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Abstract

Familial hypertrophic cardiomyopathy (FHC) is a clinically
and genetically heterogeneous disease. The first identified dis-
ease gene, located on chromosome 14qll-ql2, encodes the #-
myosin heavy chain. Wehave performed linkage analysis of
two French FHCpedigrees, 720 and 730, with two microsatel-
lite markers located in the #-myosin heavy chain gene (MYOI
and MYOII) and with four highly informative markers, re-
cently mapped to chromosome 14qll-ql2. Significant linkage
was found with MYOI and MYOII in pedigree 720, but re-
sults were not conclusive for pedigree 730. Haplotype analysis
of the six markers allowed identification of affected individuals
and of some unaffected subjects carrying the disease gene. Two
novel missense mutations were identified in exon 13 by direct
sequencing, 403 '" and 403ig-TriP in families 720 and 730,
respectively. The 403ArgI' mutation was associated with in-
complete penetrance, a high incidence of sudden deaths and
severe cardiac events, whereas the consequences of the
403 r"T'P mutation appeared less severe. Haplotyping of poly-
morphic markers in close linkage to the #-myosin heavy chain
gene can, thus, provide rapid analysis of non informative pedi-
grees and rapid detection of carrier status. Our results also
indicate that codon 403 of the j-myosin heavy chain gene is a
hot spot for mutations causing FHC. (J. Clin. Invest. 1993.
92:2807-2813.) Key words: familial hypertrophic cardiomyopa-
thy * molecular genetics - mutation hot spot * -jmyosin heavy
chain * microsatellite

are diverse, including syncope, angina, heart failure, and sud-
den death (even in asymptomatic patients). The major com-
mon denominator of these various presentations is ventricular
hypertrophy usually associated with microscopic evidence of
myocardial fiber disarray (1, 2). Linkage of the disease with a
locus on chromosome 14q 11 -q 12 was found in approximately
one third of the affected families (3-8). The #-myosin heavy
chain gene (MYH7) is the disease gene of this locus, and 16
different missense mutations, localized in exons coding for the
head and the head rod regions of the protein, were found in
various pedigrees (9-21). The most common mutation is in
exon 13, affecting the second nucleotide of codon 403 and
results in the substitution of an arginine by a glutamine residue.
It was found in eight families of various ethnic origin (9-14),
and it is associated with an early onset of the disease and a high
frequency of sudden deaths. Other mutations, such as
908 "' in exon 23, are associated with a less malignant
prognosis (10). Very recently, two novel localizations, one on
chromosome 1 (22) and one on chromosome 11 (23), without
identification of the corresponding disease genes, were re-
ported. Genetic diagnosis of FHCwill be difficult because of
the considerable genetic heterogeneity that has been identified.
Here, we have investigated the use of haplotyping microsatel-
lite markers located within chromosome 14q 1 -q12 locus to
(a) analyze linkage to this locus in pedigrees noninformative
with ,B-myosin heavy chain gene markers alone and (b) detect
carrier individuals. During the course of these studies, we have
identified two new missense mutations affecting the first and
the second nucleotides of codon 403.

Introduction

Familial hypertrophic cardiomyopathy (FHC)' is a clinically
and genetically heterogeneous cardiac disease transmitted as an
autosomal dominant trait with variable penetrance. Symptoms
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1. Abbreviations used in this paper: ECG, electrocardiogram; FHC,
familial hypertrophic cardiomyopathy; LOD, logarithim of the odds;
LVW, left ventricular end-diastolic wall thickness; MDE, mutation
detection enhancement.

