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proteomics

Understand Proteins,

through analyzing populations
Structures (Motions, Composition)
Functions (Locations, Interactions)
Evolution (Pseudogenes)

Work on a diverse range of data
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Transcriptome: the set of all mMRNAs
expressed in a cell at a specific time
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Initial Step: genome
sequence, genes and
genomic features
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Overview

1. ChIp-chip experiments for
11 transcription factors
- SBF & MBF

2. Computational studies of
yeast regulatory network
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Overview

1. ChIp-chip experiments for
11 transcription factors
- SBF & MBF
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SBF and MBF are cell cycle
transcription factors
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[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

SBF = SCB Binding Factor

Swibp
Swidp

—

SCB (-51 cyclin genes

SCB = Swi4p-Swibp cell cycle box
Regulator at the G1/S phase of cell cycle
Only five known target genes

[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

MBF = MCB Binding Factor

Swibp
Mbp1

—

MCB  s-phase cyclin genes
DNA synthesis genes

MCB = Mlu1Cell Cycle Box

[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]
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SBF binds MCBs and MBF binds SCBs
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[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

ChIp-chip
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DNA chip technology

[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]
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[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]
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[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

Examples of ' Swi4 Targets

¢ Swi4: 163 intergenic regions YDR309¢

« Mbp1: 87 intergenic regions *' :Ag;m,4“—-5
GIc2 Sum1

* 43 were bound by both

* Swi4: 183 genes

¢ MBP: 98 genes

[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

Fraction of targets with
consensus binding Sites

SCB

81% of SBF selected intergenic regions
contain at least 1 binding site

76% of MBF selected intergenic regions
contain at least 1 binding site

MCB

Functions of SBF and MBF Gene Targets

SBF MBF

11% 229, 5% 9%
()

8%

6%

7%

41%
22%

24%
24%
B Cell Wall I DNA synthesis ™ Morphogenesis = Cell Cycle
M Transcription = Proteolysis M Other B Unknown

[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

Expression periodicity of SBF targets

SBF and MBF
target other
transcription Factors

MEF MAL33
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[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]




Genomic distribution of TF binding sites

Genomic distribution of TF binding sites

multiple transcriptional
regulators
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[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

Yeast transcriptional regulatory network

L.

[Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

Overview

> O I:I 2. Computational studies of
yeast regulatory network

Comprehensive TF dataset

| #of
Dataset Authors URL # of genes "
regulations
TRANSFAC E.eral. 2001 hipsransfac.gbTde TRANSFAC 258 356
Manual
collection al. 2002 s an 906
. ¥ | Horak, C. E..eral. 2002 hutpifarray 1560 124
Chip-chip
experiments
Lee,T. L eral. 2002 i 416 38

142 transcription factors
3,420 target genes
7,074 regulatory interactions

[Yu, Luscombe et al (2003), Trends Genet, 19: 422]




Comprehensive Yeast TF network

Transcription Factors

¢ Very complex network

¢ But we can simplify:
— Topological measures
— Network motifs

Target Genes

[Barabasi, Alon]

Topological measures

Indicate the gross topological structure of the network
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Path length

Degree Clustering coefficient

[Barabasi]

Scale-free distribution of outgoing degree
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Regulatory hubs
>100 target genes
Dictate structure of network

Number TFs

Number m.luolﬂg cunneclinns

¢ Most TFs have few target genes

72

Comprehensive Yeast TF network

Transcription Factors

— Topological measures

Target Genes

[Barabasi, Alon]

Topological measures

Number of incoming and outgoing connections

Incoming degree = 2.1
\l / —+each gene is regulated by ~2 TFs

7w

Degree

Outgoing degree = 49.8

—+each TF targets ~50 genes

[Barabasi]

e Few TFs have many target genes
[Barabasi]

Topological measures

Number of intermediate TFs until final target

Vv Starting TF

}

v<— 1 intermediate TF

6 Final target

Path length= 1

Indicate how immediate
a regulatory response is

Average path length = 4.7

[Barabasi]




Topological measures

Ratio of existing links to maximum number of links for neighbouring nodes

4 neighbours f\

Measure how inter-connected

the network is isting link © :
1 existing link V'*_x" ..... i
Average coefficient = 0.11 i
6 possible links
v
Clustering coefficient
=1/6 =0.17

Comprehensive Yeast TF network

Transcription Factors

— Network motifs

Target Genes

[Alon]

[Barabasi]
Network motifs
Regulatory modules within the network
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SIM = Single input motifs
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[Alon; Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

MIM = Multiple input motifs

v Y 4 1 M
o 0 0 0O v 00
SBF MBF

[Alon; Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

FBL = Feed-back loops
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[Alon; Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]




FFL = Feed-forward loops
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[Alon; Horak, Luscombe et al (2002), Genes & Dev, 16: 3017 ]

Comprehensive Yeast TF network

Transcription Factors

e Very complex network

¢ But we can simplify:
— Topological measures
— Network motifs

Target Genes

[Barabasi, Alon]

