Available online at www.sciencedirect.com

SCIENCE dDIRECTO Journal of
C Molecular and

Cellular Cardiology

ELSEVIER Journal of Molecular and Cellular Cardiology 35 (2003) 841-849

www.el sevier.com/locate/yjmec

Original Article

| dentification of the genotypes causing hypertrophic
cardiomyopathy in northern Sweden

Stellan Morner 2* | Pascale Richard P, Elsadig Kazzam 29, Urban Hellman &<,
Bernard Hainque ®, Ketty Schwartz €, Anders Waldenstrém 2

a Department of Medicine, University Hospital, Umed, Sweden
b UF Cardiogénétique et Myogénétique, Service de Biochimie B, Hopital de la Salpétriére, assistance publique-Hépitaux de Paris, France
¢ Department of Medical Biosciences/Medical Genetics, University Hospital, Umed, Sweden
d Department of Medicine, Cardiology Division, Malar Hospital, Eskilstuna, Swveden
¢ INSERM U 582, Institut de Myologie, Hopital Pitié-Salpétriére, Paris, France
f Faculté de Pharmacie, Université Paris V, Paris, France

Received 26 December 2002; received in revised form 28 March 2003; accepted 14 April 2003

Abstract

Hypertrophic cardiomyopathy (HCM) is a heterogenous disease, with variable genotypic and phenotypic expressions, often caused by
mutations in sarcomeric protein genes. The aim of this study was to identify the genotypes and associated phenotypes related to HCM in
northern Sweden. In 46 unrelated individuals with familial or sporadic HCM, mutation analysis of eight sarcomeric protein genes was
performed; the cardiac B-myosin heavy chain, cardiac myosin-binding protein C, cardiac troponin T, a-tropomyosin, cardiac essential and
regulatory myosin light chains, cardiac troponin | and cardiac a-actin. A total of 11 mutations, of which six were novel ones, werefoundin 13
individuals. Seven mutations were located in the myosin-binding protein C gene, two in the 3-myosin heavy chain gene and one in the
regulatory myosin light chain and troponin | genes, respectively. This is the first Swedish study, where a population with HCM has been
genotyped. Mutations in the cardiac myosin-binding protein C gene were the most common ones found in northern Sweden, whereas
mutations in the B-myosin heavy chain gene were less frequent than previously described. There are differences in the phenotypes mediated
by these genes characterised by a more late-onset disease for the myosin-binding protein C gene mutations. This should be taken into
consideration, when evaluating clinical findings in the diagnosis of the disease, especially in young adults in families with HCM, where
penetrance can be expected to be incomplete in the presence of a myosin-binding protein C gene mutation.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction symptoms and early death . It is an important cause of
sudden cardiac death in children and young adults. Patients

Hypertrophic cardiomyopathy (HCM) is characterisedby  yith HCM often exhibit symptoms of dyspnoea, chest pain,
left and/or right ventricular hypertrophy, with predominant palpitations and sometimes syncope. Atrial fibrillation and
involvement of the interventricular septum in the absence of non-sustained ventricular tachycardia (NSV'T) are relatively
other causes of hypertrophy, such as hypertension or valvular common dysrhythmias. Recognised risk factors for sudden
heart disease[ 1]} The prevalencein the general populationis ey are family history of sudden death, recurrent syncope,
about 0.2% ' The disease is genotypically and phenotypi- NSVT during ambulatory Holter ECG, abnormal blood pres-
cally heterogenous, with awide variety of clinical manifes- sure response during exercise and severe left ventricular

tations, ranging from asymptomatic individuals to severe hypertrophy (over 30 mm) Early experiences from ter-
tiary referral centres indicated a rather adverse prognosisin
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or focal hypertrophy, limited symptoms and a good progno-
sis, to massive hypertrophy and a poor outcome. In the adult
population, HCM often has a relatively benign prognosis
with an estimated annual mortality of <0.7%[[7,8]} Typical
morphological changes include myocyte hypertrophy and
sarcomeredisarray surrounding areas of increased |oose con-
nective tissue.