Methods

Patient studies
After informed consent was obtained in accordance with the guidelines
set down by the Comite d'Ethique du Centre Hospitalier Universitaire
de la Piti&Salpetriere (Paris), clinical evaluation was performed as

previously described, and blood samples were obtained from probands,
their blood relatives, and their spouses (24). Subjects underwent de-
tailed clinical and cardiovascular examinations including 12-lead elec-
trocardiogram, M-Mode, two-dimensional echocardiography, and
Doppler ultrasonography. The main criteria were the presence of a left
ventricular end-diastolic wall thickness (LVW) > 13 mmunder classi-
cal echocardiographic incidences in the absence of other known causes

(i.e., hypertension, valvular stenosis) (2) and the presence of major
abnormalities on electrocardiogram (ECG) such as typical left ventricu-
lar hypertrophy or abnormal Q waves, in the absence of any known
cause. Subjects were classified as unknown in the following situations:

(a) the presence of borderline hypertrophy on echocardiogram (LVW
thickness = 13 mm)and/or incomplete systolic anterior motion of the
mitral leaflet produced by chordae tendinae; (b) normal echocardio-
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gram with minor changes on ECGsuch as ST-T modifications; (c)
death of unknown origin; and (d) deceased subjects without cardiovas-
cular examination as defined above or autopsy data.

Family 720 consisted of 52 individuals, 36 were alive, 33 were stud-
ied, 10 of them were affected, and 2 were considered as "unknown":
individual 111-4, 60 yr old, had an interventricular septum of 13 mm
and normal ECG. Individual IV-1, 20 yr old, had normal echocardio-
gram but negative T waves in leads D3, VF, negative P waves in Dl,
VL, QRSaxis was 00. The only child, individual IV-20, 12 yr old, was
defined as unaffected, since she had a normal ECGand her LVW
thickness value normalized for age, height, and weight was within the
normal values (25).

In family 730, there were 15 individuals, 13 were alive, and 10 were
studied. Six were affected, and individual II-2 was considered an obli-
gate carrier, although the only abnormality consisted of minor changes
in the ECG.

Microsatellite typing. Six highly informative dinucleotide (CA) re-

peats were tested to characterize the genotypes of all subjects: MYOI
and MYOII microsatellites, which correspond to intragenic sequences
of the MYH7gene (7), AFM199zf4, AFMO79zeS, and AFM242xa9,
reported in the genetic map of Weissenbach et al. (26), and
AFMO84ya1, a new marker from the Jean Weissenbach microsatellite
library. The precise order of the AFM markers with regard to the
MYH7gene has now been established (see Results). All PCRamplifi-
cations were performed on 40 ng of genomic DNAusing 50 pmol of
specific primers and 1 U of Taq DNApolymerase (Boehringer Mann-
heim, Indianapolis, IN). The time and temperature cycle conditions
were: 35-40 cycles of 40 s at 940C, 30 s at 550C without extension, and
one additional cycle of 3 min at 720C in a DNAthermal cycler (PHC2;
Techne, Cambridge, United Kingdom). PCRproducts were resolved
according to size by denaturing gel electrophoresis and transferred to
Hybond N' membranes (Amersham Corp, Arlington Heights, IL).
(CA)15 oligonucleotides were tailed with dNTPusing terminal transfer-
ase (Boehringer Mannheim). Membranes were hybridized overnight at
42°C with the tailed (CA). probe labeled with horseradish peroxydase
and specific binding was revealed using the enhanced chemilumines-
cence detection system (kit RPN2101; Amersham Corp.).

Detection of DNAheteroduplexes. Mutations in Families 720 and
730 were detected by analyzing amplified MYH7exons with mutation
detection enhancement (MDE) gels (Hydrolink-MDE gel; AT Bio-
chem, Malvern, PA (27). Oligonucleotide primers of exons 5,9,14,16,
17, 19, 20, and 23 were chosen in intronic flanking regions (28) with
the OLIGO program and those of exon 13 were taken from Epstein et
al. (10). Amplifications for MDEanalysis were performed using the
same conditions as for the (CA) repeat amplification except that all
PCRreactions were performed using 160 ng of genomic DNAand the
extension at 72°C was for 2 min. Before electrophoresis, PCRproducts
were denatured for 4 min at 94°C, then cooled slowly for 1 h until they
reached room temperature; this allowed a random reannealing of the
mutated strand with the normal strand (heteroduplexes) and of the
normal strand with the normal strand or the mutated strand with the
mutated strand (homoduplexes). 20% of the PCR products were
loaded on nondenaturing Hydrolink-MDE gels and electrophoresed in
0.6X Tris-borate/EDTA buffer at 300 V, 4 mA, 6 Wfor 18 h at room
temperature. Normal and altered migration resulting from conforma-
tion polymorphism was visualized by staining with 1 ,ug/ml ethidium
bromide.

