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Abstract
We identified a unique family with autosomal dominant heart disease variably expressed as restrictive
cardiomyopathy (RCM), hypertrophic cardiomyopathy (HCM), and dilated cardiomyopathy (DCM),
and sought to identify the molecular defect that triggered divergent remodeling pathways.
Polymorphic DNA markers for nine sarcomeric genes for DCM and/or HCM were tested for
segregation with disease. Linkage to eight genes was excluded, but a cardiac troponin T (TNNT2)
marker cosegregated with the disease phenotype. Sequencing of TNNT2 identified a heterozygous
missense mutation resulting in an I79N substitution, inherited by all nine affected family members
but by none of the six unaffected relatives. Mutation carriers were diagnosed with RCM (n = 2), non-
obstructive HCM (n = 3), DCM (n = 2), mixed cardiomyopathy (n = 1), and mild concentric left
ventricular hypertrophy (n = 1). Endomyocardial biopsy in the proband revealed non-specific
fibrosis, myocyte hypertrophy, and no myofibrillar disarray. Restrictive Doppler filling patterns,
atrial enlargement, and pulmonary hypertension were observed among family members regardless
of cardiomyopathy subtype. Mutation of a sarcomeric protein gene can cause RCM, HCM, and DCM
within the same family, underscoring the necessity of comprehensive morphological and
physiological cardiac assessment in familial cardiomyopathy screening.
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The three basic types of cardiomyopathy - dilated cardiomyopathy (DCM), hypertrophic
cardiomyopathy (HCM), and restrictive cardiomyopathy (RCM) - are classified by prototypic
morphological and physiological features, yet clinically distinct cardiomyopathies in unrelated
families may be triggered by different mutations within the same gene (1,2). Conversely,
phenotypic traits may be variably expressed within certain families and sometimes overlap
(3,4). While genetic studies have provided significant insight into the pathogenesis of DCM
and HCM (5), less is known about the molecular basis of RCM. Clinical manifestations of
RCM reflect an inherent impairment of ventricular relaxation leading to elevated end-diastolic
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pressure, reduced ventricular filling, and pulmonary hypertension (6). Echocardiographic
features include bi-atrial enlargement, impaired or restricted ventricular filling, normal or
decreased diastolic ventricular volume, and near normal ventricular systolic function and wall
thickness (7,8). Ventricular wall thickness, cavity size and function vary, however, depending
on the duration of RCM (8). Indeed, mild septal hypertrophy in the presence of classic features
of RCM does not preclude diagnosis of RCM (9). While RCM can occur as a variable
manifestation of desmin-related myopathies (10), cardiac troponin I (11,12), cardiac troponin
T (13), and beta-myosin heavy chain (14-16), also implicated in the pathogenesis of HCM and
DCM, are the only known genes for primary RCM. All but one of these reports (11), however,
describe isolated cases of RCM either attributable to de novo mutations or with limited clinical
and genetic on family members. Consequently, data are scarce on segregation and variable
expression of RCM-associated mutations within multigeneration families. Here, we identified
a large family with an autosomal dominant form of cardiomyopathy characterized by RCM in
the proband and clinical features of RCM, HCM, and/or DCM among relatives. Postulating a
monogenic basis for disease, we performed targeted genetic linkage analyses for nine
sarcomeric protein genes. An amino acid substitution in troponin T (I79N), previously reported
in patients with HCM (17), segregated with the disease phenotype. The functional
consequences of this molecular defect have been previously studied in a transgenic murine
model (18-21), which exhibits the restrictive physiology observed in human mutation carriers.

Methods
Subjects

Informed written consent was obtained from study participants under a protocol approved by
the Institutional Review Board of the Mayo Clinic. The proband was referred to a medical
geneticist who obtained a detailed family history and constructed an extended pedigree.
Medical records were acquired from the proband’s relatives, the majority of whom had
undergone clinically indicated cardiac evaluation for symptoms and/or recognized risk of
familial myocardial disease. Two asymptomatic study participants were screened by
echocardiography and electrocardiography under the auspices of the research study.
Echocardiographic measurements of cardiac structure and function were interpreted by
indexing for body surface area and/or age, utilizing established reference values of the Mayo
Clinic echocardiographic laboratory. Rhythm and conduction abnormalities were similarly
defined using established criteria. Genomic DNA was extracted from whole blood samples
(Puregene; Gentra Systems, Inc., Minneapolis, MN) or paraffin-embedded post-mortem tissue
obtained at autopsy (QIAamp® DNA Mini Kit; QIAGEN, Inc., Valencia, CA).

