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Abstract

The first genetic CAD risk locus to be identified by genome-wide association studies,
single nucleotide polymorphisms (SNPs) at 9p21.3 predispose to increased risk of CAD.
By bioinformatics scan analysis of the 9p21.3 locus; we interrogated the 59 linked SNPs
over the 53,202bp to identify putative transcription factor-binding consensus sequences.
We hypothesize that some genetic polymorphisms at the 9p21.3 locus are functional and
will disrupt specific regulatory sequences within enhancers. Here, | investigated how
polymorphisms affect TEAD-dependent regulation at the 9p21.3 locus, and also how
polymorphisms affect GATA factor-dependent regulation at the 9p21.3 locus, using
cultured HEK293 and primary human aortic smooth muscle cells (HA0oSMCs) to transfect
the pGL3-promoter plasmid constructs containing the reference or risk variant sequences
(rs10611656, rs4977757, rs10757269, rs9632885). We showed by luciferase reporter
assay that the risk allele of the SNPs disrupt activation by various TEAD transcription
factors. We also performed electrophoretic mobility shift assay (EMSA) to test for
allele-specific transcription factor binding that affect the family of TEAD
transcription factors and the GATA factors. EMSA showed binding of TEAD3 and
TEADA4, and differential binding for both GATA genotypes, and luciferase reporter assay
confirmed that TEAD3 and TEAD4 activate the non-risk but not the risk allele, and
for GATA factors no significant activation was shown. Our investigations lead us to
conclude that rs10811656 and rs4977757 are functional and disrupt specific TEAD

regulatory sequences within enhancers.
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1 Introduction

1.1 Coronary Artery Disease and Modifiable Risk Factors

Coronary artery disease (CAD) is the major cause of morbidity and mortality in most
developed countries [1]. According to experts, coronary heart disease (CHD) is expected to
become the leading cause of mortality and morbidity in the world by the year of 2020
[2]. CAD is defined as a narrowing of the coronary arteries that supply blood and
oxygen to the heart muscle, when there is accumulation of substances in these arteries,
which is termed as plaques, the condition is called atherosclerosis. Atherosclerosis is a
form of chronic inflammation associated with the secretion of many cytokines, which are
produced by T cells, macrophages, endothelial cells, and smooth muscle cells [3], this
form of inflammation is also known to be progressive and multifactorial disease that

mostly affects elastic and muscular arteries [4].

Although considered a disease of advancing age, approximately 15% of cases are
diagnosed before age 65 [5]. In general, coronary atherosclerosis is a complex polygenic
disorder, caused by multiple genetic factors, environmental factors, and interactions among
these factors [6]. Studies have shown that acute coronary syndrome such as unstable
angina, myocardial infarction (Ml), and sudden death occur when unstable plaques rupture
or ulcerate leading to platelet accumulation and activation, fibrin deposition, thrombus
formation and possible vessel occlusion [7,8]. However, rare single-gene forms of

atherosclerosis also exist [9].

The so-called "“traditional ™ risk factors, such as dyslipidemia, diabetes mellitus, and
hypertension, have significant genetic and environmental components [10]. Modification

of conventional risk factors has shown a 30% to 40% reduction in mortality and
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morbidity [11, 12]. The cumulative risk for CAD in males by age 70 is 35% and by age
90 is 49%. Women typically develop CAD about 10 years later than men with a cumulative

risk of 24% and 32% by ages 70 and 90, respectively [13].

Moreover, risk factors that increased mortality by 20% to 30% include high blood
pressure, cigarette smoking, total cholesterol (TC), LDL-C, HDL-C, and diabetes
[14,15]. Also, factors such as diabetes, left ventricular hypertrophy, family history of
premature CHD, and ERT have also been considered in defining conventional modifiable

risk factors for CHD [15].

1.2 Genetic Factors and Loci tied to CAD: Genome-wide Association and Linkage
Studies.

Studies utilizing genome scan approaches have found novel genetic loci associated
with CAD, which might provide additional insight to genetic factors contributing to
atherosclerosis. Investigators usually consider the manifestation of CAD as the interaction
of several genetic and nongenetic factors. Genetic and nongenetic factors that can be
classified into 2 classes as: environmental and behavorial, which predispose individuals to
the most forms of CAD, are known to be prevalent in developed countries, including
smoking, inactivity, excess calories, and high fat intake. Thus, it has been shown that
when CAD occurs at a young age or if the phenotype is severe, the presence of multiple

and highly penetrant genetic factors, is likely [16].

As of 2013, 45 loci had been identified by Genome-Wide Association Studies
(GWAYS), including 15 novel loci discovered in a large meta-analysis called

CARDIoGRAM [17]. Notably, only 12 of these loci were used to show that cardiovascular



risk prediction goes beyond the traditional risk factors [18]. Considerable evidence shows
that the genetic variants for CAD are very common, occurring on average in 50% of the
population with a frequency varying from 2% to 91%, and the majority of these genetic
variants for CAD are located in DNA sequences that do not code for protein, which
means that the risk variant mediates its increased risk for CAD directly or indirectly

through regulation of DNA sequences that code for protein [19].

The first genetic risk variant for CAD was the 9p21.3 that was simultaneously
discovered in 2007 by different independent GWAS worldwide [20,21,22,23]. This
variant on the p arm of chromosome 9 at the position 21-3 (9p21.3) is the most well-
known and replicated in case of CHD [24]. Furthermore, the 9p21.3 locus contains
multiple CAD-associated single nucleotide polymorphisms (SNPs) in strong linkage

disequilibrium, spanning a genomic region of over 50kb [25, 26, 27, 28].

Since the discovery of this locus, many investigators have established and replicated
the association of the 9p21.3 locus with CAD and myocardial infarction. Some studies
have theorized that 9p21.3 promotes MI rather than atherosclerosis, suggesting that Ml
occurs on a substrate of coronary atherosclerosis [22, 23]. While others based their
studies on showing that the 9p21.3 locus is associated with CAD by revealing that targeted
deletion in the 9p21.3 non-coding interval can activate the proliferation of vascular

smooth muscle cells as well as their diminished senescence [29].

1.3 9p21.3 Locus

The 9p21.3 was the first genetic risk locus to be identified by the GWAS, which

genetic variants predispose to increased risk of CAD. It is a chromosomal region relatively
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replete of open reading frames, and the closest genes are a cluster consisting of CDKN2A-
CDKN2B [30]. For instance, the CDKNZ2A/2B loci are well recognized as tumor-
suppressor genes that are involved in the regulation of cell cycle, aging, senescence and

apoptosis [31].

The 9p21.3 region, termed as the "9p21.3 CAD risk interval’, encompasses multiple
genetic variants in tight linkage disequilibrium, spanning a 53-kb region, and considered to
be the most significant locus for CAD [32]. The CDKN2A encodes both p16 (INK4A),
a negative regulator of cyclin dependent kinases, and pl4 alternative reading frame (ARF),
an activator of p53. However, the exact function of CDKN2BAS is still unknown, but it
has been shown to regulate gene expression of CDKN2A/2B, and SNPs in this locus have
been associated with cardiovascular disease, cancer and other diseases in GWAS [33, 34].
The 9p21.3 region also includes a cluster of type | interferon (IFN) genes, which
encode pleiotropic cytokines that exhibit strong antiviral, antiproliferative and

immunomodulatory effects [35].

In addition, the 9p21.3 locus was reported to give a significant genomic signal for
other diseases, like type 2 diabetes, aortic or intracranial aneurysms, peripheral disease or
cancers [36, 37]. It is estimated that the world population is heterozygote for the 9p21.3
locus with a 25% increased risk and homozygote with a 50% increased risk, which classes
the 9p21.3 risk allele in the same range of magnitude as the population-attributable risk of
hypertension (28% in men and 29% in women) [38]. Further, as was recently highlighted
the 9p21.3 risk alleles are carried by 75% of the world population (excluding black

Africans) and confer risk for coronary atherosclerosis independently of known risk
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factors [39]. It also has been highlighted that the 9p21 risk variant for CAD is perhaps the
most robust genetic variant and the most studied of those risk variants with unknown
function. This risk variant was introduced into the genome after the arrival of higher

primates. Also, the 9p21 risk variant is highly conserved in the human genome [40].

