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Part 1: 
Review



Variation across populations

• Not a single variant 100% unique to a given population
• 17% of low-frequency variants (.5-5% pop. freq) observed in a single ancestry group
• 50% of rare variants (<.5%) observed in a single population

Asians

Europeans

Americas African



Genes mirror geography within Europe
Novembre et al (2008) Nature. doi: 10.1038/nature07331



Part 2: 
Inherited Diseases



Huntington’s Disease



Human disease genes
Jimenez-Sanchez, G., Childs, B. & Valle, D. (2001) Nature 409, 853–855 



Genome Wide Association (GWAS)

Chi-squared or 
similar test



Manhattan Plot

Four Novel Loci (19q13, 6q24, 12q24, and 5q14) Influence the Microcirculation In Vivo
Ikram et al (2010) PLOS Genetics. doi:  10.1371/journal.pgen.1001184

Genome-wide significance: 5e-8

Marker significance: 1e-5 Significant loci



Regional Association Plot

Why does it look like this?
Which is causal?



GWAS Catalog

http://www.ebi.ac.uk/gwas/diagram

As of 2020-03-08, the GWAS Catalog contains 
4493 publications and 179364 associations.



GWAS In Crisis

Non-Replication and Inconsistency in the Genome-Wide Association Setting
Ioannidis (2007) Hum Hered 2007;64:203–213 https://doi.org/10.1159/000103512



Missing Heritability
“Three groups of researchers scoured 
the genomes of huge populations 
(>30,000 people) for genetic variants 
associated with the height differences. 
More than 40 turned up. But there was 
a problem: the variants had tiny 
effects. Altogether, they accounted for 
little more than 5% of height’s 
heritability”

- Rare, moderately penetrant or 
common, weakly penetrant variants?

- CNVs and SVs?

- Epistasis (multiple genes working 
together)?

- Epigenetic effects, especially in 
utero?



Penetrance & Allele Frequency

Penetrance: The proportion of individuals with a specific genotype who manifest the 
genotype at the phenotypic level.



Omnigenics

An Expanded View of Complex Traits: From Polygenic to Omnigenic
Boyle, Li, Pritchard (2017) Cell. https://doi.org/10.1016/j.cell.2017.05.038 

A central goal of genetics is to understand the links between genetic variation and disease. Intuitively, one 
might expect disease-causing variants to cluster into key pathways that drive disease etiology. But for 
complex traits, association signals tend to be spread across most of the genome—including near many 
genes without an obvious connection to disease. We propose that gene regulatory networks are 
sufficiently interconnected such that all genes expressed in disease-relevant cells are liable to 
affect the functions of core disease-related genes and that most heritability can be explained by 
effects on genes outside core pathways. We refer to this hypothesis as an “omnigenic” model.



Epigenetic Factors

The Key Role of Epigenetics in Human Disease Prevention and Mitigation
Feinberg (2018) NEJM. doi: 10.1056/NEJMra1402513



Needles in stacks of needles

Needles in stacks of needles: finding disease-causal variants in a wealth of genomic data
Cooper & Shendure (2011) Nature Reviews Genetics.



Genome Research. 2001 May;11(5):863-74.

SIFT Key Idea: Substituting one amino acid for another with another with very 
similar biochemical properties is probably less significant that a more dissimilar 
substitution. Learn those similarities by comparing orthologs across species



Genome Research 2011. doi:10.1101/gr.123158.111

VAAST Key Idea: Evaluate amino acid substitutions in evolution AND allele 
frequencies in 1000 genomes project



Nature Genetics 46, 310–315 (2014) doi:10.1038/ng.2892

CADD Key Idea: Evaluate amino acid substitutions AND allele frequencies in 
1000 genomes project AND ENCODE regions AND … (63 annotations total :)



Nature Genetics 47, 276–283 (2015) doi:10.1038/ng.3196

fitCons Key Idea: Evaluate amino acid substitutions AND allele frequencies in 
1000 genomes project AND aggregate by ENCODE regions



Am J Hum Genet. 2011 Aug 12;89(2):345. doi: 10.1016/j.ajhg.2011.05.017





Part 3:
Cancer Genetics & 

Genomics



A tumor removed by surgery in 1689.





