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ABSTRACT

Rebecca A. Yaworski Advisor:
University of Ottawa, 2017 Dr. Morgan Fullerton

Choline is an essential nutrient, in the liver it is a precursor necessary for the
synthesis of phosphatidylcholine (PC) and is also required as a methyl donor towards the
synthesis of betaine and later regeneration of S-adenomethionine (SAM). Choline
deficiency is known to trigger the development of non-alcoholic fatty liver disease and
affect mitochondrial homeostasis along with a myriad of methylation related regulatory
mechanisms. Because of its importance in maintaining liver lipid and mitochondrial
homeostasis, choline metabolism has been well characterized with the exception of its
transport. The identification of choline transporters has only been recently discovered and
because of this, relatively little is known about their expression and regulation.

This study has established that choline transporter like proteins 1-5 (CTL1-5) is
an intermediate affinity transport system responsible for ~80% of hepatic choline uptake
with a smaller percentage accomplished through the low affinity organic cation
transporter 1-3/N1-2 (OCT1-3/N1-2) transporters. SLC44A1 expression and choline
incorporation have been shown to follow a 24 hour rhythmic trend suggesting the
presence of a circadian regulatory mechanism. This finding is supported by the
significant decrease in choline expression and aberrant pattern of choline incorporation
discovered among rhythmic deficient BMAL”™ mice and through a bioinformatics analysis
which revealed the existence of four REV-ERBa consensus sequences. Hepatic SLC44A1
expression and choline incorporation have also been shown to decrease with the onset of
obesity. Choline uptake was also shown to decrease following treatment with the free

fatty acid oleate. This work increases our knowledge of hepatic choline transport and

viii



demonstrates a link between the circadian rhythm and obesity with the hepatic CTL1

transporter.
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INTRODUCTION

1.1 The History of Choline
Opening his publication on the chemical components of carp fish egg published in

1850, the chemist Theodore Gobley posed a rhetorical question; suggesting that the
chemical components which make up living animals are not simply deposited by a
creator, but are synthesized from nature. He also believed that these chemical compounds
changed throughout the development of an animal and if he could uncover the chemicals
present at each stage then he could then understand their role in physiology. Inspired by
the isolated environment within bird and fish eggs, Gobley set out to isolate their
chemical components and locations within the animal. Described as a viscous substance
within the yolk, Gobley uncovered an organic compound which dissolved well in water
and oils and could be separated into two bodies one of which was made up of phosphorus
and the other nitrogen. Gobley gave this substance the name, lécithine from the greek
word for egg yolk since it was a major constituent of the yolk. Today we know lécithine
as phosphatidylcholine (PC) and the nitrogen containing chemical that Gobley described
as choline *.

In 1862 the German chemist Adolph Strecker isolated a strongly alkaline
nitrogen-containing base from pig and ox bile and gave it the name of choline 2. The
identification of choline in bile linked its functioning with the gall bladder and liver. At
the time, choline found in nervous tissue was given the name neurine and Stecker
correctly identified it as a component of lécithine, unknowingly making the connection of
choline as a constituent of PC and present in the brain. In March 1867, the chemist Mr. W.

Dybkowsky made the connection identifying choline as the decomposed product of the



salt neurine (neurine presented as a salt due to the isolation method) and the two became
known as the single molecule choline *.

By 1980 the importance of dietary choline was gaining attention, doctors at the
US National Cancer Institute noticed that oncology patients on nutritional support who
were administered a total parenteral nutrition formulae (TPN) developed “liver function
abnormalities” despite receiving what they believed to be a complete nutritional recipe.
The TPN formula, as pointed out by the doctors, lacked free choline and blood samples
from the patients demonstrated a significant decrease in plasma choline levels *. The
effects of choline supplementation in TPN was continued in 1992 when it was
demonstrated that the low plasma choline and hepatic steatosis could be prevented as
well as reversed with the supplementation of lecithin or PC to the diet °. During this same
time a collaborative effort between the University of North Carolina, Boston University
and the University of Massachusetts demonstrated this same cause and effect in healthy
adults °. Prior to their study several lines of evidence culminating from work in rats and
monkeys suggested that choline is an essential nutrient in mammals and plays an
indispensable role in maintaining proper liver and renal function’. However, at the time
some argued that the de novo synthesis of PC via the phosphatidylethanolamine N-
methyltransferase (PEMT) pathway provided adequate levels of PC and so choline was
considered a dispensable nutrient. PEMT catalyzes a three step methylation reaction
which converts phosphatidylethanolamine (PE) to PC ’. As well, due to choline’s
prevalence in a variety of foods, symptoms of choline deficiency among the general
population were few and far between. Nonetheless the group argued in support of

choline’s importance and following a 5 week study conducted in healthy men placed on a



choline sufficient or choline deficient diet it was found that in humans, choline deficiency
resulted in decreased plasma PC and triggered the onset of liver dysfunction which could
be later rescued through choline supplementation °. These studies provided the evidence
which would be later used by the Food and Nutrition Board in their classification of

choline as an essential nutrient in 1998.

1.2 Choline Transport

Choline or trimethyl-B-hydroxy-ethylammonium, is a positively charged
quaternary amine and requires a transporter to pass through the membrane barrier. There
are three choline transporter families and due to the important role for choline in PC
synthesis, all cells express at least one of the three families of proteins (with the
exception of red blood cells and the blood brain barrier which transport choline through
facilitated diffusion) ®°*°. Studies evaluating the radiolabeled uptake of choline coupled
with information provided from transporter inhibition assays have uncovered the
existence of the high-affinity choline transporter 1 (CHT1), intermediate affinity choline
transporter-like proteins (CTL), and the low affinity polyspecific organic cation
transporter family (OCT) * %12,

1.2.1 Choline Transporter 1 (CHT1)

CHT1 is a high-affinity Na'-dependent choline transporter encoded by the
SLC5A7 gene and is sensitive to hemicholinium (HC-3) inhibition. CHT1 transporters are
primarily expressed in neuronal cells, particularly in the axon terminal region of
cholinergic neurons and are essential for the uptake of choline require for acetylcholine

synthesis 3. Acetylcholine is a neurotransmitter required in both neural transmission as

well as peripheral processes such as smooth and skeletal muscle contraction. Mutations to



the CHT1 gene such as the 1le89Val variant have been associated with major depression,
attention deficit hyperactivity disorder (ADHD) and anxiety, all of which behaviours
unsurprisingly, originate from cholinergic dense areas of the brain. In the periphery
CHT1 gene mutations are known to cause the neuromuscular disorders; hereditary motor
neuronopathy type 7 and congenital myasthenic syndrome, both of which are affected by
a loss of cholinergic neurotransmission at the neuromuscular junction ** *°.

1.2.2 Organic cation transporter 1-3 (OCT1-3)

The OCT family of transporters encoded by the SLC22A1-3 genes share broad
substrate specificity and function in the uptake of organic cations, xenobiotic compounds,
various pharmaceutical drugs and toxins, and are not sensitive to hemicholinium
inhibition. In humans, OCT tissue distribution includes the liver, kidney, spleen, lung,
heart, stomach and intestines, brain, placenta, mammary tissue and a number of
cancerous tissues **1°*"*8 Due to their substrate library, the main role of OCT uptake is
thought to be in the detoxification and removal of endogenous compounds and toxins
from the body *°. The SLC22A family also includes the organic cation transporter novel
type 1 and 2 (OCTN1/2) which have been found to transport carnitine,
tetraethylammonium, metformin and ergothioneine and have been associated with
autoimmuno disease 2>#%#?*_ Both OCTN1/2 mRNA have been detected in a number of
tissues but information on the transporters physiological roles, transport Kinetics and

regulation remain limited at this time .



1.3 Choline Transporter Like Protein family

131 CTL1
In the year 2000, the CTL1 transporter was discovered through a

complementation experiment in yeast. The gene clone taken from the cDNA library of
Torpedo marmorata, contained transmembrane domains with a transporter-like motif and
was capable of restoring choline uptake in the mutant suppressed yeast. The transporter
was Na'-independent yet sensitive to hemicholinium categorizing it as a novel choline
transporter. In the same article the homologous gene in rat (69% identity with torpedo)
was isolated in the spinal cord, brain and colon along with 3 other transporter variants
(CTL2-4). Since the CHT1 transporters had been so well linked to acetylcholine
production, the function of CTL1 in brain and motor neurons was assumed to be
necessary for supplying choline to the Kennedy pathway **. The human CTL1
homologue (96% identity with rat) was identified the following year through a sequence
comparison analysis which determined that the previously identified CDw92 surface
protein found on leukocytes, monocytes and endothelial cells was actually the newly
discovered CTL1 transporter *°. Of the five CTL transporters, CTL1 has been most
thoroughly studied and is known to play a vital role in the uptake of choline along the
plasma membrane as well as the outer mitochondrial membrane 2°?’. Results from
microarray, RNAseq and SAGE studies have indicated the presence of CTL1 in all tissue
groups including; muscle, nervous, epithelial, connective, immune and secretory tissues.
In the cell, CTLL1 is localized to the plasma membrane, lipid droplet membranes and to
the outer mitochondrial membrane in liver, kidney and muscle with some evidence
suggesting mitochondria in the brain as well ?". CTL1-5 are members of the larger

solute carrier family 44, the human CTL1 or SLC44A1 gene is located on chromosome



9g31.1, mouse on chromosome 4B2 and rat on chromosome 5g24. CTL1 is 656 amino
acids in length, has a molecular weight of 73.3 kDa, contains 9 trans-membrane domains
and 4 phosphoserine modification residues which regulate its localization *%%°.
Alternative splicing of the 17 exon gene has resulted in three transcript variants;
SLC44A1a (loss of exon 17, contains exon 16), SLC44Alb (loss of exon 16, contains
exon 17) and SLC44Alc (loss of exon 17, modification of exon 16). Interestingly
transcript b contains a retinoid X receptor motif which has been identified in G protein-
coupled receptors and ion channels as an endoplasmic reticulum retention/retrieval motif
which controls surface trafficking *°. Also interesting is that transcripts b and ¢ lack all

four phosphoserine sites (position 644, 652, 655, 656) which may affect the proteins

localization in the cell however neither of these modifications have yet to be tested.

1.3.2 CTL2-5

CTL2 is found in the majority of tissues and mediates the uptake of choline across
the plasma and outer mitochondrial membrane 2°3!. Interestingly both CTL1 and CTL2
have been associated with functions outside of choline transport. In 2003, a large scale
collaboration sought to identify all genes which activate nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB) and mitogen-activated protein kinase signalling
pathways, using a luciferase reporter gene assay it was shown that CTL2 activated NF-
kb with a 5 fold induction *2. In 2006, a gel shift assay indicated the presence of both
single and double NF-xB binding sites within the SLC44A1 promoter region. The
relationship between CTL1/2 and NF-kB has yet to be further examined.

The human SLC44A2 gene is located on chromosome 19p13.2, mouse
chromosome 9A3 and rat chromosome 8q13. CTL2 is 706 amino acids in length, has a

molecular weight of 80.1 kDa, contains 10 trans-membrane domains, one



phosphothreonine modification residue and three glycosylation sites. Three splice
variants exist for CTL2, isoform a (canonical sequence), isoform b (modification of exon
17), isoform ¢ (modification of exon 1), there has been suggestion that the CTL2a
isoform may not be capable of transporting choline however no further research has been
conducted in this area *. Choline transport polymorphisms have been associated with
hearing loss, transfusion-related lung injury and Meniere’s disease 3%,

CTL3 is present in the plasma membrane of most tissues in low concentration but
more highly expressed in the kidneys and along the digestive tract including the stomach,
intestines and colon . At this time little research has been conducted on CTL3 function
or its contribution to choline uptake in tissue. The increased expression of CTL3 protein
along the digestive tract could suggest that it plays more of a role in choline absorption
from food rather than mediating its entry into organs. The human SLC44A3 gene is
located on chromosome 1p21.3, mouse chromosome 3G1 and rat chromosome 2g41 *.
CTL3 is 653 amino acids in length, has a molecular weight of 73.7 kDa, contains 8 trans-
membrane domains and 5 glycosylation sites ®*°. CTL3 has 5 predicted splice variants
however no experimental confirmation is available at this time.

CTL4 function constitutes choline transport in a number of tissues as well as
thiamine pyrophosphate (TPP) transport in the colon. Knockdown and overexpression
studies have demonstrated a connection between CTL4 expression and acetylcholine
production in non-neuronal cell lines *. The 156 M= V mutation of the SLC44A4 gene
has been associated with changes in acetylcholine production in a Chinese family with
postlingual non-syndromic mid-frequency sensorineural hearing loss. Using a zebrafish

model, downregulation of the SLC44A4 gene resulted in significant abnormalities to the



inner ear which affected the fishs’ ability to hear and balance *'. For the first time a
member of the CTL family has been shown to transport an essential nutrient other than
choline. In a 2014 study, the SLC44A4 gene from isolated colonocytes was cloned into
retinal pigment epithelial cells. Labeled thiamine pyrophosphate (*H-TPP) was used to
evaluate uptake into the cells and it was found that SLC44A4 containing epithelial cells
transported significantly more *H-TPP than their counterpart controls *. The human
SLC44A4 gene is located on chromosome 6p21.33, mouse chromosome 17B1 and rat
chromosome 20p12 %%, CTL4 is 710 amino acids in length, has a molecular weight of
79.2 kDa, contains 10 trans-membrane domains and 7 glycosylation sites. SLC44A4 has 4
predicted splice variants however no experimental confirmation is available at this time.
Little research has been conducted on the role of CTL5 and its contribution to
choline uptake in the cell. What little is known has linked CTLS5 to various cancer models
such as small cell lung carcinoma, neuroblastoma, prostate, colon and hepatocarcinoma *.
The human SLC44A5 gene is located on chromosome 1p31.1, mouse chromosome 3H3-
H4 and rat chromosome 245 . CTL5 is 719 amino acids in length, has a molecular
weight of 81.6 kDa, contains 10 trans-membrane domains and 3 glycosylation sites.
CTLS5 has 3 splice variants, isoform a (canonical sequence), isoform b (modification to

exon 23), isoform c (loss of exon 1-3 and modification to exon 4) 8.

1.4 CTL1 and Choline Metabolic Pathways

Depending on the type of cell, choline may be directed along one of three
metabolic pathways. In the majority of cells, it is thought that choline taken up by CTL1
is shuttled along the CDP-choline pathway towards the synthesis of PC. Through this

method, choline taken into the cell is rapidly phosphorylated by choline kinase a to



produce phosphocholine and an ADP by-product “.

