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I nherited cardiomyopathies are a major cause of heart disease in 
all age groups, often with an onset in adolescence or early adult life. Not only the 
patients but also their families can be severely burdened by these illnesses. More 

than 20 years ago, the first “disease gene” for hypertrophic cardiomyopathy was 
identified.1,2 This finding led to the concept that hypertrophic cardiomyopathy is a 
disease of the sarcomere.3 Similar advances in the elucidation of the genetic basis of 
other forms of cardiomyopathy, as well as in other inherited cardiovascular diseases, 
soon followed.

The identification of disease genes in numerous inherited diseases has raised 
expectations for new forms of treatment, but experience has shown that such novel 
therapies rarely follow.4 For some inherited cardiomyopathies, however, there are 
realistic prospects that molecular insights will soon lead to novel treatments. This 
review focuses on recent findings regarding the mechanisms underlying cardio-
myopathies that will inform clinical practice and guide the search for therapeutic 
targets.

Cl a ssific ation of Inher i ted C a r diom yopathies

The long-standing classification of inherited cardiomyopathies according to func-
tional and morphologic features is crude yet clinically useful. Despite considerable 
heterogeneity within the categories of hypertrophic, dilated, restrictive, arrhythmo-
genic right ventricular, and other types of cardiomyopathies, these diagnostic clas-
sifications can predict major complications and delineate treatment options for each 
group. Finer resolution of these categories is possible with the aid of molecular 
genetics, which can identify clinically significant subtypes. Molecular insights, how-
ever, do not supersede the clinical classification,5,6 since different mutations within 
the same gene can underlie different disorders (Fig. 1). Mutations that affect adjacent 
amino acids in the β-myosin heavy chain, for example, cause either hypertrophic 
cardiomyopathy or dilated cardiomyopathy.7 All the inherited cardiomyopathies are 
genetically heterogeneous; within each category there are multiple disease genes, and 
many different mutations, each of which is uncommon. Nevertheless, technical ad-
vances now allow routine genetic testing of families.7 The degree of genetic hetero-
geneity varies among the cardiomyopathies and determines the extent to which a fi-
nal common pathway of pathogenesis can be identified for each condition.

H y pertrophic C a rdiom yopath y,  a  dise a se  
of The S a rcomer e

Hypertrophic cardiomyopathy is an autosomal dominant disease characterized by 
unexplained hypertrophy of the left ventricle (and sometimes of the right ventricle), 
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often with predominant involvement of the inter-
ventricular septum. Other hallmark features are 
myocyte disarray and fibrosis (Fig. 2). Hypertro-
phic cardiomyopathy was termed a “disease of 
the sarcomere” when the first three disease 
genes to be identified were found to encode com-
ponents of the contractile apparatus of heart 
muscle.3 Mutations in nine genes encoding sar-
comeric proteins have now been convincingly 
shown to cause hypertrophic cardiomyopathy. 
Disease-causing mutations in any one of these 
genes are found in up to two thirds of patients 
with hypertrophic cardiomyopathy. Mutations in 
MYH7, encoding the β-myosin heavy chain, and in 
MYBPC3, encoding cardiac myosin-binding protein 
C (cMyBP-C), are the most common, each ac-
counting for one fourth to one third of all cases of 
the disease; the remaining seven genes each ac-
count for less than 1% to 5% of cases.8 The mu-
tations generally cause single amino acid substi-
tutions in proteins that become incorporated into 
the sarcomere. However, about half the reported 
MYBPC3 mutations are truncations; these, and 
some MYBPC3 missense mutations, can result in 
haploinsufficiency, a condition in which the 
gene product of the wild-type allele cannot com-
pensate for the decreased product from the mutant 
allele.9,10

Analyses in vitro and in mouse models of car-
diomyopathy have shown increased contractility 
of mutant myofilaments due to altered myosin ki-
netics, increased thin-filament calcium sensitivity, 
or changes in cMyBP-C–mediated regulation.11,12 
These perturbations trigger signaling pathways 
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Figure 1. Clinical Categories of Inherited Cardiomyopathies and Their Genetic Basis.

