Send Orders for Reprints to reprints@benthamscience.net

382

REVIEW ARTICLE

A Journey through Genetic Architecture and Predisposition of Coronary

Artery Disease

Current Genomics, 2020, 21, 382-398

Robert Roberts"” and Chih Chao Chang’

!Cardiovascular Genomics & Genetics, University of Arizona, College of Medicine, Phoenix, AZ, USA; *Cardiovascular
Genomics & Genetics, Phoenix, AZ, USA

ARTICLE HISTORY

Received: April 08, 2020
Revised: May 18, 2020
Accepted: May 26, 2020

DoI:
10.2174/1389202921999200630145241

Abstract: Introduction: To halt the spread of coronary artery disease (CAD), the number one killer in
the world, requires primary prevention. Fifty percent of all Americans are expected to experience a
cardiac event; the challenge is identifying those at risk. 40 to 60% of predisposition to CAD is genetic.
The first genetic risk variant, 9p21, was discovered in 2007. Genome-Wide Association Studies has
since discovered hundreds of genetic risk variants. The genetic burden for CAD can be expressed as a
single number, Genetic Risk Score (GRS). Assessment of GRS to risk stratify for CAD was superior
to conventional risk factors in several large clinical trials assessing statin therapy, and more recently in
a population of nearly 500,000 (UK Biobank). Studies were performed based on prospective genetic
risk stratification for CAD. These studies showed that a favorable lifestyle was associated with a 46%
reduction in cardiac events and programmed exercise, a 50% reduction in cardiac events. Genetic risk
score is superior to conventional risk factors, and is markedly attenuated by lifestyle changes and drug
therapy. Genetic risk can be determined at birth or any time thereafter.

Conclusion: Utilizing the GRS to risk stratify young, asymptomatic individuals could provide a para-
digm shift in the primary prevention of CAD and significantly halt its spread.

Keywords: Genome-wide association studies, coronary artery disease, genetic risk stratification, genetics, primary, prevention,

genetic risk variants, genomic.

1. INTRODUCTION

The sequencing of the human genome in 2001 [1], with
further completion in 2004 [2], has significantly enhanced
our opportunities to prevent and manage human diseases.
Epidemiologists have documented that predisposition to
Coronary Artery Disease (CAD) is due to both acquired
(lifestyle and environmental) [3], and genetic factors [4-7]. It
has been estimated for some time that 40% to 60% of pre-
disposition for CAD is due to inherited factors [7]. It was
also hypothesized that CAD, like most common diseases,
would be due to multiple genetic risk variants that occur
commonly, with each contributing only minimal risk. To
pursue the genetic structure of polygenic common diseases,
such as CAD, would require methods different from the ge-
netic linkage analysis of related pedigrees, utilized in the
pursuit of genes responsible for rare Mendelian disorders.
This review will summarize the developments that led to the
application of Genome-Wide case-control association studies
based on the indirect method utilizing DNA markers span-
ning the human genome. This directed to the discovery of
hundreds of genetic risk variants predisposing to CAD, as
well as the elucidation of many of the genetic variants
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regulating plasma lipids. The availability of genetic variants
enabled Mendelian Randomization [8] studies to help in the
future discovery of new drugs. For CAD, it has enabled the
development of algorithms to predict and risk-stratify in
young asymptomatic individuals. Risk stratification for CAD
based on genetic risk factors could provide a paradigm shift
in primary prevention of CAD and significantly attenuate its
spread.

1.1. Rare Genetic Disorders and Linkage Analysis

In the latter part of the 20" century, genetic research was
dominated by rare inherited monogenetic disorders. These
disorders by definition occur in less than one percent of the
population [9]. The mutations are highly penetrant and gen-
erally occur in protein-coding regions of the genome. The
responsible mutation was shown to induce the phenotype,
which led to these disorders referred as Mendelian single-
gene disorders. This does not exclude the possibility that its
expression and phenotypic characteristics can be influenced
by other genes [10]. Proof that the single mutation can in-
duce the disorder was amply demonstrated by the offspring
of transgenic animals expressing the expected phenotype.
The human mutated gene responsible for the disease is in-
serted into the egg of the mouse and the wild type human
gene is inserted into a control group. The first gene [11] re-
sponsible for Familiar Hypertrophic Cardiomyopathy

©2020 Bentham Science Publishers



A Journey through Genetic Architecture and Predisposition of Coronary Artery Disease

(FHCM) was mapped to its chromosomal location, 14ql,
[11, 12] and utilizing positional cloning the mutant gene was
cloned and sequenced to identify the mutation [13]. Subse-
quently, the mutant gene was expressed in a mouse. The
hearts of the offspring from the mouse exhibited the sarco-
mere disarray and fibrosis similar to that observed in human
FHCM [14]. We developed a transgenic rabbit [15] using
human FHCM mutation in the myosin heavy chain gene and
the offspring exhibited cardiac sarcomere disarray, fibrosis,
along with cardiac hypertrophy and premature sudden cardi-
ac death. Using genetic linkage analysis, we discovered a
gene responsible for Wolff-Parkinson-White (WPW) syn-
drome [16] and expressed it in a transgenic mouse, which
exhibited a phenotype of prolonged PR interval and signifi-
cant glycogen infiltration of the myocardium similar to that
observed in the humans [17]. Similar approaches were taken
for other inherited cardiomyopathies, such as right ventricu-
lar dysrhythmia cardiomyopathy [18]. Thus, the manifesta-
tion of the phenotype in the offspring of genetically engi-
neered animals proved the mutation was both necessary and
sufficient to induce the phenotype.

Chromosomal mapping of genes responsible for these
rare diseases, utilized genetic linkage analysis [19], a method
designed for Mendelian disorders. This consisted of collect-
ing pedigrees affected with the disease of at least two gen-
erations, and preferably three generations. The pedigree of
affected and unaffected individuals was genotyped using 50
to 100 DNA markers. Those markers that segregated with
affected individuals, more than by chance, indicated the
marker was in close physical proximity to the gene responsi-
ble for the phenotype. Subsequent positional cloning and
sequencing of the chromosomal region identified the causal
mutation by showing it was present only in those affected.
This technique is dependent on obtaining a two to three gen-
eration pedigree and requires relatively few DNA markers
since it is performed in individuals all of which are closely
or distantly related. It is claimed there are over 8,000 rare
Mendelian disorders with the chromosomal location and/or
mutation discovered in over 4,000 [20].

