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Abstract Dilated cardiomyopathy (DCM) is a heart mus-
cle disease characterized by impaired contractility and dila-
tion of the ventricles. In a subset of DCM patients, classical
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inheritance patterns occur (familial DCM), which have led
to the identification of specific genomic loci and gene de-
fects causing monogenic DCM subtypes. In the majority of
DCM patients, however, there is no evidence for a mono-
genic etiology of the disorder (sporadic DCM), and in the
absence of other recognizable etiological factors, these cases
were classified as “idiopathic”. Recent research suggests
that cardiotropic viruses are important environmental fac-
tors in the pathogenesis of “idiopathic” cases and that DCM
commonly results from interactions between genetic and
environmental factors, whereas “pure” genetic forms are
rather rare. Regarding genetics, the clinical cardiomyo-
pathic phenotype associated with single gene defects may
be highly variable for unknown reasons. Furthermore, a
novel class of genetic defects was identified recently which
provide a molecular basis for abnormal reactions of cardio-
myocytes to environmental stress. These defects are para-
digms of specific molecular links between genome and
environment during the pathogenesis of DCM. Regarding
environmental factors, a recent molecular virological study
based on myocardial biopsies in a large series of sporadic
DCM patients has detected cardiac viral infections in the
majority of patients, with a broad spectrum of virus species
being involved. Apparently, DCM does not only occur as a
late sequela of acute viral myocarditis, but also in patients
without clinical history of cardiac viral disease. Cardio-
tropic viruses thus emerge as prevalent environmental fac-
tors which may cause or influence the course of DCM in a
large fraction of cases. Synopsis of current data suggests
that a comprehensive picture of DCM pathogenesis can
only be drawn if both genetic and environmental pathoge-
netic factors are considered. The course of cardiac viral in-
fections depends strongly on genetic host factors and may
range from rapid and complete virus elimination or silenc-
ing without clinical symptoms, to rapidly progressive or
fatal disease. Viruses interact not only with genetically het-
erogenous host systems of virus uptake, migration, and
antiviral immunity, but, due to their prevalence in DCM
hearts, are also likely to encounter multiple structural pro-
teins of cardiac cells known to be defective in familial
DCM. The combined knowledge on DCM-associated gene
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defects and viruses therefore suggests in-depth studies on
genome—environment interactions in DCM pathogenesis
which may underlie the high clinical variability observed
both in monogenic and virus-associated DCM and have
implications for the clinical management of DCM patients.
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DCM as a complex disorder

The term “dilated cardiomyopathy” (DCM) is used for the
clinical phenotypic description of a heart muscle disease
characterized by impaired contractility and dilation of the
ventricles. This phenotype encompasses a variety of path-
ogenetically distinct subtypes. Regarding the genetic basis
of the disease, specific genomic loci and gene defects have
been identified which cause DCM in the sense of classic
monogenic disorders (familial DCM) in a subset of DCM
patients. Disease genes have been identified by linkage
analysis in DCM families or by mutation screening of
candidate genes in DCM populations. Regarding environ-
mental factors which may cause the disease, recent molec-
ular virological investigations of large DCM populations
based on myocardial biopsies have revealed chronic car-
diac viral infections in the majority of cases, suggesting
that viruses are important environmental factors in the path-
ogenesis of DCM. In the absence of any recognizable
etiological factor (neither genetic nor environmental), the
disorder is designated as “idiopathic,” but these cases be-
come rarer as new genetic and environmental causes of
DCM are being identified. We review current knowledge on
monogenic DCM subtypes and cardiotropic viral infections
associated with DCM. From a synopsis of the available
genetic and virological data, we derive the need to pay close
attention to genome—environment interactions in order to
explain the highly variable clinical courses observed both
in monogenic and virus-associated DCM.

