obtained from Santa Cruz 

Biotechnology. Superblock blocking buffer was obtained from Thermo Fisher. 

 

2.10.6. TfR recycling assay 

TfR recycling was measured as previously described for the measurement of recycling of glucose 

transporters; these assays allow orthogonal measurement of internalization and recycling 

kinetics (Antonescu et al., 2008b; Ishikura et al., 2010). TfR recycling was performed by incubating 

cells with 1:400 anti-TfR antibodies (Santa Cruz Biotechnology) in serum free DMEM, which 

recognize an exofacial epitope on the receptor. Antibodies were added to cells for 0, 1, 2, or 3 h 

at 37°C. This process results in labeling of TfR molecules upon their exposure to the extracellular 

milieu, as occurs during recycling to the cell surface. Subsequently cells were washed three times 

in ice-cold PBS2+ to remove unbound TfR antibodies, fixed in 4% paraformaldehyde, 

permeabilized in 0.1% Triton X-100, and then probed with 1:200 secondary antibodies to detect 

all anti-TfR antibodies bound during this assay (whether internalized or not). Samples were then 

mounted in fluorescence mounting medium (Dako). The amount of antibody bound during a 

given time interval, corresponding to TfR recycling, was normalized to total cell TfR, measured in 

parallel. All TfR staining intensity measurements were performed with ImageJ. These 

measurements were subjected to two-way ANOVA followed by Bonferonni’s multiple 

comparison posttest. 

 

2.11. Fluorescence microscopy 

 

2.11.1. Wide-field epifluorescence microscopy 

Wide-field epifluorescence microscopy experiments were obtained using a 63× (numerical 

aperture [NA] 1.2) oil objective on a Zeiss Axiovert 200 M epifluorescence microscope using an 

ORCA-Flash 4.0 camera (Hamamatsu). 

 

2.11.2. Laser scanning confocal microscopy  
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VSVG biosynthetic assay used a laser scanning confocal microscopy experiments and were 

obtained using a Zeiss LSM700 with a 63× (NA 1.4) oil objective. Excitation light was provided by 

488-nm laser illumination. 

 

2.11.3. Spinning disc confocal microscopy 

Spinning disc confocal microscopy experiments were obtained using a Leica DMIRE2 equipped 

with a Yokogawa CSU X1 scan head and a 60× (NA 1.35) oil objective using a Hamamatsu C9100-

13 electron-multiplying charge-coupled device (EM-CCD) camera. Excitation light was provided 

by 491-nm (50 mV) and 561-nm (50 mW) laser illumination, and emitted light was collected after 

passage through 515/40 and 594/40-nm emission filters, as appropriate. 

 

2.11.4. Total internal reflection fluorescence microscopy  

TIRF-M experiments were processed as described in Immunofluorescence staining. TIRF-M was 

performed using a 150× (NA 1.45) objective on an Olympus IX81 instrument equipped with 

CellTIRF modules (Olympus Canada) using 491-nm (50 mW) and 561-nm (50 mW) laser illumina-

tion and 520/35-nm and 624/40-nm emission filters. Images were acquired using a C9100-13 EM-

CCD camera. 

For TIRF-M, live-cell imaging was performed on cells incubated in DMEM/F12 lacking 

phenol red supplemented with 5% fetal bovine serum and oxyrase (1/100; Oxyrase). Cells were 

placed at 37°C with 5% CO2. Time-lapse image sequences were acquired at 1 s frame rate. TIRF-

M was performed using a 150× (NA 1.45) objective on an Olympus IX81 instrument equipped 

with CellTIRF modules (Olympus Canada) using 491-nm (50 mW) laser illumination and 520/35-

nm emission filter. Images were acquired using a C9100-13 EM-CCD camera. 

Three channel TIRF-M experiments were processed as described in Immunofluorescence 

staining. TIRF-M was performed using a 100x (NA1.46) objective on an Axio Observer Z1 

instrument equipped with Zeiss Zen 2012 software using 488-nm (200 mW), 561-nm (200 mW) 

and 640-nm (150 mW) laser illumination.  

TIRF microscopy experiments of eGFP-PH-Akt localization were performed on a Quorum 

Diskovery TIRF-M, comprised of a Leica DMi8 microscope equipped with a 63x (NA 1.49) TIRF 
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objective with a 1.8x camera relay (total 108x magnification).  Imaging was done using 488 nm 

and 561 nm laser illumination using 527/30 and 630/75 emission filters. Images were acquired 

using a Zyla 4.2Plus sCMOS camera (Hamamatsu Corporation). 

 

2.12. Fluorescence microscopy image analysis 

 

2.12.1. Localization correlation score  

Analysis of LYCAT localization was performed by CN Antonescu. Dual-channel fluorescence 

micrographs were subjected to automated and unbiased detection of LYCAT structures and 

subsequent analysis using custom software in Matlab. Determination of the LCS was done by 

quantifying the correlation of fluorescence intensities of LYCAT and a second compartment 

marker signal (eGFP-KDEL, eGFP-PIS, or eGFP-E-Syt2) within LYCAT structures. In dual-channel 

images, LYCAT objects were detected by a Gaussian model–based approach (Aguet et al., 2013; 

Garay et al., 2015), using only the LYCAT fluorescence channel for initial object detection. Within 

LYCAT objects, the fluorescence intensity corresponding to the amount of LYCAT or other protein 

within each object was determined by the amplitude of the Gaussian model in each structure in 

each channel. 

Given the variability of LYCAT and compartment marker expression levels in each cell and 

image, fluorescence intensity values (f) were rescaled by converting raw fluorescence values to 

a fluorescence standard score (z) as follows: z = (f − μ)/σ, where μ and σ are the mean and SD of 

fluorescence values of that channel in that particular image, respectively. For each object, the 

LCS between two channels, z1 and z2, was determined as LCS = 1 − | z1 − z2 |. 

To validate this method, we examined the LCS measurements in sample images, see Bone 

et al, 2017 for images (Bone et al., 2017). We performed LCS analysis on a pair of identical images 

(“model overlap”) and the same pair of identical images in which one of the images had 

undergone spatial randomization (180° rotation; “scrambled channel position”). Before LCS 

analysis, the correlation of raw pixel intensities of each channel in each detected LYCAT object 

shows the expected result: virtually total complete correlation between “model overlap” 

intensities and no correlation between the “scrambled channel position” intensities. Note that 
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the correlation in the “model overlap” images is not perfect despite the images in each channel 

being identical, as the detection of LYCAT structures by Gaussian model was done assuming two 

distinct wavelengths for each channel (as per analysis of experimental images), which was not 

the case in the sample data. Nonetheless, despite the slight offset of the Gaussian model in the 

secondary channel in the model images, this validation demonstrates the usefulness of this 

analysis. 

A histogram of the calculated LCS values in these image sets shows that the “model 

overlap” images have LCS values in the 0.85–1.0 range (close correlation), whereas, as expected, 

the “scrambled channel position” images have LYCAT puncta with LCS values that span the entire 

possible range (0–1.0). LCS values were calculated for many “model overlap” and “scrambled 

channel position” images, showing strong median correlation scores for “model overlap” images 

(∼0.9) and poor correlation (∼0.2) for “scrambled channel position” images. 

A sample analysis of LYCAT and eGFP-PIS images shows a strong correlation of raw fluo-

rescence intensities of LYCAT and eGFP-PIS within detected LYCAT objects, as well as an LCS 

distribution heavily skewed toward high LCS values. 

 

2.12.2. Quantification of cell surface TfR and EGFR, internal TfR distribution and total 

fluorescence.  

Cell surface TfR or EGFR was quantified by measurement of the mean fluorescence intensity over 

the area of the whole cell. The relative concentration of TfR staining within the perinuclear region 

was measured by kurtosis of a Gaussian model of the TfR staining intensity over the area of the 

whole cell. Total TfR, clathrin and EGFR levels were quantified by measurement of the mean 

fluorescence over the area of the whole cell. Analyses were performed with ImageJ (National 

Institutes of Health), and data were normalized to control. Measurements were subjected to t 

test.  

 

2.12.3. Automated detection, tracking, and analysis of CCPs.  

Timelapse image series obtained by TIRF-M of cells expressing eGFP-CLCa were subjected to 

automated detection, tracking, and analysis using custom software in Matlab (MathWorks) 
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(Aguet et al., 2013). Briefly, CCPs were detected using a Gaussian-model based approach to 

approximate the point spread function, followed by tracking of CCPs through each image series 

(Jaqaman et al., 2008). Because CCPs are diffraction-limited objects, the amplitude of the 

Gaussian model of the fluorescence intensity of eGFP-CLCa informs about CCP size. Given the 

heterogeneity of CCP lifetimes, for eGFP-CLCa fluorescence intensity measurements of CCP size, 

objects were separated into lifetime cohorts. 

 

2.12.4. Quantification of colocalization of Tfn with EEA1 or TfR. 

Colocalization of A647-Tfn with either EEA1 or TfR was performed in ImageJ using Pearson’s r, 

measured using the Just Another Colocalization Plugin (JACoP) (Bolte and Cordelières, 2006). The 

results were subjected to two-way analysis of variance (ANOVA) followed by Bonferonni’s 

multiple comparison posttest. 

 

2.12.5. Quantification of PI(3,4,5)P3 localization. 

To obtain the relative cell surface localization index for the PH-Akt probe, the ratio of 

TIRF/epifluorescence fluorescence was determined for each cell. Measurements were subjected 

to t test. 

 

2.13. Statistical analysis 

Experiments comparing siControl and siLYCAT were analyzed for statistical significance using an 

independent t test. For experiments with two or more independent variables (such as silencing 

conditions, EGF stimulation, pulse of Tfn or time of uptake) were analyzed by two way ANOVA 

with post hoc Bonferroni pairwise comparisons. Significant pairwise comparisons were marked 

on the graphs. Data are displayed as mean ± the standard error of the mean (SEM).  
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Chapter 3 

Results: Characterizing the function of LYCAT in the regulation of phospholipid acylation   
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3.1. Rationale 

LYCAT has been postulated to regulates the levels of stearic acid on the sn1 position of PI in 

murine tissues as well as in some cells lines (Agarwal et al., 2006; Cao et al., 2009; Imae et al., 

2011; Zhao et al., 2009). In these reports, the effects of altered LYCAT expression on acyl chain 

profile of cardiolipin, phosphatidylglycerol and/or PI was assessed. Additionally, LYCAT 

localization and effects on mitochondrial function were also evaluated. Though there were 

conflicting reports, it was suggested LYCAT is localized, at least in part, to the ER and 

mitochondria (Imae et al., 2011; Li et al., 2010), although the latter was observed in cells from 

metabolically stressed animals. These studies also found that altered LYCAT expression caused a 

selective decrease in stearic acid enrichment in certain phospholipids examined (Cao et al., 2004; 

Imae et al., 2011). More specifically, altered LYCAT expression caused significant reductions in PI 

containing stearic acid and in some cases, where examined, reductions in 1-stearoyl-2-

arachidonoyl acyl species in PIP and PIP2 species were also observed (Imae et al., 2011).   

I was particularly interested in assessing the impact of specific acyl chain composition on 

PI and PIP function. Up to 70% of PI contains 1-stearoyl-2-arachidonoyl acyl species (18:0/20:4) 

(Baker and Thompson, 1972; D’Souza and Epand, 2015; Hicks et al., 2006). This particular 

enrichment of PI can occur during de novo synthesis, the PI cycle or the Lands cycle. PI is 

synthesized via two mechanisms in the cell. The first is through the de novo pathway in the ER 

where PI is produced from the sequential reactions from G3P to form CDP-DAG, which is also 

used in the production of phosphatidylglycerol and cardiolipin. One of the key enzymes of this 

pathway is PIS, which is responsible for incorporating inositol and CDP-DAG to form PI. PIS has 

been shown to localize to the ER and to ER-derived motile vesicles called PIPEROsomes (Kim et 

al., 2011). Following de novo synthesis, PI can undergo fatty acid remodeling in the Lands cycle 

by the action of phospholipases and acyltransferases. PI is also produced through the PI cycle 

following PI(4,5)P2 breakdown at the plasma membrane, which can also be coupled to a Lands 

cycle for acyl profile remodeling. 

There are a handful of enzymes involved in the synthesis of PI and PIPs that exhibit 

substrate acyl chain preference including DGKε (Bunting et al., 1996; Lung et al., 2009; Shulga et 

al., 2011c; Topham and Epand, 2009; Walsh et al., 1994), CDS2 (D’Souza et al., 2014), PIP5K  



76 
 

(Shulga et al., 2012, 2011b), OCRL and synaptojanin-1 (Schmid et al., 2004) and LPIAT1 (Gijón et 

al., 2008). Therefore there are many different ways a cell can enrich PI with 1-stearoyl-2-

arachidonoyl acyl species. Since many of the enzymes are localized in part to the ER or to ER-

derived vesicles, it is possible that lipid acyl chain remodelling may involve MCSs to mediate 

access to lipid substrates in target membranes. 

It is well established that proper PIP function is required for regulation of traffic, signaling 

and cell growth pathways and that dysregulation can lead to disease and cancer. The function of 

LYCAT and acyl chain enrichment in PI and PIPs has not been elucidated in RPE cells, which is a 

necessary precursor to study of the role of LYCAT-dependent acyl profile enrichment of PI and 

PIPs in membrane traffic and signaling. Thus, in order to determine the role and significance of 

LYCAT on PI and PIP function, I set out to first characterize the function of LYCAT in the regulation 

of phospholipid acylation using biochemical, microscopic and functional assays.  

 

3.2. Results 

3.2.1. Perturbation of LYCAT using silencing RNA 

To characterize the function of LYCAT in RPE cells, I used silencing RNA (siRNA) to knockdown 

LYCAT mRNA and thus, protein levels. To ensure there were no off target effects, I designed two 

different oligonucleotides that targeted different sequences of LYCAT mRNA. When examined by 

western blot, LYCAT had a molecular mass of 44kDa  (Figure 3.1A), a value consistent with 

previous reports (Agarwal et al., 2006; Imae et al., 2011; Li et al., 2012). I detected a strong 

knockdown of 76% and 86% for oligo1 and oligo2, respectively (Figure 3.1B).  

 

3.2.2. LYCAT controls the acyl chain profile of select PIPs 

To confirm the function of LYCAT in phospholipid acyl enrichment, I assessed the acyl chain profile 

of various phospholipids in control and LYCAT-silenced cells. The fatty acid composition of 

phospholipids was detected using mass spectrometry coupled with liquid chromatography 

electrospray ionization (LC-ESI). LC-ESI-MS/MS has been proven to be one of the most powerful 

methods in detecting the molecular species of phospholipids  (Yamashita et al., 2014). The acyl 

chain composition of each lipid is presented as a combination of the sn1 and sn2 acyl groups (e.g., 
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the 1-stearoyl-2-arachidonyl species corresponds to 38:4). Comparing the acyl profile in control 

RPE cells, PI shows a unique and striking enrichment for the 38:4 acyl composition that is not 

seen in other phospholipids (Figure 3.2A) and is consistent with other reports (D’Souza and 

Epand, 2014; Hicks et al., 2006; Holub and Kuksis, 1978; Imae et al., 2011). Just under 48% of PI 

contains 38:4 acyl species while the other phospholipids examined including 

phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine did not show such a 

unique acyl chain enrichment compared to PI. This establishes that RPE cells are a good model to 

study the 38:4 acyl profile enrichment of PI and PIPs. 

Furthermore, I examined the effect of LYCAT silencing on the acyl chain profile of PI, 

phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine. I found no major 

disruptions to the acyl chain composition in phosphatidylcholine, phosphatidylethanolamine and 

phosphatidylserine in LYCAT-silenced cells (Figure 3.2B-D). Surprisingly, I also found that LYCAT 

silencing did not affect the acyl chain profile of total PI (Figure 3.2E).  

