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If the human genome is a book ...

... cancer is collage poetry



Chromosomal	collages

19 20

HCC1143
SKY

6 7 8

13 14 15

21 22 X

4 5

9 10 11 12

16 17 18

1 2 3



Chromosomal shreds

Adapted from Meyerson, Getz, Gabriel (Nature Reviews Genetics 2010)
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Junction	detection	from	tiny	eads

activating EGFR mutations or presence of independent, subclo-
nal activating mutations.
To assess oncogenicity of this novel EGFR variant, we ectop-

ically expressed an EGFR transgene lacking exons 25 and 26 in
NIH 3T3 cells. As has been previously observed for oncogenic
EGFR mutations, cells stably expressing this transgene demon-
strated colony formation in soft agar (Figure 5B) and increased
EGFR and AKT phosphorylation in the absence of EGF (Fig-
ure 5C). In contrast, cells expressing wild-type EGFR formed
colonies only in the presence of EGF (Figure 5B). Overexpression

of the EGFR transgene in Ba/F3 cells led to interleukin-3 inde-
pendent proliferation that was blocked by treatment with an
EGFR tyrosine kinase inhibitor, erlotinib (Figure 5D), at concen-
trations previously shown to be sufficient for inhibition of acti-
vated variants of EGFR (Yuza et al., 2007).
Kinases with in-frame rearrangements in tumorswithoutmuta-

tions in lung adenocarcinoma oncogenes included SIK2 and
ROCK1 (Figure 4B). An in-frame kinase domain duplication in
SIK2 (salt-inducible kinase 2) was identified and validated by
quantitative PCR (qPCR). The duplication occurred 15 amino
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Figure 5. Identification of a Novel Lung Adenocarcinoma In-Frame Deletion in EGFR
(A) Schematic representation of reported EGFR alterations (above protein model) for comparison with a C-terminal deletion event found in this study by WGS

(below protein model). A schematic depiction of sequencing data shows the expected wild-type reads (gray) in contrast with the observed reads (black) spanning

or split by the deletion breakpoint. Supporting paired-end and split-read mapping data are shown in Figure S5.

(B) Soft agar colony forming assay of NIH 3T3 cells expressing exon 25- and 26-deleted EGFR (Ex25&26 del) or wild-type EGFR in the presence or absence of

ligand stimulation. The bar graph shows the number of colonies formed by indicated cells with or without EGF in soft agar. Data shown are mean +SD of three

replicates of a single experiment. The results are representative of three independent experiments.

(C) Ex25&26 del EGFR is constitutively active in the absence of EGF. The same NIH 3T3 cells used for the assay in (B) were subjected to immunoblotting with anti-

phospho-tyrosine (4G10), anti-EGFR, and anti-phospho-Akt (S473) antibodies. Blots were probed with anti-Akt and anti-B-actin antibodies (loading control).

(D) Cell growth induced by the oncogenic EGFR deletion mutant is suppressed by erlotinib treatment. Ba/F3 cells transformed by either L858R or Ex25&26 del

mutants were treated with increasing concentrations of erlotinib as indicated for 72 hr and were assayed for cell viability. Data shown are mean ±SD of six

replicates of a single experiment. The results are representative of three independent experiments.

See also Figure S5.
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Chromosomal	Pangaea

The Earth
(500 million years ago)
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Gene Fusions

Takeuchi .. Ishikawa 
(Nature Medicine 2012)

Studying cancer genome structure: motivation

Noncoding Rearrangements

Groschel .. Delwel
(Cell 2014)

Mutational processes

Nik-Zainal .. Stratton
(Cell 2012)



Which is the smoker?

Imielinski et al Cell 2012



Circos .. so beautiful

http://www.circos.ca/



Junction: the “atomic unit” of a genomic 
rearrangement

Maciejowski	and	Imielinski	2017

Junction	=
pair	of	
locations	
AND
orientations



Can it be all so simple?



What is an “event”?

Maciejowski and	Imielinski	(2017)



Complex	structural	variation in	cancer

Imielinski	and	Rubin	(Nat	Clin Oncology	2017)

Chromothripsis Chromoplexy

Breakage-fusion-bridge ??????

