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@D Fe transport,
heme-aerotaxis
@ DNA repair and mixed
nucleotide metabolism
O Potasium transport
@ pyridine biosythesis
@ Phototrophy and
DMSO metabolism
@ Cell motility
O Unknown / Mixed
O Phosphate uptake
@ Amino acid uptake
@ Colbamine bisynthesis
O Phosphate consumption
@ Cation / Zinc transport
Ribosome
Fe-S clusters, Heavy metal
transport, molybendum
cofactor biosynthesis
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OVERVIEW

214 . Fe transport

251. DNA repair, nucleotide metabolism

1. CO-REGULATED

MODULES
(INTEGRATE DATA TYPES).

2. LEARN TOPOLOGY AND
DYNAMICS WITH

GREEDY / LOCAL APROX.
(INFERELATOR 1.0, 1.1)

3. IMPROVING PERFORMANCE

OVER MULTIPLE TIME-SCALES
(INFERELATOR 2.X)

MAIN RESULTS:

- SURPRISING PREDICTIVE
PERFORMANCE FOR
PROKARYOTIC NETWORKS,
T-CELL AND

MACROPHAGE DIFFERENTIATION
EE NETWORKS

- LONGER TIME SCALE STABILITY

- MODEL FLEXIBILITY
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TRANSCRIPTIONAL REGULATION
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TRANSCRIPTIONAL NETWORKS CONTROLLING DEVELOPMENT
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AN EXAMPLE : HALOBACTERIUM

WHY HALOBACTERIUM:

* if your friends are working on
halo ... (Hood, Baliga)

* nota“model” system (originally)
* highlQ

e diverse environment

* small genome

* good genetics, cultivable, etc.

* avery tough extremophile,
bioengineering

DATA COLLECTION AND MODELING EFFORT

genome and genome annotation

microarrays
genetic and environmental perturbations

proteomics
ChIP-chip

some protein-protein

* X ok X kX
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OUR APPROACH

BIOLOGICAL MOTIVATION:

Co-regulation dramatically reduces complexity of network inference,
and unlike simple co-expression has direct mechanistic relevance
to biological control.

Time (explicit learning/modeling of kinetic parameters) helps even
in our current state of affairs.

Model must be capable of modeling interactions with bio relevant
functional forms.

Experimental design is key
CMONKEY:

% integrate data-types other than expression to constrain search for
co-regulated modules

% avoid lossey transformations of the data and derive joint P of gene
given bicluster and all datatypes

% derive framework with eye toward flexibility (new datatypes)
INFERELATOR:

% frame parameterization of global set of ODEs as regression
problem

% interactions: map problem onto tropical semi-ring

SAOBOED O
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OVERVIEW:
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LEARNING
CO-REGULATED
GROUPS:
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What is Biclustering?

* Concurrent clustering of both rows & conditions

« Given an n x m matrix, A4, find a set of submatrices, B,, such
that the contents of each B, follow a desired pattern, i.e. gene
Co-expression.

Based on lecture notes from Kai Li:
http://www.cs.princeton.edu/courses/archive/spr05/cos598E/Biclustering.pdf
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Reasons to Bicluster In
Biology & Bioinformatics

* Genes not regulated under all conditions

— patterns of correlation may exist only under subsets
of conditions
» Genes can participate in multiple modules or
Processes

— exclusive clustering algorithms (HAC, K-means)
will miss valid clusterings
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I. CMONKEY:
INTEGRATIVE BICLUSTERING

BIOLOGICAL MOTIVATION:

Co-regulation dramatically reduces complexity of network inference,
and unlike simple co-expression has direct mechanistic relevance
to biological control.

STRATEGY:

% integrate data-types other than expression to constrain search for
co-regulated modules

% avoid lossey transformations of the data and derive joint P of gene
given bicluster and all datatypes

% derive framework with eye toward flexibility (new datatypes)
CHALLENGES:

overlapping (genes participate in multiple functions)
diverse data types

mix of well studied and completely unknown genes
many think of this as a solved problem...why?

\:4 \:4 \:4 \:; \:;
TN TN TN TN 7N

Resultant models are a complex low-level abstraction
of the systems behavior (functional modules, complexes,
annotations, etc. are linked to clusters).
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CMONKEY:

MCMC OPTIMIZATION OF A MULTI-DATA LIKELIHOOD

OTHER DATA:
EXP-LIKE:
[GWA,

COPY NUMBER,
PHENOTYPE]

NETS:
[CHIP-SEQ,
ETC.]

