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Abstract

Coronary artery disease (CAD) is the leading cause of death worldwide caused by a
complex array of environmental and genetic factors. In recent years, the CARDIoGRAM
Consortium has identified dozens of novel CAD-associated loci, including
COLA4A1/COL4A2 and SMAD3. The goals of this project were two-fold. First, to identify
functional CAD-associated SNPs (single nucleotide polymorphisms) at these loci and
investigate how these common polymorphisms alter CAD risk. Second, to determine if the
COLA4A1/COL4A2 and SMAD?3 loci display both biological interaction and statistical
interaction in the context of atherosclerosis. COL4A1 and COL4A?2 are critical components
of vascular basement membranes and have many additional roles in the vessel wall. SMAD3
is a transcription factor that is a key mediator in the canonical TGFp signaling pathway. In
the first section of this thesis, I show that COL4A1/COL4A2 and SMAD3 display biological
interaction in that the TGFp-mediated upregulation of COL4A1 and COL4A?2 is dependent
on SMAD3. Furthermore, we were able to identify a COL4A2-SMAD3 SNP pair that
displayed a highly significant statistical interaction for CAD association, highlighting that
perturbations of the SMAD3/type IV collagen signaling axis contribute to the pathogenesis
of atherosclerosis. The second section details the characterization of a novel functional
CAD-associated SNP at the SMAD3 locus. The rs17293632 SNP, highly linked to the
rs56062135 index SNP reported by CARDIoGRAM, disrupts a conserved AP-1 binding site
in intron 1 of the SMAD3 gene. rs17293632 lies within a strong enhancer in many cell types,
including arterial smooth muscle cells. The minor, protective allele (T) at rs17293632
disrupts binding of AP-1 proteins, lowers the activity of this enhancer and lowers SMAD3

mRNA levels in humans in both whole blood and carotid plaque tissue. Altogether, AP-1
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regulation of SMAD3 enhancer activity suggests a novel regulatory mechanism relevant to
the pathogenesis of CAD. The third section summarizes efforts to characterize the
mechanisms whereby the independent rs4773144 and rs9515203 SNPs at the
COL4A1/COLA4A2 locus associate highly with CAD. We were unable to identify causal
SNPs at the COL4A1/COL4A2 locus, highlighting the challenges of post-GWAS
characterization of some CAD-associated loci. The experiments with SNPs at
COL4A1/COL4A2 demonstrate the challenges in defining mechanisms whereby noncoding

DNA variants can lead to common disease.
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1 INTRODUCTION

1.1 Pathogenesis of Coronary Artery Disease

Cardiovascular disease (CVD) is one of the leading causes of death and disability in
Western countries as well as worldwide!™. Coronary artery disease (CAD), the most
common form of CVD, is a complex disease resulting from the subendothelial accumulation
of atherosclerotic plaques in the coronary arteries. Atherosclerosis is the process underlying
CAD and is considered a state of chronic inflammation in response to lipid deposition that
ultimately results in the thickening of the arterial wall and often narrowing of the lumen of
the coronary artery and restricted blood flow to the myocardium®. The processes of
atherosclerosis and CAD involve numerous cell types and stages, beginning with plaque
development and often ending with plaque rupture and resulting thrombosis and myocardial

infarction (MI).

In humans, the first stage of atherosclerosis involves development of early lesions, or “fatty
streaks”, within the arterial vessel wall (Figure 1A). These early lesions consist of
cholesterol and lipid-engulfed macrophages, called foam cells, in addition to modified
lipoproteins and various types of immune cells, including T cells and to a lesser degree
polymorphonuclear leukocytes’. Fatty streaks can develop early in life, as studies have
shown presence of fatty streaks in the aortas of children, coronary arteries of adolescents,
and peripheral vessels of young adults®~!. Initiation of fatty streaks occurs through the
subendothelial accumulation of lipoproteins, primarily low density lipoprotein (LDL) in

focal areas of arteries!!. Factors determining the location of LDL accumulation in the
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Figure 1. Stages of atherosclerosis progression in a human coronary artery. (A) The initial
stage of atherosclerosis begins as a fatty streak. Originally atherogenic lipoproteins such as
LDL enter the intima, where they become modified and accumulate in the subendothelial
space. These modified lipoproteins become engulfed by macrophages, which often become
foam cells that are one of the key features of fatty streaks. (B) In intermediate
atherosclerotic lesions, vascular smooth muscle cells from the media migrate to the intima.
These vascular smooth muscle cells proliferate and secrete large amounts of extracellular
matrix. Intermediate lesions have a heightened inflammatory state, including the presence of
other leukocytes and T cells. (C) In advanced lesions prone to plaque rupture and
thrombosis, a necrotic core forms from the death of foam cells and release of cell debris and
cholesterol. (D) In plaques that do not rupture, the lesion continues to grow and can obstruct
the lumen of the coronary artery and lead to angina.

Figure taken from Rader and Daugherty, (2008) Translating molecular discoveries into new
therapies for atherosclerosis. Nature 451(7181): 904-913, with permission. License
agreement number 3800840087532.



arteries include the local vascular endothelium and physical forces such as blood flow and
shear stress’. Endothelial cells in the tubular regions of arteries, containing uniform and
laminar blood flow, are aligned with the direction of blood flow and are less permeable’. In
contrast, endothelial cells located in regions of arterial curvature or arterial branch points
where flow is disturbed show increased permeability to LDL and are much more likely to

comprise sites of lesion formation’"!2.

Endothelial activation promotes synthesis of extracellular matrix proteins that result in
diffuse intimal thickening and aid in retention of apolipoprotein B (apoB) containing
lipoproteins, primarily LDL, in the intima'?. The presence of negatively charged
extracellular matrix proteoglycans on endothelial cells contributes to recruitment/retention
of LDL particles within the intima through electrostatic interactions'*!#, Other apoB
containing lipoproteins such as lipoprotein(a) can also accumulate in the intima and promote
atherosclerosis at this early stage’. Elevated levels of apoB containing particles increase risk
of atherosclerosis'? and in humans the majority of serum cholesterol is carried by LDL

particles®.

Once atherogenic LDLs enter the intima, they undergo modifications such as oxidation,
enzymatic activity (by myeloperoxidase or lipoxygenases released from inflammatory cells),
and non-enzymatic cleavage®!?!3. Oxidative modifications to LDL can occur in both the
lipid and apolipoprotein (apoB) components of LDLS. The different modifications to the
retained lipoproteins are thought to mimic pathogen and/or damage-associated molecular
patterns (PAMPs/DAMPs), rendering LDL particles pro-inflammatory!!. These LDL

modifications also lead to LDL aggregation within the extracellular space of the intima®!2.



The presence of oxidized lipids and oxidized LDL within the intima triggers endothelial cell
expression of adhesion molecules as well as endothelial secretion of chemokines. Several
cell adhesion molecules expressed by endothelial cells are involved in intimal monocyte
recruitment, including VCAM-1 and ICAM-1%'°. Endothelial cell expression of adhesion

molecules and secretion of cytokines drive infiltration of immune cells into the intima.

Monocytes recruited to the subendothelial space from the inflammatory response
differentiate into phagocytic macrophages once they are in the vessel wall and proceed to
engulf the modified LDLs*!2. Macrophages that take up excess levels of atherogenic
lipoproteins become lipid rich foam cells, one of the hallmarks of fatty streaks®!*1¢, LDL
particles that are highly modified are no longer bound by the LDL receptor, but instead are
taken up by macrophages by scavenger receptor proteins®. Although foam cells harbour
large of amounts of cholesterol and cholesteryl esters, they are unable to catabolize
cholesterol. In addition to foam cells, infiltration of T cells into the subendothelial space is

another key feature of fatty streaks'>!°,

While the fatty streak represents an early stage in atherosclerotic lesion progression, the next
stage involves plaque growth and formation of the fibrous cap (Figure 1B). As
atherosclerosis progresses, the inflammatory situation underway in the early atheroma in
combination with the cytokines and growth factors secreted by macrophages and T cells
result in smooth muscle cells from the medial layers of blood vessels starting to proliferate
and migrate towards the intimal layer’”-!”. Proliferating intimal smooth muscle cells may also
ingest modified lipoproteins and further contribute to foam cell formation®®. This smooth

muscle cell proliferation and migration involves “activation” or “phenotypic switching” of



smooth muscle cells. Smooth muscle cells in the artery normally have a quiescent and
contractile phenotype'!. The inflammatory context in atherosclerosis results in smooth
muscle cells downregulating differentiation markers such as smooth muscle a-actin
(ACTAZ2), smooth muscle myosin heavy chain (MYHI11), and SM22a/transgelin
(TAGLN)'!. Increased smooth muscle cell proliferation at this stage of atherosclerosis
coincides with increased synthesis of extracellular matrix proteins (primarily collagen),
proteoglycans, and other proteins involved in plaque stabilization (“synthetic phenotype”)'!.
Eventually a fibrous cap forms that lies over the lipid core and provides structural stability
for the atherosclerotic lesion and protects against plaque rupture and thrombosis’!. As the
plaque grows, the arterial lumen sometimes narrows that can lead to hampered blood flow to

the heart and ischemia induced chest pain or angina'>.

As atherosclerotic plaques develop into more advanced stages, they become more complex
and numerous other events occur. One feature of plaques as they continue to progress is
apoptosis. Death of lipid laden macrophages and foam cells results in the deposition of
tissue factor (TF) in the extracellular space'®!°. Recent work in a mouse model for CAD has
shown that macrophages accumulate in plaques not only through monocyte infiltration but
also through local proliferation®’. Another characteristic of atherosclerotic lesions as they
progress is that calcification begins to occur, similar to mechanisms that occur in bone
formation!”?!. Neovascularization also occurs in advanced lesions, where the growth of

small vessels from the media could provide a mechanism for entry of inflammatory cells’.

Rather than being fixed, fibrous caps are dynamic and can undergo substantial remodeling

(Figure 2)*2. While fibrous caps are stable, with interstitial collagens (I and III) providing
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Figure 2. Properties of a healthy non-atherosclerotic artery, an artery containing a stable
plaque, and an artery containing a vulnerable plaque that is prone to rupture. During the
early stages of atherosclerosis, the intima typically grows outward and does not greatly
block the lumen. Plaques that are prone to rupture and lead to myocardial infarction have a
prominent lipid pool, a large contingent of inflammatory cells and a thin fibrous cap.
Conversely, stable plaques have lower amounts of lipids and inflammatory cells and copious
amounts of extracellular matrix that provide a thick fibrous cap that is difficult to rupture.

Figure taken from Libby and Aikawa, (2002) Stabilization of atherosclerotic plaques: New
mechanisms and clinical targets. Nature Medicine 8(11): 1257-1262, with permission.
License agreement number 3800841059061.



mechanical strength, some plaques can progressively become more vulnerable to rupture?2.
These vulnerable plaques have a heightened inflammatory state, thinning of the fibrous cap,
abundance of lipid-laden macrophages, and a large necrotic core®’-!!?2, Fibrous cap thinning
is due to a combination of secretion of matrix metalloproteinases (MMPs) that degrade
collagen and extracellular matrix as well as decreased synthesis of collagen by smooth
muscle cells'!?>2%, The necrotic core of vulnerable plaques results from the extracellular
accumulation of lipids that accumulate and subsequently coalesce!’. Plaque necrosis occurs
from a combination of lesional macrophage apoptosis and ineffective clearance of these

apoptotic cells that results in primary necrosis' %,

Although atherosclerotic lesions develop over decades, atherosclerosis is often
asymptomatic until plaques rupture, culminating in thrombosis formation, acutely blocking
blood flow to the heart and commonly resulting in MI and death. Therefore plaque
composition and vulnerability are key components and more important than plaque size in
determining the risk of MI in patients'®. Thrombus formation can be attributed to at least
two different events. First, the plaque lesion surface can rupture exposing the thrombogenic
subendothelial layer of the blood vessel. Second, the fibrous cap of smooth muscle cells can
erode leading to exposure to thrombogenic molecules’. Synthesis and release of TF by
endothelial cells and macrophages in the plaque contributes heavily to the thrombosis

procedure upon plaque rupture/erosion’.

More recent studies suggest there is more ambiguity than previously believed with respect to
the lineal origins of cells within the atherosclerotic plaque. Prior studies investigating

functions of macrophages and smooth muscle cells in atherosclerosis have yielded



controversial findings due to ambiguity in properly differentiating between these cell
types>*%. For example, plaque smooth muscle cells can start to express some macrophage
markers and conversely, macrophages can start to express some smooth muscle cell
markers?*. Further complicating detection, this coincides with decreased expression of
smooth muscle cell differentiation markers. It is now believed that the smooth muscle cell

content of plaques has been greatly underestimated?*.

1.2 Genetics of Coronary Artery Disease

Previous studies have indicated that CAD is a heritable trait that clusters in families.
Genetics accounts for approximately 40-50% of CAD risk?®. Data collected in a cohort of
20,966 Swedish twins collected over 36 years identified the heritability (4?) of fatal CAD
events is 57% in men and 38% in women?’. Heritability of CAD is greatest for premature
CAD. The majority (72%) of early onset CAD cases (men < 55 years, women < 65 years),

and 48% of total CAD cases of any age, have a family history of CAD?,

In general, CAD risk is the result of numerous common genetic polymorphisms?*-°.

However, there have been several molecular genetic studies on rare, Mendelian disorders
that predispose to early CAD. Mutations in these genes often drastically affect the levels of
either LDL or HDL*'. Some Mendelian diseases that involve premature CAD include
familial hypercholesterolemia (defects in the LDLR gene) that results in defective binding of
LDL to its receptor, familial defective apoB (defects in the APOB gene) that leads to
impaired binding of apoB to the LDL receptor, gain of function mutations in PCSK9, and

apoAl deficiency (defects in the APOAI gene) that leads to low HDL3!,
10



Many studies that originally sought to dissect the genetic basis of CAD performed linkage
analysis in families. While linkage studies are often successful for single-gene disorders,
they are more difficult for common and complex diseases and have been criticized for being
difficult to reproduce®'. Other early studies for identifying risk loci for CAD performed
candidate gene studies. These studies investigated genes with prior known roles in
atherosclerosis pathogenesis, including genes involved in lipoprotein metabolism,
inflammation, and thrombosis®'. Once again, candidate gene studies have been difficult to
reproduce with a high occurrence of false positive results®'. Another drawback to the
candidate gene approach is the exclusion of intergenic regions, which constitute a large

proportion of the genome that includes DNA elements such as enhancers™.

1.3 Genome-Wide Association Studies for Coronary Artery Disease

Genome-wide association studies (GWAS) are approaches to examine association of DNA
variants, typically single nucleotide polymorphisms (SNPs), with common diseases and
complex traits**. GWAS are designed to compare DNA markers between a set of cases with
a particular disease or phenotype and set of carefully matched controls without the
disease/phenotype. GWAS are thus considered to be phenotype-first studies as opposed to
genotype-first studies. Most GWAS that have been conducted to date probe for common
SNPs and DNA variants, in accordance with the common disease-common variant
hypothesis. This hypothesis states that complex diseases such as CAD are the result of the

accumulation of the effects of numerous SNPs found commonly in the population®*.
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Individually, these disease-associated SNPs would have modest effect size but in

combination result in a diseased phenotype.

GWAS are typically performed using chip-based microarray technology that interrogate
approximately one million SNPs. The two most common genotyping platforms for GWAS
are products from Illumina and Affymetrix, which differ in terms of technology and SNP
selection®. Typically, the results of a statistical test are denoted as significant and the null
hypothesis is rejected if the p value is below 0.05. Using p = 0.05, 5% of the time there will
be false positive results where the null hypothesis is rejected when actually true. However,
since typically a million SNPs are directly genotyped in a GWAS study, using a p value cut-
off of 0.05 will yield a tremendous amount of false-positive disease associations. To
eliminate false positive results, published GWAS apply and report Bonferroni correction,
which adjusts the p value cut-off for the number of statistical tests performed™®. If a million
SNPs are genotyped in a GWAS study, the p value of 0.05 has to be divided by a million, to
give a cut-off of p < 5 x 10 (0.05/1,000,000). Arguments are made that Bonferroni
correction is overly conservative due to linkage disequilibrium (LD) between GWAS
markers, which may result in important disease markers that are nominally significant being
missed®’. An alternative to applying Bonferroni correction for GWAS is to determine the
false discovery rate (FDR). Since GWAS directly interrogate only a subset of SNPs in the
genome, GWAS datasets undergo a process called imputation to fill in genotypes for the
remaining SNPs that were not genotyped?>. Genetic imputation exploits already known LD
patterns and haplotype frequencies from reference panels such as HapMap and the more

recent 1000 Genomes Project™.
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Due to the stringent Bonferroni threshold for statistical significance, most GWAS require
large sample sizes to generate a sufficient number of disease-associated signals**. GWAS
typically used a tiered approach, whereby disease-associated SNPs are first identified in a
cohort referred to as the discovery set. These SNPs are then often carried forward and
genotyped in a cohort referred to as a replication set, which helps in the identification of

false-positive associations®.

The first GWAS for CAD were published in 2007 and all highlighted the 9p21.3 locus as
showing the strongest association with CAD. The first study to report 9p21 as highly
associated with CAD was published by our laboratory in Science that year. A 58 kb interval
at this 9p21 locus was consistently associated with CAD in more than 23,000 samples
comprising four Caucasian populations, including our own Ottawa Heart Study samples®¢. In
the same issue of Science, a GWAS containing samples from Iceland and the United States

I?7. Similar to the results from

reported variants at the 9p21 locus highly associated with M
McPherson et al. the SNPs at 9p21 associated with MI are in a large LD block spanning
several dozen kilobases. Another notable GWAS for CAD was conducted by Samani et al.
and published in the New England Journal of Medicine later on in 20073, This GWAS used
samples from the Welcome Trust Case Control Consortium study (WTCCC), containing
1926 cases with CAD and 2938 controls, as the discovery population and the German MI
Family Study, containing 875 cases with CAD and 1644 controls, as the replication cohort.

Similar to the studies published in Science, the 9p21.3 locus showed the strongest

associations with CAD in both the WTCCC and German MI studies?®.
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The CAD-associated SNPs at the 9p21 locus are in proximity to the CDKN2A and CDKN2B
genes, which encode the p16™%4A p14ARF, and p15™“B proteins*®37. These proteins are
tumour suppressors with important roles in cell proliferation and apoptosis*®. Furthermore,
this 9p21 CAD risk interval overlaps with a recently discovered noncoding RNA termed
ANRIL (also known as CDKN2BAS) that spans 126.3 kb and partially overlaps with the 5’
end of CDKN2B*. After the identification of 9p21 as the most robust CAD association and
the characterization of ANRIL*!, dozens of studies have attempted to functionally
characterize CAD variants at this locus. There is currently no consensus as to the
mechanisms whereby these risk variants are involved in CAD pathogenesis. This locus does
not associate with the traditional CAD risk factors, thus suggesting a novel pathogenic
mechanism. In addition to CAD, GWAS have been conducted for individual CAD risk

factors, including type II diabetes, blood lipids, smoking behaviour, and blood pressure’*-2,

1.4 CARDIoGRAM and CARDIoGRAMPlusC4D Studies

In order to further elucidate the genetic basis of CAD, the CARDIOGRAM (Coronary
ARtery DIsease Genome-wide Replication and Meta-analysis) Consortium was established
to generate a meta analysis of CAD GWAS from across North America and Europe. The
beginnings of the CARDIoGRAM study consisted of a meta analysis of 14 CAD GWAS

t*2. This was

comprising 22,233 CAD cases and 64,762 controls all of European descen
followed by genotyping the top association signals in 56,682 additional individuals. The
original CARDIoGRAM study, published in Nature Genetics in 2011, identified 13 novel

loci associated with CAD (reaching genome-wide significance threshold of p<5x107%), and
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confirmed association of 10 out the 12 loci that had previously been reported to be
associated with CAD. For the 13 novel CAD-associated loci, the risk alleles were all
common in the population (minor allele frequency greater than 5%), and had odds ratios
ranging from 1.06 to 1.17. Most of the novel CAD-associated loci that were identified were
not associated with traditional CAD risk factors, suggesting these novel loci are involved
with new and unidentified mechanisms in the pathogenesis of CAD. The rs4773144 SNP at
the COL4A1/COL4A?2 locus, at chromosome 1334, one of the two loci investigated in this
project, was first identified in this paper. The loci identified in this first CARDIoOGRAM
paper, along with the lead SNPs of previously published loci, accounted for approximately

10% of the additive genetic variance of CAD*2.

The second CARDIoGRAM paper was published in 2013 in Nature Genetics* in
collaboration with the Coronary Artery Disease (C4D) Genetics Consortium* (referred to as
CARDIoGRAMplusC4D). The C4D Consortium originally published a meta analysis of
four large genome-wide association studies for CAD in a discovery data set consisting of
individuals of European and South Asian descent (mostly from India and Pakistan)*’. This
C4D meta analysis identified five novel loci associated with CAD. The original
CARDIoGRAM discovery data set (22,233 cases and 74,762 controls) was expanded to
include 34 additional CAD sample collections of European and South Asian descent,
consisting of 41,513 CAD cases and 65,919 CAD controls. This study identified 15 loci
reaching genome-wide significance and increased the number of CAD susceptibility loci to
46. This second CARDIoGRAM paper identified another CAD-associated SNP at the
COLA4A1/COL4A2 locus, rs9515203, which is independent from the rs4773144 SNP

reported in the first CARDIoOGRAM study.
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The third CARDIoGRAM/CARDIoGRAMplusC4D paper was published in October 2015 in
Nature Genetics*. The novel feature of this latest CARDIoGRAM paper was use of 1000
Genomes Project data and imputation to expand coverage to investigate many more variants,
including insertions/deletions and less common SNPs with a minor allele frequency (MAF)
between 0.05 and 1.0 %. The use of 1000 Genomes Project imputation allowed low
frequency variants (MAF < 0.05) to be probed which was not possible in previous
CARDIoGRAM papers. This CARDIoGRAM paper comprised 48 studies (European, South
Asian, and East Asian ancestry) with 60,801 CAD cases and 123,504 controls. After
interrogation of 6.7 million common variants (MAF > 0.05) and 2.7 million low frequency
variants (0.005<MAF<0.05), ten new CAD-associated loci were identified. 8 of these loci
showed significance under an additive model and 2 showed significance under a recessive
model. One of the new CAD association signals was rs56062135 in SMAD3 on chromosome
15, further investigated in this thesis. Joint association analysis conducted in this paper
identified 202 FDR variants (q value < 0.05) in 129 loci that were associated with CAD. The
majority of these 202 FDR variants were common variants, with half mapping to previously
reported GWAS loci. Out of these 202 FDR variants, 7 independent CAD-associated SNPs

mapped to or beside the COL4A 1/COL4A2 locus on chromosome 13.

1.5 Coronary Artery Disease Pathway Analysis, Gene-Gene Interactions and

Epistasis

Although GWAS have been very successful at identifying dozens of novel CAD-associated

loci, including many not associated with traditional risk factors, a number of limitations still
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exist?®. First, the majority of CAD-associated loci reported by CARDIoGRAM have modest
effect sizes, with odds ratios typically less than 1.3. In aggregate, these loci when considered
independently still only explain a small fraction of CAD heritability (approximately 20%)**.
The most recent CARDIoGRAMPIlusC4D paper also disproved the theory that some of the
missing CAD heritability is due to low frequency variants of large effect size**. Second, it is
difficult to follow up identification of individual GWAS loci with identification of
mechanisms and pathways of relevance that contribute to CAD?® and the causal mechanisms

for the majority of these CAD-associated loci remain to be elucidated. In addition, current

GWAS for CAD have low power to capture gene-environment interactions.

To delve further into the genetic architecture of CAD and gain more insight into causal CAD
pathways, the CARDIoGRAM Consortium performed pathway analysis*’. A systems
genetics approach was conducted by taking large-scale GWAS data for CAD and integrating
with pathways (gene sets) from REACTOME. A two stage gene set enrichment analysis was
employed using 7 meta analyzed CAD GWAS data sets in the discovery cohort and 9
additional meta analyzed studies in the replication cohort. Overall, 32 REACTOME
pathways demonstrated significant association with CAD, including TGFB/SMAD receptor
complex, extracellular matrix integrity, collagen formation, and cell-extracellular matrix

interactions®.

Overall, CAD is a complex disease for which variation between individuals is determined by
many variants, all of which have small effects. GWAS search for simple additive effects,
whereby all causal variants display independent, additive, and cumulative effects on the

trait*®*’. However, the question arises whether these polymorphisms act independently or
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are instead dependent on other polymorphisms across the genome. These interactions
between polymorphisms, or interactions between genes, are defined as epistasis. Epistasis
can be both functional/biological and statistical. Functional epistasis describes when the
biological effect of one variant is dependent on the genotype of another variant. Statistical
epistasis refers to interaction variance that explains effects of causal variants that is more
than their independent effects*®. Shedding light on functional epistasis can highlight and
further explain important mechanisms in complex diseases. In addition, identifying instances
of statistical epistasis may uncover some of the missing heritability of complex diseases
such as CAD and be a beneficial tool for prediction of complex traits based on genotype
information*®. The extent in which epistasis influences complex traits is a topic of

considerable interest and debate in human genetics and evolution®’.

Although many gene-gene interactions are likely to occur throughout the genome, they have
been difficult to detect for a number of reasons. One of these is that since there are millions
of SNPs in the human genome, the computational power required to carry out such a high
number of pairwise tests is substantial. Second, due to the high number of pairwise tests a
high degree of false positives is likely using a cut-off of p<0.05. If Bonferroni correction is
applied to such a high number of tests, few gene-gene interactions would be strong enough
to pass the Bonferroni cut-off value*®. Large sample sizes are often required for successfully

detecting interactions, but this is not always possible*S.

To overcome these hurdles and enable detection of epistasis stemming from human GWAS
and improve power, several methods of filtering have been employed. These filtering

methods prioritize either candidate genes or SNPs using prior biological knowledge. This
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can encompass previously known pathway information, protein-protein interactions, or
published GWAS hits*5!. Usage of prior biological knowledge reduces the computational

power and reduces the number of pairwise tests required for epistasis analysis.

To date only a few studies have reported epistasis in the context of CAD, and these have
typically employed candidate gene approaches>>™*. A recent study using patients from the
British Heart Foundation (2,101 CAD cases and 2,426 controls) conducted a primary
analysis investigating pairwise interactions among 913 independent common SNPs
(MAF>0.1) nominally associated with CAD and a secondary analysis among 11,332
independent common SNPs meeting quality control criteria®. For both these analyses
several dozen suggestive interactions were detected but did not reach statistical significance

after correction for multiple testing.

1.6 COL4A1/COL4A2 Locus

One of the two loci studied in this project was COL4A1/COL4A2 that maps to chromosome
13q34°°. The COL4A1 and COL4A2 genes are arranged in a head-to-head conformation and
are transcribed on opposite strands. COL4A?2 is transcribed on the forward strand whereas
COLAA1 is transcribed on the reverse strand. COL4A1 and COL4A2 belong to the type IV
collagen family, along with other members COL4A3, COL4A4, COL4AS, and COL4A6.
COLA4A3-COL4A4 and COL4A5-COL4A6 have similar pairwise head-to-head orientations
on the same chromosome. Unlike genes coding for the fibrillar collagens (ie. types I, 11, III,
and V collagen), COL4AI and COL4A2 do not have the typical 54 bp exon repeating units>’.

Both COL4A1 and COL4A2 are very large genes, being approximately 158 kb and 207 kb in
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size, respectively. Furthermore, COL4AI contains 52 exons whereas COL4A2 contains 48
exons®, Both genes contain numerous large introns, many of which are several kilobases in
size. Despite high degrees of sequence homology of the corresponding proteins, the

COL4A1 and COLA4A2 genes have diverged a substantial amount over time’®,

In relation to their head-to-head orientation, the COL4A 1 and COL4A2 genes share a
common, small, bidirectional promoter region of 127 bp>*®°. This arrangement of the type
IV collagen genes with a bidirectional promoter is also found in mice®!. By itself, the
COL4A1/COLA4A2 bidirectional promoter has no intrinsic transcriptional activity>®. Instead,
transcriptional activity of the COL4A1 and COL4A2 genes requires the bidirectional
promoter sequence in concert with proximal regulatory sequences beside the promoter at the
5’ ends of the COL4A 1 and COL4A2 genes. These proximal regulatory sequences needed
for transcriptional activity consist of both intronic and exonic elements®2. In vivo analysis of
the transcription rates of the COL4A1 and COL4A2 genes indicates COL4A is transcribed

more efficiently than the COL4A2 gene, at an approximate ratio of 2:1%

. This subsequently
corresponds to the ratio of 2 COL4A1 chains to 1 COL4A2 chain in the protein triple

helices®.

This COL4A 1/COLA4A?2 bidirectional promoter does not contain a TATA box for
transcription initiation, suggesting that there are likely several different sites that could
facilitate transcription initiation>®. The arrangements of the COL4AI and COL4A2 genes on
chromosome 13 are not the only cases of genes sharing a common, bidirectional promoter.
The gall-gall0°* and histone H2A-H2B® genes in yeast, yp1-yp2°® and surfeit loci®’ in

Drosophila, and viral genomes of simian virus-40 (SV40)® and adenovirus® all have

20



characterized bidirectional transcriptional units. In humans potentially 10% of genes are part

of bidirectional gene pairs (separated by less than 1000 base pairs)’’.

Although the structure of the regulatory elements required for COL4AI and COL4A2 gene
expression have been well mapped, little is known about the transcription factors and other
elements that bind to the COL4A 1/COLA4A?2 bidirectional promoter region. A new nuclear
factor regulating transcription of both the human COL4AI and COL4A2 genes was
discovered that binds the promoter in vitro and recognizes a homopyrimidine/purine
sequence called a “CTC box.” This novel nuclear factor was thus termed CTCBF (CTC-
binding factor), and was shown to be necessary for efficient transcription of both genes’!. In
addition to CTCBF, the COL4A1/COLA4A?2 bidirectional promoter can bind the general
transcription factor Sp172, with a Sp1 binding GC box located in the middle of the
promoter™. There is also a CCAAT box in the promoter ~100 bp upstream of the start site
for COL4A2 transcription that binds a protein called CCAAT-binding factor. Some of these
transcription factors have differential effects on transcription of the COL4AI and COL4A2
genes’?. More recent studies have since clarified the COL4A1/COLA4A2 bidirectional
promoter represents an overlapping region of two gene-specific promoters that use the same

regulatory elements with differential efficacy®*"2.