Sequencing. Single-strand templates of exon 13 PCR fragments
were produced by an asymmetric PCRanalysis in each sense (29) and
were sequenced using the dideoxynucleotide chain termination
method (Sequenase kit; United States Biochemical Corp., Cleveland,
OH). The asymmetric PCRand the sequencing reactions were per-
formed using internal oligonucleotide primers.

Analysis ofrestriction enzyme site polymorphisms. After extraction
by phenol/chloroform and precipitation by ethanol, exon 13 PCR
products were digested for 2 h at 37°C by 10 U of the following restric-
tion enzymes: Aval (Boehringer Mannheim) for families 730 and 720,
StyI (Boehringer Mannheim) for family 730 and PflMI (United States

Biochemical Corp.) for family 720. The digested fragments were sepa-
rated by electrophoresis on 4%Nusieve agarose gels (FMC Corp. Bio-
Products, Rockland, ME) and were visualized either by ethidium bro-
mide staining of the gel or after transfer onto Hybond N' membrane
by hybridization with random primed radiolabeled PCR amplified
exon 13.

Statistical analysis. Two- and three-point logarithm of the odds
(LOD) scores were calculated with the MLINK and LINKMAPpro-
grams, respectively, of the LINKAGEpackage version 5.1 (30) assum-
ing an autosomal dominant FHCgene with a frequency of 0.0001, an
equal female and male recombination rate, and equal marker allele
frequencies. Because of the clinical variability of FHCand its age-de-
pendent expression, LOD scores were calculated with four liability
classes and penetrance increasing from 0.46 between 0 and 20 yr of age,
0.61 between 20 and 40 yr, 0.9 between 40 and 70 yr, to 1 for subjects
who were 2 70 yr (23). Phenocopy rates were as follows: 0.001 be-
tween 0 and 20 yr of age, 0.002 between 20 and 40 yr, 0.003 between 40
and 70 yr, and 0.004 above 70 yr. With the assumption of maximal
heterozygosity and age-dependent penetrance, simulated two-point
LODscores were 5.31 for family 720 and 1.28 for family 730 at O = 0.0.

Results

Two- and multi-point LOD scores. Six highly informative
markers (MYO I and MYOII corresponding to intragenic se-
quences of the MYH7gene and four AFMmarkers that have
been mapped nearby) were used to generate two-point LOD
scores for the two families (Tables I and II). Family 720 gave
significant maximum LODscores at 0 = 0.0 with MYOI and
MYOII of 3.39 and 3.34, respectively. AFMO79ze5was poorly
informative in this family, and no recombinant was detected.
The other markers, AFM199zf4, AFMO84yal and AFM242xa9
gave nonsignificant positive LODscores whatever the recombi-
nation fractions. Family 730 showed slightly positive maxi-
mumLODscores between 1.22 and 1.28 at 0 = 0.0 for MYOI,
MYOII, AFMO79ze5, and AFMO84yal. Three-point analysis
(MYO I, MYOII, and the disease) gave maximal LODscores
of 3.73 for family 720 and of 1.52 for family 730 for a recombi-
nation fraction of 0.0. All these results indicate that the gene
responsible for the disease is linked to the j3-myosin heavy
chain gene locus in family 720, but a similar linkage to the
MYH7locus could not be established for family 730.