1.2. Candidate Gene Approach is Inappropriate for
Common Polygenic Disorders

It was realized in the 90s that common disorders such as
CAD, diabetes, and hypertension are due to a combination of
environmental and genetic factors. In addition, these disor-
ders would most likely be due to multiple common genetic
variants, each contributing only minimal risk. This is in
sharp contrast to rare Mendelian inherited disorders, in
which a single mutation can induce the phenotype. Consid-
eration of these observations, and the epidemiology of
chronic, common polygenic disorders, it became apparent
that genetic linkage analysis would not be the most appropri-
ate technique to pursue their genetic architecture. Linkage
analysis has low power except when a single locus explains a
substantial fraction of the disease. A more appropriate tech-
nique would be that of the Direct or Indirect case-control
association study. An unbiased case-control association
study, to have adequate power, would require massive sam-
ple sizes together with hundreds of thousands of DNA mark-
ers distributed throughout the human genome.

Current Genomics, 2020, Vol. 21, No. 5 383

Such diverse DNA markers were not available, and even
if they were, platforms did not exist to analyze such massive
data. So, attempts were made using the candidate gene ap-
proach. This consisted of choosing a protein with a function
that influenced coronary atherosclerosis or myocardial in-
farction. Thus, one or more forms (alleles) of the gene en-
coding this protein would be expected to predispose to CAD.
Association studies were performed in selected populations
with the disease to determine if one or more alleles of a par-
ticular selected gene were associated with the disease. The
sample size was usually small, and the p-value selected was
that of 0.05, with no attempts to replicate in an independent
population. The candidate gene association approach of one
or a few candidate genes examined only a small fraction of
the extensive sequence variation in the genome of each pa-
tient. This was recognized at the time as a biased approach,
and significant concerns were expressed as to whether this
would provide reproducible trustworthy data. We now know
that none of the candidate genes claimed to predispose to
CAD was confirmed by the unbiased approach of GWAS
[21, 22].

1.3. Case-Control Association Studies Appropriate for
Polygenic Disorders

A comprehensive search for genetic variants predispos-
ing to a polygenic disease such as CAD ideally requires ex-
ploring all genetic variation in a large number of affected
and unaffected individuals. Investigators in the field of ge-
nomics and genetics emphasized the indirect case-control
association approach based on polymorphic DNA markers
selected to span the whole of the human genome [23-26].
The case-control association study is simplistic in concept.
One genotypes DNA markers in a control population without
the disease and a population selected for having the disease
of interest, which for this review is CAD. The frequency of
each marker in the CAD group versus the control group is
determined. Markers occurring more frequently in the CAD
group than the control are interpreted to be a risk predispos-
ing to CAD. It is preferable to refer to such sequence as a
genetic risk variant rather than a gene, since the sequence
may be in non-protein or protein coding regions. The DNA
marker itself will most likely not be the causal mutation, but
rather in close physical proximity to the causal mutation.
Since the mutation is detected indirectly, it is referred to as
an Indirect case-control association study

While the case-control association study approach con-
cept is simplistic, to provide meaningful, reliable, and inter-
pretable results, it must be properly designed. A symposium
[27], held at the University of Southern California in April
2005, was dedicated to the case-control association study
and the markers required to span the genome, referred to as
Genome-Wide Association Studies (GWAS). To have ade-
quate power would require a marker evenly distributed
throughout the genome at intervals of at least 3,000 bases.
This would require at least a million markers, but selecting a
p-value of 0.05 would inherently give you 50,000 false posi-
tives. This led to the recommendation of a Bonferroni cor-
rection whereby one million markers divided into 0.05
would give a much smaller p-value of 0.00000005 (5x10°).
The other less stringent approach would be to use a false
discovery rate of less than five percent. The Bonferroni cor-



384 Current Genomics, 2020, Vol. 21, No. 5

Controls

LN

GWAS

Roberts and Chang

Genotype 1,000,000 9 SNPs 5x10°®

SNPs

y

Independent Population

Replication in an

Controls

CAD Cases

Fig. (1). Genome-Wide Association Study for CAD. A sample size in the thousands for cases and controls is required. Ideally, one requires
a marker about every 3,000 base pairs, which is in the form of SNPs selected to cover the genome as much as possible. Those SNPs occur-
ring with greater frequency in the CAD cases, having a p-value of < 5x10, are genotyped again to confirm that the marker reflects at a se-
quence that is a genetic risk variant for CAD. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

rection was accepted as the preferred stringency and became
known as genome-wide significance. To satisfy such strin-
gent p-values would require sample sizes in the thousands,
and even then would only detect SNPs that occur in the pop-
ulation with a frequency of > 5%. There was much discus-
sion regarding it being performed in phases rather than in a
single study. This would decrease the cost and the sample
size, making it more practical. The ultimate decision was to
perform it in two stages. The first stage would be to geno-
type the majority of the sample size using the Bonferroni
corrected p-value. Those SNPs reaching statistical signifi-
cance with a p-value of 5x10™ would be genotyped for repli-
cation in a smaller, similar, but independent population (Fig.
1). Only those SNPs reaching statistical significance in the
replication population would be considered as genetic risk
variants for CAD. In summary, an indirect, two-stage
GWAS appeared to be the most appropriate for the pursuit of
genetic variants predisposing to CAD. The stage was set to
entice the development of informative markers, distributed
throughout the genome, and technological innovations such
that high throughput genotyping of microarrays encrypted
with hundreds of thousands of SNPs would lend itself to
algorithms for rapid analysis [28-30].

1.4. Selection of Informative DNA Markers for GWAS

It was evident that the DNA markers should be single
nucleotide polymorphisms since they are the most common
form of DNA sequence variation in the human genome [24],
and are somewhat evenly distributed throughout the genome.
The number of SNPs per human genome is fairly constant, at
about 5,000,000 SNPs [31-33]. If one used all of the
5,000,000 SNPs identified in a single individual as DNA

markers to span the genome, it should provide excellent cov-
erage for that individual, but may not be adequate coverage
for the remainder of the population. This is because there are
billions of SNPs circulating in the general population from
which is selected the 5,000,000 for each individual.

