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Gene Fusions

Takeuchi .. Ishikawa 
(Nature Medicine 2012)

Studying cancer genome structure: motivation

Noncoding Variants

Groschel .. Delwel
(Cell 2014)

Mutational processes

Nik-Zainal .. Stratton
(Cell 2012)
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Imielinski et al Cell 2012

Which is the smoker?
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Rearrangement burden 
across ~2700 cancers
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Wala et al 2017 BioRxiv
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SNV signatures
Age Age APOBEC

BRCA Smoking

DNA MMR 
deficiency

UV light

Ig hypermut PolE mut TMZ

APOBEC

Alexandrov et al 2013 Nature
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A primer in somatic variation (from short reads)

Adapted from Meyerson, Getz, Gabriel (Nature Reviews Genetics 2010)

Point 
Mutations

Indels Homozygous / 
Hemizygous 

Loss Re-
arrangementsGain

Single Read Alignment Read “Pileup”
Paired End / 

Split Read Mapping

Meyerson, Getz, Gabriel (Nature Reviews Genetics 2010)
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How do we “count” 
rearrangements?

Maciejowski and Imielinski 2017
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Can it be all so simple?
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What is an “event”?

Maciejowski and Imielinski (2017)
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Complex structural variation in cancer

Imielinski and Rubin (Nat Clin Oncology 2017)

Chromothripsis Chromoplexy

Breakage-fusion-bridge ??????

Junctions

Read depth
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Templated insertion chains 
(TIC)
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Reference coordinates
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https://github.com/mskilab/gGnome
https://github.com/mskilab/gGnome.js

www.mskilab.com/gGraph

https://github.com/mskilab/gGnome
https://github.com/mskilab/gGnome.js
http://www.mskilab.com/gGraph
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Genome graphs and the topology of junction copy number 
(JCN)
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13
https://github.com/mskilab/JaBbA
https://github.com/mskilab/gGnome Hadi, Yao, Behr, et al  Cell 2020

Genome graph inference (JaBbA) Xiaotong
Yao

Kevin 
Hadi

Julie
Behr

https://github.com/mskilab/JaBbA
https://github.com/mskilab/gGnome
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JaBbA algorithm 
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https://github.com/mskilab/JaBbA
https://github.com/mskilab/gGnome

Hadi, Yao, Behr, et al  Cell 2020

https://github.com/mskilab/JaBbA
https://github.com/mskilab/gGnome
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Linked-read whole genome sequencing (10x genomics)
100 Kbp “synthetic long reads”   $7/Gb

Goodwin, Mcpherson, McCombie Nature Reviews Genetics 2016
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WGS (JaBbA) vs linked-reads

Hadi, Yao, Behr, et al  Cell 2020
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WGS (JaBbA) vs linked-reads

Hadi, Yao, Behr, et al  Cell 2020
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JaBbA applications

Hadi, Yao, Behr, et al  Cell 2020
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JaBbA applications

20 Hadi, Yao, Behr, et al  Cell 2020



Landscape of thousands of 
cancer genome graphs
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Hadi, Yao, Behr, et al  Cell 2020
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Clusters of low JCN DUP and DEL

Hadi, Yao, Behr, et al  Cell 2020



23

Duplication “towers”
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Hadi, Yao, Behr, et al  Cell 2020
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Deletion “ditches”
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Hadi, Yao, Behr, et al  Cell 2020



Clonality and 
graphs



Clonality and 
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Clonality and 
graphs
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Rigma = 
late replicating, fragile sites, long genes

28 Hadi, Yao, Behr, et al  Cell 2020
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Recurrent rigma

Hadi, Yao, Behr, et al  Cell 2020
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Rigma != Chromothripsis
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Rigma
junctions 
occur in trans

31
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Optical mapping (BioNano Genomics)

Goodwin, Mcpherson, McCombie Nature Reviews Genetics 2016
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Rigma
junctions 
occur in trans