Besides regulation at the transcriptional level, the COL4A1 and COL4A2 gene products are
regulated by post-transcriptional events such as mRNA stability, alternative splicing, rate of
translation, and posttranslational modifications and secretion. While the ratio of steady state
of COL4A1 and COL4A2 is often 2:1, these ratios can vary depending on the specific

tissue’>"4,
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1.7 COL4A1 and COL4A2 Proteins

The COL4A1 and COL4A?2 proteins make up the primary structural components of
basement membranes, which are specialized extracellular structures/matrices that provide
tissue structure and influence cellular behaviour’”. Basement membranes are amorphous,
dense, sheet-like structures that are present throughout the entire body and form
compartments within tissues’®. Typically, basement membranes are 50-100 nm in thickness,
are produced by most cell types, and are similar to extracellular matrix’®. Basement
membrane layers separate endothelial and epithelial cell layers from the underlying
mesenchyme’>. The presence of basement membranes is crucial for life since mutations in
basement membrane proteins give rise to numerous disorders and phenotypes affecting
many different organs’>. Basement membranes serve as extensions of cellular plasma
membranes, protecting tissues from disruptive physical stresses, and are interactive
interfaces between cells and the surrounding environment, allowing for transmission of
signals between these entities’’. Basement membrane signaling is traditionally facilitated by

integrins, growth factors, and dystroglycan’’.

The most characterized basement membrane components are type IV collagen, laminins,
nidogens, and perlecan’>’’. Laminins are abundant basement membrane heterotrimeric
glycoproteins consisting of an a, 3, and y chain that can form numerous different
combinations. Laminins are typically cruciform shaped proteins that can bind to other cell
membrane and extracellular matrix proteins75 . Laminins contribute to cell attachment,
differentiation, maintenance of cell phenotype, promotion of tissue survival, and cell shape

and movement’8. Nidogens are proteins found in all basement membranes that contain three
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globular domains, connected by thin rod-like domains. The roles of nidogens are less clear,
however, they help facilitate network formation’>’®, Perlecan (HSPG2) is a large heparin
sulfate proteoglycan that has numerous binding partners, including other basement
membrane proteins, integrins, and growth factors. Functions of perlecan include facilitating
cell and growth factor signaling as well as basement membrane maintenance’. Overall,
approximately 50 different proteins make up the basement membrane, including various

other forms of collagen’®.

Type IV collagen is only found in basement membranes and consists of six o chains (al-a6,
COL4A1-COL4A6)™. These a chain type IV collagen monomers form heterotrimers
consisting of various combinations of COL4A1-COL4A6. Most type IV collagen is
composed of 2 COL4AT chains in combination with 1 COL4A?2 chain, which are found in
all tissues. The distribution of COL4A3, COL4A4, COL4AS, and COL4A®6 is restricted to
specific tissues’®. Each type IV collagen chain contains three separate, distinct domains.
There is an amino-terminal domain highly enriched in cysteine and lysine amino acids, a
long collagenous domain consisting of the three amino acid repeat Gly-X-Y (where X and Y
are variable residues) approximately 1400 amino acids in length, and a carboxy terminal

non-collagenous domain (NC1)7679-80,

The synthesis of COL4A1 and COL4A2 proteins is a complex process involving numerous
post-translational modifications. These co-ordinated modifications include removal of a
signal peptide in the endoplasmic reticulum, as well as hydroxylation of numerous lysine
and proline amino acids’®®!. Each individual type IV collagen chain is heavily glycosylated,

containing ~50 hydroxylysine-linked disaccharide units in the collagenous domain and an
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asparagine-linked oligosaccharide unit near the amino terminus®2. Biosynthesis of COL4A1
and COL4A?2 also requires one or more specific molecular chaperone proteins, including
heat shock protein 47 (HSP47), which is necessary for proper folding of the individual
collagen chains’®. HSP47 binds to and stabilizes the triple helical region of collagen chains
on their way from the endoplasmic reticulum to the Golgi®*%. Formation of proper type IV
collagen trimers and secretion via the secretory pathway requires several posttranslational
modifications mediated by an array of proteins including protein disulfide isomerase (PDI),
peptidylprolyl isomerase (PPIA), and various hydroxylases®!. Secretion of type IV collagen
proteins requires trafficking vesicles, of which the protein TANGOI is a key component,

due to the large molecular weight of type IV collagens®.

Assembly of COL4A1 and COL4A2 into a larger type IV network consists of several tiers at
the macromolecular level (Figure 3). First, individual COL4A1 and COL4A?2 chains initiate
assembly into trimers (“protomers”) through interaction between three NC1 domains. The
NC1 domains are crucial for proper molecular recognition and determine the stoichiometry
of the COL4A1 and COL4A2 chains®®. Next, protomer trimerization occurs like a zipper,
going from the carboxy terminus to the amino terminus. The collagenous domain made up
of Gly-X-Y amino acid repeats is responsible for forming a helical structure’®%’. Once type
IV collagens form trimeric protomers (2 COL4A1 chains and 1 COL4A2 chain), these
protomers then form dimers through binding of NC1 ends to each other, forming a NC1
hexamer. Finally, four type IV collagen protomers can interact via their N-terminal 7S
regions to form tetramers’®. The cysteine and lysine residues at the amino terminus 7S
domains are important for interchain cross-linking of four type IV collagen heterotrimers

together, via disulfide bonds and lysine-hydroxylysine crosslinks’®8!,
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Figure 3. Assembly of individual type IV collagen proteins into triple helices (protomers
consisting of 3 a chains) and subsequent organization into higher order structures. Each a
chain contains an amino terminal 7S domain, a middle triple helical domain, and a carboxy
terminal non-collagenous domain (NC1). The NC1 domain of type IV collagens are critical
for initiation and assembly of the trimeric structure. Trimerization then occurs similar to a
zipper starting at the carboxy terminal end. Higher order type IV collagen structures form
from both end-to-end as well as lateral interactions between triple helical protomers.

Figure taken from Kalluri (2003) Basement membranes: Structure, assembly, and role in
tumour angiogenesis. Nature Reviews Cancer 3(6): 422-433, with permission. License
agreement number 3800850110511.
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This macromolecular organization of COL4A1 and COL4A2 continues (both end-to-end
and lateral interactions between protomers) until a large-scale mesh-like type IV collagen
lattice has been assembled at the basement membrane. The triple helical domains of
COLA4A1 and COL4A2 typically bind to cells through interactions with al1f1 and 0231
integrins on the cell surface®’. Other studies have demonstrated that when denatured, type IV

collagen can also bind to integrin avp3%%.

COLA4A1 and COL4A?2 are found in blood vessels with ubiquitous distribution, where they
act to maintain vascular wall integrity during exposure to varying blood pressures”. In
general, type IV collagen promotes cell adhesion, migration, differentiation, and growth”!.
Due to their important basement membrane functions, COL4A1 and COL4A?2 are essential
components of tissues and are essential during development. Mice with a null allele of the
Col4al/Col4a?2 locus develop up to E9.5 and display a variable degree of delayed growth.
Lethality occurs for these mice between E10.5-E11.5 due to structural deficiencies in
basement membranes and integrity failure of Reichert’s membrane. These mouse findings
suggested COL4A1 and COL4A?2 are necessary for maintaining the function and integrity of
basement membranes, but that other basement membrane proteins are sufficient for initial

membrane deposition and assembly®2.

Besides their roles as structural constituents of the basement membranes, COL4A1 and
COLA4AZ2 have other signaling functions. The C-terminal NC1 domains of COL4A1
(arresten) and COL4A2 (canstatin) can both interact with endothelial cells and modulate the
process of angiogenesis®**. These NC1 segments are released after proteolytic degradation

of the extracellular matrix. Arresten is a 26 kDa protein that functions as an anti-angiogenic
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molecule by inhibiting endothelial cell migration, proliferation, and tube formation®’.
Canstatin is a 24 kDa anti-angiogenic protein that inhibits endothelial cell migration,
proliferation and can induce apoptosis®*®>. Arresten, canstatin and other NC1 domains of
type IV collagen (also referred to a “matrikines”) have been the focus of study in the cancer
field as they inhibit in vivo tumour growth in several in vivo cancer models®**%. The tumour
suppressor protein p53 increases arresten expression via increased COL4A1 transcription
through binding to an enhancer sequence located 26 kb 3’ of the COL4A I gene. p53 also can
stabilize expression of full-length COL4A1 by upregulating a(II) prolyl-hydroxylase and
increase release of arresten from COL4A1 through a MMP-dependent mechanism®.

Arresten binds to cells via integrin o131 whereas canstatin binds to cells through either

integrin avp3 or integrin o3p176.

1.8 Roles of Collagen in Coronary Artery Disease

The arterial wall consists of a highly ordered structure of cells and extracellular matrix'%.

Although numerous collagens are expressed in the vessel wall, collagens I and III are the
predominant forms where their functions are to impart mechanical/tensile strength!°!. In the
intima, endothelial cells lie on a basement membrane rich in type IV collagen and other
extracellular matrix proteins'®!%!, The smooth muscle cells in both the intima and media
secrete their own basement membranes of which collagen type IV is a large
constituent'%1°! In the normal arterial environment, the smooth muscle cells are embedded
in a collagen network containing large amounts of collagens I, III, and V, each layer

separated by a well-defined elastic lamina'%%1?2,
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As atherosclerosis progresses, smooth muscle cells switch from a quiescent, contractile

phenotype to a proliferative and synthetic phenotype!'®

. During this process, smooth muscle
cells increase their synthesis of many forms of collagen, which contributes up to 60% of
total protein in the plaque'™. Increased synthesis of collagen and extracellular matrix
coincides with increased production of MMPs that in turn can degrade the many forms of
collagen and reveal cryptic fragments of collagen. These cryptic collagen fragments
influence a number of cellular behaviours in the plaque, including smooth muscle cell

migration'%,

With respect to type IV collagen and atherosclerosis, expression is higher in contractile and
quiescent smooth muscle cells compared to proliferating and migrating smooth muscle
cells'®. Type IV collagen is proposed to help maintain the differentiated phenotype of

106

smooth muscle cells"™ and the a chain composition may determine the precise contractile

function of vascular smooth muscle cells'?’

. Collagen IV and other basal laminae proteins
can also reduce inflammatory gene expression, reduce LDL uptake in culture, and inhibit
extracellular matrix calcification!?1%:19 Cell migration was reduced when cells were
grown in dishes coated with type IV collagen'®. In contrast, adding type IV collagen to
media in culture actually enhances smooth muscle cell migration!'. Therefore the effect of
type IV collagen on smooth muscle cell proliferation and migration might depend on the
specific context. Orr et al. found that plating smooth muscle cells on collagen IV resulted in
elevated expression of smooth muscle cell markers and contractility proteins compared to
type I collagen'®. In vivo, type IV collagen protein expression is elevated in advanced

atherosclerotic lesions, surrounding smooth muscle cells!!!"!!2,
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Typically, type IV collagen binds to smooth muscle cells through integrin receptors or
discoidin domain receptors (DDRs). DDRs (DDR1 and DDR?2) are widely expressed
receptor tyrosine kinases on the cell surface. Type IV collagen can stimulate tyrosine kinase
activity for prolonged periods through interaction of triple helical regions with DDR17.
Type IV collagen only stimulates phosphorylation of DDR1, not DDR2, and this interaction

is independent of B1 integrins’!13.

Besides roles in smooth muscle function, type IV collagen could potentially have other roles
relevant to atherosclerosis. One study demonstrated that macrophages are able to adhere to
non-enzymatically glycated collagen IV but not to unmodified collagen IV!'*. These
macrophage interactions with glycated type IV collagen were mediated by scavenger

receptors, and blocked the ability of macrophages to endocytose acetylated LDL!'4,

1.9 COL4A1 and COL4A2 Mutations and Disease

COLA4A1 and COL4A?2 mutations may alter the structure and function of basement
membranes and give rise to numerous vascular abnormalities, many of which pertain to
atherosclerosis and MI. Mice with a Col4al mutation display focal detachment of the
endothelium from the media and age-dependent defects in vascular function''>. These
defects affect the function of endothelial cells and vascular smooth muscle cells that
associate with reduction in basal nitric oxide synthase (NOS) function and increase in
smooth muscle nitric oxide sensitivity. These mutant mice have defective deposition of type
IV collagen in the basement membrane of descending aortae that leads to activation of the

unfolded protein response!'>. A GWAS study identified the rs3742207 coding SNP
30



(GIn1334His) in COL4AL1 as associated with arterial stiffness (measured by pulse wave
velocity), which is a predictor of adverse cardiovascular events!!S. In addition, rs3742207
associated with the prevalence of MI in a large scale association study in a Japanese
population'!”. No functional studies have been conducted on this SNP concerning the
mechanism whereby the Gln to His substitution contributes to these phenotypes. In another
GWAS study for coronary artery calcification, the COL4A1/COL4A2 locus nearly reached

genome-wide significance'®,

Due to the wide-ranging presence of basement membranes, mutations in COL4A I and
COLAA?2 can affect multiple organs and tissues and give rise to numerous cerebral, renal,
muscular, and ocular pathologies. Many of these mutations can also affect small vessels and
overall result in impaired basement membrane protein levels or assembly. One of the most
characterized disorders resulting from COL4A1/COL4A2 mutations is porencephaly, a rare
neurological disease highlighted by the presence of degenerative cavities in the brain!!*!?°,
Porencephaly typically manifests itself in infants and severe cases can result in significant
disability or even death. Mice with a heterozygous mutation that results in an in-frame
deletion of exon 40 of Col4al are more susceptible to cerebral haemorrhaging at birth!'°,
This mutation affected the secretion of both the mutant and normal type IV collagen'!’.
COLA4AI mutations in patients with porencephaly typically affect either secretion'?!' or
impair assembly of type IV collagen heterotrimers'?2. Human COL4A2 mutations have also
been implicated in familial porencephaly and small vessel disease'?*1%.

A 2007 study published in the New England Journal of Medicine proposed a new syndrome

called hereditary angiopathy with nephropathy, aneurysms, and muscle cramps

(HANAC)'?®. Three COL4A I mutations were described in subjects from three separate
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families with HANAC, located in either exon 24 or 25. These mutations all affected glycine
residues and interrupted the Gly-X-Y amino acid repeat of the collagenous domain. Patients
with HANAC develop nephropathy, fragile and damaged blood vessels, and often develop
cysts in the kidneys!?S. Several additional COL4A I mutations have been subsequently
identified in patients with HANAC!2!:127,

COLA4A I mutations have also been implicated in small vessel disease in relation to the brain,
which underlies approximately 20 to 30% of ischemic strokes and an even greater
proportion of intracerebral hemorrhages!?!128-133 Phenotypic studies in mice suggest
Col4al mutations interact with environmental factors to determine the severity of vessel
disease!!1%, Col4al mutations in mice (mostly glycine residues) cause myopathy,
numerous brain malformations, and ocular dysgenesis'*. Similarly, the COL4A1 gene has
also been implicated in Walker-Warburg syndrome, a childhood form of congenital
muscular dystrophy involving ocular dysgenesis, congenital myopathy, and neuronal

migration defects'>.

1.10 SMAD3 and TGFp Signaling

The SMAD3 protein is a transcription factor that acts as a key signaling transducer of the
TGFp (transforming growth factor ) signaling pathway. It is an intracellular protein that
transduces extracellular signals from TGFf ligands to the nucleus where it regulates
transcription. SMAD3 belongs to the more general SMAD family of transcription factors
that can be divided into several groups. There are several receptor regulated SMAD (R-

SMAD) proteins: SMAD1, SMAD2, SMAD3, SMADS5, and SMADS. Upon activation, they
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become phosphorylated and form heterotrimeric complexes with the common mediator (co-
SMAD) SMAD4, which then shuttle to nucleus and regulate transcription of specific SMAD

genes'3®,

The SMAD signaling pathway is the canonical TGFp signaling pathway for TGF family
members. Overall vertebrates contain over 30 different pleiotropic ligands belonging to the
broad TGFp family'*’. The TGF superfamily includes the TGFBs, BMPs (bone
morphogenic proteins), activins, inhibins, Nodal, myostatin, anti-Miillerian hormone, and
growth and differentiation factors'*3. Members of the TGFp family control a wide variety of
cellular functions and their activities regulate various developmental and homeostatic
processes'*. Some notable characteristics of TGFf family members are growth inhibition
of most cell types, stimulation of extracellular matrix protein expression, and induction of
apoptosis in epithelial cells'*”!*. TGFp also has a well described immunomodulary role and
TGFp1-deficient mice die either in utero or perinatally due to widespread

inflammation 414!,

Here, the focus will be on the TGFps as they are the best characterized members of the
TGEFp superfamily. In humans, there are three highly homologous isoforms of TGFf:
TGFB1, TGFB2, and TGFR3. These isoforms share the same receptor complexes and signal
in similar ways, with the main difference being tissue-specific expression of different
isoforms'?’. The R-SMADs activated downstream of the TGFBs are SMAD2 and
SMAD3'*2, Every TGFp ligand is synthesized as a part of a latent precursor complex,
consisting of a TGFp homodimer, a latency associated peptide (LAP), and a latent TGFf3

137

binding protein'®’. TGFp activation subsequently requires proteolysis of the LAP'?’.
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In the absence of TGFp stimulation, both the type I and type II TGFp receptors exist as

143

inactive homodimers at the cell surface *”. These TGFJ receptors are serine-threonine

kinases, with the type I receptors having a characteristic glycine-serine (GS) sequence

upstream of the kinase domain!4?

. The exact mechanisms of TGFp signaling depends on the
specific TGFp ligand, but the canonical TGFf signaling pathway works through the same
general pathway (Figure 4A). First, TGFp binds to the type Il TGFp receptors, which then
recruit and phosphorylate type I TGFp receptors. Interaction of the type II and type I

receptors induces phosphorylation of type I receptors at the GS sequence by the type 11

receptor kinases.

On the kinase domain of the type I receptor, the L45 loop specifies the receptor/SMAD

interaction and the phosphorylated GS sequence facilitates the interaction'4?

. The catalytic
domain of activated type I receptors subsequently phosphorylates the receptor-regulated
SMADs (SMAD2 and SMAD?3) at C-terminal serine residues'*>!*3. Recruitment of SMAD2
and SMAD?3 to the TGFp receptor complex is controlled by a protein termed SARA (SMAD
anchor for activation). SARA presents SMAD2 and SMAD?3 to the type I TGFf receptor by

binding cooperatively to the non-phosphorylated SMADs and the receptor complex 44,

Once activated, SMAD2/SMAD?3 then interact with the common (co) SMAD4, SMAD4.
These SMAD complexes then translocate to the nucleus where they regulate transcription of
SMAD target genes. Phosphorylated SMAD3 promotes its interaction with the co-activators
such as p300 and CBP (cyclic AMP response element-binding protein) that along with the
SWI/SNF nucleosome positioning complex help form a transcriptional complex !>, While

phosphorylated SMAD3 along with p300 are synergistically able to augment
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Figure 4. Depictions of the canonical (A) and non-canonical (B) TGFp signaling pathways
and structure of the SMAD3 protein (C). (A) In the canonical TGFp signaling pathway,
TGFp binds to the type Il TGFp receptor that subsequently recruits and phosphorylates the
type I TGFp receptor. The phosphorylated type I TGFp receptor phosphorylates the receptor
regulated SMAD proteins (such as SMAD?3), that then join with the common (co) SMAD,
SMADA4. These complexes then translocate to the nucleus to regulate transcription. (B) For
non-canonical TGFp signalling, the activated TGFp receptor complex transmits signals
through various other factors independent of SMAD proteins. TGFp can cross-talk with
several other pathways (eg. ERK, JNK, and p38 MAP Kinase pathways), thus allowing to it
to propagates signals through various means. (C) Structural organization and domains of the
SMAD?3 protein. The conserved MH1 and MH2 domains are separated by a linker sequence.
SMAD?3 is phosphorylated by the type I TGFJ receptor at the C terminal SSXS sequence,
where S represents serine residues. The specific residues phosphorylated by the type I TGFf
receptor (serine 423 and serine 425) are indicated by the orange arrows.

Panels A and B taken from Akhurst and Hata, (2012) Targeting the TGFp signaling pathway
in disease. Nature Reviews Drug Discovery 11(10): 790-811, with permission. License
agreement number 3800851096691.
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transcription'*®, SMADs can also interact with transcriptional co-repressors that recruit
histone deacetylases (HDACs)!*°. The effects of TGFp on gene transcription are either
positive or negative depending on the target gene and cellular context (ie. availability of
SMAD partners, epigenetic context of cell), and few TGFp target genes are the same across
different cell types'#>. In terms of noncanonical TGFp signaling, TGFp can exert effects and
crosstalk with several other pathways (such as ERK, JNK, and p38 MAP Kinase)

independent of SMAD factors'*’ (Figure 4B).

The SMAD3 gene encodes a protein 425 amino acids in size consisting of two major
domains, a MH1 (mad homology 1) and a MH2 (mad homology 2) domain, which flank a
middle linker segment'*? (Figure 4C). Overall there are eight SMAD proteins in vertebrates
(SMAD1-SMADS), all of which are structurally similar'*. The MH1 domain of SMAD3 is
capable of binding to DNA and interacting with other transcription factors while the MH2
domain has a wide variety of functions. The MH2 domain, which interacts with and
becomes phosphorylated by the TGFp receptor, is responsible for oligomerization with other
SMAD proteins. In addition, the MH2 domain functions in transcription activation as well as
interacts with transcriptional coactivators p300 and CBP among other transcription

factors'*.

Ligand-induced interaction of SMAD3 with activated type I TGFp receptors results in
phosphorylation of SMAD3 at two serine residues (serine 423 and serine 425) at the C-

143

terminal SSXS motif by the type I receptor' ™. This C-terminal phosphorylation causes

SMAD?3 to dissociate from the type I TGFp receptor and interact with either another R-
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SMAD protein or SMAD4 via phosphoserine binding pockets in the L3 loop region in the

MH?2 domain'*.

In the nucleus, SMAD3-SMAD4 complexes are involved in the transcriptional regulation of
a wide panel of genes. The MH1 domains of both SMAD3 and SMAD4 can bind DNA with
the specific 5’-AGAC-3’ sequence, termed SMAD-binding elements (SBE)'**. A protruding
B-hairpin loop in the MH1 domains of SMAD3 and SMADA4 is responsible for binding to
SBE DNA elements. Unlike the other SMAD proteins, SMAD?2 is unable to bind DNA!#,
However, the affinity of SMAD3 and SMADA4 for binding to DNA is weak and SMAD
proteins commonly require complexes with other sequence specific transcription factors for

full efficacy'*.

The SMAD family is completed by the presence of two inhibitory SMAD proteins (I-
SMADs), SMAD6 and SMAD7. These SMADs lack an MH1 domain and have negative
feedback roles in TGFp signaling through different mechanisms'*?. SMAD®6 is cytoplasmic
and binds SMAD4, preventing it from interacting the R-SMADs. Conversely, SMAD7 is
nuclear and upon TGFf stimulation shuttles to the cytoplasm and competes with the R-
SMADs for TGFJ type I receptor interaction, thereby preventing R-SMAD

phosphorylation',

In addition to C-terminal phosphorylation, SMAD proteins are regulated at various other
levels post-translationally. For instance, the E3-ubiquitin protein ligases SMURF1 and
SMURF?2 bind to SMADs, leading to transfer of ubiquitin and eventually SMAD
degradation via the proteosome. Furthermore, a SMURF2-SMAD7 complex exports to the

cytoplasm where it downregulates TGFp signaling by binding to the TGFp receptor complex
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and promoting its degradation'?

. ERK MAP kinases are able to phosphorylate various
serine and threonine residues in the linker region of SMAD proteins'*?. Finally, the proto-
oncoproteins Ski and SnoN negatively regulate SMAD signaling through recruitment of

transcriptional co-repressors such as HDACs to SMAD complexes and preventing initial

formation of SMAD complexes'4?.

Besides being a transcriptional mediator in the canonical TGFp signaling pathway, SMAD3
can also regulate micro RNA (miRNA) biogenesis through facilitating the processing of
primary miRNA into precursor miRNA in the nucleus'*”'*’. For instance, TGFp, through R-
SMADs including SMAD3, promotes the rapid increase in expression of mature miR-21 by
increasing the processing of the primary miR-21 transcripts into precursor miR-21 by the
Drosha complex. This induction of miR-21 subsequently promotes the induction of the
contractile phenotype for smooth muscle cells. Unlike the canonical SMAD pathway,

SMAD4 is not required for this miRNA processing 47148,

1.11 SMAD3 Locus and Role in Disease

The human SMAD3 gene maps to chromosome 15923 and is ~130 kb in size with 9 exons in
total. Most of the exons in SMAD?3 are clustered towards the 3’ end of the gene, with a large
intron almost 100 kb in size separating exons 1 and 2. SMAD3 is an acronym for “Mothers
against decapentaplegic homolog 37, named for SMAD proteins being homologs of the

Drosophila protein “mothers against decapentaplegic” and the C. elegans protein SMA.

To date, over 20 pathogenic variants in the SMAD3 gene have been characterized, including

missense mutations, nonsense mutations, as well as frameshift and splice-site mutations.
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One of the common phenotypic consequences of rare SMAD3 mutations are aortic
aneurysms, which can lead to life-threatening conditions such as aortic dissection or
rupture'*>15°, Thoracic aortic aneurysms and dissections (TAAD) are a type of aortic
aneurysms with a familial clustering and an autosomal dominant pattern of inheritance.
Recently SMAD3 was reported to cause a new syndromic form of TAAD, referred to as
aneurysms-osteoarthritis syndrome (AOS) or Loeys-Dietz Syndrome type 3, due to early
onset osteoarthritis in the majority of patients. Van de Laar ef al. in 2011 originally
described SMAD3 mutations in three Dutch families that resulted in aneurysms, dissections,
and tortuosity along with early-onset osteoarthritis, mild craniofacial features, and skeletal
and cutaneous anormalities'®!. Since then further SMAD3 mutations in subsequent families
presenting with AOS have been characterized, including the phenotypic spectrum of the
patients'**152153 Besides arterial aneurysms, dissections and tortuosity, and early
osteoarthritis, cardiac abnormalities diagnosed in patients with AOS include congenital heart
disease, atrial fibrillation, mitral valve abnormalities, left ventricular hypertrophy, and
bicuspid aortic valve!3!3* These heterozygous SMAD3 mutations are mostly in the MH2
domain of SMAD3, likely affecting oligomerization of SMAD3 with SMAD4 or SMAD3
transcriptional ability!'>*. There are also frame-shift SMAD3 mutations in the MH1 or linker
domains that likely result in truncated transcripts and mRNA decay'3’. While these SMAD3
AOS mutations are predicted to be loss-of-function, there is paradoxically an increase TGFf

signaling in the aortic wall, include increased levels of TGFp and total SMAD3!3!:133,

Smad3 knockout mice are not embryonic lethal but die between 1 and 8 months, primarily
due to defects in immune function, including impaired mucosal immunity and diminished T

cell responsiveness to TGFB!%3. Smad4 null mice die at approximately embryonic day 6.5
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(E6.5), with no signs of gastrulation'>®. Similarly, Smad2 knockout mice are embryonic

lethal ™.

1.12 TGFB/SMAD3 Signaling in Atherosclerosis

Although TGFp signaling has wide-ranging and complex effects in the vasculature, the
prevailing view in the literature is that TGFp has an anti-atherogenic role'>. TGFB is
synthesized both by immune cells in the circulation and atherosclerotic plaque as well as by
cells in the vessel wall'>®. There is some argument concerning the association of serum
TGFp levels with CAD prevalence and severity. Several clinical studies report a negative
correlation between plasma TGFJ3 concentrations and the extent of atherosclerotic lesions
and prognosis of survival'®*!®!_ Conversely a recent study of 279 patients with CAD and 268

controls observed higher TGFP1 and SMAD3 levels in cases'®.

Relevant to atherosclerosis, numerous studies have investigated the effects of TGFf on

vascular smooth muscle cell proliferation in cell culture systems. Although some of the

163,164

original studies suggested TGFf promotes smooth muscle cell proliferation , most

studies indicate that TGFp inhibits the proliferation of vascular smooth muscle cells!%3-167,

especially under conditions whereby proliferation is stimulated by various growth factors!3®.
Besides an anti-proliferative effect, TGFp also inhibits smooth muscle cell migration'®®,
another hallmark of plaque development, and increases expression of a number of proteins

that help maintain the contractile phenotype of vascular smooth muscle cells!-165-167,

TGFp also has an immunomodulary role in the progression of atherosclerosis, especially

during the early stages where macrophages and T cells are prominent in the fatty streak'®’.
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TGFp can reduce foam cell formation in cultured macrophages'”’, reduces accumulation of
T cells, and acts a deactivating cytokine for T cells'*®!"!. Overexpression of TGFp1 in

macrophages reduces and stabilizes atherosclerotic plaques in apoE deficient mice!>.

TGFp also has a dynamic role in protection against the development of unstable
atherosclerotic plaques'**!1>8, First of all, since T cell-rich lesions are key hallmarks of
unstable plaques, TGFJ is atheroprotective by reducing T cell accumulation and
activation'”!. Secondly, TGFp increases the stability of atherosclerotic plaques via the
enhanced production of numerous extracellular matrix proteins by vascular smooth muscle
cells'**173 Inhibition of TGFp by a neutralizing antibody against TGFf1, 2 and 3 in Apoe™
mice results in an exacerbated atherosclerotic phenotype with a high inflammatory cell
content and a decreased collagen content!”?. Similar findings were observed by treating
Apoe” mice with a recombinant soluble type II TGFp receptor'“’. Further in vivo evidence
suggesting TGFp is atheroprotective is based on overexpression of TGFp in the heart (and
subsequently elevated levels in the plasma) of Apoe-/- mice reduces plaque growth, prevents

aortic dilation, and stabilizes plaque structure'’*,

Despite fairly in depth study into TGFp on a broad scale with respect to atherosclerosis, the
roles of SMAD proteins, particularly SMAD3 and its signaling, have not been thoroughly
investigated. In nonatherosclerotic healthy artery, SMAD3 expression (as well as SMAD2

and SMADA4) is very low in the intima, which is rich in smooth muscle cells'”

. Using a
combination of immunohistochemistry and reverse transcriptase polymerase chain reaction,

SMAD proteins were found to be expressed in macrophages of fibrofatty lesions and their

expression elevated as monocytes differentiate into macrophages!””. Finally, smooth muscle
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cells abundantly express SMAD3 (in addition to SMAD?2 and SMAD#4) in aortic fibrous

plaques'”.

