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Monogenic Cardiovascular Disorders

� Cardiomyopathies
� HCM
� DCM
� ARVC/D

� Arrhythmias
� LQTS Atrial Fibrillation
� WPW Conduction Disease

� Dyslipidemias
� Familial Hypercholesterolemia

� Congenital Heart Disease
� Familial Aortic Aneurysms



Sudden 
Death
Age 43

Died during 
camping trip

Age 32

Sudden 
death after 

jogging
Age 33



Hypertrophic Cardiomyopathy: Inherited LVH

NormalHCM



Hypertrophic Cardiomyopathy
Caused by Sarcomere Gene Mutations
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Rare2TTNTitin

Rare1MYH6a-Myosin Heavy Chain

~1%6ACTCActin

MYL2, MYL3

TPM1

TNNI3

TNNT2

MYBPC3

MYH7

Gene

~1%15Myosin Essential and 
Regulatory Light C

~2%11a-Tropomyosin

~5%27Cardiac Troponin I 

~5%31Cardiac Troponin T

~40%150Cardiac Myosin Binding Protein 
C

~40%~200Cardiac b-Myosin Heavy 
Chain

Prevalence# MutationsProtein

Sarcomere Gene Mutations Associated with HCM
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The proband is indicated by the 
solid square, indicating a male with 
a diagnosis of HCM.  

Clinical evaluation is 
recommended for 1st degree 
relatives, indicated by the arrows.



Sudden 
Death
Age 43

Died 
mountain 
climbing
Age 32

Sudden 
Death
Age 33

ICDs

Clinical Testing

+

Genetic Testing: MHC mutation
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Sudden 
Death
Age 43

Died 
mountain 
climbing
Age 32

Sudden 
Death
Age 33

2 2

+

5

+ -

+- +- +

Focused Longitudinal Follow up
From 16 possibly to 3 definitively at risk relatives

+

-
-



Back to basics…
Animal Models 

� What is the full 
spectrum of the HCM 
phenotype, beyond LVH?

� Can it be changed?



Development of the HCM Phenotype
Temporal Sequence

4 weeks 25 weeks6 weeksTime 0

Birth

LVH, myocyte 
disarray and fibrosis

T-3 weeks

Gene mutation 
introduced

Fertilization

Fertilization

T-3 weeks
Sarcomere

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+Ca2+

Ca2+Ca2+

Ca2+

Ca2+

Ca2+

***
Altered 

Intracellular 
Ca2+

Diastolic
Dysfunction



Phenotypic Modification:
Diltiazem treatment in early HCM

Semsarian, et al. JCI 2002;109:1013-20

Decreased development of 
LVH, fibrosis, disarray

Normalization of Ca2+ binding 
protein levels

No effect if treatment started after LVH developed



24F HCM: 
MYH7 

mutation

23F cousin: 
G+/LVH-



Normal
Age 23 years
E’ velocity: 20.1 cm/sec

HCM
Age 25 years
E’ velocity: 5.2 cm/sec

G+/LVH-
Age 24 years
E’ velocity: 10.5 cm/sec

Doppler Tissue Imaging
Assessment of Diastolic Function
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Absence of disarray Myocardial vacuolization PAS(+) Inclusions

Arad, M. et al. N Engl J Med 2005;352:362-372
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Arad, M. et al. N Engl J Med 2005;352:362-372

Metabolic Cardiomyopathies:Metabolic Cardiomyopathies:
LVH + Electrophysiological AbnormalitiesLVH + Electrophysiological Abnormalities

~10% of Sarcomere (-) inherited LVH
~40-50% of LVH + pre-excitation





Autosomal Dominant DCM

11

gender LVEDD
[mm]

LV ESD
[mm]

LA
[mm]

EF
[%]

comment

in 2 0 0 2

ID age

IV- 3

III- 2

III- 5

III-11

III- 8

M 19 58 40 34 38 CHF

F 36 61 37 28 30 CHF

F 43 ... .. . .. .. in 1 9 8 0

M 47 70 55 51 35

F 47 52 41 18 30 in 2 0 0 2

IV- 8

IV- 4 F

M

1 0

3

5 1

5 2

3 5

3 1

3 8

3 7

6 2

6 7

I

II

III

IV

+ ++

+

+-

--

-

1
2

1 2 3 4 5 6 7 8

1 2 4 5 6 7 8 9 1 0 1 1 1 3

1 2 3

3

2

--

+
4

-

1 2

8
+

-
1

Txp

Txp

Txp



DCM
A disease of the sarcomere revisited

MYH7 mutation



Gene Function Protein Gene Disease Chrom. Inheritance
?? tafazzin G4.5 DCM+myopathy Xq28 X-linked (recessive)
?? mito tR NAs* Mito DCM+myopathy Maternal

