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Introduction to genome structure

27 000 genes...
A 2 m long tread of DNA

1,5% («3 cm») is protein-coding genes; n ~ 20 000
The rest of the genome is for regulation and structure
For genome structure long-read sequencing (PacB
conformation capture techniques (ChIA-PET, 4C, HiC)
We are all full of variation:
i nucleotide polymoprhisms) per kb
(structural variants) affecting ~11 Mb of the genome

The nucleus is an organised structure
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The 3 causes of genetic disease

1) Genomic imbalance
copy number aberrations — 2 —
disruptive gene variants (LoFs)

2) Changed gene function
activating mutations (GoFs)
dominant-negative mutations

3) Gene regulation disturbances

epigenetics and structural errors
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The "organ system” of a
geneticist is understood
through patient contact

Classical model: Chromosomes are condensed
DNA wrapped around nucleosomes

W DNA double helix
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eosomes are further folded and compacted...
-t
—H— ==
—= =i
n w W

J

\/

Old model —
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Chromosomes are not equal

Chromosome 13, 18,21 and Y
are gene poor with low gene
density

Chromosome 19 is the most
gene dense

Trisomies of 13, 18 and 21
are therefore the most tolerated
from a fetal development

perspective
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Metaphase chromosomes look like sugar spin in the electron microscope

centromere

Chromatin

Genetics

~ 20 000 protein-coding genes
Types of pathogenic variants:
nonsense
missense
frameshift

indels (inserti

dominant-negative

one chromatid

its sister
chromatid

centromere

Genomics

Balanced structural v:
translocations, invers and insertions
Imbalanced structural variants
deletions (del)
duplications (dup) and triplicati
Gene regulation
promoters
enhancers
chromatin structure (open/closed)

>20 000 RNA genes

Topologically associated domains (TADs)

Hetero-chromatin (B compartment, closed)

» Constituitive — permanent (e.g. centromeric)
* Facultative — dynamic (e.g. inactive X)

* DNA modification: C-methylation and hydroxymetylation,
especially at CpG positions (and CpG islands in promoters)

» Histone modification: Most important is histone (H)
lysin (K) methylation (me), e.g. H3K9me3 and H3K27me3
on the histone 3 tail

HIKgme3 H3K2Tme3!  H3Kimes  H3K3omes

® DNA methylation

The colours of chromatin:

(Ref: Filion et al, Cell 2010:143; 212-24

. Closed: HP1 type: H3K9me3
constituitive, more permanent

. Closed: PcG type: H3K27me3
facultative, more dynamic

. Open: H3K4me3 / H3K36me3

H3 = histone H3
me3 = trimethylated

K4 = lysine 4 in the H3 tail
K9 = lysine 9 in the H3 tail
K27 = lysine 27 in the H3 tail
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3D genomics

modified and expanded after Malte Spielmann

Can structural variation cause disease if the region contain no dosage-sensitive genes?

Only some (15-20%7?) of genes are dosage sensitive
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Long Range Control of Gene Expression

K\ Boundary
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Enhancer A Enhancer B

Tissue specific gene expression

Many enhancer-promoter loops are preformed — also in cells not normally expressing
the actual gene. The primed complex waits for "dormant” RNApol-ll to be kicked off.

Gene
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Enhancer A Enhancer B
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4C: Circular Chromosome Confirmation Capture
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Mild paraformaldehyde crosslinking of intact nuclei

Circular Chromosome Confirmation Capture (4C)

Restrton aigest Revorss croscinkingsnd
o rovead ONA.

Such hybrid
DNA fragments
reveal the

contact points
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Topologically associated domains (TADs) can be seen by general or capture HiC

HiC has no i Topological domain H
specific putative putative
viewpoints insulator PRt insulator
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TADs are stable across cell types

Dixon et . 2012 NATURE

HiC is a viewpoint-independent tool to find TADs
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Spielmann, Lupianez, Mundlos, Nature Reviews Genetics 454 (2018)
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Long Range Control of Gene Expression e
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TAD1 TAD2
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Gene A enhancer enhancer Gene B

An enhancer can be
far away from a
promoter

One promoter can have E

many enhancers »
i« 3

and enhancers are

often tissue specific ‘ &«

Long Range Control of Gene Expression
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Enhancer adoption / hijacking
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Ectopic gene expression

Chromosome structure is a multidimensional 3D challenge:

