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Abstract
Cardiovascular diseases are the leading cause of morbidity and mortality worldwide. Genome-wide association studies (GWAS)
are powerful epidemiological tools to find genes and variants associated with cardiovascular diseases while follow-up biological
studies allow to better understand the etiology and mechanisms of disease and assign causality. Improved methodologies and
reduced costs have allowed wider use of bulk and single-cell RNA sequencing, human-induced pluripotent stem cells, organoids,
metabolomics, epigenomics, and novel animal models in conjunction with GWAS. In this review, we feature recent advance-
ments relevant to cardiovascular diseases arising from the integration of genetic findings with multiple enabling technologies
within multidisciplinary teams to highlight the solidifying transformative potential of this approach. Well-designed workflows
integrating different platforms are greatly improving and accelerating the unraveling and understanding of complex disease
processes while promoting an effective way to find better drug targets, improve drug design and repurposing, and provide insight
towards a more personalized clinical practice.
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Introduction

Cardiovascular diseases (CVDs) and stroke are the leading
cause of morbidity and mortality in the USA and worldwide
[1]. In the decade between 2006 and 2016, we saw an increase
of 14.5% (95%CI, 12.1–17.1%) in deaths attributed to CVDs,
translating in approximately 17.6 million (95% CI, 17.3–18.1
million) deaths worldwide in 2016. According to the 2019
American Heart Association report [2], heart disease was at
the top amongst the 10 leading causes of death in the USA in
2016. In spite of advancements in diagnosis and treatment, the
average annual direct and indirect cost of CVD and stroke
continues on a steep increase in the USA, going from

$103.5 billion in 1996 to 1997 to an estimated $351.2 billion
in 2014 to 2015. Essential risk factors contributing to CVDs
include behavioral (smoking, physical activity, diet, and obe-
sity) and health factors (hypertension, cholesterol—
specifically low-density lipoprotein cholesterol, LDL-c-, dia-
betes, and glucose control). Nonetheless, the prevalence of
CVDs in adults over 20 years old remains at about 48% (with
a 9% prevalence for coronary artery disease, heart failure, and
stroke when excluding hypertension) [2]. Within this bleak
scenario, it is clear that understanding the genetic individual
risk, beyond the modifiable risk factors, can contribute sub-
stantially to the fight against CVDs globally at the individual
level through novel approaches in personalized medicine.

Genetic variants can predispose individuals to specific dis-
eases and Genome-wide association studies (GWAS) have
proven powerful epidemiological tools to identify the variants
associated with human traits. Stemming from the revolution
brought about by the human genome sequencing in 2001 [3],
the short period spanning 2005–2007 ended a decade of re-
search that went from associations mostly at the chromosome
level [4–6] to the development of GWAS, thus allowing the
study of genetic mutations and individual variants at the loci
level in genes and their association with CVDs. The added
boost came in the form of new sequencing technologies and
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assembly algorithms for rapid turnaround times, reduced
costs, the ever-improving analysis tools, and the accessibility
to data through consortia and repositories. Those, together
with the increased public awareness and acceptance, have
established GWAS as a mainstream technology. The specifics
of GWAS approaches, methodologies, and current advances
and limitations will be further addressed in the accompanying
reviews in this issue.

GWAS have identified hundreds of loci associated
with CVDs, including over 118 loci associated with
lipids as a main driver of CVDs. Most GWAS studies
have yet to produce clinical interventions, though, likely
due to two key limitations: (1) because of the resolution
limit, GWAS may not always pinpoint a specific gene;
(2) GWAS alone cannot assign the causality and under-
lying mechanism [7]. Therefore, a number of emerging
technologies, used in conjunction with GWAS, allow re-
search investigators in multidisciplinary teams to acceler-
ate the discovery and characterization of causal genes
and/or variants for CVDs and provide insight on their
underlying mechanisms towards accelerating clinical
translation (Fig. 1). Generally speaking, GWAS followed
by functional studies has identified that changes in
mRNA expression, promoter function, enhancer/
repressor functions, chromatin remodeling, changes in
protein function, including changes in coding regions,
or expression of non-coding RNAs, appear to underlie
disease-associated variants (Fig. 2). In this review, we
focus on underscoring the value of technologies used in
conjunction with GWAS to accelerate translation of the
GWAS findings to the clinical setting. We will summa-
rize the most widely used amongst those enabling tech-
nologies to illustrate how, per se or in combination in
platforms involving multiple approaches, they contribute
mechanistic insight and promote clinical translation of
GWAS data in the cardiovascular field. We will point
some key limitations and provide insight on emerging
opportunities from the perspective of their integration
with GWAS. Our objective here is to bring greater
awareness of the power of multidisciplinary approaches
involving some of the highlighted technologies to com-
plement the findings of GWAS and accelerate translation
to clinical settings towards personalized medicine.
Consequently, the limited number of works cited were
chosen to serve as descriptive examples of the use of
those technologies in conjunction with GWAS in the
CVD field, beyond the specifics of their individual bio-
logical implications (which we recognize would deserve a
separate review in most cases). With the increasing vol-
ume of literature available, we have to apologize in ad-
vance to all the research teams whose essential contribu-
tions we will not be able to mention. For a list of abbre-
viations and acronyms, please, see Table 1.

Emerging Platforms for Advancement
of Functional Studies in Relation to GWAS

RNA Sequencing and Single-Cell RNA Sequencing

RNAseq

In the late 2000s, the advent of “bulk” RNA sequencing
(RNAseq) constituted a major breakthrough [8–10], helping
address some of the limitations of painstaking and expensive
technologies, including microarrays [11, 12] and SAGE [13],
Because of its intrinsic depth and quantitative nature, the de-
velopment of ever-improving methodologies and analysis
methods, and the reduced costs, RNAseq is becoming widely
used. RNAseq of a specific population of cells or tissue in
given conditions provides quantitative data on the average
gene expression, allowing comparative studies of the tran-
scriptome in the biological samples. It has provided signature
gene expression of genes across species and tissues, and in
diseases affecting a given tissue or isolated cell type. It has
also aided in the identification of novel transcripts, imbalance
in allelic expression, alternative splicing, and gene fusion
events. Different platforms for sequencing and analysis are
available and continue to be further refined, with their descrip-
tion, protocols, and specific advantages and limitations for
each platform falling beyond the scope of this review (for a
comparative in-depth review, please, see [14]).

RNAseq contributed early on to understand the functional
roles of variants found through GWAS affecting gene expres-
sion. In a multidisciplinary pioneering approach, involving the
development of new tools for paired-end RNAseq alignment
and allele-specific analysis, Heap, G.A. et al. [15] uncovered
allelic expression imbalance for specific exonic variants, thus
linking GWAS findings with variations in gene expression
upon activation of primary CD4+ T cells of heterozygous
individuals. Since then, this technology has been widely used
as a complement to GWAS findings to make causal inferences
regarding the effects of candidate variants and haplotypes on
inherited regulation of gene expression, known as expression
quantitative trait loci (eQTLs).

RNAseq has also been applied to uncover specific regula-
tory variants, as exemplified by the work of Alloza, I. et al.
[16]. Through reanalysis of RNAseq of VSMC isolated from
carotid plaques from 7 asymptomatic and 7 symptomatic pa-
tients, the team uncovered 700 genomic variants associated
with symptomatology (p < 0.05) and further validated a cis-
quantitative trait locus variant in the BRUCE/Apollon gene,
BIRC6 (exonic SNP rs35286811), as a proof-of-concept.
While underscoring the power of this approach, this work
shed new light on the molecular players involved in the tran-
sition from a stable to unstable plaque, an area of increasing
interest in atherosclerosis research towards potential clinical
intervention.
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In order to identify novel potential therapeutic targets
that may reduce the risk of CVDs without increasing the
risk of liver disease, diabetes, or other metabolic disorders,
we recently undertook a GWAS involving 70,000 partici-
pants of the Nord-Trøndelag Health Study [17]. We iden-
tified a STOP-gain variant in ZNF529, ZNF529:p.K405X,
as associated with decreased low-density lipoprotein cho-
lesterol (LDL-c) (p = 1.3 × 10−8) and showing no associ-
ation with liver enzymes or non-fasting blood glucose.
Since this gene is of unknown function and is not present
in rodents, we used RNAseq combined with siRNA-
mediated knockdown of ZNF529 in human hepatoma cells
to interrogate its potential roles. We found increased LDL
receptor expression, which is consistent with reduced
LDL-c and a likely protective effect in CVD. Although
further mechanistic studies should follow, these initial
findings underscore the potential for therapeutic targeting
of ZNF529 in CVDs.

Limitations and Opportunities In spite of its increased and
successful use as an enabling technology in conjunction with
GWAS, overall RNAseq has the limitation that cells in a tissue
are analyzed in bulk, not allowing for the study of heteroge-
neous systems at the cell type level. Even after isolation of
individual cell types in a tissue, as in the first 2 examples
above, bulk RNAseq still misses the stochastic nature of gene
expression at the cellular level. Finally, most disease-
associated risk loci are located in genomic non-coding re-
gions, which contributes to the complications in identifying
their target genes, the affected cell types, and regulatorymech-
anisms which sometimes can influence multiple genes simul-
taneously (Fig. 2).

scRNA-seq

Some of the intrinsic limitations of bulk RNAseq can be ad-
dressed through single-cell RNA sequencing (scRNA-seq)

Fig. 1 Transformative technologies used in conjunction with GWAS for
functional studies of genes and variants towards therapeutic interventions.
GWAS help in identifying variants associated with disease. The
biological function of these genes and variants are further studied
through integration of the GWAS findings with multiple technological

platforms, including RNAseq and scRNA-seq, iPSC and organoids,
animal models, metabolomics, and epigenomics. The findings from
these s tudies inform the f ie ld of drug development and
pharmacogenomics to enable therapeutic interventions towards
implementation of personized medicine
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which provides the transcriptome information at the single-
cell resolution in tissues and organs. This allows visualization
of the heterogeneity of gene expression associated with the
diverse cell populations and the study of their changes during
organ development [18] or disease [19]. Currently, there are
numerous platforms for scRNA-seq and the choice should be
driven by the scientific questions to be addressed [20, 21].
Compared with traditional immunostaining or flow cytome-
try, scRNA-seq allows to simultaneously assess the expres-
sion profiles of thousands of genes and, consequently, has
enabled the comprehensive study of the heterogeneity of cells
and inter-cell communication [22]. scRNA-seq has provided

an unprecedented understanding of the different cell types
involved in complex diseases, including the identification of
different sub-types and their contribution to cardiovascular
pathologies. In atherosclerosis, numerous studies have identi-
fied the dynamics changes and unsuspected richness of sub-
populations in endothelial cells, macrophages, and smooth
muscle cells through scRNA-seq from cells isolated from the
atherosclerotic plaque from both human [22, 23] and mice
[24–26].

Of relevance here, it is worth highlighting the recent con-
vergence of studies using scRNA-seq and GWAS, which
makes the case for implementing their concurrent use. For

Fig. 2 Functional characterization of genetic variants. Illustration of
possible mechanisms behind how genetic variants may affect gene
expression and function, based on the location of the variants. A variant
in the enhancer or repressor region could affect gene transcription by
long-range interaction; a variant in the promoter could affect transcription
factor binding and ensuing transcription; a variant in the 5’ untranslated

region (5UTR) could affect RNA-binding protein (RBP)-RNA interac-
tion and mRNA translation; a non-synonymous variant in the coding
region could alter the amino acid sequence and, consequently, the protein
function; a variant in the 3’ untranslated region (3UTR) could affect RNA
stability and translation by disrupting miRNA binding
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instance, the macrophage is the major immune cell type in the
atherosclerotic plaque. Using scRNA-seq, Cochain, C. et al.

