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Abstract 

Cells actively regulate their lipid composition and localisation during cell division, with 

both signalling roles and structural roles likely. In this study, I investigate the specific 

roles of lipids in the formation and maintenance of cell-cell junctions, and in cell 

migration. Although massive membrane rearrangements occur during both processes 

and lipids are fundamental building blocks of cell membranes, the roles of lipids remain 

unclear. 

After perturbing lipid metabolism enzymes with an siRNA library targeting 260 lipid 

biosynthetic enzymes in HaCaT (immortalized human keratinocytes), junctions were 

visualised using the adherens junction (AJ) marker α-catenin, and the resultant junction 

morphologies were examined. The primary screen revealed a potential role for 16 

enzymes with two distinct junctional phenotypes: intercellular gaps and abnormal 

junction morphology.  

A secondary migration screen based on wound healing assays was conducted with a 

subgroup of these hits. I found that depletion of some enzymes results in defects in 

migration speed and cohesiveness, which suggests potential important roles for those 

enzymes and the lipids they make in cell migration. 

AGPAT2 (1-Acylglycerol-3-Phosphate O-Acyltransferase 2) is one of the hits being 

prioritised for further experiments to understand the role of related lipids. The depletion 

of AGPAT2 changes cell-cell junction morphology dramatically. In HaCaT, AJs expand 

on the neighbouring cells, while in Caco-2 (human colorectal adenocarcinoma cells), 

tight junctions (TJs) show an undulating morphology. Lipidomic analysis conducted 

following AGPAT2 depletion identified increases in triacylglycerols (TAGs), decreases 

in ether phosphatidylcholines (PCs) and reduced membrane fluidity indices. Further 

experiments are being performed to better characterise the phenotypes and identify the 

exact roles of the lipids. 

Overall, my study provides evidence that lipids may be involved in cell migration and 

cell-cell junction formation and maintenance and suggests that proper lipid metabolism 

is essential for regulating cell-cell junction and migration. 
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1.1 Lipids 

1.1.1 Lipids Overview 

Lipids are major classes of biological molecules that form diverse and complex 

networks in cells. Lipids are loosely defined as water-insoluble biomolecules that are 

soluble in organic solvents. More precisely, lipids are defined as “hydrophobic or 

amphipathic small molecules that may originate entirely or in part by carbanion based 

condensations of ketoacyl thioesters and/or by carbocation based condensations of 

isoprene units” (Fahy et al., 2011). Unlike proteins or nucleic acids that consist of 

subunits (amino acids (AAs) or nucleotides) from a pool of finite size (20 coding AAs or 

4 bases), lipids are often comprised of various types of subunits, linked with different 

chemical connectivities. Naturally, the synthesis of lipids does not possess the 

streamlined beauty like protein and nucleic acid synthesis. Lipid synthesis does not 

have a core machinery, like the ribosome in protein synthesis or DNA polymerase in 

DNA replication, but rather resembles a network of reactions catalysed by hundreds of 

proteins.  

Following LIPID MAPS classification system, lipids can be categorised into eight 

classes, fatty acyls, glycerolipids, glycerophospholipids (GP), sphingolipids (SP), 

saccharolipids, polyketides, sterol lipids and prenol lipids (Brügger, 2014; Fahy et al., 

2005, 2009, 2011), and each class can be subdivided into subcategories based on the 

structure. For example, GPs are categorised into phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), 

phosphatidylinositol phosphates (PIP) and so on. GP, SP and sterol lipids are most 

abundant lipid species in the plasma membrane of mammalian cells (Klose et al., 2013; 

van Meer and de Kroon, 2011; Spector and Yorek, 1985). (Figure 1-1A) 
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Figure 1-1: Common lipids in mammalian cells. A. Mammalian cells’ plasma 

membrane is mainly composed of GP, SP and sterols. Lipids in red are common GP 

species. The figure is modified from (Alberts, B., Bray, D., Hopkin, K., Johnson, A., 

Lewis, J., Raff, M., Roberts, K., Walter, 2009). B. The structures of three most 

commonly seen mammalian lipid species, of which GP, SP and sterols present 65%, 

10% and 25% in molar proportion. GP and SP possess vast diversities granted by a 

great number of combinations of building blocks. The figure is adapted from (van Meer 

and de Kroon, 2011).  
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sphingomyelin cholesterol 
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Lipids diversity is enormous. For instance, GP contains four classes of building blocks 

(glycerol backbone, a phosphate group, one or two fatty acids and a head group 

determining the subclass), which constitute a great number of possible combinations 

(Figure 1-1B left). GP can be differed in size (incorporating fatty acids side chains with 

a different number of carbons) and structure introduced by unsaturated carbon-carbon 

bonds (Atilla-Gokcumen and Eggert, 2015; Brügger, 2014). It is estimated that there 

are 9600 lipid species for GP with 40 common fatty acids. Through technological 

advancement in mass spectrometry (MS) and bioinformatics, it has been found that 

cells express tens of thousands of different lipid species (Fahy et al., 2009; van Meer 

and de Kroon, 2011).  

With such diversity, lipids possess diverse functions and are essential to cells (Figure 

1-2). Primarily, lipids are the main ways of storing energy and are the basic building 

blocks that cells use to make membranes that serve to separate the cell interior from 

the extracellular environment as well as compartmentalise organelles for specialised 

functions. Broadly, lipids can also be liposoluble vitamins (Vitamins A, D, E, K) and 

serve as heat insulation for mammals. Concretely, regarding structural functions, lipids 

like phosphatidic acid (PA) influence membrane curvature with their unique physical 

properties (McMahon and Gallop, 2005). In addition, lipids can also be signalling 

molecules. It has been shown that PIPs and diacylglycerols (DAGs) play important 

roles in regulating cellular calcium levels and cell metabolism (Clapham, 2007). SP and 

ceramides (CER) are proposed to modulate the cell cytoskeleton and cell behaviour 

(Adada et al., 2014). Furthermore, lipids are believed to form signalling platforms 

together with proteins, in which organisation is essential for correct functions (Kusumi 

et al., 2012).  

  



20 

 

 

 

 

 

 

 

Figure 1-2: Functions of Lipids. Lipids are major types of biological macromolecules, 

the functions of which include: energy storage, as membrane components, liposoluble 

vitamins, heat insulation, structural roles and signalling roles.  
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These functions show evidence for the idea that different lipids are required for different 

roles. It has been suggested that the lipid composition of different organelles varies; 

such differences can affect the membrane properties and membrane-bound protein 

activities (Klose et al., 2013). Indeed, mammalian cells invest an enormous amount of 

energy in synthesising, metabolising and transporting thousands of lipid species, 

implying the importance of lipid diversity. However, specific functions of lipids are not 

well understood compared with other biological molecules like proteins.   

Following on from this, we may ask what the specific functions of different lipid species 

are, how cells utilise and organise lipids for their functions, and how the dynamics of 

lipids are regulated in cells. An even more fundamental question stands out: Why do 

cells invest so much energy in making hundreds of proteins synthesising, metabolising 

and transporting the lipids (van Meer and de Kroon, 2011)? 

1.1.2 Different approaches to study lipids 

To address these questions and investigate the functions of lipids, researchers 

investigate various aspects of lipids, including visualisation, manipulation, identification, 

and biological property measurements. Although the magnitudes of complexity and 

diversity of lipids are approaching to that of proteins, we do not have comparable tools 

available as we have when studying proteins. This section provides a brief review of 

methods used to study lipids and discusses recent developments and challenges.  

1.1.2.1 Lipid visualisation 

Functions are often tightly related with localisation for many biological macromolecules, 

which makes lipid labelling and visualisation especially useful when studying lipids. The 

spatial information is also essential for understanding membrane structures and lipid 

dynamics. The majority of lipids are not intrinsically fluorescent apart from a few 

exceptions (Maekawa and Fairn, 2014), such as dehydroergosterol and cholestatrienol 
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(Rogers et al., 1979). Therefore, using molecular probes is a common way to visualise 

lipids, although it is challenging to deliver the probe and label small molecules like 

lipids without perturbing their functions.  

Antibodies have been widely employed in protein studies, and they can also be used 

as probes for a few specific lipids, for example, lysobisphosphatidic acid (LBPA) 

(Kobayashi et al., 1998) and CER (Cowart et al., 2002; Krishnamurthy et al., 2007). 

The main obstacles are that the epitopes of lipids are small compared with protein and 

that antibodies often only have access to lipid headgroup, which may introduce 

specificity problems. Furthermore, the affinity between the lipids and the antibody can 

be weak in general since, unlike proteins, lipids can be present in the immunised 

animal when producing the antibody (Alving and Richards, 1977). It also requires 

carefully designed fixation and permeability assays to avoid artefacts and assure 

universal accessibility of the antibody (Hammond et al., 2009). Still, those antibodies 

available are viable and handy tools to visualise certain lipids (Maekawa and Fairn, 

2014). 

Lipids can also be labelled via lipid-protein interactions by genetically encoded 

fluorescently tagged lipid binding proteins (Platre and Jaillais, 2016; Varnai and Balla, 

2015; Várnai and Balla, 2006). For example, the pleckstrin homology (PH) domain of 

phosphoinositide phospholipase C delta 1 (PLC-δ1) tagged with green fluorescent 

protein (GFP) is widely used to study the function and spatiotemporal localisation of 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) lipids (Stauffer et al., 1998). Other 

common protein domains that can be used for probing various phosphoinositides in 

vivo include Early Endosome Antigen 1 (EEA1) - FYVE for phosphatidylinositol 3-

phosphate (PI3P), PLCΔ1-PH for PI(4,5)P2 and Akt-PH for phosphatidylinositol (3,4,5)-

trisphosphate (PI(3,4,5)P3) (Fujita et al., 2009; Gillooly et al., 2000; Stephens et al., 

1998; Várnai and Balla, 2006). However, this approach has some drawbacks. Although 

PH domains with broad phosphoinositide binding affinity in vitro report the changes of 
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specific phosphoinositides faithfully (Jong et al., 2004), they fail to show the localisation 

of the same lipids in cells (Lee et al., 2004; Várnai et al., 2002). It might be due to the 

fact that PH domains are recruited to the membrane through multiple interactions, 

among which binding affinity with phosphoinositide is not the only one. Therefore, PH 

domains can fail to show the localisation and are better considered as a tool for probing 

pools of phosphoinositides rather than visualising. In addition, reporter proteins may fail 

to access the whole pool of the targeted lipids equally due to the molecular constraints. 

For instance, PI(4,5)P2 is present in the Golgi, but PH-GFP probes do not localise to 

the Golgi (Matsuda et al., 2001). Furthermore, visualisation by lipid binding proteins 

may also perturb the local organisation of lipids and introduce functional disruptions. 

Using PH-domain reporter generally inhibits signalling mediated by the targeted lipids 

as it competes with the endogenous binding resulting in a chelation effect. Albeit at low 

expression, the alteration is not dramatic, overexpression of PH-GFP may inhibit cell 

adhesion and cell migration and produce artefacts (Raucher et al., 2000; Várnai et al., 

2005).  

Other specific interactions can be utilised as well for probing lipids. Toxins, θ-toxin and 

lysenin have been shown to have affinities for sphingolipid and cholesterol can be used 

to label these lipids domains in the membrane (Kiyokawa et al., 2005; Shimada et al., 

2002; Waheed et al., 2001; Yamaji et al., 1998). Non-toxic domains were generated to 

address cell viability issues and have been extensively used to study plasma 

membrane exofacial leaflet and endocytic vesicles (Klymchenko and Kreder, 2014; 

Mizuno et al., 2011; Yachi et al., 2012). 

Using lipid analogues conjugated with fluorescent molecules is an alternative approach 

(Takatori et al., 2014). Lipids can be conjugated with fluorophores, delivered to cells, 

and then be visualised after being incorporated. Common targets of conjugating sites 

on lipids include head groups (i.e. fluorescently labelled PE), acyl side chains (i.e. nitro-

benzoxadiazolyl (NBD) labelled PS) and hydrophobic components (i.e. boron-
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dipyrromethene (BODIPY) cholesterol) (Chazotte, 2011; Golebiewska et al., 2006; 

Marks et al., 2008). One of the main concerns with using conjugated lipids is that the 

analogues may not retain the properties of the original lipids (Elvington and Nichols, 

2007; Kay et al., 2012; Sezgin et al., 2012). Therefore, the localisations detected or any 

other information acquired may be artefacts. Besides, when using head group 

conjugated analogues, it may not provide much information about the side chains 

which are carefully regulated by cells and believed to play important roles (Zhang and 

Wakelam, 2014). 

Promising progress has been made in click chemistry and super resolution microscopy, 

where less disruptive labelling is possible, and the visualisation of certain species of 

lipids can be acquired at high resolution (Grammel and Hang, 2013; Gubbens et al., 

2009; Haberkant et al., 2016; Maekawa and Fairn, 2014; Thiele et al., 2012). 

Particularly, click chemistry, takes advantages of the fact that there are no azides and 

alkynes in native biomolecules, and alkyne azide cycloaddition (click ligation) can be 

catalysed in mild conditions (Horisawa, 2014; Prescher and Bertozzi, 2005). Concretely, 

azide group is conjugated to the target of interest as a tag. Quantification or 

visualisation can then be achieved after the click ligation with fluorescents (Haberkant 

et al., 2016; Höglinger et al., 2017; Horisawa, 2014).  

However, tools for visualising lipids localisation are still relatively poor compared with 

those available in protein studies. 

1.1.2.2 Manipulating lipid levels to study their functions  

Manipulating biological macromolecules to perturb a system is a common methodology 

for studying functions and understanding the system as a whole. Generally, there are 

mainly three strategies to be considered: chemically sequestering (depletion), adding 

lipids directly (increase) and perturbing the lipid biosynthetic systems with small 

interfering RNA (siRNA) or small molecules (depletion or increase) (Muro et al., 2014).  
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1.1.2.2.1 Chemical sequestration to deplete lipids 

Chemically sequestering is a widely adopted method to study lipids raft, where methyl -

β-cyclodextrin is a commonly used class of reagents to deplete cholesterol 

(Mahammad and Parmryd, 2015; Zidovetzki and Levitan, 2007). In general, 

cyclodextrins are water soluble but have a hydrophobic cavity which can encapsulate 

hydrophobic molecules making them promising tools for drug delivery (Davis and 

Brewster, 2004). Different cyclodextrins have different affinities to a specific pool of 

molecules and methyl-β-cyclodextrin has a high affinity for cholesterol, allowing it to 

efficiently sequester cholesterol from the membrane (Ohtani et al., 1989; Ohvo and 

Slotte, 1996). Based on kinetic analysis of cholesterol efflux, it has been shown that 

methyl-β-cyclodextrin could quickly diffuse to close affinity of the membrane, which 

allows cholesterol to be sequestered into the hydrophobic cavity without completely 

disrupting aqueous phase (Yancey et al., 1996). But the mechanism of cholesterol 

efflux upon addition of cyclodextrin is not fully resolved (Zidovetzki and Levitan, 2007).  

Apart from cyclodextrin, Nystatin, a polyene antifungal drug, has also been used to 

sequester cholesterol and study endostatin internalisation (Chen et al., 2011), although 

its affinity to ergosterol is higher (Coutinho et al., 2004). However, sequestration is 

usually a method with limitations due to the limited availability of tools, plus the lipid 

specificity of sequestration is not well understood (Muro et al., 2014). 

1.1.2.2.2 Lipid “add-back” to increase lipid levels 

Adding lipids of interest to cells may not be as straightforward as it sounds. Typical 

challenges include availability (whether the lipid is commercially available otherwise 

synthesis is required which is difficult and expensive), solubility (not easy to dissolve 

and deliver) and incorporation (how much can be incorporated and transported to the 

desired location). In fact, those are the general challenges when manipulating lipids, 
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where spatial, temporal, and quantitative controls at different membrane modules are 

needed (Muro et al., 2014).  

Lipid caging is an exciting development as it allows reliable delivery and acute 

manipulation of the lipids (Muro et al., 2014). The lipid of interest is inactivated by 

attaching a photocleavable group to the key position for its functions. Another common 

modification adds bioactivatable protection groups (which can be cleaved by 

endogenous esterase in cells) to mask the polar group of the lipid and help it cross 

membranes. These lipid derivatives, often referred as caged lipids, can be delivered to 

cells and then be photo-activated (Höglinger et al., 2014). A number of caged lipids 

have been designed (summarised in (Höglinger et al., 2014; Kao, 2006)), and more are 

coming. Recently a novel caging group was published which allows quantification of 

reaction progress and efficiency (Nadler et al., 2015). Lipid caging has become a 

promising tool to manipulate lipids and, particularly, to study lipid signalling roles 

(Höglinger et al., 2017; Mentel et al., 2011). 

1.1.2.2.3 Lipid perturbation by targeting biosynthetic enzymes (increase or deplete) 

As discussed above, manipulating lipids by chemically sequestering or adding lipids 

has different limitations. Alternatively, perturbing lipid biosynthesis, metabolism or 

transport is more promising. Following the short-term treatment with small molecules or 

relatively long-term depletion with siRNA, lipid composition will be altered, and the 

further functional assay can be followed. 

Small molecules have been widely used in phosphoinositides study (Ameriks and 

Venable, 2009; Feldman et al., 2005; Idevall-Hagren and De Camilli, 2015; Springett et 

al., 2005; Wu and Hu, 2012). They can target kinases or phosphatases of specific 

phosphoinositides, which allows high temporal control of the targeted 

phosphoinositides level. For example, small molecules have been utilised to study the 

roles of lipids in cell division. Using siRNA or small molecules 1-phenyl-2-
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palmitoylamino-3-morpholino-1-propanol (PPMP) to disrupt glucosylceramide (GlcCER) 

synthase results in failure of cleavage furrow ingression (Atilla-Gokcumen et al., 2011). 

The authors further showed that inhibiting GlcCER synthase leads to mislocalisation of 

actin and ERM proteins (ezrin, radixin and moesin) and proposed CER participate 

cytokinesis by mediating interactions between membrane and cortex. Notably, a 

systematic approach to study lipid function can be achieved with a carefully designed 

siRNA library targeting lipid biosynthetic enzymes. Recent work adopting this approach 

identified required enzymes and potentially required lipids that those enzymes made for 

successful cytokinesis, which is a showcase of studying lipid functions using siRNA 

(Atilla-Gokcumen et al., 2014). 

Although it is sometimes challenging to predict the lipid profile following the treatment 

due to the tightly regulated lipid synthesis with many feedback loops and many 

possible ways to synthesise the lipids. However, with MS and other methods to 

examine cellular lipid composition, perturbation of lipid composition is one of the more 

systematic approaches to study the function of lipids and will be adopted in this thesis. 

1.1.2.3 Lipids Identification and quantity measurement 

Identifying the lipids species and structures is another essential aspect, particularly 

when investigating the lipid composition of tissues or membranes isolated from cells. 

Unlike nucleic acids and proteins that have basic building blocks connected by the 

same type of chemical bond, lipids have various kinds of connections made by 

complex networks of enzymes, which makes the task of identifying them challenging. 

Nuclear magnetic resonance (NMR) and MS are general methods to detect certain 

lipids species. MS is able to detect small quantities of lipids in complex samples, like 

cell extracts. Concretely, combining global lipid profiling and targeted lipid profiling, MS 

can identify lipid composition changes based on the lipid fragment pattern, which 
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benefits from the progress made in lipids databases, such as LipidMap (Fahy et al., 

2009), Metlin (Smith et al., 2005) and LipidBlast (Kind et al., 2013).  

A previous study in our lab was able to show the changes in lipids composition during 

the cell cycle and identify the lipids that changed (Atilla-Gokcumen et al., 2014). 

Methods like MS used to be expensive and complicated to analyse, but now it can be 

used by non-specialists and is more economical. MS will be utilised as the second-

stage method to detect the lipid composition changes following the RNAi (RNA 

interference) treatment for interesting hits to be followed up in this project.   

1.1.2.4 Discussion of lipid studies 

Despite all the limitations of current methods, they have helped to further the 

understanding of lipids in cell physiology, while progress is being made with more 

promising techniques. For example, through the use of methods like atomic force 

microscopy (AFM) (Garcia-Manyes and Sanz, 2010), that gives insight into lipid 

organisation and biophysical properties at nanoscale, characterisation of the 

biophysical properties of cellular lipids will enhance our understanding of lipids. A 

previous study in our lab was able to show that the mechanical properties of the cell 

body and the plasma membrane are different in dividing cells, where a 3-fold increase 

in forces is required to rupture the membrane in dividing cells compared with non-

dividing cells (Atilla-Gokcumen et al., 2014). AFM analysis of the isolated lipids 

indicated that dividing cells have different and more rigid lipid domains. 

Therefore, it would be very interesting to see the specific roles of lipids with all the tools 

available, particularly during massive membrane rearrangement events, such as those 

that occur during cell division, formation and maintenance of cell-cell junction, and cell 

migration. Previous work has shown that cells specifically regulate lipid composition 

and localisation, and different lipid composition may help cells to divide properly (Atilla-
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Gokcumen et al., 2014), while the roles of lipids in intercellular adhesion and cell 

migration are far from understood. 

 

1.2 Cell-cell Junctions 

1.2.1 Overview of cell-cell junctions 

1.2.1.1 Cell adhesions 

The term “cell adhesion” denotes the interactions that cells form with their neighbours 

or with extracellular matrix (ECM) via adhesive structures and molecules. Cell adhesion 

plays important roles in multicellular organisms like a bridge. For example, cell-cell 

adhesions facilitate cell migration by coupling cells together physically, sensing and 

transmitting mechanical signals, mediating communication and coordinating individual 

cell behaviours, which are all crucial for development (Cerutti and Ridley, 2017; Collins 

and Nelson, 2015; Das et al., 2015; Harris and Tepass, 2010; Mertz et al., 2013; 

Yonemura et al., 2010). Cell-ECM adhesions anchor cells to basal membranes and are 

able to act as mechanosensors (Doyle and Yamada, 2016; Goodwin et al., 2016; 

Schiller and Fässler, 2013). Apart from being crucial in migration and morphogenesis, 

cell-matrix adhesions also provide stability and rigidity and contribute to tissue 

maintenance (Berrier and Yamada, 2007). In addition, cell adhesion is able to stimulate 

signalling that regulates cell cycle, cell division, cell differentiation and cell survival 

(Gloerich et al., 2017; Huang and Ingber, 1999; Khalili and Ahmad, 2015).  

Misregulation of cell adhesion may be involved in cancer, arthritis, hypertension, 

inflammation, atherosclerosis, and ischemia (Dejana et al., 2009; Khalili and Ahmad, 

2015). For example, mutations of cell adhesive molecules have been reported in 

several types of cancers (Al-Ahmadie et al., 2016; Berx et al., 1998; Suriano et al., 

2003; Tung et al., 2015), and those molecules are considered as tumour suppressors 
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(Piao et al., 2014; van Roy, 2014). Cell adhesion also plays important roles in tumour 

metastasis and progression (Canel et al., 2013; Jeanes et al., 2008). Cell adhesion is 

generally reduced in cancer cells, which allows metastatic tumour cells to detach and 

migrate away (Bendas and Borsig, 2012; Kourtidis and Anastasiadis, 2016; Lewis-

Tuffin et al., 2010; Petrova et al., 2016). Those circulating tumour cells can then 

interact with endothelium and establish adhesion contacts to arrest and extravasation 

(Bendas and Borsig, 2012). Adhesion molecules have also been proposed to be useful 

indicators of stemness properties of cancer cells (Farahani et al., 2014; Richard and 

Pillai, 2010). For instance, it was reported that cancer stem cells (CSC) could employ 

junctional adhesion molecule A (JAM-A) to regulate stabilisation of integrins and help 

maintain CSC’s self-renew ability (Lathia et al., 2014). 

Epithelial tissue is a basic building block for metazoan and can act as a barrier. Cell 

adhesion is crucial for the correct function of epithelial tissues, as the epithelial tissue is 

composed of cells connected by cell-cell adhesive complexes and bound to the basal 

membrane via cell-ECM adhesion (Blanpain and Fuchs, 2009; Nelson et al., 2013). 

Concretely, cell-cell adhesion not only physically couples cells together, but also 

facilitates communications and links cytoskeleton networks. Common cell-cell adhesive 

complexes include adherens junctions (AJs), desmosomes, tight junctions (TJs), and 

gap junctions. (Figure 1-3)  
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Figure 1-3: Cell adhesions in epithelial cells. Epithelial cells are anchored to the 

basal membrane via integrin-based cell-matrix adhesion structures, focal adhesions 

and hemi-desmosomes that connect to different cytoskeleton networks, actin filaments 

and intermediate filaments (keratin), respectively. These cell-matrix adhesions allow 

cells to sense the rigidity of the matrix and generate traction forces for migration. Cell-

cell adhesions physically couple cells together and mediate communication between 

cells. Adherens junctions (AJs) link the actin networks of adjacent cells via interactions 

between cadherin molecules, while desmosomes link intermediate filaments (keratin) 

between cells. Gap junctions are aggregates of intercellular channels that connect the 

cytosol of adjacent cells. Such channels allow direct cell-cell transfer of ions and small 

molecules with low specificity. Tight junctions (TJs), anchored to the actin network, 

consist of a network of claudin molecules that seal adjacent cells in a narrow band near 

the apical surface. TJs mediate barrier function of epithelia. Together with AJs, TJs are 

crucial for epithelial polarisation. 
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1.2.1.2 Different types of cell-cell junctions 

AJs (which will be discussed in detail in section 1.2.2), that mainly locate at the apical 

region of polarised epithelial cells, connect adjacent cells via cadherin-catenin complex 

and link each cell’s actin filament networks (Lewis-Tuffin and Anastasiadis, 2008; 

Yonemura, 2017). Together with TJs and desmosomes, AJs are one of the three types 

of cytoskeletally anchored cell-cell interactions, which are essential for the organisation 

of epithelial tissues. AJs can initiate cell-cell adhesions, maintain polarity, facilitate 

intracellular signalling, regulate the actin cytoskeleton, and coordinate cell behaviours 

(Etienne-Manneville, 2012; Lewis-Tuffin and Anastasiadis, 2008; Padmanabhan et al., 

2015). Loss of AJ components may lead to the abolishment of cell-cell adhesion 

structures (Green et al., 2010).  

Desmosomes are another type of adhering junction, which is anchored to intermediate 

filaments. In mammalian cells, desmosomes can be formed between epithelial cells, as 

well as among several types of non-epithelial cells, including myocardial cells in heart 

muscles, which undergo considerable constant mechanical stress (Garrod and Chidgey, 

2008). As AJs, desmosomes play important roles in tissue maintenance and provide 

mechanical resilience. Desmosomes employ a sub-class of cadherins, desmogleins 

(Dsgs) and desmocollins (Dscs), as a scaffold to assemble the desmosomal plaque 

that is then connected to intermediate filaments via cytoskeleton adaptor proteins such 

as desmoplakin (Nekrasova and Green, 2013). Desmosomes play crucial roles in 

morphogenesis and in skin and heart tissues that under mechanical stress (Broussard 

et al., 2015; Green and Simpson, 2007; Ishida-Yamamoto et al., 2017; Patel and Green, 

2014; Thomason et al., 2010). Besides, misregulation of desmosomes has been 

reported being involved in several types of cancers that are mechanically sensitive 

diseases (Hamidov et al., 2011; Hütz et al., 2017; Stahley and Kowalczyk, 2015; Wang 

et al., 2011; Xu and Cai, 2016).  
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TJs form an apical junctional complex together with AJs, both of which are crucial for 

epithelial polarisation. TJs connect adjacent cells with transmembrane barrier proteins, 

like occludin and claudin, which are bound to scaffolding proteins (Zonula occludens 1 

(ZO-1), afadin, etc.) anchored to the cytoskeleton via adaptor proteins (myosin, cingulin, 

etc.) (Van Itallie and Anderson, 2014; Zihni et al., 2016). Primarily, TJs form an 

intercellular barrier and create a selective permeable paracellular seal that allows 

direction transport of ions and nutrients (Kirschner et al., 2013; Zihni et al., 2016), 

which makes it crucial for proper intestinal absorption and barrier functions (Suzuki, 

2013).  The barrier function is also essential for tissue maintenance, and homeostasis 

(Krug et al., 2014; Zihni et al., 2016). The roles of TJs in forming brain barrier were 

understudied but start to be appreciated (Tietz and Engelhardt, 2015). TJs also play a 

vital role in cancer progression and metastasis (Martin, 2014). For example, changes in 

localisation and/or expression of TJ components have been reported in various cancer 

(Hintsala et al., 2013; Karnati et al., 2014; Liebner et al., 2000; Martin et al., 2010), 

which may lead to weaker adhesions that allows tumour disassociation and metastasis 

(Martin, 2014; Martin et al., 2013) or misregulation of Rho signalling (via TJ adaptor 

protein-associated guanine nucleotide-exchange factors (GEFs) and GTPase-

activating proteins (GAPs)) that may further disrupted TJs and lead to loss of polarity 

(Zihni and Terry, 2015). Besides, TJs can be regulated by several cytokines (for 

example, hepatocyte growth factor/ scatter factor) (Hollande et al., 2001; Martin et al., 

2004) and vascular endothelial growth factor (VEGF) (Argaw et al., 2009)) and are 

proposed to be involved in tumour microenvironment regulation (Salvador et al., 2016) 

because of the roles in paracellular transport.  

Gap junctions are widely expressed in epithelial tissues, muscles, and nerve cells  

(Koval, 2008). They are aggregates of intercellular channels that link two adjacent cells. 

Such channels allow direct cell-cell transfer of ions and small molecules with low 

specificity (Oshima, 2014). For example, a recent study found that carcinoma-astrocyte 
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actively assemble gap junctions which then transfer cyclic adenosine monophosphate 

(cAMP) via gap junctions to promote brain tumour metastasis (Chen et al., 2016). Gap 

junctions were first identified with electronic microscopy (EM), and given the name “gap” 

junctions as a 2-4 nm gap clearance between two cells close to each other could be 

observed (Hertzberg and Gilula, 1979). The channel proteins were then identified as a 

family of transmembrane proteins, connexins (Cx) (Paul, 1986), the structures of which 

were later solved (Maeda et al., 2009; Oshima et al., 2007). Cx is a hexameric protein 

that can bind to another Cx on the opposite cell, forming a gap junction plaque. The 

channel’s open or closed state can be regulated by cytoplasmic pH, Calcium level, 

amino sulfonates, phosphorylation, cyclic nucleotides, and others (Harris, 2001; 

Oshima, 2014). Gaps junctions play important roles in development by regulating cell 

migration, cell differentiation and cell survival (Ransom and Ye, 2013). Especially in the 

brain, gaps junctions between glial cells and neurons are involved in brain development 

and memory (Dere and Zlomuzica, 2012). Connexins have been long thought to play 

tumour suppressors roles (Eghbali et al., 1991; Mehta et al., 1991): gap junctions often 

found downregulated in many types of cancers (Leithe et al., 2006); connexin knockout 

(KO) mouse models have been developed and showed increases in tumorigenesis 

(summarised in (Aasen et al., 2016)); and loss of gap junctional intercellular 

communication (GJIC) is an important step of tumorigenesis (Mesnil et al., 2005). 

However, the notion that enhanced GJIC universally benefits by restricting tumour 

growth is challenged by recent evidence that connexins may facilitate metastatic 

features such as migration, endothelial adhesion, intravasation and extravasation in 

some tumour types (Defamie et al., 2014; Mao et al., 2016). Systematic assessments 

are needed to understand the roles of connexins at different stages of cancer 

progressions (Aasen et al., 2016).   
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1.2.2 Adherens junctions 

1.2.2.1 Adherens junctions overview 

AJs are observed in various cell types and many different animal species, coupling 

neighbouring cells physically. They are a characteristic feature of epithelial sheets 

(Fristrom, 1988). AJs have different morphologies in various types of tissues 

(Huveneers and de Rooij, 2013; Meng and Takeichi, 2009). In polarised cells, AJs are 

specifically termed zonula adherens junction, which is continuously and uniformly 

distributed along the lateral plasma membrane close to the actin-rich areas (Niessen 

and Gottardi, 2008). The other two types of junction morphologies observed in 

epithelial cell culture are focal adherens junction and linear adherens junction (Figure 

1-4). In other cell types, AJs appear to be discontinuous in fibroblasts (Yonemura et al., 

1995), while in neurons, they are punctate (Uchida et al., 1996).  
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Figure 1-4: Typical adherens junction structures observed in cell culture. Focal 

adherens junctions (FAJs), linear adherens junctions and zonula adherens (ZA) 

junctions, usually seen sequentially in junction formation and maturation, are distinct in 

molecular composition, forces being applied (highlighted by arrows) and organisation of 

actomyosin bundles. A. FAJs appear as punctate and are usually seen at junction 

formation stage or during remodelling of junctions. B. Linear AJs, usually forms 

following FAJs expansion, have actomyosin bundle in parallel at the affinity. C. In fully 

polarised epithelium, junctions mature into ZA junctions that are connected to thick 

actomyosin bundles. Figures were cropped from (Huveneers and de Rooij, 2013). The 

original immunofluorescence (IF) and EM images in A, B were from Adam Grieve and 

Joppe Oldenburg, Hubrecht Institute. IF image in C is from Floor Twiss. EM image of C 

was from (Tsukita et al., 2001).  
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AJs are dynamic and are continuously formed and disassembled, which allows the 

epithelium to maintain its integrity when cells divide, die or reorganise (Huang et al., 

2011; Ivanov et al., 2005; Yap et al., 2007). Establishment of AJs initiates 

morphological polarisation, where the shared lateral domain of adjacent cells elongates 

and shapes cells into a columnar shape (Braga, 2016). The polarisation is driven by 

actin cytoskeleton rearrangement, where two distinct pools of actin can be identified: 

junctional F-actin and circumferential thin bundles aligned with cell contacts (Braga, 

2016). The actin cytoskeleton provides the activation site for GTPases, such as Ras-

related C3 botulinum toxin substrate 1 (Rac1) and RhoA, and facilitates localisation of 

related cytoskeletal with their interaction partners (Carramusa et al., 2007; Grikscheit et 

al., 2015). It has also been shown that such dynamics are required for the quick 

transition between epithelial and mesenchymal states (Baum et al., 2008). 

AJs bridge neighbouring cells with clusters of molecules mainly composed of three 

parts (Figure 1-5), which are cadherin, a subfamily of armadillo proteins and 

cytoskeletal adaptor proteins. The cytoplasmic tail of cadherin serves as the scaffold 

for the other two components, while the extracellular domains form trans and cis 

interactions (Green et al., 2010; Meng and Takeichi, 2009).  
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Figure 1-5: Adherens junction structure. Adherens junctions are mainly composed 

of three parts: cadherins, armadillo family members and cytoskeletal adaptor proteins. 

P120-catenin connects the cadherins to the microtubule network, while adaptor 

proteins connect cadherins to the actin network via the interaction with catenins.  
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Cadherins and catenins form a cadherin-catenin complex, which is the core machinery 

of AJs and is the base for the functions of AJs (Pokutta and Weis, 2007; Takeichi, 

1995). Primarily, the extracellular homophilic interactions provide the structural basis 

for the creation of the mechanical links between adjacent cells. The complex also 

serves as a mechanosensor by resisting endogenous and exogenous forces, such as 

contractile forces and shear forces, where α-catenin is the key of the system 

(Yonemura et al., 2010). α-catenin binds to β-catenin, forming a hetero-dimer via which 

E-cadherin and F-actin are linked. Conformational changes of α-catenin were observed 

to take place in a force-dependent manner, which allows unfolding of a cryptic binding 

domain to recruit vinculin that then initiates AJs, together with TJ, forming the apical 

junction complex (Buckley et al., 2014; Desai et al., 2013; Yonemura et al., 2010). 

Another study adopted the system of microfabricated force sensors to quantitatively 

examine the forces between cells and measure the size of the junctions. They were 

able to show that AJs are modified by cell-cell tugging force, with AJs increasing their 

size when subjected to large force (Liu et al., 2010).  

The molecular structure of AJs will be discussed in detail in the following section. 

1.2.2.2 Molecular structure of AJs 

1.2.2.2.1 Cadherins 

Cadherins are a family of type I transmembrane proteins characterised by extracellular 

cadherin (EC) repeats with a calcium binding site in their extracellular domain (Hulpiau 

et al., 2016; Takeichi, 2014). The name of cadherin was given based on the family’s 

property of forming calcium-dependent cell-cell adhesion (Yoshida-Noro et al., 1984). 

Since its discovery, there have been 114 different members in human cadherin super 

family identified, which, based on their evolutionary footprints, structures and functions, 

can be classified into three groups: major cadherins (CDH), protocadherins (PCDH) 
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and cadherin-related (CDHR) (Gul et al., 2017; Hulpiau and van Roy, 2009; Hulpiau et 

al., 2016).  

Being the two largest groups in CDH, classical cadherins and desmosomal cadherins 

have five EC repeats (from N-terminal: EC1-EC5) and are characterised by homophilic 

EC1-EC1 interactions between cadherin molecules on adjacent cells (trans) and 

intramolecular EC1-EC2 interactions between cadherin molecules on the cells from the 

same side (cis). Homophilic interactions are mediated by inserting conserved 

tryptophan residues on the adhesion arm to the hydrophobic pocket of the opposite 

cadherin, forming strand-swap dimers (Brasch et al., 2012; Harrison et al., 2011; Patel 

et al., 2006; Troyanovsky et al., 2003; Vendome et al., 2014). Strong trans interactions 

and weak cis interactions are observed during AJ assembly (Gul et al., 2017; Harrison 

et al., 2011).  

The classical cadherins have been the most extensively studied. Of these, E-cadherin, 

P-cadherin, N-cadherin and VE-cadherin are the most common and were named 

depending on the tissues where they were first identified (Gumbiner, 2016). For 

example, E-cadherin for epithelial cadherins, N-cadherin for neural cadherins, and VE-

cadherin for vascular endothelial cadherins. However, it was later suggested that the 

expression was not restricted to these tissues (Saito et al., 2012). Primarily, classical 

cadherins connect adjacent cells together physically via the homophilic interactions. 

One of the distinctive features of classical cadherins is their cytoplasmic interactions 

(Gumbiner, 2016; De la Huerta et al., 2014; Ruebsam et al., 2016). Classical cadherins 

share two armadillo binding motifs that can bind to p120-catenin and β-catenin (Gul et 

al., 2017). These armadillo proteins form the cadherin-catenin core complex, the 

machinery of AJ, and associate AJs with cytoskeletal regulation, vesicle transport and 

the cell polarity machinery (which will be discussed in more detail in section 1.2.2.2). 
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PCDH and CHDR have various numbers of EC repeats (Hayashi and Takeichi, 2015), 

and have some interesting roles in neural cells (Chen and Maniatis, 2013; Gul et al., 

2017; Hayashi and Takeichi, 2015; Hayashi et al., 2014; Nakao et al., 2008; Uchida 

and Gomi, 2016; Um et al., 2014; Yagi, 2013). Because of the scope of this study, they 

will not be discussed further in this thesis. 

1.2.2.2.2 Proteins of armadillo family 

Classical cadherins have a highly conserved cytoplasmic domain which can interact 

with proteins of armadillo family, mainly including β-catenin, γ-catenin (plakoglobin) and 

p120-catenin (Hulpiau et al., 2016; Ozawa et al., 1989; Shapiro and Weis, 2009).  

The armadillo protein family is characterised by an armadillo-repeat (ARM-repeat) that 

has a conserved length of 42 AAs (Tewari et al., 2010). The ARM-repeat was first 

identified in Drosophila wing segment polarity protein Armadillo. The sequences of 

ARM repeats from different armadillo family members were found not necessarily of 

high similarity, but rather share similar structures with a hydrophobic core of the ARM-

repeat, the repeats of which construct a superhelix as a platform for various protein-

protein interactions (Hulpiau et al., 2016; Lewis-Tuffin and Anastasiadis, 2008). 

Armadillo proteins usually have more than one role due to this nature. For example, 

being a key part of intercellular adhesion, β-catenin is also a core signalling molecule in 

Wnt signalling: upon receiving extracellular signals, β-catenin relocates to the nucleus 

and activates TCF/Lef family transcription factors (Nusse and Clevers, 2017; Schuijers 

et al., 2014).  

Depending on the sequence homology, there are two subgroups of armadillo proteins: 

β-catenin subfamily, including β-catenin and γ-catenin, and delta-catenin subfamily, 

including p120-catenin and plakophilin. They bind to different motifs of cadherin 

cytoplasmic domain: β-catenin and γ-catenin bind to the cadherin carboxy terminal and 

p120-catenin binds to the juxtamembrane domain (Gul et al., 2017; Shapiro and Weis, 
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2009). Both of them utilise binding pockets on their ARM domains to recognise 

electrostatic and hydrophobic regions in the cadherin carboxy terminal or JMD 

(Ishiyama et al., 2010).  

The interactions between catenin and cadherins stabilise intercellular adhesion, and 

are regulated by phosphorylation (Chiasson-MacKenzie and McClatchey, 2017; 

Küppers et al., 2014; Lilien and Balsamo, 2005; Tan et al., 2016). For example, the 

binding of β-catenin and E-cadherins can be disrupted with src-mediated 

phosphorylation of Y654 on β-catenin (Hu et al., 2001; Roura et al., 1999). The 

interaction between β-catenin and α-catenin can also be reduced by casein kinase 2-

phosphorylated α-catenin at S641 (Ji et al., 2009). Interestingly, src-mediated 

phosphorylation of p120-catenin increases its affinity for E-cadherin and blocks E3 

ligase binding site on it, subsequently preventing the internalisation of E-cadherin and 

stabilising AJs (Hartsock and Nelson, 2012; Ishiyama et al., 2010; Roura et al., 1999). 

In addition, p120-catenin promotes Protein tyrosine phosphatase 1B (PTP1B) activity 

to counteract phosphorylation of β-catenin by recruiting Fer, a tyrosine kinase, to cell-

cell junctions (Sayegh et al., 2005; Xu et al., 2004). Phosphorylation of E-cadherin 

cytoplasmic domain by casein kinase II and glycogen synthase kinase-3β have been 

shown to increase the affinity between β-catenin to E-cadherin (Lickert et al., 2000).  

These results suggest that the dynamics between kinases and phosphatases are 

important in AJs, and p120-catenin and β-catenin play key roles in AJs dynamics (Tan 

et al., 2016). 

Another pivotal role of these proteins of armadillo family is to connect cadherins to 

cytoskeletal networks (Braga, 2016; Meng and Takeichi, 2009). β-catenin connects 

classical cadherins to α-catenin, indirectly linking the AJ complex to actin filaments and 

stabilising AJs. The cadherin-β-catenin-α-catenin complex may also interact with actin 

binding proteins, including formin, vinculin and epithelial protein lost in neoplasm 

(EPLIN) (Abe and Takeichi, 2008; Kobielak et al., 2004; Watabe-Uchida et al., 1998). 
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The interaction between AJ complex and microtubules (MTs) is mainly mediated by 

p120-catenin (Ichii and Takeichi, 2007; Kourtidis et al., 2013; Yanagisawa et al., 2004). 

The p120-catenin N-terminus binds to MTs minus-end indirectly via Nezha (CAMSAP3) 

as a binding partner for PLEKHA7 (pleckstrin homology domain-containing, family A 

member 7) (Meng et al., 2008).   

1.2.2.2.3 Cytoskeletal adaptor proteins 

The cadherin cytoplasmic domain and proteins of armadillo family are embedded in a 

meshwork of cytoskeletal networks and cytoskeletal adaptor proteins (Mège and 

Ishiyama, 2017). Upon formation, intercellular adhesions drive rearrangement the 

cytoskeletal network. In return, cytoskeletons facilitate the transport of junctional 

components, support junction dynamics and stabilise the cell-cell junction once it 

matures. These vital interactions between AJs and different cytoskeletal networks 

(actin, intermediate filament and microtubules) are primarily mediated by cytoskeletal 

adaptor proteins (Green et al., 2010). 

α-catenin connects the cadherin-catenin complex to the actin network. Loss of α-

catenin disrupts the whole intercellular adhesions and the connection between AJs and 

cytoskeleton (Meng and Takeichi, 2009; Watabe-Uchida et al., 1998). It mediates AJs’ 

roles of mechanosensing and mechanotransduction (Leckband, 2016; Leckband and 

de Rooij, 2014; Yonemura, 2017). Interestingly, this was initially challenged by 

biochemistry evidence: purified α-catenin shows stronger affinity to F-actin than to 

cadherin-catenin complex in vitro (Hansen et al., 2013; Rimm et al., 1995). In addition, 

it has been shown that binding to cadherin-catenin complex further reduces α-catenin’s 

to F-actin by at least 20 fold to a level where the bond cannot transmit forces between 

AJs and F-actin (Desai et al., 2013; Drees et al., 2005; Miller et al., 2013). It was using 

optical tweezers to apply forces on catenin/F-actin bond that explained these 

contradictory observations (Buckley et al., 2014). A two-state catch-bond was proposed, 
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in which α-catenin can bind to F-actin weakly when linked to cadherin-catenin complex 

(weak mode). When tension is applied, the bond switches to a strong mode that is 

strong enough to transmit forces between AJs and F-actin (Buckley et al., 2014). The 

affinity between α-catenin and vinculin (an adaptor protein) may also be regulated by 

mechanical forces. However, this two-state catch-bond model remains unclear at the 

molecular level. The available α-catenin structures provide little insights since, upon 

binding to β-catenin, α-catenin undergoes conformational changes and may have a 

different structure. That makes a recent progression very exciting. Using super-

resolution microscopy, the protein organisation at AJs was reported which elucidates 

the structure of AJs in more detail and provides insights into how AJs and the 

cytoskeleton facilitate mechanosensing and mechanotransduction (Bertocchi et al., 

2017). 

It has been reported vinculin is recruited to intercellular adhesion in myosin dependent 

manner, and is only presented when actomyosin is contractile (le Duc et al., 2010; 

Yonemura et al., 2010). Adopting a similar experimental approach, stretching α-catenin 

exposes its cryptic vinculin binding site, after which vinculin is able to bind and stabilise 

the conformational changes, and subsequently transform forces to biochemical signals 

(Yao et al., 2014). EPLIN is another adaptor protein that binds to the C-terminus of α-

catenin and links α-catenin to actin filaments (Abe and Takeichi, 2008; Takeichi, 2014). 

EPLIN depletion results in junction morphology changes: from linear AJs to punctate 

AJs. In addition, EPLIN only binds to linear AJs but not to punctate AJs. However, 

when actin around punctate AJs is ablated, EPLIN is recruited and stabilises AJs 

subsequently (Taguchi et al., 2011). EPLIN can also cooperate with vinculin to maintain 

AJs (Takeichi, 2014). 

Less is known about the links between MTs and AJs although both plus-ends and 

minus-ends of MTs are observed in AJ region, running parallel to the junctions (Bellett 

et al., 2009; Meng and Takeichi, 2009). In recent decades, more evidence of MTs links 
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to AJs has been gathered. For example, Nezha, a MTs minus-end associated protein, 

was reported to be recruited to ZA and to interact with p120-catenin via Plekha7 in 

Caco-2 cells (Meng et al., 2008). 

1.2.2.3 Adherens junction dynamics 

AJs are calcium-dependent structures. Calcium chelators such as EDTA and EGTA 

can be used to dissociate tissues and monolayers. When exposed to high levels of 

calcium, AJs are able to form and be stabilised quickly. The structural basis for the 

calcium-dependent behaviour are the EC domains on cadherins, which contain a 

calcium binding sequence. Upon calcium binding or dissociation, conformational 

changes take place in the extracellular domain of cadherins, altering the way that 

cadherins on adjacent cells interact. Such characteristics help to study the formation 

and the maintenance of AJs, which are one of the focuses of this study. 

The formation and maintenance of AJs involve the cadherin-catenin complex, the actin 

cytoskeleton and Rho GTPases, including Rho, Rac, Cdc42 and Rap1 (Adams et al., 

1998; Braga, 2002; Hogan et al., 2004). Rho GTPases switch between an active GTP-

bound form and an inactive GDP-bound form, which is regulated by guanine 

nucleotide-exchange factors (GEFs), GTPase-activating proteins (GAPs) and guanine 

nucleotide-dissociation inhibitors (GDIs) (Figure 1-6). GEFs activate Rho GTPases by 

exchange of GDP for GTP, while GAPs have the reverse functions. Most Rho 

GTPases act on membranes, driving protrusions, including lamellipodia and filopodia 

by regulating the actin cytoskeleton via Wiscott-Aldrich syndrome protein/WASP family 

verprolin-homologous protein (WASP/WAVE), Diaphanous-related formins and cofilin. 

Rho GTPases are key regulators of AJ formation and maintenance (Hodge and Ridley, 

2016; Sit and Manser, 2011). 
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Figure 1-6: Rho GTPases activity is regulated by GEFs, GAPs and GDIs.  

RhoGTPases can switch between an inactive GDP-bound form and an active GTP-

bound form. The activation is catalysed by guanine nucleotide-exchange factors (GEFs) 

exchanging bound GDP for GTP. Activated GTPases can then interact with target 

proteins (effectors). The inactivation is promoted by GTPase-activating proteins (GAPs) 

hydrolysing the bound GTP. Inactive RhoGTPases (GDP-bound form) can be stabilised 

by binding to guanine nucleotide-dissociation inhibitors (GDIs). 
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1.2.2.3.1 Adherens junction formation 

In vitro studies showed that AJ formation happens in three stages: contact initiation, 

contact expansion and junction maturation (Baum and Georgiou, 2011; Cavey and 

Lecuit, 2009). (Figure 1-7) 

Cadherins engage when cells come into contact with one another through the 

extension of lamellipodia or filopodia, driven by the polymerisation of the actin 

cytoskeleton (Kovacs et al., 2002; Vasioukhin et al., 2000). The homophilic interactions 

between cadherins induce reorganisation of the actin network and the remodelling of 

the membrane mediated by Rac1 (Adams and Nelson, 1998; Ehrlich et al., 2002; 

Erasmus et al., 2015). Rac1 also promotes the formation of new cadherin contacts and 

interactions (Lambert et al., 2002), as well as activates phosphatidylinositol 3-kinase 

(PI3K) (Rivard, 2009), both of which help to expand the contact sites. Interestingly, it 

has been later shown that in keratinocytes Cdc42 may not be activated at the early 

stage of AJ formation although it may be activated later. Cell-cell contacts can 

assemble without Cdc42 function or induction of filopodia (Erasmus et al., 2010).  

