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Abstract Hypertrophic cardiomyopathy (HCM) is a fre-
quent, autosomal-dominant cardiac disease and manifests
predominantly as left ventricular hypertrophy. Mutations in
the cardiac beta-myosin heavy chain gene (MYH?) are re-
sponsible for the disease in about 30% of cases where
mutations were identified. We clinically evaluated a large
group of 147 consecutive HCM patients from three cardiol-
ogy centers in Germany, Poland, and Kyrgyzstan according
to the same protocol. The DNA of the patients was system-
atically analyzed in the whole coding region of the MYH7
gene using PCR, single-strand conformation polymorphism
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analysis, and automated sequencing. Eleven different mis-
sense mutations (including seven novel ones) in 11 unrelated
patients were identified, showing a mutation frequency of
7.5% in the study population. We further examined the fam-
ilies of five patients (three of German, one of Polish, and one
of Kyrgyz origin) with 32 individuals in total. We observed
a clear, age-dependent penetrance with onset of disease
symptoms in the fourth decade of life. Genotype—pheno-
type correlations were different for each mutation, whereas
the majority was associated with an intermediate/malign



phenotype. In conclusion, we report a systematic molecular
screening of the complete MYH?7 gene in a large group of
consecutive HCM patients, leading to a genetic diagnosis in
38 individuals. Information about the genotype in an indi-
vidual from one family could be very useful for the cli-
nician, especially when dealing with healthy relatives in
doubt of their risk about developing HCM. The increasing
application of genetic screening and the increasing knowl-
edge about genotype—phenotype correlations will hopefully
lead to an improved clinical management of HCM patients.

Keywords Hypertrophic cardiomyopathy - Beta-myosin
heavy chain gene - Genotype—phenotype correlations

Introduction

Hypertrophic cardiomyopathy [(HCM) OMIM no. 192600)]
is characterized predominantly by left ventricular hyper-
trophy mainly affecting the interventricular septum, with or
without involvement of the anterior or posterior wall [1, 2].
Often, the prognosis is benign, but a certain number of pa-
tients die of sudden cardiac death or heart failure [3]. HCM
is transmitted as an autosomal dominant trait and is the most
frequent genetic disorder of the myocardium. The clinical
phenotype is as heterogeneous as the genotype (reviewed
by Maron [4]).

Twelve disease genes causing HCM were identified to
date. Nearly all of them encode for sarcomeric proteins, which
led to the hypothesis that HCM is a disease of the cardiac
sarcomere. In addition to this locus heterogeneity, there is a
wide allelic heterogeneity. More than 250 different muta-
tions have been described in these disease genes (reviewed
by Seidman and Seidman [5] and Marian and Roberts [6]).

Mutations in the cardiac beta-myosin heavy chain gene
[(MYH7) OMIM no. 160760)] are responsible for the dis-
ease in about 30% of cases where mutations were identi-
fied as described in the literature [6]. The MYH7 gene is
located on chromosome 14q11.2—q13. It is 23 kb long, and
38 exons encode for a protein of 1,935 amino acids [7].
Muscle contraction and cell motility depend on myosin as
the essential component of the sarcomere thick filament.
Generation of force is mostly done by the globular head
of the molecule possessing the important enzymatic activ-
ities. Nearly all of the published mutations were found in
exons encoding for this part of the protein. Although MYH7
was the first disease gene identified for HCM, prospective
genetic screening of different HCM populations revealed
many novel mutations and only few frequent ones. Because
of this wide allelic heterogeneity and the rarity of each
individual mutation [8], it is important to identify all indi-
viduals bearing MYH7 mutations and perform extensive
genotype—phenotype correlations. The wide range in clinical
manifestation indicates a need to establish whether and to
what extent genotype influences phenotype. Additionally,
examination of patients and families with novel MYH7
mutations will extend our knowledge about the manifesta-
tion of this common cardiac disease.
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Therefore, we systematically analyzed a well-character-
ized group of HCM patients from three cardiology centers
in the whole coding region of the MYH7 gene. We identified
11 different missense mutations (including seven novel ones)
and describe here the disease-associated phenotype in five
families and six index patients.

