
Our insight into the development of cardiac disease is
changing at a rapid pace. The tools have been de-
veloped by molecular biology to analyse the genetic
cause of cardiac disease in humans. The knowledge
of the genetic etiology not only helps to identify indi-
viduals at risk for inherited cardiac disease, it also in-
creases our understanding of the pathophysiology and
could potentially lead to new therapeutic strategies.
During the Roche meeting an update was provided on
the current techniques used to analyse the human ge-
netic composition. New animal models are available
to determine the effects of gene dosage. To illustrate
the value of genetic modification in mice, models are
discussed for atherosclerosis and hypertrophic cardio-
myopathy. Furthermore, new methods are discussed
to evaluate genetic variation in relation to atheroscle-
rosis.

Basic principles of molecular biology
The power of the molecular approach for cardio-
vascular pathology and therapy, is based on the strict
relation between DNA (carrying the genetic code),
RNA (the messenger between nucleus and cyto-
plasm) and proteins with a specific physiologic func-
tion. In addition to the transcribed DNA, every gene
has a regulatory sequence that controls the rate at
which RNA is produced, determining the expression
level of the gene. It is the regulatory part of a gene
that has to be activated to start RNA production (tran-
scription) (1). Which genes are active in different cell
types depends on the interaction of their regulatory
DNA with nuclear proteins. These nuclear proteins,
the so-called transcription factors, can recognize spe-
cific regulatory DNA sequences and modulate the
level of transcription. The nuclei of cardiomyocytes

contain specific transcription factors, which are dif-
ferent from for instance liver parenchymal cells,
therefore other genes are being expressed in these
two cell types (2-4).
All individuals have differences in their genetic com-
position. Most of these variations have no obvious ef-
fect as most of the DNA (90%) appears to have no
function. Basepair changes positioned within exons
alter the genetic code. As the triplet code is redundant
some changes do not alter the amino acid sequence.
Other base switches (missense mutations) can lead to
one amino acid change, or truncation of the protein
through the introduction of a stop codon. When one
base is missing the triplet code shifts and a total new
protein is the result (figure 1). Some of these muta-
tions have been introduced into animals, to prove the
causal relationship between the mutation and cardio-
vascular disease (5-7).

Hypertrophic and Dilated Cardiomyopathy
The term cardiomyoapthy indicates a disease origi-
nating in the muscle. Therefore, strictly spoken car-
diac dysfunction after one or recurrent myocardial
infarction, is not a cardiomyopathy as the cardiac
damage is caused by vascular disease. Another com-
mon external cause for cardiac dysfunction is hyper-
tension. Initially hypertension causes a generalized
concentric hypertrophy later followed by left ventri-
cular distension (hypertensive heart disease). Intrinsic
cardiomyocyte dysfunction can lead to overt cardiac
disease (cardiomyopathy). Depending on the genetic
defect the disease can be recognized by marked ex-
centric thickening of the left ventricular tissue includ-
ing the interventricular septum and outflow tract. The
disease can be so severe that the ventricular tissue at
the base of the heart blocks the outflow of blood in
the last part of the contraction phase. In addition, the
disease is characterised by marked diastolic dysfunc-
tion based on impaired left ventricular compliance.
Histologic sections reveal myofibrillar disarray which
is a hallmark of the disease. In areas with a marked
disarray the well defined and functional architecture
of the muscular wall is disturbed and fiber direction
seems to be random. The lack of fiber orientation and
coordination leads to dysfunctional muscular regions.
In addition, increased fibrosis can be demonstrated by
specific immunohistochemical analysis. One of the
first symptoms of the disease can be sudden cardiac
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death at adolescent age. More common symptoms are
dyspnea, anginal complaints and dizziness. This dis-
ease has had many names in the past, but is now cate-
gorized as Hypertrophic CardioMyopathy (HCM)
and in the presence of outflow tract obstruction as
HOCM. Several of the genetic defects underlying
HCM have been identified. In general, the inheritance
pattern is autosomal dominant. Thus far mutations
have been found in sarcomeric proteins, the proteins
responsible for the formation of contractile elements.
In most families mutations in the head of the beta
myosin heavy chain (MHC) protein, located in the
thick filament, cause the disease. The head of MHC
molecule is the part of the protein domain that binds
to actin in the thin filament (figure 2). However, the
positions of the mutations vary and the functional im-
plications have not been fully clarified yet. The risk
of sudden death is linked to the site of mutation,
without a clear relation to the morphological changes
that can be found. This has also been reported for
mutations in the troponin T gene. In these HCM
families the hypertrophy can be mild, but with a poor
prognosis as a high incidence of sudden death is often
reported. The Troponin T gene is part of the protein
complex composing the thin filament, and binds the
troponin complex to tropomyosin. Additional muta-
tions have been described in the myosin binding pro-
tein C (anchoring the thick filaments to titin), titin,
troponin I, α-tropomyosin and the myosin light
chains (8). Genetic manipulation in mice consists of
either overexpression (more protein, transgenesis) or
decreased expression (‘knock-out’, less protein) of
the gene of interest. The transgenic approach involves
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Figure 1. The consequences of missense mutations. The normal situation of transcription and translation is shown in panel A. Panel
B missense: the change of one base cytosine (C ) at position 5 into thymidine (T) results in one amino-acid replacement (Serine-
Leucine). Panel C stop codon: C to A (adenosine) change introduces a stop codon. This codon does not match with an amino acid and
therefore translations stops. Panel D frame shift: the loss of A at position 6 leads to a shift in triplet codes, and therefore a new protein
product.

