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Hypertrophic cardiomyopathy is characterized by
myofibrillar derangement and predominant hypertrophy of
the interventricular septum associated with a reduced or
normal |eft ventricular cavity *. It determines diastolic
dysfunction and atendency towards myocardial ischemia,
arrhythmia, and sudden death. With aprevalenceof 1 case
per 500individuals?, it occursinall agegroups, frombirthto
the 8" decade, having agenetic origin preliminarily detected
fromfamiliar formsamong carriersof thedisease®.

The complex character of thisentity outlined in the
first reportsof themodern era*® became unequivocaly evi-
dent by systematic studies devel oped over recent decades
389, Theapplication of amethodol ogy generatedin molecu-
lar geneticsby obtai ning genetic mapsof highresolutionfa-
cilitated theredefinition of conceptsrel ated to the pathol o-
gy, physiopathol ogy, and diagnosisof hypertrophic cardio-
myopathy. Genetic analysisfacilitating identification of the
diseaseinitspreclinical phaseand risk stratification based
onmolecular criteriarender the futureintroduction of ge-
netictherapy viable.

Hypertrophic cardiomyopathy has highly heteroge-
neousmorphological, functional, and clinical characteris-
tics. Thephenotypeiscomposed of ventricular hypertro-
phy associated with myofibril disorganization. Marked
phenotypevariation rel ative to the magnitude and exten-
sion of themyocardial hypertrophy isobserved. Echocar-
diographic eval uation reveal s predominant hypertrophy
of theintraventricular septum of diffuse character, com-
monly extending to thefree anterior-lateral wall of theleft
ventricle 8°, Wall thicknessis usually above 20mm, al-
though measurements between 20 and 15mm have been
found °. Borderline thicknesses of 15mm or even 13mm
have also been identified >'2, Asymmetric forms predo-
minate over concentric ones, representing 1 to 2% of the
cases’. Myofibrillar disarray extendsover 5to 30% of the
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myocardial tissueand hasalow correlationwiththedegree
of hypertrophy **.

Hypertrophic cardiomyopathy can appear without
showingitsmain morphological characteristics. Arrhyth-
miasand sudden death in the absence of echocardiogra-
phic signalsof left ventricular hypertrophy (LVH) inpa
tientswith the genotype, indicate incompl ete phenotype
expression 3, It isconcluded that the phenotypeisrepre-
sented by a continuous spectrum, from macroscopically
normal to severeforms showing massive myocardial hy-
pertrophy 428,

The phenotype changeswith age. Hypertrophic myo-
pathy can appear at birth showing serious obstructive
formswith marked hypertrophy, rapid evolutionto cardiac
failure, andahighleve of mortaity Y. It morefrequently ma-
nifestsclinically inadolescencewhen adetectableincrease
in parietal thickness of the left ventricle accompanies an
increase in weight and stature*. Although clinical evo-
[utionin children and adolescentsisusually benign, annual
mortality can reach 4.8%, higher than that shown among
adults 8. Adolescents and young adults can manifest
extremedegreesof LVH with outflow tract obstruction, ca-
vity reduction, and evol ution towardssudden death 8. An
inverserel ationship between agegroup and | eft ventricular
parietal thickness may be shown!. Gradual regressionin
hypertrophy, increased ventriclevolume, and diastolic dys-
function occur inapproximately 10% of individual sreaching
maturity *°. Lateforms, manifest after 65 yearsof age, are
individualized, with ahypertrophy generaly restricted to
theinterventricular septum?,

Thenatural history isalso heterogeneous. Whileso-
me casesremain in asymptomatic formindefinitely, other
patients experience sudden death or evolve to cardiac
failure. Although annual mortality recorded at reference
centersfallsbetween 2 and 6% 82!, measurementsamong
less selected populationsfall between 0.5 and 1.5% of ca-
ses2#24_ Clinical indicators like degree of hypertrophy,
recordsof ventricular arrhythmia, and abnormal response
to exercise, have alimited valuefor risk stratification of
sudden death %,
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Theclinical complexity characterizing hypertrophic
cardiomyopathy becomes even more evident when itsge-
netic aspectsareanalyzed. Transmission by autosomal do-
minant heritage attributesthe same genetic disturbanceto
all affected membersof afamily 2. Although preliminary
verification hasestimated that only 50% of the cases show
afamilial character ", morerecent eval uationsconsider that
truly sporadicformsare borneby lessthan 10% of disease
carriers'*?%, Threefactorsmay underestimatethediagnosis
of geneticforms: eva uation of very small families, adoption
of rigid echocardiographic criteria, and the presence of mu-
tations of variable penetrance®*>#, Echocardiograhic ma-
nifestations of LVH may be absent or have a subclinica
character, especially among children and adolescents. The
electrocardiogram may beuseful for identifying these pati-
ents. About 50% of adult carriersof the genotypewho have
normal wall thicknessonthe echocardiogram haveel ectro-
cardiographic alterations™.

Thelargedlinical varigbility amongfamiliesaffected by
hypertrophic cardiomyopathy suggeststheinvolvement of
morethan 1 gene with phenotypic manifestationsin com-
mon. 1n 1989, Jarcho et a ¥, using geneticlinkageanalysis,
mapped on chromosome 1491, thefirst locusrelated tothe
disease, later describedasCMH 1. Oneyear later, Gel sterfer-
Lowranceet al * using genetic mapping and DNA sequen-
cing individualized the point mutation affecting the gene
that codifiesthe b-miosin heavy chain, consideredto cause
the disease.

Upto the present time, 7 further genes have beenre-
lated to hypertrophic cardiomyopathy; they encode, res-
pectively, cardiac troponin C*, a tropomyosin *, myosin-
binding protein C3%*, essentia and regulatory myosinlight
chains®, cardiac tropomyosin | ¥ and cardiac a actin *®
(Tablel). Reportsof amutationinvolving thegeneof titin
and of an asyet unidentified gene at locus 7g3 in forms
associated with the Wol ff-Parkinson-White syndrome® are
still under evaluation. The genetic heterogeneity would
partially justify theclinical variability among carriersof the
disease. The finding that phenotype expression has
intrafamilial variability suggeststhe participation of other
factors, genetic or environmental .

Although from the biomolecular viewpoint, hyper-

Table I — Genes related to hypertrophic cardiomyopathy and
chromosome location

Gene Chromosome
Cardiac b myosin heavy chain 1491
Cardiac T troponin 1932

a tropomyosin 15922
Myosin binding C protein 11p11.2
Essential myosin light chain 3p21.2-p21.3
Regulatory myosin light chain 12923-924.3

Cardiac | troponin 19p13.2-q13.2
a cardiac actin 15
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trophic cardiomyopathy can be interpreted asamultiple
entity, the fact that the genes affected encode sarcomere
proteins gives aunifying character to the entity 6. About
100 mutations have been described, corresponding to 2/3
of thetotal 1. One, therefore, observesallelic heterogeneity,
severa mutationsinvolving the samegenebeing capabl e of
evoking the disease.

