
Functional Analysis of the TRIB1 Locus

in Coronary Artery Disease (CAD)

By Adrianna Douvris

Thesis Submitted to the Faculty of Graduate and Postdoctoral Studies in partial

fulfillment of the requirements for the degree of

Master of Science

Department of Biochemistry, Microbiology and Immunology

Faculty of Medicine, University of Ottawa

Ottawa, Ontario, Canada

c© Adrianna Douvris, Ottawa, Canada, 2011



Abstract

Functional Analysis of the TRIB1 Locus in Coronary Artery Disease (CAD)

By Adrianna Douvris

The TRIB1 locus (8q24.13) is a novel locus associated with plasma TGs and CAD risk.

Trib1 is a regulator of MAPK activity, and has been shown to regulate hepatic lipogenesis

and VLDL production in mice. However, the functional relationship between common SNPs

at the TRIB1 locus and plasma lipid traits is unknown; TRIB1 has not been identified as

an eQTL. This cluster of SNPs falls within an intergenic region 25kb to 50kb downstream of

the TRIB1 coding region. By phylogenetic footprinting analysis and DNA genotyping, we

identified an evolutionarily conserved region (CNS1) within the risk locus that harbours two

common SNPs in tight LD with GWAS risk SNPs and significantly associated with CAD.

We investigated the regulatory function of CNS1 by luciferase reporter assays in HepG2

cells and demonstrate that this region has promoter activity. In addition, the rs2001844

risk allele significantly reduces luciferase activity, suggesting that altered expression of the

EST-based gene may be associated with plasma TGs. We identified an EST within the

risk locus directly downstream of CNS1. We performed 5’/3’ RACE using HepG2 RNA,

identified multiple variants of this EST-based gene, and confirmed its transcription start

site within CNS1. We hypothesize that this EST is a long noncoding RNA due to low

abundance, poor conservation, and absence of significant ORF. Over-expression of a short

variant implicates its function in the regulation of target gene transcription, although the

mechanism of action remains unknown. We conclude that the risk locus at 8q24.13 harbours

a novel EST-based gene that may explain the relationship between GWAS SNPs at this

locus and plasma lipid traits.
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1 Introduction

1.1 Coronary Artery Disease and Established Risk Factors

Coronary artery disease (CAD) is a leading cause of death and disability in Western coun-

tries, and its prevalence is increasing within the developing nations as well [1]. Atheroscle-

rosis is a complex underlying pathology of CAD leading up to myocardial infarction (MI)

and its manifestation is characterized by lipid accumulation, inflammation, apoptosis, and

fibrosis within coronary arteries [2]. Plasma LDL-c and HDL-c are established independent

risk factors for CAD. Briefly, LDL transports cholesterol from the liver to the tissues, and

its accumulation in coronary arteries contributes to the development of atherosclerosis and

CAD. HDL is involved in reverse cholesterol transport, which is the mechanism by which

cholesterol returns from the tissues to the liver for catabolism. Evidence strongly shows

LDL-c as being pro-atherogenic. Statin treatment, which inhibits HMG-coA reductase -

thereby reducing hepatic cholesterol synthesis and plasma LDL-c levels - has been proven

to reduce atherogenesis and CAD risk [2]. In contrast, HDL has a protective role, thus,

high plasma HDL-c levels are anti-atherogenic [2].

1.2 Hypertriglyceridemia is a Biomarker and Independent Risk Factor

for Coronary Artery Disease (CAD)

Plasma triglycerides (TGs) as additional independent risk factors for CAD have been con-

troversial, and as a result, were established more recently [3, 4]. The controversy around

hypertriglyceridemia as an independent CAD risk factor arose from the fact that elevated

plasma TG levels are associated with other factors including metabolic syndrome [3, 4]. A

syndrome is defined as a cluster of factors that occur together too often to be attributable to

chance alone [5]. Further, its cause is uncertain, but it is thought that insulin resistance and

obesity may contribute to its development [5]. The recent global definition of metabolic

syndrome includes a cluster of risk factors for CAD and type 2 diabetes: hypertension
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(>130 systolic or 85 diastolic), atherogenic dyslipidemia manifested by elevated plasma TGs

(>150mg/dl) and small dense LDL, as well as reduced levels of HDL cholesterol (<40mg/dl

in men and<50mg/dl in women), high fasting blood glucose levels (>100mg/dl), and central

obesity [5]. Moreoever, individuals with metabolic syndrome also manifest prothrombotic

and proinflammatory states, both of which are linked to CAD [5]. Interestingly, evidence

suggests that insulin resistance itself is sufficient to induce dyslipidemia and atherosclero-

sis. In the postprandial state, dietary fat is packaged into intestinally-derived chylomicrons

which transport TGs to the peripheral tissues [4]. Consequently, insulin activates LpL and

inhibits HSL (hormone-sensitive lipase) in adipose tissue, thereby promoting the uptake

of free fatty acids into adipocytes for storage within lipid droplets [3]. Insulin also stim-

ulates decreased hepatic VLDL secretion through increased apoB degradation [6]. Insulin

resistance, however, dramatically changes the lipid profile and increases the concentration

of apoB-containing lipoproteins in the bloodstream. For instance, a study that used liver

insulin receptor knock out mice as their model of pure hepatic insulin resistance noted that

these mice developed atherosclerosis and their lipid profile included reduced HDL choles-

terol and increased cholesterol-enriched VLDL levels as a result of increased apoB secretion

and reduced apoB clearance [7]. Further, in adipose tissue insulin resistance, HSL inhibi-

tion is relieved and the liver experiences an increased supply of fatty acids from adipocyte

lipolysis [3]. Fatty acids are ligands for several nuclear receptors [3]; they affect cellular lipid

metabolism and have been shown to block apoB degradation [6]. Thus, enhanced hepatic

TG levels increase VLDL assembly and secretion [3]. Consequently, the hypertriglyceri-

demic state associated with insulin resistance and metabolic syndrome and the fact that

individuals with elevated plasma TGs also have decreased HDL-c levels have greatly com-

plicated our understanding of the role of TGs as independent CAD risk factors.

Moreoever, the diversity of hyperlipoproteinemias adds to the complexity of plasma TG

levels as independent risk factors for CAD. Individuals with familial chylomicronemia syn-

drome have severe hypertriglyceridemia but are not at increased risk for atherosclerosis [8];
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it is thought that their plasma lipoproteins are too large to move from the bloodstream

into the arterial intimima [9], hence large TG-rich lipoproteins appear to be less athero-

genic than smaller ones [8]. In contrast, familial combined hyperlipoproteinemia (FCHL) is

a pro-atherogenic condition with a lipid profile of increased VLDL, LDL and small dense

LDL from apoB overproduction and reduced lipoprotein clearance [10]. Further, individuals

with moderate hypertriglyceridemia from conditions such as familial hypertriglyceridemia

(FHTG), where lipid profiles show elevated VLDL levels from increased hepatic TG syn-

thesis [10], are at increased risk for CAD [8]. A 20-year study compared CAD mortality

risk between FCHL and FHTG using subjects from 101 American families affected by these

conditions [11]. They found that CAD mortality was increased in FCHL but not in FHTG

and that this relationship was independent of baseline plasma TG levels in FCHL. Although

FTGH was not associated with CAD mortality itself, in FHTG, baseline TGs were signifi-

cantly associated with CAD mortality independently of total cholesterol [11].

However, given the accumulation of evidence on this question today, the consensus is

that both fasting and, more recently, non-fasting TGs [8, 12] are biomarkers for CAD risk

prediction as well as independent risk factors, although there exist conflicting findings be-

tween studies on the latter issue. Non-fasting TGs reflect the post-prandial state which is

accompanied by increased levels of cholesterol from chylomicron remnants [4]. In addition,

increased baseline TGs would also translate to increased non-fasting TGs [4]. Consequently,

this review will focus on baseline TGs. A 1996 meta-analysis of 17 studies including 46413

men and 10864 women that examined the association between baseline plasma TGs and

CAD risk found that the relative risk for CAD in men and women was 1.32 and 1.76, respec-

tively [13]. This indicates that a 1mmol/L TG elevation is accompanied by a 32% increased

risk in men, and a 76% increased risk in women. After adjustment for HDL-c and other

risk factors, the relative risk for men and women remained statistically significant but was

reduced to 1.14 and 1.37, respectively [13]. The Copenhagen Male Study, which examined

the relationship between fasting TGs and ischemic heart disease over an 8 year follow-up
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period, found that in comparison to the lowest third baseline TG level, the relative risks

were 1.5 and 2.2 for the middle and highest third baseline TG levels after risk factor ad-

justment [14]. Furthermore, this study stratified baseline TGs by HDL levels and found

a clear gradient of ischemic heart disease risk in association with increasing baseline TGs

within each and every HDL level [14]. Similar findings were also noted in more recent stud-

ies. A study using the Reykjavik and EPIC-Norfolk cohorts compared CAD risk between

individuals with baseline TGs in the top third of the population with those in the bottom

third. They found that the association between baseline plasma TGs and CAD risk was

largely attenuated after adjustment for established CAD risk factors, but that it remained

significant nonetheless, with odds ratios of 1.76 (Reykjavik) and 1.57 (EPIC-Norfolk) [15].

Moreoever, their meta-analysis, comprising 29 studies including the Reykjavik and EPIC-

Norfolk cohorts and totalling 262,525 participants, showed similar results [15]. Similarly,

a meta-analysis of 26 prospective studies in the Asia-Pacific region comprising 96,224 par-

ticipants also found that individuals within the top fifth of TG levels had a 70% increased

risk of CAD death and 80% increased risk of developing CAD compared with individuals

within the bottom fifth [16]. A more recent meta-analysis of 68 long-term prospective stud-

ies in Europe and North America, however, contradicts these previous findings. Instead,

they showed that the odds ratio for baseline TGs and CAD was 1.37 after adjustment for

non-lipid CAD risk factors, but reduced to 0.99 after adjustment for HDL and non-HDL

cholesterol [17]. Thus, although baseline TGs can be viewed as biomarkers for CAD risk,

controversy still remains regarding the role of baseline TGs as independent risk factors for

CAD.
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1.3 Lipoprotein Metabolism and de novo Hepatic Fatty Acid Synthesis

Highlight Key Players That Could Likely Affect Plasma TG Concentra-

tions

Plasma TGs are derived intestinally from diet or from hepatic de novo lipogenesis [18].

Intestinally-derived chylomicrons and liver-derived VLDL provide energy to peripheral tis-

sues in the form of triglycerides (TGs). Dietary fat is hydrolyzed within the small intestine

by pancreatic lipase; the free fatty acids are taken up by enterocytes and converted back

into TGs by the enzyme DGAT2 [3]. The microsomal triglyceride transfer protein (MTP)

packages intestinally-derived TGs into chylomicrons, whose production also requires phos-

pholipids and apolipoproteins including apoB-48, apoA-I. apoA-IV, apoE, and apoCs [4].

TG-rich Chylomicrons are subsequently secreted into the lymphatic system and drained into

the systemic circulation for delivery to the tissues, thereby bypassing the liver [4]. Their

delivery from the lymphatic system to the bloodstream is accompanied by the exchange of

surface apolipoproteins, namely, ApoA-IV dissociates and chylomicrons become enriched

in ApoC-II - an activator of lipoprotein lipase [4]. LPL-mediated lipolysis of chylomicrons

within the capillaries of metabolic tissues results in TG hydrolysis, generating smaller lipid-

poor chylomicron remnants that are cleared from the circulation by endocytosis via hepatic

low-density lipoprotein receptors (LDLR) [4].

Hepatic de novo lipogenesis includes TG synthesis from de novo synthesized or extra-

hepatic sources of fatty acids for VLDL production [19]. De novo fatty acid synthesis is

nutritionally regulated and involves acetyl-coA production for fatty acid synthesis from

simple carbohydrates. Briefly, after synthesis, TGs are produced from the esterification of

fatty acids onto a glycerophosphate backbone and packaged into VLDL particles for ex-

port from the liver [19]. Specifically, ingestion of a low fat/high carbohydrate diet causes

a marked induction of glycolytic enzymes such as glucokinase and liver pyruvate kinase for

acetyl-coA production. This is followed by the induction of enzymes ATP citrate lyase,
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acetyl coA carboxylase (ACC), and fatty acid synthase (FAS) for lipogenesis, long-chain

elongase (ELOVL6) and stearoyl-coA desaturase for fatty acid chain elongation and desat-

uration, and mitochondrial glycerol 3-phosphate acyltransferase (GPAT) and diacylglycerol

acyltransferase (DGAT) for TG synthesis [19]. Moreoever, increased levels of malonyl-coA

- the product of ACC - inhibit carnitine palmitoyltransferase I (CPT I), the rate limiting

enzyme of fatty acid β-oxidation, thereby shifting fatty acids from the oxidation pathway

to the esterification pathway for TG synthesis [19]. Packing of TGs into VLDL requires

the actions of microsomal triglyceride transfer protein (MTP). MTP transfers neutral lipids

to apoB-100, thereby allowing apoB to adopt its proper fold and assemble into a spheri-

cal lipoprotein with a neutral lipid core [20]. VLDL are secreted from hepatocytes into

the circulation and, like chylomicrons, are lipolysed by lipoprotein lipase (Lpl) within the

capillaries of adipose tissue and skeletal muscle [3]. VLDL TG lipolysis by LpL generates

TG-poor VLDL remnants. Approximately half of these VLDL remnants are taken up by

the liver, and the remainder are converted to LDL, which is a smaller, denser apoB-100 con-

taining cholesterol-rich lipoprotein [3, 4]. LDL is cleared from the circulation via cell surface

low-density lipoprotein receptors (LDLRs). LDLR binds apoB; the LDLR-lipoprotein com-

plex undergoes clathrin-mediated endocytosis and migrates to endosomes. The complex

separates upon acidification of the endosomes, thereby releasing LDL for degradation in

the lysosomes while the LDLR is returned to the cell surface [21].

1.4 Environmental Factors that Affect Cellular Lipid Metabolism: Fatty

Acids and Insulin

Fatty acids affect lipid metabolism in a variety of ways through several pathways. It is

widely established that the synthesis of apoB in the hepatocytes is regulated by oleate

[22, 23]. Under serum-free conditions, HepG2 cells (human hepatoblastoma-derived cell

line) secrete apoB-100-containing lipoproteins that are similar in size to LDL but TG-rich

and cholesterol-poor [24]. Although they do not secrete much VLDL, they are used as a

— 6 —



model of apolipoprotein synthesis and lipoprotein production [23]. Incubation of HepG2

cells with oleic acid results in enhanced apoB synthesis while apoB mRNA levels remain

unchanged [23]. Thus, oleic acid treatment increases the number of VLDL particles secreted

by hepatocytes. Oleic acid may also have transcriptional effects. For instance, long-term

treatment of HepG2 cells with oleic acid upregulates microsomal triglyceride transfer pro-

tein (MTP) mRNA, and oleic acid has also been shown to activate the MTP promoter in

luciferase reporter assays [25]. Consequently, oleic acid may also modulate the size of the

secreted VLDL particles.

Other fatty acids, such as n-3 polyunsaturated fatty acids (n-3 PUFA), regulate lipoge-

nesis through the control of hepatic gene expression [26]. Once they enter the hepatocyte,

nonesterified fatty acids (NEFA) - including n-3 PUFA - are transported either to intra-

cellular compartments for fatty acid oxidation, or to the nucleus where they can interact

with transcription factors to regulate hepatic lipogenesis [27]. Thus, dietary fat composition

influences the expression of genes relevant to lipid metabolism. For instance, n-3 PUFAs,

which are negative regulators of hepatic lipogenesis [26], bind PPARα, which induces fatty

acid oxidation [26], and regulate the expression of PPARα target genes [28]. Interestingly,

unsaturated fatty acids of various lengths vary in their ability to activate PPARα, hence,

the composition of the NEFA pool influences hepatic lipid metabolism at the transcriptional

level [28]. Moreoever, PUFAs can inhibit SREBP-1c promoter activity - SREBP-1c induces

fatty acid synthesus [26] - and this inhibition requires the presence of intact LXR-responsive

elements (LXREs) within the SREBP-1c promoter region. Interestingly, this suppression is

specific to polyunsaturated fatty acids as saturated (palmitic acid) and monounsaturated

(oleic acid) fatty acids have only minimal effects [29].

Hepatic fatty acid gene transcription is also under hormonal control. Under normal phys-

iological conditions, insulin stimulates glucose uptake and decreases gluconeogenic rates,

thereby reducing blood glucose concentration [19]. Glucose taken up by the liver will first
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be converted into glycogen, but, after glycogen stores have been saturated, the remaining

glucose is used for the synthesis of fatty acids, which are esterified to form TGs and pack-

aged into VLDL for export to peripheral tissues [19]. Consequently, insulin stimulates the

expression of SREBP-1c mRNA, resulting in increased nuclear accumulation of SREBP-1c

and increased levels of SREBP-1c target genes including fatty acid synthase (FAS) and

acetyl-coA carboxylase (ACC) [30].

1.5 Genetic Contributors to CAD: Genome-wide Association Studies,

Linkage Disequilibrium and Haplotypes

Although environmental factors such as diet, exercise, and smoking affect individual lipid

profiles, it is widely established that nearly 50% of the variation in individual lipid profiles,

including LDL-c, HDL-c, and TGs, can be attributed to genetics [31, 32]. As LDL-c has

already been strongly associated with CAD risk, it is not surprising that mutations that

result in increased plasma LDL-c levels are also predictive of CAD risk. For instance, there

is considerable genetic heterogeneity in familial hypercholesterolemia (FH). FH can result

from mutations with the gene encoding the LDL receptor, thereby leading to receptor-

negative or receptor-defective FH [33]. Alternatively, FH can arise from familial defective

apoB100 caused by mutations in the region of apoB that binds the LDL receptor [34]. More

recently, another cause of FH has been attributed to gain of function mutations in PCSK9,

which has been shown to promote the degradation of the LDL receptor by an endocytic

mechanism [35].

While family-based genetic linkage studies have been useful for both single-gene Mendelian

disorders such as the causes of the hypercholesterolemias discussed above, they are a limited

tool to grasp the genetic complexity behind common diseases [36]. Consequently, a more

recent approach - the genome-wide association study (GWAS) - has emerged on the basis

of the common disease - common variant hypothesis: common diseases, such as CAD, are
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caused by allelic variants present in more than 1-5% of the population [36] that, alone,

have a small effect, but along with others confer high risk [37]. Many rarer variants with

minor allele frequencies between 1-5% also exist, although these are not as easily analyzed

by GWAS. Yet, these low frequency variants remain of interest because it is likely that they

are of intermediate genetic effect [36]

.

GWAS rely on arrays that capture a large portion of the common variation throughout

the human genome. The variants captured on GWAS chips are single nucleotide polymor-

phisms: a single nucleotide difference between two individuals at the same position within

their genome. The common GWAS platforms include the Affymetrix and Illumina systems,

which provide whole genome SNP panels that contain up to 1 million SNPs distributed

throughout the genome [37]. The human genome contains many more SNPs on top of those

provided on commercially available chips, thus the GWAS SNPs are markers, and not nec-

essarily functional or causative. GWAS are therefore hypothesis-free tests of association

between markers (SNPs) across the genome and the disease or phenotype of interest [37].

GWAS rely on a large number of statistical analyses for common SNPs in large sample sizes,

thus, there is a high rate of false positive signals. Consequently, genome-wide statistical

significance is set at a cut-off of p<5.0x10−8.