SEQ:
[UTR,KNOWN SITES]

THE REAL
ADVANTAGE OF
CMONKEY IS ITS
LACK OF LOSSY
TRANSFORMATIONS
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ARCHAEA: BOP/BAT-ASSOCIATED REGULON

EXPRESSION
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MULTI- BICLUSTER}N

MULTISPECIES

BACTERIA: RPON-ASSOCIATED FLAGELLAR REGULON [H. PYLORI]
---> [ALSO IN E. COLI]

Cunter: 118 romsd: G007 | gosan 1T wnin 30 wher 110 | sewed e 30 e 3

—g Do
- NIEHUS, ET AL.
0 X (2004)
Y
n
X EEC
|
Motdlegend: 123 == =
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—a - <2t
A — - <
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5 = = |
h.._; S— D

W/ PATRICK EICHENBERGER, NYU; HARRY OSTRER, NYU-MED
ERIC ALM, MIT, BROAD
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SCORE COMPONENT I:

R, EXPRESSION [LEVELS]

1

p(zij) =

v/ 2m(0j + €)2

exp

Reiss, Shannon, Baliga, Bonneau, 2006
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SCORE COMPONENT II:
P, MOTIF DETECTION AND CO-OCCURANCE
[SHORT SEQUENCES]

motif models:

MEME ,Weeder, known
>

cis, trans, UTR
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Reiss, Shannon, Baliga, Bonneau, 2006
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SCORE COMPONENT IIlI:

d, NETWORKS
[ASSOCIATIONS]

Before adding gene After adding gene

Reward addition of genes
to bicluster that share
edges with other genes in
bicluster.

p=0.16 p=0.0I2

Hypergeometric distribution to derive p-values:

ni—)Ik + {n’Ik_’Ik n’i—*lfk 5 s nIk—>I;€
Ni—1, i1,

p(n’i—dk |n’&'—>l’,a NI, —Iy, nlk—d’.) -
E ; ( Nio1, + N -1, T Nisx, + N, o1 )

i1, + Niory,

Wednesday, June 24, 2009



cMonkey continued

* Combine 3 likelihoods into a joint log-likelihood:

gik =N l()g('ﬁ-’k )"' So ZOg(Eik )"' Zng log @ZZ ]

where r,, s, and g, are “mixing parameters” —
Pre-selected and set according to an annealing schedule

* Logistic regression to discriminate between genes in/

out of bicluster:
e(B0+B1gik)

Tk EP()’ik | Xk’Sz"Mk’N): ]_I_e(Boﬂ?ngik)

where p(y,.=1) indicates likelihood of membership of gene i to cluster k

* Monte Carlo, annealing of the biclusters:
—(1—75ik) —Tg

p(addik|nik):e ry p(dropik|nik):e !
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OPTIMIZATION OF SCORE ELEMENTS

Expresion
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BACTERIA: RPON-ASSOCIATED FLAGELLAR REGULON [H.
PYLORI] ---> [ALSO IN E. coLI]
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E. coli motif comparisons B. subtilis motif comparisons
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Previous Multi-Species
Comparisons

McCarroll, Murphy, Zou, et al (2004, Nature
Genetics)

* |[nmels, Bergmann, Berman, Barkal
(2005, PLoS Genetics)

* Tirosh, Barkai (2007, Genome Biology)
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3 classes of multi-species comparisons

A. Class |. Matched conditions B. Class Il. Co-expression

nd 2
cond. ;:O _¢
vV v

X2
X2 X1
X1

C. Multi-data+multi-species cMonkey:

Yo N1 5
| Q\\
Qﬁﬁ%)\ Q0
. O ® )

p(N1) p(2) = (D)
p(X1) \ -
//’:’@k "ik ’\\\
p(c1) ~ y i
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”,” 9(81) p(sz\) \\\\ C2
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= S2
e - -
— Y =]
-- = I
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Proposed Multi-species
cMonkey model

« Given 2 genomes, G, & G,

— OC, & OC, as the set of genes in G; & G, with
orthologs in the other

— Define OC, as the set of
all putative orthologous
pairs, including:

e 1-to-1
* 1-to-many
* many-to-many
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Proposed Multi-species
cMonkey model

Algorithm outline:

