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Abstract

Background—Mutations in the cardiac §
myosin keavy chain gene causing hyper-
trophic cardiomyopathy have been
identified, and to assist both diagnosis
and prediction of outcome attempts have
been made to correlate phenotype and
genotype. Two new mutations in codon
403 of the gene in three unrelated families
are described and attention drawn to
variable or even absent phenotypic
expression in different family members.
Methods and results—The polymerase
chain reaction and heteroduplex analysis
on Mutation Detection Enhancement gels
were used to search for mutations in the
globular head of the f myosin heavy
chain gene in families with hypertrophic
cardiomyopathy. Two mutations were
found in exon 13 (codon 403) of the gene.
In two unrelated Polish families the
mutation resulted in the conversion of
arginine to tryptophan (CGG - TGG). A
second mutation, found in a British fam-
ily, converted the same arginine to
leucine (CGG — CTG). These mutations
were detected in family members who
had electrocardiographic and echo-
cardiographic features typical of hyper-
trophic cardiomyopathy; however, they
were also detected in 7 other adult
relatives with an abnormal electro-
cardiogram but a normal echocardio-
gram. Two unrelated adult relatives had
completely normal clinical findings but
carried the gene mutation.
Conclusions—]dentification of a specific
mutation gives no guide to the clinical
phenotype. There is considerable
variability in the phenotypic expression
of hypertrophic cardiomyopathy.
Mutations were detected in adults pre-
viously regarded as normal or in whom
the diagnosis was questionable. The fact
that the clinical significance of the muta-
tion in these people is still unknown
emphasises the dilemma facing screening
programmes. Isolated, unexplained elec-
trocardiographic abnormalities in first
degree relatives in a family with a defini-
tive diagnosis of hypertrophic cardio-
myopathy should be regarded as evidence
of a carrier state.

(Br Heart § 1994;72:105-111)

Hypertrophic cardiomyopathy (HCM) is
characterised by unexplained hypertrophy of
the non-dilated left ventricle with myocyte
and myofibrillar disarray.'? The clinical diag-
nosis is based on physical examination, elec-
trocardiography, and  echocardiography
showing an increase in left ventricular wall
thickness. The clinical features are not always
remarkable and in some cases minor abnor-
malities lead to a doubtful diagnosis. The
apparent coexistence of HCM with hyperten-
sion, athletic training, old age and Afro-
Caribbean origin confuses the issues.

The demonstration of linkage to the
MYH?7 locus on chromosome 14qll-ql123
and subsequent identification of mutations
associated with the disease has facilitated
genetic diagnosis in some affected families.*>
Recent reports of the assignment of a further
three loci on chromosome 1q3,% 11,7 and
1592 confirm the genetic heterogeneity of
this complex disease.

The proportion of pedigrees with HCM
caused by mutation at each of these loci
remains to be established. Consequently,
analysis of new families presenting for
diagnosis and genetic counselling is not
straightforward, particularly as the proximity
of markers to these new loci, with the excep-
tion of the MYH?7 gene, is not yet close
enough to allow their accurate use. The situa-
tion is further complicated by the fact that
most families are not large enough or have a
suitable structure for conventional linkage
analysis, especially if the pedigrees include
equivocal cases. Systematic screening of the
entire exon complement of MYH7 is then
necessary.

Attempts have been made to correlate
genotype with clinical manifestations in fami-
lies with mutations in MYH7, both in terms
of prognosis and to identify earliest signs of
the disease. Watkins er al reported a correla-
tion between the nature of the amino acid
substitution, net charge change, and progno-
sis.* They suggested that a change in charge
leads to an unfavourable prognosis.
Subsequent studies, however, showed that
different missense mutations in the globular
head of the MYH?7 gene can give rise to similar
phenotypes.®12

We report two new mutations in exon 13 of
the MYH?7 gene in three families that illus-
trate a full range of phenotypic heterogeneity
and the problems faced by clinicians. As well
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as patients with definitive clinical HCM, these
families include members showing only partial
expression of the mutation or no detectable
abnormality. It remains difficult to predict the
outcome in each gene carrier because before
the introduction of DNA analysis this variable
phenotypic expression was not recognised.