Original evidence for roles of TGFf in vascular disorders came from models that
investigated balloon-injured rats, where TGFP levels increased 6 to 24 hours after injury'’®.
Furthermore, expression of TGF is elevated in human vascular restenosis lesions'”’. Mice
that lack Smad3 display enhanced neointimal hyperplasia and deposit less extracellular
matrix in response to vascular injury'’®. Kobayashi et al.'”® reported that Smad3” mice
display enhanced neointimal hyperplasia is response to injury, due to increased proliferation
of Smad3-null smooth muscle cells. Conversely, other in vivo studies suggest TGF
stimulates intimal hyperplasia'®*!8! In rats that underwent left carotid balloon injury,
endogenous Smad3 is upregulated'®?. Mice with cardiovascular overexpression of TGFf1
are embryonic lethal due to abnormal yolk sac vasculogenesis'®®. The same study
demonstrated that infecting rat arteries with adenovirus-expressing Smad3 increases both
intimal hyperplasia and vascular smooth muscle cell proliferation'2. Thus, due to these
conflicting findings there is still debate as to the effects of TGFp signaling in the

vasculature.

1.13 AP-1 Transcription Factor

AP-1 is a heterodimeric transcription factor involved in the regulation of a diverse variety of
cellular processes, including cell proliferation, transformation, and apoptosis. AP-1 consists
of combinations of basic leucine zipper proteins from the Jun (c-Jun, JunB, JunD), Fos (c-

Fos, FosB, Fral, Fra2), ATF, and Maf families'®**'®. The leucine zipper domain of AP-1
43



proteins is responsible for dimerization, while the basic domain facilitates DNA
binding'#%!87_ Jun proteins are capable of forming homodimers with each other, whereas Fos
proteins cannot homodimerize and require dimerization with Jun proteins for proper DNA
binding activity'8%!88 The numerous possible combinations of homodimers and
heterodimers in the AP-1 complex thus determines the binding specificity and affinity and

subsequently the range of target genes regulated by AP-1!83186,

AP-1 proteins bind DNA at 12-O-tetradecanoylphorbol-13-acetate (TPA) response elements
(TRE), with the recognition sequence 5’-TGA[G/C]TCA-3" 18418 AP_1 can also bind cAMP
response elements (CRE) with the similar recognition sequence 5’-TGACGTCA-3’ 84185187
Of all the AP-1 proteins, c-Jun is the most potent transcriptional activator'®*+1%°, Fos and

FosB also have relatively strong transcriptional ability, while JunB, JunD, Fral, and Fra2 are

weak transactivators'8>18

. c-Fos when dimerized with c-Jun increases the transcriptional
ability of c-Jun, while JunB antagonizes the transcriptional ability of c-Jun!*°. Overall,
regulation of AP-1 is quite complex and can occur at many different levels. These include
regulation of AP-1 gene transcription, mRNA turnover, protein turnover, and post-
translational modifications that affect protein function and efficiency as a transcription
factor. AP-1 can also be regulated via interactions with other proteins and transcription

factors that can synergize or inhibit AP-1 transcriptional activity!34.

Besides dimer composition, AP-1 activity is regulated by a number of physiological and
environmental factors, including induction by cytokines, growth factors, peptides, cell-
matrix interactions, neurotransmitters, bacterial/viral infections, and physical and chemical

stresses!®*. All of these stimuli activate various branches of the mitogen activated protein
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kinase (MAPK) pathway that elevate AP-1 activity via phosphorylation of the protein
subunits. In response to pro-inflammatory cytokines and genotoxic stress, AP-1 is activated
typically by the JNK and p38 MAPK cascades. The activated JNK proteins translocate to the
nucleus where they phosphorylate c-Jun and increase the transcriptional capability of c-Jun.
p38 can induce AP-1 through direct phosphorylation of ATF2, MEF2C, and TCF (ternary
complex factor) proteins. Finally, serum and growth factors stimulate AP-1 through the

extracellular signal regulated kinase (ERK) pathway!84.

In terms of regulation by the JNK pathway, the major JNK phosphorylation sites on c-Jun
are Serine 63 and Serine 73 at the N terminus'®*!88, Activated JNK translocates to the
nucleus to phosphorylate c-Jun and this phosphorylation of c-Jun at these sites is required
for proper transcriptional function'®¢1°!, JNK can also phosphorylate JunD that lacks a JNK
docking site, but this phosphorylation is inefficient, and the phosphorylation status of JunB

is controversial'%8,

AP-1 (Jun and Fos) proteins were first identified as viral oncoproteins and many AP-1

component proteins can efficiently transform cells in culture!®. c-Jun (E12.5) and JunB

185

(E10) knockout mice display embryonic lethality' ® while JunD knockout mice exhibit male

sterility and c-Fos knockout mice display osteopetrosis'®>. AP-1 has been reported to have
roles in cell proliferation and cell cycle progression, with c-Jun and c-Fos promoting cell

184

proliferation and JunB inhibiting proliferation **. AP-1 is also postulated to be a general

regulator of several pro-inflammatory signals'®?.

As part of their many roles, AP-1 proteins can interact with components of the TGFJ3

signaling pathway. One study reported c-Fos and c-Jun can co-operate with SMAD3 and
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193 This accords with

SMAD4 to mediate transcription in response to TGFf stimulation
findings that AP-1 regulated gene promoters are often transcriptionally induced by TGFB!**
198 In addition, several promoters have overlapping or nearby TREs and SMAD Binding
Element sites, though it is possible AP-1 and SMAD factors can bind
simultaneously!*!%2®_ These earlier findings were contrasted by reports that AP-1 proteins
can antagonistically affect the transcriptional ability of SMAD32°!2%2, For instance, TNFa
activated Jun proteins prevent TGFp-induced SMAD transcriptional function. In addition,
off-DNA interactions between c-Jun, JunB, and SMAD3 reduce SMAD3 binding to DNA.
Jun family members compete with SMAD?3 for the pool of p300 transcriptional co-activator
and reduce SMAD3/p300 interactions®’!. A follow up study suggested more dynamic
interactions between AP-1 proteins and SMAD32%2, Though in many cases Jun family

members downregulate SMAD3-mediated transactivation, AP-1 dependent promoters can

be synergistically activated by SMAD3 and Jun proteins?®.

1.14 General Aims of Study/Hypothesis

Although dozens of CAD-associated loci have been identified from the various CARDIoGRAM
Nature Genetics papers, identification of functional SNPs that drive disease pathogenesis has only
been successfully conducted for a small subset of these loci. There are several mechanisms whereby
SNPs associated with common disease can be causal/functional. Functional SNPs can alter the amino
acid in the coding sequence of a protein, can disrupt a gene regulatory element such as a promoter or
an enhancer, can affect mRNA splicing or translation, can have epigenetic effects, or can affect the

function of a noncoding RNA.
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This project has three main aims. The first aim is to characterize functional SNPs at the
SMAD?3 locus at chromosome 1522 (Chapter 3). The rs56062135 SNP in SMAD3 was
reported in the 2015 CARDIoGRAM Nature Genetics study*. The second aim is to
characterize functional SNPs at the COL4A1/COLAA?2 locus at chromosome 13q34
(Chapter 4). The independent rs4773144 and rs9515203 SNPs were reported in the 2013
CARDIoGRAM Nature Genetics study?. For both of these loci, the CAD-associated SNPs
are located in introns and are not linked with SNPs in coding regions or regions that could
affect mRNA splicing. We hypothesize that for both the SMAD3 and COL4A1/COLA4A?2 loci,
the CAD-associated SNPs (or linked SNPs) disrupt the function of a gene regulatory
element that in turn affect transcription of the SMAD3 and COL4A1/COL4A2 genes. Altered
SMAD3 and COL4A1/COLA4A2 expression in cell types relevant to atherosclerosis would

alter risk of developing the disease.

The third aim of this project is to investigate whether there is any biological and statistical
interaction between COL4A1/COL4A2 and SMAD?3 (Chapter 2). In addition to these loci
associating individually with CAD, TGFB/SMAD receptor complex, extracellular matrix
integrity, collagen formation, and cell-extracellular matrix interactions were all identified as
enriched CAD pathways*. We hypothesize these loci demonstrate genetic interaction with

respect to CAD association and have interrelated roles biologically that contribute to CAD.
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2.1 Abstract

Objective: The COL4A1/COL4A2 region on chromosome 13934 is a highly replicated locus
for coronary artery disease (CAD). In the normal arterial wall, type IV collagen acts to
inhibit smooth muscle cell proliferation. Its production is in part a function of TGFf
signaling, but the specific regulatory mechanisms, especially in humans, have not been
defined. Our aim was to decipher TGFp signaling components important in the regulation of
COLA4A1 and COL4A2 and determine whether these components showed genetic interaction

with the COL4A1/COL4A2 locus for CAD association.

Methods and Results: Experiments were performed in primary human aortic smooth
muscle cells and HT1080 fibroblasts. Pharmacological inhibition of the TGFp1 receptor and
subsequent SMAD protein phosphorylation by treatment with an ALKS inhibitor prevented
the increase in COL4A1/COL4A2 mRNA (p < 0.001) and protein expression in response to
TGFp1 stimulation. In contrast, inhibition of the non-canonical TGFp signaling pathways
was without effect. siRNA mediated knockdown of SMAD3 and SMAD4 abolished the
stimulatory effects of TGFf1 on COL4A1/COL4A2 (p < 0.001) whereas SMAD2
knockdown had no effect. In luciferase reporter assays, neither SMAD3 overexpression nor
TGFp1 treatment altered COL4A1 or COL4A2 promoter activity, supportive of more
complex regulation of type IV collagen gene expression by the TGF/SMAD3 signaling
pathway. Epistasis analysis in 5 CAD case/control cohorts revealed that SMAD3 and

COL4A1/COLA4A2 display statistical interaction for CAD association.

Conclusions: These findings demonstrate that SMAD?3 is a necessary factor for TGFf3-

mediated stimulation of mRNA and protein expression of type IV collagen genes in human

49



vascular smooth muscle cells. Epistasis analyses further supports the hypothesis that the
SMAD3-dependent regulation of COL4A1/COL4A?2 may be of functional significance for

CAD pathogenesis.
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2.2 Introduction

The COL4A1/COLA4A2 gene cluster on chromosome 13 is a highly replicated locus for
coronary artery disease (CAD)?*%*?. COL4A1 and COL4A2 are members of the type IV
collagen family that comprise the major structural component of basement membranes that
line the epithelium of most tissues and the endothelial layer of blood vessels, mediating cell
adhesion to the basement membrane via binding to integrin receptors and other cell-surface

molecules’ 76293,

Polymorphisms in COL4A1 or COL4A2 are associated with several vascular defects,
including arterial stiffness and myocardial infarction'!®!'7, Genetically engineered mice with

Col4al mutations display a complex vascular phenotype, including detachment of the

115

endothelium from the medial layer'°. The C-terminal non-collagenous (NC1) domains of

COLA4A1 and COL4A2 have anti-angiogenic activity and inhibit processes including

endothelial cell proliferation, migration and tube formation?%*

. The role of type IV collagen
in atherosclerosis is complex and not completely defined. Thick deposits of type IV collagen
are abundant in plaques at advanced stages of atherosclerosis!'?. However, exposure to type
IV collagen maintains a contractile and quiescent smooth muscle phenotype!®. Type IV
collagen production is in part regulated by TGFpB1, synthesized within the arterial wall by
endothelial cells, monocytes/macrophages, smooth muscle cells, and T cells'>*!"2. TGFp

165

inhibits the proliferation of vascular smooth muscle cells'® and numerous studies suggest

that it has an anti-atherogenic role, including protecting against unstable plaque
development'*158 Plasma TGFpB1 concentrations are inversely related to the extent of

160,161

atherosclerotic lesions and inhibition of TGFf by a neutralizing antibody against
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TGFp1, 2 and 3 in Apoe™ mice, resulted in an exacerbated atherosclerotic phenotype with a

high inflammatory cell content and a decreased collagen content!”>.

The canonical TGF signalling pathway involves TGFp binding to the TGFp type 11
receptor which then recruits and subsequently phosphorylates the TGFp type I receptor!3¢-
138.143.205 The phosphorylated type I receptor then phosphorylates the receptor-regulated
SMAD proteins, SMAD2 and SMAD3. Once phosphorylated, SMAD2 and SMAD?3 form
complexes with the common (co)-SMAD, SMAD4. These complexes then translocate to the
nucleus where they regulate transcription of cognate target genes!3¢13%143.205 " Of interest,
the SMAD3 locus has also been linked to CAD®. It is well known that TGFp increases
expression of the COL4A1 and COL4A2 genes at the transcriptional and protein level.
However little is known with respect to specific regulatory mechanisms and most published
studies were not in human cells and not performed in cell lines relevant to atherosclerosis?’®
210 Recent large-scale interrogation of genome wide association study (GWAS) data

identified extracellular matrix signaling/organization/degradation, collagen formation, and

TGFB/SMAD signaling as enriched CAD-associated pathways®.

Our goal of this study was to identify TGFp signaling components that biologically regulate
transcription of COL4A 1 and COL4A2 in humans and determine whether these display
genetic interaction with the COL4A I/COL4A2 locus for CAD association. We sought to
determine genetic interaction with respect to COL4A I/COL4A?2 in an effort to uncover
relevant biological mechanisms that contribute to CAD. Here, we first clarify the
mechanisms whereby TGFf stimulates expression of the COL4A 1 and COL4A2 genes using

human aortic smooth muscle cells as our model. Secondly, we demonstrate that the

52



COL4A1/COLA4A2 and SMAD3 loci display epistatic interaction conferring CAD risk. These
findings demonstrate the potential importance of SMAD3-dependent regulation of
COLA4A1/COLA4A?2 in atherosclerosis and help uncover the genetic architecture of

COL4A1/COL4A2 in relationship to CAD.
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2.3 Materials and Methods

Cell culture and TGFp stimulation

Primary human aortic smooth muscle cells (AoSMCs) from the ascending aorta were

purchased from Lonza (catalog #CC-2571). AoSMCs were grown in SmGM-2 Smooth
Muscle Cell Basal Medium (Lonza) supplemented with 5% FBS, insulin, hFGF-B, GA-
1000, and hEGF. Human TGFB1 was purchased from R & D Systems (platelet-derived,

catalog 100-B) and resuspended in 4 mM HCI containing 0.1% BSA.

Drug treatments

SB431542 and PD98059 were purchased from Sigma; SB203580 and SP600125 were
purchased from Cell Signalling Technology. All inhibitors were dissolved in DMSO and
further diluted to the appropriate concentrations using sterile water. For inhibitor
experiments with AoSMC:s, cells were seeded in 6 well plates, grown to confluence, serum
starved for 16-24 h, pretreated with inhibitor for 1 h, and subsequently treated with TGFf1

(10 ng/mL) for 16 h (mRNA analysis) or 24 h (protein analysis).

siRNA knockdown

SMAD?3 (s8401, s8402), SMAD4 (s8403), and SMAD?2 (s8398) Silencer Select pre-
designed siRNAs were purchased from Life Technologies. siRNA transfection was

performed using Lipofectamine RNAIMAX (Life Technologies). For each well undergoing
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knockdown, the final siRNA concentration was 20 nM; Primary AoSMCs were seeded in 6

well plates and grown to 85% confluence before siRNA transfection.

RNA isolation and qRT-PCR

RNA for all samples was isolated using the HighPure RNA Isolation Kit (Roche). AoSMC
RNA (500 ng) and HT1080 cell RNA (1 pg) were reverse-transcribed using the Transcriptor
First Strand cDNA Synthesis Kit (Roche). A combination of oligo(dT) and random hexamer
primers were used as per the kit instructions. Quantitative PCR of cDNA samples was
performed using LightCycler 480 SYBR Green I Master Mix, and experiments were all run
on the LightCycler 480 II machine (Roche). Peptidylprolyl Isomerase A (PPIA) was used as
the reference gene for all gPCR experiments. The following primer sequences were used for
gqPCR analysis: COL4AI: forward 5’-TGTGGGCCAGCCAGGCATTG-3’ reverse 5’-
CAGGGGGTCCGATCGCTCCA-3’; COL4A2: forward 5’-
AGGGTCGCAGGGAGAGCTGG-3’ reverse 5’-TGGGCCTCGTTCCCCTGGAG-3’;
SMAD3: forward 5’-GCCTTCTGGTGCTCCATCTC-3’ reverse 5’-
AATAGCGCTGTCACTGAGGCA-3’; SMAD4: forward 5°-
CTCCTGAGTATTGGTGTTCCAT-3’ reverse 5’-CTGACCCAAACATCACCTTCA-3’;
SMAD2: 5°-GGCCTGATCTTCACAGTCAT-3’ reverse 5’-
TGATATATCCAGGAGGTGGCG-3’; PPIA: forward 5°-ACCGTGTTCTTCGACATTGC-

3’ reverse 5°-TTCTGTGAAAGCAGGAACCC-3’
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Western blotting

Protein samples were harvested at 4°C using RIPA buffer containing fresh Roche cOmplete
Protease Inhibitor cocktail and Roche PhosStop Phosphatase Inhibitor cocktail. Protein
concentration was determined using the Pierce BCA Protein Assay Kit. 35 ug of each
denatured AoSMC sample was loaded onto a 4-15% gradient SDS-PAGE gel (Bio-Rad) and
run under reducing conditions. Samples were transferred to nitrocellulose membranes (Bio-
Rad) for 2 h at 100V and subsequently blocked for 1 h at room temperature using Odyssey
blocking buffer (LI-COR). Blots were incubated with the following primary antibodies: rat
anti-human COL4A1 antibody H11 (Chondrex, 1:200 dilution); rat anti-human COL4A2
antibody H22 (Chondrex, 1:200 dilution); rabbit anti-human SMAD3 antibody (Cell
Signaling Technology, 1:1000 dilution); rabbit anti-human phospho-SMAD?3 (Ser423/425)
antibody (C25A9, Cell Signaling Technology, 1:1000 dilution), rabbit anti-human SMAD4
antibody (Cell Signaling Technology, 1:1000 dilution); rabbit anti-human SMAD?2 antibody
(Cell Signaling Technology, 1:1000 dilution). Mouse anti-human B-actin antibody was used
as the loading control throughout these experiments. IRDye secondary antibodies (LI-COR)
were used at a concentration of 1:15000 and diluted in Odyssey blocking buffer containing
0.1% Tween 20 and 0.1% SDS. Immunoreactivity was visualized with the LI-COR Odyssey

imaging system.

Generation of COL4A1 and COL4A2 reporter plasmids

To assess the transcriptional activity of the COL4A I and COL4A2 genes, we designed

reporter constructs mimicking those from previous studies®®’"”2, However, instead of using
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chloramphenicol acetyltransferase (CAT) as the reporter, we generated constructs using
pGL3-Basic (Promega) as the backbone, encoding firefly luciferase. These constructs detect
transcription from either the COL4A 1 or COL4A2-specific direction. All inserts were
generated by PCR amplification of genomic DNA and using primers containing restriction
enzyme recognition sequences. A description of the cloning steps employed to generate

these constructs is given in Supplementary Materials and Methods.

Co-expression of type IV collagen reporters and SMAD3

HT1080 cells were plated in 12 well plates and grown to 70% confluency at the time of
transfection. Each well was transfected with 500 ng of COL4A [ reporter, COL4A2 reporter,
or empty pGL3-Basic along with 500 ng of either pCMV5B-Flag-SMAD3 (Addgene) or
empty pCMVS5. These transfections were performed with FuGENE HD Transfection
Reagent (Promega); transfected wells also contained 2% pRL-TK Renilla (Promega) to
account for transfection efficiency. Cells were harvested for luciferase activity 48 h after
transfection. Cells were washed once with 1X PBS and subsequently lysed using 250 pL of

1X Passive Lysis Buffer (Promega) per well and shaking for 15 min on a rocking platform.

Treatment of type IV collagen reporters with TGFp

AoSMCs were plated in 6 well dishes, grown to 90% confluency and serum starved
overnight. Each well was transfected with 2.5 pug of luciferase reporter and subsequently

treated with 10 ng/mL TGFp1 or vehicle control 6 h later. These transfections were
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performed with Lipofectamine 3000 Transfection Reagent (Life Technologies); transfected
wells also contained 2% pRL-SV40 Renilla (Promega) to account for transfection
efficiency. Cells were harvested for luciferase activity 48 h after transfection. Cells were
washed once with 1X PBS and subsequently lysed using 500 pL of 1X Passive Lysis Buffer

(Promega) per well and shaking for 15 min on a rocking platform.

Luciferase assays

Cell lysates in 1X Passive Lysis Buffer were centrifuged for 1 min at 13,000 rpm and 20 pL
of supernatant was used per luciferase/Renilla assay. Emitted light was quantified using a

GloMax luminometer (Promega).

Statistical analysis

All data are expressed as means + S.D. Significant differences were assessed by one-way

ANOVA followed by Bonferroni’s post-hoc test.

Epistasis analysis was carried out using PLINK (v1.07) software?!'! in 5 independent
cohorts, including OHGS_A2, OHGS_C2, DUKE_2, CCGB_2 and ITH_2 where individual
genotypes were available. Before the analysis we pruned SNPs and kept only those in
linkage equilibrium (LD r? < 0.2). Furthermore, we only conducted tests for SNPs that had
available genotypes in all 5 of the above cohorts. The epistasis test uses the logistic
regression and makes a model based on allele dosage for each SNP, A and B, and fits the
model in the form of:
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Y ~ Po+ P1A + 2B +B3AB +¢

Therefore the test for epistasis is based on the B3 coefficient. The effect size estimates from
each cohort were subsequently combined and weighted mean of beta coefficients Iﬁ] was

calculated based on fixed-effect model®'? as follows:

_ E?:'l Wi X _,'E:'

=

_4?:1 W,
Where w; is the inverse variance of the i’ study and n is the number of studies

Standard error (SE) of combined effect is:

—_ [ 1
SE(f) = |=

ZZawy

‘i'.l

Cochran’s Q statistic which measures the heterogeneity among studies was calculated as:

Q= Z w; (B _J_:':
i=1

Q is distributed as a chi-square statistic with n-1 degrees of freedom (df).

12 index quantifies the degree of heterogeneity and is expressed in percentage of the total
variability in a set of effect sizes due to true heterogeneity, that is, to between-studies

variability and it was calculated as:

., _ @ —df)
f-=u x 100
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Online Supplemental Methods
HT1080 cell culture

The HT1080 cell line was purchased from ATCC and grown in high-glucose DMEM media

(Gibco) supplemented with 10% FBS, L-Glutamine, and penicillin/streptomycin.

HT1080 drug treatments

HT1080 cells were seeded in either 6 or 12 well plates, grown to 85% confluence, serum
starved for 16-24 h, pretreated with 10 uM inhibitor for 1 h, and subsequently treated with

TGFB1 (2 ng/mL) for 16 h (mRNA analysis) or 24 h (protein analysis).

HT1080 siRNA transfection

HT1080 cells were seeded in 6 or 12 well plates and grown to 60% confluence before
siRNA transfection. The total knockdown time for each experiment was 48 h. 24 h after
siRNA treatment, cells were treated with or without TGFB1 (2 ng/mL) for 24 h before

harvesting samples. The final siRNA concentration of each well was 20 nM.

Generation of reporter constructs

For the reporter detecting transcription from the COL4A?2 direction, we mimicked the insert
from the construct pNA reported by Schmidt et al.””. This insert contains the promoter, part

of exon 1 of COL4A1 along with exon 1, intron 1, and part of exon 2 of the COL4A2 gene.
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This region was amplified using the primers 5’-
GATTGGTACCTGAGCCGGGGCCCCATGGT -3’ (Kpnl restriction site) and 5°-
GATTAAGCTTGGCCCCGGTCAGTCCCACT-3’ (HindIII restriction site). After PCR
amplification, both the resulting PCR product and pGL3-Basic were digested with Kpnl and

HindIII before subsequent ligation into the pGL3-Basic multiple cloning site.

To construct a reporter to detect transcription from the COL4A 1 direction, we used the insert
from the pBNaSA construct as described previously’2. This construct consists of the
bidirectional promoter flanked by regulatory sequences in the COL4A 1 and COL4A2 genes.
Also included was a splice-acceptor sequence from the COL4A2 gene’?. The splice acceptor
site was PCR amplified using the primers 5’-
GATTAGATCTCGGGCCGCGCACCGCGCTGT-3’ (BglII restriction site) and 5°-
GATTAAGCTTGGCCCCGGTCAGTCCCACT-3’ (HindlIII restriction site). Ligation of
this sequence was performed after digesting this PCR product and empty pGL3-Basic with
BgllII and HindIII. The sequence required for COL4A I promoter activity was PCR amplified
using the primers 5’-GATTGGTACCCGCGAACGCGCGGGCGCGA-3’ (Kpnl restriction
site) and 5’-GATTCTCGAGGGCTCCCAGGCACCCTCAC-‘3 (Xhol restriction site). This
sequence was inserted into pGL3-Basic after digesting both the PCR product and empty
vector with Kpnl and Xhol and subsequent ligation. Correct sequences for all constructs

were confirmed after the cloning step via sequencing.
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HT1080 reporter assays with TGFp

HT1080 cells were plated in 12 well plates, grown to 90% confluency and serum starved
overnight. Each well was transfected with 500 ng of luciferase reporter and subsequently
treated with TGFB1 (2 ng/mL) or vehicle control 6 h later. Transfection was performed with
FuGENE HD Transfection Reagent (Promega); transfected wells also contained 2% pRL-
TK Renilla (Promega) to account for transfection efficiency. Cells were harvested for

luciferase activity 48 h after transfection.
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2.4 Results

TGFp1 upregulates COL4A1 and COL4A2 via the SMAD pathway

We first sought to determine whether the effect of TGF on COL4A1 and COL4A2 is
transmitted via activation of the canonical SMAD pathway or due to a non-SMAD pathway.
We elected to investigate primary human AoSMCs given their physiological relevance to
CAD. Results were replicated in HT1080 cells (Supplementary Figures 1-3), a very well
characterized human cell line for COL4A1 and COL4A?2 transcriptional regulation and
promoter studies®6263"172 We utilized the pharmacological inhibitor SB431542 to inhibit
activin receptor-like kinase 5 (ALKYS), the type I TGFp receptor kinase, thereby blocking
activation and phosphorylation of SMAD2 and SMAD32!3, In the absence of inhibitor,
TGFp1 stimulation increased COL4A1 and COL4A2 mRNA and protein levels several-fold
(Figures 1A and 1B). In the presence of SB431542, however, TGFB1 treatment failed to
increase COL4A1 and COL4A2 mRNA and/or protein, indicating that activation by TGFf
requires ALKS signaling (Figures 1A and 1B). Western blotting confirmed that SB431542
treatment blocked SMAD3 phosphorylation at serine residues 423 and 425 (targets of the
type I TGFp receptor) in response to TGFB1. Taken together, these results suggest that
active and phosphorylated SMAD proteins are necessary for the transcriptional effects of

TGFB1 on COL4A1/COL4A2.

Next, we sought to assess the contribution of non-SMAD pathways to the upregulation of
COLA4A1 and COL4A2 by TGFp by inhibiting three prominent non-SMAD pathways.
PD98059 was added to inhibit the ERK branch of the MAP Kinase pathway, specifically by

binding to the ERK-specific MAP kinase MEK and preventing phosphorylation of ERK1
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Figure 1. Treating AoSMCs with SB431542 blocks the upregulation of COL4A1 and
COLA4A2 by TGFp1 whereas blocking non-SMAD pathways has little effect. AoSMCs were
pretreated with 0.1% DMSO or 10 uM of pharmacological inhibitor for 1 h prior to
treatment with 10 ng/mL TGFBI1. (A, B) AoSMCs were pretreated with SB431542 and
harvested for mRNA 16 h after TGFB1 treatment (A) and harvested for protein 24 h after
TGFp1 treatment (B). (C) AoSMCs were pretreated with a panel of inhibitors targeting non-
SMAD pathways that act through TGFB and harvested for mRNA 16 h after TGFp1
treatment. COL4A1 and COL4A2 mRNA levels were measured by qRT-PCR using PPIA as
the reference gene. Values represent the mean + S.D. of three independent experiments with
three different wells analyzed per condition each experiment. Values are normalized relative
to DMSO treatment in the absence of TGFB1. **p < 0.01, ***p < 0.001, ANOVA with
Bonferroni’s post-hoc test. Protein levels of COL4Al, COL4A2, phospo-SMAD3
(Serd23/425) and B-actin were measured by Western blot.
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and ERK?2. SB203580 is a specific inhibitor of the p38 MAPK pathway and SP600125 is an
inhibitor of JNK. PD98059 had no effect on COL4A1/COL4A2 levels basally or in the
presence of TGFp stimulation (Figure 1C). We observed that p38 MAPK inhibition affected
basal levels of COL4A1 mRNA. However, none of the inhibitors investigated measurably
affected the fold-change of COL4A1/COL4A?2 induction upon TGFp stimulation (Figure
1C). Compared to AoSMCs, p38 MAPK and JNK inhibition had more effect on basal
COILA4AI and COL4A2 mRNA levels in HT1080 cells (Supplementary Figure 1C). These
data suggest that the upregulation of COL4A1/ COL4A2 by TGFp is due primarily to the

activation of the SMAD pathway with minimal contribution from the MAP kinase pathways.

