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WelcomeïTechnicalpoints
Å We areplease to be numerous

Å229 people registered and 146 participated online

ÅWebinar being recorded , we Thank you to :
ÅTurn off your microphone and disconnect your cameraֿב
ÅRaise your hand at the time of the questions and discussionsֿב
ÅWe will answer the questions sent in the registration formֿב
ÅA satisfaction survey at the end of the meeting 

ÅWebinars # are available on the ITHACA website with authorsõ consent.
Åhttps://ern -ithaca.eu/documentation/educational -resources/

ÅWebinar Team Link to connect
Åhttps://teams.microsoft.com/l/meetup -

join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%
7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-
4b0b-bdc7-6ebc8a2f8f7b%22%7d

ÅAnne Hugon Project Manager ERN ITHACA - anne.hugon@aphp.fr

2025

https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
https://teams.microsoft.com/l/meetup-join/19%3ameeting_YmM1YmNhZDQtMmIwMS00M2RjLWE1MjgtZTMzNmE1NjQzNzdj%40thread.v2/0?context=%7b%22Tid%22%3a%222461c129-d44f-406d-a778-d1a3c4c1527c%22%2c%22Oid%22%3a%223fe3bbab-4860-4b0b-bdc7-6ebc8a2f8f7b%22%7d
mailto:anne.hugon@aphp.fr


Welcome and Introduction

ÅNON-CODING GENOME AND HUMAN DISEASE
ÅRecent developments in genomic technologies have enabled the genome-wide 

identification of regulatory elements and chromatin interactions, controlling the 
spatiotemporal gene expression. In this webinar, we will explore the significant 
involvement of non-coding genome in various human diseases, a rapidly evolving field 
of human genomics.

ÅChaired by Prof. Florence PETIT (ERN ITHACA, HCP Lille, France)

2025



Agenda
ÅWelcome and Introduction 
ÅProf. Florence PETIT; Lille University Hospital, Lille, France

Å1. Non-coding genome in limb malformations
ÅProf. Florence PETIT; Lille University Hospital, Lille, France

Å2. Enhancer hijacking: A key driver of congenital disorders
ÅProf. Malte SPIELMANN; Institut für Humangenetik, Lübeck, Germany

Å3. Interpreting the impact of noncoding structural variants in neurodevelopmental 
disorders -
ÅProf. Sarah VERGULT, Ghent University, Ghent, Belgium

Å4. Finding causes of missing heritability in neurogenetic disorders: exploring the 
dark matter of the genome
ÅDr Stefan BARAKAT; Erasmus MC, Rotterdam, Netherlands

ÅDiscussion time
ÅConclusion with speakers and moderator

2025



1.Introduction to enhanceropathies
Non-coding genome in limb malformations

Florence PETIT

Lille University Hospital, Lille, France



Enhancers: tissue-specific promoters of the promoter

20,000 genes
400,000 promoters and enhancers ? (GeneHancer)

Topologically-associated domain

CTCF



Enhanceropathies



The limb : a model organ in developmental biology

Complex anatomy
Various signaling pathways
Easily observable
Non lethal malformations Variations in regulatory elements

               Morphological evolution                Malformations



Cis-regulation of limb polarization

Antero-posterior Dorso-ventral

Shh ZRS

Haro et al., Development, 2017

Haro et al., Nat Commun, 2021

Lmx1b LARM

E12.5



Copy Number Variations involving enhancers

Enhancer duplication Enhancer deletion

Ectopic SHH expression 
in the anterior limb bud

Loss of SHH expression in 
the posterior limb bud

Shamseldin et al., AJMG, 2016

SHHSHHZRS ZRS

limblimb



Sequence variations: enhancer gain-of-function

Modified from: Lettice et al., Dev Cell, 2012 ; Lettice et al., Cell Reports, 2017

SHHZRS

limb



Sequence variations: enhancer loss-of-function

Consanguineous case
Homozygous for rare variant in LARM2
NC_000009.11:g.129291376C>T, MAF 0.00154%

Clinics : 
Dorsal limb defects
No kidney / eye defects

Haro et al., Nat Commun, 2021

LMX1BLARM

Ref. All (C)

Alt. All (T)

Chick enhancer assay

limb

Nail-Patella syndrome, 
limb-only phenotype

Recessive autosomal



Structural Variations: loss of enhancer-promoter interaction

Dorsal limb defects 
No kidney / eye defects

SV disrupting the LARM/LMX1B interaction

Brunelle et al., in prep.