The clinical entities hypertrophic cardiomyopathy and dilated cardiomyopathy share some disease genes with each 
other, as well as with restrictive cardiomyopathy and left ventricular noncompaction, which are less common. Arrhyth-
mogenic right ventricular cardiomyopathy appears to be a genetically distinct category, although its clinical phenotype 
cannot always be easily distinguished from that of dilated cardiomyopathy. AMPK denotes AMP-activated protein kinase, 
GLA α-galactosidase A, LAMP2 lysosomal-associated membrane protein 2, and TMEM43 transmembrane protein 43. 
Classes of genes shown in red are the overwhelmingly predominant cause of disease within the respective categories.

Figure 2 (facing page). Pathogenesis of Hypertrophic 
Cardiomyopathy.

In hypertrophic cardiomyopathy, mutations in sarcomeric 
proteins generally increase myofilament activation and 
result in myocyte hypercontractility and excessive energy 
use (Panel A). Alterations in myocardial energy status 
can also result from primary mutations affecting myo-
cardial energy generation (e.g., mitochondrial transfer 
RNA mutations). These mitochondrial defects and mu-
tations in the cardiac energy-sensing apparatus (e.g., 
AMP-activated protein kinase [AMPK]) recapitulate a hy-
pertrophic cardiomyopathy–like phenotype. Alterations 
in myocardial energetics and in calcium handling com-
bined with stimulation of signaling pathways (e.g., the 
Janus-associated kinase–signal transducers and activa-
tors of transcription [JAK-STAT] signaling pathway) dimin-
ish myocyte relaxation and promote myocyte growth, 
with aberrant tissue architecture (i.e., myofibrillar disarray 
and myocardial fibrosis) (Panel B, hematoxylin and eosin). 
In patients with hypertrophic cardiomyopathy, these 
changes often result in gross hypertrophy, with especially 
prominent septal hypertrophy (arrow) as compared with 
the normal heart, as shown on the cardiac magnetic res-
onance images (Panel C).
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that induce cardiac hypertrophy and are likely to 
contribute to the diastolic dysfunction in hyper-
trophic cardiomyopathy. The elevated sarcoplas-
mic calcium concentration during diastole, as 
documented in mouse models of hypertrophic 
cardiomyopathy,13 is likely to promote signaling 
(e.g., by means of calcineurin–nuclear factor of 
activated T cells [NFAT] and calcium-calmodu-
lin–dependent protein kinase II)14; the changes 
in calcium handling may also confer a predispo-
sition to arrhythmias.15

At least two mechanisms explain how sarco-
meric mutations alter calcium balance. First, 
mutations affecting the thin-filament regulatory 
proteins tropomyosin, troponin T, and troponin I 
all enhance calcium sensitivity by increasing the 
affinity of troponin C for calcium16; mutations 
affecting myosin and cMyBP-C also increase this 
affinity through the formation of additional cross-
bridges between thick and thin filaments. Since 
troponin is the principal dynamic calcium buffer 
in the sarcoplasm,17 the increased affinity should 
elevate calcium levels during diastole.18 Second, 
sarcomeric mutations increase the energy re-
quirements of myosin ATPase. Since the cross-
bridge cycle, which generates the contractile force 
of the myocyte, accounts for about 70% of the 
cardiomyocyte’s ATP consumption, contractile 
inefficiency could compromise the energetics of 
the myocyte.19 The energy deficiency could reduce 
the activity of other ATP-consuming processes 
such as ion pumps (in particular, the sarcoendo-
plasmic reticulum Ca2+ ATPase [SERCA]), thereby 
reducing calcium uptake during diastole. There 
is evidence of increased tension-dependent ATP 
consumption (tension cost) in isolated myofibril 
preparations20 and of compromised energetics in 
mouse models21 and in patients with cardiomy-
opathy, including mutation carriers before hyper-
trophy has developed.22 Moreover, other diseases 
that limit myocardial energy production, includ-
ing mitochondrial transfer RNA mutations, cause 
a form of cardiac hypertrophy that resembles 
hypertrophic cardiomyopathy.19