Patients and methods

CLINICAL ANALYSIS

Three white Europeans were seen as part of a
collaborative study to identify the genetic
defect giving rise to HCM. A total of 27 family
members were evaluated by clinical history,
physical examination, 12 lead electrocardio-
gram, and echocardiography (Hewlett
Packard Sonos 1000 and 1500 and Toshiba
Sonolayer SSH-160A ultrasound scanners).
Standard two dimensional images from the
parasternal long and short axis and apical four
chamber views were examined for left ventric-
ular hypertrophy and to assess its distribution.
Continuous and pulsed wave Doppler exami-
nations were used to assess left ventricular fill-
ing characteristics and left ventricular outflow
tract velocities. An unexplained left ventricu-
lar end diastolic wall thickness of >13 mm
was deemed abnormal. These criteria were
adjusted for age and weight. Electro-
cardiograms were analysed according to stan-
dard criteria.!> There was no history or
evidence of hypertension or athletic training
in any family member. A confident clinical
diagnosis of HCM was made when echocar-
diography showed unexplained hypertrophy.
A tentative diagnosis of HCM was made
when there was -an electrocardiographic
abnormality but no echocardiographic evi-
dence of hypertrophy.

CLINICAL DESCRIPTION
The table summarises the clinical details in
the three families.

Comparative clinical data on carriers of the two mutations in codon 403 of the MYH?7 gene

Family A

Clear clinical features of HCM were recog-
nised in the proband (III/3) in this Polish fam-
ily (fig 1A) when she was 15. For 4 years she
had complained of atypical chest pains, short-
ness of breath (NYHA II) and palpitation on
exertion. Physical examination showed a sys-
tolic ejection murmur at the left sternal edge.
The electrocardiogram showed inferolateral
ST/T wave abnormalities and there was
severe asymmetrical left ventricular hypertro-
phy on echocardiography with an interventric-
ular septal wall thickness (IV SWT) of 40 mm
compared with a posterior wall thickness
(PLVWT) of 10 mm. There was no systolic
anterior motion of the mitral valve or left ven-
tricular outflow tract (LVOT) obstruction,
though colour Doppler showed mild mitral
regurgitation. On exercise testing her perfor-
mance was limited by dyspnoea and the blood
pressure response was flat. Holter monitoring
did not show any important arrhythmias. She
was treated with verapamil and her condition
remained stable for at least 4 years.

All other cases in the family were detected
during the course of family screening. The
proband’s grandmother, (I 1) aged 67, was
symptom free apart from shortness of breath
(unrelated to exertion) but she had typical
asymmetrical left ventricular hypertrophy
(AVSWT 16 mm) on echocardiography, with
inferior Q waves on the electrocardiogram.

The proband’s mother (II/2), screened at
40, had symptoms of chest pain, shortness of
breath (NYHA III), palpitation, and syncope
on exertion. Her physical examination was
normal but she had lateral Q waves on the
electrocardiogram, and echocardiography
showed asymmetrical left ventricular hyper-
trophy IVSWT 19mm).

The proband’s brother (III/5) was symp-
tom free when initially screened at the age of 9
with normal physical examination but had
evidence of left ventricular hypertrophy on

Symptoms Echocardiogram
Dyspnoea wvswrT PLYVWT Clinical
Parient AgelSex Chest pain  (NYHA) Syncope  ECG (mm) (mm) Comment status
Muzation CGG-Arg to TGG-Trp
Family A:
11 67/F - + - Inf Q 16 11 Inc SAM HCM
m2 44/F + m + Iat Q 19 12 N HCM
2 22/F - - . N 11 12 N N
III 3 19/F + II - ST/T 40 10 MR HCM
s 9/M - - - LVH/inflat Q 9 9 . Equivocal
Family B
11 79/F - - - Small lat Q NA NA NA Equivocal
I1 50/F - - - Small inf Q 10 7 N Equivocal
I3 56/F - - - Lat Q, LAH 11 11 N Equivocal
1 22/M + - - LVH, ST/T 27 8 SAM,MR,LVOTO HCM
II1 2 19/M + - - LVH, ST/T 34 15 SAM,MR,LVOTO HCM
I 3 28/F - - - N 8 9 N N
Mutation CGG-Arg to CTG-Leu
Family C
1 47/M - i - ST/T, IRBBB 17 14 Reversed E/A HCM
14 50/F - - - LVH, inf Q, ST/T 11 11 N Equivocal
1 23/M - - - LVH, inflat Q, ST/T 10 11 N Equivocal
I 2 19/F - - - ST/T 10 10 N Equivocal
111 3 26/M - - - LVH, lat Q ST/T 8 8 N Equivocal
111 4 24/M - — - LVH 24 10 SAM,MR,LVOTO HCM
ms 22/F + pusg + LVH, LAH 20 10 SAM,LVOTO HCM