In approximately 55% of the cases, HCM has been sug-
gested to be familial, inherited in an autosomal dominant
fashion This conception, however, derives from atime,
when molecular genetics was not yet introduced and the
actual percentage of familial cases might be much higher.
More than 150 different mutations in 10 sarcomeric protein
genes have been identified in families with HCM. These
protein genes are the cardiac f-myosin heavy chain (MYH7)
[10]} the cardiac myosin-binding protein C (MYBPC3)
[11-13], the cardiac troponin T (TNNT2) [[14]} the
a-tropomyosin (TPM1) the cardiac regulatory and es-
sential myosin light chains (MYL2 and MYL3) the
cardiac a-actin (ACTC) the cardiac troponin | (TNNI3)
[17] the cardiac troponin C (TNNC1)[[18]]and thetitin (TTN)
[19]} Mutations in a non-sarcomeric protein gene, the y2
subunit of the protein kinase A (PRKAG2), have been de-
scribed in HCM associated with electrophysiologic abnor-
malities, particularly the Wolf-Parkinson-White syndrome
The role of this gene as a cause of HCM is not yet
clear, it has been suggested that mutationsin PRKAG2 cause
glycogen storage disease in the heart, mimicking HCM
or that an inefficient use of energy, caused by mutations in
this gene, plays a central rolein the pathogenesis of HCM in
these cases|[ 21]]

According to available data, the most common disease
genesin HCM are MYH7, TNNT2 and MYBPC3, accounting
for approximately 30-50%, 20% and 20% of familial HCM
cases, respectively . However, a recent study has shown
that the MYH7 gene was not the predominant HCM genein
the population of eastern Finland, instead the MYBPC3 gene
was the most common . Genotype-phenotype correla
tions suggest that mutations in MYH7 are associated with
earlier onset and more severe disease than the MYBPC3
mutations, which are associated with a milder, late-onset
disease. Mutationsin TNNT2 are often associated with apoor
prognosis, despite relatively mild cardiac hypertrophy.
Genotyping is not yet available in the routine care of HCM
patientsin Sweden, it ismainly atool in the research labora-
tory. However, for some patients it can be expected that the
genetic information might play arole in the clinical manage-
ment in the future.

To our knowledge, there is only one report published,
where most of the disease genes have been systematically
investigated in the same patient population No earlier
Swedish studies have reported the disease genes associated
with HCM, and the aim of this study was to determine the
presence and frequency of mutations and the associated phe-
notypes for eight of the known HCM genes in patients with
HCM from northern Sweden.

2. Materials and methods
2.1. Patients and clinical evaluation

The region of northern Sweden has a population of 883
000 inhahitants. Specialised cardiac care is provided by the
Heart Center at Umed University Hospital. The Hospital
Discharge Register of the National Board of Health and
Welfare in Stockholm was used to identify patients that had
been hospitalised with HCM and 50 possible cases were
identified. Moreover, the physiciansin charge of cardiology
a the 12 other hospitals in the region were contacted to
obtain information about known patients with HCM and
another 60 possible cases were found. Criterium for the
diagnosis of HCM was left ventricular hypertrophy demon-
strated at echocardiography, with awall thickness of 215 mm
For the family members of an affected proband, the
diagnostic criteria suggested by McKenna et al. m were
used. Exclusion criteria were arterial hypertension, defined
as blood pressure >160/90 mmHg or ongoing anti-
hypertensive treatment, significant valvular disease or known
systemic disease capable of producing cardiac hypertrophy.
All patients >18 years old of Swedish ethnic origin were
considered for the study. When medical records were scruti-
nised, 64 cases were excluded; 25 hypertensive individuals
and two with aortic stenosis. In eight cases with other condi-
tions, the HCM diagnosis was incorrect by documentation
error in the medical records (wrong 1CD10 diagnosis code
given) and 29 cases were not included for various reasons
(not giving consent to the study, age <18 years, non-Swedish
ethnic background, previous cardiac transplant, other ill-
nesses, e.g. psychiatric disease).

Thus, 46 unrelated individuals with HCM were included
in the study, 25 men and 21 women with a mean age of 61.6
years (range 2680 years). Each individual had at least one
living first-degree relative >18 years old (maximum 11 rela-
tives). In 12 cases, dl first-degree relatives were studied and
in another 28 cases, as many as possible, but not al were
studied. In six cases, no relatives were studied, mainly be-
cause they were asymptomatic and did not wish to partici-
pate. When family members had moved outside the region of
northern Sweden, information about the phenotype was
sometimes obtained through medical recordsfrom other hos-
pitals, but no genotyping was performed. In 11 cases, the
disease was definitely familial, defined as the finding of at
least two affected subjects in the family, including deceased
individuals, where a positive diagnosis could be established
from medical records. In the remaining 35 cases, the first-
degree relatives studied in 29 cases did not fulfil the major
diagnostic criteria. Two relatives had a borderline phenotype
with a septal thickness of 13 mm in the presence of arteria
hypertension, and were not considered to be affected. No
family history of HCM was known and the disease was
considered likely to be sporadic in these cases. The patients
underwent physical examination, including patient history,
echocardiography (M-mode, two-dimensional and Doppler),
12-lead electrocardiogram (ECG), 24-h Holter ECG and a
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venous blood sample was taken for the genotyping. Echocar-
diographic evaluation was performed with an Acuson xp/10
or Acuson Sequoia ultrasound system (Acuson, Mountain
View, CA, USA). Views of the heart were obtained from the
parasternal, apical and subcostal positions. All measure-
ments were done according to the standards of the American
Society of Echocardiography [27] DNA from at least 200
chromosomes from healthy individuals was used as normal
control. Informed consent was obtained from each individual
and the protocol was approved by the Ethics Committee of
Umea University.