Will it be feasible using 500,000 or millions of SNPs to
have adequate genome coverage for screening of risk vari-
ants of CAD in a large unrelated population? Certain obser-
vations may make it more plausible. The hypothesis that
predisposition to common diseases is due to SNPs that occur
commonly. Secondly, the genome consists of independent
blocks of DNA, referred to as haplotypes [31-33]. Selecting
a single SNP as a representative of the haplotype, rather than
all of the SNPs, would not only increase the power but re-
duce cost and be time-efficient.

1.5. Hypothesis: Common DNA Variants Predispose to
Common Polygenic Diseases-CAD

It is hypothesized that DNA variants predisposing to
CAD, or any common polygenic disease are common, mean-
ing they occur frequently in the population. Common vari-
ants are defined as those with a frequency in the population
of > 0.5%. There is a strong rationale to support the “com-
mon variant theory”. CAD is a common disease, being the
most common cause of death throughout the world, whether
it is in low, middle, or high-income countries. The acquired
and environmental risk factors contributing to CAD, as de-
scribed by the Framingham [34] study include, hypertension,
hypercholesterolemia, obesity, smoking, diabetes, age, and a
sedentary way of life. These risk factors predispose to CAD
regardless of race, ethnicity, or geographical location, as
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shown by the INTERHEART trial involving over 52 coun-
tries [35].

The reduction of these risk factors is associated with de-
creased cardiac events and mortality also regardless of eth-
nicity, race, or geographical location. The HOPE trial
showed lowering plasma cholesterol in populations from 21
countries consistently reduced cardiac events [36].

Coronary atherosclerosis is the underlying pathology for
CAD. Cholesterol is a major culprit, which once engulfed
and oxidized by macrophages, induces inflammation and
plaque formation. Cardiac events such as myocardial infarc-
tion, or sudden cardiac death, are usually precipitated by
plaque rupture and thrombosis. CAD is not sex-dependent in
that it is the most common cause of death in both males and
females throughout the world. The onset of CAD in females
is delayed by about a decade due to the protective effect of
hormones in the premenopausal phase. In the U.S, and prob-
ably in most countries, if one lives a normal lifespan, 50%
[37] are expected to experience a cardiac event. CAD is due
to a combination of risk factors resulting from lifestyle, envi-
ronmental, and genetic factors. Epidemiologists for decades
have claimed genetic factors are responsible for about 50%
of predisposition to CAD [7]. In light of this extensive data
obtained from epidemiological, pathophysiological, and clin-
ical trials, CAD has a common underlying pathology, with
similar risk factors throughout the world. CAD is universally
observed as an insidious disease, which progresses with age.
The central culprit is plasma LDL-C, which doubles the risk
of CAD with each additional decade of exposure [38]. It is
reasonable to hypothesize that genetic predisposition is
transmitted by variants that are common in the population.
GWASs were designed with the power to pursue genetic risk
variants for CAD occurring with a frequency of > 5%.

1.6. Selection of SNPs Representative of Haplotypes Dis-
tributed Throughout the Genome

The DNA sequence of any two human genomes of Homo
sapiens is 99% identical [39-42]. The remaining one percent
is responsible for the transmission of the unique features of
each individual. This consists of about 30 million base pairs,
which is classified as Structural Variants (SVs) or SNPs. The
SVs consists of large chunks of DNA > 50 kbp and accounts
for most of the DNA sequence variation in the one percent.
This is because of the size of the SVs, inversions and the
variation in the number of repeat copies. The contribution of
SV variants to disease or other unique attributes appears to
be very little, however, our knowledge of the functional roles
of SV remains meager. This leaves the five million SNPs as
the major component responsible for the unique features of
humans, including predisposition to disease. Current
knowledge suggests the SNPs transmit 80 to 90 percent of
the unique attributes of humans [32]. This is supported by
the observation that evolution, induced by new mutations, is
transmitted to each generation primarily by SNPs. The
source of these mutations, which are responsible for evolu-
tion, is due to DNA copying [43, 44] errors made in the pro-
cess of the normal turnover and replacement of germ-line
DNA. DNA turns over every few days and is synthesized by
adding one nucleotide at a time. When an error occurs that
leads to a new mutation, they are primarily substitution of a
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single nucleotide, resulting in 96% of the mutations being a
single nucleotide polymorphism (SNP). It is estimated that
there is only one mistake per one billion nucleotides added.
These errors do add up over time, such that each individual
of a new generation inherits 40 to 60 new mutations, which
are in the forms of SNPs [23, 45].

The transmission of the genome to offspring, as demon-
strated by Mendel, is such that all DNA sequences, including
genes, are inherited independently and randomly during mi-
tosis. This normal transmission is referred to as being in ge-
netic linkage equilibrium, but there are exceptions. DNA
sequences that are in close physical proximately tend to be
co-inherited, rather than by independent randomized assort-
ment, referred to as linkage disequilibrium (LD). The archi-
tecture of the genome is such that stretches of DNA se-
quence, which may vary in length from 10,000 base pairs to
more than 100,000 base pairs, referred to as haplotypes, are
co-inherited [32, 33]. All of the sequences, including the
SNPs, on a particular haplotype, travel together during ge-
netic transmission, and all are in LD with each other. Deter-
mining and identifying SNPs representative of haplotypes is
very important to the design of GWAS to identify disease-
related variants. Let us assume a 20,000 haplotype has an
SNP every 500 base pairs, for a total of 40 SNPs. All of the
SNPs on any particular haplotype will be co-inherited as a
block and are in LD with any and all of the SNPs on that
particular haplotype. Selection of any one of the 40 SNPs
present on a 20,000 base pair haplotype will provide the
same information as selecting all 40. Selecting SNPs as tags
for haplotypes reduces several-fold the number of SNPs re-
quired to span the genome without loss of power to detect
disease-related variants.

