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INTRODUCTION

Congenital structural heart defects:

5 May Or may not require intervention
. Early or 1ate<r>—onset presentation

- Minor defects are not uncommon (PFO, ASD, BAV)

- Require life-long follow-up due to secondary complications
(valvular dysfunction, arrythmias, cardiomyopathy, liver
function...)
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SYNDROMIC VERSUS NON-SYNDROMIC CHD

Syndromic heart defects:
- CHbs
> ] major anomaly
or

> 3 minor anomalies

Syndrome:
Disorder characterized by the variable occurence of several anomalies, often congenital
and resulting from a single cause (genetically or environmentally) determined



SYNDROMIC VERSUS NON-SYNDROMIC CHD

e How to determine whether it is syndromic or not?

— Statistics:
* chance to have major malformation A (eg CHD)
= 8/1000 OXFORD DESK
* chance to have major malformation B (eg CP) EEE& E:ERCE
= 8/1000 GENETICS

* Incidence by chance = 64 /1 000 000 (CP and CHD) & G ‘EMNOM|C5
e Real incidence: 1/5000 e sees

- Experience



- SYNDROMICVERSUS NON-SYNDROMIC CHD

The most common congenital anomaly

Prevalence 8 /1000 live births.

aneuploidy

copy number variations
monogenic disorders
environmental teratogens

unknown

M Syndromic ™ Isolated



~ SYNDROMIC VERSUS NON-SYNDROMIC CHD

copy number variations

Sporadic

monogenic disorders
environmental teratogens does not mean

Non-Mendelian

Largely unknown

Genetic heterogeneity

Incomplete penetrance
Polygenic
Somatic variaton
Epigenetics
Multifactorial

Nongenetic factors

™ Isolated



SYNDROMIC VERSUS NON-SYNDROMIC CHD
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- THE ‘SYNDROMIC SPECTRUM

(Nearly) isolated

Full spectrum

L p25 = p3, OFC pl0

| . 30ww (T2) 1228¢
A. Pulmonalis stenosis, VSD

Choioretinal coloboma

Hearlng loss (SOM> Aortic valve hypoplasia, CoA
Borderline NMD, normal education I—Iypoplasia external genitalia
o Facialis paralysis CHD7

c.6955C>T; p.Arg2319Cys dn Esophageal atresia c.5428C>T; p.ArgI810* dn



ENVIRONMENTAL CAUSES OF (S)CHD

Teratogen

Alcohol
Anticonvulsants
Lithium
Retinoic acid

Rubella

Associated risk

Up to 30%
1.8%
Small
10-20%

35%

Defect

VSD, ASD, TOF

Ebstein, TA, ASD
Conotruncal

PDA, PPAS, Septal defects



FETAL ALCOHOL SYNDROME

e JTUGR / LowW for H

e Facial features




FETAL ALCOHOL SYNDROME

[UGR / Low W for H
Facial features

CNS abnormalities

— Microcephaly
— Structural (CCA, Cerebellar hypoplasia)

— Impaired motor skills (coordination, gait, fine motor skills)
Behavioural

Confirmed exposure



FETAL ALCO SYNDROME




ENVIRONMENTAL CAUSES OF CHD

Maternal condition

Diabetes

Phenylketonuria

SLE

Associated risk

3-5%

15%

20-40%

Defect

VSD, coA, TGA,
conotruncal, L-isomerism,
CMP

TOF, CoA

AV block



‘MONOGENIC’ CAUSES OF CHD

Conotruncal

TBXI, CHD7, GJAS, CHDIL, NOTCHI,
ZFPM2, GATA4, GATAG6, VEGF pathway

Adapted from Morton et al,
Nature reviews cardiology 2021

CoA (409)

Septal
NKX2-5, GATA4,

TBXS

ASD (941)

bstein (61)
JA(/79)

‘ AVSD (348)

TOF (421)

Each gene ‘resolves’ < 0.5% of isolated heart defects

Recessive defects underrepresented?