« Shared-space search: optimize biclusters in OC,,
space
—Optimize each OC,, bicluster within “species data space”

don’t merge data

—Add/drop a gene-pair from OC,,based on evolving single

species models

* What to do if a gene exhibits correlation to bicluster in one species,
but its ortholog in other does not? (answer coming)

Wednesday, June 24, 2009



Shared Optimization
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Proposed Multi-species
cMonkey model

Algorithm outline:

« Elaborate: optimize OC,, biclusters in each
organism’s “species space”
—Seed with genes from pairs in the OC,, biclusters

—Use original single-species cMonkey to optimize the
OC,, seeds:

« Cannot drop genes from original OC,, gene-pairs

 Allow genes from entire genome to be added, i.e. species-specific,
“orthologous core” and paralogs.
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Elaboration
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Proposed Multi-species
cMonkey model

Algorithm outline:
- Extend: find new biclusters for G; in its own "species space’

— Seed & optimize new clusters following original cMonkey single-species
model
— Allow extend step to consider genes from orthologous core (OC)?:

* Yes (currently, we allow overlap potential to reduce over-sampling of explored
modules)

* No (possible future direction to force identification of species-specific modules)
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Species Analyzed

 Compared 3 bacterial species:
— Bacillus subtfilis
— Bacillus anthracis (Anthrax)
— Listeria monocytogenes (Listeriosis)
« 3 organisms — 3 pairings
— Inparanoid to identify orthologs and orthologous families
— 150 biclusters generated per pairing

Number of:

B. subtilis — B. subtilis - B. anthracis -

B. anthracis L. monocytogenes L. monocytogenes
orthologous groups 2225 1439 1494
orthologous pairs 2443 1564 1690

. . B. subtilis: 2279/3928 B. subtilis: 1519/3928 B. anthracis: 1634/5865
unique genes (per organism)
B. anthracis: 2339/5865 L. mono: 1478/2795 L. mono: 1537/2795
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A. B. subtilis:
in bicluster not in bicluster

5
|

normalized expression
0
|

| | | | | |
50 100 150 200 250 300
condition/sample index
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ot biclusters
(B. subtilis — B. anthracis)

Significantly enriched for sporulation genes (oF
regulated):

*Bicluster 17 (includes Metabolism, Glutamine Transport, Transporters genes)
Bicluster 35 (includes Metabolism, Glutamine Transport, Detoxification, Transporters

genes)

Bicluster 84 (includes Metabolism, Glutamine Transport genes)

D l 0 .6

Vegetative A Sporulative

http://biology.kenyon.edu/courses/bioli14/Chapi1/spore_cycle.jpg
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eGermination and
early outgrowth

eRapid Growth

eRapid Growth and
Responding to incre
toxic environment

eSporulation and
Oxidative Stress

eSporulation and
early germination
and outgrowth

Time after inoculation

e B. anthracis Waves of Gene
Expression

~— Wave |

> Wave 2

> Wave 3
*Biclusters 84 : 3 into 4

>~ Wave 4 eBiclusters3s: 4

*Biclusters17: 4 intog

> Wave 5

e(Bergmen et al., 2006)
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Sporulation Biclusters

Comparing Mean Expression of clusters 17,35,84

Bacillus subtilis Bacillus anthracis
= bicluster 17 ~ bicluster 17
bicluster 35 bicluster 35
o0 - - bicluster 84 - bicluster 84
N —
v —
e @7 e T
R S
w 7))
L72] wn
Q ()
a a
5 - 5
< <
& 2 o -
ﬂ
— - / »1‘
o - v -
|
'T —
T T T T T T T T T
0 50 100 150 0 10 20 30 40
Union of conditions in all clusters Union of conditions in all clusters
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Flagellar Assembly Biclusters

» Flagellar Assembly biclusters for all 3 organisms
* B. anthracis thought to be non-motile:

— Missing o® (flagellar TF in B. subtilis)

— frameshifts to 4 critical flagellar genes:

e cheA Ultrastructure of Gram-Positive
Bacteirial Flagella
. flgl o

* fliF (MS ring)
* fliM (C ring component)
* B. anthracis biclusters also
enriched for:
— Chemotaxis Peptidogiycan &
— Type Ill secretion system* N

* B. subtilis — B. anthracis only

Flagellum

Periplasmic
space

X ( D
s SRR R
membrane (¥ AY A\

L0 '*ﬁ’ﬁf’i&' VALY

http://www.conceptdraw.org/sampletour/medical/GPositiveBFlagella.gif
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Shared B. subtilis - B. anthracis
Flagellar Assembly Bicluster

