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Hox bimodal regulation
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In Banyuls we try to understand how the
morphological diversity evolved in chordates




HOX genes are conserved in all Metazoans
This discovery is considered the birth of EvoDevo (1984)
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HoxC6 and the cervical/ thoracic boundary

a /\
- BECEL Jl by 'éHHQEEZFEésmﬁsUE"f __’.:;81 -G Jr‘ :_';'
0000000000 ESSEESSSSRtTEREE2008( IS
mouse |Hoxco iﬁ@h:fnb Z::::lg |Hoxd9
o === e S S E
{ ':f' 1§ -fs'u:\':f_.“_ ‘.y ".,’._l:i u-;--'\ l'I' 13%§§€€’€@L r‘dl 3 1\ l 56 l ! \Ml
‘hick |Hoxc6 | Hoxa9 IHnr(N
chic Hoxe8 |Hoxh9
HoxeY
GEOPECOEEEE it des==nee
CO0®EEO6( 3"\.73’--.;”:._?1.“:,“l._f‘l. g@@f’a%%sja
| Hoxc6
goose
‘ m.MLz-i' 4/ e EnEEEEEEEEEaEEE
""" OICI=ETE %%%‘;‘4@2@@@@%%;995@ EEEE 1008 of thoracic vertebrae

i Hoxc6
Py thOn IHm'c«\

Adapted from Burke et al (1995)

The number of cervical metameres is different, but the Hoxcé
always marks the cervical/ thoracic boundary

EvoDevo needs comparative approaches



In addition to their function in AP patterning

HOX genes also have an important function in
patterning vertebrate limbs

Hox paralogue groups
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HOX genes also have an important function in
patterning vertebrate limbs
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A Switch Between Topological Domains Underlies HoxD Genes
Collinearity in Mouse Limbs

Guillaume Andrey et al.

Science 340, (2013);

Expression of Hox
genes in the
vertebrate limb
also shows
colinearity

Hox function in the limbs was thought to be tetrapod-specific
because Hox gene expression was not conserved in fins of classical
chondrichtyan animal models




HOX genes function during fin/limb development is
conserved in vertebrates

Zebrafish Tiktaalik Tetrapods

Digits /s
Mesopodium Autopodium
Zeugopodium {

Stylopodium [

Fin or Limb
Skeleton Fin ra

"‘.W Radial

Hox gene expression is conserved, but...




The Tetraodon Hoxal3b expression domain in mice: from “distal” to “proximal.”
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How Hox gene expression is controlled?




Expression of
HoxD genes in
the fins/limbs is
controlled by
distant enhancers

How distant enhancers
may control gene
expression?
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Chromatin is compartmentalized into
supranucleosomal structures called TADs
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Overview of Chromosome Conformation Capture (3C)-derived methods
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4C-seq
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Proximal and distal HoxD gene expression is
regulated from distant elements placed at 3' and
5 of the Hox cluster

A Switch Between Topological
Domains Underlies HoxD Genes

Cite this article as G. Andrey et al., Sdence 340,

Collinearity in Mouse Limbs 354167 o13). 001: 101126 science. 1234167
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HoxA genes are controlled
in a similar way as HoxD
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The same chromatin
structure is observed in
autopod, stylopod and the
brain

Woltering JM, Noordermeer D, Leleu M, Duboule D (2014) Conservation and Divergence of Regulatory Strategies at Hox Loci and the Origin of

Tetrapod Digits. PLoS Biol 12(1




Zebrafish Hox clusters are partitioned intfo 3' and 5’ interaction domains
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The Tetraodon Hoxal3b expression domain in mice: from “distal” to “proximal.”
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Woltering JM, Noordermeer D, Leleu M, Duboule D (2014) Conservation and Divergence of Regulatory Strategies at Hox Loci and the Origin of
Tetrapod Digits. PLoS Biol 12(1): €1001773. doi:10.1371/journal.pbio.1001773



Vertebrate fin to limb evolution
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These results suggest that
limbs evolved from a
bimodal “proximal-proximal”
patterning system in fins to
a bimodal "proximal-distal”
system postulates the
transformation of a
regulatory landscape from a
"proximal” to a "distal”
specificity

This implies the
transformation of a
regulatory landscape
from a "proximal” to a
"distal” specificity



These results show:

- The chromatin structure around the Hox cluster loci
is essential for patterning the fin/limbs in
vertebrates

- The evolution of Hox regulatory landscapes was

instrumental for the present diversity of vertebrates
and evolution of limbs

So

How and when the bimodal regulation of Hox gene
expression appeared during evolution?



How and when the bimodal regulation of Hox gene
expression appeared during evolution?