Given the genetic diversity within the human genome, several SNPs will fall in the re-

gions around the GWAS chip SNPs. Since GWAS SNPs are not necessarily functional, we

must use the concept of linkage disequilibrium (LD) - the non-random association of alleles

at different loci - to identify other SNPs that are associated with a particular marker and

therefore also associated with the trait or disease of interest. If a surrounding SNP is in

LD with a GWAS marker, this means that the alleles do not segregate independently and

that they have a tendency to be inherited together. As a result, if allele A of the GWAS

marker is associated with CAD and is always inherited together with allele A of the sur-

rounding SNP, then one can infer that allele A of the surrounding SNP is also associated
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with CAD due to linkage disequilibrium. The degree of genetic linkage can be assessed

statistically if SNP genotypes are available by determining the values of linkage coefficients

D’[38] and r2 [39]. These range between values of 0 and 1, indicating that two SNPs are

completely independent of one another or inherited together, respectively. D’ is a better

representation of linkage disequilibrium between two SNPs of unequal allele frequencies,

whereas r2 does not account for differences in allele frequencies [38, 39]. However, when

comparing two SNPs, r2 is more useful in determining disease association [40]. For exam-

ple, if r2 is found to be 1 between the tag SNP and an unknown SNP, this indicates that

the SNPs are in strong linkage disequilibrium and have identical minor allele frequencies.

Hence, without functional studies, one cannot determine which of the two SNPs is causative.

A GWAS locus is defined as a genomic region marked by a common SNP significantly

associated with the trait or complex disease of interest [41]. Thus, a GWAS locus is a

region of genomic DNA that harbours SNPs associated with the trait or disease of inter-

est. These common variants ’tag’ additional variants by linkage disequilibrium, and, as a

result, one can more specifically define a GWAS locus as containing blocks of SNPs in LD

with one-another over a large genomic distance. Therefore, GWAS loci often harbour ele-

ments including additional SNPs in LD with GWAS-identified SNPs, genes, and regulatory

elements such as promoters and enhancers [41]. GWAS are unable to directly determine

causation; rather, they implicate new genomic regions for further analysis [41]. It is im-

portant to note that the strength and effect size of significantly associated loci does not

necessarily reflect the potential biological importance of the causal gene. More accurately, it

suggests that common variation at a particular locus affects the trait of interest. Thus, the

establishment of biochemical and molecular mechanisms are critical to fully comprehend

the importance of GWAS signals [41].

There are several tools available to aid with the identification of a functional variant

after an association has been found. As discussed previously, SNPs used in GWAS are not
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necessarily causative or even functional. One useful approach to locate a functional SNP

involves the haplotype block - a genomic region of strong LD and low haplotype diversity

[42]. The distribution of alleles for each polymorphism within a haplotype is non-random

[37]. This, strong LD within a block means that knowing the allele at one position will

allow one to predict the allele at another polymorphic site within the haplotype block with

reasonable accuracy. The International HapMap project has created a public database of

common variation within the human genome [43]. To date, HapMap has obtained LD data

across several ethnic populations for 3.5 million common SNPs, however, it is limited in its

ability to capture rarer SNPs with minor allele frequenices of under 5% [44]. Nonetheless,

this is an extremely useful tool for determining the linkage disequilibrium between a trait-

associated SNP and other common SNPs within a GWAS risk locus of interest. Hence,

using HapMap LD data if available, one can infer that a common SNP in tight LD with

a trait-associated SNP is itself associated with that trait, thereby eliminating the need for

manual genotyping of the surrounding SNPs. More recently, the 1000 Genomes Project has

added to the public catalogue of human genetic variation by reporting the location, allele

frequency and haplotype structure of 15 million SNP, as well as 1 million insertions/dele-

tions and 20,000 structural variants, the latter of which were primarily novel discoveries [45].

Whereas HapMap collected data on common genetic variations (>5%), the 1000 Genomes

Project aimed to characterize over 95% of SNPs with minor allele frequencies greater than

1%, thereby complementing the HapMap project [45].

Lastly, genetic studies across multiple ethnicities are also useful approaches in the iden-

tification of causal variants. Linkage disequilibrium of alleles from polymorphic sites across

a genomic region forms a haplotype; thus, a set of alleles in tight LD are inherited as a unit.

The size of haplotype blocks, however, has been a topic of debate. It has been found that

LD blocks can extend to regions as large as or larger than 100kb [46] but the average of size

of LD blocks appears to be a population-specific phenomenon. An earlier study compared

LD blocks between a population of North European descent and Nigerian population. In-
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terestingly, they concluded that LD blocks within Europeans spanned an average of 60kb,

whereas LD blocks are typically much smaller in Africans [47]. This dramatic difference

in LD pattern between the two populations means that a SNP strongly associated with

a trait in one ethnic population may show either an association of the same strength of

smaller, or the SNP may lose association all together in a population of different ethnicity.

Consequently, if the genetics that contribute to a trait or complex disease are a global phe-

nomenon, then this approach may help narrow down a GWAS signal from a large LD block

containing numerous SNPs in tight LD to a signal that contains fewer SNPs with different

strengths of disease-association.

1.6 From GWAS Signal to Functional Analysis

GWAS have shown that disease or trait-associated variants are over-represented within

protein-coding regions, which together make up approximately 2% of the human genome

[48]. Yet, over 80% of disease or trait-associated variants fall found outside of protein-coding

regions, within introns or intergenic DNA [48, 36]. Thus, one cannot neglect non-coding

DNA when searching for functional disease-associated SNPs. Since noncoding regions are

not well characterized, GWAS have the potential to identify novel loci of unknown function

that were never considered in relation to the complex disease of interest. For example,

GWAS for CAD have identified two loci that elegantly illustrate the transition from the

GWAS signal to functional analysis: the 1p13 and 9p21 loci.

The chromosome 1p13 locus harbours SNPs that are strongly associated with LDL-c,

CAD, and myocardial infarction (MI) [49, 50, 51]. The SNPs that have the strongest as-

sociation with LDL-c are in strong linkage disequilibrium in the Caucasian population and

are found in a non-coding region between two genes of unknown function: CELSR2 and

PSRC1. As non-coding regions may harbour regulatory elements that alter the expression

of nearby genes, a study by Musunuru et al - published in Nature last year - explored
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the possibility that the non-coding variants may alter gene expression in cis and found

that the SNP minor allele increased hepatic expression of CELSR2, PSRC1 and SORT1

mRNA [51]. Moreoever, the minor haplotype of the intergenic region between CELSR2 and

PSRC1 had enhanced transcriptional activity in comparison to the major haplotype. Fur-

ther fine-mapping of the non-coding region, including examining the associations between

these SNPs and LDL-c in African Americans, identified the causal SNP - rs12740374 - and

determined that the SNP minor allele created a C/EBP transcription factor binding site

which is responsible for altered hepatic gene expression. Lastly, knockdown and overexpres-

sion studies in mice determined that the SORT1 protein product sortilin regulates VLDL

secretion, thereby modulating plasma VLDL and LDL levels [51].

The 9p21.3 risk locus is strongly associated with CAD but not associated with estab-

lished risk factors such as plasma lipids [52]. Thus, this GWAS signal identified a novel

biological mechanism - cell cycle regulation - that contributes to the development of CAD.

The risk locus spans 58kb and contains several SNPs in tight linkage disequilibrium that fall

within an intergenic region near the CDKN2A and CDKN2B genes, which encode tumour

suppressors p16INK4A and p15INK4B, respectively [52]. In addition, the risk locus overlaps

the long non-coding ANRIL, whose 5’ end overlaps and is antisense to CDKN2B [53]. It

has been shown in whole blood RNA that the expression of ANRIL is altered in individ-

uals homozygous for the risk allele compared to those homozygous for the reference allele

[53]. Fine-mapping of the risk locus for functional SNPs involved phylogenetic footprinting

analysis to identify regions of evolutionary conservation. Enhancer activity was found in

one such region, and the risk allele of the SNP within this conserved region - termed CNS3

- increased enhancer activity relative to the reference allele [53]. A second study identified

another enhancer and they showed that the risk alleles of two SNPs destroy a STAT1 bind-

ing site which, when intact, inhibits ANRIL expression [54]. Further, it has been shown

that ANRIL inhibits the expression of CDKN2B by recruiting polycomb repressive com-

plex 2 - a transcriptional silencer - to this locus through a direct interaction with SUZ12 -
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a component of PRC2 [55].

1.7 Genome-Wide Association Studies for Plasma TGs

As discussed in the above examples, genome-wide association studies (GWAS) have iden-

tified novel and common genetic variants associated with CAD. These GWAS signals can

be independent of known risk factors - the 9p21.3 locus - or can be associated with both

CAD and established risk factors such as LDL-c - the 1p13 locus. Further, some GWAS

signals are associated with a particular lipid trait but not with CAD [4]; this may arise due

to pleiotropy, where the GWAS locus is associated with multiple traits [41].

GWAS have also been successful at identifying common SNPS significantly associated

with baseline plasma TGs at known and novel loci. The earlier most robust signals have

been for LPL at 8p21, and the ZNF259/APOA5/APOA4/APOC3/APOA1 gene cluster

at 11q23 [50, 49, 56]. The protein products at these loci play critical roles in lipoprotein

metabolism as discussed previously. The LPL gene encodes lipoprotein lipase, which is pri-

marily expressed in cardiac muscle, skeletal muscle, and adipose tissue [4]. Lpl is secreted

in the vasculature that supplies these tissues where it binds glycosylphosphatidylinositol-

anchored HDL-binding protein 1 (GPIHBP1) [41]. Cardiac muscle Lpl knockout in mice

results in hypertriglyceridemia [57], which is reversed by transgenic expression of Lpl in the

heart [58]. Moreoever, factors that reduce Lpl expression or activity have been shown to

cause substantial hypertriglyceridemia. For instance, ANGPTL3 and ANGPTL4 encode

angiopoietin-like proteins 3 and 4, both of which inhibit Lpl [4] and have also been identi-

fied as significant loci in TG-associated GWAS [50, 49, 56]. The lead TG-associated LPL

SNP is rs12678919 [56], located in an intergenic region downstream of the LPL gene that

also harbours several SNPs in LD with eachother within the LPL risk locus. Although this

signal has been validated, the functional variants themselves have yet to be determined

[41]. While the LPL is most significantly associated with plasma TGs and CAD risk, it is
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an example of a pleiotropic signal because it is also associated with reduced plasma HDL-c

concentrations [50, 49, 56]. This is not a surprising observation because it has previously

been established that Lpl-mediated lipolysis of TG-rich lipoproteins releases ApoC particles

that are transferred to HDL. This transfer is accompanied by the movement of lipids [59].

Further, cholesteryl ester transfer protein (CETP) contributes to reduced plasma HDL-c by

promoting the exchange of cholesteryl ester for TG in TG-rich lipoproteins, thereby gener-

ating small TG-rich HDL particles that are readily catabolized [60, 61]. Thus, these events

partially accounts for the observation that Lpl inhibition - reduction in TG-rich lipoprotein

lipolysis - significantly reduces circulating HDL-c levels [62]. The GWAS locus at 11q23 -

the ZNF259/APOA5/APOA4/APOC3/APOA1 gene cluster - is most strongly associated

with plasma TGs and CAD risk, but is yet another example of a pleiotropic signal because

it is also associated with elevated LDL-c and reduced HDL-c [56]. The ’tag’ SNP - rs964184

[56] - falls within the 3’UTR of ZNF259, upstream from the 5’ end of APOA5. This gene

cluster encodes several apolipoproteins, however, several functional studies have implicated

ApoA5 as an important regulator of plasma TG levels. Briefly, it has been shown that over-

expression of ApoA5 in mice reduces plasma TG concentrations [63]. In addition, human

ApoA5 transgenic mice exhibit increased chylomicron and VLDL catabolism while hepatic

VLDL and intestinal chylomicron production remain unaffected [64]. Another study noted

that ApoA5 reduced VLDL-TG production without affecting VLDL numbers, which sug-

gests that ApoA5 may also impair the lipidation of apoB during hepatic VLDL production

[65]. It has been shown that ApoA5 interacts directly with Lpl, and that this interaction

increases Lpl activity [63] - thereby increasing the rate of lipolysis. Moreover, the ApoA5-

Lpl interaction requires the presence of proteoglycans; thus, it appears as though ApoA5

reduces plasma TG levels by positioning VLDL and chylomicrons to proteoglycan-bound

Lpl for lipolysis [66]. Lastly, the GWAS association between the APOA5 risk locus and

reduced plasma HDL-c may be an indirect effect through the modulation of Lpl activity by

ApoA5.
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Novel TG-associated loci that have been identified by earlier GWAS from Caucasian

cohorts include 2p23 near GCKR, 7q11 near TBL2, MLXIPL, 8q24 near TRIB1, 1q42

within GALNT2, 1p31near ANGPTL3 [50, 49]. These TG-associated GWAS loci have

been confirmed by the recent study from the Global Lipids Genetics Consortium (GLGC)

[56] - a meta-analysis of over 100,000 subjects spanning multiple ethnic groups that gath-

ered plasma lipid and CAD phenotypes, as well as expression quantitative loci [56]. The

GLGC study identified 32 TG-associated loci, that, together, cumulatively explain 9.6% of

the total variation in plasma TG concentration, thus constituting nearly 30% of the genetic

contribution to plasma TG variability [41]. Further, this study identified for the first time

another 21 TG-associated loci, which add about 2.2% to the total plasma TG variation [41].

Interestingly, these percentages indicate that a large source of genetic variability remains

unaccounted for. This issue is currently being addressed by resequencing TG-associated

GWAS-identified genes for rare variants with individual large effects [67].

The GLGC compared GWAS signals across different ethnic groups and also provided

evidence - in vitro and in vivo - in support of the association between specific genes and

plasma TG concentrations [56]. To address the global relevance of the GWAS-identified

loci, analyses were performed in European, East Asian, South Asian and African American

cohorts and it was determined that many loci could contribute to the genetics of plasma

lipid variabilities across the global population [56]. This analysis can be extremely useful

because it constitutes an additional approach for fine-mapping a GWAS locus to the causal

SNP [56]. The approach is effective because LD blocks vary between ethnic populations.

For instance, the SNPs within the 1p13 locus associated with LDL-c and CAD were in tight

linkage disequilibrium in Caucasians, hence they were equally associated with the pheno-

type of interest [51]. However, the LD block distribution for this locus differs in African

Americans as compared to Europeans, resulting in different association strengths for each

SNP. Consequently, analyzing the same SNP associations in African Americans revealed

that one SNP within the 6.1kb genomic region clearly had the best statistical association
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with LDL-c and CAD - the causal SNP rrs12740374 whose function has been described

above [51]. The GLGC also searched for expression quantitative trait loci (eQTLs) to fur-

ther validate the relationship between genes located near and/or within GWAS loci and

plasma lipid traits. Specifically, the study employed RNA expression profiling of numer-

ous transcripts to determine whether GWAS SNPs affected the expression of the nearby

genes in liver and adipose tissue - tissues relevant to lipoprotein metabolism [56]. Altered

transcript expression at a GWAS locus suggests that a causal SNP may be located within

a regulatory region of DNA such as a promoter or an enhancer. Lastly, they performed

in vivo mouse model studies to validate the associations between plasma lipids and three

novel protein-coding genes that were eQTLs in liver [56]. Thus, eQTLs can facilitate the

identification of causal genes within GWAS loci that harbour multiple genes [56].

In addition, the GLGC identified TG-associated loci that significantly increased CAD

risk [56]. The strongest CAD associations for TG loci include the ZNF259/APOA5/APOA4/

APOC3/APOA1 locus, the NAT2 locus which encodes N-acetyltransferase 2, and the

TRIB1 and LPL loci [56]. But, there is still some uncertainty regarding an independent as-

sociation between plasma TGs and CAD risk because some of these loci are associated with

multiple traits. For instance, the ZNF259/APOA5/APOA4/APOC3/APOA1 strongly in-

fluences plasma TG concentrations, however, this gene cluster also affects other lipoproteins

and thus carries a secondary association with total cholesterol (TC), LDL-c and HDL-c lev-

els [56]. SNPs at the TRIB1 locus on 8q24.13 are primarily associated with plasma TGs, but

have secondary associations with LDL-c and HDL-c. Interestingly, pleiotropy at a GWAS

locus does not necessarily result in increased CAD risk. For instance, the rs1260326 SNP

within the GCKR locus, which encodes glucokinase regulatory protein - a regulator of the

glycolytic enzyme glucokinase [68] - is robustly associated with plasma TGs (p=6x10−133)

but has no association with CAD risk [56]. However, this lead SNP is in tight LD with a

common missense variant - rs780094 - within the GCKR gene. This SNP is associated with

increased fasting TGs, reduced fasting glucose, and reduced risk of diabetes [68]. Thus, in
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this situation, the lack of CAD association may be explained by the opposing effect observed

on CAD risk factors [4].

1.8 The TRIB1 Locus

The TRIB1 locus (8q24.13) is a novel GWAS-identified locus harbouring common genetic

variants associated with plasma triglycerides (TGs), LDL-c, and CAD risk [56] and increased

risk of myocardial infarction (MI) [69]. In the Ottawa Heart Study, we have demonstrated

that the relationship between this locus and CAD risk is entirely explained by the associ-

ation with plasma lipids - primarily TGs. Other recent studies prior to the Global Lipids

Genetics Consortium performed meta-analyses using data from several GWAS and obtained

findings consistent with our results that the TRIB1 locus reaches genome-wide significance

for plasma TGs [70, 50, 49]. Another study determined that this locus is also associated

with waist circumference in a Spanish population of familial hypercholesterolemia (FH)

heterozygotes [71]. Further, significant associations between these risk SNPs and polygenic

traits including severe hypertriglyceridemia (HTG) [72] and hyperlipoproteinemias (HLP)

[73] have also been found in patients of European ancestry.

These findings are not limited solely to Europeans. SNPs at the TRIB1 locus are sig-

nificantly associated with LDL-c levels along with increased risk of CAD and other forms of

cardiovascular disease in a Malay population [74], and TG and LDL-c levels in a Japanese

population [75]. However, the TRIB1 locus does not carry a robust signal in African Amer-

icans. The Jackson Heart Study, which sought to compare differences between the genetic

determinants of lipid profile phenotypes in European and African Americans, did not de-

tect a significant association between SNPs at the TRIB1 and plasma lipid traits [76]. The

TRIB1 locus was also not significant for CAD and CAD risk factors in the NHLBI CARe

Project - a GWAS of CAD and CAD risk factors in African Americans [77]. In addition,

this locus was also not significant in African Americans for lipid traits and CAD from the
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Global Lipids Genetics Consortium GWAS [56].

The lead GWAS SNPs at this locus - rs2954029 and rs17321515 - are in tight LD and

fall within an intergenic region between 25-50kb downstream of the nearest gene - TRIB1,

which encodes the tribbles homolog 1 protein. Intergenic regions are known to harbour reg-

ulatory elements, thus, it is surprising that the Global Lipids Genetics Consortium study

did not identify an eQTL at this locus in human liver and adipose tissue [56]. This sug-

gests that the causal SNP does not influence TRIB1 transcript levels. This risk locus is of

particular interest because the LD block of TG-associated SNPs falls within an intergenic

region that is more specifically considered a gene desert: a region greater than 500kb that is

devoid of genes [78]. Moreoever, the common TG-associated SNPs are not in LD with SNPs

that fall within the TRIB1 coding region. Consequently, this raises the possibility that the

GWAS SNPs may not directly affect TRIB1, but rather, are associated with plasma lipid

traits and CAD risk through a completely novel unknown mechanism. Thus, it will be of

interest to begin to elucidate the function of this intergenic region with respect to TG levels.

1.9 Characteristics of Tribbles Proteins

The cluster of TG-associated SNPs falls within a large intergenic region of unknown function

25kb to 50kb downstream of the TRIB1 coding region - Chr8: 126,442,563 - 126,450,647.

Tribbles proteins are evolutionarily conserved, which suggests that they are ancient mem-

bers of signalling pathways involved in fundamental cellular processes [79]. They have been

implicated in embryonic development, as well as in various human diseases, including can-

cers, atherosclerosis, and insulin resistance [79]. Drosophila tribbles is a key regulator of cell

cycle progression in morphogenesis [80, 81, 82] as well as cell migration during drosophila

oogenesis [83]. Drosophila tribbles inhibits the activity of mitotic activator String/Cdc25 by

inducing its proteolytic degradation via the proteasome [81, 80]. Further, slbo, a homolog

of the mammalian C/EBP transcription factor, is required for border cell migration during
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drosophila oogenesis [83]. Tribbles negatively regulates Slbo expression by specifically tar-

geting it for proteasomal degradation [83].