2.2. Genetic analysis

DNA was extracted from peripheral blood leucocytes by
standard protocol. The MYH7, MYBPC3, MYL2 and the
TNNI3 genes were screened for mutations using single-
stranded conformation polymorphism (SSCP) as previously
described [28,29]] The TNNT2, TPM1, MYL3 and the ACTC
genes were analysed by denaturing high performance liquid
chromatography (DHPLC) . Intronic sets of oligonucle-
otide primers were designed according to the published ge-
nomic sequence of the genes. In the analysis of the MYH7,
only thefirst 24 exons were examined, whereas each coding
exon of the seven other geneswas amplified by “touch down”
polymerase chain reaction (PCR) and then subjected to an
SSCP- or a DHPLC analysis. For SSCP analysis of MYH?7,
MYL2 and TNNI3, the PCR products were heat denatured at
94 °Cfor 5mininasaccharose buffer, and resolved on a10%
polyacrylamide gel (acrylamide/bisacrylamide ratio of
37.5:1) at 8 mA per gel (10 cm) in 0.8x Tris-borate-EDTA
(TBE) buffer, runat 7 and 25 °C. After migration, DNA was
visualised by silver staining (Pharmacia, Uppsala, Sweden)
of the gels[[31]] SSCP analysis of MYBPC3 was carried out
using an automated | aser fluorescence system (ALF, Pharma-
cia, Uppsala, Sweden). Composition of the gels and running
conditions were the same as described above, except that the
PCR fragments were denatured in formamide buffer and the
gels were run at 38 mA. Both forward and reverse primers
were fluoresceine-labelled and sequence variations were
identified as abnormal fluorescence peaks. Sometimes, run-
ning at 7 °C yielded technically unsatisfactory results and
those exons were reanalysed on standard gels.

For the DHPLC analysis, the PCR was followed by a
heteroduplex formation step, where the PCR products were
slowly cooled down from 95 °C to room temperature at 1.5
°C/min. Heterodupl exes were resolved from the correspond-
ing homoduplexes using the WAV E system (Transgenomic,
San Jose, CA, USA), an automated HPLC with a DNA
separation column. The Wavemaker ™ software was used to
cal culate specific melting curves for each PCR fragment, and
to determine the optimal temperature for heteroduplex sepa-
ration. Most of the fragments required more than one tem-
perature for mutation analysis, due to differences of the
melting temperatures in some domains of the PCR fragment
(the DHPL C running conditions and sequences of the oligo-

nucleotide primers are available from the authors upon re-
quest). The nature of the mutation was then determined by
direct sequencing of the PCR product using both forward and
reverse primers on an automated fluorescence DNA se-
quencer, ABI 377 (PE Applied Biosystems, Foster City, CA,
USA). Asaquality control, several of the sequence variants
detected by SSCP were also analysed by DHPLC. All the
abnormal profiles seen at SSCP were readily detected by
DHPLC.

2.3. Satistical analysis

Valuesare given asmean = S.D. Differences between two
groups were compared using the Student’s t-test.

3. Results

DNA from the 46 individuals diagnosed with HCM was
analysed for the presence of segquence variations in eight
sarcomeric protein genes. In 13 individuals (referred to by
roman numerals in, nine men and four women,
mutations were found in four different genes (Table 1). In
these genes, atotal of 11 different mutations were detected,
seveninthe MYBPC3 gene, twointhe MYH7 geneand onein
the MYL2 and TNNI3 genes, respectively . Six of
them are not previously described. Of the detected mutations,
eight were missense mutations, two represent frameshift
mutations (MYBPC3 and TNNI3) and one was a nonsense
mutation (MYBPC3). No mutation was found in the TNNT2,
TPM1, MYL3 or ACTC genes. Furthermore, three common
polymorphisms resulting in amino acid substitution were
detected, which definitely did not associate with HCM. The
Val158M et and Ser236Gly polymorphismsin MYBPC3 were
found in eight and 16 of the 46 individuals, whereas the
Lys253Arg variant in TNNT2 was found in 15 individuals.

