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ABSTRACT 

Lipid droplets (LDs) are cellular metabolic energy reservoirs composed of a neutral lipid 
core of triglycerides (TG) and cholesterol esters (CE) that is surrounded by a surface 
monolayer of phospholipids and embedded proteins.  The most quantitatively significant 
phospholipid in eukaryotic cellular membranes is phosphatidylcholine (PC), which is de 
novo synthesized by the CDP-choline pathway under the control of the rate-limiting 
enzyme CTP:phosphocholine cytidylyltransferase (CCT) α.  In the liver and intestine, the 
neutral lipids in LDs are hydrolyzed, re-esterified and assembled into lipoproteins for 
secretion.  Increased PC synthesis is required for LD biogenesis and hepatic lipoprotein 
secretion.  The aim of this project was to investigate mechanisms involved in regulating 
TG and PC biosynthesis during LD biogenesis and cellular lipid metabolism.  Knockout 
of CCTα in intestinal-derived Caco2 cells (CCTα-KO cells) was used to determine how 
PC metabolism controls TG storage in LDs and secretion in chylomicrons. CCTα-KO 
cells had significantly decreased de novo PC synthesis and number of cytosolic LDs 
(cLDs), but increased droplet size and TG mass.  Secretion of chylomicrons was reduced 
in differentiated CCTα-KO cells, indicating a specific requirement for the CDP-choline 
pathway in intestinal cell TG storage and secretion in lipoproteins.  CCTα-KO cells also 
had a significant reduction in nuclear LDs (nLDs), which have CCTα and promyelocytic 
leukemia nuclear bodies (PML-NBs) coating the surface. Using PML knockout U2OS 
cells, we show that PML-NBs are critical for regulating the size and number of cLDs and 
nLDs in response to exogenous fatty acids.  PML deficiency diminished both cLDs and 
nLDs, prevented recruitment of CCTα and LIPIN-1 to nLDs, and reduced PC and TG 
synthesis.  Our research highlights the importance of coordinated regulation of PC and 
TG metabolism for the formation and function of LDs in the cytoplasm and nucleus.  
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CHAPTER 1: Introduction 

 

1.1 Overview 

Triglycerides (TG) and phospholipids are the major glycerolipid classes with key 

physiological roles in energy homeostasis, membrane biogenesis and cell proliferation 

(1).  In mammals, excess fatty acids are esterified to form TG and cholesterol esters (CE), 

which are stored in a highly-condensed state in the core of lipid droplets (LDs) (2,3).  TG 

stored in the large unilocular LDs within adipocytes serve as the main storage depots for 

fatty acids, but hepatocytes and enterocytes also have the capacity to store TG in LDs as 

well as assemble and secrete in lipoproteins for delivery to peripheral tissues.  The neutral 

lipid core of LDs is surrounded by a monolayer of phospholipids, primarily 

phosphatidylcholine (PC), that stabilizes and controls the storage and mobilization of 

lipids (2,4).  Thus, coordinated biosynthesis of TG and PC is required for LD biogenesis, 

and disruption in the balance between lipid storage and surface monolayer can lead to 

pathological conditions such as diabetes, obesity (5) non-alcoholic fatty liver disease 

(NAFLD) (6) or lipodystrophy (7).  

The CDP-choline pathway or Kennedy pathway synthesizes the majority of PC 

for cellular membranes in mammalian cells (2,8).  The rate-limiting step in this pathway 

is catalyzed by CTP:phosphocholine cytidylyltransferase (CCT) α and β isoforms, which 

are soluble enzymes that undergo activation upon translocation to membranes in response 

to lipid activators such as fatty acids (9,10).  The more abundant and ubiquitously 

expressed isoform CCTα has been shown to increase PC synthesis for LD biogenesis and 

hepatic lipoprotein secretion in various cellular and animal models (2,11,12).  LDs are 
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proposed to form in the endoplasmic reticulum (ER) and bud into the cytoplasm.  

However, recent studies demonstrate that LDs are not only present in the cytoplasm 

(cytoplasmic LDs; cLDs) but also in the nucleus (nuclear LDs; nLDs) of certain cell 

types (13,14).  Similar to cLDs, the frequency and size of nLDs increase or decrease 

following fatty acid treatment or removal, respectively (13).  Interestingly, nLDs 

associate with CCTα and promyelocytic leukemia nuclear bodies (PML-NBs), dynamic 

sub-nuclear structures that regulate gene expression and stress response (14).  These 

findings suggest that nLDs could be active sites for PC synthesis and provide a platform 

for the assembly of enzymes and/or transcription factors involved in fatty acid 

homeostasis. 

The main purpose of this thesis research is to understand how PC and TG 

metabolism are regulated and control LD biogenesis and lipoprotein secretion.  Using 

intestinal-derived Caco2 cells with knockout of CCTα, we examined the contribution of 

CCTα and PC synthesis to the formation of cLDs and nLDs, as well as the partitioning of 

TG into storage and secretory pathways.  The biological significance of PML-NBs and 

nLDs in regulating TG and PC homeostasis was also investigated using human 

osteosarcoma U2OS cells with knockout of PML.  This introductory chapter summarizes 

current understanding of TG and PC biosynthetic pathways and their role in regulating 

LD biogenesis and lipid metabolism and will introduce novel concepts in nuclear lipid 

regulation and biology of nLDs. 
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1.2 Glycerolipids and Lipid Droplet 

1.2.1 Triglyceride Properties and Function 

TG is composed of a glycerol backbone esterified to three fatty acids (Fig. 1.1A), 

whose length and degree of saturation determine the physical and chemical properties of 

TG such as melting point (15).  The highly reduced and anhydrous hydrocarbon tail of 

the acyl chains makes TG an efficient form of cellular energy storage (15).  In mammals, 

TG stored in adipose tissue serves as the main energy source through lipolysis, the 

process by which free fatty acids are released from TG (2).  Hepatocytes and enterocytes 

also contain prominent amounts of TG stored in LDs that are hydrolyzed, re-esterified 

and assembled to form lipoproteins that transport fatty acids to other tissues (4).  TG 

hydrolysis also provides diacylglycerol (DG), a precursor of the major phospholipids and 

membrane biogenesis (16).  In addition to energy storage and membrane biogenesis, TG 

synthesis protects cells against fatty acid-induced toxicity (17).   

 

1.2.2 Phospholipid Properties and Function 

Phospholipids are composed of two fatty acyl chains esterified at the sn-1 and sn-

2 positions and a polar head group with a phosphodiester bond at the sn-3 position of 

glycerol (18).  Because of their amphiphilic properties, phospholipids can form lipid 

monolayers and bilayers, and are the major components of biological membranes that 

comprise a semi-permeable barrier to the external environment (1).  In addition to 

structural roles, phospholipids can also associate with and regulate the function of 

membrane proteins, and are precursors for signaling molecules. 
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The major phospholipids are phosphatidylcholine (PC), 

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

(18) (Fig. 1.1B).  PE, which makes up 20-30% of total membrane content, induces 

negative curvature into lipid bilayers due to its conical shape arising from the small polar 

head group (19).  PI, which composes 5-15% of total membrane content, can be 

phosphorylated at the 3’, 4’ or 5’ positions of the inositol ring, resulting in positional 

isomers with specialized functions (20).  PS constitutes up to 10% of membrane 

phospholipid and is asymmetrically distributed between the bilayer leaflets (21).  This 

asymmetry is determined by the balance between the flippase and scramblase activities, 

and plays an important role in apoptosis (22).  

PC is the most abundant phospholipid in eukaryotic membrane bilayers, 

comprising 40-60% of total membrane lipids (23).  PC has a large phosphocholine head 

group, making it cylindrical in shape and ideal for forming planar membranes with 

increased stability and rigidity (9).  PC is also a major component of the surface 

monolayers of serum lipoproteins, lung surfactant and LDs.  PC is not only involved in 

membrane structure, but also serves as a source for signaling molecules released through 

hydrolysis by different phospholipases (8).  For example, PC hydrolysis by 

phospholipase A2 (PLA2) results in the formation of arachidonic acid, which is 

metabolized to leukotrienes and prostaglandins (24).  Phospholipase D (PLD)-mediated 

hydrolysis of PC releases phosphatidic acid (PA), a precursor for other bioactive lipids 

(25) and an inducer of inflammation (26).  Cleavage of the phosphocholine head group by 

phospholipase C (PLC) releases DG, a potent activator of protein kinase C (PKC) (27).  
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Figure 1.1.  Structure of glycerolipids.  Structure of TG composed of a glycerol 
backbone esterified with three fatty acyl chains.  Fatty acyl chains are indicated by R1, R2 
and R3 (A).  Structure of major phospholipids composed of a glycerol backboned 
esterified with two fatty acyl chains and a hydrophilic head consisting of a phosphate 
group.  Fatty acyl chains are indicated by R1 and R2.  Polar head groups are indicated by 
R3 (B). 
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1.2.3 Lipid Droplet Function and Composition  

Excess fatty acids are esterified to form TG and CE that are packaged into LD for 

storage and lipolysis (28).  In white adipocytes, the neutral lipid core is primarily 

composed of TG, but in most cell types, TG and CE coexist in various ratios.  When fatty 

acids are needed for energy generation, membrane biogenesis or hormone synthesis, LD-

associated lipases release neutral lipids as free fatty acids.  Thus, LDs constantly form, 

grow and shrink, with diameters ranging from 0.1-5 μm in nonadipocytes to ~100 μm in 

white adipocytes, depending on the metabolic state of the cell (29).  

During LD formation and expansion, surface phospholipid addition must be 

coordinated with increased neutral lipid core volume to maintain optimal surface to 

volume ratio (30).  The most quantitatively significant phospholipid in mammalian LDs 

is PC, and conditions that result in PC deficiency lead to abnormal LD morphology.  

Inhibition of PC synthesis by silencing CCTα in oleate-treated rat intestinal epithelial 

(IEC-18) cells resulted in the formation of enlarged LDs with reduced TG mass (2) due to 

increased surface tension that leads to LD fusion (31) (discussed in Section 1.5.2), 

indicating that the CDP-choline pathway is an important contributor to LD biogenesis 

and stability. 

Exceeding or saturating the neutral lipid storage capacity of LDs is associated 

with several human diseases (28,32).  For example, TG deposition in adipocytes is 

increased in hyperphagia-induced obesity (32).  Increased adipose TG storage also results 

in elevated levels of circulating fatty acids that may accumulate in skeletal muscle or 

liver, leading to the development of insulin resistance and hepatic steatosis (28,32).  With 
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increasing worldwide prevalence of these diseases (33,34), a better understanding of 

glycerolipid metabolism and LD biogenesis is of considerable importance.    

  In eukaryotic cells, TG is synthesized by the successive fatty acylation of 

glycerol-3-phosphate (G3P) in the endoplasmic reticulum (ER).  In the G3P pathway, 

phosphatidic acid (PA) and diacylglycerol (DG) are central intermediates for TG 

synthesis, but also serve as precursors for phospholipid synthesis (Fig. 1.2).  PA, 

produced by sequential acylation of G3P by glycerol-3-phosphate acyltransferases 

(GPATs) and 1-acyl-sn-glycerol-3-phosphate acyltransferases (AGPATs), is the substrate 

for CDP-DG, a precursor for PI, phosphatidylglycerol (PG) and cardiolipin (CL).  DG 

produced by dephosphorylation of PA by PA phosphatases (LIPINs) is the substrate for 

TG synthesis by diacylglycerol acyltransferases (DGATs) or PC and PE synthesis by the 

CDP-choline/ethanolamine pathway.  The enzymology and regulation of the G3P and 

CDP-choline pathways are discussed further in Section 1.3 and 1.4, respectively. 

 

1.3 Enzymes of the Glycerol-3-Phosphate Pathway 

1.3.1 Triglyceride Synthesis 

In mammals, two TG biosynthetic pathways have been identified: the G3P and 

monoacylglycerol (MG) pathways (15).  In both pathways, CoA-activated fatty acids are 

utilized as acyl donors (35), and DG is acylated by DGATs to form TG.  The MG 

pathway is important in the small intestine to synthesize TG by re-esterification of MG 

derived from the diet (36).  As a result, intestine-specific deletion of MGAT in mice 

delayed fat absorption and decreased food intake (37).  In contrast, the G3P pathway is 

present in most cells, including enterocytes (3,15).  Although considerable knowledge has  
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Figure 1.2. The G3P pathway. The biosynthesis of TG and phospholipids occurs through 
the G3P pathway involving sequential acylation and dephosphorylation reactions catalyzed 
by GPATs, AGPATs, LIPINs, and DGATs. PA and DG are central intermediates that are 
also substrates for the CDP-DG and CDP-choline/ethanolamine pathways for phospholipid 
synthesis, respectively.  Enzymes are indicated in boxes. 
 

 

 

Acyl-CoA

CoA

G3P

Lyso-PA
Acyl-CoA

CoA

PA

GPATs

AGPATs

LIPINs

DG

Pi

Acyl-CoA

CoA

TG

DGATs

PC
PE

CEPT/CPT

CMP

PI
PG
CL

ATP

ADP

DGK

EPT

CDP-DG

CDP-Cho
CDP-Eth



 9 

been gained about G3P pathway, recent molecular, genetic and physiological studies have 

demonstrated new insights into its complexity (38).  TG biosynthetic enzymes often exist 

as isoforms that are encoded by the separate genes or alternative splicing, and further 

modified by post-translational modifications (39).  While these isoenzymes catalyze the 

same reactions, they have distinct functional roles in the G3P pathway.  For example, 

DGAT2, but not DGAT1, relocates from the ER to the surface of expanding LDs during 

fatty acid-induced LD biogenesis (40,41).  This section highlights the role of G3P 

pathway enzymes during TG metabolism and LD biogenesis.  The substrate specificity 

and tissue and subcellular distributions of these enzymes are summarized in Table 1.1.  

 

1.3.2 Glycerol-3-Phosphate Acyltransferases 

The first committed step of the G3P pathway is the acylation of G3P to form 1-

acyl-sn-glycerol-3-phosphate (lysophosphatidic acid, lyso-PA) by the GPAT family of 

enzymes (42-44).  This step is considered to be the rate-limiting because GPATs exhibit 

the lowest specific activity of all enzymes in the pathway (42).  GPATs are found in most 

tissues including adipose, liver, lung, kidney, muscle, intestinal mucosa, and brain (43).  

Four mammalian GPAT members have been identified that have distinct subcellular 

localization and biochemical properties; N-ethylmaleimide (NEM)-resistant GPAT1 and 

NEM-sensitive GPAT2 are on the outer mitochondrial membrane (OMM), and NEM-

sensitive GPAT3 and GPAT4 are localized to the ER (42,43,45,46).  Amino acid 

sequence alignment reveals that GPAT isoforms are members of the pfam01553 family 

with four motifs that are highly conserved among glycerolipid acyltransferases, 

suggesting that these motifs are a catalytically important region (43,45-47).   
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Table 1.1.  Substrate preference and subcellular/tissue distribution of G3P enzymes. 

 Acyl-CoA 
preference 

Subcellular 
distribution 

Tissue  
distribution 

GPAT1 16:0 > 18:0 > 18:1 
(48) Mitochondria (48) 

mWAT > liver > muscle > brain 
> kidney > lung (49) 

GPAT2 No preference (50) Mitochondria (50) 
mTestis > liver > BAT > brain > 

lung > heart (49) 

GPAT3 16:0, 18:1, 18:2 
(51) ER (51) 

mWAT > small intestine > BAT 
> kidney > heart > colon (51) 

GPAT4 No preference (52) ER (52) and LD 
(40) 

mBAT > testis > liver > kidney 
> brain > intestine > WAT > 
heart > skeletal muscle (53) 

AGPAT1 
14:0, 16:0, 16:1, 
18:2, 18:3, 18:0, 

18:1 (54,55) 
ER (56) 

hLiver > pancreas > lung > 
heart > small intestine > 
skeletal muscle (57,58) 

AGPAT2 
14:0, 16:0, 18:1, 
18:2, 18:0, 20:4 

(55) 
ER (59) hHeart > liver > WAT (58,60) 

AGPAT3 18:1, 18:2, 20:4 
(61) 

ER, NE (61) and 
LD (40) 

hTestis > WAT > liver > kidney 
> heart, brain > lung (62) 

AGPAT4 18:1, 18:2, 20:4, 
22:6 (63) ER (63) 

hBrain > skeletal muscle > 
spleen (63) 

AGPAT5 16:0, 18:0, 18:1, 
20:4 (61) 

ER, NE, and 
mitochondria (61) 

hBrain > WAT > heart > kidney 
> liver > lung (64) 

LIPIN-1 - Nucleus, ER (65) 
and LD (66,67) 

hWAT > skeletal muscle > 
small intestine (68) 
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LIPIN-2 - ER and cytoplasm 
(65,69) 

hWAT > liver > small intestine 
> brain (68) 

LIPIN-3 - ER and cytoplasm 
(70) 

hIntestine > liver > WAT (68)  

DGAT1 18:1, 18:2, 16:0, 
20:4 (71) ER (72) 

hSmall intestine > testis > 
mammary gland (73) 

DGAT2 18:1, 18:2, 16:0, 
20:4  (71) 

ER (41) and LD 
(74) 

hLiver > WAT > mammary 
glands > testis > heart  (71) 

Tissue distribution; hHuman, mMurine 
WAT; White adipose tissue 
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In the liver, mitochondrial GPAT1 and 2 comprise 30 to 50% of the total activity 

(75).  Liver-specific adenoviral expression of GPAT1 in mice and rats resulted in TG 

accumulation and hyperlipidemia (76-78).  In contrast, Gpat1-/- mice had markedly reduced 

hepatic TG content and increased plasma β-hydroxybutyrate and 3-hydroxy-3-methyl-

glutaryl-coenzyme A (HMG-CoA) synthase expression, indicating diversion of acyl-CoA 

toward β-oxidation (79,80).  In other tissues, GPAT3 and/or GPAT4 activity in the ER is 

10-fold greater than mitochondrial GPAT activity (75).  For example, Gpat3 mRNA was 

increased ~60-fold during 3T3-L1 differentiation, and Gpat3-/- mice had ~80% and ~40% 

reductions in total GPAT activity in white adipose tissue and small intestine, respectively 

(81).  When fed a high-fat diet, Gpat3-/- mice had decreased weight gain and fat mass.  

However, the contents of glycerolipids remained unchanged in the liver, perhaps due to a 

compensatory increase in GPAT1 activity (82).  Gpat4-/- mice had a 65% reduction in 

NEM-sensitive GPAT activity in the liver and brown adipose tissue, but normal activity 

was observed in white adipose tissue due to high levels of GPAT3 expression (52).  As a 

result, oxidation of exogenous oleate was increased and its incorporation into TG was 

reduced in differentiated primary brown adipocytes from Gpat4-/- mice compared to 

controls, indicating a role in exogenous fatty acid flux into TG synthesis rather than β-

oxidation.  During fatty acid overload (>0.5 mM oleate) of cultured cells, GPAT4 

relocalized from the ER to LDs (40), where it could direct excess acyl-CoAs toward storage 

pathway, resulting in sufficient amounts of local DG for increased TG synthesis and LD 

expansion.  However, this regulatory response appears to be specific to brown adipose 

tissue since GPAT4-deficient hepatocytes had normal exogenous fatty acid metabolism 
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(83), possibly due to the presence of GPAT1.  The mechanism by which ER-localized G3P 

enzymes translocate to LDs is discussed in Section 1.5.3. 

 

1.3.3 1-Acyl-sn-Glycerol-3-Phosphate Acyltransferases 

The second step in the G3P pathway is the CoA-dependent acylation of the sn-2 

position of lyso-PA by AGPATs, also referred to as lysophosphatidic acid 

acyltransferases (LPAATs) (43,75).  Eleven mammalian AGPATs are classified as 

members of the pfam01553 family with four highly conserved acyltransferase motifs, and 

have mitochondria- and ER-localized activities (61,84).  While AGPAT1 and 2 show 

strict acyl acceptor specificity for lyso-PA, other isoforms have a wide range of 

lysophospholipid specificity (51,55,57,58,85,86).  

The mRNA for human and murine AGPAT1 is detected in most tissues, and the 

protein is localized to the ER (57,58,87).  Overexpression of human AGPAT1 in 3T3-L1 

adipocytes increased basal and insulin-stimulated [3H]oleate uptake and incorporation 

into PA and TG (88).  AGPAT1 overexpression in 3T3-L1 cells also increased 

[14C]glucose uptake and conversion to cellular lipids upon insulin stimulation.  However, 

AGPAT1 overexpression in C2C12 myotubes had no effect on [14C]glucose uptake but 

diverted glucose from glycogen synthesis to lipid synthesis, and increased insulin-

mediated [3H]oleate uptake (88), demonstrating a possible tissue-specific function in 

partitioning energy metabolism.   

High levels of human AGPAT2 mRNA have been detected in the heart, liver, and 

adipose tissue, and it is the only isoform that is associated with a human disease.  

Mutations or deficiency in AGPAT2 causes severe congenital generalised lipodystrophy 
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(CGL), an autosomal recessive disorder characterized by an extreme scarcity of adipose 

tissue (60,89).  In cultured adipocytes expressing AGPAT1-5, knockdown of AGPAT2 

reduced TG synthesis and increased lyso-PA channeling into phospholipids (59).  Thus, 

these data indicate a critical, non-redundant role of AGPAT2 for TG synthesis and/or PA-

dependent signaling pathways during adipogenesis.  However, Agpat2-/- mice developed 

hepatic steatosis that was driven by increased fatty acid synthesis and diversion of lyso-

PA to TG and phospholipids (89).  Since deletion of Mgat1 did not ameliorate hepatic 

steatosis in these mice (90), the increase in glycerolipid synthesis is due to an alternate 

AGPAT-dependent pathway.  

While AGPAT1 and AGPAT2 exhibit strict acyl acceptor specificity for lyso-PA, 

other isoenzymes utilize lyso-PC, lyso-PE and lyso-PS as acyl acceptors.  For example, 

AGPAT3, AGPAT4, and AGPAT5 not only have LPAAT activity with oleoyl-CoA, but 

also have modest lysophospholipid acyltransferase (LPLAT) activity with a preference 

for polyunsaturated acyl-CoAs as donors (61-63,81,91), suggesting a dual role in 

glycerolipid synthesis and phospholipid remodeling.  The sn-1 position of phospholipids 

usually contains a saturated or monounsaturated acyl chain, while polyunsaturated acyl-

CoAs are esterified at the sn-2 position, giving rise to different combinations of acyl 

chains depending on the phospholipid species (86,92).  This highly diverse and 

asymmetrical distribution of acyl chains is maintained in part by the Lands cycle, in 

which the sn-2 acyl moiety undergoes rapid remodeling by concerted actions of 

phospholipase A2 (PLA2) and LPLATs. 

AGPAT9 and AGPAT11 are PC remodeling enzymes known as lyso-PC 

acyltransferase (LPCAT)1 and 2, respectively.  In mice, high levels of Lpcat1 mRNA 
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were found in the lung, particularly in alveolar type II cells, (93), and reduced di-

palmitoyl-PC levels were observed in the lungs of Lpcat1-deficient mice (94).  