Ca2+ phospholamban PLN DCM 6q22 Autosomal dominant
cytoskeleton desmin DES DCM + myopathy 1q23 Autosomal dominant
cytoskeleton dystrophin DMD DCM + myopathy Xp21 X-linked (recessive)
cytoskeleton d-sarcoglycan SGCD DCM+myopathy 5q33 Autosomal dominant

nuclear matrix laminA/C LMNA DCM + cond. system disease 1q21 Autosomal dominant
sarcomere cardiac trop T TNNT2 DCM 1q32 Autosomal dominant
sarcomere b-cardiac MHC MYH7 DCM 14q12 Autosomal dominant
sarcomere titi n TTN DCM 2q31 Autosomal dominant
sarcomere metavinculin VCL DCM 10q22 Autosomal dominant
sarcomere cardiac MyBPC MYBPC3 DCM 11p11 Autosomal dominant
sarcomere cardiac actin ACTC DCM 15q14 Autosomal dominant
sarcomere a-tropomyosin TPM1 DCM 15q22 Autosomal dominant

Trancriptional co-
activator

eya4 EYA4 DCM+sens. hearing loss 6q23 Autosomal dominant

Unknown Unknown DCM 6q12 Autosomal dominant
Unknown Unknown DCM 9q13 Autosomal dominant
Unknown Unknown DCM 9q22 Autosomal dominant
Unknown Unknown DCM+cond. system disease 2q14Autosomal dominant
Unknown Unknown DCM+cond. system disease 3p22Autosomal dominant
Unknown Unknown DCM+myopathy 6q22 Autosomal dominant

Genetic Causes of Dilated Cardiomyopathy
30-50% of “idiopathic” DCM

OMIM (Online Mendelian Inheritance in Man)
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Fatkin D et al. N Engl J Med 1999;341:1715-1724

�� EmeryEmery--DreifussDreifuss Muscular Dystrophy/ Muscular Dystrophy/ 
Skeletal Skeletal myopathymyopathy

�� HutchinsonHutchinson--Gilford Gilford ProgeriaProgeria

�� DCM + Conduction DiseaseDCM + Conduction Disease
�� FibrofattyFibrofatty degeneration of degeneration of 

myocardium and conduction myocardium and conduction 
systemsystem

�� Progressive AV block and atrial Progressive AV block and atrial 
arrhythmias (2arrhythmias (2ndnd--44thth decades)decades)

�� ~8% of DCM (5~8% of DCM (5thth--77thth decades)decades)

�� May have concomitant skeletal May have concomitant skeletal 
muscle involvement (CK)muscle involvement (CK)

�� Worse prognosis than in DCM Worse prognosis than in DCM 
w/o LMNA mutationw/o LMNA mutation

Lamin A/C Mutations

Taylor M et al. JACC 2003;41:771-80.  FDC 
Registry Research Group



Arrhythmogenic RV Cardiomyopathy

�� Pathological FeaturesPathological Features
� Fibrofatty replacement of the RV 

myocardium
� Clinical Features

� Electrical Instability: VT, syncope, SCD
� Cardiomyopathy and Heart Failure
� FH of SCD
� EKG changes: epsilon waves, TWI V1-3
� ?LV involvement in up to ~50%
� Typically present between 13-50 years

� Prevalence
� ~1:2000-5000
� 3:1 Male:Female
� Familial disease in >50%

� Autosomal Dominant
� Incomplete penetrance, variable expression

Sen-Chowdhry, et al. Circulation. 2007; 115:1710-1720.



MacRae, et al.  2006. J Clin Invest 116:1825-1828.

ARVC/D
A disease of the Desmosome

Intercellular Adhesion Molecules
Role of Mechanical Stress in Disease Pathogenesis?

Predisposition to cardiomyocyte detachment� Fibrofatty replacement
Perturbation of gap junctions � Electrical Instability

~6-16%

~10-12%

~11-43%
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Intercellular 
Junctions

Cytoskeleton
Cell Membrane

Cytoplasm

Nuclear 
Membrane
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Many pathways lead to a broken heart
Molecular mechanisms implicated in cardiomyopathies
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Force 
Transmission/ 

Generation

Intracellular 
Calcium 
Handling
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� HCM
� Panel A (106 exons): Detection Rate 50-60%

� MYH7 (14q12)
� MYBPC3 (11p11.2)
� TNNT2 (1q32)
� TNNI3 (19q13.4)
� TPM1 (15q22.1)

� Panel B (19 exons): Detection Rate 5-10%
� ACTC (15q14)
� MYL2 (12q23-q24.3)
� MYL3 (3p)

� Non sarcomere: PRKAG2, LAMP2, GLA (Fabry Disease), TTR (Familial 
amyloidosis)

� DCM Detection Rate ~10-20% of familial DCM
� Panel A sarcomere genes + Actin
� Lamin, Phospholamban, Tafazzin, Cypher/ZASP

� ARVC Detection Rate ~5-40% of clinical ARVC
� Desmosomes: PKP2, DSP, DSG2, DSC2

*Non profit academic clinical laboratory
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� HCM
� Panel A (106 exons): Detection Rate 50-60%

� MYH7 (14q12)
� MYBPC3 (11p11.2)
� TNNT2 (1q32)
� TNNI3 (19q13.4)
� TPM1 (15q22.1)

� Panel B (19 exons): Detection Rate 5-10%
� ACTC (15q14)
� MYL2 (12q23-q24.3)
� MYL3 (3p)