Mammalian tribbles are encoded for by three separate genes. Structurally, Trb1-3 have

a proline-rich N-terminal domain, a center kinase-like domain, and a C-terminal domain

rich in charged amino acids [84] The NT domain contains potential phosphorylation sites

[84]. It also contains predicted PEST regions responsible for the control of protein half-life

[84]; this prediction supports studies showing tribbles to be a labile protein [85] and also fits

its emerging role as a regulator of cell signalling cascades [86, 87] and cell division [81]. The

NT domain is also required for Trib1 and Trib3 nuclear localization [88]. The kinase-like

domain is more evolutionarily conserved than the NT and CT domains [79, 84], yet, in vitro

kinase assays to date have not been able to detect any kinase activity and further studies

are required to determine this domain’s function [89]. One plausible mechanism - consistent

with reports demonstrating that Trib proteins, when overexpressed, act as negative regu-

lators of protein-kinase mediated signalling pathways - is that Trib competes with kinases

for their substrates through its kinase-like domain [79].

1.10 Known Functions of Trib1, Encoded for by the TRIB1 Gene

Trib1 is a known regulator of MAPK signalling [84]. Studies suggest that Trib1 regulates

signalling at the level of MAPK phosphorylation and activation via interactions with MAP-

KKs, specifically MEK-1 (ERK activator) and MKK4 (JNK activator) [86]. It has also been

shown that Trib1 has an inhibitory effect on MAPK signalling at higher levels, suggesting

that it acts in a dose-dependent manner [86]. In addition, Trib1 activation and its ability

to regulate MAPK signalling has been shown to be cell-type specific [87]. Interestingly,

a study aimed at building a database for mRNA half life of 19,977 genes found that the

mean estimated half-life of a transcript was 7.1 hours [90]. However, TRIB1 was among

the few genes that was found to have a short half life of under 1 hour [90]. Consequently,
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the short-lived message and its PEST domain that controls protein half-life make it suited

for its role as a regulator of MAPK signalling cascades.

Thus far, Trib1 has been implicated in processes including cell proliferation and in-

flammation as well as in conditions such as atherosclerosis, and myeloid leukemogenesis

[87, 91, 92]. Trib1 involvement in acute myeloid leukemogenesis (AML) requires interac-

tions via its CT domain with MEK-1, resulting in ERK phosphorylation and activation

[92]. Moreoever, Trib1 can function as an adapter protein, recruiting E3 ubiquitin ligases

to promote the degradation of C/EBPα which is required to induce AML [93]. C/EBPα

degradation has been shown to depend on the Trib1-MEK-1 interaction [92]. In addition,

Trib1 has been shown to function as a negative regulator of the retinoic acid receptor (RAR)

and suppresses RAR target gene expression [94]. It appears as though Trib1 directly reg-

ulates the transcriptional activity of the RAR/RXR heterodimer via a direct interaction

through its kinase-like domain [94]. Further, this interaction required the ligand-binding

domain of RARα. This could be another potential mechanism by which Trib1 influences

cancer progression, as it has been established that loss of normal RAR function - even in

the presence of physiological retinoic acid concentrations - is associated with cancer pro-

gression [95]. For example, acute promeylocytic leukemia (APL) - a subtype of AML -

results from an abberant chromosomal translocation that juxtaposes the PML gene and the

RARα, generating a chimeric protein which retains the DNA-binding and ligand-binding

domains of RARα [96] and this retains its function. A recent report also showed that Trib1

is potentially relevant to atherosclerosis; Trib1 interacts with MKK4 to control vascular

smooth muscle cell proliferation and chemotaxis through the JNK pathway and that Trib1

expression is elevated in human atherosclerotic arteries [91]. Trib1 expression is also upreg-

ulated in inflamed white adipose tissue, where it has been found to induce proinflammatory

cytokine production [97]. Interestingly, TRIB1 haploinsufficiency in mice protected them

against high fat diet-induced obesity under low-grade inflammatory conditions but had no

effect on serum TG levels [97].
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Although the link between Trib1, inflammation, and atherosclerosis may be a plausi-

ble explanation for the association of this locus with CAD risk, the functional relationship

between SNPs downstream of TRIB1 identified by the GWAS approach and serum TGs

remains unknown. A recent study demonstrated a relationship between Trib1 and hep-

atic lipogenesis. Hepatic Trib1 overexpression in mice decreased VLDL production, which

resulted in decreased plasma TG and total cholesterol (TC) levels [98]. Hepatic overexpres-

sion of Trib1 was accompanied with decreased TG synthesis along with reduced levels of

ACC, FAS, and SCD1 mRNA, while DGAT2, MTP, and CPT1A mRNA levels remained

unchanged. Trib1-/- mice had a 30% increase in TG, TC, VLDL and LDL-c, and exhibited

an increased TG production rate, all of which were rescued by hepatic Trib1 overexpres-

sion. They also reported increased ACC, FAS, SCD1 mRNA levels, decreased ACOX1,

CPT1A, CPT2 mRNA levels, no change in DGAT2, MTTP, APOB, LDLR mRNA levels,

and no change in SREBP1c mRNA [98]. In addition, they noted that Trib1 was exclusively

localized to the nucleus of HepG2 cells by immunofluorescence [98]. This study strongly

implicates Trib1 as a regulator of hepatic lipogenesis, and fits the plasma lipid profile ob-

served in the numerous GWAS that have been conducted. Yet, the Global Lipids Genetics

Consortium did not identify TRIB1 as an eQTL. Given the extremely short half-life - under

1 hour [90] - of this transcript, it still remains a possibility that TRIB1 is the causal gene

and that the causal SNP within this risk locus alters transcript abundance.

Further, the relationship between the MAPK signalling pathways and hepatic de novo

fatty acid synthesis has not been studied extensively. Studies in HepG2 cells - which have

an overactive MEK-ERK signalling pathway - have shown that ERK1/2 inhibition using a

MEK1/MEK2 inhibitor resulted in increased apoB secretion [99]. Additionally, ERK inhi-

bition in the presence of oleic acid resulted in the formation of VLDL, thereby correcting

the defective VLDL assembly normally seen in HepG2 cells [99]. ERK1/2 inhibition also

led to increased cellular microsomal TG mass and increased expression of DGAT2 mRNA
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[99]. Also, SREBP-1c is a direct phosphorylation substrate of ERK1/2 in vitro [100]. As

a result, MAPK signalling may also be linked to insulin-induced gene expression through

SREBP-1c activation [100]. Since Trib1 has been shown to interact with the ERK activa-

tor MEK1, it is possible that Trib1 may be acting through this pathway. Moreoever, p38

MAPK signalling has an inhibitory effect on hepatic lipogenesis [101]. More specifically,

p38 appears to inhibit hepatic lipogenesis through an inhibitory role in the transcription

of SREBP-1 and PGC-1β [101]. Finally, although Trib1 is now known to regulate hepatic

lipogenesis - which appears to be affected by MAPK signalling - the mechanism by which

the TRIB1 locus SNPs modulate TG levels still remains a mystery.

1.11 Intergenic Regions and Long Non-Coding RNA

HapMap data shows that these intergenic GWAS risk SNPs, located between Chr8:126477153

- 126499878, are not in LD with SNPs in the TRIB1 coding region (Chr8:126442563 -

126450647). This means that allele segregation between between TRIB1 coding region and

the risk locus is random that these two regions are genetically independent of one another.

This again raises the possibility that the intergenic GWAS risk SNPs may not function

through TRIB1 directly, if at all, but rather, may influence a novel pathway.

Although it was traditionally believed that only 2% of the human genome is expressed,

new research methods including cDNA libraries and genomic tiling arrays have discovered

that likely over 90% of the human genome is transcribed [102, 103]. Consequently, in addi-

tion to regulatory sequences, it is also possible that this large intergenic region may harbour

non-coding RNAs (ncRNA). Generally, many long ncRNA transcripts are low abundance

and of unknown functional significance because, unlike most protein coding genes, they

are not highly conserved between species, they contain short open reading frames (ORFs)

of under 50-100 amino acids, and can span large genomic distances [104, 103]. However,

this does not necessarily indicate lack of function; rather, ncRNAs are complex molecules
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with various functions. To date, known functions of long ncRNA include chromatin modi-

fication, transcriptional regulation, and post-transcriptional regulation [104, 103]. Further,

long ncRNA transcripts with short ORFs may also encode peptides [104, 103]. For instance,

the polished rice sORF in Drosophila has been shown to encode small bioactive peptides

between 11-32 amino acids in length that control epidermal differentiation [105].

Since ncRNAs are being implicated in the regulation of fundamental cellular processes

such as gene expression, they are gaining interest with respect to the molecular mechanisms

behind complex diseases including cancers and atherosclerosis. This section will review some

examples highlighting the diverse functions of ncRNAs.

There are many examples that highlight the roles of ncRNA in transcriptional regula-

tion. Long ncRNAs can modulate gene transcription via the recruitment of RNA binding

proteins [106]. For example, low copy number ncRNA transcripts located near the 5’ end

of CCND1 - whose gene product is cyclin D1 - are induced in response to DNA damage.

These transcripts recruit the RNA binding protein TLS to the CCND1 promoter, thereby

repressing target gene transcription [106]. Non-coding RNA has also been shown to regulate

RNA polymerase II transcription. This mechanism of regulation is illustrated by the SINE-

encoded mouse B2 RNA, which is induced in response to cellular heat shock and binds RNA

polymerase II, thus associating with the transcription pre-initiation complex and preventing

RNA polymerase II from properly associating with the template DNA strand [107]. Similar

mechanisms have also been established in humans. For instance, a ncRNA transcribed from

an upstream region of the DHFR locus - encoding dihydrofolate reductase - forms a triplex

within the DHFR promoter which blocks the binding of the transcriptional co-factor TFIID

[108]. In general, short interspersed repetitive elements (SINEs) - primarily Alu elements

in humans - are normally transcribed by RNA polymerase III machinery and regulate the

transcription of RNA polymerase II target genes by interacting with components of RNA

polymerase II transcription machinery [109]. Interestingly, it has also been shown that small
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cytoplasmic Alu RNA is initially transcribed as a longer primary transcript that undergoes

post-transcriptional processing [110].

Long ncRNAs can also influence epigenetic modifications via the recruitment of chro-

matin modification complexes to specific genomic loci [104]. For instance, the mouse X

chromosome inactivation center harbours the gene encoding the long ncRNA XIST; ac-

cumulation of XIST transcripts is associated with chromatin changes [111]. XIST modu-

lates X-chromosome inactivation in females by recruiting Polycomb Repressive Complex 2

(PRC2) - a histone H3K27 methylase which consists of several components including Eed,

Suz12, RbAp48, and the catalytic subunit Ezh2 [112]. RNA immunoprecipitation using an-

tibodies against these complexes revealed that XIST was consistently bound to the Suz12

and Ezh2 subunits [111]. Epigenetic changes are also critical in development. The HOX

loci are essential for specifying the positional identities of cells during development; HOX

expression is also regulated by epigenetic changes [113]. The long ncRNA HOTAIR is tran-

scribed from the HOXC locus. The 5’ end of HOTAIR binds PRC2 [113, 114], and the 3’ end

has recently been shown to bind another repressive complex - the LSD1/CoREST/REST

complex [114]. Moreover, the noncoding RNA ANRIL - encoded for at the 9p21 locus - al-

tered in several tumours [115] and also identified in CAD association GWAS [52]- represses

expression of the p15INK4B locus by directly interacting with Suz12 in the recruitment of

PRC2 [55].

1.12 Determining the Functional Relationship Between SNPs at the TRIB1

Locus and Elevated Plasma TGs

Although Trib1 has been shown to regulate hepatic lipogenesis at the level of hepatic de

novo fatty acid synthesis, the relationship between GWAS-identified SNPs at this locus

and plasma TG levels remains unknown. Thus, this research project focuses on the func-

tional analysis of the intergenic region harbouring TG-associated SNPs. It does not focus
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on the mechanism by which Trib1 modulates hepatic lipogenesis - possibly via regulation

of MAPK signaling - because there is no evidence of an association between the GWAS

signal and Trib1. The aims of this project include the identification and characterization

of regulatory elements and/or novel genes within the 8q24.13 gene desert within the focus

of TG-associated SNPs.
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2 Materials and Methods

2.1 Phylogenetic Footprinting Analysis

SNPs were identified in evolutionarily conserved regions within the TRIB1 risk locus by

phylogenetic footprinting analysis using PipMaker, an online tool which computes the align-

ment of similar regions between multiple sequences. The Ensembl Genome Browser was

used to obtain the sequence of the TRIB1 coding region and the flanking 100,000bp on

either side in humans. It was also used to collect the sequence of orthologous regions in the

following species: chimpanzee, macaque, cow, rat, mouse, elephant, opossum, anolis lizard,

finch, and xenopus. The human sequence was analyzed by Repeat Masker - an online tool

that screens DNA sequences for regions of low complexity and interspersed elements - to

generate a file for PipMaker that masked repeats and low complexity regions. Files for

PipMaker input were also constructed to annotate the position of exons and SNPs within

the given sequence.

2.2 A Database Search for Novel Genes Within the Risk Locus

The Ensembl Genome Browser - which aligns entries from various databases with their

respective genomic position - was used to identify novel genes within the risk locus. The

databases activated within Ensembl included those for protein-coding genes, non-coding

genes, and human expressed sequence tags (EST). Upon identification of an EST from hu-

man lens tissue, a BLAST search was performed with its sequence in Open Biosystems and

a construct was identified and purchased: clone fs35c04 human lens cDNA. The construct

was fully sequenced using sequencing methods described under DNA sequencing with the

exception that 300ng of plasmid DNA was used as template rather than a PCR product

from genomic DNA. The next step involved determining its expression in more relevant

tissue types - HepG2 cells and whole blood - by qRT-PCR. Further, 5’/3’ RACE was per-

formed to map the EST and identify transcript variants in HepG2 cells.
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2.3 Genotyping SNPs Within Conserved Regions by DNA Sequencing

(i) Subjects

CHD Cases

Subjects for CHD cases included Caucasian men and women (from the Ottawa Heart

Study) with severe premature coronary heart disease (CHD) that resulted in coronary

revascularization. In all CHD cases, the documented onset was under 60 years of

age. Diabetics and individuals with plasma cholesterol levels indicative of monogenic

hypercholesterolemia (>280mg/dl) - both of which contribute to the development of

severe premature CHD - were excluded from the study. Written and informed consent

was obtained from all participants.

Controls

For SNP genotyping at the TRIB1 locus, controls included healthy Caucasian men

(>65 years) and women (>70 years) with no symptoms and no previous personal or

family history of CHD. For TRIB1 mRNA expression analysis in whole blood, the

chosen control subjects were not on lipid-altering medication, and were matched for

rs17321515 genotype (10AA, 10AB, 10BB, where B is the minor allele and the effect

allele), age, gender, and BMI. All characteristics are summarized in Table 1. Written

and informed consent was obtained from all participants.

(ii) DNA Sequencing

5 SNPs were genotyped by DNA sequencing. The first amplicon - the first region of

conservation within the risk locus (CNS1) - had four SNPs, and the second amplicon

(CNS2) contained 1 SNP. Both regions were amplified by PCR using the Roche Fast-

Start Taq DNA Polymerase dNTP pack. Each 25µL reaction contained 100-300ng

genomic DNA template, 1X PCR buffer with 2mM MgCl2 and 1X GC-rich solution,

forward and reverse primers at 0.4µM each (Appendix A), 0.2mM of each dNTP, and
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1U FastStart Taq DNA polymerase. PCR reactions were run on the Applied Biosys-

tems (ABI) GeneAmp R© PCR System 9700 using the following cycling parameters: a

hold at 95◦C for 4min, 45 cycles of 95◦C for 1min, annealing at 57◦C for 1min, and

extension at 72◦C for 1min30sec, and, at the end, a further extension at 72◦C for

8min. After amplification, the PCR reaction itself was used directly as a template for

DNA sequencing, performed according to the Applied Biosystems BigDye Terminator

v3.1 Cycle Sequencing Kit. Each 20µL sequencing reaction contained 1µL of PCR

reaction template, 0.16µM sequencing primer (Appendix A), 0.625X BigDye Sequenc-

ing Buffer and 0.25X Ready Reaction (RR) Premix. Sequencing reactions were run

on the ABI GeneAmp R© PCR System 9700 using the following cycling parameters:

96◦C for 30sec, 50◦C for 15sec, and 60◦C for 4min for 25 cycles. Sequencing reactions

were purified using the Montage SEQ96 Sequencing Reaction Cleanup Kit (Millipore).

Electrophoresis of purified DNA samples was performed on the ABI Prism 3730 DNA

Analyzer and sequences were analyzed for SNP genotyping using DNA Sequencing

Analysis Software v5.2 (ABI).

2.4 Generation of Luciferase Reporter and Expression Constructs

(i) Luciferase Reporter Constructs

CNS1 luciferase enhancer constructs

Risk and reference haplotypes of evolutionarily conserved region CNS1 were gener-

ated by PCR with primers containing Nhe1 and Xho1 restriction sites (Appendix A).

Reference and risk CNS1 haplotypes were amplified by PCR using genomic DNA (100-

300ng) from reference and risk subjects as templates. Reference and risk haplotypes

were determined by genotyping. CNS1 was amplified by PCR using the PfuUltraII

system from Stratagene (Agilent Technologies). Each 50µL reaction contained 1X

PfuUltraII reaction buffer with 2mM MgCl2, forward and reverse primers at 0.2µM

each, 0.25mM of each dNTP, and 1µL of PfuUltraII Fusion HS DNA polymerase.
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PCR reactions were run on the ABI GeneAmp R© PCR System 9700 using the follow-

ing cycling parameters: an inital 2min denaturation at 95◦C, 40 cycles of 95◦C for

30sec, annealing at 57◦C for 30sec, and extension at 72◦C for 20sec, and, at the end,

a further extension at 72◦C for 7min. Next, 2.5U of Taq polymerase (Roche) was

added and the reactions were incubated for another 20 minutes at 72◦C to add A’

overhangs to each PCR product. The final PCR products were TOPO R©-cloned into

the pCR R©2.1-TOPO R© vector (Invitrogen) and the TOPO R© Cloning reaction was

transformed into chemically competent TOP10 E.coli. To subclone the CNS1 inserts

into the luciferase reporter vector pGL4.23 (Promega), the inserts were first excised

from the pCR R©2.1-TOPO R© vector using the NheI and XhoI restriction sites, puri-

fied from 1% agarose gel (Qiagen Gel Extraction Kit), and ligated into the pGL4.23

minimal promoter vector by T4 DNA ligase using the NheI and XhoI restriction sites.

The ligation reactions were transformed into chemically competent E.coli DH5α. All

clones were screened by restriction digest of mini-prep plasmid DNA (Roche) using

NheI and XhoI. Positive clones that contained an insert were further verified by DNA

sequencing with the same conditions described in section 2.2.2, with the exception

that 300ng plasmid DNA was used as the template for the sequencing reaction. All

plasmids are summarized in Appendix A.

CNS1 luciferase promoter constructs

Several CNS1 promoter constructs were generated (Appendix A). The first four, how-

ever, were constructed for the reference haplotype only. The largest promoter con-

struct was 2kb and the other three were 500bp deletion derivates from the 5’end (1.5kb,

1kb, 0.5kb). Consequently, the smallest of the four - exactly 557bp - comprises the

entire CNS1 region flanked on either end with minimal additional sequence. These

regions were amplified by PCR using the PfuUltraII system from Stratagene (Agilent

Technologies) with genomic DNA (100-300ng) from a subject who has been genotyped

and identified as homozygous reference for CNS1 SNPs as the template. PCR con-

ditions were nearly identical to those described above, with the following exceptions:
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the extension time was increased to 40sec and A’ overhangs were not added, thus the

last 20min hold at 72◦C was also removed.