Figure 2. Schematic representation of striated muscle. A: the
microscopic aspect of the cross striations and the various
structural units composing the sarcomere in a relaxed state. B:
schematic drawing showing the thick and the thin filaments
and their position at the same magnification as panel A. C:
proteins assembled in the sarcomere with the myosin cross-
bridges interacting with actin. The position of the myosin light
chains is indicated at the neck of the myosin molecules
(arrow). Not shown is the position of the myosin binding
protein C. This protein determines the location of the thick
filaments by anchoring them to titin one of the sarcomere
skeleton proteins.
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injection of constructs into the pronucleus of fertil-
ized oocytes. This technique results in the introduc-
tion of one or more copies of the transgene into the
genome at random sites. Therefore, the level of over-
expression of the new insert is unpredictable and
varies between different lines. In contrast, to generate
knock-out mice homologous recombination is used to
destroy one target allele. By crossing heterozygote
animals, homozygote knock outs can be generated in
which the target gene is completely absent. The
causal relation of the mutations leading to hyper-
trophic cardiomyopathy was verified by creating
transgenic mouse models. In mouse the α-MHC is
the predominated isoform expressed in adult heart.
The head of the MHC molecule in both isoforms (α
and β) is highly conserved in mouse and man. There-
fore the human β-MHC mutation was introduced in
the a MHC gene and inserted into the mouse genome.
The transgenic mice developed the full clinical pic-
ture of HCM, with asymmetric hypertrophy, left atrial
dilatation and including sudden death (9). To assess
functional parameters in mice, the tools to perform
hemodynamic studies had to be miniaturized. The
small size and high heart rate of the mouse pose tech-
nical challenges in measuring functional parameters
by invasive hemodynamic investigation, two-dimen-
sional and Doppler-echocardiography and magnetic
resonance imaging. However, the ease of genetic
modification and the short reproductive cycle allow
unique opportunities to investigate functional conse-
quences of genetic changes. In the mouse left ventri-
cular pressures and cardiac output can be determined.
Hemodynamic studies in the HCM mouse model re-
vealed an impaired relaxation of the left ventricle in
early stages (9).

Atherosclerosis
The number one cause of mortality in our Western so-
ciety is coronary artery disease. Atherosclerosis is the
underlying disease, that can be complicated by acute
thrombotic events leading to vascular occlusion and
myocardial infarction. Also in this disease, genetics
play an important role although the influence of the
environment is crucial in many individuals. The
contribution by genetic factors varies from 100% in
patients, who have no receptor for low density
lipoproteins or mutations in the ApoE3 gene, to ap-
proximately 2-3% in the presence of defined lipopro-
tein lipase LPL polymorphisms (10-11). In patients
with a variation in the LPL gene, the environmental
factors determine the severity and outcome of the dis-
ease. In many patients developing coronary artery
disease a genetic cause seems likely from the family
history, although no abnormal chemical parameters
can be identified. The effect of mutations in genes
coding for lipoproteins was demonstrated for the
ApoE3*Leiden gene. In a large family with early on-
set of cardiovascular disease, leading to myocardial
infarction, cerebrovascular accidents and death, the
diagnosis of dysbetalipoproteinemia was made. The
genetic defect appeared to be localized within the
ApoE gene. The ApoE3*Leiden variant turned out to
contain a point mutation and an insertion of 21 base

