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SNPs, Haplotypes and Genomics
• Clinical Outcomes

– Susceptibility
• Gastric Cancer IL8
• Bladder Cancer (tobacco) NAT2

– Disease Outcome
• Thrombosis FV
• CGD MPO, FCGR2A
• Cystic Fibrosis MBL2

• Pharmacogenomics
• Life-threatening toxicity TPMT in Leukemia Rx

• Population genetics
• Evolution and selective pressure HBB
• Migration CCR5



How Do We Choose Genetic 
Variants for Study? 

• Hypothesis-driven choice of genes
– Gene-environment

• NAT2 and Smoking and Bladder Cancer 
– Disease model

• Primary pathogenesis- CCR5 and HIV Infection
• Genetic modifiers- MBL2 in Cystic Fibrosis

• Pathway of biologically related genes
– Known orthologs- sequence homology between species
– Interacting proteins- compliment proteins

• Scan Across the Entire Genome (no specific hypothesis)
– Region mapped by linkage study



Folate Metabolism Pathway and 
ALL

Reduction in adult risk
SHMT1 (OR=0.48)
Cytosolic serine hydroxymethyltransferase

TS (OR=0.36)
Thymidylate synthase

Combination (OR=0.072)

No effect
MS Methionine synthase

Skibola et al Blood 2002



Genes in the Immune Pathway



Variants of the IL4 Pathway

Perturbation of IL-4 activity
‘Components’

Receptor complex
IL4RA, IL2RA

Key genes in signal 
transduction (STAT6,JAK1)
‘Close neighbors’

IL5, IL13 & RAD50

IL4     IL13             RAD50            IL5

200 kb



Breast Cancer Re-sequence



Parallel Approaches To Identifying Genetic Determinants of 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



Genotypes and Haplotypes

Statistical or Laboratory Methods

A    B    C
A    B    c
A    b    C
a    B    c

Individual Site 1 Site 2 Site 3 
1.1 AA BB Cc 
1.2 AA Bb CC 
1.3 AA BB CC 
1.4 Aa BB cc 
2.1 AA Bb CC 
2.2 AA BB Cc 
3.1 AA BB Cc 
3.2 AA Bb CC 

 

• Software-PHASE2.0
• Cloning
• Hybrid constructs
• Allele specific amplification

1.1 1.2

2.1

1.3 1.4

2.2

3.1 3.2
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A    B    C
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A    B    C
A    B    c

A    B    C
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A    B    C
A    B    c

A    B    C
A    b    C

A    B    C
A    b    C

A    B    C
A    B    c



HapMap and Detailed 
Haplotypes:

Zip Codes vs. Street Numbers
Spaced Markers across genome
High frequency
Define units of genome

“Haplotype blocks”
New goal 1 SNP every 1 kb

Fine mapping of genes
Needed  to deconstruct
Haplotypes based on SNPs of 

varying  frequencies (2-40%)
Find functional components

Estimate of 50,000 to 250,000 Functional SNPs



Utility of The International 
HapMap

Ability to conduct 
indirect studies
“map a locus”

Falling genotype costs
Fixed platforms

Issues in study design
Case-control vs cohort

Definition of haplotypes
across genes of interest

Issues of density 
(gene/region specific)

Assay fidelity- genotype 
only

Informatic solutions
“Navigating the tidal 
wave”

http://hapmap.org



Choice of Genotype Platforms

Intent Type Per day
Extreme Genotyping Whole Genome 1,000,000

Chips and Beads Illumina, Affymetrix, ParAllele, Perlegen

High-Throughput Pathways and Genes 250,000

Smaller Chips and Bytes MALDTI-TOF, SNPlex

Moderate Through-put Genes and Haplotypes 100,000

Probes and Primers TaqMan, EPOCH, Pyrosequencing

Low Through-put Gene or Haplotype 2,000

RFLP Gel-based



Requirements for High Throughput 
Genotyping

Sample Handling
~ 4-10 Weeks

Study Design/
Ascertainment

~Months-Years

Bioinformatics
~ 8-16 Weeks

1.  DNA Sample Receipt
2.  Handling Original Tubes
3.  DNA Quantification
4.  Genetic Profiling
5.  Tube/Plate Aliquoting

1.  Initial Gene Annotation
2.  Sequencing Assay Design
3.  Assay Optimization
4.  PCR and sequencing
5.  Sequence Analysis
6.  Sequence/SNP Annotation
7.  Genotype Assay Design/Ordering
8.  Assay Optimization/Validation

Genotyping
~ 3 Days

SNP Selection
Validation

1.  Study Proposal
2.  Institutional Approvals
3.  Ascertainment of individuals
4.  Selection of biospecimens
5.  Genetic Analysis Strategy
6.  CGF Bioinformatics Consult

B
io

re
po

si
to

ry

Example:
2000 samples,

50 SNPs,
100K genotypes

TaqMan
genotyping



“Extreme Multiplexing”

Approaches:

• Genotype thousands of markers in one reaction!!
• “Simplify genome” followed by amplification and 

genotyping with hybridization on microarrays
• Allele-specific primer extension followed by ligation

and amplification with assortment on microarrays
• Allele-specific gap-fill followed by ligation and 

amplification and assortment on microarrays



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

Courtesy of P Kwok



ParAllele Molecular Inversion Probes

Unimolecular interaction enables >12,000 probes to be multiplexed
Courtesy of P Kwok



Mix Probe Pool 
+

Genomic DNA
+

Enzyme Mix

Rxn Setup

2,000-10,000 
probes

Multiplex MIP Processing

1

dTTP

dATP
dCTP

dGTP

Divide Mix
+

Add Nucleotide
+

Enzyme Mix

Gap Fill +
Ligation

2

P1+P2
P1+P2

P1+P2
P1+P2

Add Common 
Primer (Label)

+
PCR Mix

Amplification
+

Labeling

3
Pool Reactions

+
Hybridize to chip

Detection

4



Genotyping Throughput

4284339Days/Project

11,796,4805,988,2401,474,560
Genotypes/

Day

960960960Rxn/Day

12,2886,1441,536Assays/Rxn

Courtesy of P Kwok



BUT…….