Haplotyping of microsatellite markers. To determine the
order of the new AFMmarkers with respect to MYH7, we used
the available linkage data obtained with pSC14, an intragenic
biallelic probe of MYH7(4), and the new AFMmarkers which
have been genotyped in several CEPH(Centre d'Etude du Poly-

Table I. Two-point LODScores of FHCand Six Microsatellite
Markers Mapped on J4qJJ-qJ2 in Family 720

Recombination fractions (8)
Marker
name Locus 0.00 0.01 0.05 0.10 0.20

AFMl99zf4 D14S72 0.70 1.19 1.55 1.53 1.20
MYOI MYH7 3.39 3.34 3.12 2.82 2.15
MYOII MYH7 3.34 3.29 3.09 2.81 2.18
AFMO79ze5 D14S64 0.56 0.56 0.55 0.52 0.43
AFMO84yal * -0.002 0.56 1.09 1.23 1.11
AFM242xa9 D14S80 0.08 0.65 1.11 1.19 1.00

* The locus number of this marker is requested to genome data base.
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Table II. Two-point LODScores of FHCand Five Microsatellite
Markers Mapped on J4qJJ-q12 in Family 730

Recombination fractions (0)
Marker
name 0.00 0.01 0.05 0.10 0.20

AFM199zf4 -0.81 -0.35 0.13 0.29 0.35
MYOI 1.28 1.25 1.15 1.02 0.75
MYOII 1.22 1.19 1.10 0.97 0.72
AFMO79ze5 1.28 1.25 1.15 1.02 0.75
AFMO84yal 1.28 1.25 1.15 1.02 0.75

morphisme Humain) families. By multipoint analysis of the
marker alleles in these families, the most likely order (and
corresponding recombination fractions) was the following:
AFM199zf4, pSC14, AFMO79ze5 and AFM242xa9 (0.10,
0.03, 0.04). AFMO84yal was found to be tightly linked to
AFMO79ze5 (0.001). By haplotyping the alleles of these
various markers in family 720 (see Fig. 1), we were able to map
AFMO84yal distal to AFMO79ze5, as otherwise double recom-
binations would have occurred for individuals IV-6 and IV-7
between the markers AFMO79ze5, AFMO84yal and AFM242xa9
(AFM242xa9 alleles not shown). Weconclude that the order
of these markers is the following: AFM199zf4, MYOI, MYO
II, AFMO79ze5, AFMO84ya1, and AFM242xa9.

In Figs. 1 and 2 the haplotypes of the markers AFM1 99zf4,
Myo I, Myo II, AFMO79ze5, and AFMO84yal are shown. In
family 720, most of the affected subjects received the complete
haplotype 5-3-6-3-2 for AFM1 99zf4, MYOI, MYOII,
AFMO79ze5, and AFMO84yal (Fig. 1). Five fourth-genera-
tion individuals who were diagnosed as being unaffected
carried this full haplotype and in all cases, it is clear that they
received this haplotype from their affected parent. These sub-
jects are individuals IV-8 (26 yr old), IV-9 (24 yr old), IV-17
(23 yr old), IV-20 (12 yr old), and IV-21 (28 yr old). Using
only MYOI and MYOII as markers we would not have been
able to detect whether individual IV- 14 was carrying or not the
disease gene, since his two parents had the same haplotype 3-6
for MYOI and MYOII. In family 730, seven out of the nine
blood-related individuals carried the haplotype 3-2-1-2 for
MYOI, MYOII, AFMO79ze5, and AFMO84yal. This haplo-

II

III
1 2

44 31
33 12
12 34
51 33
42 35

6 rb, Figure 2. Inheritance of
3 4 FHCand chromosome

44 33 14q1 1 marker haplo-
24 21 types in family 730. See124 124
23 24 legend of Fig. 1.

type, which was transmitted by the deceased grandfather, cose-
gregated with the disease and was also carried by the unknown
individual III-4. Although the LODscores were nonsignificant,
it seems that MYH7was most probably the disease gene in this
family.

