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Cardiovascular diseases (CVDs) and stroke are the leading
cause of morbidity and mortality in the USA and world-
wide [1]. Decades of studies uncovered essential risk factors
contributing to CVDs including behavioral and health factors.
Nonetheless, and in spite of advancements in diagnosis and
treatment, the burden of CVDs and stroke measured as lives
lost, as a driver of disabilities and health disparities, and
through direct and indirect costs continue on a steep increase.
Therefore, understanding the genetic individual risk can con-
tribute substantially to the global fight against CVD at the
individual level through novel approaches in personalized
medicine that go beyond the modifiable risk factors.

Genome-wide association studies (GWAS) were made
possible from the revolution brought about by the sequencing
of the human genome in 2000. New sequencing technologies
and assembly algorithms for rapid turnaround times reduced
costs, and ever-improving analysis tools saw the short period
spanning 2005–2007, as the herald for studies that went from
associations at the chromosome level [2–4] to the develop-
ment and exponential growth of GWAS, thus allowing the
study of genetic mutations and individual variants at the loci
level and their association with CVD. Pioneering studies are
illustrated by the identification of SNPs conferring risk of
myocardial infarction and their functional analysis by Ozaki
and Tanaka [5] in 2005, and the virtually simultaneous publi-
cation of the works by Winkelmann et al. [6] and Stefansson

et al. [7] in 2007 on restless leg syndrome, a neurological
disorder associated with increased CVD morbidity, identify-
ing different loci and underscoring some of the limitations of
those early studies. A GWAS study for CVDs published in
2007 [8–10] identified the association of variants in chromo-
some 9p21.3 and CVDs. This region contains the genes
CDKN2A, CDKN2B, MTAP, and several non-coding
RNAs. Thirteen years later, this region continues to be active-
ly investigated [11] to further understand how variation in
9p21.3 might influence hypertension components of cardio-
vascular risk and further dissect the causal genes. Increased
accessibility to data through public repositories, the simulta-
neous advent of Consortia involving ever-increasing numbers
of patients in multiple sites together with the assembly of large
teams of researchers with complementary expertise, further
propelled the GWAS into an exponential growth as the tool
of choice to identify causative/risk SNPs with associated func-
tional studies. Early studies, all in 2007, illustrating this stage
include the seminal work of the Welcome Trust Consortium
involving the genome-wide association study of 14,000 cases
of seven common diseases and 3000 shared controls [12]. The
highly publicized international study identified genetic vari-
ants in the FTO gene (encoding the alpha-ketoglutarate-
dependent dioxygenase) associated with obesity-related traits
in 6148 individuals from a relatively isolated population in a
cluster of four towns in Sardinia, Italy [13]. And finally, the
publication of 100K SNP genome-wide association study as a
resource from the FraminghamHeart Study (FHS), leveraging
the most comprehensively characterized multi-generational
study at the time, which had been started in 1948 to examine
the epidemiology of cardiovascular disease [14], together with
the ancillary FHS study on diabetes and related traits integrat-
ing different data sets [15]. Since then, GWAS have benefited
from the increased number of publicly accessible databases
and the creation and sustainability of several large GWAS
consortia, which in the cardiovascular field include the
Coronary ARtery DIsease Genome-Wide Replication And
Meta-Analysis (CARDIoGRAM) [16], the Myocardial
Infarction Genetics Consortium (MIGen) [17], Coronary
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Artery Disease (C4D) Genetics Consortium [18], UK biobank
[18], and the Million Veteran Program [19].

The increase in population size, arising in part from the
increased public awareness, acceptance, and involvement in
GWAS studies, together with the improvement in sequencing
technologies, data handling, and analysis continues to reveal
more candidate genes as causal for CVDs [20], as it is
reviewed in detail by Surakka et al. in this issue, with a focus
on genomics studies on lipid metabolism as a driver of coro-
nary artery disease [21]. More recently, those advances
allowed for the unraveling of the interaction between loci in
this group of complex diseases towards the prediction of ge-
netic predisposition at the individual level to begin, which
opens new translational opportunities, as it is discussed by
Arnold et al. in this issue with a focus on atherosclerotic car-
diovascular disease [22].

Although GWAS can inform the involvement in CVDs of
unsuspected signaling pathways, they cannot provide detailed
mechanistic insight. In fact, the use of enabling technologies,
increasingly used in tandem with GWAS within integrated
multidisciplinary platforms, has allowed to address funda-
mental mechanistic and physiologic aspects of both newly
identified causal genes as well as the effects of specific vari-
ants, whether in the coding or in regulatory regions alike. Lu
et al. offer an overview of the impact of these enabling tech-
nologies that provide mechanistic input to GWAS findings
and highlight the opportunities from emerging integration of
multi-omics approaches [23]. Leverage of these technologies
is essential for genes that have no homologs in other species,
as exemplified by the increasingly recognized role of
lncRNAs in CVDs, as discussed in the review by Xiangbo
Ruan [24].

Finally, GWAS ultimate goal is to facilitate the development
and implementation of personalized medicine. Magavern et al.
review the increasing role of pharmacogenomics in cardiovas-
cular medicine and how it can inform clinical practice towards
achieving the next frontier of personalized pharmacogenomics
[25]. An important example of pharmacogenomics in cardio-
vascular medicine is illustrated by current efforts towards ad-
dressing significant residual cardiovascular risk still remaining,
in spite of the effectiveness of statins in reducing LDL-c, which
is mostly associated to lingering high triglyceride levels. In that
regard, Shaik et al. close this review series by discussing how
the association between triglycerides and the genetic risk of
atherosclerotic cardiovascular disease can guide pharmacother-
apies to reduce the levels of triglycerides and triglyceride-rich
lipoproteins towards further reducing risk of CVD [26].

In summary, insight from GWAS continues to uncover
candidate genes for intervention while integration of the find-
ings in polygenic risk scores may further help inform clinical
practice by identifying individuals at high risk and
implementing personalized preventive approaches to mini-
mize risk or utilizing tailored pharmacotherapies, with the

ultimate goal of reducing the individual and societal burden
of cardiovascular disease-associated disabilities and death.
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