Importantly, the full scale of variability cannot be appre-
ciated during the initial studies of selected patient groups,
but only after systematic evaluation of disease phenotype
and course in large population-based studies. In other dis-
eases, such stepwise revelation of the phenotype spectrum
resulting from single gene defects has often led to the
identification of genome—environment interactions of para-

mount importance for proper clinical management of mu-
tation carriers. «1-Antitrypsin deficiency (ATD) may serve
as a paradigm for this stepwise process. ATD was initially
identified in patients with chronic obstructive lung disease
(COPD), and the underlying gene defects were thought to
cause this disease per se [1]. However, when mutation
screening of patients with other diseases and normal control
populations was conducted, it became apparent that ATD is
associated with a very broad clinical spectrum ranging from
normal lung function and morphology to rapidly destruc-
tive lung disease and early death [2, 3]. Cigarette smoking
was identified as the key environmental factor determining
both symptomatology and survival in mutation carriers [2].
Individuals with ATD may have normal life expectancy and
minimal symptoms if they never smoke which has the im-
portant clinical implication that many mutations carriers
need not be treated at all [2, 4]. Liver cirrhosis is another
possible consequence of ATD due to a completely distinct
pathogenic process [5] but occurs only very rarely if an-
other independent gene defect is present in the same in-
dividual [6, 7].

In complex disorders such as COPD or DCM, a com-
prehensive picture of the pathogenesis can only be drawn if
both genetic and environmental pathogenetic factors are
considered. Broadened understanding of the pathogenesis
may then decisively alter the clinical risk assessment and
treatment of patients. One current challenge in DCM re-
search is the identification of all environmental pathoge-
netic factors which act on the host genetic background.
Cardiotropic viruses appear to be important in this respect.

Monogenic subtypes of DCM

About one third of DCM cases are currently estimated to
have a genetic basis [8]. Numerous genomic loci have been
mapped in different DCM families, and so far, 20 indi-
vidual disease genes have been identified and screened for
mutations in affected individuals. The genes involved in
DCM encode a broad variety of proteins including sarco-
meric, Z-disk-associated, sarcolemma cytoskeleton, inter-
mediate filament, and calcium cycle proteins (Table 1). The
identification of numerous monogenic subtypes of DCM
was a major achievement of the past decade. On the other
hand, the extensive heterogeneity of disease phenotypes,
which are associated with mutations in a single gene and
even in the same codon of that gene, is currently un-
explained. Such heterogeneity has been observed in genetic
animal models of DCM, but far more pronounced in DCM
patients. Basically, it may be due to independent genetic
factors in as yet unknown modifier genes or to environ-
mental factors not investigated or not yet recognized in the
affected individuals.

Variable phenotypic expression of single gene defects

Table 1 summarizes data documenting the very high phe-
notypic variability in single gene defects associated with
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f P DCM HCM RCM  Comments
associated with single gene
defects .
Disease genes
Sarcomeric proteins
[3-Myosin heavy chain 52 53
«-Actin 54 55
Troponin-T 11, 56 13 Transitions from HCM to DCM occur
Troponin-I 15 13 14
Troponin-C 11 57
a-Tropomyosin 58 59
Titin 60, 61
Telethonin 17
Z-disk-associated proteins
Muscle LIM protein 17, 62 Very rare except for founder region®
a-Actinin 62
Sarcolemma cytoskeleton
The list includes only genes Dystrophin
known to be mutated in Auman B-S | 9 a
DCM. Not listed are genetic -arcoglycan a
defects associated with complex ~ 8-Sarcoglycan 9, 63
phenotypes including DCM as a-Dystrobrevin
only one component (€.g. DCM  vipculin 50. 64
with skeletal muscle disease or I diate fil ’
neurological disorders) and nte@e late filaments
those for which only the genetic =~ Desmin 65, 66
locus but not the disease gene Lamin A/C 10, 12, 67 Very rare except for founder region®
itself has been identified. Num-  ~,10ium cycle proteins
bers refer to references
Screening studies of major Phospholamban 68, 69
populations of “sporadic” DCM  Modifier genes
are available, and defects in this  B-Adrenergic receptors 70

