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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
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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.

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

e 2. Enhancer hijacking: A key driver of congenital disorders
* Prof. Malte SPIELMANN ; Institut fiur Humangenetik, Libeck, Germany

. 3: Intgrpreting the impact of noncoding structural variants in neurodevelopmental
isorders -

* Prof. Sarah VERGULT, Ghent University, Ghent, Belgium

4, Finding causes of missing heritability in neurogenetic disorders: exploring the
dark matter of the genome

e Dr Stefan BARAKAT; Erasmus MC, Rotterdam, Netherlands
* Discussion time
* Conclusion with speakers and moderator
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Non -coding genome in limb malformations

Florence PETIT

Lille University Hospital, Lille, France

EUROPEAN REFERENCE NETWORKS

Helping patients with rare or
low-prevalence complex diseases




Enhancers: tissue-specific promoters of the promoter

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

Topologically-associated domain




Enhanceropathies

- Sequence variations -l,
- Copy Number Variations

- Loss of enhancer activity
- Structural Variations

- Gain of enhancer activity

- Modification of enhancer-promoterinteraction -l

- Loss of gene expression

(tissue-specific)
/ \ - Ectopic gene expression
QYT YT —ya.

Enhancer Gene




The limb :a model organ in developmental biology

Complex anatomy

Various signaling pathways
Easily observable

Non lethal malformations

‘\:‘ AER [ ] Dorsal ectoderm [ ZPA L

Variations in regulatory elements

Morphological evolution

Human

Horse Cat Bat

Bird

Malformations




Cis-regulation of limb polarization
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Copy Number Variations involving enhancers

Enhancer duplication Enhancer deletion
P limb ©)limb
w/@MMMMM_
ZRS ZRS SHH SHH
Ectopic SHH expression Loss of SHH expression in

in the anterior limb bud the posterior limb bud




Sequence variations: enhancer gain-of-function

////////////
////////////////////////_

ZRS

r limb

SHH

1 402 800
Activators (ETS1) /406 Creation of activator
binding-site
. Repressors (ETVA/5) e —
WIB Sequence: TATTACAGAAAATIGAAGTCATATC
AC A/G mutation: TATTACAGGAAATIGAAGTCATATC
AUS T/G mutation:TATTACAGAAANGGAAGTICATATC

Modified from: Lettice et al., Dev Cell, 2012 ; Lettice et al., Cell Reports, 2017
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Sequence variations: enhancer loss-of-function

Consanguineous case v limb
: : D D DR DDD 14
Homozygous for rare variant in LARM2 N

NC_000009.11:2.129291376C>T, MAF 0.00154% LARM LMX1B

— Chick enhancer assay

Clinics : pCAGGS-RFP hLARM2 ptk-GFP |
Dorsal limb defects

No kidney / eye defects

Nail-Patella syndrome,
limb-only phenotype

Recessive autosomal

Haro et al.,, Nat Commun, 2021



Structural Variations: loss of enhancer-promeoter interaction

SV disrupting the LARM/LMX1B interaction

Dorsal limb defects
No kidney / eye defects

e Nail-Patella syndrome,

’ limb-only phenotype
chr9 der9
Chromosomal
= =—- j’_. - -— = "‘ chr16 der16
- — e
= - | o
| | S Retoronse 0
Brunelle et al., in prep. 4
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Structural Variations: loss of enhancer-promeoter interaction

4C-seq on lymphoblasts

ZRS

RNF32 t#
LMBR1 44~

NOM1m UBES3C 1
bt MINXT4

35 67

& )0 & CTCF orientation

CNPY 14— RBM331-+-t#-#-#4
SHH
CTCF Viewpoint
i 2kp—
WT ‘L
50 kb | ) 3 1
Del 2% J;

50 kb

Ushiki et al., Nat Commun, 2021
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Structural Variations: ectopic enhancer-promoter interaction

« Enhancer hijacking »

Spielmann et al., AJHG, 2012



Summary: SHH regulation and limb malformations

Acheiropodia WT Preaxial polydactylies Polysyndactylies Type 4 syndactyly

+/- tibial/radial defects

&e:idd Reference
S IN]
®g0° Net

| =0 %
(t=",0 G
\/e/\
ZRS deletion SHH expressedin : — i
Loss of SHH-ZRS  posterior limb bud ZRS GoF variants ZRS duplication Large ZRS duplication
interaction ”
ZRS gain-of-function
ZRS Ectopic SHH expression
Loss-of-function o223, European s
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Summary: LMX1B regulation and limb malformations

