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Genetic mutations and mechanisms
In dilated cardiomyopathy
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Genetic mutations account for a significant percentage of cardiomyopathies, which are a leading cause of conges-
tive heart failure. In hypertrophic cardiomyopathy (HCM), cardiac output is limited by the thickened myocardium
through impaired filling and outflow. Mutations in the genes encoding the thick filament components myosin
heavy chain and myosin binding protein C (MYH7 and MYBPC3) together explain 75% of inherited HCMs, leading
to the observation that HCM is a disease of the sarcomere. Many mutations are “private” or rare variants, often
unique to families. In contrast, dilated cardiomyopathy (DCM) is far more genetically heterogeneous, with muta-
tions in genes encoding cytoskeletal, nucleoskeletal, mitochondrial, and calcium-handling proteins. DCM is charac-
terized by enlarged ventricular dimensions and impaired systolic and diastolic function. Private mutations account
for most DCMs, with few hotspots or recurring mutations. More than 50 single genes are linked to inherited DCM,
including many genes that also link to HCM. Relatively few clinical clues guide the diagnosis of inherited DCM, but
emerging evidence supports the use of genetic testing to identify those patients at risk for faster disease progression,

congestive heart failure, and arrhythmia.

Cardiomyopathy: diagnosis and prevalence
Cardiomyopathy is defined by a pathologically abnormal myo-
cardium. There are four major classifications of cardiomyopa-
thy: dilated (DCM), hypertrophic (HCM), restrictive (RCM), and
arrhythmogenic RV (ARVC). Cardiomyopathy is most commonly
diagnosed through in vivo imaging, with either echocardiogra-
phy or, increasingly, cardiac MRI. DCM refers to enlargement of’
the heart, which often affects all four chambers, especially late in
the disease. Most commonly, DCM is associated with reduced LV
function or systolic function, although early in the disease the LV
may be dilated, with only minimally reduced function. In con-
trast, HCM is characterized by increased LV wall thickness, often
targeting the septum that separates the LV from the RV (Figure 1).
RCM is the most elusive, in part because the heart may appear
morphologically close to normal, with only minor increased wall
thickness or modestly decreased LV ejection fraction. The infil-
trative process underlying RCM is often not readily detectable
in vivo with even the most sensitive imaging technique. RCM is
characterized by impaired filling of the heart, known as diastolic
dysfunction, which reduces cardiac output. ARVC is character-
ized by reduced function and thinning of the RV with a fibrofatty
infiltration that can be seen on MRI.

Myocardial ischemia remains a common cause of DCM,
accounting for approximately half of DCM. Toxic, metabolic,
and immunologic causes have each been linked to DCM, as well
as hypertension and valvular disease. Genetic cardiomyopathy,
which runs in families, is now more commonly diagnosed, large-
ly because surveillance for and awareness of the condition have
improved. It is also now increasingly understood that more than
one etiology may contribute to DCM within a given individual.
Unlike cardiomyopathy that results from some of the other causes,
genetic cardiomyopathy is a progressive disease. The time course
is highly dependent on the age of presentation, which relates to
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the specific genetic mutation as well as the presence of disease
modifiers. Because it is now commonplace to screen relatives of
individuals affected with cardiomyopathy, many individuals are
diagnosed at much earlier stages of disease. This detection strategy
is expected to change both the prevalence and treatment strategies
for cardiomyopathy. Previous estimates of DCM prevalence were
11in 2,500-3,000 (1, 2). However, these data reflect older diagnos-
tic modalities and therefore likely significantly underestimate the
disease prevalence. For HCM, previous estimates were similar to
DCM, but newer modalities and heightened diagnostic awareness
now estimate the prevalence of HCM to be 1 in 500 (3). The preva-
lence of DCM increases with age, and DCM is rare (1-2 in 100,000)
in the pediatric population (4). DCM is also more common among
males, and prevalence varies with ethnicity. Nonischemic DCM,
defined as DCM not from myocardial ischemia or infarct, is famil-
ial in 25%-50% of cases, with estimates that vary based how family
members were screened (5).

