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ABSTRACT 

 

REGULATION OF MEMBRANE PHOSPHOLIPID BALANCE UNDER CONDITIONS 
OF IMPAIRED CDP-ETHANOLAMINE PATHWAY 

   

Roya Iraji  

University of Guelph, 2022 

Advisor:  

Dr. Marica Bakovic 

 

Phosphatidylethanolamine (PE) is produced by the CDP-ethanolamine Kennedy pathway 

and by phosphatidylserine (PS) decarboxylation. We explored the role of PS synthesis 

from phosphatidylcholine (PC) and PE by PS-synthase 1 (PSS1) and PS-synthase 2 

(PSS2) base-exchange reactions as well as the role of PS decarboxylation by PISD in 

providing PE when its synthesis is reduced by downregulation of Pcyt2. Results 

demonstrate that in Pcyt2 deficient human fibroblasts, choline and ethanolamine transport 

is increased by upregulation of CTL1. Choline treatment intensified this transport by 

upregulation of CTL2. Increased choline increased PC pool but it did not stimulate the PC 

or PE exchange to PS by PSS1 or PSS2. Although the PS pool increased, the PS 

decarboxylation to PE did not compensate for the reduced PE synthesis by the CDP-

ethanolamine pathway. The total PE pool was mainly preserved by reduced degradation 

of PE, synthesized by the remained activity of the CDP-ethanolamine pathway. 
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CHAPTER 1: INTRODUCTION  

 

1.1 Importance of membrane phospholipid 

 

Cell membranes separate the intracellular and extracellular spaces by making a 

hydrophobic barrier around the cells (1). Phosphatidylcholine (PC), 

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

phosphatidic acid (PA) are the main membrane lipids (2). Phospholipids are the most 

abundant bilayer-forming lipids essential for maintaining the cell structure and function 

(2). They assist in protein folding and skeleton formation and participate in critical 

signaling pathways for cell division, cell growth and membrane fusion and fission 

processes  (2). The most abundant phospholipid in mammalian cells is PC by about 50% 

of total phospholipids. PE (15-25%), PI (10-15%), and PS (5-10%) have the second, third, 

and fourth positions, respectively (3). The highest amount of PE is in the mitochondria, 

especially in the mitochondria inner membrane (IMM). PC and PS are widely spread in 

the plasma membrane, nucleus, endoplasmic reticulum (ER), and Golgi apparatus (3). 

Phospholipid concentration differs between the two layers of the membrane (3). PC, 

which has a larger head group than PE, is most abundant on the outer layer of the 

membrane, while PE and PS are more concentrated in the inner layer of the plasma 

membrane  (4–6). The concentration and distribution of phospholipids in membranes are 

critical in maintaining the membrane curvature and cellular integrity (7), and influences 

the critical cellular processes such as the cell division and programmed cell death by 
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apoptosis (6). Mammalian cells must maintain the phospholipids concentration within a 

narrow limit and if, for example, PS increases in the outer plasma membrane it will trigger 

the cell death by apoptosis (8). Factors responsible for controlling membrane 

phospholipid balance are still not well understood. They may involve multiple types of 

regulation of enzyme activity, phospholipid transport between places of origin and 

membranes where they will reside (3) or substrate availability (9–12). 

1.2 Choline and ethanolamine transport 

 

Choline is a cationic molecule with average concentrations of 10 μmol/L in plasma (13). 

Intracellular transport of Choline is mediated by multiple transport proteins: a) the high-

affinity choline transporter 1 (CHT1/SLC5A7)  active in cholinergic neurons , b) the 

intermediate affinity choline transporter-like proteins 1 and 2, (CTL1/SLC44A1 and 

CTL2/SLC44A2) important for phospholipid synthesis in all cell types, and c) the low 

affinity non-specific organic cation transporters 1 and 2 (OCT1/ SLC22A1 and 

OCT2/SLC22A2) (12,14–20). Choline and Etn transports are competitive (21,22) and a 

recent study established for the first time that CTL1 and CTL2 are not only Choline 

(17,21–23) transporters but also Etn transporters (9).  The inhibition of CTL1 and CTL2 

mediated Etn transport decreased PE synthesis, showing that they are directly linked to 

the CDP-ethanolamine pathway. CTL1 is however a high-affinity Etn transporter while 

CTL2 is a low-affinity Etn transporter so that CTL1 contributes more transport at 

physiological concentrations (10-50 µM) (9).   
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Genetic mutations in CTL1 gene SLC44A1 is linked to a new neurodegenerative disease 

called CONATOC (10,24). CTL1 deficient patients have clinical symptoms resembling 

childhood onset Alzheimer's disease, including ataxia, tremor, dysphagia, dysarthria, and 

cognitive decline (10). In CTL1 mutant fibroblasts choline and ethanolamine transports 

are reduced but not eliminated because the CTL2 function is intact (10). Mutations in 

CTL2 gene SLC44A2 are causing sensorineural hearing loss in mice (25) but no human 

disease is stablished. 

1.3 Types of phospholipids  

 

The main PLs are made of diacylglycerol (DAG), phosphate group and lipid specific head 

group (26).  Phosphatidic acid (PA) is the main source of DAG and CDP-DAG (Fig. 1-1). 

The endoplasmic reticulum (ER) enzyme phosphatidic acid phosphatase-1 (PAP-1) 

converts PA to DAG (3,27), which is then used to form PC and PE by the CDP-choline 

and CDP-ethanolamine arms of the Kennedy pathway. CDP-DAG is produced from PA 

by CDP-diacylglycerol synthase, which is localized in the ER and mitochondria (3). CDP-

DAG is used for the formation of phosphatidylinositol (PI) in the ER, cardiolipin (CL) in the 

mitochondria, and phosphatidylglycerol (PG) in both ER and mitochondria (3). Each 

phospholipid class has the same head group but different fatty acid side chains (26). The 

fatty acid composition in sn1 and sn2 position of PLs is different with the preference of 

saturated or monounsaturated fatty acids in the sn1 position and polyunsaturated fatty 

acids in the sn2 position (26).  
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Figure 1.1: Biosynthetic pathways for PC, PE, PS, and PI  

 

1.4 Biosynthetic pathways for PE, PC and PS 

 

1.4.1  PC and PE de novo synthesis by the Kennedy pathway 

 

The major membrane phospholipids PC and PE are produced by CDP-choline and CDP-

ethanolamine arms of the Kennedy pathway (Fig. 1-1) (28–31). The Kennedy pathway 
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occurs in three different cellular compartments, cytosol, ER, and mitochondria. The 

extracellular Choline and Etn are transported by CTL1 and CTL2 and immediately 

phosphorylated by cytosolic Choline and Etn kinases (CKα/β and EKα/β) to produce 

Phospho-Cho and Phospho-Etn. At the level of ER, CDP-phosphocholine and CDP-

phosphoethanolamine cytidylyltransferases (CCT/Pcyt1 and ECT/Pcyt2) form CDP-Cho 

and CDP-Etn, and this is the most important regulatory step in the Kennedy pathway. In 

the final steps of the Kennedy pathway, which also occurs in the ER, CDP-choline and 

CDP-ethanolamine are coupled with DAG by choline- and ethanolamine 

phosphotransferases (CPT1/2, EPT1/2), to produce PC and PE and release CDP (30). 