Identification of the 403Arg" mutation in family 720.
Exons 5, 9, 13, 14, 16, 17, 19, 20, and 23 of the MYH7gene,
amplified by PCR from the DNAof family members, were
examined on Hydrolink-MDE gels. DNAheteroduplexes mi-
grating more slowly than the homoduplexes were only detected
for exon 13-containing fragments amplified from DNAfrom
affected individuals. This polymorphism was detectable in af-
fected subjects and in the healthy young adults carrying the
affected haplotype. Direct sequencing of this fragment showed
the presence of a Gand a T at the same position corresponding
to the second nucleotide of the codon 403 (Fig. 3), and the
presence of a C and A at the same position when the other
strand was sequenced (data not shown). This G--T transver-
sion results in the replacement of an arginine 403 (CGG) by a
leucine (CTG). This mutation destroys a Aval site, thus
lengthening the 137 and 130 bp fragments found in normal
individuals to a 267-bp fragment (Fig. 4). In addition, this
mutation creates a new PflMI restriction enzyme site, thus,
shortening the 183-bp fragment found in normal individuals to
two fragments of 132 and 51 bp that were found in all affected
members of this family, in the unknown individual IV- 1 and in

9 '10 1112 13 14 15 l
3625 34 53 6
33 43 44 32
67 46 44 63
54 43 54 54
53 62 65 34 2

3 4 5 6 7 910 112 13 14 15 1 17
32 32 23 66 23 54 54 23 53 65 55 63 55
54 54 43 33 43 34 34 44 34 23 33 2233
44 44 46 67 46 64 64 44 64 36 66 33 66
64 64 45 34 45 34 34 45 35 35 35 34 35
66 66 65 25 63 25 25 66 26 1323 1423

18 19-20 21 22
53 15 1535
34 43 43 23
63 56 56 1 6
32 13 1343
24 42 42 62

Figure 1. Inheritance of FHCand chromosome 14q 1I
marker haplotypes in family 720. The pedigrees are
presented using standard nomenclature. Males
(squares) and females (circles) are identified by gen-
eration and subject number. The disease status of each
individual is indicated by shading (as follows): closed
symbols, affected; open symbols, unaffected; symbols
with a cross, unknown. Deceased individuals are rep-
resented by a slash. The arrows indicate genotypic
carriers. Alleles are listed from top to bottom:
AFM199zf4, MYOI, MYOII; AFMO79ze5,
AFMO84ya1.
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A C G T Figure 3. Nucleotide se-
quences of an heterozy-

¢e N M gous individual of fam-
-i ily 720. Single-strand

_w * Arg 403 Leu 403 DNAgenerated in both

~_# Ĝ G directions by PCRwere

-,----_ G - - T directly sequenced. The
C C heterozygous individual

too was characterized by the
presence of a Gand a

T at the same position corresponding to the second nucleotide of the
codon 403 (indicated by an arrow). N, normal; M, mutant.

the five unaffected individuals of the fourth generation carry-
ing the affected haplotype (IV-8, IV-9, IV-17, IV-20, and IV-2 1).

Identification of the 403Arg Trp mutation in family 730. The
search for heteroduplexes among the MYH7gene exons in
members of family 730 by the MDEtechnique revealed the
presence of a polymorphism in exon 13. Direct sequencing in
both directions of the exon 13 fragments showed the presence
of a C and a T at the same position corresponding to the first
nucleotide of the codon 403 (Fig. 5) or by the presence of a G
and a A at the same position when the other strand is se-
quenced (data not shown). This C-o-T transition results in the
replacement of arginine 403 (CGG) by a tryptophan (TGG).
This mutation also destroys the AvaI site (data not shown) and
creates a new Styl restriction enzyme site (Fig. 6), thus shorten-
ing the 167-bp fragment found in normal individuals to a 136-
and a 3 1-bp fragment that are found in all affected members of
this family, as well as in the unknown individual 111-4 who
carried the affected haplotype, but not in the two unaffected
blood related subjects I-2, III-2.

