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AHA Scientific Statement

Relevance of Genetics and Genomics for Prevention and
Treatment of Cardiovascular Disease

A Scientific Statement From the American Heart Association Council on
Epidemiology and Prevention, the Stroke Council, and the Functional
Genomics and Translational Biology Interdisciplinary Working Group

Donna K. Arnett, PhD, FAHA, Chair; Alison E. Baird, MD, PhD; Ruth A. Barkley, PhD;
Craig T. Basson, MD, FAHA; Eric Boerwinkle, PhD; Santhi K. Ganesh, MD;
David M. Herrington, MD, FAHA; Yuling Hong, MD, PhD, FAHA; Cashell Jaquish, PhD;
Deborah A. McDermott, MS; Christopher J. O’Donnell, MD, FAHA

Abstract—Atherosclerotic cardiovascular disease (CVD) is a major health problem in the United States and around the
world. Evidence accumulated over decades convincingly demonstrates that family history in a parent or a sibling is
associated with atherosclerotic CVD, manifested as coronary heart disease, stroke, and/or peripheral arterial disease.
Although there are several mendelian disorders that contribute to CVD, most common forms of CVD are believed to
be multifactorial and to result from many genes, each with a relatively small effect working alone or in combination with
modifier genes and/or environmental factors. The identification and the characterization of these genes and their
modifiers would enhance prediction of CVD risk and improve prevention, treatment, and quality of care. This scientific
statement describes the approaches researchers are using to advance understanding of the genetic basis of CVD and
details the current state of knowledge regarding the genetics of myocardial infarction, atherosclerotic CVD,
hypercholesterolemia, and hypertension. Current areas of interest and investigation—including gene—environment
interaction, pharmacogenetics, and genetic counseling—are also discussed. The statement concludes with a list of
specific recommendations intended to help incorporate usable knowledge into current clinical and public health practice,
foster and guide future research, and prepare both researchers and practitioners for the changes likely to occur as
molecular genetics moves from the laboratory to clinic. (Circulation. 2007;115:2878-2901.)
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Atherosclerotic cardiovascular disease (CVD), which in-
volves the heart, brain, and peripheral circulation, is a
major health problem in the United States and around the
world.!> The development of atherosclerosis is a complex
process, and several major risk factors® and a growing
number of novel risk markers* have been reported to contrib-
ute to its development. Evidence accumulated over decades
convincingly demonstrates that family history in a parent or a
sibling is associated with atherosclerotic CVD, manifested as
coronary heart disease, stroke, and/or peripheral arterial
disease.>7 Several mendelian disorders contribute to CVD,
and although the mutations are rare, they have a large relative

risk. Well-described examples include familial forms of
hypercholesterolemia,® often caused by mutations in the
low-density lipoprotein (LDL) receptor gene or the apoli-
poprotein (apo) B gene (APOB), which encodes the major
protein in the LDL particle. Other forms of familial CVD
have been attributed to familial hyperhomocystinuria associ-
ated with mutations in the 5,10-methylenetetrahydrofolate
reductase gene (MTHFR)*'°; Hutchinson-Gilford progeria
syndrome!! caused by mutations in the lamin A/C gene
(LMNA); Tangier disease related to mutations in the ATP-
binding cassette, subfamily A, member 1 gene (ABCA)'?; an
autosomal-dominant form of coronary artery disease associ-
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ated with the MADS box transcription enhancer factor 2,
polypeptide A gene (MEF2A)'3; and some forms of inherited
primary electrical diseases (‘“‘channelopathies”) caused by
variants of the sodium channel, voltage-gated, type V,
a-subunit gene (SCN5A), the potassium channel, voltage-
gated, KQT-like subfamily, member 1 gene (KCNQI), and
other genes.'*15

However, the most common forms of CVD are believed to be
multifactorial and to result from many genes, each with a
relatively small effect, working alone or in combination with
modifier genes and/or environmental factors. The “common
disease, common variants” hypothesis proposes that genetic
variants present in many normal individuals contribute to overall
CVD risk.'® Additionally, susceptibility to some common dis-
eases may, in part, be conferred by rarer variants.'” In this
overview, we provide the state-of-the-art knowledge for 3

well-studied, genetically complex phenotypes: myocardial in-
farction (MI) and atherosclerotic CVD, hypercholesterolemia,
and hypertension. The goal of this scientific statement is to detail
the current state of knowledge regarding major gene disorders
and more common, complex forms of CVD to inform practitio-
ners about how genetic and genomic science may affect future
clinical practice. First, however, we describe the fundamental
approaches being used for the discovery of knowledge about the
genetic basis of CVD.

In the study of CVD genetics, 2 main approaches have
been used to discover or characterize causes of CVD (Figure):
genome-wide linkage studies and gene association studies,
which have historically been done with candidate genes. In
the very recent past, genome-wide association studies using
hundreds of thousands of markers and targeted gene-based
resequencing, have been added as discovery methods. To
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date, for discovery of new genes, the most frequently used
method has been genome-wide linkage analysis conducted
using genetic and phenotypic data from families. Linkage
analysis is a useful method for identifying genes because
analyses are initiated without any a priori assumptions re-
garding the genetic basis of the disease. Linkage analysis is a
hypothesis-generating method intended to localize regions of
the genome that might contain genes influencing a trait.
Linkage analysis is, in effect, predicated on the extent to
which Mendel’s Second Law is observed to be broken. That
is, because the random relation of alleles with respect to each
other is decreased when the alleles reside on the same
chromosome (ie, nonrandom assortment during meiotic syn-
apsis) or when they lie physically near each other on the same
chromosome (ie, decreased randomization during meiotic
recombination or “crossing over”), alleles on the same
chromosome and physically nearer each other are more likely
to be inherited, or linked, together. To conduct a linkage
analysis, laboratory methods are used to genotype poly-
morphic markers at known locations across the genome in
families. These marker data, along with phenotype data and
pedigree data, are entered into biostatistical algorithms to
calculate the degree to which the marker information is
identical by descent among family members in the pedigree
and how this degree of genetic similarity for a marker
correlates with the phenotypic resemblance among family
members. The logarithm of the odds (LOD) is calculated for
each marker (known as a LOD score) and is used to quantify
the probability that a marker and putative causal locus are
linked in pedigrees and contrasted to the null hypothesis of
the absence of linkage in the pedigrees. In linkage analyses,
a LOD score >3 traditionally is accepted to indicate signif-
icant linkage (ie, the likelihood of observing the result if the
2 loci—the marker locus and the causal locus—are not linked
is <1 in 1000). LOD scores between 2 and 3 are considered
“suggestive” statistical evidence, signaling the location of
genes with small to moderate effects.!® Once likely chromo-
somal regions have been discovered through linkage analysis,
efforts shift to identifying the causative genes. Gene maps are
scrutinized near the region of significant or suggestive link-
age, and potential causal genes are positionally identified on
the basis of prior biological knowledge of gene function.
Researchers typically follow linkage finding by constructing
a “fine map” of the region of linkage. Fine mapping is done
by adding markers to create a very dense set of genotypes,
which is followed by repeated linkage analysis to determine
whether the original evidence of linkage is a true positive
finding. Linkage analyses have been quite successful in
identifying the genetic basis of rare disorders but less suc-
cessful in identifying more common forms of CVD that are
likely due to common genetic variants that generally have
moderate effects.!®

For complex diseases such as CVD, high-resolution,
whole-genome association studies that type hundreds of
thousands of variants provide excellent power, markedly
exceeding the power of the linkage methodology, to identify
susceptibility CVD genes of modest effect.2-22 The first
report of a genome-wide association in CVD has shown some
success in identifying a candidate gene associated with MI.23

It is anticipated that this technology will become the primary
research methodology for the discovery of CVD genes in the
very near future.

Candidate gene association studies, a common tool used
for CVD genetic studies, are based on single polymorphisms
or haplotypes. Haplotypes are combinations of polymor-
phisms on the same chromosome that are inherited together
and statistically related to one another. Association studies
are designed to compare allele or haplotype frequencies
between case and control groups; a statistical difference in
frequencies between cases and controls offers evidence that
the allele or haplotype is associated with the trait. Candidate
genes for association studies are often selected on the basis of
prior biological knowledge of gene function, significant
findings in a linkage study, or both. The availability of
high-throughput genotyping has allowed candidate gene as-
sociation studies to turn to increasingly large screens of
genetic variation, both within the same gene and in ever-
larger numbers of individual genes. Initial screens of >100
candidate gene loci have been conducted in small>*?> and
large?® case-control studies.

It is important to remember that genetic association is not
equivalent to genetic causation. Under the assumption of
linkage disequilibrium (ie, that combinations of alleles at
different loci occur more or less frequently in a population
than expected from random chance based on the allele
frequencies), a genetic variant associated with a trait may be
causal or may be associated with the nearby causal variant,
within either the same or another gene. Association studies
are particularly susceptible to population stratification, which
leads to confounding because the LOD patterns differ across
populations. When cases and controls are selected from
genetically different populations, if they are not adequately
matched for their genetic background, biased estimates of the
effects of alleles or haplotypes can occur. Therefore, design
methods (ie, restricting sample selection to 1 population or
matching cases and controls to the population of origin) or
analytical methods (ie, genomic controls) are recommended
to control for population stratification in candidate gene
association studies.

State-of-the-Art Knowledge for 3 Phenotypes:
Examples of Mendelian and Complex Disorders

The Genetics of MI and Other Atherosclerotic CVD

MI, Atherosclerotic CVD, and Their Familial Nature
MI and other forms of atherosclerotic CVD are the leading

causes of death in men and women.?” Although there is no
clear mendelian pattern of segregation for MI or atheroscle-
rotic CVD, there is substantial evidence for a familial
component to these diseases, particularly those with an early
age of onset.” A seminal twin study showed strong relative
risks for MI among identical twins and less strong but
significant associations among nonidentical twins, with the
highest risks observed with a very early age of onset for MI
in the affected twin.® Prospective studies report relative risk
estimates for MI and other atherosclerotic CVDs ranging
from 1.2 to >3.0 for offspring who reported that their parents
had the disease.?8—3° More recently, the fully multivariable-
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adjusted risk of offspring for all atherosclerotic CVD associ-
ated with premature-onset parental disease was placed at 1.7
for women and 2.0 for men using validated (instead of
self-reported) parental and offspring outcomes,> and similar
magnitudes of multivariable-adjusted risk were noted for
association with sibling CVD.3!

Subclinical measures of atherosclerotic CVD, assessed in the
carotid artery by ultrasound and the coronary and aortic arteries
with computed tomography, have augmented the evidence for
the role of genetics in CVD. Substantial heritability (=35% to
60%) is reported for carotid intima-media thickness (IMT),??
coronary artery calcification,® and abdominal aortic calcifica-
tion.>* Moreover, a positive parental history of CVD is associ-
ated with a significantly increased burden of atherosclerosis
determined by carotid IMT?> or coronary artery calcification.3¢-37
Collectively, a substantial body of evidence suggests the role of
genetics in atherosclerosis.

Genetic Linkage Studies for MI and Atherosclerotic CVD
A number of genetic linkage analyses have been done in at

least 7 moderate to large collections of families selected for
the occurrence of MI or measurements of subclinical athero-
sclerosis.®®-47 Linkage has been observed for chromosomes
1,2, 3,13, 14, 16, and X, although there has been no strong
replication for any single chromosomal region.?8-4> This lack
of replication exemplifies the difficulties inherent in the
conduct and interpretation of linkage studies,*® and very few
causal genes have been identified from genetic linkage
studies. One research group in Iceland has conducted fine
mapping to identify the causal gene in their linkage region on
chromosome 13q12-13. They identified a specific gene,
ALOX5AP, the gene encoding the 5'-lipoxygenase activating
protein, that is implicated in MI and stroke.** Although the
evidence for statistical significance for linkage in this study
has not been strong to date, the association of genetic variants
in the ALOX5AP locus with MI or stroke has been replicated
in some but not all follow-up studies.**-5! The Iceland study
represents one of the first reported linkage findings that has
successfully led to the identification of a strong candidate
gene for an MI or stroke.*?

Linkage studies have also been conducted for subclinical
measures of atherosclerotic CVD, although few studies have
been reported. A genome-wide linkage scan for coronary
artery calcium in a small number of families with hyperten-
sion has shown evidence for linkage on chromosome 10.52
Genome-wide linkage scans have been reported for carotid
plaque® and IMT.* There was evidence for significant
linkage of internal carotid IMT to chromosome 12 (LOD
score 3.4).>* Among the candidate genes residing in this
region is scavenger receptor class B, member 1 (SCARBI), an
important gene in atherosclerotic CVD.>* However, replica-
tion studies have not been completed for any of these
findings.

Candidate Gene Association Studies for MI and
Atherosclerotic CVD

A large number of candidate gene association studies have
been conducted for MI and subclinical measures of MI and
atherosclerotic CVD. However, in general, relatively few
gene polymorphism associations have been consistently rep-
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licated for CVD.555¢ Reasons for inconsistencies may include
genetic heterogeneity (ie, different genetic risks lead to
CVD), differing patterns of linkage disequilibrium in varying
population groups (ie, the causal variant captured by a genetic
marker in 1 population is not captured by that same marker in
another population), lack of statistical power or an excessive
false-positive rate, confounding by other genetic or environ-
mental factors, or phenotypic heterogeneity (ie, CVD is
caused by many factors, and some factors may be operating in
some forms of CVD but not others). These studies have been
summarized in recent reviews,>”-3® and it is beyond the scope
of this report to provide a comprehensive tabulation of the
candidate genes studied to date. Risk ratio findings have
generally been quite modest in association studies, and
meta-analyses often have been required to achieve statistical
significance. Meta-analyses have been reported for poly-
morphisms studied in a very large number of independent
studies, including variants of the apoE (APOE),>*-%° plasmin-
ogen activator inhibitor 1 (PAIl),°' angiotensin-1 converting
enzyme (ACE),°%¢3 and MTHFR genes.®* In general, results
have not been consistent across studies, and the overall
magnitude of association for these common polymorphisms
is modest. Although meta-analyses of genetic studies are
useful for providing a composite-effect measure for the
genetic association, they are limited in that they may not
properly capture the heterogeneity of designs across studies
(eg, case-control versus population-based cohorts versus
clinical trials), differences in phenotype definitions, and
variation in the measured or unmeasured environmental
factors that may lead to different levels of risk with the same
genetic susceptibility.®5 Table 1 summarizes recent meta-
analyses and overviews of association studies of candidate
gene variants for atherosclerotic cardiovascular disease.

Recently, high-throughput genotyping has been used in
case-control studies that have typed from 62 to >13 000
genes. Genetic variants in the lymphotoxin-alpha (LTA)8¢;
PAII#%; gap junction protein, a-4 (GJA4, also known as
connexin 37)2¢6!; matrix metalloproteinase-3 (MMP3, also
known as stromelysin-1)2¢; and arachidonate 5-lipoxygenase
(ALOX5)?08¢ genes, as well as several thrombospondin
(THBS) genes,> were associated with MI. These studies
represent the first of a number of studies under way that are
designed to comprehensively screen single-nucleotide poly-
morphism (SNPs) in coding regions or nearby regions of all
known human genes.

A number of candidate gene association studies have been
conducted for subclinical atherosclerosis phenotypes, partic-
ularly IMT and coronary artery calcification. The association
data for dozens of gene variants with carotid IMT have
recently been exhaustively reviewed.?” Of the many studies
conducted, only 1 variant that was previously linked to
clinical disease, the 5A/6A polymorphism of the MMP3 gene,
showed consistently positive associations with carotid IMT,
although in a small number of studies. The paraoxonase 1
(PONT) leu5S5met variant is weakly associated in subgroups
only.

In summary, there is strong evidence that MI and athero-
sclerotic CVD, particularly diseases of early onset, have a
genetic basis and a host of genes have been identified in
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TABLE 1. Candidate Gene Variants for Atherosclerotic Cardiovascular Disease—Coronary Heart
Disease, Arterial Ischemic Events, or Stroke—Implicated in Recent* Meta-Analyses or Overviews

of Association Studies

Gene Risk Allele Reported Risk Ratiot  Reference(s)

Coronary heart disease
MTHFR Ce77T 1.14-1.21 64, 66, 67
Cholesterol ester transfer protein (CETP) TaqlB 0.78 68
Paraoxonase (PON1) Q192R 1.14-1.21 69, 70
Endothelial nitric oxide synthase (eNOS) T-786C 1.31 71
Prothrombin G20210A 1.21 72
APOB Ins/Del (DD) 1.30 73
Glycoprotein llla PI(A2) 1.10 74,75
APOE el/ed 1.42 59
ACE insertion/deletion DD 1.16-1.21 62, 76
APOB Spins/Del (DD), Ecorl (AA) 1.19-1.73 77
PAI1 4G/5G 1.20 61
Fibrinogen B-chain G-455A 0.68 61
Endothelial nitric oxide Glu298Asp, Intron-4 1.31-1.34 78

Arterial ischemic events or overall cardiovascular

disease
MTHFR Ce77T 1.20 79
Prothrombin G20210A 1.32 79
ACE insertion/deletion DD 1.22 80
Glycoprotein llla PI(A2) 1.13 80
Factor V Leiden Arg506GIn 443 80
APOE el/ed Positive 81

Cerebrovascular disease
APOE el/ed 1.1 82
MTHFR C677T 1.24-1.37 83, 84
Factor V Leiden Arg506GIn 1.33 85
Prothrombin G20210A 1.44 85
ACE insertion/deletion DD 1.21 85

*Meta-analyses published since 2000 consisting of a total of at least 1000 subjects.
TAIl relative risks were reported to be statistically significantly different from 1.00.

connection with atherosclerotic CVD. However, much less is
known about the genetic underpinnings of the common,
complex forms of MI and atherosclerotic CVD, and much
work remains to be done in this area.

The Genetics of Hypercholesterolemia and Related
Lipid Phenotypes

Hypercholesterolemia, Lipid Levels, and Their
Familial Nature
Population-based, long-term prospective studies and large

clinical trials of the late 20th century incontrovertibly dem-
onstrated that elevated LDL cholesterol (LDL-C) and reduced
high-density lipoprotein cholesterol (HDL-C) were CVD risk
factors.®® Clinical trials have demonstrated that lowering
LDL-C and raising HDL-C can ameliorate risk.®® As this
knowledge has been incorporated into clinical practice, mean
serum total cholesterol concentrations have dropped in the
United States in recent decades; however, ~50% of US adults
still have total cholesterol concentrations of at least
5.2 mmol/L (200 mg/dL),”® the level that the National

Cholesterol Education Program Expert Panel considers
“borderline-high risk.””!

Because at least half of the variation in serum cholesterol
and other lipids can be explained by genetic variation,®'-°2
unraveling the genetic pathogenesis of hypercholesterolemia
and other lipid abnormalities could reap significant public
health benefits. For example, identifying the common vari-
ants in genes that contribute to LDL-C and HDL-C could
provide a knowledge base for the development of novel
treatments and/or screening tests to determine who would
most benefit from lifestyle modification or treatment for
dyslipidemias. Important strides to this end have, in fact,
already been made.