TGFpB1 upregulates COL4A1 and COL4A2 expression in a SMAD3-dependent manner

The relative roles of the canonical SMAD proteins SMAD2, SMAD3, and SMAD4 in TGFf
signaling were then interrogated via siRNA knockdown. We observed that in the absence of
TGFp1, suppression of SMAD2, SMAD3, and SMAD4 expression had no significant effect
on COL4A1 and COL4A2 mRNA or protein levels (Figure 2). However, suppression of
either SMAD3 or SMAD4 blunted the activation of COL4A1 and COL4A2 upon TGFf1
stimulation and the combined knockdown of SMAD3 and SMAD4 almost completely
abolished the stimulatory effects of TGFB1 in human AoSMCs (Figures 2A and 2C). In
addition, TGFB1 stimulation resulted in a decrease in SMAD3 mRNA levels in AoSMCs as
observed previously in numerous cell lines?!42!6, In contrast to SMAD3 and SMADA4,
SMAD?2 siRNA knockdown had no effect on COL4A1/COL4A2 mRNA or protein levels

either basally or in response to TGFB1 stimulation (Figures 2B and 2C). Lastly, targeting
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Figure 2. SMAD3, but not SMAD?2, knockdown abolishes the upregulation of COL4A1 and
COLA4A2 by TGFB1 in AoSMCs. (A) AoSMCs were treated with nontarget siRNA, SMAD3
siRNA, SMAD4 siRNA, or a combination of SMAD3 and SMAD4 siRNA for a total of 48
h. 24 h into the siRNA knockdown, cells were treated with or without 10 ng/mL TGFp1 for
the final 24 h. The total siRNA concentration for each well was 20 nM. (B) AoSMCs were
treated with nontarget siRNA, SMAD2 siRNA, SMAD4 siRNA, or a combination of
SMAD?2 and SMAD4 siRNA for a total of 48 h. 24 h into the siRNA knockdown, cells were
treated with or without 10 ng/mL TGFB1for the final 24 h. The total siRNA concentration
for each well was 20 nM. COL4A1 and COL4A2 mRNA levels were assessed by qRT-PCR
using PPIA as the reference gene. Values represent the mean + S.D. of three independent
experiments with three different wells analyzed per condition each experiment. Values are
normalized relative to NT siRNA in the absence of TGFB1. ***p<0.001, ANOVA with
Bonferroni’s post-hoc test. (C) COL4A1, COL4A2, SMAD3, SMAD2 and SMAD4 protein
levels were determined by Western blotting, with -actin as the loading control.
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SMAD? in the context of SMAD4 suppression had the same effect on COL4A1 and
COLA4AZ2 levels as SMAD4 knockdown alone. These data indicate that unlike SMAD3 and
SMAD4, SMAD?2 does not play a role in TGF3 mediated regulation of type IV collagen in
the two cell lines we investigated. Of interest, we consistently observed a greater fold
increase in COL4A1 mRNA and protein compared to COL4A2 in response to TGFf1

(Figures 1 and 2).

Evidence for an indirect role of SMAD3 in COL4A1/COL4A2 regulation

Despite numerous investigations, a small number of direct SMAD targets have been
identified*!”-*!3, Shared properties of SMAD target genes include rapid induction of mRNA
expression upon TGFp stimulation, presence of a SMAD-binding element (SBE) sequence
near the promoter, and promoter activation in response to exogenous TGFB1 and
overexpressed SMAD proteins?!7-2!°. Having demonstrated that SMAD3 and SMAD4
suppression abolishes the upregulation of COL4A1 and COL4A2 by TGFp, we next sought
to determine whether the effect of SMAD3 was via a direct effect on the bidirectional
COL4A1/COL4A2 promoter. First, we generated luciferase reporter constructs harboring the
functional COL4A 1 and COL4A2 promoter regions (Figure 3A). COL4Al and COL4A2
share a common, small, bidirectional promoter that requires the presence of proximal
regulatory elements for proper transcription of each respective gene’®%937172. SMAD3
overexpression, confirmed in parallel experiments via Western blot, had no effect on the
promoter activities of COL4A1 and COL4A2 reporter constructs (Figure 3B). Next the

responsiveness of the human COL4A I/A2 promoter region to TGF1 treatment was assessed
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Figure 3. The human COL4A1/COLA4A2 bidirectional promoter alone does not act as a
direct SMAD3/TGFp1 target. (A) Schematics of the COL4Al and COL4A2 promoter
constructs used in luciferase assays, adapted from previous studies®?%*7? (refer to methods).
(B) SMAD3 overexpression does not affect luciferase activity of COL4Al and COL4A2
promoter reporter constructs. HT1080 cells were co-transfected with type (IV) collagen
reporter constructs along with pCMV5-Flag SMAD3 or empty pCMVS5 for 48 h. (C)
Exogenous TGFf treatment does not affect luciferase activity of COL4Al or COL4A2
reporter constructs. AoSMCs were transfected with COL4A 1 and COL4A2 promoter reporter
constructs for 6 h, and then treated with 10 ng/mL TGFp1 for a subsequent 42 h.
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by measuring the activity of the COL4A 1 and COL4A?2 reporter constructs following TGFf1
treatment. Using a dose of TGFp1 that resulted in several fold increases in COL4A I and
COL4A2 mRNA levels, no upregulation of promoter activity in response to TGFB1 was
observed (Figure 3C). We observed treatment with TGFf lowered the raw firefly luciferase
readings of empty pGL3-Basic, COL4A 1 reporter, and COL4A?2 reporter to an equal degree.
These findings suggest that SMAD3/TGFp do not directly act on the human
COLA4A1/COL4A?2 bidirectional promoter in our system. However, we cannot rule out more
indirect stimulatory effects of SMAD3/TGFp1 on the human COL4A1/COL4A2 promoter as
additional enhancing sequences or proper chromatinization may be required that we could
not capture in our luciferase assays. Our data indicate that more besides the previously
characterized functional promoter elements alone is required for TGFf responsiveness.
Finally, we directly interrogated the occupancy of the endogenous COL4AI/COL4A2
promoter by SMAD3 by performing chromatin immunoprecipitation experiments. Using
several ChIP-verified SMAD?3 antibodies, we were unable to detect enrichment of SMAD3
at the COL4A 1/COL4A2 bidirectional promoter, either basally or in response to TGFB1 (data

not shown).

COL4A1/COLA4A?2 displays genetic interaction with the SMAD3 locus

The CARDIoGRAM and CARDIoGRAMPIlusC4D consortia identified two SNPs at the
COLA4A1/COL4A2 locus that were independently associated with CAD. Earlier, Samani et
al. identified a SMAD3 SNP that associated with CAD in the WTCCC study?®. Epistasis is a

statistical interaction between two or more genetic loci where the effects are non-additive??
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and has been hypothesized to play an important role in the genetic determination of complex
diseases such as CAD*?2°, We thus sought to determine whether there is evidence of
genetic interaction with respect to CAD association between COL4A1/COL4A2 SNPs and

the SMAD3 locus.

Epistasis on a genome-wide level has proven challenging due to the computational power
required for a large number of pairwise or high-order tests and the need to correct for
multiple testing*®*°. However, filtering to consider only those regions with potential
biological interaction reduces the necessity for high computational power and the burden of
multiple testing correction*®*. We performed gene-gene interaction tests between the
COLA4A1/COL4A2 locus and the SMAD3 locus by performing pairwise tests between SNPs
at the two loci. Analysis was conducted in five cohorts from which we had individual
genotype data for COL4A1/COL4A2 and SMAD3 SNPs; these were subsequently combined
in a meta-analysis, comprising a total of over 4500 CAD cases and over 2500 CAD controls.
To reduce the number of multiple tests required, we initially performed LD pruning to only
consider independent SNPs (LD 12 < 0.2) at the COL4A1/COL4A2 and SMAD3 loci. After
correcting for multiple testing, we identified a significant interaction between rs72655775 in
COLA4A2 and rs12441344 in SMAD3, shown in Table 1 (p-value = 1.6x10°°, Bonferroni-
corrected p-value = 6.9x1073, OR = 2.26). The complete list of tests performed is described
in Supplementary Table 1; no others reached significance (p < 0.05) after Bonferroni
correction. Possessing the minor allele C at rs72655775 in combination with the minor allele
G at rs12441344 results in a synergistic risk of CAD. This direction of effect was consistent
across all five of our cohorts (Tables 1 and 2). When considered individually, only

172655775 was associated with CAD (p = 0.01) with a modest odds ratio of 1.25 (Table 2),
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Table 1. Statistical epistasis between rs72655775(C) and rs12441344(G) in 5 independent

cohorts
Individual Cohorts
Study Cases/Controls P-value OR (95% CI)
OHGS_A2 922/1002 0.072 1.92 (0.95-3.89)
OHGS_C2 835/317 0.034 2.56 (1.08-6.06)
DUKE_2 1181/643 0.018 2.18 (1.14-4.16)
CCGB_2 1616/364 0.030 2.44 (1.09-5.45)
ITH_2 402/448 0.021 2.44 (1.14-5.24)
Combined Meta-Analysis
Bonferroni-
P-value Adjusted P- Q I OR (95% CI)
value
1.6x10°¢ 6.9x107 0.98 0 2.26 (1.62-3.15)
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Table 2. Association of the rs72655775 (COL4A2) and rs12441344 (SMAD3) SNPs
individually with CAD in 5 independent cohorts

Minor Minor
SNP %1111:3?: Cases/Controls Frﬁiﬁzcy Fr?(::le;flcy P-value (95(‘;0RCI)
(Cases) (Controls)
1s72655775 C 4732/2602 0.059 0.044 9.2x10 (1.016-215. 48)
rs12441344 G 4890/2739 0.21 0.22 0.12 (0.8%-914.02)
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emphasizing that these SNPs interact together in the context of CAD. Distributions of
genotypes for rs72655775 and rs12441344 in cases and controls in the 5 cohorts are shown
in Supplementary Table 2. Although the rs72655775 SNP has a low minor allele
frequency, approximately 6% in CAD cases, 4% in controls (Table 2), the C allele for
rs72655775 and G allele for rs12441344 co-segregate preferentially in CAD cases compared
to controls. Odds ratios for various combinations of genotypes at these two SNPs are given
in Supplementary Table 3. For each copy of the G allele at rs12441344, the CAD odds
ratio progressively increases for carriers of the C allele at rs72655775. These findings
demonstrate that epistasis analysis of GWAS data is feasible when filtering based on
previous biological knowledge, allowing detection of significant genetic interactions after
Bonferroni correction. These results extend the biological data and highlight the importance
of SMAD3 in COL4A1/COLA4A?2 regulation and suggest COL4A1/COL4A2 and SMAD3

have interrelated roles in the pathogenesis of atherosclerosis.
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Online Supplementary Figures and Tables
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Supplementary Figure 1. Treating HT1080 cells with SB431542 blocks the upregulation of
COL4A1 and COL4A2 by TGFB1 whereas blocking non-SMAD pathways has little effect.
HT1080 cells were pretreated with DMSO or 10 uM of pharmacological inhibitor for 1 h
prior to treatment with 2 ng/mL TGFB1. (A, B) HT1080 cells were pretreated with
SB431542 and harvested for mRNA 16 h after TGFB1 treatment (A) and harvested for
protein 24 h after TGFB1 treatment (B). (C) HT1080 cells were pretreated with a panel of
inhibitors targeting non-SMAD pathways that act through TGFp and harvested for mRNA
16 h after TGFpB1 treatment. COL4A1 and COL4A2 mRNA levels were measured by qRT-
PCR using PPIA as the reference gene. Values represent the mean + S.D. of three
independent experiments with three different wells analyzed per condition each experiment.
Values are normalized relative to DMSO treatment in the absence of TGFB1. **p < 0.01,
**%p < (0.001, ANOVA with Bonferroni’s post-hoc test. Protein levels of COL4Al,
COLA4A2, phospho-SMAD?3 (Ser423/425) and B-actin were measured by Western blot.
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Supplementary Figure 2. SMAD?3, but not SMAD?2, knockdown abolishes the upregulation
of COL4A1 and COL4A2 by TGFB1 in HT1080 cells. (A) HT1080 cells were treated with
nontarget siRNA, SMAD3 siRNA, SMAD4 siRNA, or a combination of SMAD3 and
SMAD4 siRNA for a total of 48 h. 24 h into the siRNA knockdown, cells were treated with
or without 2 ng/mL TGFp1 for the final 24 h. The total siRNA concentration for each well
was 20 nM. (B) HT1080 cells were treated with nontarget siRNA, SMAD2 siRNA, SMAD4
siRNA, or a combination of SMAD2 and SMAD4 siRNA for a total of 48 h. 24 h into the
siRNA knockdown, cells were treated with or without 2 ng/mL TGFp1 for the final 24 h.
The total siRNA concentration for each well was 20 nM. COL4Al and COL4A2 mRNA
levels were assessed by qRT-PCR using PPIA as the reference gene. Values represent the
mean + S.D. of three independent experiments with three different wells analyzed per
condition each experiment. Values are normalized relative to NT siRNA in the absence of
TGFB1. **p <0.01, ***p < 0.001, ANOVA with Bonferroni’s post-hoc test. (C) COL4Al,
COL4A2, SMAD3, SMAD2 and SMAD4 protein levels were determined by Western
blotting, with B-actin as the loading control.
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Supplementary Figure 3. Exogenous TGFJ treatment does not affect luciferase activity of
human COL4Al or COL4A2 reporter constructs in HT1080 cells. HT1080 cells were
transfected with COL4A 1 and COL4A2 promoter reporter constructs for 6 h, and then treated
with 2 ng/mL TGFp1 for a subsequent 42 h.
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Supplementary Figure 4. Time course of COL4A1 and COL4A2 mRNA induction by
TGFB1. AoSMC:s (top) and HT1080 cells (bottom) were serum-starved for 16 h, treated with
TGFp1 (0 h time point) and harvested for RNA from 2 h to 24 h. Doses of 10 ng/mL and 2
ng/mL TGFB1 were used for the AoSMCs and HT1080 cells, respectively. mRNA levels
were assessed by qRT-PCR using PPIA as the reference gene. Values for each gene are
normalized relative to 0 h (no TGFB1 stimulation).
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Supplementary Table 1

Too large to print out — available online
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Supplementary Table 2. Distributions of genotypes for the rs72655775 (COL4A2) and
rs12441344 (SMAD3) SNPs in the combined analysis of 5 independent cohorts

CAD Cases CAD Controls
(n = 4667) (n = 2567)
rs72655775 rs12441344 n % n %
Genotype Genotype
CcC GG 1 0.02 0 0.00
GA 8 0.17 0 0.00
AA 6 0.13 4 0.16
CT GG 23 0.49 5 0.19
GA 185 3.96 50 1.95
AA 315 6.75 162 6.31
TT GG 185 3.96 119 4.64
GA 1353 28.99 841 32.76
AA 2591 55.51 1386 53.99
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Supplementary Table 3. Odds ratios for various combinations of rs12441344 and

172655775 genotypes

rs72655775 OR for
rs12441344 CAD Allele counts rs72655775 95% CI
Genotype Status
C T (C allele)
Cases 25 393
GG 3.1 1.17-8.2
Controls 5 243
Cases 201 2891
GA 2.4 1.8-3.3
Controls 50 1732
Cases 327 5497
AA 1.0 0.8-1.2
Controls 170 2934
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2.5 Discussion

Here we have demonstrated in human AoSMC:s that the stimulatory effect of TGFB1 on
COL4A1 and COL4A2 mRNA and protein levels is dependent on activation of the SMAD
signaling pathway via the type I TGFp receptor. More specifically, by siRNA knockdown,
we show that the upregulation of COL4A1 and COL4A2 by TGFp1 is dependent on
SMAD3 and SMAD4 but not SMAD2. SMAD3/SMAD#4 activation via TGFf stimulation
thus represents a critical regulatory hub modulating type IV collagen synthesis. This
SMAD3/SMAD4 dependency for stimulation of COL4A1 and COL4A?2 expression by
TGFp was also observed in HT1080 cells, the most studied cell line for human type IV

collagen promoter regulation (Supplementary Figures 1 and 2).

These data do not support a direct transcriptional role for SMAD3 at the COL4A1/COL4A2
bidirectional promoter region. First, we observed slow increases in COL4A [ and COL4A2
mRNA levels upon TGFB1 stimulation that are more suggestive of an indirect contribution
(Supplementary Figure 4). Secondly, overexpression of SMAD3 did not alter the
luciferase activity of human COL4A1 or COL4A2 promoter constructs. Similarly, TGFp1
stimulation did not upregulate COL4A1 or COL4A2 promoter activity in luciferase assays.
This finding contrasts with a study in murine renal tubular epithelial cells that reported
transcriptional activity of chimeric collagen (IV) constructs is augmented following TGFf1

treatment>?!

. Another study in murine proximal tubular cells also demonstrated that TGFp1
increased activity of luciferase reporter constructs consisting of the type IV collagen

bidirectional promoter and 5° upstream regulatory sequences???. These discrepancies may

be due to differences between humans and rodents in promoter sequence, promoter strength,
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transcriptional machinery and/or cell type specificity. There is also the possibility that the
COLA4AI and COLA4A2 reporters used in this study containing the promoter sequences either
lack appropriate additional enhancing elements or lack the appropriate chromosomal
context. Although our human promoter system was not responsive to SMAD3 or TGF, it
will be worth investigating whether other sequences at this locus could mediate promoter
responsiveness to TGFp. There is correlative data in murine mesangial cells suggesting the
transcription factor Sp1 may play a role in mediating TGFp’s effects on type IV collagen®?.
Chromatin immunoprecipitation experiments did not reveal binding of SMAD3 to the
COL4A1/COLAA? bidirectional promoter, either basally or upon TGFp1 stimulation (data
not shown). This is largely consistent with previously published SMAD3 ChIP-seq
experiments in other cell types where SMAD?3 binding at the COL4A1/COL4A2 locus was

not observed, whether in the presence or absence of TGFp?%,

Using tetracycline-induced siRNA knockdown of SMAD4 in two immortalized cell lines,
Levy et al. also suggested that COL4A1/COL4A2 may be an indirect SMAD target.
Specifically, COL4A1 was described as a late-TGFp response gene, with significant
induction at 6 hours that was not fully dependent on SMAD4%!_ In our experiments we
observed that SMAD?3 siRNA knockdown or SMAD4 siRNA knockdown alone did not
completely abolish the effects of TGFB1 indicating that there are other unknown
mechanisms at play. One possibility is that although we observed a consistent knockdown of
at least 80-90% for SMAD3 and SMAD4 mRNA (also verified at the protein level), the
remaining SMAD3 and SMAD4 could still mediate a small fraction of the canonical TGFf

signaling. Since ALKS inhibition using SB431542 resulted in a total abrogation of TGFf’s
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effects (Figures 1A and 1B), it is also possible that blocking ALKS could impinge on type

IV collagen expression via minor, SMAD-independent, effectors.

Since the effect of TGFB on type IV collagen is believed to be transcriptionally-based?%,
further studies are required to investigate specific mechanisms underlying the requirement of
SMAD?3 for TGFB1-induced mRNA synthesis. One possibility is the existence of SMAD3
cross-talk with an unknown pathway or regulation of another gene that in turn regulates
COL4A1 and COL4A2. SMAD3 may also affect COL4A1 and COL4A?2 levels indirectly by
regulating microRNAs. For instance, SMAD3 represses the transcription of miR-29 in
several cell types by binding to the miR-29 promoter®>>??°. COL4A1 and COL4A?2 are
targets and miR-29 knockdown results in elevated COL4A1/COL4A2 mRNA levels®?’.
There is also evidence from mice and rats suggesting SMAD3 activation correlates with

reduced miR-29 levels and increased type IV collagen??®,

By epistasis analysis we identified a significant genetic interaction for CAD risk between
1572655775 at the COL4A1/COL4A2 locus and rs12441344 at the SMAD3 locus. This
statistical interaction further supports the biological data demonstrating that the regulation of
COL4A1/COL4A2 by TGFp is SMAD3-dependent. Epistasis data also suggest a synergistic
rather than additive role between SMAD3 and type IV collagen in CAD pathogenesis. The
interaction between rs72655775 in COL4A2 and rs12441344 in SMAD3 achieved an odds
ratio for CAD of 2.26 (Table 1) in contrast with individual odds ratios of 1.25 and 0.94 for
rs72655775 and rs12441344, respectively (Table 2). The odds ratio for interaction of 2.26 is
particularly striking given that index SNPs at most CAD GWAS loci exhibit small effect

sizes. Of note, the allele specific odds ratios for lead SNPs at the COL4A1/COLA4A?2 locus
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(rs4773144, rs9515203) and the SMAD3 locus (rs17228212) were 1.07, 1.08%° and 1.21°*
respectively. More studies are required to elucidate the significance of the SNPs highlighted
as part of our epistasis analysis but of note rs12441344 (Table 1) was associated with
sudden cardiac arrest in patients with CAD??. Both rs72655775 and rs12441344 are intronic
variants, suggesting disruption of noncoding regulatory sequences at these loci could play a

synergistic role in altering COL4A1/COL4A?2 and SMAD3 expression and signaling.

Perturbations in the TGFB/SMAD3 signaling axis would be expected to interfere with type
IV collagen synthesis thus promoting atherosclerosis. Reduced type IV collagen may
destabilize plaques and increase the risk of plaque rupture®®. During the progression of
atherosclerosis, smooth muscle cells switch from a contractile phenotype to a synthetic
phenotype'®, accompanied by increased smooth muscle cell proliferation, migration, and
fibrosis and decreased synthesis of smooth muscle contractile proteins. Type IV collagen
limits the growth of smooth muscle cells, enhances the expression of contractile genes,
reduces inflammatory gene expression, reduces matrix calcification, and limits LDL uptake

in culture'®

. Type IV collagen expression is higher in quiescent contractile smooth muscle
cells as compared to those of a proliferating/migrating phenotype'°*!%. Thus, lower type IV
collagen production would be expected to promote smooth muscle cell proliferation and
migration. The amount of type IV collagen produced in the basement membrane may also
influence a variety of cell-matrix interactions such as binding to integrin receptors or DDR1

(discoidin domain receptor family, member 1) and control the infiltration and accumulation

of macrophages, lymphocytes, and lipids in the subendothelial space.
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To our knowledge, these are the first experiments in human vascular cells to demonstrate
SMAD3-dependency of TGFf upregulation of COL4A1 and COL4A2 expression. We show
that the COL4A1/COL4A2 and SMAD?3 loci, previously reported to individually associate
with CAD?%3842 interact epistatically to modify CAD risk. Taken together these biological
and statistical data support the concept that SMAD3 and COL4A1/COL4A2 play shared

roles in modifying atherosclerosis risk.
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3.1 Abstract

Objective — A recent GWAS meta-analysis identified an intronic SNP in SMAD3,
rs56062135C>T, the minor allele (T) of which associates with protection from CAD.
Relevant to atherosclerosis, SMAD?3 is a key contributor to TGF pathway signaling. Here
we seek to identify one or more causal CAD-associated SNPs at the SMAD3 locus and

characterize mechanisms whereby the risk allele(s) contribute to CAD risk.

Approach and Results — By genetic and epigenetic fine mapping, we identified a candidate
causal SNP rs17293632C>T (D’ 0.97, r* 0.94 with rs56062135) in intron 1 of SMAD3 with
predicted functional effects. We show that the sequence encompassing rs17293632 acts as a
strong enhancer in human arterial smooth muscle cells (h ASMC). The common allele (C)
preserves an AP-1 site and enhancer function while the protective (T) allele disrupts the AP-
1 site and significantly reduces enhancer activity (p<0.001). Pharmacological inhibition of
AP-1 activity upstream demonstrates that this allele-specific enhancer effect is AP-1
dependent (p<0.001). Chromatin immunoprecipitation experiments reveal binding of several
AP-1 component proteins with preferential binding to the (C) allele. We show that
rs17293632 is an eQTL for SMAD3 in blood and atherosclerotic plaque with reduced
expression of SMAD3 in carriers of the protective allele. Finally, siRNA knockdown of

SMAD3 in hASMC:s increases cell viability, consistent with an anti-proliferative role.

Conclusions — The CAD-associated rs17293632C>T SNP represents a novel functional cis-
acting element at the SMAD3 locus. The protective (T) allele of rs17293632 disrupts a
consensus AP-1 binding site in a SMAD23 intron 1 enhancer, reduces enhancer activity and

SMAD?3 expression, altering hASMC proliferation.
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3.2 Introduction

Coronary artery disease (CAD) characterized by the deposition of atherosclerotic plaque in
the epicardial arteries remains a leading cause of death and disability?*°. Environmental
variables contribute to CAD but genetic factors are believed to be of equal importance. Over
the past several years large consortia have conducted meta analyses of genome-wide
association studies (GWAS) for CAD?**? resulting in the identification of over 45 CAD-
associated loci?®. Together these earlier studies explained approximately 10.6% of the
predicted heritability of CAD and for the majority the functional link to atherosclerosis
remains unknown.

Recently, using phased haplotypes from the 1000 Genomes Project to impute an enlarged
number of SNPs for 48 GWAS, consisting of over 180,000 cases and controls, we identified
an additional 10 CAD-associated loci. One of the novel CAD-associated SNPs is
1s56062135C>T at the SMAD3 locus on chromosome 15 and the common allele (C) is
associated with increased risk (OR=1.07) relative to the (T) allele** (Table 1). Of note, this
SNP is not in linkage disequilibrium with rs17228212T>C, reported to be associated with
CAD in an earlier GWAS3.

The SMAD3 transcription factor is an important mediator of TGFp signalling, regulating
transcription of genes with SMAD-binding elements. Upon TGFJ stimulation, the type 11
TGFp receptor recruits and phosphorylates the type I TGFp receptor, which subsequently
phosphorylates the SMAD3 protein. Phosphorylated SMAD?3 then forms a complex with the
common (co) SMADA4 that subsequently translocates to the nucleus and regulates

transcription!3”143, Relevant to a role in atherosclerosis, in a systems genetics analysis of
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Table 1. Association of the GWAS reported rs56062135* SNP and the rs17293632 SNP in

intron 1 of SMAD3 with CAD

Association model
Additive Recessive
Lead variant Locus Chr Al1/A2 Effect Imputation P’ Heterogeneity N OR (95% CI) P OR (95% CI) P
Allele quality P studies
(A1
freq
1s56062135 SMAD3 15 C/T 0.79 0.98 0.00 0.67 46 1.07 (1.05-1.10) | 4.50E-09 1.17 (1.10-1.25) | 8.88E-07
1517293632 SMAD3 15 C/T 0.79 0.98 0.00 0.67 46 1.07 (1.05-1.10) | 5.72E-09 1.17 (1.11-1.23) 1.22E-06
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multiple GWAS studies, we identified TGFp signalling and SMAD transcriptional activities
as enriched pathways for CAD association®>. However, despite extensive data on the
functions of TGFp with respect to atherosclerosis'>®!% the roles of SMAD proteins,

particularly SMAD3 and SMAD?3 signaling are less well understood.

SMAD?3 is expressed at very low levels in healthy human aorta by immunohistochemistry
and qRT-PCR!75, There is however a marked increase in SMAD3 and other SMAD proteins
in fibrofatty lesions, with expression mostly limited to CD68-positive
macrophages/macrophage-derived foam cells in these samples. Conversely, in fibrous
atherosclerotic plaques, there are high levels of SMAD3 in vascular smooth muscle cells,
suggesting that the role of SMAD3 in atherosclerosis depends on cell type and stage of
atherosclerosis'”. Higher SMAD3 expression in smooth muscle cells of the fibrous plaque
coincides with TGFB-mediated synthesis of collagen and other extracellular matrix proteins,
which contribute to plaque stability!>®. Rare SMAD3 mutations cause aneurysms-
osteoarthritis syndrome (AOS), an autosomal dominant form of thoracic aortic aneurysms

and dissections (TAAD)"'.

Here we have identified and characterized a functional SNP, rs17293632C>T, in SMAD3
that resides in a newly identified GWAS locus for CAD. Consistent with functionality, we
show that rs17293632C>T is an eQTL in both whole blood and carotid plaque samples with
reduced expression of SMAD3 in carriers of the protective (T) allele. We demonstrate that
the protective (T) allele disrupts a consensus AP-1 binding site within a strong intronic
enhancer and impairs enhancer activity in hASMCs as well as HeLLa and HepG2 cells.

Pharmacological blocking of AP-1 signaling and of DNA binding ability markedly
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attenuates enhancer activity and ChIP experiments reveal binding of numerous AP-1
components to the region encompassing rs17293632, with impaired binding to the (T) vs.
(C) allele. Finally, siRNA knockdown of SMAD3 in hASMC:s increases cell viability,

consistent with an anti-proliferative role.
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3.3 Materials and Methods

Cell Culture

Primary human arterial smooth muscle cells (hASMCs) were obtained from two sources.
Lot HITC6 was provided by the laboratory of Dr. JG Pickering. These cells were derived
from primary cultures of smooth muscle cells from the human thoracic artery*’!. They were
homozygous for the CC genotype at rs17293632 and all experiments were performed
between passages 28-33. The second lot of hASMCs, 0000287836, was purchased from
Lonza (catalog #CC-2571) and were heterozygous for rs17293632. These cells were derived
from the ascending aorta and experiments were performed between passages 5 and 9. Both
lots of hASMCs were grown in SmGM-2 Smooth Muscle Cell Basal Medium (Lonza)
supplemented with 5% FBS, insulin, hFGF-B, GA-1000, and hEGF. HeL.a cells were
purchased from ATCC and grown in high glucose DMEM (Gibco) supplemented with 10%
FBS, Penicillin-Streptomycin, and L-glutamine. HepG2 cells were also purchased from
ATCC and grown in low glucose DMEM (Gibco) supplemented with 10% FBS, Penicillin-

Streptomycin, and L-glutamine.

Generation of SMAD3 Reporter Constructs

The putative enhancer sequence in intron 1 of SMAD3 (Chr15:67,441,598-67,443,643) was
first PCR amplified with primers: forward 5’-
GATTGAGCTCCCTGTTCAGCATTTTGAGTTTC-3’ (Sacl restriction site); reverse 5°-

GATTGCTAGCGAGCTATTGGAGACTGTGAGA-3’ (Nhel restriction site). PCR was
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performed on a previously genotyped genomic DNA template that had a CC genotype at
rs17293632 and homozygous for all other SNPs in the amplicon. This PCR product, as well
as empty pGL3-Promoter vector (Promega), were both double-digested with Sacl and Nhel
and subsequently PCR or gel purified before ligation. Site-directed mutagenesis was used to
change the allele at rs17293632 from C to T and performed using the Q5 site-directed

mutagenesis kit (New England BioLabs).