NCI-H838

Reconstructed 
Alleles
+
BioNano
Molecules & 
Consensus maps

BioNano-derived 
graph

Illumina depth  
read

Illumina-derived 
graphRigma

Julie Behr
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Rigma events occur early in esophageal adenocarcinoma 
tumorigenesis
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Pyrgo and 
Superenhancers

35

Triple Negative Breast cancer Lung squamous cell cancer
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High JCN Amplicons

Hadi, Yao, Behr, et al  Cell 2020
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High JCN Amplicons



38

High JCN Amplicons
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High JCN Amplicons
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Genomic “typhoons”



Tyfonas are larger and have a more diverse 
distribution of JCN than DM, BFBC
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Tyfonas enriched in distinct 
tumor types
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Tyfonas enriched in distinct 
tumor (sub)types
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Tyfonas amplify known oncogenes
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Tyfonas are enriched in expressed protein-coding 
fusions
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Tyfonas reconstruction
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Huasong
Tian
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SCLC tyfonas (NCI-H526)
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Hi-C suggests chromosomal integration of tyfonas



Hi-C suggests chromosomal integration of tyfonas
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FISH confirms chromosomal integration of tyfonas

50

Xiaotong
Yao

Sarah
Kudman



Tyfonas
reconstruction
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Allelic 
reconstruction

Chr 2 Chr 6 

Julie Behr



Tyfonas are enriched in a novel breakend
hypermutation process
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Kevin 
Hadi



Tyfonas model
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Monochromosomal hybrid model
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Genome 
graph 
features
define 13 
clusters 
across
~2813
cancers
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Genome 
graph 
features
define 13 
clusters 
across
~2813
cancers
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Genome 
graph 
features
define 13 
clusters 
across
~2813
cancers
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Genome 
graph 
features
define 13 
clusters 
across
~2813
cancers
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Genome 
graph 
features
define 13 
clusters 
across
~2813
cancers
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DDT



Genome 
graph 
features
define 13 
clusters 
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~2813
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Conclusions

• Analysis of ~2813 junction balanced genome graphs reveals novel 
patterns of complex genomic rearrangements (rigma, pyrgo, tyfonas)

• Rigma are late-replicating ditches of clustered trans deletion junctions 
arising early in esophageal adenocarcinoma

• Pyrgo are duplication towers enriched in superenhancers including MYC
• Tyfonas are likely extrachromosomal clusters of high copy fold-back 

inversions that are enriched in acral melanoma and expressed protein-
coding fusions

• Tyfonas can be chromosomally integrated and are enriched in a breakend
hypermutation process distinct from BFBC and DM

• Complex rearrangement patterns reveal prognostically significant 
categories, including BFBC / Rigma and DDT clusters

62



Linked-read whole genome sequencing (10x genomics)
100 Kbp “synthetic long reads”   $7/Gb

Goodwin, Mcpherson, McCombie Nature Reviews Genetics 2016

Stay tuned:
Kevin 
Hadi

Genome graph
signatures

of homologous
repair deficiency



Long-read sequencing (Pac Bio, ONT)

Goodwin, Mcpherson, McCombie Nature Reviews Genetics 2016

12-20 Kbp reads, $85-400/Gb** 200-900 Kbp, $100-180/Gb**

**https://blog.genohub.com/2017/06/16
/pacbio-vs-oxford-nanopore-sequencing/

Stay tuned:

High
order 

chromatin
structure

Aditya 
Deshpande



Hi-C à Pore-C

65

Deshpande, Ulahannan, Pendleton, et al (in review)

Matt 
Pendleton
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Eoghan 
Harrington

Aditya 
Deshpande



Optical mapping (BioNano Genomics)

Goodwin, Mcpherson, McCombie Nature Reviews Genetics 2016

Stay tuned:

“Loose
ends” in 
Cancer 

Genomes

Julie
Behr
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