Other disease genes have been implicated in 
hypertrophic cardiomyopathy, albeit sometimes 
with less than robust evidence. Cosegregation in 
large families with members affected by hyper-
trophic cardiomyopathy23,24 supports pathogenic 
roles for mutations in CSRP3, which encodes mus-
cle LIM protein, and in ACTN2, which encodes al-

pha-actinin-2. Rare variants of TCAP (telethonin),25 
ANKRD1 (encoding cardiac ankyrin repeat protein, 
or CARP),26 JPH2 (junctophilin-2),27 and MYOZ2 
(myozenin-2)28 have been described in candidate-
gene analyses and studies of small families, but 
their role in the disease is unclear. All these genes 
encode proteins that are not integral components 
of the contractile apparatus, which suggests the 
involvement of additional mechanisms. These vari-
ants potentially disrupt processes common to the 
downstream consequences of myofilament mu-
tations, such as mechanosensory signaling and 
calcium handling. Mutations in PRKAG2, which 
encodes the γ2 subunit of AMP-activated protein 
kinase (AMPK), produce a phenocopy of hypertro-
phic cardiomyopathy accompanied by the Wolff–
Parkinson–White syndrome and progressive heart 
block.29 AMPK, an important energy sensor, inter-
acts with multiple signaling cascades.30 Although 
glycogen accumulation probably contributes to 
myocyte hypertrophy, early activation of hyper-
trophic signaling pathways also occurs in trans-
genic mice in which mutant PRKAG2 is overex-
pressed.31

Rodents have been used to test proposed 
therapeutic targets, in some cases leading to pilot 
studies in humans. The L-type calcium-channel 
inhibitor diltiazem prevented dysregulation of cal-
cium in the sarcoplasmic reticulum and cardiac 
hypertrophy in mice with a myosin heavy-chain 
mutation.32 A phase 2 trial of diltiazem in patients 
in the preclinical hypertrophic phase of cardiomy-
opathy is in progress (ClinicalTrials.gov number, 
NCT00319982).

Therapies to improve cardiac energetics have 
also been tested. In a randomized trial of perhexi-
line in patients with nonobstructive hypertrophic 
cardiomyopathy and activity-limiting symptoms, 
the partial inhibition of fatty acid oxidation, in the 
context of the oxygen limitation due to microvas-
cular disease in hypertrophic cardiomyopathy,33 
improved cardiac ATP levels and diastolic func-
tion, reduced symptoms, and increased exercise 
capacity.34,35 Progressive interstitial cardiac fibro-
sis, resulting from non–myocyte (e.g., fibroblast)-
mediated activation of transforming growth fac-
tor β signaling, is a feature of hypertrophic 
cardiomyopathy.36-38 The finding that preemptive 
angiotensin II type 1–receptor inhibition pre-
vented myocardial fibrosis in a mouse model of 
cardiomyopathy,38 as well as encouraging results 
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from a small clinical study, supports further in-
vestigation of this approach.39

Dil ated C a r diom yopath y,  
a  fina l common pheno t y pe  

w i th di v er se c auses

The main features of dilated cardiomyopathy are 
left ventricular dilatation, systolic dysfunction, 
myocyte death, and myocardial fibrosis (Fig. 3). 
Analysis of asymptomatic relatives of affected 
patients indicates that familial disease accounts 
for one third to one half of cases.40,41 More than 
40 disease genes have been identified; the most 
common mode of inheritance is autosomal dom-
inant transmission, although autosomal reces-
sive and X-linked forms have been described.42,43 
Dilated cardiomyopathy is sometimes inherited 
with other phenotypes, both cardiac (e.g., con-
duction disorder)44 and noncardiac (e.g., sensori-
neural hearing loss).45 Unlike hypertrophic car-
diomyopathy, dilated cardiomyopathy is caused 
by mutations in genes that encode components 
of a wide variety of cellular compartments and 
pathways, including the nuclear envelope, con-
tractile apparatus, the force transduction appa-
ratus (e.g., Z-disk and costamere), gene tran-
scription and splicing machinery, and calcium 
handling (Fig. 3).36,42,43

