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Large-scale analysis of the 
Human genome: 

From DNA sequence analysis to 
the modelling of replication in 

higher eukaryotes 



Sequencing projects result in 4 letter texts : 



NET RESULT : EACH DNA MOLECULE HAS BEEN  
PACKAGED INTO A MITOTIC CHROMOSOME THAT  IS 

50.000x SHORTER THAN ITS EXTENDED LENGTH 

HIERARCHICAL STRUCTURE 
OF EUCARYOTIC DNA 



LARGE SCALE REPRESENTATION   
OF GENOMIC SEQUENCES 

Chromosome 22 (Human) 



[A] = [T]   &   [G] = [C]  
in each strand 

Symmetrical properties of the strands: ‘‘Parity 
Rule type 2’’ 
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[A] = [T]   &   [G] = [C]  
in each strand 

Symmetrical properties of the strands: ‘‘Parity 
Rule type 2’’ 
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Bacteria/Archaebacteria Human chromosomes 

Second parity rule is verified for complete chromosomes 



  Transcription   

   Replication 

Opening of the double helix with a different 
environment for each strand => asymmetrical process 



A 

G C 

T 

G C 

T A 

: : 

Local symmetry breaking 
[G] ! [C] ; [A] ! [T]   

S  =  
[G] – [C] 
[G] + [C] GC S  = 

[T] – [A] 
[T] + [A] TA 



x 106  pb 
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G > C G < C 
5  3  

Bacillus subtilis 

leading strand lagging strand 

ORI!

TER TER 

S < 0! S > 0!

Replication bias in bacteria: 
An upward jump at the origin 

ORI!

TER!
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x 106  pb 

S G
C

  

  lagging strand leading strand 

G < C G > C 

5  3  

Bacillus subtilis 

S > 0! S < 0!

Replication bias in bacteria: 
A downward jump at the terminus 

ORI!

TER!



Skew profiles around human 
replication origins 

upward jumps :  "S  ~ 24% 
Can these profiles be explained by transcription only ? 

Do intergenic regions show upward transitions of the skew S ?  



Conservation of profiles in 
mammalian genomes  

human 

mouse 

rat 

dog 



Multi-scale detection of jumps in skew 
profiles using the wavelet transform 



Wavelet transform of the skew profile 
Human chromosome 6 
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Statistics of upward and downward jumps at 
scale 10 kbp 

!S>0.1, !n<2kbp: 36% (7228/20023) significantly biased 
human genes likely expressed in germ line cells. 
 
T.I. Lee et al., Cell 125 (2006): 32% of human ES cell 
genes bound to Pol II   



Jumps in the skew profiles 
 at scales a > 200kbp 
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C
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Statistics of upward and downward jumps in 
Human skew profiles  



« Factory roof » profiles  

S (%) 

TOP1 

MCM4 

S (%) 



Skew profiles along 9Mb Human contigs 



Replication domain detection using an 
adapted  analyzing wavelet 



ASYMMETRY OF HUMAN GENOME 

factory roofs = 36 % 

factory roofs < 1 % 

size (kbp) 



Disentangling replication and transcription 
contributions to skew profiles 
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Identification of replication origins 

!    Prokaryotes : computer detection easy and 
efficient in many eubacteria ; confirmed by 
experiments   

!   S. cerevisiae : ARS regions (~ 125 bp ; 11 bp 
ACS consensus) ; all origins experimentally 
determined  

!   S. pombe : ARS (~ 750 bp; no consensus, but 
AT-stretch) a number of origins experimentally 
determined  

!   multicellular eukaryotes :  replication origins are « terra incognita » !  