In addition, PE could be formed by PS decarboxylation catalyzed by PISD (Fig. 1-1). PE 

can be also regenerated from lyso-PE by lyso-PE acyltransferase (Ale1) (32–34). As for 

other phospholipids PE turnover is a regular part of membrane regeneration, where PE 

synthesis is balanced with PE degradation by numerous phospholipases including A1/2, 

C and D1/2 types (35–39).  

1.4.2 PS synthesis from PE and PC by the 'base exchange' mechanism 

 

In mammalian cells PS is exclusively produced from PC and PE at the level of ER by a 

base exchange mechanism catalyzed by PS synthase 1 (PSS1) and PS synthase 2 

(PSS2). PSS1 and PSS2 catalyze the exchange of PE head group (ethanolamine) or PC 

head group (choline) by the amino acid serine (Fig. 1-1) (40–42). The exchange reaction 

occurs in the mitochondria-associated membranes (MAM) (43,44), which are specific ER 

sites in close contact with the outer mitochondria membranes (OMMs). This intra-
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organelle membrane contact is important for the import of the ER synthesized PS into the 

mitochondria (45). Compared to other ER sites, MAM is enriched in lipid synthesizing 

enzymes, including PSS1 and PSS2 (44–46). PS synthesis is regulated by a negative 

feedback mechanism where the newly made PS inhibits PSS1 and PSS2 activity 

(42,47,48). Studying the contribution of PC-PSS1 and PE-PSS2 to total PS formation, 

PSS1 reaction had a bigger role than PSS2 in PS synthesis, at list in HeLa cells (49). 

Also, it seems that PSS1 can use both PC and PE as substrates for PS formation, while 

PSS2 is more specific and can only exchange PE to PS (44,50). 

1.4.3 PS decarboxylation to PE 

 

PS decarboxylation is essential to maintain PE content in mitochondria and this could be 

limited by a slow transport of PE from ER to mitochondria (45,49). PSS1 knockout cells 

have abnormal mitochondrial morphology and impaired mitochondrial respiration (51–

53). PISD catalyzes PS decarboxylation to PE in the inner mitochondria membrane (IMM) 

(54,55). The produced PE mostly remains in the mitochondria but can also be transported 

to the ER and plasma membrane (45). PISD dysfunction is pathological, and a complete 

PISD deletion in mice alters mitochondria function and causes death during embryonal 

development (56). PISD has a high capacity to decarboxylate PS, yet the PS transfer 

from ER to mitochondria is the rate-limiting step in this process of PS degradation to PE 

(49). PS cannot be made in the mitochondria and there is a need for the ER base-

exchange reactions of PSS1 and PSS2 to make all cellular PS (57). Therefore, the 

efficiency of PS synthesis in the ER, the PS transfer from the ER (MAM) to the 
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mitochondria (57–61), and the availability of PC and PE directly affect how much of PS 

will enter the mitochondria and be used in the PISD decarboxylation pathway (62). A 

study on PS and PE mitochondrial transport emphasized PSS1 role in PS synthesis and 

consequently PS decarboxylation to PE(49) since in PSS1 knockout cells, PE 

synthesized via PISD was reduced by 40%. If PSS2 is less catalytically active than PSS1 

then there is a question of what the other sources of PS for decarboxylation reaction are. 

The rational explanation would be direct use of the mitochondrial membrane PS, a source 

of PS that is not much explored. 

1.5 Maintenance of PE when CDP-ethanolamine pathway is impaired 

 

Disruption of phospholipid balance (roughly determined by PC/PE membrane ratio) could 

impair multiple cellular functions. In mitochondria, PE is essential for maintaining 

membrane morphology (63) by generating negative membrane curvature that allows 

cristae to have their long, tubular structure (64) and for the mitochondrial membrane 

potential and permeability (65). In Drosophila Pcyt2 knockout, decreased PE content 

activates the nuclear transcription factor Sterol Regulatory Element-Binding Protein 

(SREBP), which stimulates lipogenic genes and drives an accumulation of TAG (fat) 

within myocytes, ultimately leading to heart failure (66). Pcyt2 is the main regulatory 

enzyme in the CDP-ethanolamine pathway, and its dysfunction is a contributing factor in 

the development of metabolic and neurodegenerative diseases (67–71). In mice 

embryos, complete deletion of Pcyt2 is lethal (69), demonstrating the importance of de 

novo PE synthesis for growth and development. Muscle and liver specific Pcyt2 knockout 
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mice also have upregulated lipogenesis by SREBP1 and accumulate DAG and TAG in 

the targeted organs (67,68). Heterozygous mice for the Pcyt2 gene (Pcyt2+/-) have 

reduced formation of CDP-ethanolamine from Phospho-Etn and limited PE synthesis, and 

experience age-dependent development of metabolic syndrome (obesity, insulin 

resistance, NASH, hypertriglyceridemia). Decreased PE synthesis in Pcyt2 -/+ mice 

caused the accumulation of DAG due to the lack of its utilization in the CDP-ethanolamine 

pathway (70,72). DAG is redirected to lipogenic pathways causing upregulation of fatty 

acid synthesis and transport, which leads to TAG accumulation and development of 

metabolic syndrome (70). Other studies have shown unwanted effects of Pcyt2 deficiency 

on the heart and neuronal cells. Male Pcyt2(+/-) mice develop cardiac hypertrophy (71).  

PE levels and specifically PE-plasmalogens are lower in the brain of Alzheimer's patients 

(73–75).  

Recently discovered inherited mutations in the PCYT2 gene cause spastic paraplegia 

with developmental delay, progressive cerebral and cerebellar atrophy, and brain lipid 

accumulation (76). Comparing the spastic paraplegia patients' fibroblasts with control 

cells, indicated no difference in mRNA expression of Pcyt2. Genetic analysis, however, 

revealed different heterozygous and homozygous Pcyt2 mutations. One of the patients 

had two heterozygous missense variants that affected the C-terminal domain of Pcyt2 

and interfered with the formation of active Pcyt2 homo- and heterodimers (77). Four other 

patients had homozygous nonsense variants that caused truncations of the catalytic site 

in both Pcyt2 isoforms. Immunoblotting showed two Pcyt2 isoforms for control cells at 

44kD (Pcyt2β) and 49kD (Pcyt2α). The expression of Pcyt2β was significantly reduced in 
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all patients and the Pcyt2α was absent or was observed as a truncated form. In Pcyt2 

mutated patients, DAG and TAG were accumulated, while both PE and PE-ether 

phospholipids (plasmalogens) were reduced (76). This result suggests that in mutant 

patients, DAG and TAG are accumulated due to reduced consumption of DAG by the 

CDP-ethanolamine Kennedy pathway (76). 

1.6 Contributions of CDP-ethanolamine pathway and PS 

decarboxylation to PE synthesis 

 

The availability of ethanolamine and serine and the activity of PISD and Pcyt2 directly 

control the contribution of PS decarboxylation and the CDP-ethanolamine pathway to PE 

synthesis. CDP ethanolamine pathway is more robust and better adapted to metabolic 

changes than the mitochondrial PS decarboxylation pathway. When the concentration of 

serine and ethanolamine is high, the PE production from the CDP-ethanolamine pathway 

is about double of the PSD pathway. At low concentrations of serine and ethanolamine, 

the CDP-ethanolamine pathway has a bigger role and can synthesize 100-fold more PE 

than the PSD pathway (49). Also, the increased PE synthesis via the CDP-ethanolamine 

pathway reduces the export of PE from mitochondria. Supplementing the HeLa cells with 

Etn increased the amount of total PE by 20–25% and decreased the transfer of PE made 

in the mitochondria by 70% (49).  