Since there was no disruption to the acyl profile of PI in LYCAT-silenced cells, I 

hypothesized that LYCAT may be preferentially affecting the acyl chain profiles of specific PIP 

species. To address this, I analyzed the acyl composition of PIP species using phosphate 

methylation and LC-ESI-MS/MS to resolve PI, monophosphorylated PIPs (PIP1) and 

bisphosphorylated PIPs (PIP2; Clark et al., 2011). Interestingly, I found the acyl chain profile of PI 

and PIP1, which predominantly contains PI(4)P (Stephens et al., 1993), were unaltered in LYCAT-

silenced cells (Figure 3.3 A and B). In contrast, however, PIP2, which is predominantly PI(4,5)P2, 

exhibited reduced levels of many acyl combinations in LYCAT-silenced cells, including 38:4 (Figure 

3.3C).  

Of importance, I observed a shift in the acyl chain profile in PIP2 upon LYCAT silencing, 

which was determined by the ratio of 38:x to 36:x acyl species (where x refers to any level of 

unsaturation). The 38:x to 36:x ratios of PI and PIP1 were unaffected by LYCAT silencing (Figure 

3.4C). In line with the altered acyl chain profile of PIP2, I observed a shift in the acyl profile of PIP2 

species. These findings are consistent with the report by Imae et al (2011) and suggest that LYCAT 

preferentially affects the acyl chain profile of a subset of PIPs, including PI(4,5)P2. 
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3.2.3. LYCAT controls total levels of PI(4,5)P2 and PI(3)P 

I discovered that LYCAT silencing shifts the acyl chain profile of select PIP species. To determine 

whether this had an impact on the levels and localization of specific PIPs, I first used [3H]myo-

inositol radiolabelling technique coupled with high performance liquid chromatography (HPLC) 

and detection by scintillation to determine total levels of PIPs. This particular setup had not been 

used on mammalian cells, so it required extensive validation before it was used to experimentally 

test the impact of LYCAT silencing in RPE cells.  

The majority of experimental set up of the flow scintillation system and radiolabelling of 

PIPs was carried out by two PhD students, Shannon Ho and Christopher Choy in yeast cells (Ho 

et al., 2016). After radiolabelling incorporation, lipid deacylation and extraction, samples were 

run through HPLC. To establish and optimize a protocol that would allow study of PIPs in 

mammalian cells, and thus to investigate LYCAT silencing in RPE cells, two different protocols 

were initially examined. The two protocols differed in the time that samples spent in the column 

thus interacting with the column for different times. One protocol ran the samples through the 

column for 60 min while the other ran the samples through the column for 165 min. It was 

determined that PI(3)P, PI(4)P and PI(4,5)P2 were detected in similar abundance in each of the 

protocols therefore I opted to use the shorter of the two protocols, 60 min (Figure 3.5A). The 

abundance of each PIP species was determined by the counts that were integrated under the 

area of the peak and subsequently normalized to its parent PI to account for differences in sample 

loading.  

Both protocols however were unable to detect PI(3,4,5)P3, likely due to the extraction 

protocol. The protocol uses 1-butanol/ethyl ether/ethyl formate to extract lipids. Due to the 

highly acidic nature of PI(3,4,5)P3, a stronger extraction reagent may be required for efficient 

extraction. A slightly altered protocol has been established, which uses chloroform/methanol to 

extract lipids but is awaiting to be validated. In any case, this novel extraction method that would 

allow measurement of PI(3,4,5)P3 levels was not available and thus, I focused on the study of 

PI(3)P, PI(4)P and PI(4,5)P2 levels.   

To confirm that I correctly identified the peaks corresponding to PI(3)P and PI(4,5)P2 by 

HPLC, I treated cells with various inhibitors. Addition of the PI3K inhibitor LY294002 for 30 min 
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caused a 60% reduction in the putative PI(3)P peak present, suggesting the peak indeed 

represents PI(3)P (data not shown). To confirm proper identification of PI(4,5)P2, cells were 

treated with ionomycin for 20 min, as ionomycin is an ionophore, which increases intracellular 

levels of Ca2+ that leads to the hydrolysis of PI(4,5)P2. Treatment with ionomycin caused a 

significant reduction in the size of the putative PI(4,5)P2 peak at 27 min elution (Figure 3.5B) thus 

identifying it as PI(4,5)P2. Treatment with ionomycin resulted in a 97% reduction in PI(4,5)P2 

levels (Figure 3.5C).  

Following validation of PIP detection by radiolabelling and HPLC, I set out to determine 

the effect of LYCAT silencing on PIP levels. I found that LYCAT silencing resulted in significant 

reductions in PI(3)P and PI(4,5)P2 levels, which were reduced by 25% ± 0.05% and 21% ± 0.06%, 

respectively (Figure 3.6). Interestingly, I did not see any effect on PI(4)P levels, suggesting that 

LYCAT silencing affects the levels of a subset of PIPs. It is possible that the changes in the acyl 

profile of PIP2 (Figure 3.3C) are due to the reduction in PI(4,5)P2 levels in these cells. The acylation 

data and detection of total PIP levels suggest that LYCAT selectively controls certain PIPs by 

selectively controlling the acyl chain profile of PIP2 species and total levels of PI(3)P and PI(4,5)P2.  

 

3.2.4. LYCAT silencing alters localization of select PIPs 

In order to functionally characterize the impact of altered acyl chain content of PIPs, in addition 

to the results from biochemical isolation and quantification of PIP levels by HPLC and flow 

scintillation, I transfected cell with PIP specific probes to determine if LYCAT silencing impacted 

PIP localization. Fluorescently labelled protein binding domains, 2FYVE, PH-PLCδ and P4M are 

highly specific to binding PI(3)P, PI(4,5)P2 and PI(4)P, respectively (Gillooly et al., 2000; Hammond 

et al., 2014; Stauffer et al., 1998; Stenmark et al., 2002) . The localization of 2FYVE-GFP was 

punctate in structure, indicative of endosomes (Liu et al., 2016). LYCAT silencing caused a 29% 

reduction in the number of 2FYVE-GFP positive structures, which is consistent with abated levels 

of PI(3)P (Figure 3.7 A and B).  

Furthermore, LYCAT silencing significantly altered the localization of the PI(4,5)P2 probe, 

PH-PLCδ (Figure 3.7A). Control cells show PH-PLCδ-GFP predominantly and uniformly decorated 

on the plasma membrane (Várnai and Balla, 1998), however LYCAT silencing causes a 
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redistribution of the probe to tubular and punctate-like structures throughout the cell, which 

suggests a redistribution of PI(4,5)P2 from its enrichment in the plasma membrane to intracellular 

membrane structures. 

In contrast to the changes in PI(3)P and PI(4,5)P2 localization, P4M-GFP probe localization 

was indistinguishable between control and LYCAT-silenced cells, a distribution consistent with 

the plasma membrane and the trans-Golgi network (Figure 3.7A) (Hammond et al., 2014). 

Collectively these data are consistent with the biochemical measurements of PI(4,5)P2 levels and 

indicates that LYCAT selectively affects the localization of PI(3)P and PI(4,5)P2 but not PI(4)P. 

 

3.2.5. LYCAT is localized to ER-derived PIS vesicles  

In addition to determining the function of LYCAT in regulating PIP acyl chain profile, levels and 

localization, I focused on LYCAT localization in the cell, in order to understand whether specific 

cellular localization(s) could explain the selective control of certain PIPs by LYCAT. The selective 

control of certain PIPs would suggest that it is unlikely that LYCAT would function in the ER during 

de novo PI synthesis, as this would result in broad control of all PIPs and PI. Given our results that 

show selective control of PI(4,5)P2 and PI(3)P by LYCAT, I might expect LYCAT to localize to 

compartments other than the ER, thus allowing specific control of certain PIPs.  

Previous studies suggested that LYCAT exhibits some localization to the ER (Cao et al., 

2004; Imae et al., 2011; Zhao et al., 2009). However, these studies did not perform a broader 

analysis of LYCAT localization with other relevant markers, an important consideration, since the 

ER has several sub-compartments (A. R. English and Voeltz, 2013). To monitor LYCAT localization, 

I transfected RPE cells with LYCAT-FLAG and viewed localization by spinning disc and TIRF-M. I 

found modest localization with eGFP-KDEL, a generic ER marker (Figure 3.8A), suggesting that 

LYCAT may predominantly localize to other sub-compartments. 

PIS, which plays a key role in PI synthesis and is localized to ER-derived vesicles that rapidly 

move between the ER and various organelle membranes, as observed in cells expressing eGFP-

PIS (Kim et al., 2011). I hypothesized that LYCAT may localize to PIS vesicles. I found striking and 

extensive colocalization between LYCAT and eGFP-PIS (Figure 3.8A). PIS vesicles make dynamic 

and transient contacts with a number of compartments. To focus on their interaction with the 
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plasma membrane, I examined these transient contact sites by focusing on extended 

synaptotagmin 2 (E-Syt2) (Giordano et al., 2013a; Min et al., 2007). LYCAT exhibited partial 

colocalization with E-Syt2 (Figure 3.8A) suggesting that LYCAT localized to PIS-containing vesicles 

does colocalize to ER-plasma membrane contact sites. 

To allow better understanding of the relative localization of LYCAT with eGFP-KDEL, eGFP-

PIS, and eGFP-E-Syt2, I analyzed this by automated detection of LYCAT puncta followed by 

measurement of the localization correlation score (LCS) of the fluorescence intensities of LYCAT 

and that of secondary channel proteins within each object (Bone et al., 2017). LCS is a 

quantitative, unbiased, and systematic analysis and revealed a very strong intensity correlation 

of LYCAT-FLAG with eGFP-PIS within LYCAT structures (Figure 3.8B). In contrast, eGFP-KDEL and 

LYCAT exhibited very low intensity correlation in LYCAT structures, whereas eGFP-E-Syt2 and 

LYCAT had intermediate intensity correlation. Thus LYCAT is extensively localized to ER-derived 

PIS-containing vesicles, known to transiently interact with ER-plasma membrane contact sites, 

but not the ER domains marked by eGFP-KDEL (Kim et al., 2011). 

Furthermore, as PIS-vesicles were proposed to form transient contacts with the plasma 

membrane (Kim et al., 2011), I used TIRF-M to visualize structures restricted to roughly 200 nm 

from the cell surface, allowing us to specifically examine LYCAT localization to PIS vesicles, contact 

sites and general ER within close proximity to the plasma membrane. Similar colocalization 

patterns were seen with TIRF-M as were seen with confocal spinning disc microscopy. LYCAT 

exhibited extensive overlap with PIS vesicles, little overlap with KDEL and moderate overlap with 

E-Syt2 (Figure 3.9).  

LYCAT tends to localize significantly to PIS vesicles and moderately with E-Syt2. I 

investigated whether these represent separate pools of vesicles in the cell or whether all three 

localize to similar pools of vesicles. Using TIRF-M I examined cells transfected with LYCAT-FLAG, 

eGFP-PIS and eGFP-E-Syt2. I observed some punctate structures that contained LYCAT, PIS and 

E-Syt2 (Figure 3.10A). There were vesicles that were positive for PIS and LYCAT that did not 

exhibit overlap with E-SYt2. Furthermore, I examined the overlap between LYCAT, PIS and KDEL. 

Consistent with confocal spinning disc and TIRF-M imaging, there was poor overlap between 

LYCAT/PIS vesicles with KDEL (Figure 3.10B). These data highlight that LYCAT is largely localized 
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to PIS vesicles, but not general ER, where a portion of these vesicles also localize to E-Syt2 ER-

plasma membrane contact sites. 

 

Hence, this work revealed the function of LYCAT in the selective regulation of acylation of 

specific PIPs, as I found that LYCAT selectively impacts the acyl profile of PIP2 species but not 

other PIPs or phospholipids. Furthermore, I found that LYCAT impacts total levels of PI(3)P and 

PI(4,5)P2 and their localization in the cell but was without effect on PI(4)P levels and localization. 

I also performed a more thorough investigation into the localization of LYCAT and found LYCAT 

localizes to PIS vesicles that are known to make transient contacts with the plasma membrane 

and partially localized to ER-plasma membrane contact sites mediated by E-Sty2. I next assessed 

the significance of LYCAT in regulating TfR endomembrane traffic by assessing the various stages 

of traffic including endocytosis, intracellular sorting and recycling.  
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Figure 3.1. LYCAT silencing is efficient in RPE cells. RPE cells or a derivative RPE line stably 

expressing eGFP fused to clathrin light chain (eGFP-CLCa) were transfected with one of two 

distinct siRNA sequences targeting LYCAT (siLYCAT1 or siLYCAT2) or non-targeting siRNA 

(siControl). (A, B) Following siRNA transfection, whole cell lysates were subjected to western 

blotting to detect total LYCAT levels. Shown in (A) are representative immunoblots loaded with a 

rage of sample dilutions (depicted as %), showing detection of LYCAT or actin (loading control). 

Shown in (B) are the quantified LYCAT protein levels following normalization to actin loading 

control in RPE cells treated with siLYCAT1 (n = 7) and siLYCAT2 (n = 4), mean ± SEM, 

independent t test, * p < 0.05.  
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Figure 3.2. LYCAT silencing does not broadly impact the acyl chain composition of various 

phospholipids. RPE cells were transfected with siRNA targeting LYCAT (siLYCAT) or nontargeting 

siRNA (siControl). Cell extracts were subjected to quantitative measurement of acyl group 

composition of various phospholipid species by LC-ESI-MS/MS. Note that the molecular species 

indicate the mass and saturation combination of acyl chains on the sn-1 and sn-2 positions. (A) 

Shown are the mean ± SEM (n = 5) of the percent of total of each phospholipid species harbouring 

the indicated acyl compositions in control RPE samples (not treated with siRNA). Also shown are 

the acyl chain composition of phosphatidylcholine (PC) (B), phosphatidylethanolamine (PE) (C), 

phosphatidylserine (PS) (D) and phosphatidylinositol (E), (siContol; black bars and siLYCAT; grey 

bars) showing that LYCAT silencing is largely without effect on acyl composition of these  

phospholipids. Note that phosphorylated PIPs are a minor species relative to total PI (Balla, 2013) 

(n = 4), independent t test,* p < 0.05. 
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Figure 3.2. 
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Figure 3.3. LYCAT knockdown alters acyl chain profile of PIP2 but not that of PI or PIP1. RPE cells 

were transfected with siRNA targeting LYCAT (siLYCAT; gray bars) or nontargeting siRNA 

(siControl; black bars). Cell extracts were subjected to quantitative measurement of acyl group 

composition of various PIP species by phosphate group methylation, followed by LC-ESI-MS/ 

MS. Mean ± SEM of the measurements of molecular compositions of PI (A), PIP1 (B), and PIP2 

(C). Note that the molecular species indicate the mass and saturation combination of acyl chains 

on the sn-1 and sn-2 positions (n = 4), independent t test, *p < 0.05. 
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Figure 3.4. LYCAT knockdown shifts the acyl chain profile of PIP2 and alters the levels of stearate. 

RPE cells were transfected with siRNA targeting LYCAT (siLYCAT; gray bars) or nontargeting siRNA 

(siControl; black bars). Cell extracts were subjected to quantitative measurement of acyl group 

composition of various PIP species by phosphate group methylation, followed by LC-ESI-MS/MS. 

