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Summary palpitations and dyspnea, to patientgexiencing major
- ) ) ] complications including syncopegntricular arrigthmias,
1. Familial hypertrophic cardiomyopagh(FHC) is a congestie reart failure and sudden death.

primary cardiac disordercharacterised by myocardial Based on current knowledge, the phenotypic
hypertroply, which demonstrates substantiab@lsity in  peterogeneity seen in FHC can beplained by at least
both genetic causes and clinical manifestations. three important dctors. First, the causedi gene, i.e.

2_. Clinical heterogeneity can be_ explained by the,tations in MYH7 and TNNT2 genes appear to be
causatre gene (at least 13 are identiEed to date), thgsociated with poor prognosis while mutations in
position of the amino acid residue affected by a mutatiqyygpc3 are associated with a relaty/ late onset and
within the protein (wer 450 mutations hee been reported penign symptom&3 Second, the position of the amino acid
to date) and modlfylng g_enetlc and enqunmental factors. residue dected by a mutation within the proteie.g. the

3. Multiple mutations are found in up to 5% 0f Arq403GIn and Ag719Tp replacements in MYH7 are
human FHC cases, who typically present with a morggociated with particularly &e hypertroply and
severe phenotype compared to single-mutation carriees, predispose to sudden death and hedture, whereas the
earlier onset of disease, greater leficular lypertroply,  Gly256GIu, Phe513Cys and Leu908Val replacements cause
and a higher incidence of sudden cardiac deghte less seere phenotype$.Third, modifying factors, which

4. Multiple mutations usually wolve MYH7, jyclude environmental insuences such aereisé” and
MYBPC3 and, to a lessenent, TNNI2, resecting the gjiet8 and genetic factors such as mutations in other denes,
higher contribution of mutations in these genes to FHC. ¢ jikely to play an important role ix@aining the clinical

5. Multiple mutation mouse models appear to MiMig,eterogeneity observed in FHC. The focus of thiseveis
the human multiple mutation phenotype, and thus will hely expiore the dcts of second disease-causing mutations
to improve aur understanding of disease pathogenesi® o, clinical outcome in FHC and to highlight the challenges
models preide a tool for future studies of diseasgnat multiple mutations pose both in understanding disease

mechanisms and signalling patye in FHC, and its pathogenesis, as well as in diagnosis and counselling in
sequelae, heart failure and sudden death, therelyi@do tzmilies with FHC.

identiCEcation of wel tamets for potential therapies and
disease prention strategies. Multiple mutations in human FHC

Introduction We haverecently shan that in up to 5% of human

- ) ) ) FHC cases, tw disease-causing mutationsig in afected

Familial hypertrophic cardiomyopagh (FHC) is @ ingividualsl® Genetic screening of s FHC genes

primary cardiac disorder characterised by myocardiWYHZ MYBPC3, TNNT2, TNNI3, MYL3, MYL2 and
hypertroply, usually affecting the left entricle, in the AcTC) was undertaken in 80 unrelated probands and

absence of loading conditions such gpdrtension. FHC multiple gene mutations were identied in families.

demonstrates substantialvelisity in both genetic causes gpe family had a double mutationfedting MYH7 and
and clinical manifestations. Heterogeneous autosomglygpc3 and three had compound mutations in MYBPCS3.

dominant mutations, primarily in genes which encod¢pis Ending is consistent with a number of recent studies.
sarcomere proteins including cardizenyosin heavy chain grgmann et alll reported 1% multiple mutations (108

(MYH?), cardiac myosin-binding protein C (MYBPC3), ynrelated probands) in 6 genes; Richerdil,'2 4.5% (197
card|acj‘ troponin T.(TNNT2_), cardiac troponin | (TNNB)’unrelated probands) in 9 genes; van Drigtsall® 2.5%
essential myosin light chain (MYL3), gelatory myosin (3g9 ynrelated probands) in MYBPC3; and Mohidein
light chain (MYL2), a-tropomyosin (TPM1) and cardiac 4 14 o4, (100 unrelated probands) in MYH?7.

actin (ACTC), hae keen found to cause FHC, with afe Table 1 summarises all the multiple mutations
cases attrited to mutations in other genes. Currently MOTRported in FHC families to date. Compared toviitials
than 450 2diferent mutations in at least 13 genesenteen yth single FHC gene mutations, those with homozygous
repo.rtedl.v FHC typically presents in early adulthood withyng double or compound heterozygous mutations typically
a wide range of clinical serity, from asymptomatic present with more sere left ventricular fipertroply, and a
individuals and those with very mild symptoms such &igher incidence of sudden cardiac deatlents among
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Table 1. Multiple mutations in human FHC.H %. bmozygous; DH %. double heterozygous; CH %. compound heterozygous; ASH %o
asymmetric septal hypertrophy; LAD %o left atrial dilation; CHF %o congestive heart failure; HT %arsgdaintr SD %o, sudden death;

FHC %. familial hypertrophic cadiomyopathyD_%o. left ventricular dilation; ALVH %. asymmetric left ventricular hypertrophy; VT %o
ventricular tatycadia; RVH %o right ventricular hypesphy; LVH %o left ventricle hypertrophy; ICD %o implantabldioserter
deEbrillator; CA %o cardiac arresyQT'O %o dft ventricular outeow tract obstruction; BVH %o biventricular hypgty; VS %o
interventricular septum

