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HIGHLIGHTS

� CAD is a pandemic that can be prevented. Conventional risk factors are inadequate to detect who is at risk early in the

asymptomatic stage.

� Genetic risk for CAD can be determined at birth, and those at highest genetic risk have been shown to respond to lifestyle

changes and statin therapy with a 40% to 50% reduction in cardiac events.

� Genetic risk stratification for CAD should be brought to the bedside in an attempt to prevent this pandemic disease.
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Coronary artery disease (CAD) is a pandemic disease that is highly preventable as shown by secondary prevention. Pri-

mary prevention is preferred knowing that 50% of the population can expect a cardiac event in their lifetime. Risk

stratification for primary prevention using the American Heart Association/American College of Cardiology predicted 10-

year risk based on conventional risk factors for CAD is less than optimal. Conventional risk factors such as hypertension,

cholesterol, and age are age-dependent and not present until the sixth or seventh decade of life. The genetic risk score

(GRS), which is estimated from the recently discovered genetic variants predisposed to CAD, offers a potential solution to

this dilemma. The GRS, which is derived from genotyping the population with a microarray containing these genetic risk

variants, has indicated that genetic risk stratification based on the GRS is superior to that of conventional risk factors in

detecting those at high risk and who would benefit most from statin therapy. Studies performed in >1 million individuals

confirmed genetic risk stratification is superior and primarily independent of conventional risk factors. Prospective clinical

trials based on risk stratification for CAD using the GRS have shown lifestyle changes, physical activity, and statin therapy

are associated with 40% to 50% reduction in cardiac events in the high genetic risk group (20%). Genetic risk stratification

has the advantage of being innate to an individual’s DNA, and because DNA does not change in a lifetime, it is independent

of age. Genetic risk stratification is inexpensive and can be performed worldwide, providing risk analysis at any age and

thus has the potential to revolutionize primary prevention. (J Am Coll Cardiol Basic Trans Science 2021;6:287–304)

© 2021 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
T he approach to any common disease is from
the perspective of detection, prevention,
and specific management once the event oc-

curs. Coronary artery disease (CAD), which occurs
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ABBR EV I A T I ON S

AND ACRONYMS

ACC = American College of

Cardiology

AHA = American Heart

Association

ANRIL = antisense non-coding

RNA in the INK4 Locust

bp = base pair

CAD = coronary artery disease

GRS = genetic risk score

GWAS = genome-wide

association study

LDL-C = low-density

lipoprotein cholesterol

MR = Mendelian randomization

SNP = single nucleotide

polymorphism
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environmental exposure; and lifestyle fac-
tors. The environmental and lifestyle compo-
nents of this triad for CAD have been well-
documented since the 1960s, starting with
the Framingham study (1). Guidelines have
been standardized for their detection and
reduction of their associated risk for CAD (2).

Several randomized placebo-controlled
clinical trials have confirmed that a reduc-
tion in these risk factors for CAD is associated
with a corresponding reduction in cardiac
events and mortality (3–5). This was
comprehensively reviewed by The Choles-
terol Treatment Trialist, which did a meta-
analysis that involved >170,000 individuals
and analyzed the safety and efficacy of statin
therapy (6,7). In the United States, over the
past 30 years, reduction of risk from envi-
ronmental and lifestyle risk factors has been the
predominant reason for a 50% reduction in cardiac
events and mortality (8,9).

Epidemiologists have claimed for some time, based
on family history (10) and studies on identical twins
(11), that genetic risk factors account for 40% to 60%
of the predisposition for CAD (12). Discovery and
isolation of these genetic variants predisposed to CAD
were enabled by the development of new technolo-
gies in the early part of this century (13–17). In this
review, we summarize these large studies, their
research implications for the pathogenesis of CAD,
and recent attempts to incorporate these genetic
variants into a risk score to risk stratify for primary
and secondary prevention of CAD. The application of
a risk score based on an individual’s DNA has several
advantages over conventional risk factors because it
is independent of age and can be determined at birth
or anytime thereafter. The advantages and limita-
tions of a genetic risk score (GRS) for CAD are sum-
marized. The quality and accuracy of GRSs are still in
evolution but could be enhanced by clinical applica-
tion (Central Illustration).

RARE SINGLE GENE DISORDERS

Variations in the DNA sequence that are disease
related occur in a continuum from rare to common.
However, because of the earlier clinical detection of
the phenotypes and detection through pedigrees, we
refer to inherited diseases as those that are rare
versus those that are common. Rare disorders by
definition occur in <1% of the population and are
usually associated with high penetrance. These genes
were discovered through a technique referred to as
genetic linkage analysis (18). This requires a pedigree
of 2 or 3 generations of several individuals affected
with the disease. A DNA marker, detected in those
affected with the disease (more often than by
chance), indicates it is in close physical proximity to
the gene responsible for the disease. The DNA region
is then cloned and sequenced to identify the
responsible mutation, a process referred to as posi-
tional cloning. Using this approach, genes responsible
for multiple rare cardiovascular inherited disorders
were discovered, including familial hypertrophic
cardiomyopathy (19,20), and Wolff-Parkinson-White
syndrome (21). The last 2 decades of the 20th cen-
tury were a golden era for these rare diseases and
provided tremendous insight into their pathogenesis
and management. It is claimed of the 8,315 rare
inherited disorders, a responsible gene has been
discovered for >5,482 (22). Expression of the
responsible mutant gene as a transgene in animal
models for rare cardiovascular disorders [e.g., familial
hypertrophic cardiomyopathy (23) or Wolff-
Parkinson-White syndrome (24)] induces the ex-
pected human phenotype in the offspring. Thus,
these disorders are often referred to as single-gene
disorders because the mutant gene is both necessary
and sufficient to induce the phenotype.

POLYGENIC DISORDERS:

GENOME-WIDE ASSOCIATION STUDIES

The predisposition of common disorders, such as CAD
and diabetes type 2, are all due to multiple DNA risk
variants and are referred to as polygenic disorders.
This is in keeping with the hypothesis that the DNA
risk variants transmitting predisposition for poly-
genic disorders are multiple, with each having only
minimal risk. Identification of these DNA risk variants
requires a different approach than that of collecting
pedigrees and analyzing for genetic linkage. The
preferred unbiased approach is that of a case�control
association study based on an analysis of markers
distributed throughout the genome (25). This is, in
principle, simple; the frequency of DNA markers is
determined by genotyping individuals known to have
the disease and genotyping control subjects. Those
DNA markers that occur more frequently in cases than
controls would be designated in a DNA sequence that
contains an increased risk for the disease. The marker
itself is unlikely to be the cause of increased risk but
is in close physical proximity to the causative
sequence. The approach requires DNA markers evenly
distributed throughout the human genome at in-
tervals of not more than 3,000 to 6,000 base pairs
(bp). This requires 500,000 to 1 million markers to
meet this requirement.