There is evidence that if either PISD pathway or CDP-ethanolamine pathway is impaired, 

the other pathway can compensate for reduced PE synthesis. In Pisd+/− heterozygous 
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mice, although the activity of PISD was half of the wild-type mice, there is a noticeable 

increase in Pcyt2 protein, suggesting increased PE synthesis by the CDP-ethanolamine 

pathway(56). Also, in PSS1 knockout cells, where reduced availability of PS affects PS 

decarboxylation, the total PS did not change (49). This evidence shows that other 

pathways compensate by increasing PE synthesis when the PS degradation is impaired. 

Muscle and liver specific knockouts of Pcyt2, despite fat accumulation, did not show signs 

of liver injury or inflammation (68), or muscle insulin resistance (67). The systemic 

deletion in Pcyt2(+/-) mice also showed no changes in PE content (68), suggesting that the 

compensatory mechanisms such as increased PISD pathway or reduced PE degradation 

maintain physiological PE levels. However, Pcyt2+/- mice develop severe insulin 

resistance and non-alcoholic liver disease, including inflammation, showing that those 

compensations had serious consequences when multiple organs have impaired the PE 

Kennedy pathway (78). 

1.7 Rationale and hypothesis 

 

Mammalian cells must maintain membrane phospholipids (PL) within a narrow limit. Any 

alteration in PL content and composition by genetic disruption of the key regulatory 

enzymes for PL synthesis can compromise the vital functions(79). Availability of DAG, 

CTP, Phospholipids head group, and the Kennedy pathway enzymes are important for 

Etn synthesis. However, Pcyt2 is the critical regulatory enzyme in the CDP-ethanolamine 

pathway, and its deficiency contributes to the development of metabolic syndrome (67,71) 

heart failure (66), neurodegeneration (74), and liver steatosis (71). Studies have shown 
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that adopting mechanisms such as an increased PC synthesis or reduced PE degradation 

can compensate for a compromised PE synthesis by the CDP-ethanolamine pathway 

(68,69). PC, PE, and PS synthesis pathways form a regulatory cycle in which for example, 

PC can be degraded to PS by base exchange reaction and PS decarboxylation then can 

convert PS to PE (45,49). 

Because PS decarboxylation is restricted to the inner mitochondrial membrane (54,55) 

and because PS transfer from ER to mitochondria is a slow process  (49), It is 

hypothesized that providing sufficient substrate for PC synthesis by choline treatment will 

increase PS availability. The increased PS availability will compensate for the reduced 

PE synthesis in Pcyt2 deficient cells by increasing decarboxylation of PS to PE.  

It was hypothesized that:  

1- PS produced from PC by PSS1 is the major source of PS when the CDP-

ethanolamine pathway is impaired, and Choline treatment will increase the 

PSS1-based synthesis of PS. 

2-  PS to PE degradation by PISD will increase when the CDP-ethanolamine 

pathway is deficient and choline treatment will further increase this reaction.  

To investigate that, 3H-glycerol labeling of PC, PE, and PS, serine radiolabeling of 

PS and PE, and PL fatty acid composition was characterized in Pcyt2 deficient (KO) 

and control (WT) human fibroblasts, and PSS1, PSS2, and PISD protein and mRNA 

expression were compared between Pcyt2-deficient and control fibroblasts and heart 

tissues of Pcyt2(-/+) and WT female and male mice.  
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2 CHAPTER 2: METHODS  

 

2.1  Cell culture and choline treatments  

 

Pcyt2 knockdown human fibroblast (KO) was obtained by infecting the human fibroblast 

cells MCH58 with Pcyt2 shRNA lentivirus and selection by puromycin (2µg/mL). The 

MCH58 cells infected with an empty lentiviral vector served as control (WT) cells (80). KO 

cells and WT cells were maintained in T75 flasks containing Dulbecco's Modified Eagle's 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 0.02% puromycin 

in a humidified atmosphere at 37oC and 5% CO2, in triplicate. As previously described 

(10), choline chloride (Sigma Aldrich) treatments with 2.5 and 5 mg/L were performed for 

21 days. During the 21-day treatment, the cells were passaged when 70–80% confluence 

was reached, and media was changed every four days. After treatment, cells were 

washed with phosphate-buffered saline (PBS) and used for immunoblotting and gene 

expression analyses. 

2.2  Animals  

 

Pcyt2+/− mice generation and genotyping are described previously (69). Pcyt2+/− mice 

were crossbred and maintained according to approved procedures by the University 

Animal Care Committee. 6-9 months old mice were kept in 12h light/dark cycle with free 

access to water and a standardized chow diet (Harlan Teklad). Heart tissues were frozen 

in -80 at liquid nitrogen for later immunoblotting. 
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2.3  Cell lysis, tissue homogenization, and protein preparation  

 

After washing the cells two times with 1X PBS (Fisher Scientific) and harvesting with 

0.25% trypsin-EDTA (Fisher Scientific), the total cell lysate was extracted using the lysis 

buffer (Sigma Aldrich) with protease inhibitor cocktail (Sigma Aldrich #P8340) and 

phosphatase inhibitor cocktail (Sigma Aldrich #P5726) at 4oC for 20 min and centrifuged 

at 14,000 g for 20 min at 4oC to remove the cell's debris.  

For the mouse heart samples, approximately 300 mg heart tissue was weighed and 

homogenized in a cold homogenization buffer (Sigma Aldrich) with protease inhibitor and 

phosphatase inhibitor, incubated for 20 min at 4˚C, and centrifuged at 14,000 g for 20 min 

at 4˚C. 

Protein concentration was determined using BCA protein assay (Fisher Scientific). The 

fibroblasts and heart protein samples were mixed with 2x Laemmli buffer (Sigma Aldrich), 

heated for 10 min at 95 ˚C, and frozen at -80 for later use. 

2.4  Immunoblotting 

 

Cell or tissue lysates (25 µg) were loaded on a 12% sodium dodecyl sulfate 

polyacrylamide gel and ran at 120V for 1h and 20 min. Gels were transferred to a 

polyvinylidene difluoride membrane for 1h at 22V by a semi-dry transfer system and 

stained with Ponceau S. Membranes were then blocked in 5% FBS (Akron Biotech) in 

Tris Buffered Saline-Tween 20 (TBS-T) for 1-2 hours, and then incubated overnight with 
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one of the antibodies for PISD (1:1000 in 5% FBS in TBS-T) (HPA031090, Sigma-

Aldrich), PSS1 (1:1000 in 5% FBS in TBS-T) ( HPA016852, Sigma-Aldrich), PSS2 

(1:1000 in 5% FBS in TBS-T) (N-TERM)( ABIN2783985, antibodies-online.com), CTL1 

(1:1000 in 5% FBS in TBS-T) (H00023446, Novusbio), and CTL2 (1:1000 in 5% FBS in 

TBS-T) (H00057153, Novusbio), followed by incubation with anti-rabbit (#7074 Cell 

Signaling Technology) or anti-mouse (#7076S Cell Signaling Technology) secondary 

antibody for 2h. Membranes were then visualized using a chemiluminescent substrate 

(BIO-RAD). All immunoblotting experiments repeated twice in triplicates. 

2.5  RNA extraction and quantification  

 

Reverse-Transcription PCR was performed for the genes involved in the choline and 

ethanolamine transport, PS decarboxylation, and PC and PE base-exchange reactions. 

Cells were washed two times with 1X PBS (Fisher Scientific) and detached with trypsin. 

