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Abstract

Coronary Artery Disease (CAD) is the number one cause of death in the world. Epidemiologists” claim 50 percent of CAD is genetic. The identified first
genetic risk variant, 9p21, was discovered in 2007, and subsequently, efforts have led to identifying hundreds of genetic risk variants predisposing to
CAD. CAD is preventable based on clinical trials showing reduction in conventional risk factors, such as cholesterol, is associated with 30-40 percent
reduction in cardiac mortality and events. Statin therapy, which lowers plasma cholesterol, is very safe and effective. About 50 percent of all Americans
living a normal lifespan will experience a cardiac event. The challenge is selecting among asymptomatic individuals, the 50 percent who would benefit
most from prevention. Conventional risk factors are age-dependent, while genetic risk variants are independent of age, and can be determined anytime
from birth on, since one’s DNA does not change in one’s lifetime. Utilizing a microarray containing the genetic risk variants, and DNA from saliva or
blood, studies was performed in over 1 million cases and controls. Genetic risk variants were shown to be relatively independent of conventional risk
factors and offer greater discriminatory power in stratifying for CAD risk. Individuals with the highest genetic risk score (GRS) had the highest risk for
CAD and benefitted most from statin therapy. A recent study employed the genetic risk in a sample size of 55,685 individuals. Those with a high GRS
for CAD (20%) had a 91 percent higher risk for cardiac events. Individuals with a healthy lifestyle and high GRS had a 46 percent lower risk for cardiac
events in comparison to those with an unfavorable lifestyle thus, genetic risk can be reduced. Utilizing the GRS to risk stratify for primary prevention of
CAD will represent a paradigm shift in halting the spread of this pandemic disease.
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Comprehensive Risk (Genetic and Acquired) Stratifi- one will have to initiate primary prevention. A major challenge is to

cation for Primary Prevention of CAD identify among asymptomatic individuals those who will benefit most
from preventive therapy for CAD. The recent discovery of genetic risk

Introduction variants predisposing to CAD offers a new tool to select and motivate

Coronary artery disease (CAD) is now well established as the
number one cause of death in the world, accounting for about 1/3
of all deaths, equally affecting males and females. While, CAD was,
until recently, primarily a disease of the western world, it is now
pandemic involving low, middle, and high income countries [1].
While, the disease has been decreasing in the west, there has been a
marked increase in the east. It is estimated that about 50% of males
or females, who live a normal lifespan in the U.S, will be expected to
encounter at least one cardiac event [1]. Similar statistics apply to most
of the western world. Secondary (already have had a cardiac event)
prevention has been very successful by modifying the conventional
risk factors predisposing to CAD (cholesterol, hypertension, diabetes,
smoking, sedentary lifestyle, obesity, and family history). These studies
confirm that CAD is preventable, however to halt the pandemic spread
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asymptomatic individuals at risk for CAD.

The Pursuit of Genetic Variant Predisposing to CAD

Epidemiologists have for decades, claimed that approximately 50
percent of predisposition for CAD is inherited [2-4]. Most common
chronic diseases are claimed to have similar genetic predisposition.
CAD is a polygenic disorder in which genetic predisposition is
transmitted by multiple genes, each with only minimal risk. The
human genome has 3.2 billion base pairs, referred to as nucleotides.
Sequencing studies have shown that, comparison of any two human
genomes show a variation in DNA sequence of only 1 percent, with
99 percent being identical [5-8]. Most of this 1 percent difference is
due to large structural variants, such as inversions, or copy number
variations, with the remainder being due to single nucleotide
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polymorphisms (SNP). The number of SNPs in the genome is fairly
constant, at approximately 5 million per genome [9]. While, the
SNPs account for less than 1/10® of 1 percent of the human genome
sequences, they are claimed to be responsible for 70-80 percent [9]
of the variation underlying the unique features of human beings (eg
color of your hair, predisposition to disease).