Genetic mutations in DCM

Familial DCM refers to DCM that is inherited as a single gene dis-
order in a Mendelian pattern. The primary mode of inheritance for
familial DCM is autosomal dominant, with reduced penetrance
and variability expressivity. Mitochondrial mutations also con-
tribute to DCM with the expected matrilineal inheritance. Auto-
somal-recessive mutations are a less common cause of familial
DCM, although X-linked recessive inheritance is associated with
several genes such as dystrophin, tafazzin, and emerin. At least
50 single genes have been identified as linked to familial DCM,
and the majority of these elicit disease as dominant mutations.
With few exceptions, it is not possible to determine which gene is
responsible for DCM on clinical grounds. That is, mutations in
many single genes phenocopy DCM. Because mutations in many
individual single genes lead to DCM, genetic testing commonly
employs multi-gene panels, in which more than 50 genes can be
tested simultaneously. With the use of multi-gene panels for clini-
cal genetic testing, more than a single pathogenic variant can be
identified within an individual, thus explaining some features of
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A Normal heart

Figure 1

Morphological changes to the heart in cardiomyopathy. (A) Normal heart. (B) In DCM, the heart enlarges with increased diameter and
reduced function. (C) In HCM, the myocardium — especially in the LV — becomes thickened, leading to impaired filling and emptying.

early onset in more severe forms of disease (6, 7). Some of the genes
linked to DCM encode proteins of the sarcomere, costamere, Z
band, and nuclear membrane, while others have functions distinct
from these broad cell biological classifications (Table 1).

Sarcomere DCM genes. The sarcomere is the unit of contraction
for striated muscle (Figure 2). Thin filaments emanate from the Z
band with filamentous actin (gene name ACTCI) forming the core
and tropomyosin (encoded by TPM1I) and the troponin subunits
(encoded by TNNT2, TNNCI, TNNI3) providing calcium regulation
of the actomyosin interface. The thick filament core is formed by
B-myosin heavy chain (3-MHC) (encoded by MYH?7), with myosin
binding protein C (MYBPC3) highly concentrated in the M band
region. The giant protein titin (encoded by TTN) spans the length
of half the sarcomere, where it acts as a stretch sensor, transmit-
ting signals from its anchor at the Z band to its carboxyterminal
kinase domain. Dominant mutations in the genes encoding these
sarcomeric proteins cause DCM. Many sarcomeric gene mutations
are nonsynonymous SNPs, small insertion/deletions that may be
in-frame or, alternatively, protein-truncating mutations. An esti-
mated 35%-40% of genetic DCMs may result from sarcomere gene
mutations, with the majority attributed to protein-truncating
mutations in TTN (8). Notably, arrhythmia risk may not correlate
with morphological abnormality (9), and additional markers to
predict arrhythmia risk are needed.

The mechanism of action for some sarcomeric DCM mutations
is dominant negative. A gain of function by the protein produced
from the mutant allele interferes with sarcomere formation and
function. The experimental evidence to support expression of the
mutant allele is limited by the availability of human hearts and
often relies on demonstration of variant pathogenicity within
an experimental model. The deletion of lysine at position 210
(del210K) in TNNTZ2 has been linked to DCM (10). Although ini-
tially believed to be a highly potent mutation with early onset and
lethal disease, subsequent reports revealed the TNNT2 del210K
mutation to be associated with a marked phenotypic expression
range with both young and older affected individuals (11). The
TNNT2 del210K mutation was engineered as a knockin allele
in the mouse, where it produced DCM and reduced survival
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(12). Skinned cardiac muscle fibers from heterozygous del210K
mice showed decreased calcium sensitivity for force generation
(12). Homozygous TNNT2 del210K mice showed an even more
enhanced rightward shift of decreased calcium sensitivity, mark-
edly enlarged hearts, and further reduced survival compared with
heterozygous TNNT2 del210K mice. These findings suggest that
TNNT2 del210K disrupts intermolecular interactions within the
sarcomere, most likely with tropomyosin.