Given the diversity of affected cellular pro-
cesses, multiple proximal factors probably con-
tribute to contractile dysfunction of cardiomyo-
cytes before cell death and fibrotic repair occur. 
In dilated cardiomyopathy, mutations in the 
genes encoding contractile proteins result in 
functional changes that are the opposite of the 
changes caused by mutations in the same con-
tractile genes that cause hypertrophic cardiomy-
opathy. Mutations in the β-myosin heavy chain 
gene depress motor function in dilated cardio-
myopathy,46,47 and mutations in genes for thin-
filament regulatory proteins reduce the calcium 
sensitivity of contractile regulation and the af-
finity of troponin for calcium16,48; hence, these 
mutations depress the generation of force. Several 
disease genes encode components of the Z-disk 
(e.g., Cypher/ZASP),49 the structure at the bound-
ary of each sarcomere, or the costamere (e.g., 
δ-sarcoglycan), the structural complex that links 
the contractile apparatus to the sarcolemma and 
extracellular matrix.50 These mutations may cause 

defective transmission of force, affect stretch-
sensing mechanisms involving titin, or both.51,52 
The arginine-14 deletion in phospholamban (a 
membrane protein of muscle cells that regulates 
SERCA) causes excessive inhibition of the calci-
um pump and thus reduces calcium reuptake 
during diastole.53 The pathogenic effects of other 
mutations (e.g., those in LMNA, encoding the 
lamin A and C nuclear envelope proteins)54 are 
less clear. Nevertheless, the diverse changes in 
cardiomyocyte structure and function result in 
autophagy, a pathway of protein and organelle 
degradation, and ultimately apoptosis.55,56

The molecular complexity of dilated cardiomy-
opathy suggests only a limited scope for specific 
disease-modifying therapies. Broad-based ap-
proaches, perhaps involving regenerative medi-
cine, may be needed.

A r r h y thmo genic R igh t 
V en tr icul a r C a r diom yopath y,  

a  dise a se of the desmosome

The main feature of arrhythmogenic right ven-
tricular cardiomyopathy (ARVC) is fibrofatty re-
placement of the myocardium, mainly in the right 
ventricle but also in the left ventricle.57 This 
change results in the predominant clinical feature 
of susceptibility to ventricular arrhythmias. The 
disease is familial, and typically autosomal domi-
nant, in about half the cases. Mutations in five 
genes that encode desmosomal proteins (desmo-
plakin, plakoglobin, plakophilin 2, desmoglein 2, 
and desmocollin 2) have been found in ARVC and 
in two related autosomal recessive disorders, Naxos 
disease (ARVC accompanied by woolly hair and 
palmoplantar keratoderma) and the Carvajal syn-
drome (which has a similar dermatologic pheno-
type but in which left ventricular involvement is 
predominant) (Fig. 4). The majority of causative 
mutations are insertions or deletions or nonsense 
mutations that result in premature truncation of 
the encoded proteins. Two other, nondesmosomal 
genes have been implicated in ARVC: one for 
transforming growth factor β3 (TGF-β3) and the 
other for transmembrane protein 43 (TMEM43).59,60 
The existence of further mapped loci indicates 
that additional disease genes remain to be dis-
covered in ARVC.61

Desmosomes mediate intercellular attachments 
and anchor cytoplasmic domains of membrane 
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proteins to the intermediate desmin filaments of 
cardiomyocytes. Mutant desmosomes may there-
fore compromise cell-to-cell adhesion at interca-
lated disks, lessening the ability of myocytes to 
withstand mechanical forces during the cardiac 

cycle. Damage to the cell surfaces, causing cell de-
tachment and cell death, probably ensues.62 Ex-
perimental data indicating that mutant desmo-
somes also cause remodeling of gap junctions63

explain how electrocardiographic changes and 
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ventricular arrhythmias can develop before the loss 
of myocytes and dysfunction of the right ventricle 
become apparent (the concealed phase of disease).

