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Overview
  Introduction
  Basic structure & operations
  References

 Book: R.A. Weinberg, The Biology of Cancer (2007)
 Review: Yarden & Sliwkowski Nat Rev Mol Cell Biology 2: 127-137, 2001
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Introduction
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Cells Communicate Signals
  Cells need to coordinate functions:

 Growth, resource usage, defenses…

  Cells encode messages in ligands
 Grow, proliferate,

  Ligands are processed by pathways
 Receive signal and transduce it to handlers (e.g., transcribe genes)
 Pathway is organize as a cascade of processing activities

  Pathways form signaling networks
 Interact with each other (crosstalk)
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Origins: Bacteria
  Bacteria coordinate social functions using signals

   E.g., salmonella signals a “call to arms”

Vibrio Harveyi communities shine together

http://www.ars.usda.gov/is/AR/archive/jan00/bact0100.htm

Veterinarian Jean Guard-Petter… found that the food pathogen Salmonella enteritidis
uses acyl-homoserine lactone, or AHL, as its chemical "call to arms.”

"This chemical tells cells to rewrite their genetic programming," says Petter. "It
enhances their ability to grow as much as a hundredfold and … increase virulence…"
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Bacteria Chat With Each Other

  Bacteria use quorum sensing to control social behaviors
Mating, releasing toxins,  attacking a common target…

Bacteria communicate/sense quorum
 Two pathways transduce signals from receptors to regulation
Use phosphorylation (ATP-ADP) to activate cascade
Crosstalk regulates pathways interactions & reuse

Bonnie Bassler: http://www.nyas.org/ebriefreps/ebrief/000544/presentations/player.html

Waters and Bassler.  2006.  Genes and Develop.  20:2754

AI-1 is an acyl homoserine lactones (AHL)
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The Social Life of A Budding Yeast
  Three mating types:

 Haploids: a, α and diploid: a/α
 Can switch haploid type (select its “gender”)

Multiplying:
 Budding
 Mating: a+α

  Only a/α can sporulate to survive

  How does the yeast coordinate mating?
 Signal/sense presence through pheromones

Lifecycle

Mating

Wikipedia
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www.biomedcentral.com/content/figures/1471-22...

MAPK

GPR

MAPKK

MAPKKK

The Yeast Signaling Network

Pathway mechanisms:
 Pathway transduces signals to invoke responses
 Receptors detect signals and trigger activation
 Transduction through a cascade of phosphorylation reactions (GTP-GDP)
 Activation/repression; feedback mechanisms (will see feed-forward later)
 Crosstalk (why does mating need cross-talking?)
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Multi-cellular Organisms  Require More
Complex Signaling

  Cells need to communicate:
  Coordinate: growth, resource use, defenses…
  Share information: state changes…

Pathways transduce signals into response actions

Pathways interact, forming signaling networks

Papin et al (2005) Nat Rev Mol Cell Biol 6:99
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Receptor Tyrosine Kinase (RTK) Pathway

Ligand
Receptor

RAS activation

Cascade

Transcription

Receptor binds ligand activates RAS
RAS uses GDP-GTP phosphorilation to activate cascade
Cascade activates transcription

Regulation
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A Simplified View of Signaling

Signal reception

Mediation/routing

Response control

Mediation/routing
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RTKs: Activation Through Dimerization

Lodish et al. Fig. 20-21
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Receptor Complex Activates RAS

Lodish et al. Fig. 20-23
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RAS Activates Cascade

Lodish et al. Fig. 20-28
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Ras-GTP

RAS Is A Central GDP-GTP Switch

  Ras routes the signal to respective cascades
  Ras mutations are present in 20-30% of cancers

Ras is stuck  cancer
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The  ErbB Family of RTKs

TK TKTK

erbB3
HER3

erbB4
HER4

No specific
ligands -
often acts as a
dimer partner Heregulins

NRG2
NRG3

Heregulins
β-cellulin

EGF, TGFα , β Cellulin

Amphiregulin, HB-EGF

Adopted from Paul Shapiro

erbB1
HER1
EGFR

erbB2
HER2
neu
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Yarden & Sliwkowski (2001) Nat Rev Mol Cell Biol 2:127

The ErbB Network

ERBB network manages growth signals: “grow”, “proliferate”, “die”…
 Failures of the ERBB network account to numerous cancers

Figure 5.1  The Biology of Cancer (© Garland Science 2007)
From Yarden & Sliwkowski Nat Rev Mol Cell Biology 2: 127-137, 2001
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Pathways Form A Network
 Interact through crosstalk
Share resources, regulate functions…

Yarden & Sliwkowski (2001) Nat Rev Mol Cell Biol 2:127
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Network Failures May Result in Cancer
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Network Failures May Result in Cancer

The Biology of Cancer (© Garland Science 2007)
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ERBB Expression In Cancers