1.7. The Japanese, Single Nucleotide Polymorphism Pro-
ject and the HapMap Project

To develop a genomic map of non-redundant SNPs that
is representative of haplotypes distributed throughout the
genome would require a dedicated group with appropriate
multidisciplinary expertise, infrastructure, and funding. The
first to initiate this effort was the Japanese single nucleotide
polymorphisms (JSNP) in April 2000. This project was initi-
ated in collaboration with the Human Genome Center
(HGC), Institute of Medical Science (IMS), University of
Tokyo, and the Japan Science and Technology Agency (JST)
[46]. Its mission was to identify 150,000 SNP distributed
throughout the human genome within two years and make
them available to the public. A total of 190,562 SNPs in 24
subjects were discovered and made available through
http://snp.ims.u-tokyo.ac.jp/ [47] in 2002. Around the same
time, shortly after sequencing the human genome, the inter-
national HapMap project was launched in the U.S. on Octo-
ber 2003 [32]. The HapMap project was a natural extension
of the Human Genome Project. It would focus on DNA se-
quence differences amongst individuals. It was formed to
create a public, genome-wide database of common human
variations. This would be primarily a catalog of SNPs span-
ning the whole genome. One obvious need was to utilize the
SNPs as DNA markers in genetic studies pursing the geno-
types associated with known clinical phenotypes. The Hap-
Map project was formed as an international consortium in-
volving several countries, including Japan. The HapMap
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project included the infrastructure and expertise of the major
genome researchers in the world to provide a database of
1,000,000 genetic variations for representative populations:
Africans, European Caucasians, Chinese, and Japanese. The
African Yoruba people were in Ibadan, Nigeria. The Europe-
an Caucasians were Utah, USA populations, collected in the
1980s by the centred’Etude de Polymorphism Humain
(CEPH). The Chinese consisted of unrelated Han Chinse in
Beijing, China. The Japanese were unrelated, self-identified
Japanese population living in Tokyo, Japan.

The HapMap project made available over one million
SNPs in 2004 [31], and over three million SNPs in 2007
[48], carefully selected to be representative of haplotypes
without redundancy and relatively evenly distributed
throughout the genome. This was followed by the 1,000 ge-
nome project consortium [33], which released their results in
2015. Whole-genome sequencing and exon targeted deep
sequencing, resulted in a genome map that would serve as a
global reference for human genetic variation. The results
were obtained from 26 populations originating from Africa,
East Asia, Europe, South Asia, and the Americas. They
characterized a total of 88 million variants, comprising 84.7
million SNPs, 3.6 million short insertions and deletions (IN-
DELs), and 60,000 structural variants [33] (Table 1).

Table 1. 1000 genome project consortium.

88 Million Variants

84.7 Million SNPs

3.6 Million Short Insertions/Deletions (INDELSs)

60,000 Structural Variants

The investigators observed that a typical genome differs
from the referenced genome at four million to five million
sites and the variants at these sites are 99% due to SNPs and
short INDELs [33]. The majority of the 84 million SNPs are
rare, with 64 million having a frequency less than 0.5%, 12
million with a frequency between 0.5% and 5%, and 8 mil-
lion occur commonly, namely with a frequency of greater
than 5%. Important to note for GWAS in pursuit of disease-
related genetic variants, the majority of variants observed in
a single genome are common with less than 4% of the vari-
ants having a frequency in the population of less than 0.5%
[33]. If indeed common variants are primarily responsible
for predisposition to common diseases, sequencing or geno-
typing rare variants might not improve significantly the
power to identify disease-related variants. The results of the-
se studies suggest that common variants are shared across
the world, and rare variants are typically restricted to closely
related populations. They predicted the average genome to
have about 2,000 variants associated with complex traits
[33].

1.8. Development of Microarrays with Millions of SNPs
to Genotype for GWAS

Development of microarrays encrypted with millions of
SNPs as DNA markers made it possible to span the human
genome at intervals of 3,000 base pairs. Several commercial
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microarrays became available with hundreds of thousands to
millions of SNPs, enabling high throughput genotyping [30].
The availability of millions of SNPs also made it possible to
customize microarrays in the pursuit of disease-related vari-
ants. Secondly, it became possible to impute additional SNPs
onto the array and further increase the density of SNPs for
GWAS. Just as the last 2 decades of the 20™ century was a
golden era for monogenic disorders, the initial decade of the
21% century will be the golden era for polygenic disorders.

1.9. Discovery of 9p21, the First Genetic Risk Variant for
CAD

The first genetic risk variant, 9p21, for CAD was discov-
ered in 2007, simultaneously by two independent groups [49
50], followed very shortly by a third group [51]. Multiple
investigators confirmed 9p21 as a CAD risk factor in Cauca-
sians [51-53]. Internationally, 9p21 as a risk factor for CAD
was confirmed by the Chinese [54, 55], Koreans [56, 57],
Italians [58], Japanese [57], and South East Asians including
Pakistan and India [59, 60]. Limited studies in African
Americans indicated 9p21 is not a risk factor for CAD [59].
The 9p21 risk variant for CAD was associated with a 25%
increased relative risk per copy and found to be extremely
common, estimated to occur in about 75% of the world’s
population. The risk transmitted by 9p21 is independent of
known conventional risk factors, such as cholesterol and
diabetes. The common occurrence of 9p21 was in-keeping
with the hypothesis that genetic risk variants predisposing to
CAD occur commonly. It also emphasized the risk imparted
by a single genetic risk variant is minimal. Analysis of the
9p21 region indicated it was in a non-protein coding region.
These observations were pertinent to the design of subse-
quent GWAS studies in pursuing other CAD genetic risk
variants, which strongly indicated the genetic risk would
involve multiple variants with minimal effect size and could
be distributed amongst protein-coding and non-protein cod-
ing regions. An international consortium was formed includ-
ing investigators from Canada, U.S, UK, Iceland, and Ger-
many [61].