One recent study of a TNNCI DCM mutation used mass spec-
trometry to document equimolar expression of the G159D allele
and the normal TNNCI allele in an explanted human DCM heart
(13). The calcium sensitivity of force generation was increased
with this mutation, in opposition to what occurs with the TNNT2
mutation described above. Tropomyosin is a thin filament pro-
tein that is also mutated in DCM. For example, the TPM1 D230N
mutation was described in two large, unrelated families with DCM
(14). As with TNNT2 del210K, the DCM clinical phenotype with
TPM1 D230N markedly varied. Some children presented with car-
diomyopathy, while other family members with the identical gene
mutation remained largely asymptomatic, with mildly increased
LV diameter and mildly reduced systolic function until later life.
The D230N TMP1 DCM mutation was modeled in vitro, where
a decreased calcium sensitivity of actin-activated myosin ATPase
activity was seen (14). This result is in contrast to the increased
calcium sensitivity seen with an HCM-inducing TPMI1 D175N
mutation. Sarcomere mutations have been well studied using
enzymatic assays of myosin function (e.g., assays of actin-activat-
ed myosin ATPase activity) and more complex biophysical assays
of actin’s sliding filament velocity, which can be further inter-
rogated to monitor in vitro force production. Isolated muscles,
usually the papillary muscle, are treated with detergents to strip
away membrane components and leave intact, skinned fibers.
These reductionist approaches (in vitro motility or isolation of
fibers) simplify the sarcomere, often leading to useful results.
However, the results should be cautiously interpreted, especially
where there are inconsistencies, because these approaches do not
replicate the full complexity of sarcomere function within a fail-
ing heart (for a more full discussion, see ref. 15).

Number 1

Volume 123 January 2013



Table 1
Cardiomyopathy genes

Gene

ABCCY
ACTC1
ACTNZ
ANKRD1
BAG3
CASQ2
CAV3
COX15
CRYAB
CSRP3
CTF1
DES
DMD
DNAJC19
DSC2
DSG2
DSP
DTNA
EMD
EYA4
FHLZ
FKTN
FOXD4
GLA
JUP
LAMA4
LAMPZ
LDB3
LMNA
MYBPC3
MYH6
MYH7
myLz2
MYL3
MYLK2
mYozz
NEXN
PKP2
PLN
PRKAGZ2
PSENT
PSEN2
RBM20
RYR2
SCN5A
SDHA
SGCD
SYNE1
SYNE2
TAZ
TCAP
TMEMA43
TMPO
TNNC1
TNNI3
TNNTZ
TPM1
TTN
TTR
veL

Gene name

ATP-binding cassette, sub-family C, member 9
Actin, o, cardiac muscle 1
Actinin, a2
Ankyrin repeat domain 1 (cardiac muscle)
BCL2-associated athanogene 3
Calsequestrin 2 (cardiac muscle)
Caveolin 3
C0X15 homolog, cytochrome ¢ oxidase assembly protein
Crystallin . B
Cysteine and glycine-rich protein 3
Cardiotrophin 1
Desmin
Dystrophin
DnaJ (Hsp40) homolog, subfamily C, member 19
Desmocollin 2
Desmoglein 2
Desmoplakin
Dystrobrevin, o
Emerin
Eyes absent homolog 4
Four and a half LIM domains 2
Fukutin
Forkhead box D4
Galactosidase, o
Junction plakoglobin
Laminin, a4
Lysosomal-associated membrane protein 2
LIM domain binding 3
Lamin A/C
Myosin binding protein C, cardiac
Myosin, heavy chain 6, cardiac muscle, o
Myosin, heavy chain 7, cardiac muscle, o
Myosin, light chain 2, regulatory, cardiac, slow
Myosin, light chain 3, alkali; ventricular, skeletal, slow
Myosin light chain kinase 2
Myozenin 2
Nexilin (F actin binding protein)
Plakophilin 2
Phospholamban
Protein kinase, AMP-activated, y 2, non-catalytic subunit
Presenilin 1
Presenilin 2
RNA binding motif protein 20
Ryanodine receptor 2 (cardiac)

Sodium channel, voltage-gated, type V, o subunit
Succinate dehydrogenase complex, subunit A, flavoprotein
Sarcoglycan, &