Junctions

Read depth



Clinical	consequences	of	rearrangement	signatures:	
exceptional	chemotherapy	response

Waddell	et	al	Nature	2015



Clinical	consequences	of	rearrangement	signatures:	
“BRCAness phenotype”

Davies	et	al	Nature	Medicine	2017



Clinical	consequences	of	rearrangement	signatures:	
“BRCAness phenotype”

Davies	et	al	Nature	Medicine	2017



Standard	WGS	
Paired-end	rearrangement	mapping

activating EGFR mutations or presence of independent, subclo-
nal activating mutations.
To assess oncogenicity of this novel EGFR variant, we ectop-

ically expressed an EGFR transgene lacking exons 25 and 26 in
NIH 3T3 cells. As has been previously observed for oncogenic
EGFR mutations, cells stably expressing this transgene demon-
strated colony formation in soft agar (Figure 5B) and increased
EGFR and AKT phosphorylation in the absence of EGF (Fig-
ure 5C). In contrast, cells expressing wild-type EGFR formed
colonies only in the presence of EGF (Figure 5B). Overexpression

of the EGFR transgene in Ba/F3 cells led to interleukin-3 inde-
pendent proliferation that was blocked by treatment with an
EGFR tyrosine kinase inhibitor, erlotinib (Figure 5D), at concen-
trations previously shown to be sufficient for inhibition of acti-
vated variants of EGFR (Yuza et al., 2007).
Kinases with in-frame rearrangements in tumorswithoutmuta-

tions in lung adenocarcinoma oncogenes included SIK2 and
ROCK1 (Figure 4B). An in-frame kinase domain duplication in
SIK2 (salt-inducible kinase 2) was identified and validated by
quantitative PCR (qPCR). The duplication occurred 15 amino
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Figure 5. Identification of a Novel Lung Adenocarcinoma In-Frame Deletion in EGFR
(A) Schematic representation of reported EGFR alterations (above protein model) for comparison with a C-terminal deletion event found in this study by WGS

(below protein model). A schematic depiction of sequencing data shows the expected wild-type reads (gray) in contrast with the observed reads (black) spanning

or split by the deletion breakpoint. Supporting paired-end and split-read mapping data are shown in Figure S5.

(B) Soft agar colony forming assay of NIH 3T3 cells expressing exon 25- and 26-deleted EGFR (Ex25&26 del) or wild-type EGFR in the presence or absence of

ligand stimulation. The bar graph shows the number of colonies formed by indicated cells with or without EGF in soft agar. Data shown are mean +SD of three

replicates of a single experiment. The results are representative of three independent experiments.

(C) Ex25&26 del EGFR is constitutively active in the absence of EGF. The same NIH 3T3 cells used for the assay in (B) were subjected to immunoblotting with anti-

phospho-tyrosine (4G10), anti-EGFR, and anti-phospho-Akt (S473) antibodies. Blots were probed with anti-Akt and anti-B-actin antibodies (loading control).

(D) Cell growth induced by the oncogenic EGFR deletion mutant is suppressed by erlotinib treatment. Ba/F3 cells transformed by either L858R or Ex25&26 del

mutants were treated with increasing concentrations of erlotinib as indicated for 72 hr and were assayed for cell viability. Data shown are mean ±SD of six

replicates of a single experiment. The results are representative of three independent experiments.

See also Figure S5.

Cell 150, 1–14, September 14, 2012 ª2012 Elsevier Inc. 9

CELL 6461

Please cite this article in press as: Imielinski et al., Mapping the Hallmarks of Lung Adenocarcinoma with Massively Parallel Sequencing, Cell
(2012), http://dx.doi.org/10.1016/j.cell.2012.08.029
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Challenges:	signal	vs noise	in	rearrangement	
analysis

Genomic	Position

200	reads
Paired	end	cluster	loc i &	loc j



Challenges:	signal	vs noise	in	rearrangement	
analysis

Genomic	Position

Tumor	only	
clusters

Paired	end	cluster	loc i &	loc j
200	reads



ALERT:	
Copy	number	and	rearrangement	data	…	don’t	agree!
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• Separately	inferred	à Inconsistent
• Over-segmentation	of	WGS	data
• Unmapped	and	false	positive	junctions

Data	from	80	lung	cancer	whole	genome	T/N	pairs



JaBbA: 
From junctions to balanced assembly graphs
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Other	“graph	callers”

PREGO

CouGaR

Li	..	Ma	
Cell	Systems	2016

Dzamba ..	Brudno
Genome	Research	2016

Osper ..	Raphael	
BMC	Bioinf 2012



Graph	representation	of	whole	genomes

+ +
--
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Skew-
symmetric
directed 
graph

Bidirected
Graph

• Nodes	represent	+/-
strand	intervals

• Directed	graph
• Every	interval	i has	

anti-interval
• Every	edge	pq has	

anti-edge pq
• Every	path	has	an	

anti-path.