In the human genome, approximately 30,000 genes
encode structural proteins and enzymes. They constitute
DNA segmentsformed by nucleotide sequenceswith apar-
ticular locationin the chromosome, called thechromosome
locus. A nitrogen base, the deoxyribose sugar, and aphos-
phate group form the nucleotides. Two types of nitrogen
basesexig, purines[adenine (A) and guanine(G)] and pyri-
midines [cytosine (C) and thymine (T)]. Genes have a
variable dimension, from afew hundred to thousands of
basepairs. They have paternal and maternal copiescalled
alleles, and their production resultsfrom the combination of
both. The base-pair sequencein DNA isused to form
messenger RNA (mRNA), which takesinformationtothe
ribosomes localized in the cytoplasm where protein syn-
thesistakes place. The RNA moleculeis synthesized di-
rectly fromaDNA template, aprocesscalled transcription.
Human genes have base sequences called exons that
encode amino acids and are transcribed into mMRNA and
nonfunctional sequences, theintrons. At thefinal step of
theformation of MRNA, theintron sequencesareremoved
and the exons united by a process known as splicing,
taking placein ribonucleic corpuscles. Theremoval of the
intron sequencesis performed using the donor and accep-
tor siteslocated at the exon-intron borders. The base se-
guence of the mRNA will determine the amino acid se-
guence of the proteins. If an error occurs during the spli-
cing process, amodified proteinisformed. Thegenetic code
containedintheDNA helix andinthemRNA isessentia for
the formation of the different types of proteins. Base
triplets, the codons, form it. Sixty-four codons exist, of
which 61 encodeamino acidsand 3 aretermination codons,
which have no encoding function. The genetic code des-
cribestherel ationship between the base sequencesand the
amino acid sequence of the protein. Point mutations deter-
mine permanent changes in the base sequence of aDNA
molecule by substituting apair of baseswithareflex onthe
encoded protein“,

Mutations of the gene of the cardiac b-miosin heavy
chain - About 35% of the casesof hypertrophic cardiomyo-
pathy are caused by mutations of the gene of the heavy
chain of cardiac b myosin ¢4, which encodesthe predomi-
nant isoformexpressedintheventricles. Thethick filaments
contain 2 proteins of the cardiacb myosin heavy chainthat
are connected to 4 molecules of the light myosin chains.
Thefirst contains 30% cardiac myosin, comprising 95%
ventriclemyosin®. Itisacontractileproteinwith enzymatic
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action, whichinthe presenceof actin hydrolyzesATPinto
ADPand phosphate. Themoleculeformed by 1,934 amino
acidshasan asymmetric shapeand distinct segments. The
globular head containstheactin binding sitesand ATP. The
neck region is associated with to the light myosin chains,
and therod liketail, in turn, establishesthe connection to
myosin moleculesthat form thethick filaments, each made
up of 400 molecules®42,

Intheir near-totality, mutationsthat affect the gene of
the cardiacb myosin heavy chain are point mutationsof the
typedescribed as* missensemutations’ inwhich thesubs-
titution of asingle base of the DNA inagiven exonresults
intheexchangeof theencoded amino acid **. Deletion of the
nontranslated 3' region of the gene, inducing thelossof at
least 5 amino acidsin therod of the protein has also been
reported “%. Deletionsin codons 10 and 930, which do not
result in achangeinthe DNA reading frane, have been
subsequently described 2.

Atleast 50 mutationsof the gene of the cardiac b myo-
sin heavy chain have been identified affecting unrelated
families. Itisestimated that thegreater part hasbeen already
individualized. All cause common manifestationsof hyper-
trophic cardiomyopathy. Themutationsdescribed causethe
disease and do not constitute polymorphism connected to
adjacent genes, unrelated to the disease.

Mutationswith changesin the encoded amino acid
determinealterationsinthe protein structure of thegene
product. The substitution of the amino acid takes place
inthe protein molecule. M utated residuesarelocalized at
theinterfacewith actin and the binding with ATPand the
myosin light chains . The mutant allele produces an
anomal ous protein that, when incorporated into thethick
filaments, determines contractile dysfunction, even
though the normal allele producesanintegral protein. It
is, therefore, adominant negative mutation * and may or
may not determinethe changein the charge of encoded
amino acid, altering the biomol ecular conformation of the
polypeptide %,

The cardiac b myosin heavy chain polypeptidesare
encodedin 30 KB of DNA, arrangedin 40 exons; thisren-
dersthe analysis of each one extremely laborious and
time-consuming “2. The near-totality of the missense mu-
tationsislocalizedinthefirst 23 exons, which encodethe
globular head and the head-tail junction of the protein .
Thisgeneishighly susceptibleto mutagenesisin special
codons 403, 719, and 74147, It is suspected that the
arginineresidue playsafundamental roleintheprotein’s
normal function “. However, no mutation has a pre-
dominant character, although Arg403GInisafrequent one.
Thegreater part of the mutationsresult fromtheexchange
of guanine or cytosine?,

The mutations of the cardiac b myosin heavy chain
werethefirst tobedescribed, allowing greater knowledge
of the genotype-phenotype relationship, degree of pene-
trance, and clinical evolution. Y et, theanalysisof theseas-

334

Arq Bras Cardiol
2002; 78: 332-40.

pectsisbased ontheevaluation of astill limited number of
cases, hot rarely originatingfromasinglefamily. Theclinica
valorization of theinformation presently available depends
on confirmation at ahigher scale, using dataresulting from
theidentification of new affected families.

Mutations of the cardiac b myosin heavy chain are
frequently associated with expressivemyaocardia hypertro-
phy with high penetrance %. Although hypertrophy hasa
similar degreeand extensioninthediverse mutationsof the
gene, the prognosisshowsvariable characteristics. Conse-
quently, risk stratification can only be determined on the
basis of genetic analysis, because many mutations of the
same gene havethe phenotypein common.

Certain mutationsin the cardiac b myosin heavy
chain are considered malignant dueto the highincidence
of sudden death. They are associated with achangein
the charge of the encoded amino acid . Benign mutation
can also exhibit this characteristic. Malignant forms
encode severe myocardial hypertrophy and complete
penetrance. Arg403GlIn, thefirst described mutation 3
resultsfrom the exchange of adenine by guanine at exon
13, resulting in the substitution of arginine by glutamine
in codon 403. It causes premature sudden death, which
in 50% of casesoccursbeforethe age of 30 . The same
mutation wasdescribed in asmall Korean family with a
low incidence of sudden death, despite its high pene-
trance®®. Arg719Glnand Arg453Cysareequally serious,
with a high incidence of sudden death and an average
survival time of 38 and 30 years, respectively 454,
Gly716Arg, with a penetrance of 100%, precocious
phenotype expression, and premature sudden death,
evolvestowardscardiac failureintheadult (50).

Mutations Glu930Lysand Arg249GIn are of inter-
mediate risk 25, Leu908Val hasabetter prognosis: 92%
of patients are alive at 60 years*. Gly256Glu like Arg
403Trp and Arg870Hisare also benign #5152, Mutation
Val606M et i sdescribed as benign but can eventually ha-
ve abad prognosis “52, Mutations involving the same
codon, like Arg403GIn, Arg403Leu, and Arg403Trp can
have a distinct prognosis and a variable degree of pe-
netrance*°.