HCM, hypertrophic cardiomyopathy; equivocal, abnormal ECG & non-diagnostic echo; N, normal; IVSWT, interventricular septal wall thickness; PLVWT,
posterior left ventricular wall thickness; LVH, left ventricular hypertrophy; LAH, left atrial hypertrophy, IRBBB incomplete right bundle branch block; STIT
ST/T wave changes, lat, lateral; inflat, inferolateral; inf, mfenor, MR, mitral regurgitation; LVOTO, left ventricular outflow tract obstruction; reversed E/A,
reversed E/A ratio; inc SAM, incomplete systolic anterior motion of mm-al valve; NA, not available.
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Figure 1 Pedigrees of farmhes A, B, and C in which hypertrophic cardiomyopathy segregates as an autosomal dominant trait. Solid symbols, affected
individuals; open symbols, unaﬁ”ected or unknown status; shaded symbols, individuals with an equivocal diagnosis who had abnormal electrocardiograms
and normal echocardiograms; slashed symbols, deceased. Arrow indicates proband. Asterisks indicate carriers of the mutation. Numbers in italics are the
interventricular septal wall thickness (IVSWT) and posterior left ventricular wall thickness (PLVWT) in mm.

electrocardiogram with small Q waves FamilyC
inferolaterally. Echocardiography was normal. HCM was diagnosed in the proband in this
His clinical diagnosis was equivocal in view of  British family (III/5, fig 1C) when she was 21.
his age and electrocardiographic abnormali- She presented with dyspnoea on exertion
ties. (NYHA III), atypical chest pain, palpitation,
The proband’s sister (III/2) aged 22 was and syncope. She had typical signs of HCM
symptom free with a normal physical examin- on physical examination with evidence of a
ation, electrocardiogram, and echocardiogram. left ventricular outflow tract gradient. The

Clinically, she appeared to be unaffected. electrocardiogram showed left ventricular
hypertropy (fig 2) and echocardiography con-
Family B firmed asymmetrical left ventricular hypertro-