Nucleosomes: Chromatin fibre accessability - DYNAMIC

Chromatin loops / sub-TADs — DYNAMIC

TADs (topologically associating domains): range 40 kb — 3 Mb, n ~10 000 — STATIC
Compartments (active A and inactive B) - DYNAMIC (TADs can switch compartments)
Chromosome territories (whole chromosomes): Chromosomes rarely interact — STATIC

Loops are anchored by CTCF binding proteins, mediator (MED12), cohesins,
ZNF143 and YY1 — ncRNA transcripts may glue them together

| TADs are not cell-type specific — unlike many CTCF binding sites
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Chromatin loops
Formed by CTCF binding sites

of opposite 5'-3' orientation

H3K27m3 = green (closed)

Topologically associating H3K9me3 = orange (closed)

domains (TADs) H3K4me3 = grey (open)
H3K36me3 = grey (open)
Active (A) and Blue/grey = active
N Red/orange/green = inactive
Inactive (B)
compartments
TADs can shift between A and B
Chromosome
territories A = euchromatin

B = heterochromatin

Active X: Normal TAD structure Inactive X: two "super-TADs"

i x Y N wow

DXZ4 is only
“open” on the
inactive X

TADSs are lost
and reformed
in the cell cycle

PcG (polycomb
complex) binds
H3K27me3
and is essential
for looping

TADs can change
“colour” (A to B

or vice versa)
upon differentiation
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CTCF-binding CCCTC sites are asymmetric
and must be inversely oriented to form a loop
el
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ATAD can contain
‘ many loops

o san - TE o Yo o

High-affinity asymmetric CTCF binding sites: ~20 % of the CTCF sites
The more CTCF binding motifs, the stronger the boundary

Spacer
5
Spacer
7
e 9° 11 zink finger.
M2 / Upstream M1/ Core Downstream
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R
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Module #1 2 13 #a

CTCF-binding motifs: M1/core engages fingers 4-8
and the M2/upstream sequence engages fingers 7-11
(Nakahashi et al. 2013)
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TADs are probabalistic — not deterministic — for gene-enhancer interactions

Consequences of CTCF
binding site
removal are
suprisingly
modest

TAD structure is not
CTCF dependent

Transcriptional activators and repressors may shift TADs between active (more central) and
inactive (more peripheral, lamina-associated) compartments

New enhancer-

— promoter contact
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https://www.youtube.com/watch?v=Tn5qgEqWgW8

The chr 17 tower:
Active TADs have the light on (A)
Inactive TADs are dark (B)
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How can we find TADopathies

olution genome brow: Iy tells us.if a
tural change affects TADs or have long-range effect on gene promoters
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2g35q36.1: Manipulation of the EPHA4 TAD: Where is it — and which other genes get involved?
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Brachydactyly if TAD border but not PAX3iis deleted
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UCSC browser:
CTCF TF-track

ChIA-PET track
HiC/5C track
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2935q36.1: Fibroblast 4C in patient cells as a diagnostic tool

ctopic in
viewpoint

Mouse
limbs

T ek

Enhancer n Pax3
InterTAD Deletion

Human
fibroblasts

Enhancer adoption because of TAD border removal puts PAX3 under EPHA4-enhancer control

33

34

Why? The EPHA4 TAD and ist boundaries
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2q35q36.1: 4C showing within-TAD viewpoint crosslinks
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The EPHA4 enhancer is
i o
Boundary  operative within the TAD  Boundary
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2935q36.1: TADs and boundaries

2g35q36.1: TADs and boundaries

INTERACTION EXPRESSION PHENOTYPE INTERACTION EXPRESSION PHENOTYPE
Pax3 mRNA Limb/Skeleton Pax3 mRNA Limb/Skeleton
g
=
2
=
2g35q36.1: TADs and boundaries 2q35q36.1: PAX3 meet the EPHA4 enhancer if the TAD boundary is deleted
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2g35q36.1: Syndactyly by enhancer shift caused by inversion of TAD border

ol o
WNT6 IHH
E-syndrome]
,---Inversion F1--- ]
i 1 2

1 patient _F2 patient

Lupiénez & Kraft et al. Cell 2015

2935q36.1: Syndactyly by enhancer adoption/hijacking

chr2 (435-36.1)

WNTS, ?
R inversion F-syndrome

The EPHA4 enhancer switch TADs because of an inversion — and turn on WNTE instead