Actin remodelling is triggered during cell-cell contact initiation, leading to two 

populations of actin that can be distinguished mechanistically and spatially: junctional 

actin and peripheral thin bundles. The two populations differ in their turnover dynamics 

and serve distinct roles during epithelial polarisation: junctional actin stabilises cadherin 

clusters while peripheral thin bundles are involved in regulating cuboidal morphology 

(Zhang et al., 2005). Myosin II phosphorylation is also upregulated after initiation of 

cell-cell contact, which is mediated by ROCK1/ROCK2 inhibiting myosin phosphatase 

(Kalaji et al., 2012). Both populations of actin are crucial in the polarisation of epithelia 

and will be indistinguishable and form cortical actin as the junction matures (Zhang et 

al., 2005). 
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Figure 1-7: AJ formation is a three-stage event involving sequential initiation, 

expansion and maturation (or stabilisation) (Cavey and Lecuit, 2009). In brief, cells 

come into contact with each other when exploring the environment via protrusions. This 

allows them to start forming a homophilic interaction of cadherin upon collision driven 

by a transient peak of Rac1 activity. Following the Rac1 peak, RhoA will be activated to 

inhibit further lamellipodial expansion, help form the new adhesion site, and promote 

the transition from branched actin to bundled actomyosin filaments, which generate the 

forces driving the expansion of the adhesion. The connections between AJs and the 

actin cytoskeleton start to stabilise when the membrane activity and actin network 

turnover slows down (Theveneau and Mayor, 2012). In vitro, the whole process occurs 

within hours from nascent cell contacts or elevation of calcium level (Green et al., 

2010). Green lines and blue lines mark actin cytoskeleton and contractile actin bundle, 

red bars show the cadherin-catenin complex, and green arrows mark protrusive activity. 

The figure is adapted from (Baum and Georgiou, 2011). 
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The contact expansion and the maturation stage is mainly facilitated by Rho activity 

closely following the transient peak of Rac1 activity (Perez et al., 2008; Yamada and 

Nelson, 2007). The interaction between activated Rho and Par6 activates atypical 

protein kinase C (PKC), which is required for AJ expansion and maturation (Yamanaka 

et al., 2001). Together with mDia1, a Rho effector, Rho maintains and reinforces the 

AJs (Sahai and Marshall, 2002). Rho also regulates formins to polymerise the actin 

filaments, driving the filopodia to approach the adjacent cells (Huang et al., 2011). As 

for the branched actin filaments, they are converted to actomyosin bundles gradually, 

generating the tension necessary for the junction expansion (Yamada and Nelson, 

2007). Since Rho has the ability to destabilise the junctions as well, p120-catenin is 

essential to specifically inhibit such signalling via p190RhoGAP, which keeps the AJs 

stable (Wildenberg et al., 2006). 

1.2.2.3.2 Adherens junction maintenance 

As for the AJ maintenance, especially in tissue undergoing remodelling during 

development, proper control of the turnover of the AJ assembly is required (Takeichi, 

2014). It has been shown in Drosophila embryos that new incorporation of E-cadherin 

is required to maintain the stability of AJs and the integrity of the epithelium (Uemura et 

al., 1996), which implies that the turnover of cadherin needs to be properly maintained 

and regulated in active remodelling tissues. The AJ turnover is regulated by Cdc42-

dependent endocytosis and trafficking of Par proteins (Harris and Tepass, 2008). In 

addition, as mentioned above, Cdc42 is able to activate WASP and promote Actin-

related protein 2/3 (Arp2/3) complex activity (Bailly et al., 1999; Pollard, 2007). WASP 

and Arp2/3 complex are known to be involved downstream of endocytosis, which is 

suggested to be related to AJ component recycling (Leibfried et al., 2008). 
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1.2.2.3.3 Adherens junction disassembly 

Dynamic AJs that are able to assemble and disassemble, are crucial for epithelial 

integrity as junctions are challenged with constant changes brought by tissue 

organisation, cell division, cell death, mechanical forces, etc., which AJs need to adjust 

to continuously (Baum and Georgiou, 2011; Kowalczyk and Nanes, 2012; Takeichi, 

2014). More specifically, AJ disassembly plays key roles during embryonic 

morphogenesis (gastrulation and neural crest development) and wound healing (Harris 

and Tepass, 2010; Huang et al., 2016; Jarrett et al., 2004; Miller and McClay, 1997; 

Rauzi et al., 2015). It plays a vital role during epithelial-mesenchymal transitions (EMT) 

that is an essential step for the transition to mesenchymal state (Huang et al., 2012; 

Lamouille et al., 2014). AJ disassembly is also found as a common mechanism that 

bacteria and viruses adopt to invade hosts (Bonazzi and Cossart, 2011; Nikitas et al., 

2011; Pentecost et al., 2006; Ribet and Cossart, 2015). Common models of studying 

AJ disassembly include examination of Drosophila gastrulating embryos and cell 

scattering assays with epithelial cells like Madin-Darby Canine Kidney (MDCK) 

(D’Souza-Schorey, 2005). 

AJ disassembly can be regulated at the transcriptional level or post-transcriptional level 

(D’Souza-Schorey, 2005; Weng and Wieschaus, 2016). The SNAIL transcriptional 

factor is the key regulator of EMT and can bind to E-box DNA sequences that are in the 

proximal promoter region of the E-cadherin gene, which results in repression of E-

cadherin gene expression and subsequently disassembly of AJs (Lamouille et al., 

2014).  

Post-transcriptional regulations are mediated by three major mechanisms: membrane 

trafficking of junctional components, post-translational modifications of AJ complexes 

and cytoskeletal remodelling (D’Souza-Schorey, 2005).  
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Membrane trafficking can regulate AJ disassembly by either clathrin-mediated 

endocytosis or clathrin-independent endocytosis that changes the level of cadherins on 

the plasma membrane (Cadwell et al., 2016). It has been shown that different 

cadherins can be targeted by clathrin adaptor complex AP-2 which recruits endocytosis 

machinery clustering cadherins in clathrin-coated pits (Brüser and Bogdan, 2017; 

Perez-Moreno and Fuchs, 2012). Cadherins in Rab11 positive endosomes can then be 

either degraded or recycled back to the plasma membrane (Kowalczyk and Nanes, 

2012). ADP-ribosylation factor 6 (ARF6) GTPase is a known endosome regulator that 

plays a key role in cadherin endocytosis, where activated ARF6 upregulates 

internalisation of cadherins, while inhibition of ARF6 blocks cadherin endocytosis 

(Palacios et al., 2001; Xu et al., 2015). The disassociation of the AJ complex is 

mediated by p120-catenin. It can bind to cadherin’s cytoplasmic domain that contains 

docking sites for endocytic machinery (Ishiyama et al., 2010). Loss of p120-catenin 

upregulates cadherin endocytosis suggesting that p120-catenin inhibits internalisation 

of cadherins (Xiao et al., 2005). The trans interaction between cadherins can in return 

regulate clathrin-mediated cadherin endocytosis (Ivanov et al., 2004a; Izumi et al., 

2004). Cadherin trafficking can also be mediated by clathrin-independent endocytosis: 

caveolin-mediated endocytosis or macropinocytosis-like pathways (Akhtar and Hotchin, 

2001; Bryant et al., 2007). 

Post-translational modification of AJ components regulates AJ disassembly. Tyrosine 

phosphorylation of junctional proteins, which can be triggered by growth factors (for 

example, epithelial growth factor (EGF) or hepatocyte growth factor) promotes rapid 

internalisation of AJ complexes (Brüser and Bogdan, 2017). Src family protein is the 

key tyrosine kinase for Tyrosine phosphorylation and a potential inducer of EMT. Apart 

from phosphorylating junctional components, like the juxtamembrane domain of 

cadherin, Src can also phosphorylate T-Cell Lymphoma Invasion and Metastasis 1 

(Tiam1), a Rac activator, at cell-cell contacts, which subsequently degrades Tiam1 and 
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disrupts AJs (Woodcock et al., 2009). Src also mediates VE-cadherin disassembly in 

metastatic melanoma, which makes it an attractive therapeutic target (Aragon-Sanabria 

et al., 2017). Rac1 and Cdc42 are key Rho GTPases regulating AJ dynamics that can 

interact with IQGAP. Binding of IQGAP to Rac1 displaces its interaction with β-catenin 

and inhibits the interaction between α-catenin and the AJ complex, which subsequently 

destabilises AJs (Fukata et al., 1999, 2001; Quiros and Nusrat, 2014). This could be 

countered by Metastasis suppressor-1 (Mtss1) localising Rac1-GTP to junctions. 

Depletion of Mtss1 leads to disruption of F-actin at junctions and destabilises AJs 

(Dawson et al., 2012). Other phosphorylations on different junctional components are 

discussed in more detail in (Bertocchi et al., 2012). Sumoylation, a reversible process 

analogous to ubiquitylation, adds a small ubiquitin-related modifier (SUMO) protein to 

the target protein (Flotho and Melchior, 2013). Sumoylation of E-cadherin on a 

conserved lysine residue appears to be essential for E-cadherin recruitment to AJs but 

also to reduce E-cadherin interaction with β-catenin. It has been shown that either loss 

or overexpression of SUMO proteases disrupts AJs (Tsur et al., 2015).  

Cytoskeleton remodelling may also regulate AJ disassembly. It has been shown that in 

calcium-depleted T84 epithelial cells, the AJ disassembly is driven by apical F-actin 

remodelling, where cofilin-1-dependent depolymerisation and Arp2/3-assisted re-

polymerisation of actin filaments, and formation of contractile F-actin rings were 

observed (Ivanov et al., 2004b). It was later suggested that calcium-depleted cells 

trigger disassociation of cadherins, which promote RhoA signalling that subsequently 

phosphorylates Myosin Light Chain (pMLC). The increased actomyosin contractility 

accelerates disassembly of AJs and TJs (Ramachandran and Srinivas, 2010). It has 

been proposed that increased actomyosin contractility provides mechanical forces 

needed for overcoming cadherin trans interaction and to separated cells in calcium 

depleted medium (Ivanov et al., 2004b). MTs have also been reported to regulate the 

disruption of AJs in calcium-depleted epithelial cells. It was shown that both stabilising 
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MTs and inhibiting kinesins, an MT motor, by inhibitors result in disassembly of apical 

junctions (Cui et al., 2015). It has also been shown that knockdown Kif5b (the heavy 

chain of Kinesin-1) in MDCK cells results in decreased E-cadherin level and promotes 

EMT (Cui et al., 2015). 

1.2.3 Functions of lipids in adherens junction dynamics 

Cell membranes are both organised and dynamic (Rao and Mayor, 2014). As 

transmembrane proteins, cadherins diffuse together with other protein-lipid complexes 

in a sea of lipids with different head groups or acyl chains (Niemelä et al., 2010). Such 

a heterogeneous and complicated environment makes the spatial and temporal 

regulation of plasma membrane proteins challenging and crucial. The lipid raft model 

has been one of the most popular conceptual models of plasma membrane 

organisation, where dynamically clustered cholesterol, sphingolipids and associated 

proteins form rafts in the plasma membrane, functioning as platforms for proteins 

during signal transduction (Simons and Ikonen, 1997).  For example, 

glycosylphosphatidylinositol (GPI) anchored proteins can be clustered to a stabilised 

area in cholesterol- and actin-dependent manners (Goswami et al., 2008; Sharma et al., 

2004; Yap et al., 2015). In addition, it has been reported that the lipid composition is 

crucial in regulating cell adhesion to the extracellular matrix (Márquez et al., 2008).  

Cadherin may be regulated by interaction with lipid rafts. Indeed, Clathrin-coated pits 

play essential roles in intracellular trafficking (Ivanov et al., 2004a) and it was reported 

that they facilitate the endocytosis of E-cadherin, p120-catenin, β-catenin and several 

other junctional proteins in intestinal epithelial cells following the depletion of calcium 

(Ivanov et al., 2004a). It has also been shown that caveolin-1, the principal component 

of caveolae, co-immunoprecipitates with E-cadherin, and appears to be involved in 

cadherin endocytosis (Akhtar and Hotchin, 2001; Orlichenko et al., 2009). Lipid rafts 

have also been shown to be crucial in Rac1 mediated AJ organisation during the 
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enterocytic differentiation process, where they serve as a signalling platform (Chartier 

et al., 2011). A recent study identified flotillin, a raft adaptor protein, as playing an 

important role in cadherin complex dynamics by stabilising AJs upon interaction 

(Chartier et al., 2011; Guillaume et al., 2013).   

Lipids can act as signalling molecules that regulate AJ dynamics. For example, 

sphingosine-1-phosphate (S1P) is involved in AJ regulation (Mendelson et al., 2014). It 

has been shown that S1P promotes VE-cadherin based AJ formation and endothelial 

cell angiogenesis via S1P-1 receptor (French et al., 2003; LaMontagne et al., 2006). 

S1P was also reported to be the signal released by dying cells in epithelia and activate 

epithelial cell extrusion via S1P-2 receptor (Gu et al., 2011). Interestingly, S1P-2 

receptor may activate Rho and phosphatase and tensin homolog (PTEN) signalling as 

well, which results in disruption of AJs (Sanchez et al., 2005). Many phosphoinositides 

are involved in cell adhesion regulation (Shewan et al., 2011). It has also been shown 

that perturbation of PI3Ks using inhibitors or siRNA increases endothelial barrier 

functions (Cain et al., 2010; Rivard, 2009).   

The lipid composition has also been shown to be crucial for AJ formation. Using 

detergent-resistant membranes and different types of drugs altering membrane 

composition, several components of adherens junction (E-cadherins, α-catenin, β-

catenin) were examined in terms of expression level and localisation in papillary 

collecting duct cells. It was suggested that cholesterol is crucial for AJ assembly 

providing favourable lipid domains for AJ. Indeed, a lower cholesterol level but higher 

sphingomyelin (SM) content resulted in internalisation of E-Cadherin, while a decrease 

in cholesterol without counterbalance with SM just led to the loss of cell adhesion 

(Márquez et al., 2012). Therefore, lipids could play crucial roles in cell-cell junction 

formation and maintenance, cell membrane rearrangement events that are particularly 

important for the integrity of epithelia and active remodelling of tissues, which makes 
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them one of the key factors important for collective cell migration, another event that 

requires extensive membrane rearrangement. 

 

1.3 Cell Migration 

1.3.1 Cell migration overview 

Cell migration underlies fundamental processes in living organisms. Cell migration 

enables cells to respond to multiple situations that they may encounter; including 

finding food, morphogenesis and generating organs, reacting to cues to complete 

further functions (wound healing, immune responses, etc.) (Trepat et al., 2012). Altered 

cell migration may result in developmental defects, altered immunity and it is a crucial 

step during metastatic dissemination (Martin et al., 2013; Rhee et al., 2014). 

Cells can migrate as individual cells or collectively as a multicellular group (Figure 1-8) 

(reviewed in (Pandya et al., 2017a)). Individual cell migration is mainly adopted by 

fibroblast during wound healing and by leukocytes in immune response initiation. As for 

collective migration, it is observed in compact and cohesive cell groups connected by 

intercellular adhesions. Cancer cells can migrate in both ways. When migrating 

individually, they are able to switch between mesenchymal mode (characterised by 

elongated morphology and protrusions) and amoeboid mode (characterised by 

rounded morphology and active blebbing) depending on the environment (Charras and 

Paluch, 2008; Orgaz and Sanz-Moreno, 2013; Sahai and Marshall, 2003; Sanz-Moreno 

et al., 2008; Wolf et al., 2007). 
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Figure 1-8: Cells can migrate individually or collectively in a group. A. Cells 

adopting single-cell migration mode go through a locomotion cycle that starts with 

leading edge extension and formation of new focal adhesion, followed by proteolysis 

and contractile tension, and ends with cell body retraction and adhesive attachments 

releasing. B. Cells migrating collectively are connected with intercellular adhesions. 

Leader cells are polarised along the migrating direction and having a similar locomotion 

cycle with cells moving individually. The follower cells can further modify ECM and 

widen the proteolytic microtrack left by leader cells. The figure is modified from (Friedl 

and Alexander, 2011).  
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This thesis will focus on collective migration, which occurs when a group of cells moves 

together in 2D or 3D environment and retains cell-cell junctions (Rørth, 2012). 

Collective migration is essential during development and in pathological processes 

such as wound healing and cancer cell invasion (Friedl and Gilmour, 2009; Friedl et al., 

2012; Pandya et al., 2017a).  

1.3.2 Collective cell migration 

Collective cell migration shares the similar mechanism with individual cell migration 

(Mayor and Etienne-Manneville, 2016) (Figure 1-9). Primarily, cells establish a front-

rear polarity that is characterised by cytoskeleton remodelling and polarised membrane 

trafficking, both of which are driven by Rho family of GTPases (Rac, Cdc42, Rho, etc.). 

Specifically, Rac and Cdc42 induce actin polymerisation at the cell front, which 

promotes the formation of protrusions (filopodia and lamellipodia) and the interactions 

between integrins and ECM (Akhshi et al., 2014; Pollard and Cooper, 2009; Ridley, 

2015). As protrusions expand, nascent adhesions form and bind with actomyosin 

bundles. They will be maintained until this part become the rear end as cells move 

forward. At the rear end, Rho dictates the signalling cascade and promotes detachment 

from ECM and cell body retracting. The contraction of the cell body and the retraction 

of the rear were enabled by myosin II-based contractile forces that are activated by 

Rho and Cdc42 signalling (Pandya et al., 2017b). Regulated by small GTPases, 

migrating cells undergo a locomotion cycle that starts with leading edge extension, 

followed by new contacts formation and contractile tension, and ends with cell body 

retraction and adhesive attachments releasing (Bravo-Cordero et al., 2013; Sheetz et 

al., 1999).  
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Figure 1-9: Collective cell migration.  During collective cell migration, multiple cells 

coordinate their behaviours and migrate at a similar speed to one direction, which is 

more efficient than individual cell motility (Mayor and Etienne-Manneville, 2016). 

Collective cell migration is characterised by physical connection maintained during the 

whole movement. Such connections are mediated by AJs that also facilitates signalling 

communication between cells. Cells migrating collectively also establish a front-to-rear 

polarisation as individual migrating cells do. But this is modified by the cell-cell 

adhesion, where two groups of cells can be characterised based on the relative 

locations in the group. The cells at the front are called leader cells that dictate migration 

directions and sense the microenvironment, while cells at the back are named the 

follower cells whose leading edge is modified by cell-cell contacts. Follower cells can in 

turn affect leader cells’ behaviour. 

 

  



59 

 

The physical and functional coordination of the migrating cell population is remarkable, 

considering that the dimension of such coordination often occurs over more than 200 

µm (about 10 cell diameters) (Angelini et al., 2010; Petitjean et al., 2010). There are 

three core features characterising collective migration. Primarily, cells retain physical 

connections to one another during the migratory process. Besides, the cells coordinate 

the signalling and their cytoskeletal network to generate forces allowing cells to move 

forward together. The third interesting hallmark of most collective migration modes is 

that the cells modify their substrate, clearing tracks or modifying the ECM (Friedl and 

Gilmour, 2009). 

Cell-cell junctions play key roles in coupling cells together physically, coordinating 

signalling by regulating small Rho GTPases (Mayor and Etienne-Manneville, 2016). 

Furthermore, through this signalling, actomyosin contractility and cytoskeletal networks 

are synchronised, which allows cells to move together (Abeddoust and Shamloo, 2015; 

Akhshi et al., 2014). The cell-cell junction might also be crucial in generating synergistic 

forces within the population of cells, allowing detection of mechanical signals and 

adaptation of forces (Bergert et al., 2015). For example, a recent study showed that 

Merlin, a tumour suppressor protein, relocalises to cytoplasm following the initialisation 

of the cell migration and the establishment of the pulling force. It is proposed that, with 

such localisation changes, Merlin is able to coordinate Rac1 activation and the 

lamellipodia formation across the population of cells, acting as a mechanochemical 

transducer (Das et al., 2015). 

The coordinated movement defines a front-rear asymmetry within the group of cells, 

which is characterised by different cell morphologies, gene expression profiles and 

actomyosin contractility mediated by GTPases and myosin II (Fischer et al., 2009; 

Pandya et al., 2017b; Vitorino and Meyer, 2008). Leader cells are exposed more to 

external cues, such as ECM and chemotactic factors (for example, vascular endothelial 

growth factors and cytokine like nitric oxide). These external cues induce integrin-
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mediated signalling which then activates small GTPases Rac and Cdc42 via different 

GEF or phosphatidylinositol trisphosphates (PIP3) (Mayor and Etienne-Manneville, 

2016). For example, integrins signalling recruits Scribble (Scrib) that then interacts with 

Rac and Cdc42 GEF βPIX (Osmani et al., 2006). Another important GEF activating 

Rac is Tiam1 (Ellenbroek et al., 2012). Activated Rac induces actin polarisation and 

microtubule elongation, and promotes protrusion via PAK (p21-activated kinase) (Nola 

et al., 2008; Pegtel et al., 2007). Activated Cdc42 is able to induce microtubule 

anchoring and actin retrograde flow towards the cell end via polarity complex Par6-

aPKC (partitioning defective 6-atypical protein kinase C) polarity complex, and MRCK 

(myotonic dystrophy kinase-related Cdc42 binding kinase) (Etienne-Manneville and 

Hall, 2003; Gomes et al., 2005; Osmani et al., 2010). The cell-cell contacts between 

leader cells and follower cells inhibit follower cells forming a leading edge via contact 

inhibition of locomotion; follower cells depends on cellular interactions to polarise and 

move (Mayor and Etienne-Manneville, 2016). Follower cells are essential in the 

polarisation of the cluster, and they can also modify leader cells behaviours and 

contribute to chemotaxis sensing (Malet-Engra et al., 2015; Poujade et al., 2007; 

Theveneau et al., 2010). 

The coordination of mechanosensing and mechanotransduction responses in migrating 

cells is mainly facilitated by actomyosin contractility (Pandya et al., 2017b). Substrate 

sensing is achieved by integrins based cell-ECM adhesion and actomyosin contractility. 

Integrins based cell-ECM adhesion can bind to major ECM components (collagens, 

laminins and fibronectin) and sense changes in substrate (Campbell and Humphries, 

2011), while actomyosin bundles that span across the cell determine the overall 

stiffness of the ECM (Charras and Sahai, 2014). As the main mechanotransducers, 

cadherins can interact with the actomyosin network via catenins, which allows the 

actomyosin network to integrate mechanical tension within the cell and across the 

group of migrating cells (Etienne-Manneville, 2012). Thanks to intercellular adhesions 
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and actomyosin contractility linking cells together mechanically and facilitating 

mechanotransduction, migrating cells coordinate their behaviours and achieve a 

“supra-cellular unit” (Pandya et al., 2017b). 

Collective migrating cells can modify the substrate by proteolytically degrading the 

surrounding tissues (Nabeshima et al., 2000; Wolf et al., 2007). Physically, high 

contractile forces exerted on the matrix engender matrix remodelling and ECM 

alignment which creates paths for further migration (Chen et al., 2013; van Helvert and 

Friedl, 2016). 

1.3.3 Functions of lipids in cell migration 

The plasma membrane, as the boundary separating cells from the environment, serves 

as a dynamic platform localizing signalling molecules, mediates membrane trafficking 

and facilitates the mechanical regulation, which is all essential in cell migration 

(Fletcher and Rappoport, 2010; Keren, 2011; Morris and Homann, 2001; Ridley, 2011, 

2015; Zegers and Friedl, 2014). For example, the key regulators of cell migration, small 

GTPases, can interact with the membrane either directly, through post-translational 

modifications, or indirectly via GEFs localised on the membrane (Ridley, 2006). As for 

membrane trafficking, it is proposed to recycle the adhesion components and maintain 

the polarity, facilitating the mobility process (Fletcher and Rappoport, 2010; Jones et al., 

2006).  

The plasma membrane of motile cells is thought to be stretched as the result of active 

and dynamic pushing generated by the growth of a dendritic actin network (Parsons et 

al., 2010). It has been proposed that the tension in the membrane is proportional to the 

local average membrane curvature (Keren, 2011). Interestingly, it was observed that 

motile cells, particularly the leading cells in a population, are characterised by high 

membrane curvature (Abraham et al., 1999). Such high membrane curvatures are 

determined by the lipid composition of the membrane together with the forces, 
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including cytoskeleton generated forces (Fuller and Rand, 2001; Zimmerberg and 

Kozlov, 2006).  

The lipid composition of the plasma membrane is actively regulated during cell 

migration, where regulating lipid synthesis is one way of doing that. For example, 

ceramide synthase-6 (CERS6) was reported to be decreased during the EMT. 

Modulating CERS6 to alter the level of C16 CER results in lower membrane fluidity and 

limited cell motility (Edmond et al., 2015). In addition, a recent study reported that 

sphingomyelin synthase (SMS) derived SM reduces the migration induced by the 

chemokine, CXCL12 (Asano et al., 2012).  

Lipids may be involved in signalling pathways that regulate collective cell migration 

(Haeger et al., 2015). For example, PIP3 can activate several Rac GEFs (Mayor and 

Etienne-Manneville, 2016). This is carefully regulated by PI3K and PIP3 phosphatase, 

SH2 domain-containing inositol-5-phosphatase 1 (SHIP1). It has been observed that 

PI3Ks are upregulated in leader cells in collective migration; inhibition of PI3Ks results 

in disruption of collective migration (Yamaguchi et al., 2015). As for SHIP1, it regulates 

cell migration by governing polarisation and formation of leading cells (Mondal et al., 

2012; Nishio et al., 2007). Lysophosphatidic acid (LPA) is another one of the most 

studied lipid molecules regulating collective cell migration (Kuriyama et al., 2014; 

Mayor and Etienne-Manneville, 2016; Willier et al., 2013). Upon binding to LPA 

receptor, a G protein-coupled receptor, LPA promotes different downstream signalling 

including PI3K/Rac and Rho/ROCK, depending on different Gα subunits, which 

subsequently regulate cell migration (Yung et al., 2014).  

The interactions between lipids and proteins may also contribute to the regulation of 

cell migration. For example, as a hyaluronan receptor, CD44 can act as co-receptor 

mediating tyrosine kinase signalling as well as link the plasma membrane to the 

cytoskeleton via interactions with cytoplasmic linker proteins, such as ERM and Merlin 
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(Neame et al., 1995; Ponta et al., 2003). CD44 has a high affinity to cholesterol via two 

cysteine residues in the transmembrane and juxtamembrane regions. Such affinity was 

observed to be reduced in migrating breast cancer cells (Donatello et al., 2012). 

Recently, it was further shown that manipulating the palmitoylation sites changes the 

behaviour of the invasive breast cancer cells and can induce a motile phenotype in 

non-invasive cells (Babina et al., 2014). 

1.4 Adherens junctions and collective migration 

As discussed above, AJs and cell collective migration are crucial during developments, 

morphogenesis, and wound healing. Altered regulation of cell junctions could be 

involved in tumour invasion and metastasis. Interestingly, they are closely related 

cellular events, where massive membrane rearrangements occur and cell morphology 

changes. In addition, they are primarily governed by the same group of proteins: Rho 

family of GTPases. What makes the two cellular processes closer is that AJs are 

required to connect cells during cell migration, keep the group moving in one direction 

coordinately and regulate collective migration (Friedl and Mayor, 2017). This section 

briefly discusses AJs and collective migration together regarding these aspects.  

1.4.1 Massive membrane rearrangements occur during cell-cell junction 

formation and collective cell migration  

Cellular membranes separate cells from the environment and compartmentalise cells 

into different specialised function modules. Cellular membranes are highly dynamic, 

undergoing continuous remodelling and restructuring which create appropriate 

biological context and facilitate specific cellular processes and signalling (Christ et al., 

2017). For example, it has been shown that cells actively generate and maintain 

membrane curvatures that help to create vesicle and tubular, and define local sub 

regions, which is crucial for membrane trafficking and maintaining signalling (Jarsch et 
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al., 2016; McMahon and Boucrot, 2015). Such membrane remodelling and 

rearrangement is particularly evident during massive membrane rearrangement events, 

including cell division, cell migration and cell-cell junction formation. 

During cell division, cells undergo significant morphological changes and form a 

midbody between two cells where the final cut between two daughter cells takes place. 

The changes of morphology also counter tensions generated by the cytoskeleton 

during cell division. Membrane rearrangements also play pivotal roles in collective cell 

migration, particularly in the leading cells, where the membrane is relocated from the 

rear of cells to the front as lamellipodia extend and forms nascent adhere contacts to 

ECM. Such membrane rearrangement is driven by Rac promoted polymerisation of 

actin network and is critical for cell movement. Similarly, when cells approach each 

other during cell-cell junction formation, membrane rearrangements facilitate active 

protrusions and helps form initial cell-cell contact. 

Traditionally, researchers have been mainly focused on cytoskeleton (actin, 

microtubules) as determinants of the morphology changes and membrane remodelling. 

Little is known about the specific roles of membranes in these massive membrane 

rearrangement events. Recent work showed evidence that cells actively modulate their 

lipid composition and localisation during cell division (Atilla-Gokcumen et al., 2014). 

Dividing cells showed different biophysical properties of membranes with higher 

mechanical resistance to that of interphase cells. Using Liquid chromatography–mass 

spectrometry (LC-MS) based methods, the authors compared lipid profiles of dividing 

cells and non-dividing cells, where 11 lipids accumulated in dividing cells were found. 

The functional screen that looks at cell division with an siRNA library targeting lipid 

synthetic enzymes identified a list of similar enzymes and lipids they made. CER and 

glycosylated sphingolipid GM1, two lipid species on the list, appear on the midbody 

visualised by super resolution microscope, which suggests that cells may regulate the 

lipid composition at the midbody specifically to facilitate cytokinesis. Further lipid 
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profiling analysis performed on extracted midbody supported this idea and identified 9 

lipids species strongly accumulated at midbody. These results suggest that cells 

actively regulate their lipid composition during cell division, a massive membrane 

rearrangement event. It would be interesting to see whether lipids are being regulated 

and what roles they may play during cell migration and cell-cell junctions formation and 

maintenance. 

1.4.2 Small GTPases regulate formation and maintenance of cell-cell junctions 

and collective migration 

As discussed above, both cell-cell junction and cell migration are governed by the 

same group of proteins, Rho family of GTPases, which is part of Ras superfamily. 

There are 20 Rho GTPases genes in human, most of which are active when bound to 

GTP, and inactive when bound to GDP (Heasman and Ridley, 2008; Ridley, 2015). The 

activity of Rho GTPases is mainly regulated by three types of proteins: GEFs, GAPs 

and GDIs (Figure 1-6). Rho GTPases are activated and inactivated by GEFs 

(exchanging bounded GDP to GTP) and GAPs (hydrolysing GTP to GDP) respectively. 

GDIs are able to sequester some inactive Rho proteins from cytosol so that these Rho 

proteins are no longer accessible to be activated by related GEFs (Cherfils and 

Zeghouf, 2013). Rho, Rac and Cdc42 are the most studied Rho GTPases that play 

important roles in regulating cytoskeleton remodelling, cell motility and cell cycle (Hervé 

and Bourmeyster, 2015; Sanz-Moreno et al., 2008). 

Lamellipodia extension is a crucial step in both AJ formation and collective migration 

(Figure 1-10) (Mayor and Etienne-Manneville, 2016; Takeichi, 2014). AJ formation 

relays on lamellipodia to initial cell-cell contact, and the leading cells in collectively 

migrating cells are characterised by extended lamellipodia that drive cells movement 

(Baum and Georgiou, 2011). The extension of the plasma membrane is primarily 

facilitated by Rac driven actin polymerisation (Ridley, 2015). Several GEFs can be 
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involved in the activation of Rac, including Tiam1, β-PIX, and DOCK180 (D’Amico et al., 

2010; Goicoechea et al., 2014; Hodge and Ridley, 2016; Marei and Malliri, 2017; Mayor 

and Etienne-Manneville, 2016). Rac activation can also be promoted by PI3K (Waters 

et al., 2008; Welch et al., 2003). The activated Rac can then interact with WAVE 

complex which subsequently promotes actin polymerisation via Arp2/3 complex (Law et 

al., 2013; Michael et al., 2010). Activated Rac can also interact with formins, although 

whether these interactions contribute to lamellipodia extension is not clear (Kühn and 

Geyer, 2014). Together with Cdc42, Rac also activates serine/threonine-protein (PAK) 

family of kinases and promotes the turnover of integrin-based adhesion which provides 

anchoring points for cells to crawl forward (Rane and Minden, 2014). The protrusions 

that comprise the extended lamellipodia are stabilised by focal adhesions that link the 

actin cytoskeleton to the ECM molecules (Parsons et al., 2010). The formation of focal 

adhesions requires RhoA-ROCK induced actomyosin contractility (Amano et al., 1997). 

Upregulation of contractility was reported to enhance the integrity of actin cytoskeleton 

and increase the width of lamellipodia (Okeyo et al., 2011).   
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Figure 1-10: Rac signalling drives lamellipodia extension. Leader cells in 

collectively migrating cells are characterised by extended lamellipodia that drive cell 

movement. The extension of a lamellipodium is primarily driven by Rac mediated actin 

polymerisation through WAVE and Arp2/3 complex. Rac can be activated by PI3K, as 

several RacGEFs can be activated by phosphatidylinositol trisphosphate (PIP3). Rac 

can also be activated by several GEFs, including Tiam1 (associated with PAR3), β-PIX 

(recruiting PAK and Rac), and DOCK180 (activated by SRC) (D’Amico et al., 2010; 

Goicoechea et al., 2014; Hodge and Ridley, 2016; Marei and Malliri, 2017). The Rac 

effector SCAR/WAVE complex can then drive actin polymerisation at the leading edge 

and create forces for extending protrusions (Krause and Gautreau, 2014). The figure is 

reproduced based on the ideas from (Mayor and Etienne-Manneville, 2016). 
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The cross-talk among Rho GTPases protein family is crucial during collective migration 

and AJ formation and maintenance (Guilluy et al., 2011; Hanna and El-Sibai, 2013; 

Lawson and Burridge, 2014; McCormack et al., 2013). Collectively migrating cells are 

characterised with an established front-rear polarity, which is primarily the result of 

asymmetric Rho signalling (Devreotes and Horwitz, 2015; Ladoux et al., 2016; Mayor 

and Etienne-Manneville, 2016). For example, Rac activity, promoting actin 

polymerisation, is limited to lamellipodia at the front of the cell, which is regulated by 

Rac-WAVE-Arp2/3-Arpin and Rac-srGAP feedback loops (Dang et al., 2013; Yamazaki 

et al., 2013). Rac activity can be regulated by Cdc42 that localises RacGEF to the front 

(Etienne-Manneville, 2004, 2013; Etienne-Manneville and Hall, 2003). Rho/ROCK and 

actomyosin contractility also counter lamellipodia extension and limits Rac activity 

(Reffay et al., 2014; Vega et al., 2011). While during AJ formation, cells are 

characterised by activation of Rac1 and inhibition of RhoA at the early stage of 

adhesion formation where cells extend lamellipodia and establish initial cell-cell contact, 

then switch Rac1 off and activate RhoA to promote adhesion maturation and establish 

stress fibres (Lawson and Burridge, 2014). It has also been shown that PAK1 and Ajuba 

fine tune Rac activation and regulate actin remodelling, which stabilises AJ complexes 

(Nola et al., 2011). 

Rho family of GTPases play important roles in regulating AJs and collectively migration. 

It adds another connection between two important massive membrane rearrangement 

events, which makes it interesting to see whether there are a similar group of lipids that 

are governing the cellular events as well.  

1.4.3 Adherens junctions connect cells physically and chemically during 

collective migration 

Collective migration is characterised by the cell-cell junctions between adjacent cells, 

which maintains the integrity of the tissue, facilitates the communication and 
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coordinates collective movement (Etienne-Manneville, 2014). AJs are observed at cell-

cell contacts during collective migration in many different cell types and cadherins are 

shown to be essential for many epithelial tissues in coordinating movement (Etienne-

Manneville, 2012; Theveneau and Mayor, 2012). For example, in 2D culture, E-

cadherin has been shown important in coordinating the traction forces and enabling 

cells to move collectively (Li et al., 2012; Tambe et al., 2011). As for in vivo study, it 

was reported that blood vessel sprouting requires VE-cadherin (Perryn et al., 2008) 

and some types of cancer cells adopt cadherin-dependent migration to invade 

(Hidalgo-Carcedo et al., 2011; Macpherson et al., 2007).  

AJs are one of the main ways of facilitating communication between adjacent cells 

during collective migration. Primarily, AJs regulate Rac and Rho signalling. N-cadherin 

was reported to mediate polarity during collective migration by inhibiting Rac1 activity 

and protrusions via p120-catenin at cell-cell contacts (Hidalgo-Carcedo et al., 2011). In 

addition, fine spatial and temporal regulation is required for actomyosin contractility 

during cell migration. N-cadherin was also shown to promote contractility via β-catenin 

(Ouyang et al., 2013), while Par3 localising to AJs promotes RhoE activation, together 

with p120-catenin, to downregulate contractility and RhoA activity (Hidalgo-Carcedo et 

al., 2011). 

AJs also transmit forces and coordinates the tension among the whole population 

(Tambe et al., 2011; Theveneau and Mayor, 2012). AJs were reported to mediate cell 

alignment in the direction of the minimal shear stress and maximize the force 

orthogonal to the cell-cell surface, which allows cell polarity generated in the direction 

of the space to be filled while maintaining the integrity of the monolayer during 

collective migration (Reffay et al., 2011).  
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1.5  Hypothesis and Aims 

Lipids are major types of biological molecules, many important and various roles of 

which start to be appreciated and uncovered thanks to developments in lipid study 

methods. However, the understanding of specific roles they may play is poor compared 

to other biological molecules. Previous work has shown that cells actively regulate their 

lipid composition and localisation during cell division with both signalling roles and 

structural roles likely. In this study, I investigate the specific roles of lipids in the 

formation and maintenance of cell-cell junctions and in cell migration. Although 

massive membrane rearrangements occur during both processes and lipids are 

fundamental building blocks of cells membrane, the exact role of lipids remains unclear. 

Essentially, two questions were explored in this study: 

1. Do lipids play a role in cell-cell junction formation/maintenance and cell 

migration? 

2. If they do, what specific roles do lipids play? 

 

The first hypothesis to test was that perturbing lipid composition disrupts cell-cell 

junction formation and maintenance and cell migration. Following on that, the further 

hypothesis was that changes in specific lipid species or classes are particularly crucial 

in those processes. 
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Chapter 2 Methods and Reagents 
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2.1 Cell culture 

In order to study the cell-cell junction and cell migration, four cell lines, HaCaT, Caco-2, 

MCF7 and MCF10A were used in this project.  

HaCaT were originally from Dr Ester Martin-Villar (Instituto de Investigaciones 

Biomedicas). It is a widely used human keratinocyte line, derived from spontaneously 

immortalised human keratinocytes (Boukamp et al., 1988). HaCaT were cultured under 

standard conditions at 37 °C, 5% CO2, and were maintained in low calcium medium to 

prevent them from terminal differentiation and stratification (Hodivala et al., 1994). The 

low calcium medium was prepared with calcium free DMEM (Minimum Essential 

Medium Eagle (Sigma M8167)) and Fetal Bovine Serum (FBS) (Gibco) treated with 

Chelex 100 resin (Bio-Red 142-2832) to remove the endogenous calcium. The treated 

FBS was filtered to remove Chelex before using. The medium for culture was then 

made with calcium free DMEM supplemented with 10% prepared calcium free FBS, 1% 

L-Glutamine (200 mM) (Thermo Fisher 25030081), 1% Sodium Pyruvate (100 mM) 

(Thermo Fisher 11360070) and 1% Penicillin-Streptomycin (100X) (Thermo Fisher 

15140122), plus 1% 3.0 mM CaCl2 to keep cells grow (Wilson, 2014).  

Caco-2 cells are human epithelial colorectal adenocarcinoma cells, which are widely 

used for studying intercellular junction assembly. They were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM GlutaMAX; Gibco 10564011) supplemented with 10% 

and Foetal Bovine Serum and 1% Penicillin-Streptomycin, at 37 °C with 5% CO2. 

MCF7 is a cell line isolated from breast cancer. Similarly, cells were kept at 37 °C 5% 

CO2 and maintained in DMEM (Gibco 10564011) supplemented with 10% Foetal 

Bovine Serum and 1% Penicillin-Streptomycin. 

MCF10A is an immortalised nontransformed breast epithelial cell line. They were kept 

at 37 °C 5% CO2 and maintained in Dulbecco’s Modified Eagle Medium supplemented 

with 5% Foetal Bovine Serum, 20 ng/ml EGF, 10 μg/ml insulin, 100 ng/ml Cholera 
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Toxin, 0.5 mg/ml Hydrocortisone and 1% Penicillin-Streptomycin. EGF and insulin are 

growth factors needed for MCF10A; Hydrocortisone sensitises cells to EGF (Knedler 

and Ham, 1987); and Cholera Toxin increases intracellular cAMP levels and 

subsequently stimulates cell growth, accelerates cell division, and increases possible 

sub-culture numbers (Okada et al., 1982; Stampfer, 1982). 

Generally, cells were passaged every 2-3 days, where they were washed twice with 

Phosphate Buffered Saline with no calcium and no magnesium (referred as PBS in this 

thesis), trypsinized for 5-15 minutes (depending on cell type) at 37 °C and centrifuged 

for 5 minutes at 250 g before being resuspended and counted. The numbers of cells 

seeded for different containers and experiments are listed in the table below. 

Table 2-1 Cells seeding number for various flasks and plates 

Container Cells seeded for passaging Seeding for transfection the next day 

T75 flask 1.0 ~ 2.5 × 105 NA 

T25 flask 0.5 ~ 1.0 × 106 NA 

6-well plate NA 100 k ~ 250 k 

24-well plate NA 25 k ~ 50 k 

96-well plate NA 5 k ~ 10 k 

Cells were frozen at -80 °C in a mix composed of 50% DMEM, 40% FBS Serum and 10% 

DMSO for one week before being placed in a liquid nitrogen tank for long-term storage. 

To revive the cells, cryovials were quickly warmed up in a 37 °C water bath, and then 

cells were transferred to a 15-ml Falcon tube. After being spun at 250 g for 5 minutes, 

the pellet was resuspended in 5 ml/10 ml medium and then transferred to a T25/T75 

flask to culture. The medium was changed the following day. 

2.2 Screen 

With a library of siRNA targeting 260 lipid biosynthetic enzymes, a screen was 

conducted to investigate the roles of lipids in cell-cell junctions. Cells were fixed, and 
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AJs were visualised by immunostaining α-catenin 72 hours following the transfections 

and hits were selected after manually examining junction morphology and comparing 

them with the junction morphologies in the negative control in automated acquired 

images. The screen was repeated for three times.  

The details and the workflow of the screen are described in the following paragraphs. 

2.2.1 Lipid biosynthetic siRNA library  

A customised siRNA library targeting 260 lipid biosynthetic enzymes was previously 

designed in the lab. The full list is included in Appendix. All oligos were purchased from 

Dharmacon (siGENOME pools of 4 oligos). The mother plates of siRNA library were 

diluted to a concentration of 100 µM, aliquoted and stored in -80 °C. The thaw cycle 

and usages were tracked that helped to keep an eye on siRNA quality over time.   

2.2.2 Controls used in the screen 

Several control siRNAs were used in the screen. Non-Targeting (NT) siRNA 

(siGENOME Dharmacon 20 µM stock concentration) was included as a negative 

control to address potential systemic off-target issues and toxicities. RacGAP siRNA 

and α-catenin siRNA (siGENOME Dharmacon 20 µM stock concentration) were 

included as positive controls, where both could be used as quick readouts for 

successful transfections with their strong phenotypes: RacGAP depletion leads to 

multinucleated cells and α-catenin depletion results in loss of cell-cell junctions. α-

catenin depletion phenotypes were also used as a positive control for junction 

phenotypes and its absence was used to verify that the staining protocol had worked.   

2.2.3 Screen workflow 

Seeding 

Following the protocol in 2.1, HaCaT cells were trypsinised after two washes with PBS 

at 37 °C for 10-15 minutes until the cells started to detach from the dish. Cells were 

collected with media and centrifuged at 250 g for 5 minutes before being well 
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resuspended in low-calcium media and counted. Cells were diluted to 100 k/ml and 

transferred to a reservoir after which 100 µl resuspended cells were then seeded into 

96-well plates using multichannel pipettes to each well with 100 µl low-calcium media 

added beforehand, which resulted in 10k cells per well.  

The wells at edges (first row and column and last row and column) were left empty to 

avoid edge effects due to evaporation of media. Therefore, the total number of 

available wells in each plate is 60.    

Transfection 

Cells were transfected the next day after seeding with a pool of four siRNAs specific to 

genes in the library, NT siRNA or α-catenin siRNA (as a positive control for 

transfection). In every plate, ten wells were used for controls (5 for NT siRNA, 5 for α-

catenin siRNA), and 50 wells used for the genes in the library. Specifically, a 

transfection mix was prepared in Opti-MEM with 0.5% transfection reagent 

INTERFERin. For each gene in the library, 1 µl stock siRNA (10 µM) or 0.5 µl control 

siRNA (20 µM for NT and α-catenin) was added to 25 µl transfection mix and incubated 

for 15 minutes in a 96-well PCR plate. The media was changed to 100 µl DMEM with 

10% FBS before the transfection mix was added to each well. Media was replaced with 

high-calcium media 48 hours after RNAi, which allowed cells to form junctions in 24 

hours before being fixed.  

Immunofluorescence 

After being fixed with 4% Formaldehyde in PBS for 10 minutes, cells were washed 

three times with PBS before being permeabilised with 0.1% Triton/PBS for 10 minutes.  

After another three washes with PBS, samples were incubated in blocking buffer 

(10mM Glycine in 1% BSA/PBS) for 60 minutes.  

The primary antibody incubation mix was prepared in the blocking buffer with 1:1000 α-

catenin antibody (Sigma (C2081)). 70 µl was added to each well after aspirating the 
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blocking buffer left. Following overnight incubation at 4 °C, the wells were washed with 

PBS for three times and incubated with secondary antibody incubation mix with DAPI, 

1:1000 Goat anti-Rabbit IgG (H+L) 488 (Invitrogen (A-11008)) and Phalloidin-555 

(Invitrogen (A34055)) for 1 hour. The samples were ready for imaging after the 

incubation with 3 PBS washes.  

Imaging acquisition 

Five images were acquired in each well randomly utilising Nikon automated imaging 

macro. Concretely, five coordinates were picked manually in a representative well to 

cover the centre and edges. These coordinates were then replicated to the rest of the 

wells in the plate to generate all acquisition points. The Nikon imaging programme 

would continue to acquire images in DAPI, FITC and TRITC channels at those 

coordinates using DAPI signal as a reference for auto-focus. 

Images were collected from three rounds of screening and were examined manually to 

check cell-cell junction morphology and select hits. Junction morphology for each 

experiment well was put against junction morphology in NT from the same plate to 

compare. Genes that had phenotype appearing in more than 3 images out of 5 in one 

round were shortlisted. The genes repeated more than once in the shortlist across 3 

rounds of the screen were selected as hits. 

2.3 siRNA transfection 

The following day after seeding, media was changed to DMEM with 10% FBS before 

transfection. The transfection mix was prepared in Opti-MEM with 1:200 transfection 

reagent, INTERFERin. siRNA was incubated in INTERFERin/Opti-MEM mix just made 

for 15 minutes before added to the cells. The amount of reagents, siRNA and media 

used and the final volume for transfections other than the screen in different plates 

were shown in the table below. The final siRNA concentration was 40 nM. 
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The cells were then incubated for 24 hours before changing the medium for DMEM 

with antibiotics. 

Table 2-2 Transfection recipes for different plates 

Plate Opti-MEM/µl INTERFERin/µl siRNA/pmoles DMEM W/O antibiotics/µl 

60 mm dish 400 15.0 15.6 4000 

6-well plate 200 8.0 8.8 2000 

12-well plate 200 4.0 4.8 1000 

24-well plate 100 2.0 2.4 500 

96-well plate 50 1.0 0.68 125 

 

2.4 Western Blotting 

2.4.1 Preparation of Lysates 

Treated or untreated cells were briefly washed once with PBS before being collected 

with the Laemmli buffer after 15 minutes incubation on ice. Laemmli stock buffer was 

prepared as detailed in Table 2-2, and the complete Laemmli buffer was prepared from 

the stock buffer as detailed in Table 2-3. 

Table 2-3 Laemmli stock buffer recipe 

Reagents Amount /ml 

1M Tris pH 7.5 4 

Glycerol 5 

20% SDS 5 

water 32.5 

 
 
Table 2-4 Complete Laemmli buffer recipe 

Reagents Amount 

Stock Laemmli buffer 11.94 ml 
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DTT 12.5 µl 

0.5M sodium fluoride 250 µl 

1M Glycerol phosphate 125 µl 

Sodium orthovanadate  125 µl 

1M PMSF 50 µl 

Proteinase inhibitor (Roche) ¼ tablet 

The cell lysates were sonicated briefly (12 seconds) on ice followed by a 17000 g 

centrifugation for 30 minutes at 4 °C. The supernatant was collected and mixed with 4X 

loading buffer (8% SDS, 40% Glycerol, 0.004% Bromophenol Blue, 0.1875 M Tris/pH 

6.8) to give a final 1X concentration. Samples were then boiled at 95 °C for 10 minutes 

and placed at -80 °C for long term storage. 

2.4.2 Gel running and transfer 

Western blotting was carried out using NuPAGE 4-12% Bis-Tris Gel (Invitrogen) in 1X 

running buffer (50mM MES, 59 mM Tris pH 7.3, 1mM EDTA, 0.1% SDS) at 100 V until 

the desired separation was achieved.  

Gels were then carefully removed from the gel running system and left in transfer buffer 

(25 mM Tris, 250 mM Glycine pH 8.3, 20% SDS). Blot “sandwich” was made with the 

gel, activated a PVDF membrane (5 minutes in methanol) and filter papers, before 

being placed on a wet transfer system (BioRad). The transfers were conducted at 100 

V for 2 hours on ice. 

2.4.3 Blocking and Immunoblotting 

After transfer, the membrane was first blocked by incubation with 5% BSA/PBST (PBS 

+ 0.1% Tween-20) for 1 hour at room temperature. Then the membrane was incubated 

with the primary antibody (diluted in BSA/PBST) overnight at 4 °C. After 3 washes with 

PBST, incubation with the secondary antibody (diluted in BSA/PBST) were conducted 

at room temperature for 1 hour. The membrane was developed with ECL (Prime – 
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Amersham Corporation, Arlington Heights, IL) and images were acquired with either X-

Ray film detection or a Fusion Blot Imager (Preqlab).  