PIP1 (A) and PIP2 (B) raw intensities of acyl chains were normalized to that of 38:4 PI for each 

silencing condition in each experiment. Shown are the mean ratios of each lipid to 38:4 PI. (C) 

Ratios of the mean 38:x to 36:x levels in PI, PIP1 and PIP2 (n = 4), independent t test, * p < 0.05. 
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Figure 3.5. Validation of PIP species detected by radiolabelling and HPLC. After 24 hr of [3H]myo-

inositol labelling, samples were run through HPLC and then detected by two different protocols 

to determine optimal conditions for PIP detection. (A, B) Representative chromatography spectra 

of HPLC flow scintillation detection. Each PIP species is indicated by a different colour on each 

chromatogram. (A) Control cells showing the profile of PI, PI(3)P, PI(4)P and PI(4,5)P2. (B) To 

validate detection of PI(4,5)P2, cells were treated with ionomycin (10 µM) for 20 min to induce 

PI(4,5)P2 hydrolysis. Shown in (C) is the mean ± SEM of PI(4,5)P2 loss in cells treated with 

ionomycin. PI(4,5)P2 levels were normalized to total PI, n = 3, independent t test, * p < 0.05.  
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Figure 3.5. 
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Figure 3.6. LYCAT silencing reduces total levels of PI(3)P and PI(4,5)P2 but not PI(4)P. RPE cells 

were transfected with siRNA targeting LYCAT (siLYCAT) or nontargeting siRNA (siControl). The 

levels of PI(3)P, PI(4,5)P2, and PI(4)P were measured after [3H]myo-inositol labeling, HPLC, and 

detection by flow scintillation. Mean ± SEM, n = 4, independent t test, * p < 0.05. 
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Figure 3.7. LYCAT silencing alters localization of PI(3)P and PI(4,5)P2. RPE cells were transfected 

with siRNA targeting LYCAT (siLYCAT) or nontargeting siRNA (siControl). Cells were transfected 

with cDNAs encoding 2FYVE-GFP, PH-PLCδ-GFP or P4M-GFP to probe for PI(3)P, PI(4,5)P2, and 

PI(4)P respectively. (A) Representative spinning disc confocal micrographs (scale 20 μm). (B) 

Median, 25th and 75th percentiles (boxes), and Tukey range (whiskers) of the number of 2FYVE-

GFP–positive structures per cell (n = 3). Work completed by Ms. RM Dayam.  

 

 

  



93 
 

Figure 3.8. LYCAT is localized to ER-derived PIS vesicles. RPE cells were transfected with cDNAs 

encoding LYCAT-FLAG along with either eGFP-PIS, eGFP-KDEL or eGFP-E-Syt2 and were subjected 

to immunofluorescence staining to detect LYCAT-FLAG. (A) Representative spinning disc confocal 

micrographs (scale 10 μm). (B) LYCAT-positive structures were subjected to automated detection, 

followed by measurement of the LCS between LYCAT and eGFP-PIS, eGFP-KDEL, or eGFP-E-Syt2 

in these structures. Median, 25th and 75th percentiles (boxes), and Tukey range (whiskers) of 

LCS values. The numbers of LYCAT structures and cells for each condition are, for eGFP-PIS, 

24,907 and 29, for eGFP-KDEL, 14,359 and 24, and for eGFP-ESyt2, 23,567 and 23, respectively. * 

p < 0.05. 
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Figure 3.9. LYCAT is localized to peripheral PIS vesicles detected by TIRF-M. RPE cells were 

transfected with cDNAs encoding LYCAT-FLAG along with either eGFP-PIS, eGFP-KDEL, eGFP-E-

Syt2 or eGFP-E-Syt3, subjected to immunofluorescence staining to detect LYCAT-FLAG and 

imaged using TIRF-M to selectively examine the structures proximal to the cell surface. Shown 

are representative micrographs (scale 5 μm). 
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Figure 3.10. LYCAT-positive PIS vesicles localize to E-Syt2 membrane contact sites. RPE cells were 

transfected with cDNAs encoding LYCAT-FLAG, eGFP-PIS and eGFP-E-Syt2 (A) or LYCAT FLAG, 

eGFP-PIS and eGFP-KDEL (B) and then subjected to immunofluorescence staining to detect 

LYCAT-FLAG. Cells were imaged using TIRF-M to examine the overlap of three probes to examine 

LYCAT localization. Shown are representative micrographs (scale 5 μm).  
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Figure 3.10. 

 

 

  



97 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4 
Results: Significance of LYCAT in regulating endomembrane traffic   
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4.1. Rationale 

Using biochemical, microscopic and functional assays I characterized the function of LYCAT in the 

regulation of PIP acylation in RPE cells. Using silencing RNA, I determined that knockdown of 

LYCAT shifts the acyl profile from longer acyl chains (38:x) to shorter ones (36:x) in PIP2 species 

but has no effect on PI or PIP species. I also determined that total levels of PI(4,5)P2 and PI(3)P 

decreased upon LYCAT silencing but had no impact on PI(4)P total levels. Using PIP probes, I 

determined that the localization of PI(4,5)P2 and PI(3)P were altered causing PI(4,5)P2 to localize 

to internal tubular structures and the number of PI(3)P endosomes to decrease, but had no effect 

on the localization of PI(4)P. Furthermore, I found LYCAT localized to PIS-containing ER-derived 

vesicles, but not to the general ER. Thus, given these alterations in PI(4,5)P2 and PI(3)P upon 

LYCAT silencing, LYCAT may specifically control membrane traffic processes dependent on these 

two lipids. 

 To functionally assess the alterations in PI(4,5)P2 acyl profile and decrease in PI(4,5)P2 and 

PI(3)P levels, I used TfR endomembrane traffic as our model. TfR traffic has been extensively 

studied and is commonly used for studying CME, intracellular sorting and recycling (Maxfield and 

McGraw, 2004; Navaroli et al., 2012; Sheff et al., 2002). In addition, TfR traffic is dependent on 

multiple PIPs including PI(4,5)P2 (Varnai et al., 2006) and PI(3)P (van Dam et al., 2002). TfR is 

internalized through CME which requires PI(4,5)P2 for recruitment of AP2 and clathrin to sites at 

the plasma membrane for initiation of CME. Once inside the cell the receptor is sorted at the EE 

and directed toward the fast or slow recycling pathways (van Dam et al., 2002). Both of these 

processes require PI(3)P for the recruitment of proteins involved in tethering and fusion at the 

EE, such as EEA1. I used immunofluorescence techniques, alongside tracking of fluorescent ligand 

and automated analysis of live cell imaging to assess the impact of altered acyl chain content on 

TfR traffic. 

 

4.2. Results 

4.2.1. LYCAT silencing alters TfR endomembrane traffic 

I first investigated whether LYCAT-dependent alterations in PIP acyl chain content affects TfR 

endomembrane traffic. To do this I first examined cell surface levels of TfR, a measurement that 
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acts as a general reporter of the overall efficiency of endomembrane traffic. LYCAT silencing by 

each of two different siRNA sequences caused a 36% ± 0.03%  and 41% ± 0.04% decrease in the 

amount of TfR at the cell surface, respectively (Figure 4.1 A and B). In order to confirm the 

decrease in cell surface TfR was specifically due to a deficiency of LYCAT, following knockdown of 

LYCAT, I transfected an siRNA resistant exogenous LYCAT-FLAG into cells and measured the cell 

surface levels of TfR. This expression of exogenous LYCAT-FLAG rescued cell surface TfR levels in 

LYCAT-silenced cells (Figure 4.1C) demonstrating that the altered surface levels of TfR were due 

to specific perturbation of LYCAT.  

 TfR exhibits a pronounced perinuclear morphology as it traffics through intracellular 

compartments, including recycling endosomes (Dugani et al., 2008). We stained for TfR in 

permeabilized cells to determine whether LYCAT silencing impacts the intracellular distribution 

of TfR. I observed perinuclear clustering in control cells (Figure 4.1D, top panel), however LYCAT 

silencing caused a dispersal of the perinuclear accumulation (Figure 4.1D, bottom panel). To 

quantitatively measure and assess the change in TfR distribution in LYCAT-silenced cells this, I 

used kurtosis, which is a measure of the spread of fluorescent signal. The more densely packed 

fluorescent signal would result in a high kurtosis while a more dispersed signal would result in a 

decrease in kurtosis. LYCAT deficiency caused a 34% ± 0.04% and 46% ± 0.12% reduction in 

kurtosis for LYCAT sequence 1 and 2, respectively, indicating a dispersal of signal (Figure 4.1E). 

Together with the observation of reduced cell surface TfR levels in LYCAT-silenced cells, these 

results indicate that LYCAT silencing perturbs the endomembrane traffic of TfR. 

To confirm the decrease in cell surface TfR was not due to a decrease in total TfR, I 

examined total TfR by fluorescence microscopy and by western blot. By quantifying total 

fluorescent signal (Figure 4.1F) and assessing total protein content by western blot (Figure 4.1G), 

LYCAT silencing did not reduce total levels of TfR. This result supports my interpretation that 

LYCAT silencing disrupts the endomembrane traffic of TfR, and not total TfR expression levels. 

The decrease in cell surface levels and the change in TfR distribution could be due to a number 

of different factors including a defect in endocytosis, a defect in intracellular sorting or a defect 

in recycling of the receptor back to the cell surface. 
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4.2.2.  LYCAT silencing alters clathrin-mediated endocytosis 

To assess the defect in TfR endosomal traffic, I first evaluated CME since this process is 

responsible for TfR internalization and is controlled by PI(4,5)P2. Additionally, LYCAT silencing 

caused a reduction in PI(4,5)P2 levels and caused the PH-PLCδ1 probe to relocalize from the cell 

surface to intracellular tubular and punctate structures. First, I evaluated CCP dynamics by 

performing time-lapse TIRF-M in RPE cells stably expressing eGFP-CLCa (Figure 4.2A) followed by 

automated detection, tracking and analysis of CCPs (Aguet et al., 2013). This is an established and 

validated method that allows analysis of CCP number, lifetimes and fluorescence intensity that 

measure the rate of CCP initiation, the efficiency of formation of internalized vesicles and CCP 

size, respectively. Consistent with a reduction in PI(4,5)P2 levels and perturbation of PI(4,5)P2 

localization, LYCAT silencing reduced CCP initiation density (Figure 4.2B) and caused a reduction 

in overall CCP size (Figure 4.2C). CCP size were measured by the fluorescence intensity of eGFP-

CLCa of CCPs, as the latter are diffraction-limited structures. LYCAT-silencing also slightly altered 

CCP lifetimes, reducing the number of short-lived CCPs (Figure 4.2D). To confirm the alterations 

in CCP dynamics were not due to a reduction in total clathrin, I examined total clathrin levels by 

immunofluorescence and found LYCAT silencing had no effect on total clathrin levels (Figure 

4.2E). 

Furthermore, I investigated the effect of LYCAT silencing on Tfn internalization by 

employing an established assay that uses a biotin-conjugated Tfn (biotin-Tfn) and avidin-based 

quenching of uninternalized ligand followed by ELISA-based detection of internalized biotin-Tfn 

to monitor the levels of internalized Tfn (Antonescu et al., 2010). Consistent with defects in CCP 

dynamics, I observed that LYCAT silencing led to a significant reduction in the rate of Tfn 

internalization (Figure 4.2F). Together these data indicate that LYCAT regulates CME, likely by 

affecting PI(4,5)P2 levels and localization.  

 

4.2.3. LYCAT silencing alters intracellular traffic of TfR to EEA1 compartments 

A reduction of TfR endocytosis is not sufficient to explain how LYCAT silencing results in a 

reduction in cell surface levels of TfR. Instead, these results suggest that LYCAT silencing may also 

impact some stage of TfR intracellular membrane traffic. Thus, the next step I examined to 
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investigate the effects of LYCAT silencing on TfR endomembrane traffic was the intracellular 

traffic of TfR. LYCAT silencing caused a reduction in total PI(3)P levels and a decrease in the 

number of 2FYVE structures. Thus, I predicted that PI(3)P-dependent processes would be 

disturbed. Intracellular sorting and recycling are PI(3)P-dependent so we first examined traffic at 

the EE. Immediately after endocytosis, CCVs mature into vesicles that acquire PI(3)P and Rab5, 

and eventually fuse with other membranes to deliver TfR into EEA1-positive early endosomes. To 

test this pathway, we monitored the arrival of fluorescently labelled Tfn pulsed for various time 

points into EEA1-positive endosomes (Figure 4.3A). Using Pearson’s coefficient, I quantitatively 

assessed the localization of fluorescent Tfn and EEA1. LYCAT silencing significantly delayed the 

arrival of Tfn to EEA1 compartments compared to control cells (Figure 4.3B). This is consistent 

with the effect of reduced PI(3)P levels by other manipulations (van Dam et al., 2002). After 

approximately 30 min, the levels of Tfn at EEA1 positive vesicles in LYCAT-silenced cells reach 

levels seen in control cells, indicating that LYCAT silencing causes a delay, but not a block, in TfR 

membrane traffic. 

To confirm the delay in arrival of Tfn to EEA1 vesicles was not due to alteration of the 

number of EEA1-positive early endosomes upon LYCAT silencing, I assessed the effect of LYCAT 

silencing on the number and intensity of EEA1-positive puncta and found there was no 

appreciable change (Figure 4.3C). This result suggests that LYCAT silencing does not impact the 

formation of early endosomes. 

Furthermore, I measured the ability of recently internalized Tfn to access the total cellular 

pool of TfR-labeled endosomes (Figure 4.3D). Using fluorescently labelled Tfn pulsed into cells 

for 15 min, I assessed its localization to total TfR by immunofluorescence. I found a significant 

decrease in the localization of Tfn to the total cellular pool of TfR as assessed by Pearson’s 

coefficient (Figure 4.3E). This result suggests that LYCAT silencing does impact the traffic of Tfn 

to total TfR. Overall, these results suggest that the altered levels and function of PI(3)P impair the 

delivery of vesicles harbouring internalized cargo to the EE. 

 

4.2.4. LYCAT silencing alters TfR recycling 
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The final stage of TfR intracellular traffic that I investigated was TfR recycling. To measure the 

rate of TfR recycling, I treated cells in serum for various lengths of times with an antibody that 

recognized an exofacial epitope of TfR. Any receptor that was present at the cell surface or 

recycled to the cell surface would become labelled with antibody. I measured the rate of TfR 

arrival to the plasma membrane, thus measuring TfR recycling (Antonescu et al., 2008b). Over 

time, LYCAT silencing reduced the total levels of TfR that were labelled with TfR antibody (Figure 

4.4), indicating that TfR recycling is slower in LYCAT deficient cells. Collectively these studies 

reveal that PI(3)P-dependent intracellular sorting and recycling of TfR is dependent on LYCAT.  

 

4.2.5. LYCAT silencing has no impact on biosynthetic traffic 

My results provide evidence that LYCAT controls endomembrane traffic of TfR. To contrast this, 

we examined the biosynthetic membrane traffic pathway, which is controlled by PI(4)P 

(Szentpetery et al., 2010). Previously, I found that LYCAT silencing had no impact on PI(4)P levels 

and localization in the cell. To assess the biosynthetic pathway, we used a temperature sensitive 

form of vesicular stomatitis virus G (VSVG) that becomes trapped in and then released from the 

ER by temperature shift (Presley et al., 1997; Szentpetery et al., 2010). LYCAT silencing did not 

alter VSVG traffic or distribution (Figure 4.5 A and B). The above results highlight that LYCAT 

silencing alters TfR traffic, which relies on PI(4,5)P2 and PI(3)P, but has no apparent effect on the 

PI(4)P-dependent biosynthetic pathway. 