Genel Mutationl Gene2 Mutation2 Geno- Initial Symptoms and IVS (age) References
type Clinical Progression
MYH7 Lys207GIn MYH7 Lys207GIn H ASH, LAD, CHF 21mm (64y) 14, 56
MYH7 Arg403Trp MYH7 Arg403Trp H LAD, HT 20mm (38y) 57
MYH7 Asp778Glu MYH7 Asp778Glu H SD 19mm 12
MYH7 Arg869Gly MYH7 Arg869Gly H Early onset FHC, LAD 35mm (29y) 58, 12
MYH7 Glu935Lys MYH7 Glu935Lys H ASH, LVD, CHF 31y 13mm (25y) 16
MYBPC3 GIn76Ter MYBPC3 GIn76Ter H CHF 16mm (<1ly) 12
MYBPC3  Ala627Val MYBPC3  Ala627Val H ALVH, 16y 28mm (47y) 59
MYBPC3 Arg810His MYBPC3 Arg810His H Dyspnoea 32mm (32y) 17
MYBPC3 Pro873His MYBPC3 Pro873His H VT 27mm (27y) 17
MYBPC3 Aspl064fsX38 MYBPC3 Asp1064fsX38 H Early onset FHC, SD n/a 18
TNNT2 PhellOlle TNNT2 PhelloOlle H RVH 21mm (49y) 20
TNNT2 Serl79Phe TNNT2 Serl79Phe H SD 25mm (17y) 19
MYH7 Ala355Thr MYBPC3  Val896Met DH Early onset LVH n/a 12
MYH7 Glu483Lys MYBPC3 Glul096Ter DH LVH 28-32mm 21,12
MYH7 Arg694Cys MYBPC3  GIn791fsX40 DH n/a n/a 13
MYH7 Arg719GIn MYBPC3  Arg273His DH LVD, LAD, HT 17mm (35y) 10
MYH7 Glu894Gly MYBPC3 Asp605Asn DH n/a n/a 13
MYH7 Arg453Cys TNNT2 GIn191del DH n/a n/a 13
MYH7 Arg453Ser TNNI3 Pro82Ser DH LAD, Syncope, ICD 15mm (19y) 22
MYH7 Cys905Phe TNNI3 Serl66Phe DH n/a 14mm (39y) 11
MYH7 Arg787Cys ACTC Arg97Cys DH Early onset FHC 15
MYBPC3  Val256lle TNNT2 Arg92Trp DH n/a n/a 13
MYBPC3 Ala833Thr TNNT2 Arg286His DH n/a n/a 13
MYBPC3 Arg495Gin TNNI3 Arg141GIn DH Early onset FHC 15
MYBPC3  Arg943Ter TNNI3 Serl66Phe DH n/a n/a 13
MYBPC3 Phel113lle TPM1 llel72Thr DH n/a n/a 13
MYH7 Val39Met MYH7 Arg723Cys CH n/a 20mm 12
MYH7 Arg54Ter MYH7 Arg870His CH ASH 20mm (16y) 26
MYH7 Pro211Leu MYH7 Arg663His CH ASH, CHF 20mm (65y) 14
MYH7 Met349Thr MYH7 Arg719Trp CH LVH,CA 65y 18mm (8.5y) 27
MYH7 Arg663His MYH7 Val763Met CH Early onset FHC 15
MYH7 Arg719GIn MYH7 Thr1513Ser CH n/a n/a 13
MYH7 Asp906Gly MYH7 Leu908Val CH LAD n/a 56
MYBPC3 Gly5Arg MYBPC3 Arg502Trp CH n/a n/a 13
MYBPC3 GIn76Ter MYBPC3 His257Pro CH Mild HCM 18mm 12
MYBPC3 llel54Thr MYBPC3 Asp605del CH Early onset FHC 15
MYBPC3 Glu258Lys MYBPC3  Ala954fsX94 CH n/a n/a 13
MYBPC3 Arg502Trp MYBPC3 Ser858Asn CH Early onset FHC 15
MYBPC3 Glu542GIn MYBPC3  Ala851Val CH Dyspnoeay@QTO 34mm (34y) 10
MYBPC3 Asp745Gly MYBPC3 Pro873His CH Syncope, ICD 30mm (29y) 10
MYBPC3  Trp792fsX17 MYBPC3 IVS15+1G>A CH Early onset LVD, SD 11mm (<1y) 29
MYBPC3 Arg810His MYBPC3 Arg820GIn CH Dyspnoea 23mm (53y) 17
MYBPC3  Arg943Ter MYBPC3 Glu1096fsX92 CH BVH, SD n/a 29
MYBPC3  Thrl028Ser MYBPC3 IVS31+2T>G CH Early onset FHC 15
MYBPC3 GIn1233Ter MYBPC3 Arg326GIn CH Dyspnoea 28mm (53y) 10