Clinical characteristics of the 403Arg-'I' mutation. In fam-
ily 720, FHCwas diagnosed in nine affected living (and non-
transplanted) subjects. Left ventricular hypertrophy was asym-
metrical (septum vs posterior wall thickness ratio: mean±SD

OS~~*DO
Iml III IV IV IV IV IV IV III
20 19 20 21 22 14 15 16 17 16

N M Figure 5. Nucleotide
A C G T sequence of an hetero-

G G zygous individual of
G G family 730. Single-_- C T strand DNAgenerated

in both directions by
PCRwere directly se-

Arg 403 Trp 403 quenced. The heterozy-
gous individual was

characterized by the presence of a C and a T at the same position
corresponding to the first nucleotide of the codon 403 (indicated by
an arrow). N, normal; M, mutant.

= 2.1±0.4) and pronounced (interventricular septum thick-
ness: mean±SD = 20.7±5.2 mm; range = 14-30 mm).

There was a high incidence of deaths and cardiac events in
this family (see Table III): three sudden deaths at the ages of
15, 16, and 24 yr (individuals IV-19, IV-23, IV-24, respec-
tively), two heart transplantations at the ages of 49 and 59 yr
(individuals III-12 and III-7, respectively) and one cardiac fail-
ure at the age of 58 yr (individual III-10). The hearts of these
last three individuals exhibited dilation of the cardiac cavities
associated with a marked hypertrophy of left ventricular and
muscle fibers (diameter = 35-50 jim). In contrast, the autopsy
of individual IV-24 exhibited a typical form of asymmetrical
HCMwithout any sign of dilation.

Among the 20 living individuals of the fourth generation,
12 carried the mutation: as shown in Table IV, six individuals
had echocardiographic evidence of left ventricular hypertrophy
( 17-30 yr old, interventricular septum thickness = 16-27 mm)
with or without abnormal 12-lead ECGsand six other individ-
uals showed no sign of interventricular ventricular hyper-
trophy (12-28 yr old, septum thickness = 8-11 mm). The
403Ax-=tu mutation was thus associated in this family with
only a partial penetrance in adults.

Clinical characteristics of the 403Arg--TrP mutation. The de-
gree of LV hypertrophy in individuals of Family 730 carrying
the mutation is given in Table V. Interventricular septum
thickness did not exceed 17 mm. The affected individuals 11-2,
111-1, and III-3 (51, 30, and 33 yr old, respectively) showed no
sign of left ventricular hypertrophy on echocardiogram and
affected status diagnosis was based on the presence of impor-
tant electrocardiographic abnormalities. Moreover, there was
no evidence of sudden death or heart failure in this small fain-

267

137
130

Ava I

PflM I
183
132

Figure 4. Genotypic diagnosis by restriction enzyme digestions in
family 720. Individuals of family 720 shown on this figure are identi-
fied by their genealogical numbers. The abolition of the AvaI restric-
tion enzyme site induces the presence of a new uncut fragment of 267
bp in the affected individuals (black symbols) and in the unaffected
carriers (spotty symbols). The creation of a PflMI site induces the
presence of a new 1 32-bp fragment in all affected subjects and car-
riers. All the members of the families have been studied and the di-
gestion products cosegregated with the disease.

m II II 111 Ll
4 8 7 3 6

II II 11 1 1
2 4 2 2

sty I

Figure 6. Genotypic diagnosis by restriction enzyme digestion in

family 730. Individuals are identified by their genealogical numbers.

The creation of a StyI site induces the apparition of a new 1 36-bp
fragment in the affected and unknown individuals.
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Table III. Ages and Causes of Death in Family 720

Subject Clinical
number status Cause of death

11-2 Affected Obligate carrier, deceased at 74 yrs
II-3 Affected Obligate carrier, deceased at 90 yrs
111-7 Affected Transplanted at 59 yr, deceased at 60 yr,

dilated form of cardiomyopathy
111-8 Unknown Sudden death at 65 yr
111-10 Affected Deceased at 58 yr, dilated form of

cardiomyopathy
111-15 Affected Traumatic cause
111-21 Affected Deceased at 66 yr after noncardiac surgery
IV-13 Unknown Traumatic cause at 16 yr
IV-19 Affected Sudden death at 15 yr
IV-23 Affected Sudden death at 16 yr
IV-24 Affected Sudden death at 24 yr, autopsy proven

ily. This finding suggests that the 403 Arg--o Trp mutation may
not be as malignant as the 403 Arg--'Leu mutation.