This consortium was referred to as Coronary ARtery
DIsease Genome-wide Replication and Meta-analysis
(CARDIoGRAM) [61]. This consortium would subsequently
be joined by others designated as CARDIoGRAMPIlusC4D
[60]. The sample size was initially 88,000 cases and controls
and would increase rapidly. The CARDIoGRAMPlusC4D
was the largest collaboration ever in cardiology and together
with independent investigators, have discovered hundreds of
genetic risk variants predisposing to CAD and are detailed in
several reviews [60, 62-71]. These genetic risk variants pre-
disposing to CAD provided interesting insights into the ge-
netic architecture of CAD predisposition and were similar to
the architectural predisposition for many other common pol-
ygenic diseases such as hypertension. The CAD risk variants
exhibit features similar to risk variants for other common,
chronic polygenic diseases. (1) Genetic risk variants for
CAD occurs common, being present in more than 50% of the
population. (2) The risk per variant was minimal, averaging
less than a 10% increase in relative risk for CAD. (3) Inter-
estingly, over two-thirds of the risk variants mediate the risk
for CAD independently of known risk factors, and the mech-
anism of risk mediation remains unknown. (4) Over 80% of
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the genetic risk variants for CAD are located in DNA regions
that do not code for proteins. The implication being these
variants mediate their risk through a regulatory influence on
protein-coding genes, located upstream or downstream (cis-
acting), or even on other chromosomes (trans-acting). Stud-
ies clearly indicate that the burden of risk for CAD, and for
other common chronic diseases, is determined by the total
number of risk variants inherited, rather than anyone specific
variant.

2. GENETIC VARIANT OF UNKNOWN FUNCTION -
POTENTIAL FOR NEW DRUG TARGETS

Genetic discoveries responsible for rare disorders have
already had a significant impact on the treatment of CAD.
Cholesterol has long been suspected to be a major culprit in
the underlying pathology responsible for CAD. Brown and
Goldstein in 1970 discovered a mutation in the gene encod-
ing the receptor that removes low-density lipoprotein choles-
terol from the plasma (LDL-R). The mutation was associated
with hypercholesterolemia and premature cardiac events in
individuals in their second or third decade of life [72]. This
significantly supported the cholesterol hypothesis for CAD
and enhanced the development of statins. Statin, the first
drug to inhibit cholesterol synthesis, was developed and it
became the main drug for primary and secondary prevention
of CAD, with a world budget of > 70 billion dollars. Recent-
ly another genetic disorder has led to the development of
new therapy for reducing LDL-C and preventing CAD [73].
In 2003, an enzyme was discovered, PCSK9, which increas-
es the degradation of LDL-R, leading to increased plasma
levels of LDL-C and an increased incidence of CAD [74].
Shortly after Abifadel et al. [75] discovered a gain of func-
tion mutation in PCSK9, which was associated with hyper-
cholesterolemia and increased CAD. This was followed by a
discovery of a loss of function mutation in an African popu-
lation [76] with a frequency of 2.6%. The loss of function
was associated with a 28% reduction in the mean plasma
LDL-C and an 88% reduction of CAD. A new drug was de-
veloped utilizing a monoclonal antibody [77] that inhibits
PCSK9, and within 10 years clinical studies were completed
[77, 78] showing up to 50 percent reduction in plasma LDL-
C. A large placebo-controlled clinical trial was performed,
referred to as the FOURIER (Further Cardiovascular Out-
comes Research With PCSK9 Inhibition in Subjects With
Elevated Risk) trial, which evaluated the PCSK9 drug Evo-
locumab [79]. The trial was ended earlier than planned and
observed a significant reduction in cardiovascular events, but
no significant decline in mortality. One reason for not ob-
serving a mortality benefit was stopping the trial earlier than
planned, and it lacked power due to an inadequate sample
size. The ODYSSEY OUTCOMES (Evaluation of Cardio-
vascular Outcomes After an Acute Coronary Syndrome Dur-
ing Treatment With Alirocumab) trial with the PCSK9 drug
Alirocumab had a longer follow up period showing remarka-
bly similar results, except there was also a significant reduc-
tion in mortality [80]. The combined data from these two
large trials led to FDA approval for routine clinical use of
these two drugs.

We previously indicated that over 200 genetic risk vari-
ants have been discovered that predispose to CAD. Only
about 1/3 of these risk variants mediate their effect through
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the traditional risk factors [71]. This observation has im-
portant implications for the pathophysiology of CAD and its
prevention and treatment. These genetic risk variants acting
through unknown mechanisms to increase CAD, will ulti-
mately lead to discovery of new pathways with multiple tar-
gets for the development of novel drugs to specifically miti-
gate the risk. This is ample proof that while cholesterol is the
major culprit, other factors are also contributing to the path-
ogenesis of CAD, which has yet to be elucidated. Considera-
ble evidence suggests that inflammation is part of the under-
lying pathology [81]. Several of the genetic risk variants,
such as the interleukins (IL6R), and others such as CXCL12,
SH2B3, MRAS, and PLG, participate in various inflammato-
ry pathways [69, 82]. This is confirmed by the large clinical
trial CANTOS [83].

2.1. Mendelian Randomizations Could Shorten the Jour-
ney to Drug Discovery and Approval

A major component of FDA’s approach in determining
approval of a drug for clinical application is the result of
randomized, placebo-controlled clinical trials. These trials
frequently require 3 to 5 years to perform and coupled with
the time for pre-clinical development, could take up to 10-12
years for clinical approval [8]. Only about five percent of
compounds selected are approved by the FDA. The availa-
bility of genetic risk variants for CAD enables Mendelian
Randomization which could be complementary to the RCT
and significantly decrease the time required from discovery
to clinical application of a new drug [84]. Essentially all
genes, or genetic variants, have multiple forms referred to as
alleles. The function of these alleles, with respect to each
other, may have gain-of-function, loss-of-function, or be
neutral. Genetic variants are randomized at conception and
remain fixed throughout life with no confounding factors. If
one has a genetic variant known to increase plasma HDL-C,
at age 50 they will have had 50 years of exposure to in-
creased plasma HDL-C. If HDL-C is a causative protective
agent against CAD, then this individual should have fewer
cardiac events. Such a study, referred to as a Mendelian
Randomization, was performed by us in 2012 [85]. GWAS
have made available more than 160 genetic variants that reg-
ulate plasma lipid levels [86, 87]. It has been dogma since
the 1960s [88] that HDL-C is protective of coronary artery
disease. Several interventions that increase HDL-C, includ-
ing statins, niacin, exercise, and alcohol, also decrease plas-
ma levels of LDL-C [89, 90]. Interpretation of these data is
confounded as to whether the effect is increased plasma
HDL-C, or decreased plasma LDL-C. We utilized a genetic
variant in LIPG p.ASN396SER associated solely with in-
creased plasma concentration of HDL-C [85] in a large sam-
ple size with replication in an independent population.