Lupiénez & Kraft et al. Cell 2015
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Within-TAD structural variation can affect gene expression

a Widtype b

Intra-TAD inversion — neutral —
enhancer works as normal

Enhancer duplications or deletions
can afffect intra-TAD gene expression

Spielmann, Lupianez, Mundlos,

LoF by intra-TAD enhancer removal
by deletions or translocations
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Hypoplastic corpus callosum
via loss of function of
MEF2C at 5q14.3

Spielmann, Lupianez, Mundlos, Nature Reviews Genetics 454 (2018)

Nature Reviews Genetics 454 (2018)
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GoF by intra-TAD enhancer duplications

Phenotype
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Duplications ——

Duplications of enhancer
elements cause preaxial
synpolydactyly of feet

Spielmann, Lupianez, Mundlos, Nature Reviews Genetics 454 (2018)

A family with a SOX9 enhancer duplication
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148 kb direct duplication
0.5 Mb upstream of SOX9 so%
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Benko S, Gordon CT et al: J Med Genet 2011, 48(12):825-830: The RevSex enhancer duplication

a. BA = brachyphalangy anychia (Cooks syndrome) .

Duplications

0000 HONEF2

|

cen I
KCNJI6 KCNJZ

Deletions

Why was the grandmother normal?

N
XX—'“—L_»

l soxe Non-penetrant normal woman

XY —oe—— "SRV Normal man

l SOX9

XX —o—— L Partially penetrant man (with ovary and testis)

SOX9

‘ Threshold effect most likely explanation
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The SOX9 promoter is opened up by the RevSex duplication
(intra-TAD GoF due to enhancer duplication)

H3Kame3
- - [ ] ) g -dup / -SRY
sox9
XX-DSD +dup / -SRY
g MR g asry
g u 10:7  +dup/+SRY
XY-carrier \ ol
>S0X9
FT_DMR3

TESCO

SOX9 promoter

Data from patient/control human fibroblasts

Lybaek et al, Epigenetics 2014

TADs and SOX9 dysregulation

From sex reversal to brachydactyly (Cooks syndrome)

Cooks duplication - involves enhancer hijacking by KCNJ2/16

49

M Franke et al. Nature 1-5 (2016)
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Cooks syndrome: Aberrant KCNJ2/16 expression by
neo-TAD formation and RevSex enhancer hijacking
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Cooks syndrome:
Duplications of TAD boundary,
KCNJ2 and KCNJ16 cause
aplasia of nails and short digits

N —

Spielmann, Lupianez, Mundlos, Nature Reviews Genetics 454 (2018)
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Deletion causing TAD fusion and enhancer hijacking

&
...
0000 0
“‘M
Lialk —of L Adult-onset demyelinating
) LMNB1 leukodystrophy
Deletions  se—

Spielmann, Lupianez, Mundios, Nature Reviews Genelics 454 (2018)
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ADLD: Dominant leukodystrophy due to lamin B1 overexpression by TAD fusion

chrs (q23.2)
1

Adult-onset demyelinating
leukodystrophy

Alternative ADLD causes: Intra-TAD duplications involving LMNB1 and neo-TAD formation including LMNB1

Giorgio et al. HMG 2015
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Intra-TAD LMNB1 duplications

Small duplication gives neo-TAD with LMNB1

Deletion removes TAD border and
causes enhancer hijacking

Large duplication gives no phenotype!

[Ty rovss
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Microcoria

=
TGDSGPR180 AXIAL LENGTH

GPCs DCT ABCC4

by TAD fusion and enhancer hijacking
causing SOX21 overexpression

SOX21 stimulates TGFB2 transcription

.
soxat
¥
- e o - MICROPUPIL
GPCs DCT | soxai ABCC4 GLC)

& Critical del (human and mouse)
5 Farthest 3 del
Farthest §'del==

Mesomelic dysplasia due to aberrant limb expression of ID4, a TF inhibitor

TAD fusion (and TAD removal) and enhancer hijacking

ohr6 (p22.3)

Mesomelic dysplasia

I o s<<icta| phenotype if D4 is lso deleted

Flttmann et al. JMG 2015
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X-linked acrogigantism (X-LAG)

Pituitary gigantism due to Xq26.3 duplications.

Neo-TAD formation with GPR101 overexpression
caused by enhancer hijacking

GPR101 stimulates growth hormone and prolactin secretion.