Genotyping and segregation analysis
We selected one to three polymorphic short tandem repeat DNA markers within or spanning
each of nine genes for DCM and/or HCM: troponin T (TNNT2), titin (TTN), essential light
chain of myosin (MYL3), myosin-binding protein C (MYBPC), regulatory light chain of myosin
(MYL2), beta-myosin heavy chain (MYH7), cardiac actin (ACTC1), alpha-tropomyosin
(TPM1), and troponin I (TNNI3) (primer sequences available on request). Markers were
identified using the Map Viewer link on the National Center for Biotechnology Information
web site (http://www.ncbi.nih.gov), amplified from genomic DNA by the polymerase chain
reaction (PCR), and resolved on polyacrylamide gels as previously described (22). Scored
genotypes were placed on the pedigree and inferred, when possible, for individuals from whom
DNA samples were not available. Segregation of a specific genotype or haplotype with
cardiomyopathy was considered suggestive of genetic linkage, whereas genes were considered
excluded when there was lack of a shared allele or haplotype in one or more affected relatives.
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DNA sequencing
Genotyping and segregation analyses implicated TNNT2 as a candidate gene, so mutational
analyses were performed. Oligonucleotide primer pairs were designed for exon-specific PCR
amplification of coding and splice junction regions for the 15 translated exons of TNNT2
(primer sequences available on request), using OLIGO 6.51 Primer Analysis Software (National
Biosciences, Plymouth, MN). PCR products were treated with the PCR Product Presequencing
Kit (USB Corporation, Cleveland, OH) and sequenced by the dye-terminator method in a core
facility, using an ABI PRISM 377 DNA Sequencer (Applied Biosystems, Foster City, CA).
DNA sequence was viewed and analyzed using the SEQUENCHER computer program (Gene Codes
Corporation, Ann Arbor, MI).

Results
Clinical features of proband

The proband (individual II.11 in Tables 1 and 2 and Fig. 1a) presented with dyspnea on exertion,
palpitations and exercise intolerance at 53 years of age. Echocardiography revealed massive
biatrial enlargement (Fig. 2a) and markedly abnormal diastolic function, diagnostic for RCM.
Left ventricular dimensions and systolic function were normal. At diagnosis, she had mild
hypertrophy localized to the mid-septum (maximal thickness = 14 mm) with no systolic anterior
motion of the anterior mitral valve leaflet or left ventricular outflow tract obstruction, both at
rest and with exercise and Valsalva maneuver. Diastolic stress echocardiography revealed
worsening of diastolic function with exercise.

Exercise testing was notable for limitation of functional capacity with a peak oxygen
consumption of 15 ml/kg/min. Blood pressure and heart rate responses to exercise were
suboptimal. She had baseline non-specific ST-T wave changes and developed 1.5-2.0 mm ST
segment depression in leads V4-V6, II, III, and AVF with exercise.

Cardiac catheterization (Fig. 3) excluded coronary artery disease but revealed low cardiac
output (2.0 l/min) and elevated left and right ventricular end-diastolic pressures, pulmonary
capillary wedge pressure, and pulmonary artery systolic pressure. Similar to findings on stress
echocardiography, supine exercise during cardiac catheterization caused further elevation in
biventricular end-diastolic filling pressures. Right ventricular endomyocardial biopsy showed
non-specific interstitial fibrosis and moderate myocardial hypertrophy, with no myofibrillar
disarray. The sample was negative for eosinophilic infiltrate, myocarditis, sarcoidosis,
amyloidosis and hemochromatosis.

Electrocardiography revealed non-specific ST-T wave changes, left atrial enlargement and
first-degree atrioventricular block. She subsequently developed sinus bradycardia and
progression to complete heart block. Atrial flutter/fibrillation developed in association with
progressive atrial enlargement. She ultimately underwent radiofrequency ablation of
arrhythmogenic foci and pacemaker/cardioverter-defibrillator implantation.