Pulmonary surfactant isolated from LPCAT1 gene-trapped mice failed to reduce surface 

tension to wild-type levels (95), suggesting that LPCAT1 is required to maintain di-

saturated PC levels that are essential for surfactant activity.  LPCAT2 catalyzes both 

platelet-activating factor and PC synthesis in inflammatory cells (96,97).  Under resting 

conditions, the enzyme preferred arachidonoyl-CoA acyltransferase activity to produce 

membrane lipids.   

Recently, LPCAT3 and LPCAT4 were identified in the membrane bound O-

acyltransferase (MBOAT) family, which possesses acyltransferase activity towards 

various substrates (98).  LPCAT3 is ubiquitously expressed and is the most abundant 

LPCAT isoform in the liver and small intestine.  LPCAT3-mediated incorporation of 

arachidonic acid at the sn-2 position of lyso-PC is essential for neonatal survival and 

intestinal and hepatic TG-rich lipoprotein production and secretion (99,100).  LPCAT4 is 

highly expressed in epididymis, brain, testis and ovary (101).  Interestingly, increased 

LPCAT4 expression and a high PC to lyso-PC ratio have been identified as a potential 

biomarker for colorectal cancer (102).  However, normal cellular and physiological 

functions of LPCAT4 is unknown. 

 

1.3.4 Phosphatidic Acid Phosphatases (LIPINs) 

The PA synthesized by AGPAT has two fates: dephosphorylation by PA 

phosphatases (PAPs) called LIPINs to form DG for the synthesis of TG and zwitterionic 

phospholipids (PC, PE and PS) (103) or conversion to CDP-DG, a substrate for synthesis 
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of anionic phospholipids (PI, PG and CL) (Fig. 1.2).  In mammals, PAP enzymes are 

encoded by three genes (LIPIN-1, LIPIN-2 and LIPIN-3) that have tissue-specific roles in 

glycerolipid synthesis (68,104).  Mammalian LIPINs use PA as a substrate and are 

inactive toward other lipid phosphate substrates, such as lyso-PA, sphingosine phosphate 

and ceramide-1-phosphate (68).  Murine and human Lipin-1 mRNA undergoes alternative 

splicing to generate LIPIN-1α and LIPIN-1β isoforms, which exhibit differences in 

expression, subcellular localization and cellular function (105).  LIPIN-1 is highly 

expressed in adipose tissue and skeletal muscle and, to a lesser extent, in liver (68).  

LIPIN-1 deficiency in fatty liver dystrophy mice results in impaired adipose tissue 

development due to failure to store TG (106,107).  In humans, mutations in LIPIN-1 

cause acute rhabdomyolysis, but with no evidence of lipodystrophy (108).  The 

discrepancy in adipose tissue-specific phenotypes between species could result from 

differential compensation by LIPIN-2 or LIPIN-3 in humans (70).  The role of LIPIN-2 

and LIPIN-3 in the G3P pathway have been studied in tissues with minimal LIPIN-1 

expression.  For example, PA accumulation was observed in the cerebellum of Lipin-2 

deficient mice, but other phospholipids were unaffected (109).  

Two highly conserved regions are important for PAP activity: the C-terminal PAP 

catalytic motif (DXDXT) (110), and the N-terminal polybasic motif, which is involved in 

the binding of LIPINs to the negatively charged phospho-monoester head group of PA 

and nuclear/cytoplasmic shuttling and binding.  In addition to PAP activity, LIPIN-1 and 

LIPIN-2 possess a nuclear localization signal (NLS) and regulate lipid metabolism by 

interacting with nuclear receptors and transcription factors.  They contain a 

transcriptional co-activator motif that interacts with peroxisome proliferator-activated 
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receptor (PPAR)γ coactivator-1α (PGC-1α) and PPARα/γ to maintain fatty acid 

homeostasis by regulating fatty acid flux into oxidation or storage pathways during 

adipogenesis (111). 

 

1.3.5 Diacylglycerol Acyltransferases 

Similar to PA, the DG synthesized by LIPINs can be utilized for the synthesis of 

phospholipids (PE and PC) or is acylated by DGATs to form TG (112) (Fig. 1.2), which 

is subsequently packed into LDs or incorporated into lipoproteins for secretion (113).  

Mammalian DGAT1 and DGAT2 are expressed in tissues that have high rates of TG 

synthesis such as adipose tissue, liver, small intestine, mammary gland, heart and skeletal 

muscle (71,73).   

DGAT1 and DGAT2 contain multiple transmembrane domains and an N-terminus 

exposed to the cytosol (72,114).  The C-termini of DGAT1 and DGAT2, where substrate 

binding is predicted to occur, face the luminal and cytosolic side of the ER, respectively, 

suggesting that membrane topology may dictate the site of TG synthesis. Indeed, early 

studies showed that DGAT activity in liver microsome preparations had cytosolic (overt) 

and luminal (latent) activities that were involved in TG synthesis for storage in LDs or 

secretion in very low-density lipoproteins (VLDL), respectively (115).  DGAT1-

overexpressing mice had 1.6-fold increase in serum VLDL-TG concentrations and 

enlarged VLDL particle size, which resulted in increased gonadal fat mass weight likely 

due to increased free fatty acid transport from the liver to adipose tissue (116).  In contrast, 

mice overexpressing hepatic DGAT2 had increased cellular TG but did not increase VLDL 

secretion or fat mass.  These data indicate a differential contribution of DGAT isoforms to 
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TG storage and secretion.  However, a recent study using specific inhibitors of DGAT1 

and DGAT2 showed that both isoforms contributed equally to total TG synthesis in 

hepatocytes, and that TG synthesized by DGAT2 was assembled and secreted in VLDL 

(117).  This could be possible if TG destined for secretion is in equilibrium with a 

cytoplasmic pool through a hydrolysis and re-esterification pathway in the ER lumen 

(117,118).  Interestingly, TG synthesized by DGAT1 was stored in small LDs and was a 

preferred source of fatty acids for oxidation, whereas TG synthesized by DGAT2 was 

stored in large LDs that were used to supply TG for VLDL assembly and secretion (117).  

In support, DGAT2, but not DGAT1, translocates from the ER to expanding LDs in 

cultured cells upon exogenous fatty acid loading (40,41).  Acyl-CoA synthetase (ACSL)1, 

ACSL3 and one isoenzyme in each step of the G3P pathway also associate with LDs 

(40,41,66,67) and could produce TG for storage or secretion.   

 

1.3.6 Targeting Glycerol-3-Phosphate Pathway Enzymes to LDs 

GPATs, AGPATs and DGATs are predicted integral membrane proteins and it is 

not clear how they interact with the phospholipid monolayer of LDs.  Membrane 

topology predictions suggest the Drosophila isoenzymes of the G3P pathway that remain 

in the ER during oleate loading have membrane-spanning helices in the N-terminus that 

are connected by large hydrophilic loops (40).  In contrast, GPAT4 contains two 

hydrophobic helices that are separated by a short loop of relatively hydrophobic residues, 

forming a hairpin structure embedded in the monolayer.  When this hairpin was replaced 

with the sequence from ER-localized AGPAT1, GPAT4 failed to relocalize to LDs and 

remained in the ER, indicating that the hairpin structure in GPAT4 is critical for 
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translocation from the ER to LDs during oleate loading (40).  Thus, the hairpin in GPAT4 

does not span the ER membrane bilayer, allowing it to associate with both the ER and the 

phospholipid monolayer of LDs via ER-LD membrane bridges.  Drosophila AGPAT3 

and DGAT2 (40) and mammalian DGAT2 (119) also contain similar hydrophobic 

domains with hairpin structure.  Moreover, caveolin, a protein that regulates cellular 

cholesterol homeostasis and localizes to LDs, also contains an intramembrane hairpin that 

mediates LD targeting (120,121).  Thus, hydrophobic hairpins in the proteins that migrate 

from the ER to LDs might be common LD-targeting motifs.  In addition, DGAT2 

contains a C-terminal amphipathic α-helix that facilitates interaction with the surface of 

the LDs during TG synthesis (74).  

Unlike these enzymes, LIPINs are cytosolic enzymes that are activated by 

transient association with membranes enriched in PA (65,110,122), as is the case with 

LDs upon exogenous fatty acid loading (66,67,123).  Alternately, because ER-LD 

membrane bridges form during initial LD formation and expansion, PA-bound LIPIN-1 

on the ER membrane may laterally diffuse onto the surface of LDs.  Initial LD formation 

and expansion, and ER-LD membrane bridges are discussed in Section 1.5.1 and 1.5.2.   

 

1.3.7 Substrate Channeling in the Glycerol-3-Phosphate Pathway by Enzyme 

Complexes 

In addition to localization of G3P enzymes to LDs, evidence that G3P pathway 

enzymes form protein complexes in close vicinity to or on the surface of LDs indicate 

concerted substrate channeling during LD biogenesis.  A well-known example is 

complexes involving seipin, an evolutionary conserved ER membrane protein enriched at 
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LD formation sites (discussed in Section 1.5.2) that regulates LIPIN-1 association with 

the ER (124) and facilitates lipid import into the LDs (125-127).  Seipin deficiency is 

implicated in CGL and impaired LD formation (7,126), possibly due to diminished 

LIPIN-1 association with the ER and increased PA accumulation (124).  Recently, seipin 

was also co-localized with AGPAT2 and LIPIN-1 at the ER (128), suggesting this multi-

protein complex is involved in PA channeling for glycerolipid synthesis at sites of LD 

formation.  Why LIPIN-1 specifically interacts with AGPAT2, but not other isoforms, is 

unclear.  Since AGPAT2 is critical for TG synthesis and other isoforms cannot 

compensate for its loss (59,60,89), it is possible that LIPIN-1 preferentially binds to 

AGPAT2-derived PA to efficiently catalyze the conversion into DG during LD 

biogenesis.  In support of this, knockdown of AGPAT2 in cultured adipocytes reduced 

TG synthesis and increased lyso-PA channeling into PI (59).  The reduced conversion of 

lyso-PA to PA by AGPAT2 could possibly redirect lyso-PA available to other AGPAT 

isoforms to form a PA pool that is not recognized by LIPIN-1 and preferentially used for 

PI synthesis.  In addition, a recent study showed that mammalian and yeast seipin interact 

with GPATs (129), indicating other seipin-enzyme complexes may potentiate TG 

biosynthetic capacity.  However, these findings require further investigation since the 

seipin-interaction results were based on overexpressed proteins. 

Several lines of evidence suggest that enzyme complexes containing DGAT2 at 

the ER and LDs are also involved in substrate channeling.  An initial study identified a 

detergent-solubilized ‘TG synthetase’ complex composed of DGAT, MGAT, acyl-CoA 

acyltransferase (ACAT) and ACSL activities from rat intestine (130).  DGAT2 

association with stearoyl-CoA desaturase-1 (SCD1) was found in the mitochondrial-
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associated membranes (MAMs) (131), an ER-organelle contact site that is enriched in 

enzymes that synthesize TG and phospholipids (132).  Furthermore, DGAT2 interacts 

with MGAT2 in MAMs and LDs (133) and with the fatty acid transport protein (FATP)1 

in the ER and LDs (134) to channel fatty acids into TG.  Collectively, the association of 

G3P pathway enzymes with LDs suggest that protein complexes are responsible for 

substrate channeling in the G3P pathway.   

 

1.4 Enzymes of the CDP-Choline Pathway 

1.4.1 Phosphatidylcholine Synthesis 

Mammalian cells synthesize PC by successive methylation of the amino head 

group of PE by N-methyltransferase (PEMT) or de novo by the CDP-choline pathway 

(135) (Fig. 1.3).  Although the PEMT and CDP-choline pathways both produce PC, they 

have non-overlapping functions in TG metabolism and secretion (discussed in section 

1.5.5).  PEMT expression and activity is very low in most tissues (135), and is only 

quantitatively significant in hepatocytes and differentiated adipocytes (136,137).  The 

CDP-choline pathway begins with uptake of exogenous choline followed by three 

enzymatic reactions that convert choline to PC (138).  This pathway is the focus of this 

thesis because it is the only route for de novo synthesis in all tissues (139).   

 

1.4.2 Choline Transporters 

Choline is essential for PC synthesis by the CDP-choline pathway (140), and is 

also required for the production of other physiologically important molecules such as 

betaine, an osmolyte that the kidney utilizes to control osmotic pressure (141).   
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Figure 1.3.  PC synthesis by the PEMT and CDP-choline pathways.  Schematic of the 
PEMT and CDP-choline pathways showing intermediates and enzymes with their 
localization in the cell.  PEMT is indicated in red and the CDP-choline enzymes indicated 
in blue. 
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Hepatocytes synthesize choline de novo via PE methylation (139); however, the majority 

of choline used for PC synthesis is from the diet and absorbed through facilitated 

transport (135,139).  There are three types of choline transporters with different binding 

affinities.  The low-affinity choline transporters are sodium-independent organic cation 

transporters (OCTs, SLC22 family) (140).  OCTs are highly expressed in intestine, liver, 

kidney or brain (142-145), however, their physiological role in choline uptake is not 

clear.  The high-affinity choline transporter (CHT1, SLC5A7) is sodium-dependent (8). 

CHT1 has a Km of 1-2 μM and is highly expressed in neurons to maintain acetylcholine 

levels (146).  The major choline transporters involved in PC synthesis are the sodium-

independent choline transporter-like proteins (CTLs, SLC44 family) (140).  CTLs are 

encoded by five genes, CTL1 to CTL5 (147).  CTL1, which has intermediate-affinity for 

choline (Km of 70 μM)  (147-149), is expressed in most cells and believed to be 

responsible for choline uptake for PC synthesis.  For example, glucocorticoid treatment 

of human alveolar A549 cells increased CTL1 mRNA expression and PC synthesis (150).  

Furthermore, an epidermal growth factor receptor antagonist inhibited CTL1 in rat ATII 

alveolar cells, resulting in compromised PC synthesis and lung surfactant production 

(151).   

 

1.4.3 Choline Kinase  

Choline kinase (CK) catalyzes the ATP-dependent phosphorylation of dietary or 

endogenous choline to make phosphocholine, the first committed step in the pathway 

(Fig. 1.3). (8).  The micromolar affinity of CK for choline ensures rapid conversion to 

phosphocholine for channeling into PC synthesis.  Mammals express three CK isoforms 
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(CKα1, CKα2 and CKβ) that are encoded by two genes (152).  All isoforms are 

ubiquitously expressed, but significantly higher expression of CKα is found in the liver 

and testis while CKβ is highly expressed in the heart and liver (152-154).  The active 

enzyme exists as a dimer consisting of subunits encoded by either genes; α/β 

heterodimers and α/α or β/β homodimers contribute to 60% and 40% of total CK activity, 

respectively (152).   

Although CK does not catalyze the rate-limiting step of the CDP-choline pathway 

in most tissues, CK activity can be limiting or essential when its expression is reduced. 

Heterozygous knockout of CKα did not affect PC levels in mice, however homozygous 

deletion was embryonic lethal at day 3.5-7.5 (139,155).  On the other hand, CKβ-/- mice 

were viable but developed severe muscular dystrophy in the hind limb as well as bone 

deformities (156).  

   

1.4.4 Choline/Ethanolamine Phosphotransferase 

The final step of the CDP-choline pathway is catalyzed by choline 

phosphotransferase (CPT) and/or choline/ethanolamine phosphotransferase (CEPT), 

which share 60% amino acid sequence similarity (157-159).  Despite the near identical 

sequence similarity in the catalytic domains, CPT only utilizes CDP-choline while CEPT 

recognizes either CDP-choline or CDP-ethanolamine for PC or PE synthesis, respectively 

(158,159).  In this step, phosphocholine is transferred from CDP-choline to DG to 

generate PC.  Both CPT and CEPT are ubiquitously expressed; however CPT is 

abundantly expressed in the testis and small intestine (159) and CEPT is highly expressed 

in the testis, colon, heart and spleen (160).  CPT is localized to the Golgi apparatus, and 
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its localization is disrupted by brefeldin A (161).  On the other hand, CEPT is primarily 

localized to the ER and nuclear membranes (157), making it the predominant enzyme of 

the two in PC synthesis since the rate-limiting enzyme CCT translocates to ER and 

nuclear membranes upon activation.  CPT and CEPT are integral membrane proteins with 

seven transmembrane segments (158,159), and their enzymatic reaction involving DG 

and the water soluble CDP-alcohol is thought to occur at the hydrophobic-hydrophilic 

interface of membranes (8).   

 The expression level of CPT and CEPT does not influence PC synthesis under 

normal circumstances.  For example, in CHO cells overexpressing CPT, PC biosynthesis 

was determined by CDP-choline and/or DG availability (162).  Interestingly, increased 

CPT expression, activity and PC synthesis was observed in X-box binding protein 1 

(XBP1)-transduced NIH3T3 cells (163).  However, the increase in PC synthesis might 

have resulted from a 30% increased CCT activity and thus increased substrate CDP-

choline availability. 

 

1.4.5 CTP:Phosphocholine Cytidylyltransferase  

The rate-limiting step of the CDP-choline pathway is catalyzed by CCTα and 

CCTβ encoded by the Pcyt1a and Pcyt1b genes, respectively (164).  These enzymes 

catalyze the transfer of the CMP moiety from CTP to phosphocholine to form CDP-

choline in a nucleophilic displacement reaction (165).  Structural analysis of rat CCTs 

revealed a common domain structure (166).  Both CCTα and CCTβ have highly 

conserved catalytic (C), membrane binding (M) and phosphorylation (P) domains (Fig. 

1.4).  The two isoforms share high sequence similarity in the catalytic (C) and membrane 
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binding (M) domains (167).  The main structural difference between the two isoforms is 

the presence of a 21 amino acid NLS at the N-terminus of CCTα, giving rise to nuclear 

localization via α-importin pathway (168,169).  Alternate splicing produces three 

isoforms of CCTβ, which all localize to the cytoplasm due to the absence of the NLS 

(164,170).  CCTβ1 lacks significant portion of the C-terminal domain and contains three 

potential phosphorylation sites of the sixteen present in CCTα (164), suggesting its 

activity may not be regulated by reversible phosphorylation (discussed in Section 

1.4.4.4).  CCTβ2 has a unique N-terminal sequence (170,171).  CCTβ3 is identical to 

CCTβ2, but its amino terminus is 28 amino acids shorter resulting from an alternate exon 

(171).  

 In mammals, CCTβ isoform expression is highest in the brain and gonadal tissue 

and is developmentally regulated (171).  CCTβ2 mRNA expression, activity and PC 

synthesis were increased during differentiation of neuronal PC12 cells and Neuro2a cells. 

CCTα activity was unaffected suggesting that the β2 specifically contributes to 

membrane expansion during neuronal differentiation (172).  Supporting this conclusion, 

suppressing CCTβ2 expression during PC12 cells and Neuro2a cell differentiation 

reduced cell division, growth and proliferation (173).  Similarly, nerve growth factor 

increased CCTβ2 mRNA and protein levels, but not CCTα, in cultured mouse neurons, 

and the neuronal axons of CCTβ2-deficient had reduced PC synthesis and axon branching 

(174).  Interestingly, loss of CCTβ2 did not influence fetal maturation or brain 

development but caused gonadal dysfunction and reduced fertility (175).   

Gene disruption of the ubiquitously expressed CCTα in mice is embryonic lethal 

(176), indicating an essential role for PC and its products that cannot be compensated by  
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Figure 1.4.  Domain structure of CCT isoforms.  CCT isoforms have highly conserved 
catalytic (C), membrane binding (M) and phosphorylation (P) domains.  The main 
difference between the two isoforms is the absence of the nuclear localization signal 
(NLS) in the β isoforms. CCTβ1 does not contain a significant portion of the C-terminal 
domain. The N-terminus of CCTβ3 is 28 amino acids shorter compared to other isoforms.  
The numbers at the top correspond to amino acid positions. 
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CCTβ during early development.  Macrophage-specific CCTα knockout mice were viable 

but cells had a compensatory induction of CCTβ and were sensitized to cholesterol-

induced cell death (177).  CCTα is expressed at higher levels in the lung compared to 

other tissues (173), and is localized to cytoplasm (178), possibly to facilitate the increased 

PC synthesis required for the production and secretion of surfactant.  In pulmonary 

epithelial type II cells, CCTα is cytoplasmic and synthesizes dipalmitoyl-PC for the 

production of lung surfactant (178).  Lung-specific disruption of the CCTα gene did not 

affect in utero development but reduced dipalmitoyl-PC synthesis and caused respiratory 

failure at birth (179).  Infection with Pseudomonas aeruginosa caused caspase cleavage 

and reduced CCTα mRNA levels, resulting in decreased PC synthesis and surfactant 

secretion and respiratory distress (179).  Collectively, these data indicate a lung-specific 

function of CCTα related to surfactant production. 

 

1.4.5.1 Nuclear Localization of CCTa  

The N-terminal domain of CCTα contains NLS (amino acids 8 to 28) that is 

sufficient to promote nuclear import of reporter proteins, such as β-galactosidase in CHO 

cells (168).  Within the NLS is a RKRRK sequence that when mutated prevented nuclear 

import of CCTα (168).  The yeast homolog Pct1p also contains an NLS and is localized 

to the nucleus (180).  

CCTα is localized to the nucleus in most primary and immortalized cells.  

However, CCTα is in the cytoplasm of cells with high PC demand for secretion or rapidly 

proliferating membranes, such as pulmonary epithelial cells (178) and differentiating B-

cells (181) and adipocytes (2).  In murine epithelial cells, CCTα was retained and 
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degraded in the cytoplasm when its interaction with α-importin was inhibited by mono-

ubiquitination of a lysine residue adjacent to the NLS (182).  Studies that monitored 

mammalian CCTα distribution indicated that the enzyme reversibly translocated to 

nuclear envelope (NE) and is exported to the cytoplasm in response lipid activators such 

as farnesol or oleate (2,30,183).  Furthermore, the insect homolog CCT1 also cycled 

between the nucleus and cytoplasm in oleate-treated Drosophila S2 cells (12).  

Mutational analysis demonstrated that the membrane-binding domain M is required for 

nuclear export in response to farnesol or oleate (discussed in section 1.4.5.3) (183).  

These data suggest that CCTα distribution between the nucleus and cytoplasm is 

regulated by the strength, duration and location of the lipid activation signal.   

 

1.4.5.2 The Catalytic Domain 

Domain C (aa 73-236) is conserved in other members of the cytidylyltransferase 

superfamily (184), between mammalian CCT homologues (185), and has 61% sequence 

similarity between the yeast and human enzymes (10).  CCTα is a homodimer as 

determined by cross-linking experiments and the site of dimerization has been mapped to 

amino acids 139-145 (186).  Crystal structure of rat CCTα suggests that the interface 

between the monomers is stabilized by the interactions between three helices in domain C 

(187).  

The conserved catalytic motif in cytidylyltransferase superfamily (HXGH; aa 89-

91) is required for CTP binding and transition state stabilization (188).  Mutations of 

either histidine residue resulted in loss of CCTα activity.  Another conserved motif that is 

important for catalytic activity is RTEGISTS (aa 196-203), where an R196K mutation 
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compromised CTP binding by 23-fold and the maximal velocity (Vmax) by 3-fold (189).  

