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Introduction

 Pourquoi ?

« Qu'est-ce que l'intégration ?
- Interconnexion
- Fusion
- Médiation
- Modélisation
 Confrontation
« Recoupement



Biologie, mesures, données et connaissances
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Intégration : vers une vue unifiée

« Exploitation des références (croisées)
- Interconnexion
- schéma unifié matérialisé : entrepot
- schéma unifié virtuel : médiateur



Intégration par interconnexion : principe
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SRS [Etzold et al., 1996], Entrez [Schuler et al., 1996], ...



Intégration par fusion ou par médiateurs
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Intégration : vers une vue unifiée

« Exploitation des références (croisées)
- Interconnexion
- schéma unifié matérialisé : entrepot
- schéma unifié virtuel : médiateur

« Modélisation



Intégration par la modélisation : vers la cellule virtuelle

Littérature
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Caractérisation et simulations
 validation

* prédictions

* propriétés émergentes

Virtual Cell [Loew et Schaff, 2001], E-CELL [Tomita et al., 1999],
Cellerator [Shapiro et al., 2003],
MetExplore [Cottret et al., 2010], ...




Intégration : vers une vue unifiée

« Exploitation des références (croisées)
- Interconnexion
- schéma unifié matérialisé : entrepot
- schéma unifié virtuel : médiateur

« Modélisation

« Statistiques



Statistiques
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Intégration : vers une vue unifiée

« Exploitation des références (croisées)
- Interconnexion
- schéma unifié matérialisé : entrepot
- schéma unifié virtuel : médiateur

« Modélisation

« Statistiques

» Confrontation visuelle, exploratoire
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Confrontation visuelle
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Intégration : vers une vue unifiée

« Exploitation des références (croisées)
- Interconnexion
- schéma unifié matérialisé : entrepot
- schéma unifié virutel : médiateur

« Modélisation

« Statistiques

» Confrontation visuelle, exploratoire

« Exploitation de la notion de voisinage
- exploration
- recoupement
- confrontation
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Exploration visuelle de voisinages
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Recoupement de voisinages : approche basée sur les graphes
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Recoupement de voisinages : approche ensembliste
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ABSTRACT

BACKGROUND

Enpeavoun bl
web; this web site is free and open to all users

With the receat in high-throughput tech-
nclogies, mazy orgmisme have scen heir gemomes
reanily, annotated. This

and there is no
for the prioritization of candidate genes. Using
a training set of genes known to be invalved in
a biological process of interest, our appronch
consists of (i inferring several models (based on
various genomic data sources), (i) applying each
model to the candidate genes fo rank those
candidates against the profile of the known genes
and (i) merging the several rankings into a global
ranking of the candidate genes. In the present

leadsto e ;c.mm.. of  large amount of genomic data
reation and maistenance of corresponding
bases, However, converiing genomic data into bio-
owledge to identify genes invobed in a
particular process or discase remams o major chalknge,
Nevertheless, there is much cvidenee o sugecst that
functionally related genes ofien cause similar phenotypes
(1-3). To identify which genes are responsible for which
phenatype, association studies and linkage analyses are
often used, resulting in large lists of candidate genes. In
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Fusion : approche basée sur les graphes
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Approche apprentissage automatique / fusion : dimensions & dissimilarités. Priorisation et clustering
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Recoupement de voisinages : approche ensembliste
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Définitions

« (Identifiants de) gene = ARNm — protéine
« G : ensemble des genes d'un organisme

« Fonction de regroupement : relation entre génes basée
sur un indice de similarité.

« Ensemble de (génes) voisins : ensemble de genes E
G regroupés par une fonction de regroupement.

G e
« Voisinage : sous-ensemble de P(G) formant un ensemble e
d’ensembles de voisins, V' P(G), regroupés par une
méme fonction de regroupement.

V = {E,,E,E5E,EsEs} € P(G)

22
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Représentation d’un voisinage : ordre partiel (poset)

» Un voisinage est un ensemble (d'ensembles de voisins)
ordonné par la relation d’inclusion

- @
AV.V/
higjlabcdefn km

diagramme de Hasse de V

V= {E11E2'E3'E4rE5'E6}



Exemple de fonction de regroupement : complexes protéiques

205 Proteasome
(yeast) closed state

two views  PDE 1JD2

un complexe = un ensemble de proteines
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Exemple de critere de regroupement : voies métaboliques
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une voie metaboliqgue - un ensemble de protéines
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Exemple de critere de regroupement : données d’expression

clustering hiérarchique
des profils

GCV1
RG5Z

DALI1
MRPLA4
MNDZ
STL1
SHC1
SFS100

genes

-4

Conditions expérimentales

un cluster - un ensemble de genes
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Mise en relation des données

e Recherche d’ensembles similaires

ensemble requéte
QcG

Quels sont les
ensembles cibles
qui lui sont similaires ?