Mendelian Forms of Hypercholesterolemia and
Other Dyslipidemias
Mendelian forms of hypercholesterolemia have been thor-

oughly studied; these studies have proven critical in advanc-
ing our understanding of cholesterol metabolism and devel-
oping effective pharmacological therapies.”®> For example,
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familial hypercholesterolemia (FH) is the most common and
potentially severe mendelian form of hypercholesterolemia.
Caused by mutations in LDL receptor (=700 are known'7),
FH causes elevated serum LDL-C concentrations. In FH
homozygotes, LDL-C levels are generally unresponsive to
dietary and pharmacological intervention; patients often de-
velop clinically significant CVD before 30 years of age.”* FH
heterozygotes have elevated LDL-C, albeit lower than ho-
mozygotes, and generally are more influenced by environ-
ment and responsive to drug treatment.

A condition known as familial defective apoB-100 presents
in a manner virtually indistinguishable from heterozygous
FH.”>¢ apoB-100 is the major apolipoprotein present in
LDL. Familial defective apoB-100 is caused by a mutation in
APOB that influences the LDL receptor binding domain of
apoB-100, ultimately resulting in decreased cellular uptake
and processing of LDL-C. Familial defective apoB-100 is
characterized by serum LDL-C concentrations that are
2.6 mmol/L (100 mg/dL) higher than LDL-C in individuals
without mutations in APOB. Like those with heterogeneous
FH, familial defective apoB-100 patients respond favorably
to drug treatment.

Other forms of monogenic hypercholesterolemia not show-
ing a connection to LDL receptor or APOB have been
described. An autosomal-dominant form of hypercholesterol-
emia caused by a mutation of the proprotein convertase,
subtilisin/kexin-type, 9 gene (PCSK9) leads to a clinical
presentation similar to heterozygous FH. Although little is
known about this form, recent research suggests that at least
1 mutation (serl27arg) of PCSKY is related to an overpro-
duction of apoB-100.7 Recessive forms of hypercholesterol-
emia such as autosomal-recessive hypercholesterolemia®® (a
mutation of the autosomal-recessive hypercholesterolemia
protein gene, ARH) and cholesterol 7a-hydroxylase defi-
ciency hypercholesterolemia (a mutation of the cytochrome
P450, subfamily VIIA, polypeptide 1 gene, CYP7AI) are also
reported.®®

Linkage Studies for Cholesterol and Lipids
With prevalence for the monogenic disorders ranging from

0.00002% to 0.2%, these forms can account for only a small
fraction of the total hypercholesterolemia observed in the
population. This has led to intense investigation into identi-
fying the genetic architecture of more common forms of
elevated cholesterol and other dyslipidemias. Like the picture
observed for MI and atherosclerotic CVD, the bulk of
hypercholesterolemia and other dyslipidemias (ie, the com-
mon disease) are likely to result from common genetic
variation; however, detection of these “common variants” has
been a challenge. In contrast to MI and atherosclerotic CVD,
many genome-wide linkage scans have been reported for
cholesterol and related dyslipidemias, and many suggestive
and several significant results have been obtained. These are
summarized in Table 2. Linkage evidence for total cholester-
ol, triglycerides, and/or HDL-C has been observed on nearly
every chromosome, with the bulk of the evidence present for
HDL-C and triglycerides. In at least 2 studies, fine mapping
of the regions has been conducted, but the actual genes within
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these peaks that contribute to hypercholesterolemia and
dyslipidemia remain elusive.

Candidate Gene Association Studies for
Hypercholesterolemia and Other Dyslipidemias
Many candidate gene association studies have been con-

ducted for hypercholesterolemia-related phenotypes, and the
data for associations of dozens of gene variants with lipid-
related traits have been reviewed.'20.'2! Of the many studies
conducted, the most consistent evidence has been found for
the APOE gene.

As described in the section on MI and atherosclerotic
CVD, the more recent approach has been to dramatically
expand both the number of genetic polymorphisms typed
within a gene and the number of genes typed. For example,
Knoblauch and colleagues®? recently used a multicandidate
gene approach to explain variance in serum LDL-C and
HDL-C. By the genotyping of 93 SNPs in 13 genes known to
be important in lipid metabolism and constructing 230 SNP
haplotypes (a linear array of genetic variants within a chro-
mosomal region inherited as a block), genetic variance on
LDL-C explained 26% of the total variance; the genetic
variance on HDL-C explained 38%. Although the results of
this study are limited to a “normal” population (subjects in
families with known FH and those with known heart disease
were excluded), the ability to explain a large part of the
genetic variance of LDL-C and HDL-C on the basis of
genetic variants in a small set of genes points to the
possibility of using such genetic information to predict CVD
risk.

The Genetics of Hypertension

Hypertension and Its Familial Nature
Hypertension is estimated to affect ~60 million individuals
in the United States and 1 billion individuals worldwide.!??
Like MI, atherosclerotic CVD, and hypercholesterolemia,
hypertension is a complex genetic trait. Because blood
pressure is maintained by an intricate network of physiolog-
ical systems, including renal, neuronal, endocrine, and vas-
cular mechanisms, the fact that multiple genes play a role in
blood pressure regulation is a logical extension of the
physiology of blood pressure.'?* However, identifying and
elucidating how each gene plays a role in these complex and
interacting pathways remain to be accomplished. Like CVD
and hypercholesterolemia, the impact of any 1 gene individ-
ually is likely to be small to moderate.'®

The heritability of blood pressure levels and hyper-
tension has been observed over the past century. The
classic St Mary’s Study described the inheritance of hyperten-
sion.'?#-127 Blood pressure measurements were taken from
~2000 individuals to define a representative distribution of
blood pressure. The St Mary’s Study observed a continuous
distribution of blood pressure with no clear demarcation between
normal blood pressure and hypertension.!?® First-degree rela-
tives were recruited for probands with “raised arterial pressures”
(diastolic pressure >100 mm Hg) and normal pressures (diastol-
ic pressure <85 mm Hg).'?* They found that familial aggrega-
tion of blood pressures in families of hypertensive probands was
similar to normotensive probands.'?* As further evidence, the
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TABLE 2. Summary of Reported Linkage Results for Total Cholesterol, HDL-C, and Triglycerides With LOD Scores >2.0

Chromosome LOD
Location (cM) Score Phenotype Published Study
Chromosome 1
100 2.4 HDL 75 Families ascertained on obese and nonobese members (marker D15405)'%
146 2.6 HDL Framingham Heart Study GAW13 data set (n=1702)'""
198 2.1 HDL HyperGEN Study using 649 whites not taking lipid-lowering therapy'®?
298 2.1 HDL HyperGEN Study using 649 whites not taking lipid-lowering therapy'®
Chromosome 2
16 2.2 TC HyperGEN Study using 649 whites not taking lipid-lowering therapy'®?
131 35 TG 485 Hutterites (marker D25410)%
145 3.5 HDL Framingham Heart Study participants (n=1709) (marker D251334)'%
150 3.4 HDL Framingham Heart Study GAW13 data set, women only (marker D251326)'%
163 3.7 TC Extended 12-generation Talana pedigree with 572 phenotyped subjects (marker D252241)'%
201 2.3 TG/HDL Framingham Family Heart Study GAW13 data set identified by MCLINK (n=2461) (marker GATA65C03)'"
Chromosome 3
130 2.1 TG/HDL 99 Families of Northeastern Indian origin with early-onset CHD (n=535) (marker D351271)*
181 2.6 HDL Pima Indians: 590 siblings from 201 nuclear families (marker D353053)
194 2.0 TG/HDL Framingham Family Heart Study GAW13 data set identified by MCLINK and LINKAGE (n=2461) (marker
GATA3HO01)'"
Chromosome 4
13 2.0 HDL HyperGEN Study using 622 blacks not taking lipid-lowering therapy'®
Chromosome 5
39 3.6 HDL 101 White NHLBI Family Heart Study (n=1027) (marker D5S51470)'%
48 2.7 HDL HyperGEN Study using 649 whites not taking lipid-lowering therapy'®?
79 2.1 TC 23 Families with 576 subjects ascertained for 2 diabetic siblings (marker D15305)'"
103 2.3 TG/HDL Framingham Family Heart Study GAW13 data set identified by Genehunter (n=2461) (marker
GATAG9H12)'%"
125 2.7 TG/HDL Framingham Family Heart Study GAW13 data set identified by Genehunter (n=2461) (marker ATA4D10)'%
End 21 HDL Extended 12-generation Talana pedigree with 572 phenotyped subjects (marker ATT0797)'%
Chromosome 6
72 2.0 HDL 99 Families of Northeastern Indian origin with early-onset CHD (n=535) (marker D65282)*
129 2.2 HDL Framingham Heart Study GAW13 data set (n=2117) (marker GATA23F08)'""
138 2.3 TG/HDL Framingham Heart Study GAW13 data set (1=2117) (marker GATA32B03)""
149 2.9 HDL Framingham Heart Study GAW13 data set (n=1702)'"'
150 2.7 HDL Framingham Heart Study participants (n=1709) (marker D6S1009)'*
Chromosome 7
48 2.0 TG/HDL Framingham Family Heart Study GAW13 data set identified by Genehunter (n=2461) (marker
GATA13G11)'”
74 21 HDL 27 Mexican American families from the San Antonio Family Diabetes Study (n=418) (marker D7S506)'"?
155 25 TG/HDL Framingham Heart Study (n=1702) (marker D751805)'"3
155 2.4 TG Framingham Heart Study GAW13 data set (n=2117) (marker GATA112F07)"""
161 241 TG/HDL Framingham Family Heart Study GAW13 data set identified by SOLAR (n=2461) (marker GATA32C12)'"
174 3.4 TG European American families ascertained with discordant siblings for obesity (n=1447) (marker
D7S3058)"*
Chromosome 8
176 2.3 TG/HDL Framingham Family Heart Study GAW13 data set identified by Genehunter (n=2461) (marker UT721)"7
Chromosome 9
4 3.4 HDL Mexican American Families in the San Antonio Family Diabetes Study (n=415) (marker D95925)""®
104 2.3 TG European American families ascertained with discordant siblings for obesity (n=1447) (marker D9S910)""*
Chromosome 10
69 3.2 HDL 92 Finnish dyslipidemic families (marker D10S1772)"1
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Chromosome LOD
Location (cM) Score Phenotype Published Study
Chromosome 10
69 3.2 HDL 92 Finnish dyslipidemic families (marker D10S1772)'®
Chromosome 11
135 2.0 TG 28 Amish Diabetes Study families (n=612) (marker D1151345)""7
Chromosome 13
28 24 HDL 101 White NHLBI Family Heart Study (n=1027) (marker D5S51470)'%
36 2.1 TG/HDL Framingham Family Heart Study GAW13 data set identified by LINKAGE (n=2461) (marker GATA86H01)'%
111 2.7 TG Black families ascertained with discordant siblings for obesity (n=276) (marker ATAT113z)'"*
Chromosome 15
20 3.9 TG 27 Mexican American families from the San Antonio Family Diabetes Study (n=418) (marker D155165)'12
29 2.6 TG Genetic Epidemiology of Hypertriglyceridemia Study: 26 families totaling 140 subjects (marker D155643)'"®
61 2.4 TG Genetic Epidemiology of Hypertriglyceridemia Study: 26 families totaling 140 subjects (marker D155211)'"®
Chromosome 16
64 3.7 TG Black families ascertained with discordant siblings for obesity (n=276) (marker D1653396)""*
92 3.7 HDL Mexican American families in the San Antonio Family Heart Study (n=472) (marker D1652624)'"
100 2.6 TG Black families ascertained with discordant siblings for obesity (n=276) (marker MFD466)'"*
Chromosome 17
126 2.1 TG/HDL Framingham Family Heart Study GAW13 data set identified by Genehunter (n=2461) (marker 044xg3)'"
Chromosome 18
13 3.2 TC Framingham Heart Study GAW13 data set (1=2117) (marker GATA88A12)""
Chromosome 19
0 3.9 TC Pima Indians: 998 siblings from 292 nuclear families (marker D1951034)'%
0-11 21 TG/HDL Framingham Family Heart Study GAW13 data set identified by Genehunter (n=2461) (marker
GATA44F10)'
68 3.2 HDL Framingham Heart Study GAW13 data set (n=2117) (marker Mfd139)'""
78 3.2 TG 23 Families with 576 subjects ascertained for 2 diabetic siblings (marker D195178)"°
Chromosome 20
29 2.8 TG HyperGEN Study using 622 blacks not taking lipid-lowering therapy'®
39 2.3 TG Framingham Heart Study GAW13 data set (1=2117) (marker GGAA7E02)'"!
49 2.1 TG Framingham Heart Study GAW13 data set (n=1702)'"'
98 2.2 TG 92 Finnish dyslipidemic families (marker D20S173)""®
101 2.5 TG Black families ascertained with discordant siblings for obesity (1=276) (marker D20S164)"'4
Chromosome 21
48 2.3 TC HyperGEN Study using 622 blacks not taking lipid-lowering therapy'®
54 3.9 TG/LDL Bivariate linkage in HyperGEN using 1636 white and 1747 black sibs and first-degree relatives'®
Chromosome 22
21 3.4 TG/HDL Framingham Family Heart Study GAW13 data set identified by LINKAGE (n=2461) (marker Mfd313)"®7

TC indicates total cholesterol; TG, triglycerides; CHD, congestive heart disease; and NHLBI, National Heart, Lung, and Blood Institute.

Montreal Adoption Study found that correlations between 2
biological siblings were much higher (0.38 and 0.53 for systolic
and diastolic blood pressures, respectively) compared with
adopted siblings (0.16 and 0.29 for systolic and diastolic blood
pressures, respectively).!?8 The correlation between the biolog-
ical siblings captured the effects of both shared genes and shared
environment, whereas the correlation between adopted siblings
reflects only the effects of shared environment. Looking across
studies and across populations, the heritability estimates have
remained remarkably consistent, with genetic factors estimated
to account for ~30% of the population variability of blood
pressure. 27

Mendelian Disorders of Hypertension
Several rare mendelian forms of hypertension have been

identified, with most involving increased renal sodium reab-
sorption.'?°-131 Discovery of the mechanisms underlying
these rare forms of hypertension has led to greater under-
standing of the pathways involved in blood pressure control.
For instance, glucocorticoid-remediable aldosteronism has a
phenotype ranging from mild blood pressure elevation to
severe early-onset hypertension. In this autosomal-dominant
disorder, the cytochrome P450, subfamily XIB, polypeptide 2
gene (CYP11B2, also known as aldosterone synthase) is fused
at the 5’ regulatory end with the cytochrome P450, subfamily

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

2886 Circulation June 5, 2007

XIB, polypeptide 1 gene (CYPI1BI, also known as 11-beta-
hydroxylase), bringing the expression of aldosterone synthase
under the control of adrenocorticotrophic hormone instead of
angiotensin II.'32 The increase in aldosterone leads to an
increase in sodium retention by the kidney.!” Liddle’s syn-
drome is also an autosomal-dominant form of hypertension
with increased activity of the amilioride-sensitive epithelial
sodium channel caused by mutations in the sodium channel,
non—voltage-gated 1, B-subunit gene (SCNNIB), resulting in
an increased number of sodium channels in the apical
membrane.'33134 The increased number of sodium channels
in the apical membrane leads to increased renal sodium
reabsorption. An autosomal-recessive disorder with a pheno-
type that includes hypertension is apparent mineralocorticoid
excess. Apparent mineralocorticoid excess results from mu-
tations in the 11-beta-hydroxysteroid dehydrogenase, type II
gene (HSDI11B2), preventing the normal rapid conversion of
endogenous cortisol to cortisone, with the cortisol acting on
mineralocorticoid receptors to increase renal sodium reab-
sorption.!3> Gordon’s syndrome, pseudohypoaldosteronism
type II, also includes hypertension as a phenotype with renal
sodium and chloride retention observed with impaired potas-
sium excretion. This disorder results from mutations in the
serine-threonine kinases encoded by the protein kinase,
lysine-deficient 1 (WNKI) and protein kinase, lysine-
deficient 4 (WNK4) genes.!3¢

Other syndromes with low blood pressure as part of the
phenotype also have pointed to mechanisms related to renal
ion handling. These include Gitelman’s syndrome with mu-
tations in the solute carrier family 12 (sodium/chloride
transporter), member 3 gene (SLCI2A3)'37; Bartter’s syn-
drome with mutations in the solute carrier family 12 (sodium/
potassium/chloride  transporter), =~ member 1  gene
(SLCI2A1),'38 the potassium channel, inwardly rectifying,
subfamily J, member 1 gene (KCNJI),'* or the chloride
channel, kidney, B gene (CLCNKB)'4%; and pseudohypoaldo-
steronism type I with mutations in SCNNIB and the sodium
channel, non-voltage-gated 1, gamma subunit gene
(SCNNIG).141-144

Linkage Studies for Blood Pressure and Hypertension
Genome-wide linkage analyses with the phenotypes of hy-

pertension status and blood pressures have been conducted by
numerous investigators.'4>-175 There is suggestive linkage
evidence for hypertension susceptibility genes spread across
the genome. With the abundance of these linkage peaks not
reaching genome-wide significance levels, some are likely
due to chance alone (ie, false-positive results). However,
when genome-wide linkage scans from multiple, independent
studies point to the same chromosomal region, it is plausible
that =1 genes influencing hypertension susceptibility may be
found in this location.

The Family Blood Pressure Program has conducted fine
mapping in the linkage regions on chromosome 2 to search
for hypertension susceptibility genes.!”® After adjustment for
multiple comparisons, the solute carrier family 4 (sodium
bicarbonate cotransporter), member 5 gene (SLC4A5) main-
tained statistical significance.!’® Although further study and
validation of the result are necessary, SLC4A5 was identified

as an important biological candidate gene for hypertension
susceptibility on the basis of this linkage follow-up work.

As for CVD and lipids, further linkage follow-up work
through detailed fine mapping, in addition to positional candi-
date gene investigation, is needed to elucidate the hypertension
susceptibility gene(s) underlying the linkage peaks already
reported in the literature. Finding these genes and characterizing
the proteins they encode may identify new pathways in blood
pressure regulation and hypertension development.

Candidate Gene Association Studies

Like the other 2 complex traits described above, hypertension
candidate gene association studies have served to connect
specific genes with high blood pressure. Almost every pub-
lished positive result, however, has been followed by a
published negative result,'** most likely for the reasons
described above. Some of the a priori biological candidate
genes implicated as having an effect on blood pressure and
hypertension status are listed in Table 3.

It is beyond the scope of this report to provide a
comprehensive review of hypertension candidate gene
association studies. The interested reader is referred to the
works of Luft,?!® Turner and Boerwinkle,?!” and Kaplan et
al'2® for such a review. In addition, several recent meta-
analyses have been published for some of the more
well-studied genes.2!'8-221 Most of the biological candidate
gene work has focused on various renal sodium transport
proteins and members of the renin-angiotensin-aldosterone
system.'29-222 However, many complex interactions of the
renin-angiotensin-aldosterone system with other pathways
and systems, as well as all of the mechanisms of sodium
reabsorption, have yet to be elucidated. Knowledge of
these mechanisms and interactions must, in turn, be
incorporated into the design of subsequent hypertension
association studies.

