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Welcome – Technical points
• ​We are please to be numerous

• 229 people registered and 146 participated online

• Webinar being recorded​, we Thank you to :​
• Turn off your microphone and disconnect your camera​
• Raise your hand at the time of the questions and discussions​
• We will answer the questions sent in the registration form​
• A satisfaction survey at the end of the meeting 

• Webinars # are available on the ITHACA website with authors’ consent.
• https://ern-ithaca.eu/documentation/educational-resources/

• Webinar Team Link to connect
• 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

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

2025
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Welcome and Introduction

• NON-CODING GENOME AND HUMAN DISEASE
• Recent 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.

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

2025



Agenda
• Welcome and Introduction 

• Prof. Florence PETIT ; Lille University Hospital, Lille, France

• 1. Non-coding genome in limb malformations
• Prof. Florence PETIT ; Lille University Hospital, Lille, France

• 2. Enhancer hijacking: A key driver of congenital disorders
• Prof. Malte SPIELMANN ; Institut für Humangenetik, Lübeck, Germany

• 3. Interpreting the impact of noncoding structural variants in neurodevelopmental 
disorders -
• Prof. Sarah VERGULT, Ghent University, Ghent, Belgium

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

• Discussion time
• Conclusion 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, 

Universitätsklinikum Schleswig-Holstein, Kiel & Lübeck



One Test For All



Whole Genome Sequencing

Kaschta et al. Genome Medicine 2025

Sequencing
Array CGH

Karyotype

Repeats



Whole Genome Sequencing

Sequencing
Array CGH

Karyotype

Repeats

Diagnostic Yield 41%

Kaschta et al. Genome Medicine 2025



What are we missing ?



The non-coding genome: gene 

deserts 



Structural Variants in the 3D 

genome 

Sreenivasan et al, Nat. Rev. Genet. 2025



Topological Associating Domains 

(TADs)

Sreenivasan et al, Nat. Rev. Genet. 2025



Topological Associating Domains 

(TADs)

Sreenivasan et al, Nat. Rev. Genet. 2025



Enhancer hijacking 

Sreenivasan et al, Nat. Rev. Genet. 2025



Enhancer hijacking 

Sreenivasan et 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



Changes in TAD structure



Changes in 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 Duplications cause ADLD

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

Elisa Giorgio



Upstream Deletions cause Atypical ADLD

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

Giorgio et al., 2013

Nmezi et al., 2019

Cerebellum 

spared



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

Varun Sreenivasan



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



Lmnb1 hijacks Gramd3 enhancers



LochNESS analysis

shows celltype specific changes 



Shared phenotype of 

L2-6 Neurons of the cerebral cortex



Divergent phenotypes of

excitatory neurons of the cerebellum



More than just TADs ?

Could coding mutations also changes 3D architecture?



Martin Mensah

Mutations in HMGB1



Martin Mensah

Mutations in HMGB1



Mensah et al. Nature 2023

Mutations in HMGB1



Mutations in HMGB1



Spielmann et al, Nat. Rev. Genet. 2018 

Mutations in HMGB1

Denes Hnisz



Sabari et al, Science. 2018 

Phase separation



Mutations change phase separation capacity

Mensah et al. Nature 2023



Mutations change phase separation capacity

Mensah et al. Nature 2023



Mutations change phase separation capacity

Mensah et al. Nature 2023



Over 600 mutations change phase separation capacity

Mensah et al. Nature 2023



12 out of 13 

Over 600 mutations change phase separation capacity



The non-coding genome 



Chen et al, Nature 2024

Frangoul et al, NEJM in 2021

Geene et al, Nature Medicine 2024

The dark side of the genome



Summary

1: Structural Variants need to be studied in 3D

2: Think beyond the Exome

3: The non-coding genome is the next frontier in 

human genetics
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Questions?



3. Interpreting the impact of 
noncoding structural variants in 
neurodevelopmental disorders -

Prof. Sarah VERGULT, Ghent University, Ghent, 

Belgium



Interpreting the impact of noncoding structural variants 
in neurodevelopmental disorders

Ghent University
Department of Biomolecular Medicine

Center for Medical Genetics

ITHACA Webinar| 23 September 2025

Sarah Vergult



Ho, Urban & Mills, Nat Rev Genet, 2019

2004

2020
~ 300 SVs 

per genome

~ 27,000 SVs 
per human genome

Advances in sequencing technologies 
have tremendously improved SV detection



Advances in sequencing technologies 
have tremendously improved SV detection

2004

2020
~ 300 SVs 

per genome

~ 27,000 SVs 
per human genome

functional 
impact?

