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Inference of the cis-regulatory code... Why?

La part créative de I'évolution biochimique ne se fait pas a partir de rien. Elle
consiste a faire du neuf avec du vieux. (F. Jacob)
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Transcription regulation
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Structure of the cis-regulatory code

M. Calleja et al. / Gene 292 (2002) 1-12
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Each sensory organ develops from a single multipotent
progenitor cells via a stereotyped lineage

15 © 49 APF
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precursor cells
(SOPs)
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In silico determination of a priori unknown cis-
regulatory motifs

® Why?
General issues
- regulation at the transcriptional level
- small quantity of biological materials + heterogeneous

Specific advantages
- 12 Drosophila genomes
- 8 SOPs enhancers have been characterized, many remain to be determined

- 9 SOP-specific TF are known
- experimental test in vivo is feasible with a reasonable investment of

resources
® How?
~ Search for over-represented motifs in a set of characterized enhancers and
homologous fragments from other Drosophila species
- Use these motifs to look for new SOP-specific enhancers within the D.
melanogaster genome
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General idea of the approach

Training set Homologous sequences

D. melanogaster CRMs * in the other 11 Drosophilae
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Representation of DNA binding: PWMs and motifs

a
Site 1 A c c A A A T A A c A
Site 2 A c c A A A T A A c A
Site3| T A c T A T A A A A A
Site4| T A c T A T A A A A A
Site5| T c c A A A A T T c
Site6| C A A c T A T c T T c
Site7| C A A c T A T c T T c
Site8| C T c c T T A c A T c
T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Source binding sites
b
B R M C W A W H R W B M
Consensus sequence
€ Position frequency matrix (PFM)
1 2 3 4 5 6 7 8 9 10 11 12 13 14
A|l O 4 4 0 3 7 4 3 5 4 2 0 0 4
c 3 0 4 8 0 0 0 3 0 0 0 0 2 4
G| 2 3 0 0 0 0 0 0 1 0 6 8 5 0
T| 3 1 0 0 5 1 4 2 2 4 0 0 1 0

d Position weight matrix (PWM)
A |-193 079 0.79 -1.93 0.45

1.50 0.79 045 1.07 0.79 0.00 -1.93 -1.93 0.79

c
G
T

0.45 -1.93 0.79

1.68 -1.93

-1.93 -1.93 045 -1.93 -1.93 -1.93 -1.93

0.00 0.45 -1.93 -1.93 -1.93
0.15 0.66 -1.93 -1.93

-1.93 -1.93 -1.93 0.66 -1.93

1.30

1.68

1.07r 066 0.79 0.00 0.00 0.79 -1.93 -1.93

0.00 0.79
1.07 -1.93
-0.66 -1.93

e Si

Bits
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In silico determination of motifs and modules

i) Known PWMs, difficult task:
-binding alone does not predict functional importance (Wasserman’s « futility theorem »)
-need to take into account other informations :

clustering of binding sites, conservation,.....

ii) PWMs unknown, even more difficult task:
-need a training set

- use the statistics of small sequences on the training set to distinguish regulatory
modules from background
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Motif discovery takes into account the evolutionary distance

CATCCGAATTCTACRTACGGTCGGAATGC melanogaster
CGCAAGAATGTTACRTAC-GGTC-GTATG Simulans
GCCAAC--TCCTQGRTACGGTCACGATGC pseudoobscura

C————- TCTTCTQCRTACTGTCG---AAC mojavensis
2.0
§2 ] C D. simulans O N .
510 :TCT C AT ACT . sechellis O C close species:
)28 Bl A e ADTs D. melanogaster ¢ approx. 1 observation
5 10 ter subgroup D. yakuba O y
melanogaster group D. erects O
D. ananassae O
Sophophor obscura group é Z: ::::::gum O | |
wilistoni group o G distant species:
. willistoni O a .
o Faplela o D. mojavensis O approx. 2 observations
i E - D. virilis O
vinks group §
D. grimshawi O CI
Hawaiian drosophila

« Les mouches d’aujourd’hui ne sont plus les mémes que les mouches d’autrefois... »
R Queneau
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Motif discovery
step 1: creation of a list of PWMs, i.e. motifs

Current starting site
.AGACCTGCAGACTIGGA...

Training
enhancer 1

D. mel
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Motif discovery
step 1: creation of a list of PWMs, i.e. motifs

Current starting site
D. melanogaster AGACCTGCAGACTIGGA...

Approximative first
2,0 PWM
CCT CA ACT /

TTATTTTTTA

D. mel Training
enhancer 1
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Motif discovery
step 1: creation of a list of PWMs, i.e. motifs

Current starting site
D. melanogaster AGACCTGCAGACTIGGA...