Conclusions From 3 Phenotypes

Finding genes influencing MI, atherosclerotic CVD, lipids,
and blood pressure through linkage studies and candidate
gene studies has been somewhat successful. Future efforts
will undoubtedly take advantage of the explosive growth in
genomic resources and advanced statistical methods that will
provide the ability to conduct sophisticated research studies at
relatively low cost. Advances in genotyping must be comple-
mented with commensurate progress in defining and accu-
rately measuring phenotypes. Identification of important
intermediate phenotypes (ie, phenotypes that mediate disease
as opposed to phenotypes that represent the ultimate mani-
festation of a disease) may prove to be more amenable to
genetic analysis. The relative success in identifying genes
associated with lipid abnormalities versus wholesale athero-
sclerosis (as outlined above) supports this suspicion. With
respect to phenotype measurement, others?>>-224 have noted
that the quality of linkage and association studies is only as
good as our ability to measure phenotypes. Even a phenotype
as ostensibly simple to measure as blood pressure is fraught
with complexity.?>> Yet beyond issues of phenotype defini-
tion and measurement, some of the inconsistency of statistical
findings observed across genetic and genomic studies of CVD
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TABLE 3. Select Candidate Genes Implicated in High Blood Pressure and Essential Hypertension

Gene Symbol (Former Gene Symbol) Gene Selected References
HSD11B2 11-B-Hydroxysteroid dehydrogenase type II 177
ADD1 Adducin 1 178
ADRA1B «-1b Adrenergic receptor 179, 180
ADRA2A «-2a Adrenergic receptor 181
CYP11B2 Cytochrome P450, subfamily XIB, polypeptide 2 182, 183
ACE Angiotensin |-converting enzyme 184, 185
AGTR1 Angiotensin receptor 1 186
NPPA (ANP) Natriuretic peptide precursor A 187
AGT Angiotensin | 188
ADRB2 B-2 Adrenergic receptor 189, 190
BDKRB2 Bradykinin receptor B2 191, 192
c3 Complement component 3 193
EDNRA Endothelin receptor, type A 194
NOS3 (ENOS) Nitric oxide synthase 3 195
EDN1 Endothelin 1 196
EDN2 Endothelin 2 197
SCNN1B Sodium channel, non-voltage-gated 1, B-subunit 134
GNB3 Guanine nucleotide-binding protein, 3-3 198
GCCR (NR3C1, GCR) Glucocorticoid receptor 199
GH1 Growth hormone 1 200
INSR Insulin receptor 201
IGF1 Insulin-like growth factor | 202
LPL Lipoprotein lipase 203
PLA2G1B (PLA2) Phospholipase A2, group 1B 204
PTGIS Prostaglandin 12 synthase 205
PTGER2 Prostaglandin E receptor 2, EP2 subtype 206
REN Renin 207
SAH Hypertension-associated SA, rat, homolog of 208
SLC4AS Solute carrier family 4 (sodium bicarbonate cotransporter), member 5 176
SLC12A3 (TSC) Solute carrier family 12 (sodium/chloride transporter), member 3 209
SLC12A1 (NKCC2) Solute carrier family 12 (sodium/potassium/chloride transporter), member 1 210
SLCIA3 (NHE3) Solute carrier family 9, isoform a3 211
TNFRSF1B Tumor necrosis factor receptor subfamily, member 1B 212
DRD1 Dopamine receptor D1 213

Portions adapted from tables presented in Oparil and Weber'* (copyright 2000, with permission from Elsevier) and Kaplan et al'®® (copyright 2002,

with permission from Lippincott Williams and Wilkins).

is likely indicative of genetic heterogeneity of complex traits.
When gene—gene and gene—environment interactions exist,
negative results may stem from genes with relative phenotypic
effects that are smaller in the presence of specific genetic and
environmental backgrounds. Elucidating such gene—gene and
gene—environment interactions will be a major research focus in
the upcoming era of cardiovascular genomics.

Current Areas of Focus for the Genetics of CVD

Gene-Environment Interaction

Complex diseases such as CVD, hypercholesterolemia, and
hypertension are influenced by multiple genes interacting
with each other and with the environment. Gene—environ-
ment interaction occurs when the same genotype produces
a different phenotype under different environmental expo-

sures, such as cigarette smoking or age, or a pharmaco-
logical treatment, such as statins. Interventional studies, in
which an environmental exposure is standardized across
individuals, are an excellent way to identify gene—envi-
ronment interactions and to provide an evidence base for
translation of those findings into clinical practice. For
example, blood pressure response to a low-sodium diet has
been shown to vary by polymorphisms of renin-angioten-
sin-aldosterone system genes, in particular, the angiotensin
1 (AGT) -6 G-A polymorphism. Results from the Dietary
Approaches to Stop Hypertension (DASH) study showed
that the AGT -6 AA genotype is associated with a signif-
icant decrease in blood pressure (—6.93 mm Hg systolic
and —3.68 mm Hg diastolic) for individuals on the DASH
diet.?¢ Similarly, in the Treatment of Hypertension Pre-
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vention Trial, the incidence of hypertension was signifi-
cantly lower after sodium reduction for persons with the
AA genotype (relative risk, 0.57; 95% confidence interval,
0.34 to 0.98 versus usual care) but not for persons with the
GG genotype (relative risk, 1.2; 95% confidence interval,
0.79 to 1.81; test for trend, P=0.02).227 On the basis of
such results, individuals with the AGT -6 AA genotype
could be placed on a low-sodium diet before exhibiting
elevated blood pressure, thereby avoiding hypertension and
consequent end-organ damage. Similar approaches evaluating
response to dietary fat intake>?® and physical activity®* have
demonstrated variable efficacy according to genotype, although
a considerable amount of work remains to be done to elucidate
both the genes contributing to CVD and the optimal interven-
tions to address the genetic risk.

Pharmacogenetics

Pharmacogenetics is the study of genetic determinants of
individual variation in response to drugs, including variation
in the primary domain of drug action and variation in risk for
rare or unexpected side effects of drugs. Given the large
number of drugs currently available for the treatment and
prevention of CVD and the large number of patients eligible
to receive these drugs, even small sources of variation in drug
efficacy and safety have important implications for clinical
and public health. For example, withholding a drug from
individuals predisposed to a diminished response or an
adverse effect could reduce the financial and personal costs of
ineffective or dangerous therapy while ensuring that the
remaining drug-eligible subjects receive greater benefit and
safety.?3© Pharmacogenetics also has the potential to influ-
ence drug development and clinical trial design to achieve
greater efficiency, thereby allowing a larger number of more
highly effective and cheaper drugs to be available for treat-
ment and prevention of CVD.

In simple terms, pharmacogenetics concerns genetic vari-
ants that alter the structure and function or abundance of
proteins that influence the effect of drugs through effects on
drug handling, metabolism, and clearance; drug targets; or the
phenotypes that influence the indication for use of the drug.
Initially, the field of pharmacogenetics focused extensively in
the first domain, with special emphasis on variants in the
cytochrome P450 system responsible for the metabolic elim-
ination of many drugs. However, recent advances have led to
the recognition of genetic variants that directly influence drug
action through alteration of the primary drug targets such as
surface and intracellular receptors, elements of various sig-
naling cascades, and phenotypes involved in the indication
for the drug.

Genetic variants in the cytochrome P450 system and
related enzymes indirectly influence drug effects by altering
the bioavailability of the active compounds and are one of the
most well-studied areas in pharmacogenetics.?3'-233 Genetic
variants in this system of metabolizing enzymes have the
capacity to affect the metabolism of a number of commonly
used CVD medications. For example, CYP2D6 facilitates
oxidative metabolism of CVD drugs, including flecainide,
propafenone, and f(-blockers.?3!.234-23% Depending on the
population studied, 1% to 10% of subjects have a variant

coding for multiple copies of the gene, producing a rapid or
extensive metabolizing phenotype. Other variants produce
unstable, diminished, or absent enzyme activity, yielding a
poor drug-metabolizing phenotype. Similarly, the enzymatic
metabolism of the S (-) enantiomer of warfarin and losartan is
reduced in persons with certain allelic variants of the cyto-
chrome P450, subfamily IIC, polypeptide 9 gene (CYP2CY9)
that occur in 2% to 13% of subjects studied.?*°

Despite the evidence of enhanced or impaired inactivation
or clearance of these CVD drugs, there are surprisingly few
data concerning the impact of these variants on the clinical
safety or efficacy of the drugs in question. The major
exception concerns the use of warfarin. Persons with 1 or 2
copies of the ile359leu allele in the CYP2C9 gene require
lower warfarin doses to achieve anticoagulation and are at a
higher risk for hemorrhagic complications.?*!

There are also examples of gene variants that affect the
primary target for drugs or key steps in drug-effector path-
ways. For example, Chasman et al>*? identified 2 SNPs in the
hydroxymethylglutaryl coenzyme A reductase gene that are
associated with significantly smaller reductions in cholesterol
in subjects treated with pravastatin. Similarly, several com-
mon variants in the estrogen receptor 1 gene (ESR/) augment
the effects of estrogen therapy on HDL-C (ie, further increase
HDL-C); however, more studies are needed to confirm this
finding and to describe the molecular mechanisms in-
volved.?+? Blood pressure levels and the prevalence of hyper-
tension have been associated with a gly460trp polymorphism
of the adducin 1 gene (ADDI) in some but not all popula-
tions.2#4-253 Recently, carriers of some ADD] alleles taking
diuretic therapy were found to be at lower risk of MI or stroke
than individuals using other types of antihypertensive medi-
cations?>#; however, this finding was not replicated in a larger
study.?>> Other studies have reported interactions with respect
to blood pressure response between diuretics and variants in
the nitric oxide synthase 3 gene (NOS3)25¢; B-blockers
and the guanine nucleotide-binding protein, (3 gene
(GNB3)?57:258; and angiotensin II type 1 receptor antagonists
and angiotensin-converting enzyme. Table 4 lists other ex-
amples of gene variants that influence the safety or efficacy of
cardiovascular medications.

Despite the promise of pharmacogenetics, several barriers
to the translation of pharmacogenetic findings into routine
clinical CVD care remain. First, because effective clinical
practice has not, to date, been contingent on a detailed
knowledge of genetics, many practitioners are not familiar
with the principles of genetics and the mechanisms by which
gene variants might influence clinical decision making. Sec-
ond, only limited genetic testing services are available for
relevant pharmacogenetic variants, and the services that are
available are costly and not well standardized. Third, there is
a need for incentives to promote the development and
implementation of a pharmacogenetic approach to clinical
therapeutics because agencies may be uninterested in strate-
gies designed to restrict the use of products to a select
subgroup of patients. Finally, and most important, there is
still a lack of rigorously performed clinical research that
provides the evidence necessary to justify incorporation of
pharmacogenetic testing into routine clinical practice. To
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TABLE 4. Examples of Genes Implicated in Variable Qutcomes of Drug Therapy in Cardiovascular Medicine
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Drug Gene Reported Association
Pharmacokinetic mechanisms
Digoxin ABCB1 Variable drug levels resulting from variable bioavailability and clearance
Warfarin CYP2C9 Greater anticoagulation with hypofunctional alleles
Losartan, irbesartan CYP2C9 Greater blood pressure drop with hypofunctional alleles
Metoprolol, timolol, propafenone CYP2D6 Poor metabolizers display greater B-blockade
Procainamide NAT2 Poor acetylators at greater risk for drug-induced lupus

Pharmacodynamic mechanisms

QT-prolonging drugs

KCNH2, KCNE2, KCNQ1, KCNET, SCN5A

Increased torsade de pointes risk

Altered extent of heart rate slowing or blood pressure lowering
Decreased response in subjects with the DD genotype
Increased response in subjects with the DD genotype
Fluvastatin resistance

Variable regression of atherosclerosis

Variable HDL elevation during estrogen therapy

Variable lipid lowering

Variable antiplatelet effects ex vivo

No relation to antihypertensive effects

B-Blockers ADRB1, ADRB2
ACE inhibitors ACE
B-Blockers ACE
Fluvastatin ABCA1
Pravastatin CETP
Estrogen ESR1
Lipid-lowering therapy LIPC
Antiplatelet drugs ITGB3
Antihypertensive drugs AGTR1
Amiloride Epithelial sodium channel genes
Antihypertensive drugs GNAS
Diuretics ADD1

Antihypertensive effect in black subjects
Variable blood pressure lowering

Variable stroke incidence, variable blood pressure response
(especially when analyzed as a function of ACE polymorphism)

Reprinted from Roden.?*® Copyright 2003, with permission from the American Heart Association.

definitively show that pharmacogenetic testing has value in
clinical practice, it is not enough to simply demonstrate that
drug response varies by genotype. There must also be an
alternative treatment strategy that could be triggered by
knowledge of genotype and proof that testing for the geno-
type and subsequently tailoring the treatment strategy based
on genetic information are more clinically effective or cost
effective (or both) than merely treating everyone in the usual
manner. These will be difficult and costly studies to perform.
On the other hand, the total costs of CVD and its treatment in
our society are so great that even modest gains achieved
through application of pharmacogenetics to CVD care could
have substantial impact on attributable risk and cost.

Whole-Genome Association Studies

Subsequent to completion of the Human Genome Project?¢°
and the first draft of the human HapMap project,2¢!' techno-
logical advances have led to development of dense genotyp-
ing arrays of =500 000 SNPs that are available at continually
lower costs and cover the majority of the human genome.!¢
An initial whole-genome association study using ~100 000
SNPs led to the discovery of a common genetic variant in the
complement factor H gene (CFH) underlying macular degen-
eration,?? a finding that has subsequently been replicated.
Subsequently, a screen of ~100 000 SNPs in a community-
based white population led to discovery of a common variant
of the insulin-induced gene 2 (INSIG2) underlying obesity, a
finding replicated in several independent cohorts.?%3 A sepa-
rate study of ~100 000 SNPs in a population of whites led to
the discovery of a common variant in the nitric oxide
synthase 1 (neuronal) adaptor protein gene (NOSIAP) under-

lying QT-interval length on the ECG, a finding replicated in
other cohorts.?** These studies provide proof of principle for
the potential of whole-genome association studies for the
discovery of novel genetic determinants of CVD. A rapidly
growing number of whole-genome association studies are
now under way to map the genetic determinants of numerous
CVD traits in disease-based case-control studies and large
populations.

Resequencing

Studies that focus on common (ie, minor allele frequency
>1%) genetic variation do not detect whether rarer variants
play a role in common CVD. Whole-genome resequencing
would resolve the question regarding the relative contribution
of rare and common variants to common CVD. At present,
whole-genome resequencing is prohibitively expensive in
cohorts of men and women.265 However, several sentinel
studies have recently performed more focused resequencing
of coding regions of candidate genes, providing evidence for
a small but important contribution of rare variants to common
CVD. In a first such study, subjects with low HDL-C were
significantly more likely to harbor protein-sequence—altering
genetic variants in candidate genes previously implicated in
mendelian forms of dyslipidemia.2®¢ In a second study,
sequence variants in the PCSK9 gene were associated with
lower LDL-C and protection from CVD.2¢7 Finally, single-
gene mutations in genes encoding sarcomere proteins were
associated with a small but significant proportion of men and
women with left ventricular hypertrophy in a community
population.2®® Such studies are laying the groundwork for far
more extensive resequencing studies that may provide fully
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“personalized” characterization of an individual’s genome
once costs are no longer prohibitively high.

RNA Expression Profiling

The previous sections focused on how genetic mutations and
more common variants—ie, interindividual variations in the
DNA sequence—are statistically (and perhaps causally) as-
sociated with CVD. A more recent approach, known as gene
expression profiling or RNA expression profiling, is to study
the mRNA Ievels in a tissue sample to assess gene activity.
By simultaneously measuring the levels of mRNA of thou-
sands of genes, RNA expression profiling creates a snapshot
of the rate at which those genes are expressed in a tissue
sample. Because gene expression changes under pathological
conditions, RNA expression profiling can point to genes that
may be involved in disease pathogenesis resulting from both
environmental and genetic factors, along with any associated
interactions. Dynamic changes in these processes also can be
studied over time. Promising applications of gene expression
profiling in CVD include identification of panels of genes for
disease risk prediction, for diagnosis, or for prediction of
clinical outcomes.?*® Results from RNA expression profiling
in CVD research are beginning to emerge. The first studies in
atherosclerotic aortic plaque show a correlation of gene
groupings with the grade of atherosclerosis.?’® Acute stroke
was associated with upregulation of genes related to white
blood cell activation and differentiation and with upregula-
tion of genes in response to the altered cerebral microenvi-
ronment.?”! This signature has proven to be reproducible, and
a panel of 22 genes developed is being evaluated as a rapid
diagnostic test for acute ischemic stroke. A further panel of
genes is under investigation for its potential value in the
assessment of an individual’s future risk of vascular disease.
Gene expression profiling may be used to study target organ
damage resulting from hypertension and hypercholesterol-
emia?’2273 and is currently being used to evaluate in-stent
restenosis.?’*

Although RNA expression profiling shows great promise,
there are some obstacles to this rapidly evolving methodol-
ogy. The main difficulties include obtaining appropriate
tissue samples and extracting sufficient quantities of high-
quality RNA from tissues. Because CVD tissue is not readily
accessible for this type of research, many researchers use
peripheral blood leukocytes as a source of RNA, although the
specificity of these signatures for CVD needs to be con-
firmed.?”> Other obstacles include the cost to conduct these
studies and the need to assemble a multidisciplinary team
with expertise in molecular biology, bioinformatics, and
clinical medicine. The reproducibility of the array findings
must be determined in large, independent patient cohorts,
although a number of recent studies have demonstrated the
reproducibility of microarray studies to be good across
platforms and across laboratories if strict laboratory methods
are used.276-279

In summary, gene expression profiling has potential appli-
cation in clinical practice once specific molecular and clini-
cally meaningful CVD signatures are developed so that gene
products are identified that may have therapeutic targets for
intervention.?80-281 Knowledge about when, where, and to

what extent a gene is expressed is critical for understanding
the activity and biological roles of the protein product of the
gene in relation to CVD.

