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Sequencing of the Human Genome 
Nature 409, 860-921 (2001)  

Science 291, 1304-1351 (2001)  



The Human Genome – 2015  

• ~3.1 billion bases (A, C, G, T) 
• ~20 thousand protein-coding genes, many non-

coding RNAs 
• Annotation ongoing – the initial sequencing in 2001 

is still being refined, assembled and annotated, even 
now 

• Variation (polymorphism) present within humans 
– Population-specific 
– Cosmopolitan 



Types of polymorphisms 

• Single nucleotide polymorphisms (SNPs) 
– Common SNPs are defined as > 5% in at least one 

population 

– Abundant in genome (~50 million and counting) 

• Repeats of DNA (long, short, complex, simple), 
insertions/deletions 

• A small fraction of SNPs and other types of variation are 
very or slightly deleterious and may contribute by 
themselves or with other genetic or environmental factors 
to a phenotype or disease 

ATGGAACGA(G/C)AGGATA(T/A)TACGCACTATGAAG(C/A)CGGTGAGAGG 



SNPs & function 

• Vast majority are “silent” 
– No known functional change 

• Alter function of gene product 
– Change sequence of protein 

• Alter gene expression/regulation 
– Promoter/enhancer 
– mRNA stability 
– Small RNA binding sites 
– Disrupt CpG site 
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Adapted from Reich et al. Nat Genet (2003) 

Estimated number of common SNPs in the  
human genome as a function of their minor allele 
frequency 
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Minor Allele Frequency (MAF) 

Estimated  
number 
of SNPs 

>5% >10% >15% >20% >25% >30% >35% >40% >45% 
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Mapping Genetic Susceptibility 

Manolio et al 2009 
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SNP genotyping 
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Illumina “whole-genome” SNP microarrays  

HUMAN OMNI (+1K GENOMES) 

Omni5 
2.5+2.5S 

Omni2.5 
Ex+1S 

Omni1 

Express 
(720k) 

HUMAN HAP (HAPMAP) 

Hap1M 

Hap660 

Hap610 

Hap550 
= 317 + 

240 
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Infinium Technology: Two color allele-specific 
detection at each locus 



Basic principle of genetic association studies in 
unrelated individuals 



Published GWA Reports, 2005 – 2013
To

ta
l N

um
be

ro
f P

ub
lic

at
io

ns

1960

Calendar Quarter
Through 9/30/10 postings

0

500

1000

1500

2000

2500

2005 2006 2007 2008 2009 2010 2011 2012 2013

https://www.genome.gov/26525384 



Published Cancer GWAS Etiology Hits: Sep 2014 
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Multiple loci discovered on chr5p15.33: Telomerase Gene 

Allelic Pleiotropy 
Protective vs Susceptible 
Gene-gene or Gene-Environment 
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TaqMan SNP genotyping 

• Utilized for validation and extension 
of interesting GWAS variants 

• Reasonable approach for small 
numbers of SNPs (<50) and large 
numbers of samples (assay  
development = $$) 

• Standard locus specific forward  
and reverse PCR primers 

• Two ~16 base probes with single  
base mismatches to detect SNP alleles 

 



GWAS of Cancer Susceptibility – only the beginning 

~450 distinct alleles across genome for more than 24 
cancers/related traits 

~25 ‘biologically explained’ 
<10% map to COSMIC mutations 

Intervals including GWAS SNPs containing >800 genes and 25% loci 
are ‘intergenic’ 

Complex genetic model for susceptibility in population 



Correlation does not imply causation 

• Conventional GWAS designs provide no mechanism to 
distinguish statistical association from causation 
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Epigenetics - Methylation 
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Epigenetics - Methylation 

• Methylation of cytosine – a covalent modification of DNA 
wherein the H5 hydrogen of the base is replaced by a methyl 
group 
 

 



Epigenetics – Methylation-2 

Cancer Genomics Research Laboratory 

• DNA methylation plays a role in regulating gene expression 

• Important during the developmental process  

• Also important for genome stability, chromatin compaction, 
genome defense, and other things 

• Aberrant methylation (hypermethylation or hypomethylation) 
may cause genes to be over- or under-expressed and has been 
implicated in many diseases, including cancer 
– Up-regulation of oncogenes 

– Down-regulation of tumor suppressors 

 



Illumina HumanMethylation450 BeadChip 

• Enables epigenome-wide association studies 

• Detects cytosine methylation at CpG islands based on highly multiplexed 
genotyping of bisulfite-converted gDNA 

– Bisulfite conversion: converts unmethylated  
cytosine bases to uracil, while methylated  
cytosine bases remain unchanged 

– Chemically differentiated loci are  
interrogated using two site-specific  
probes, one designed for the  
methylated locus and another for  
the unmethylated locus 

• 99% RefSeq genes covered 

– Avg 17 CpG sites per gene region 
(promoter, 5’UTR, first exon, gene 
body, 3’UTR) 



Epigenetics – Methylation use case 

• Methylation in tumor vs. normal tissue from the same 
organ/site 

 

 

 

 

 

 

• Methylation patterns in a patient’s DNA before and after 
treatment (e.g. chemotherapy) 

 



  DNA methylation profiling delineates epithelial-like (E) and mesenchymal-like (M) NSCLC 
cell lines. 

