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Abstract 

Aberrant lipid storage is a hallmark of many pathologies, including non-alcoholic fatty 
liver disease (NAFLD). NAFLD is characterized by an accumulation of lipids stored in 
lipid droplets (LDs) in the cytoplasm. A subpopulation of nuclear LDs (nLDs) has been 
reported to form in response to excess fatty acids in hepatocytes and other cells. nLDs 
associate with nuclear proteins, including the nuclear body-forming promyelocytic 
leukemia (PML) proteins to form lipid-associated PML structures (LAPS), along with the 
lipid metabolic enzymes LIPIN1 and CTP:phosphocholine cytidylyltransferase α 
(CCTα). My research aimed to characterize protein association with nLDs over time, 
investigating the mechanisms regulating CCTα and LIPIN1 translocation to nLDs and 
determining whether apolipoprotein L6 (APOL6) associates with LAPS. PML 
recruitment to nLDs and thus LAPS formation was found to precede CCTα and LIPIN1 
recruitment. The ability for CCTα to associate with nLDs was found to be inhibited by 
the degree of phosphorylation in its C-terminal phosphorylation domain. Interferon (IFN) 
γ was found to stimulate LAPS formation and APOL6 expression. Furthermore, the 
combination of IFNγ and fatty acids were found to stimulate greater LAPS formation and 
APOL6 expression and recruitment to LAPS under conditions which simulate NAFLD. 
These results demonstrate that nLDs are a heterogenous population of nuclear structures 
that dynamically recruit PML, CCT, LIPIN1 and APOL6 in response to fatty acids and 
IFNγ stimulus, possibly to quell the lipotoxic effects of fatty acid overload. Additionally, 
the establishment of connections between IFNγ, APOL6 and LAPS creates a paradigm in 
which NASH may be stimulated in hepatic tissue by fatty acids and inflammatory 
signalling driving the expression of pro-apoptotic APOL6.  
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Chapter 1: Introduction 

1.1 Research objectives 

The research presented in this thesis focuses on interactions between nuclear lipid 

droplets (nLDs) and nLD-associated proteins. The three primary objectives of this 

research were to 1) quantify when key nLD proteins associate with nLDs; 2) determine 

the mechanism regulating interactions between nLDs and CTP:phosphocholine 

cytidylytransferase α (CCTα), the rate-limiting enzyme in the Kennedy pathway of 

phosphatidylcholine (PC) synthesis; and 3) to characterize the novel nLD-associated 

protein apolipoprotein L6 (APOL6).  

  This research will be contextualized with a review of relevant literature. I will 

begin with a brief overview of lipids and lipid storage, focusing on lipid synthesis as it 

relates to lipid storage in LDs, followed by an in-depth review of nLDs, their functions 

and how they differ from cytoplasmic LDs (cLDs). Along the way, I will discuss relevant 

nLD-associated proteins, with a focus on CCTα, LIPIN1, promyelocytic leukemia 

proteins (PML) and APOL6 and their roles in nLD structure and function. 

 

1.1 Lipid droplets: An introduction to lipid storage 

1.2.1 Lipid droplets exist: A biophysical explanation 

   Energy is required for everything from intercellular transport to nucleotide 

synthesis and thus a constant supply is vital. Energy and its storage pose an existential 

conundrum for cells: while its demand is continuous, its supply is not. Energy is most 

readily consumed in the form of nucleotide triphosphates, predominantly adenosine 5’-

triphosphate (ATP). However, ATP has a half-life on a timeframe of seconds and thus 
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more enduring forms of energy storage are required for its on-demand synthesis. Cells 

have evolved to convert a variety of molecules into ATP, including carbohydrates, amino 

acids, ketones and fatty acids (FAs). Oxidation of these molecules is required to generate 

ATP and thus the amount of energy generated per molecule is proportional to how many 

times the molecule can be oxidized. FAs, as the most reduced energy molecules, provide 

the most opportunities for oxidation and therefore are the most efficient way to transport 

and store energy for later use. However, FAs are inadequate as storage molecules due to 

their cytotoxic effects on cells (Lee et al., 1994). The toxicity of FAs is quelled by 

esterifying them to a glycerol backbone to produce triacylglycerols (TG; Figure 1.1A). 

TG is more hydrophobic than FAs and thus poses difficulty for storage in the aqueous 

environment of cells. As a result, cells have evolved specialized organelles that store and 

mobilize lipids contained in LDs.  

  The effectiveness of LDs at storing lipids is due to their morphology, which 

minimizes thermodynamically unfavorable interactions between hydrophobic and 

aqueous phases. LD structure (Figure 1.1B) consists of a monolayer of amphipathic 

phospholipids (PLs; Figure 1.1C) surrounding a core of hydrophobic sterol esters and 

TG. Additionally, proteins can interact with the LD surface electrostatically or insert into 

the phospholipid monolayer.   

 The LD profile varies by quantity, size, and function within different tissues. LDs 

are present in virtually all mammalian tissues. LDs are most abundant in adipose but are 

also common in liver, skeletal muscle, cardiomyoctes, intestinal epithelium, and 

steroidogenic cells. LDs are also connected to the pathology of many diseases prevalent 

in Western societies, such as obesity, atherosclerosis, heart disease, type 2 diabetes  



Figure 1.1. Structure of TG, PC and LDs. (A) Structure of a 
triacylglycerol with three palmitatic acids esterified to a glycerol 
backbone (red). The long acyl chains and lack of polar groups make 
TAG hydrophobic. (B) Lipid droplet structure. A core of hydrophobic 
triacylglycerols and sterol esters is surrounded by a layer of 
amphipathic phospholipids. Associated proteins interact peripherally 
through electrostatic interactions or integrate into the phospholipid 
monolayer via hydrophobic domains. (C) Generic structure of a 
phosphatidylcholine molecule. R1 and R2 represent fatty acid acyl 
chains which make PC amphipathic. Image made using BioRender. 
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mellitus and non-alcoholic fatty liver disease (NAFLD) (Gluchowski et al., 2017). Most 

research surrounding LDs has been conducted in adipocytes as white adipose serves as 

the primary lipid storage tissue. White adipocytes act as a sink for FAs derived from TG-

rich lipoproteins during times of energy abundance and mobilize TG reserves during 

starvation. Excess TG storage is a hallmark of obesity and has myriad of harmful 

consequences including reduced insulin sensitivity, perturbed endocrine functions and 

inappropriate accumulation of TG in other tissues (Vázquez-Vela et al., 2008). Unlike 

other cells, white adipocytes tend to have a single, large LD rather than several smaller 

LDs. Adipocyte LDs also have a unique complement of LD-associated proteins that 

enhance the storage or mobilization of FAs and TG such as fat-specific protein (FSP) 27 

and perilipin 1 (Greenberg et al., 1991; Puri et al., 2007). A large body of research 

surrounding LDs in hepatocytes also exists due to the liver’s role as hub of lipid 

metabolism. LDs also have pathological relevance in hepatocytes as they are connected 

with hepatic steatosis and NAFLD, an inappropriate accumulation of liver fat that can 

progress to non-alcoholic hepatic steatohepatitis (NASH) when coupled with excess liver 

inflammation or other insult (Gluchowski et al., 2017). NASH can lead to cell death, 

eventually leading to irreversible hepatic scaring called liver cirrhosis and organ failure. 

In addition to NAFLD, excess LDs in skeletal muscle and cardiomyocytes is often a 

pathological indicator of certain conditions such as type 2 diabetes mellitus. The link 

between LDs and disease runs deep and thus an understanding of modernity’s most 

pressing pathologies is built upon fundamental understanding of lipids and LDs.  

Lipidomic analysis has illuminated our understanding of the variety of lipid 

species in LDs in both the PL monolayer and neutral lipid core. The mammalian LD 
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monolayer possesses a diverse array of PLs, with PC constituting a majority of the total 

PL content (Chitraju et al., 2012; Tauchi-Sato et al., 2002). Significant quantities of 

phosphatidylethanolamine (PE) are also present along with minor amounts of other PLs 

such as phosphatidylinositides and sphingomyelin (Bartz et al., 2007; Chitraju et al., 

2012; McIntosh et al., 2010). PC has been demonstrated to be crucial for LD stability and 

inhibition of LD coalescence (Krahmer et al., 2011). It has been suggested that the 

biophysical properties of PC contribute to this unique phenotype. PC has a cylindrical 

shape with a head group roughly equivalent in diameter to its PL tails, whereas other PLs 

such as PE have a headgroup smaller than its base that promotes negative curvature. The 

importance of PC as a regulator of LD size is demonstrated by studies that have shown 

enlarged LDs after knockout of the nuclear rate-limiting enzyme in the Kennedy pathway 

of PC synthesis, CCT (Aitchison et al., 2015; Krahmer et al., 2011; Liu et al., 2021). LD 

membranes are also enriched in lyso-PLs, particularly lyso-PC, compared to other 

membranes (Bartz et al., 2007). Lyso-PLs have only one esterified fatty acid and thus a 

headgroup with a larger diameter than its base that promotes positive curvature, allowing 

the LD monolayer to adopt a confirmation with much more curvature than the planar ER 

membrane from which it is derived (M'barek et al., 2017).  

  The hydrophobic core of LDs is primarily composed of TG and cholesterol esters 

(CEs). TG is the far more abundant component of the core, although subpopulations of 

LDs enriched in CEs have been noted (Hsieh et al., 2012; Layerenza et al., 2013). It is 

unknown whether these sterol-rich LD populations have a different complement of 

monolayer PLs. The LD core also contains small amounts of other hydrophobic lipids, 
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including vitamin D, retinyl esters and monoalkyl diacylglycerols (Chitraju et al., 2012; 

Malmberg et al., 2014).  

  LD lipids are primarily acquired from one of two methods: membrane contact 

sites with the endoplasmic reticulum (ER) or de novo synthesis directly on LDs. PLs are 

mostly derived from ER contact sites as LDs lack most PL synthetic machinery, although 

the presence of lyso-PC acyl transferases (LPCATs 1 and 2) on the LD surface enable the 

conversion of lyso-PC to PC, allowing some PC synthesis (Moessinger et al., 2011). TG, 

on the contrary, can be effectively acquired through ER contact or de novo synthesis. 

Regardless of how the lipids are obtained, understanding both PC and TG synthesis are 

important for understanding LD formation.  

1.2.2 Lipid droplet building blocks: Triacylglycerol and phosphatidylcholine synthesis 

LD formation occurs at the ER and is dependent on having the right lipids 

available at the right time and place. Most lipid synthesis occurs at the smooth ER 

membrane, which contains a myriad of lipid synthetic enzymes and regulatory machinery 

while also maintaining contact sites with other organelles (Henne et al., 2020). 

Concentrating lipid synthesis at the ER facilitates lipid transport to key organelles while 

also streamlining lipid synthesis in a manner responsive to cellular lipid levels (Brown & 

Goldstein, 1997; Fagone & Jackowski, 2009). This streamlining of lipid synthesis is 

important for LD formation. The ultimate steps of TG and PC synthesis, the most 

abundant components of the LD core and monolayer respectively, are catalyzed in the 

ER. I will thus outline the metabolic pathways that produce PC and TG followed by links 

between the two pathways.  
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1.2.3 Triacylglycerol synthesis 

TG synthesis acts as a storage mechanism for cells exposed to excess fatty acids 

while simultaneously preventing the cytotoxic effects of fatty acid accumulation. TG 

synthesis can also be stimulated by signalling pathways independent of cellular FA 

concentrations. For example, the antiviral inflammatory cytokine interferon (IFN) γ 

stimulates TG synthesis and storage in pancreatic cells, as IFNγ stimulation decreased 

TG storage at 6 h but caused an increase by 24 h. Interestingly, IFNγ-induced TG 

synthesis was also found to enhance upregulation of IFNγ-upregulated genes (Truong et 

al., 2019).  

  The de novo pathway of TG synthesis is the sn-glycerol-3-phosphate (G3P) 

pathway (Figure 1.2; also known as the Kennedy pathway (Weiss et al., 1960)). This 

pathway initially produces phosphatidic acid (PA) (Lee & Ridgway, 2020). PA is a 

branch point in lipid metabolism: it can be incorporated into membranes, cytidylated to 

form CDP-diacylglycerol (DAG) for phosphatidylglycerol and cardiolipin synthesis or 

dephosphorylated to form DAG for PC or PE synthesis, or subsequently fatty acylated to 

form TG.  

  The glycerol backbone of TG is derived from G3P. The most significant sources 

of G3P are glycolysis and gluconeogenesis, which is a glucose-independent source that is 

activated when glucose levels are insufficient (Reshef et al., 2003). G3P can also be 

obtained by phosphorylation of glycerol by glycerol kinase (Bartley & Ward, 1985). 

Regardless of the source, G3P is acylated to form lyso-PA by G3P acyltransferases 

(GPATs) using a fatty acyl-coenzyme A (CoA) produced by fatty acyl-CoA synthase  

 



Figure 1.2. The CDP-choline and glycerol-3-phosphate pathways. 

The glycerol-3-phosphate (G3P) pathway begins with the acylation of 
G3P by GPAT on the ER or outer mitochondrial membrane to make 
lyso-phosphatidic acid (lyso-PA). Lyso-PA is acylated by AGPAT to 
form PA in the ER or mitochondria. PA in the ER is dephosphorylated 
by LIPIN1 to form diacylglycerol, which can then be acylated to form 
TG.  The CDP-choline pathway begins with exogenous choline uptake. 
Choline kinase (CK) phosphorylates choline to produce 
phosphocholine. Phosphocholine is cytidylated to make CDP-choline 
on the inner nuclear membrane by CCTα. CDP-choline is combined 
with DAG to form PC on the ER membrane. Image made using 
BioRender.

8
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(Lee & Ridgway, 2020). GPAT1, the most significant GPAT isoform for TG synthesis, 

and GPAT2 are located in the outer mitochondrial membrane (OMM) whereas GPATs 3 

and 4 are found in the ER (Cao et al., 2006; Lewin et al., 2004; Nagle et al., 2008; 

Vancura & Haldar, 1994). Lyso-PA is then converted to PA by an additional acylation by 

acylglycerophosphate acyltransferase (AGPAT). Both the ER and OMM have AGPAT 

activity and thus this step can occur in either organelle (Prasad et al., 2011). Subsequent 

TG synthesis enzymes are ER-associated and thus PA in the OMM destined for TG 

synthesis must be transferred to the ER, possibly by membrane contact sites of lateral 

diffusion (Flis & Daum, 2013). Isoforms of the PA phosphatase LIPIN catalyze PA 

dephosphorylation to form DAG, which is then fatty acylated to produce TG by 

diacylglycerol acyltransferase (DGAT). TG made in the ER can then be used to form 

nascent LDs, stored in existing LDs via ER-LD contacts or packaged into lipoproteins 

and secreted by hepatic and intestinal epithelial tissue provided sufficient PLs are present 

(Lee & Ridgway, 2018; Yao & Vance, 1988). Alternatively, LDs also have GPAT4, 

AGPAT3, LIPIN1 and DGAT2 associated with their surface, allowing them to directly 

synthesize and store TG without ER-contact (Wilfling et al., 2013). 

1.2.4 Phosphatidylcholine synthesis 

  PC is the predominant component of the LD monolayer and is essential for the 

formation of LDs, while also being necessary to package TG in lipoproteins in 

hepatocytes and intestinal epithelium (Lee & Ridgway, 2018; Penno et al., 2013; Yao & 

Vance, 1988). Mammalian PC synthesis occurs via three distinct pathways: the CDP-

choline pathway (also known as the Kennedy pathway of PC synthesis), methylation of 

PE and the acylation of lyso-PC by the Lands cycle LPCATs.   
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The CDP-choline pathway (Figure 1.2) is the primary de novo pathway for PC 

synthesis (Li & Vance, 2008). The pathway begins with the uptake of exogenous choline 

as mammals are unable to produce choline de novo and must acquire it from the diet. 

Choline, as a charged molecule, requires the use of transporter proteins to cross the lipid 

membrane of the cell. Choline uptake for PC synthesis is primarily through the 

ubiquitously expressed choline transporter-like proteins, although choline is also taken up 

by organic cation transporters (Hedtke & Bakovic, 2019; Sinclair et al., 2000). Once in 

the cell, choline is phosphorylated in an ATP-dependent manner by cytoplasmic choline 

kinases α and β to produce phosphocholine. Phosphocholine is then cytidylated by the 

rate-limiting enzyme of PC synthesis CCT. CCT has two isoforms: a ubiquitous nuclear α 

and a tissue-restricted cytoplasmic β isoform. This step can thus occur in either the 

cytoplasm or nucleus, although CCTα is the far more significant contributor to PC 

synthesis (Lykidis et al., 1998). Finally, CDP-choline is bonded to DAG to produce PC. 

This reaction is primarily catalyzed by choline-ethanolamine phosphotransferase (CEPT) 

in the ER, with choline phosphotransferase serving as a secondary source of catalysis in 

the Golgi apparatus. Both enzymes are transmembrane proteins that allow newly 

synthesized PC to be directly incorporated into membranes. Unlike TG synthesis, some 

intermediates in PC synthesis are polar molecules that allow easy movement throughout 

the cell and thus early steps in PC synthesis is not concentrated in the ER.  

 Regulation of the CDP-choline pathway is primarily at the step catalyzed by CCT. 

The α and β isoforms of CCT are encoded by separate genes: PCYT1A and PCYT1B, 

respectively, with β isoform having three splice variants (Karim et al., 2003; Lykidis et 

al., 1999; Lykidis et al., 1998). The most significant functional difference between α and 
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β is the presence of a nuclear localization signal (NLS) on the former that results in its 

nuclear localization (Lykidis et al., 1998). CCTα is also the more abundant and 

metabolically significant isoform (Lykidis et al., 1999). CCTα exists as a homodimer in 

both a soluble and membrane-bound form with its activity regulated by its ability to 

associate with membranes, most significantly the nuclear envelope (NE). CCTα consists 

of the following domains: an NLS, a catalytic domain, a membrane binding (M-) domain 

enriched in basic residues and a phosphorylation (P-) domain containing 16 serine 

residues that can be phosphorylated (Figure 1.3). The NLS is enriched in basic residues 

and is responsible for the nuclear import of CCTα while also contributing to the increased 

membrane affinity of CCTα relative to the β isoforms (Dennis et al., 2011). The catalytic 

domain is highly conserved among species compared to the rest of the protein, indicating 

its functional significance (Cornell & Ridgway, 2015). The active site contains several 

loops and alpha helices containing positively-charged amino acids that help stabilize the 

negatively-charged phosphates of CTP and phosphocholine (Cornell & Ridgway, 2015). 