To pursue the genetic variants predisposing to CAD, it was
necessary to adopt an unbiased approach which would require DNA
markers, spanning the whole human genome. The most desirable
would be, having markers evenly distributed throughout the genome,
at intervals of 3,000 to 6,000 bases, which would require at least one
million DNA markers. The millions of SNPs annotated by HapMap
[10,11] provided the necessary DNA markers to span the genome.
Secondly, in designing the study we adopted the Case Control
Association Approach, in which the frequency of markers in the
cases would be compared to that of controls [12-13]. This would be
referred to as a Genome Wide Association Study (GWAS). Any DNA
marker that occurred more frequently in the cases, than in controls,
would indicate it is a risk for CAD, or is in close physical proximity
to a sequence that increases risk for CAD. This approach of using
a million markers would present a major problem if we accepted a
p-value 0f 0.05, in comparing the frequency of a marker in cases versus
controls, as it would result in 50,000 false positives. Thus, a statistical
correction was necessary. We agreed that the most stringent would
be a Bonferroni whereby the p-value of 0.05 would be divided by one
million, giving a required p-value of 5x107%. This p-value subsequently
became known as genome wide significant and further enhanced
the need for a large sample size. A further requirement was all SNPs
associated with increased risk for CAD of genome wide significance
had to be confirmed by replication in an independent population.

Discovery of 9p21 as a Risk Variant for CAD and the
Formation of an International Consortium

In our initial attempt to identify the first genetic risk variant
predisposing to CAD we hypothesized that CAD as a common
disorder would be due to genetic variants that occurred frequently
worldwide with each variant conferring minimal risk. We adopted
the Case Control Association Approach which had been shown to be
successful in diabetes [14] and selected 100,000 SNPs as markers to
span the genome. Also SNPs showing statistical significance required
replication in one or more independent populations. The discovery
of 9p21 was the result of genotyping a total population of over 23,000
individuals from Canada, US, and Denmark [15]. Simultaneously and
independently, the Icelandic group also identified 9p21 [16]. Shortly
thereafter, 9p21 was confirmed by the Wellcome Trust Group Case
Control Consortium (WTGCCC) [17] and subsequently in many
other cohorts of Europeans and East Asians [18].

The name, 9p21, refers to being on chromosome 9, the short
arm, at band 2.1. 9p21 occurs in about 75 percent of individuals
of European ancestry, with each copy associated, with a 25 percent
increase in relative risk for CAD. It is of note, that 9p21, was found to
be independent of all known risk factors for CAD, implying that risk
factors, other than the known conventional risk factors, contributed
to the pathogenesis of CAD. The observation that 9p21 imparted only
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minimal risk confirmed our hypothesis that there would be multiple
risk variants, each exerting only minimal increased risk. This further
enhanced our need for a large sample size. This lead to the formation
of an international consortium, referred to as CARDIoOGRAM [19],
and subsequently with other additional investigators known as
CARDIoGRAMplusC4D. The initial sample size consisted of 22,233
cases and 64,762 controls, with a replication in an independent
population of 56,682 [19].

A decade later, the CARDIOGRAMplusC4D investigators, along
with other independent investigators, have identified over 200 genetic
risk variants predisposing to CAD, which has been summarized in
several reviews [20-24]. All of these risk variants are of genome wide
significance and have been replicated in an independent population.
There were hundreds of other genetic risk variants which did not
reach the genome wide significance (P-value of 107%), but did satisfy
the statistical criteria of false discovery of less than 5 percent. If one
combines the risk variants obtained by genome wide association
studies using either the corrected 107, or false discovery rate of 5
percent significance, they would account for 30-40 percent of the
expected heritability of CAD [24].