Spectrin repeat containing, nuclear envelope 1
Spectrin repeat containing, nuclear envelope 2
Tafazzin
Titin-cap (telethonin)
Transmembrane protein 43
Thymopoietin
Troponin C type 1 (slow)

Troponin | type 3 (cardiac)

Troponin T type 2 (cardiac)
Tropomyosin 1 (a)

Titin
Transthyretin
Vinculin

CPVT, catecholeminergic polymorphic ventricular tachycardia; LVNC, LV noncompaction.
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Cardiomyopathy subtype(s)
DCM
DCM, HCM, LVNG
DCM, HCM
DCM, HCM
DCM
LVNG, CPVT
HCM
HCM
HCM
DCM, HCM
DCM
DCM
DCM
DCM
DCM, ARVC
ARVC
DCM, ARVC
LVNC
DCM
DCM
DCM
DCM
DCM
HCM
ARVC
DCM
DCM, HCM
DCM, LVNG
DCM, LVNC
DCM, HCM, LVNC
DCM, HCM
DCM, HCM, LVNC
HCM
HCM
HCM
HCM
DCM, HCM
ARVC
DCM, HCM
HCM
DCM
DCM
DCM
CPVT
DCM
DCM
DCM
DCM
DCM
DCM, LVNC
DCM
ARVC
DCM
DCM, HCM
DCM, HCM
DCM, HCM, LVNC
DCM, HCM
DCM, HCM, ARVC
HCM
DCM, HCM
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The sarcomere is a target for cardiomyopathy mutations. (A) The sarcomere from Z disc to Z disc. Electron micrograph of a sarcomere from a
human heart. The TTN gene encoding the giant protein titin is mutated in DCM. Titin's amino terminus anchors in the Z band, and its carboxy termi-
nus ends in the M band. The titin kinase (TK) domain is found at the carboxy terminus and, when mutated, results in impaired stretch sensing and
signaling. Titin interacts with both the thin and thick filaments. The thick-filament proteins (grey) are encoded by MYH7 and MYBPC3, two genes
commonly linked to HCM. (B) Isoforms of titin. Alternative splicing in the region of titin that encodes the | band gives rise to isoforms with varying
spring properties. The N2B isoform is found exclusively in cardiac muscle and the N2A isoform in skeletal muscle. The N2BA isoform is also found
in cardiac muscle and contains features found in both N2B and N2A titin. N2BA titin has a longer extensible | band region than N2B titin, making it
more compliant. US, unique sequence; Fn, fibronectin domains; PEVK, repeating units of amino acids (proline, glutamic acid, valine, and lysine).

DCM mutations also occur in the sarcomere’s thick filament
(16). MYH7 and MYBPC3 mutations are the most common
causes of HCM, and HCM may progress to DCM. However,
there are thick filament mutations that have no HCM phase.
Two MYH7 mutations, S532P and F764L, each linked to familial
DCM, were independently modeled in mice by modifying the
endogenous a-MHC (encoded by MYHG6), which is the major
MHC of the small rodent heart. Each of these mutations maps
within the S1 head of myosin that harbors the actin-binding,
ATPase, and force-producing domains. The S532P mutation
occurs within the actin-binding domain, and the F764L muta-
tion occurs within the converter domain. Actin-activated ATPase
is reduced, as is in vitro sliding motility of actin. Force produc-
tion is not decreased, but rather a reduction in myosin step size
is observed. Since ATP hydrolysis produces less displacement
of myosin, this is a less energetically efficient sarcomere. Muta-
tions in MYH?7 have also been described in patients with LV
noncompaction cardiomyopathy (LVNC), a pathological variant
with deep trabecular invaginations in the LV. Truncating and
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point mutations in MYH?7 have been identified in LVNC families
(17). In addition, TPM1 and MYBPC3 mutations have also been
found in LVNC patients (17, 18).

