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Genetika kardiomyopatii

Néekteré kardiomyopatie jsou monogenné podminéna
onemocneni

Dedi¢nost muze byt AD, AR, X-vazana i mitochondrialni
Velka genotypova variabilita - desitky genu, tisice mutaci

Mutace v genech pro proteiny kardiomyocytu
(sarkolemma, iontové kanaly, kotvici proteiny, myofibrily,
jaderny obal, mitochondrie, sarkoplasmatické retikulum)

Vytéznost genetického vysetreni je variabilni
Genetické poradenstvi
Prognosticky vyznam?
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© Genetic cardiac disorder
ID Gene associated with one phenotype

Hershberger RE, et al. 2013

[0 Gene associated with two phenotypes
[0 Gene associated with three phenotypes
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Genetika HCM

e Autosomalné dominantni dedicnost —tj. 50% riziko
pro pribuzné 1. stupne?

e Mutace genu pro sarkomerické proteiny — 20-40%
pacientu

* Velka genotypova i fenotypova heterogenita
* Vice nez 2000 mutaci v 26 genech

e ESC: 5-10 % nemocnych tvori metabolické a
neuromuskularni choroby, jiné gen. abnormality a
syndromy i negenetickeé priciny

WWW.0Omim.org
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Diverse aetiology of hypertrophic cardiomyopathy

MYL3
TPM1

TNN13
TNNT3

MYH7

MYBPC3

© ESC 2014

/ Unknown
~ 25-30%

' Sarcomeric
. protein gene
| mutation

\

\\ 40-60%
\

The majority of cases in adolescents
and adults are caused by mutations
in sarcomere protein genes.

Other genetic and
non-genetic causes

+ Inborn errors of metabolism
Glycogen storage diseases:
e Pompe
e Danon
* AMP-Kinase (PRKAG?2)
* Carnitine disorders

* Lysosomal storage diseases
* Anderson-Fabry
* Neuromuscular diseases
e Friedreich’s ataxia
e FHL1
¢ Mitochondrial diseases
e MELAS
* MERFF

* Malformation Syndromes
* Noonan
e LEOPARD
* Costello
e CFC
* Amyloidosis
*+ Familial ATTR
¢ Wild type TTR (senile)
e AL amyloidosis
* Newborn of diabetic mother

* Drug-induced
* Tacrolimus
e Hydroxychloroquine
e Steroids

\J

www.escardio.org/guidelines

Elli‘ot P etal. 2014

™
EUROPEAN

European HeartJournal (2014);35:2733-2779 - doi:10.1093/eurheartj/ehu284 SOCIETY OF

CARDIOLOGY*
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Examples of signs and symptoms suggestive
of specific diagnoses

Symptom/sign Diagnosis

Learning difficulties, mental retardation @ ¢ Mitochondrial diseases

* Noonan/LEOPARD/Costello syndrome
e Danon disease

Sensorineural deafness e Mitochondrial diseases (particularly with
diabetes)

e Anderson-Fabry disease
e LEOPARD syndrome

Visual impairment e Mitochondrial diseases (retinal disease,
optic nerve atrophy)

e TTR-related amyloidosis (cotton wool type
vitreous opacities)

e Danon disease (retinitis pigmentosa)
e Anderson-Fabry disease (cataracts, corneal

opacities)

‘ www.escardio.org/guidelines European HeartJournal (2014);35:2733-2779 - doi:10.1093/eurheartj/ehu284 SOCIETY OF
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Examples of signs and symptoms suggestive
of specific diagnoses (cont.)