In a rate limiting step,
CTP:phosphocholine cytidylyltransferase (CCT) then converts phosphocholine into the
CDP-choline molecule through the attachment of pyrophosphate to the phosphate group.
In the final step CDP-choline must travel to the endoplasmic reticulum or golgi where
choline phosphotransferase (CPT) utilizes the high energy pyrophosphate-phosphate
bond to catalyze the transfer of phosphocholine to diacylglycerol (DAG), creating PC .
Although the conversion of phosphocholine to CDP-choline is the rate limiting step in
this pathway, DAG availability may also influence the rate of PC synthesis ***.

Choline metabolism has a direct impact on PC synthesis and availability, which
plays an important role in numerous pathways. PC availability impacts the membrane
dynamics and fluidity of all cells, particularly so in hepatocytes, where it is a crucial
component of very low-density lipoprotein (VLDL) particle assembly and controls lipid
droplet membrane formation “*. In the liver, PC is also required in the formation of bile
and is a necessary component used to protect epithelium of the gastrointestinal tract from
the detergent nature of bile salts. Importantly, both VLDL, lipid droplets and bile contain
a high level of cholesterol and are important factors controlling proper cholesterol
circulation and elimination **. Choline deficiency in humans has been shown to affect PC
content in bile and decrease hepatic VLDL secretion which decreases serum cholesterol
levels, in addition to this enzymes of the CDP-choline pathway are capable of influencing

the size and number of lipid droplets which affect the livers ability to store cholesterol ®*>

46,47

PC availability is also critical for malignant cell replication and perhaps in

accordance with this, CTL1 expression is commonly over-expressed in cancerous cells *.



Studies conducted in small cell lung carcinoma presenting with increased CTL1
expression have shown that the inhibition of CTL1 uptake using the choline analog
hemicholinium as well as siRNA knockdown significantly decreases cancer cell
viability ***°. Similar results have been found in colon carcinoma where CTL1 inhibition
with hemicholinium resulted in decreased cell proliferation in a concentration dependent
manner °'. The inhibition of choline uptake and/or metabolism as a possible cancer
treatment is currently under investigation.

Another case where choline requirements increase is during pregnancy and
lactation. Choline serum concentrations in the fetus and in neonates are roughly
sevenfold higher than what is typically found in adults. This is thought to be in response
to increased membrane formation requirements as the child grows 2. It has been shown
that CTLL1 is the main choline transporter shuttling choline from maternal blood across
the placental barrier *. Animal studies have shown that choline deficiency during
pregnancy reduces the proliferation and migration of neuronal precursor cells in the
hippocampus and decreases DNA methylation, which has a negative effect on memory
formation in the pups ***°. As expected, choline supplementation during pregnancy
improved the rats memory performance when placed in a 12-arm radial maze and this
effect continued even as the rats aged >>*°.

Aside from the utilization of choline in PC synthesis, choline may also participate
in the one carbon cycle towards the regeneration of S-adenosylmethionine (SAM). It has
been shown in the liver and kidney, that choline passed through CTL1 transporters on the
outer mitochondrial membrane and oxidized to betaine through interaction with choline

57

dehydrogenase and betaine aldehyde dehydrogenase Betaine then exits the

10



mitochondria and is used as a methyl donor in the one-carbon cycle where it catalyzes the
conversion of homocysteine to methionine, an important step towards the regeneration of
SAM and the methylation capability of the cell. Through this regeneration cycle, methyl
groups donated by choline have wide-ranging effects on gene expression and global DNA
methylation. It has been shown that animals placed on a choline deficient diet have lower
hepatic SAM concentrations and show hypomethylation in the brain and liver during
embryonic development *®°. The presence of CTL1 along the outer mitochondrial
membrane has also been observed in muscle and has been shown to decrease in
expression following choline deficiency resulting in muscle damage and muscle cell
triglyceride accumulation %2 Speculations as to the role of CTL1 along the outer
mitochondrial membrane of muscle range from providing transport towards an immediate
sink for choline, to directing choline towards the synthesis of phosphatidylserine;
however the true role remains to be established .

In the third pathway, choline may be directed towards the synthesis of
acetylcholine in both neural and non-neural tissues. Acetylcholine is synthesized by
choline acetyltransferase using the precursors choline and acetyl-CoA ®. Once released
into the synaptic cleft acetylcholine is hydrolyzed by acetylcholinesterase producing
choline and acetate where choline is taken back up into the neuron via CHT1 transport. In
cholinergic neurons the CHT1 transporters are believed to provide the majority of choline
used in acetylcholine synthesis where as CTL1 transport is thought to feed into the CDP-
choline pathway ®. This isn’t the case in non-neuronal tissue such as in the

neuromuscular junction, where CTL1 is abundant and provides choline transport for both
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PC synthesis and acts as a reuptake mechanism for choline recycling following

acetylcholine release ®.

1.5 Phosphatidylcholine and the Liver

PC is an essential membrane constituent making up the greater part of the outer
membrane leaflet. As the most abundant glycerophospholipid, PC is composed of two
unsaturated fatty acids bound to a glycerol backbone and a third bond connecting the
polar phosphorylcholine head group . PC may be synthesized by three distinct methods,
the great majority is synthesized through the CDP-choline pathway, also known as the
Kennedy pathway named after Eugene Kennedy the scientist who discovered it in 1956 *.
Since mammals are unable to synthesize choline de novo it must be supplied in the diet
and because of this choline is considered an essential nutrient. However, if dietary
choline is limited, the phosphoethanolamine N-methyltransferase (PEMT) pathway is a
critical secondary method for PC synthesis. The PEMT pathway occurs in the kidney but
is mainly active in liver tissue where the demand for PC is higher due to the secretory
nature of the organ and its role in the production of biliary lipids ®’. In this pathway,
PEMT catalyzes a sequential three-step methylation of phosphatidylethanolamine using
SAM to produce PC . In a reverse reaction choline may be generated from PC through a
hydrolysis reaction with phospholipase A & D or during the base exchange reaction with
phosphatidylserine synthase 1; however PC derived through the PEMT pathway and
choline generated through the base-exchange reactions do not produce PC or choline in
sufficient concentrations to maintain liver homeostasis ”.

The importance of PC availability becomes very apparent when the body is

lacking as shown by knockout studies targeting choline kinase alpha (CHKa) and CCTa
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of the CDP-choline pathway which are embryonically lethal. Liver specific CCTa” in
mice resulted in decreased PC synthesis and the accumulation of liver triacylglycerol in

° PEMT” in mice diminishes

spite of a 2 fold increase in PEMT activity
phosphatidylcholine concentrations and these mice also demonstrate an up-regulation of
the CDP-choline pathway which partially compensates for PC synthesis. If these mice are
fed a choline deficient diet, neither the PEMT or CDP-choline pathway are available to
produce PC and in this case the PEMT mutation becomes lethal "*#"*™* These mice also
show a 50% reduction in VLDL and LDL triglyceride content, likely due to a decrease in
PC availability and the onset of fatty liver disease ™.

Together these studies show the importance of choline availability and PC
synthesis in the maintenance of hepatic lipid homeostasis. A lack of dietary choline or an

inability to metabolize PC has been linked with the development of metabolic disease

which is outlined in the following section.

1.6 Choline and Metabolic Disease

One of the first associations linking choline or lecithin with metabolic disease
occurred in 1930 through the work of C.H Best, J.M. Hershey and E. Hunstman. While
investigating the effects of insulin on depancreatized (diabetic) animals it was found that
the animals could not be kept in “good condition” through insulin injection alone and that
the animals would eventually die unless fed fresh pancreas. Upon autopsy it was noted
that a “fatty degeneration of the liver [was] responsible for the condition”. In an attempt
to alleviate the condition, lecithin was administered in the diet and quickly the liver
returned to normal appearance and the animals survived. In a single sentence Best

expressed the possibility that something within the lecithin extract may be the active
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component responsible for the restoration of the liver . In 1932, Best and Huntsman
identified this active component as choline. In their work it was discovered that choline
deficiency was the root cause for the development of fatty liver in rodents placed on an
insufficient diet ”’. Today the “fatty degeneration of the liver” is known as non-alcoholic
fatty liver disease (NAFLD) and can be triggered by a lack of dietary choline, but is most
commonly found in individuals suffering from metabolic disease and obesity. NAFLD is
characterized by the accumulation of triglycerides in the liver, at the moment there is
debate behind the primary mechanism responsible for this accumulation. A number of
possibilities such as increased lipid uptake/delivery to the liver, increased de novo
lipogenesis, decreased -oxidation and decreased VLDL secretion have been postulated
as the instigator behind fat deposition. In support of the latter argument, recent studies
have found that mice lacking in dietary choline have lower PC content which effectively
decreases VLDL secretion and results in the accumulation of hepatic triglycerides
causing NAFLD “*47,

It is well established that the majority of people who develop NAFLD also
present with other metabolic symptoms such as obesity, insulin resistance, diabetes,
dyslipidemia, hypertension and cardiovascular disease "®. The role of choline in the
mitochondria, specifically its oxidation to betaine and downstream methylation of
homocysteine coupled with its ability to affect VLDL secretion has stimulated interested
towards the function of choline in atherosclerosis and vascular plague formation. A study
investigating if betaine supplementation would attenuate the development of
atherosclerosis in apolipoprotein E” null mice found that betaine supplementation

significantly inhibited the formation of atherosclerosis in the aortic sinus as well as
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decreased levels of tumor necrosis factor-a in a dose dependent manner ”. Strangely this
occurred despite a rise in serum cholesterol and LDL-cholesterol levels. In this same year
the link between PC, low density lipoprotein receptor (LDLr) and atherosclerosis was
further explored and it was found that by eliminating PC synthesis through the PEMT
pathway, atherosclerotic plaque formation could be reduced by ~80% in Idir” mice .
Alterations in VLDL phospholipid composition as well as decreased VLDL secretion are
known to occur in rats when dietary choline is restricted % ®%2 In a more recent study
the effect of choline supplementation on Idir”™ mice fed a high fat, high cholesterol diet
found that increasing dietary choline resulted in a step-wise increase in atherosclerotic
plaque formation along the aortic root as well as increased liver PC and plasma

8 In an independent clinical study, it was found that dietary

triglycerides
supplementation with choline and trimethylamine N-oxide (TMAO) both promoted the
development of atherosclerosis and also triggered the appearance of macrophage
scavenger receptors associated with cardiovascular disease and foam cell formation.
Interestingly this effect could be inhibited through the suppression of intestinal
microflora, specifically flavin monooxygenases known to naturally produce TMAO %,
These results establish a firm relationship between choline availability and hepatic
choline metabolism with various aspects of metabolic disease. In addition, choline

metabolism and metabolic disease both share a relationship with the circadian rhythmic

which will be explored in the following section.

1.7 The Circadian Rhythm and Liver Metabolism

Disruption of the circadian rhythm has a negative effect on metabolic homeostasis.

It has been known for some time that night-shift workers and individuals suffering from
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sleep related disorders have a higher incidence of obesity, diabetes and metabolic
disease 2>%°8788 The mechanisms underlying these connections have not been fully

understood but are slowly emerging with the help of knock out animal models.

1.7.1 The Circadian Rhythm

The majority of light-sensing organisms are equipped with a circadian mechanism
that allows the body to anticipate daily physiological needs and behavioural patterns.
These mechanisms operate over a rough 24 hour schedule and require environmental cues
such as the light/dark cycle, feeding and fasting cues as well as behavioural inputs to
remain properly synchronized. In mammals, the dominant circadian marker or Zeitgeber
(time giver) is the light/dark cycle which translates photic cues into neural and endocrine
signals ®°. The system functions when light enters the eye and hits the retina, exciting
photosensitive retinal ganglion cells that transmit the signal along the retinohypothalamic
tract toward the suprachiasmatic nucleus (SCN), the body’s main pacemaker .
Stimulation of the SCN triggers the activation of signaling pathways related to chromatin
remodeling and the rhythmic transcription of clock genes. The SCN is also influenced by
the intergeniculate leaflet, raphe nuclei, the basal forebrain, pons, medulla and posterior
hypothalamus, which provide non-photic cues from feeding, body temperature and
exercise %,

The rhythmic transcription of clock genes creates a self-sustaining transcription-
translation negative feedback loop. Photic cues trigger the transcription of brain and
muscle ARNT-like 1 (BMAL), a main clock protein which complexes with the CLOCK
protein creating a heterodimer. Once together BMAL/CLOCK bind to the E-box

promoters of period (PER) and cryptochrome (CRY) (negative regulators) stimulating

their transcription %*%. PER and CRY exit the nucleus and are phosphorylated by casein
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kinase 1. The activated PER and CRY proteins re-enter the nucleus where they inhibit
BMAL and CLOCK binding to target promoters ** . During the night where there are
no photic cues, BMAL transcription comes to a halt and cytoplasmic PER and CRY are
tagged for degradation allowing for the cycle to begin anew *°. This process occurs over
24 hours and is where the body acquires its main rhythm. The BMAL/CLOCK
heterodimer also bind to the promoter regions of the nuclear receptors REV-ERBa and
RAR-related orphan receptor alpha (RORa). BMAL/CLOCK binding stimulates REV-
ERBa transcription in the morning and inhibits RORa transcription. REV-ERBa acts as a
negative regulator and binds to RORE motifs within the BMAL promoter, suppressing
BMAL transcription later in the day *"%. As BMAL transcription decreases, the RORa
promoter is cleared allowing for its transcription. As the levels of RORa rise overnight,
towards the early morning they stimulate BMAL transcription along with photic cue
activation of the SCN . The actions of REV-ERBa and RORa create what is known as

the secondary feedback loop.