However, this mechanical defect does not 
explain the right ventricular predominance and 
the prominence of inflammation and fibrofatty 
change. Desmosomal proteins also modify the 
Wnt/β–catenin signaling pathway, which is im-
portant for myogenesis in the heart. Increased 
nuclear translocation of plakoglobin, which is 
caused by the reduced plakoglobin-sequestering 
capacity of mutant desmosomes, appears to sup-
press Wnt signaling of cardiac progenitor cells.64 
Redistribution of plakoglobin is a central feature 
of ARVC and could serve as a diagnostic test for 
the disease in postmortem tissue and, conceiv-
ably, in endomyocardial-biopsy specimens.58 The 
predilection for involvement of the right ventri-
cle in ARVC probably depends on properties of 
cardiac progenitor cells in the second heart 
field, the embryonic source of the right ventricle. 
These primitive right-ventricle precursor cells 
are prone to differentiate into adipocytes (be-
cause of reduced transcription mediated by T-cell 
factor/lymphoid enhancer factor [Tcf/Lef]), ren-
dering them more susceptible to the reduced 
Wnt signaling.65 Adipogenic transcription fac-
tors, such as peroxisome proliferator–activated 
receptor gamma (PPARG) (which is known to 
drive TMEM43 expression), may also mediate in-

tracellular lipid perturbations and may contrib-
ute to the fibrofatty change (Fig. 4).66

Thus, although existing therapy for end-stage 
ARVC includes conventional therapy for heart 
failure, genetic insights predict that the restitu-
tion of Wnt/β–catenin myocardial signaling and 
modification of lipid-metabolism pathways (e.g., 
by PPARG modifiers) may represent more tar-
geted, disease-modifying therapies.

Lessons Le a r ned from 
Molecular Genetic Family Studies

The diversity of the cardiomyopathies results from 
genetic, allelic, epigenetic, and environmental het-
erogeneity, all of which contribute to the pheno-
type (Fig. 5). Here we summarize how studies of 
cardiomyopathies improve our understanding of 
“simple” monogenic conditions and their poly-
genic counterparts.

Incomplete and Age-Related Penetrance

As in most other autosomal dominant disorders, 
inherited cardiomyopathies show marked pheno-
typic variability, even within families. Penetrance 
— the proportion of mutation carriers with clin-
ically detectable disease — increases with age 
but remains less than 100%. In most persons 
with hypertrophic cardiomyopathy, the hypertro-
phy is manifested in adolescence, whereas the 
age at onset in patients with sarcomeric dilated 
cardiomyopathy is bimodal (with peaks during 
childhood and mid-adulthood).67 The disease is 
gradually progressive in patients with dilated car-
diomyopathy due to LMNA.68 It is uncommon to 
find numerous persons with clinically apparent 
ARVC in a single pedigree, indicating a low level 
of penetrance.

Variable Expressivity

Early reports of each of the cardiomyopathies de-
scribed patients with severe forms of the disease. 
Subsequent studies, however, have shown that 
most affected persons have mild, sometimes atyp-
ical disease; as a result, the number of cases in a 
given family, and thus the proportion of familial 
cases, is greater than originally suspected. Only 
a minority of patients with hypertrophic cardio-
myopathy have the classic feature of outflow ob-
struction at rest, and up to half the cases of idio-
pathic dilated cardiomyopathy are familial.40,41 It 

Figure 3 (facing page). Pathogenesis of Dilated  
Cardiomyopathy.