The associated phenotypes were those of classical HCM,
with asymmetric septal or concentric hypertrophy. Only one
sporadic case had prominent apical hypertrophy. The spo-
radic cases had more dyspnoea than the familia cases (74%
vs. 36%, P = 0.025), but there were no other significant
differences in clinical or echocardiographic parameters be-
tween these groups. Mean septal thicknessin the 46 patients
was 18.6 + 3.8 mm, 46% had signs of left ventricular hyper-
trophy in the ECG (defined as a Romhilt-Estes score >4) and
39% had left ventricular outflow obstruction. In this small
sample, there were no significant differences in phenotypic
expression between the different mutated genes.

3.1. Cardiac myosin-binding protein C (MYBPC3)
mutations

Seven mutations were found in the MYBPC3 gene, of
which five were missense mutations, leading to the substitu-
tion of a single amino acid residue. An A - C nucleotide
transversion in exon 6 replaces a highly conserved tyrosine
with serine at amino acid residue 237 (Tyr237Ser). The



Table1
Clinical characteristics of probands with familial HCM or positive genotype

Individual Gender Age  Ageat Gene Mutation Familia/ Symtoms LA (mm) IVSD LVPWD IVSD/ LVEDD LVESD FS(%) LVOT- Myectomy SustVT
number (years) diagnosis sporadic (mm) (mm) LVPWD  (mm) (mm) obstruction or ICD
(years) case *
| Mae 53 37 MYBPC3 Tyr 237 Ser Familial  None 36 17 14 13 46 31 32 Yes Yes No
I Mae 68 67 MYBPC3 Arg 326 GIn Familia D, P 45 17 16 11 45 20 55 No No No
11 Male 45 30 MYBPC3 Arg 668 His Sporadic D, P 53 22 18 12 52 24 53 Yes No No
\Y Female 80 72 MYBPC3 Arg 668 His Familial  None 42 19 11 18 46 27 41 Yes No No
\Y Mae 44 42 MYBPC3 Ala833Thr Familia D, P 37 17 15 11 44 23 48 Yes No No
VI Female 57 47 MYBPC3 Lys565Stop  Familid PS 39 16 8 2.0 48 29 39 Yes Yes No
VI Male 26 25 MYBPC3 (del CG, ins Sporadic P S 39 28 12 24 36 18 52 No No No
TCT 852)
VIl Mae 62 43 MYBPC3 (del CG, ins Familia P 39 19 17 11 33 13 62 No No No
TCT 852)
IX Mae 44 43 MYBPC3 (del CG, ins Familial AR P 34 23 10 22 46 31 33 No No No
TCT 852)
X Male 73 55 MYH7  Ala430Glu Sporadic P 64 18 14 13 50 28 45 No No No
Xl Female 67 58 MYH7+ Glu924Lys+ Familid D,P 38 14% 9 15 41 26 37 Yes No No
MYBPC3
Val 896 Met
X Femae 67 31 MYL2  Arg58GIn Familia D,AP R 51 15 13 12 47 38 19 No No No
S
X1l Male 64 44 TNNI3  del 33nt,202  Familia None 49 16 14 11 48 25 48 No No No
XV Mae 47 30 ? Not found Familia P 47 16 14 11 39 21 46 No No No

P: palpitations, S: syncope, D: dysponea, AP: anginapectoris, LA: left atrium, 1V SD; interventricul ar septum diameter in end-diastole, LV PWD: |eft ventricular posterior wall diameter in end-diastole, LVEDD;
left ventricular end-diastolic diameter, LVESD: left ventricular end-systolic diameter, FS; fractional shortening, Sust VT: ventricular tachycardia >30 s, ICD: implantable cardioverter-defibrillator, LVOT: left
ventricular outflow tract, *: >30 mmHg at rest or >50 mmHg under stress; #: maximal wall thickness 20 mm, in lateral free wall.
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Table 2
Mutations in probands with HCM
Gene Mutation/type Exon Nucleic acid Novel/known Disease Number of Family history

change association probands

Missense
MYBPC3 Tyr 237 Ser 6 TAC - TCC Novel Strong 1 Familia
MYBPC3 Arg 326 GIn 12 CGG - CAG  known Possible 1 Familia
MYBPC3 Arg 668 His 21 CGT - CAT Novel Strong 2 1 Fam. 1 Spor.
MYBPC3 Ala833Thr 25 GCG - ACG  Novel Possible 1 Familial
MYBPC3 Val 896 Met 26 GTG - ATG Known Weak 1 Familial *
MYH7 Ala430 Glu 14 GCA - GAA  Nove Strong 1 Sporadic
MYH7 Glu 924 Lys 23 GAG - AAG  Known Strong 1 Familia
MYL2 Arg 58 GIn 4 CGA - CAA  Known Strong 1 Familial
Nonsense
MYBPC3 Lys 565 Stop 18 AAA - TAA  Novel Strong 1 Familia
Frameshift mutations
MYBPC3 (del CG, insTCT 852) 25 CG - TCT Novel Strong 3 2 Fam. 1 Spor.
TNNI3 del 33 nt, 202 8 del 33nt known (29) Strong 1 Familia

