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of the genome

The that impinges upon
and modifies the digital information.

CCAGAAAGGC
GCAGGGCACA
CCAGGAGGTT
GCTCCCAGCT
CACTTCTGGT
GCCTCCTGGG
CACCCCAGTG
TTTGCTCGCC
GAAGTTGCAG

CGAGGCTCTG
GGGACAGCCC
GCTTCTTCCA
GCTGTGAGTG
GC

GAl

TTTGCCAGTG
AGTGTTCGCC
GTCCCTCCAG

CAGCGGGAGG
CCCTCCACAG
GGAGGCTTTT
CTGCACATTC
GCCACAGCAA
CCCTAGGCAG
TTTGCCCGTG
ACTTGTCCCT
GACAGTTGGC
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» Biological networks capture, transmit, process
and pass on information

— Protein networks

— Gene regulatory networks
— MicroRNA networks

— Genetic networks

« Simple and complex molecular machines--
execute biological functions

Most Sophisticated Integrated Biological Network Defined to Date

Endomesoderm Specification to 30 Hours
WMay 21, 2004

Maternal and Early Interactions Lcl
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DNA

mRNA

Protein

Protein interactions and biomodules
Protein and gene networks

Cells

Phenotypes

Organs

Individuals

Populations

Ecologies
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Agenda: Use biology to drive technology and computation.
Need to create a cross-disciplinary culture.

Biological Information

BIOLOGY

Cross-Disciplinary _
Culture Biology

Team Science Chemistry
Computer Science
COMPUTATION TECHNOLOGY Engineering
Mathematics
Physics
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: model--hypotheses--perturbation--measurement-
-model--hypothesis--perturbation--etc. Utilization of carefully
formulated . Complexity requires simulations.

_ --measure dynamic changes in all genes, mRNAs,
proteins, etc, across state changes.

Computational and mathematically fer --DNA,
RNA, Protein, Interactions, etc.--to capture distinct types of
environmental information.

_ --across developmental, physiological, disease,
or environmental exposure transitions.

Integration of and (global or focused)
measurements .

for all types of biological information.

Biology
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dynamics of
pathophysiology

diagnosis

therapy =

prevention

Non-Diseased Diseased B
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Cellular PrP¢ Pl SAETEE [ ERS Infectious Prpse
PrPSc Infections

Spontaneous
conversion
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333 genes shared by eight mouse strain combinations are highly likely to
be involved in prion replication and neuropathogenesis.

Use protein interaction and gene regulatory databases to build
hypothetical protein interaction networks for major disease features:

* Microglial activation

 Astrocytic hypertrophy

» Presynaptic bouton degeneration
» Dendritic atrophy

* Prion replication and accumulation
* Nerve cell death
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 137/333 DEGSs encode known disease
pathogenic pathways

e 196/333 DEGs encode novel
pathogenic pathways--the dark genes of ..
prion disease .
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Blood baths all organs. All organs secrete proteins into the blood. The
blood is easily accessible for diagnostics.

Perhaps 50 major organs or cell types--each secreting protein blood
molecular fingerprint.

The levels of each protein in a particular blood fingerprint will report the
status of that organ and thus distinguish health from disease--and if
disease, which disease. Probably need perhaps 50 organ-specific proteins
per organ.

Will need to quantify 2500 blood proteins from a droplet of blood.
Discovery and validation (targeted MRM mass spectrometry) vs. typing
(microfluidics/nanotechnology).

e

Key point: changes in the levels of organ-specific markers can assess. . @ ¢
virtually all diseases challenges for a particular organ VSB}g'p;Sg.y

Disease diagnostics--early, stratification, progression

Assessing the use of drugs in individuals--toxicity,
response, dose

Wellness assessment--longitudinal data gathering —
patient is their own control
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Dvnamic change in relative abundance of “Protein A”

Clinical Signs

— Presymptomatic at 18 wk

—— Control . .
Diagnosis at 10 wk

—=— |nfected

Relative abundance in plasma

10 12 14 16 18

Time post-inoculation (wk) O
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DNA

RNA
Proteins
Interactions
Integrated biological networks
Cells
Phenotypes
Organs
Individuals
Populations
Ecologies
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Identification
Quantification
Processing
Modification
Localization
Half-life

3-D structure

3-D dynamics
Structure-function
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Dynamically changing mRNA and miRNA levels
Dynamically changing protein levels

Dynamically changing protein/protein interactions
Dynamically changing DNA/protein interactions