1.7.2 Circadian disruption and liver metabolism

The two-loop circadian system is present in the majority of peripheral tissues,
including the liver. Using information from microarray and Nascent-seq studies coupled
with bioinformatics analysis it has been determined that roughly 10% of hepatic gene
expression is either rhythmically transcribed or undergoes post transcriptional
modification by circadian factors 8%%*. The maintenance of liver homeostasis requires
the proper functioning of circadian factors, disruption of any major circadian protein has
been shown to provoke a negative outcome in the liver. For example, genome-wide

/

transcriptome profiling in the livers of wild-type and REV-ERBa"" mice concluded that

REV-ERBa regulates sterol regulatory element-binding protein (SREBP) activation and
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in turn affects target genes involved in cholesterol and lipid metabolism *®. In addition it
was found that REV-ERBa regulates cholesterol 7 alpha-hydroxylase (CYP7A1l) and
through this, influences bile acid metabolism. In these mice, knockout of REV-ERBa
resulted in elevated levels of circulating low density lipoprotein (LDL) and high density
lipoprotein (HDL) and decreased bile acid production as a result of SREBP and CYP7AL
disruption. Although the mechanisms were not pursued REV-ERBa was also shown to
regulate elongation of very long chain fatty acids proteins 3 and 5, Lipoprotein
lipase, Fatty acid binding protein 5, Acyl-CoA thioesterase 3, and phosphatidylcholine
transfer protein as well as the transcription of miR-122, a partially characterized miRNA
known to function in lipid and cholesterol metabolism % In terms of larger scale gene
control, chromatin immunoprecipitation has provided evidence of REV-ERBa mediating
the rhythmic recruitment of histone deacetylase 3 (HDAC3), an epigenetic repressor, to
the liver and corresponding changes in lipid synthesis. A direct correlation was found to
occur between REV-ERBa and hepatic HDAC3 levels which also demonstrated 24 hour
periodicity '°. Other circadian nuclear factors such as RORa have also been shown to

/

play a role in liver lipid metabolism. RORa ™ mice present with decreased hepatic and

serum triglycerides, and elevated HDL cholesterol. In a 2008 study, candidate based
expression profiling suggested that the changes in lipid metabolism seen in RORa” mice
are associated with decreased expression of hepatic SREBP-1c, ATP-binding cassette
transporter 1 and subfamily G member 1 genes *®. Decreased adiposity despite increase
food intake is another characteristic of RORa null mice which in the same study was
thought to be generated through increased expression of PPARy coactivator 1 and lipinl

in liver and adipose tissue. Interestingly change in adiposity and body mass index can be
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accomplished by simply changing the feeding time of mice *®. Restricting mice to light
cycle feeding has been shown to result in significant weight gain in comparison to mice
fed during the dark cycle, despite having consumed equal proportions **”. Changes in
weight and the development of obesity have also been reported in CLOCK™ mice. In
addition to a profound disruption in circadian rhythmicity, CLOCK™ mice develop
numerous metabolic complications. Alterations in feeding time are an obvious behaviour
change observed in clock deficient mice who consume food in equal proportions
throughout the light and dark cycles, which goes against the typical dark cycle feeding
pattern. The mice develop on average 20-25% more visceral adipose than wild-type mice
and have been shown to acquire a myriad of metabolic issues including fatty liver,
hypercholesterolemia, hyperglycemia and hypoinsulinemia *®. Circadian links to insulin
secretion and lipid metabolism have also been associated with loss of BMAL. In both
global BMAL deficiency as well as in acute hepatic depletion, loss of BMAL function
has been shown to decrease protein kinase B activation and lower rapamycin-insensitive
companion of mammalian target of rapamycin (RICTOR) expression in the liver, two
factors required for the initiation of insulin induced lipogenesis '°. Hepatic insulin
resistance has also been shown to occur in BMAL” mice along with mitochondrial
dysfunction resulting in mitochondrial swelling, decreased respiration and oxidative
stress 1°,

There are a multitude of additional papers demonstrating the influence of the
circadian rhythm on liver metabolism and the reciprocal influence liver metabolism and
nutrient status has on circadian output. Perhaps the most relevant study examining

circadian regulation of choline metabolism was conducted in 2015 **. Researchers noted
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that the rhythmic accumulation of hepatic PC typically seen to occur from ZT 22-0 in
wild-type mice was ablated in BMAL™ mice. Loss of the circadian rhythm resulted in
perpetually elevated levels of hepatic PC, in addition these mice also demonstrated higher
levels of serum cholesterol, LDL and VLDL as compared to wild-type controls. Both
real-time PCR and a western blot analysis of Kennedy pathway enzyme expression,
revealed a clear 24 hour rhythmic pattern in CHKa expression with an acrophase
occurring at ZT1. This periodicity was ablated in BMAL™ mice who unsurprisingly,

demonstrated perpetually elevated levels of CHKo expression

. Interestingly, the
expression pattern of CHKa mimicked that of the REV-ERBa/RORa cycles and
following a bioinformatics analysis, two RORE binding sites were revealed within the
CHKaoa promoter which were confirmed by a transient co-transfection assay. Using REV-
ERBo’" mice, analysis of CHKa expression revealed a perpetual 2-fold increase in
expression mimicking the results seen in the BMAL™ mice and supporting the finding that
CHKa expression and ultimately PC synthesis is regulated by the REV-ERBa and RORa
circadian nuclear factors !, Hepatic PEMT has shown a similar pattern with the height
of its expression occurring at night (ZT20) and slowly decreasing throughout the day,
unfortunately the mechanism underlying this regulation has yet to be confirmed *****?,
Taken together these studies emphasize choline’s role in liver lipid metabolism
and demonstrate the importance of choline availability in maintaining metabolic
homeostasis by highlighting the physiological outcomes of choline deficiency. As well, a

connection between choline metabolism, metabolic disease and the circadian rhythm are

outlined however, a clear understanding of their connection remains to be determined.
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RATIONALE AND OBJECTIVES
The essential role choline plays in maintaining metabolic homeostasis necessitates

our need to better understand its metabolism as a whole, as such the transport and
regulation of hepatic choline uptake merits characterization and insight. My first
objective revolved around the characterization of hepatic choline uptake with a particular
emphasis on understanding the CTL1-5 transport system and its contribution towards
choline uptake in the liver. Once | gained an understanding of choline transport, my
second objective was to understand how CTL1 expression and function are regulated.
Following a literature search | became interested in determining how CTL1 is affected
during obesity and if it may be regulated by the circadian rhythm. Finally for my third
objective | looked to determine if obesity affects the circadian regulation of CTL1
expression and function. The aim of my thesis was to provide data characterizing hepatic
choline transport and to evaluate possible regulatory mechanisms influencing CTL1
expression and function. | hypothesize that the CTL transport system mediates the
majority of hepatic choline transport and that its expression will follow a similar
rhythmic trend to that of CHKa. I also hypothesize that obesity will have an inhibitory-

like effect on either SLC44A1 expression and/or choline metabolism in the liver.
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EXPERIMENTAL PROCEDURES

1.8 Animals
The mice used were C57BI/6J (Jackson Laboratories) and were a minimum of 8

weeks of age, they were exposed to a 12-h light/dark cycle (7:00am/7:00pm) and were
fed ad libitum an 18% protein rodent diet (Envigo Teklad, 2018). Mice used in the
obesity studies were placed on a “Western” 60% high fat rodent diet (Open Source
Cedarlane, D12492) at 8 week of age for a 2-10 week period. The mice used in the
circadian rhythm studies were placed under 48 hour total darkness prior to organ
harvesting. Mice were anesthetized by intraperitoneal (IP) injection of ketamine/xylazine
(150 mg/kg ketamine/10 mg/kg xylazine), 10ul were injected per gram of weight and a
toe pinch was used to assess their level of consciousness. All of the experiments were

performed in accordance with animal care regulations.

1.9 Tissue Harvest and RNA Isolation

The mice were given an IP injection and allowed to rest, once they reached a
sufficient level of anesthesia (as determined by a toe pinch) they were cervically
dislocated and the left lobe of the livers surgically removed. The liver tissues were placed
in a clean 1.5 mL tube and flash frozen in liquid nitrogen.

The working surface as well as all the required tools and gloves were sprayed
with RNase Away (MBP, 7002) to ensure that the space was free of RNases. Before RNA
isolation could begin the liver tissues required homogenizing. This was accomplished by
sectioning a small piece of the lobe (typically between 25-35 mg in weight) over dry ice
and placing it into reinforced 2 mL homogenizer tubes (VWR, 10158-556) containing 1

mL of cold Tripure reagent (Roche Life Sciences) and three 2.8 mm ceramic beads
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(VWR, 10158-554). The tubes were then placed into the Roche MagNa Lyser
homogenizer and rotated at 6,000 rpm for 30 seconds. The tubes were placed on ice and
brought into the fume hood where the homogenate was pipetted using 1 mL filter tips
into clean 1.5 mL tubes and 200 ul of 99.8% chloroform added. The sample were briefly
vortexed then allowed to incubate on ice for 5 minutes before being spun for 15 minutes
at 12,000 x g. In the fume hood, the upper agueous phases was separated into a new tubes
and combined with 500 ul of 99% isopropanol. The samples were vortexed briefly and
spun again at 12,000 x g for 10 minutes. The supernatants were discarded and the
pelleted RNA was washed with 75% ethanol and spun at 12,000 x g for 10 minutes. The
supernatant was discarded and the tubes were carefully dried using a folded microscope
wipe, the pelleted RNA was resuspended in 200 ul of RNAse/DNase free water and
dissolved at 55°C for 10 minutes. The RNA was mixed well by pipetting up and down,
and the RNA concentration and purity were determined using a Take3 plate (BioTek)
blanked with water and the BioTek Synery H1 microplate reader measuring the
absorbance at 260/280 nm. The purities from each sample were always 2.0 +/- 0.1 and

equalized with water to the lowest sample RNA concentration.

1.10 cDNA synthesis

cDNA synthesis was accomplished using kits from Qiagen and BioRad. The first
kit (Qiagen) was the QuantiNova™ reverse transcription kit. For this 6.5 ul of equalized
RNA was pipetted into a 200 ul 8-strip PCR tube (Diamed, 17062) and combined with 1
ul of the kits gDnase wipeout buffer used to eliminate genomic DNA contaminants. The
samples were incubated on a thermo cycler (BioRad T100 Thermal Cycler) for 2 minutes

at 45°C. During this time a master mix containing 0.5 ul reverse transcription (RT)
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enzyme and 2 ul of the RT buffer mix were prepared. 2.5 ul of the master mix was added
to each sample and briefly spun on a bench top microcentrifuge (Mandel). The samples
were run on the thermal cycler under the following conditions; 3 minutes at 25°C, 10
minutes at 45°C and 5 minutes at 85°C, the resulting cDNA was diluted 1:20 with
RNAse/DNase free water. The second cDNA synthesis kit was the ABM AccuRT
Genomic DNA Removal Kit in combination with the 5X All-In-One RT Master Mix Kit.
The gDNA removal kit was used according to the manufacturer’s instructions, where 1 ul
of sample was combined with 1 ul accuRT reaction mix and 2 ul RNAse/DNase free
water and was incubated at room temperature for 5 minutes. The 4 x| of sample was then
combined with 1.25 ul of the All-In-One RT Mastermix and placed under the following
cycling conditions; 25°C for 10 minutes, 42°C for 20 minutes and 85°C for 5 minutes.

The samples were diluted 1:20 with the addition of 118.75 ul of RNAse/DNase free water.

1.11 Real-time gPCR
Real-time qPCR was accomplished with the QuantiNova™Probe PCR kit. Here, 5

ul of the Kkits’ master mix was combined with 0.25 ul of a desired TagMan primer. This
master mix, was then aliquoted to 0.1 ml tubes before the addition of 4.75ul of diluted
cDNA sample. The gPCR samples were run on the Rotor-Gene Q series (Qiagen) and
cycled 40 times (5 seconds at 95°C, 5 seconds at 65°C, fluorescence was measured from
470-510nm, gain 5). Relative expression was measured using the delta-delta critical
threshold method and standardized to the house keepers pactin and the ribosomal protein

rplo 4,
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1.12 Murine Primary Hepatocyte Isolation

Primary hepatocytes were isolated via a collagenase perfusion technique **°. This
procedure began with an IP injection of anesthetic, once the mouse had reached a
sufficient level of anesthesia (as determined by a toe pinch) the arms and legs of the
animal were pinned to the underlying cardboard and the mouse was wiped down with
70% ethanol. A ventral midline incision beginning from the top of the hind legs and
extending over the ribcage was used to separate the skin into two flaps. The flaps were
further extended by cutting the skin along the inside of the appendages being careful not
to sever the femoral or subclavian veins. Using a set of forceps the skin flap was pulled
up and reflected laterally, carefully the fascia connecting the skin to the peritoneum was
cut and the was skin excised. The peritoneum was opened in the shape of a U extending
from the ribcage to the pelvis and the intestines moved to the left of the animal using a
Kim Wipe. Carefully, any accessory ligaments connecting to left lateral lobe of the liver
or extending transversally across the inferior vena cava were cut to prevent tearing of the
organ during the procedure. A fine pain of forceps was used to tunnel underneath the
inferior vena cava, superior to the renal arteries. Through this opening a wet suture was
slipped underneath the vein and a loose knot tied around the vasculature. Using the
locking forceps a 25 gauge needle bit was broken from the plastic mold and the base
inserted into the polyethylene tubing (1.09 mm) connecting the perfusion pumps. At a
shallow angle and with the bevel facing up, the needle was carefully inserted upward into
the inferior vena cava using the needle groove forceps, the suture knot was gently yet
firmly fastened and knotted a second time to secure the position of the needle. Quickly
the diaphragm was cut open and the superior vena cava was clamped just superior to its

entrance into the liver. The portal vein was located and cut proximate to the pancreas and
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the pump was initiated. First the liver was perfused with an EGTA-HEPES buffer (142
mM/L NaCl, 6.7 mmol/L KCL, 10 mmol/L HEPES and 50 ymol/L EGTA, pH 7.4) to
clear the liver of blood cells, followed by a collagenase-HEPES buffer (66.7 mmol/L
NaCl, 6.7 mmol/L KCL, 5mmol/L CaCl;-2H,0 and 100.7 mmol/L HEPES, 0.5%
collagenase pH 7.6) to digest collagen connections, at a rate of 7 ml/min for both
solutions.

Post perfusion the connecting ligaments were cut and the liver was extracted and
placed in a petri dish with media and in a laminar flow hood hepatocytes were teased
from the liver using a sharp set of forceps and dispersed into the 5 mL of Williams E
complete media (Williams medium E (Wisent, 301-018-Cl) with 10% fetal bovine serum
(Wisent, 080150) and 1% penicillin-streptomycin (Hyclone, SV30010) and 1% L-
glutamine (Wisent, 609-065-EL)). The cells were strained through a 100 micron cell
strainer and using a serological pipette the cells were transferred evenly into two 15 mL
tubes and spun at 600 rpm for 5 minutes. The supernatant was removed and the pellet
washed with Williams media and spun for a second time.