The remaining CNS1 luciferase promoter constructs and all cloning primers are given

in Appendix A. Each insert was generated by PCR using the PfuUltraII system from

Stratagene (Agilent Technologies). In each case, 30ng of plasmid DNA was used as the

template. Specifically, the templates were either the risk or reference CNS1-pGL4.23

(Promega) luciferase reporter vectors described under CNS1 luciferase enhancer con-

structs. Each PCR reaction included 30ng plasmid DNA template, 1X PfuUltraII re-

action buffer with 2mM MgCl2, forward and reverse primers at 0.2µM each, 0.25mM

of each dNTP, and 1µL of PfuUltraII Fusion HS DNA polymerase. PCR reactions

were run on the ABI GeneAmp R© PCR System 9700 using the following cycling pa-

rameters: an inital 2min denaturation at 95◦C, 40 cycles of 95◦C for 30sec, annealing

at 57◦C for 30sec, and extension at 72◦C for 15sec, and, at the end, a further extension

at 72◦C for 7min.

All PCR products were purified (Qiagen PCR Purification) and incubated with en-

zymes MluI and BglII (NEB) for at least 1 hour at 37◦C for restriction digest. Fol-

lowing restriction digest, the products were purified (Qiagen PCR Purification) and

ligated into the pGL3 basic luciferase reporter vector (Promega) by T4 DNA ligase.

The ligation reactions were transformed into chemically competent E.coli DH5α. All

clones were screened by restriction digest of mini-prep plasmid DNA (Roche) using

MluI and BglII. Positive clones that contained an insert were further verified by DNA

sequencing with the same conditions described in section 2.2.2, with the exception

that 300ng plasmid DNA was used as the template for the sequencing reaction.
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(ii) Mammalian Expression Constructs

EST variants were identified by 3’RACE (Roche), as detailed in the section Mapping

the EST by 5’/3’ RACE. All primer sequences are given in Appendix A. Briefly, for

cloning applications, all EST inserts contain a PflF1 restriction site near the 5’ end,

and a MluI site at the 3’ end. PCR products were TOPO R©-cloned into the pCR R©2.1-

TOPO vector (Invitrogen), followed by transformation of chemically competent E.coli

TOP10, blue/white colony screening, and plasmid DNA preparation as detailed pre-

viously. All clones were sequenced to verify that no mutations had been introduced

in the PCR steps. Of all variants that were screened, only one was found free of mu-

tations and was selected for cloning into the pCMV5 mammalian expression vector.

PCR was used to generate the 5’ end of the EST transcript since this EST insert from

3’ RACE does not contain the full 5’ sequence. The missing 5’ fragment was gen-

erated by PCR using the PfuUltraII system from Stratagene (Agilent Technologies).

The PCR template was plasmid DNA that included the full 5’ end of the EST as

identified by 5’ RACE. The PCR reaction contained 30ng of plasmid DNA template,

forward and reverse primers at 0.2µM each (with BglII and PflF1 restriction sites, re-

spectively; Appendix A), 1X PfuUltraII reaction buffer with 2mM MgCl2, 0.25mM of

each dNTP, and 1µL of PfuUltraII Fusion HS DNA polymerase. PCR reactions were

run on the ABI GeneAmp R© PCR System 9700 using the following cycling parameters:

an inital 2min denaturation at 95◦C, 40 cycles of 95◦C for 30sec, annealing at 57◦C for

30sec, and extension at 72◦C for 15sec, and, at the end, a further extension at 72◦C

for 7min. The PCR product was purified (Qiagen PCR Purification) and digested by

restriction enzymes BglII and PflF1; restriction digest was followed by another purifi-

cation (Qiagen). The pCR R©2.1-TOPO R© vector containing the 3’ RACE EST insert

was digested using restriction enzymes PflF1 and MluI. The pCMV5 plasmid was

digested using restriction enzymes BglII and MluI. Following restriction digests, the

digest reactions were analyzed on 1% agarose gel. Linearized pCMV5, and the EST

insert were excised and gel-purifed (Qiagen Gel Extraction Kit). Next, the 5’ PCR
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product, the 3’ EST insert, and linearized pCMV5 were mixed with T4 DNA ligase

in a triple-ligation reaction, which was incubated at 16◦C overnight, followed by heat

shock transformation (42◦C) of chemically competent E.coli DH5α with the ligation

reaction. All clones were screened by restriction digest of mini-prep plasmid DNA

(Roche) using BglII and MluI restriction enzymes. Positive clones that contained an

insert were further verified by DNA sequencing with the same conditions described

in section 2.2.2, with the exception that 300ng plasmid DNA was used as the tem-

plate for the sequencing reaction. The expression vector is summarized in Appendix A.

2.5 Bacterial Culture and Plasmid Preparation

Chemically competent E.coli DH5α (NEB) or TOP10 (Invitrogen) were transformed by

heat shock at 42◦C and incubated in a rotary shaker at 37◦C and at 250rpm for 1 hour.

The transformation reactions were plated on LB-agar plates and incubated overnight at

37◦C. After transformation, E.coli DH5α were plated on LB-agar containing 100µg/mL

ampicillin, and E.coli TOP10 were plated on LB-agar containing 50µg/mL kanamycin and

40µL of 40mg/mL X-gal (in DMF) for blue/white colony screening. For mini-prep of plas-

mid DNA in all cloning applications, single colonies were inoculated in 3mL of LB medium

containing 100µg/mL ampicillin and incubated in a rotary shaker at 250rpm overnight at

37◦C. For large-scale preparation of plasmid DNA, single colonies were inoculated as de-

scribed above, and incubated in a rotary shaker (250rpm, 37◦C) for 8 hours. Next, 100µL

of fresh culture was inoculated into 100mL of LB medium containing 100µg/mL ampicillin,

and incubated overnight at 37◦C and 225rpm. Plasmid DNA was purified using the Roche

High Pure Plasmid Isolation Kit for mini-prep, or the Qiagen Plasmid Midi Kit for midi-

prep.

— 33 —



2.6 Cell Maintenance

Cos-7 cells were maintained at 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM),

containing 4.5 g/L glucose, and supplemented with 10% FBS and 1% L-glutamine. HepG2

cells were maintained at 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM), con-

taining 1g/L glucose and 1mM sodium pyruvate, and supplemented with 10% FBS and 1%

L-glutamine. HepG2 cells were subcultured when they attained a confluency of 80%, were

plated at a minimum density of 25%, and were discarded by the 11th passage number.

2.7 Transient Transfection of Cos-7 and HepG2 Cells

Seeding Cells for Transient Transfection

Cos-7 and HepG2 cells were grown in 10cm dishes and seeded upon reaching 80% conflu-

ency. Cos-7 cells and HepG2 cells were seeded at a density of 50% and 75% of one 10cm

dish per 12-well plate, respectively. The day after seeding, both cell types had reached at

least 80% confluence and were ready for transient transfection.

Enhancer assays

The cells were transfected 24 hours after seeding, using the Fugene HD transfection reagent

(Roche). All assays were performed in triplicates. Each well was transfected with 1µg

total DNA (980ng CNS1-pGL4.23 luciferase reporter and 20ng pGL4.74 Renilla luciferase

(Promega)).

Transient transfection for luciferase promoter assays

The cells were transfected 24 hours after seeding, using the Fugene HD transfection reagent

(Roche). All assays were performed in triplicates. Each well was transfected with 1µg

total DNA (980ng CNS1-pGL3-basic reporter vector and 20ng pRL-SV40 Renilla luciferase

(Promega)). For co-transfection with TEAD1 or TEAD4 expression vector, each well was

also transfected with 1µg total DNA (500ng CNS1-pGL3-basic luciferase reporter, 10ng

pRL-SV40 Renilla luciferase, 0-25ng TEAD1/TEAD4, 465-490ng pCMV5).
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In all luciferase assay transient transfections, DNA was diluted with OptiMem (Invit-

rogen) at a concentration of 50µL/µg of DNA, and Fugene HD (Roche) was added at a

concentration of 3µL/µg of DNA. The samples were incubated at room temperature for 15

minutes. After the incubation, 50µL of complexed DNA was added to each well. The cells

were harvested for the luciferase reporter assay 24 hours post-transfection.

Transient transfection for EST and TEAD1 overexpression

HepG2 cells were transfected 24 hours after seeding, using the Fugene HD transfection

reagent (Roche). Each well was transfected with 500ng DNA (either empty pCMV5,

pCMV5-EST, or pXJ40-TEAD1/4) using the same conditions described previously. The

cells were harvested for RNA or protein analysis 24 hours post-transfection.

2.8 siRNA-Mediated Knockdown of the EST in HepG2 Cells

Four siRNA oligos were generated using the Dharmacon siDESIGN Center (Dharmacon

RNAi Technologies). These siRNA oligos were designed to specifically target EST exons

1 and 2, which are common to all EST transcript variants identified in HepG2 cells by

5’/3’ RACE. Of the 4 custom-designed oligos, only two achieved significant - yet small -

knockdown of the EST transcripts in initial optimization experiments. These two oligos

were pooled together in equimolar amounts to produce a 100µM siRNA stock.

HepG2 cells at (10cm dish at 80% confluency) were seeded at 30% in 12-well plates to

achieve a density of 50% after 24 hours for next-day transfection. Transfection of siRNA

was performed in triplicate. Non-target siRNA was used as a negative control (NT-1 from

Dharmacon). First, the 100µM siRNA stock (EST and non-target (NT) was diluted to

10µM in RNase-free water. Secondly, 7.5µL of 10µM siRNA (x3.5 = 26.25µL 10µM siRNA)

was diluted in 92.5µL OptiMem (Invitrogen) (x3.5 = 323.75µL). In a separate tube, 4µL

Dharmafect-1 (Dharmacon) (x3.5 = 14µL) was mixed with 96µL OptiMem (x3.5 = 336µL).
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Both tubes were incubated for 5 minutes at room temperature. Next, the siRNA dilution

in tube 1 as added to the Dharmafect-1 dilution in tube 2; the contents were mixed and

incubated for 20 minutes at room temperature. Lastly, 800µL of media was added to each

well of the 12-well plate, and 200µL of siRNA complexes was added to each well for a

final siRNA concentration of 75nM. RNA was isolated 72 hours post-transfection using the

TRIzol method (as outlined in section 2.11) for cDNA synthesis and quantitative RT-PCR.

2.9 Luciferase Reporter Assay

HepG2 and Cos-7 cells were harvested 24 hours post-transfection. The cells were washed

with 1X PBS and lysed by the addition of 200µL of 1X Passive Lysis Buffer (Promega) per

well. After addition of lysis buffer, the cells were incubated at room temperature for 15

minutes with gentle shaking. To ensure complete lysis of cells, lysates were mixed with a

micro-pipette, transferred to 1.5mL microcentrifuge tubes, and centrifuged for 30 seconds

at 10,000rpm at 4◦C to pellet cell debris. Following centrifugation, the supernatants were

transferred to clean 1.5mL microcentrifuge tubes. The luciferase reporter assays were con-

ducted using a single-tube luminometer (Berthold). 20µL of cleared lysate was first added

to the tube. 50µL of LARII (Promega) was mixed with the lysate and luciferase activity

was recorded. Next, 50µL of Stop & Glow R© reagent (Promega) was mixed into the same

tube, and renilla activity was recorded. This sequence was repeated until all lysates were

measured for firefly and renilla luciferase activities.

2.10 Immunoblotting

(i) Preparation of Whole Cell Extracts

HepG2 cells (12-well plate) were washed with 1X PBS and harvested by trypsinization

with 200µL of 1X trypsin, followed by an incubation for 5 minutes at 37◦C. The cells

were pelleted at 1000rpm for 5 minutes and the supernatant was discarded. The cell
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pellets were resuspended in 200µL of RIP buffer (25mM Tris-HCl pH 7.4, 150mM

KCl, 5mM EDTA, 0.5% NP-40, 0.5mM DTT, 1X Complete Protease Inhibitor Cock-

tail Tablets (Roche)) and incubated on ice for 15 minutes to swell. To ensure complete

lysis, the cells were sheared on ice using a dounce homogenizer. The lysed cells were

centrifuged at 13,000rpm for 5 minutes to pellet cell debris, and supernatants were

transferred to clean 1.5mL microcentrifuge tubes. Protein concentrations were deter-

mined by BCA protein assay (Pierce).

(ii) SDS-Polyacrylamide Gel Electrophoresis and Protein Transfer to Nitrocel-

lulose Membrane

5X SDS-PAGE loading buffer and β-mercaptoethanol were added to 30µg of protein

extract for a final concentration of 1X and 5% (v/v), respectively. Samples were boiled

for 5 minutes, loaded onto a 10% polyacrylamide gel (with 4% stacking gel), and elec-

trophoresis was performed at 150V until the loading dye completely disappeared. The

proteins were transferred to a nitrocellulose membrane at 70V for 1 hour using chilled

1X transfer buffer containing 20% methanol.

(iii) Western Blotting

The nitrocellulose membrane was rinsed briefly with 1X PBS and blocked in Odyssey R©

Blocking Buffer (LI-COR R©) for 1 hour at room temperature with gentle shaking. The

membrane was incubated overnight at 4◦C with primary antibody (TEAD1 mouse

monoclonal) at a 1:2000 dilution in Odyssey R© Blocking Buffer (LI-COR R©) with 0.02%

sodium azide. The membrane was washed for 3x10min with PBS-T (1X PBS, 0.1%

Tween20) and incubated in the dark with IRDye R© 800CW goat anti-mouse IgG sec-

ondary antibody at a 1:15000 dilution in Odyssey R© Blocking Buffer containing 0.01%

SDS for 1 hour at room temperature with gentle shaking. The addition of SDS reduces
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background upon detection. The membrane was washed again for 3x10min in PBS-T,

followed by a final wash for 5 minutes in 1X PBS to remove traces of Tween20. The

signal was detected using the Odyssey R© Infrared Imaging System (LI-COR R©).

2.11 RNA extraction and cDNA synthesis

Isolation of total RNA from HepG2 cells

Total RNA was extracted from HepG2 cells using the TRIzol method with the TriPure Iso-

lation Reagent (Roche). Briefly, the media was removed and cells were immediately lysed

with 0.5mL of TriPure reagent per well for a 12-well plate. The lysates were transferred

to 1.5mL microcentrifuge tubes and incubated for 5 minutes at room temperature. Next,

0.1mL of chloroform was added to each sample, followed by vigorous shaking for 15 seconds

and a room temperature incubation for 10-15 minutes. The samples were centrifuged at

12,000rpm for 15 minutes at 4◦C, and the aqueous phases (top layer) were transferred to

clean, RNase-free 1.5mL microcentrifuge tubes. 0.25mL of isopropanol was mixed with each

sample and the sample was incubated for 10-15 minutes at room temperature, followed by

centrifugation at 12,000rpm for 8 minutes at 4◦C. The supernatant was discarded, the RNA

pellet was washed with 0.5mL of 75% ethanol, and the sample was centrifuged at 8000rpm

for 5 minutes at 4◦C. The supernatants were discarded, and the pellet was allowed to air-dry

for 5-10 minutes. The pellets were dissolved in RNase-free water by a 5 minute incubation

at 50◦C and RNA concentrations were determined. For most applications, the RNA was

ready at this stage for cDNA synthesis.

However, RNA isolated from HepG2 cells after pCMV5-EST overexpression required

DNAseI digestion to remove the contaminating plasmid DNA. Each 100µL DNAseI diges-

tion reaction contained HepG2 RNA contaminated with plasmid DNA, 1X DNaseI incu-

bation buffer (Roche), 20U DNaseI recombinant (10U/µL, Roche), 10U Protector RNase

inhibitor (40U/µL, Roche), and 20U EcoRI (20U/µL, NEB). The digestion reactions were
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incubated at 37◦C for 30 minutes, after which the RNA was purified and concentrated using

the RNeasy MinElute Cleanup Kit (Qiagen). Final RNA concentrations were determined.

Isolation of RNA from whole blood

RNA was isolated from whole blood of Ottawa Heart Study Control subjects using the

PAXgene R© Blood RNA Kit (PreAnalytiX). The isolated RNA is further purified and con-

centrated using the RNeasy MinElute Cleanup Kit (Qiagen). Final RNA concentrations

were determined.

Reverse transcription

1µg of RNA (HepG2 and blood) was used for cDNA synthesis (Transcriptor First Strand

cDNA Synthesis Kit, Roche). Reverse transcription with this kit is a two step process.

The first step includes incubating the RNA with oligo-dT and random hexamer primers for

a final volume of 13µL in a thin-walled 0.2mL PCR tube. The second step includes the

addition of cDNA synthesis buffer, dNTPs, Protector RNase inhibitor, and Transcriptor

Reverse Transcriptase, for a final reaction volume of 20µL as outlined in the instruction

manual. The cDNA synthesis reaction was run on the ABI GeneAmp R© PCR System 9700

using the following conditions: a 10 minute incubation at 65◦C after the addition of the

first components, and incubations of 10 minutes at 25◦C followed by 60 minutes at 50◦C

after the addition of the remaining components in the second step.

2.12 Mapping the EST by 5’/3’ RACE

3’ RACE

Total RNA was isolated from HepG2 cells using the TRIzol method outlined previously.

3’ RACE was performed using the 5’/3’ RACE Kit, 2nd Generation (Roche). All primer

sequences are listed in Appendix A. For first-strand cDNA synthesis, each 20µL reaction

was prepared in a thin-walled 0.2mL PCR tube and contained 1X cDNA synthesis buffer,

1mM of each dNTP, 20U Protector RNase Inhibitor (Roche), oligo dT-anchor primer at
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a concentration of 1.875µM, 1µg of HepG2 total RNA, and 25U of Transcriptor Reverse

Transcriptase. The cDNA synthesis reaction was run on the ABI GeneAmp R© PCR System

9700 using the following conditions: 55◦C for 60 minutes followed by 5 minutes at 85◦C.

EST transcript amplification from 3’ RACE cDNA required two rounds of PCR using the

Roche FastStart Taq DNA Polymerase, dNTPack. For the first round of PCR, each 50µL

reaction contained a gene-specific forward primer against exons 1 or 2 at a concentration

of 0.25µM, a modification of the PCR anchor primer at a concentration of 0.25µM (PCR

anchor primer supplied with the Roche 5’/3’ RACE Kit; modified primer to decrease the

Tm for compatibility with gene-specific primers), 1X PCR buffer with 2mM MgCl2 and 1X

GC-rich solution, 0.2mM of each dNTP, 1µL of undiluted 3’ RACE cDNA template, and

2.5U of FastStart Taq DNA polymerase (Roche).

The first round PCR products were diluted 1:20 for the next round of PCR. The 50µL

reactions for the second round of PCR contained the same reagents used for the first round

with the following exceptions: 1µL of diluted first round PCR product as template, and,

in all cases, the forward primer was a nested gene-specific primer at a concentration of

0.25µM.

All PCR reactions for 3’ RACE were run on the ABI GeneAmp R© PCR System 9700 using

the following conditions: (1) an initial denaturation for 2 minutes at 95◦C; (2) 10 cycles of

(i) 95◦C for 15sec, 57◦C for 30sec, 72◦C for 40sec; (3) 25 cycles of (i) 95◦C for 15sec, 57◦C

for 30sec, 72◦C for 40sec (+20sec/cycle for the 25 cycles); (3) a final elongation at 72◦C for

7 minutes.

5’ RACE

Total RNA was isolated from HepG2 cells using the TRIzol method outlined previously.

5’ RACE was performed using the 5’/3’ RACE Kit, 2nd Generation (Roche). All primer

sequences are listed in Appendix A. For 5’ RACE, the cDNA synthesis reaction was set up

in 0.2mL thin-walled PCR tubes. Each 20µL reaction contained 1X cDNA synthesis buffer,

1mM of each dNTP, 20U Protector RNase Inhibitor (Roche), a gene-specific reverse primer
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(SP1) at a concentration of 0.625µM, 1µg of HepG2 total RNA, and 25U of Transcriptor

Reverse Transcriptase. The cDNA synthesis reaction was run on the ABI GeneAmp R© PCR

System 9700 using the following conditions: 55◦C for 60 minutes followed by 5 minutes at

85◦C. The cDNA was purified using reagents from the High Pure PCR Purification Kit

(Roche) but according to instructions from the 5’/3’ RACE Kit, 2nd Generation (Roche).