Left-right
T

patterning

t

PDA (799)

[ eft-sided obstruction
PS (728) ,TOF (421), GATAS, NOTCHI, ROBO4, SMAD6, MYH6

TGA (315), PTA (107

AS (401)
HLH (266)

SV (106) Right-sided obstruction
HLH (266) R ASopathies, WNTSA, ROR2,
DVLI, DVL3, JAGI, NOTCH2

VSD (3570)

Ciliary genes, NODAL, FOXHI, ZIC3, SMAD?2



Variable expressivity (Verlee et al, EJHG 2025)

0 o .

*

ToF‘ O ¢
PDA

VSD
*: variant tested COA
Black symbol: FLT4 (NM_182925.4) c.1657+6T>C present



FLT4 variants in TOF patients
Loss of function mutations and deleterious missense variants
No missense or in-frame variants located in the protein kinase domain

c.2849del21

P363fsX25 ¢.2300C=G N905fsX20 c.3002-1C>T
G261C c.3002-2T>C Q1128X

Y369X
Y853fsX20
Y361X | | Q423fsX3 L636fsX3 Esgey | Q920X R1031X Y13371sX19

T T TW

Ig - Protein kinase

Yy a4 & - Y & & & dba Y

@854S || |ag15p 010201 -
ABS55T| \ca16w | H1035R
G8s7R|  GY33R H10350 | || 1086T P1137L
G875R P954S  Ryp41P | E1106K
V878M R1D4TW
Ri041q |AF1108
L1044P P1114L

FLT4 variants in Milroy disease
All reported mutations are missense or in-frame
and located in the protein kinase domain

Page et al, 2018: Circulation research
Whole Exome Sequencing Reveals the Major Genetic Contributors to Nonsyndromic Tetralogy of Fallot
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‘MONOGENIC’ CAUSES OF CHD

* Same variants in genes may cause diverse phenotypes: E.g. NKX2-5

Arrythmias

Septal defects

Contruncal defects



https://www.ncbi.nlm.nih.gov/Structure/pdb/3RKQ

~ ‘MONOGENIC CAUSES OF CHD

e (Genetic heterogeneity:

Several genes may underlie a same phenotype




‘MONOGENIC’ CAUSES OF CHD

( CHDgene  Home

The CHDgene website is an online resource created for clinicians and researchers who are interested in the genetics of Congenital
Heart Disease (CHD).

CHDgene currently contains a list of high-confidence CHD genes. Variants in these genes have reproducibly been shown to cause CHD in humans. Initial versions of
this list were utilised by Szot et al., 2018 and Alankarage et al., 2018. The primary purpose of this website is to provide a tool for the rapid identification of clinically
actionable variants according to ACMG guidelines (Richards et al., 2015) and thereby facilitate genetic diagnosis of CHD.

Definitions H roggle filter H Reset filter H Download table

~ Inheritance Ranking © Supporting s

phenotype Y mode® M References

ABL1 [ AsD | v

http://chdgene.victorchang.edu.au
Yang et al, 2022. Circ Genom Precis Med.: 139 genes

Extra cardiac
Gene € CHD classification @ ¢



http://chdgene.victorchang.edu.au/

‘MONOGENIC’ CAUSES OF CHD

* Mosaicism
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‘MONOGENIC’ CAUSES OF CHD

* Mosaicism
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FROM ‘MONOGENIC’ TO ‘OLIGOGENIC’ CHD

CHD Gene 11/

~

CHD Gene 2%/~

"

CE

gene

Modifyer gene
Gatas, TbhxS

Notch2

Nipbl
Smadl

CH

Reference

[aforest et al, 2011
Maitra et al, 2009

McCright et al, 2002
Santos et al, 2016
Pral et al, 2007




FROM ‘MONOGENIC’ TO ‘OLIGOGENIC’ CHD

Evidence in human disease
* Case Ireports



FROM ‘MONOGENIC’ TO ‘OLIGOGENIC’ CHD

Evidence in human disease
* Case reports
* Risk for CHD 1n first degree family members

of 22qI1.2 microdeletion carriers

RR [CHD] in 1st degree FM
without 22¢g11.2 microdeletion

220911.2 with CHD

22g11.2 without CHD

Digilio et al, 2005; Swaby et al, 2011



FROM ‘MONOGENIC’ TO ‘OLIGOGENIC’ CHD

Evidence in human disease
* Case Ieports

* Risk for CHD 1n first degree family members
of 22qI1.2 microdeletion carriers

* GnomAD: intolerance for LOF variants in CHD genes
(Sifrim et al, Nat Genet. 2016)