Genetic Counseling for CVD

Although genetic discoveries relating to common, complex
forms of CVD are emerging at a rapid pace, the clinical
application of many of these findings is currently limited;
successful application of genetic testing is currently limited to
monogenic disorders. However, continued research into the
genetic contributions to common, complex forms of CVD
will set the stage for eventual incorporation of DNA-based
testing into strategies for diagnosis, counseling, and treatment
of at-risk individuals, although much work remains to be
done. Studies to date have largely focused on white individ-
uals; the applicability of CVD associations to other popula-
tions is unclear.?33.234

FH is a common and important cause of mendelian-
inherited premature CVD and provides a well-studied condi-
tion that can serve as a model for genetic counseling for
families with multifactorial MI and atherosclerotic CVD.
Genetic counseling of FH families can educate them about
the hereditary nature of the condition and guide screening for
family members genetically at risk of FH who will benefit
from treatment. Although molecular diagnoses for FH can
occasionally be helpful, at this time, counseling usually can
be based on family history, signs of disease on physical
examination (eg, tendon xanthomas, arcual cornealis), and
laboratory data such as lipid profiles. In the future, however,
molecular diagnosis is likely to become increasingly impor-
tant in the context of FH and other disorders. For instance,
current evidence suggests that an SNP in the LDL receptor
also may increase stroke risk independent of lipid levels and
highlights the importance of these genes in the broader
spectrum of CVD.?82 More recently, mutations in PCSK9
have been shown to alter cholesterol metabolism and to
predict CVD.2¢7 Such single-marker molecular testing has the
potential to augment current clinical diagnoses used to inform
genetic counseling.

As one considers how to apply genetic tests for common
variants associated with common forms of CVD, evolving
approaches with personal and family history of venous
thromboembolism provide a useful model. Although the
value of knowing a given patient’s genetic status in manage-
ment of recurrent venous thromboembolism remains contro-
versial and requires further study,?®? the identification of
common genetic polymorphisms associated with venous
thromboembolism nonetheless provides an example of how
genetic testing may be put into practice in the future.
Approximately 5% of white individuals are heterozygous for
the factor V Leiden variant of the coagulation factor V gene,
resulting in a 4- to 7-fold—increased risk for venous throm-
boembolism, making it the most common inherited risk factor
for thrombophilia.?$+285 Women with factor V Leiden have a
greater risk for venous thromboembolism if treated with oral
contraceptives or hormone replacement therapy.?86-287 The
coagulation factor II gene (F2, also known as prothrombin)
20210G-A mutation is the next most common inherited risk
factor for thrombophilia and is present in ~2% to 4% of
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white individuals.?%8 About 1 in 1000 individuals will carry
both the factor V Leiden and F2 20210G-A mutations,
resulting in a relative risk for venous thromboembolism of
~20.28° Although there is not universal consensus about how
to apply genetic testing for these disorders yet, the American
College of Medical Genetics and the College of American
Pathologists are examples of professional associations that
have proposed guidelines for their members about the utility
of genetic testing for factor V Leiden and other thrombo-
philias.?°02°! Four common themes are present that could be
applied more generally to CVD: restricted screening to
high-risk individuals, assessment of other genetic and nonge-
netic risk factors in the individuals, appropriate consideration
for screening of family members, and the importance of
efficacious and safe treatments for the condition.

As discoveries in CVD genetics grow, we anticipate that
we will be able to improve predisease screening of the
population. As the availability of genetic testing increases, it
is anticipated that the demand for genetic counseling is likely
to show a commensurate increase in the coming years.
Additional resources will be required to provide a sufficient
number of well-trained genetic counselors to accommodate
this increased demand.

Summary and Recommendations for
Clinical and Public Health Practice and
Further Research
The identification and characterization of genes that enhance
prediction of disease risk and improve prevention, treatment,
and quality of care for MI and atherosclerotic CVD remain
important goals. We now stand on the threshold of a new era
in molecular genetics, and the integration of the fruits of
genomic science into clinical and public health practice will
likely occur rapidly. This transformation has been likened to
the computer revolution. Medical molecular genetics is now
at a stage in its development analogous to the era of large,
bulky, slow computers: great potential is clearly within sight,
but widespread, everyday utility remains just outside our
grasp. We recognize that a large amount of research is
required before genetics can be translated into clinical

practice.

The lack of reproducible genetic findings across studies
and populations has contributed to uncertainty about the
nature and number of genes contributing to CVD risk. Given
our current understanding, we question whether genetic
testing is “ready for prime time” in CVD public health and
clinical medicine, in which most patients are afflicted with
complex forms of the disease. However, we anticipate that we
soon will be able to determine genetically based disease
susceptibility within individuals, families, and populations,
thus allowing us to lower risk and create tailored treatment
strategies appropriate to the genetic susceptibility. We con-
clude this statement with a set of recommendations intended
to help incorporate usable knowledge into current clinical and
public health practice, to foster and guide future research, and
to prepare both researchers and practitioners for the changes
likely to occur as molecular genetics moves from the labora-
tory to clinic.
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Specific Recommendations

® Continue to use family history as a screening tool to
identify susceptible individuals and families.

® Develop a research infrastructure that includes the
following:

O Incentives for researchers to assemble multidisciplinary,
collaborative research teams.

O Incentives for researchers who are not currently conduct-
ing genetic research to collect DNA and consent to use
specimens and data in future studies.

O Incentives for researchers to undertake translational
research.

O Public-private partnerships that expedite the translation
of genetic/genomic findings to clinical and public health
practice.

® Prioritize the following research agendas:

O Characterize genes and genetic variants that are associ-
ated with CVD across individuals, communities, and
populations.

O Evaluate how behavioral and environmental factors in-
teract with genetic variants to influence CVD risk.

O Develop new technologies in CVD characterization, risk
assessment, and outcome prediction.

O Assess gene-drug interaction and the impact of these
findings on intervention strategies and drug
development.

O Develop new methods to analyze and understand the
wealth, breadth, and complexity of genetic and genomic
data.

® Prepare proactively for effective genetic screening
programs.

O Establish prevalence criteria that would trigger screen-
ing programs in at-risk populations.

O Create standards and laboratory oversight mechanisms
for genetic testing facilities.

O Match appropriate treatment guidelines to particular
genetic susceptibility findings.

O Assess the potential cost effectiveness of genetic screen-
ing programs.

® Educate researchers, clinicians, public health professionals,
and the general public.

O Effective researchers must be proficient in genetic epi-
demiology, computational biology, and statistical
genetics.

® (Clinicians should become aware of the genetic tools at their
disposal and understand and put to use the results of genetic
screening for complex CVDs. Graduate educational curric-
ula should include population biology and genetics.

O Public health professionals must continue to incorporate
genetic knowledge into their understanding of popula-
tion risk of CVDs.

O The general public will need a basic genetic literacy to
understand the technical and negotiate the ethical aspects
of molecular genetic screening.
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Appendix

Allele: Alternative sequence of a gene. One of the different variants
of a gene that can exist at a single location on a chromosome.
Candidate gene: A gene that is thought to cause or play a part in a

disease.

Chromosomes: Structures made of DNA and proteins found in the
nuclei of cells. Chromosomes come in pairs, and a normal human
cell contains 46 chromosomes, 22 pairs of autosomes, and a pair
of sex chromosomes. Genes, regulatory sequences, and noncoding
DNA segments comprise chromosomes.

Functional genomics: The study of genes, their resulting proteins,
and the role played by the proteins in the biochemical processes of
the body.

Gene: A unit of inheritance; a working subunit of DNA. Each of the
20 000 to 25 000 genes in the body contains the code for a specific
product, typically a protein such as an enzyme.

Gene expression: The process by which the coded information of a
gene is translated into the structures present and operating in the
cell (either proteins or ribonucleic acids).

Gene markers: Landmarks for a target gene, either detectable traits
that are inherited along with the gene or distinctive segments of
DNA.

Gene map: A description of the relative positions of genes on a
chromosome and the distance between them.

Genetic counseling: A short-term educational counseling process
for individuals and families who have a genetic disease or who are
at risk for such a disease. Genetic counseling provides patients
with information about their condition and helps them make
informed decisions.

Genetic linkage maps: DNA maps that assign relative chromosomal
locations to genetic landmarks—either genes for known traits or
distinctive sequences of DNA (ie, genetic markers)—on the basis
of how frequently they are inherited together.

Genetic testing: Examining a sample of blood or other body fluid or
tissue for biochemical, chromosomal, or genetic markers that
indicate the presence or absence of genetic disease.

Genetics: The scientific study of heredity, how particular qualities or
traits are transmitted from parents to offspring.

Genome: All the genetic material in the chromosomes of a particular
organism.

Genome-wide: Descriptor that indicates that the entire breadth of the
genome has been examined in a study (eg, a linkage or association
study). Genome-wide studies do not resequence the entire genome
but type (an increasingly large set of) markers distributed through-
out the genome.

Genomics: A “scaled-up” version of the science of genetics that
investigates the structure and function of large sections of the
genome simultaneously.

Genotype: The actual genes carried by an individual (as distinct
from phenotype—ie, the physical, bodily characteristics into
which genes are translated).

Haplotype: A way of denoting the collective genotype of a number
of closely linked loci on a chromosome.

Heritability (h?): For any trait, the proportion of the phenotypic
variability resulting from genetic variance. Note that heritability
does not indicate the degree to which a trait is “genetic.” Nor does
a high h* mean that the trait cannot be influenced by environment.
A heritability significantly >0, however, can provide a rationale
for further genetic and genomic study of a trait of interest.

Heterozygous: Possessing 2 different sequences (ie, genotypes) of a
particular gene, 1 inherited from each parent.

High-throughput genotyping: In contrast to the older labor- and
time-intensive genotyping methods, high-throughput genotyping

makes use of robots, computers, and other evolving technologies,
thus enabling laboratories to type up to hundreds of thousands of
polymorphisms in many samples in a relatively short period of
time.

Homozygous: Possessing 2 identical sequences of a particular gene,
1 inherited from each parent.

Interaction: The differing effect of 1 independent variable on the
dependent variable, depending on the particular level of another
independent variable. For example, there would be an interaction
between the factors sex and treatment if the effect of treatment was
not the same for male and female subjects in a drug trial.

Linkage analysis: A gene-hunting technique that traces patterns of
heredity in large, high-risk families in an attempt to locate a
disease-causing gene mutation by identifying traits that are coin-
herited with it.

Linkage disequilibrium: Two alleles at different loci that occur
together on the same chromosome more often than would be
predicted by chance alone. It is a measure of cosegregation of
alleles in a population.

LOD score: An abbreviation of “logarithm of the odds™ score. A
statistical estimate of whether 2 loci are likely to lie near each
other on a chromosome and are therefore likely to be inherited
together. A LOD score of =3 is generally taken to indicate that the
2 loci are close.

Marker: See gene markers.

Microarray technology: A new way of studying how large numbers
of genes interact with each other and how the regulatory networks
of a cell control vast batteries of genes simultaneously. The
method uses a robot to precisely apply tiny droplets containing
functional DNA to glass slides. Researchers then attach fluores-
cent labels to DNA from the cell they are studying. The labeled
probes are allowed to bind to cDNA strands on the slides. The
slides are put into a scanning microscope that can measure the
brightness of each fluorescent dot; brightness reveals how much of
a specific DNA fragment is present, an indicator of how active it
is.

Mendelian diseases: Pathological conditions that usually appear in
families in dominant or recessive patterns.

Mutation: A change, deletion, or rearrangement in an individual’s
DNA sequence that may lead to the synthesis of an altered protein
or the inability to produce the protein. Note that mutations are
observed in individuals and polymorphisms are observed in
populations.

Nucleotide: A building block of DNA or RNA, consisting of 1
nitrogenous base, 1 phosphate molecule, and 1 sugar molecule.
Pharmacogenetics: The study of genetically determined responses
to drugs (or of genetic variation in drug metabolizing enzymes and

the effect on drug response).

Pharmacogenomics: The general study of the entire spectrum of
genes that affect drug behavior.

Phenotype: The observable manifestation of a genetic trait, resulting
from specific genotypes and their interactions with the
environment.

Polymorphism: A common variation in the sequence of DNA
among individuals in a population. Note that polymorphisms are
observed in populations and mutations are observed in individuals.

Resequencing: Precisely determining the sequence of nucleotides in
the DNA of a sample of individuals. Resequencing is used to
identify single-nucleotide polymorphisms.

Single-nucleotide polymorphism: A polymorphism in which the
alleles differ by the replacement of a single nucleotide in the DNA
sequence.

Whole-genome: See genome-wide.

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

Arnett et al Relevance of Genetics and Genomics in CVD 2893

Disclosures
Writing Group Disclosures
Other Speakers’ Consultant/
Research Research Bureau/ Ownership Advisory
Writing Group Member Employment Grant Support Honoraria Interest Board Other
Donna K. Arnett University of Alabama School of Public Health None None None None None None
Allison E. Baird National Institute of Neurological Disorders and Stroke None None None None None None
Ruth A. Barkley University of Texas Health Science Center at Houston None None None None None None
Craig T. Basson Weill Medical College of Cornell University None Reynolds None None None None
Foundation
Eric Boerwinkle University of Texas Health Science Center at Houston None None None None Celere Dx None
Santhi K. Ganesh National Heart, Lung, and Blood Institute None None None None None None
David M. Herrington Wake Forest University School of Medicine None None None None None None
Yuling Hong American Heart Association None None None None None None
Cashell Jaquish National Institutes of Health/National Heart, None None None None None None
Lung, and Blood Institute

Deborah A. McDermott Weill Medical College of Cornell University None None None None None None
Christopher J. 0’Donnell National Heart, Lung, and Blood Institute None None None None None None

This table represents the relationships of writing group members that may be perceived as actual or reasonably perceived conflicts of interest as reported on the
Disclosure Questionnaire, which all members of the writing group are required to complete and submit.

Reviewer Disclosures

Other
Research ~ Research Speakers’ Expert Ownership  Consultant/Advisory
Reviewer Employment Grant Support Bureau/Honoraria ~ Witness Interest Board Other
Daniel 0’Connor  University of California, San Diego None None None None None None None
Bruce Psaty University of Washington None None None None None None None
Alan Weder University of Michigan None None None None None None None

This table represents the relationships of reviewers that may be perceived as actual or reasonably perceived conflicts of interest as reported on the Disclosure
Questionnaire, which all reviewers are required to complete and submit.

References 9. Rees MM, Rodgers GM. Homocysteinemia: association of a metabolic

1. Thom T. Haase N. Rosamond W. Howard VJ. Rumsfeld J. Manolio T disorder with vascular disease and thrombosis. Thromb Res. 1993;71:
Zheng ZJ, Flegal K, O’Donnell C, Kittner S, Lloyd-Jones D, Goff DC Ir, 337-359. .

Hong Y, Adams R, Friday G, Furie K, Gorelick P, Kissela B, Marler J, 10. Cho SE, Sook Hong K, Shin GJ, Chung WS. The methylenetetrahydro-

folate reductase C677T gene mutation is associated with hyperhomo-

Meigs J, Roger V, Sidney S, Sorlie P, Steinberger J, Wasserthiel-Smoller S, s ; . O
cysteinemia, cardiovascular disease and plasma B-type natriuretic

Wilson M, Wolf P; American Heart Association Statistics Committee and
Stroke Statistics Subcommittee. Heart disease and stroke statistics—2006 peptide levels in Korea. Clin Chem Lab Med. 2006;44:1070-1075.
update: a report from the American Heart Association Statistics Committee 1. DeBusk FL. The Hutchinson-Gilford progeria syndrome: report of 4
and Stroke Statistics Subcommittee. Circulation. 2006;113:e85—¢151. cases and review of the literature. J Pediatr. 1972;80:697-724.

2. Murray CJ, Lopez AD. Global mortality, disability, and the contribution of risk 2. Brooks-Wilson A, Marcil M, Clee SM, Zhang LH, Roomp K, van Dam

J—

—

factors: Global Burden of Disease Study. Lancet. 1997;349:1436-1442. M, Yu L, Brewer C, Collins JA, Molhuizen HO, Loubser O, Ouelette
3. Wilson PW, D’Agostino RB, Levy D, Belanger AM, Silbershatz H, BF, Fichter K, Ashbourne-Excoffon KJ, Sensen CW, Scherer S, Mott S,
Kannel WB. Prediction of coronary heart disease using risk factor Denis M, Martindale D, Frohlich J, Morgan K, Koop B, Pimstone S,
categories. Circulation. 1998;97:1837-1847. Kastelein JJ, Genest J Jr, Hayden MR. Mutations in ABC1 in Tangier
4. Ridker PM. Evaluating novel cardiovascular risk factors: can we better disease and familial high-density lipoprotein deficiency. Nat Genet.
predict heart attacks? Ann Intern Med. 1999;130:933-937. 1999:22:336-345.
5. Lloyd-Jones DM, Nam BH, D’Agostino RB Sr, Levy D, Murabito JM, 13. Wang L, Fan C, Topol SE, Topol EJ, Wang Q. Mutation of MEF2A in
Wang TJ, Wilson PW, O’Donnell CJ. Parental cardiovascular disease as an inherited disorder with features of coronary artery disease. Science.
a risk factor for cardiovascular disease in middle-aged adults: a pro- 2003;302:1578-1581.
spective study of parents and offspring. JAMA. 2004;291:2204-2211. 14. Priori SG, Napolitano C. Role of genetic analyses in cardiology, part I:
6. Marenberg ME, Risch N, Berkman LF, Floderus B, de Faire U. Genetic mendelian diseases: cardiac channelopathies. Circulation. 2006;113:
susceptibility to death from coronary heart disease in a study of twins. 1130-1135.
N Engl J Med. 1994;330:1041-1046. 15. Loussouarn G, Baro I, Escande D. KCNQ1 K+ channel-mediated
7. Williams RR, Hunt SC, Heiss G, Province MA, Bensen JT, Higgins M, cardiac channelopathies. Methods Mol Biol. 2006;337:167-183.
Chamberlain RM, Ware J, Hopkins PN. Usefulness of cardiovascular 16. Hirschhorn JN, Daly MJ. Genome-wide association studies for common
family history data for population-based preventive medicine and diseases and complex traits. Nat Rev Genet. 2005;6:95-108.
medical research (the Health Family Tree Study and the NHLBI Family 17. Jensen HK. The molecular genetic basis and diagnosis of familial hy-

Heart Study). Am J Cardiol. 2001;87:129-135. percholesterolemia in Denmark. Dan Med Bull. 2002;49:318-345.
8. Brown MS, Goldstein JL. A receptor-mediated pathway for cholesterol 8. Boerwinkle E, Hixson JE, Hanis CL. Peeking under the peaks: following
homeostasis. Science. 1986;232:34—-47. up genome-wide linkage analyses. Circulation. 2000;102:1877-1878.

—_

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

2894

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Circulation June 5, 2007

. Seldin DW, Giebisch GH. The Kidney: Physiology and Pathophys-

iology. 3rd ed. Philadelphia, Pa: Lippincott Williams & Wilkins; 2000.
Johnson CM, Perez DR, French R, Merrick WC, Donis RO. The NS5A
protein of bovine viral diarrhoea virus interacts with the alpha subunit of
translation elongation factor-1. J Gen Virol. 2001;82(pt 12):2935-2943.
Goldstein AM, Tucker MA. Genetic epidemiology of cutaneous mel-
anoma: a global perspective. Arch Dermatol. 2001;137:1493-1496.
Daly AK, Day CP. Candidate gene case-control association studies:
advantages and potential pitfalls. Br J Clin Pharmacol. 2001;52:
489-499.

Ozaki K, Tanaka T. Genome-wide association study to identify SNPs
conferring risk of myocardial infarction and their functional analyses.
Cell Mol Life Sci. 2005;62:1804—-1813.