Materials and methods
Phenotyping

After obtaining informed consent, clinical evaluation was
performed and blood samples were drawn from the patients
and family members at the National Center for Cardiology
and Internal Medicine Bishkek, at the Silesian School of
Medicine, Katowice, and at the Charité, Berlin.

One hundred forty-seven consecutive HCM patients (six
from Kyrgyzstan, 10 from Poland, and 131 from Germany)
were evaluated according to the same examination protocol
on the basis of medical history, physical examination, two-
dimensional and M-mode echocardiography, 12-lead elec-
trocardiogram (ECG) and, in some cases, by Holter ECG
and heart catheterization.

The diagnosis of HCM was based on criteria recommended
by the WHO [9] and the criteria proposed by McKenna et al.
[10]. Briefly, the major inclusion criteria were the presence
of a interventricular septal thickness (IVS) >13 mm in the
absence of other known causes of hypertrophy (e.g., hyper-
tension or aortic valve disease) and major ECG abnormal-
ities like negative T waves, pathological Q waves, and heart
blocks. The echocardiographic measurements were per-
formed according to the standards of the American Society
of Echocardiography [11], without knowledge of the ge-
netic status.

Ninety-six samples from adult anonymous blood donors
were used as controls. They were sex-matched and of matched
ethnic origin to the study population. All underwent routine
physical examination, and blood tests and were without
known cardiovascular disease.

The study protocol was approved by the respective local
institutional review board and was in accordance with the
Helsinki Declaration.

Genotyping

Genomic DNA was extracted from EDTA blood using stan-
dard techniques [12].

All mutations were detected by PCR amplification, fol-
lowed by single-strand conformation polymorphism (SSCP)
analysis and direct sequencing. Primer pairs flanking each
of the 38 coding exons were designed using the genomic
sequence of the human MYH?7 gene according to Hoffmann
et al. [19] (GenBank/EMBL accession numbers M30603,
M30604, M30605, M58018, NM_000257) and are avail-
able on request.

The final PCR reaction mix (25 pl) contained about 20 ng
genomic DNA, 200 uM dNTP, 0.1 uM each primer, 0.625
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U AmpliTaq Gold DNA polymerase (Applied Biosystems,
Darmstadt, Germany), and GeneAmp 10x PCR Buffer [100
mM Tris-HCI, pH 8.3, 500 mM KCl, 15 mM MgCl,, 0.01%
(w/v) gelatin, Applied Biosystems]. The reaction mix was
denatured initially at 95°C for 10 min, and amplified for 40
cycles in a thermal cycler (Biometra, Gottingen, Germany).
Each cycle was composed of denaturing for 15 s at 95°C,
annealing for 30 s at the exon-specific temperature, and
extension for 20 s at 72°C. Subsequent to the last cycle, a
final extension of 3 min at 72°C was performed before cool-
ing the samples to 4°C. SSCP analysis of the PCR products
was used for mutation detection. Briefly, 1 pl of a 25-ul
reaction mixture was diluted with 5 pul denaturing solution
(95% formamide, 20 mM EDTA, 0.05% bromphenol blue,
0.05% xylene cyanol), heated to 95°C, plunged into an ice
bath, and resolved on an MDE gel (FMC BioProducts, Phil-
adelphia, Pa., USA) run at 1,500 V, 100 mA, and 60 W
(upper limits) for 30 min at 15°C. The DNA banding patterns
were visualized by silver staining.

All PCR products exhibiting an aberrant electrophoretic
mobility in the SSCP analysis were directly sequenced in
both directions using either the forward or the reverse PCR
primer in two independent runs. Nucleotide sequence deter-
mination was performed by cycle sequencing using the Big
Dye Terminator Cycle Sequencing Kit on an ABI 373 fluo-
rescence sequencer (Applied Biosystems).

In order to test the sensitivity of the SSCP, we se-
quenced all 147 samples in the randomly chosen exons 22
and 23 and compared the SSCP patterns with the sequenc-
ing electropherograms.

Results
Genotyping in the MYH7 gene
A group of 147 unrelated patients with HCM was exam-

ined, and the complete coding region of the MYH7 gene was
screened for DNA alterations in these patients. In total, we

identified 11 different mutations leading to an amino acid
replacement in 11 unrelated HCM patients (see Table 1),
showing that 7.5% of the analyzed patients had a mutation
in the MYH7 gene. We were able to further examine the
families of five of these patients (see Fig. 1), while for six
patients there were no families available for examinations.