Essentiality of regulatory hubs

* Hubs dictate the overall structure of the network

« Represent vulnerable points
* How important are hubs for viability?

o Integrate gene essentiality data

Transcription Factors

Humber TFs

L o
Humber outgoing connections

Essentiality of regulatory hubs
 Essential genes are /ethal if deleted from genome
¢ 1,105 yeast genes are essential
¢ Which TFs are essential?

hubs
(<100 targets)

non-hubs
All'TFs (<100 targets)

% TFs that are essential

Hubs tend to be more essential/than non-hubs

Influence of network on gene expression

¢ How does the regulatory
network affect gen
€XPression?  msmeg

Transcription Factors

Yeast
expression

data
[Brown]

Target Genes

[Yu, Luscombe et al (2003), Trends Genet, 19: 422]

[Yu et al (2004), Trends Genet, 20: 227

[Brown, Botstein, Church]
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Clustering
the
yeast cell
cycle
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Clustering
the
yeast cell
cycle
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Close relationship from 18M
(Associated Ribosomal Proteins)

Simultaneous :
Traditional Local Clustering
Global algorithm
Correlation identifies
further
Time (reasonable)
Shifted types of
expression
relationships
ol
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Inverted E: SR from local
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Single input motifs
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[Yu, Luscombe et al (2003), Trends Genet, 19: 422]

Multiple input motifs

[Yu, Luscombe et al (2003), Trends Genet, 19: 422]

Multiple input motifs

[Yu, Luscombe et al (2003), Trends Genet, 19: 422]




Feed forward motifs

[Yu, Luscombe et al (2003), Trends Genet, 19: 422

1

Summary of expression relationships

e Target genes tend to be co-expressed

¢ Co-expression is higher when more TFs are
involved

e TFs and target genes have complex
relationships

« Often expression profiles are time-shifted

[Yu, Luscombe et al (2003), Trends Genet, 19: 422]

Co-expression of target genes
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* Target genes tend to be co-expressed

* Co-expression is higher with more TFs
[Yu et al, Luscombe et al]

Log ratio with respect to
random expectation

Expression of TFs and target genes

iR

g
o
[(+]

(=1 —
moo= ;o

g &
g =
& 9
53
§ £
/ /

Log ratio with respect to
random expectation
Q

SiM MIM  FFL-TF1 FFL-TF2

« TFs and targets have complex expression relationship

» Often time-shifted indicating delayed regulation
[Yu et al, Luscombe et al]

Dynamic Yeast TF network

Transcription Factors

* Analysed network as a
static entity

e But network is dynamic

— Different sections of the
network are active
under different cellular
conditions

e Integrate more gene
expression data

Target Genes

[Luscombe et al, Nature (In press)]

Gene expression data

¢ Genes that are differentially expressed under five
cellular conditions

Cellular condition No. genes
Cell cycle 437
Sporulation 876
Diauxic shift 1,876
DNA damage 1,715
Stress response 1,385

¢ Assume these genes undergo transcription regulation

[Luscombe et al, NMature (In press)]




Backtracking to find active sub-network
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[Luscombe et al, Nature (In press)]

Network usage under cell cycle

complete network cell cycle sub-network

* 142 TFs * 70 TFs
* 3,420 genes * 280 genes
* 7,074 interactions ¢ 550 interactions

[Luscombe et al, Nature (In press)]

Network usage under different conditions

Cell cycle Sporulation Diauxic shift DNA damage Stress

How do the networks change?
* topological measures
¢ network motifs

[Luscombe et al, Nature (In press)]

Network usage under different conditions

Cell cycle Sporulation Diauxic shift DNA damage Stress

* topological measures

[Luscombe et al, Nature (In press)]

Our expectation

o Literature: Network topologies are perceived to be invariant
— [Barabasi]
— Scale-free, small-world, and clustered
— Different molecular biological networks
— Different genomes

» Random expectation: Sample different size sub-networks
from complete network and calculate topological measures

incoming degree path length clustering coefficient outgoing degree
. T Mr— o1
Fosl e Lo s b e e
i E il Il
: i i t
I | ! N

0 s oo e 0 ™ X Wm0 ot ow m
random network size

Measures should remain constant

[Luscombe et al, Nature (In press)]

Outgoing degree %ré

— e “Binary conditions”
-greater connectivity

' o “Multi-stage conditions”
-*lower connectivity

disuxic
shift
DHA

damage
stress

response

average outgoing degree
cell cycle -
sporulation -

Multi-stage: Binary:
Controlled, ticking Quick, large-scale
over of genes turnover of genes
at different stages

[Luscombe et al, Nature (In press)]




