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Large-scale analysis of the
Human genome:
From DNA sequence analysis to
the modelling of replication in
higher eukaryotes
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Sequencing projects result in 4 letter texts :

gtcagtttecctgaggegggtcgggacccaggegtgagactggagtetgee
caggggcccagctgagccagcectcecctegtcagetgettgggecgeccagga
cgccgecgggggtgegecgegcttecctggatggggtgeccccacteeee
tcggagccccagggagaccccccgaactcagctecctctcaggggtgecag
ggggacccctcaaactccactccccgcaggttcctggggagacgeccect
gctcgattccecctcagggtcccagggagaccecctaattcagectectete
aggggtactgggggacctctegagcetecactcececcatcagggteccaggga
gaccccccaactatgetcaggggtcccagggagatgeccagcaccccaact
ccgcetteocctggggecccectececttacagctcaacttecctcgagagt
ctggggctggggctcecgttcagttcttgagtcceccttcecteggggtgte
ccggggecgeccacccccacactgtetgtgatteccccaaggegegggtet
cgggccgcagectgttecacgttetgetgetegttettttetggetectt
gctttecgaaggagagaaggaggccttegtttecagtetttttgectttte
taatggagccctgcttttecttecgtgtececcttcaggctacttetgecag
gtttctatttttcattctttattatgacttcgcccaaaatattcttgact
tctattgagaaggattcgggggtctatttettatteggaggegtgtgett
aagttccaaacagatgaggattttccagttaatccttctggggtgactta
ttgcttaatgccaccatagccagaaaatggactctcagtgtccgaaactg
cattcggctctgaagtgtctgtccttgtcacctcttgcaatgtttecgegy
cgggaagcctgcactcgeccgacgctgacgtaactgtttetgtetttecagy
tctacagcctectgtgggtgggcgatattgacatatactttatttetata
tatgttatgaactcaatatttcttgcagcgggtctgctgataataagata
tgcctactcetgecgagtetggaagecatcttaagettaccecetgtatgtgee
ccatgcatctcttccgttacacggctcctgagttgacacctgtgtgataa
actggtaatagcaagtaaactgttttcttgtgctctgtaagectgetctag
caaattatctaggaggaggtggtcttggaaacccctgatttataagcggg
cagtcagcagtacacgtggcccagaatcgtgattggcatttgaagtgggg
gcagtagggtgggactgagcccttcacctgtggggtctgecctgetcaag
gcagtgtcagaattgaagtgaaatgttggacggtcggtgtccagagagtt
ggagaactggtttgtgtgtaaaaactnacatatttagggtcagaagtatg



HIERARCHICAL STRUCTURE
OF EUCARYOTIC DNA

e ANANANANAN

"beads-on-a-string”
form of chromatin

30-nm chromatin
fiber of
packed nucleosomes

section of -
chromosome in an f
extended form 300 nm

condensed section
of metaphase
chromosome

entire
metaphase
chromosome

1400 nm

NET RESULT : EACH DNA MOLECULE HAS BEEN
PACKAGED INTO A MITOTIC CHROMOSOME THAT IS
50.000x SHORTER THAN ITS EXTENDED LENGTH



LARGE SCALE REPRESENTATION
OF GENOMIC SEQUENCES

Space-Scale Representation of the GC Content
with a Smoothing Gaussian Filter

Chromosome 22 (Human)

Scale (bp)
S

w
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1044

Filtering scales: a] = 40kb, a5 = 160kb

Space-scale content: S(a) = > |Ty,, (n,a)|.
where ;s is the Morlet wavelet



Symmetrical properties of the strands: “Parity
Rule type 2”

[Al=1[T] & [G]=][C]

in each strand

DNA
Molecule:
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Symmetrical properties of the strands: “Parity
Rule type 2”

[Al=1[T] & [G]=][C]

in each strand

Second parity rule is verified for complete chromosomes

Bacteria/Archaebacteria Human chromosomes
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Transcription

unwinding

region of DNA
* —
+* ribosome
binding site
Replication
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Opening of the double helix with a different
environment for each strand => asymmetrical process



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

DNA

Molecule: §
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Replication bias in bacteria:
An upward jump at the origin

ORI

Bacillus subtilis

0 1 2 3 4

lagging strand leading strand

G<C : G>C

ORI
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ORI

Replication bias in bacteria:
A downward jump at the terminus

TER

leading strand agging strand

G>C § G<C
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Skew profiles around human
replication origins
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upward jumps : AS ~24%
Can these profiles be explained by transcription only ?

Do intergenic regions show upward transitions of the skew S ?
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Conservation of profiles in
mammalian genomes
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Multi-scale detection of jumps in skew
profiles using the wavelet transform
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uman chromosome 6

Wavelet transform of the skew profile
H
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Transcription bias
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Statistics of upward and downward jumps at
scale 10 kbp

Jump amplitudes
1 1 1 1 1 1 1 I T T 1 1 I 1 1

Distances to promotors
I 1 1 1 I I 1 1 T I 1 1 1 1
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0 0.1 0.2 0.3 0 5 10

|AS| |An| (kbp)

AS>0.1, An<2kbp: 36% (7228/20023) significantly biased
human genes likely expressed in germ line cells.