family members® Moreover, patients with double Homozygous FHC mutations

mutations are signiCEcantly younger at diaghtasigl more o )
commonly present with childhood-onsegpertroply.10:15 A double mutation in FHC as Erst reported indw
Multiple mutations usually rolve MYH7, MYBPC3 and Drothers homozygous for ay$935Glu amino acid
to a lesserxent TNNI2, resecting the higher contition ~ Substitution in MYH7,i.e. they had no normal cardiac
of mutations in these genes to FHC (Table 1). b-myosin heavy chain protefi.Both brothers presented
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with severe left entricular lypertroply and a clinical genes were (Erst reported inaeify with a Glu1096@&r
course culminating in congesti heart failure and sudden nonsense mutation in MYBPC3gegaing in 7 members
death at ages 31 and 34 years, respsbgtiAnalysis of and a Glu483¥s substitution in MYH7 ggegaing in 6
family members reealed that both parents weremembers, of which ter dso had the MYBPC3 nonsense
heterozygous for ys935Glu, and while both had left mutation and were therefore double heterozydéds.
ventricular typertroply, neither showed an clinical There was no diérence in the degree or extent of
symptoms. Furthermore, a sister also heterozygous faypertroply between patients with single mutations in
Lys935GIlu showed no ventricularygertropty on her MYH7 and MYBPC3 (intraentricular septum 15 mm to 25
echocardiogram. dur additional homozygous mutations inmm), but the extent ofyipertroply was signiEcantly higher
MYH7 have snce been reported, each with aee clinical in the two double heterozygous patients (inteatricular
course culminating in a dilated form of cardiomyopath septum 28 and 32mm). Thus, both mutations are
heart filure, sudden death or a heart transplant (Table tgsponsible for FHC and t& ax additive dfect on
Homozygous amino acid substitutions in MYBPC3 tend thypertroply when found together in the same patient.
shaw less seere clinical symptoms than those occurring in We recently reported on a double heterozygous
MYH7, which is in accordance with the milder phenotypeproband having an Arg719GIn and Arg273His substitution
of single mutations in MYBPC3 compared to MYH7.in MYH7 and MYBPC3, respestily.'° The proband, (I
Nevertheless, individuals homozygous forg®10His and in Figure 1) passed on both mutations to her soh)(Who
Pro873His substitutions in MYBPC3 V& nore seere at 15 years is clinically &cted, whereas his 13 year old
disease than heterozygous individudls. brother (\2), who inherited only the MYBPC3 mutation is
FHC does not usually present in young childrerglinically normal. Double heterozygous mutations in FHC
however, two homozygous mutations thatveeely truncate have dso been reported wolving mutations in MYH7
the MYBPC3 protein hse been reported as causingtogether with MYBPC3, TNNT2, TNNI3, and ACTC, and
neonatal FHC resulting in sudden cardiac death within timeutations in MYBPC3 together with TNNT2, TNNI3 and
Erst year of life. In one case, homozygosity for a GE76TTPM1 (Table 1). Double mutationsfedting MYH7 plus
nonsense mutation in MYBPC3 led to avese FHC ACTC, and MYBPC3 plus TNNI3 are associated with
phenotype with heartflure and death at age 6 monthtn  severe childhood onset yipertroply.’®> However, each
a econd report, a single mutationgsgyaed in three mutation in the single heterozygous state causes mild FHC.
Amish families with mild FHC, havever, each family had a Fraizeret al?? reported admily with history of FHC and
homozygous child who died of heasilfire before age 1 sudden cardiac death violving a noe Argd53Ser
year!® The intronic mutation identiCEedsvshown to cause substitution in MYH7 together with a Pro82Ser substitution
skipping of exon 30 leading to a premature translation stap TNNI3. In this family, the mother was double
codon 211 amino acid residues from the carboxyl-terminhkterozygous and had aveee clinical course with an ICD
end, and thus removing the major myosin-binding domaimplanted. Hedaughter and son were heterozygous for the
of MYBPC3. Strikingly in the three Amish dmilies, substitution in MYH7 and TNNI3, respeatly. Arg453
heterozygous members had mild FHC. No cases of MYH#@sidue was pkgously reported as an FHC mutation when
homozygous null alleles f1@ keen reported and\gin the substituted for ysteine, histidine and leuciffeand the
more sgere phenotype of mutations in MYH7 compared tAArg453Ser heterozygous daughter has presented with FHC.
MYBPCS3, it is possible that such cases may result in dhe Pro82Ser substitution in TNNI3 a& pr&iously
embryonic lethal phenotype. identiCEed as disease causing in elderly patients witR*FHC
Homozygous Phel10lle and Serl79Phe substitutioaad has been inherited by the currently asymptomatic son.
in TNNT2 have keen reported in tav large families with  This variant may be a polymorphism or disease modéEer
FHC. Both mutations causeveee FHC characterized by it is present in the healttAfro-Caribbean populatiof?.
biventricular typertroply, revese septal curvature and a )
high incidence of sudden dedf?° Each mutation was not Compound heterozygous FHC mutations
fully penetrant as some heterozygous family members were
asymptomatic, while others had mild leftentricular
hypertroply. The left entricular septal wall thickness for
two homozygous PhellOlle patients (1291.1mm) vas
greater than family members heterozygous for this mutati
(13.8+ 5.1mm), suggesting that one normal TNNT2 allel

A compound heterozygous mutation, whereo tw
mutations are identiCEed in the same gene, was (Erst reported
in a proband with a nonsense mutation and missense
mutation on diferent MYH7 alleles, and only thosenily
Members heterozygous for the missense mutation were
Qiffected?® The nonsense mutation did not sha dominant
hE’nenotype as it might not be translated into a protein and

0 .
Phell0lle allelé® Collectvely, the abse ases incorporated into the sarcomerén another case, a Ho

demonstrate that homozygous FHC mutations cause é'i'é]ed 6.5 years suffered a cardiac arrest and showeeanark
ea”'e.r onset with more gere syr_nptoms than heterozygouqeﬁ ventricular lypertroply with a wall thickness 18mif.
mutations and suggest a mutation dosage effect. Genetic analysis vealed ade noo Arg719Trp substitution
Double heterozygous FHC mutations on thg p.aternally inherited MYH7 a!lele and a Met349Thr
substitution on the maternally inherited MYH7 allele. The
FHC patients having single mutations irotdifferent  former mutation has been reported as causingesd-HC,
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shift, leading to a premature translation stop, whereas the
father, who had mild FHC, had an intronic mutation in an
JZF_@ invariant splice donor (AG) signal sequence, which predicts
skipping of exon 15 in the mRN The authors further
I:1 1:2 report on a second unrelated patient who died at age 6
weeks and also had oaMYBPC3 mutations that caused
premature termination of translation. Both of the \abo
i i_o patients lackd an intact MYBPC3 protein, accounting for
the neonatal FHC seen. This phenotype is similar to that of
I:1 11:2 l:3 l:4 patients with homozygous MYBPC3 nonsense mutations
mentioned preiously. Parents heterozygous for the

mutations hee me intact functional allele, which can
D_ﬂ largely compensate for the MYBPC3 haploinsufCEgienc

-2 3 -4 5 Diagnosis and counselling

Family C

Homozygous and compound or double heterozygous

mutations occur in an appreciable proportion of FHC
i I:l 6 LD patients. The most accurate measures of the fregusnc
/' multiple mutations in FHC are with studies of all valg
IV:1 V2 IV:3 7 IVi4 | V5 genes in an unbiased FHC cohort, using a screening method

A c MYBPC3+ that approaches 100%@@tienc Such studies indicate a

e LEERE MYH7  + frequeng of up to 3%.1° Such cases produce challenges to
| traditional methods of linkage analysis, as families with
; double mutations may not shosegegaion of a single
N

marker with diseasé! therefore, a systematic screen for

LI Vi1l V2 mutations in all FHC genesowld be required,ven when a
MYBPC3+ MYBPC3+ Mutation is found. The genetic councillor must lesre
MYH7 + MYH7 - that two mutations may sgregae in families, particularly

with an allele having incomplete penetrance, which may not
be under strong getive ®lection pressure and thus persist
Figure 1. Double heterozygous mutations in FHC family jn the family. This suggests that some inherited cases of
Squaes epresent males, circlesepresent females, blec FHC may be more complethan a simple autosomal
arrow indicates proband, blacsymbols epresent clinically  dominant trait, with a second mutation acting in a recessi
affected individuals, crossed Symbolsplesent deceased manney Causing no symptoms on its ownutbhaving a
individuals, N %o clinically urfatted. The genotype ismarled additve ineuence on the sexity and clinical
shown below the individual, ™48 %o individual has a mumgression_ Furthermore, the phase of Compound
tion in the indicated gne ™™ %o individual does not have aeterozygous mutationse. whether thg are on the same
mutation in the indicatedeme Arrows indicate position of or on different chromosomes, will alter the chance of
the mutation on sequencehrematogams (top hro-  inheriting a mutation, from 50% to 100% respesiji.