The most significant catalytic residue is lysine 122, whose mutation to either arginine or 

alanine results in a catalytically-dead enzyme (Helmink et al., 2003). Residues essential 

for CCTα dimerization are also present in the catalytic domain (Cornell, 1989; Lee et al., 

2009). The catalytic domain is subject to inhibition from an autoinhibitory (AI) helix 

from the neighboring M-domain. This helix is enriched with hydrophobic residues and is 

immediately followed by a tight turn (Lee et al., 2014). When CCTα is inactive, the AI 

helix associates with active site helices impairing CCTα catalytic activity by restricting 

both substrate and K122 from the active site (Cornell & Ridgway, 2015). The M-domain 

is a semi-ordered region when CCTα is inactive and is itself an inducible amphipathic     



Figure 1.3. CCTα P-domain phosphosites. The domains of CCTα
(from left to right) include a nuclear localization signal (NLS), a 
catalytic domain, a membrane-binding (M-) domain and a 
phosphorylation (P-) domain containing 13 (human) and 16 (rat) serine 
residues that can be phosphorylated. The sequence of the P-domain is 
shown for human and rat CCTα, with serine phosphosites in red. 

NLS Catalytic M P

314-ISPKQSPSSSPTHERSPSPSFRWPFSGKTSPSSSPASLSRCKAVTCDISEDEED-367

314-ISPKQSPSSSPTHERSPSPSFRWPFSGKTSPPCSPANLSRCKAAAYDISEDEED-367
Human CCTα P-domain

Rat CCTα P-domain
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α-helix enriched in basic residues that inserts into lipid bilayers when CCTα is active. 

When CCTα is inactive the M-domain is mostly disordered, excluding the AI helix. 

When activated, the amphipathic M-domain helix assumes a structure with a face 

enriched in positively-charged lysine residues opposing a face enriched in glutamate 

residues. These lysine residues are integral for NE association, as their mutation reduces 

NE association (Gehrig et al., 2008; Johnson et al., 2003). M-domain insertion into the 

NE is activated by the presence of lipid activators in the membrane, including anionic 

PLs, FAs, DAG, farnesol and oxysterols (Arnold & Cornell, 1996; Gehrig et al., 2009; 

Lagace et al., 2002). These lipids enhance M-domain insertion by instilling membranes 

with one of two properties: increased concentration of negative charge or membrane 

packing defects (Cornell, 2016). Anionic lipids promote M-domain insertion by altering 

the domain’s charge balance. The glutamate residues are protonated in proximity to 

anionic membranes, whose enrichment in negatively-charged PLs results in a more acidic 

local pH (Dunne et al., 1996; Johnson et al., 2003). Packing defects generated by conical 

or reverse-conical lipids expose the hydrophobic fatty acid tails of PLs to water 

molecules; insertion of the M-domain mitigates these energetically unfavorable 

interactions. M-domain interactions are modulated by the CCTα P-domain, a disordered 

region containing a multitude of serine, threonine and tyrosine residues that can be 

phosphorylated. Phosphorylation introduces negative charges on the P-domain that 

impair membrane association (Chong et al., 2014; Wang & Kent, 1995), although 

dephosphorylation is not necessary for membrane binding (Houweling et al., 1994). How 

P-domain phosphosites antagonize membrane association is unknown. One explanation is 

that P-domain phosphates can form charge-based interactions with the lysine residues of 
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the M-domain, inhibiting the M-domain from inserting into membranes. The P-domain 

undergoes large scale dephosphorylation when stimulated with oleate (Wang et al., 

1993), although not all residues are affected; S319 becomes dephosphorylated in 

response to oleate stimulation, whereas C-terminal residues Y359 and S362 remain 

phosphorylated (Yue et al., 2020). CCTα phosphorylation appears to involve a multitude 

of kinases, although the identity of these kinases remains enigmatic. Glycogen synthase 

kinase 3 and cyclin dependent kinase 1 phosphorylate a few unknown serine-proline sites 

in vitro while casein kinase 2A phosphorylates S362 at the C-terminus (Cornell et al., 

1995). Interestingly, abatement of S362 phosphorylation reduced total CCTα 

phosphorylation by 20%, suggesting that phosphorylation at other sites is dependent on 

the phosphorylation status of S362 in a form of hierarchal phosphorylation. Other kinases 

identified through in vitro screens include cell division control kinase 2 and protein 

kinase C α and βII isoforms. Even less is known about CCTα phosphatases as only one 

phosphatase has been identified in vitro: protein phosphatase 1 (Arnold et al., 1997). 

Protein phosphatase 1 treatment only produced a 2 kDa band shift on SDS-PAGE gels, 

suggesting that it only acts on a subset of phosphosites. One possible candidate 

phosphatase is C-terminal domain nuclear envelope protein (CTDNEP1; also known as 

Dullard). CTDNEP1 as the name suggests is a NE phosphatase that dephosphorylates C-

terminal phosphoserines sites on LIPIN1, an enzyme that also has membrane association 

negatively-regulated by phosphorylation (Kim et al., 2007). CTDNEP1 is thus a 

promising CCTα phosphatase candidate given that some CCTα dephosphorylation occurs 

on the NE. Better understanding of CCTα phosphoregulation is essential to understanding 

how PC synthesis is regulated and is a major component of my research.  
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A secondary mechanism of PC synthesis is the methylation of the PE ethanolamine 

headgroup. This requires three successive methylations using S-adenosyl methionine, all 

of which are catalyzed at the ER by phosphatidylethanolamine N-methyltransferase 

(PEMT). This secondary pathway occurs primarily in the liver and constitutes 30% of 

hepatic synthesis (DeLong et al., 1999), although differentiated adipocytes also express 

PEMT (Cole & Vance, 2010). PEMT has been noted on LDs in hepatocytes (Lehner et 

al., 1999) and adipocytes, with adipocyte PEMT being important for LD stability (Hörl et 

al., 2011).  

 The Lands cycle acts as a third pathway of PC synthesis. Unlike the CDP-choline or 

PEMT pathways, the Lands cycle does not produce de novo PC but acts as a remodelling 

and salvage mechanism between PC and lyso-PC. Phospholipase A2 removes the FA at 

the sn-2 position of PC to generate lyso-PC, which is then converted back to PC by 

LPCATs (Lands, 1958). LPCATs are primarily localized to the ER (Moessinger et al., 

2014), although LPCATs 1 and 2 have been identified on LDs and are capable of 

converting lyso-PC to PC (Moessinger et al., 2011). PC generated from the Lands cycle 

is important for TG storage as LPCAT1/2 knockdown resulted in enlarged LDs 

(Moessinger et al., 2014).  

The relative importance of each of these PC biosynthesis pathways for LD biogenesis 

is unknown. Studies reducing PC synthesis by disrupting any of the PC synthetic 

pathways consistently show enlarged LDs due to reduced LD surface to volume ratio 

(Aitchison et al., 2015; Moessinger et al., 2014). A study comparing disruption of PC 

synthesis between the CDP-choline pathway and the Lands cycle found that disruption of 

both pathways yielded larger LDs through two different mechanisms (Moessinger et al., 
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2014). Disruption of the CDP-choline pathway resulted in increased TG synthesis with 

less PC to package it while disruption of the Lands cycle changed LD packing dynamics 

due to the inability to convert the reverse conical lyso-PC to cylindrical PC. Disruption of 

the CDP-choline pathway also led to a larger increase in LD size. Considering that the 

CDP-choline pathway produces the majority of PC in the ER, it is likely the most 

important contributor to LD PC. PEMT methylation and the Lands cycle likely provide 

more nuanced curation of PC species since PEMT methylation preferentially generates 

PC species with polyunsaturated fats at the sn-2 position (DeLong et al., 1999), while the 

Lands cycle allows the remodeling of PC species at that same position. 

1.2.5 Connections between phosphatidylcholine and triacylglycerol synthesis 

  Both TG and PC synthesis are essential for lipid storage in LDs and share DAG as 

an intermediate, suggesting some level of interplay between the two pathways. PC can be 

converted to TG precursors DAG and PA by phospholipases C and D, respectively, while 

TG can be hydrolyzed to DAG that can be incorporated into PC. These interconversions 

are important in vivo, as a significant component of lipoprotein-derived PC is converted 

to TG in hepatocytes (Minahk et al., 2008; Van Der Veen et al., 2012). PC synthetic 

capacity also affects TG synthetic flux. Inhibition of the CDP-choline pathway increased 

TG synthesis, likely due to the diversion of DAG from PC synthesis (Caviglia et al., 

2004; Lee & Ridgway, 2018; Moessinger et al., 2014). Finally, PC synthesis can elevate 

the secretion of TG via lipoproteins. Intestinal epithelial cells preferentially secreted TG-

rich lipoproteins when supplemented with PC, while impairing PC synthesis reduced TG 

secretion and led to greater LD TG accumulation (Lee & Ridgway, 2018; Mathur et al., 

1996). A similar reduction in TG secretion was observed with very low-density 
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lipoprotein (VLDL) in hepatocytes with impaired PC synthesis (Yao & Vance, 1988). 

Given the importance of PC for proper cell handling of TG coordination between the two 

synthetic pathways is of paramount importance. This coordination likely occurs at the 

substrate level, as the increased formation of DAG would drive the formation of TG 

while also elevating PC synthesis by increasing translocation of CCTα to membranes 

(Pelech & Vance, 1984).  

1.2.6 Lipid droplet formation 

 LD formation occurs via budding from the ER, the most significant site of lipid 

synthesis. TG and CE synthesized in the ER accumulate between the leaflets of the ER 

membrane, forming a lens-like structure (Figure 1.4). Increased lipid accumulation 

induces greater membrane curvature that promotes LD budding into the cytoplasm due to 

greater cytoplasmic leaflet coverage of the neutral lipid core versus the ER luminal leaflet 

(Chorlay et al., 2019). LD formation can be characterized by three steps: nucleation, 

ripening and budding, with further LD expansion occurring after budding (Figure 1.4) 

(Wilfling et al., 2014).   

LD formation begins with nucleation, the coalescing of neutral lipids into a lens-like 

structure between the cytosolic and luminal leaflets of the ER membrane. Nucleation is 

thermodynamically-driven as it becomes more energetically-favorable for hydrophobic 

neutral lipids between the leaflets to coalesce into a lens that minimizes contact with 

aqueous surroundings (Thiam & Ikonen, 2021). Nucleation occurs instantaneously after 

the concentration of neutral lipids reaches a specific threshold.  

Expansion of neutral lipid lenses occurs spontaneously via Ostwald ripening, 

which is the energetically-favorable transfer of neutral lipids from smaller lenses to larger  



Figure 1.4. Cytoplasmic LD formation. LDs form when TG 
accumulates in the ER membrane. Once TG reaches a threshold it 
spontaneously nucleates into a lipid lens in a process facilitated by 
seipin. LD budding towards the cytoplasm is driven by greater protein 
and lipid concentration on the cytoplasmic leaflet, which reduces 
surface tension by minimizing TG exposure to aqueous interactions. 
Nascent LDs can maintain ER contacts and undergo further growth or 
pinch off from the ER to form a mature LD. Mature LDs can undergo 
further expansion via de novo TG synthesis on their surface. Image 
made using BioRender. 
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ones in order to minimize the surface area of lipid exposed to water. Expansion of LD 

lenses is also assisted by seipin. Seipin is an integral ER membrane protein that forms 

oligomeric rings around the edges of ripening LDs, preventing the loss of neutral lipids 

(Salo et al., 2019). However, seipin is not required for LD formation, although its 

knockdown is characterized by LD heterogeneity, with many small, immature LDs and 

few very large ones (Wang et al., 2016). Seipin thus ensures that larger LDs do not 

continually expand at the expense of smaller LDs, moderating LD size distribution. 

Seipin further enhances LD ripening by concentrating TG synthesis at sites of LD 

formation.  

  The process of LD ripening occurs concurrently with LD budding. As a neutral 

lipid lens expands, the LD protrusion is pushed further out into the cytosol and can pinch 

off from the ER membrane or retain ER contact. LD budding is driven by a number of 

biophysical properties bestowed by lipid composition. Lipid compositional asymmetry 

between the phospholipid-rich cytosolic and luminal leaflets of the ER helps drive LD 

budding towards the cytosol due to disparities in coverage. LDs preferentially emerge 

from whichever leaflet of the ER minimizes surface tension between the aqueous and 

lipid phase (Chorlay & Thiam, 2018). Emergence from the lipid-rich cytosolic leaflet has 

greater coverage and lower surface tension and thus is thermodynamically favorable 

(Chorlay et al., 2019). This directionality is primarily driven by PL concentration since 

PLs make up the bulk of the ER membrane. The importance of coordinating PC synthesis 

with TG synthesis is thus apparent, as PC is directly synthesized on the cytosolic leaflet 

and contributes to the PL asymmetry necessary for LD budding. In particular, impaired 

PC synthesis in Drosophila cells led to larger LDs with reduced budding. Lipid 
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composition further affects LD budding by inducing membrane curvature. Conical lipids 

that induce positive curvature (such as lyso-PC) promote membrane protrusion in 

addition to minimizing surface tension and thus enhance LD budding (Chorlay & Thiam, 

2018; Choudhary et al., 2018; Zanghellini et al., 2010). Proteins with hairpin 

confirmations, such as pex30, seipin and lipid droplet assembly factor 1, can also assist 

LD formation by inducing positive curvature (Chung et al., 2019; Santinho et al., 2020; 

Wang et al., 2018).  

 Once budded from the ER, LDs can undergo further expansion through 

mechanisms involving LD fusion or de novo synthesis of lipids. LDs can grow via fusion 

where multiple smaller LDs in close proximity merge to form a larger one. LDs in close 

proximity are drawn together by the dissipation of the aqueous phase between them in a 

process driven by thermodynamic, electrostatic and Van der Waals forces (Thiam et al., 

2013). Pore formation in the surface monolayer occurs when the distance between LDs is 

only a few nanometers. However, pore formation is not sufficient for LD fusion and 

pores may exist only transiently if unstable. Pore formation requires membranes to bend 

with negative curvature and is thus stabilized by inverted conical lipids such as DG, FAs 

or PE while lipids with positive curvature, such as lyso-PC, oppose pore stability (Leikin 

et al., 1996; Thiam et al., 2013). LD-LD contact sites are further facilitated by proteins 

and often share machinery with other forms of fusion, as LD fusion is also dependent on 

the microtubule network and utilizes SNAP receptor proteins to facilitate fusion 

(Boström et al., 2007; Boström et al., 2005). Proteins also influence LD fusion as 

regulators. The complex of FSP27, Rab8a-GDP and the GTPase-activating protein 

AS160 form at LD-LD contact sites and promote LD fusion (Wu et al., 2014). Fusion is 
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antagonized by the Rab8a chaperone MSS4, which sequesters nucleotide-free Rab8a, 

preventing its association at LD-LD contact sites (Wu et al., 2014).  

   LDs can also expand through in situ TG synthesis (Wilfling et al., 2013). A 

subpopulation of LDs harbor enzymes required for TG synthesis, including the rate 

limiting enzyme GPAT4, AGPAT3, LIPIN1 and acyl-CoA synthetases 1 and 3. These 

enzymes are primarily obtained during LD budding or through ER contacts, although 

some LDs can acquire them after ER separation. Growth of the neutral lipid core requires 

the monolayer to also expand. Unlike TG, PC cannot be synthesized de novo on the LD 

surface as LDs lack the terminal PC synthesis enzyme choline ethanolamine 

phosphotransferase (CEPT). However, CEPT is found on the ER membrane, allowing for 

easy transfer to neighbouring LDs. Alternatively, lyso-PC can be converted to PC by 

LPCAT1 and 2, both of which are present on the LD surface (Moessinger et al., 2011). 

1.2.7 Lipid droplet degradation 

  LDs primarily store fatty acids and sterols as neutral lipid esters which cannot 

freely cross membranes or cells and thus require hydrolysis into their components. Thus 

hydrolysis of TG and CE is required to mobilize and distribute fatty acids and cholesterol 

for production of energy, membranes and signalling factors. LD lipid mobilization has 

been primarily studied in adipocytes given their central role in lipid storage. LD lipids 

can be degraded through two pathways: hydrolysis by LD-associated lipases or 

lipophagy.  

  Lipase-mediated TG lipolysis is sequentially catalyzed by three lipases. Adipose 

triglyceride lipase (ATGL) hydrolyzes TG into DAG and a free fatty acid, preferentially 

targeting the sn-2 site although the sn-1 site can be hydrolyzed in the presence of the 
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coactivator CGI-58 (Eichmann et al., 2012). Next, hormone-sensitive lipase (HSL) 

hydrolyzes DAG into monoacylglycerol (MAG) and a free fatty acid. Finally, 

monoacylglycerol lipase hydrolyzes MAG into glycerol and a free fatty acid. Sterol esters 

are primarily hydrolyzed by HSL, although carboxylesterases (CES) 1 and 3 have also 

been implicated (Dolinsky et al., 2001; Zhao et al., 2007). It is possible that the different 

enzymes catalyzing sterol ester hydrolysis are tissue-dependant, as HSL has lower 

expression in-non adipocytes. Lipolysis is enhanced by the degradation of LD coat 

proteins perilipin (PLIN) 2 and 3 by increasing lipase access to substrate (Kaushik & 

Cuervo, 2015).  

 Lipophagy is a second form of LD lipolysis that uses autophagic machinery 

(Singh et al., 2009). Autophagy acts as a mechanism to degrade damaged proteins and 

organelles and is elevated during periods of nutrient deficiency. Autophagy is initiated by 

the formation of autophagosome, consisting of an autophagic membrane that surrounds 

the material destined for degradation (Mizushima et al., 2008). The autophagosome then 

fuses with the lysosome, exposing the contents of the autophagosome to a more acidic pH 

along with a host of lipases, proteases and other catabolic enzymes. The resulting 

breakdown products are then exported. Autophagy is less selective than other forms of 

degradation such as lipolysis or ubiquitin-targeting to proteasomes, although chaperone-

mediated autophagy (CMA) acts a more targeted method of autophagy. 