All mutations identified were missense mutations show-
ing a clear pattern of heterozygosity in the electrophero-
grams (see Fig. 2). Seven of these were novel mutations not
described in the literature before. The mutations were wide-
ly distributed over the coding region of the gene in nine
different exons (from exon 7 to exon 32). Most of them were
located in the globular head (subfragment 1) of the N-ter-
minal heavy meromyosin domain (HMM), while two were
located in the neck region (subfragment 2) of the HMM (see
Table 1). Of note was that two mutations, Glu1356Lys and
Alal454Thr, occurred in the C-terminal rod termed light
meromyosin domain (LMM).

An alignment of the corresponding sequences revealed
that all seven novel mutations affect highly conserved
residues (see Table 2). The residues show full conservation
across species including rat, golden hamster, and pig.

None of the 11 described mutations was present in 192
chromosomes from the unrelated control population of
matched ethnic origin.

Further, we detected ten genetic polymorphisms that oc-
curred with different frequencies in the patient and control
population (unpublished data).

Sequencing of the exons 22 and 23 revealed only the two
mutations at codons 901 and 928 detected by SSCP and no
further genetic alterations in the 294 PCR products. This
shows a sensitivity of 100% in the two exons using our
screening method.

Clinical phenotype in families

We evaluated five families (three of German, one of Polish,
and one of Kyrgyz origin) with 32 individuals in total. De-

Table 1 Localization and genotype—phenotype correlations of the identified beta-myosin heavy chain (MYH7) mutations

Exon Nucleotide ~ Amino acid bMHC Novel’known  Genotype—phenotype  Genotype—phenotype
change® change® domain® mutation correlation (study) correlation (literature)

7 718C>T Pro 211 Leu HMM (S1) head Known Benign Benign [24]

13 1295C>T Arg 403 Trp HMM (S1) head Known Intermediate Malign [3]

14 1443C>T Arg 453 Cys HMM (S1) head Known Malign Malign [3]

15 1588G>A Tyr 501 Cys HMM (S1) head Novel Benign -

16 1813A>G His 576 Arg HMM (S1) head Novel Benign -

20 2293T>C Ile 736 Thr HMM (S1) head Novel Benign -

20 2307G>T Gly 741 Trp HMM (S1) head Known Intermediate Benign [23]

23 2788C>G Ala 901 Gly HMM (S2) neck Novel Intermediate -

23 2868G>A Asp 928 Asn HMM (S2) neck Novel Malign -

30 4152G>A Glu 1356 Lys LMM rod Novel Malign -

32 4446G>A Ala 1454 Thr LMM rod Novel Intermediate -

*Numbering is according to cDNA and protein sequence from Hoffmann et al. [19] (Genbank/EMBL accession numbers M30603, M30604,

M30605, M58018, NM_000257)

®HMM Heavy meromyosin, LMM light meromyosin, S/ subfragment 1, S2 subfragment 2
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Fig. 1 Pedigrees of hypertrophic cardiomyopathy (HCM) families
with respective silver stained single-strand conformation polymor-
phism analysis gel showing aberrant band patterns. Squares indicate
males; circles, females. Open symbols represent unaffected subjects;
solid symbols, affected individuals; shaded symbols, probably af-

Fig. 2 Sequence electrophero-
grams representing the 11 het-
erozygous missense mutations in
the MYH7 gene. The panel
represents the mutant sequence.
Mutated amino acids are shown
above the normal amino acid
sequence
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sent the presence of a beta-myosin heavy chain (MYH7) mutation, and
minus symbols the absence of the MYH7 mutation
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Table 2 Amino acid sequence alignment of the novel MYH7 mutations