CENTRAL ILLUSTRATION The Journey From Gene Discovery to Clinical Application

Roberts, R. et al. J Am Coll Cardiol Basic Trans Science. 2021;6(3):287–304.

A brief summary from genetics to clinical applicationis shown. Genome wide association studies made possible an unbiased search for genetic

variants predisposing to coronary artery disease (CAD). The total risk burden was summarized in a single number referred to as the Genetic

Risk Score (GRS). The GRS was utilized to stratify for risk of CAD. Prospective clinical trials showed lifestyle changes and drug therapy

decreased genetic risk by 40% to 50%.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 3 , 2 0 2 1 Roberts et al.
M A R C H 2 0 2 1 : 2 8 7 – 3 0 4 Genetic Screening for CAD

289
Several advancements in technology occurred to
make the case�control association study approach
practical. In 2001, the human genome (13,17) was
sequenced, followed by the HapMap Project (16),
which made available millions of informative poly-
morphic DNA markers spanning the human genome.
These markers are single nucleotide polymorphisms
(SNPs) that are fairly evenly distributed throughout
the genome at approximately 1 SNP/1,000 bp. The
number of SNPs per human genome is fairly
consistent at approximately 5 million (16,26,27).
SNPs were encrypted on computerized microarrays
and used as the template for platforms designed to
perform high-throughput genotyping (15). The first
of these studies was performed for age-related
macular degeneration (28). Genome-wide associa-
tion studies (GWASs) have become a major interna-
tional focus over the past decade. The National
Human Genome Research Instituteve GWAS catalog
indicates >5,687 GWASs have been performed,
involving >71,000 variant trait associations and
published in >3,000 publications (29). These studies
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have greatly enhanced the architecture of genetic
predisposition for CAD and many other polygenic
diseases.

Genetic predisposition, or lack of predisposition
for a disease, is determined by the DNA sequences
transmitted to offspring at conception. Genes are
classically defined as DNA sequences that code for
proteins. This definition was developed before we
knew much regarding the remainder of the sequences
in the total genome. It is now expected that >90% of
the genome is functional and influences the expres-
sion directly or indirectly of genes upstream and
downstream, including across other chromosomes.
Sequences that code for proteins account for >1% of
the DNA in the human genome. All genes have mul-
tiple forms, referred to as alleles, as do DNA se-
quences in the nonprotein-coding regions. These
alleles differ from each other and their parent
sequence, usually by only a single nucleotide substi-
tution mutation. The frequency of these alleles in the
population varies from rare to common. Despite the
minor sequence difference between alleles, its func-
tion is often altered, which for disease-related alleles
could lead to being neutral or associated with an
increased or decreased predisposition. Each individ-
ual has a maximum of 2 copies of each allele, 1 from
each parent. The particular allele occupying any
chromosomal locus of an individual is determined at
conception. The use of the term allele in this review
refers to alternative forms of any DNA sequence,
which may or may not be a part of a protein-coding
sequence. Those DNA sequences shown to be associ-
ated with increased risk for a disease are referred to
as genetic risk variants.

GENETIC RISK VARIANTS FOR CAD

The first genetic risk variant for CAD, 9p21, was
discovered in 2007, simultaneously and indepen-
dently by 2 groups (30,31), followed shortly by confir-
mation from 2 other groups (32,33). Over the next 2
years, several groups throughout the world confirmed
the association between the 9p21 genetic risk variant
and CAD (34). The reported features of the 9p21 genetic
risk variant were similar throughout the world, except
in Africans, who had the 9p21 variant is not a risk factor
(35–37). The 9p21 genetic risk variant was shown to be
common, being present in approximately 75% of the
population. The risk for CAD is mediated indepen-
dently of conventional risk factors for CAD. Subse-
quent efforts by groups such as the Myocardial
Infarction Genetics Consortium (38) identified 2 novel
genetic risk variants for CAD, followed by a variant at
3q22 found by Erdmann et al. (39), the SLC22A3 variant
found by Trégouët et al. (40), and the 12q24 variant
found by Gudbjartsson et al. (41). The Coronary Artery
Disease Genetics Consortium (42) identified 5 novel
genetic risk variants for CAD. The characteristics of the
genetic variant 9p21, along with the subsequent 10
genetic risk variants predisposed to CAD, were
consistentwith the hypothesis that common polygenic
disorders are due to multiple commonly occurring al-
leles, each associated with only minimal risk.

The associated minimal risk of each variant
strongly indicated there were many more, and the
search would have to be intensified. It would require
a greater density of DNA markers and massive sample
sizes. This led to the formation of an international
consortium, with >80,000 cases and control subjects,
the CARDIoGRAM (Coronary Artery Disease Genome-
Wide Replication, and Meta-analysis) Consortium
(43). The GWAS approach used millions of SNPs as
markers with increased sample sizes. This required
statistical correction, which with 1 million SNPs and a
Bonferroni correction, demanded a p value of
0.00000005 that became known as genome-wide
significance (44). In addition, replication in an inde-
pendent population was required.

Over the next 10 years, international consortium
and individual efforts discovered 171 genetic risk
variants that are of genome-wide significance and
have been replicated in an independent population. A
total of 163 of these genetic risk variants for CAD were
carefully tabulated in the review by Erdmann et al.
(45). The additional 8 variants are summarized in
Table 1. It is expected there are many more to be
identified. There are many other genetic risk variants
for CAD that are not of genome-wide significance but
are highly significant in that they have <5% false
positives as determined by the false discovery rate
(39,45–47).
NEED FOR GENETIC RISK STRATIFICATION

CAD is a slow-growing disease that usually takes de-
cades to manifest clinical features. This process is
influenced by several known environmental and
lifestyle risk factors. Decreasing environmental or
lifestyle risk has been shown to be extremely effec-
tive, particularly for secondary prevention. Second-
ary prevention is activated when an individual has a
clinical event (e.g., myocardial infarction or angina).
In contrast, primary prevention, by definition, does
not have such defining signals. Unfortunately, the
conventional risk factors for CAD are age-dependent
and are only detected late in life, which is less than
optimal for primary prevention. The potential to
markedly attenuate this disease, if not eliminate it, is
robust with the currently existing therapeutic



TABLE 1 Eight Newly Discovered Genetic Risk Variants

Position Lead SNP RAF OR Gene(s) at Locus Ref. #

1 6p21.3 rs3869109 G (0.55) 1.16 HLC-C,HLA-B, HCG27 (140)

2 chr2: 19809058 rs2123536 T (0.39) 1.25 TTC32-WDR35 (141)

3 chr4: 156730909 rs1842896 T (0.76) 1.23 GUCY1A3 (141)

4 chr6: 32449331 rs9268402 G (0.59) 1.17 C6orf10 (141)

5 chr12: 88605319 rs7136259 T (0.39) 1.21 ATP2B1 (141)

6 6p24.1 rs6903956 A (0.08) 1.51 C6orf105 (142)

7 chr3: 17099388 rs4618210 A (0.45) 0.91 PLCL2 (143)

8 chr19: 2111529 rs3803915 A (0.21) 0.89 AP3D1-DOT1L-SF3A2 (143)

Since the paper by Erdmann et al. (45), there has been 8 newly discovered genetic risk variants predisposed to coronary artery disease.

