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Organisation of eukaryotic nucleus

Cremer, Nat Rev Genet 2, 2001 — Cook, Science 284, 1999 - Pombo, EMBO J 18, 1999
Chromosome territories
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Regionalisation of nuclear functions

Human neuroblastoma HeLa Cell
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Sequencing projects result in 4 letter texts :

gtcagtttcctgaggcgggtcgggacccaggcgtgagactggagtetgece
caggggcccagctgagccagcctcctcgtcagetgettgggeccgccagga
cgcegecgggggtgegecgegettecctggatggggtgeccecactecce
tcggagccccagggagaccccccgaactcagetectetcaggggtgecag
ggggacccctcaaactccactcececgcaggttcctggggagacgceccect
gctecgattceccectcagggteccagggagaccecectaattecagetectete
aggggtactgggggacctctcecgagectccactcccatcagggteccaggga
gacccceccaactatgetecaggggteccagggagatgecagcacceccaact
cecgettecectggggeccecctecececttacagetcaacttececctegagagt
ctggggctggggctcecgttcagttcecttgagtccecctteccteggggtgte
ceggggcecgeccaccceccacactgtetgtgattececcaaggegegggtcet
cgggccgcagcectgttccacgttectgectgectegttecttttctggectectt
gctttcgaaggagagaaggaggccttcgtttccagtectttttgectttte
taatggagccctgcttttecttecgtgtcecceccttcaggetacttetgecag
gtttctatttttcattctttattatgacttcgeccaaaatattettgact
tctattgagaaggattcgggggtctatttcttattcggaggcgtgtgett
aagttccaaacagatgaggattttccagttaatccttctggggtgactta
ttgcttaatgccaccatagccagaaaatggactctcagtgtceccgaaactg
cattcggectectgaagtgtectgtecttgtcacctettgecaatgtttegegg
cgggaagcctgcactegecgacgctgacgtaactgtttetgtetttecagg
tctacagectectgtgggtgggecgatattgacatatactttatttetata
tatgttatgaactcaatatttcttgcagcgggtctgetgataataagata
tgcctactctgecgagtectggaageccatcttaagecttacectgtatgtgece
ccatgcatctcttecegttacacggctcecctgagttgacacctgtgtgataa
actggtaatagcaagtaaactgttttcttgtgctctgtaagctgctctag
caaattatctaggaggaggtggtcttggaaacccctgatttataageggg
cagtcagcagtacacgtggcccagaatcgtgattggcatttgaagtgggg
gcagtagggtgggactgagcccttcacctgtggggtctgecctgetcaag
gcagtgtcagaattgaagtgaaatgttggacggtcggtgtccagagagtt
ggagaactggtttgtgtgtaaaaactnacatatttagggtcagaagtatg
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ARTICLE INFO ABSTRACT

Article history: Understanding how chromatin is spatially and dynamically organized in the nucleus of
Accepted 24 September 2010 eukaryotic cells and how this affects genome functions is one of the main challenges of
A"?'“‘P'* online 8 October 2010 cell biology. Since the different orders of packaging in the hierarchical organization of
editor: H. Orland DNA condition the accessibility of DNA sequence elements to trans-acting factors that

control the transcription and replication processes, there is actually a wealth of structural

gm”::ﬁence and dynamical information to learn in the primary DNA sequence. In this review, we
Chromatin show that when using concepts, methodologies, numerical and experimental techniques
Nucleosome coming from statistical mechanics and nonlinear physics combined with wavelet-based
Genome organization multi-scale signal processing, we are able to decipher the multi-scale sequence encoding
Epigenetics of chromatin condensation-decondensation mechanisms that play a fundamental role in
Transcription regulating many molecular processes involved in nuclear functions.

Replication © 2010 Elsevier BV. All rights reserved.
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Identification of replication origins

s o Toiosiion > Prokaryotes : computer detection easy and

Parent DNA efficient in many eubacteria ; confirmed b
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> multicellular eukaryotes : replication origins are « terra incognita » !
» very few origins experimentally determined

* NO consensus sequence (epigenetic elements)

> Human : 10 000 - 30 000 replication origins expected

~ 10 precisely determined

High-throuput methods are now emerging
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Views
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Replication terminus
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=R Used to detect replication origins and terminus in bacterial genomes



Total skew S = S5 +S1y
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~ 700 N-domains
> 1/3 of the genome

> 1500 putative
replication origins

Mean skew S
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00 02 04 06 08 10 Touchon, Proc. Natl. Acad. Sci. USA (2005)
relative position Brodie and Brodie, Phys. Rev. Lett. (2005)
Huvet, Genome Research (2007)



adapted analyzing wavelet

Audit, Phys. Rev. Lett. (2007)
Huvet, Genome Res. (2007)
Baker, ACHA (2010)