The primary antibodies used are shown in the table below. 

Table 2-5 Antibodies for Western Blot 

Antibody Source Dilution Origin MW (kDa) 

α-catenin Sigma (C2081) 1:1000 rabbit 102 

GAPDH Millipore (MAB374) 1:10000 mouse  36 

AGPAT2 Cell Signalling (#14937) 1:1000 rabbit 27 

ABHD5 Novus (H00051099-M01) 1:1000 mouse 39 

β-tubulin Sigma (T9026) 1:1000 mouse 50 

 

2.5 Immunofluorescence and microscopy 

2.5.1 Fixation 

Two types of fixation were used for the best performance of antibodies and good 

visualisation of specific markers. Generally, cells were fixed with 4% of PFA that was 

made by diluting 16% formaldehyde (Pierce), methanol-free 1:4 in PBS. Ice-cold 

methanol stored at -20 °C was used for fixation instead in order to have a better 

visualisation of junction markers, for example, E-cadherin.  

2.5.2 Immunofluorescence 

For cells seeded on ibidi imaging optimised plates (µ-Plate ibidi) or on coverslips, we 

used the same immunofluorescence method. After discarding the medium, cells were 

fixed for 10 minutes with either 4% Formaldehyde in PBS at room temperature or -

20 °C methanol at -20 °C. Cells were then washed with PBS for three times before 

being permeabilised in 0.1% Triton/PBS for 10 minutes. After another three washes 

with PBS, samples were incubated in blocking buffer (10mM Glycine in 1%BSA/PBS) 

for 30 minutes to 60 minutes. The primary antibody incubation could be done for 2 
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hours at room temperature or overnight at 4 °C. When the primary antibody incubation 

was completed, secondary antibody incubation plus DAPI, Phalloidin staining was 

performed, which was then followed by three washes with PBS. The dilutions of 

antibodies and staining reagents used are listed in Table 2-5. 

Table 2-6 Antibodies for immunofluorescence 

Primary antibodies 

Antibody Source Dilution Origin 

α-catenin Sigma (C2081) 1:1000 rabbit 

E-Cadherin BD (610181) 1:1000 mouse  

Occludin Invitrogen (331500) 1:500 mouse 

pMLC (Thr18/Ser19) Cell signalling (#3674S) 1:1000 rabbit 

Secondary antibodies and other reagents 

Goat anti-Rabbit IgG (H+L) 488 Invitrogen (A-11008) 1:1000 goat 

Goat anti-Mouse IgG (H+L) 488 Invitrogen (A-10680) 1:1000 goat 

Phalloidin-555 Invitrogen (A34055) 1:1000 NA 

The coverslips were then mounted on slides with a drop of ProLong Gold anti-fade 

mounting agent (Molecular Probes – Life technologies, ThermoFischer Scientific). As 

for the samples on ibidi imaging optimised plates, PBS was applied after the washes to 

prevent the samples from dry. 

2.5.3 Image acquisition 

2.5.3.1 Epifluorescence Microscopy 

The fixed and stained plates were viewed on a Nikon Eclipse Ti microscope with a 20X 

objective (NA 0.75) or a 100X objective (NA 1.45) using a Photometrics Cool Snap HQ2 

camera. Images were collected at 12-bit depth either manually or automatically utilising 

Nikon automated imaging macro. 
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2.5.3.2 Confocal Microscopy 

The cells were viewed with a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, 

Germany) with 100X oil objectives (NA 1.46). The microscope is equipped with 420 nm, 

488 nm, 546 nm and 642 nm lasers. 

Confocal images were also acquired at Nikon imaging centre in King’s College London. 

Specifically, 100X oil objective was used on Nikon A1 spectral confocal microscope, 

equipped with 488 nm, 561 nm and 642 nm lasers. In addition, line scan mode was 

adopted to acquire high-resolution images along the Z axis. 

The images were collected with Zen software (Carl Zeiss) or Nikon NIS element 

software, and processed with ImageJ. 

2.5.3.3 Time-Lapse Microscopy 

Cells were viewed on a Nikon Eclipse Ti microscope equipped with temperature and 

CO2 environmental control. The images were collected with a 10X objective lens (NA 

0.45) at a rate of 1 frame per 20 minutes or 30 minutes using Nikon NIS Elements 

software. 

2.6 RNA analysis 

2.6.1 RNA extraction 

Cells were collected with a certain amount (T24-well plate: 250 µl, T6:2 X 250 µl) of 

Trizol after a brief wash with PBS. Then, 200 µl chloroform was added per 500 µl Trizol 

used and vortexed for 15 sec. After 15 minutes of incubation at room temperature, 

samples were centrifuged at 12000 g for 15 minutes at 4 °C. Following the 

centrifugation, the mixtures separated into three phases: a phenol-chloroform phase, 

an interphase, and a colourless aqueous phase where the RNA remains. The aqueous 

phase was transferred and mixed with 250 µl isopropanol per 500 µl Trizol used. The 

mixture was spun down at 12000 g for 10 minutes at 4 °C after 10 minutes incubation 
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at room temperature. The pellet was washed by ethanol vortexing and resuspended 

with water after air-drying. An additional purification step was done with DNA-free Kit 

DNase Treatment and Removal Reagents from Ambion (1411030). The samples can 

be stored at -80 °C for a long duration. 

The concentration of RNA was measured with a Nanodrop spectrophotometer (Thermo 

scientific) at wavelengths of 260 nm. 

2.6.2 Quantitative Polymerase Chain Reaction (qPCR) 

qPCR was performed using Brilliant III Ultra-Fast SYBR Green QRT-PCR Master Mix 

(Agilent Technologies) and ViiA 7 Real-Time PCR System (Thermo Fisher). The 

housekeeping gene used for normalisation was Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). The sequences of the primers used are listed in the 

appendix. The qPCR mix for each well in 384-well plate was prepared following the 

recipe below (Table 2-6). 

Table 2-7 qPCR mix recipe 

Reagent Amount per sample / µl 

SYBR Master 5 

primer 0.5 

DTT 0.1 

Ref Dye 1:500 0.15 

RT Block 0.45 

RNA sample 3.8 

Samples were diluted to 6.6 ng/µl, which gave about 25 ng mRNA in the 10 µl reaction. 

For each well in a 384-well plate, 6.2 µl solution and 3.8 µl diluted sample were added. 

Each sample was loaded in triplicate. Before mounting on the machine, the plate was 

briefly centrifuged at 4 °C to remove bubbles at the bottom. On ViiA 7 Real-Time PCR 

system, the heating cycle was configured following the table below (Table 2-7). 
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Table 2-8 qPCR cycle configuration  

Stage Specification Number of cycles 

Hot Start 50 °C, 10 minutes 1 

Denaturation 95 °C, 3 minutes  

Annealing 95 °C, 15 seconds 40 

Extension 60 °C, 20 seconds 

Melt Curve Stage 95 °C, 1 minutes 

60 °C, 30 seconds 

95 °C, 30 seconds 

1 

The result reports generated by ViiA 7 Real-Time PCR System contains the Ct values 

(threshold cycle, a logarithmic value with a base of 2) measured for each well, which is 

the intersection of the amplification curve and the threshold line. The result was 

analysed adopting delta Ct analysis. Four types of values were calculated by averaging 

the repeats: Target gene KD (TK), Target gene control (TC), Housekeeping gene KD 

(HK), and Housekeeping gene control (HC). Delta-delta-Ct was calculated as follow: 

ΔΔCt = (TK - HK) – (TC – HC). Then the fold change of target gene following the KD 

could be calculated as 2 ∆∆ . 

2.7 DNA Methods 

2.7.1 DNA constructs 

The following plasmids were purchased from ClonTech Inc. 

pEGFP_C1 - Mammalian Expression vector for the protein of interest with N-terminal 

GFP tag under the control of CMV promoter. 

pEGFP_N1 - Mammalian Expression vector for the protein of interest with C-terminal 

GFP tag under the control of CMV promoter. 
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2.7.2 DNA gel electrophoresis 

1.0% and 0.8% agarose gels were prepared by dissolving 1.0 g or 0.8 g of agarose 

(InvitrogenTM, ThermoFisher Scientific) in 100ml TAE buffer (40mM Tris-acetate, 1mM 

EDTA pH 8.0), to which SYBR® Safe DNA Gel Stain (InvitrogenTM, ThermoFisher 

Scientific) (1 ul/10 ml) was added. Samples were mixed with appropriate amount of 6x 

loading dye (30% Glycerol (v/v), 0.25% Bromophenol Blue (w/v). 0.25% Xylene Cyanol 

(w/v)) to have final concentration of 1x. DNA ladder that covers the range of samples 

was also loaded to the gel. 

Gels were run in TAE buffer at the voltage of 100 V until the desired separation of 

bands was achieved. The bands were visualised using a DNA trans-illuminator and can 

be imaged with BioDoc-It imaging systems (UVP). 

2.7.3 Restriction enzyme digestion and extraction 

Generally, 5 µg DNA or PCR products were digested in a mix with 0.5 µl of desired 

restriction enzymes (New England Biolabs), and appropriate buffers (New England 

Biolabs). Sterile water was added to the mix to make the total volume of 30 µl. The 

mixture was incubated at 37°C for at least 1 hour. 

Digested DNA fragments were resolved using DNA gel electrophoresis (see the 

protocol above), and the appropriate bands can be examined under a trans-illuminator 

and further purified utilising a commercial QiaQuick gel extraction kit (Qiagen, Hilden, 

Germany). 

2.7.4 DNA ligation 

T4-DNA-ligase kit (New England Biolabs) was utilised for DNA ligation. Digested DNA 

and vector were mixed in a 3:1 molar ratio together with 1 µl T4 DNA Ligase and 2 µl of 

the 10x DNA Ligase Buffer, then made up to 20 µl with sterile water. The mixture was 

incubated for at least 1 hour at RT. The ligated constructed can then be transformed 

into competent bacteria. 
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2.7.5 Bacterial transformation 

The plasmid was diluted to a concentration between 10 to 100 ng/µl, and then added to 

20 µl Competent DH5α bacteria (silver efficiency-BioLine, London). The mixture was 

incubated on ice for 15 minutes before heat shocked at 42°C for 45 seconds followed 

by 2 minutes of incubation on ice. The transformed bacteria were cultured in 1ml Luria 

Broth (LB: 10 g/L Tryptone, 5 g/L yeast extract, 10 g/L NaCl) for 1 hour at 37°C with 

agitation. 100 µl and 900 µl of this 1 ml culture were seeded on LB agar plates (10 g/L 

Tryptone, 5 g/L yeast extract, 10 g/L NaCl, 10 g/L Agar) with the appropriate antibiotic. 

The seeded plates were incubated at 37°C overnight. The colony was picked in the 

following morning and can be expanded in Luria Broth. 

2.7.6 Plasmid extraction 

Single bacterial colony growing on the Agar plate with the appropriate antibiotics were 

picked with a sterile pipette and seeded to 5 ml LB for mini preps and to 100 ml LB for 

midi preps with antibiotics (Ampicillin (100 µg/ml) or Kanamycin (50 µg/ml)). The cells 

were cultured at 37°C overnight with continuous agitation and were collected in the 

following morning by centrifugation at 5000 g at 4°C. The collected cell lysate was 

further proceeded following Qiagen Mini and Midi prep protocols. 

The plasmid DNA extracted was eluted in Qiagen Elusion Buffer. The concentration 

and the purity were acquired using NanoDrop spectrophotometer measuring the 

absorbance at wavelengths of 260 and 280nm. 

2.8 RNAi resistant construct design and sequence 

The RNAi resistant AGPAT2 was designed by introducing site mutations that do not 

change the AA translation on the sequence that RNAi targets, with or without HA tag 

on the N-terminus (see sequences in Appendix). The construct was synthesised using 

Eurofin services, then cut and ligated into the pCMS28 plasmid. The ligated DNA 
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constructs were sent to Eurofins MWG for sequencing, together with primers for 

pCMS28.  

2.9 Making stable-cell lines with a retroviral system 

All the procedures utilising a retroviral system in this section were conducted in class 2 

microbiological safety cabinets in a specialised room following the appropriate safety 

procedures. 

2.9.1 Retroviral vector 

AGPAT2 variants were cloned into pCMS28-EcoRI-NotI-XhoI (a gift from Dr Jeremy 

Carlton (King’s College London) and modified from Prof. Mike Malim (Carlton and 

Martin-Serrano, 2007)), a bicistronic retroviral packaging vector encoding a puromycin 

resistance gene linked via an IRES to the MCS.  

2.9.2 Making retro-viral particles 

Retroviral particles were produced utilising GP-2-293 cells that stably express gag and 

pol genes required for viral coat production. 480,000 per well of GP-2-293 cells were 

seeded in a 6-well dish one day prior to the day of viral plasmid transfection. On the 

following day, the medium was replaced with 2 ml DMEM without antibiotics. A 

transfection mixture was prepared following the table below (Table 2-8). 

Polyethyleneimine is a polymeric transfection reagent, and pVSVG helps viral particle 

incorporation (Boussif et al., 1995). MLV gag pol is added to boost the viral particle 

production. 
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Table 2-9 transfection mixture for viral plasmids into GP-2-293 cells 

Reagent Amount 

The plasmid with insert 1200 ng 

pVSVG 800 ng 

MLV gag pol 1200 ng 

Polyethyleneimine 8 µg 

Total Complex Volume  200 µl 

The mixture was left at room temperature for 10 minutes before being added to cells. 

The medium was then replaced with fresh complete DMEM with 10% serum 4 hours 

following the transfection. Cells were allowed to have 24 to 48 hours producing viral 

particles and releasing them to the medium.  

To harvest the viral particles, the medium was collect from the GP-2-293 culture and 

centrifuged at 500 g for 5 minutes. The supernatant was then filtered through a 0.45 

µm filter to remove any cellular debris left. The harvested viral particles can be stored 

at 4 °C for a short period of time or can be stored at -80°C for long-term storage. 

2.9.3 Virus infection and Clone selections 

50,000 cells of target cells were seeded in a 6-well dish one day prior to the infection. 

On the following day, the medium was replaced with complete fresh medium plus 8 

µg/ml Polybrene (Sigma #107689) to improve infectivity. Different amount of viral 

supernatant (for example 1000 µl, 500 µl and 250 µl) harvested previously was added 

to the target cells.  

After 48 hours of incubation, clones were selected using 2 µg/ml Puromycin complete 

medium for at least 5 passages before switching to a medium with low doses of 

Puromycin (0.5 µg/ml). 
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2.10 Junction assays: calcium switch 

To monitor junction formation, calcium switch assays were performed. In these assays, 

cells were initially cultured in the medium with low calcium such that intercellular 

adhesions cannot form. Cells were then transferred to a high concentration calcium 

medium to allow junction formation. For siRNA knockdown experiments, cells were first 

transfected in high calcium medium with the siRNA of interest. Then cells were grown 

for another 48 hours after transfection before being switched to low calcium medium 

(0.03 mM Ca2+), after being washed once with warm PBS. The next day, the medium 

was replaced by standard 10% DMEM medium (~ 2.1 mM Ca2+), so that cells were 

allowed to initiate and form cell-cell junctions. Cells were then fixed at a series of time 

points following the medium switch at 5 minutes, 10 minutes, 30 minutes and 60 

minutes. After immunofluorescence staining, cells were visualised to examine 

junctional structures.  

2.11 Migration assays: wound healing assay 

Wound healing assays were performed after siRNA transfections. After 48 hours 

following transfection, cells were trypsinized, counted and replated into inserts that 

were placed into 24-well ibidi plates (µ-Plate 96 Well, ibidi 82406) in advance. For each 

side of the insert, 3-7×105/ml cells were resuspended in 70 µl FluoroBrite DMEM 

(Thermo Fisher A1896701) supplemented with 10% FBS, and were then seeded in 

each well, which generally allows the cells to form a monolayer within 4 to 16 hours. 

Once the monolayers were formed, the inserts were carefully removed before imaging. 

The plate was mounted on a Nikon Eclipse Ti microscope and maintained 37 °C with 5% 

CO2. The images were collected with a 10X objective lens (N.A. 0.95) at a rate of 1 

frame per 20 minutes.  
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2.12 Lipidomic analysis 

Lipidomic analysis refers methods from these paper: (Atilla-Gokcumen and Eggert, 

2015; Ejsing et al., 2009; Sampaio et al., 2011) 

2.12.1 Sample preparation 

After the medium being removed from cell culture, cells were washed twice with pre-

cold PBS before being snap frozen in liquid nitrogen applied on cells. Cells were then 

harvested in cold PBS with scrappers. Cell pellets were collected after 5 minutes of 200 

g centrifugation at 4 °C and then resuspended in 1 ml cold PBS (for 4-6 × 106 cells). 50 

µl were taken for protein concentration measurements to normalise lipid samples to the 

same amount (see next paragraph), and the rest 950 µl can be stored at -80 °C for 

lipids extraction. 

The 50 µl sample was mixed with 50 µl lysis buffer (M-PER Mammalian Protein 

Extraction Reagent from Thermo) and incubated at room temperature for 10 minutes. 

The protein concentration was measured by Bradford assay (BioRad). Concretely, BSA 

standards were made in PBS/lysis buffer (1:1). Standards and experiment samples 

were incubated with Bradford buffer for 10 minutes before 595 nm absorption was 

measured. Linear regression analysis was performed on absorption measurements of 

BSA standards to get a standard curve that was then used to calculate protein 

concentration for samples. 

2.12.2 Lipid extraction 

Lipids samples were normalised according to the protein concentrations measured. 

Specifically, lipids samples were further diluted to have same protein concentration. In 

this study, 10 µg proteins were dissolved in PBS. 30 s vortex was applied to assure 

samples were fully homogenised.  

Extraction was done with the chloroform-methanol buffer with different ratios. 10:1 was 

used for extracting apolar lipids (Sterol, DAG, TAG, PC, PE, CER, 
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lysophosphatidylcholine, lysophosphatidylethanolamine, phosphatidylglycerol), where 

samples were incubated with 990 µl buffer rotating for 1 hour at 4 °C. The lower 

organic phase was extracted after a brief centrifuge. The upper aqueous phase was 

further extracted with 990 µl 2:1 buffer rotating at 4 °C 1 hour for polar lipids (PA, LPA, 

PS, PI, cardiolipin, lipopolysaccharide). Similarly, the lower organic phase was 

collected after briefly spun down. The organic phases obtained from two steps were 

then evaporated in vacuum desiccators at 37 °C. The samples were stored at -80 °C 

before being analysed by mass spectrometry. 

2.12.3 Mass spectrometry and data analysis 

The samples were resuspended in 65 µl loading buffer (1:1:2 of water, acetonitrile, and 

isopropanol) before being analysed in positive and negative ion modes on Agilent 1290 

Infinity II LC Systems and Agilent 6550A iFunnel Q-TOF LC/MS equipped with a UPLC 

CSH C18 1.7 µm column (Acquity). The chromatography protocol was similar to the 

one in this paper (Cajka and Fiehn, 2016) with small modifications. Retention time (RT) 

was measured as the time taken for the sample molecules to pass through the column, 

which depends on the affinity of the molecule to the chromatography column used.  

Samples were then introduced to the mass spectrometer following liquid 

chromatography and subjected to ionisation so that lipids acquire kinetic energy and 

leave the ion source to fly in the mass spectrometer. Two modes of ionisation, using 

positive and negative ionisation modes of ion sources were employed to characterise 

the sample molecules, since different lipid species can be better detected in certain 

modes. Concretely, in positive mode, samples were positively ionised in low pH to 

protonated molecular ions of the formula (M+H)+ and only positively charged ions were 

recorded, while in negative mode, samples were subjected to negative ion source to 

deprotonated molecular ions of the formula (M-H)- and only negatively charged ions 

were recorded. Mass to charge ratios (m/z) can then be measured together with counts 
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per second of detected compound labelled as intensity; thus, a dataset of RT, m/z and 

intensity can be acquired for all the molecules detected. 

The lipidomic data acquired was then processed with MassHunter Molecular Structure 

Correlator Software (Agilent) and analysed with MassHunter Profinder and 

MetaboAnalyst 3.01 (See (Xia and Wishart, 2011, 2016)). The database used for lipids 

identification is Metlin (Smith et al., 2005) and LipidBlast (Kind et al., 2013). 

2.13 Image Processing and Analysis 

Image processing was done with Fiji (Schindelin et al., 2012) and the Nikon software 

(NIS-Elements). Image analysis was performed with Fiji, CellProfiler (Carpenter et al., 

2006) and TScratch (Gebäck et al., 2009). In detail, the segmentation and the 

measurement of the screen images were done in CellProfiler. The free space was 

measured with TScratch, followed by regression analysis done with R and Python. Cell 

movements were tracked by following positions of the cell on each frame during the 

timelapse movie and the cell movement tracks were analysed using Chemotaxis and 

Migration Tool plugin in Fiji developed by ibidi (Asano and Horn, 2013). The PIV 

analysis was done using the openpiv toolbox2 (Taylor et al., 2010). 

2.14 Statistical analysis 

All experiments, unless stated otherwise, were performed at least 3 times. Significant 

tests were conducted with either Student T-test or Analysis of Variance (ANOVA) 

utilising Excel or GraphPad Prism 7 and would be specified in figure legends.  

                                                

1 http://www.metaboanalyst.ca/ 

2 http://www.openpiv.net 
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Chapter 3 Phenotypic Screen on 

Adherens Junctions with siRNA Library 

Targeting Lipid Biosynthetic Enzymes 
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3.1 Introduction 

To address the question whether lipids play a role in cell-cell junction formation/ 

maintenance and cell migration, I set up and conducted a phenotypic RNAi screen to 

identify enzymes and lipids that may regulate AJ morphology during junction formation 

and maintenance.  

RNAi is widely used for screening libraries of genes in order to identify novel proteins 

that may be involved in cellular processes of interests (Simpson et al., 2008). Cell-cell 

junction formation and maintenance is an ideal case to apply this screening approach 

as cells undergo significant morphological changes during a short time window and 

form unique and highly ordered junctional structures that can be visualised by 

junctional markers. In detail, a classic assay is to switch cells from low calcium 

condition where cells are not able to form junctions to high calcium condition so that AJ 

formation can be observed by monitoring cadherins and actin filaments. It is often 

analysed visually when a relatively small-size library is screened. For example, 

SH3BP1, which is important for epithelial morphogenesis, was identified from an RNAi 

screen on a library of Rho GAP genes by evaluating junction morphology (Elbediwy et 

al., 2012). p114RhoGEF is another example that was identified to regulate junction 

assembly from an RNAi screen on a library of Rho GTPase genes (Terry et al., 2011).  

Quantitative analysis of cell shape and cell spreading allows us to recognise more 

complex phenotypes, identify hits with more subtle effects, and conduct a relatively 

high throughput screen. For example, a genome-wide screen was carried out to identify 

proteins that are required for the cadherin-mediated cell-cell junction. In the study, 

aggregates of a S2 cell line that stably expressed DE-cadherin were examined to 

evaluate cell–cell adhesion (Toret et al., 2014). Another study conducted a screen to 

identify Rho GAPs required for junction formation and analysed E-cadherin and two 

pools of actin (junctional actin and cytoplasmic actin) to evaluate the perturbation 

(McCormack, 2013).  
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To investigate whether lipids play a role in AJ formation and maintenance, I used a 

customised siRNA pooled library targeting 260 lipid biosynthetic enzymes to 

systematically perturb lipid networks. The library was designed previously in the Eggert 

lab to cover key lipid biosynthetic enzymes and subsequently core lipids in cells. The 

library was screened previously to investigate the role of lipids in cytokinesis, where 

knockdown of 23 genes caused cytokinesis failure (Atilla-Gokcumen et al., 2014). In an 

unpublished work, Dr. Jose Orgaz in the Sanz-Moreno lab used the same library to 

conduct a screen that examined A375P cell (elongated melanoma cells) morphology 

changes following siRNA treatment, which may provide insight into the roles of lipids in 

EMT and actomyosin contractility (Orgaz, 2015). 20 genes were identified from the 

screen. Broadly, it would be interesting to compare my hits with these two screens to 

identify lipids that are important in multiple cellular processes that all rely on actin-

based structures.  

To do so, I first tested different cell lines to choose an ideal cell line for the junction 

assay as well as the migration assay that may be utilised in later stages. Junction 

markers and a positive control for the screen were also tested to complete the screen 

setup. After that, I did three rounds of screening where cells were maintained for 24 

hours in high calcium condition to form and maintain the junctions. In this way, the 

perturbation to AJ formation and maintenance were evaluated together in order to 

identify the most dramatic phenotypes and most essential lipids. In this study, hits were 

identified manually examining the images, since little was known about the role of lipids 

in AJs and it was not straightforward to compose an appropriate image analysis 

algorithm before evaluating all the images visually. However, quantitative analysis was 

still utilised to analyse images as an alternative method. The screen results and hits will 

be discussed at the end of this chapter to select a list of prioritised hits that were then 

validated and studied further. 
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3.2 Aims 

This chapter aims to investigate the roles of lipids in AJ formation and maintenance. 

Specifically: 

1. Set up and perform the screen with a customised siRNA library targeting lipid 

biosynthetic enzymes to systematically study roles of lipids in AJ formation and 

maintenance. 

2. Analyse images acquired from the screen and identified hits that alter junction 

morphology. 
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3.3 Results 

3.3.1 Screen preparation and pre-experiments 

3.3.1.1 Cell line selection 

A small collection of human epithelial cell lines was gathered for the purposes of the 

cell-cell junction and the cell migration study, including HaCaT, MCF7, MCF10A (Table 

3-1). 

Table 3-1 Cell line comparison and selection 

 
HaCaT MCF 7 MCF 10A 

Tumour cell No Yes No 

Cell type Keratinocyte 
Breast 

adenocarcinoma 
Breast epithelial 

Other 

applications 

Lipid metabolism, 

cell migration 

in vitro breast 

cancer studies 

Differentiation and metabolism 

studies, cell migration 

Generally, as epithelial cell lines, the cells shown above all suit the purposes of the 

project to study cell-cell junction formation and collective cell migration. HaCaT were 

chosen for the primary screen and the first-stage experiments after a series of pre-

experiments testing cell culture, transfection efficiency, cell-cell junction visualisation 

and collective cell migration. The other two cell lines can be used in follow up 

experiments to validate the results from the HaCaT.   

HaCaT form monolayers that allow clear visualisation of cell-cell junctions, which is 

ideal for the focus of my study. Imaging parameters were optimised for use with an 

epifluorescence microscope with a 20X objective, allowing rapid visualisation of the 

junctions in the screen. Cell-cell junctions were also examined with a confocal 

microscope, which confirmed the staining of epifluorescence and can be used for later 

stages of the study. (Figure 3-1) 

As for the wound healing assay studying collective cell migration, all the three cell lines 

were tested. HaCaT were optimal with a relatively fast healing rate (Figure 3-2). 
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Figure 3-1: HaCaT assemble distinct adherens junctions. Representative 

immunofluorescence images of HaCaT junction components. A. Images acquired on 

an epifluorescence microscope. HaCaT were seeded on ibidi imaging optimised 96-

well plates, fixed with 4% PFA and immunostained with α-catenin (green) and stained 

with DAPI for DNA (blue), Phalloidin for Actin (red). B. Images were acquired on a 

Zeiss confocal microscope and made maximum projections. HaCaT were seeded on 

coverslips, fixed with 4% PFA and immunostained with α-catenin (green) and E-

cadherin (red) and stained with DAPI for DNA (blue), Phalloidin for Actin (yellow). Scale 

bars are 20 µm for both panels. 
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Figure 3-2: HaCaT perform best regarding wound healing rate. A plot of the wound 

healing process in HaCaT (blue line), MCF-7 (orange line) and MCF10A (grey line) in a 

trail run. Cells were seeded in inserts on ibidi imaging optimised plates. Inserts were 

removed when cells grew into monolayer before filming with time-lapse microscopy. 

Free space ratios (ratio of areas that not occupied by cells versus whole image field) 

was measured in each frame until the wound was closed and plotted against time 

points. The points were the average of two measurements. The migration experiment 

for MCF7 was stopped at 15 hours. The dotted line is the linear regression prediction 

for possible wound healing process. 
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3.3.1.2 Controls in the screen 

The screen requires careful controls. Several aspects of tissue culture plate were 

considered and addressed. To start with, the first and last rows and columns were left 

empty to avoid edge effect where media in those well evaporates fast and may 

introduce variabilities to the results. Also, before the screen was conducted, the 96-well 

plate used for the screen was tested for variabilities between wells. Basically, HaCaT 

cells were seeded in all the available 80 wells (96 well - first row/column - last 

row/column) and imaged to evaluate the cell morphology, where there was no 

difference between detected those wells regarding the cell morphology. 

Particularly for transfections, the transfections mix was prepared together before mixed 

with siRNAs. More importantly, off-target effects were considered in the experiment 

design. The non-targeting control (NT) siRNA was used as a negative control (no 

changes of junctions are expected with treated cells) in which transfection reagent 

toxicity and off-target effect were controlled. Additionally, transfection efficiency is 

another critical aspect. α-catenin siRNA was used to evaluate the transfection 

efficiency. As shown in Figure 3-3A, depletion of α-catenin completely abolished the 

cell-cell junctions and gaps (marked by white arrows) could be observed between cells, 

even though cells were dense and quite close to each other. Such dramatic phenotype 

can be used as a quick readout for a round of successful transfection as well as was 

used as a positive control to show potential junction phenotypes. 

Apart from controlling those aspects, when conducting the screen, NT siRNA and α-

catenin siRNA were included in every plate so that all the images had controls from the 

same plate to compared with to control the variabilities across plates. During the cell 

culture, transfections, fixation and immunofluorescence staining, multichannel pipettes 

were used to minimise pipetting error and to decrease time. 
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Figure 3-3: α-catenin depletion disrupts adherens junction and works well as a 

positive control for the screen. A. Representative immunofluorescence images of 

adherens junctions in negative control (non-target control (NT) siRNA) and positive 

control (α-catenin siRNA). Gaps between cells are highlighted by arrows in α-catenin 

depleted cells. HaCaT were seeded on ibidi imaging optimised 96-well plates, 

transfected with NT siRNA or a pool of 4 siRNAs specific to α-catenin. Cells were PFA 

fixed 72 hours after RNAi and were immunostained with α-catenin and stained with 

DAPI for DNA (blue), Phalloidin for Actin (red). Scale bar is 20 µm. B. Western blot 

analysis reveals comparable depletion of α-catenin for the pool of α-catenin siRNAs. 

The blot shows two representative independent experiments. GAPDH antibody was 

used as loading control.  
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3.3.2 Hit selection and selected hits 

With the settings optimised and tested, I carried out the screen with the siRNA library 

targeting lipid biosynthetic enzymes to identify novel proteins and lipids that may be 

involved in cell-cell junction formation and maintenance. HaCaT were transfected with 

a pool of four siRNAs specific to genes in the library, NT siRNA or α-catenin siRNA. 

AJs were visualised by α-catenin antibody and F-actin was stained with Phalloidin. Five 

images were acquired in each well randomly utilising Nikon automated imaging macro. 

The macro defines five image acquiring locations in one well. A series of acquiring 

points for the whole plate was then generated by replicating the defined well. The five 

points were selected in a way such that both well edges and centres were sampled, 

and the image faithfully demonstrated the junction phenotype for treated cells. The 

microscope acquisition setting was optimised at the beginning of each imaging session 

using a selection of control wells and random experiment wells and was kept 

unchanged during the same imaging session for the whole plate. Images were 

collected from three rounds of screening and were examined manually and compared 

with controls in that plate to check cell-cell junction morphology and to select hits. 

Genes that had phenotype appearing in more than 3 images out of 5 in one round were 

shortlisted. The genes repeated more than once in the shortlist across 3 rounds of 

screen were selected as hits. 

3.3.2.1 Selected hits 

17 hits (16 hits for junctional phenotypes) were found from the screen conducted, and 

these are summarised in the table below (Table 3-2). All the hits repeat at least twice 

across the three rounds of screens. Specifically, CERS4, MTMR3, ABHD5, ALOX15, 

HPGDS, GLB1, SGPL1, SLC27A1 and SGMS1 repeated three times, ACSM1, 

AGPAT2, CDIPT, DGAT2, DGKE, FDPS, PPAP2B and PSAPL1 repeated twice.  

The representative images of AJs marked by α-catenin show the phenotypes for each 

hit (Figure 3-4).  
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Table 3-2 Hits from the screen  
Hits identified from the screen are listed below with the full enzyme name and known functions 

Hits Gene ID Enzyme Full Name Known or predicted functions 

ABHD5 51099 
α-β hydrolase domain-

containing protein 5 

Involved in PA) biosynthesis. May regulate the cellular storage of TAG (Ghosh et al., 

2008). 

ACSM1 116285 Acyl-coenzyme A synthetase Has medium-chain fatty acid CoA ligase activity (Watkins et al., 2007). 

AGPAT2 10554 
1-acyl-sn-glycerol-3-phosphate 

acyltransferase beta 
Converts lysophosphatidic acid (LPA) into phosphatidic acid (PA) (Agarwal, 2012). 

ALOX15 246 Arachidonate 15-lipoxygenase Adds an oxygen molecule to arachidonic acid (Sloane et al., 1991). 

CDIPT 10423 
CDP-diacylglycerol-inositol3-

phosphatidyltransferase 

Catalyses the biosynthesis of phosphatidylinositol as well as phosphatidylinositol exchange 

reaction (Antonsson, 1994). 

CERS4 79603 Ceramide synthase 4 Synthesises ceramides with C18-22 fatty acids (Riebeling et al., 2003). 

DGAT2 84689 
Diacylglycerol O-acyltransferase 

2 

Catalyses the final step in triacylglycerol (TAG) synthesis by using diacylglycerol and fatty 

acyl CoA as substrates (Orland et al., 2005). 

DGKE 8526 Diacylglycerol kinase epsilon Phosphorylates DAG and activates PKC signalling (Lemaire et al., 2013). 

FDPS 2224 
Farnesyl pyrophosphate 

synthase 

Catalyses the production of geranyl pyrophosphate and farnesyl pyrophosphate, which is 

key in cholesterol and sterol biosynthesis (Kavanagh et al., 2006). 
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Hits Gene ID Enzyme Full Name Known or predicted functions 

GLB1 2720 Beta-galactosidase Helps break down GM1 ganglioside and keratan sulfate (Yoshida et al., 1991). 

HPGDS 27306 
Hematopoietic prostaglandin D 

synthase 

Catalyses the conversion of PGH2 (a prostaglandin) to PGD2 (an inhibitor of platelet) 

(Kanaoka et al., 2000). 

MTMR3 8897 Myotubularin-related protein 3 
Phosphatase that acts on lipids with a phosphoinositol headgroup, PI(3,5)P2 to PI3P; PI3P 

to PI (Walker et al., 2001). 

PPAP2B 8613 
Phosphatidic acid phosphatase 

type 2B 

Catalyses the conversion of PA to DAG. It hydrolyses LPA, ceramide-1-phosphate (C-1-P) 

and sphingosine-1-phosphate (S-1-P) (Brindley and Pilquil, 2009). 

PSAPL1 768239 Proactivator polypeptide-like 1 
Predicted to produce saposins involved in lysosomal degradation of sphingolipids (The 

UniProt Consortium, 2015). 

SGMS1 25923 
Ceramide 

cholinephosphotransferase 1 
Synthesises sphingolipid and sphingomyelin (Huitema et al., 2004). 

SGPL1 8879 
Sphingosine-1-phosphate lyase 

1 

Cleaves phosphorylated sphingoid bases (PSBs). Elevates stress-induced ceramide 

production and apoptosis (Van Veldhoven et al., 2000). 

SLC27A1 376497 
Long-chain fatty acid transport 

protein 1 

Facilitates the translocation of long-chain fatty acids (LFCA) across the plasma membrane. 

Mediates the activation of the fatty acids (Hatch et al., 2002). 
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Figure 3-4 Representative images of hits and controls in the screen. HaCaT were PFA fixed 72 hours after RNAi and immunostained with α-catenin 

antibody. NT siRNA and α-catenin siRNA were used as control (black box). Intercellular junction phenotypes are in green box; abnormal junction 

phenotypes are in blue box; grey box marks binucleated phenotype. The phenotypes are highlighted by white arrows. The scale bar is 20 µm.  
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3.3.2.2 Two types of junctional phenotypes were identified from the screen 

As shown in Figure 3-4, primarily, two types of hits were identified with different 

junctional phenotypes: 1) intercellular gaps and 2) abnormal junction morphology. The 

intercellular gaps phenotype resembles the positive control, α-catenin depletion, where 

the cells were not able to form cell-cell junctions, which left spaces or gaps between 

cells. As for the hits in the junction morphology alteration group, their change in 

junction morphology is characterised by lamellipodia-like structures expanding 

over/under adjacent cells but may vary in the level/type of the alteration and shall be 

analysed on a case-by-case basis. In addition, hits that resulted in multinuclear cells 

were also included in the list shown in the table and images below (Table 3-3). 

Table 3-3 Summary of hit phenotypes Two junctional phenotypes were identified 
from the screen. The lamellipodia-like structures in abnormal junction morphology, 
gaps between cells in intercellular gaps and binucleated cells in multiple nuclei are 
highlighted by arrows in representative images of a hit in the group. Scale bar is 20 µm. 

Number of 
hits 

Description Representative Images 

14 
Abnormal Junction 

Morphology 

 

2 Intercellular Gaps 

2 Multiple Nuclei 

Specifically, ABHD5, ACSM1, AGPAT2, ALOX15, CDIPT, GLB1, DGAT2, FDPS, 

HPGDS, MTMR3, PSAPL1, SGMS1, SGPL1 and SLC27A1 are classified as abnormal 

PPAP2B 
L: α-Catenin 
R: F-Actin 

MTMR3 
α-Catenin 

CERS4 
G: α-Catenin 
R: F-Actin 
B: DAPI 
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junctional morphology phenotype, while PPAP2B and DGKE resulted in intercellular 

gaps phenotype. The depletion of CERS4 or GLB1 gave a multiple-nuclei phenotype. 

It is worth noting that the abnormal junction phenotype may include two subclasses that 

could be caused by distinctive disruptions. Hits that have stratified cells with smaller 

cells at the bottom covered by large cells, for example, MTMR3, indicate potential 

keratinocyte defects, while other hits may only have altered junction morphology 

without stratifications. Keratinocyte stratification is critical in skin homoeostasis (Fuchs, 

2007). Keratinocytes constitute a stratified squamous epithelium that undergoes 

constant self-renew and differentiation and creates a cornified layer to protect the 

dermis from the external environment. The stratification is also crucial in development. 

For example, it is associated with a change in spindle orientation during the early 

development stage, where cells divided with perpendicularly oriented spindle have 

distinct differentiation markers (Lechler and Fuchs, 2005; Muroyama and Lechler, 

2012). Interestingly, cell adhesion molecules were proposed to be important in 

keratinocyte stratification (Fuchs, 2007; Koria and Andreadis, 2006; Watt, 2002). For 

example, integrins and cadherins are required for the initiation of stratification (Watt, 

2002). Both epithelial morphogenesis and cell-cell junctions can be regulated by small 

GTPases of the Rho family (Van Aelst and Symons, 2002; Elbediwy et al., 2012; 

McCormack et al., 2013; Quiros and Nusrat, 2014). Recently, another Rho family 

protein, RhoE, was reported to participate both in stratification and differentiation of 

keratinocytes by regulating proliferation and integrin adhesion (Liebig et al., 2009). 

Therefore, it would be interesting to see how perturbing lipid composition could affect 

the stratification and Rho GTPases signalling. However, further experiments are 

required to characterise the phenotype and identify the specific defects after validating 

the phenotypes. 
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3.3.3 Screen analysis 

Apart from the visual analysis and phenotype identification, I also tried to set up an 

automated segmentation and did quantitative analysis of images from one round of the 

screen. Images collected from round one were analysed with a pipeline designed in 

CellProfiler to do measurements of cell geometry, such as cell area, cell number per 

image, the number of neighbours, etc. These measurements provide additional 

information to check the screen as well as validate the manually identified phenotypes. 

To do so, the key steps are to identify cell boundaries and to register detected cells as 

individual regions of interests before conducting the measurements, where the principal 

challenges include finding relatively accurate segmentations on images acquired with 

low magnification objectives and correctly identifying cells. That was achieved by 

setting up a CellProfiler thresholding-based segmentation pipeline with seeded region 

growing methods. The idea is to use DAPI labelled nuclei as a seed from which the cell 

grows on α-catenin channel until reaching boundaries defined by a three-class 

thresholding segmentation. Specifically, the pipeline started with nuclei identification 

utilising Otsu’s three class thresholding (Kiyokawa et al., 2005) in DAPI channel where 

threshold values were found to minimise the sum of foreground and background and 

identify the nuclei. The clumped nuclei were separated by finding local maxima 

followed by a shape filter to discard small DAPI debris that was much smaller than 

nuclei scale. Next, the boundaries between neighbouring cells were determined by the 

propagation method (Jones et al., 2005). In α-catenin channel, using detected nuclei as 

a seed region, cell region grew outward from the seed until reaching a neighbour or the 

image thresholding (Otsu’s three class thresholding). The cells touching image borders 

were discarded. The measurements of cell area, diameter, number of neighbour, etc. 

were then conducted on each identified cell object. The quality of the segmentation 

could be impaired by the low-quality staining with a high background where the 

thresholding would be affected. To address this, IF was optimised beforehand, and 
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images of low quality were excluded from the pipeline analysis. Although separating 

clumped nuclei by finding local maxima and shape filter can address the clumped 

nuclei and multinucleated cells when setting up and optimising the pipeline, it is worth 

noting that it may still introduce some errors: for example, irregular nucleus shape may 

be incorrectly separated to two where measurements of cell area would be changed.  

3.3.3.1 Change of the cell area 

From the representative images above, it can be expected that the hits with 

intercellular gaps phenotype have fewer cells per image, while the hits with 

multinuclear phenotypes may have larger cells. The measurements of cell area and 

number of cells in image field agree these observations (Figure 3-5). More interestingly, 

the hits with junction morphology phenotypes appear to have larger cell area and fewer 

cells per image. Considering the altered junctions overlap with each other, the cell 

morphology and cell area might change even more dramatically, which could be 

interesting but beyond the scope of this study. 

3.3.3.2 Number of neighbours 

It was observed by F. T. Lewis that epidermal cells in cucumber consistently have an 

average of six neighbour cells (Lewis, 1928). Later, a mechanical model was proposed 

to study and explain the quantification of the number of neighbour cells, which may 

help to understand the topology of the epithelium and how cells regulate forces within 

epithelium (Aegerter-Wilmsen et al., 2010). It was proposed that features of the cell 

network, such as the number of neighbours, could provide a defining characteristic 

together with the attributes of an individual cell (Escudero et al., 2011). For cells that 

have six neighbours, the hexagonal shape might be the result of cellular rearrangement 

and cleavage plane orientation, which may reduce the overall stress of the epithelium 

(Naveed et al., 2010).   
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Figure 3-5: Quantification of the cell area and the number of cells per image 

shows hits had larger cell area and higher cell density. Images acquired from the 

screen round one were segmented based on DAPI and α-catenin staining utilising 

Otsu’s three class thresholding (Kiyokawa et al., 2005) and propagation methods. The 

size of cells was measured, and the cell number per field was counted. Cell size and 

cell number per image were normalised to the NT in each plate. Each marker 

represents one image. Crosses show abnormal morphology phenotype; stars show 

multiple nuclei phenotype; triangles show intercellular gaps phenotype.   
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Therefore, the number of neighbours was measured in the screen following the 

segmentation of the monolayer, looking for signs of deviating the dominating 

percentage of hexagon shapes. Only cells with junction morphology phenotypes and 

NT controls were quantified, as neighbours cannot be defined for the cells with 

intercellular gaps phenotype. 

The figure below (Figure 3-6A) shows histograms for the number of neighbours in four 

representative hits from junction morphology phenotype and NT. All the hits show 

slightly right-skewed histogram with maxima bin being 5, while maxima for NT is six, 

indicating potential changes in number of neighbours. Further chi-square test 

suggested the distributions were clearly changed in ABHD5 compared to NT, while no 

differences were detected for MTMR3 and SLC27A1 (Figure 3-6B). While significantly 

changed, distribution changes were modest for CDIPT. The difference in distribution 

was mainly in bins less than 6 (more percentage of cells have less than 6 neighbours in 

CDIPT), and the bin equal to 8 (less cells in CDIPT have 8 neighbours). Those subtle 

changes of preferred cell shapes and number of neighbours may suggest changes in 

mechanical force. However, it requires further experiments to evaluate phenotypes in 

CDIPT. In summary, these results suggested that monolayer arrangements or 

mechanotransduction might be perturbed in some of the hits (ABHD5 and CDIPT) at 

different levels. 

These results show that the automated segmentation approach is quite promising. It 

would be interesting to optimise pipelines further, conduct the analysis with the whole 

dataset, ultimately perform the screen and identify hits with this approach.  
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Figure 3-6: The distribution of the number of neighbours were altered in ABHD5 

and CDIPT compared to NT. A. Histrogram of number of neighbours. B. Fractions of 

the number of neighbours used for chi-square test. Distribution in ABHD5 and CDIPT 

were changed compared to control. The numbers were quantified using the 

segmentation described above for selected hits with the abnormal junction morphology 

phenotypes and NT. More than 300 cells were quantified for each case. Statistical 

significance was assessed using chi-square test. *, p < 0.05;****, p<0.0001. 

A 

B 
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3.4 Discussion 

In this study, I set out to investigate whether lipids play a role in cell-cell junction 

formation and maintenance. To do this, I conducted a phenotypic screen looking at 

junction morphology with a customised siRNA library targeting lipid biosynthetic 

enzymes to systematically perturb lipids network. The phenotypes were evaluated 

visually. Segmentation algorithms were also applied to measure cell geometries. In this 

discussion, I will focus on the 16 candidates that change junction morphology (omitting 

CERS4 that gives multinuclear phenotype).  

3.4.1 Screen discussion 

The siRNA library includes several enzymes that either have catalytical function to 

lipids previously reported to play a role in regulating AJs, for example, Sphingosine-1-

phosphate phosphatases (SGP) and Sphingosine-1-phosphate lyase 1 (SGPL1) for 

S1P (Gu et al., 2011; Mendelson et al., 2014; Willier et al., 2013) and MTMR3 for PI3P 

(Rivard, 2009), or are reported to regulate intercellular adhesions, for example, p110α 

isoform (PIK3C2A) (Cain et al., 2010). However, only a few (SGPL1, MTMR3 and 

CDIPT) were found to induce a phenotype in the screen. It is possible that other 

enzymes compensated and therefore the depletion of one enzyme resulted in no 

phenotype. This could, in part, also due to the limitation of visual analysis of junction 

morphology with which only the strongest phenotype can be picked. The different 

experimental settings used could be another reason. AJ formation and maintenance 

were evaluated together to identify the most severe phenotype. However, this 

approach gives cells longer time to form and stabilise AJs, which may allow cells to 

repair the defects previously found in a shorter time window.  

The pipelines used for segmentation and measurements provided information from a 

different perspective, which confirmed some speculations for the phenotypes observed 

(for example, increased cell area in hits with abnormal junction morphology) and tested 
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the number of neighbour hypothesis. However, the pipelines require far more 

optimisations to carefully segment cell boundaries in a noisy background. It would 

certainly be interesting to conduct screens using automated measurements as hits 

selection criteria in the future. 

3.4.2 Two types of adherens junction phenotypes 

Primarily, two junction phenotypes were identified: abnormal junctional morphology and 

intercellular gaps.  

A total of 14 candidates were classified as abnormal junction morphology characterised 

by lamellipodia-like α-catenin positive structures that expand over or under adjacent 

cells. While the level of expansion may vary, and hits need to be validated and further 

studied on a case-by-case basis, similar phenotypes shared within this group may 

indicate common roles that these enzymes and lipids they make may play.  

One possible hypothesis is that silencing these genes disrupt AJ maturation. Normally, 

following the cell-cell contact initiation, Rho activity facilitates AJ maturation where 

branched actin filaments are converted to actomyosin bundles that generate forces to 

drive the expansion of the contact area (Yamada and Nelson, 2007; Zhang et al., 2005). 

Cadherins are restricted to the centre of the contact which displays a more intense 

staining (McCormack, 2013). The lamellipodia-like structure with rather a loose staining 

could be unmatured junctional machinery. Another hypothesis is that these hits may be 

involved in cell-cell contact inhibition of proliferation. The lamellipodia-like structure 

spreading over adjacent cells is a sign of cells piling on top of each other, which 

suggests a loss of contact inhibition. Cell-cell contact inhibition of proliferation can be 

induced by homophilic binding of cadherins (Benham-Pyle et al., 2015; Kim et al., 

2011). Specifically, for the cell line used in the screen, HaCaT, a human keratinocyte 

cell line, it has been reported that contact inhibition is regulated in an actomyosin-

dependent manner (Hirata et al., 2017). Inhibiting actomyosin using blebbistatin evades 

contact inhibition almost entirely and cell proliferation is increased slightly while 
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constitutively activating RhoA attenuates the proliferation and enhances contact 

inhibition (Hirata et al., 2017). Both hypotheses suggest that actomyosin activity may 

be the key to understand why silencing these genes resulted in abnormal junction 

morphology with lamellipodia-like structures expanding over/under adjacent cells. An 

explanation could be that lipids could directly regulate small Rho GTPase signalling 

and play an important role in trafficking and localisation of the key modulators of 

contractility. For example, membrane-bound GEFs could be mislocalised which 

perturbs the temporal control of Rho GTPases that is essential for AJ formation and 

maintenance.  

As for the phenotype of intercellular gaps, 2 candidates, PPAP2B and DGKE, were 

identified with gaps between cells observed from both α-catenin staining and F-actin 

staining. Similar morphological changes were observed when knocking down the 

junctional component, α-catenin, which suggests that depletion of PPAP2B or DGKE 

may abolish cell-cell junction completely. Interestingly, PPAP2B and DGKE belong to 

two families of proteins that have the opposite catalytic functions but do not necessarily 

counter each other directly. PPAP2B (phosphatidic acid phosphatase type 2B) is a 

member of the phosphatidic acid phosphatase (PAP) family that converts PA to DAG, 

while DGKE (diacylglycerol kinase epsilon) is one of the ten known isoforms of DAG 

kinases that phosphorylate the DAG to PA in mammals. It would be certainly 

interesting to validate the two candidates and further analyse why the junctions disrupt 

following the transfection. 