matogam % MYBPC3 Arg273His, bottommoenatogam %o The question of whether aanant is a pathogenic
MYH7 Arg719GIn). (ModiCEed from Inglesal, 2005 J. mutation, rather than a neutral polymorphism remains. In
Med. Genet?) mary of the cases described alepa variant was silent on

its own hut enhanced the phenotype of a second FHC

including sudden death in young adults, with Kaplan-Meigputation. Fpically, indirect evidence can be suggestif
survival analysis suggesting 50% of carriers of thi Pathogenic mutation, including cogsegation with the
mutation die before the age of 38 ye#rsThe latter Phenotype in admily or arisingde nwo in sporadic
mutation was present in &asymptomatic family members NYPertrophic — cardiomyopagh ~ conseration of the
and was postulated to add to the phenotype by e nucleotide or amino acid residue across species, absence in
symptoms in this unusually young patient, since no norm@| $netically relgant control population and molecular
b-myosin hewy chain protein exists. Met349Thr variant inModelling of the mutation on the X-ray crystal structure of
MYH?7 is reported as a polymorphic variant in the normdf’® Protein. Recapitulating the phenotype in an animal
population?® In this family only the MYH7 gene as model by introducing the speciCEc mutation is a very strong
screened for mutations leaving open the possibility of idicator of a pathogenic mutation.

second mutation in another FHC gene.

Lekanne Deprezet al?® reported a compound
heterozygous mutation in MYBPC3 in a patient withese Animal models hee teen ivaluable in elucidating
hypertroply who died suddenly at age 5 weeks. The normghe pathogenesis of cardiac disease andaramhs in
mother had a single base insertion causing a reading fratsehnology during the last 15 years/damade it possible to

Animal models of multiple mutations in FHC
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Figure 2. Tnl-203/MHC-403 double-mutant mouse model of severe FHOKaplan-Meier survival curves of double-
mutant Tnl-203/MHC-403 mic& Whole hearts at@e M days, with corresponding light microscopy of myocardial sec-
tions stained with Milligars trichrome Myocytes stained red, cofjenous tissue stained blu€ Transmission electn
micrographs. Arpows indicate misalignment of Z-disks, asterisks indicate chustenitochondria.D Inducibility of ven-
tricular tachycadia in Tnl-203/MHC-403 mice (arrow indicates onset of ventriculathyaadia). (ModiEed dm
Tsoutsmaret al, 2008 Circulation

create virtually am model with cardiac speciEc loss- oconsidered as one of the limitations of animal models.
over-expression of proteins of interest. wd major _

methodologies st for creating genetically-modiEed Nl-203/MHC-403 double-mutation mouse model
animal models,i.e. transgenesis and genegeating via

N . To explore if introduction of a second mutation has
homologous recombinatiol. Both methodologies Iva P

i mitatiof&3t X an effect on the delopment of single-mutant phenotype in
adwantages and .Ilmltatp and are vyldely used_ ' terms of seerity as seen in humans, we recentlyaeped
conErm necessitgufEcient and causality of spemCEca double-mutant model of FHE&. Arg403GIn a-myosin
proteins in cgrdia}c pathologyCurrently Circulatioq _heay chain (MHC-403) knock-out/knock-in mou&ethe
Erst and the best characterised mouse model of F&C, w
crossbred with a Gly203Ser cardiac troponin | (Tnl-203)
Fansgenic mouse model, which we\poaisly generated in

ur laboratory® a-myosin heavy chain (Myh6) is the
predominant isoform of myosin expressed in the adult

mouse heart corresponding to-myosin heavy chain

reported targeting the role of single mutations known thYH?) the predominant isoformxpressed in the adult
cause human FHC and areviewed elsehere®®® The | " Lot Both single-mutant _ mice velep

single-mutant mouse ”?Od‘"?'s derT‘.O nstrate r?is‘mp"’uho'ogi%aracteristic features of FHC such as myocyte disarray
fgatures of FHC mcludmg_ interstitial (Ebrosis and W’C interstitial Ebrosis and left ventriculgipkrtroply by age
disarray but the phenotypic hallmark of FHGg. cardiac 20-30 weeks. but eachabeen shown to he a ormal
hypertroply, is dten mild or absent, which could be . span ('Et;Ie 2)%990 Both of the mutations he teen

animal models of human dise&a$e.

The mouse is the most widely used animal model d
to its small size, @ maintenance cost, rapid gestationa
period, large litter size andxinsve knowledge of the
mouse genome. A number of mouse modelge hieen
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described to cause FHC in humé&h$? In complete weeks of life. In addition, markers of cardiac remodelling
contrast, the double-mutant mice, designateslich as BNPa-skeletal actin andb-MHC are up-rgulated
Tnl-203/MHC-403, deelop very seere disease, with 100% compared to the wild type mice.

mortality by the age of 21 days (Figure 2). At age 14 days _ ) _ )
Tnl-203/MHC-403 mice deslop a signiCEcantly increasedultiple mutation models: Insights into disease

heart:body weight ratio, marked interstitial myocardiaPathaenesis

Ebrosis, and increased expression of Ygertrophy- The fev multiple mutation mouse models described

reI?Fed t_genes t%trlal Brllla;rluretlc factgr t(ANF) tand bra!{b date raise interesting issues related to our understanding

[r_alr';gg Ic p(;apl\/IIHeC 203 I)tt comtparel Odg.ct).n' ra(r;sgglnlgf disease pathogenesis in FHC, including transition to
ni-<vs, an ) itermates. In aadition, doublerq,+ gilure. All three models described demonstrate an

mutant mice demonstrate signiCEcantly altered allgnmenti fr‘eased sty in phenotype compared to single-mutant

rnyoGE_ans and ‘eeral ultrastructural a_bnormalltles models, which parallels our understanding of multiple
including myocyte atroph and fragmentation, altered utations in humans with FHC, who similarly vélep
distribution of mitochondria between myoCEbrils, myoEbyi '

di d di tinuity d i q 1 ; Yavere clinical phenotypes. The Myh6 Arg403GIn mutation
rrf/?)rc;atlg s?rﬂcturéscé); ggu; yl ;ingg,;onm?z 03 /'3'?:’ c Z O'n heterozygous mice results in theselepment of FHC by