Symptom/sign Diagnosis

Gait disturbance * Friedreich’s ataxia

Paraesthesia/sensory * Amyloidosis

abnormalities/neuropathic pain * Anderson-Fabry disease

Carpal tunnel syndrome e TTR-related amyloidosis (especially when

bilateral and in male patients)

Muscle weakness e Mitochondrial diseases

e Glycogen storage disorders
e FHL1 mutations

* Friedreich’s ataxia

Palpebral ptosis e Mitochondrial diseases
e Noonan/LEOPARD syndrome
¢ Myotonic dystrophy

Lentigines/café au lait spots e LEOPARD/Noonan syndrome

Angiokeratomata, hypohidrosis * Anderson-Fabry disease

FHL1= four and a half LIM domains 1; LEOPARD = lentigines, ECG abnomalities,ocular hypertelorism, pulmonary stenosis, abnormal genitalia,
retardation of growth and sensorineural deafness; TTR = transthyretin.

EUROPEAN
CARDIOLOGY*

‘ www.escardio.org/guidelines European HeartJournal (2014);35:2733-2779 - doi:10.1093/eurheartj/ehu284 SOCIETY OF



Noonan syndrome

Inverted tnangle-shaped head Pectus sternal deformity
(prominent superior
sternum and depressed
inferior sternum)

Coarse facial features

Curly/wooly hair
Wide forehead

Cubitus valgus
deformity of upper
i extremity (increased
%‘ carrying angle at
e elbow joint)
Neck skin -

webbing — Widely spaced

Small chin nipples

/

1:1000 — 1:2500
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LEOPARD syndrome

Noonan syndrome with multiple lentigines (NSML)

Lentigines

Electrocardiographic conduction abnorm.
Ocular hypertelorism

Pulmonary stenosis

Abnormal genitalia

Retarded growth

Deafness

KARDIOLOGICKA KLINIKA
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Electrocardiographic abnormalities suggesting
specific diagnoses or morphological variants

Finding Comment
Short PR interval/ Pre-excitation is a common feature of storage diseases
pre-excitation (Pompe, PRKAG2, and Danon) and mitochondrial

disorders (MELAS, MERFF). A short PR interval without
pre-excitation is seen in Anderson-Fabry disease.

AV block Progressive atrioventricular conduction delay is common
in mitochondrial disorders, some storage diseases
(including Anderson-Fabry disease), amyloidosis,
desminopathies and in patients with PRKAG2 mutations.

Extreme LVH Extremely large QRS voltage is typical of storage

(Sokolow score 250) diseases such as Pompe and Danon disease, but can be
caused by pre-excitation alone.

Low QRS voltage Low QRS voltage in the absence of pericardial effusion,

(or normal voltages despite obesity and lung disease is rare in HCM (limited to

increased LV wall thickness) cases with end-stage evolution) but is found in up to

50% of patients with AL amyloidosis and 20% with TTR
amyloidosis. Differential diagnosis between HCM and
cardiac amyloidosis is aided by measuring the ratio
between QRS voltages and LV wall thickness.

‘ www.escardio.org/guidelines European HeartJournal (2014);35:2733-2779 - doi:10.1093/eurheartj/ehu284 SOCIETY OF
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Echocardiographic features that suggest
specific aetiologies

Finding

Specific diseases to be considered

Increased interatrial septum thickness

Amyloidosis

Increased AV valve thickness

Amyloidosis; Anderson-Fabry disease

Increased RV free wall thickness

Amyloidosis, myocarditis, Anderson-Fabry disease,
Noonan syndrome and related disorders

Mild to moderate pericardial effusion.

Amyloidosis, myocarditis

Ground-glass appearance of ventricular
myocardium on 2-D echocardiography

Amyloidosis

Concentric LVH

Glycogen storage disease, Anderson-Fabry disease,
PRKAG2 mutations

Extreme concentric LVH
(wall thickness 230 mm)

Danon disease, Pompe disease

Global LV hypokinesia
(with or without LV dilatation)

Mitochondrial disease, TTR-related amyloidosis,
PRKAG2 mutations, Danon disease, myocarditis,
advanced sarcomeric HCM, Anderson-Fabry disease

Right ventricular outflow tract
obstruction

Noonan syndrome and associated disorders

PRKAG2 = gamma-2 subunit of the adenosine monophosphate-activated protein kinase;