Genetic Risk Variants for CAD are Multiple and Occur
Commonly

Table 1 shows some of the features of genetic risk variants
predisposing to CAD. They are very common, and over 50 percent
of them occur in more than 50 percent of the population. This is in
keeping with the original hypothesis, that genetic variants predisposing
to common diseases would be transmitted by DNA variants that occur
commonly. (2) Each genetic risk variant transmits only minimal
increase in relative risk, which on the average for CAD, is less than
10 percent. (3) Over 75 percent of the genetic risk variants occur in
non-protein coding regions and tend to cluster in regulatory elements.
Thus, the influence of these genetic variants is mediated through
regulation of protein coding sequences, upstream or downstream
(cis acting), and possibly through interacting with protein coding
region on other chromosomes (trans acting). Lastly, about two-thirds
of the variants do not mediate their risk through any of the known
conventional risk factors. Elucidation of the molecular pathways by
which these unknown genetic risk variants mediate their risk, will
contribute significantly to our understanding of the pathogenesis of
CAD and provide targets for development of novel therapy.

Table 1. The Features of Genetic Risk Variants for CAD.

* Genetic Risk Variants for CAD Occur Commonly

» Each Genetic Risk Variant for CAD Imparts Minimal Risk

* 75% of Genetic Risk Variants for CAD Occur in Non-Protein Coding Regions

* 2/3 of Genetic Risk Variants for CAD are Independent of Traditional Risk Factors

Total Genetic Risk Burden of CAD is Proportional to the
Number of Risk Variants Inherited

Since, each genetic risk variant contributes only about an 8
percent increase in risk for CAD; the total genetic risk burden is
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proportional to the number of risk variants inherited, rather than
any single variant. A single number for genetic risk of CAD can be
obtained by knowing the number of genetic risk variants inherited by
each individual, and taking into account the risk transmitted by each
variant for CAD. The Genome-Wide Association Studies (GWAS),
have previously identified the increased risk for each variant. Utilizing
blood or saliva, one can genotype the extracted DNA for the number
of genetic variants inherited by any one individual. The range for
each single genetic risk variant is zero to two. It is zero (neither of the
parent’s has the genetic variant), 1 (if only one of the parents transmits
the genetic variant), and 2 (if both of the parents transmit the genetic
variant). In accounting for the risk, it is standard practice to determine
the weighted risk by multiplying the number of copies of each genetic
risk variant times the natural log of the odds ratio [25]. The number
resulting from summation of these products is the numeric Genetic
Risk Score (GRS).

Clinical Trials Indicate CAD is a Preventable Disease

Several risk factors have been recognized since the 1960s that
predispose to CAD. A central culprit in the pathogenesis of coronary
atherosclerosis is that of cholesterol primarily due to plasma LDL
(Low-Density Lipoproteins) cholesterol. Multiple trials over the past
three decades have documented 30 to 40 percent decrease in cardiac
events associated with decreasing plasma LDL-C [26, 27]. Other risk
factors for CAD include hypertension, diabetes, smoking, age, family
history, and sedentary way of life. Reduction in risk of these factors
by lifestyle changes along with certain drugs has consistently shown a
marked reduction in cardiac events due to CAD. Most of the studies
have been performed in individuals who have already experienced
a cardiac event, thus consist of secondary prevention of recurring
events. Nevertheless, studies of primary prevention, primarily
decreasing plasma LDL-C and controlling hypertension consistently
show decreased cardiac events [28].

Evaluation of the Genetic Risk Score to Risk Stratify for
CAD in the Implementation of Primary Prevention