How do you analyze the data?
Example: 1000 cases/controls
250,000 SNPs/samples

500,000,000 SNPs
Informatics
Analysis Platform
Time & FTEs…….



Never leave candidate genes 
behind….

All studies seek to identify:
Specific variants in unique genes

Whole genome scan
Regional scan
Candidate gene

Effect: Risk for Phenotype
No SNP is sufficient nor necessary….



Accuracy in Molecular 
Epidemiology

Statistical challenge
Shades of “truth”: X% vs (X-12)%

Error in genotype
Technical performance

<0.5% (.2-1.0%) TaqMan, Sequenom, Microsatellites

Design
Population-specific adjacent SNPs

Not a SNP….. (18% monoalleles in SNP500cancer)



Confounding Issues:
Neighboring Polymorphisms

• If there are previously unknown 
polymorphisms in the probe sequences, 
genotyping errors can occur

A
G

[T/C] [T/A]



BRCA1-03

SNP under both TM 
probes

Results 
in the 
wrong 
allele call

TaqMan & Sequencing



SNP500Cancer
Cancer Genome Anatomy Project

Number of genes in pipeline: 578 Total: 7299 SNPs

Genes nominated for molecular epidemiology studies in Core Genotyping 
Facility of the NCI (http://cgf.nci.nih.gov)

102 individuals (Self-Described Ethnicity in Coriell Institute Database) 

31 Caucasian (test with 4 CEPH parents= 8 +23)

24 African Ancestry

23 Hispanic 

24 Pacific Rim 

Samples are publicly available from Coriell Institute (http://locus.umdnj.edu/nigms/)

Web-posting- daily

All SNPs deposited into db-SNP

Packer et al NAR 2004





MAF Estimate < 0.10; > 0.25y = 0.962x + 0.0066
R2 = 0.9312
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(R2 =0.4756) (R2 =0.4608)



New Feature in SNP for Optimized Assays
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578 Genes in pipeline (~11 SNPs per gene)

92% Contigs sequenced with at least 1 SNP with 
variation

5901 Completely Analyzed

4890 (83%) with variation 

1011 (17%) NO variation  (in 204 
chromosomes)

357 bp Average size of contigs (median 366bp)
2.14 SNPs per 357bp was not anticipated!!

1 Probable SNP every 154 bp (comparable to Wong et al Genome 

Res 2003)

SNP500 Cancer       





The Cohort Consortium for 
Breast and Prostate Cancers

• Fine sequence analysis
• Haplotype determination

– Haplotype tagging SNPs
• Capture >95% of common variation

– No is Firm
– Yes means we need to look closely at functional SNPs

• Genotype analysis of ht-SNPs across all 
studies
– Pooled analysis for main effects



Re-sequence Analysis in Breast 
& Prostate Cancer

• Cohort Consortium for Breast and Prostate
– MIT/USC, Harvard, EPIC, CEPH, NCI

• ~8,000 cases and ~8,000 controls for each

• Re-sequence in Cases (n=190)
• Haplotype determination (n=760)

– CEPH trios & Unrelated MEC populations
• 53 genes

– IGF pathway & Sex steroid metabolism
• Pooled Association Studies



Re-sequence Analysis in Breast 
& Prostate Cancer

STEP 1
Resequence analysis of

All exons
5’ and 3’ UTR
ECR regions (>80% homology between human and mouse)

Bio-informatic identification of SNPs every 1-2 kb in introns
STEP 2
Analyze SNPs with > 5-10% minor allele frequency in

~350 unrelated (5 ethnic groups)
> 140 trios

STEP 3
Determine ht-SNPs for large studies



FY04 Genes in the pipeline:
from sequence to haplotype to analysis 

• Full analysis underway
AR
HD17B1
CYP19

• Assays in pipeline
CYP17
PGR
ESR2

• ht-SNPs Ready
GHR
HSD17B4
CYP1B1



CYP1B1-Analysis
• Sequenced in SNP500 (n=102 from 4 ethnic 

groups) and 92 DNAs (5 ethnic groups of 
MEC)

• 64 SNPs found, 37 with Minor Allele 
Frequency >10%

• 16 ht SNPs genotyped in CEPH ethnic 
panel and CEPH trios
– High failure rate 14/30 (odd gene….)



European Caucasians CYP1B1
16 SNPs



ht-SNPs for CYP1B1 in European Caucasians

8 htSNPs Captures 98.6% Diversity



I            II                                                 III    I            II                                                 III    

positions of 16 SNPs in CYP1B1

1    2       3                  4   5     67 8         910 11  12 13  14        15           16

140 unrelated CEPH trio parents



CYP1B1 Blocks in African Ancestry 



Central questions

• Scope of candidate gene analysis
– Pathways- classical vs array driven
– ht-SNPs
– Screen vs across all studies

• Determine by platform
– Cost and availability

• Centralized vs Separate institutions
– QC vs cost vs efficiency

• Whole genome amplified DNA
• Main effect plus ? Co-variates
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