In a second Polish family (fig 1B) HCM was phy (IVSWT 20 mm), systolic anterior
diagnosed in the proband (III/2) when he was  motion of the mitral valve, and a variable left
9. He presented with atypical chest pains and  ventricular outflow tract velocity of 4-6 m/s.
exertional presyncope. He was active and had  Holter monitoring showed multifocal ventricu-
no other symptoms. On examination he had a  lar extrasystoles and sinus tachycardia with
systolic murmur consistent with HCM. The ST segment depression at the time of presyn-
electrocardiogram showed left ventricular cope. Exercise capacity was reduced, with a
hypertrophy with widespread ST/T changes. maximal oxygen consumption of 205
Echocardiography confirmed asymmetrical ml/kg/min, a flat blood pressure response, and
left ventricular hypertrophy AVSWT 34 mm) inferolateral ST segment depression (3 mm).
systolic anterior motion of the mitral valve Despite treatment with xamoterol, verapamil,
and left ventricular outflow tract obstruction and diuretics the symptoms continued.
(3-0 m/s). When he was 19 Holter monitoring The rest of the family had routine family
showed non-sustained ventricular tachycardia screening. Only the proband’s maternal uncle
and he showed a flat blood pressure response  (II/1) and sibling (III/4) had features typical
on exercise testing. Ventricular fibrillation was of HCM on electrocardiogram and echocar-
induced during electrophysiological testing, diogram (IVSWT 17 mm and 24 mm respec-
and treatment with amiodarone was started. tively). All other members of the family had
He collapsed and died while running to uni- abnormal electrocardiograms (fig 2) but nor-
versity. A necropsy was not performed. mal echocardiograms at the ages of 19, 23,
HCM was diagnosed in a brother, (II/1) 26, and 50. A diagnosis could not be con-
aged 22, during family screening when he was  firmed until the genetic analysis verified the
12. He had similar symptoms and clinical presence of a pathogenetic mutation in these
signs to III/2. He also had left ventricular individuals.
hypertropy on the electrocardiogram and had No clinical, electrocardiographic, or
an IVSWT of 27 mm measured on echocar- echocardiographic abnormalities were
diography. Holter monitoring and exercise detected in the three families except for a case
testing were normal. He remains stable on  of mild mitral valve prolapse and a case of
treatment. voltage criteria for left ventricular hypertrophy
The proband’s father could not be screened  on electrocardiogram in a thin, mildly athletic
but his mother (Il/1), grandmother (I/1), and young man.
maternal aunt (II/3) all had abnormal electro-
cardiograms (table) and normal echocardio-
grams. The proband’s maternal cousin, III/3 MOLECULAR ANALYSIS
aged 28, showed no evidence of the condition = Genomic DNA was isolated from peripheral
on physical examination, electrocardiogram, blood by standard techniques. The exons cod-
or echocardiography. She was considered to ing for the globular head of the MYH?7 gene
be unaffected. were systematically screened by heteroduplex
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analysis followed by direct sequencing of
probands from all the HCM families.

The exons were amplified with primers
designed to the flanking regions.!* The
oligonucleotide primers used for polymerase
chain reaction amplification of exon 13 of
MYH?7 are: 13F 5' GCTCTTGCCTTTTC-
CTTCCAG 3' and 13 R 5 TGCTGGA-
CATTCTGCCCCTT 3'. We used a different
reverse primer for sequencing (13R2m 5'
TGAGCAGGGTTGTTGGGAAG 3"). Bio-
tinylation of one primer was required. The
PCR amplification was carried out in a total
volume of 50 ul containing 100-200 ng of
genomic DNA, 50 pmol each of the forward
and reverse primer, 250 uM each dNTP and
1 unit of Dynazyme Taq polymerase
(Flowgen). Samples were initially denatured
at 94°C for 10 min, followed by 40 cycles at
56°C for 1:5 min, 72°C for 4 min, 92°C for
40 s.

We used streptavidin magnetic beads
(Dynal, Norway) and alkali denaturation to
prepare the PCR templates required for
sequencing.!” We used Sequenase Version 2
for dideoxy sequencing. Heteroduplex analy-
sis was performed on Mutation Detection
Enhancement gels (Hydrolink MDE gels, AT
Biochem). PCR products were heated to
94°C for 5 min, left to cool slowly to 37°, and
then put on ice. Ten per cent of the products
were loaded on non-denaturing Hydrolink
MDE gels and electophoresed in 0-6 x TBE
at 400 V for 11 hours. The gels were stained
with ethidium bromide and visualised on a
UV transilluminator.

Results
Heteroduplex analysis and direct sequencing
of the PCR product corresponding to exon 13
of the MYH7 gene detected two different
mutations in codon 403. The first mutation,
detected in pedigrees A and B, results in the
conversion of a cytosine into a thymine
residue at nucleotide position 1293!¢ within
exon 13 (fig 3A). This base substitution con-
verts arginine (CGGQG) to tryptophan (TGG) at
amino acid position 403 with an alteration in
charge from +1 to 0. In the second mutation,
detected in pedigree C, guanine replaced
thymine (fig 3B) at nucleotide position
1294, converting the arginine 403 (CGG)
into a leucine (CTG) and changing the charge
from +1to 0.
Neither mutation was seen in 100 normal
: : N S chromosomes or in 48 other unrelated HCM
| I I avR avL aVvF chromosomes. Analysis of the sequence in the
immediate vicinity of the substitution pre-
dicted that whereas both mutations result in
the abolition of an Ava I site, the first muta-
‘ o tion creates a Pfl MI site and the second a Sty
= - —ray M I restriction site. Direct digestion of the PCR
i ol i I I P O product of genomic DNA is therefore an
independent and rapid method of detection.
Figure 4A shows the Ava 1 digestion of the
PCR amplified product corresponding to
exon 13 in family A. Digestion of the product
from a normal individual with this enzyme
Figure 2 Electrocardiograms of the third generation of family C. generates two fragments 90 and 49 bp in size