McCarthy JJ, Parker A, Salem R, Moliterno DJ, Wang Q, Plow EF, Rao
S, Shen G, Rogers WJ, Newby LK, Cannata R, Glatt K, Topol EJ, for
the GeneQuest Investigators. Large scale association analysis for iden-
tification of genes underlying premature coronary heart disease: cumu-
lative perspective from analysis of 111 candidate genes. J Med Genet.
2004;41:334-341.

Topol EJ, McCarthy J, Gabriel S, Moliterno DJ, Rogers WJ, Newby LK,
Freedman M, Metivier J, Cannata R, O’Donnell CJ, Kottke-Marchant K,
Murugesan G, Plow EF, Stenina O, Daley GQ. Single nucleotide poly-
morphisms in multiple novel thrombospondin genes may be associated
with familial premature myocardial infarction. Circulation. 2001;104:
2641-2644.

Yamada Y, Izawa H, Ichihara S, Takatsu F, Ishihara H, Hirayama H,
Sone T, Tanaka M, Yokota M. Prediction of the risk of myocardial
infarction from polymorphisms in candidate genes. N Engl J Med.
2002;347:1916-1923.

Heart Disease and Stroke Statistics: 2005 Update. Dallas, Tex:
American Heart Association; 2005.

Colditz GA, Stampfer MJ, Willett WC, Rosner B, Speizer FE, Hen-
nekens CH. A prospective study of parental history of myocardial
infarction and coronary heart disease in women. Am J Epidemiol. 1986;
123:48-58.

Colditz GA, Rimm EB, Giovannucci E, Stampfer MJ, Rosner B, Willett
WC. A prospective study of parental history of myocardial infarction
and coronary artery disease in men. Am J Cardiol. 1991;67:933-938.
Sesso HD, Lee IM, Gaziano JM, Rexrode KM, Glynn RJ, Buring JE.
Maternal and paternal history of myocardial infarction and risk of
cardiovascular disease in men and women. Circulation. 2001;104:
393-398.

Murabito JM, Pencina MJ, Nam BH, D’Agostino RB Sr, Wang TJ,
Lloyd-Jones D, Wilson PW, O’Donnell CJ. Sibling cardiovascular
disease as a risk factor for cardiovascular disease in middle-aged adults.
JAMA. 2005;294:3117-3123.

Fox CS, Polak JF, Chazaro I, Cupples A, Wolf PA, D’Agostino RA,
O’Donnell CJ, for the Framingham Heart Study. Genetic and environ-
mental contributions to atherosclerosis phenotypes in men and women:
heritability of carotid intima-media thickness in the Framingham Heart
Study. Stroke. 2003;34:397-401.

Peyser PA, Bielak LF, Chu JS, Turner ST, Ellsworth DL, Boerwinkle E,
Sheedy PF 2nd. Heritability of coronary artery calcium quantity
measured by electron beam computed tomography in asymptomatic
adults. Circulation. 2002;106:304-308.

O’Donnell CJ, Chazaro I, Wilson PW, Fox C, Hannan MT, Kiel DP,
Cupples LA. Evidence for heritability of abdominal aortic calcific
deposits in the Framingham Heart Study. Circulation. 2002;106:
337-341.

Wang TJ, Nam BH, D’Agostino RB, Wolf PA, Lloyd-Jones DM,
MacRae CA, Wilson PW, Polak JF, O’Donnell CJ. Carotid
intima-media thickness is associated with premature parental coronary
heart disease: the Framingham Heart Study. Circulation. 2003;108:
572-576.

Fornage M, Lopez DS, Roseman JM, Siscovick DS, Wong ND, Boer-
winkle E. Parental history of stroke and myocardial infarction predicts
coronary artery calcification: the Coronary Artery Risk Development in
Young Adults (CARDIA) study. Eur J Cardiovasc Prev Rehabil. 2004;
11:421-426.

Nasir K, Michos ED, Rumberger JA, Braunstein JB, Post WS, Budoff
MJ, Blumenthal RS. Coronary artery calcification and family history of
premature coronary heart disease: sibling history is more strongly asso-
ciated than parental history. Circulation. 2004;110:2150-2156.
Broeckel U, Hengstenberg C, Mayer B, Holmer S, Martin LJ, Comuzzie
AG, Blangero J, Nurnberg P, Reis A, Riegger GA, Jacob HJ, Schunkert

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

H. A comprehensive linkage analysis for myocardial infarction and its
related risk factors. Nat Genet. 2002;30:210-214.

Chiodini BD, Lewis CM. Meta-analysis of 4 coronary heart disease
genome-wide linkage studies confirms a susceptibility locus on chro-
mosome 3q. Arterioscler Thromb Vasc Biol. 2003;23:1863-1868.
Francke S, Manraj M, Lacquemant C, Lecoeur C, Lepretre F, Passa P,
Hebe A, Corset L, Yan SL, Lahmidi S, Jankee S, Gunness TK,
Ramjuttun US, Balgobin V, Dina C, Froguel P. A genome-wide scan for
coronary heart disease suggests in Indo-Mauritians a susceptibility locus
on chromosome 16pl13 and replicates linkage with the metabolic
syndrome on 3q27. Hum Mol Genet. 2001;10:2751-2765.

Harrap SB, Zammit KS, Wong ZY, Williams FM, Bahlo M, Tonkin
AM, Anderson ST. Genome-wide linkage analysis of the acute coronary
syndrome suggests a locus on chromosome 2. Arterioscler Thromb Vasc
Biol. 2002;22:874—-878.

Hauser ER, Crossman DC, Granger CB, Haines JL, Jones CJ, Mooser V,
McAdam B, Winkelmann BR, Wiseman AH, Muhlestein JB, Bartel AG,
Dennis CA, Dowdy E, Estabrooks S, Eggleston K, Francis S, Roche K,
Clevenger PW, Huang L, Pedersen B, Shah S, Schmidt S, Haynes C,
West S, Asper D, Booze M, Sharma S, Sundseth S, Middleton L, Roses
AD, Hauser MA, Vance JM, Pericak-Vance MA, Kraus WE. A
genomewide scan for early-onset coronary artery disease in 438 fam-
ilies: the GENECARD Study. Am J Hum Genet. 2004;75:436—447.
Helgadottir A, Manolescu A, Thorleifsson G, Gretarsdottir S, Jonsdottir
H, Thorsteinsdottir U, Samani NJ, Gudmundsson G, Grant SF, Thor-
geirsson G, Sveinbjornsdottir S, Valdimarsson EM, Matthiasson SE,
Johannsson H, Gudmundsdottir O, Gurney ME, Sainz J, Thorhallsdottir
M, Andresdottir M, Frigge ML, Topol EJ, Kong A, Gudnason V,
Hakonarson H, Gulcher JR, Stefansson K. The gene encoding 5-lipoxy-
genase activating protein confers risk of myocardial infarction and
stroke. Nat Genet. 2004;36:233-239.

Pajukanta P, Cargill M, Viitanen L, Nuotio I, Kareinen A, Perola M,
Terwilliger JD, Kempas E, Daly M, Lilja H, Rioux JD, Brettin T, Viikari
JS, Ronnemaa T, Laakso M, Lander ES, Peltonen L. Two loci on
chromosomes 2 and X for premature coronary heart disease identified in
early- and late-settlement populations of Finland. Am J Hum Genet.
2000;67:1481-1493.

Wang Q, Rao S, Shen GQ, Li L, Moliterno DJ, Newby LK, Rogers W1J,
Cannata R, Zirzow E, Elston RC, Topol EJ. Premature myocardial
infarction novel susceptibility locus on chromosome 1P34-36 identified
by genomewide linkage analysis. Am J Hum Genet. 2004;74:262-271.
Farrall M, Green FR, Peden JF, Olsson PG, Clarke R, Hellenius ML,
Rust S, Lagercrantz J, Franzosi MG, Schulte H, Carey A, Olsson G,
Assmann G, Tognoni G, Collins R, Hamsten A, Watkins H.
Genome-wide mapping of susceptibility to coronary artery disease iden-
tifies a novel replicated locus on chromosome 17. PLoS Genet. 2006;
2:e72.

Samani NJ, Burton P, Mangino M, Ball SG, Balmforth AJ, Barrett J,
Bishop T, Hall A, for the BHF Family Heart Study Research Group. A
genomewide linkage study of 1,933 families affected by premature
coronary artery disease: the British Heart Foundation (BHF) Family
Heart Study. Am J Hum Genet. 2005;77:1011-1020.

Altmuller J, Palmer LJ, Fischer G, Scherb H, Wjst M. Genomewide
scans of complex human diseases: true linkage is hard to find. Am J Hum
Genet. 2001;69:936-950.

Helgadottir A, Gretarsdottir S, St Clair D, Manolescu A, Cheung J,
Thorleifsson G, Pasdar A, Grant SF, Whalley LJ, Hakonarson H, Thor-
steinsdottir U, Kong A, Gulcher J, Stefansson K, MacLeod MJ. Asso-
ciation between the gene encoding 5-lipoxygenase-activating protein
and stroke replicated in a Scottish population. Am J Hum Genet. 2005;
76:505-509.

Zee RY, Cheng S, Hegener HH, Erlich HA, Ridker PM. Genetic variants
of arachidonate 5-lipoxygenase-activating protein, and risk of incident
myocardial infarction and ischemic stroke: a nested case-control
approach. Stroke. 2006;37:2007-2011.

Kajimoto K, Shioji K, Ishida C, Iwanaga Y, Kokubo Y, Tomoike H,
Miyazaki S, Nonogi H, Goto Y, Iwai N. Validation of the association
between the gene encoding 5-lipoxygenase-activating protein and myo-
cardial infarction in a Japanese population. Circ J. 2005;69:1029-1034.
Lange LA, Lange EM, Bielak LF, Langefeld CD, Kardia SL, Royston P,
Turner ST, Sheedy PF 2nd, Boerwinkle E, Peyser PA. Autosomal
genome-wide scan for coronary artery calcification loci in sibships at
high risk for hypertension. Arterioscler Thromb Vasc Biol. 2002;22:
418-423.

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Arnett et al

Pankow JS, Heiss G, Evans GW, Sholinsky P, Province MA, Coon H,
Ellison RC, Miller MB, Qaqish B. Familial aggregation and
genome-wide linkage analysis of carotid artery plaque: the NHLBI
Family Heart Study. Hum Hered. 2004;57:80—89.

Fox CS, Cupples LA, Chazaro I, Polak JF, Wolf PA, D’Agostino RB,
Ordovas JM, O’Donnell CJ. Genomewide linkage analysis for internal
carotid artery intimal medial thickness: evidence for linkage to chro-
mosome 12. Am J Hum Genet. 2004;74:253-261.

Hirschhorn JN, Lohmueller K, Byrne E, Hirschhorn K. A compre-
hensive review of genetic association studies. Genet Med. 2002;4:
45-61.

Lohmueller KE, Pearce CL, Pike M, Lander ES, Hirschhorn JN. Meta-
analysis of genetic association studies supports a contribution of
common variants to susceptibility to common disease. Nat Genet. 2003;
33:177-182.

Lusis AJ, Fogelman AM, Fonarow GC. Genetic basis of atherosclerosis,
part I: new genes and pathways. Circulation. 2004;110:1868-1873.
Lusis AJ, Fogelman AM, Fonarow GC. Genetic basis of atherosclerosis,
part II: clinical implications. Circulation. 2004;110:2066-2071.

Song Y, Stampfer MJ, Liu S. Meta-analysis: apolipoprotein E genotypes
and risk for coronary heart disease. Ann Intern Med. 2004;141:137-147.
Wilson PW, Schaefer EJ, Larson MG, Ordovas JM. Apolipoprotein E
alleles and risk of coronary disease: a meta-analysis. Arterioscler
Thromb Vasc Biol. 1996;16:1250-1255.

Boekholdt SM, Bijsterveld NR, Moons AH, Levi M, Buller HR, Peters
RJ. Genetic variation in coagulation and fibrinolytic proteins and their
relation with acute myocardial infarction: a systematic review. Circu-
lation. 2001;104:3063-3068.

Agerholm-Larsen B, Nordestgaard BG, Tybjaerg-Hansen A. ACE gene
polymorphism in cardiovascular disease: meta-analyses of small and
large studies in whites. Arterioscler Thromb Vasc Biol. 2000;20:
484-492.

Staessen JA, Wang JG, Ginocchio G, Petrov V, Saavedra AP, Soubrier
F, Vlietinck R, Fagard R. The deletion/insertion polymorphism of the
angiotensin converting enzyme gene and cardiovascular-renal risk.
J Hypertens. 1997;15(pt 2):1579-1592.

Klerk M, Verhoef P, Clarke R, Blom HJ, Kok FJ, Schouten EG.
MTHFR 677C—T polymorphism and risk of coronary heart disease: a
meta-analysis. JAMA. 2002;288:2023-2031.

Little J, Bradley L, Bray MS, Clyne M, Dorman J, Ellsworth DL,
Hanson J, Khoury M, Lau J, O’Brien TR, Rothman N, Stroup D, Taioli
E, Thomas D, Vainio H, Wacholder S, Weinberg C. Reporting,
appraising, and integrating data on genotype prevalence and gene-
disease associations. Am J Epidemiol. 2002;156:300-310.

Lewis SJ, Ebrahim S, Davey Smith G. Meta-analysis of MTHFR
677C—T polymorphism and coronary heart disease: does totality of
evidence support causal role for homocysteine and preventive potential
of folate? BMJ. 2005;331:1053.

Wald DS, Law M, Morris JK. Homocysteine and cardiovascular disease:
evidence on causality from a meta-analysis. BMJ. 2002;325:1202.
Boekholdt SM, Sacks FM, Jukema JW, Shepherd J, Freeman DJ,
McMahon AD, Cambien F, Nicaud V, de Grooth GJ, Talmud PJ,
Humphries SE, Miller GJ, Eiriksdottir G, Gudnason V, Kauma H,
Kakko S, Savolainen MJ, Arca M, Montali A, Liu S, Lanz HJ, Zwin-
derman AH, Kuivenhoven JA, Kastelein JJ. Cholesteryl ester transfer
protein TaqIB variant, high-density lipoprotein cholesterol levels, car-
diovascular risk, and efficacy of pravastatin treatment: individual patient
meta-analysis of 13,677 subjects. Circulation. 2005;111:278-287.
Lawlor DA, Day IN, Gaunt TR, Hinks LJ, Briggs PJ, Kiessling M,
Timpson N, Smith GD, Ebrahim S. The association of the PON1 Q192R
polymorphism with coronary heart disease: findings from the British
Women’s Heart and Health cohort study and a meta-analysis. BMC
Genet. 2004;5:17.

Wheeler JG, Keavney BD, Watkins H, Collins R, Danesh J. Four
paraoxonase gene polymorphisms in 11212 cases of coronary heart
disease and 12786 controls: meta-analysis of 43 studies. Lancet. 2004;
363:689-695.

Casas JP, Bautista LE, Humphries SE, Hingorani AD. Endothelial nitric
oxide synthase genotype and ischemic heart disease: meta-analysis of 26
studies involving 23 028 subjects. Circulation. 2004;109:1359—-1365.
Burzotta F, Paciaroni K, De Stefano V, Crea F, Maseri A, Leone G,
Andreotti F. G20210A prothrombin gene polymorphism and coronary
ischaemic syndromes: a phenotype-specific meta-analysis of 12 034
subjects. Heart. 2004;90:82—86.

Relevance of Genetics and Genomics in CVD

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

2895

Boekholdt SM, Peters RJ, Fountoulaki K, Kastelein JJ, Sijbrands EJ.
Molecular variation at the apolipoprotein B gene locus in relation to
lipids and cardiovascular disease: a systematic meta-analysis. Hum
Genet. 2003;113:417-425.

Burr D, Doss H, Cooke GE, Goldschmidt-Clermont PJ. A meta-analysis
of studies on the association of the platelet PIA polymorphism of
glycoprotein IITa and risk of coronary heart disease. Stat Med. 2003;22:
1741-1760.

Di Castelnuovo A, de Gaetano G, Donati MB, lacoviello L. Platelet
glycoprotein receptor IIla polymorphism PLA1/PLA2 and coronary
risk: a meta-analysis. Thromb Haemost. 2001;85:626—633.

Keavney B, McKenzie C, Parish S, Palmer A, Clark S, Youngman L,
Delepine M, Lathrop M, Peto R, Collins R. Large-scale test of hypoth-
esised associations between the angiotensin-converting-enzyme inser-
tion/deletion polymorphism and myocardial infarction in about 5000
cases and 6000 controls: International Studies of Infarct Survival (ISIS)
Collaborators. Lancet. 2000;355:434—-442.

Chiodini BD, Barlera S, Franzosi MG, Beceiro VL, Introna M, Tognoni
G. APO B gene polymorphisms and coronary artery disease: a meta-
analysis. Atherosclerosis. 2003;167:355-366.

Juhan-Vague I, Pyke SD, Alessi MC, Jespersen J, Haverkate F,
Thompson SG. Fibrinolytic factors and the risk of myocardial infarction
or sudden death in patients with angina pectoris: ECAT Study Group:
European Concerted Action on Thrombosis and Disabilities. Circu-
lation. 1996;94:2057-2063.

Kim RJ, Becker RC. Association between factor V Leiden, prothrombin
G20210A, and methylenetetrahydrofolate reductase C677T mutations
and events of the arterial circulatory system: a meta-analysis of pub-
lished studies. Am Heart J. 2003;146:948-957.

Morgan TM, Coffey CS, Krumholz HM. Overestimation of genetic risks
owing to small sample sizes in cardiovascular studies. Clin Genet.
2003;64:7-17.

Eichner JE, Dunn ST, Perveen G, Thompson DM, Stewart KE, Stroehla
BC. Apolipoprotein E polymorphism and cardiovascular disease: a
HuGE review. Am J Epidemiol. 2002;155:487-495.

Sudlow C, Martinez Gonzalez NA, Kim J, Clark C. Does apolipoprotein
E genotype influence the risk of ischemic stroke, intracerebral hemor-
rhage, or subarachnoid hemorrhage? Systematic review and meta-anal-
yses of 31 studies among 5961 cases and 17,965 controls. Stroke.
2006;37:364-370.

Cronin S, Furie KL, Kelly PJ. Dose-related association of MTHFR 677T
allele with risk of ischemic stroke: evidence from a cumulative meta-
analysis. Stroke. 2005;36:1581-1587.

Casas JP, Bautista LE, Smeeth L, Sharma P, Hingorani AD. Homo-
cysteine and stroke: evidence on a causal link from mendelian rando-
misation. Lancet. 2005;365:224-232.

Casas JP, Hingorani AD, Bautista LE, Sharma P. Meta-analysis of
genetic studies in ischemic stroke: thirty-two genes involving approxi-
mately 18,000 cases and 58,000 controls. Arch Neurol. 2004;61:
1652-1661.

Ozaki K, Ohnishi Y, lida A, Sekine A, Yamada R, Tsunoda T, Sato H,
Hori M, Nakamura Y, Tanaka T. Functional SNPs in the
lymphotoxin-alpha gene that are associated with susceptibility to myo-
cardial infarction. Nat Genet. 2002;32:650—654.

