Génétique cardiovasculaire:
Concepts & applications

Jean-Jacques SCHOTT
#\ Directeur de recherche INSERM
L'unité de recherche de l'institut du thorax

'institut Inserm UMR 1087 / CNRS UMR 6291 Equipe | « Génétique HUMAINE »
du thorax Nantes, France (jischott@univ-nantes.fr)

MASTER 1 Thorax

Unité d’enseignement « Recherche en

Physiopathologies humaines »
i Inserm m L) —
I N [ € DE NANTES R e 17-11-2022



Approches génétique en 2022: objectifs

1- Concepts, outils & modeles: (Dynamique des génomes)
» Variants rares (= ++ maladies mendéliennes)
» Approches Liaison génétique — approches en famille (clonage positionnel)
» Séguencage SANGER; séquencage d’exome (WES)
» Ségquencage de génomes complets (WGS) > accés a I'ensemble

du spectre de fréquences alléligues des REGIONS CODANTES & NON CODANTES; épigénétique)

» Variants fréquents
» Etude d’association (GWAS); approches en population (Génotypage)
— augmentation du risque

2- Applications en Génétique Cardiovasculaire
» Troubles de conduction cardiaque de I'enfance
» Dysfonction sinusale - cardiomyopathie
/#\ » Troubles du rythme ventriculaire: Le syndrome de Brugada
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Strategy

Translational approach to investigate the genetic architecture of cardiovascular & developmental diseases

> ldentifying susceptibility genes and molecular mechanisms

» Largest collections worldwide
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New and@tical tools:
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Families Biogmtistics Population
Rare variants Enidlhetics Common variants
(strong effects) P (susceptibility genes)
Exome sequencing Genotyping
Whole genome sequencing \ / Whole genome sequencing

Functional studies
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Disease gene identification allowed by a spectacular acceleration
of knowledge of the architecture of the human genome:

Microsatellites

Genetic Maps

2010

(Common diseases / common variants)

Finstitut ] > new sequencing technologies
authorax > new databases

> ... new disease models

WGS >
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Stratégies génétiques & dynamique des génomes
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Ann Rev Genomics Hum Genet 12:245, 2011
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Family

- 1000 genome project (population)

- Bases de données : gnomAD, UK biobank (patients)




ARTICLE opEN

doi:10.1038/nature15393

A global reference for human
genetic variation

The 1000 Genomes Project Consortium*

» 2504 individuals from 26 different
populations

» Broad spectrum of genetic variations:
» 88 millions variants (MAF >1%)

illi 12 million
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bioRxiv is receiving many new papers on coronavirus SARS-CoV-2. A reminder: these are preliminary reports that have not been pi
practice/health-related behavior, or be reported in news media as established information.

New Results © Comment on this paper

High coverage whole genome sequencing of the expanded 1000 Genomes Project
cohort including 602 trios

Marta Byrska-Bishop, Uday S. Evani, Xuefang Zhao,Anna O. Basile, Haley J. Abel,Allison A. Regier, André Corvelo,
Wayne E. Clarke, Rajeeva Musunuri, Kshithija Nagulapalli, Susan Fairley, Alexi Runnels, Lara Winterkorn,

Ernesto Lowy-Gallego, The Human Genome Structural Variation Consortium, Paul Flicek, Soren Germer,
Harrison Brand, {2 Ira M. Hall, Michael E.Talkowski, {2} Giuseppe Narzisi, Michael C. Zody

doi: https://doi.org/10.1101/2021.02.06.430068

This article is a preprint and has not been certified by peer review [what does this mean?]
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Variants rares

MAF (fréquence de |'allele mineur) < 0,1 %
Variations « récentes
Variants a effet fort

*Approche familiale —Maladies Mendéliennes
Souvent dans les genes (exons)

)
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Variants fréquents

MAF <5 %
— Variations « anciennes » maintenues durant I’évolution
- Approche en population — Maladies fréquentes

« Common variant — common disease »

Variants a effet faible
Augmentation du risque de développer une maladie
d’environ 1- 5 %
Souvent dans les régions non codantes
() Modulation de I'expression d’un gene
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Clonage positionnel :
« génétique des grandes familles »
Variants rares
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Clonage positionnel : Séquencage SANGER

0 make multiple copies attach a add to four
of a segment primer polymerase solutions
- . hﬁ denature dsDNA
—_— EXON1 EXO

=== T 0 7 i

grow complementary denaturate the electrophorese the
chains until termination dye grown chains four solutions
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Séquencage SANGER

\VVAYAYS \/:; \ [:\/\W*J\A/\ﬂ

N
i

“NO>P>-HO0-AN>00

()

I'institut 10
duthorax



()

I'institut
duthorax

Mode de
transmission

Autosomique
dominant

Autosomique
récessif

Dominant lié
al’X

Récessif lié a
I’X

Lieal’y

Mitochondrial

Modes de transmission

Localisation du locus
responsable du trait

Chromosome 1-22

Chromosome 1-22

Chromosome X

Chromosome X

Chromosome Y

Pas chromosomique
ADN mitochondrial

Principales caractéristiques

-hommes et femmes sont atteints avec une fréquence

équivalente
-les enfants atteints ont un parent atteint

-hommes et femmes sont atteints avec une fréquence

équivalente
-les enfants atteints n’ont pas de parent atteint
-peut « sauter » une ou plusieurs générations

-les femmes atteintes ont 50% d’enfants atteints
-les hommes sont plus séverement atteints
-toutes les filles de pere atteints sont atteintes

-beaucoup plus d’hommes atteints que de femmes
-les hommes atteints ont une mere saine (porteuse)
-le trait n’est jamais transmis de peére a fils
-peut « sauter » une ou plusieurs générations

-tous les hommes atteints passent le trait a leur fils
-les femmes ne sont pas atteintes

-tous les enfants d’une femme atteinte sont atteints
-les hommes atteints ne transmettent pas le trait

Exemples de
phénotypes

Huntington,
syndrome de
Marfan

Mucoviscidose,
drépanocytose

Syndrome de
Rett

Hémophilie

Stérilité

Neuropathie
optique de
Leber



Effet des variants généetiques

Variant non-sens (stop)
- Changement du cadre de lecture (stop)

|
| |

Variant faux-sens Variant intronique (++ épissage)
Changement d’un acide aminé

a1

- Effet de ces mutations variables selon la protéine
- Haplo insuffisance (50 % de réduction d’activité
- Gain de fonction (ex. SCNSA /LQT3; fuite de courant sodique)
- Effet dominant négatif (peptide poison; ex Canaux K*; structure a4)

()
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Genetic variation detection improvement
by the new technologies

Exome sequencing: capture all coding regions of the genome (1 - 2% soit 50 Mb)
namre

Construct

shotgun library e=—m = Hybridization ///A

c——
—- e S ey
L[]
—— —

—_— = /%\\ Analysis of 6,515 exomes reveals the recent origin of
St e ol o =xs \l] most human protein-coding variants

Wenging Fu', Timothy D. O'Connor’, Goo Jun?, Hyun Min Kang?, Goncalo Abecasis?, Suzanne \
Wash \ — Mark J. Rieder', David Altshuler®, Jay Shendure', Deborah A. Nickerson', Michael J. Bamshad"*, NI ct*
/§ & Joshua M. Akey' A AAAS
Pulldown // \ =

. Evolution and Functional Impact of Rare Coding Variation from Deep
Manolio TA et al. Nat Rev Genet. SQquencing of Human Exomes

AGGTCGTTACGTACGCTAC ' \ ”— Jacob A. Tennessen et al.
SeRTeAcAAnGOTAGETET < o= —232 Science 337, 64 (2012);
o—="= DOI: 10.1126/science.1219240

Mapping, alignment,
variant calling DNA sequencing Captured DNA

()

I'institut
duthorax



Sample

preparation
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Séquencage d’Exome

(NGS)

’ Alignment ’

Reference
Read 01
Read 02
Read 03
Read_ 04
Read_05
Read 06
Read 07
Read_08
Read 09

Variant

Calling

. . TTTAGTAATAACAT--GTGCATCTTTAATC. .

. . TTTAGGAATAACATGCGTGCA

. . TTTAGGAATAACATGCGTGCATCT

. . TTTAGGAATAACATGCGTCCATCTT

. . TTTAGGAATAACATGCGTGCATCTTTAAT

. . TTTAGGAATAACATGCGTGCATCTTTAATC. .

. . TTTAGGAATAACATGCGTGCATCTTTAATC. .

. . TTTAGGAATAACATGCGTGCATCTTTAATC. .

AATAACATGCGTGCATCTTTAATC. .
TAACATGCGTGCATCTGTAATC. .