Total mRNA was isolated from Ko and WT choline treated and untreated cells using the 

GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich). cDNA was synthesized 

from 1 ug RNA using RDRT-25RXN ReadyScript cDNA Synthesis Mix (Sigma-Aldrich). 

Expression of PSS1, PSS2, PSD, CTL1, and CTL2 genes was determined by polymerase 

chain reaction using primers and conditions summarized in Table 1. Reactions were 

standardized by amplifying glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

mRNA and the relative band intensity was quantified by using Image J software (NIH, 

Bethesda, MD, USA). The PCR experiments carried out in triplicate. 
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Table 2.1: Primer sequences and melting temperatures (Tm) for polymerase chain reaction (PCR). 

Gene Primer Forward 5’-3’ Primer Reverse 5’-3’ Tm 

(oC) 

CTL1 

(SLC44A1) 

CTCTTCTGCATTGGGATGGGA TCCACCACCCTGTTGCTGTA 57  

CTL2 

(SLC44A2) 

CCACGCCTACAAGGGTGTCC CCATGGCAATGACCAGGCCT 58 

PISD CATCTGGACGTTGGGGTGA CGACTCCAGGGAGTAGGTGA 58 

PSS1 CGTTCACTCGACCTCATCCA GATTGTCCAGCAGAGACCGT 56 

PSS2 GCACCGCACACCCTTTACT GTTGTAGGCCGTGTCCTGAG 56 

GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 58 

 

2.6 Radiolabeling 

 

To compare the steady-state levels of PC, PE, and PS, Ko and WT cells, grown in 60 mm 

plates in triplicate, and were incubated for 24h with 0.3 uCi/60mm [3H] Glycerol or 0.5 

uci/60mm [3H] Serine (ARC, St. Louis, MO, USA) prepared in the standard media (DMEM 

with 10% FBS and 0.02% puromycin). Lipids were extracted with chloroform/methanol 

(2:1, v/v), and PL separated by thin-layer chromatography (TLC) using chloroform, 
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methanol, acetic acid, formic acid, and water (70:30:12:4:1). Bands were visualized with 

iodine vapor, and corresponding bands to PC, PE, and PS were scraped into scintillation 

vials, and radioactivity was determined by liquid scintillation counting (LSC).  

2.7  Thin-layer chromatography for total PLs, DAG, and PI 

 

Total lipids were extracted by Folch et al. protocol (81), PC, PE, PS, and PI separated by 

TLC using chloroform/ MeOH/ 2-propanol/ KCl (0.25% w/w)/ triethylamine (30: 9: 25: 6: 

18 v/v) and used for PI/PC+PE+PS assessment. Total PLs and DAG were separated 

using petroleum ether/ethyl ether/acetic acid (80:20:1). The experiment was carried out 

in triplicate and Corresponding bands were visualized with 0.1% (w/v) ANSA, and the 

band intensity quantified using Image J software (NIH, Bethesda, MD, USA). 

2.8 Analysis of phospholipid fatty acid composition 

 

To analyze fatty acids composition, 4mL of CHCl3: MeOH (2:1) containing 10ug free fatty 

acid C17:0 as an internal standard used for lipid extraction by Folch protocol (81). 

Samples were flushed with nitrogen gas and stored overnight at 4°C. The next day, 

samples were centrifuged at 1000 rpm for 10 min and the lower chloroform layer 

transferred into an acid-washed tube and dried down under a gentle stream of nitrogen. 

Samples were then saponified by adding 2 mL, 0.5 M KOH in methanol for 1 h and 

subsequently methylated by adding 2 ml hexane and 2 ml 14% BF3-MeOH for 1 h. 

Reaction was stopped by adding 2ml double distilled water. Then samples were spined 

for 10 min at 1000 rpm (21°C), and the hexane phase was extracted, evaporated under 
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nitrogen gas, and reconstituted in 1.5 mL of hexane for analysis. Fatty acid methyl esters 

(FAMEs) were determined by gas chromatography using Agilent 6890 gas 

chromatograph (Agilent Technologies, Palo Alto, CA), equipped with a flame ionization 

detector and DB-FFAP fused-silica capillary column (15 m, 0.1μm film thickness, 0.1 mm 

i.d.; Agilent Cat# 127-32H2). Samples were injected in 200:1 split mode. The injector and 

detector ports were set at 250°C. FAMEs were separated using a temperature program 

initially set at 150°C for 0. 25 min, increased at 35°C /min and held at 170°C for 3 min, 

increased at 9°C /min to 225°C, and finally increased 80°C/min to 245°C and held for 2.2 

min. The total run time per sample was 12 min. The carrier gas was hydrogen, set to a 

30 ml/min constant flow rate. FAME peak areas were determined by retention times of 

FAME standards (Nu-Chek-Prep, Elysian, MN) using EZChrom Elite software (version 

3.2.1). The experiment was done in triplicate and Individual fatty acids were then 

expressed as percent of total fatty acid composition. 

2.9 Statistical analysis 

 

Data are represented as mean ± SEM. Independent Samples t-test was performed to 

compare means between WT and KO untreated cells, FWT and FKO, and MWT and 

MKO hearts. One-way ANOVA with post-hoc Bonferroni or Tukey's test was performed 

to compare means between WT untreated and choline treated, and KO untreated and 

choline treated groups. A difference at 95% confidence interval (p ≤ 0.05) was considered 

as significant. All statistical tests were performed with IBM SPSS Statistics 28 software. 
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3 CHAPTER 3: RESULTS  

 

3.1  The effect of choline treatment on transport and 'phospholipid 
cycle' gene expression in PCTY2 deficient human fibroblasts 

 

3.1.1 Choline and ethanolamine CTL1 and CTL2 transporters 

 

To better understand the regulation of the PC-PS-PE cycle, the expression of genes 

contributing to choline/ethanolamine transport (CTL1 and CTL2), 'base-exchange' (PSS1, 

PSS2) and PS decarboxylation (PISD) were characterized at the mRNA and protein 

levels. Pcyt2 deficient (KO) and control fibroblasts (WT) were incubated for 3 weeks at 

different choline concentrations (2.5 and 5 mg/L) and compared to choline untreated cells 

grown under the same conditions. 

As shown in Figure 3-1 A, there were no significant differences in CTL1 mRNA expression 

between KO and WT untreated and choline treated cells. CTL1 protein was however 

higher in untreated KO cells relative to untreated WT cells. Choline treatment further 

increased CTL1 protein. However, the increase was only statistically significant in WT 

cells (Figure 3-1 B). These results are in agreement with previous findings from our 

laboratory that showed that Choline treatment stimulates choline uptake by 1.45-fold and 

PC synthesis by 1.2-fold in KO cells compared to WT cells (82). 