©

EUROPEAN
SOCIETY OF

‘ www.escardio.org/guidelines European HeartJournal (2014);35:2733-2779 - doi:10.1093/eurheartj/ehu284
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Genetika HCM

* Neuplna penetrance, variabilni expresivita

* 55% mezi 10. a 29. rokem
 75% meazi 30. a 49. rokem

* 95% po 50.roce véku

* Pravdépodobné muzi > zeny

* Vztah s jinymi kardiomyopatiemi —
mutace stejnych genu

 Modifikace fenotypu genetickymi (SiRNA,
miRNA...) a negenetickymi faktory?

Michels M et al., Eur Heart J. 2009
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- 4
Genetic testing in probands

Recommendations Class | Level

Genetic testing is recommended in patients fulfilling diagnostic criteria for

HCM, when it enables cascade genetic screening of their relatives.

It is recommended that genetic testing be performed in certified
diagnostic laboratories with expertise in the interpretation of
cardiomyopathy-related mutations.

In the presence of symptoms and signs of disease suggestive of specific
causes of HCM, genetic testing is recommended to confirm the diagnosis.

Genetic testing in patients with a borderline? diagnosis of HCM should be
performed only after detailed assessment by specialist teams.

Post-mortem genetic analysis of stored tissue or DNA should be
considered in deceased patients with pathologically confirmed HCM, to
enable cascade genetic screening of their relatives.

*Borderline: left ventricular wall thickness 12 — 13 mm in adults; left ventricular hypertrophy in the presence of hypertension,

athletic training, valve disease.

‘ www.escardio.org/guidelines European HeartJournal (2014);35:2733-2779 - doi:10.1093/eurheartj/ehu284 SOCIETY OF
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- 4
Genetic and clinical testing of adult relatives

Recommendations Class | Level

Cascade genetic screening, after pre-test counselling, is recommended in
first-degree adult relatives of patients with a definite disease-causing :
mutation.

Clinical evaluation, employing ECG and echocardiography and long-term
follow-up, is recommended in first-degree relatives who have the same
definite disease-causing mutation as the proband.

First-degree relatives who do not have the same definite disease-causing
mutation as the proband should be discharged from further follow-up but
advised to seek re-assessment if they develop symptoms or when new
clinically relevant data emerge in the family.

When no definite genetic mutation is identified in the proband or genetic

testing is not performed, clinical evaluation with ECG and echocardio-
graphy should be considered in first-degree adult relatives and repeated IIa
every 2-5 years (or 6-12 monthly if non-diagnostic abnormalities are
present).

Proband = usually the first family member to be diagnosed with the condition.

©

‘ www.escardio.org/guidelines European HeartJournal (2014);35:2733-2779 - doi:10.1093/eurheartj/ehu284 SOCIETY OF

CARDIOLOGY *



© ESC 2014

Genetic testing

! 4 v

Variant of unknown/ 3
SRl No mutation
uncertain significance

! ! !

Do segregation analysis Reconsider other
where possible genocopies/phenocopies

T !

Cascade clinical

Definite mutation

Cascade genetic test

1 screening
[ ! |
Muti:igﬁn;i)::litive M utati_o = l l
phenotype negative HCM Noanal
l | ! !
ongiEm Discharge oo Sepastceinents

HCM = hypertrophic cardiomyopathy.
Cascade genetic test = screening of first degree relatives of patients already diagnosed with HCM.