Mutation of K122, which recognizes the substrate phosphocholine, to alanine or arginine 

dramatically increased the Km for phosphocholine (189).  Finally, the temperature-

sensitive CCTα in CHO MT-58 cells has an R140H mutation in domain C but has normal 

membrane binding activity and cellular localization, suggesting that catalytic activity 

does not affect domain M (190).   

 

1.4.5.3 The Membrane Binding Domain 

Domain M (aa 236-300) forms an amphipathic α-helix upon membrane binding 

(191) that has a polar face primarily composed of acidic amino acids, a non-polar face 

composed of hydrophobic residues and 15 basic amino acids at the membrane interface  

(192).  A reporter protein composed of two copies of domain M fused to GFP was 

sufficient for nuclear membrane recognition and binding under activating conditions 

(183).  CCTα activity is regulated by reversible membrane binding; it assumes an active, 

membrane-associated form and an inactive, soluble form.  When CCTα associates with 

membranes, domain M undergoes a conformational change into an extended a-helix that 

embeds into the membrane surface, resulting in approximately 80-fold increase in 

catalytic activity (189).  CCTα mutant lacking domain M was insensitive to lipid 

stimulation and constitutively active.  

Domain M binding to membranes depends on the lipid composition and 

membrane curvature of membranes (189).  The overall charge of domain M is weakly 

positive.  However, upon folding into an α-helix, most of the basic residues are 

positioned at the interface between the polar and non-polar faces, making it electrically 
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positive and recognizable by membranes enriched in Type I lipids (anionic phospholipids 

and fatty acids) via ionic interactions (189,191,192).  Additionally, the packing defects 

induced by Type II lipids (DG and PE) enhance CCTα-binding by creating hydrophobic 

insertion sites for the non-polar face of the helix.  Insertion of domain M relieves the 

curvature stress through intercalation into the lipid bilayer (193).  When a membrane 

contains both types of lipid activators, the ionic interactions and packing defects 

synergistically induce CCTα association and activity.  For example, activation of CCTα 

in the presence of liposomes containing PE and oleic acid was greater than the sum of the 

activations resulting from the individual molecules (194).  Accumulation of free fatty 

acids, such as oleic acid, exhibit both negative charge and packing strain, and can recruit 

CCTα for PC synthesis (195).  Notably, PLC and PLA2 generate DG and fatty acids, 

respectively, indicating that phospholipases can also influence CCTα binding through 

remodeling of membrane composition (196,197).  Lastly, mutations in the lysine residues 

at the interface between the polar and non-polar face to glutamine eliminated nuclear 

export of CCTα in response to fatty acids, suggesting that domain M is also responsible 

for the nuclear/cytoplasmic distribution of CCTα (183). Collectively, the membrane-

sensing properties of domain M is responsible for CCTα localization, translocation and 

catalytic activity. 

 

1.4.5.4 The Phosphorylation Domain    

CCTα activity is also regulated by reversible phosphorylation of the C-terminal 

phosphorylation domain (domain P, aa 315-367).  Domain P is enriched in acidic residues 

and contains 12-16 serine, threonine and tyrosine phosphorylation sites depending on the 
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species (198). The precise kinases and phosphatases involved in domain P 

phosphorylation are not known, but consensus sequences and in vitro studies implicated 

casein kinase II (198,199), proline-directed kinases (200), PKC and mitogen-activated 

protein kinase (MAPK) (201).  

CCTα phosphorylation shifts the membrane-binding equilibrium towards the 

inactive, soluble form.  Inactive, soluble CCTα is heavily phosphorylated but underwent 

dephosphorylation upon translocation to membranes (198,199).  Notably, CCTα was 

dephosphorylated during G1 phase of cell cycle, when demand for PC synthesis is 

increased.  Increased phosphorylation was correlated with less activity during G0 and M 

phases (202), suggesting that phosphorylation is inversely correlated with enzyme 

activity and PC synthesis.  Furthermore, membrane localization of a constitutively 

dephosphorylated mutant (16 serine phosphorylation sites mutated to alanine) was 

increased 10-fold (198).  In contrast, a phosphomimetic mutant with all serine residues in 

domain P mutated to glutamate could bind to membranes enriched in oleate, indicating 

that a strong lipid activation signal can overcome the inhibitory effects of domain P 

phosphorylation.  Although the exact mechanism is not understood, it is conceivable that 

competition between the negatively charged phosphates on domain P and membrane 

anionic lipids may interfere with interaction of domain M resulting in the inhibition of 

CCTα membrane association.  Overall, the consensus is that phosphorylation ‘fine-tunes’, 

rather than dictates, the translocation of CCTα to membranes.  
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1.4.5.5 Transcriptional Regulation of CCTα 

While CCTα is primarily regulated post-transcriptionally by changes in 

membrane composition and phosphorylation status, regulation also occurs at the 

transcriptional level.  For example, the binding of three transacting nuclear factors, Sp1, 

Sp2 and Sp3, to the promoter region of Pcyt1a has been implicated in CCTα expression 

(203).  During S and G1 phases of the cell cycle, phosphorylation of Sp1 by cAMP-

dependent protein kinases and cdk2 upregulated CCTα expression and PC synthesis 

(204).  siRNA-mediated knockdown of Sp1 decreased CCTα expression, indicating Sp1 

as a positive regulator (205).  Inhibition of histone deacetylase, which downregulates 

Sp1, also resulted in upregulation of CCTα expression (206).  Increased phosphorylation 

of Sp3 by p42/44 MAPK upregulated the expression of CCTα in H-Ras transformed 

fibroblasts (207), which may be important for oncogenic H-Ras to increase PC synthesis.   

Sterol response element binding proteins (SREBPs), transcription factors that 

activate many lipogenic genes including fatty acid synthase (FASN), GPATs and HMG-

CoA reductase (208,209), also regulate CCTα transcription.  Under conditions of low ER 

sterol content, SREBPs exit the ER in complex with SREBP cleavage-activating protein 

(SCAP), are cleaved by site 1 and 2 proteases at the Golgi apparatus and enter the nucleus 

for their transcription activating functions (210).  Pcyt1a contains a sterol response 

element (SRE), but SREBP-mediated upregulation of CCTα mRNA expression is minor 

(211).  Transcriptional induction of fatty acid synthesis by SREBP could indirectly post-

transcriptionally activate CCTα (212).  
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1.5 Phosphatidylcholine and Triglyceride Storage and Secretion 

1.5.1 Lipid Droplet Formation  

Formation of LDs occurs in the ER when newly synthesized neutral lipids are 

deposited between the luminal and cytosolic leaflets of the ER (Fig. 1.5).  As their 

concentration increases, TG and CE eventually coalesce to form a ‘lens’ or a ‘blister’ of 

at least 17 nm in diameter at the LD nucleation sites (213,214).  The reason for this 

aggregation is not clear, but could be explained by simple biophysical properties.  

Individual neutral lipid molecules dispersed in the bilayer may condense to form an oil 

phase in order to minimize the energy costs for the interaction with phospholipids or 

proteins of the membrane (31). 

Whether cells have preferential sites for LD nucleation and the determinants for 

such sites are unclear.  In a uniform bilayer, TG molecules can freely diffuse and 

nucleation would occur at random sites (31).  However, the ER is a complex structure 

with morphologically and biochemically distinct regions, suggesting that nucleation may 

favor specific sites.  Protruding tips of the ER could be energetically favored sites 

because part of the energy required for membrane deformation during LD formation is 

already supplied by the highly-curved surface of the ER membrane.  In addition, recent 

studies indicate that enzymes involved in TG synthesis localize to specialized 

subdomains of the ER.  For example, ACSL3 is recruited to nucleation sites and is 

essential for TG storage (215).  GPAT4 and DGAT2 accumulate in subdomains of the ER 

in close vicinity to nucleation sites (40,134).  Indeed, there is increasing evidence that 

G3P pathway enzymes and other proteins form protein complexes at the ER and LDs that 

are responsible for efficient substrate partitioning for LD nucleation and expansion  
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Figure 1.5.  Formation of LDs in the ER membrane.  Neutral lipids (TG and CE) 
synthesized in the ER membrane accumulate between the luminal and cytosolic leaflets.  
As the local concentration of neutral lipids increases, they coalesce and form a lens at the 
nucleation site.  When sufficient amount of the lipids accumulates, the bilayer deforms 
and a nascent LD buds into the cytoplasm by taking phospholipids from the cytosolic 
leaflet of the ER.  The nascent LDs may remain connected with the ER via seipin-
stabilized ER-LD membrane bridge or separate completely.  

 

 

 

 

 

 

 

 



 36 

(discussed in Section 1.3.7).  Taken together, these data indicate that the complex 

morphology and biochemical composition heterogeneities of the ER may play an 

important role in determining TG accumulation and LD nucleation sites. 

Sufficient accumulation of neutral lipids results in the budding of LDs from the 

ER into the cytoplasm, forming a nascent LD composed of the cytosolic monolayer of the 

ER.  Defining the limit of budding size at which LDs detach from the ER is challenging 

with current microscopy techniques due to temporal and spatial resolution limits.  

Furthermore, it is unclear whether budding occurs for all LDs or some remain connected 

with the ER via a membrane bridge.  In yeast, a substantial fraction of newly formed LDs 

appear to remain connected with the ER (216).  In mammalian cells, at least some LDs 

are completely separated from the ER (40). 

Whether LD budding is protein-mediated is not clear since no single protein has 

been identified and the step is proposed to occur spontaneously when sufficient TG 

accumulates and adequate phospholipids are available to lower surface tension (31).  

However, the size and protein compositional heterogeneities of LDs may result from 

processes facilitated by proteins (213).  A candidate for such a function is seipin, an 

evolutionary conserved ER membrane protein enriched at LD formation sites (Fig. 1.5) 

(7,126).  Biochemical studies showed that seipin deficiency results in dramatically 

aberrant LD morphology due to reduced incorporation of lipids and proteins into the 

nascent LDs.  In yeast and mammalian cells, seipin mutations lead to abnormal ER-LD 

membrane bridges, suggesting that seipin stabilizes the membrane bridges during LD 

budding (7,126).  Alternately, seipin may form protein complexes with TG synthetic 
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enzymes to facilitate the initial growth of nascent LDs and their conversion to larger 

initial LDs (Section 1.3.7). 

  

1.5.2 Lipid Droplet Expansion  

After budding, a subset of the newly formed LDs can expand by two general 

mechanisms: local synthesis of TG at the surface of LDs or the generation of a large LDs 

from two smaller LDs by ripening (diffusion-mediated transfer of core lipids) or fusion 

(coalescence) (31).  For local TG synthesis at the surface of LDs, the enzymes necessary 

for TG synthesis must be recruited to LDs from the ER.  Recently, Wilfling et al. found 

that at least one isoenzyme for each steps of the G3P pathway (GPAT4, AGPAT3 and 

DGAT2) relocalize from the ER to the surface of LDs upon oleate treatment of cultured 

cells (40).  This protein targeting to LDs can occur via ER-LD membrane bridges 

established by the action of Arf/COP-I machinery (217), indicating that the detachment of 

LDs from the ER is reversible.  A current model is that Arf/COP-I machinery on the 

surface of LDs promotes the budding of very small droplets which depletes phospholipids 

from the monolayer of the existing ‘mother’ droplet (218).  The phospholipid depletion 

results in increased surface tension and promotes LD fusion to the ER membrane.  Once 

ER-LD membrane bridges are established, specific isoforms of the G3P pathway 

enzymes rapidly migrate to LDs for expansion.  In addition, because lipids can undergo 

lateral diffusion in membranes and transfer at contact sites between organelles, it is also 

possible that the newly synthesized TG molecules in the ER may diffuse through the 

bridge to the expanding LDs by a mechanism similar to initial LD formation.  During the 

initial budding, nascent LDs may acquire TG synthetic enzymes along with 
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phospholipids from the cytoplasmic leaflet of the ER membrane.  However, this is 

unlikely since these enzymes fail to target LDs and LDs do not expand without functional 

Arf/COP-I machinery (219,220). 

LD expansion in adipocytes is mediated by ripening that involves fusion of two 

individual LDs (31,221,222).  During this process, the cell death-inducing DEFA-like 

effector (CIDE) family of proteins localizes to contact zones between two LDs and 

dimerizes to facilitate the transfer of lipid molecules from smaller LDs to larger LDs (31).  

As a result, depletion of CIDE proteins or disruption of dimerization increases small LDs, 

whereas overexpression causes accumulation of large LDs (222-224).  Recently, perilipin 

1 (Plin1), a key adipocyte-specific LD-associated protein that regulates lipolysis, was 

identified as an activator of CIDE protein (224,225).  Plin1 interacts with the CIDE at the 

contact sites between droplets and its overexpression markedly increases lipid transfer 

and LD growth, possibly by modulating CIDE dimerization.  It is unclear whether CIDE 

proteins promote similar LD growth in cell types other than adipocytes.  CIDE-B is found 

in the liver and has been implicated in TG secretion (226), suggesting its possible 

involvement in LD growth prior to VLDL secretion. 

LD growth by fusion of smaller LDs to form large LD is rare under normal 

circumstances, but can be induced by the monolayer phospholipid composition.  A 

prominent example is the fusion of PC-deficient LDs.  Our lab and others have shown 

that conditions that result in PC deficiency lead to LD fusion in yeast and mammalian 

cells (2,12,30).  During PC deficiency, LD monolayers become enriched in PE, which 

induces negative membrane curvature due to its conical shape arising from the small 

polar head group (19).  This increases surface tension in the monolayers, and LDs come 



 39 

in close proximity and fuse to decrease the surface tension (31).  Thus, the surface 

phospholipid composition of LDs is important for interaction with other LDs and size 

regulation. 

 

1.5.3 Lipid Droplet Catabolism 

 During times of energy scarcity, lipolysis mediates the sequential hydrolysis of 

TG stored within LDs to glycerol and free fatty acids (227).  Adipose TG lipase (ATGL) 

catalyzes the first step of lipolysis by hydrolyzing an ester bond in TG to generate DG 

and fatty acid (227,228).  Atgl-/- mice accumulated excess TG in most tissues and 

developed cardiac dysfunction which led to premature death (228).  In addition, liver-

specific ablation of ATGL promoted steatosis (229,230), whereas overexpression in the 

liver of obese mice reduced TG levels and alleviated steatosis (231,232).  ATGL activity 

is regulated by interaction with co-activator LD-associated protein called comparative 

gene identification-58 (CGI-58) (233).  Interestingly, mutations of human CGI-58 were 

identified as a cause of Chanarin-Dorfman Syndrome (CDS), which is characterized by 

increased TG deposition in most tissues (234).  In cultured cells, mutant forms of CGI-58 

associated with CDS were not recruited to LDs (235) and failed to activate ATGL (236).   

Hormone-sensitive lipase (HSL) is a cytosolic enzyme that is activated and 

translocated to the LDs upon cAMP-induced phosphorylation by protein kinase A (PKA), 

which also phosphorylates and dissociates perilipin from LDs for HSL docking (227).  

HSL was initially believed to be the rate-limiting enzyme for the first step of lipolysis 

(227).  However, Hsl-/- mice were not obese but accumulated DG in adipose tissue and 

non-adipose tissues (237), and ATGL exhibited higher affinity for TG than HSL (227-
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230,232), indicating that HSL primarily catalyzes the second step of TG hydrolysis.  

Whether HSL deficiency is associated with human disease is not clear.  However, a 

recent clinical study identified a 19-bp frameshift deletion in exon 9 of HSL-encoding 

gene LIPE that was associated with diabetes, hepatic steatosis and insulin resistance 

(238).   

In the final step of lipolysis, MG is hydrolyzed to glycerol and fatty acid by MG 

lipase (MGL) (227).  Mgl-deficient mice had massive MG accumulation in most tissues.  

These mice were either leaner or of similar body weight with improved glucose tolerance 

and insulin sensitivity, potentially due to blunted intestinal TG secretion (239,240).  

However, unlike ATGL and HSL, little is known about the regulation of MGL activity 

(227).   

In addition to lipolysis, cells break down TG stored in LDs by lysosomal 

degradation pathway of macroautophagy through a process called lipophagy (232). 

Lipophagy was initially described in cultured hepatocytes in response to fatty acid 

exposure (241).  Pharmacological or genetic inhibition of autophagy in rat hepatocytes 

increased TG content and LD size and number, resulting in diminished free fatty acid 

supply for β-oxidation.  Since these findings of autophagy-mediated lipid mobilization, 

subsequent studies reported the presence of lipophagy in diverse cell types, including 

neurons (242), brown adipocytes (243), macrophages (244) and enterocytes (245).  A 

current model of LD degradation through lipophagy proposes that the autophagosomal 

protein microtubule-associated protein light chain 3 (LC3) conjugates with PE on the 

surface of LDs and initiates the formation of limiting membrane of autophagosome to 

sequester LDs (241).  LD-sequestering autophagosome then fuses with lysosome to form 
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autolysosome in which the contents of autophagosome and lysosomal acid lipase (LAL) 

are mixed for degradation and release of fatty acids into the cytoplasm. 

Since lipolysis and lipophagy share functional similarities, an important question 

is what are the relative contributions of these distinct pathways to LD catabolism.  ATGL 

possesses LC3-interacting motifs that block ATGL-mediated lipolysis when mutated 

(243), suggesting an interplay between ATGL-mediated lipolysis and autophagy.  

Interestingly, recent studies showed that ATGL acts as an important upstream to regulate 

lipophagy via SIRT1/PGC-1α/PPAR signaling pathway (232,246), and ATGL or 

lysosomal inhibition resulted in accumulation of large or small LDs in hepatocytes, 

respectively (247).  Consistently, ATGL was enriched in large LDs while lipophagic 

vesicles were restricted to small LDs (247).  These findings provide a novel insight into 

the coordination of lipolysis and lipophagy in TG metabolism. 

 

1.5.4 Function and Structure of Chylomicrons 

Instead of budding into the cytoplasm, LDs can also bud into the ER lumen to 

form the precursors for assembly of TG-rich lipoprotein VLDL and chylomicrons (Fig. 

1.6).  TG and CE are water-insoluble and must be assembled into lipoproteins in order to 

be transported in the bloodstream to different tissues (248).  Lipoproteins are similar to 

LDs in their structure, consisting of a hydrophobic core surrounded by an outer 

monolayer of phospholipids, cholesterol and proteins.  The surface of lipoproteins also 

has associated apolipoproteins that stabilize the lipoprotein and direct uptake and 

clearance by interacting with specific lipoprotein receptors and lipid transport proteins 

(248,249).  For example, apolipoprotein apoB-100 is a ligand for the LDL receptor (249).   
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Figure 1.6.  TG-rich lipoprotein assembly.  TG stored in LD in the cytoplasm is 
hydrolyzed to MG and DG, which are re-esterified to form TG in the ER.  TG is then 
destined for storage in LD in the cytoplasm or for chylomicron assembly in the ER 
lumen.  MTP mediates bulk lipidation of apoB polypeptide to form primordial apoB 
particle which is further lipidated by MTP-independent fusion with apoB-free luminal LD 
to form pre-lipoprotein. 
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Finally, apolipoproteins also serve as activators or inhibitors of enzymes that metabolize 

lipoprotein lipids (250).    

Lipoproteins are generally divided into five classes based on size, lipid 

composition and apolipoproteins: chylomicrons, VLDL, intermediate-density lipoprotein 

(IDL), LDL and HDL.  Chylomicrons are TG-rich low-density (d<0.95 g/mL) particles 

produced by the intestine (251).  The neutral lipid core is predominantly composed of TG 

and the particle size varies (diameters 75-1200 nm) depending on the amount of ingested 

fat.  A high-fat diet leads to the formation of large TG-rich particles while fasting 

produces small particles (248).  Chylomicrons contain apolipoproteins A-I, A-II, A-IV, 

A-V, B-48, C-II, C-III and E.  ApoB-48 is the major structural component and its 

synthesis and lipidation are essential for the assembly, secretion and subsequent 

metabolism of chylomicrons (discussed in Section 1.5.5).  ApoA-IV, which is 

incorporated into chylomicrons at an early stage in the ER, has also been implicated in 

TG secretion in vitro (252).  ApoA-IV overexpression (253) or knockout (254) in vivo, 

however, did not affect fat absorption or chylomicron production.  In the circulation, 

lipoprotein lipase hydrolyzes chylomicron TG, releasing free fatty acids that are taken up 

by adipose, cardiac and skeletal muscle tissues (251,255).  When a large amount of TG 

has been hydrolyzed, phospholipids are rapidly transferred to HDL (256), and the 

chylomicron becomes enriched in ApoE, forming remnants (diameters 30-80 nm) that are 

subsequently taken up by hepatic LDL receptor-related protein (255). 
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1.5.5 Chylomicron Formation and Secretion 

TG-rich lipoprotein formation begins with hydrolysis of neutral lipids stored in 

LDs, mobilization of fatty acids to the ER, and re-synthesis of TG and CE at the ER 

(257,258) (Fig. 1.6).  The enzymes and co-activator involved in mobilization of fatty 

acids from LDs are present in enterocytes, and their mRNA levels are increased in 

response to dietary fat challenge (259).  Mice with intestine-specific knockout of ATGL 

had reduced TG hydrolase activity and increased TG storage in LDs (260).  However, 

these mice had similar TG secretion with reduced mRNA levels of PPAR target genes 

compared to wild-type mice, suggesting that fatty acids released by ATGL were 

partitioned towards oxidation pathway.  Similarly, intestine-specific knockout of HSL 

had no effect on TG secretion (261).  Lipophagy is also active and regulates intestinal TG 

metabolism (245,262,263), however, whether it is a key player in TG secretion is not 

clear as genetic or pharmacological inhibition had no effect on chylomicron secretion 

(245,263).  In contrast, intestinal CGI-58 deficiency led to massive TG storage in 

enterocytes of mice fed chow or high fat diet, resulting in reduced intestinal oxidation 

activity and plasma TG levels (264).  Additionally, whole body knockout of MGL 

markedly reduced intestinal TG secretion in mice oral fat challenge (239).  These suggest 

that CGI-58 and MGL could be involved in mobilization of fatty acids from LDs for TG 

secretion by the intestine. 

Neutral lipids in the ER membrane can either be incorporated back into cLDs for 

storage or partition toward the ER lumen for lipoprotein assembly (118,265).  Current 

model of chylomicron assembly proposes a two-step process: 1) co-translational 

lipidation of newly synthesized apoB-48 to form primordial particles and 2) bulk transfer 
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of core lipids from luminal LDs to the primordial apoB-48 particles to form pre-

chylomicrons.  The transport of neutral lipids into the ER lumen requires microsomal 

triglyceride transfer protein (MTP) activity, which catalyzes the transfer of TG, CEs and 

PC (266).  MTP is expressed in the inner leaflet of the ER of the cells that synthesize and 

secrete apoB-containing lipoproteins.  MTP physically interacts with the newly 

synthesized apoB to catalyze lipidation, resulting in the formation of small primordial 

apoB particles.  These primordial apoB particles get further lipidated by fusion with 

apoB-free luminal LDs and form pre-chylomicrons.  Of note, MTP activity has been 

shown to be crucial for the formation of luminal LDs that lack apoB (118).   