Mesure de (dis)similarité

»  Loi hypergéometrique : probabilité d’avoir au moins le nombre d’élements
communs observeé entre 2 échantillons issus d’'une méme population

min(q,t) (;{ xg:ll;)
p—valeur(c,t,q,g) = Z Tqu
k=c q

avec
= |G| : taille de la population

|Q| : taille de I'ensemble requéte
|T| : taille de I'ensemble cible

|Q N T| : nombre d’éléments communs

.

g
* q
t
C

¢

e Autres mesures :
+ Loi binomiale
* X2
+ ratio, pourcentage



Mise en relation des données

« Recherche d’'ensembles similaires

ensemble requéte
QcG

Quels sont les
ensembles cibles
qui lui sont similaires ?
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Tests multiples et significativité des p-valeurs *

» Probabilité d’obtenir une
ﬁ-valeur aussi faible par
asard : fonction de
répartition des p-valeurs
minimales
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=)
a

f 0,0002

! I I I I I
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n=500, =9, g=5786, KEGG Pathways

0.0
|

y

RandomSet_n, minPi = Mn

Etant donnée une p-valeur p
Combien ont un meilleur score ?

[Barriot et al. 2004]



Significativité des p-valeurs obtenues

proportion d’ensembles requétes aléatoires

ayant une p-valeur < x
0.1 0.g 0.3 0.4 0.5

o.o

0.30
|

0.20
|

0.00
|

| | | | |
0.0000 0.0005 0.0010 0.0015 0.0020

proportion d’ensembles requétes aléatoires
ayant une p-valeur < x
0.10
|

X = p-valeur

I I I I I
0.00 0.01 0.0z 0.03 (.04

X = p-valeur
Saccharomyces cerevisiae

n=500, g=6-9-200-500-1000,
g=5786, KEGG Pathways

0.03

Saccharomyces cerevisiae
n=500, g=50, g=5786,
—— GO molecular function,
--- Fereaetal., 1999
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Complex 440.30.10 mRNA splicing 32

R

i e Target Common e e e
GO Term Description size elements - —_ ~~.
= . N
G0:0000398 nuclear mRNA splicing, via spliceosome 84 33 e -7 GO:0008152 (34/2465) ‘\
’, \
. RNA splicing, via transesterification reactions with s, l \
T bulged adenosine as nucleophile o 3| \
I GO:0044238 (34/2191) G0:0044237 (34/2407) \
G0:0000375 RNA splicing, via transesterification reactions 88 33 \\ \\
N
G0:0008380 RNA splicing 99 33 Seo \A/ k
GO:0006397 MRNA processing 108 33 T~ \GO:0006139 (34/1057) G0:0042283 (34/812)
G0:0016071 mRNA metabolism 132 33
| G0:0006396  RNA processing 262 341
o . ! \
: G0:0016070 RNA metabolism 360 34 : G0:0000375 (33/88)
1 GO:0043283 biopolymer metabolism 812 34 1 \ /
1 . . L ! G0:0016071 (33/132) ' G0:0006396 (34/262) 7/
I GO:0006139 nucleobase, nucleoside, nucleotide and nucleic acid 1057 34 ! N _-7
e metabolism | -
1 . . |
| G0:0044238 primary metabolism 2191 34 : G0:0000377 (33/84) G0:0006397 (33/108)
: G0:0044237 cellular metabolism 2407 34 \/
I N Ty [ e
' G0:0008152 metabolism 2465 34 g
!:.:..:.:..:..—...:..—...:..—...:..—...:..—...:.:..:.:..:.:..:.r..:.r..:.:..:.:..:..—...:..—...:..—...:..—...:..—...:.:..:.:..:.:..:: G0:0000398 (33/84) & G0:0006461 (5/61)
: G0:0000245 spliceosome assembly 10 5 : "
G0:0006461 protein complex assembly 61 5 - /
G0:0006374 nuclear mRNA splicing via U2-type splicecosome 8 8 CEAREEED (=) 5_:G0:0000245 (5/10)
G0:0000391 U2-type spliceosome dissembly 2 2 G0:0006374 (8/8) S W -
G0:0000390 spliceosome dissembly 2 2 G0:0000393 (3/3)
G0:0000370 U2-type nuclear mRNA branch site recognition 2 2
G0:0000348 (2/2
G0:0000348 nuclear mRNA branch site recognition 2 2 iz
GO0:0000391 (2/2)
_Gom3_sph£ensnmaunn£anmananaLchang.es_m_genezale 3 3

catalytic conformation GO0:0000370 (2/2)




Optimisations

higjlabcdefnkm

Hasse diagram of N

N = {51,55,53,54,55,56}

a target set T is pertinent if
OnT=0Q
and
AT €ENsuchthatT'cTandT'nQ=TnQ0
and
AT €NsuchthatTc T 'andT ' -Q=T-0
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Pertinence definition

34

* Q a non empty query set
* N a neighborhood

N; N;
atargetset T &N Yy Y
T pertinent if = {abx) .= {a,bxy)
QNTzQ T,={a,b} Ts={a,b,x}
and Y/ N
AT’ NsuchthatT' TandT7'nQ=TnQ [ 1,-@ T, ={ax)
and o '
AT NsuchthatT T’andT'-Q=T-Q
Q={a,b,e}
Q ={a,b}
L ¢ c
Local decision =¢ ¢ d G f
| _
c=TnQ
c| >0 d=T-Q
dl < min({dparents}) [=c d
c '=c
Cl > max({cchildren}) d g,zdc 4 d