gene were found to be very rare

: . Matrix metalloproteinases 71
in these populations

DCM. Not included are the numerous complex genetic
syndromes which include “pure” DCM as only one com-
ponent since the vast majority of clinical DCM patients
display cardiac dilation and dysfunction as an isolated phe-
notype. From this table on “pure” DCM, it is obvious that
genetic and/or environmental cofactors need to be taken
into account to obtain a comprehensive perspective on the
complex pathogenesis of this disease. The full scale of
phenotypic variability in single gene defects cannot be
appreciated in the initial studies which are mostly genetic
linkage analyses in DCM families recognized on the basis
of a severe early onset phenotype in several members,
with little variation on similar genetic backgrounds. Once
the disease gene is mapped and sequenced, however, mu-
tation scanning of that gene in large sporadic and familial
DCM populations and also in healthy controls is required to
assess the quantitative clinical relevance of that gene within
the population and also the full phenotype spectrum as-
sociated with that gene. First steps towards broadened
assessment have recently been made, e.g. for the (3- and 6-
sarcoglycan gene [9] and the lamin A/C gene [10]. In these
studies, mutations of the respective genes were found to be
very rare in population-based sporadic DCM groups. A
recent survey of troponin C and T mutations in a major
DCM series with 43% familial cases revealed 5% mutation
carriers in the latter subgroup [11].

Investigation of large DCM collectives for mutations in
a candidate gene may already give some impression of
variability but still be severely biased by genetic founder
effects and differences between geographically distant pop-
ulations. In a recent study addressing these issues, we iden-
tified a mutation (W4R) of the MLP gene in ten out of 516
DCM patients from central Europe. W4R was not found
among 320 European controls or among DCM patients or
400 controls from Japan. Haplotyping of the MLP mutation
carriers confirmed a founder effect for central Europe. Thus,
the MLP defect initially discovered by a candidate gene
approach in our local patients is quantitatively relevant in
parts of Europe but not elsewhere. A survey of lamin A/C
mutations showed a similar founder effect for Finland [12].
Experimental investigations showed that the W4R mutation
results in dysfunction of a cardiomyocyte stress sensor pro-
tein complex including MLP. This work led to the delin-
eation of a novel DCM pathomechanism, but the clinical
phenotype in mutation carriers was rather variable with
age at diagnosis ranging from 32 to 70 years and NYHA
class from I to III. This is consistent with W4R being a
strong predisposing genetic factor whose actual sequelae,
however, are dependent on environmental cofactors chal-
lenging the cellular stress sensor.

Similarly, extensive investigation of troponin gene mu-
tations in cardiomyopathy patients has revealed that mu-
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tations in the same gene may be associated with either
dilated or hypertrophic cardiomyopathy (HCM) (for review,
see [13]). Moreover, mutations in the same codon (R145) of
the troponin I gene were associated with either HCM or the
completely distinct phenotype of restrictive cardiomyopathy
(RCM) [14]. Another troponin I mutation (A2V) was neither
associated with autosomal dominant HCM nor RCM, but
with DCM and an autosomal recessive mode of inheritance
[15]. These differences are currently unexplained at the mo-
lecular level, and data on possible environmental con-
founding factors are sparse.

In most reported DCM families, the inheritance pattern
was autosomal dominant, but recessive, X-linked, and mito-
chondrial inheritance are also encountered. Distinct inher-
itance patterns may become indiscernible if the phenotypic
penetrance of the inherited defect is low or the families
are small, leading to classification of the index case as
“sporadic” DCM. Even within clearly discernible cardio-
myopathy families with their rather confined genetic back-
ground, phenotypic expression may be highly variable [16,
17]. Clinical experience further indicates the existence of
genetic DCM predispositions which gain relevance only,
however, when specific environmental noxious factors are
encountered. Among cancer patients receiving similar doses
of potentially cardiotoxic drugs (e.g. anthracyclines, her-
ceptin), only a small fraction will develop DCM. Similarly,
alcohol abuse is frequent but leads to the DCM phenotype
in only a few cases. In the absence of any other explanation,
a genetic DCM predisposition is obvious in these cases.