Codon 501 Codon 576

Codon 736

Codon 901 Codon 928 Codon 1356 Codon 1454

Mutation

QEECKKEPEARFSL GQFTDSRLADGEERRLENEEEAKAKLQRKILTEWK

Cardiac 3-MHChuman QEEYKKE PEAHFSL GQFIDSR LADAEERRLEDEEE AKAELQRKILAEWK

Cardiac 3-MHC rat

QEEYKKEQEAHFSLGQFIDSR LADAEERRLEDEEEAKAELQRKILVEWK

Cardiac 3-MHC goldlen QEEYKKE QEAHFSL GQFIDSR LADAEERRLEDEEE AKAELQC KILAEWK

hamster
Cardiac 3-MHC pig

QEEYKKEPEAHFALGQFIDSR LSDSEER RLEDEEETKAELQR KILAEWK

tailed pedigrees are shown in Fig. 1. Seventeen family mem-
bers carried a mutation in the MYH7 gene, of whom 11
fulfilled diagnostic criteria of HCM. Detailed clinical char-
acteristics of all examined individuals are presented in
Table 3.

In family E of German origin, we identified the Gly741Trp
mutation in two individuals (II-1, 1I-2). The proband II-1
developed dyspnea and angina pectoris at the age of 38
years. The ECG showed preterminal negative T waves in
the lateral leads. The diagnosis of HCM is based on a mod-
erate eccentric hypertrophy of the whole IVS. The affected
brother 1I-2 became symptomatic at the age of 36 years,
with palpitations and dyspnoea. ECG revealed sinus rhythm
and left bundle branch block. Echocardiography showed
massive asymmetric hypertrophy of the IVS without out-
flow tract gradient at rest. Heart catheterization confirmed
this finding and showed an outflow tract gradient only after
provocation with orciprenaline. The third brother II-3 was
genetically and clinically unaffected.

In family D of German origin, we identified the Tyr501Cys
mutation in three individuals (I-2, II-1, II-2), of whom only
the male proband I-2 fulfilled diagnostic criteria of HCM.
Beginning at the age of 18 years, proband I-2 complained of
premature fatigue after strong physical exercise. The diag-
nosis of hypertrophic obstructive cardiomyopathy (HOCM)
was established at the age of 38 years. ECG showed neg-
ative T waves in precordial leads. Echocardiography re-
vealed asymmetric hypertrophy of the entire IVS, with
maximal diastolic thickness of 18 mm and an outflow tract
gradient of about 40 mm Hg at rest. Left heart catheteriza-
tion confirmed this finding and excluded coronary artery
disease. His children, individuals II-1 and II-2, carry the
mutation but were asymptomatic and had normal ECG and
echocardiography findings. The mother, individual I-1, was
genetically and clinically unaffected.

In family C of German origin, we identified the Arg403Trp
mutation in two individuals (II-2, I1I-4). The proband II-2
developed symptomatic and intermittent atrial fibrillation
and flutter at the age of 53 years. Successful electrophys-
iologic ablation of atrial flutter was performed at the age of
60 years. ECG revealed right bundle branch block. Echo-
cardiography showed asymmetric septal hypertrophy of 18
mm without outflow tract obstruction. Individual 11I-4 had
dyspnea with greater exertion (NYHA II). ECG revealed
preterminal negative T waves in V5-6. Echocardiography
showed severe asymmetric septal hypertrophy without out-

flow tract obstruction. The remaining family members (in-
dividuals 1I-1, [I-4, II-1, II-2, HI-3, III-5, IV-1) were
genetically and clinically unaffected. There are no data
available about the death of individual II-3.

In family B, we identified the Ala901Gly mutation in
four individuals (III-1, III-2, HI-3, IV-1). The family is of
Polish origin. The proband III-1 became symptomatic at the
age of 40 years with dyspnea at strong exercise. ECG was
normal. The left ventricle showed asymmetric hypertrophy
with an IVS thickness of 18 mm but without outflow tract
obstruction. Individual III-2 had already dyspnea during
mild exertion. ECG revealed right bundle branch block and
pathological Q and T waves in lateral leads. On echocar-
diography moderate symmetric left ventricular (LV) hyper-
trophy with a small outflow tract gradient at rest could be
shown. Individual I1I-3 developed exertional dyspnea at the
age of 45 years. She had negative T waves on ECG, and
echocardiography showed mild symmetric LV hypertrophy.
The asymptomatic individual IV-1 carrying the mutation is
22 years of age. Her ECG and echocardiography findings
were normal. There are no data available about the death of
individual I1I-4.