Theanalysisof many familieswith anidentical muta-
tionindicatesthat the mutations can have anindependent
origin. Mutationsof thegeneof thecardiacb myosinheavy
chaingenearea soidentifiedincarriersof sporadicforms®,
demonstratingthat familiar and nonfamiliar formsmakeup
the same spectrum. It consists of spontaneous mutations
transmitted to the descendants with expression on the
MRNA andthecarrier protein; thismay not besointhecase
of avery small family.

In mutations of the gene of the cardiach myosin heavy
chain, because penetranceisusually high, it isan ex-
ception for carriers of the genotype not to exteriorize the
phenotype until adolescence. The high penetrance condi-
tionsthecarrier for severehypertrophy . Only afew muta-
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tions, like Arg403L eu, Arg403Trpand Asn232Ser havelow
penetration #%2, Inthese cases, hypertrophy may bemild or
borderline . Variation in the degree of hypertrophy is
observed between familiescarrying the samemutation 5.

Thegreater part of themutated proteinisexpressedin
the sarcomere of the myocardial fibers, directly affecting
the generation of contractileforce®?. Analysisof endomyo-
cardial biops esreveal sthelossof sarcomerefilament align-
ment, conditioning to miofibrillar disarray >. Themutated
myosin is also expressed in the skeletal muscul ature
producing myopathy with a predominance of slow-type
myofibrilsand absence of mitochondria®.

Mutations of the cardiac troponin T gene -1n 1993,
Watkins et al * individualized a second /ocus related to
cardiac hypertrophy, situated in chromosome 1932, and
then named it CMH 2. One year after, the same workers
described 3 mutations affecting the gene Troponin T,
mapped onthis locus .

Cardiac T troponin mutationsrepresent about 15% of
hypertrophic cardiomyopathy cases*. Variousisoforms
originated by recomposition are expressed in the myo-
cardium. Thinfilamentsareformed by actin, tropomyosin
andtroponinsT, I, and C“2. Contraction dependson actin-
myosin interaction, regulated by atropomyosin and the
troponin complex. Once calcium-C troponin binding is
established, the troponin-tropomyosin complex rel eases
actin, enabling the binding of theglobular heads of cardiac
b myosintothethinfilaments.

The gene of cardiac T troponin is composed of 17
exonsdistributed over 17 KB of DNA . Missensemutation
inatotal of 10, localized in exons 8,9,11, 14, and 16 pre-
dominate*%”. Denovo mutationinexon9, Arg92 Trp, has
recently been reported %. Deletion of 3 nucleotides cor-
responding to all of the codon of glutamic acid, D Glu160,
was also identified . Splice site mutations, involving the
donor site of intron 15, Int15%*, generates atruncated,
rapidly degraded protein, the consequence of thelossof 28
terminal amino acids“. Preparations containing intact
sarcomeres with a high expression of truncated cardiac
troponin T show amarked reduction in their contractile
function *. Inthe presence of low cal cium concentrations,
relaxation isimpaired by interference with theinhibitor
function of cardiac| troponin.

Clinical manifestations are less heterogeneous than
those evidenced by mutationsof the cardiach myosin hea-
vy chain. For the most part, they determine similar phe-
notypes and show low penetrance. Hypertrophy generally
of amild or subclinical grade may be absent in 25% of the
cases, according to echocardiographic findings*. Maximal
wall thicknessis between 11 and 16mm, in contrast to that
produced by mutations in the cardiac b myosin heavy
chain, average24mm . Although frequently asymptomatic,
prognosisiscomparabl etothat of malign mutationsof the
cardiac b myosin heavy chain. Mortality tendsto be high
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among young men. Thereoccursahighincidenceof death,
mostly of a sudden character, before the age of 30%°. Asa
rule, delayed death dueto cardiacfailureisnot observed .
At least 6 mutations have a poor prognosis: I1€79Asn,
Arg92GIn, Arg92Trp, Alal04va, D Glul60and Int1554 4%,
Thesoleexceptionisthat of Phell0lle, which affects13%
of familieswithamutation of thecardiactroponin T gene;
in Japan it is occasionally associated with apical hy-
pertrophy ©.. Asin the benign mutations of the cardiacb
myosin heavy chain, no change occursinthe charge of the
amino acid involving oneof themain sitesof bindingwith
thecardiaca actinmolecule.

It has been possible by reanalysis of the genome
organization of the gene of cardiac troponin T to identify
codon 102 asthe point susceptible to mutation®’. Distinct
characteristics were observed in one of the mutations
involvingthiscodon, Arg102L eu, inwhich high penetrance
with amarked degree of hypertrophy wasnoted.

A mutation of the cardiac troponin T gene associated
withextensivemyofibrillar disarray without anincreasein
cardiac masshasal so been reported inafamily with sudden
death *. Themutationinvolvesexon 9with asubstitution of
arginineby leucinein codon 94, producing an exchange of
amino acid charge and protein conformation change. It can
be deduced that hypertrophy may not bethefactor determi-
ning sudden death in hypertrophic cardiomyopathy but ra-
ther, themyofibril disarrangement associated with fibrosis.
Inacontemporaneousform, mutation Arg278Cyshasbeen
described in a 67-year-old subject who 10 years ago was
normal from clinical and e ectrocardiogram pointsof view .,
All known casesuntil then had begunin adolescence. Itis
concluded that mutation of cardiactroponin T can become
clinically manifest later in life, justifying cases of sudden
deathinmiddle-aged, previoudy asymptomaticindividuals,
withanormal or dlightly hypertrophicleft ventricle.

Mutations of the a tropomyosin gene - Theevalua-
tion of familiesthat did not exhibit alinkagewithCMH1
and CMH2facilitated theidentification by Thierfelder et al
in 1993 of athird /ocus, mapped on chromosome 15922,
called CMH3. The gene composed of 14 exons, which
encodesatropomyosin, islocalizedinthelongarm of this
chromosome and transcribes 1kb RNAm%. Itisonly
implicated in the devel opment of afew, about 5%, of the
cases of the disease *.

a tropomyosinisa284 amino acid polypeptide, which
congtitutesthethin filamentsand isabundantly expressed
intheskeletal musculature. It represents5% of themyofibril
protein. Localizedinamajor grooveof theactinfilament, it
has a preponderant rolein the composition and organiza-
tion of the thin filaments by establishing the binding
between thetroponin complex and actin 2.

Mutationsof thisgene, numbering 4, areall missense
mutations. Initially 2 mutationson exon 5were described,
Aspl75Assn and Glul80Gly “+%¢, L ater, Ala63Val and
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Lys70Trhwerereported®. Someof thesemutationscanin-
terferewith calciumregulationinthethinfilaments. Contra-
ry to mutationsof other genes, they areexpressedinvarious
structures like gametes, lymphocytes, and myocytes, but
being only capable of producing myocardial disease®.

Mutation Asp175Asn seemsto predominate and
produced amutated protein expressed inthemyocardium
and skeletal musculature®. Therecurrentidentification
of the G-A transition in exon 5 indicates a high pro-
pensity toward mutagenesisin the 579 residue of a tro-
pomyosin .