[24] first described macrophages expressing high levels of
triggering receptor expressed on myeloid cells 2,

Table 1 Abbreviations and acronyms

Abbreviation Full name Abbreviation Full name

ACTN2 Actinin alpha 2 IL2RG Interleukin 2 receptor subunit gamma

ADCY10P1 Adcy10 pseudogene 1 iPSC Induced pluripotent stem cells

AHA American Heart Association iPSCORE IPSC collection foromic research

ANRIL Cyclin-dependent kinase inhibitor 2b antisense rna 1 JAK2 Janus kinase 2

ApoAI Apolipoprotein a1 KLF14 Krüppel-like factor 14

ApoAII Apolipoprotein a2 KLHL35 Kelch-like family member 35

APOB Apolipoprotein b KO Knock-out

ApoCIII Apolipoprotein c3 LDL-c Low-density lipoprotein cholesterol

APOE Apolipoprotein e LDLR Low-density lipoprotein receptor

APP Amyloid beta precursor protein LIPC Lipase C, hepatic type

ASXL1 Additional sex combs like transcriptional regulator 1 lncRNA Long non-coding RNA

ATP2B2 ATPase plasma membrane Ca2+ transproting 2 MCAD Acyl-CoA dehydrogenase medium chain

BAC Bacterial artificial chromosome MS Mass spectrometry

BIRC6 Baculoviral iap repeat-containing 6 NAMs Non-alcoholic steatohepatitis-associated macrophages

BMI Body mass index NASH Non-alcoholic steatohepatitis

CASR Calcium sensing receptor NMR Proton nuclear magnetic resonance spectroscopy

CDH23 Cadherin related 23 NOG NOD/Shi-scid IL2RGnull

CETP Cholesteryl ester transfer protein OTCD Ornithine transcarbamylase deficiency

CFTR Cystic fibrosis transmembrane conductance regulator PCSK9 Proprotein convertase subtilisin/kexin type 9

CFTR-ΔF508 CFTR deletion of phenylalanine at position 508 pQTLs Protein quantitative trait loci

CHD Coronary heart disease PRKDC Protein kinase, dna-activated, catalytic subunit

CHIP Clonal hematopoiesis of indeterminate potential PTPRN2 Protein tyrosine phosphatase receptor type n2

CNN2 Calponin 2 mQTL Quantitative genetic control of metabolism

CpG Cytosine-phosphate-guanine RAG1 Recombination-activating gene 1

CRISPR Clusters of regularly interspaced short palindromic repeats RAG2 Recombination-activating gene 2

CVD Cardiovascular disease RNAseq RNA sequencing

DNMT3A DNA methyltransferase 3 alpha SAGE Serial analysis of gene expression

eQTLs Expression quantitative trait loci SCAD Acyl-CoA dehydrogenase short chain

EWAS Epigenome-wide association studies scRNA-seq Single-cell RNA sequencing

FADS1 Fatty acid desaturase 1 SERPINB9 Serpin family b member 9

FOXN1 Forkhead box n1 siRNA Small interfering rna

FOXP2 Forkhead box p2 TALEN Transcription activator-like effector nucleases

GADD45G Growth arrest and DNA damage inducible gamma TET2 Tet methylcytosine dioxygenase 2

GCV Ganciclovir Tg Transgenic

GenIE Genome engineering-based interrogation of enhancers TK-NOG NOG mouse expressing a thymidine kinase transgene

GUCA1B Guanylate cyclase activator 1b TMAO Trimethylamine-n-oxide

GWAS Genome-wide association studies TMAVA N,n,n-trimethyl-5-aminovaleric acid

HDL High-density lipoprotein TP53 Tumor protein p53

HDL-c High-density lipoprotein cholesterol TREM2 Triggering receptor expressed on myeloid cells 2

HLA Major histocompatibility complex, class I TRIB1 Tribbles pseudokinase 1

HPCAL1 Hippocalcin like 1 TWAS Transcriptome-wide association study

HSVtk Herpes simplex virus-1 thymidine kinase VSMC Vascular smooth muscle cells

HTT Huntingtin WHHL rabbits Watanabe heritable hyperlipidemic rabbits

HuGX Human genes on the X chromosome ZFN Zinc finger nuclease

HuR Human antigen r ZNF529 Zinc finger protein 529
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TREM2high, confirmed in subsequent studies of atherosclero-
sis [23, 24, 27], obesity [28], fibrosis in liver cirrhosis [29],
and non-alcoholic steatohepatitis (NASH)–associated macro-
phages (NAMs) [27]. TREM2high appears to define a popula-
tion of anti-inflammatory macrophages as well as a foam cell-
like population (expressing both TREM2 and CD9)
displaying a fibrosis-promoting phenotype, which suggests
that the latter may represent a plaque stabilizing macrophage
population [30]. Remarkably, in independent GWAS studies,
TREM2 emerged as associated with neuroinflammatory dis-
eases, including Alzheimer’s disease, dementias, and ische-
mic stroke [31–34]. Nonetheless, beyond the finding that a
common TREM2 variant is associated with the levels of C-
reactive protein, a risk factor for CVD, in Hispanics and
African Americans [35], how TREM2 variants may contribute
to various intrinsically inflammatory CVDs and through
which cell types and underlying mechanisms, remains to be
addressed. This will require further GWAS studies to assess
TREM2 association with CVDs, beyond atherosclerosis, com-
bined with genetically modified mouse models, such as
myeloid-specific TREM2 knock-out and transgenic mice,
and other enabling technologies as those discussed herein, to
dissect the biology of TREM2 in CVD and address the effects
of the identified variants to evaluate its potential value for
therapeutic targeting.

Limitations and Opportunities scRNA-seq has provided an
unprecedented understanding of the different cell types in-
volved in diseases, including the identification of different
sub-types and their contribution to cardiovascular pathologies.
Compared to RNAseq, scRNA-seq has intrinsically less
depth, missing lower expression genes, and can miss cell
types less represented in the mixture. scRNA-seq has yet to
realize its full potential in association with GWAS studies. A
pressing challenge is how to integrate the scRNA-seq data
from different platforms and different research teams in order
to leverage the ever-growing datasets for meta-analysis to use
in conjunction with findings from GWAS. This will require
improvement on how to isolate the true biological difference
from the technology bias and batch effects among different
experiments [36]. Several integration methods are already
available in the field, such as Harmony [32], Seurat [37],
MNN correction [38], and LIGER [39]. A recent benchmark
publication comparing these methods shows that none is
clearly superior under all scenarios and that researchers need
to choose the method on a case-by-case fashion [40]. Finally,
recent advances aimed at uncovering spatial information in
tissues and organs through several spatially resolved
transcriptomic technologies [41] should be highlighted, in-
cluding laser-capture microdissection [42], RNA image [43,
44], and spatial barcoding [45, 46]. Spatial transcriptomic
techniques help in revealing cellular heterogeneity utilizing
spatial labels in complex organs, and in building a 3D

transcriptome landscape, as illustrated by the publication of
a “3D cell atlas of the developing human heart” [47]. These
technologies could help understand whether GWAS variants
can alter spatial transcription within specific cell populations
in organs and tissues to an unprecedented degree of resolution,
thus creating new opportunities for mechanistic studies at the
individual cell level.

Human-Induced Pluripotent Stem Cells and
Organoids

Induced Pluripotent Stem Cells

Human primary cells are valuable resources to study cardio-
vascular diseases, although it is usually very difficult to obtain
cells from healthy individuals or patients for in vitro studies.
Induced pluripotent stem cells (iPSC) can be derived from
mature somatic cells and have the capacity to differentiate into
numerous cell types for research or therapeutic purposes [48,
49]. Human iPSC can be derived from readily available skin
or blood cells and, through well-established differentiation
approaches, they can serve as an unlimited source for various
cell types (for recent cardiovascular relevant reviews and ref-
erences to specific protocols therein [50–54]).

Differentiation into lineages of relevance to diseases is
uniquely poised to address directly the sometimes conflicting
results betweenmouse and clinical studies, which arise mostly
from fundamental species-specific differences and the limita-
tions of other in vitro systems. Human iPSC derived from
CVD patients or healthy donors enabled addressing the con-
tributions of individual genes in complex regions or the role of
non-coding variants identified in GWAS. For example, the
9p21 region is an area with poor synteny in rodents, which
prevents using that animal model to study that region. The
9p21 region was identified a decade ago as carrying risk al-
leles for CVD[55]. Yet, it lacks known coding genes albeit
containing the terminal exons of the long non-coding RNA
(lncRNA) ANRIL[56]. To address the role of ANRIL in vas-
cular smooth muscle cells, Lo Sardo, V. et al. [57] derived
iPSC from individuals carrying either risk or non-risk alleles
and edited out of the haplotype region in both groups using
transcription activator-like effector nucleases (TALEN).
Following the generation of vascular smooth muscle cells
from the engineered iPSC, this study identified this lncRNA
as a causal locus in this region altering VSMC phenotypes
through overexpression of lncRNA ANRIL. Because of its
pleiotropic effects on different aspects of CVDs, including
endothelial dysfunction, macrophage recruitment to lesions
and glucose, and lipid metabolism, ANRIL is being consid-
ered a target candidate for cardiometabolic diseases.

Large-scale collections of induced pluripotent stem cells
(iPSCs) can accelerate functional studies on the effects of
genetic variation in health and disease. One relevant resource
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already available to rapidly deploy the iPSC enabling technol-
ogy in conjunction with population genetics is the iPSCORE
(iPSC Collection forOmic Research)[58]. IPSCORE is a col-
lection of 222 iPSC lines from ethnically diverse representa-
tive individuals from several multigenerational families and
ages carrying risk and non-risk genotypes for 95% of
GWAS variants associated with human phenotypes. It was
characterized through high-throughput RNA-sequencing and
genotyping arrays. As proof-of-concept that the genetic back-
ground can remain associated with molecular phenotypes in
iPSC-derived cells, the iPSCORE team demonstrated that
iPSC-derived cardiomyocytes depict gene expression patterns
driven by the genetic background in the iPSC from a three-
generational family of participating individuals. The
iPSCORE is a prototype resource to examine the molecular
and physiological impact of genetic variants across a variety
of derived cell types, and, conversely, to uncover which are
the functional variants underlying a variety of GWAS
phenotypes.

The potential of iPSC as a complement to GWAS will be
further realized through combination with other high-
throughput technologies. This is clearly illustrated by the re-
cent report byMirauta, B.A. et al. [59] using a combination of
matched quantitative proteomics (Tandem Mass Tag Mass
Spectrometry), transcriptomics (RNAseq), and genomic se-
quencing data from 202 iPSC lines, derived from fibroblasts
of 151 donors from the Human Induced Pluripotent Stem
Cells Initiative (HipSci project: http://www.hipsci.org) [60].
This work identified 654 protein quantitative trait loci
(pQTLs) in those iPSCs, including disease-linked variants in
protein-coding sequences and variants with trans-regulatory
effects (Fig. 2). A highlight of this work is that the pQTL
included GWAS variants that could not have been detected
at the mRNA level. Although how these pQTLs and the asso-
ciated variants contribute to the phenotype in vitro after dif-
ferentiation into various lineages in the context of specific
diseases remains to be addressed, these types of complex stud-
ies create reference datasets that constitute valuable resources
for ensuing functional studies and will undoubtedly have a
fundamental impact as templates towards personalized medi-
cine applications.

Limitations and Opportunities Obvious limitations of this
technology include the efficiency of current protocols for dif-
ferentiation into specific—still limited—cell types and that
differentiation may be partial. Since the initial development
of human iPSC from fibroblasts [48], new host cells for in-
duction of iPSCs have been identified. Those include periph-
eral and cord blood cells and adipocyte stem cells, amongst
the easiest to obtain. Additionally, a repertoire of new ap-
proaches have been developed beyond the use of the original
four genes [50, 55, 56] and to increase the efficiency of iPSC
yields (for a recent review [61]). The cell of origin and, of high

relevance to the use of iPSC in conjunction with GWAS stud-
ies, the genetic background of the donor may affect the effi-
ciency of differentiation or lead to heterogeneity or incomplete
reprogramming, suggesting that epigenetic memory may con-
tribute to iPSC development. The use of iPSC for functional
studies prepared from patients carrying specific mutations
identified in GWAS creates a unique requirement. It necessi-
tates the creation of isogenic controls via genome editing as
the standard to account for human-to-human variation and the
polygenic nature of most diseases, as opposed to comparison
to iPSC from individuals lacking the mutation. On the other
hand, this approach can provide a better cell-based platform
for drug screening and other preclinical applications.
Additionally, renewed efforts are on-going towards direct
reprogramming of fibroblasts to specific cell types [62–64].
Streamlined research platforms that will support expedited
and simplified high-throughput workflows will help to fully
realize the potential of iPSC in conjunction with GWAS.
Accordingly, the field is experiencing accelerated progress
and creating new and exciting opportunities. Without entering
into details, human iPSCs as models for vascular biology are
being used towards organ-on-chip approaches (for a recent
review [65]) and iPSC-based modeling of aortic disease could
be leveraged for “clinical-trials-in-a-dish,” as recently pro-
posed by Davaapil, H. et al. [66], towards the implementation
of precision medicine. Additionally, Cooper, S.E. et al. [67]
described an arrayed CRISPR screening method on iPSC,
named Genome engineering-based Interrogation of
Enhancers (GenIE), to identify likely causal variants with ef-
fects on transcription or splicing when introduced in their
endogenous genomic locations. In summary, human iPSCs
are an attractive platform to obtain hard-to-access human cell
types, provide enough cells for disease modeling in vitro, and
determine the functional consequences of specific GWAS
findings in given cell lineages, and are uniquely positioned
to advance the clinical translation of GWAS.