CTL2 is less potent transporter than CTL1 and its transport function is less studied 

compared to CTL1 (9,12,17–20). As shown in Figure 3-2-A, CTL2 mRNA was lower in 
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KO cells compared to WT cells, and choline treatment did not change CTL2 mRNA 

expression. On the other hand, Choline treatment reduced the CTL2 protein in WT cells 

and increased the CTL2 protein in the KO cells that was statistically significant at 2.5 mg/L 

of choline (Fig. 3.2 B).  
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Figure 3.1: Choline treatment increases CTL1 protein but not mRNA in Pcyt2 deficient and control 
fibroblasts. (A) RT-PCR results for CTL1/SLC44A1 mRNA showing that it did not differ in WT and KO cells 
before and after treatment with choline. CTL1 mRNAs levels were corrected by control GAPDH. (B) CTL1 
protein content in WT and KO cells before and after treatment with choline. The CTL1 protein was analyzed 
by immunoblotting, and the bands were corrected by control αβ-Tubulin. The band intensity was quantified 
using ImageJ software and expressed in arbitrary units.  
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(*) denotes significant differences (p < 0.05) relative to WT at 0 mg/L choline; ( ¢ ) denotes significant 
difference (p < 0.05) relative to WT at 2.5 mg/L choline  
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Figure 3.2: Choline treatment differently affects CTL2 protein and mRNA expression in Pcyt2 

deficient and control fibroblasts. (A) mRNA expression of CTL2/SLC44A2 gene in WT and KO cells 

before and after treatment with choline. Numbers are corrected by control GAPDH. (B) CTL2 protein 

content in WT and KO cells before and after treatment with choline. The CTL2 protein was analyzed in 

fibroblasts' total protein lysate by immunoblotting, and numbers were corrected by control αβ-Tubulin. The 

band intensity was quantified using ImageJ software and expressed as arbitrary units.  

(*) denotes statistically significant difference (p < 0.05) relative to WT 0 mg/L choline. (α) denotes 

statistically significant difference (p < 0.05) relative to KO 0 mg/L choline treatment. 

  

3.1.2 PC exchange to PS by PSS1 in wild type and knockout cells 

 

The regulation of PSS1 is important to keep normal membrane PS, since increased PS 

could participate in apoptotic cell death (8,42,47,48). Choline treatment decreased PSS1 

protein in WT cells but did not influence PSS1 mRNA expression (Fig. 3.3 A,B), indicating 

that a posttranslational mechanism was in place for the negative regulation of PC 

exchange to PS by choline.  

In KO cells, PSS1 was however increased at the mRNA level (Fig. 3.3 A). The increased 

PSS1 mRNA in KO cells suggested an increased need for PC degradation to PS when 

PE is not fully available (42,44,46). Differently from WT cells, PSS1 protein in KO cells 

was unchanged (Fig. 3.3 B) and unaffected by choline (Fig. 3.3 A,B), again to prevent 

degradation of PE produced by the limited  CDP-ethanolamine pathway in KO cells.  
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Figure 3.3: PSS1 response to choline treatment differs in KO and WT fibroblasts. (A) mRNA 

expression of PTDSS1 (PSS1) in WT and KO cells before and after treatment with choline. Numbers are 

corrected by control GAPDH. (B) PSS1 protein content in WT and KO cells before and after treatment with 

choline. The PSS1 protein was analyzed in fibroblasts' total protein lysate by immunoblotting, and numbers 

are corrected by control αβ-Tubulin. The band intensity was quantified using ImageJ software and 

expressed as arbitrary units.  
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(*) Denotes statistically significant difference (p < 0.05) relative to WT 0 mg/L choline. 

 

3.1.3 PE exchange to PS by PSS2 in wild type and knockout cells 

 

At the level of mRNA expression, PSS2 was not different in untreated and choline treated 

KO and WT fibroblasts (Fig. 3.4 A), showing that the regulation was not at transcriptional 

levels. On the other hand, PSS2 protein was detected as an intact protein (56 kDa band) 

and as its degradation product (27kDa band) (Fig. 3.4 B). The intact PSS2 protein was 

less abundant in KO cells than in WT cells (Fig. 3.4 B), showing a faster protein 

degradation to reduce the PE exchange to PS as a way to preserve PE from degradation 

in KO cells. As could be expected, choline facilitated PSS2 protein degradation as further 

indicated by the increased amount of the degradation product of PSS2 in WT cells (Fig. 

3.4 B). As in the case of choline effect on PSS1 protein (Section 3.1.2), this is a negative 

feedback mechanism to maintain normal PS level (42,47,48). In KO cells, where the basal 

PSS2 protein was already reduced compared to WT cells, choline treatment positively 

affected the PSS2 protein level, but the trend was not statistically significant (Fig. 3.4 B). 
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Figure 3.4: PSS2 response to choline treatment differs in KO and WT fibroblasts. (A) mRNA 

expression of (PTDSS2) PSS2 in WT and KO cells before and after treatment with choline. Numbers are 

corrected by control GAPDH. (B) PSS2 protein content in WT and KO cells before and after treatment with 

choline. The PSS2 protein was analyzed in fibroblasts' total protein lysate by immunoblotting, and numbers 

are corrected by control αβ-Tubulin. The band intensity was quantified using ImageJ software and 

expressed as arbitrary units.  



 

 

27 

 

(*) Denotes statistically significant difference (p < 0.05) relative to WT 0 mg/L choline. 

 

3.1.4 PS decarboxylation by PISD in wild-type and knockout cells 

 

As shown previously in our lab (83), PISD mRNA expression was modestly but 

significantly higher in KO cells compared to WT cells (Fig. 3.5 A). However, this small 

change was not reflected at the PSD protein level (Fig. 3.5 B). Treatment with choline 

also did not affect PISD mRNA and protein in both cell types (Fig. 3.5 A and B). Those 

results together showed that the levels of PE under conditions of reduced CDP-

ethanolamine pathway in KO fibroblasts were not compensated by increased PISD 

expression and that PISD was not dependent nor regulated by choline. 
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Figure 3.5: Gene expression and protein levels of PISD are not modified. (A and B). (A) mRNA 

expression of PISD in WT and KO cells before and after treatment with choline. Numbers are corrected by 

control GAPDH. (B) PISD protein content in WT and KO cells before and after treatment with choline. The 

PISD protein was analyzed in fibroblasts' total protein lysate by immunoblotting and numbers were 

corrected by control αβ-Tubulin. The band intensity was quantified using ImageJ software and expressed 

as arbitrary units.  
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* Denotes statistically significant difference (p < 0.05) relative to WT 0 mg/L choline. 

 

3.2 Relationship between phospholipids and DAG in wild type and 
knockout cells 

 

Total PLs (PE, PC, PS), DAG, and PI were estimated from TLC band intensities of the 

lipids extracted from KO and WT cells. Surprisingly, total PLs were higher in KO cells 

compared to WT cells (Fig. 3.6A). TAG was not detected even after repeating 

experiments by increasing the number of cells for lipid extraction. When the band intensity 

was normalized to total PLs, it was found that DAG (Fig. 3.6B) and PI (Fig. 3.6C) were 

significantly reduced in KO cells compared to WT cells. Taken together, the higher PLs 

at the expense of reduced PI and DAG levels in KO cells showed that DAG was both 

redirected from PI pathway and preferentially used to incorporate into PLs (PC, PE, and 

PS) in KO cells, mostly into PC (Fig. 1-1) (26).  

 

 

Figure 3.6: Total phospholipids, DAG, and PI in Pcyt2 knockout and WT cells. (A) Total Phospholipids 

in WT and KO cells before treatment with choline. Numbers are corrected by protein concentration of total 
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cell lysate. (B) DAG content in WT and KO cells before treatment with choline. Numbers are corrected by 

Total Phospholipids band intensity. (C) PI content in WT and KO cells before treatment with choline. 

Numbers are corrected by total PL bands intensity; TLC band intensity was quantified using ImageJ 

software and expressed in arbitrary units.  

(*) Denotes statistically significant difference (p < 0.05) relative to WT cells without choline.  