OR ¼ odd’s ratio; RAF ¼ relative allele frequency; SNP ¼ single nucleotide polymorphism.
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armamentarium. Modification of risk factors clearly
would have to be initiated early in life, and, in some
cases, even before adolescence. In women with hor-
monal protection during the pre-menopausal stage, it
is perhaps possible to delay primary prevention until
the fourth or fifth decade, and still prevent the
development of clinical sequelae (46,47).

The predominant culprit in the pathogenesis of
coronary atherosclerosis is the plasma low-density
lipoprotein cholesterol (LDL-C) and the duration of
exposure. Every additional 10 years of exposure to
plasma LDL-C is associated with a doubling of
morbidity and mortality (48). The Cardiology Practice
Guidelines have established a plasma LDL-C
of #70 mg/dl as the target for primary or secondary
prevention of CAD. However, the plasma LDL-C of a
woman in her fourth decade averages 121 mg/dl,
whereas a man in his fourth decade averages
146 mg/dl, which is nearly twice that of the desired
target (49). Should we treat everyone with statin
therapy? Primary prevention based on conventional
risk factors requires treatment with statin therapy in
100 individuals to prevent a single cardiac event (50).
Only one-half are expected to benefit because only
50% will develop a cardiac event.

To avoid the cost of treating everyone and
inappropriately treating one-half of the population
who will not benefit beckons the issues to risk
stratify. The Cardiology Practice Guidelines were
set up as an attempt to avoid treating everyone
with the hope of selecting those who would most
benefit from preventive therapy. Using the con-
ventional risk factors, namely, age, cholesterol,
diabetes, obesity, blood pressure, sedentary way of
life, and smoking, a simple calculation was devised
to be applicable to anyone from age 40 to 75 years,
taking into account that everyone at age 40 years
will have increased plasma LDL-C. The American
College of Cardiology/The American Heart Associa-
tion (AHA/ACC) adopted the method of the Pooled
Cohort Equation, which calculates risk for 10 years
based on these risk factors (51). Anyone with a 10-
year risk of $7.5% are candidates for preventive
therapies.

A 40-year-old woman with the risk profile of
Caucasian, blood pressure of 120/70 mm Hg, total
cholesterol of 240, LDL-C 180 mg/dl, high-density li-
poprotein (HDL) 30 mg/dl, non-smoker, and without a
history of diabetes has a 10-year risk of 1.3% based on
the Pooled Cohort Equation. This is far below the
level of 7.5% required to recommend preventive
therapy. Nevertheless, a plasma LDL-C of 180 mg/dl is
>2-fold higher than the desired level, and despite the
lack of other risk factors, it is likely to contribute to
CAD. It appears to be a missed opportunity for pri-
mary prevention of CAD in women with these clinical
findings. It is well-documented that the incidence of
heart disease is the same in women as in men but is
delayed by approximately 10 years. If we are to take
advantage of the opportunity for primary prevention
in pre-menopausal women, it would be greatly
enhanced with a method of risk detection that is in-
dependent of age.

Mendelian randomization (MR) has shown that
individuals with a minimal decrease in LDL-C due to
genotypes inherited at conception are associated with
a 50% reduction in cardiac risk per mmol/l reduction
in LDL-C (52). This is approximately 3-fold greater
than the benefit observed in clinical trials that enroll
individuals with an average age of 60 years. To be
effective, primary prevention in men has to occur in
their 20s or 30s for risk stratification for early inter-
vention (53). Because CAD is now a pandemic disease,
attempts to halt its spread will require earlier primary
prevention in both men and women, preferably based
on a risk assessment that is independent of age. Risk
assessment for CAD, based on genetic risk, is inde-
pendent of age because DNA does not change in an
individuals’ lifetime. This is discussed in further
detail in subsequent sections.
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A TREASURE TROVE FOR NEW DRUGS AND

RESEARCH-FUNCTIONAL ANALYSIS OF

GENETIC RISK VARIANTS

Genetics have been most favorable for CAD (54).
Families with familial hypercholesterolemia provided
strong evidence for cholesterol being a causative
agent (55). The development of the first statin drug
and its lowering of cholesterol in patients with fa-
milial hypercholesterolemia was associated with a
corresponding reduction in cardiac mortality and
morbidity. The statin class of drugs is currently our
main therapy in both primary and secondary pre-
vention of CAD. Approximately a decade ago, a new
armamentarium in the prevention of CAD was intro-
duced; PCSK9 inhibitors were stimulated yet again by
a genetic observation. The discovery of a gain-of-
function mutation in the PCSK9 gene was observed
to be associated with increased risk for myocardial
infarction (56). This was followed by the discovery of
a loss-of-function in the PCSK9 gene that was asso-
ciated with decreased risk for myocardial infarction
(57). PCSK9 inhibitors are now part of the routine
clinical management and prevention of CAD (58).

Angiopoietin-like 3 is known to inhibit lipoprotein
and endothelial lipase, which leads to increased
levels of triglyceride and other lipids (59–61). In-
dividuals inheriting a loss of function in the gene
encoding angiopoietin-like 3 experience a 41% lower
risk of CAD due to low plasma levels of LDL-C and
triglycerides (62,63). Inhibition of angiopoietin-like 3
by pharmacological means is also associated with
lower plasma levels of LDL-C independent of the
LDL-C receptor. This led to development of an anti-
body, evinacumab, which inhibits angiopoietin-like 3.
It has undergone clinical trials, and phase III trials
performed recently in individuals with homozygous
familial hypercholesterolemia showed a 41% reduc-
tion in LDL-C (64). Thus, a new mechanism has been
exploited to add to the armamentarium of drug
therapy to decrease LDL-C independent of cholesterol
(statins) or removal by the LDL receptor (PCSK9 in-
hibitors). Genetics has again contributed significantly
to the future prevention and management of CAD.