3.4.3 Incorporating the other two screens results 

With the same siRNA library, two more screens have been conducted with different 

focuses. A previous study in our lab was investigating the roles of lipids in cytokinesis 

(Atilla-Gokcumen et al., 2014). By quantifying the ratio of the binucleated cells 

(binucleation ratio) following the treatment of the siRNA to HeLa cells, 23 hits were 

found that had an at least 3-fold increase in binucleation ratio. The other screen was 
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conducted by Dr Jose Orgaz in Dr Sanz-Moreno’s lab in A375-M2 melanoma cell line 

to identify novel lipids that might be related to Rho/ROCK signalling and actomyosin 

contractility (Orgaz, 2015). Briefly, A375 M2 are very invasive cells with more than 90% 

rounded cells adopting the amoeboid migrating strategy. Following RNAi, the 

morphology of cells was monitored as a readout of the contractility. 20 hits were found 

that displayed significant changes in cell shape changing from round to elongated. 

Interestingly, several enzymes appear in at least two out of the three screens, and 

there are also cases where different enzymes from the same protein family appear in 

multiple screens (for example, AGPAT2 in this screen and AGPAT4 in the cytokinesis 

screen) (Table 3-4). Those are expected since cell-cell junctions, cytokinesis and 

actomyosin contractility are closely related, with many overlapping proteins involved.  

Our work indicates that the biosynthetic enzymes and therefore related lipids are also 

important in these biological events. For example, they could be important in the core 

regulatory machinery, small Rho GTPase signalling. 

These screens were conducted in three cell lines that are quite different, from normal 

epithelial cells, a skin cancer cell line to HeLa cells, which were derived from ovarian 

carcinoma. As would be expected for their different physiological environments and 

requirements, cells from different tissues usually demonstrate distinctive lipid profiles. 

(Jain et al., 2014; Strittmatter et al., 2016) and we would expect lipid biosynthetic 

enzymes to be critical determinants of such differences. Therefore, the variations we 

observed would be expected. We are particularly interested in hits appearing in 

multiple screens, suggesting that their lipid products are conserved and vital across 

cellular processes and cell lines, which highlights the importance of lipid composition 

and critical roles certain lipid species may play in those cellular events, making them 

more attractive to study further.  
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Table 3-4 Hits aligned with other two screen results  
(x for strong phenotype, o for weak phenotype) 

Cell-cell junctions Cytokinesis Contractility 

CERS4 X CERS5, CERS6: O 

CDIPT  O 

MTMR3   

ACSM1   

AGPAT2 AGPAT4: O O 

DGAT2 X  

DGKE  X 

ABHD5 X X 

PPAP2B   

ALOX15 ALOX15B: O ALOX12B: O 

HPGDS   

GLB1 X O 

FDPS   

PSAPL1   

SGPL1   

SLC27A1  SLC27A2: O 

SGMS1   
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3.4.4 Prioritised hits 

Following the discussion above, it would be interesting to further validate all the hits 

and study their functions. However, the timeline of a PhD necessitates the selection of 

a subgroup to investigate thoroughly. Hits for further analysis were chosen primarily 

based on how severe the phenotypes are and how well the phenotypes repeat, which 

is summarised in the table below. 

Table 3-5 Summary of the hits 
The phenotype of hits, how many times they repeated and how strong the phenotypes 
were are summarised. Selected hits are shaded in yellow. 

Gene Phenotypes 
Repeated times in 3 

rounds of screen 

Strength of 

phenotype 

MTMR3 abnormal junction morphology 3 strong 

HPGDS abnormal junction morphology 3 strong 

ABHD5 abnormal junction morphology 3 medium 

AGPAT2 abnormal junction morphology 3 medium 

GLB1 abnormal junction morphology 3 medium 

SLC27A1  abnormal junction morphology 3 medium 

CDIPT abnormal junction morphology 2 medium 

FDPS abnormal junction morphology 2 medium 

ALOX15 abnormal junction morphology 3 weak 

SGPL1 abnormal junction morphology 3 weak 

SGMS1 abnormal junction morphology 3 weak 

ACSM1 abnormal junction morphology 2 weak 

DGAT2 abnormal junction morphology 2 weak 

PSAPL1  abnormal junction morphology 2 weak 

DGKE intercellular gaps 2 medium 

PPAP2B intercellular gaps 2 medium 

In the group of hits with abnormal junction morphology phenotype, MTMR3, HPGDS, 

ABHD5, AGPAT2, GLB1, SLC27A1, CDIPT and FDPS entered the shortlist with 

stronger phenotypes. The list was further narrowed down to MTMR3, CDIPT, AGPAT2, 

ABHD5 and SLC27A1, which act on lipids including PA, DAG and PI. Many of them 
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may also have broad functions since the homologs of the genes appear in other 

screens. HPGDS, GLB1 and FDPS would have also been very interesting to pursue, 

but we deemed it more practical to study the 5 hits with abnormal junction morphology 

first. As a unique phenotype, DGKE and PPAP2B with intercellular gaps were also 

added to the list for the initial follow-up. However, one needs to bear in mind that the 

scores for phenotypes were given manually, which is a limitation of this study. 

Optimised segmentation algorithms may have recognised subtle differences between 

the hits more reliably, which could be an interesting direction to follow on. 

Therefore, the selected list of genes to be prioritised includes MTMR3, CDIPT, 

AGPAT2, ABHD5, SLC27A1, PPAP2B and DGKE. These hits are demonstrated in the 

context of lipid biosynthetic pathway in the figure below (Figure 3-7). 
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Figure 3-7: Selected hits in the context of lipid biosynthetic pathways. Hits can be 

grouped based on their catalytic functions. There are mainly two groups of interest: one is 

LPA, PA, DAG and AGPAT2, ABHD5, PPAP2B and DGKE, the other is PI and PIPs and 

CDIPT, MTMR3. Hits highlighted in green had intercellular gap phenotypes, and those 

highlighted in blue had junction morphology phenotypes. Related lipids are highlighted in 

yellow boxes.  
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3.5 Summary and future work 

In this chapter, a phenotypic screen was set up and conducted to investigate whether 

lipids play a role in AJ formation and maintenance utilising a customised siRNA library 

targeting 260 lipid biosynthetic enzymes. A total of 16 candidates that alter junction 

morphology have been identified from this screen, where mainly two groups of 

phenotypes were observed: abnormal junction morphology with lamellipodia-like 

structure and intercellular gaps. The screen results suggest that lipid biosynthetic 

enzymes, and likely the lipids they make play roles in AJ formation and maintenance.  

For the next step, MTMR3, CDIPT, AGPAT2, ABHD5, SLC27A1, PPAP2B and DGKE 

were selected to be prioritised. These hits and their phenotypes were validated in order 

to further select the true hits with reliable phenotypes (Chapter 4). At the same time, 

since collective cell migration is closely related to AJs, a mini-screen using wound 

healing assay was conducted to investigate whether they play a role in migration 

(Chapter 4). This mini-screen helped to gather more evidence about their potential 

functions. I will further characterise a validated hit phenotypes, identify the changed 

lipids and investigate how the enzymes and lipids may participate in AJ 

formation/maintenance and collective migration (Chapter 5). 

This screen evaluated AJ formation and maintenance together, which, on the one hand, 

was practical and helpful to identify the most severe phenotypes, but on the other hand 

may have lost robust and clear readouts of AJ formation and failed to dissect the two 

parts of AJ dynamics. It would be interesting to run the screen in different settings 

optimised for AJ formation or AJ maintenance, respectively, to study the role of lipids in 

the specified process. 
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Chapter 4 Adherens Junction Screen 

Validation and Migration Screen 
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4.1 Introduction 

4.1.1 Screen validation strategy 

Although it is widely employed to deplete proteins of interest specifically, the RNAi 

technique may have off-target effects resulting in detectable phenotypes that are not 

caused by silencing the targeted gene (Echeverri and Perrimon, 2006). These off-

target effects can be caused by several mechanisms, that can be sequence dependent 

or sequence independent (Jackson and Linsley, 2010). Therefore, screens utilising 

RNAi technique need to address potential off-target effects during the 

design/optimisation stage as well as the validation stage. Taking the 

design/optimisation stage as an example, when setting up the screen with exogenous 

siRNA for mammalian cells, the transfection condition requires optimisation to minimise 

the toxicity and immune stimulation from the reagents. Besides, proper quality control 

can ensure that all genes screened are subjected to the same condition.  

Hit validation is another key step in screens that helps to detect off-target effect 

phenotypes and avoid false positive hits. Pools of several siRNA oligos targeting the 

same gene are commonly used in RNAi screens to achieve maximum efficiency. Once 

hits have been identified, the knockdown efficiency of each individual siRNA oligo and 

phenotypes caused by each oligo can be evaluated. The idea is that the true hits with 

on-target siRNA match must have a strong correlation between the level of depletion 

and phenotypes when the knockdown efficiency is high. Any hits with poor knockdown 

efficiency or poor correlation between depletion and phenotype raise a red flag and 

may not be reliable hits. 

More specifically to this study, I was investigating lipid function by perturbing lipid 

biosynthetic enzymes, which is an indirect method. Even though the validation strategy 

mentioned above helps to select the true hits, whether the observed phenotype is 

caused by changes in lipid abundance, depletion of the enzymes, or the both is unclear. 
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In fact, which lipids are perturbed is not straightforward to predict as lipid biosynthetic 

pathways are complex. It is important to bear in mind that further validation is needed 

to identify which lipid abundance is altered and understand the role they may play, 

which will be discussed in Chapter 5. 

4.1.2 Collective migration mini-screen and analysis 

As discussed in Chapter 1, collective cell migration and cell-cell adhesion are two 

closely related membrane rearrangement events that are governed by the same group 

of Rho GTPases. Collective migration also requires AJs to be maintained to coordinate 

individual cells and facilitate communication. Therefore, a defect in AJ formation and 

maintenance is likely to affect collective cell migration. Particularly, the hits with a 

phenotype presenting intercellular gaps may disrupt the connections between cells 

during migration. However, it was difficult to predict how the hits of the other group with 

abnormal junction morphology may affect collective migration. Therefore, I tested 

whether these hits were involved in regulating collective migration by carrying out a 

migration mini-screen. 

There are many different collective migration models in vitro and in vivo. In vivo, many 

studies have examined cell migration in embryos of different species, among which 

zebrafish models are the most used because of the availability of genetic tools and 

because transparent embryos allowing easy visualisation (Dalle Nogare et al., 2014; 

Mayor and Etienne-Manneville, 2016). In vitro, wound healing assays are a classic 2D 

epithelial sheet migration model to study the collective movement of monolayers, 

where free space is created either by scratching or removing cell-free inserts placed 

during culture (Nobes and Hall, 1999; Riahi et al., 2012; Simpson et al., 2008). The 

latter is the assay employed in this thesis to investigate how lipids help to regulate cell-

cell junction during collective migration and coordinate the movements. 
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Figure 4-1: Wound healing assay. Treated cells are replated in the wells of the tissue 

culture inserts which are separated by a wall. Once cells settle down (after 4 hours to 

16 hours), inserts are removed before imaging. The free space for cells to cover is 

about 500 µm wide. The images are adapted from Ibidi website3. 

 

  

                                                

3 http://ibidi.com/applications/wound-healing-and-migration/handling-of-culture-inserts 
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In wound healing assays, several parameters can be quantified, including migration 

speed, the direction of the movement and how collectively the sheet is moving 

(Poujade et al., 2007). The speed of the epithelial sheet can be quantified as the 

change in the free space area versus the time elapsed. As the figure (Figure 4-2) below 

demonstrates, free space can be measured on each of the images acquired, which 

gives a pair of coordinates of free space ratio and time (free space ratio, time). Then a 

series of such points can be plotted. The rate of wound healing can be calculated as 

the slope of the line acquired by linear regression analysis of the points. 

The rate of collective migration may also be assessed by following the movement of 

cells within the monolayer. Intuitively, how each cell moves during collective migration 

can be tracked, so that with a high frame rate, a good approximation of velocity can be 

acquired from the tracks. The direction of cell movement can also be measured by 

tracking, where a directional plot can be drawn assessing if cells migrate collectively in 

the same direction.  

However, the tracking strategy requires the migration of many cells to be characterised 

to acquire a relatively accurate estimation of the velocity fields, and it is hard to 

automate. Moreover, due to limitations on image quality, cells can be hard to track 

practically. A study of morphogenetic movements in Drosophila embryos adopted 

Particle Image Velocimetry (PIV) (Raffel et al., 2007) to analyse a similar problem 

(Supatto et al., 2005), which bypasses the issues above and generated better 

measurements with an automated approach. Later, PIV was validated by comparing 

with traditional methods and then was accepted as one of the standard methods in the 

study of cell migration (Petitjean et al., 2010).  
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Figure 4-2: Wound healing rate analysis. From the images acquired, the area of free 

space that cells do not yet cover can be measured, which gives a series points with 

(open image area ratio to the whole image field, time) the coordinates. The figure 

shows an example of the plot of one series points in NT. Linear regression analysis is 

followed to determine the rate of wound healing by estimating the slope of the line.  
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4.2 Aims 

This chapter aims to validate hits from the initial screen and gather more evidence 

about their potential functions: 

1. Validate the screen results (prioritised hits only) by measuring knockdown 

efficiency at mRNA level and evaluating phenotypes with individual siRNA oligo. 

2. Setup a mini-screen to investigate the roles of lipids (prioritised hits only) in 

collective migration. 

  



128 

 

4.3 Results 

4.3.1 Validation with individual siRNA oligos 

To validate the phenotypes, two sets of data were collected following the transfection 

using deconvoluted individual siRNA oligos: qPCR that measures mRNA level and 

evaluates the knockdown efficiency and imaging data to assess the junction phenotype. 

The idea was to compare the junction morphology in validation rounds with the ones 

observed in the initial screen and examine whether the phenotype could be repeated 

when RNAi manages to decrease the mRNA level.  

4.3.1.1 Validation of knockdown: checking mRNA expression level 

The validations are repeated for each hit at least three times. The expression level of 

target genes following the transfection was compared with NT. 

Overall, the mRNA levels of the target genes are decreased (Figure 4-3). Indeed, there 

are at least three oligos out of four in the pool with 50% knockdown in the level of 

mRNA transcript apart from AGPAT2 (2 with at least 50% knockdown).  
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Figure 4-3: mRNA expression level for the selected hits. Samples were collected 

72 hours after the transfection. Expression level was calculated adopting delta-delta-Ct 

analysis to show relative expression levels compared with NT (value=1). Statistical 

significance was assessed using one-way ANOVA with Fisher’s LSD test. *, p < 0.05; 

**, p < 0.01; ***, p < 0.001. Error bars show standard deviation (SD), N>=3. 
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Figure 4-4 Junction morphology for the selected hits with individual siRNA oligo. Representative immunofluorescence images of the individual 

oligos giving strongest phenotype for each hit (highlighted by arrows). Cells were fixed with 4%PFA, 72 h after the transfection with individual siRNA 

oligo, and imaged with 20X objective on an epifluorescent microscope (the same protocol used in the screen). Scale bars are 20 µm. 
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4.3.1.2 Validation of the correlation between phenotypes and the level of 

knockdown 

Cells were fixed and stained using the screen protocol, and junction morphology 

visualised by α-catenin staining was examined. More than 100 cells had been 

examined from more than 10 images taken from at least two replicates in each round of 

the validations. The phenotype was evaluated manually by comparing with the 

phenotypes observed in the screen, specifically, comparing AJs marked by α-catenin to 

assess abnormal junction phenotype, and comparing gaps between cells to assess 

intracellular gap phenotype (Figure 4-4). Notes of no phenotype, weak, the same or 

strong phenotype were taken based on the junction morphology seen in more than half 

of the images for each oligo in three rounds of the validations (see Table 4-1 together 

with mRNA expression level). 

When analysing the phenotype and mRNA expression together in Table 4-1, two types 

of combinations were highlighted for potential off-target effects. Type one marks oligos 

that have good knockdown (mRNA expression level less than 0.4) but result in weak or 

no phenotype, which are shaded in dark orange, while type two flags oligos that do not 

knockdown the mRNA expressions but have a cell-cell junction phenotype, which are 

shaded in red and yellow (Table 4-1). As shown in Table 4-1, DGKE and SLC27A1 

have multiple oligos with either type 1 or type 2 issues, which suggests potential off-

target effects. MTMR3, AGPAT2, PPAP2B, ABHD5 and CDIPT show few issues and 

have a good correlation of phenotype and expression levels, where good phenotype 

appears when the expression level is low. 
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Table 4-1 mRNA levels and phenotypes of individual siRNA oligo in hit validations 
mRNA expression levels measured by qPCR and junction morphology assessed manually are listed for each siRNA oligo in validation rounds. 
Two types of potential off-target combinations are highlighted (see the bottom table for colour legend): type 1 marks good depletion but no 
phenotype, type 2 flags no depletion but with junction phenotypes. 

    MTMR3 PPAP2B DGKE CDIPT ABHD5 AGPAT2 SLC27A1 

    
mRNA 
level 

phenotype 
mRNA 
level 

phenotype 
mRNA 
level 

phenotype 
mRNA 
level 

phenotype 
mRNA 
level 

phenotype 
mRNA 
level 

phenotype 
mRNA 
level 

phenotype 

ol
ig

o 
1

 round 1 0.000 same 2.902 no 0.203 no 0.005 same 0.417 same 0.104 same 0.338 same 

round 2 0.357 no 0.250 weak 0.152 no 2.910 no 0.391 same 1.520 no 1.142 weak 

round 3 0.743 weak 0.035 same 0.065 no 0.189 weak 0.398 same 3.302 no 0.000 weak 

round 4 0.510 weak 1.003 no 0.984 weak 0.703 same     0.100 same 0.634 weak 

ol
ig

o 
2

 round 1 0.532 same 0.138 same 1.117 no 0.000 strong 0.893 weak 0.233 strong 0.360 same 

round 2 0.084 same 0.280 same 0.296 no 0.839 same 0.318 weak 0.569 same 0.124 same 

round 3 0.495 same 0.736 weak 0.011 weak 0.105 same 0.917 weak 0.037 same 0.057 strong 

round 4 0.190 same 0.752 weak 0.373 weak 0.645 same     0.476 same 1.074 weak 

ol
ig

o 
3

 round 1 1.724 no 0.012 strong 1.867 weak 0.000 same 0.258 strong 0.001 same 0.233 strong 

round 2 0.109 same 0.352 same 0.185 same 0.592 same 0.650 strong 0.911 weak 0.718 strong 

round 3 0.434 same 0.730 same 0.006 same 0.122 same 0.434 strong 0.155 strong 0.054 strong 

round 4 2.150 no 0.451 weak 0.717 weak 0.187 strong     0.601 same 0.561 same 

o
lig

o 
4

 

round 1 0.079 strong 0.111 same 1.122 weak 0.000 same 0.323 same 0.038 same 0.471 weak 

round 2 0.342 same 0.375 same 0.177 no 0.047 same 0.379 same 1.774 no 0.157 weak 

round 3 0.251 strong 0.418 strong 0.037 same 0.010 same 0.409 same 0.319 weak 0.008 weak 

round 4 0.530 same 0.278 same 0.329 weak 0.856 weak     1.075 no 0.311 weak 

Colour 
legend 

 mRNA level phenotype  mRNA level phenotype 
type 1 <0.4 weak or no type 2 >0.5 strong 

   
 >0.8 >same 

    >1.0 any 
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4.3.2 Mini-migration screen 

Cell-cell junctions are maintained during the collective migration, facilitating signal 

transduction and keeping cells in a group. Defects in cell-cell junction formation and 

maintenance could disrupt collective migration. Therefore, to better characterise the 

phenotypes of the selected seven hits from the screen, wound healing assays were 

performed with the pool of four mixed siRNA oligos (same with initial AJ screen). For 

each gene, four movies in two replicates were acquired for each round of experiments. 

α-catenin was included in the screen as a control to see the role of adherens junction in 

collective migration. The results for DGKE, CDIPT and SLC27A1 were included in this 

section because of the good knockdown efficiency (Figure 4-3), although they might 

have potential off-target effects (discussed in 4.3.1.2). 

In NT control, HaCaT started to move shortly after the insert was removed and covered 

the free space in about 15 to 20 hours. When AJs were abolished by α-catenin 

depletion, cells lost cohesiveness and moved to different directions during the 

migration. Slow wound healing was the main phenotype seen in the time-lapse analysis 

of the mini-migration screen (MTMR3 and DGKE in Figure 4-5). Some (PPAP2B and 

DGKE) also appeared lack of cohesiveness (cannot see clearly from still images in 

Figure 4-5). Therefore, I continued to conduct analysis addressing these observations, 

where migration speed, direction and how collectively the monolayer was moving were 

assessed.  
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Figure 4-5: Slow migration was the major disruption seen in the time-lapse analysis of the mini-screen. Representative phase contrast 

stills showing the progression of control (NT siRNA), α-catenin, MTMR3 and DGKE depleted cells. Timestamp starts when the insert is 

removed. Scale bar is 100 µm. 



135 

 

4.3.2.1 Investigating the migration speed 

4.3.2.1.1 Wound healing rate analysis  

The speed of the monolayer can be interpreted as how fast the wound is covered. The 

ratio of free space (areas without cells) to the whole image field (remains constant 

when using the same imaging setting) was measured for each frame so that a series of 

(free space ratio, time) points can be acquired from each movie. These points describe 

how the wound was covered over time (dots in Figure 4-6A). Linear regressions were 

performed to estimate the wound healing rate as the slope of the line (red line and 

yellow line in Figure 4-6A).  
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Figure 4-6: Depletions of genes in prioritised hits slow down wound healing. A. A 

representative plot of free space ratio against time measured for NT (green dots) and 

MTMR3 (blue dots). Llinear regression was performed to estimate wound healing rate 

(NT in red, MTMR3 in yellow). B. Relative wound healing rate (normalised against NT). 

The wound healing rate was estimated by linear regression as the slope of the line and 

was then normalised to the healing rate of NT to calculate the ratio. Statistical 

significance was assessed using one-way ANOVA with Dunnett's multiple comparisons 

test. *, p < 0.05; **, p<0.01. Error bars show standard error of the mean (SEM). N=3 

.  
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As discussed above, α-catenin KD was used as a control, where cells covered the 

wound with only half of the healing rate of NT. All the hits experienced delays in 

covering the wound, with MTMR3, PPAP2B, DGKE, CDIPT and SLC27A1 significantly 

slower than NT, suggesting defects in migration. 

As the examples shown for NT and MTMR3 (Figure 4-6A), wound healing comprises 

two regimes: an initiation stage and a movement stage (Figure 4-7A). Initially, the 

monolayer did not move forward but stayed at the starting point sensing the change of 

the force and space (initiation stage), and then it started to migrate towards the 

opposite side of the wound (movement stage). Linear regression may therefore not be 

suitable for the analysis for such curves. Therefore, a segmented linear regression was 

performed. To do this, a point for which the difference between the two slopes of the 

regression lines was maximal and the sum of the squared errors was minimal was 

determined by algorithms (Figure 4-7A). In this way, the healing rate of both stages, as 

well as the time that cells spend in the initiation stage can be estimated.  

MTMR3, DGKE, SLC27A1, CDIPT and α-catenin depleted cells spent a longer time in 

the initiation stage than NT (Figure 4-7D), which indicates a delay after cells were 

exposed to free space and might suggest problems in force sensing and/or signalling. 

MTMR3 healed the wound slower at both stages, while DGKE and SLC27A1 moved 

slower than NT during the movement stage (Figure 4-7BC). The decreased healing 

rate indicated defects in migration. 

Interestingly, AGPAT2 depletion showed opposite effects during initiation stage and 

movement stage: treated cells migrate faster than the control in the first stage while 

moving slower later. Although the changes are not significant, it would be worth 

repeating experiments with AGPAT2 and evaluate cell behaviours in the two stages 

carefully to see whether these opposite effects are confirmed. 
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Figure 4-7: Healing dynamics characterised with segmented linear regression 

suggest mixed effects on the two stages of migration. A. The plot of free space 

ratio vs time suggests the migration is a two-stage process comprising an initiation 

stage and a movement stage, with different rates in each stage. The two lines are the 

estimation calculated by segmented regression. B.C.D. With segmented regression, 

the moving rate of the two stages and the duration of initiation stage for selected hits 

and α-catenin were estimated and were then normalied to NT in the same round of 

experiments to calculate the ratios. Statistical significance was assessed using one-

way ANOVA with Dunnett's multiple comparisons test. *, p < 0.05;**, p<0.01. Error bars 

show SEM. N=3.  
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4.3.2.1.2 Analysis of cell movement speed during wound healing 

To further study the cause of changes in healing rate as well as to examine moving 

speed of the cells within the monolayer, cells were tracked until the wound was fully 

closed. With these tracks, the speed can be estimated by measuring the distance 

moved between each frame and dividing it by the interval between frames.  

As shown in Figure 4-8, cells lacking MTMR3, ABHD5, AGPAT2, CDIPT and SLC27A1, 

all the hits with abnormal junction phenotype, moved slower than NT, which can 

explain the reduced healing rate. Interestingly, no changes in cell movement speed can 

be detected in PPAP2B and DGKE depleted cells, while the wound healing rate 

measurements indicated that they healed the wound slower than NT. In the case of α-

catenin, cells moved even faster than NT, yet healed the wound slower. The 

unchanged speed in PPAP2B and DGKE, and even faster movement speed in α-

catenin KD are expected since, without the restriction from cell-cell junctions 

connecting cells to each other, cells gain more freedom to move and travel as fast even 

though the wound healing is delayed. This shows that cell movements were probrobaly 

not affected, but that the collective movement might be impaired.  
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Figure 4-8: The speed of cell movement acquired from tracking shows that hits 

with abnormal junction morphology phenotype reduced individual cell speed 

while no changes detected in hits with intercellular gaps. Cell movement speed 

was calculated as the distance moved between two consecutive frames divided by the 

time elapsed. The average speed was normalised to the average speed of NT. At least 

20 cells were tracked for each experiment, and it was repeated 3 times. Statistical 

significance was assessed using one-way ANOVA based on false discovery rate (FDR) 

with the Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q 

= 5% (marked by *).  Error bars show SEM. 
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To characterise cell speed from the tracking data further, cells at the leading edge and 

few layers back at the rear were monitored separately. As discussed in the introduction, 

leader cells and follower cells present different signalling profile, where Rac and Cdc42 

are activated in the leading edge, while RhoA is activated at the rear. A coordinated 

collective migration would show a similar movement speed between leader cells and 

follower cells. To analyse this, the average speed of each track of cell movement was 

calculated and plotted in Figure 4-9.  

Most hits with abnormal junction morphology, including ABHD5, CDIPT, MTMR3 and 

SLC27A1, slowed down compared with the control at both leading edge and the rear 

part. Interestingly, only cells at the back slowed down significantly in AGPAT2 depleted 

cells.  

As for the cells with intercellular gaps phenotype, only leader cells show changes 

compared with the control: DGKE depleted cells slow down while PPAP2B cells show 

an increase of the movement speed. The uncoordinated movements of cells at the 

front and the rear suggest cohesive migration was perturbed. Additionally, PPAP2B 

shows a similar pattern of increased movement speed with α-catenin depleted cells 

that also lost coordinated movement in wound healing. 

Interestingly, when comparing movement speed of leader cells and follower cells, the 

speeds were significantly changed in AGPAT2 (leader>follower), CDIPT 

(leader>follower) and DGKE (leader<follower). Only DGKE in intracellular group 

resulted in this difference, suggesting perhaps more than junctions were affected. For 

example, the loss of contact inhibition of locomotion (CIL) may cause follower cells 

migrate freely and faster than the leader cells, which can be tested with single cell 

collision experiments on 2D culture. In the case of AGPAT2 and CDIPT 

(leader>follower), it may suggest mis-regulated signalling transduction between leader 

cells and follower cells. Further experiments investigating Rac and RhoA signalling can 

be helpful to elucidate the migration defects seen in these genes.    
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Figure 4-9 Cell speed changes in leader cells and follower cells. A.B. The average 

movement speed was calculated in leader cells and follower cells respectively using 

the tracking data. Statistical significance was assessed using one-way ANOVA with 

Dunnett's multiple comparisons test. C. The speed of leader cells and follower cells 

from the same group were aligned and compared. Each point represents the speed 

calculated with one tracking of a cell movement during the wound healing. Statistical 

significance was assessed using T-test. Error bars show standard deviation (SD). N=3 

experiments. *, p < 0.05; ***, p<0.001, ****, p<0.0005.   
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4.3.2.1.3 Migration speed analysis dissected 

Some treatments revealed contradictory changes between cell movement speed and 

wound healing rate. For example, with PPAP2B depletion, the healing rate decreased 

but cell moving speed did not. Therefore, I plotted relative healing rates normalised to 

NT (estimated by linear regression and segmented regression) against the velocity of 

cells movement during the wound healing estimated by tracking. 

As shown in Figure 4-10, the line with the slope of one separates the lane into two 

parts: the top indicates higher healing rate compared to speed estimated by tracking, 

while the bottom shows the opposite. α-catenin falls to the lower half, which suggests 

that the cell movement is unlikely affected but the collective wound healing may be 

impaired. DGKE, MTMR3, SLC27A1 and PPAP2B all fall to the bottom half as well, 

indicating impairment of collective movement might be the more potent defect. 

Interestingly, in the case of AGPAT2, during the initiation stage, the individual 

movement was affected more while at the movement stage, collective migration and 

individual movement were about equally affected. All ABHD5 points are close to the 

line with slope of one, which suggests that cell movement and collective migration were 

roughly equally affected following ABHD5 depletion. 
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Figure 4-10: Dissecting perturbations in wound healing rates and cell velocity. 

Normalised healing rates estimated by segmented regression (V1_initation in red, 

V2_movement in green) and the one estimated by linear regression (V_linearReg in 

blue) are plotted against the normalised cell velocity estimated by tracking. The solid 

black line that marks the 1 to 1 ratio between the healing rate and tracking speed 

separates the plane to two parts: upper part indicates cell movement is more affected, 

while the lower part implies cohesiveness is more impaired. Each point represents one 

experiment (N=3). 
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4.3.2.2 Investigating the collective behaviours during the cell migration 

4.3.2.2.1 Individual cell migratory directions 

Collective cell migration is characterised by the synchronised direction of the 

movement, which is continuously maintained and actively regulated, particularly during 

wound healing, tissue formation and tumour metastasis.  

Observations from the time-lapse analysis were that cells lost cohesiveness when 

depleting α-catenin, PPAP2B or DGKE. To better examine these observation and 

collective movement, the direction of the migration is evaluated by tracking individual 

cell movement. The migration paths were extracted, rotated (only for cells from the 

opposite side), and their origin was placed at (0,0). The circular plot of trajectories 

shows the distribution of directions of the tracked individual cells, where the bin with the 

maxima of cell migration track counts is highlighted in red (Figure 4-11). The migration 

direction towards the opposite side (perpendicular to the sheet of cells) was marked by 

the orange arrow; a 45-degree angle is marked by green lines to help evaluate the 

change of directions.  

. 
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Figure 4-11: Circular plots of migrating direction distribution suggest that PPAP2B, DGKE and ABHD5 depletion perturbed the 

migrating direction of the individual cell.   The circular plot was acquired by aligning all track starting points together. The bin showing the 

maxima of cell migration track counts is marked in red. The direction perpendicular to the migrating sheet is marked by the yellow arrow; the 

45-degree angle was marked by the green lines. NT shows migrating directions towards the free space. Tracks are from three independent 

experiments. The left red box highlights the controls, while the right one highlights the hit with intercellular gaps phenotypes. Other panels 

represent three hits with junction morphology phenotypes. 
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NT cells move towards the opposite side within a window of 45 degrees. MTMR3, 

CDIPT and AGPAT2 had similar direction distributions to NT. As for α-catenin, 

PPAP2B and DGKE, they had fewer tracks within the 45-degree window than NT, and 

the maxima angle position is not aligned with the perpendicular direction, which 

indicates disruption of collective movement and confirms the observation from the 

movie. It also explains that α-catenin, PPAP2B or DGKE depleted cells covered the 

wound slower than NT because of the loss of collective migration even though the 

velocity of individual cells is not affected by depletion. The maxima bins in ABHD5 were 

also slightly deviated from the perpendicular direction, which suggests losses of 

directed migration and possible perturbations in cohesiveness of migration. 

4.3.2.2.2 Cohesiveness 

However, informative as it is, circular plot does not provide a clear-cut answer whether 

cohesiveness is perturbed. PIV analysis becomes popular way of assessing the 

cohesiveness of the monolayer collective migration with quantified results. Although 

time-lapses acquired with a frame rate of 20 minutes are not ideal for the PIV analysis 

(this normally requires images with frame rate less than few minutes), it may still be 

helpful to have quantitative characterisation of the collective migration.  

However, informative as it is, the circular plot does not provide a clear-cut answer 

whether cohesiveness is perturbed. The sample size was also limited by tracking cells 

manually which is time-consuming and subject to various tracking errors. PIV analysis, 

which was introduced from physics for flow velocity measurements by analysing small 

particles, becomes a popular way of assessing the cohesiveness of the monolayer 

collective migration with quantified results. PIV has high-speed data processing for 

large datasets (multiply time-lapse movies) and generates more accurate and 

quantitative results. 

PIV calculates the local displacement in subwindows of consecutive images, from 

which matrices of velocities in both lateral and axial direction are acquired. Following 
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the whole wound healing process, a series of matrices can be acquired (Figure 4-12A 

for ensembled matrix) and then used to estimate the distance over which the 

movements are correlated as a way of evaluating the cohesiveness of the collective 

migration. The velocity spatial correlation function can be calculated as described in 

(Petitjean et al., 2010) and plotted as Figure 4-12B. The velocity correlation length was 

calculated as the value when correlation becomes zero. Within the distance of the 

correlation length, the particles observed in the movie cohesively move in one direction. 

The longer the correlation length is, the more cohesive particle movements are. In the 

case of wound healing experiments, a correlation length that is much greater than the 

cell diameter is a good indicator of collective migration. 

The PIV analysis and the correlation length estimated also suggests PPAP2B and 

DGKE are experiencing problems in moving collectively, which is consistent with the 

tracking data and observations (Figure 4-12C). Interestingly, MTMR3 and SLC27A1 

show little difference compared with NT, together with the healing rate and individual 

speed data, suggesting the defects with MTMR3 and SLC27A1 might be primarily due 

to the speed of the movement. No change was detected in ABHD5 compared with NT, 

which, together with individual tracking data (shown in Figure 4-11), suggests ABHD5 

depleted cells might just deviate from the perpendicular direction but did not lose 

cohesiveness. 

The analysis can be improved by acquiring time-lapse images with a better time 

resolution (a frame rate less than 5 minutes) and tuning parameters used in PIV 

analysis. 
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Figure 4-12: PIV analysis of cell migration shows that cohesiveness was 

decreased in DGKE, PPAP2B and α-catenin depleted cells. A. Averaged direction 

vectors (ensemble average) show a summary of the movement during migration. B. 

Representative correlation plot of lateral velocity in the lateral direction for NT. Y-axis 

shows correlations (Rii), X-axis shows the distance travelled in micron. The correlation 

drops as cells migrate further. C. Correlation length is determined as Rii becomes 

negligible in value (practically, used the first length value when Rii≤0.01). Statistical 

significance was assessed using one-way ANOVA based on uncorrected Fisher's LSD. 

*, p<0.05. N=3. Error bars shows SEM. 
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4.4 Discussion 

In this chapter, prioritised hits were validated in two aspects: knockdown efficiency, and 

the correlation between knockdown and phenotypes. I also conducted a mini-screen 

over prioritised hits with wound healing assay investigating their roles in collective 

migration. Apart from discussing these two groups of results, I will also discuss all 

seven prioritised hits one by one in the context of results and the literature. 

4.4.1 The most consistent hits suggested by the validations 

The first aspect of validation is the knockdown efficiency evaluated at mRNA level by 

qPCR. The results show that at least 2 out of 4 siRNA oligos in the pool give more than 

50% knockdown, which suggests that siRNA was working. The second aspect is to 

validate that the phenotypes observed were caused by silencing the targeted gene. 

This was achieved by evaluating the correlation between phenotype score manually 

given (same visual approach as used in screen) and the level of knockdown. As 

discussed above, greater knockdown with stronger phenotypes decreases the 

likelihood of off-target effects, which makes ABHD5, AGPAT2, MTMR3 and PPAP2B, 

which all have strong correlation, more reliable as true hits. DGKE and SLC27A1 had 

minimal phenotypes with good knockdown suggesting that there might be off-target 

effects.  

4.4.2 Migration defects discussion 

Depleting DGKE or PPAP2B results in complete disruption of collective migration. 

Tracking individual cell movement during the wound healing assay reveals that DGKE 

or PPAP2B siRNA treated cells cannot move to one direction collectively and confirms 

the observation from the time-lapse data.  PIV analysis also suggests perturbation to 

the cohesiveness. These results are consistent with AJ phenotypes. Knocking down 

DGKE or PPAP2B results in gaps between cells and abolishment of AJs, which makes 

it difficult for cells to coordinate their migration since AJs are required during collective 
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migration. One experiment to test this hypothesis would be to observe junction during 

wound healing assays using cell lines that express fluorescently tagged junctional 

proteins.   

Another interesting result is that hits with abnormal junction morphologies migrate 

slower than the control. The speed was evaluated in two aspects, wound healing rate 

and cell movement speed during the wound healing. While the evidence available so 

far cannot completely separate these two aspects that the hits may be involved in, the 

lamellipodia-like structure observed in the initial AJ screen brings an interesting 

hypothesis on the slowed collective migration. As discussed in Chapter 3, such 

structure that expands over/under adjacent cells may indicate loss or misregulation of 

contact inhibition, which could subsequently impair communication between leader 

cells and follower cells. Normally, the leader cells inhibit follower cells forming a leading 

edge via contact inhibition of locomotion (Mayor and Etienne-Manneville, 2016). The 

perturbed contact inhibition may generate mixed signal input to follower cells, which 

may slow down the entire population or prevent the leader cell from moving fast. Yap 

and β-catenin localisation can be checked to evaluate contact inhibition. The polarity of 

the follower cells can also be examined to see whether follower cells are fully polarised 

to move. 

A difference in movement speed of leader cells and followers have been found in 

AGPAT2, CDIPT and DGKE siRNA treated cells. AGPAT2 depletion and CDIPT 

depletion causes follower cells move slower than leader cells, which may suggest mis-

regulation of signalling transduction and mechanotransduction. Further experiments 

examining RhoA/Rac signalling and membrane mechanic can help to elucidate the 

phenotype. As for the case of DGKE, it is the only one that results in faster follower 

speed in intracellular junction group. Apart from disrupted junctions causing such 

phenotype, loss of CIL would be an interesting hypothesis to test.  
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However, for the case of DGKE and SLC27A1 that may have potential off-target effects 

(suggested by poor correlation between AJ phenotypes and knockdown efficiency in 

section 4.3.1.2), the migration phenotypes are still interesting and worth checking 

depletion efficiency in wound healing experiments and characterising phenotypes 

further. However, since the mini-screen used a pool of siRNAs and knockdown was not 

evaluated, further validation is needed. 

4.4.3 Discussion of individual hits 

This section explores what is known about MTMR3, PPAP2B, DGKE, CDIPT, AGPAT2 

and ABHD5, and discusses the observed phenotypes (both junction phenotype and 

migration phenotype) in the context of the existing literature.  

4.4.3.1 MTMR3 

MTMR3 (Myotubularin-related protein 3) is a member of the myotubularin-related 

proteins, that shares similarities with myotubularin but contains a FYVE domain and an 

N-terminal PH-GRAM domain with which it binds to phosphoinositide lipids (Walker et 

al., 2001). MTMR3 has phosphatase activity towards PI3P and PI(3,5)P2. MTMs 

(Myotubularin-related protein) is primarily cytosolic, while MTMR3 is the only one that 

also shows co-localisation with the endoplasmic reticulum (ER) marker in a punctate 

pattern (Clague and Lorenzo, 2005; Walker et al., 2001). It appears not to localise to 

endosomes although it has the FYVE domain. 

It has been proposed that MTMR3 and other MTM proteins are important in regulating 

levels of PI5P catalysing PI3P and PI(3,5)P2 as substrates (Schaletzky et al., 2003) 

and therefore could promote cell migration through activation of Rac1 by PI5P (Oppelt 

et al., 2013, 2014). Interestingly, it has been shown that, together with MTMR4, 

MTMR3 is important for proper abscission in cytokinesis by interacting with Polo-like 

Kinase 1 (PLK1) and centrosomal protein of 55 kDa (CEP55) (St-Denis et al., 2015). 
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The phenotypes observed in my experiments when depleting MTMR3 are consistent 

with the literature. In fibroblasts, depletion of MTMR3 results in a decrease in cell 

velocity and perturbed cell polarity (Oppelt et al., 2013). This was later confirmed in 

carcinoma cells, and it was proposed that MTMR3, by producing PI5P, is able to 

regulate the activation of Rac1 which induces cell migration (Oppelt et al., 2014). The 

wound healing assay conducted in this study following the depletion of MTMR3 also 

showed a decrease in velocity and the loss of directed movement. Considering that 

Rac1 is also involved in the formation of AJs (Harris and Tepass, 2010), the altered AJ 

morphology could also be the result of reduced Rac1 activation caused by changes of 

PI5P level following the knockdown of MTMR3.   

4.4.3.2 PPAP2B and DGKE 

PPAP2B (Phosphatidic Acid Phosphatase type 2B), also known as LPP3 (lipid 

phosphate phosphatase 3), is a member of the PAP family that converts PA to DAG. 

While the activity of type I PAP is specific to PA, PPAP2B dephosphorylates a wider 

range of substrates including LPA, S1P and ceramide 1-phosphate (C1P) (Brindley and 

Pilquil, 2009). The catalytic functions are essential in de novo glycerolipids synthesis as 

well as the signalling mediated by phospholipase D. PPAP2B is a transmembrane 

protein where the catalytic domain faces the extracellular side or the luminal side of 

intracellular membranes.  

DGKE (diacylglycerol kinase epsilon) is one of the ten known isoforms of DAG kinases 

in mammals. DGKE phosphorylates the DAG to PA, which is shown to be important for 

regenerating PI from DAG in PI-cycle in KO mouse study (Milne et al., 2008; Shulga et 

al., 2009). Moreover, DGKE shows a preference for substrates with an arachidonic side 

chain (Shulga et al., 2011). DGKE in cells is bound to membranes and is localised at 

the ER and plasma membrane (Kobayashi et al., 2007). 

Depleting PPAP2B or DGKE results in a similar phenotype displaying intercellular gaps 

and loss of junctions. Perturbation of the enzyme level may also impair collective 
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migration. Upon knockdown, cells movement speed does not change, but the collective 

behaviours are lost, which could be either due to missing cell-cell junctions or because 

those two enzymes and related lipids directly regulate cell migration.  

As discussed above, PAPs and DAG kinases are two groups of enzymes catalysing 

reverse reactions in lipid metabolism (Figure 4-13). The fact that depleting PPAP2B 

and DGKE results in similar phenotypes may suggest the importance of maintaining an 

appropriate balance between PA and DAG. It would be interesting to see what 

happens when we push the balance to one direction, for example by overexpressing 

PPAP2B while depleting DGKE or the other way around. 

 

Figure 4-13: PPAP2B and DGKE have distinct catalytic functions in PA and DAG 

metabolism. PPAP2B catalyses the reaction of PA to DAG, while DGKE catalyses the 

conversion from DGA to PA. General chemical structures of PA and DAG are shown in 

the figure, where R represents fatty acid side chains. 

However, as DGKE did not give a reliable relationship between depletion and 

phenotype, this favours the hypothesis that PPAP2B alone could be crucial for cell-cell 

junctions or cell migration. PPAP2B has been shown to co-localise with E-cadherin (Jia 

et al., 2003) and p120-catenin (Humtsoe et al., 2010) and is the only isoform that 

contains an Arg-Gly-Asp (RGD) sequence enabling it to bind to integrins (Humtsoe et 

al., 2003, 2005). It has been shown that silencing PPAP2B disrupts cell-cell adhesion 

and inhibits migration in human dermal microvascular endothelial cells (Humtsoe et al., 
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2010). PPAP2B is also able to mediate PTEN-mediated β-catenin and lymphoid 

enhancer-binding factor 1 (LEF1) signalling (Humtsoe et al., 2010) by regulating the 

level of LPA together with Autotaxin (Seo et al., 2016) and LPA receptors (Yukiura et 

al., 2015). Interestingly, similar phenotypes to intercellular gaps were observed in 

human aortic endothelial cells monolayers following PPAP2B depletion and cell 

contractility was increased (Wu et al., 2015). 

4.4.3.3 SLC27A1 

SLC27A1 (fatty acid transport protein-1), also known as FATP-1, is a transmembrane 

glycoprotein that facilitates the transport of fatty acids across the cell membrane (Lin 

and Khnykin, 2014). SLC27A1 can bind to fatty acids and generate high local 

concentrations of free fatty acids close to the plasma membrane (Hatch et al., 2002). It 

is proposed that the transport of fatty acids happens through in flipping the lipids from 

one membrane leaflet to the other mediated by proteins including FATPs (Higgins, 

1994).  Apart from transporting fatty acids across the membranes, fatty acid transport 

proteins are also proposed to activate fatty acids by converting them into an acyl-

coenzyme A (CoA) form once they enter the cells (Coe et al., 1999; Hall et al., 2005; 

Jia et al., 2007).  

The uptake of fatty acid is tightly regulated and crucial for mammalian cells, as 

mammals lack the enzymes to introduce double bonds at carbon atoms beyond C9 and 

thus have to intake fatty acids containing a double bond at positions beyond C9, which 

are called essential fatty acids. Fatty acids, together with CER play a crucial role in 

regulating cell membrane permeability which is closely related to cell-cell junctions. It is 

also important for keratinocytes to regulate epidermal homoeostasis (Khnykin et al., 

2011). SLC27A4 was proposed to be important in epidermal barrier function. Defective 

barriers were observed in SLC27A4 mutant new-borns, and the proportion of CER with 

fatty acids containing 26 carbon atoms or more were decreased in SLC27A4 mutants 

as well (Herrmann et al., 2003; Moulson et al., 2007).    
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Therefore, the altered junction morphology observed when depleting SLC27A1 may be 

due to perturbed fatty acid uptake and activation. It would be interesting to analyse the 

changed lipid species, identify the main species of perturbed fatty acid precursors (the 

common fatty acid before being activated) and investigate their roles in junction 

dynamics. However, depletions of SLC27A1 may have potential off-target effects due 

to poor correlation between phenotype and knockdown efficiency and may not be 

prioritised. 

4.4.3.4 CDIPT 

CDIPT (CDP-Diacylglycerol–Inositol 3-Phosphatidyltransferase or phosphatidylinositol 

synthase (PIS)) catalyses CDP-diacylglycerol as a substrate and produces 

phosphatidylinositol. CDIPT has been reported to be upregulated in oral cancer where 

the PI turnover plays an important role in the regulation of cell growth by increasing G1 

progression (Kaur et al., 2010). Interestingly, CDIPT was also reported to be 

associated with body measurement traits and meat quality traits in Qinchuan cattle and 

can be used as the marker for selection (Fu et al., 2014). The altered junction 

morphology could be related to the perturbed PI level as CDIPT catalyses a crucial 

step in PI synthesis (D’Souza and Epand, 2015). It would have been interesting to see 

if phenotypes with CDIPT and DGKE could be linked. However, DGKE did repeat well 

in validation with minimal correlation between the level of knockdown and how strong 

the phenotypes were; hence they may not be worth perusing further. 

4.4.3.5 ABHD5 

ABHD5 (alpha/beta hydrolase Domain Containing 5), also known as comparative gene 

identification 58 (CGI-58) functions as a coactivator of adipocyte triglyceride lipase 

(ATGL). This lipase-activating activity is inhibited when ABHD5 binds tissue-specific 

perilipins 1 and 5 (PLIN1 and PLIN5) on lipid droplets. Upon PLIN phosphorylation by 

protein kinase A (PKA), the released ABHD5 is able to activate ATGL and promote the 

initial step of hydrolysis of TAG (Sanders et al., 2015). ABHD5 is also reported to have 
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lysophosphatidic acid acyltransferase (LPAAT) activity with a preference for 

arachidonoyl-CoA and oleoyl-CoA as acyl donors (Ghosh et al., 2008; Montero-Moran 

et al., 2010). Mutation in ABHD5 cause Chanarin-Dorfman syndrome, a neutral lipid 

storage disorder characterised by excessive TAG, in which patients accumulate TAG in 

the liver (Lefèvre et al., 2001). 

ABHD5 is widely expressed in various tissues, including the upper epidermis, 

predominantly in the granular layer cells, neurons, hepatocytes and keratinocytes 

(Akiyama et al., 2008; Vieyres et al., 2016). It was reported that ABHD5 expression is 

upregulated in keratinocytes under high calcium conditions and in keratinocytes 

cultured in 3D, which indicates ABHD5 was upregulated by keratinocyte differentiation. 

Consistent with that, the depletion of ABHD5 reduced the expression of keratinocyte 

differentiation markers, including involucrin, loricrin, filaggrin, and transglutaminase 1. 

These results suggested that ABHD5 is likely to play a crucial role in keratinocyte 

differentiation and the lamellar granules lipid metabolism contributing to the barrier 

function (Akiyama et al., 2008). 