Organoids

In spite of all the advantages of human iPSCs for in vitro
manipulation, they cannot recapitulate the higher-level 3D
structure and cell-cell communication among different cell
types in organs. The development of organoids, defined as
“a self-organizing 3D structure which mimics the original
in vivo architecture of organs or tumors and can be derived
from different sources” [68], can help overcome some of those
limitations.

The liver is the major organ for the production of lipopro-
teins and cholesterol biosynthesis and liver pathophysiology is
intrinsically linked to CVD. Lipid-lowering drugs inhibiting
cholesterol biosynthesis proved to be very effective in reduc-
ing CVD risk and many CVD-associated mutations were
identified in the lipid metabolism and lipoprotein pathways
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(e.g., LDLR, APOE, APOB, PCSK9) [69, 70]. Thus, the liver
organoid model is of unique value to study liver biology in
relation to cardiovascular genetics [71]. The generation of
human liver organoid from iPSC was achieved in 2013 [72].
This system has been further improved in the following years
[73], including the incorporation of hepatobiliary structures
[74] in the organoid. Liver organoid technology was used to
study monogenic diseases, including Wilson’s disease [75],
α1-antitrypsin deficiency [75], and Alagille syndrome [76],
as well as cancer [68] and lipotoxicity. Of relevance here,
Abbey, D. et al. [77] recently reported a reproducible and
scalable protocol for the generation of hepatic 3D organoids
from human iPSC using short exposure to non-engineered
matrices for use in exploring human hepatocyte biology and
the functional role of genes and variants identified in GWAS
studies. Specifically, through gene editing, they created iso-
genic human iPSC deleted for the TRIB1 gene, previously
associated with metabolic traits, including non-alcoholic fatty
liver disease and plasma lipids, of relevance to CVDs.
Remarkably, 2D cultures showed maturation defects in the
TRIB1-deficient cells, that were rescued in the 3D cultures,
which also preserved a lipid-related phenotype that more
faithfully recapitulated the human findings. This study clearly
supports the need to use 3D cultures to better mimic human
liver lipid metabolism in vitro for functional studies.

Functional murine [51] and human [78] heart
organoids have been successfully established as well.
Improvement of cardiac organoids [79] and the concept
of “heart-on-a-chip” [80, 81] are areas of intensive re-
search with specific methodologies presented elsewhere
[82]. Human heart organoids were utilized to mimic in-
farct in vitro [83] and also provided a novel platform to
test the biology of genetic mutations [84] and drug
cardiotoxicity [85]. With over 1500 mutations in at least
11 different genes identified as potentially causative of
hypertrophic cardiomyopathy [86], a list that continues
to grow [87], organoids hold unrivaled promise to address
functional effects associated with mutations. In the con-
text of this review, the recent work by Prondzynski, M.
et al. [88] highlights the feasibility and clinical signifi-
cance of integrating heart organoids with GWAS studies
and sets a seminal precedent for precision medicine in
cardiac disease. Analysis of human iPSC established from
a family affected by hypertrophic cardiomyopathy was
used to derive cardiomyocytes and engineered heart tis-
sues which recapitulated several disease-specific traits,
such as hypertrophy, al tered calcium response,
hypercontractility, and sarcomeric disarray associated
with the ACTN2 (c.740C>T; dbSNP ID: rs755492182)
mutation of the patients. Furthermore, testing the efficacy
of Diltiazem, an L-type calcium-channel inhibitor, in this
in vitro system, informed its administration to affected
family members to improve the electrical phenotype,

illustrating a direct clinical intervention outcome from
this approach.

Limitations and Opportunities As illustrated in the examples
above, organoids have been successfully employed for drug
screenings as they closely recapitulate patient responses and
can be used in xenotransplants in mice orthotopically, subcu-
taneously, or in the kidney capsule for further functional as-
says. Relaying on iPSC-derived organoids to further GWAS
findings benefits from their advantages including the ability to
derive iPSC from patients. This allows to model organoids
with genetic heterogeneity, create clonal organoids or even
genetically modified organoids by ever-improving CRISPR
technologies [89], and the use of organoids to study polygenic
diseases. An alternative source of cells for 3D organoid stud-
ies could be resident precursor cells, as suggested by the 3D
cultures of adipose tissue derived from stromal vascular cells
[90]. Blood vessel organoids are a rapidly emerging technol-
ogy [91, 92], holding hope for their use in conjunction with
GWAS.

However, it is likely that genetically engineered organoids
may not fully mimic DNA methylation and other epigenetic
patterns present in the original tissues or the responses from
cross-talk with other cell types in the complex tissues under
study [93], including the contribution of recruited inflamma-
tory cells, a common element in cardiometabolic diseases.
Furthermore, they are limited in size with physiological con-
sequences associated with access to oxygen and nutrients. The
recent development of functional blood vessel networks con-
tributing to oxygenation within organoids may help achieve
larger organoid sizes and reduce cellular stress to improve
tissue maturation. Together with the co-culture with cells of
relevance to the disease beyond the primary cell type of inter-
est in a given tissue, these advances will further propel the
field allowing better leverage of organoids for GWAS studies.
In summary, iPSC and organoids represent relatively new
technologies that have yet to be further embraced for the study
of newly identified genes or variants from GWAS, particular-
ly in the cardiovascular field. As the differentiation and 3D
assembly technologies continue to advance, organoids are
likely to become the gold standard to systematically study
the genetic spectrum of CVD-associated variants and their
biological and physiological consequences and to accelerate
personalized clinical interventions.

Animal Models for GWAS-Associated Studies

Knock-Out and Knock-In Mouse Models

Mice are relatively low-cost with many transgenic (Tg) and
knock-out (KO) lines available, making mice still the most
used animal model in academic research. Human and mouse
share about 85% identity at the nucleotide and protein levels
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and commercially available mouse lines have been established
that recapitulate key aspects of human CVD. Thus, for in-
stance, both ApoE and Ldlr knock-out mice have been widely
used to study atherosclerosis in mice and recently a novel
genetic mouse model was reported to better recapitulate char-
acteristics of human aortic aneurysm [94], adding to a number
of widely used experimental models of aneurysm [95]. In its
simplest and most straight forward fashion, KO and Tg over-
expression of candidate genes in wild-type or genetic models
of CVD have been routinely used to study the function and
molecular mechanisms underlying the contribution of
suspected causative genes (or genetic variants) when con-
served across species and involved in highly preserved, often
well-characterized, pathways. Therefore, there is ample liter-
ature and examples of their successful implementation since
the early days of GWAS [96–98].

We offer one example from our team that took us from
GWAS findings to a potential candidate for drug repurposing.
In 2010, our colleagues found that KLF14, a maternally
imprinted gene, was associated with HDL-C and CVD in both
sexes while showing female-specific association with triglyc-
erides in a GWAS involving more than 10,000 individuals of
European ancestry [99]. We generated Klf14 KOmice and, in
conjunction with in vitro approaches, demonstrated that Klf14
promotes ApoA-I transcription, increases HDL-C, and pro-
tects against atherosclerosis in the mouse. In addition, we
found that perhexiline, a drug currently used in some countries
for congestive heart treatment, is a novel KLF14 activator and
can reduce atherosclerosis in mice [73, 100]. Although the
basis for the gender differences in triglycerides remains under
study, our multidisciplinary approach could promote the
repurposing of perhexiline for the treatment of atherosclerosis.

We recently witnessed also how GWAS, in turn, guided
the discovery of novel pathways in CVD. In 2017, a large
whole-exome sequencing performed by Jaiswal, S. et al.
[101, 102] on human peripheral-blood cells proposed a link
between clonal hematopoiesis of indeterminate potential
(CHIP) with early-onset of atherosclerosis. Mutations in
DNMT3A, TET2, ASXL1, and JAK2 were associated with
coronary heart disease, and thus could define a new pathway
contributing to atherosclerosis and CVD. Since then, people
have generated different mouse models to recapitulate this
phenotype and study the mechanisms of how CHIP influences
atherosclerosis [102, 103]. Those studies showed that bone
marrow cells carrying CHIP-related mutations will undergo
clonal expansion and express higher levels of inflammatory
genes. In fact, the presence of CHIP in cells from peripheral
blood signals a doubling in coronary artery disease risk, thus
bringing the original findings from GWAS to the discovery of
a new pathway and marker of CVD risk.

Limitations and Opportunities In spite of the success of these
approaches, not all genes and target sites for mutations can be

found in the mouse genome and for a given gene, species-
specific regulatory elements or physiological roles may exist.
Additionally, recognized metabolic differences exist between
mice and human, including lipid metabolism in the liver and
blood, that have hindered or, at times, even misled translation-
al efforts [104–106]. To overcome those limitations, at least 2
different strategies have been used to humanize mouse models
in order to study in vivo non-conserved genes or variants, as
we discuss below.

Humanized Mouse Genomes Through Knock-In or Transgenic
Technologies

Genomic humanized mice involve knocking-in of human se-
quences to replace the endogenous mouse sequence.
Compared with classical transgenic mice involving human
genes—which usually integrate the human coding sequence
at random and carry an investigator-defined promoter—these
humanized mice are considered more physiologically rele-
vant, since they maintain expression from preserved regulato-
ry elements in the cognate promoter and can mimic expression
patterns in vivo [107]. Multiple genomic humanized mouse
models have been generate, including HLA [108], FOXP2
[109], APP [110], APOE [111–114], CETP [115], TP53
[116], and HTT [117].

Limitations and Opportunities These mouse models can still
be affected by inherent problems of transgenesis, including
variability in expression due to random integration and copy
numbers, disruption or gene silencing of endogenous genes at
the integration site, and lack of reproducibility of results be-
tween different founders or in different mouse backgrounds.
In addition, they suffer from intrinsic species-specific differ-
ences in physiology (Table 2), a limitation of virtually all
animal models, which can confound the functional findings.
Finally, the use of this type of humanized mouse models in
conjunction with findings from GWAS has been limited and
mostly restricted to variants in the coding region of genes of
interest. This is likely due to low efficiency for gene editing
associated with the size of the knock-in fragments, which
prevents the replacement of an entire genomic locus to include
human regulatory elements. The High-throughput Human
Genes on the X Chromosome (HuGX) has the potential to
overcome this limitation is. This approach can be applied to
human genes able to complement a mouse null allele and for
which a bacterial artificial chromosome (BAC) exists.
Recombination can be used to create a BAC carrying regula-
tory regions and/or individual human variants of interest
followed by BAC knock-in into the mouse genome and func-
tional studies [118]. Although BAC knock-in implementation
in the cardiovascular field in conjunction with GWAS appears
to be lagging, this approach was successful in generating BAC
Tg mice for cardiovascular disease [119]. It is anticipated that
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BAC Tgmice could prove a useful tool for functional study of
variants identified in GWAS as associated with human CVDs
[120–122].

Humanized Mouse Models Through Transplantation
of Human Cells

Knock-in of human genes in the mouse helps overcome some
inter-species differences. Nonetheless, genes absent in mice or
with different alternative splicing and regulatory elements cre-
ate a barrier for their study in animal models. The same applies
to a large number of long non-coding RNA (lncRNAs), which
are largely species-specific. To increase the translational po-
tential of studies in mice, efforts have been made to humanize
the mouse models through the transplantation of human cells.
Different models have been developed to humanize the im-
mune system for CVD studies [123, 124]. Here, we will focus
on humanized liver mouse models since the liver is one of the
most important organs for lipid metabolism and GWAS has
identified numerous CVD-associated variants which are in
lipid-related genes.

