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Abstract

Vascular diseases are usually caused by multifactorial pathogeneses involving genetic and
environmental factors. Our current understanding of vascular disease is, however, based on the
focused genotype/phenotype studies driven by the “one-gene/one-phenotype” hypothesis. Drugs
with “pure target” at individual molecules involved in the pathophysiological pathways are the
mainstream of current clinical treatments and the basis of combination therapy of vascular
diseases. Recently, the combination of genomics, proteomics, and metabolomics has unraveled the
etiology and pathophysiology of vascular disease in a big-data fashion and also revealed
unmatched relationships between the omic variability and the much narrower definition of various
clinical phenotypes of vascular disease in individual patients. Here, we introduce the phenomics
strategy that will change the conventional focused phenotype/genotype/genome study to a new
systematic phenome/genome/proteome approach to the understanding of pathophysiology and
combination therapy of vascular disease. A phenome is the sum total of an organism’s phenotypic
traits that signify the expression of genome and specific environmental influence. Phenomics is the
study of phenome to quantitatively correlate complex traits to variability not only in genome, but
also in transcritome, proteome, metabolome, interactome, and environmental factors by exploring
the systems biology that links the genomic and phenomic spaces. The application of phenomics
and the phenome-wide associated study (PheWAS) will not only identify a systemically-integrated
set of biomarkers for diagnosis and prognosis of vascular disease but also provide novel treatment
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targets for combination therapy and thus make a revolutionary paradigm shift in the clinical
treatment of these devastating diseases.
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INTRODUCTION

It is well known that vascular disease, including atherosclerosis, hypertension, stroke, and
pulmonary arterial hypertension, are usually caused by multifactorial pathogeneses involving
both genetic and environmental factors (Fig. 1) [1]. The conventional hypothesis-driven
approaches to vascular research, however, mainly focus on individual factors that are
presumably involved in the pathophysiology of vascular disease. While some of these factors
have been extensively studied and become the mainstream targets of current clinical
treatment of vascular disease, many other factors have been largely neglected or not studied
at all [2-5]. A deeper understanding of the genetic basis of vascular disease may provide
new insights into the mechanisms underlying the pathophysiology and facilitate
development of novel diagnostic and therapeutic modalities. Traditionally, the phenotype-
genotype relationship of a disease is studied using strategies of either forward genetics (top-
down), which starts with one phenotype and considers its link with one or many genotypes
(such as genetic linkage studies), or reverse genetics (bottom-up), which starts with one
genotype and see whether its relationship with the phenotype can be confirmed (such as
functional studies of gene overexpression or knockout, Fig. 2). In the era of post-genome,
the emergence of many omics technologies and platforms, including genomics, proteomics,
and metabolomics, has provided many unbiased approaches to unravel the etiology and
pathophysiology of many vascular diseases in the fashion of global and integrated biological
system rather than single gene-based individual molecular components (Fig. 3). As a
consequence of these ‘omics’ studies the current definition of clinical phenotypes of
complex disease and combination drug therapy can no longer “match” to the increasingly
detailed genomic/ proteomic/metabolomic variants. This has created major challenges for a
complete understanding of the relationship between the genomic/proteomic/metabonomic
variability and the phenotypic vascular disease in individual patients and the translation of
the knowledge of genomic/proteomic/metabonomic research into clinical practice of
combination therapy of vascular disease [2, 6, 7]. Clearly, newer approaches are needed for
the redefinition of disease using not only the traditional signs and symptoms but also the
underlying genomic/proteomic causes and other factors [8]. Here, we introduce the
phenomics strategy that will make the transition from the conventional focused genotype/
phenotype studies to the global genome/phenome approaches to a systematical
understanding of pathophysilogical mechanisms and combination therapy of vascular
disease. We also discuss about the advance from the genome-wide association studies
(GWAS) to the phenome-wide association studies (PheWAS) in vascular medicine. It is
believed that the application of phenomics in the study of vascular disease will identify
systemically integrated biomarkers for diagnosis and prognosis and novel treatment targets
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for combination therapy and thus make a revolutionary paradigm shift in the clinical
treatment of vascular disease.