ws A
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Figure 3 Direct
sequencing of the
amplification product of
exon 13 of the MYH7
gene. Sequence
comparisons between an
affected and a normal
individual in (A) family
A, showing the CGG—
TGG (arginine to
tryptophan) substitution
(this mutation was also
detected in family B), and
(B) Family C, showing
the mutation CGG—CTG
(arginine to leucine)
substitution.

Uncut
Control
ITI/1

I/1
II/2

139 —E
90 ——

49 —

A GATC GATC
B
B C~
rgg
3
B .
X
€ C
Arg G — ~4—G/T Leu
G : G
3

Affected

Normal

(fig 4A, control). The loss of the Ava I site
caused by the mutation detected in this family
generates an additional 139 bp fragment, cor-
responding to the uncut mutant allele (Fig
4A, III/3).

In addition to the proband, the mutation
was also detected in two family members in
whom HCM was diagnosed in the course of
family screening—individuals I/l and II/2.
They both showed signs and symptoms con-
sistent with HCM. Individual III/5, a 9 year
old sibling who had an equivocal diagnosis
also has the mutation. Strikingly, it was also
detected in III/2, the proband’s 22 year old
sister. She remains symptom free and is clini-
cally normal. Carrier status was inferred in
both III/2 and III/5 from the genotype analy-
sis of the polymorphic microsatellite sequence
MYH?7/124 in an earlier study.!?

Conversion of the arginine residue at posi-
tion 403 to tryptophan was identified as the
mutation in family B. After the mutation was

B
+ —~ &N ™
T I 5 oo XSS
H = 0O N~ N H H H
H H H H g H O H O H H oH
H H H H D H H H H H

139 =
90 =

49 —

confirmed in the proband (IIl/2, fig 4B) the
substitution was detected in III/1 in whom
HCM had been diagnosed during routine
screening. Of the remaining relatives, three
individuals, in whom diagnosis based on the
isolated presence of electrocardiographic
abnormalities had been equivocal, were also
shown to be carriers. Finally, the mutation
was also identified in the proband’s 28 year
old cousin (ITI/3), who showed no evidence of
the condition.

The second mutation, a conversion of argi-
nine to leucine, also in codon 403, was
detected in family C (fig 4C). The mutation
was detected in the proband (III/5), her sib-
ling (II/4), and maternal uncle (II/'1), who
were not diagnosed until routine screening.
Individuals II/4, III/1, II/2, and III/3 also
carry the mutation. In these individuals the
diagnosis of HCM based on isolated electro-
cardiographic abnormalities was regarded as
equivocal.

Discussion

Geisterfer-Lowrance et al reported that muta-
tion in codon 403 of the cardiac § myosin
heavy chain gene causes HCM.!” Our identifi-
cation of two new mutations within this
codon supports the suggestion that it is a
mutation hot spot.'* However in the absence
of a consistent correlation between phenotype
and mutation within this codon, the biological
significance of this observation remains to be
established.

In the three families that we report there
was a striking lack of phenotypic concordance
with the specific mutations. Watkins ez al sug-
gested that the nature of the mutation may
predict prognosis, such as predisposing carri-
ers to a likelihood of sudden death.* In the
present three families, however, sudden death
had occurred only in family B, despite the
families having non-conservative mutations.
This contrasts with the poor prognosis associ-
ated with the arginine — glutamine mutation
in this same codon. The geographical proxim-
ity of the two Polish families may indicate a
founder effect, although a common ancestor
has yet to be identified.