In family A, we identified the I1e736Thr mutation in six
individuals (1I-2, 1I-4, 1I-6, 1I-7, 1II-7, 11I-10), of whom
three met the diagnostic criteria of HCM. This family is of
Kyrgyz (Central Asian) origin. Among 15 examined family
members, we detected the Ile736Thr mutation in six indi-
viduals while only three of them were clinically affected.
All clinically affected individuals from this family are char-
acterized by asymmetric septal hypertrophy without out-
flow tract obstruction and pathological Q waves. Individual
II-2 had NYHA II, palpitations, and atypical chest pain
unrelated to exercise. ECG showed pathological Q wave
in aVL lead. Asymmetric LV hypertrophy without out-
flow tract obstruction was shown by echocardiography. The
proband I1-4 as well as individual 1I-7 had NYHA class II.
Left anterior hemiblock, pathological Q waves, and nega-
tive T waves were registered on ECG of the proband 11-4.
Echocardiography revealed pronounced asymmetric LV
hypertrophy (Maron type III) without outflow tract obstruc-
tion. Individual II-7 showed pathological Q waves in 1, aVL,
V5-6 leads and negative T wave in aVL on ECG. A marked
asymmetric LV hypertrophy without outflow tract obstruc-
tion was found on echocardiography of this individual. The
remaining individuals (II-6, I11-7, I1I-10) had no complaints
and showed no abnormalities on ECG and echocardiography.
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Table 3 Clinical data of the hypertrophic cardiomyopathy (HCM) families

Family No. in Mutation Age  Ageatonset NYHA IVS PWT LVEDD Pathological Negative Heart Clinical
pedigree® (years) (years) class (mm) (mm) (mm) Q waves Twaves  blocks status
Family II-2 11e736Thr 52 18 I 14 11 39 aVL aVL No Affected
A 11-4 Tle736Thr 55 28 I 18 10 45 T,aVL I, aVL LAHB Affected
1I-5 No 63 NA NA 8 7 42  No No No Unaffected
11-6 Tle736Thr 57 NA I 8 8 50 No I No Unaffected
1I-7 1le736Thr 50 37 I 17 10 38 I, aVL, V5-6 aVL No Affected
II-1 No 14 NA NA 7 6 36 No No Incomplete Unaffected
RBBB
I11-2 No 22 NA NA 10 8 44  No aVL No Unaffected
1-3 No 29 NA NA 6 6 43 V5-6 No No Unaffected
111-4 No 32 NA NA 7 8 50 No V23 RBBB Unaffected
11-5 No 23 NA NA 8 7 39 No No No Unaffected
111-6 No 26 NA NA 8 6 41 III, aVF, V2-3 No Unaffected
V5-6
11-7 1le736Thr 29 NA I 7 7 37 No No Incomplete Unaffected
RBBB
111-8 No 35 NA NA 9 8 49 No No No Unaftected
I11-9 No 25 NA NA 7 8 40 No No No Unaffected
I-10 Ile736Thr 23 NA I 8 8 40 No No No Unaffected
Family III-1 Ala901Gly 63 40 I 18 9 39 No No No Affected
B 1-2 Ala901Gly 55 22 I 16 15 47  Yes Yes RBBB Affected
1-3 Ala901Gly 51 45 il 15 13 42 No Yes No Affected
Iv-1 Ala901Gly 22 NA I 9 9 43  No No No Unaffected
Family II-2 Argd03Trp 61 35 I 18 12 52 I,aVL No RBBB Affected
C II-1 No 28 NA NA 8 9 44  No No No Unaffected
11-2 No 26 NA NA 9 11 45 No No No Unaftected
1I1-3 No 23 NA NA 11 10 52 No No No Unaffected
-4 Argd03Trp 49 16 I 23 10 41  No I, aVF, No Affected
V5-6
IV-1 No 23 NA NA 10 12 49  No No No Unaffected
Family I-1 No 34 NA NA 10 10 48 No No No Unaftected
D I-2 Tyr501Cys 42 38 I 18 13 48 I,aVL I,aVL, V6 No Affected
II-1 Tyr501Cys 6 NA NA 5 5 39 No No No Unaffected
1I-2 Tyr501Cys 14 NA NA 7 7 42  No No No Unaffected
Family II-1 Gly741Trp 46 38 I 16 12 44  No I, aVL, No Affected
E V5-6
11-2 Gly741Trp 47 27 II 21 12 49 111 IL, III, aVF, LBBB Affected
V5-6
I1-3 No 38 NA NA 10 10 45  No No No Unaffected

