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Comment les enhancers fonctionnent & grandes distances?

Topologie des paysages d'enhancers

A. Les holo-enhancers
B. Les super-enhancers
C. Les archipels de régulation
D. Les paysages de régulations pleiotropiques
(non exclusifs...)
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PROBLEMS & PARADIGMS
Prospects & Overviews

Approches fonctionnelles du 'super-enhancer’
Understanding fundamental principles of enhancer biology at a

model locus - .,
Analysing the structure and function of an enhancer cluster at the a-globin locus Délétions variées

*Rajouts (sur une délétion totale..)
MiraKassouf | SerenFord | JosephBlayney | DougHiggs

Nprl3
— — Ieesssssssssm——  Hba-a1 gHba-a2y
- = Hba-x ® B Hbqlal
R Enhancer cluster b
*Les enhancers n'ont pas la méme Rl R2R3  RmR4
impor‘tance. WT Hemizygous
e LUL i i
oes 2 o L AL
*Différence dans le résultat selon que — =
les enhancers sont enlevés ou —
rajoutés... en articulier sur Reduction in alpha-globin expected
.~J P (A) ; B d g[ . Lane 1 m 00 10 100 | total alpha
I'importance de R3, Rm et R4. expression upon deletion o 2 1obi
individual elements m 90 globin
. . expression
*En effet, peu importants lorsqu'ils (B) Alpha-globin expression 3 m 00 0
sont enlevés par unité, ils se révélent UIPOH add(m)on of enhancer -
critiques lorsque rajoutés a R1 et R2 element/(s) to an 4 40
9 9 . | enhancerless background m
(comparer les lignes 2 et 3 avec la 5 0 75 o
ligne 8..) t
) 6 | total alpha
[ 40 | 0 80 - “onn
*Importance de la topologie des 7 0 0 90 expression
enhancers au sein dul SE, Rour induire 8 00 0 100
une architecture de régulation .
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Understanding fundamental principles of enhancer biology at a La pOIar'te du Super—Enhancer est |mportante
model locus
Analysing the structure and function of an enhancer cluster at the a-globin locus
MiraKassouf | SerenFord | JosephBlayney | DougHiggs
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*L'inversion du SE réalloue les contacts avec un changement de polarité
*Cette réallocation n'est pas dépendante du loop induit par les sites CTCF
*Conclusion: le SE a une architecture intrinséque conduisant a une action directionnelle
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*Thalassémies (Thalassa —la mer-)

*Alpha-thalassémies (assez rare, Afrique, Arabie Saoudite, Inde...). Différents
nombres d'alléles peuvent étre touchés, de fagon différente.. Le quadruple
mutant est généralement trés sévére, souvent létal.

*Béta-thalassémies (au minimum 350 mutations décrites, 60'000 naissances
chaque année..). Fortes anémies, splénomégalie, malformations...

Prévalence augmentée dans les régions a haut taux de paludisme car la
polyglobulie 'protége’ en quelques sortes contre la malaria (les crises sont moins
souvent mortelles..). Une crise de paludisme entraine généralement une lyse de
30 a 50% des globules rouges (situation pouvant étre |étale). L'excés de globules
rouges dans les thalassémies rend ces crises moins aigles.

Les mutations touchent toutes les étapes de la synthése des globines (régulation,
RNA processing, génes, traduction, assemblage des globines, stabilité...) et on
estime que app 5% population en porte une. Les mutations dans les enhancers
sont trés rares et généralement familiales...
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Prospects & Overviews

Enhanceropathies au locus alpha-globin

Understanding fundamental principles of enhancer biology at a P s
8 princip ey Thalassémie (anémie)

model locus
Analysing the structure and function of an enhancer cluster at the a-globin locus

MiraKassouf | SerenFord | JosephBlayney | DougHiggs
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Consistent with these general observations, common natural vari-
ation of the human a-globin cluster causing a-thalassaemia is almost
always due to deletions or nucleotide variants in the coding sequence.
Nevertheless, deletions and duplications of the a-globin enhancer ; —

elements have been seen in sporadic families with a-thalassaemia i f - \

(Figure 7), often from geographical regions where a-thalassaemia is
otherwise rare. These have arisen by illegitimate recombination, telom-
eric truncation and translocation of the enhancers. These rare families g
provided some of the first examples of human enhanceropathies
caused by deletion of enhancers and first pointed to the existence
of distal regulatory elements controlling a-globin gene expression.

ﬁ -

*Délétions qui induisent des anémies
*R2 semble étre particulierement important




Comment les enhancers fonctionnent & grandes distances?

*Au niveau moléculaire?

*Au niveau du 'choix' des génes cibles et de I'organisation
chromosomique?

A. Les holo-enhancers
B. Les super-enhancers
C. Les archipels de régulation
D. Les paysages de régulations pleiotropiques
(non exclusifs...)
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Les 'archipels de régulation’

A Regulatory Archipelago Controls Transcription of Hoxd genes in digits integrates the collective

HOX Genes Transcrlptlon in Dlglts activities of lsevergl regulatoryl e!emlent§.lWh|Ie some of these

sequences did activate transcription in digits on their own, others

Thomas Montavon," Natalia Soshnikova,2 Bénédicte Mascrez,? Elisabeth Joye," Laurie Thevenet,? Erik Splinter  may play a more structural role. ‘Regulatory archipelagos’ such
Wouter de Laat,? Francois Spitz,* and Denis Duboule’2* N .