Well-established differences in lipid metabolism between
mouse and human prompted the development of technologies
for humanizing mouse livers. Chimeric mice with repopulated
human hepatocytes in the TK-NOG background are emerging
as the model of choice. They express the Herpes Simplex
Virus-1 Thymidine Kinase (HSVtk) transgene (TK) driven
by the mouse albumin enhancer/promoter in the immunodefi-
cient NOD/Shi-scid IL2Rgnull (NOG) mouse. Brief exposure

to a non-toxic dose of ganciclovir (GCV) causes ablation of
the mouse liver cells. Transplanted human liver cells can res-
cue the injury, are stably maintained within the liver without
further GCV treatment (humanized TK-NOG), recapitulate
the human transcriptome, and sustain mice survival for ap-
proximately 8 months [125–127]. Their usefulness in con-
junction with GWAS is exemplified by the study of long
non-coding RNAs (lncRNAs). LncRNAs are transcripts of
at least 200 nucleotides long lacking predicted coding poten-
tial. Most human lncRNAs are not conserved in rodents,
which hampers functional studies in vivo. GWAS have iden-
tified a plethora of human lncRNA in association with disease,
including CVDs (for a recently compiled database [128]).
Ruan, X. et al. [124] recently reported an “integrated practical
pipeline” to study the physiological function of human
lncRNAs non-conserved in mice. Briefly, human lncRNAs
differentially regulated in metabolic diseases in the liver, as
identified by GWAS, were further designated as potentially
functional using epigenetic markers and 3-D chromatin inter-
actions, liver enrichment, co-expression functional prediction,
and in vivo regulation by metabolic milieu. The liver-specific
humanized TK-NOG mouse model was used to address the
regulation and function of non-conserved human lncRNAs.
As a proof-of-concept, they provide experimental evidence
that the obesity-associated lncRNA, LINC01018, through in-
teraction with the RNA-binding protein Human antigen R
(HuR), functions in regulating the expression of genes in-
volved in fatty acid oxidation in humanized livers. Recently,
Sugahara, G. et al. [129] described a humanized liver mouse

Table 2 Comparison of mouse and rabbit models for atherosclerosis studies

Mouse Rabbit Human

Cost $ $$$ -

Time to sexual maturity 6–8 weeks 4–4.5 month 10–20 years

Major plasma lipoprotein HDL dominant LDL dominant LDL dominate

Liver ApoB mRNA
editing

Yes No No

CETP activity No Yes Yes

Response to statin drugs No Yes Yes

Hepatic lipase High; mainly in circulation Low; liver-bound; hepatotoxicity follow-
ing
prolonged cholesterol feeding

High; liver bound

Response to cholesterol
diet

Resistant (wild type) Sensitive; with some individuals resistant Sensitive

Macrophage VLDL
receptor

Yes Yes Low

Atherosclerosis model Ldlr KO, Apoe KO,
APOE*3-Leiden mice

Watanabe rabbits; Apoe KO rabbits.
High-cholesterol
diet (0.2–0.5%) for WT

-

Atherosclerotic plaque
pathology

Foam cells with necrotic core Foam cells with fatty streak and
macrophage,
advanced lesion with calcification

Early stage: fatty streak Advanced:
necrotic core, ulceration, rupture, and
thrombosis

Coronary lesion No Yes Yes
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model utilizing human primary hepatocytes from individual
patients, taking this technology a step closer to personalized
clinical applications. Ornithine transcarbamylase deficiency
(OTCD) is a metabolic and genetic disease of the hepatic urea
cycle. Using primary human hepatocytes isolated from two
patients and a healthy control, they achieved over 80% re-
placement rates after implementation of a serial transplanta-
tion protocol, with the resulting highly humanized OTCD
mice presenting a pathology similar to OTCD patients and
allowing to address the effects of allopurinol in this preclinical
model. Similar approaches could be readily adapted for the
functional study of specific risk-alleles identified in GWAS as
associated with liver lipid metabolism.

Limitations and Opportunities One caveat when using hu-
manized mice for these types of studies is evident from the
recent data of Jiang, C. et al. [127] derived from comparative
transcriptomic analysis of human, mice, and humanized mice
livers. This work uncovered a high percentage of genes show-
ing opposite regulation between species, which persists under
well-matched conditions through cell-autonomous differ-
ences. These caveats should be carefully considered in the
process of mouse-to-human translation of findings, even in
the liver of humanized mouse models. Those findings also
underscore the fundamental need to optimize the replacement
rates of mouse hepatocytes. Additionally, the humanized mice
showed human-like plasma lipid profiles although failed to
develop atherosclerosis [130], likely reflecting species-
specific differences or as a consequence of intrinsically im-
paired immune-mediated contribution to the disease in the
NOG background. As technologies continue to advance, it is
foreseeable that human iPSC, engineered through gene
editing, in combination with further optimization of differen-
tiation protocols and liver organoids production, might be
eventually used to provide tissue-specific humanized mouse
models for mechanistic studies of GWAS variants and preclin-
ical evaluation of potential therapeutics.

Rabbit Models

The rabbit, although less commonly used as a model, has a
unique value for CVD research, having made considerable
contributions to the field. A seminal example is the use of
the Watanabe heritable hyperlipidemic (WHHL) rabbits, a
model of familial hypercholesterolemia, to confirm the effica-
cy of statin drugs in lowering plasma lipids and reducing
atherosclerosis [131]. The statin drugs were ineffective in
mice and rats, likely reflecting that mice have differences in
lipid profiles and metabolic pathways compared with human,
while rabbits provided a more suitable preclinical model. We
provided a thorough comparison of mouse, rabbit, and human
models in Fan J. et al. [104] and we summarize it here in
Table 2.

Currently, and of relevance to CVD, there are several rabbit
models for atherosclerosis studies including the WHHL rabbits
[132, 133], ApoE KO rabbit [134], and apoA transgenic rabbits
[135]. With the advent and improvement of genomic editing
tools (ZFN, TALEN, CRISPR/Cas9) [136], genome-edited rab-
bits are becoming increasingly attractivemodels for CVD. At the
Center for Advanced Models for Translational Sciences and
Therapeutics (CAMTraST, https://camtrast.med.umich.edu/) of
the University of Michigan, we created a platform to generate
knock-out and transgenic rabbits to serve the research communi-
ty [136, 137]. CETP is a key intravascular regulator of choles-
terol transfer between LDL and HDL and was first associated
with plasma lipid metabolism at the onset of population genetic
studies [138] and later with coronary heart disease [139] and
metabolic syndrome [140, 141]. Mice do not express the CETP
gene, and studies from CETP Tg mice are controversial regard-
ing their ability to recapitulate the human CETP biology, which
is beyond the scope of this review. To address those limitations,
we created a CETPKO rabbit [106] and demonstrated that these
rabbits have higher plasma HDL, matching the human genetic
findings [142, 143]. On high-cholesterol high-fat diet, they
showed reduced plasma total cholesterol in association with de-
creased ApoB-containing particles and were protected against
diet-induced atherosclerosis. Therefore, rabbits can provide use-
ful models to understand simultaneously the contribution of
CETP variants to atherosclerosis and statin responses, as well
as to explore the potential of CETP inhibition for the treatment
of human atherosclerosis. Beyond CVDs, recently Lu, Y. et al.
[144] used rabbits to address the effects of GADD45G variants
on craniofacial abnormalities, further underscoring the unique
value of this model for functional studies of GWAS findings.

Limitations and Opportunities As an enabling technology for
understanding human variation in conjunction with GWAS,
rabbits as a model are currently lagging behind overall and in
the CVD field in particular, likely associated with costs and
the need for dedicated facilities and personnel. Inter-
institutional collaborative work can help overcome those lim-
itations. For instance, in addition to the CETP KO rabbits, we
have generated CFTR [124] and ApoCIII [145] KO rabbits,
human ApoAII knock-in and Tg rabbits [146, 147], immuno-
deficiency rabbits (RAG1/RAG2, FOXN1, PRKDC, and
IL2RG knock-out) [148], and CFTR-ΔF508[149]. As the
use of rabbits continues to expand through the improvement
of efficient tools for gene editing, we anticipate that genome-
edited rabbit models will gain wider use as emerging plat-
forms in the CVD field to help bench-to-bedside translation
of human GWAS findings.

Metabolomics

The perturbation of metabolism is a common feature underly-
ing multiple cardiovascular diseases [150]. Recent
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technological advances in metabolite profiling, using high-
throughput mass spectrometry (MS)– and proton nuclear
magnetic resonance spectroscopy (NMR)–based technolo-
gies, facilitated the untargeted metabolite profiling in human
and mouse biological samples, particularly serum metabolite
concentrations [151], as a readout of biological processes as-
sociated with diseases. This provides phenotypic data for
GWAS investigating the quantitative genetic control of me-
tabolism (mQTL) and informs follow-up functional studies to
explore the effects of genetic variation on gene regulatory
networks associated with the pathogenesis of complex dis-
eases, including cardiovascular and metabolic disorders.

Several studies have demonstrated that the blood metabolic
profile may predict the future CVD risk, including accumula-
tion of succinate [152], branched-chain amino acids [151,
153] , urea cycle metabol i tes [154] , shor t -chain
dicarboxylacylcarnitines [155], medium-chain acylcarnitines
[155], fatty acids [155], amino acids [156], and metabolites
associated with the gut microbiome, like trimethylamine-N-
oxide (TMAO)[157], and N,N,N-trimethyl-5-aminovaleric
acid (TMAVA) [158]. Recently, we used metabolomics com-
bined with a meta-analysis of liver transcriptomics to uncover
suppression of glycine biosynthetic genes in NAFLD and as-
sociation with fatty liver, leading to the discovery of glycine-
based potential therapies for fatty liver disease [159].

Paving the way towards integration of metabolomics with
GWAS, Gieger, C. et al. [160] used quantitative measurement
of 363 metabolites in serum of 284 male participants of the
KORA (Cooperative Health Research in the Region of
Augsburg, Germany) study and determined that 12% of the
observed variance in metabolic differences was explained by
frequent SNPs and 28% of the variance could be explained by
metabolite ratios as proxies for enzymatic activity, leading to
the identification of four causal genetic variants in the FADS1,
LIPC, SCAD, and MCAD loci. Meanwhile, Shah, S. et al.
[161] demonstrated a high heritability for amino acid changes
(arginine, ornithine, alanine, proline, leucine/isoleucine, va-
line, glutamate/glutamine, phenylalanine, and glycine) in pre-
mature coronary artery disease. Additionally, the integration
of GWAS and Metabochip meta-analysis identified 97 BMI-
associated loci [162]. Metabolomics has, therefore,
established itself as integral to advance functional characteri-
zation of GWAS findings.

Limitations and Opportunities The increasing relevance of
metabolomics in the study of cardiometabolic diseases is
highlighted by the 2017 Scientific Statement of the
American Heart Association [163] recognizing the contribu-
tions of metabolomics and its potential to provide “new in-
sights into the factors that contribute to complex human dis-
eases such as cardiovascular disease” while recognizing that
“current challenges facing the field of metabolomics include
scaling throughput and technical capacity for metabolomics

approaches, bioinformatic and chemoinformatic tools for han-
dling large-scale metabolomics data, methods for elucidating
the biochemical structure and function of novel metabolites,
and strategies for determining the true clinical relevance of
metabolites observed in association with cardiovascular dis-
ease outcomes.” As an increasing body of literature demon-
strates the power of integrating GWAS with metabolomics at
different levels [164–170], the AHA charge that “Progress
made in addressing these challenges will allow metabolomics
the potential to substantially affect diagnostics and therapeu-
tics in cardiovascular medicine” continues to be relevant.
Echoing the AHA statement, we advocate further support
for the improvement of this powerful technology and the un-
dertaking of metabolomics (and proteomics) studies in con-
junction with GWAS as a powerful approach to accelerate the
bench-to-bedside translation of genetic findings and promote
the practice of precision medicine based on individual genetic
and metabolic variability and the discovery of novel disease
biomarkers and therapeutic targets [171].

Epigenomics

Epigenetic modifications, per se through interaction with the
environment (internal and external milieu) or as a conse-
quence of genetic variation, are recognized drivers of health
and disease. Nonetheless, they are not captured in epidemio-
logical studies and may play a relevant role in understanding
the manifestation of disorders that appear to have weak
GWAS association, including cardiometabolic diseases. In
fact, epigenetic changes independent of genetic variation have
been often associated with chronic diseases, including CVD.
The systematic and intentional undertaking of comprehensive
epigenome-wide association studies (EWAS), defined as the
determination and compilation of genome-wide quantifiable
epigenetic marks (such as DNA methylation and histone acet-
ylation) at the individual level to derive associations between
epigenetic variation and a particular identifiable phenotype/
trait, is the next logical step towards personalized medicine.
An increasing number of EWAS datasets relevant to CDV
have been and continue to be reported, including recent addi-
tions on lipids [172], metabolic syndrome (including racial
differences) [173, 174], ischemic stroke [175], high blood
pressure [176], too numerous to feature. Relevant pioneering
examples include an EWAS identifying modifications likely
driving cardiomyopathies independent of obvious GWAS as-
sociation [177], the studies on beta-cell adaptation in type 2
diabetes (for a recent review [178]), and differentially meth-
ylated CpG island subsets in association with the smoker sta-
tus of patients located in theKLHL35,CNN2, SERPINB9, and
ADCY10P1 loci [179].