“Individual number in pedigree

(NYHA New York Heart Association, /VS interventricular septum, PWT left ventricular posterior wall thickness, LVEDD left ventricular end-
diastolic dimension, LAHB left anterior hemiblock, RBBB complete right bundle branch block, incomplete RBBB incomplete right bundle

branch block, LBBB left bundle branch block, NA not available)

Clinical phenotype in index patients

Detailed clinical data of the six patients bearing a MYH7
mutation are shown in Table 4. The families of these pa-
tients were not available for examination. All patients were
of German origin.

The female proband H1 (Pro211Leu) was diagnosed with
HOCM at the age of 72 years. Symptoms worsened in the
following years. Outflow tract gradient determined by LV
heart catheterization was 122 mmHg at rest. Embolization

of the first septal branch was successfully performed, lead-
ing to an immediate decrease of the gradient to 23 mmHg.
Four years later, a DDD pacemaker was implanted after a
successful reanimation because of asystoly.

The male proband H2 (Arg453Cys) developed HOCM
at the age of 17 years. He suffered from palpitations and
dyspnea on exertion and reported several syncopes. On the
Holter recording, ventricular premature beats (Lown class
IVa) were present. Echocardiography revealed massive
hypertrophy of the proximal septum with a outflow tract
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Table 4 Clinical data of the index patients

Patient Mutation Age Ageatonset NYHA IVS PWT LVEDD Pathological Negative Heart blocks Clinical

No. (years) (years) class (mm) (mm) (mm) Q waves T waves status

H1 Pro 211 77 72 II 16 11 41 No aVL No Affected
Leu

H2 Arg 453 33 17 I 27 11 53 IT, ITI, aVF 11, 111, No Affected
Cys aVF

H3 His 576 50 46 11 16 11 47 No LaVL, No Affected
Arg V5-6

H4 Asp 928 56 44 I 17 14 Normal III, aVF, I,aVL, No Affected
Asn V5-6 V57

H5 Glu 1356 39 34 11 20 17  Normal I,aVL, V2 L aVL Incomplete RBBB, Affected
Lys LAHB

Hé6 Ala 1454 65 61 111 17 13 42 No No No Affected
Thr

gradient of 51 mmHg. He was treated with low doses of
beta-blockers and with calcium antagonists.

The male proband H3 (His576Arg) presented with atypical
angina and dyspnea on exertion. Echocardiography revealed
hypertrophy of the basal septum and outflow tract obstruc-
tion. Invasive examination confirmed a maximal pressure
gradient of 40 mmHg and severe mitral insufficiency. Treat-
ment with a calcium antagonist improved symptoms.

The female proband H4 (Asp928Asn) developed severe
dyspnea at the age of 44 years. Physical examination re-
vealed a systolic murmur, and ECG showed signs of myo-
cardial hypertrophy. She had a asymmetrical hypertrophy
with outflow tract obstruction of 100 mmHg at rest. There-
fore, she underwent septal myectomy, which improved
symptoms significantly.

The male proband HS (Glu1356Lys) developed dyspnea
at the age of 34 years. HOCM with a gradient of 70 mmHg
was diagnosed by echocardiography and catheterization.
Hypertrophy was asymmetrical and confined to the septum.
Holter ECG revealed multiple ventricular extrasystolic beats
(Lown class IIIb). He died suddenly at the age of 40 years.

The female proband H6 (Ala1454Thr) reported palpita-
tions, angina, and dyspnea on exertion at the age of 61
years. Cardiac examination revealed asymmetrical hyper-
trophy with a maximal outflow tract gradient of 80 mm Hg.
Holter ECG showed ventricular and supraventricular extra-
systolic beats (Lown class 1Va). Treatment with a calcium
antagonist improved symptoms.