Dynamically changing mRNA, miRNA and protein
modifications

Dynamically changing protein localizations

Validate, standardize, integrate and model various types
of biological data
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High throughput DNA sequencing for individual human genome
sequencing

Targeted MRM mass spectrometry for discovery and validation of
blood organ-specific fingerprints

Microfluidic protein chip to measure blood organ-specific protein
fingerprints and type millions of individuals

Single-cell analyses--deciphering the interplay of the digital genome |
and the environment

In vivo and in vitro molecular imaging to assess disease distribution
and follow therapy

a'

— ,
Systems &
Biology




e

—— /
Systems kS
Biology

Throughput--parallization
Accuracy--validation--standardization
Read length--sequence assembly

Ease of sample preparation--single-
stranded DNA sequencing

Ease of acquiring and translating data into ~
assembled digital genome sequence
delineating both the maternal and paternal
haplotypes
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Pioneered for proteins by Ruedi Aebersold at
ISB and ETH

Perhaps1500 fragments measured per hour at
the low femptomole level

For blood need automatable and reproducible
front-end separation procedure(s) to reduce
protein complexity (glycocapture)

For discovery of biomarkers and their validation
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Glycocapture and MRM Antibody-Based Assays

Multiplex Limit 250 proteins 100 proteins (Luminex)

Time to Create Assay 6 weeks 104 weeks
(10 proteins)

Cost to Create Assay

(10 proteins) $20 000 $2 000 000
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In vitro blood protein diagnostics

Quantitate 2500 organ-specific proteins to:
identify disease;
stratify disease;

progression of

disease;

response of disease to therapy etc.

&FIOOd »Molecular
ISsue 7 measurement
handling

Capture antibody -DNA conjugation

- o

SANH M 4
(Succinimidyl 6-hydrazinonicotinate
acetone hydrazone) l:b

o o,

SFB
(Succinimidyl 4-formylbenzoate)

DEAL coupling chemistry. Heterobifunctional molecules
SANH and SFB are used to couple ssDNA to antibodies.

a b C

Gel mobility shift assay of antibody/DNA
conjugates demonstrating that we can
tune the number of oligos (b-f) per
antibody. Lane (a) and (g) are unmodified
1gGs.
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Integrated nanotech/microfluidics platform

Separate plasma & rapidly quantitate protein biomarker panels
* Profile health status of individual organs

» Select appropriate therapies or combination therapies

* Profile positive & adverse responses to therapies

300 nanoliters of plasma

| 'f ‘
ceIIs out U o

Panel of protein biomarkers measured in a single microfluidics channel
(15 min assay time)

Organ 1 Organ Tox response inflammation .
.=gi : - . ,- ST Dynamic range--108

Sensitivity--high atmole

5 minute measurement,
= Fa
Jim Heath, et al *
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Click Chemistry: a New Approach
to Protein Capture Agents--Key to
All Antibody-Based Assays

Systerns @
Biology

Our approach: Multi-ligand Protein Capture agents

Very old chemistry (Huisgen 1,3-dipolar cycloaddition)
R. Huisgen, G. Szeimies, L. Mobius, Chem. Ber. 1967, 100, 2494-2507.
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K. Barry

Sharpless
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Newer in situ click chemistry

N//
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i 3‘/)/,\,3 No catalyst i_/%s

H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. Int. Ed. 2001, 40, 2004-2021.
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Multiplexed ELISA for secreted proteins
T2 T3 T4

EEHIE'

bead cell cytokine

Adrian Ozinsky systerme @ &
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Driven by systems approaches to disease, new measurement
(nanotechnology) and visualization technologies and powerful
new computational tools, P4 medicine will emerge over the next
10-20 years
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P4 Medicine

e Predictive:

—Probabilistic health
history--DNA sequence

—Biannual multi-parameter
blood protein
measurements

—In vivo molecular imaging ==
— Systems genetics
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P4 Medicine

 Personalized:

—Unique individual human
genetic variation
mandates individual
treatment

—Patient is his or her own
control

—Billions of data points on
each individual

[ 4

Systems
Biology

P4 Medicine

* Preventive:

» Design of therapeutic and
preventive drugs via
systems approaches

« Systems approaches to
vaccines will transform
prevention of infectious
diseases

e Move to wellness ,
assessment et

iology




P4 Medicine

 Participatory:

— Patient understands and
participates in medical
choices

—Physicians will become

the integrators of medical
Information--and must

learn to educate patients
effectively.
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Analysis of single molecules, single cells and single
individuals

A revolution that will transform medicine even more than
digitalization transformed information technologies and
communications--in 10 years