Once the supernatants were removed the hepatocytes were resuspended in 10 mL
of warm media, their viability was assessed using a trypan blue stain and counted with a
hemacytometer. This was accomplished by combining 80 ul of media with 10 ul of
sample and 10 ul of trypan blue stain. The solution was mixed by pipetting up and down
and 15 ul loaded onto both wells of the hemacytometer and the apparatus placed under
the microscope. While counting the cells, the tubes were placed in the incubator at 37°C.
Using the 10X objective the cells were counted on each of the 5, 1 mm?squares which

make up the larger square of the grid. Cells which touched the bottom and left sides of
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the individual square were not counted, cells which touched the top and right sides of the
squares were included in the total. The mean number from each 1 mm? square were
averaged. To determine the number of hepatocytes per mL the following equation was
used:

# Cells/mL = Average # of cells/mm? x dilution factor (10) x 10* (mL/100 nL).

An appropriate volume of hepatocytes was diluted to 200,000 cells/mL for a 24-
well plate, 400,000 cells/mL for a 12-well plate or 600,000 cells/mL for a 6-well plate.
The day before the hepatocyte isolation, the plates were coated with 1 mL of rat tail
collagen (Fisher, a1048301) in 0.1% acetic acid and incubated for 30 minutes. The
collagen was removed using a serological pipette, the wells were washed with PBS and
the plates were left to dry in the laminar flow hood overnight. The hepatocytes were
plated onto the collagen coated plates in Williams E complete media and allowed to
adhere for 4 hours before washing with 1X PBS (137 mM NaCl, 2.7 mM KCI, 4.3 mM

Na,HPO4, 1.47 mM KH,PO4, pH 7.4).

1.13 Rate of Hepatic Choline Uptake
Primary hepatocytes were plated onto 24-well plates (200,000/well) and incubated

in media for one day. The cells were then incubated in Krebs-Ringer-HEPES buffer
(KRH) (130 mM NacCl, 1.3 mM KClI, 2.2 mM CaCl2, 1.2 mM MgS04, 1.2 mM KH2PO4,
10 mM HEPES, 10mM glucose, pH 7.4) for one hour prior to commencement of the
assay which allowed for the clearance of exogenous choline. The cells were washed once
with 300 4L of KRH buffer and a treatment containing 1 pCi/mL of *H-choline in KRH
buffer was applied to the wells at each respective time point. The treatments were

removed at the same time and each well washed twice with 300 ul of KRH buffer, lysed
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in 150 ul of 0.1M NaOH and freeze-thawed at -80°C. Once the plates had thawed on ice,
the wells were scrapped and the samples spun at 14,000 rpm for 10 minutes. A 50 ul
aliquot of supernatant was added to 5 mL of scintillation fluid (Ultima Gold™
Scintillation Cocktail, Perkin Elmer) and the radioactivity (1 minute/vial, DPM) was
measured by the Tri-Carb beta-scintillation counter (2910TR, Perkin Elmer). For each

sample 12.5 ul of supernatant was used with the Pierce BCA Protein Assay Kit (Thermo

Fisher Scientific) to measure protein concentration.

1.14 CTL Uptake Inhibition Assay

For all inhibition assays primary hepatocytes were plated in collagen coated 24-
well plates at 200,000 cells/well and assays completed within 48 hours. An hour prior to
uptake, the hepatocytes were incubated in KRH buffer to clear exogenous choline and
free transporters for uptake. Following the hour of incubation, the cells were washed once
with 300 ul of KRH buffer. The choline analog hemicholinium (Sigma, H108-500MG)
dissolved in DMSO, was used to inhibit choline transport via high and intermediate
affinity transporters. Inhibition of OCT transporters was accomplished with the use of
quinine hydrochloride (Tocris, 130-89-2) in substitution for hemicholinium. 500 ul of
treatment containing 1 pCi/mL of *H- choline chloride in KRH and increasing amounts of
hemicholinium (0-200 xM) were applied to each well in triplicate and incubated at 37°C
for 10 minutes. Following incubation the cells were washed twice with 300 ul of KRH
buffer, lysed in 150 I of 0.1M NaOH and immediately frozen at -80°C. Once the plates
thawed, the cells were scraped from the wells and spun down at 14,000 rpm for 10
minutes at 4°C. From the supernatant 50 x«l were added to 5 mL of scintillation fluid and

the radioactivity counted using the Tri-Carb beta-scintillation counter. For each sample
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12.5 ul of supernatant was used with the Pierce BCA Protein Assay Kit to measure

protein concentration.

1.15 Saturation Kinetics of the CTL Choline Transporter System
Primary hepatocytes were plated onto 24-well plates (200,000/well) and incubated

in Williams E complete media for one day. One hour prior to the commencement of the
assay the cells were then incubated in KRH buffer and then washed once with 300 ul of
KRH buffer. Treatments containing 1 pCi/mL of *H-choline chloride and increasing
amount of unlabeled choline chloride (0-400 uM) in KRH buffer, were applied in
triplicate to their respective wells and incubate for 10 minutes at 37°C. Following
incubation the cells were washed twice with 300 ul of KRH buffer, lysed in 150 ul of
0.1M NaOH and immediately frozen at -80°C. Once the plates thawed, the cells were
scraped from the wells and spun down at 14,000 rpm for 10 minutes at 4°C. From the
supernatant 50 x| were added to 5 mL of scintillation fluid and the radioactivity counted
using the Tri-Carb beta-scintillation counter. For each sample 12.5 ul of supernatant was
used with the Pierce BCA Protein Assay Kit to measure protein concentration. The

following equation was used to calculate the uptake.

Rate of choline (nmol/mg/min) BxC)/(AxT)
P

Where A represented the total radioactivity subjected to the cell (DPM), B was the
concentration of unlabeled choline chloride (uM), C was the radioactivity in the sample

(DPM), T was the uptake time (minutes) and P represents the amount of protein in the
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sample (mg). The uptake rate of choline was plotted against the substrate concentration to

generate Michealis-Menten Kinetics.

1.16 Compound Preparation and Treatment of Primary Murine Hepatocytes
Primary hepatocytes were plated onto 24-well collagen coated plates (200,000

cells/well) and incubated in Williams E Complete media. One hour prior to the
application of the treatments the cells were incubated in KRH buffer at 37°C. Following
incubation the cells were washed once with 200 pl of PBS and 500 pl of each treatment
was applied to the cells in triplicate. The cells were then incubated for either 10 minutes,
4 hours or 24 hour at 37°C with the treatments. Following incubation the treatments were
aspirated and the cells washed with 200 pl of PBS. The cells were lysed with either
Tripure, 0.1M NaOH or flash frozen in PBS as appropriate.

The treatments were made up as follows; 1) the 0.5 mM Oleate treatment; 15.2
mg of sodium oleate (Sigma, O7501-1G) was dissolved in 400 pl of ethanol and 400 pl of
water and heated to 70°C until dissolved. 1.5 g of Bovine Serum Albumin (Sigma,
A8806-5G) was added to 150 mL of media (1%). From this solution 60 mL was
combined with 600 ul of dissolved oleate and incubated for one hour at 37°C. This
incubation allowed oleate to conjugate with albumin and increase its solubility. 2) the 0.5
mM Palmitate treatment; sodium palmitate (Sigma, P9767-10G) was solubilized in 400
ul of ethanol and 400 ul of water and heated to 70°C until dissolved. 3) the 10 nm, 100
nm, 100 nm dexamethasone treatment; 5 mg of dexamethasone was solubilized in 5 mL
of ethanol (Img/ml) before being combined with the necessary quantity of media for the
desired concentration. 4) Glucose (Sigma, G7879-500MG) was solubilized in dH,O and

filtered through a 0.22 um Millex®GP filter (Millipore) before it was combined with
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media to produce a 0.5 M solution. 5) Insulin (Sigma, 10516 from bovine pancrease)
treatments were prepared by combining 12 pl of insulin was 4.08 mL of media to make a
1000 nM solution, from here the solution was diluted using media to 100 nM and 10 nM

concentrations.

1.17 Circadian Time Trials

Only female C57BL/6J wild-type mice were used in this experiment and mice
were exposed to a 12 hour light-dark cycle (7:00am ZT2 /7:00pm ZT 14). At 7:00 am the
mice were injected with anesthetic, once the mice had reached a sufficient level of
anesthesia they were cervically dislocated. Immediately the mice were opened by making
a small cut into the skin and degloved, the peritoneal cavity was opened quickly and the
liver was located. The left liver lobe was removed and flash frozen in liquid nitrogen.
This same procedure was repeated every 6 hours for a 24 hour period. The organs were
stored at -80°C until processed.

Dr. Figey’s lab provided liver samples from 8-week old male C57BL/6 wild-type
mice. These mice were placed in complete darkness for 48 hours prior to organ
harvesting which removed photic regulation and allowed for the direct measurement of
the metabolic clock. Every two hours for 46 hours, two-three mice were anesthetized,

cervically dislocated, their livers removed and stored at -80°C.

1.18 Bligh & Dyer Lipid Extraction
Before the lipid extraction could begin the liver tissues required homogenizing,

this was accomplished by sectioning a small piece of the lobe (typically between 35-40

mg in weight) over dry ice and placing it into reinforced 2 mL homogenizer tubes

31



containing 500 xl of PBS and three 2.8 mm ceramic beads. The tubes were then placed
into the Roche MagNa Lyser homogenizer and rotated at 6,000 rpm for 30 seconds. The
tubes were placed on ice and brought into the fume hood where 200 ul of homogenate
was combined with 750 ul of chloroform:methanol (1:2) briefly vortexed and incubated
for 10 minutes on ice. Then, 250 ul of chloroform and 250 ul of dH,O was added, the
samples were briefly vortexed and spun for 5 minutes at 3,000 rpm. The bottom lipid
phases were separated into clean 1 mL tubes, 50 ul of the lipid sample was combined
with 5 mL of scintillation fluid and the radioactivity counted (1 minute) on the beta-

scintillation counter (Tri-Carb 2910TR, Perkin Elmer).

1.19 Blood Serum Choline Quantification Assay

Blood samples were allowed to clot on ice for 20 minutes then spun at 5,000 rpm
for 5 minutes and the serum separated. The EnzyChrom™ Choline Assay Kit (BioAssay
System, ECHO-100) colormetric assay was used to quantify serum choline levels. The kit
standards were made up in dH,O according to the manufacturers’ instructions and 20 ul
of each standard was pipetted on a clean 96-well plate in duplicate. 20 ul of serum was
transferred into individual wells in duplicate. A working reagent was prepared and for
each well 85 ul of Assay Buffer, 1 ul of Enzyme Mix and 1 ul of Dye Reagent was
combined. 80 ul of Working Reagent was added to the standard and sample wells, the
plate was then incubated for 30 minutes at room temperature. After 30 minutes the
colourmetric change was detected by the Biotek synergy H1 microplate reader at on
optical density of 570nm. The blank absorbance was subtracted from the standard values
to give the optical density, these values were plotted against known concentrations of the

standards to create a standard curve. From here the slope was determined and the
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concentration of choline from the unknown sample was determined using the following

equation:

Concentration of choline uM (A-B) xn
m
Where A represents the absorbance of the sample nm, B was the absorbance of the blank

nm, m is the slope of the standard curve xM™, and n is the sample dilution factor.

1.20 Tissue based Chromatin Immunoprecipitation

1.20.1 Cross-linking and Chromatin Preparation

The liver samples were taken from the -80°C freezer and placed onto dry ice.
Each liver was sectioned in a clean perti dish over dry ice and placed into a dounce
homogenizer containing 1 mL of cold 1.5% paraformaldehyde in PBS. The tissue was
gently homogenized until a only a unicellular suspension remained. The suspension was
pipetted into a 15 mL tube containing 10x volume to tissue weight of the liver piece, of
cold 1.5% paraformaldehyde in PBS and rocked at room temperature for 10 minutes. The
cross linkage was stopped after 10 minutes by adding 1% volume of 1.375 M glycine
solution. The cells were pelleted by spinning at 1000 rpm for 10 minutes at 4°C, the
supernatants were removed and the pellet was resuspended in 10 mL of ChIP Lysis buffer
(5 mM PIPES (pH 8.0), 85 mM KCI, 0.5% NP-40) and incubated on ice for 10 minutes.
The cell nuclei were pelleted by spinning at 1000 rpm for 10 minutes at 4°C. The
supernatant was removed and the pellet was resuspended in 1 mL of nuclei lysis buffer

(50 mM Tris-Cl (pH 8.0), 10 mM EDTA, 1% SDS) and incubated on ice for 10 minutes.
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Sonication of the DNA was accomplish through two separate methods. The first method
required the use of the 60 sonic dismembrator probe sonicator (Fisher Scientific). Each 1
mL sample was transferred into a clean 1.5 mL tube and placed on ice. The probe
sonicator was placed on output level 2 (watts/RMS), carefully without touching the sides
of the tube, the probe was placed into the center of the liquid sample and held for 15
seconds. The sample was then removed and placed on ice for 30 seconds to prevent
heating. The sample was sonicated in this manner 5 more times for a total of 6 pulses. To
analyze the samples’ DNA for proper sonication 50 ul was transferred into a clean 1.5
mL tube and combined with 70 ul of elution buffer (50 mM Tris-Cl (pH 8.0), 10 mM
EDTA, 1% SDS) and rotated in a water bath over night at 65°C. The remaining sample

was either frozen at -80°C overnight or proceeded to the next step.

1.20.2 Chromatin Preclearing and Immunoprecipitation

The samples were thawed on ice, to pellet the SDS the samples were centrifuged
at 14,000 rpm for 15 minutes at 4°C. The supernatant was transferred to a clean 1.5 mL
tube, the concentration and purity of the chromatin was measured using a Take3 plate
(BioTek) blanked with nuclei lysis buffer and the BioTek Synery H1 microplate reader
measuring the absorbance at 260/280 nm. One hundred xg of chromatin was taken from
each sample. The 100 ug aliquot was diluted using dilution buffer (16.7 mM Tric-CL (pH
8.0), 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100) to a final volume
of 300 ul. A bottle of protein A-agarose beads/salmon sperm DNA beads (Cedarlane,16-
157) was gently resuspended by pipetting up and down, 50 ul of the bead slurry was

added to preclear each sample. The tubes were rotated end over end for 1-2 hours at 4°C.
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After the incubation, the samples were spun at 3000 rpm for 5 minutes at 4°C, the
supernatants were then transferred to fresh 1.5 mL tubes. A 20 xl sample was taken and
set aside to be used later as a no antibody control. 5 ul of the anti-REV-ERBa (Cell
signaling, 13418S) or anti-RORa (Abcam, ab60134) was added to the designated samples

and the tubes were rotated end over end overnight at 4°C.