" ; ' ) o ol f 30 ks, while t ted Mybpc3 d t
mice rapidly deelop a seere dilated cardiomyopayhwith © age o weeks, whye fruncae ybpes: coes no

S . . recipitate the phenotype in heterozygous mice until the
signiEcant enlgement of left ventricular cardiac chamberéé P P yp Yo y

: . . . are oer 2 years old. Accordingly Myh6 Arg403Gin
and a reduction of fractional shortening, heart failure wit omozygous mice demonstrate neonatal lethality; Mybpc3
inducibility of ventricular arriithmias, leading to death by h ’

. omozygous mice although present with the disease at the
21 days. Marked .dm-regulatlon of mRM levas O.f key_ neonatal stage Mé a rormal life span. Double mutations in
regulators of intracellular G4 homeostasis in

g Myh6 and Troponin | (Tnni3) (phenotype in single-mutants
Tnl-203/MHC-403 mice is also observed. . by 20-30 weeks of life) also result in neonatal lethality.

. Clearly |ntroduct|.on of the §econd mutatlgn has led to These unique models also pide an opportunity to
earlier onset of the disease, Wlth/exg heart &ilure gnd understand the underlying mechanisms as o the two
premature mortality compared to elt_her of the single- utations in Tnl-203/MHC-403 model which cause a mild
”.‘“t.a”t FHC models. These Er.‘d'”gs demonstrate giweenotype if present alone, can result in such a rapidly
s!mllar effect double .FHC mut.atlons e o human developing phenotype if introduced togetherOne
disease caused by multiple mutations (Table 3). possibility is that the to gene mutations may each
Homozygous mutation mouse models contritute to the phenotype. Indeed, both myosin and Tnl

play vital yet distinct roles in the sarcomergapisation

The Tnl-203/MHC-403 mouse model is the Ersind function. Myosin is the main component of the thick
double-mutation model geloped having tw FHC-causing Elament and directlyisived in the force generation, while
mutations located on different sarcomere genesidtrgly, Tnl is the main switch molecule in the sarcomere
only homozygous models ¥& been described, including responsible for the phase of contraction or relaxation in a
Myh6 Arg403GIrf344 (heterozygous mouse Vebeen used Ca&* dependent mannerFrom the Myh6 homozygous
for the generation of Tnl-203/MHC-403 double-mutantmnodel we @in information that duplication of the
mouse) myosin-binding protein C (Mybpc3) mutant®#Arg403GIn mutation results in early lethalitwith the
expressing truncated protein?® Although the homozygous implication that abnormal mutant Myh6 performance
mouse models di#r from each other with respect to thecannot be compensated for byyather component of the
timing of the phenotype gdelopment, both of them, unkk sarcomere. & do rot knov what will be the outcome of
corresponding FHC heterozygous models, progress todaplicating the Tnni3 Gly203Sebut the Tnni3 knochut
dilated cardiomyopath (Table 2) as we observed in ourmodef’ demonstrates that abolishing cardiac Tnni3
double-mutant model. Homozygous Myh6 gdf3GIn expression also cannot be compensateddad results in
mice deelop left ventricular dilation, wall thinning and mortality from heart dilure by postnatal day 19.w®
reduced systolic contraction between postnatal days 4 antdimnan FHC cases ¥& keen reported where mutations in
leading to 100% mortality by postnatal day 8. Myocardidl'YH7 and mutation/sequenceaniant in TNNI3 were
necrosis with calciCEcation was found on histopathptbgy identiCEed (Table 1).
ultrastructure demonstrated normal architecture intexdhix Why, in the case of Mybpc3, a truncated protein in
with focal myoEbrillar disarrés. the presence of the second mutation does not lead to

The phenotype caused by homozygous truncatéucreased mortality of the homozygous mice, as seen in
Mybpc3, which lacks the myosin and titin bindingiems, MHC homozygous or Tnl-203/MHC-403 double-mutant
is more mild as mice are viable and fertile ané liormal mice or in isolated human casesalfle 1), remains
life span, but onset of the disease, as in the case uriknavn. There are a number of possibleplanations.
homozygous Myh6 AJ403GIn, is neonatal with left Myosin-binding protein C has been assigned roles in both
ventricular dilation and reduced contractile functionthe structure assembly and stability of the sarcomere, as
Histopathology is characterised by myocytgpértroplty, well as in the modulation of contractiéhThe sarcomere
myoCEbrillar disarray@®rosis and calciEcation by 8-12rganisation of homozygous mice expressing a truncated
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Table 2. Efect of the presence of second mutations in mouse models of FND. %0 myocyte disarray; IF %o istiial
Ebrosis: %onicreased; %o dcreased; LVWT %o left ventricular weight thickness; LVEDD %o left ventricular end diastolic
diameter; LVESD %o left ventricular end diastolic diameter; F&dtomal shortening; Y %o dft ventricular; ECG %o
electrocardiogam; ANF %o atrial natrietic factor; BNP %o brain natriuretic peptide; SR %o sarcoplasmic reticulum; CSQ %o
calsequestrin, RyMbo yanodin eceptor; Tdn %ortadin; PR %. PRriterval on ECG; [C&']i, - Ca?* transients; HW %o

heart weight; BW %. body weighfAC %. L-type calcium channel; SERCA %o sarco/endoplasmic reticulum calcium
transporting APase; PLB %o phospholamban; DCM %. dilatediarayopathy;DMyBP-C - truncated form of myosin-
binding protein C; LVW %o left ventricular weigh¥/ B ight ventricular; TEM %o.dnsmission electron microscopy; VT %o
ventricular tachycardia

Mouse Phenotype Age of Life span  References
model phenotype
development

aMHC MD, IF, - LVWT, LVEDD and LVESD; FS, altered LV 30 weeks Normal 38, 60, 61,
Arg403GIn systolic and diastolic kinetics time of relaxation, cardiac 62, 40, 63, 64
heterozygousutput, normal ECG, repolarisation and sinus node reey
single time, inducible ventricular ectgpinducible arrhythmias,
mutant - ANF, BNP, a skeletal actin, SR [C&*], ” SR proteins CSQ,