The expression of the genetic defect was
highly variable. HCM was diagnosed in first
degree relatives by routine screening. Several

Uncut
I/2
Control
I1/2
II/1
I1/4
I1/3
III/1
I1I/2
III/3
II1/4
III/5

Figure 4  Digestion of the amplified product of exon 13 with Ava I in the three pedigrees studied. Products were digested at 3 7°C for 4h and resolved on
2% agarose 2% NuSteve. Digestion of the PCR product from normal individuals generates two fragments—90 and 49 bp. Abolition of an Ava I site by
the two mutations results in the detection of an additional 139 bp fragment.
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of the adults were largely symptom free but
showed clear electrocardiographic and
echocardiographic evidence of the disease. A
mutation was also detected in family members
with an abnormal electrocardiogram in the
absence of definitive echocardiographic evi-
dence. Though this is not surprising in family
A, in which III/5 the proband’s brother was
only nine years old,!® several of these individu-
als are over 50 years old and would have been
expected to have fully developed clinical fea-
tures of the disease.

Two clinically unaffected individuals (family
A—III/2 and family B—III/3), aged 22 and 28
years respectively, were identified as carriers
of the mutation. This is especially surprising
in view of the severity of the disease within the
same generation in each family AVSWT >27
mm), including a case of sudden death in
family B

Understanding the basis of this variability
of expression is just as important as identify-
ing the wunderlying mutations. Several
explanations have been propsed including
gene regulatory mechanisms which modify
phenotypic expression? and environmental
factors such as hypertension? or athletic
training.?

The electrocardiographic changes associ-
ated with HCM are variable”® and non-
specific. In these three families we have found
that the electrocardiogram was a more sensi-
tive marker of carrier status than wall thick-
ness measured on the echocardiogram.
Various changes were seen on the electrocar-
diogram: left ventricular hypertrophy, Q
waves, or ST/T changes. Electrocardiograms
from individuals with an equivocal diagnosis
and those with overt HCM were similar,
though Q waves were more common in those
with an equivocal diagnosis (88% vs 25%).
The exact significance of this is unclear.

Counselling of carriers, who until now have
been given a tentative diagnosis of HCM or
more importantly have even been told that
they are unaffected, must be carefully consid-
ered. We cannot predict the outcome in clini-
cally unaffected individuals and the
psychological impact of being told the genetic
diagnosis can be extremely disturbing.
Sudden death has occurred in patients with-
out left ventricular wall thickening in whom
classic myocardial fibre disarray was found at
necropsy.? None was known to have had a
normal electrocardiogram. Because there are
no recorded cases of sudden death occurring
in an individual with a normal electrocardio-
gram, adults who are genetic carriers but who
have normal electrocardiographic and
echocardiographic findings can be reassured.
Those aged less than 20 may not yet have
developed the characteristic macroscopic
hypertrophy that is detected by echocardio-
graphy; the electrocardiogram becomes
abnormal earlier”® probably reflecting disar-
ray. Carriers with abnormal electrocardio-
grams need serial follow up examinations.

Finally, the evidence of incomplete expres-

sion of the genetic defects presented here indi-
cates that more importance should be given to
the electrocardiogram. When HCM has been
confirmed within a family, we believe that a
definite electrocardiographic abnormality,
without an alternative clinical explanation,
should be regarded as diagnostic for carrier
status in first degree relatives.

We thank Dr Ketty Schwartz and Dr Pascale Guicheney for
supplying their paper on a mutation hot spot in codon 403 of
the MYH?7 gene before publication and for their interest in this
work. We also thank Mr Jaime Carvajal for his computation
skills and time. This study was partially funded by CORDA.
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ABSTRACTS IN CARDIOLOGY

Prevention of root dilatation in Marfan’s

syndrome

Prophylactic replacement of a dilating aortic
root to forestall dissection is an accepted form
of management in Marfan’s syndrome but
there is now clear evidence, in the article by
Shores et al, that the need for surgery can be
reduced by long-term f adrenergic blockade.
Such evidence was needed. The doses used to
achieve a negative inotropic effect, and theo-
retically reduce risk, are high. To expose

young people to long-term side effects with-
out proven benefit is not justifiable.

The problem of dissection in Marfan’s syn-
drome is not totally solved however. In some
patients dissection occurs before the aorta
dilates and even in those on f blockade aortic
dilatation continues, albeit at a slower rate.
We are, however, closer to rational therapy.
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