This risk locus is of particular interest because the genetic variants fall within an
intergenic region that is more considered to be a gene desert: a region of 53,202 [41]. The
genetic risk at the 9p21.3 locus consists of a cluster of 59 linked single nucleotide
polymorphisms (SNPs) over a 53,202 bp region. A study has revealed a growing
consensus sequence of the 59 linked SNPs in this region that alter DNA sequence and

disrupt or create transcription factor binding sites that may alter gene expression [42].

1.4 Long Non-Coding RNA and the 9p21.3 Locus

ANRIL encodes a long antisense noncoding RNA in the INK4A locus that overlaps
with the 9p21.3 risk interval and may have distinct regulatory roles in the expression of
adjacent protein coding genes, which includes methylthioadenosine phosphorylase
(MTAP) and the 2 cyclin kinases inhibitors (CDKN2A/B) [43]. For instance, MTAP was
identified by GWAS as a naevus and melanoma associated gene that encodes an enzyme
that has a role in polyamine metabolism. Further, loss of this gene expression can exert a

tumor-promoting effect [44, 45].

The 9p21.3 risk locus contains no protein coding genes or known microRNAS.
However, the 9p21.3 locus does contain a sequence for an antisense RNA (ANRIL,
CDKN2BAS) [41]. It has been shown that the risk locus overlaps exons 13-20 of a

recently identified large, non-coding, antisense RNA in the INK4 locus, also known as



CDKNZ2BAS [46].

Generally, long non-coding RNAs are not transcribed in large quantities in the
genome, and may have a known functional significance, because as many other protein
coding genes, they are not highly conserved between species, and contain short open
reading frames (ORFs) from 50-100 amino acids, and can span large genomic distances
[47,48]. A recent study has revealed that the ANRIL may be involved in the atherosclerotic
process such as in thrombogenesis, vascular remodeling and/or repair, and plaque stability

through mechanisms such as RNA interference [49].

To date, the effect of 9p21.3 on expression of ANRIL still remains inconsistent,
regarding most data that have been collected from circulating blood cells [50, 51].
However, expression analyses in human atherosclerotic plaques showed that variants on
9p21.3 region resulted in changes in the expression of the ANRIL transcripts, which
may affect ANRIL expression and neighboring protein-coding genes. Alternatively,
ANRIL might only be a bystander of a completely different effect of the 9p21.3 locus that
still needs to be determined. This notion is supported by the relatively low expression

levels and relative expression differences of ANRIL transcripts [43].

Although variants at the 9p21.3 regions have been shown to have an effect in ANRIL
expression, it is also important to point out that considerable evidence revealed the
presence of several regulatory enhancer elements at this locus [29]. Further, the 9p21.3
locus is of particular interest because the CAD-associated SNPs fall within an
intergenic region that is so far considered a gene desert: 53kb flanked by CDKN2B

(130KB upstream) and DMRTA (370KB downstream), indicating that the functional
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variants underlying the association are probably in regulatory elements. Furthermore, a
previous study has identified regulatory elements in the 9p21 gene desert by examining
transcription factor binding and chromatin modification profiles in human cells, which also
suggested that variants at this locus disrupt consensus transcription-factor binding sites in
the predicted regulatory elements [41], while another study showed that a linked
polymorphism found nearby to the putative STAT1 binding sequence may disrupt a
putative TEAD consensus sequence binding site (CATTCCG>CATTCTG) [52].
Therefore, it will be of interest to investigate the function of those regulatory enhancer

elements in this region.

1.5 Characteristics of TEAD regulatory enhancer elements at the 9p21.3 region

This family of proteins is a group of 4 highly homologous TEAD transcription factors
in mammals. It is also known to be a small group that not only regulates expression
of genes in the proximity of TEAD-binding regulatory promoter/enhancer but also

regulates distal ones [53, 54].

TEAD is a family of proteins that has a TEA domain that enables them to
interact with specific DNA sequences and a trans-activation domain that interacts with
co-activators [55, 56]. For instance, they are known to be evolutionarily conserved proteins
and their orthologs are widely found in all vertebrates, invertebrates, and even single-
celled eukaryotes. Furthermore, TEAD transcription factors are proteins that are
implicated in different processes such as: cardiogenesis, myogenesis, myogenic signalling
propagation, development of neural crest, and trophoectoderm, and cancer [57, 58, 59, 60,

61].



TEAD proteins have emerged in invertebrates as transcription factors implicated in
the specific activation of muscle genes through their binding to the M-CAT motif
found in the regulatory region of numerous muscle- lineage specific genes [62]. Moreover,
this family of proteins is known to be upregulated developmentally and pathologically by
several important genes [63]. TEADs as nuclear proteins have the ability to bind and
activate transcription from the SV40 enhancer. A study has reported that 4 homologous
TEAD genes (TEAD1-TEAD4) are widely expressed during development [64]. The
downstream functionality of TEAD proteins depends widely on their interaction with

cofactors such YAP, TAZ, and vestigial like protein [65, 66, 67, 68, 69].

1.6 TEAD and its Co-Activators

TEAD transcription factors interact with multiple co-activators, because on their own
this family of proteins is unable to activate transcription. Therefore, they require the
help of co-activators [63]. For instance, co-activators do not bind DNA; they pair with
transcription factors and activate transcription. Moreover, they generally have activation
domains that facilitate their interaction with the basal transcription or chromatin

remodeling machinery [70].

TEAD interacts with several co-activators that can be classified into multiple
groups: YAP, TAZ, and vestigial like proteins. For instance, Yes-associated protein (YAP)
transcriptional co-activator is a key regulator of organ size and a candidate human
oncogene inhibited by the Hippo tumor suppressor pathway. TEAD binds directly to

and mediates YAP-induced gene expression [71].



Studies have revealed that only TEAD family of transcription factors has been
demonstrated to be important for the growth-promoting function of YAP [64, 66]. It has
also been shown that knockdown of TEAD aborts expression of the majority of YAP-
inducible genes and largely attenuates YAP-induced overgrowth, epithelial-mesenchymal
transition (EMT), and oncogenic transformation [66]. Recent studies have shown that
TEADs and their co-activators may play a role in the progression of various cancers
including the difficulty to treat glioblastoma, liver and ovarian cancer [72], and also may

have a key role in cancer stem cell pluripotency, self renewal regulation [72].

1.7 TEAD transcription factors and its Role in Gene Regulation

As pointed out previously, TEAD family of proteins regulates development of
various tissues, including heart, skeletal muscles, neural crest, notochord and
trophoectoderm [65]. Considerable evidence has shown that modulation of TEAD activity
alter cell proliferation and cell death [64], and also as downstream target of MyoD1 and
MyoG, TEAD are required to regulate muscle structural genes [73]. Further, studies
suggest that scalloped (Sd) interacts with Yki and mediates signalling [74, 75, 76].
Similarly, Max a nuclear phosphoprotein that forms a heterodimer with MYC, and poly
(ADP-ribose) polymerase, a chromatin bound protein, can also bind TEAD and stimulate
expression of cardiac muscle specific genes [76]. In previous years, experimental evidence
has suggested that TEAD binds to human papillomavirus-16 (HPV-16) enhancer and

activates the HPV-16 oncogenes E6 and E7 [77].

TEAD family of proteins also interacts with Smad3 and cooperates in TGFf

signalling [78]. For instance, TGFf signalling activates SMAD transcription factors to



regulate gene expression [79]. TGFP responsive genes can be activated directly by SMADs
through SMAD-responsive elements, or by other transcription factors via their
interaction with SMAD proteins [80]. Further, TEADs transcription factors interact with
SMAD3 and mediate TGFp-dependent gene activation [78, 81]. For instance, (TGF-B) is
involved in the pathogenesis process of multiple cardiovascular diseases including
atherosclerosis. Studies have shown that low concentrations of TGF-B may increase
smooth muscle cell proliferation with the fact that lows concentrations of plasma
TGF-beta are associated with a poor outcome in CAD [82,83]. Inversely, at higher
concentrations, TGF-Beta inhibits both the migration [84], and proliferation [85] of

VSCMs in cell culture.