One of the ultimate aims for pursing genetic risk for CAD was
to develop a more sensitive and appropriate technique to select
individuals who would benefit most from primary prevention. It
is obvious that patient selection for secondary prevention simply
requires proof the individuals has had a cardiac event or has significant
coronary atherosclerosis. Selecting asymptomatic individuals without
a cardiac history is a much greater challenge. One might champion
treating everyone with a statin drug who has increased plasma
LDL-C. However, the level of plasma LDL-C currently used as a
target for effective control is < 70 mg/dl [29-31]. This is confounded
by the observation that the average plasma LDL-C in an American
male in his 40s is 147 mg/dl and in a female is 121 mg/dl [29-31].
Thus, do you want to treat everyone with a statin, knowing only 50
percent will benefit? Nevertheless, Mendelian randomization studies
show it is crucially important to lower the plasma LDL-C earlier in
life rather than at mid-age or later in males. Ference et al. in a recent
Mendelian randomization study showed a 55 percent reduction in
cardiac risk for each mmol/L (38.7 mg/dl) reduction in plasma LDL-C
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[32]. In contrast to clinical trials in which exposure is usually for 5
years, the observed average is 20 percent reduction of risk for CAD
for each mmol/L reduction in plasma LDL-C [33]. The reciprocal of
this observation was also determined from longitudinal meta-analysis
showing the risk for CAD doubles for each additional 10 years of
exposure to increased plasma LDL-C [34].

The conventional risk factors, such as cholesterol, that we
currently use for primary prevention are unfortunately age dependent
and become more accurate and sensitive as one gets older. This is
illustrated for the number one risk factor for CAD, namely plasma
LDL-C (see table 2) The genetic risk factors if shown to be effective
predictors of genetic risk for CAD would have the advantage of being
independent of age, since one’s DNA does not change in a lifetime.

Table 2. Lifetime Changes in Plasma LDL-C.

The plasma LDL-C of neonate 21-39 mg/dl

Second decade of life 90 mg/dl

Fourth decade of life 130-150 mg/dl

The first study to evaluate the GRS as a means of stratifying for
CAD risk was that of Mega [35]. This study performed in 2015 utilized
only 27 genetic risk variants for CAD to genotype a sample size of
48,421 individuals. The study population consisted of four clinical
trials, including Jupiter, which evaluated the role of decreasing plasma
LDL-C, with a statin. Two of the trials involved secondary prevention
and the other two involved primarily prevention. The GRS stratified
the individuals into high, intermediate, and low risk. The high risk
group identified by GRS was also the same group that had the most
effect from statin therapy. The GRS was equally effective in identifying
individuals for primary or secondary prevention. Furthermore,
individuals with a high GRS required treatment of only 25 individuals
with statin to prevent one cardiac event. This is in contrast to over
100 that would require treatment if stratified on the basis of known
conventional risk factors. Similar results were obtained upon
genotyping individuals in the West of Scotland Coronary Prevention
Study (WOSCOPS). Individuals in the high genetic risk group
exhibited a risk reduction of 44 percent versus a relative risk reduction
of only 24 percent in others [36]. Moreover, in order to prevent one
coronary event with statin therapy, those in the high genetic risk group
required treatment of 13 versus 38 in the low risk group. The results
confirmed that GRS has higher efficacy and is more discriminatory in
risk stratification of CAD than conventional risk factors. The GRS was
better at discriminating who is at a higher risk for CAD and identified
individuals who would benefit the most from statins.

Risk Stratification for CAD Utilizing a Polygenic Score

The current genetic risk variants account for only about 30-40
percent of inherited risk for CAD. The inclusion of more genetic risk
variants would be expected to further enhance the power of prediction
and risk stratification of CAD. One technique by Inouye [37] was to
include less stringent statistics, such as a false discovery rate of only 5
percent. This gave rise to a microarray containing 1.7 million genetic
risk variants. The other approach by [38] included a technique that
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predicts association with CAD followed by further pruning to ensure
exclusion of linkage disequilibrium; this microarray contains 6.6
million genetic risk variants.

Risk stratification was performed in a test set with a large
sample size of 288,978 from the UK biobank utilizing the 6.6 million
microarrays. Analysis showed, 8 percent of the population inherited
a threefold increased risk for CAD, and 0.5 inherited a fivefold
increased risk for CAD. Conventional risk factors would not have
identified the 8 percent with the threefold increased risk. For example,
hypercholesterolemia was present in only 20 percent of the individuals
with only threefold risk in CAD, hypertension was present in only 28
percent of the group with threefold increased risk, and family history
was present in only 35 percent of the threefold increased risk group.