1.20.3 Washing and Elution

The samples were removed from the rocker and placed on ice. 50 ul of protein A-
agarose beads/salmon sperm DNA beads were added to the samples and the tubes were
rotated end over end for 2 hours at 4°C. The tubes were removed and the beads pelleted
by spinning at 3000 rpm for 3 minutes at 4°C. The supernatants were carefully removed
and the beads washed with a high salt wash solution (50mM HEPES (pH 7.9), 500 mM
NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton x-100, 0.1% deoxycholate) and rotated end
over end for 10 minutes at room temperature. The samples were spun at 3000 rpm for 3
minutes at room temperature and the supernatant removed. The samples were washed
three more times in high-salt wash buffer and twice with TE buffer. The beads were
pelleted by spinning at 3000 rpm for 3 minutes and the supernatants removed. The pellet
was resuspended in 300 ul of elution buffer supplemented with 1 ul of proteinase K (20
1g/ pl) and incubated at 55°C for 2 hours to activate the proteinase K. To reverse the

cross linkage the samples were incubated over night at 65°C while shaking.
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1.20.4 DNA Purification

The samples were removed from the incubator and spun at 14,000 rpm for 5
minutes at room temperature. The supernatants were transferred to a clean 1.5 mL tube
and the DNA purified using the QIAquick PCR Purification Kit (Qiagen, 28104). For this
5 volumes Buffer PB was combined with 1 part supernatant and mixed by pipetting up
and down. 750 ul of the mix was transferred into a QlAquick spin column and spun at
13,000 rpm for 1 minute at room temperature. The flow through was discarded and the
DNA was washed with 750 ul of Buffer PE and spun under the same conditions. The
flow through was discarded and the sample spun once more to ensure all of the liquid had
passed through the filter and the flow through was discarded again. To elute the DNA 50
ul of RNase/DNase free water was added to the membrane and spun at 13,000 rpm for 1
minute at room temperature. From here 15 ul of sample was combined with 5 ul of
loading dye and run on a 1.5% gel at 110V for 45 minutes. The gel was imaged for 20-30

seconds with the BioRad Gel Doc XRT.

1.21 BCA Protein Quantification Assay

The Pierce™ BCA Protein Assay Kit (Thermo Scientific, 23225) was used to
quantify protein samples. Samples were spun at 14,000 rpm for 15 minutes, the
supernatants were separated and used for quantification. The kit standards were made up
in dH,0 according to the manufacturers’ instructions. In a clean 96-well dish, 25 ul of
the kit standards were loaded in duplicate, for most protein quantifications 0.1 M NaOH
or dH,0 were used as the blanks. First 12.5 ul of dH,O were loaded into the sample

wells using a multichannel pipette, following this 12.5 ul of each sample was loaded in
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duplicate. The working reagent was made up immediately prior to loading and consisted
of 50 parts of Reagent A and 1 part Reagent B. Using a multichannel pipette 25 ul of
working reagent was combined with the standards and sample wells, the plate was then
incubated at 37°C for a half hour. After incubation the plate was analyzed by the BioTek
Synery H1 microplate reader measuring at 562 nm. The absorbance of the standards and
samples were subtracted by the absorbance of the blank, then the absorbance of the
standards was plotted against their known concentration in ug/mL to create a standard
curve. The standard curve was then used to determine protein concentration of the

unknown samples.

1.22 Western blots

A combination of denaturing and non-denaturing (no detergents or reducing
agents) conditions were used for CTL1 western blots. To begin protein concentrations
were analyzed using the The Pierce™ BCA Protein Assay Kit and equalized in non-
denaturing lysis buffer (50mM Tris, ImM EDTA, 150 mM NaCl, 100 M Sodium
Orthovanidate, 1 Pierce Mini Protease Inhibitor Tablet EDTA-free, made up to 10 mL
with dH,0). 15 ul of each sample was combined with 5 ul of non-denaturing loading dye
and loaded onto a 10% SDS-Page Gel (390 mM Tris pH 8.8, 0.01 mM SDS, 340 mM
Acrylamide, 0.01 mM APS, 0.4 uM Temed) no boiling of the samples occurred. The
denaturing gel was run in non-denaturing running buffer (250mM Tris, 1.9 M Glycine,
made up to 1L with dH,O, pH 8.3) for 90 minutes at 110V. A 6x8 cm rectangle of PVDF
membrane was methylated in 100% methanol for 2 minutes then equilibrated in 1X

Trans-Blot Turbo Buffer (47.8 uM Tris, 39 uM Glycine, 0.2mM methanol, make up to 1L
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with dH,0) along with 14 pieces of Wypall transfer paper (Kimberly Clark, 35401) for 2
minutes.

The gel was removed from the casket, the line of dye was cut off and the gel
placed onto the PVDF membrane. The gel and PVDF membrane were sandwiched by the
equilibrated Wypall papers and the stack placed in the center of the Trans-Blot® Turbo™
Transfer System (Biorad) tray and loaded into the machine. The protein was transferred
for 16 minutes at 25V and 1.3A. Once complete the membrane was removed from the
stack and placed in a small dish containing 8 mL of a 5% BSA solution in 1X TBST (20
mM Tris, 150 mM NaCl, 0.05% Tween® 20) and rockered for 1 hour at room
temperature. After the hour of blocking, the membrane was washed four times in 1X
TBST for 5 minutes and rinsed with dH,O. The primary antibody (C-term CTL1 Rb) was
diluted 1/2000 in a 5% BSA solution in 1X TBST, applied to the membrane and rockered
over night at 4°C. The antibody was removed and the membrane was washed four times
in 1X TBST for 5 minutes and rinsed with dH,O. The secondary antibody, HRP
conjugated anti-rabbit IgG (Cell Signaling) was diluted 1/5000 with a 5% BSA solution
in 1X TBST, applied to the membrane and rocked for 1 hour at room temperature. The
secondary antibody was removed and the membrane washed four times in 1X TBST for 5
minutes and rinsed with dH,O. To visualized the membrane 1 mL of Clarity™ Western
ECL solution (BioRad) was applied to the membrane and incubated for 30 seconds, the
membrane was imaged using the LAS 4000 ImageQuant Imaging System (General

Electric) under the auto-image option for ~10 seconds.
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1.23 In Vivo Choline Uptake
Wild type C57BL/6J chow fed or 60% high fat diet fed mice were given an IP

injection with 5 pCi of *H-choline in saline and allowed to rest for one hour. At 50
minutes the mice were given an IP injection of anesthetic, at 60 minutes the mice had
reached a sufficient level of anesthesia and were cervically dislocated. The abdomen of
the mice were quickly sprayed with 70% ethanol and wiped down with a microscope
wipe. A small cut was made into the abdominal skin and the animal was degloved.
Quickly the abdominal cavity was opened and the left lobe of the liver surgically
removed. The tissue was placed in a clean 1.5 mL tube, flash frozen in liquid nitrogen
and stored at -80°C.

In some instances a 15 ul sample of blood was drawn from the tail vein after 30
minutes post *H-choline injection and followed up by an IP injection of anesthetic. After
55 minutes a cardiac puncture was performed and 400 ul of blood drawn from the heart

before the animal was cervically dislocated and the liver removed.

1.24 Adeno Virus Treatment of Primary Hepatocytes
A vial of Adeno-mCherry virus (1.5 x 10" pfu/mL) was obtained from Dr. Parks’

lab. In a laminar flow hood the virus was aliquoted and unused sample stored at - 80°C.
The virus was diluted in Williams E complete media to an MOI of 20, 10 and 5 using the

following calculation:

MOl (AxB)
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Where A is the number of cells per well multiplied by the desired MOI, B is the volume
needed for treatment and C is the number of plaque forming units per mL in the viral
sample.

Each well of primary hepatocytes was treated with 400 ul of virus in Williams E
complete media and incubated for 24, 48 and 72 hours at 37°C. The cells were visualized
using the Leica DMI 6000B Microscope (AF 6000 system) and imaged from 561/594 nm

(Texas Red) using the Leica Application Suite version 2.5.1 Build 869.

1.25 Procedure for the Removal of Obese and Time Dependent Mouse Livers

Male C57BL/6J mice were placed on a 10 week 60% high fat diet. Half of the
chow diet and half of the high fat diet cohorts were placed under 48 hours complete
darkness at 7:00 am and the other half at 7:00 pm. The procedure began the following
two days, under a red light the mice were given an IP injection with 5 uCi of *H-choline
in saline and allowed to rest. After 30 minutes the mice were given an IP injection of
anesthetic, before being brought into the mouse room the cages were placed in a garbage
bag to minimize light exposure. One at a time the mice were removed from the bagged
cage and 400 ul of blood withdrawn via a cardiac puncture. A cervical dislocation was
performed immediately, the abdomen of the mouse was sprayed with 70% ethanol and
wiped with a microscope wipe. A cut was made in the abdominal skin, the animal was
degloved and the abdominal cavity was quickly opened. The left lobe of the liver was
removed and placed in a clean 1.5 mL tube, flash frozen in liquid nitrogen and stored at -

80°C.
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1.26 Bioinformatics specification
MEME Suite 4.12.0, FIMO was the bioinformatics software and option used to discover

REV-ERBa motifs: AGGTCA. REV-ERBa motif letter probability matrix, + strand

A
0.294117647
0.136363636
0.173913043

1

0

0

0
0.043478261
0.565217391
0.086956522
0.173913043
0.565217391
0.869565217
0.47826087
0.263157895
0.294117647

C
0.176470588
0.227272727
0.304347826

0

1

0
0.043478261

0

0
0.086956522
0.173913043

0
0.086956522
0.130434783
0.105263158
0.235294118

G
0.352941176
0.136363636
0.217391304

0

0
0.043478261
0.956521739
0.956521739
0.434782609
0.130434783
0.391304348

0
0.043478261
0.086956522
0.368421053
0.235294118

T
0.176470588
0.5
0.304347826
0

0
0.956521739
0

0

0
0.695652174
0.260869565
0.434782609
0
0.304347826
0.263157895
0.235294118

Fasta sequence scanned >NC_000070.6:53430000-53649990 Mus musculus strain
C57BL/6J chromosome 4, GRCm38.p4 C57BL/6J

E value < 0.05

The UCSC Genome Browser under the option Vertebrate Multiz Alignment &

Conservation was used to analyze the conservation between mouse and rat consensus
sequences.

1.27 Statistical Analyses

All statistical calculations were completed using the Prism 7 (GraphPad Software
Inc.). The saturation and inhibition curves and values were generated using the Prism 7
non-linear regression Michaelis-Menten curve fit option. The slopes from the rate graphs
were determined using the linear regression analysis. Comparison between oleate treated
samples and controls was analyzed using an unpaired student’s t-test. CTL1, CHKa and

OCT1 expression over the 24 hour period were compared using the one-way ANOVA
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analysis. CTL1 expression and choline incorporation in both obese and circadian
experiments were compared using a two-way ANOVA analysis, Sidak’s multiple
comparison. Statistical significance was assigned as follows: * p< 0.05, ** p< 0.01, ***

p< 0.001, **** p< 0.0001.

RESULTS

1.28 Choline Transport in Primary Hepatocytes
Liver choline transport has yet to be fully characterized. Studies have suggested

the existence of two choline transport systems and have detected both CTL and OCT
MRNA expression in liver, however a proper study of choline transport or an evaluation
of its contribution to the liver choline pool has yet to be completed ****3. To begin
characterizing choline transport, primary hepatocytes were treated with 1 pCi/mL of *H-
choline and incubated for increasing periods of time as described in the materials and
methods section (Figure 1 A). The initial rate of *H-choline uptake was plotted against
the period of incubation which provided a linear plot (Figure 1 B). Since the slope of the
line remained linear or the uptake of choline remained constant over the 10 minute period,
this time frame was selected as the incubation period which would be used to evaluate the
kinetics of choline transporters. To investigate the kinetics of the choline transport system
and provide a base model for comparison, a choline saturation assay and inhibition assay
were performed. The saturation assay indicated a Vmax 0f 4.152 pmol/mg/min and a Ky
of 75.76 uM, indicative of an intermediate affinity transport system. A choline inhibition
assay was accomplished using the choline analog hemicholinium, which gave an ICsy of
3.31 uM and inhibited roughly 80% of hepatic choline uptake. The CTL family is one of

two choline transporter families in the liver, the organic cation transporters are also
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present and are believed to be low affinity choline transporters. CHTL1 transporter

expression occurs only in neuronal tissues and within the cholinergic tissues of the skin °.

To better understand the contribution of OCT1-3/n1-2 choline transport in the liver, an

inhibition assay using the inhibitor quinine was performed, the results indicated that the

OCT family are responsible for a relatively low quantity of choline uptake (Figure 1 E).
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Figure 1. Choline transport in primary murine hepatocytes. (A) Schematic of the
experimental procedures, primary hepatocytes were isolated and plated. The following
day the cells were incubated in the appropriate treatment for 10 minutes, washed twice
and lysed. (B) Time course of *H-choline uptake in hepatocytes following treatment with
1 uCi/mL of *H-choline. (C) Choline saturation assay, hepatocytes were treated with 1
uCi/mL of *H-choline and increasing concentrations of unlabeled choline chloride for 10
minutes. (D) CTL1-5 inhibition assay, hepatocytes were treated with 1 uCi/mL of *H-
choline and increasing concentrations of the inhibitor hemicholinium for 10 minutes. (E)
OCT1-3/n1-2 inhibition assay where hepatocytes were treated with 1 puCi/mL of *H-
choline and increasing concentrations of the inhibitor quinine for 10 minutes. All data
mean £ SEM from at least three livers, each performed in triplicate.

1.29 A Comparison of Choline Transporters and Metabolizing Enzymes between
Primary Hepatocytes and Liver Homogenate

Real time gPCR analysis was used to compare the transcript expression of choline

transporters and choline metabolizing enzymes between liver homogenates and primary

hepatocytes, and also to gain perspective on the overall expression profile. The results

show a significant decrease in SLC44A4 and PEMT transcript expression and a very

significant increase in CHKa transcript expression within primary hepatocytes.

B Primary B Homogenate

* Kk k%

c 3.5 I
°
7]
7]
® 254
o
X
(0]
(0]
2 1.5 1 * %
+— *
o
(0]
T 9.5 III III
1 1 1 1 1 1
N 9 % ™ N v v N A
u"‘? Q‘v »P‘v bP‘? qj‘/\? %,Lv o R &
9 O O O O o O Q¢ Q
23 23 2 23 23 12X

Figure 2. Relative mRNA expression assessed by quantitative real time gPCR.
Relative expression of the SLC44A1-5 and SLC22A1-2 transporters and the CHKa,
PCTY1/CCT and PEMT choline metabolizing enzymes from primary murine hepatocyte
cell lysate and liver homogenate. All genes were standardized to factin, all data mean +
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SEM from at least three livers, each performed in triplicate, (* P = 0.0299, ** P = 0.0082,
**** P <(0.0001).