Genotype—phenotype correlations

Table 1 shows the genotype—phenotype correlation for each
mutation. The classification in “benign/intermediate/ma-
lign” was assessed according to the severity of symptoms,
degree of hypertrophy, and course/prognosis of the disease
in the respective patient and examined family members.
There was no phenotype difference between families with
different ethnic origin.

We observed a clear, age-dependent penetrance as dem-
onstrated in Fig. 3: mutation carriers with no signs of hy-
pertrophy were all under the age of 30 years (with one
exception, individual 1I-6 from family A). This is under-
lined by the mean age of all patients of 52.4+10.4 years and
by the mean age at disease onset of 34.8+14.1 years. Fur-
thermore, Fig. 3 clearly shows that individuals over 30
years bearing a MYH7 mutation can be diagnosed very well
using echocardiography, since 95% of them develop septal
hypertrophy with IVS >13 mm.

Phenotype of mutation carriers;

O Clinically Affected
B Clinically Mon-af fected

27.51 'O
254 '
2251 i 00
E 201 E
£ 1759 E oo%g% &
= 15+ ]
2 [Eheroremrenss e
10 ;
751 m ‘q D
] '
2.5-|F|-|-:-|-|-|-|-|
S 10 20 40 S0 60 7O 80
Age (years)

Fig. 3 Genotype—phenotype correlation showing age (years) related
to interventricular septum (millimeters). Included are all individuals
(index patients and family members) bearing a MYH7 mutation
(n=23) composed of 17 clinically affecteds (showing manifest HCM)
and six clinically nonaftecteds



Discussion

We identified 11 different missense mutations in the MYH7
gene in five families of different ethnic origin and in six
index patients, underlining the strong genetic heterogeneity
in HCM. Seven of these mutations have not been described
before, showing that most of HCM cases bear rare muta-
tions. Further, it emphasizes that a screening only for known
genetic variants in HCM is not appropriate. Three of the
known mutations we detected (Arg403Trp, Arg453Cys, and
[1e736Thr) were localized in well-known hot spot regions;
especially in codon 403 were different mutations often de-
tected. The mutations were distributed over the complete
MYH?7 gene, which is not a typical finding. This underlines
the importance to screen the whole coding region of the
gene. In the past, MYH?7 screening often included only the
first half of the gene encoding for the globular head. All 11
detected sequence alterations were missense mutations.
They probably lead to “poison peptides” as previously sug-
gested by experimental studies and may act in a dominant-
negative manner [5].

We consider the detected genetic alterations as disease-
causing mutations rather than rare polymorphisms for the
following reasons. First, MYH?7 is a proven disease gene for
HCM as demonstrated in various patient studies and animal
models. Additionally, there is a clear cosegregation of the
respective mutation with the disease phenotype in the five
examined families: all relatives with normal cardiac find-
ings did not have the mutation, whereas all clinically af-
fected relatives carried the mutation. Further evidence is the
alignment of the altered sequences showing that all muta-
tions predicted amino acid changes of highly conserved
residues implying functional importance. Finally, none of
the MYH7 mutations was present in 192 control alleles.

The frequency of MYH7 mutations in our study popu-
lation was 7.5% (11 in 147). Previous studies have reported
frequencies in MYH7 mutations ranging from 3% [13, 14]
up to a frequency of 25% [15]. The largest study included
389 patients with HCM and showed a prevalence of 15%
[16]. This value was supported by similar data from a German
study and a Danish study, with about 100 patients each [17,
18]. The wide range may be probably caused by differences
in genotyping methods, differences in clinical evaluation,
and most importantly differences in the composition of
the study population. We could not exclude that we have
missed a mutation. Altough this seems rather unlikely, be-
cause our genotyping method is highly sensitive and ac-
curate, as shown by the high number of detected sequence
alterations in MYH?7 (pathogenic mutations and frequent
polymorphisms). We tested the sensitivity of the applied
SSCP method by sequencing all 147 samples in the two
randomly chosen exons 22 and 23. Only the mutations in
codon 901 and 928 (detected by SSCP before) and no
further variants were identified, showing a sensitivity of
100% in these two exons. However, it is rather difficult to
predict the sensitivity for the remaining 36 exons, because
the sensitivity is exon dependent and therefore variable.
Under the assumption that the sensitivity is lower in some
other exons (which may lead to a mean sensitivity of about
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90%), we would have missed only a few mutations, result-
ing in a prevalence most likely below 10%. Further, we
successfully applied the same method to identify mutations
in other genes [19, 20]. SSCP in general is described as a
method with a high sensitivity of about 84-89% as com-
parative tests have shown [21, 22]. Additionally, our screen-
ing method and our clinical study protocols are similar to
those used by the other groups.