 Pre-chylomicrons synthesized in the ER are packaged in special transport vesicles 

termed pre-chylomicron transport vesicle (PCTV) and transported to the Golgi for further 

maturation (267).  Transport of pre-chylomicrons in PCTV is mediated by the soluble 

NSF attachment protein receptor (SNARE) protein complex, which directs the vesicles to 

the cis-Golgi and facilitates the fusion with the Golgi membrane to release vesicle 

contents.  Mature chylomicrons are released into the cytosol in a large vesicle by 

unknown mechanisms and transported to the basolateral membrane for secretion into the 

lamina propria by exocytosis (267). 

 

1.5.6 The Requirement of Phospholipids for Lipid Droplet and Lipoprotein Assembly 

As described in previous sections, TG and phospholipids are synthesized from 

shared precursors (PA and DG) which must be diverted into the competing pathways to 

optimize the balance between membrane biogenesis and energy storage.  An important 

example is LD biogenesis and expansion, where the synthesis of TG and PC is 
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coordinated to maintain membrane stability and prevent particle coalescence.  In the early 

stages of nascent LD formation, phospholipids are acquired from the cytosolic leaflet of 

the ER (2).  However, the composition and molecular species of phospholipids in LDs are 

distinct from the bulk ER, and it is unclear how phospholipids are added to an expanding 

cytosolic LD.  LDs do not exchange membrane phospholipids with cell membranes via 

vesicle transport (212,268).  Interestingly, ER-mitochondria contact sites are enriched in 

phospholipid biosynthetic enzymes, including PEMT and PS synthases.  Similarly, these 

enzymes may also be present at ER-LD contact sites and provide newly synthesized 

phospholipids to the expanding LDs.  Alternately, ER phospholipids may laterally diffuse 

into the surface monolayer at the contact sites.  

 The most abundant phospholipids in mammalian LDs are PC (60%) and PE 

(25%) (2), and PC content is a key determinant of LD morphology and lipid storage 

capacity.  To accommodate the increased need of PC on the surface of LDs during 

expansion, some PC biosynthetic and remodeling enzymes localize to the surface of 

expanding LDs.  For example, ectopically expressed PEMT localizes to the surface of 

LDs during adipocyte differentiation to convert PE to PC (269).  Knockdown of PEMT in 

3T3-L1 preadipocytes was correlated with reduced LD formation and stability.  LPCAT1 

and 2 also localize to LDs in various cell lines where it could acylate lyso-PC (270).   

 PC synthesis is also an important regulator for luminal TG metabolism and 

lipoprotein assembly.  Rats fed a choline-deficient diet for 3 days had TG accumulation 

in the liver and reduced plasma TG (271).  Hepatocytes from these animals had reduced 

TG and apoB-100 containing VLDL when cultured in medium lacked both choline and 

methionine, and the secretion was rapidly stimulated upon the addition of either choline 
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or methionine to the culture medium.  Subsequent studies using mouse models showed 

that attenuation of PC synthesis by PEMT knockout resulted in diminished secretion of 

apoB-100 containing VLDL and TG by the liver (272,273).  Similarly, mice with a liver-

specific knockout of CCTα had reduced plasma PC and TG levels (11).  However, these 

mice had two-fold increased PEMT activity, suggesting that induction of PEMT was not 

sufficient to normalize hepatic VLDL secretion and/or PC synthesized by the CDP-

choline pathway has non-redundant role in TG metabolism and secretion. 

 

1.5.7 The Role of CCTα in Lipid Droplet Biogenesis and Lipoprotein Secretion 

During LD biogenesis in mammalian cells exposed to excess fatty acids, CCTα is 

present in the nucleus, NE and cytoplasm (2).  Our lab showed a strong induction of 

CCTα mRNA and protein expression, and translocation to the NE and cytoplasm during 

differentiation of 3T3-L1 cells, with a concurrent increase in PC synthesis that is required 

for normal LD biogenesis (2).  In another study using a contrasting model of CCTα 

regulation, the Drosophila homologue CCT1 was exported from the nucleus to the 

surface of LDs when S2 cells were exposed to oleate (12).  RNAi silencing of CCT1 

reduced PC content of the LD monolayer and caused coalescence of small LDs, which 

was abolished by adding PC to the cells.  As mentioned previously, the importance of 

CCTα for hepatic lipoprotein secretion has also been demonstrated in both cellular and 

animal models (11).  Collectively, these data highlight that CCTα is an essential regulator 

of PC synthesis required for LD biogenesis and hepatic lipoprotein secretion.  

The contribution of PC biosynthesis by the CDP-choline pathway to the 

regulation of intestinal TG storage and secretion has not been addressed and is a major 
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focus of this thesis.  Disruption of the Lands pathway for PC acyl-chain remodeling by 

Lpcat3-knockout reduced the levels of arachidonyl-PC that is critical for chylomicron 

secretion and lipid absorption (100).  Furthermore, rats fed a choline-deficient diet had 

reduced circulating and increased intestinal neutral lipids (274) and intestine-specific 

CCTα knockout mice had reduced plasma TG when fed a high-fat diet (275), suggesting 

that TG homeostasis in the intestine is also regulated by PC availability.  Our results 

showing that CCTα and the CDP-choline pathway are required for intestinal TG storage 

in LDs and secretion in chylomicrons are presented in Chapter 3. 

 

1.6 Lipid Synthesis and Storage in Nuclear Lipid Droplets  

1.6.1 Nuclear Lipid Composition and Function  

The presence of lipids in the nucleus was first demonstrated in 1958 by La Cour et 

al. (276).  Subsequent studies showed that NE lipids account for only about 16% of 

nuclear mass (277,278).  Phospholipids make up 62% of total nuclear lipid mass (279) 

and PC is the most abundant fraction (55%) (280,281).  Lesser amounts of PE (23%), PI 

(8%) and PS (6%) were also detected.  Cholesterol comprises approximately 10% of total 

nuclear lipids, and higher cholesterol content was detected in the outer nuclear membrane 

(ONM) compared with the INM (282).  Interestingly, comparison with microsomes 

showed that the NE has more cholesterol per mg protein.  Neutral lipids were also 

detected, but at lesser amounts than cholesterol (278,281). 

 Nuclear lipids are important components of the NE that is supported by the 

underlying nuclear lamina (277,278), but other lipid-specific functions or the presence of 

nuclear lipid metabolic pathways was thought to be of minor significance (283).  
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However, there is an increasing recognition that the nucleus contains important lipid 

metabolic activities.  For example, PLC-mediated hydrolysis of PIP2 produces inositol 

1,4,5- IP3 to regulate intranuclear Ca2+ levels (284), which is responsible for transcription 

of genes by a mechanism that is distinct from gene regulation by cytoplasmic Ca2+ 

signaling (285).  The other PIP2 hydrolysis product DG recruits PKC to the nucleus and 

regulates cell proliferation and differentiation (286,287).  

 

1.6.2 Nuclear Lipid Droplet Composition and Function 

 Recently, nuclear TG and CE were shown to be organized in discrete 

compartments similar to cLDs.  These nLDs are observed in many eukaryotic cells and 

liver sections (13,14,278,288,289).  Because cLDs are formed at the ER membrane, 

which is contiguous with the outer NE, it was initially suggested that nLDs observed by 

confocal microcopy could be cLDs trapped within invaginations of the NE.  However, 

subsequent studies using electron microcopy revealed that nLDs are on the INM, 

invaginations of the INM or are free in the nucleoplasm (14,289).  As well, nLDs from rat 

liver have a very different lipid composition from cLDs (278).  nLDs were composed of 

19% TG, 39% CE, 27% cholesterol and 15% phospholipids, whereas cLDs contained 

91% TG and 0.6% phospholipids.  Consistently, nLDs from rat hepatocytes and HepG2 

cells were smaller in size than cLDs, and comprise approximately 2-10% of total cellular 

LDs.  Furthermore, nLDs are composed of 38% lipids and 62% protein while cLDs are 

composed of 78% lipids and 22% protein by weight. 

 Like their cytoplasmic counterparts, nLDs are dynamic organelles whose number 

and size increase or decrease following fatty acid treatment or removal, respectively (13).  
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Although nLDs contain relatively less lipids than cLDs, they may constitute a new 

subnuclear domain for neutral lipid storage that is involved in lipid homeostasis to protect 

the cells from lipotoxicity.  As well, nLDs may serve as a buffer system capable of 

providing lipid components for signaling or synthesis.  For example, fatty acids released 

by nLD lipolysis could interact with transcription factors, such as PPARs or hepatocyte 

nuclear factor (HNF)4α, to regulate cell proliferation (290,291).   nLDs have lipid and 

protein composition different from cLDs, implying a novel nuclear-specific function 

(278).  The cLD proteins Plin1 and ACAT1 were not identified in rat liver nucleus.  

Furthermore, in oleate-treated Huh7, PML-NBs and CCTα, which do not localize to 

cLDs in mammalian cells, were associated with nLDs (14) (discussed in Section 1.6.4).  

Identification of other proteins that associate with nLDs could identify the cellular 

processes in which nLDs are involved as well as how they are formed.  

1.6.3 Nuclear Lipid Droplet Formation at the Inner Nuclear Membrane 

 While detailed mechanisms for cLD formation in the ER membrane have been 

proposed (discussed in Section 1.4.2), the mechanisms by which nLDs form and expand 

are unclear.  The ER is contiguous with the ONM and INM and is punctuated by nuclear 

pores.  In yeast, nLDs appear to form on the INM, possibly by localized TG and lipid 

synthesis (292).  Given that lipids can undergo lateral diffusion within membranes, the 

INM could receive lipids from the ER for nLD synthesis (Fig. 1.7A).  Recently, nLDs in 

hepatocytes were shown to originate from apoB-free ER luminal LDs, which are 

precursors for VLDL generated by MTP activity (288).  It was proposed that continuous 

growth of the luminal LDs that are trapped in type I nucleoplasmic reticulum (NR) 

eventually rupture the membrane to release the nascent nLDs into the nucleoplasm (Fig. 
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1.7B).   However, cells that do not express MTP or secrete TG also contain nLDs, 

suggesting that nLDs may form by an alternative pathway. 

As proposed for yeast (292), nLDs could form on the INM of mammalian cells by 

local de novo TG and phospholipid synthesis.  Indeed, enzymes for TG and phospholipid 

biosynthesis localize to the INM and nLDs,  for example, ectopically expressed human 

AGPAT3 and AGPAT5 have been detected in the NE (61).  The yeast Lipin1 homologue 

Pah1 has also been localize to the INM, and PA levels in the INM were increased in cells 

lacking Pah1 (293).  Ectopically expressed DGAT2 was localized to the surface of nLDs, 

and exogenous fluorescent-labeled fatty acid analog BODIPY558/568-C12 was 

incorporated into nLDs (14).  Seipin, which has been implicated at the ER-cLD contact 

sites for substrate partitioning and membrane bridge stability, was detected in the INM 

and was required for the formation of proper membrane bridges between INM and nLDs 

in yeast (292).  However, microsomal GPAT3 or GPAT4 have not been localized to the 

INM or nLDs. 

 Similar to cLDs, PC synthesis is expected to be required to make the surface 

monolayer of nLDs.  GFP-tagged Pct1, the yeast ortholog of CCTα, resides on the INM 

in rapidly proliferating cells (293).  With choline supplementation, Pct1-GFP was 

released from the INM into the nucleoplasm, suggesting that the enzyme senses INM 

packing defects caused by PC deficiency.  In human hepatocytes, endogenous CCTα 

translocated to the surface of nLDs in response to oleate (14).  A recent study using split-

GFP reporter screen identified the yeast homologues of CPT and CEPT (Cpt1p and 

Ept1p) in the INM (294).  Additionally, epitope-tagged CEPT expressed in CHO cells 

was localized to the NE (183) and co-localized with CCTα in the presence of exogenous  
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Figure 1.7.  Formation of nLDs.  In yeast or mammalian non-TG secreting cells, lipids 
in the ER can diffuse into the INM where nLDs form and bud into the nucleoplasm by 
seipin-dependent mechanism (A).  In hepatocytes, apoB-free ER luminal LDs migrate 
and grow in type I NR.  These LDs relocate to the nucleoplasm by rupturing NR 
membrane (B).   
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oleate (161).  However, it is not clear whether CHO cells are capable of forming nLDs.  

Nevertheless, these data suggest that INM could be metabolically active for de novo lipid 

synthesis, and that nLDs may be formed in the INM by a mechanism similar to cLD 

biogenesis in the ER.  

 

1.6.4 Promyelocytic Leukemia Nuclear Bodies, Nuclear Lipid Droplets and Lipid 

Homeostasis 

PML is a tumor suppressor protein that was originally identified in acute 

promyelocytic leukemia due to a reciprocal chromosomal translocation between 

chromosomes 15 and 17 (295).  The PML gene encodes 6 nuclear-localized splice 

variants (PML-I to -VI) that polymerize to form subnuclear structures known as PML-

NBs (296).  The polymerization of PML isoforms to PML-NBs requires sumoylation, 

which is enhanced under stress conditions (297).  PML-NBs are present in most cell lines 

(298) and have been implicated in a wide variety of important cellular processes such as 

transcriptional regulation, apoptosis, DNA repair and the replication of viral and cellular 

DNA (299,300).  Although PML-NBs have received much attention in the past decade, 

the mechanisms by which they contribute to various nuclear activities remain to be 

elucidated.  To date, it has been estimated that PML-NBs functionally interact directly or 

indirectly with more than 160 proteins and physically interact with 120 proteins (297), 

and serve as sites for post-translational modifications (sumoylation, phosphorylation or 

ubiquitination) of sequestered proteins under stress conditions.  For example, p53 is 

phosphorylated and acetylated by HIPK2 and CBP, respectively, in PML-NBs in 

response to DNA damage caused by ultraviolet radiation (301).   
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Several studies have indicated that PML plays important role in lipid homeostasis.  

PML deficiency in haematopoietic stem cell reduced PPAR signaling and fatty acid 

oxidation, resulting in impaired cell maintenance which was ameliorated by enhancing 

PPARδ activity (302).  PML involvement in fatty acid oxidation was also shown in breast 

cancer cells where it unexpectedly inhibited anoikis by affecting PGC-1α acetylation and 

activating PPARδ signaling (303).  In another study, knockdown of PML in mice infected 

with hepatitis B prevented lipolysis and accumulated saturated fatty acid, which resulted 

in obesity and steatosis (304) 

Recently, Ohsaki et al. showed that nLDs associate with PML-NBs and CCTα in 

oleate-treated human hepatoma Huh7 cells (14).  Knockdown of PML-II decreased nLDs 

whereas overexpression of PML-II, but not other isoforms, increased nLDs.  

Interestingly, the same group also showed that inhibition of MTP activity reduced nLD 

formation and PC synthesis without affecting CCTα expression, indicating that nLDs are 

sites for CCTα activation (288).  As described in previous sections, nLDs may provide a 

platform for a lipid-dependent stress response.  In this regard, these studies suggest that 

the interaction of PML-NBs, specifically those containing PML-II, with nLDs and CCTα 

could play an important role in regulating cellular lipid homeostasis.  Our results 

demonstrating the significance of PML for the association of LIPIN-1 and CCTα with 

nLDs and TG and PC metabolism in response to fatty acid overload are presented in 

Chapter 4. 
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1.7 Aims of This Study 

A) Does CCTα Control PC Synthesis Required for Intestinal TG Storage and 

Secretion?   

Despite evidence that PC biosynthesis by the CDP-choline pathway is essential 

for LD biogenesis in mammalian cells and VLDL secretion by the liver, the precise 

mechanisms and role of CCTα in intestinal lipid metabolism has not been addressed.  To 

investigate this, human epithelial colorectal carcinoma Caco2 cells with knockout of 

CCTα were utilized to establish the contribution of the CDP-choline pathway to the 

regulation of intestinal TG storage in LDs and secretion in chylomicrons.   

 

B) Are nLD-PML-NBs Important Centers for Control of Cellular Lipid Metabolism?   

 The biological significance of nLDs is poorly understood.  The association of 

nLDs with PML-NBs and CCTα suggested to us that assembly of PML-NBs on nLDs 

may provide a protective response against the lipotoxic effects of fatty acid overload.  To 

test this, human osteosarcoma U2OS cells with knockout of PML and human 

epithelial colorectal carcinoma Caco2 cells with knockout of CCTα were utilized to 

show that the assembly and composition of nLDs is a critical determinant of lipid 

metabolic activity of cells.  
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CHAPTER 2: Materials and Methods 

Table 2.1.  Materials  

Name Source Catalog number 
Albumin bovine serum, 

fraction V, ≥96% Sigma, St. Louis, MO A9647 

[3H]Acetic acid Perkin-Elmer, Waltham, MA NET003H025MC 

Alexa- Fluor® 488 goat 
anti-mouse Thermo Scientific, Rockford, IL A11029 

Alexa- Fluor® 594 goat 
anti-mouse Thermo Scientific, Rockford, IL A11032 

Alexa- Fluor® 647 goat 
anti-rabbit Thermo Scientific, Rockford, IL A32733 

Anti-β-actin antibody, 
mouse monoclonal Sigma, St. Louis, MO A5441 

ApoB antibody, mouse 
monoclonal 

Dr. Roger McLeod, Dalhousie 
University, Halifax, NS Gift 

BODIPY™ 493/503 Thermo Scientific, Rockford, IL D3922 

CCTα antibody, rabbit 
polyclonal GenScript, Piscatawa, NJ Made on contact 

CCTβ2 antibody, rabbit 
polyclonal 

Dr. Suzanne Jackowski, St. Jude 
Children's Research Hospital, 

Memphis, TN 
Gift 

[3H]Choline chloride Perkin-Elmer, Waltham, MA NET109001MC 

Complete EDTA-free 
protease inhibitor cocktail 

tablets 
Roche Diagnostics, Indianapolis, IN 04 693 132 001 

DL-Dithiothreitol Sigma, St. Louis, MO 051M18701V 
Dulbecco’s Modified Eagle 

Serum (DMEM) Invitrogen, Burlington, ON 12800-082 

Emerin antibody, rabbit 
polyclonal 

Santa Cruz Biotechnology, 
Missisauga, ON FL-254 

Fetal bovine serum (FBS) Sigma, St. Louis, MO F1051 
[3H]Glycerol Perkin-Elmer, Waltham, MA NET022L001MC 
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Table 2.1.  Materials (continued) 

Name Source  Catalog number 
Glycine and acrylamide/bis 

solution (40%) Bio-Rad, Hercules, CA 1610146 

Hoechst 33258 Invitrogen, Burlington, ON H1398 
Lipofectamine 2000 Invitrogen, Burlington, ON 11668-019 

LMNA/C antibody, mouse 
monoclonal Cell Signaling, Danvers, MA 4C11 

Mowiol® 4-88 reagent EMD Biosciences, La Jolla, CA 475904 
Nitrocellulose membrane Bio-Rad, Hercules, CA  
Odyssey blocking buffer LI-COR Biosciences, Lincoln, NE 927-40000 

Oleic acid Sigma, St. Louis, MO O1630 
Phosphphomolybdic acid 

hydrate Sigma, St. Louis, MO 221856 

Plasmid purification kit Qiagen, Missisauga, ON 163029415 
PML antibody, mouse 

monoclonal 
Santa Cruz Biotechnology, 

Missisauga, ON sc-377390 

PML antibody, rabbit 
polyclonal 

Bethyl Laboratories,  
Montgomery, TX A301-167A 

Puromycin Invitrogen, Burlington, ON A1113803 
Stannous chloride Thermo Scientific, Rockford, IL T141 

SurfactAmps® X-100 Thermo Scientific, Rockford, IL TH266403 
TEMED Bio-Rad, Hercules, CA 210011953 

Thin-layer chromatography 
(TLC) silica gel G Analtech, Newark, NJ 5719800 

Thin-layer chromatography 
(TLC) silica gel HL Analtech, Newark, NJ 02419 

TG mass quantification kit Biovision, San Francisco, CA K622 
Tween-20 Bio-Rad, Hercules, CA 1706531 

Polypropylene membrane 
insert Transwell plates Corning Costar, Cambridge, MA 3450 

1-stearoyl-2-hydroxy-sn-
glycero-3-phosphocholine 

(18:0-lyso-PC) 
Avanti Polar Lipids, Alabaster, AL 855775P 

1-oleoyl-2-hydroxy-sn-
glycero-3-phosphocholine 

(18:1-lyso-PC) 
Avanti Polar Lipids, Alabaster, AL 845875P 

V5 antibody, mouse 
monoclonal Bio-Rad, Hercules, CA MCA1360 
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Table 2.2. Plasmids 

Plasmids Source Description 

pLIPIN-1α-V5 Dr. Zemin Yao, University of 
Ottawa, Ottwa, ON  

pLIPIN-1β-V5 Dr. Zemin Yao, University of 
Ottawa, Ottwa, ON  

pEGFP-PML isoforms Dr. Graham Dellaire, Dalhousie 
University, Halifax, NS  

pCCTα-mCherry Ridgway Lab  

pGFP-nes-2xPABP Sergio Grinstein, University of 
Toronto, Toronto, ON  

pGFP-C1(2)δ Dr. Tobias Meyer, Stanford 
University, Stanford, CA 

Addgene 
#21216 

pGFP-C1(2)δ-2xNLS 
Prepared by subcloning a x2 GFP 

cassette into the BsrGI-AflII site of 
pGFP-C1(2)δ 
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2.1 Cell Culture 

Caco2, Caco2 CCTα-KO (CCTα-KO), U2OS and U2OS PML-KO (PML-KO) 

cells (305) were cultured in DMEM containing 10% FBS (medium A) at 37°C in a 5% CO2 

incubator. Caco2 and CCTα-KO cells were differentiated into polarized epithelial 

monolayers by culturing on polypropylene membrane inserts of 35 mm Transwell plates 

for 21 days in medium A.  The integrity of epithelial Caco2 monolayers was determined 

by measuring transepithelial resistance (TER) in an Ussing chamber with an aperture size 

of 0.12 cm2.  Each hemichamber contained 1.2 ml Krebs solution (117 mM NaCl, 4.6 mM 

KCl, 20 mM NaHCO3, 6 mM glucose, 1 mM MgCl2, 1.5 mM CaCl2 and 10 mM 

hydroxyethyl piperazineethanesulfonic acid (HEPES), pH 7.4).  The buffer inside the 

chambers was continuously stirred with magnetic stir bars, gassed with 95% O2/5% CO2, 

and the temperature was maintained at 37°C with water circulated on the outside surface 

of the chambers.  Ag/AgCl electrodes were connected to the apical and basolateral side of 

the membrane inserts with agar bridges (3 M KCl-2% agar) to measure transepithelial 

potential difference (TPD).  Electrode asymmetry was corrected at the beginning and end 

of experiment with fluid resistance compensation.  TER was determined by the change in 

the TPD generated by a brief 10 μA pulse controlled by a high-impedance automatic dual 

voltage clamps (DVC 4000; World Precision Instruments, Sarasota, FL).  Resistance data 

was collected and analyzed using a PowerLab 28T and LabChart software (ADInstruments, 

Colorado Springs, CO). 
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2.2 Preparation of Oleate/BSA Complex 

 Oleate was conjugated to fatty acid-free BSA at molar ratio of 6:1 as previously 

described (306).  The sodium salt of oleic acid was made by titrating with 5 N NaOH in 

ethanol, drying under N2 and resuspension in 150 mM NaCl.  BSA was dissolved in 150 

mM NaCl solution over 4 h at room temperature and stored at 4°C.  The oleate and cold-

BSA solutions were then rapidly combined and stirred for 10 min at room temperature and 

stored at -20°C.  