. as the one we characterize here may be numerous in vertebrate

Cell 147, 11321145, November 23, 2011 ©2011 Elsevier Inc. genomes and are different from other reported large scale regu-

latory controls at work e.g., at the §-globin locus, where various

: v s elements span a much shorter chromosomal segment (about

C. Les arCh|P6|5 de regUIatlon 130 kb) and do not overlap with a gene desert (Tolhuis et al.,

2002), or at the Shh locus, whegs activation in limb buds requires

the association with a sin@ enhancer, whose deletion

abolishes transcription (Saga| ., 2005; Amano et al., 2009).

Le cluster de génes HoxD: Plusieurs génes cibles au milieu de deux
grands déserts de génes

600 kb gene desert 780 kb gene desert
HoxD  Mix2 Hnrpa3 Agps
CEN C—H i, I
Chn1  Atf2iAtp5g3 Lnp Evx2 | __ Nfe2i2
5' HoxD
d13 d8 d4 d1
CEN —{} TEL

<« < «
Alp593 GCR Lnp Prox Eux2
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Adapté de Long, Prescot and Wysocka, Cell, 2016
TAD1 TAD3
Interaction
strength/
frequency
(] Weak/none
=
]
]
M Strong/frequent
Genome-wide measurement of

pairwise interaction frequency ~1 Mb in mammals
~100-500 kb in drosophila

*Le nombre de reads est représenté par l'intensité de la couleur
*Une carte des interactions au niveau du génome entier (ici sur 2-3 mégabases)

Cellules présomptives Chase Bolt,
des doigts et des orteils ; EPFL Lausanne
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Les 'archipels de régulation’
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A Regulatory Archipelago Controls gone dosen

Hox Genes Transcription in Digits e !

Thomas Montavon,’ Natalia Soshnikova,? Bénédicte Mascrez,? Elisabeth Joye, " Laurie Thevenet,? Erik Splinter,®
Wouter de Laat,® Frangois Spitz, and Denis Duboule'-2*

cen
Cell 747, 1132-1145, November 23, 2011 ©2011 Elsevier Inc.
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Contrairement & I'holo-enhancer (ex: Fgf8), les
séquences distribuées dans le paysage sont o
complémentaires, plus que quantitativement additives.

Leurs variations produiront donc des effets "
généralement qualitatifs plus que quantitatifs. /S"‘S

modified landscape
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Figure 7. A Controls Hoxd

in Digits
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Comment les enhancers fonctionnent & grandes distances?

*Au niveau moléculaire?

*Au niveau du 'choix' des génes cibles et de I'organisation
chromosomique?

A. Les holo-enhancers
B. Les super-enhancers
C. Les archipels de régulation
D. Les paysages de régulations pleiotropiques
(non exclusifs...)
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Le géne Shox2

Le géne humain SHOX est localisé dans la
région pseudo-autosomale 1 (sur le X et le Y),

qui donc échappe a l'inactivation du X . Ce »
géne n'existe’ pas chez la souris, qui en 5
revanche a Shox1 et Shox2.... ~ ]

Les régions pseud ouPAR
pour Pseudo-Autosomal Region en anglais) sont des portions des
sexuels (ou ntre les deux

chromosomes sexuels. Ainsi, elles sont héritées d'un point de vue
statistique comme s'ils étaient portés par les autosomes.

Wikipédia

W itpsiadpeciaon i Région pseudo-auoso..

SC

A mouse model for human short-stature syndromes
identifies Shox2 as an upstream regulator of Runx2
during long-bone development

John Cobb*, Andrée Dierich?, Yolande Huss-Garcia', and Denis Duboule**

of Geneva, Quai Ernest Ansermet

“Depart
30,1211 Geneva 4, witzeiand; nd

67404 Srasboung, France

Deficiencies or mutations in the human pseudoautosomal SHOX
gene are associated with a series of short-stature conditions,
including Turner syndrome, Leri-Weill dyschondrosteosis, and
Langer lic dysplasia. Alth h this gene is absent from the
mouse genome, the closely related paralogous gene Shox2 dis-
plays a similar expi pattern in developing limbs. Here, we
report that the conditional inactivation of Shox2 in developing
appendages leads to a strong phenotype, similar to the human
conditions, although it affects a different proximodistal limb seg-
ment.

Le géne Shox2 (KO)
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A gene desert required for regulatory control
of pleiotropic Shox2 expression and