De novo mutation involving thea tropomyosin gene
have been reported. They can result in transmission to
descendants and can cause familial hypertrophic car-
diomyopathy, asalready referredtoin relationto mutation
Aspl75Asn %, Carriers of apparently sporadic forms of
mutation of this gene should be warned about the risk of
transmission. Spontaneous mutati ons appear precociously
ingamete development or during embryoniclife.

The clinical conseguences of mutations of thea tro-
pomyosin gene are less known. The phenotype is cha-
racterized by generally mild hypertrophy ¢, but variations
in the degree and extension of the hypertrophy between
carriersof the same mutation have been observed®, From
the histopathological point of view, no large difference
rel ativeto gene mutation encoding proteinscomposing the
thick filamentsexists®. In Aspl75Asn, hypertrophy isof a
variable degree and extension among membersof distinct
families®. Prognosisisfavorable, with alife expectancy
closeto normal, comparabl eto that with benign mutations
of theb myosin heavy chain. Glu180Gly produceslesshy-
pertrophy, but hasasimilar survival curve®. Ala63Val and
Lys70Thr are described as having aless favorable prog-
nosis, with evolution towards cardiac failure®. Therefore,
inrelation to thea tropomyosin gene, thetype of mutation
determinestheclinical expression.

Mutations of the gene of the myosin-binding protein
C CMH4 -1n1993, anew locus situated onthe11p11.2
chromosome called CMH4, wasidentified®. Subsequently,
Watkinset a 3 simultaneoudly with Bonne et al ** described
thefirst 3 mutations of the gene encoding the myosin-
binding C-protein in unrelated families, considered as
causing the disease.

Themyosin-binding protein C isamyofibril protein
that does not directly participate in contraction. Its
expression is restricted to the myocardium. It is placed
transversally in the A bands and binds the myosin of the
thick filamentsandtitin of theelasticfilaments. Itsfunction
islittle known, but it modul ates speed of con—tractionin
responseto adrenergic stimul ation 3442,

The sequence and organization of the gene have
been recently described. Formed by the21 KB DNA, itis
made up of 35 exons“*. Analysis of the genetic linkage
showsthat 20% of the cases of hypertrophic cardiomyopa-
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thy are caused by thisgene®. About 28 distinct mutations
havebeen describedin unrelated families. Missense mu-
tations and nonsense mutations, in which asingle subs-
titution of abase of the DNA |eads to the appearance of
theterminal codon, precociously closing the synthesis of
protein, have been reported 343589, Mutationsby deletion,
insertion, duplication, or splicing have also been docu-
mented 34358970, The consequences of the mutations on
the structure and function of the protein are as yet not
well known.

Myosin-binding protein Ciscomposed of 1,274 amino
acids, required for itsincorporation into the sarcomere®.
Mutationswith amino acid exchange presumably act by a
dominant negativeeffect. Otherslike duplicating or splice
sitemutationsmodify thereading matrix of theDNA, gene-
rating truncated proteins not having the terminusrespon-
siblefor thebindingto myosin 3+, Thetruncated protein
can bindinadefectivemanner to myosin or not beincorpo-
rated into A band of the sarcomere, preventing theinterac-
tion of the contractileunit withthecytoskeleton®. Another
possibility isthat dueto thelow stability of the transcript,
because no production occurs of the stable protein, the
mutation actsasan null allele®. In therecently described
splice site mutation, theisolated insertion of guaninein
exon 25|eadstothelossof 40 basesonthemRNA, whichis
then processed in an abnormal manner ™. The truncated
protein generated coul d not beisolated by endomyocardial
biopsy, presumably becauseit isexpressed at very low con-
centrations or by not being present. I nsufficient synthesis
or rapid degradation may justify lack of detection of the
mutated protein.

Mutations of the gene of themyosin-binding protein
C haveincompl ete penetrance with mild hypertrophy and
agenerally favorableclinical evolution. Many carriers of
the genotype do not exteriorize the phenotype, revealing
normal thickness on echocardiography and, frequently,
absence of electrocardiographic alterations®. Only 58%
of the affected members express some degree of hyper-
trophy prior to reaching 50 years of age®. A tendency
existsfor penetration to remainincompleteuntil the 5" or
6" decades of life. Phenotype expression although de-
layedisusually uniform.

M utations of thisgene go against the conception that
carriers of the disease should devel op clinical manifesta-
tionsof it prior to thebeginning of adulthood. L atemanifes-
tation may render diagnosisof familial formsand identifi-
cation of aautosumal dominant inheritancedifficult. Despi-
tethetendency towardsbenign evolutionwithamorefavo-
rablesurvival curvein comparisonto mutationsof other ge-
nes, increased mortality occursconditioned by ageandthe
development of hypertrophy ®. The greatest portion of
deaths related to cardiopathy have a sudden character.
From the moment when it becomes clinically manifest, it
doesnot have atruly benign character. In arecent evalua-
tion 8, prognosiswas morefavorabl e than in mutations of
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the cardiacb myosin heavy chain, nodeathspriorto40ye-
arsof age having beenrecorded. Inthe SASint20 mutation,
cumulative survival of 90% at 50 yearswas situatedinthe
intermediary band relative to mutations Arg403Leu and
Arg403Thr of the cardiac b myosin heavy chain, which
reached 42% and 100% survival, respectively ™.

The lower clinical repercussion of mutations of
myosin-binding protein C is attributable to the predo-
minance of the synthesis of the truncated protein not
assimilated by the sarcomere™. Nevertheless, dueto the
possibleoccurrence of exceptions, asrecorded in mutations
of other genes, it isnecessary to confirm the phenotype by
theeva uation of larger families. Duetothelatebeginning,
the benign evol ution and the predominance of asymptoma-
tic individuals with mild hypertrophy, the prevalence of
these mutations may be underestimated. Therefore, scre-
ening of patientssuspected of having hypertrophiccardio-
myopathy should includeindividualsof al agegroups, as
well asadultsconsidered to behealthy in previousclinical
evaluations™.

Mutations of the genes of the essential and regula-
tory myosin light chains - Mutations of the genesthat en-
code, respectively, the essential and regulatory myosin
light chainswere recognized in 1996 asbeing associated
with hypertrophic cardiomyopathy *. Myosinisahexame-
ric protein, formed by 2 heavy chainsand 2 pairsof light
chains, designated asessential and regulatory. The essen-
tial myosin light chain is a polypeptide with 195 amino
acidsexpressed in the myocardium and skeletal muscle®.
It has inotropic properties, probably related to the
activation of the thin filaments. When removed from
skeletal muscleinvitro, it reducesthe speed of movement
of actin and the generation of isometric force 2. The
regulatory myosis light chain, composed of 166 amino
acids, is expressed in the same structures 2. Rupture of
the generesults in sarcomere disorganization and gives
rise to the embryonic form of dilated cardiomyopathy ™.
Thelight chainscould havethefunction of stabilizing the
structure that bears the globular head of the proteinin
cardiac b myosin heavy chain molecule®.