 

2.3 Plasmid Transfection 

 In 35 mm dishes, 30% confluent Caco2 and  CCTα-KO cells were transiently 

transfected with 2 μg DNA and 6 μl Lipofectamine 2000.  For U2OS and PML-KO cells, 

transfection was performed at 60% confluency using 2 μg DNA and 4 μl Lipofectamine 

2000.  Double transfections were performed using 1 μg DNA of each DNA plasmid and 4 

μl Lipofectamine 2000.  DNA and transfection reagent were incubated separately in 0.5 ml 

DMEM for 5 min.  The DNA solution was then added to the Lipofectamine solution, mixed, 

and incubated at room temperature for 30 min.  Subsequently, the mixture was added to 

the cells cultured in DMEM dropwise and incubated at 37 °C. After 6 h, cells received 

fresh medium A and incubated for 16-18 h at 37 °C prior to experiments. 

 

2.4 CRISPR/Cas9 Knockout of CCTα 

A deletion was introduced into PCYT1a in Caco2 cells by CRISPR/Cas9 gene 

editing (Ran et al., 2013).  A guide RNA (sgRNA) was designed (http://crispr.mit.edu/) to 

target exon 3 (5’-GCGCCCGGACCCAAC-3’) and cloned into pX459.  After transfection, 
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cells were selected with 10 μg/ml puromycin for 7 days.  Puromycin was also added to 

non-transfected cells (canary dishes) of equal density to ensure complete killing.  Clonal 

cell lines were isolated by limiting dilution and knockout was confirmed by SDS-PAGE 

and immunoblotting for CCTα 

 

2.5 Isolation of Chylomicrons by Ultracentrifugation 

Polarized Caco2 and CCTα-KO cells were incubated with medium A in the apical 

chamber containing 400 μM oleate/BSA complex and/or of 25 μM lyso-PC.  Basolateral 

medium (0.8 ml) was collected into polycarbonate tubes (11 × 34 mm; Beckman 

Instruments, Inc.) and lipoproteins were isolated by sequential ultracentrifugation.  The 

d=1.006 g/ml fraction was isolated by overlaying with 0.2 ml of 0.15 M NaCl, 0.3 mM 

EDTA (pH 7.4) and centrifugation using a Beckman OptimaTM TLX tabletop 

ultracentrifuge and TLA-120.2 fixed-angle rotor (Beckman Instruments, Inc.) at 480,000 g 

for 2.5 h.  After removal of the d=1.006 g/ml fraction, the medium was then adjusted to 

d=1.21 g/ml using NaBr, overlayed with a d=1.21 g/ml NaBr solution and centrifuged for 

4 h at 480,000 g. The two lipoprotein fractions were subjected to 5% SDS-PAGE and 

immunoblotted for apoB-100 and apoB-48. 

 

2.6 Immunoblotting 

 Cells were washed twice with ice-cold PBS before lysis with 2x SDS buffer 

(12.5% SDS, 30 mM Tris-HCl, 12.5% glycerol, and 0.01% bromophenol blue, pH 6.8).  

Lipoprotein fractions were adjusted in 2x SDS buffer.  Cell lysates and lipoprotein 

fractions were heated at 95°C for 5 min, equal amounts of samples were separated by 
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sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) in SDS-

running buffer (3 mM SDS, 200 mM glycine, 25 mM Tris-base).  Following 

electrophoresis, proteins were transferred to nitrocellulose membranes in transfer buffer 

(25 mM Tris, 192 mM glycine, 20% methanol) at 100 V for 1 h for cell lysates or 1.5 h 

for lipoprotein fractions.  After transfer, membranes were briefly stained in Ponceau S to 

confirm protein loads and washed three times with TBS.  The membranes were then 

incubated in TBS (20 mM Tris-HCl and 500 mM NaCl (pH 7.4)):Odyssey blocking 

solution (5:1, v/v) for 1 h at room temperature.  Primary antibodies were applied for 1 h 

at room temperature or 4°C overnight.  Antibody titers were as follows: CCTα, 1:1,000; 

apoB, 1:1,000; PML (rabbit polyclonal), 1:1,000; CCTβ2, 1:1,000; V5, 1:2,000; β-actin, 

1:1,5000 .  The membranes were then washed three times with TBS-Tween-20 for 5 min 

each, followed by application of IRDye 800CW and 680LT secondary antibodies 

(1:15,000) for 1 h at room temperature.  The membranes were washed three times with 

TBS-Tween-20 and proteins were visualized at scanning at 680 or 800 nm using an 

Odyssey imaging system and fluorescence intensity was quantified using application 

software (v3.0; LI-COR Biosciences).  

 

2.7 Immunofluorescence Microscopy 

 Cells were seeded on sterile coverslips (0.15 mm thickness) in 35 mm dishes.  At 

the end of experiments, cells were fixed in 4% (w/v) paraformaldehyde for 15 min at 

room temperature and permeabilized for 10 min in 0.05% (w/v) Triton X-100 at 4°C.  In 

the case of polarized cells, Transwell membrane inserts were fixed in 4% (w/v) 

paraformaldehyde for 15 min at room temperature and permeabilized with 0.2% (w/v) 
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Triton X-100 at room temperature for 30 min.  Following permeabilization, cells on glass 

slides or Transwell filters were blocked in PBS (10 mM sodium phosphate [pH 7.4], 225 

mM NaCl and 2 mM MgCl2) supplemented with 1% BSA (w/v) for 1 h at room 

temperature or 4°C overnight.  Primary antibodies were diluted in PBS/BSA as follows: 

CCTα, 1:1,000; LMNA/C, 1:500; PML (mouse monoclonal), 1:200; PML (rabbit 

monoclonal), 1,1000; emerin, 1:200; V5, 1:1,000.  All antibodies were incubated with 

cover slips at room temperature for 1 h or with Transwell filters at room temperature for 

1.5 h.  The samples were then washed three times with PBS/BSA for 10 min each.  

Secondary AlexaFluor-conjugated antibodies were diluted 1:4,000 in PBS/BSA and were 

incubated at room temperature for 1 h.  To visualize LDs, BODIPY 493/503 or LipidTox 

Red was diluted 1:1,000 or 1:500, respectively, and incubated with the secondary 

antibodies.  Samples were then washed three times with PBS/BSA for 10 min each.  For 

nuclear staining marker, Hoechst 33258 was diluted 1:2,000 in PBS and incubated for 10 

min at 4°C.  Coverslips were then mounted onto glass slides with 10 μl Mowiol 4-88. 

Transwell filters were mounted onto glass slides with 10 μl Mowiol 4-88 followed by 

another 10 μl Mowiol 4-88 and fresh coverslips.  Confocal imaging was performed using 

a Zeiss LSM510/Axiovert 200M microscope (0.6 μm sections) with a Plan-Apochromat 

63×/1.40 numerical aperture oil immersion objective.  LD size distribution was quantified 

using ImageJ software, version 1.47 (National Institues of Health, Bethesda, MD).  

Images were converted to 8-bit, threshold was adjusted, and the “analyze particle” 

command was used to exclude cells at the edges.  The area distribution was binned 

according to droplet particle size.  nLDs were measured by selecting the LMNA/C- or 
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Hoechst-stained nucleus using “Region of Interest” command.  cLDs were measured by 

subtracting nLDs from total LDs. 

 
2.8 Choline Transport Assay 

 Caco2 and CCTα-KO cells were 80% confluent in 12-well plates prior to the start 

of the experiment.  Cells were rinsed twice in 500 μl of Krebs-Ringer buffer [130 mM 

NaCl, 1.3 mM KCl, 2.2 mM CaCl2, 1.5 mM MgCl2, 1.2 mM K2HPO4, 10 mM D-glucose, 

and 10 mM HEPES (pH 7.4)] and incubated in 500 μl of the same buffer for 30 min at 

37°C.  Cells were then incubated with 500 μl of Krebs-Ringer buffer containing 1–25 μM 

[3H]choline for 10 min at 37°C. Cells were placed on ice, washed three times with ice-

cold Krebs-Ringer buffer, and solubilized in 250 μl of 0.1% SDS/0.2 N NaOH for 10 min 

at room temperature. Radioactivity in 50 μl of sample was measured by liquid 

scintillation counting (LSC) and expressed relative to total cell protein.  Cells were 

washed three times with the buffer and solubilized in 100 μl of NaOH (0.5 N) at room 

temperature and protein was quantified by the Lowry method (307). 

 

2.9 Measurement of [3H]Choline Incorporation into PC and Choline Metabolites 

Cells at 80% confluency in 35 mm dishes were washed twice with choline-free 

medium A prior to the start of the experiment.  Cells were incubated with choline-free 

medium A containing [3H]choline (2 μCi/ml) for the indicated times in figure legends.  

After labeling, cells were rinsed once with cold PBS, harvested in 1 ml methanol:water 

(5:4, v/v).  Two hundred μl was taken for Lowry protein quantification.  Chloroform (3 

ml) was added and the samples were centrifuged at 2,000 rpm for 5 min to separate the 

aqueous and organic phases.  The aqueous phase was collected by aspiration.  The 
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organic phase was washed twice with 2 ml of ideal upper phase (chloroform:0.58% 

NaCl:methanol; 45:47:3, v/v), dried under nitrogen, resuspended in 500 μl chloroform 

and the radioactivity in 100 μl was quantified by LSC.  The aqueous phase was also dried 

under nitrogen, resuspended in 50 μl of water and 10 μl was spotted onto TLC plates 

along with standards for phosphocholine, CDP-choline and GPC.  The TLC plate was 

resolved using water:ethanol:ammonium hydroxide (50:95:6, v/v).  The plates were then 

sprayed with 1% phosphomolbydate in choloroform:methanol (1:1, v/v) followed by 1% 

(w/v) stannous chloride in 3N HCl.  Samples were collected by scraping and the 

radioactivity was measured by LSC.  

 

2.10 Measurement of TG Mass  

 TG mass in undifferentiated Caco2 and CCTα-KO cells (80% confluency) 

incubated in the presence or absence of 400 μM oleate/BSA for 12 h was quantified using 

a TG quantification colorimetric kit (Table 2.1) according to the manufacturer’s 

instructions.  In this assay, the glycerol released enzymatically from cellular TG is 

oxidized to generate a product which reacts with the probe to generate color.  Cell lysates 

were solubilized in 100 μl of NP-40 (5%, v/v), heated at 100°C for 5 min, subjected to 

centrifugation at 10,000 g for 2 min, and the supernatant was diluted 10-fold with 

distilled water before the assay.  Samples (50 μl) were added to each well in a 96-well 

plate and incubated with 2 μl of lipase for 20 min at room temperature to convert TG to 

glycerol and fatty acids.  In the meantime, a reaction mix was prepared by mixing 46 μl 

of TG assay buffer, 2 μl of TG probe and 2 μl of TG enzyme mix.  After 20 min, the 



 66 

reaction mix was added to each well containing the samples and incubated for 30 min at 

room temperature, and absorbance was measured at 570 nm.  

 

2.11 Analysis of TG Synthesis using [3H]Glycerol or [3H]Oleate Incorporation 

TG synthesis by cells (80% confluency) was measured by incubation with 2 

μCi/ml [3H]glycerol with or without oleate/BSA at 37°C.  TG and CE synthesis from 

exogenous fatty acid was determined by incubation with [3H]oleate/BSA.  Concentrations 

and incubation periods are indicated in figure legends.  Cells were rinsed twice with cold 

Buffer B (150 mM NaCl, 50 mM Tris-HCl (pH 7.4) and 2 mg/ml BSA) and once with 

cold Buffer C (150 mM NaCl, 50 mM Tris-HCl (pH 7.4)).  The [3H]glycerol- or 

[3H]oleate-labeled lipids were extracted with hexane:isopropanol (3:2, v/v).  Samples 

were dried under nitrogen, resuspended in hexane containing TG or CE standard and 

spotted onto TLC.  The TLC plate was resolved using hexane:diethyl ether:acetic acid 

(90:30:1, v/v).  Samples were collected by scraping and the radioactivity was measured 

by LSC and normalized to total cellular protein determined by Lowry protein 

quantification. 

TG and CE synthesis and secretion in polarized Caco2 and CCTα-KO cells were 

determined by incubation of the apical chamber with medium A containing 200 or 400 

μM [3H]oleate/BSA for 12 h at 37°C.  Cells and medium in the basolateral chamber were 

extracted with hexane:isopropanol (3:2, v/v) and [3H]oleate incorporation into TG and 

CE was determined as described above.  
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2.12 Analysis of TG and Phospholipid Metabolism using [3H]Glycerol Pulse-

Chase Incorporation into TG and PC and PE 

TG and phospholipid metabolism in polarized Caco2 and CCTα-KO cells was 

also monitored by pulse-chase labeling with [3H]glycerol.  Cells were incubated with 

apical medium A containing [3H]glycerol (2 μCi/ml) and 400 μM of oleate/BSA.  After 

12 h, basolateral medium was collected, cells were rinsed with medium A, and 

incorporation of [3H]glycerol into intracellular and secreted TG, PC and PE was 

determined after extraction with hexane:isopropanol (3:2, v/v) (pulse, time 0).  The 

mobilization and secretion of [3H]glycerol-labeled lipids was monitored by incubation in 

medium A and extraction of [3H]glycerol-labeled TG, PC and PE from the cells and 

basolateral medium at 3 and 6 h.  Samples were divided into two fractions (one for TG 

and one for PC and PE determination) and dried under nitrogen.  Samples were 

resuspended in hexane and chloroform for TG and phospholipid, respectively, and 

spotted onto TLC with standards.  TG was separated by TLC in hexane:diethyl 

ether:acetic acid (90:30:1, v/v) and phospholipids were separated by TLC in 

chloroform:methanol:acetic acid:water (60:40:4:1, v/v).  Radioactivity was measured by 

LSC and normalized to total cellular protein.  

 

2.13 Measurement of [3H]Acetate Incorporation into Cholesterol and Fatty Acid 

Synthesis  

U2OS and PML-KO cells (60% confluency) were cultured in medium A or LPDS 

medium for 16 h prior to incubation with 2.5 μCi/ml [3H]acetate for 4 h at 37°C to measure 

de novo cholesterol and fatty acid synthesis.  Cells were then rinsed cold-PBS and dissolved 
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in 0.1M NaOH.  Lipid extracts were saponified in ethanol and 50% potassium hydroxide 

(w/v) for 1 h at 60°C, extracted with hexane, were resolved by TLC in hexane/diethyl 

ether/acetic acid (60:40:1, v/v), and radioactivity in cholesterol and lanosterol was 

measured by LSC.  The hydrolysate was acidified with HCl (pH <3) and radiolabeled fatty 

acids were extracted with hexane and quantified by LSC.  Incorporation of [3H]acetate into 

lipids was normalized to total cellular protein.  

 

2.14 LC-MS/MS Analysis of PC and PE Molecular Species 

A Dionex Ultimate 3000 UHPLC system coupled to a Thermo Scientific LTQ-

Orbitrap Velos Pro mass spectrometer equipped with an electrospray ionization (ESI) 

source was used.  Lipids were separated on a Waters BEH C8 UPLC column (1.7 μm, 2.1 

x 50 mm) using a 0.01% formic acid in water and acetonitrile-isopropanol (1:1)-0.01% 

formic acid as the mobile phases for binary-solvent gradient elution.  The column flow rate 

was 0.4 mL/min and the column temperature was 60oC. For metabolite detection and 

relative quantitation, the instrument was run in the survey scan mode with FTMS detection 

at a mass resolution of 60,000 FWHM at 400 m/z.  The mass scan range was m/z 150 to 

1800.  For LC-MS/MS, collision induced dissociation was applied at normalized collision 

energies of 28% to 35% in a data-dependent analysis way.  Metabolite assignments were 

carried out by searching against the lipid and metabolome databases with the measured m/z 

values within an allowable mass error of <3 ppm).  LC-MS/MS using collision-induced 

dissociation in the ion trap was performed to provide confirmation of the assigned lipid 

identities.  The survey scan was performed in a mass range of m/z 200 to 1800 and the top 

6 most intensive ions on each survey scan were selected for subsequent fragmentation at 
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normalized collision energies of 28% to 35%.  MS/MS spectra were manually interpreted 

to confirm the lipid classes and identified by the observed fragment ions. 

 

2.15 Statistical Analysis 

 Unless otherwise stated in the figure legend, data are presented as mean and 

standard error of the mean (SEM) of at least three experiments.  Results for LD number 

per cell, area and size distribution are presented as box and whisker plots showing the 

mean and 5th to 95th percentile for analysis of indicated number of cells.  Statistical 

significance was determined using two-tailed Student’s t-test or one way analysis of 

variance (ANOVA). 
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CHAPTER 3: Regulation of Intestinal Triglyceride Storage and Secretion by the 

CDP-Choline Pathway 

 

3.1 Results 

3.1.1 CCTα Deficiency Increases TG Storage in Caco2 Cells 

CCTα has been reported to regulate PC synthesis for LD biogenesis in various 

cell lines as well as hepatic TG storage and secretion in VLDL, but its role in intestinal 

TG metabolism has not been addressed.  To investigate this, the CRISPR/Cas9 gene 

editing system was used to knockout CCTα expression in Caco-2 cells using a single 

guide RNA targeting exon 3 of PCYT1A in Caco2.  A CCTα-KO cell line that was 

devoid of CCTα was isolated and had no compensatory change in the expression of 

CCTβ2 isoform (Fig. 3.1A).  LD formation was stimulated by acute oleate treatment and 

visualized with the neutral lipid dye BODIPY 493/503, and immunostained for the NE 

marker LMNA/C and CCTα.  Immunofluorescence microscopy of undifferentiated Caco2 

cells showed that CCTα was exclusively nuclear and partially localized with LMNA/C 

(Fig. 3.1B).  Both control and CCTα-KO cells had no LDs in the absence of oleate (Fig. 

3.1B and C).  Exposure of Caco2 cells to 400 μM oleate/BSA for 12 h resulted in the 

formation of LDs but did not affect nuclear localization of CCTα (Fig. 3.1B).  CCTα-KO 

cells treated with oleate also accumulated LDs that appeared larger in size and fewer in 

number compared to Caco2 controls (Fig. 3.1C). 

 To assess the effect of CCTα knockout on PC synthesis, Caco2 and CCTα-KO 

cells were incubated in medium containing [3H]choline for up to 8 h, and isotope 

incorporation into PC, metabolites of CDP-choline pathway and the PC degradation 
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product glycerophosphocholine (GPC) was measured (Fig. 3.2).  [3H]Choline 

incorporation into PC in CCTα-KO cells was lower compared to control values during 

the 8 h labeling period and reduced by 50% at 6 h (Fig. 3.2A).  Unexpectedly, 

[3H]choline incorporation into pCholine, the substrate of CCTα, was not affected in 

CCTα-KO cells (Fig. 3.2B).  However, a significant reduction in isotope incorporation 

into the enzyme product, CDP-choline, was observed at 4 and 6 h (Fig. 3.2C).  Isotope 

incorporation into GPC was reduced throughout the experiment, and was significantly 

lower at 4 h (Fig. 3.2D).  The lack of effect of CCTα-KO on [3H]choline incorporation 

into pCholine (Fig. 3.2B) suggested a potential defect in choline uptake due to reduced 

PC levels or altered phospholipid composition of the plasma membrane.  To test this, the 

uptake of choline (1-25 μM) into the cells was measured (Fig. 3.2E).  Saturable choline 

transport and the Kd for control (138 ± 36 pmol/min/mg and 16 ± 8 μM) and CCTα-KO 

cells (146 ± 36 pmol/min/mg and 17 ± 8 μM) were similar, indicating that the reduced 

incorporation of [3H]choline incorporation into the metabolites was not due to defective 

uptake.  To monitor the effect of CCTα knockout on PC turnover, cells were pulse-

labelled with [3H]choline for 12 h, followed by a chase period up to 72 h (Fig. 3.2F).  

The degradation of [3H]choline-labeled PC in control and CCTα-KO cells was similar 

during the chase period.  However, there was a 30-40% reduction in the proliferation of 

CCTα-KO compared with controls when measured by total amount of protein (Fig. 

3.2G).  Thus, these data indicate that knockout of CCTα reduced choline flux through the 

CDP-choline pathway, and that synthesis and degradation are not linked in CCTα-KO 

cells, resulting in PC deficiency and reduced proliferation of the knockout cells.      
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Figure 3.1.  CRISPR/Cas9-mediated knockout of CCTα expression in Caco2 cells. 
Expression of CCTα and CCTβ2 isoforms in whole cell lysates of Caco2 and CCTα-KO 
cells was determined by SDS-8% PAGE and immunoblotting (A).  Caco2 (B) and CCTα-
KO cells (C) were treated with or without oleate/BSA (400 μM) for 12 h.  Cells were 
immunostained with CCTα polyclonal and LMNA/C monoclonal antibodies followed by 
AlexaFluor-647 and -594 secondary antibodies, respectively.  LDs were visualized with 
BODIPY-493/504.  Cells were imaged using confocal microscopy. 
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Figure 3.2.  Reduced PC synthesis in CCTα-KO cells.  Caco2 and CCTα-KO cells 
were cultured with [3H]choline (2μCi/ml) and incorporation into PC (A), pCholine (B), 
CDP-choline (C), and GPC (D) were measured up to 8 h.  Results are the mean and SEM 
of three experiments.  *P<0.05, **P<0.005 compared with Caco2 controls. Transport of 
[3H]choline into Caco2 and CCTα-KO cells.  Bmax and Kd values were determined by 
Scatchard analysis using a one-site specific binding model.  Results are the mean and 
SEM of triplicate measurements from three experiments (E). Caco2 and CCTα-KO cells 
were incubated with [3H]choline (2μCi/ml).  After 12 h, isotope-free medium was 
exchanged and the decay of radioactivity in [3H]PC was measured during 72 h chase 
period (F).  Cellular protein concentrations during the 72 h chase period. Results are the 
mean and SEM of three experiments.  *P<0.005 (G). 
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LC-MS/MS analysis was performed to determine whether CCTα knockout 

affected PC and/or PE molecular species composition.  The major PC species in 

undifferentiated (Fig. 3.3A) or differentiated (Fig. 3.3B) CCTα-KO cells were similar to 

controls.  However, differentiation of Caco2 and CCTα-KO cells into monolayers shifted 

the distribution of PC to long-chain unsaturated species (i.e. 36:3, 38:4 and 38:5), with a 

decrease in shorter-chain species (i.e. 32:1 and 34:2).  CCTα knockout also did not affect 

the mass of PE molecular species in undifferentiated (Fig. 3.3C) or differentiated cells 

(Fig. 3.3D).  Unlike PC, the distribution of PE species was not affected by differentiation, 

however, a slight increase in the 38:4 species was observed.  