Typical (limb-kidney-eye)
Dominant autosomal

Limb-only phenotype
Dominant or recessive autosomal

Limb-only phenotype
Chromosomal

Brunelle et al., in prep



Non-coding genome and human disease

Thousands of syndromes to dismember

N

TRy Yy YT Y My,

0

,/"D P ,/":9

(S T -

\2) L/ &/
Enhancers 5000 genes

Tissue-specific anomalies 8000 syndromes




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 fur

Humangenetik, Lubeck, Germany

EUROPEAN REFERENCE NETWORKS

Helping patients with rare or
low-prevalence complex diseases
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Enhancer hijacking in the 3D genome
as driver of disease

Malte Spielmann, Institute for Human Genetics,

Universitatsklinikum Schleswig-Holstein, Kiel & Lubeck




One Test For All

SPECC1L




Whole Genome Sequencing

222].‘;1?;71: - I “ u a
-
Repeats 8 5 e
4 5
Karyotype
Array CGH
N - Sequencing
s i Kaschta et al. Genome Medicine 2025 120 130

GAT AAATCTGGTCTTATTTCC



Whole Genome Sequencing

BBBBBBBB

porons ' “ u a
Repeats a 8 8
1 5
Karyotype
Diagnostic Yield 41%
Array CGH
- - Sequencing
;)NAdouqolos:
o e, Kaschta et al. Genome Medicine 2025 120 130

GAT AAATCTGGTCTTATTTCC



What are we missing ?

P



The non-coding genome gene

There are only 20,887 protein-coding
genes In the human genome

2% Genes

98% “Junk”

Human Genome - 3 billion DNA sequences



Structural Variants in the 3D

genaoirie

Sreenivasan et al, Nat. Rev. Genet. 2025



Topological Associating Domains
(TADs)

TAD #2
|
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Sreenivasan et al, Nat. Rev. Genet. 2025



Topological Associating Domains
(TADs)

TAD #2
|
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Enhancer hijacking

TAD A
y N
0 = <
-
_. e
| -

Enhancer B regulates Gene B

Sreenivasan et al, Nat. Rev. Genet. 2025



Enhancer hijacking

TAD A TAD B . . Reorganized TAD
Boundary-disrupting
N N

Enhancer-hijacking:
Enhancer A also regulates Gene B

Enhancer A regulates Gene A Enhancer B regulates Gene B

Sreenivasan et al, Nat. Rev. Genet. 2025



Structural Variants in the 3D

Jenome
nature ~ ~
REVIEWS

www.nature.com/reviews

GENETICS

Spielmann et al, Nat. Rev. Genet. 2018



Structural Variants in the 3D

g ARTICLE
nature .

REVIEWS Enhancer hijacking activates GFI1 family ="
e bl oncogenes in medulloblastoma Activation of proto-oncogenes

GENETICS ~ " " bydisruption of

The effects of structural variation The present-day consequences of
on the 3D genome human evolutionary history

Spielmann et al, Nat. Rev. Genet. 2018

chromosome neighborhoods

Denes Hnisz,'* Abraham S. Weintraub,“?* Daniel S. Day,' Anne-Laure Valton,

Enhancer —I—EI- P = R
hijacking  gppancer Proto-oncogene Enhancer Active
oncogene

- New Mutational mechanism in Cancer

Genome3
SPP2202




What about Insertions ?

Chromosome A

TAD
TAD '
‘ .
. .
RRRKS 0‘:’0’ X ,::.:,0,
000 S0 0000 OO
e’ ek’ ol 2%% %% | o

v(]ene B TAD

Chromosome B
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Ossificans

CT-scan - 3 years old

MRI - 10 months old

\\....‘,.

CT-scan - 5 years old

Uira Melo Elisa Giorgio



lnsertion

lllumina Genome Sequencing

chr2

chr2:69,342,699-69,343,679

cheX chrX:130,258,372-130,259,352

Melo et al, Nat. Commun. 2023



Insertion

lllumina Genome Sequencing

chr2 chr2:69,342,699-69,343,679 chrX chrX:130,258,372-130,259,352

Proband

B RP11.388C1 (2p13.3) Melo et al, Nat Commun 2023



Chanages in TAD structure
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Chanages in TAD structure

130 Mb chrX 130,5 Mb
= . _ : 16.6
Cis-map Insertion breakpoint I
Control

|
: —TAD
[}
I
}

Genes » ARHGAP36
] = | | =
ENOX2 < < |GSF1 FIRRE

» ARHGAP36
— — ] ==
< |IGSF1 FIRRE

Schematic representation

Cis-map

Control Insertion breakpoint

 ARHGAP36 m B IGSF1

Cis-map 5 ) _
Proband : Insertion breakpoint

ARHGAP36 B B IGSF1



Neo-TAD formation

Control . Insertion breakpoint

~ ARHGAP36 8 IGSF1

Proband Weak ectopic

*'IGSF1
‘ Putative
Shod=TAD ’% Wenhancers

‘‘‘‘‘



Enhancer Hijacking

Control . Insertion breakpoint

ns
4-
2.
0-
IGSF1

Melo et al, Nat. Commun. 2023



ENnhancer Hijacking

Control

. Insertion breakpoint
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Melo et al, Nat. Commun. 2023