The genetic variant increased plasma HDL-C but had no
effect on other plasma lipids. There was no increase or de-
crease in cardiac events which indicated HDL-C is not asso-
ciated with protection or risk of CAD [85]. Several recent
studies, including RCT, suggested that plasma HDL-C levels
are not associated with MI or CAD [91]. While it is possible
that other proteins involved in the HDL-C complex play a
role, this study clearly indicated the assumption of plasma
HDL-C as a protective factor must be reassessed. Several
subsequent RCTs have confirmed that increased plasma
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HDL-C is not protective of CAD [92-97]. A recent meta-
analysis of 39 randomized trials involving 117,411 patients
was assessed to determine the effect of niacin, fibrates, and
cholesterol ester transfer protein (CETP) inhibitors on cardi-
ovascular events [98]. All interventions increased plasma
HDL-C, but neither niacin, fibrates, nor CETP inhibitors
exhibited any effects on cardiac events. The investigators
concluded that the minimal benefit of niacin and fibrates is
due to decreasing plasma LDL-C concentrations. In the past
decade, plasma HDL-C has been the target of several clinical
trials, despite increasing plasma levels of HDL, all have had
a negative effect on cardiac events [92, 95, 96]. It is of note
that MR studies all consistently showed plasma LDL-C and
triglycerides are significant risk factors for CAD [91]. If
someone discovered a molecule that has the potential to de-
crease coronary artery disease, Mendelian randomization can
be used to ascertain whether the target of this drug is causal-
ly related to CAD [84]. If the target is not casual the effort is
not likely to be worthwhile. MR studies performed on targets
traditionally associated with CAD, such as folic acid [99],
uric acid [100], and fibrinogen, showed these compounds are
not causative and should not be used as drug targets to pre-
vent or manage CAD.

2.2. Genetic Risk for CAD is Proportional to the Number
of Variants Inherited and can be Expressed in a Single
Number

The risk associated with each genetic variant for CAD is
minimal, averaging less than 10% increased relative risk.
The total genetic risk burden is proportional to the number of
risk variants inherited [71, 101]. Utilizing all of the genetic
risk variants for CAD, one can derive a single number that
summarizes the total genetic risk burden for CAD. To de-
termine this number, one must first determine the number of
genetic risk variants inherited by each individual. The range
in the number of copies inherited for each variant per indi-
vidual is from 0 to 2. It is 0 if neither parent transmits a copy
of the risk variant, 1 if a single parent transmits a copy of the
risk variant, and 2 if both parents transmit a copy of the risk
variant. The risk of each variant is the odds ratio previously
determined by GWAS and weighted by the natural log of
that odds ratio [102]. The genetic risk score is the summation
of all these products (number of copies times the log of the
odds ratio).

2.3. The Need to Risk Stratify for Primary Prevention of
CAD

CAD has been shown to be preventable in multiple clini-
cal trials. Interventions, such as changes in lifestyle and drug
therapy, to decrease plasma cholesterol have consistently
shown a 40-60% reduction in cardiac events [3, 36]. In the
US, CAD and its sequelae have decreased by 50% in the past
30 years [37]. Secondary prevention after a cardiac event has
been very successful by reducing the traditional risk factors.
Primary prevention must be based on risk stratification to
determine who would benefit most from preventive
measures. 50% of the population [37] will experience a car-
diac event in their lifetime, however, nearly everyone in their
40s, males and females have a significantly increased plasma
LDL-C [103-105]. They are asymptomatic, and most have
no risk factors other than increased plasma LDL-C. To sig-
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nificantly reduce the spread of CAD, one must decrease the
prevalence, which requires primary prevention. Our tradi-
tional risk factors and methods used to predict 10-year risk
for CAD, including the Framingham Risk Score, Reynolds
Score, and Pooled Cohort Equations of ACC and AHA are
all age-dependent and become more accurate with age.
Blood pressure is age-dependent, as is cholesterol and diabe-
tes. The genetic risk score (GRS) is independent of age and
can be determined at any time at birth or any time thereafter.
One’s DNA does not change in one’s lifetime. One of the
objectives of discovering genetic risk variants for CAD was
to develop a genetic risk score to risk stratify CAD that is
independent of age, and would determine who would benefit
most from primary preventative measures.

2.4. Retrospective Assessment of a Genetic Risk Score in
Clinical Trials for Statins

The development and assessment of the genetic risk
score have paralleled the effort to discover genetic risk vari-
ants predisposing to CAD. Attempts to predict using 9p21
when it was first discovered were disappointing and aban-
doned [106]. As more genetic risk variants became available,
other attempts were made to risk stratify [107-109]. Studies
appeared on how to weigh the risk of variants and incorpo-
rate genetic and acquired risk prediction of CAD [102]. Pre-
diction based on just 12 genetic risk variants (all of genome
significance) were encouraging, but the additional benefit
over that of traditional risk factors was small [110]. The in-
crease in the number of genetic variants enabled the effort to
continue. It was appreciated that the total risk burden of
CAD, like most polygenic disorders, was related to the total
number of variants inherited, rather than any single variant.
Inherent, in this statement, was the desire for a greater num-
ber of risk variants in the hopes of improving prediction.