[Barriot, Dutour, Sherman, 2007, BMC Bioinformatics]



I[lustration

« Pertinence des comparaisons & redondance des résultats

similarité décroissante

ensemble requéte :

genes d'intérét

{b,d,e}

résultats

ensembles cibles
similaires

{b,c,d,e}

RNA splicing

{a,b,c,d,e}

RNA processing

{b,c,d,e,f,g}

MRNA metabolic process

comparaisons ensembles cibles

AN RNA metabolic
DN T process
VN T {a,b,c,d,e f,g}

\ \ /
\ AY
\ \
\ AY

. 4 RNAprocessing mMRNA metabolic

process
................ {b,cdefg}

““““ =
1

MRNA
{b,c,éd,e} modification

()

regulation of d nuclear mRNA
RNA splicing

splicing f
{b,c}

Ta) \ RNAsplicing | [ oo
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A small portion of the DAG is searched

up to millions of target sets
in the DAG of the neighborhood

A

sets having common
elements and that
have bad p-values

/'sets having no common
elements are not
interesting

sets having
~~ common elements and

" that may have good p-values

N
query elements

——
thousands of elements (genes or proteins)
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Complex 440.30.10 mRNA splicing 37

R
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G0:0000391 U2-type spliceosome dissembly 2 2 GO:0006374 (8/8) | \ .\ e -
G0:0000390 spliceosome dissembly 2 2 G0:0000393 (3/3)
G0:0000370 U2-type nuclear mRNA branch site recognition 2 2
. L G0:0000348 (2/2)
G0:0000348 nuclear mRNA branch site recognition 2 2
GO0:0000391 (2/2)
_Gom3_sphcensnmaunn£anmananaLchang.es_m_genﬂale 3 3

‘ catalytic conformation GO:0000370 (2/2)




Autre approche pour la visualisation et l'interprétation des résultats

* 134 GO Terms, p-value < 0.1 (no FDR)

- 63 BP, 19 CC, 52 MF

2 »

(90 q
GO:0009060 2.40863488950467E-05 BP: aerohic respiration
GO:0003333 0.066449205854714 BP: aming acid transmembrane transport
GO:0006865 0.052296588628331 BP: amino acid transport
GO:0042891 0.028532161108969 BP: antibiotic transport
GO:0015986 0.099101977694913 BP: ATP synthesis coupled protan transport
GO:0043213 0.003995472333092 BP: bacteriocin transport
GO:0015803 0.003995472333092 BP: branched-chain amino acid transport
G0O:0051301 0.007038015937826 BP: cell division
G0O:0048870 0.028532161108969 BP: cell motility
GO:0045454 0.052296588628331 BP: cell redox homeostasis
GO:0071237 0.005053643900752 BP: cellular response to bacteriocin
GO:0071280 0.099101977694913 BP: cellular response to copper ion
GO:0071470 0.039728901461296 BP: cellular response to osmotic siress
GO:0034614 0.099101977694913 BP: cellular response to reactive oxygen species
GO:0071292 0.099101977694913 BP: cellular response to silver ion
G0:0009992 0.039728901461296 BP: cellular water homeostasis
G0:0042914 0.099101977694913 BP: colicin transport
G0:1803712 0.002401639427418 BP: cysteine transmembrane transport
GO:0042883 0.001277327190964 BP: cysieine transport
GO:0048473 0.000559823205814 BP: D-methionine transport
GO:0006353 0.099101977694913 BP: DNA-templated transcription, termination
GO:0015990 0.008780962317314 BP: electron transport coupled proton transport
GO:0009246 0.080891352640116 BP: enterobacterial common antigen biosynthetic process
G0:1903716 0.099101977694913 BP: guanine transmembrane transport
G0O:0015886 0.039728901461296 BP: heme transport
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Treemap visualisation

* 134 GO Terms, p-value < 0.1 (no FDR)
- 63 BP, 19 CC, 52 MF

REVIGO [Supek et al., 2011]




REVIGO scatterplot

J Scatterplot & Tab!ﬂ[ Interactive GraphT TreeMap 7
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Similarité entre Termes GO

« Node/term information content
IC(term) = —log p(term) with p(term)= freq(term)
* MICA(t;,t;): Maximum Information Common Ancestor

MICA(t,,t,) =argmax IC(t,),t, € ancestors(t,,t,)

* SiM,ec(ty,t,) = IC(MICA(t,t,)) [Resnik, 1995]

e Simy;,(t1,6;)= IC(MICA(t;,t,))/(IC(t;)+IC(t;)) rLin, 1998]

IC(0)
IC(0)

Zte{GO(tl)mGO(tz)

* simy,, (fl,tz) = [Pesquita et al., 2008]

Zte{GO(tl)uGO(tz)



REVIGO interactive graph

[ Scatterplot &Tab[e.:" Interactive Graphj TreeMap 1

Run CﬂmEin Java web start

Download Cﬂmg XGMML file for offline use
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Further optimizations (1/2)

e each node has only 1 parent

* Algorithm
- parses the input with a
stack of stacks at the time
it is loaded
- O(|G]) time
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Further optimizations (2/2)

« DAG is implicit, e.q.
adjacent genes on the
chromosome:

+ store the genes order
o 6(|G{) space instead of
O(|G|?)