2% affects a 
protein-coding gene

Chaisson et al., Nat Comm, 2019



Non-coding SVs disrupt chromatin topology
and gene regulation

gene deletions

translocation breakpoints



gene

topologically associated domain 
(TAD)

enhancer

TAD boundary
cluster of convergent

CTCF binding sites

D’haene E & Vergult S, Genet Med (2021) 

Non-coding SVs disrupt chromatin topology
and gene regulation



gene

topologically associated domain 
(TAD)

enhancer

TAD boundary
cluster of convergent

CTCF binding sites

D’haene E & Vergult S, Genet Med (2021) 

Non-coding SVs disrupt chromatin topology
and gene regulation



gene

topologically associated domain 
(TAD)

enhancer

TAD boundary
cluster of convergent

CTCF binding sites

D’haene E & Vergult S, Genet Med (2021) 

Non-coding SVs disrupt chromatin topology
and gene regulation



Enrichment of intergenic SV breakpoints in NDD cases
at the 14q12 FOXG1 locus

38 NDD cases with SVs downstream of FOXG1
Shoichet et al. (2005); Allou et al. (2012); Ellaway et al. (2013); Takagi et al. (2013);
Goubau et al. (2013); Ibn-Salem et al. (2014); Alosi et al. (2015); Redin et al. (2016);

Mehrjouy et al. (2018); Craig et al. (2020); Lu et al. (2022)

Redin et al., Nat Genet, 2017
Lowther et al., medRxiv, 2022



Most cases display hallmarks of FOXG1 syndrome

Enrichment of intergenic SV breakpoints in NDD cases
at the 14q12 FOXG1 locus



Non-coding deletion in individual with FOXG1-like syndrome narrows 
down commonly affected regulatory region (CARR) 3’ of FOXG1

Novel non-coding deletion delineates critical regulatory region
downstream of FOXG1

Reduced FOXG1 expression in patient cells



Non-coding structural variants affect FOXG1 regulation 
in neurodevelopment

Hamerlinck, D’haene et al., medRxiv (2025)

1. SV impact 2. cCRE validation

3. cCRE dynamics

4. cCRE impact



Hamerlinck, D’haene et al., medRxiv (2025)

1. SV impact 2. cCRE validation

3. cCRE dynamics

4. cCRE impact

Non-coding structural variants affect FOXG1 regulation 
in neurodevelopment



CARR interacts with FOXG1 during neuronal differentiation

FOXG1 3D genomic interactions (UMI-4C)



CARR harbors enhancer cluster and TAD boundary

FOXG1 3D genomic interactions (UMI-4C)
enhancer 

cluster
CTCF binding sites
= TAD boundary

commonly affected 
regulatory region (CARR)



TAD boundary deletion in patient cells results in TAD fusion

3D genome mapping (Hi-C & UMI-4C) in patient vs control cell lines



CARR harbors enhancer cluster and TAD boundary

FOXG1 3D genomic interactions (UMI-4C)
enhancer 

cluster
CTCF binding sites
= TAD boundary

commonly affected 
regulatory region (CARR)



Candidate enhancers display activity in neural tissues 
during zebrafish development



Hamerlinck, D’haene et al., medRxiv (2025)

1. SV impact 2. cCRE validation

3. cCRE dynamics

4. cCRE impact

Non-coding structural variants affect FOXG1 regulation 
in neurodevelopment



FOXG1 is dynamically regulated during the early phases 
of NPC differentiation

FOXG1 transcription is activated
during NPC differentiation

FOXG1 interaction with regulatory elements
increases during NPC differentiation



CUT&RUN shows accumulation of enhancer marks
during NPC differentiation

FOXG1 is dynamically regulated during the early phases 
of NPC differentiation



Hamerlinck, D’haene et al., medRxiv (2025)

1. SV impact 2. cCRE validation

3. cCRE dynamics

4. cCRE impact

Non-coding structural variants affect FOXG1 regulation 
in neurodevelopment



Deletion of CARR functional elements results in decreased FOXG1 
expression



Hamerlinck, D’haene et al., medRxiv (2025)

1. SV impact 2. cCRE validation

3. cCRE dynamics

4. cCRE impact

Non-coding structural variants affect FOXG1 regulation 
in neurodevelopment



Interesting case and looking to collaborate?