pLt1 | CHD genes |: 0.59 + 0.03

pLi |all genes]: 0.30 1 0.003 @
BUT: CHD incidence 0.8% while

[.9% ot control individuals has a LOF variant in CHD gene




‘OLIGOGENIC’ CAUSES OF CHD

e Mutational burden studies: Genetic landscape for S-CHD and NS-CFE

Silant

INTTIS

Sifrim et al,

— Nat Genet, 2016
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‘OLIGOGENIC’ TO ‘MULTIFACTORIAL' CHD

/ Congenital anomalies
- CP/L

- Clubfoot

- Neural tube defects

/ \ Brain development

Diabetes mellitus

CV risk factors

@® LEnvironmental
Genetic

Note: Variability IN MONogenic traits...



‘OLIGOGENIC’ TO ‘MULTIFACTORIAL’ CHD

Risk first degree family member ~ (population risk)l/ 2
'Population risk 1/1000 ~ Ist degree family member risk 3%]

Exponential decrease in reoccurrence risk for further degree relatives

Risk ~ several relatives affected

more severe disease

Risk T ~ consanguinity



‘OLIGOGENIC’ TO ‘MULTIFACTORIAL’ CHD

# indiv

Normal population

g

Affected population

Risk factors



‘OLIGOGENIC’ TO ‘MULTIFACTORIAL’ CHD

General
population

Population
_~ incidence

Liability
_Threshold

'
-
g

Relatives

Famihal
~ incidence




‘OLIGOGENIC’ TO ‘MULTIFACTORIAL’ CHD

pathogenesis

monozygote

genetic

genetic and environment

environment




[LINKING GENES AND ENVIRONMENT ?

Iranscription factrors: —
GATA4 — GATAS - GATAG — NKX2.5 — GDFI — GJAS — ZIC3 — TFAPZB. ..

Cilia;

DINAHG6 — DNAIT — DNAHS. ..

Cell signaling
Notch, TGF8, VEGE Ras-Mapk. ..

Chromatin rem ode]zhg
ANKRDII, CHD/, CHD4, KMT2A, KMIT2D, ...

== Djsturbed gene expression ?

Cardiac contractile apparatus
MYHo®e...



ENVIRONMENT ?

Epi-

genetics

Drugs
Medication
Alcohol
Tobacco
Folic acid

Infection

Major genes

Polygenic risk scores

Twinning
(Maternal age)
(Paternal age)



[LINKING GENES AND ENVIRONMENT ?
Methylation differences

Monozygotic twin discordant for DORV

GO enrichment of DMRs in upstream

DORYV samples

o

cardiolipin acyl-chain remodeling
Bl Normal
B DORV

negative regulation of cardiac muscle tissue regenetation

negative regulation of vascular permeability

wegative regulation of skeletal muscle tissue regeneration
nagative reguilation of organ growth
15 20
-log10 (P value)

Rel. methylation level

Q

B Normal

GO enrichment of DMRs in genebody Bl DORV

]
>
2
c
8
=
>
£
Q
E
e
o

CpG Sites in NR2F2 DMR

i
o

Il Normal
W DORV

o
(=]

reguiation of muscle development
hean looping

(=]
»

regulation of BMP signaling pathway
embryonic organ development

heart development

embryonic organ morphogenasis
deveiopmental maturation

negative regulation of muscle cell differentiation
embryonic morphogenesis

heart morphogenesis

Essue mormphogenesis

TGF-beta recepior signaling pathway

regulation of striated muscle cell differntiation
negative regulation of BMP signaling pathway
egulagtion of striated muscle tissue development

o
F S

Rel. expression of mMRNA
o
N

P ., T —/Tnmrrr/m——™™—1
0.0 0.5 1.0 15
~log10 (P value)

o
o

12345678 91011121314151617181920 Lyu et a_]_’ 2018



THE GHENT DIAGNOSTIC EXPERIENCE

-<-<




 THE GHENT DIAGNOSTIC EXPERIENCE

CNV analysis (n=484) ES-CHD analysis (n=535)




ES-CHD analysis NS (n=361) ES-CHD analysis S (n=174)