» each pair of genes
defines an interval
which defines a set

* requires a specific
algorithm

+ O(|Q]?) time

implicit
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Context
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Set of genes of interest
Examples

¢

¢

¢

Differentially expressed genes

Co-expressed genes

Tissue specific genes
Partners of a protein complex
Imprinted genes

1 2 3 a 5 6 7 8
T I. " He He | i B | | l- I ‘l ‘I = 0 |
- 1" B I- N - | I. l. I. l- '- I- = l. I. I. T <
T S =T
HTH BN |l I- = II S Ho |l = o | II = II o :: =
- |
|

. I- I. I. :- I
~ = = Il = '
= — - —
. o g i T B -- ="
- = W = i il = [
2 T . — im
.-.-.-,_'-!I "'-'-I.l-luln..m‘ e
I.l N ™ e == X
'- TH e ll I. Rl Nt = i
T o o | L B =
| BT |. |.
|| N = i e =
N -
Iy I I. Il T I. |. I. T N r= 5 I.
e HL l- In T ! | I = I
II NS Wy = = ]
o I-
. il Il ] | = Il = 1.
|- T I. I. I- — I. l- I. I- T
- l- T H™ I. e Imm -
I .
I- 1l | .- ] | I. 11| .- . IH = T
I. [T I T Bl - e
I-
II L] eI — L]
= | TR
II -- .
[ 1| 4
Il | ’
| |
— |. o | '- |
=HERT LS
v ] |
i g 1w
I. I. .- I. =
L}
| B T
= - -
L M|
m I

I. i |
4
J

- Question: Do those genes surprisingly cluster in the genome?

Goal: consider every possible region for enrichment
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Down Syndrome differentially expressed genes

Experiment:

Published list of differentially expressed genes in Down syndrome patients from Mao, R., C.L.
Zielke, H.R. Zielke, and J. Pevsner, Global up-regulation of chromosome 21 gene expression in the
developing Down syndrome brain (2003) Genomics 81: 457-467.

1 % enriched 2 % enriched 3 % enriched 4 % enriched 5 % enriched 6 % enriched 7 % aflrich.e:l
-Z) 50 100 0 L] 100 -ZJ 100 0 50 1080 -I) 50 100 0 50 100 -IJ 50 100 Issue S.
= — — = ~ B = « Number of
. — = = X & = T regions to test
= E 0.8 = = - = - "
E = = - = — = - False positives
= = = = - = C
= = = > s Redundancy
= = £
Enrichment measure;: Hypergeometric distribution §
Multiple testing adjustment: False Discovery Rate (FDR) =
w,
_ Seniiched 11 %5 eniched 19 % enriched 20 _ Senriched % enriched % enriched

E;Z ;

CLTINEED

LANINESED ~



Pertinent Regions

A region is pertinent if it is:
* bounded by genes of interests
* the largest, when genes of interest are consecutive

R BN ST U

47
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Down Syndrome (minP;) "

Query Unmapped IDs Raw Results BED Chromosomes view Make another query

RESULTS SUMMARY:

Mapped Ids: 148 Unmapped Ids: 7 Regions found: 263 p-value adjustment: minPi
Significance threshold: 0.05 Reference dataset: houi33a

To view in a genome browser (e.g. Ensembl or UCSC), you can copy & paste the datain the
BED tab in order to 'upload your data'in the genome browser. You can also access the same

data at this address. Clicking on a region will direct you to Ensembl genome browser with a
track PGE.

Scale factor; 0.3 Axis width; 420 (in pixels) Plot what; | %eniched  [+][ Refresh |

% ennched

[ =]

21
a T 14 21 s 36 43 50 57 &4 7l ] 23 130
-?'L.” o
= s - 3
= | ™ L [ ] = -

Online Manual | Reguest {for example for a reference dataset) or report a problem | Download PGE script

.
L

Large regions tend to have smaller p-values while small regions tend to have higher
percentage of enrichment

- A smaller region included in a more significant one is pertinent if it has a much higher
percentage of genes of interests (>50%)
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Down Syndrome d.e.g. Final Results

Query Unmapped IDs Raw Results BED Chromosomes view | Make another query

RESULTS SUMMARY:
Mapped Ids: 148 Unmapped Ids: 7 Regions found: 6 p-value adjustment: minPi
Significance threshold: 0.05 Reference dataset: hou133a

Scale factor: ‘I Axis width: 300 ' (in pixels) Plot what: ‘Fu enriched B

| Refresh |

o % enniched s gun BB __ | p-value: 7.87E-10

el i el e e el T p-valueg;t <0.002
012 Score: 91.039
pll2 Scoregq4;: INF

Common elements: 6 /7 14 (43%)
I _ Overlaping regions: 1

qZl1 _--" Start of region: 37 359 546 bp
g21.2 -7 End of region: 40 223 183 bp
::i; ,,/’ Genes:
Lk G),,"’ : DSCR2, DYRK1A, PCP4, PIGP, SH3BGR
4223 3 5 WRB