Examples of HER-2 and p21WAF1/CIP1
immunoreactivity in infiltrating ductal

carcinoma of the breast. (a) A tumour showing
HER-2 overexpression, with (b) a concomitant

predominance of cytoplasmic
p21WAF1/CIP1staining (c) A HER-2-negative

tumour, with (d) a predominance of nuclear
p21WAF1/CIP1 expression compared with

cytoplasmic p21WAF1/CIP1
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Cancer Therapy Can Target Signaling Pathways

 Inhibit tumor growth by blocking pathway elements
 Antibodies can block ectodomain of receptor (e.g, Herceptin)
 Small ligands can block active sites of cascade components

Can computational models help (e.g., predict side-effects)?
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The Biology of Cancer (© Garland Science 2007)

Example: Blocking The EGF Receptor

Success = increase binding strength
Can this be computed?
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Network Architecture
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The EFGR (ERBB) Network
Kanae Oda et al A, comprehensive pathway map of epidermal growth factor
 receptor signaling; Molecular Systems Biology 2:2005.0010
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Are There Organizing Principles?
Pathways share components

 E.g., RAS, HER2

Components share structural & operational motifs
 E.g., signal reception through dimerization
 Cascade transduction through phosphorylation

  Layered organization

Regulation through activation/repression
 Similar to regulatory network

Cascading reactions
 Similar to metabolic network

Grand Challenge: genome-scale computational models
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An Architectural View
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A System View
Ami Citri and Yosef Yarden,  EGF–ERBB signalling: towards the systems level
Nature Reviews Molecular Cell Biology 7, 505-516 (July 2006)

The system maintains two
steady states (bistability) based
on ligand binding. The fail-safe
(robustness) action of the system
is conferred by structural
modularity and functional
redundancy, along with rich and
stringent controls.

ERBB2 regulates input  through
heterodimerization with any of
the three ERBB input modules.
ERBB2 is chaperoned and
catalytically suppressed by heat-
shock protein-90 (HSP90).
A ubiquitin ligase involved in
receptor degradation, Cbl,
controls an important negative-
feedback loop.

Several activation-dependent
control loops fine-tune
bistability. These include
transcription of ERBB ligands
(positive regulation) and newly
synthesized negative regulators
such as MIG6/RALT and
SPRY.  EGF, EGR1,
NRG1/2/3/4, neuregulin-1/2/3/4;
and  TGFalpha.
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An Hourglass Architecture???

Input signals

Receptors

Transduction

R
A
S

Mediation

Transcription Factors

 Response Handlers...

Signals
R
esponses

  Scalability:
 map m signals to n functions
 n is combinatorial

  Layering:
 Combine layers components into pathways

Hourglass:
 Minimize signal routing abstractions --

phosphorylaztion

Evolutionary extensibility:
 Add new signals & functions
 E.g, duplication & speciation
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An Internet-Like Occam Design ????

 email  WWW  P2P...

SMTP  HTTP  RTP...

TCP  UDP…

IP

  ethernet   PPP…

CSMA, async sonet...

 copper  fiber  radio...

Henning Schulzrinne slide
www.cs.columbia.edu/~coms6181/slides/1/internet.ppt

  Scalability:
 map n applications to m link types
 n is combinatorial

  Layering:
 Combine layer abstractions into stack

Hourglass:
 Minimize routing abstractions (IP)

Evolutionary extensibility:
 Add new link types & applications
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Modeling & Analysis
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Stoichiometric Approach To Signaling Net Topology

Papin & Palsson:
 Biophysical J. Vol 87, July 2004; JAK-STAT network (type of TRK)
 J. Theoretical Biology 227 (2004) 283-297

Key idea: model signaling reactions much like metabolic nets
 Compute topological features (crosstalk)
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The Model
Key step: construct network of signaling reactions

Extract stoichiometric matrix
 Rows represent reactions; columns represent pathway elements
 Account for co-factor/by-product phosphorylation reactions

Compute extreme pathways

Classify input/output topology of EP

34

EP Characterize Topological Features

What do extreme pathways tell us about topology?

Define crosstalk as input/output sharing
 Two pathways may have

disjoint/overlapping/identical inputs/outputs
 Classify EP into 9 categories of interactions

Sample Extreme Pathways
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Crosstalk

Crosstalk occurs at input more than output

Overlaps are slightly more likely than identity
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Redundant Pathways Provide Robustness
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Reaction Participation & Correlated Reactions

Reaction participation statistics
indicates  hourglass topology (?)

Correlated reactions describe “motifs”
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Conclusions
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Notes
Grand challenge: computational modeling of signaling nets

Genome-scale network model
Structural and dynamic modeling
Analyze perturbations & failure modes
Model & analyze network evolution
…

  Integrative system models:
Signaling/regulation, signaling/metabolic…

High-speed genome-scale data collection