KARDIOLOGICKA KLINIKA
2.LF UK a FN MOTOL




\'\\\\-\.\A“ ‘)
L0 e S S e
N

KARDIOLOGICKA KLINIKA
2. LF UK a FN MOTOL




Human Genome Project

Wl 57 P 30T
Pagres, 1145-1434 49

| nature

Article  Published: 15 February 2001

Initial sequencing and analysis of the
human genome

I HE ok =
' '.-:*I ] International Human Genome Sequencing Consortium

Nature 409, 860-921 (15 February 2001)  Download Citation ¥

GENOMEWfi‘ :
The Sequence of the Human Genome

J. Craig Venter':", Mark D. Adams', Eugene W. Myers', Peter W. Li', Richard J. Mural’, Granger G. Sutton’, Hamilton 0. §...
+ See all authors and affiliations

Science 16 Feb 2001:
Vol. 291, Issue 5507, pp. 1304-1351 .
DO 10.1126/5cience. 1058040 Celera Gen0m|cs

L T T T T R

KARDIOLOGICKA KLINIKA
2. LF UK a FN MOTOL




$100M

$10M

$1M

$100k

$10k

$1k

$100

Cost to sequence a human genome (USD)
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National Human Genome Research Institute
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Interpretace

 Metody NGS umoznuji vysetreni velkého
mnozstvi genu, ev. celého exomu ¢i genomu

* Screening velkého mnozstvi genl ma za
nasledek nalez velkéeho mnozstvi variant zatim
nejasného vyznamu (VUS - variants of unknown
significance)

e Zatim nejsou zadna robustni data na vztahy
genotypu a fenotypu

* Absence mutace v genu asociovaném s
kardiomyopatii nemusi znamenat, ze vys. osoba
s jistotou neonemocni (de novo mutace, VUS)

* Interpretace VUS kaskadovité v rodinach s HCM

KARDIOLOGICKA KLINIKA
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OMIM®

Online Mendelian Inheritance in Man®

An Online Catalog of Human Genes and Genetic Disorders
Updated March 23, 2018

Search OMIM for clinical features, phenotypes, genes, and more... Q

Advanced Search : OMIM, Clinical Synopses, Gene Map
Need help? : Example Searches, OMIM Search Help, OMIM Tutorial

Mirror site : mirror.omim.org

OMIM is supported by a grant from NHGRI, licensing fees, and generous contributions from people like you.
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# 192600
CARDIOMYOPATHY, FAMILIAL HYPERTROPHIC, 1, CMHI1

Alternative titles; symbols

CMH

VENTRICULAR HYPERTROPHY, HEREDITARY
ASYMMETRIC SEPTAL HYPERTROPHY; ASH
HYPERTROPHIC SUBAORTIC STENOSIS, IDIOPATHIC

Phenotype-Gene Relationships

Phenotype Phenotype Gene/Locus
Location Phenotype MIM number Inheritance mapping key Gene/Locus MIM number
3p25.3 Cardiomyopathy, familial hypertrophic 192600 AD 3 CAV3 601253
14q11.2 Cardiomyopathy, hypertrophic, 1 192600 AD 3 MYH7 160760
20q11.21  Cardiomyopathy, hypertrophic, 1, digenic 192600 AD 3 MYLK2 606566

Clinical Synopsis  ~ Phenotypic Series ~

WWW.0mim.org.
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Genetic Heterogeneity of Hypertrophic Cardiomyopathy