Défis actuels 50

. G0:0016070
G0:0000375 /\
/\ G0:0016071 G0:0006396

\
G0:0000377 G0:0006397

\/

G0:0000398 G0:0006461

/

G0:0000245

G0:0000390

G0:0006374
G0:0000393

G0:0000348
G0:0000391
G0:0000370

base de données
de voisinages :
ensembles cibles

Ensembles
requétes



Analyse de données d’expression

Complex | Complex 1 Complex 1l Complex ¥ Complex ¥
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[Ferea et al., 1999] [Kanehisa & Goto, 2000]
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Tendances

Extraction de sous-graphe pertinent & visualisation

ldée :
« Grands graphes d’interactions
physiques et/ou fonctionnelles

* Visualiser les relations entre genes
d'intérét

Genes ayant la méme annotation ~ Marche aléatoire : Surreprésentation :
ex : interaction with host pondération des arcs sous-graphe pertinent

Visualisation du sous graphe
expliguant le mieux ce qui lie
les genes d'intérét



Intégration de données hétérogenes
Priorisation

Master 2

Bioinformatique et Biologie des Systemes
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Candidate gene prioritization by genomic data fusion

global
results

On

Observation: more and more post-genomic data available
Paradox: more difficult to select the best candidates
Goal: objective and comprehensive evaluation of candidates

[ ]
w
O

Xpr, €ss;

S .o
= 5
~y
S &g
o~
s S

reg ula tion

[ )
O
S
o @©
= §
3 o

data sources
phylogenetic
profiles ,
/4
prioritization

v

domains

I

candidate genes
[Aerts et al. 2006]

expression

interactions
v/

I I \I
S

training
genes
a

nnotations
o |



Exploitation des données disponibles

modeéles

séguences

domaines
régulation

annotations

interactions

expression

candidats

. 4
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Gene expression

normalized

expression 15 -
/ Y

o median(array)
1.4 5

1.3 4

W
1.0 4 ,

0.9

0.8

10 20 30 40 50 &0 70 a0 a0

—4-RBSA @ RBSC-®-RBSB arrays

* a gene: set of expression values in various experimental conditions

* a pair of genes: dissimilarity index based on Pearson’s correlation
coefficient

e score : average dissimilarity

h gene pairwise dissimilarity matrix
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Gene expression illustration

* training: rbsA, rbsB, rbsC in E. coli K-12

1.5 3

01870 1 0.0002467 14 ]
0.2695 2 0.0004934 |
03288 3 0.0007401:3
03514 4 0.0009868

0.3537 5 0.001234 “°
03551 6 0.001480 °
03670 7 0.001727 4
0.3679 8 0.001974
03841 9 0002220 °
0.3850 10 0.002467 os-
03933 11 0.002714

0.3

10 20 30 40 50

—+EB5A —+ EBSC - EBSE 8- EBSK



Phylogenetic profiles

training: rbsA, rbsB, rbsC

EcoEMALE - ] T TR LT TR LTI candidate | sc

EcoERESD - 1] AERRORRRRRRNNRNNERRNEE DRERUNARRRRRRREE MONL [T 0.6304 1

Ecole.RESK -| B SERRRRRRRRRRRNRRRRRREE RRRRRRRRRRRRRNRRRREN] [P 07274 9
EcolERBSE - » # | CEEERTE R NENENRNNE RREREERRERRRERENRNNND

EcolERBSC - | ERRRRRRNRRRRNNNRNNRNEE DRNRRRRRNNRRRNRRRRNY) Ry 07280 3

EcolE.RBSA ] i NERRRND RRRRERERERERRRRRERRERN CPCYTR 0.7285 4

: : . 0.7416 5

. 07472 6

Shizella Shigella Shigella Shigella Sodalis Sodalis 0.7475 7

[ clys:;teﬁae . dyf:ﬂteriae |boyg§ﬁ . boygdeii | glossinidius - glossinidius ?:de“a ?:im"’“e“a | f;"’t"‘ 0.7456 8

Iso Ot Izo Ot Iso Ort 0.7533 g

0.7536 10

0.7560 11

* a gene: presence/absence of orthologs 1:1 in other

genomes

« pair of genes: dissimilarity index based on the Jaccard

Index
e score: average dissimilarity

b gene pairwise dissimilarity matrix

rank ratio

0.000236%
0.0004739
0.0007108
0.0009475
0.001185
0.001422
0.001659
0.0015%
0.002132
0.002369
0.002606
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Phylogenetic data

« Phylogenetic profiles

* gene pairwise distance matrix computation
- Hypothesis: genes located near each other in a set of genomes are likely to be
functionaly related
- g, and g,’ orthologs 1:1 of gene; and gene, in another genome i
- Probability that the distance D, is smaller than the observed distance d,