 

In summary of the work presented in this Chapter, I found that LYCAT silencing altered 

CCP dynamics by reducing the size, lifetime and initiation density of CCPs and decreases rates of 

endocytosis, all processes dependent on PI(4,5)P2. Additionally, LYCAT silencing affects 

intracellular sorting at the EE and decreases rates of recycling, processes that are dependent on 

PI(3)P. Furthermore, LYCAT silencing had no impact on the biosynthetic pathway, which is 

dependent on PI(4)P. Collectively these results suggest that LYCAT controls the endomembrane 

traffic of TfR. As I used TfR as a model receptor that undergoes constitutive endocytosis and 

recycling, these results suggest that LYCAT may broadly control the endomembrane traffic of 

other receptors as well.   
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The final model I used to determine the significance of the role of LYCAT in PIP function 

was the PI3K/Akt signaling pathway. Using similar methods of LYCAT perturbation, I assessed the 

effect of LYCAT silencing on EGF-dependent activation of Akt by evaluating the impact on EGFR 

activation, Akt activation and alterations in regulating Akt substrates.   
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Chapter 4 Figures 
  



105 
 

Figure 4.1. LYCAT silencing perturbs TfR endomembrane traffic. RPE cells were transfected with 

one of two distinct siRNA sequences targeting LYCAT (siLYCAT1 or siLYCAT2) or nontargeting siRNA 

(siControl). (A, B) Detection of cell surface TfR levels by immunofluorescence staining of intact 

(nonpermeabilized) cells. (A) Representative epifluorescence micrographs (scale 20 μm). (B) 

Mean cell surface TfR ± SEM from at least four independent experiments. Independent t test, *p 

< 0.05. (C) After silencing, cells were transfected with a cDNA encoding LYCAT-FLAG, followed by 

detection of cell surface TfR levels by immunofluorescence staining of intact cells; mean cell 

surface TfR ± SEM (n = 4), two-way ANOVA with post hoc Bonferroni pairwise comparisons, *p < 

0.05. (D-F) Detection of total cellular TfR levels (permeabilized cells). (D) Representative 

epifluorescence micrographs (scale 20 μm). (E) Quantitative measurements (mean ± SEM) of the 

relative concentration of TfR staining within the perinuclear region (n = 4), independent t test, *p 

< 0.05 and (F) mean total TfR fluorescence signal per cell, per experiment ± SEM, of at least 5 

independent experiments. Shown in (G) are representative immunoblots showing detection of 

TfR or actin (loading control). 
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Figure 4.1. 
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Figure 4.2. LYCAT silencing alters clathrin-mediated endocytosis. RPE cells stably expressing 

eGFP-CLCa were transfected with siRNA targeting LYCAT (siLYCAT) or nontargeting siRNA 

(siControl). (A–D) Cells were imaged using time-lapse TIRF-M. (A) Single-frame representative 

fluorescence micrographs (scale 5 μm). Time-lapse TIRF-M image series were subjected to 

automated detection, tracking, and analysis of CCPs, which was conducted by CN Antonescu (B) 

Median, 25th and 75th percentiles (boxes), and Tukey range (whiskers) for CCP initiation 

densities. (C) Mean eGFP-CLCa fluorescence intensity grouped into CCP lifetime cohorts; error 

bars reflect cell-to-cell variation. The numbers of CCP trajectories and cells for each condition 

are, for siControl, 7181 and 16, and for siLYCAT, 2354 and 16, respectively. (D) Shown is CCP 

lifetime distribution. (E) Mean total clathrin fluorescence signal ± SEM from at least six 

independent experiments. (F) Measurement of Tfn internalization; means ± SEM (n = 4), two-way 

ANOVA with post hoc Bonferroni pairwise comparisons, *p < 0.05. 
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Figure 4.2.  
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Figure 4.3. LYCAT silencing alters PI(3)P-dependent traffic of TfR through early endosomes. RPE 

cells were transfected with one of two distinct siRNA sequences targeting LYCAT (siLYCAT1 or 

siLYCAT2) or nontargeting siRNA (siControl). (A, B) Cells were incubated with Tfn-647 for various 

times and then immediately fixed and stained with EEA1 antibodies. (A) Representative 

epifluorescence micrographs of the 20 min pulse of Tfn (scale 20 μm). (B) Mean colocalization 

scores of Tfn and EEA1, normalized to the 20-min control condition, ± SEM (n = 3), two-way 

ANOVA with post hoc Bonferroni pairwise comparisons, *p < 0.05. (C) Shown are epifluorescence 

micrographs of EEA1 staining representative of 3 independent experiments (scale 20 μm). (D, E) 

Following siRNA transfection, cells were incubated with Tfn-647 for 20 min and were then 

immediately fixed and stained with anti-TfR antibodies to label all cellular TfR membrane 

compartments. Shown in (D) are representative epifluorescence micrographs (scale 20 μm). (E) 

Images were subjected to quantification of the colocalization of Tfn-A647 and TfR by Pearson’s 

Coefficient; shown are mean colocalization scores ± SEM (n = 3), independent t test, * p < 0.05. 

LYCAT silencing delays the arrival of recently internalized Tfn into the total intracellular pool of 

TfR. 
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Figure 4.3. 
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Figure 4.4. LYCAT silencing alters PI(3)P-dependent traffic of TfR through recycling endosomes. 

RPE cells were transfected with one of two distinct siRNA sequences targeting LYCAT (siLYCAT1 

or siLYCAT2) or nontargeting siRNA (siControl).  Measurement of the rate of TfR recycling; mean 

TfR recycling ± SEM (n = 3), two-way ANOVA with post hoc Bonferroni pairwise comparisons, *p 

< 0.05. 
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Figure 4.5. LYCAT silencing has no effect on biosynthetic traffic. RPE cells were transfected with 

siRNA targeting LYCAT (siLYCAT) or non-targeting siRNA (siControl). (A, B) Measurement of 

biosynthetic traffic from the Golgi to plasma membrane. GFP-VSVG was released from Golgi 

arrest for indicated times. (A) Representative laser scanning confocal micrographs (scale 5 μm). 

(B) Mean ± SEM (n = 3) of the amount of VSVG-GFP remaining in the Golgi at various times. Work 

completed by Mr. M. Lee. 
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Chapter 5 
Results: Role of LYCAT in modulating hormone receptor signaling  
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5.1. Rationale 

I found that LYCAT silencing significantly impacted TfR endomembrane traffic by altering clathrin-

mediated endocytosis, intracellular sorting and recycling. I next investigated the effect of LYCAT 

silencing on hormone receptor signaling. Here, I focus on EGF-dependent activation of PI3K/Akt. 

I found that LYCAT silencing altered CCP dynamics and altered Tfn internalization. As EGFR 

signalling is dependent on clathrin, I investigated whether EGFR signaling was impacted in LYCAT 

silenced cells. Additionally, EGFR-dependent activation of Akt is PI3K dependent, and thus PI3K 

may be sensitive to the regulation of the PI/PIP2 acylation profile. The PI3K/Akt pathway plays a 

very important role in regulating fundamental cellular processes including cell survival, 

transcription, proliferation and growth. Disruption of normal PI3K/Akt signaling is implicated in a 

variety of cancers. This is an important pathway to study the effects of altered acyl chain content 

on PIP function because this pathway is dependent on the conversion of PI(4,5)P2 to PI(3,4,5)P3. 

Briefly, EGF binding to EGFR results in activation of the receptor tyrosine kinase domain 

leading to autophosphorylation on multiple intracellular domain residues including Tyr1068 

(Downward et al., 1984) and Tyr1045 (Levkowitz et al., 1999). Important adaptor proteins such 

as Grb2 and Gab1 are involved in the recruitment and activation of class 1 PI3K, which converts 

PI(4,5)P2 into PI(3,4,5)P3. The production of PI(3,4,5)P3 then recruits a number of effector 

proteins including Akt and PDK1 to the plasma membrane by binding to PI(3,4,5)P3 via intrinsic 

PH domains. Akt becomes activated upon phosphorylation of Thr308 by PDK1 and Ser473 by 

mTORC2 (Díaz et al., 2012). Akt has a number of different direct substrates including GSK3β and 

TSC2, the latter of which leads to activation of mTORC1 and S6K upon Akt phosphorylation.  

Since I saw defects in PI(4,5)P2-dependet processes upon LYCAT silencing, I hypothesized 

that PI(3,4,5)P3-dependent Akt activation would be altered upon LYCAT silencing.  

 

5.2. Results 

5.2.1. LYCAT silencing reduces PI(3,4,5)P3 levels 

I first set out to monitor the levels of PI(3,4,5)P3 in response to EGF stimulation as PI(3,4,5)P3. In 

basal (unstimulated) cells, PI(3,4,5)P3 is present in extremely low levels as it is not constitutively 

produced. I used the PH domain of Akt fused to GFP as a reporter of relative PI(3,4,5)P3 levels 
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(Gray et al., 1999). To obtain a relative quantitative measurement of PI(3,4,5)P3 levels, I examined 

the ratio of TIRF-M fluorescence to total fluorescence as an indicator of PI(3,4,5)P3 levels, since 

PI(3,4,5)P3 is produced at or near the plasma membrane, which results in localization of the 

PI(3,4,5)P3 probe in the TIRF-M illumination field in a manner proportional to the cellular levels 

of PI(3,4,5)P3 (Figure 5.1A). Examination of the membrane localization of the PH-Akt probe in 

EGF-stimulated control cells indicated a significant reduction when treated with the PI3K 

inhibitor, LY294002, thus suggesting that PI(3,4,5)P3 was reduced, and that EGF-stimulated 

activation of PI3K is responsible for PI(3,4,5)P3 production (Figure 5.1B). Conversely, in LYCAT-

silenced cells, the levels of apparent PI(3,4,5)P3 at the cell surface following EGF stimulation were 

very low. These levels were comparable to the levels seen in cells following EGF and PI3K inhibitor 

treatment. LYCAT silencing showed a reduction in the readout of the PH-Akt probe binding 32% 

± 0.09%. Although, this apparent reduction in PI(3,4,5)P3 levels in LYCAT-silenced cells could be 

due to the PH-Akt probe showing sensitivity to acyl chain content of PI(3,4,5)P3. Future work 

should use the PH domain from Bruton tyrosine kinase, another probe for PI(3,4,5)P3 detection.  

Additionally, levels of PI(3,4,5)P3 should be measured biochemically following [3H]myo-inositol 

incorporation, extraction and running through HPLC. LYCAT silencing seems to not only impact 

the levels of PI(3)P and PI(4,5)P2 (Chapter 3, Figure 3.6), my data also suggest that LYCAT may 

also impact EGF-stimulated production of PI(3,4,5)P3, though future work is required to confirm 

this. 

 

5.2.2. LYCAT perturbs activation of Akt 

The apparent reduced levels of EGF-stimulated PI(3,4,5)P3 prompted us to investigate the 

downstream effects of LYCAT silencing on Akt activation. First, I examined total levels of Akt using 

a pan antibody that recognizes all three isoforms of Akt. LYCAT silencing caused a 25% ± 0.07% 

decrease in total Akt levels (Figure 5.2 A and B). The absolute levels of Akt phosphorylation in 

LYCAT-silenced cells were significantly reduced in both the basal and EGF-stimulated conditions 

(Figure 5.2C).  Additionally, relative to the overall decrease in total Akt levels, I found that LYCAT 

silencing significantly reduced Akt phosphorylation (Figure 5.2D) and the EGF-stimulated gain in 

phospho-Akt decreased by 43% ± 0.12% (Figure 5.2E, phospho-Akt is normalized to total Akt). 
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Even though LYCAT-silenced cells have slightly reduced levels of total Akt, of this total available 

pool of Akt, less Akt is becoming activated in LYCAT-silenced cells. This suggests that PI3K 

signaling leading to Akt activation is less efficient in LYCAT-silenced cells.  

Akt isoforms exhibit different temporal activation profiles following receptor activation 

and also are recruited to different subcellular localizations. Upon insulin stimulation, Akt1 

localizes to the plasma membrane while Akt2 localizes to APPL1 endosomes and the plasma 

membrane (Gonzalez and McGraw, 2009; Saito et al., 2007). Therefore, I probed the effects of 

LYCAT silencing on the activation of the different Akt isoforms, focusing on Akt1 and Akt2. 

Absolute levels of phospho-Akt1 and phospho-Akt2 were significantly reduced in EGF-stimulated 

cells (Figure 5.2 F and I). Furthermore, relative to total Akt levels, the levels of phospho-Akt1 

relative to total Akt were also significantly reduced (Figure 5.2G) and the EGF-stimulated increase 

in Akt1 activation was reduced by 42% ± 0.12% (Figure 5.2H). In contrast to the alterations in 

EGF-stimulated phosphorylation of Akt1, LYCAT silencing did not significantly impact the EGF-

stimulated levels of phospho-Akt2 relative to total Akt levels (Figure 5.2 J and K). Our examination 

of phospho-Akt1 and phospho-Akt2 were relative to pan Akt levels so it is important that in the 

future these are compared to total Akt1 and Akt2 for a better understanding of the effect of 

LYCAT silencing on isoform specific Akt. Additionally, while these experiments were performed 

in RPE cells, it will be important to assess Akt signaling in other cell lines, including cancer cell 

lines. Preliminary data show that LYCAT silencing similarly impacts EGF-stimulated Akt signaling 

in MDA-MB-231 cells, a breast cancer cell line. Please see Chapter 7 Future Directions for a 

discussion of how to extend these observations of the role of LYCAT in EGF-stimulated Akt 

signaling in RPE cells to other cells lines to probe the generality of this novel function of LYCAT. 

Nonetheless, I uncovered that LYCAT silencing abrogates EGF-stimulated Akt activation in RPE 

cells, more specifically it reduces activation of Akt1, suggesting that LYCAT modulates specific 

aspects of PI3K/Akt signaling.  

 

5.2.3. LYCAT silencing does not alter EGFR cell surface levels or activation 

LYCAT silencing significantly altered the apparent production of PI(3,4,5)P3 and the activation of 

Akt. Given that LYCAT silencing reduced cell surface levels of TfR and altered TfR membrane 
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traffic, it is possible that LYCAT may impair EGF-stimulated PI3K/Akt signaling by altering cell 

surface EGFR levels. Alternatively, LYCAT silencing may more directly impact PI3K/Akt signaling, 

perhaps by altering the preferred acyl profile for PI3K substrates. To determine if LYCAT silencing 

may directly alter EGFR cell surface levels of receptor activation or alter PI3K/Akt signaling 

downstream of otherwise normal receptor activation, I first sought to examine cell surface levels 

and activation of EGFR.  

Cell surface levels of EGFR were assessed by staining non-permeabilized cells with an 

EGFR antibody that recognizes an exofacial epitope of EGFR. I tested EGFR cell surface levels in 

resting cells and in cell stimulated with high dose EGF for 1 h. The stimulation with high dose (100 

ng/ml) EGF results in internalization and partial degradation of EGFR within 1 h, thus allowing 

control for the specificity of the anti-EGFR antibodies used in this assay. LYCAT silencing did not 

alter levels of cell surface EGFR compared to control in both the resting and stimulated conditions 

(Figure 5.3A). These results suggest that LYCAT does not seem to be broadly impacting EGFR 

endomembrane traffic, as 1) resting cell surface EGFR is not impacted and 2) EGFR is able to 

internalize following EGF stimulation similarly to control cells.  

While the cell surface abundance of EGFR is unaltered by LYCAT silencing, the decrease in 

EGF-stimulated Akt activation could still be due to altered receptor binding of ligand or reduced 

tyrosine kinase activity, thus broadly dampening receptor signaling. In contrast, LYCAT silencing 

could result in more selective disruption of PI3K and Akt. To resolve between these two 

possibilities, I first examined total EGFR levels by western blotting in RPE cells (Figure 5.3B). There 

was a 34% ± 0.07% reduction in total EGFR levels (Figure 5.3C). I then investigated the activation 

of EGFR by probing for Tyr1068, a site that is autophosphorylated upon receptor ligand binding 

and that is upstream of PI3K and Akt activation (Downward et al., 1984). I found that LYCAT 

silencing did not decrease the activation of the receptor (Figure 5.3D), thus indicating that the 

levels of cell surface EGFR and activation of the receptor were not the cause of reduced Akt 

activation in LYCAT-silenced RPE cells. These data also suggest that cells may have compensatory 

mechanisms that ensure that cell surface levels of EGFR and activation occurs despite an 

abatement in total EGFR levels. Collectively, these results suggest that the defect in Akt activation 

upon LYCAT silencing could be due to altered PI(4,5)P2 and PI(3,4,5)P3 levels, localization and/or 
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conversion. These results show that LYCAT silencing selectively altered PI3K-Akt signaling. Since 

LYCAT silencing abrogated the activation of Akt1 more than Akt2, the effect of LYCAT silencing 

on phosphorylation of Akt substrates may also be selective. Thus, next I sought to determine the 

effects of altered Akt activation on Akt substrates. 