Kim Walter et al. Clin Cancer Res 2012;18:2360-2373 

©2012 by American Association for Cancer Research 
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Sequencing 
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Illumina HiSeq Ion Proton 

Illumina MiSeq Ion Personal Genome Machine 
(PGM) 



  Overview of DNA sequencing using the Illumina platform.

Jared M. Churko et al. Circulation Research. 
2013;112:1613-1623 

Copyright © American Heart Association, Inc. All rights reserved. 
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Ion Torrent – the world’s smallest pH meter 



Cancer Genomics Research Laboratory 

Sequencing applications 

• Complex, common diseases 
– Regional sequencing for fine-mapping 

• Common variant 

• GWAS follow-up  

• Rare, Mendelian diseases 
• Exome sequencing  

• Rare protein-coding variant 

• Highly penetrant 

• Families in which many members are affected 

• Whole-genome sequencing 
• Function and annotation agnostic  
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Sequencing – use cases 

• Whole-exome sequencing to look for protein-coding 
variants 
– Example: families 

• Target-gene(s) sequencing to study only a particular 
gene or set of genes 
– Example: BRCA1/BRCA2 

• Regional sequencing of a contiguous part of a 
chromosome 
– Example: GWAS follow-up 

• Whole genome sequencing 
– Look everywhere in the genome; structural variation 

detection 



Exome = Protein Coding Genome 
 

Exome = 180K exons; ~30 Mb (~1% of genome) 

Advantage Much less sequencing   

Disadvantage  Miss non-coding variants  

Why coding? 

Larger effect sizes 

More interpretable 

Easier to follow up 



Initial 
association 
finding 

GWAS, linkage, 
candidate gene 

Exploration 
of known 
variants 

HapMap, 1000 
genomes 

Polymorphism 
detection 

Characterization 
of all common 
genetic variants 

Comprehensive 
exploration of 
all variants 

Genotyping in 
large numbers of 
individuals 

Functional 
characterization 

ATGGAAAGGGAGCATATTACGCACTATGAAGCGGGGGAACGA 
ATGGAAAGGGAGCATATTATGCACTATGAAGCGGGGGAACGA 
ATGGAAAGGGAGCATATTACGCACTATGAAGCGGAGGAACGA 
ATGGAAAGGGAGCATATTATGCACTATGAAGCGGAGGAACGA 
ATGGAAAGGGAGCATATTACGCACTATGAAGCGGGGGAACGA 
ATGGAAAGGGAGCATATTACGCACTATGAAGCGGAGGAACGA 
ATGGAAAGGGAGCATATTACGCACTATGAAGCGGGGGAACGA 
ATGGAAAGGGAGCATATTACGCACTATGAAGCGGGGGAACGA 
ATGGAAAGGGAGCATATTATGCACTATGAAGCGGAGGAACGA 
ATGGAAAGGGAGCATATTATGCACTATGAAGCGGGGGAACGA 
ATGGAAAGGGAGCATATTACGCACTATGAAGCGGGGGAACGA 

i. 

ii. 

iii. 

iv. 
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Exome sequencing 
• Precursor to whole-genome sequencing 

– Cost is feasible  

– Protein-coding variants are most easily annotated and interpreted 
for likelihood of disease involvement 

• Rare variants in rare diseases 
– Study families with extremely high disease incidence to find causal 

protein-altering variants  

– If not mapped by linkage methods, variants may be novel and not 
co-localized among families 

– Assumes virtually complete penetrance 

• Design has power to find different variants than GWAS 
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Regional GWAS and 
linkage follow-up 

Candidate genes 

Whole exome 

Technical 
Validation 
For 
Exome 

Whole genome 
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Transcriptome - RNASeq 
 



Transcriptome 

• The set of all RNA transcripts in a cell or population of cells 
– mRNA 

– rRNA 

– tRNA 

– Non-coding RNAs, including miRNAs 

• Tissue- and cell-type specific 

• We can look at the whole transcriptome, but can also only 
target certain genes 
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Transcriptome – use cases 

• Examine differential expression in genes from paired 
tumor/normal samples from the same individual 

• Do different subtypes of breast cancer tumors have different 
expression signatures? 