RyR2, Trdn, junctin; RyR2 phosphorylation
Tnl MD, IF, - LVWT, LVEDD, - PR,- decay of [C&"i, ~ decay of 21 weeks Normal 39
Gly203Ser caffeine induced [C4]i, - ANF and BNP
hemizygous
single
mutant
Tnl MD, IF, - HW:BW, - LVEDD and LVESD, FS,- PR,- ANF  Neonatal 100% 37
Gly203Ser/ and BNRanormal ultrastructure,SR mRM LTCC, RyR2, mortality by
aMHC SERCA2a and PLB 21 day
Arg403GIn
double
mutant
aMHC DCM lethal phenotype by postnatal day 8f both atria, Neonatal 100% 44, 43
Arg403GIn - LVESD, FS, LVWT, myocardial necrosis, normal mortality by
homozygousultrastrucure with focal MD; force generation 8 days

DMyBP-C - atria mass; LVWT at 50 wk in 30% animals, normal cardiac125 weeks Normal 40, 45
heterozygougunction, normal ECG at 30-55 weeksANF, BNP anda

single skeletal actin at >125 weeks
mutant
DMyBP-C  MD, IF, - HW:BW and LVW:BW,- LVWT, - LVESD and Neonatal Normal 46, 45

homozygousLV EDD, ~ systolic contractility with diastolic dysfunction at
8-12 weeks, Y and RV calciCEcation, no M-line on TEMBNP
anda skeletal actin, normal ECG at 30-55 weeks, signiCEcant
risk of inducible nonsustained VT

protein havever remains mainly intact, as con(Ermed bglassical phenotypic features of FHQitbsurvive into
electron microscop It has been suggested that othemdulthood. In contrast tw human cases of MYBPC3
proteins such as Mybph can compensate for the truncatetbckouts discussed abe’® demonstrate sere neonatal
Mybpc326 Although a role in modulation of contraction hagphenotype and suggest that there could be other modifying
been suggested, Mybpc3 does not directly participate fiactors which lead to morew&e disease in humans.

force generation, and so may not be required for sarcomere Perhaps the most interesting insight gained from
performance. Furthewhile the homozygous mice lack themultiple mutation mouse models is treef that in all three
C-terminal rgion of myosin binding, other Vo afhity cases, an FHC mutation coupled with a second sarcomere
binding sites in the C1-C2 domain and possibly CO-Chutation (either the same one or different) results in
domain{® can potentially compensate for the absence of tipgogression to DCM.The exact mechanism is unclebut
C-terminal rgion. Additionalevidence that Mybpc3 may it is likely that the seerity of sarcomere dysfunction is the
not be essential for Elament assembly and function is tbamtral signal redirecting the compensatory myocyteviro
two homozygous Mybpc3 knockit model8®®'do develop towards uncompensated heart failure. In human FHC, up to
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Table 3. Comparison of multiple mutation phenotype in humans and mice.

Clinical feature Human FHC patients with Double-mutant
multiple mutations Tnl203/MHC403 mice

Survival Decreased (often < 50 years) Decreased (21 day)

Early onset Yes Yes

Ventricular tachycardia Present Present

Left ventricular hypertrophy Yes No

Progression to dilation Yes Yes

Increased incidence of sudden death Yes Yes

More s&ere phenotype compared to  Yes Yes

single-mutant carriers

10% of patients progress to a DCMdikphenotype The models prdde a tool for studies of disease
associated with left entricular chamber dilation, all mechanisms and signalling pathways in FHC, and its
thinning and systolic dysfunctiol. Multiple mutations sequelae, hearailure and sudden death, thereby altw
may be responsible for some of those casebl€T1l %o identiCEcation of wel targets for potential therapies and
homozygous MYH7, compound MYH7 and MYBPER disease prention strategies.

Interestingly mutations in all three genes Jea been

reported to cause DCM and FHC in hum&¥ A recent Acknowledgments

3 . . :
study® investigated the functional = consequences of CS is the recipient of a National Health and Medical

different FHC and DCM mutations in the cardiac myOSi?Qesearch Council (N\HMRC) Practitioner Felhip. The

?heni\indfggglozﬁﬁ’cus mitc?. A DCM phﬁnogype caused l?éfsearch is supported by project grants from the National
€ Ag n mutation appears 10 b€ MOreeRE o5 pundation and the National Health and Medical
than that caused by the Ser532Pro DCM mUtat'OIQesearch Council of Australia

(homozygous Ser532Pro mice swevi>l year)>® Although

phenotypically both of the mutations in the homozygoureferences

state cause a dilated phenotype, the mechanism of disease

development most likely imolves different pathways, which 1. Alcalai R, Seidman JG. Seidman CE. Genetic basis of
start with molecular mechanical alterations in myosin. The  hypertrophic cardiomyopathy: from bench to the
Arg403GIn mutation results in enhanced molecular motor ~ clinics. J. Cardiovasc. Elecwphysiol. 2008; 19:
function while Ser532Pro mutation results in depressed ~ 104-10.

function#355 Clearly, increased force generation in FHC2. RichardP, Millard E, Charron Plsnard R. The genetic
homozygous mice leads to decompensated cardiac function, bases of cardiomyopathiesl. Am. Coll. Cadiol.
heart filure and death while decreased force generation in ~ 2006;48: 79-89.

DCM homozygous mice does notfexft the normal life 3. ChungMW, Tsoutsman TSemsarian C. Hypertrophic
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the potential mechanistic links between FHC and DCM. diseaseCell Res.2003;13: 9-20.
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genotype in FHC also has signiCEcant clinical implications, model of familial lypertrophic cardiomyopayhnt.
and highlights the importance of full panel FHC gene J. Cardiol. 2007:119 245-8.

screening, difEculties in clinical prognosis, and challengg_sStalufer BL Konhilés JPLuczak ED, Leinwand LA.
in genetic counselling of families. Multiple mutation mouse Soy die£ worsens heart disease,in mice. Qin.
models appear to mimic the human disease, and thus will Invest. 2006:116 209-16.

help to impree aur understanding of disease pathogenesi@. Marian AJ. ModiEer genes for yertrophic

46 Proceedings of the Australian Physiological Society (2G38)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

T. Tsoutsman, R.D. Bagnall & C. Semsarian

cardiomyopat. Curr.
242-52.

InglesJ, Doolan A, Chiu C, Seidman J, Seidman C,
Semsarian C. Compound and double mutations in
patients  with  kpertrophic  cardiomyopagh
implications for genetic testing and counsellidg.
Med. Genet.2005;42: e59.