1.8 GATA factors in the 9p21.3 region

GATA factors also known as GATA-binding proteins are known to be an
ancient family of transcription factors that recognize a target site conforming to the
consensus WGATAR (W=A or T and R=A or G) [86]. A common feature of all GATA
proteins is their high-affinity binding to a sequence motif conforming to the consensus T/A
(GATA) A/G. For instance, motifs with this particular property have been found in
various regulatory regions such as: promoters of genes expressed in erythroid,
megakaryocytic, and endothelial cells: globin and T-cell receptor a and d-chain gene
enhancers; and a-and B-globin locus control regions [87]. Further, DNA recognition is
achieved through novel zinc fingers that can be present once or twice in the protein [88, 89,

90]. This family of transcription factors consists of six proteins (GATAL-6).

Various members of this family of proteins have the abilities to recognize a closely
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related, but not identical, DNA sequence element that raises interesting possibilities in
the way that differential gene regulation can be accomplished in cells expressing more
than one GATA protein [86]. The GATA factors are known to play role in processes
such as differentiation, growth and survival [91, 92, 93, 94, 95]. Thus, the involvement of
this family of proteins in cell formation renders mutations in family members, such as
GATAZ2, potential candidates for cardiac malformations and smooth muscle dysfunction.
Indeed, many studies have examined associations of defects in genes coding for some of

these transcription factors with cardiac and congenital malformation [96, 97, 98].

Some GATA factors also function as a transcriptional partner or involved in
transcriptional pathways with several other important cardiac transcription factors,
including MEF2C (Myocyte enhancer factor 2C). This transcription factor physically
interacts with GATA factors to activate the expression of other genes [99]. Very little is
known about the role it might play in CAD. Only few studies available today were able to
postulate its association with both early-onsets of CAD [100,101,102], and sporadic
disease [103], while other studies were unable to establish any relationship with CAD

[104].

1.9 Examining the Functional regulation of the SNPs at the 9p21.3 Locus and
TEAD transcription factors.

Although studies have revealed the presence of several enhancer elements present at
the 9p21.3 locus, which also suggested that variants at this locus may disrupts consensus
transcription factor-binding sites [41,42], the functional mechanisms between the

identified SNPs and the TEAD consensus sequence found in this locus still remain
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unknown. Here, | report the functional regulation of these SNPs identified in the 9p21.3
region, and the TEAD sequences that alter the 9p21.3 locus associated with the risk of

CAD.

| demonstrate that these genetic polymorphisms may play a role in the mechanisms of
this locus, by disrupting specific TEAD regulatory sequences, and also by activating
and/or deactivating the non-risk or the risk. My findings show the functionality of
these genetic variants in the functional analysis of the 9p21.3 locus, and also show the role

of these SNPs in the risk of CAD.
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1.10 Hypothesis and Aims of the thesis

We hypothesize for this research project that: Some genetic polymorphisms at the 9p21.3
locus are functional and will disrupt the specific regulatory sequences within enhancers.

We tested our hypothesis through the following aims:

The specific aims of this project include:
l. To determine how polymorphisms affect TEAD-dependent gene regulation
at the 9p21.3 locus.
Il.  To investigate how polymorphisms affect GATA factor-dependent regulation

at the 9p21.3 locus.

Thesis rationale as it relates to human health

Globally, people suffering from coronary artery disease (CAD) have an increased burden of
the traditional risk factors that contribute to this disease. To date, CAD is a major concern in
the developing and developed world. Although, CAD has many complications due to
unstable angina, myocardial infarction (MI) and sudden death [7,8], there is compelling
evidence from epidemiological studies that have shown that genetic variants contribute to
the disease progression [22]. Thus, examination of the genetic polymorphisms in the 9p21.3
locus may help to understand the phenotypic heterogeneity of coronary artery disease and

reveal novel therapeutic strategies for the treatment of CAD.
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2 Materials and Methods

Experimental Analyses

2.1  Bioinformatics Scan analysis

We undertook a bioinformatics scan analysis of the 59 linked SNPs at the 9p21.3 to
identify genetic variants that would disrupt or create transcription factor binding sites in the
9p21.3 coding region covering 53,202bp, wusing the ENCODE chromatin

immunoprecipitation (http://encodeproject.org/ENCODE) and JASPARCORE

(http://jaspar.genereg.net) databases. Encode is an online tool which consists of

building a comprehensive parts list of functional elements in the human genome,
including those that act at the protein and RNA levels, and regulatory elements that
control cells and its genetic environment. JASPARCORE is a collection of transcription
factor DNA-binding preferences modeled as matrices that contains a collection of

experimentally defined transcription factor binding sites for multi-cellular eukaryotes.

2.2 Genotyping

DNA from HEK293, HA0oSMCs, and Hela cells was genotyped for the 9p21.3
locus; these are the cells that were sequenced in method 2.3. A DNA fragment that contains
SNP rs10811656 was obtained using primers 5-CGG TGT GGT CAT TCC GGT AAG
CAG CGC-3 and 5-TCG AGC GCT GCT TAC CGG AAT GAC CAC ACC GGT AC-3 for
the non-risk oligonucleotides, and 5-TCG AGC GCT GCC TAC CAG AAT GAC CAC
CAC CGG TAC-3 for the risk oligonucleotides, and another fragment containing SNP
rs4977757 was obtained using primers 5-CTA TCT TTG TGG CAT TCT CTG TAT TTC-3

and for the non-risk oligonucleotides 5-TCG AGG AAA TAC AGA GAA TGC CAC AAA
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GAT ACG GTA C-3 and 5-TCG AGG AAA TAC AGA GAA CGC CAC AAA GAT ACG

GTA C-3 for the risk allele.

2.3 DNA Sequencing

The risk and non-risk of each SNP were amplified by PCR using Tag DNA
polymerase. Each 25uL of reaction contained 100-300 ng of plasmid DNA template, 5X
sequencing buffer, big dye solution, forward and reverse primers at 1:100 dilution, and

H20. PCR reactions were run on a Thermocycler using the following cycling parameter: a
hold at 4°C for 30 sec, 25 cycles of 95°C for 30 sec, annealing at 50°C for 15 sec,

and extension at 60°C for 4 min. Later, after amplification, PCR reaction was used as a
template for DNA sequencing. Each 25 pL of sequencing reaction contained 1 pL of PCR
reaction template, 1 puL of sequencing primer, 2 uL of Big Dye sequencing buffer.

Sequencing reactions were cleaned using Agencourt CleanSEQ beads and ethanol.

2.4 SNP Constructs

Generation of Luciferase reporter constructs

We amplified a 50 bp known genotype by PCR fragment containing the rs10811656
and rs4977757 polymorphisms from HEK293 cells homozygous for the risk and non-risk
alleles. SNPs with their corresponding nucleotides were flanked with Kpnl and Xhol
sites and then subcloned into pGL3-promoter luciferase reporter vector.

We purchased complementary 30bp oligonucleotides containing the rs9632885 and
rs10757269 polymorphisms for the risk and non-risk alleles from IDT (Integrated DNA

Technologies, lowa, USA ). SNPs with their respective sequences were flanked with Kpnl
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and Xhol sites and then subcloned into pGL3-promoter luciferase reporter vector, and

sequence verified.

25 Cell maintenance

HEK?293 cells were maintained at 5% CO2 in 1X Minimal Essential Medium

(IXMEM) containing 4.5g/L glucose, and supplemented with 10% FBS and 1% L-
glutamine and 1% Pen-Strep (Penicillin-Streptomycin). HAoSMCs (Human primary aortic
smooth muscle cells were purchased from Cell Applications (San Diego, CA) and were
maintained at 5% CO2 in SmBM (Smooth Muscle Cell Basal Medium), containing 10%
FBS, 0,025% GA (Gentamicin Sulfate Amphotericin-B), 0,025% rhEGF (Epidermal
Growth factor Human Recombinant), 0,05% rhFGF-B (Human Fibroblast Growth factor-
B) 0,025% Insulin Recombinant Human cell culture Tested (The culture medium for
HA0SMC was purchased from Lonza Walkersville, MD) (SmGM-2 Bulletkit, Cat# CC-
3182). Both cell lines were subcultured when they attained a confluency of 80%, and were
plated at a minimum density of 25%. In the case of HAoSMCs, the number of

passages was limited to 9.