Dilated cardiomyopathy is the end phenotype of diverse 
mutations in heterogeneous pathways ranging from 
components of the membrane-scaffolding apparatus 
(e.g., sarcoglycan and dystrophinopathies), sarcomeric 
proteins (which exhibit reduced myofilament activation, 
unlike the case for hypertrophic cardiomyopathy), nuclear 
envelope proteins (e.g., lamin A and C), calcium-handling 
proteins (e.g., phospholamban [PLN]), transcription co-
factors (e.g., eyes absent homolog 4 [EYA4]), and RNA 
splicing (e.g., ribonucleic acid–binding protein [RBM20]), 
to the cell energy-generating machinery (Panel A). 
 Although these mutations are highly diverse in terms of 
the pathways affected, their common features are im-
paired contraction, insurmountable cellular compromise 
with consequent cell death and fibrotic repair (Panel B, 
hematoxylin and eosin), and ultimately, gross cardiac 
thinning and dilatation. Such biventricular dilatation and 
wall thinning relative to the cavity dimension (arrows) 
can be detected on cardiac magnetic resonance imaging 
(Panel C).
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has also become apparent that ARVC often goes 
unrecognized and is more common than was 
first thought.69 Left ventricular noncompaction, 
initially considered a rare disorder associated 
with very high rates of cardioembolism and heart 
failure,70 is now considered to be substantially 
more common and less severe than was previ-
ously believed.71 Incomplete penetrance requires 
diagnostic criteria of less than the usual strin-
gency for first-degree relatives, in whom the pri-
or risk is generally 50%; clinicians caring for 
families at risk now use complex diagnostic algo-
rithms to interpret minor abnormalities.69 The 
corollary is that, in the general population, pa-
tients with subtle features of inherited cardiomy-
opathies are difficult to recognize. Thus, popula-
tion screening is generally ineffective; instead, 
cascade screening (sequential identification of 
related family members, increasingly guided by 
genetic testing) is key.72

Genetic Heterogeneity and Allelic Disorders

Hypertrophic cardiomyopathy and dilated cardio-
myopathy can be allelic, each caused by specific 

missense mutations in the same genes encoding 
sarcomeric proteins. Since these diseases arise 
from mutations with opposing biophysical conse-
quences,48 a variant “breeds true” within each 
family; there has been no reliable documentation 
of families in which a single sarcomere mutation 
causes hypertrophic cardiomyopathy in some mem-
bers and dilated cardiomyopathy in others. How-
ever, other aspects of the cardiomyopathy pheno-
type can vary within families, indicating the 
absence of a precise relationship between the mu-
tation and its biophysical consequences. For ex-
ample, apical hypertrophic cardiomyopathy most-
ly occurs in families affected primarily by typical 
hypertrophic cardiomyopathy; in only a minority 
of cases does apical hypertrophic cardiomyopathy 
have a consistent relationship with a specific mu-
tation (e.g., Glu101Lys in the alpha cardiac actin 
gene [ACTC1]).73 Similarly, familial restrictive car-
diomyopathy is part of the spectrum of sarcomeric 
hypertrophic cardiomyopathy, with a loose rela-
tionship between certain mutations and this vari-
ant of the phenotype.74 Left ventricular noncom-
paction is characterized by myocardium with a 
spongy appearance. The disease may reflect a fail-
ure of normal development and sometimes occurs 
together with cardiac and extracardiac develop-
mental defects, but progressive dysfunction in 
adults indicates that left ventricular noncom-
paction is a newly recognized aspect of cardiac 
remodeling. In some families, the phenotype is 
consistently manifested (the genetic basis of 
such families is unknown), but cases of non-
compaction do occur in families with otherwise 
typical hypertrophic or dilated cardiomyopathy 
attributable to sarcomeric mutations.49,75

Phenocopies

The term phenocopy refers to apparently similar 
disorders with different causes. Distinctions among 
such conditions can be clinically important, be-
cause disorders with similar cardiac morphology 
can have different inheritance patterns, natural 
histories, or responses to therapy. Certain autoso-
mal dominant cardiomyopathies (those caused by 
PRKAG2 mutations) and X-linked cardiomyopa-
thies (Fabry’s disease and Danon’s disease) share 
clinical features with sarcomeric hypertrophic 
cardiomyopathy yet are distinct disorders.29,76,77 
Such phenocopies may also inform our under-
standing of disease mechanisms. Although hyper-
trophy due to PRKAG2 mutations is often attrib-

Figure 4 (facing page). Pathogenesis of Arrhythmogenic 
Right Ventricular Cardiomyopathy.