•  very few origins experimentally determined 

•  no consensus sequence (epigenetic elements) 
 

•  10 000 - 30 000 replication origins   expected 

•   ~ 10 precisely determined 

•  High-throuput methods are now emerging 

!   Human : 



Replication domain detection using an adapted  analyzing wavelet 

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



Detection of upward jumps of the skew profile in 
 the human genome 

N-domain 

Total skew S = SGC +STA 

S 

Mbp 

10 

0 

-10 

Mean skew S 

~ 700 N-domains 

> 1/3 of the genome 

 
> 1500 putative 
replication origins 

Touchon, Proc. Natl. Acad. Sci. USA (2005) 
Brodie and Brodie, Phys. Rev. Lett. (2005) 
Huvet, Genome Research (2007) 



Skew profile of the N-domains 

L1 

L2 

L3 

S = SGC+STA 
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C

non informative site 

Determination of substitution rates 

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



Substitution rates along the N-domains 

Relative position in the domain 
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A->G 

T->C 

Normalized 
substitution rates 

S
  

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

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



Composition at equilibrium reproduces perfectly the N skew profile 

Relative position in the domain 
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Skew 
S  

The skew is not at equilibrium 

N-domains result from mutation asymmetry in germline cells 



Conservation of N-domains in mammalian genomes 

human 

mouse 

dog 
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N-domains are at least 320.106 years old 

80 MY 

320 MY 

350 MY 

? 

450 MY 

? 

? 



Determination of replication timing profile  
by massive sequencing of new born replicated DNA  

Random priming 10 minutes (generate double strand) 

Ilumina Solexa sequencing 
 

Lamin B2 
(early replication) 

Beta Globin 
(late replication) 

qPCR test 

S1 S2 S3 S4 G2 

Immuno-precipitation 

DNA Extraction+Sonication (250 à 4000 pb)+Denature 

S1, S2, S3, S4 S 

Incorporation BrdU + Fixation + Cell sorting 

(Sequence reads: 43,974,937) 

G2 

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

Asynchronous HeLa cells 

A. Rappailles, G. Guilbaud, O. Hyrien 



Computing Mean Replication Timing profiles from RepliSeq data 
(data from Chen, Genome Research (2010) and Hansen, PNAS (2010)) 



Upward Jumps 

Comparison of upward jumps with initiation zones 

tim
e 

Early 

Late 

N-domain 

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



Replication timing profile within N-domains 

L1 

L2 

L3 

Embryonic stem cells 
data from Hansen, PNAS (2010)  

Replication timing 



Replication timing across cell differentiation 
Human chromosome 5 
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Human Eubacteria 
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S N-domains 

N-shape results from gradient of replication fork polarity  

Replication fork 
polarity 

Leading - lagging  
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 0 

A->G 

T->C 

ORIGIN 

Different mutation rates 
on leading and lagging strands 

Replication bias 
! S " fork polarity 



Replication fork polarity 

Leading - lagging  

Parabolic shape of replication timing profile 
gradient of replication fork polarity  

    1 

    -1 

0 

Replication timing profile 

! parabolic shape 

Derivative of  

replication timing profile 

! N shape 

Derivative of  replication timing profile = replication fork polarity 

Replication 
Time 

Early 

Late 



Mathematical modelling of replication timing profile!

Averaging over many cell cycles, it results :!

Apparent replication speed :!

Guilbaud, PLoS Comput Biol (2011) 
Baker, PLoS Comput Biol (2012) 

For constant replication fork velocity v :!



Defining scale-derivatives using the wavelet transform!



Exploring the space-scale map of apparent speed of 
replication!

Apparent velocity 

V > 10 kb/min  
10 kb/min > V >  2 kb/min 
V < 2 kb/min 

Vmax = 2 kb/min  

Practically no regions have an apparent speed of replication compatible 
with unidirectional progression of a single fork  

Guilbaud, PLoS Comput Biol (2011) 
Audit, Nat Protoc (in press) 



Multiscale detection of replication U-domains genome-wide 
Baker, PLoS Comput Biol (2012) 



U-shaped replication timing domains along the human genome 

Replication U-domains are robustly found covering about half of the genome 
in seven cell lines. About half U-domains are common to several cell lines.!