Scaled PSSM #2: E=0.063

BSUBT Cluster: 58 ; resid: 0.524 ; genes: 18 ; conds: 133 ; iter: 75

Scaled PSSM #1: E=0.13
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Elaborated B. subtilis - B. anthracis
Flagellar Assembly Bicluster

B. subltilis-B. anthracis bicluster 58

B. subtilis-B. anthracis bicluster 58

gene part of orthologous core (flament cap) gene part of orthologous core (Rament cap)
gene added during elaboration gene added during elaboration
gene not in bicluster gene not in bicluster
not in genome not in genome
(filament) (filament)
FliC FIiC
(hook-filament (hook-fament
junction) FlgL\ junction) F'g'-\
FlaK FigK
Ig d g o
(hook) FIGE < -==-===-~- iy (hook) FIGE «-==-=====--
FigD FigD
J L ]
Peptidoglycan —FigG  (distal rod) Peptidoglycan | —FIgG  (ostal rod)
layer ) layer ( )
f ) FliE : ' FIiE
FlgB - (proximal rod) FigB - (proximal rod)
MotB }otA FigC MotB _ MotA FigC
Cytoplasmic T - FliF (MS ring) Cytoplasmic - FliF (MS ring)
membrane 15 membrane A
o FIiG FliG
| \ — —FliM - (Cring) | \ — —FliM - (Cring)
FIhA|/ FIhB FliN FIhA [ FIhB FiiN
FliH FliH
Fhil Flil
FliJ FiO FiQ O FliQ
FiiS FiiP FIiR DNA Late FliS FiiP FliR
FiT type |l secretion FlgM 1 O - gene type |l secretion
system pde ucts system
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Globally Validating Multi-Species

method
* Issues
—No solved organism as validation - only partial solutions
available

—Large number of results (12) to validate:
» 3 organism-pairs — 6 results (2 for each pair)
» 2 steps (shared & elaboration opt’s) — 12 total

—No existing metric for measuring quality & conservation

» Could we use either DCA or ECC for a metric?
—DCA not a genuine clustering method & no metric provided
—ECC gave inconsistent results in our own tests
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How to measure or compare
conservation & quality?

« Conservation metric

 Compare Shared & Elaboration optimizations with
biclusters from ideal single-species cMonkey

—EXpression (residuals)
—Networks (association p-values)

—Sequence:
» Motif E-values
» Sequence p-values

—Enrichments of:
e GO terms
 KEGG pathways
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New Conservation Metric

‘matches (oc@icll.1 )oc@iclf ))

Cons@iclil,biclf): ‘ @ ll)
oc\bicl,

Find max(Cons@iclil,biclf )) for each bicluster and average
over all biclusters

Conservation

Metric
B. subtilis- B. subtilis- B. anthracis-
B. anthracis L. monocytogenes L. monocytogenes
Single 0.218 0.235 0.177
Elaborated 0.825 0.883 0.922

Shared 1 1 1
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Residuals

Bacillus anthracis
{ bsubt-banth }
shared K=02.30%0.0%
- elabaralad pu=03.3210.0%
sinzle K=02.3110.22
~ pa—
=
77} M —
e
[T
(]
N —
o —
| I I I
0.0 0.5 1.0 1.5

P-values from two-sided
Wilcoxen’s rank test (a=0.01):

Bacillus sublilis
{ bsubt-banth }
© = shared P=0.31%0.08
alabaraled u=0.4910.0%
ol single n=0.48+0,.3
~~ -
=
& 9 —
1]
o
N —
o —
| | [ I
0.0 0.5 1.0 1.5
Shared
Elaborated
Single

B. subtilis -

Shared-Single
Elaborated-Single

B. anthracis
B. subt. B. anth.
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ELABORATED —— SINGLE

- SHARED
Bacillus subtilis
( bsubt-banth )
@ shared P=0.5140.08
¢elaborated U=0.4920.09
w - single P=0.49£0.13
< —1
N e
o -
I 1 I 1
0.0 05 10 1.6
Baclllus subtilis
( bsubt-imo )
shared K=0.52%0.08
0 - elaborated u=0.5020.10
single B=0.4520.13
- o
~N —
o - g
I 1 I 1
0.0 05 10 1.5
Bacillus anthracis
( banth-imo )
shared p=0.332£0.10
[T - elaborated p=0,36x0,11
single pu=0.3120.12
- —
™~ —
o g
| | I |
0.0 05 1.0 1.5