Approximative first
2,0 PWM
CCT CA ACT /

TTATTTTTTA

D. mers ‘|/ o

D. sim—- - Training

D. grim><——= enhancer 1
D. mel ..

D. sim—- - Training

D. grim— enhancer n

High selectivity imposed by a high score threshold, i.e. set to recognize
0.1-0.5 sites per 10 kb depending on sequence composition
Scanning is done on both strands of the chromosomes.
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Defining evolutionarily related groups

virilis
1Mojavensis
grimshawi
willistoni
rpseudoobscura
I—persimilis
ananassae
yakuba
_—erecta
—melanogaster
{sechellia
—0.1 simulans
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Motif discovery
step 1: creation of a list of PWMs, i.e. motifs

Current starting site
D. melanogaster .AGACCTGCAGACTIGGA...

Approximative first
2.0 PWM /
(OO

TTATTITITA

- Training
enhancer 1

- Training
enhancer n

lterative
refinement
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Matrix inference

Columni
A Al melanogaster
A — Al simulans
Ancestor A = |C psgudoob§cura
— |Al mojavensis
Phylogenetic tree

p(w|set of sites) is obtained by Bayes’ theorem

p(w|set of sites) « p(set of sites|w)p(w)

p(setof sites|w) = || p(Si|w)

sites S;
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Matrix inference

Column i

A Al melanogaster
A — simulans
— pseudoobscura
mojavensis

> N >

Ancestor A

Phylogenetic tree

p(Silw) ?
Felsenstein 81 p(B — B/) — 6]53,3/ 4+ (1 — q)wB/

d
cf_eﬂ?<_1/2+4ﬂAjﬂQG>
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A refined model of evolution :

Halpern and Bruno "98

P(A . C) _ papparition(A N C) % pfixation(A . C)



A refined model of evolution :
Halpern and Bruno "98

P(A N C) _ Papparition(A N C) " pfixation(A N C)

] — e % 4s

Kimura "69 Pﬁxation(A — C) = 1 — ¢—4Ns ~ 1 — ¢—4Ns

fawe _ pPN(A - C) g,
waA pfixation(c N A)
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Motif discovery
step 2: filtering and ranking

automatic motif ranking
repeat pruning +
duplicate pruning

Mg

B

ATCTCCQ ) woas W i
ol ST

1. elimination of repeated motifs, i.e. that are distributed in a
very non-poissonian manner in the background set
(10 000 intergenic sequences of 2 kb)
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Motif discovery
step 2: filtering and ordering the list of motifs

automatic motif ranking
repeat pruning +
duplicate pruning

Iy

s TOATA

final motif set

2. elimination of duplicated motifs, i.e. that recognize
largely overlapping sets of sequences
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Proximity between PWMs

motif 2

motif 1

space of 10 bases motifs

P {[S (s,w(l)) > Sth} and [S (SrW(z)) > Sth”

Prox(wl), w?) =2

P{S(s,wll)) > S} +P{S(s,w?) > Sy, }

P{S(w,s) > Sy} =) p(s)O(S(w,s) — Sii)
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Motif discovery
step 2: filtering and ordering the list of motifs

automatic motif ranking
repeat pruning +
duplicate pruning

*AATTATQCAT ?'AATIATCCAT final motf set

Y P A
S o ATl AATTMCCA

M’ ll )

moltlf 3

» 20 (TC
gk A

3. Ranking based on the departure of its distribution in the training set from
Poisson distribution at the density measured in the background set
Both density and clustering contribute to the motif score
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ITraining set

* 14 CRMs (144-2398 nt)
8 known CRMs, previously validated in vivo using reporter assays)
6 new CRMs identified based on their :
- proximity to SOP-specific genes
- sequence conservation within the 12 Drosophila species

—— : P
126298k 26300k 26302k 26304K

R PH4alphaEFB

Tested CRMs (spdoCRM x)

0 0| mim

Conservation signal

sgdo

e 31 conserved genomic fragments (250-1320 nt)

total length: 34,703 nt (0.04% of the repeat-masked non coding DNA)
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motif 1 corresponds to the a2 box

Sy

Proneural gene self-stimulation in neural precursors: an essential
mechanism for sense organ development that is regulated by
Notch signaling

Joaquim Culi and Juan Modolell

5

Genes &_ Dev. 1998 12_: 203(?‘-204_7. o

cpo CRM6 2xm1
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motifs 2 and 4 predict binding sites for proneural bHLH factors

bHLH heterodimers

motif 2
E-box

motif 4 , - C
e 5 Tle

E-box: CAnnTG
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Achaete binding sites cross-correlate with predicted CRMs
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The a2 box / E box combination

motif 1 vs motif 2 motif 1 vs motif 2 control
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Motifs 1 and 2 cross-correlate
In the D. melanogaster genome