In the context of this review, EWAS are likely to add a rich
layer to our understanding of the findings from GWAS. In
fact, in recent years, numerous genetic variants have been
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identified as located at sites of DNA methylation and siRNA
seed sequences, underscoring the interplay between genetic
and epigenetic risk factors and allele-specific gene expression.
For instance, Agha, G. et al. [180] uncovered 52 CpG (cyto-
sine-phosphate-guanine) sites associated with incident coro-
nary heart disease (CHD) or myocardial infarction from nine
population-based cohorts that included profiled epigenome-
wide blood leukocyte DNA methylation levels. They were
associated with genes involved in calcium regulation
(ATP2B2, CASR, GUCA1B, HPCAL1), serum calcium–
related risk of CHD (CASR), coronary artery calcified plaque
(PTPRN2), and kidney function (CDH23, HPCAL1), among
others, while also mapping close to active regulatory regions
proximal to lncRNAs. Beyond the mechanistic insights, this
study also underscores the diagnostic value of epigenetic ap-
proaches. In the opposite direction, the EWAS study by Jones,
G.T. et al. [168] identified a relatively uncommon variant
(rs76735376) at the CpG site, cg17028067, in intron 1 of the
LPA gene associated with plasma Lp(a) levels by altering
enhancer activity. Finally, recently Wang, B. et al. [181] ad-
dressed the question of why the hundreds of genetic loci as-
sociated through GWAS with atrial fibrillation explain only a
small proportion (3.5%) of heritability in this disease. They
combined GWAS, EWAS, and transcriptomics (TWAS) and
uncovered 1931 genes (compared to the 206 identified by
GWAS alone) that explained 10.4% of heritability. These ex-
amples make a compelling case for routine integration of
epigenomics in multiple platforms for the advancement of
GWAS findings.

Limitations and Opportunities In summary, in spite of some
limitations for sound validation across independent studies,
epigenomics has earned its place as a rapidly emerging tech-
nology that will contribute significantly to unravel the impact
of environmental signals in the metabolome as well as in the
manifestation of genetic variation in human diseases when
used in combination with GWAS.

Summary and Perspectives

The expansion of GWAS in the last 15 years has afforded the
scientific community great progress in understanding the ge-
netic basis of disease at large, and cardiovascular disease in
particular, and has paved theway to uncover novel pathways
and mechanisms through functional studies in multidisci-
plinary settings. Yet, the relative contribution of genes iden-
tified from GWAS to chronic diseases appears more modest
than first anticipated, accounting for 15–50% increase in dis-
ease risk [182]. New and ever-improving technologies have
provided methods for collection and analysis of curated data
spanning gene expression, changes in metabolites, protein
abundance and post-translational modification, and the

epigenetic regulation of gene expression, while improved
gene editing facilitates a more efficient and expedited crea-
tion of highly specific in vitro and in vivo models. As these
new layersbecame incorporatedwithGWASinmulti-omics,
multi-platform integrated approaches, we saw considerable
improvement in the identification of genomic predictors and
the dissection of their functional consequences. Currently,
some barriers still remain which, in themselves, constitute
opportunities for progress. On one side, the improvement
of the different platforms and the new promise of “organ-
on-a-chip” approacheswill continue to expand the repertoire
of enabling technologies for broadening the impact of
GWAS findings. On the other side, incorporating acquired
susceptibility (for instance, through environmental expo-
sures, acute or chronic), evidenced in epigenetic modifica-
tions and operating on genetic predisposition, can help iden-
tify modifiable risk factors or inform pharmacogenomics,
including drug design [183]. How the microbiome interacts
with the host genetics is a relatively new area of research in
metabolomics and may hold promise for clinical interven-
tion. Finally, the routine integration of these different plat-
forms could have an invaluable impact on the field of
pharmacogenomics. It is incumbent upon us, our institutions
and patient advocates to engage the “customers” (the public
at large and the patients in particular), the funding agencies
and health care systems, including clinicians and social epi-
demiologists, and other stakeholders globally, intomultidis-
ciplinary consortia and “moon-shot” initiatives that stem
from the potential for a high return on investment derived
from supporting research ofmultidisciplinary teams system-
atically integratingGWAS,multi-omics, drug development,
andmodels of disease in order to accelerate the realization of
the still elusive dream of personalized medicine.

Author’s Contribution This manuscript was drafted by H.L and M.T.G-
B, edited by J.Z and Y.E.C, and finalized by M.T.G-B and Y.E.C.

Funding This work was partially supported by the National Institutes of
Health HL138139 (J.Z.), HL109946, HL147527, HL137214, and
HL134569 (Y.E.C.), and the American Heart Association Predoctoral
Fellowship 17PRE33400179 (L.H).

Availability of Data and Material Not applicable.

Code Availability Not applicable.

Declarations

Conflict of Interest None.

Research Involving Human Participants and/or Animals Not applicable.

Informed Consent Not applicable.

649Cardiovasc Drugs Ther (2021) 35:637–654



References

1. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway
CW, Carson AP , e t a l . Hea r t d i s ea se and s t roke
statistics&#x2014;2020 update: a report from the American
Heart Association. Circulation. 2020;141(9):e139–596.

2. Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway
CW, Carson AP, et al. Heart disease and stroke statistics-2019
update: a report from the American Heart Association.
Circulation. 2019;139(10):e56–e528.

3. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC,
Baldwin J, et al. Initial sequencing and analysis of the human
genome. Nature. 2001;409(6822):860–921.

4. Shearman AM, Ordovas JM, Cupples LA, Schaefer EJ, Harmon
MD, Shao Y, et al. Evidence for a gene influencing the TG/HDL-
C ratio on chromosome 7q32.3-qter: a genome-wide scan in the
Framingham study. Hum Mol Genet. 2000;9(9):1315–20.

5. Elbein SC, Hasstedt SJ. Quantitative trait linkage analysis of lipid-
related traits in familial type 2 diabetes: evidence for linkage of tri-
glyceride levels to chromosome 19q. Diabetes. 2002;51(2):528–35.

6. Malhotra A, Wolford JK. American Diabetes Association GSG.
Analysis of quantitative lipid traits in the genetics of NIDDM
(GENNID) study. Diabetes. 2005;54(10):3007–14.

7. Tam V, Patel N, Turcotte M, Bosse Y, Pare G, Meyre D. Benefits
and limitations of genome-wide association studies. Nat Rev
Genet. 2019;20(8):467–84.

8. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B.
Mapping and quantifying mammalian transcriptomes by RNA-
Seq. Nat Methods. 2008;5(7):621–8.

9. Xu Q, Modrek B, Lee C. Genome-wide detection of tissue-
specific alternative splicing in the human transcriptome. Nucleic
Acids Res. 2002;30(17):3754–66.

10. Cloonan N, Forrest AR, Kolle G, Gardiner BB, Faulkner GJ,
Brown MK, et al. Stem cell transcriptome profiling via massive-
scale mRNA sequencing. Nat Methods. 2008;5(7):613–9.

11. Schena M, Shalon D, Davis RW, Brown PO. Quantitative moni-
toring of gene expression patterns with a complementary DNA
microarray. Science. 1995;270(5235):467–70.

12. Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y. RNA-
seq: an assessment of technical reproducibility and comparison
with gene expression arrays. Genome Res. 2008;18(9):1509–17.

13. Velculescu VE, Zhang L, Vogelstein B, Kinzler KW. Serial anal-
ysis of gene expression. Science. 1995;270(5235):484–7.

14. Stark R, Grzelak M, Hadfield J. RNA sequencing: the teenage
years. Nat Rev Genet. 2019;20(11):631–56.

15. Heap GA, Yang JH, Downes K, Healy BC, Hunt KA, Bockett N,
et al. Genome-wide analysis of allelic expression imbalance in
human primary cells by high-throughput transcriptome
resequencing. Hum Mol Genet. 2010;19(1):122–34.

16. Alloza I, Salegi A, Mena J, Navarro RT, Martin C, Aspichueta P,
et al. BIRC6 is associated with vulnerability of carotid atheroscle-
rotic plaque. Int J Mol Sci. 2020;21(24):9387.

17. Nielsen JB, Rom O, Surakka I, Graham SE, Zhou W,
Roychowdhury T, et al. Loss-of-function genomic variants high-
light potential therapeutic targets for cardiovascular disease. Nat
Commun. 2020;11(1):6417.

18. Lescroart F, Wang X, Lin X, Swedlund B, Gargouri S, Sanchez-
Danes A, et al. Defining the earliest step of cardiovascular lineage
segregation by single-cell RNA-seq. Science. 2018;359(6380):
1177–81.

19. Lu D, Thum T. RNA-based diagnostic and therapeutic strategies
for cardiovascular disease. Nat Rev Cardiol. 2019;16(11):661–74.

20. Hwang B, Lee JH, Bang D. Single-cell RNA sequencing technol-
ogies and bioinformatics pipelines. Exp Mol Med. 2018;50(8):96.

21. Natarajan KN, Miao Z, Jiang M, Huang X, Zhou H, Xie J, et al.
Comparative analysis of sequencing technologies for single-cell
transcriptomics. Genome Biol. 2019;20(1):70.

22. Alencar GF, Owsiany KM, Karnewar S, Sukhavasi K, Mocci G,
Nguyen AT, et al. Stem cell pluripotency genes Klf4 and Oct4 reg-
ulate complex SMC phenotypic changes critical in late-stage athero-
sclerotic lesion pathogenesis. Circulation. 2020;142(21):2045–59.

23. Willemsen L, deWintherMP.Macrophage subsets in atherosclerosis
as defined by single-cell technologies. J Pathol. 2020;250(5):705–14.

24. Winkels H, Ehinger E, Vassallo M, Buscher K, Dinh HQ,
Kobiyama K, et al. Atlas of the immune cell repertoire in mouse
atherosclerosis defined by single-cell RNA-sequencing and mass
cytometry. Circ Res. 2018;122(12):1675–88.

25. Wirka RC, Wagh D, Paik DT, Pjanic M, Nguyen T, Miller CL,
et al. Atheroprotective roles of smooth muscle cell phenotypic
modulation and the TCF21 disease gene as revealed by single-
cell analysis. Nat Med. 2019;25(8):1280–9.

26. Kim K, Shim D, Lee JS, Zaitsev K, Williams JW, Kim KW, et al.
Transcriptome analysis reveals nonfoamy rather than foamy
plaque macrophages are proinflammatory in atherosclerotic mu-
rine models. Circ Res. 2018;123(10):1127–42.

27. Xiong X, Kuang H, Ansari S, Liu T, Gong J, Wang S, et al.
Landscape of intercellular crosstalk in healthy and NASH liver
revealed by single-cell secretome gene analysis. Mol Cell.
2019;75(3):644–60 e5.

28. Jaitin DA, Adlung L, Thaiss CA, Weiner A, Li B, Descamps H,
et al. Lipid-associated macrophages control metabolic homeosta-
sis in a Trem2-dependent manner. Cell. 2019;178(3):686–98 e14.

29. Ramachandran P, Dobie R, Wilson-Kanamori JR, Dora EF,
HendersonBEP, LuuNT, et al. Resolving the fibrotic niche of human
liver cirrhosis at single-cell level. Nature. 2019;575(7783):512–8.

30. Depuydt MAC, Prange KHM, Slenders L, Ord T, Elbersen D,
Boltjes A, et al. Microanatomy of the human atherosclerotic plaque
by single-cell transcriptomics. Circ Res. 2020;127(11):1437–55.

31. Patel D, Mez J, Vardarajan BN, Staley L, Chung J, Zhang X, et al.
Association of rare coding mutations with Alzheimer disease and
other dementias among adults of European ancestry. JAMA Netw
Open. 2019;2(3):e191350.

32. Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K,
et al. Fast, sensitive and accurate integration of single-cell data
with harmony. Nat Methods. 2019;16(12):1289–96.

33. Hou XH, Bi YL, Tan MS, XuW, Li JQ, Shen XN, et al. Genome-
wide association study identifies Alzheimer’s risk variant in
MS4A6A influencing cerebrospinal fluid sTREM2 levels.
Neurobiol Aging. 2019;84:241 e13–20.

34. Sims R, van der Lee SJ, Naj AC, Bellenguez C, Badarinarayan N,
Jakobsdottir J, et al. Rare coding variants in PLCG2, ABI3, and
TREM2 implicate microglial-mediated innate immunity in
Alzheimer’s disease. Nat Genet. 2017;49(9):1373–84.