Most recently, mutations in the giant protein titin were esti-
mated to be responsible for approximately 25% of DCM (8). The
titin protein includes more than 35,000 amino acids, containing
many repeating fibronectin-like and Ig-like domains. Titin is con-
sidered a molecular ruler that regulates and transmits information
about sarcomere length to the sarcomere and the cardiomyocyte
(19). Consistent with this role, the carboxy terminus titin kinase
domain is stimulated by activity and stretch (20). The TTN gene at
chromosome 2 was previously linked to familial DCM (21), and
those findings have been reinforced by studies in animal models
(22). To evaluate N2BA, one of the numerous isoforms encoded by
the TTN gene, an exon-capture strategy was employed. The N2BA
form contains additional domains compared to the N2B form,
including the Ig and PEVK domains that lend additional recoil
(23). In heart failure, the ratio of N2BA to N2B is altered, which
may be both a cause and effect of cardiac ventricular dilation (24).
Number 1

Volume 123 January 2013



review series

a
i

Laminin-2
|5—u Y
Sarcoglycan ]

complex
P Dystroglycan Cavealin
complex

Plasma membrane | {

Desmin
intermediate
T tubule filaments Actin-associated
cytoskeleton—y LTCC
Muscle fibers /
Y Y (Y Y Y Y Y Y T Y { {
[ o S S S S S S — J — | — — =
P! : > Syntyrophins
= T - T - T - i i i M]t hon rion .
[ — | L
Sarcomere” Z disc ap-Crystallin SERCA2a
Cytoplasm

Nuclear membrane

Lamin A and C
Emerin  SUN1/2

=7

hromatin
Nucleus I

Figure 3

A view of the cardiomyocyte. The cytoplasm of the cardiomyocyte contains sarcomeres, which contain thin and thick filaments. Mutations in sar-
comere genes lead to HCM and DCM. Plasma membrane—associated proteins such as dystrophin and its associated proteins, the sarcoglycans,
are mutated in inherited DCM associated with skeletal muscle disease. Mutations of genes encoding nuclear membrane proteins such as lamins A
and C, emerin, and nesprins lead to inherited DCM due to an inappropriate transcriptional response to mechanical stress. Many of these nuclear

membrane genes also induce cardiac conduction system disease.

Many of these same mutations are also expected to alter skeletal
muscle titin, which is encoded by the related isoform N2-A titin,
but whether these variants contribute to subclinical muscle dis-
ease remains to be documented.

A dilated heart may be even more dependent on signaling
through titin, and frameshifting mutations that disrupt this
intramolecular signaling pathway would be expected to adverse-
ly affect the heart, as it regularly contends with repetitive and
dynamic load. In the study by Herman et al., 54 of 312 DCM
patients were found to have truncating TTN mutations, which
the authors defined as frameshifts, nonsense, or predicted splice
site mutations (8). In comparison, only 3 of 231 HCM cases and,
intriguingly, 7 of 249 control subjects had protein-disrupting TTN
mutations. The protein-disrupting TTN variants were nonran-
domly distributed along the length of titin, with a preference for
the A band region of titin. Most TTN variants mapped in regions
common to both the N2B and N2BA forms, and nearly all TTN
mutations were heterozygous. A subset of subjects had document-
ed familial disease, thus providing strong support for TTN as a
dominant DCM gene. In addition to these protein-truncating TTN
mutations, a large number of TTN coding variants of unknown
significance were found. This type of protein-altering variation
may contribute to DCM complexity, as some variants are predicted
to be pathogenic. With this frequency of protein-disrupting varia-
tion, the TTN gene should be investigated in DCM, although the
challenges associated with evaluating the large and repetitive TTN
gene are enormous. Given this frequency, TTN mutations in com-
bination with other forms of heart disease would be expected to
enhance the severity of cardiomyopathy expression. For example,
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TTN variants in combination with valve defects, hypertension, or
myocardial infarction would be expected to result in more signifi-
cant cardiomyopathy and congestive heart failure. A larger hearrt,
such as that dilated from regurgitant valve disease, may be more
susceptible to impaired elastic recoil or a reduction in titin sig-
naling from mutations ablating the titin kinase domain. It also
follows that TTN mutations in combination with other patho-
genic genetic variants would enhance the severity of DCM. It is
notable that HCM subjects had a strikingly lower percentage of
TTN frameshifting mutations in the Herman study, possibly sup-
porting the idea that HCM sarcomere mutations along with TTN