When depleting ABHD5 in HaCaT, AJ morphology was altered and characterised by 

large lamellipodial-like structures with α-catenin positive staining. HaCaT are 

spontaneously immortalised keratinocytes. It would be interesting to see if the 

expression level of ABHD5 in HaCaT follows the same trend when switched to high 

calcium from low calcium as primary keratinocytes do. Since HaCaT in this study are 

maintained under low calcium and are only exposed to high calcium medium 24 hours 

before being fixed, the altered junctions observed upon depletion of ABHD5 may be 

related to keratinocyte differentiation defects. The altered junction phenotypes 

observed could also be related to ABHD5 catalytic functions. Having LPAAT activity, 

ABHD5 may regulate the LPA level and thus be involved in regulating junction 

organisation, as discussed above in the PPAP2B and DGKE section. 
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4.4.3.6 AGPAT2 

AGPAT2 (1-Acylglycerol-3-Phosphate O-Acyltransferase 2), also known as 

lysophosphatidic acid acyltransferase beta, participates in step two of synthesising 

CDP-diacylglycerol from sn-glycerol 3-phosphate, converting LPA to PA. AGPATs play 

an important role in the generation of adipose tissue in humans and mice, and 

AGPAT2 is one of most studied AGPATs (Agarwal, 2012). Various mutations of 

AGPAT2 were reported in patients with the autosomal recessive disease congenital 

generalised lipodystrophy (CGL). The patients lack body fat, develop diabetes and 

hepatic steatosis, and have metabolic complications (Agarwal et al., 2002). 𝐴𝑔𝑝𝑎𝑡2 /  

mice show similar phenotypes with less white and brown adipose tissue and develop 

diabetes and hepatic steatosis (Cortés et al., 2009). However, the total PA levels in the 

liver of KO mice are similar to the ones of wild type, although the AGPAT activity is only 

10% of wild type. While the AGPAT activity is important in lipid homeostasis, additional 

pathways generating PA might exist (Cortés et al., 2009). 

An increased expression level of AGPAT2 has been reported in multiple cancers in the 

meta-profiling analysis of human tumours (Tauber et al., 2010) and AGPAT2 has been 

associated with ovarian cancer (Springett et al., 2005). Upregulated AGPAT2, in theory, 

should increase PA level with decreased LPA level. However, there are no studies 

reporting increased total PA in tissues or cultured cells. Instead, LPA has been 

proposed as a biomarker for ovarian cancer (Pua et al., 2009; Sedláková et al., 2011). 

Further study is needed to address the role of AGPAT2 and its effect on the levels of 

PA and LPA in cancer development.  

It would be interesting to measure the total PA and total LPA level following the 

depletion of AGPAT2 in HaCaT. As PPAP2B was reported to be involved in cell 

adhesion and cell migration by regulating LPA, AGPAT2 could function in a similar 

fashion, although the phenotypes of the two differ in my screen. The phenotypes 
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observed could also be related to CDP-diacylglycerol synthesis, which indirectly affects 

PIPs signalling.  

 

4.5 Summary and future work 

This chapter continued from the hits identified from the initial AJs phenotypic screen. 

Combining the hit validation results and the phenotypes, ABHD5, AGPAT2, MTMR3, 

and PPAP2B were more consistent in having strong phenotypes, while DGKE, 

SLC27A1 and CDIPT did not show a strong correlation between depletion and 

phenotype. Meanwhile, a mini-screen of these seven hits was conducted with a wound 

healing assay. Hits giving intercellular gap phenotypes disrupt collective migration, 

while hits with abnormal junction morphology impair wound healing rate. These results 

gathered more information about functions of the enzymes and the lipids they make. 

Therefore, the interesting hits to follow up are ABHD5, AGPAT2, MTMR3 and PPAP2B. 

MTMR3 and PPAP2B have been suggested to be involved in regulating cell adhesion 

and cell migration. MTMR3 is able to regulate the level of PI5P (Schaletzky et al., 

2003), and therefore could promote cell migration through activation of Rac1 by PI5P 

(Oppelt et al., 2013, 2014), and may also be involved in AJ formation in the same 

manner. PPAP2B is proposed to regulate endothelial cell-to-cell adhesion via 

interaction with integrin (Humtsoe et al., 2003) and to maintain the endothelial 

monolayer integrity by inactivating LPA.  

Interesting though all the hits are, we decided to focus on ABHD5 and AGPAT2. 

ABHD5 and AGPAT2 both have an abnormal junction morphology phenotype and have 

LPA catalytic activity. There is evidence that they may be involved in regulating AJ 

components or epidermal barrier functions. Depletion of ABHD5 in HCT116 human 

colon cancer cell line changes cell morphology and results in increased E-cadherin 

level and decreased Snail (a mesenchymal marker) (Ou et al., 2014). The expression 
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level of AGPAT2 in epidermis increases following disrupting skin permeability, together 

with AGPAT1, 3 and 5 (Lu et al., 2005). It would be interesting to investigate how 

ABHD5 and AGPAT2 regulate AJs and cell migration (Chapter 5). 
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Chapter 5 An Interesting Hit:  

1-acylglycerol-3-phosphate  

O-acyltransferases (AGPAT2) 
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5.1 Introduction 

In previous chapters, I investigated whether lipids play a role in AJ formation 

/maintenance and collective migration. This identified a list of hits that gave strong 

phenotypes. I carried on working on two hits that present abnormal junction 

morphologies, AGPAT2 and ABHD5, both of which have a similar catalytic function as 

lysophosphatidic acid acyltransferases (LPAAT). This section will give a brief overview 

of LPAAT, what is known about AGPAT2 and ABHD5 and how lipidomic approaches 

help to study lipid functions.  

5.1.1 AGPATs overview 

Glycerophospholipids (GPs) and TAGs are two main classes of glycerolipids that have 

crucial functions (Han, 2016; Yamashita et al., 2014a). TAGs mainly serve as energy 

storage lipids, while GPs serve as major components of biomembranes (PC and PE) 

and may also act as signalling molecules (PIPs). AGPATs, also known as LPAATs, 

catalyse the reaction that converts LPA to PA by transferring an acyl group from acyl-

CoA to the sn-2 position of the glycerol backbone (Figure 5-1A). This reaction is a key 

conserved step in de novo synthesis of GPs and TAGs because PA is an important 

intermediate (Figure 5-1B) as well as a key intracellular signalling molecule (Fang et al., 

2001; Ghosh et al., 2003; Takeuchi and Reue, 2009; Wang et al., 2006; Yamashita et 

al., 2014b). AGPATs can determine the fatty acid composition of PA and subsequently 

that of GPs with different acyl-CoA specificities (Yamashita et al., 2014a). Some 

AGPATs were also shown to be involved in fatty acid remodelling of GPs (Yamashita 

et al., 2014b). 
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Figure 5-1: The conversion of LPA to PA by AGPAT is an important step in de 

novo synthesis of GPs and TAG. A. AGPAT is a subfamily of lysophospholipid 

acyltransferases. It catalyses the reaction converting LPA to PA by transferring the acyl 

group from acyl-CoA to the sn-2 position of the glycerol backbone. B. De novo 

synthesis of GPs and TAGs is a conserved process. The initial step of making LPA 

takes place in peroxisomes catalysed by dihydroxyacetone phosphate acyltransferase 

(DHAPAT) (in light red) and in ER catalysed by acyl-DHAP reductase (ADAPR) (in light 

blue). PA is an important intermediate for downstream GPs (PC, PE, PIP) and TAGs. 

AGPAT then converts LPA to PA that can be further dephosphorylated by lipid 

phosphate phosphatase (LPP) or Lipin to make DAG. The monoacylglycerol pathway is 

an alternative way of synthesising DAG catalysed by monoacylglycerol acyltransferase 

(MGAT) (highlighted in yellow). Additional acylation catalysed by diacylglycerol 

acyltransferase (DGAT) converts DAG to TAG. DAG can also be phosphorylated back 

to PA by diacylglycerol kinase (DAGK). In this figure, the number in brackets next to 

enzymes represents the number of known isoforms for the enzyme. Panel B was from 

Anil Agarwal (Agarwal, 2012) and was modified by highlighting AGPAT and adding 

GPs.  
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There are 11 known isoforms of AGPAT (Agarwal, 2012). AGPAT1-9 were included in 

the siRNA library for the screen. AGPAT1 and AGPAT2 are the most studied enzymes 

because of their involvement in the second acylation step of making PA, and AGPAT3-

11 were identified based on sequence similarities (Agarwal, 2012; Yamashita et al., 

2014a). These 11 isoforms share four acyltransferase motifs I-IV (Figure 5-2A), where 

Motif I (NHXXXXD) and motif III (EGTX) were shown as the most critical regions for 

proper catalytic functions by site-directed mutagenesis analysis: mutations like H104A, 

D109N/E or E178Q/D resulted in abolishing AGPAT activity (Lewin et al., 1999; 

Yamashita et al., 2007, 2014b). These two motifs have also been shown essential for 

AGPATs, the enzymes that are involved in first acylation step to make PA (Yamashita 

et al., 2007, 2014b). Interestingly, ABHD5, that has been shown to have AGPAT 

activity, only preserves motif I (Ghosh et al., 2008).  

AGPATs are transmembrane proteins. Human AGPAT1 and AGPAT2 are located in 

the ER membrane and are predicted to have 3 or 4 transmembrane domains (Figure 5-

2B) (Yamashita et al., 2014b). Motif I and IV are at the cytosolic side, which was 

suggested to be involved in acyl-CoA binding, while motif II and III are at the luminal 

side and were shown to be important for LPA binding (Yamashita et al., 2007).  

AGPAT1 is the closest homologue for AGPAT2 with 35% AA sequence identity (West 

et al., 1997). Both AGPAT1 and AGPAT2 have strict acyl acceptor specificity for LPA, 

but only AGPAT2 exhibits activity to lysophosphatidylmethanol, a monomethyl ester of 

LPA (Hollenback et al., 2006). As for the acyl-CoA specificity, AGPAT2 prefers fatty 

acid species including C14:0, C16:0, C18:1, and C18:2 fatty acids, while AGPAT1 

prefers fatty acid species with C12:0–16, C16:1, C18:2, and C18:3 fatty acids 

(Eberhardt et al., 1997; Hollenback et al., 2006; Kume and Shimizu, 1997; West et al., 

1997; Yamashita et al., 2014b). 
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Figure 5-2: Conserved acyltransferase motifs in AGPAT serve important roles in 

AGPAT catalytic function. A. Acyltransferase motifs in AGPATs, GPATs and ABHD5. The

conserved AA residues are highlighted. B. Proposed model of catalytic sites of AGPAT1. 

Motifs I and IV were on the cytosolic side and are suggested to be involved in acyl-CoA 

binding, while motifs II and III at the luminal side have been shown to be important for LPA 

binding (Yamashita et al., 2007). AGPAT2 has a similar topology with AGPAT1. The panel A 

was modified from (Yamashita et al., 2007, 2014b). The panel B was modified from 

(Yamashita et al., 2014b). 
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AGPAT2 is one of two most studied AGPATs. AGPAT2 is most expressed in adipose 

tissue (Agarwal, 2012). A variety of mutations of AGPAT2 were found in patients with 

congenital generalised lipodystrophy (CGL), an autosomal recessive disease (Agarwal 

et al., 2002, 2003). The patients are generally hyperinsulinemic and insulin resistant 

and develop similar metabolic complications as seen in obesity (Agarwal et al., 2002, 

2003; Cortés et al., 2009). Study with Agpat2-/- mice found that de novo TAG synthesis 

rate in primary cultured hepatocytes isolated from KO mice liver was roughly 3 fold 

higher than those measured in cells from wild-type. It has been suggested that 

upregulated monoacylglycerol pathway may contribute to this increased synthesis rate 

because AGPAT activity in KO mice is only 10% of wild-type’s (Cortés et al., 2009). 

MAG acyltransferase 1 (Mgat1) that is involved in an alternative way of synthesising 

TAG was found to be upregulated more than 25 fold in KO mice and was hypothesised 

as the factor contributing to increased TAG synthesis in Agpat2-/- mice (Cortés et al., 

2009). However, a recent study showed that no decrease of TAG was detected in mice 

with double KO of Agpat2 and Mgat1, which suggests that the role of Mgat1 in liver 

TAG synthesis is minimal (Agarwal et al., 2016). PA levels and some CER species 

have also been reported increased in Agpat2-/- mice liver (Sankella et al., 2014, 2017). 

As mentioned in the previous chapter, ABHD5 was first identified to through its role in 

TAG hydrolysis and was associated with a neutral lipid storage disease, Chanarin-

Dorfman syndrome (CDS) (Vieyres et al., 2016). ABHD5 has also been shown to have 

LPAAT activity (Ghosh et al., 2008). It contains only one conserved region of AGPAT: 

acyltransferase motif I (Yamashita et al., 2014b). However, another study reported that 

the recombinant ABHD5 used in previous studies lacks LPAAT activity, where the 

detected LPAAT activity could be attributed to the sole LPAAT in E. coli (bacterial 

endogenous plsC) (McMahon et al., 2014) rather than ABHD5. Although LPAAT 

activity was reported with other recombinant and depletion experiments (Zhang et al., 

2014), more evidence is required to understand the catalytic function of ABHD5. 
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5.1.2 Lipidomic analysis overview 

The initial screen and following validations identified a list of enzymes and the lipids 

they make that may play a role in AJ formation and maintenance. An obvious issue 

remains to be resolved: how to deconvolute the roles of proteins (enzymes) and the 

roles of lipids. To address this problem, we need to know what lipid species are 

perturbed following the enzyme knockdown. The knockdown validation in the previous 

chapter only evaluated mRNA level; it is unknown whether related lipids (the substrate 

and product of the enzyme) were perturbed. In fact, since the lipid biosynthetic network 

is so complex and not well studied, which lipid species are altered upon enzyme 

perturbation is not straightforward to predict. Therefore, a systematic approach is 

required to examine the lipid composition changes following the knockdown, which is 

“the first step towards functional studies to unravel lipids’ roles” (Atilla-Gokcumen and 

Eggert, 2015). 

The changes of lipid composition can be acquired by comparing lipidomes of control 

and treated groups. Lipidome refers to “the precise complement of chemically distinct 

covalent entities in cellular lipids” (Han and Gross, 2005). Untargeted lipidomics, a 

commonly used approach to acquire global lipidomic profiling of biological samples, 

suits the need of this study, since it focuses more on relative quantification to make 

comparison than absolute quantification (Atilla-Gokcumen et al., 2014; Cajka and Fiehn, 

2015; Hewelt-Belka et al., 2016; Liang et al., 2016; Saghatelian et al., 2004). 

Untargeted lipidomics utilises Liquid Chromatography (HPLC) coupled with MS to 

acquire the lipidomes and identify relevant differences between lipid profiles. 

Untargeted lipidomics provides measurements with high-resolution thanks to HPLC 

separation power and Quadrupole-TOF (quadrupole-time-of-flight) mass spectrometry 

with high resolving power (up to 40,000 full widths at half maximum), great mass 

accuracy (better than 5 mass error in parts per million) and fast scan rate (50 

spectra/second) (Köfeler et al., 2012).  
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Figure 5-3: The common workflow of untargeted lipidomics with LC-MS.  There 

are generally four steps in the workflow: sample preparation, LC-MS data acquisition, 

lipid identification and quantification, and result interpretation. Lipid samples can be 

extracted from various types of biological samples before being loaded onto an LC-MS 

system to acquire 3 dimensional data with retention time (the time taken for a solute to 

pass through a chromatography column), m/z (m:mass; z: number of ions. z is almost 

always 1 in lipid MS, m/z can often be considered as mass) and intensity for each peak 

detected. This dataset is analysed to identify lipid species, perform multivariate 

analysis and compare lipid profile between control and treated groups. The analysis is 

then put into the context of biological models which helps bring about new hypotheses. 

The small figures in LC-MS data acquisition panel and lipid identification and 

quantification panel were kindly provided by Dr. Cagakan Ozbalci in the Eggert lab; the 

GPs biosynthetic pathway figure in interpretation panel is from (Agarwal, 2012). 
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A common workflow of untargeted lipidomics includes sample preparation and lipid 

extraction, chromatographic separation and MS detection, and data processing and 

analysis (Atilla-Gokcumen and Eggert, 2015) (Figure 5-3). 

 

5.2 Aims 

This chapter aims to further validate and characterise phenotypes of two hits, AGPAT2 

and ABHD5, that both have acyltransferase activity, and to understand what lipids are 

perturbed following the depletion and how the hits and lipids they made may participate 

in AJ formation and maintenance.  

Specifically, 

1. Validate hits further by evaluating phenotypes and knockdown efficiency at the 

protein level. 

2. Characterise junction phenotype of validated hits further with different junction 

markers at a better resolution. 

3. Identify lipids changed following siRNA treatment and try to understand the role 

of lipids in AJ phenotype observed.    
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5.3 Results 

5.3.1 Validating AGPAT2 and ABHD5 again with Western blot to measure 

knockdown efficiency in terms of protein level 

In the previous chapter, prioritised hits were validated by evaluating the phenotypes 

and measuring the knockdown efficiency by qPCR. Both AGPAT2 and ABHD5 have 

good validation result with a strong correlation between how strong the phenotypes are 

and the level of mRNA depletion. However, whether the protein had been depleted was 

not clear. To address this issue, AGPAT2 and ABHD5 antibodies were purchased, and 

the validation was repeated for 3 times with protein samples (instead of mRNA 

samples) collected for Western blot.  

5.3.1.1 Strong correlation between phenotypes and level of knockdown is 

confirmed for AGPAT2 

Oligos 2, 3 and 4 were used for AGPAT2 validation since the qPCR results showed 

that they could reduce the mRNA level, while oligo 1 had minimal effect (Figure 5-4A). 

These three oligos all clearly managed to deplete AGPAT2 72 hours following the 

transfection consistently across the 3 rounds of experiments (Figure 5-4B). Oligos 3 

and 4 may work slightly better than oligo 2 with better knockdown efficiency (Figure 5-

4BC). 

In parallel, AJs were visualised by α-catenin to evaluate the junction morphology 

(Figure 5-5). The lamellipodia-like structure (marked by arrows) can be observed in all 

three experiment groups, where the phenotypes with oligo 3 and 4 were more severe 

compared with oligo 2 transfected cells. This is consistent with the Western blot results, 

which confirms again the correlation between the phenotype and the level of 

knockdown is strong, hence AGPAT2 is a reliable hit. 

The transfections in further experiments were performed using oligos 3 and 4 for their 

excellent knockdown efficiency unless noted otherwise.  
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Figure 5-4: AGPAT2 siRNA have good knockdown efficiency reducing both 

mRNA transcript levels and protein levels. A. qPCR results show oligo 2, 3 and 4 

reduced mRNA expression levels compared with NT. mRNA samples were collected 

72 hours following the transfection in HaCaT. Statistical significance in qPCR 

quantification was assessed using one-way ANOVA with Fisher’s LSD test. Statistical 

significance in WB quantification was assessed using one-way ANOVA with Dunnett's 

multiple comparisons test. *, p < 0.05; **, p < 0.01;  ****, p < 0.0005. Error bars show 

SD. N = 3. B.C. siRNA oligos 2, 3 and 4 all significantly reduce AGPAT2 (27 kDa) 

protein levels. Protein samples were collected from HaCaT 72 hours following the 

transfection. N = 3. Error bars show SD.  
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Figure 5-5: The repeated validation of AGPAT2 confirms siRNA oligos 2, 3 and 4 

perturbed AJ morphology and resulted in lamellipodia-like structures at AJs. 

Representative immunofluorescence images (from 3 repeats) of HaCaT that were 

transfected with NT siRNA or AGPAT2 siRNA oligos and were PFA fixed 72 hours after 

RNAi. The lamellipodia-like structures are highlighted by white arrows. The scale bar is 

20 µm. 
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5.3.1.2 ABHD5 showed poor correlation between phenotypes and protein 

knockdown. 

ABHD5 was validated in the same manner as AGPAT2. Western blots suggested that 

the protein level does not change much following transfection with oligos 1, 3 or 4 

despite them showing high knockdown efficiency in previous qPCR experiments 

(Figure 5-6). None of siRNA oligos 1, 3 and 4 can deplete ABHD5 (39 kDa) 

consistently: only oligos 3 and 4 knocked down ABHD5 in one out of three rounds 

(compare round 3 to rounds 1 and 2). In the case of oligo 4, with less loading (β-

tubulin), ABHD5 protein levels are even higher than NT in round 1. However, the 

images collected in parallel still show a lamellipodia-like structure (marked by arrows) 

and disrupted AJ morphology in ABHD5 siRNA treated cells (Figure 5-7). Such poor 

correlation suggests that ABHD5 is a less reliable hit to follow up. 
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Figure 5-6: ABHD5 siRNA have good knockdown efficiency for mRNA transcripts 

but not for proteins. A. siRNA oligos 1, 3 and 4 targeting ABHD5 could decrease 

AGPAT2 mRNA expression while oligo 2 is less effective (results from Chapter 4). 

mRNA samples were collected 72 hours following the transfection. Statistical 

significance in qPCR quantification was assessed using one-way ANOVA with Fisher’s 

LSD test. Statistical significance in WB quantification was assessed using one-way 

ANOVA with Dunnett's multiple comparisons test. *, p < 0.05; **, p < 0.01. Error bars 

show SD. N = 3. B.C. ABHD5 siRNA oligos cannot consistently deplet ABHD5 protein. 

Protein samples were collected 72 hours following the transfection. N = 3. Error bars 

show SD. 
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Figure 5-7: The repeated validation of ABHD5 suggested that siRNA oligos 1, 3 

and 4 disrupted AJ morphology despite protein knockdown efficiency being low. 

Representative immunofluorescence images (from 3 repeats) of HaCaT that were 

transfected with NT siRNA or AGPAT2 siRNA oligos and were PFA fixed 72 hours after 

RNAi. The lamellipodia-like structures are highlighted by white arrows. The scale bar is 

20 µm. 
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5.3.2 AGPAT2 abnormal adherens junction morphology phenotype 

characterisation  

All the images acquired in the previous validation stages used the initial screen’s 

acquisition settings, which trades off image resolution for acquisition time. It works best 

in identifying hits but does not provide clear information on the details of the 

lamellipodia-like structure induced by depletion or how cells overlap for hits with 

abnormal junction morphology phenotype. In order to better study the roles of AGPAT2 

and the lipids it makes, I used a confocal microscope with a 100X objective to visualise 

AJs. 

Cells were seeded on coverslips and fixed with ice-cold methanol 72 hours after 

transfection. AJs were visualised by immunostaining for E-cadherin, the core 

component of AJs (Figure 5-8). Normally, when cell-cell junctions mature, E-cadherins 

form trans- and cis- homophilic bonds via EC domains, which look like “zipping 

structures” (highlighted by white arrows in max projection image for NT), and primarily 

stay at cell-cell contacts along the whole of the height of the junction, which is 

demonstrated by the two slices scanned where two arrows show junctional regions are 

compact through slices. However, following the AGPAT2 depletion, E-cadherin signal 

could no longer be observed at the junctional region but appeared over adjacent cells. 

The expanding structure looks like the lamellipodia-like structures observed previously 

(shown by arrows in max projection). The two slices scanned also showed that E-

cadherins were more spread at different Z-axis position compared with the control (see 

highlighted region marked by arrows with different distinct E-cadherin staining). The 

“zipping structures” seems to be slightly disrupted as well, which suggests potential 

defects in AJ maturation. 
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Figure 5-8: AGPAT2 depletion alters adherens junction morphology. 

Representative immunofluorescence confocal microscopy images of HaCaT that were 

seeded on coverslips and transfected with NT siRNA, AGPAT2 oligo3. Cells were 

methanol fixed 72 hours after RNAi and immunostained with E-cadherin (green) and 

stained with DAPI for DNA (blue). The left column is the maximum projection of the 

image stack acquired, which shows E-cadherins are more spread at cell-cell contact 

region and are expanding over adjacent cells (highlighted by arrows). Two optical 

sections separated by 0.8 µm in Z (right two columns) were acquired to better show the 

overlapping phenotypes (highlighted by arrows). Scale bar is 20 µm. 
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This result is consistent with the phenotype seen in the screen and the validation 

experiments. The more spread E-cadherin staining expanding over/under adjacent 

cells suggests that E-cadherin might be mislocalised or that junctions do not assemble 

correctly. 

Therefore, I continued to investigate the E-cadherin localisation by acquiring XZ/YZ 

views using line-scans. In this mode, the microscope scans through the sample only at 

the box area close to the line defined. The images were then averaged across the box 

to get a side view of the sample. Images for the area around were also acquired to 

show where the line was defined. Two line-scan images are shown for each group in 

Figure 5-9. Normally, E-cadherins are quite compact at cell-cell contact and do not 

localise to the cytosol between two junctions. AGPAT2 depleted cells have different E-

cadherin patterns. Oligo 4 transfected cells showed wider E-cadherin positive region at 

cell-cell contact and had some E-cadherin puncta in the middle of cells, while oligo 3 

transfected cells showed E-cadherin localising on both apical and basal sides 

surrounding the cell with more spread E-cadherin staining which suggested more 

severe disruption. That is consistent with that oligo 3 had better knockdown efficiency 

than oligo 4 measured in previous experiments. These results suggest that E-cadherin 

may be mislocalised in the expanded AJ phenotype.  

However, data quality needs to be improved before quantifying localisations. For 

example, cell density can be better controlled. Additionally, line scan image 2 in O3 

shows much larger nucleus, which can be caused by malfunctioning microscope stage 

and suggests that image acquisition needs to be optimised and carefully done.  
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Figure 5-9: Line-scan view of E-cadherin localisation in AGPAT2 cells suggests a 

potential mislocalisation of E-cadherin.Representative line-scan 

immunofluorescence images provide a profile-view of E-cadherin localisation in HaCaT 

that were seeded on coverslips and transfected with NT siRNA or AGPAT2 oligo3, 

oligo 4 siRNA. Cells were methanol fixed 72 hours after RNAi and immunostained with 

E-cadherin (green) and stained with DAPI for DNA (blue), Phalloidin for Actin (red). The 

arrows highlight mislocalised E-cadherin signals. In all profile views, the scale bars are 

5 µm. The position of the line-scan area is indicated by arrows in the xy average 

projection images of the monolayer (Scale bar is 20 µm). 
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As discussed in Chapter 1, the actin cytoskeleton plays an essential role in AJ 

formation and maintenance. I wanted to explore whether the actin cytoskeleton and 

contractility were affected in AGPAT2 depleted cells, and I was only able to test this 

once so far. In the preliminary data I acquired (Figure 5-10), both F-actin and pMLC 

staining were less condensed at cell-cell contacts in AGPAT2 depleted cells, which left 

“gaps” between cells (marked by arrows in Figure 5-10). In the zoomed slices, F-actin 

appears to be less compacted with multiple thin filaments in a wider region in AGPAT2 

depleted cells, which suggests that actin dynamics may be affected, and junctions may 

not be fully mature. Further repeats are needed to confirm this result. Additionally, it 

would be interesting to measure the height of cells/monolayers to elucidate the actin 

and pMLC phenotype observed and examine potential defects in cell-cell junctions. For 

example, cell height can be estimated as the distance between the first and last stack 

of images acquired by confocal microscopy. Furthermore, it would be interesting to 

characterise monolayer mechanics since the actin cytoskeleton, myosin and AJs 

constitute the core machinery that determines monolayer mechanical properties. As the 

simplest tissues, monolayers play critical roles in development by actively generating 

forces and in epithelia as physical barriers withstanding externally applied forces. The 

monolayer mechanics can be examined at different scales using a unique cell culture 

system, where cells are cultured between two rods on collagen which is removed by 

enzyme after the monolayer covers the collagen and parts of the rods leaving the cells 

suspended freely (Harris et al., 2012). Force measurements apparatus and a 

microscope are used to characterise mechanics at the tissue level and cellular level 

after pulling the monolayer with motorised micromanipulator connected to the rods. 

Alternatively, from a different perspective, AFM could be used to examine the elasticity 

on the cellular level in traversal direction (Harris and Charras, 2011). 

  



181 

 

 

 

Figure 5-10: Actin filaments around cell-cell contacts are less compact following 

AGPAT2 depletion than that in control cells. Representative immunofluorescence 

images visualising pMLC and actin filaments around cell-cell contacts in HaCaT that 

were seeded on coverslips and transfected with NT siRNA or AGPAT2 oligo3, oligo 4 

siRNA. Cells were PFA fixed 72 hours after RNAi and immunostained with pMLC 

(green) and stained with DAPI for DNA (blue) and Phalloidin for Actin (red). The 

changes in compactness of actin bundles at cell-cell contacts are highlighted by white 

arrows on both confocal and epifluorescence images. Scale bars are 20 µm in all 

panels. N=1. 
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5.3.3 AGPAT2 depletion may alter adherens junctions and tight junctions in other 

epithelial cell lines 

Following the phenotype characterisation in HaCaT, I wanted to know whether 

AGPAT2 depletion disrupts junctions in a different epithelial cell line, Caco-2. Caco-2 is 

human epithelial colorectal adenocarcinoma cell line that is commonly used to study 

different types of cell adhesion (for example, AJ and TJ). Caco-2 cells were seeded on 

coverslips and transfected with AGPAT2 siRNAs (pool). Cells were fixed with ice-cold 

methanol 72 hours after the transfection. 

AGPAT2 depletion in Caco-2 cells altered the AJ morphology slightly (Figure 5-11). 

Cells were more spread compared with control, and AJs visualised by α-catenin 

staining appeared to be twisted, which is consistent with results in HaCaT although no 

clear lamellipodia-like structures have been observed in Caco-2 cells. TJ morphology 

was also evaluated in Caco-2 cells. AGPAT2 depleted Caco-2 cells show severe TJ 

defects. The majority of TJs (~75%) have an undulating morphology instead of a typical 

linear morphology. In addition, Occludin-1 was unevenly dispersed throughout the 

junction given TJs a more beaded appearance. At some cell-cell contact regions, loops 

of Occludin-1 could be observed.  

Phenotypes seen in AGPAT2 depleted Caco-2 cells are consistent with that in HaCaT. 

In addition, AJs and TJs become undulated following AGPAT2 depletion in Caco-2 

cells. These results suggest that AGPAT2 and the lipids it makes may play important 

roles in cell-cell junctions (both AJs and TJs).  
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Figure 5-11: AGPAT2 depleted Caco-2 cells show undulated junction 

morphologies.  A. Representative immunofluorescence images visualising AJs with α-

catenin and TJs with Occludin-1 in Caco-2 cells. Cells were seeded on coverslips and 

transfected with NT siRNA or the pool of AGPAT2 siRNAs. Cells were methanol fixed 

72 hours after RNAi and immunostained with Occludin-1 (green) and α-catenin (red) 

and stained with DAPI for DNA (blue). The undulating TJs are highlighted with arrows. 

A zoomed view shows clear changes of TJ morphology in AGPAT2 depleted Caco-2 

cells: from smooth and linear to twisted and with loops. Scale bar is 20 µm. B.  The 

quantifications of cell-cell contact/lateral morphology show the percentage of the 

abnormal twisted junction. At least 100 lateral junctions were quantified in each group. 

Error bars show SD. N=1. 
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5.3.4 Linking lipids to the junction phenotypes: lipidomic analysis of AGPAT2 

depleted cells 

Previous results suggest that AGPAT2 and lipids could play important roles in epithelial 

cell-cell junction morphology and dynamics. In order to investigate the specific roles of 

lipids, the first step is to identify the lipids that changed following AGPTA2 depletion. As 

discussed at the beginning of this chapter, lipid composition changes are not 

straightforward to predict. Therefore, untargeted LC-MS was conducted to acquire 

global lipid profiles of control and AGPAT2 depleted cells, and subsequently, lipid 

profiles were compared and altered lipid species were identified.  

The experiments in this section (5.3.4), including lipid extraction, sample loading and 

data acquisition with LC-MS, feature alignment and annotation were mainly performed 

by Dr Cagakan Ozbalci. The data processing and analysis were conducted by Dr 

Cagakan Ozbalci and me together. 

5.3.4.1 Lipidomics statistics 

HaCaT were seeded in 6-well dishes with 6 replicates for each group (NT siRNA and 

AGPAT2 siRNA oligo 3, and oligo 4). They are depicted as NT, O3 and O4 in the 

following results and discussion. Cells were harvested 72 hours after the transfection 

as described in Chapter 2. The lipid sample was extracted and normalised according to 

the concentration of the protein measured by Bradford assay, and then loaded onto the 

LC-MS system. The raw data for each sample was collected as a spectrum with X for 

m/z (m:mass; z: number of ions. z is almost always 1 in lipid MS, m/z can often be 

considered as mass), Y for signal intensity. Retention time was measured for each 

peak detected on the spectrum (mass tolerance as 0.01 Dalton, retention time 

tolerance as 5 seconds). These data constitute a three-dimensional (retention time, 

mass, and intensity) peaks/features table. After filtering out features with more than 1/3 

missing values (2 out of 6), the data was normalised by sample quantile normalisation 

to address the variance in sample preparation and running, and was scaled by ranged 
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scaling (mean-centered and divided by the value range of each variable) to make 

features more comparable for further analysis (van den Berg et al., 2006; Ejigu et al., 

2013; Smilde et al., 2005). Box plots and kernel density plots before and after 

normalisation are included in the appendix (Figure 7-1). These pre-processing steps 

were performed using MetaboAnalyst 3.0 (Xia and Wishart, 2011, 2016). 1067 

peaks/features for each group were used for further analysis. 

In order to evaluate variance in the dataset and compare control and AGPAT2 depleted 

samples, I performed principal component analysis (PCA) with 5 principal components. 

As shown in the 2D PCA plot generated by the top 2 principal components (Figure 5-

12), replicates from the same group formed nice clusters. In addition, AGPAT2 

depleted samples, both O3 and O4, were clustered together and nicely separated from 

NT siRNA transfected controls. This result suggests that O3 and O4 have similar 

effects on cells, which is a sign of great data consistency and high quality  

With the same idea, hierarchical clustering was performed to evaluate how similar the 

replicates from the control samples, O3 transfected samples and O4 transfected 

samples were. As shown in the dendrogram (Figure 5-13), each replicate begins as a 

separate cluster, and the algorithm combines them based on the similarity score 

measured by Euclidean distance until all replicates are combined to one cluster. Six NT 

siRNA treated replicates clustered together suggesting that consistency between 

replicates is of decent quality. O3 and O4 samples were mixed but clearly separated 

from the NT samples, which confirms again that the experiments were well optimised, 

and all the measurements were consistent and of high quality.  
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Figure 5-12: 2D PCA score plot with the selected principle components for all 

samples suggests O3 and O4 have similar effects on the lipidome and good 

quality of samples. PCA analysis with 5 components was conducted with pre-

processed peaks/features table. The top two principal components (PCs) were used to 

plot 18 samples (6 replicates for each group: NT siRNA, AGPAT2 oligo 3 and AGPAT2 

oligo 4). The shade shows 95% confidence area. The explained variances are shown 

in brackets.  
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Figure 5-13: Hierarchical Clustering results shown as a dendrogram suggests O3 

and O4 have similar effects on the lipidome.  Hierarchical Clustering was conducted 

using Euclidean as the distance measure, and ward.D as the clustering algorithm. All 

NT samples were nicely clustered, while depletion samples were mixed.  
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5.3.4.2 Identified lipid composition changes 

After the cluster analysis and the quality check, O3 samples and O4 samples were 

aligned and compared with controls (NT samples) respectively to identify the change of 

the lipid profile following AGPAT2 depletion. Fold changes that were more than 1.5 with 

a p-value less than 0.05 were picked as significant pairwise changes (Figure 5-14). 

About same percentage of downregulated features were detected from both 

comparisons, while more features were upregulated in O3 samples, which is consistent 

with that O3 treated cells have slightly stronger phenotypes. 

The top 50 features with the most significant changes in the positive ionisation mode 

were summarised in the heatmap with hierarchical dendrograms (Figure 5-15). There 

are roughly three clusters: downregulated in both O3 and O4 (top half), upregulated in 

both O3 and O4 (bottom half) and only upregulated in O4 but remained the same in O3 

(small cluster in the middle). O3 samples and O4 samples share the same trends in 

most of the lipid profile changes as expected. Many features were more upregulated in 

O3 samples compared with O4 samples, which is consistent with O3 having greater 

changes in the pairwise analysis. The middle parts that were only upregulated in O4 

could be off-target of O4 or an interesting intermediate state that only exists when 

AGPAT2 was moderately depleted and would be lost in the case of O3 that has 

stronger depletions, which could be interesting to explore further.  

Clearly, AGPAT2 siRNA treated samples have a distinct lipid profile compared to the 

control. Most of the features in upregulated clusters have a mass larger than 800 and a 

retention time longer than 16 seconds. These upregulated features might be TAGs 

since TAGs are the most common lipid species in cells with large molecular weight and 

late retention time close to the end. The downregulated features are more in the middle 

of the spectrum of mass and retention time.  
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Figure 5-14: Important features identified by fold change analysis for AGPAT2 

depleted samples. A T-test was performed to compare O3 samples and O4 samples 

with NT respectively to detect significantly changed features, the number of which is 

shown on top of the each figure. Important features selected by volcano plot with fold 

change threshold (x) 1.5 and t-tests threshold (y) 0.05. Features above the threshold 

are highlighted in red. The further its position away from the (0,0), the more significant 

the feature is. The most significant features were labelled with its m/z and retention 

time.  



190 

 

  

Figure 5-15: Heatmap generated using 50 most significantly changed features.

Hierarchical cluster analysis was performed using peaks/features table for each sample. 

The heatmap was generated using Ward algorithm and Euclidean distance analysis

showing 50 most significant features (p-value < 0.05) detected in the positive ionisation 

mode. M/z and retention time pairs are shown on the right. The colorbar shows fold 

changes. 
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Next, lipid annotation was conducted. Primarily, the accurate mass measured in the 

initial LC-MS run were queried against METLIN accurate mass database (Smith et al., 

2005). Retention time provides another dimension of information to annotate peaks 

since different lipid species have different hydrophobicities and different affinities to the 

column hence would be released and enter the MS after a certain amount of time. To 

confirm these identifications MS/MS was set up, where the pooled sample (the mix of 

all samples) can be re-run, and all the peaks were targeted and fragmented using 

different collision energies before querying MS/MS database LipidBlast (Kind et al., 

2013). The annotation is presented as lipids species and X:Y where X denotes total 

number of carbon atoms and Y denotes number of double bonds in both acyl side chains.  

Different isomers were labelled one extra letter according to their appearance order on 

the spectrum. For example, PE(38:6)-A and PE(38:6)-B denote two PE isomers with 38 

carbon and 6 double bonds where PE(38:6)-A appeared first on the spectrum. 

The main lipid species detected in positive ionisation mode include TAG, DAG, PC, PE 

and SM. The total quantities of these lipids were acquired by summing all annotated 

features in each species (Figure 5-16). The total level of TAGs was significantly 

increased in AGPAT2 depleted cells, with O3 having larger increases (~1.9 folds for O3, 

~1.6 folds for O4). DAGs showed a decrease in both O3 and O4, although not 

significant. As for PC, PE, SM, CER and Glucosylceramide (GlcCER), AGPAT2 

depletion did not change the total level.  

Lipids that changed significantly more than 1.5 folds in both O3 and O4 were listed in 

Figure 5-17. Among the upregulated lipids, most of the compounds are TAGs. 14 TAG 

species were upregulated with the same trend in O3 and O4 samples. Interestingly, 

PE(38:6)-B was the only compound found upregulated other than TAG. These results 

were counterintuitive considering TAG and PE are the downstream lipids of AGPAT2's 

product PA, which implies there might be compensation effects from alternative 

pathways. PC was the major type of lipid downregulated following AGPAT2 depletion. 
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Figure 5-16: The total levels of TAGs were increased while those of DAG, PC, 

PE, SM, CER and GlcCER remained the same following AGPAT2 depletion.The 

total level was acquired by summing all measured counts per second of annotated 

lipids in each species. The Y-axis shows intensity measured by LC-MS. Statistical 

significance was assessed using one-way ANOVA with Dunnett's multiple 

comparisons test. **, p < 0.01; ***, p < 0.001. Error bars show SD. N=6. 
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Figure 5-17: Lipids changed more than 1.5 folds significantly following AGPAT2 

depletion. Several TAGs and one PE were upregulated, while many PC lipids were 

downregulated in AGPAT2 depleted samples. Y axis showed raw measurements 

acquired from LS-MS. Statistical significance was assessed using multiple T-test based 

on false discovery rate (FDR) with the Two-stage linear step-up procedure of Benjamini, 

Krieger and Yekutieli, with Q = 5%. P values were labelled next to the lipid specie 

name, where . **, p < 0.01; ***, p < 0.001, ****, p < 0.0005. Error bars show SD. N=6. 
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I noticed that most downregulated PCs were ether lipids. Further calculations by 

summing measured PC species in each category together show a decrease in total 

ether PC while no significant changes in total ester PC detected (Figure 5-18A). It has 

been reported that ether vs. ester linkage could affect lipid bilayer structure and 

permeability (Balleza et al., 2014; Guler et al., 2009). The ester PC to ether PC ratios 

were increased in both O3 and O4 samples, from 2.4 to 3.0 and 2.9, respectively 

(Figure 5-18B), which suggests that membrane properties may change following 

AGPAT2 depletion. 

Interestingly, no changes of the direct substrate and product of AGPAT2 were detected. 

More samples with optimised extraction methods might be required since PA is 

generally at a low level in cells and is sensitive to pH and temperature (Stillwell, 2016). 

A different column for HPLC, for example, BEH-C18, may be used to optimise PA 

detection (Cajka and Fiehn, 2016). PA and LPA standards may also be used for 

targeted MS to better evaluate the changes of common PA and LPA species. 

The maintenance of membrane fluidity is critical for proper dynamic and function of 

membrane proteins and membrane diffusion (Lipowsky, 2014; Nicolson, 2014). PC/PE 

and PC/SM have often been used as lipid determinants of membrane fluidity (Borochov 

et al., 1977; Mahler et al., 1988; Owen et al., 1982; Treen et al., 1992). It was later 

proposed that phospholipid fluidity index (PFI) calculated as the ratio of PC to sum of 

PE and SM (i.e. PFI = PC / (PE + SM)) predicts membrane fluidity at mammalian 

physiological temperature better (Fajardo et al., 2011). PC/PE ratio was also shown as 

a crucial modulator of cell membrane integrity in mouse liver (Li et al., 2006). Therefore, 

I evaluated the ratios that were calculated with summed lipid species detected (Figure 

5-19). All the ratios except PC/PE in O4 were significantly decreased in AGPAT2 

depleted cells, which indicates that membrane fluidity may have been decreased and 

membrane transport and membrane protein dynamics may be affected following 

AGPAT2 depletion.  
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Figure 5-18: AGPAT2 depletion decreased total ether PC and induced a shift from 

ester PC to ether PC. A. Total levels of ester PC and ether PC were calculated by 

summing all lipid species detected in the category. B. The ratios were calculated using 

the summations. Statistical significance was assessed using one-way ANOVA with 

Dunnett's multiple comparisons test.*, p < 0.05,  ***, p < 0.001; ****, p < 0.0001. Error 

bars show SD. N=6.  
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Figure 5-19: Membrane fluidity may be reduced in AGPAT2 depleted cells, as 

suggested by phospholipid ratios and phospholipid fluidity index. PC/PE, PC/SM 

and phospholipid fluidity index (PFI) calculated as PC / (PE + SM) were used as 

membrane fluidity indices. Statistical significance was assessed using one-way 

ANOVA with Dunnett's multiple comparisons test. *, p < 0.05; **, p < 0.01. Error bars 

show SD. N=6.  
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5.4 Discussion 

5.4.1 AGPAT2 junction phenotype  

This chapter starts with validating phenotypes of previously identified abnormal junction 

morphology hits AGPAT2 and ABHD5, both having lysophospholipid acyltransferase 

activity. Only AGPAT2 was carried on with a strong correlation between protein KD 

efficiency and how strong phenotypes were. Further phenotype characterisation 

confirmed spreading phenotypes where junctional components like α-catenin and E-

cadherin expand over/under adjacent cells. AJs seem not to be fully matured lacking 

zipping E-cadherin structures. Localisation analysis by line scan suggests E-cadherin 

may be mislocalised. AGPAT2 depletion may also induce AJ defects in a different 

epithelial cell line, Caco-2 cells, where AJs were more spread and appeared to be a bit 

undulating. TJs in AGPAT2 depleted cells showed even more profound morphological 

abnormality characterised by undulation of Occludin-1 and beaded and twisted 

appearance. These results suggest AGPAT2 and related lipids play crucial roles in 

intracellular adhesion formation, maturation, and maintenance in epithelial cells. 

A similar overlapping AJ phenotype was reported previously in an endothelial cell line 

(Cain et al., 2010). Upon depletion of PI3K p110α (an isoform of PI3K) by RNAi in 

human umbilical vein endothelial cells, adjacent cells overlapped, VE-cadherin and 

PECAM-1 had a broader distribution along the cell-cell contact. The endothelial 

permeability induced by TNF was reduced following PI3K p110α depletion. The author 

showed that PI3K p110α mediates Tyr kinase Pyk2 and Rac1 activation and induces 

association of VE-cadherin with Pyk2, Tiam-1 to regulate the barrier function. Although 

the phenotype was shown in a different cell line with different adhesion molecules, it 

would be interesting to evaluate Rac1 activation following AGPAT depletion to see 

whether Rac1 signalling was disrupted which leaded to the phenotype observed.  
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TJ abnormal morphology was seen before in different studies. TJs with beaded 

appearance were previously observed in RhoA and Rac1 mutants in MDCK cells which 

showed critical roles Rho GTPases play in TJ organisation (Jou et al., 1998). Similar TJ 

phenotypes were seen in Caco-2 cells with constitutively active myosin light chain 

kinase (MLCK), where myosin light chain phosphorylation was proposed to sufficiently 

regulate TJ function and morphology along (Shen et al., 2006). More recently, 

p114RhoGEF, a junctional associated protein was found to drive Rho signalling at 

junctions, where depletion of p114RhoGEF induced myosin phosphorylation along the 

basal domain and resulted in a similar TJ phenotype with undulating morphology (Terry 

et al., 2011). These studies suggest that Rho GTPase signalling and MLC 

phosphorylation play core roles in TJ regulation. Considering that F-actin 

reorganisation and changes in pMLC were observed in the preliminary results, it would 

be interesting to observe MLC phosphorylation upon AGPAT2 depletion. Another 

interesting hypothesis is that AGPAT2 and related lipids may be substantial in RhoA 

and Rac1 signalling that governs intercellular adhesion dynamics. RhoA and Rac1 

activity following AGPAT2 depletion can be measured to explore whether AGPAT2 

affects RhoA or Rac1 activation. 

Another group of similar TJ phenotypes were seen in HIF (hypoxia-inducible factor) 

study. The first study investigated whether HIF complex influences epithelial tight 

junction (TJ) structure and function, given HIF’s pivotal role in intestinal epithelial cells 

(IECs) barrier function. Undulation of ZO-1 staining was observed in both IECs and 

Caco-2 cells following HIF depletion by siRNA (Saeedi et al., 2015). The authors 

managed to rescue the phenotype by overexpressing claudin-1 after identifying CLDN1 

as HIF1 target genes, which suggests that HIF1 mediated claudin-1 transcription plays 

a crucial role in regulating tight junction function and epithelial homeostasis. Another 

study conducted by the same lab observed the same TJ phenotypes after inhibiting 

creatine kinase (CK), a creatine metabolic enzyme that is regulated by HIF. It was 
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proposed that CK, localising at apical AJs, may participate in the regulation of junction 

integrity and epithelial homeostasis via phosphocreatine–creatine kinase (PCr/CK) 

rapid ATP generation system, supplying energy to myosin motors under energetic 

stress (Glover et al., 2013). These studies provide some interesting hypothesis to test. 

One hypothesis to test is whether AGPAT2 and related lipids could have an impact on 

junctional components regarding their expression, trafficking, or localisation. 

Considering that AGPAT2 makes PA, an important precursor for many membrane lipid 

species, the latter two appear to be more attractive. For example, E-cadherin 

endocytosis mediated by Rab11 is a good target to investigate. Energetic perspective 

is also interesting to follow up. Although, for instance, it is estimated energy needed for 

cell motility during cell-cell contact initiation is not significant (~0.1%) compared to the 

energy required for protein turnover (Flamholz et al., 2014; Schumacher and Friml, 

2009), cytoskeleton remodelling during AJ formation is a rather rapid process. It would 

be interesting to test whether AGPAT2 and related lipids may be involved in PCr/CK 

system. 

At the beginning of this chapter, ABHD5 phenotype was validated. AJ morphological 

abnormality was observed, but little knockdown in protein level was detected. I checked 

ABHD5 siRNA specificity and wanted to know whether it could deplete AGPAT2. The 

analysis suggests that ABHD5 siRNA cannot target AGPAT2 mRNA. Measuring 

AGPAT2 level following ABHD5 can directly test and confirm this.  

5.4.2 Lipidomic analysis discussion 

In order to investigate the role of lipids in AGPAT2 phenotypes, I need to know what 

lipids may be involved. Since lipid biosynthetic networks are complex and 

compensation effects may be involved when depleting one enzyme, it is not 

straightforward to predict altered lipid species. Therefore, untargeted LC-MS was 

performed, where lipid profiles of control cells and AGPAT2 depleted cells were 

analysed and compared. It was clear that AGPAT2 depleted HaCaT have a distinct 
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lipid profile. Primarily, O3 and O4 samples showed a similar group of lipid species 

being upregulated or downregulated. However, more lipid species with significant 

changes and stronger changes for same lipid species were detected in O3 samples, 

which is consistent with junctional phenotypes and knockdown efficiency checked: O3 

had stronger effects than O4 did. 

Many upregulated lipids were annotated as TAGs, which agrees with a study in Agpat-/- 

mice, where the level of TAGs was found upregulated 3 fold in isolated hepatocytes 

(Cortés et al., 2009). Mgat1, an alternative way of synthesising TAGs, was proposed to 

compensate the loss of AGPAT2 and make more TAGs (Cortés et al., 2009). However, 

evidence shown in a later study suggests Mgat1 may not be involved in the increase in 

TAGs in KO mice (Agarwal et al., 2016). Although mouse’s lipidomics is different from 

human’s, it would be interesting to test Mgat1 human homologs to unravel why TAGs 

were upregulated and how TAGs may be related to the junction phenotypes.  