 

3.3   PC, PE, and PS pools size in wild-type and knockout cells  

 

To further explore PLs contents, the PC, PE, and PS pool sizes were measured in KO 

and WT fibroblasts by radiolabeling with 0.3 μCi [3H] glycerol for 24 h. The results showed 

that Pcyt2 deficiency in KO cells increased the pools of PC, PE, and PS (Fig. 3.7). The 

data agree with the data in Section 3.2, showing that an increased DAG utilization 

(reduced levels) was the main factor for the observed increase in PLs in KO cells. As 

expected from the abundance in the cell membranes, most of [3H]Glycerol was 

incorporated into PC and the least of [3H] glycerol was incorporated in PS (Fig. 3.7).  

 

 

Figure 3.7: Equilibrium radiolabeling of phospholipids with [3H]-Glycerol.  (A, B, and C) Phospholipid 

pool size was measured after 24h of radiolabeling with 3H-glycerol in KO and control untreated cells.  KO 

fibroblasts had significantly higher PC (A), PE (B), and PS (C) than WT.  

A

 B 

B C 
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*Denotes statistically significant difference (p < 0.05) relative to WT mg/L choline.  

 

3.4 Incorporation of [3H] Serine in PE and PS in Pcyt2 knockout and 
control cells  

 

 To specifically measure PS decarboxylation reaction, we performed the equilibrium 

radiolabeling of PS and PE with [3H] serine. KO and WT fibroblasts were radiolabeled 

with 0.5 μCi [3H] Serine/plate for 24 hours. As shown in Fig. 3.8, the incorporation of [3H] 

Serine into PS and PE was not different between WT and KO cells indicating that the 

increased glycerol labelled PE pool (Fig. 3.8) in KD cells was not caused by PS 

decarboxylation, in agreement with the unmodified gene and protein expression for PISD 

(Fig. 3.5 B)   

 

 

 

Figure 3.8: [3H] Serine PE and PS content in Pcyt2 knockout and WT cells (A and B). PE and PS pool 

size was measured after 24h of equilibrium radiolabeling with 3H-Serine in KO and control untreated cells. 

The [3H] Serine PE (A) and PS (B) equilibrium were not different between the KO and WT fibroblasts.   

A B 
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3.5 Phospholipid fatty acid composition in Pcyt2 knockout and control 
cells   

  

Although both the CDP-ethanolamine pathway and the PS decarboxylation pathway 

produce PE, studies on different cell types and organisms demonstrated that the fatty 

acid composition of PE made by CDP-ethanolamine and PS decarboxylation pathways 

could be different (49,84,85). The fatty acid composition of total lipids under conditions of 

intact (WT) and reduced PE synthesis (KO) is shown in Table 3.1 and Figure 3.9. The 

total saturated fatty acids (SFA) were not different in KO and WT fibroblasts (Fig. 3.9).  

Among SFA only myristic acid (14:0) was significantly higher in KO cells than in WT cells 

(Table 3.1). Total monounsaturated fatty acids (MUFA) were however significantly higher 

in KO than in WT fibroblasts (Fig. 3.9) with contributions from higher Palmitoleic acid 

(16:1) and Oleic acid (18:1) in KO cells (Table 3.1). Comparing polyunsaturated fatty 

acids (PUFA), total PUFA was lower in KO cells than in WT cells (Fig. 3.9) with significant 

differences in n-6 fatty acids, Linoleic acid (18:2 n-6), Dihomo gamma-linolenic acid (20:3 

n-6), Eicosapentaenoic acid (20:6 n-6), Adrenic acid (22:4 n-6), and Eicosadienoic acid 

(20:2n-6). For n-3 PUFA, Docosapentaenoic acid (22:5 n-3) was deficient in KO cells 

(Table 3.1).  
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Table 3.1: Fatty acid composition of total lipids in WT and KO fibroblasts.  

 

  WT 
(Mean±SD) 

KO 
(Mean±SD) 

P-Value 

Saturated fatty 
acids 

Myristic Acid 1.47±0.05 1.58±0.01 0.008* 

Pentadecylic Acid 0.40±0.048 0.39+0.034 0.675 

Palmitic Acid 18.93±0.45 18.85±0.38 0.731 

Stearic Acid 12.91±0.10 12.96±0.30 0.767 

Arachidic Acid 0.23±0.02 0.26±0.04 0.261 

Behenic Acid 0.84±0.06 0.94±0.17 0.298 

Heptadecenoic Acid 1.18±0.58 1.76±0.24 0.140 

Mono-
unsaturated  
fatty acids 

Palmitoleic Acid 3.78±0.13 4.94±0.12 <0.001** 

Oleic Acid 23.64±0.28 24.45±0.42 0.019 

Cis-Vaccenic Acid 7.25±0. 7 7.17±0.11 0.30 

Gondoic Acid 0.65±0.11 0.50±0.14 0.170 

Erucic Acid 0.42±0.02 0.43±0.09 0.83 

Nervonic Acid  1.10±0.06 1.03±0.09 0.286 

Poly-unsaturated 
fatty acids 

Linoleic Acid 1.75±0.04 1.50±0.03 <0.001** 

Gamma linolenic Acid 0.47±0.043 0.42±0.053 0.203 

Alpha linolenic Acid 0.55±0.098 0.53±0.072 0.80 

Stearidonic Acid 0. 21±0.04 0. 22±0.05 0.723 

Eicosadienoic Acid 0. 55±0.14 0.0±0.0 0.004* 

Dihomo gamma linolenic Acid 1.36±0.03 1.26±0.04 0.017* 

Arachidonic Acid 8.70±0.29 8.78±0.11 0.642 

Eicosapentaenoic Acid 1.03±0. 07 0. 87±0. 04 0.11* 

Docosadienoic Acid 1.95±0.40 1.22±0.54 0.77 

Adrenic Acid 2.56±0.32 2.06±0.05 0.021* 

N-6 Docosapentaenoic Acid 1.23±0.15 1.30±0.22 0.598 

N-3 Docosapentaenoic Acid 2.69±0.10 2.18±0.10 <0.001** 

Docosahexaenoic Acid 4.07±0.24 4.27±0.04 0.162 

* Denotes statistically significant difference (p < 0.05). **Denotes statistically significant difference (p < 
0.001). 
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Figure 3.9: Increased MUFA and reduced PUFA in KO cells. Numbers are normalized by total fatty acid 

content.  

(*) Denotes statistically significant difference (p < 0.05) relative to WT. 

 

3.6 PSS1, PSS2, and PISD in the heart tissue of Pcyt2 (-/+) and WT mice 

 

The enzymes for PC and PE base-exchange and PS decarboxylation were assessed in 

Pcyt2+/- and WT mouse hearts, and the results are shown in Figure 3.10. In both male 

and female hearts, PSS1 and PISD proteins were not different between WT and Pcyt2+/- 

mice showing that the PC exchange to PS and PS decarboxylation to PE are not modified 

when Pcyt2 activity was reduced by 50%. In the case of the PE-base exchange enzyme 

PSS2, as shown for human fibroblasts, the intact and the proteolytic product of PSS2 

were both observed in the mouse heart (Fig. 3.10). The intact PSS2 protein was not 

different in Pcyt2+/- and WT female hearts. However, the intact PSS2 protein was lower 

in the Pcyt2+/- male heart than in the WT male heart. This data indicated that male and 
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female hearts use different compensatory mechanisms for maintaining cellular PE when 

the CDP-ethanolamine pathway is reduced.  
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Figure 3.10:  The base-exchange and PS decarboxylase protein expression in WT and Pcyt2 -/+ male 

and female hearts. PSS1 (A), PSS2 (B), and PISD (C) is compared between Female Pcyt2+/+ (FWT) and 

Female Pcyt2+/- (FKO), and between Male Pcyt2+/+ (MWT) and Male Pcyt2+/- (MKO). The band intensity 

was quantified using ImageJ software. Results are expressed as arbitrary units (mean ± SEM) corrected 

by control αβ-Tubulin.  