Considering that mutations of the cardiac b myosin
heavy chain affect theinterfacewith thelight chains, Poet-
ter et a ¢ proposed the hypothesisthat this protein when
mutated-could causethedisease. Tothiseffect, the DNA of
383 unrelated familiesaffected by hypertrophic cardiomyo-
pathy wasscreened. Theamplification of 7 exonsthat make
up thegeneof thelight chain of essential myosinlocatedin
chromosome 3p reveal ed 2 point mutationswithamino acid
substitution. Six of 13 affected members with mutation
Met149Val had the same phenotype, characterized by hy-
pertrophy of papillary musclesand adjacent myocardium,
generating medial ventricular obstruction. Thislessfre-
guent form had not been previously demonstrated to have
familial character. This mutation demonstrated high
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penetrance and apoor prognosis. Screening of another 16
unrelated individualsidentified mutation Arg154His
associated with the same phenotype*.

Distinct mutationsinvolving thegeneof theregulatory
myosin light chain have been simultaneously described by
the sameresearch group*. Thegene mappedin chromoso-
me12qisdistributedin 12 KB of DNA and covers7 exons®.
Three mutationswith amino acid exchange have been docu-
mented: Alal3Thr, Glu22 Lys, and Pro94Arg, equally asso-
ciated with mid-ventricular obstructiveforms. Theexpres-
sion of these mutationswas shownto bevariableand of de-
creasing penetrance. Two other mutationsassociated with
typical familial formshave subsequently been described ™.

Mutationsof thelight chainsof respectively essential
and regulatory myosin, determine variable phenotypes
between familiesand between membersof the samefamily.
Mutations of both genes are associated with myopathic
alterations, documented on skel etal musclebiopsy *.

Mutations of the cardiac troponin I gene - In 1997,
Kimuraet a described the 7" gene responsible for hyper-
trophic cardiomyopathy, encoding cardiac troponin | %7,
L ocalized on chromosome 19p, the geneis constituted of
6.2KB DNA arrangedin 8 exons. Cardiactroponin|l isapo-
lypeptide formed by 210 amino acids, integrating the
troponin complex of the thin filaments“. It exertsamo-
dulator influence on the cal cium-dependent actin-myosin
interaction. Theregion of themolecule containing thesite
bindingtoactinisessential for theproteinto exertinhibitory
action on contraction. The C terminal, in turn, effectsthe
bindingto troponin C*.

Six mutations have been originally described in this
gene, 5 missense mutations and one del etion without
disruption of thereading frane®. Recently, del etion onexon
8 producinglossof 8 amino acidsand of the stop codonwas
described for thefirst timein aWestern family . Because
theprotein hasitsexpression restricted to themyocardium,
the effect of the mutationsislimited to the heart. The
mechanisms of action of these mutations are still hy-
pothetical . They reach exons 7 and 8, corresponding to ter-
minal C of the molecule®. Inthisway, they becomecapable
of interfering with the inhibitory function exerted by the
protein and condition thelossof regul ation of the contrac-
tile function, leading to hypercontractibility *. Therefore
cardiac troponin | mutations may act by mechanismsdis-
tinct from those of the other mutations.

Mutations of troponin | genes have a heterogeneous
character. Although someareassociated with typical forms
of hypertrophic cardiomyopathy, otherslike Arg162Trp
and Gly203Ser determineapical hypertrophy*. Occasiona
association with Wolff-Parkinson-White syndrome has
been noted¥. Itispossibletoindividualize casesof typical
formsand also of apical hypertrophy in the same family
among carriersof the samemutation. Apical hypertrophic
cardiomyopathy, predominating in the Orient, was preli-
minarily considered assporadicin nature. Itsidentification
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among carriers of mutations of cardiac troponin | and
myosin binding protein Cindicated that theapical formis
part of thewide clinical spectrum of hypertrophic cardio-
myopathy asasarcomere disease.

A report existsof spontaneousmutation with substitu-
tion of lysinefor glutaminein codon 206 %. Inthetypical
formsdescribedinthe West, hypertrophy hasamild or mo-
derate degreewith septal thicknessof 15 or 16mm, or evi-
denceof asubclinical character with expressionrestricted
totheelectrocardiogram ™.

Mutation of the cardiac a actin gene - Thegeneen-
coding a cardiac actinwasidentifiedin 1999 by Mogensen
et al B asrelated tothediseaseinafamily with hypertrophic
cardiomyopathy. The major protein of the thin filaments,
actinisdirectly involvedinthe generation of the contractile
force of the sarcomereaswell asinitstransmission to the
cell medium. The point mutation of the gene, mapped on
chromosome 15, consi sts of the substitution of guaninefor
thyminein exon 5 with exchange of alanine by serinein
codon 295. The mutation islocated on the surface of the
protein molecule closeto thesiteof bindingto b myosin. It
ispossiblethat it causes distortion of the topology of the
polypeptide, harming the interaction with the thick fila-
ments and the generation of contractile forcein the sar-
comere. Themutation rel ated to hypertrophic cardiomyo-
pathy islocated closeto 2 other point mutations recently
associated with familial formsof dilated cardiomyopathy.
The cardial activegeneisthefirst oneto besimultaneously
related to 2 distinct formsof cardiomyopathy =.

Cardiomyopathy produced by this gene has high pe-
netrancewith apredominance of asymptomatic formsand
beginning in variable age groups. The phenotypeis
heterogeneous. Records exist of massive septal hyper-
trophy, late evol utiontowards serioussystolic dysfunction,
and an association with the Wol ff-Parkinson-White
syndromein the presence of borderline left ventricular
hypertrophy. Many carriers of the genotype exhibit only
prominent electrocardiographic alterations at the basal
parts of the septum®,

The development of myocardial hypertrophy —The
mechanismsby which sarcomere protein mutationsdetermi-
nemyocardial hypertrophy arestill of agpeculativecharac-
ter. Themajor part of information about the physiopathol o-
gy of mutationsisbased on transgenic experimental models
andinvitroanalyses. Atthemolecular level, mutationsde-
terminestructural and functional alterationsinthesarcome-
re, which impair the generation of contractileforce?42%%,
Reductionin contractility, however, doesnot haveareflex
ontheglobal performanceof theleft ventricle, which cha-
racteristically ishyperdynamic or normal. Myocardial hy-
pertrophy, of adaptive and compensatory character, would
develop by aseriesof asyet unknown processes, presuma-
bly commonto al mutations*2 ™.

It is acknowledged that hypertrophy distribution
depends more on hemodynamic factorsthan ontheregio-
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nal expression of mutated protein 2. Considering the
biventricular expression of mutated protein, itisnot clear
why, inthe mgjority of cases, hypertrophy isrestricted to
the left ventricle and predominates at the level of the
interventricular septum. Thehigher-pressureregimenand
the action of modifying genes?42% possibly establish left
ventricular hypertrophy. The DD genotype of the angio-
tensin-converting enzymeisfound in association with the
higher incidence of sudden death and extensive, diffuse
hypertrophy . Angiotensin |1 by its mitogenic action
influencesthe devel opment of hypertrophy. Thereduction
in contractility conditioned by the insertion of mutated
proteinsinto the sarcomereincreases stress at the level of
themyocardial fiber, resultingintheexpression of genetic
factorsthat induce cell hypertrophy ™. Itispossiblethat the
DD genotypedirectly influencesthe phenotypic expression
and the degree of penetrance 2. However, some mani-
festations, such aselongation and theanomal ousinsertion
of mitral valve leaflets, the thickening of theintramural
arteries, and thedeposition of collagenintheextracellular
matrix, seemnot to bedirectly related to these mechanisms.
The possibility that trophic and mitogenic factors may
influence these processes cannot be discarded ™.
Essentially, disturbances evidenced at the molecular

and cellular levels depend on the gene affected and the
type of mutation occurring. Genes causing the disease
encodesarcomereproteinsdirectly involvedinthecontrac-
tileprocess, aswell aspolypeptidesexerting only aregula-
tory effect on inotropism. Missense mutations generate
anomalous proteins, which supposedly interferewith sar-
comerefunction by adominant negative effect 4. In cases
of deletion or splicesitemutation involving changesinthe
reading frame, truncated proteinsthat woul d not be assimi-
lated by the sarcomere are produced . Therefore, protein
synthesiswould be effected by the normal allele, possibly
resultingin aquantitative deficiency of thegene product 2.
The phenotypevariation of the samemutationwould pre-
sumably bedueto theintervention of modifying genes, or as
yet littleknown polymorphism, or totheinfluence of envi-
ronmental factorslikeexerciseand physica conditioning“.