T.l. Lee et al, Cell 125 (2006): 32% of human ES cell
genes bound to Pol Il



Jumps in the skew profiles
at scales a > 200kbp

54.5

n (Mbp)™
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Statistics of upward and downward jumps in
Human skew profiles
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« Factory roof » profiles
TOP1
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Skew profiles along 9Mb Human contigs
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Replication domain detection using an
adapted analyzing wavelet

Il




ASYMMETRY OF HUMAN GENOME

factory roofs = 36 %

Y

30

20

0 | ififins
0 L lhhll] H“"WMM” m'r["'mﬂ]n"n Il nn nnnan Nl
0 2000 4000 6000 8000
size (kbp)

factory roofs <1 %




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

s o Toiosiion > Prokaryotes : computer detection easy and

Parent DNA efficient in many eubacteria ; confirmed b
NPT VY RN AN AT A experiments y Y

-
\o\\owwe{; m&'ﬁwg@m&}w&%l m&\a\ ‘Lméw'\\o\\/'\w > 8. cerevisiae : ARS regions (~ 125 bp ; 11 bp

ACS consensus) ; all origins experimentally

PR determined

Lol %

SOANNT, SOV

by & 1 G o
Voononponodo™ l Voononppnod o™

’\’;\'\I’\'\Il\.\’,\\’l\\t\uv\'%
M\o\\mo%\'}
> 8. pombe : ARS (~ 750 bp; no consensus, but

AT-stretch) a number of origins experimentally

KAANNANANZNZNZANANZNANANANANAN AN AN ANAN NN ANANZANAVANANANANZANANANZANANAN determined

+
AAVAVAVAVAVAVAVAVAVAVAAVAVAVAVAVAVAVAVAVAVAVAZAVAVAVAVAVA A VAN AV

> 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



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



Total skew S = S5 +S1y

40 |
20 -:-' e ,.'.-

~ 700 N-domains
> 1/3 of the genome

> 1500 putative
replication origins

Mean skew S

10

-10 |

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)






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)



Skew
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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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Ciona intestinalis
Crona
Ciona savigny
——— Chordata o
Xenopustropicallis | 2
 Tetrapoda
350 MY ' Gallus gallus
Sauropsida
Anolis carolinensis
— Ammniota . o
Canis familiaris
Boroeutheria _
320 MY Homo sapiens
Euarchontoglires
Mius musculus
80 MY
Euteleostonu
450 MY
Danio rerio ?
Clupeocephala

Tetraodon nigroviridis



Determination of replication timing profile

by massive sequencing of new born replicated DNA
A. Rappailles, G. Guilbaud, O. Hyrien
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Random priming 10 minutes (generate double strand) (late replication)  (early replication)

| | |

llumina Solexa sequencing s -II :
(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

I

L N-domain
|

2 i
= | |

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



Embryonic stem cells
data from Hansen, PNAS (2010)
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Replication timing across cell differentiation
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e N-domains

Replication fork
polarity

Replication bias
= S « fork polarity

Leading - lagging

Different mutation rates
on leading and lagging strands




Derivative of replication timing profile = replication fork polarity

Replication timing profile
) Replication
= parabolic shape Time

1

Derivative of
replication timing profile

= N shape
Replication fork polarity 1 7
Leading - lagging 0 7

Parabolic shape of replication timing profile
mmm)  gradient of replication fork polarity




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)

X4

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




Defining scale-derivatives using the wavelet transform

Moving average

M, (b,a) = [ s(t) o(=L)dt

= Smoothing signal s(t) at scale a

Wavelet transform

2 M, (bya)=T,— . (b,a) ﬁ‘"’l"‘\—

2
%M@(b, (l) = Tt,‘:o” (b, CL) J\ﬁ

T, (b,a) defines the n'" derivative at scale a of s(t) at t = b




Replication Timing (h)

Scale (kb)

102

Exploring the space-scale map of apparent speed of

- = Guilbaud, PLoS Comput Biol (2011)
repl Icatlon Audit, Nat Protoc (in press)
- Vmax = 2 kb/min

i

©
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pdf
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y I | Illl 1 IIII
10" 102
Apparent velocity

—

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

Position (Mb)

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



Multiscale detection of replication U-domains genome-wide

Baker, PLoS Comput Biol (2012)
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U-shaped replication timing domains along the human genome
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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.

| Ndom | ESC | Erythroid | Lymphoblastoid | Fibroblast | HeLa
N | 663 | 1534 | 876 | 882 830 664 | 1150 1247 | 1422 1498
L | 119 [1.09| 142 | 152 157 162|119 115 1.06 0.966
G | 292 | 619 | 46.1 49.5 48.1 39.6 505 532 557 53.5
'GC | 40.30 | 40.25| 40.84 |40.85 40.94 41.13 | 40.84 40.60  40.72 40.99



<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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/L /L timing profiles displays a N-
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“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
el 8 sean) ¢ E———)

Activation of replication origins propagate along N-domains



Huvet, Genome Res. (2007)

Human chromosome 9

- sense gene
. anti-sense gene
1 intergene
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11
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position (Mpb)




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

Human genes Mouse genes

4 CpG-poor | CpG-rich 4 CpG-poor | CpG-rich

Frequency
0.00 0.02 0.04 0.06 0.08
|
Frequency
0.00 0.02 0.04 0.06 0.08
1

0 0.5 1 0 0.5 1
CpG enrichment at promoter CpG enrichment at promoter

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

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




CpG-rich genes are over-represented Skew domain border

around skew domains borders -$~
) <=

CpG-rich CpG-poor

' 1
Center  skew domains of increasing size ~ Center



Gene density (nb/Mbp)
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Open chromatin regions
around N-domain borders
have a characteristic size
~300kbp
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A Crosslink DNA Cut with Fill ends Ligate Purify and shear DNA;  Sequence using
restriction and mark pull down biotin paired-ends

enzyme with biotin

AAGCTT
TTCGAA
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Replication domains are self-interacting structural units




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