* The proband also carries amutation in MYH7

proband carrying this mutation, a 53-year-old man (Indi-
vidual No. | in[Table 1), had 11 first-degree relatives, seven
were studied, of which one (a 49-year-old brother), was
shown to be affected. The mutation was not found in the
controls and is considered to have a strong disease associa-
tion. A G- A transition in exon 12, found in a 68-year-old
man (Individual No. 1), replaces a conserved arginine with
glutamine at residue 326 (Arg326Gln). Five of seven close
relatives were studied and one affected brother wasfound. In
exon 21, aG - A transition altersahighly conserved arginine
residue, which is replaced by histidine (Arg668His). This
mutation was found in two unrelated individuals, No. 111 and
IV. Individual No. I1l was a45-year-old man without known
family history of HCM. All five close family members were
studied, a 50-year-old sister with arteria hypertension had
mild hypertrophy (septum 14 mm) and was shown to carry
the mutation, as well as a 49-year-old brother with mild
systolic anterior motion (SAM) of the mitral valve as only
positive finding. Individual No. IV was an 80-year old
asymptomatic woman, diagnosed with HCM 8 years previ-
ously because of a systolic murmur. The condition was
judged to be familial due to the occurrence of exercise-
related sudden death in a 16-year-old son. All living first-
degreerelatives, three children 54, 40 and 34 years old, were
examined. The 54-year-old son (without children) with a
completely normal ECG and echocardiography examination
carried the mutation, whereas two unaffected daughterswere
genotype negative. Another G - A transition at residue833in
exon 25, found in a 44-year-old man (Individual No. V),
replacesaconserved alaninewith threonine (Ala833Thr). All
six family members were examined. The mutation was
present in a42-year-old brother with mild hypertrophy of the
basal septum (15 mm) and SAM of the mitral valve, as well
as the 69-year-old father with mild septal hypertrophy (14
mm), who also had atrial fibrillation, arterial hypertension
and diabetes mellitus. In exon 26, aG - A transitionin aless
conserved residue alters valine to methionine (Val896Met),
found in a 67-year-old woman (Individual No. X1), who was

also found to carry a mutation in MYH7 (Glu924Lys). The
Ala833Thr variant was also found in one healthy control
subject, and the Val896Met was identified in three of the
controls. The other three missense mutations, Tyr237Ser,
Arg326GIn and Arg668His, were not found in the control
samples.

Two mutations are predicted to result in a truncated
myosin-binding protein C, both are considered to have a
strong disease association. AnA - T transversion in exon 18
replaces a lysine residue with a termination signa
(Lys565Stop), which was found in a 57-year-old woman
(Individual No. V). The mutation was al so present in her two
affected daughters, but not in any of her six unaffected
siblings. A frameshift mutation in exon 25, found in three
unrelated individuals (No. VII, VIII and IX), is predicted to
alter the reading frame and create a premature stop codon in
exon 26 (delCG/insTCT852). Individual No. VII was a 26-
year-old man, without apparent family history of HCM. Two
brothers and the father had normal phenotypes, although one
brother (27 years old) wasamutation carrier. Sincethefather
was not carrying the mutation, it should have been inherited
from the mother. She did not have any known cardiac condi-
tion and died of a severe infectious disease. Individual No.
VIl was a 62-year-old man, the proband in a family with
nine affected individuals (Fig. 1). He had an affected son and
an unaffected daughter. His affected father died (63 years
old) suddenly and had been symptomatic for many years.
One affected brother and two affected sisters died suddenly
at young age. Two sons (27 and 29 years old) of another
affected brother had mild hypertrophy of the septum (13 mm)
and were both shown to carry the mutation, as well as their
19-year-old sister who had no sign of cardiac hypertrophy.
Individua No. I X was a44-year-old man, proband in asmall
family, where the asymptomatic mother (63 years) was
shown to be affected. The Arg326GIn and Val896M et muta-
tions are previously described, whereas the other five muta-
tions are novel



846

I-1

S Morner et al. / Journal of Molecular and Cellular Cardiology 35 (2003) 841-849

| e

I-2

SCD
63 yrs
-1 -2 II-3 -4 I-5 -6 -7 -8 I-9 I-10 1-11
Cancer SCD SCD Gen - Gen - Cancer SCD Cancer Gen +
32 yrs 30 yrs 31 yrs
-1 -2 11-3 -4 -5
Gen + Gen + Gen + Gen + Gen -

Fig. 1. A family with aframeshift mutation in exon 25 of MYBPC3 (del CG, ins TCT 852). Squares, males; circles, females; filled symbols, clinicaly affected
subjects; SCD, sudden cardiac death; Gen+, genotype positive; Gen—, genotsype negative. Proband indicated by arrow.