Nail-Patella syndrome, 
limb-only phenotype

Chromosomal

LMX1B LARM

limb



Structural Variations: loss of enhancer-promoter interaction

Ushiki et al., Nat Commun, 2021

4C-seq on lymphoblasts

SHH ZRS

limb

Deletion

WT

Del



Structural Variations: ectopic enhancer-promoter interaction

« Enhancer hijacking» Ectopic expression

Spielmann et al., AJHG, 2012

Liebenberg syndrome SHFM3 (dup10q24)



Summary: SHH regulation and limb malformations



Summary: LMX1B regulation and limb malformations

Brunelle et al., in prep



Non-coding genome and human disease

Thousands of syndromes to dismember

5000 genes
8000 syndromes

Enhancers 
Tissue-specific anomalies



Non-coding genome and human disease

Importance of the clinical-biological expertise and cooperation for data 
interpretation, particularly for non-coding genome alterations

Need for high-throughput functional testing of enhancers variations

Importance of genomic diagnosis for precision medicine and genetic 
counselling in rare diseases

Cis-regulation therapy perspectives
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2.Enhancer hijacking: A key driver 
of congenital disorders

Prof. Malte SPIELMANN; Institut für 

Humangenetik, Lübeck, Germany



Enhancer hijacking in the 3D genome 

as driver of disease

Malte Spielmann, Institute for Human Genetics, 

UniversitätsklinikumSchleswig-Holstein, Kiel & Lübeck



One Test For All



Whole Genome Sequencing

Kaschtaet al. Genome Medicine 2025

Sequencing
Array CGH

Karyotype

Repeats



Whole Genome Sequencing

Sequencing
Array CGH

Karyotype

Repeats

Diagnostic Yield 41%

Kaschtaet al. Genome Medicine 2025



What are we missing ?



The non-coding genome: gene 

deserts 



Structural Variants in the 3D 

genome 

Sreenivasanet al, Nat. Rev. Genet. 2025



Topological Associating Domains 

(TADs)

Sreenivasanet al, Nat. Rev. Genet. 2025



Topological Associating Domains 

(TADs)

Sreenivasanet al, Nat. Rev. Genet. 2025



Enhancer hijacking 

Sreenivasanet al, Nat. Rev. Genet. 2025



Enhancer hijacking 

Sreenivasanet al, Nat. Rev. Genet. 2025



Structural Variants in the 3D 

genome 

Spielmann et al, Nat. Rev. Genet. 2018 

D



Structural Variants in the 3D 

genome 

Spielmann et al, Nat. Rev. Genet. 2018 

D

- New Mutational mechanism in Cancer



What about Insertions ?



Ossificans Progressiva

Uirá Melo Elisa Giorgio



Insertion

Melo et al, Nat. Commun.2023



Insertion

Melo et al, Nat. Commun.2023



Changesin TAD structure



Changesin TAD structure



Neo-TAD formation



Enhancer Hijacking

Melo et al, Nat. Commun.2023



Enhancer Hijacking

Melo et al, Nat. Commun.2023



Enhancer Hijacking

Melo et al, Nat. Commun.2023



3D position effects in neurological disorders: 

more than just bones ?



LMNB1 Duplicationscause ADLD

Brussino et al., Eu. J. Neurol., 2010

Elisa Giorgio



Upstream Deletionscause Atypical ADLD

Brussino et al., Eu. J. Neurol., 2010

Giorgio et al., 2013

Nmeziet al., 2019

Cerebellum 

spared



Enhancer hijacking: 
A mechanism of LMNB1 over-expression in Deletions

VarunSreenivasan



Unbiased and multiplexed approach



Capture Hi-C of WT



Capture Hi-C of Deletion



Deletion + Boundary knock-in



Cell types in the single-cell dataset