Manolio TA, Boerwinkle E, O’Donnell CJ, Wilson AF. Genetics of
ultrasonographic carotid atherosclerosis. Arterioscler Thromb Vasc Biol.
2004;24:1567-1577.

Castelli WP, Doyle JT, Gordon T, Hames CG, Hjortland MC, Hulley
SB, Kagan A, Zukel WJ. HDL cholesterol and other lipids in coronary
heart disease: the Cooperative Lipoprotein Phenotyping Study. Circu-
lation. 1977;55:767-772.

Downs JR, Clearfield M, Weis S, Whitney E, Shapiro DR, Beere PA,
Langendorfer A, Stein EA, Kruyer W, Gotto AM Jr. Primary prevention
of acute coronary events with lovastatin in men and women with average
cholesterol levels: results of AFCAPS/TexCAPS: Air Force/Texas
Coronary Atherosclerosis Prevention Study. JAMA. 1998;279:
1615-1622.

Ford ES, Mokdad AH, Giles WH, Mensah GA. Serum total cholesterol
concentrations and awareness, treatment, and control of hypercholester-
olemia among US adults: findings from the National Health and
Nutrition Examination Survey, 1999 to 2000. Circulation. 2003;107:
2185-2189.

Third Report of the National Cholesterol Education Program (NCEP)
Expert Panel on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults (Adult Treatment Panel III). Bethesda, Md:

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

2896

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Circulation June 5, 2007

National Heart, Lung, and Blood Institute; 2002. NIH publication No.
02-5215.

Knoblauch H, Bauerfeind A, Toliat MR, Becker C, Luganskaja T,
Gunther UP, Rohde K, Schuster H, Junghans C, Luft FC, Nurnberg P,
Reich JG. Haplotypes and SNPs in 13 lipid-relevant genes explain most
of the genetic variance in high-density lipoprotein and low-density
lipoprotein cholesterol. Hum Mol Genet. 2004;13:993-1004.

Rader DJ, Cohen J, Hobbs HH. Monogenic hypercholesterolemia: new
insights in pathogenesis and treatment. J Clin Invest. 2003;111:
1795-1803.

Goldstein J, Hobbs H, Brown M. Familial hypercholesterolemia. In:
Beaudet A, Sly W, Valle D, eds. The Metabolic and Molecular Bases of
Inherited Disease. New York, NY: McGraw-Hill; 2001:2863-2913.
Myant NB. Familial defective apolipoprotein B-100: a review, including
some comparisons with familial hypercholesterolaemia. Atherosclerosis.
1993;104:1-18.

Hansen PS. Familial defective apolipoprotein B-100. Dan Med Bull.
1998:45:370-382.

Ouguerram K, Chetiveaux M, Zair Y, Costet P, Abifadel M, Varret M,
Boileau C, Magot T, Krempf M. Apolipoprotein B100 metabolism in
autosomal-dominant hypercholesterolemia related to mutations in
PCSKO. Arterioscler Thromb Vasc Biol. 2004;24:1448 -1453.
Khachadurian AK, Uthman SM. Experiences with the homozygous
cases of familial hypercholesterolemia: a report of 52 patients. Nutr
Metab. 1973;15:132-140.

Pullinger CR, Eng C, Salen G, Shefer S, Batta AK, Erickson SK,
Verhagen A, Rivera CR, Mulvihill SJ, Malloy MJ, Kane JP. Human
cholesterol 7alpha-hydroxylase (CYP7A1) deficiency has a hypercho-
lesterolemic phenotype. J Clin Invest. 2002;110:109-117.

Reed DR, Nanthakumar E, North M, Bell C, Price RA. A genome-wide
scan suggests a locus on chromosome 1q21-q23 contributes to normal
variation in plasma cholesterol concentration. J Mol Med. 2001;79:
262-269.

Lin JP. Genome-wide scan on plasma triglyceride and high density
lipoprotein cholesterol levels, accounting for the effects of correlated
quantitative phenotypes. BMC Genet. 2003;4(suppl 1):S47.

Coon H, Leppert MF, Eckfeldt JH, Oberman A, Myers RH, Peacock JM,
Province MA, Hopkins PN, Heiss G. Genome-wide linkage analysis of
lipids in the Hypertension Genetic Epidemiology Network (HyperGEN)
Blood Pressure Study. Arterioscler Thromb Vasc Biol. 2001;21:
1969-1976.

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;12:137-144.

Arya R, Lehman D, Hunt KJ, Schneider J, Almasy L, Blangero J, Stern
MP, Duggirala R, for the Framingham Heart Study. Evidence for
bivariate linkage of obesity and HDL-C levels in the Framingham Heart
Study. BMC Genet. 2003;4(suppl 1):S52.

North KE, Martin LJ, Dyer T, Comuzzie AG, Williams JT, for the
Framingham Heart Study. HDL cholesterol in females in the Fra-
mingham Heart Study is linked to a region of chromosome 2q. BMC
Genet. 2003;4(suppl 1):S98.

Falchi M, Forabosco P, Mocci E, Borlino CC, Picciau A, Virdis E,
Persico I, Parracciani D, Angius A, Pirastu M. A genomewide search
using an original pairwise sampling approach for large genealogies
identifies a new locus for total and low-density lipoprotein cholesterol in
two genetically differentiated isolates of Sardinia. Am J Hum Genet.
2004;75:1015-1031.

Horne BD, Malhotra A, Camp NJ. Comparison of linkage analysis
methods for genome-wide scanning of extended pedigrees, with appli-
cation to the TG/HDL-C ratio in the Framingham Heart Study. BMC
Genet. 2003;4:S93.

Imperatore G, Knowler WC, Pettitt DJ, Kobes S, Fuller JH, Bennett PH,
Hanson RL. A locus influencing total serum cholesterol on chromosome
19p: results from an autosomal genomic scan of serum lipid concen-
trations in Pima Indians. Arterioscler Thromb Vasc Biol. 2000;20:
2651-2656.

Peacock JM, Arnett DK, Atwood LD, Myers RH, Coon H, Rich SS,
Province MA, Heiss G. Genome scan for quantitative trait loci linked to
high-density lipoprotein cholesterol: the NHLBI Family Heart Study.
Arterioscler Thromb Vasc Biol. 2001;21:1823-1828.

Elbein SC, Hasstedt SJ. Quantitative trait linkage analysis of lipid-
related traits in familial type 2 diabetes: evidence for linkage of triglyc-
eride levels to chromosome 19q. Diabetes. 2002;51:528 -535.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Liu XQ, Hanley AJG, Paterson AD. Genetic analysis of common factors
underlying cardiovascular disease-related traits. BMC Genet. 2003;
4:S56.

Duggirala R, Blangero J, Almasy L, Dyer TD, Williams KL, Leach RJ,
O’Connell P, Stern MP. A major susceptibility locus influencing plasma
triglyceride concentrations is located on chromosome 15q in Mexican
Americans. Am J Hum Genet. 2000;66:1237—-1245.

Shearman AM, Ordovas JM, Cupples LA, Schaefer EJ, Harmon MD,
Shao Y, Keen JD, DeStefano AL, Joost O, Wilson PW, Housman DE,
Myers RH. 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;9:1315-1320.

Li WD, Dong C, Li D, Garrigan C, Price RA. A genome scan for serum
triglyceride in obese nuclear families. J Lipid Res. 2005:46:432—438.
Arya R, Duggirala R, Almasy L, Rainwater DL, Mahaney MC, Cole S,
Dyer TD, Williams K, Leach RJ, Hixson JE, MacCluer JW, O’Connell
P, Stern MP, Blangero J. Linkage of high-density lipoprotein-cholesterol
concentrations to a locus on chromosome 9p in Mexican Americans. Nat
Genet. 2002;30:102-105.

Lilja HE, Suviolahti E, Soro-Paavonen A, Hiekkalinna T, Day A, Lange
K, Sobel E, Taskinen MR, Peltonen L, Perola M, Pajukanta P. Locus for
quantitative HDL-cholesterol on chromosome 10q in Finnish families
with dyslipidemia. J Lipid Res. 2004;45:1876—1884.

Pollin TI, Hsueh WC, Steinle NI, Snitker S, Shuldiner AR, Mitchell BD.
A genome-wide scan of serum lipid levels in the Old Order Amish.
Atherosclerosis. 2004;173:89-96.

Austin MA, Edwards KL, Monks SA, Koprowicz KM, Brunzell JD,
Motulsky AG, Mahaney MC, Hixson JE. Genome-wide scan for quan-
titative trait loci influencing LDL size and plasma triglyceride in familial
hypertriglyceridemia. J Lipid Res. 2003;44:2161-2168.

Mahaney MC, Almasy L, Rainwater DL, VandeBerg JL, Cole SA,
Hixson JE, Blangero J, MacCluer JW. A quantitative trait locus on
chromosome 16q influences variation in plasma HDL-C levels in
Mexican Americans. Arterioscler Thromb Vasc Biol. 2003;23:339-345.
Wang X, Paigen B. Genetics of variation in HDL cholesterol in humans
and mice. Circ Res. 2005;96:27-42.

Hobbs HH, Graf GA, Yu L, Wilund KR, Cohen JC. Genetic defenses
against hypercholesterolemia. Cold Spring Harb Symp Quant Biol.
2002;67:499-505.

Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo
JL Jr, Jones DW, Materson BJ, Oparil S, Wright JT Jr, Roccella EJ. The
seventh report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure: the JNC
7 report. JAMA. 2003;289:2560-2572.

Doris PA. Hypertension genetics, single nucleotide polymorphisms, and
the common disease: common variant hypothesis. Hypertension.
2002;39(pt 2):323-331.

Hamilton M, Pickering GW, Roberts JA, Sowry GS. The aetiology of
essential hypertension, IV: the role of inheritance. Clin Sci (Lond).
1954;13:273-304.

Hamilton M, Pickering GW, Roberts JA, Sowry GS. The aetiology of
essential hypertension, II: scores for arterial blood pressures adjusted for
differences in age and sex. Clin Sci (Lond). 1954;13:37-49.

Hamilton M, Pickering GW, Roberts JA, Sowry GS. The aetiology of
essential hypertension, I: the arterial pressure in the general population.
Clin Sci (Lond). 1954;13:11-35.

Ward R. Familial aggregation and genetic epidemiology of blood
pressure. In: Laragh JH, Brenner BM, eds. Hypertension: Pathophys-
iology, Diagnosis, and Management. 2nd ed. New York, NY: Raven
Press; 1995:67-88.

Annest JL, Sing CF, Biron P, Mongeau JG. Familial aggregation of
blood pressure and weight in adoptive families, II: estimation of the
relative contributions of genetic and common environmental factors to
blood pressure correlations between family members. Am J Epidemiol.
1979;110:492-503.

Kaplan NM, Lieberman E, Neal W. Kaplan’s Clinical Hypertension. 8th
ed. Philadelphia, Pa: Lippincott, Williams & Wilkins; 2002.

Lee WK, Padmanabhan S, Dominiczak AF. Genetics of hypertension:
from experimental models to clinical applications. J Hum Hypertens.
2000;14:631-647.

Lifton RP, Gharavi AG, Geller DS. Molecular mechanisms of human
hypertension. Cell. 2001;104:545-556.

Lifton RP, Dluhy RG, Powers M, Rich GM, Cook S, Ulick S, Lalouel
JM. A chimaeric 11 beta-hydroxylase/aldosterone synthase gene causes

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Arnett et al

glucocorticoid-remediable aldosteronism and human hypertension.
Nature. 1992;355:262-265.

Hansson JH, Nelson-Williams C, Suzuki H, Schild L, Shimkets R, Lu Y,
Canessa C, Iwasaki T, Rossier B, Lifton RP. Hypertension caused by a
truncated epithelial sodium channel gamma subunit: genetic heteroge-
neity of Liddle syndrome. Nat Genet. 1995;11:76-82.

Shimkets RA, Warnock DG, Bositis CM, Nelson-Williams C, Hansson
JH, Schambelan M, Gill JR Jr, Ulick S, Milora RV, Findling JW,
Cannessa CM, Rossier BC, Lifton RP. Liddle’s syndrome: heritable
human hypertension caused by mutations in the beta subunit of the
epithelial sodium channel. Cell. 1994;79:407-414.

White PC, Dupont J, New MI, Leiberman E, Hochberg Z, Rosler A. A
mutation in CYP11B1 (Arg-448 —-His) associated with steroid 11 beta-
hydroxylase deficiency in Jews of Moroccan origin. J Clin Invest.
1991;87:1664-1667.

Wilson FH, Disse-Nicodeme S, Choate KA, Ishikawa K, Nelson-
Williams C, Desitter I, Gunel M, Milford DV, Lipkin GW, Achard JM,
Feely MP, Dussol B, Berland Y, Unwin RJ, Mayan H, Simon DB, Farfel
Z, Jeunemaitre X, Lifton RP. Human hypertension caused by mutations
in WNK kinases. Science. 2001;293:1107-1112.

Simon DB, Nelson-Williams C, Bia MJ, Ellison D, Karet FE, Molina
AM, Vaara I, Iwata F, Cushner HM, Koolen M, Gainza FJ, Gitleman HJ,
Lifton RP. Gitelman’s variant of Bartter’s syndrome, inherited
hypokalaemic alkalosis, is caused by mutations in the thiazide-sensitive
Na-Cl cotransporter. Nat Genet. 1996;12:24-30.

Simon DB, Karet FE, Hamdan JM, DiPietro A, Sanjad SA, Lifton RP.
Bartter’s syndrome, hypokalaemic alkalosis with hypercalciuria, is
caused by mutations in the Na-K-2Cl cotransporter NKCC2. Nat Genet.
1996;13:183-188.

Simon DB, Karet FE, Rodriguez-Soriano J, Hamdan JH, DiPietro A,
Trachtman H, Sanjad SA, Lifton RP. Genetic heterogeneity of Bartter’s
syndrome revealed by mutations in the K+ channel, ROMK. Nat Genet.
1996;14:152-156.

Simon DB, Bindra RS, Mansfield TA, Nelson-Williams C, Mendonca E,
Stone R, Schurman S, Nayir A, Alpay H, Bakkaloglu A, Rodriguez-
Soriano J, Morales JM, Sanjad SA, Taylor CM, Pilz D, Brem A,
Trachtman H, Griswold W, Richard GA, John E, Lifton RP. Mutations
in the chloride channel gene, CLCNKB, cause Bartter’s syndrome type
II. Nat Genet. 1997;17:171-178.

Chang SS, Grunder S, Hanukoglu A, Rosler A, Mathew PM, Hanukoglu
I, Schild L, Lu Y, Shimkets RA, Nelson-Williams C, Rossier BC, Lifton
RP. Mutations in subunits of the epithelial sodium channel cause salt
wasting with hyperkalaemic acidosis, pseudohypoaldosteronism type 1.
Nat Genet. 1996;12:248 -253.

Strautnieks SS, Thompson RJ, Gardiner RM, Chung E. A novel
splice-site mutation in the gamma subunit of the epithelial sodium
channel gene in three pseudohypoaldosteronism type 1 families. Nat
Genet. 1996;13:248-250.

Strautnieks SS, Thompson RJ, Hanukoglu A, Dillon MJ, Hanukoglu I,
Kuhnle U, Seckl J, Gardiner RM, Chung E. Localisation of pseudohy-
poaldosteronism genes to chromosome 16p12.2-13.11 and 12p13.1-pter
by homozygosity mapping. Hum Mol Genet. 1996;5:293-299.

Oparil S, Weber MA. Hypertension: A Companion to Brenner &
Rector’s The Kidney. Philadelphia, Pa: WB Saunders; 2000.

Krushkal J, Ferrell R, Mockrin SC, Turner ST, Sing CF, Boerwinkle E.
Genome-wide linkage analyses of systolic blood pressure using highly
discordant siblings. Circulation. 1999;99:1407-1410.

Xu X, Rogus JJ, Terwedow HA, Yang J, Wang Z, Chen C, Niu T, Wang
B, Xu H, Weiss S, Schork NJ, Fang Z. An extreme-sib-pair genome scan
for genes regulating blood pressure. Am J Hum Genet. 1999;64:
1694-1701.

Hsueh WC, Mitchell BD, Schneider JL, Wagner MJ, Bell CJ, Nan-
thakumar E, Shuldiner AR. QTL influencing blood pressure maps to the
region of PPH1 on chromosome 2q31-34 in Old Order Amish. Circu-
lation. 2000;101:2810-2816.

Levy D, DeStefano AL, Larson MG, O’Donnell CJ, Lifton RP, Gavras
H, Cupples LA, Myers RH. Evidence for a gene influencing blood
pressure on chromosome 17: genome scan linkage results for longi-
tudinal blood pressure phenotypes in subjects from the Framingham
Heart Study. Hypertension. 2000;36:477-483.

Pankow JS, Rose KM, Oberman A, Hunt SC, Atwood LD, Djousse L,
Province MA, Rao DC. Possible locus on chromosome 18q influencing
postural systolic blood pressure changes. Hypertension. 2000;36:
471-476.

Relevance of Genetics and Genomics in CVD

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

2897

Perola M, Kainulainen K, Pajukanta P, Terwilliger JD, Hiekkalinna T,
Ellonen P, Kaprio J, Koskenvuo M, Kontula K, Peltonen L.
Genome-wide scan of predisposing loci for increased diastolic blood
pressure in Finnish siblings. J Hypertens. 2000;18:1579—-1585.

Rice T, Rankinen T, Province MA, Chagnon YC, Perusse L, Borecki IB,
Bouchard C, Rao DC. Genome-wide linkage analysis of systolic and
diastolic blood pressure: the Quebec Family Study. Circulation. 2000;
102:1956-1963.

Sharma P, Fatibene J, Ferraro F, Jia H, Monteith S, Brown C, Clayton
D, O’Shaughnessy K, Brown MJ. A genome-wide search for suscepti-
bility loci to human essential hypertension. Hypertension. 2000;35:
1291-1296.

Allayee H, de Bruin TW, Michelle Dominguez K, Cheng LS, Ipp E,
Cantor RM, Krass KL, Keulen ET, Aouizerat BE, Lusis AJ, Rotter JI.
Genome scan for blood pressure in Dutch dyslipidemic families reveals
linkage to a locus on chromosome 4p. Hypertension. 2001;38:773-778.
Atwood LD, Samollow PB, Hixson JE, Stern MP, MacCluer JW.
Genome-wide linkage analysis of blood pressure in Mexican Americans.
Genet Epidemiol. 2001;20:373-382.

Angius A, Petretto E, Maestrale GB, Forabosco P, Casu G, Piras D,
Fanciulli M, Falchi M, Melis PM, Palermo M, Pirastu M. A new
essential hypertension susceptibility locus on chromosome 2p24-p25,
detected by genomewide search. Am J Hum Genet. 2002;71:893-905.
Cooper RS, Luke A, Zhu X, Kan D, Adeyemo A, Rotimi C, Bouzekri N,
Ward R. Genome scan among Nigerians linking blood pressure to
chromosomes 2, 3, and 19. Hypertension. 2002;40:629—-633.

