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~3.1 billion bases 
Diploid (2 sets of chromosomes)
23 chromosomes (2 copies)

22 Autosomes (1 to 22)
Sex chromosomes X and Y 
(Mitochondrial DNA 16kb)



“Omics”

Genomics
Proteomics (>1 million proteins, cell specific)

Transcriptomics (set of all transcripts)

Metabolomics (chemical fingerprints behind)

Epigenomics (alterations of DNA-methylation)

Glycomics (structure and function of sugars)

Pharmacogenomics (variation and response)

“Veritagenomics” (truth)…….



Genomics

“The near simultaneous study of all 
nucleotide sequences, including structural 
genes, regulatory sequences and non-
coding DNA segments, in the 
chromosome of an organism”



Completion of Genome Sequences of Many Completion of Genome Sequences of Many 
OrganismsOrganisms

Evolutionary Ladder:  Are More Genes Better?Evolutionary Ladder:  Are More Genes Better?

Organism Number of Genes
Rice 50,000

Poplar Tree 45,000
Puffer Fish 30,000

Human   Human   <25,000<25,000
MouseMouse 25,00025,000

Sea UrchinSea Urchin 23,30023,300

NematodeNematode 19,000   19,000   

Sea SquirtSea Squirt 16,00016,000

Drosophila                                      Drosophila                                      13,60013,600

YeastYeast 6,3006,300

E. coliE. coli 4,0004,000

HIVHIV--11 9-10



From Small to Large



Definitions
bp= base pair
Kb= 1000 base pairs
Mb= 1000 kilobases

Genetic Map:
Placement of genes by recombination mapping.
Position of gene or markers relative to each other 

Physical Map: 
Placement of genes by nucleotide sequence



Basic Definitions
Locus: Place on a chromosome where a specific 

gene or set of markers reside
Gene: Contiguous piece of DNA that can contain 

information to make or modify ‘expression’ of 
specific protein(s)

Polymorphism: Variation in the sequence of DNA 
among individuals

Allele: A variant form of a DNA sequence at a 
particular locus on a chromosome

Note: these terms were previously defined when we 
did not have access to complete DNA sequence



Chromosome Anatomy

Telomere Centromere Telomere
GC rich
Recombinogenic
Gene-rich
TTAGGG repeats



Genes
Official name and symbol designated by The Human 

Genome Organization (HUGO)

Symbols for Humans
ALL CAPITALIZED & ITALICS

Example: Tumor necrosis factor alpha
Gene= TNF  (mouse= tnf)
Protein= TNF-α



What is a ‘Classical’ Gene?

Exons

2Kb 2Kb

Human/Mouse conserved regions
> 200 bp ;  > 80% identity

Promoter &
5’UTR 

3’ UTR &
downstream

Start
transcription

Stop 
translation

Gene region

Intron

5, 10 or 20 kb

“Regulators”





Fundamentals of Genetic VariationFundamentals of Genetic Variation

1. Different types of variation throughout 
genome

2. Genetic Studies searchsearch for Genetic 
Markers

3.  Causal significance MUSTMUST be established 
in corollary studies

• In vitro
• Animal models

4. Function is established separately…..



FunctionFunction



Parallel Approaches to Identifying Genetic Markers for Disease

Validation in Clinical Study
And In Vitro Correlation

Human Genome

High Density, Genome
Wide Genetic Map

∗ ∗ ∗ ∗ ∗ ∗

Genome Wide
Association Study

Odds
Ratio

Genetic Marker
∗ ∗ ∗ ∗ ∗‡

‡ ∗ ∗∗

Map SNPs and Haplotypes
In Candidate Gene(s)

Informative SNP and 
Candidate Gene Haplotype

Candidate Gene

Map SNPs

∗ ∗ ∗∗

Candidate Gene
Association Study

∗ ∗ ∗‡
Informative SNP and 

Candidate Gene Haplotype
1.0



What happens when things change?

Mutation=change in bp sequence
Point substitutionPoint substitution-- most frequent in genomemost frequent in genome

Transition= purine to purine (e.g., A->G)

Transversion= purine to pyrimidine (e.g., A->T)

Mutational events:
Occur approximately one every 108 replication 
events for point mutations



Types of Polymorphisms I

Single nucleotide polymorphisms (SNPs)
Most common SNPs are defined as >1% in at 

least one population
Rare SNPs are hard to identify and validate

But, it is estimated that there are a large 
number per individual

MAF= minor allele frequency



Coding SNPs
Synonymous:

No change in amino acid
Previously termed “silent” but…..
Can alter mRNA stability

Nonsynonymous
Changes amino acid
Conservative and radical

Nonsense
Insertion of stop codon

Indel
Disrupts codon sequence
Rare but disruptive



SNPs Outside Genes:
Too many….