 

5.2.4. LYCAT silencing impacts a number of Akt substrates 

First I examined the general phosphorylation of a wide range of Akt substrates by western 

blotting in RPE cells using an antibody that recognizes a phosphorylated Akt substrate consensus 

sequence: RXXS*/T*, which recognizes phospho-serine/threonine preceded by arginine at the -3 

position, thereby identifying Akt substrates. The antibody was able to recognize many different 

protein bands ranging from approximately 37-250 kDa that became more prominent upon EGF 

stimulation (data not shown), consistent with many Akt substrates undergoing EGF-stimulated 

Akt phosphorylation (Figure 5.4A). By plotting the profiles of each condition, I was able to have a 

quantitative, graphic representation of the effects of LYCAT silencing on the EGF-stimulated 

phosphorylation of Akt substrates (Figure 5.4B). Comparing the intensity of protein 

phosphorylation (grey value) plotted against the Rf value, it is evident that LYCAT silencing results 

in significantly impaired phosphorylation of diverse Akt substrates. When I focused on proteins 

in the molecular weight range of 50-100 kDa (Figure 5.4 C and D), I saw that the effects of LYCAT 

silencing are, indeed, quite pronounced. Akt has over 100 different substrates (Manning and 

Toker, 2017) and although this experiment did not identify which substrates are affected by 

LYCAT silencing, I did see a broad overall disruption to phosphorylation of Akt substrates. 

Importantly, these results show that while LYCAT silencing only partially reduced EGF-stimulated 

Akt phosphorylation, and had selective effects on Akt1 more so than Akt2, LYCAT silencing had 

broad and substantial impact on the phosphorylation of Akt substrates upon EGF stimulation. I 

selected a couple of known Akt substrates to further investigate the effects of LYCAT silencing.  

 

5.2.5. LYCAT silencing does not alter GSK3β function 

I choose to investigate the effects of altered Akt activation on the EGF-stimulated 

phosphorylation of GSK3β in RPE cells. Phosphorylation of GSK3β by Akt causes an alteration in 
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GSK3β substrate specificity and controls metabolism, survival and proliferation (Manning and 

Toker, 2017). LYCAT silencing did not reduce total levels of GSK3β (Figure 5.5 A and D) and also 

had no significant effect on the phosphorylation of GSK3β absolute levels and relative to total 

levels (Figure 5.5 B and C). I have presented data from one Akt substrate that did not show any 

effect upon LYCAT silencing. However, multiple proteins were tested, but are not presented here, 

either due to problems in probing for particular proteins, or data being inconclusive. In the future 

it will be important to investigate several other Akt substrates to understand the role of LYCAT in 

Akt signaling. 

 

5.2.6. The parallel pathway, Ras/Erk is not affected by LYCAT silencing 

Many different signal transduction pathways are activated by EGFR including the 

Ras/Raf/Mek/Erk pathway, which results in cell survival, cell proliferation and cell motility  

(McCubrey et al., 2006). Both the PI3K/Akt pathway and Ras-Erk (extracellular-regulated-signal 

kinase) signaling pathway are activated by EGF. The Ras/Erk pathway is an appropriate signaling 

pathway to determine if the effects of LYCAT silencing seen with the PI3K/Akt pathway were 

specific or had broad effects. I evaluated the effects on Erk signaling upon EGF stimulation and 

found that, consistent with the elevated phosphorylation of EGFR seen upon LYCAT silencing 

(Figure 5.3D, p = 0.34), there was also elevated basal phospho-Erk (Figure 5.6 A and B). This shows 

that EGFR signaling is intact and that certain signals are even upregulated upon LYCAT silencing. 

The EGF-stimulated response of certain signals is normal as I saw with the phosphorylation of 

GSK3β (Figure 5.5 B and C), thus confirming that the effects of LYCAT are selective for attenuation 

of PI3K-Akt signaling. 

 

 My data suggest that LYCAT modulates EGF-dependent activation of the PI3K/Akt 

signaling pathway. I found that LYCAT silencing decreased Akt activation, more specifically Akt1 

activation in RPE cells, which impacted a number of different Akt substrates. GSK3β was 

investigated here and showed no altering in phosphorylation in LYCAT-silenced cells. Further 

investigation into other Akt substrates is an important consideration for the future. These data 

highlight the importance of understanding the acyl profile of PIPs to further our understanding 
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of cell physiology. These data show that alterations in acyl chain profile seem to regulate PI3K/Akt 

signaling. This pathway is often disrupted in cancer, and therefore it is an important pathway to 

study to gain insights into future treatments for cancer.   
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Figure 5.1. LYCAT silencing alters apparent levels of PI(3,4,5)P3. RPE cells were transfected with 

siRNA targeting LYCAT (siLYCAT) or nontargeting siRNA (siControl). Subsequently, cells were 

transfected with cDNA encoding the PI(3,4,5)P3-specific probe comprised of the PH domain of 

Akt fused to GFP (PH-Akt-GFP). Cells were treated with 5 ng/ml EGF for 5 min and, in some 

conditions treated with LY294002, fixed, and then subjected to sequential imaging by TIRF 

microscopy (to selectively image cell-surface proximal fluorescence) and epifluorescence 

microscopy (to measure whole cell fluorescence). The TIRF/epifluorescence intensity 

measurement ratio in each cell is indicative of the relative binding of GFP-PH to the cell surface, 

and thus of apparent PI(3,4,5)P3 levels. Mean ± SEM, two-way ANOVA with post hoc Bonferroni 

pairwise comparisons, *p < 0.05. 
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Figure 5.2. LYCAT silencing impairs Akt activation. RPE cells were transfected with siRNA targeting 

LYCAT (siLYCAT) or nontargeting siRNA (siControl). Following siRNA transfection cells were serum 

starved for 1 h and treated with EGF (5 ng/ml) for 5 min and then whole cell lysates were 

subjected to western blotting.  (A) Representative immunoblots showing detection of pS473-Akt, 

pS473-Akt1, pS474-Akt2, total Akt or loading control (clathrin or actin). Shown in (B) is the 

quantified pan Akt protein levels (n = 12). (C-E) Quantitative measurements (mean ± SEM) of 

absolute levels of pS473-Akt values, relative to total Akt or EGF-stimulated gain in pS473-Akt 

values, (n = 6). Similar quantitative measurements are shown in (F-H) for pS473-Akt1 (n = 4) and 

(I-K) for pS474-Akt2 (n = 4). Mean ± SEM, two-way ANOVA with post hoc Bonferroni pairwise 

comparisons was conducted for all figures except figures B, E, H and K which underwent an 

independent t test, *p < 0.05. 
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Figure 5.2. 
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Figure 5.3. LYCAT silencing does not affect plasma membrane levels or activation of EGFR. RPE 

cells were transfected with siRNA sequence targeting LYCAT (siLYCAT) or nontargeting siRNA 

(siControl). (A) Detection of RPE cell surface EGFR levels by immunofluorescence staining of intact 

(nonpermeabilized) cells. Following transfection cells were serum starved for 1 h and treated 

with EGF for 1 h (100 ng/ml), (n = 2-3), two-way ANOVA with post hoc Bonferroni pairwise 

comparisons. (B-D) Following siRNA transfection, RPE cells were serum starved for 1 h and 

treated with EGF (5 ng/ml) for 5 min, then whole cell lysates were subjected to western blotting. 

Shown in (B) are representative immunoblots showing detection of pY1068-EGFR, EGFR or 

clathrin (loading control). Quantitative measurements (C) total EGFR levels (n = 5), 

independent t test and (D) pY1068-EGFR relative to total EGFR values (n = 4), two-way ANOVA 

with post hoc Bonferroni pairwise comparisons. Mean ± SEM, *p < 0.05. 
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Figure 5.3.  
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Figure 5.4. LYCAT silencing impacts phosphorylation of Akt substrates. RPE cells were transfected 

with siRNA sequence targeting LYCAT (siLYCAT) or nontargeting siRNA (siControl). Western blot 

analysis of cell lysates that were serum starved for 1 h and treated with EGF (5 ng/ml) for 5 min, 

using a phospho-Akt substrate (RXXS*/T*) antibody that detects phosphorylated Akt target sites. 

Shown in (A) are representative immunoblots showing detection of phospho-Akt substrates. (B) 

Profile plots of each immunoblot showing the intensity of bands and retention factor. (C, D) 

Immunoblots showing proteins ranging from 50-100 kDa (C) and the profile of these proteins in 

control and LYCAT-silenced cells (D). Both siControl and siLYCAT profiles were normalized to 

protein content in each condition.  
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Figure 5.5. LYCAT silencing does not alter GSK3β signaling. RPE cells were transfected with siRNA 

sequence targeting LYCAT (siLYCAT) or nontargeting siRNA (siControl). Western blot analysis of 

cell lysates that were serum starved for 1 h and treated with EGF (5 ng/ml) for 5 min. Shown in 

(A) are representative immunoblots showing detection of pS9-GSK3β, total GSK3β, or clathrin 

(loading control). (B-D) Quantitative measurements of absolute levels of pS9-GSK3β values (n = 

5), relative to total GSK3β and total GSK3β (n = 4), all normalized to loading control. Two way 

ANOVA with post hoc Bonferroni pairwise comparisons (B and C) and independent t test, mean 

± SEM, * p < 0.05. 
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Figure 5.6. The Ras/Erk signaling pathway is not impacted by LYCAT silencing. RPE cells were 

transfected with siRNA sequence targeting LYCAT (siLYCAT) or nontargeting siRNA (siControl). 

Cells were serum starved for 1 h followed by 5 min of EGF stimulation (5 ng/ml) and then whole 

cell lysates were subjected to western blotting. Shown in (A) are representative immunoblots for 

RPE cells probed for pT202/Y204-Erk, total Erk or clathrin (loading control). Shown in (B, C) is the 

quantitative measurements for RPE cells of (B) pT202/Y204-Erk relative to total Erk values (n = 

3), two-way ANOVA with post hoc Bonferroni pairwise comparisons and (C) total Erk (n = 4), 

independent t test, all normalized to loading control. Mean ± SEM, * p < 0.05. 
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The most common acyl chain profile of PI is 1-stearoyl-2-arachidonoyl (Baker and Thompson, 

1972; D’Souza and Epand, 2015; Hicks et al., 2006; Holub and Kuksis, 1978; Imae et al., 2011). In 

vitro and in vivo assays have shown that LYCAT specifically recognizes PI as a substrate (over other 

phospholipids) and LYCAT plays a role in stearic acid enrichment onto the sn1 position of PI in 

vivo (Cao et al., 2004; Imae et al., 2011). Upon knockout of LYCAT in mice, there were significant 

reductions in the levels of stearic acid incorporated into PI (Imae et al., 2011). Further analysis of 

the livers of LYCAT-/- mice showed a 27%, 42% and 50% decrease in the levels of 18:0/20:4 PI, 

PIP1 and PIP2 species, respectively (Imae et al., 2011). Consistent with these previous studies, my 

research found that targeted silencing of LYCAT in RPE cells caused significant alterations in the 

acyl profile of PIP2 species. However, in contract to studies in LYCAT-/- mice, LYCAT knockdown in 

RPE cells had no effect on the acyl profile of PI or PIP1 species (or that of other phospholipids). 

Specifically, I observed a shift towards shorter acyl chains in PIP2 species in the absence of LYCAT 

expression relative to control cells. 

 

6.1. The PI acyltransferase LYCAT preferentially affects the acyl profile of PIP2 species 

PI and PI(4,5)P2 synthesis appears highly dependent on ER-plasma membrane contact sites and 

substrate channeling (Kim et al., 2011). Non-vesicular transport of PA, DAG and PI between the 

ER and plasma membrane is also implicated in this process (Chang and Liou, 2015; Kim et al., 

2015; Saheki et al., 2016). Furthermore, PIS-silenced cells showed reduced total levels of PI, 

PI(4)P and PI(4,5)P2, suggesting PIS plays a significant role in production of PI and various PIP 

species. (Kim et al., 2011). I propose that PIS generates two pools of PI. In the general ER, PIS 

produces bulk PI and in ER-derived vesicles such as PIPEROsomes, it regulates a special pool of PI 

that is channeled for the synthesis of PI(4,5)P2. In support of this model are several studies that 

have found reduction of plasma membrane PI(4)P by treatment with PI4-kinase inhibitors or 

recruitment of the 4-phosphatase to the plasma membrane, had little effect on plasma 

membrane PI(4,5)P2 levels (Bojjireddy et al., 2014; Hammond et al., 2009, 2014). Thus suggesting 

a different pool of PI(4)P is used to generate PI(4,5)P2 than bulk PI(4)P in the plasma membrane. 

Notably, that PI(4,5)P2 levels are not affected by PI(4)P depletion also argues that the conversion 
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of this distinct pool of PI(4)P to PI(4,5)P2 is very efficient, which is highly suggestive of substrate 

channeling. 

How might LYCAT be impacting PI(4,5)P2? I hypothesize that the preferential effect of 

LYCAT silencing on the acyl chain profile of PI(4,5)P2 but not to PI/PIP1 may be in part due to its 

restricted localization to specific cellular sub-compartments. To date, there have been conflicting 

reports about the localization of LYCAT. However, using a systematic, quantitative analysis I was 

able to conclude that LYCAT largely localizes to PIS vesicles (Chapter 3, Figure 3.8). These vesicles 

are proposed to make transient contacts with the plasma membrane (Kim et al., 2011). Thus, I 

hypothesize that PI(4,5)P2 acyl remodelling by LYCAT may be coupled to PIS activity in 

PIPEROsomes.  

I hypothesize that LYCAT may act alongside other acyltransferases, in a redundant way, 

in general PI acyl remodeling in addition to also specifically acting on a distinct pool of PI that is 

part of a substrate channeling system. In LYCAT-silenced cells, I did not see an effect on the acyl 

profile of PI (Chapter 3, Figure 3.2). Thus, in the absence of LYCAT, it is possible that the other 

redundant acyltransferases are able to enrich PI with the proper acyl profile. Furthermore, I 

hypothesize that LYCAT also acts on a distinct pool of PI which is converted to PI(4)P and then 

PI(4,5)P2 at the plasma membrane. LYCAT silencing caused a shift in the acyl profile of PIP2 species 

(Chapter 3, Figure 3.4). Thus, in the absence of LYCAT, I suggest that other acyltransferases that 

don’t have the same acyl chain specificity, act in place of LYCAT resulting in misacylated pool of 

lipids channeled toward PI(4,5)P2 synthesis. The mechanism of LYCAT acting on plasma 

membrane PI(4,5)P2 could be due to i) PIPEROsome localization to ER-plasma membrane 

junctions where PI-transfer proteins transfer PI(4,5)P2 from the plasma membrane to LYCAT 

localized in PIS vesicles (Chang and Liou, 2015; Cockcroft, 2001) or ii) the plasma membrane and 

ER are able to localize within close proximity giving LYCAT access to PI(4,5)P2 and act in trans. 