2d;
N; — 1

pi=Pr(D; <d;) =

- For a set of M other genomes M
d=Pr(D; <d,.... Dy <dp)=]]pi
1=1

- M depends on the pair of genes considered

- d not comparable between genes (e.g. 0.16=106 vs. 0.520=9.5 107)

- normalization: log transformation, z-score, average of distance matrix and its
transpose



Phylogenetic data: genome selection o

« Reference genomes should not be too evolutionary close to the genome of interest
« Reference genomes should not be redundant in order not to introduce biases

* Need to estimate the relevance of a genome with respect to
- A genome of interest: is it not too closely related? is it informative?
- A set of already selected reference genomes: redundancy vs. additional signal

« Parameters
- Rearrangements
- Significance of genes proximity on the chromosome
- Core genome size
- Maximize the coverage of the genome of interest



Annotations - Gene Ontology

Approaches:

« gene-term matrix: distance between rows

- manhattan/euclidean, Jaccard, ...

but: same weight for each GO-term

« based on GO-term similarity

- adapt weight to information content

gene 1

gene n

~

A& ©,

|

<
&
v

v/

7 —

W

gene x term matrix

gene pairwise dissimilarity matrix
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Similarité entre Termes GO

« Node/term information content
IC(term) = —log p(term) with p(term)= freq(term)
* MICA(t;,t;): Maximum Information Common Ancestor

MICA(t,,t,) =argmax IC(t,),t, € ancestors(t,,t,)

* SiM,ec(ty,t,) = IC(MICA(t,t,)) [Resnik, 1995]

e Simy;,(t1,t;)= IC(MICA(t,,t,))/(IC(t;)+IC(t;)) 1L, 1998]

IC(0)
IC(0)

Zte{GO(tl)mGO(tz)

© simg (1),1,) = [Pesquita et al., 2008]

Zte{GO(tl)uGO(tz)



Simimlarité entre genes basée sur la similarité entre termes GO

Possibilités :

« Similarité moyenne des termes communs au 2 genes
« Similarité maximale, ex : t;-t3

- Best Match Average (bma), ex : ave(t;-t;, t,-ts)

Similarité :
Resnik, Lin, gic, ...

gene 1 gene 2

h gene pairwise dissimilarity matrix
Application :

 Performances Iégerement meilleures obtenues que les autres
avec la combinaison Resnik + similarité maximale

« a confirmer sur d'autres jeux de données ou d'autres
contextes




Interactions

« all pairs shortest path

* a pair of gene:

shortest path length
e score: average distance

training: rbsA, rbsB, rbsC

score | rank |rank ratio

candidate

EE N

=1 Rl
11 1

EEEREE

1.000
1.000
1.000
1.333
1.333

1333

1.667
1.667
1.667
1.667

L1 IS R R R

10.5
10.5
10.5
10.5

0.0005136
0.0005136
0.0005136
0.001254
0.001254
0.001254
0.0026%96
0.002696
0.002696
0.0026%

from STRING
http://string-db.org
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Candidate gene prioritization by genomic data fusion

global
results

On

Observation: more and more post-genomic data available
Paradox: more difficult to select the best candidates
Goal: objective and comprehensive evaluation of candidates
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data sources
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v

domains

I

candidate genes
[Aerts et al. 2006]
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Weighted fusion through linear discriminant analysis

* Principles
prioritize the candidate genes and including the training genes

consider each data source as a measure for classification with classes:
training/candidate

perform discriminant analysis to weigh and separate training genes from
background (candidates)

< s e °° dimension weight
. candidates variable 1 -0.1307346
: L I variable2  -0.7031850
'g ) training
= candidates training

| | | |
100 110 120 130

variable 1



Application to E. coli alsA system: alsA, alsB, alsC

GEO
5| i
Data o) 1
source g ‘\E'SSSEQ 2
EXpre55i0n e Gene Ontology 0':2 0':4 0':6 0':8 =
oL and l‘| 0 =
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0 r(]tGoelggy) 4.7 200_5 Phylogenetic ™ i ™ & 1
s L I I I I i
w0 Ih i
5 4
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(SB




Application to E. coli ynjD system: ynjB, ynjC, ynjD

Data
source

Expression

1.3
(geo)
Annotations 34
(Gene Ontology) '
Phylogenetic 17.4
Interactions 6.6

(string)

GEO
6 L - | =
4 ]
7 k= 2}
ok _
JND
c
Wi
i * o --_-I. EEE i [ ] i
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s L 1 I | | 2
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51 N
s 2
jc
i)
= ae —I B SIS RS & i i i
0 Phylogenetic 04 06 08 10
5L | | | i
10 | i
51 i
i JNID = A 7
oNJC
JMB
. . [ ] : [ ] . =t ——— -
0.0 STRING 0.4 0.6 0.8 10
15 F T T T 3
10 | —
5 |- _
# D |
s
B
-I_ - e - i i j
S0 FUSION 0.2 04 0.6 0.8 1.0
15 T T
10 | |
51 i
ol P R = ]
JNJD
c
ane ¥
[ ] [ ] [ ]
| | | 1 1
-20 0 20 40 60 80 100



Evaluation methodology 69

 Leave-one-out cross validation (LOOCV)

known genes % leave one out
for testin ,
r " How well does it rank?
_j# e.g. rank ratio = 2/8 = 0.25
= .