More than one-half of the genetic risk variants do
not mediate their risk through known conventional
risk factors (34). This would indicate that several
factors, yet to be discovered, are involved with the
pathogenesis of CAD. This is inspirational fodder for
the investigator. Elucidation of the mechanisms
whereby they mediate their risk enable the develop-
ment of drugs based on novel targets. The thrust of
research in this field is still primitive, in part, because
of the lack of tools to pursue such a task. First, the
lead SNP signifies a risk region that contains thou-
sands of bp of which only $1 bp are the causative risk
mutation. The efforts to map and sequence these re-
gions are expensive, at a ratio of approximately 30 to
1 over the cost of genotyping. Even after massive
sequencing, it will be a prohibitive task. This is made
more difficult because no 1 risk variant is necessary or
sufficient to induce the phenotype of CAD; therefore,
researchers cannot depend on a conventional
knockout or transgenic animal models to confirm or
disprove causality. Furthermore, >80% of the risk
variants for CAD, as for other polygenic diseases, are
located in nonprotein-coding sequences (34) that are
inherently unfriendly to functional analysis. Their
location in nonprotein-coding regions relegates risk
variants to a regulatory role, namely, influencing the
expression of protein-coding sequences that can be
hundreds of thousands of bp upstream or down-
stream (cis-acting) or even on other chromosomes
(trans-acting). This task is further complicated by the
recent observation that suggested that only approxi-
mately one-third of causal genes are the nearest
genes to the GWAS hit (65,66). One approach is to
express these sequences in various in vitro experi-
ments to seek a clue to their function. Investigators
are pursuing means to place the risk variant se-
quences and their proximal genes into biological
pathways in the hopes of determining their function
(45).

Despite the difficulties, research is extremely
active in pursuing the function of genetic risk vari-
ants, as can be exemplified by discussion of a few of
these variants located at loci 9p21, 1p13, 15q24, and
6p24. The 9p21 risk variant for CAD was the first ge-
netic risk variant to be discovered for CAD and has
undergone extensive research. Multiple studies
confirmed 9p21 mediates its risk for CAD, indepen-
dent of known risk factors. Fine mapping of the 9p21
risk variant region showed that it is confined to
58,000 bp (67). This 58,000 bp does not contain any
protein-coating sequences but does overlap with a
long noncoding RNA of 126,000 bp referred to as an
antisense noncoding RNA in the INK4 Locus (ANRIL)
(68,69). ANRIL has no known function, but its
expression induces the expression of 3 nearby well-
known genes, CDKN2a, CDKN2b, and ARF, which
encode for cyclin-dependent kinase inhibitors. An
attractive hypothesis is that the 9p21 risk variant re-
duces the expression of ANRIL and the kinase in-
hibitors that enable the growth of vascular atheroma.
Several studies provided support for this hypothesis
(70,71). Unfortunately, other studies showed lack of
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correlation between the 9p21 risk variant and
expression of cyclin-dependent kinase inhibitors
(72–74).

Visel et al. (75) pursued studies of the 9p21 variant
in a mouse model. This corresponds to a 70,000 bp
region in the mouse. This region was knocked out,
and the resulting phenotype showed excessive pro-
liferation of smooth muscle cells and several neo-
plasms. However, none of the vessels showed fatty
streaks or any evidence of coronary atherosclerosis.
The absence of atherosclerosis might be, in part,
because the mouse was resistant to atherosclerosis
or the lack of the 9p21 risk variant, because there
was only a 50% sequence homology between the
human 9p21 58,000 bp and the 70,000 bp region of
the mouse. Studies suggested that the 9p21 risk
variant did not appear in the genome until that of
higher primates (67), and thus, would not be ex-
pected to give an atherosclerotic phenotype in the
mouse.

Harismendy et al. (76) performed a series of studies
that concluded that the 9p21 risk variant mediated its
risk for CAD through interferon-g. However, we sub-
sequently showed that the effects of interferon-g on
CDKN2a/b were independent of the 9p21 risk variant
(77), which was confirmed recently by Erridge et al.
(78). Recent studies involved the deletion of the 58-
kb locus-induced pluripotent stem cells derived
from individuals homozygous for the nonrisk haplo-
type. Expression of this region in the smooth muscle
cells suggested the 9p21 risk variants were related to
adhesion, contraction, and proliferation (79).

Although the mechanism of the 9p21 risk variant
remains unknown, clinical observation suggests that
it acts through the vessel wall and predisposes to the
development of atheroma. This was confirmed by the
deCode group, which found that the 9p21 risk variant
was also associated with an increased risk for
abdominal aortic aneurysms and intracranial aneu-
rysms (80). There was no association between the
9p21 risk variant and myocardial infarction (81,82).
This strongly indicated 9p21 was not associated with
plaque rupture or thrombosis. Several studies indi-
cated the 9p21 risk variant was associated with pro-
gression of coronary atherosclerosis (81,83,84). The
9p21 risk variant was predisposed to atheroma in the
coronaries and ballooning in the aortic aneurysm,
which suggested a defect in the vessel wall and led to
these 2 different abnormalities.

The SORT1 gene located near the 1p13 locus is
known to increase the risk for CAD approximately 15%
to 20% per copy and causes a 10% to 15% increase in
plasma LDL-C. SORT1 is highly expressed in the liver
and primary hepatocytes (85,86). Studies have been
controversial, showing increased expression of very
LDL in the mouse, and other studies showing
decreased very LDL secretion (87–89). Because of
these confusing results, SORT1, as a risk variant for
CAD, has received less attention.

A third risk variant for CAD located on chromosome
6p24 has at least 2 candidate causal genes, PHACTR1
(phosphatase and actin regulator 1) and EDN1 (endo-
thelin 1). Fine mapping of this region strongly suggest
endothelin 1 is more likely to be the candidate
because it is known to be involved with vascular
biology. Nevertheless, studies show that PHACTR1
also has vascular properties, but conflicting results
have been observed in comparing PHACTR1 versus
EDN1 on expression of vascular tissue. It remains to
be determined which of these 2 genes are likely to be
the causal candidate for CAD predisposition (90,91).

The risk variant for CAD on chromosome 15q25
harbors the gene ADAMTS7 (A disintegrin and met-
alloproteinase with thrombospondin motifs-7). This
variant is associated with reduced protein matura-
tion, proteinase activity, and also migration of
vascular smooth muscle cells in vitro (92). Knockout
experiments in the mouse show reduced atheroscle-
rosis and decreased cell proliferation in response to
vascular injury (93,94). These results need to be
confirmed and are still in process.