ENnhancer Hijacking

value

* %

Vasculature in Heterotopic Ossification

Inflammation Fibroproliferation o qrogenesis  Osteogenesis

Endothelial Cell (EC) and tissue destruction Angiogenesis

Melo et al, Nat. Commun. 2023



3D position effects in neurological disorders:

more than just bones ?
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LMNB1 Duplications cause ADLD
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Upstream Deletions cause Atypical ADLD
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Enhancer hijacking:
A mechanism of LMNB T over-expression in Deletions
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Unbiased and multiplexed approach
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Capture HI-C of WT
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Capture Hi-C of Deletion
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Deletion + Boundary knock-in
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Cell types in the single-cell dataset
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Lmnb7 hijacks Gramd3 enhancers
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LochNESS analysis
shows celltype specific changes

Duplication Deletion
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Shared phenotype of
L.2-6 Neurons of the cerebral cortex
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Divergent phenotypes of
excitatory neurons of the cerebellum
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More than just TADs ?

Could coding mutations also changes 3D architecture?



Mutations in HMGB1

Individual 4

Martin Mensah



Mutations in HMGB1

Martin Mensah

Individual 4

Phenotype: Neurodevelopmental phenotype Brachyphalangy-polydactyly-
tibial aplasia syndrome
Mutations: c.437dupA (BPTAS)
c.329G>A p.Lys(147Glufs*10)
p-Arg(110)His \
¢.220 223dupGAAA €.551_554delAGAA
p.Met(75Argfs*35) p.Lys(184Argfs*44)
c.118delT
p-Met(63Argfs*13)
[ ERE—— . e P
Transcript
feature: Exon 1 Exon 2Exon3 Exon4 Exon 5
Encoded
feature: HMG Box HMG Box  Acidic tail




Mutations in HMGB1

Individual 1

Individual 2

Individual 4 Phenotype: Neurodevelopmental phenotype Brachyphalangy-polydactyly-
tibial aplasia syndrome
Mutations: c.437dupA RSNCTS
€.329G>A p.Lys(147Glufs*10)
p-Arg(110)His \
€.220_223dupGAAA c.551_554delAGAA
p.Met(75Argfs*35) p.Lys(184Argfs*44)
c.118delT c.556_559delGAAG
p-Met(63Argfs*13) p.Glu(186Argfs*42)
. m--------- .- - -——— /_
Transcript
feature: Exon 1 Exon 2Exon3 Exon4 Exon 5
Encoded
feature: HMG Box HMG Box  Acidic tail

Mensah et al. Nature 2023



Mutations in HMGB1

Individual 1 Individual 2 Individual 4 Phenotype: Neurodevelopmental phenotype Brachyphalangy-polydactyly-
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Mutations in HMGB1

W/

Denes Hnisz Spielmann et al, Nat. Rev. Genet. 2018



Phase separation

Typical enhancer Super-enhancer
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Mutations change phase separation capacity

EGFP-HMGB1
Full length IDR

Wild
type

Mensah et al. Nature 2023



Mutations change phase separation capacity
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Mutations change phase separation capacity
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Full length IDR
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Mensah et al. Nature 2023



Over 600 mutations change phase separation capacity
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Over 600 mutations change phase separation capacity
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The non-coding genome




The dark side of the genome

Article

De novo variantsin the RNU4-2snRNA cause
afrequent neurodevelopmental syndrome

"

Chen et al, Nature '2024_}
Geene et al, Nature Medi;q:jé 2024

BRIEF REPORT

CRISPR-Cas9 Gene Editing for Sickle Cell
Disease and B-Thalassemia

Altshuler, M.D. Cappellini, Y.-S. Cher

Frangoul et al, NEJM in 2021



Summary i

1: Structural Variants need to be studied in 3D
2: Think beyond the Exome
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neurodevelopmental disorders -
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Advances in sequencing technologies

have tremendously

~ 27,000 SVs
per human genome

~ 300 SVs
per genome 2020

®
2004

Ho, Urban & Mills, Nat Rev Genet, 2019




Advances in sequencing technologies

have tremendously

2% affects a

protein-coding gene ~ 27 000 SVs

per human genome

functional
impact?
~ 300 SVs
per genome 2020
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2004