The complexity of DCM genetics renders routine mo-
lecular screening for monogenic DCM subtypes imprac-
ticable. This explains the lack of genetic data on DCM
patients investigated for other reasons (e.g. virological di-
agnostics as outlined below) and impedes the study of
genome—environment interactions. Conversely, data on envi-
ronmental factors are sparse in molecular genetic studies of
DCM populations. In clinical practice, the recognition of
familial DCM predisposition by the clinician is pivotal
since it may lead to in-depth genetic studies. These are of
high scientific interest but may also gain relevance for early
recognition and treatment of relatives at risk [18]. In sum-
mary, the molecular genetics of DCM is particularly com-
plex, and unequivocal genotype—phenotype correlations
are lacking in many cases.

Viruses as environmental agents in DCM

An unexpected finding of recent virological surveys was
the high prevalence of cardiotropic viruses in DCM
hearts. Initially, only enteroviruses (EVs) were detected in
endomyocardial biopsies (EMBs) of DCM patients [19, 20]
and were shown to be important prognostic factors [21—
23]. The incidence of EV infections in DCM hearts was
rather low, however. The recent detection of non-EV ge-
nomes (e.g. Parvovirus B19) in patients presenting with a
sudden onset of cardiac symptoms mimicking acute myo-
cardial infarction [24, 25] raised the question if the total
prevalence of cardiotropic viruses in DCM may have been

Fig. 1 Interaction sites of cardiotropic viruses with their target cells. p
Panel A shows the frequency at which various cardiotropic viruses
were detected in a series of 245 DCM patients. In order of decreas-
ing frequency: PVBI19 (51.4%), HHV6 (21.6%), EV (9.4%), EBV
(2.0%), AdV (1.6%), HCV (0.8%). Also screened but not detected
were HSV1/2, InfA/B, and CMV. Panel B shows the cellular entry
mechanisms for most of these viruses via cell surface receptors and
interacting coreceptors, followed by receptor-mediated endocytosis
of the virus particles, release of the viral RNA (CVB3) or DNA ge-
nomes (other viruses), and their nuclear import via the nuclear pore
complex (NPC). Toll-like receptors (7LRs) 3, 7, 8, 9 are located in the
membrane of the endosomes and may trigger signaling cascades of
innate antiviral immunity (INF{3-dependent and -independent path-
ways). Cardiac virus receptors form a first structural level at which
genetic variants may influence an individual’s susceptibility to viral
infections, by mutations in the receptors or coreceptors or in their
regulatory pathways. CAR shows high interindividual variability and
strong induction in human DCM [39, 40], but little is known on the
regulation and genetics of other receptors. Endosomes, TLRs, and
TLR-dependent signaling pathways form a second level at which
mutations may alter the course of viral disease [43—45]. A third, ge-
netically polymorphic level is formed by the nuclear envelope (nuclear
membranes+NPCs+nuclear lamina). Lamins A and C are intermedi-
ate filaments encoded by the LMNA gene mutated in a subset of DCM
patients [10, 12]. After the viral genomes are transcribed in the
nucleus and translated in the cytosol, their products may act upon and
damage the multiple structural proteins of the cardiomyocyte known
to carry mutations in familial DCM (Table 1). Whereas for most car-
diotropic virus-encoded proteins no data on interactions with mutated
structural proteins vs their normal counterparts are available, dys-
trophin deficiency has already been shown to markedly increase
CVB3-induced cardiac damage via enteroviral protease 2A [47]