• Nodes represent left 
and right sides of 
intervals

• Undirected edges of 
two flavors (intra 
and inter segment)

• Paths must be 
alternating

=	left	endpoint
=	right	endpoint

=	intra	segment	edge
=	inter	segment	edge

https://github.com/mskilab/gGnome



Stranded	adjacency	matrix	A
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JaBbA (Junction	Balance	Analysis):
Integrating	rearrangements	and	copy	state
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JaBbA (Junction	Balance	Analysis):
Challenge:	Noisy	coverage	data
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JaBbA (Junction	Balance	Analysis):
Challenge:	Missing	rearrangements



r1 r2

s1 + a1 + r1 = c = s2 + a2 + r2
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JaBbA (Junction	Balance	Analysis):
Statistical	model



Cancer cell 28%

Normal cell 72%

L1 L2 L3 L4

1
0

4
2

data inputs: 
!!" ∈ {0,1}!!!!!  outgoing edge (vertex-edge) matrix 
!!" ∈ {0,1}!!!!!    incoming edge (edge-vertex) matrix 
! ∈ ℝ!     interval means (signal density) 
! ∈ ℝ!"!    variance matrix for interval mean  
! ∈ ℤ!     interval widths 

!! = !!!
∥!∥!

!   weighted signal mean  

 
 
hyperparameters: 
!! ≥ 0     1/variance on copy states relative to ploidy 
!! ≥ 0     1/variance on edge slack 
 
MIP formulation 
!"#"!"$%!!!!!!!!! + !!!! ! ! + ! ! + !! ! ! 
 
!"#$%&'!!" 
v! + !γ = !!β! + !!  error model for each interval i  
!!!
∥!∥!

!+ !γ = !!β   total signal and ploidy conservation 

(B!")!e + δ! − !v = 0  edge input conservation (with input slack) 
B!"e + !η! − !v! = 0  edge output conservation (with output slack) 

κ! != !v! !− ! !!
!!

!∥!∥!
   soft absolute copy number constraint (relative to ploidy) 

v, e, γ, β, δ, η! ≥ !0 
 
where !! is the weighted mean of total signal across all intervals i.e. 
 
given a solution to this problem then 
 
α = 2/(γ + 2) 
τ = c!L/||L||! 
 
 

4!×!0.28 + 2!×!0.72 ×!!
0.28!×! !! + 4!! + !! + 0.72!×2!×(!! + !! + !! + !!)

 

 
 

Density of fragments aligning to interval 3 is

Transforming analog fragment density to digital copy number

See Carter et al Nature Biotech 2012, Van Loo et al PNAS 2011



Transforming analog fragment density to digital copy number

Vector	of	fragment	densities	across	n	intervals	(data)

Vector	of	n	interval	widths	(data)

Vector	of	n	interval	copy	numbers	(inferred)

Tumor	cell	fraction	(purity,	inferred)

Let



Transforming analog fragment density to digital copy number 

0 1 2 3 4 5 6

Example: lung 
adenocarcinoma



• 2834 tumor and matched normal whole 
genome sequences across  30 cancer types 
and 48 projects

• 1.5 Petabytes of raw data + downstream 
analytic pipelines

• 13 analysis working groups, including 
PCAWG-6 (structural variation dataset) 

• 330 WGS cell lines across 16 cancer types
• collaboration with Mahmoud Ghandi and Jesse Boehm at Broad Institute



Long	range	coupling	of	copy	changes
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Long	distance	coupling	of	copy	changes	through	
rearrangement	junctions
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“Kidnapped” loci
(Lung adenocarcinoma)

Chr 2:206.6-206.8 Chr 2:218.8-219 Chr 3:183.5-183.9



WGS vs. cytogenetics
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“Shattered”	cancer	data	
Standard library

300-500bp

Fusion geneRegulatory Elements

Large-insert / Long-read / Linked Read library

2-40 Kbp

Scaffolding

Mapping / 
Assembly



Long-read	sequencing

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/



Linked-read whole genome sequencing
(10x genomics)

Goodwin,	Mcpherson,	McCombie	Nature	Reviews	Genetics	2016

100	Kbp	“synthetic	long	reads”			$7/Gb



Phasing	rearrangements	with	10X



10X Chromium library
barcode overlap

Coverage
(standard 
WGS)

GENCODE 
annotation

Dis-contiguous 
Reference loci

Phasing genomic 
kidnappings with 10X



Phasing genomic 
kidnappings with 10X

10X Chromium library
barcode overlap

10X Linked reads

Coverage

Dis-contiguous 
Reference loci

Linked read coverage

Assembly graph



Diving into the ocean of 
regulatory DNA

Alexander Nature Reviews Genetics 2011

Enhancers

3 GB

Whole 
genome
(NYGC)

50 MBp

Whole 
exome

(WCM IPM)

Country World



Enhancer	perturbations



Enhancer	hijacking	in	PCAWG



10X	phasing	
of	enhancer	
hijacking	in	
IPM	bladder	

cancer
case	
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