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

The derivative of replication 
timing profiles displays a N-
shape in U-domains sustaining 
the existence of large-scale 
gradients of replication fork 
polarity.!

Fork polarity Replication timing Baker, PLoS Comput Biol (2012). 



N-domain 

master 
ORI ori 

Activation of replication origins propagate along N-domains 

ORI ORI 

Early Late 

ORI 

ORI 
ORI 

ORI 
ORI ORI 

ori 

Replication fork polarity 

Leading - lagging  

    1 

    -1 

 0 

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

A model for the spatio-temporal replication program 
in mammalian cells  



Genome organisation inside N-domains!

Huvet, Genome Res. (2007) 

sense gene 
anti-sense gene 
intergene 



Human genes   Mouse genes 

CpG-rich CpG-rich CpG-poor CpG-poor 

CpG enrichment = [CpG] / [C].[G] 
Genome average CpG enrichment ~ 0.2 

Antequera, PNAS, 1993 
Antequera, Cell Mol Life Sci, 2003  

CpG enrichment at human gene promoters 
CpG-rich vs CpG-poor 



CpG-rich genes are over-represented 
around skew domains borders 

Skew domain border 

Skew domains of increasing size Center Center 

CpG-rich CpG-poor 



CpG-rich genes are over-represented 
around skew domains borders 



Open chromatin regions 
around N-domain borders 
have a characteristic size  
~300kbp 



Chromatin conformation capture for the human genome 
Hi-C data from Lieberman-Aiden, Science 326 (2009)  



Large-scale chromatin conformation along replication domains 

Hi-C count matrix (K562) 

Replication domains are self-interacting structural units!

Baker, PLoS Comput Biol (2012). Hi-C data from Lieberman-Aiden, Science (2009) 



Replication domain borders are long-range interconnected hubs  
in human chromatin interaction graph"

Developing a graph theoretical approach to 
chromatin conformation data"

Boulos, preprint (2013)"

Figure 4.1 – A partir de la matrice Hi-C expérimentale du chromosome 11
de l’homme, illustration des étapes successives de l’algorithme Force Atlas 2
(présenté dans le chapitre 2) pour aboutir à l’état déquilibre. Initialement les
sommets sont placés aléatoirement dans un carré. Nous simulons l’évolution d’un système
physique en présence de forces d’attraction et de répulsion entre les noeuds. La dynamique
de ce système converge vers une structure en forme de ”ver” representative de l’importance
des fréquences d’interactions à courtes distances génomiques.

Figure 4.2 – L’état d’équilibre : une structure en forme de ver. Les points sont
coloriés en fonction de leurs positions le long du chromosome 11 de l’homme : plus la
couleur est foncée plus nous avançons le long du chromosome dans la direction 5� → 3�.

4.2 Structure du graphe à l’équilibre

Comme cela est illustré sur la figure 4.2 pour le chromosome 11 de l’homme, nous obtenons
comme état d’équilibre une structure en forme de ver. Les points ne sont plus placés
de façon aléatoire dans le plan de représentation comme dans l’état initial, mais selon

36

Replication domain"
borders  and centres"

Betweenness centrality" Insulator DNA binding protein"



Master replication origins at the heart of parallel genome 
functioning ? 



Fragility of the human genome at N-domain borders 

Cancer gene Evolutionary 
breakpoints 

Lemaitre, BMC Genomics (2009) 

Dnase HS sites coverage 
NFR density 
CpG o/e 
•  R+ gene coverage 
•  Evolutionary breakpoints  



Fragility of the human genome at N-domain borders 

Cancer gene Evolutionary 
breakpoints 

Lemaitre, BMC Genomics (2009) 

Dnase HS sites coverage 
NFR density 
CpG o/e 
•  R+ gene coverage 
•  Evolutionary breakpoints 
•  HIV integration sites  