underestimated. Indeed, a high prevalence (67.4%) of viral
genomes was found in the heart of 245 consecutive DCM
patients in a recent survey investigating a broad panel of
viruses [26]. EVand adenoviral (AdV) genomes were found
in 9.4 and 2.0%, respectively, parvovirus B19 (PVB19) in
51.4%, and human herpes virus-6 (HHV6) in 21.6% of
cases. Dual or multiple infections occurred in 27.3% of pa-
tients. The clinical course in patients carrying both PVB19
and HHV6 was particularly severe, and interferon-{3 treat-
ment [21] was less effective in these cases. In only 32.6% no
viral genome was detected. This high prevalence of viral
genomes in the heart of adult DCM patients was unex-
pected, although possible viral etiologies have long been
discussed in “idiopathic” DCM [27-29]. PVB19 and HHV6
genomes have previously been reported in childhood car-
diomyopathies [30-33], but detected only in rare cases in
adults [24, 25, 34]. Apparently, a broad panel of cardio-
tropic viral agents needs to be investigated during the diag-
nostic workup of DCM patients since otherwise possible
viral etiologies are likely to be missed.

Virus-host interactions in DCM pathogenesis

The frequent detection of viral genomes in human DCM
hearts strongly suggests that viral infections play a major
role in the pathogenesis of DCM. Even a small cardiac
virus load during chronic latent infections is able to sustain
significant viral transcriptional activity over long periods of
time. This may result in slow but progressive deterioration
of cardiac function, either by direct cytopathic effects of
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virus-encoded proteins or indirectly by virus-induced alter-
ations of expression of host-encoded genes (e.g. chronic
cardiac inflammation [35], local cytokine release [36, 37]).
Cardiac PVB19 was recently found to be associated with
diastolic dysfunction in a major series of patients [38]. Atall
stages from the initial virus entry to late chronic sequelae,
the host’s reactions are determined by its genetic constitu-
tion. Key interaction sites of viruses with their hosts are
depicted in Fig. 1.
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Most known cardiotropic viruses are taken up into the
cell by receptor-mediated endocytosis and then further
transported into the nucleus. Virus entry and migration
within the host are determined by the expression of virus
receptors on target cells. The viral entry pathways into the
heart have not been fully delineated, but induction or
inhibition of these pathways would decisively alter the
individual susceptibility for cardiac viral infections. In-
duction of a common receptor (CAR) for coxsackieviruses
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and adenoviruses was observed in human DCM but not in
further cardiomyopathies [39, 40]. Receptor induction may
open a path for infections with receptor-dependent viruses
(EV/AdV) and contribute to dual infections by the respec-
tive viruses which are further influenced by distinct co-
receptors. Another common receptor (CD46) shared by
otherwise unrelated viruses (HHV6 and CAR-independent
group B AdV) has been identified [41]. It is currently un-
known what genetic or environmental factors cause the
dysregulation of CAR in DCM, but its induction may
critically influence pathogenesis. Since virus genomes are
prevalent in DCM hearts, genetic variants of virus recep-
tors or their regulatory pathways could provide a molecular
basis for important genome—environment interactions in-
fluencing the disease process.

During their transport through the endosomal pathway,
the RNA or DNA viral genome may engage certain Toll-
like receptors (TLR 3, 7, 8, 9) linked to key signaling
cascades of innate immunity [42]. Genetic alterations of
immune pathways decisively alter the disease course in
viral infections. Thus, the mortality after CVB3 infection is
very low in mice lacking MyD88, a key component of
TLR-dependent innate immune signaling, as compared to
wild-type animals. Mice are protected from CVB3 myo-
carditis by gene-targeted knockout of p56Lck, the Src fam-
ily kinase essential for T-cell activation [43]. In contrast,
CVB3 infection of INF-f3 deficient mice results in exces-
sive mortality as compared to controls [44]. Extracellu-
lar signal-regulated kinase 1 and 2 (ERK-1/2) is intense in
the heart of myocarditis-susceptible A/J mice, in contrast
to myocarditis-resistant C57BL/6 mice. The ERK-1/2 re-
sponse to CVB3 may thus contribute also to differential
host susceptibility [45].