Arrhythmogenic right ventricular cardiomyopathy 
(ARVC) results from perturbation of one of three 
groups of desmosomal proteins: transmembrane pro-
teins (e.g., the desmosomal cadherins, desmoglein and 
desmocollin), proteins anchored directly to intermedi-
ate filaments (e.g., desmoplakin), and the armadillo 
family of proteins (e.g., plakoglobin and plakophilin), 
which bind the desmosomal cadherins to desmoplakin 
(Panel A). In addition to the disruption of desmosomal 
mechanical function, which can lead to the death of 
myocytes under physical stress, the suppression of 
 canonical Wnt/β–catenin signaling by nuclear plako-
globin translocation appears to promote adipogenesis 
in mesodermal precursors. Panel B shows immuno-
fluorescence images of left ventricular myocardium 
from patients with ARVC and controls without ARVC. 
Although both patients with ARVC and those without 
show a strong junctional signal for N-cadherin, a non-
desmosomal adhesion molecule, plako globin, is mark-
edly reduced in patients with ARVC whether or not the 
section shows typical pathological changes of fibro fatty 
replacement (Panel B). These changes explain the pro-
gressive fibrofatty replacement of ventricular myocardi-
um (Panel C, hematoxylin and eosin), with progressive 
gross effects on ventricular morphology and function, 
classically, but not exclusively, with right ventricular pre-
dominance (arrows), as shown on cardiac magnetic 
resonance imaging (Panel D). (Panel B reprinted from 
Asimaki et al.58 with the permission of the publisher.)
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uted to glycogen accumulation, the increase in 
cardiac mass cannot be explained by a simple 
bulk effect; instead, the glycogen probably initi-
ates signaling mechanisms involved in sarcomer-
ic hypertrophic cardiomyopathy.31,78

Genotype–Phenotype Correlations

In certain circumstances, knowledge of the gene 
underlying the cardiomyopathy will alter patient 
care. One example is phenocopies of hypertro-
phic cardiomyopathy with different inheritance 
patterns and natural histories. Another example 
is the susceptibility to conduction disease of pa-
tients with dilated cardiomyopathy due to LMNA 
mutations; when this is sufficient to warrant 
pacemaker insertion, use of an implantable car-
dioverter–defibrillator should be considered.79,80 
However, for most cardiomyopathies, correla-

tions between the disease gene and the pheno-
type are currently of limited usefulness for man-
aging the care of individual patients; some 
quantitative differences exist, but there is sub-
stantial overlap between disease-gene groups, 
and exceptions are common.81-83 Allelic hetero-
geneity further complicates attempts to correlate 
genotype with phenotype, since the rarity of in-
dividual mutations usually means that sufficient 
clinical data are unavailable. Long-term efforts 
will be needed to accumulate reliable evidence on 
genotype–phenotype correlations. Data based on 
results from proband series are particularly vul-
nerable to ascertainment bias.84

Additional complexities include the presence 
of two or more variants, as either compound or 
double heterozygosity.85-87 The proportion of 
genotyped persons with more than one variant 
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Figure 5. Complexities of the Genotype–Phenotype Relationship in Inherited Cardiomyopathies.