2.6 Electrophoretic mobility shift assay (EMSA)

Nuclear protein extracts were prepared from cultured HAoSMCs and HelLa cells (as
described by Farrance et al. [106]. All subsequent procedure was carried out at room
temperature. Nuclear protein concentrations were determined by Bradford assay. EMSA
using SNP-specific oligonucleotides (Table 5) was performed using double-stranded

synthetic oligonucleotides of the 35-pGL3 promoter sequence that was used as probe. T4
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polynucleotide kinase and [y-2ATP] (6000 Ci/mmol) were used to label the 5> end of the
upper strand oligonucleotide. To maintain virtually 100% of probe in the double-stranded
form, labeled coding strand oligonucleotide was annealed to a 2-fold molar excess of
unlabeled noncoding strand oligonucleotide. Binding reactions were initiated by incubating
nuclear extracts (10-15 pg of protein) with 750 ng of poly (dI — dC) for 15 min at room
temperature. Thirty fmol of double-stranded probe was then added, and incubations were
continued for another 30 min at room temperature. Final binding reaction (10ul) contained
20 mM Hepes at pH 7.8 70 mM KCL, 0.5 mM DTT, 0.4 mM EDTA, 0.1 mM EGTA, and
10% glycerol. For competition EMSA, a 100-fold molar excess of various competitor
oligonucleotides was included from the initial incubation. The binding reactions were loaded
onto a 4% native polyacrylamide gel running at 11 V/cm containing 45 mM Tris borate at
pH 8.3 and 1.25 mM EDTA. After running for 2 h at 4° C to separate free and complexed
probe, the gel was dried and exposed to a storage phosphor screen (GE Healthcare Life
Sciences). Where available, we have used commercial antibodies known to supershift
transcription complexes. (Method was performed by Naif Almonthashiri). TEAD3 was a
mouse polyclonal antibody and TEAD4 a mouse monoclonal, and both are from (Abnova).

GATA4 antibody was provided by Dr. Mona Nemer*s lab.

2.7 Transient Transfection of HEK293 and HAoSMC cells

Seeding cells for transient transfection
10% HEK?293 and HA0SMC cells were grown in 10 cm dishes and seeded upon reaching
80% confluency. HEK293 and HA0SMCs were plated at density of 25% and 40% of one

10cm dish per 6-well plate, respectively. 96 hours after seeding, both cell types reached
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at least 75% of confluency and were ready to be transiently transfected.

2.8 Transient transfection for Luciferase reporter assays

The cells were transfected 96 hours after seeding, by using the Invitrogen
Lipofectamine 2000 transfection reagent. The main goal of this experiment was to
determine whether members of the TEAD family of transcription factors would drive the
expression of luciferase reporters containing the risk and non-risk alleles of rs10811656
and rs4977757. This experiment had 2 controls: one used the empty pGL3 luciferase
vector for co-transfections with each of the expression plasmids to control for the presence
of cryptic TEAD sites within the pGL3-luciferase plasmid that might have been activated
by TEAD transcription factors. The other used an empty pCMV expression plasmid to
control for promoter competition. The pGL3-luciferase reporter plasmids bearing the 50 bp
non-risk or risk alleles of rs10811656 and rs4977757 were co-transfected with expression
plasmids bearing the cDNA sequences of each TEAD family member (TEAD1, TEAD2,
TEAD3, and TEAD4) under the control of the human cytomegalovirus (CMV) enhancer.
As a control, the pCMV expression vector bearing no cDNA insert was co-transfected with
the pGL3-luciferase reporters. As mentioned above, the SNPs (rs10811656, rs4977757)
with their respective sequences (as seen in Table 3) from risk and non-risk alleles were
subcloned into the pGL3-promoter luciferase reporter vector. The pGL3-promoter vector
contains an SV40 promoter, a cDNA sequence encoding a luciferase transcriptional unit, a
multiple cloning site that can be digested with a number of restrictions enzymes, an origin

of replication, and a marker for ampicillin resistance. This vector does not contain an
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enhancer, enabling DNA fragments containing putative enhancer elements to be inserted
either upstream or downstream of the promoter-luciferase transcriptional unit. Co-
transfection was carried out in HEK293 cells. All assays were performed in triplicates and
duplicates. Each well was transfected with 1upg total DNA (200 ng pGL3-promoter
luciferase expression vector, and 800ng pGL3-rs10811656, rs4977757 reporter vectors).
For co-transfection with TEAD1, TEAD2, TEAD3, TEAD4 expression vector using 6.5ul

of DNA for the expression vector and 26 pl of DNA for the reporter vector.

Plasmid DNA was diluted with TE buffer from Invitrogen at a concentration of
100ng/ul in all luciferase assay transient transfections, and Lipofectamine 2000 from
Invitrogen at a concentration of Img/mL was added to each well at a volume of 2ul per
well. The incubation time at room temperature after mixture was always 20 min for the
samples. After incubation, 500ul of mixture (DNA+Lipofectamine) was added to each
well. The cells were harvested for the luciferase reporter assay for 48 hours post-

transfection.

2.9 Luciferase Reporter Assay
HEK293 and HA0oSMC cells were harvested 48 hours post-transfection. Cells were
washed with 1X cold PBS and harvested using the cell scraper by the addition of 1000ul

of 1X cold PBS +EDTA per well. After addition of this buffer solution the cells were

harvested and spun down for 5 min at 13,000 rpm at 4°C to pellet cell debris. Later, the
pellet was resuspended with-100ul of TCEP (Tris 2-carboxyethyl phosphine) buffer by

vortexing each tube. Following resuspension, the eppendorf tubes with lysates were quick
frozen 3 times for 10 min at -80°C in ethanol at a concentration of 100%. And later the
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lysates were centrifuged again for 5 min at 13,000rpm at 4°C. Post centrifugation; the

supernatants were transfected to clean 1.5ml eppendorf tubes.

The luciferase reporter assay was performed using a single-tube luminometer
(Berthold). First 300 ul of lux buffer was added to the single-tube luminometer, and prior
to measure the activity of each respective lysate, 100 pl of luciferin was mixed with the
300 pl of lux buffer. Next, 20 ul of cleared lysate was laterly added into the same tube,
and luciferase activity was recorded. This sequence was repeated for each single lysate

until all lysates were measured for luciferase reporter activities.

2.10 Bacterial Culture and Plasmid Preparation

Chemically competent E.coli TOP10 (Invitrogen) were transformed by heat shock at
42°C and incubated in a rotary shaker at 37°C and at 250 rpm for 90 mins. The

transformation reaction were plated on LB-agar plates and incubated overnight at 37°C.

After transformation, E.coli TOP10 was plated on LB-agar containing 100mg/mL
ampicillin for colony screening. For maxi-prep of plasmid DNA, single colonies were
inoculated in 100 mL of LB medium containing 100mg/mL ampicillin and incubated in a
rotary shaker at 250 rpm overnight for 14 to 16 hours. Later plasmid DNA was purified

using the Invitrogen High Pure Plasmid Isolation kit for maxi-prep.

2.11 Transient Transfection for Immunoblotting
HA0SMC cells were transfected 96 hours after seeding, by using Invitrogen

Lipofectamine transfection reagent. Each 10 cm plate was transfected with 30 pg of total
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DNA in 1.5 mL of free smooth muscle medium and 45 uL of lipofectamine in 1.5mL of
free smooth muscle medium in order to bring the total up to 3 mL the volume of the
plate. Later, cells were incubated for 6 hours. After incubation, cells were harvested

within 48 hours.