 Lipophagy was first noted in hepatocytes when inhibition of autophagy led to 

increased TG storage and LD size (Singh et al., 2009). Lipophagy primarily occurs under 

conditions of starvation, although it also stimulated by cold exposure and occurs during 

oleate challenge as a means to moderate LD size by promoting the degradation of large 
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LDs (Martinez-Lopez et al., 2016; Singh et al., 2009). Later studies noted that lipophagy 

was enhanced by CMA degradation of PLINs 2 and 3 (Kaushik & Cuervo, 2015). 

Furthermore, PLIN2/3 dissociation from LDs and subsequent autophagic degradation is 

promoted by phosphorylation by choline kinase α2 during glucose deprivation in an AMP 

kinase-dependent cascade (Kaushik & Cuervo, 2016; Liu et al., 2021). While most 

lipophagy research has been hepatic-centric, lipophagy has also been noted in foam cells, 

brown adipose and hypothalamic neurons suggesting that it could be a generic 

mechanism (Kaushik et al., 2011; Martinez-Lopez et al., 2016; Ouimet et al., 2011).  

  The relative importance of these two methods of lipolysis remains unknown but 

there appears to be a synergistic relationship between the two mechanisms. Lipophagy in 

foam cells is dependent on lipase activity, as knockout of ATGL and HSL inhibited 

lipophagy without otherwise impairing autophagy (Goeritzer et al., 2015). Additionally, 

hepatic ATGL was necessary for the induction of autophagy and lipophagy in a sirtuin 1-

dependent mechanism (Sathyanarayan et al., 2017). However, the autophagy-lipolysis 

relationship also works in reverse as autophagy is required for lipolysis (Sathyanarayan et 

al., 2017). Both mechanisms require the clearance of PLINs from the LD surface and thus 

the dependence of lipolysis on autophagy could be due to the CMA degradation of PLINs 

2 and 3. Lipases ATGL and HSL are further dependent on interactions with the 

autophagic protein LC3, with mutation of LC3 interaction motifs preventing lipase 

recruitment of LDs (Martinez-Lopez et al., 2016). The lipolysis-lipophagy relationship is 

not strictly intracellular either, as cold-induced autophagy in hypothalamic neurons 

promoted lipophagy in brown adipose and liver (Martinez-Lopez et al., 2016).  
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1.2.8 Lipid droplet function: an organelle of many talents 

While LDs were initially thought to simply serve as storage depots for neutral 

lipids, it is now appreciated that LDs are deeply intertwined with metabolism. The 

presence of LDs in prokaryotes and nearly all eukaryotes demonstrates the ubiquitous 

nature of the problem of lipid storage and the effectiveness of LDs as a storage solution. 

The role of LDs in cells includes a host of metabolic and non-metabolic functions. 

  The most immediately obvious function of LDs is lipid storage. LDs can store 

vitamins and other hydrophobic nutrients along with precursors for membrane synthesis, 

but they are most well known for buffering energy supply. LDs store TG during times of 

excess energy and release FAs during energy starvation. These functions are connected to 

overall cell and organismal energy balance through cell signalling pathways. TG 

synthesis and storage is promoted by insulin signalling, while TG hydrolysis is promoted 

by catecholamines and glucagon. Insulin signalling promotes TG synthesis and thus LD 

formation through a number of mechanisms, including upregulating TG synthetic genes, 

increasing activity of the rate limiting step of TG synthesis catalyzed by GPATs and 

inhibiting lipolysis (Bronnikov et al., 2008; Chakrabarti & Kandror, 2009; Meegalla et 

al., 2002). In contrast, hepatic TG synthesis and storage is primarily responsive to 

circulating and intracellular free FA levels rather than insulin signalling (Vatner et al., 

2015). The differential TG metabolic responses to insulin between adipocytes and 

hepatocytes creates a dangerous combination during insulin resistance. Adipocytes 

unresponsive to insulin continually hydrolyze TG and release free FAs that the liver takes 

up and stores. This catastrophic combination results in high incidences of NAFLD in 

insulin resistant and diabetic populations. Meanwhile, glucagon and catecholamines 
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promote LD catabolism by upregulating β-oxidation genes and increasing lipolysis 

(Galsgaard et al., 2019; Jocken & Blaak, 2008; Perea et al., 1995).  Intracellular 

signalling thus serves as an important mechanism for coupling the energy buffering 

capacity of LDs located in adipose and hepatocytes to energy levels of the organism as a 

whole.  

 In addition to buffering energy supply, TG storage in LDs serves a second 

important function: as a mitigator of lipotoxic stress induced by free FAs (Listenberger et 

al., 2003). Excess FAs can have deleterious consequences on cell function and lead to 

cell death by perturbing ER membrane properties, increasing synthesis of lipids that are 

toxic in large quantities such as ceramide and increasing formation of reactive oxygen 

species leading to mitochondrial dysfunction (Nguyen et al., 2017; Shimabukuro et al., 

1998; Velázquez et al., 2016). LDs protective function against lipotoxicity is especially 

important in the context of pancreatic islet β-cells during metabolic syndrome, where 

excess free FAs can perturb insulin secretion and induce lipotoxic cell death further 

exacerbating insulin resistance and type 2 diabetes (Shimabukuro et al., 1998; Zhou & 

Grill, 1995).  

LDs also influence cell metabolism through cell signalling that results in changes 

to gene expression. LDs store sterol esters, such as retinyl and cholesteryl esters, that are 

precursors to signalling molecules. Retinyl esters are primarily stored in hepatic stellate 

cells and can be converted to the nuclear receptor ligand retinoic acid (RA). Target 

receptors of RA include retinoic acid receptors (RAR) and retinoid X receptors (RXR), 

which dimerize with other transcription factors to modulate expression of target genes. 

Examples of transcription factors that interact with RARs and RXRs to modulate lipid 
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homeostasis include peroxisomal proliferator-activated receptor (PPAR) γ which 

promotes lipid uptake and liver X receptors (LXRs) that enhance cholesterol efflux 

(Chandra et al., 2008; Janowski et al., 1996). RA-dependent signalling pathways have 

been implicated in directly altering the expression of more than 25 genes and indirectly 

altering hundreds more, including genes essential for lipid metabolism such as long-chain 

fatty-acyl-CoA ligase (ACSL) 1 and long-chain fatty acid transport protein (Balmer & 

Blomhoff, 2002). Cholesteryl esters serve as another example of signal transduction 

ligand precursors stored in LDs. Cholesteryl esters can be converted to free cholesterol, 

which can be modified to produce oxysterols and steroid hormones, potent regulators of 

intra- and extra-cellular gene transcription respectively. Steroidogenic cell LDs are 

cholesteryl-ester rich and steroid synthetic enzymes have been copurified with LDs 

suggesting that LDs could also serve as platforms of steroid synthesis (Yamaguchi et al., 

2015). Finally, more direct examples of LDs in cell signalling and transcription 

regulation also exist. For example, the adipocyte protein FSP27 can sequester the 

transcription factor nuclear factor of activated T cells 5, suppressing synthesis of 

inflammatory and osmoprotective genes (Ueno et al., 2013). Additionally, catecholamine 

signalling in Leydig cells can induce PLIN5 to dissociate from the LD monolayer and 

translocate to the nucleus (Gallardo-Montejano et al., 2016). Once in the nucleus, PLIN5 

promotes PPARγ coactivator1 (PGC1) transcriptional activity, leading to increased 

mitochondrial biogenesis and β-oxidation. Another example of LD-regulated 

transcription factors is the max-like protein X (MLX) transcription factor that regulates 

glucose metabolism. Under conditions of LD accumulation, an MLX C-terminal 

amphipathic helix binds to LDs, causing MLX exclusion from the nucleus and thus 
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downregulating the expression of MLX target genes (Mejhert et al., 2020). This 

effectively couples lipid storage to the expression of glucose metabolic gene expression.  

LDs can also serve as protein storage units. The most well-characterized example 

of LD protein storage is histones which are essential for chromatin structure and 

regulation of gene expression. Drosophila embryo LDs can sequester histones, delaying 

histone entry into the nucleus and thus modulating early embryonic development (Li et 

al., 2014). Drosophila LD histones also have anti-bacterial properties (Anand et al., 

2012). Histones are also on the surface of LDs in C.elegans, rat sebocytes, and mouse 

oocytes, embryos and hepatocytes (Anand et al., 2012; Welte & Gould, 2017). Hepatic 

LDs can also store excess apolipoprotein B100 (apoB100) and appear to act as focal 

points for apoB100 degradation (Ohsaki et al., 2006). This accumulation of apoB100 has 

been speculated to act as a mechanism to stabilize and prevent aggregation of 

hydrophobic apoB100. Finally, yeast LDs have been shown to act as reservoirs for the 

nuclear pore complex proteins nucleoporins (Kumanski et al., 2021).  

The functional significance of LDs has continued to expand and novel functions 

of LDs are continually being discovered. Speculation into LD function has further been 

expanded by recent reports of a population of LDs present in the nucleus that form 

primarily under conditions of excess FAs and cellular stress. These nLDs have been a 

growing area of research over the past decade given the plentiful connections between 

LDs and lipid metabolism, stress mitigation, cell signalling and gene expression, and 

histone buffering. 
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1.3 Nuclear lipid droplets 

1.3.1 Nuclear lipid droplets: An introduction 

  A subpopulation of nLDs were observed as early as 1959 (Leduc & Wilson, 1959) 

using confocal microscopy and their existence was confirmed later using electron 

microscopy (Karasaki, 1969, 1973). These early studies revealed two important features 

of nLDs: their relative abundance in hepatocytes and their formation in cells undergoing 

stress. However, these observations were not further pursued until the 2010’s. nLDs have 

primarily been observed in oleate-treated lipoprotein-secreting cells such as hepatocytes 

and intestinal epithelial cells, although they are also present in oleate-treated U2OS 

osteosarcoma cells, C.elegans germ cells and S.cerevisiae (Lee et al., 2020; Mosquera et 

al., 2021; Romanauska & Köhler, 2018). Under basal conditions small quantities also 

exist in hepatocytes. Interestingly, nLDs have not been reported in adipocytes, the cells 

with the most significant amount of lipid storage. Why only a fraction of cell types have 

nLDs is unknown. The existence of two distinct mechanisms of nLD formation 

(described below) suggests that they may not be a monolithic phenomenon but rather 

their function may depend on cell type.  

 Analysis of nLD lipid composition is limited to one study on lipid class content 

(Layerenza et al., 2013). nLDs isolated from liver tissue of standard diet-fed rats were 

found to contain relatively more PLs, CEs, cholesterol and proteins while having less TG 

versus cLDs. The relatively high levels of protein and non-TG lipids is likely a 

consequence of the smaller size of nLDs relative to cLDs. Additionally, nLD formation is 

strongly stimulated by excess FAs which could result in greater TG content in nLDs 

isolated from high fat diet-fed rats compared to rats fed a standard diet.  
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1.3.2 Nuclear lipid droplet formation 

 Two mechanisms have been noted so far for nLD synthesis: diffusion of ER 

luminal LDs (eLDs) through invaginations of the inner nuclear membrane (INM) known 

as type 1 nucleoplasmic reticulum (NR) and in situ synthesis of TG at the INM followed 

by budding into the nucleoplasm (Figure 1.5). The former mechanism is unique to 

certain lipoprotein-secreting cells such as hepatocytes, while the latter is similar to cLD 

formation and has been observed in U2OS cells, S.cerevisiae and C.elegans.  

 The first reported mechanism of nLD formation occurs in hepatocytes and 

presumably in other lipoprotein-secreting cells that harbor nLDs, such as intestinal 

epithelial cells. This mechanism of nLD formation is tightly linked with VLDL secretion, 

as both are derived from ER luminal LDs precursors (Sołtysik et al., 2019). ER luminal 

TG is packaged into eLDs by microsomal triglyceride transfer protein (MTP). Under 

basal conditions, these eLDs will fuse with nascent VLDL containing apoB100 and be 

secreted as VLDL. However, conditions that lead to excess formation of eLDs or 

apoB100 degradation such as ER stress result in an accumulation of eLDs that diffuse 

from the ER lumen to invaginations in the NE inner leaflet called type 1 nucleoplasmic 

reticulum (NR) (Figure 1.5). NR formation was found to be correlated with nLD 

formation, although it was not required. eLDs can then break through type 1 NR regions 

that are depleted of lamin A, lamin B receptor and SUN proteins and enter the 

nucleoplasm in a PML II-dependent process (Ohsaki et al., 2016).  

The second mechanism of nLD formation has only been observed in mammals in 

U2OS osteosarcoma cells, although a similar mechanism has also been noted in 

S.cervisiae and C.elegans (Mosquera et al., 2021; Romanauska & Köhler, 2018). Unlike  



Figure 1.5. Mechanisms of nLD formation. nLDs are formed from 
two distinct mechanisms. The first mechanism, observed in hepatocytes 
and shown in yellow, originates with ER-luminal LDs (eLDs) that serve 
as VLDL precursors. Under conditions of excess FAs, eLDs can defect 
from the ER lumen to type-1 nucleoplasmic reticulum (NR) 
invaginations in the inner nuclear membrane (INM) in a PML-
dependent manner. The second mechanism, observed in U2OS cells, 
yeast and C.elegans and shown in orange, involves in situ TG synthesis 
on the INM. The INM possess the full complement of TG synthetic 
enzymes and nLDs bud from the INM in a manner similar to cLDs. 
Budded nLDs formed through this mechanism retain TG synthetic 
enzymes and can recruit other nLD protein such as PML.

30



 
 

31 
 

hepatocytes, nLD formation in U2OS cells is not induced by ER stress or dependent on 

MTP or PML-II. nLD formation also was not correlated with type 1 NR development. 

Instead nLDs emerge from the INM in a manner similar to cLD formation from the ER 

(Figure 1.5). The INM of U2OS cells possesses sufficient enzymes for the complete 

synthesis of TG, including LIPIN1, AGPAT2, DGAT1/2, GPAT3/4 and long-chain FA-

CoA ligase (Sołtysik et al., 2021). It was noted that nuclear localization of the LIPIN1 α 

and β isoforms led to increased nLD formation in a mechanism antagonized by mTOR 

activity, with LIPIN1β having a more significant effect. Seipin was not directly 

implicated in nLD formation, as it was absent from the NE. However, seipin indirectly 

affects nLD formation, protein interactions and lipid content. Seipin knockdown led to 

increased LIPIN1β expression, nLD formation and PA on nLDs whereas seipin 

overexpression reduced nLDs but did not alter nLD PA. Seipin indirectly affecting nLD 

formation was also noted in  C.elegans, where a mutational screen found that mutation of 

seipin homologue SEIP1 led to formation of more and larger nLDs (Mosquera et al., 

2021). However, this contrasts with yeast nLDs, which also formed TG in situ and 

emerged from the NE but were dependent on seipin (Romanauska & Köhler, 2018). 

nLDs formed from the INM retained TG synthetic enzymes along with LPCATs, 

suggesting that TG and PC synthesis can occur on LDs and thus LD expansion is possible 

post-budding.  

1.3.3 Nuclear lipid droplet degradation 

 In contrast to nLD formation, almost nothing is known about nLD degradation. 

nLDs decrease in size in the absence of oleate (Lagrutta et al., 2017), however it is 

unknown whether these lipids are catabolized. Additionally, only one catabolic enzyme 



 
 

32 
 

has been identified on nLDs making their mechanism of degradation even more 

enigmatic. CES1d has been identified as an nLD protein through proteomic screens and 

could be involved with the degradation of CEs, the most abundant lipid in nLDs under 

basal conditions (Lagrutta et al., 2021). One potential clearance mechanism is loss of 

nLDs during mitosis. nLDs are almost completely removed after anaphase of mitosis but 

completely regenerate within 6 h after mitosis, provided sufficient fatty acid stimulation 

(Sołtysik et al., 2019). It is unknown if this is the only mechanism of nLD clearance or 

whether nLDs are degraded by lipolysis or lipophagy. Future research identifying more 

nLD catabolic enzymes will be essential for determining how nLDs are cleared from 

cells. 

1.3.4 Nuclear lipid droplet proteome  

 The limited studies of mammalian nLDs have revealed a diverse proteome that 

includes LD coat proteins, lipid metabolic enzymes and PML nuclear bodies (PML NBs). 

Most have been identified through cell biology techniques and a single proteomic study 

has also been reported. This proteomic study (Lagrutta et al., 2021) identified a diverse 

selection of nLD-associated proteins from liver homogenates isolated from standard-diet 

fed rats. Cytoskeletal proteins such as actin and keratin were noted, along with histones 

H2A, H2B, H3.3 and H4 and proteins related to transcription, translation and protein 

modification such as heat shock protein 7C and elongation factor 1α. However, the study 

failed to identify any nLD proteins identified by microscopy techniques and the proteins 

identified (besides CES1d) have not been confirmed to be present on nLDs using 

immunofluorescence or western blotting. One potential explanation for the failure to 

identify canonical nLD proteins is that the rats were fed a standard diet whereas most 
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studies use FAs to stimulate nLD formation. The changes in nLD size, quantity and 

composition along with broader changes in cell signalling and metabolism stimulated by 

FAs likely contribute to the absence of many canonical nLD proteins. Alternatively, the 

isolation methods used could have stripped these proteins from the nLD monolayer 

  Lipid metabolic enzymes such as CCTα have been reported on hepatic nLDs 

while a larger cadre of enzymes, particularly TG synthesis enzymes such as GPAT4 and 

LIPIN1, along with LPCATs have been noted in U2OS cells (Lee et al., 2020; Sołtysik et 

al., 2019; Sołtysik et al., 2021). PLIN3 was also found on nLDs and promoted the 

exclusion of CCTα from nLDs. Additionally,  nLDs derived from eLD precursors have 

ER apolipoproteins C3 and E on their surface; whether they maintain any functional 

significance is unknown (Sołtysik et al., 2019).  

One surprising protein found on nLDs and not on cLDs was PML given that PML 

has not been reported on cLDs. The human PML gene encodes at least 7 isoforms 

generated by alternative splicing that share an N-terminal RBCC/TRIM motif but possess 

different C-terminal compositions (Jensen et al., 2001). The RBCC/TRIM motif is 

essential for the formation of nuclear substructures termed PML NBs that are formed 

collectively from the various PML isoforms. These substructures dynamically associate 

with a diverse array of nuclear proteins, serving as hubs for post-translational 

modification and gene regulation (Dellaire & Bazett-Jones, 2004; Salsman et al., 2017). 