GENETICS, GENOME, AND GWAs IN VASCULAR DISEASE

A wide variety of approaches have been used to study the association of genetic
polymorphisms to phenotypes of vascular disease, evolving from genetics, to genomics and
GWAS with the improvement of genotyping analyses. The candidate gene approach is the
earliest and simplest method using the strategy of forward genetics based on a priori
hypothesis to determine whether a gene is responsible for an intermediate phenotype, such
as a molecular and cellular function, or a clinical manifestation. The focus of candidate gene
study is on single genes mainly located in exons with polymorphisms that have a major role
in determining the gene expression and the transduced protein or changes in cellular
function. Cambien et a/. published the first study of candidate gene in cardiovascular disease
in 1992 [9]. They showed that homozygotes with a deletion in the angiotensin converting
enzyme (ACE) gene were at higher risk of coronary artery disease and myocardial
infarction. This association was more evident in subjects lacking of some well-established
non-genetic risk factors, suggesting the importance of studying both genetic and
environmental factors [9]. Later, it was noted that in a gene of 30 Kb there are 10-100
polymorphisms that are potentially responsible for variations of the genetic effect.
Therefore, later studies started to genotype more than one polymorphism in the same gene.
For example, lacoviello et a/. found that two polymorphisms in distant regions of the gene
encoding for coagulation factor VII were associated with myocardial infarction (MI) and
suggested a higher gene effect for the presence of both risk alleles [10]. This has increased
the analysis complexity and furnished an enormous amount of information in a big-data
fashion.

Since the completion of the Human Genome Project in 2000, millions of single nucleotide
polymorphisms (SNPs) have been discovered in the human genome. While the SNP is
deliberately chosen to mark a gene hypothesized a priori to play a mechanistic role
determining the trait in a candidate gene study, SNPs from across the entire genome are
studied agnostically, without premeditation regarding their possible function in a genome-
wide association study (GWAS). The patterns of linkage disequilibrium (LD) in the human
genome have also been characterized through the International HapMap Project. With the
availability of high-throughput genotyping platforms and significantly decreased costs of
genotyping and genome sequencing, GWAS has become more affordable and has gradually
overwhelmed the analyses on a single candidate gene. GWAS has provided a systematic
approach to investigation of the impact of common genomic variations on human vascular
disease, such as acute coronary artery syndrome and hypertension [10-14]. While some
studies started to use the clustering of common clinical domain phenotypes, most of current
GWAS are still using the hypothesis-driven strategy for identifying genetic mechanisms and
remains largely focused on clinical categories that do not provide adequate etiological
information [15]. In GWAS, a single pre-defined disease or clinical phenotype (trait) is
studied and the accrual of a large number of single gene variant—phenotype associations has
serendipitously identified one gene affecting or responsible for more than one phenotypic
characteristic or single loci associated with multiple diseases (pleiotropy). In addition to the
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levels of encoded protein in basal conditions, the link between genetic variants and
phenotypic diversities could be resulted from different responses to an environmental
stimulus (Fig. 1). A final target environmental risk factor can interact with a variety of
molecular pathways, which are in turn regulated by multiple genetic factors. Consequently,
the effects of environmental risk factors could be modified by different genetic background.
As a classic example of how genetic background could impact in disease pathogenesis, it
was found that patients with different genotypes showed different levels of monocyte-
production of cytokines in response to stimulation with lipopolysaccharide, corresponding to
a different response of monocytes to inflammatory stimulation and risk of ischemic vascular
disease (MI and stroke) at young age [16]. Actually, a risk factor together with other risk
factors such as high salt intake, hypercholesterolaemia, smoking, obesity, sedentary life-
style, kidney dysfunction, and vascular inflammation, is very common in the development of
hypertension [13, 17-20]. These risk factors lead to early functional and structural changes
of the vasculature (e.g. endothelial dysfunction and increased vascular stiffness) that then
gradually develop into early and advanced organ damage and failure and hypertension (Fig.
4). During the development of hypertension the genome remains largely unchanged, whereas
it is clear that the expression and function of proteins, metabolisms, structure of tissues and
organs undergo substantial changes. Therefore, while genetic factors define an individual’s
potential or risk for hypertension early in life, their applications in the diagnosis and
prognosis of hypertension and prediction of an individual’s risk of developing overt organ
damage are very limited. Due to the dynamic nature of disease development, the
transcriptome, proteome, metabolome, and interactome will not only change due to disease
processes but also in response to therapeutic measures and can therefore be used to unravel
the pathophysiological pathways responsible for vascular disease and to monitor treatment
effects. In order to gain a more comprehensive and quantitative understanding of the
complex interplay of multiple mechanisms in vascular disease the ‘omics’- based studies
have been developed in vascular medicine in the past few years [21-24]. These ‘omics’
strategies, including genomics, transcriptomics, proteomics, and metabolomics, however, are
still based on the traditional molecular biology principle that DNA is transcribed to RNA
and translated to proteins that control an organism’s metabolism. Accordingly, these
approaches start from a global study of a large number of molecules and then dissect the
changes in the expression of individual genes and proteins under the influence of vascular
disease or drug treatment. As a consequence of these ‘omics’ studies the current definition
of clinical phenotypes of complex disease and combination drug therapy are not adequately
explained by the increasingly detailed genomic/proteomic/metabolomic variants. This has
created major challenges for a complete understanding of the relationship between the
genomic/proteomic/metabonomic variability and the phenotypic vascular disease in
individual patients and the translation of the knowledge of genomic/proteomic/metabonomic
research into the clinical practice of combination therapy of vascular disease [2, 6, 7].
Therefore, current approaches including GWAS for identifying genetic mechanisms or.
pleiotropy of vascular diseases remain largely focused on clinical categories that do not
adequately reflect the etiology of the diseases [12]. The reason for the limitation is that the
conventional concept of vascular disease, for example hypertension, is defined as a clinical
phenotype, not a clinical phenome (Fig. 4). Clearly, the current definition of vascular disease
is out of date and newer approaches are needed for the redefinition of vascular disease using
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not only the traditional signs and symptoms but also the underlying molecular causes at the
scale of genome/proteome and the interaction with environmental factors and their
modifying role over a longer period of time. The newly developed phenomic approach that
assembles coherent sets of phenotypic features across individual measurements and
diagnostic boundaries provides a new opportunity for systematical investigations of
established biological pathways and complements the traditional candidate gene strategy or
GWAS focused on single genotype-phenotype association [25, 26]. This new approach
provides a novel paradigm for the redefinition of vascular disease as new category of clinical
phenome (Fig. 4).