Beyond the proteins involved in cellular virus entry and
antiviral defense, several structural proteins of the cardio-
myocyte building the sarcomere, sarcolemma cytoskeleton,
Z-bands, and intermediate filaments are known to be mu-
tated in cases of familial DCM. No population-wide com-
prehensive mutation scanning has so far been published for
these genes, and thus, the full extent of their genetic var-
iability is unknown. However, one pioneering experimen-
tal study has already demonstrated the extent to which such
mutations may aggravate the cardiac damage caused by a
virus, when CoxB3 infection led to grossly aggravated
disease in dystrophin-deficient mice via enteroviral prote-
ase 2A-mediated cleavage of dystrophin [46, 47]. Identi-
fication of further cellular sites vulnerable to attack by the
newly identified cardiotropic virus will be facilitated by the
availability of a broad spectrum of genetic animal models
for known DCM-associated mutations.

Towards a synopsis of genetic and environmental
factors in DCM

Various approaches are available to obtain further insight
into genome—environment interactions. First, appreciation
of the full phenotype spectrum associated with a single
gene defect requires mutation screening of that gene not

only in large DCM groups, but also in healthy controls
representative of the general population. The latter are
required to recognize if mutation carriers may remain
disease-free unless they encounter certain environmental
factors (viruses, drugs) which then precipitate the disorder.
The paradigm of genetic ATD illustrates that environ-
mental agents may indeed play such a decisive role from
the clinical point of view. Several groups have begun to
investigate the quantitative clinical relevance of DCM-
associated mutations on a population-wide scale [9, 10, 17]
as opposed to the initial studies mostly focused on highly
selected subgroups of DCM patients.

Second, patients suffering from known familial DCM
subtypes should be examined for possible cardiac viral
infections which were frequent in a recent survey of DCM
hearts [26]. In contrast to obvious environmental DCM risk
factors (e.g. cardiotoxic drugs), cardiac viruses will remain
hidden unless specifically searched for. On the other hand,
viruses are, due to their prevalence in DCM hearts, likely to
encounter multiple structural proteins of cardiac cells
known to be defective in familial DCM. Mutation carriers
may react far more sensitively to these viruses than normal
hearts [47], and virus detection in familial DCM could gain
therapeutic relevance if antiviral therapy in mutation car-
riers was shown to favourably influence the course of the
disease. Conversely, the screening of DCM genes may
provide additional prognostic information in patients with
viral cardiomyopathy, in particular, if experimental data
suggest that defects in a certain gene may enhance the
cardiac damage induced by a specific virus. In addition to
genes known to cause DCM in humans, numerous other
risk genes identified in animal models [48, 49] may confer
high susceptibility. Interestingly, environmental factors other
than viruses are required for certain mutations to become
pathogenetically relevant, e.g. cardiac dysfunction is trig-
gered by hemodynamic stress in vinculin [50] and KDEL
receptor mutations [51].

Third, we need to learn more also about the effects of
the known cardiotropic viruses on cardiomyocyte function
and morphology and on possible specific interactions
between these viruses and cardiac cells. Interaction of any
virus-encoded protein with a particularly sensitive cardiac
cellular protein may have relevance for a large number
of DCM patients due to the high prevalence of those viruses
in DCM hearts. This may be studied in vitro and in genetic
DCM animal models. In addition to defects in cardiac
structural genes, genetic variants in cellular signaling
pathways involved in antiviral immunity may aggravate
or ameliorate the effects of cardiotropic viruses. Genetic
dissection of virus—cardiomyocyte interactions may thus
lead to the identification of new therapeutic targets.
Functional or interaction proteomics may reveal specific
interactions between virus- and host-encoded proteins and
lead to the identification of novel proteins which are
genetically variable or defective in a subset of the human
population.

In summary, future investigations into the molecular
pathogenesis of human DCM should encompass detailed
clinical phenotyping, in conjunction with both molecular



genetic data and data on possible noxious factors from the
environment, in particular, cardiotropic viruses. This should
help to better understand the interactions between host
genetics and environmental agents and to further improve
the clinical management of DCM patients who still carry an
adverse prognosis.
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