In a recent review, Erdmann et al. (45) compiled a
listing of the known most proximal genes of the SNP
that show peak association. This is shown in Figure 1.
Several variants suggest inflammation is a risk for
CAD, including the major histocompatibility complex
variant and others shown in the diagram. A recent
gene-tissue expression study showed expression of
HLA-C (Major Histocompatibility Complex, Class I, C)
in the coronary artery (95), which lent further support
to a role for chronic inflammation in the development
of atherosclerosis. This is in keeping with other
experimental and clinical evidence collected over the
years that signifies a role for inflammation (96). The
recent clinical trial CANTOS (Canakinumab Anti-In-
flammatory Thrombosis Outcomes Study) (96)
confirmed that interleukin-1b is involved as 1 of the
causative factors of coronary atherosclerosis.

The availability of multiple genetic risk variants
has enabled MR to be used to determine whether
associations are causative (97). Using genetic vari-
ants that increase plasma HDL cholesterol as the
variable in MR studies, we cast considerable doubt
on the dogma that HDL is protective of CAD (98).
This was confirmed in several other studies (99–104).
In contrast, MR studies that used genetic variants
that influenced plasma triglyceride levels or plasma
LDL-C strongly indicated that they were causative



FIGURE 1 Suggested Pathways for Involvement of Genetic Risk Variants
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for CAD (98). Several favorable and potential targets
for the development of drugs to treat CAD and
myocardial infarction were excluded by MR studies
and included fibrinogen, folic acid, uric acid, and C-
reactive protein (97). In selecting a target for the
development of novel drugs, it is strongly recom-
mended, when possible, to perform MR to confirm
that the target is causative of the disease. The as-
sociation of biomarkers with a disease does not
necessarily reflect causality. A good example of this
is plasma C-reactive protein, a marker for inflam-
mation, that increases in concentration in the pres-
ence of inflammation. Inflammation is 1 of the
causative factors for CAD, thus, increased C-reactive
protein reflects the tendency for increased CAD.
Nevertheless, this immune response has nothing to
do with causing coronary atherosclerosis. Confirma-
tion by MR of a biomarker or drug target as non-
causative can save millions of dollars and years
spent on a large clinical trial. A confounding factor
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for MR may be pleiotropy, in which the genetic
variant affects multiple traits (97); nevertheless,
some techniques can minimize limitations (e.g., the
latent causal variable model) (105).

DEVELOPMENT OF A GRS

Perhaps the most well-known approach to modeling
the contribution of common genetic variations pre-
disposed to CAD is risk stratification based on the
GRS. In brief, the CAD GRS is derived from a list of
common genetic variants that have risk-weighted
associations with CAD. The weight of each risk
variant is multiplied by the number of variants at that
site (0, 1, or 2), and the final score is simply the sum of
the weighted dosage for each risk variant included in
the GRS. This sum is typically represented as a natural
log for the purposes of distributing individuals into
percentiles for risk stratification.

The potential use of CAD GRS for clinical risk
stratification has fueled interest in the methods
behind GRS development (50,106,107). Although
there is no standardized procedure for developing a
CAD GRS for clinical use, establishing a CAD GRS for
clinical use can be broken down into 3 basic steps: 1)
selection of the CAD risk variants to be included in
the microarray; 2) genotyping the individual’s DNA
using the microarray; and 3) formation of an infor-
matics pipeline to generate the GRS.

The CAD GRS can be estimated from variants using
weights for CAD previously established by GWASs.
Recently discovered genetic risk variants can be
added by imputation. As discussed earlier, the most
recent CAD GWAS brought the number of CAD risk
variants with genome-wide significance to 171 (45).
Previous studies described the application of CAD
GRS derived from these variants (106,108). Recently,
methods were used to develop the GRS based on
millions of variants by relaxing the thresholds for
genome-wide significance and by using software that
accounted for linkage disequilibrium and estimated
the proportion of SNPs with non-zero weights (109).
One such genome-wide CAD GRS included 6.6 million
variants and demonstrated superior performance to
the CAD GRS that used less CAD risk variants,
although it was genome-wide significant (5 � 10�8)
(109). In both cases, the risk variants, along with their
respective weights derived from GWASs, are readily
available (108–110).

A detailed description of the procedure for
generating a novel CAD GRS from a CAD GWAS has
been previously described (111). However, as CAD
GRS moves closer toward the reality of clinical
implementation, it is reasonable to expect that a
standardized list of variants, shown to demonstrate
the best performance for the intended use, will be
established and made readily available. However,
before the clinical implementation of CAD GRS, a
number of issues must be addressed; namely, that
the current CAD GRS showed variable performance
when applied to populations of non-European
ancestry. This issue of disparities in accuracy of
the CAD GRS is largely due to most of the risk
variants being derived from GWASs performed in
populations of predominantly European descent
and the lack of well-powered studies conducted in
globally diverse populations (112). Further work is
needed to ensure that progress made in CAD GRS
development does not increase disparities in the
treatment of CAD.

Once the method of score generation has been
determined, a procedure for genotyping patients and
then processing that information into a GRS must be
developed. If the CAD GRS being calculated has a
limited number of risk variants, such as a CAD GRS
that contains 50 SNPs, then calculating the GRS is
simple. However, using the 6.6 million SNP genome-
wide CAD GRS will require the use of larger micro-
arrays and the use of software that can perform ge-
notype imputation. Briefly, genotype imputation is a
computational procedure that uses statistical infer-
ence to approximate the identity of variants not
covered by the array being used. A number of soft-
ware programs exist for genotype imputation. A few
of the commonly used ones include IMPUTE2,
BEAGLE, and Minimac 4 (113). The choice of software
will depend upon the needs of the study, because
each program will differ slightly in the time it takes to
process each sample, the central processing unit it
requires, and its average imputation quality.

For the purposes of setting up a CAD GRS, it will be
necessary to ensure sufficient imputation accuracy of
all variants to be included in the GRS, which will
depend on the variants included in the array, the
imputation software selected, and the reference
panel used by the imputation software. The reference
panel enables imputation software to infer the iden-
tity of genetic variants untyped by the array used to
genotype the patient (16,27). Older reference panels,
such as those from the HapMap project or 1000
Genome Project, have struggled to generate accept-
able imputation accuracy in ethnically diverse sam-
ples, particularly those of African ancestry (114,115).
However, the newest reference panel developed by
the TOPMed (Trans-Omics for Precision Medicine)
group was derived from 60,039 individuals of diverse
ancestry who underwent deep whole-genome
sequencing and demonstrated marked progress in
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this area (115). Notably, the TOPMed reference panel
demonstrated an improvement of 0.26 to 0.92 in the
average imputation quality in African ancestry ge-
nomes (115). These improvements mark an important
step toward closing the gap in the variable perfor-
mance of CAD GRS in multiethnic populations.