* Denotes statistically significant difference (p < 0.05) relative to MWT. 
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4 CHAPTER 4: DISCUSSION  

 

This study focused on the function of the PC-PS-PE metabolic cycle when PE supply by 

de novo CDP-ethanolamine pathway is reduced. The rate of PE synthesis by the CDP-

ethanolamine pathway in WT and KO human fibroblasts was previously established using 

'pulse' radiolabeling experiments with [14C]-Ethanolamine. These experiments 

specifically measured the ethanolamine intermediates and PE formation by the CDP-

ethanolamine pathway. They showed that the formation of CDP-Etn from Phospho-Etn 

(the rate regulatory step catalyzed by Pcyt2) was severely reduced in KO cells, and as 

could be expected, the PE synthesis was also reduced (86). After a prolonged treatment 

of WT fibroblasts with Pcyt2 inhibitor, Meclizine, and radiolabeling of the [14C]-

ethanolamine pools showed the accumulation of the Pcyt2 substrate Phospho-Etn and 

reduction in the CDP-Etn and PE pools (80). Those two studies firmly established that 

when Pcyt2 is inhibited then the CDP ethanolamine pathways for PE synthesis is impaired 

(80,82). After measuring the total amount of PE in Pcyt2 KO and WT cells, PE was 

surprisingly unchanged (86). Therefore, this study was undertaken to establish the 

possible mechanisms that maintained normal PE levels when Pcyt2 is deleted and when 

the CDP-ethanolamine pathway cannot produce sufficient amount of PE.  

4.1  Choline transport and PC synthesis in Pcyt2 KO cells 

 

CTL1 is an intermediate affinity transporter for choline that is functionally linked to the 

CDP-Choline Kennedy pathway. It is also a high-affinity ethanolamine transporter for the 
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CDP-ethanolamine brunch of the Kennedy pathway (9,12,18–20), and because substrate 

sharing CTL1 transport is that critical point for balancing PC and PE de novo synthesis.  

The over-expression of His-tagged CTL1 protein increases choline transport and PC 

synthesis by CDP-choline pathway (87) and tumor growth inhibitor 17-AAG, increases 

CTL1 transport, and intracellular choline and phosphocholine (11). The over-expression 

of His-tagged CTL1 protein also increased ethanolamine transport and CDP-

ethanolamine pathway in Pcyt2 mutant fibroblasts (9). 

A previous study with Pcyt2 KO cells demonstrated an increased rate of choline uptake 

and PC synthesis compared to WT cells (83). In this study, CTL1 protein was significantly 

higher in KO cells than in WT cells, and Glycerol radiolabeling indicated an increased PC 

level in KO cells (Fig. 3.1 and Fig. 3.7), implying elevated PC synthesis in KO cells. This 

and the previous study (83). show no significant differences in CTL1 gene expression, 

indicating that the increase in CTL1 protein in KO cells is a result of the post-

transcriptional type of regulation.  

It has been shown previously that the availability of ethanolamine and serine affect PE 

synthesis (49). This work established that Choline availability regulates the choline 

transport, PC synthesis, and PC base exchange mechanism.  

Choline deficiency downregulates CTL1 mRNA and protein in C2C12 muscle cells (88). 

Increased CTL1 gene expression and protein positively correlate with PC synthesis in 

MCF-7 cells (89) and rat lungs (90,91). Choline treatment dose-dependently increases 

choline transport in human fibroblasts (10). In the present study, choline increased CTL1 
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protein in WT cells (Fig. 3.1 B) with a slight but not significant increase in KO cells. The 

lower increase in KO cells could be attributed to the already elevated CTL1 levels even 

before the choline treatment.  

After choline treatment, the second transporter CTL2 was increased in KO cells and 

decreased in WT cells (Fig. 3.2 B). This transporter is less studied, and it is not apparent 

why choline differently affected CTL2 in WT and KO cells. Because of a dual role in 

choline and ethanolamine transport (12,17–20), CTL2 was probably upregulated in KO 

cells because of increased demand for choline and ethanolamine when the CDP-Etn 

pathway is downregulated. The other possibility is that when higher amounts of choline 

are needed CTL2 supplies that extra choline to KO fibroblasts. 

4.2 Effect of choline treatment on PS synthesis 

 

To explore the base-exchange reactions, PSS1 and PSS2 expression and PC, PE, and 

PS pool sizes in KO and WT cells were assessed. PSS1 protein was not modified (Fig. 

3.3), and PSS2 protein was decreased in KO cells (Fig. 3.4 B). The radiolabeling with 

[3H] Glycerol established that PS was higher in KO cells than in WT cells (Fig. 3.7). The 

explanation for the higher PS in KO cells was found in higher PC degradation by PSS1 

since PS formation by PSS2 was reduced in KO cells (Fig. 3.7). The increased PC in KO 

cells was sufficient to drive the PSS1 reaction without increasing the PSS1 protein.  The 

heart tissue of WT and Pcyt2-/+ mice also showed no differences in PSS1 and a reduction 

in PSS2 in Pcyt2-/+ male heart (Fig. 3.10). This data suggests that the increased PSS1 
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reaction rate, not the PSS1 protein level, increased the PS synthesis in KO cells and 

Pcyt2+/- mice.  

PSS2 protein, which regulates PS synthesis from PE, was significantly lower in KO cells 

(Fig. 3.4 B) and Pcyt2+/- male heart (Fig. 3.10 B). Thus, both the Pcyt2 KO cells and the 

Pcyt2+/- male mice prevent PE degradation by reducing PSS2 as a mechanism to 

compensate for lower PE synthesis by the CDP-ethanolamine pathway.  

Choline did not increase the PSS2 protein in KO cells (Fig. 3.4B). Choline increased CTL1 

and CTL2 can stimulate Choline and ethanolamine transport (9,17,21,22,84), and 

perhaps ethanolamine rather than choline could be a better treatment to restore PSS2 in 

Pcyt2 KO cells. However, additional experiments are necessary to access the PC and PS 

synthesis and base-exchange reactions after ethanolamine treatment.   

In WT cells, choline inhibited PSS1 and PSS2 at protein levels (Fig. 3.3 B, Fig. 3.4 B). 

The increased choline transport and PC synthesis could potentially produce more PS by 

the PSS1 mediated PC exchange reaction. Since PS was not increased in WT, a 

feedback mechanism to reduce PSS1 was in place (42,47,48). The need to decrease 

PSS2 in WT cells after choline treatment is not obvious and could be a side effect of the 

PS inhibition of PSS1. 

4.3 The effect of choline treatment on PE synthesis 

 

The radiolabeling study showed that the PE pool was increased in Pcyt2 KO cells (Fig. 

3.7), implying that extra PE could be produced by PS decarboxylation (PISD). The 
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present study as well as the previous studies in Pcyt2 heterozygote mice (68), showed 

increased PISD mRNA. Despite the increased mRNA (Fig. 3.5 A), PISD protein was 

similar in KO and WT cells (Fig. 3.5 B), indicating that the increased PE pool is not related 

to PISD levels. PISD protein in the heart tissue of Pcy2+/- mice also showed no significant 

differences from the WT mice (Fig. 3.10 D). However, PISD level is not the only 

determining factor for PS decarboxylation. PISD has a high capacity to decarboxylate PS 

and the PS transfer from ER to mitochondria is the rate-limiting step in PS decarboxylation 

(49) The increased rate of PS synthesis by PSS1 and PSS2 could influence the rate of 

PS transport to mitochondria (62).  