In 2015, Mega et al. [111] utilized 27 genetic risk vari-
ants for CAD (all of genome significance) and genotyped a
population of 48,421 individuals who had enrolled in various
clinical trials to assess efficacy and safety of statins to reduce
cardiac events. There were four clinical trials, two of which
involved primary prevention, and the other two involved
secondary prevention. Following genotyping with the genet-
ic risk variants, individuals were classified into low, inter-
mediate, and high genetic risks. The individuals with the
highest GRS were in the high risk group and had the most
benefit from statin therapy. The GRS was found to be equal-
ly effective in stratifying for risk of CAD in both primary
and secondary prevention. The discriminatory power of
GRS, over that of traditional risk factors, is indicated by the
observation that the number to be treated with a statin was
only 25 to prevent a cardiac event. Similarly, individuals
enrolled in the West of Scotland Coronary Prevention Study
(WOSCOP) were genotyped and stratified by GRS into low,
intermediate, and high risk. The group with the high GRS
score had a relative risk reduction of 44%, compared to a
relative risk reduction of 24% in others [112]. Based on the
results of WOSCOP, one would need to treat only 13 indi-
viduals with a statin versus 38 individuals in the low risk
group. Risk stratification for CAD based on traditional risk
factors would require statin treatment of 100 individuals to
prevent two cardiac events [113]. The investigators conclud-
ed that the GRS increased discriminatory power for risk
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stratification of CAD over that of traditional risk factors, and
was relatively independent of traditional risk factors. Strati-
fication with GRS was more effective in identifying those
individuals in which statin therapy would be most effective.
Abraham et al. [114], utilizing a microarray of 49,310 SNPs
based on the CARDIoOGRAMPIlusC4D consortium, assessed
its predictive power in five prospective population cohorts.
The microarray included SNPs of genome-wide significance,
but also included thousands of SNPs of less than genome-
wide significance shown to be in linkage disequilibrium.
Individuals with the higher GRS were at higher risk for cor-
onary artery disease compared to those with low GRS scores.
Furthermore, they confirmed the previous observations that
the GRS is relatively independent of traditional risk factors.

2.5. Prospective Assessment of a Genetic Risk Score for
CAD

The evolution of larger sample sizes, together with in-
creasing numbers of SNPs as markers, led to discovery of
over 200 genetic risk variants for CAD. These variants have
all reached genome-wide significance, and have been repli-
cated in an independent population. There are hundreds more
found by GWAS to be statistically significant with less than
5% false discovery rate. If one combines both groups of ge-
netic risk variants, it would still only account for about 38
percent of inheritability [101]. To increase the number of
genetic risk variants for CAD, two approaches were taken.
Inouye et al. [115] reduced statistical stringency and includ-
ed those with a false discovery rate of only 5%, which re-
sulted in a microarray containing 1.7 million risk variants for
CAD. The group at Boston utilized a computerized algo-
rithm, LDpred [116], to predict genetic variants that associ-
ate with predisposition for CAD. Further pruning was per-
formed to ensure all SNPs were in linkage equilibrium to
avoid redundancy of markers [117]. These investigators put
together a microarray with 6.6 million genetic risk variants
predisposing to CAD. It is realized by both groups that many
of these variants have minimal effect and maybe redundant.
It is highly likely that the number of causal genetic risk vari-
ants is more likely to be a few thousand, rather than a few
million. However, the statistical basis for predictive algo-
rithms indicates that adding SNPs with no risk do not dilute
the power to predict risk. The addition of SNPs with even
minimally associated increased risk that is non-redundant
should increase predictive power [118].

The era of large databases has ushered in the develop-
ment of biobanks which collect phenotypic and genotypic
data. A well advanced biobank is that of the UK Biobank.
They have collected data on over 500,000 individuals in the
UK, and the data is available through its public website.
Khera et al., utilizing a sample size of 288,978 and the 6.6
million microarrays, showed that 8% of the population inher-
ited a threefold increase risk for CAD, and 0.5% inherited a
fivefold risk for CAD [117]. The group with the highest ge-
netic risk, and the high risk for CAD, would not have been
identified using traditional risk factors for CAD. Only 20%
of the individuals with increased risk had hypercholesterol-
emia, and only 28% had hypertension. A family history of
CAD was observed in only 35% of the individuals with the
high GRS. The 1.7 million microarray by Inouye ef al. [115]
utilized a sample size of nearly 500,000, again selected from
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the UK Biobank. They observed that in the top 20% risk
group of the GRS, there was a fourfold increased risk for
CAD. Genetic risk stratification using the GRS, based on
either 1.7 million genetic risk variants or 6.6 million, con-
firmed increased predictive power over that of previous mi-
croarrays, which have used either 27, 50, or 49,000 [115,
117] genetic risk variants.

2.6. Lifestyle Changes Reduce Genetic Risk for CAD

There has long been a myth regarding genetic factors.
The myth being that once it is in your genes, it cannot be
treated. This of course is not true, and genetic predisposition
has long been treated with the same therapies that we use to
treat acquired and environmental factors. Genes themselves
live a very provincial life, being restricted to the nucleus.
The plebiscites that carry out the functions of genes are me-
diated by the protein derived from the mRNA template that
leaves the nucleus and attaches to the ribosomes in the cyto-
plasm. Statin therapy, which inhibits the activity of the rate-
limiting enzyme 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA), inhibits synthesis of cholesterol, and indirectly
blocks the function of the gene encoding for this enzyme.

The development of a sensitive prediction method for the
genetic predisposition of CAD has major implications for the
prevention of CAD, the world’s number one killer. This is
based on the assumption that we can reverse the genetic risk
in those individuals at high risk for CAD. We previously
presented the data on several large clinical trials in which
their genome was genotyped retrospectively for genetic risk
variants predisposing to CAD. Results of these studies con-
sistently showed the genetic risk score selected those indi-
viduals at greatest risk for CAD and would benefit most
from statin therapy.

A major intervention in the prevention of CAD (primary
and secondary) is that of lifestyle changes. These behavioral
changes are often difficult to initiate and even more difficult
to sustain. A randomized clinical trial performed by Khera et
al. [119] consisted of 55,685 participants and a microarray
with 50 genetic risk variants. The participants were prospec-
tively genotyped and a genetic risk score was determined and
used to risk stratify into low, intermediate, and high risk. The
end point was comparing a favorable lifestyle with that of an
unfavorable lifestyle. A favorable lifestyle consisted of no
obesity, a healthy diet, frequent exercise, and no current
smoking. An unfavorable lifestyle had at least two of these
unfavorable components. Results showed the top 20%, with
a high GRS, had a 91% higher risk of cardiac events than
those with a low GRS. Individuals with a favorable lifestyle,
and a high GRS, had a 40% lower risk for cardiac events
than an unfavorable lifestyle.