Figure 4

Fibrosis occurs commonly in DCM. Cardiac MRI of a patient with an
MYH7 mutation. (A) Short-axis view sectioning through the LV shows
late gadolinium enhancement, which indicates fibrosis. Late gadolini-
um enhancement is visualized as white regions (arrows) and is never
seen in a normal heart. (B) Four-chamber view shows late gadolinium
enhancement (arrows) in the same MYH7 mutant individual.
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frameshifting mutations predispose to DCM. More comprehen-
sive genetic testing is required to explore this possibility, and these
observations strongly favor the inclusion of TTN in genetic screen-
ing panels. TTN variants have also been described in ARVC (25).

Z band proteins and the costamere. The Z disc or Z band is an
electron-dense structure into which the thin filaments and
titin anchor. Gene mutations that have been identified in DCM
patients that affect multiple Z band proteins include muscle LIM
protein (MLP), cardiac ankyrin repeat protein (CARP), myopal-
lidin, a-actinin 2, TCAP, and nexilin (26-32). TCAP and MLP
modulate the elastic properties of titin. Phosphorylation of Z
band proteins, or even nuclear translocation of Z band elements,
are just two mechanisms by which Z band elements signal within
the cardiomyocyte.

At the plasma membrane, with a periodicity that matches Z
discs, is the costamere, a rib-like structure of cytoplasmic and
transmembrane proteins that links the cytoskeleton to the plasma
membrane and the extracellular matrix (Figure 3). Dystrophin and
its associated proteins, sarcoglycans and dystroglycan, enrich at
the costamere. Linked to the cytoplasm alongside talin, vinculin,
and integrin, the dystrophin complex protects against contrac-
tion-induced injury in both cardiac and skeletal muscle (33). The
integrity of the dystrophin complex is critical for mechanotrans-
duction because disruption of this complex from loss-of-function
mutations renders cardiomyocytes susceptible to damage elicited
from contraction (34). Mutations in dystrophin and the sarcogly-
can produce skeletal muscle disease and cardiomyopathy, and so
heart failure in these patients is further compromised by hypoven-
tilation from respiratory muscle weakness.

Because of the narrow window in which DCM develops in
patients with Duchenne muscular dystrophy (DMD), this popula-
tion has been ideal for testing whether medications for cardiomy-
opathy can prevent or slow progression of DCM. DCM prevention
was tested by giving the angiotensin converting enzyme perindopril
to boys with DMD who began treatment beginning at age 9.5 years,
before the development of reduced LV function. This early treat-
ment was associated with reduced progression of cardiomyopathy
after five years and also showed a benefit in 10-year mortality (35,
36). The addition of B-adrenergic blockade may be expected to fur-
ther slow progression of disease. Although animals have been used
to test whether early treatment slows progression of DCM, the per-
indopril study in a human population with DMD provides strong
evidence to support what was seen using animal models.