35. Reiner AP, Beleza S, Franceschini N, Auer PL, Robinson JG,
Kooperberg C, et al. Genome-wide association and population ge-
netic analysis of C-reactive protein in African American and
Hispanic American women. Am J Hum Genet. 2012;91(3):502–12.

36. Li R, Guan J, Zhou S. Single-cell RNA-seq data clustering: a
survey with performance comparison study. J Bioinforma
Comput Biol. 2020;18(4):2040005.

37. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck
WM3rd, et al. Comprehensive integration of single-cell data. Cell.
2019;177(7):1888–902 e21.

38. Haghverdi L, Lun ATL,MorganMD,Marioni JC. Batch effects in
single-cell RNA-sequencing data are corrected by matching mu-
tual nearest neighbors. Nat Biotechnol. 2018;36(5):421–7.

39. Liu J, Gao C, Sodicoff J, Kozareva V, Macosko EZ, Welch JD.
Jointly defining cell types from multiple single-cell datasets using
LIGER. Nat Protoc. 2020;15(11):3632–62.

650 Cardiovasc Drugs Ther (2021) 35:637–654



40. Tran HTN, Ang KS, Chevrier M, Zhang X, Lee NYS, Goh M,
et al. A benchmark of batch-effect correction methods for single-
cell RNA sequencing data. Genome Biol. 2020;21(1):12.

41. Liao J, Lu X, Shao X, Zhu L, Fan X. Uncovering an organ’s
molecular architecture at single-cell resolution by spatially re-
solved transcriptomics. Trends Biotechnol. 2021;39(1):43–58.

42. Nichterwitz S, Chen G, Aguila Benitez J, Yilmaz M, Storvall H,
Cao M, et al. Laser capture microscopy coupled with Smart-seq2
for precise spatial transcriptomic profiling. Nat Commun.
2016;7(1):12139.

43. Eng CL, Lawson M, Zhu Q, Dries R, Koulena N, Takei Y, et al.
Transcriptome-scale super-resolved imaging in tissues by RNA
seqFISH. Nature. 2019;568(7751):235–9.

44. Xia C, Fan J, Emanuel G, Hao J, Zhuang X. Spatial transcriptome
profiling by MERFISH reveals subcellular RNA compartmental-
ization and cell cycle-dependent gene expression. Proc Natl Acad
Sci U S A. 2019;116(39):19490–9.

45. Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E,
Vanderburg CR, et al. Slide-seq: a scalable technology for mea-
suring genome-wide expression at high spatial resolution.
Science. 2019;363(6434):1463–7.

46. Liu Y, Yang M, Deng Y, Su G, Enninful A, Guo CC, et al. High-
spatial-resolution multi-omics sequencing via deterministic
barcoding in tissue. Cell. 2020;183(6):1665–81 e18.

47. AspM, Giacomello S, Larsson L, Wu C, Fürth D, Qian X, et al. A
spatiotemporal organ-wide gene expression and cell atlas of the
developing human heart. Cell. 2019;179(7):1647–60.e19.

48. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T,
Tomoda K, et al. Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell. 2007;131(5):861–72.

49. Takahashi K, Yamanaka S. Induction of pluripotent stem cells
from mouse embryonic and adult fibroblast cultures by defined
factors. Cell. 2006;126(4):663–76.

50. Zahumenska R, Nosal V, Smolar M, Okajcekova T, Skovierova
H, Strnadel J, et al. Induced pluripotency: a powerful tool for
in vitro modeling. Int J Mol Sci. 2020;21(23):8910.

51. Lee J, Sutani A, Kaneko R, Takeuchi J, Sasano T, Kohda T, et al.
In vitro generation of functional murine heart organoids via FGF4
and extracellular matrix. Nat Commun. 2020;11(1):4283.

52. Deicher A, Seeger T. Human induced pluripotent stem cells as a
disease model system for heart failure. Curr Heart Fail Rep.
2020;18(1):1–11.

53. Gheibi S, Singh T, da Cunha J, FexM,Mulder H. Insulin/glucose-
responsive cells derived from induced pluripotent stem cells: dis-
ease modeling and treatment of diabetes. Cells. 2020;9(11):2465.

54. Peng GY, Lin Y, Li JJ, Wang Y, Huang HY, Shen ZY. The
application of induced pluripotent stem cells in pathogenesis study
and gene therapy for vascular disorders: current progress and fu-
ture challenges. Stem Cells Int. 2019;2019:9613258.

55. Newman DL, Abney M, Dytch H, Parry R, McPeek MS, Ober C.
Major loci influencing serum triglyceride levels on 2q14 and 9p21
localized by homozygosity-by-descent mapping in a large
Hutterite pedigree. Hum Mol Genet. 2003;12(2):137–44.

56. Bell RD, Long X, Lin M, Bergmann JH, Nanda V, Cowan SL,
et al. Identification and initial functional characterization of a hu-
man vascular cell-enriched long noncoding RNA. Arterioscler
Thromb Vasc Biol. 2014;34(6):1249–59.

57. Lo Sardo V, Chubukov P, Ferguson W, Kumar A, Teng EL,
Duran M, et al. Unveiling the role of the most impactful cardio-
vascular risk locus through haplotype editing. Cell. 2018;175(7):
1796–810.e20.

58. Panopoulos AD, D’Antonio M, Benaglio P, Williams R, Hashem
SI, Schuldt BM, et al. iPSCORE: A resource of 222 iPSC lines
enabling functional characterization of genetic variation across a
variety of cell types. Stem Cell Rep. 2017;8(4):1086–100.

59. Mirauta BA, Seaton DD, Bensaddek D, Brenes A, Bonder MJ,
Kilpinen H, et al. Population-scale proteome variation in human
induced pluripotent stem cells. Elife. 2020;9:e57390.

60. Kilpinen H, Goncalves A, Leha A, Afzal V, Alasoo K, Ashford S,
et al. Common genetic variation drives molecular heterogeneity in
human iPSCs. Nature. 2017;546(7658):370–5.

61. Abou-Saleh H, Zouein FA, El-Yazbi A, Sanoudou D, Raynaud C,
Rao C, et al. The march of pluripotent stem cells in cardiovascular
regenerative medicine. Stem Cell Res Ther. 2018;9(1):201.

62. Hirai H, Yang B, Garcia-Barrio MT, Rom O, Ma PX, Zhang J,
et al. Direct reprogramming of fibroblasts into smooth muscle-like
cells with defined transcription factors-brief report. Arterioscler
Thromb Vasc Biol. 2018;38(9):2191–7.

63. ChangY, ChoB,Kim S,Kim J. Direct conversion of fibroblasts to
osteoblasts as a novel strategy for bone regeneration in elderly
individuals. Exp Mol Med. 2019;51(5):1–8.

64. Davis RL, Weintraub H, Lassar AB. Expression of a single
transfected cDNA converts fibroblasts to myoblasts. Cell.
1987;51(6):987–1000.

65. Cochrane A, Albers HJ, Passier R, Mummery CL, van den Berg
A, Orlova VV, et al. Advanced in vitro models of vascular biolo-
gy: human induced pluripotent stem cells and organ-on-chip tech-
nology. Adv Drug Deliv Rev. 2019;140:68–77.

66. Davaapil H, Shetty DK, Sinha S. Aortic “Disease-in-a-Dish”:
mechanistic insights and drug development using iPSC-based dis-
ease modeling. Front Cell Dev Biol. 2020;8:550504.

67. Cooper SE, Schwartzentruber J, Bello E, Coomber EL, Bassett
AR. Screening for functional transcriptional and splicing regula-
tory variants with GenIE. Nucleic Acids Res. 2020;48(22):e131.

68. Tuveson D, Clevers H. Cancer modeling meets human organoid
technology. Science. 2019;364(6444):952–5.

69. Bergeron N, Phan BA, Ding Y, Fong A, Krauss RM. Proprotein
convertase subtilisin/kexin type 9 inhibition: a new therapeutic
mechanism for reducing cardiovascular disease risk. Circulation.
2015;132(17):1648–66.

70. Goldstein JL, BrownMS. A century of cholesterol and coronaries:
from plaques to genes to statins. Cell. 2015;161(1):161–72.

71. Prior N, Inacio P, HuchM. Liver organoids: from basic research to
therapeutic applications. Gut. 2019;68(12):2228–37.

72. Takebe T, Sekine K, Enomura M, Koike H, Kimura M, Ogaeri T,
et al. Vascularized and functional human liver from an iPSC-
derived organ bud transplant. Nature. 2013;499(7459):481–4.

73. Hu W, Lu H, Zhang J, Fan Y, Chang Z, Liang W, et al. Kruppel-
like factor 14, a coronary artery disease associated transcription
factor, inhibits endothelial inflammation via NF-kappaB signaling
pathway. Atherosclerosis. 2018;278:39–48.

74. Wu F, Wu D, Ren Y, Huang Y, Feng B, Zhao N, et al. Generation
of hepatobiliary organoids from human induced pluripotent stem
cells. J Hepatol. 2019;70(6):1145–58.

75. Nantasanti S, Spee B, Kruitwagen HS, Chen C, Geijsen N,
Oosterhoff LA, et al. Disease modeling and gene therapy of cop-
per storage disease in canine hepatic organoids. Stem Cell Rep.
2015;5(5):895–907.

76. Andersson ER, Chivukula IV, Hankeova S, Sjöqvist M, Tsoi YL,
Ramsköld D, et al. Mouse model of Alagille syndrome and mech-
anisms of jagged1 missense mutations. Gastroenterology.
2018;154(4):1080–95.

77. Abbey D, Elwyn S, Hand NJ, Musunuru K, Rader DJ. Self-
organizing human induced pluripotent stem cell hepatocyte 3D
organoids inform the biology of the pleiotropic TRIB1 gene.
Hepatol Commun. 2020;4(9):1316–31.

78. Richards DJ, Li Y, Kerr CM, Yao J, Beeson GC, Coyle RC, et al.
Human cardiac organoids for the modelling of myocardial infarc-
tion and drug cardiotoxicity. Nat Biomed Eng. 2020;4(4):446–62.

79. Giacomelli E, Bellin M, Orlova VV, Mummery CL. Co-
differentiation of human pluripotent stem cells-derived

651Cardiovasc Drugs Ther (2021) 35:637–654



cardiomyocytes and endothelial cells from cardiac mesoderm pro-
vides a three-dimensional model of cardiac microtissue. Curr
Protoc Hum Genet. 2017;95:21 9 1–2.

80. Zhang YS, Arneri A, Bersini S, Shin SR, Zhu K, Goli-Malekabadi
Z, et al. Bioprinting 3D microfibrous scaffolds for engineering
endothelialized myocardium and heart-on-a-chip. Biomaterials.
2016;110:45–59.

81. Skardal A, Murphy SV, Devarasetty M, Mead I, Kang HW, Seol
YJ, et al. Multi-tissue interactions in an integrated three-tissue
organ-on-a-chip platform. Sci Rep. 2017;7(1):8837.

82. Protze SI, Lee JH, Keller GM. Human pluripotent stem cell-
derived cardiovascular cells: from developmental biology to ther-
apeutic applications. Cell Stem Cell. 2019;25(3):311–27.

83. Lee EJ, Kim DE, Azeloglu EU, Costa KD. Engineered cardiac
organoid chambers: toward a functional biological model ventri-
cle. Tissue Eng Part A. 2008;14(2):215–25.

84. Zhao Y, Rafatian N, Feric NT, Cox BJ, Aschar-Sobbi R, Wang
EY, et al. A platform for generation of chamber-specific cardiac
tissues and disease modeling. Cell. 2019;176(4):913–27 e18.

85. Skardal A, Aleman J, Forsythe S, Rajan S,Murphy S, Devarasetty
M, et al. Drug compound screening in single and integrated multi-
organoid body-on-a-chip systems. Biofabrication. 2020;12(2):
025017.

86. Marian AJ, Braunwald E. Hypertrophic cardiomyopathy: genet-
ics, pathogenesis, clinical manifestations, diagnosis, and therapy.
Circ Res. 2017;121(7):749–70.

87. van der Harst P, van Setten J, Verweij N, Vogler G, Franke L,
MauranoMT, et al. 52 genetic loci influencing myocardial mass. J
Am Coll Cardiol. 2016;68(13):1435–48.

88. Prondzynski M, LemoineMD, Zech AT, Horvath A, Di Mauro V,
Koivumaki JT, et al. Disease modeling of a mutation in alpha-
actinin 2 guides clinical therapy in hypertrophic cardiomyopathy.
EMBO Mol Med. 2019;11(12):e11115.