Copyright & The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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A "non-duplicated” genome with a maximum gene retention
and no derived features

Subphylum Cephalochordates Urochordates Vertebrates

Class Ascidians Larvaceans

12345678910MNR21
12345678910N1213HU 10 65 1213 4 99'10mMNR213

s 000000 HI00-G-00-46 00 0 600000 S e

| Loss of classic RA-machinery |
. Loss of Dnmtl and Dnmt3 F

CNS reorganization (absence of midbrain) |
Axial patteming becomes independent of RA |
Hox-cluster rupture and loss of temporal colllnearlty |
l
Genome diminution |
Determinative development, rapid embryogenesis and life cycle !




Amphioxus, Branchiostoma lanceolatum, genome
project

From the
National
Geographic Society




Branchiostoma lanceolatum
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Amphioxus:
R~ - Phylum: Chordata
Subphylum: Cephalochordata

-Genus Branchiostoma, ~30 species

-Genus Epigonichthys, 1 specie

Genus Asymmetron, 2 species

Widely distributed in tropical and
ARTHUR WILLEY, B.Sc Temper‘aTe seas

*Adults in sandy and shell-sand

habitats
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Amphioxus Is vertebrate-like but simpler

frontal nerve segmental
eye cord muscles notochord

. L% — <

atriopore anus
mouth Pharyngeal atrium 9°nads
gill slits
Amphioxus has Amphioxus lacks
® segmental muscles ® paired, image-forming eyes
® segmental gonads ® ears
® pharyngeal gill slits ® limbs
® dorsal hollow nerve cord ® neural crest
® notochord ® the extensive gene
® pronephric kidney duplications characteristic of

® pituitary and thyroid homologs vertebrates
® a prototypical vertebrate genome



Amphioxus embryonic development is very fast and
metamorphosis occurs 1-3 months after hatching




B. lanceolatum

genome
Diploid assembly
SOAPdenovo (48,019 scafs
N50: 529kp
3% NNNSs
Paired-end lib. 2 Haplomerger |-, °’ ;-#frfx .

Mate-end lib. 6

Total sequence 85 Gb
Haploid coverage  150x
Est. genome size 570Mb
High polymorphism

Ferdinand Marletaz, Oxford University

Haploid assembly
10,247 scafs

495Mb size

N50 1.29Mb / L50 78
5% NNNs

90% cegma compl.




Cephalochordate genomics

— Branchistoma floridae <«— JGI

— Branchistoma lanceolatum <

Branchistoma belcheri €= sun yat-sen

Epigonichthys maldivensis

— ASymmetron infernum

Asymmetron lucayanum

Species Year Institute Technique Coverage Size N50 L50

B. floridae 2006 JGI Sanger 11.5x  522Mb 2.6Mb 62
B. belcheri ¢ hoe Sﬁﬁ,vy;tonj” 454/llumina | 23x / 50x  426Mb  2.4Mb = 51

B. lanceolatum | enroute | Génoscope | |llumina 150x 527Mb | 1.13Mb | 91
A. lucayanum  enroute - I:ﬂ'igﬁfN 454 2x (7?) - - -

Ferdinand Marletaz, Oxford University



A genome-wide regulatory map of the European
amphioxus: Overview of the datasets.

Early gast?ula (8h)

ChiP-seq Histone
Modifications
(Skarmeta lab)

H3K4me3
H3K27ac

H3K27me3

Early neurula (15h)

Open chromatin Transcriptome

profiling
(Skarmeta lab)

ATAC-seq

profiling

RNA-seq

(Irimia lab,
Garcia Fernandez
And others)

CAGE-seq
(Boris Lenhard lab)

Premouth larva (36h)

Methylation
(Ryan Lyster lab)

Single base
resolution
Methylome

3D organization
of the chromatin
(Skarmeta lab)

4C-seq of
developmental
genes



Genes

H3K27me3

Methylome

ATACseq

H3K27ac

H3K4me3

‘2 4 58 &8 1113 14
I W1 THH &4l b8 B0 B R B TR B s | | n [ LI | H W Hom Hrrrprrs Prrrrrbrbropioidl LT ]
(I O TN | H O BIK & NI EEIE N & [ 11 I i L] B 4D b b whil i
26.0832 _| H3K27me3 36h
|
83283‘1,'I M MW WM.WMWMWW
(::73 H3K27me3 15h
|
N TTTYRRR YIS VUG TFUTUP I 1 FOY TERTITORTY MMI ot st o il _.MLHL

39.7397 |

PR Y WY1 Y Lk kbt o)
el il i b ol ok 4 bbbk |

151 20 | Hox cluster 25| Mb

H3K27me3 8h
FYIPTRTI P M&MM.—MWM \dm‘m A s

i

iy L & \L‘w J‘L.