Genetic diagnosis — Genotyping becomestherational
basis of genetic counseling and the identification of pa-
tientswithahigh risk of sudden death, requiring precocious
therapeuticintervention. Genetic diagnosisamong children
and adolescentsis decisivein cases of reduced or absent
penetrance, or ambiguous situationslike those of athletes
or personswith systemic arterial hypertension and | eft
ventricular hypertrophy. In affected families, it enablesthe
releaseof norma membersand theprecociousidentification
of malignant mutations. However, genetic analysisis
restricted to afew research centershaving astheir principal
objective the identification of new genes and mutations.
Large-scaleapplication of information arising fromgenetic
diagnosisin clinical and ethical contextsisstill acomplex
processin view of therisk of doubtful interpretationsand
unjustified discrimination.
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Chart I — Clinical characteristics of hypertrophic cardiomyopathy
in its respective genetic forms

Gene Characteristics

b cardiac myosin heavy chain Predominance of high penetrance
and severe hypertrophy.
Variable risk of sudden death

according to the mutation.

Low penetrance, mild hypertrophy
asociated to early sudden desth.

Cardiac T troponin

a tropomyosin Large phenotype variation,
predominance of mild hypertrophy

variable prognosis.

Incompleteand late penetrance,

mild hypertrophy and benign evolution.
High penetrance, mid

ventricle obstruction and

typical forms, bad prognosis

Myaosin-binding protein C

Essential and regulatory
myosin light chain
Cardiac | troponin Heterogeneous phenotype, apical

hypertrophy and typical forms
a cardiac actin High penetrance, beginning at

various ages, heterogeneous phenotype

Genetic studies have made adecisive contribution by
enabling the characterization of hypertrophic cardiomyo-
pathy asasarcomerediseaseand identification of the predo-
minance of familial forms. The spectral character of the
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disease becomes evident from the corroboration that in af-
fected families20%to 30% of thecarriersof thegenotypedo
not meet classical echocardiographic criteriaof left ventri-
cular hypertrophy, eventhough being susceptibleto sudden
death 10111470 |nthisgroup, therecord of minimal dterations
on theelectrocardiogram and echocardiogram havegreater
significance than in the population in general °78. One
verifiesthat prognosisis determined by the genetic subs-
trateand that phenotypeand clinical evolutionvary accor-
dingtothegeneandtypeof mutation (Tablel).

Theexpectationfor thecomingyearsisthat remaining
genesandtheir respectivemutationswill beidentified. The
evaluation of the effect of different mutations on the
structureand function of the sarcomereisequally decisive,
depending above all on the expansion of experimental
studies based on transgenic animals. It is of fundamental
importanceto expand the analysis of genotype-phenotype
relationships, still limited by the small number of families
evaluated and by allele heterogeneity. Theidentification of
modifying genesand of the mechanismsimplicatedinthe
establishment of myocardial hypertrophy should be
effected, probably over thelong range. Elucidation of these
processesis essential for the introduction in the future of
genetictherapy asadecisiveform of interventioninthede-
velopment of hypertrophic cardiomyopathy.

References

1. Richardson P, McKennaWJ, Bristow M, et a. Report of 1995 World Health Or-
ganization/International Society and Federation of Cardiology task force on the
definition and classification of cardiomyopathies. Circulation 1996; 93: 841-2.

2. MaronBJ, Garder M, Flack M, et a. Prevalence of hypertrophic cardiomyopathy
in ageneral population of young adults: echocardiographic analysis of 4111
subjectsin the CARDIA study. Circulation 1995; 92: 785-9.

3. Frank S, Braunwald E. Idiopathic hypertrophic subaortic stenosis: acritica ana-
lysis of 126 patientes with emphasis on the natural history. Circulation 1968;
37: 759-88.

4. Brock R. Functional obstruction of |eft ventricle (acquired subvalvar aortic ste-
nosis). Guy'sHosp Rep 1957; 106: 221-38

5. TeareD. Asymmetrica hypertrophy of the heart in young adults. Br Heart J1958;
20: 1-8.

6. Goodwin JF. Hypertrophic cardiomyopathy: adiseasein search of itsown iden-
tity. Am JCardiol 1980; 45: 177-80.

7. MaronBJ, Gottdiener JS, Epstein SE. Patternsand significance of |eft ventricular
hypertrophy in hypertrophic cardiomyopathy: awide range two-dimensional
echocardiographic study of 125 patients. Am J Cardiol 1981; 48: 418-28.

8. WigleD, SassonZ, Handerson MA, et a. Hypertrophic cardiomyopathy: theimpor-
tance of the siteand the extent of hypertrophy. Prog Cardiovasc Dis 1985; 28: 1-83.

9. KluesH, Schiffers A, Maron BJ. Phenotypic spectrum and patterns of |eft ventri-
cular hypertrophy in hypertrophic cardiomyopathy: morphologic observations
and significance as assessed by 2-dimensional echocardiography in 600 pati-
ents. JAm Coll Cardiol 1995; 26: 1699-708.

10. Hagége AA, Dubourg O, Desnos M, et a. Familial hypertrophic cardiomyopa-
thy. Cardiac ultrasonic abnormalitiesin genetically affected subjects without
echocardiographic evidence of |eft ventricular hypertrophy. Eur Heart J 1998;
19: 490-9.

11. Maron BJ. Hypertrophic cardiomyopathy. Lancet 1997; 350: 127-33.

12. Sharmas, Elliott PM, WhyteG, MahonN, VirdeeM, McKennaWJ. Utility of me-
tabolic exercise testing in distinguishing hypertrophic cardiomyopathy from
physiologic Ieft ventricular hypertrophy in athletes. JAm Coll Cardiol 2000; 36:
864-70.

13. VarnavaA, Baboonian C, Davison F, et al. A new mutation of cardiac troponin T

causing familial hypertrophic cardiomyopathy without left ventricular hyper-
trophy. Heart 1999; 82: 621-4.

14. McKennaWJ. Thefuturein hypertrophic cardiomyopathy: important clues and
potential advances from understanding of the genotype phenotype relationship.
Ital Heart J2000; 1: 17-20.