The 1.7 microarray was used to genotype a UK biobank sample
size of nearly 500,000. The top 20 percent risk group had a fourfold
increased risk for CAD. These results and those of Khera et al,
[38] confirm increased predictive power over that of the previous
microarrays utilizing far less genetic risk variants.

Genetic Risk for CAD is Markedly Reduced by Lifestyle
Changes and Drug Therapy

Multiple studies show increased discriminatory power for risk
stratification of CAD utilizing microarrays containing genetic risk
variants. However, this will all be for naught, if one cannot modify
and reduce genetic risk. There is often the myth circulating among the
populous that, if it is in your gene, you cannot do anything about it.
This, of course, is a myth that has been proven by multiple therapies.
Nevertheless, it is important to show that the genetic risk predicted for
CAD can indeed be reduced by appropriate therapies. The first study
to comprehensively assess the effect of lifestyle changes on genetic risk
for CAD was published by [39]. The sample size consisted of 55,685
participants. The endpoint was favorable lifestyle, versus unfavorable
lifestyle, with the former defined as no current smoking, no obesity,
a healthy diet, and frequent exercise, versus a lifestyle with at least
two of these bad components [39]. Risk stratification using the GRS
showed, those with a high GRS for CAD (20 percent) had a 91 percent
higher risk of cardiac events, than those with low GRS. Individuals
with a healthy lifestyle and a high GRS had a 46 percent lower risk of
cardiac events than an unfavorable lifestyle

Tikkanen et al [40] assessed the effect of physical activity on the
genetic risk for CAD as determined by GRS. The sample size was
that of 468,095 individuals obtained from the UK biobank. Physical
activity consisted of hand grip for 3 seconds and cardiorespiratory
fitness determined by oxygen consumption during cycle ergometer on
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a stationary bike. The higher level of physical activity was associated
withless CAD in each of the low, intermediate, and high risk categories.
The highest GRS had the most benefit from cardiorespiratory exercise,
with 49 percent lower risk for CAD.

Genetic risk stratification for CAD has been assessed by several
different investigators involving over 1 million participants and found
to be highly discriminatory. Perhaps more important, genetic risk for
CAD is significantly reduced by lifestyle changes and drugs. These
studies refute the myth, that genetic risk cannot be attenuated or
eliminated.

Genetic Risk Score, a Paradigm Shift to Halt the Epidemic
of CAD

The current methods of assessing the risk for CAD by the ACA/
AHA, specifically the Framingham risk score, the Randall score, and
the pooled cohort equations, are not independent of other confounding
factors such as age and conventional risk factors. However, GRS is
completely independent of an individual’s age, based on the fact that
one’s germline DNA does not change over one’s lifespan. Additionally,
the GRS is relatively independent of conventional risk factors for CAD
since only one third of them act through known risk mechanisms.
GRS is required for a comprehensive risk assessment given that 40-60
percent of the risk of CAD is due to genetic factors. Furthermore,
GRS correlates closely with sub-clinical CAD, in contrast to the lack
of correlation between conventional risk factors and sub-clinical
CAD [36]. Lastly, GRS is comparatively less expensive and minimally
invasive; and testing can be obtained through blood or saliva samples
(figure 1).

Documentation that genetic screening is effective for risk
stratification of CAD is complemented by the observation that changes
in lifestyles and drug therapy are extremely effective in reducing the
risk. Given we have a CAD pandemic that in many countries is still
increasing, beckons the need for progressive prevention based on
comprehensive risk stratification using both the GRS and conventional
risk factors for CAD. Risk stratification followed by primary prevention
in premenopausal women has the potential to markedly attenuate the
development of CAD. A similar approach adopted at an earlier age in
males would be expected to have an analogous outcome.
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