Majority distributed throughout 
genome are “silent”

No function by predictive models or 
analysis

Excellent as markers
‘Hitchhikers’



Adapted from Reich et al. Nat Genet (2003)

Estimated number of SNPs in the
human genome as a function of their

minor allele frequency

106

2.106

3.106

4.106

5.106

6.106

7.106

0

Minor Allele Frequency (MAF)

Estimated 
number
of SNPs

>5% >10% >15% >20% >25% >30% >35% >40% >45%

Common SNP : a SNP with MAF > 0.05 ; frequency of heterozytotes >≈ 10% 
G Thomas 2005



Linkage disequilibrium (LD)

• The non-random association of alleles in 
the population

• Alleles at neighboring loci tend to co-
segregate

• Linkage disequilibrium implies population 
allelic association
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"Hot" spots of
meiotic recombination

« Blocks »

Each block has a limited number of haplotypes



Genetic Association Testing:
Finding Markers



Strategy for SNP Selection
To test all SNPs is presently too costly
Utilize a strategy that capitalizes on linkage 

disequilibrium between SNPs

Haplotype blocks defined by Gabriel et al
Based on D’ values for linkage disequilibrium



International HapMap Consortium, Nature 2005; 437:1299-1320.

www.hapmap.org



(www.hapmap.org)

Goal: To construct a haplotype map across the entire genom
in 270 individuals (Yoruba trios, Japanese, Chinese and 
European Caucasian trios)

Phase 1: Completed 03/01/2005 
1,000,000 common SNPs (≥ 5%) genotyped: 1 per ~5 kb

Phase 2: Completed 10/28/05
~4,000,000 common SNPs (>5%) genotyped: 1 per ~1.5 kb

A framework for comprehensive candidate gene and genome-
wide association studies
Between 500,000 and 1.000,000 for common SNPs (MAF > 5%)



Block Structure in the Genome:
What’s it all about?

Estimated recombination rates: Donnelly lab (Oxford)

Pairwise LD: red is strong D’ and LOD > 3.0

Courtesy D Altshuler





Progress in genotyping technology

1 10 102 103 104 105 106

Nb of
SNPs

Cost per
genotype
Cents (USD)

10

1

102

ABI
TaqMan

ABI
SNPlex Illumina

Golden Gate

Illumina
Infinium/Sentrix

Affymetrix
100K/500K

Perlegen

Affymetrix
MegAllele

2001 2006

Affymetrix
10K

Sequenom



Homozygous for 
allele 1

Homozygous 
for Allele 2

Heterozygous for Allele 1 and 2

Excellent Taqman genotyping assay

NTCs



Extreme Genotyping
Genotype thousands of markers in one reaction

Preset for
Candidate Genes
Across Genome or Chromosome

Simplify Genome 
Highly Parallel Analysis

You get what they give you…..



250 ng Genomic  DNA

RE Digestion

Adaptor 
Ligation

Affymetrix GeneChip® Mapping Assay

Xba XbaXba

Fragmentation
and Labeling

PCR: Universal 
Primer Amplification

Complexity 
Reduction

AA BB AB

Hyb & Wash
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Universal Amplification

Illumina GoldenGate™
Assay

Automated Array Scan & Analysis
Genotypes with quality score

Genomic DNA

GoldenGate™ Assay 
Multiplexed at 1536 loci

Sentrix™ BeadArray Hybridization



24,000 bead types• Proven BeadArrayTM technology
– 100% QC on 100% of arrays
– Average 30-fold redundancy

• Exon-centric content emphasis
• >100,000 SNPs
• Flexible BeadChip design

– High density architecture
– Easily configured for different content 

and sample numbers

25mm x 82.5mm

Human-1 Genotyping BeadChip



2006 What is Available for 
Whole Genome Scans

Coverage analysis based on HapMap II Data
Build 20 MAF >5%, r2 > 0.8 (pair-wise)

CEU YRI JPT/CHB

Illumina HumanHap300 80% 35% 40%
Illumina HumanHap500 91% 58% 88%
Affymetrix* 500k Mapping 63*% 41% 63%

77% (with 50k MegA)



Issues for GWAS Genotyping

• Establishing Pipeline
• Analytic Framework

• Data management
• Quality Control

• Platform
• Genomic Coverage
• Changing Costs



NIH-Wide Efforts:
Genes & Environment Initiative

• RFAs Issued
• Genotype Facilities (3)
• Analysis Coordinating Centers (1)
• Study Investigators (9 or 10 in FY07)

• NCI Actively Involved on Environmental 
RFAs
• Technology Development (5)
• NCI Leadership on Diet, Physical 

Activity



Candidate Genes and Loci
vs

Genome-wide Association 
Studies

Discovery vs Characterization

Never leave candidate genes behind…..