Discussion

The results of this study show that in two families with FHC,
haplotyping for microsatellites closely linked to the #-myosin
heavy chain gene on chromosome 1 4q 1 1 -q 12 allows identifica-
tion of the defective allele, even in small pedigrees. Since a
minimum of at least three different genes can cause FHC, it
will be of great interest to screen families to determine which
disease gene they carry. The panel of microsatellite markers
described here should provide a useful tool to perform this
analysis on chromosome 14, and equivalent panels will soon be
available for the other chromosomal localizations recently de-
scribed (22, 23). This can now be used to characterize the
genetic origin of the disease in new families and to identify
unaffected carriers.

The novel mutation in exon 13, 403ig-Trp, is a C to T
transition at the first nucleotide of codon 403. The mutation
previously reported in exon 13, 403,"GIn, is a G to A transi-
tion at the second nucleotide of the same codon. These two
mutations are consistent with the accidental deamination of
5-methylcytosine in a CpG doublet. It has now been estab-
lished that the CpGdinucleotides play a prominent role in the
emergence of mutations in man (3 1 ). In higher vertebrates, the
majority of the cytosines belonging to 5' CpG3' doublets are
5-methylated and the accidental deamination of a 5-methylcy-
tosine leads to a transition to thymine, which is not excised by
the DNArepair system, thus resulting in an irreversible point
mutation. Such transitions may occur on either the coding or
the noncoding strand of the gene, thus resulting in the replace-
ment of a CGby either TGor CA. The association of these two
point mutations at the same codon level, resulting in the re-
placement of an arginine by a tryptophan or a glutamine, has
already been described in several genetic diseases such as phen-
ylketonuria and hemophilia A and B (32, 33). By analyzing the
numerous mutations reported in the human Factor IX gene, it
has been shown that C-*T and G--oA transitions at the dinucle-
otide CpGare increased by 2 26-fold relative to other transi-
tions at any other dinucleotide, and that they are clearly the
most frequent missense mutations responsible for human dis-
eases (33). The second mutation observed here, 403Ar"-Leu, is
a transversion occurring at the second nucleotide of codon 403
residue. In human Factor IX mutations, transversions at CpG
dinucleotides are elevated by approximately sevenfold relative
to other transversions reinforcing the fact that methylated CpG
dinucleotides are mutation hot spots (33). The CpGdinucleo-
tide of codon 403 of the #-myosin heavy chain gene, therefore,
has all the characteristics of a mutation hot spot: (a) indepen-
dent occurrence of the two typical types of transitions and of
one transversion at the same locus and (b) high frequency of
these mutations, since they concern 10 out of - 30 families
with known mutations (9-2 1). The missense mutation
403 Arg-oGIn probably arose more than once during human evo-
lution since it has been found in several Caucasian families

Table IV. Comparison of the Ages, Clinical Status, and Echocardiographic and Electrocardiographic Data
of Family 720 Fourth Generation Individuals Carrying the Mutation

Subject Clinical
number Sex/age status S LVFW SAM ECG

yr mm mm

IV-6 M/23 Affected 18 12 + ST-T, Q (D2, D3, VF)
IV-1 I M/17 Affected 16 10 + LVH
IV-12 M/20 Affected 22 9 + Missing data
IV-15 F/21 Affected 27 11 + LAD; Q (D3) ST-T (D3, VF)
IV-18 M/30 Affected 20 9 + LAD; Q(VL), LVH, ST-T (V3, V6)
IV-22 F/25 Affected 17 8 - RAD; ST-T (D2, D3, VF, V5, V6); LVH
IV- 1 F/20 Unknown 8 8 - P, ST-T (D3, VF)
IV-8 F/28 Unaffected 11 11 - N
IV-9 F/24 Unaffected 10 9 - N
IV-17 F/24 Unaffected 9 9 - Minor ST-T changes in D2, D3, VF
IV-20 F/12 Unaffected 8 8 - N
IV-21 M/18 Unaffected 10 10 - N

S, end diastolic interventricular septum thickness; LVFW, left ventricular end-diastolic free wall thickness; SAM, systolic anterior motion of the
mitral valve; M, male, F, female, LVH, left ventricular hypertrophy; Q, abnormal Qwave; ST-T, ST-T modifications; P. abnormal P wave;
RAD, right axis deviation; LAD, left axis deviation; D2, D3, V3, V5, V6, VF, VL are conventional electrocardiographic leads; N, normal.