 Reduced PC synthesis is reported to increase size and decrease number of LDs in 

mammalian cells.  Exposure to oleate resulted in noticeable change in the morphology of 

BODIPY-493/503 stained LDs in CCTα-KO cells (Fig. 3.4A).  Quantification of cross-

sectional area of LDs revealed a significant reduction in small LDs (<0.2 μm2) and an 

increase in large LDs (>1 μm2) in CCTα-KO cells (Fig. 3.4B).  CCTα knockout also 

reduced the total number of LDs per cell by 60% (Fig. 3.4C).  In the absence of oleate, 

CCTα-KO cells had 1.9-fold higher TG mass compared with control cells (Fig. 3.4D).  

TG mass in CCTα-KO cells exposed to oleate was 3.8-fold higher, suggesting that the 

shift toward large LDs in knockout cells was accompanied by an increase in TG mass.  

Lack of CCTα may divert DG away from the last step of PC synthesis and toward TG 

synthesis and increased TG mass.  To investigate this, cells were pulse-labeled with 

[3H]glycerol or [3H]oleate to measure TG synthesis (Fig. 3.5).  Interestingly, [3H]glycerol 

(Fig. 3.5A) or [3H]oleate (Fig. 3.5B) incorporation into TG in CCTα-KO cells was 

similar to control cells, suggesting that the increase in TG mass in CCTα-KO cells was  
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Figure 3.3.  Mass of PC and PE molecular species in Caco2 and CCTα-KO cells.  PC 
molecular species distribution in undifferentiated (A) and differentiated (B) Caco2 and 
CCTα-KO cells.  PE molecular species distribution in undifferentiated (C) and 
differentiated (D) Caco2 and CCTα-KO cells.  The molecular species mass distribution 
was determined by LC-MS/MS as described in Chapter 2.  Results are the mean and 
range of two separate replicates. 
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Figure 3.4.  Altered LD morphology in CCTα-KO cells.  Representative confocal 
image of Caco2 and CCTα-KO cells treated with oleate/BSA (400 μM) for 12 h.  LDs 
were visualized with BODIPY-493/503 and nuclei were immunostained with LMNA/C-
monoclonal and AlexaFluro594-secondary antibodies (A). The cross-sectional area of 
LDs was quantified and binned into ranges. *P<0.001 (B).  The number of LDs per cell 
(C) was quantified from data from (B).  **P<0.0005. 3-4 fields of cells from five separate 
experiments. TG mass was quantified in cells treated with or without oleate/BSA (OA, 
400 μM) for 12 h.  Results are the mean and SEM of three experiments.  *P<0.01 
compared with control cells (D). 
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Figure 3.5.  Neutral lipid synthesis is not affected by CCTα knockout.  Caco2 and 
CCTα-KO cells pulse-labeled with 200 μM oleate/BSA and [3H]glycerol (2μCi/ml) for 
the indicated times and incorporation into TG was quantified (A).  Cells were pulse-
labeled with [3H]oleate/BSA complex (200 μM) for the indicated times, and the 
incorporation of [3H]oleate into TG (B) and CE (C) was quantified.  Results are the mean 
and SEM of three experiments.  
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not due to increased synthesis, but potentially to reduced mobilization from the storage 

pool.  The synthesis of CE was also unaffected by CCTα knockout, as measured by 

[3H]oleate incorporation (Fig. 3.5C).  

 To verify that the change in LD morphology in CCTα-KO cells was caused by 

CCTα knockout, a rescue experiment was performed by transient expression of mCherry-

CCTα (Fig. 3.6).  Untransfected or mock-transfected CCTα-KO cells had fewer and 

larger LDs.  Expression of mCherry-CCTα in CCTα-KO cells reverted the size 

distribution and total number per cell back to the levels in control cells, suggesting that 

the LD phenotype was caused by CCTα deficiency. 

 In the intestine, the Lands pathway enzyme LPCATs are involved in PC synthesis 

and acyl-chain remodeling that is important for TG secretion (100).  To examine whether 

PC synthesized by the Lands pathway could compensate for the loss of CCTα, oleate-

treated CCTα-KO cells were supplemented with 25 μM of 18:0-lyso-PC or 18:1-lyso-PC.  

BODIPY 493/503 staining in lyso-PC supplemented CCTα-KO cells appeared similar to 

that of Caco2 controls (Fig. 3.7A).  Quantification revealed that supplementation with 

18:0-lyso-PC in CCTα-KO cells partially shifted the size distribution and total number of 

LDs toward that of control Caco2 cells (Fig. 3.7B and C).  However, the results were 

still significantly different from the controls.  18:1-lyso-PC supplementation was more 

effective in this regard, reverting the size distribution and number of LDs to that of 

control cells.  Thus, defects in LD morphology due to a deficiency in the CDP-choline 

pathway can be corrected acylation of lyso-PC via the Lands pathway. 
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Figure 3.6.  Transient expression of mCherry-CCTα in CCTα-KO cells restores the 
defective LD phenotype.  CCTα-KO cells were transiently transfected with pCCTα-
mCherry for 36 h using Lipofectamine 2000, followed by platting on glass coverslips for 
24 h.  Subsequently, cells were incubated with oleate/BSA (400 μM) for 12 h.  The cross-
sectional area of LDs was quantified and binned into ranges. 15 cells from a 
representative experiment (A).  The number of LDs in each cell was quantified (B).  
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Figure 3.7.  Lyso-PC treatment restores LD size and number in CCTα-KO cells.  
Representative confocal image of Caco2 and CCTα-KO cells cultured in oleate/BSA (400 
μM) supplemented without (NA, no addition) or with 18:0- or 18:1-lysoPC (LPC, 25 μM) 
for 12 h.  LDs were visualized with BODIPY-493/503 and nuclei were immunostained 
with LMNA/C-monoclonal and AlexaFluro594-secondary antibodies (A).  The cross-
sectional area of LDs was quantified and binned into ranges. Six fields of cells from three 
separate experiments.  *P<0.001 (B).  The number of LDs in each cell was quantified (C) 
from data in (B).  **P<0.01, *P<0.05. 
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3.1.2 Differentiation of Caco2 Cells and LD Morphology 

Polarized intestinal epithelial cells take up fatty acids at the apical membrane for 

esterification into TG, which can be stored or secreted in chylomicrons and VLDL-like 

particles from the basolateral surface.  To generate polarized cells, Caco2 and CCTα-KO 

cells were differentiated into epithelial monolayers on membrane supports for 21 days.  

TER was measured in an Ussing chamber at the end of differentiation period to confirm 

the formation of tight epithelial monolayers of Caco2 (316 Ω·cm2) and CCTα-KO cells 

(323 Ω·cm2).  Similar to undifferentiated cells, differentiated CCTα-KO cells had more 

TG compared with control cells, and oleate treatment for 12 h increased TG mass by 2- to 

2.5-fold (Fig. 3.8A).  Notably, untreated differentiated cells had more TG compared with 

undifferentiated counterparts (compare with Fig. 3.4D) as well as more BODIPY-stained 

LDs (Fig. 3.8B).  Untreated differentiated CCTα-KO cells had fewer and larger LDs 

compared with untreated controls, and oleate treatment appeared to exert minimal effect 

on LD morphology.  Furthermore, 18:1-lyso-PC supplementation appeared to partially 

revert LD distribution in oleate-treated CCTα-KO cells back to that of control cells.  

Quantification of cross-sectional LD area revealed a significant reduction in small LDs 

(<2 μm2) and an increase in large LDs (>10 μm2) in CCTα-KO cells (Fig. 3.8C).  

Accompanying the increase in the proportion of large LDs, the total number of LDs per 

cell was reduced in CCTα-KO cells (Fig. 3.8D).  Exposure to oleate did not affect LD 

size or number, but incubation of CCTα-KO cells with oleate and 18:1-lyso-PC shifted 

the size distribution and number of LDs toward that of control cells (Fig. 3.8C and D).  

Thus, these data indicate that CCTα deficiency in differentiated Caco2 cells also leads to  
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Figure 3.8.  Altered LD morphology in differentiated CCTα-KO cells.  TG mass in 
differentiated Caco2 and CCTα-KO cells cultured in the absence (NA, no addition) or 
presence of oleate/BSA (400 μM) for 12 h (A).  Representative confocal image of cells 
incubated with no addition, OA, or OA plus 18:1-lysoPC (LPC, 25 μM) for 12 h.  LDs 
were visualized with BODIPY-493/503 and nuclei were immunostained with LMNA/C-
monoclonal and AlexaFluro594-secondary antibodies (B).  The cross-sectional area of 
LDs was quantified and binned into ranges.  Six fields of cells from three separate 
experiments.  ANOVA *P<0.01, **P<0.001 (C).  The number of LDs in each cell was 
quantified (D) from data in (C). *P<0.05 compared with Caco2 controls. ANOVA 
*P<0.01, **P<0.001. 
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altered LD morphology, and that the Lands pathway can substitute for the CDP-choline 

pathway when sufficient exogenous lyso-PC is provided.  

 

3.1.3 Reduced TG Secretion in Chylomicrons by CCTα-KO Cells 

 To assess whether CCTα deficiency affects TG and lipoprotein secretion by 

differentiated cells, [3H]oleate was added to the apical medium for 12 h and incorporation 

into cellular and basally secreted TG and CE was quantified (Fig. 3.9).  Incorporation of 

200 and 400 μM [3H]oleate into cellular TG in CCTα-KO cells was significantly 

increased by 1.8- and 2.9-fold, respectively (Fig. 3.9A).  On the other hand, secretion of 

[3H]oleate-labelled TG was reduced by 2.4- and 2.0-fold.  Similarly, [3H]oleate 

incorporation into cellular CE was also increased in CCTα-KO cells but secretion was not 

affected (Fig. 3.9B).  

 TG metabolism was also monitored by pulse-chase labeling of cells with 

[3H]glycerol to trace the fate of TG after hydrolysis, re-esterification and secretion in 

lipoproteins (Fig. 3.10A).  Cells were cultured in medium containing [3H]glycerol and 

400 μM oleate/BSA for 12 h to stimulate chylomicron secretion, and intracellular and 

basal secretion of radiolabeled TG was quantified at the end of 12 h pulse period.  To 

monitor the mobilization and secretion, cells were culture for up to 6 h in medium 

without [3H]glycerol or oleate (chase).  As expected, there was a significant cellular 

accumulation of [3H]glycerol-labeled TG in CCTα-KO cells, which was accompanied by 

a reduction in secretion at the end of pulse period.  Interestingly, the level of cellular 

[3H]glycerol-labeled TG in CCTα-KO cells declined during the 6 h chase period but 

remained higher relative to controls.  It appeared that CCTα deficiency did not affect  
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Figure 3.9.  Intracellular TG accumulation and impaired TG secretion in CCTα-KO 
cells.  Differentiated Caco2 and CCTα-KO cells were cultured with [3H]oleate/BSA (200 
and 400 μM), and incorporation into intracellular and secreted TG (A) and CE (B) was 
measured after 12 h.  The results are the mean and SEM of three experiments.  *P<0.05, 
**<0.01 compared with Caco2 controls. 
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secretion during the chase period but the ratio of secreted to cellular TG revealed an 

overall 1.8-fold reduction.  Collectively, CCTα knockout resulted in intracellular 

accumulation and reduced secretion of TG. 

PC and PE metabolism were also monitored in the same experiment.  Cellular 

[3H]glycerol-labeled PC levels were not affected in CCTα-KO cells, but secretion was 

diminished at the end of the pulse period (Fig. 3.10B).  PC secretion in control and 

CCTα-KO cells was similar during the chase period.  The secretion of [3H]glycerol-

labeled PE by CCTα-KO was also reduced at the end of pulse period (Fig. 3.10C).  

However, cellular and secreted PE was slightly increased during the chase period. 

Increased intracellular TG mass (Fig. 3.8A) and reduced secretion of radiolabeled 

TG (Figs. 3.9 and 3.10) by differentiated CCTα-KO cells suggested that CCTα knockout 

affected chylomicron secretion.  To investigate this, basolateral secretion of apoB-48- and 

apoB-100-containing chylomicrons was measured.  CCTα expression in Caco2 cells was 

not altered during differentiation or in response to 12 h exposure to 200 or 400 μM 

oleate/BSA (Fig. 3.11A).  To assess whether CCTα affected lipoprotein secretion, cells 

were treated with or without 400 μM oleate/BSA for 12 h, and the 1.006 g/mL fraction 

was isolated from the basolateral medium by ultracentrifugation.  Immunoblotting 

showed that apoB-48 secretion from Caco2 cells was increased >3-fold in response to 

oleate (Fig. 3.11B and C).  ApoB-48 secretion by CCTα-KO cells incubated with or 

without oleate was <10% of control counterparts.  Caco2 cells also secreted significant 

amounts of apoB-100, which was not significantly affected by CCTα knockout or 

exogenous oleate (Fig. 3.11B and D).  Furthermore, secretion of apoB-100 into the 

higher density fraction (1.006-1.21 g/mL) was also unaffected (Fig. 3.11B).  To assess  
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Figure 3.10.  Impaired secretion of [3H]glycerol-labeled TG in CCTα-KO cells. 
Differentiated Caco2 and CCTα-KO cells were cultured with [3H]glycerol (2μCi/ml) and 
oleate/BSA (400 μM) for 12 h.  Cells and basolateral media were collected (0 h), or cells 
were subjected to an additional 3 and 6 h chase period in isotope-free medium.  At the 
indicated times, [3H]glycerol incorporation into cellular and secreted TG was quantified.  
The results are the mean and SEM of three experiments.  *P<0.05 compared with Caco2 
controls (A).  Intracellular levels and secretion of [3H]glycerol-labeled PC (B) and PE 
(C).  Results are the mean and range of two experiments. 
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Figure 3.11.  Decreased apoB-48 chylomicron secretion by CCTα-KO cells.  CCTα 
expression was monitored in Caco2 cells during a 21-day differentiation period and after 
exposure to oleate/BSA for 12 h (A).  Differentiated Caco2 and CCTα-KO cells were 
treated with oleate/BSA (400 μM) on the apical surface for 12 h.  Basolateral medium 
was collected and lipoproteins in the 1.006 g/ml and 1.006-1.21 g/ml density fractions 
were isolated by sequential ultracentrifugation.  apoB-48 and apoB-100 was resolved by 
SDS-5%PAGE and immunoblotting (B).  apoB-48 (C) and apoB-100 (D) in the d = 1.006 
g/ml fraction was quantified from immunoblots in (B) and expressed relative to cellular 
actin.  The results are the mean and SEM of three experiments.  *P<0.01, **P<0.005 
compared with Caco2 controls (C and D).  Cells were treated with indicated 
combinations of oleate/BSA (400 μM) and 18:1-lysoPC (25 μM) in apical medium for 12 
h.  Lipoproteins in the 1.006 g/ml fraction were isolated and immunoblotted for apoB as 
described above (E). 
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whether apoB-48 secretion by CCTα-KO cells can be restored by lyso-PC 

supplementation, cells were cultured in the absence and presence of oleate/BSA and 18:1-

lyso-PC for 12 h.  Immunoblotting revealed that lyso-PC supplementation did not restore 

the secretion of apoB-48 by CCTα-KO cells (Fig. 3.11E).  As well, apoB-48 or apoB-100 

secretion by control cells was not affected by exogenous lyso-PC.  Taken together, these 

data show that TG secretion in apoB-48 containing chylomicrons by Caco2 cells 

specifically requires PC synthesis by the CDP-choline pathway. 

 

3.2 Discussion 

The assembly and secretion of chylomicrons is essential for delivery of dietary 

fatty acids to peripheral tissues.  The dietary TG is hydrolyzed in the intestinal lumen by 

lipases to yield fatty acids and MG.  These hydrolysis products are efficiently taken up by 

enterocytes at the brush border membrane, esterified into TG and stored in cytoplasmic 

LDs or assembled into chylomicrons for secretion.  Previous studies showed that CCTα 

knockdown and inhibition of PC synthesis in mammalian cells resulted in fewer LDs of 

large size (2), and reduced VLDL secretion by mouse liver (11), suggesting an important 

role in providing the phospholipid surface monolayer.  In this study, Caco2 cells with a 

knockout of CCTα were used to show a specific requirement of the CDP-choline pathway 

for intestinal TG storage in LDs and the mobilization of TG for secretion in 

chylomicrons.  Caco2 cells are a human epithelial colorectal carcinoma that undergoes 

spontaneous differentiation into polarized and columnar monolayers when grown on filter 

inserts.  Differentiated cells display morphological and functional properties of small 
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intestine enterocytes, making them an excellent in vitro model for studying intestinal lipid 

metabolism.  

 Consistent with previous reports for other mammalian cells (2), CCTα was 

exclusively localized to the nucleoplasm of Caco2 cells and did not translocate to LDs 

formed by oleate exposure (Fig. 3.1B), suggesting that the enzyme was active within the 

nucleus.  CCTβ2 is not expressed in adult human intestine but was detected in Caco2 

cells (Fig. 3.1A).  This dissimilarity between adult enterocytes and Caco2 cells could be 

related to the transformed phenotype of Caco2 cells.  However, the expression of CCTβ2 

more likely reflects the development state since Caco2 cells have features of fetal tissue 

(i.e. apoB-100 secretion) and CCTβ mRNA expression in fetal tissues typically decreases 

or disappears during development. 

Metabolic labeling with [3H]choline showed that  CRISPR/Cas9-mediated 

knockout of CCTα resulted in an approximate 50% reduction in PC synthesis (Fig. 3.2A).  

Because CCTβ2 lacks an NLS, the residual PC synthesis would be provided by the 

cytoplasmic arm of the CDP-choline pathway.  [3H]CDP-choline (Fig. 3.2C) and 

[3H]GPC (Fig. 3.2D), the product of CCTα and PC degradation, respectively, were also 

reduced during the labeling period.  The incorporation of [3H]choline into CDP-choline is 

relatively low in comparison to PC, suggesting that the transient decrease in [3H]CDP-

choline could be due to a rapid conversion of CDP-choline produced by CCTβ2 to PC by 

CPT/CEPT.  Pulse-chase labeling experiment showed that the turnover of [3H]choline-

labelled PC in CCTα-KO cells was not affected (Fig. 3.2F).  As a result, the proliferation 

of knockout cells was reduced by 30-40% (Fig. 3.2G).  Interestingly, [3H]pCholine, the 

substrate of CCTα, did not accumulate in CCTα-KO cells (Fig. 3.2B).  This was 
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surprising because CCTα catalyzes the conversion of pCholine to CDP-choline, and a 

knockout of CCTα was expected to cause substrate accumulation.  Reduced choline 

transporter activity due to reduced PC levels or altered phospholipid composition in the 

plasma membrane was discounted as a cause (Fig. 3.2E).  However, it is feasible that 

knockout of CCTα also reduces CK expression/activity and pCholine by an indirect 

mechanism.  Taken together, loss of nuclear CCTα did not cause a bottleneck in the 

CDP-choline pathway but residual PC synthesis provided by cytosolic CCTβ2 was not 

sufficient to maintain cell proliferation.   

Despite a reduction in synthesis and no effect on PC turnover in CCTα-KO cells, 

the mass of major molecular species of PC and PE was not affected in undifferentiated or 

differentiated cells (Fig. 3.3).  Interestingly, differentiated cells contained more long-

chain unsaturated PC species compared to undifferentiated controls.  Furthermore, this 

shift in the molecular species was independent of reduced de novo PC synthesis caused 

by CCTα deficiency.  Enterocytes and differentiated Caco2 cells contain highly curved 

microvilli brush border membrane (308).  Because the fatty acyl composition of 

phospholipids is determined by Lands remodeling pathways, one possible explanation for 

the shift is altered availability of long-chain unsaturated fatty acids or the expression of 

lipases and LPCATs during Caco2 cell differentiation that would modify PC molecular 

species. 

Imaging of BODIPY-stained LDs showed that loss of CCTα and partial inhibition 

of PC synthesis resulted in the formation of fewer larger LDs and increased TG mass 

(Fig. 3.4).  This could be due to a diversion of DG from the CDP-choline pathway into 

TG synthesis, leading to TG accumulation.  However, this is unlikely because 
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undifferentiated CCTα-KO cells had reduced [3H]oleate and [3H]glycerol incorporation 

into TG (Fig. 3.5).  The most likely reason is that large LDs are formed by fusion of 

small PC-poor nascent LDs, and the reduced surface to volume ratio of large LDs may 

reduce TG turnover by preventing the access of lipases to the surface.  Interestingly, our 

previous study using shRNA-mediated knockdown of CCTα showed a similar LD 

phenotype in rat IEC-18 cells (2).  However, these cells displayed decreased TG 

deposition and cytotoxicity in response to oleate, possibly due to accumulation of 

unesterified free fatty acid.  This discrepancy could relate to the relatively low expression 

of CCTβ2 isoform in IEC-18 cells, which could result in more profound suppression of 

PC synthesis and inhibition of TG storage. 

 Transient expression of mCherry-CCTα in CCTα-KO cells restored LD size 

distribution and number back to control cells (Fig. 3.6), confirming that the LD 

phenotype was due to loss of CCTα.  Because LPCAT1 and LPCAT2 synthesize PC on 

the surface of LDs when supplied with lyso-PC, and silencing of either enzyme increased 

LD size that was accompanied by decrease in number (270), it was thought that PC 

synthesized by the LPCAT activity may substitute for the CDP-choline pathway if 

sufficient lyso-PC is supplied.  As expected, 18:1-lyso-PC supplementation restored LD 

morphology in CCTα-KO cells (Fig. 3.7), indicating that the source of PC is not critical 

for maintaining LD morphology.  However, 18:0-lyso-PC supplementation did not 

effectively reverse LD phenotype.  It is possible that the fatty acyl chain composition of 

phospholipid monolayer affects membrane properties such as curvature, fluidity, lipid 

packing and membrane protein function.  Thus, 18:0-lyso-PC supplementation could be 

insufficient to provide membrane stability to avoid LD coalescence.  Indeed, artificial 
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emulsions of TG prepared with unsaturated PC formed smaller droplets than those 

prepared with saturated PC.  These data indicate that not only the polar head group of 

phospholipids but also the degree of acyl chain unsaturation is important for regulating 

the size of LDs.  The reduced efficacy of 18:0-lyso-PC in CCTα-KO cells could also be 

due to reduced utilization by LPCATs.  However, this is unlikely because LPCAT1 and 

LPCAT2 have similar substrate preferences (101), and LPCAT1 exhibits only slightly 

higher enzymatic activity towards 18:1-lyso-PC (270).  