To test for enhancer activity in the context of the human SMAD3 promoter, we obtained the
SMAD3p-Luc plasmid from the laboratory of Dr. Thomas Kelley?**?. This plasmid contains
the human SMAD3 promoter (fragment corresponding to -1879 to +13 of the ATG start site
of the SMAD3 gene) upstream of the firefly luciferase gene in the pGL3-Basic vector. From
the pGL3-Promoter-rs17293632-C and pGL3-Promoter-rs17293632-T plasmids we PCR
amplified a 347 bp segment using the following primers: forward 5’-
GATTGTCGACCTGAGATGGTTGTAAATGTCCC-3’ (Sall restriction site); reverse 5°-
GATTGTCGACAACTGGCGGCCTTGTTCTAT-3’ (Sall restriction site), PCR
amplification was conducted using Q5 Hot Start High-Fidelity DNA Polymerase (New
England BioLabs). These PCR products plus SMAD3p-Luc, were digested with Sall and
subsequently PCR or gel purified before ligation. Correct sequences and insert orientations

of all vectors were verified by Sanger sequencing.

Transfection and Luciferase Assays

For transient transfection studies in hASMCs, HITC6 cells were seeded in 6 well dishes and

grown to ~85% confluence at the time of transfection. Each well was transfected with 2.5 ug
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of firefly luciferase construct and 2% pRL-SV40 Renilla (pGL3-Promoter experiments) or
2% pRL-TK Renilla (SMAD3p-Luc experiments). hASMCs were harvested 48 hours after
transfection by washing once with 1X PBS and lysing with 500 uL of 1X Passive Lysis
Buffer (Promega). For transient transfection studies with HeLLa and HepG2 cells, cells were
seeded in 12 well dishes and grown to 70% confluence at the time of transfection. Each well
was transfected with 500 ng of firefly luciferase construct and 2% pRL-TK Renilla. The
HeLa and HepG?2 cells were harvested 24 hours after transfection with 250 uLL of 1X
Passive Lysis Buffer per well. Transfections for all cell types were conducted using the
Lipofectamine 3000 Reagent (Life Technologies). Lysates were centrifuged for 1 minute at
13,000 rpm at 4°C and 20 pL of supernatant were used for the luciferase assay. Luciferase
readings for the hASMCs were measured with the Lumat LB 9507 luminometer (Berthold
Technologies) and readings for the HeLLa and HepG2 cells were measured with the GloMax

luminometer (Promega).

Drug Treatments

To determine the effect of SP600125 on SMAD3 enhancer activity, HITC6 hASMCs were
seeded in 6 well dishes and grown to approximately 85% confluence. SP600125 was
purchased from Cell Signaling Technology and added to cells for 1 h at a final concentration
of 50 uM prior to transfection with the SMAD3 pGL3-Promoter constructs (2.5 ug reporter
per well). The HITCG6 cells were harvested 24 h after transfection with 500 pL of 1X Passive
Lysis Buffer per well. The final concentration of DMSO in both the control and SP600125

treatments was 0.1%.
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PMA Treatments and c-Jun Knockdown

For PMA experiments both HITC6 and lot 287836 cells were seeded in 6 well plates and
grown to approximately 85% confluence. At this point, media was changed for 16 hours to
SmGM-2 Smooth Muscle Cell Basal Medium (Lonza) supplemented with 0.5% FBS,
insulin, hFGF-B, GA-1000, and hEGF. Both lots of cells were treated with a final
concentration of 50 nM PMA for the following time points: O h, 1 h, 2 h, and 4 h before

being harvested for RNA.

For c-Jun siRNA knockdown, HITC6 cells were seeded in 6 well plates and grown to ~80%
confluence. Cells were transfected with a final concentration of either 50 nM nontarget
siRNA or 50 nM JUN siRNA (s7658, Life Technologies). 48 h after transfection, cells were

harvested for RNA.

RNA for all samples was isolated using the High Pure RNA Isolation Kit (Roche). 500 ng of
RNA was reverse-transcribed using the Transcriptor First Strand cDNA Synthesis Kit
(Roche) using a combination of oligo(dT) and random hexamer primers. Quantitative PCR
of cDNA samples was conducted using the LightCycler 480 II machine (Roche). Human f-
actin was used as the reference gene for gPCR experiments. The following primer sequences
were used for qPCR experiments: SMAD3: forward 5’-GCCTTCTGGTGCTCCATCTC-3’
reverse 5’-AATAGCGCTGTCACTGAGGCA-3’; JUN: forward 5’-
AGGTTCAGGGTCATGCTCTGTT-3’ reverse 5’-ACGTGAAGTGACGGACTGTTCT-3’;
[S-actin: forward 5’-TCCCTGGAGAAGAGCTACGA-3’ reverse 5’-

ATCTGCTGGAAGGTGGACAG-3’.

105



Protein Expression

For all protein experiments, either HITC6 or lot 287836 cells were grown in 6 well plates.
Protein samples were harvested on ice using RIPA buffer containing fresh Roche cOmplete
Protease Inhibitor cocktail and Roche PhosStop Phosphatase Inhibitor cocktail. Protein
concentration was determined using the Pierce BCA Protein Assay Kit. 35 ug of each
denatured sample was loaded onto a 4-15% gradient SDS-PAGE gel (Bio-Rad) and run
under reducing conditions. Samples were transferred to nitrocellulose membranes (Bio-Rad)
for 1 h at 100V and subsequently blocked for 1 h at room temperature using Odyssey
blocking buffer (SMAD3, c-Jun, and PARP) or 5% BSA (phospho c-Jun). To confirm
SP600125 reduced phosphorylation of c-Jun, the membrane was incubated with rabbit
Phospho-c-Jun (Ser63) II Antibody #9261 (Cell Signaling Technology, 1:1000 dilution).
Total c-Jun was probed by stripping the membrane and re-probing with rabbit c-Jun (H-79)
antibody (Santa Cruz Biotechnology, sc-1694). To confirm SMAD?3 knockdown in the cell
proliferation assays, membranes were incubated with rabbit SMAD3 Antibody #9513 (Cell
Signaling Technology, 1:1000 dilution). Apoptosis was assessed by probing with rabbit
PARP Antibody #9542 (Cell Signaling Technology, 1:1000 dilution), that detects the normal
116 kDa form of PARP as well as the cleaved 89 kDa protein. For loading controls, all
membranes were probed with mouse beta Tubulin Antibody D66 (GeneTex, 1:2000
dilution). IRDye secondary antibodies (LI-COR) were used at a concentration of 1:15000

and membranes were visualized with the LI-COR Odyssey imaging system.
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Human Samples for SMAD3 Whole Blood Analysis

233 were selected for eQTL studies

Healthy normal weight individuals of European ancestry
on whole blood. Genomic DNA was genotyped using Affymetrix 6.0 arrays and SNP data
imputed using the Phase 1 v3 release from the 1000 Genomes Project. The minor allele
frequency for rs17293632 (T) is 0.21 (Table 1); 41 subjects in this cohort were homozygous
for the (T) allele at rs17293632. Many more subjects were heterozygous or homozygous (C)
carriers and 50 of each were selected with careful matching for age and sex to the

rs17293632 TT group (Supplementary Table I). Fasting blood samples were collected in

PAXgene Blood RNA tubes (PreAnalytiX/QIAGEN) and stored at -80°C prior to analysis.

Quantitative Real-Time PCR for SMAD3 Whole Blood Analysis

Whole blood RNA was extracted using the PAXgene Blood RNA kit
(PreAnalytiX/QIAGEN). cDNA was synthesized using the Transcriptor First Strand cDNA
Synthesis kit (Roche) and a combination of anchored oligo(dT) and random hexamer
primers, with 500 ng of patient whole blood RNA as the template. Quantitative PCR for
SMAD3 mRNA was performed with SYBR Green I Master (Roche) and run on the
LightCycler 480 II machine (Roche). Peptidylprolyl Isomerase A (PPIA) was used as the
reference gene for all quantitative PCR experiments. The following primer sequences were
used for quantitative PCR analysis: SMAD3: forward 5°-GCCTTCTGGTGCTCCATCTC-3’
reverse 5’-AATAGCGCTGTCACTGAGGCA-3’; PPIA: forward 5°-

ACCGTGTTCTTCGACATTGC-3’ reverse 5’-TTCTGTGAAAGCAGGAACCC-3’
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SMAD3 eQTL Analysis in Primary Tissue

SMAD?3 expression in human carotid plaque tissue was investigated using samples from the
BiKE (Biobank of Karolinska Endarterectomies) study. The BiKE study at the Karolinska
Institute, Stockholm, Sweden comprises a repository of atherosclerotic plaque and plasma
samples obtained from patients that underwent carotid endarterectomy, along with clinical
parameters, genotype data, RNA expression and proteomics data. Details of the study cohort
have been published previously?**2%’". High-density genotyping in BiKE samples was
performed using I[llumina610w-QuadBead Array and matched with the corresponding
plaque samples (n=125). Since rs17293632 was not present on the chip, rs16950687 (D’
0.949, r? 0.859 with rs17293632; D’ 1, 12 0.953 with rs56062135) was selected as a proxy

using the SNaP software from the Broad Institute.

SMAD?3 expression was also probed in vivo in non-CAD patients from various tissues
collected in the ASAP (Advanced Study of Aortic Pathology) study. Patients from the
ASAP study had aortic valve and ascending aortic disease and all underwent elective open

heart surgery?®

. None of these patients had significant CAD by coronary angiography.
Tissues collected included mammary artery intima-media, liver, ascending aorta intima-
media, ascending aorta adventitia, and heart. SNPs were genotyped on the

[umina610w-QuadBead Array and rs17293632 imputed using the Mach2.0 algorithm and

1000 Genomes data as reference (imputation quality r> = 0.718).
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Chromatin Immunoprecipitation

Primary hASMCs were seeded in 150 mm dishes and grown to confluence before
harvesting. Cells were fixed with 1% formaldehyde before being quenched with glycine. For
each round of ChIP, cells from two 150 mm plates (~1 million cells per dish) were
combined and lysed with 500 uL of nuclear lysis buffer. Cross-linked chromatin was
sheared into fragments of approximately 500 bp using the BioRuptor sonicator (Diagenode)
and clarified using centrifugation. PureProteome Protein A/G Magnetic Beads (Millipore)
were preblocked with both salmon sperm DNA and BSA for 30 minutes at 4°C. Before the
immunoprecipitation, the 500 uL of total chromatin was incubated with 10 uL of
resuspended pre-blocked beads to further reduce background. Each chromatin
immunoprecipitation used 200 ug of hASMC chromatin, 10 pL of resuspended beads, and
10 pg of either c-Fos (Santa Cruz Biotechnology, K-25: sc-253), c-Jun (Santa Cruz
Biotechnology, H-79: sc-1694), JunB (Santa Cruz Biotechnology, 210: sc-73), JunD (Santa
Cruz Biotechnology, 329: sc-74), p300 (Santa Cruz Biotechnology, C-20: sc-585), H3K27ac
(Abcam, ChIP Grade ab4729), or nonspecific Rabbit IgG. Protein-antibody-bead complexes
were incubated overnight at 4°C with rotation. Complexes were washed four times with
wash buffer, once with high salt wash buffer, and eluted from the beads with elution buffer
containing 1% SDS and 100 mM sodium deoxycholate and heating for 15 minutes at 65°C.
Cross-links were reversed by addition of NaCl to a final concentration of 200 mM along
with RNase A and shaking at 65°C for 5 hours. Eluted DNA was purified using the
GeneJET PCR Purification Kit (Thermo Scientific) and used for quantitative PCR.
Quantitative PCR was performed using SYBR Green I Master (Roche) and the LightCycler

480 II machine (Roche). The sequences of primers specific for rs17293632 were FWD: 5’-
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CTCCGCGTGAATGTCACTG-3’ and REV: 5’- GAGAGGTGAAGAGGGCAAAT-3".
Sequences of negative control primers, amplifying intronic areas of the CPT1B gene, are
listed in Supplementary Table II. Melting curve analysis was conducted for each primer

set for every run conducted.

Allele-Specific ChIP-qPCR

A TagMan SNP Genotyping Assay for the rs17293632 SNP was purchased from Life
Technologies (C__33991343_10). Lot 287836 hASMC:s, confirmed to be heterozygous at
rs17293632, were used for all allele-specific ChIP qPCR experiments. Quantitative PCR
was first performed on the immunoprecipitated DNA as described above, and products
purified using the GeneJET PCR Purification Kit (Thermo Scientific). TagMan SNP
genotyping assays for rs17293632 were then performed on PCR products to generate the
ratio of the (C) to (T) allele for DNA that binds AP-1. For each allele-specific gPCR run, a
standard curve was generated consisting of previously genotyped homozygous CC and
homozygous TT genomic DNA samples mixed in the following ratios: 9:1, 8:2, 7:3, 6:4, 5:5,
4:6, 3:7, 2:8, and 1:9. The Log?2 ratio of FAM/VIC of these standards at cycle 55 was then
used to generate the standard curve. The Log?2 ratio of FAM/VIC of the immunoprecipitated
DNA was then fitted to the standard curve to calculate the ratio of (C) to (T) alleles. Both
sonicated input PCR product, as well as unsonicated lot 287836 genomic DNA, which have

1:1 C:T ratios, were included as controls for each run.
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Cell Proliferation Assays

Cell proliferation assays were performed using the same protocol for HITC6 and lot 287836
batches of hASMCs. These were first seeded in 24 well plates and grown in SmGM-2
Smooth Muscle Cell Basal Medium (Lonza) supplemented with 5% FBS, insulin, hFGF-B,
GA-1000, and hEGF. siRNA transfection was performed when cells reached approximately
45% confluency. Cells were transfected with a final concentration of either 20 nM nontarget
siRNA or 20 nM SMAD3 siRNA. SMAD3 siRNA oligonucleotides (s8401 and s8402) were
purchased from Life Technologies. siRNA transfection was conducted using the
Lipofectamine RNAIMAX reagent (Life Technologies) and 6 h after transfection, media
was changed and replaced with normal growth medium. After 72 h of knockdown, cell
proliferation was measured using the MTT assay (Molecular Probes, Life Technologies).
The MTT assay detects living cells, and is based on reduction of the tetrazolium dye MTT to
its insoluble form, formazan, that has a purple colour that can be quantified at 595 nm. After

MTT incubation at 37°C, DMSO was added as the solubilizing reagent.

Conditional and Joint Association Analysis

To determine if the observed association between SMAD3 and CAD is mediated by
rs56062135 or other SNPs, we used conditional and joint association analysis implemented
in GCTA software?*. This is a two step procedure that involves conditional analysis to
identify independent SNPs and secondly, fitting all selected SNPs jointly in a model and
excluding SNPs with p values (p-values from joint analysis) that are greater than the cut-off

p value, using the software default p< 5x 10 (GWAS significant level) as our threshold.
111



GCTA method requires summary-level statistics from a meta-analysis of genome-wide
association studies (GWAS) and estimated linkage disequilibrium (LD) from a reference
sample with individual-level genotype data. We used the SNP summary statistics from the
recently published 1000 Genomes—based GWAS meta-analysis of CAD* as our meta-
analysis file (CARDIoGRAM Meta-analysis). Furthermore, the reference sample must be

239,240 and it can be

large enough so that the LD correlations are estimated with little error
one of the participating studies of the meta-analysis®*’; therefore, we used the 1000
Genomes post-imputed genotype data from our cohorts that are included in the
CARDIoGRAM Meta-analysis and excluded variants with IMPUTE?2 info < 0.4, in our final

dataset, we have 13,367 subjects with available genotypes at 15M variants that we used as

our reference sample for conditional and joint association analysis.

Statistical Analysis

Data displayed represents the mean + SD for experiments conducted in triplicate, and is
representative of 3 independent experiments. Significant differences were assessed by either
one-way ANOVA followed by Bonferroni’s post-hoc test or unpaired, two-tailed Student’s
T-test, where appropriate. Figures were generated and analysis performed using the

GraphPad Prism software.
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3.4 Results

Haplotype analysis of CAD-associated SNPs at the SMAD3 locus and identification of

candidate functional SNPs

The index GWAS SNP rs56062135C>T is intronic to SMAD3 on chromosome 15 (Table
1)*. The SMAD3 gene is approximately 130 kb in size with 9 exons, most clustered towards
the 3’ end of the gene (Figure 1A). The regional association plot of SMAD3 and
chromosome 15 indicated a cluster of CAD-associated SNPs in SMAD3 in proximity to
rs56062135C>T, with weaker CAD-associated signals in nearby genes at this locus (Figure
1B). Our conditional and joint association analysis showed that the association between
SMAD3 and CAD is mainly explained by rs56062135, as it was the only SNP that remained
significant in the final joint model (Supplementary Table III). Further, we investigated the
effect of rs56062135 on association of SMAD3 variants with CAD by doing conditional
analysis, as presented in Supplementary Table V. None of the variants tagging SMAD3
reach GWAS significance (p< 5 x 10®) after conditional analysis and the vicinity SNPs to
1s56062135 showed GWAS significant association in the CARDIoGRAM meta-analysis

because they are in high linkage disequilibrium with rs56062135 (2 > 0.9).

We then sought to identify other SNPs in strong LD with this SNP using HaploReg v3 and
Haploview?*!. This analysis revealed 6 other intronic SNPs in strong LD (r>>0.8), including
rs17293632C>T within intron 1 (Table 2). No SMAD3 exonic SNPs or SNPs predicted to
alter splicing were in LD with rs56062135. Haploview software and imported linkage data
from the 1000 Genomes Browser reveals 20 separate LD blocks at the SMAD3 locus;

rs56062135C>T and linked SNPs are all found within block 13 (Supplementary Figure I).
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Figure 1. Overview and chromatin signatures of the SMAD3 locus on chromosome 15. (A)
SMAD3 is found on the long arm of chromosome 15 and contains 9 exons. SNPs denoted in
red represent the index rs56062135 GWAS SNP and the functional rs17293632 candidate
SNP. (B) Regional association plot for CAD association for SMAD3 and proximal genes on
chromosome 15 generated from 1000 Genomes project imputation data. (C) UCSC genome
browser annotation and ENCODE project data for the entire SMAD3 gene on chromosome
15. SNPs from previously published GWAS are denoted in green. Chromatin regulatory
features such as DNase hypersensitivity sites, histone modifications (H3K4mel, H3K4me3,
H3K27ac), and predicted transcription factor binding from ChIP-seq data are all included.
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Table 2. SNPs in intron 1 of SMAD?3 in strong linkage disequilibrium (r>>0.8) with
rs56062135 and RegulomeDB scores for predicted functionally (1 = very likely to be
functional, 6 = not likely to be functional). LD values were obtained from the HaploReg (v3)

SNP Chromosome P((l)lsglilg)n D’ r? RegulomeDB Score
1s72743461 15 67441750 0.97 0.92 4
rs17293632 15 67442596 0.97 0.94 2a
rs56375023 15 67448363 0.98 0.95 No data
rs17228058 15 67450305 0.99 0.98 5
rs56062135 15 67455630 1.00 1.00 No data
1872743477 15 67464291 0.98 0.93 5
1s72743482 15 67466599 0.97 0.91 5
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This fine-mapping effort led us to conclude that the functional SNP(s) at the SMAD3 locus

are noncoding.

We next attempted to narrow down candidate functional/causal SNPs at this locus. We
conducted epigenetic fine-mapping and scanned publically available databases to determine
if any of these intronic SNPs lie within a noncoding gene regulatory element such as an
enhancer or promoter>*>2**, To help localize truly functional variants amongst a large pool
of SNPs, we looked up rs56062135C>T and linked SNPs in the RegulomeDB database.
RegulomeDB contains experimental data sets from ENCODE and other sources in addition

to computational predictions of regulatory potential®*®

. RegulomeDB guides interpretation
of regulatory variants and assigns each variant a score, 1 being very likely to be functional
and 6 unlikely to be functional. This analysis revealed rs17293632C>T as the only SMAD3
SNP to represent a suitable candidate functional/causal variant (Table 2). ENCODE and
regulatory analysis demonstrated that rs17293632C>T is located in a gene regulatory
hotspot (Figure 1C). HaploReg data indicates rs17293632C>T is located in a region with
enhancer histone marks in 8 cell types, DNase hypersensitivity sites in 41 cells types, and
alters 25 in silico transcription factor binding sites. ChIP-seq data from ENCODE reveal
binding of dozens of transcription factors to the DNA region encompassing rs17293632C>T
(Supplementary Figure II). The rare allele (T) (MAF=0.21) of rs17293632C>T is
protective (p = 5.72 x 10?) (Table 1), comparable to the rs56062135C>T GWAS index

SNP. In contrast, rs56062135 and rs56375023 had no available RegulomeDB data (Table

2), and ENCODE data did not suggest causal effects.
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rs17293632 (T) Disrupts the Function of a Novel Enhancer in Intron 1 of SMAD3

We next sought to functionally verify the presence of an enhancer by investigating the
region containing rs17293632C>T and 1 kb 5° and 3’ flanking sequences (Supplementary
Figure III). This 2 kb sequence contains several SNPs in addition to rs17293632C>T, as
shown in Figure 2A. Pairwise linkage disequilibrium values between SNPs in this region
are shown in Supplementary Figure IV. We cloned this 2 kb sequence for dual luciferase
assays by PCR amplification from genomic DNA homozygous CC at rs17293632 and
homozygous for all other SNPs. This sequence was inserted into the pGL3-Promoter vector
(Promega) that contains an SV40 promoter upstream of the firefly luciferase gene and is
used to evaluate putative enhancer sequences (Figure 2B). Since enhancer effects are

commonly cell-type specific?6-247

, experiments were performed in primary hASMCs of
relevance to CAD. When the 2 kb sequence from SMAD3 intron 1 was cloned into pGL3-
Promoter with the C allele present for rs17293632, we observed a 10 fold increase in
luciferase expression relative to no insert (p<0.001) (Figure 2C). When the rs17293632
allele (C) was changed to (T), via site-directed mutagenesis, the activity of this SMAD3
enhancer was reduced by half (p<0.001). This indicated that in hRASMCs, rs17293632(T)
disrupts binding of one or more transcription factors or chromatin modifying enzymes. In
HeLa and HepG2 cells, we found this 2 kb sequence to also act as a strong to moderate
enhancer with an approximately four fold increase in luciferase activity compared to empty
vector (p<0.001) (Figure 2C). Interestingly, the effects of this enhancer in HelL.a and HepG2

cells are almost completely dependent on rs17293632C>T genotype, as the presence of the

(T) allele nearly fully disrupts enhancer activity. To further examine the contribution of the
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Figure 2. rs17293632 resides within a strong enhancer in hASMCs and other cell types and
is responsible for transcriptional activity of this enhancer. (A) Schematic of the different
enhancer sequences containing rs17293632 investigated in dual luciferase assays. SNPs
located within these enhancer sequences are denoted by their relative position. (B) Overview
of the SMAD3 enhancer reporter constructs with the SV40 promoter used for dual luciferase
assays. These constructs contain the putative ~2 kb full SMAD3 enhancer sequence
(containing either the (C) or (T) allele at rs17293632) upstream of the SV40 promoter and
firefly luciferase gene of the pGL3-Promoter vector that allows for identification of
functional enhancer sequences. Empty pGL3-Promoter vector was employed as a negative
control. (C) Firefly luciferase values for the SV40 promoter SMAD3 enhancer reporter
constructs transfected in HITC6 hASMCs, HeLa cells, and HepG?2 cells. Firefly luciferase
values were normalized to co-transfected Renilla luciferase. The hASMCs were harvested
for dual luciferase assays 48 hours after transfection and HelLa and HepG?2 cells harvested
24 hours after transfection. Plotted values represent mean + SD of three independent
experiments (triplicates each experiment). ***p<0.001, **p<0.01, ANOVA with
Bonferroni’s post-hoc test. (D) Overview of the SMAD3 enhancer reporter constructs with
the SMAD3 promoter used for dual luciferase assays. 347 bp enhancer segments
(rs17293632 allele either (C) or (T)) were inserted downstream of the SMAD3 promoter and
firefly luciferase gene in the SMAD3p-Luc plasmid. (E) Firefly luciferase values for the
SMAD3 promoter SMAD3 enhancer reporter constructs that were transfected in HITC6
hASMCs and harvested 48 hours after transfection, with raw firefly luciferase values
normalized using co-transfected Renilla luciferase. Plotted values represent mean + SD of
three independent experiments (triplicates each experiment). ***p<0.001, ANOVA with
Bonferroni’s post-hoc test. (F) Chromatin immunoprecipitation data from HITC6 hASMCs
homozygous CC at rs17293632 shows enrichment of both p300 protein as well as the
H3K27ac chromatin mark at the rs17293632 intronic sequence compared to non-specific
IgG. Values are from three independent experiments and displayed as percentage of input
DNA. Error bars denote SD. **p<0.01, *p<0.05, two-tailed unpaired Student’s T-test.
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enhancer in the SMAD3 context, we cloned a 347 bp subset of this enhancer (Figure 2A)
with both alleles for rs17293632 into the SMAD3p-Luc plasmid containing the human
SMAD3 promoter in the pGL3-Basic backbone®*? (Figure 2D). The enhancer was inserted
3’ of both the SMAD3 promoter sequence and firefly luciferase gene to mimic the
orientation in the genome. As seen with the longer enhancer above, this 347 bp enhancer
acts as an enhancer in the context of the SMAD3 promoter in hASMCs and the rs17293632

(T) allele almost completely disrupts enhancer function (p<0.001) (Figure 2E).

Next, we sought to verify that the SMAD3 intron 1 sequence containing rs17293632C>T
acts as an active enhancer in hASMCs by performing ChIP with an H3K27ac antibody.
Relative to non-specific IgG, H3K27ac was highly enriched at rs17293632 (p<0.05) and
suggests this enhancer is functionally active in these cells (Figure 2F). The histone mark
H3K?27ac is typically deposited by the protein p300, a transcriptional co-activator commonly
found at enhancers®*3>*’ that ENCODE predicted to strongly bind rs17293632 in other cell
types. Indeed, binding of p300 (p<0.01) to the rs17293632 sequence was enriched in the

hASMC system (Figure 2F), further supporting the presence of a functional enhancer.

SMAD3 rs17293632C>T is an eQTL in Whole Blood and Human Atherosclerotic

Plaque Tissue

An expression quantitative trait locus (eQTL) effect provides strong evidence for a
functional effect of a given SNP***%5!, We first searched common publicly available online
eQTL databases to determine if rs17293632C>T or LD SNPs are associated with transcript

levels of SMAD3 or another gene. We originally queried both the eQTL Browser from the
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University of Chicago and the NCBI eQTL Browser, yet neither rs17293632C>T nor its
linked SNPs appeared as eQTLs. Furthermore, we could not identify any reported eQTL
SNP within the SMAD3 gene in an electronic search. We then sought to determine whether
rs17293632C>T acts as an eQTL for SMAD3 expression using PAXgene® derived mRNA
from whole blood of healthy individuals. Imputed rs17293632C>T genotypes from the
Affymetrix 6.0 array were verified experimentally using a TagMan SNP Genotyping Assay
specific for rs17293632. Since a previous study reported sex specific effects on SMAD3

expression>>?

, we selected an even number of male and female subjects across the three
genotypes for rs17293632C>T and all were matched for age and body mass index. We
detected a significant association between rs17293632 genotype and SMAD3 mRNA levels

in whole blood (p<0.05, one-way ANOVA) (Figure 3A).

We next queried whether rs17293632C>T associates with SMAD3 expression in human
atherosclerotic carotid plaque samples**#237. Microarray data from plaque tissue in the
BiKE cohort, available for n=125 patients, was analyzed for association with
rs17293632C>T. Since neither this SNP nor rs56062135C>T were present on the chip,
1516950687A>G (D’ 0.949, 12 0.859 with rs17293632; D’ 1, 12 0.953 with rs56062135) was
used as a proxy SNP. As shown, rs16950687A>G was significantly associated with SMAD3
mRNA levels in carotid lesions (p<0.05) (Figure 3B). We also examined association of
rs17293632C>T with SMAD3 expression in several different tissues from the Advanced
Study of Aortic Pathology (ASAP)**®. eQTL data from the ascending aorta adventitia was
directionally consistent with the effects in blood and plaque tissue, but did not reach

significance. Taken together these data provide support for rs17293632C>T as an eQTL for
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Figure 3. rs17293632 represents a cis-eQTL for SMAD3 expression in human whole blood
and carotid plaque tissue. (A) SMAD3 mRNA levels in whole blood was measured across
the three genotypes for rs17293632 by quantitative RT-PCR and normalized to expression
levels of PPIA. The number of patients for the CC, CT, and TT genotypes were 50, 50, and
41, respectively. Whole blood RNA was extracted from PAXgene Blood RNA tubes taken
from fasting healthy individuals matched for age and gender. Lines on the graph represent
mean + SD. *p<0.05, ANOVA with Bonferroni’s post-hoc test. (B) Association of
rs16950687, proxy SNP for rs17293632, with SMAD3 mRNA expression in n=125
genotyped carotid plaque samples from the BiKE study. *p<0.05, one-way ANOVA,
#p<0.05, T-test between the AA and AG genotypes.
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SMAD3 mRNA expression in human whole blood and plaque tissue, consistent with an

effect on gene regulation.

Enhancer Activity at Intron 1 of SMAD3 is AP-1 Dependent

Although numerous transcription factors were predicted to bind the SMAD3 intron 1
enhancer, the protective allele (T) of rs17293632 is predicted to disrupt the consensus
binding sequence, 5'-TGA[G/C]TCA-3', for the transcription factor AP-1 (Figure 4A). To
investigate the role of AP-1 at the SMAD3 intron 1 enhancer, we first sought to determine
the effects of inhibiting AP-1 signalling pharmacologically using SP600125, an inhibitor of
the JNK pathway that blocks both the phosphorylation and transcriptional activity of c-Jun,
a key player in AP-1 mediated transcription®>. In hASMCs, blocking AP-1 activation via
the JNK pathway was shown to strongly diminish enhancer activity of the full SMAD3
intron 1 reporter containing the protective (C) allele at rs17293632 (Figure 4B). As
predicted, SP600125 did not alter the enhancer activity of the construct containing
rs17293632 (T), where the AP-1 site is already disrupted. Reduced c-Jun phosphorylation in
response to SP600125 treatment was confirmed via Western blot (Supplementary Figure
V). These data demonstrate that the AP-1 transcription factor is crucial for proper enhancer

function at this specific location.