> Reach out to:
Sarah.Vergult@ugent.be

mailto:Sarah.Vergult@ugent.be


Enrichment of intergenic BCA breakpoints in NDD cases 

D’haene et al., 2019
Mohajeri et al., 2022

Redin et al., Nat Genet, 2017
Lowther, Mehrjour, Collins, Bak, Dudchenko et al, medRxiv
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Enrichment of intergenic BCA breakpoints in NDD cases 



Redin et al., Nat Genet, 2017
Lowther, Mehrjour, Collins, Bak, Dudchenko et al, medRxiv

D’haene et al., 2019
Mohajeri et al., 2022

Hamerlinck et al., in 
preparation

Interesting case and looking to collaborate?

> Reach out to:
Lisa.Hamerlinck@ugent.be

Sarah.Vergult@ugent.be

Enrichment of intergenic BCA breakpoints in NDD cases 
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4. Finding causes of missing 
heritability in neurogenetic 

disorders: exploring the dark 
matter of the genome

Dr Stefan BARAKAT; Erasmus MC, Rotterdam, 

Netherlands





Nature Reviews Neurology 2020

-Current diagnostic yield: 30-50%
-most genetic testing is exome focused
-even when WGS, analysis often exome based

What is causing “missing heritability”?

-variants of unknown significance
-somatic mosaicism
-epigenetic alterations
-”missed genes”
-new disease genes (incl. non-coding genes)
-non-coding genetic alterations

We fail to genetically diagnose most of our patients



The unexplored mystery in genetics: 
the non-coding genome and non-coding regulatory
elements (NCREs)

-Alterations of NCREs explain part of 
the missing heritability
-already plenty of examples
-different disease mechanisms



Even point mutations can cause enhanceropathies: Recessive 
mutations in a distal PTF1A enhancer cause isolated pancreatic 

agenesis

Weedon et al Nature Genetics 2014



How to find single nucleotide enhancer mutations?

Amongst thousands of non-coding variants...



Perenthaler al 2019 Frontiers in Cellular Neuroscience

Different ways to identify enhancers



Finding active enhancers in the human genome

How to reduce the search space?

1) We need to find them
2) We need to interpret effects of 

mutations in them



ChIP-STARR-seq approach to identify functional 
enhancers genome-wide & quantitative in ESCs

STARR-seq plasmid:  Arnold et al 2013

Barakat*, Halbritter* et al., Cell Stem Cell 2018



Genome-wide assessment of enhancer 
functionality by ChIP-STARR-seq in hESCs

Barakat*, Halbritter* et al., Cell Stem Cell 2018



Finding active enhancers in the human genomeFinding active enhancers in the human genome
using ChIP-STARR-seq and related approaches

Active functional enhancers are likely candidate sequences
that might contain mutations in those patients that are 
currently genetically unexplained



0

Finding active enhancers using ChIP-STARR-seq in neural stem cells

Histone library: H3K27ac and H3K4me
TF library: YY1 and SOX2

Elena 
Perenthaler

Ruizhi
Deng

Deng*, Perenthaler* et al, preprint on medRxiv 2024 



Differences in sequence composition between enhancer activity groups



BRAIN-MAGNET: 
BRain-focussed Artificial INtelligence Method to Analyse Genomes for Non-coding 
regulatory Element mutation Targets

1) We need to find them
2) We need to interpret effects

of mutations in them

Finding active enhancers in the human genome

Deng*, Perenthaler* et al., medRxiv 2024



Sequence-based Convolutional Neuron Network model to predict and interpret enhancer 
activity (BRAIN-MAGNET)

Explainable AI
DeepLIFT (Shrikumar et al., 2017)
DeepExplainer (Lundberg et al., 2020)

Ruizhi Deng

TF-Modisco (Shrikumar et al., 2017)
Position weight matrix of JASPAR



BRAIN-MAGNET allows zooming-in to important nucleotides and 
motifs for enhancer activity

Deng*, Perenthaler* et al., medRxiv 2024



BRAIN-MAGNET allows zooming-in to important nucleotides and 
motifs for enhancer activity