The Six Hallmarks of Cancer

Hallmarks of Cancer
Hanahan and Weinberg (2000) Cell. http://doi.org/10.1016/S0092-8674(00)81683-9



Somatic Mutations In Cancer

Signatures of mutational processes in human cancer
Alexandrov et al (2013) Nature. doi:10.1038/nature12477



SK-BR-3

(Davidson et al, 2000)

Most commonly used Her2-amplified breast cancer cell line

80+ chromosomes, 
Many are a patchwork of fragments of other chromosomes



A firestorm in cancer

Novel patterns of genome rearrangement and their association with survival in breast cancer
Hicks et al (2006) Genome Research. Doi: 10.1101/gr.5460106



Aberrations in cancer genomes

Chromothripsis and cancer: causes and consequences of chromosome shattering
Forment et al (2012) Nature Reviews Cancer. doi:10.1038/nrc3352

Chromothripsis, which literally means 'chromosome shattering', is a phenomenon that has 
recently been reported to occur in cells harbouring complex genomic rearrangements 
(CGRs). Has 3 defining characteristics:
(1) Occurrence of remarkable numbers of rearrangements in localized chromosomal regions; 
(2) Low number of copy number states (generally between one or two) across the rearranged 

region; 
(3) Alternation in the chromothriptic areas of regions where heterozygosity is preserved with 

regions presenting loss of heterozygosity (LOH).



Nature 301, 89 - 92 (06 January 1983); doi:10.1038/301089a0



Causes of Cancer

Cancer is a Preventable Disease that Requires Major Lifestyle Changes
Anand et al (2008) Pharmaceutical Research. doi: 10.1007/s11095-008-9661-9



Variation in cancer risk among tissues can be explained by the number of stem cell divisions
Tomasetti andVogelstein (2015) Science. DOI: 10.1126/science.1260825



Stem cell divisions, somatic mutations, cancer etiology, and cancer prevention
Tomasetti, Li, andVogelstein (2017) Science. DOI: 10.1126/science.aaf9011



Oncogenes

• HER-2/neuHER-2/neu: encodes for a cell surface receptor that can stimulate cell 
division. The HER-2/neu gene is amplified in up to 30% of human breast cancers.

• RAS: The Ras gene products are involved in kinase signaling pathways that 
ultimately control transcription of genes, regulating cell growth and differentiation.

• MYC: The Myc protein is a transcription factor and controls expression of several 
genes.

• SRC: First oncogene ever discovered. The Src protein is a tyrosine kinase, which 
regulates cell activity.

• hTER: Codes for an enzyme (telomerase) that maintains chromosome ends.



Tumor Suppressors

• TP53: a transcription factor that regulates cell division and cell death.
• Rb: alters the activity of transcription factors and therefore controls cell division.
• APC: controls the availability of a transcription factor.
• PTEN: acts by opposing the action of PI3K, which is essential for anti-apoptotic, 

pro-tumorogenic Akt activation.



TP53: The first and most important 
tumor suppressor

Surfing the p53 network
Volgelstein et al (2000) Nature. DOI: 10.1038/35042675

>10,000 known mutations
>17,000 publications



DNA Repair Genes

BRCA1 and BRCA2 (breast cancer type 1/2 susceptibility genes)
Normally expressed in the cells of breast and other tissue, where they help repair 
damaged DNA, or destroy cells if DNA cannot be repaired. They are involved in 
the repair of chromosomal damage with an important role in the error-free repair of 
DNA double-strand breaks



Tumor Evolution

The Clonal Evolution ofTumor Cell Populations
Peter C. Nowell (1976) Science. 194(4260):23-28 DOI: 10.1126/science.959840