  Interestingly, CCTα knockout showed a differential effect on apoB-100 and 

apoB-48 secretion.  Secretion of apoB-48 was reduced by 90% in CCTα-KO cells under 

basal and oleate-treated conditions (Fig. 3.11B and C) and apoB-100 secretion was 

unaffected (Fig. 3.11B and D).  This was surprising since CCTα knockout in hepatocytes 

caused a 75% reduction in PC synthesis and inhibited secretion of apoB-100-containing 

VLDL (11).  The lack of effect on apoB-100 secretion is likely due to less severe 

inhibition of the CDP-choline pathway (50% reduction in PC synthesis, Fig. 3.2A) due to 

CCTβ2 in Caco2 cells and/or a reduced requirement for phospholipids and TG to 

assemble VLDL.  Alternately, it is possible that chylomicrons and VLDL are produced 

by separate pathways.  A previous study using Caco2 cells showed that the secretion of 

VLDL utilizes preformed TG and is not stimulated by oleate whereas newly synthesized 

TG was preferentially used for chylomicron secretion (309).  This could be explained by 

the existing pool of LDs in differentiated cells and their abnormal size distribution in 

differentiated CCTα-KO cells under basal conditions (Fig. 3.8).  Secretion of apoB-100 

by differentiated Caco2 cells was approximately 10-fold higher than apoB-48 (Fig. 

3.11B, C and D), suggesting that cellular pool of TG in pre-existing LDs could be a 
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precursor for VLDL, but not for chylomicrons.  Incubation with oleate resulted in a >3-

fold increase in secretion of apoB-48, but did not significantly affect apoB-100 secretion.  

This is consistent with a study using complex lipid micelles mimicking post-digestive 

duodenal micelles, which favored secretion of apoB-48-containing lipoproteins by Caco2 

cells (310).  In another study, intraduodenal administration of Pluronic L-81, a non-ionic 

hydrophobic surfactant, in rats, preferentially inhibited chylomicron secretion but not 

VLDL secretion (311).   

Accompanying the blockage in chylomicron and [3H]oleate- or [3H]glycerol-

labeled TG secretion (Fig. 3.9 and Fig. 3.10), differentiated CCTα-KO cells also had 

fewer but larger LDs, and stored significantly more TG than controls (Fig. 3.8).  The 

accumulation of TG in CCTα-KO cells could be due to inhibition of secretion.  However, 

a comparison of secreted versus intracellular levels of [3H]oleate- or [3H]glycerol-labeled 

TG indicate that secreted TG would account for such a small fraction of the cellular pool 

(2-4%) that a 50% blockage in the secretion would have minimal impact on cellular 

accumulation.  It is not clear whether the TG secreted in chylomicrons was initially stored 

in LDs and then mobilized by lipolysis, or was directly assembled into chylomicrons in 

the ER.  However, since CCTα knockout had no effect on TG synthesis but increased TG 

mass in undifferentiated cells (Fig. 3.5C) and the secretion of [3H]glycerol-labeled TG by 

differentiated CCTα-KO cells was reduced during a chase period (Fig. 3.10), we posit 

that the mobilization of TG in LDs was partially defective.  In support of this, Pluronic L-

81 treatment of Caco2 cells enhanced cytosolic TG accumulation and inhibited 

chylomicron secretion by interfering with the transfer of TG from the cytosol to the ER 

(312). 
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Lastly, because 18:1-lyso-PC supplementation of CCTα-KO cells partially shifted 

the size distribution and number of LDs toward that of control cells (Fig. 3.7 and 3.8), it 

was thought that 18:1-lyso-PC supplementation would induce apoB secretion.  However, 

18:1-lyso-PC did not affect apoB-48 or apoB-100 secretion by either both Caco2 and 

CCTα-KO cells (Fig. 3.11E).  It is possible that exogenous 18:1-lyso-PC was 

preferentially utilized by LPCAT to form PC on the surface of cytosolic LDs.  LPCAT 

activity would synthesize PC that was available to correct LD morphology in CCTα-KO 

cells, indicating a redundancy between the Lands remodeling and CDP-choline pathways 

for PC synthesis for LD biogenesis.  However, PC availability for chylomicron assembly 

could still be limiting due to insufficient PC synthesis by ER-localized enzymes of the 

CDP-choline pathway.  Thus, PC synthesized by the CDP-choline pathway may be 

preferred for chylomicron assembly.  
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CHPATER 4: Nuclear Lipid Droplet-associated Factors Regulate Cellular 

Triglyceride and Phosphatidylcholine Metabolism 

 

4.1 Results 

4.1.1 CCTα Deficiency Alters nLD Morphology in Caco2 Cells 

Previous studies showed that nLDs associate with PML-NBs and CCTα in Huh7 

cells (14).  We confirmed that BODIPY-positive nLDs were associated with endogenous 

PML-NBs and CCTα in 24 h oleate-treated U2OS (Fig. 4.1A), Caco2 (Fig. 4.1B) and 

HepG2 cells (Fig. 4.1C).  To assess the effect of CCTα knockout on nLD formation, Caco2 

and CCTα-KO cells were incubated with oleate for 12 and 24 h and immunostained for 

PML and LDs (Fig. 4.2).  nLD association with PML (indicated with arrows) became 

apparent after 24 and 12 h treatment in Caco2 and CCTα-KO cells, respectively.  At 12 h, 

when CCTα does not translocate to nLDs (Fig. 3.4), CCTα-KO cells had similar number 

of nLDs and fewer cLDs per cell (Fig. 4.2 and 4.3A).  Both nLDs and cLDs were increased 

approximately two-fold in Caco2 cells but did not change in CCTα-KO cells after 24 h 

treatment.  Quantification of cross-sectional area of LDs revealed a significant shift in the 

distribution from small LDs (<0.4 μm2) to large LDs (>1μm2) in both the cytoplasm and 

nucleus of CCTα-KO cells (Fig. 4.3B).  Notably, PML expression on nLDs appeared to 

increase with the size of nLDs during oleate treatment (Fig. 4.3C).  These indicate that 

CCTα is essential for not only cLDs but also nLDs, and its absence leads to increase in size 

and decrease in abundance of nLDs and increased nLD-PML association.   
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Figure 4.1.  Co-localization of CCTα, PML and nLDs.  U2OS (A), Caco2 (B) and 
HepG2 (C) cells were treated with oleate/BSA (400 μM) for 24 h.  Cells were 
immunostained with CCTα polyclonal and PML monoclonal antibodies followed by 
AlexaFluor-647 and -594 secondary antibodies, respectively.  LDs were visualized with 
BODIPY-493/504.  RGB line graphs show localization of CCTα and PML on the surface 
of nLDs.  Cells were imaged using confocal microscopy. 
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Figure 4.2.  Reduced nLD formation and PML-association in CCTα-KO cells.  
Representative confocal image of Caco2 and CCTα-KO cells treated with oleate/BSA 
(400 μM) for 12 and 24 h. Cells were immunostained with PML polyclonal and LMA/C 
monoclonal antibodies followed by AlexaFluor-594 and -647 secondary antibodies, 
respectively.  LDs were visualized with BODIPY-493/504. Arrows indicate PML-
associated nLDs. 
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Figure 4.3. CCTα-KO cells have fewer, larger cLDs and nLDs. Quantification of 
cLDs and nLDs for 3-4 fields of cells from three separate experiments.  **P<0.0005, 
*P<0.005 (A). The cross-sectional area of cLDs and nLDs in cells (3-4 fields of cells 
from three separate experiments) treated with oleate/BSA for 24 h was quantified and 
binned into ranges. *P<0.05 (B).  Quantification of PML-positive nLDs and cross-
sectional area of total nLDs (6-8 fields of cells from two separate experiments) (C). 
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4.1.2 PML Regulates CCTα Association with nLDs 

To investigate the role of PML-NBs in LD biogenesis, U2OS cells with a 

CRISPR/Cas9 deletion of all PML isoforms were utilized (Fig. 4.4A) (305).  PML 

expression in U2OS cells did not change in response to oleate treatment.  nLDs in both 

control U2OS and PML-KO cells had minimal association with the NE protein emerin (Fig. 

4.4B and C; arrows point at the nLDs associated with emerin).   

Immunofluorescence microcopy and RGB line plots in cells treated with oleate 

revealed that CCTα was exclusively expressed in the nucleus and associated with nLDs 

in U2OS cells whereas PML-KO cells appeared to have fewer BODIPY- and CCTα-

positive nLD (Fig. 4.5A).  PML-KO cells had a significant 41% and 23% reduction in the 

number of nLDs and cLDs per cell, respectively (Fig. 4.5B and C).  Compared with 

control cells, PML-KO cells also had a significant reduction in CCTα-positive nLDs (Fig. 

4.5D).  Quantification analysis of the cross-sectional area of nLDs revealed a significant 

shift in the distribution from large (> 1μm2) to small nLDs (<0.5 μm2) in PML-KO cells 

(Fig. 4.5E), but the area of cLDs in PML-KO cells was similar to controls (Fig. 4.5F).  

The shift toward small nLDs in PML-KO cells resulted in a 40% decrease in average 

nLD area compared with control cells (Fig. 4.5G).  However, the size of CCTα-positive 

nLDs in control and PML-KO cells was comparable.   

Consistent with previous studies, GFP-tagged PML-II was associated with 

LipidTox Red-positive nLDs formed by 24 h oleate treatment of PML-KO cells (Fig. 

4.6A).  The other PML isoforms formed punctate bodies in the nucleus but did not 

associate with nLDs.  Expression of GFP-PML-II also restored the average size of nLDs 

(Fig. 4.6C) and number of both nLDs and cLDs in knockout cells (Fig. 4.6B),  
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Figure 4.4.  Localization of nLDs with emerin on the nuclear envelope and 
nucleoplasmic reticulum.  Expression of PML and CCTα in U2OS and PML-KO cells 
cultured with or without oleate/BSA (400 μM) for 24 h was determined by SDS-PAGE 
(7%; PML, 8%; CCTα) and immunoblotting (A).  U2OS (B) and PML-KO (C) cells 
treated with oleate were immunostained with emerin polyclonal and PML monoclonal 
antibodies followed by AlexaFluor-647 and -594 secondary antibodies, respectively. LDs 
were visualized with BODIPY-493/504. Arrows indicate the position of PML-negative 
nLDs that are associated with emerin-positive nucleoplasmic reticulum.  
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Figure 4.5.  PML regulates the size distribution of nLDs and cLDs.  U2OS and PML-
KO cells treated with oleate/BSA (400 μM) for 24 h were immunostained with CCTα 
polyclonal and LMNA/C monoclonal antibodies followed by AlexaFluor-647 and -594 
secondary antibodies, respectively.  LDs were visualized with BODIPY-493/504. RGB 
line graphs show localization of CCTα on the surface of nLDs (A).  Quantitation of nLDs 
(B), cLDs (C) and CCTα-positive nLDs (D). The cross-sectional area of nLDs (E) and 
cLDs (F) was quantified and binned into ranges.  The cross-sectional area of total nLDs 
and CCTα-positive nLDs was quantified (G). 50-100 cells from three separate 
experiments.  **P<0.001, *P<0.01 compared with matched control cells. 
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Figure 4.6.  Transient expression of GFP-PML-II in PML-KO cells restores number 
and size of LDs.  PML-KO cells were transiently transfected with GFP tagged PML 
isoforms for 24 h using Lipofectamine 2000.  Subsequently, cells were incubated with 
oleate/BSA (400 μM) for 24 h.  LDs and nuclei were visualized with LipidTox Red and 
Hoechst 33258, respectively.  Arrows indicate the association of GFP-PML-II with nLDs 
(A).  The number of nLDs and cLDs in each cell was quantified (B).  The cross-sectional 
area of nLDs and cLDs was quantified (C). 25-50 cells from three separate experiments.  
**P<0.001, *P<0.005. 
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confirming that the LD phenotype shown in Figure 4.4 was caused primarily by PML-II 

deficiency. 

 CCTα associates with membranes enriched in DG, which is a substrate shared by 

the final enzymes of G3P and CDP-choline pathways.  To test if PML deficiency affects 

DG levels on LDs, cells were transiently transfected with the DG biosensor GFP-C1(2)δ 

(313), and its localization was monitored in cells cultured with or without oleate for 24 h 

(Fig. 4.7).  In the absence of oleate, the DG biosensor was present on perinuclear ER and 

punctate structures in both control and PML-KO cells (Fig. 4.7A).  In oleate-treated U2OS 

cells, the biosensor appeared on dispersed cytoplasmic structures that did not correspond 

to cLDs, and occasionally associated with LipidTox Red-positive nLDs (Fig. 4.7B, panels 

a, b and c).  In contrast, the DG sensor was strongly associated with cLDs in PML-KO 

cells, and there appeared to be few if any DG-positive nLDs (Fig. 4.7C, panels a, b and 

c).   

To more efficiently image DG levels on nuclear membranes and nLDs, a tandem 

NLS was engineered into GFP-C1(2)δ vector, and it was transiently expressed in control 

and PML-KO cells.  This nuclear DG biosensor was detected on two types of structures; 

small puncta that did not stain with LipidTox Red and larger PML-positive nLDs (Fig. 

4.8A).  For quantification analysis, we divided nLDs into two distinct populations based 

on the presence or absence of DG.  Compared to controls, PML-KO cells had similar 

number of DG- nLDs but fewer DG+ nLDs (Fig. 4.8B), suggesting that PML regulates DG 

partitioning between the nuclear and cytoplasmic LD populations.   

To investigate further, co-localization of the DG biosensor with endogenous PML 

was monitored in U2OS cells (Fig. 4.9A), and nLDs were divided into four distinct  
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Figure 4.7.  PML affects the partitioning of DG on nLDs and cLDs.  Localization of 
the DG sensor GFP-C1(2) delta in U2OS and PKL-KO cells (A).  U2OS cells expressing 
GFP-C1(2) delta were treated with oleate/BSA (400 μM) for 24 h. LDs and nuclei were 
visualized with LipidTox Red and Hoechst 33258, respectively. Highlighted areas from 
GFP and merged images are shown in panels a and b. A RGB line plot (c) shows the 
association of the DG sensor with a nLD (B). PML-KO cells were treated as described 
above. Highlighted areas from GFP and merge images are shown in panels a and b. RGB 
line plot (c) shows the association of the DG sensor with cLDs. 
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Figure 4.8.  PML expression is required for DG content on nLDs.  U2OS and PML-
KO cells expressing the nuclear DG sensor GFP-C1(2) delta-2xNLS (GFP-DG) were 
treated with oleate/BSA (400 μM) for 24 h. LDs and nuclei were visualized with 
LipidTox Red and Hoechst 33258. RGB line plots shows the association of the DG 
sensor with nLDs (A). Quantification of nLDs with (+) or without (-) DG (B). 64 cells 
from three separate experiments. 
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populations based on the presence or absence of DG and/or PML; nLDs associated with 

neither DG or PML (DG/PML-), DG only (DG+), PML only (PML+) and both DG and 

PML (DG/PML+) (Fig. 4.9B).  This revealed that 60% of total nLDs were DG/PML- in 

U2OS cells.  The remaining nLDs were primarily DG/PML+ (79%) with a small 

percentage of DG+ or PML+.  The cross-sectional area of DG/PML- nLDs was 

significantly reduced compared to that of total nLDs (Fig. 4.9C).  In contrast, PML+ and 

DG/PML+ nLDs were significantly larger than total nLDs.  The DG on LDs could be 

produced by LIPIN-mediated dephosphorylation of PA.  To test this, localization of the PA 

biosensor GFP-nes-2xPABP (314) was also monitored.  The PA biosensor was detected on 

the plasma membrane and not on nLDs or cLDs in control and PML-KO cells (Fig. 4.9D).  

Collectively, these data indicate that PML expression increases DG levels on the surface 

of nLDs, and its deficiency caused a notable increase in DG on cLDs. 

 Since PML expression was positively correlated with CCTα-positive (Fig. 4.5D) 

and DG-positive nLDs (Fig. 4.9), and DG is a known activator of CCTα and substrate for 

PC synthesis, immunofluorescence microscopy was used to determine the distribution of 

DG and CCTα on nLDs.  In U2OS cells, the nuclear DG sensor and CCTα were detected 

on nLDs (Fig. 4.10A).  However, in PML-KO cells, CCTα associated with nLDs that 

lacked DG.  As expected, quantification of DG/CCTα distribution on nLDs revealed that 

all four nLD populations were reduced in PML-KO cells compared to control cells (Fig. 

4.10B).  However, the percent distribution of DG and CCTα on nLDs was similar in control 

and PML-KO cells, suggesting that CCTα association with nLDs was independent of their  
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Figure 4.9.  PML-positive nLDs are enriched in DG.  U2OS cells transiently 
expressing the nuclear DG sensor GFP-C1(2) delta-2xNLS (GFP-DG) were treated with 
oleate/BSA (400 μM for 24 h) and immunostained with a PML polyclonal antibody and 
followed by AlexaFluor-647 secondary antibody. LDs were visualized with LipidTox 
Red. The RGB line plot shows the localization of GFP-DG with PML and nLDs (A).  
Quantitation of nLDs containing neither the GFP-DG or PML (DG/PML-), GFP-DG 
(DG+), PML (PML+) or both (DG/PML+). A Venn diagram shows the percent 
distribution of GFP-DG and PML positive nLDs (B).  The cross-sectional area of nLDs 
in U2OS cells containing GFP-DG and/or PML as described above (C). 25 cells from 
three separate experiments. ANOVA **P<0.01, *P<0.05 compared to total nLD area.  
U2OS and PML-KO cells transiently expressing the PA biosensor GFP-nes-2xPABP 
were cultured in media described above.  LDs and nuclei were visualized with LipidTox 
Red and Hoechst 33258, respectively (D). 
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Figure. 4.10.  CCTα association with nLDs is not dependent on DG.  U2OS and 
PML-KO cells transiently expressing the nuclear DG sensor GFP-C1(2) delta-2xNLS 
(GFP-DG) were treated with oleate/BSA (400 μM) for 24 h and immunostained with a 
CCTα polyclonal antibody and followed by AlexaFluor-647 secondary antibody. LDs 
were visualized with LipidTox Red. RGB plots through nLDs show association with 
CCTα and GFP-DG (A).  Quantification of nLDs containing neither the GFP-DG or 
CCTα (DG/CCTα-), GFP-DG (DG+), CCTα (CCTα+) or both (DG/CCTα+).  A Venn 
diagram shows the percent distribution of GFP-DG and CCTα-positive nLDs (B).  The 
cross-sectional area of nLDs population containing GFP-DG and/or CCTα was measured 
(C). 30 cells from three separate experiments.  *P<0.05. 
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content of DG.  As well, there was no significant difference in the area of DG/CCTα 

containing nLDs in controls and PML-KO cells (Fig. 4.10C). 

 

4.1.3 Association of LIPIN-1 with nLDs is PML-dependent 

LIPIN-1 is a PA phosphatase that produces DG for PC, PE and TG synthesis.  

LIPIN-1α and β isoforms were localized to cLDs in macrophages (66), possibly recruited 

by seipin for DG production and LD biogenesis.  To determine if PML knockout affected 

LIPIN-1 recruitment to cLDs or nLDs, V5-tagged LIPIN-1α or β were transiently 

expressed and localized in U2OS and PML-KO cells (Fig. 4.11 and Fig. 4.12).  

Immunofluorescence revealed that LIPIN-1α was expressed in the nucleus and cytoplasm 

of untreated U2OS and PML-KO cells (Fig. 4.11A).  In oleate-treated U2OS cells, LIPIN-

1α was extensively associated with nLDs (Fig. 4.11B, a,b and c).  However, LIPIN-1α did 

not localize to cLDs.  In contrast, LIPIN-1α in oleate-treated PML-KO cells was diffusely 

localized in the nucleus and cytoplasm (Fig. 4.11C), and quantification revealed that PML-

KO cells had significantly reduced LIPIN-1α association with nLDs (Fig. 4.11D).  Similar 

to LIPIN-1α, the LIPIN-1β isoform also associated with the surface of nLDs, but not cLDs, 

in oleate-treated U2OS cells (Fig. 4.12B, a,b and C).  However, LIPIN-1β was not found 

on nLDs or cLDs in PML-KO cells (Fig. 4.12C).  To determine the extent of LIPIN-1α 

and DG co-localization (Fig. 4.13A), the distribution and cross sectional area of LIPIN-1α 

and DG containing nLDs was quantified in U2OS cells. Of the DG/LIPIN-1α-positive 

nLDs, 53% contained both (Fig. 4.13B), and LIPIN-1α-positive nLDs were significantly 

larger within the total population (Fig. 4.13C).  To demonstrate that LIPIN-1α and DG 

localization on nLDs was not a unique phenomenon in non-TG secreting cells, we  
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Figure. 4.11.  PML is required for LIPIN-1α association with nLDs.  Localization of 
LIPIN-1α-V5 in U2OS and PKL-KO cells (A).  U2OS cells expressing LIPIN-1α-V5 
were treated with oleate/BSA (400 μM) for 24 h and immunostained with V5 monoclonal 
antibody followed by AlexaFluor-594 secondary antibody. LDs and nuclei were 
visualized with BODIPY and Hoechst 33258, respectively. Highlighted areas from 
LIPIN-1α and merged images are shown in panels a and b. A RGB line plot (c) shows 
the association of LIPIN-1α with nLDs (B). PML-KO cells were treated as described 
above (C).  Quantification of nLDs with (+) or without (-) LIPIN-1α (D).  50 cells from 
two separate experiments (50 cells). 
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Figure. 4.12.  PML is required for LIPIN-1β association with nLDs.  Localization of 
LIPIN-1β-V5 in U2OS and PKL-KO cells (A).  U2OS cells expressing LIPIN-1β-V5 
were treated with oleate/BSA (400 μM) for 24 h and immunostained with V5 monoclonal 
antibody followed by AlexaFluor-594 secondary antibody. LDs and nuclei were 
visualized with BODIPY-493/504 and Hoechst 33258, respectively. Highlighted areas 
from LIPIN-1β and merged images are shown in panels a and b. A RGB line plot (c) 
shows the association of LIPIN-1β with nLDs (B). PML-KO cells were treated as 
described above (C).  
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Figure 4.13.  LIPIN-1α associates with DG-positive nLDs and requires PML.  U2OS 
cells transiently expressing the nuclear DG sensor GFP-C1(2) delta-2xNLS (GFP-DG) 
and LIPIN-1α-V5 were treated with oleate/BSA (400 μM) for 24 h and immunostained 
with V5 monoclonal antibody followed by AlexaFluor-647 secondary antibody. LDs 
were visualized with LipidTox Red.  RGB line plot shows GFP-DG and LIPIN-1α on the 
surface of nLDs (A).  Quantification of nLDs containing neither the GFP-DG or LIPIN-
1α (PML/LIPIN-1 -), GFP-DG (DG+), LIPIN-1α (LIPIN-1α+) or both (DG/LIPIN-1α+).  
A Venn diagram shows the percent distribution of GFP-DG and LIPIN-1α-positive nLDs 
(B).  The cross-sectional area of nLDs containing differing compositions of GFP-DG and 
LIPIN-1α was quantified (C).  26 cells from three separate experiments.  ANOVA 
*P<0.001 compared with total nLD area. 
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Figure 4.14.  Localization of DG and LIPIN-1α in Caco2 cells.  Caco2 cells transiently 
expressing the nuclear DG sensor GFP-C1(2) delta-2xNLS (GFP-DG) were treated with 
oleate/BSA (400 μM) for 24 h. LDs were visualized with LipidTox Red (A).  Caco2 cells 
expressing LIPIN-1α-V5 were treated as described above and immunostained with V5 
monoclonal antibody followed by AlexaFluor-594 secondary antibody.  LDs were 
visualized with BODIPY-493/504 (B). Nuclei were stained with Hoechst 33258 (A and 
B) RGB line plots show GFP-DG or LIPIN-1α on the surface of nLDs (C). 
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compared to Caco2 cells that have abundant nLDs associated with PML and CCTα.  The 

nuclear DG biosensor and LIPIN-1α and were also localized to large nLDs in Caco2 (Fig. 