The profile of proteins associated with PML NBs can change in response to stimuli, 

resulting in PML NBs to have alternative names when possessing certain proteins and/or 

lacking others. For example, mitotic accumulations of PML proteins are referred to as 

MAPPS while interactions between PML-II and the lamin or type 1 NR are referred to as 
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PML patches  (Dellaire et al., 2006; Ohsaki et al., 2016; Wang et al., 2020). Thus nLDs 

associated with PML proteins have been termed lipid-associated PML structures (LAPS) 

to differentiate them from other PML substructures (Lee et al., 2020) and henceforth, 

nLDs with PML will be referred to as LAPS, while nLDs will refer to both LAPS and 

PML-free nLDs.  

LAPS have protein profiles that make them distinct from both PML NBs and 

PML-free nLDs (Lee et al., 2020). LAPS mostly lack canonical PML NB proteins death 

domain-associated protein 6 (DAXX), SUMO and SP100, although about a quarter of 

LAPS still retain these proteins. It is unknown whether LAPS containing these proteins 

constitute a distinct subpopulation or are simply PML NBs transitioning into LAPS that 

have not yet shed DAXX, SUMO and SP100. Meanwhile, the presence of PML gives 

LAPs different characteristics than PML-free nLDs. Knockout of all 7 PML isoforms in 

U2OS cells resulted in decreased CCTα and LIPIN1 recruitment to nLDs, PC and TG 

synthesis and DAG presence on nLDs, suggesting that PML is essential for CCTα and 

LIPIN recruitment to and lipid metabolism on LAPS. Interestingly, PML and CCTα 

localize to distinct locations on LAPS (Lee et al., 2020). The importance of PML on 

LAPS does not just apply to recruitment of proteins but also nLD formation. In 

hepatocytes, nLDs form at PML patches on the NE and NR that are depleted in lamins 

and PML-II knockdown resulted in reduced nLD formation (Ohsaki et al., 2016). 

Additionally, knockout of all PML isoforms in U2OS reduced nLD formation (Lee et al., 

2020). The unique C-terminus of PML-II assists in nLD formation through an unknown 

mechanism and given the close relationship between PML patches and nLD defection 

through those patches it is possible that nascent nLDs associate with PML upon nuclear 
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entry. However, PML is not absolutely necessary for nLD formation as complete 

knockout of all isoforms still permitted some nLD formation and nLDs form in C.elegans 

and S.cerevisiae despite lacking a PML ortholog (Mcphee et al., 2022).  

  The presence of PML on LAPS expands the potential nLD proteome considerably 

given the immense number of proteins demonstrated to interact with PML structures. One 

potential candidate identified is APOL6. Cross-referencing a list of genes identified as 

possibly PML NB-regulated by chromatin immunoprecipitation and immune-TRAP 

(Wang et al., 2020) against RNA sequencing data from PML-knockdown U2OS cells  

(Salsman et al., 2017) by our collaborator Graham Dellaire suggested that APOL6 could 

be a LAPS-associated protein. One aspect of my project is to determine whether APOL6 

is indeed associated with LAPS. 

  The apoL protein family consists of six members (L1-L6) that are clustered on 

human chromosome 22 (Page et al., 2001). ApoL1, the first member of the family 

reported, was found on high-density lipoprotein, resulting in it being named as an 

apolipoprotein (Duchateau et al., 1997). ApoL1 genetic variants have been implicated in 

immune defense against trypanosomes by promoting their lysis by inserting and forming 

a pH-dependent ion channel in the trypanosome membrane (Pérez-Morga et al., 2005; 

Vanhamme et al., 2003). The remaining apoL family members are strictly intracellular 

and much more poorly characterized, although apoL3 has been demonstrated to be 

involved in bacterial lysis in response to IFNγ signalling (Gaudet et al., 2021). 

Evolutionary analyses have noted that APOL6 is the most ancient of the apoL family 

members and possesses the most distinct sequence and properties (Pant et al., 2021). Like 

other apoLs, APOL6 possesses an amphipathic helix nears its N-terminus that could 
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potentially bind membranes. In vitro experiments showed that APOL6 insertion into 

membranes led to membrane disruption and the formation of large pores whereas other 

apoLs inserted into membranes and formed ion channels (Pant et al., 2021). This unique 

property is likely due to an APOL6-only C-terminal transmembrane domain rich in 

cysteines. APOL6 expression is regulated by RNAs: micro-RNA miR-10b-5p binds to 

the 3’-untranslated region of APOL6 mRNA in adipocytes and inhibits its expression, 

whereas super enhancer RNA seRNA1 binds to heterogenous ribonucleoprotein L and 

upregulates expression in differentiated myotubes (Tan et al. 2019; Zhao et al. 2019). 

While little is known about APOL6 function, it has been implicated in apoptosis. It 

possesses a pro-apoptotic BH3 domain and APOL6 overexpression increased apoptosis 

by binding and inhibiting the pro-survival protein B-cell lymphoma extra large, thus 

activating mitochondrial-dependent apoptosis and cleavage activation of caspases 3, 8 

and 9 (Liu et al., 2005; Zhaorigetu et al., 2011). Additionally, APOL6 overexpression 

inhibits beclin1-dependent autophagy (Zhaorigetu et al., 2011).  

  Studies of nLD proteins to date have focused on whether specific proteins are 

associated with nLDs but have not investigated the temporal dynamics of protein-nLD 

interactions. Another component of my research aims to understand how nLD-protein 

association develops over time, helping better understand the functional significance of 

nLDs and their protein interactions in response to fatty acid overload.  

1.3.5 Function of nLDs 

  Unlike their cytoplasmic counterparts, which have well-characterized functions as 

reservoirs for energy and cell signalling factors, protein storage and mitigation of ER 

stress (Welte & Gould, 2017), the functions of nLDs are more speculative. The unique 
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composition and localization of nLDs suggests that they serve different functions from 

their cytoplasmic counterparts. Lipid storage for energy metabolism is likely less 

important as nLDs in mouse liver consist of 37% lipid and 63% protein, whereas cLDs 

consist of 78% lipid and only 22% protein (Layerenza et al., 2013). Additionally, nLDs 

contain significantly less TG, the main energy storage lipid; only 19% of lipids in nLDs 

vs 91% in cLDs. The value of nLDs as energy storage reservoirs is further limited given 

that nLDs lack proximity or contact sites with the mitochondria and ER, the primary loci 

of lipid oxidation and synthesis, respectively (Schuldiner & Bohnert, 2017). Potential 

functions of nLDs are even more expansive due to the existence of LAPS, whose PML 

connection suggests involvement in post-translational modification and gene regulatory 

activities. Mammalian nLDs have primarily been observed upon fatty acid stimulation in 

tissues that handle sudden influxes of lipids, such as hepatocytes and intestinal epithelial 

cells, and thus it is speculated that nLD biogenesis is a mechanism to preserve lipid 

homeostasis possibly by coordinating lipid metabolism, gene expression and cell 

signalling in the nucleus (Mcphee et al., 2022).  

  A primary function of nLDs could be resolution of ER stress (Sołtysik et al., 

2019). In hepatocytes, VLDL is assembled in the ER lumen by fusion of LDs with 

primordial apoB100-containing droplets. However, ER stress induces apoB100 

degradation, ER luminal LD accumulation and release of ER luminal LDs into the 

nucleoplasm through type 1 NR. The resulting nLDs recruit CCTα, the rate limiting 

enzyme in the CDP-choline pathway, leading to increased PC synthesis. CCTα 

recruitment to nLDs is inhibited by PLIN3, which competes with CCTα for binding to 

nLDs, limiting CCTα access to substrate and PC synthesis. Increased PC synthesis helps 
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mitigate ER stress, possibly by expanding the ER membrane with an influx of PLs and 

restoring VLDL secretion by providing PC for packaging luminal LDs into VLDL. 

Notably, nLDs were not induced by the ER stressor tunicamycin alone, implying that 

nLDs are specifically produced in response to stress in the presence of excess fatty acids.  

nLDs could also serve as sites of nuclear lipid storage of precursors for assembly 

and maintenance of the NE. Most lipid synthesis occurs in the ER, which is contiguous 

with the outer NE from which lipids could diffuse to the INM through nuclear pore 

complexes (Barger et al., 2021). The INM is an active site for lipid metabolism in yeast 

and U2OS cells (Romanauska & Köhler, 2018; Sołtysik et al., 2021) and the INM of 

hepatocytes harbors of CCTα and LIPIN1, key enzymes in PC and TG synthesis 

(Aitchison et al., 2015; Kim et al., 2007). However, nuclear lipid synthesis in U2OS cells 

could be consolidated on nLDs, as important lipid synthesis enzymes have been reported 

on nLDs such as: CCT, LIPIN1, DGAT 2, ACSL 3, GPAT 3 and 4, and LPCAT1 (Lee et 

al., 2020; Sołtysik et al., 2019; Sołtysik et al., 2021).  

  It is unknown if NE lipid synthesis is coordinated with nLD lipid synthesis. 

Dephosphorylation of LIPIN1 and CCTα promotes the translocation of these enzymes to 

both the INM and nLDs, however the precise mechanism behind the partitioning of these 

enzymes between the two membranes is not known (Lee et al., 2020; Wang & Kent, 

1995; Yue et al., 2020). The increase in nLDs that occurs when cells are exposed to 

excess fatty acids suggests that TG and PL synthesis occurs on nLDs or that there is lipid 

exchange between the NE and nLDs and the ability of nLDs to be degraded suggests that 

these lipids can later be mobilized (Lagrutta et al., 2017; Ohsaki et al., 2016). It is thus 

apparent that nLDs are sites of nuclear lipid synthesis and storage, but the relationship of 
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lipid storage in nLDs to wider nuclear lipid synthesis remains to be determined.  

  nLDs may also help restore lipid homeostasis by modulating chromatin structure 

and thus gene expression. Nuclear lipid droplets have minimal presence in the nucleus 

under normal conditions (Lagrutta et al., 2017), and thus a sudden expansion of nLDs in 

the nucleoplasm could affect gene expression by perturbing chromatin organization and 

transcription factor activity. While regulation of gene expression is not a major function 

of LDs, examples of cLDs influencing gene expression do exist.   

  Although there are no direct studies on nLDs and gene expression, there have 

been findings linking the two. nLD formation was found to coincide with NE lamin 

depletion, which could alter chromatin interactions since lamins are essential proteins for 

chromatin organization (Dechat et al., 2008). nLD proteomic analysis using rat liver 

identified several histones associated with nLDs, including variants of H2A and H2B, 

along with H3.3 and H4 (Lagrutta et al., 2021). H3.3 is enriched at active sites of gene 

transcription and is a regulator of H3 histone methylation (Kato et al., 2015), therefore 

the accumulation of H3.3 on nLDs may aberrate gene expression and epigenetic 

modifications. Furthermore, PML NBs have been connected to histone H3.3. The PML 

NB protein DAXX is a chaperone of H3.3 and PML NBs and DAXX coordinate H3.3 

integration into DNA, promoting transcription (Corpet et al., 2014; Drané et al., 2010). 

PML NB regulation of H3.3 is DAXX-dependent and may not apply to LAPS given their 

limited DAXX colocalization, however DAXX-positive LAPS could also be a unique 

subpopulation of LAPS with important histone-handling given that H3.3 has been 

identified on their surface via proteomic screening.  
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   Direct interactions between chromatin and nLDs are another potential avenue for 

nLDs to modulate gene expression. PLs on the surface of nLDs, including PC, have been 

shown to interact with chromatin in rat hepatocytes (Albi et al., 1994). Studies in 

C.elegans have shown direct interaction between nLDs and DNA, however it was not 

determined whether these interactions were facilitated by proteins or lipids and if these 

associations altered gene expression (Mosquera et al., 2021). While it has not yet been 

investigated, understanding the interplay between nLDs and chromatin appears to be a 

promising way to better understand nLD function.  

  Another potential mechanism for nLDs to restore lipid homeostasis is by 

providing lipid ligands for the activation of nuclear receptors and by helping recruit 

proteins with transcriptional coactivation activity. Lipids such as fatty acids, retinol and 

cholesterol are precursors of cofactors that activate several nuclear transcription factors, 

including LXRs, PPARs, RXRs and hepatic nuclear factors (HNFs) (Chawla et al., 2001; 

Hertz et al., 1998). It is noteworthy that nLDs that exist under basal conditions are 

enriched in sterol esters, which could serve as precursors for RA or oxysterols  

(Layerenza et al., 2013). Interestingly, two lipid-activated nuclear receptors, HNF4α and 

PPARγ, are coactivated by the nLD-associated protein LIPIN1.  

The significance of LIPIN1 on nLDs is twofold: LIPIN1 possesses catalytic 

activity essential for TG synthesis and nuclear LIPIN1 acts as a transcriptional 

coactivator and repressor (Finck et al., 2006; Peterson et al., 2011). Mutation of either 

LIPIN1 catalytic activity or transcriptional coactivation activity were found to reduce 

nLDs in U2OS cells, suggesting that both functions are relevant to nLD formation 
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(Sołtysik et al., 2021). Thus, LIPIN1 could couple nLDs to wider cellular metabolism and 

signalling and lipid metabolic gene regulation.  

LIPIN1 localization is primarily regulated by phosphorylation. Insulin signalling 

promotes LIPIN1 phosphorylation and retention in the cytoplasm through direct 

phosphorylation of LIPIN1 by mechanistic target of rapamycin (mTOR) C1, resulting in 

reduced LIPIN1-nLD association and nLD formation (Harris et al., 2007; Peterson et al., 

2011; Sołtysik et al., 2021). The mTOR-LIPIN1 signalling axis thus connects nLDs to 

wider cellular nutrition and metabolism. The AAA+ ATPase Torsin A, an important 

regulator of lipid metabolism, also affects LIPIN1 translocation to the nucleus. LIPIN1 is 

dephosphorylated by the complex of CTDNEP1 and nuclear envelope protein 1 

regulatory subunit1 (NEP1R1) (Kim et al., 2007). In Drosophila, Torsin was shown to 

promote NEP1R1-CTDNEP1 dissociation from the NE, resulting in increased LIPIN1 

phosphorylation and exclusion from the nucleus. Mice with impaired torsin A signalling 

displayed hepatic steatosis, impaired lipid oxidation and VLDL secretion and massive 

nLD accumulation (Jacquemyn et al., 2021; Shin et al., 2019). Torsin A regulation of 

LIPIN1 could serve as another mechanism to coordinate nLD function with wider lipid 

metabolism.  

Nuclear LIPIN1 can exert effects on lipid gene regulation as both a transcriptional 

coactivator and co-repressor. Nuclear LIPIN1 activates and inhibits lipolytic and 

lipogenic gene transcription, respectively, promoting the oxidation of fatty acids. LIPIN1 

expression is enhanced by PGC1α; LIPIN1 then promotes PPARα expression and acts as 

a PPARα coactivator, thus the transcription of FA oxidation genes (Finck et al., 2006). 

LIPIN1 also influences lipid metabolic gene expression through its direct interaction with 
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HNF4α to enhance its binding to promoters of lipid catabolism genes (Chen et al., 2012). 

Both signalling pathways involve LIPIN1-protein interactions and thus nLD 

sequestration of LIPIN1 could modulate the activation of these pathways. Nuclear 

LIPIN1 also acts as a repressor of the lipogenic transcription factor sterol regulatory 

element binding protein (SREBP) 1c through an unknown mechanism that requires its PA 

phosphatase activity (Peterson et al., 2011). Although LIPIN1 inhibition of SREBP1C 

does not involve protein-protein interactions, nLDs may still modulate SREBP1C 

inhibition given that nLDs contain PA, the substrate of LIPIN1 (Peterson et al., 2011; 

Sołtysik et al., 2021).  

PML offers another mechanism to connect transcription factors to LAPS. Like 

LIPIN1, PML NBs also affect SREBPs and PGC1α activity and thus LAPS could serve 

to coordinate these effects. SREBP2, but not SREBP1, has been noted to localize to PML 

NBs (Zoumi et al., 2005), while loss of PML in mouse prostate cancer led to hyperactive 

SREBP1 and 2 activity and thus transcription of lipogenic genes, suggesting an SREBP-

suppressive role for PML (Chen et al., 2018). Additionally, PML can promote the 

oxidation of lipids by preventing the inhibitory acetylation of PGC1α (Carracedo et al., 

2012). This results in greater PGC1α coactivation of PPARγ and therefore expression of 

lipid oxidation genes. Both PML and LIPIN1 promote lipid oxidative transcription and 

inhibit lipogenic gene transcription through different mechanisms and thus their dual 

presence on LAPS could serve coordinate synergistic suppression of lipogenesis and 

activation of oxidation, although neither PGC1α nor SREBPs have been reported on 

LAPS (Mcphee et al., 2022). Whether these PML transcription factor regulation 
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mechanism also apply to PML on LAPS remains unknown but serves as an interesting 

avenue for future research.  

While the functions of nLDs remains mostly speculative, our knowledge of these 

enigmatic organelles is constantly expanding. My research aims to contribute to this body 

of knowledge by providing the first insight into the temporal dynamics of PML, LIPIN1 

and CCTα association with nLDs and the mechanistic details of CCTα translocation. 

These findings help to better understand how nLDs recruit key proteins, possibly as a 

response to quell lipotoxic accumulation of FAs. Additionally, I have conducted 

preliminary investigations demonstrating the presence of APOL6 on nLDs providing a 

new potential avenue of nLD function to explore.  
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Chapter 2: Materials and Methods 

2.1 Cell Culture 

U2OS and PML-KO U2OS female osteosarcoma cells (courtesy of Graham 

Dellaire (Lee et al., 2020)) and human embryonic kidney (HEK) 293T cells (courtesy of 

Graham Dellaire (Lee et al., 2020)) were cultured in Dulbecco’s modified Eagle’s media 

(DMEM; Invitrogen 12800-082) containing 10% fetal bovine serum (FBS). Huh7 male 

hepatocellular carcinoma cells (JCRB0403) were cultured in low-glucose (1000 mg/L) 

DMEM (Invitrogen 11054-020) containing 10% FBS. CHOK1 and MT58 cells were 

cultured in DMEM containing 5% FBS and proline (34 µg/mL). All cells were cultured 

in 5% CO2 at 37°C except CHOK1 and CHOK1 MT58 cells, which were cultured at 33°C 

unless otherwise noted. Oleate/bovine serum albumin (BSA) complexes (6:1 mol/mol) 

were prepared as previously reported and stored at -20°C (Goldstein et al., 1983). 