Mendeliome = + 0.3% Mendeliome = + 10%



Hemizygous Mitochondrial
3% 1%

Homozygous/
Compound heterozygous
13%

Heterozygous de-novo
40%

Heterozygous (inheritence
unknown)
20%

Class 4/5 variants (n=71)

Heterozygous (inheritance known)
24%

Heterozygous: inherited via healthy
parent with positive familial history
3%

Heterozygous: inherited via healthy
parent with negative familial
history
16%

Heterozygous: inherited via
affected parent
4%




No incidental findings 548/560 (97,9%)

Incidental findings in CMP-related genes 8/560 (1,4%)

Other 4/560 (0,7%)




THE GHENT-UTRECHT-GRONINGEN EXPERIENCE

CMGG (525 probands; 472 genes), the UMCG (195 probands;
345 genes) and the UMCU (133 probands; 55 genes)

Ghent

Utrecht

Groningen




CMGG
n=525

Pathogenic variants

CMGG
~___umMmcCcu
i - UMCG
Pathogenic variant
_ Gene in CMGG-panel only
" Gene in CMGG&UMCG-panel
B Gene in CMGG&UMCG&UMCU-panel



ACTC1
ANKRD11
ATRX
BRAF
CBL
CDK13
CRELD1
DLL4
DNAHS
EID2
ELN
FBN1
FLT4
FOXC2
FOXP1
GATA4
GATA6
GATAD2B
GDF1
HAND1
JAG1
KMT2D
MYH6
NIPBL
NKX2-6
NOTCH1
NOTCH2
PKD1L1
PTPN11
PUF60
RAD21
RAF1
RIT1
SALL4
SMAD4
SMAD6
SMC3
S0s1
TAB2
TFAP2B
TGFBR1
ZIC3

ACTC1
ANKRD11
ATRX
BRAF
CBL
CDK13
CRELD1
DLL4
DNAHS
EID2
ELN
FBN1
FLT4
FOXC2
FOXP1
GATA4
GATA6
GATAD2B
GDF1
HAND1
JAG1
KMT2D
MYHé
NIPBL
NKX2-6
NOTCH1
NOTCH2
PKD1L1
PTPN11
PUF60
RAD21
RAF1
RIT1
SALL4
SMAD4
SMAD6
SMC3
SOs1
TAB2
TFAP2B
TGFBR1
ZIC3

B e novo
B AR/XL (inherited from mother)
' inherited from parent (negative family history)

" inherited from parent (positive family history)

E unknown

B syndromic
.~ non-syndromic



CURRENT STATUS

CHD: Overall diagnostic yield (until know)
- CNV + ES (exome seq — genpanel 471 (candidate) genes: ~15%
- ES: +0.3%

Syndromic CHD
- CNV + Panel: 22%
- ES: +10%

Non-syndromic CHD
—ES: 6%
Variants in genes associated with S-CHD
(JAG1, TGFBR1, PUF60, SALL4, ANKRD11, RPS11, NOTCH2, FOXP1, GATAD2B, ZIC3, ...)

Isomerism genes
Higher uptake in families with multiple affected members

—Not recognized?
—Young age?



NON-CODING ?

273 CNV analysis

Meerschaut et al, Genes, 2021

87 SCHD

34 normal
CNV analysis

270 CHD patients

53 abnormal
CNV analysis

183 ICHD

69 abnormal
CNV analysis

17 pathogenic

Dosage Sensitive Reglons

(Table 1)

19 overlap with Clingen Pathogenic /

+

9 recurrent CNV regions In the
cohon

(Table 2)

[

[3 candidate CHD regions

36 unknown
(47 CNV=US)

69 unkrnowr‘.
(91 CNV-US)

I

= incl Xp22,31 de|

[

- incl prox 16pt1.2del
incl 16p13.11 ﬂr’l

Total 138 CNV-US

[-%95 protein-coding genes J

- Incl 82 OR genes

& 16 KATAP genes

65 Hl sensitive genes

60 expressed TPM2
20 CHD gene function

(Table S5)

[

- 463 urgue gens

1029 IncRNA genes

L incl 55 recurrent INcANA geras

l- 156 unque IncANA genes

B5 expressed TPM2
14 expressed TPM10
(Table S7)