The purified cDNA was used directly for the two-step poly(A)-tailing reaction. The 25µL

poly(A)-tailing reaction was set up in a thin-walled 0.2mL PCR tube and contained purified

5’ RACE cDNA, 1X reaction buffer (supplied with the RACE Kit), 0.2mM dATP, and 80U

of Terminal Transferase. The poly(A)-tailing reaction was run on the ABI GeneAmp R©

PCR System 9700. In the first step, the cDNA, reaction buffer, and dATP were mixed to-

gether and incubated at 94◦C for 3 minutes. The tube was chilled on ice, 80U of Terminal

Transferase was added, and the reaction was incubated at 37◦C for 30 minutes followed by

a 10 minute incubation at 70◦C to heat inactivate the enzyme.

EST transcript amplification from 5’ RACE dA-tailed cDNA required two rounds of PCR

using the Roche FastStart Taq DNA Polymerase, dNTPack. For the first round of PCR,

each 50µL reaction contained 1X PCR buffer with 2mM MgCl2, 0.2mM of each dNTP,

oligo dT-anchor primer at a concentration 0.75µM, a nested gene-specific reverse primer

at a concentration of 0.25µM, dA-tailed cDNA for template, and 2.5U of FastStart Taq

DNA Polymerase. The PCR product was diluted 1:20 to be used as a template for the sec-

ond round of PCR. The second PCR reaction (50µL) contained 1X PCR buffer with 2mM

MgCl2, 0.2mM of each dNTP, a nested forward primer at a concentration of 0.25µM (mod-

ification of the PCR anchor primer supplied with the Roche 5’/3’ RACE Kit; modified

primer to decrease the Tm for compatibility with gene-specific primers), a nested gene-

specific reverse primer at a concentration of 0.25µM, diluted PCR product as template,

and 2.5U of FastStart Taq DNA Polymerase.

All PCR reactions for 5’ RACE were run on the ABI GeneAmp R© PCR System 9700 using

the following conditions: (1) an initial denaturation for 2 minutes at 95◦C; (2) 45 cycles of

(i) 95◦C for 15sec, 57◦C for 1min, 72◦C for 1min30sec.
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Lastly, gene-specific PCR was used to complement the 5’ RACE findings. Several primers

were designed upstream from one another to ”chase” the 5’ end of the EST transcripts.

All PCR reactions contained the same gene-specific reverse primer but each had a different

gene-specific forward primer. PCR was performed using the Roche FastStart Taq DNA

Polymerase, dNTPack, with HepG2 cDNA (First Strand cDNA Synthesis Kit; Roche) as a

template. In addition to the cDNA template and primers at a concentration of 0.4µM each,

all 25µL PCR reaction contained 1X PCR buffer with 2mM MgCl2, 0.2mM of each dNTP,

and 2.5U of FastStart Taq DNA Polymerase. The 5’ ”chase” only required one round of

PCR which was performed with the same equipment and under the same cycling conditions

as those detailed for the 5’ RACE. PCR products were visualized by 1% agarose gel and

were verified by DNA sequencing.

Analysis of RACE products

5’/3’ RACE PCR products were first visualized by 1% agarose gel. PCR products were

subsequently TOPO R©-cloned into the pCR R©2.1-TOPO R© vector as described previously.

TOPO R©-TA clones were verified for the presence of an insert by restriction digest, and

all inserts were sequenced to map the 5’ and 3’ ends of EST transcripts, and to map the

various transcript variants that were amplified.

2.13 RNA Expression Analysis by Quantitative Real-Time RT-PCR

After RNA extraction from HepG2 cells and whole blood and reverse transcription detailed

above, the cDNA was used as a template for qRT-PCR. Primers for qRT-PCR were de-

signed to generate amplicons ranging from 150-300bp in length (Appendix A). Each 20µL

PCR reaction was set up in white 96-well plates and contained 5µL cDNA at a 1:5 dilution,

forward and reverse primers at 0.5µM each, and 1X SYBR Green I Master (Roche). Quan-

titative PCR was performed using the LightCycler R© 480 SYBR Green I Master(Roche)

system with the LightCycler 480II instrument (Roche). All quantitative PCR experiments
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included these four steps: (i) pre-incubation at 95◦C for 10 minutes (ii) amplification and

quantification for 45 cycles (iii) melting and (iv) cooling at 40◦C for 30 seconds.

The conditions for the 45-cycle amplification of EST, TRIB1 and PPIA mRNA were as

follows: 95◦C for 10sec, annealing at 60◦C (touchdown program; annealing temperature

changes by -0.5◦C/cycle) for 30sec, an extension at 72◦C for 1min, and a signal acquisition

at 82◦C for 5sec. All other genes were amplified for 45 cycles using the following conditions:

95◦C for 10sec, annealing at 65◦C (touchdown program; annealing temperature changes by

-0.5◦C/cycle) for 30sec, and extension with signal acquisition at 72◦C for 20sec. The one

exception to these conditions is ZNF572, whose signal was acquired at 82◦C.

Upon completion of 45 cycles, all PCR products were melted at the following conditions:

95◦C for 10sec, 40◦C for 1min, 60◦C for 10sec, and from there, melting was achieved by

increasing the temperature continuously until it reached 95◦C. A ramp rate of 0.11◦C/sec

was used, and signals were acquired at 5 acquisitions/◦C.

PCR products were initially verified by melting curves, visualization on 1% agarose gel,

and DNA sequencing to ensure specific amplification of the correct transcript. After initial

verification, each PCR product was verified by its signature melting curve. Relative copy

numbers of each target transcript were normalized to the expression levels of the abundantly

expressed house-keeping gene cyclophilin A (PPIA).

2.14 RNA Immunoprecipitation

This RNA immunoprecipitation protocol was adapted from Rinn et al., Cell, (2007) [113].

6x10cm dishes of HepG2 cells were grown to confluency as described in Cell Maintenance.

The cells were trypsinized at confluency and resuspended with 1X PBS. 2x10cm dishes

were pooled into one 15mL Eppendorf tube and the tubes were centrifuged at 1000rpm for

5 minutes to pellet the cells. The PBS was discarded and each cell pellet was resuspended

in 2mL 1X PBS, 2mL Nuclear Isolation Buffer (1.28M sucrose; 40mM Tris-HCl pH 7.4;

20mM MgCl2; 4% Triton X-100) and 6mL of water on ice for 20 minutes with frequent
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mixing. The nuclei were pelleted by centrifugation at 2500xg for 15 minutes at 4◦C. Each

nuclear pellet was resuspended in 1mL RIP Buffer (150mM KCl; 25mM Tris-HCl pH 7.4,

5mM EDTA, 0.5mM DTT, 0.5% NP-40, 1X Complete Protease Inhibitor Cocktail Tablet

(Roche), 100U Protector RNase Inhibitor (Roche)). The resuspended nuclear pellets were

pooled together, mixed, and split into 500µL fractions. The nuclei were sheared using a

dounce homogenizer with 15-20 strokes. Nuclear membrane and debris were pelleted by cen-

trifugation at 13,000rpm for 10 minutes at 4◦C. An antibody was added to each supernatant

(6µg for Suz12/Ezh2/H3K27/CoREST (Abcam); 10µg rabbit IgG (Abcam)) and incubated

for two hours at 4◦C with gentle rotation. Next, 40µL of protein A/G beads (Roche) were

added to each supernatant and incubated for 1 hour at 4◦C with gentle rotation. The

beads were pelleted by centrifugation at 2500rpm for 30 seconds at 4◦C, the supernatant

was discarded, and the beads were resuspended in 500µL RIP. These steps were repeated

for a total of three RIP washes followed by one wash in 1X PBS. The washed beads were

resuspended in 1mL of TriPure Isolation Reagent (Roche) and co-precipitated RNA was

isolated using the TRIzol method. The isolated RNA was quantified and equal amounts

were used for cDNA synthesis (Transcriptor First Strand cDNA Synthesis Kit, Roche).

Quantitative RT-PCR (LightCycler480 SYBR Green I Master) was used to detect the EST

transcripts. Relative copy numbers of the EST were normalized to the presence of U1 RNA.
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3 Results

3.1 Phylogenetic Footprinting Analysis Identifies SNPs Within Inter-
genic Evolutionarily Conserved Regions

Although Trib1 is a known regulator of MAPK activity [86, 91] and hepatic lipogenesis

[98], the functional relationship between SNPs at the TRIB1 locus and plasma lipid traits

remains unknown. Moreover, HapMap data indicates that these common SNPs are not in

LD with SNPs within the TRIB1 coding region. Since the cluster of TG-associated SNPs

identified by GWAS is located within an intergenic region between 25-50kb downstream

of the TRIB1 coding region and are not in LD with SNPs within the coding region, we

performed phylogenetic footprinting analysis using PipMaker to identify any evolutionarily

conserved sequences - potential regulatory sequences - within or nearby this risk locus. This

approach identified two evolutionarily conserved regions - CNS1 and CNS2 - located 28kb

and 53kb downstream of the TRIB1 coding region, respectively, as shown in figure 1. CNS1

is 284bp in length, and is located at Chr8: 126478696 - 126478979. CNS2 is 350bp in length

and spans Chr8: 126503634 - 126503983.

The PipMaker output represents the orthologous regions in the other species as per-

cent sequence identity to the human sequence. The TRIB1 coding region - particularly

exons - is highly conserved between species. Yet, the downstream intergenic region, exclud-

ing CNS1/2, has very poor sequence conservation. Moreover, none of the TG-associated

SNPs identified from GWAS were found within conserved regions. SNPs within CNS1

and CNS2 were identified using the Ensembl Genome Browser. CNS1 contains three SNPs:

rs2001844 (126478745), rs7015677 (126478758), and rs57863956 (126478790). A fourth SNP

- rs2001845 - is located just upstream of CNS1 as position Chr8:126478644. CNS2 contains

one SNP - rs55921265 - located at position Chr8:126503915.
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Figure 1: Phylogenetic footprinting analysis of the TRIB1 locus by Pip-
Maker. The intergenic region downstream of the TRIB1 harbours two evo-
lutionarily conserved regions, CNS1 and CNS2. GWAS TG-associated SNPs
(blue and red) fall outside the conserved regions. SNPs located within CNS1
and CNS2 were not identified by GWAS (green).
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3.2 Minor Allele Frequencies and Odds Ratios for SNPs Within CNS1
and CNS2 Genotyped in CHD Cases and Controls from the Ottawa Heart
Study

To determine whether SNPs within evolutionarily conserved regions were in LD with TG-

associated GWAS SNPs and/or associated with CAD themselves, these regions were geno-

typed by DNA sequencing using OHS Caucasian CHD cases and elderly controls. Control

subjects included men and women over 65 and 70 years of age, respectively, with no per-

sonal or family history of CAD. Cases included men and women with severe premature

CHD with documented onset under 60 years of age.

HapMap did not contain any data on SNPs within CNS1 and CNS2 but did have LD data

for rs2001845, which is located just upstream of CNS1. HapMap data for this SNP con-

firmed statistical findings obtained from genotyping. The 8q24.13 GWAS TG-associated

SNPs are very common; data from the Ottawa Heart Study shows that SNPs of the first

haplotype have minor allele frequencies of 0.48 (eg. rs2001945, rs17321515 [50]), and those

of the second haplotype (eg. rs2954018) have minor allele frequencies of 0.30. To determine

allele frequencies, LD data, and CAD association for SNPs within regions of evolutionary

conservation, approximately 300 CHD cases and controls and 200 CHD cases and controls

were genotyped for CNS1 and CNS2, respectively. The results from SNP genotyping are

shown in Table 1.

The SNP just upstream from CNS1 - rs2001845 - has a minor allele frequency of 0.28

in controls; the frequency increased to 0.37 in CHD cases (p=0.0062) and the odds ratio

(OR; 95% CI) was found to be 1.46. In addition, rs2001845 is in tight LD with GWAS SNP

rs2954018 at 8q24.13 (D’=1; r2=0.99). Although this SNP is located directly upstream

from CNS1 and is significantly associated with CAD and in tight LD with one haplotype

of GWAS TG-associated SNPs, it is very poorly conserved between species. The first SNP

within CNS1 - rs2001844 - is well conserved between species and also associated significantly

with CAD (p=0.004). This SNP has a minor allele frequency of 0.48 in controls; the fre-
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LD with GWAS SNPs SNP Chr8 
location 

Sample Size AA AB BB MAF Allelic  
p-value 

Odds Ratio 
95% CI rs2954018 rs2001945 

Cases (n=266) 106 122 38 0.37 rs2001845 CNS1 
126478644 Controls (n=271) 145 98 28 0.28 

0.0062 1.46 
(1.13,1.87) 

D’=1 
r2=0.99 

D’=1 
r2=0.52 

Cases (n=266) 47 125 94 0.59 rs2001844 CNS1 
126478745 Controls (n=271) 74 131 66 0.48 

0.004 1.50 
(1.18,1.90) 

D’=0.99 
r2=0.42 

D’=1 
r2=0.81 

Cases (n=266) 185 74 7 0.16 rs7015677 CNS1 
126478758 Controls (n=271) 198 67 6 0.14 

0.65 1.16 
(0.83,1.62) 

D’=1 
r2=0.09 

D’=1 
r2=0.2 

Cases (n=266) 247 19 0 0.04 rs57863956 CNS1 
126478790 Controls (n=271) 245 26 0 0.05 

0.35 0.73 
(0.39,1.34) 

D’=1 
r2=0.02 

D’=1 
r2=0.04 

Cases (n=172) 108 56 8 0.2 rs55921265 CNS2 
126503915 Controls (n=176) 109	
   64	
   3	
   0.2	
  

0.25 1.07 
(0.73,1.56) 

D’=1 
r2=0.11 

D’=0.36 
r2=0.04 
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Table 1: Allele frequencies, CAD association, and LD data for SNPs within
evolutionarily conserved regions genotyped in CHD cases and con-
trols from the Ottawa Heart Study Minor allele frequencies (MAF) were
compared between CHD cases and controls for each SNP. Statistical analysis
was based on a univariate linear regression model; biochemical and physi-
cal parameters such as plasma lipid levels and BMI were not considered in the
analyses. Allelic p-values were determined using Fisher’s Exact Test and Odds
Ratios (OR) were determined with 95% confidence intervals (CI). Linkage
disequilibrium (LD) between SNPs was determined using R Program 2.10.1.
A=major allele; B=minor allele.
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quency increased to 0.59 in CHD cases and the OR (95% CI) was found to be 1.50. Further,

rs2001844 is in tight LD with the second haplotype of GWAS TG-associated SNPs, such as

rs2001945 and rs17321515. D’ and r2 with rs2001945 and rs17321515 were determined as

being 1, 0.81 and 1, 0.98, respectively.

The last two SNPs within CNS1 - rs7015677 and rs57863956 - were much less common.

Moreover, the minor allele frequencies of these SNPs did not change significantly between

CHD cases and controls. Interestingly, not a single homozygote for the rs57863956 minor

allele was detected in 300 CHD cases and 300 controls. Finally, rs55921265 within CNS2

has a minor allele frequency of 0.20, which did not change between CHD cases and controls

and thus was not significant for CAD. Although the number of subjects genotyped for these

SNPs was low, these findings were validated by data from the 1000 Genomes Project [45],

which became available only recently.
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3.3 The Regulatory Functions of Evolutionarily Conserved Regions CNS1
and CNS2

Gene deserts have been known to harbour regulatory elements, and these are often marked

by evolutionary conservation [78, 53, 54]. Consequently, the genomic regions containing

CNS1 and CNS2 were initially tested for enhancer activity using luciferase reporter assays

(Promega). Although CNS1 harbours four SNPs, only the two common SNPs with signif-

icant CAD odds ratios were pursued in functional studies. Briefly, amplicons containing

CNS1 and CNS2 were amplified by PCR from subjects homozygous for the reference and

risk alleles, respectively. The PCR products were subcloned into the pGL4.23 luciferase

reporter vector (Promega). This vector is ideally suited for enhancer studies because it

contains only a minimal promoter and gives low background. Variations in transfection

efficiency between samples was controlled for by co-transfection of the pGL4.74 Renilla lu-

ciferase vector (Promega). Figure 2 shows that CNS1 does not have enhancer activity and

that the presence of reference or risk alleles for rs2001845 and rs2001844 do not alter CNS1

activity. In contrast, the presence of CNS2 upstream from the minimal promoter reduced

luciferase reporter activity, suggesting that CNS2 may be a repressor. These studies were

first performed in Cos-7 and these findings were also validated in HepG2 cells.

To further investigate the repressor activity of CNS2, the insert containing CNS2 was

subcloned from pGL4.23 into the pGL3-SV40 luciferase reporter vector (Promega), which

has a strong promoter. Since the pGL3-SV40 promoter will give stronger luciferase activity,

the pRL-SV40 Renilla luciferase was used as the appropriate internal control for transfec-

tion efficiency. Figure 3 shows that CNS2 functions as a repressor in (a) Cos-7 and (b)

HepG2 cells. Interestingly, the rs55921265 ’A’ allele further reduced luciferase activity in

HepG2 cells (p<0.01), but not in Cos-7 cells. CNS2 was also a stronger repressor in HepG2

cells as compared to Cos-7 cells.

Since CNS1 showed neither enhancer nor repressor activity, this region was assayed for

— 52 —



0	
  

0.2	
  

0.4	
  

0.6	
  

0.8	
  

1	
  

1.2	
  

1.4	
  

pGL4.23	
   CNS1	
  (GG)	
   CNS1	
  (AA)	
   CNS2	
  (G)	
   CNS	
  2	
  (A)	
  

RL
U
	
  

— 53 —



Figure 2: Determining enhancer activity in CNS1/CNS2 Cos-7 cells were trans-
fected with empty pGL4.23 minimal promoter vector or the indicated
CNS1/CNS2-pGL4.23 luciferase reporter constructs, and pGL4.74 Renilla
luciferase. n=6 independent experiments.
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Figure 3: Determining repressor activity in CNS2 (A) Cos-7 and (B) HepG2 cells
were transfected with empty pGL3-SV40 promoter vector or the indicated
CNS2-pGL3-SV40 luciferase reporter constructs, and pRL-SV40 Renilla lu-
ciferase. n=4 independent experiments. (*p<0.01)
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promoter activity. All luciferase reporter constructs were generated by PCR using genomic

DNA from a individual who was homozygous reference for GWAS TG-associated 8q24.13

SNPs and for CNS1 SNPs. The largest region analyzed for promoter activity spanned 2kb

in size. The remaining regions were 500bp deletion derivates of the 2kb region, generating

inserts of 1.5kb, 1kb, and 500bp, respectively. All inserts include CNS1 at their 3’; se-

quences extend upstream of CNS1. The smallest insert - 500bp - contains the entire CNS1

region (approximately 300bp in size) with an additional 100bp flanking either end. The

rs2001845 SNP lies just upstream of the region of conservation and thus falls within the

100bp flanking sequence included in the 500bp luciferase reporter construct. The other

conserved common SNP - rs2001844 - falls within the conserved sequence. These regions

were inserted into the pGL3-basic luciferase reporter vector (Promega). This vector is ide-

ally suited for promoter studies because it itself is promoter-less. Thus, observed luciferase

activity above background levels indicates that the sequence inserted upstream from the

luciferase transcription start site has promoter activity itself. Figure 4 clearly shows that

the 500bp region - CNS1 with minimal additional sequence - has promoter activity in both

(a) Cos-7 and (b) HepG2 cells. Interestingly, although all inserts contain CNS1, the larger

regions are unable to activate luciferase expression. Since promoted activity was abolished

by the addition of 500bp directly upstream of CNS1 (1kb construct), this effect may be

attributed to sequences within this region that are targeted by factors that repress tran-

scription.
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Figure 4: Determining promoter activity in CNS1 (A) Cos-7 and (B) HepG2 cells
were transfected with empty pGL3-basic promoter-less vector or the indicated
CNS1-pGL3-luciferase reporter constructs, and pRL-SV40 Renilla luciferase.
n=2 independent experiments.
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3.4 Risk Alleles of TG-associated SNPs do not Alter TRIB1 mRNA
Expression in Whole Blood

Since GWAS TG-associated risk SNPs are located within an intergenic region and the

nearest protein-coding gene is TRIB1, we investigated the possibility that the risk allele of

rs17321515 - a GWAS SNP in tight LD with rs2001844 - alters TRIB1 mRNA expression

in whole blood from Ottawa Heart Study healthy elderly controls. Control subjects were

carefully matched for rs17321515 genotype, age, gender, and BMI and the group character-

istics are summarized in Table 2. Control subjects used in this study were also not on any

type of lipid-altering medication.