Erdmannl, Daehmlw S, Wischke S et d. Mutation
spectrum in a lgre cohort of unrelated consewati
patients with kpertrophic cardiomyopagh Clin.
Genet. 2003;64: 339-49.

RichardP, Charron P Carrier L, et d. Hypertrophic
cardiomyopati: distribution of disease genes,
spectrum of mutations, and implications for a
molecular diagnosis stragge Circulation 2003;107:
2227-32.

Van Driest SL, ¥sile VC, Ommen SRet d. Myosin
binding protein C mutations and compound
heterozygosity in hypertrophic cardiomyopath.
Am. Coll. Cardiol. 2004;44: 1903-10.

MohiddinSA, Begley DA, McLam E, et al. Utility of
genetic screening in hypertrophic cardiomyopath
prevalence and signiCEcance ofveoand double
(homozygous and  heterozygous)b-myosin
mutations Genet. €st2003;7: 21-7.

Morita H, Rehm HL, Menesses ,Aet d. Shared
genetic causes of cardiaggertroply in children
and adults.N. Engl.J. Med. 2008;359: 1899-908.

Opin. Cadiol. 2002; 17

Nishi H, Kimura A, Harada Het al. Possible gene 28.

dose dect of a mutant cardiab-myosin heay
chain gene on the clinical expression afnflial
hypertrophic cardiomyopagh Biochem. Biophys.
Res. Commun1994;200 549-56.

NanniL, Pieroni M, Chimenti Cet d. Hypertrophic
cardiomyopati: two homozygous cases with
"typical" hypertrophic cardiomyopaghand three
new mutations in cases with progression to dilated
cardiomyopati. Biochem. Biophys. Re€ommun.
2003;309 391-8.

Xin B, Pufenbeger E, Tmhkush J, Bochven R,

Wang H. Homozygosity for a mel splice site 31.

mutation in the cardiac myosin-binding protein C
gene causes wa&e neonatal Ypertrophic
cardiomyopati. Am. J Med. Genet. A2007;143
2662-7.

Ho CY, Leve HM, DeSanctis R, &ver CE Seidman 33.

JG, Seidman CEHomozygous mutation in cardiac
troponin T implications for lypertrophic
cardiomyopati. Circulation 2000;102 1950-5.

Lin T, Ichihara S, Yamada ,Yet d. Phenotypic 34.

variation of familial hypertrophic cardiomyopath
caused by the PHKE® lle mutation in cardiac
troponin T.Cardiology2000;93; 155-62.

Richard P, Isnard R, Carrier L et d. Double
heterozygosity for mutations in themyosin heay
chain and in the cardiac myosin binding protein C

genes in a family with hypertrophic cardiomyopath 36.

J. Med. Genet.1999;36: 542-5.
FrazierA, Judge DPSchulman SPJohnson N, Holmes

Proceedings of the Australian Physiological Society (2398)

23.

24,

25.

26.

27.

29.

30.

32.

35.

KW, Murply AM. Familial Hypertrophic
cardiomyopati associated with cardiab-myosin
heary chain and troponin | mutationsPediatr.

Cardiol. 2008.
http://www.springerlink.com/content/
5640703k1322w642/

Disease-causinuutations in the human beta-cardiac
myosin heavy chain gene.

http://genetics.med.harvard.edu/
~seidman/cg3/muts/MYH7_mutations_TOC.html

NiimuraH, Patton KK, McKenna WXt al. Sarcomere
protein gene  mutations in ypertrophic
cardiomyopati of the elderly Circulation 2002;
105 446-51.

Mogensenl, Murply RT, Kubo T, et d. Frequency
and clinical expression of cardiac troponin |
mutations in 748 consecwdi families with
hypertrophic cardiomyopaghJ. Am. Coll. Cadiol.
2004;44: 2315-25.

Nishi H, Kimura A, Harada Het d. A myosin
missense mutation, not a null allele, causssilfal
hypertrophic cardiomyopagh Circulation 1995;91:
2911-5.

Jeschik B, Unl K, Weist B e al. A high risk
phenotype of ¥pertrophic cardiomyopagh
associated with a compound genotype ofo tw
mutatedb-myosin hegy chain genesHum. Genet.
1998;102 299-304.

AnanR, Grere G Thierfelder L, et d. Prognostic
implications of ned b cardiac myosin heavy chain
gene mutations that causanfilial hypertrophic
cardiomyopat. J. Qin. Invest. 1994;93: 280-5.

LekanneDeprez RH, Muurling-Vlietman JJ, Hruda J
et al. Two cases of s&re neonatal ypertrophic
cardiomyopath caused by compound heterozygous
mutations in the MYBPC3 gend. Med. Genet.
2006;43: 829-32.

Robbins). Genetic modiCEcation of the heatpil@ring
necessity and scieng in the past 10 yearsl.
Mol. Cell. Cardiol. 2004;36: 643-52.

Yutzey KE & Robbins J. Principles of genetic murine
models for cardiac diseas€irculation 2007; 115
792-9.

Circulation Research Collections.
http://circres.ahajournals.org/cgi/collection

Dalloz F, Gsinska H, Robbins J. Manipulating the
contractile apparatus: genetically deEned animal

models of cardigascular diseaseJ. Mo.l Cell
Cardiol. 2001;33: 9-25.
Hernandez OM, Housmans PR, Potter JD.

Pahophysiology of cardiac muscle contraction and
relaxation as a result of alterations in thin (Elament
regulation.J. Appl. Physiol.2001;90: 1125-36.

Maass A, Leinwand LA. Animal models of
hypertrophic cardiomyopagh Curr. Opin. Cadiol.
2000;15: 189-96.

Tsoutsmail, Lam L, Semsarian C. Genes, calcium and
modifying factors in fipertrophic cardiomyopagh
Clin. Exp.Pharmacol. Physiol2006;33: 139-45.

47



37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

48

Multiple mutations in hypertrophic cardiomyopathy

Tsoutsmaril, Kelly M, Ng DC, et d. Severe heart
failure and early mortality in a double-mutation
mouse model of dmilial hypertrophic
cardiomyopati. Circulation2008;117: 1820-31.

Geisterfet.owrance AA, Christe M, ConnerA) et d.

A mouse model of familial ypertrophic
cardiomyopatir. Sciencel996;272 731-4.
Tsoutsmaril, Chung J, Doolan Aet d. Molecular

insights from a neel cardiac troponin | mouse 55.

model of familial lypertrophic cardiomyopagh J.
Mol. Cell Cardiol. 2006;41: 623-32.