Séquengage « Sanger »

gccagagacatcaag
A R D T K

ADN de type
sauvage

gccagagacatcaag
A R D I K
GCCAGAGACATCAAG

|
Patient
p.D816V

GAC>GTC

A
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Sample = FASTQ

READ 1

T T aTE 3
L L L L L, P L L5 ) |||||||l\||||||| ||||||||||||||||||||||||||| 1
3 | 5

&
-

2avay

@SRR038845.3 HWI-EAS038:6:1:0:1938 length=36
CAACGAGTTCACACCTTGGCCGACAGGCCCGGGTAA
+SRR038845.3 HWI-EAS038:6:1:0:1938 length=36
BA@7>B=>:>>7@7@>>9=BAA?7;>52;>:9=8.=A
@SRR038845.41 HWI-EAS038:6:1:0:1474 length=36
CCAATGATTTTTTTCCGTGTTTCAGAATACGGTTAA
+SRR038845.41 HWI-EAS038:6:1:0:1474 length=36
BCCBA@BB@BBBBAB@B9B@=BABA@A:@693:@B=
@SRR038845.53 HWI-EAS038:6:1:1:360 length=36
GTTCAAAAAGAACTAAATTGTGTCAATAGAAAACTC
+SRR038845.53 HWI-EAS038:6:1:1:360 length=36
BBCBBBBBB@@BAB?BBBBCBC>BBBAA8>BBBAAG@
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FASTQ — BAM

@SRR038845.3 HWI-EAS038:6:1:0:1938 length=36
CAACGAGTTCACACCTTGGCCGACAGGCCCGGGTAA
+SRR038845.3 HWI-EAS©38:6:1:0:1938 length=36
BA@7>B=>:>>7@7@>>9=BAA7?;>52;>:9=8.=A
@SRR038845.41 HWI—-EAS©38:6:1:0:1474 length=36
CCAATGATTTTTTTCCGTGTTTCAGAATACGGTTAA
+SRR038845.41 HWI-EAS©38:6:1:0:1474 length=36
BCCBA@GBB@BBBBAB@BI9B@=BABAQA: @693 :@B=
@SRR0@38845.53 HWI-EAS©38:6:1:1:360 length=36
GTTCAAAAAGAACTAAATTGTGTCAATAGAAAACTC
+SRR038845.53 HWI-EAS038:6:1:1:360 length=36

/ \ BAM
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CHROM

12

20

X

BAM — VCF

BAM

34

344

BAD for SV

T/A

G/A

G/A

S2
A/A

T/T

G/G

C/C

> VCF



VCF+Annotations

. gnomAD
NTVYY

Genome Aggregation Database

' https://gnomad.broadinstitute.org/

CUSTOM .
TOOLS -v2.1.1 data set (GRCh37/hg19) provides

125,748 exome sequences and 15,708 WGS from
unrelated individuals sequenced as part of various
disease-specific and population genetic studies.

-v3.1.2 data set (GRCh38) spans 76,156 WGS of diverse ancestries

VCF+annotations

A
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https://gnomad.broadinstitute.org/help/what-populations-are-represented-in-the-gnomad-data

Variant Filtering

Nonsense & Missense
SNPs in candidate
genes

N

Pathogeneicity score:

*SIFT
*PolyPhen-2

Damaging Tolerated

Novelty:

*dbSNP
#1000 Gs
*Other DBs

e

Allelic frequencies & Trait
associations

*HapMap Populations
*SNPedia & GAD & HGMD

Available

Not available

Association to Disease:
*Case-Control studies

*Customized High-throughput
ﬁﬁ genotyping and sequencing
|
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Disease

association?

19
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gnomAD browser beta | genome Aggregation Database

Search for a gene or variant or region

Example - Gene: PCSK9, Variant: 1-55516888-G-GA

About gnomAD

The Genome Aggregation Database (gnomAD) is a resource developed by an international coalition of
investigators, with the goal of aggregating and harmonizing both exome and genome sequencing data
from a wide variety of large-scale sequencing projects, and making summary data available for the wider
scientific community.

The data set provided on this website spans 123,136 exome sequences and 15,496 whole-genome
sequences from unrelated individuals sequenced as part of various disease-specific and population
genetic studies. The gnomAD Principal Investigators and groups that have contributed data to the
current release are listed here.

All data here are released for the benefit of the wider biomedical community, without restriction on use -
see the terms of use here.

Recent News
February 27, 2017

Official gnomAD release (version 2.0) with browser
updates and data available for download.

October 19, 2016

Public release of gnomAD Browser (beta) at
ASHG!



ldentification de variants rares causaux grace aux nouvelles technologies de séquencage

s N T e 1. Variants fonctionnels 2. Variants rares

GCTGAGTGATCGGTA GGCT G?‘?}%g:}ﬂ:“"c
TOGAT G A AT SR ATMITgacTaAGTCa Variants non-synonymes et d’épissage Bases de données externes et internes
ACATCGCCA!

CRHOM POSITION REF ALT CRHOM POSITION REF ALT CRHOM POSITION REF ALT

5 112175526 G c 5 112175526 G c
5 125820120 G c 5 125820120 G c 5 112175526 G c
G G 5 125820120 G c

10 5138672 c

~ 85.000 variants ~ 15 000 variants ~ 200 variants

10 5138672 c

2 16449042 T A 2 16449042 T A 18 31324584 G A
5 56177051 c G 5 56177051 c G 1 247492516 c T
5 75913610 c T 5 75913610 c T
6 10894103 c T 6 10894103 c T
9 102068277 A c 9 102068277 A c
9 112015730 T c 9 112015730 T c
1 897829 c G 1 897829 c G
1 8415627 T c 1 8415627 T c
1 17722114 G A 1 17722114 G A
1 86173964 c T 1 86173964 c T
1 92765756 A G 1 92765756 A G
1 113238173 c T 1 113238173 c T
1 120458982 c G 1 120458982 c G
1 143378919 T c 1 143378919 T c
1 146639425 G A 1 146639425 G A
1 159002410 A G 1 159002410 A G
1 159021815 T G 1 159021815 T G
1 177250522 G A 1 177250522 G A
1 179012995 CAGCG c 1 179012995 CAGCG c
1 242022009 G A 1 242022009 G A
1 247463963 T 1 247463963 c T
1 247492516 c T 1 247492516 c T
10 17083054 T c

10 28233186 G A

10 83635880 A G

10 83992548 G T

10 99377056 G T

10 102265186 c T

10 102778027 TeTe T

10 116059031 G c

10 121347832 A

10 127429028 A G

1 1298431 G A

1 1463811 G A

1 1904753 A G

1 3681258 G c

1 6636687 G A

1 27363105 A c

1 34527245 c T

1 46401474 G A

1 55111661 TAA T

1 55433325 c T

1 59712732 G A

1 62287110 c T

1 63066440 T G

1 64428387 c T

1 67265077 c T

1 73744718 c A

I'institut
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Identification de variants rares causaux grace aux nouvelles technologies de séequencage

s N T e 1. Variants fonctionnels 2. Variants rares

GCTGAGTGATCGGTA GGCT Gﬁ}%&ﬂ:unc
TOGAT G A AT SR ATMITgacTaAGTCa Variants non-synonymes et d’épissage Bases de données externes et internes
ACATCGCCA!

CRHOM POSITION REF ALT CRHOM POSITION REF ALT CRHOM POSITION REF ALT

5 112175526 G c 5 112175526 G c
5 125820120 G c 5 125820120 G c 5 112175526 G c
G G 5 125820120 G c

10 5138672 c 10 5138672 c

~ 85.000 variants ‘ ~ 15 000 variants ‘ ~ 200 variants

2 16449042 T A 2 16449042 T A 18 31324584 G A
5 56177051 < G 5 56177051 < G 1 247492516 c T
5 75913610 < T 5 75913610 < T

6 10894103 < T 6 10894103 < T

9 102068277 A < 9 102068277 A <

9 112015730 T < 9 112015730 T <

1 897829 < G 1 897829 < G

1 8415627 T < 1 8415627 T <

1 17722114 G A 1 17722114 G A

1 86173964 < T 1 86173964 < T

1 92765756 A G 1 92765756 A G

1 113238173 < T 1 113238173 < T

1 120458982 < G 1 120458982 < G

1 143378919 T < 1 143378919 T <

1 146639425 G A 1 146639425 G A

1 159002410 A G 1 159002410 A G

1 159021815 T G 1 159021815 T G

1 177250522 G A 1 177250522 G A

1 179012995 CAGCG < 1 179012995 CAGCG <

1 242022009 G A 1 242022009 G A > P t 2 I H d RV d tt H t
1 247463963 T 1 247463963 < T ar ages par es In IVI US a eln S
1 247492516 < T 1 247492516 < T

10 17083054 T c ih

: : : (cas familiaux)

10 83635880 A G -

10 83992548 G T ] O

10 99377056 G T

10 102265186 < T

10 102778027 Tete T

10 116059031 G < > . g

10 121347832 A . O . & .
10 127429028 A G

1 1298431 G A

1 1463811 G A

1 1904753 A G . . . .