Duplications not involving the centromeric TAD border are neutral.

e OGN0 DSMRO0 00N TeOND 620000 1040000
canvom -
— s

FTATSFL VGLLY | ARWGERS ARG =

Caruso et al. Frontiers in Endocrinology (2024)

A) Normal locus configuration in wild type

o

HTATSF1 VGLL1 ~ ARHGEFS  RBMX GPRi01

B) Typical X-LAG-associated GPR101 duplication .
Several enhancers in the

upstream TAD are active in

HIATRR VeCh_ S o '\"“”"'" the pituitary gland and stimulates
= o GPR101 expression in the neo-TAD
VoL amicers  nswx  oeior

C) Non X-LAG-associated GPR101 duplication

AT Vo AioErs  Rawx opfior
e
crion

Daly et al. Genome Medicine (2024) 16:112
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Triplication in the SHH locus with double neo-TAD formation

Noo-TAD 2 (680 k)

Fotus 2. 2 NeoTAD 1 (680 ko) _—
—o7)
o Al

RNF32 5 NOMI »RNF32  NOM »RNF32_ UBESC
EET] TWBRT < <M YoupR << Y

sconario2  x @A @B

(SHH enhancer

Congenital pulmonary agenesis is probably
caused by MNX1 overexpression due to
SHH enhancer hijacking

Melo et al, Human Genetics 140 (2021)

680 kb 7q36.3 triplication
inherited from a "
mosaic father

wo TAD shuffling by translocations

Translacation

TAD
————————— Shuffled TAD

i
Chromosome A
S,

oA——0

hromosome B
Loss of function (limb) and

gain of function (spin cord)

BGene )00 ) Regulatoryelements & Boundary

Spielmann, Lupianez, Mundios,
Nature Reviews Genetics 454 (2018)
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Enhancer hijacking by ins(X;2)(q26.1;p13.3)

Control

Inserton breakpoint

b Aray-CGH

G9Mb  69sM>  TOMb  70gMb

a CTscan -5 years old

chr2
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Bony tranformation 820 kb / 8 genes from chromosome 2 o, o

of connective tissue, inserted into chromosome X causes e - —

mimics fibrodysplasia increased and tissue-inappropriate S

ossificans progressiva ARHGAP36 expression Melo ot al, Nature Communications (2023)

Noncoding enhancer

Widtype dup\malmn
L e e

ARHGAP3O ]

Hie germ

Demalpapda

Bazex—Dupré-Christol syndrome is caused by tissue-appropriate ARHGAP36 overexpression

Liu etal. BrJ o .
Dermatol2022  Hypotrichosis, trichoepitheliomas

© oxeone

and basal cell carcinoma risk
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LoF-related dominant syndromes may also be caused by
enhancer disconnection
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Sreenivasan, Yumiceba, Spielmann. Nature Genelics Reviews (2025)

Take home messages

@ TAD ing by ions or may cause
and a phenotype if the gene that has lost ist enhancer is haploinsufficient

@ TAD boundary element ions may cause
tissue.

Potential mi of ageneina

_—

—————
Gene A enhancer enhancer
@ Duplications may give rise to neo-TADs: No consequence if ,empty*
- potential misexpression of gene if contains novel enhancer-promoter pairs.
—_— ——— )
Gene B

Gene A enhancer Gene B

Gene B
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How to find the TADopathies?

Deletions that disrupt TAD boundaries

— TAD boundaries are challenging to pinpoint in UCSC

— «strong» CTCF positions may also be an indication

— clinTAD is a program to find them not requiring a bioinformatician
— ORCA can also be a useful program

Duplications that create neo-TADs: Enhancer + novel gene?

Long-read sequencing (with haplotyping) and (sometimes)
Optical Genome Mapping (Bionano): Find the SVs and CNVs

Normal adult human erythroid cells

Locus Gontrol Region
[ BCL11A LCR

TEACCA ¢
HOACTH y-globin B-globin

HPFH or CRISPR edited erythroid cells

LCR

NNN&%N TGACCA:

—
y-globin B-globin

Enhancer knowledge can lead to gene therapy!

BCL11Ais a fetal globulin expression repressor

BCL11A expression is stimulated by erythroid
specific enhancers in intron 2 of BCL11A

Destuction of this enhancer or the BCL11A binding

sit i the y-globin promoter may turn on
production of HbF again

tRoN2 7

Nan Liu et al, Cell (2018)
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