Palmitate/BSA complexes (6:1 mol/mol) were prepared using the same protocol except 

were heated to 70°C to dissolve palmitate and had a final concentration of 10 mM. Cells 

were treated with 0.4 mM FA/BSA complex unless otherwise noted.  

 U2OS and Huh7 cells were transfected at 60-70% confluency. Transfection mix 

was prepared by incubating lipofectamine (LF) 2000 with plasmid DNA (2 µL LF/1 μg 

DNA for U2OS, 2.5 µL LF/1 μg DNA for Huh7) for 30 minutes at room temperature. 

Mock transfected control cells were treated with only LF. Cells had fresh culture media 

added and transfection mixtures were added dropwise to cells. Experiments were initiated 

16-24 h post-transfection.  

Plasmids used for transfection include: pcDNA3.1-APOL6-HA (Section 2.7), 

pGFP-C1(2)δ-2xNLS (Lee et al., 2020), pLIPIN-1α-V5 and pLIPIN-1β-V5 (Khalil et al., 
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2009), pCMV-rCCTα-V5 and pCCTα-K122A-V5 (Lagace & Ridgway, 2005), pCCTα-

3EQ-V5 and pCCTα-8KQ-V5 (Johnson et al., 2003), pCCTα-16SA-V5, pCCTα-16SE-

V5 and pCCTα-ΔP-V5 (Wang & Kent, 1995), pCMV-rCCTα-1A-V5 and pCMV-rCCTα-

1D-V5 (Yue et al., 2020) and pCMV-rCCTα-V5 S→A and S→D P-domain mutants 

(Section 2.7).  

 

2.2 Lentiviral production and cell transduction 

  shCTDNEP lentivirus was produced in HEK293T cells (70% confluent in 10 cm 

dishes). Cells were co-transfected with polyethyleneimine complexed with 3.3 µg of 

pLKO.1-shCTDNEP1 (Horizon Discovery RHS3979), 2 µg psPAX.2 and 1 µg pMD2.G. 

shCTDNEP shRNAs were from the RNAi consortium and had clone numbers 

TRC0000006911, TRC0000006912 and TRC0000006914 (listed as shRNAs 4, 5 and 7 in 

figures). Media was replaced with fresh DMEM+10% FBS 18 h post-transfection. Virus-

containing media was collected 48 h post-transfection and filtered using a 0.45-micron 

polysterene filter. Virus-containing media had polybrene added (final concentration 10 

µg/mL), was flash frozen using liquid nitrogen and stored at -80°C.  

To produce cell lines stably expressing non-targeting shRNA (shNT) and 

shCTDNEP1 in U2OS and Huh7 cells, 1 mL of virus-containing media was added to 50-

70% confluent cells in 35 mm dishes for 4 h and then 1 mL of culture media was added. 

Cells were selected for 24 h after virus was initially added using 1 µg/mL puromycin for 

U2OS cells and 2 µg/mL for Huh7 cells. Selection was deemed complete after complete 

cell death of puromycin-treated non-transduced cells. After selection, cells were 

maintained in culture media with the same puromycin concentrations used for selection.  
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2.3 SDS-PAGE and immunoblotting  

Prior to cell lysis, media was removed, cells were washed twice with ice-cold 

phosphate-buffered saline (PBS), pelleted and lysed for 15 minutes on ice using RIPA 

(0.05 M Tris-HCl pH 7.4, 0.15 M sodium chloride, 0.25% (w/v) deoxycholate, 1% NP40, 

1 mM EDTA, 1x protease inhibitor, 1 mM sodium metavanadate and 2.5 mM sodium 

fluoride). Lysates were centrifuged to pellet debris, supernatants collected, and 

concentrations were measured using a Pierce BCA protein assay kit. Lysate supernatants 

had 1/5 volume 5X SDS reducing buffer added resulting in a 1X final concentration (62.5 

mM Tris-HCL pH 6.8, 10% glycerol, 2% SDS, 0.05% bromophenol blue, and 5% β-

mercaptoethanol). Lysates were heated at 95°C for 3-5 minutes. All samples were stored 

at -20°C.  

Samples were separated using SDS-polyacrylamide gels (8, 10 or 12.5%) at 60 V 

until past the stacking gel and then 100 V in SDS-PAGE running buffer (3 mM SDS, 200 

mM glycine, 25 mM Tris-base) until the dye ran off the gel. Proteins were transferred to 

nitrocellulose membranes in transfer buffer (25 mM Tris-base, 192 mM glycine, 20% 

(v/v) methanol) at 100 V for 60-90 minutes. 

Nitrocellulose membranes were incubated at room temperature for 60 minutes or 

overnight at 4°C with gentle shaking in 4:1 TBS-T (20 mM Tris-base, pH of 7.4, 500 mM 

NaCl, 0.05% Tween 20): Licor Odyssey blocking buffer. Primary antibodies used 

include: anti-APOL6 polyclonal (1/1000, Sigma Prestige HPA029165 or HPA029167, 

used interchangeably), anti-β-actin (1/15,000, 15 minutes at room temperature, Sigma 

Aldrich AC-15), anti-CCTα polyclonal (1/1000, genScript), anti-CCTα phosphoserine 

319 (pS319) polyclonal (1/1000, Kinexus, (Yue et al., 2020)), anti-CCTα 
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phosphotyrosine 359/phosphoserine 362 (Y359/S362) polyclonal (Kinexus, 1/1000, (Yue 

et al., 2020)), anti-CTDNEP1 polyclonal (1/500, Sigma Prestige HPA037439), anti-

Lipin1 polyclonal (1/1000, Abcam ab181389), anti-OSBP/ORP2 polyclonal (1:1000-

1:10,000, in-house ab170) and anti-V5 monoclonal (1/1000, BioRad MCA1360GA and 

Invitrogen PA1-993, used interchangeably). Primary antibody incubations were 

conducted at 4°C overnight unless otherwise noted. Membranes were washed twice and 

secondary antibodies were incubated for 1 h at room temperature. Secondary antibodies 

used include: IRdye 800CW (1/15,000, LiCOR Biosciences) and 680LT (1/20,000, LiCor 

Biosciences). Membranes were washed twice with TBS-T and once with TBS (20 mM 

Tris-base, pH of 7.4, 500 mM NaCl). Nitrocellulose membranes were scanned using a 

Licor Odyssey and fluorescence was quantified using Licor Odyssey software v3.0.  

 

2.4 Immunofluorescence 

Cells cultured on 1-mm glass coverslips were fixed with 4% (w/v) 

paraformaldehyde in PBS for 15 minutes at room temperature, washed twice with 5 mM 

NH4Cl and permeabilized with 0.5% Triton X-100 in PBS at 4°C for 15 minutes.  

Coverslips were blocked at room temperature for 1 h using 1% BSA in PBS. Primary 

antibodies used include: anti-APOL6 polyclonal (1/1000, Sigma Prestige HPA029165 or 

HPA029167, used interchangeably), anti-CCTα polyclonal (1/1000, genScript), anti-

CCTα pS319 polyclonal (1/1000, Kinexus, (Yue et al., 2020)), anti-CCTα pY359/pS362 

polyclonal (Kinexus, 1/1000, (Yue et al., 2020)), anti-PML monoclonal (1/200, Santa 

Cruz E11) and anti-V5 monoclonal (1/1000, BioRad MCA1360GA and Invitrogen PA1-

993, used interchangeably). Primary antibodies were diluted in 1% BSA in PBS and 
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incubated overnight at 4°C, either in 750 mL antibody solution in 6 well plates with 

gentle shaking (anti-CCTα, anti-CCTα pS319, anti-CCTα pY359/pS362, anti-V5) or on 

75 µL of antibody solution on parafilm in a humid chamber (anti-APOL6, anti-PML). 

Coverslips were washed twice with 1% BSA in PBS. Secondary antibodies used include: 

goat anti-mouse and goat anti-rabbit antibodies conjugated to Alexafluor 488, 594 or 647 

(all 1/4000, Thermo Scientific). Secondary antibodies were diluted in 1% BSA in PBS 

and incubations were at room temperature for 1 h. Cover slips were washed twice with 

1% BSA in PBS and LDs were visualized using BODIPY 493/503 (1/500, Thermo 

Scientific) or LipidTox red (1/1000, Invitrogen) diluted in PBS. Coverslips were rinsed 

with PBS and nuclei visualized using propidium iodide (1/1000) for 10 minutes at room 

temperature. Coverslips were mounted on glass slides using Mowiol and confocal slices 

of cells were imaged using Zeiss LSM710 and Leica SP8 laser scanning microscopes 

with Plan-Apochromat 63x (1.4 NA) oil immersion objectives. Quantification of nLDs, 

LAPS, APOL6 puncta and protein association was done manually using the Leica 

application suite X annotations software.  

 

2.5 Statistical significance  

Statistical significance of data was determined from 3 or more independent experiments 

using a two-tailed student t-test computed by GraphPad Prism 6.0 software or one- or 

two-way ANOVA. Figure legends indicate how data are presented and how significance 

was calculated. Significance reported for p-values as follows:  

*p<0.05 **p<0.01 ***p<0.001 ****p<0.0001  
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2.6 Molecular Biology 

 The APOL6 gene was amplified from U2OS genomic DNA with the 5’ primer 

including a Kpn1 cut site at 5’ end and the 3’ end of the 3’ primer including an HA-tag 

followed by a Xho1 site. The amplification product was ligated into pCR-Blunt-II-TOPO 

(Invitrogen) and sequenced. APOL6-HA was then cut from the TOPO vector was cloned 

into pcDNA3.1 using BamHI and XbaI.  

 pCMV-rCCTα-V5, pCMV-rCCTα-1A-V5 and pCMV-rCCTα-1D-V5 were 

mutated using mutagenic primers (see Figure 3.17A and Figure 3.18A). The same 

primers were used on all constructs to mutate tracts 3 and 4. However, another set of 5’ 

primers were needed to mutate tract 2 on constructs with tract 1 mutated, due to the 

proximity of the two tracts. Site-directed mutagenesis PCR was used to mutate rCCTα-

V5, with melting temperature determined through trial and error. PCR products were 

incubated with DpnI to cleave the methylated template DNA and transformed in Sig10 

cells (Sigma Aldrich) per the manufacturer’s protocol. Colonies were selected on 

carbenicillin plates, grown in 50 mL LB broth plasmids were isolated using a Qiagen 

Plasmid Miniprep Kit and sequenced. Successful mutants were then sequentially 

mutagenized with another mutagenic primer to produce double, triple and quadruple 

mutants.  
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2.7 Primers used 

Primer name Primer sequence (5'→3')  

1A rCCT 2A fwd 

 
CCCAAGCAGGCTCCCGCCGCCGCCCCTACTCATGAG 
CGC 
       

1A rCCT 2A rev GCGCTCATGAGTAGGGGCGGCGGCGGGAGCCTGCTTG 
GG 

 

 

1D rCCT 2D fwd GCTGCAGGCCATCGATCCCAAGCAGGCATCCTACGAC 
GACCCC 

 

 

1D rCCT 2D rev GGGGTCGTCGTCGGGATCCTGCTTGGGATCGATGGCCT 
GCAGC 

 

 
APOL6-HA fwd GGTACCGGCACCATGGACAACCAGGCGGAGAGA  

APOL6-HA rev CTCGAGTTAAGCGTAATCTGGAACATCGTATGGGTATG 
TAAACTGTACATACAC 

 

 

WT 2A fwd CCCAAGCAGAGTCCCGCCGCCGCCCCTACTCATGAGC 
GC 

 

 

WT 2A rev GCGCTCATGAGTAGGGGCGGCGGCGGGACTCTGCTTG 
GG 

 

 

WT 2D fwd CCCAAGCAGAGTCCCGACGACGACCCTACTCATGAGC 
GC 

 

 

WT 2D rev GCGCTCATGAGTAGGGTCGTCGTCGGGACTCTGCTTGG 
G 

 

 

WT 3A fwd CTCATGAGCGCGCCCCCGCCCCCGCCTTTCGGTGGCCC 
 

 

WT 3A rev GGGCCACCGAAAGGCGGGGGCGGGGGCGCGCTCATGA 
G 

 

 

WT 3D fwd CTCATGAGCGCGACCCCGACCCCGACTTTCGGTGGCCC 
 

 

WT 3D rev GGGCCACCGAAAGTCGGGGTCGGGGTCGCGCTCATGA 
G 

 

 

WT 4A fwd GGCAAGACTTCCCCAGCTGCCGCCCCAGCAAGTCTCT 
CTAGG 

 

 

WT 4A rev CCTAGAGAGACTTGCTGGGGCGGCAGCTGGGGAAGT 
CTTGCC 

 

 

WT 4D fwd GGCAAGACTTCCCCAGATGACGACCCAGCAAGTCTCT 
CTAGG 

 

 

WT 4D rev CCTAGAGAGACTTGCTGGGTCGTCATCTGGGGAAGTC 
TTGCC 
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Chapter 3: Results 

3.1 Exploring the temporal dynamics of nLDs and nLD proteins 

3.1.1 Saturated fatty acids induce CCTα translocation to nLDs but not the INM 

 All studies on nLD formation used the unsaturated FA oleate (OA) to induce nLD 

formation. However, saturated FAs are inducers of ER stress and are more lipotoxic than 

OA and thus nLDs could potentially serve a role in buffering excess saturated FAs. To 

investigate whether saturated FAs can also induce nLD formation, Huh7 cells were 

treated with the saturated FA palmitate for 24 h. Like oleate, palmitate induced the 

formation of nLDs (Figure 3.1, middle panel). Additionally, a combination of the two 

FAs in a 3:1 OA:palmitate ratio also induced nLD formation (Figure 3.1, bottom panel). 

OA, palmitate and OA/palmitate nLDs were all capable of recruiting CCTα, although OA 

promoted the greatest shift of CCTα from soluble to nLD-associated. This differential 

translocation could be due to either differing cell signalling activated in response to FA 

stimulation or differing CCTα lipid activators. It was found that nLDs induced by OA- or 

palmitate treatment were rich in DAG, a lipid activator of the CCTα M-domain (Figure 

3.2). It was next determined whether could stimulate CCTα translocation to the INM and 

thus dephosphorylation in Huh7 cells. As expected, OA induced translocation of CCTα to 

the INM within 15 minutes of addition (Figure 3.3A). CCTα phosphorylated at Y359 

and/or S362 translocated to the INM, whereas CCTα phosphorylated at S319 did not. 

Additionally, the pS319 signal began to dissipate at 30 minutes, indicative of 

dephosphorylation at this site. However, palmitate was not able to induce CCTα 

translocation and there was no change in pS319 signal between 0 and 30 minutes  

 



Figure 3.1. nLDs in palmitate-treated Huh7 cells recruit CCTα. 

Huh7 cells were treated with oleate (0.4 mM), palmitate (0.4 mM) or 
oleate+palmitate (0.3 and 0.1 mM, respectively) for 24 h. Cells were 
immunostained with CCTα antibody and LDs were visualized with 
BODIPY 493/503. Arrowheads indicate CCTα-positive nLDs. 
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Figure 3.2. nLDs in palmitate-treated Huh7 cells contain DAG. 

Huh7 cells transiently expressing the nuclear DAG sensor GFP-C1(2)δ-
NLS were treated with oleate (0.4 mM) or palmitate (0.4 mM) for   24 
h. LDs were visualized with LipidTox red. Arrowheads indicate DAG-
positive nLDs.

Palmitate

Oleate

DAG LD Merge

53



Figure 3.3. Oleate, but not palmitate, induces CCTα translocation 

to the nuclear envelope in Huh7 cells. Huh7 cells were treated with 
(A) oleate (0.4 mM) or (B) palmitate (0.4 mM) for the indicated 
duration. Cells were immunostained with antibodies against CCTα, 
CCTα pS319 and CCTα pY359+pS362.
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(Figure 3.3B). These results demonstrate that OA is a stronger inducer of CCTα 

translocation, as it promoted translocation to both the INM and nLDs and pS319 

dephosphorylation, whereas palmitate did not induce INM translocation, had weaker 

CCTα staining surrounding nLDs and did not affect pS319. This is also the first example 

of nLDs forming in response to a stimulus other than OA. Previous studies noted that 

nLD formation and CCTα recruitment in response to OA acted as a mechanism to 

enhance PC synthesis (Sołtysik et al., 2019).  However, the limited recruitment of CCTα 

on nLDs in response to palmitate treatment makes the efficacy of these nLDs as a 

response to lipotoxicity limited, if not questionable.   

3.1.2 PML, CCTα and Lipin1 are differentially recruited to nLDs 

  Previous studies have demonstrated association of PML and CCTα with nLDs 

after 24 h (Lee et al., 2020; Ohsaki et al., 2016), however little is known about when nLD 

proteins are recruited. Knowing when nLDs acquire proteins helps to understand how 

nLD formation may be coordinated with lipid synthesis. To investigate when the nLD 

proteins PML and CCTα are recruited, Huh7 cells were treated with oleate for 0, 3, 6, 12 

or 24 h (Figure 3.4). As previously reported, some nLDs were present in Huh7 cells 

under basal conditions. Interestingly, these basal nLDs were almost always LAPS (PML-

positive nLDs) and lacked CCTα association (Figure 3.5A), despite DAG being present 

on surface of these nLDs (Figure 3.6). In contrast, nLDs at 24 h had both CCTα and 

PML, with a plurality of nLDs containing both (Figure 3.5A). The quantity of nLDs per 

cell increased from 0 to 3 h before plateauing around 7 nLD/cell at 6 h (Figure 3.5B, 

upper panel). However, the number of PML- and CCTα-positive nLDs continually 

increased over 24 h despite the number of nLDs staying constant (Figure 3.5B, bottom  



3h

0h

6h

LD CCTα MergePML

12h

24h

Figure 3.4. PML association with nLDs precedes that of CCTα in 

Huh7 cells. Huh7 cells were treated with oleate (0.4 mM) for the 
indicated duration. Cells were immunostained with antibodies against 
CCTα and PML and LDs were visualized with BODIPY 493/503. 
Arrowheads denote nLDs. 
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Figure 3.5. Quantification of oleate time points in Huh7 cells. 