Harrap SB, Wong ZY, Stebbing M, Lamantia A, Bahlo M. Blood
pressure QTLs identified by genome-wide linkage analysis and
dependence on associated phenotypes. Physiol Genomics. 2002;8:
99-105.

Hunt SC, Ellison RC, Atwood LD, Pankow JS, Province MA, Leppert
MF. Genome scans for blood pressure and hypertension: the National
Heart, Lung, and Blood Institute Family Heart Study. Hypertension.
2002;40:1-6.

Kristjansson K, Manolescu A, Kristinsson A, Hardarson T, Knudsen H,
Ingason S, Thorleifsson G, Frigge ML, Kong A, Gulcher JR, Stefansson
K. Linkage of essential hypertension to chromosome 18q. Hypertension.
2002;39:1044-1049.

Rice T, Rankinen T, Chagnon YC, Province MA, Perusse L, Leon AS,
Skinner JS, Wilmore JH, Bouchard C, Rao DC. Genomewide linkage
scan of resting blood pressure: HERITAGE Family Study: Health, Risk
Factors, Exercise Training, and Genetics. Hypertension. 2002;39:
1037-1043.

Caulfield M, Munroe P, Pembroke J, Samani N, Dominiczak A, Brown
M, Benjamin N, Webster J, Ratcliffe P, O’Shea S, Papp J, Taylor E,
Dobson R, Knight J, Newhouse S, Hooper J, Lee W, Brain N, Clayton
D, Lathrop GM, Farrall M, Connell J, for the MRC British Genetics of
Hypertension Study. Genome-wide mapping of human loci for essential
hypertension. Lancet. 2003;361:2118-2123.

Daley D, Edwards SR, Song Y, Baechle D, Puppala S, Schick JH, Olson
IJM, Goddard KA, for the Framingham Heart Study. Interaction of
gender and body mass index (BMI) reveals evidence of linkage for
hypertension in the Framingham Heart Study. BMC Genet. 2003;4(suppl
1):S45.

Jacobs KB, Gray-McGuire C, Cartier KC, Elston RC. Genome-wide
linkage scan for genes affecting longitudinal trends in systolic blood
pressure. BMC Genet. 2003;4(suppl 1):S82.

Kardia SL, Rozek LS, Krushkal J, Ferrell RE, Turner ST, Hutchinson R,
Brown A, Sing CF, Boerwinkle E. Genome-wide linkage analyses for
hypertension genes in two ethnically and geographically diverse popu-
lations. Am J Hypertens. 2003;16:154-157.

Morrison AC, Brown A, Kardia SL, Turner ST, Boerwinkle E, for the
Genetic Epidemiology Network of Arteriopathy (GENOA) Study. Eval-
uating the context-dependent effect of family history of stroke in a
genome scan for hypertension. Stroke. 2003;34:1170-1175.

Province MA, Kardia SL, Ranade K, Rao DC, Thiel BA, Cooper RS,
Risch N, Turner ST, Cox DR, Hunt SC, Weder AB, Boerwinkle E, for
the National Heart, Lung, and Blood Institute Family Blood Pressure
Program. A meta-analysis of genome-wide linkage scans for hyper-
tension: the National Heart, Lung, and Blood Institute Family Blood
Pressure Program. Am J Hypertens. 2003;16:144-147.

Ranade K, Hinds D, Hsiung CA, Chuang LM, Chang MS, Chen YT,
Pesich R, Hebert J, Chen YD, Dzau V, Olshen R, Curb D, Botstein D,
Cox DR, Risch N. A genome scan for hypertension susceptibility loci in

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

2898

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Circulation June 5, 2007

populations of Chinese and Japanese origins. Am J Hypertens. 2003;16:
158-162.

Rao DC, Province MA, Leppert MF, Oberman A, Heiss G, Ellison RC,
Arnett DK, Eckfeldt JH, Schwander K, Mockrin SC, Hunt SC, for the
HyperGEN Network. A genome-wide affected sibpair linkage analysis
of hypertension: the HyperGEN network. Am J Hypertens. 2003;16:
148-150.

Thiel BA, Chakravarti A, Cooper RS, Luke A, Lewis S, Lynn A, Tiwari
H, Schork NJ, Weder AB. A genome-wide linkage analysis investigating
the determinants of blood pressure in whites and African Americans.
Am J Hypertens. 2003;16:151-153.

Shephard N, Falcaro M, Zeggini E, Chapman P, Hinks A, Barton A,
Worthington J, Pickles A, John S. Linkage analysis of cross-sectional
and longitudinally derived phenotypic measures to identify loci influ-
encing blood pressure. BMC Genet. 2003;4(suppl 1):S26.

von Wowern F, Bengtsson K, Lindgren CM, Orho-Melander M,
Fyhrquist F, Lindblad U, Rastam L, Forsblom C, Kanninen T, Almgren
P, Burri P, Katzman P, Groop L, Hulthen UL, Melander O. A genome
wide scan for early onset primary hypertension in Scandinavians. Hum
Mol Genet. 2003;12:2077-2081.

Wilk JB, Djousse L, Arnett DK, Hunt SC, Province MA, Heiss G, Myers
RH. Genome-wide linkage analyses for age at diagnosis of hypertension
and early-onset hypertension in the HyperGEN study. Am J Hypertens.
2004;17:839-844.

Gu F, Ge D, Huang J, Chen J, Yang W, Gu D. Genetic susceptibility loci
for essential hypertension and blood pressure on chromosome 17 in 147
Chinese pedigrees. J Hypertens. 2004;22:1511-1518.

Morrison AC, Cooper R, Hunt S, Lewis CE, Luke A, Mosley TH,
Boerwinkle E. Genome scan for hypertension in nonobese African
Americans: the National Heart, Lung, and Blood Institute Family Blood
Pressure Program. Am J Hypertens. 2004;17:834—838.

Koivukoski L, Fisher SA, Kanninen T, Lewis CM, von Wowern F, Hunt
S, Kardia SL, Levy D, Perola M, Rankinen T, Rao DC, Rice T, Thiel
BA, Melander O. Meta-analysis of genome-wide scans for hypertension
and blood pressure in Caucasians shows evidence of susceptibility
regions on chromosomes 2 and 3. Hum Mol Genet. 2004;13:2325-2332.
Barkley RA, Chakravarti A, Cooper RS, Ellison RC, Hunt SC, Province
MA, Turner ST, Weder AB, Boerwinkle E, for the Family Blood
Pressure Program. Positional identification of hypertension suscepti-
bility genes on chromosome 2. Hypertension. 2004;43:477-482.
Cerame BI, New MI. Hormonal hypertension in children: 11beta-
hydroxylase deficiency and apparent mineralocorticoid excess. J Pediatr
Endocrinol Metab. 2000;13:1537-1547.

Casari G, Barlassina C, Cusi D, Zagato L, Muirhead R, Righetti M,
Nembri P, Amar K, Gatti M, Macciardi F, Binelli G, Bianchi G.
Association of the alpha-adducin locus with essential hypertension.
Hypertension. 1995;25:320-326.

Krushkal J, Xiong M, Ferrell R, Sing CF, Turner ST, Boerwinkle E.
Linkage and association of adrenergic and dopamine receptor genes in
the distal portion of the long arm of chromosome 5 with systolic blood
pressure variation. Hum Mol Genet. 1998;7:1379—-1383.

Tang W, Arnett DK, Devereux RB, Atwood LD, Kitzman DW, Rao DC.
Linkage of left ventricular early diastolic peak filling velocity to chro-
mosome 5 in hypertensive African Americans: the HyperGEN echocar-
diography study. Am J Hypertens. 2002;15(pt 1):621-627.

Lockette W, Ghosh S, Farrow S, MacKenzie S, Baker S, Miles P,
Schork A, Cadaret L. Alpha 2-adrenergic receptor gene polymorphism
and hypertension in blacks. Am J Hypertens. 1995;8(pt 1):390-394.
Fardella CE, Rodriguez H, Montero J, Zhang G, Vignolo P, Rojas A,
Villarroel L, Miller WL. Genetic variation in P450c11AS in Chilean
patients with low renin hypertension. J Clin Endocrinol Metab. 1996;
81:4347-4351.

Barbato A, Russo P, Siani A, Folkerd EJ, Miller MA, Venezia A,
Grimaldi C, Strazzullo P, Cappuccio FP. Aldosterone synthase gene
(CYP11B2) C-344T polymorphism, plasma aldosterone, renin activity
and blood pressure in a multi-ethnic population. J Hypertens. 2004;22:
1895-1901.

O’Donnell CJ, Lindpaintner K, Larson MG, Rao VS, Ordovas JM,
Schaefer EJ, Myers RH, Levy D. Evidence for association and genetic
linkage of the angiotensin-converting enzyme locus with hypertension
and blood pressure in men but not women in the Framingham Heart
Study. Circulation. 1998;97:1766—1772.

Fornage M, Amos CI, Kardia S, Sing CF, Turner ST, Boerwinkle E.
Variation in the region of the angiotensin-converting enzyme gene

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

influences interindividual differences in blood pressure levels in young
white males. Circulation. 1998;97:1773-1779.

Bonnardeaux A, Davies E, Jeunemaitre X, Fery I, Charru A, Clauser E,
Tiret L, Cambien F, Corvol P, Soubrier F. Angiotensin II type 1 receptor
gene polymorphisms in human essential hypertension. Hypertension.
1994;24:63-69.

John SW, Krege JH, Oliver PM, Hagaman JR, Hodgin JB, Pang SC,
Flynn TG, Smithies O. Genetic decreases in atrial natriuretic peptide and
salt-sensitive hypertension. Science. 1995;267:679-681.

Jeunemaitre X, Soubrier F, Kotelevtsev YV, Lifton RP, Williams CS,
Charru A, Hunt SC, Hopkins PN, Williams RR, Lalouel JM, Corvol P.
Molecular basis of human hypertension: role of angiotensinogen. Cell.
1992;71:169-180.

Bray MS, Krushkal J, Li L, Ferrell R, Kardia S, Sing CF, Turner ST,
Boerwinkle E. Positional genomic analysis identifies the beta(2)-
adrenergic receptor gene as a susceptibility locus for human hyper-
tension. Circulation. 2000;101:2877-2882.

Timmermann B, Mo R, Luft FC, Gerdts E, Busjahn A, Omvik P, Li GH,
Schuster H, Wienker TF, Hoehe MR, Lund-Johansen P. Beta-2 adreno-
ceptor genetic variation is associated with genetic predisposition to
essential hypertension: the Bergen Blood Pressure Study. Kidney Int.
1998;53:1455-1460.

Madeddu P, Milia AF, Salis MB, Gaspa L, Gross W, Lippoldt A,
Emanueli C. Renovascular hypertension in bradykinin B2-receptor
knockout mice. Hypertension. 1998;32:503-509.

Alfie ME, Yang XP, Hess F, Carretero OA. Salt-sensitive hypertension
in bradykinin B2 receptor knockout mice. Biochem Biophys Res
Commun. 1996;224:625-630.

Schaadt O, Sorensen H, Krogsgaard AR. Association between the
C3F-gene and essential hypertension. Clin Sci (Lond). 1981;61(suppl
7):363s-365s.

Benjafield AV, Katyk K, Morris BJ. Association of EDNRA, but not
WNK4 or FKBP1B, polymorphisms with essential hypertension. Clin
Genet. 2003;64:433-438.

Miyamoto Y, Saito Y, Kajiyama N, Yoshimura M, Shimasaki Y,
Nakayama M, Kamitani S, Harada M, Ishikawa M, Kuwahara K, Ogawa
E, Hamanaka I, Takahashi N, Kaneshige T, Teraoka H, Akamizu T,
Azuma N, Yoshimasa Y, Yoshimasa T, Itoh H, Masuda I, Yasue H,
Nakao K. Endothelial nitric oxide synthase gene is positively associated
with essential hypertension. Hypertension. 1998;32:3—8.

Jin JJ, Nakura J, Wu Z, Yamamoto M, Abe M, Tabara Y, Yamamoto Y,
Igase M, Kohara K, Miki T. Association of endothelin-1 gene variant
with hypertension. Hypertension. 2003;41:163-167.

Sharma P, Hingorani A, Jia H, Hopper R, Brown MJ. Quantitative
association between a newly identified molecular variant in the
endothelin-2 gene and human essential hypertension. J Hypertens. 1999;
17:1281-1287.

Siffert W, Rosskopf D, Siffert G, Busch S, Moritz A, Erbel R, Sharma
AM, Ritz E, Wichmann HE, Jakobs KH, Horsthemke B. Association of
a human G-protein beta3 subunit variant with hypertension. Nat Genet.
1998;18:45-48.

Watt GC, Harrap SB, Foy CJ, Holton DW, Edwards HV, Davidson HR,
Connor JM, Lever AF, Fraser R. Abnormalities of glucocorticoid me-
tabolism and the renin-angiotensin system: a four-corners approach to
the identification of genetic determinants of blood pressure. J Hypertens.
1992;10:473-482.

Julier C, Delepine M, Keavney B, Terwilliger J, Davis S, Weeks DE,
Bui T, Jeunemaitre X, Velho G, Froguel P, Ratcliffe P, Corvol P,
Soubrier F, Lathrop GM. Genetic susceptibility for human familial
essential hypertension in a region of homology with blood pressure
linkage on rat chromosome 10. Hum Mol Genet. 1997;6:2077-2085.
Ying LH, Zee RY, Griffiths LR, Morris BJ. Association of a RFLP for
the insulin receptor gene, but not insulin, with essential hypertension.
Biochem Biophys Res Commun. 1991;181:486—492.

Andronico G, Mangano MT, Nardi E, Mule G, Piazza G, Cerasola G.
Insulin-like growth factor 1 and sodium-lithium countertransport in
essential hypertension and in hypertensive left ventricular hypertrophy.
J Hypertens. 1993;11:1097-1101.

Wu DA, Bu X, Warden CH, Shen DD, Jeng CY, Sheu WH, Fuh MM,
Katsuya T, Dzau VJ, Reaven GM, Lusis AJ, Rotter JI, Chen YD.
Quantitative trait locus mapping of human blood pressure to a genetic
region at or near the lipoprotein lipase gene locus on chromosome 8p22.
J Clin Invest. 1996;97:2111-2118.

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

Arnett et al

Frossard PM, Lestringant GG. Association between a dimorphic site on
chromosome 12 and clinical diagnosis of hypertension in three inde-
pendent populations. Clin Genet. 1995;48:284-287.

Nakayama T, Soma M, Kanmatsuse K. Organization of the human
prostacyclin synthase gene and association analysis of a novel CA repeat
in essential hypertension. Adv Exp Med Biol. 1997;433:127-130.
Tilley SL, Audoly LP, Hicks EH, Kim HS, Flannery PJ, Coffman TM,
Koller BH. Reproductive failure and reduced blood pressure in mice
lacking the EP2 prostaglandin E2 receptor. J Clin Invest. 1999;103:
1539-1545.

Frossard PM, Lestringant GG, Elshahat YI, John A, Obineche EN. An
Mbol two-allele polymorphism may implicate the human renin gene in
primary hypertension. Hypertens Res. 1998;21:221-225.

Iwai N, Ohmichi N, Hanai K, Nakamura Y, Kinoshita M. Human SA
gene locus as a candidate locus for essential hypertension. Hypertension.
1994;23:375-380.

Achard JM, Disse-Nicodeme S, Fiquet-Kempf B, Jeunemaitre X. Phe-
notypic and genetic heterogeneity of familial hyperkalaemic hyper-
tension (Gordon syndrome). Clin Exp Pharmacol Physiol. 2001;28:
1048-1052.

Glorioso N, Filigheddu F, Troffa C, Soro A, Parpaglia PP, Tsikoudakis
A, Myers RH, Herrera VL, Ruiz-Opazo N. Interaction of alpha(1)-Na,K-
ATPase and Na,K,2Cl-cotransporter genes in human essential hyper-
tension. Hypertension. 2001;38:204-209.

Ledoussal C, Lorenz JN, Nieman ML, Soleimani M, Schultheis PJ, Shull
GE. Renal salt wasting in mice lacking NHE3 Na*/H" exchanger but not
in mice lacking NHE2. Am J Physiol Renal Physiol. 2001;281:
F718-F727.

Glenn CL, Wang WY, Benjafield AV, Morris BJ. Linkage and asso-
ciation of tumor necrosis factor receptor 2 locus with hypertension,
hypercholesterolemia and plasma shed receptor. Hum Mol Genet. 2000;
9:1943-1949.

Sato M, Soma M, Nakayama T, Kanmatsuse K. Dopamine D1 receptor
gene polymorphism is associated with essential hypertension. Hyper-
tension. 2000;36:183-186.

Tobin MD, Raleigh SM, Newhouse S, Braund P, Bodycote C, Ogleby J,
Cross D, Gracey J, Hayes S, Smith T, Ridge C, Caulfield M, Sheehan
NA, Munroe PB, Burton PR, Samani NJ. Association of WNKI gene
polymorphisms and haplotypes with ambulatory blood pressure in the
general population. Circulation. 2005;112:3423-3429.

Kokubo Y, Kamide K, Inamoto N, Tanaka C, Banno M, Takiuchi S,
Kawano Y, Tomoike H, Miyata T. Identification of 108 SNPs in TSC,
WNKI1, and WNK4 and their association with hypertension in a
Japanese general population. J Hum Genet. 2004;49:507-515.

Luft FC. Present status of genetic mechanisms in hypertension. Med
Clin North Am. 2004;88:1-18, vii.

Turner ST, Boerwinkle E. Genetics of blood pressure, hypertensive
complications, and antihypertensive drug responses. Pharmacog-
enomics. 2003;4:53-65.

Angeli F, Verdecchia P, Reboldi GP, Gattobigio R, Bentivoglio M,
Staessen JA, Porcellati C. Meta-analysis of effectiveness or lack thereof
of angiotensin-converting enzyme inhibitors for prevention of heart
failure in patients with systemic hypertension. Am J Cardiol. 2004;93:
240-243.

Sethi AA, Nordestgaard BG, Tybjaerg-Hansen A. Angiotensinogen gene
polymorphism, plasma angiotensinogen, and risk of hypertension and
ischemic heart disease: a meta-analysis. Arterioscler Thromb Vasc Biol.
2003;23:1269-1275.

Province MA, Boerwinkle E, Chakravarti A, Cooper R, Fornage M,
Leppert M, Risch N, Ranade K. Lack of association of the angioten-
sinogen-6 polymorphism with blood pressure levels in the compre-
hensive NHLBI Family Blood Pressure Program: National Heart, Lung,
and Blood Institute. J Hypertens. 2000;18:867—876.

Kato N, Sugiyama T, Morita H, Kurihara H, Yamori Y, Yazaki Y.
Angiotensinogen gene and essential hypertension in the Japanese:
extensive association study and meta-analysis on six reported studies.
J Hypertens. 1999;17:757-763.

Lifton RP. Molecular genetics of human blood pressure variation.
Science. 1996;272:676—680.