3.2. Cardiac f-myosin heavy chain (MYH7) mutations

Two missense mutations were found. A 67-year-old
woman (Individual No. X1) with familial HCM was found to
carry aknown mutation in exon 23 of MYH7, where glutamic
acid is replaced by lysine in a highly conserved residue
(Glu924Lys) This individual was found to be double
heterozygous, with a known missense mutation in MYBPC3
(Val896Met) as well. Three first-degree relatives, a brother
and two children, were clinically affected but not available
for genotyping. A novel mutation was found in exon 14 in a
sporadic case, a 73-year-old man (Individual No. X), wherea
C - A transversion replaces a highly conserved aanine with
glutamate at residue 430 (Ala430Glu). This residue was
found to be conserved in nine different species and isoforms
(datanot shown). First-degree relatives were two ol der broth-
ersand asister, they had all reached 75 years of age or more
without being diagnosed with HCM, although only one unaf-
fected brother (83 years old) agreed to participate in the
study. None of the B-myosin heavy chain mutations were
found in normal controls.

3.3. Cardiac regulatory myosin light chain (MYL2)
mutation

A G- A transition in exon 4 was found in the proband of
a family of three generations, a 67-year-old woman (Indi-
vidual No. XI1). It isaknown missense mutation (Arg58GIn)
of the cardiac regulatory myosin light chain . Interest-
ingly, her 44-year-old daughter carried the mutation, without
any clinical sign of HCM, whilethe 18-year-old granddaugh-
ter was genotype positive and had developed obstructive
HCM, requiring pacemaker treatment.

3.4. Cardiac troponin | (TNNI3) mutation

A frameshift mutation was found in the 64-year-old male
proband (Individual No. X111) in afamily, where nine mem-

bers in three generations were studied, published earlier by
our group Three subjects were affected, two brothers
(61 and 64 years old) and their mother. A 27-year-old daugh-
ter was ahealthy carrier of the mutation. It isadeletion of 33
nucleotides including the stop codon in exon 8 of the cardiac
troponin I, predicted to delete thelast eight amino acidsin the
C-terminal part of the cardiac troponin I. This deletion was
not present in the normal controls.

4. Discussion
4.1. Familial cases

Almost all familial HCM in northern Sweden is caused by
four of the known HCM genes, the MYBPC3, MYH7, MYL2
and TNNI 3 genes. A mutation wasidentifiedin 10 of 11 cases
that had a definite family history of HCM. The MYBPC3 is
the major gene for familial HCM in northern Sweden, ac-
counting for 64% of the different mutations found in four of
the eight HCM genesthat were studied. Two of the MYBPC3
mutations detected in the familial cases were also found in
individuals with sporadic HCM. The population in northern
Sweden is genetically homogenous, and the high frequency
of mutations in MYBPC3 might partly be explained by
founder effects. One mutation, the delCG/insTCT 852, was
found in three unrelated individuals (No. VII, VIII and IX)
and a subsequent haplotype analysis with five multi-allelic
microsatellite markers showed that they shared the same
haplotype, suggesting a common founder. Furthermore, one
missense MYBPC3 mutation (Arg668His) was found in two
unrelated individuals (No. Il and 1V) from different geo-
graphic regions.

These results challenge the present view that the MYH7
gene is the most common cause of familial HCM, while in
this study it only represented 9% of the mutations found in
familial cases. This is in concordance with a recent study
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from Finland, which also showed that the MYH7 gene was
not the predominant gene, but instead the MYBPC3 gene was
more common in the population in eastern Finland[24]] The
resultsin this study are based on observationsin 46 individu-
als. Respecting the exclusion criteria of the study, another 14
cases could have been eligible, but were not included mainly
because some patients hesitated when they lived far away
from our centre. Thus, the majority of correctly diagnosed
HCM patients seen by cardiologists in northern Sweden
participated in the study. Patients only seen by non-
cardiologists would not be identified by the search system
used and is alimitation of the study.