Next, we sought to determine if activating AP-1 increases endogenous SMAD3 mRNA
levels by using the commonly used phorbol ester PMA (phorbol 12-myristate 13-acetate,
also referred to as 12-O-Tetradecanoylphorbol-13-acetate/TPA). Over the course of 1 to 4

hours PMA stimulation, SMAD3 mRNA levels increase in two separate lots of hRASMCs
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Figure 4. AP-1 regulates enhancer activity at SMAD3 intron 1 and regulates expression of
SMAD3 mRNA. (A) Depiction of the consensus AP-1 binding site, 5'-TGA[G/C]TCA-3',
with the location of the rs17293632 SNP highlighted in the red box. (B) HITC6 hASMCs
were pretreated with 50 uM SP600125, which blocks phosphorylation of c-Jun, for 1 hour,
prior to transfection with the full-length SMAD3 enhancer reporter vectors or empty pGL3-
Promoter vector for 24 hours. Values are plotted as mean = SD of three independent
experiments (triplicates each experiment). ***p<0.001, NS = not significant, ANOVA with
Bonferroni’s post-hoc test. (C) HITC6 and lot 287836 hASMCs were treated with a final
concentration of 50 nM PMA and harvested for RNA at O, 1, 2, and 4 hours. SMAD3 mRNA
levels were assessed by quantitative RT-PCR and normalized to expression levels of f-actin.
Values represent mean = SD of three independent experiments (triplicates each experiment).
**%p<(0.001 compared to 0 h, ANOVA with Bonferroni’s post-hoc test. (D) HITC6
hASMCs were transfected with either 50 nM nontarget siRNA or 50 nM JUN siRNA for 48
hours. SMAD3 and JUN mRNA levels were assessed by quantitative RT-PCR and
normalized to expression levels of f-actin. Values represent mean + SD of three
independent experiments (triplicates each experiment). ***p<0.001 compared to NT siRNA,
two- tailed unpaired Student’s T-test.
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(Figure 4C). Finally, knocking down c-Jun expression via siRNA decreases SMAD3
mRNA over the course of 48 hours (p<0.001), suggesting c-Jun and AP-1 normally increase
SMADZ3 transcription (Figure 4D). By contrast, knocking down other AP-1 components
such as c-Fos, JunB, and JunD did not produce significant changes in SMAD3 mRNA (data

not shown).

Allele-Specific Binding of AP-1 Components for rs17293632 in Primary Arterial

Smooth Muscle Cells

ENCODE ChlIP-seq data (Supplementary Figure II) indicate that AP-1 proteins c-Fos,
FosL1, c-Jun, JunB, and JunD are able to bind the rs17293632 site in the SMAD3 intron but
with little data on vascular cell types. We thus performed ChIP experiments in HITC6
hASMCs homozygous for the C allele. Protein-DNA complexes were pulled down using
antibodies specific for c-Fos, c-Jun, JunB, and JunD as well as a nonspecific IgG control.
We demonstrate very strong binding of c-Fos and JunD to rs17293632(C) as well as
moderate binding of JunB and c-Jun (Figure 5A). AP-1 ChIP products were also amplified
for negative control intronic genomic regions (Supplementary Figure VI). Relative to the
input DNA, we observed much weaker binding of AP-1 proteins to the negative control

genomic areas (intronic sequences selected that are not predicted to bind AP-1).

We next sought to determine if changing rs17293632 (C) to (T) affects binding of AP-1
proteins by performing allele-specific ChIP-qPCR, using lot 287836 primary hASMCs that
were heterozygous for rs17293632. To assess the allele-specific binding of AP-1 we first

performed ChIP and followed with a nested PCR-TagMan genotyping method for
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Figure 5. AP-1 proteins bind to the rs17293632 sequence and preferentially bind the
common (C) allele. (A) Chromatin immunoprecipitation data from HITC6 hASMCs shows
enrichment of AP-1 component proteins c-Fos, c-Jun, JunB, and JunD at the intronic
enhancer comprising rs17293632. Values on the y-axis are expressed as percentage of the
input chromatin DNA and are representative of three independent experiments. Error bars
denote SD. (B) Allele-specific ChIP was conducted in lot 287836 hASMC:s, heterozygous at
rs17293632. Eluted ChIP DNA values are expressed as the ratio of the rs17293632 (C) to
(T) allele and are representative of three independent ChIP/PCR/TagMan experiments.
*p<0.05, T-test compared to genomic DNA TagMan control. Error bars denote SD.
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quantification. Protein/DNA complexes were immunoprecipitated with c-Fos, c-Jun, JunB,
and JunD antibodies. After PCR amplification of the eluted ChIP DNA, TagMan genotyping
was performed to determine the ratios of the (C) to (T) alleles for rs17293632 in the
amplified ChIP products. These TagMan values were then applied to a standard curve
consisting of different ratios of the two alleles (generated from homozygous genotypes). We
find strong enrichment of (C) allele binding for both c-Fos and JunD (p<0.05) (Figure 5B),
both AP-1 members that bound the strongest to this region as shown in Figure 5A. JunB
also demonstrated enrichment for the C allele (p<0.05), whereas c-Jun showed, surprisingly,
no enrichment (see Discussion). As expected hASMC lot 287836 input and genomic DNA
control samples had C:T ratios around 1.0. Overall, these allele-specific ChIP data
demonstrate enriched binding of AP-1 to the common (C) vs. protective (T) allele,
consistent with the above luciferase and eQTL data. Altered binding of AP-1 would lower
the efficacy of the SMAD3 intron 1 enhancer and thus reduce SMAD3 transcription and

mRNA levels.

SMAD3 Knockdown Increases Human Arterial Smooth Muscle Cell Proliferation

SMAD?3 knockdown in normal smooth muscle cell medium resulted in a 15-25% increase in
viable cells (p<0.01) (Figure 6) with very similar results for both lots of hASMCs. These
findings indicate that SMAD3 has a negative effect on viability in hASMCs, which likely
reflects an effect on cell proliferation. Since previous studies have shown that TGF3

254,255

induces apoptosis via a SMAD-dependent mechanism , we determined protein levels of

PARP (Poly (ADP-ribose) polymerase) a DNA repair protein that is a key caspase target.
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Figure 6. SMAD3 knockdown in two separate lots of primary human arterial SMCs
increases cell proliferation/viability. (A) HITC6 and lot 287836 cells were transfected with
either 20 nM nontarget siRNA or 20 nM SMAD3 siRNA and harvested for the MTT assay
72 h later to evaluate cell proliferation/cell viability. Values displayed represent the means +
SD of three independent experiments. ***p<0.001, **p<0.01, ANOVA with Bonferroni’s
post-hoc test. (B) SMAD3 knockdown at the protein level was confirmed via Western blot,
with human B-tubulin used as the loading control.
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Caspase-mediated cleavage of PARP is a common marker of apoptosis, detectable by
Western blotting as the conversion of the 116 kDa full-length protein to its 89 kDa form?>,
We could not detect the characteristic 89 kDa form of PARP in nontarget siRNA treated
hASMCs, and observed no difference in this marker of apoptosis between nontarget and
SMAD3 knockdown samples (Supplementary Figure VII). Furthermore, the microscopic
appearance of hASMCs did not differ between nontarget siRNA and SMAD3 siRNA
treatment, supportive of an increase in human ASMC proliferation in response to SMAD3
siRNA knockdown (Figure 6). Thus these data indicate that SMAD3 knockdown is not

repressing a putative underlying apoptosis but rather suggest that SMAD?3 regulates cell

proliferation via other means.
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Supplementary Figure 1. Visualization of the various LD blocks in the SMAD3 gene using
the Haploview software and linkage data taken from the 1000 Genomes Browser.
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Supplementary Figure II. UCSC genome browser annotation and ENCODE project data
for the regional view of the rs17293632 SNP.
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Supplementary Figure III. UCSC genome browser annotation and ENCODE project data
for the entire full SMAD3 intron 1 enhancer sequence characterized.
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Supplementary Figure IV. LD heatmap generated using the Haploview software and
linkage data taken from the 1000 Genomes Browser displaying pairwise linkage
disequilibrium for SNPs located within the SMAD3 intron 1 enhancer. Numbers within the
blocks represent pairwise r* values multiplied by 100. White to grey to black blocks
represent increasing r* values.
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Supplementary Figure V. Reduced levels of phospho c-Jun in response to SP600125 were
confirmed via Western blotting, with human B-tubulin used as the loading control. HITC6
hASMCs were treated with either 50 uM SP600125 or DMSO control for 24 hours prior to
harvesting.
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Supplementary Figure VI. Negative control DNA regions amplified for AP-1 chromatin
immunoprecipitation. Crosslinked DNA-protein complexes from HITC6 cells were
immunoprecipitated with the antibodies for AP-1 components c-Fos, c-Jun, JunB, and JunD.
The ChIP DNA was then amplified with primers specific for two regions of the CPT1B gene
(intron 7 and intron 13). Values are expressed as the percentage of input chromatin DNA.
Values denote the mean of three independent ChIP experiments + SD.
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Supplementary Figure VII. SMAD3 siRNA knockdown does not affect cleavage of PARP
in both lots of hASMCs. HITC6 and lot 287836 cells were transfected with either 20 nM
nontarget siRNA or 20 nM SMAD3 siRNA and harvested for protein 72 hours later. Lysates
were probed with PARP antibody that recognizes both the full length, 116 kDa form of the
protein, as well as the 89 kDa form that serves as a marker for cells undergoing apoptosis.
Human B-tubulin was used as the loading control for both lots of cells.
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Supplementary Figure VIIIL. eQTL box plot for rs17293632 and SMAD3 mRNA
expression in thyroid tissue from the GTEx eQTL Browser. ENSG00000166949.11 refers to
SMAD?3 levels.
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Supplementary Table 1. Characteristics of the three groups of healthy individuals selected
for rs17293632 eQTL analysis

Cohort N Male N Female Mean Age Mean BMI
(= SD) (=SD)

CC 25 25 45.68 (15.78) 21.00 (1.70)

CT 25 25 43.68 (14.30) 20.20 (1.98)

TT 19 22 44.65 (15.82) 20.60 (1.80)
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Supplementary Table II. Sequences of the negative control intronic DNA regions used for
AP-1 chromatin immunoprecipitation

Region Amplicon Size Forward primer Reverse primer
CPTIB Intron 7 123 GGAAGAGGGAGACAGAACACC GCACAAGGTCCTACAGAGGAA
CPTI1B Intron 13 101 TCAGCACTTCCCTCTTACCC GGCCAAGACATCTTCAGGAG
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Supplementary Table III. Conditional and joint association analysis results for SMAD3
locus

CARDIoGRAM Meta-analysis Conditional and joint analysis

Variant Effect allele Beta SE p-value Beta SE p-value

rs56062135 C 0.07 0.01 4.52E-09 0.07 0.01 4.54E-09
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Supplementary Table IV. SNPs within the 2 kb enhancer in intron 1 (chr15:67,441,598-
67,443,643) of the SMAD3 gene that are in linkage disequilibrium with published GWAS

SNPs
Reported GWAS Disease or Trait Reference Enhancer SNP D’ r?
SNP (MAF) (MAF)
1s56062135 (0.21) Coronary artery disease Nikpay et al. Nat Genet rs72743461 (0.22) 0.97 0.92
2015
rs1866316 (0.28) 0.97 0.66
rs17293632 (0.21) 0.97 0.94
1517228212 (0.29) Coronary artery disease Samani et al. N Engl J rs17227883 (0.29) 0.98 0.96
Med 2007
rs12441344 (0.22) Risk of sudden cardiac arrest  Tseng et al. Heart Rhythm rs2033785 (0.23) 0.98 0.90
in patients with coronary 2009
artery disease rs11637816 (0.23) 0.98 0.90
rs17293632 (0.21) Inflammatory bowel disease ~ Jostins et al. Nature 2012 rs72743461 (0.22) 1 1
151866316 (0.28) 1 0.70
rs17293632 (0.21) 1 1
117293632 (0.21) Crohn’s disease Franke et al. Nat Genet rs72743461 (0.22) 1 1
2010
rs1866316 (0.28) 1 0.70
rs17293632 (0.21) 1 1
rs17228058 (0.21) Allergy susceptibility Hinds et al. Nat Genet 1s72743461 (0.22) 0.96 0.92
2013
rs1866316 (0.28) 0.96 0.65
rs17293632 (0.21) 0.97 0.93
1744910 (0.52) Asthma Moffat N Engl J Med rs72743461 (0.22) -0.98 0.29
2010
152033785 (0.23) 0.99 0.27
rs1866316 (0.28) -0.97 0.40
rs11637659 (0.80) 1 0.27
rs11637816 (0.23) 0.99 0.27
rs17293632 (0.21) -0.98 0.28
rs17227883 (0.29) 0.96 0.35
1512913547 (0.24) Central corneal thickness Lu et al. Nat Genet 2013 152033785 (0.23) 0.84 0.70
and keratoconus
rs11637816 (0.23) 0.84 0.70
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117294280 (0.24) Asthma and hay fever Ferreira et al. J Allergy rs72743461 (0.22) 0.88 0.66
Clin Immunol 2014
rs1866316 (0.28) 0.74 0.46

rs17293732 (0.21) 0.68 0.89
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Supplementary Table V.

Too large to include in thesis document - available online.
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3.5 Discussion

Despite the success of recent genome-wide association studies, there has been limited
progress in understanding the function of the multiple risk loci identified. Multiple hurdles
exist including the fact that most are located in intergenic regions or introns rather than
coding sequences. Secondly, the identified polymorphism is most often not causal but rather
in linkage disequilibrium with a neighboring or even distal causal polymorphism. Thirdly,
while the association is at the level of genomic DNA, the relevance may be restricted to a
particular tissue or organ. Lastly, the direct contribution of any given locus could be
temporally restricted; for instance, early transient activation followed by long-standing
enduring epigenetic repercussions.

Here we have investigated a recently discovered GWAS signal near rs56062135C>T in
SMAD3* that is not linked to a previously reported GWAS signal at rs17228212C>T3.
By genetic and epigenetic fine mapping, we identified a SNP, rs17293632C>T, in almost
perfect LD with rs56062135C>T, in a region with chromatin histone marks suggestive of
enhancer activity. Functional studies confirmed that rs17293632C>T is located within a
strong enhancer sequence in primary hASMCs, HeLLa and HepG2 cells. The common (C)
allele maintains the conserved AP-1 binding site and results in greater AP-1 enhancer
binding and maximal enhancer activity, whereas the protective (T) allele (MAF 0.21)
disrupts the AP-1 recognition sequence, reduces AP-1 binding and impairs enhancer
activity. We propose that this enhancer is active in numerous cell types and that
rs17293632(T) disrupts enhancer function via a universal mechanism. Stimulation with the

AP-1 activator PMA increases endogenous SMAD3 mRNA levels in hASMCs while c-Jun
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siRNA knockdown decreases SMAD3 mRNA, suggesting AP-1 positively modulates

SMADZ3 transcription.

While AP-1 regulation is complex and its transcriptional activity can be stimulated by
numerous factors, we observed that the presence of 5% serum was sufficient to produce an
enhancer effect at SMAD3 intron 1 likely due to the presence of various growth factors and
cytokines. ChIP data (Figure SA) demonstrate highly enriched binding in HITC6 cells of
the AP-1 components c-Fos and JunD, with lesser but still enriched binding of c-Jun and
JunB compared to nonspecific IgG. This suggests that in the presence of 5% FBS, AP-1 is
able to sufficiently bind the rs17293632(C) sequence. We were surprised not to find more
enriched binding of c-Jun, a central component of all AP-1 complexes'®*!% to the SMAD3

intron 1 enhancer, especially since c-Jun siRNA knockdown lowers SMAD3 mRNA.

Although c-Jun is important in the transcriptional activity of AP-1, it is possible that our
system did not have the proper stimulatory context to maximize c-Jun binding to DNA.
Furthermore, c-Jun expression is low in many cell types and its expression requires

elevation by appropriate stimuli'®

. The c-Jun antibody used may also not have been optimal
for ChIP experiments. In addition, the epitope recognized by the c-Jun antibody may not be
accessible in our ChIP material due the potential of the formaldehyde cross-linking of
protein to DNA masking effect. By contrast, c-Fos and JunD bound strongly to the
rs17293632 sequence in an allele-dependent fashion, yet their siRNA knockdowns did not
affect SMAD3 expression. Potential reasons for this are that the c-Fos and JunD proteins are
less potent transcription activators compared to c-Jun or that there is functional redundancy

between some AP-1 family members!'$6-27
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Here we also demonstrate ChIP enriched binding of p300 at the rs17293632 enhancer. p300
is a transcriptional co-activator by acting as a histone acetyltransferase that is able to relax
chromatin structure and facilitate binding of other transcription factors and can also act as an
adaptor protein, suggesting that p300 may help the rs17293632 SMAD3 intron 1 enhancer
loop around and interact with/activate the SMAD3 promoter area that is located in the 5’
direction. Mechanisms of p300 recruitment to this region, roles of other transcription factors
from Supplementary Figure II ChIP-seq data, and effect of rs17293632 on chromatin

modifications warrant future investigation.

Luciferase assays consistently confirmed an effect of rs17293632C>T on enhancer activity.
However, our data with the 2 kb enhancer sequence indicated changing the allele from (C)
to (T) reduced reporter activity significantly but not completely relative to the empty pGL3-
Promoter. Similarly, treatment with SP600125 reduced activity of the SMAD3 reporter with
the rs17293632 C allele, to the same levels as the SMAD3 reporter with the T allele but both
had greater activity in comparison to empty pGL3-Promoter, and treatment with SP600125
had no effect when the AP-1 site was disrupted. Thus the 2 kb SMAD3 intron 1 sequence
investigated still has some enhancer activity in hASMCs independent of the rs17293632
SNP studied here. As indicated in Supplementary Figure III, other transcription factors are
predicted to bind a few hundred base pairs away from the cluster of transcription factors that
bind to the immediate rs17293632 SNP. ENCODE data also demonstrate H3K4mel and
H3K27ac enhancer histone marks across the entire 2 kb intronic sequence studied.
Nevertheless, our results indicate that rs17293632 contributes to a large fraction, perhaps the

majority, of this intronic enhancer regulation.
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During the course of these experiments, another report highlighted rs17293632C>T as a
strong candidate functional SNP. Farh et al.*>® developed a fine-mapping algorithm to
identify candidate causal variants for numerous autoimmune diseases and provide ChIP-seq
data for AP-1 in HeLa cells heterozygous at rs17293632. They observed robust binding of
AP-1 to the rs17293632 (C) allele but not to the sequence with the (T) allele (31 AP-1 reads
for the C allele vs. 1 read for the T allele). Their findings are directionally similar to our
allele-specific TagMan experiments with AP-1 (Figure SB). However, their study did not
provide further experimental evidence with respect to rs17293632 function. Although
rs17293632 was used as an example of a likely causal SNP, the specific AP-1 protein(s)

investigated in their ChIP-seq experiment was not reported.

Further evidence for rs17293632C>T as a causal SNP at this locus is provided by eQTL data
for SMAD3 expression in both whole blood and vascular tissue. We elected to focus solely
on SMAD3 for eQTL analysis because rs17293632 is located within SMAD3 and no other
genes in the region had plausible links to atherosclerosis. Although we demonstrate that
rs17293632 is a cis-eQTL for SMAD3 expression, we cannot rule out trans-eQTL effects.
There are several genes in the vicinity of SMAD3/rs17293632 that may also be regulated by
rs17293632 and future studies in this regard will be of interest. Although p-values in eQTL
analysis were nominally significant at p<0.05, they would not pass the multiple correction
threshold if we probed for many genes in addition to SMAD3. Recent studies have shown

239260 " while others are tissue specific?®*?6!, While

some eQTLs are shared amongst tissues
we show eQTL data in whole blood and vascular tissue, it will be important to determine

whether rs17293632 is an eQTL in various other tissues since this SNP has pleiotropic

effects on other diseases (Supplementary Table IV). In the midst of our experiments,
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rs17293632 was deposited in the GTEx eQTL database as an eQTL for SMAD3 in thyroid

with the same direction of effect (p=1.9 x 10"*, Supplementary Figure VIII)

While these fine-mapping, bioinformatic, and experimental findings demonstrate that
rs17293632C>T is a functional SNP at this locus, others may exist. Table 2 shows that this
SNP is in almost perfect linkage disequilibrium with six other SNPs at the SMAD3 locus.
While the latter do not appear to significantly disrupt transcription factor binding sites or
have strong regulatory chromatin modifications compared to rs17293632C>T, it is plausible
that they could still affect gene regulation. As indicated in Figure 1C, the SMAD3 locus as a
whole appears to contain many gene regulatory hotspots, with several regions containing
strong H3K27ac, H3K4mel, and clusters of transcription factor binding in ENCODE ChIP-

seq data.

Other reports indicate the enhancer sequence in SMAD3 encompassing rs17293632C>T has
relevance to phenotypes other than atherosclerosis. Of note, a cluster of SNPs in vicinity of
rs17293632 and towards the 3’ end of the SMAD3 gene (Figure 1C) have previously been
associated with various diseases (Supplementary Table IV), most with immune
components in their pathophysiology. These include Crohn’s disease, inflammatory bowel
disease, asthma and atopy?®>~2%°. As we have demonstrated, the SMAD3 intron 1 enhancer is
functional across numerous cell types and thus effects of rs17293632C>T are likely to apply
across a wide variety of cell types expressing AP-1 family member proteins. Affecting
enhancer function and subsequently SMAD3 expression would be expected to alter TGF3
signaling with pleiotropic effects giving rise to various conditions and diseases. Similar to

Crohn’s disease and inflammatory bowel disease, atherosclerosis has an
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immune/inflammatory component and macrophages and T cells play important roles in
pathogenesis. It could thus be of interest to determine if immune and inflammatory
cytokines are able to activate AP-1 signaling upstream of binding to rs17292632. Since the
rs17293632 SNP and 5'-TGA[G/C]TCA-3" AP-1 recognition sequence is conserved between
humans and mice, generation of mouse models with different alleles for rs17293632 or
deletion of the enhancer sequence entirely may further unravel the contribution of this AP-1
regulatory mechanism. Alternatively, genome editing of the AP-1 binding site using

CRISPR/Cas9 in human cell lines could be used to further clarify its role.

It is well established that SMAD?3 is an important mediator of TGFp signalling and previous
studies suggest TGFP signaling has a protective effect in atherosclerosis'>%!>1¢° However,
the role of SMAD3 in the vasculature is somewhat less clear. As reported by Kobayashi et
al.'”, Smad3 null mice showed enhanced neointimal hyperplasia with decreased matrix
deposition in response to femoral artery injury. Smad3™ intima were also shown to contain
more proliferating vascular SMCs and less collagen as compared to wild type intima. In
agreement with these findings, here we find that in human arterial SMCs (Figure 6) SMAD3
knockdown increases cell viability consistent with an anti-proliferative role of SMAD3. In

contrast, Tsai et al.'®?

reported that over-expression of Smad3 via adenoviral delivery to
injured rat carotid artery or in cultured vascular SMCs increased SMC proliferation in

response to TGFp.

Irrespective of these discrepant findings, it is not immediately evident how decreased
SMAD?3 expression, and increased smooth muscle cell proliferation in carriers of

rs17293632 (T) would be associated with protection from CAD. This finding may suggest

162



that decreased SMAD3 expression has a beneficial effect at a specific stage of
atherosclerosis or in a specific cellular/tissue context. It is known that SMAD3 is expressed
at low levels in normal artery but increases dramatically in response to injury and is elevated
in atherosclerotic plaque!’>!82, Attenuation of this response in carriers of the rs17293632
(T) allele may somehow be protective. Secondly, while effects on vascular smooth muscle
cells are plausible in terms of linking this SNP to atherosclerosis, it is possible that reduced
SMAD?3 expression in another cell type in the vessel wall (endothelial, macrophage, T cell)
would have a anti-atherogenic effect. Our findings that expression of the SMAD3 gene is
under positive regulation by AP-1 is notable in that there are reports Jun proteins can
antagonistically affect function of the SMAD?3 protein®??, suggesting dynamic interplay

between these factors.

In summary, of the dozens of CAD-associated loci identified by the GWAS approach, few
have been functionally characterized. Here we fine mapped a newly reported GWAS locus
to identify a causal SNP that represents a novel functional cis-acting element at the SMAD3
locus on chromosome 15. The protective rs17293632 (T) allele disrupts a consensus AP-1
binding site, resulting in impaired AP-1 binding to the SMAD3 intron 1 enhancer, and
reduced enhancer activity that in turn correlates with lower SMAD3 expression in blood and

human plaque.
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URLs

HaploReg v3: http://www.broadinstitute.org/mammals/haploreg/haploreg v3.php

Haploview:  https://www.broadinstitute.org/scientific-
community/science/programs/medical-and-population-genetics/haploview/haploview

eQTL Browser, University of Chicago: http://eqgtl.uchicago.edu/cgi-bin/gbrowse/eqtl/

NCBI eQTL Browser: http://www.ncbi.nlm.nih.gov/projects/gap/eqtl/index.cgi

GTEx eQTL Browser:http://www.gtexportal.org

RegulomeDB: http://www.regulomedb.org/index
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4 FUNCTIONAL RELATIONSHIP OF THE COL4A1/COL4A2 LOCUS AT 13q34
TO CORONARY ARTERY DISEASE

Status: not yet submitted

4.1 Introduction

Coronary artery disease (CAD) is the leading cause of death worldwide and is characterized
by the buildup of atherosclerotic plaque in the epicardial arteries. Although genetics is
believed to account for ~50% of inter-individual risk for developing CAD?’, the genetic
factors that contribute to disease are poorly defined. The CARDIoOGRAM Consortium has
conducted type 2 meta-analyses of CAD genome-wide association studies to identify novel
genetic loci associated with CAD, and have published three recent studies in Nature
Genetics*****_ The most recent CARDIoOGRAMPlusC4D study comprised over 185,000
combined CAD cases and controls and interrogated 6.7 million common variants (SNPs and
insertions/deletions) and 2.7 million low frequency variants. These papers have now
identified 58 CAD-associated loci reaching genome-wide significance (p<5 x 10°®) and 202
FDR (false discovery rate) variants with g<0.05. Many of the novel CAD-associated loci
have unknown roles in CAD pathogenesis and are not involved with traditional CAD risk
factors. One of these is the COL4A1/COL4A?2 locus at chromosome 13q34, which has not
been widely characterized with respect to atherosclerosis. These genes encode the large
COLA4A1 and COL4A?2 proteins that form triple helices and are key constituents of basement
membranes’.

Type IV collagen triple helices consist primarily of two COL4A1 molecules combined with

one COL4A2 molecule that assemble via their C-terminal globular domains. These collagen

IV triple helices end up forming a meshwork that comprises the major structural component
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of basement membranes’®. The basement membrane is a thin sheet of fibers lining the
epithelium of most tissues as well as lining the endothelial layer of blood vessels’>. The
COLA4A1 and COL4A?2 proteins also have functional roles in angiogenesis, cell
proliferation, and cell migration®*°>2682% Type IV collagen normally functions to maintain
the quiescent, contractile phenotype of vascular smooth muscle cells'®!%, Basement
membrane proteins including type IV collagen also reduce inflammatory gene expression,
reduce LDL uptake in culture, and lower calcification of extracellular matrix!°!:108.109,

The COL4AI and COL4A2 genes are located adjacent to each other on chromosome 13q34
and are encoded on opposite strands (Figure 1). The COL4A1 gene is ~158 kb and consists
of 52 exons while the COL4A2 gene is ~207 kb and has 48 exons. They share a common,
bidirectional promoter of only 127 bp®”. However, transcription of each gene requires the
presence of both upstream and downstream activating sequences. Exon 1 and intron 1 of
both COL4A1 and COL4A?2 contain elements required for proper transcription. The
bidirectional promoter lacks a traditional TATA box but binds transcription factors such as
Spl, CCAAT-binding protein, and CTC binding factor (CTCBF)%-’°, Here, we attempt to
characterize the functional roles of the first two CAD-associated SNPs at the
COL4A1/COLA4A2 locus reported by the CARDIoGRAM Consortium. The rs4773144 index
SNP at this locus was reported in the first CARDIOGRAM paper*?, while the independent
1$9515203 index SNP was reported in the follow up CARDIoGRAMPlusC4D paper?®
(Table 1). Interestingly the rs4773144 and rs9515203 SNPs are not linked (r?=0.01)%,
meaning they represent independent CAD association signals. This work highlights the
important and emerging roles of SNPs in noncoding regions of the genome in the
pathogenesis of complex diseases such as CAD.
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Figure 1. Schematic of the COL4A1 (52 exons) and COL4A2 (48 exons) genes on
chromosome 13q34. These genes are arranged in a head-to-head fashion and share a
common, bidirectional promoter of only 127 bp. COL4A2 is transcribed on the forward
strand of genomic DNA, whereas COL4A1 is transcribed on the reverse strand. The red
arrows represent positions of the CARDIOGRAM risk SNPs. COL4A1 exons are annotated
with grey boxes, COL4A2 exons are annotated with blue boxes, and introns are annotated by
the white boxes. The rs4773144 SNP is located in proximity to the bidirectional promoter,
whereas the rs9515203 SNP is in the middle of a 70 kb intron.
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Table 1. Properties of the rs4773144 and rs9515203 index SNPs at the COL4A1/COL4A2
locus associated with CAD. Values reported are from the CARDIoGRAMPIlusC4D paper

published in Nature Genetics in January 20132

SNP ID

Position Role Risk allele Combined p- QOdds Ratio
(build 37) frequency Value 95% CI)
4773144 13:110960,712  Lromoter, 0.44 (G) 1.43x10™" 1.07
Intron
19515203 13:111,049,623 Intron 0.74 (T) 5.85x10712 1.08
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4.2 Materials and Methods

Human Subjects

All CAD cases and controls were selected from the Ottawa Heart Study cohort as described
previously®®. CAD cases had severe, premature CAD with onset before the age of 55.
Control subjects with no history or symptoms of CAD consisted of men aged >65 years and
women aged >70 years. Details of CARDIoGRAM cohorts and conditional and joint

analysis are explained in the most recent CARDIoOGRAM Nature Genetics paper**.

Cell Culture

HT1080 fibrosarcoma cells were purchased from ATCC and grown in high glucose DMEM
media (Gibco) supplemented with 10% FBS, L-Glutamine, and penicillin-streptomycin.
Primary human arterial smooth muscle cells (hASMCs), lot HITC6, were obtained from the
laboratory of Dr. JG Pickering. These cells were derived from primary cultures of smooth
muscle cells from the human thoracic artery?’! and experiments performed between passages
28 and 33. HITC6 cells were grown in SmGM-2 Smooth Muscle Cell Basal Medium

(Lonza) supplemented with 5% FBS, insulin, hFGF-B, GA-1000, and hEGF.