4.14A and B).  Collectively, PML regulates LIPIN-1 association with nLDs, which 

produces DG for TG and PC synthesis required for LD formation.  CCTα translocation to 

nLDs, which required PML-II but not DG, would accommodate monolayer expansion. 

 

4.1.4 PML-KO Cells have Reduced PC and TG Synthesis 

 To determine whether reduced CCTα translocation to nLDs in PML-KO cells 

affected PC biosynthesis, cells treated with or without oleate for 24 h were pulse-labelled 

for up to 4 h in medium containing [3H]choline, and isotope incorporation into PC was 

measured (Fig. 4.15).  [3H]Choline incorporation into PC was significantly reduced by 

approximately 50% in PML-KO cells treated with oleate.  Interestingly, [3H]choline 

incorporation under basal condition was not affected by PML knockout suggesting that  

nLDs are important sites for CCTα activation.   

We next determined whether PML knockout affected synthesis of fatty acids and 

sterols by measuring [3H]acetate incorporation in cells cultured in FCS or LPDS, the 

conditions that inhibit or activate SREPBs, respectively (Fig. 4.16).  However, synthesis 

of sterols and fatty acids was only activated slightly by culturing U2OS cells in LPDS, and 

PML knockout had a minor inhibitory effect on de novo synthesis of sterols and fatty acids.  

Significantly reduced synthesis of cholesterol and fatty acids was only observed in cells 

cultured in FCS and LPDS, respectively.   

The effect of PML knockout on de novo TG synthesis was determined by 

incubating cells in medium containing 2 μCi/ml [3H]glycerol with or without 100 μM 
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oleate for up to 6 h.  [3H]Glycerol incorporation into TG was similar in untreated control 

and PML-KO cells.  Interestingly, the incorporation of [3H]glycerol into TG was higher in 

oleate-treated PML-KO cells compared to controls (Fig. 4.17A). The rate of [3H]glycerol 

incorporation was lower in U2OS cells at early time points (1-4 h) but normalized by 6 h.  

TG synthesis in control and PML-KO cells was also measured by analysis of 100 μM 

[3H]oleate incorporation into TG and CE.  Using similar labeling and oleate treatment 

conditions as described for [3H]glycerol, incorporation of [3H]oleate into TG and CE was 

significantly decreased by approximately 2-fold whether cells were cultured in FCS or 

LPDS (Fig. 4.17B and C).  
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Figure 4.15. Reduced PC synthesis in PML-KO cells.  U2OS and PML-KO cells were 
cultured with or without oleate/BSA (400 μM) for 24 h.  Cells were then incubated with 
choline-free medium containing [3H]choline (2 μCi/ml) and incorporation into PC was 
measured up to 4 h.  Results are the mean and SEM of three experiments.  *P<0.05 
compared with matched U2OS controls. 
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Figure 4.16. PML-KO cells have reduced cholesterol and fatty acid synthesis.  U2OS 
and PML-KO cells were cultured in FCS or lipoprotein-deficient serum (LPDS) for 18 h 
prior to pulse-labeling with [3H]acetate (2.5 μCi/ml) for 4 h.  [3H]Acetate incorporation 
into cholesterol (A), lanosterol (B) and fatty acids (C) was determined.  Results are the 
mean and SEM of three experiments.  *P<0.05 compared with matched U2OS controls. 
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Figure 4.17. PML-KO cells have reduced TG synthesis by exogenous fatty acids.  
U2OS and PML-KO cells were pulse-labelled with [3H]glycerol (2 μCi/ml) in the 
presence or absence of oleate/BSA (100 μM) for up to 6 h.  [3H]Glycerol incorporation in 
to TG was determined.  Results are the mean and SD of triplicates of one experiment (A).  
U2OS and PML-KO cells were cultured in FCS or lipoprotein-deficient serum (LPDS) 
for 18 h prior to pulse-labeling with [3H]oleate/BSA 100 μM for 4 h.  [3H]Oleate 
incorporation into TG (B) and CE (C) was determined.  Results are the mean and SEM of 
three experiments.  **P<0.001, *P<0.01 compared with matched U2OS controls. 
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4.2 Discussion 

The role of lipids in nuclear function has received little attention beyond their 

obvious structure role in the NE and as a source of ligands for some transcription factors.  

The presence of functional lipid biosynthetic pathways and potential interaction with other 

nuclear activities are suggested by the presence of nuclear CCTα, the rate-limiting enzyme 

in PC synthesis, and other TG and lipid biosynthetic enzymes such as LIPINs.  The recent 

observation that nLDs form and expand in the nucleus, much like their cytosolic 

counterparts, is further evidence of dynamic nuclear lipid synthesis and storage.   

CCTα is acutely and rapidly activated by translocating from nucleoplasm to the NE 

and NR in response to acute treatment of lipid activators (i.e. fatty acids) or PC deficiency 

to increase PC synthesis (2,12).  Interestingly, CCTα was recently shown to associate with 

nLDs that formed in oleate-treated Huh7 human hepatoma cells (14).  In hepatoma cells, 

PML-NBs were co-localized with CCTα on nLDs, and RNAi knockdown of PML-II 

isoform caused a decrease in the number and size of nLDs.  Here we report for the first 

time that intestinal-derived Caco2 cells have abundant nLDs that are affected by CCTα 

deficiency.  We also used U2OS cells with a knockout of all PML isoforms to understand 

how PML-NBs regulate TG and PC biosynthesis for nLD biogenesis and cellular lipid 

homeostasis. 

Consistent with previous reports in Huh7 cells (14), BODIPY-stained nLDs 

associated with PML-NBs and CCTα in 24 h oleate-treated U2OS, Caco2 and HepG2 cells 

(Fig. 4.1).  Since CCTα did not associate with nLDs in Caco2 cells treated for 12 h with 

oleate (Fig. 3.4), the association between nLDs and CCTα may reflect increased PC 

synthesis required for formation of both cLDs and nLDs after prolonged exposure to oleate 
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(24 h) (Fig. 4.2 and 4.3).  Interestingly, CCTα knockout in Caco2 cells showed a similar 

effect on cLD and nLD morphology size and abundance.  CCTα-KO cells had fewer larger 

LDs in both cytoplasm and nucleus (Fig. 4.2 and 4.3A and B) as a result of the shift toward 

large LDs (Fig. 4.3B).  These indicate that LD biogenesis in the nucleus and cytoplasm is 

regulated by a similar mechanism, which could involve fusion of small-PC poor nLDs into 

large nLDs. 

The positive correlation between the size of nLDs and PML association, which was 

apparent in both Caco2 and CCTα-KO cells (Fig. 4.3C), suggests that PML recruitment 

was enhanced by lipid-dependent stress.  One potential explanation could be that PML 

proteins polymerize on the surface of nLDs to increase fatty acid flux into storage pathway 

and to activate CCTα to increase PC synthesis required for expanding nLDs.  Support for 

this comes from previous observations that overexpression of PML-II increased nLDs (14) 

and inhibition of nLD formation reduced PC synthesis (288) in Huh7 cells.  These data 

indicate that nLDs in Caco2 cells, which secrete TG-containing chylomicrons, may form 

and interact with PML and CCTα in a similar manner as those in hepatocytes (Fig. 1.7).   

However, the presence of nLD-association with PML-NBs/CCTα in U2OS cells (Fig. 

4.1A), in which nLDs are formed by a mechanism that does not involve release of apoB-

free luminal LDs from type I NR (Fig. 1.7), suggests that this association could be involved 

in TG and PC synthesis in non-lipoprotein secreting cells as well.  As expected, loss of 

PML proteins in U2OS cells caused a significant reduction in the number and size of nLDs 

in response to oleate (Fig. 4.5B and E).  In addition, we found that PML-KO cells had a 

reduced number of cLDs (Fig. 4.5C) but did not affect the size distribution (Fig. 4.5F), an 

initial indication of PML exerts regulatory control outside the nucleus.  However, why 
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cLDs were less severely affected by PML knockout compared to nLDs is unclear.  It is 

feasible that nuclear TG is in equilibrium with the cytoplasmic pool through diffusion 

within the INM and ER.  In this respect, inability to form nLDs in PML-KO cells could 

divert TG into the cytoplasm but TG availability could still be insufficient since nLDs 

account for less than 10% of total LDs in the cell.  Alternately, PML may differentially 

regulate nLD and cLD formation, as indicated by increased and decreased localization of 

the DG biosensors on cLDs and nLDs, respectively (Fig. 4.7 and Fig. 4.8). 

Transiently expressed GFP-PML-II associated with nLDs in PML-KO cells and 

restored both nLD and cLD size and number (Fig. 4.6A, B and C), confirming that this 

isoform is critical for both nLD and cLD biogenesis.  Unlike PML-II, other GFP-tagged 

PML isoforms did not exhibit localization on nLDs (Fig. 4.6A).  This could be related to 

unique C-terminal domain of PML-II (14,315), which contains the nuclear periphery-

binding motif that mediates distribution of PML-II along the nucleoplasmic surface of the 

INM and promotes formation of type I NR, which were correlated with the ability of PML-

II to increase nLDs (14).  However, nLDs showed minimal association with NE protein 

emerin (Fig. 4.4B and C) and endogenous PML-NBs in U2OS cells (Fig. 4.1A) and GFP-

PML-II (Fig. 4.6A) in PML-KO cells did not localize to the NE or NR, indicating that 

nLDs in U2OS cells are formed by different mechanism from those in hepatocytes. 

Since CCTα recognizes and binds to membranes with packing defects due to 

elevated DG content (9,10), diminished CCTα translocation to nLDs in PML-KO cells (Fig. 

4.5D) was thought to be due to reduced DG levels (Fig. 4.8).  Furthermore, co-localization 

of the nuclear DG sensor and PML showed that DG+ nLDs, of which 79% were associated 

with PML in U2OS cells, were larger than DG/PML- nLDs (Fig. 4.9A, B and C), indicating 
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a positive correlation between PML expression and the number and size of DG-positive 

nLDs.  These data suggested that PML maintains DG synthesis for nLD formation and 

promotes CCTα recruitment to the surface of nLDs enriched in DG.  However, these two 

PML functions are not inter-dependent since CCTα associated with nLDs that lacked DG 

in PML-KO cells (Fig. 4.10A) and CCTα associated with nLDs by a mechanism that is 

independent of DG levels in wild-type U2OS cells (Fig. 4.10B and C).   

nLDs are important sites of CCTα regulation as indicated by the reduced nLD 

association of CCTα (Fig. 4.5D) and incorporation of [3H]choline into PC in oleate-treated 

PML-KO cells (Fig. 4.15).  PC deficiency due to reduced CCTα activity leads to LD 

coalescence (2,4,32), resulting in fewer and larger particles.  Paradoxically, PML-KO cells 

had fewer and smaller nLDs and fewer cLDs with no evidence for change in size (Fig. 4.5), 

suggesting that sufficient PC was available.  A potential explanation is that the decrease in 

LD size and number in PML-KO cells was accompanied by reduced PC synthesis with a 

corresponding decrease in TG synthesis.  Thus, loss of PML downregulated CCTα-nLD 

association and PC synthesis due to reduced total LD surface area.  It was also unclear why 

CCTα translocates to nLDs but not cLDs.  This could be due to its nuclear localization, 

with substrates and product freely diffusing in and out of the nucleus.  However, insect and 

mammalian CCTs in Drosophila S2 cells were exported from the nucleus and localized to 

cLDs during oleate loading (12), and in some mammalian cells, CCTα is frequently 

observed in the cytoplasm with no evidence for cLD localization (2).  Similar to cLDs from 

S2 cells, the surface of mammalian nLDs may have higher PE/PC ratio compared to cLDs 

making them a more optimal binding site for CCTα.  



 123 

DG is the substrate shared by the final enzymes of PC and TG biosynthesis.  

Because PML expression was positively correlated with DG levels on nLDs and CCTα-

nLD association, PML could be a positive regulator of DG production by LIPINs. 

Consistent with a previous study using neuronal cells (316), LIPIN-1α and β were 

predominantly expressed in the nucleus and cytoplasm, respectively (Fig. 4.11 and Fig. 

4.12).  Interestingly, knockout of PML reduced LIPIN-1α and β  recruitment to nLDs when 

treated with oleate, suggesting that PML is an effector of LIPIN-1.  Similar to PML and 

CCTα, LIPIN-1α co-localized with the nuclear DG sensor on nLDs (Fig. 4.13A and B), 

and DG and/or LIPIN-1α containing nLDs were larger than those that lack DG and LIPIN-

1α (Fig. 4.13C).  Taken together, these data indicate that LIPIN-1α association with nLDs 

is PML-dependent and maintains DG production that is used to produce TG and PC for 

nLD formation.  However, a PA biosensor was not detected on nLDs in control cells (Fig. 

4.9D).  This was surprising because LIPIN-1 is recruited to membranes enriched in PA 

which it then dephosphorylates to DG.  One possible explanation could be that PA is 

rapidly converted into DG and does not reach levels detectable by the probe.  Since nLDs 

containing DG/PML (Fig. 4.9C), DG/CCTα (Fig. 4.10C) or DG/LIPIN-1α (Fig. 4.13C) 

are similar in size, it is possible that a multi-protein complex composed of G3P pathway 

enzymes could form on nLDs by a mechanism dependent on PML.  Whether GPAT4 

localizes to nLDs is not determined yet, however, overexpressed DGAT2 was shown to 

co-localize with PML on nLDs in oleate-treated Huh7 cells (14).  In addition, the nuclear 

DG biosensor and LIPIN-1α were localized to large nLDs, which are possibly PML/CCTα-

positive, in Caco2 cells (Fig. 4.14).    
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Accompanying reduced LIPIN-1 translocation and LD formation, PML-KO cells 

also had significantly reduced tracer [3H]oleate incorporation into TG (Figure. 4.17B).  

Since PML regulates gene transcription by modulating the function of transcription factors 

(317), reduced TG synthesis in PML-KO cells could be due to inhibition of expression of 

genes involved in TG biosynthesis.  However, this is unlikely because free fatty acids 

resulting from reduced TG synthesis must be oxidized but PML is responsible for PGC-1α 

deacetylation and activation (303), which is predicted to increase β-oxidation (318).  

Furthermore, PML knockout did not inhibit de novo TG synthesis (Fig. 4.17A).  

Considering that PML is a potent activator of PGC-1α/PPAR and fatty acid oxidation and 

its deficiency had a minimal effect on de novo fatty acid synthesis (Fig. 4.16C), one 

potential explanation for the reduction in [3H]oleate-labeled TG could be reduced fatty acid 

uptake at the plasma membrane.  In support of this, the fatty acid translocase FAT, a well-

known PPAR target gene, was reduced in Pml-/- mouse WAT (319).  It is possible that loss 

of nLD interaction with PML-NBs induces a transcriptional response that is dependent on 

PGC-1α/PPAR/FAT signaling pathway to avoid fatty acid overload.  Thus, reduced fatty 

acid availability for TG and PC synthesis consequently diminished both nLD and cLD 

formation.  However, the reason for increased level of [3H]glycerol-labeled TG in oleate-

treated PML-KO cells is not clear (Fig. 4.17A).  It is feasible that reduced fatty acid uptake 

also resulted in reduced hydrolysis of TG from LDs by lipases.  Collectively, this study 

demonstrates that assembly of PML-NBs on nLDs elicit a defensive response to fatty acid 

loading by recruiting TG and PC biosynthetic enzymes to generate LDs.  PML deficiency 

diminishes LIPIN-1 and CCTα translocation to nLDs, which results in TG and PC synthesis 

required for LD biogenesis.  
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CHAPTER 5: Conclusion 

 

LDs are dynamic organelles that store or release fatty acids and cholesterol 

depending on cellular metabolic states. Since an imbalance between storage and 

mobilization can lead to pathological conditions, it is important to understand mechanisms 

involved in regulating LD biogenesis and TG metabolism.   

PC is the primary phospholipid component of the surface monolayer of LDs that 

stabilizes and regulates their capacity to store and mobilize lipids.  Chapter 3 of this thesis 

explored the precise role of intestinal de novo PC synthesis by the CDP-choline pathway 

in TG metabolism.  This was based on the evidence that 1) knockdown of CCTα impairs 

LD morphology and TG storage in mammalian cells and 2) PC deficiency in mouse liver 

causes TG accumulation due to impaired VLDL secretion.  Consistent with other cell types, 

knockout of CCTα in Caco2 cells caused TG accumulation in abnormal LDs, which 

reduced transfer of cytosolic TG to the ER for secretion in chylomicrons (Fig. 5.1).   

Interestingly, it has recently shown that intestine-specific knockout of CCTα in 

mouse reduced the uptake of fatty acid from the intestinal lumen into enterocytes (275).  

However, metabolic labeling in our study demonstrated that there was 50% residual PC 

synthesis and fatty acid uptake and TG synthesis was normal in CCTα-KO cells.  A 

potential reason for this dissimilarity could relate to the expression of CCTβ2 in Caco2 

cells but not in normal intestinal epithelial cells.  As a result, PC synthesis by CCTβ2 could 

partially compensate for the loss of CCTα but still be limiting for LD biogenesis and 

chylomicron secretion.  It would be interesting to determine whether knockout of CCTβ2 

in Caco2 cells exerts a similar effect as CCTα knockout.  Alternately, since CCTβ2  
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Figure 5.1.  Consequences of loss of CCTα in Caco2 cells.  In normal Caco2 cells, TG 
stored in LDs is hydrolyzed and assembled into chylomicrons for secretion at the 
basolateral membrane (A).  In CCTα-KO cells, reduced de novo PC synthesis leads to 
formation of fewer, larger LDs, resulting in partial defective TG mobilization.  This 
reduces TG availability for chylomicron assembly in the ER and secretion (B and C). 
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expression and apoB-100 secretion disappear during development (4) and CCTα 

knockout had no effect on apoB-100 secretion, CCTβ2 expression could be specifically 

linked to apoB-100 secretion.  If CCTβ2 knockout reduces apoB-100 secretion, but not 

apoB-48 secretion, this would provide the first evidence that nuclear and cytoplasmic arm 

of the CDP-choline pathway differentially regulate TG secretion. 

One of the consequence of blocking PC synthesis is the redistribution of DG toward 

TG synthesis and LD formation.  Surprisingly, there was no evidence for such substrate 

diversion in CCTα-KO cells despite the accumulation of TG.  Instead, the increase in TG 

deposition was a result of defective turnover, which was potentially linked to decreased 

LD-associated lipase activity.  Because decreased TG mobilization from the storage pool 

can result in reduced oxidation, it is feasible that an inability to utilize fatty acid for PC 

synthesis may increase flux into oxidation pathways as a defensive mechanism against 

fatty-acid induced toxicity.  Taken together, this study shows a specific requirement for PC 

synthesis by the nuclear arm of the CDP-choline pathway for TG storage and secretion, 

and disruption in LD biogenesis lead to impaired lipid metabolism. 

 Data presented in Chapter 4 identified nLDs as novel sites for cellular lipid 

metabolism.  The initial hypothesis was that loss of PML would decrease nLD biogenesis.  

This hypothesis was based on evidence that 1) nLDs are dynamic like their cLD 

counterparts, 2) nLDs association with PML-NBs and CCTα and 3) loss of PML decreased 

nLD size and number during oleate load.  The findings in this study demonstrate that the 

interaction of nLDs with PML-NBs is not only involved in nLDs biogenesis but also affects 

cLDs and cellular TG homeostasis.  Loss of PML leads to reduced TG and PC synthesis 
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and LD formation as a result of decreased LIPIN-1 and CCTα translocation to nLDs (Fig. 

5.2). 

An important question is how nLDs are formed in cells that do not secrete 

lipoproteins.  Although data indicate that loss of PML caused more profound effects on 

nLDs compared to cLDs, it is feasible that TG stored in cLDs is in equilibrium with the 

cytoplasmic pool through diffusion within the ER and INM in U2OS cells.  In this regard,  

the presence of TG and PC biosynthetic enzymes in the INM suggest that nLDs in non-

lipoprotein secreting cells may be generated in the INM and bud into the nucleoplasm by 

seipin-dependent mechanism as shown in yeast (292).  Interestingly, Ohsaki et al. showed 

a discrete nuclear periphery localization of PML-II in Huh7 cells but not in cells that do 

not produce nLDs (14).  Since TG biosynthetic enzymes form a complex involving seipin 

in response to fatty acids, we speculate that PML is recruited to the nLD nucleation sites 

in the INM to regulate fatty acid partitioning. 

Our results show that nLDs associate with PML-NBs and CCTα in Caco2 and 

HepG2 cells, and that knockout of CCTα exerts similar effects on nLD and cLD 

morphology.  Since the source of nLDs in these cells are proposed to be ER-luminal 

apoB-free LDs (288), it would be interesting to determine whether PML plays a critical 

role in TG secretion in lipoproteins.  Suppressed nLD formation in PML-deficient cells 

could partition lipids into secretory pathway, cytoplasmic storage pool or β-oxidation.  

Alternately, loss of nLD interaction with PML-NBs could exert a transcriptional response 

to compromise fatty acid uptake.  Lipidomic and transcriptomic analysis in the presence 

or absence of oleate could provide a broader view of PML-regulated TG secretion.   
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Figure 5.2.  Consequences of loss of PML in U2OS cells.  As local synthesis of TG 
increases in the INM, nLDs are formed and interact with PML.  This interaction recruits 
and activates LIPIN-1 and CCTα for TG and PC synthesis.  CDP-choline produced by 
CCTα can be sued by CEPT/CPT at the INM for PC synthesis required for nLDs or can 
be transported into the cytoplasm for PC required for cLDs (A).  Loss of PML-nLD 
interaction induces a transcriptional response to reduce fatty acid uptake to prevent cells 
from lipotoxicity.  Consequently, LIPIN-1 and CCTα translocation/activation on the 
surface of nLDs is attenuated.  This reduces TG and PC synthesis, resulting in diminished 
LD biogenesis (B and C).  Dashed arrows indicate reduced substrate flux or translocation 
of enzymes.  
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Nevertheless, this study provides the first evidence that nLDs are key regulators of lipid 

homeostasis. 

In conclusion, data presented in this thesis demonstrate how PC and TG 

biosynthesis regulates formation and function of LDs and provide evidence that nLDs more 

broadly control cellular fatty acid metabolism.  Our research extends current understanding  

of the biology of LDs and would provide a basis for future studies related to LD-associated 

metabolic disorders. 
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