‘JA‘LAA Py ALL..J. VPRI (O T TR Y .u. LJ |

diealadial

(\:7% ¥ ATACseq 15h
1_@@%@@ N TR R
97 ]
& ATACseq 8h
1 Ll A L Lol 1l A " N l " 1 L ol
%94 H3K27ac 36h
- H3K27ac 15h
o) PR L 1 14 ‘L‘A | i *l A .
( N H3K27ac 8h
112;___.__.__LL___._JJ..__ i 11 W PRV N L __Jh. I | — ok l

H3K4me3 36h

T ™ . ‘1 l

H3K4me3 15h

_,l__, U Y __L__.__ e b

H3K4me3 8h

JL L i | i 1 L

e



Embr_8h
Embr_15h
Embr_36h

FemGonads
Hepatic
NeuralTube

Muscle

CAGE-seq

.
Il

15

Million reads

20

25

30



Embr_32cells_B
Embr_32cells_C
Embr_32cells_D
Embr_32cells_E
Blastula_A
Blastula_B
Embr_7h_A

__
Embr 8h - @ 000 0 0 __0_00000_00O00OO__1
Embr_ 1 0h_a T —
Embr_10h_|

Embr_11h_
Embr_11h_

— I
Embr 15h
mbr_15h_
Embr_18h_A
Embr_18h_B
Embr_24h
Embr_27h_A

(V) (oaN )]

w>oc

o o P

]
mbr_50h_A
Embr_50h_B
Embr_60h_A
Embr_60h_B
PreMouth

Cirri_b
Epidermis_b
FemGonads_b

Genoscope (101PE)
Jordi G-F (76PE)
Manu Irimia (125PE)

Gi"S—a - _________________________|
GI"S_b ——:
Gut_a
Gut_b
Hepatic_a
Hepatic_b
MaleGonads_a
MaleGonads_b
Muscle_a
Muscle_b
NeuralTube_a
NeuralTube_b .

Million reads 50 100 150

200




Already
implemented in
different
databases (still
not public)
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Vertebrate Hox clusters are organized into TADs
What about amphioxus Hox locus?
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How the bimodal regulation of Hox genes evolved in vertebrates?

Acemel et al Nat Gen (2016)
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We tested conservation of the
3D structure of the Hox locus
using 4-C seq

- 14 viewpoints (8 Hox genes
and 6 neighboring genes) in
three developmental stages in
amphioxus

- 9 viewpoints (4 Hox genes and
5 neighboring genes) in
zebrafish

- a fotal of 73 4C-seq were
generated

- Chromatin contacts were
quantified

While zebrafish interactions
show the bimodal regulation
caracteristic of vertebrates,
most of the interactions in
amphioxus were within the
Hox locus
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Amphioxus 4C-seq profiles were similar irrespectively of their position in

the cluster and developmentally stable
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Although most contacts are within the Hox cluster, anterior and posterior
sides behave differently with more contacts anteriorly

This is in agreement with the synteny conservation in the anterior region of

the cluster
Viewpoints Left Right I Anterior | Cluster |Posterior

Meox 44.2% | 55.8% | 100.0% 0.0% 0.0%
Hnrpa 38.5% | 61.5% 71.7% | 25.6% 2.7%
Mtx2 30.9% | 69.1% 41.2% | 42.7% | 16.1%
Hox2 24.8% | 75.2% 0.0%
Hox5 38.5% | 61.5% 1.0%
Hox6 44.1% | 55.9% 4.0%
Hox7 51.6% | 48.4% 4.3%
Hox9 46.9% | 53.1% 2.6%
Hox11 62.1% | 37.9% 0.5%
Hox13 65.7% | 34.3% 9.5%
Hox15 74.2% | 25.8% : 25.8%
Evxa 66.1% | 33.9% 11.6% | 45.6% | 42.8%
Lnp 73.0% | 27.0% 6.4% | 35.5% | 58.1%
Gpatch8 50.6% | 49.4% 12.0% 3.5% | 84.5%




Virtual Hi-C shows that amphioxus Hox locus is included in a single
domain including the anterior region, while zebrafish contains two domains

If this is true, we should find regulatory elements anteriorly but not posteriorly



ATAC-seq (assay for transposase-accessible chromatin using sequencing)
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Accessible chromatin regions obtained by ATAC-seq analyses are only
present the in anterior region
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Accessible chromatin regions obtained by ATAC-seq analyses are only
present the in anterior region
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Stepwise evolution of the bimodal regulatory machineries of HoxA and
HoxD clusters in vertebrates
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