Generation of COL4A1/COL4A2 Promoter Constructs

For the reporter detecting transcription from the COL4A2 direction, we mimicked the insert

from the construct pNA reported by Schmidt et al.”?. This insert contains the promoter, part
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of exon 1 of COL4A1 along with exon 1, intron 1, and part of exon 2 of the COL4A2 gene.
This region was amplified using the primers 5’-
GATTGGTACCTGAGCCGGGGCCCCATGGT -3’ (Kpnl restriction site) and 5°-
GATTAAGCTTGGCCCCGGTCAGTCCCACT-3’ (HindIII restriction site). After PCR
amplification, both the resulting PCR product and pGL3-Basic were digested with Kpnl and

HindIII before subsequent ligation into the pGL3-Basic multiple cloning site.

To construct a reporter to detect transcription from the COL4A 1 direction, we used the insert
from the pBNaSA construct as described previously’2. This construct consists of the
bidirectional promoter flanked by regulatory sequences in the COL4A 1 and COL4A2 genes.
Also included was a splice-acceptor sequence from the COL4A2 gene’. The splice acceptor
site was PCR amplified using the primers 5’-
GATTAGATCTCGGGCCGCGCACCGCGCTGT-3’ (BglII restriction site) and 5°-
GATTAAGCTTGGCCCCGGTCAGTCCCACT-3’ (HindlIII restriction site). Ligation of
this sequence was performed after digesting this PCR product and empty pGL3-Basic with
BgllII and HindIII. The sequence required for COL4A I promoter activity was PCR amplified
using the primers 5’-GATTGGTACCCGCGAACGCGCGGGCGCGA-3’ (Kpnl restriction
site) and 5’-GATTCTCGAGGGCTCCCAGGCACCCTCAC-‘3 (Xhol restriction site). This
sequence was inserted into pGL3-Basic after digesting both the PCR product and empty

vector with KpnlI and Xhol and subsequent ligation.

Once the regions necessary for COL4A 1 and COL4A?2 transcription were successfully
inserted into the pGL3-Basic, site directed mutagenesis was conducted on the original

COLA4A1 construct to change the rs12429420 allele. For the COL4A?2 reporters, site-directed
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mutagenesis was used to generate the proper combinations of alleles for rs35466678,
rs7327528, and rs76536922. All of these mutagenesis reactions were conducted using
PfuUltra II fusion HS DNA Polymerase (Agilent Technologies). Correct sequences for all

constructs were confirmed after the cloning step via sequencing.

Generation of rs9515203 Enhancer Constructs

To test for enhancer activity near the rs9515203 SNP, we cloned a full-length, ~2 kb
sequence (R1+R2+R3) in addition to the R1, R2, and R3 subsequences into the pGL3-
Promoter vector (Promega) that contains an SV40 promoter. For each insert, we PCR
amplified genomic DNA using primers with BamHI restriction sites (Table 2). Next, these
PCR products as well as empty pGL3-Promoter were digested with BamHI prior to
subsequent ligation. Each insert with BamHI sites was cloned into pGL3-Promoter in both
forward and reverse orientations. To change the allele at rs9515203, site-directed
mutagenesis was performed on the full and R3 constructs (in the forward orientation) using

the Q5 Site Directed Mutagenesis Kit (New England BioLabs).

Transfection and Dual Luciferase Assays

For transient transfection studies with the COL4A 1/COL4A2 promoter reporter constructs,
HT1080 cells were seeded in 12 well dishes and grown to ~70% confluence at the time of
transfection. Each well was transfected with 1 pg of COL4A1/COL4A2 promoter reporter

and 2% pRL-SV40 Renilla. HT1080 cells were harvested 24 hours after transfection by
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Table 2. Primer sequences to amplify regulatory regions near the rs9515203 SNP in intron 4
of the COL4A2 gene.

Construct Insert Size Primer Sequence (5°-3’)
(bp)
Full Enhancer FWD GATTGGATCCTCTTTAAAGCAGTTCTGGAT
(R14+4R2+R3) 100 REV GATTGGATCCAGCCCTTCAAAATGTAATGG
FWD GATTGGATCCTCTTTAAAGCAGTTCTGGAT
o o REV GATTGGATCCGCATACCATCTGACACGTT
FWD GATTGGATCCATAGAGAGATTTCAGAGGTC
1 2! REV GATTGGATCCAACAGTCGGCCAGA
FWD GATTGGATCCTATCCGCCCCCATT
o 5 REV GATTGGATCCAGCCCTTCAAAATGTAATGG
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washing once with 1X PBS and lysing with 250 pL of Passive Lysis Buffer (Promega).
HT1080 cell transfections were performed with X-tremeGENE 9 transfection reagent

(Roche).

For transient transfection studies in hASMCs, HITC6 cells were seeded in 6 well dishes and
grown to ~90% confluence at the time of transfection. Each well was transfected with 2.5 ug
of firefly luciferase construct and 2% pRL-SV40 Renilla. hASMCs were harvested 24 hours
after transfection by washing once with 1X PBS and lysing with 500 puL of 1X Passive Lysis
Buffer (Promega). hASMC transfections were performed with the Lipofectamine 3000
reagent (Life Technologies). All harvested lysates were centrifuged for 1 minute at 13,000
rpm at 4°C. Dual luciferase assays for both cell types were performed using the Promega

GloMAX 96 Microplate luminometer.

COL4A1/COLA4A2 Expression Analysis

COL4A1, COL4A2, and proximal gene expression at chromosome 13q34 were probed in
vivo in non-CAD patients from various tissues collected in the ASAP (Advanced Study of
Aortic Pathology) study. Patients from the ASAP study had aortic valve and ascending

aortic disease and all underwent elective open heart surgery®*

. None of these patients had
significant CAD by coronary angiography. Tissues collected included mammary artery
intima-media, liver, ascending aorta intima-media, ascending aorta adventitia, and heart.

SNPs were genotyped on the Illumina610w-QuadBead Array and rs9515203 imputed using

the Mach2.0 algorithm and 1000 Genomes data as reference (imputation quality r* = 0.33) in
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138 patients. rs9515203 was also directly genotyped on a custom cardiometabochip in 106

patients.
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4.3 Results

Functional characterization of the rs4773144 SNP

One of the original reported CAD-associated SNPs at the COL4A 1/COLA4A2 locus was
154773144, located in intron 3-4 of COL4A2 and very close (~1 kb) to the bidirectional
COLA4A1/COL4A?2 promoter (Figure 1, Figure 2). Our original hypothesis was that the
154773144 SNP from CARDIoGRAM is linked to SNPs in the nearby promoter region that
in turn functionally alter promoter activity and COL4A1 and/or COL4A?2 transcription. The
Ensembl and UCSC genome browsers had deposited several SNPs located in regions
previously reported to be necessary for COL4A 1 and/or COL4A?2 transcription (Figure 2).
Regulatory features of the COL4A1/COL4A?2 bidirectional promoter and surrounding area,
such as histone modifications and ENCODE ChIP-seq data, are shown in Figure 3. While
the COL4A1/COL4A?2 bidirectional promoter has been well characterized, UCSC genome
browser and ENCODE annotation reveal high levels of H3K4me3 (commonly found near
promoters), and moderate to high levels of H3K27ac (found in proximity to active

regulatory elements) (Figure 3)%4>243,

At the start of this project, imputation (such as from the 1000 Genomes Project) was not
widely implemented. Therefore we began by manually sequencing the COL4AI/COL4A2
promoter region (blue box) (Figure 2) and genotyped the SNPs in this region in
approximately 500 CAD cases and 500 CAD controls from our Ottawa Heart Study cohort
to identify CAD-associated SNPs linked with rs4773144. Out of the manually sequenced
SNPs at the promoter area, four showed the strongest association with CAD: rs12429420,

1s35466678, rs7327528, and rs76536922. Currently, with recent advances in imputation
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Figure 2. Schematic of the COL4A 1/COLA4A?2 bidirectional promoter region. Exons are
denoted by thick boxes, whereas introns are denoted by thin lines/boxes. The SNPs in the
blue box were the ones originally sequenced and genotyped and subsequently imputed using
CARDIoGRAM and 1000 Genomes Project data. The rs4773144 SNP in the red box is the
index SNP from CARDIoGRAM.
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Figure 3. UCSC genome browser and ENCODE project annotation for the
COLA4A1/COL4A?2 bidirectional promoter and proximal regulatory elements.
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using 1000 Genomes Project data, we now have access to association data for these
promoter SNPs in all of the CARDIOGRAM cohorts (Table 3). In the much larger
CARDIoGRAM cohort, rs12429420, rs35466678, rs7327528, and rs76536922 remained the
promoter SNPs showing the strongest CAD association. These four promoter SNPs have
lower minor allele frequencies (~5-20%) than rs4773144 (~40%), but have high D’ values
with rs4773144 (Table 4). From our in silico analysis neither rs12429420, rs35466678,
rs7327528, or 176536922 are predicted to disrupt any consensus transcription factor

binding sequences (Figure 3).

We performed luciferase assays to determine if these four CAD-associated SNPs in the
COL4A1/COLA4A?2 bidirectional promoter region affected reporter activity of COL4A1 and
COLA4A2 promoter constructs. We cloned the regions necessary for promoter activity into
pGL3-Basic and performed site-directed mutagenesis to create various allelic combinations
(Figure 4A). These constructs were transfected into HT1080 fibrosarcoma cells and
luminescence measured 24 hours after transfection. The majority of papers studying
COLA4A1/COL4A2 promoter regulation performed reporter assays in HT1080 cells, which
ubiquitously express the COL4AA1 and COL4A?2 proteins®®’!72, Our dual luciferase assays in
HT1080 cells revealed the COL4A1 and COL4A?2 regions cloned into pGL3-Basic acted as

strong promoters, but we observed no SNP effects on promoter activity (Figure 4B).

Thus far it has been difficult to pinpoint functional SNPs near rs4773144 and the
COLA4A1/COL4A?2 bidirectional promoter. While SNPs at the bidirectional promoter
appeared to be the best functional candidates, it is also possible that the intronic rs4773144

SNP itself, or SNPs in linkage disequilibrium could be functional. As Table 5 shows,
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Table 3. Association of SNPs at the COL4A 1/COL4A2 bidirectional promoter region with

CAD in conditional and joint analysis of CARDIoGRAM data using 1000 Genomes

imputation

SNP chr Bp_hg19 Effect Other Effect beta SE p-value g-value N

allele  allele allele studies
freq

rs12429420 13 110,959,131 A G 0.8338 -0.0545 0.0150 0.0003 0.1387 43
rs113651836 13 110,959,464 C A 0.7134  0.0292 0.0118 0.0135 0.4014 42
rs7989823 13 110,959,643 C A 0.5728  0.0320 0.0124 0.0097 0.6952 40
1rs7990009 13 110,959,688 C G 0.7012  0.0290 0.0116 0.0125 0.4543 42
rs7990017 13 110,959,705 T C 0.5022  0.0026  0.0108 0.8076 0.3978 46
rs7991332 13 110,959,717 T C 0.6975 0.0299 0.0116 0.0101 0.2933 42
1s35466678 13 110,959,787 A G 0.8270 -0.0530 0.0150 0.0004 0.2245 43
1s7327528 13 110,960,044 C G 0.0595 0.1047 0.0233  6.76E-06 0.8923 38
1s76536922 13 110,960,164 T C 0.0550  0.0960 0.0241  6.86E-05 0.7730 38
rs4773144 13 110,960,712 A G 0.5726  -0.0524 0.0103  3.87E-07 0.0384 43
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Table 4. Linkage disequilibrium (D’ and 1?) of COL4A1/COL4A2 promoter SNPs with the
rs4773144 index SNP from CARDIoOGRAM in Ottawa Heart Study samples

SNP chr Bp_hg19 D’ r?
rs12429420 13 110,959,131 1.000 0.206
rs113651836 13 110,959,464 1.000 0.322
rs7989823 13 110,959,643 0.118 0.007
rs7990009 13 110,959,688 1.000 0.346
rs7990017 13 110,959,705 0.183 0.020
rs7991332 13 110,959,717 1.000 0.352
1$35466678 13 110,959,787 1.000 0.215
rs7327528 13 110,960,164 0.859 0.063
1576536922 13 110,960,712 0.971 0.074
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Figure 4. CAD-associated SNPs at the COL4A 1/COLA4A?2 bidirectional promoter do not
affect luciferase activity in vitro in either the COL4A1 or COL4A?2 direction. (A) Schematic
of the COL4A1 and COL4A?2 reporters investigated, containing the DNA elements necessary
for transcription of COL4A I and COL4A2. * denote presence/locations of CAD risk alleles.
(B) HT1080 cells were transfected with COL4A 1 and COL4A2 promoter reporter constructs
for 24 hours before being harvested for dual luciferase assays. Each well was co-transfected
with 2% pRL-SV40 Renilla to control for transfection efficiency. Values represent the
average of three independent experiments (+ SD), each experiment having three replicates
for each condition. RLU, relative light units.
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Table 5. SNPs in intron 3-4 of COL4A?2 in strong linkage disequilibrium with the
CARDIoGRAM rs4773144 SNP

SNP ID Position (hg19) D’ with rs4773144 r? with rs4773144
rs4773143 13:110,960,685 1 1
rs4773144 13:110,960,712 1 1
rs7986871 13:110,960,789 1 1
rs3809346 13:110,960,943 1 1
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rs4773144 is in perfect LD with three nearby SNPs (rs4773143, rs7986871, and rs3809346)
in the same intron. This intronic region possesses chromatin marks suggestive of either an
active enhancer or promoter (Figure 5). Furthermore, ENCODE ChIP-seq data suggests
RNA Polymerase II as well as EZH?2 bind to the region containing rs4773144, indicating
this intronic sequence could potentially transcribe a noncoding RNA or be a target of

chromatin modifying complexes.
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Figure 5. UCSC genome browser and ENCODE project annotation of intron 3-4 of
COLA4A?2 containing the CARDIOGRAM rs4773144 SNP, approximately 1 kb from the
COLA4A1/COL4A?2 bidirectional promoter. The yellow box represents the location of
rs4773144 and its tightly linked SNPs.
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Functional characterization of the rs9515203 SNP

The rs9515203 SNP at the COL4A 1/COLA4A?2 locus reported by the
CARDIoGRAMPIlusC4D Consortium?® is located in the middle of a 70 kb intron in COL4A2
(Figure 1). The common allele T at rs9515203 is associated with increased risk of CAD,
while the minor allele C (MAF 0.26) is protective (Table 1). Bioinformatics analysis reveals
this SNP not strongly linked with any other SNPs, suggesting an independent CAD signal
that contributes to CAD pathogenesis by itself. According to the UCSC genome browser, the
sequence around this SNP has several features characteristic of enhancers (Figure 6A).
Typically chromatin marks signature of enhancers are H3K4 monomethylation (H3K4mel),
the absence of H3K4 trimethylation (H3K4me3), the presence of DNase | hypersensitivity
sites, and acetylation of H3K27 (H3K27ac)***?%. In the 2 kb region around the rs9515203
SNP, ENCODE data showed two large peaks of H3K27 acetylation, a DNase
hypersensitivity site, moderate levels of H3K4me3, and a fair degree of H3K4mel.
Furthermore, several transcription factors including C/EBP Beta, RNA Polymerase 11, and

USF1 are predicted to bind to the sequence near rs9515203 (Figure 6A).

We arbitrarily chose this 2 kb sequence and divided it into three subsequences (referred to as
R1, R2, and R3) based on the chromatin signatures. We then cloned the full 2 kb sequence
(R14+4R2+R3) into the pGL3-Promoter vector (Promega) as well as the R1, R2, and R3
subsequences individually (both forward and reverse orientations). The pGL3-Promoter
vector has basal promoter activity and insertion of functional enhancer sequences will result
in increased luciferase activity. As Figure 6B shows, luciferase assays in primary hASMCs

shows the full 2 kb sequence (R1+R2+R3) increases promoter activity by roughly tenfold.
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Figure 6. Enhancer properties of DNA in proximity to the rs9515203 SNP. (A) UCSC
genome browser and ENCODE annotation of the DNA sequence near the rs9515203
CARDIoGRAMPIlusC4D SNP (yellow box). This sequence consists of chromatin histone
marks suggesting the existence of an enhancer. This 2 kb sequence was divided into
subsequences R1, R2, and R3. (B) The R2 and R3 sequences have enhancer activity in
primary hASMCs, whereas the R1 sequence does not. Each sequence was cloned into the
pGL3-Promoter vector and 2.5 pug of each construct was transfected into hASMCs. Cells
were harvested 24 h after transfection and assayed for luciferase activity. Each well was co-
transfected with 2% pRL-SV40 Renilla to control for transfection efficiency. Values
represent the average of three independent experiments (+ SD), each experiment having
three separate wells for each condition. RLU, relative light units.
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The R1 sequence had no enhancer effect, while the R2 and R3 (containing rs9515203)
sequences produce approximate three to seven fold increases in enhancer activity. The R2
and R3 sequences appear to have additive effects for enhancer activity at this COL4A2

intron since their combined effects match the full length insert.

Next, since the rs9515203 SNP lies within the R3 region (Figure 6A), we sought to
determine if changing the allele at rs9515203 has an effect on enhancer activity in luciferase
assays for both the full length enhancer sequence and the R3 sequence alone. Site-directed
mutagenesis was performed to generate constructs containing both the T (risk) and C
(protective) alleles. However, the rs9515203 SNP had no effect on enhancer activity in
experiments in hASMCs (Figure 7). The activity of the Renilla control vector was the same

for both rs9515203 genotypes.

We next determined whether rs9515203 is an expression quantitative trait locus (eQTL) for
COLA4AI and/or COL4A2 expression in humans in vivo. eQTLs are DNA sequence variants
leading to altered expression levels of mRNAs, and provide very strong evidence suggesting
a functional impact on gene regulation. Our lab has access to hundreds of PAXgene Blood
RNA tubes (PreAnalytiX/QIAGEN). Despite access to these samples, we were never able to
detect COL4AI or COL4A2 mRNA in whole blood using qRT-PCR. qRT-PCR experiments
gave poor Cp values, poor melting curves, and the presence of multiple products. Type IV
collagen is low in blood since blood cells do not express high amounts of basement
membrane proteins. In addition, the numerous forms of collagen in humans and the high
frequency of repeating elements in collagen likely resulted in the poor melting curves and

nonspecific products.
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Figure 7. The rs9515203 SNP has no effect on enhancer activity in in vitro luciferase
assays. 2.5 ug of each construct was transfected into hASMCs and co-transfected with 2%
pRL-SV40 Renilla to control for transfection efficiency. Cells were harvested 24 h after
transfection and assayed for luciferase activity. Values represent the average of three
independent experiments (+ SD), each experiment having three separate wells for each
condition. RLU, relative light units.
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In order to determine if r$9515203 was an eQTL for COL4A1 and/or COL4A2 in humans in
vivo, we collaborated with the Advanced Study of Aortic Pathology (ASAP) group in
Sweden, which has collected several tissues from patients undergoing either aortic valve
surgery or surgery for aortic aneurysm. These patients did not have significant CAD as
assessed by coronary angiography. Tissues collected in the ASAP study included mammary
artery intima-media, liver, ascending aorta intima-media, ascending aorta adventitia, and
heart. The rs9515203 SNP was not present on the Illumina610w-QuadBead Array typically
used by the ASAP group so had to be imputed for n=138 patient samples (Figure 8A). In
ascending aortic intima-media, the rs9515203 SNP has an eQTL effect on both COL4A2

(stronger) and COL4A I (weaker).

The box plot for the imputed rs9515203 eQTL effect in ascending aorta intima-media is
shown in Figure 8B. rs9515203 was also directly genotyped on a custom cardiometabochip
in a subset of ASAP samples (n=106), where we again observed a significant effect in
ascending aorta intima-media (Figure 8C). As both Figures 8B and 8C show, the minor,
protective rs9515203 (C) allele associates with lower COL4A2 mRNA expression. Since we
observe an eQTL effect for rs9515203 in the ascending aorta intima-media of patients
without noticeable CAD, it will be of interest to assess the effect of this SNP in diseased

plaque tissue.
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Figure 8. rs9515203 is an eQTL for COL4A 1 (weaker, red line) and COL4A?2 (stronger, blue
line) mRNA expression in vivo in humans in the ascending aorta intima-media. (A)
Genotyped samples (n=138) from the Advanced Study of Aortic Pathology (ASAP) study
were assessed for mRNA expression of the COL4A 1, COL4A2, and proximal genes. Tissues
analyzed from this study are mammary artery intima-media (MMed), liver (L), ascending
aorta intima-media (AMed), ascending aorta adventitia (AAdv), and heart (H). (B) Box plot
showing COL4A2 mRNA expression in ascending aorta intima-media (AMed) as a function
of 19515203 genotype imputed from the [llumina610w-QuadBead Array. (C) Box plot
showing COL4A2 mRNA expression in ascending aorta intima-media (AMed) as a function
of 1s9515203 genotype directly typed on the custom cardiometabochip in n=106 patients
from the ASAP study.
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Functional characterization of further CAD-associated SNPs at the COL4A1/COL4A2

locus

Recently published conditional and joint analysis of CARDIoGRAMPIlusC4D data using
1000 Genomes Project imputation (Nikpay et al. Nat Genet 2015) has now revealed 202
FDR variants (g value < 0.05), seven of which are at or near the COL4A 1/COLA4A2 locus
(Table 6). The relative locations of these seven FDR SNPs are detailed in Figure 9. Of
these seven CAD-associated SNPs at the COL4A1/COLA4A2 locus, rs4773141 is in moderate
linkage disequilibrium with rs4773144 (D’ 0.90, r* 0.62), and rs9515203 has already been
characterized. The p values for some of these novel COL4A1/COL4A2 SNPs are more
robust in comparison to prior index SNPs in the other CARDIoGRAM papers. Epistasis
analysis of the seven SNPs from Table 6 revealed these SNPs showed no pairwise

interaction for CAD association (data not shown).
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Table 6. List of the seven FDR variants (out of 202 total) at the COL4A1/COL4A2 locus (g

< 0.05) from the most recent CARDIoOGRAMPIlusC4D study* employing conditional and

joint analysis

SNP chr Bp_hg19 cM Effect freq beta SE p-value  q-value h2_05
allele

rs11617955 13 110,818,102  121.0122 T 0.8936  0.0985  0.0163  1.39E-09 0.0000  0.0004
rs4773141 13 110,954,353  121.5649 C 0.6408 -0.0750 0.0118 1.78E-10  0.0000  0.0006
rs11838776 13 111,040,681  122.1888 G 0.7367 -0.0743  0.0115 8.86E-11  0.0000  0.0005
rs9515203 13 111,049,623  122.1999 T 0.7606  0.0671  0.0117  1.08E-08  0.0002  0.0004
rs34905765 13 111,100,780  122.3948 C 0.8982 -0.0807 0.0162  6.41E-07 0.0069  0.0003
rs56003851 13 111,114,176 122.4161 C 0.8035 0.0849  0.0133  1.97E-10  0.0000  0.0005
rs61969072 13 111,380,701  123.0967 T 0.8267 -0.0584 0.0125 2.87E-06 0.0233  0.0002

200



Chr13: | 110,800,000 | 111,000,000 | 111,200,000 | 111,400,000

COL4A1 COL4A2-AS1 CARKD ING1
COL4A2 ) CARS2
RAB20

3 , 33 99 9
3 5 38 88 2
o0 ~ o0 © o S
= 2 &2 88 2
© ~No ~ e
a e ~NQ o O ~
a o [3, RN N

201



Figure 9. Schematic of the COL4A 1/COLA4A2 locus and surrounding area at chromosome
13q34. Red arrows represent the locations of the seven independent CAD-associated FDR
SNPs recently reported by CARDIoOGRAM using 1000 Genomes Project imputation.
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4.4 Discussion

From conditional and joint analysis of CARDIoGRAM data using 1000 Genomes Project
imputation, 7 of the 202 FDR variants map to the COL4A1/COL4A2 locus at 13q34*. The
high frequency of independent, robust CAD-associated signals at this locus highlights
COLA4A1 and COL4A?2 as emerging targets in atherosclerosis. What is particularly
interesting about this locus is when analyzing all 202 reported FDR variants from the latest
CARDIoGRAM study, the other CAD loci have fewer independent signals. This high
frequency of independent signals at COL4A1/COL4A2, in combination with the
intronic/intergenic positions of these SNPs, suggests to us that this locus harbours numerous

gene regulatory hotspots.

We postulate the function of these SNPs (or linked SNPs) is disruption of gene regulatory
elements that in turn regulate COL4A1 and/or COL4A?2 transcription. COL4A1 and COL4A2
represent very plausible target genes for effects of these CAD-associated SNPs due to their
critical roles in basement membranes found in all blood vessels. That being said, we cannot
rule out trans-eQTL effects of these SNPs on unknown distal genes since chromatin can
loop and facilitate long-range interactions. Assuming the primary mechanisms whereby the
COL4A1/COL4A2 SNPs associate with CAD is through local effects on COL4A1 and
COLA4A? transcription, this also demonstrates remarkable pleiotropy at this locus. That is,
numerous different independent mechanisms exist at this locus whereby SNPs alter
COL4A1/COLA4A2 expression and increase risk of CAD. It will be helpful to acquire eQTL
data for these seven FDR SNPs in cells/tissues relevant to CAD, as it would provide strong

functional evidence for effects on gene expression.
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With respect to the rs4773144 and rs9515203 SNPs originally reported in the first two
CARDIoGRAM papers?**?, we have yet to clarify the functional mechanisms behind their
robust associations with CAD. For rs4773144, we elected to focus on four SNPs in the
COL4A1/COLA4A? bidirectional promoter region, with lower minor allele frequencies than
rs4773144. These four promoter SNPs are in modest LD with rs4773144 (Table 4), and
associate very highly with CAD themselves (Table 3). However, in HT1080 cells these
SNPs had no effect on COL4A 1/COL4A2 promoter activity when the COL4A1/COL4A2
bidirectional promoter region was cloned into the pGL3-Basic vector. Although HT1080
cells represent a fibrosarcoma cell line, we conducted preliminary experiments with them
because they are the most comprehensively used cell type for experiments dealing with
COL4A1/COLAA2 promoter regulation®®7!7>. When we first studied these collagen promoter
SNPs we were unable to successfully transfect the more physiologically relevant hASMCs
in our laboratory. With the development of newer transfection reagents such as
Lipofectamine 3000 (Life Technologies), it may be of interest to test the collagen promoter
SNPs in these primary cells. Furthermore, while we ruled out signal saturation in our dual
luciferase assays, the COL4A1 and COL4A2 constructs still gave a very strong firefly
luciferase signal. Therefore, COL4A1/COL4A2 SNP effects might be difficult to identify in

the context of such a strong promoter in the HT1080 cell system.

154773144 and its tightly linked SNPs (Table 5) all lie within a putative enhancer/promoter
sequence in intron 3 of the COL4A2 gene (Figure 5). Functional annotation of COL4A2
intron 3 with ENCODE ChIP-seq data suggests binding of RNA Polymerase Il and EZH2
(Figure 5), an enzyme that participates in histone methylation and transcriptional

repression®’!. To our knowledge there are several groups investigating the functional
204



significance of the rs4773144 SNP at 13q34. One of these groups looked at the intronic four
SNP haplotype (encompassing rs4773144) through in depth in silico analysis and follow-up
functional studies®’?. From in silico analysis, all four SNPs showed some evidence of
functionality, with rs3809346 representing the strongest functional candidate. Gel shift
experiments suggested these four intronic SNPs do not alter protein binding and luciferase
reporter assays interrogating these SNPs and the corresponding DNA region were
inconclusive. Finally, eQTL studies showed carriers of the rs4773144 risk allele (G) showed

a trend towards a decrease in type IV collagen mRNA expression in kidney?’>.

For the rs9515203 SNP, located in intron 4 of the COL4A2 gene, we demonstrated this SNP
lies within an enhancer sequence in hASMCs. However, according to ENCODE ChlIP-seq
data rs9515203 is not predicted to disrupt binding of any transcription factors. In our
luciferase assays in hASMCs rs9515203 does not affect luciferase activity of the enhancer
constructs (Figure 7). While luciferase assays did not reveal a function for rs9515203, it is
possible this SNP could affect chromatin accessibility in the genomic DNA that could not be
captured in vitro. Finally, while rs9515203 lies within a functional enhancer, Figure 6
shows there is substantial H3K4me3, indicative of promoter histone modifications. Future
experiments interrogating whether the rs9515203 genomic region can act as a promoter may
be warranted by cloning this sequence into pGL3-Basic. Interestingly, RNA Polymerase II is
predicted to bind the rs9515203 sequence from ENCODE ChIP-seq data. There could
potentially be a promoter for a noncoding RNA that rs9515203 could affect through

unknown mechanisms.

205



We identified rs9515203 as a cis-eQTL for COL4A2 (and COL4AI to a lesser degree)
expression in ascending aortic intima-media (Figure 8), suggesting rs9515203 somehow
regulates gene expression at this locus. Since smooth muscle cells are a major constituent of
the intimal and medial layers of the coronary artery, this rs9515203 effect on type IV
collagen (especially COL4A2) expression has a plausible functional impact on
atherosclerosis progression. We were surprised that the minor, protective (C) allele at
rs9515203 associates with lower COL4A2 expression since the literature suggests type IV
collagen is normally atheroprotective. Type IV collagen levels correlate with reduced
proliferation and migration of vascular smooth muscle cells!°*1%_ Lower type IV collagen
could also be predicted to result in a less dense basement membrane and potential increased
infiltration of monocytes, lipoproteins and T cells in the arterial wall. Of note, this ASAP

eQTL effect is in healthy tissue, which may not accord with diseased plaque.