2.12 Immunoblotting
e Preparation of Whole Cell Extracts

HA0SMC cells (10 cm plate) were washed with 1X cold PBS and harvested by lysis with
150 ul of RIPA (Radioimmunoprecipitation assay buffer). 1 tablet of phosphatase
inhibitor + 1 tablet of protease inhibitor were dissolved in 150 ul of RIPA, followed by
vortexing for 20 secondes. Later, cells were incubated on ice for 10 minutes, and then
vortexed again for 20 secondes. After the last vortexing, cells were spun down for 10 min
at 4°C at 13,000 rpm. Later the supernatant was added in new 1.5 mL eppendorf tubes for
future analysis of the lysates concentration by Bradford assay normalizing the protein

concentration to BSA standard curve.

e SDS-Polyacrylamide Gel Electrophoresis and Protein Transfer to
PVDF (Polyvinylidene difluoride) Membrane
4X SDS-PAGE loading buffer and 1M DTT were added to 30ug of protein lysate.
All samples were boiled for 5 minutes, and later loaded onto a 10% polyacrylamide gel
with 4% stacking gel. The electrophoresis was performed at 80-90V initially for 15
minutes, later was increased to 120 V till bands enter resolving gel and the loading dye

disappeared. The proteins were transferred to a PVDF membrane at 150V for 60 to 90
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minutes using chilled 1X transfer buffer containing 20% methanol.

e Blotting

After the proteins were transferred, the PVDF membrane was rinsed out briefly
with 0, 05% of TBST (Tris Buffered Saline with Tween) and blocked in 5% non-fat milk
in TBST for 1 hour at room temperature with gentle shaking. The blot was later incubated
overnight at 4 °C with primary antibody TEAD1 mouse monoclonal, TEAD4 mouse
polyclonal) at a 1:1000, 1:5000 dilution in blocking buffer with 0.05% TBST. The blot
was washed for 4x15 min with 0.05% TBST) and incubated at room temperature with
secondary antibody at 1:15000 blocking buffer containing 0.05% TBST for 1 hour with
gentle shaking. After incubation, the blot was rinsed out again for 4x15 min in
TBST. Later, the blot was decanted by getting rid of the TBST to later covering it with

chemoluminescence in order to detect the signal using the Film Processor SRX-101A.

2.13 Statistical Analysis

Each luciferase assay was performed in duplicate and luciferase activities of the
reporters were expressed as fold of a negative control (luciferase activity of the empty
reporter vector or the luciferase reporter co-transfected with an empty expression plasmid)
set at 1 fold. Luciferase activities for each experimental treatment were averaged from
multiple independent experiments and expressed as Mean+zSEM. One-way ANOVA and
post-hoc analysis were carried out to determine differences in mean values between groups.
The Bonferroni method was used to correct for multiple comparisons. A P<0.05 was
considered significant. All the statistical analysis in this study was carried out by my

colleague Ragnar Oli Vilmundarson.
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3 Results

3.1 Bioinformatics scan analysis identified 15 SNPs within the 9p21.3 locus

The 9p21.3 locus was the first to yield to genome-wide association studies
(GWAS) seeking common genetic variants predisposing to increased risk of CAD [42].
Although it has been shown that the 9p21.3 locus represents the most replicated marker of
CAD and MI [105], the functional mechanisms between those genetic variants at 9p21.3
locus still remain elusive. A mutagenesis study has clearly defined TEAD consensus
sequences (5’- CATTCCT-3") in the context of muscle-specific promoters [106]. We
examined the polymorphisms at the 9p21.3 locus; we performed bioinformatics scan
analysis using the Encode chromatin immunoprecipitation and JASPAR Core within the
9p21.3 locus to identify single nucleotide polymorphisms. Our bioinformatics scan using
the ENCODE chromatin immunoprecipitation and JASPAR CORE conducted within the
9p21.3 locus identified genetic variants (as shown in Figure 1) that could disrupt or
create transcription factors binding sites in the 9p21.3 coding region and the flanking

53,202 bp.

This design study identified 15 SNPs as potentially disruptive for transcription
factor binding. A cluster of single nucleotide polymorphisms was identified within this
locus as potentially disruptive for transcription factor binding. Four of the 59 SNPs
(rs10757271, rs4977757, rs1333043, and rs10811656) disrupt TEAD factors consensus

sites (5’- CATTCCT-3").
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Figure 1: The 9p21.3 locus is associated with coronary artery disease in the genome-
wide association studies. The Manhattan plot of GWAS where the x-axis represents the
genome in physical order, the y-axis shows -logio P values for all SNPs. Data from
discovery phase are shown in circles and data from the combined discovered and
replication phases in stars. Genes at the significant loci are listed above the signals. Know
loci are shown in red and novel loci are shown in blue. The oval outlines the short arm of
chromosome 9 and the 9p21.3 CAD risk locus [107].
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3.2 The Functional Analysis of the Genetic Variants at the 9p21.3 Locus

Variants at the 9p21.3 locus have been established as amongst the strongest common
genetic factors associated with the risk of CAD in people of European continental ancestry
[23]. GWAS have revealed a strong association between DNA sequence variation on
chromosome 9p21 and the risk of CAD [21, 22, 23]. Many different groups confirmed
the evidence of those studies [25, 26, 27, 28]. In order to determine whether the
genetic variants at the 9p21.3 play role in the function of this locus, we performed EMSA
to test for allele-specific transcription factor binding. Although our bioinformatics scan
analysis revealed 15 SNPs that could potentially disrupt transcription factor binding sites,
EMSA was used to exclude SNPs that show no differential binding between the risk and
non-risk alleles. Figures 2A and B show that the SNPs rs10811656 and rs4977757 disrupt
TEAD3-4 regulatory sequences within enhancers’ activity for the risk alleles. In contrast,
the non-risk alleles for those SNPs were binding detected in the presence of TEAD3-4
regulatory sequences, suggesting that the SNPs rs10811656 and rs4977757 may be

functional within the 9p21.3 locus. These EMSA were performed in HeLa cells.
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Figure 2 A-B: Determining the Functionality of SNPs rs10811656 and rs4977757
for TEAD transcription factor binding in HeLa cells. EMSA showed that the SNPs
rs10811656 (A) and rs4977757 (B) disrupted TEAD3-4 binding for the risk alleles,
(where lanes 2 to 4 show HeLa cells as control and lanes 5 to 7 show the over-expression
of TEAD3-4 in HelLa for both genotypes). Nuclear extracts from HelLa cells were
transiently transfected with TEAD3 and TEAD4 using empty pGL3 promoter expression
plasmid and oligonucleotide probes that contains the risk and non-risk alleles for both
SNPs (rs10811656 and rs4977757). The non-risk alleles were functional, forming specific
DNA-TEAD complexes. However, the risk allele for both SNPs (rs10811656 and
rs4977757) disrupted the TEAD binding site to an extent of 1/10" compared to the non-
risk allele. n=3 independent experiments. (Experiments performed by Naif
Almontashiri)
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3.3  The Regulatory Functions of TEAD transcription factors for these SNPs.

Since TEAD family of proteins are known to regulate expression of genes in
the proximity of TEAD-binding regulatory promoter/enhancer elements, and are also
required for cardiogenesis, myogenesis and for the development of others organs [57, 58,
59, 60, 61], genetic variants (rs10811656 and rs4977757) were tested for enhancer activity

using luciferase reporter assays.

Although our bioinformatics scan analysis identified a marked over representation
of the TEAD family of transcription factor binding sites in the 53k bases pair regions at the
9p21.3, four of the 59 SNPs (rs10757271, rs4977757, rs1333043, and rs10811656) disrupt
TEAD factor consensus sites (5°CATTCCT-3"), and only 2 of these SNPs were tested
for the functional significance of the TEAD consensus sequences in participating in genes
regulation by the 9p21.3 locus, because the other 2 SNPs did not show a gel shift (data
not shown). | performed luciferase reporter assays to test whether the non-risk alleles for
SNPs rs10811656 and rs4977757 respond to transcriptional activation by different
members of the TEAD family of transcription factors and to determine whether the risk
allele affects this activation. Both SNPs (rs10811656, rs4977757) from their risk and non-
risk alleles were tested with the TEADs in order to examine whether or not they are
functional.