Once a patient’s sample has been received and
genotyped, the genetic data will need to move
through an informatics pipeline that can process the
data into a CAD GRS. In short, from start to finish, a
pipeline for a genome-wide CAD GRS consists of: 1)
genotyping of the sample; 2) imputation; and 3) score
calculation. During the set up of the pipeline, a series
of quality control checks need to be performed to
ensure that results are accurate and reliable. Because
the anticipated use of a CAD GRS for risk stratifica-
tion, further work will also be necessary to evaluate
the validity of the CAD GRS before it can be brought to
the clinic (116). Standardization of CAD GRS devel-
opment and delivery will need to occur before clinical
implementation.

VALIDATION OF A GRS

Development of a GRS was 1 of the goals derived from
the GWAS search for risk variants predisposed to CAD.
Risk stratification based on genetic risk was not
age-dependent and could be obtained as early as at
birth. This would be a major advantage for primary
prevention of CAD as discussed previously (see the
section on Need for Genetic Risk Stratification). The
initial efforts using only the 9p21 risk variant were
discouraging (117). Predictability of cardiac events
became more promising as more risk variants became
available, and the total burden of genetic risk for CAD
was shown to be proportional to the number of risk
variants (34). A GRS based on 12 risk variants predis-
posed to CAD (118) was encouraging, although the
benefit compared with conventional risks factors was
clinically insignificant. The sustained discovery effort
provided many more DNA risk variants, which
enabled the development of a much improved GRS.

This was tested by Mega et al. (106) in 2015 using a
large study with a sample size of 48,421 individuals.
This clinical trial consisted of 2 primary prevention
trials (JUPITER [Justification for the Use of Statins in
Prevention: An Intervention Trial Evaluating Rosu-
vastatin] and ASCOT [Anglo-Scandinavian Cardiac
Outcomes Trial]) and 2 secondary prevention trials
(CARE [Cholesterol and Recurrent Events] and
PROVE-IT-TIMI [the Pravastatin or Atorvastatin
Evaluation and Infection Therapy–Thrombolysis in
Myocardial Infarction]). These trials were completed
and showed that statin therapy was effective for pri-
mary and secondary prevention (106). Baseline blood
samples were available and were genotyped for 27
genetic risk variants predisposed to CAD. The GRS
predicted cardiac events independent of traditional
risk factors, including family history. Furthermore, it
predicted who would benefit most from statin ther-
apy. The number needed to treat to prevent 1 cardiac
event was decreased 3-fold in the primary prevention
trials. The risk gradient across the GRS was signifi-
cant: to prevent 1 cardiac event in 10 years, 66 sub-
jects with low genetic risk needed to be treated, 42
subjects in those with intermediate risk needed to be
treated, and 25 subjects with high genetic risk needed
to be treated in JUPITER, and 57, 47, and 20 subjects
needed to be treated, respectively, in ASCOT (106).
Thus, the GRS not only provided risk stratification
regarding prognosis but also detected those who
benefitted most from the proven preventive drug for
CAD, namely, statins (119). In a similar randomized
clinical trial termed WOSCOPS (West of Scotland
Coronary Prevention Study) (120), 57 genetic risk
variants were genotyped in a sample size of 10,456
individuals. The results showed that the high genetic
risk group had a reduction of cardiac events of 44%
versus 24% in the remaining groups. The number
needed to treat to prevent 1 cardiac event in the high-
risk group was 13 subjects versus 38 subjects in all
other groups. These results confirmed the greater
power of genetic risk stratification other than that of
traditional risk factors. It is unusual for a single
biomarker to have both predictive and prognostic
properties (121).

Using a microarray that contained 49,310 risk
variants derived from CARDIoGRAMplusC4D con-
sortium, Abraham et al. (122) risk stratified 5 pro-
spective cohorts, 3 from the FINRISK (a large Finnish
population survey on risk factors on chronic, non-
communicable diseases) group and 2 from the Fra-
mingham Heart Study for a combined sample size of
16,082 subjects. The GRS was strongly associated
with incident cardiac events and essentially inde-
pendent of conventional risk factors, including
family history. Integration of the GRS with the Fra-
mingham Risk Score or the ACC/AHA Pooled Cohort
Equations improved the 10-year risk prediction for
CAD events.

Abraham et al. (122) showed 49,310 risk variants
had greater power to risk stratify CAD then the pre-
vious efforts that used 27 or 57 genetic risk variants
predisposed to CAD. We have been consistently
reminded that the genetic risk variants of known
genome-wide significance only account for a small
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fraction of the expected inherited predisposition for
CAD. If a less statistically stringent correction was
used, namely, the false discovery rate, hundreds of
other genetic risk variants could be associated with
predisposition for CAD. Abraham et al. (122) used
49,310 genetic risk variants and accounted for 27% of
inherited predisposition, a much larger proportion
than using the genome-wide significant risk variants
predisposed to CAD. There was a concern from the
beginning that requiring 5 � 10�8, as proposed by the
Bonferroni correction, might be too stringent. This
led to the use of other less stringent statistical
correction methods to select genetic risk variants
predisposed to CAD.

Inouye et al. (123) developed a microarray with 1.7
million SNPs, which represented risk variants of
genome-wide significance and others with a false
discovery rate of <5%. They genotyped a population
of 500,000 from the UK Biobank and observed that
the top 20% with the highest GRS had a 4-fold
increased risk of CAD. The GRS was relatively inde-
pendent of conventional risk factors. The microarray
of 1.7 million SNPs was superior to the previous
microarray, which contained 49,310 variants.

Khera et al. (124) used a computerized algorithm,
LDpred (109) to select 6.6 million risk variants pre-
disposed to CAD. A pruning analysis was performed
to assure all risk variants were in linkage disequilib-
rium to avoid redundancy (125). The total number of
genetic risk variants contributing to predisposition of
CAD might well be only a few thousand. However, the
statistical programs were such that weakly associated
genetic risk variants contributed to the GRS, whereas
those that contributed zero risk did not dilute the
predictive power (125). Khera et al. (124) genotyped a
population of 288,978 from the UK Biobank and
observed the top 8% with the highest GRS had a 3-fold
increased risk of CAD. The top 0.5% had a 5-fold
increased risk for CAD. Phenotypic analysis showed
conventional risk factors would not detect most in-
dividuals with a high genetic risk for CAD. There were
only 20% with hypercholesterolemia, 35% with a
family history, and 28% with hypertension. They
concluded, as did previous studies, that the GRS was
superior to and relatively independent of conven-
tional risk factors.