embryonic survival
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Approximately a quarter of the human genome consists of gene deserts, large
regions devoid of genes often located adjacent to developmental genes and
thought to contribute to their regulation. However, defining the regulatory
functions embedded within these deserts is challenging due to their large size.
Here, we explore the cis-regulatory architecture of a gene desert flanking the
Shox2 gene, which encodes a transcription factor indispensable for proximal
limb, craniofacial, and cardiac development. We identify the gene
desert as a regulatory hub containing more than 15 distinct enhancers reca-
pitulating anatomical subdomains of Shox2 expression. Ablation of the gene
desert leads to embryonic lethality due to Shox2 depletion in the cardiac sinus
venosus, caused in part by the loss of a specific distal enhancer. The gene
desert is also required for stylopod morphogenesis, mediated via distributed
proximal limb enhancers. In summary, our study establishes a multi-layered
role of the Shox2 gene desert in orchestrating pleiotropic developmental
expression through modular arrangement and coordinated dynamics of
tissue-specific enhancers.
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included the validation of 16 genomic elements (DE+329kb and
+331kb were part of a single reporter construct) and revealed
reproducible enhancer activities in 14/16 cases (Fig. 1B, C, Supple-
mentary Fig. 1B and Supplementary Table 1). Most of the individual
enhancer activities localized to either craniofacial, cranial nerve, mid-/
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A gene desert required for regulatory control telomeric centromerio
of pleiotropic Shox2 expression and MIF1 Rsre1 Shox2 Gene Desert (675kb Veph1
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To determine the in vivo activity patterns for each of the pre- E11.5
dicted gene desert enhancer (DE) elements from stringent predictions, Heart ;gg o[l s
we performed LacZ transgenic reporter analysis in mouse embryos at 3 E145
EILS, a stage characterized by wide-spread and functionally relevant E155 mRNA
oo inle ti 249 (Fi i i (RPKM)
Shox2 expression in multiple tissues™** (Fig. 1B, C). This analysis Midbrain  E115

Ei2s

35
Ems
E155

hindbrain or limb subregions known to be dependent on Shox2
expression and function?®*°?>* (Fig. 1C). For example, DE9 (+475kb)
and DEI5 (+606 kb), both exhibiting limb and craniofacial H3K27ac
marks, drove LacZ reporter expression exclusively in Shox2-
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A gene desert required for regulatory control
of pleiotropic Shox2 expression and

embryonic survival
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the ELLS limb ina lly or limb type-restricted
manner (Fig. 1C). Remarkably, despite elevated cardiac H3K27ac in a
subset of DEs, none of the validated elements drove reproducible LacZ
reporter expression in the heart at E11.5 (Figs. 1B, C). DE3 (n= nd
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A gene desert required for regulatory control
of pleiotropic Shox2 expression and
embryonic survival
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contomens

Shox2 TAD

Analyse de I'architecture chromatinienne

*Capture HiC, sur 3.5Mb

*Différents tissus

*Architecture générique

*Points d'ancrages conservés

*Domaine d'interactions denses pour |

tissu cardiaque...

(Supplementary Fig. 3C). Collectively, our results imply that Shox2 is
preferentially regulated by upstream (U-dom) and downstream (D-
dom) regulatory domains that contain distinct sets of active tissue-
specific enhancers. Hereby, the gene desert forms a topological
chromatin environment (D-dom) that in tissue-specific context might
modulate the interaction of certain enhancers with the Shox2
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A gene desert required for regulatory control
of pleiotropic Shox2 expression and Shox2 TAD
embryonic survival o
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Approche fonctionnelle @
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- - . Sl 3r P
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/T T 76 n=0_n=6 N
Shox2 Rsrc1 Shox2 Rsrc1

tissues marked by DE activities (Figs. 1C, 3B~E). Despite loss of at least
three enhancers with limb activities (hs1262, DE6, DE10), Shox2
expression was still detected in fore- and hindlimbs of GD* embryos,
as determined by in situ hybridization (ISH) (Fig. 3B), albeit at ~50%
reduced transcript levels, as shown by gPCR (Fig. 3C, Supplementary
Table 4). These results point to a functional role of the gene desert in
ensuring robust Shox2 dosage during proximal limb development®.

Malgré la perte d'au moins 3 e|

maintient ca. 50% d'activité..

ancers 'limbs’, la délétion
(perte de 50% / alléle..)
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of pleiotropic Shox2 expression and Shox2 TAD
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Approche fonctionnelle

MDP (E11.5)
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b

*Délétion du désert 'D-dom’

*Analyse par WISH et par qPCR

Vs

GD**

5 7 15 7
Shox2 Rsrct

Shox2 ion in distinct iofaci: mmpér[men(s
was more severely affected by the loss of the gene desert (Fig. 3D, E).

Par contre, presque tout est perdu pour les dérivés de la

face...
Les topologies globales sont différentes...
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A gene desert required for regulatory control
of pleiotropic Shox2 expression and
embryonic survival Mais, en dépit de l'absence de détection d'enhancer
'cardiaque’ dans ce désert, sa délétion induit une perte de
Ty y ’ .
ereo s s o Bl Rouco”, Ve Tisies, Clm . SprlO°, Vi Reland’ mRNAs dans le sinus veineux (ol se trouvent les
i ol O, st Al amrt”. b A P OO0t oS o
> 5 ichaol Kosec,Eddo Rodrigier Carbalo", progéniteurs du pacemaker SAN), suivie de la mort des
ok ko o’ i 3 e o 5. Nl
2 crck o o I P Pk Sl Tar, Jennfer . Acyama . Diao . Dk fostus a jour E12...

JavierLopez R0s @, ros Barozz @™, Guillaume Andrey @, Axel Visel 1%,
Len & Ponnacchio ™4™, John Cobb ' & Marco Osterwalder 0

Régulations qui échappent a la détection

ino-Atrial Node: Neeud Sinu-Atrial (sinusal...), qui induit une
électrique rythmique.