As observed in Fig 3A, the activity of the pGL3-luciferase reporter was not
different whether it carried the non-risk (black bars) or the risk (red bars) alleles of
rs10811656 when co-transfected with the empty pCMV expression vector. When over-

expressing TEADs in HEK293 cells in the presence of the non-risk allele of rs10811656,
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TEAD3 and TEADA4 produced a robust transcriptional activation while TEAD1 and
TEAD?2 showed no activity compared to the empty pCMV expression plasmid. The risk
allele for rs10811656 showed markedly and significantly reduced transactivation by
TEAD3 and TEAD4 compared to the non-risk allele. In Fig 3B the pGL3-luciferase
reporter bearing the non-risk allele of rs4977757 (black bar) was significantly more active
than the empty pGL3-luciferase reporter (gray bar) or the pGL3-luciferase reporter bearing
the risk allele of rs4977757 (red bar) when co-transfected with the empty pCMV
expression plasmid. In both Fig. 3A and 3B, the empty pGL3-luciferase reporter (gray
bars) showed similar activities when co-transfected with TEAD expression plasmids,
indicating that no cryptic TEAD element is contained within the empty pGL3-luciferase

reporter.

As in Fig. 3A, neither TEAD1 nor TEAD?2 had an effect on these reporters compared
to empty pCMV expression vector. The non-risk allele was activated by TEAD3 and by
TEAD4 over-expression and the risk allele of rs4977757 markedly impaired the

transactivation.

In summary, the luciferase reporter assay revealed that the 9p21.3 locus contains
enhancer sequences that respond to TEAD factors in HEK293 cells (Figure 3 A-B)

and that the risk alleles significantly interfere with this response.

To confirm that the pPCMV-TEAD4 expression plasmid could over-express TEAD4,

the protein level of TEAD4 was also examined in transiently transfected HA0SMCs by
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Western Blot analysis in order to confirm its expression in primary cell type that is
pathologically relevant to CAD (As shown in Figure 4). This western blot analysis was
used to confirm the level of expression of the TEAD construct, and as the results show: an
increased amount of TEAD4 was found when over-expressing this construct in HAoSMC

cells.
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Figure 3: Testing the effect of TEAD transcription factors on a promoter bearing the
risk and non-risk alleles of rs10811656 (A) and rs4977757 (B) in HEK293 cells. The
pGL3-promoter, bearing an SV40 minimal promoter and a luciferase reporter, was used to
test the TEAD-dependent enhancer function of rs10811656 and rs4977757 risk and non-risk
alleles. The pGL3-vectors were co-transfected together with empty pCMV expressing
plasmid or pCMV plasmids expression TEAD1, TEAD2, TEAD3, and TEADA4. n=4
independent experiments in duplicate. For normalization, the luciferase activity was
expressed as fold relative to luciferase activity of the empty pGL3 promoter vector co-
transfected with the empty pCMV expression vector. One-way ANOVA and post-hoc
pairwise comparisons were used, correcting for multiple testing using Bonferroni. *P<0.05.
Fold is expressed as Mean +SEM. Statistical Analysis was carried out by Ragnar Oli
Vilmundarson.
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Figure 4: Over-expressing TEAD4 transcription factor in HAoSMCs. Western blot
analysis showed that when TEAD4 is over-expressed in HA0SMCs, and endogenous
TEAD as the control, the expression of TEAD4 is highly significant compared to the
endogenous TEAD. It is representative blot from 4 independent experiments. NT= Non-

Transfected=pCMV.
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3.4 Endogenous TEAD in HA0SMC:s for the risk and non-risk alleles of
rs10811656 and rs4977757

Studies have revealed that multiple different cell types, including macrophages,
lymphocytes, endothelial cells, and smooth muscle cells (SMC), play a role in
atherosclerotic lesion formation [108,3]. Although one of the major roles of smooth
muscle cells is to produce extracellular matrix, which accumulates over the course of
lesion progression [109,110], SMCs are also known to be the major producers of

connective tissue both in the healthy and atherosclerotic vessels [111].

Since vascular SMCs are known to make up a large part of atherosclerotic
lesions [112], we examined the possibility that the risk and non-risk genotypes of both
SNPs rs10811656 and rs4977757 are functional in primary human aortic smooth muscle
cells (HAoSMCs). Indeed, we further tested the functionality of endogenous TEAD
consensus sequences by transiently transfecting HAoSMCs with the rs10811656 and
rs4977757 constructs in the pGL3 luciferase reporter vector compared with empty pGL3
promoter vector. This empty vector is ideally suited for enhancer studies because of its low

background (Figure 5 A-B).
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Figure 5A-B: Determining enhancer activity for endogenous TEAD in rs10811656
and rs4977757 in HAoSMCs. HAoSMCs upon the binding of endogenous TEAD were
transfected with empty pGL3 promoter vector or the indicated rs10811656 and
rs4977757 luciferase reporter constructs. n=5 independent experiments in triplicates. For
normalization, the luciferase activity was expressed as fold change relative to empty pGL3
promoter vector. One-way ANOVA and post-hoc pair wise comparisons were used,
correcting for multiple testing using Bonferroni. *P<0.05. Fold is expressed as Mean +SEM.
The statistical analysis was carried out by Ragnar Oli Vilmundarson.
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35 GATA transcription factors do not alter the risk and non-risk alleles in
9p21.3 locus

Our bioinformatics scan analysis revealed that GATA transcription factors are
located within the intergenic region of the 9p21.3 locus. Since GATA-factor was
reported to have relationship with early-onset cardiovascular diseases [100], we asked
whether those GATA sites found along the 53,202 bp region of this locus were

associated with the risk and non-risk genotypes of the 9p21.3 locus.

First, we tested these GATA sites using gel mobility shift assays to investigate
the functionality of those sites (Figure 6). The examination of these SNPs rs9632885 and
rs10757269 revealed a de novo binding site for GATA complex at rs10757269. Note that a
GATA4 specific antibody (provided by Dr. Mona Nemer) failed to supershift the GATA
complex (lanes 3 and 12), suggesting that other GATA family members (i.e. GATAS and

GATA®G) are likely to make up the GATA complex in smooth muscle cells.

Second, to further investigate the function in vitro of these SNPs rs9632885
and rs10757269, we performed luciferase reporter assay experiments, using the insert
containing rs9632885 and rs10757269 to be subcloned into the pGL3 luciferase reporter
vector. The enhancer activity carrying the risk and non-risk alleles for the SNPs revealed
no difference in the activity of the luciferase reporter assay in HAoSMCs between risk and

non-risk (Figure 7 A-B).
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Figure 6: Binding of GATA transcription factors is affected by 9p21.3 risk alleles.
Gel mobility shift assay using nuclear extracts from HAoSMCs showed differential GATA
binding sites for the risk alleles compared to the non-risk alleles for the SNPs rs9632885
and rs10757269. For rs9632885 (lanes 1-6), the risk allele disrupts GATA factor binding
(lanes 4-6) whereas for rs10757269 (lanes 7-12), the risk allele creates a GATA site
resulting in a new shifted complex (lanes 10-12). Note that a GATA4-specific antibody
(provided by Dr. Mona Nemer) failed to supershift the GATA complex (lanes 3 and 12),
suggesting that other GATA family members (like GATAS or GATAG) are likely to make
up the GATA complex in smooth muscle cells. (Experiment performed by Naif
Almontashiri)
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Figure 7A-B: The rs9632885 and rs10757269 SNPs that alter GATA binding do not
significantly alter enhancer activity in HAoSMCs. HA0SMCs were transfected with
empty pGL3 promoter or the indicated non-risk or risk alleles of rs9632885 and
rs10757269-pGL3 luciferase reporter constructs. n=5 independent experiments in
triplicates. One-way ANOVA and post-hoc pair wise comparisons were used, correcting
for multiple testing using Bonferroni. *P<0.05. Fold is expressed as Mean +SEM. The
statistical analysis was carried out by Ragnar Oli Vilmundarson.
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4 Discussion

I sought to determine the functional regulation at the 9p21.3 genetic risk locus in CAD.
The focus for the investigation was to identify transcription factors whose regulation of
enhancers at the 9p21.3 locus would be disrupted by CAD risk alleles. We determined how
polymorphisms affect TEAD-dependent regulation, and further evaluated whether or not

GATA transcription factors play a role in the 9p21.3 risk and non-risk genotypes.