Incoming degree %7

Path length b—p—-0

« “Binary conditions”
- shorter path-length
- “faster”, direct action

average path legth

¢ “Multi-stage” conditions
- longer path-length

2 £ ts «F of
. g §% 85 E§  ~ “slower”, indirect action
Multi-stage Binary

[Luscombe et al, Nature (In press)]

g’ |
. | ¢ “Binary conditions”
E s T —smaller connectivity
Ry = A | -less complex TF combinations
»
E 1 [ : ~ e “Multi-stage conditions”
a : y 2 | -*larger connectivity
] & " 3 o -more complex TF combination
: 0§ iis sb ogi
: H = o8 83
[ g H
Multi-stage Binary
[Luscombe et al, Nature (In press)]
Bun M
E L ¢ “Binary conditions”
F) -smaller coefficients
g 2 —less TF-TF inter-regulation
3,
? * “Multi-stage conditions”
H 2 5 e g - larger coefficients
g 2P §% B 3R - more TF-TF inter-regulation
H ?. = H
Multi-stage Binary

[Luscombe et al, Nature (In press)]

Network usage under different conditions

Cell cycle Sporulation Diauxic shift

DNA damage Stress

¢ network motifs

[Luscombe et al, Nature (In press)]

% SHM scoummnce

Our expectation

o Literature: motif usage is well conserved for
regulatory networks across different organisms [Alon]

¢ Random expectation: sample sub-networks and
calculate motif occurrence
single input motif

multiple input motif feed-forward loop
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Motif usage should remain constant

[Luscombe et al, Nature (In press)]

Network motifs

Motifs Cell cycle | Sporulat | Diauxic DNA Stress
ion shift damage | response
SIM /v\ 32.0% | 38.9% | 57.4% | 55.7% | 59.1%
[~ ) l

MIM M 23.7% 16.6% | 23.6% | 27.3% | 20.2%
o O

FFL Y 44.3% 44.5% 19.0% 17.0% 20.7%
A

00 |

[Luscombe et al, Nature (In press)]
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Summary of sub- network structures

multi-stage condltlons
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e more target genes

 shorter path lengths

e less inter-regulation
between TFs

[Luscombe et al, Nature (In press)]

« fewer target genes

« longer path lengths

* more inter-regulation
between TFs

Our expectation

e Literature: current opinion is divided:
— Hubs are permanent features of the network regardless of condition
— Hubs vary between conditions

e Random expectation: sample sub-networks
from complete regulatory network

— Random networks converge on same TFs
— 76-97% overlap in TFs classified as hubs
— Jehubs are permanent

[Luscombe et al, Nature (In press)]

Network hubs
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Number TFs
‘f

Number omuolng cunneclinns

Regulatory hubs

Do hubs stay the same or do they change over between conditions?
Do different TFs become important?

[Luscombe et al, Nature (In press)]

cell cycle :_
-
sporulation 1

diauxic shift

Some permanent hubs
DeusRskReRing fynstions

Most are transient hubs
— Different TFs become
key regulators in the
network

DNA damage L

sn2, Msn4
e Implications for
condition-dependent
vulnerability of network

stress respon: se

permanent hubs

[Luscombe et al, Nature (In press)]

Network shifts its weight between centres

sporulation

psrmanent
hubs

diauxic
shift @

DNA

damage
[Luscombe et al, Nature (In press)]

Regulatory circuitry of cell cycle time-course

(¥] P s * Multi-stage conditions have:
« longer path lengths

\
V/ \ » more inter-regulation between TFs

-‘0
| 2 * How do these properties actually look?
6 v * examine TF inter-regulation
6 during the cell cycle

[Luscombe et al, Nature (In press)]
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Regulatory circuitry of cell cycle time-course

phase specific
early G1 late G1

s G2 M
L] [ "
—

Phase-specific TFs show
serial inter-regulation

—» drive cell cycle forward

through time-course

[Luscombe et al, Nature (In press)]

Regulatory circuitry of cell cycle time-course

phase specific

-

2. parallel inter-regulation

Ubiquitous and phase-specific TFs show
parallel inter-regulation

Many ubiquitous TFs are permanent hubs
— Channel of communication between

house-keeping functions and cell cycle
progression

[Luscombe et al, Nature (In press)]

Summary 1

¢ Use of microarrays for ChIp-chip experiments

« Identification of genomic binding sites for 11 TFs
— Large-scale
— Direct in vivo binding

Summary 2

Incorporation-of many data sources to build a
comprehensive network of regulatory interactions
- 142 TFs

— 3,420 target genes

— 7,074 regulatory interactions

Very complex network of inter-regulation

Can be simplified
— Topological measures that describe the overall structure
— Network motifs that describe regulatory building blocks

Summary 3

¢ Essentiality of TFs
— TFs with many target genes tend to be essential

¢ Study of regulatory influence on gene expression
— Regulatory targets are often co-expressed
— TF-target expression relationships are complex

Summary 4

Dynamic usage of the regulatory network

Different sections of the network are used in
different cellular conditions

Underlying topology of the network changes
— Network parameters
— Network motifs

Network shifts weight between 'hubs

Serial and parallel inter-regulation between TFs to
drive cell cycle progression
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