4.2. Sporadic cases

Only three of the 35 sporadic cases (Individuals No. I,
V11 and X) werefound to have amutation in one of the HCM
genes . Two individuals carried a mutation in
MYBPC3 (Arg668His and del CG/insTCT852), and one had
a mutation in the MYH7 (Ala430Glu) gene. The delCG/
insTCT852 found in Individual No. VIl was aso found in an
asymptomatic brother with a normal phenotype. This muta-
tion was also present in two of the familial cases (No. VIII
and IX) but not in the healthy controls and is considered to
have a strong disease association. The Arg668His found in
Individual No. Il wasalso found in ahypertensive sister with
mild cardiac hypertrophy and a brother with only one minor
criterion (mild SAM of the mitral valve) for HCM. Theinitial
designation as a sporadic case was not changed, since the
siblings did not fulfil the strict criteriafor HCM, according to
McKenna et al. This mutation was also detected in a
familial case (Individual No. IV), where a healthy carrier of
the mutation was also found in the family. The mutation
affectsahighly conserved amino acid residue, it wasfoundin
two unrelated probands in the study, but not in the healthy
controlsand, therefore, is considered to have astrong disease
association. The novel MYH7 mutation (Ala430Glu) found
in Individual No. X is also considered to have a strong
disease association, sinceit affectsa highly conserved amino
acid residue and was not found in the healthy controls.

In the majority of the cases, 17 women and 16 men, no
mutation was identified. However, the TTN, TNNC1 and
PRKAG2 genes were not investigated and the relevance of
these specific genes in northern Sweden remains unknown.
They are regarded as uncommon causes of HCM, the TTN is
avery large gene to study and PRKAG2 has only been found
in combination with electrophysiologic abnormalities. Fur-
thermore, thereis also alimitation in the techniques used for
mutation detection, SSCP has a sensitivity of about 80% and
DHPLC approximately 90%. In a recent study of 31 spo-
radic, elderly-onset HCM cases, six sarcomeric protein genes
were screened for mutations. In four cases, MYBPC3 muta-
tions were found, but in the majority of the cases, as in the
present study, no mutation wasfound The proportion of
sporadic casesin this study was larger than expected and the
reason for this is not clear. When including patients in the
study, an effort was made to include all available cases, both

sporadic and familial. It is possible that some of the patients
in this study represent the subset of elderly-onset HCM, 11
patients were >65 years old at the time of diagnosis. One
must also bear in mind that the families were not completely
studied in every case, which is alimitation of the study.

The phenotypic expression was quite similar in sporadic
and familial cases. Except for dyspnoea, which was more
common in sporadic cases, there were no other clinical or
echocardiographic parameters that distinguished individuals
with sporadic or familial disease.

4.3. Mutations

The clinical significance of amissense mutation should be
interpreted with some caution, especialy in the MYBPC3
gene, since the distinction between arare polymorphism and
disease-causing mutation is not always clear. The informa-
tion about each mutation and its possible disease association
is summarised in taking into account:

1. if the mutation co-segregates with the disease, keeping
in mind that some families are small and mutations can
also be found in seemingly sporadic cases,

2. if the mutation has been found in the healthy controlsin
this or other published studies;

3. the degree of conservation in the amino acid sequence.

Three of the MYBPC3 mutations found, Arg326GIn,
Ala833Thr and Val896Met, deserve further comment (see
below).

The Arg326GIn mutation was found in two affected broth-
ers with familial HCM (family of Individual No. II). It was
recently described in a case with elderly-onset, sporadic
HCM, as well as one healthy individual In another
study, it was possibly not associated with HCM, since it was
found in healthy controls aswell as affected subjects{[24]! In
the present study, this variant was not found in the normal
control subjects. The amino acid sequencesfrom 10 mamma-
lian, avian and amphibian species flanking the residues,
where the missense mutations were found in MYBPC3 are
shown in[Teble 3 The arginine at residue 326 is conserved in
three species and the mutation is possibly disease associated
in this family.

The novel Ala833Thr mutation wasfound in a44-year-old
male proband in a family with HCM (Individual No. V). A
brother with mild hypertrophy and systolic anterior motion
of the mitral valve also carried the mutation, which was
shown to come from the father who had mild cardiac hyper-
trophy. Both parents had arterial hypertension, obscuring the
phenotype assessment. One of the healthy controls, a 19-
year-old man, also had this variant. The mutated residue is
conserved in three species, supporting evidence of it being
possibly disease associated, although the possibility of arare
polymorphism cannot be ruled out.