15. SchwartzK, Carrier L, Guicheney P, KomadjaM. Molecular basisof familid hy-
pertrophic cardiomyopathy. Circulation 1995; 91: 532-40.

16. MaronBJ, Moaller JH, Seidman SE, et a. Impact of laboratory molecular diagnosis
on contemporary diagnostic criteriafor genetically transmitted cardiovascular
diseases: hypertrophic cardiomyopathy, long-QT syndrome, and Marfan syn-
drome. Circulation 1998; 98: 1460-71.

17. MaronBJ, Tajik AJ, Ruttemberg HJ, et a. Hypertrophic cardiomyopathy inin-
fants: clinical featuresand natural history. Circulation 1982; 65: 7-17.

18. McKennaWJ, Deanfield J, Faruqui A, England D, Oakley C, Goodwin J. Prog-
nosisin hypertrophic cardiomyopathy: role of age, clinica, electrocardiographic
and hemodynamic features. Am JCardiol 1981; 47: 532-8.

19. Spirito P, Maron BJ, Bonow RO, Epstein SE. Ocurrence and significance of pro-
gression of |eft ventricular wall thinning and relative cavity dilatation in hyper-
trophic cardiomyopathy. Am JCardiol 1987; 60: 123-9.

20. LewisJF, MaronBJ. Clinical and morphological expression of hypertrophic car-
diomyopathy in patientswith > 65 yearsof age. Am JCardiol 1994; 73: 1105-11.

21. MaronBJ, Bonow RO, Cannon RO, Leon MB, Epstein SE. Hypertrophic cardio-
myopathy: interrelation of clinical manifestations, pathophysiology and thera-
py. N Engl IMed 1987; 316: 780-9, 844-52.

22. Spirito P, ChiarellaF, Carratino L, Zoni-Berisso M, Belloti P, Vecchio C. Clinical
course and prognosis of hypertrophic cardiomyopathy in an outpatient popul a-
tion. N Engl JMed 1989; 320: 749-55.

23. ArtegaE, lanni BM, FernandesF, Wajsbrot DB, Mady C. Long-term follow-up of
patients with hypertrophic cardiomyopathy. Circulation 1999; 100: |-77.

24. MaronBJ, Casey SA, Poliac L, Gohman TE, Almquist AK, Aeppli DM. Clinical
course of hypertrophic cardiomyopathy in aregiona US cohort. JAMA 1999;
281: 650-5.

25. SpiritoP, Seidman SE, McKennaWJ, Maron BJ. Themanagement of hypertrophic
cardiomyopathy. N Engl JMed 1997; 336: 775-85.

339



Mattos BP
Genetic bases of hypertrophic cardiomyopathy

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Watkins H. Sudden death in hypertrophic cardiomyopathy. N Engl JMed 2000;
342: 422-4.

Maron BJ, Nichols PF, Pickle LW, Wesley YE, Mulvihill 3. Patterns of inheri-
tance of hypertrophic cardiomyopathy: assessment by M-mode and two-dimen-
sional echocardiography. Am J Cardiol 1984; 53: 1087-94.

Marian AJ, RobertsR. Recent advancesin molecular geneticsof hypertrophic car-
diomyopathy. Circulation 1995; 92: 1336-47.

Fananapazir L, Epstein ND. Prevalence of hypertrophic cardiomyopathy: limi-
tations of screening methods. Circulation 1995; 92: 700-4.

JarchoJA, McKennaWJ, Pare JAP, et al. Mapping agenefor familial hypertrophic
cardiomyopathy to chromosome 14g1. N Engl JMed 1989; 321: 372-8.
Geigerfer-LowranceAA, Kass S, TanigawaG, et a. A molecular basisfor familial
hypertrophic cardiomyopathy: abeta-myosin heavy chain gene missense muta-
tion. Cell 1990; 62: 999-1006.

WatkinsH, MacRae C, Thierfelder L, et d. A diseaselocusfor familid hypertro-
phic cardiomyopathy mapsto chromosome 1g3. Nat Genet 1993; 3: 333-7.
Thierfelder L, MacRae C, WatkinsH, et a. A familid hypertrophic cardiomyopathy
locus mapsto chromosome 15g2. Proc Natl Acad Sci USA 1993; 90: 6270-4.
WatkinsH, Conner D, Thierfelder L, et a. Mutationsin the cardiac myosin bin-
ding protein-C on chromosome 11 cause familial hypertrophic cardiomyopathy.
Nat Genet 1995; 11: 433-7.

BonneG, Carrier L, Bercovici J, et al. Cardiac myosin binding protein-C gene
splice acceptor sitemutation isassociated with familial hypertrophic cardiomyo-
pathy. Nat Genet 1995; 11: 438-40.

Poetter K, Jiang H, Hassanzadeh S, et a. Mutationsin either the essential and re-
gulatory light chains of myosin are associated with arare myopathy in human
heart and skeletal muscle. Nat Genet 1996; 13: 63-9.

KimuraA, HaradaH, Park JE, et d. Mutationsin the cardiac troponin | gene asso-
ciated with hypertrophic cardiomyopathy. Nat Genet 1997; 16: 379-82.
Mogensen J, Klausen IC, Pedersen AK, et d. a cardiac actinisanovel diseasege-
neinfamilia hypertrophic cardiomyopathy. JClin Invest 1999; 103: R39-R43.
MacRae CA, GhaisasN, Kass S, et d. Familia hypertrophic cardiomyopathy in
Wolff-Parkinson-White syndrome mapsto alocusin chromosome 7¢g3. JClin
Invest 1995; 96: 1.216-1.20.

Hoffee P. GenéticaMédicaMolecular. Rio de Janeiro: Guanabara. Koogan, 2000.
WatkinsH, McKennaWJ, Thierfelder L, et al. Mutationsin the genesfor cardiac
troponin T and atropomyosin in hypertrophic cardiomyopathy. N Engl JIMed
1995; 332: 1058-64.

BonneG, Carrier L, Richard P, Hainque B, Schwartz K. Familia hypertrophic car-
diomyopathy: from mutationsto functional defects. Circ Res1998; 83: 580-93.
MarianAJ, YuQT, MaresA, Hill R, RobertsR, Perryman M B. Detection of anew
mutation in the b-myosin heavy chain genein anindividual with hypertrophic
cardiomyopathy. JClin Invest 1992; 90: 2156-65.

Schwartz K. Familia hypertrophic cardiomyopathy: nonsense x missense mu-
tations. Circulation 1995; 91: 2865-7.

WatkinsH, Rosenzweig A, Hwang DS, et a . Characteristics and prognostics of
myosin missense mutations in hypertrophic cardiomyopathy. N Engl JMed
1992; 326: 1108-14.

Dausse E, KomadjaM, Fetler L, et al. Familial hypertrophic cardiomyopathy: mi-
crosatellite haplotyping and identification of ahot spot for mutationsin theb-
myosin heavy chain gene. JClin Invest 1993; 92: 2807-13.

Fananapazir L, DalakasMD, Cyran F, Cohn G, Epstein ND. Missense mutation
inthe b-myosin heavy chain gene cause central core diseasein hypertrophic car-
diomyopathy. Proc Natl Acad Sci USA 1993; 90: 3993-7.