; SOP gene

el [—

?

proneural bHLH
activators

Proneural gene self-stimulation in neural precursors: an essential
mechanism for sense organ development that is regulated by
Notch signaling

Joaquim Cull and Juan Modolell
Gonos;_oov. 1998 12_: 2036_-204_7_ o

lundi 17 janvier 2011



Motif 3 may predict binding sites for E(spl) bHLH repressors

non-SOP SOP
proneural proneural
bHLH activators bHLH activators
{2 - - -
T SOP.gene SOP gene
E(spl) bHLH '

repressors
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Motif 5 is novel

spdo CRM4 2xm5

s s
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Conservation of motifs on training set

CG32150 enhancer Neur enhancer

12.5 10.9 106 9.9 96 10.7 13.09.71.1
dMel o ——— — e i - _— dmel_ggm s —s
: 12.5 106 99 96 10.7 13.09.711.1
ASIM s s e e—— ne- s e dsim g o rume - —++

12.5 106 9.9 96 10.7 13.09.711.1
ASEC s s e s — nije- s e dseC_gim i —+s
dyak 12.5 106 99 96 8.0 8.6 7.2 dyak a1 13.09.7

1728 7.0 106 99 96 10.7 13.00.71.1

O A e g - wa—

13.0 72 11.4118.9

dana sjes - el —-

12.1 9.90768.7 13.0 8.5 12.212.7
dpse —SEE - N N B | D] . — - .. dpse

12.1 9.90768.7 13.0 8.5 12.212.7
dper —SEE - N N B | D] . — - .. dper

0.9 12.212.7
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Predicted motifs move within the enhancers
through evolution (in few cases)
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Enhancer prediction

chop the genome detect the conserved
into Tkbp fragments binding sites for
(1 every 50bp) the infered matrices
Genome
| L | |
Set of potential enhancers
| ' N -

® cach fragment is given a score according to the motif over-

representation
B)= ¥ (|t
S(E) = ny(E) In
PWM w Albg)
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Associating enhancers with GO categories

FB2009_04, releasod April 27, 2009

w Fly Ba se A Database of Drosophila Genes & Genomes

Home Tools Files Species Documents Resources News Help Archives jump to Cene Go
D.melanogaster ll—‘JC" o » jr—
<=xr=rmm = ) < o ——— : ’
D.virilis = === X "l 3 ) .——- /',.’
— je—
A.mellifera : )f" > == T \_
BLAST GBrowse QueryBuilder TermLink ImageBrowse
News QuickSearch
e o | o o Species. ® Dmel only Al species Find A Fly Person
Mapped Features RoCgan e | 25 Mar 09 =7 2
2009 Wnte Paper Consutation | 27 Jan 09 Search: © ID/SymboiiName Al text QuickSearch help
6 Nov 08 Data Class: | genes &4

modENCODE Wnte Paper | 22 0t 08
Enter text: Search
Upcoming Meetings
Insect Immunty n acton | 23 May 09
Drosopria Meterochromatn | 25 May 09

Note: Wild cards (*) can be added 10 your search torm

Gene 1l _~ ; E ~ Gene 2 :

Predicted enhancer
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Choosing parameters and first «test».

>
vy

25

20
20

5 motif
prediction

15
|

# matches
15

# SO annotated genes
10

o
T - 13.3 okl
13.6
Tok Oo-
2 4 6 8 10 12 0 1000 2000 3000 4000
# motifs CRM rank

Rouault et al, PNAS 2010

Results obtained with the Felsenstein model
Parameters of the algorithm have be optimized on this criterion
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Lola protein presence CRM20 CRM40

transcriptional repressor
antagonizes Notch in the R3/R4 decision in the eye

Hypothesis: represses Notch target genes in SOPs
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In vivo activity of predicted CRMs

pupal notum (SOPs) larval brain (NBs)

CRM prediction using the 5 top-ranked motifs:
10/29 are expressed only or predominantly in SOPs (3 also in PNCs)
13/29 are expressed in neuroblasts of the larval brain
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Known genes

—

Identitying genes up-regulated in SOPs
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 analysis of expression patterns by in situ hybridization in larval discs
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Available on the web very soon
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Outlooks (ongoing)

® Improve predictions :

Combine in silico data with high-throughput experiments (DamID,
ChIP on chip)

® Role of the identified CRMs/ genes in patterning :
Dynamics of the CRM expression

® Extend this in silico approach to

other stages and / or tissue specific enhancers

other organisms, metazoans (vertebrates)
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