89. Hendriks D, Clevers H, Artegiani B. CRISPR-Cas tools and their
application in genetic engineering of human stem cells and
organoids. Cell Stem Cell. 2020;27(5):705–31.

90. Bender R, McCarthy M, Brown T, Bukowska J, Smith S, Abbott
RD, et al. Human adipose derived cells in two- and three-
dimensional cultures: functional validation of an in vitro fat con-
struct. Stem Cells Int. 2020;2020:4242130.

91. Liu C, Niu K, Xiao Q. Updated perspectives on vascular cell
specification and pluripotent stem cell-derived vascular organoids
for studying vasculopathies. Cardiovasc Res. 2020:cvaa313.

92. Wimmer RA, Leopoldi A, Aichinger M, Kerjaschki D, Penninger
JM. Generation of blood vessel organoids from human pluripotent
stem cells. Nat Protoc. 2019;14(11):3082–100.

93. Stein JM, Mummery CL, Bellin M. Engineered models of the
human heart: directions and challenges. Stem Cell Rep. 2020:
S2213-6711(20)30461-6.

94. Chen PY, Qin L, Li G, Malagon-Lopez J, Wang Z, Bergaya S,
et al. Smoothmuscle cell reprogramming in aortic aneurysms. Cell
Stem Cell. 2020;26(4):542–57 e11.

95. Golledge J, Krishna SM, Wang Y. Mouse models for abdominal
aortic aneurysm. Br J Pharmacol. 2020:15620.

96. O’Brien RM. Moving on from GWAS: functional studies on the
G6PC2 gene implicated in the regulation of fasting blood glucose.
Curr Diab Rep. 2013;13(6):768–77.

97. Gutierrez-Aguilar R, Kim DH, Casimir M, Dai XQ, Pfluger PT,
Park J, et al. The role of the transcription factor ETV5 in insulin
exocytosis. Diabetologia. 2014;57(2):383–91.

98. Graham LA, Padmanabhan S, Fraser NJ, Kumar S, Bates JM,
Raffi HS, et al. Validation of uromodulin as a candidate gene for
human essential hypertension. Hypertension. 2014;63(3):551–8.

99. Teslovich TM, Musunuru K, Smith AV, Edmondson AC, Stylianou
IM, Koseki M, et al. Biological, clinical and population relevance of
95 loci for blood lipids. Nature. 2010;466(7307):707–13.

100. Guo Y, Fan Y, Zhang J, Lomberk GA, Zhou Z, Sun L, et al.
Perhexiline activates KLF14 and reduces atherosclerosis by mod-
ulating ApoA-I production. J Clin Invest. 2015;125(10):3819–30.

101. Jaiswal S, Ebert BL. Clonal hematopoiesis in human aging and
disease. Science. 2019;366(6465):eaan4673.

102. Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG, Shvartz E,
et al. Clonal hematopoiesis and risk of atherosclerotic cardiovas-
cular disease. N Engl J Med. 2017;377(2):111–21.

103. Fuster JJ, MacLauchlan S, Zuriaga MA, Polackal MN, Ostriker
AC, Chakraborty R, et al. Clonal hematopoiesis associated with
TET2 deficiency accelerates atherosclerosis development in mice.
Science. 2017;355(6327):842–7.

104. Fan J, Kitajima S, Watanabe T, Xu J, Zhang J, Liu E, et al. Rabbit
models for the study of human atherosclerosis: from pathophysi-
ological mechanisms to translational medicine. Pharmacol Ther.
2015;146:104–19.

105. Hegele RA. CETP inhibitors - a new inning? N Engl J Med.
2017;377(13):1284–5.

106. Zhang J, Niimi M, Yang D, Liang J, Xu J, Kimura T, et al.
Deficiency of cholesteryl ester transfer protein protects against
atherosclerosis in rabbits. Arterioscler Thromb Vasc Biol.
2017;37(6):1068–75.

107. Zhu F, Nair RR, Fisher EMC, Cunningham TJ. Humanising the
mouse genome piece by piece. Nat Commun. 2019;10(1):1845.

108. Pascolo S, Bervas N, Ure JM, Smith AG, Lemonnier FA, Perarnau
B. HLA-A2.1-restricted education and cytolytic activity of CD8(+
) T lymphocytes from beta2 microglobulin (beta2m) HLA-A2.1
monochain transgenic H-2Db beta2m double knock-out mice. J
Exp Med. 1997;185(12):2043–51.

109. Schreiweis C, Bornschein U, Burguière E, Kerimoglu C, Schreiter
S, DannemannM, et al. Humanized Foxp2 accelerates learning by
enhancing transitions from declarative to procedural performance.
Proc Natl Acad Sci U S A. 2014;111(39):14253–8.

110. Reaume AG, Howland DS, Trusko SP, Savage MJ, Lang DM,
Greenberg BD, et al. Enhanced amyloidogenic processing of the
beta-amyloid precursor protein in gene-targeted mice bearing the
Swedish familial Alzheimer’s disease mutations and a “human-
ized” Abeta sequence. J Biol Chem. 1996;271(38):23380–8.

111. Raffai RL, Dong LM, Farese RV Jr, Weisgraber KH. Introduction
of human apolipoprotein E4 “domain interaction” into mouse apo-
lipoprotein E. Proc Natl Acad Sci U S A. 2001;98(20):11587–91.

112. Malloy SI, Altenburg MK, Knouff C, Lanningham-Foster L,
Parks JS, Maeda N. Harmful effects of increased LDLR expres-
sion in mice with human APOE*4 but not APOE*3. Arterioscler
Thromb Vasc Biol. 2004;24(1):91–7.

113. Sullivan PM, Mezdour H, Quarfordt SH, Maeda N. Type III
hyperlipoproteinemia and spontaneous atherosclerosis in mice
resulting from gene replacement of mouse Apoe with human
Apoe*2. J Clin Invest. 1998;102(1):130–5.

114. Knouff C, Hinsdale ME, Mezdour H, Altenburg MK, Watanabe M,
Quarfordt SH, et al. Apo E structure determines VLDL clearance and
atherosclerosis risk in mice. J Clin Invest. 1999;103(11):1579–86.

115. Jiang XC,Masucci-Magoulas L, Mar J, Lin M, Walsh A, Breslow
JL, et al. Down-regulation of mRNA for the low density lipopro-
tein receptor in transgenic mice containing the gene for human
cholesteryl ester transfer protein. Mechanism to explain accumu-
lation of lipoprotein B particles. J Biol Chem. 1993;268(36):
27406–12.

116. Luo JL, Yang Q, TongWM, Hergenhahn M, Wang ZQ, Hollstein
M. Knock-in mice with a chimeric human/murine p53 gene de-
velop normally and show wild-type p53 responses to DNA dam-
aging agents: a new biomedical research tool. Oncogene.
2001;20(3):320–8.

117. Menalled LB, Kudwa AE, Miller S, Fitzpatrick J, Watson-
Johnson J, Keating N, et al. Comprehensive behavioral and

652 Cardiovasc Drugs Ther (2021) 35:637–654



molecular characterization of a new knock-in mouse model of
Huntington’s disease: zQ175. PLoS One. 2012;7(12):e49838.

118. Schmouth JF, Bonaguro RJ, Corso-Diaz X, Simpson EM.
Modelling human regulatory variation in mouse: finding the func-
tion in genome-wide association studies and whole-genome se-
quencing. PLoS Genet. 2012;8(3):e1002544.

119. Gawenis LR, Hodges CA, McHugh DR, Valerio DM, Miron A,
Cotton CU, et al. A BAC transgene expressing human CFTR
under control of its regulatory elements rescues Cftr knockout
mice. Sci Rep. 2019;9(1):11828.

120. Taguchi T, Ikuno M, Hondo M, Parajuli LK, Taguchi K, Ueda J,
et al. alpha-Synuclein BAC transgenic mice exhibit RBD-like be-
haviour and hyposmia: a prodromal Parkinson’s disease model.
Brain. 2020;143(1):249–65.

121. Tian X, Richard A, El-Saadi MW, Bhandari A, Latimer B, Van
Savage I, et al. Dosage sensitivity intolerance of VIPR2
microduplication is disease causative to manifest schizophrenia-
like phenotypes in a novel BAC transgenic mouse model. Mol
Psychiatry. 2019;24(12):1884–901.

122. Cubria MB, Suarez S, Masoudi A, Oftadeh R, Kamalapathy P,
DuBose A, et al. Evaluation of musculoskeletal phenotype of the
G608G progeria mouse model with lonafarnib, pravastatin, and
zoledronic acid as treatment groups. Proc Natl Acad Sci U S A.
2020;117(22):12029–40.

123. Dash PK, Alomar FA, Hackfort BT, Su H, Conaway A,
Poluektova LY, et al. HIV-1-associated left ventricular cardiac
dysfunction in humanized mice. Sci Rep. 2020;10(1):9746.

124. Xu J, Livraghi-Butrico A, Hou X, Rajagopalan C, Zhang J, Song
J, et al. Phenotypes of CF rabbits generated by CRISPR/Cas9-
mediated disruption of the CFTR gene. JCI Insight. 2020;6(1):
e139813.

125. Suemizu H, Hasegawa M, Kawai K, Taniguchi K, Monnai M,
Wakui M, et al. Establishment of a humanized model of liver
using NOD/Shi-scid IL2Rgnull mice. Biochem Biophys Res
Commun. 2008;377(1):248–52.

126. Hasegawa M, Kawai K, Mitsui T, Taniguchi K, Monnai M,
Wakui M, et al. The reconstituted ‘humanized liver’ in TK-
NOG mice is mature and functional. Biochem Biophys Res
Commun. 2011;405(3):405–10.

127. Jiang C, Li P, Ruan X, Ma Y, Kawai K, Suemizu H, et al.
Comparative transcriptomics analyses in livers of mice, humans,
and humanized mice define human-specific gene networks. Cells.
2020;9(12):2566.

128. Seifuddin F, SinghK, Suresh A, Judy JT, ChenYC, Chaitankar V,
et al. lncRNAKB, a knowledgebase of tissue-specific functional
annotation and trait association of long noncoding RNA. Sci Data.
2020;7(1):326.

129. Sugahara G, Yamasaki C, Yanagi A, Furukawa S, Ogawa Y,
Fukuda A, et al. Humanized liver mouse model with transplanted
human hepatocytes from patients with ornithine transcarbamylase
deficiency. J Inherit Metab Dis. 2020:12347.

130. Sari G, Meester EJ, van der Zee LC, Wouters K, van Lennep JR,
PeppelenboschM, et al. Amouse model of humanized liver shows
a human-like lipid profile, but does not form atherosclerotic
plaque after western type diet. Biochem Biophys Res Commun.
2020;524(2):510–5.

131. Watanabe Y, Ito T, Saeki M, Kuroda M, Tanzawa K, Mochizuki
M, et al. Hypolipidemic effects of CS-500 (ML-236B) in WHHL-
rabbit, a heritable animal model for hyperlipidemia.
Atherosclerosis. 1981;38(1-2):27–31.

132. Shiomi M, Koike T, Ito T. Contribution of the WHHL rabbit, an
animal model of familial hypercholesterolemia, to elucidation of
the anti-atherosclerotic effects of statins. Atherosclerosis.
2013;231(1):39–47.

133. ShiomiM, Ito T, Yamada S, Kawashima S, Fan J. Development of an
animal model for spontaneous myocardial infarction (WHHLMI rab-
bit). Arterioscler Thromb Vasc Biol. 2003;23(7):1239–44.

134. Niimi M, Yang D, Kitajima S, Ning B, Wang C, Li S, et al. ApoE
knockout rabbits: a novel model for the study of human hyperlip-
idemia. Atherosclerosis. 2016;245:187–93.

135. Fan J, Shimoyamada H, SunH,Marcovina S, HondaK,Watanabe
T. Transgenic rabbits expressing human apolipoprotein(a) develop
more extensive atherosclerotic lesions in response to a cholesterol-
rich diet. Arterioscler Thromb Vasc Biol. 2001;21(1):88–94.

136. Song J, Yang D, Xu J, Zhu T, Chen YE, Zhang J. RS-1 enhances
CRISPR/Cas9- and TALEN-mediated knock-in efficiency. Nat
Commun. 2016;7:10548.

137. Yan Q, Zhang Q, Yang H, Zou Q, Tang C, Fan N, et al.
Generation of multi-gene knockout rabbits using the Cas9/
gRNA system. Cell Regen. 2014;3(1):12.