- ROC curve
« for each manually curated ABC > 8-
system = o - AUC: x%
perform LOOCV on each gene: rank ratio TR
plot Receiver Operating Characteristic ST T T T
- (ROC) curve and consider 100 6?. _40 20 0
. Area Under the Curve (AUC) Specificity (%)

rank 1st rank last



Evaluation: global results

80% of the left out
genes rank in the top

5%
Gold standard fusion , tests: 14450
» ABCdb, manually curated o |
ABC systems: S z
53% of the left 2 © ]
- 135 genomes out genes rank % o | }_/,»-"”311(3193-1%
. 14,450 genes L+ 5 N
o
. 4,586 ABC systems o AUC:
o4V 93.1%

I I I I
100 60 40 20 O

Specificity (%)
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Prioritization for functional inference

71

Crganism Escherichia coli ( strain K12 )
External Links [ UNIPROT 1[ NCBI ]
Taxonomic Lineage = Bacteria = Proteobacteria = Gammaproteobacteria = Enterobacteriales = Enterobacteriaceae
> Escherichia > bschierichia eoli = Brgll
Strain Name K12
ABCdb identifier EcolE
Chromosomes EcolEOL
Hide Hide |
Assembly NBD MsD SBP Class
IR
Protein Domain  Subfamily TCdb
o SBP S laa 3.A.1.2.1 Ribose porter (RbsC has 10 TMSs with N- and C-termini in the cytoplasm (Stewart and
EcolE01.RBSB Hermodson, 2003))
' § MSD M laa 3.A.1.2.1 Ribose porter (RbsC has 10 TMSs with M- and C-termini in the cytoplasm (Stewart and

EcolEO1.RBSC

Hermodson, 2003))

N NBD-NBD MN_laN&M_laC 3.A.1.2.1 Ribose porter (RbsC has 10 TMSs with M- and C-termini in the cytoplasm (Stewart and

EcolE01.RBSA

Hermodson, 2003))

from ABCdb
http://www-abcdb.biotoul.fr
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Prioritization for functional inference

| Hide Hide |
Run prioritization.
Show [ 10 |2 | entries Search: [ ]
Global pathways string transcriptome \ . y interactome

kank results (fusion) {fusion) (fusion) phylegsmstic proties EcalE go \fumion) EcolE

1 D-ribose pyranase

A Ribokinase

2 SBP of maltose/maltodextrin/maltoologisaccharide ABC transporter

4 PEOCE | Deoxyribose-phosphate aldolase

> RBSRI | Ribose operon repressor

0.001

? Uridine phosphorylase

! | NBD of galactose/glucose (methyl galactoside) ABC transporter (same
siithfamilv)

B Chromosome partition protein mukF

9

CITT (2056) XYLF (9) UCPA (9) CPDB (9) 'UDP (34)
5:-1. RR: 1 5.0, RR: 0.002 S:0.003, RR: 0.002 S:0.753, RR: 0.002 5: 1.5, RR: 0.000




Extension of the method to data poor organisms

— data poor organism

& . _'

2 g o F i

K} < C O - :

data source(s prioritization(s) & SES§ tii

" phylogenetic —

“[ . profiles .

training candidate genes |

. - L | P

genes : . E

; : e
.......... e eeerespennnmnnn————

4-"'-

o
*
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Performances: using other organisms data through orthology

O rg a n iS m S : # ABC genes AUC (%) data sources
B . SUb tilis, E, COIi, P_ Actinobacteria Streptomyces coelicolor 434 93

Thermotogales .
[ Thermotoga maritima 170 95.3
Chl dial
aeruglnosa amyciates Chlamydia trachomatis 31 89.8
192 ABC Systems 635 genes Mycoplasma Mycoplasma gallisepticum 47 82.4
, [ Mycoplasma |
Mycoplasma genitalium 36 74.8
Epsilonproteobacteria Helicobacter pylori 42 90.7
Betaproteobacteria Nitrosomonas europaea 76 98
fUSIOrl s'“gle Orgamsm ———  Pseudomonas aeruginosa 285 999
S tests:635 | Coxiella burnetii 37 97.8
7] G teobacteri
- AMmeproteomecere Escherichia coli 216 99.9
o — 510 rank st Protecbacteria
o 591 5th Salmonella enterica 198 98.4
o = i
."? © Enterobacteriaceae Shigella flexneri 192 993
2 AUG: 99.9% o 1o 900
2 - Alphaproteobacteria [ Bradyrhizobium japonicum 619 .
. |— .
% 8 _ AUC ostridia Anaplasma marginale 18 96.2
99 9% Bacteria ostridiates Clostridium perfringens 141 927
o - .
T 1T T T 1 Firmicutes streptococcaceae Streptococcus pneumoniae 163  96.7
100 60 20 0 Bacillales Staphylococcus aureus 145 98.3
AT Bacillus subtilis 208 99.9
Specificity (%)
fusion Cyanobacteria | Nostoc sp. 234 96
test 635 Synechocystis sp. 132 96
eslis:
8 — Thermofilum pendens 141 89.9
—
= _ 524 rank s Crenarchaeota Metallosphaera sedula 60 812
o~
; o 600 </bth Aeropyrum pernix 104 90.4
S © 7] Thaumarchaeota Nitrosopumilus maritimus 33 90.2
2 AUC: 99.9% P :
& 7] Methanocaldococcus jannaschii 40 95
@ AUC:
()] 8 = - Archaea Thermococcus onnurineus 65 90.6
%
o - 999 0 Halobacterium sp. 83 93
I | | I I I Euryarchaeota Methanosphaera stadtmanae 35 96.5
100 60 20 0 Candidatus Methanoregula boonei 83 93.4