Despite the lack of identification of any in vivo heart enhancers
in the gene desert following transgenic reporter analysis from
mRNA analysis in GD** embryos revealed absence of Shox2 transcripts
from the cardiac sinus venosus (SV) that harbors the population of SAN
pacemaker progenitors® (Fig. 4A, B). In accordance with the essential
role of Shox2 in the differentiation of SAN progenitors and the related
lethality pattern in Shox2-deficient mouse embryos®, cardiac Shox2
depletion in GD** embryos triggered arrested development and
embryonic lethality at around E12 (n=5/5) (Supplementary Fig. 4C).
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A gene desert required for regulatory control
of pleiotropic Shox2 expression and
embryonic survival
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Mais, en dépit de l'absence de détection d'enhancer
'cardiaque’ dans ce désert, sa délétion induit une perte de
mRNAs dans le sinus veineux (ou se trouvent les
progéniteurs du pacemaker SAN), suivie de la mort des
foetus a jour E12...

|
Régulations qui échappent a la détection **

ino-Atrial Node: Neeud Sinu-Atrial (sinusal...), qui induit une
électrique rythmique.

*Production d'un nouveau dataset ATACseq de coeura 11.5
*Comparaison avec d'autres datasets disponibles dans la littérature
*Plusieurs sites nouveaux identifiés... testés par transgénes LacZ

*Un seul élément positif, 8 325kb du promoteur de Shox2

(renversement de |'approche en situation négative...)
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embryonic survival
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Concernant les membres (la partie proximale), aucune
délétion d'enhancers localisés précédemment ne peut
expliquer les 50% de perte d'expression observés dans la
délétion du désert D-dom...

Donc également besoin de ré-évaluer la présence et la
fonction de telles séquences spécifiques aux membres

compartment-specific bivalent epigenetic regulation®. With the goal
to identify the complement of H3K27ac-marked elements that interact
with the Shox2 promoter we performed circular chromosome con-
formation capture (4C-seq) with a Shox2 viewpoint from dissected
proximal limbs at E12.5 (Fig. 6B, Supplementary Table 6). Processing of
two replicates resulted in reproducible peaks which confirmed physi-
cal interaction between the Shox2 promoter and each of the bona-fide
proximal limb enhancers (PLEs) characterized previously: hs741 loca-
ted in the upstream domain (U-dom) and hs1262 located in the gene
desert (D-dom)**° (Fig. 6A, B). Other prominent 4C-seq peaks in the
gene desert co-localized with either previously validated enhancer
elements with non-limb activities at E11.5 (DEL, 6, 9, 15) or non-
validated elements with proximal limb-specific H3K27ac enrichment
(+237kb and +568kb) (Fig. 6A, B). Epigenomic profiles further
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*PL2 ne semble contacter que le
géne Shox2.. (proximité?). Par

séquences PL1 et PL3 (dans des
sous-TADs différents...)

contre, PL4 contacte également les <::]

*Analyse en 4C avec les enhancers eux-mémes
comme points de vue (contacts possibles entre
enhancers...
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Conclusions et points de discussion Shox2 gene desert
*Remarques sur les problémes d'approche expérimentale &

*Des séquences H3K27Ac+ pas fonctionnelles 2 ®
>q -/ACT P S G& 8 95 Lipess &%S
*Des séquences fonctionnelles sans marques 'classiques
Shox2
@ Limb Enh @ Craniofacial Enh
L . Heart Enh Cranial nerve/
For example, recent studies evaluating H3K27ac- . . neuronal Enh
based tissue-specific enhancer predictions in mouse embryos revealed
a substantial number of false-positives™". In turn, a significant fraction Gene desert (D-dom) chromatin conformation
(-14%) of validated in vivo enhancers were lacking enrichment of any ’
canonical enhancer marks (ATAC-seq, H3K4mel, H3K27ac)”.
Limb Craniofacial Heart
Tissue-invariant loop anchors, tissue-specific HCD
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Conclusions et points de discussion
*Remarques sur le modele de régulation

*Les enhancers ne semblent pas &tre distribués selon
'logique’ (topologie) particuliére.

*|ls pourraient cependant é&tre impliqués dans

d'un tissu & I'autre, maximisant ainsi |'action globale
le promoteur de Shox2 (pleiotropie).

'positionner' le 'heart enh’).

integration of upstream signals.

1530-

une |[>

la

formation d'architectures chromatiniennes différentes

sur

*Le domaine HCD en serait un exemple (pour 'mieux’ [>

.Our ﬁndiﬁgs support a model in which géne deserts provide a
scaffold for preferential chromatin domains that generate enhancer-
mediated cell type or tissue-specific cis-regulatory output based on the

Gene desert functions

Proximal limb
morpho-
genesis

Craniofacial
patterning

SV/SAN pacemaker differentiation,
embryonic viability

Shox2 gene desert

>
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Shox2
@ Limb Enh @ Craniofacial Enh

@ Heart Enh @ Cranial nerve/
neuronal Enh

Gene desert (D-dom) chromatin conformation

Limb Craniofacial Heart

Tissue-invariant loop anchors, tissue-specific HCD

30

15



.LEGE

RANCE

1530
nature communications 3 Gene desert functions
aricte e T—
A gene desert required for regulatory control R —