Additional forms of hypertrophic cardiomyopathy include CMH2 (115195), caused by mutation in
the TNNT2 gene (191045) on chromosome 1q32; CMH3 (115196), caused by mutation in the TPM1
gene (191010) on chromosome 15q22; CMH4 (115197), caused by mutation in the MYBPC3 gene
(600958) on chromosome 11p11; CMH6 (600858), caused by mutation in the PRKAG2 gene (602743)
on chromosome 7q36; CMH7 (613690), caused by mutation in the TNNI3 gene (191044) on
chromosome 19q13; CMHS (608751), caused by mutation in the MYL3 gene (160790) on chromosome
3p21; CMHO9 (see 188840), caused by mutation in the TTN gene (188840) on chromosome 2q31;
CMHIO (see 160781), caused by mutation in the MYL2 gene (160781) on chromosome 12q24; CMH11
(612098), caused by mutation in the ACTCI gene (102540) on chromosome 15q14; CMHI12 (612124),
caused by mutation in the CSRP3 gene (600824) on chromosome 11p15; CMH13 (613243), caused by
mutation in the TNNCI gene (191040) on chromosome 3p21; CMHI14 (613251), caused by mutation
in the MYH6 gene (160710) on chromosome 14q12; CMH15 (613255), caused by mutation in the VCL
gene (193065) on chromosome 10q22; CMH16 (613838), caused by mutation in the MYOZ2 gene
(605602) on chromosome 4q26; CMH17 (613873), caused by mutation in the JPH2 gene (605267) on
chromosome 20q12; CMH18 (613874), caused by mutation in the PLN gene (172405) on chromosome
6q22; CMH19 (613875), caused by mutation in the CALR3 gene (611414) on chromosome 19p13;
CMH20 (613876), caused by mutation in the NEXN gene (613121) on chromosome 1p31.1; CMH21,
mapped to chromosome 7p12.1-q21; CMH22 (see 615248), caused by mutation in the MYPN gene
(608517) on chromosome 10q21; CMH23 (see 612158), caused by mutation in the ACTN2 gene
(102573) on chromosome 1q43; CMH24 (see 601493), caused by mutation in the LDB3 gene (605906)
on chromosome 10g23; CMH25 (607487), caused by mutation in the TCAP gene (604488) on
chromosome 17q12; and CMH26 (617047), caused by mutation in the FLNC gene (102565) on

KARDIOLOGICKA KLINIKA
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~ NCBI Resources ¥J How To [V

ClinVar ClinVar

;Search ClinVar for gene symbols, HGVS expr

Home About ¥ Access ¥

Advanced

Help ¥ Submit ¥ Statistics ¥ ETE. W

ACTGATGGTATGGGGCCAAGAGATATATCT - erlinVar
CAGGTACGGCTGTCATCACTTAGACCTCAC

CAGGGCTGGGCATAAAAGTCAGGGCAGAGC

CCATGGTGCATCTGACTCCTCGAGGAGAAGT
GCAGGTTGGTATCAAGGTTACAAGACAGGT

ClinVar aggregates informatio

GGCACTGACTCTCTCTGCCTATTGGTCTAT

,...freely accessible, public archive of reports of the
relationships among human variations and phenotypes, with

supporting evidence...”

https://www.ncbi.nlm.nih.gov/clinvar/
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Published in final edited form as:
Genet Med. 2015 May ; 17(5): 405—424. doi:10.1038/gim.2015.30.

Standards and Guidelines for the Interpretation of Sequence
Variants: A Joint Consensus Recommendation of the American
College of Medical Genetics and Genomics and the Association
for Molecular Pathology

Sue Richards [Chair, ACMG],

Knight Diagnostic Laboratories; Department of Molecular and Medical Genetics; Oregon Health &

Science University, Portland, OR, USA
Klasifikace mutaci -5 trid:
5) patogenni
4) pravdépodobné patogenni
3) nejasného vyznamu - VUS
2) pravdépodobné benigni
1) benigni

Richards S et al., Genet Med. 2015

KARDIOLOGICKA KLINIKA
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Principy klasifikace variant

Frekvence variant v kontrolni populaci, s vyuzitim mezinarodnich
databazi (napr. 1000Genomes Project, Exome Sequencing Project,
Exome Aggregation Consortium)

Publikované varianty asociované s onemocnénim (napf. Clinvar,
Human Gene Mutation Database)

In silico klasifikace s uzitim softwaru (napfr. Polyphen2, Sorting
Intolerant From Tolerant) predikujicim mozny dopad mutace na
strukturu a funkci vysledného proteinu

Mutace v tzv. evolucne vysoce konzervovanych funkcnich doménach
protein(

Segregacni analyzy genotypu s fenotypem v postizenych rodinach
(silna evidence)

Funkcni studie na animalnich modelech &i in vitro (nakladné, slozité)