1 3681258 G < -

1 6636687 G A

1 27363105 A <

1 34527245 < T

1 46401474 G A « e 7 7 4

T > Liaison génétique
1 55433325 < T

1 59712732 G A

1 62287110 < T

1 63066440 T G

1 64428387 < T

1 67265077 < T

1 73744718 < A
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Classification du niveau de pathogénicité

1- Méthodes « in silico » de classification de variants génétiques
v’ Variants localisés dans une séquence codante

SIFT, Polyphen-2, Crescendo, Bongo, SDM, MutPred, PoPMusic, PHD-SNP, Mu-Pro...

v’ Variants localisés dans une séquence non-codante

Eponine, McPromoter, PromoterScan, Match/Transfac, TFSEARCH, ESEFinder, RESCUE-ESE...
+ données ENCODE (Septembre 2012)

2- Méthodes « in vitro »

- tests fonctionnels (bas-débit = Patch clamp (canaux ioniques); souris transgéniques (CRISPR/Cas9)
- évolution technologique: - patch haut-débit
- modeles cellulaires & animaux : cellules souches pluripotentes induites (IPS); poisson zebre)

Classification ACMG (American College of Medical Genetics)

- Classe 1 -5: Score de niveau de confiance de pathogénicité:
pathogenic, likely pathogenic, uncertain significance, likely benign, and benign
/#g\ - VSI: Variants de signification inconnue
I'institut
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|dentification par séquencage d’exomes / génomes
de variants rares

Recherche de nouveaux variants
partagés entre individus atteints
des mémes symptémes
s -0 00 IO b o O au sein d’'une méme famille
Liaison génétique

Recherche
de nouveaux variants HHO IO IO O N
touchant le méme géne
chez des individus
non liés atteints

des mémes symptémes LR s
Recherche
= p d’une concentration
— _ ) de variants rares
L | 3 aux extrémes
3 £ d’un phénotype
Recherche ;8 * quantitatif

de mutations de novo ‘ : X
dans des trios X X
dont seul I’enfant est atteint ' |

f Phenotype /

/ i \ Nature Reviews | Genetics

I'institut
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Genetics of primary electrical cardiac disorders

25



Primary electrical cardiac disorders

\ Jfag ol

Sinus "
node > . Atrial arrhythmias i i i ) i]
B

Atrial Atrial Fibrillation - . e R i

< = P.PA PM PM = 1

Conduction defects m

> Atrioventricular blo« ; ' ; : ; |<§o
branches / Ventricular arrhythi I Brs ;5838t etal.,
Purkinie ’, Long QT syndrome l | Conduction disease

V,m,icu,,,} i l Brugada Syndrome
muscle | L [ ] unaffected
> Early Repolarisation

i

E Disease / phenotype threshold

i u

1

!

I T T Ll ) I T 1

Time(ms]0 100 200 300 400 500 600 700 I
z
;E Rare variant
g association analysis
§ (WES/WGS)
[
&
b
2
Accumulation of
: Mendelian susceptibility
. ; variants
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Primary electrical cardiac disorders

Sinus " /\
node > . Atrial arrhythmias i i i ) i]
-
Atrial Atrial Fibrillation - | . R i
PM PM
< T T T 1
Conduction defects

> Atrioventricular blo« éo
branches / Ventricular arrhythi [l BrS Probst et al.,
T | Long QT syndrome (M conduction disease 2009

-
Vertricular | | Brugada Syndrome
b o [ ] unaffected
> Early Repolarisation
i
E Disease / phenotype threshold
i u
1
!
I T T Ll ) I T 1
Time(ms]0 100 200 300 400 500 600 700 I
z
;E Rare variant
g association analysis
§ (WES/WGS)
Q
=
3
i
Accumulation of
: Mendelian Oligogenic susceptibility
. ; variants
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Rare and Common variants associated with cardiac arrhytmia present in coding and non-coding region

Effect size
50'0 i H 1 SCN5A- SCN10A
\ Variant Genome wide association E
fréquent - | studies (GWAS) ;<_> R . :

§ HDDC2

e | WSS S —

)
L]

4 /M2
IRX3 - IRXS
TBX20 TEXS

CO m m O n ? ER GA:M W 'PRKQ:MAPR‘%YDMB

i |
Low risk

'l B i '!ﬂ °
v y T
°° B M
T

T T T T T T T T T T T T — T T T T T T T
1 2 3 4 5 6 7 8 9 10 1u 12 13 14 15 1617 1819 2

Chromosome

Oligogénique : ﬁ

| 0.001 0.005 0.05
Leyae]) " [Ree] )

Allele frequency

Genome-wide association analyses identify new Brugada syndrome risk loci and highlight a

new mechanism of sodium channel regulation in disease susceptibility

()
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Rare and Common variants associated with cardiac arrhytmia present in coding and non-coding region

Effect size A
Seuil d'expression 50.0
de la maladie High
Rare
Variant rare 3.0 Large risk
Intermediate '
1.5
Modest Whole Exome
. 4|| /Genome sequencing
Monogénique Tow (WGS)

I Very rare | 0,201 I Rare ’

Allele frequency

Common non-coding
variant

CTCF-mediated chromatin looping disruption causes PITX2-related novel cardiac

syndrome . .
Rare non-codlng variant

Identification of a Deletion Upstream SCN5A associated with Brugada syndrome

De novo mutations in congenital cardiac conduction defects Rare coding variant

A
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2023 : Cardiac arrhythmias genetics (> 60 genes)

& Long QT Syndrome (15)

Short QT Atrial Fibrillation
KCNQ1 KCNJ2 KCNQ1 KCNQ1 SCN5A
KCNJ5 KCNH2 KCNJ2 SCN3B
KCNH2 CACNA1C ANK2
CACNA1C CACN2B ABCC9
SCN5A CAV3 CACNA2D1 GJAS
ANK2 SCN4B KCNE1 KCNE5
KCNE1 CALM1 AKAP9 T KCNA5
KCNE2 SNTA1 A T KCNE2 SCN1B

M KCNJ2 SCN2B
w i ﬂ%AmLJ’MW{TNW

Brugada Syndrome (25)

e S EESE

=

Early repolarization &

Syndrome Progressive conduction (Lenegre)
SCN5A SCN3B KCNJ8 CACNB2
KCND3 SCN5A CACNA2D1 SCN5A
GPDI1L KCNH2 CACNA1C ABCC9 SCN1B
HCN4 TRPM4
CACNA1C KCNJ8 GJA5 GJAT
SLMAP g
CACNB2 CACNA2D1 TRPM4 s Ein naEgan
SCN1B RANGRF va R —
SCN2B CPVT R TR
ABCC9 ... Ll"\“‘lm‘ ‘
KCNE5 RYR2 e |

A
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KCNE3 cAsqQ2 - Familial rare (linkage/candidate gene)

KCNAB2 W‘\f TRDN - Overlap syndrome
RRAD  (Neef\f\ -

CALM1 - Variable penetrance and expressivity
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ACMG Recommendations for Reporting of Incidental Findings in Clinical Exome and Genome Sequencing

The American College of Medical Genetics and Genomics has published recommendations for reporting incidental findings in the exons of certain genes.

Adenomatous polyposis coli (MIM 175100)
Aortic aneurysm, familial thoracic 4 (MIM 132900)
Aortic aneurysm, familial thoracic 6 (MIM 611788)

APC (MIM 611731)
MYH11 (MIM 160745)

ACTA2 (MIM 102620)

Arrhythmogenic right ventricular cardiomyopathy, type 5 (MIM
Arrhythmogenic right ventricular cardiomyopathy, type 8 (MIM 607450) DSP (MIM 125647)

Arrhythmogenic right ventricular cardiomyopathy, type 9 (MIM 609040) PKP2 (MIM 602861)
Arrhythmogenic right ventricular cardiomyopathy, type 10 (MIM 610193) DSG2 (MIM 125671)
Arrhythmogenic right ventricular cardiomyopathy, type 11 (MIM 610476) DSC2 (MIM 125645)

» 78 actionable genes

Breast-ovarian cancer, familial 1 (MIM 604370)

Breast-ovarian cancer, familial 2 (MIM 612555)

BRCA1 (MIM 113705)
BRCA2 (MIM 600185)

| Brugada syndrome 1 (MIM 601144)

SCNS5A (MIM 600163) I

Satecholaminergic polzmorphic ventricular tachzcardia !MIM 604772)

RYR2 (MIM 180902)

Dilated cardiomyopathy 1A (MIM 115200)

Dilated cardiomyopathy 1A (MIM 115200)

LMNA (MIM 150330)
MYBPC3 (MIM 600958)

Thiers-Danlos syndrome, type 4 (VI 130050)

COL3A1 (!