4.1  The Functional Relationship between the Polymorphisms identified at the

9p21.3 locus and the TEAD transcription factors.

The 9p21.3 locus is known to be the first genetic risk factor to be identified by
different independent groups of GWAS in 2007 [20,21,22,23]. It has already been
shown that the localization of the risk locus to a region of known protein coding genes
implicates a novel gene or regulatory element that promotes atherosclerosis independently
of established risk factors [51]. To explore the functional regulation at the 9p21.3 genetic
risk locus in CAD, we focused our studies on further determining how polymorphisms
affect TEAD-dependent regulation. TEADs are a group of transcription factors that are
known to be involved in several processes such as myogenesis, development of neural
crest etc [58, 60]. Therefore, TEAD factors might be relevant to atherosclerosis since they
are important regulatory factors in SMCs, and also SMCs are known to be affected by the

deletion of 9p21.3 in terms of reduced senescence and increased proliferation [29,113,114].
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Consequently, we identified two functional SNPs (rs10811656 and rs4977757)
within the 53,202bp intergenic region of the 9p21.3 locus that disrupt binding of TEAD3
and TEAD4 transcription factors in HEK293 cells and HAoSMCs. This was a relevant
finding since the risk allele was shown to be higher frequency in patients in the Ottawa
Heart Genomics Study with severe premature atherosclerosis as compared to subjects with

incidents CAD events [115].

In an attempt to determine how polymorphisms at the 9p21.3 locus affect TEAD-
dependent gene regulation, we carried out a bioinformatics scan analysis of the 53,202 bp
region of the 9p21.3 locus to elucidate the functional consequences of some SNPs on
gene regulation by TEAD factors. Our data demonstrate that 4 of the 59 SNPs disrupt
consensus sites for TEADs. Several enhancer elements have been shown to greatly
influence the 9p21.3 region [51]. Also, a previous study showed that M-CAT (consensus
sequence: 5’-CATTCCT-3"), which is the consensus binding site for TEAD, plays a major
role in enhancer regulation of the SV40 virus [106]. Given that TEAD's role in enhancer
regulation is known then the disruption of TEAD consensus sequences by these 4 SNPs
could be mediating CAD risk through an effect on enhancers at the 9p21.3 region.
Additionally, the functional variants underlying the 9p21.3 association with CAD have
been shown to likely reside in regulatory elements, further reinforcing this mechanism [41].
A recent study has suggested that TEAD transcription factors can regulate gene expression
by binding to proximal promoter sequences or have long-range effects on chromatin
structure [78, 79, 81]. Thus, the combination of GWAS association data and the

functional regulation of the 9p21.3 locus have given strength to this idea that his gene
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contributes to CAD.

We examined the function of these 4 polymorphisms (rs10811656, rs4977757,
rs9632885, rs10757269) present in the 9p21.3 locus and demonstrated that the TEAD
consensus sequences act as regulatory elements to enhance reporter gene expression when
performed in HA0SMCs and HEK293 cells. TEAD3 and TEADA4 disrupting the functional
binding sites for the risk alleles showed significantly lower levels of enhancer activity

compared to the non-risk allele for both SNPs.

In addition, the difference in the non- risk allele observed in the EMSA for 2 of
these SNPs (rs10811656 and rs4977757) was 10 times stronger than to the risk allele
containing sequence. Consequently, our study shows that TEAD3 and TEAD4 act as
transcriptional enhancer elements increasing the level of the non-risk allele expression.
Consistent with our hypothesis, these findings show that some genetic variants at the
9p21.3 locus are functional and disrupt the specific regulatory sequences within

enhancers.

Common genetic variants at the 9p21.3 region have been shown to influence
disease risk by regulating gene expression through a cis-effect [116]. Thus, by mapping
regulatory elements, we were able to evaluate the functional relevance of some

polymorphisms at 9p21.3 locus.
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4.2 Bioinformatics analysis of the 9p21.3 risk locus also identified 2 genetic variants

of GATA factors.

Our bioinformatics scan analysis at the 9p21.3 risk locus also identified 2 SNPs
that could affect GATA sites in the 9p21.3 region that might affect the function of this
locus. For instance, the GATA factors exhibited a high degree of evolutionary
conservation, consistent with a role as a regulator of genes [117]. Thus, functionally
important GATA binding sites have been identified and may play a role within the

promoters of multiple cardiac-specific genes [118,119,120].

In an attempt to investigate these GATA factors found in the 9p21.3 region, EMSA
was performed to examine these SNPs (rs10757269, rs9632885) that affect potential
GATA complex in HA0SMC:s cells, also we examined whether the GATA4 forms part of
this complex. EMSA confirmed that the risk allele of rs10757269 disrupts a functional
GATA site, whereas the risk allele of the other SNP, rs9632885, creates a functional
GATA binding site. It should be pointed out that the net effect of these linked alleles would
be to change the location of a functional GATA site (from the position at rs10757269 to the
position of rs9632885). GATA factors, important for gene regulation in SMCs [97], might
contribute to atherosclerosis, as suggested by previous studies that reported GATA2
variants associated with early onset CAD [100]. However, another study has reported that

GATAZ2 variants do not mediate risk for CAD [104].

Consequently, we pursued functional studies with the GATA factors to determine
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whether these SNPs are functional and could have some potential role within the 9p21.3
region. Notably, the regulatory function of each SNP was examined using luciferase
reporter assay in HAoSMCs. Both SNPs were shown to have enhancer activity upon the
binding of endogenous GATA in HAoSMCs. However, no significant difference was
shown between the risk and the non-risk alleles. We found that both genotypes affect the
GATA complex. Therefore, we are unsure which GATA factor forms the complex as
GATA4 was hypothesized to be part of this complex but this was shown by EMSA not to
be the case. As the EMSA result provides evidence of a GATA complex forming at the
tested consensus site then this leaves other GATA factors present in HAoSMCs (GATAS

and GATAG) as the remaining candidates for the factor behind this complex.

4.3  Study Strengths and Weaknesses

This work is one of the few systematic examinations of polymorphisms in the
9p21.3 locus in relation to the functional mechanisms of this locus. The strengths of our
work include the careful and detailed analysis of polymorphisms in the 9p21.3 region,
and the functionality of a newly studied subset of polymorphisms combines SNP data
across multiple studies. Because the 59 SNPs at the 9p21.3 locus are co-inherited, the

precise nature of the functional SNPs has been difficult to elucidate.

A potential limitation of my study is that in Fig 5, | showed that when
transfecting only the constructs of both SNPs (rs10811656 and rs4977757) in HAoSMCs
by luciferase reporter assay, what we observed is due to endogenous TEADs. Specifically

| attributed the enhancer activity in both SNPs (rs10811656, rs4977757) for the risk and
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non-risk alleles in HAoSMCs to endogenous TEADs (TEAD3 and TEADA4). It was
assumed that the endogenous TEADs were responsible for this effect as TEAD consensus
sequences was used in the experiment. These results are not definitive, however, further
evidence of this effect being driven by endogenous TEADs was observed in an
experiment carried out by my colleague Naif Almontashiri (from his paper 9p21.3
coronary artery disease risk variants disrupt TEAD transcription factor-dependent TGFf
regulation of p16 expression in human aortic smooth muscle cells Circulation accepted,
soon will be published). From this research, he showed that overexperession of TEAD3
and TEAD4 or both TEAD3/TEAD4 in HA0SMCs leads to an increased expression of
pl6 (CDKN2A) for the non-risk but not the risk allele (homozygous non-risk vs. risk).
However, when knocking down TEAD3 and TEADA4, or both TEAD3/TEAD4 by the
lentiviral ShRNA, there was a downstream effect on p16 that was observed in HA0oSMCs
heterozygous for 9p21.3. An ideal experiment would have been: to knockdown TEADS3,
TEAD4, or both by introducing the shRNAs to examine whether or not the pGL3-

luciferase reporters would still have enhancer activity of TEADs family in HAoSMC.