PHENOME, PHENOMICS, AND PheWAS IN VASCULAR DISEASE

A phenome is the sum of complete phenotypic characteristics (phenomic traits) that signify
the expression of the whole genome, proteome, and metabolome under specific
environmental influence [26—29]. Phenomics is a recently developed new transdiscipline that
studies phenome in order to correlate complex traits to variability not only in genome, but
also in proteome, metabolome, interactome, and environmental factors [28-32]. It provides a
suite of new technologies and platforms for the transition from focused phenotype- genotype
study to a systematic phenome-genome approach, which can be used to redefine the clinical
phenotypes of diseases. Phenomics is a multi-phenotype approach that requires collection of
a wide breadth of phenotypes with fine resolution, phenomic analysis with constructing heat
maps, cluster analysis, pathway analysis, text mining and big data analysis (Fig. 5). Clinical
phenomics is the systematic measurement and analysis of qualitative and quantitative
clinical phenome (traits), including clinical signs and symptoms, and laboratory results
obtained by biochemical, genomic, proteomic, metabolomic, and imaging methods, for the
refinement and characterization of a clinical phenome.

What will emerge from a phenomics (including clinical phenomics) approach is a more valid
and etiologically-based systematic definition of disease phenome (Fig. 4) that may be quite
different from those of current disease phenotypes defined by using the clinical symptoms at
an organ (e.g., coronary artery, heart, kidney etc.) or system (e.g., cardiovascular or nervous
system) level alone, as has been the tradition in clinical practice of Western medicine for the
past centuries (Fig. 2). Accordingly, disease should now be defined as a clinical phenome
that is the sum total of a patient’s clinical characteristics or phenomic traits that signify the
expression of the whole genome, proteome, and metabolome under specific environmental
influence (Fig. 4). For example, the identification of multiple disease genes or proteins at the
genomic and proteomic levels provide a solid platform for novel definition of the
systematically integrated (or clustered) hypertensive phenotypes (hypertension phenome)
under the scope of the whole genome/proteome/metabolome (Fig. 4). Therefore, the
hypertension phenome will now include not only clinical symptoms of elevated blood
pressure (hypertension) but also a series of other systematically-defined phenotypic
characteristics at different levels, including vascular morphology and function, heart-kidney-
neural circuits/networks, metabolites, proteins, and genes (Fig. 4). It is interesting that in the
traditional Chinese medicine (TMC) no hypertension was defined as a single disease (or
clinical phenotype). The symptoms of “hypertension” were included in 4 to 5 different
“Zheng-Hou” (Fig. 4) defined as “liver yang hyperactivity (or Gang- Yang-Shang-Kang)”,
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“liver-gi stagnancy (or Gang-Qi-Yu-Jie)”, “Ying-deficiency with Yang-Hyperactivity (or
Yin-Xu-Yang-Sheng)”, or “Abundant Phlegm-dampness (or 7an-Shi-Yong-Sheng)”[33]. In
current terms, Zheng-Hou can be explained as a clinical phenome while hypertension is a
phenotype [34]. Therefore, phenomics study of TMC may help to redefine these
hypertensionassociated Zheng-hou at the omics level, /.e., the hypertensive phenome of
vascular disease (Fig. 4). With well-defined disease phenomes and a suite of new phenomics
technologies and platforms (Fig. 5) the phenomics approach may be used to characterize the
phenomes of vascular disease and also to identify the corresponding therapeutic targets for
combination therapy at the level of systems biology. Therefore, phenomics will complement
other omics approaches, including genomics, proteomics, and metabolomics, and provide a
new paradigm for the study of vascular disease and for rationally selecting drug targets and
treatments suitable for personalized medicine (Fig. 5). It can be envisaged that phenomics
will refine the definition and diagnosis of vascular disease phenome and with systematically-
defined therapeutic targets and improve predictive validity for outcomes of drug treatment.