Over a 10-year follow-up interval (ages 53-63 years), the patient developed increasing dyspnea,
palpitations, presyncope, pedal edema, and exertional chest pain. She was treated with
angiotensin-converting enzyme inhibitors, calcium channel blockers, beta-receptor blockers,
diuretics, and warfarin for a left atrial thrombus. With treatment she experienced initial
symptomatic improvement, but progressively decompensated with worsening diastolic
function and recurrent symptoms of heart failure and low cardiac output. Left ventricular
hypertrophy regressed (maximal septal thickness = 11 mm), while systolic function
deteriorated (ejection fraction = 40%) associated with progressive atrial dilation. She is
currently undergoing evaluation for cardiac transplantation.
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Pedigree analysis
The proband’s family history was remarkable for diagnosis of cardiomyopathy in five siblings
and three nieces (Tables 1 and 2). Pedigree analysis (Fig. 1a) implicated a single gene defect,
inherited as either an autosomal or X-linked dominant trait. Age at diagnosis of disease varied
from 40 to 68 years. Cardiomyopathic phenotypes of RCM, HCM, or DCM were variously
noted in different family members. In addition to the proband, a brother (individual II.9) was
diagnosed with RCM after presenting with dyspnea on exertion and atrial fibrillation. He had
classic echocardiographic findings of normal ventricular wall thickness and chamber size,
restrictive Doppler filling pattern, severe biatrial enlargement, and pulmonary hypertension.

By contrast, the proband’s two oldest siblings were diagnosed with idiopathic DCM following
exclusion of coronary artery disease, although end-stage RCM or HCM could not be excluded
due to lack of presymptomatic echocardiograms. Individual II.4 presented with atrial
fibrillation and signs of heart failure at the age of 68 years. Cardiomegaly and decreased
ejection fraction persisted on diuretic, angiotensin-converting enzyme inhibitor, and beta-
receptor blocker therapy and complete heart block developed, prompting implantation of a
cardioverter/defibrillator and dual-chamber pacemaker. Ventricular wall thickness was
normal, but echocardiography revealed findings of restrictive physiology with severe atrial
enlargement (Fig. 2b) and pulmonary hypertension. She died of progressive heart failure at 73
years of age, without documented ventricular arrhythmia on serial defibrillator/pacemaker
interrogations over the preceding 3 years. Individual II.2 died of congestive heart failure at 64
years of age. Review of limited outside medical records confirmed the diagnosis of idiopathic
DCM in her sixth decade of life, together with prominent right heart enlargement suggesting
pulmonary artery hypertension.

Individuals II.6, III.3, and III.4 had HCM with asymmetrical septal hypertrophy. In contrast
to the typical morphology of HCM, however, septal thickening was maximal at the mid-to-
apical septum. Systolic anterior motion of the mitral valve and left ventricular outflow
obstruction were absent, even on provocation. One individual (III.3) had mild pulmonary
hypertension on an initial screening echocardiogram at 40 years of age, prior to development
of HCM 9 years later. Her younger sibling (III.4) presented with symptomatic heart disease at
40 years of age, characterized by severe septal hypertrophy with markedly elevated ventricular
filling pressures. All three had moderate to severe left atrial enlargement and pulmonary
hypertension together with Doppler patterns indicative of variable degrees of restrictive
physiology.

Two additional clinically affected family members had abnormal echocardiographic findings
not easily classified as RCM, DCM, or HCM. One (II.7) had a history of asymptomatic left
ventricular hypertrophy discovered on a routine electrocardiogram at 47 years of age. He
presented for cardiac evaluation at 68 years of age due to dyspnea on exertion and concern
about his family history. Echocardiography revealed mixed features of HCM and DCM (Fig.
2c) with asymmetric septal hypertrophy, left ventricular enlargement, reduced ejection
fraction, and regional wall motion abnormalities in the absence of coronary artery disease. Like
other family members, he also had restrictive physiology. He ultimately developed paroxysmal
atrial fibrillation and symptoms of congestive heart failure and died from cancer. The other
family member (III.6) had an initial screening echocardiogram at 48 years of age showing mild
left atrial enlargement and Doppler indices indicative of restrictive left ventricular filling. She
remained asymptomatic and on follow-up evaluation 3 years later had developed moderate left
atrial enlargement and mild concentric left ventricular hypertrophy, in the absence of systemic
hypertension.

Electrocardiography showed non-specific ST-T wave changes and atrial enlargement in the
majority of affected family members. Progressive atrial dilation was associated with atrial

Menon et al. Page 4

Clin Genet. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fibrillation and flutter in four and non-sustained supraventricular tachycardia in one. Only one
relative had a documented ventricular arrhythmia, limited to a four-beat run of ventricular
tachycardia on Holter monitoring.

