
1. Whole Genome Sequencing is Here
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1. Whole Genome Sequencing is Here

2. Variant Annotations, In Silico Analysis, and Filters

4. ‘Diplomics’ and Phase Information

3. Ancestry and Reference Populations
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5. Finding Genomic Patterns for Complex Traits

6. Assigning Risk and Reactions to Genetic Risk



Whole Genome Sequencing Has Arrived…

The ‘$1,000 Genome’



Interpreting Genetic Variation is THE Issue…

CopenhagenGenomics 02/22/2011



Functional Annotations: In Silico Approaches

• Individual genomes harbor 3-5 million non-reference variants (>50,000 are novel)

• Some of these variants influence phenotypic expression, but which?

• Many variants may have been studied for function or associated with a trait

• Novel and rare variants require computational assessments for function

Plumpton and Barnes. “Predictive Functional Analysis of Polymorphisms: An Overview.” in 

Bioinformatics for Geneticists. Wiley, 2007



Functional Annotations: The Limits of Conservation

Torkamani, Kannan, Taylor, Schork. PNAS 105:9011-9016; 2008

Positions (residues/amino acids) of ~1000 disease causing variants in kinase proteins 

contrasted with the positions of ~1000 kinase variants not known to cause disease

Torkamani, Schork

SIFT

• Review: Lahiry, Torkamani, Schork, Hegele. Nature Reviews Genetics 11; 2010

• Cancer Predictions: Torkamani, Schork. Cancer Research 68; 2008



Functional Annotations: Non-Coding Regions

Torkamani and Schork. Bioinformatics 24(16):1787-92; 2008

ENCODE features of the positions of 102 known disease-causing variants contrasted 

with the positions of 1049 non-disease-causing

Some features non-assay dependent; e.g., proximity to a TF start or end site



Filters to Identify Causative Variants in Single Genomes

• Genome analysis can be used to identify

causative mutations for idiopathic conditions

• Novel variants are likely to be causative for

idiopathic conditions

• Annotations and predicted functional effects

can help prioritize variants (especially for

novel variants)novel variants)