[

114 normal
CNV analysis

81 intraTAD CNV-US
51 mterTAD CNV-US

6 undetermined

80 ‘unique’ TPM2 IncRNA genes
12 ‘unique’ TPM10 IncRNA genes

[ 19 ‘unique’ candidate CHD genes ‘}

4 intraTAD CNV-US
& 6 imerTAD CNV-US

alter VISTA enhancer element(s)

3 IntraTAD CNV-US
& 3 imterTAD CNV-US
nvolve CHD relevant genels)

(Figure 2)
|

11 candidate CHD genes

[

1 VISTA enhancer element
axpressed in heart tissue
1 candidate CHD gene




273 CNV analysis - e
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‘RECURRENCE RISKS’ IN MOLECULARLY UNINVESTIGATED NS CHD

Recurrence risk

Lesion Siblings, % Offspring, %

Father affected Mother affected

(T)APVR NR 3.7

ASD 1.7-3 1.5-5.7 4-6
VSD 1.6-3.8 2.9-7.5 29-7.1
AVSD 3-6.5 1-4.5 11.5-14
Left-sided obstruction 1.25-11 5.9-74 5.9-14.3
TOF 2.5-6.5 1.5-3.8 2.5-18.2
TGA 1-3 1.5

Truncus arteriosus 5-9.5 NR

Ebstein anomaly 133 NR 6
Pulmonary valve anomaly 5.4 2-3. 4-6.5
PDA 3 2-2f 3.5-4

ASD, atrial septal defect; AVSD, atrioventricular septal defect; CHD, congenital heart
defects; NR, not reported: PDA, persistent ductus arteriosus: (TAPVR, (total)

abnormal pulmonary venous return; TGA, transposition of the great arteries; TOF,
tetralogy of Fallot; VSD, ventricular septal defect.

Muino et al, 2020



J. De Backer et al./Rev Esp Cardiol. 2020;xXX(X ):xXX—XXX

-0
P

Can genetics offer any benefit to my patients/their families?

Medical/paramedical management?
Risk prediction
Preventive treatment

Family planning?
Siblings
Offspring

4-'—""'_'_'!'_#- ‘H_“H""'-'-#
Yes No

Refer patient/family for counseling Stop! (unless in research setting)




- (Pediatric) cardiologist

P

Cardiac and extracardiac additional features
Family history — clinical testing!
Previous genetic testing results (incl Prenatal)

[ Recognisable syndromic entity ]

Genetic counselorClinical geneticist

Familial

Yes ~ T No Yes — ™ No g
.'-"""—-- __\__‘—\—_\_ K
_.-F'fﬁ ’.\ _\_\_‘——_\__‘___\_\-‘_ \ =
( 3
Suspected Suspected Suspected CMA / g
gene disorder aneuploidy Microdeletion/ Targeted _panel
(eg. CHARGE (eg, Down duplication CMA screening
Sd) Sd) (eg, VCF Sd) a
. I =)
l : 8
Targeted , + If negative
gene/panel Karyotype / CMA %
- FISH
screening E
If negative | If negative
L
r
ES cs

Consider with careful interpretation Consider with careful interpretation

on case-unaffected parent trio

Molecular geneticist




THANK YOU!

Bert.Callewaert(@Ugent.be



	Dia 1
	Dia 2
	Dia 3
	Dia 4
	Dia 6
	Dia 7
	Dia 12
	Dia 13
	Dia 14
	Dia 18
	Dia 19
	Dia 20
	Dia 21
	Dia 23
	Dia 24
	Dia 25
	Dia 30
	Dia 31
	Dia 32
	Dia 33
	Dia 34
	Dia 35
	Dia 36
	Dia 37
	Dia 38
	Dia 39
	Dia 40
	Dia 41
	Dia 43
	Dia 44
	Dia 45
	Dia 46
	Dia 47
	Dia 48
	Dia 49
	Dia 52
	Dia 53
	Dia 58
	Dia 59
	Dia 60
	Dia 61
	Dia 62
	Dia 63
	Dia 64
	Dia 65
	Dia 66
	Dia 67
	Dia 68
	Dia 69
	Dia 71
	Dia 72
	Dia 73
	Dia 74