1.30 Treatment Effect on Hepatic Choline Uptake and Incorporation into
Phosphatidylcholine

The regulation surrounding hepatic choline uptake is not known at this time, to
understand what factors might influence choline uptake and incorporation into lipids,
primary hepatocytes were treated with dexamethasone, insulin, glucose, palmitate and
oleate. Dexamethasone is a glucocorticoid known to increase PC synthesis and may have
a stimulatory effect on CTL1 expression or function. Insulin is not only heavily involved
in liver metabolism through the promotion of glycogen and fatty acid synthesis but also
shares a connection with choline metabolism along with glucose through the stimulation
of DAG synthesis used in the final step of the CDP-choline pathway. The interaction
between insulin and CTL1 as well as glucose and CTL1 had not been evaluated as of yet.
Similarly to dexamethasone, both palmitate and oleate are known to stimulate the CDP-
choline pathway, unfortunately their effects on CTL1 expression or function had yet to be
evaluated. Choline uptake at 10 minutes (Figure 3 B) and choline incorporation into PC
and lipid species at both 4 hours (Figure 3 C) and 24 hours (Figure 3 D) were measured.
While no particular treatment resulted in a significant change in choline uptake or
incorporation, a consistent trend toward an increase is seen following exposure to the

fatty acid oleate (0.5 mM) at each incubation time point.
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Figure 3. Treatment effect on choline uptake and incorporation in primary
hepatocytes. (A) Schematic of the experimental procedures. (B) Hepatocytes were
treated with dexamethasone (10 nM, 100 nM, 1000 nM), 0.5 M glucose and insulin (10
nM, 100 nM, 1000 nM), 0.5 mM sodium palmitate and 0.5 mM sodium oleate for 24
hours. Following this the hepatocytes were treated with 1 uCi/mL of *H-choline for 10
minutes, *H-choline uptake was measured directly from the cell lysate. (C) Hepatocytes
were incubated in 100 nM dexamethasone, 0.5 mM sodium palmitate and 0.5 mM
sodium oleate and 0.5 M glucose for 24 hours. 1 pCi/mL of *H-choline was added to the
treatments and the cells incubated for 4 hours. (D) The same treatments were applied for
24 hours and 1 pCi/mL of *H-choline was added to the treatments and the cells incubated
for 24 hours. For figures C and D, the cell lysates were processed through a Bligh & Dyer
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lipid extraction and the lipid phase used to count *H-choline. All data mean + SEM of at
least three livers, each performed in duplicate.

1.31 Effects of Oleate Treatment on Hepatic Choline Metabolism

In the previous experiment the fatty acids palmitate and oleate were not conjugated
prior to treatment application. For the following three experiments conjugated oleate
(1%) was used to treat the cells, treatment with conjugated palmitate was not pursued due
to its toxic effect on the hepatocytes noted during the previous study. An assay was
performed measuring the rate of choline uptake in primary hepatocytes following a 24
hour treatment with oleate. A trend towards a decrease in SLC44A1 expression occurred
among treated hepatocytes however, this difference is not statistically significant (Figure
4 B). What was found to be significant was the increase in choline incorporation into PC
or other lipid species following 24 hour oleate treatment (Figure 4 C). The rate of choline

uptake was very significantly decreased in cells exposed to oleate (Figure 4 D).
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Figure 4. Effect of 24 hour oleate treatment on choline metabolism in primary
hepatocytes. All treatments were performed on primary hepatocytes using 0.5 mM
conjugated oleate for a treatment time of 24 hours. (A) Schematic of experimental
procedures (B) Relative expression of SLC44A1 following treatment with oleate. (C)
Incorporation of *H-choline into PC or other lipid species following treatment with oleate
(P=0.0003). (D) Rate of *H-choline uptake after 30 minutes among oleate treated cells in
comparison to non-treated controls (P<0.0001). All data mean + SEM of at least four
livers, each performed in duplicate.

1.32 Obesity Affects CTL1 mRNA Expression and Choline Incorporation in
Liver
Having seen the decrease in the rate of choline uptake following treatment with the

free fatty acid oleate, | became interested in evaluating the effect of obesity, a disease
characterized by increased circulating free fatty acids, on SLC44Al1 expression and
function. A preliminary study was conducted using high fat diet induced obese mice and
non-littermate chow fed controls, the liver were taken and the relative expression of
SLC44A1 was measured. The results from this preliminary experiment demonstrated a
significant decrease in SLC44A1 expression within the obese mouse livers (Appendix
Figure A3). This experiment was conducted a second time using a female wild-type and

aged matched cohort. Half of the mouse cohort was placed on a 60% high fat diet while
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the other half remained on a chow rodent diet (Figure 5 B). Obese mouse livers were
found to have a decrease in *H-choline incorporation into PC and lipid species in
comparison to their lean counter parts (Figure 5 C). Following gPCR analysis, a decrease
in SLC44A1 expression was measured in the obese mice after being fed the high fat diet
for 6 weeks, a decrease which became significant at the 8 week mark (Figure 5 D). To
determine if the reduction in choline incorporation may have been caused in part by other
genes affected during obesity, an mRNA expression profile was completed at the 8 week
mark. No significant change in the expression of Kennedy pathway enzymes was found
to occur, as well there were no significant differences in PEMT, OCT1, SREBP1 or
BMAL expression between obese and lean mouse livers however a notable decrease in
CHKoa and PEMT expression among obese mice can be seen (Figure 5 E).
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Relative Expression of Hepatic Genes from Lean and Obese Mice
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Figure 5. Comparison between choline incorporation and mRNA expression in lean
and fatty livers from C57BL/6J mice. (A) Average representation of an obese mouse
and fatty liver following 8 weeks on a 60% high fat diet. (B) Average body weight from
both lean and obese cohorts at 2,4,6 and 8 weeks. (C) In vivo ®H-choline incorporation
from lean and obese mouse livers after 8 weeks. (D) Relative expression of SLC44A1
from lean and obese mouse livers at 2,4,6 and 8 weeks. (E) Relative expression of
metabolic genes from lean and obese mouse livers after 8 weeks. All data mean + SEM
of at least five mice, each performed in duplicate.

1.33 CTL1 Expression and Liver Choline Uptake are Influenced by the Circadian
Rhythm.

Choline metabolism is regulated by the circadian rhythm through its control over

11" To explore the possibility of circadian regulation of CTL1

CHKa expression
expression and liver choline uptake, | performed a time trial experiment which harvested
mouse livers every 6 hours for a 24 hour period. Both CHKo and CTL1 mRNA
expression demonstrated a 24 hour rhythmic pattern with an acrophase peaking around
7:00 am and reaching lowest expression 12 hours later at 7:00 pm (Figure 6 A,B).
Choline uptake also varied between the 12 hour time points with more than twice the

amount of uptake occurring at 7:00 am than at 7:00 pm (Figure 6 D). No rhythmic

expression was found to occur in OCT1 expression.
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Figure 6. Liver mRNA expression of CHKa, CTL1 and OCT1 over 24 hours and
liver choline uptake at 7:00 am (Oh) and 7:00 pm (12h) time points. (A) Rhythmic
trend in the relative expression of CHKa over 24 hours. (B) Rhythmic trend in the
relative expression of SLC44A1 over 24 hours. (C) Relative expression of OCT1 over 24
hours. (D) In vivo liver *H-choline uptake at 7:00 am and 7:00 pm. All data mean + SEM
of at least four livers, each performed in duplicate.

1.34 CHKa and SLC44A1 Expression show 24 hour Rhythmicity.
Following a more thorough investigation into the proper techniques behind circadian

studies it came to light that mice should be placed under 48 hour darkness prior to organ
harvesting. The 48 hour darkness removes photic cues from the biological clock and
results in increased expression of genes involved in maintaining the metabolic clock.

Unfortunately, the mice used in the previous experiments, depicted in figure 6, were not
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placed under 48 hour darkness prior to harvesting, luckily I was able to receive C57BL/6J
male murine liver tissues from Dr. Figeys’ lab which had been properly harvested and |
was able to repeat the analysis. It is obvious that both CHKa (Figure 7 A) and SLC44A1
(Figure 7 B) expression oscillates over a 24 hour period with highest expression
occurring around 7:00 am (ZT2) and lowest expression at 5:00 (ZT10) for CHKa and
7:00 pm (ZT14) for SLC44A1.

To investigate if the change in expression seen to occur over time at the transcript
level translated to the protein level, a western blot was completed. Both native and a
combination of native and denaturing conditions were used to produce the western blots.
Two home-made antibodies (CTL1 C-term and N-term, Rb) acquired from Dr. Marica
Bakovic were used to probe the transporter. Liver tissues harvested from the original time
trial experiment were used. In the first panel (Figure 8 A) the protein was run under
native conditions using a native gel (no detergents) and probed with the c-term primary
antibody. In the second panel (Figure 8 B) the protein was run under the same native
conditions but probed with the n-term primary antibody. In the third panel (Figure 8 C) a
combination of native and denaturing conditions was used to produce more legible bands.
To produce this blot, the c-term antibody was used and the protein was run under native
conditions with the exception of a 10% SDS denaturing gel used to separate the protein.
Observing the blots, CTL1 protein does not appear to change in expression between the

7:00 am and 7:00 pm time points however the blots are not of sufficient quality.
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Figure 7. Liver CHKa and SLC44Al1 expression over 46 hours. (A) Relative
expression of CHKa (B) Relative expression of SLC44A1. All data mean £ SEM of at
least three mice, each performed in duplicate.
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Figure 8. CTL1 liver protein expression over a 24 hour period. (A) Blots show CTL1
(~100 kDa) every 6 hours for a 24 hour period. Protein processed under native conditions.
(B) Blots show CTL1 (~100 kDa) every 6 hours for a 24 hour period. Protein processed
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under native conditions. (C) Blots show CTL1 (~73 kDa) every 12 hours for a 24 hour
period. Protein processed under a combination of native and denaturing conditions.

1.35 Bioinformatics analysis indicates 4 potential RORE consensus sequences for

REV-ERBa/RORa binding upstream of the SLC44A1 gene.

CHKaoa expression is controlled by the REV-ERBa and RORa nuclear factors, the
similar patterns of expression between CHKa and SLC44A1 suggest that SLC44A1 may
be regulated by these same factors. A bioinformatics analysis was conducted through
MEME Suite 4.12.0, FIMO and revealed 4 potential RORE consensus sequences within
the promoter region of SLC44Al capable of REV-ERBa/RORa binding (Figure 9 A).
The four sequences were analyzed using the UCSC Genome Browser and it was revealed
that two of the potential sequences are highly conserved in the rat SLC44A1 promoter
region (Figure 9 B).

Chromatin immunoprecipitation was attempted to determine if the REV-ERBa
and/or RORa nuclear factors actively bind to the SLC44A1 promoter. The DNA was
sheared using the Covaris sonicator to give a spectrum of fragment sizes (Figure 10 A).
Completion of the protocol and the determination of binding is observed on a gel (Figure
10 B). A band is present for all input values indicating that the PCR amplifying REV-
ERBa bound sequences was successful. Bands appearing in the columns specifying the
amount of antibody used to precipitate the DNA (100ul, 50ul and 25ul) indicate the
successful precipitation and amplification of REV-ERBoa bound sequences. Bands
appearing in the negative control which did not contain an antibody (NoA) indicate DNA

contamination.
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Figure 9. The SLC44A1 promoter contains RORE consensus sequences capable of
REV-ERBa/RORa binding in mouse. (A) Schematic of SLC44A1 promoter region
indicating the position and sequence of the RORE sites in mouse, the numbers refer to
distance from the transcriptional start site, e-value < 0.05. (B) Alignment of the
conserved RORE sequences in the mouse and rat SLC44A1 promoter.
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Figure 10. Chromatin immunoprecipitation probing REV-ERBa binding to the
SLC44A1 promoter. A 1Kb ladder was used. (A) DNA fragment smear following
Covaris sonication of homogenized liver. (B) Agarose gel depicting amplified DNA
following precipitation by the REV-ERBa antibody. The experiments are in duplicate,
top: sequence 1 and sequence 2 are shown, bottom: sequence 3 and sequence are shown.
In= input DNA positive control, NoA= No antibody negative control, 100, 50, 25 =
concentration of antibody used to precipitate the DNA sample.

1.36 Disrupting the Circadian Rhythm Affects Liver Choline Incorporation and
SLC44A1 Expression.

BMALL is a main circadian protein, without it the body clock is not able to cycle
properly and the rhythm is abolished *'®. To further investigate the link between the
circadian rhythm and liver choline metabolism, BMAL1" livers were harvested at the
7:00 am and 7:00 pm time points. The typical pattern showing higher choline
incorporation and SLC44A1 expression at 7:00 am and decreased incorporation and
expression at 7:00 pm is shown in the wild-type mice but not in the BMAL1” mice, in

fact the reverse appears to be happening. At 7:00 pm the BMAL1"" mice have an increase
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in choline incorporation and SLC44A1 expression in comparison to the 7:00 am time
point.
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Figure 11. Liver choline incorporation and SLC44A1 expression in BMAL1" mice at
the 7:00 am and 7:00 pm time points. (A) Schematic of experimental procedures (B)
Comparison of *H-choline incorporation into PC or lipid species between non-littermate
wildtype and BMAL1” mice. (B) Relative expression of SLC44A1 in the liver of wildtype
and BMAL1” mice. All data mean + SEM of at least four livers, each performed in
duplicate.

1.37 Both Obesity and the Circadian Rhythm Affect Choline Incorporation and
CTL1 Expression.

As previously shown in figure 5 C and D, obesity decreases the incorporation of

choline into PC or other lipid species as well as decreases SLC44A1 transcription.

Interestingly, the decrease in choline incorporation seen to occur in the obese livers is

only significant in the morning at 7:00 am but not so in the evening at 7:00 pm (Figure 12
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A). This same trend is seen at the transcriptional level where the decrease in SLC44A1
expression is only significantly different at the 7:00 am time point. The time-related drop
in expression could indicate the presence of a circadian regulatory mechanism

influencing SLC44A1 expression which may be affected during obesity.
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Figure 12. Effect of obesity and circadian regulation on hepatic SLC44A1 expression
and function. (A) Choline incorporation into PC or other liver lipids at the 7:00 am and
7:00 pm time points. Intracellular choline was calculated by dividing *H-choline from the
lipid phase by total serum choline measured by a choline assay (P = 0.0194). (B) Relative
expression of SLC44AL1 at the 7:00 am and 7:00 pm time points (* P = 0.0184), (** P =
0.0045), (*** P = 0.0003). All data mean £ SEM of at least six livers, each performed in
duplicate.