Fabry's disease (MIM 301500) GLA (MIM 300644)
APOB (MIM 107730)
Familial hypercholesterolemia (MIM 143890)
LDLR (MIM 606945)

Familial hypertrophic cardiomyopathy 1 (MIM 192600)
Familial hypertrophic cardiomyopathy 3 (MIM 115196)
Familial hypertrophic cardiomyopathy 4 (MIM 115197)
=amilial hypertrophic cardiomyopathy 6 (MIM 600858)
Familial hypertrophic cardiomyopathy 7 (MIM 613690)
Familial hypertrophic cardiomyopathy 8 (MIM 608751)
Familial hypertrophic cardiomyopathy 10 (MIM 608758)
Familial hypertrophic cardiomyopathy 11 (MIM 612098)

MYH?Z (MIM 160760)
TPM1 (MIM 191010)
MYBPC3 (MIM 600958)
PRKAG2 (MIM 602743)
TNNI3 (MIM 191044)
MYL3 (MIM 160790)
MYL2 (MIM 160781)
ACTC1 (MIM 102540)

Familial medullary thyroid carcinoma (MIM 155240)
Hypercholesterolemia, autosomal dominant, 3 (MIM 603776)
Juvenile polyposis syndrome, (MIM 174300)
Juvenile polyposis syndrome, (MIM 174300)

_eft ventricular noncompaction 6 (MIM 601494)
Li-Fraumeni syndrome 1 (MIM 151623)
_oeys-Dietz syndrome type 1A (MIM 603192)
_oeys-Dietz syndrome type 1B (MIM 610168)
_oeys-Dietz syndrome type 2A (MIM 608967)
_oeys-Dietz syndrome type 2B (MIM 610380)
_oeys-Dietz syndrome type 3 (MIM 613795)

RET (MIM 164761)
PCSK9 (MIM 607786)
BMPR1A (MIM 601299)
SMAD4 (MIM 600993)
TNNT2 (MIM 191045)
TP53 (MIM 191170)
TGFBR1 (MIM 190181)
TGFBR2 (MIM 190182)
TGFBR1 (MIM 190181)
TGFBR2 (MIM 190182)
SMAD3 (MIM 603109)

_ong QT syndrome 1 (MIM 192500)
_ong QT syndrome 2 (MIM 613688)

_ong QT syndrome 3 (MIM 603830)

KCNQ1 (MIM 607542)
KCNH2 (MIM 152427)

SCNS5A (MIM 600163)

= 19 cardiac diseases
- 15 cardiomyopathies (ARVC, DCM, HCM)
- 4 arrhythmias

- Brugada Syndrome

T

- Long QT Syndrome

11 !



Cardiac Conduction Defects :

» Historically isolated Progressive Cardiac Conduction Defects,
the most common form of CCD, (Lenégre & Lev disease) was
considered as a structural and degenerative disease mostly due

to aging, fibrosis in the conduction system
€ Strong genetic background / genetic
heterogeneity:

AV node
bundle of His

left bundle
branch

~— left posterior
fascicle

\ left anterior

fascicle

\

branch

septal
fascicle

> lIsolated PCCD: Channelopathy, SCN5A, SCN1B, TRPM4, GJAS

» PCCD & Cardiomyopathies: NKX2.5, TBX5, PRKAG2,

» Non-immune isolated Congenital AV block is a rare co

> Prevalence : 1/15 000
» Immunological compound in 80 % congenital AVB

LMNA

ndition

> Mortality : 30 % e

/#\ € Suspected Strong genetic background

I'institut
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Search for new Congenital & early childhood AVB index genes: Strategy

» Patient recruitment:
» 141 Index cases
- Diagnosed under age 15
(13 centers in France)

> CcAVB —trios

> 15 trios

» Exome sequencing

A

I'institut
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- No familial history of AV block
- Unaffected parents

European Heart Journal Advance Access published September 14, 2011

@ European Heart Journal

uuuuuuuuu doi:10.1093/eurheartj/ehr347

rrrrrrrrr
2

CLINICAL RESEARCH

Characteristics and long-term outcome of non-
immune isolated atrioventricular block diagnosed
in utero or early childhood: a multicentre study

Alban-Elouen Baruteau®2345¢* Swanny Fouchard!, Albin Behaghel?347,

Philippe Mabo2347, Elisabeth Villain®8, Jean-Benoit Thambo®?, Francois Marcon®19,
Véronique Gournay%'!, Francis Rouault®2, Alain Chantepie®13,

Sophie Guillaumont®14, Francois Godart®!5, Caroline Bonnet®1%, Alain Fraisse17,
Jean-Marc Schleich?3447 Jean-René Lusson®18 Yves Dulac%1?,

Christophe Leclercq??*7, Jean-Claude Daubert?347, Jean-Jacques Schott!,

Hervé Le Marec'?? and Vincent Probst!20

S illumina:
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Exome sequencing of 15 trios

» 19 de novo variants

. \ - Acide )
Trio Géne Nucléotide .. Conséquence
Aminé
0 NSUN6 c.956 C>T p.R319Q Faux-sens
1 GCN1L1 G>T S't.e d cpissage
(intronique)
2 SHBG c.74G>A p.R25H Faux-sens
2 CNTROB c.137G>A p.R46Q Faux-sens
3 USH2A c.82T>A p.128L Faux-sens
3 5052 ¢.58G>C p.R20G Faux-sens
4 GPR107 c.1396C>A p.L466I Faux-sens
6  PTGER3 C>A Site d'épissage
(intronique)
7 TTC21B c.3641T>C p.D1214G Faux-sens
7 C7orf61 c.209 A>G p.L70S Faux-sens
Site d'épissage
8 TEX29 G>C (5-UTR)
9 LPHN2 c.296 A>G p.N99S Faux-sens
9 RHOBTB1 c.1259 G>A p.T420M Faux-sens
10 RYR2 c.10361 G>A p.R3454H Faux-sens
f: hift &
c.1219_1226 p.Q407CfsX Frameshift
11 2NF683 delCTGCACTG 461 protéine tronquée
) 11 | zvr2z2 .85 C>T p.Q29X Gain d'un
codon-stop
11 GJC1 c.224 CT p.R75H Faux-sens
11 ATAD2B c.4212 C>G p.L1404F Faux-sens
M—
14 DOPEY2 €.6697 C>T p.R2233C Faux-sens
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Variant selection

Family A (trio11)

Family B

French case Japanese case
Target genes for exon capture All exons (Trio-exome) 457 genes
Coding variations (*) 13,035 1,040
De novo variants 7 NA
MAF<0.1% 4 8
Sanger validation 4 8
Co-segregation NA 3
Candidate variations 4 3

Common mutation

GJC1-c.G224A, (Cx45-p.R75H)

* .

NA: not applicable

nonsynonymous, stop-gain, stop-loss, splice site replacement, or indel frameshift

f; found in the proband (lI:1) but not in his parents




Novel GJC1 mutation (Cx45-p.R75H)

CATGTACGCTTCTGG

A
Arg>His
|

GJC1-c.G224A

Left atrium
Cx43, Cx40

Upper bundle
branches
, Cx40

Right atrium
Cx43, Cx40

His bundle
, Cx40

Right ventricle

I'institut
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Lower bundle
branches

geft ventricle

(D C T6)

Purkinje fibres
Cx40, , Cx43

Cx40, , Cx43

i b b ke
i g e

64 75 87
I E1 ] ™2 |
Cx45 Human CYDAFAPLSHV |8 FWVFQIILVATP
Claiali) R T e
MalCalCa "t i B s i R e St
MOUSE 4 ittt et eeee o teeeeeennens
| 2 1 D e P T
DOGE SRS e SR R N RS i S
QP O SIS Meirerses spsrion sutinsns st BN kesve tomeivemeporis 1ipeite
Cx43 Human s5eKSEYT sve silisese B SV
Cx40 Human ...QAF.I..[ . v..1...7s .
cx26 Human ...HYF.I..I J} frr.L.7s..
cx32 Human .[fo.r.1... @ L.sL.L...s.
Cx46 Human ...RAF.I..T aL...F.sjj

- Connexin family of proteins consists of
more than 21 members varying in their
biophysical properties

- CX40, 43, 45 heart specific

Sander Verheule et al Front. Pharmacol., 2013



Family A

B4
Family B N *@
3

[:1 i, 0 B 1335

4l oy
V1 .
(5 yo) Wﬁmﬁﬁw

(9 yo) B

/\,\_.._J\J L-4 rf \M__;"JJ b (i
3rd degree AV block & progressive loss of P
wave

() 1 LS o E

I'institut (37 yo) =
duthorax o A
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In vitro studies

1- Normal hemichannel assembly and plague formation

(Co-IP /Immunofluorescent) (Immunofluorescent)
IP-Ab myc IgG

WT-Cx45 R75H-Cx45

myc-Cx45  WT R75H WT
Flag-Cx45  WT R75H WT

- 48kDa
a ‘VV&Fmg —
= DAPI
o | WBIMYC | -!-B_ 48kDa myc-Cx45
I - 48kDa
WBFIaQ | s e d—
2- Severe reduction of permeation properties (Luciferase dye transfer)
0 min 1 min 10 min
- R
g ‘ ‘E oe wr
R75H [l pIE f>;~ A A R75H
o 2 O & WT/R75H
2

-n
Time (min)

3- Macroscopic conductance (Gj) suppressed in hetero & homomeric channels

p=1.00x10-7

+20 mv

-40 mv Gj(nS) | p=1.56x10°

=
\\ // 0 - 30 \
Cell 1 CX\) Cell 2 E b 500 pA IZ ?2 ,£|
WT

0
WT/R75H R75H WT WT/R75H R75H

()

I'institut

authorax » Dominant-negative



A%
1- Various atrial

arrhythmias

(after tamoxifen
administration)

In vivo studies

Electrophysiological properties of conditional Gjc1 knockout mice

a

H

b

; J#MH

C

ww

i

e mﬂu

A4

-

M S

05s

P wave wondering

Junctional rhythm

0.5mV

» Pathophysioloy of Cx45-p.R75H in developmental defects?

