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Part 1: 
Cancer Genetics



Somatic Mutations In Cancer

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



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
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Finding Driving Mutations

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



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



Tumor Heterogeneity

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





Single Cell RNA-seq of Cancer

Single-cell RNA-seq supports a developmental hierarchy in human oligodendroglioma 
Tirosh et al (2016) Nature. doi:10.1038/nature20123



Tumor Heterogeneity 
and Treatment

Clonal evolution in relapsed acute myeloid leukemia revealed by whole genome sequencing
Ding et al (2012) Nature. doi:10.1038/nature10738



Liquid Biopsies

Liquid biopsies come of age: towards implementation of circulating tumour DNA
Wan et al (2017) Nature Review Cancer. doi:10.1038/nrc.2017.7
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Long-read sequencing 
of breast cancer



SK-BR-3

(Davidson et al, 2000)

Most commonly used Her2-amplified breast cancer cell line

Can we resolve the complex structural variations, especially around Her2?

Recent collaboration between JHU, CSHL and OICR to de novo assemble 
and analyze the complete cell line genome with PacBio long reads

Maria Nattestad



Split-Read basedAssembly-based

Alignment with 
NGMLR

Copy number 
analysis with 

Ginkgo

SV-calling from 
split reads with 

Sniffles

Validations SplitThreader

Assembly with 
Falcon on 
DNAnexus

Alignment with 
MUMmer

Call variants 
between 

consecutive 
alignments with 
Assemblytics

Call variants 
within 

alignments with 
Assemblytics

~ 20,000 structural variants
Including many inter-chromosomal 

rearrangements 

~ 11,000 structural variants
50 bp to 10 kbp

Structural Variation Analysis



NGMLR + Sniffles
BWA-MEM: NGMLR:

Accurate detection of complex structural variations using single molecule sequencing 
Sedlazeck, Rescheneder et al (2018) Nature Methods. doi:10.1038/s41592-018-0001-7

NGMLR: Convex scoring model to accommodate many small gaps 
from sequencing errors along with less frequent but larger SVs 



Complex rearrangements and oncogene amplifications revealed by long-read DNA 
and RNA sequencing of a breast cancer cell line

Nattestad et al. (2018) Genome Research. doi: 10.1101/gr.231100.117



Complex rearrangements and oncogene amplifications revealed by long-read DNA 
and RNA sequencing of a breast cancer cell line

Nattestad et al. (2018) Genome Research. doi: 10.1101/gr.231100.117

Highlights

• Finding 10s of thousands of additional variants

• PCR validation confirms high accuracy of long reads

• Detect many novel gene fusions

• Identify early vs late mutations in the cancer



Taking Long Read Sequencing into the Clinic

Mechanical/
enzymatic

Purification

Plating on Matrigel

Add growth factors

ü Stable Growth in 3D
ü Recapitulate tumor pathology 

& treatment response

ü Maintenance of tissue/tumor 
heterogeneity

ü “2017 Method of the Year” -
Nature Methods

Tumor organoids in culture

Resected primary 
tumor

Karen KostroffDavid Spector



Comprehensive analysis of structural variants in breast cancer genomes using single molecule sequencing
Aganezov, S et al. (2019) bioRxiv doi: https://doi.org/10.1101/847855

Data Production



Structural Variation Consistency
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Structural Variation Consistency
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PacBio (49x)

• Very strong 
concordance between 
long read platforms

• Substantially more 
variants than detected 
by short reads

Structural Variation Consistency
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3,136

65
1,591

17,908
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Illumina/10x (30x) ONT (49x)

PacBio (49x)

Structural Variation Consistency

• PCR validation 
shows most 
Illumina-only calls 
are false positives



Structural Variation Consistency



Structural Variation Identification



62bp repeat expansion in 
BRCA1 detected in normal 
tissue that is undetectable 
using a panel or short read 

sequencing

Hidden Variants in 
Breast Cancer Genes



Eli Van Allen, 
Dana-Farber Cancer Institute

What causes “outlier” families?



Part 2: Metagenomics



Biodiversity and functional genomics in the human microbiome
Morgan et al (2013) Trends in Genetics. http://doi.org/10.1016/j.tig.2012.09.005



What are microbes?

A new view of the tree of life
Hug et al. (2016) Nature Microbiology
doi:10.1038/nmicrobiol.2016.48



Your second genome?

Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to Host Cells in Humans
Sender et al (2016) Cell. http://doi.org/10.1016/j.cell.2016.01.013

Human body:
~10 trillion cells

Human brain:
~3.3 lbs

Microbiome
~100 trillion cells

Total mass:
~3.3 lbs



Okay, maybe not 10x more cells 
but still a lot! J

Revised Estimates for the Number of Human and Bacteria Cells in the Body
Sender et al (2016) PLOS Biology. https://doi.org/10.1371/journal.pbio.1002533



Pre-PCR: Gram-Staining
Gram staining 
differentiates bacteria by 
the chemical and physical 
properties of their cell 
walls by detecting 
peptidoglycan, which is 
present in the cell wall of 
Gram-positive bacteria



16S rRNA

The 16S rRNA gene is a section of prokaryotic DNA found in all bacteria 
and archaea.  This gene codes for an rRNA, and this rRNA in turn makes 
up part of the ribosome. 