As a summary, these findings support our results indicating that TEAD3 and TEAD4
proteins were responsible for the difference in enhancer activity between non-risk and risk

alleles.

Another limitation of my study is in Fig 4 by the western blot analysis, the same
experiment should also have been carried out for TEADS3, but because of the lack of a

good antibody, it was left out. Obviously, the same experiment for TEAD4 should have
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been better carried out in HEK293 cells in order to examine the TEAD4 expression
construct. For instance, we examined the TEAD4 expression construct in HAoSMCs
instead, because we asked whether endogenous TEADs would be sufficient to elicit the
same luciferase response differences seen in HEK293 cells. This proves that there is a
difference in enhancer activity caused by endogenous TEADs differentially binding
between the non-risk and risk alleles in the primary cell line, thus indicative of what could

be occurring in vivo.

The findings suggest that determining how polymorphisms affect TEAD-dependent
gene regulation may provide subsequent or additional information in understanding
disease association with GWAS variants. We also have found several limitations to our
study in term of: our sample size that was in general small, which may limit our statistical
analysis for identifying significant increases of the enhancer’s activity of the reporter
genes. In addition, the number of cell types in which we performed our experiments
was not so varied, which may have limited our ability to detect additional functional
variants. Our study is also limited by the fact that the 9p21.3 locus is likely to exert
multiple effects in different cell types. This was recently outlined in our review which
states that some variants at the 9p21.3 locus are pleiotropic in that they are associated with

several diseases [42].
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5 Conclusions

This thesis aimed to investigate the functional regulation of the 9p21.3 genetic
risk locus in CAD. Our study demonstrated that the intergenic region of the 9p21.3 locus
harbours regulatory elements (TEAD consensus sequences) that show enhancer activity in
luciferase reporter assays. Further, we identified 2 functional SNPs that show an effect for
the non-risk alleles in HEK293 and HAoSMCs. Bioinformatics scan analysis identified
15 SNPs in the approximate 53,202bp in length of the 9p21.3 region, but only 2 of them
appear to be functional in mediating TEAD factor-dependent regulation of the intergenic

region at 9p21.3.

In addition, rs10811656 and rs4977757 SNPs constructs including the risk and
non-risk alleles were clearly shown by EMSA to disrupt TEAD binding site, suggesting
the functionality of these SNPs for the non-risk alleles. Therefore, we were able to
demonstrate by luciferase reporter assays that TEAD3 and TEAD4 activate enhancer

activity for the non-risk but not the risk allele.

In terms of the over-expression studies of the transcription factors that activate
the non-risk but not the risk alleles, we found a highly increased enhancer activity of
TEAD3 and TEAD4 in different cells types. Taken together, our data suggest that
rs10811656 and rs4977757 are functional and disrupt specific TEAD regulatory sequences
within enhancers. Thus, enhancer sequences that respond to TEAD factors are

disrupted by the risk alleles at the 9p1.3 locus.
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In summary, our study reports findings that may provide insights to unravel the
phenomenon of cardiovascular disease. This study is a step forward in the understanding
of the functional mechanisms of the 9p21.3 locus. However, further studies such as: testing
other genetic variants of the 9p21.3 will be required for a deeper exploration of the
function of this locus in CAD. Although our study shows the functionality of these genetic
polymorphisms, the mechanisms of the 9p21.3 locus remain elusive. However, it is
expected that such studies will help to elucidate novel diagnostic and therapeutic

approaches that will alter CAD.
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List of Tables

GENE Primers

TEAD1 hTEAD For: 5’-CCACATGGTGGATAGATAGC-3’
hTEAD Rev: 5-GATCAACTTCATCCACAAGC-3’
mTEAD  For: 5>-CTGCCATCACCTCCAACGCC-3’

TEAD? mTEAD  Rev: 5’-GGTTAATTTCCTGCACAAGC-3’
mTEAD  For: 5-GCTTTCAGGAGGCCCTGGCC-3’

TEAD3 mTEAD  Rev: 5’-ACGGCCGCTTCGTGTACCGC-3’
hTEAD For: 5’-GTCCGACAGGATGATTTTGC-3’

TEAD4 hTEAD Rev: 5>-GATCAACTTCATCCACAAGC-3’

Table 1: Primers for TEAD1-4 DNA sequencing

Gene

SNPs

Primers

GATA

rs9632885
Non-risk

For: 5’- CATGTTATTAGATAATATAGTCTCAGC-3’
Rev: 5 GCTGAGACTATATTATCTAATAACATG-3’

Risk

For: 5’- CATGTTATTAGATGATATAGTCTCAGC-3’
Rev: 5 GCTGAGACTATATCATCTAATAACATG-3’

GATA

rs10757269
Non-risk

For: 5’-CAGGTTCTTTTAGATAATTTTTTTATC-3’
Rev: 5’-GATAAAAAAATTATCTAAAAGAACCTG-3’

Risk

For: 5°- CAGGTTCTTTTAGGTAATTTTTTTATC-3’
Rev: 5’- GATAAAAAAATTACCTAAAAGAACCTG-3’

Table 2: Primers were designed according to the bioinformatics scan analysis for
PCR and sequencing for the 2 GATA SNPs.
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SNP Non-risk oligonucleotides Risk oligonucleotides
rs10811656
5’GGTGTGGTCATTCCGGTAAGCAGCG 3’ 5’GGTGTGGTCATTCTGGTAGGCAGCG3’
5’CGCTGCTTACCGGAATGACCACACC 3 5’CGCTGCCTACCAGAATGACCACACCY®
rs4977757

5 GAGTATCTTTGTGGCATTCTCTGTATTTCC3’
5’AGGAAATACAGAGAATGCCAAAAGATAC3’

5S’GAGTATCTTTGTGGCGTTCTCTGTATTTCCT 3’
5’AGGAAATACAGAGAACGCCACAAAGATACTC3

Table 3: Oligonucleotides used for the SNP constructs rs10811656 and

rs4977757 for the risk and non-risk alleles.
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SNP Binding -
element (non- (Binding element | Transcriptio Source of Predict risk Testing method
risk) (risk) n factors nuclear Allele affect
extracts
rs10811656 GGTCATTCCGG | GGTAGGCAG | TEAD4/TEAD3 | HAoSMCs/HeLacells | Disrupted | EMSA(+) | Reporter
binding Assay(+)
rsa977757 TGGGAATGCT |TGGGAAAGCTT | TEAD4/TEAD3 | HA0SMCs/HeLacells | Disrupted | EMSA(+) | Reporter
binding Assay(+)

Table 4: Summary showing the sequence for the binding elements for the risk and non-
risk alleles with the transcription factors involved in the disruptive binding

examined by EMSA which functionally was further analyzed by luciferase
reporter assay.

- 65 -




SNP Non-Risk Oligonucleotides Risk Oligonucleotides
rs10811656 5> GGTGTGGTCATTCCGGTAAGCAGCG 3° 5> GGTGTGGTCATTCTGGTAGGCAGCG 3’
5> CGCTGCTTACCGGAATGACCACACC ¥’ 57 CGCTGCCTACCAGAATGACCACACC 3
rs4957777 5> GAGTATCTTTGTGGCATTCTCTGTATTTCCT 3’ 5 GAGTATCTTTGTGGCGTTCTCTGTATTTCCT 3’
5> AGGAAATACAGAGAATGCCACAAAGATACTC 3’ | 5> AGGAAATACAGAGAACGCCACAAAGATACTC 3’
rs9632885 5> ATGTTATTAGATAATATAGTCTCAG 3’ 5 ATGTTATTAGATGATATAGTCTCAG 3’
5> CTGAGACTATATTATCTAATAACAT 3° 5" CTGAGACTATATCATCTAATAACAT 3’
rs10757269 5> AGGTTCTTTTAGATAATTTTTTTAT 3° 57 AGGTTCTTTTAGGTAATTTTTTTAT 3’

S’ATAAAAAAATTATCTAAAAGAACCT 3’

5> ATAAAAAAATTACCTAAAAGAACCT 3’

Table 5: Summary of oligonucleotides used for EMSA (Electrophoretic

mobility shift assay) to test transcription factor binding to different

SNPs.
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