: ) > roximal l -
of pleiotropic Shox2 expression and otoiio: Craniofacial
embryonic survival genesis patterning

g 135, Matteo Zoia®®, Brandon J. Mannion™*,
ol Rosso . g Tloas” Co . S s hla,
Fabrice Darbellay®**, Anja Rum', Julie Gamart™”, Tabitha A. Festa-Daroux’,
o, st e o’ o s Gl
T Pl Pk Sl Tt e . Ay 05 Dl £ Dk, SV/SAN pacemaker differentiation,
[ A embryonic viability
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Shox2
@ Limb Enh @ Craniofacial Enh
The conventional model of enhancer addi- @ HeatEnh @ Cranial nerve/
tivity based on individual small and stable regulatory contributions is neuronal Enh
likely predominant in gene deserts”. In support, we uncovered at least
four Shox2-associated gene desert enhancers (PLE2-5) with over- Gene desert (D-dom) chromatin conformation

lapping activities in the proximal limb mesenchyme. Such regulatory
architecture resembles the multipartite enhancer landscapes in /ndian 3,7 w ;
Hedgehog (Ihh) or Gremlinl loci, which as Shox2 are involved in spa-
tiotemporal coordination of proximal-distal limb identities with /% ;/'Eg vs-250
chondrogenic cues*?. Our study further reveals gene desert

Limb Craniofacial Heart

Tissue-invariant loop anchors, tissue-specific HCD
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Comment les enhancers fonctionnent & grandes distances?

*Toutes ces conclusions sont basées sur |'analyse simultanée de
multiples situations (groupes de cellules..).

*Les fonctionnalités de ces situations ne sont peut-étre pas
égales et les configurations les plus fréquentes (donc les plus
visibles) ne sont par nécessairement les plus productives.

32



.LEGE
RS{:)NCE
2 Enhancer Super-
Super-Enhancers in the Control ‘classique’ enhsncer 0

of Cell Identity and Disease

[
. 7
Denes Hnisz,"-* Brian J. Abraham, ' Tong Ihn Lee, " Ashley Lau, ' Violaine Saint-André," Alla A. Sigova,’ OSN
Heather A. Hoke, 2 and Richard A. Young'#*

Whitehead

Research, , Cambridge, MA 02142, USA 78 78
“Dapartment o Bloiogy. Massachuseti Insthute f Techmeogy: Carmorkdge, WA 02135, UGA l l RNAPII
) Ak da
Cell 155, 934-947, November 7, 2013 ©2013 Elsevier Inc s 1 l Med1
- Lk
Med12
i i hl Ak
10 10
Smc1
l e 1 1 el e

> >

L. L Il ==

*Comment savoir si ;51 /l/v i il

I'ensemble des séquences /%“’l/ ‘°1 Chd7
i

enhancers est utilisé dans

N -
Brd4
chacune des cellules....?? 1.4___‘__ L_him_'

Hdac1

Hdac2

Mi-2b

Mbd3

POLE4 bt miR-290-295 &

33

COLLEGE
E FRANCE

1530-

Comment les enhancers fonctionnent & grandes distances?

*Toutes ces conclusions sont basées sur I'analyse simultanée de
multiples situations (groupes de X cellules..).

*Les fonctionnalités de ces situations ne sont peut-étre pas
égales et les configurations les plus fréquentes (donc les plus
visibles) ne sont par nécessairement les plus productives.

*Comment analyser ces configurations chromatiniennes au
niveau des cellules uniques?
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Comment les enhancers fonctionnent & grandes distances?

*Comment analyser des configurations au niveau cellulaire?

Plusieurs approches sont possibles

*Configurations multiples au locus Shh
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expression in the developing limb and fin
and is associated with preaxial polydactyly RAPPEL
Laura A. Lettice’, Simon J.H. Heaney', Loma A. Purdie', Li Li% Philippe de Beer®, Le ’OCUS SOniC Hedgehog (Shh)

Ben A. Oostra?, Debbie Goode®, Greg Elgar®, Robert E. Hill"* and Esther de Graaff*
Human Molecular Genetics, 2003, Vol. 12, No. 14 1725-1735

*L'analyse comparative des séquences d'ADN dans cet intron révéle

la présence d'une région conservée jusqu'aux poissons

Hixb9

N

1Mb

Lmbr1 Exon5 Exon6 Shh

MVAARAN [\

1

cron3 . Rnfs2
intron #5
Exon§

. . = " PRVAZEN
Souris/humain \ VO N AN 7 AV
Souris/poulet A | 1
Souris/poisson e

Comparaison
des séquences
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A long-range Shh enhancer regulates
expression in the developing limb and fin
and is associated with preaxial polydactyly

Laura A. Lettice', Simon J.H. Heaney', Loma A. Purdie’, Li Li?, Philippe de Beer’,
Ben A. Oostra?, Debbie Goode®, Greg Elgar®, Robert E. Hill"* and Esther de Graaff*

Human Molecular Genetics, 2003, Vol. 12, No. 14 1725-1735
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£ '

ATATGTTTCEATCCTGTGTC CCTTGTACTATATITTATG

‘ n \[M“ H‘

b T

Polydactylie pré-axiale

i

Dutch Belgian 1 Belgian 2 Cuban

Hixb9 Lmbr1 Exon5 Exoné Shh

C70rf3 . Rnf32
intron #5

Les mutations semblent affecter I'expression de Shh.
L'enhancer sera donc appellé : ZRS (ZPA Regulatory Sequence)
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A long-range Shh enhancer regulates
expression in the developing limb and fin
and is associated with preaxial polydactyly