A
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Seki et al. ] Am Coll Cardiol. 2017

JaNCIChile

JOURNAL of the AMERICAN COLLEGE of CARDIOLOGY




Whole Genome Sequencing in unresolved mendelian arrythmias

1

1|72
id |J_‘| ‘

1|2 3 7|5y 6 7 18 5 |10 "
1 (Bﬁ
1123 4 5 | 6 7 8 9 |10 11|12 13|14 15 16 | 17 L
v
12 3 4 5|6 7 8 9 f0 11 12 13 14 15
v
1

A
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A large family associating long QT syndrome
and sinus dysfunction linked to the ANK2 gene (LQT4)

1 2

" » Loss of function mutation in ANK2 (Ankyrin)

1 2 3
¥

1] ]
1 0 | 1 LS RERRTY B 6|17 T8 1ol |2 B2 Na .-|||I|||1|“|l“|'-||||||
- + + + + , A.I lll
v T o= ;: ;[;:1 nj d> b:ﬁljéb o0 ). §is] T , ankyfin-B vzl
T2 3 afs & 7 5 w0 |11 12 3 14 15 16 17 |18 19 20 21 22 23 24 25 ‘26 27 28|29 30 31 32 33 ‘33 35 36 / nkyrin-B = . \ 7 Tl
PM - - - o - - PM PM  PM PM/SD * = e . \—-—'\ ;
+ + + “+ + + =N R » 4 e’ —~—
Vv N\ < |
7 8 9 S
° ° " — A
J .V
BN

* 24 affected cases
e 2 sudden death (ventricular arrhythmias)

extracellular

Mohler P; Schott JJ at al. Nature. 2003

"Mﬂ * Long QT syndrome (LQT4) T/U waves
S * Sinus node dysfunction (SND) > Additional long QT / SND ANK2-/-family but
m *  Atrial fibrillation (AF) with genetic linkage at 425 locus

(> ]

F 4
T e
/#\ 4925 lin age\I / % 2 s

I'institut Schott et al. Am J Hum Genet. 1995
duthorax

Le Scouarnec et al. Proc Natl Acad Sci. 2008




Identification of a large family presenting with a complex cardiac syndrome

17 members present with a complex cardiac syndrome following an autosomal dominant model

Family 1

I
1

—
—
—

—
<

Electrical cardiac disorders: Cardiac developmental defect:
Sinus node dysfunction Atrial septal defect
8 %'ff % i3 14 15 16 | 17 Long QT LV non-compaction
o Lo Ty Atrial fibrillation

A

I'institut
duthorax



Identification of a large family presenting with a complex cardiac syndrome associated
with a 15 kb deletion in a gene desert area

Family 1

1I |£|
1 2 3 5

2
. ‘ Electrical cardiac disorders: Cardiac developmental defect:
i} . i 7y 2l Sinus node dysfunction Atrial septal defect
1123 4 5 |6 7 8 % % 13| 14 15 16 | 17 Long QT LV non-compaction
v o Atrial fibrillation

1

1 2 3 4 5|6 7 8 9 10 11 12 14 15
\"
Exome sequencing Whole genome sequencing
4925 region associated with No mutation in ANK2 gene No mutation in genes located in Identification of a 15kb
Ankyrin B syndrome the 4925 region deletion in a gene desert area

PJ.Molher et al 2002

-

ML

/#\ Reduced sequencing depth by 50%
I'institut
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Identification of a large family presenting with a complex cardiac syndrome associated
with a 15 kb deletion in a gene desert area

Family 1

‘ BT

2
I ﬁ DT‘ ‘ Electrical cardiac disorders: Cardiac developmental defect:
1] 2 3 A 6 7 | 8 s |10 . - ]
. (5 ﬁ Sinus node dysfunction Atrial septal defect
11253 4 78 %—IEE % 1314 15 16 | 17 Long QT LV non-compaction
v g QUG - Atrial fibrillation

14 15

Ank2
PITX2 . e .
. _— . * Localization and membrane stabilization of ion

* Cardiac transcription factor essential for the

left-right asymmetry of the heart channels

*  ANK2 loss-of-function variants -> LQT4 syndrome

* SA development LQT-SND
* Risk variants in PITX2 associated with atrial (Lar- )

fibrillation (GWAS)

BRI 40131 KW 4013.3 EE NN 40221 22306 4024 BT G 4026 Fv¥i4028 1M 40283 IE EERNEEIR] 40321 I 4032.3 KK 034.18 4034.3 KERIGEEW

refSeq genes
ENPEF 4 Cdorf32 |+ NEUROGZ)|
w AP1IARHl  caort21 [lHHl CAMK2D |-k
TIFA} LARP? 1]
/#\ Family1 J1s kb

ALPK1H—H
I'ir@rs]titut Relevance of this non-coding region in the molecular mechanisms leading to this new syndrome ?
duthorax



Six additional families (4 French and 2 Japanese) presenting with a similar phenotype showing
overlapping deletions

Family 1 Family 2

EJT@

5
7 8 9 10 11|12 13 14 15 16 | 17 6 7| 9 10
9 10 11 12 14 15 I l

Family 4

Family 3

1 2 3 4

Family 6 i
Family 5 ! EJT’ I |:T:)
1| 2
O * Jﬁ JEGT; é}'@ Cé il ] %n‘é lﬂ_;l %’Té lé_r@ é I »

1
2 10 11 12 13 1 15 16 17 18 19 20 21 |22 23 24 25 26 27 28 | 29

8 9 10
Human chr4 1 Mb | hg19
refSeq genes
EnPEP HH , Cdorf3z|+ NEUROG2| ANK2 =———H-HHHI
PITX2{ Familyl J1s kb AP1ARHL  caori21 lHHl CAMK2D -Hi<f<
Family 2[J32 kb TIFA} LARP7 1]
Family 3 ll47 kb ALPKTH-H

92 kb

Family 5 I 146 kb

Family 6 150 kb
/A#\ Family 7‘330 kb

I'institut Crucial role of this non coding deleted region
duthorax




Molecular mechanism

iPSC differenciation to

r )
' (
cardiomyocytes . .

&
genome editing

Patient

iPS-CM
(15 Kb deletion)

Functional studies

- Cell morphology

- Cell beat recording

- Cardiomyocytes contractility
- Action potential recording

In vitro

iPS isogenic model

15 Kb deletion Control

Chromatin conformation

Window Position ‘chrd:110,429,068-114,731,067 (4,302,000 bp)
Scale

fanityy
lI\/M

Ml gty
e | 111000000 111500000 1120000000 112500000 113000000 113500000 114000000  114500,000]

TCF_HCM_E ENCODE! I ‘
DR | il i . ] \Il |[1
secaas | CF\H Cdor z rm

ANKZ

€CDC1098 »—Q-‘ Plszw LaRP7 | CAMK2D HffH-4—
CASPE ELO\/LS M- nrA ]
PLAZG12A ] ALPKT H-H]
GART| NEUROGZ |
RRH|
LRITSH
N j {
YW\ S AT AA\Y

MAX-PLANCK-GESELLSCHAFT

Human chr4 1 Mb}

In vivo

f) Amsterdam um\

Universitair Medische Centra

| hg19

refSeq genes

ENPEP [HHH

Human-mouse alignable

PiTxz i

Family1 Jis kb
Family 2[J32 kb
Family 3 [ll47 kb

92 kb

Family 5 [Jl146 b
Family 6
Family 7

150 kb
330 kb

i Mllillllt-ltllllllllllllllitllﬂtllli HHR MIIIIltIZIIIIII

Mouse Chr3  mmi10|

refSeq genes

H| Pitx2

Hm.“ Enpep

s

15 Kb




Epigenetics: Understanding the non-coding regions of the human genome

Every cell-type in an organism contains the same genetic information but has extremely
different shapes and functions.

Totipotent fﬁ\
Morula N
.l
e
) .',g' —= Human Fetus
P’?f &I
\{ »

. l/ =8> = How cells read the genes
-rxf-:\“\f,

Circulatory System "Y

R * Immune System
https://Iwww.slideshare.net/hamivia/definition-of-epigenetics

A
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Definition of Epigenetics

Every cell-type in an organism contains the same genetic information but has extremely
different shapes and functions.

Totipotent

How cells read the genes

Nervous System

https://Iwww.slideshare.net/hamivia/definition-of-epigenetics

DNA methylation
Chromatin structure and modification
(4 Non-coding RNA (ncRNA)
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Definition of Epigenetics

Every cell-type in an organism contains the same genetic information but has extremely
different shapes and functions.

Totipotent

Morula

Nervous System

https:Ilwww.slideshare.netlhan’ivialdefinition-of-epigenetics

DNA methylation
Chromatin structure and modification
(4 Non-coding RNA (ncRNA)
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Definition of Epigenetics

Every cell-type in an organism contains the same genetic information but has extremely
different shapes and functions.