McConnell BK, Fatkin D, Semsarian Cet 4d.
Comparison of tw murine models of dmilial
hypertrophic cardiomyopagh Circ. Res.2001;88:
383-9.

Geisterfet.owrance AA, Kass S,ahigawaG, etal. A
molecular basis for familial ypertrophic
cardiomyopati: a b-cardiac myosin heg chain
gene missense mutatid@ell 1990;62: 999-1006.

KimuraA, Harada H, Park JEt al. Mutations in the
cardiac troponin | gene associated witipértrophic
cardiomyopati Nat. Genet.1997;16: 379-82.

DeboldER Schmitt JP Patlak JB et al. Hypertrophic

and dilated cardiomyopathmutations diferentially  58.

affect the molecular force generation of mouse
a-cardiac myosin in the laser trap assam. J
Physiol. Heart Circ. Physiol2007;293 H284-91.

Fatkin D, Christe ME, Aristizabal Oet d. Neonatal
cardiomyopathh in mice homozygous for
Arg403GIn mutation in tha cardiac myosin heg
chain genel. din. Invest. 1999;103 147-53.

Berul Cl, McConnell BK, Wakimoto H et al.
Ventricular arrhythmia vulnerability in

cardiomyopathic mice with homozygous mutang0.

myosin-binding protein C geneirculation 2001;
104 2734-9.

McConnellBK, Jones KA, Rktkin D, et d. Dilated
cardiomyopathh in homozygous myosin-binding
protein-C mutant micel. din. Invest. 1999; 104
1235-44.

HuangX, Pi Y, Lee KJ et d. Cardiac troponin | gene
knoclout: a mouse model of myocardial troponin |
deEciencCirc. Res.1999;84: 1-8.

Oaklg CE, Chamoun J, Brown LJ, Hambly BD.62.

Myosin binding protein-C: enigmatic gelator of
cardiac contractionInt. J. Biochem. Cell Biol.
2007;39: 2161-6.

Flashmare, Redwod C, Moolman-Smook J, atkins

H. Cardiac myosin binding protein C: its role in63.

physiology and diseaseCirc. Res. 2004; 94
1279-89.

CarrierL, Knoll R, Vignier N, et d. Asymmetric

septal lypertroply in heterozygous cMyBP-C null 64.

mice. Cardiovasc. Res2004;63: 293-304.
HarrisSR Bartley CR, Hacker A, et d. Hypertrophic

cardiomyopati in cardiac myosin binding protein-C

knockout miceCirc. Res.2002;90: 594-601.

53.

54.

56.

57.

the 59.

61.

ventricular wall thinning and relatie vty
dilatation in hypertrophic cardiomyopgthAm. J
Cardiol. 1987;60: 123-9.

ChangAN, Potter JD. Sarcomeric protein mutations in
dilated cardiomyopath Heart Fail. Re. 2005; 10:
225-35.

KarkkainenS & Peuhkurinen K. Genetics of dilated
cardiomyopati Ann Med2007;39: 91-107.

Schmitt JR Debold EP Ahmad F et d. Cardiac
myosin  missense mutations cause dilated
cardiomyopathh in mouse models and depress
molecular motor functionProc. Natl. Acad. Sci.
USA2006;103 14525-30.

AlpertNR, Mohiddin SA, Tripodi Det d. Molecular
and phenotypic effects of heterozygous,
homozygous, and compound heterozygote myosin
heary-chain mutationsAm. J Physiol. Heart Cic.
Physiol. 2005;288 H1097-102.

Keller DI, Coirault C, Rau T et d Human
homozygous R403W mutant cardiac myosin
presents  disproportionate ~ enhancement  of
mechanical and enzymatic properties. Mol. Cell
Cardiol. 2004;36: 355-62.

RichardP, Charron PLeclercq C et al. Homozygotes
for a R869G mutation in thie-myosin heavy chain
gene hage a svee form of familial lypertrophic
cardiomyopati. J. Mol. Cell Cadiol. 2000; 32
1575-83.

Garcia-CastroM, Reguero JR, Alvarez Vet 4.
Hypertrophic cardiomyopagh  linked to
homozygosity for a ne mutation in the myosin-
binding protein C gene (A627V) suggests a dosage
effect. Int. J. Cardiol. 2005;102 501-7.

Berul Cl, Christe ME, Aronovitz MJ, Seidman CE,
Seidman JG, Mendelsohn MEElectrophysiological
abnormalities and arrhythmias iaMHC mutant
familial hypertrophic cardiomyopaytmice.J. din.
Invest. 1997;99: 570-6.

SpindlerM, Saupe KW Christe ME, et d. Diastolic
dysfunction and altered emggtics in the
aMHC403/+ mouse model ofamilial hypertrophic
cardiomyopati. J. din. Invest. 1998; 10%
1775-83.

SemsarianC, Healg MJ, Fatkin D e a. A
polymorphic modiCEer gene alters thgodrtrophic
response in a murine model @fnfilial hypertrophic
cardiomyopati. J. Mol. Cell Cadiol. 2001; 33
2055-60.

Semsarialt, Ahmad |, Gieat M, et al. The L-type
calcium channel inhibitor diltiazem prents
cardiomyopath in a nouse modelJ. Qin. Invest.
2002;109 1013-20.

SchmittJR Semsarian C, Arad Mgt al. Consequences
of pressure werload on sarcomere protein mutation-
induced lypertrophic cardiomyopagh Circulation
2003;108 1133-8.

Spirito P, Maron BJ, Bona RO, Epstein SE. Receved 5 May 2008, in revised form 22 May 2008.
Occurrence and signiCEcance of progresdéft Accepted 29 May 2008.

Pioceedings of the Australian Physiological Society (2338)



T. Tsoutsman, R.D. Bagnall & C. Semsarian

© T. Tsoutsman 2008.
Author for correspondence:

Tatiana Tsoutsman,

Agnes Ginges Centre for Molecular Cardiology,
Centenary Institute,

Locked Bag 6,

Newtown, NSW 2042, Australia.

Tel: +61 2 9565 6287

Fax: +61 2 9565 6101
E-mail: t.tsoutsman@centenary.org.au

Proceedings of the Australian Physiological Society (2398)

49