Many PC species were downregulated in AGPAT2 depleted samples, most of which 

were ether lipids. Decreases in different indicator of membrane fluidity, PC/PE ratio, 

PC/SM ratio and PFI were found in O3 and O4 samples, which suggest membranes 

become more rigid following AGPAT2 depletion. Additionally, a shift was observed from 

ether PC to ester PC in total levels following AGPAT2 depletions. Ether lipids have the 

alkyl side chain attached by an ether bond at sn-1 position of glycerol backbone as 

opposed to ester bonds. The ether bonds facilitate stronger hydrogen bonding between 

head groups and favour closer alignment hence more compact and rigid membranes 

with less fluidity (Hajra and Das, 1996; Lodhi et al., 2012, 2015). Therefore, the shift 

from ether lipids to ester lipids suggests that local membrane fluidity may be changed, 

which is consistent with decreased membrane fluidity indicators. These changed 

indices of membrane fluidity suggest disruptions in membrane dynamics but require 

direct evidence of changed membrane fluidity.  
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Ester lipids may also be involved in membrane trafficking and signalling (Dean and 

Lodhi, 2017). The most common ether lipid species, plasmalogens that have a cis 

double bond next to the ether bond are enriched in lipid raft microdomains (Pike et al., 

2002; Rodemer et al., 2003), where many signalling proteins are clustered. For 

instance, it has been shown that Rac1 co-localises with lipid raft markers and Rac1 

activation requires lipid rafts (Michaely et al., 1999; Moissoglu et al., 2014; del Pozo et 

al., 2004). Decreased ether PC may disrupt the formation of these lipid rafts and impair 

the activation of Rho GTPases. Ether lipids are also one of the major lipid species in 

lipid droplets that were proposed to act as part of a dynamic organelle system involved 

in membrane trafficking (Bartz et al., 2007). It has been reported that changes in ether 

lipid precursor hexadecylglycerol alter the release and composition of exosomes 

(Phuyal et al., 2015). Based on these reports, an interesting hypothesis to test is 

whether the decrease in ether lipids disrupts trafficking of junction components or 

GEF/GAP, which then may introduce the junction phenotypes seen in AGPAT2 

depleted cells. Ether lipids have been reported to act as signalling molecules in simpler 

organisms, where an unusual inositol phospholipid with ether linkage at sn-1 position 

was shown to be highly enriched in Dictyostelium, and the levels of this 

plasmanylinositols were regulated by PIPKs, PI3Ks and PTEN (Clark et al., 2014). It 

would be interesting to investigate the altered ether PC species and examine whether 

they are involved in signalling that regulates junction dynamics, for example, 

RhoA/Rac1 signalling by pull-down assay. With these possible signalling and trafficking 

roles of ether PCs, the shift may disrupt trafficking of junctional components or Rho 

GTPase signalling.  

However, whether those alterations in phospholipids can introduce biologically relevant 

membrane changes and be sufficient to induce junction defects remain to be examined. 

For example, ER stress and apoptosis can be evaluated since genetically modified 

mouse with deficient in ether lipids synthesis resulted in increased ER stress and 
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apoptosis (Lodhi et al., 2015). In addition, plasmalogens and ether lipids without 

adjacent double bonds were not discriminated in the current LC-MS workflow. It would 

be interesting to further annotate exact structure of the decrease PCs and pinpoint the 

changed lipid species.   

We have not been able to detect PA or LPA (the substrate and product of AGPAT2) 

changes. Collecting and loading more lipid samples, optimising extraction methods, 

using a more optimal column for PA and LPA or doing LC-MS with common LPA and 

PA standards are potential options to carry on further. However, it would not be entirely 

unexpected if PA or LPA does not change, since lipid synthesis and metabolism are so 

complex. 

 

5.5 Summary and future work 

This chapter carries on with AGPAT2 and tries to understand what caused the 

phenotype. The first section validated and characterised AGPAT2 phenotypes further. 

AGPAT2 depleted cells show overlapping and more spreading E-cadherin signal at 

cell-cell contacts in HaCaT. Preliminary data showed that actin filaments were also less 

compact. In a different epithelial cell line, Caco-2, AJs and particularly TJs show 

morphological abnormalities with undulating, unevenly distributed and beaded 

appearance following AGPAT2 depletion. The second section focuses on identifying 

lipid changes following AGPAT2 depletion. AGPAT2 depleted cells show 

distinguishable lipid profile compared with the control. Altered ester/ether PC balance 

and decreased ratios between PC, PE and SM suggested perturbations in membrane 

properties. TAGs were the main lipid species detected upregulated which is consistent 

with mice lipidomic results in Agpat2-/- mice. However, the changes of the substrate 

(LPA) and direct product (PA) were not detected. The lipids annotation requires further 

optimisation. 
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These results show that AGPAT2 and related lipids play important roles in intercellular 

adhesions (AJs and TJs), but it is not yet clear how. These interesting phenotypes 

observed could be related to Rho GTPase signalling, actomyosin contractility, 

junctional components expression and trafficking, forces and adhesion, which are all 

interesting to test further. For example, RhoA and Rac1 activation could be measured 

following AGPAT2 depletion. E-cadherin trafficking could be investigated with Rab11 

labelled endocytosis. The preliminary observation of less compact actin filaments and 

pMLC would need repeating. 

However, a more direct question would be how AGPAT2 and related lipids are involved. 

The lipidomic analysis requires further analysis and optimisation to have a fully 

annotated list of changed lipids. LPA and PA standards can be used to directly 

evaluate the changes regarding the substrate and product of AGPAT2. It would also be 

interesting to perform lipidomic analysis in Caco-2 cells and see if there are any 

overlaps in changed lipids with the results in HaCaT. Once a better knowledge of what 

lipids are changed and what defects cause the phenotype are acquired, it would be 

interesting to draw links between lipids and specific roles they may play. 
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Chapter 6 Final Discussion 
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Lipids are a major class of biological molecules, yet our understanding of their 

functions are poor relative to other biological molecules. The evolving notion has been 

that lipids are more than a heterogeneous set of architectural molecules with few 

specific functions. Carrying on with this notion, an important question this study aimed 

to answer is what specific roles lipids may play in the formation and maintenance of 

cell-cell junctions and cell migration. It is evident that lipids, as the main building blocks 

of the cellular membrane, are involved, but what the specific functions of different lipid 

species may be and how cells regulate such lipids for their functions are not clear. 

To investigate these questions, I conducted a phenotypic screen to observe junction 

morphology with an siRNA library targeting 260 lipid biosynthetic enzymes and 

identified 16 hits that resulted in two distinctive phenotypes: abnormal junction 

morphology and intercellular gaps. A mini-screen with a wound healing assay showed 

many of these hits impair cohesiveness and movement during collective migration. The 

screen results together suggest that these enzymes and their related lipids can 

potentially play crucial roles in intercellular adhesion and cell migration. I further 

explored one of the validated hits, AGPAT2, that leads to abnormal junction 

morphology, as a case study to investigate how lipids may participate in intercellular 

adhesion dynamics. I have shown that AGPAT2 depletion induces an overlapping AJ 

phenotype in HaCaT and an undulating TJ morphological abnormality in Caco-2 cells. 

Untargeted LC-MS was performed to identify lipid composition changes following 

AGPAT2 depletion. TAGs were found as the main upregulated lipid species, and ether 

PC was the main downregulated lipid species. In addition, several phospholipid 

membrane fluidity indices were found decreased. These preliminary results suggest 

that Rho GTPase signalling, actomyosin contractility and trafficking of junctional 

components are some interesting areas to explore. Outstanding questions are how the 

lipid composition changes induced by AGPAT2 depletion may lead to the intercellular 
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adhesion morphological abnormalities observed. These results may contribute to the 

understanding of lipid function in three aspects discussed as follows. 

 

6.1 Lipids play important roles in membrane rearrangement events 

This study started with the question whether lipids play a role in cell-cell junction 

formation/maintenance and cell migration. Previous literature reported that lipids can 

regulate cell-cell junction and/or cell migration (Asano et al., 2012; Cain et al., 2010; 

Donatello et al., 2012; Edmond et al., 2015; French et al., 2003; Gu et al., 2011; 

Kuriyama et al., 2014; LaMontagne et al., 2006; Márquez et al., 2012; Mondal et al., 

2012; Rivard, 2009; Yamaguchi et al., 2015). However, most of these reports were on 

a few well-studied lipid species, and a systematic approach was lacking.  

To better answer this question, I conducted two screens with focuses on intercellular 

adhesion and collective cell migration. The initial screen utilised an siRNA library 

targeting lipid biosynthetic enzymes that were previously designed in the lab to 

systematically perturb different lipid families and was set up to examine AJ morphology 

in HaCaT. 16 hits appeared to be important in AJ formation and maintenance, with two 

distinct classes of junctional phenotypes: abnormal junction morphology with 

lamellipodia-like structure and intercellular gaps (Chapter 3). Seven of these identified 

candidates were chosen to be prioritised based on the reproducibility in the three 

rounds of screens. They were further validated by examining whether the same 

phenotype on junction morphology could be reproduced with individual siRNA oligos 

derived from the siRNA pools used in the initial screen and how strong the correlation 

was between the phenotype and the knockdown efficiency evaluated at mRNA level 

(Chapter 4). ABHD5, AGPAT2, MTMR3 and PPAP2B were the four validated hits that 

had an effect on AJ morphology. In parallel, a secondary migration screen was 

conducted over the prioritised hits utilising HaCaT (Chapter 4). Two hits that resulted in 
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intracellular gap phenotypes in the initial screen completely disrupted collective 

migration where cells were not able to move cohesively. The other five hits with 

abnormal junction morphology phenotypes impaired individual cell motility and 

collective movement speed.  

The siRNA library includes several enzymes that either have catalytical functions linked 

to lipids previously reported to play a role in AJ formation, such as Sphingosine-1-

phosphate phosphatase (SGP) and Sphingosine-1-phosphate lyase 1 (SGPL1) for S1P 

(Gu et al., 2011; Mendelson et al., 2014; Willier et al., 2013). Some have been reported 

to regulate intercellular adhesions, for instance, p110α isoform (PIK3C2A) (Cain et al., 

2010). However, only a few (SGPL1, MTMR3 and CDIPT) were found to induce a 

phenotype in the screen. It is possible that other enzymes have similar roles and can 

compensate; therefore, KD of those genes had no phenotype in the screen. This may 

also be due to the limitation of visual analysis of junction morphology and the different 

experiment setting (evaluating AJ formation and maintenance) used. An optimised 

segmentation algorithm may pick more subtle changes and identify these known 

enzymes from the screen. 

One of the identified hits, AGPAT2, was characterised further and shown to be 

important in intercellular adhesion dynamics (Chapter 5). Due to time constraints, only 

AGPAT2 could be studied in detail. A long-term aim is to investigate a number of these 

hits and generate full pictures of how different lipid species may be involved in 

regulating cell-cell junctions. 

Apart from identifying interesting hits to study further, these two screens showed that 

lipid biosynthesis and metabolism are crucial for AJ formation/maintenance and 

migration. Although these results only presented indirect evidence that lipids may play 

important roles in AJ dynamics and cell migration, it offered a rather comprehensive 

view of whether different lipid families participated to AJ formation/maintenance and 
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migration and provided a systematic approach to identify lipids that may have important 

functions. 

The same siRNA library had been utilised to conduct two more screens with different 

focuses before this project started. A previous study in our lab screened the library for 

cytokinesis inhibition in HeLa cells, where 24 hits were found that had an at least 3-fold 

increase in the ratio of binucleated cells (Atilla-Gokcumen et al., 2014). The other 

screen was conducted by Dr Jose Orgaz in Dr Sanz-Moreno’s lab in A375-M2 

melanoma cell line to identify novel lipids that might be related to Rho/ROCK signalling 

and actomyosin contractility (Orgaz, 2015). 20 hits were found significantly changing 

cell morphology from rounded to elongated, which can be a surrogate marker for 

changes in actomyosin activity. Together with the screens conducted in the current 

study, these results show that lipid biosynthesis and metabolism play a broader role in 

cytoskeletal events where membranes rearrange substantially (cytokinesis, AJ 

formation, cell migration and cell morphological changes). Additionally, hits and 

homologues of hits that were identified in multiple screens (for example, AGPAT2 and 

ABHD5) imply that related lipids play core roles during membrane/cytoskeletal 

rearrangement in general. A long-term goal is to perform detailed analysis of these hits 

and investigate if a group of lipids is of particular importance during membrane 

rearrangement and how these lipids are regulated to gain a better understanding of cell 

membrane dynamics.  

However, several limitations should be kept in mind. When setting up the screen, this 

study mixed AJ formation and maintenance together in a one-day time window to 

identify the most severe phenotypes since the roles of lipids in AJ dynamics were rarely 

evaluated before, while in practice, AJ formation is more often targeted and assessed 

in a more acute time window (hours) (Elbediwy et al., 2012; McCormack et al., 2013; 

Terry et al., 2011). In this study, it was a trade-off between the specificity of the 

question asked and the time cost. It would be interesting to conduct two screens to 
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examine what roles lipids may play in AJ formation and AJ maintenance separately to 

get more specific information about which steps the enzymes and lipids may be 

involved. In addition, perturbing lipid biosynthetic enzymes is an indirect method to 

study lipid functions. It is not clear whether the observed phenotype is caused by lipids 

or enzymes or both. In fact, which lipids are perturbed is not straightforward as lipid 

biosynthetic pathways are complex. Mass spectrometry helps to address this limitation. 

For example, LC-MS was used in this study to identify lipid changes following AGPAT2 

depletion and contribute to building links between lipids and phenotypes observed 

(Chapter 5). However, it remains a challenge to dissect the functions of proteins and 

lipids although promising progress is being made (Muro et al., 2014). Another limitation 

of the current study is related to the siRNA library. Although it was designed to cover 

the most important and most common lipid biosynthesis, enzymes and lipids that may 

play important roles may have been left out. An exhaustive list of lipids biosynthetic 

enzymes is not easy to acquire due to the complexity of lipid networks and incomplete 

knowledge about the enzymes’ functions, and in fact may not be an ideal approach 

considering other limitations that RNAi screening has. It might be more practical and 

efficient to start with an siRNA library covering the most common lipid biosynthetic 

enzymes and then design a secondary screen with a library covering known enzymes 

related to the hits identified in the first screen. But this is still limited by the fact that we 

do not really know what most enzymes do in details. 

 

6.2 AGPAT2: a case study for how lipids may be involved in 

intercellular adhesions 

In this study, I further characterised AGPAT2, one of the two validated hits that have 

lysophospholipid acyltransferase activity and abnormal junction morphology 

phenotypes in the initial screen and studied how AGPAT2 depletion may induce the 
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phenotypes. I also wanted to develop an approach to study the hits and understand the 

roles that lipids may play. (Figure 6-1) 

 

 

 

Figure 6-1: Summary of AGPAT2 study. Intracellular adhesion morphological 

abnormalities were seen in HaCaT and Caco-2 following AGPAT2 depletion. Different 

hypotheses listed can be tested further to link functions of changed lipids (identified by 

LC-MS) with the phenotypes. 
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I started with the validation of this hit to confirm the phenotype and the characterisation 

of the hit to gather more evidence and find what might be disrupted following the 

depletion. I have shown a strong correlation between the phenotype and the level of 

knockdown evaluated at the protein level. In terms of the phenotypes, I have 

characterised that AGPAT2 depletion induced expanding AJ morphology with more 

spreading E-cadherin signal at cell-cell contact in HaCaT and undulating TJs with 

unevenly distributed and beaded appearance in Caco-2 cells. It is possible that 

dysregulation of Rho GTPase signalling and actomyosin contractility or mislocalisation 

of junctional components caused the undulating TJ morphology. 

The following step is to identify the changes in lipid profile to determine the potential 

key lipids in the phenotypes seen. An untargeted lipidomics analysis was performed 

with LC-MS to acquire lipid profile of AGPAT2 depleted HaCaT and identify the 

changed lipid species. Although no changes in LPA and PA, the substrate and product 

of AGPAT2, were detected, I demonstrated that many TAGs were upregulated 

following depletion in HaCaT, which is consistent with lipidomic results in Agpat2-/- mice 

study. I showed that many ether PC species were downregulated together with a shift 

from total ether PC to total ester PC. In addition, several membrane fluidity indices 

including PC/PE, PC/SM and PFI were reduced. The results suggested that AGPAT2 

depletion changes membrane properties, specifically, may decrease the membrane 

fluidity.  

The next step is to make connections between phenotypes and identified lipids that 

were changed and make hypotheses about what roles lipids may play. In the case of 

AGPAT2, membranes may be more rigid with less ether PC following the knockdown, 

which can be examined with AFM in cells. For example, membrane property changes 

at different stages of junction formation and maintenance and at different cellular 

locations such as lamellipodia and cell body can be assessed to create comprehensive 

profiles of biological properties. Alternatively, membrane fluidity can also be measured 
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by fluorescent probes that are sensitive to rigidness and polarity, such as 1,6-diphenyl-

1,3,5-hexatriene (DPH) (Lentz, 1993; Los and Murata, 2004) and Laurdan (Harris et al., 

2002; Parasassi et al., 1991, 1997, 1998). Characterisation of the junction phenotypes 

suggested that Rho GTPase signalling or trafficking of junctional components are some 

aspects to explore further, both of which have been linked to lipid rafts (Márquez et al., 

2008, 2012; Michaely et al., 1999; Moissoglu et al., 2014; del Pozo et al., 2004). It is 

tempting to speculate that Rho GTPases were perturbed by the shift from ether PC to 

ester PC since that Rho GTPases have been shown co-localising with lipid raft markers 

(Michaely et al., 1999; Navarro-Lérida et al., 2012, 2015; del Pozo et al., 2004) and 

requiring lipid rafts to be activated (Iliev et al., 2007; Moissoglu et al., 2014), and that 

most common ether PC species, plasmalogens, are enriched in lipid raft microdomains 

(Pike et al., 2002; Rodemer et al., 2003). Such alterations in membrane composition 

regarding lipid raft microdomains may also impair membrane component trafficking and 

disrupt adhesions (Márquez et al., 2008, 2012). A lipidomic analysis of more specific 

membrane compartments, for example, isolated lamellipodia (Cho and Klemke, 2002; 

Faux et al., 2010; Kisseleva et al., 2005; Pratt et al., 2005; Shankar et al., 2010) would 

gather lipid changes in more relevant areas. Additionally, the phenotype could be 

characterised further to pinpoint the disruption. For example, actomyosin contractility 

can be evaluated by measuring pMLC and total MLC by Western blots. RhoA spatial 

activation can be measured by FRET (Fluorescence Resonance Energy Transfer)-

based RhoA biosensors (Terry et al., 2011). Both RhoA and Rac1 activity could also be 

evaluated by pull-down assay using rhotekin for RhoA or the Rac/Cdc42 (p21) binding 

domain (PBD) of the human p21 activated kinase 1 protein (PAK) for Rac1 (Benard 

and M Bokoch, 2002; Reid et al., 1996). E-cadherin trafficking can be investigated with 

Rab11 labelled endocytosis.  

No changes have been detected in the lipidomic analysis for several of the lipids, 

including LPA, sphingolipids, phosphatidylinositides and cholesterol, that had 
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previously been reported to play a role in regulating AJs (Cain et al., 2010; Gu et al., 

2011; Márquez et al., 2012; Mendelson et al., 2014; Rivard, 2009; Willier et al., 2013), 

which suggests that AGPAT2 and related lipids could participate in intercellular 

adhesion in an alternative way. However, further optimisations in LC-MS are needed to 

confirm the involved lipids. For instance, better PA detection can be achieved with a 

different column for HPLC, BEH-C18. Detection of sphingolipids like S1P can be 

improved by derivatisation with TMS-diazomethane (Narayanaswamy et al., 2014). PA, 

LPA and cholesterol standards may also be used for targeted MS to evaluate the 

changes of these lipid species better. 

 

6.3 A new perspective on the connection between intercellular 

adhesions and collective migration: lipids are key players 

Intercellular adhesion and collective migration are closely related in many ways. Both 

are crucial during developments, morphogenesis, and wound healing (Cerutti and 

Ridley, 2017; Scarpa and Mayor, 2016). Altered regulation of cell junctions could be 

involved in tumour invasion and metastasis (Zihni and Terry, 2015). Cells undergo 

massive membrane rearrangements and morphology changes during cell-cell junction 

formation /maintenance and collective migration. Signalling-wise, they are primarily 

governed by the same group of proteins: Rho family of GTPases (Goicoechea et al., 

2014; Lawson and Burridge, 2014). In addition, what makes the two cellular processes 

even closer is that AJs are required to connect cells during cell migration to keep the 

group moving in one direction coordinately (Friedl and Mayor, 2017). 

A question that was asked is whether cells regulates the same group of lipids during AJ 

formation/maintenance and collective migration or a same group of lipids regulates the 

two processes. It has been previously shown that PIPs could regulate intercellular 

adhesion and cell migration via Rho GTPase signalling. This study investigated 
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intercellular adhesion and collective migration with a focus on the role of lipids in a 

systematic approach. The initial screen for AJ defects and the secondary mini-screen 

for collective migration defects identified several hits (MTMR3, PPAP2B, ABHD5, 

AGPAT2 and SLC27A1) that could be substantial in both.  

MTMR3 is able to regulate the level of PI5P (Schaletzky et al., 2003). The AJ 

morphological abnormality and slowed migration following the depletion provided new 

evidence to support that PIPs are important in cell-cell junctions and cell migration. 

Taking PPAP2B as another example, we observed that the intracellular junctions were 

disrupted following the depletion of this gene, which is consistent with its proposed role 

in maintaining endothelial monolayer integrity by inactivating LPA. The rest of hits 

obtained, ABHD5, AGPAT2 and SLC27A1 suggested that other lipid species could also 

be core players and proposed some interesting hypothesis. For instance, as a long-

chain fatty acids carrier, SLC27A1 facilitates the transport of fatty acids across the cell 

membrane (Lin and Khnykin, 2014). The phenotype seen in both screen suggested 

that fatty acids uptake is crucial, which could imply novel roles of fatty acids. AGPAT2 

was studied further. The lipidomic analysis of AGPAT2 depleted samples found that 

most upregulated lipid species are TAGs and most downregulated are ether PCs, and 

that several membrane fluidity indices were reduced, which suggests that membrane 

fluidity may participate in the junction morphological abnormality observed. It is also 

possible that lipids like TAGs could be involved in intercellular dynamics. 

These hits present an interesting idea that many more lipids species could be involved 

in intercellular adhesion formation/maintenance and collective migration where massive 

membrane rearrangements occur. These lipids add another layer of connection 

between adherens junctions and collective migration.  
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6.4 Final summary 

Lipids are a major class of biological molecules and fundamental building blocks of 

cellular membranes, yet our understanding of their biological functions are poor relative 

to other biological molecules. I started this project with the question whether lipids play 

a role in intercellular adhesion formation and maintenance and collective migration 

where massive membrane rearrangements occur. I have addressed this question using 

siRNA screen approach and have identified hits that may be important in regulating 

intercellular adhesion and collective migration. I continued with the follow-up question 

what specific role lipids may play in those massive membrane rearrangement events. 

To address the question, I conducted a case study with one of the validated hits from 

the initial screen and showed a novel role of AGPAT2 (1-acylglycerol-3-phosphate O-

acyltransferases) and related lipids in intercellular adhesion dynamics. The perturbed 

junctions with lamellipodia-like structure and undulating morphology following AGPAT2 

could be caused by a shift from ether PCs (phosphatidylcholines) to ester PCs and 

potentially reduced membrane fluidity. These results provide more detailed evidence 

that lipids play important roles in intercellular adhesion, and present examples where 

lipids may participate in intercellular adhesion dynamics in a new way. The approach 

taken in AGPAT2 case study can also be used for other hits identified in the initial 

screen or more generally for investigating how lipids participate in a cellular process. 

What emerges from this study is that, lipids may be broadly involved as key players in 

massive membrane rearrangement events.  For example, lipids could be an additional 

layer of connections between intercellular adhesion and collective migration, since 

lipids regulate membrane structure and membranes are tightly connected to the 

cytoskeleton. 

Future studies will focus on fully characterising AGPAT2 phenotypes and identifying 

key lipid species and their specific functions. A long-term aim is to characterise other 

hits that have been validated and discover how various lipids could participate in 
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intercellular adhesion and collective migration. Broadly, it would also be interesting to 

depict temporal lipidomic profiles of cells going through massive membrane 

rearrangement events and understand the biological significance of this complex 

network of lipids.  
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Appendix 

Lipid biosynthetic enzyme RNAi library  
Plate Well Catalog Number Gene Symbol GENE ID GI Number Sequence 

Plate 1 A02 D-016315-01 A4GALT 53947 55956926 AGAAAGGGCAGCUCUAUAA 

Plate 1 A02 D-016315-02 A4GALT 53947 55956926 GGACACGGACUUCAUUGUU 

Plate 1 A02 D-016315-03 A4GALT 53947 55956926 UGAAAGGGCUUCCGGGUGG 

Plate 1 A02 D-016315-04 A4GALT 53947 55956926 GCACUCAUGUGGAAGUUCG 

Plate 1 A03 D-010298-01 ASAH3 125981 19424127 UACAACACGUUCUCCAAUA 

Plate 1 A03 D-010298-02 ASAH3 125981 19424127 GAGCUUCGGCACCUGAUUG 

Plate 1 A03 D-010298-03 ASAH3 125981 19424127 GGCCUGUUCUCCAUGUAUU 

Plate 1 A03 D-010298-04 ASAH3 125981 19424127 GGCAGUGGCUAUAGCAUAU 

Plate 1 A04 D-026152-01 ASAH3L 340485 71043497 CUAAAGAGGUGUGACAACA 

Plate 1 A04 D-026152-02 ASAH3L 340485 71043497 UGACCGAGCUUUCUGCGAG 

Plate 1 A04 D-026152-03 ASAH3L 340485 71043497 GUGCUUGUUUCGUCAGUAU 

Plate 1 A04 D-026152-04 ASAH3L 340485 71043497 GGAAUUGGAUCCGUCUACU 

Plate 1 A05 D-009430-01 PHCA 55331 141802267 GAUUAUACCUCCAAUGUUC 

Plate 1 A05 D-009430-02 PHCA 55331 141802267 CCACAUGACUCUGAAAUAU 

Plate 1 A05 D-009430-03 PHCA 55331 141802267 AACGGUACAUUGCUUCUUA 

Plate 1 A05 D-009430-04 PHCA 55331 141802267 GGACUGGGUUAUACAUCAU 

Plate 1 A06 D-005228-01 ASAH1 427 119395744 CACCAUAAAUCUUGACUUA 

Plate 1 A06 D-005228-02 ASAH1 427 119395744 GGUCAUAACUGAGCAACUA 

Plate 1 A06 D-005228-03 ASAH1 427 119395744 UAUAUGAACUCGAUGCUAA 

Plate 1 A06 D-005228-04 ASAH1 427 119395744 GAAAAUAGCACAAGUUAUG 

Plate 1 A07 D-005229-01 ASAH2 56624 9845266 CACAUUACAUUACCACUUA 

Plate 1 A07 D-005229-02 ASAH2 56624 9845266 GGAAAGCCAUCUGAAGAAA 

Plate 1 A07 D-005229-03 ASAH2 56624 9845266 GAACAACAGUAACCAUCUU 

Plate 1 A07 D-005229-04 ASAH2 56624 9845266 GACCAUGUCUGGACGAAGA 

Plate 1 A08 D-039945-09 ASAH2C 653365 113421480 ACAGAUAGUUUACUGCUAA 

Plate 1 A08 D-039945-10 ASAH2C 653365 113421480 AAUACCAGGCUCAGCGAUA 

Plate 1 A08 D-039945-11 ASAH2C 653365 113421480 GACCAUGUCUGGACGAAGA 

Plate 1 A08 D-039945-12 ASAH2C 653365 113421480 GAUCAACAGAAGUCCGUAU 

Plate 1 A09 D-013696-01 B3GALNT1 8706 84452149 GAUAUGAGGUUCUUACAUU 

Plate 1 A09 D-013696-02 B3GALNT1 8706 84452149 CAGGUUAUCCUCUAAUUGA 

Plate 1 A09 D-013696-03 B3GALNT1 8706 84452149 GUCGGGAUCUGUUUGAAUU 

Plate 1 A09 D-013696-04 B3GALNT1 8706 84452149 GUGCCAAGGAUCUAUGAAA 

Plate 1 A10 D-013697-01 B3GALT4 8705 51702476 CAACGUCCCUGAACUGGUA 

Plate 1 A10 D-013697-02 B3GALT4 8705 51702476 GCAGGCACCGCGUAUCAGA 

Plate 1 A10 D-013697-03 B3GALT4 8705 51702476 GGUAAGUGCCCGACGAGGA 

Plate 1 A10 D-013697-04 B3GALT4 8705 51702476 CCUGCGGUGUCGAGCAAUA 

Plate 1 A11 D-021340-02 B3GALT6 126792 116268096 GCAACUCUGCGACUACUAC 

Plate 1 A11 D-021340-03 B3GALT6 126792 116268096 ACGAAAACCUCACGGCCAA 

Plate 1 A11 D-021340-17 B3GALT6 126792 116268096 AGUGUUUGCUUGCGACUUA 

Plate 1 A11 D-021340-18 B3GALT6 126792 116268096 UGGGUUAGGCUCCGGGUCA 

Plate 1 B02 D-011279-01 B4GALNT1 2583 84781815 GCACACAUCCCGGUCAGGA 

Plate 1 B02 D-011279-02 B4GALNT1 2583 84781815 CAACAUCAGCGCUCUAGUC 

Plate 1 B02 D-011279-03 B4GALNT1 2583 84781815 UCACCGACGGCGUGGUUAA 

Plate 1 B02 D-011279-04 B4GALNT1 2583 84781815 CUUCUGGUCAGGAGGUAUA 

Plate 1 B03 D-011933-01 B4GALT6 9331 13929471 AGAGUUAGCUCCAAUCGAA 

Plate 1 B03 D-011933-02 B4GALT6 9331 13929471 UCGAUGGACUGAACAAUUU 

Plate 1 B03 D-011933-03 B4GALT6 9331 13929471 GCUCAACGGUACAGAUUAU 

Plate 1 B03 D-011933-04 B4GALT6 9331 13929471 CAACGUAUCUCCCGGAAAA 

Plate 1 B04 D-009631-03 CDIPT 10423 116812598 GUCACAAGAUGAUCGACUU 

Plate 1 B04 D-009631-04 CDIPT 10423 116812598 CGGAUUGUCUUCGCCAUCA 
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Plate 1 B04 D-009631-17 CDIPT 10423 116812598 CACCUUGUGUGCUGGGAAU 

Plate 1 B04 D-009631-18 CDIPT 10423 116812598 GCCAAGAAGAAGUGACGCU 

Plate 1 B05 D-008680-01 CDS1 1040 22035623 GCAAUGACAUAACUGCUUA 

Plate 1 B05 D-008680-02 CDS1 1040 22035623 UGACAGAUAUGGAGAUUUG 

Plate 1 B05 D-008680-04 CDS1 1040 22035623 UAACUAUGAUCUCGUUGUU 

Plate 1 B05 D-008680-17 CDS1 1040 22035623 AUGAGUAAGUUGACGAUGU 

Plate 1 B06 D-009591-02 CDS2 8760 22035625 CAUAUGAUCUGCCCUGGUU 

Plate 1 B06 D-009591-03 CDS2 8760 22035625 GAAGAGCCUUUGCGGAUUC 

Plate 1 B06 D-009591-17 CDS2 8760 22035625 GUGAGACAGUGACGGAUUA 

Plate 1 B06 D-009591-18 CDS2 8760 22035625 GGUCAAGAAGCAUUAUCGA 

Plate 1 B07 D-004061-01 CERK 64781 156071516 GAUCAUCGCCGUUGAGGAA 

Plate 1 B07 D-004061-02 CERK 64781 156071516 CAACGGACUGCGUGUGUUA 

Plate 1 B07 D-004061-03 CERK 64781 156071516 CCACUGACAUCAUCGUUAC 

Plate 1 B07 D-004061-04 CERK 64781 156071516 CAAGGCAAGCGGAUAUAUG 

Plate 1 B08 D-010275-01 LASS1 10715 110349724 UCACCAAGCUCAACAUUUA 

Plate 1 B08 D-010275-02 LASS1 10715 110349724 CGAGAGCGCUUGGAAGUUU 

Plate 1 B08 D-010275-04 LASS1 10715 110349724 CACCAUCUGUCUUCUACGA 

Plate 1 B08 D-010275-17 LASS1 10715 110349724 CCAUCUACGCUACGCUAUA 

Plate 1 B09 D-010282-01 LASS2 29956 115430220 UAACAACCAUCGUAAGAAU 

Plate 1 B09 D-010282-02 LASS2 29956 115430220 GAAAGCUGGUAGAAGAUGA 

Plate 1 B09 D-010282-03 LASS2 29956 115430220 UGAUUGAACUUUCCUUCUA 

Plate 1 B09 D-010282-04 LASS2 29956 115430220 GCACUAUCCCUUCCCAGUA 

Plate 1 B10 D-017860-01 LASS3 204219 116235445 GCAAAGAGAUGGAUUGUUU 

Plate 1 B10 D-017860-02 LASS3 204219 116235445 GAAAGAUGGUUUAGGAGUC 

Plate 1 B10 D-017860-03 LASS3 204219 116235445 UGAUAAACCUUGGCUAUAU 

Plate 1 B10 D-017860-18 LASS3 204219 116235445 CCACAGGAGAGGUCGGCUU 

Plate 1 B11 D-014364-01 LASS4 79603 13375716 UCAACUACAUGCAGUAUCA 

Plate 1 B11 D-014364-02 LASS4 79603 13375716 GGACAGAGCUAGAAGACCG 

Plate 1 B11 D-014364-03 LASS4 79603 13375716 GCAGGACAGGUUCUGGUUA 

Plate 1 B11 D-014364-04 LASS4 79603 13375716 GAGAAGGACAUUCGUAGUG 

Plate 1 C02 D-016077-01 LASS5 91012 142388956 CAAUAUGGUUCGAGUGGGA 

Plate 1 C02 D-016077-02 LASS5 91012 142388956 CUACCUAAUUGCACGGAUU 

Plate 1 C02 D-016077-19 LASS5 91012 142388956 CUUUGAGAGUUGGGAGAUA 

Plate 1 C02 D-016077-20 LASS5 91012 142388956 GGAUUGGAAUGUCCGAAAA 

Plate 1 C03 D-032207-01 LASS6 253782 45007001 GAAGUGAUAUUGAGUCUAG 

Plate 1 C03 D-032207-02 LASS6 253782 45007001 CAAGCACGCUGACGAGGUU 

Plate 1 C03 D-032207-03 LASS6 253782 45007001 CGCCAUAGCCCUCAACAUU 

Plate 1 C03 D-032207-04 LASS6 253782 45007001 CUUCUGGUCUUACUUGAUU 

Plate 1 C04 D-006675-01 DEGS1 8560 21614503 GAGAUAAAGUCCUUGAUGA 

Plate 1 C04 D-006675-02 DEGS1 8560 21614503 GGAAUUAAAUCCUUAGUCU 

Plate 1 C04 D-006675-04 DEGS1 8560 21614503 GGGAGAUCCUGGCAAAGUA 

Plate 1 C04 D-006675-05 DEGS1 8560 21614503 GCGUUUGGCAGUUGCAUUA 

Plate 1 C05 D-010296-01 DEGS2 123099 46048444 GGCUCAAGCCCGUGGUCUA 

Plate 1 C05 D-010296-02 DEGS2 123099 46048444 AGAAGUACCACGUGGACCA 

Plate 1 C05 D-010296-03 DEGS2 123099 46048444 CAGCACCACUCCUGGGUGA 

Plate 1 C05 D-010296-04 DEGS2 123099 46048444 CCGCCUCCUUCAAGAAGUA 

Plate 1 C06 D-019141-01 FIG4 9896 36030904 GAACAAAGAUGGGACAGAA 

Plate 1 C06 D-019141-02 FIG4 9896 36030904 GAAGUUAUCUGUGCUGUGA 

Plate 1 C06 D-019141-05 FIG4 9896 36030904 GUAGUGAGCCUUAUAUGAA 

Plate 1 C06 D-019141-06 FIG4 9896 36030904 UCUAUAAGGUCGAAGAUAC 

Plate 1 C07 D-011956-02 GAL3ST1 9514 4758087 GGAAGUUCAUUCGCGAUUU 

Plate 1 C07 D-011956-03 GAL3ST1 9514 4758087 GAAACCUGCUCUUCUUCGA 

Plate 1 C07 D-011956-04 GAL3ST1 9514 4758087 GCUACAACCUCAAGAAGAG 

Plate 1 C07 D-011956-17 GAL3ST1 9514 4758087 GCGACAAGCUGACCGAGUU 

Plate 1 C08 D-011038-17 GALC 2581 83281451 CUGGCAACGCCGAGCGAAA 
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Plate 1 C08 D-011038-18 GALC 2581 83281451 GAGAAUUAUUUCCGAGGAU 

Plate 1 C08 D-011038-19 GALC 2581 83281451 GAAAGGAGGAAGCUACGUA 

Plate 1 C08 D-011038-20 GALC 2581 83281451 GAUUAUCUCUUUAAGCCGA 

Plate 1 C09 D-006366-01 GBA 2629 54607042 GAAGAAGGAAUCGGAUAUA 

Plate 1 C09 D-006366-03 GBA 2629 54607042 CCAAUUGGGUGCGUAACUU 

Plate 1 C09 D-006366-04 GBA 2629 54607042 CAACAUCCUUGCCCUGUCA 

Plate 1 C09 D-006366-05 GBA 2629 54607042 GCACAGGCCUGCUACUGAC 

Plate 1 C10 D-009375-01 GBA2 57704 27413907 GGACGAAGCUCUAGAUGUG 

Plate 1 C10 D-009375-02 GBA2 57704 27413907 GUACAAAUCUGCGCUGUUC 

Plate 1 C10 D-009375-03 GBA2 57704 27413907 CCAAGAAGCCUAUGAGAGA 

Plate 1 C10 D-009375-04 GBA2 57704 27413907 GGUAUUGGAUGACAGAUCA 

Plate 1 C11 D-015227-01 GBA3 57733 17933755 CAGCUUGGAUUGACUCAUU 

Plate 1 C11 D-015227-02 GBA3 57733 17933755 CAACUCGCUUAAUCAAGUA 

Plate 1 C11 D-015227-03 GBA3 57733 17933755 ACACAUCGGCCAAGGAAUA 

Plate 1 C11 D-015227-04 GBA3 57733 17933755 GCAAGGCUAUCCAUCAUCG 

Plate 1 D02 D-019153-01 GBGT1 26301 156071514 CCACUGAACCUGACCAUUG 

Plate 1 D02 D-019153-02 GBGT1 26301 156071514 GGGUGUAUCUUGAGAACUG 

Plate 1 D02 D-019153-03 GBGT1 26301 156071514 UAUGAGCGCAGGCGUGUUU 

Plate 1 D02 D-019153-04 GBGT1 26301 156071514 GUAUAUGAGUUUACUAGGG 

Plate 1 D03 D-012538-03 GLA 2717 125661058 AAGCUAGGGUUCUAUGAAU 

Plate 1 D03 D-012538-20 GLA 2717 125661058 AGGCAGACCCUCAGCGCUU 

Plate 1 D03 D-012538-21 GLA 2717 125661058 GAGUAGAUCUGCUAAAAUU 

Plate 1 D03 D-012538-22 GLA 2717 125661058 GGUUAUAAGCACAUGUCCU 

Plate 1 D04 D-012539-01 GLB1 2720 119372311 GUGCAUAUAUCAACGAUUU 

Plate 1 D04 D-012539-02 GLB1 2720 119372311 GAAUGGAGGGCCAGUUAUA 

Plate 1 D04 D-012539-03 GLB1 2720 119372311 UGAAACAGCAUUAUGGGUU 

Plate 1 D04 D-012539-04 GLB1 2720 119372311 GGUCCUAUCCCUCCAUCUA 

Plate 1 D05 D-011050-01 HEXB 3074 13128866 UGACCAGUCUUUCCCAUAU 

Plate 1 D05 D-011050-02 HEXB 3074 13128866 GAGGAAGCGUUUCGACGAU 

Plate 1 D05 D-011050-03 HEXB 3074 13128866 GCAUUACGAGGUUUAGAGA 

Plate 1 D05 D-011050-18 HEXB 3074 13128866 AGAUAUGGAUGACGCCUAU 

Plate 1 D06 D-020852-01 INPP5E 56623 38327538 GUUGGCAGCUGGCAAAUUU 

Plate 1 D06 D-020852-02 INPP5E 56623 38327538 CCACAAGGGUGACAUCUGU 

Plate 1 D06 D-020852-03 INPP5E 56623 38327538 GAUGAGGUGUUCUGGUUUG 

Plate 1 D06 D-020852-04 INPP5E 56623 38327538 ACUCGGAUCUUGCAGACUA 

Plate 1 D07 D-009936-04 KDSR 2531 148728189 GGAAGUGCAUUGCUAUCGA 

Plate 1 D07 D-009936-05 KDSR 2531 148728189 GCAUUGCUAUCGAGUGCUA 

Plate 1 D07 D-009936-06 KDSR 2531 148728189 UAACUUCUAUUACUGAGGG 

Plate 1 D07 D-009936-20 KDSR 2531 148728189 GCAAAGAAACUUCGAAAUC 

Plate 1 D08 D-008036-02 MTM1 4534 4557895 GGUGUGAUCUCGAGAAUUG 

Plate 1 D08 D-008036-03 MTM1 4534 4557895 GACAGGAGCCAUUCAAGUA 

Plate 1 D08 D-008036-04 MTM1 4534 4557895 CGAGAAAGACAGAAGGUUA 

Plate 1 D08 D-008036-05 MTM1 4534 4557895 GAUGCAAGACCCAGCGUAA 

Plate 1 D09 D-008039-02 MTMR3 8897 148276975 CAAAUUAUGUGGUAGCUAU 

Plate 1 D09 D-008039-03 MTMR3 8897 148276975 GAAAUGGAGUGGCUGGAUU 

Plate 1 D09 D-008039-04 MTMR3 8897 148276975 GCGAAUGCCCAGAGUAUUA 

Plate 1 D09 D-008039-05 MTMR3 8897 148276975 GACCAAACGUGGACAGUUC 

Plate 1 D10 D-011090-01 NAGA 4668 4557780 GAACUUUGGUCUCAGCUUA 

Plate 1 D10 D-011090-03 NAGA 4668 4557780 CCGGGUCUGUGAUAUAUGA 

Plate 1 D10 D-011090-04 NAGA 4668 4557780 GGGACAUGGGCUACACAUA 

Plate 1 D10 D-011090-17 NAGA 4668 4557780 UGGAGAUGGCUGACCGGAU 

Plate 1 D11 D-010026-01 OCRL 4952 21396493 GAAAUUACCUCCCAAGUUG 

Plate 1 D11 D-010026-04 OCRL 4952 21396493 UGAAAUCCCUGAUGAGGAA 

Plate 1 D11 D-010026-05 OCRL 4952 21396493 UGACAUAGCUUCUAACAGU 

Plate 1 D11 D-010026-06 OCRL 4952 21396493 GAAAGGAUCAGUGUCGAUA 
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Plate 1 E02 D-018403-01 ORMDL1 94101 31377759 GGAGUUGGCUUGCUUCAUA 

Plate 1 E02 D-018403-02 ORMDL1 94101 31377759 GUUCGGAUCUUUGGAAUUA 

Plate 1 E02 D-018403-03 ORMDL1 94101 31377759 GCUUGGACUUUAACAAAUA 

Plate 1 E02 D-018403-04 ORMDL1 94101 31377759 AAGCAAGGCUCCUAACUCA 

Plate 1 E03 D-017035-02 ORMDL2 29095 119943094 UAAGUGUACUGCUGCCGAA 

Plate 1 E03 D-017035-03 ORMDL2 29095 119943094 GCAAAUGGACUAUGGGCUC 

Plate 1 E03 D-017035-04 ORMDL2 29095 119943094 UGGUAGGAUUGCUGCAUAU 

Plate 1 E03 D-017035-18 ORMDL2 29095 119943094 CCAAGGAAAGGCUCGGCUA 

Plate 1 E04 D-017002-01 ORMDL3 94103 27544926 UCACCAGCUUCUACACUAA 

Plate 1 E04 D-017002-02 ORMDL3 94103 27544926 GCAUGUAUAUCUUCCUGCA 

Plate 1 E04 D-017002-03 ORMDL3 94103 27544926 CGGAAGUUCUUGACCAUCA 

Plate 1 E04 D-017002-04 ORMDL3 94103 27544926 GCAUCUGGCUCUCCUACGU 

Plate 1 E05 D-010392-01 PEMT 10400 22538481 GAACUUUCCUAGGUGAUUA 

Plate 1 E05 D-010392-02 PEMT 10400 22538481 CUCAAGGAGGCGAGAGUGA 

Plate 1 E05 D-010392-03 PEMT 10400 22538481 ACAUAGUGGCUCUCCUAUA 

Plate 1 E05 D-010392-04 PEMT 10400 22538481 CCGCUGAGAUCUACCGGCA 

Plate 1 E06 D-006770-02 PI4K2A 55361 19923532 GUAACUAUCUUGAAGGUUU 

Plate 1 E06 D-006770-03 PI4K2A 55361 19923532 AGAAAGGGAGUGAGGACUA 

Plate 1 E06 D-006770-05 PI4K2A 55361 19923532 GAGACGAGCCCACUAGUGU 

Plate 1 E06 D-006770-18 PI4K2A 55361 19923532 GUUUAACCGCAUCGGGCUA 

Plate 1 E07 D-006776-02 PI4KA 5297 155030227 GUGAAGCGAUGUGGAGUUA 

Plate 1 E07 D-006776-03 PI4KA 5297 155030227 CCACAGGCCUCUCCUACUU 

Plate 1 E07 D-006776-09 PI4KA 5297 155030227 GCAGAAAUUUGGCCUGUUU 

Plate 1 E07 D-006776-25 PI4KA 5297 155030227 CCAACAUGACUGAGCGCGA 

Plate 1 E08 D-006777-02 PI4KB 5298 4505808 GGGAUGACCUUCGGCAAGA 

Plate 1 E08 D-006777-03 PI4KB 5298 4505808 GAGAUCCGUUGCCUAGAUG 

Plate 1 E08 D-006777-06 PI4KB 5298 4505808 GCACCGAGAGUAUUGAUAA 

Plate 1 E08 D-006777-21 PI4KB 5298 4505808 GCUGAUUGCCGCUCGGAAA 

Plate 1 E09 D-006771-01 PIK3C2A 5286 157671928 AGGAAGUGCUGCAGAAUAA 

Plate 1 E09 D-006771-02 PIK3C2A 5286 157671928 GAAGAGAGAUCGACAGCAA 

Plate 1 E09 D-006771-03 PIK3C2A 5286 157671928 GGAUUUCAGCUACCAGUUA 

Plate 1 E09 D-006771-04 PIK3C2A 5286 157671928 CAAGGAAGCUUACCUAUCU 

Plate 1 E10 D-006772-01 PIK3C2B 5287 15451925 GCCGGAAGCUUCUGGGUUU 

Plate 1 E10 D-006772-03 PIK3C2B 5287 15451925 CAAGAGCUCUGGCCGAAUC 

Plate 1 E10 D-006772-04 PIK3C2B 5287 15451925 GCUGAGACCCUGCGUAAGA 

Plate 1 E10 D-006772-05 PIK3C2B 5287 15451925 GCUACCAGCUAUGAAGAUU 

Plate 1 E11 D-006773-01 PIK3C2G 5288 117306164 GUAAAGCCUUGAAUGAUGA 

Plate 1 E11 D-006773-02 PIK3C2G 5288 117306164 GGACCGAGCUCCUUUCAUU 

Plate 1 E11 D-006773-03 PIK3C2G 5288 117306164 GCACAAAUGUCAGCCAUAA 

Plate 1 E11 D-006773-04 PIK3C2G 5288 117306164 GAAAGAAAUUGGCAGACUA 

Plate 1 F02 D-003018-07 PIK3CA 5290 54792081 GGACAACUGUUUCAUAUAG 

Plate 1 F02 D-003018-08 PIK3CA 5290 54792081 GCCAGUACCUCAUGGAUUA 

Plate 1 F02 D-003018-24 PIK3CA 5290 54792081 CUUGAAGAGUGUCGAAUUA 

Plate 1 F02 D-003018-25 PIK3CA 5290 54792081 GCUUGAAGAGUGUCGAAUU 

Plate 1 F03 D-003019-05 PIK3CB 5291 5453893 CGACAAGACUGCCGAGAGA 

Plate 1 F03 D-003019-06 PIK3CB 5291 5453893 UCAAGUGUCUCCUAAUAUG 

Plate 1 F03 D-003019-07 PIK3CB 5291 5453893 GGAUUCAGUUGGAGUGAUU 

Plate 1 F03 D-003019-09 PIK3CB 5291 5453893 CCAGUACGUUCGAGAAUAU 

Plate 1 F04 D-006775-05 PIK3CD 5293 156564404 GCAAAGGCCUCCACGAGUU 

Plate 1 F04 D-006775-06 PIK3CD 5293 156564404 GCAACGAGAUGCUGUGCAA 

Plate 1 F04 D-006775-07 PIK3CD 5293 156564404 CCAAAGACAUCCAGUAUCU 

Plate 1 F04 D-006775-21 PIK3CD 5293 156564404 CGAGUGAAGUUUAACGAAG 

Plate 1 F05 D-005274-03 PIK3CG 5294 21237724 CUACAGCCCUAUCAAAUGA 

Plate 1 F05 D-005274-04 PIK3CG 5294 21237724 GGUCCAGGCUGUGAAAUUU 

Plate 1 F05 D-005274-05 PIK3CG 5294 21237724 AGAAAUCUCUGAUGGAUAU 
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Plate 1 F05 D-005274-06 PIK3CG 5294 21237724 GACGUCAGUUCCCAAGUUA 