1.38 The Effect of Obesity and Circadian Rhythm on the Transcription of
Choline Metabolizing Enzymes and the OCT1 Transporter.

CHKo is known to be regulated by the circadian rhythm, this was clearly
demonstrated by the difference in expression at the 7:00 am and 7:00 pm time points in
lean mouse livers. Interestingly CHKa expression is also affected during obesity, a

significant decrease in expression occurs at the 7:00 am time point and slight decrease at
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the 7:00 pm time point. A similar pattern is seen in PEMT expression with a significant
decrease in expression among obese mouse livers at 7:00 am and a very slight decrease at
7:00 pm in comparison to their lean counterparts. No significant changes in expression

were measured for either PCTY1/CCT or OCT1.
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Figure 13. Effect of obesity and the circadian rhythm on C57BI/6J mouse liver
CHKa, PCTY1/CCT, PEMT and OCT1 expression. Hepatic gene expression from 16
week old lean chow fed and 16 week old, 10-week 60% high fat diet fed obese mouse
livers isolated at 7:00 am and 7:00 pm. (A) CHKa (** P = 0.0059, *** P = 0.0002), (B)
PCTY1/CCT, (C) PEMT (* P < 0.05) (D) OCTL1. Data represents mean + SEM of at least
six livers, each performed in duplicate.
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DISCUSSION
Choline is an essential nutrient, in the liver it acts as a precursor for PC synthesis

and functions as a methyl donor towards the regeneration of SAM. Choline deficiency
decreases PC synthesis, which affects VLDL formation and in turn decreases triglyceride
export causing fatty liver ®. Low PC also decreases mitochondrial membrane potential
and stimulates the production of reactive oxygen species, while a lack of methyl group
donors disrupts the cell’s methylation ability resulting in changes to gene expression 2’.
Because of its importance in maintaining liver homeostasis, choline metabolism has been
well characterized; however, hepatic choline transporters have not received that same
attention and little is known about the kinetics of choline uptake or the regulation
surrounding it. Thus, my work has been directed towards the characterization of hepatic

choline transport, specifically the choline transporter-like protein and its regulation.

1.39 An intermediate affinity transport system is responsible for hepatic uptake.

My first objective was to characterize hepatic choline transport and determine the
specific contribution of CTL transport to the choline pool. Presently, CTL1 mRNA
expression has been detected in the liver and there has been evidence demonstrating the
existence of two transport systems with different affinities for choline *****. No further
studies have been conducted to characterize hepatic choline transport or to functionally
verify the uptake of choline through CTL transporters. To begin this characterization, a
saturation assay was performed which indicated a Ky, of 75.75 uM and Vax 0f 0.004152
MM/mg/min, values that are representative of an intermediate affinity transport system
(Figure 1, C). An inhibition assay was performed using hemicholinium, a choline analog

which blocks ctl transport but not oct transport. The results indicated an I1Cs, of 3.314¢%%
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MM and at full inhibition, hemicholinium was able to impede ~80% of choline uptake
indicating that the ctl transport system is responsible for the majority of hepatic choline
uptake (Figure 1, D). A second inhibition assay was performed using quinine, an oct
inhibitor which indicated that relatively little choline is taken up via oct transport (Figure
1, E). These results establish that the ctl transport system is responsible for the majority
of hepatic choline uptake in mice and that, although oct transport does uptake choline
into the liver its contribution is negligible. In order to gain an overview of the relative
expression between choline transporters and choline metabolizing enzymes real-time
gPCR was performed and demonstrated a significant decrease in expression of SLC44A1
and PEMT as well as a very significant increase in CHKa expression among primary
hepatocytes in comparison to liver homogenate samples (Figure 2). The differences seen
in primary hepatocyte gene expression could be due to the removal of regulatory factors,
for example circadian factors, following isolation and the time taken to isolate, plate and
treat the cells could allow for changes in expression to occur which are not representative
of the natural state.

To better study the role and importance of CTL1 in liver choline metabolism,
CTL1" mice were requested. Upon arrival the mice were genotyped and the expression
of CTL1 was evaluated at the mRNA and protein levels and was unfortunately detected.
Since these mice contained a backup loxp system surrounding exon 3 of SLC44A1, we
proceeded to breed them with Cre-containing mice in an attempt to disrupt SLC44A1
transcription in their progeny (figure Al). Genotyping results revealed the generation of
knockout mice, but in an attempt to remove a LacZ/neomycin cassette inserted during the

creation of these mice, the reappearance of CTL1 expression occurred in successive
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generations. Our lab continues towards the generation of a SLC44A1™" line, unfortunately
| was not able to make use of SLC44A1” mice for any experiment. Since the mice
contained a loxp system, a second attempt was made towards knocking out the gene in
primary hepatocytes with the use of a Cre-containing adenovirus. A decrease in SLC44A1
expression occurred when the primary cells were treated with the virus but its expression
could not be fully eliminated (Figure A2). Increasing the concentration or time of
incubation in the virus resulted in toxic effects and because of this the decision was made

not to continue with this experiment.

1.40 Choline incorporation is increased following treatment with oleate.

In pursuit of my second objective looking to understand the regulation of CTL1, |
was interested in the treatment effects of dexamethasone, glucose, insulin, palmitate and
oleate on hepatic choline metabolism. Dexamethasone is an anti-inflammatory
glucocorticoid which has been shown to exacerbate the development of fatty liver
through miR-17-5p stimulation and trigger the accumulation of liver triglycerides and
sphingolipids through increasing the expression of fatty acid transporters 7%,
Dexamethasone has also been utilized to promote fetal lung maturation by boosting CCT
activity and thus increasing the synthesis of PC required for the production of
surfactant *°. Dexamethasone has been shown to influence the expression of transporters,
its actions affect liver lipid accumulation and are known to have a direct impact on liver
choline metabolism and PC synthesis through increasing the activity of CCT vyet, its
effect on choline transport prior to CCT remain unknown. Dexamethasone is also known

to induce insulin resistance in the liver and inhibit insulin release from the pancreas ** %,
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In the liver, the development of insulin resistance and its relationship with choline
metabolism has been studied, but at this time remains unclear *? Insulin resistance is a
common symptom of metabolic disease and has been shown to improve following
betaine supplementation, the product of choline oxidation *?. Although treatment with
insulin has been shown to increase PC synthesis in adipose tissue, the effect of insulin on

liver PC and choline metabolism has not been well established 23

. In the liver, palmitate
and oleate are free fatty acids which undergo oxidation to produce acetyl-CoA and are
also used in the synthesis of phospholipids, ketones and signalling molecules **. Both
palmitate and oleate are known to stimulate the activity of CTT and through this increase
the synthesis of PC in liver, but their effect on hepatic choline uptake has yet to be
thoroughly understood 2. To evaluate the effects of these metabolic factors on CTL1
function, | applied the treatments to hepatocytes for 24 hours and measured their ability
to metabolize *H-choline and incorporate it into PC. Neither treatment produced a
significant change in choline incorporation into PC with the exception of oleate which
produced a consistent increase throughout all incubation times (Figure 3 B,C,D). The
effect of palmitate, glucose, insulin and dexamethasone treatment on choline uptake and
incorporation are lackluster. Treatment with palmitate produced a toxic effect leading to
cell death, also the fatty acid was not conjugated prior to treatment application, the
induction of apoptosis and the lack of BSA conjugation could explain the lack of change
in choline incorporation observed. The lack of change in choline uptake and
incorporation following treatment with glucose and insulin might be because the two

factors were used separately where as in the body, to produce a measurable effect in lipid

metabolism both factors are required to work together. Unlike other tissues in the body,
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the liver contains GLUT-2 transporters which are continuously taking up glucose
independent of insulin signalling. Although insulin is known to increase lipogenic
metabolism it did not produce a measurable effect in terms of choline metabolism. A
possible explanation as to why treatment with dexamethasone did not produce a
significant change in choline metabolism might be due to the decrease in CCT or PCTY1
expression among primary hepatocytes (Figure 2). Dexamethasone stimulates PC
synthesis through increasing the activity of CCT, a decrease in enzyme quantity could

have hindered dexamethasones’ effect on choline metabolism.

1.41 Oleate stimulates PC synthesis in hepatocytes but does not affect CTL1
expression.

Oleate has been previously shown to increase CCT activity, increase the production of
DAG and stimulate PC synthesis in rat liver ***?". A recent paper by Schenkel and
Bakovic demonstrated that oleate treatment increases PC synthesis and accelerates
phosphocholine turnover in muscle cells as well as stimulates mitochondrial fatty acid
oxidation '?®. This increase in PC synthesis was suggested to act as a protective
mechanism against the buildup of toxic lipid intermediates. Interestingly, oleate was also
shown to decrease trafficking of CTL1 to the mitochondrial membrane which decreased
choline uptake in muscle. It was suggested that this outcome functioned towards

128 \While oleate treatment is

maintaining cytoplasmic choline intended for PC synthesis
known to stimulate CCT activity by localizing it to the membrane, its effect on the uptake

of hepatic choline have not been explored.
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To better understand the effect of oleate on hepatic choline uptake and
incorporation, | conducted three sets of experiments each in primary hepatocytes
following 24 hours of treatment in oleate. These sets of experiments were conducted
following the conjugation of oleate to 1% BSA prior to treatment which facilitates the
uptake of fatty acids into hepatocytes. As expected, treatment with oleate significantly
increased *H-choline incorporation into PC (Figure 4 C). | followed this up by measuring
the rate of choline uptake and it was found that oleate treatment significantly decreased
the rate of choline uptake without significantly affecting its mRNA expression (Figure 4
B,D).

Perhaps as has been shown in muscle, CTL1 translocation to the mitochondria
could have been reduced allowing for cytosolic choline to be directed towards PC
synthesis. This would allow for PC synthesis to continue despite a decrease in choline
uptake. Although it might be a stretch, it could be possible that the variants of CTL1 are
distributed unequally to the plasma membrane and mitochondrial membrane. In the
mouse there exist two splice variants of SLC44A1, unfortunately not much is known
about their localization or expression. In humans three splice variants exist, two of which
contain a different number of serine residues available for phosphorylation and one of
which possesses an RXR motif. Both of these modifications are associated with the
localization of proteins, perhaps one isoform localizes to the mitochondria and the other
to the plasma membrane. Given the findings by Schenkel and Bakovic where oleate
decreased mitochondrial CTL1 expression but not plasma membrane expression, it could
be that the treatment of oleate in hepatocytes decreased the expression of the

mitochondrial isoform but not the plasma membrane isoform. In this case, CTL1
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expression along the plasma membrane would not decrease greatly and the entire pool of
cytosolic choline would be directed along the CDP-choline pathway, as suggested by
Schenkel and Bakovic. This redirection of choline towards the CDP-choline pathway
would allow for PC synthesis to continue or even increase despite a decrease in choline
uptake. As for why a decrease in choline uptake occurs following treatment with oleate,
further testing is required before | can provide a possible explanation. Further
examination into the state of the mitochondria (membrane potential and oxidative stress)
as well as measurement of betaine before and after treatment could provide clarity
towards the effect of oleate on CTL1 functioning and choline metabolism as a whole.

An alternative explanation could be that the activation of CCT following oleate
treatment created a choline sink which directed all intracellular free choline towards the
CDP-choline pathway and that the 14-15 nM/mg concentration of choline entering the
cell was capable of sustaining this pathway. For a future study it would be interesting to
measure the quantity of betaine produced following treatment with oleate, this could
provide more information on the shutting of intracellular choline between the two

pathways.

1.42 Obesity is Associated with a Decrease in CTL1 mRNA Expression and
Choline Incorporation

Since the fatty acid oleate is capable of stimulating choline metabolism in
hepatocytes, my interest turned to obesity, a disorder characterized by increased
circulating fatty acids, and how it may affect choline uptake and metabolism in the liver.
Obesity is also associated with the development of fatty liver, a disorder which can be

brought about through choline deficiency. To explore the relationship between obesity
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and hepatic choline metabolism, | placed a cohort of mice on an 8-week 60% high fat diet
measured CTL1 mRNA expression and choline incorporation into PC. What | found was
as obesity persisted and the mice increased in body weight, SLC44A1 expression
decreased. At the 8 week point both CTL1 expression and choline incorporation
decreased significantly in the obese mice (Figure 5 B,C,D). The expression of the OCT1
transporter as well as choline metabolizing enzymes were measured and no significant
differences can be observed between lean and obese mice however a decrease in CHKa
and PEMT expression in the obese mice is noted (Figure 5 E). This provides further
support of an association between the decrease SLC44A1 expression observed and the
decrease in choline incorporation into PC. The onset of NAFLD as well as decreased
DNA methylation have been demonstrated to occur in obesity ****?°. Choline deficiency
is known to cause fatty liver disease and in the mitochondria, choline is a key metabolite
involved in the regeneration of SAM required for maintaining the methylation capability
of the cell. If I may speculate, the decrease in SLC44A1 expression observed among the
obese mice is likely to decrease choline uptake and in turn cause the decrease in choline
incorporation demonstrated in figure 5C. This decrease in PC could result in decreased
VLDL formation and secretion of triglycerides™. This decrease in VLDL triglyceride
export could result in liver lipid accumulation as seen to occur in NAFLD. In the obese
state, fatty liver disease is also characterized by a change in methylation status '%.
Decreased choline availability for betaine synthesis could decrease SAM regeneration
and alter the methylation ability of cells **°. In support of this is the fact that betaine
supplementation is known to increase homocysteine to SAM conversion and ameliorate

NAFLD *#. Both of cholines’ metabolic pathways are known to be affected during
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obesity and fatty liver disease. Both pathways require CTL choline transport which | have
shown to decrease in expression at the mRNA level during obesity. It could be that
obesity inhibits SLC44A1 expression which lowers choline uptake and decreases PC

synthesis as well as SAM production and triggering the development of fatty liver disease.