As a mimic to the GWAS, Denny et al. proposed in 2010 a novel approach termed phenome-
wide association study (PheWAS) to screen phenomic data for disease-gene associations
[35]. PheWAS utilizes phenomics and big-data technologies to analyze all genetic/proteomic
variants and all available phenotypic information from EMRs, electronic health records
(EHRs), or observational cohort containing all types of diagnoses of clinical phenotypes
such as data from the Clinical Data Warehouse (CDW) in the estimation of association
between genome-phenome and detection of pleiotropy [25, 26, 28, 31, 36-38]. With
PheWAS, associations between a specific genetic variant and a wide range of physiological
and/or clinical outcomes and phenotypes can be explored either by using algorithms to parse
the data collected from EHRs, EMRs, or CDW. Denny et a/. used the International
Classification of Disease (ICD9) billing codes available in most electronic medical records
(EMRs) to develop a code translation table for automatic definition of 776 different disease
populations and used the prevalent ICD9 codes derived from the EMR database to define
their controls. Using this PheWAS algorithm, they genotyped 6005 European-Americans in
the BioVU, Vanderbilt's DNA biobank, accrued at five SNPs with previously reported
disease associations: coronary artery disease, atrial fibrillation, Crohn's disease, carotid
artery stenosis, multiple sclerosis, systemic lupus erythematosus and rheumatoid arthritis.
The PheWAS software was used to generate cases and control populations across all ICD9
code groups for each of these five SNPs and to analyze the disease-SNP associations. They
found 4 of 7 previously known SNP-disease associations were replicated. In addition, they
also identified 19 previously unknown statistical (P < 0.01) SNPs-diseases associations [35].
This study demonstrates the feasibility of using PheWAS analysis as an alternative method
that complements GWAS, to investigate genotype-phenotype (SNP-disease) associations.
Since 2010, PheWAS has been used to investigate whether SNPs associated with one
phenotype are also associated with other phenotypes [35, 39, 40]. More recently, Denny and
colleagues expanded their PheWAS using phenotypic data from the EMRs of 13,835
individuals to look for associations between 1,358 phenotypes and 3,144 SNPs that had
previously been found to show association with one or more traits in GWAS [41]. In cases
for which the PheWAS was sufficiently powered, they found 66% of associations from
GWAS were replicated. In addition, they also uncovered 63 cases of previously unknown
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associations, potentially as pleiotropic effects. EMR-based PheWASs provide a much
simpler approach to pleiotropy analysis than the current GWAS-based approach, which
requires complex integration of data from multiple studies. Robust test of the EMR/EHR-
based PheWAS allows unbiased interrogation across all domains of disease (heart diseases,
hypertension, stroke, brain diseases, diabetes, cancers, etc.), and can not only replicate what
is known about individual genotype-phenotype associations with various SNPs but also
uncover novel associations with a wide range of phenotypes in the EMR/EHR-based
cohorts. Larger EMR/EHR-based Phe-WASs may reveal more pleiotropy than has been
estimated from GWAS and have the potential to significantly improve our understanding of
the molecular etiologies of diseases. With the fast advance in big-data technology and
phenomics, we believe that the application of the EMR/EHR data-based PheWAS in
vascular medicine opens important avenues to enhance systematically-integrated analysis of
the genomic basis of human cardiovascular disease and responses to drug therapy and to
reform our understanding and clinical treatment of these devastating diseases with a new
concept of wholism.
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Genetic Biomarkers

Protein Biomarkers

Metabolite Biomarkers

Environmental Contribution to Vascular Disease

Figure 1. Schematic description of contributionsfrom the interplay between genetic and
environmental factorsto the development of vascular disease and therole of relative biomarkers
in clinical vascular disease phenotypes