Schulze TG, McMahon FJ. Defining the phenotype in human genetic
studies: forward genetics and reverse phenotyping. Hum Hered. 2004;
58:131-138.

Rice JP, Saccone NL, Rasmussen E. Definition of the phenotype. Adv
Genet. 2001:42:69-76.

Relevance of Genetics and Genomics in CVD

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

2899

Arnett DK, Tang W, Province MA, Oberman A, Ellison RC, Morgan D,
Eckfeldt JH, Hunt SC. Interarm differences in seated systolic and dia-
stolic blood pressure: the Hypertension Genetic Epidemiology Network
study. J Hypertens. 2005;23:1141-1147.

Svetkey LP, Moore TJ, Simons-Morton DG, Appel LJ, Bray GA, Sacks
FM, Ard JD, Mortensen RM, Mitchell SR, Conlin PR, Kesari M, for the
DASH Collaborative Research Group. Angiotensinogen genotype and
blood pressure response in the Dietary Approaches to Stop Hypertension
(DASH) study. J Hypertens. 2001;19:1949-1956.

Hunt SC, Cook NR, Oberman A, Cutler JA, Hennekens CH, Allender
PS, Walker WG, Whelton PK, Williams RR. Angiotensinogen genotype,
sodium reduction, weight loss, and prevention of hypertension: trials of
hypertension prevention, phase II. Hypertension. 1998;32:393—-401.
Lopez-Miranda J, Jansen S, Ordovas JM, Salas J, Marin C, Castro P,
Ostos MA, Cruz G, Lopez-Segura F, Blanco A, Jimenez-Pereperez J,
Perez-Jimenez F. Influence of the SstI polymorphism at the apoli-
poprotein C-1II gene locus on the plasma low-density-lipoprotein-cho-
lesterol response to dietary monounsaturated fat. Am J Clin Nutr. 1997,
66:97-103.

Chagnon YC, Rice T, Perusse L, Borecki IB, Ho-Kim MA, Lacaille M,
Pare C, Bouchard L, Gagnon J, Leon AS, Skinner JS, Wilmore JH, Rao
DC, Bouchard C, for the Heritage Family Study. Genomic scan for
genes affecting body composition before and after training in Cau-
casians from HERITAGE. J Appl Physiol. 2001;90:1777-1787.
Kroemer HK, Eichelbaum M. “It’s the genes, stupid”: molecular bases
and clinical consequences of genetic cytochrome P450 2D6 poly-
morphism. Life Sci. 1995;56:2285-2298.

Meyer UA, Zanger UM. Molecular mechanisms of genetic poly-
morphisms of drug metabolism. Annu Rev Pharmacol Toxicol. 1997;37:
269-296.

Evans DA. Genetic factors in drug therapy. Sci Basis Med Annu Rev.
1969:166-182.

Evans DAP. Genetic Factors in Drug Therapy: Clinical and Molecular
Pharmacogenetics. Cambridge, Mass: Cambridge UP; 1993.

Yoon YR, Cha IJ, Shon JH, Kim KA, Cha YN, Jang 1J, Park CW, Shin
SG, Flockhart DA, Shin JG. Relationship of paroxetine disposition to
metoprolol metabolic ratio and CYP2D6*10 genotype of Korean
subjects. Clin Pharmacol Ther. 2000;67:567-576.

Lai ML, Wang SL, Lai MD, Lin ET, Tse M, Huang JD. Propranolol
disposition in Chinese subjects of different CYP2D6 genotypes. Clin
Pharmacol Ther. 1995;58:264-268.

Cai WM, Chen B, Cai MH, Zhang YD. CYP2D6 phenotype determines
pharmacokinetic variability of propafenone enantiomers in 16 HAN
Chinese subjects. Zhongguo Yao Li Xue Bao. 1999;20:720-724.
Huang JD, Guo WC, Lai MD, Guo YL, Lambert GH. Detection of a
novel cytochrome P-450 1A2 polymorphism (F21L) in Chinese. Drug
Metab Dispos. 1999;27:98-101.

Chen B, Cai WM. Influence of CYP2D6*10B genotype on pharmaco-
kinetics of propafenone enantiomers in Chinese subjects. Acta
Pharmacol Sin. 2003;24:1277-1280.

Mikus G, Gross AS, Beckmann J, Hertrampf R, Gundert-Remy U,
Eichelbaum M. The influence of the sparteine/debrisoquin phenotype on
the disposition of flecainide. Clin Pharmacol Ther. 1989;45:562-567.
Miners JO, Birkett DJ. Cytochrome P4502C9: an enzyme of major
importance in human drug metabolism. Br J Clin Pharmacol. 1998;45:
525-538.

Aithal GP, Day CP, Kesteven PJ, Daly AK. Association of poly-
morphisms in the cytochrome P450 CYP2C9 with warfarin dose
requirement and risk of bleeding complications. Lancet. 1999;353:
717-719.

Chasman DI, Posada D, Subrahmanyan L, Cook NR, Stanton VP Jr,
Ridker PM. Pharmacogenetic study of statin therapy and cholesterol
reduction. JAMA. 2004;291:2821-2827.

Herrington DM, Howard TD, Hawkins GA, Reboussin DM, Xu J, Zheng
SL, Brosnihan KB, Meyers DA, Bleecker ER. Estrogen-receptor poly-
morphisms and effects of estrogen replacement on high-density
lipoprotein cholesterol in women with coronary disease. N Engl J Med.
2002;346:967-974.

Cusi D, Barlassina C, Azzani T, Casari G, Citterio L, Devoto M,
Glorioso N, Lanzani C, Manunta P, Righetti M, Rivera R, Stella P,
Troffa C, Zagato L, Bianchi G. Polymorphisms of alpha-adducin and
salt sensitivity in patients with essential hypertension. Lancet. 1997;349:
1353-1357.

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

2900

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Circulation June 5, 2007

Tamaki S, Iwai N, Tsujita Y, Nakamura Y, Kinoshita M. Polymorphism
of alpha-adducin in Japanese patients with essential hypertension.
Hypertens Res. 1998;21:29-32.

Province MA, Arnett DK, Hunt SC, Leiendecker-Foster C, Eckfeldt JH,
Oberman A, Ellison RC, Heiss G, Mockrin SC, Williams RR. Asso-
ciation between the alpha-adducin gene and hypertension in the
HyperGEN Study. Am J Hypertens. 2000;13(pt 1):710-718.

Ishikawa K, Katsuya T, Sato N, Nakata Y, Takami S, Takiuchi S, Fu'Y,
Higaki J, Ogihara T. No association between alpha-adducin 460 poly-
morphism and essential hypertension in a Japanese population.
Am J Hypertens. 1998;11(pt 1):502-506.

Kato N, Sugiyama T, Nabika T, Morita H, Kurihara H, Yazaki Y,
Yamori Y. Lack of association between the alpha-adducin locus and
essential hypertension in the Japanese population. Hypertension. 1998;
31:730-733.

Kamitani A, Wong ZY, Fraser R, Davies DL, Connor JM, Foy CJ, Watt
GC, Harrap SB. Human alpha-adducin gene, blood pressure, and sodium
metabolism. Hypertension. 1998;32:138-143.

Bray MS, Li L, Turner ST, Kardia SL, Boerwinkle E. Association and
linkage analysis of the alpha-adducin gene and blood pressure.
Am J Hypertens. 2000;13(pt 1):699-703.

Boerwinkle E, for the Family Blood Pressure Program. All for one and
one for all: introduction to a coordinated analysis of the Gly-460-Trp
alpha-adducin polymorphism. Am J Hypertens. 2000;13(pt 1):734-735.
Bianchi G, Cusi D. Association and linkage analysis of alpha-adducin
polymorphism: is the glass half full or half empty? Am J Hypertens.
2000;13(pt 1):739-743.

Psaty BM, Doggen C, Vos HL, Vandenbroucke JP, Rosendaal FR.
Association of the alpha-adducin polymorphism with blood pressure and
risk of myocardial infarction. J Hum Hypertens. 2000;14:95-97.

Psaty BM, Smith NL, Heckbert SR, Vos HL, Lemaitre RN, Reiner AP,
Siscovick DS, Bis J, Lumley T, Longstreth WT Jr, Rosendaal FR.
Diuretic therapy, the alpha-adducin gene variant, and the risk of myo-
cardial infarction or stroke in persons with treated hypertension. JAMA.
2002;287:1680-1689.

Davis BR, Arnett DK, Boerwinkle E, Ford CE, Leiendecker-Foster C,
Miller MB, Black H, Eckfeldt JH. Antihypertensive therapy, the alpha-
adducin polymorphism, and cardiovascular disease in high-risk hyper-
tensive persons: the Genetics of Hypertension-Associated Treatment
Study. Pharmacogenomics J. 2007;7:112-122.

Turner ST, Chapman AB, Schwartz GL, Boerwinkle E. Effects of
endothelial nitric oxide synthase, alpha-adducin, and other candidate
gene polymorphisms on blood pressure response to hydrochlorothiazide.
Am J Hypertens. 2003;16:834—839.

Turner ST, Schwartz GL, Chapman AB, Boerwinkle E. C825T poly-
morphism of the G protein beta(3)-subunit and antihypertensive
response to a thiazide diuretic. Hypertension. 2001;37(pt 2):739-743.
Hingorani AD, Jia H, Stevens PA, Hopper R, Dickerson JE, Brown MJ.
Renin-angiotensin system gene polymorphisms influence blood pressure
and the response to angiotensin converting enzyme inhibition.
J Hypertens. 1995;13(pt 2):1602-1609.

Roden DM. Cardiovascular pharmacogenomics. Circulation. 2003;108:
3071-3074.

International Human Genome Sequencing Consortium. Finishing the
euchromatic sequence of the human genome. Nature. 2004;431:
931-945.

The International HapMap Consortium. The International HapMap Proj-
ect. Nature. 2003;426:789 -796.

Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RS, Haynes C, Henning
AK, SanGiovanni JP, Mane SM, Mayne ST, Bracken MB, Ferris FL, Ott
J, Barnstable C, Hoh J. Complement factor H polymorphism in age-
related macular degeneration. Science. 2005;308:385-389.

Herbert A, Gerry NP, McQueen MB, Heid IM, Pfeufer A, Illig T,
Wichmann HE, Meitinger T, Hunter D, Hu FB, Colditz G, Hinney A,
Hebebrand J, Koberwitz K, Zhu X, Cooper R, Ardlie K, Lyon H,
Hirschhorn JN, Laird NM, Lenburg ME, Lange C, Christman MF. A
common genetic variant is associated with adult and childhood obesity.
Science. 2006;312:279-283.

Arking DE, Pfeufer A, Post W, Kao WH, Newton-Cheh C, Ikeda M,
West K, Kashuk C, Akyol M, Perz S, Jalilzadeh S, Illig T, Gieger C,
Guo CY, Larson MG, Wichmann HE, Marban E, O’Donnell CJ,
Hirschhorn JN, Kaab S, Spooner PM, Meitinger T, Chakravarti A. A
common genetic variant in the NOSI regulator NOS1AP modulates
cardiac repolarization. Nat Genet. 2006;38:644—651.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282.

Chan EY. Advances in sequencing technology. Mutat Res. 2005;573:
13-40.

Cohen JC, Kiss RS, Pertsemlidis A, Marcel YL, McPherson R, Hobbs
HH. Multiple rare alleles contribute to low plasma levels of HDL
cholesterol. Science. 2004;305:869—872.

Cohen JC, Boerwinkle E, Mosley TH Jr, Hobbs HH. Sequence vari-
ations in PCSK9, low LDL, and protection against coronary heart
disease. N Engl J Med. 2006;354:1264—-1272.

Morita H, Larson MG, Barr SC, Vasan RS, O’Donnell CJ, Hirschhorn
JN, Levy D, Corey D, Seidman CE, Seidman JG, Benjamin EJ.
Single-gene mutations and increased left ventricular wall thickness in
the community: the Framingham Heart Study. Circulation. 2006;113:
2697-2705.

Quackenbush J. Microarray analysis and tumor classification. N Engl
J Med. 2006;354:2463-2472.

Seo D, Wang T, Dressman H, Herderick EE, Iversen ES, Dong C, Vata
K, Milano CA, Rigat F, Pittman J, Nevins JR, West M, Goldschmidt-
Clermont PJ. Gene expression phenotypes of atherosclerosis. Arte-
rioscler Thromb Vasc Biol. 2004;24:1922-1927.

Moore DF, Li H, Jeffries N, Wright V, Cooper RA Jr, Elkahloun A,
Gelderman MP, Zudaire E, Blevins G, Yu H, Goldin E, Baird AE. Using
peripheral blood mononuclear cells to determine a gene expression
profile of acute ischemic stroke: a pilot investigation. Circulation. 2005;
111:212-221.

Tuomisto TT, Yla-Herttuala S. What have we learnt about microarray
analyses of atherogenesis? Curr Opin Lipidol. 2005;16:201-205.
Chon H, Gaillard CA, van der Meijden BB, Dijstelbloem HM, Kraai-
jenhagen RJ, van Leenen D, Holstege FC, Joles JA, Bluyssen HA,
Koomans HA, Braam B. Broadly altered gene expression in blood
leukocytes in essential hypertension is absent during treatment. Hyper-
tension. 2004;43:947-951.

Ganesh SK, Skelding KA, Mehta L, O’Neill K, Joo J, Zheng G,
Goldstein J, Simari R, Billings E, Geller NL, Holmes D, O’Neill WW,
Nabel EG. Rationale and study design of the CardioGene Study:
genomics of in-stent restenosis. Pharmacogenomics. 2004;5:952—1004.
Burczynski ME, Dorner AJ. Transcriptional profiling of peripheral
blood cells in clinical pharmacogenomic studies. Pharmacogenomics.
2006;7:187-202.

Biberthaler P, Bogner V, Baker HV, Lopez MC, Neth P, Kanz KG,
Mutschler W, Jochum M, Moldawer LL. Genome-wide monocytic
mRNA expression in polytrauma patients for identification of clinical
outcome. Shock. 2005;24:11-19.

Bammler T, Beyer RP, Bhattacharya S, Boorman GA, Boyles A, Bradford
BU, Bumgarner RE, Bushel PR, Chaturvedi K, Choi D, Cunningham ML,
Deng S, Dressman HK, Fannin RD, Farin FM, Freedman JH, Fry RC,
Harper A, Humble MC, Hurban P, Kavanagh TJ, Kaufmann WK, Kerr KF,
Jing L, Lapidus JA, Lasarev MR, Li J, Li YJ, Lobenhofer EK, Lu X, Malek
RL, Milton S, Nagalla SR, O’Malley JP, Palmer VS, Pattee P, Paules RS,
Perou CM, Phillips K, Qin LX, Qiu Y, Quigley SD, Rodland M, Rusyn I,
Samson LD, Schwartz DA, Shi Y, Shin JL, Sieber SO, Slifer S, Speer MC,
Spencer PS, Sproles DI, Swenberg JA, Suk WA, Sullivan RC, Tian R,
Tennant RW, Todd SA, Tucker CJ, Van Houten B, Weis BK, Xuan S, Zarbl
H, for the Members of the Toxicogenomics Research Consortium. Stan-
dardizing global gene expression analysis between laboratories and across
platforms. Nat Methods. 2005;2:351-356.

Larkin JE, Frank BC, Gavras H, Sultana R, Quackenbush J. Inde-
pendence and reproducibility across microarray platforms. Nat Methods.
2005;2:337-344.

Irizarry RA, Warren D, Spencer F, Kim IF, Biswal S, Frank BC,
Gabrielson E, Garcia JG, Geoghegan J, Germino G, Griffin C, Hilmer
SC, Hoffman E, Jedlicka AE, Kawasaki E, Martinez-Murillo F, Mors-
berger L, Lee H, Petersen D, Quackenbush J, Scott A, Wilson M, Yang
Y, Ye SQ, Yu W. Multiple-laboratory comparison of microarray
platforms. Nat Methods. 2005;2:345-350.

Napoli C, Lerman LO, Sica V, Lerman A, Tajana G, de Nigris F.
Microarray analysis: a novel research tool for cardiovascular scientists
and physicians. Heart. 2003;89:597-604.

Greenberg SA. DNA microarray gene expression analysis technology and its
application to neurological disorders. Neurology. 2001;57:755-761.
Frikke-Schmidt R, Nordestgaard BG, Schnohr P, Tybjaerg-Hansen A.
Single nucleotide polymorphism in the low-density lipoprotein receptor
is associated with a threefold risk of stroke: a case-control and pro-
spective study. Eur Heart J. 2004;25:943-951.

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

283

284.

285.

286.

Arnett et al

. Christiansen SC, Cannegieter SC, Koster T, Vandenbroucke JP,
Rosendaal FR. Thrombophilia, clinical factors, and recurrent venous
thrombotic events. JAMA. 2005;293:2352-2361.

Rosendaal FR, Koster T, Vandenbroucke JP, Reitsma PH. High risk of
thrombosis in patients homozygous for factor V Leiden (activated
protein C resistance). Blood. 1995;85:1504—-1508.

Gregg JP, Yamane AJ, Grody WW. Prevalence of the factor V-Leiden
mutation in four distinct American ethnic populations. Am J Med Genet.
1997;73:334-336.

Vandenbroucke JP, Koster T, Briet E, Reitsma PH, Bertina RM, Rosendaal FR.
Increased risk of venous thrombosis in oral-contraceptive users who are carriers
of factor V Leiden mutation. Lancet. 1994;344:1453-1457.

. Rosendaal FR, Vessey M, Rumley A, Daly E, Woodward M,
Helmerhorst FM, Lowe GD. Hormonal replacement therapy, pro-
thrombotic mutations and the risk of venous thrombosis. Br J Haematol.
2002;116:851-854.

Relevance of Genetics and Genomics in CVD

288.

289.

290.

291.

2901

Rosendaal FR, Doggen CJ, Zivelin A, Arruda VR, Aiach M, Siscovick
DS, Hillarp A, Watzke HH, Bernardi F, Cumming AM, Preston FE,
Reitsma PH. Geographic distribution of the 20210 G to A prothrombin
variant. Thromb Haemost. 1998;79:706-708.

Emmerich J, Rosendaal FR, Cattaneo M, Margaglione M, De Stefano V,
Cumming T, Arruda V, Hillarp A, Reny JL. Combined effect of factor
V Leiden and prothrombin 20210A on the risk of venous thromboem-
bolism: pooled analysis of 8 case-control studies including 2310 cases
and 3204 controls: Study Group for Pooled-Analysis in Venous Throm-
boembolism. Thromb Haemost. 2001;86:809—-816.

Grody WW, Griffin JH, Taylor AK, Korf BR, Heit JA, for the ACMG
Factor V Leiden Working Group. American College of Medical
Genetics consensus statement on factor V Leiden mutation testing.
Genet Med. 2001;3:139-148.

College of American Pathologists Consensus Conference XXXVI: Diagnostic
Issues in Thrombophilia. Arch Pathol Lab Med. 2002;126:1277-1433.

Downloaded from circ.ahajournals.org by on June 26, 2007


http://circ.ahajournals.org