Plate 1 F06 D-003020-10 PIK3R1 5295 32455251 GAAGUAAAGCAUUGUGUCA 

Plate 1 F06 D-003020-11 PIK3R1 5295 32455251 GACGAGAGACCAAUACUUG 

Plate 1 F06 D-003020-26 PIK3R1 5295 32455251 GUACAUAACAAGCGAACGU 

Plate 1 F06 D-003020-27 PIK3R1 5295 32455251 CUGUAGUGGUGGACGGCGA 

Plate 1 F07 D-005058-09 PIP5K3 200576 121583881 GAAUGGAGUUUCAGGAUCA 

Plate 1 F07 D-005058-10 PIP5K3 200576 121583881 GGAAAUCUCCUGCUCGAAA 

Plate 1 F07 D-005058-11 PIP5K3 200576 121583881 UGAAGAAGGUGACGAUAAU 

Plate 1 F07 D-005058-12 PIP5K3 200576 121583881 GGACUCUGCUAAUGAUUUG 

Plate 1 F08 D-004780-04 PIP5K1A 8394 4505814 AGAAGCAGCUCCUCUUUAA 

Plate 1 F08 D-004780-05 PIP5K1A 8394 4505814 GGAGAGACUUUGCAAAUGC 

Plate 1 F08 D-004780-06 PIP5K1A 8394 4505814 ACACAGUACUCAGUUGAUA 

Plate 1 F08 D-004780-07 PIP5K1A 8394 4505814 AGUGAGGGCUCGCCUAUUC 

Plate 1 F09 D-009622-01 PLA2G15 23659 64085296 GGACAUCGGCUUUGAAGAU 

Plate 1 F09 D-009622-02 PLA2G15 23659 64085296 GACAAUAUCAGGCUGGUUU 

Plate 1 F09 D-009622-17 PLA2G15 23659 64085296 GCAACAUGUACACGCUCUA 

Plate 1 F09 D-009622-18 PLA2G15 23659 64085296 GCAGCGAGCACAUCGAGAU 

Plate 1 F10 D-010280-01 PLCB1 23236 33356545 CAACAGAAAUCGUUUGUGA 

Plate 1 F10 D-010280-02 PLCB1 23236 33356545 GAUGAUGACUCAACUAUUG 

Plate 1 F10 D-010280-03 PLCB1 23236 33356545 GCAAUUGGCUGCUUUGACA 

Plate 1 F10 D-010280-04 PLCB1 23236 33356545 GAAGAUAACAGAAGCUAAA 

Plate 1 F11 D-004201-01 PLCE1 51196 117168249 GAAGAGAAAUGGUCCCUUA 

Plate 1 F11 D-004201-03 PLCE1 51196 117168249 GCAAAAGGCUCAUCAGUUA 

Plate 1 F11 D-004201-04 PLCE1 51196 117168249 GCAUAUACCUGUAAACUGA 

Plate 1 F11 D-004201-17 PLCE1 51196 117168249 GCUUAAAGAAUUCGGAGAA 

Plate 1 G02 D-007718-01 PPT1 5538 50726955 GGAGACAACUAACUAAAGU 

Plate 1 G02 D-007718-03 PPT1 5538 50726955 GAAGUAGCACCCAAAUUAA 

Plate 1 G02 D-007718-04 PPT1 5538 50726955 GAGAUCAACCCACAUUAGA 

Plate 1 G02 D-007718-17 PPT1 5538 50726955 AGAAAAUGUAGGCGCGAAA 

Plate 1 G03 D-003694-01 PSAP 5660 110224477 GGAGAUCCUUGUUUACUUG 

Plate 1 G03 D-003694-02 PSAP 5660 110224477 GCUCGAAGCUGCCGAAGUC 

Plate 1 G03 D-003694-03 PSAP 5660 110224477 UGACCAAGCUGAUUGACAA 

Plate 1 G03 D-003694-04 PSAP 5660 110224477 CAAAGUGGCCUCCAAGAAU 

Plate 1 G04 D-184602-05 PSAPL1 768239 145977197 GCAAAGGGCUCCACGGUGU 

Plate 1 G04 D-184602-06 PSAPL1 768239 145977197 GCAAGAGCACCAAGCGAGA 

Plate 1 G04 D-184602-07 PSAPL1 768239 145977197 GGAACAAACCCACCGCGAA 

Plate 1 G04 D-184602-08 PSAPL1 768239 145977197 CCACUGAGCACAUGCGUCU 

Plate 1 G05 D-003023-05 PTEN 5728 110224474 GUGAAGAUCUUGACCAAUG 

Plate 1 G05 D-003023-06 PTEN 5728 110224474 GAUCAGCAUACACAAAUUA 

Plate 1 G05 D-003023-07 PTEN 5728 110224474 GGCGCUAUGUGUAUUAUUA 

Plate 1 G05 D-003023-08 PTEN 5728 110224474 GUAUAGAGCGUGCAGAUAA 

Plate 1 G06 D-007280-01 SACM1L 22908 7662337 GAAGUGGAAUGAUGAGAUA 

Plate 1 G06 D-007280-02 SACM1L 22908 7662337 GACCAAACCUCAAGUACAA 

Plate 1 G06 D-007280-03 SACM1L 22908 7662337 GGAACUCAAUGAUACGAUA 

Plate 1 G06 D-007280-04 SACM1L 22908 7662337 GAGCUGGUGUGCGCUAUUA 

Plate 1 G07 D-015900-01 SAMD8 142891 21389544 GAAAUUACAUCGAGCCUUU 

Plate 1 G07 D-015900-02 SAMD8 142891 21389544 GCUGAAGGAUGAAGGCUUU 

Plate 1 G07 D-015900-03 SAMD8 142891 21389544 CCAGAUAUAUUCUUAGACA 

Plate 1 G07 D-015900-04 SAMD8 142891 21389544 ACACAGUCGUCCUAACUAU 

Plate 1 G08 D-008747-01 SGPL1 8879 31982935 GAAUAUGGUUGCAGAAUUG 

Plate 1 G08 D-008747-02 SGPL1 8879 31982935 GGACAAAGAGUAUGUGAAA 

Plate 1 G08 D-008747-03 SGPL1 8879 31982935 GAACAUGUCAUUCCUGAAA 

Plate 1 G08 D-008747-04 SGPL1 8879 31982935 GAAGAGCUAUCUCCAGGAA 

Plate 1 G09 D-014653-01 SGPP1 81537 40254975 GAACUUCCUUAUCGGUAUA 

Plate 1 G09 D-014653-02 SGPP1 81537 40254975 AAUCUUAGCUGUCUUCUAU 
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Plate 1 G09 D-014653-03 SGPP1 81537 40254975 GCAACGAACUCUUCUACAU 

Plate 1 G09 D-014653-04 SGPP1 81537 40254975 UCACAAAUAUGCUCCAUUC 

Plate 1 G10 D-015727-01 SGPP2 130367 23510288 UGAAGUGCCUUACAAGUUU 

Plate 1 G10 D-015727-02 SGPP2 130367 23510288 AGAAGUACGUCGUGAAGAA 

Plate 1 G10 D-015727-03 SGPP2 130367 23510288 CAUCUGCGCUACAACCUUU 

Plate 1 G10 D-015727-04 SGPP2 130367 23510288 ACUGGAAUAUUGACCCUUA 

Plate 1 G11 D-006676-01 SMPD1 6609 56117841 GCAUAUAAUUGGCCACAUU 

Plate 1 G11 D-006676-04 SMPD1 6609 56117841 AGACCUACAUCCUGAAUCU 

Plate 1 G11 D-006676-17 SMPD1 6609 56117841 CUCUACAGGGCUCGAGAAA 

Plate 1 G11 D-006676-18 SMPD1 6609 56117841 GCUGGAAUUAUUACCGAAU 

Plate 1 H02 D-006677-01 SMPD2 6610 92859617 GCAGAGAGGUCGCCGUUGA 

Plate 1 H02 D-006677-02 SMPD2 6610 92859617 GGAGGUCAAUGGCUUAUAU 

Plate 1 H02 D-006677-03 SMPD2 6610 92859617 CAAGGCAGUUUCUGGGUUU 

Plate 1 H02 D-006677-04 SMPD2 6610 92859617 UGAAACCACUACAGGCUUU 

Plate 1 H03 D-006678-01 SMPD3 55512 46358429 CAACAGCGGCCUCCUCUUU 

Plate 1 H03 D-006678-04 SMPD3 55512 46358429 CAAGCGAGCAGCCACCAAA 

Plate 1 H03 D-006678-17 SMPD3 55512 46358429 ACCAAAGAAUCGUCGGGUA 

Plate 1 H03 D-006678-18 SMPD3 55512 46358429 CGAACGGCCUGUACGAUGA 

Plate 1 H04 D-020681-01 SMPD4 55627 102467483 UGAAUCCGUUCGAGUAUUA 

Plate 1 H04 D-020681-03 SMPD4 55627 102467483 CCAACGACCUGGACGAGAU 

Plate 1 H04 D-020681-04 SMPD4 55627 102467483 GGCCAGGACUGCAAGUACA 

Plate 1 H04 D-020681-18 SMPD4 55627 102467483 AGGUGAAGAGCCACGUCUA 

Plate 1 H05 D-003630-01 SMPDL3A 10924 34147321 AGAAGCAUCUUUCAUGAUA 

Plate 1 H05 D-003630-03 SMPDL3A 10924 34147321 GAACAUCACAGCAAUGAGA 

Plate 1 H05 D-003630-04 SMPDL3A 10924 34147321 GAAGUCCAGUAAAUUCUUU 

Plate 1 H05 D-003630-17 SMPDL3A 10924 34147321 CAGUAUGAUCCUCGUGAUU 

Plate 1 H06 D-010136-01 SMPDL3B 27293 57242799 AGAGAGGUCUUUCCAGAUA 

Plate 1 H06 D-010136-03 SMPDL3B 27293 57242799 UGGAAACCCUGGCUUAGUA 

Plate 1 H06 D-010136-19 SMPDL3B 27293 57242799 CCAUCCGGGUGUUCGAAUA 

Plate 1 H06 D-010136-20 SMPDL3B 27293 57242799 GAAGCAUCAUCGCGUCAUA 

Plate 1 H07 D-004172-22 SPHK1 8877 21361087 GGGAAUUGAUGGUUAGCGA 

Plate 1 H07 D-004172-23 SPHK1 8877 21361087 CGACGAGGACUUUGUGCUA 

Plate 1 H07 D-004172-24 SPHK1 8877 21361087 AGGGCAGGCAUAUGGAGUA 

Plate 1 H07 D-004172-25 SPHK1 8877 21361087 CUGACCAACUGCACGCUAU 

Plate 1 H08 D-004831-01 SPHK2 56848 21361698 CAAGGCAGCUCUACACUCA 

Plate 1 H08 D-004831-02 SPHK2 56848 21361698 GAGACGGGCUGCUCCAUGA 

Plate 1 H08 D-004831-03 SPHK2 56848 21361698 GCUCCUCCAUGGCGAGUUU 

Plate 1 H08 D-004831-04 SPHK2 56848 21361698 CCACUGCCCUCACCUGUCU 

Plate 1 H09 D-011546-01 ST3GAL5 8869 109633045 CAAUGGCGCUGUUAUUUGA 

Plate 1 H09 D-011546-03 ST3GAL5 8869 109633045 GACCAUGCAUAAUGUGACA 

Plate 1 H09 D-011546-04 ST3GAL5 8869 109633045 CGGAAGUUCUCCAGUAAAG 

Plate 1 H09 D-011546-17 ST3GAL5 8869 109633045 AGGAAUACUGCACGGAUUA 

Plate 1 H10 D-006441-01 UGCG 7357 4507810 GAUAUGAAGUUGCAAAGUA 

Plate 1 H10 D-006441-02 UGCG 7357 4507810 GCGAAUCCAUGACAAUAUA 

Plate 1 H10 D-006441-03 UGCG 7357 4507810 GGACCAAACUACGAAUUAA 

Plate 1 H10 D-006441-18 UGCG 7357 4507810 GAUUUGUGAUAGUGGAAUA 

Plate 1 H11 D-010270-02 UGT8 7368 40254470 ACACUAAACUCAUAGAAUG 

Plate 1 H11 D-010270-05 UGT8 7368 40254470 CGAGAGAGGCCACCAUACA 

Plate 1 H11 D-010270-06 UGT8 7368 40254470 GAUGCUGUGUACUGACGUA 

Plate 1 H11 D-010270-19 UGT8 7368 40254470 CAGUCCAAGAUGCGGAAUA 

              

Plate 2 A02 D-008773-01 ACAA2 10449 5174428 CAAGAAAGAUGGAACUGUU 

Plate 2 A02 D-008773-02 ACAA2 10449 5174428 GAAGAAAGCAGGACUGAGU 

Plate 2 A02 D-008773-03 ACAA2 10449 5174428 GCAAUGUCCUGCAGAGUUC 

Plate 2 A02 D-008773-04 ACAA2 10449 5174428 UAAUGAUGCUGGCUACUUU 
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Plate 2 A03 D-004759-01 ACACB 32 134142061 GAACAUCCCUGCACAGAAA 

Plate 2 A03 D-004759-05 ACACB 32 134142061 CCACAAAGGAUUUAAAUAC 

Plate 2 A03 D-004759-18 ACACB 32 134142061 GAACUUAACCGGAUGCGUA 

Plate 2 A03 D-004759-19 ACACB 32 134142061 AGAUACAUGAUCACGGAUA 

Plate 2 A04 D-009851-01 ACADL 33 4501856 GGAGAAAGCUGGAGAAGUA 

Plate 2 A04 D-009851-02 ACADL 33 4501856 GGAGCAAGCUUAUUCAAAU 

Plate 2 A04 D-009851-03 ACADL 33 4501856 GCAAGGUGUUCAUCAGUAA 

Plate 2 A04 D-009851-04 ACADL 33 4501856 GAUAUACGGUUGCCAGCUA 

Plate 2 A05 D-009392-03 ACADVL 37 76496474 UAACUGAGUCCAUGGCUUA 

Plate 2 A05 D-009392-04 ACADVL 37 76496474 CAGAUCAGGUGUUCCCAUA 

Plate 2 A05 D-009392-05 ACADVL 37 76496474 GGGAGUGGCUUCAAGGUUG 

Plate 2 A05 D-009392-06 ACADVL 37 76496474 GGGCUUGGCAGUGCUCUAA 

Plate 2 A06 D-009600-01 ACOT8 10005 34577072 GAAUGGAGCCCAAACAGAU 

Plate 2 A06 D-009600-02 ACOT8 10005 34577072 CAAAAGAGGUACCCAUUGG 

Plate 2 A06 D-009600-04 ACOT8 10005 34577072 CAAGUGGAGCGGACACGAA 

Plate 2 A06 D-009600-17 ACOT8 10005 34577072 AUUACUGGGUACCGGCCAA 

Plate 2 A07 D-011654-01 ACSL1 2180 40807490 CAACAAAGCUGAACUCUCU 

Plate 2 A07 D-011654-02 ACSL1 2180 40807490 GAACAAGGAUGCUUUGCUU 

Plate 2 A07 D-011654-03 ACSL1 2180 40807490 GAAAUGAAGCCAUCACGUA 

Plate 2 A07 D-011654-04 ACSL1 2180 40807490 GAAGAUAUGGUGAGACUUG 

Plate 2 A08 D-010061-01 ACSL3 2181 12669907 GAAGGUGGAUACUUUAAUA 

Plate 2 A08 D-010061-02 ACSL3 2181 12669907 GGAAAUGGAUUACAGAUGU 

Plate 2 A08 D-010061-03 ACSL3 2181 12669907 UGAACUAGCUCGAAAGAAA 

Plate 2 A08 D-010061-04 ACSL3 2181 12669907 GUCAUGAUCUCACAUAGUA 

Plate 2 A09 D-009364-01 ACSL4 2182 4758331 GCACAGACCUGCUUUAAGU 

Plate 2 A09 D-009364-02 ACSL4 2182 4758331 GAAGGCGGUUAUACAAUUA 

Plate 2 A09 D-009364-03 ACSL4 2182 4758331 GAAGAAUUGUCCACUUAUU 

Plate 2 A09 D-009364-04 ACSL4 2182 4758331 GAUAGGGUAUGAUUACAAA 

Plate 2 A10 D-006327-01 ACSL5 51703 12669912 GAAAGAAAGUGGCCUUAAA 

Plate 2 A10 D-006327-02 ACSL5 51703 12669912 GAAGAACAAUGACCUAACA 

Plate 2 A10 D-006327-03 ACSL5 51703 12669912 GAUAGGGAAUGUAGAGAAA 

Plate 2 A10 D-006327-04 ACSL5 51703 12669912 GUACAAACGUGUUCAAAGG 

Plate 2 A11 D-007748-01 ACSL6 23305 57165411 UAGAAGAGCUUUACUCAAU 

Plate 2 A11 D-007748-02 ACSL6 23305 57165411 GACCUGAGCUGAGAGAGUA 

Plate 2 A11 D-007748-03 ACSL6 23305 57165411 GAAGAAGCCCUGAAAGAGA 

Plate 2 A11 D-007748-04 ACSL6 23305 57165411 GGAACGUGGUGGCUGAUUU 

Plate 2 B02 D-004896-01 ACSM1 116285 115511025 GAAGACAGCUAAAGUGGAA 

Plate 2 B02 D-004896-02 ACSM1 116285 115511025 GGACGGGCCUUCUGCUCUA 

Plate 2 B02 D-004896-03 ACSM1 116285 115511025 CAAGUUAUGUACUGGACUA 

Plate 2 B02 D-004896-04 ACSM1 116285 115511025 CCAAAGACAUUCUCUAUCG 

Plate 2 B03 D-022500-21 ACSM2A 123876 154689753 CAACAUUCGAGGAGACUUU 

Plate 2 B03 D-022500-22 ACSM2A 123876 154689753 UCAAAGAUGAAGAUGGGUA 

Plate 2 B03 D-022500-23 ACSM2A 123876 154689753 AGUGGAAGAUGUCCGGAAA 

Plate 2 B03 D-022500-24 ACSM2A 123876 154689753 GGUUGGGACAUUAGAAUCA 

Plate 2 B04 D-018702-01 ACSM2B 348158 157311623 GGGAUUAACUUGCAUGGUU 

Plate 2 B04 D-018702-03 ACSM2B 348158 157311623 GGACAUCCGAGAAUUCUAU 

Plate 2 B04 D-018702-04 ACSM2B 348158 157311623 GACACAGGUUGGAUACUGA 

Plate 2 B04 D-018702-13 ACSM2B 348158 157311623 AGUGGAAGAUGUCCGGAAA 

Plate 2 B05 D-020035-19 ACSM3 6296 47458817 ACAAAGAGGAGAUCGGGUA 

Plate 2 B05 D-020035-20 ACSM3 6296 47458817 GAACAAGUGGAUAUCCGAA 

Plate 2 B05 D-020035-21 ACSM3 6296 47458817 GGGCCUGGAUAUCUACGAA 

Plate 2 B05 D-020035-22 ACSM3 6296 47458817 CACCAACUGUAUACCGAAU 

Plate 2 B06 D-007256-01 AGK 55750 21359926 GAAACAAAGUCCAACAUAU 

Plate 2 B06 D-007256-02 AGK 55750 21359926 GCAUGGAUGUGACUAUUGU 

Plate 2 B06 D-007256-03 AGK 55750 21359926 GAGGCUACCUUCAGUAAGA 
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Plate 2 B06 D-007256-04 AGK 55750 21359926 GGAGAGACCAGUAGUUUGA 

Plate 2 B07 D-028988-01 TMEM195 392636 51972211 ACACCUGGAUUCUUCAAUA 

Plate 2 B07 D-028988-03 TMEM195 392636 51972211 GCUGGAUUCUCAAAGGAAA 

Plate 2 B07 D-028988-04 TMEM195 392636 51972211 UCGCCUGGAUGAUGCUUUA 

Plate 2 B07 D-028988-05 TMEM195 392636 51972211 AUACAGAGGUCAUCAAUAA 

Plate 2 B08 D-003810-01 AGPAT1 10554 26787964 AUGAAGAUCUUGCGUCUAA 

Plate 2 B08 D-003810-03 AGPAT1 10554 26787964 CGUGGCGCCUUCCAUCUUG 

Plate 2 B08 D-003810-04 AGPAT1 10554 26787964 UCGAGAACAUGAAGAUCUU 

Plate 2 B08 D-003810-05 AGPAT1 10554 26787964 UCAAAUACCUGUACGGGAU 

Plate 2 B09 D-003811-01 AGPAT2 10555 69122970 GUGCGAAGCUUCAAGUACU 

Plate 2 B09 D-003811-03 AGPAT2 10555 69122970 GCCGGACGGUGGAGAACAU 

Plate 2 B09 D-003811-21 AGPAT2 10555 69122970 CGGCCGAGUUCUACGCCAA 

Plate 2 B09 D-003811-22 AGPAT2 10555 69122970 GCGCUGUGCUUCACGGUGU 

Plate 2 B10 D-008620-01 AGPAT3 56894 40254934 GCUCCAAGGUCCUCGCUAA 

Plate 2 B10 D-008620-02 AGPAT3 56894 40254934 GGGAGCAGCUUCCUUUGGA 

Plate 2 B10 D-008620-03 AGPAT3 56894 40254934 UCCAGGAGAUAUAUAAUCA 

Plate 2 B10 D-008620-04 AGPAT3 56894 40254934 GCAGCUGUCUAUGAUGUAA 

Plate 2 B11 D-009283-01 AGPAT4 56895 69128030 AGAAAGAGCUGGCCUAUGU 

Plate 2 B11 D-009283-02 AGPAT4 56895 69128030 GGAGUUCGAUGGAUGAUUG 

Plate 2 B11 D-009283-03 AGPAT4 56895 69128030 GCACACGGUUCACGGAGAA 

Plate 2 B11 D-009283-04 AGPAT4 56895 69128030 AAAUGUAGUUUCAGCUGUA 

Plate 2 C02 D-008554-02 AGPAT5 55326 110349784 CAAGAAGACUUUACCAUCA 

Plate 2 C02 D-008554-03 AGPAT5 55326 110349784 GGAAGGAAGCUGUAUGUGA 

Plate 2 C02 D-008554-04 AGPAT5 55326 110349784 GAACUCCAAUGUAUCUUGU 

Plate 2 C02 D-008554-17 AGPAT5 55326 110349784 CAUUGAUCGUAUCGACAAA 

Plate 2 C03 D-010300-01 AGPAT6 137964 31343375 GAAAUUGGAGCCACAGUUU 

Plate 2 C03 D-010300-02 AGPAT6 137964 31343375 UUAAGGAGUUCAUGAGUAA 

Plate 2 C03 D-010300-03 AGPAT6 137964 31343375 GAACCUGCAUCAAUAAUAC 

Plate 2 C03 D-010300-04 AGPAT6 137964 31343375 GAGAAGAACCACCAGCUUU 

Plate 2 C04 D-010291-01 AGPAT9 84803 40255053 CCAAAGGAGUCGAUUCUUA 

Plate 2 C04 D-010291-02 AGPAT9 84803 40255053 GAAACUACCCAUACUAAUU 

Plate 2 C04 D-010291-03 AGPAT9 84803 40255053 CAAUGGAUCUCUCAGCUAA 

Plate 2 C04 D-010291-04 AGPAT9 84803 40255053 CAACAAUACUUCAGUCAUG 

Plate 2 C05 D-009267-01 AGPS 8540 88999596 GAAUCUAGCUUGCAAAUAU 

Plate 2 C05 D-009267-02 AGPS 8540 88999596 GAUGAGACAAGAACAAUUA 

Plate 2 C05 D-009267-03 AGPS 8540 88999596 GAGUAAAUGUGGAGCAUAA 

Plate 2 C05 D-009267-04 AGPS 8540 88999596 UGAAGGAACUCUUGGUGUA 

Plate 2 C06 D-008118-01 ALDH1A2 8854 25777723 CAACGUCACUGAUGAUAUG 

Plate 2 C06 D-008118-02 ALDH1A2 8854 25777723 GCAAAGGACUGGGCCGAAA 

Plate 2 C06 D-008118-03 ALDH1A2 8854 25777723 CGAAAGAGCCAAUAACUCA 

Plate 2 C06 D-008118-04 ALDH1A2 8854 25777723 GAUUUAAGACGAUGGAUGA 

Plate 2 C07 D-009386-05 ALDH3A2 224 73465985 CAGGAUCUCUAUAUUGUUA 

Plate 2 C07 D-009386-21 ALDH3A2 224 73465985 ACCCUAAAGUUGCAGGUUA 

Plate 2 C07 D-009386-22 ALDH3A2 224 73465985 CCUGGAAGUUAGUUGCCAA 

Plate 2 C07 D-009386-23 ALDH3A2 224 73465985 CGAGUAAGCCACUGCGGUU 

Plate 2 C08 D-008420-05 CBR4 84869 55775472 GGAGAUCAUUUGGCAUUUA 

Plate 2 C08 D-008420-06 CBR4 84869 55775472 ACACAGAUAUGACGAAAGA 

Plate 2 C08 D-008420-07 CBR4 84869 55775472 CGAGUAAAUUUCUUGGUAA 

Plate 2 C08 D-008420-08 CBR4 84869 55775472 GAAUGUAGUUGCACCAGGA 

Plate 2 C09 D-003922-01 DGAT1 8694 145864458 UCAUGUACGUCCACGACUA 

Plate 2 C09 D-003922-02 DGAT1 8694 145864458 UGACCUACCGCGAUCUCUA 

Plate 2 C09 D-003922-04 DGAT1 8694 145864458 CUACCGCGAUCUCUACUAC 

Plate 2 C09 D-003922-18 DGAT1 8694 145864458 CGGGAGUUCUACCGGGACU 

Plate 2 C10 D-009333-01 DGAT2 84649 26024196 UCACUUGGCUGGUGUUUGA 

Plate 2 C10 D-009333-02 DGAT2 84649 26024196 GCAGGCAACUUCCGAAUGC 
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Plate 2 C10 D-009333-03 DGAT2 84649 26024196 GCCGAUGGGUCCAGAAGAA 

Plate 2 C10 D-009333-04 DGAT2 84649 26024196 GCAAUGCUAUCAUCAUCGU 

Plate 2 C11 D-010310-01 DGAT2L6 347516 38348339 GAGAAUAUGUGAUGUCAAU 

Plate 2 C11 D-010310-02 DGAT2L6 347516 38348339 GUACGAAACUGGACCCUAU 

Plate 2 C11 D-010310-03 DGAT2L6 347516 38348339 GAAGACAGUAGACAAGUAU 

Plate 2 C11 D-010310-04 DGAT2L6 347516 38348339 CAGAAAGGCUCAGGCAAUG 

Plate 2 D02 D-011493-01 DGKE 8526 4503312 GCAAGAAUGUAAAGAUUUG 

Plate 2 D02 D-011493-02 DGKE 8526 4503312 GUACUCUUCUCCCAUAUUA 

Plate 2 D02 D-011493-03 DGKE 8526 4503312 GCAAGGAGAUUAUGCUCAA 

Plate 2 D02 D-011493-04 DGKE 8526 4503312 GGACGAGACUUACCCUCUA 

Plate 2 D03 D-010343-01 ECHS1 1892 12707569 GGAAGUAAGUUGGAGAAGA 

Plate 2 D03 D-010343-02 ECHS1 1892 12707569 GAGAAAGGCCAACUUCAAA 

Plate 2 D03 D-010343-03 ECHS1 1892 12707569 GGAAGAAGCCAUCCAGUGU 

Plate 2 D03 D-010343-04 ECHS1 1892 12707569 CCGGAGAUCUUAAUAGGAA 

Plate 2 D04 D-009355-01 ELOVL1 64834 13489092 GAUAAACUCUUCCGUGCAU 

Plate 2 D04 D-009355-02 ELOVL1 64834 13489092 GCACAACCCUACCUUUGGU 

Plate 2 D04 D-009355-03 ELOVL1 64834 13489092 CUCCGUGGCUUCAUGAUUG 

Plate 2 D04 D-009355-04 ELOVL1 64834 13489092 CCAUUCAGCUGAUCCAGUU 

Plate 2 D05 D-009531-02 ELOVL2 54898 157388944 CAAAUGGAGUGAUGAACAA 

Plate 2 D05 D-009531-03 ELOVL2 54898 157388944 CCAGUCAUCUUAUAUGCUA 

Plate 2 D05 D-009531-17 ELOVL2 54898 157388944 CGGUCAUGAGCCACGAUAA 

Plate 2 D05 D-009531-18 ELOVL2 54898 157388944 CAAUAUGUUUGGACCGCGA 

Plate 2 D06 D-009945-01 ELOVL3 83401 23097309 UGAAGUAAAUCAGCUGUUC 

Plate 2 D06 D-009945-02 ELOVL3 83401 23097309 CAAACCGUGUGCUUCAUCA 

Plate 2 D06 D-009945-03 ELOVL3 83401 23097309 GUACACAAGCUUUGGAUAC 

Plate 2 D06 D-009945-04 ELOVL3 83401 23097309 ACACCACGAUGGAACACUU 

Plate 2 D07 D-010269-01 ELOVL4 6785 21362099 GCAAUCAGCUUCAUAUUUC 

Plate 2 D07 D-010269-02 ELOVL4 6785 21362099 GCCCAUGGAUUCAGAAAUA 

Plate 2 D07 D-010269-03 ELOVL4 6785 21362099 GGUGGUACUUUGUAUCUAA 

Plate 2 D07 D-010269-05 ELOVL4 6785 21362099 GAUCAUAUAAUGCGGGAUA 

Plate 2 D08 D-009260-01 ELOVL5 60481 52851443 CAAGGAAGCUGCGGAAGGA 

Plate 2 D08 D-009260-02 ELOVL5 60481 52851443 GGUUUCUUCUGGACAAUUA 

Plate 2 D08 D-009260-03 ELOVL5 60481 52851443 UCACACUGCUGUCUCUGUA 

Plate 2 D08 D-009260-04 ELOVL5 60481 52851443 UCUCCAAACUCAUAGAAUU 

Plate 2 D09 D-008861-01 ELOVL6 79071 13129087 CAAUGGACCUGUCAGCAAA 

Plate 2 D09 D-008861-02 ELOVL6 79071 13129087 GGUCGGCACCUAAUGAAUA 

Plate 2 D09 D-008861-03 ELOVL6 79071 13129087 CGAACUAGGAGAUACAAUA 

Plate 2 D09 D-008861-17 ELOVL6 79071 13129087 GGGUGUAUAUCUAGAACGA 

Plate 2 D10 D-028493-01 ELOVL7 79993 157388948 GUACCGUGCUUACACCAAA 

Plate 2 D10 D-028493-02 ELOVL7 79993 157388948 GAUCUUACAUCGAGGACUG 

Plate 2 D10 D-028493-03 ELOVL7 79993 157388948 CAAAUUUGCUGCAGGUGGU 

Plate 2 D10 D-028493-04 ELOVL7 79993 157388948 GUCUUUGCGUGCAUCAUUA 

Plate 2 D11 D-009624-01 FA2H 79152 33636751 GAAGACAGAUCCUGCUAUG 

Plate 2 D11 D-009624-02 FA2H 79152 33636751 UCUAUGACAUGACCCAUUA 

Plate 2 D11 D-009624-03 FA2H 79152 33636751 CGACAGCUAUUACCUCAUC 

Plate 2 D11 D-009624-04 FA2H 79152 33636751 GAUCGGCGUCUUCUACUUG 

Plate 2 E02 D-008210-01 FADS1 3992 14141179 GGAACCAUCUGCUACAUCA 

Plate 2 E02 D-008210-02 FADS1 3992 14141179 GAGGAGCGGUGGCUAGUGA 

Plate 2 E02 D-008210-03 FADS1 3992 14141179 GACUUGGCCUGGAUGAUUA 

Plate 2 E02 D-008210-18 FADS1 3992 14141179 GCAUAGAGUACCAGUCCAA 

Plate 2 E03 D-008211-01 FADS2 9415 14141180 GCACUACGCUGGAGAAGAU 

Plate 2 E03 D-008211-02 FADS2 9415 14141180 UGAAAUACCUGCCCUACAA 

Plate 2 E03 D-008211-03 FADS2 9415 14141180 GGCAAGAACUCAAAGAUCA 

Plate 2 E03 D-008211-04 FADS2 9415 14141180 GGCAAUGGCUGGAUUCCUA 

Plate 2 E04 D-008483-01 FADS3 3995 34304362 GCAGAUACCUACCCUACAA 
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Plate 2 E04 D-008483-02 FADS3 3995 34304362 GGAGAUCGGCCACGAGAAG 

Plate 2 E04 D-008483-03 FADS3 3995 34304362 GGCCUCAGCUACGAAGUGA 

Plate 2 E04 D-008483-04 FADS3 3995 34304362 GGAACCACGUGGCCCAGAA 

Plate 2 E05 D-008932-01 FADS6 283985 116812625 CGUACAACGAGGACUCAUA 

Plate 2 E05 D-008932-02 FADS6 283985 116812625 GGGAGAAUGCCCUGGUCUU 

Plate 2 E05 D-008932-03 FADS6 283985 116812625 ACACCAACGUGGUGGGCCU 

Plate 2 E05 D-008932-04 FADS6 283985 116812625 CAACAAGCCCCGUCGGAUU 

Plate 2 E06 D-014806-01 FAR1 84188 50582992 AGAAGUACGUAUUGAAUGA 

Plate 2 E06 D-014806-02 FAR1 84188 50582992 GGAAUAUACGUUAUGGUUU 

Plate 2 E06 D-014806-03 FAR1 84188 50582992 GAACAAUACGUGCCUCCAA 

Plate 2 E06 D-014806-04 FAR1 84188 50582992 GCAUGUAUCAACAGCAUAU 

Plate 2 E07 D-018704-02 FAR2 55711 31542657 CAGGUUGGGUUGAUAAUAU 

Plate 2 E07 D-018704-03 FAR2 55711 31542657 GGCCCAAUAUUUAUACCUA 

Plate 2 E07 D-018704-17 FAR2 55711 31542657 GGGAAUGGAGCACGUACAA 

Plate 2 E07 D-018704-18 FAR2 55711 31542657 UGCUAUUAUUGACGAGAUU 

Plate 2 E08 D-003954-01 FASN 2194 21618358 GAGCGUAUCUGUGAGAAAC 

Plate 2 E08 D-003954-03 FASN 2194 21618358 UGACAUCGUCCAUUCGUUU 

Plate 2 E08 D-003954-04 FASN 2194 21618358 CCAUGGAGCGUAUCUGUGA 

Plate 2 E08 D-003954-08 FASN 2194 21618358 GCAACUCACGCUCCGGAAA 

Plate 2 E09 D-006727-01 GK 2710 42794761 GAAGAAAGCUGUGAUGAAG 

Plate 2 E09 D-006727-02 GK 2710 42794761 GAGACAAACCAGUAUAUUA 

Plate 2 E09 D-006727-03 GK 2710 42794761 CAACAUUCAUUCUUUGGAA 

Plate 2 E09 D-006727-04 GK 2710 42794761 CUAAGGAAAUUCUACAUUC 

Plate 2 E10 D-009894-01 GNPAT 8443 95147359 GGAAGUGAGUGAGAUCUUA 

Plate 2 E10 D-009894-02 GNPAT 8443 95147359 UAAUAAACCUGCUGAAGAA 

Plate 2 E10 D-009894-03 GNPAT 8443 95147359 CAAGAUACAUUCCUCAGAA 

Plate 2 E10 D-009894-04 GNPAT 8443 95147359 GAAAGAGGAUGUCUACAGU 

Plate 2 E11 D-009946-01 GPAM 57678 142387138 GGAAAGAUGUUCUCUAUAG 

Plate 2 E11 D-009946-02 GPAM 57678 142387138 GAUAAUACCUGUUGGAAUC 

Plate 2 E11 D-009946-03 GPAM 57678 142387138 GUUCAUAGAUCCCAUAUUG 

Plate 2 E11 D-009946-04 GPAM 57678 142387138 AGAAAGAAAUGUUGCAGUA 

Plate 2 F02 D-010302-01 LOC150763 150763 116812613 GCACCUAGCUCAGCCCUUU 

Plate 2 F02 D-010302-02 LOC150763 150763 116812613 CGACAGCGAUUGAGCAGAA 

Plate 2 F02 D-010302-03 LOC150763 150763 116812613 GGAUGCACCGUGUGACAUA 

Plate 2 F02 D-010302-04 LOC150763 150763 116812613 CUAAAGCCCUGCCAGUCUU 

Plate 2 F03 D-008298-01 HADH 3033 94557307 CAUUUGAGCUUCUAGAUUA 

Plate 2 F03 D-008298-02 HADH 3033 94557307 UGACACUGCUAUGAAAUUA 

Plate 2 F03 D-008298-03 HADH 3033 94557307 GCAGAGAACCCAUUACAUC 

Plate 2 F03 D-008298-04 HADH 3033 94557307 GGACAAGUUUGCUGCUGAA 

Plate 2 F04 D-009470-02 HADHA 3030 105990523 GCUCUAACAUCAUUUGAAA 

Plate 2 F04 D-009470-03 HADHA 3030 105990523 UCUCAGAAGUUAUGAAUGA 

Plate 2 F04 D-009470-04 HADHA 3030 105990523 GACAAUAGAAUACCUAGAA 

Plate 2 F04 D-009470-17 HADHA 3030 105990523 CGAAACAUGUGGCGGAAGA 

Plate 2 F05 D-009811-03 HMGCR 3156 4557642 UGAAGAAUGUCUACAGAUA 

Plate 2 F05 D-009811-04 HMGCR 3156 4557642 CCAGAAAUGUGAUUCAGUA 

Plate 2 F05 D-009811-06 HMGCR 3156 4557642 GAGCAGUGACAUUAUAAUU 

Plate 2 F05 D-009811-19 HMGCR 3156 4557642 GAUGGAAACUCAUGAGCGU 

Plate 2 F06 D-009808-01 HMGCS1 3157 148298763 GAAGACACCUACUUUGAUA 

Plate 2 F06 D-009808-04 HMGCS1 3157 148298763 GAUAUUAACUCUCUUUGCA 

Plate 2 F06 D-009808-17 HMGCS1 3157 148298763 GCCAAAUGUACUCGAAUGA 

Plate 2 F06 D-009808-18 HMGCS1 3157 148298763 CAGAGACAAUCAUCGACAA 

Plate 2 F07 D-010179-01 HMGCS2 3158 50726975 AAACUGACCUGGAGAAGUA 

Plate 2 F07 D-010179-03 HMGCS2 3158 50726975 AGAGAGCAAUUCUACCAUA 

Plate 2 F07 D-010179-04 HMGCS2 3158 50726975 GGGCAUAGAUACCACCAAU 

Plate 2 F07 D-010179-17 HMGCS2 3158 50726975 CCUUCACCCUUGACGAUUU 
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Plate 2 F08 D-008139-01 HSD17B4 3295 4504504 GAACUUAUAUGCCACAAUC 

Plate 2 F08 D-008139-03 HSD17B4 3295 4504504 GACAAACUCUACAAACUGA 

Plate 2 F08 D-008139-04 HSD17B4 3295 4504504 GGAAGAAGAUCUGUGACUU 

Plate 2 F08 D-008139-05 HSD17B4 3295 4504504 GAUCCGGUGUAGUGAUUAU 

Plate 2 F09 D-008743-01 LIPC 3990 4557722 CAAAGGAAUUGCUAGUAAU 

Plate 2 F09 D-008743-02 LIPC 3990 4557722 UCAAUCAUCCGGACACGUU 

Plate 2 F09 D-008743-03 LIPC 3990 4557722 GAAGCCAUGUUCACCUAAU 

Plate 2 F09 D-008743-04 LIPC 3990 4557722 CCAGAGCCAUUUGGAAGAA 

Plate 2 F10 D-010303-01 MBOAT1 154141 122937403 GAAUAUACAUCUUCCACUA 

Plate 2 F10 D-010303-02 MBOAT1 154141 122937403 GCAAUGGGAUAUCUUACAA 

Plate 2 F10 D-010303-03 MBOAT1 154141 122937403 GAAUAACGCAGCUGGCUUU 

Plate 2 F10 D-010303-04 MBOAT1 154141 122937403 GAACAACAUCGACUUGCUA 

Plate 2 F11 D-010299-03 MBOAT2 129642 40548386 GCACAUUCUUGGUAUCUUA 

Plate 2 F11 D-010299-04 MBOAT2 129642 40548386 GCAAUAAGUUACACAGUUG 

Plate 2 F11 D-010299-17 MBOAT2 129642 40548386 CUAAAGCAGUGAUCGGGAA 

Plate 2 F11 D-010299-18 MBOAT2 129642 40548386 ACUAGUUUGGCUUGCGAAA 

Plate 2 G02 D-010084-04 MBOAT7 79143 23308571 GGGACUGGGUGCACUGGUU 

Plate 2 G02 D-010084-17 MBOAT7 79143 23308571 AGUGGUGGCUGGCGCAGUA 

Plate 2 G02 D-010084-18 MBOAT7 79143 23308571 CCUGAAGAAUGGACGUAUC 

Plate 2 G02 D-010084-19 MBOAT7 79143 23308571 GGGAAACUGAGGUGCGGGU 

Plate 2 G03 D-009881-03 MECR 51102 67078403 GAGCUAAGAAGGCCCGAAA 

Plate 2 G03 D-009881-04 MECR 51102 67078403 CUACCAGUCUGCCUUGGAA 

Plate 2 G03 D-009881-17 MECR 51102 67078403 CCAUCAAUGUGGUCCGAGA 

Plate 2 G03 D-009881-18 MECR 51102 67078403 GUUGAUGGACUUCGAGCAA 

Plate 2 G04 D-009403-13 MGLL 11343 51242952 GGAAUAAGACAGAGGUCGA 

Plate 2 G04 D-009403-14 MGLL 11343 51242952 GCACAGUGGCCGCUAUGAA 

Plate 2 G04 D-009403-15 MGLL 11343 51242952 CCGUCUUCCAUGAAAUAAA 

Plate 2 G04 D-009403-16 MGLL 11343 51242952 UGGUCAAUGCAGACGGACA 

Plate 2 G05 D-010062-01 MOGAT1 116255 148746190 GCACGAGACUCUUGUUUUA 

Plate 2 G05 D-010062-02 MOGAT1 116255 148746190 GGAAAGCCAUCCACACUGU 

Plate 2 G05 D-010062-03 MOGAT1 116255 148746190 GAAGGAUCAUGGAUUAGAA 

Plate 2 G05 D-010062-04 MOGAT1 116255 148746190 GGAGGGAGGUGGAAACAUC 

Plate 2 G06 D-008751-01 MOGAT2 80168 37537526 GUACAGCUUUGGUUUAAUA 

Plate 2 G06 D-008751-02 MOGAT2 80168 37537526 CUUCAGAGAUUACAUCAUG 

Plate 2 G06 D-008751-03 MOGAT2 80168 37537526 GCACAGGCUUCUCUUCGAU 

Plate 2 G06 D-008751-04 MOGAT2 80168 37537526 UGACCUAUUUGACCAGAUU 

Plate 2 G07 D-004993-01 MOGAT3 346606 31342324 GGAGACAACUAAGGGAUUA 

Plate 2 G07 D-004993-02 MOGAT3 346606 31342324 GAAGCAGCAUCUAGAAGCA 

Plate 2 G07 D-004993-03 MOGAT3 346606 31342324 GGAGGAAGUCAAUCACUAU 

Plate 2 G07 D-004993-04 MOGAT3 346606 31342324 GGAGAAUGACAUCUUUAGA 

Plate 2 G08 D-006748-01 MVD 4597 4505288 GACCGGAUUUGGCUGAAUG 

Plate 2 G08 D-006748-02 MVD 4597 4505288 ACAUCGCGGUCAUCAAGUA 

Plate 2 G08 D-006748-03 MVD 4597 4505288 GCCCAUCUCUUACCUCAAU 

Plate 2 G08 D-006748-04 MVD 4597 4505288 CAGCAUCGCUCGGCAAGUG 

Plate 2 G09 D-004796-01 OLAH 55301 89257334 GGGCAGAUCUGAACAUUGU 

Plate 2 G09 D-004796-02 OLAH 55301 89257334 GGAUAAACCAUUUGCAUUU 

Plate 2 G09 D-004796-04 OLAH 55301 89257334 CCAAGGAAUUUGUGAAACA 

Plate 2 G09 D-004796-17 OLAH 55301 89257334 GGAUCCUGCGAACGAGAAA 

Plate 2 G10 D-031860-01 OXSM 54995 8923558 GGAGACUCAUUUAGAUUUA 

Plate 2 G10 D-031860-02 OXSM 54995 8923558 GGUCAGCAUUCGAUAUAAA 

Plate 2 G10 D-031860-03 OXSM 54995 8923558 GCAAUUGGCAUGGGAAUGA 

Plate 2 G10 D-031860-04 OXSM 54995 8923558 UCUCAACUAUGUUCCACUA 

Plate 2 G11 D-009855-01 PECR 55825 93102372 GAGGAUCUAUCGUCAAUAU 

Plate 2 G11 D-009855-02 PECR 55825 93102372 GGACCUUUCUGUUGUCAAA 

Plate 2 G11 D-009855-03 PECR 55825 93102372 AGGAGGAGGUGAAUAAUUU 
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Plate 2 G11 D-009855-04 PECR 55825 93102372 GAAUGGGCCUGCAGUGGAA 

Plate 2 H02 D-009483-01 PGS1 9489 84508630 GAAGAACUCCCGCACAAUG 

Plate 2 H02 D-009483-02 PGS1 9489 84508630 AAGCAAAGUUUCCUUCAAA 

Plate 2 H02 D-009483-04 PGS1 9489 84508630 GGAGAUUGCCGACUUCUUC 

Plate 2 H02 D-009483-13 PGS1 9489 84508630 CCAAGAGGCGGGUCGUGAU 

Plate 2 H03 D-008742-01 PTPLA 9200 82659104 UGAGAUAGUUCACUGUUUA 

Plate 2 H03 D-008742-02 PTPLA 9200 82659104 CAAUAAGACUUCCUAACAA 

Plate 2 H03 D-008742-03 PTPLA 9200 82659104 CCACAACUCUAUUUUCAUA 

Plate 2 H03 D-008742-17 PTPLA 9200 82659104 UGACAGAGAUCACUCGCUA 

Plate 2 H04 D-010664-01 PTPLAD1 51495 117168247 AAGGAUACCUGUUUAUGUA 

Plate 2 H04 D-010664-02 PTPLAD1 51495 117168247 AAGAAGAGCGCCUAAAUAA 

Plate 2 H04 D-010664-04 PTPLAD1 51495 117168247 CGAAGGCUCUCCUGAAACU 

Plate 2 H04 D-010664-18 PTPLAD1 51495 117168247 CCGCAUGUCUACUGGGCUC 

Plate 2 H05 D-029537-01 PTPLAD2 401494 148226323 GAAGAGACAUCCUCGGAAU 

Plate 2 H05 D-029537-02 PTPLAD2 401494 148226323 GUACACUUAUAGCAUGUUA 

Plate 2 H05 D-029537-03 PTPLAD2 401494 148226323 AGAAAUAUGUGGUGUGUGU 

Plate 2 H05 D-029537-04 PTPLAD2 401494 148226323 GGACUUGUGAUGCGACUUU 

Plate 2 H06 D-027184-01 PTPLB 201562 158819030 GAGAACUGCUCACAAUAUA 

Plate 2 H06 D-027184-03 PTPLB 201562 158819030 CGGCGUACCUGGUCAUCUA 

Plate 2 H06 D-027184-04 PTPLB 201562 158819030 AAUCAUCCGUUACUCCUUU 

Plate 2 H06 D-027184-06 PTPLB 201562 158819030 CAUGGACGAUCACGGAAAU 

Plate 2 H07 D-005061-02 SCD 6319 53759150 GAUAUGCUGUGGUGCUUAA 

Plate 2 H07 D-005061-04 SCD 6319 53759150 AGAAUGAUGUCUAUGAAUG 

Plate 2 H07 D-005061-05 SCD 6319 53759150 CGACAUUCGCCCUGAUAUA 

Plate 2 H07 D-005061-06 SCD 6319 53759150 GGAGUACGCUAGACUUGUC 

Plate 2 H08 D-008416-03 SCD5 79966 148596937 CAUAUUGGGUGGCUGUUUG 

Plate 2 H08 D-008416-20 SCD5 79966 148596937 AGAACAUCGUCUGGAGGAA 

Plate 2 H08 D-008416-21 SCD5 79966 148596937 GAGAAAGCUUGACGUCACU 

Plate 2 H08 D-008416-22 SCD5 79966 148596937 CAGAAUGACAUCUUCGAGU 

Plate 2 H09 D-010759-01 SLC27A1 376497 38524615 UUCCAGGAGUGGAGGGUAA 

Plate 2 H09 D-010759-02 SLC27A1 376497 38524615 AGACAGACGUGGCCGUCUA 

Plate 2 H09 D-010759-03 SLC27A1 376497 38524615 CGAUAUACCAGGAGCUGCA 

Plate 2 H09 D-010759-04 SLC27A1 376497 38524615 CCUUAAAUGAGGCAGUCUA 

Plate 2 H10 D-007498-01 SLC27A2 11001 23111065 GCACAUUGCUGAUUACCUA 

Plate 2 H10 D-007498-02 SLC27A2 11001 23111065 GGACAUAGGCUACUUCUUG 

Plate 2 H10 D-007498-04 SLC27A2 11001 23111065 CAAAGUGGAUGAAGUAUCA 

Plate 2 H10 D-007498-17 SLC27A2 11001 23111065 CGGUGAACUGCUUCGGUAU 

Plate 2 H11 D-009537-01 GPSN2 9524 50726974 UGGAGAUUCUGGACGCAAA 

Plate 2 H11 D-009537-02 GPSN2 9524 50726974 AUUACGAGGUGGAGAUUCU 

Plate 2 H11 D-009537-03 GPSN2 9524 50726974 GAGCUCAGCAGGUGAAACU 

Plate 2 H11 D-009537-04 GPSN2 9524 50726974 GAUUCUGGACGCAAAGACA 

              

Plate 3 A02 D-008477-01 AASDHPPT 60496 20357567 GAAAUUAGUUGCAGAGAAA 

Plate 3 A02 D-008477-02 AASDHPPT 60496 20357567 GGACUCAGCUGGAUAUGUU 

Plate 3 A02 D-008477-03 AASDHPPT 60496 20357567 UAACAUCUCUCAUCAAGGA 

Plate 3 A02 D-008477-04 AASDHPPT 60496 20357567 GAAGAAAUUCCAAUACGAA 

Plate 3 A03 D-009257-02 ABHD5 51099 33469972 CAACCUAGGUGGAUUCUUG 

Plate 3 A03 D-009257-03 ABHD5 51099 33469972 ACACUGAAGUUCUCUCAUA 

Plate 3 A03 D-009257-04 ABHD5 51099 33469972 GCAGGACCCUUUGGUUUAA 

Plate 3 A03 D-009257-05 ABHD5 51099 33469972 GAGACAGCUUUCAAGAAUA 

Plate 3 A04 D-004036-01 AKR1B1 231 24497579 GAUAUGACCACCUUACUCA 

Plate 3 A04 D-004036-02 AKR1B1 231 24497579 GCAUUGCUGAGAACUUUAA 

Plate 3 A04 D-004036-03 AKR1B1 231 24497579 GGAUAUGACCACCUUACUC 

Plate 3 A04 D-004036-18 AKR1B1 231 24497579 CCCUGUCAGUAGAGUAGAA 

Plate 3 A05 D-009921-03 ALDH8A1 64577 25952151 GAUGAAUCCUGCUGCAUGA 
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Plate 3 A05 D-009921-04 ALDH8A1 64577 25952151 CAAGGACUCUUACGACUUC 