Tikkanen et al. [120] performed genetic risk stratification
to assess the effect of physical activity on the genetic risk for
CAD. The UK Biobank provided 468,095 individuals to be
tested. The individuals performed handgrip for three seconds
and a cardiorespiratory test of exercise on a stationary bicy-
cle, during which oxygen consumption was monitored. Ge-
netic risk was determined and categorized into low, interme-
diate, or high. The individuals with the highest GRS had the
most benefit from exercise, with a 49% lower risk for CAD.
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Two additional studies completed recently confirmed the
discriminatory power of the GRS to stratify for risk of CAD.
The 14,298 patients enrolled in the FOURIER trial [121]
were genotyped with a microarray having 27 risk variants for
6 million SNPs predisposing to CAD. Individuals with in-
termediate and high genetic risk for CAD had 1.23 and 1.65
fold increased hazard for major coronary events respectively.
In patients receiving Evolocumab, there was a 13% relative
risk reduction in the group with traditional risk factors, but
without high genetic risk, and 31% relative risk reduction in
patients with high genetic risk regardless of traditional clini-
cal risk factors. The patients with the highest genetic risk
score had the greatest risk and the greater benefit from low-
ering of plasma cholesterol with Evolocumab. The GRS was
found to be independent of, and superior to, traditional risk
factors for risk stratification of CAD. It is of interest that
utilizing a microarray of 27 risk SNPs were just as effective
as the 6 million microarrays. A similar study was performed
in the ODYSSEY trial [122] using a microarray with over 6
million SNPs in a sample size of 11,953. The group with the
highest GRS had the highest risk for CAD and the relative
reduction of cardiac events by Alirocumab was 37% in the
high GRS, versus a 13% reduction in the low GRS group.

Multiple studies has shown consistent positive results
utilizing the genetic risk score to risk stratify for CAD. The
GRS has been shown to be superior to prediction programs
(Framingham Risk Score, Pooled Cohort Equations, and
Reynolds Score) based on traditional risk factors and rela-
tively independent of traditional risk factors. However, two
recent studies showed less favorable results, one genotyping
the UK Biobank population [123] of 352,660, and the other a
U.S. population [124] of 7,237. Both populations were geno-
typed with an array containing over 6 million genetic risk
variants for CAD. The studies concluded the GRS for risk
stratifying for CAD was statistically better than traditional
risk factors, but the difference was small. They recognized
that the GRS has advantages in the young over traditional
methods, but recommended it not be used for routine clinical
applications at this time. An accompanying editorial [125]
also was in agreement with this recommendation. It is diffi-
cult to reconcile these results with previous studies. The in-
vestigators emphasized that the pretest sample was more
appropriately characterized, which may account for some of
the differences. Nevertheless, even these two studies show
the GRS is equal or slightly better than the traditional risk
methods.

The GRS has significantly improved over the past 5 years
and will continue to do so. The GRS provides an unparal-
leled opportunity to assess risk in younger individuals at a
time when traditional risk factors are mostly lacking. An
excellent example of this is the premenopausal female in her
40s with a plasma LDL-C of 160 mg/dL, and no other risk
factors. This is a missed opportunity for primary prevention,
which could be remedied in those individuals with increase
LDL-C and a high GRS [126].

2.7. Limitations to the Current GRS

The GRS for CAD has been evaluated as a risk stratify-
ing tool in over one million individuals, and with minor ex-
ceptions [125], has been shown to be successful in selecting
individuals at high risk for CAD, and those who would bene-
fit most from lifestyle changes [119] and cholesterol lower-
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ing agents [121, 122]. Furthermore, genetic risk for CAD, as
determined by the GRS, is markedly reduced by lifestyle
changes [119, 120] and cholesterol lowering agents [121,
122]. The GRS for CAD is superior to those risk methods
based on traditional risk factors, and is also relatively inde-
pendent of traditional risk factors. There are limitations to
routine applications of the GRS. (1) It has been assessed
primarily in individuals of European descent. (2) The test
and validation population in most of these studies have been
the same. (3) While more and more genetic risk variants are
included to derive the GRS, it is likely that more are yet to
be discovered. (4) The genetic risk variants are primarily
tags, rather than the casual mutations. (5) Many of the stud-
ies assessing the GRS have been in clinical trials in which
everyone is known to have CAD since a diagnosis of CAD is
required for enrollment.

2.8. The Future, A Paradigm Shift in Primary Prevention
of CAD

To reduce the spread of CAD will be necessary to im-
plement primary prevention to decrease the prevalence. Life-
style changes and cholesterol lowering agents are relatively
inexpensive, and proven to be effective for primary preven-
tion throughout the world. The barrier is selecting those who
would benefit from primary prevention. Plasma cholesterol,
a major culprit of CAD, is increased significantly in the gen-
eral adult population, with the average plasma LDL-C being
147 mg/dL in males, and 121 mg/dL in females in their 40s
[105]. The clinical practice guidelines for cardiology rec-
ommends the plasma LDL-C should be < 70 mg/dL and mul-
tiple clinical trials show cardiac events and mortality are
further reduced at plasma LDL-C levels of 30-60 mg/dL
[127, 128]. Epidemiologists indicate during your lifetime it
is expected that 50% will experience a cardiac event [37].

CONCLUSION

The GRS is a simple test, it is inexpensive, can be tested
in blood or saliva, and be applied throughout the world. Sec-
ondly, we have simple and inexpensive preventive measures
proven to be effective in reducing genetic risk for CAD. It is
reasonable to assume the GRS, as a risk stratifying tool, will
detect a significant proportion of the 50% who will benefit
most from primary prevention. Current predictive programs,
such as the Pooled Cohort Equation, are age-dependent be-
cause they are based on traditional risk factors, many of
which are not present in the young when most needed for
primary prevention. The GRS is independent of age and rela-
tively independent of traditional risk factors. All of these
features give the GRS an advantage over traditional risk fac-
tors for primary prevention, but most importantly, it enables
a prediction of CAD risk to be determined at birth or any-
time thereafter. One’s DNA does not change in a lifetime,
neither does your genetic predisposition. The potential of the
GRS to induce a paradigm shift in primary prevention could
markedly halt the spread of CAD.
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