The blood from OHS controls for RNA analysis was stored in PAXgene R© tubes and

isolated using the PAXgene R© Blood RNA Kit (PreAnalytiX). The RNA was further puri-

fied and concentrated using the RNeasy MinElute Cleanup Kit (Qiagen), and 1µg was used

for cDNA synthesis (Transcriptor First Strand cDNA Synthesis Kit, Roche). Quantitative

PCR for the expression of TRIB1 was performed using the LightCycler R© 480 SYBR Green

I Master (Roche) system and melting peaks were verified to ensure specific amplification

of the correct product. Relative copy numbers of TRIB1 transcripts were normalized to

the levels of constitutively-expressed house-keeping gene PPIA and the results are shown

in figure 5. TRIB1 expression was highly variable between subjects within and among

the genotype categories. Consequently, there was no association between GWAS SNP risk

alleles and TRIB1 expression at the mRNA level. Further, the GWAS from Global Lipids

Genetics Consortium failed to identify TRIB1 as an eQTL with their large sample size

of various tissues: 960 liver samples, 741 omental fat samples, and 609 subcutaneous fat

samples [56].
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Trait 
Homozygous for 

rs17321515 
Reference Allele (A) 

Heterozygous 
for rs17321515 

Homozygous for 
rs17321515 Risk 

Allele (B) 
Number of subjects 11 10 10 

Age, years 75 +/- 3.69 73.9 +/- 2.68 76 +/- 3.23 
Gender 6M / 5F 5M / 5F 5M / 5F 

BMI , kg/m2 26.02 +/- 1.79 25.86 +/- 1.66 26.91 +/- 1.67 
Cholesterol, mmol/L 5.54 +/- 0.56 5.77 +/- 1.03 5.31 +/- 0.74 
Triglyceride, mmol/L 0.98 +/- 0.32 1.03 +/- 0.45 1.22 +/- 0.46 

LDL-c, mmol/L 3.60 +/- 0.40 3.65 +/- 0.72 3.50 +/- 0.67 
HDL-c, mmol/L 1.50 +/- 0.34 1.64 +/- 0.44 1.25 +/- 0.20 

Glucose, mmol/L 5.24 +/- 0.36 5.45 +/- 0.69 5.45 +/- 0.32 
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Table 2: Clinical characteristics of Ottawa Heart Study Controls for RNA
expression analysis Whole blood RNA was isolated from a total of 31 care-
fully matched healthy elderly controls for qRT-PCR. Clinical characteristics
are provided as Mean +/- SD.
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Figure 5: Effect of risk alleles of GWAS-identified SNPs on TRIB1 mRNA
expression in whole blood from Ottawa Heart Study Controls Whole
blood RNA was isolated from a total of 31 carefully matched healthy elderly
controls for qRT-PCR. Quantitative PCR for the expression of TRIB1 was
performed using the LightCycler R© 480 SYBR Green I Master (Roche) system
and melting peaks were verified to ensure specific amplification of the correct
product. Relative copy numbers of TRIB1 transcripts were normalized to
the levels of constitutively-expressed house-keeping gene PPIA.
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3.5 A Search of the Risk Locus for Novel Genes Identifies an EST-Based
Gene

The luciferase reporter assays demonstrating that CNS1 has promoter activity also suggest

that the intergenic risk locus may harbour a novel gene whose transcription start site would

be located nearby the CNS1 region. A database search for novel genes within the risk locus

was accomplished using the Ensembl Genome Browser, which organizes information from

various databases according to chromosomal position. An expressed sequence tag (EST) -

cloned from human lens cDNA - from the human EST database aligned to the risk locus

very near CNS1. A BLAST search with this EST sequence in OpenBiosystems identified a

construct for purchase: clone fs35c04 human lens cDNA. The construct was fully sequenced,

and the exons are shown with respect to chromosome position in figure 6. The complete

sequence of the clone identified Exon1 as beginning just 118bp downstream of CNS1. Fur-

ther, this EST spans a very large genomic distance greater than 120kb from the presence

of two long introns. CNS2 is also located within an intron of this EST.

Next, primers were designed for various lens EST exons to determine its expression in

relevant tissues: HepG2 for functional analyses and whole blood for RNA expression anal-

ysis. Figure 7 shows the chromosomal position of EST exons 1 and 2 relative to CNS1, as

well as the PCR products obtained from HepG2 and blood cDNA. Interestingly, only exons

1 and 2 were detected in these two tissues; the 274bp PCR product was verified by DNA

sequencing. Moreover, this transcript is expressed at a much lower level in whole blood

as compared to HepG2 cells despite attempting to optimize PCR conditions (figure 7).

This finding was further validated by qRT-PCR, thus, we were unable to determine if risk

alleles of GWAS SNPs alter its expression in whole blood from Ottawa Heart Study controls.
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Figure 6: Human lens cDNA clone mapped to the 8q24.13 risk locus The
human lens cDNA clone fs35c04 was purchased from OpenBiosystems and
sequenced to obtain a full map of the exons. Exon1 begins 118bp downstream
of CNS1. The EST spans a large genomic distance due to very long introns
of 68kb and 51kb.
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Figure 7: Human lens EST exons1,2 are expressed in HepG2 cells and whole
blood The human lens cDNA clone fs35c04 was purchased from OpenBiosys-
tems and sequenced to obtain a full map of the exons. Exon1 begins 118bp
downstream of CNS1. The EST spans a large genomic distance due to very
long introns of 68kb and 51kb.
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3.6 Mapping the EST in HepG2 Cells by 5’/3’ RACE

The observation that only exons 1 and 2 were detected in HepG2 cells and whole blood

suggests that there exist tissue-specific EST transcript variants. To address this possibility,

5’/3’ RACE (Roche) was performed with HepG2 cDNA from total RNA, using gene-specific

primers for exons 1 and 2. Figure 8 is a result from 3’ RACE. Lanes 1 to 3 are positive

controls for the various steps, and lanes 4 to 13 are 3’RACE products. Two rounds of PCR

were required for amplification of EST transcripts from 3’RACE. The second round of PCR

used a first round PCR product as the template, the same reverse primer, but a nested

gene-specific forward primer. Lanes 4-8 are products from the same template but ampli-

fied with different nested forward primers, resulting in PCR products that are gradually

smaller in size; specifically, their size difference corresponds to the distance between their

respective nested forward primers. Lanes 9-10 and 11-13 were amplified using the same

strategy. The pool of PCR products was TOPO R©-cloned and positive clones were screened

by DNA sequencing. Figure 9 is a summary of the EST transcript variants detected thus

far by 3’RACE in HepG2 cells and Table 3 summarizes all exon lengths, chromosomal po-

sitions and total lengths of the EST transcripts shown in figure 9. EST transcripts range

from 700bp to 1400bp in size. Interestingly, all variants lack significant open reading frame

(ORFs), suggesting that they do not code for protein. Further, UCSC Genome Browser

shows that exon 4 and the last 200bp of exon 5 contain many repetitive elements a BLAST

search with Ensembl shows that they align with several other regions of the genome. All

other exons appear to be unique to this EST.

A combination of gene-specific PCR and 5’ RACE was used to map the 5’ end of EST

transcripts. Results from both these approaches are detailed in figure 10. For PCR 5’ chase,

all PCR reactions used the same reverse primer on exon 2 (figure 10a), while exon 1 primers

were designed upstream from one another. This approach continued until PCR products

were no longer detected. Originally, exon 1 of the human lens cDNA EST was 95bp in
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Figure 8: Multiple EST variants identified from 3’ RACE in HepG2 cells.
3’RACE PCR products visualized on 1% agarose gel. Lanes 1-3 are controls
for the various steps in the 3’RACE protocol. The pool of products in lanes
4-13 are EST variants in HepG2 cells identified by 3’RACE.
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Figure 9: Map of EST transcript variants identified in HepG2 cells by
3’RACE 3’RACE of the EST in HepG2 cells has identified 9 transcript
variants to date that range in size from approximately 700bp to 1300bp.
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EST 
transcript 

Exons Chr8 location Exon Length 
(bp) 

Total Size 
(bp) 

1 126478904 – 126479275 372 
2 126485378 – 126485556 179 

 
1 

7 126537340 – 126537560 221 

 
772 

1 126478904 – 126479275 372 
2 126485378 – 126485556 179 

 
2 

5 126534985 – 126535595 611 

1162 

1 126478904 – 126479275 372 
2 126485378 – 126485556 179 

 
3 

5 126534929 – 126535595 667 

 
1218 

1 126478904 – 126479275 372 
2 126485378 – 126485556 179 
4 126532149 – 126532271 123 

 
4 

5 126534929 – 126535595 667 

 
1341 

1 126478904 – 126479275 372 
2 126485378 – 126485556 179 
4 126532149 – 126532271 123 

 
5 

5 126534985 – 126535595 611 

 
1285 

1 126478904 – 126479275 372 
2 126485378 – 126485609 232 
4 126532149 – 126532271 123 

 
6 

5 126534985 – 126535595 611 

 
1338 

1 126478904 – 126479275 372 
2 126485378 – 126485556 179 
5 126534929 – 126535255 327 
6 126536330 – 126536434 105 

 
7 

7 126537340 – 126537560 221 

 
1204 

1 126478904 – 126479275 372 
2 126485378 – 126485556 179 
4 126532149 – 126532271 123 
5 126534985 – 126535255 271 
6 126536330 – 126536434 105 

 
 
8 

7 126537340 – 126537560 221 

 
 

1271 

1 126478904 – 126479275 372 
2 126485378 – 126485556 179 

 
9 

3 126492248 – 126492377 130 

 
681 
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Table 3: Exons, chromosome positions, and lengths of EST transcript vari-
ants identified in HepG2 cells by 5’/3’ RACE
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length and located 118bp away from CNS1. The PCR approach used to chase the 5’ end

determined that exon 1 in HepG2 cells extended into CNS1 (figure 10a). These findings were

validated by 5’ RACE. Several 5’ RACE products were screened after TOPO R©-cloning; all

5’ ends extended into CNS1 - which is depicted in red - and not a single product extended

beyond CNS1 - depicted in black. Hence, the largest product that was screened indicates

that exon 1 in HepG2 cells is, at maximum, 372bp long and is represented in the sequence

(figure 10b) in red, bold, italics. Further, 5’ RACE results suggested that this EST has two

possible transcription start sites, highlighted within the nucleotide sequence in green and

turquoise (figure 10b). Finally, the observation that the EST does not extend upstream

beyond CNS1, and that the 500bp region containing CNS1 exhibited promoter activity in

luciferase reporter assays, suggests that CNS1 contains the EST promoter.
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Figure 10: Mapping the EST by 5’ RACE in HepG2 cells (A) Gene-specific PCR
to chase the 5’ end of EST transcripts found that the 5’ end extends into
CNS1 but not beyond in HepG2 cells. (B) 5’ RACE in HepG2 cells extended
the 5’ end of the EST into CNS1 and confirmed that the 5’ end does not
extend beyond CNS1 (region shown in red). The conserved region is shown
in red. Sequence in black is outside the region of conservation. Underlined
sequences indicate primers used for luciferase construct cloning (Appendix
A), and the underlined blue sequence corresponds to the 3’ end of the largest
promoter construct (the original 500bp construct). This approach further
confirmed PCR findings that exon 1 of the EST begins - at the earliest -
where the nucleotides are depicted in red, bold italics. Green and turquoise
highlighting indicates two possible transcription start sites as identified by
5’ RACE.
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3.7 The Effect of the rs2001844 Risk Allele on EST Promoter Activity

The initial 500bp CNS1-containing sequence that demonstrated promoter activity in lu-

ciferase reporter assays was further refined from both the 5’ and 3’ ends to map the minimal

promoter sequence. Briefly, all sequence outside of the region of conservation was removed

from the 5’ end. Since EST exon 1 has been mapped to the first transcription start site, a

luciferase reporter construct was generated by truncating the 3’ end to remove all exon 1

sequence. Figure 11 demonstrates that the 5’ end truncation to remove the non-conserved

sequences retains its promoter activity (construct 1). However, removal of all EST exon1

from the construct completely abolished promoter activity (construct 2). Two additional

constructs were generated to address the observation that the EST promoter contains two

transcription start sites. Construct 3 was generated by a 3’ truncation that removed the

second start site, leaving only the first one. As a result, construct 3 contains an additional

40bp at its 3’ end in comparison to the non-active construct 2. Construct 4 contains both

identified transcription start sites. The first transcription start site (construct 3) was suf-

ficient for promoter activity. Thus, those 40bp around the first start site are absolutely

required for EST promoter activity. Further, the presence of both start sites significantly

increased promoter activity. Extending the 3’ end farther into exon1 - including sequence

outside of CNS1 - significantly reduces promoter activity to the level observed with one

transcription start site. Moreoever, these EST promoter constructs harbour a common

SNP - rs2001844 - which has been shown to be in tight LD with GWAS TG-associated

SNPs, and significantly associated with CAD. Both risk (rs2001844 - A allele) and refer-

ence (rs2001844 - G allele) EST promoter constructs were generated for constructs 3 and

4 and, in both cases, the rs2001844 risk allele (A) significantly reduced promoter activity

as shown in figure 12. Consequently, we anticipate that the expression of this transcript is

reduced in carriers of the risk versus reference alleles.
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Figure 11: The EST minimal promoter requires the first 40bp of exon 1, in-
cluding the first transcription start site. (A) Schematic representation
of the CNS1 luciferase reporter constructs. Red indicates sequence within
CNS1, black represents sequence outside CNS1. There are two transcrip-
tion start sites labeled in white as 1 and 2, respectively. (B) HepG2 cells
were transfected with pGL3 basic or the indicated luciferase reporter con-
structs, and pRL-SV40 as an internal control for transfection efficiency. n=2
independent experiments. (*p<0.01)
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Figure 12: Effect of the rs2001844 risk allele on EST promoter activity. (Top)
Schematic representation of the CNS1 luciferase reporter constructs. Red
indicates sequence within CNS1, black represents sequence outside CNS1.
There are two transcription start sites labeled in white as 1 and 2, respec-
tively. (Bottom) HepG2 cells were transfected with pGL3 basic or the in-
dicated luciferase reporter constructs, and pRL-SV40 as an internal control
for transfection efficiency. n=4 independent experiments. (***p<1x10−4)
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3.8 Transcription Factor Binding Sites Predicted Around the rs2001844
SNP

MatInspector and TRANSFAC were used to predict transcription factor binding sites that

include the rs2001844 SNP to determine if the risk allele of this SNP alters a binding

site, thereby explaining the observed reduced luciferase activity. The transcription fac-

tors predicted from these tools include Krueppel-like transcription factors (KLFs), STAT3,

STAT1, C/EBPδ, and TEAD1. Expression vectors for TEAD1 and TEAD4, as well as an

antibody against TEAD1 were generously given from Dr. Alexandre Stewart’s laboratory

(University of Ottawa Heart Institute). TEAD1 and TEAD4 are the first transcription

factors attempted on the CNS1 promoter. Briefly, HepG2 cells were co-transfected with a

CNS1-luciferase reporter construct (reference allele; construct 3), pRL-SV40, and TEAD1

or TEAD4 to determine if TEAD1/4 increase promoter activity in a dose-dependent man-

ner. Figure 13(a) shows that both TEAD1 and TEAD4 are unable to increase CNS1 pro-

moter activity in a dose-dependent manner. Below, the Western blot shows that TEAD1

was indeed over-expressed, and that TEAD1 is present at very low levels endogenously in

HepG2 cells. Thus it can be concluded that the TEAD family of transcriptional enhancers

do not enhance the transcriptional activity of the CNS1 promoter and therefore are not

responsible for the observed SNP effect. These experiments will be pursued with the other

transcription factors that were mentioned.

— 85 —



0	
  

0.2	
  

0.4	
  

0.6	
  

0.8	
  

1	
  

1.2	
  

1.4	
  

1.6	
  

RL
U
	
  

TEAD1        -         5ng      10ng        25ng         -             -             -    
TEAD4        -           -             -       -            5ng       10ng      25ng 

-     pCMV5   TEAD1 

(A) 

(B) 

— 86 —



Figure 13: TEAD1 and TEAD4 do not enhance CNS1 promoter activity. (A)
HepG2 cells were co-transfected with CNS-luciferase reporter construct 3,
pRL-SV40, increasing doses of TEAD1 or TEAD4, and pCMV5 to ensure
all transfection cocktails contain the same amount of DNA. (B) Western
blot of TEAD1 shows that TEAD1 was overexpressed in HepG2 cells. n=2
independent experiments.
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3.9 Overexpression and siRNA-mediated Knockdown of the EST in HepG2
Cells

The most common variant identified by 3’ RACE was 772bp long and contained exons 1,

2, and 7. Consequently, transcripts of this variant were most easily detected and screened

for mutations introduced by Taq polymerase in the PCR steps. The 3’ RACE product was

combined with the additional 5’ sequence to generate a full-length cDNA in the pCMV5

expression vector. This construct was over-expressed in HepG2 cells, RNA was isolated

24 hours post-tranfection, and gene expression was assessed by qRT-PCR. The results are

shown in figure 14. The top panel includes genes located near TRIB1, and the bottom

panel includes the genes encoding fatty acid synthase and apoB. EST overexpression had

no effect on the expression of KIAA0196 and SQLE, two genes located near the TRIB1

gene on chromosome 8q24.13. However, EST over-expression significantly reduced TRIB1,

ZNF572, FAS and APOB mRNA levels by 7%, 23%, 30%, and 20%, respectively. These

findings suggest that this EST may have an effect on hepatic lipogenesis at the level of de

novo fatty acid synthesis through fatty acid synthase - the FAS protein product. However,

further studies are required to address the specificity of this effect.