pairs leading to a 7 amino acid repeat. To determine
the causal role of this human genetic variant for the
etiology of atherosclerosis, the human gene was in-
troduced into the mouse genome. For the ApoE3 gene
also knock out mice have been generated and studied
(12). These animals developed atherosclerosis even
on a normal diet. Another group made a transgenic
line using the defective human ApoE3*Leiden gene
(13-14). So in addition to the mouse ApoE gene, the
transgenic mouse strain contained copies of the
ApoE3*Leiden gene. In contrast to normal (wild
type) mice, these mice are susceptible to atheroscle-
rosis when fed on a high fat diet. The histology and
complexity of the atherosclerotic lesions in these
mice matches human disease (15-16). However, in
the ApoE3*Leiden mice, no acute vascular events
have been documented leading to myocardial or cere-
bral infarcts. A solid fibrous cap prevents plaque rup-
ture in this model. The ApoE3*Leiden mice demon-
strate one aspect of the power of genetic analysis.
The identification of the causal human monogenetic
defect was confirmed in the transgenic experiment.

Multigenic cause of atherosclerosis
As mentioned above in the majority of patients the
disease can not be explained by a mutation in a single
gene. It is likely that unfavorable polymorphisms in
various genes predispose to atherosclerosis. A poly-
morphism indicates a genetic variation which is
found in more than 1% of the general population. The
polymorphism in itself is not necessarily associated
with altered protein function. Very often the polymor-
phisms are associated with a different protein level. If
the polymorphisms involve lipoprotein levels, coagu-
lation factors and inflammatory genes, the combina-
tion of polymorphisms could contribute to atherescle-
rosis (multiple hit theory). As atherosclerosis is a
complex disease many genes could enhance the ge-
netic susceptibility of an individual. It has become
clear that many organs, cell types and circulating
factors can play a role in atherosclerotic lesion for-
mation. To tackle this question, more advanced tech-
niques have to be developed which determine multi-
ple polymorphisms in different genes simultaneously
(17-18). Furthermore, large populations have to be
studied to unravel the role of all the potentiating ge-
netic combinations. New molecular techniques could
be helpful for this approach. One is the multiplex
PCR reaction, using preloaded membranes to identify
> 60 polymorphisms in one reaction. An alternative is
the use of microarray or chip technology to study
thousands of sites overnight. The department of Mo-
lecular Cardiology Maastricht is currently testing a
new kit developed by Roche Diagnostics using the
multiplex PCR and thus far the results match previ-
ously analyzed DNA samples for the Insertion(I)/
Deletion(D) polymorphism of the Angiotensin Con-
verting Enzyme (ACE) gene (n=20). The I/D poly-
morphism is one of the most frequently analyzed ge-
netic variations in man. The polymorphism is based
on the insertion of 287 basepairs in intron 16 of the
ACE gene and associated with the level of circulating
ACE enzyme. In small studies dramatic associations
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have been found that were never confirmed in larger
cohorts (19-21). The results of the multiplex PCR kit
are completely reproducible using identical samples
three times (n=15). Several groups of genes involved
in the etiology of atherosclerosis are included in this
biochemical assay (see table 1).

Conclusion
Molecular techniques have improved our understand-
ing of the pathophysiological processes underlying
cardiovascular disease and have proven to be an in-
valuable tool for the identification of genetic causes
of human disease. New techniques are within reach
of every clinical center to unravel multiple genetic
factors that contribute to the predisposition for coro-
nary artery disease.
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Table 1. Multiplex PCR for polymorphism detection

Class of genes Polymorphisms

Lipoproteins 24
Coagulation 10
Inflammation: Cytokines 7
Metabolism 7
Endothelial Function 7
Receptors and channels 6
Natriuretic peptides 2

Total 63