PI-transfer proteins have been shown to play key roles in PI transport. The ability to 

transport these lipids is dependent on how the lipid sits within the PI-transfer protein binding 

cavity. Elucidation of the PI-transfer protein crystal structure has shown that the lipid headgroup 

gets buried deep in the lipid binding cavity while the acyl chains face outwards toward the solvent 

face of the binding cavity (Yoder et al., 2001). The crystal structure of PI-transfer protein α 
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revealed two channels within the binding cavity that accommodate the sn1 and sn2 acyl chains 

(Tilley et al., 2004) and has been shown to prefer PI containing shorter acyl chains (Hunt et al., 

2004). Therefore, it is possible that alterations in PI and PIP acyl chain content could impact the 

transport of lipids in the cell, thus impacting the flow of molecules involved in PI synthesis. 

 

6.2. The PI acyltransferase LYCAT preferentially controls the levels of PI(4,5)P2  

LYCAT silencing caused a reduction in total levels of PI(4,5)P2 (Chapter 3, Figure 3.6). I speculate 

that two mechanisms are responsible for this reduction. Firstly, in the absence of LYCAT, a small 

pool of misacylated PI is produced (which is perhaps part of PI to PI(4)P to PI(4,5)P2 substrate 

channeling described above), which is then converted into PI(4)P by PI4-kinases (Dickson et al., 

2014; Graham and Burd, 2011). However, PIP5K, responsible for the conversion of PI(4)P to 

PI(4,5)P2 prefers substrates with 18:0/20:4 (Schmid et al., 2004). Thus, PIP5K may have a difficult 

time recognizing the 18:0/20:4 PI(4)P in the presence of a small pool of misacylated PI(4)P, 

resulting in decreased efficiency of PIP5K-dependent production of PI(4,5)P2 from PI(4)P.  

Secondly, in the absence of LYCAT, the smaller pool of PI(4,5)P2 that is produced, results in an 

accumulation of misacylated PI(4,5)P2. I propose that as a part of a quality control mechanism of 

the cell, this misacylated PI(4,5)P2 undergoes preferential hydrolysis of the 5-inositol position by 

an acyl chain sensitive phosphatase. The 5-phosphatase, INPP5B shows greater preference for 

PI(4,5)P2 containing shorter acyl chains over the endogenous PI(4,5)P2 in vitro (Schmid et al., 

2004). Thus, INPP5B may be the quality control enzyme. Together, I propose that enzyme 

efficiency and a quality control mechanism are responsible for reduced levels of PI(4,5)P2 in 

LYCAT-silenced cells. 

 

6.3. PI cycle may be coupled with a PI-specific Lands cycle to produce PI and PIPs with 38:4 

acyl species 

I propose a model that couples PI synthesis (i.e. the PI cycle) with PI/PIP acyl remodelling (i.e. a 

PI-specific Lands cycle). In this model, I propose that there is fundamental and/or physical overlap 

between the PI cycle and a PI-specific Lands cycle, combining the actions of PIS and PI-specific 

acyltransferases. More specifically, I propose that both LYCAT and LPIAT1 work within this model. 
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LPIAT1 has been shown to incorporate arachidonic acid on the sn2 position of PI (Anderson et al., 

2013; Gijón et al., 2008; Lee et al., 2012). Examination of liver and brain of LPIAT1-/- mice showed 

reduced levels of 38:4 PIP1
 and PIP2 and showed reduced total levels of PIP1 and PIP2 (Anderson 

et al., 2013). LYCAT-/- mice and siRNA silencing of LYCAT in HeLa cells showed not only an impact 

on the levels of stearic acid in PI, there were also reductions in arachidonic acid in PI (Imae et al., 

2011). However, this was not due to reduced LPIAT1 acyltransferase activity nor was it due to 

altered LPIAT1 expression (Imae et al., 2011). It is possible that the acyltransferase activity of 

LPIAT1 incorporation of 20:4 on the sn2 position of PI prefers substrates containing 18:0 on the 

sn1 position. Thus, replacement of other fatty acids (such as 16:0 or 18:1) may lead to reduced 

incorporation of 20:4 into PI, though this has not been tested. Therefore, I hypothesize that 

LYCAT and LPIAT1 may work together to enrich PI with 18:0/20:4. In this model, I propose that 

the PI cycle is coupled with a PI-specific Lands cycle involving the acyltransferases, LYCAT and 

LPIAT1 that act to enrich PI and PI(4,5)P2 with 1-stearoyl-2-arachidonoyl acyl species.  

 

6.4. LYCAT controls PIP function possibly by altering membrane characteristics and effector 

binding 

My data indicate that LYCAT regulates PIP levels and localization. LYCAT silencing reduced the 

number of PI(3)P endosomes and caused major disruptions to PI(4,5)P2 localization causing the 

PI(4,5)P2 probe to relocalize from the plasma membrane to intracellular tubular structures. 

Additionally, LYCAT silencing decreased total levels of PI(4,5)P2 and PI(3)P. LYCAT perturbation 

also resulted in the incorporation of shorter acyl chain species in PI and PIPs, which could alter 

PIP function. Here I will discuss the general effect of altered acyl chains in PI and PIPs and then 

below I will discuss how this may impact PI(4,5)P2, PI(3)P and PI(3,4,5)P3-dependent functions. 

My results found that LYCAT perturbation resulted in shorter acyl chains in PIP2 species. 

Shorter acyl chains could potentially impact the position of the lipid in the membrane thereby 

affecting effector protein binding. Changes in chain length could affect the orientation of the lipid 

relative to the membrane (Wakelam, 2014) and/or cause the lipid to sit deeper in the membrane 

(van Meer et al., 2008). Alterations in acyl chain content could also affect 1) lipid dynamics, in 

particular lateral diffusion, 2) lipid packing within lipid ordered domains, 3) enrichment of the 
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lipid within curved vs flat lipid bilayers and 4) the interaction of the lipid with proteins that have 

certain membrane inserting domains. For example Drp1, a GTPase involved in mitochondrial 

division, recognizes the headgroup of PA and two fatty acyl chains of other phospholipids within 

the membrane (Adachi et al., 2016). The positioning of a lipid in the membrane plays an 

important role in coincidence detection as many effector lipid binding domains bind directly to 

particular lipids and make contact with other lipids or proteins at the membrane in a non-specific 

manner. For example, the C2 domain of protein kinase Cα specifically binds to phosphatidylserine 

and non-specifically to PI(4,5)P2 at the plasma membrane when cytosolic Ca2+ increases, resulting 

in higher affinity and selectivity of protein kinase Cα to the plasma membrane (Guerrero-Valero 

et al., 2009). Thus, PI(4,5)P2 contained altered acyl chains, coincidence detection involved in 

protein kinase Cα signaling could be impacted. Additionally, proteins that function in 

homodimers, such as the hepatocyte receptor tyrosine kinase substrate protein that interacts 

through the FYVE domain, would likely exhibit altered binding due to changes in lipid orientation 

or axial position (Mao et al., 2000). 

 

6.5. LYCAT controls clathrin-mediated endocytosis 

In elucidation of the function of LYCAT in RPE cells, my data demonstrated that LYCAT 

perturbation causes alterations in CCP dynamics consistent with disruption of initiation and 

assembly of CCPs, and decreased rates of CME. It has been shown that perturbations in PI(4,5)P2 

impact CCP size, lifetime and frequency (Antonescu et al., 2011). Our findings that LYCAT silencing 

results in a reduction in PI(4,5)P2 and a reduction in CCP initiation rate, size and frequency, are 

consistent with this previous work. PI(4,5)P2 functions as a membrane ligand for many CCP 

proteins, including AP2, sorting nexin 9 and dynamin (Di Paolo and De Camilli, 2006; Gaidarov 

and Keen, 1999; Itoh et al., 2001; Jackson et al., 2010; Krauss and Haucke, 2007). Defects in CCP 

dynamics may be partially due to reduced PI(4,5)P2 levels, but could also be due to altered CCP 

effector binding.  

Endocytosis requires the turnover of PI(4,5)P2 for proper CCP assembly and CCV formation 

and is highly dependent on 5-phosphatases, OCRL and synaptojanin-1 (Antonescu et al., 2011; 

Chang-Ileto et al., 2011). LYCAT silencing resulted in a redistribution of the PI(4,5)P2 probe to 



136 
 

intracellular tubules. This resembles another study, which found that a disruption to OCRL 

resulted in accumulation of PI(4,5)P2 on tubular structures (Nández et al., 2014). OCRL and, to a 

lesser extent, synaptojanin-1, preferentially selects for 18:0/20:4 PI(4,5)P2 (Schmid et al., 2004). 

Synaptojanin-1 aides in the scission of CCPs from the plasma membrane (Chang-Ileto et al., 2011). 

If synaptojanin-1 is less efficient at acting on misacylated PI(4,5)P2, I would expect less vesicle 

scission and production of tubules with PI(4,5)P2 accumulation instead of vesicles. In LYCAT-

silenced cells, the misacylated PI(4,5)P2 may act as a poor substrate and cause accumulation of 

PI(4,5)P2.  

Regulation of CME by LYCAT seems to be specific and selective based on the receptor 

being internalized. My data found that LYCAT regulates TfR endocytosis but did not impact cell 

surface EGFR levels. Though, I did not investigate the rates of EGFR internalization, measurement 

of cell surface EGFR was used as an indicator of the efficiency of endomembrane traffic. Although 

endocytosis of TfR and EGFR rely on the same core machinery including clathrin, AP2 and 

dynamin, TfR and EGFR are generally localized to different CCPs, where only about 15% exhibit 

localization to the same CCPs (Delos Santos et al., 2017; Stang et al., 2004) and use different 

endocytic accessory proteins such as Grb2, which is required for EGFR internalization but not TfR 

internalization (Huang et al., 2004). It is also possible, that endocytic accessory proteins involved 

in TfR internalization may be sensitive to specific acyl species within PI(4,5)P2.  

 

6.6. LYCAT controls PI(3)P and early endosomal traffic 

LYCAT silencing resulted in reduced levels of PI(3)P as assessed by the 2FYVE probe localization 

and biochemical measurement of PI(3)P levels. PI(3)P levels can be controlled by multiple 

mechanisms. Firstly, PI(3)P synthesis could rely on a specific precursor pool of PI that has been 

remodelled by LYCAT, as PIS vesicles have been shown to make transient contact with not only 

the plasma membrane but also with a number of different membranes including endosomes (Kim 

et al., 2011). However, I was unable to investigate the acyl chain profile of PI(3)P due to PI(4)P 

being the predominant PIP1 species, which does not allow assessment of PI(3)P acyl profile by 

this technique. Secondly, PI(3)P synthesis may be dependent on PI(4,5)P2 turnover. LYCAT 

silencing resulted in a reduction in PI(4,5)P2 levels, and decreased PI(4,5)P2 levels have separately 
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been shown to cause a decrease in PI(3)P levels (Shin et al., 2005). Thirdly, the defects in PI(3)P 

levels may be due to reduced CME and membrane flux. To determine if the decrease in PI(3)P 

was due to reduced PI(4,5)P2 turnover, future studies could examine the number of 2FYVE 

structures in LYCAT-silenced cells transfected with mCherry-OCRL. I expect that if turnover of 

PI(4,5)P2 limits production of PI(3)P, then overexpression of the 5-phosphatase OCRL will 

accelerate the rate of PI(4,5)P2 turnover despite PI(4,5)P2 being misacylated, thus allowing an 

enhancement of PI(3)P production and rescue of intracellular membrane traffic events. 

 Similar to the molecular switch of PI(4,5)P2 hydrolysis by 5-phosphatases required for 

CME, the molecular switch of PI conversion into PI(3)P is implicated in the maturation of newly 

formed vesicles to early endosomes  (Zoncu et al., 2009). Additionally, depletion of PI(3)P by 

either inhibition of PI3K or recruitment of a 3-phosphatase to early endosomes, caused these 

early endosomes to revert to immature vesicles (Zoncu et al., 2009). PI(3)P, together with Rab5, 

are important in the recruitment of tethering factors, such as EEA1 (via a FYVE domain) and other 

endosomal effectors involved in endosomal sorting (Christoforidis et al., 1999; Lawe et al., 2000). 

Reduced PI(3)P levels in LYCAT-silenced cells and reduced numbers of 2FYVE-positive endosomes 

is consistent with these known functions of PI(3)P. Reduction in PI(3)P levels by LYCAT silencing 

could impact recruitment of these effectors and cause issues with endosomal sorting. I found no 

major disruptions to EEA1 upon LYCAT silencing, but this is consistent with previous reports that 

show a portion of EEA1 is still recruited to early endosomes despite reduced PI(3)P levels (Fili et 

al., 2006; Johnson et al., 2006). Though there are many other PI(3)P effectors, such as Rabenosyn-

5, it is an important consideration to investigate other PI(3)P effectors to determine if 

recruitment is altered due to LYCAT silencing.  

 

6.7. LYCAT controls PI(3,4,5)P3 and Akt signaling 

I observed that LYCAT silencing caused an apparent reduction in PI(3,4,5)P3 levels. Since PI(4,5)P2 

is a precursor for PI(3,4,5)P3 synthesis one explanation for the reduction in PI(3,4,5)P3 could be 

due to the effect of LYCAT silencing reducing PI(4,5)P2 levels. However, the reduction of total 

PI(4,5)P2 levels is modest, and the apparent reduction in PI(3,4,5)P3 levels by LYCAT silencing 

appears to be more substantial, suggesting that a reduction in PI(4,5)P2 substrate is not enough 
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to explain the reduction in PI(3,4,5)P3 levels in LYCAT-silenced cells. Secondly, the apparent 

reduction in PI(3,4,5)P3 upon LYCAT silencing could be due to sensitivity of PI3K to the acyl chain 

profile of its substrate. One study, which investigated the specific binding of PI3K to PI(3,4,5)P3, 

found that the C-terminal SH2 domain of p85α subunit was sensitive to PI(3,4,5)P3 acyl chain 

length, where a reduction in acyl chain length caused a decrease in binding affinity to p85α (Ching 

et al., 2001). Thirdly, EGF-stimulated Akt phosphorylation requires clathrin (likely as a result of 

requiring formation of CCPs (Garay et al., 2015), and the defect in activation of Akt in LYCAT-

silenced cells could reflect a defect in formation and assembly of CCPs. 

Analysis of PI and PIP acyl chain profile was conducted in unstimulated cells, thus I was 

unable to assess the various acyl chain species of PI(3,4,5)P3. An interesting follow-up would be 

to investigate the effect of EGF-stimulation on the acyl profile of PI(3,4,5)P3 in LYCAT-silenced 

cells. Nonetheless, there have been a number of research groups that have investigated the acyl 

profile of PI(3,4,5)P3 in stimulated cells (Clark et al., 2011; Milne et al., 2005; Ogiso and Taguchi, 

2008). Examination of these studies suggests that the acyl chain content of PI(3,4,5)P3 following 

cell stimulation may be ligand specific. In an analysis of RAW 264.7 macrophage cells, the 

diversity of PI(3,4,5)P3 acyl species varied from 32:0 to 40:6 PI(3,4,5)P3 when stimulated with 

various ligands including lysoPA and zymosan which activate G protein-coupled receptors and 

NF-κB, respectively (Milne et al., 2005). This suggests that the different PI3K isoforms activated 

by different receptors use different PI(4,5)P2 species as their substrate. However, there has been 

some variation in the molecular species of PI(3,4,5)P3 detected, which could be due to differences 

in cell lines or detection methods (Wakelam, 2014). For example, analysis of A431 cells stimulated 

with EGF, researchers were only able to detect 36:4 PI(3,4,5)P3 species (Ogiso and Taguchi, 2008). 

In another study, human breast epithelial cells contained 5 different PI(3,4,5)P3 species after 

stimulation with EGF and found the species with the greatest magnitude of increase following 

stimulation was 18:0/20:4 PI(3,4,5)P3 (Clark et al., 2011). Therefore, it seems that activation of 

EGFR and recruitment of PI3K may preferentially select PI(4,5)P2 containing 18:0/20:4. Thus, 

upon LYCAT silencing the decrease in PI(4,5)P2 levels and the alteration in PIP2 acyl chain content, 

could explain the decrease in PI(3,4,5)P3 levels. However, it is possible the PH-Akt probe is 
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sensitive to acyl chain content, therefore it is important to test PH-Btk, a different PI(3,4,5)P3 

probe. 