1.43 CTL1 expression and function are regulated by the circadian rhythm.

To achieve my second objective towards understanding the regulation of CTL1, |
would like to establish if the circadian rhythm influences CTL1 expression and function.
It has been well documented that the expression of CHKa, the first enzyme in the CDP-
choline pathway, is regulated by the interplay of the REV-ERBo/RORa circadian
factors . To gain a better understanding of CTL1 expression over time | harvested the
livers of wild-type mice over 24 hours and measured the uptake of hepatic choline in vivo
between the 7:00 am and 7:00 pm cohorts. As a comparative measurement, CHKa
relative expression was analyzed and unsurprisingly, followed a 24 hour rhythmic trend
(Figure 6 A). Excitingly, CTL1 expression was also found to follow a similar 24 hour
rhythmic trend with an acrophase occurring over night until ~7:00 am followed by a slow
decrease in expression until ~7:00 pm (Figure 6 B). In accordance with this, hepatic
choline uptake was highest at 7:00 am and demonstrated a very significant decrease at
7:00 pm (Figure 6 D). The relative expression of OCT1 was examined to verify that it
was not influencing the circadian uptake of choline, and OCT1 expression was found not
to demonstrate a 24 hour rhythm. A western blot was attempted in order to observe CTL1
protein expression overtime, unfortunately commercial antibodies for CTL1 are limited

and have yet to be optimized. Several combinations of native and denaturing conditions
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were experimented with but regrettably a clear picture of CTL1 protein expression could
not be attained (Figure 7 A,B,C).

When this experiment was conducted, | was not aware that a common practice for
circadian studies is to place the mice into 48 hour darkness prior to testing **2. Placing the
mice in darkness triggers an amplification of circadian signals as well as allows for direct
measurement of the metabolic rhythm without adjustment by photic cues. Luckily I was
able to obtain male C57BI/6J murine liver tissue from Dr. Figey’s lab which were
harvested following a 48 hours period in darkness. Real-time qPCR analysis of these
tissues revealed a similar rhythmic trend for both CHKo and SLC44A1l expression
normalized using pactin , with an acrophase occurring overnight from ZT22 - ZT2 and a
bathyphase occurring from ZT10 - ZT14 for CHKa and at ZT14 for SLC44A1 (Figure 18
A,B). These results clearly demonstrate a circadian trend in hepatic SLC44A1 expression
and perhaps the likeness in pattern shared between SLC44A1 and CHKa indicates that the

same circadian mechanism might be at play.

1.44 Bioinformatics indicates that the SLC44Al promoter contains REV-

ERBa/RORa binding sites.

A bioinformatics analysis aiming to identify REV-ERBo/RORa consensus
sequences within the SLC44A1 promoter region was conducted and revealed 4 possible
binding sites (Figure 9 A). Using the UCSC Genome Browser, the conservation between
the mouse consensus sequences were compared to rat and two of the four sequences were
found to be highly conserved (Figure 9 B). The identification of conserved REV-
ERBw/RORa sequences within the SLC44A1 promoter region provides stronger evidence

towards a possible circadian-linked regulatory mechanism. This finding coupled with the
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similarity in expression pattern shared between CHKao, a pattern known to be regulated
by the REV-ERBa/RORa system, and SLC44AL1 further supports this idea. In an attempt
to verify REV-ERBo/RORa binding to the SLC44A1 promoter, | began troubleshooting
tissue-based chromatin immunoprecipitation (ChlP). | was successful in optimizing both
probe and Covaris based DNA sonication (Figure 10 A). In control liver tissue | was
successful in precipitating the REV-ERBa/RORa transcription factor and amplifying the
sequence by gPCR using the primers for sequence 1, 2 and 3 (Figure 10 B). The
experiments were performed in duplicate and are shown side by side. Sequence 1
contains bands for all three samples however they were not reproducible between the
separate rounds. Sequence 2 shows one sample band which was not reproduced in the
second round. Sequence 3 showed bands at all sample locations which were reproduced
in the second round, unfortunately bands also appeared within the negative control
column (NoA) indicating DNA contamination. No sample bands or negative control
bands appeared for sequence four, bands did appear for the positive control indicating
that the DNA precipitation and PCR amplification occurred successfully, it is unlikely
that sequence four is a binding location for REV-ERBa/RORa. For a number of months |
worked towards optimizing washing conditions, precipitation conditions and PCR cycling
conditions but was not successful in producing a clean and reproducible ChIP product. At

the moment, REV-ERBa/RORa binding to the SLC44A1 promoter remains to be shown.
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1.45 BMAL knockout affects both SLC44A1 expression and hepatic choline
uptake.

If SLC44A1 expression and choline uptake are regulated by the circadian rhythm
then, disruption to the circadian rhythm should have a measurable effect on these
processes. BMAL” mice are rhythm deficient, in the liver altered REV-ERBo/RORa
regulation has been shown to increase CHKa expression and in turn elevate PC
synthesis 1. To test the relationship between BMAL and SLC44A1 expression and CTL
function, hepatic SLC44A1 expression and choline incorporation was measured in BMAL"
" mice and wild-type controls at 7:00 am and 7:00 pm. As was observed by Grechez et al.,
an increase in choline incorporation occurred in BMAL™ mice and is even seen to
increase at 7:00 pm (figure 11 B). Surprisingly, despite an increase in choline
incorporation, a decrease in SLC44A1 expression was measured at both time points which
was significant at 7:00 am (Figure 11 C). In addition, the rhythmic decrease in SLC44A1
expression seen to occur from 7:00 am to 7:00 pm in the control mice was ablated in the
BMAL™ mice. The significant change in SLC44A1 expression among rhythm deficient,
BMAL™" mice provides evidence supporting the idea of a circadian mechanism controlling
the rhythmic expression of SLC44A1. The opposite effect of BMAL™ out on CHKa and
SLC44A1 expression was unexpected but could still be explained through the different
actions of REV-ERBa and RORa. Loss of REV-ERBa suppression instigated the
increase in CHKa expression. However, REV-ERBa expression is low in the early
morning and rises throughout the day where as RORa expression rises throughout the
night and peaks in the very early morning when SLC44A1 expression is typically highest.

RORa is known to function as a transcriptional stimulator, it could be that the loss of
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RORa binding results in a loss of SLC44A1l transcription during the night and early
morning which would be demonstrated by low expression of SLC44Al in the morning

and typical expression later in the day.

1.46 Obesity decreases the overall uptake and incorporation of choline in the
morning.

The goal of my third objective is to evaluate if obesity affects the circadian
regulation of SLC44A1. Numerous papers have identified connections between circadian
deregulation and the onset of metabolic disease, specifically obesity and NAFLD ##° To
begin answering this question a cohort of mice were selected, half were placed on a
rodent chow diet and half placed on a 60% high fat diet for 8 weeks. After processing the
tissues | found that the incorporation of *H-choline in lean mice does not differ between
7:00 am and 7:00 pm. This is not the case among obese mice who demonstrate an
increase in *H-choline incorporation at the 7:00 pm time point (Figure 12 A). The lack of
change over time among lean mice and the presence of a change in obese mice provide
contradicting evidence towards the circadian regulation of choline metabolism. In
comparison to the lean mice, the obese mice demonstrated a decrease in *H-choline
incorporation at both time points but most significantly during the morning. This
indicates that obesity suppresses hepatic choline metabolism and may do so through the
disruption of a circadian mechanism (Figure 12 A). Stronger evidence of circadian
regulation is demonstrated at the transcript level where a significant increase in SLC44A1
expression can be measure in both groups at the 7:00 pm time point (Figure 12 B).
Notable is the decrease in MRNA seen among obese mice at both time points and most

significantly during the morning. This suggests that obesity suppresses hepatic choline
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metabolism at the level of the transporter and for a second time demonstrates this
suppression more significantly in the morning.

Strangely, the results from figure 12A show an opposite trend to the results shown
in figure 6 B which demonstrate a decrease in SLC44A1 expression at 7:00 pm. For all
other experiments the results agree with figure 6 B, however | do not have an explanation

as to why a difference occurred between the two experiments.

1.47 Obesity suppresses CHKa and PEMT expression in the morning.

I have demonstrated that SLC44A1 expression differs between 7:00 am and 7:00 pm
which suggests a circadian regulatory mechanism might be at play. | have also
demonstrated that in obesity, SLC44A1l expression and choline incorporation are
decreased and that this decrease is significant during the morning. It is well known that
CHKo expression is regulated through the interplay of REV-ERBo and RORa
binding ™. To gain a better understanding of the influence obesity has on choline
metabolism as a whole, | measured the relative expression of choline metabolizing
enzymes and PEMT. Unsurprisingly, CHKa demonstrated an obvious change in
expression between 7:00 am and 7:00 pm, with a significant decrease occurring at 7:00
pm (Figure 12 A). Neither PCTY1/CCT or OCT1 demonstrated a significant difference in
expression (Figure 13 B,D). Interesting to note is the same inhibitory-like effect of
obesity on CHKa and PEMT at the 7:00 am time point which has been seen to occur with
SLC44A1 (Figure A,C). More interesting still is that this inhibition only affected genes
which are associated with the circadian rhythm and not PCTY1/CCT or OCT1. These
findings provide support towards the idea that obesity may influence choline metabolism

through a circadian regulatory mechanism.
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CONCLUDING REMARKS
Following the characterization of hepatic choline transport, the CTL family of

transporters is an intermediate affinity transport system responsible for ~80% of choline
uptake. In completion of my second objective focused on understanding the regulatory
components of the CTL1 gene, obesity was found to significantly decrease hepatic
SLC44A1 expression and choline incorporation into PC. Although not to a significant
degree, CHKo and PEMT expression were both consistently decreased in the obese state.
In addition to obesity, the circadian rhythm was found to regulate SLC44A1 expression
and through this influence hepatic choline uptake. The similar rhythmic pattern seen to
occur between SLC44A1 and CHKa expression lead to the completion of a bioinformatics
analysis which revealed four potential REV-ERBo/RORa consensus sequences within
the SLC44A1 promoter. REV-ERBa binding activity was attempted to be measured
through chromatin immunoprecipitation however this experiment was not successfully
carried out. Further evidence of a circadian regulatory mechanism controlling SLC44A1
expression and in turn choline uptake was provided through the examination of
arrhythmic BMAL” mice who demonstrated a significant decrease in SLC44A1
expression and aberrant choline incorporation. In completion of my third objective the
effect of obesity on the circadian regulation of SLC44A1 was examined and it was
discovered that obesity decreases SLC44A1 expression and choline incorporation into PC.
A common pattern in SLC44A1, CHKa and PEMT expression was observed in obese
mice where by a significant decrease in expression occurred in the morning and a lesser
decrease in expression occurred at night. This same pattern was observed in SLC44A1
expression among BMAL™ mice. In the obese state, the appearance of this pattern among

circadian linked genes and its appearance in the BMAL™ mice suggests that obesity might
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affect SLC44A1 expression through the disruption of a circadian regulatory mechanism,
although further evidence is required. This work increases our knowledge of hepatic
choline transport and demonstrates for the first time a link between the circadian rhythm
and obesity with the hepatic SLC44A1 transporter.

Future work towards uncovering the mechanism underlying SLC44A1 circadian
regulation could provide an additional link connecting the circadian rhythm and liver
metabolism. Additional work is needed to uncover the method underlying the inhibitory
effect of obesity on SLC44A1 expression. The time related decrease in SLC44A1
expression during obesity may provide a clue towards the underlying mechanism which
may or may not involve circadian factors. Along a slightly different avenue, the
relationship between CTL1 and its localization and functioning in the mitochondria also
merit further study. The development and characterization of a SLC44A1™ mouse will
ultimately provide the information needed towards uncovering the full role and
contribution of CTL1 in maintaining liver and mitochondrial homeostasis as well as aid
in our understanding of the circadian and obesity regulatory components influencing

CTL1 gene expression and function.
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APPENDIX 1

1.48 Breeding Scheme Towards the Generation of a SLC44A17 Mouse

The generation of a SLC44A1" mouse line was developed by ingenious Targeting
Laboratories. A KOMP target vector (Project ID: CSD29103) containing a Cre-lox

system and lacZ/neomycin cassette was electroporated into C57BL/6 embryonic stem
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cells and delivered into Balb/c blastocysts. Homozygous floxed mice were produced and
bread to mice containing whole body Cre recombinase (B6.C-Tg(CMV- cre)1Cgn/J-
stock number 006054). Unfortunately these mice still expressed the CTL1 protein, our
lab bred these mice with homozygous Cre-containing mice in a second attempt to remove
the CTL1 gene (Figure 3 A). Genotyping indicated that knockout mice had been
produced and so steps were taken towards the removal of the LacZ/neomycin cassette
(Figure 3 B). Unfortunately qPCR and western blot results indicated the presence of
CTL1 following our attempts to remove the cassette. Presently the lab is working towards
re-establishing a SLC44A1" mouse.

In a second attempt towards removing SLC44A1 expression, primary hepatocytes were
taken from the SLC44A1-cre-lox mice and were treated with a Cre-containing adenovirus
obtained from Dr. Parks’ Lab. The cells were incubated in an MOI of 5, 10 and 20 for 24,
48 and 72 hours. The cells experienced toxicity at an MOI of 20 and at any MOI
incubated for 72 hours. The uptake of adenovirus was evaluated through imaging using
the Leica imaging system under the Texas Red filter, CTL1 expression was evaluated by
western blot. There’s a notable decrease in CTL1 expression with increasing adenovirus
concentration but unfortunately CTL1 expression is not completely inhibited at 20 MOI
and increasing the concentration further would lead to greater toxicity, for these reasons

this experiment was not continued.
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Figure Al. Generation of a SLC44A1" mouse. (A) Breeding scheme between the
original CTL1 floxed mouse and homozygous cre-recombinase mouse and the F1 cross
of their progeny. (B) Genotyping results of the F1 and F2 generation of CTL1
heterozygous, CTL1 knockout and wildtype progeny. The disappearance of the 900 bp
band in the top gel of the F2 generation indicates the removal of SLC44A1 exon 3. The
presence of a 900 bp band in the bottom gel of the F2 generation indicates the knockout
of CTLL.
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1.49 Removal of SLC44A1 Exon 3 lox-p sites with a Cre-containing Adenovirus

A

Control MOI 5 MOI 10 MOI 20

CTLI ¢ 100 bp

75 bp

Figure A2. CTL1 expression following treatment with Cre-containing adenovirus.
(A) Microscope image of primary hepatocytes treated with an MOI of 10 for 24 hours,
mCherry fluorophore was imaged using the Texas Red filter at 561/594 nm and overlaid
onto a white light image. (B) Western blot of CTL1 expression following 24 hour of
adenoviral treatment at an MOI of 5, 10 and 20, c-term antibody.
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1.50 Preliminary Study Evaluating the Effect of Obesity on Hepatic SLC44A1

Expression.

2.0

1.59

1.0

0.5

Relative expression

0.0
Chow High Fat

Diet

Figure A3. Effect of obesity on hepatic SLC44A1 expression. Relative expression of
SLC44A1 following real time qPCR analysis of obese and lean C57BL/6J non-
littermate mouse livers. All data mean + SEM from five livers, each performed in
duplicate p < 0.05.
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1.51 CDP-Choline Pathway
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