The Val896Met mutation was found in a 67-year-old
woman (Individual No. XI) with obstructive, familial HCM,
who was found to be double heterozygous, with a missense
mutation in MYH7 as well. In this particular case, the
Val896Met mutation in the MYBPC3 gene was previously
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Table3

Comparison of amino acid sequencesin cardiac and skeletal myosin-binding protein C of different species, flanking the residues where missense mutations have
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been found (extent of homology.shown in boxes)

Cardiac myosin Tyr 237 Ser Arg 326 Gln Arg 668 His Ala 833 Thr Val 896 Met
binding protein C
Human cardiac AFTGS[YRCEVS ~ VWEILRIQ-APPS  AGNKLRLDVPI ~ ELSHEARRMIE  RPPERVIGAGGL
Mouse cardiac TSAGGRCEVS ~ VWEILRQ-APPS  TGNKLRLDVPI ~ ELSHEARRMIE  RPPERFVIGAGGL
Chicken cardiac TFAGGYJRCEVS ~ VWEILR[K-APPS  AGNKLRILDVPI ~ ELTYEQAKRMIE  RPPERIGAGGL
Frog cardiac TYAGGEJRCEVS ~ VWEILKK-APPS  AGNKLRLDVPT ~ ELTYESKRMIE  RPPERIGAGGL
Axolotl cardiac TYAGG@RCEAV MSGKSEG-ASPS AGNKLLDVPI ——————————————————————
H low skeletal - RPPNRIGAGGI
uman slow skeletal NFAGNFRcEVT — VWELLKN-AKPS  povyrRhprpy  ETTFEPKKMIE
Human fast skeletal IWELLKG-AKKS ETTYESTKMIE RPPDHIGAAGL
GDRGY[YRLEVK AGNKLR|LDVSI
Chicken fast skeletal IWELLKGVTKKS DTTYESTKMIE RPPERIGAGGV
GDRGDYJRCEVT AGNKVRILDVPI
Mouse fast skeletal IWELLKG-AKKS DTTYESTKMIE RPPDRIGAGGI
GDRGDYRLEIK AGNKLR|LDVAI
Rat slow skeletal PERLEIK ETTFEPKKMIE RPPDQIGAAGL
——————————— AGSKLRILEIPV
published as disease causing but in another study, an 5. Conclusion

unaffected individual was found to be homozygous for the
mutation and five healthy controls were heterozygous
In the present study, this mutation was found in three of the
healthy controls, making probable that it represents a non-
disease related polymorphism in the population of northern
Sweden. Thisisalso supported by the fact that the magnitude
of hypertrophy in the proband was not exceptional, which
has often been the case in other reports of families with
double mutations[[36]} Interestingly, this residue isless con-
served (two species) than the other mutations found. The
other mutation in thisindividual, aknown Glu924Lys muta-
tionin ahighly conserved residue in the MYH7 gene was not
found in the healthy controls and is most likely disease
associated in this case([34]} The other family members had
moved out of our catchment area and were not available for
genotyping, therefore the contribution to the phenotypes of
each mutation could not be assessed further, although it was
clearly a familial condition from the medical records, with
two children and one brother affected.

The magjority of MYBPC3 mutations in this study were
missense mutations (five of seven mutations), while in the
literature, mutations resulting in atruncated protein are more
often described in this gene. However, one of the missense
mutations found in this study isalikely polymorphism unre-
lated to disease (Val896Met) and two mutations lack definite
proof of being disease causing (Arg326GIn and Ala833Thr).
If these three missense mutations of uncertain clinical impor-
tance are excluded, two of the remaining four mutations in
the MYBPC3 would betruncating. Mutationsin MYBPC3 are
associated with a late-onset disease, which in combination
with small family sizes can make it difficult to establish
co-segregation between the mutation and the disease. This
emphasises the need for adequate control studies before
giving an MYBPC3 missense mutation the status of adisease-
causing mutation.

Due to the heterogeneity of the disease, today one cannot
use the genotype as a tool in the everyday management of
patients with HCM. However, data concerning genotype-
phenotype relationship isemerging, indicating that MYBPC3
mutations are associated with a milder, late-onset disease
compared with MYH7 mutations. Adequate family screening
isimportant when eval uating new caseswith HCM, sincethe
familial nature of the disease might easily be overlooked,
especially inthe presence of agenewith low penetrance. This
is relevant for the situation in northern Sweden, where
MYBPC3 is the dominant gene. Information about the geno-
type in a family could be useful, especially when dealing
with healthy family members, in doubt about their risk of
developing the disease. The knowledge of the actual HCM
genes present in a particular population can, therefore, be of
interest. Indeed, the present study has prompted theinitiation
of a genetic counselling programme at our hospital, now
availableto HCM families, where the disease-causing muta-
tion is known.
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