Chaisson et al., Nat Comm, 2019
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Non-coding SVs disrupt chromatin topology

and gene regulation
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Non-coding SVs disrupt chromatin topology

and gene regulation

_________________________________________________
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Non-coding SVs disrupt chromatin topology

and gene regulation
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Non-coding SVs disrupt chromatin topology

and gene regulation
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Enrichment of intergenic SV breakpoints in NDD.cases

at'the 14012 FOXG1 locus
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Enrichment-of intergenic SV breakpoints in NDD.cases

at'the 14012 FOXG1 locus
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Non-coding deletion in individual with FOXG1-like syndrome narrows

down commonly-affected regulatory region (CARR) 3~ of FOXG1
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Non-coding structural variants affect FOXG1 regulation

In neurodevelopment
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Non-coding structural variants affect FOXG1 regulation

In neurodevelopment
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CARR interaets with FOXG1 during neuronaldifferentiation
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CARR harbors enhancer cluster and TAD.boundary
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CARR harbors enhancer cluster and TAD.boundary
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Candidate-enhancers display activity in neural tissues

during zebrafish development
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Non-coding structural variants affect FOXG1 regulation

In neurodevelopment
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FOXG1is dynamically regulated during the early phases

of NPC differentiation

|PSC
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FOXG1is dynamically regulated during the early phases

of NPC differentiation
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Non-coding structural variants affect FOXG1 regulation

In neurodevelopment
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Deletion-of- CARR functional elements results in decreased FOXG1

expression
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Non-codingstructural variants affect FOXG1 regulation

In neurodevelopment
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Non-coding structural variants identify a commonly affected regulatory
region steering FOXGI transcription in early neurodevelopment
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Enrichmentof intergenic BCA breakpoints in-NDD-¢ases
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NATURE REVIEWS | NEUROLOGY

International consensus
recommendations on the diagnhostic
work-up for malformations of cortical
development

Renske Oegema® '™, Tahsin Stefan Barakat®?, Martina Wilke?, Katrien Stouffs®?,
Dina Amrom®*°®, Eleonora Aronica®’, Nadia Bahi-Buissong, Valerio Conti(®?,

Andrew E. Fry®'%'", Tobias Geis'?, David Gomez Andres®'3, Elena Parrini(®?®,

Ivana Pogledic'4, Edith Said’#'5, Doriette Soler'6.'?, Luis M. Valor®'é, Maha S. Zaki®'?,
Chayda Mirzaa®?°?', William B. Dobyns?°?', Orly Reiner®?', Renzo Guerrini®®,
Daniela T. Pilz?2, Ute Hehr?3, Richard J. Leventer®24, Anna C. Jansen?>,

Crazia M. S. Mancini?2¢ and Nataliya Di Donato 327 %

Table 2 | Diagnostic yield across Neuro-MIG

MCD entity Diagnostic yield
(%)
Microcephaly® 18-20
Lissencephaly 75-81
Cobblestone malformation 75
Polymicrogyria 20

Periventricular nodular heterotopia  30-37

Total cohort (n=737) 15-37

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
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The unexplored mystery in genetlcs

2% of human genome protein encoding —
what does the rest do?

Discovering Value
in “Junk” DNA

ENCODE releases
its first papers,
hinting at the value
of all DNA.
2007

The human genome is published, revealing
fewer genes to produce proteins. L [
2001 2012
@ o & ENCODE estimates
) 2003 at least 80% of the

1972 .
Scientists launch ENCODE
Junk” DNA i coined to‘evalluate tuhe role of the ger'mrne_ maT be
to describe human DNA unctional.
DNA outside genes.
outside of genes.

Scientists want
to discover the
function of all
three billion
base pairs in the
human genome.
ONGOING

Promoter = Gene =

: X

Promoter = Gene =—

- NCRE
SNV, Indel, SV etc

-Alterations of NCREs explain part of
the missing heritability

-already plenty of examples
-different disease mechanisms

- (YA
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How to find single nucleotide enhancer mutations?

Amongst thousands of non-coding variants...
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FIGURE 2 | Overview of the main technigques cumently used to identify putative enhancer sequences and their interacting genes. (A) Schematic drawing of an
TF-bound enhancer, located in nucleosome depleted DMNA from which eRMNA is transcrbed. Below are representative genome browser tracks shown, illustrating
expected profiles for the same genetic region. Histone-ChiP-seq is illustrative for marks such as H3KZ27ac and H3K4me1. (B) Cartoon representing the main steps
of the workflow of Chromosome conformation capture technologies: nuclei are cross-linked, chromatin is then digested and re-ligated by proximity ligation. The two
stretches of DNA that are normally located far away from each other (yellow and green), are now ligated together and can be tested by PCR or sequencing. In the
bottom part is indicated the output of the expenment, with which TADs and enhancer-promaoter interactions can be identified.

Perenthaler al 2019 Frontiers in CellulardNeurosciencq - » « 4~



We need to find them
We need to interpret effects of
mutations in them

How to reduce the search space?
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We need to find them
2) We need to interpret effects
of mutations in them
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