Tumor Evolution

Evolution of the cancer genome
Yates & Campbell (2012) Nature Review Genetics. doi:10.1038/nrg3317



Tumor Heterogeneity

The evolution of tumour phylogenetics: principles and practice
Schwarz and Schaffer (2017) Nature Reviews Genetics. doi:10.1038/nrg.2016.170



Tumor Heterogeneity

The evolution of tumour phylogenetics: principles and practice
Schwarz and Schaffer (2017) Nature Reviews Genetics. doi:10.1038/nrg.2016.170



Vazquez M, de la Torre V, Valencia A (2012) Chapter 14: Cancer Genome Analysis. PLOS Computational Biology 8(12): e1002824. 
https://doi.org/10.1371/journal.pcbi.1002824
http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1002824

Cancer Mutation Analysis

http://journals.plos.org/ploscompbiol/article%3Fid=10.1371/journal.pcbi.1002824


First Cancer Genome



First Cancer Genome



First Melanoma Genome

• Insertions (light-green 
rectangles); 

• Deletions (dark-green 
rectangles); 

• Heterozygous (light-orange 
bars) and Homozygous (dark-
orange bars) Substitutions

• Coding substitutions (coloured 
squares: silent in grey, missense 
in purple, nonsense in red and 
splice site in black); 

• Copy number (blue lines); 
regions of LOH (red lines); 

• Intrachromosomal 
rearrangements (green lines); 

• Interchromosomal 
rearrangements (purple lines).

A comprehensive catalogue of somatic mutations from a human cancer genome
Pleasance et al (2010) Nature. doi:10.1038/nature08658



Mutations in Breast Cancer

Comprehensive molecular portraits of human breast tumours
Cancer Genome Atlas Network (2012) Nature. doi:10.1038/nature11412



Finding Driving Mutations

Integrative Annotation of Variants from 1092 Humans: Application to Cancer Genomics
Khurana et al (2013) Science. DOI: 10.1126/science.1235587



Regulatory mutations in PDAC
Coding alterations of PDAC are now fairly well 
established but non-coding mutations (NCMs) 
largely unexplored
•Developed GECCO to analyze the thousands of 
somatic mutations observed from hundreds of tumors 
to find potential drivers of gene expression and 
pathogenesis

•NCMs are enriched in known and novel pathways
•NCMs correlate with changes in gene expression
•NCMs can demonstrably modulate gene expression
•NCMs correlate with novel clinical outcomes

NCMs are an important mechanism for tumor 
genome evolution

Recurrent noncoding regulatory mutations in pancreatic ductal adenocarcinoma 
Feigin, M, Garvin, T et al. (2017) Nature Genetics. doi:10.1038/ng.3861



Driving Non-Coding Mutations

Recurrent noncoding regulatory mutations in pancreatic ductal adenocarcinoma 
Feigin, M, Garvin, T et al. (2017) Nature Genetics. doi:10.1038/ng.3861



Tumor Heterogeneity

The evolution of tumour phylogenetics: principles and practice
Schwarz and Schaffer (2017) Nature Reviews Genetics. doi:10.1038/nrg.2016.170



Tumor-Normal Pairs

Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples
Cibulskis et al (2013) Nature Biotech. doi:10.1038/nbt.2514



Bulk Heterogeneity

THetA: inferring intra-tumor heterogeneity from high-throughput DNA sequencing data
Oesperet al (2013) Genome Biology. DOI: 10.1186/gb-2013-14-7-r80



Somatic Variant Detection

Evolution of the cancer genome
Yates & Campbell (2012) Nature Review Genetics. doi:10.1038/nrg3317



Tumor Heterogeneity

The evolution of tumour phylogenetics: principles and practice
Schwarz and Schaffer (2017) Nature Reviews Genetics. doi:10.1038/nrg.2016.170





Eli Van Allen, 
Dana-Farber Cancer Institute

What causes “outlier” families?