The radiolabeling data showed that the total, glycerol labeled PE pool was elevated in KO 

cells (Fig. 3.7), and that the serine labeled PE pool was the same in KO and WT cells 

(Fig. 3.8). These data clearly established that the elevated total PE in KO cells was not 

from a higher PS decarboxylation.  

One possible explanation for the higher PE pool in KO cells could be a higher Etn 

transport in these cells. As discussed earlier, the increased CTL1 protein (Fig. 3.1 B) can 

affect both choline and ethanolamine transport (9). The increased Etn transport, could 

increase Phospho-Etn and the residual CDP-ethanolamine pathway in KO cells. This is 

a plausible explanation since DAG levels were also reduced in KO cells (Fig. 3.6). In 

addition, PSS2 which is responsible for PE degradation was reduced in KO cells (Fig. 3.4 

B) and can contribute to the increased PE pool. However, more studies are necessary to 

understand the exact regulation of the CDP-ethanolamine pathway and PSS2 activity 
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when Pcyt2 activity is reduced since the Pcyt2 gene was not completely deleted in the 

KO cells.  

4.4 The effect of Pcyt2 knockdown on PL pool sizes and fatty acid 
composition 

 

Total PLs (Fig. 3.6 A) and individual pool sizes of PC, PS, and PE (Fig. 3.7) were higher 

in KO cells than in WT cells, while DAG (Fig. 3.6 B) and PI (Fig. 3.6 C) were reduced. 

Those results indicated that in KO fibroblasts, DAG was redirected from PI synthesis and 

predominantly used for PL (PC and  PE) synthesis. To see if those changes in total PLs 

influenced fatty acid composition, the fatty acids were released from total lipids and 

individually analyzed by gas chromatography. The results showed that the composition 

of SAF was not different between KO and WT cells. In contrast, KO cells had a higher 

content of MUFA and reduced content of PUFA (Fig. 3.9).  The lower amounts of PUFAs 

in PE, PS, and PI of Pcyt2 deficient fibroblasts have been previously observed (92). 

Similarly, in hepatocytes of Pcyt2+/- mice, PUFAs were lower than in WT mice (69). 

However, Pcyt2+/- liver tissue has elevated SFA (69), which was not observed in KO cells. 

The reason could be differences in the abundance of PL spices in mice and humans and 

in metabolic differences in various cells and tissue types. For example, brain PS is 

enriched in DHA because PS synthesis from DHA-rich PC is elevated in the brain (93). 

The higher content of MUFA and lower PUFA in KO fibroblasts is a direct effect of Pcyt2 

deficiency on fatty acid synthesis and metabolism (69) since Pcyt2 depletion has shown 

to upregulate genes involved in fatty acid synthesis such as SCD1 responsible for 
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palmito-oleate and oleate synthesis (67,68) and caused inflammation (depletion of PUFA) 

and development of metabolic syndrome (70,72).  

In addition, the CDP-ethanolamine pathway and PS decarboxylation produce distinct PE 

species (84). PLs show a preference for SFA and MUFA at sn1 position, and for PUFA 

at sn2 position (26,49,84). The CDP-ethanolamine pathway PE contains more MUFA and 

PUFA at the sn-2 position (49). PE produced by PS decarboxylation has mostly PUFA in 

sn-2 position (84). The reason for variations in fatty acid composition between PE 

produced by CDP-Etn pathway and PS decarboxylation relates to multiple factors, 

including the selective import of PS to mitochondria, the hydrophilicity of PS spices (94–

96), which is affected by the fatty acid chain length and number of double bonds (94,96), 

the substrate specificity of PSD, remodeling of the imported PS or the remodeling of PE 

after synthesis (84). Assessing the fatty acid composition of PC, PE, and PS in future 

studies can help in better understanding the obtained differences in MUFA and PUFA 

content and composition in Pcyt2 deficient human fibroblasts. 
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4.5 Conclusion and future directions 

 

The results presented in this thesis rejected the hypothesis that in Pcyt2 deficient human 

fibroblasts and mice heart PS to PE decarboxylation compensate for PE synthesis since 

PISD protein and [3H]Serine radiolabeling (PISD activity) were not modified by Pcyt2 

deficiency. In addition, choline treatment did not affect PISD protein and mRNA 

expression. Those results point to other two remaining possibilities for preserving PE 

when Pcyt2 is impaired. First is reduced PE degradation to PS, as PSS2 protein was 

found reduced in Pcyt2 deficient human fibroblasts and Pcyt2 +/- male mice heart. Second 

is the independence of the Kennedy pathway transporters CTL1 and CTL2 from PE 

degradation to PS (PSS2) in Pcyt2 deficient fibroblasts even when they became 

upregulated with choline treatments.    

It appears that despite reduced CDP-Etn pathway, a mechanism to keep PE levels 

includes changes in DAG metabolism and PL turnover as indicated by reduced DAG 

levels and modified PL fatty acid composition. DAG levels were reduced in Pcyt2 deficient 

cells since it was mostly consumed in the Kennedy pathway and less consumed for PI 

synthesis by the CDP-DAG pathway. Second, the FA composition of total PLs was 

modified with a higher abundancy of MUFA and lower abundancy PUFA containing PLs. 

Similar PUFA deficiency and higher oleic acid (MUFA) content was also present in  

Pcyt2-/+ mice (Fullerton, Mol Cell Biol 2009) when showed that Pl, DAG, and FA 

metabolism are tightly connected.  
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There are some directions that be explored in future studies based on this study. Although 

PE synthesis by CDP-Etn pathway has been reduced in Pcyt2 deficient cells (70,85), this 

study emphasized the strong potential and independence of the CDP-Etn pathway in 

providing PE. Exploring the rates of PE synthesis and degradation by pulse and pulse-

chase experiment with radiolabeled Etn can help better understand the compensatory 

role of reduced PE degradation when Pcyt2 is downregulated.  

Additional future studies could include Etn supplementation of Pcyt2 deficient fibroblasts. 

In this study, choline could not restore the reduced PSS2 protein and PE degradation in 

Pcyt2 deficient cells that Etn might show. Since Pcyt2 is reduced and not eliminated from 

these fibroblasts, Etn supplementation can increase the flux (rate) by the CDP-Etn 

pathway and restore the PE degradation to PS by the PSS2 base-exchange reaction. 

Finally, Pcyt2 deficiency modified the abundancy of PLs species with the accumulation of 

MUFA and reduction of PUFA. Because of the importance of specific Pl species on cells' 

functions and metabolism (83,84,91,92), assessing the fatty acids composition in PC, PE, 

PS, and PI, individually, will help to understand better how Pcyt2 deficiency alters the 

fibroblasts PLs species and their metabolism. 

There was a number of limitations with this study. First, the results indicated PE 

degradation by PSS2 was the compensatory mechanism to maintain the PE level, also 

pool sizes of PC, PE, and PS and specifically PC was increased at the expense of 

reduced in PI. However, the level of phospholipases such as PLD and PLA2 was not 

measured in this study. Second, total fatty acid composition was changed with PUFA 

deficiency and higher MUFA content in KO fibroblasts. But our attempts to investigate 
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the fatty acids composition of individual PLs and TAG were not successful. 
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