 

6.8. Additional Contributions  

During the course of my graduate studies, I have primarily focused on the projects investigating 

the function of LYCAT in regulating the acyl chain profile of PIPs and the impact this has on 

endomembrane traffic and hormone receptor signaling, as this thesis describes. Chapters 3 and 

4 have resulted in one first-author publication.  

 

Leslie N. Bone, Roya M. Dayam, Minhyoung Lee, Nozomu Kono, Gregory D. Fairn, Hiroyuki Arai, 

Roberto J. Botelho and Costin N. Antonescu 2017. The acyltransferase LYCAT controls specific 

phosphoinositides and related membrane traffic. Molecular Biology of the Cell. 1(28):161-172.  

 

The introduction of my thesis will be used towards a review publication on PI and PIP 

synthesizing enzymes and substrate acyl chain specificity. Additionally, the results from Chapter 

5 are almost a complete project and will be published after a few more experiments are 

conducted in the next few months.  

Unique opportunities for collaboration with peers have presented themselves over the 

years and I was happy to lend my expertise to my collaborators toward the completion of several 

other projects. The following works are additional projects I have contributed to. I briefly describe 

the extent of each of my contributions.  

 

The following article was published in Traffic: 

 

Mathieu J. F. Crupi, Piriya Yoganathan, Leslie N. Bone, Eric Lian, Andrew Fetz, Costin N. Antonescu 

and Lois M. Mulligan 2015. Distinct Temporal Regulation of RET Isoform Internalization: Role of 

Clathrin and AP2. Traffic. 16(11):1155-1173. 
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This project elucidated the specific mechanisms of the membrane traffic of the receptor tyrosine 

kinase RET within the cell. The relative involvement of clathrin-dependent and –independent 

processes in internalization of both RET isoforms, RET9 and RET51, had not been investigated. 

My contribution to this work was TIRF-M imaging of RPE cells transfected with RET9 or RET51, 

stained for AP2 and stimulated with glial cell line-derived neurotrophic factor for various times. 

My work determined that RET51 was recruited more rapidly to AP2 structures following 

activation compared to RET9. The images are included here: 

 

“The AP2 complex is involved in internalization of activated RET isoforms” (Figure 7A) 

 

 

 

The following article will be published in Molecular Biology of the Cell: 

 

Ralph Christian Delos Santos, Stephen Bautista, Stefanie Lucarelli, Leslie N. Bone, Roya M. 

Dayam, John Abousawan, Roberto J. Botelho and Costin N. Antonescu 2017. Selective regulation 

of clathrin-mediated EGFR signaling and endocytosis by phospholipase C and calcium. Accepted 

in Molecular Biology of the Cell. 
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This project was on elucidation of the role of PLCγ1 in EGFR CME and EGFR signaling. We found 

that signals triggered by PLCγ1 (including cytosolic Ca2+ and protein kinase C) regulate CME and 

allows for the selective control of a subset of CCPs harboring EGFR but not CCPs harbouring TfR. 

My contribution to this work was biochemical PI(4,5)P2 analysis by [3H]myo-inositol labelling in 

cells treated with EGF or ionomycin.  I also contributed to TIRF-M imaging following transfection 

of synaptojanin-1 in RPE cells stably expressing GFP-CLC and treated with various inhibitors 

(BAPTA-AM and BIM, Ca2+ chelator and protein kinase C inhibitor, respectively) and stimulated 

with EGF. My work showed that PLCγ1 control of EGFR is not due to robust, broad PI(4,5)P2 

depletion but likely due to generation of secondary signaling intermediates (calcium). Thus, I 

conducted the appropriate experiments and quantified data. The figure is included here:  

 

“EGF stimulation elicits a PLCγ1-dependent increase in cytosolic Ca2+” (Figure 2A) 

 

 

 

The following article will be published in the Journal of Cell Science: 

 

Brandy D. Hyndman, Mathieu J.F. Crupi, Susan Peng, Leslie N. Bone, Simona M Wagner, Aisha 

N. Rekab, Costin N. Antonescu, and Lois M. Mulligan 2017. Differential recruitment of E3-

ubiquitin ligase complexes regulates RET isoform internalization. Accepted in Journal of Cell 

Science.  

 

This project examined the differences in the mechanics of RET9 and RET51 ubiquitination and 

internalization given that RET isoforms are internalized with distinct kinetics. My contribution to 
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this work was assistance in TIRF-M imaging of RET9 and AP2 in NEDD4 knockdown cells and 

imaging of RET51 and AP2 in CBL knockout or GRB2 knockdown cells, all in SH-SY5Y 

neuroblastoma cell line. This work suggested that RET9 ubiquitination by NEDD4 promotes its 

recruitment to CCPs and subsequent internalization. Furthermore, this work suggested that CBL-

mediated ubiquitination is not essential for the early stages of RET51 recruitment or 

internalization into CCPs. Images are included here:  
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“RET isoform ubiquitin linkages and GDNF-stimulated recruitment to CCPs” (Figure 6 C-E) 
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Chapter 7 
Future Directions  
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My work showed that loss of LYCAT plays a role in acyl chain depletion in PI(4,5)P2. I have also 

identified the functional role of LYCAT in controlling localization and total levels of PI(4,5)P2, 

PI(3)P and PI(3,4,5)P3, and the role of LYCAT in regulating PI(4,5)P2, PI(3)P and PI(3,4,5)P3-

dependent processes in RPE cells. My work found that LYCAT perturbation impacted TfR 

endomembrane traffic and impaired PI3K/Akt signaling.  

One of the key outstanding questions of this work is what is the mechanism of enrichment 

of 1-stearoyl-2-arachidonoyl acyl species into PI and PIPs? My work supports a model where the 

acyl enrichment of PI and PIPs occurs by coupling the PI cycle to a PI-specific Lands cycle. This 

model combines the action of PIS for PI synthesis and the actions of PI-specific acyltransferases, 

LYCAT and LPIAT1, which are spatially coupled to enrich PI and PI(4,5)P2 with 38:4 acyl species. 

Future work should be directed to test this model. Given the alterations in PI and, in particular 

PI(3,4,5)P3 dynamics in certain cancers, such as those resulting from PTEN or p53 mutations or 

deletions, I propose to probe the role of LYCAT in PI(3,4,5)P3-dependent cancer cell 

survival/proliferation pathways, that are driven by receptor tyrosine kinases or G protein-

coupled receptors. Using cBioPortal for cancer genomics, investigation into the tendency for p53 

and LYCAT towards co-occurrence of alteration in breast cancer was significant with a p-value of 

< 0.01 (Cerami et al., 2012; Gao et al., 2013). In order to investigate these questions, I have 

outlined some projects below. 

 

7.1. Mechanism of PI cycle/PI-specific Lands cycle for enrichment of PI and PIPs with 38:4 acyl 

species 

I propose a model in which PI-specific acyltransferases, such as LYCAT and LPIAT1 work together 

to enrich PI with 1-stearoyl-2-arachidonoyl acyl species. I envision this to occur alongside PI 

synthesis in ER-derived vesicles containing PIS enzyme (Kim et al., 2011). In this way, it is possible 

that newly synthesized PI is then subjected to acyl chain remodelling by the acyltransferases. 

Future work should focus on the relationship between LYCAT and PIS localization. Does LYCAT 

play a role in PIS localization to these peripheral vesicles or vice-versa? Also, does silencing of 

LPIAT1 alter localization of PIS or LYCAT? I was able to conduct one experiment were I transfected 

cells with PIS-GFP following LYCAT silencing. Preliminary images showed no major disruption to 
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PIS localization following LYCAT silencing, suggesting that LYCAT may not play a role in PIS stability 

in these peripheral vesicles (Figure A2). However, further replicates and quantitative analysis is 

needed for a better understanding of the relationship between PIS and LYCAT localization.   

To better understand if LYCAT and LPIAT1 are involved in this PI-specific Lands cycle, 

investigation into the localization of LPIAT1 and LYCAT is required to determine if they localize to 

similar cellular sub-compartments. Co-expressing LYCAT-GFP and epitope-tagged LPIAT1, one 

could use immunofluorescence and microscopy to identify the relative localization of the two 

acyltransferases. Spinning disc confocal and TIRF-M would be excellent tools for visualizing broad 

localization in the cell and of regions close to the cell surface such at ER-plasma membrane 

contact sites, respectively. My data indicate that LYCAT localized to peripheral PIS vesicles that 

partially overlap with ER-plasma membrane contact sites marked with E-Syt2. TIRF-M would be 

highly beneficially, in addition to spinning disc confocal, to determine if LYCAT and LPIAT1 localize 

to these peripheral PIS-vesicles. Currently, a graduate student, Ms. Y. Awadeh, and an 

undergraduate student, Mr. G. Shantz, have begun examining the localization of LPIAT1 in RPE 

cells. Indeed, their preliminary imaging data suggest that a portion of LPIAT1 localizes to punctate 

structures, which may represent the pool of LYCAT/PIS peripheral vesicles and similar to LYCAT 

localization, shows minimal overlap with KDEL. Co-transfection of LPIAT1 and LYCAT or LPIAT1 

and PIS is required to further elucidate the localization of LPIAT1 with respect to PIS and LYCAT 

in RPE cells.  

 The activity of LYCAT and LPIAT1 are likely coupled alongside the action of PLA1 and PLA2 

enzymes to remodel PI and PIP acyl profiles. Thus, I hypothesize that PLA1 and/or PI-PLA2 

enzymes either localize to or are functionally linked to enzymes within PIS/LYCAT-positive 

vesicles. ER exit sites are specialized subdomains of the ER where newly synthesized proteins are 

transported via COPII-coated vesicles to the Golgi. COPII proteins are responsible for selection of 

cargo and ER-membrane deformation (Barlowe, 2002; Miller et al., 2003). The cycling of the 

GTPase, Sar1, is required for full COPII recruitment to the ER, membrane budding and COPII 

uncoating (Barlowe et al., 1994; Yoshihisa et al., 1993). More recently, p125 was identified to be 

localized to COPII ER exit sites (Shimoi et al., 2005). p125 is one of three known PLA1 enzymes in 

mammals  (Richmond and Smith, 2011) and exhibits sequence homology to PA-PLA1 (DDHD1) 
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and an N-terminal region that binds to a subunit of COPII (Mizoguchi et al., 2000). Interestingly, 

the localization of PIS to peripheral vesicles is also dependent on Sar1 cycling (Kim et al., 2011). 

In my proposed model, a PLA1 would be required to liberate the fatty acid at the sn1 position to 

allow LYCAT to enrich PI/PIPs with stearic acid, as proposed by many groups (Cao et al., 2004; 

Imae et al., 2011). Thus, future work should focus on localization of p125 with respect to LYCAT 

and PIS to determine if p125 localizes to these peripheral vesicles. Additionally, future work 

should focus on whether p125 is required for proper acylation of PI and PIPs by investigating 

biological/chemical phenotypes that are produced upon p125 silencing. Firstly, future work 

should silence p125 and examine cell surface levels of TfR. I would expect that if p125 works in 

concert with LYCAT to remodel newly synthesized PI, then p125 silencing should have similar 

effects as LYCAT silencing and cause a decrease in cell surface TfR. Secondly, simultaneous 

knockdown of p125 and LYCAT should be performed to examine if these enzyme work in the 

same pathway. If they do work in the same pathway, then the silencing will not be additive. And, 

lastly, in p125 silenced cells, I suggest repeating some experiments to examine TfR traffic and 

EGF-activated Akt pathway, including CCP dynamics, endosomal sorting and Akt activation, to 

probe if LYCAT and p125 function in the same biochemical pathway. Similar methods should be 

used to study PLA2 enzymes. 

Another important aspect of this proposed model is whether this PI-specific Lands cycle 

is a dynamic system. Do various stimuli or stresses cause LYCAT to change localization in order 

for the enzymes to be delivered to subcellular locales at which PI synthesis is occurring? Live-cell 

imaging of PIS and LYCAT would provide further insight into the relationship between PI synthesis 

and acyl remodelling. I have proposed that LYCAT may control PI(4,5)P2 levels and acyl profile, 

however it is not known whether LYCAT controls the synthesis of PI(4,5)P2 by PIP5K. It is possible 

that LYCAT may use PI(4)P as a preferred substrate or that LYCAT localization is driven only to 

plasma membrane microdomains that are enriched in PI(4)P that is then shuttled to PI(4,5)P2 

synthesis. Furthermore, whether LYCAT is part of a pathway that replenishes PI(4,5)P2 levels 

following stimuli is not known. One project currently underway by a graduate student, Ms. Y. 

Awadeh, is examining the role of LYCAT in PI(4,5)P2 resynthesis following PLC activation. 

Treatment with ionomycin causes an increase in cytosolic Ca2+, which activates PLC and causes a 
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rapid decrease in PI(4,5)P2 levels. Ms. Y. Awadeh will be using the PH-PLCδ1 probe to determine 

a ratio of TIRF-M/epifluorescence signal as a quantitative measurement of plasma membrane 

PI(4,5)P2 levels. Thus far, the protocol has been optimized and it has been determined that 10 

min (10 µM) ionomycin treatment, followed by 30 min of recovery is an optimal time for 

replenishment of PI(4,5)P2. The next steps of this project will examine recovery of PI(4,5)P2 levels 

following PLC activation in LYCAT-silenced cells. This project will also investigate dynamics of PIS 

and LYCAT at ER-plasma membrane junctions following treatment with ionomycin. Using live cell 

imaging and object detection and tracking (Aguet et al., 2013; Jaqaman et al., 2008) of PIS vesicles 

to quantitatively measure the visits and overlap made by PIS vesicles to plasma membrane 

regions marked by E-Syt contact sites (Bone et al., 2017).  

Another project would be to investigate the effects of metabolic stress, such as high fat 

diet on LYCAT and LPIAT1 localization. LYCAT appears to have multiple functions in control of 

metabolism and ROS (Li et al., 2012, 2010; Liu et al., 2012). However, the role of LYCAT in 

regulating metabolism and ROS may only occur during systemic stress. Does the localization of 

LYCAT and LPIAT1 change upon high fat diet? Do they translocate to the mitochondria? These are 

some of the questions that could be assessed by fluorescent probe localization and fatty acid 

supplementation, for example. 

Determining the protein-protein associations of LYCAT is also an important approach to 

understanding LYCAT function, subcellular proteasome and biological mechanism. One approach 

to studying this uses proximity-dependent cellular biotinylation by a bacterial biotin ligase from 

E. coli, called BirA (Choi-Rhee et al., 2004). A mutant BirA, R118G, referred to as BirA*, gains 

promiscuous biotinylation ability and is able to biotinylate proteins in close proximity (Choi-Rhee 

et al., 2004; Roux et al., 2012). BirA* can be fused to a protein of interest, in this case, LYCAT and 

then transfected into cells. In media supplemented with biotin, the BirA* fusion protein will 

biotinylate proximal proteins, which can then be selectively isolated by biotin capture methods 

and identified by mass spectrometry (Kim et al., 2014; Roux et al., 2012). We have already 

established a collaboration to perform this experiment and construction of the appropriate 

vector is underway. Applying this strategy to identify proteins that are proximate to and/or 
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interact with LYCAT will contribute to our understanding of the mechanism of LYCAT function in 

the PI-specific Lands cycle.  