Although multiple studies, as discussed, have
shown the GRS to be superior to conventional risk
factors for risk stratification of CAD, there are 2
studies with contrasting results. Both studies were
performed with a microarray using >6 million genetic
risk variants predisposed to CAD. Mosley et al. (126)
genotyped 2 American populations of European
descent in the ARIC (Atherosclerosis Risk In
Community) (n ¼ 4,847) and the MESA (Multi-Ethnic
Study of Atherosclerosis) (n ¼ 2,390) cohorts. They
found a close association in the ARIC cohort between
the GRS and coronary heart disease, with an odds
ratio of 1.89. Those in the top 20% had a 2.89
increased risk for coronary heart disease versus the
bottom 80% percentile. Analysis of incident cardiac
events in the follow-up of ARIC and MESA showed
good correlation, with genetic risk in the top 20%, but
the odds ratios were less (1.54 and 1.63, respectively).
Results of the risk for CAD estimated from the Pooled
Cohort Equations added to the GRS did not signifi-
cantly improve prediction of cardiac events or change
the C-statistic in either the ARIC or MESA population.
The second study by Elliott et al. (127) genotyped a
cohort of 352,660 individuals from the UK Biobank.
The GRS showed a strong association with coronary
heart disease, but when added to the result of the
Pooled Cohort Equations, showed only a modest
improvement in the C statistic, from 0.76 to 0.78.
Although this was statistically significant, it was
probably not of great clinical significance. The
conclusion from both studies was that the GRS was
equivalent to the risk score obtained from conven-
tional risk factors but added no additional benefit in
this group of individuals with a mean age of 60 years.
It was difficult to reconcile these results with the
multiple other studies that showed superiority of GRS
over conventional risk factors. Nevertheless, Elliott
et al. (127) recognized the GRS might offer an advan-
tage in predicting CAD in younger age groups who
had conventional risk factors have not yet been
developed. This is the dilemma for early primary
prevention of CAD. The authors agreed a study
should be performed to assess the predictive value of
GRS in this younger age group.

Two recent trials that assessed the effect of PCSK9
inhibitors further confirmed the predictability of the
GRS for CAD events. The FOURIER (Further Cardio-
vascular Outcomes Research With PCSK9 Inhibition
in Subjects With Elevated Risk) trial (128) assessed
the benefit of a PCSK9 inhibitor, evolocumab, on
cardiac events in a randomized, placebo-controlled
trial of 11,953 patients who agreed to have their
DNA analyzed. The microarray used in the study
contained either 27 genetic risk variants predisposed
to CAD or 6 million genetic risk variants. There was a
strong correlation between individuals with inter-
mediate and high genetic risk for CAD and cardiac
events with 1.23 and 1.65 hazard ratios, respectively.
Those who received evolocumab therapy had a 13%
relative reduction in the group with conventional
risk factors without high genetic risk and a 31%
reduction in the high genetic risk group with or



FIGURE 2 Genetic Risk Stratification for CAD

A saliva or blood sample can be used to extract the DNA. The DNA is genotyped for risk variants known to predispose to CAD. The genetic risk

score is calculated as a single number which is the basis to divide the population into low, intermediate, and high risk. The percentage is an

estimate based on previous data. Abbreviation as in Figure 1.
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without conventional risk factors. Thus, the group
with the highest genetic risk had the most benefit
from lowering plasma LDL-C due to evolocumab and
was independent of conventional risk factors. The
microarray with 27 genetic risk variants predisposed
to CAD was just as accurate for predicting cardiac
events as the microarray with 1 million risk variants.
The ODYSSEY (Evaluation of Cardiovascular
Outcomes After an Acute Coronary Syndrome During
Treatment With Alirocumab) trial (129), a random-
ized, placebo-controlled study, assessed the effect of
alirocumab on cardiac events in 11,953 individuals.
The group with the highest GRS had the highest risk
for CAD and a 37% reduction in cardiac events by
alirocumab versus a 13% reduction in the group with
the lowest GRS. These results also indicated that
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the GRS was superior to conventional risk factor
stratification in identifying those at greater risk who
would benefit most from cholesterol-lowering
medications.

LIFESTYLE CHANGES AND DRUG THERAPY

REDUCE GENETIC RISK FOR CAD

Tikkanen et al. (130) risk-stratified for CAD using a
GRS to assess the effect of physical activity on the risk
of cardiac events in a large sample size of 468,095
individuals from the UK Biobank. The physical ac-
tivity performed was that of the handgrip for 3 s and
cardiorespiratory fitness determined by oxygen con-
sumption on a stationary bike. The highest genetic
risk group, as determined by the GRS, had the most
benefit from cardiorespiratory fitness, exhibiting a
49% lower risk for CAD.

A prospective study was performed by Khera et al.
(108) involving a sample size of 55,685 individuals.
Individuals with a high GRS for CAD (20%) had a 90%
higher risk of cardiac events than those with a lower
GRS. The group was risk-stratified to compare a
healthy lifestyle (no current smoking, no obesity,
regular physical activity, and a healthy diet) to that of
an unhealthy lifestyle (at least 2 unfavorable fea-
tures). The group with the highest GRS and a favor-
able lifestyle experienced 46% fewer cardiac events
than those with an unfavorable lifestyle.

The GRS was evaluated in >1 million individuals. It
was shown to be more predictive and prognostic than
using traditional risk factors for CAD. Using the GRS
showed that lifestyle changes, such as exercise, diet,
and drugs such as statins, could markedly reduce
genetic risk.

LIMITATIONS OF GRS

THE INFLUENCE OF ETHNICITY AND REGIONALIZATION.

The global application of a GRS assumes the alleles-
carrying risk variants have a similar frequency
across different ethnic populations. This assumption
is a concern because the genetic risk variants were
discovered primarily in populations of European
descent. A brief overview of human evolution sup-
ports a common ancestry for many disease-related
variants, but not necessarily for all, particularly for
ethnic groups such as Africans. It also provides the
framework for adopting a cautious approach in other
ethnic groups and the necessity for ongoing research.

In support of global applications is our common
African ancestry, which has slowly evolved from the
chimpanzee over approximately 6 million years. It is
reasonable to assume the dynamics of genetic drift
would provide an equilibrium of alleles across the
populations. However, this was interrupted by the
large migration out of Africa approximately 100,000
years ago. This provided a bottleneck to the ebb and
flow of genetic drift as a proportion of the population
migrated into East and South Asia, whereas others
migrated to Southern and Northern Europe. On a
global basis, separate alleles may be divided into
ancestral (transmitted from other primates) and
derived (due to new mutations) alleles. Ancestral al-
leles will be older, having evolved over >100,000
years ago, whereas derived alleles would be #100,000
years old. It is well known that certain bottlenecks
can change disease-associated alleles, such as the
increased risk for cystic fibrosis in Québécois (131) or
increased cardiovascular disease in descendants of
the HMS Bounty (132). Polygenic diseases such as CAD
are due to multiple alleles with minimal effect sizes
and the different frequencies at different loci would
be expected to distribute toward the mean. Globally,
a similar distribution of allele frequencies (133), with
the possible expectation of a reduced genetic load in
the African population (134), would be anticipated.
Genetic drift is expected to be less in those who
stayed in Africa because there is less pressure from
natural selection compared with those who moved
onto the challenge of adapting to a new environment
(135).