Plate 3 A05 D-009921-17 ALDH8A1 64577 25952151 CGUCAGAGUGCACGCAGAU 

Plate 3 A05 D-009921-18 ALDH8A1 64577 25952151 UCAAUGUGGACUCGGAAAA 

Plate 3 A06 D-014430-02 ALG9 79796 118026932 GAAUUUAGGCCACCCGUAU 

Plate 3 A06 D-014430-03 ALG9 79796 118026932 CGAAUUGGCUGGCAUUAGG 

Plate 3 A06 D-014430-04 ALG9 79796 118026932 GAACCCUGGUAUUUCUAUU 

Plate 3 A06 D-014430-17 ALG9 79796 118026932 CCGAAUUGCUACAGACCCA 

Plate 3 A07 D-010304-01 DGAT2L3 158833 61888901 AAACUGAGGUGUAUGAUCA 

Plate 3 A07 D-010304-03 DGAT2L3 158833 61888901 GAAGACAAAGGACCUAUCA 

Plate 3 A07 D-010304-17 DGAT2L3 158833 61888901 UGCAGUGGCCUUUGAGCUA 

Plate 3 A07 D-010304-18 DGAT2L3 158833 61888901 GGACCCACAUCAGGGACUA 

Plate 3 A08 D-027188-01 DGAT2L4 158835 51317388 GAGAAUAUGUAAUGUCUAC 

Plate 3 A08 D-027188-02 DGAT2L4 158835 51317388 GAACCGGUCUGGCUUUGUG 

Plate 3 A08 D-027188-03 DGAT2L4 158835 51317388 AGACGGACCUCUAUGAUCA 

Plate 3 A08 D-027188-04 DGAT2L4 158835 51317388 GUGAGUCGAUCCUCCAUUG 

Plate 3 A09 D-010350-01 CEPT1 10390 56119170 GCAAGAAGAACCAAUAGUA 

Plate 3 A09 D-010350-02 CEPT1 10390 56119170 GGGCAUCGAUCAACAAGGA 

Plate 3 A09 D-010350-03 CEPT1 10390 56119170 GGGAAUGGCUCGUUAGAAG 

Plate 3 A09 D-010350-04 CEPT1 10390 56119170 GCACCUCUGUGGGCAUAUA 

Plate 3 A10 D-006704-01 CHKA 1119 47078277 GAAUUAAGUUUGCCAGAUA 

Plate 3 A10 D-006704-03 CHKA 1119 47078277 GAGCAAACAUCCGGAAGUA 

Plate 3 A10 D-006704-04 CHKA 1119 47078277 GAAUACAGCAGUUACAAUU 

Plate 3 A10 D-006704-17 CHKA 1119 47078277 UGAAAUGUCCUGCGGGAUA 

Plate 3 A11 D-009775-01 CHPT1 56994 50726995 GAACUUAUCCUGACUGGUU 

Plate 3 A11 D-009775-06 CHPT1 56994 50726995 UUUCAGGCAUGUUGAGAUU 

Plate 3 A11 D-009775-19 CHPT1 56994 50726995 GCGCUCAUUGGCAGACUUA 

Plate 3 A11 D-009775-20 CHPT1 56994 50726995 CUUCAUUUGAUAUGGUGAU 

Plate 3 B02 D-017910-01 CRLS1 54675 34147220 GAAUACAGCAGUCCAGUUA 

Plate 3 B02 D-017910-02 CRLS1 54675 34147220 GUUCUGGGCUAUUUGAUUA 

Plate 3 B02 D-017910-03 CRLS1 54675 34147220 CGAGAGAUGUAAUGUUGAU 

Plate 3 B02 D-017910-04 CRLS1 54675 34147220 CGAAACUGGGCCAAUCAAA 

Plate 3 B03 D-006317-01 DOLK 22845 7662481 GAGAUCCGCUGGCCUGGAA 

Plate 3 B03 D-006317-02 DOLK 22845 7662481 CUACAGUUAUGCUUGGAUU 

Plate 3 B03 D-006317-03 DOLK 22845 7662481 CGCAAACAGUGGCCUAUUG 

Plate 3 B03 D-006317-04 DOLK 22845 7662481 CAUCCCAGGUAUCAUCUUU 

Plate 3 B04 D-017951-02 DOLPP1 57171 48976059 GAACAGACAACGCAAGCUG 

Plate 3 B04 D-017951-03 DOLPP1 57171 48976059 UCGAAUAUCCUGCAGGUGA 

Plate 3 B04 D-017951-17 DOLPP1 57171 48976059 UGGUUUGAGUACACGGUAA 

Plate 3 B04 D-017951-18 DOLPP1 57171 48976059 CCUGAGACAAGCCGAGUAU 

Plate 3 B05 D-011255-05 DPAGT1 1798 4557530 GCAAGACCAUGCUACUAUU 

Plate 3 B05 D-011255-06 DPAGT1 1798 4557530 GAUGAGCUAUUCCAAGUUC 

Plate 3 B05 D-011255-07 DPAGT1 1798 4557530 GCAGUGUUCUGUACCAAUG 

Plate 3 B05 D-011255-08 DPAGT1 1798 4557530 GUUCGACUCUUCUAUGAUG 

Plate 3 B06 D-011535-02 DPM1 8813 4503362 GUAUAUGGCUGGGAUUUGA 

Plate 3 B06 D-011535-03 DPM1 8813 4503362 GGAGAUGAUUGUUCGGGCA 

Plate 3 B06 D-011535-04 DPM1 8813 4503362 CUUCUAAGACCACGAGAGA 

Plate 3 B06 D-011535-17 DPM1 8813 4503362 CUACCUACAACGAGCGCGA 

Plate 3 B07 D-027817-01 SELI 85465 144094257 GAUUAUUGGUUGUGCAUUA 

Plate 3 B07 D-027817-02 SELI 85465 144094257 GAAACUCAAUUCAGUCUAU 

Plate 3 B07 D-027817-03 SELI 85465 144094257 UGACUGGGUUUGGAUUGUA 

Plate 3 B07 D-027817-04 SELI 85465 144094257 AGAGCUACAUCCUAGAGUA 

Plate 3 B08 D-009442-01 FDFT1 2222 67089146 GGAAGAGAUUUAUCAUAGA 

Plate 3 B08 D-009442-03 FDFT1 2222 67089146 GGACAAGUACUGCCACUAU 

Plate 3 B08 D-009442-04 FDFT1 2222 67089146 CCACUUUGGCUGCCUGUUA 

Plate 3 B08 D-009442-05 FDFT1 2222 67089146 GUUUGGAGCAGGUAUGUUA 
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Plate 3 B09 D-008632-01 FDPS 2224 41281370 GACCAGAAUUCAGAUGUUU 

Plate 3 B09 D-008632-05 FDPS 2224 41281370 GAAGACAGUUACAGCCACA 

Plate 3 B09 D-008632-06 FDPS 2224 41281370 GGGUGAAGGCGCUAUAUGA 

Plate 3 B09 D-008632-19 FDPS 2224 41281370 UGGCAGGAAUUGAUGGCGA 

Plate 3 B10 D-016477-03 GGPS1 9453 83700219 CAAAUUAGGGAUGAUUAUG 

Plate 3 B10 D-016477-04 GGPS1 9453 83700219 UAAAACCGCUACUUAAUAC 

Plate 3 B10 D-016477-20 GGPS1 9453 83700219 GGGACAAGGCCUAGAUAUU 

Plate 3 B10 D-016477-21 GGPS1 9453 83700219 CCAAUUGGGAAGCGGAAAA 

Plate 3 B11 D-009357-01 IDI1 3422 40018632 GAACAUUGAGAAAGGAUUA 

Plate 3 B11 D-009357-02 IDI1 3422 40018632 GAGGAAGAAUGUAACUUUG 

Plate 3 B11 D-009357-03 IDI1 3422 40018632 UAAGAUAACGCCAUGGUUU 

Plate 3 B11 D-009357-04 IDI1 3422 40018632 UAAAUGGUGGGAUAACUUA 

Plate 3 C02 D-008463-01 IDI2 91734 21361855 GUAGUAGCCACCCAUUAUA 

Plate 3 C02 D-008463-02 IDI2 91734 21361855 GGAAUUGCCAUCUGAACGA 

Plate 3 C02 D-008463-03 IDI2 91734 21361855 UGGAGGAAAUGCUGAUUGU 

Plate 3 C02 D-008463-04 IDI2 91734 21361855 UCACGUUUCCUGGGUAUUU 

Plate 3 C03 D-011920-01 LARGE 9215 59853581 UGUAUGGGCUCUAUGAGUA 

Plate 3 C03 D-011920-02 LARGE 9215 59853581 GACAAUCCACGUUGCUAUU 

Plate 3 C03 D-011920-03 LARGE 9215 59853581 GCUACCACAUCGUGUACAA 

Plate 3 C03 D-011920-04 LARGE 9215 59853581 AAGCGGAGUUGCUGUCAAU 

Plate 3 C04 D-009623-01 LCAT 3931 4557891 GUAGACUGCUGGAUCGAUA 

Plate 3 C04 D-009623-02 LCAT 3931 4557891 UGCAGAACCUGGUCAACAA 

Plate 3 C04 D-009623-03 LCAT 3931 4557891 GAAAGAGGAGCAGCGCAUA 

Plate 3 C04 D-009623-04 LCAT 3931 4557891 GAUACAGCAUCUCAACAUG 

Plate 3 C05 D-010307-01 LYCAT 253558 32698933 GGAAUUGCCUGAUGCGAUA 

Plate 3 C05 D-010307-02 LYCAT 253558 32698933 UCGAAGACAUGAUUGAUUA 

Plate 3 C05 D-010307-03 LYCAT 253558 32698933 GCCUAUAUCUUCAUUCAUA 

Plate 3 C05 D-010307-04 LYCAT 253558 32698933 GAAAGAAGUGUCAUUAUCA 

Plate 3 C06 D-010023-01 LIAS 11019 37577165 GGAGAAAGGUUAAGACUAC 

Plate 3 C06 D-010023-02 LIAS 11019 37577165 CAAAGACCGUAUCAUAUUU 

Plate 3 C06 D-010023-03 LIAS 11019 37577165 UACAAGAGGUUGCAGAUUU 

Plate 3 C06 D-010023-04 LIAS 11019 37577165 GAGGUGAUCUCAAAGCAAU 

Plate 3 C07 D-029914-17 LOC387787 387787 113422515 CUUAGUGACUUAACAGUAA 

Plate 3 C07 D-029914-18 LOC387787 387787 113422515 GCGUCACUUCCUUGAGUAA 

Plate 3 C07 D-029914-19 LOC387787 387787 113422515 GGUUAGGGUCUCACACGAA 

Plate 3 C07 D-029914-20 LOC387787 387787 113422515 UUUGUAAGGCUGCGUAUUA 

Plate 3 C08 D-010289-01 LPCAT1 79888 33946290 GAACUCUGAUCCAGUAUAU 

Plate 3 C08 D-010289-02 LPCAT1 79888 33946290 GGACAGAUACUCAGAAAGA 

Plate 3 C08 D-010289-03 LPCAT1 79888 33946290 GGAAAGUGGCCACAGAUAA 

Plate 3 C08 D-010289-04 LPCAT1 79888 33946290 GAAGGGAGGAGAGAAGAUA 

Plate 3 C09 D-010285-01 LPCAT2 54947 8923445 GAAGAGUUCUCCACCAUUC 

Plate 3 C09 D-010285-02 LPCAT2 54947 8923445 CCAAUAAAGUCCGGAAUUU 

Plate 3 C09 D-010285-03 LPCAT2 54947 8923445 GUAAGCAUUUGGAUGAAUA 

Plate 3 C09 D-010285-04 LPCAT2 54947 8923445 GACUGCAGAUUGAUGAUUU 

Plate 3 C10 D-010273-01 LPCAT3 10162 42542393 ACAAAUGGCUUAAGGUGUA 

Plate 3 C10 D-010273-02 LPCAT3 10162 42542393 ACAAAUAUGUCACCUGUUG 

Plate 3 C10 D-010273-17 LPCAT3 10162 42542393 GGGUUCUGCAGUCGGGUUU 

Plate 3 C10 D-010273-18 LPCAT3 10162 42542393 CCACCGGCAACUACGAUAU 

Plate 3 C11 D-016375-01 LPCAT4 254531 87116680 CAAGAAGGCUUUGCUUAAG 

Plate 3 C11 D-016375-02 LPCAT4 254531 87116680 CACCGAAUGUGAGUUUGUA 

Plate 3 C11 D-016375-03 LPCAT4 254531 87116680 GUGCAUGAGUUACAUCUCU 

Plate 3 C11 D-016375-04 LPCAT4 254531 87116680 CAGCUUCAGGAGCCAAUUA 

Plate 3 D02 D-021185-01 LPGAT1 9926 7661995 UAUCAGCGGUUUGUUGAAA 

Plate 3 D02 D-021185-02 LPGAT1 9926 7661995 GUAAGCGGUUCUGGUAUAU 

Plate 3 D02 D-021185-03 LPGAT1 9926 7661995 UAGAUACAACGAUAGCUUA 
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Plate 3 D02 D-021185-04 LPGAT1 9926 7661995 CGAAGGAAUCAUGUAUAAA 

Plate 3 D03 D-017427-01 LPIN1 23175 22027647 UCGCUAAGCUGUACCAUAA 

Plate 3 D03 D-017427-02 LPIN1 23175 22027647 GUAGGAGUGUCUUUGAAUA 

Plate 3 D03 D-017427-04 LPIN1 23175 22027647 AAACGAAGCCGACAUCUUG 

Plate 3 D03 D-017427-17 LPIN1 23175 22027647 GUGCAUUUGUACCGUGAAA 

Plate 3 D04 D-013458-01 LPIN2 9663 22027649 CAAAUGAUGUCUAUGCCUA 

Plate 3 D04 D-013458-02 LPIN2 9663 22027649 GAGCAUAUCAUUACUUAUC 

Plate 3 D04 D-013458-03 LPIN2 9663 22027649 CAAGUCGGAUGCUUUGGGA 

Plate 3 D04 D-013458-04 LPIN2 9663 22027649 AAAGUAGACUCGCCGUCAA 

Plate 3 D05 D-010007-04 LYPLA1 10434 20302148 CAGCCAAUGUGACCUUUAA 

Plate 3 D05 D-010007-17 LYPLA1 10434 20302148 AGUCAGAACCCUAUACCAU 

Plate 3 D05 D-010007-18 LYPLA1 10434 20302148 GUAGUAGAGUGUAAACCUU 

Plate 3 D05 D-010007-19 LYPLA1 10434 20302148 CCUUCAUGGUUUGAUAUUA 

Plate 3 D06 D-009256-01 LYPLA2 11313 20302149 GGACGAGGCUGGCAUCAAG 

Plate 3 D06 D-009256-02 LYPLA2 11313 20302149 GCUGCUGCCUCCUGUCUAA 

Plate 3 D06 D-009256-03 LYPLA2 11313 20302149 GCGCCUAGGAUCCCUGUGA 

Plate 3 D06 D-009256-04 LYPLA2 11313 20302149 UCACGUCAAGUACAUCUGU 

Plate 3 D07 D-006548-01 PXMP3 5828 121114289 GAAGAACGAUGCUAUGAUU 

Plate 3 D07 D-006548-02 PXMP3 5828 121114289 GAAAUUAGGUGGGCUGAUU 

Plate 3 D07 D-006548-03 PXMP3 5828 121114289 GAAGUUGGCUUUGAAUACA 

Plate 3 D07 D-006548-05 PXMP3 5828 121114289 GACAGUCAGUUUUGAAUAU 

Plate 3 D08 D-020219-01 FRAG1 27315 7657101 CCAAUUACCUGCCCUCGGU 

Plate 3 D08 D-020219-03 FRAG1 27315 7657101 GGCGCUGGCUGUCUACUUU 

Plate 3 D08 D-020219-04 FRAG1 27315 7657101 CAACAUGUAUUGUGAGGCU 

Plate 3 D08 D-020219-17 FRAG1 27315 7657101 GGUGUGUGCCCUAGGGUAU 

Plate 3 D09 D-017912-01 PERLD1 93210 45505179 GGAAUCAGAGGACAAGUUC 

Plate 3 D09 D-017912-02 PERLD1 93210 45505179 CAACGUGGCUAUUGGCCUG 

Plate 3 D09 D-017912-03 PERLD1 93210 45505179 CAAAGUGCCUCAGUUCCAU 

Plate 3 D09 D-017912-04 PERLD1 93210 45505179 ACUGUAAGUAUGAGUGUAU 

Plate 3 D10 D-011752-02 PIGA 5277 110224462 AAACGACUGGACAGACUUA 

Plate 3 D10 D-011752-17 PIGA 5277 110224462 GGGUGAGAAUAAUGAGAUA 

Plate 3 D10 D-011752-18 PIGA 5277 110224462 GGUUGUAAGUACCAGAGUU 

Plate 3 D10 D-011752-19 PIGA 5277 110224462 AGUUUGCACUGGUCGGUAU 

Plate 3 D11 D-017189-01 PIGB 9488 110224464 UACCAUAGCUUUACGAAUA 

Plate 3 D11 D-017189-02 PIGB 9488 110224464 GCACUUGCCUUCAUAAUUC 

Plate 3 D11 D-017189-04 PIGB 9488 110224464 AAUAAGCGCUUUCCUAAUU 

Plate 3 D11 D-017189-18 PIGB 9488 110224464 CCCCUAAGCAAGUGCGGAA 

Plate 3 E02 D-018088-01 PIGG 54872 31377753 ACUCAAGACUGUAGGUUUA 

Plate 3 E02 D-018088-02 PIGG 54872 31377753 UCAAAGGGUGUGAAAUUUA 

Plate 3 E02 D-018088-03 PIGG 54872 31377753 GGCGAUAGCACUUGGCUUA 

Plate 3 E02 D-018088-04 PIGG 54872 31377753 GAGAUUGGGACAUAUUAAU 

Plate 3 E03 D-005996-02 PIGK 10026 110224470 GAUAUGGCCUGUAAUCCUA 

Plate 3 E03 D-005996-04 PIGK 10026 110224470 GGACAUCGCACUGAUCUUU 

Plate 3 E03 D-005996-05 PIGK 10026 110224470 GUACGGAAAGUGGAAAUUA 

Plate 3 E03 D-005996-06 PIGK 10026 110224470 CCAGCUAGCCAAACUAAUA 

Plate 3 E04 D-012463-01 PIGN 23556 134244278 GAGACCACGUUUAUACAUA 

Plate 3 E04 D-012463-02 PIGN 23556 134244278 UCAGUUGACUACUCAGUUA 

Plate 3 E04 D-012463-03 PIGN 23556 134244278 CAGAUGCACUUUACGAAUU 

Plate 3 E04 D-012463-04 PIGN 23556 134244278 CCUGGGAAUUGAAGUAUUA 

Plate 3 E05 D-008728-02 PIGO 84720 38045916 GUACUUGGCUGCCUGCUUU 

Plate 3 E05 D-008728-03 PIGO 84720 38045916 GAAAUGGCCAAGAAACUUA 

Plate 3 E05 D-008728-04 PIGO 84720 38045916 GGGCAUAGCUUUGGUGAUG 

Plate 3 E05 D-008728-17 PIGO 84720 38045916 UGAUAGAUGCUCUGCGAUU 

Plate 3 E06 D-021480-01 PIGW 284098 75750491 CUAAAUAAGUCCUGGAUUA 

Plate 3 E06 D-021480-02 PIGW 284098 75750491 UAAAGGAGCUCUAGUACCA 
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Plate 3 E06 D-021480-03 PIGW 284098 75750491 CCUCGGCAUUACUGUAUUA 

Plate 3 E06 D-021480-04 PIGW 284098 75750491 GGGCUGUUGUAUCAAAUAU 

Plate 3 E07 D-009548-01 PISD 23761 34147578 GGAAGGAUCCUCAACUUUG 

Plate 3 E07 D-009548-02 PISD 23761 34147578 GGAAGGGAAUGAGCUCUAU 

Plate 3 E07 D-009548-03 PISD 23761 34147578 UGGAGGACCUGCAUCACUA 

Plate 3 E07 D-009548-04 PISD 23761 34147578 AGCAAGGGCUCCUACAAUG 

Plate 3 E08 D-008873-01 PLA2G1B 5319 38016927 GGACAAGUGCUGCCAGACA 

Plate 3 E08 D-008873-02 PLA2G1B 5319 38016927 GCUCGGCAAUCACCUGUAG 

Plate 3 E08 D-008873-03 PLA2G1B 5319 38016927 GGACAGCUGUAAAUUUCUG 

Plate 3 E08 D-008873-04 PLA2G1B 5319 38016927 ACAAGAACCUGGACACCAA 

Plate 3 E09 D-009886-01 PLA2G4A 5321 113722110 GAACAGUCGUUAAGAAGUA 

Plate 3 E09 D-009886-02 PLA2G4A 5321 113722110 GGAGAAACACUAAUUCAUA 

Plate 3 E09 D-009886-03 PLA2G4A 5321 113722110 GGAGAAGACUUUCAGACAA 

Plate 3 E09 D-009886-04 PLA2G4A 5321 113722110 GUACAAGGCUCCAGGUGUU 

Plate 3 E10 D-187552-05 PLA2G4B 100137049 167860119 CGGCAGGAUAGCUGAGUUU 

Plate 3 E10 D-187552-06 PLA2G4B 100137049 167860119 GCUCAAGAAUGUCAUGGAA 

Plate 3 E10 D-187552-07 PLA2G4B 100137049 167860119 GGCAAUGACUUCCCUGUAU 

Plate 3 E10 D-187552-08 PLA2G4B 100137049 167860119 GAUCCCAGUGGUAGCUAUU 

Plate 3 E11 D-009663-01 PLA2G4C 8605 4505850 GAGAAGGGCUGUUGCUAAU 

Plate 3 E11 D-009663-02 PLA2G4C 8605 4505850 GAAGAUCCUUAGAGAGUUG 

Plate 3 E11 D-009663-05 PLA2G4C 8605 4505850 GGAGAAGGGCUGUUGCUAA 

Plate 3 E11 D-009663-19 PLA2G4C 8605 4505850 CGACUUCAGUGCCGGAGAU 

Plate 3 F02 D-010308-02 PLA2G4F 255189 67972428 GCCCAGAGCUUUAACUUCA 

Plate 3 F02 D-010308-03 PLA2G4F 255189 67972428 GGAAGCAGGUCGUGUCCAA 

Plate 3 F02 D-010308-04 PLA2G4F 255189 67972428 CAAGGUGGCUGGCAGACAA 

Plate 3 F02 D-010308-17 PLA2G4F 255189 67972428 CCAGGUGUGGAGCGACAAA 

Plate 3 F03 D-010110-02 PLA2G5 5322 113722111 GGAAGAACGCCCUGACAAA 

Plate 3 F03 D-010110-03 PLA2G5 5322 113722111 AGAGAAACCUACGGAGCUA 

Plate 3 F03 D-010110-04 PLA2G5 5322 113722111 CCAAGGAUGGCACCGAUUG 

Plate 3 F03 D-010110-05 PLA2G5 5322 113722111 GCACACAGUCCUACAAAUA 

Plate 3 F04 D-009085-06 PLA2G6 8398 52486250 AGAUGGAUGUCACCGACUA 

Plate 3 F04 D-009085-08 PLA2G6 8398 52486250 GAGCCUCGUUUCAACCAGA 

Plate 3 F04 D-009085-09 PLA2G6 8398 52486250 GGACGGACAUCAUGCUGGA 

Plate 3 F04 D-009085-23 PLA2G6 8398 52486250 CCGACUACACCUCGAGUGA 

Plate 3 F05 D-009413-01 PLD1 5337 4505872 UAACUGAGCUUAUCUAUGU 

Plate 3 F05 D-009413-02 PLD1 5337 4505872 GAAGAACAAUUCCUUGGUA 

Plate 3 F05 D-009413-03 PLD1 5337 4505872 GAAGAUUACUUGACAAAGA 

Plate 3 F05 D-009413-04 PLD1 5337 4505872 GGUAAUCAGUGGAUAAAUU 

Plate 3 F06 D-003729-04 PLSCR1 5359 10863876 CUACCAAAGUUUACAAUUC 

Plate 3 F06 D-003729-05 PLSCR1 5359 10863876 UUACAGACGCUGAUAACUU 

Plate 3 F06 D-003729-06 PLSCR1 5359 10863876 CUUUAGACCUUGAUGUUAA 

Plate 3 F06 D-003729-19 PLSCR1 5359 10863876 ACUGAUUGCUGUACCCGAA 

Plate 3 F07 D-031983-01 PLSCR2 57047 9966794 CCACUAAGAUGUAACUGUU 

Plate 3 F07 D-031983-02 PLSCR2 57047 9966794 GAAAGUAGUAACAUGUAUG 

Plate 3 F07 D-031983-03 PLSCR2 57047 9966794 UGGAAGUUCUAUUCAGUUU 

Plate 3 F07 D-031983-04 PLSCR2 57047 9966794 CCAAUUCCCUAGAGACCUU 

Plate 3 F08 D-010255-01 PLSCR3 57048 31543416 GCACAGACACCAACUUUGA 

Plate 3 F08 D-010255-02 PLSCR3 57048 31543416 CCACAUUCCUCAUUGACUA 

Plate 3 F08 D-010255-03 PLSCR3 57048 31543416 CCUCUGCCGUCACCAGUUA 

Plate 3 F08 D-010255-04 PLSCR3 57048 31543416 GGAGACCUGUAAUCGGUAU 

Plate 3 F09 D-021172-03 PLSCR4 57088 9966818 GCCGAGAAAUCAUGACAAU 

Plate 3 F09 D-021172-04 PLSCR4 57088 9966818 GGUCUGGAAUACUUAGUUC 

Plate 3 F09 D-021172-19 PLSCR4 57088 9966818 GUGUAAAAUUGAUCGGAUU 

Plate 3 F09 D-021172-20 PLSCR4 57088 9966818 GUUCGUGGGCCAUGCUCAA 

Plate 3 F10 D-009564-01 PNPLA3 80339 17196625 UGACAUGGCUUCCAGAUAU 
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Plate 3 F10 D-009564-02 PNPLA3 80339 17196625 AGACAAAGGUGGAUACAUG 

Plate 3 F10 D-009564-03 PNPLA3 80339 17196625 CAACGUACCCUUCAUUGAU 

Plate 3 F10 D-009564-04 PNPLA3 80339 17196625 GCUCAUCUCCGGCAAAAUA 

Plate 3 F11 D-019098-01 PPAP2A 8611 29171735 GAGGAGGACUCUCAUACAA 

Plate 3 F11 D-019098-03 PPAP2A 8611 29171735 CUACAUAUGUCGAGGGAAU 

Plate 3 F11 D-019098-04 PPAP2A 8611 29171735 CAACAACUGGGAAUCACUA 

Plate 3 F11 D-019098-17 PPAP2A 8611 29171735 CUGUAUAUGUAUCGGAUUU 

Plate 3 G02 D-017312-01 PPAP2B 8613 29171739 GGGACUGUCUCGCGUAUCA 

Plate 3 G02 D-017312-02 PPAP2B 8613 29171739 UCUAUUACCUGAAGAAGUC 

Plate 3 G02 D-017312-03 PPAP2B 8613 29171739 CAGUUCACCUUGAUCAUGA 

Plate 3 G02 D-017312-05 PPAP2B 8613 29171739 GGAAUUCUACCGGAUCUAU 

Plate 3 G03 D-011500-01 PPAP2C 8612 29171743 UGACAGACCUGGCCAAGUA 

Plate 3 G03 D-011500-02 PPAP2C 8612 29171743 GCACGACUCUGUUGGAAGU 

Plate 3 G03 D-011500-03 PPAP2C 8612 29171743 GCUCGGACUUCAACAACUA 

Plate 3 G03 D-011500-04 PPAP2C 8612 29171743 CCGCGUGUCUGAUUACAAA 

Plate 3 G04 D-008568-01 PTDSS1 9791 7662646 CCAAGCCAGUCAUCCAUUA 

Plate 3 G04 D-008568-02 PTDSS1 9791 7662646 GGACCUAUGUUCGAUGGUU 

Plate 3 G04 D-008568-03 PTDSS1 9791 7662646 UGAGACAGUACUACGCUUA 

Plate 3 G04 D-008568-04 PTDSS1 9791 7662646 CAUGGUCGUUUGCCGGUUU 

Plate 3 G05 D-008959-01 PTDSS2 81490 13540554 GAAACUGCCUCAUCUACGA 

Plate 3 G05 D-008959-02 PTDSS2 81490 13540554 CAAGUUGGAUGGCUUUGUU 

Plate 3 G05 D-008959-03 PTDSS2 81490 13540554 UGGCAGAACUGAACACGUU 

Plate 3 G05 D-008959-04 PTDSS2 81490 13540554 GAGGAUCGCCUUCCAGUUC 

Plate 3 G06 D-010725-01 SERINC1 57515 34222115 GGAAACAACUCCACUGUAA 

Plate 3 G06 D-010725-02 SERINC1 57515 34222115 CAACUAGUCUUACUUAUUG 

Plate 3 G06 D-010725-03 SERINC1 57515 34222115 UGAAUUAUCUGCUGUCUUU 

Plate 3 G06 D-010725-04 SERINC1 57515 34222115 UCACCGAGCUGUAGAUAAU 

Plate 3 G07 D-034961-17 SERINC4 619189 75677607 CCAGAUAUCUCUCUAGCAA 

Plate 3 G07 D-034961-18 SERINC4 619189 75677607 UGUGGAUUGUCAAGGUUUA 

Plate 3 G07 D-034961-19 SERINC4 619189 75677607 CUGCCUGGCCUGAGUAAAA 

Plate 3 G07 D-034961-20 SERINC4 619189 75677607 CUUCAAGGACAGAAUCACA 

Plate 3 G08 D-018248-01 SERINC5 256987 148226533 GAAGAUAUGUGUAAAGGCA 

Plate 3 G08 D-018248-02 SERINC5 256987 148226533 AUACGCAGCUCCUGAAUUG 

Plate 3 G08 D-018248-03 SERINC5 256987 148226533 GGGAUAUUCUGCCGUGUAU 

Plate 3 G08 D-018248-04 SERINC5 256987 148226533 AAUCGGAUGUAUCUUGUAU 

Plate 3 G09 D-010656-01 ATL3 25923 32306541 GAAAUCACAUUCACUCAUG 

Plate 3 G09 D-010656-02 ATL3 25923 32306541 GAAGAAGGUUGCAGUUGUU 

Plate 3 G09 D-010656-03 ATL3 25923 32306541 GAAGGAAAGUGGCCAUUCA 

Plate 3 G09 D-010656-04 ATL3 25923 32306541 GAGCAGGCUUCUUCUCAUA 

Plate 3 G10 D-018775-01 SGMS2 166929 142351982 CAACGGAUUCUACGAUUGA 

Plate 3 G10 D-018775-02 SGMS2 166929 142351982 GGGAUUAUAUUAGUUGGAU 

Plate 3 G10 D-018775-03 SGMS2 166929 142351982 UACGAACACUUAUGCAAGA 

Plate 3 G10 D-018775-04 SGMS2 166929 142351982 GCACACGAACACUACACUA 

Plate 3 G11 D-006673-21 SPTLC1 10558 30474870 GGGUUAAGGCAGCAGCUUU 

Plate 3 G11 D-006673-22 SPTLC1 10558 30474870 GUAUAAACUUCGCCUCAUU 

Plate 3 G11 D-006673-23 SPTLC1 10558 30474870 UUCUUGGAUUGUUGGAUAA 

Plate 3 G11 D-006673-24 SPTLC1 10558 30474870 ACUUGUGGACCCAGAGGAU 

Plate 3 H02 D-006674-17 SPTLC2 9517 31881646 UCAAACAGAUACCGGUUAA 

Plate 3 H02 D-006674-18 SPTLC2 9517 31881646 CAUACUAUAACCAGGUAAA 

Plate 3 H02 D-006674-19 SPTLC2 9517 31881646 CCGAGGAUGUGGAUGUUAU 

Plate 3 H02 D-006674-20 SPTLC2 9517 31881646 GUACAAAGCUGCUCCGUAG 

Plate 3 H03 D-010286-01 SPTLC3 55304 119220553 GCUCAUUGUUGAAUCGUUU 

Plate 3 H03 D-010286-02 SPTLC3 55304 119220553 CAACGCAGCUGUGGAACGA 

Plate 3 H03 D-010286-19 SPTLC3 55304 119220553 GUUGUAAGGAAUACCGUUA 

Plate 3 H03 D-010286-20 SPTLC3 55304 119220553 CUGAAAUAUUCCCGGCACA 
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Plate 3 H04 D-014380-01 SRD5A3 79644 142350354 CAACUUAACUUGGUGGCUA 

Plate 3 H04 D-014380-02 SRD5A3 79644 142350354 GAGCUGAUGAUCUACGUUU 

Plate 3 H04 D-014380-03 SRD5A3 79644 142350354 CAUCUGCCCAUCAGUAUAA 

Plate 3 H04 D-014380-04 SRD5A3 79644 142350354 CUUCAUGGUUUGCUCAGAA 

Plate 3 H05 D-017156-01 C14ORF147 171546 115527093 GCACUACUUUGAAAUCGUA 

Plate 3 H05 D-017156-02 C14ORF147 171546 115527093 GAGCGGACGGUGUUCAAUU 

Plate 3 H05 D-017156-03 C14ORF147 171546 115527093 AAGCAGAUGUCCUGGUUCU 

Plate 3 H05 D-017156-04 C14ORF147 171546 115527093 CAGCACAUCAUGGCGAUAU 

Plate 3 H06 D-016481-13 C3orf57 165679 93141041 CAUUAUUGCUAUGGUGGUA 

Plate 3 H06 D-016481-14 C3orf57 165679 93141041 GGGAGCGAUCUAUGUUUAA 

Plate 3 H06 D-016481-15 C3orf57 165679 93141041 GGAUUUGAGGCGUGUGAAG 

Plate 3 H06 D-016481-16 C3orf57 165679 93141041 GCCUAUGUCUUUAUUCCAA 

Plate 3 H07 D-016657-01 ST6GALNAC6 30815 34147672 GGACGAAUGUGUCACCUAC 

Plate 3 H07 D-016657-02 ST6GALNAC6 30815 34147672 GUACAAUCCGCAUGAAUGA 

Plate 3 H07 D-016657-03 ST6GALNAC6 30815 34147672 GGUCAGCAGUGUUCGUGAU 

Plate 3 H07 D-016657-04 ST6GALNAC6 30815 34147672 GGAGCAUCACUGACGGCUA 

Plate 3 H08 D-011775-01 ST8SIA1 6489 163792206 GUGAAGAGGUGGCCAUCUA 

Plate 3 H08 D-011775-02 ST8SIA1 6489 163792206 CAUCUUUGAGGGUUUAUUA 

Plate 3 H08 D-011775-03 ST8SIA1 6489 163792206 GAAAUGCGCGGUGGUGGGA 

Plate 3 H08 D-011775-04 ST8SIA1 6489 163792206 GCAUAAUUCGGCAAAGGUU 

Plate 3 H09 D-020935-01 ST8SIA3 51046 110815854 GUGAAGAGAUCCACUUGUA 

Plate 3 H09 D-020935-02 ST8SIA3 51046 110815854 GAACACAGAGGUCAGUUAA 

Plate 3 H09 D-020935-03 ST8SIA3 51046 110815854 CGAAUUCUCUCACCCAGGA 

Plate 3 H09 D-020935-04 ST8SIA3 51046 110815854 GUGGAAAUUUAAUCGGACA 

Plate 3 H10 D-013672-01 ST8SIA5 29906 28373100 GGACAAAGCUCAAGUAUGA 

Plate 3 H10 D-013672-02 ST8SIA5 29906 28373100 GAAUAUAACUCCACAAGAU 

Plate 3 H10 D-013672-03 ST8SIA5 29906 28373100 GGCAGGAACUACAUUAAGA 

Plate 3 H10 D-013672-04 ST8SIA5 29906 28373100 GCAAAUGGGCGAUGAACAU 

Plate 3 H11 D-009608-01 TAZ 6901 31317266 GGAAAGCCCUGACGGACUU 

Plate 3 H11 D-009608-02 TAZ 6901 31317266 UGAAUGACGUCCUUCCUAA 

Plate 3 H11 D-009608-03 TAZ 6901 31317266 GGGACUGGGUGCAUAUCUU 

Plate 3 H11 D-009608-04 TAZ 6901 31317266 UGUACGAGCUCAUCGAGAA 

              

Plate 4 A02 D-004558-01 ALOX12 239 154426291 CCAAAGGGAUGACAUAGUG 

Plate 4 A02 D-004558-02 ALOX12 239 154426291 GAUGAUCUACCUCCAAAUA 

Plate 4 A02 D-004558-03 ALOX12 239 154426291 GGAGUUUGAUCAUGACGUU 

Plate 4 A02 D-004558-04 ALOX12 239 154426291 CGGCAGGCCUGUCUUCAAA 

Plate 4 A03 D-009025-01 ALOX12B 242 119964724 GGAAUGCACUGGAGAAGUA 

Plate 4 A03 D-009025-02 ALOX12B 242 119964724 GAACAGCAUUUCUAUUUAG 

Plate 4 A03 D-009025-03 ALOX12B 242 119964724 GAUCCGAUAUGUCACUAUA 

Plate 4 A03 D-009025-04 ALOX12B 242 119964724 UGUCGGAGCUCACCUAUGA 

Plate 4 A04 D-003808-05 ALOX15 246 40316936 GGACUGGGCUGGUCUCUGA 

Plate 4 A04 D-003808-06 ALOX15 246 40316936 GAUACACCCUGGAAAUUAA 

Plate 4 A04 D-003808-07 ALOX15 246 40316936 GAAAUCAUCUAUCGGUAUG 

Plate 4 A04 D-003808-08 ALOX15 246 40316936 GGACCAGGUUUGCCACUUU 

Plate 4 A05 D-009026-01 ALOX15B 247 85067500 GAACUAUUCUCUCCUGUGU 

Plate 4 A05 D-009026-02 ALOX15B 247 85067500 GGGAAGCCCUGGUGCAGUA 

Plate 4 A05 D-009026-03 ALOX15B 247 85067500 GGAGGAGUCUGAAUGAGAU 

Plate 4 A05 D-009026-05 ALOX15B 247 85067500 CCAAAGGCCUGGCAACAUG 

Plate 4 A06 D-004530-01 ALOX5 240 62912458 AGAAGCAGCUGCCAUAUUA 

Plate 4 A06 D-004530-02 ALOX5 240 62912458 GGAAUGACUUCGCCGACUU 

Plate 4 A06 D-004530-03 ALOX5 240 62912458 GGCCCGAGAUGACCAAAUU 

Plate 4 A06 D-004530-05 ALOX5 240 62912458 UGAACGAUGUCUACGUGUA 

Plate 4 A07 D-004556-01 PTGS1 5742 18104966 GGAAUUGUAUGGAGACAUU 

Plate 4 A07 D-004556-02 PTGS1 5742 18104966 GAACAUGGACCACCACAUC 
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Plate 4 A07 D-004556-03 PTGS1 5742 18104966 CAAGAGGUUUGGCAUGAAA 

Plate 4 A07 D-004556-04 PTGS1 5742 18104966 GGAGAUGGCAGCAGAGUUG 

Plate 4 A08 D-004557-01 PTGS2 5743 4506264 GGACUUAUGGGUAAUGUUA 

Plate 4 A08 D-004557-02 PTGS2 5743 4506264 CAUCAACACUGCCUCAAUU 

Plate 4 A08 D-004557-04 PTGS2 5743 4506264 GAAAUUUGACCCAGAACUA 

Plate 4 A08 D-004557-05 PTGS2 5743 4506264 GAAUUACCCAGUUUGUUGA 

Plate 4 A09 D-013726-01 PGDS 27306 62422566 CAAGCUGACUGGCCUGAAA 

Plate 4 A09 D-013726-02 PGDS 27306 62422566 ACACAGAUUUGGCUGGAAA 

Plate 4 A09 D-013726-03 PGDS 27306 62422566 UAAUGCGCCUCAUCUUAUG 

Plate 4 A09 D-013726-04 PGDS 27306 62422566 UGCCGUCGCUAACUGGAUA 

Plate 4 A10 D-019683-01 C14ORF1 11161 6005718 GCUCCGGUAUCUAGAAGUA 

Plate 4 A10 D-019683-02 C14ORF1 11161 6005718 GUUAAGAAGUUGGCUGGUU 

Plate 4 A10 D-019683-03 C14ORF1 11161 6005718 ACAAGACGCUCUAUCACAU 

Plate 4 A10 D-019683-04 C14ORF1 11161 6005718 UCUCUGAGUUGUUUGUCUA 

Plate 4 A11 D-008288-01 CH25H 9023 95147553 CAACUUCGCUCCGUACUUU 

Plate 4 A11 D-008288-04 CH25H 9023 95147553 CCGUGACGCUGCUGCAUUG 

Plate 4 A11 D-008288-17 CH25H 9023 95147553 CGACAUGAUGAACGUCACA 

Plate 4 A11 D-008288-18 CH25H 9023 95147553 AGAAAUGUUAUUCGUGCUU 

Plate 4 B02 D-009215-01 CYP51A1 1595 13929427 CAGCAUACAUCCUCAACUA 

Plate 4 B02 D-009215-02 CYP51A1 1595 13929427 CCACUAUGCUUCGUUUAUA 

Plate 4 B02 D-009215-03 CYP51A1 1595 13929427 GAAGGGAGUUGCAUACGAU 

Plate 4 B02 D-009215-17 CYP51A1 1595 13929427 GGUAGGGAAUAAUCGAACA 

Plate 4 B03 D-010222-01 DHCR24 1718 114155130 CAACACAUCUGCACUGCUU 

Plate 4 B03 D-010222-02 DHCR24 1718 114155130 GAAAUGAGGCAGAGCUCUA 

Plate 4 B03 D-010222-03 DHCR24 1718 114155130 GGAGUACAUUCCCUUGAGA 

Plate 4 B03 D-010222-04 DHCR24 1718 114155130 CAUCAUCCCUGCCAAGAAG 

Plate 4 B04 D-020182-01 DHCR7 1717 119943111 GGCCAAGACUCCACCUAUA 

Plate 4 B04 D-020182-03 DHCR7 1717 119943111 CAUCAUGGCUUGUGACCAG 

Plate 4 B04 D-020182-04 DHCR7 1717 119943111 GCCCAGCUCUAUACCUUGU 

Plate 4 B04 D-020182-17 DHCR7 1717 119943111 CUUCAAGGGAAUUCCGAGU 

Plate 4 B05 D-012282-01 EBP 10682 5729809 GAAAGAGUAUGCCAAGGGA 

Plate 4 B05 D-012282-03 EBP 10682 5729809 GCCGAUACAUCCUGGGUGA 

Plate 4 B05 D-012282-04 EBP 10682 5729809 ACGAAGACCUGCUUGGAGA 

Plate 4 B05 D-012282-17 EBP 10682 5729809 CCCACAGUUUGGAGGGACA 

Plate 4 B06 D-008624-01 LSS 4047 31377810 GGACUGCGCUCAACUAUGU 

Plate 4 B06 D-008624-02 LSS 4047 31377810 GCAGAAGGCUCAUGAGUUC 

Plate 4 B06 D-008624-03 LSS 4047 31377810 GAAGCUGUAUGAACACAUU 

Plate 4 B06 D-008624-04 LSS 4047 31377810 UGCAGGCGCUUAAGUAUUU 

Plate 4 B07 D-009745-01 SC5DL 6309 122939199 CAAAUUACAUGAUGACCUA 

Plate 4 B07 D-009745-02 SC5DL 6309 122939199 GAAGAUUCCUACUCCAUUU 

Plate 4 B07 D-009745-03 SC5DL 6309 122939199 GGAAGGGACCGCUCAGUUA 

Plate 4 B07 D-009745-04 SC5DL 6309 122939199 GUGCAACACUGAGCUAUUA 

Plate 4 B08 D-005240-02 SOAT1 6646 49533616 GAAUAUGCCUUGGCUGUUU 

Plate 4 B08 D-005240-03 SOAT1 6646 49533616 GAACGUGCCUCGGGUACUA 

Plate 4 B08 D-005240-04 SOAT1 6646 49533616 GCACACUUGUAGUAGAUUA 

Plate 4 B08 D-005240-18 SOAT1 6646 49533616 GAUUGGAGUUCUAGGUUUU 

Plate 4 B09 D-009646-04 SQLE 6713 62865634 UAUUGAAGGUGUUGUGUUA 

Plate 4 B09 D-009646-17 SQLE 6713 62865634 UUUCAAACUUGGUGGCGAA 

Plate 4 B09 D-009646-18 SQLE 6713 62865634 CAAACUUGGUGGCGAAUGU 

Plate 4 B09 D-009646-19 SQLE 6713 62865634 GAGAUACAGUGGAAGGUCU 
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Primers sequences 

Oligo Name Sequence (5'->3') 

MTMR3-F AGCAGAGTGGGCTCAGTGTT 

MTMR3-R ACTGTCCACGTTTGGTCCTC 

PPAP2B-F TGGTGGCCTGCTGCATAGT 

PPAP2B-R GGAGAGCGTCGTCTTAGTCTTGA 

DGKE-F ATTACAGGTGCATTTGGTGCC 

DGKE-R GGGGTCCACTGCTTTCCAAG 

CDIPT-F GCGCTCTTAATCAAGGAACC 

CDIPT-R CAAACTCATGCTGATTTGGAA 

AGPAT2-F CCCGTGGGCCTCATCATGTA 

AGPAT2-R CGATGGGCACGTTCTCCC 

SLC27A1-F CTGCCCTTAAATGAGGCAGTCT 

SLC27A1-R AACAGCTTCAGAGGGCGAAG 

GAPDH-F ATGACATCAAGAAGGTGGTG 

GAPDH-R CATACCAGGAAATGAGCTTG 

ABHD5 primers are from QIANTGEN:  QT00005621 

 

AGPAT2 siRNA resistant sequence 
with HA tag at N-terminus 

ATGGAGCTGTGGCCGTGTCTGGCCGCGGCGCTGCTGTTGCTGCTGCTGCTGGTG

CAGCTGAGCCGCGCCTATCCCTATGATGTGCCAGATTATGCCGCTGAATTTTACG

CAAAAGTCGCTTTATACTGCGCGTTGTGCTTCACCGTCTCTGCTGTAGCGAGTTTG

GTCTGTCTGTTGAGGCACGGAGGACGAACTGTGGAGAATATGTCTATTATTGGTT

GGTTTGTTCGCTCTTTTAAATACTTTTACGGGCTTAGGTTCGAGGTACGAGACCCT

CGTAGGTTACAGGAAGCTCGACCATGTGTAATCGTTAGTAATCACCAGTCAATCCT

GGACATGATGGGTTTAATGGAAGTGCTGCCGGAGAGATGTGTACAGATCGCTAAA

CGGGAACTATTGTTCCTAGGGCCCGTTGGCTTAATAATGTATTTGGGAGGGGTCT

TTTTTATCAATCGTCAGCGATCGAGCACAGCGATGACAGTTATGGCGGACTTAGG

CGAACGCATGGTTAGAGAAAATTTGAAGGTATGGATCTACCCAGAGGGAACGCGC
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AATGATAACGGTGACCTTCTTCCATTCAAGAAAGGAGCCTTTTACTTGGCAGTTCA

AGCTCAGGTTCCAATAGTTCCTGTAGTGTATTCTTCTTTTTCGTCTTTCTACAATAC

CAAAAAAAAGTTCTTTACCTCGGGCACAGTGACTGTCCAAGTTTTGGAGGCTATAC

CGACCTCTGGGTTGACCGCGGCGGATGTTCCGGCGCTTGTAGACACTTGCCATA

GAGCTATGAGGACAACTTTTCTTCACATCAGTAAGACCCCTCAAGAGAATGGGGC

CACCGCTGGCTCAGGTGTACAGCCGGCGCAGTAG 

without HA tag at N-terminus 

ATGGAGCTGTGGCCGTGTCTGGCCGCGGCGCTGCTGTTGCTGCTGCTGCTGGTG

CAGCTGAGCCGCGCCGCTGAATTTTACGCAAAAGTCGCTTTATACTGCGCGTTGT

GCTTCACCGTCTCTGCTGTAGCGAGTTTGGTCTGTCTGTTGAGGCACGGAGGACG

AACTGTGGAGAATATGTCTATTATTGGTTGGTTTGTTCGCTCTTTTAAATACTTTTA

CGGGCTTAGGTTCGAGGTACGAGACCCTCGTAGGTTACAGGAAGCTCGACCATG

TGTAATCGTTAGTAATCACCAGTCAATCCTGGACATGATGGGTTTAATGGAAGTGC

TGCCGGAGAGATGTGTACAGATCGCTAAACGGGAACTATTGTTCCTAGGGCCCGT

TGGCTTAATAATGTATTTGGGAGGGGTCTTTTTTATCAATCGTCAGCGATCGAGCA

CAGCGATGACAGTTATGGCGGACTTAGGCGAACGCATGGTTAGAGAAAATTTGAA

GGTATGGATCTACCCAGAGGGAACGCGCAATGATAACGGTGACCTTCTTCCATTC

AAGAAAGGAGCCTTTTACTTGGCAGTTCAAGCTCAGGTTCCAATAGTTCCTGTAGT

GTATTCTTCTTTTTCGTCTTTCTACAATACCAAAAAAAAGTTCTTTACCTCGGGCAC

AGTGACTGTCCAAGTTTTGGAGGCTATACCGACCTCTGGGTTGACCGCGGCGGAT

GTTCCGGCGCTTGTAGACACTTGCCATAGAGCTATGAGGACAACTTTTCTTCACAT

CAGTAAGACCCCTCAAGAGAATGGGGCCACCGCTGGCTCAGGTGTACAGCCGGC

GCAGTAG 
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Figure 7-1 Box plots and kernel density plots before and after normalization. The 
boxplots show at most 50 features due to space limit. The density plots are 
based on all samples. Selected methods : Row-wise, normalization: Quantile 
Normalization; Data transformation: N/A; Data scaling: Range Scaling. 
 