Laura A. Lettice', Simon J.H. Heaney', Loma A. Purdie’, Li Li?, Philippe de Beer’,
Ben A. Oostra?, Debbie Goode®, Greg Elgar®, Robert E. Hill"* and Esther de Graaff*

Human Molecular Genetics, 2003, Vol. 12, No. 14 1725-1735

Polydactylie pré-axiale

i f‘,‘(f\ | w tnf M

Dutch Belgian 1 Belglan2

A o
Hixb9 Lmbr1 Exon5 Exon6 U

N W
fl M

C70rf3 ) Rnf32
intron #5

Des mutations qui sont aussi
responsables de la polydactylie des
chats (les chats de Hemingway)

https://fr.wikipedia.org/wiki/Chat_polydactyle
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cis-Regulatory Mutations Are a Genetic Cause of Human Limb

Malformations Mutations humaines réintroduites
e Vandorfoo an Naday AN, Sinces and st o Homan Gonot dans la souris (transgénes)

Dev Dyn. 2011 May ; 240(5): 920-930. doi:10.1002/dvdy 22535

Dans les deux cas (vraisemblablement dans toutes les mutations polydactyles impliquant la ZRS),
I'expression de Shh est activée dans la partie antérieure du bourgeon de membre, comme si la ZRS
avait normalement une capacité de régulation plus large que 'postérieur' mais que cette capacité était
inhibée/réprimée ailleurs que dans les cellules de la ZPA.

Dans ce contexte, chaque mutation affectant la ZRS pourrait contribuer a la dérépression
(déstabilisation) de I'activité de cette séquence dans la partie antérieure
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Rnf32 Lmbr1

SBE2 SBE7 MRCS1 MACS1 M
SBE3 PCS1 MFCS4 SBES

Shh
SFPE2 SFPE1 SLGE
SBE1  SBES SBE4

NT: Tube neural

MB: Cerveau moyen (midbrain)

Zli: Zona limitans intrathalamique

Di: Diencéphale

Te: Télencéphale

W, SBE1; i, SBE2; m, SBE3;

W, SBE4; 1, SBES; W, SBEG; W, SBE7; iy, SFPE1.

Enhancer membres
Enhancers gastro-intestinaux

Enhancers cerveau

Zli: Zona Limitans intrathalamica.
Zone de signalisation (pendant le
développement) Importante our le
diencéphale, qui 'sépare’ le thalamus
ventral du thalamus dorsal.
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Multiple allelic configurations govern

in the embryonic forebrain
Harke - Joowon B, Loe’ SonC. Nouyen

5 Rebece
Guillaume Andrey,"* Douglas J. Epstein, .~ and Erc F.

SUMMARY

gene expression.

@ CelPress Molecular Cell

Jailynn Harke, 2 Je Arian Ava,“ Staci M. Rakowiocki,” Siewert Hugalier,
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chromatin tracing

long-range Shh enhancer-promoter communication \

Enhancers

Transcription-
dependent

Mu(lsiple allelic configurations

~(

Dual inputs for E-P communication

pp—

CTCF

Transcription-
independent

Developmental gene regulation requires input from enhancers spread over large genomic distances. Our un-
derstanding of long-range enhancer-promoter (E-P) communication, characterized as loops, remains incom-
plete without addressing the role of intervening chromatin. Here, we examine the topology of the entire Sonic
hedgehog (Shh) regulatory domain in individual alleles from the mouse embryonic forebrain. Through
sequential Oligopaint labeling and super-resolution microscopy, we find that the Shh locus maintains a
compact structure that adopts several diverse configurations independent of Shh expression. The most
frequent configuration contained distal E-P contacts at the expense of those more proximal to Shh, consis-
tent with an interconnected loop. Genetic perturbations demonstrate that this long-range E-P communica-
tion operates by Shh-expression-independent and dependent mechanisms, involving CTCF binding sites
and active enhancers, respectively. We propose a model whereby gene regulatory elements secure long-
range E-P interactions amid an inherent architectural framework to coordinate spatiotemporal patterns of
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Multiple allelic configurations govern
long-range Shh enhancer-promoter communication
in the embryonic forebrain
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Architecture de la chromatine au

locus Sonic Hedgehog (Shh)
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*Carte 'HiC' qui montre une structure

indépendante de la transcription (mES)

*Loop (différent du 'domaine 5'), entre
deux enhancers 'neuraux SBE1 et SBE5
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*Couvertures en sondes pour la
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*Par exemple, app 10'000 oligonucléotides (DNA
simple brin) marqués par de la fluorescence et
couvrant une région de 1Mb...

*STORM permet une résolution qui va au dela de la
limite de diffraction (200-250nm) et donc permet de voir
des objets (single molecules) dans une fenétre entre la
microscopie optique et la ME...