138. Freeman DJ, Packard CJ, Shepherd J, Gaffney D. Polymorphisms
in the gene coding for cholesteryl ester transfer protein are related
to plasma high-density lipoprotein cholesterol and transfer protein
activity. Clin Sci (Lond). 1990;79(6):575–81.

139. Corbex M, Poirier O, Fumeron F, Betoulle D, Evans A, Ruidavets
JB, et al. Extensive association analysis between the CETP gene
and coronary heart disease phenotypes reveals several putative
functional polymorphisms and gene-environment interaction.
Genet Epidemiol. 2000;19(1):64–80.

140. Prasad G, Bandesh K, Giri AK, Kauser Y, Chanda P, Parekatt V,
et al. Genome-wide association study of metabolic syndrome re-
veals primary genetic variants at CETP locus in Indians.
Biomolecules. 2019;9(8):321.

141. Park YM, Province MA, Gao X, Feitosa M, Wu J, Ma D, et al.
Longitudinal trends in the association of metabolic syndrome with
550 k single-nucleotide polymorphisms in the Framingham Heart
Study. BMC Proc. 2009;3(Suppl 7):S116.

142. Moriyama Y, Okamura T, Inazu A, Doi M, Iso H, Mouri Y, et al.
A low prevalence of coronary heart disease among subjects with
increased high-density lipoprotein cholesterol levels, including
those with plasma cholesteryl ester transfer protein deficiency.
Prev Med. 1998;27(5 Pt 1):659–67.

143. Inazu A, Brown ML, Hesler CB, Agellon LB, Koizumi J, Takata
K, et al. Increased high-density lipoprotein levels caused by a
common cholesteryl-ester transfer protein gene mutation. N Engl
J Med. 1990;323(18):1234–8.

144. LuY, LiangM, ZhangQ, Liu Z, SongY, Lai L, et al. Mutations of
GADD45G in rabbits cause cleft lip by the disorder of prolifera-
tion, apoptosis and epithelial-mesenchymal transition (EMT).
Biochim Biophys Acta Mol basis Dis. 2019;1865(9):2356–67.

145. Au-Yang D, Au-Zhang J, Au-Xu J, Au-Zhu T, Au-Fan Y, Au-Fan
J, et al. Production of apolipoprotein C-III knockout rabbits using
zinc finger nucleases. JoVE. 2013;(81):e50957.

146. Koike T, Kitajima S, Yu Y, Li Y, Nishijima K, Liu E, et al.
Expression of human apoAII in transgenic rabbits leads to dyslip-
idemia: a new model for combined hyperlipidemia. Arterioscler
Thromb Vasc Biol. 2009;29(12):2047–53.

147. Wang Y, Niimi M, Nishijima K, Waqar AB, Yu Y, Koike T, et al.
Human apolipoprotein A-II protects against diet-induced athero-
sclerosis in transgenic rabbits. Arterioscler Thromb Vasc Biol.
2013;33(2):224–31.

148. Song J, Wang G, Hoenerhoff MJ, Ruan J, Yang D, Zhang J, et al.
Bacterial and pneumocystis infections in the lungs of gene-
knockout rabbits with severe combined immunodeficiency.
Front Immunol. 2018;9:429.

149. Yang D, Liang X, Pallas B, Hoenerhoff M, Ren Z, Han R, et al.
Production of CFTR-DeltaF508 Rabbits. Front Genet. 2020;11:
627666.

150. McGarrah RW, Crown SB, Zhang GF, Shah SH, Newgard CB.
Cardiovascular metabolomics. Circ Res. 2018;122(9):1238–58.

653Cardiovasc Drugs Ther (2021) 35:637–654



151. Nath AP, Ritchie SC, Byars SG, Fearnley LG, Havulinna AS,
Joensuu A, et al. An interaction map of circulating metabolites,
immune gene networks, and their genetic regulation. Genome
Biol. 2017;18(1):146.

152. Chouchani ET, Pell VR, Gaude E, Aksentijevic D, Sundier SY,
Robb EL, et al. Ischaemic accumulation of succinate controls re-
perfusion injury through mitochondrial ROS. Nature.
2014;515(7527):431–5.

153. Bhattacharya S, Granger CB, Craig D, Haynes C, Bain J, Stevens
RD, et al. Validation of the association between a branched chain
amino acid metabolite profile and extremes of coronary artery
disease in patients referred for cardiac catheterization.
Atherosclerosis. 2014;232(1):191–6.

154. Shah SH, Bain JR, Muehlbauer MJ, Stevens RD, Crosslin DR,
Haynes C, et al. Association of a peripheral blood metabolic pro-
file with coronary artery disease and risk of subsequent cardiovas-
cular events. Circ Cardiovasc Genet. 2010;3(2):207–14.

155. Shah SH, Sun JL, Stevens RD, Bain JR, Muehlbauer MJ, Pieper
KS, et al. Baseline metabolomic profiles predict cardiovascular
events in patients at risk for coronary artery disease. Am Heart J.
2012;163(5):844–50 e1.

156. Mittelstrass K, Ried JS, Yu Z, Krumsiek J, Gieger C, Prehn C,
et al. Discovery of sexual dimorphisms in metabolic and genetic
biomarkers. PLoS Genet. 2011;7(8):e1002215.

157. TangWH,Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, et al.
Intestinal microbial metabolism of phosphatidylcholine and car-
diovascular risk. N Engl J Med. 2013;368(17):1575–84.

158. Zhao M, Zhao L, Xiong X, He Y, Huang W, Liu Z, et al.
TMAVA, a metabolite of intestinal microbes, is increased in plas-
ma from patients with liver steatosis, inhibits gamma-
Butyrobetaine hydroxylase, and exacerbates fatty liver in mice.
Gastroenterology. 2020;158(8):2266–81 e27.

159. Rom O, Liu Y, Liu Z, Zhao Y, Wu J, Ghrayeb A, et al. Glycine-
based treatment ameliorates NAFLD by modulating fatty acid
oxidation, glutathione synthesis, and the gut microbiome. Sci
Transl Med. 2020;12(572):eaaz2841.

160. Gieger C, Geistlinger L, Altmaier E, Hrabe de Angelis M,
Kronenberg F, Meitinger T, et al. Genetics meets metabolomics:
a genome-wide association study of metabolite profiles in human
serum. PLoS Genet. 2008;4(11):e1000282.

161. Shah SH, Hauser ER, Bain JR, Muehlbauer MJ, Haynes C,
Stevens RD, et al. High heritability of metabolomic profiles in
families burdened with premature cardiovascular disease. Mol
Syst Biol. 2009;5:258.

162. Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR,
et al. Genetic studies of body mass index yield new insights for
obesity biology. Nature. 2015;518(7538):197–206.

163. Cheng S, Shah SH, Corwin EJ, Fiehn O, Fitzgerald RL, Gerszten
RE, et al. Potential impact and study considerations of metabolo-
mics in cardiovascular health and disease: a scientific statement
from the American Heart Association. Circ Cardiovasc Genet.
2017;10(2):e000032.

164. Demirkan A, Henneman P, Verhoeven A, Dharuri H, Amin N,
van Klinken JB, et al. Insight in genome-wide association of me-
tabolite quantitative traits by exome sequence analyses. PLoS
Genet. 2015;11(1):e1004835.

165. Hong MG, Karlsson R, Magnusson PK, Lewis MR, Isaacs W,
Zheng LS, et al. A genome-wide assessment of variability in hu-
man serum metabolism. Hum Mutat. 2013;34(3):515–24.

166. Kwok MK, Kawachi I, Rehkopf D, Schooling CM. The role of
cortisol in ischemic heart disease, ischemic stroke, type 2 diabetes,
and cardiovascular disease risk factors: a bi-directional Mendelian
randomization study. BMC Med. 2020;18(1):363.

167. Feofanova EV, Chen H, Dai Y, Jia P, Grove ML, Morrison AC,
et al. A genome-wide association study discovers 46 loci of the
human metabolome in the hispanic community health study/study
of Latinos. Am J Hum Genet. 2020;107(5):849–63.

168. Jones GT, Marsman J, Bhat B, Phillips VL, Chatterjee A, Rodger
EJ, et al. DNA methylation profiling identifies a high effect genetic
variant for lipoprotein(a) levels. Epigenetics. 2020;15(9):949–58.

169. Karjalainen MK, Holmes MV, Wang Q, Anufrieva O, Kahonen
M, Lehtimaki T, et al. Apolipoprotein A-I concentrations and risk
of coronary artery disease: a Mendelian randomization study.
Atherosclerosis. 2020;299:56–63.

170. Tabassum R, Ramo JT, Ripatti P, Koskela JT, Kurki M,
Karjalainen J, et al. Genetic architecture of human plasma
lipidome and its link to cardiovascular disease. Nat Commun.
2019;10(1):4329.

171. Clish CB.Metabolomics: an emerging but powerful tool for precision
medicine. Cold Spring Harb Mol Case Stud. 2015;1(1):a000588.

172. Braun KVE, Dhana K, de Vries PS, Voortman T, van Meurs JBJ,
Uitterlinden AG, et al. Epigenome-wide association study (EWAS)
on lipids: the Rotterdam Study. Clin Epigenetics. 2017;9:15.

173. Nuotio ML, Pervjakova N, Joensuu A, Karhunen V, Hiekkalinna
T, Milani L, et al. An epigenome-wide association study of met-
abolic syndrome and its components. Sci Rep. 2020;10(1):20567.

174. Chitrala KN, Hernandez DG, Nalls MA, Mode NA, Zonderman
AB, Ezike N, et al. Race-specific alterations in DNA methylation
among middle-aged African Americans andWhites with metabol-
ic syndrome. Epigenetics. 2020;15(5):462–82.

175. Soriano-Tarraga C, Lazcano U, Giralt-Steinhauer E, Avellaneda-
Gomez C, Ois A, Rodriguez-Campello A, et al. Identification of
20 novel loci associated with ischaemic stroke. Epigenome-wide
association study. Epigenetics. 2020;15(9):988–97.

176. Kazmi N, Elliott HR, Burrows K, Tillin T, Hughes AD,
Chaturvedi N, et al. Associations between high blood pressure
and DNA methylation. PLoS One. 2020;15(1):e0227728.

177. Meder B, Haas J, Sedaghat-Hamedani F, Kayvanpour E, Frese K,
Lai A, et al. Epigenome-wide association study identifies cardiac
gene patterning and a novel class of biomarkers for heart failure.
Circulation. 2017;136(16):1528–44.

178. Kim H, Kulkarni RN. Epigenetics in beta-cell adaptation and type
2 diabetes. Curr Opin Pharmacol. 2020;55:125–31.

179. Ryer EJ, Ronning KE, Erdman R, Schworer CM, Elmore JR,
Peeler TC, et al. The potential role of DNAmethylation in abdom-
inal aortic aneurysms. Int J Mol Sci. 2015;16(5):11259–75.

180. Agha G, Mendelson MM, Ward-Caviness CK, Joehanes R, Huan
T, Gondalia R, et al. Blood leukocyte DNA methylation predicts
risk of future myocardial infarction and coronary heart disease.
Circulation. 2019;140(8):645–57.

181. Wang B, Lunetta KL, Dupuis J, Lubitz SA, Trinquart L, Yao L,
et al. Integrative omics approach to identifying genes associated
with atrial fibrillation. Circ Res. 2020;126(3):350–60.

182. Vineis P, Khan AE, Vlaanderen J, Vermeulen R. The impact of
new research technologies on our understanding of environmental
causes of disease: the concept of clinical vulnerability. Environ
Health. 2009;8:54.

183. Lau A, So HC. Turning genome-wide association study findings
into opportunities for drug repositioning. Comput Struct
Biotechnol J. 2020;18:1639–50.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

654 Cardiovasc Drugs Ther (2021) 35:637–654


	Integration of Transformative Platforms for the Discovery of Causative Genes in Cardiovascular Diseases
	Abstract
	Introduction
	Emerging Platforms for Advancement of Functional Studies in Relation to GWAS
	RNA Sequencing and Single-Cell RNA Sequencing
	RNAseq
	scRNA-seq

	Human-Induced Pluripotent Stem Cells and Organoids
	Induced Pluripotent Stem Cells
	Organoids

	Animal Models for GWAS-Associated Studies
	Knock-Out and Knock-In Mouse Models
	Humanized Mouse Genomes Through Knock-In or Transgenic Technologies
	Humanized Mouse Models Through Transplantation of Human Cells
	Rabbit Models

	Metabolomics
	Epigenomics

	Summary and Perspectives
	References