A Mutation Hot Spot in Familial Hypertrophic Cardiomyopathy 2811



Table V. Comparison of the Ages, Clinical Status, and Echocardiographic and Electrocardiographic Data
of the Individuals of Family 730 Carrying the Mutation

Clinical
Sex/age status S LVFW SAM ECG

yr mm mm

II-2 F/51 Affected 10 9 - ST-T (D2, D3, VF)II-4 F/52 Affected 17 10 - LVH, ST-T (V2 -- V6, DI, D2, VL, VF)
11-6 F/55 Affected 14 10 - LAH; LAD; ST-T (DIVL), Q(D2, D3, VF)
11-8 M/48 Affected 14 12 - LVH; ST-T (V3 V6)
111-1 M/33 Affected 13 9 - LAH, LVH, Q(D3, VF), ST-T(DI, D2, D3, VF, V5, V6)
111-3 F/31 Affected 10 10 - Q (V3 -) V6)
111-4 M/19 Unknown ND ND ND N

LAH, left atrial hypertrophy, ND, non determined.

(9-13) and in one Korean family ( 14). 403AI-Leu and
403Arg-XP are clearly two separate mutational events, whose
discovery indicates the existence of a mutation hot spot in the
f-myosin heavy chain gene. Missense mutations have not been
identified in active sites located in the head part of the ,B-MHC,
nor in the rod part of the protein. This is probably because of
either the lethality or to the absence of physiopathological con-
sequences of such events. So far, mutations have only been
identified around the active sites in the head part of the ,B-
MHC.Thus, one might hypothesize that the substitution of the
arginine residue 403, a very conserved amino acid (9), plays a
major role in the physiopathology of the FHC, which remains
to be elucidated.

Mutation 403Arg-Iu appeared to be malignant in family
720: its phenotypic expression was characterized by a severe
and asymmetrical pattern of left ventricular hypertrophy on
echocardiogram, a high incidence of cardiac failures and sud-
den deaths or transitions to dilation of the left ventricle asso-
ciated with marked wall and fiber hypertrophy. In a younger
individual, the autopsy exhibited a typical form of asymmetri-
cal FHCwithout any sign of cardiac dilation. These findings
suggest that the cardiac dilation observed in patients who are
obligate carriers of the disease was the evolution of a previously
hypertrophic form of cardiomyopathy. Although mutation
403Arg-'Lu was associated with a high incidence of cardiac
events, six fourth-generation young adults carried the mutation
without any phenotypic expression. The follow-up ofthese indi-
viduals by serial cardiovascular examinations will help to de-
termine whether they will develop the disease in the future and
to what extent. In family 730, the phenotypic-genotypic rela-
tionship must be discussed with caution because of the small
size of the pedigree. However, the degree of left ventricular
hypertrophy appeared to be moderate in the affected subjects
and there was no report of sudden death, suggesting that in this
family the mutation involved is less severe than the 403 AgBLu
mutation. Finally, a partial penetrance was found with the
403Arg-IU mutation in family 720 and, to some extent, with
the 403ArgTTP in family 730. This contrasts with the full pene-
trance observed in the large pedigrees carrying the previously
described 403Arg--'l mutation ( 10, 11). Varying clinical pat-
terns of FHCthus appear to be associated with the presence of
three different amino acids at position 403 in f-myosin heavy
chain protein. Analysis of other pedigrees carrying these spe-
cific mutations will be necessary to confirm these observations.
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