Totipotent
Morula

A
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A
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duthorax

Non-coding region characterization and annotation

Closed chromatin

Non-active region

Immune System

https://lwww.slideshare.net/hamivia/definition-of-epigenetics

Latent region

Open region

How cells read the genes

ATAC-seq approach: assay for Transposase-
Accessible Chrdifratifrem=s

ChIP-Seq mark

Functional association

H3K4me3 promoters

H3K4mel enhancers

H3K?27ac Active promoters and enhancers
H3K27me3 Inactive chromatin

51



Functional annotation of non-coding region in the 4925 region
—— coding/non-coding genes 1 Mb} | hg19
EGFflf RNuUs-205F1  ENPEPHHNl  Ac024198.11 RNUG-289P1  AC083795.211 FAM241Ap-4 NEUROG2| Y RNAI  ANK2-ASTH
snoU2 191 PITX2l}  MIR297] AC139718.2H AC109347.11 zGrr1{iKHH ~ ANKz2 HAHH
AC098798.11  LINCO1438| AC139718.11 AP1ARH}
PANCRK AC004704.1k<<<<<<<<<  Y_RNAI
ELOVL6 l<f<<4 ) AC109347.2| LARP7Y
| Famin 24 T
Family 3 i ALP‘I;Z:'UROGZ-AS1 B
Family 5 N
Family 6 N
Family 7 [
c2 0.017] |
o .2 [
EEZ| ATAC |
5S¢ (CARE) J ‘
<> 0 i l . l 11 v .
1277 Open region
ATAC
0
. 507
= = | H3K27ac Active region
s 58=
S |H3K4me3 Promoter region
& 58: L Lk i " FIRTETIRA | R L L e L dudl " L L al dad i Lol A L ! il ksl L ud FAFYY vl FRW) L o s
< |[H3K4mel | | N i i
O—J[ s IILIJJJLI 1 | 1 L IL b '] 4 L JAI Enhancer reglon
‘|
——————— L““—

—————————— 20 kb | hg19 T ———
- Family 1 I -

50
ATACJ | v l

)
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[ ] [ ] [ [ ] [ ] [ ]
Functional annotation of non-coding region in the 4925 region
coding/non-coding genes 1 Mb} | hg19

EGFflf RNuUs-205F1  ENPEPHHHl  Ac024198.11 RNUG-289P1  AC083795.211 FAM241Ap-4 NEUROG2| Y RNAI  ANK2-ASTH
snoU2 191 PITX2l}  MIR297] AC139718.2H AC109347.11 zGrr1{iKHH ~ ANKz2— HAHH
AC098798.11  LINC01438| AC139718.11 AP1ARH}
PANCRK AC004704.1k<<<~<<<<<<  Y_RNAI
ELOVL6 l<f<<4 ) AC109347.2| LARP7Y
| Eam'l|lyz1l| TIFA|
amily ALpk1ees-H
Family 3 i NEUROG2-ASTH
Family 5 N

Family 6
Family 7

(CARE) OMMJ__L 1 JMJ I A‘I IJIM " l_lllmm

1277 Y [

human
Ventricle
CM
>
_|
>
@)

v" Open region

® E H3K27ag:_ I o | | g LL L, 1“ } ‘ Active region
'I' é H3K4me5§3 ' 1 ﬂ J | | [1 “' l ‘ ‘L Promoter region
% 50: Lk it i PO T W | Lo . L . alo ditcat s N Labua ol TR R L T VTRE RO P " .
< H3K4me5%: Mlﬂ.d“hlﬂdl“ b “ A__Jﬂh, ||ll‘l “JLI Lo L P [| M Ll lnh'. ik L JJUMILM JJJI L |‘ | L| “L i lm I.th hll““jn hlh lﬁ. Jihjﬂn i .I. Enhancer reglon
CTCF I JJ[ ‘ \ H | v CTCF binding site
0 { ‘ - - . S : ‘ L .J |l| HJ .J‘ | | I chd i L

—— =
—— ——
o — ——
— —
—_——

——————————— 2 kb| } hg19 ~§~~~§_‘§
- Family 1 I -

50
ATAC }

58:|
CTCF,
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Hypothesis: Deletion of the CTCF binding site modifies the TAD boundary

TAD
Genel i
P ene Topolofglcally
/ A S Associated
/ \ Domain
\ Gene2
( " .
’ Cohesine
\ /
\ s Enhancer ~ Gene 2
~N_ _ -~ CTCF CTCF
Nucleus

Deletion of CTCF
binding site

/#\ CTCF Enhancer

I'institut
duthorax Lupiafiez et al, Cell.2015



ses New regU|at0%b egion interaCtin§9With PITX2

chr4: | 112,000,004 112,500,000 113,000,000

hiPS-CM WT .

. ‘/_‘/:— '\\."\?
< PITX2TAD ® s LncRNASTAD

- : : \D-La 0N : . : 3 )
> Laa'a™ " < s ™ N ~ ° ?\
- - ‘ T e NP Py -

> <
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é | ia . = -,

2 T o g ~ :
ulx‘m M ‘t-“m.. s T A3 d-?...‘t..&:.!" - d xﬁ&}_&hﬁ
ENPEP> LINC014381 RNUG-289F | AC083795.21  AC139718.2> FAM241AP>A  TIFAL
AC098798.1 W AC024198.11 AC139718.1H AC109347.11
MIR297| [ 004704.1k 4 AP1AR -l
B
[
I
]
e ]
|
ATAC | _
* LU U ‘ ‘ ¥ ‘ W il ny it Al ‘ | Open region
2ol T
% 58: . .ll " P I I|. i N . J; b l " i N L L ... -~ J | s JL ] (e vl
»n | H3K27ac Active region
= 0du L L i L I Il 1 [ TR b i, i
c 50
H3K4me3 M \g 4
/ iii \ 58: s L RPN wdl .]. el L i . .l souekan s o Lo odial i B (POl | | NPT PR [ . Laaaa
. . H3K4me(])-_.h. L L mm bl Y 1IL.L |J le L 1 Lo I\ l 1 lL L1 N L i Lo |lH.L st lin J .I l.ﬂl e du‘ I| L I“l b Enhancer reglon
I'institut A

V
duthorax Novel interactions with PITX2 and new regulatory regions



Mouse model to characterize the impact of the deletion on the phenotype
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Mouse model to characterize the impact of the deletion on the phenotype
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In vivo electrical cardiac activity in mice carrying the 15kb deletion

Mouse Chr3  mm10| |1 Mb
refSeq genes
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/#g\ CRISPR mice show slower heart rates, slower sinus node recovery times, atrial arrythmias
Llrgﬁg;g; Bradycardia, SND and atrial arrythmia recapitulates electrical phenotype identified in patients



Cardiac morphological characterization in mice carrying the 15kb deletion

ASD
Adult

107 p=0.039

5/12

0/10

ﬁ Amsterdom UMC

Universitair Medische Centra

(4

|'irt1ﬁg%§ Mouse model recapitulates electrical and morphological cardiac phenotype identified in patients
du

CRISPR mice present ASD



Transcriptomic analysis
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Downregulation of Pitx2 & Ank2 in the ventricles



@ AR Overexpression of PITX2 during differentiation | .o sanprotow
N of sinoatrial nodal cells
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Conclusions & Perspectives

« WGS & multi-omics are powerful approaches to identify new regulatory elements and
target genes in unsolved mendelian diseases

o New regulatory mechanism impacting PITX2 expression
o New role of PITX2 in disease: new cardiac syndrome associating atrial, ventricular

arrythmias and congenital heart defects (ASD or LVNC)

* Implications for clinical molecular diagnosis

o Search for 4q25-CTCF deletion should firstly be performed in patients presenting a
combination of electrical (LQT/SND) and structural heart defects phenotypes

o Implication of 4925-CTCF deletions in isolated congenital heart defects is ongoing

()

I'institut
duthorax



Fibrillation ventriculaire idiopathique
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Mort subite cardiaque: population a risque

Population générale adulte

Sous-groupe a risque
cardiovasculaire multiple

Patients coronariens

Patients insuffisants cardiaque

Patients avec infarctus important

Survivant d’arrét cardiaque
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AL Cardiac arrhythmia

A i . . . _ T :
(i » Sudden Cardiac Death is a major health burden in industrialized countries

P f\\ / » Ventricular Fibrillation is the most common mechanism
A_%\ Myocardial infarction Cardiomyopathy
~80% ~10%

e %

Acute plaque Hypertrophic Dilated
destabilization Cardiomyopathy Cardiomyopathy

Primary electrical disorders

~10%

Brugada syndrome . .
Early repolarization syndrome These electrical disorders

Long QT Syndrome provide a homogenous groups
Catecholammer:gnci Polymor|-ah|c Ventrl.cular Tachycardia — of patients with high risk for
Arrhythmogenic right ventricular cardiomyopathy . .