Quantification of images in Figure 3.4. CCTα and PML association 
with nLDs in oleate-treated Huh7 cells was quantified from 3-5 fields 
of cells from 3 independent experiments. (A) Percent of nLDs at 0 and 
24 hours with CCTα, PML or both associated. Data includes all nLDs
quantified from all experiments for both time points. (B) Number of 
nLD/cell, PML-positive nLD/cell and CCTα-positive nLD/cell 
presented as mean with SD.  Significance was tested between each time 
vs 0h using student’s  T-test. **p<0.01 ***p<0.001 ****p<0.0001
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Figure 3.6. DAG is present on nLDs under basal conditions in Huh7 

cells. Huh7 cells transiently expressing the nuclear DAG-sensor GFP-
C1(2)δ-NLS were cultured in low-glucose DMEM with 10% FBS. LDs 
were visualized with LipidTox red. Arrowheads indicate DAG-positive 
nLDs.
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panels). This demonstrates that CCTα and PML are differentially recruited to nLDs over 

time, with PML being omnipresent on nLDs (even under basal conditions) and CCTα 

requiring OA stimulation for nLD association. As previously reported (Yue et al., 2020), 

CCTα phosphorylated at Y359 or S362, but not S319, was recruited to nLDs as early as 3 

h (Figure 3.7).  Previous findings by our lab noted that the presence of PML on nLDs 

increased CCTα recruitment in U2OS cells (Lee et al., 2020). These results demonstrate 

that PML recruitment to nLDs also precedes that of CCTα. Additionally, the relatively 

small increase in total LAPS after 24 h and the slow rate of LAPS increase relative to 

nLD increase suggests that the LAPS pool is a less flexible subset of the entire nLD pool.  

 Next, LIPIN1 translocation to nLDs over time was determined. Like CCTα, 

LIPIN1 association with nLDs was shown to be increased by the presence of PML in 

U2OS cells (Lee et al., 2020). Due to a lack of antibodies detecting endogenous LIPIN1 

for immunofluorescence, V5-tagged LIPIN1α and 1β were overexpressed in Huh7 cells 

that were then treated with OA for 0, 3, 6, 12 or 24 h. Both LIPIN1α (Figure 3.8, left 

panel) and 1β (Figure 3.8, right panel) were found to translocate to nLDs upon oleate 

addition and both isoforms had similar levels of association with nLDs at 0 and 24 h 

(Figure 3.9A). However, LIPIN1α translocation preceded 1β translocation, with there 

being more LIPIN1α nLDs at 3, 6 and 12 h. The more rapid translocation of LIPIN1α to 

nLDs could be due to its nuclear localization, as hepatic LIPIN1α has previously been 

reported to have a more nuclear distribution than 1β (Péterfy et al., 2005). This was 

observed during these experiments, with about 70% of LIPIN1α-expressing Huh7 cells 

having a predominantly nuclear LIPIN1α distribution at 0 and 24 h (Figure 3.9B). In 

contrast, LIPIN1β-expressing Huh7 cells tended to have LIPIN1β more evenly  



Figure 3.7. CCTα phosphorylated at S319 and Y359/S362 

differentially associates with nLDs in Huh7 cells. Huh7 cells were 
treated with oleate (0.4 mM) for the indicated duration. Cells were 
immunostained with antibodies against CCTα pS319 and pY359/pS362 
and LDs were visualized with BODIPY 493/503. LD=green 
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Figure 3.8. LIPIN1α and LIPIN1 β associate with nLDs in Huh7 

cells. Huh7 cells transiently expressing LIPIIN1α-V5 or LIPIN1β-V5
were treated with oleate (0.4 mM) for the indicated duration. Cells were 
immunostained with antibodies against V5 and CCTα and LDs were 
visualized with BODIPY 493/503. LD=green V5=red CCTα=blue 
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Figure 3.9. Quantification of LIPIN1α/β association with nLDs in 

Huh7 cells during oleate treatment. Quantification of images from 
images in Figure 3.8. LIPIN1α/β and CCTα association with nLDs and 
LIPIN1α/β in oleate-treated Huh7 cells was quantified from 3-5 fields 
of cells from 2-3 independent experiments. (A) LIPIN1α/β-positive 
nLDs per cell presented as a mean with one standard deviation. 
Significance was tested between each time point vs 0h using T-test. (B) 

Relative distribution of LIPIN1α/β in transfected cells at 0 and 24 h. 
LIPIN1 in cells was classified as more nuclear than cytoplasmic 
(Nuc>cyto), equally partitioned (Nuc=cyto) or more cytoplasmic 
(Nuc<cyto). (C) CCTα-nLD association presented as floating bar charts 
showing mean and 5th-95th percentile. Significance was tested between 
mock, LIPIN1α and LIPIN1β cells at each time point using two-way 
ANOVA. **p<0.01 ***p<0.001 ****p<0.0001
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distributed between the cytoplasm and nucleus. This differs from a previous study 

reporting more LIPIN1β than LIPIN1α in the nucleus of U2OS cells treated with oleate 

and mTOR inhibitors (Sołtysik et al., 2021). Expression of either LIPIN1 isoform had no 

effect on the rate of CCTα association with nLDs versus mock transfected cells (Figure 

3.9C). While it might be expected that increasing expression of LIPIN1 would increase 

CCTα association given that LIPIN catalyzes the production of the CCTα-activating lipid 

DAG, a previous report from our lab showed no correlation between the presence of 

DAG and CCTα on nLDs in U2OS cells (Lee et al., 2020). Lipin1 thus appears to 

translocate to nLDs in a manner similar to CCTα and unlike PML, with low association 

under basal conditions and early OA timepoints but with continually increasing 

association over 24 h of OA treatment.  

Additionally, overexpression of LIPIN1α or 1β in Huh7 cells doubled the number 

of nLDs per cell compared to mock transfected cells (Figure 3.10A). Lipin1α-expressing 

cells had significantly more nLDs than LIPIN1β-expressing cells at 6 and 12 h of OA 

treatment but not 24 h (Figure 3.10B). Overexpression of LIPIN1α or 1β was also 

demonstrated to increase nLDs in U2OS cells (Sołtysik et al., 2021). Given the earlier 

association of LIPIN1α with nLDs along with its greater effect on their total and its 

greater expression in hepatic tissue, it appears that LIPIN1α is the more important 

LIPIN1 isoform for nLD interaction in liver.  

3.1.3 Determining if CTDNEP1 is a regulator of nLD proteins 

 The NE phosphatase CTDNEP1 is a known LIPIN1 phosphatase (Kim et al., 

2007). It was investigated whether it is also involved in CCTα dephosphorylation. Given 

the role of both LIPIN1 and CCTα as nLD proteins central to TG and PC biosynthesis,  
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Figure 3.10. LIPIN1 overexpression increases nLD number in Huh7 

cells. (A) Huh7 cells transiently expressing LIPIN1α- or β-V5 were 
treated with oleate (0.4 mM) for the indicated duration. Cells were 
immunostained with antibodies against V5 and CCTα and LDs were 
visualized with BODIPY 493/503. LD=green  V5=red CCTα=blue   
(B) Quantification of images in panel A. nLDs were quantified from 3-
5 fields of cells from 2-3 independent experiments in mock cells and 
cells expressing LIPIN1α or β. Data presented as box and whisker plots 
showing the mean and 5th-95th  percentile Significance was tested 
between mock, LIPIN1α and β cells at each time point using two-way 
ANOVA and Tukey’s multiple comparison.
*p<0.05   **p<0.05   ***p<0.001   ****p<0.0001
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preliminary experiments were conducted to investigate its role in regulating nLDs in 

U2OS and Huh7 cells. CTDNEP1 was knocked down using shRNA in U2OS cells 

resulting in an 80% reduction in expression (Figure 3.11A). shCTDNEP1 U2OS cells 

treated with OA for 1 h had reduced dephosphorylation of LIPIN1 versus shNT cells, as 

evidenced by the reduction in LIPIN1 band shift below the phosphorylated LIPIN (p-

Lipin) (Figure 3.11B). A similar reduction in band shift was not observed for CCTα, 

suggesting that CTDNEP1 knockdown does not affect short-term CCTα 

dephosphorylation in U2OS cells. CTDNEP1 was also knocked down in Huh7 cells using 

shRNA, achieving a 60% reduction in expression (Figure 3.12A). However, CTDNEP1 

knockdown was not sufficient to prevent association of overexpressed LIPIN1α or 1β 

with nLDs, as both isoforms still associated with nLDs after 24 h (Figure 3.12B). These 

experiments confirm that CTDNEP1 dephosphorylates LIPIN1 but show CTDNEP1 is 

not necessary for LIPIN1 association with nLDs. Future experiments quantifying LIPIN1 

and CCTα association with nLDs over time will be essential to understand whether 

CTDNEP1 affects nLD protein recruitment.  

 

3.2 A mechanistic analysis of how CCTα association with nLDs is regulated 

3.2.1 CCTα association with nLDs is regulated by its M- and P-domains 

 The role of the CCTα M- and P-domains as regulators of INM association have 

been well-characterized (Cornell & Ridgway, 2015). To determine whether CCTα 

association with nLDs is also regulated by these domains, V5-tagged rat CCTα mutants 

were expressed in U2OS cells (Figure 3.13A). The mutants tested included a 

catalytically dead enzyme (K122A), a hyperactive enzyme with 3 inhibitory glutamate  



Figure 3.11. CTDNEP1 knockdown reduces LIPIN1 but not CCTα
dephosphorylation in U2OS cells. (A) U2OS cells stably expressing
non-targeting shRNA (shNT) or shCTDNEP1 shRNAs had expression 
quantified versus actin (n=1). Total cell lysates were immunoblotted 
with antibodies against CTDNEP1 and OSBP (load control). (B) shNT
and shCTDNEP1 U2OS cells were treated with oleate (0.4 mM) for 1 
h. p-LIPIN and p-CCTα indicate phosphorylated protein bands. Total 
cell lysates were immunoblotted with antibodies against LIPIN1, CCTα
and actin.

A

CTDNEP1
OSBP

shCTDNEP RNA#
shNT 4 5 7

LIPIN1
CCTα
Actin

B
NT

- + - + - +54
shCTDNEP RNA#

Oleate
←p-LIPIN

←p-CCT

66



WT

Actin

A

CTDNEP1

shCTDNEP
RNA#

shNT 4 5

Figure 3.12. CTDNEP1 knockdown does not prevent LIPIN1 

association with nLDs in Huh7 cells. (A) Huh7 cells stably expressing 
non-targeting shRNA (shNT) or shCTDNEP1 shRNAs had expression 
quantified versus actin (n=1). Total cell lysates were immunoblotted 
with antibodies against CTDNEP1 and actin. (B) shNT and 
shCTDNEP1 Huh7 cells expressing LIPIN1α- or β-V5 were treated 
with oleate (0.4 mM) for 24 h. Cells were immunostained with V5 
antibody and LDs were visualized with BODIPY 493/503. LD=green 
V5=red
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Figure 3.13. M- and P-domains regulate CCTα association with nLDs. 

(A) Domain structure of CCTα showing where each mutant is altered. ΔP 
mutant (not shown) is truncated at the P-domain. (B) U2OS cells 
transiently expressing CCTα-V5 mutants were treated with oleate (0.4 
mM) for 24 h. Cells were immunostained with antibodies against V5, LDs 
were visualized with BODIPY 493/503 and nuclei with propidium iodide. 
LD=green V5=red nucleus=blue (C) Quantification of images in panel B. 
nLD number and percentage of nLDs CCTα -V5-positive were quantified 
from 10-15 fields of cells from 2-3 independent experiments.  Data shown 
as box and whisker plots showing mean and 5th-95th percentile, 
significance tested using one-way ANOVA and Tukey’s multiple 
comparison vs WT. ND: not detected *p<0.05 **p<0.01
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residues on the M-domain mutated to glutamine (3EQ), an enzyme with 8 lysines on the 

basic face of the helical M-domain mutated to glutamine (8KQ) that had reduced INM 

association, a phospho-null mutant with all 16 P-domain serines mutated to alanine 

(16SA) with enhanced INM translocation, a phosphomimetic mutant with all 16 P-

domain serines mutated to glutamate (16SE) with reduced INM translocation, and a 

mutant with the P-domain removed (ΔP). U2OS cells expressing these mutants were 

treated with OA for 24 h to induce nLD formation (Figure 3.13B) and nLD total and 

CCTα-V5 association were quantified.  Cells expressing each mutant had similar levels 

of nLD formation as wild type CCTα (Figure 3.13C, top panel), except for CCTα-ΔP 

which showed increased nLD formation. Interestingly, the 8KQ and phosphomimetic 

16SE mutations completely prevented nLD association (Figure 3.13C, bottom panel). In 

contrast, these mutants were still able to associate with membranes despite these 

mutations (Gehrig et al., 2008; Wang & Kent, 1995). This demonstrates the necessity of 

the M-domain for nLD association and suggests that P-domain phosphorylation inhibits 

nLD association. Conversely, preventing P-domain phosphorylation by mutating all 

serines to alanines resulted in increased nLD association (although not significant) and 

complete removal of the P-domain enhanced nLD association threefold, even though 

removal of the P-domain significantly reduced CCTα-V5 expression (Figure 3.14A and 

B, left panel). The reduction in expression of the ΔP suggests that the P-domain may 

possess stabilizing effects. Additionally, the lower (albeit not statistically significant) 

expression of the phospho-null mutant suggests that it is the lack of P-domain 

phosphorylation that results in reduced expression of these mutants. This corroborates a 

previous report showing that CCTα dephosphorylation reduces protein stability  
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Figure 3.14. Deletion of the P-domain reduces CCTα-V5 expression.         

(A) U2OS cells transiently expressing CCTα-V5 tagged mutants were 
untreated or treated with oleate (0.4 mM) for 24 h. Total cell lysates were 
immunoblotted with antibodies against V5, CCTα pS319 and actin.      
(B) Quantification of CCTα-V5, CCTα pS319 and actin from panel A. 
Data shown as mean and SD, n=3. Significance tested between all 
mutants of the same treatment versus WT CCTα using one-way ANOVA 
and Tukey’s multiple comparison. Significance between untreated and 
treated within a pair tested using T-test. *p<0.05
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(Groblewski et al., 1995). Additionally, mutants with the S319 site intact (K122A, 3EQ 

and 8KQ) had no change in S319 phosphorylation, suggesting that mutations of these 

residues do not affect long-term phosphorylation at this site. Additional mutants were 

then tested to better analyze how specific residues contribute to nLD association. A less 

extreme version of the 8KQ mutant with only 5 M-domain lysines mutated to glutamine 

(5KQ) also failed to associate with nLDs (Figure 3.15), while a mutant that had the 

casein kinase II phosphorylation site S362 mutated to phospho-null alanine (S362A) or 

phosphomimetic aspartate (S362D) had no difference in association versus wild type 

CCTα (Figure 3.16). Overall, these results demonstrate that CCTα association with nLDs 

is dependent on the same domains as INM association and is also regulated by 

phosphorylation. 

3.2.2 The CCTα P-domain regulates nLD interactions through cumulative negative 

charge 

It was thus apparent that phosphorylation of the CCTα P-domain regulated nLD 

association, however whether this regulation was dependent on the total number of 

phosphorylated serine residues or was site-specific remained unknown. To investigate 

whether bulk charge or specific sites regulate nLD association, 4 tracts of 2-3 P-domain 

serine residues in V5-tagged rat CCTα were mutated to phospho-null alanine (SA) 

mutants using site-directed mutagenesis (Figure 3.17A). U2OS cells expressing these SA 

mutants were then treated with OA for 24 h to induce nLD formation (Figure 3.17B). No 

differences in nLDs per cell were observed amongst these mutants (Figure 3.17C, left 

panel). Additionally, no mutation of any one tract of serine residues significantly 

enhanced nLD association (Figure 3.17C, right panel). However increased nLD  



Figure 3.15. M-domain lysines are essential for CCTα association 

with nLDs. (A) U2OS cells transiently expressing V5-tagged CCTα M-
domain K→Q mutants were treated with oleate (0.4 mM) for 24 h. Cells 
were immunostained with antibodies against V5, LDs were visualized 
with BODIPY 493/503 and nuclei with propdiuim iodide. LD=green 
V5=red nucleus=blue (B) U2OS cells transiently expressing V5-tagged 
CCTα M-domain K→Q mutants were treated with oleate (0.4 mM) for  
24 h. Total cell lysates were immunoblotted with antibodies against V5, 
CCTα, CCTα pS319 and actin. (C) Quantification of images in panel A. 
nLD number and percentage of nLDs CCTα-V5-positive were quantified 
from 10-15 fields of cells from 2-3 independent experiments.  Data shown 
as box and whisker plots showing mean and 5th-95th percentile, 
significance tested using one-way ANOVA vs WT. ND: not detected
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Figure 3.16. CCTα S362 phosphomutations do not affect association 

with nLDs. (A) U2OS cells transiently expressing V5-tagged CCTα
S362A or S362D mutants were treated with oleate (0.4 mM) for 24 h. 
Cells were immunostained with antibodies against V5, LDs were 
visualized with BODIPY 493/503 and nuclei with propidium iodide.
LD=green V5=red nucleus=blue (B) U2OS cells transiently expressing 
V5-tagged CCTα S362A or S362D mutants were treated with oleate (0.4 
mM) for 24 h. Total cell lysates were immunoblotted with antibodies 
against V5, CCTα, CCTα pS319 and actin. (C) Quantification of images 
in panel A. nLD number and percentage of nLDs CCTα-V5-positive were 
quantified from15 fields of cells from 3 independent experiments.  Data 
shown as box and whisker plots showing mean and 5th-95th percentile, 
significance tested using one wayANOVA vs WT. 
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Figure 3.17. CCTα association with nLDs is enhanced by P-domain 

serine to alanine mutations. (A) Amino acid sequence of the rat CCTα
P-domain and the mutated serine tracts. Mutated serines are shown in 
red, with S319 in tract 1 bolded. Mutant names include all mutated 
tracts and A to specify mutation to alanine. (B) U2OS cells transiently 
expressing CCTα-V5 mutants were treated with oleate (0.4 mM) for   
24 h. Cells were immunostained with antibodies against V5, LDs were 
visualized with BODIPY 493/503 and nuclei with propidium iodide.
LD=green V5=red nucleus=blue (C) Quantification of images in panel 
B. nLD number and percentage of nLDs CCTα-V5-positive were 
quantified from 15 fields of cells from 3 independent experiments.  
Data shown as box and whisker plots showing mean and 5th-95th

percentile, significance tested using one-way ANOVA and Tukey’s 
multiple comparison vs WT. **p<0.01
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association was noted when all four tracts (totalling 11 serines) were mutated, suggesting 

that CCTα association with nLDs is primarily inhibited by bulk P-domain negative 

charge. The same serine tracts were then mutated to phosphomimetic aspartate (SD) 

mutants (Figure 3.18A), expressed in U2OS cells and treated with OA for 24 h (Figure 

3.18B). Like SA mutations, SD mutations had no effect on nLD number (Figure 3.18C, 

left panel) and no single mutation greatly impacted nLD association (Figure 3.18, right 

panel). Significant reduction in nLD association was only observed when all four tracts 

were mutated to aspartate. CCTα P-domain regulation of nLD association is thus dictated 

by the bulk charge of the P-domain and not by any specific residue. Furthermore, large 

amounts of P-domain phosphorylation are needed to completely inhibit nLD association 

as 11 serine to aspartate were not sufficient to prevent nLD translocation (Figure 3.18C) 

whereas mutating all 16 to glutamate silenced CCTα association with nLDs (Figure 

3.13C). Interestingly, despite the 16SA and ΔP mutants having less expression on 

account of their low phosphorylation (Figure 3.14B, left panel) the 1234A mutant had 

similar expression to wild type CCTα and the 1234D mutant (Figure 3.19A). This 

suggests that a high degree of P-domain dephosphorylation is required to reduce CCTα 

stability.  