� Non sarcomere: PRKAG2, LAMP2, GLA (Fabry Disease), TTR (Familial 
amyloidosis)

� DCM Detection Rate ~10-20% of familial DCM
� Panel A sarcomere genes + Actin
� Lamin, Phospholamban, Tafazzin, Cypher/ZASP

� ARVC Detection Rate ~5-40% of clinical ARVC
� Desmosomes: PKP2, DSP, DSG2, DSC2

Negative results from genetic testing are inconclus ive 
and non-diagnostic

*Non profit academic clinical laboratory



Genetics of Cardiomyopathies:
Implications for disease in the molecular era

� Improved accuracy in diagnosis and prognosis
� Improved management of familial disease
� Identification of causal gene mutations for HCM, DCM, ARVC
� Definitive diagnosis, independently of age and clinical features
� Preclinical identification of individuals at risk for disease 

development 

� Molecular characterization of disease
� Elucidation of important cellular pathways involved in cardiac 

remodeling
� Identification of potential therapeutic targets

� Development of rational treatment strategies 
� Prevention or attenuation of phenotypic manifestations
� Modification of natural history





G(+)/LVH(-)
n=50

R
a
n
d
o
m
i
z
e

Diltiazem
N=25

Placebo
N=25

Baseline 
PE

EKG
Echo
MRI

Biomarkers

Post-Rx
Follow Up
Hx and PE

EKG
Echo
MRI

Biomarkers

Annual 
Evaluation 
Hx and PE

EKG
Echo

Biomarkers

Treatment: 4 years Follow Up: 1 year

5 Years

Clinical Trial of Diltiazem vs Placebo in Preclinical HCM

Primary Endpoint : Improvement in left ventricular diastolic function as 
reflected by E’ velocity on tissue Doppler echocardiography



Normal
LV

Inherited 
LVH

Mutation

Sarcomere Genes

Ca++

Metabolic Genes

Glycogen

Sarcomere Protein and Metabolic Gene Mutations Are Common 
Causes of LVH

• 60% of Familial Hypertrophic Cardiomyopathy
• Gene-based Diagnosis is Important

� Clarify Diagnosis
� Identify at-risk family members

• Pathogenic Insights from studying familial HCM may
� Inform other forms of LVH
� Inspire novel preventive therapies



Lamin A/C MutationsLamin A/C Mutations
Natural History
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Many Roads Lead to a Broken Heart
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Schonberger and Seidman  2001 .Am J Hum Genet 69:249-260.



Advantages of Genetic Testing
� Determination of the exact genetic etiology of HCM
� Clarification of diagnosis� Implications for management

� Other genetic causes of LVH
� Athlete’s heart

� Definitive genetic diagnosis in family members
� Mutation Present: At risk for disease development

� Genotype (+) � Clinical Disease but penetrance is high
� Identification of preclinical disease� serial evaluation
� 50% chance of transmission to offspring

� Mutation Absent: Unaffected Family Members
� Reassurance
� No possibility for disease or transmission to offspring
� No further clinical screening required

� Greater understanding of disease mechanisms
� Insight into pathogenesis� Novel preventive treatment strategies



Dilated Cardiomyopathy
Challenges to Genetic Screening

�� Genetic etiology in 30Genetic etiology in 30--50% of 50% of 
““IdiopathicIdiopathic”” DCMDCM

�� Clinical and Genetic HeterogeneityClinical and Genetic Heterogeneity
�� Varied Varied cardiac phenotypesphenotypes

�� Left Ventricular EnlargementLeft Ventricular Enlargement
�� Systolic DysfunctionSystolic Dysfunction
�� Arrhythmias/Conduction DiseaseArrhythmias/Conduction Disease

�� Diverse genetics, low individual Diverse genetics, low individual 
prevalenceprevalence
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Unexplained LVH
+/-

FH of HCM or SCD

Sarcomere Gene Analysis + HCM 
Confirmed

LVH 

+
Ventricular Pre-excitation

Abnormal Conduction

PRKAG2 Gene AnalysisYoung male with marked LVH
or

Elevation of serum ALT or CK
LAMP2 Gene Analysis

Yes

No

-
consider

LVH
+

Multisystem Disease

Suspect AL amyloidosis if:
Proteniuria, periorbital purpura, orthostasis, 

neuropathy
Low EKG voltage
Plasma cell dyscrasia or excess light chains

Immunofixation
Endomyocardial biopsy
TTR gene analysis (differentiate 
from familial amyloidosis)

Treatment with chemotherapy, 
as appropriate

consider

Suspect Fabry disease if:
Renal, dermatologic, neurologic findings
Onset in older male(>age 40 yrs)

consider

Assessment of a-gal activity
GLA gene analysis

Treatment with enzyme replacement 
therapy

Genetic Evaluation and Clinical Considerations for Unexplained LVH



Comparison of Cardiac Findings from Different 
Genetic Etiologies

Arad, M. et al. N Engl J Med 2005;352:362-372
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Negative results from genetic testing are inconclus ive 
and non-diagnostic