For rs9515203 and the rest of the seven FDR COL4A1/COL4A2 SNPs, future experiments
are required to determine how alterations in COL4A1/COL4A2 mRNA and protein levels
affect risk of atherosclerosis. While most studies point toward an atheroprotective role for
COLA4A1 and COL4A2, a few studies have reported increased type IV collagen expression
in advanced lesions as atherosclerosis progresses'!!!'2. One of these studies of human
atherosclerotic lesions found thick deposits of type IV collagen around elongated smooth

112

muscle cells in advanced lesions’ *~. None of the type IV collagen deposits in advanced

lesions were located in the center of the atheroma. Occasional deposits of type IV collagen

were observed in calcified tissues, along with vascularisation of lesions, where small vessels

112

were delineated by type IV collagen''~. While basement membranes were often thicker in

regions of calcification in this study, we could not find any further links between type IV
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collagen and plaque calcification in the literature. Though higher type IV collagen in
advanced lesions could suggest type IV collagen promotes atherosclerosis, it could also be a
by-product of the buildup of smooth muscle cells and phenotypic change back to the
contractile state at advanced stages. Multi-layered basement membrane formation around
smooth muscle cells has been proposed to be a defense mechanism against vascular

hemodynamic forces and an indicator of cell senescence'!>*"3,

Another important aspect to note is that for both the above immunohistochemical analyses
as well as many prior functional studies of type IV collagen and atherosclerosis, there is no
way to delineate COL4A1 and COL4A2 from each other or from the other four alpha chains
of type IV collagen. While COL4A1 and COL4A?2 are the predominant forms of type IV
collagen in basement membranes, we cannot assume COL4A1 and COL4A2 have the exact
same role in CAD pathogenesis or that other forms of type IV collagen do not have an

effect.

The rs4773144 and rs9515203 SNPs at the COL4A1/COL4A2 locus demonstrate the
difficulty in identifying causal CAD-associated SNPs. First, these polymorphisms are
common and have modest effect sizes (odds ratios <1.10). According to the common
disease-common variant hypothesis, where CAD is the result of the combination of many
common variants of modest effect, these COL4A1/COL4A2 SNPs would have subtle
biological effects that are difficult to capture in functional assays. For example, in luciferase
reporter assays, 5-10% effects of SNPs on promoter/enhancer activity are hard to capture
with statistical significance. If CAD-associated SNPs had drastic deleterious effects on

biological function, they would be selected against over the course of evolution and not be
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common in the population. Second, SNP effects on gene expression relevant to disease are

often cell-type specific?’**">

and specific cell culture conditions may be required to capture
an effect. Third, there are many mechanisms (several potentially unknown) by which
polymorphisms in noncoding regions can have functional effects. While effects on
transcription factor binding and activity of gene regulatory elements are the most obvious
candidates, intronic SNPs can affect chromatin looping independent of transactivation>’,

)277

can have epigenetic effects (ie. affect methylation)“’’, or affect long noncoding RNA

function®’8. Ultimately, ~50% of CAD SNPs lie outside ENCODE regulatory elements or

coding regions in genes, suggesting the presence of unknown mechanisms?”.

In terms of future experiments of worth for the COL4A 1/COL4A2 locus, it would be
beneficial to conduct a chromosome-conformation capture (3C) based technique. This would
allow us to investigate the three-dimensional organization of the 13q34 locus and determine
if the intronic COL4A1/COLA4A2 regions harboring CAD-associated SNPs interact with
other genes in trans. Another beneficial future experiment will be to take advantage of
CRISPR/Cas9 technology to delete the COL4A 1/COLA4A?2 intronic regions that contain the
CAD-associated SNPs. To do this we would first generate human induced pluripotent stem
cells (hiPSCs), which offer the advantages of cell plasticity, numerous passages, and genetic
homogeneity. After using CRISPR/Cas9 to delete the intronic sequences, we could then
differentiate the hiPSCs into either VSMCs or endothelial cells, the cell types relevant to
atherosclerosis that produce basement membrane proteins. Depending on the findings of the
3C-based technique, we could then assess effects of deleting these regions on COL4A1

expression, COL4A?2 expression, or expression of a distal gene. In VSMCs we could assess
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effects of these CAD-associated intronic regions on parameters such as proliferation,

migration, apoptosis, inflammation, and adhesion.
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S GENERAL DISCUSSION

Gene-gene interactions and pathway analysis are relevant in atherosclerosis

To date, CARDIoGRAMPIlusC4D has reported 58 CAD-associated loci that have reached
genome-wide significance and has further identified 202 FDR variants (g<0.05)**. These
CAD-associated variants are a supplement to the hundreds of other common variants
identified from GWAS associated with various other common and complex diseases,
ranging from diabetes to psychiatric disorders to autoimmune disorders. For most complex
traits and diseases, the proportion of disease heritability explained by SNPs reaching GWAS
significance is approximately 10%. However, for some diseases such as Crohn’s Disease
and multiple sclerosis, or quantitative traits such as height or blood lipids, GWAS SNPs can
explain approximately 10-20% of heritability**’. Thus, for CAD and other complex human
diseases, the question remains as to wherein all of the missing heritability lies. The recently
published 2015 CARDIoGRAM study employing 1000 Genomes Project imputation helped
to fill in some of the missing gaps of CAD heritability, explaining approximately 20% of the
heritability of CAD*. The more GWAS can be applied to understand the heritability of

CAD, the better the ability to clinically predict the occurrence of CAD and MI?!.

An important point to note is that the number of discovered variants reaching significance in

280 Therefore,

a GWAS study is strongly correlated with the experimental sample size
increasing sample sizes should certainly increase the number of variants that reach statistical
significance after accounting for multiple testing. Due to this multiple testing threshold,

many important SNPs with functional roles in CAD pathogenesis have been missed due to

not achieving the p<5x10® threshold?*’.
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We are currently in the midst of the post-GWAS era, trying to understand the functional and
biological implications of the hundreds of GWAS SNPs, including dozens of GWAS SNPs
for CAD. As previously mentioned, some of these post-GWAS strategies include pathway
analysis, gene-gene interactions, and gene-environment interactions. These strategies not
only may uncover some of the missing statistical heritability, but also can shed light on the
molecular mechanisms whereby CAD-associated loci are involved in disease. This is
especially applicable for many of the CAD-associated loci not associated with traditional

CAD risk factors.

Here, not only did we search for functional CAD-associated SNPs at the COL4A1/COL4A2
and SMAD?3 loci independently, we sought to determine whether SNPs at these two loci
display interaction in terms of CAD association. In five independent CAD/control cohorts,
we identified epistasis between the (C) allele at rs72655775 in COL4A2 and the (G) allele at
rs12441344 in SMAD3 (Chapter 2, Table 1) that synergistically increase CAD risk. This
interaction had an odds ratio of 2.26 and was significant after correcting for multiple testing.
Both rs72655775 and rs12441344 are intronic SNPs and in strong to moderate linkage
disequilibrium with numerous other SNPs. The functional roles of these SNPs/linked SNPs
need to be uncovered, including mechanisms that explain their synergistic effects on CAD
association. While epistasis analysis was conducted in all of the cohorts for which our lab
has genotype information for, replication in other CARDIoGRAM data sets would add even

further strength to this genetic interaction between COL4A1/COL4A2 and SMAD3.

From a literature search, we would predict lower levels of both COL4A1/COL4A2 and

SMAD?3 proteins would increase risk of atherosclerosis and CAD. In terms of biological
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interaction between COL4A1/COL4A2 and SMAD3, we believe that hASMCs represent the
cell line of most relevance. Type IV collagen expression is higher in smooth muscle cells
with a quiescent, contractile phenotype compared to activated smooth muscle cells that are
proliferating and migrating'°!'%_ Second, most prior studies suggest TGFp is anti-
atherogenic, including inhibiting smooth muscle cell proliferation and migration'*®,
Lowering both type IV collagen and SMAD?3 (thus disrupting TGFp signaling) would be
predicted to increase smooth muscle cell proliferation and migration and be pro-atherogenic

according to the traditional view of smooth muscle cell proliferation in CAD.

This traditional view that aberrant vascular smooth muscle cell (VSMC) proliferation
promotes formation of plaques, whereas VSMCs in advanced plaques are beneficial by
improving plaque stability has recently been challenged®®. The traditional view was based
on the assumption of a homogenous VSMC population in the vessel wall that are distinct
from other cell types such as macrophages based on expressed cell-specific markers. More
recent studies have demonstrated cells in the plaque expressing VSMC markers can arise
from various origins, including macrophages. Furthermore, recent studies have also
suggested VSMC proliferation can have reparative effects in the atherosclerotic plaque and
is not a primary driver of plaque formation®®?. In contrast, VSMC cell death and senescence

and now believed to strongly contribute to atherogenesis and plaque instability?*2,

Further clarification as to whether smooth muscle cell proliferation is beneficial or
detrimental in CAD pathogenesis is still required and functional experiments to decipher the
mechanisms whereby rs72655775 (C) and rs12441344 (G) (or linked alleles) would

synergistically increase CAD risk. Interrogating common pathways shared by CAD-
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associated loci and epistasis is relevant in the sense that one of the ultimate goals of GWAS
is to translate findings into clinical applications that can lead to the development of new
therapeutic strategies®>. The type IV collagen/SMAD?3 signaling axis could represent one of
these pathways. Our eQTL data from Chapters 3 and 4 is opposite of these predictions,
where protective alleles for rs17293632/SMAD3 (Chapter 3, Figure 3) and
rs9515203/COL4A2 (Chapter 4, Figure 8) associate with lower levels of the respective

gene.

Post-GWAS characterization of CAD loci

In addition to interrogating pathways and epistasis, other post-GWAS strategies include
fine-mapping disease-associated SNPs, using eQTL data to help interpret GWAS findings,
allele-specific expression (ASE) experiments, and functional experiments both in vitro and
in vivo®*28%_ With recent advances in imputation using 1000 Genomes Project data, it is
currently much easier to fine-map SNPs and interrogate the full extent of genetic variation at
a specific locus, including information of lower frequency variants?®*>. One aspect of fine-
mapping we did not investigate was the haplotype structure across populations, since it has

been suggested studying different ethnic groups will help in this approach?%3,

Identifying disease-related eQTLs are also a valuable post-GWAS resource in that
correlation between genotype and gene expression is very useful in identify genes involved
in complex diseases>>!. Recently the eQTL databases have greatly expanded to include many
more tissues, including the availability of data from the GTEx project?®. Since the effects of

many SNPs on gene expression are cell and tissue specific’®*?6!, SNPs can now be
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interrogated in tissues of relevance to disease pathogenesis. Furthermore, trait-associated
SNPs are more likely to be eQTLs**°, which will aid in prioritizing functional SNPs at a
locus and unravelling disease mechanisms. The evolution of systems genetics will aid
tremendously in integrating genetic data with expression data, gene-gene interaction data,
and functional data??*?%3, This systems genetics approach takes into account intermediate

phenotypes alongside clinical phenotypes and considers gene-environment interactions®.

One of the most notable findings from GWAS is that the majority of disease-associated

(including CAD) SNPs are located in noncoding regions of the genome (intronic or

)44,278 285

intergenic , which are becoming recognized as increasingly relevant”>”. There are few
common CAD-associated nonsynonymous SNPs implicated in atherogenesis. One example
is the ADAMTS?7 locus, where a nonsynonymous variant (rs3825807, Ser214Pro) may
impair the function of the ADAMTS7 protein in VSMCs and associates with reduced CAD
risk?8428¢_ eQTL studies reveal ADAMTS?7 protective alleles associate with lower
ADAMTS?7 expression and Adamts7 deletion is atheroprotective in Ldlr’" and ApoE™"

miC6284’287.

Functional elements located in noncoding regions of the genome could include promoter,
enhancer, silencer, and insulator sequences that affect gene regulation. CAD-associated
SNPs may also be in proximity or disrupt function of a noncoding RNA?*2%8 The CAD-
associated SNPs reaching genome-wide significance at the SMAD3 and COL4A1/COL4A2
loci (and linked SNPs) all map to noncoding regions. We believe that the identification of
rs17293632 in SMAD3 as a novel CAD-associated SNP represents a very good example of

the road from association to function. However, in the case of the rs4773144 and rs9515203
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SNPs at the COL4A1/COL4A2 locus, the mechanisms behind causality remain elusive,

highlighting the likely complex molecular nature of SNP/trait associations.

Elsewhere, the identification and characterization of causal noncoding CAD-associated
SNPs has only been reported for a small number of CARDIoOGRAM loci. For example, the
chromosome 1p13 locus has been robustly associated with CAD, in addition to LDL
cholesterol and myocardial infarction. Musunuru et al. characterized a common noncoding
SNP, rs12740374, that creates a new C/EBP binding site and alters the expression of the
SORTI gene in the liver®!. SORT1 subsequently regulates VLDL secretion by the liver via
altering levels of plasma LDL cholesterol and VLDL particle levels®!. Miller et al.
characterized the rs12190287 SNP at the TCF21 locus that disrupts an AP-1 binding site that
regulates signaling through both platelet-derived growth factor B (PDGFf) and Wilms tumor
1 (WT1) pathways>®. rs12190287 alters transcription factor binding, chromatin
organization, and TCF21 expression. Recently the rs93459379 SNP at 6p24 has been
characterized as a causal variant that affects the levels of the PHACTRI gene*". This study
demonstrated rs93459379 is an eQTL for PHACTR1 in human coronary arteries and affects
binding of the MEF?2 transcription factor in endothelial cell extracts. Deletion of the
PHACTRI MEF?2 binding site using CRISPR/Cas9 in heterozygous endothelial cells results
in 35% less PHACTR1 expression*. Another recent study by Almontashiri et al.
demonstrated that CAD-associated SNPs at 9p21.3 disrupt TEAD transcription factor
binding and the TEAD3-dependent induction of p16 by TGFp, partially accounting for the

CAD risk at this locus®!.

215



GWAS SNPs that map to noncoding DNA regions could directly disrupt the binding
sequence of a transcription factor or have an epigenetic effect and alter chromatin
accessibility at these elements, though these are not mutually exclusive. In addition, many
reported intronic variants can affect splicing, either by occurring within exon-intron splice
junctions, affecting splice enhancer sequences, or activating cryptic splice sites?2. Although
rs17293632 directly disrupted a conserved, consensus AP-1 binding site, many intronic
SNPs predicted to be causal do not lie within a transcription factor binding site. For
example, in the study by Farh et al. assessing causal variants in autoimmune disease, only a
fraction altered recognizable transcription factor sequence motifs>>®. However, noncoding
disease variants that are not in a transcription factor-binding motif may still be able to have
effects on gene regulation. Biochemical and genetic manipulations have revealed motifs
adjacent to transcription factor binding sites have the potential to influence transcription
factor activity?®. Support for functional roles of non-canonical sequences is from the high
sequence conservation of enhancers outside of known transcription factor motifs and the
complex structural interactions and looping of enhancers?®. Thus the rs4773144 and
19515203 COL4A1/COL4A2 SNPs may affect gene regulation via one of these mechanisms

or a further, unknown mechanism.

Recently, many new strategies are being developed to prioritize causal variants that are
noncoding. One example of an experimental approach is ATAC-seq (Assay for Transposase
Accessible Chromatin), that relies on direct in vitro transposition of sequencing adapters into

294 Therefore, amplifiable

regions of open chromatin using hyperactive Tn5 transposase
DNA fragments suitable for downstream high throughout DNA sequencing are

preferentially generated at open chromatin positions. In contrast, Tn5 transposase has
216



difficulty accessing areas of less open/closed chromatin due to steric hindrance®**. The
ATAC-seq procedure requires fewer cells and less starting material compared to other
methods that gauge chromatin accessibility, making in suitable for application in primary
cells. With respect to functional annotations, several statistical algorithms and approaches

have recently been developed that aim to better prioritize causal variants>.

Further insight into the rs17293632 SNP at the SMAD3 locus

As mentioned, we chose hASMC:s for the majority of our experiments investigating the
rs17293632 SNP due to coronary artery smooth muscle cells composing up to 80% of the
contents of the atherosclerotic plaque®* and expressing most of the reported CAD-associated
genes. The phenotypic modulation of arterial SMCs in the transition from a contractile state
to a proliferative and synthetic state is also key in CAD pathogenesis!'?*°. As shown in
Chapter 3, Figure 6, knocking down SMAD3 increases hASMC proliferation in two
separate lots of cells, suggestive of anti-proliferative role of SMAD?3. Thus, based on the
traditional view of VSMC proliferation it is not apparent how the rs17293632 (T) allele, that
decreases SMAD3 levels and would be expected to increase smooth muscle cell
proliferation, would confer protection from CAD. However, as has been recently postulated,
smooth muscle cell proliferation may have a reparative effect in the plaque?*2. The (T) allele
for rs17293632 that associates with lower SMAD?3 levels may actually be beneficial

according to this more recent view by promoting repairs of ruptured plaques (Figure 1).

Since SMAD?3 expression in plaque VSMCs increases as atherosclerosis progresses'”,

perhaps lower SMAD3 confers protection through alternative mechanisms. In human
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Figure 1. Potential mechanisms whereby the rs17293632 (T) allele could have a protective
effect against CAD in VSMC:s. At late stages of atherosclerosis, VSMC proliferation is
postulated to be beneficial by aiding in the repair of ruptured plaques. In contrast, VSMC
apoptosis and senescence are believed to be detrimental by reducing plaque stability and
promoting an inflammatory environment. Based off the Review by Bennett et al.?®?
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plaques VSMCs display both increased susceptibility to apoptosis as well as early and

increased senescence”®?

. Although we did not observe any changes in apoptosis from
Chapter 3, Supplementary Figure VII, there are indications SMAD?3 can promote both
apoptosis®* and senescence®®’. In these cases, the protective (T) allele for rs17293632 that

reduces SMAD3 levels would reduce both VSMC apoptosis and senescence. This would

result in a reduced inflammatory state and a more stable plaque (Figure 1).

Together, VSMC apoptosis and senescence promote inflammation, recruitment of
monocytes, and secretion of mitogens by VSMCs?®2. With respect to apoptosis, VSMC
death results in a less stable plaque that is prone to rupture and symptomatic plaques exhibit
increased levels of VSMC apoptosis compared to stable lesions. With respect to senescence,
plaque VSMCs have shortened telomeres (a hallmark of senescence) compared to the
healthy vessel wall?®2, Furthermore, aged VSMCs have increased IL-6 levels, increased
MCP-1 levels, and upregulation of adhesion molecules such as ICAM-1, generating a pro-

inflammatory environment>®2,

Although rs17293632 disrupts AP-1 binding and SMAD3 enhancer activity in hASMCs, it is
very possible that this SNP is functional in other cell types in the vessel wall or plaque
relevant to CAD. It is surprising the protective allele (T) at rs17293632 lowers SMAD3
mRNA levels both in vitro and in vivo. Since most evidence points towards TGFf signaling
being anti-atherogenic, and SMAD3 is a critical mediator of TGF signaling, we would have
expected the protective allele to increase SMAD?3 levels across various cell types. In
endothelial cells TGFp inhibits expression of adhesion molecules that are involved in

leukocyte recruitment?®8. In cultured macrophages TGFp reduces foam cell formation!'”’,
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and has a role in inhibiting the activation and proliferation of T cells'’!. Finally, TGFp
inhibits VSMC proliferation and migration and increases expression of extracellular matrix
proteins that can stabilize plaques. We believe the direction of effect of rs17293632 on
enhancer activity is consistent across many cell lines in tissues from both of luciferase

experiments and our in vivo data in whole blood and carotid plaque.

Therefore, the role of SMAD?3 in atherosclerosis remains to be elucidated. Searching other
GWAS, we did not identify an association of the SMAD3 locus with coronary artery
calcification or traditional CAD risk factors. While not mentioned in earlier sections,
TGFB/SMAD3 may play a role in recruiting monocytes to the sites of early atherosclerotic
lesions through increasing expression of monocyte chemoattractant protein-1 (MCP-1).
TGFp stimulated production of MCP-1 by vascular smooth muscle cells and in a rat carotid
injury model, Smad3 overexpression significantly increased MCP-1 expression after
vascular injury?®®. A similar effect is observed in human endothelial cells, where TGFp via
SMAD?3 also increases MCP-1 levels*®. However, another group reported TGFP1 through
Smad3 in mice inhibits MCP-1 expression in macrophages*!, suggesting a possible cell-
type specific effect that warrants further investigation. TGFp also stimulates leukocyte
chemotaxis and production of proteoglycans by smooth muscle cells that could also

contribute to early monocyte recruitment!>’.

As shown in Chapter 3, Table 2, rs17293632 is in very strong linkage disequilibrium with
six other SNPs, all located towards the 3’ end of the SMAD3 gene. We chose to focus on the
rs17293632 SNP due to bioinformatics data and RegulomeDB indicating it was by the far

the strongest functional candidate of the seven SNPs. Again, although we demonstrate
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rs172923632 as causal SNP, we cannot discount any potential functionality for the six other
SNPs. While no obvious putative functional roles for these other SMAD3 SNPs was
apparent, it remains possible that they affect gene regulation through an unknown
mechanism. Although unlikely, one or more of these linked SNPs could have additive
effects alongside rs17293632. Ideally it would have been beneficial to test the genomic
DNA regions of these linked SNPs for gene regulatory activity using reporter assays, similar
to those conducted for rs17293632. However, this would have required exhaustive,
numerous cloning steps alongside many site-directed mutagenesis reactions. Therefore, for
practicality we did not pursue investigating all of the less promising CAD-associated

SMAD3 SNPs.

With respect to future directions with the rs17293632 SNP, although we demonstrated an
effect on SMAD3, experiments such as a 3C-based method would be beneficial to determine
if the rs17293632 enhancer sequence could interact with and regulate gene expression of
another locus in trans. These 3C-based methods would be able to capture potential

chromatin looping effects and capture three-dimensional chromatin architecture.

Since we demonstrated rs17293632 is a functional CAD-associated SNP and highlighted
that SMAD?3 is likely to have important functions in CAD pathogenesis, the next steps will
be to further clarify SMAD?3’s targets in cells/tissues of relevance to CAD. To our
knowledge no SMAD3 ChIP-seq has been conducted with respect to the binding of SMAD3
in vascular cell lines or tissues relevant to CAD. It will be noteworthy to determine whether
SMAD?3 binds to promoters or regulatory elements in proximity to other CAD-associated

genes or genes with important roles in the vasculature. Furthermore, ChIP-seq in cell
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lines/tissues relevant to CAD may help clarify the indirect regulation of the COL4A1 and

COL4A2 genes by SMAD3.

Other future experiments to more directly interrogate the function of the rs17293632
SNP/SMAD3 intron 1 enhancer would be to use hiPSC technology along with CRISPR/Cas9
technology. The advantages of hiPSC technology are that they come from an isogenic
background and can be differentiated into numerous cell types. Once the hiPSCs have been
obtained, CRISPR/Cas9 could be employed to either delete the entire SMAD?3 intron 1
enhancer sequence or to modify the rs17293632 SNP alone. The hiPSCs could then be
differentiated into various cell types relevant to atherosclerosis, such as VSMCs, endothelial
cells, or myeloid cells. Once the hiPSCs have been differentiated, we could then design
experiments (depending on the cell type) and assess effects of rs17293632/SMAD3 intron 1
on parameters such as gene expression, proliferation, inflammation, and adhesion molecule

expression.
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Conclusions

Although nearly 60 CAD-associated loci have now been uncovered from published GWAS,
identification of causal genes and variants has been limited. The high frequency of common
CAD-associated polymorphisms in noncoding DNA sequences such as intergenic regions or
introns highlights the importance of noncoding regulatory elements in complex disease.
These GWAS findings have revealed novel genes and pathways in the pathogenesis of
atherosclerosis, several of which may lead to new CAD therapies in the future.

The studies conducted in this thesis attempted to uncover the molecular mechanisms behind
association of the following two novel loci with CAD: COL4A1/COL4A2 and SMAD?3. For
the SMAD3 locus at chromosome 15923, I show that the rs17293632 SNP, tightly linked
with the rs56062135 index SNP, disrupts an AP-1 binding sequence in an intronic enhancer.
The rs17293632 protective allele (T) lowers AP-1 transcription factor binding, enhancer
activity, and associates with lower SMAD3 mRNA in vivo. For the COL4A1/COL4A2 locus
at chromosome 13q34, the effects of rs4773144, rs9515203, and five other independent
CAD-associated SNPs still need to be elucidated. Finally, COL4A1/COL4A2 and SMAD3
demonstrate both biological interaction and statistical interaction for CAD association.
Future directions from this project include clarifying the roles of the COL4A1, COL4A2,
and SMAD3 proteins in atherosclerosis progression and the cell types where they have
effects. Genome editing techniques such as CRISPR/Cas9 would also be beneficial to
directly interrogate the roles of rs17293632 and the CAD-associated COL4A 1/COL4A2

SNPs in a cell type relevant to CAD.
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Recent genome-wide association studies for coronary artery disease (CAD) have identified
more than 45 novel loci, the majority of which are not associated with traditional CAD risk
factors'2. The lead SNPs for each of these loci are generally common, displaying allele
frequencies from 0.13 to 0.91 and allele specific effect sizes (odds ratios) for CAD of

between 1.06 and 1.3.

Notably, the majority of CAD signals identified by the GWAS approach are in non-coding
regions of the genome, not unexpected given that only 1% of the genome is protein coding.
An important part of the non-coding genome is under purifying selection®, implying
important regulatory functions supported by the fact that an excess of GWAS signals are
close to genic regions. However, for most of these variants including the PHACTRI gene

region on chromosome 6p24, the causal biological mechanisms have remained unclear.

In this issue of ATVB, Lettre and colleagues have sought to: confirm previous reports that
1$9349379A>G is the lead CAD associated SNP in this region, determine by eQTL analysis
if PHACTRI is likely to be the causal gene and using a combination of bioinformatic and
laboratory analysis to explore possible causal mechanisms relating the risk allele (G) (MAF

0.41) to decreased PHACTRI expression.

By resequencing and imputation from the 1000 Genomes data set, in accord with previous
findings, they identify rs9349379 as the top SNP associated with CAD in Montreal Heart
Institute Biobank samples consisting of 1176 MI cases and 1996 French Canadian controls
(G allele OR: 1.37; p=8.4X107). No other SNP in this region remained significant

following conditional analysis on rs9349379.
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Expression quantitative trait loci (¢QTL) are genetic variants that associate with the RNA
transcript level of a given gene. The majority of those identified by the GWAS approach
appear to have cis-effects, thus acting on the expression of nearby genes. Evidence that a
given SNP associates with expression of a candidate gene (eQTL) further supports a
potentially causal association. Given that these effects are often cell specific, eQTL analysis
in a relevant cell or tissue is important. Since available eQTL data sets for this SNP did not
include coronary artery cell types, analysis was performed in a sample of 25 genotyped
coronary artery specimens. Despite the small sample size, the risk allele was found to
associate with reduced expression of PHACTRI but not with expression of all other coding

genes in a 1 Mb region on either side of rs9349379.

As a complementary approach to eQTL analysis, public databases, generated by the
ENCODE* and Roadmap Epigenomics projects’ can be used to identify predicted
functional regulatory elements®. An important caveat is that these analyses require genome-
wide chromatin data from a relevant cell type.” These computational approaches to the
identification of regulatory sequences need to be followed up by more specific
methodologies® °. Thus, it can first be determined whether a risk locus is likely to harbor
functional cis-acting regulatory modules whose activity is altered by a particular risk variant
prior to standard molecular biology approaches. Here, bioinformatic analysis using
Roadmap data and in silico searches predicted that rs9349379(G) interrupts a MEF2 binding
site. This was confirmed in vitro by electrophoretic mobility shift assay (EMSA) with
HUVEC nuclear extracts and by supershift assay, MEF2 was shown to be at least one of the

nuclear proteins interacting with this region.
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Finally to support the premise that the MEF2 binding site is functionally important, they
employed CRISPR/Cas9 genome editing in human embryonic stem cells. They identified a
clone carrying a heterozygous deletion of a 34 bp segment encompassing the MEF2 binding

site that in differentiated endothelial cells attenuated PHACTRI expression.

In summary, this important functional analysis of PHACTRI illustrates the multi-faceted
approach required to unravel mechanisms of a GWAS locus in common disease. In
addition, rs9349379 does not associate with other traditional CAD risk factors, highlighting
altered binding of MEF2 and/or other factors at this region could representing a very

interesting novel CAD mechanism.

Nonetheless, important questions remain. Although the risk allele (G) associates with
decreased PHACTRI expression in human coronary arteries, it is not entirely clear which
arterial wall cell type is susceptible to altered PHACTRI expression. Since functional
studies were carried out in HUVEC, the authors suggest that arterial endothelial cells are
key. The authors have also not firmly established that disruption of MEF2 binding per se is
causal since other transcription factors may potentially bind to this site, and partial
knockdown of two isoforms of MEF2 did not alter PHACTRI expression. Of note, a
putative association of a structural variant in MEF2A with CAD risk was refuted by later
studies. This study cannot rule out other isoforms of MEF2 potentially having roles in

PHACTRI regulation.

Perhaps more importantly, little information is yet available on how the PHACTR1 gene

product may relate to atherosclerosis. It is known to modulate protein phosphatase 1 (PP1)
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activity in vitro and to interact with actin. The locus associates with chronic CAD and
coronary artery calcium rather than acute MI supportive of effects on atherosclerosis per se.
However, the rs9349379(G) allele for CAD has opposite effects on risk for cervical artery
dissection'” suggesting complex effects on arterial wall integrity. The MEF2 binding
sequence and rs9349379 are conserved between humans and mice, so future studies
incorporating a murine model of atherosclerosis may shed further light on this fascinating

but unfinished story.
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Figure. (1) By resequencing, imputation from the 1000-genome data set and conditional
analysis, r1s9349379A>G is identified as the top single-nucleotide polymorphism (SNP)
associated with coronary artery disease in Montreal Heart Institute Biobank. (2) Expression
quantitative trait locus (eQTL) analysis in 25 genotyped coronary artery specimens shows
the risk allele (G) to be associated with reduced expression of PHACTRI but not with
expression of all other coding genes in a 1-Mb region on either side of rs9349379. (3)
Bioinformatic analysis using Roadmap data and in silico searches predicts that
rs9349379(G) interrupts a myocyte enhancer factor (MEF)2-binding site. (4) This is
confirmed in vitro by electrophoretic mobility shift assay (EMSA) with human umbilical
vein endothelial cell nuclear extracts, and by supershift assay, MEF2A and MEF2C are
shown to be among the nuclear proteins interacting with this region. (5) CRISPR/Cas9
genome editing is performed in human embryonic stem cells, and a clone carrying a
heterozygous deletion of a 34-bp segment encompassing the MEF2-binding site is shown in
differentiated endothelial cells to attenuate PHACTRI expression.
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