*STORM: Stochastic Optical Reconstruction Microscopy
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Multiple allelic configurations govern
long-range Shh enhancer-promoter communication
in the embryonic forebrain
Jeewon . Loe”Son G, Nguyen, - Aian Al Sac M. Rakawieck” Sewert Hugalir,
i Faon Amtonela Rasioo.” ebacea fuker. Kaen K 12630, Meiks Lokadamya
Guiaume Anarey.* Douglas 3. Epsteine - and Enc F.Joyce
Les sondes Oligopaint sont des oli éotides 'ADN p— A To detem'n.ne if the 3D morphology of tvhe Shh TAD differed with
0 - s - . A . Shh expression, we generated Oligopaint probes that span the
fluorescence qui peuvent étre utilisés pour des régions dont la 5 3 q . ,
- - — - - E entire Shh domain and another that labels the neighboring 5
taille varie de dizaines de a plusieurs

domain.*>” We then performed DNA-FISH on coronal sections
through the mouse forebrain at E12.5, coinciding with peak Shh
expression inthe zli. Olig2 immunostaining was used to distinguish
the Shh-expressing zli (Olig2 ™) from surrounding forebrain regions
(Olig2*) that do not express Shh (Figures 1D and 1E). We used sto-
chastic optical reconstructive microscopy (STORM)®® to generate
single-molecule super-resolution images and measured the pre-
cise volumes of each domain, normalizing for their corresponding
genomic content (Figures 1F, 1G, S1B, and S1C). The Shh domain
was significantly more compact and exhibited less variance than
the neighboring 5’ domain in both the Shh-expressing zli and
non-expressing prethalamus, 4.25-fold and 3.4-fold, respectively
("**p <0.0001, Figures 1G and S1C; Table S6B). These observa-
tions suggest that the Shh locus maintains a relatively compact
and restricted topology independent of Shh expression.
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*STORM: Stochastic Optical Reconstruction Microscopy

Extracellular
Small  Fluorescent vesicles &
molecule dye  Antibody  viuses  Bacteria Cell

1nm 100m  100nm 1pm 10 pm
| | L | L |

4 e Yo AR /[

Hair  C. elegans

100 um
| |

Mouse brain

| CCONVENTIONAL MICROSCOPY (TIRF, epi)

I HIGH RESOLUTION MICROSCOPY (confocal, SIM)

| STED

I SMLM (dSTORM, PALM, PAINT)

SUPER-RESOLUTION
MICROSCOPY

| MINFLUX

| ELECTRON MICROSCOPY

Hell, Baetzig and
Moerner, PN 2014

Imaging Scale for Microscopy Approaches. The diffraction limit of light (Abbe's law) is around 200-250 nm, meaning
only objects larger than that can be resolved using conventional microscopy approaches. Super resolution
techniques (STED, SMLM, and MINFLUX) can resolve structures over ten times smaller than the diffraction limit of

light compared to conventional fluorescence microscopes. Image created with BioRender.com.

© Promega
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*STORM: Stochastic Optical Reconstruction Microscopy

*Réitération d'activation (activation beam)
de la fluorescence, suivie du photo-
blanchiement spontané (photobleaching).
Les photons émis sont capturés par un
read-out beam et une image est
reconstruite, qui est affinée et complétée
apreés chaque ‘cycle’....

Figure 1 - Basic Principles of STORM Superresolution Imaging

After capturing the images with a digital camera, the point-spread functions of the individual
molecules are localized with high precision based on the photon output before the probes
spontaneously photobleach or switch to a dark state. The positions of localized molecular cen-
ters are indicated with black crosses. The process is repeated in Figures 1(c) through 1(e) until

all of the probes are due to or because the background
fluorescence becomes too high. The final superresolution image (Figure 1(f)) is constructed
by plotting the d itions of the probes.

MICROSCOPY
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*STORM: Stochastic Optical Reconstruction Microscopy
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To determine if the 3D morphology of the Shh TAD differed with

Shh expression, we generated Oligopaint probes that span the

@ CelPress Molecular Cell entire Shh domain and another that labels the neighboring 5’
domain.”>*” We then performed DNA-FISH on coronal sections

through the mouse forebrain at E12.5, coinciding with peak Shh

Multiple allelic configurations govern expression inthe zli. Olig2 immunostaining was used to distinguish
long-range Shh enhancer-promoter communication thg Shh-expressing zi (Olig2 ) from surrounding forebrain regions
in the embryonic forebrain (Olig2*) that do not express Shh (Figures 1D and 1E). We used sto-
chastic optical reconstructive microscopy (STORM)°® to generate
Jailynn Harke, = Joawon B, Loo," Son C. Nouyen, Arian Arab = Staci M. Rakowiecki’ Siowort Hugoler; : RS

Cirstina P:l"\:u kol s Y SR Yo Yl gl Mesures le single-molecule super-resolution images and measured the pre-
volume de cise volumes of each domain, normalizing for their corresponding
chaque domaine genomic content (Figures 1F, 1G, S1B, and S1C). The Shh domain
was significantly more compact and exhibited less variance than
F:Fw"“':l‘)"‘ the neighboring 5 domain in both the Shh-expressing zli and
est plus cor non-expressing prethalamus, 4.25-fold and 3.4-fold, respectively
Pl . iond (***p < 0.0001, Figures 1G and S1C; Table S6B). These observa-
an et orientation de tions suggest that the Shh locus maintains a relatively compact

la section histologique and restricted topology independent of Shh expression.

E12.5 Mouse Brain

zona limitans intrathalamica (2l

Domain Volume

2li prethal.
“ s e
i
$1f:)h expression 5.
S @ zi + |
La Zli est marquée par g ° [ prethal
une Shh-GFP (vert) et 58
le thalamus par Olig2 8 % 3
(magenta) & . .
5 Shh 5 Shh
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cepees Molecular Cell Résolution des sous-structures possibles du locus
Multiple allelic configurations govern
long-range Shh enhancer-promoter communication e N
in the embryonic forebrain e 7
Shh Targel DNA_

Jailynn Harke, ' Joowon R. Lea, Son C. Nguyen,' Arian Avab - Staci M. Rakowiocki, Siewert Hugalior
Christina Paliou,’ Antonelia Rauseo, * Rebecca Yunker,  Kellen Xu,' Yao Yao,” Melke Lakadamyal,
Guillaume Andrey,"* Douglas J. Epstein,~ and Eric F. Joyce.