Specificity (%) MW{: Methanosarcina mazei 119 919



Performances: using other organisms data through orthology

Bacteria

Actinobacteria

Thermotogales

Chlamydiales
Mycoplasma
Epsilonproteobacteria
Betaproteobacteria
Gammaproteobacteria
Proteobacteria
Enterobacteriaceae
Alphaproteobacteria
Clostridiales
N Streptococcaceae
Firmicutes
Bacillales
Cyanobacteria

Streptomyces coelicolor
Thermotoga maritima
Chlamydia trachomatis
Mycoplasma gallisepticum
Mycoplasma genitalium
Helicobacter pylori
Nitrosomonas europaea
Pseudomonas aeruginosa
Coxiella burnetii
Escherichia coli
Salmonella enterica
Shigella flexneri
Bradyrhizobium japonicum
Anaplasma marginale
Clostridium perfringens
Streptococcus pneumoniae
Staphylococcus aureus
Bacillus subtilis

Nostoc sp.

Synechocystis sp.

Tharmanfiliim nandanc

# ABC genes

434
170
31
47
36
42
76
285
37
216
198
192
619
18
141
163
145
208
234
132

141

AUC (%) data sources

93

95.3
89.8
82.4
74.8
90.7
98

99.9
97.8
99.9
98.4
99.3
99.9
96.2
92.7
96.7
98.3
99.9
96

96

f2a q
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Base de données orientée graphe (Graph databases)

* Principes
- Représenter les données en tant qu’objets reliés par des
relations
- Chaque objet ou relation peut avoir des attributs qui lui sont
propres
- Développement d'un langage de manipulation et de requéte

IS_ORTHOLOGOUS
name: - name:

P

EcolA.malE < EcolE.malE
IS_ORTHOLOGOUS

ENCODES

name:
EcolE.malE

Labeled Property Graph

(EcolA.malE:Gene)<-[:IS ORTHOLOGOUS]->(EcolE.malE:Gene)-[:ENCODES]->(EolE.malE:Protein)
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Base de données orientée graphe (Graph databases)

* Principes
- Représenter les données en tant qu’objets reliés par des
relations
- Chaque objet ou relation peut avoir des attributs qui lui sont
propres
- Développement d'un langage de manipulation et de requéte

name: '\ .
EcolA.malF < EER
IS_ORTHOLOGOUS EcolE.malF

ENCODES

name:
EcolE.malE

EcolA.malE EcolE.malE

IS_ORTHOLOGOUS

Labeled Property Graph

(EcolE.malE:Gene)<-[:IS COEXPRESSED]->(EcolE.malF)<-[:IS ORTHOLOGOUS]->
(EcolA.malF:Gene)<-[:IS COEXPRESSED]->(EcolA.malE:Gene)<-[:IS ORTHOLOGOUS]->(EcolE.malE:Gene)
-[:ENCODES]->(EolE.malE:Protein)
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Labeled property graph

Un graphe avec propriétés
étiquetées est constitué de
sommets, relations,
propriétés et étiquettes :

* Propriétés des sommets : de type clé/valeur

- Etiquettes des sommets : une ou plusieurs afin de les
regrouper (Gene, Protein)

* Relations : orientées, peuvent avoir des propriétés comme les
sommets.



Langage de requéte, exemple : Cypher

MATCH (g:Gene)-[:ENCODES]->(p:Protein)
WHERE g.name=‘EcolE.malE’

RETURN g, p

Gene

IS_ORTHOLOGOUS

name:

name:

EcolA.malF

»
»

EcolA.malE
IS_ORTHOLOGOUS

EcolE.malF

Protein

ENCODES name:

EcolE.malE

name:

v

EcolE.malE
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Gene expression

« a gene: set of expression values in various experimental conditions

* a pair of genes: dissimilarity index based on Pearson’s correlation
coefficient

e score : average dissimilarity

normalized
expression

rbsB  rbsC

0.9 y

0.8

07

arrays



- id
* name

. describes o s

¢ cites part of

Gene |
name ”

organism : =
strand organism i
begin rank annotates name
end strand . esE

begin namespace
end

participates_in

Pathway &
id .
: name

* organism S
» dbsource

refers_to

e organism
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