It remains to be determined whether disease-
associated alleles exhibit the same pattern of distri-
bution and frequency as non-disease�related alleles.
Disease-associated alleles may influence survival and
natural selection. An analysis (136) showed 69.2% of
ancestral risk alleles had a higher frequency in Afri-
cans, and 64.5% of derived alleles had a higher fre-
quency in non-Africans. Notably, 44% of all risk
alleles discovered are ancestral, meaning they origi-
nated >100,000 years ago. The mean frequency of
ancestral risk alleles is 9.5% higher in African pop-
ulations, whereas derived risk allele frequencies are
5.4% less in African populations. Analysis of the 1000
Genome Project showed the frequency of derived al-
leles are similar across the continents, with Africans
more likely to be heterozygous for derived alleles and
non-Africans more likely to be homozygous for
derived alleles (136). In assessing a GRS for a disease,
it may have some validity to separate the world’s
population into African and non-African. Kim et al.
(136) analyzed 306 GWAS loci for each continental
population in the 1000 Genome Project. The highest
risk alleles for disease were observed in Africans for
metabolic, morphological, neoplastic, and neurolog-
ical diseases. The African population had lower fre-
quencies for risk alleles associated with
cardiovascular disease. The first genetic risk variant
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discovered for CAD, 9p21 (30,31), transmitted an
increased relative risk for CAD of approximately 25%
per copy in Europeans. In contrast, 9p21 was not
associated with any risk for CAD in the African pop-
ulation (35�37). The lower frequency of risk alleles for
cardiovascular disease is at odds with the clinical
observation of a high incidence and prevalence of
CAD in Africans. Thus, as we go forward using genetic
risk stratification for CAD and other cardiac disorders,
it must be born in mind that the risk for CAD may be
misestimated in individuals of African descent. Pre-
cise genetic risk stratification for diseases may
require knowing what proportion of risk alleles is
ancestral versus derived.

More than 3,000 GWAS have been performed in the
past decade, and the ancestry of the participants were
>80% Europeans, and 14% Asians (137). There are
limited data on other ethnic groups. The 9p21 risk
variant discovered in Europeans is confirmed to be a
risk variant in other ethnic groups, including East and
South Asians, but not in Africans. Genetic risk strati-
fying in Africans for CAD may need an enrichment of
risk variants for CAD from the African population. The
GRS will have to be assessed in the various ethnic
groups to determine its overall accuracy.

DATA EVALUATION AND REPLICATION PERFORMED

IN THE SAME POPULATION. Most of the GRSs have
been developed with the test set and the validated set
selected from the same population (64,65). Any con-
founding factors, such as ethnicity, have not been
detected. It is more desirable for a score to be deter-
mined from a test set and validation in an indepen-
dent population.

COMPREHENSIVE RISK STRATIFICATION

COUPLED TO COMPREHENSIVE THERAPY

The recent discovery of genetic risk variants has the
potential to predict those at higher risk for ischemic
heart disease. The genetic prediction has the same
accuracy at birth as it does anytime throughout life.
Genetic risk is innate to individuals’ DNA and does not
change in a lifetime. It is possible in the future, we will
discovery there are exceptions due to epigenetic
changes, whereby expression of certain variants may
be altered after birth. This makes it possible to risk
stratify for CAD in young males, even as teenagers, to
determine who would benefit most from primary
preventative measures. Similarly, among the pre-
menopausal female population, genetic risk stratifi-
cation could be performed and therapy initiated
before the onset of CAD. The schema indicated in
Figure 2would be 1 approach to detect those at greatest
risk and who would be more likely to benefit from
primary prevention. Use of the GRS and conventional
risk stratification could revolutionize primary pre-
vention in both men and women. It is worthy to note
that the mechanisms mediating genetic risk are pri-
marily unknown. Elucidating the mechanisms will
lead to new drug targets and ultimately novel thera-
pies specific for genetic risk. This will couple
comprehensive risk stratification and comprehensive
therapy for primary and secondary prevention of CAD.

A FUTURE PROSPECTIVE

CAD is the number 1 killer in the world and primary
and secondary prevention have been shown to be
effective. It is also known that approximately 50% of
individuals in the United States who live out a normal
lifespan will experience a cardiac event. It has been
proven that lifestyle changes and cholesterol-
lowering therapy are safe and effective as primary
preventive measures. CAD originates early in life and
slowly accumulates over the decades, with clinical
manifestations such as myocardial infarction and
sudden cardiac death peaking in the sixth decade in
men and the seventh decade in women. To prevent
these events, we must initiate prevention early in life.
Conventional risk factors for CAD are often not present
until the sixth or seventh decade and do not correlate
with preclinical coronary atherosclerosis (138). In
contrast, the GRS, which can be determined any time
after birth, shows good correlation with preclinical
CAD. The GRS is a very promising approach. There is
much to be done to improve the GRS. We do not know
the casual sequences, and the SNPs simply serve as
proxies for the risk variant sequence. There are many
more risk variants yet to be discovered. There are risk
variants specific for ethnic groups, which can be
imputed onto existing microarrays, as recently shown
by Wang et al. (139) for South Asians.

The GRS must be pursued because it offers
tremendous hope for a disease that exists throughout
the world and can be prevented. Genetic testing and
therapy are available everywhere and is inexpensive.
Although there are arguments for and against the GRS
being used as a clinical tool, we believe the time is
now. Plasma cholesterol as a risk factor was recog-
nized in the 1960s and received clinical application as
total cholesterol. Clinical application refined it as a
risk factor leading to the recognition of LDL-C, HDL-
C, and triglycerides. We believe that current use of
the GRS in a clinical setting will enhance its devel-
opment, enable early preventive measures for the
10% to 20% at highest genetic risk, and initiate
appropriate primary prevention in the pre-
menopausal woman. Acquisition of more knowledge



J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 3 , 2 0 2 1 Roberts et al.
M A R C H 2 0 2 1 : 2 8 7 – 3 0 4 Genetic Screening for CAD

301
and experience will gradually include more of the
population at intermediate risk for CAD.
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