Epstein ND, Cohn GM, Cyran F, Fananapazir L. Differencesin clinical expres-
sion of hypertrophic cardiomyopathy associated with two distinct mutationsin
the b-myosin heavy chain gene: a908L eu-Va mutation and a403Arg-Gln muta-
tion. Circulation 1992; 86: 345-52.

Anan R, Greve G, Thierfelder L, et a. Prognosticimplicationsof novel b cardiac
myosin heavy chain gene mutationsthat cause familial hypertrophic cardiomyo-
pathy. JClin Invest 1994; 93: 280-5.

Hwang TH, LieWH, KimuraA, et d. Early expression of amalignant phenotype
of familial hypertrophic cardiomyopathy associated with aGly716Arg myosin
heavy chain mutation in akorean family. AmJCardiol 1998; 82: 1509-13.

Nishi H, KimuraA, MatsumyamaK, KogaY, Sasazuki T, ToshimaH. Twodistinct
mutations of cardiac b myosin heavy chain genefound in a Japanese patient with
hypertrophic cardiomyopathy. Circulation 1993; 88(suppl |): 1-343.
Fananapazir L, Epstein ND. Genotype-phenotype correlaionsin hypertrophic
cardiomyopathy: insights provided by comparisons of kindredswith distinct and
identical b-myosin heavy chain gene mutations. Circul ation 1994; 89: 22-32.
WatkinsH, Thierfelder L, Hwang D-J, McKennaWJ, Seidman JG, Seidman CE.

340

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Arq Bras Cardiol
2002; 78: 332-40.

Sporadic hypertrophic cardiomyopathy dueto de novo myosin mutations. JClin
Invest 1992; 90: 1666-71.

Muraishi A, Kai H, Nishi H, Imaizumi T. Maldignment of thesarcomericfilaments
in hypertrophic cardiomyopathy with cardiac myosin heavy chain gene mutati-
on. Heart 1999; 82: 625-9.

CudaG, Fananapazir L, ZhuWS, Seller JR, Epstein ND. Skeletal muscle expres-
sion and abnormal function of beta-myosin in hypertrophic cardiomyopathy. J
Clin Invest 1993; 91: 2861-5.

Thierfelder L, WatkinsH, MacRae C, et d. Alpha-tropomyosin and cardiac tropo-
nin T mutations cause familial hypertrophic cardiomyopathy. Cell 1994; 77:
701-12.

Forissier JF, Carrier L, FarzaH, et a. Codon 102 of thecardiactroponin T geneisa
putative hot spot for mutationsin familial hypertrophic cardiomyopathy. Circu-
lation 1996; 94: 3069-73.

VarnavaAM, Davison F, Cruz F, et a. A de novo mutation of thetroponin T gene
in a patient with hypertrophic cardiomyopathy. JAm Coll Cardiol 2000;
35(suppl A): 201A.

Redwood C, LohmannK, Bing W, et d. Investigation of atruncated cardiac tropo-
nin T that causes familial hypertrophic cardiomyopathy. Circ Res 2000; 86:
1146-52.

Moolman J, Corfield VA, Posen B, et d. Sudden death dueto troponin T muta
tions. JAm Coll Cardiol 1997; 23: 549-55.

AnanR, ShonoH, Kisanuki A, ArimaS, Nakao S, TanakaH. Patientswithfamilia
hypertrophic cardiomyopathy caused by a Phe110Ile missense mutation in the
cardiac troponin T gene have variable cardiac morphol ogies and afavorable pro-
gnosis. Circulation 1998; 98: 391-7.

Elliot PM, D*Cruz L, McKennaWJ. Late-onset hypertrophic cardiomyopathy
caused by amutation in the cardiac troponin T gene. N Engl JMed 1999; 341:
1855.

NakaimaC, Matsui H, Nagata S, et a. Novel missense mutation in apha-tropo-
myosin gene found in japanese patients with hypertrophic cardiomyopathy. J
Mol Cell Cardiol 1995; 27: 2053-8.

WatkinsH, Anan R, Coviello DA, Spirito P, Seidman JG, Seidman C. A denovo
mutation in thea-tropomyosin that causes hypertrophic cardiomyopathy. Cir-
culation 1995; 91: 2302-5.

CovielloDA, Maron BJ, Spirito P, et al. Clinical features of hypertrophic cardio-
myopathy caused by mutation of a“hot spot” inthea-tropomyosin gene. JAm
Coll Cardiol 1997; 29: 635-40.

Fananapazir L. Advancesin molecular geneticsand management of hypertrophic
cardiomyopathy. JAMA 1999; 281: 1746-52.

Carrier L, Hengstenberg C, Beckmann JS, et . Mapping of anovel genefor fami-
lial hypertrophic cardiomyopathy to chromosome 11. Nat Genet 1993; 4: 311-3.
Charron P, Dubourg O, Desnos M, et . Clinical features and prognostic implica-
tionsof familial hypertrophic cardiomyopathy related to the cardiac myosin-bin-
ding protein C gene. Circulation 1998; 97: 2230-6.

NiimuraH, Bachinski L, Sangwatanaroj S, et d. Mutationsin the genefor cardiac
myosin-binding protein C and late-onset familial hypertrophic cardiomyopa-
thy. N Engl JMed 1998; 338: 1248-57.

Moolman JA, Reiths S, Uhl K, et d. A newly created splice donor sitein exon 25
of the MyBP-C geneisresponsible for inherited hypertrophic cardiomyopathy
with incomplete disease penetrance. Circulation 2000; 101: 1396-402.
Charron P, Dubourg O, Desnos M, et al. Genotype-phenotype correlationin fa-
milial hypertrophic cardiomyopathy. Eur Heart J1998; 19: 139-45.

St Martin JS, Epstein JA. Hypertrophic cardiomyopathy: beyond the sarcomere.
N Engl JMed 1998; 338: 1303-4.

ChenJ, Kubalak SW, Minamisawa$S, et a. Selective requirement of myosyn light
chainin embryonic heart function. JBiol Chem 1998; 273: 1252-6.

Flavigny J, Richard P, Isnard R, et . Identifications of 2 novel mutationsin the
ventricular regulatory myosin light chain gene (MY L 2) associated with familial
classic forms of hypertrophic cardiomyopathy. JMol Med 1998; 76: 208-14.
Morner S, Richard P, Kazzan E; Hainque B, Schwartz K, Waldenstrom A. Dele-
tionin the cardiac troponin | genein afamily from northern Sweden with hyper-
trophic cardiomyopathy. JMol Cell Cardiol 2000; 32: 521-5.

Marian AJ. Pathogenesis of diverseclinical and pathological phenotypesin hy-
pertrophic cardiomyopathy. Lancet 2000; 355: 58-60.

LechinM, QuifionesMA, Omran A, et al. Angiotensin-I converting enzyme ge-
notypes and left ventricular hypertrophy in patients with hypertrophic cardio-
myopathy. Circulation 1995; 92: 1808-12.

McKennaWJ, Spirito P, DesnosM, Dubourg O, KomadjaM. Experiencefromcli-
nical geneticsin hypertrophic cardiomyopathy: proposal for new diagnostic
criteriain adult members of affected families. Heart 1997; 77: 130-2.