Macaca mulatta AACTTTCGGTAGTGGATGGGATCCTGTGTAGTGT

(rhesus monkey)

hnuwhwmsAACTTTCAGTAGTGGATGCGTTCCTGTGTAGTGT

(chimpanzee)

Homo sapiens ~AACTTTCTGTAGTGGGTGGGATCCCGTTTAGCGT

|

non informative site chimp human

GmC TmC

Chen, Genome Res. (2010)
Chen, Mol. Biol. Evol. (2011)



Relative position in the domain

Replication induces more A->G than T->C on the leading strand

Chen, Genome Res. (20
Chen, Mol. Biol. Evol. (2011)
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Relative position in the domain

The skew is not at equilibrium

N-domains result from mutation asymmetry in germline cells
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Determination of replication timing profile

by massive sequencing of new born replicated DNA
A. Rappailles, G. Guilbaud, O. Hyrien
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(Sequence reads: 43,974,937) : . e - - .-T

Chen, Genome Research (2010); Rappailles, PLoS Genetics (submitted)




(data from Chen, Genome Research (2010) and Hansen, PNAS (2010))
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Comparison of upward jumps with initiation zones

chromosome 15 (P3P pt12 p-<qt12 [T T DCENN RN 2KAEN o222
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Upward Jumps Audit, Phys. Rev. Lett. (2007)
Huvet, Genome Res. (2007)



Replication timing across cell differentiation
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<MRT>

U-domains correspond to large-scale gradients of the
replication fork polarity

Replication timing Fork polarity Baker, PLoS Comput Biol (2012).
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Mathematical modelling of replication timing profile

For constant replication fork velocity v :

plx) ——>

o{x) = pry(x) - prx) b y

v i7'(:1.')

dz

2
d(vaT(m 25:1:—:1:,)—253/

- p(-’r),

o I o
(@)
—
£
= - B —>— > > >
(@)
5
[@N
o
o T —e < < <
Ori. CI T T T T
Ter. i/ l/ l/

X1 Yi X2 Yo X3 Y3

spatial position

Guilbaud, PLoS Comput Biol (2011)
Baker, PLoS Comput Biol (2012)
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Yi)-
Averaging over many cell cycles, it results :
L (r(@)) cos oz = — (p(a))
dr Cells, Az = " p Cells,Azx »
d? 1
@(Nﬂ)cells,.ﬁz = v ( Oc:llls Aa:('r) Tglrls,Az(I))

Apparent replication speed :

1
Vapp, Az =
e % <7’ ($ ) > Cells,Ax
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Replication fork
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Replication bias
= S « fork polarity

Leading - lagging

Different mutation rates
on leading and lagging strands




Replication Timing (h)

Scale (kb)

102

Exploring the space-scale map of apparent speed of

- = Guilbaud, PLoS Comput Biol (2011)
replication Audit, Nat Protoc (2013)
- Vmax = 2 kb/min
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Practically no regions have an apparent speed of replication compatible
with unidirectional progression of a single fork



“Master Origins” specified by a particular chromatin environment coded in the sequence

ORI _ :
l ORI o N-domain ORI
ORI Olf/ ORI ORI l
\ S l

20 e N2

Replication fork polarity

master
ORI ori ori ‘ Leading - lagging

| |

= = § =

Activation of replication origins propagate along N-domains



Okasaki fragment purification
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Fork polarity measurement from Okasaki fragment abundance
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Rescaled unit

Huvet, Genome Research (2007)
Lemaitre, BMC Genomics (2009)
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Rescaled unit

Huvet, Genome Research (2007)
Lemaitre, BMC Genomics (2009)
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Sequencing projects result in 4 letter texts :