 

7.2. Elucidation of the role of LYCAT in modulating PI3K/Akt signaling in a cancer cell line 

My work found that LYCAT silencing had significant impact on the activation of Akt1 in RPE cells, 

which impacted a number of different Akt substrates. These observations should be investigated 

further in another cell line to probe for the generality of this novel function of LYCAT in EGF-

stimulated Akt signalling. MDA-MB-468 cells are PTEN-null cells and contain high levels of EGFR, 

thus would be an appropriate cell line to study both the effect of LYCAT in the context of EGFR 

signaling and in the context of cell survival driven by EGFR. MDA-MB-231, a breast cancer cell line 

are p53 mutated cells (Hui et al., 2006) and are another appropriate cell line to study given the 

link between p53 and alterations in phospholipid acylation status (Naguib et al., 2015). 

Preliminary data has been collected from MDA-MB-231 cells and is presented here.  

I discovered an apparent decrease in PI(3,4,5)P3 levels in LYCAT silenced cells determined 

by fluorescent PH-Akt.  However, it is possible that this probe was sensitive to acyl chain content 

and thus my observations of decreased PI(3,4,5)P3 levels in LYCAT-silenced cells could be due to 

altered binding of the probe to the lipid headgroup. Therefore, I suggest that future studies 

examine localization of PI(3,4,5)P3 using a different probe, such as PH-Btk, which is from Bruton 

tyrosine phosphatase, which has been used as a PI(3,4,5)P3 probe (Manna et al., 2007). Thus, if 

both the PH-Akt and PH-Btk probes show reductions in PI(3,4,5)P3 it is likely there is a reduction 

in PI(3,4,5)P3 instead of the probe being sensitive to acyl chain content. However, to further 

confirm this, biochemical analysis of PI(3,4,5)P3 levels should be investigated. Thus, future work 

should perform the optimized protocol for [3H]myo-inositol labelling of PIPs and detection by 

HPLC.  

Examination of total levels of pan Akt in MDA-MD-231 cells showed no change following 

LYCAT silencing (Figure A3 A and B). Additionally, levels of Akt1 and Akt2 activation in LYCAT-

silenced cells showed reductions in EGF-stimulated pAkt1 (n = 2) and pAkt2 (n = 1) levels 

compared to control (Figure A3 C-F). However, further replicates are required as well as an 

investigation into the total levels of Akt1 and Akt2 in order to understand the impact of LYCAT 
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silencing on the individual Akt isoforms in MDA-MB-231 cells. Furthermore, RPE cells exhibited 

significantly lower levels of total Akt upon LYCAT silencing. Akt is known to undergo regulated 

proteolytic degradation, which is regulated by several different cues including ubiquitination 

(Chan et al., 2014). Thus, future studies should investigate Akt ubiquitin modification by Akt 

immunoprecipitation followed by anti-ubiquitin immunoblotting (Choo and Zhang, 2009). 

 Alterations in activation of Akt could be due to a number of factors including impairment 

of receptor activation upon ligand binding, alterations in adaptor protein recruitment or binding 

following receptor activation or issues with conversion of PI(4,5)P2 into PI(3,4,5)P3 by PI3K. 

Preliminary data tried to elucidate the cause of decreased phospho-Akt1 and phospho-Akt2 

levels by examining altered receptor binding of ligand or reduced receptor tyrosine kinase 

activity. There were no significant reductions to total EGFR levels examined by western blot in 

MDA-MB-231 cells silenced for LYCAT (Figure A4 A and B). Furthermore, I probed activation of 

EGFR by examining phosphorylation of Tyr1068, a site that becomes autophosphorylated upon 

receptor ligand binding and is upstream of PI3K and Akt activation (Downward et al., 1984). I 

found that LYCAT silencing had no impact on the phosphorylation of EGFR (Figure A4C). These 

data suggest that the decrease in phospho-Akt1 and phospho-Akt2 were not due to a decrease 

in EGFR activation upon LYCAT silencing.   

My data from both RPE and MDA-MB-231 cells suggest that the decrease in phospho-Akt 

is not due to a loss of EGFR phosphorylation upon LYCAT silencing. However, there may be 

alterations in the recruitment of adapter proteins, phosphorylation of adaptor proteins or impact 

on PI3K. Following EGFR activation, the adapter protein Grb2 is recruited to the cytosolic tails of 

EGFR and mediates binding of Gab1, which once phosphorylated, creates a docking site for PI3K 

(Díaz et al., 2012). Future studies should examine the effects of LYCAT silencing on Gab1 and Grb2 

recruitment to the plasma membrane following EGFR activation by immunofluorescence and 

imaging by microscopy and assessing phosphorylation of Gab1 by western blot.  

An important consideration for future studies is whether LYCAT controls or regulates Akt 

activation via PI3K. Akt1 phosphorylation is more sensitive to LYCAT perturbation than that of 

Akt2 (Chapter 5, Figure 5.2). This could be due to Akt2 undergoing phosphorylation that is less 

dependent on PI3K and PI(3,4,5)P3. Wortmannin and LY294002 are typically used to inhibit PI3Ks, 
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but both of these inhibitors target class I and class III PI3Ks. Class I PI3Ks preferentially catalyze 

PI(4,5)P2 to generate PI(3,4,5)P3 (Martini et al., 2014). Future studies should use class I PI3K 

inhibitors to see the sensitivity of Akt1 and Akt2 to this inhibitor. Cells could be treated with class 

I PI3K inhibitors, such as Idelalisib, which specifically targets PI3Kδ or GDC-0941, which is a pan 

class 1 PI3K inhibitor (Zhao et al., 2017). If Akt2 is less sensitive, then it might suggest a 

preferential role for LYCAT in phosphorylation of Akt1 is due to a more substantial requirement 

for PI3K or possibly different PI3K isoforms that in turn have different acyl preferences. 

My data also demonstrated that LYCAT silencing had major impacts on Akt-activated 

phosphorylation of Akt substrates in RPE cells. Using the same antibody, which recognizes a 

phosphorylated Akt substrate consensus sequence, I determined that Akt-dependent 

phosphorylation of substrates is also impacted in MDA-MB-231 cells (Figure A5). Though these 

are preliminary data, these, along with the decrease in pAkt1 and pAkt2 levels suggest that LYCAT 

silencing may also be regulating Akt activation and activity in MDA-MB-231 cells. Future studies 

should elucidate the effects of LYCAT silencing on specific Akt substrates, such as TSC2. TSC2 is 

an important protein which connects mitogenic signals to cell metabolism via mTOR (Huang and 

Manning, 2009).  

Similar to results in RPE cells, I found that LYCAT silencing did not significantly alter Erk 

phosphorylation following EGF-stimulated Akt activation (Figure A6 A and B).  Furthermore, there 

were no changes to total Erk levels upon LYCAT silencing (Figure A6C). Thus, the Ras/Erk pathway 

does not seem to be impacted by LYCAT silencing providing further evidence that the effects of 

LYCAT silencing on PI3K/Akt are specific. Future experiments should further examine the impact 

of LYCAT perturbation on both PI(3,4,5)P3-dependent and -independent mechanisms to establish 

the specific functions impacted by LYCAT.  

Finally, future studies should focus on evaluating the effects of LYCAT silencing on cell 

viability and proliferation in RPE and MDA-MB-231 cells. One of the issues with chemotherapy is 

increased chemotherapy resistance (Tao et al., 2016). Recently there have been numerous 

molecular-targeted agents designed to overcome this chemotherapy resistance. PI3K/Akt 

activation is closely involved in cell survival, proliferation and cell motility and is often 

dysregulated in cancer. My research has shown that LYCAT decreases Akt activation. Of clinical 
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relevance for treatment of various cancers, I hypothesize that LYCAT silencing may increase the 

efficiency of chemotherapeutic drugs, such as cisplatin. Cisplatin is a chemotherapeutic drug that 

has been shown to exhibit anticancer activity and has been clinically proven in the treatment of 

different types of cancers including sarcomas and cancers of the bones, soft tissue and muscle 

(Dasari and Tchounwou, 2014). A recent study found that treatment of cells with the Akt 

inhibitor, MK-2206, alongside cisplatin, resulted in an increase in apoptosis in gastric cancer cell 

line, AGS (Tao et al., 2016). The combined therapy resulted in a synergistic effect of proliferation 

inhibition, thus suggesting a new therapeutic strategy for treatment of cancer.  

Currently a PhD student, Mr. S.J. Bautista, alongside an undergraduate student, Ms. S. 

Khuffash, are investigating proliferative effects following LYCAT silencing and treatment with 

cisplatin. They are using propidium iodide to assess number of living cells. Living cells are unable 

to take up propidium iodide whereas dead cells do and the number of red stained cells can be 

counted and used as determinant of cell viability. Preliminary results suggest that LYCAT 

silencing, in addition to cisplatin treatment, increases cell death. 

Though, oftentimes propidium iodide is considered a viability test, it really only assess 

integrity of cell membrane, which is why additional assays are required to test intracellular 

activity. Therefore, to assess viability I suggest the MTT assay and a clonogenic assay. MTT assay 

is a tetrazolium reduction assay where viable cells convert MTT into a purple coloured formazan 

product that is measured at a particular wavelength (Riss et al., 2004). Clonogenic assays measure 

cells reproductive integrity and ability to proliferate following treatment with an agent (Munshi 

et al., 2005). Following simultaneous LYCAT silencing and treatment with cisplatin, a cell survival 

curve can be generated that describes the relationship between dose of cisplatin and the number 

of cells that survive. Together, these assays could provide details about the combined effects of 

LYCAT silencing and cisplatin treatment on cell viability and proliferation in various cell types. 
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In conclusion, my work presents evidence that the acyltransferase LYCAT plays a significant role 

in regulating endomembrane traffic and modulating hormone receptor signaling. Moreover, this 

work is the first to elucidate the function of LYCAT in PI and PIP acyl chain content and function 

in RPE cells. My data suggest that LYCAT plays a role in proper PIP function by ensuring correct 

acyl enrichment. Altering acyl enrichment by LYCAT silencing impacted TfR traffic and PI3K/Akt 

signaling, which I hypothesize is partially due to alterations in acyl profile, which affects the 

dynamics, packing, and other properties of lipids in the membrane, effector binding or 

recognition by kinases and phosphatases for PIP turnover. Moreover, the model I propose, which 

couples PI synthesis with a PI-specific Lands cycle, is likely another reason why LYCAT silencing 

impacts TfR endomembrane traffic and PI3K/signaling as LYCAT is no longer able to remodel 

PI(4,5)P2 at the plasma membrane.  

 Currently, many different thorough lipidomic approaches are being used to investigate 

and characterize tumors and provide new insights into the molecular mechanism of cancer. More 

recently, studies have shown cancer cells to contain altered phospholipid acyl profiles, which 

potentially could be used as possible diagnostic tools for cancers with p53 mutations,  or cancer 

of the prostate, breast or lungs (Goto et al., 2014; Marien et al., 2015; Naguib et al., 2015). 

Examination of multiple cell lines of both human and mouse origin found that cancer cells contain 

PI with shorter, less saturated acyl chains and low levels of polyunsaturated acyl chains compared 

to normal cells (Naguib et al., 2015). Additionally, p53 mutations changes the acyl chain content 

of PI, which results in more 36:x species compared to normal cells, which contain more 38:x 

species (Naguib et al., 2015). Another study found a two-fold increase in 18:0/20:4 PI along the 

outer edge of colorectal cancer tissue compared to the medial regions (Hiraide et al., 2016), 

indicating that 18:0/20:4 PI species may play an important role in cancer progression and 

invasion. Therefore, increasing our knowledge of PIP acyl profile provides insight into detection 

of cancer and potential cancer treatments. 

Additionally, the regulation of PI acyl profile by LYCAT and other acyltransferase may be 

sensitive to dietary lipids, which could be studied in detail once the molecular and cellular 

systems that control PI acyl chain profile, as proposed in Future Directions, are better understood. 
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My work adds to our extensive knowledge of how phosphorylation of inositol headgroup 

controls PIP function by revealing that the acyltransferase LYCAT also regulates dynamics, 

localization and function of specific PIPs. These results suggest that control of PIP acyl chain 

composition by dynamic remodeling by specific phospholipases and acyltransferases represents 

another dimension in the control of PI function and suggest that this process may control 

membrane traffic, hormone receptor signaling and cell physiology.  
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Figure A1. PI(4)P is the predominant PIP1. RPE cells transfected with nontargeting siRNA. The 

relative levels of PI(3)P and PI(4)P were measured after [3H]myo-inositol labeling, HPLC and 

detection by flow scintillation. Mean ± SEM, n = 4. 
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Figure A2. LYCAT silencing does not appear to alter PIS localization. RPE cells were transfected 

with siRNA sequence targeting LYCAT (siLYCAT) or nontargeting siRNA (siControl) and cDNA 

encoding eGFP-PIS. Shown are representative spinning disc confocal micrographs (scale 10 μm). 

Shown is preliminary data. 
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Figure A3. LYCAT silencing may have an impact on activation of Akt1 and Akt2 in MDA-MB-231 

cells. MDA-MB-231 cells were transfected with siRNA targeting LYCAT (siLYCAT) or nontargeting 

siRNA (siControl). Following siRNA transfection cells were serum starved for 1 h and treated 

with EGF (5 ng/ml) for 5 min and then whole cell lysates were subjected to western blotting.  

(A) Representative immunoblots showing detection of pS473-Akt1, pS474-Akt2, total Akt or 

loading control (clathrin or actin). Shown in (B) is the quantified pan Akt protein levels (n = 7). 

(C, D) Preliminary quantitative measurements of absolute levels of pS473-Akt1 values and EGF-

stimulated gain in pS473-Akt1 values, (n = 2). Similar preliminary quantitative measurements 

are shown in (E, F) for pS474-Akt2 (n = 1). Mean ± SEM. 
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Figure A3. 
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Figure A4. LYCAT silencing has no impact on activation of EGFR following ligand stimulation.  

Following siRNA transfection, MDA-MB-231 cells were serum starved for 1 h and treated with 

EGF (5 ng/ml) for 5 min, then whole cell lysates were subjected to western blotting. Shown in (A) 

are representative immunoblots showing detection of pY1068-EGFR, EGFR or loading control 

(clathrin or actin). Quantitative measurements of (B) total EGFR levels (n = 5), independent t test 

and (C) pY1068-EGFR values relative to total EGFR (n = 3), two-way ANOVA with post hoc 

Bonferroni pairwise comparisons. Mean ± SEM, *p < 0.05. 
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Figure A5. LYCAT silencing may impact phosphorylation of Akt substrates in MDA-MB-231 cells. 

MDA-MB-231 cells were transfected with siRNA sequence targeting LYCAT (siLYCAT) or 

nontargeting siRNA (siControl). Western blot analysis of cell lysates that were serum starved for 

1 h and treated with EGF (5 ng/ml) for 5 min, using a phospho-Akt substrate (RXXS*/T*) antibody 

that detects phosphorylated Akt target sites. Shown in (A) are representative immunoblots 

showing detection of phospho-Akt substrates. (B) Profile plots of each immunoblot showing the 

intensity of bands and retention factor. Shown in (D) are immunoblots containing proteins 

ranging 50-100 kDa and (C) the profile of these proteins in control and LYCAT-silenced cells. Both 

siControl and siLYCAT profiles were normalized to protein content in each condition. Shown is 

preliminary data. 
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Figure A5. 
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Figure A6. The Ras/Erk signaling pathway is not impacted by LYCAT silencing in MDA-MB-231 

cells. MDA-MB-231 cells were transfected with siRNA sequence targeting LYCAT (siLYCAT) or 

nontargeting siRNA (siControl). Cells were serum starved for 1 h followed by 5 min of EGF 

stimulation (5 ng/ml) and then whole cell lysates were subjected to western blotting. Shown in 

(A) are representative immunoblots showing detection of pT202/Y204-Erk and total Erk. 

Quantitative measurements of (B) pT202/Y204-Erk relative to total Erk values (n = 2) and (C) total 

Erk (n = 6), independent t test. Mean ± SEM. Work completed by Ms. R. Leung. 
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