Billions of data points on each patient

Digitization of medicine will lead to dramatically lower
healthcare measurement costs
Single individual Single cell Single molecule
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New diagnostics will stratify patients and disease
making treatment more efficient

New therapeutics will be far less expensive and
more rapidly generated--preventive drugs will
emerge

The focus will shift from treating disease to
promoting wellness

Digitalization of medicine--cheaper
measurements and more global data gathering
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* P4 medicine, advances in understanding aging,
stem cell therapies, powerful new approaches to
developing vaccines and new approaches to
degenerative brain disease will over the next 20
or so years allow individuals to remain mentally
alert and physically active into their 90’s.
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Will impact the health care system significantly:
. Pharmaceuticals
Biotechnology

Diagnostics

Healthcare

IT for health
or healthcare System

Healthcare industry

Health insurance

Medicine--diagnostics, therapy, prevention, wellness

Nutrition Fundamentally new ideas need
New organizational structures

Assessments of environmental toxicities

Academia and medical schools
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Systems analysis of biological and medical problems
Technology development
New computational tools

Solve hard problems with partners
Extend our reach & impact

Education (K-12, graduate, medical)
Commercialization of technology
Bringing P4 medicine to reality
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ISB Strategic Partnerships for P4
Medicine

* P4 medical institute

* Bring systems medicine to a US medical
school

* Bring systems biology and P4 medicine to
Luxembourg

SHREN J
Biology

ISB’s Approach to P4 Medicine: Genetics and

Environment
integration is key to future medicine

Blood protein

<:> And cell Predictive, Personalized
Genome Read-out Diagnostics

Disease
&
Health
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Environment

$ 100 million over 5 years




Disease diagnosis--preclinical diagnosis, stratification and progression

Drug monitoring-- monitoring organ-specific toxicity/effectiveness in
clinical trials and individual personalized medicine

Wellness monitoring--assess all major organ systems
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The worlds of science, technology, health are flattening.

Tremendous opportunities for national and international strategic
partnerships in science, technology and education.

* Network of interacting
complementary, institutions

— Training in systems biology
and recruiting the best world
talent

The World Is Flat - ; Transferrinﬁ and collaborating

LA L, | on new tec n?logiles and
: £ T ; computational tools
Thomas L. Friedman .

Strategic partnerships on
systems approaches to biology
and P4 medicine

New patient populations

New fundraising and y
commercialization Systems @

opportunities Biology




Cross Disciplinary
Systems Biology

Small Biology
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Registry with 100s of samples per year--excellent patient records and
sample preservation. Integrate molecular and phenotypic data.

DNA sequence of tumors (sequence exons, SNPs, gain loss mutations,
epigenetic markers)

Transcriptomes of tumors and cell lines (primary, tumor stem cell, and
stromal)--interactomes.

Proteomics--tumors, cell lines, secretomes

Blood brain-specific markers for longitudinal analyses--early diagnosis,
stratification, progression.

Single-cell analysis of cell lines and stem cells
Follow known drug perturbations of cell lines.
Developing computational techniques to identify brain

Perturb relevant networks in cell lines with RNAI. disease-perturbed
networks from the brain-specific fingerprints--dynamical

Determine how to re-engineer disease-perturbed networks
Identify drugs to re-engineer networks.

Use glioblastoma cell lines to test new drugs

Integration and modeling of all data types.
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 Brain-specific blood protein
fingerprints for early diagnosis,
disease stratification and following
progression

e Single-cell and populatlon analyses of “-
stem cells and primary tumor cell 7
lines for identifying new drug targets
and exploring new drugs
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« Validation and standardization organ-specific
blood molecular fingerprints

« Validation and standardization of blood single-
cell analyses for disease and immunological
status

» Technology development

— Microfluidic/nanotechnology protein chips for
blood protein measurements

— Develop new types of protein capture-agents
(beyond antibodies)--standardization and
validation

— Develop and standardize and validation _
measurements for single cells sysicmi @

iology




o Complexity in multiparameter individual
data types--genomes, RNAS, proteins,
networks, cells, phenotypes, etc.

« Computational and mathematical
iIntegration and modeling of complex data
types to create predictive models that will
distinguish health from disease
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Prion Disease

Ranjit Giri
Douglas Spicer
Rajeev Kumar
Rose Pitstick
Eugene Yi (proteomics core facility) Rebecca Young
Bruz Marzolf (Affymetrix core facility)
George A. Carlson
, M Roukes
Caltech, S Quake Stanford, and Acetaminophen mouse liver
A Aderem and A Ozinsky ISB model--Z Hu and C Lausted--
ISB
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