In summary, the phenotype in this family includes RCM, DCM, and HCM with mild to severe
restrictive physiology developing early in the remodeling process. There was a high incidence
of atrial tachyarrhythmia, but an absence of significant ventricular arrhythmias or sudden
cardiac death.

Molecular genetic analysis
A candidate gene linkage approach was used to identify the gene responsible for
cardiomyopathy in the proband and her family. Lack of cosegregation of gene-specific markers
and cardiomyopathy excluded eight of nine candidate genes (data not shown). By contrast, a
polymorphic dinucleotide repeat marker for TNNT2, located 208 kb 5′ of the start codon, was
inherited by all nine affected family members and by none of the six relatives without cardiac
disease (Fig. 1a). Once cosegregation between the TNNT2 marker and the disease phenotype
was established, sequence analysis of this positional candidate gene was performed. A
heterozygous missense mutation, c.236T>A, was identified in exon 8 (Fig. 1b), resulting in
substitution of isoleucine (I) with asparagine (N) at amino acid position 79. Consistent with
the linkage data, the mutation was inherited by all affected family members and none of the
unaffected family members. This mutation disrupts the tropomyosin-binding domain important
for calcium-dependent cardiac muscle contractile function (23).

Discussion
We identified a pathogenic mutation in TNNT2 in a large family with autosomal dominant
cardiomyopathy. Mutations in TNNT2 were first described in patients with HCM in 1994
(17) and in patients with DCM in 2000 (24). In 2006, a de novo TNNT2 mutation was reported
in an infant with RCM associated with mild to moderate left ventricular dysfunction and
myocyte disarray (13). One of the reported HCM-associated mutations, I79N, is identical to
the mutation identified in our family. Since the initial report, at least 30 distinct mutations in
TNNT2 have been identified in patients with HCM. Several studies have shown that patients
with troponin-associated HCM have less hypertrophy and a higher incidence of sudden cardiac
death at a young age (25,26). Specifically, the I79N mutation was associated with a malignant
form of HCM characterized by a high incidence of sudden death and mild or absent cardiac
hypertrophy (25). A similar lethal phenotype has been reported in DCM-associated mutations
in TNNT2, albeit this correlation is not without exception (27,28). The infant with an RCM-
associated TNNT2 mutation presented with profound hemodynamic instability and ultimately
underwent cardiac transplantation (13).

Despite variable morphologies, all affected members of our family exhibited restrictive
physiology, and two mutation carriers were diagnosed with idiopathic RCM prior to enrollment
in our study. Restrictive ventricular filling and diastolic dysfunction are recognized features
of HCM caused by heritable sarcomeric protein defects (4); yet, only a few reports describe a
primary phenotype of RCM in the absence of significant ventricular hypertrophy in members
of families with a primary diagnosis of familial HCM (11,12,29). In a study of diastolic
parameters in 104 patients with HCM, mean left atrial volume index in the subset with ‘large
left atrial volume’ was 49.6 ± 12 ml/m2 (normal = 14-28 ml/m2) (30). However, none of the
patients with a left ventricular outflow gradient <30 mmHg had left atrial volume index >21
ml/m2. Left atrial volume index was also proportional to the degree of hypertrophy in non-
apical segments and mitral regurgitation. By contrast, seven of nine mutation carriers in our
family had moderate to severe left atrial enlargement in the absence of left ventricular outflow
tract obstruction, significant mitral regurgitation, or posterior left ventricular wall hypertrophy.
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On cardiac catheterization, RCM is characterized by elevated end-diastolic pressures, a ‘dip
and plateau’ pattern in the right ventricle, pulmonary artery hypertension, elevated pulmonary
capillary wedge pressure, and concordant changes in left and right ventricular pressure with
respiration (ventricular concordance). Both patients carrying the I79N mutation who
underwent hemodynamic catheterization (II.11 and III.4) showed these classic features.

Transition to a DCM phenotype has been reported in patients with HCM caused by certain
TNNT2 mutations (31,32). Overall, progression to a ‘burned out’ DCM phase is seen in 5-15%
of patient with HCM, typically with regression of left ventricular outflow tract obstruction,
wall thinning, and clinical heart failure (33). In contrast to mutation carriers in our family,
however, risk for development of DCM has been linked to young age at diagnosis and increased
left ventricular wall thickness.