Follow-up of GWAS: 
Steps to Clinical Implementation
• Fine mapping of notable regions
• Functional determination of causal 

variants
• Design issue for analysis in clinical 

studies
Population-based studies
Sequence of clinical studies

• Validation criteria



Types of Polymorphisms II

Simple Sequence Length Polymorphisms 
(SSLPs)
Mini-satellites=VNTRs (variable number of 

tandem repeats)
Repeat size is large- e.g., 25 to 100s of bp

Micro-satellites=STRs (simple tandem repeats)
Repeat size is small- e.g., 2 to 7 bp
Used for Linkage mapping of highly penetrant
genes



Principle of SSLPs



Types of Polymorphisms III

• Copy Number of Polymorphisms
Regional “repeat” of sequence

10s to 100s kb of sequence
Estimate of >10% of human genome
Multi-copy in many individuals

• International Database



MSV: Multi-Site Variants

T G

GT G

T

G

T/G

T/G

T/G



Looking at the Looking at the TranscriptosomeTranscriptosome

Genes & Transcripts



Single Color ArraysSingle Color Arrays

Differential GeneDifferential Gene
ExpressionExpression



John Quackenbush  Harvard University

Two Color ArraysTwo Color Arrays

CD, SD & E



Agilent Two Color Agilent Two Color Oligo Oligo Array Exhibiting Array Exhibiting 
Differential Gene ExpressionDifferential Gene Expression

No Change in    
Expression

UpregulatedUpregulated
GeneGene

DownregulatedDownregulated
GeneGene

CD, SD & E



Sorlie et al 2001



Diffuse large B cell lymphoma

40% of Non-Hodgkin lymphomas

~23,000 new diagnoses/yr

~40% cure rate

~10,000 deaths/yr





PMBL
GCB
DLBCL
ABC
DLBCL

64%
59%

30%

5-year
survival





Mutation of GATA3 in Human Breast Tumors
(Usary et al., Oncogene, 2004)

6/70 ER+ tumors mutated (0/35 ER- mutated)

Nuclear Localization
is 249-311: Yang et al.

Deletion of 343-355 destroys
DNA binding and transactivation 
(303-347 is required) Yang et al.



Comprehensive Analysis

Re-sequence analysis of germ-line and tumor DNA

Discover catalog of driver and hitchhiker mutations

Analysis of Expression Profiling in Tumor

Analysis of Copy Number Changes in Tumor
Loss of Heterozygosity

Amplification of Region

Public Resource for
Discovery

Validation



Proteomics

• Large scale study of proteins
– Structure
– Function

• Differs cell to cell
• >1 million proteins

– Post-translational modification
– Alternative splicing

• More challenging for analysis
– Stability and quality of sample



Analysis of Proteomics

• Separation
• Identification
• Quantification
• Sequence Analysis
• Structural assessment
• Interaction
• Protein modification

– Phosphoproteomics
– Glycoproteomics



Why microarrays for proteins?

probe

target

Advantages

• multiplexing and miniaturization

• ↑ throughput

• sample volume reduction

• parallel analysis

substrate



Protein Micro-array 
Applications . . .

• Protein - protein 
interactions

• DNA - protein interaction

• Small molecule 
screening

• Protein profiling

• Antibody 
characterization

• Enzyme-substrate 
analysis

Image courtesy of Dr. Gavin MacBeath, Bauer Center 
for Genomics Research, Harvard University



Proteomic Techniques
One- and two-dimensional gel electrophoresis (Mass and isoelectric point)
3-D structure 

X-ray crystallography
Nuclear magnetic resonance

2-D electrophoresis
Tandem mass spectrometry
Reverse phase chromatography or 2-D electrophoresis

Mass spectrometry
MALDI-TOF for peptide mass fingerprinting
SELDI-TOF chip analysis

Protein-protein & Protein-DNA interactions
Affinity chromatography
Yeast two hybrid
Fluorescence resonance energy transfer (FRET)
Surface Plasmon Resonance (SPR)

X-ray Tomography
Software based image analysis



Pointers

• We are searching for genetic markers
• Function (e.g., plausibility) comes later
• We are capitalizing on ancient 

relationships between common genetic 
variants

• SNPs are for common variants
• Sequencing is for rare variants



What is down the road?
1-2 Year Forecast

• Cheaper and denser SNP technologies
Better coverage of genome but

Power vs coverage….

3-6 Year Forecast
• Whole Genome Sequencing

Replace SNPs
Magnification of Challenge of Confidentiality
Challenge to Epidemiologic Rigor



Search for Genetic Contribution to 
Complex Diseases

Well positioned for 
Common SNPs (>5%)
High throughput technology

Not as well positioned for
Uncommon variants
Structural variants (copy number variants)
Populations not in the “BIG 3”

CEU, Yoruba, East Asia



What Tools Do We Have?

Extensive data base of common SNPs 
(MAF>5%)

Technologies for small to large (1 to 106

SNPs)
Analytical programs for simple analyses

Main effect
Population structure

2007



What Tools Do We Need?
Extensive data base of uncommon SNPs 

(MAF<5%)
Flexible Technologies for small to large (1 to 106

SNPs)
Targeted to different populations

Analytical programs for complex analyses
Gene-gene interaction

Environmental measurements
Complete genome sequence technology

Post 2007



Genomics 
and
Public Health

Navigating the deep 
waters of genetics…..

More complex than we
Imagined……

Still, worth it……



The Future of Medicine??



Major Challenges

Genome
Patriotism

Personalized Health