The effect of the particular disease gene, and specific mutation, on the cardiomyopathy phenotype is modified ex-
tensively by genetic, epigenetic, and environmental factors. Accordingly, the phenotype can vary greatly even among 
relatives with the same mutation. Most such modifying factors remain unknown, although examples that illustrate 
the categories listed are emerging. DCM denotes dilated cardiomyopathy, and HCM hypertrophic cardiomyopathy.
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is higher in diseases with low penetrance — no-
tably, arrhythmogenic right ventricular cardio-
myopathy.88 The presence of multiple variants 
complicates genetic testing in families (since it 
may be difficult to determine whether a “sec-
ond” variant is itself sufficient to cause disease) 
and confounds genotype–phenotype correlations 
if only one allele is analyzed.

Nonmendelian Variants and Modifier Effects

The widespread detailed sequencing of the genes 
implicated in the cardiomyopathies should cul-
minate in identification of a spectrum of vari-
ants, ranging from alleles that clearly cause dis-
ease through variants of uncertain significance 
to silent polymorphisms. A well-validated exam-
ple of a common susceptibility variant is an in-
tronic deletion in MYBPC3, which causes a partial 
splicing defect (as opposed to the complete de-
fect in typical autosomal dominant hypertrophic 
cardiomyopathy) and confers susceptibility to 
various cardiomyopathies in people whose fami-
lies come from the Indian subcontinent.89 It is 
likely that in a proportion of all cardiomyopa-
thies, inheritance has a nonmendelian pattern, 
in which alleles with only modest effects con-
verge; the likelihood of familial disease in these 
cases is low, and the disease may be milder. Pa-
tients with hypertrophic cardiomyopathy who do 
not have a family history of the disease are less 
likely to carry pathogenic sarcomeric mutations90 
and usually have a relatively mild phenotype.91 
Validation of variants, or modifier genes, with an 
intermediate effect is difficult because they can-
not be tested by means of cosegregation. Com-
mon variants can be evaluated with the use of 
tests for association in large studies,89 but a sta-
tistical demonstration of an increased mutation 
load is needed for rare variants, which requires 
sequencing of both case patients and controls.92 
The fact that variants occur in case patients but not 
in controls is not adequate to prove a pathogenic 
role because control subjects often bear similarly 
rare but different variants. This limitation is a 
problem with many recent candidate-gene stud-
ies in cardiomyopathy. Some patients who have 
hypertrophic cardiomyopathy without a sarcomere 
mutation may not have an inherited disease at all 
— the variants in these cases will be chance 
findings. In keeping with this point, identical 
variants are sometimes reported as causes of un-

related phenotypes, suggesting that they may in 
fact be silent polymorphisms.93,94

Fu t ur e Prospec t s

The incomplete penetrance that complicates ge-
netic evaluation of families with a cardiomyopa-
thy paradoxically raises hopes that the develop-
ment of novel disease-modifying therapies may 
be achievable. The underlying mutations cause 
subtle cellular perturbations11 that are tolerated 
by all mutation carriers for a period — and in 
many cases, throughout life — which suggests 
that compensatory mechanisms exist. The tran-
sition to overt disease can be abrupt in both hy-
pertrophic and dilated cardiomyopathies,95,96 
suggesting a tipping point that triggers decom-
pensation. Novel therapies may need only to sub-
tly shift cellular variables to sustain the compen-
sated state, particularly if therapy begins in 
asymptomatic mutation carriers identified by cas-
cade screening in families. Hypertrophic cardio-
myopathy may be the most tractable cardiomy-
opathy, since specific therapeutic targets have 
been identified downstream of the perturbation 
in contractile regulation, hypertrophied cardio-
myocytes can undergo remodeling, and the dis-
ease does not depend on myocyte death. ARVC 
also appears to have a final common pathway 
with sufficient specificity to be targeted, partic-
ularly if aberrant Wnt/β–catenin signaling rath-
er than a mechanical defect is central to the dis-
order. The multiple primary defects underlying 
dilated cardiomyopathy appear to be the most 
difficult to target. Here, and also in other car-
diomyopathies, avoidance of environmental pre-
cipitants that could trigger decompensation96-98 
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