00 05 10 1.5 20 25 30 35

00 05 10 15 20 25 30 35

Bacillus anthracis
( bsubt-banth )

shared

W=0.30%0.09

¢laborated u=0.,32%0.09

single p=0.31%0.12
I I | 1
0.0 05 1.0 15
Listeria
( bsubt-Imo )
shared p=0.34%0.12

single

elaborated u=0.34%0.12

pw0.41%20.138

( banth-Imo )

15

shared

P=0.36£0.14

elaborated pu=0,36%0,.13
single

Pu=0.4140.18

0.0 05 1.0

15

1
11117 ZEE’-'J'EJ" abs(x:.}. — Xy T Xt xu)

resid(l,]) = 1
mziel vary (x;)

P-values from two-sided
Wilcoxen’s rank test (a=0.01):

B. subtilis - B. anthracis
B. subt. B. anth.
Shared-Single

Elaborated-Single

B. subtilis - L. monocytogenes

B. subt. L. mono.
Shared-Single 7.81E-04
Elaborated-Single 3.98E-04

B. anthracis - L. monocytogenes

B. anth L. mono
Shared-Single

Elaborated-Single

Wednesday, June 24, 2009



Association p-values (-log10)

Bacillus subltilis Bacillus anithracis
( bsubt-banth ) ( bsubt-banth )
8 — 8 _
< o
<t
o. P —
o
S
z 8 _ F= o
e o 2
a 8 _
g. L
s 8 _
o
E{ - shared L=1L.70%x7.07 _ shared p=13.4Cx7,0C
e elebora.ecd p=11.8017 58 cleboraled p=12.1C17 . 4C
S _ zingle p=12.20%17.€8 S _ 3ingle w=102.0Ct<G.94
= | | | | © | | | | |
0 S 10 15 20 D 5 10 15 20
Shared P-values from two-sided
Elaborated Wilcoxen’s rank test (a=0.01):
Single

B. subtilis - B. anthracis
B. subt. B. anth.

- 1.52E-05

Shared-Single
Elaborated-Single
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002 003 0.04 005

000 o001

002 003 004 005

0.00 001

0.02 0.04 0.06

0.00

Association P-values (-log10)

— SHARED ELABORATED —— SINGLE
Bacillus subtilis
( bsubt-banth )
8 —
=3
3
g =
8 _
o
shared U=11.7027.07 ] shared p=13.40%7.00
elaborated pu=11.80%7.5%¢ elaborated p=12.10%7.40
single u=12.20%7.68 8 ] single p=10.00%£6.94
T T T T T “ T T T T
0 5 10 15 20 0 5 10 15
Bacillus subtilis Listeria
( bsubt-imo ) ( bsubt-imo )
8
o
8_ —4
=3
3
=3
'§ g _
=
8 _
=3
shared Uw12,.8027,51 o shared B=10,90%7,.08
elaborated pu=12.00%£7.33 © elaborated u=10.00+6.99
single p=12.2027.68 8 n single p=12.00%t7.98
T T T T T @ T T T T
0 5 10 15 20 0 5 10 15
Bacillus anthracis Listeria
( banth-imo ) ( banth-Iimo )
8 —
P SN
3
g =3
8
=3
shared p=11.90%6.62 — shared p=10.90%7.03
elaborated pu=11.6027.22 elaborated pU=10.50%6,.92
single p=10.0026.94 s _ single p=12.00%7.98
T T T T T < T T T T
0 5 10 15 20 0 5 10 15

IN|

by—b

) poss(G) — [N| )
y (poss(bk)—nbk_,bk

(

poss(G) )
poss(by)

P-values from two-sided
Wilcoxen’s rank test (a=0.01):

B. subtilis - B. anthracis
B. subt.

Shared-Single
Elaborated-Single

B. anth.

B. subtilis - L. monocytogenes

Shared-Single
Elaborated-Single

B. subt. L. mono.

B. anthracis - L. monocytogenes
B. anth

Shared-Single
Elaborated-Single

L. mono
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Sequence p-values (-log10)

Baciflus sublilis Bacillus anthracis
{ bsubt-banth } { bsubt-banth }
8 ahared u=3.86x_.3% ghared A=3.49x_.31
s | claboraled p=3.4712,31 - claboraled p=3.2¢1.,22
gingle U=6.73%£3.3C o ™ aingle R=3.20%2.62
o
N | —
2 o 2 N _
‘m ‘o Lo
c c
b — w
= =
—
< S -
8 — O- — a _ . ‘ S
. Lo
< I | | I | |
5 10 15 S 10 15
Shared P-values from two-sided
Elaborated Wilcoxen’s rank test (a=0.01):
Single