Deng*, Perenthaler* et al., medRxiv 2024



BRAIN-MAGNET allows zooming-in to important nucleotides and 
motifs for enhancer activity

Deng*, Perenthaler* et al., medRxiv 2024



Barakat et al Cell Stem Cell 2018, Perenthaler et al Front. Cell Neuroscience 2019, Yousefi et al Genome Medicine 2021

Computational genomics

Investigating the 98% of the
human genome where
current diagnostics stops

-improving diagnostics
-understand pathology
-new targets for therapy

Moving to the future: exploring junk DNA using an atlas of non-
coding regulatory elements (NCREs) to understand unexplained
disease

Functional genomics



Applying BRAIN-MAGNET to the Genomics England 100,000 Genome 
Project identifies possible enhanceropathies

Deng*, Perenthaler* et al., medRxiv 2024



Applying BRAIN-MAGNET to the Genomics England 100,000 Genome 
Project identifies possible enhanceropathies

Deng*, Perenthaler* et al., medRxiv 2024

-gnomAD v4: absent. 
-GEL: 1x 
-RAB7A: OMIM #600882: Charcot-Marie-Tooth disease, type 2B
-HPO terms of individual fitting the phenotype

Patient of Michael Parker, Sheffield



Applying BRAIN-MAGNET to the Genomics England 100,000 Genome 
Project identifies possible enhanceropathies

-gnomAD v4: 
absent. 
-GEL: 1x 
-RAB7A: OMIM 
#600882: 
Charcot-Marie-
Tooth disease, 
type 2B
-HPO terms of 
individual fitting 
the phenotype

Deng*, Perenthaler* et al., medRxiv 2024



Applying BRAIN-MAGNET to other rare disease cohorts

Collaboration with Joohyun Park, Marc Sturm, Tobias B. Haack, Tuebingen

Deng*, Perenthaler* et al., medRxiv 2024

Example:
-5.7 kb deletion of an
NCRE for NEFL
-NEFL involved in 
dominant forms of 
Charcot Marie Tooth
-found in genetically
unsolved adult with
motor and sensory
neuropathy

Screening through 3,971 singleton WGS of unexplained rare disease patients, for deletions
overlapping with high confidence NCREs identifies several candidates



Applying BRAIN-MAGNET to fine-map GWAS loci

-GWAS locus on chr 1
-4 SNPs in LD,
associated with
depression
-recent study validates
experimentally that
rs301806 is the biological
relevant SNP 
(Guo et al Nat. Genet. 
2023)

Deng*, Perenthaler* et al., medRxiv 2024



Barakat et al Cell Stem Cell 2018, Yousefi et al Genome Medicine 2021, Deng*, Perenthaler* et al., medRxiv 2024

Computational genomics

Investigating the 98% of the
human genome where
current diagnostics stops

-improving diagnostics
-understand pathology
-new targets for therapy

-looks like syndrome X but no 
coding mutation
(metabolic, episignatures, typical
dysmorphic features)
-AR disease, but no second hit

Call for collaboration: exploring junk DNA using an atlas of non-
coding regulatory elements (NCREs) to understand unexplained
disease

BRain-focussed Artificial INtelligence Method to Analyse Genomes for Non-coding regulatory Element mutation Targets

Functional genomics



Barakat et al Cell Stem Cell 2018, Yousefi et al Genome Medicine 2021, Deng*, Perenthaler* et al., medRxiv 2024

Computational genomics

Call for collaboration: exploring junk DNA using an atlas of non-
coding regulatory elements (NCREs) to understand unexplained
disease

BRain-focussed Artificial INtelligence Method to Analyse Genomes for Non-coding regulatory Element mutation Targets

Functional genomics

Ongoing: 
-integrating BRAIN-
MAGNET cb scores and 
other noncoding variant 
prediction tools (SEI, 
ENFORMER, GPN-MSA 
etc.) into one integrated
WGS research pipeline
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Links to BRAIN-MAGNET preprint:

Deng*, Perenthaler et al, medRxiv,16th April 2024



Discussion & Conclusion

https://ern-ithaca.eu

https://ern-ithaca.eu/webinars/

• Time for questions 

• Satisfaction Survey : 
• https://forms.office.com/e/Bubh9RG9BE

• Website : 
• https://ern-ithaca.eu
• https://ern-ithaca.eu/webinars/
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