3.2.3 Phosphorylation of CCTα P-domain S319 is regulated by adjacent serine 

phosphosites 

 It has been suggested that phosphorylation of sites in the CCTα P-domain are 

dependent on other sites (Cornell et al., 1995), however no evidence of this has been 

reported. To investigate whether mutation of P-domain phosphosites affects serine 319, 

CCTα SA mutants were expressed in CHOK1 MT58 cells, which have a temperature- 
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Figure 3.18. CCTα association with nLDs is inhibited by P-domain 

negative charge density. (A) Amino acid sequence of the rat CCTα P-
domain and the mutated serine tracts. Mutated serines are shown in red, 
with S319 in tract 1 bolded. Mutant names include all mutated tracts 
and D to specify mutation to aspartate. (B) U2OS cells transiently 
expressing CCTα-V5 mutants were treated with oleate (0.4 mM) for   
24 h. Cells were immunostained with antibodies against V5, LDs were 
visualized with BODIPY 493/503 and nuclei with propidium iode.
LD=green V5=red nucleus=blue (C) Quantification of images in panel 
B. nLD number and percentage of nLDs CCTα-V5-positive were 
quantified from 15 fields of cells from 3 independent experiments.  
Data shown as box and whisker plots showing mean and 5th-95th

percentile, significance tested using one-way ANOVA and Tukey’s 
multiple comparison vs WT. ****p<0.0001
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A

Figure 3.19. Expression of CCTα P-domain S→A mutants in MT58 
cells. (A) Mock U2OS cells and U2OS cells expressing V5-tagged CCTα
mutants were treated with oleate for 24 h. Total cell lysates were 
immunoblotted with antibodies against V5, CCTα and OSBP (load 
control). (B) CHOK1 MT58 cells have a temperature-sensitive CCTα
mutation that destabilizes its expression. Total cell lysates were 
immunoblotted with antibodies against CCTα and OSBP (load control).
(C) MT58 cells expressing a selection of V5-tagged CCTα S→A mutants 
were cultured in serum-free media for 1 hour and then treated with oleate 
(0.4 mM0 for 1 h. Total cell lysates were immunoblotted with antibodies 
against V5, CCTα, CCTα pS319 and OSBP (load control). 
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sensitive CCTα mutation that reduces its stability and expression (Figure 3.19B). MT58 

cells expressing SA mutants were treated with OA for 1 h to induce dephosphorylation 

(Figure 3.19C). As expected, the wild type CCTα and 3A mutant had reduced S319 

signal in response to OA versus untreated, indicative of their dephosphorylation. 

Additionally, the SA mutants mutated at tract 1 lacked S319 phosphorylation due to this 

site being mutated (Figure 3.20A). Surprisingly, the 2A and 24A mutants also lacked 

S319 signal under basal conditions (Figure 3.19C) even though the site is intact and 

there is no interference with antibody binding, since the pS319 antibody epitope does not 

include any of these sites (Figure 3.20A). Interestingly, S319 was phosphorylated when 

tract 2 serines were mutated to aspartate to mimic the phosphorylated state (Figure 

3.20B). Thus, S319 phosphorylation requires phosphorylation at adjacent downstream 

serines 321-323. This is the first example of a CCTα phosphosite being dependent on 

another and suggests that other CCTα phosphosites could also be regulated by 

hierarchical phosphorylation.  

 

3.3 Investigating apolipoprotein L6 as a potential LAPS protein  

3.3.1 Verification of an APOL6 antibody  

  Given the limited publications on APOL6, I first validated a commercial APOL6 

antibody for its specificity. The antibody was used to probe a panel of human tissue 

lysates and an APOL6 band was detected in liver and kidney tissue corresponding to 38 

kDa (Figure 3.21A), the predicted molecular weight of APOL6 (Page et al., 2001). A C-

terminal HA-tagged APOL6 construct was amplified from U2OS genomic DNA, 

sequenced to confirm its identity and then expressed in U2OS cells. The antibody was  
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Figure 3.20. CCTα phosphorylation at S319 is dependent on 

phosphorylation at adjacent serine residues. (A) Part of the CCTα P-
domain sequence showing the epitope of CCTα pS319 antibody 
(underlined) and mutated serines mutated in tracts I and II. Mutated 
serines are shown in red with S319 bolded. (B) MT58 cells expressing 
V5-tagged CCTα mutants were cultured in serum-free media for 1 h and 
then treated with oleate (0.4 mM) for 1 h. Total cell lysates were 
immunoblotted with antibodies against V5, CCTα, CCTα pS319 and 
OSBP (load control). 
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Figure 3.21. Detection of APOL6 in tissue and U2OS cells. (A) 

Tissue panel screen consisting of the respective tissue homogenates (10 
μg). Homogenates were immunoblotted with antibodies against APOL6 
and ORP2 (load control). (B) U2OS cells expressing an APOL6-HA 
construct were immunostained with antibodies against HA and APOL6, 
LDs were visualized with BODIPY 493/503 and nuclei with propidium 
iodide. LD=green APOL6=red HA=blue Nucleus=gray (C) U2OS cells 
expressing PML-HA (control) or APOL6-HA construct were probed to 
confirm WB antibody specificity. Total cell lysates were 
immunoblotted with antibodies against HA, APOL6 and actin. 
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then used to probe for overexpressed APOL6-HA using immunofluorescence (Figure 

3.21B) and immunoblotting (Figure 3.21C). The APOL6 antibody co-stained with anti-

HA for both techniques, confirming its specificity.  

3.3.2 Interferon γ induces APOL6 expression in Huh7 and U2OS cells 

 Previous studies have reported increased APOL6 expression in response to IFNγ 

treatment of  macrophages (Zhaorigetu et al., 2011). In light of this result I determined 

whether APOL6 expression is altered by FAs, LPS or IFNγ treatment of U2OS and Huh7 

cells for up to 24 h (Figure 3.22A). APOL6 was expressed in both cell lines at 3 h, with 

full induction being reached at 6 h and continuing through 12 and 24 h. The bacterial 

outer membrane component lipopolysaccharide (LPS) was also tested as a potential 

regulator of APOL6 expression, given the role of apoL family members in innate 

immunity. However, LPS failed to induce APOL6 expression in Huh7 and U2OS cells 

(Figure 3.22B). Finally, OA and palmitate were tested for their effects on APOL6 

expression in Huh7 cells but neither FA induced APOL6 expression (Figure 3.22C). 

 It was then tested whether combining FAs and IFNγ could amplify the induction 

of APOL6 expression in U2OS and Huh7 cells. U2OS and PML-KO U2OS cells were 

treated with OA, IFNγ or OA and IFNγ for 24 h (Figure 3.23A). The addition of oleate 

and IFNγ to cells did not increase the induction of APOL6 (Figure 3.23B). PML 

knockout resulted in a small but insignificant decrease in APOL6 induction. However, 

IFNγ and OA did result in a significant 2.5-fold increase in APOL6 expression in Huh7 

cells (Figure 3.24B). This is particularly interesting in Huh7 cells, where the 

combination of inflammatory IFNγ signalling and excess FAs in liver tissue is implicated 

in the development of NASH (Li et al., 2021). 
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Figure 3.22. Effects of IFNγ, LPS and fatty acids on endogenous 

APOL6 expression in Huh7 and U2OS cells. (A) U2OS and Huh7 
cells were treated with IFNγ (1000U/mL) for the indicated duration. 
Total cell lysates were immunoblotted with antibodies against APOL6 
and actin. (B) U2OS and Huh7 cells were treated with IFNγ
(1000U/mL) or lipopolysaccharide (LPS, 5 μg/mL) for 24 h. Total cell 
lysates were immunoblotted with antibodies against APOL6 and actin. 
(C) Huh7 cells were treated with oleate (0.4 mM) or palmitate (0.4 
mM) for the indicated duration. Total cell lysates were immunoblotted 
with antibodies against APOL6 and actin. 
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Figure 3.23. IFNγ induces endogenous APOL6 expression 

independent of PML in U2OS cells. (A) U2OS and PML-KO U2OS 
cells were treated with oleate (0.4 mM), IFNγ (1000 U/mL) or both for 
24 h. Total cell lysates were immunoblotted with antibodies against 
APOL6 and OSBP (load control). (B) Quantification of APOL6 
expression relative to IFNγ-U2OS cells . Mean shown with SD, n=2-5. 
Significance compared between U2OS and PML-KO cells and IFNγ
and OA+IFNγ treatments using two-way ANOVA. 
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Figure 3.24. Combination of IFNγ and OA increases endogenous 

APOL6 levels in Huh7 cells. (A) Huh7 cells were treated with oleate 
(0.4 mM), IFNγ (1000 U/mL) or both for 24 h. Total cell lysates were 
immunoblotted with antibodies against APOL6 and OSBP (load 
control). (B) Quantification of APOL6 expression relative to IFNγ-
treated Huh7 cells. Mean shown with error bars representing SD, n=4-
5, significance compared between IFNγ and OA+IFNγ using T-test. 
**p<0.01
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Overexpression of APOL6 induces apoptosis in macrophages and colorectal 

adenocarcinoma cells (Liu et al., 2005; Zhaorigetu et al., 2011), and so I tested whether 

this would also occur in U2OS and Huh7 cells. U2OS and PML-KO U2OS cells 

expressing APOL6-HA were treated with OA, IFNγ or both for 24 h (Figure 3.25A). 

Both cell lines showed some increase in response to OA, however the addition of IFNγ 

resulted in decreased APOL6-HA expression but not endogenous APOL6. It has been 

speculated that IFNγ signalling could induce apoptosis by promoting APOL6-mediated 

apoptosis (Zhaorigetu et al., 2011). While this may not have been sufficient to induce cell 

death in U2OS and PML-KO U2OS cells, overexpressing APOL6-HA could have a 

stronger apoptotic response to IFNγ by combining endogenous and overexpressed 

APOL6, resulting in the death of cells expressing APOL6-HA. Alternatively, IFNγ could 

have attenuated APOL6-HA expression given that the APOL6-HA vector contains a viral 

promoter (Harms & Splitter, 1995). Future experiments monitoring for apoptotic markers 

can determine why APOL6-HA expression is reduced.  

3.3.3 APOL6 associates with LAPS 

  It was next investigated whether APOL6 associates with LAPS. Huh7 cells were 

treated with OA, IFNγ or both for 24 h (Figure 3.26). APOL6 was found to be associated 

with PML NBs under basal conditions and with LAPS upon OA, IFNγ and dual OA/IFNγ 

treatment. This was the first reported instance of nLD formation stimulated by IFNγ 

signalling. Interestingly, IFNγ induced a similar level of nLD formation as OA (Figure 

3.27A). However, IFNγ combined with OA resulted in an additive effect, with 50% more 

nLDs per cell than either treatment alone. IFN, but not oleate, also increased the number 

of APOL6 puncta (including both PML and non-PML associated APOL6 puncta) per cell  



Figure 3.25. IFNγ reduces expression of overexpressed APOL6 in 

U2OS cells. (A) U2OS and PML-KO U2OS cells expressing APOL6-
HA were treated with oleate (0.4 mM), IFNγ (1000 U/mL) or both for 
24 h. Total cell lysates were immunoblotted with antibodies against 
HA, APOL6 and OSBP (load control). (B) Quantification of HA 
expression relative to untreated U2OS or PML-KO. Mean shown with 
SD, n=3. Significance tested versus untreated U2OS or PML-KO using 
one-way ANOVA. 
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Figure 3.26. Endogenous APOL6 associates with LAPS. Huh7 cells 
were treated with oleate (0.4 mM), IFNγ (1000 U/mL) or both. Arrows 
indicate PML-positive APOL6 and arrowheads indicate APOL6-
positive LAPS. Cells were immunostained with antibodies against HA 
and APOL6, LDs were visualized with BODIPY 493/503 and nuclei 
with propidium iodide. Nucleus=gray 
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Figure 3.27. Quantification of APOL6 association with LAPS in 

Huh7 cells. Quantification of Z-stack images from Figure 3.26. nLDs, 
LAPS, total APOL6 puncta, APOL6 puncta associated with PML NBs 
and APOL6 puncta associated with LAPS were quantified from 11 
fields of cells from 1 experiment. Calculated data shown includes: (A) 

nLDs per cell, (B) total APOL6 puncta per cell, (C) LAPS per cell, (D) 

percentage of nLDs with PML associated, (E) percentage of APOL6 
puncta associated with PML (NBs+LAPS) and (F) APOL6 associated 
with LAPS per cell. Data shown as box and whisker plots showing 
mean and 5th-95th percentile. Significance between treatments tested 
using one-way ANOVA and Tukey’s multiple comparison, with 
asterisks above plots showing significance versus untreated (-). 
*p<0.05  **p<0.01  ***p<0.001 ****p<0.0001
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(Figure 3.27B), supporting the immunoblot data from Figure 3.24. However, unlike 

results shown in Figure 3.24, no significant increase was observed when cells were 

treated with IFNγ and IFNγ plus OA. This difference could be due to a change in the size 

of APOL6 puncta, rather than the total number. Both OA and IFNγ increased the number 

of LAPS per cell to a similar degree (Figure 3.27C), with OA plus IFNγ resulting in a 

significantly greater level of LAPS formation than either treatment alone. This increase in 

LAPS appears to be driven by increased levels of nLD formation and PML expression 

rather than a redistribution of existent PML, as the percentage of nLDs that are PML 

positive did not change between samples (Figure 3.27D). IFNγ signalling also promotes 

greater APOL6 association with PML, as the percentage of APOL6 associated with PML 

structures (both NBs and LAPS) was increased, with even more pronounced effects with 

the combination of IFNγ and OA (Figure 3.27E). Dual OA/IFNγ treatment also 

enhanced the number of APOL6-positive LAPS per cell compared to OA or IFNγ alone 

(Figure 3.27F), suggesting that the increase in association between APOL6 and PML 

association is driven by APOL6 association with LAPS rather than NBs (Figure 3.28). 

Overall, these data demonstrate that the combination of OA and IFNγ induce a 

synergistic response that results in greater nLD and LAPS formation and APOL6 

recruitment to PML structures, primarily LAPS. 

3.3.4 LAPS induced by interferon γ do not recruit CCTα 

  Given that this is the first reported instance of IFNγ-induced nLD formation, it 

was next tested whether IFNγ-induced nLDs have a different profile of associated 

proteins compared to oleate induced nLDs. nLDs induced by IFNγ in Huh7 cells (Figure 

3.29) and U2OS (Figure 3.30, upper panel) lacked the canonical nLD-associated protein  



Figure 3.28. Distribution of APOL6 puncta in Huh7 cells. 

Distribution of APOL6 puncta quantified in Figure 3.27. APOL6 was 
classified as being unassociated with PML (PML-free APOL6), 
associated with PML NBs (PML NB APOL6) or associated with LAPS 
(LAPS APOL6) and the quantity of each puncta per cell was calculated.  
Data includes all APOL6 puncta counted from all fields of cells for 
each treatment. 
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Figure 3.29. CCTα does not translocate to LAPS in IFNγ-treated 

Huh7 cells. Huh7 cells were treated with IFNγ (1000 U/mL) for 24 h. 
Cells were immunostained with antibodies against PML and CCTα and 
LDs were visualized with BODIPY 493/503. Arrowheads denote 
LAPS. 
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Figure 3.30. PML knockout prevents LAPS and LD formation in 

IFNγ-treated U2OS cells. U2OS and PML-KO U2OS cells were 
treated with IFNγ (1000 U/mL) for 24 h. Shown are (A) nuclei and (B) 

fields of cells. Cells were immunostained with antibodies against PML 
and CCTα, LDs were visualized with BODIPY 493/503 and nuclei with 
propidium iodide. Nucleus=gray Arrowheads denote LAPS. 
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CCTα, despite having PML on their surface. Thus, IFNγ induced nLDs appear to have a 

different associated protein profile than their OA-induced brethren. Additionally, PML-

KO U2OS cells did not form nLDs in response to IFNγ (Figure 3.30, upper panel) and 

had reduced cLD formation as well (Figure 3.30, lower panel). This suggests that PML 

has an essential function in both IFNγ-induced lipid synthesis and nLD formation. 
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Chapter 4: Discussion 

 My research goal was to contribute to our understanding of how nLDs originate 

and how specific proteins are recruited to their surface. More specifically, my research 

aims were to 1) characterize nLD protein recruitment over time, 2) analyze how CCTα 

domains regulate its ability to associate with nLDs and 3) investigate APOL6 as a 

potential LAPS-associated protein. I was able to make progress on each of these 

questions, providing novel insight that could help understand nLD functions and how 

proteins are recruited to assist those functions.  

 

4.1 PML association with nLDs precedes that of CCTα and LIPIN1 

  One aim of my research was to characterize when specific proteins associate with 

nLDs during treatment of cells with FAs. I found that PML was recruited on nLDs before 

CCTα or LIPIN1, with PML commonly being found on nLDs under basal conditions. 

This suggests that LAPS could have a function under basal conditions and that they are 

not strictly a response mechanism that occurs upon exposure to excess FAs. It was noted 

that the LAPS pool had a smaller increase in response to OA treatment versus the CCTα- 

or LIPIN1-nLD pool (Figures 3.5B and 3.9A). It was similarly noted by other reports 

that the percentage of nLDs that are PML-positive is negatively correlated with the total 

nLD number (Ohsaki et al., 2016). This could be because LAPS are a distinct pool of 

nLDs whose number is more stable than the total nLD pool at large.  