…ACGCCGTCAGGGTCATAGTAGACTAGCTTGAGCTACCAAA…

…ACGTCGTCAGGGTCATCGTAGACTAGCTAGAGCTAGCATA…

…ACGTCGTCAGGCTCATAGTAGACTAGCTAGAGCTAGCATA…

…ACGTCGTCAGGCTCATAGTAGACTAGCTAGAGCTAGCAAA…

…ACGCCGTCAGGCTCATCGTAGACTAGCTAGAGCTAGCATA…

…ACGTCGTCAGGCTCATAGTAGACTAGCTAGAGCTAGCATA…

…ACGTCGTCAGGCTCATAGTAGACTAGCTAGAGCTAGCATA…

…ACGCCGTCAGGCTCATCGTAGACTAGCTAGAGCTACCATA…

…ACGTCGTCAGGCTCATCGTAGACTAGCTAGAGCTAGCATA…

…ACGCCGTCAGGCTCATAGTAGACTAGCTAGAGCTAGCATA…

…ACGTCGTCAGGCTCATCGTAGACTAGCTAGAGCTAGCAAA…

…ACGTCGTCAGGCTCATCGTAGACTAGCTAGAGCTACCATA…

Novel Variant in Functional Element

Patient

Reference
genomes



Functional Predictions of Variants in Public Databases

Variant Types CGI 69 1000 Genomes dbSNP (130) HGM

Total number of variants: 7300345 12052647 7463633 48836

Total SNPs: 3721410 10462071 3803614 48836

Total Insertions: 1381717 590109 2116683 0

Total Deletions: 1534599 1000467 1144309 0

Total rearrangements: 662619 0 399027 0

Nonsense SNPs: 429 1267 2506 10544Nonsense SNPs: 429 1267 2506 10544

Frameshift Structural Variants: 3716 4911 18127 0

Insertions: 1675 3348 10552 0

Deletions: 1636 1563 7053 0

Rearrangements: 405 0 522 0

Splicing Change Variants: 3021 1630 3833 118

Probably Damaging nscSNPs: 6202 20614 24893 28441

Possibly Damaging nscSNPs: 3061 10130 12189 4145

Protein motif damaging Variants: 4215 8773 20550 21436

TFBS Disrupting Variants: 5274 2749 3590 1

miRNA-BS Disrupting Variants: 555 1412 1233 75

ESE-BS Disrupting Variants: 3917 8177 11410 4738

ESS-BS Disrupting Variants: 2057 3168 4507 1357

Total Likely Functional Variants: 26775 49890 75983 44412

Rate of Likely Functional Variants: 0.004 0.004 0.010 0.909



Cut-off for Likely
Damaging Variants

Many Novel Variants on an Individual’s Genome Predicted to be Functional

Single Individual Novel Variants

All CGI 69 Individual Novel Variants

OMIM Variants

70%

90%



Example Issues: 

• Determining individual ancestry or locus/allele-specific ancestry

• Unmatched (based on ancestry) cases and controls in a GWAS-seq = false positives

• Reference panel for determining the ‘novelty’ of a variant involves different ancestry



Population-Level Phenomena and Global Diversity
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• greater diversity
• selection has washed away 

some older deleterious 
alleles
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• only migrant genotypes 
represented 

• early bottleneck created

Europe

• only migrant genotypes 
represented

• not enough time for 
selection to wash away 
deleterious genotypes

• homozygosity for 
deleterious alleles is greater

Lohmueller et al. Nature. 2008 451:994-7



52 Unrelated Individual Whole Genome Variants (CGI)



52 Unrelated Individual Whole Genome Variants (CGI)
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52 CGI Genomes: Evolutionary ‘Derived’ Alleles
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• The standard Human ‘Reference’ genome is limited for
population comparisons, since it is made up of
contemporary European DNA

• We determined the ‘ancestral’ vs. ‘derived’ alleles from
chimp (Jan 2006 Wash U, build 2, version 1) and/or
macaque genomes ( Jan 2006, JCVI version 1, edition 4)

• Many loci on the human genome are not completely fixed
for the derived allele (i.e., some possess ancestral allele)

• We find evidence substantiating Lohmueller et al. (Nature.
AS CE CH GI JP LW ME MK TS YR
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• We find evidence substantiating Lohmueller et al. (Nature.
2008 451:994-7) but with individual whole genome data

p<0.0001 vs. African

AFR ASN EUR

0
.1

0
0
.1

5
0
.2

0
0
.2

5

p<0.008 vs. African



• Can sense be made of the effect of multiple genic variations without knowing phase?

• Most studies simply tally the number of non-reference alleles at singular loci

• Determining phase is not trivial via population/de novo assembly algorithms

Maternal Homolog            Paternal Homolog Diplotypic Effect (Phenotype)

A

B

E F E F

X X

X X

E F E F

+

+

=

=

Normal Function

Haploinsufficiency

Normal Function

Haploinsufficiency

Unique Phenotype

Tewhey et al. (2011)



4 Gene Copies but 3 Different Scenarios

Tewhey et al. (2011)

Copy Number Variations                                     ‘Unmasking’ via Deletions



Compound Heterozygosity

X X

X
X

vs.

Tewhey et al. (2011)



Biological Settings for ‘Diplomics’ Phenomena

Settings Involving Sequence Variations

• Allele Specific Expression (ASE)
• Allele Specific Methylation
• Cell-Specific Monoallelic Expression
• Parent-of-Origin Effects
• Dosage Compensation

Approaches to Resolving Phase

• Sequencing parents/relatives
• Population-based phasing (and imputation)
• Assembly of sequencing reads
• Separate chromosomes prior to sequencing



Analysis of the Full Genomes of a Trio

STSI-1

STSI-1m  STSI-1f

Individual Seq (Gb) SNVs Novel Ins Novel Del Novel

Child (STSI-1) 121.9 3163286 210730 145411 56028 156147 61544

COMPREHENSIVE ANNOTATION OF AN ENTIRE HUMAN DIPLOID GENOME
Ali Torkamani*, Vikas Bansal*, Ondrej Libiger, Phillip Pham, Ashley Van Zeeland,

Guangfa Zhang, Ryan Tewhey, Eric J. Topol, Nicholas J. Schork (in review)

• Sequencing and variant calling by Complete Genomics, Inc.