gtcagtttcctgaggcgggtcgggacccaggcgtgagactggagtetgece
caggggcccagctgagccagcctcctcgtcagetgettgggeccgccagga
cgcegecgggggtgegecgegettecctggatggggtgeccecactecce
tcggagccccagggagaccccccgaactcagetectetcaggggtgecag
ggggacccctcaaactccactcececgcaggttcctggggagacgceccect
gctecgattceccectcagggteccagggagaccecectaattecagetectete
aggggtactgggggacctctcecgagectccactcccatcagggteccaggga
gacccceccaactatgetecaggggteccagggagatgecagcacceccaact
cecgettecectggggeccecctecececttacagetcaacttececctegagagt
ctggggctggggctcecgttcagttcecttgagtccecctteccteggggtgte
ceggggcecgeccaccceccacactgtetgtgattececcaaggegegggtcet
cgggccgcagcectgttccacgttectgectgectegttecttttctggectectt
gctttcgaaggagagaaggaggccttcgtttccagtectttttgectttte
taatggagccctgcttttecttecgtgtcecceccttcaggetacttetgecag
gtttctatttttcattctttattatgacttcgeccaaaatattettgact
tctattgagaaggattcgggggtctatttcttattcggaggcgtgtgett
aagttccaaacagatgaggattttccagttaatccttctggggtgactta
ttgcttaatgccaccatagccagaaaatggactctcagtgtceccgaaactg
cattcggectectgaagtgtectgtecttgtcacctettgecaatgtttegegg
cgggaagcctgcactegecgacgctgacgtaactgtttetgtetttecagg
tctacagectectgtgggtgggecgatattgacatatactttatttetata
tatgttatgaactcaatatttcttgcagcgggtctgetgataataagata
tgcctactctgecgagtectggaageccatcttaagecttacectgtatgtgece
ccatgcatctcttecegttacacggctcecctgagttgacacctgtgtgataa
actggtaatagcaagtaaactgttttcttgtgctctgtaagctgctctag
caaattatctaggaggaggtggtcttggaaacccctgatttataageggg
cagtcagcagtacacgtggcccagaatcgtgattggcatttgaagtgggg
gcagtagggtgggactgagcccttcacctgtggggtctgecctgetcaag
gcagtgtcagaattgaagtgaaatgttggacggtcggtgtccagagagtt
ggagaactggtttgtgtgtaaaaactnacatatttagggtcagaagtatg



MRT

08 06 04 02

Position (Mbp)

Replication domain borders are giant hubs in the chromatin

1

80

85

conformation graph in K562

Boulos, Physical Review Letters (2013)

Co-localisation matrix as the adjacency matrix of the chromatin interaction graph
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centrality along replication
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The Chronic Myelogenous Leukemia
a disease of hematopoietic cells

Chronic Myeloid Leukemia
(CML) : targeted therapy model

Shart arm
b

B Chemical Structure of STI-571

/

Binds at
ATP Binding Site

Normal Translocation
(9:22)

chromosome 9
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chromosome 22 Philadelphia
chromosome

22q11.2
(bel)

9934.1
(abl)




Replication domain organization at the BCR locus in chromosome 22
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Replication domain organization at the ABL1 locus in chromosome 9
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Mesenchymal Stem Cells and their Niche

Cytokines
(SCF, HGF, OPN...) Chemokines
(IL-8, SDF-1..)
Proteases

(MMP9, CTK...)
Osteoclasts MSC
Osteoblasts
O, Ca* Fibroblasts
FGF-4
Endosteal niche Adipocytes

MESENCHYMAL STEM CELLS and their NICHE



Dysregulation of the Niche of Hematopoietic Stem Cells
in Chronic Myelogenous Leukemia

Stem Cell Microenvironment

Soluble factors
Mechanical stress
Extra-Cellular Matrix
Cell-cell contacts
Nutrients
02, pH ...
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> Extrinsic signals
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BCR-ABL alters F-actin distribution in Chronic Myelogenous Leukemia cells

J. R. McWhirter and J. Y. Wang
The EMBO Journal 1993.

TF1-GFP TF1-GFP-BCR-ABL

suspension

Nucleus
F-actin
TF1-GFP TF1-GFP-BCR-ABL G6FP/GFP-BCR-ABL

adhesion




Chronic Myelogenous Leukemia signaling pathway
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Hematopoiesis from pluripotent stem cells

Pluripotent hematopoietic stem cells

// Heask.\
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Proerythroblast Myeloblast 900 s

Erythroleukemic cell line
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Laperrousaz, Blood (2013)
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Solute Carrier Family 2 (Facilitated
Glucose Transporter), Member 3
(glucose transmembrane transporter
activity)
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Activated replication origins are in late timing regions
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Activated replication origins are in late timing regions
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Silenced replication origins are in late timing regions
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Silenced replication origins are in late timing regions
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Weakened replication origins are in late timing regions
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Changes in replication origin activity are in late timing regions
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Changes in origin activity are in late replicating gene deserts

New origins: 17
12 late - 4 mid S - 1 midS to late

Enhanced activity: 20
16 late -2 mid S — 2 early

Weakened activity: 32
28 late - 1 mid S — 3 midS to late

Silenced origins: 23
23 late



Active fragile sites are in late timing regions
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Organisation of eukaryotic nucleus

Cremer, Nat Rev Genet 2, 2001 — Cook, Science 284, 1999 - Pombo, EMBO J 18, 1999
Chromosome territories
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Chr. 123452726
Cy3
FITC HE EN

CY5

Chicken fibroblast nucleus where the 7 macro-chromosome are revealed by FISH

Regionalisation of nuclear functions

Human neuroblastoma HeLa Cell
[ Early replication (Cy3) B RNA (5-bromo-UTP/ FITC)
I Mid- to late- replication (Cy5) EE DNA (TOTO-3)
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Disentangling replication and transcription contributions to skew profiles
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