 

 

 

 

• Do we see novel fusion transcripts in tumors? 
– Example: PAX8-PPARG fusion in follicular architecture-follicular 

thyroid carcinoma 
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Quantitative (real-time) PCR assays 

• Quantitation by interrogating PCR cycle where amplification 
passes threshold 

• Can be measured via absolute (e.g. against standard curve) or 
relative (e.g. against endogenous control) 

• Can be used for: 
– Gene expression studies 

– Copy number variation 

– Absolute quantitation 

– SNP genotyping 

– Pathogen detection 
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Telomeres 
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Telomeres 

• Ends of chromosomes 

• Repetitive nucleotide sequences (TTAGGG × ~2,500 in 
humans) 

• When cells divide, enzymes that duplicate chromosomes 
cannot reach the end, so the chromosome is shortened – 
association with aging 

• Telomeres serve as “buffers” to protect the remainder of the 
chromosome 

• Telomeres can be replenished by telomerase reverse 
transcriptase (TERT)  

• There are other genes that function, along with TERT, in 
telomere maintenance  
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Telomeres - 2 

• Telomere dysfunction is commonly acquired during the 
process of tumor development 
– Short telomeres can lead to genomic instability, chromosome 

loss as well as to translocations 

– Shortened telomeres have been observed in many cancer types, 
even in the blood DNA of the patients 

• Individuals with dyskeratosis congenita are born with short 
telomeres 
– Rare germline variants in key telomere maintenance genes 
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Telomere Length Assay 

• Relative average telomere length determination by qPCR  

• Single-plex Telomere assay (T) and Autosomal single copy gene (S) 

• Concentration of each target  
extrapolated from a standard  
curve 

• Resulting T/S ratios are  
proportional to average  
telomere length 

• Pilot studies show T/S ratios  
are strongly correlated to  
Flow-FISH cytometry results 
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Telomere Length Assay – use cases 

• Compare telomere lengths between people with cancer and 
people without 

• Compare telomere length between tumor and normal tissue 

• Used as a diagnostic assay for people suspected of having 
dyskeratosis congenita  
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Integrative analyses 

The next goal 
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Now that we’ve generated all of this data… 

• We can analyze it by specific platform (e.g. SNP data) for its 
intended purpose 

• How can we combine and look at it all together? 
– Could SNP genotype + methylation status + RNA expression be 

linked and important?  Definitely. 

– How could SNPs in the genome predict telomere length and 
therefore associate with disease? 

– How could a SNP found by exome sequencing affect RNA 
expression or alternative transcripts? 

– And on and on … 
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Future considerations for study planning 

• Given all of the technologies and approaches available, how 
can we best combine the data to get the most meaningful 
results? 
– SNP associations + methylation + RNASeq = ? 

• Sample collections should be thought out carefully 

• We are living in exciting times, technologically-speaking 
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Conclusions 

• There are now many ways to biologically approach our 
questions of disease  

• Multiple technologies and assays are available in order to best 
explore biological questions 

• Integrative analyses will be key to solving the puzzles we are 
facing 
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If there’s time… 

Exciting new stuff. 
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Unexpected findings 

Genome-wide association 
studies 
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Somatic mosaicism 

Nature Genetics 44, 614–616 (2012) doi:10.1038/ng.2311 
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Examples 
Normal 

Mosaic Gain Mosaic Loss 

Mosaic Copy-Neutral LOH 

• Validated with FISH, MLPA, and microsatellite analysis 



Circos plot of mosaic events 

Jacobs et al 2012 

Green = gain 
Blue = CNLOH 
Red = loss 

1,334 events 

127,179 individuals Germline DNA from 
blood or buccal 
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Increasing Frequency with Age - 
autosomes 

Study P value 
GENEVA 2.0 × 10-16 

TGSI 4.8 × 10-8 

TGSII 5.3 × 10-4 

Pooled P value 
TGSI + 
TGSII 

4.32×10-13 

127,179 individuals 

*Pooled estimate adjusted for sex, 5-year age group, cancer subtype, and study indicator; events >2Mb. 
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Chromosome shattering / chromothripsis / chromoplexy 
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“Chromosome shattering” 
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TCGA-4-1371 (Ovarian) 

• Events present in normal tissue that are not in tumor tissue (chr 2) 
• Events arise in tumor tissue that are not present in normal tissue (chr 8,12,18) 

Chromosome 2 Chromosome 8 Chromosome 12 Chromosome 18 
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