B. subtilis - B. anthracis

B. subt. B. anth.
Shared-Elaborated 0.01 0.04

Shared-Single
Elaborated-Single
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Motif P-values (-log10)

—— SHARED ELABORATED —— SINGLE
Bacillus subtilis Bacillus anthracis
( bsubt-banth ) ( bsubt-banth ) ( d l
T T seq )= I I (seq| mod el )
§ . :2:!:orated :-3.”:1.31 :l:;oroted :-3.2ux.22 p q p q m
| single pw6.7323.35 S - single Hw3.5022,62 me I’I’IOl‘lfS'

L
plseq| mod el)=1]4,
i=1

e
o S -
8 o _|
S I j I ° I j 1
. - - 5 10 ® P-values from two-sided
Wilcoxen’s rank test (a=0.01)
Bacillus subtilis Listeria
e LRSa-— B. subtilis - B. anthracis
shared p=4.3121.94 shared p=4.8221.63
- elaborated Ww3.8521,.82 - elaborated Hwd, 5521,60 B. subt B. anth
single u=6.7323.35 single u=5.2722.32 Shared-elab 0 01 0 04

Shared-single

Elaborated-single _

B. subtilis - L. monocytogenes

Density
000 005 010 015 020 025
1

Density
000 005 010 015 020 025
1

T T 1 T T T T T T
B. subt L. mono
5 10 15 2 4 6 8 10 12
Shared-elab 0.01 0.1
Bacillus anthracis Listeria monocytogenes Shared-single
(banth-imo) (banth-imo ) Elaborated-single

8. b shared B=3.8021.49 — shared K=4.5821.73
- elaborated p=3.38%1.31 elaborated p=4.66%1.73

- single K=3.9022.62 single U=5.2722.32

§ — B. anthracis - L. monocytogenes
g - B. anth L. mono
e - . Shared-elab 0.01 0.03

Shared-single

Elaborated-single _

Density
000 005 010 015 020 025
1

| | |
5 10 15 2 4 6 8 10 12 14
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Multi-species retrieves more biologically
meaningful results

Summary of the Percentages of biclusters with GO enrichments

o

—

W bsubt
@ banth __
O Imo

o _ _—

[+ 0]

o _

@O

o _

<

o ey

N

o —

p-value <001 <005 <001 <005 <001 <005 <001 <0.05 <001 <0.05 <001 <005 < 0.01 < 0.05
bsu.baa bsu.Imo baa.lmo bsu.baa bsu.Imo baa.Imo

shared elaborated single
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Multi-species retrieves more biologically
meaningful results

Summary of the Percentages of biclusters with KEGG enrichment

o
<

B bsubt
3 banth
O Imo
o _|
™
o |
N —
o | o
o -~ h

p-value <001 <0.05 <001 <0.05 <001 <005 <001 <005 <001 <005 <001 <0.05 <0.01 < 0.05
bsu.baa bsu.Imo baa.lmo bsu.baa bsu.Imo baa.Imo
shared elaborated single
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Conclusions

* Multi-species cMonkey improves bicluster
qguality over conserved modules

—EXxpression (residuals)
—Networks (association p-values)
—Motifs are area of potential improvement

 Retrieves more
—biologically significant results (GO/KEGG)
—conserved modules
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Proposed Multi-species
cMonkey model

* Explore the optimization further:
—Alternate objective functions for OC,, optimization:

* Bi-variate model: n, = p(y;kay;c | gilkﬂgi%c )‘x e(BO+Blg}k+Bzgi2k)
o Co-reference model: ., :nl.lkn 5(
. 1 1 1
If, we let: nilk — p(yilk Xic’Sil’M}wNi@)k)O( e(Bo+Blgik)

2 _ 2 2 o2 AA2 N2 (Bz+[32gl.2)
Tcik=p(yik Xk’Si’Mka@k)O‘e o

» Application to different species/data sets
— Cancer: human-mouse, cancer-normal

— Additional triplets, i.e. (E. coli, Salmonella, Vibrio (already have preliminary
results))
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