The higher prevalence in a German cohort of 108 HCM
patients [17] most likely results from the different inclusion
criteria. Erdmann et al. included only patients with septal wall
thickness of more than 15 mm, whereas we included patients
with 13 mm or more. Including patients with a greater IVS
favors the inclusion of patients with MYH7 mutations that
usually cause a more pronounced hypertrophy.

The distribution of MYH7 mutations in the different eth-
nic groups is as follows: one patient with a mutation in six
Kyrgyz patients, one patient with a mutation in ten Polish
patients, and nine patients with mutations in 131 German
patients. Because of the small numbers, it is difficult to draw
valid conclusions about general differences in the preva-
lence of MYH7 mutations in the three ethnic groups.

We observed different phenotypes (severity of symp-
toms, degree of hypertrophy, and course/prognosis of the
disease) related to each mutation. The majority of mutations
were associated with an intermediate/malign phenotype.
Our findings seem to be in agreement with the published
data as shown in Table 1 [3, 23, 24]. Further, we found a
clear, age-dependent penetrance with onset of disease symp-
toms in the fourth decade of life. This is in contrast to pre-
vious findings, which showed a penetrance of 90% or more
from 10 to 60 years of age in HCM patients with MYH7
mutations [25]. One reason for that may be that mainly
patients with a more obvious and severe hypertrophy were
included in the former studies. Additionally, a further dif-
ficulty of genotype—phenotype correlations in HCM is that
clinical diversity is also influenced by genetic background,
environment, gender, and acquired conditions [26].

Myosin plays a central role in generating active force and
movement in muscle fibers. Most of the mutations detected
by us were located in the globular head of the protein, HMM
(S1), in or close to the important domains like the ATP- and
actin-binding sites, the “active thiols” (SH1 and SH2), the
binding sites for the essential and regulatory myosin light
chains, and the converter subdomain. They may therefore
alter the myosin structure and the functional properties of
the molecule like ATPase activity and sliding velocity. The
two mutations found in the HMM(S2) neck domain may
influence neck flexibility during contraction, while the two
mutations in the myosin rod (LMM) may disturb thick fila-
ment assembly and binding of accessory proteins [27].
There is no doubt that mutations in beta-myosin have a strong
impact on the structure and function of the sarcomere as
shown in many studies. However, it remains rather difficult
to predict functional consequences (gain or loss of activity)
of an individual MYH7 mutation, as shown by contradictory
results concerning the Arg403GIn mutation (reviewed by
Lowey) [28].
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There are some limitations of our study. The evidence of
the pathogenicity of the detected mutations is not without
difficulties because of the unavailability of the respective
family in six of the patients bearing a mutation. Further, we
could not rule out double heterozygotes in the 11 cases, i.e.,
harboring two mutations in different sarcomere genes. Be-
cause the sample size for each mutations is small, the gen-
otype—phenotype correlations shall be used with caution for
classification of patients with the same mutations.

In conclusion, we report a systematic molecular screen-
ing of the complete MYH?7 in a large group of consecutive
HCM patients, leading to a genetic diagnosis in 38 individ-
uals. Information about the genotype in an individual from
one family could be very useful for the clinician, especially
when dealing with healthy relatives, in doubt of their risk
about developing HCM. Predictions about the disease course
in affected patients based on the genotype remains difficult.
When assessing HCM subjects, screening of the whole
MYH?7 gene is necessary and feasible as shown by us, but it
requires considerable effort and time.

The increasing application of genetic screening and the
increasing knowledge about genotype—phenotype correla-
tions will hopefully lead to better genetic counseling and
improved clinical management of HCM patients and their
relatives in the future.
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