We attempted siRNA-mediated knockdown of the EST in HepG2 cells. We optimized

assay conditions to obtain a significant EST knockdown (40% knockdown) but this required

a 72 hour transfection. The preliminary results from 2 successful independent experiments

are shown in figure 15. A 40% EST knockdown increases TRIB1 and ACC1 mRNA levels

by a statistically significant 15%. Changes in APOB, SCD1 and ACOX1 mRNA levels

were not significant (not shown). However, the siRNA findings are questionable in terms of

specificity of the response because in other siRNA optimization experiments, expression of

genes in opposing pathways - fatty acid biosynthesis (ACC1 ) versus fatty acid β-oxidation

(ACOX1 ) - followed the same pattern. Further, the most recent data suggests that these

changes may not be consistent in all genes within a biochemical pathway, thus affecting

the reproducibility of these results. Lastly, siRNA knockdown experiments have not been

consistent with the over-expression findings, hence, they require further optimization.
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Figure 14: Effect of EST over-expression on hepatic lipogenesis and on the
expression of TRIB1 and adjacent genes. Empty pCMV5 or pCMV5-
EST were transiently transfected in HepG2 cells. Total RNA was isolated
24 hours post-transfection and gene expression was assessed by qRT-PCR.
(A) Effect of EST over-expression on the expression of TRIB1 and adja-
cent genes at the mRNA level (B) Effect of EST over-expression on tran-
script levels of fatty acid synthase and apoB. n=3 independent experiments
(**p<0.01; *p<0.05)
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Figure 15: siRNA-mediated EST knockdown increases TRIB1 and ACC1 ex-
pression. EST siRNA and non-targeting (NT) siRNA were transfected into
HepG2 cells using Dharmafect-1 (Dharmacon). Total RNA was isolated 72
hours post-transfection and gene expression was assessed by qRT-PCR. (A)
EST siRNA reduces EST expression by 40% (B) Effect of siRNA-mediated
EST knockdown on transcript levels of genes in fatty acid biosynthesis
(ACC1, SCD1 ) and β-oxidation (ACOX1 ) (**p<0.001)
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3.10 The EST Does Not Bind Polycomb Repressive Complex PRC2

EST overexpression reduced transcript levels of ZNF572, FAS and APOB. We also ob-

served a small but significant reduction in TRIB1 mRNA. Further, siRNA-mediated EST

knockdown of 40% resulted in increased transcript levels of TRIB1 and ACC1. It recently

been shown that up to 20% of intergenic long ncRNAs are bound by Polycomb Repressive

Complex 2 (PRC2) and regulate gene expression [116]. Given that one EST transcript vari-

ant appears to affect gene expression, and such a large amount of intergenic long ncRNAs

share the same mechanism of action, we investigated the possibility that the EST also binds

PRC2 using RNA immunoprecipitation [113]. HepG2 nuclear extracts were incubated with

antibodies against H3K27, EzH2, and Suz12 - components of PRC2 - and IgG as a negative

control (Abcam). RNA was isolated from the beads, reverse transcribed and analyzed for

EST expression by qRT-PCR. Relative copy numbers of the EST were normalized to the

expression of small nuclear RNA U1, which does not bind PRC2 and results are expressed

fold changes over the IgG fraction in figure 16. The graph clearly shows that the EST does

not physically associate with any components of PRC2. Thus, its mechanism of action does

not include repression of gene expression through recruitment of the chromatin modification

complex PRC2.
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Figure 16: The EST does not physically associate with PRC2. Nuclear extracts
were prepared from HepG2 cells. RNA was immunoprecipitated using an-
tibodies against PRC2 components (H3K27, Ezh2, Suz12) and IgG as a
negative control (Abcam). RNA was isolated from the beads, reverse tran-
scribed and analyzed for EST expression by qRT-PCR. Relative copy num-
bers of the EST were normalized to the expression of small nuclear RNA
U1, which does not bind PRC2. Results are expressed fold changes over the
IgG fraction. n=2 independent experiments.
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4 Discussion

4.1 The Functional Relationship Between GWAS-identified SNPs at the
TRIB1 Locus and Plasma Lipid Traits Remains Elusive

Recently, TRIB1 has grown in interest because it has been shown to regulate hepatic lipo-

genesis in mice after over-expression and liver-specific knockout [98]. Specifically, altering

TRIB1 expression affected transcript levels of genes involved in fatty acids synthesis, re-

sulting in increased VLDL production without changing APOB and MTP expression levels.

This was an interesting finding because it has been well established that TGs - arriving to

the liver as NEFAs - within cytosolic lipid droplets in hepatocytes contribute most to VLDL

production regardless of metabolic state [3] and make up approximately 60% of liver TG

content [117]. Yet, again regardless of metabolic state, it has also recently been shown that

fatty acids from de novo lipogenesis make up approximately 30% of liver TG content and

contribute up to 20% of the TG for VLDL production [117]. Consequently, the combina-

tion of GWAS association data and TRIB1 functional studies have added strength to this

suggestion that de novo lipogenesis could significantly contribute to hypertriglyceridemia.

Several GWAS, including the Global Lipids Genetics Consortium, have identified and

replicated the association between TRIB1 locus SNPs, plasma TGs, and CAD risk [49, 70,

56]. In the Ottawa Heart Study, the relationship between SNPs at the TRIB1 locus and

CAD is entirely mediated by effects on plasma lipids, notably plasma TGs. The secondary

effects on HDL-c and LDL-c have also been replicated [56]; these associations do not reach

genome-wide significance. In addition, the TRIB1 locus SNPs are associated with severe hy-

pertriglyceridemia; thus, the use of extreme phenotypes is a powerful tool in understanding

the relationship between genetics and disease [106, 10]. Since a large amount of associa-

tion data has been generated and replicated by various studies, the Global Lipids Genetics

Consortium also searched for eQTLs at significant loci. Although they measured TRIB1

transcript levels in liver (n=960), omental fat (n=741), and subcutaneous fat (n=609),
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they did not detect differences in TRIB1 mRNA levels between individuals homozygous

reference, heterozygous, and homozygous risk for the trait-associated SNPs [56]. We inves-

tigated whether TRIB1 risk locus SNPs alter the expression of TRIB1 in whole blood from

Ottawa Heart Study elderly healthy control subjects. Although our sample size was much

smaller, no trend was detected between rs17321515 genotype and TRIB1 mRNA levels;

mRNA levels were also quite variable within each genotype group. These results could be

due to the extremely short half life of the TRIB1 message [90], or could indicate that the

relationship between SNPs at the TRIB1 locus and plasma lipid traits is independent of

TRIB1 expression levels.

Interestingly, the TG-associated SNPs from GWAS are located within the intergenic

region 25-50kb downstream of the TRIB1 coding region. In addition, this intergenic region

can be termed a ’gene desert’[78] because it spans approximately 500kb in length and there

are no nearby genes upstream from the SNP cluster; the nearest gene in the vicinity is

TRIB1. GWAS have not identified TG-associated SNPs within the TRIB1 coding region,

and, HapMap LD data suggests that the GWAS signal at 8q24.13 is independent of SNPs

within TRIB1. Hence, according to the common disease - common variant hypothesis, the

functional SNP(s) - either from GWAS or in LD with GWAS SNPs - should be located

somewhere within the haplotype block 25-50kb downstream of TRIB1. However, GWAS

have not been able to explain a large part of the heritability behind complex disease [36].

For instance, results from the Global Lipids Genetics Consortium GWAS explain, in total,

approximately 30% of the genetic variance for plasma TGs [56]. Other hypotheses have

been proposed to account for the missing heritability behind complex diseases. Some of

these include low frequency variants of intermediate effect sizes that have yet to be iden-

tified, or common variants with even smaller effect sizes that do not reach genome-wide

significance and thus are missed by GWAS, but, in combination with other variants, do

contribute to the overall genetic variance of a complex trait [36]. In effect, it is possible

that the GWAS signal at the TRIB1 locus is not coming from the identified common SNPs,
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but, rather, a functional, less frequent SNP within the TRIB1 coding region that has yet

to be discovered. We may expect to obtain more information on this issue from the 1000

Genomes Project, which aims to cover a larger proportion of allelic variation in the human

genome by identifying SNPs with minor allele frequencies between 1% and 5% [45]. Fur-

ther, resequencing of candidate genes initially identified in GWAS for lipid traits has been

successful in identifying a significant number of rare variants [67]. This approach may prove

useful in finding the missing contributors to the genetic variance of complex traits, however,

has not been attempted with TRIB1. Consequently, the functional TG-associated SNP (or

SNPs) at the TRIB1 locus remain elusive.

Despite the interest that has been centered on TRIB1 since it has been shown to regu-

late hepatic lipogenesis [98], there remains no indication that the GWAS signal for plasma

lipids and CAD risk is directly attributable to the TRIB1 protein product. Further, a

study examining genome characteristics of trait-associated SNPs found that a 88% of trait-

associated SNPs were in non-coding regions; 45% and 43% fell within intronic and intergenic

DNA, respectively [48]. These findings suggest non-coding SNPs may have larger roles than

expected in human complex diseases [48]. Given that the GWAS SNPs are located in an

intergenic region and are in very tight LD with one another, we chose to pursue the iden-

tification of functional elements within the intergenic region in an attempt to explain the

functional relationship between SNPs at the TRIB1 locus and plasma lipid traits. Although

this study did not determine a definitive molecular mechanism linking TG-associated SNPs

to plasma lipid traits, the novel results that have been obtained have added to our under-

standing of poorly characterized intergenic regions and opened new directions for further

research in this area.
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4.2 Functional Analysis of the 8q24.13 Risk Locus Identifies Novel Reg-
ulatory Elements and an EST-based Gene

Phylogenetic footprint analysis of the 8q24.13 risk locus identified two regions - each ap-

proximately 300bp in length - that had a high degree of conservation between species in

comparison to the the remainder of the intergenic region. The TRIB1 coding region, on

the other hand, exhibited a high degree of evolutionary conservation, consistent with its

role as a regulator of fundamental cellular processes, such as MAPK signaling cascades

[86, 91] and cell cycle regulation in Drosophila [80, 81, 79]. The two regions of conserva-

tion identified within intergenic DNA, termed CNS1 and CNS2, are located 28kb and 53kb

downstream of the TRIB1 coding region, respectively. The regulatory function of each

region was determined using various luciferase reporter assays in HepG2 cells. CNS2 was

shown to have repressor activity, but it was not pursued in further functional studies be-

cause the rs55921265 SNP within this sequence was poorly linked to GWAS TG-associated

SNPs (rs2954018, rs2001945, rs17321515) and also was not significantly associated with

CAD. This was further confirmed in a larger sample size with additional data from Ottawa

Heart Study CHD case and control subjects.

In contrast, CNS1 harboured one SNP - rs2001844 - in very tight LD with GWAS SNP

rs17321515 (D’ and r2 of 1); rs2001845, located just upstream of CNS1, was determined

to be in tight LD with the GWAS SNP rs2954018. Consequently, we pursued functional

studies with CNS1 to determine whether these SNPs are functional and could explain the

relationship between the GWAS signal and plasma lipid traits. Luciferase reporter assays

identified this region as a weak promoter. In the initial promoter assays, we compared of

four regions of increasing size from 500bp to 2kb; each region was extended by 500bp at

the 5’ end. The 500bp region showed promoter activity in both HepG2 cells and Cos-7 cells

while the larger regions had absolutely no activity (figure 4) despite the fact that they all

contained the CNS1 sequence at the 3’ end. This was unexpected because previous studies

have used luciferase reporter constructs larger than 2kb. For instance, an enhancer element
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within the 9p21 risk locus - specifically within the ANRIL coding region - was discovered by

luciferase reporter assays using a region that was greater than 2kb in size [53]. The discovery

of an enhancer at the 1p13 locus near the SORT1 gene also followed similar methodology.

This study used the entire 6kb region - including 3’ UTRs and intergenic DNA - between

genes CELSR2 and PSRC1 in their luciferase reporter assays for the detection of enhancer

activity [51]. One difference between our findings and these other studies is that the 8q24.13

locus is a gene desert, thus, the region upstream of CNS1 is devoid of both protein-coding

and possibly non-coding genes. Perhaps sequences upstream of CNS1 recruit factors that

repress transcription. Since the only difference in our luciferase reporter constructs is the

addition of sequential 5’ end extensions, it is not possible to determine if more upstream

sequences within the 1.5 and 2kb constructs are also responsible for this repressive effect.

It suggests, however, that there is an element within the 500bp directly upstream of CNS1

that can repress transcription. This would require further validation by determining its

ability to repress transcription from a strong promoter, similar to the methodology used to

determine the repressor activity of CNS2 in figure 3.

The most active CNS1-luciferase reporter construct - consisting of solely conserved se-

quence and both potential transcription start sites - exhibited approximately a 5-fold in-

crease in luciferase activity as compared to the empty pGL3 basic luciferase reporter vector

(figure 11b). Interestingly, online promoter prediction tools (Promoter 2.0 [118]) identi-

fied one weak match with RNA polymerase II transcription start sites within the CNS1

sequence, just upstream of of the 5’ end that was mapped by 5’ RACE. Yet, tools for iden-

tifying putative transcription factor binding sites (MatInspector, TRANSFAC) were unable

to predict the presence of an RNA polymerase II binding site within CNS1. However, the

novel EST-based gene is likely transcribed by RNA polymerase II because we detected EST

transcript variants by 3’ RACE using oligodT primers for cDNA synthesis, and it has been

well-established that RNA polymerase II is necessary for polyadenylation [119, 120]. Taken

together, these findings suggest that CNS1 is a real RNA polymerase II promoter, but
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there remain aspects of RNA polymerase II promoters that have not yet been extensively

characterized.

In addition to the lack of enhancer activity in our luciferase reporter assays, the classifi-

cation of CNS1 as a promoter was further supported by the discovery of an EST-based gene

in the region. 5’/3’ RACE in HepG2 cells extended the 5’ end of the EST into CNS1 but

not beyond it (figure 10), strongly suggesting that the regulatory element within CNS1 was

responsible for driving EST transcription. However, a recent study that found RNA poly-

merase II transcription start sites overlapping enhancers further complicates this area [121].

Firstly, promoters and enhancers have distinct chromatin signatures. For instance, promot-

ers are generally enriched in CpG islands and H3K5me3 while enhancers have high levels

of H3K4me1, low or no H3K4me3, and are frequently bound by histone acetyltransferase

p300 [122]. Interestingly, the UCSC Genome Browser shows that the chromatin signature of

CNS1 follows the latter pattern for enhancers, yet, the CNS1 region was unable to enhance

luciferase expression from a minimal promoter in luciferase reporter assays. The UCSC

Genome Browser also includes regulatory activities in multiple cell types. It shows that the

CNS1 region is a weak promoter in HepG2 cells, but, unlike our luciferase reporter results,

it shows that the region upstream from CNS1 is a strong enhancer. Experimentally, we

found that region directly upstream from CNS1 (the 1kb construct and beyond) repressed

transcription from the CNS1 promoter. Future studies should include analyzing the func-

tion of the region upstream from CNS1 in subsets to determine the regulatory of each one

individually. Another reason for this discrepancy could arise from methodology. Our re-

sults have been experimentally determined, while the features from UCSC are predicted

functional elements.

The 5’RACE results suggested the presence of two transcription start sites located ap-

proximately 70bp apart (figure 10). The latter observation was also supported by luciferase

assays which demonstrated that the presence of both transcription start sites - in compari-
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son to the first site only - yielded a significantly more active promoter construct (figure 11,

right panel). Further, complete removal of EST exon 1 resulted in complete loss of CNS1

promoter activity (figure 11, left panel), and, including the first 40bp of exon 1 as mapped

by 5’ RACE restored CNS1 promoter activity (figure 11, right panel; construct 3). Thus,

one can conclude that these 40bp are necessary for the regulatory activity of CNS1. The

tight clustering of transcription start sites is a feature more commonly found with promot-

ers rather than with enhancers [121].

The 3’ RACE identified 9 transcript variants of this EST-based gene to date in HepG2

cells (figure 9; table 3). Results suggest that there is an abundance of large transcripts from

this EST-based gene; the smallest and largest variants were found to be 681bp and 1341bp,

respectively. However, individual variants have proven difficulty to study given their ex-

tremely low abundance. EST variant amplification by PCR has been possible from HepG2

cells, however, it has not been possible to amplify specific variants in whole blood and has

proven extremely difficult to amplify the region corresponding to exons 1 and 2, which are

found within multiple variants (figure 7). Consequently, although it was attempted in blood

as described earlier, we have not determined whether the rs17321515 risk allele is associated

with altered expression of the EST-based gene because the samples available for RNA iso-

lation include only whole blood from Ottawa Heart Study controls. An interesting feature

was noted in certain transcripts identified by 3’ RACE. Transcript sequences obtained from

DNA sequencing of 3’ RACE products were mapped for specific exon locations by BLAST

search using the Ensembl Genome Browser because it organizes its sequence information

with respect to chromosome position. One striking feature of all transcripts was the poor

sequence conservation between species; exons are also not conserved between humans and

rodents. One view on sequence conservation is that a non-conserved transcript itself has

no biological function, but that the act of its transcription promotes or represses the tran-

scription of an adjacent gene, thereby acting in cis as regulators of gene transcription [123].

Other experimental studies on long ncRNA function have shown that several long ncRNAs
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can also regulate gene expression in trans [124]. In both cases, sequence conservation is

generally poor. Lastly, given that there exist several variants of this EST-based gene, it

is less likely that the RNA itself has no biological relevance. If this were so, transcripts

would expected to be be shorter, more unstable, less likely to be detected in full form by

3’ RACE, and there would be expected to be multiple 5’ ends spaced farther apart from

each other [121]. Further, the EST-based gene is located 28kb downstream from TRIB1,

the nearest protein-coding gene and is transcribed on the forward strand, away from TRIB1.

Most EST transcript sequences were unique and aligned specifically to their position

in chromosome 8 (Table 3). However, exons 4 and 5 happened to have nearly identical

sequence similarity to many regions across the human genome. Further analysis of these

regions using the UCSC Genome Browser revealed that exon 4 and the last 250bp of exon

5 consist entirely of SINEs, which, in humans, are primarily Alu sequences. The presence

of these repetitive elements in some transcripts but not in others suggests that the variants

may have different functions. Some Alu RNAs have been characterized and have been shown

to have a common mechanism of action [124]. Human small cytoplasmic Alu RNAs have

been shown to regulate gene transcription in trans by binding RNA polymerase II [109].

Moreoever, earlier studies found that these RNAs are transcribed by RNA polymerase

III as larger nuclear, polyadenylated precursors [110]. Consequently, poly(A)-tails can be

generated from both RNA polymerase II and III transcription - a finding that questions

whether RNA polymerase II is truly responsible for transcription from the CNS1 promoter,

or whether its transcription is mediated by RNA polymerase III, whose transcriptome is

ever-expanding [125]. Additional studies will be required to further characterize the CNS1

regulatory element. Although the EST transcripts are larger than the Alu RNA precur-

sors that have been identified, the presence of these repetitive elements suggests that these

transcripts could function in a similar manner. Consequently, other unknown mechanisms

must direct the specificity of these ncRNAs’ mechanisms of action. For instance, ncRNA

cellular trafficking must be controlled to ensure that the ncRNA is exerting its function
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at the appropriate target gene promoter. This is especially important if several ncRNAs

interact with RNA polymerase II machinery, which is responsible for a large portion of the

expression of the eukaryotic transcriptome. Thus, future studies can address the possibility

that the transcripts containing exons 4 and 5 may act in cis or in trans by binding RNA

polymerase II and the transcription pre-initiation complex. The other transcript variants

that contain only unique exons would be expected to have a different mechanism of action.

Future studies include over-expressing the different variants to determine if any are func-

tional and what their mechanism of action is. We do not expect that all transcripts will

function via the same mechanism.

We sought to address the function of the most abundant EST variant identified by 3’

RACE by over-expression in HepG2 cells. Since ncRNAs can act in cis or in trans, we

explored the possibility that over-expression of a specific variant would affect the mRNA

expression of nearby genes, or genes related to the phenotype of interest - plasma triglyc-

eride levels. Our findings show that EST over-expression significantly reduced transcript

levels of ZNF572, a gene located just upstream of TRIB1, and slightly but significantly

reduced TRIB1 expression as well. However, it also affected mRNA expression in trans by

reducing transcript levels of FAS and APOB by 30% and 20%, respectively. As a result,

it is unclear whether these observed effects are specific, but, nevertheless, these findings to

infer that EST transcripts have a role in the regulation of hepatic lipogenesis. In this case,

however, it is unclear whether this regulation is occuring in cis through TRIB1 and/or

ZNF572, or whether it is specifically a trans effect at the mRNA level of FAS and APOB.

Interestingly, evidence suggests that long ncRNAs share common mechanisms of action.

For instance, approximately 20% of intergenic RNAs physically associate with PRC2, and

additional intergenic RNAs are bound by other chromatin-modifying complexes [116]. In

addition, Alu ncRNAs affect gene transcription by directly binding RNA polymerase II

[109]. While the latter function does not fit the over-expression data - we should have

observed repression at several other genes but some genes we examined were unaffected -
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it is entirely possible that this short variant binds a chromatin-modification complex, and

that this interaction is responsible for the mRNA expression changes we observed. Since

the most commonly studied interaction appears to be with PRC2, we sought to determine if

any EST transcripts can bind PRC2 using RNA immunoprecipitation. The results in figure

16 indicate that EST transcripts do not physically associate with PRC2, thus, additional

chromatin-modification complexes will be considered in future studies.