• In house phasing algorithms + functional annotations of all variants

• Initial analyses: determine frequency of potential compound heterozygosity

Mother (STSI-1m) 137.2 3229588 216800 155150 59506 166060 64507

Father (STSI-1f) 138.4 3236815 216996 157779 60310 169006 65139

Combined - 4469443 419783 268714 125258 295595 135390

Torkamani et al. (in review)



Phase and Heterozygosity

STSI-1

STSI-1m  STSI-1f

STSI-1

STSI-1m  STSI-1f

Heterozygous

Sites

Torkamani et al. (in review)



Genes Harboring Compound Heterozygotes

exons

splice sites

TF binding
site

TF binding
site

Torkamani et al. (in review)

X
X

53/389X
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71/184 139/290

10/156

X
X

X
X



‘Collapsing’ Rare Variations Based on Functional ‘Features’

…ACGTAGCTAGAGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTTGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGTGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGGGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGTGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

Case Sequences

Common Variant

Rare Variants

Genomic Feature (e.g., Binding Site)

…ACGTAGCTAGAGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…

…ACGTAGCTAGGGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGAATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…CCGTAGCTAGAGATCGATACCAGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

…

…ACGTAGCTAGAGATCGATACCTGAGAGCTATATCACTCGAGATTCGAGATCAGGATCGAG…

Control Sequences

Basic Intuition: Compare the Collective Frequency of Variants Between, e.g., Groups



The ‘Anna Karenina’ or ‘Extreme Allelic Heterogeneity’ 
(EAH) Rare Variant Setting vs. Other Settings

Most studied: ‘Extreme Allelic Heterogeneity’ (EAH) setting. 'Happy families are all 

alike; every unhappy family is unhappy in its own way.‘ Leo Tolstoy, Anna Karenina
Roach et al. Science (2010)

Common Variant EAH

Synergistic Effects Region Specific EAH

X X

X
X

vs.

Compound Heterozygosity



Multilocus Association Studies with DNA Sequencing Data

EAH, synergistic, ‘protective vs. deleterious,’ common + rare, additive, etc. models



Bansal et al. Nature Reviews: Genetics (2010)



Different Methods=Different Assumptions=Different Results

Set Method (Hoh and Ott 2003)

Omnibus Haplotype (Fallin et al. 2001)

Logic regression (Kooperberg et al. 2001)

Ridge regression (Malo et al. 2008)

Sequence similarity (Nievergelt et al. 2007)

Diversity (Jost 2007)

Distance Dispersion (Anderson 2006)

Subset selection (Bhatia et al. 2010)

Weighted average (Madsen et al. 2009)

Hotelling’s T-square (Li and Leal 2008)

Fisher’s exact, single locus test

Bansal et al. PSB 2011
MGLL gene region: 150 obese vs. non-obese; 5 kb window-based analysis



Genetic Risk Assessment for Disease Prevention:
Standard Markers vs. Genetic Markers

Late Converters

Early Converters

New England Journal of Medicine (2008) 359: 2220-2232



N Engl J Med. 2011 Feb 10;364(6):524-34

• Recipients of genetic risk data did not seem to engage in healthier behaviors

• Risks may have not been large enough to be motivating?

• Sampling biases?

• What about the provision of non-genetic risk information?

• Social networks = motivation; ‘Quantified Self’ movement; ‘DIY Genomics’; etc.