In cardiac muscle, the thin filament troponin complex has three subunits: troponin T binds to
tropomyosin, troponin C binds to calcium and troponin I inhibits actin and myosin cross-
bridging. Muscle contraction is initiated by binding of calcium, released from sarcoplasmic
reticulum, to troponin C. This results in a conformational change of the troponin complex
attenuating the inhibitory effects of troponin I on actomyosin cross-bridge formation. Troponin
T thus plays a pivotal role in stabilizing the tropomyosin-troponin complex and modulating
calcium-mediated excitation-contraction coupling. The I79N substitution in TNNT2 is located
in a conserved region of the protein (23). Transgenic mice with cardiac-targeted expression of
human troponin T-I79N have played a key role in characterizing the molecular
pathophysiology of this mutation (18-21). These mice exhibit no hypertrophy, yet fiber studies
show enhanced calcium-activated force generation and ATPase activity, leading to rapid
exhaustion of ATP stores and increased cost of force generation. Decrease in the rate of calcium
dissociation from troponin C in diastole results in slower relaxation and increased baseline
muscle tension, leading to elevation of end-diastolic pressure and RCM with diastolic heart
failure. Diltiazem prevents isoproterenol stress-induced acute heart failure and sudden death,
attributed to inhibition of L-type calcium current and decreased intracellular calcium during
diastole (21). These findings may provide a rationale for mechanism-based calcium channel
blocker therapy in human mutation carriers.

In summary, we identified a family with an I79N substitution in cardiac troponin T leading to
variable cardiac remodeling and exhibiting phenotypic features of RCM, HCM, and DCM.
While segregation analyses excluded a primary pathogenic role for eight other sarcomeric
protein genes, we cannot exclude potential modifying effects of variants within these or other
genes on cardiac phenotype. Notwithstanding, the physiological phenotype of mutation-
carriers recapitulates the diastolic heart disease previously reported in transgenic mice
expressing this mutation. Our findings further implicate genetic defects in the sarcomeric
proteins in the pathogenesis of the three major types of cardiomyopathy. This study underscores
the necessity of comprehensive morphological and physiological cardiac assessment when
screening for presymptomatic familial cardiomyopathy.
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Fig. 1.
Pedigree structure of family with cardiomyopathy caused by TNNT2 mutation. (a) The proband
(II.11) has five siblings and three nieces with cardiomyopathy, segregating as an autosomal
dominant trait. Genotyping with a polymorphic dinucleotide repeat marker for TNNT2 showed
inheritance of the ‘3’ allele by the nine affected family members with cardiac disease but not
by the six relatives with normal echocardiograms. (b) Sequencing identified a heterozygous
missense mutation in TNNT2, substituting an asparagine for an isoleucine at amino acid
position 79 in cardiac troponin T2. Circles, females; squares, males; filled, cardiomyopathy;
unfilled, normal cardiac phenotype; gray, unknown cardiac phenotype; diagonal line, deceased;
+, Asn79 mutant allele; -, Ile79 wild-type allele; ( ), inferred genotype.
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Fig. 2.
Morphological features of mutation carriers shown by 2D echocardiography. (a) Massive
biatrial enlargement, normal ventricular size, depicting restrictive cardiomyopathy phenotype
(II.11). (b) Dilated LV with severe biatrial enlargement, depicting dilated cardiomyopathy
(DCM) phenotype and restrictive physiology (II.4). (c) Midseptal hypertrophy (arrow) with
severe biatrial enlargement and mildly dilated LV, depicting mixed hypertrophic
cardiomyopathy and DCM phenotype and restrictive physiology (II.7). RA, right atrium; RV,
right ventricle; LA, left atrium; LV, left ventricle.
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Fig. 3.
Physiological features of proband (II.11) shown by Doppler echocardiography and cardiac
catheterization. Left panels show reduced mitral annulus E’, increased E/E’ ratio, increased
mitral inflow E to A ratio, and reduced mitral inflow E wave deceleration time, typical
echocardiographic features of restrictive cardiomyopathy (RCM) with elevated LV filling
pressures. Right panels show elevated ventricular end-diastolic and pulmonary artery pressures
and ‘square root sign’, characteristic findings in RCM. E’, medial mitral annulus tissue Doppler
E velocity; E/A, mitral inflow E/A ratio; LV; left ventricle; LVEDP, left ventricular end-
diastolic pressure; MPA, main pulmonary artery pressure; RVEDP, right ventricular end-
diastolic pressure.
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