Sinus node dysfunction SCD, which can be considered

Cardiac conduction defects as a ‘sensitized model’ for VF

o e —
T T 1 T T T
f Time[ms] 100 200 300 400 500 600
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The Brugada syndrome

€ Rare disease (1-5/10 000), affecting mainly men (= 80%)
€ Mean age of diagnosis around age 40
€ Ventricular tachycardia, ventricular fibrillation and sudden cardiac death

@ Baseline condition or after drug challenge
Typical pattern of ST segment elevation, on the right precordial leads (V1-V3) of the surface ECG

€ No cardiac structural defects

T
- R A
ﬁBrugada syndrome is a genetic condition: \ v === " s
* Autosomal dominant disease i =
* SCN5A loss of function mutations in ~ 20% cases z‘z
- Decreased upstroke velocity of the cardiac action potential . > SCN5A remains a poor marker
- Reduced penetrance and variable expressivity e for SCD risk stratification
e 22 additional genes (familial and candidate gene approaches) § (BrS, a polygenic disease?)

Over all contribution to disease prevalence is still unclear

Ventricular cardiac
action potential

Burden testing: only rare SCN5A variants are significantly

/#\Kassociated to BrS J

I ir%ﬁtitut Wilde et al. Circulation 2002
du Thorax Le Scouarnec et al. Hum Mol Genet 2015
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Human Molecular Genetics, 2015

ORIGINAL ARTICLE

Testing the burden of rare variation

in arrhythmia-susceptibility genes provides new
insights into molecular diagnosis for Brugada syndrome

Gene B1S cases (n = 167) Internal controls (n = 167) P-value 1 UK10K controls (n = 881) P-value 2

1S-susceptibility genes

SCN5A 20.4% (34) 2.4% (4) 14x1077® 2.4% (21) 1.7 x 10752
SCN10A 6% (10) 2.4% (4) 0.170 3.5% (31) 0.131
CACNA1C 3% (5) 6.6% (11) 0.199 2% (18) 0.395
PKP2 15 Z3% (3] T 7% (D) U.338 |
CACNB2 %{,@SUS ne pouvons pas eifggzw%sl image. 1 0.9% (8) 0.39%
KCNH2 1.2% (2) 3.6% (6) 0.283 1.6% (14) 1

TRPM4 1.2% (2) 3% (5) 0.448 1.9% (17) 0.754
KCND3 0.6% (1) 1.2% (2) 1 1.6% (14) 0.488
CACNA2D1 0.6% (1) 0.6% (1) 1 3.3% (29) 0.072
HEY2 0.6% (1) 0.6% (1) 1 0.1% (1) 0.293
SCN2B 0.6% (1) 0.6% (1) 1 0.5% (4) Cases (s
SCN3B 0.6% (1) 0.6% (1) 1 0.5% (4) 0.581
ABCCS — 3% (5) 0.061 1.1% (10) Controls 0379
SCN1B — 1.8% (3) 0.248 0.3% (3) 1
RANGRF — 0.6% (1) 1 0.2% (2) 1

FCF12 — — — 0 7% (R 0597

Significant enrichment in rare coding variation for SCN5A only




Variable penetrance and expressivity in mendelian diseases

Brugada Syndrome families with non-mendelian segregation

+ SCN5A-p.E161K
mutation
1 B BrS
7] 6 tl @ .
o T Conduction
< 7 disease
Unaffected
* IC?D Na/channel
T T blocker test
Presence of genetic modulators?
/#\ » Role of frequent variants modulating BrS expressivity

Llr%ﬁgﬁgxt Probst et al., Circ Cardiovasc Genet. 2009



Common polymorphisms modulate Brugada syndrome

LVinstitut du thorax Harmonising r(t:‘s:);(;;es (a):i:r:tt,lsg;da syndrome
in the heart of an international network on Brugada P
syndrome - =PARIS
=COPENHAGUEN
=UTICA
=MUNSTER
Led /#\ =PAVIA
@ Fgur?dcaqtlion 61 m =AMSTERDAM
I'institut =MUNICH
0 ) duthorax =NANTES
Alliance LONDON
Against SCD 2 =NASHVILLE

312 patients

* National Referral Centre for Inherited Cardiac Arrhythmias
1115 controls
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Cumulative effect of risk alleles at the three loci
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International Brugada Syndrome
Genetics Consortium £\

“ Amsterdam UMC 'institut

Universitair Medisc he Centra duthorax

~2800 BrS probands,
European descent
($ W

Finstitut Brugada syndrome Genome-wide association meta-analysis

duthorax



GWAS: identification of 12 loci associated with Brugada syndrome
21 independent association signals (10 new loci)

1
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New molecular mechanisms

» BrS heritability (h2):

()
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€ substantial portion of susceptibility to BrS attributable to common genetic variation
4 0.17 (LDSC) to 0.34 (GREML)



A predominant role of SCN5A/SCN10A locus risk alleles

18 SCN5A-SCN10A
8 - % X8
2
o | 2
B i : HEY2
i :
!
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» SCN5A/SCN10A locus: 8 independent loci

SCN10A



SCN5A/SCN10A locus: 8 independant loci

Genomic position . Ri_sk alléle Risl-( allele
Locus Lead SNP (hg19) Risk allele | Other allele fr.equency .frequency OR [95% CI] P value Nearest gene
in cases in controls
rs7638909* 3:38594973 G T 0.32 0.24 1.28 [1.17 - 1.40] 2.79E-08 SCN5A
rs62241190* 3:38607468 G A 0.06 0.03 1.96[1.63 - 2.32] 8.56E-14 SCN5A
rs7374540* 3:38634142 C A 0.51 0.39 1.72[1.61-1.81] 3.56E-57 SCN5A
1 rs7433206* 3:38657708 A T 0.45 0.42 1.48 [1.37 - 1.60] 9.52E-24 SCN5A
rs34760424* 3:38683018 G T 0.98 0.94 2.32[1.96 - 2.70] 3.03E-23 SCN5A
rs41310232* 3:38689242 A G 0.16 0.09 1.56 [1.40 - 1.74] 1.19E-15 SCN5A
rs6782237* 3:38696553 C G 0.78 0.68 1.74[1.61-1.87] 1.05E-47 SCN5A
rs6801957 3:38767315 T C 0.65 0.42 2.49[2.34-2.65] || 1.30E-180 SCN10A

» All non-coding risk alleles: role in gene regulation

()
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& post-GWAS approaches: translate genetic findings into molecular mechanisms
€ characterize and annotate all cardiac regulatory regions



Risk haplotypes co-localize at multiple SCN10A / SCN10A intronic enhancers

Enhancer-promoter interaction

» Promoter
B RE5, RE6-9
M RE1-2
Scn10a_
| 50 Kb |
chr3 [ |
hg19
> RE4 RE5 RE6-9
Refseq —
\
SCN10A conen —_ ki EXOG
Haplotype 1 600 T~
Haplotype 2| § ] %= = (N |
Haplotype 3| 5% .| — @ |
Haplotype 4| 2 0] % % !
Haplotype 5| ® 10f & N
Haplotype 6 P >|
enotype
Haplotype 7 I 1| I
270 ‘
ATAC LA J L
Al S o . | g ad .

| 05
EMERGE .
- Epigenetic marks: T T e e - oM

- Histone acetylation, methylation

- TF bindings sites . .
- 3D chromatin conformation Man et al. Circulation 2021



GWAS: identification of 8 loci associated with transcription factors

» Implication of TF in regulating ion channels expression in the heart

A
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TBXS5 drives expression of cardiac conduction system function

TBX5 rs 883079 eQTL
. TBX5
/Contactin-2
. rs883079
2 2 2.0
| - 5 o .
. fol @O
. % -2.0
z Z
S Ct &1 T3
g (33) (159) (194)
é pvalue: 2.17e-4
Heart
Left Ventricle
Arnolds et al. J Clin Invest. 2012
/#\ » Indirect regulation of Nav1.5 expression by TF
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GWAS: identification of 3 loci associated with structural proteins
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> new molecular mechanisms



MAPRE?2 is a trafficking protein / regulator of microtubules

(microtubule plus-end binding protein (EB2))

MAPREZ2
TADs
_—— 0 32300000 0 33 33900000 34100000 34300000 £ I'S4 76348
e DTNA ZNF397 B ZNF24 MIR3975! SLe3 FHOD3) 8
SNP REglon in a 2 h;r?v:znm e RrroiA cosHiH-HH Pf.fim ‘m 20
LD>0.6 with 2 2 o -
lead SNP 2 / = / / / eQTL & 00 = = m
Chromatin interaction e i = 5 o E -1.0
(Hi-C from human left Tt e o // 5 -2.0
ventricle) L el o <
il TT TC cC
eQTL ame® (41) (136) (209)
(human left pvalue: 2.87e-5
ventriele . e
— L = Heart

Failing Cardiomyocyte Left Ventricle

» EB1 protein, previously described in

' I L] .
1 S microtubules-mediated
! . S trafficking of connexin in cardiomyocytes
L \ I A,
/#& Microtubules-mediated connexin trafﬁCki”g/"U) S. Xiao & R M Shaw, Trends Cardiovasc Med. 2015