Next, the function of EST transcripts was examined by siRNA-mediated knockdown

of all variants in HepG2 cells. The results from siRNA knockdown were much less clear

than the over-expression data. After much optimization, a 40% knockdown was achieved in

two independent experiments. The results from these two experiments (figure 15) suggest

that EST depletion may increase TRIB1 and ACC1 mRNA levels. However, the siRNA

findings do not consistently complement the over-expression studies because we could not

detect significant increases in ZNF572, FAS and APOB mRNA levels. Studies have had

difficulty in knocking down ncRNAs [121], however, the reasoning behind this difficulty is

that these transcripts arise from RNA polymerase II transcription of enhancer elements,

thereby generating diverse, short, unstable transcripts that are not easily targeted by RNA

interference [121]. In our experiments, the ncRNAs are not short (> 600bp in length) and

are consistently detected by PCR from HepG2 cDNA, although individual variants are of

low abundance. The siRNA approach has been successful for HOTAIR - which binds PRC2

- but this long ncRNA is more conserved than the EST-based gene and is expressed at a

similar level to protein-coding genes [113, 116, 121]. Since the EST transcripts do not bind

PRC2, they must have a different secondary structure and behave via a different mech-

anism of action. Their expression is also of lower abundance than other more conserved

mammalian ncRNAs. One reason that partially explains the inconsistent and perhaps non-

specific findings for the EST-based gene may be attributed to the large number of EST

variants. This siRNA attempts to knock down all variants, but may not be targeting the

same variants in the same proportions between experiments. If variants have different ef-
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fects, then this could be reflected in these siRNA knockdown results. In addition, siRNA

may be unsuccessful as a result of ncRNA cellular localization. Although the EST variants

are polyadenylated, this does not necessarily mean that they localize to the cytoplasm. For

instance, one long polyadenylated ncRNA - Gonafu - was found to localize exclusively to the

nucleus, within ’nuclear speckles’, and does not colocalize with any known nuclear marker

[126]. Perhaps the nuclear RNA is not accessible to the siRNA and RNAi machinery and

thus its expression cannot be reduced this way. These EST transcripts will be assessed

for cellular localization by Northern blot of cytoplasmic and nuclear HepG2 RNA frac-

tions. Further, a 3-day siRNA transfection is required to achieve a statistically significant

knockdown. These experimental conditions could have other effects on the HepG2 cells,

which may also explain the inconsistencies between experiments. Consequently, further

understanding of EST localization and transcript variants is needed, as well as additional

optimization of experimental conditions.

The CNS1 luciferase reporter assays have provided additional interesting findings. The

minimal promoter region in HepG2 cells was mapped to the CNS1 region exclusively at

either end, and to the first 40bp of exon 1, corresponding to the first transcription start site

(figure 12; construct 3). We also generated a construct that contained both transcription

start sites (figure 12; construct 4). This promoter region harbours one common SNP -

rs2001844 - hence, luciferase reporter constructs were generated using genomic DNA from

Ottawa Heart Study control subjects who were either homozygous reference or homozy-

gous risk for this SNP. Interestingly, the rs2001844 risk allele reduced promoter activity

by 40% from construct 3 in comparison to the reference allele. It also reduced promoter

activity by 30% from construct 4 in comparison to the reference allele. We are pursuing the

characterization of this apparently functional SNP by determining which transcription fac-

tor binding site it alters. We used MatInspector and TRANSFAC to predict transcription

factor binding sites within the sequence that contains the rs2001844 SNP. However, upon

comparing the predictions between these tools, it was evident that they both predicted
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different transcription factor sites. Since there was no overlap between predictions within

the sequence of interest, we systematically began searching for the transcription factor that

bind this region. The first transcription factors that were attempted include TEAD-1 and

TEAD-4. However, co-transfection of these expression vectors with the CNS1-luciferase

reporter vector in HepG2 cells showed that both TEAD-1 and TEAD-4 were unable to

enhance transcription from the CNS1 promoter (figure 13a). This finding, however, is not

entirely surprising. Firstly, Western blot analysis of HepG2 whole cell lysate (figure 13b)

for TEAD-1 expression shows that hepatocytes express very low levels of TEAD-1 protein.

TEAD-1 has been shown to be abundantly expressed in heart and skeletal muscle [127].

Moreoever, Northern blot analysis in this same study did not detect TEAD-1 or TEAD-4

levels above background [127]. Thus, these transcriptional enhancers are not enriched in

liver, therefore it is less likely that one of these two factors controls EST expression. All

members of the TEAD family of transcriptional enhancers bind the same target sequence

[128], thus, it is possible that TEAD-2 or TEAD-3 can enhance CNS1 promoter transcrip-

tion. Further, TEAD factors have been shown to have different transcriptional effects. A

study that compared the effects of TEAD factors on the promoter activity of the mouse

mammary tumour virus long terminal repeat (MMTV LTR) found that TEAD-1 over ex-

pression squelched LTR promoter activity, whereas TEAD-2 over-expression transactivated

the LTR [129]. Consequently, it will be of interest to determine the expression of the various

TEAD factors in HepG2 cells and to examine the effects of the remaining TEAD factors on

EST promoter activity. Moreover, the other predicted transcription factor binding sites will

be examined. These studies will be pursued by luciferase reporter assays similar to what

was described for TEAD-1 and TEAD-4, and by electromobility shift assays (EMSA).

Overall, however, the finding that the risk allele of the rs2001844 SNP significantly re-

duces EST promoter activity has functional implications for the GWAS signal. For instance,

it is well-established that the GWAS SNPs are associated with plasma TGs at a level that

reaches genome-wide significance [56], indicating that the functional risk allele(s) somehow
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modulate plasma TG levels. The effect of the rs2001844 risk allele on EST promoter activ-

ity suggests that altered expression of this EST-based gene is itself associated with elevated

plasma TGs. The EST itself could have a biological relevance, thereby altering biochemical

pathways leading to the TG phenotype identified in GWAS, or, the act of EST transcription

at the risk locus could affect the expression of neighbouring genes, which suggests that the

EST itself has no biological relevance [121]. Given that both our RNA expression analysis in

whole blood and the Global Lipids Genetics Consortium mRNA expression analyses in large

sample sizes of a variety of tissues have been unable to determine a relationship between

TRIB1 mRNA and genotype of TG-associated SNPs [56], the latter hypothesis is found to

be questionable. Although TRIB1 mRNA has a surprisingly short half-life [90], the sample

size from this recent lipids genetics study was very large and the GWAS SNPs are very com-

mon, with a minor allele frequency of 0.47 [56]. Thus, it would be expected that regulation

of neighbouring gene expression would be reflected by changes in the mRNA levels of the

nearest gene - TRIB1. Further, although functional studies on the TRIB1 protein product

in mice have shown that it is a regulator of hepatic lipogenesis [98], this pathway may be

subject to other levels of regulation that are specific to higher mammals. The observation

that this EST-based gene is poorly conserved between humans and rodents does not nec-

essarily imply lack of function [130]; alternatively, this may suggest that it adds another

layer of complexity to the regulation of hepatic lipogenesis in humans. Thus, future stud-

ies are required to determine the biological function - if any - of the various EST transcripts.
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5 Conclusion

The 8q24.13 risk locus contains a haplotype block of SNPs that are associated with plasma

TG levels with genome-wide significance. These GWAS findings have been replicated in sev-

eral studies including the Ottawa Heart Study. The cluster of risk SNPs is located within a

gene desert, 25kb-50kb downstream from TRIB1 - the nearest coding region. Consequently,

our studies indicate that the intergenic region downstream from the TRIB1 coding region

harbours a regulatory element - CNS1 - that shows promoter activity in luciferase reporter

assays. Further, we have identified and mapped an EST-based ncRNA to the risk locus

in HepG2 cells. 3’ RACE has identified several long variants - ranging between approxi-

mately 700bp-1400bp in length - but they each appear to be of low abundance. 5’ RACE

has mapped the transcription start site of this EST-based gene within CNS1. Interest-

ingly, this approach has identified two possible transcription start sites, located in close

proximity of one another at 70b apart. Luciferase reporter assays further confirmed these

findings. Complete removal of the EST exon 1 resulted in complete loss of EST promoter

activity. The addition of the first 40bp of exon 1 - containing the first transcription start

site - restored promoter activity. Further, the presence of the second transcription start

site further enhanced the measured transcriptional activity of this region. In addition, the

CNS1 promoter constructs include the TG-associated common SNP rs2001844. Luciferase

reporter assays clearly show that the risk allele of this SNP significantly reduces promoter

activity, thereby suggesting that the rs2001844 risk allele may modulate the expression of

this EST-based gene. However, we were unable to determine this using whole blood due

to the extremely low expression of this EST in whole blood as compared to HepG2 cells.

Liver samples would be a more appropriate tissue for the study for this genotype-dependent

RNA expression analysis.

In terms of the functional significance of this EST-based gene, siRNA-mediated knock-

down requires further optimization of experimental conditions and characterization of the
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EST-based gene transcripts. For instance, the large number of variants and their cellular

localization could all affect the knockdown experiments. In contrast, over-expression stud-

ies of a short variant - that does not contain exons rich in repetitive elements - found that

increased levels of this transcript variant were accompanied by reduced mRNA expression

of ZNF572 and to a lesser extend TRIB1, both of which are located just upstream from

this intergenic region. The over-expression study also affected mRNA expression in trans

by reducing FAS and APOB transcript levels. Further studies will be performed to deter-

mine the effects of over-expression of the remaining transcript variants. Taken together, the

data suggests that this EST-based gene generates functional transcripts. Thus, it remains

possible that the relationship between the functional TG-associated SNPs from the GWAS

signal and plasma TG levels can be explained by this EST-based gene. Further studies,

however, will be required for a deeper understanding of the function of this intergenic region.
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Appendix A - Summary of primers and vectors

	
  
	
  

 
Region 

 
SNPs 

 
PCR Primers 

 
Sequencing Primer 

 
Length 

 
 

 
 

CNS1 

rs2001845 
rs2001844 
rs7015677 

rs57863956 

For: 
5’- AAATTAGTGGAGCGTGGTGG-3’ 

Rev: 
5’- CCCACATTCAGGGTTTACAG-3’ 

 

 
 

5’- AAATTAGTGGAGCGTGGTGG-3’ 
 

 
 

324bp 

 
CNS2 

 
rs55921265 

For: 
5’-ATTTTGTAGGTGACCCGAGG-3’ 

Rev: 
5’-CTCCTCTCAGGGTAGCATG-3’ 

 
5’-CTCCTCTCAGGGTAGCATG-3’ 

 
533bp 

Table 4: Primers for CNS1 and CNS2 SNP genotyping in CHD cases and
controls from the Ottawa Heart Study
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Primer Sequence For/Rev Location 
Oligod(T) – 

anchor 
(Roche) 

5’-GACCACGCGTATCGATGTC- 
GACTTTTTTTTTTTTTTTTV-3’ 

cDNA: rev 
5’RACE PCR: 

forward 

Poly(A) tail 

 
PCR anchor 

(Roche) 

 
5’-GACCACGCGTATCGATGTCGAC-3’ 

5’RACE PCR: 
forward 

3’RACE PCR: 
reverse 

Anchor sequence 
on oligod(T) 

anchor primer 

F13EST 5’-GCTGACATTTCTCATGAATAGC-3’ Forward Exon 1 
F12EST 5’-GCAGTAGACCAAGGCCAG-3’ Forward Exon 1 
F11EST 5’-GCCAGGAATTCTCATTAGCTG-3’ Forward Exon 1 
F10EST 5’-AGGCATGACTTGGACTGTG-3’ Forward Exon 1 
F9EST 5’-GCGGAGAGGTCATAGGTATG-3’ Forward Exon 1 
F8EST 5’-GTGAGCCACAGCTGATAGC-3’ Forward Exon 1 
F7EST 5’-GATAGCTGGGCGCGA-3’ Forward Exon 1 
F6EST 5’-GATCTGCCTGGATTGTTACT-3’ Forward Exon 1 
F5EST 5’-GAAATACTAACATGCTCTTTATGGG-3’ Forward Exon 1 
F4EST 5’-GTTAGTAACTCCCTTCACCTCC-3’ Forward Exon 1 
F3EST 5’-CCCAACGGCTCCTACC-3’ Forward Exon 1 
F2EST 5’-TACCCGCTGGGACCTT-3’ Forward Exon 1 
F1EST 5’-ACCTCCCCATGATCCAA-3’ Forward Exon 1 
EST2F 5’-ATGAAGAAATTTTGGTCAGAGAG-3’ Forward Exon 2 
EST2R 5’-CATTCTGGAAGCTCTGTTGAC-3’ Reverse Exon 2 

EST2RSP2 5’-GCTTCTTCAGGATCCCATCT-3’ Reverse Exon 2 
EST1R 5’-GCATCGCAGATCTGTGAAGGGAGTTACTAACCC-3’ Reverse Exon 1 

 

Table 5: Primers for 5’/3’ RACE The oligod(T)-anchor and PCR anchor primers
are from the 5’/3’ RACE Kit, 2nd Generation (Roche). All other primers
were designed according to EST exons 1 and 2. These primers were for PCR
to complement and verify RACE results.
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Gene Primers 

 
EST For: 5’-ACCTCCCCATGATCCAA-3’ 

Rev: 5’-CATTCTGGAAGCTCTGTTGAC-3’ 
TRIB1 For: 5’-TTCAAGCAGATTGTCTCCGC-3’ 

Rev: 5’-AGTGGTGTTGAGGATCTCAG-3’ 
PPIA For: 5’-ACCGTGTTCTTCGACATTGC-3’ 

Rev: 5’-TTCTGTGAAAGCAGGAACCC-3’ 
U1 For: 5’-ATACTTACCTGGCAGGGGAG-3’ 

Rev: 5’-CAGGGGGAAAGCGCGAACGCA-3’ 
FAS For: 5’-CCAATGCCTTGTTCCC-3’ 

Rev: 5’-AGGTAGTGGTCAGGAG-3’ 
ACC1 For: 5’-TGGTAATGCGGTATGGAAGTCG-3’ 

Rev: 5’-TGTATGTTGTCCCTAAGGATTGTGC-3’ 
APOB For: 5’-CTGCAGCTTCATCCTGAAGA-3’ 

Rev: 5’-CAGGATGTAAGTAGGTTCATC-3’ 
SCD1 For:  5’-ACCGTGCCCACCACAAGTTT-3’ 

Rev: 5’-ATACCAGGGCACAAGCGTGG-3’ 
ACOX1 For: 5’-ACCATTGCCATCCGATACAG-3’ 

Rev: 5’-GGTCTCCTTCATGTATGCGC-3’ 
KIAA0196 For: 5’-CCGACCTGCTCAGCGTGTCAC-3’ 

Rev: 5’-AGGCAACGCGCTTCACAAGC-3’ 
SQLE For: 5’-GGAGCAGCTCGAGGCCAGGA-3’ 

Rev: 5’-ACCACCCGGCTGCAGGAATT-3’ 
ZNF572 For: 5’-TCTGCCTTCCGGGTTTGAGAGT-3’ 

Rev: 5’-TGCTCCATCACAATGATCACAGCCA-3’ 
	
  

Table 6: Primers for qRT-PCR ACC1 [131] and U1 [113] primers were taken from
the literature.
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Vector 
 

Description of insert Restriction sites Primers 

pGL4.23 CNS1 – 497bp NheI 
XhoI 

For: 5’-AAGCTAGCAAAAATTAGTGGAGCGTGGTG-3’ 
Rev: 5’-AACTCGAGTGCCCATACCTATGACCTCT-3’ 

pGL4.23 CNS2 – 508bp NheI 
XhoI 

For: 5’-AAGCTAGCCCTCAGCATCTTCTGTTTGC-3’ 
Rev: 5’-AACTCGAGGCTGTCTCCTCTCAGGGTA-3’ 

pGL3-SV40 CNS2 – 508bp NheI 
XhoI 

* Subcloned from pGL4.23 into pGL3-SV40  * 

pGL3 basic CNS1 – 2071bp MluI 
BglII 

For: 5’-GCTTAAACGCGTGAGCTAGACATGGATTACCTC-3’ 
Rev: 5’-GCATCGTAGATCTGATCATGGGGAGGTGAAGGT-3’ 

pGL3 basic CNS1 – 1463bp MluI 
BglII 

For: 5’-GCTTAAACGCGTTAGATGAGTAAACCAGGGCAC-3’ 
Rev: 5’- GCATCGCAGATCTGTGAAGGGAGTTACTAACCC-3’ 

pGL3 basic CNS1 – 1013bp MluI 
BglII 

For: 5’-GCTTAAACGCGTCCTGAAGAAAGCTGGCACTA-3’ 
Rev: 5’- GCATCGCAGATCTGTGAAGGGAGTTACTAACCC-3’ 

pGL3 basic CNS1 – 557bp MluI 
BglII 

For: 5’-GCTTAAACGCGTGTAATCCCAGCTACTTGGGA-3’ 
Rev: 5’- GCATCGCAGATCTGTGAAGGGAGTTACTAACCC-3’ 

pGL3 basic CNS1 – Construct 1 MluI 
BglII 

For: 5’-GCTAGTACGCGTCACTTCCCTTTCCAAATG-3’ 
Rev: 5’- GCATCGCAGATCTGTGAAGGGAGTTACTAACCC-3’ 

pGL3 basic CNS1 – Construct 2 MluI 
BglII 

For: 5’- GCTAGTACGCGTCACTTCCCTTTCCAAATG-3’ 
Rev: 5’-GTATCGTAGATCTCGAAAGTGGGCCCTGTGT-3’ 

pGL3 basic CNS1 – Construct 3 MluI 
BglII 

For: 5’- GCTAGTACGCGTCACTTCCCTTTCCAAATG-3’ 
Rev: 5’-GCATCGTAGATCTAGGAATTCGCTATTCATGAG-3’ 

pGL3 basic CNS1 – Construct 4 MluI 
BglII 

For: 5’- GCTAGTACGCGTCACTTCCCTTTCCAAATG-3’ 
Rev: 5’-GCATCGTAGATCTCACAGTCCAAGTCATGC-3’ 

5’ region – 355bp BglII 
PflF1 

For: 5’- GCATCGTAGATCTTAAAGCTGACATTTCTCAT-3’ 
Rev:5’- ATCCAAATCAGCATCAGACCC-3’ 

 
pCMV-EST 

(795bp) 3’RACE insert – 440bp PflF1 
MluI 

For: 5’- GAAATACTAACATGCTCTTTATGGG-3’ 
Rev: 5’-GACCACGCGTATCGATGTCGAC-3’ 

	
  

Table 7: Cloning strategies for luciferase reporter and mammalian expres-
sion constructs The construction of the pCMV5-EST expression vector was
complex. Briefly, 3’RACE using the gene-specific forward primer and the
PCR anchor primer from the Roche 5’/3’ RACE Kit (primer sequences pro-
vided) generated the 3’ RACE insert, which itself contains one PflF1 restriction
site. The 5’ region was amplified from a 5’ RACE product template using the
primers given in the table. All inserts were digested with the correct restriction
enzymes (given in the table) and ligated together into the pCMV5 vector.
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Plasmid Plasmid Type Description 
 

pGL4.23 (Promega) Reporter Minimal promoter luciferase reporter 
pGL4.74 (Promega) Control reporter Weak constitutive expression of Renilla 

luciferase 
pGL3-SV40 (Promega) Reporter Strong promoter luciferase reporter 
pRL SV40 (Promega) Control reporter Moderate constitutive expression of Renilla 

luciferase 
 

pGL3 basic (Promega) 
 

Reporter 
Promoter-less reporter vector; requires the 
insertion of a promoter to drive luciferase 

expression 
 

pGL4.23 – CNS(1/2) 
 

Reporter 
The conserved sequence insert enhances 

transcription of luciferase from the 
minimal promoter 

pGL3 – SV40 – CNS2 Reporter CNS2 represses the transcriptional activity 
of the SV40 promoter 

pGL3 – CNS1 Reporter CNS1 acts as a promoter to activate the 
transcription of luciferase 

pCMV5 Mammalian 
expression 

No insert; CMV promoter 

pCMV5-EST Mammalian 
expression 

EST (exons 1,2,7) insert; CMV promoter 
drives EST expression 

pXJ40 – TEAD1 (Dr. A. 
Stewart laboratory; 

UOHI) 

Mammalian 
expression 

CMV promoter drives expression of 
TEAD1 

pXJ40 – TEAD4 (Dr. A. 
Stewart laboratory; 

UOHI) 

Mammalian 
expression 

CMV promoter drives expression of 
TEAD4 

	
  

Table 8: Plasmid types for luciferase reporter assays and mammalian expres-
sion
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