The color spectrum of development of clinical phenotype of vascular disease schematically
shows that in most cases the vascular disease is caused neither solely by genomic factors
(green) nor totally by environmental (red) factors. The clinical phenotypes of vascular
disease in an individual patient are usually a sum result of the complex of interplay between
genetic and environmental contributions. Although in some conditions patients with a
positive genetic susceptibility to vascular disease may have a major genetic component,
whether the patient will manifest the full clinical phenotypes of the vascular disease is
dependent on the contributing environmental factors. Conversely, patients may have different
thresholds of an environmentally induced vascular disease depending on the individual’s
genetic background. A variety of biomarkers (including genes, microRNAs, proteins, small
molecules of metabolites, and imaging) can be deployed to delineate disease progression in
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vascular disease. Genetic biomarkers (gene mutations, single-nucleotide polymorphisms,
microRNAs etc.) can identify an individual’s genetic predisposition. However, it is the
environmental imprints on the genetic background that are responsible for the dynamic
production of abnormal unique proteins and/or small metabolites that foster disease
progression in the susceptible individuals. The environmental prediction of vascular disease
can be detected using protein or metabolite biomarkers. As the disease progresses further in
the susceptible individual, vascular structural and functional alterations can be detected
through imaging technologies.
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Figure 2. Genetic study of phenotype-genotype association
The traditional phenotype-genotype association study follows the principle of “one gene,

one protein, one phenotype (disease)” and uses either forward (top-down) genetics or reverse
(bottom-up) genetics strategy to identify the genetic variability responsible for the
phenotype or disease. This “one gene, one enzyme, one drug” principle has guided the
traditional drug research with identification of “one pure drug target” as the ideal drug with
pure therapeutic efficacy and the least side-effect or toxicity.
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Figure 3. Omic study of phenotype-genotype association
The post-genome approaches to phenotype-genotype association study use similar strategies

to those of genetic approaches but at an “omics” level. The top-down strategy uses a set of
technologies and approaches including genomics, transcriptomics, proteomics, interactomes,
and metabolomics to study the association of phenotype (a disease) and genome,
transcriptome, proteome, interactome, and metabolome. Disease phenotype may be
associated with multiple single-nucleotide polymorphisms (SNPs) or mutations of multiple
genes, or changes in expression and/or posttranslational modification profiles of multiple
proteins. The bottom-up strategy uses functional genomics, functional proteomics and
functional metabolomics to test whether the findings from the top-down studies are indeed
correlated to the phenotypes. These studies revealed a nonparallel relation between
phenotype and genome/proteome. This also leads to current challenges in the definition of
clinical phenotypes and “pure” drug targets.
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Figure 4. Phenomics approach to the definition of clinical phenome of vascular disease and the
identification of multiple drug targets suitable for personalized therapy

Hypertensive phenotypes will be systematically-integrated and defined as a new
hypertensive phenome of vascular disease according to the association with other related
(clustered) clinical phenotypes such as vascular dysfunction, vascular inflammation, lipid
metabolism, diabetes, and/or kidney dysfunction, multiple disease genes, SNPs, or proteins
identified under the scope of the whole genome/proteome/metabolome, using either the top-
down (comparative genomics, proteomics, metabolomics, GWAS, etc.) or bottom-up
(functional genomics, proteomics, metabolomics, PheWAS, etc.) or both strategies. In the
traditional Chinese medicine (TMC), the symptoms of “hypertension” were included in
different “ Zheng-Hou” defined as “liver- yang hyperactivity (or Gang- Yang-Shang-Kang)”,
“liver-gi stagnancy (or Gang-Qi-Yu-Jie)”, “Ying-deficiency with Yang-Hyperactivity (or
Yin-Xu-Yang-Sheng)”, or “Abundant Phlegm-dampness (or 7an-Shi-Yong-Sheng)” [33].
Therefore, the hypertensive phenome will now include not only clinical symptoms and signs
of elevated blood pressure (hypertension) but also a series of other systematically-defined
phenotypic characteristics at different levels, including vascular morphology and function,
heart-kidney-neural circuits/networks, metabolites, proteins, and genes. The phenomics
approach will also provide a novel paradigm for drug research and development with the
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identification of multiple targets corresponding to the disease genes and proteins in the
disease phenome, which will be suitable for personalized combination therapy.
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Figure 5. An iceberg mode of the relationship of phenomicswith other omics approaches and
platformsin translational research on personalized medicine

Phenomics is a novel transdiscipline as a complimentary approach to several other omics
approaches, including genomics, transcriptomics, proteomics, and metabolomics in the study
of vascular disease and drug research and development, which will ultimately lead to
individualized drug therapy and personalized medicine.
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