KARDIOLOGICKA KLINIKA
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Mayo Score

e Vék <45 let -

* Tloustka stény levé komory =2 20 mm

e Rodinna anamnéza HCM
e Rodinna anamnéza nahlé srdecni smrti

e Reversni (katenoidni) tvar septa

* Arterialni hypertenze -

Bos JM, et al. 2014

KARDIOLOGICKA KLINIKA
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Neutral
HCM
~10%

Sigmoidal Reverse curve
HCM HCM
40 - 50% 30 - 40%

~ 80% Myofilament
Gene +

~ 10% Myofilament
Gene +

~ 30% Myofilament ~ 40% Myofilament
Gene + Gene +

Bos JM, et al. 2009
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Figure 2. Mayo Score and positive genotype in
- HCM patients Bonaventura J, et al. 2018 h
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Bonaventura J, et al. 2018
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Prognosticky vyznam?
Circulation

ORIGINAL RESEARCH ARTICLE ©®

Genotype and Lifetime Burden of Disease
in Hypertrophic Cardiomyopathy

Insights From the Sarcomeric Human Cardiomyopathy Registry
(SHaRe)

4591 patients with HCM (2763 genotyped), mean of 5.4 + 6.9 years FU

Patients with pathogenic/likely pathogenic sarcomere mutations
had a 2-fold greater risk for AE compared with patients without mutations

sarcomere variants of uncertain significance were associated with intermediate risk

2.LF UK a FN MOTOL
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Age (years) Age (years)
SARC + 1254 1244 1164 1016 800 522 248 78 SARC+ 1275 1267 1190 1056 860 587 326 122
SARC - 1199 1196 1159 1085 972 786 480 206 SARC- 1230 1226 1191 1128 1025 853 568 270
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Ho CY, et al., 2018
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Patients at risk

Ho CY, et al., 2018

KARDIOLOGICKA KLINIKA
2. LF UK a FN MOTOL



A 0087 Sarcomeric genes 0.04- Sarcomeric genes
“2’ I Negative -~ Negative
o 1 Positive T Positive
s [
5 :
3 °
¥ 006 € 0.03-
g a
2 v}
'E v
-
S -
S 0.04+ ¥ 0027
g E
o T
< £
H E |
@ 0024 & 2o e
2 J 3 J
3 , g |
S J 3 r
g A S
S I o004 - f
0004 I :
T T T T T T (‘) } : g : I'O
0 2 4 3 8 10 —
umber at ris -
Number at risk Follow-up (years) Follow-up (years)
Sarcomeric gene -positive 383 292 204 129 62 17
Sarcomeric gene -positive 383 292 204 129 62 17
Sarcomeric -negative 451 382 259 159 81 20
Sarcomeric gene -negative 491 82 259 159 81 20 ik

Lopes LR et al., 2015
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Genetic Evaluation of Cardiomyopathy
A Heart Failure Society of America
Practice Guideline

Hershberger, et al. 2018
Estimates of
Genetic Testing
Cardiomyopathy Core Genes* Diagnostic Yield

MYH7, MYBPC3, TNNT2, 30%—-60%
TNNCI, TNNI3, TPM1, MYL2,

MYL3,ACTCI,ACTN2,
CSRP3, PLN, TTR, PRKAG2,
LAMP2, GLA
DCM TTN,” LMNA, MYH7, TNNT2, 10%—40%
BAG3, RBM20, TNNCI,
TNNI3, TPM1, SCN5A, PLN.
For tecstine all HCM and




Souhrn

* Nekteré HCM jsou pravdépodobné monogenneé
podminéna onemocnéni (AD)

* Neuplna penetrance, variabilni expresivita
e 26 + genu i mutaci (MYBPC3, MYH7)

e Sarkomerické mutace — prognosticke?
 Proband, kaskadové testovani

* Vytéznost gen. vysetreni variabilni (20-40%7?),
|ze predikovat (Mayo score)

* Genetické poradenstvi, klasifikace variant




za pozornost.
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