Nuclear membrane defects in genetic DCM. Lamins A and C, two
alternatively spliced products of the LMNA gene, are expressed in
all somatic cells, but mutations in LMNA strike in a very tissue-
specific manner, with the majority causing cardiomyopathy with
variable skeletal muscle involvement. More than 200 different
LMNA mutations are associated with inherited cardiomyopathy,
primarily DCM that may be associated with conduction system
disease prior to the evidence of ventricular dilation. LMNA muta-
tions that cause DCM are primarily inherited in an autosomal-
dominant manner, although autosomal-recessive cases have been
reported. Cardiac conduction system disease caused by LMNA
mutations includes sinus atrial node disease, atrial dysrhythmias,
atrioventricular heart block, and ventricular tachyarrhythmias
(37). In a study of patients with familial DCM and prominent
conduction block, 33% had LMNA mutations (38). A recent report
found that frameshifting LMNA mutations have the highest risk
for ventricular arrhythmias (39).
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Lamins A and C are intermediate filament proteins that are pres-
entat the nuclear membrane and in the nucleoplasm. Lamins A and
C, along with the B-type lamins and other lamina-associated pro-
teins, comprise the nuclear lamina, a fibrous structure that provides
support to the nuclear membrane. The lamina proteins are part of
the LINC complex that LInks the Nucleus to the Cytoplasm. In addi-
tion to lamins A and C, mutations in other members of the LINC
complex cause cardiomyopathy, including emerin and nesprins-1
and -2 (40-42). Stress signals in the cytoplasm are hypothesized to
act on the LINC complex to affect gene expression in the nucleus.
Both LMNA and emerin-null fibroblasts have altered expression of
mechanosensitive genes in response to mechanical stress (43, 44).
LMNA mutations variably affect skeletal muscle, and skeletal muscle
from both LMNA mouse models and human patients with LMNA
mutations reveal aberrant expression of electrical activity-depen-
dent genes and epigenetic chromatin modifications, indicating
that components of the LINC complex are crucial for an appropri-
ate transcriptional response to mechanical stress (45).

To further understand how the LINC complex affects gene
expression, recent studies have examined the role the nuclear
lamina plays in chromatin organization. The organization of
chromatin in the nucleus is not random and is thought to play a
role in transcriptional regulation. Whole chromosomes or por-
tions of chromosomes reorganize in the nucleus, coincident with
changes in gene expression. The nuclear lamina participates in
the scaffolding of the chromatin through interactions between
chromatin and lamins A and C. Fibroblasts from patients with
LMNA-induced cardiomyopathy have changes in the three-
dimensional location of chromatin compared with normal
dermal fibroblasts. This chromatin mislocalization occurs con-
comitant with changes in gene expression, suggesting that the
spatial organization of chromatin may be important for disease
pathogenesis (46, 47). Together, these data indicate that a func-
tional LINC complex is critical for the heart to properly respond
to constant mechanical stress, potentially by regulating gene
expression or other nuclear functions.

Genetic assessment and modifiers for cardiomyopathy

As with other genetic disorders, the study of DCM is undergoing
a revolution, with implementation of newer, massively parallel
next-generation sequencing. Herman et al. developed an exon-
capture approach to sequence the more than 350 exons that com-
prise TTN (8). Whole exome and whole genome approaches have
now become feasible and are in the clinical domain (48). While
it may not be necessary to determine the sequence of all exons
or the whole genome to arrive at a genetic diagnosis, it is rapidly
becoming cost effective to determine the whole exome or whole
genome and then selectively investigate sequence variation in spe-
cific gene(s). This analysis expands on the current strategy, which
simultaneously evaluates the sequence of many DCM genes. This
expansive screening is often undertaken in a single affected family
member. With identification, the index mutation is then evalu-
ated in other family members. With expansive testing, more than
one pathogenic variant or variants of unknown significance may
be uncovered. Determination of pathogenicity has typically relied
on segregation in family members and experimental techniques
performed in research laboratories. Not all families are large
enough for segregation analysis. Laboratory-based experiments,
while experimentally satisfying, are not performed with any type
of regulatory oversight. More importantly, with the number of
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variants currently being identified through expansive testing,
such experimental validation is not possible. Future approaches
to validate the pathogenicity of mutations will likely rely more
heavily on computational prediction algorithms coupled tightly
to better estimates of population frequency (49).

The same genetic mutation, even within families, can manifest
with distinct cardiac morphology (HCM or DCM), varying age of
onset, and range of arrhythmia risk. Modifiers for cardiomyopathy
can include both environmental and genetic influences. Animal
models are particularly useful for identifying genetic modifiers
because of the availability of inbred strains, more uniform hous-
ing conditions, and the ability to make an unbiased genomewide
search. Le Corvoisier and colleagues mapped modifiers of heart
failure using a calsequestrin-expressing transgenic model of car-
diomyopathy (50). With this approach, seven different loci were
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Conclusions

The genetic complexity of cardiomyopathy, especially DCM, is
being increasingly understood with the application of massively
parallel sequencing technologies. Genetic diagnosis is now readily
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