The 16S rRNA gene is a commonly used tool for identifying bacteria for 
several reasons. First, traditional characterization depended upon phenotypic 
traits like gram positive or gram negative, bacillus or coccus, etc. Taxonomists 
today consider analysis of an organism's DNA more reliable than classification 
based solely on phenotypes. Secondly, researchers may, for a number of 
reasons, want to identify or classify only the bacteria within a given 
environmental or medical sample. Thirdly, the 16S rRNA gene is relatively short 
at 1.5 kb, making it faster and cheaper to sequence than many other unique 
bacterial genes. 

http://greengenes.lbl.gov/cgi-bin/JD_Tutorial/nph-16S.cgi







Microbial diversity and the genetic nature of microbial species
Achtman & Wagner (2008) Nature Reviews Microbiology. doi:10.1038/nrmicro1872
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Achtman & Wagner (2008) Nature Reviews Microbiology. doi:10.1038/nrmicro1872



Chapter 12: Human Microbiome Analysis
Morgan & Huttenhower  (2012) PLOS Comp Bio.https://doi.org/10.1371/journal.pcbi.1002808

Operational Taxonomic Units (OTUs)

• Although much of the 16S rRNA gene is highly conserved, several of the 
sequenced regions are variable or hypervariable, so small numbers of base pairs 
can change in a very short period of evolutionary time.

• Because 16S regions are typically sequenced using only a single pass, there is a 
fair chance that they will thus contain at least one sequencing error. This means 
that requiring tags to be 100% identical will be extremely conservative and treat 
essentially clonal genomes as different organisms. 

• Some degree of sequence divergence is typically allowed - 95%, 97%, or 99% 
are sequence similarity cutoffs often used in practice [18] - and the resulting 
cluster of nearly-identical tags (and thus assumedly identical genomes) is 
referred to as an Operational Taxonomic Unit (OTU) or sometimes phylotype. 

OTUs take the place of 
“species” in many microbiome 
diversity analyses because 
named species genomes are 
often unavailable for particular 
marker sequences.





16S versus shotgun NGS

16S

Fast (minutes – hours)
Directed analysis

Cheap per sample 
Family/Genus Identification

NGS

Slower (hours to days)
Whole Metagenome

More expensive per sample
Species/Strain Identification
Genes presence/absence

Variant analysis
Eukaryotic hosts

Can ID fungi, viruses, etc.



The Importance of Sub-species/strain Level Identification

Commensal? Pathogenic?
Strain
O157:H7

Hemorrhagi
c enteritis

?

Vitamin K

Colonization Barrier Effect Against Pathogens

Vitamin B12

E. coli





Part III: 
Metagenomics Methods



Chapter 12: Human Microbiome Analysis
Morgan & Huttenhower  (2012) PLOS Comp Bio.https://doi.org/10.1371/journal.pcbi.1002808



Kraken

Kraken: ultrafast metagenomic sequence classification using exact alignments
Wood and Salzberg (2014) Genome Biology. DOI: 10.1186/gb-2014-15-3-r46



Metagenomics Benchmarking

An evaluation of the accuracy and speed of metagenome analysis tools
Lindgreen et al (2016) Scientific Reports. doi:10.1038/srep19233



Krona Plots

Interactive metagenomic visualization in a Web browser
Ondov et al (2011) BMC Bioinformatics. DOI: 10.1186/1471-2105-12-385



Min-Hash: Comparing all 54,118 
RefSeq genomes in 1 day on a laptop

Mash: fast genome and metagenome distance estimation using MinHash
Ondov et al. (2016) Genome Biology. DOI: 10.1186/s13059-016-0997-x



Part IV: Results



The first microbial genomes

Whole-genome random sequencing and assembly of Haemophilus influenzae Rd
Fleischmann et al (1995) Science. doi: 10.1126/science.7542800 

The Minimal Gene Complement of Mycoplasma genitalium
Fraiser et al (1995) Science. doi: 10.1126/science.270.5235.397 



Hervé Tettelin et al. PNAS 2005;102:13950-13955

©2005 by National Academy of Sciences

The first pan genome:
Streptococcus agalactiae 



Global Ocean Survey



Global Ocean Survey

The combined set of predicted proteins in NCBI-nr, PG, TGI-EST, and ENS, as 
expected, has a lot of redundancy. For instance, most of the PG protein 
predictions are in NCBI-nr. Removing exact substrings of longer sequences (i.e., 
100% identity) reduces this combined set to 3,167,979 predicted proteins. When 
we perform the same filtering on the GOS dataset, 5,654,638 predicted proteins 
remain. 

Thus, the GOS-predicted protein set is 1.8 times the size of the predicted 
protein set from current publicly available datasets.



Metasub

Geospatial Resolution of Human and Bacterial Diversity with City-Scale Metagenomics
Afshinnekoo et al (2016) Cell Systems. http://dx.doi.org/10.1016/j.cels.2015.01.001



Different subway stations resembled 
different body sites

Geospatial Resolution of Human and Bacterial Diversity with City-Scale Metagenomics
Afshinnekoo et al (2016) Cell Systems. http://dx.doi.org/10.1016/j.cels.2015.01.001