I'institut 'Connexon 'Cav1.2 Q&Cx«sa @Bint fMmicrotubule  JActin OP150 @ fp-catenin (@ 14-3-3
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MAPRE?2 is a regulator of microtubule organization and impacts on
sodium current

A
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Multiple levels of sodium current dosage regulation affects in BrS phenotype

Common
non-coding
risk alleles

=

(4
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Impact in clinical practice: PRD and risk allele distribution among cases

A
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Cumulative effect of susceptibility variants
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Improving the health of future generations

biobank’

BrS, a relevant model for more complex diseases
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Genome-wide association meta-analysis identifies novel Brugada Syndrome susceptibility

loci and highlights multiple pathways modulating ion channel dosage

Julien Barc!®, Rafik Tadros?3’, Charlotte Glinge?**, David Y Chiang®*, Mariam Jouni®’, Floriane I l a‘ l I re
Simonet!®, Sean J Jurgens’, Manon Baudic!, Michele Nicastro?, Franck Potet?, Joost A ®

Offerhaus?, Roddy Walsh?, Seung Hoan Choi’, Arie O Verkerk??, Yuka Mizusawa?, Soraya
Anys'®, Damien Minois!®>, Marine Arnaud®, Josselin Duchateau!®'%!314 Yanushi D
Wijeyeratne®®, Alison Muir'é, Michael Papadakis?®, Silvia Castelletti!’, Margherita Torchio?®,

Cristina Gil Ortufio®?, Javier Lacunza?®, Daniela F Giachino?"??, Natascia Cerrato?3, Raphaél P
Martins?*, Oscar Campuzano?>2?627.28 Sonia Van Dooren?®30, Aurélie Thollet'®, Florence
Kyndt!, Andrea Mazzanti3!, Nicolas Clémenty3?, Arnaud Bisson3?, Anniek Corveleyn33, Birgit
Stallmeyer34, Sven Dittmann34, Johan Saenen3>, Antoine Noél3¢, Sherry Honarbakhsh3’, Boris
Rudic®®39, Halim Marzak*’, Matthew K Rowe*!, Claire Federspiel*?, Sophie Lepage?}, Leslie Barc et a|2022 Marr54(3)232'239
Placide*®, Antoine Milhem*®, Hector Barajas-Martinez*5, Britt-Maria Beckmann®’, Ingrid PC
Krapels*®, Johannes Steinfurt*®, Bo Gregers Winkel*°, Reza Jabbari®!, Moore B Shoemaker>?,
Carol Ann Remme?, Bas J Boukens?, Doris Skori¢-Milosavljevi¢?, Hennie Bikker®3, Federico C
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Further perspectives (GWAS)

1- A first Genome-wide association meta-analysis of Japanese ancestry: 940 BrS cases and 1,634
controls

2- Genome-wide association meta-analysis combining the Japanese and the European-ancestry

datasets: 3,760 BrS cases and 11,635 controls
—17 loci reached the genome-wide significance
-5 loci were newly discovered in the cross-ancestry meta-analysis.

- Polygenic risk score analysis highlights shared genetic architecture across ancestries

3- Genome-wide analysis of lethal arrhythmic events among BrS patients identifies
1 VF-associated SNP in Japanese and European BrS

/ #\ Manuscript in preparation
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Whole genome sequencing acccurarly identifies CNVs

ol i tuihbetnall.. . | Il | L IR
(TR | I I m | | 1) I {1088 111Re) T Bl [T I} I I 11T (NN} [ | 1 ] | Il
11 ] ] I [ | | | 1 U] 1l =l | [NUER ] I T TE e {11} I m Il | 111 | RIS '}
] I | | 1 [} [ min [TRIREY R | 1 I 1HAN I L 11 1 (IR ] 1T 1w
miau i 1 (IN{ | (N} L I rin [N AT no I (I [l Il (ARIN} | | i | B | | 1 Il oa
| B | i B [1[] Il (. (] 1] 11 i £ I ] (| | [ ] I [] 1] 11l I (] (] (Rl I 11 11HT i
o ni I | | 1m0l | nii 0w 1 IR A | 1 /T T | [T AN | | ] 1 1 ] | | | | 1] (R § I L10L
1 B L | I 1 il Fraem o ne nu [] [l | | (K] | ) [N} mil R rrine !
([ ] [} 1 | 1 Il | 1 1 == I I 1 | I l {_INN) I [T e I mn (1] [N
nm [ I i | I o l o | [l [} 1l o Il I I I | 11 1 1l [N N |
] Il 11 Ik | 1 | [ | [} =1 | Bl I | I (N | [ | I B 1 I [N u I
IR T A ] [} 1 1m [} | } | BRI Lo m et [ | (1N} Il | [l 5 n I I [ RN 1l 1
[Nl L ey e I I [ IR ] e 0} [} 11n | ] | | 11 I | [[TThe A | ] | ] I | I RIIRN ) | |
I | 1 (] nin L T L I ORI I I A8 e D | 1T | | 0 ) Ik I Il 1m
e m n 11 I | o | VLl IR | B ] I I | -1 | 1 1 | ] I I I |
NN | L A ] | | I | [N } [ JUSTRET RTUNII | [N} L ) | I I 1 | 1 [E] (1 1l I o (NI |
| I Hl = 11 | 11 ] I 1 | & ul | I 4 [InR | 1} Il | (] 1 [ A | niT |
Bl [ 1] NI mormon 11 | (] Il FIE - m I | Inna 1 | A0 i | 1 | | 1 | ] ] 1 i nn
[ I I e Lol 1 i | I - | | {0 B I (][ § | 1A | ] | | Lo |
) I} trm 1l | [ iy 1 [} L I ] | 1 0=l I I I | | I | i |
{1 I Il I i [ RNI] | 1 ] Il [T | 1 i il | I [ BRI (R} 11 I omoann I 1z | VIS Sl |
| L nrin I | [l [ ] | 1 = I | ni | ] 1 I | || ] 11 i [IAMNN I1 TR i
I (I1/RI1 1l | I n 1 {1 N T 1 | 1 | | B 11T & I | e 1 I JES T BN | (I [}
] [ I | B BN I m 1 111 | ] | ! . o m nmi (] | 11 1 I |
| I | | 0 01 0] S [t | 1 el i I e -am sl [ X1 | 1] 4 0 (B L] Il | 1 | | | | |1 Ll | ‘
1l | NI 0l 1 [ NI I | L ] | 1] 1E 111 1 il bl | l | | N ]
[ I [ RIRIE | o | | Lrne [ Il 1 ] | | 1 I 1T I 1 ] 1 [ IR | m ]
1 Il 1 1] i | | il N [ e R ]} [ ] il [T al mrn 1 Il I [
[ Ll [ } 1l N ) | (1] | o onr-0 1 &/ - 1 mreni | X 11} I I H I (LN
1 e e I i ] 1 | | T = 1 a | R T T Fooal B [ DS TR N ¥ 1 IEIT 1
i L Bl | (I | IR} | Rl L IR | [ITG i im i I 15 e 1 It I mi & [T | I I 1
a Il | | Ha i I 1 | B a m | 1 L | | 1IN LT 1
I I BRI | il ] | | [l (] 1 1] = n- =1 L ] [ 1 | | Tl | BVl A N ] I
[ L] n | | Bk | | | I} H Hl Al 1 B ] | BEN
[N | | D N0 ] I 1 B | I | ] 1N [BHTa I 1} hi n I 1 1 I S | [ I
| M0 | 1 (] 1] | | 1 =) Il H I ] 11 | a1 | 1 I |
1 I I ) 1 [ ] I 1 [ 1 - L Il & Il | 51 | ] 1 I I 1 |
n | 1 i 1 1 = H i aa n " il { [ ! | n 1
e sm 1] EIR 1 | 4 | ] (I 4 nen I I [ ] 1 1 1
1l nm | nona il n [ N | | nsnnn I 1 [ DI 100E BeT mEe
] 1] Hien | | I 1 = e (08 | I I 1 TR 1 Da
b I | il I I} ] 1 (] i n 1 IR | | inb
] 1a m 1 | ] | L | ] 1 1 n I | Il 1
| (] 11 I | o I o mi | | 1 [} I 1 |
1 ] | I I (] It 1T il | [ i B BT | L] an
[ n I | I I B i I I | il |
I | I} mn | a0 1 un I W | ) I
] | 1 |} 1ma ] | ] nI | I |
1 | ] 11 11 ] | I
] 1 [T} [1 [ ] 1 1 I

» 10 kb deletion in the promoter region of SCN5A

50% reduction of
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chr3 (paa2.2)

Functioal annotation
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Functional annotation of the deletion region
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Functional annotation of the deletion region
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Functional annotation of the 10kb deletion (patch clamping)
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Key take-home messages

* The inheritance model for Brugada syndrome is complex
 Unexpected large effect of common genetic variations on BrS susceptibility

* The SCN5A locus is prominent in disease susceptibility, with strong involvement in
both rare and common alleles

e Strong involvement of transcription regulation impacting ion channels expression,
heart development as well as cardiac structural anomalies
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