  The recruitment of PML prior to CCTα and LIPIN1 complements previous 

findings by our lab that PML-positive nLDs have enhanced CCTα and LIPIN1 

recruitment (Lee et al., 2020). The early recruitment of PML in Huh7 cells could be due 
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to its presence as part of PML patches on the INM (Ohsaki et al., 2016). eLDs entering 

the nucleoplasm through type 1 NR defects preferentially do so at sites enriched in PML-

II and this process could result in PML-II and other isoforms associating with the nascent 

eLD-turned-nLD. Future experiments using live cell imaging could confirm this 

hypothesis. How LAPS enhance CCTα and LIPIN1 recruitment is unknown. One 

explanation is that it could be due to the greater size of LAPS relative to PML-free nLDs, 

as previous findings demonstrated CCTα preferentially located to larger nLDs (Lee et al., 

2020). However, it also could be due to an as-of-yet unknown protein or lipid activators 

on the surface of the LAPS. The increased recruitment could reflect the increase in OA 

on the surface of LAPS, which is known to activate and enhance CCTα binding to 

membranes (Wang et al., 1993).  Regardless, these results demonstrate that PML 

recruitment precedes that of CCTα and LIPIN1 temporally in cells undergoing oleate 

treatment. The lack of CCTα and LIPIN1 on basal nLDs and their high degree of 

increased recruitment relative to PML in response to OA implies that their function on 

nLDs is limited to serving as a response to FAs, whereas the omnipresence of PML on 

nLDs and its relatively small increased rate of recruitment suggests that LAPS could have 

a function independent of resolving excess FAs. 

  I also demonstrated for the first time that nLD formation occurs in response to 

exposure to saturated PA. Previous studies have focused on nLD formation strictly in 

response to OA or OA and inducers of ER stress (Lee et al., 2020; Sołtysik et al., 2019; 

Sołtysik et al., 2021). It has been speculated that nLDs, like cLDs, could help buffer cells 

from FA-induced cytotoxicity, either by acting as sites of lipid synthesis or as signalling 

mechanisms. The increased presence of nLDs in nucleus in response to excess FAs has 
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been demonstrated to enhance PC synthesis by enhancing CCTα translocation to the nLD 

surface, which would provide more PC for packaging TG into VLDL and LDs and thus 

quelling the lipotoxic effects of FAs (Sołtysik et al., 2019). This response was found to be 

magnified by inducing ER stress, which is relevant to palmitate treatment since it also 

induces ER stress (Hetherington et al., 2016; Karaskov et al., 2006). However, the limited 

recruitment of CCTα to nLDs in response to palmitate treatment suggests that this 

mechanism is not as applicable to saturated FAs. Saturated FAs have been shown to 

induce less lipid storage and LD formation than their unsaturated counterparts 

(Listenberger et al., 2003) and this can be clearly seen comparing the cLDs in OA- versus 

PA-treated Huh7 cells (Figure 3.1), where OA-treated cells have significantly larger LDs 

than PA-treated cells. One potential mechanism for nLD formation to act as a response to 

excess palmitate is by altering the pro-β-oxidation activity of PML and transcriptional 

coactivator activity of the nLD protein LIPIN1. OA has been shown to mitigate PA-

induced ER stress and lipotoxicity in part by diverting excess palmitate towards β-

oxidation (Henique et al., 2010). Both PML and LIPIN1 have been shown to enhance 

PGC1α activity by preventing inhibitory acetylation and coactivation, respectively, and 

nLDs induced by palmitate treatment could coordinate these effects to achieve a 

synergistic response (Carracedo et al., 2012; Finck et al., 2006). If nLDs induced by 

palmitate formation promote greater activation of β-oxidation then it could act as a 

mechanism for nLDs formed by saturated FAs to resolve lipotoxicity. Future experiments 

determining if nLD formation induced by OA and palmitate increases LIPIN1 and PML 

recruitment to nLDs and the effect on pro-β-oxidation gene expression would determine 

whether this indeed occurs. 
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4.2 CCTα association with nLDs is inhibited by P-domain phosphorylation 

  Another research aim investigating how the CCTα M- and P-domains regulate 

nLD association revealed that CCTα recruitment to nLDs requires M-domain lysines and 

is antagonized by P-domain phosphorylation. Neither of these results were particularly 

surprising given that these M- and P-domains have well characterized roles in association 

with the INM. However, the more interesting results were that high levels of P-domain 

phosphorylation completely inhibited nLD association and that large shifts in P-domain 

charge are needed to alter CCTα translocation to nLDs.  

Previous reports have demonstrated that phosphomimetic 16SE-CCTα was still 

able to bind to the INM of CHO MT58 cells, albeit at a reduced level (Wang & Kent, 

1995). However, the same mutant showed no ability to bind nLDs (Figure 3.13C). This 

is especially surprising since CCTα appears to preferentially translocate to nLDs rather 

than the INM in oleate-treated Huh7 and U2OS cells. Most cells lacking nLDs have 

CCTα on the INM during OA treatment (Gehrig et al., 2008; Lagace & Ridgway, 2005), 

however cells with nLDs usually have CCTα on nLDs with little CCTα on the INM.  

This contrast is apparent in Figure 3.3A and Figure 3.4 where images show OA-treated 

Huh7 cells after short- and long-term OA treatment, respectively. In Figure 3.3A, CCTα 

translocates to the INM after 15-30 minutes of OA treatment. However, after 3 h there is 

no CCTα on the INM, corresponding to increased nLD association and CCTα recruitment 

to nLDs. Why CCTα is preferentially recruited to nLDs remains unknown and why 

phosphorylation can completely inhibit this recruitment (but not recruitment to the INM) 

is also unknown. One explanation for why CCTα is preferentially-recruited to nLDs is 

different biophysical properties of the membrane versus surface monolayer of nLDs. The 



 
 

98 
 

CCTα M-domain preferentially inserts into membranes with packing defects and the 

more sharply curved membrane of an nLD would thus contain more packing defects than 

the flatter INM. However, this would not explain why CCTα-16SE has been shown to 

associate with membranes and not nLDs. This could be explained by the presence of lipid 

activators of CCTα in the INM, but not nLDs, that can overcome the negative effects of 

P-domain phosphorylation. CCTα M-domain insertion into membranes is facilitated by 

the presence of lipid activators such as FAs and DAG. DAG is present on nLDs, as both 

basal nLDs (Figure 3.6) and nLDs induced by palmitate treatment (Figure 3.1) were 

bound by a DAG-sensor. Despite this, these nLDs had poor CCTα recruitment. 

Additionally, previous reports showed DAG and CCTα association on nLDs was not 

correlated (Lee et al., 2020). This suggests that DAG, at least on nLDs, is a poor recruiter 

of CCTα. The INM, on the contrary, could possess lipid activators absent on nLDs that 

allow the M-domain to insert into it despite a heavily phosphorylated P-domain. It is 

difficult to tell what this lipid activator could be, given that only one study on the nLD 

lipidome has been conducted (Layerenza et al., 2013) and it only looked at broad classes 

of lipids.  

My results also showed that significant changes in nLD association only occurred 

with large shifts in P-domain charge. Extreme phenotypes were observed when all 16 P-

domain serines were mutated to glutamate (Figure 3.13C) resulting in no nLD 

association and when the P-domain was completely removed resulting in 80% of nLDs 

being CCTα-positive. However, the more moderate SA and SD mutations shown in 

Figure 3.16C and Figure 3.17C, respectively, only resulted in significant differences 

when all four tracts totalling 11 serine residues were mutated. This indicates that large 
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scale CCTα phosphorylation is necessary to inhibit nLD association, as even the 234D 

mutant with 9 serine residues mutated to aspartate had no significant difference in nLD 

association versus the wild type (Figure 3.18C). There is also likely a critical threshold 

between 11 and 16 serine phosphorylations or another critical residue(s) that completely 

inhibits nLD association, as the 16SE mutant had complete inhibition of nLD association.  

   While my findings demonstrate the CCTα P-domain regulates nLD association 

through bulk negative charge, it is still unknown how these phosphosites are regulated. 

CCTα dephosphorylation in response to short-term OA treatment is characterized by a 

band shift (for example Figure 3.20B) that corresponds to its dephosphorylation. 

Likewise, S319 is also dephosphorylated. I have demonstrated the first example of a 

CCTα phosphosite (S319) being regulated by phosphorylation of the adjacent tract 2, 

which opens up the possibility that large scale phosphorylation of the P-domain is turned 

on or off by phosphorylation at a subset of sites in a form of hierarchical phosphorylation. 

This model is supported by previous findings that have shown that preventing 

phosphorylation by casein kinase II of serine 362 resulted in a 20% reduction in total 

enzyme phosphorylation (Cornell et al., 1995); however, I found that S362A mutation 

had no effect on nLD association (Figure 3.16). Understanding these “master sites”, if 

they exist, would be crucial for studying the kinase(s) responsible for CCTα 

phosphorylation and potential signalling pathways that regulate phosphorylation. 

 

4.3 APOL6, IFNγ and NASH: A novel avenue for nLD function  

 The final aim of my thesis project was determining whether APOL6 is associated 

with LAPS. APOL6 was identified as a possible PML-regulated gene by cross-
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referencing a list of genes identified as possibly PML NB-regulated by chromatin 

immunoprecipitation and immune-TRAP (Wang et al., 2020) against RNA sequencing 

data from PML-knockdown U2OS cells (Salsman et al., 2017), although PML knockout 

in U2OS cells had no effect on the induction of APOL6 expression by INFγ (Figure 

3.23B). Regardless, APOL6 was found to associate with LAPS in response to OA and 

IFNγ, confirming that it is indeed a bona fide LAPS protein. However, the 70-90% of 

APOL6 was found in nuclear puncta that were associated with neither PML NBs or 

LAPS (Figure 3.28), even when induced with IFNγ and OA/IFNγ in Huh7 cells. Given 

the limited research on APOL6, the identity of these non-PML structures remains 

unknown. The total APOL6-positve puncta approximately doubled in response to IFNγ 

treatment, suggesting that PML-positive and PML-free APOL6 structures are both IFNγ 

regulated.  

  The formation of nLDs was stimulated in response to IFNγ treatment in U2OS 

and Huh7 cells. IFNγ is primarily involved in immune signalling and response against 

viruses and other pathogens, although connections between IFNγ and cLDs have been 

previously reported. Bacterial-infected macrophages were found to have increased LD 

formation in response to IFNγ (Knight et al., 2018) and IFNγ-induced de novo 

lipogenesis was necessary to achieve the full effects of IFNγ transcription of anti-viral 

genes in pancreatic beta cells (Truong et al., 2019). The addition of nLD formation as 

part of IFNγ signalling adds another interesting dimension to nLD function, suggesting a 

possible immune modulation. LDs have been previously implicated in immunity, 

providing lipid precursors for eicosanoid production, being assembly platforms for 
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viruses such as hepatitis C and being targeting sites for IFNγ-stimulated genes (Boucher 

et al., 2021). The presence of nLDs in the nucleus could affect these and other functions. 

Interestingly, IFNγ induced nLD formation in both Huh7 (Figure 3.29) and 

U2OS cells (Figure 3.30) despite nLDs in these cells being formed by two different 

mechanisms. An explanation for why greater nLD formation occurred in Huh7 cells is 

that IFNγ increases TG synthesis and induces PML expression (Stadler et al., 1995). 

Greater TG synthesis would promote eLD formation in Huh7 cells, while PML-II 

overexpression was found to increase nLD number (Ohsaki et al., 2016). The 

combination of both greater eLD formation and PML upregulation would thus increase 

nLD entry from the type 1 NR. However, U2OS cells form nLDs via in situ TG synthesis 

on the INM in a mechanism that is not dependent on PML-II (Sołtysik et al., 2021), 

although knockout of all PML isoforms did reduce nLD formation (Lee et al., 2020). This 

mechanism of nLD formation appears to be driven by TG synthesis and thus IFNγ-

induced TG synthesis, rather than increased PML expression, is likely driving the 

formation of nLDs in U2OS cells. I also found that PML knockout in U2OS cells 

prevented the formation of both cLDs and nLDs (Figure 3.30), suggesting that PML is 

necessary for the IFNγ-mediated induction of TG synthesis. This aligns with a 

previously-described function of PML expression enhancing IFNγ signalling (El 

Bougrini et al., 2011; Maarifi et al., 2014). The mechanistic details of how PML 

enhances TG synthesis via IFNγ signalling is unknown. The most likely explanation is 

that PML promotes IFNγ-induced TG synthesis via signal transducer and activator of 

transcription (STAT) 1 phosphorylation. IFNγ-stimulated TG synthesis is dependent on 

SREBP1C activation via STAT1 signalling (Hao et al., 2013; Truong et al., 2019), which 



 
 

102 
 

is at least partially dependent on PML (El Bougrini et al., 2011). However, while PML 

knockdown decreases STAT1 phosphorylation and thus IFNγ-stimulated gene 

expression, it was insufficient to completely block IFNγ-stimulated gene induction (El 

Bougrini et al., 2011). This could be due to some residual PML in the knockdown cells, 

however my finding that induction of APOL6 expression is unaffected by PML-KO in 

U2OS cells (Figure 3.23B) suggests that not all IFNγ-induced genes require PML for 

upregulation. Re-expression of specific PML isoforms in PML-KO U2OS cells could 

help resolve how PML and IFNγ-stimulated TG synthesis are linked.  

The connection between nLDs, IFNγ and immunity is made more interesting by 

the presence of PML. PML and PML NB proteins such as SP100 are upregulated by 

IFNγ signalling and involved in anti-viral response (Dellaire & Bazett‐Jones, 2004), 

while the PML NB protein DAXX has been implicated in IFNγ-induced apoptosis and 

anti-viral response (Ullman & Hearing, 2008; Yun et al., 2011). Although LAPS had 

significantly reduced content of DAXX and SP100 in oleate-treated U2OS cells 

compared to PML NBs, about a quarter of LAPS retained these proteins (Lee et al., 

2020). It has been speculated that this population of LAPS could be distinct from DAXX- 

and SP100-free LAPS and PML-free nLDs (Mcphee et al., 2022). Future experiments 

should investigate whether IFNγ-induced nLDs recruit DAXX and SP100 better than 

OA-induced nLDs and whether DAXX- and SP100-positive LAPS also colocalize with 

APOL6.  

  Another interesting angle on IFNγ signalling and nLD formation is the synergistic 

increase in nLD and LAPS formation when combined with OA in Huh7 cells (Figure 

4.1A). More nLDs were observed when IFNγ signalling was coupled to OA treatment in  



Figure 4.1. Graphical abstract. (A) In liver tissue fatty acids (FAs) 
induce LAPS formation, while interferon (IFN) γ induces LAPS 
formation and APOL6 expression. The combination of FAs and IFNγ
produces an additive effect that significantly increases APOL6 and 
LAPS. (B) A proposed model for APOL6 in the progression of NAFLD. 
In healthy liver, FAs lead to NAFLD. NAFLD coupled with 
inflammatory IFNγ signalling progresses to NASH. Chronic IFNγ
signalling leads to elevated levels of the pro-apoptotic protein APOL6, 
which mediates cell death and NASH progression to liver cirrhosis. 
Image made using Biorender. 
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Huh7 cells compared to either treatment alone (Figure 3.27A). Additionally, greater 

expression of the IFNγ-induced gene APOL6 was also noted in Huh7 cells treated with 

the dual combination of OA and IFNγ versus IFNγ alone (Figure 3.24). This suggests 

that the FA-IFNγ combination exacerbates IFNγ-induced upregulation target genes while 

also promoting a degree of LAPS formation not seen in either OA- or IFNγ-treated cells. 

This observation reveals an interesting connection between LAPS formation and 

NAFLD. Interferon signalling and excess lipid accumulation are often seen in cases of 

NAFLD that develop into NASH (Møhlenberg et al., 2019), although most studies have 

identified IFNs other than IFNγ as being responsible. However, IFNγ too has been 

implicated in NASH. IFNγ signalling was more pronounced in livers of rats on a high-fat 

diet and drove the progression of NAFLD towards NASH (Li et al., 2021). As well, 

phosphorylation of STAT1 occurred in livers of NASH rats, which could be connected to 

PML and LAPS, as PML expression has been shown to enhance IFNγ signalling by 

promoting the phosphorylation of STAT1 (El Bougrini et al., 2011). However, despite the 

role of PML as an enhancer of IFNγ-induced gene expression, PML knockout did not 

prevent the induction of APOL6 expression by IFNγ in U2OS cells (Figure 3.23B). This 

suggests that APOL6 induction occurs through a PML-independent mechanism.  

  APOL6 overexpression caused apoptosis in previous studies (Liu et al., 2005; 

Zhaorigetu et al., 2011) and my own findings in U2OS cells found that overexpression of 

APOL6-HA resulted in a large decrease in APOL6-HA expression when cells were 

treated with IFNγ (Figure 3.25), possibly due to increased cell death. Severe cases of 

NASH are characterized by apoptotic cell death that causes the formation of scar tissue 

and organ failure (Kanda et al., 2018) and thus APOL6 could be involved in the 
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progression of NASH, considering its abundant expression in OA/IFNγ-treated Huh7 

cells (Figure 4.1B). If and how LAPS fit into this proposed model is speculative.   

  My findings are the first to demonstrate that IFNγ induces the formation of nLDs 

and that these nLDs form in a PML-dependent manner. Additionally, the observation that 

the combination of FAs and IFNγ produce a strong induction of LAPS formation and 

expression of the pro-apoptotic IFNγ target gene APOL6 in hepatoma cells could provide 

a fascinating connection between LAPS, APOL6 and NASH.  

 

4.4 Conclusions  

 nLDs were only recognized as true nuclear entities in the past decade but they 

have become an area of intensifying research as of late. The only currently-reported 

function of nLDs is as platforms to increase PC synthesis in response to excess OA and 

ER stress (Lee et al., 2020). The research presented here better characterizes these 

enigmatic organelles and provides useful insights into potential nLD functions. I have 

shown that PML is omnipresent on nLDs and its recruitment precedes that of LIPIN1 and 

CCTα, suggesting that LAPS could have functions under basal conditions as well as 

conditions of excess FAs. Furthermore, I have demonstrated that CCTα association with 

nLDs is inhibited by cumulative P-domain phosphorylation. Finally, I have identified a 

new LAPS protein connected to IFNγ signalling, providing the groundwork for future 

research that could connect LAPS to NASH.   
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