T
30-kb bins/ B0

Order of hyb
e - \ Images:
Analyse séquentielle en FISH et super-résolution en « o IZ] Shbn,
testant séparément des 'bins' de 30kb (couleurs..). lls [:> 02 — Mot pii T
regardent les espaces occupés par les bins les unes «
N > N > ¢
aprés les autres...(dans les cellules de la ZIi) Oon W
ntact Frequency
(distance threshold)

La bin contenant le géne Shh t co-occupe un
espace avec deux bins distalesl , reflétant des E:>
interactions potentielles
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long-range Shh enhancer-promoter communication
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oty arke, 2 eewon B. Lo, Son C. Nguyen, Aran Ara, 2 Staci M. Rakowieck’ Sewert Hugale;
Chrlstna Palou: Antonela Rausso, * Relbsora Yurker - Kelln X, a0 Yao, Mk Lakadamyai,
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Contacts with the Shh bin
§ 03
fe
*Les contacts entre SBE1/Shh (méme bin) et SBES et la E;
ZRS sont clairement significatifs . B § ¥
- d i
g Shh < doman
o

*Les sites CTCF sont probablement impliqués dans ces
contacts distaux...

*En se focalisant sur les contacts entre SBE1/Shh et SBES5, les auteurs notent la
présence de 4 configurations alléliques différentes possibles.
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4 configurations alléliques possible avec des %
différents de contacts entre SBE1 et SBE5

Jalyn Harka  oawon . Loe.Son G Nguyen - Avan vy Staci M. Rakowiol Sowor Hugalr;
G o e Rombors ket Katin o 80 Voo Mtk Lo
Gt Anre.+ Bouas 3 Eptin - and E . Joyen
Group 1 Group 2 Group 3 Group 4
4 configurations différentes peuvent étre observées 3
pour chaque alléle analysé. Positions des bins. }; & /
< =~ || <
Group 1 Group 2 Group 3 Group 4
Mesure des distances (nm) entre la bin SBE1 (+promoteur) a0z ekl P
. . m
et la bin SBE5 pour chacune des configurations i
¢ — [ <=

Pourcentages des différentes configurations

Fraction of Alleles with
Shh-SBES bins Contacting across Groups

W Group 1, 7647 %
Group2, 441%
Group3, 17.65%

W Groupd, 147%
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Les contacts SBE1/SBES5 'déplacent’ les séquences
intermédiaires plutdt aue d'utiliser leurs contacts...

Linear Displaced

v
W Fe

Le contact est facilité par  Le contact ne nécessite pas
les contacts interméd de contacts inter

Conclusions et modéle

e *s
%

Locus Configurations Distal E-P Communication

cter p 1 cTCF icenses the
< /-\ locus for distal interactions

*4 configurations alléliques dans les cellules de la Zli
*% différents (épaisseurs des fleches doubles...)

*CTCF 'prépare' le locus pour des interactions distales
*Des facteurs de transcription sur les enhancers distaux

contribuent a renforcer la proximité et a démarrer la
transcription.

transcriptionnel? Inférence... La présence de mRNA ne
signifie pas que le géne est transcrit

ZARN
SBEVSTFs @ | Transcription factors (TFs) . . X L .
deposited at active enhancers Mais, comment associer une Conﬂguratlon aun etat
provide additional
Q E-P proximity and
-3

‘ ! commission gene expression
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Group 3 Group 4

415 nm
69 nm

uGroupd, 147%

Conclusions et modéle

The looping model of E-P communication is predicated on an
of data identifying high- tacts or phys-

ical proximity between pairs of loci and oversimplifies the config-
uration of the i ing in. Many i i
the looping model fail to capture simultaneous, multiway intera€-
tions of individual alleles in expressing tissues. Using seq
DNA-FISH, we discovered diverse configurations that u
compact Shh locus (Figures 2 and 3). We found th§fonly)18% of
the allelic configurations resembleda classic loop structure, and
of those, only 10% had a singular, exclusive contact with the bin
containing Shh. Instead, the vast majority (77%) of alleles ex-
hibited diverse multiway contacts along the entire length of the
locus. Even within the most compact allelic configuration, we
observed a toggling of distal E-P interactions at the expense of
more proximal chromatin, an observation that may reconcile <:|
some conflicting models relating de-compaction to E-P activity
at the Shh locus.®** These allelic configurations challenge the
simple looping model by revealing a compact topology with mul-
tiple connections.

*4 configurations alléliques dans les cellules de la Zli
*% différents (épaisseurs des fleches doubles...)

*CTCF 'prépare’ le locus pour des interactions distales
*Des facteurs de transcription sur les enhancers distaux
contribuent a renforcer la proximité et a démarrer la
transcription.

Mais, comment associer une configuration a un état

transcriptionnel? Inférence... La présence de mRNA ne
signifie pas que le géne est transcrit a ce moment la.
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