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If the human genome is a book

495] MATTER AND SPACE 41

themselves there results a sense of what has already taken
place, what is now going on and what is to ensue. It must
not be claimed that anyone can sense time by itself apart
from the movement of things or their restful immobility.
Again, when men say it isa fact that Helen was ravished or
the Trojans were conquered, do not let anyone drive you to
the admission that any such event is independently of any
object, on the ground that the generations of men of whom
these events were accidents have been swept away by the
irrevocable lapse of tnme For we could put it that whatever
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cancer is collage poetry




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



Junction detection from tiny eads
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Chromosomal Pangaea

The Earth
(500 million years ago)



Studying cancer genome structure:

Gene Fusions
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Noncoding Rearrangements
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Mutational processes
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Which is the smoker?
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Circos .. so beautiful

http://www.circos.ca/



Junction: the “atomic unit” of a genomic
rearrangement

; ; Junction =

pair of
locations
AND

orientations

Locus 1 Locus 2

Maciejowski and Imielinski 2017
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Can it be all so simple?
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What is an “event”?
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Complex structural variation in cancer

Chromothripsis
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Clinical consequences of rearrangement signatures:
exceptional chemotherapy response
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Clinical consequences of rearrangement signatures:
“BRCAness phenotype”
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Clinical consequences of rearrangement signatures:
“BRCAness phenotype”
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Standard WGS
Paired-end rearrangement mapping
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Challenges: signal vs noise in rearrangement
analysis

(O Paired end cluster loc i & loc j
200 reads

Genomic Position



Challenges: signal vs noise in rearrangement
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# Copy number

endpoints

ALERT:

Copy number and rearrangement data ... don’t agree!

Data from 80 lung cancer whole genome T/N pairs
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JaBbA:
From junctions to balanced assembly graphs

Whole genome sequence
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Other

Cell Systems

Allele-Specific Quantification of Structural
Variations in Cancer Genomes

Graphical Abstract Authors

Li .. Ma
Cell Systems 2016

Yang Li, Shiguo Zhou
Read : N
Mapping. kil ittty D2 C- Schwartz, Jian Ma
Resul
i Correspondence
=) jlanma@cs.cmu.edu
In Brief
Weaver A new algorithm that quantifies allele-
specific structural variations can greatly
improve the analysis of complex genomic
alterations in cancer.
—i
Structural m
Variants U
Allele-specific _. 1 i i
Copy Number
of SVs ! !

CouGaR

@-(l =R

Nmim C.°.

Figure1. Overview of CouGaR algorithm. Tumor and normal samples
are processed through a five-step algorithm. (4) We identify regions that
are potentially amplified (dark blue) across two different chromosomes
(red and yellow lines) in the tumor samples (left two contigs) compared
to normal samples (right two contigs). We compute depth of coverage
(DOC) information and cluster discordant read pairs to represent novel
(with respect to hg19) adjacencies in the genome. (B) We identify con-
tinuous regions of amplification in the tumor genome using an HMM
and DOC information from both tumor and normal samples. (C) We
add a single super-source/-sink node, and using a min-cost circulation
algorithm, we solve for the copy count of each region in the tumo .. e-
nome. (D) Finally, a minimal set of circular and linear contigs that ex-
plain the coverage is found by formulating an integer programr | g
problem that puts a penalty term on the number of unique con.ugs
used.

Dzamba .. Brudno
Genome Research 2016
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BMC Bioinf 2012



Graph representation of whole genomes

Bidirected \o m
Graph

= |left endpoint
Q = right endpoint

https://github.com/mskilab/gGnome

= intra segment edge
= inter segment edge

Nodes represent left
and right sides of
intervals

Undirected edges of
two flavors (intra

and inter segment)
Pathe miiet ha
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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):
Integrating rearrangements and copy state

Copy Number

>
Reference Position

a1+r1=C=a2+r2



Copy Number

JaBbA (Junction Balance Analysis):
Challenge: Noisy coverage data

0 >
Reference Position

a1+l’1=C=82+r2



Copy Number

JaBbA (Junction Balance Analysis):
Challenge: Missing rearrangements

Loose End

0 >
Reference Position

a1+l’1=C= ? +I’2



Copy Number

JaBbA (Junction Balance Analysis):
Statistical model

Slack Penalty
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Transforming analog fragment density to digital copy number

Cancer cell 28% 4
— 2
1 —
L1 L2 L3 L4

Normal cell 72%

Density of fragments aligning to interval 3 is

(4x0.28+2x0.72)XL,
028 X (Ly +4L3+Ly) +0.72 X2 xX(Ly+ L, + Ly +Ly)

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



Transforming analog fragment density to digital copy number
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Transforming analog fragment density to digital copy number

Frequency
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ICGC

International
Cancer Genome ' i LA

PCAWG

- PanCancer Analysis
OFWHOLE GENOMES

Consortium in the cloud

I!lI-I

2834 tumor and matched normal whole poner Disbution by Primary Ste

genome sequences across 30 cancer types
and 48 projects

1

1

48 projects and 20 primary sites

.5 Petabytes of raw data + downstream
analytic pipelines I
Vs y includi IIII
3 analysis working groups, inc uding lllll-.-

PCAWG-6 (structural variation dataset) = . . - . - .- ... 3

\\\\\\\\\\\\
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:: CCL Cancer Cell Line
Encyclopedia

330 WGS cell lines across 16 cancer types
collaboration with Mahmoud Ghandi and Jesse Boehm at Broad Institute
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Long range coupling of copy changes

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

Chr 3:183.5-183.9

Chr 2:218.8-219

Chr 2:206.6-206.8
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WG@GS vs. cytogenetics

HCC1143 @@;m%
WGS {9"?&\\ g5,
0.5 % /
%8 4 %\S
774\\ Z 9
1600 S X
e I 1=
15> S
\L\%// j
)\%‘%/ \\ 6
N X2
AR

1\] 2’ - 3 4 5
00|20 da{a 8, [snasfsim.
Sy l. 7. i

lﬁl f:mj; N\Q“’ HCC1143
9 _[ 10 TN EE SKY
TR

[13 14 15 ]6 17 18

\ “8 M' BT EL L

19 20 21 [22]

andlevasy| o b0 ‘5




“Shattered” cancer data

Standard library Large-insert / Long-read / Linked Read library
E - 1
300-500bp 2-40 Kbp
Mapping /
Assembly
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Long-read sequencing

12-20 Kbp reads, $85-400/Gb**

Aa Pacific Biosciences

SMRTbell template

Two hairpin adapters
allow continuous

circular sequencing

ZMW wells @\
Sites where

sequencing G

takes place :

Labelled nucleotides
All four dNTPs are
labelled and available
for incorporation

Modified polymerase
As a nucleotide is
incorporated by the
polymerase, a camera
records the emitted light

PacBio output

A camera records the changing
colours from all ZMWs; each
colour change corresponds to
one base

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

200-900 Kbp, $100-180/Gb**

Ab Oxford Nanopore Technologies

Leader-Hairpin template

The leader sequence interacts
with the pore and a motor
protein to direct DNA,

a hairpin allows for
bidirectional sequencing

Alpha-hemolysin
A large biological pore
+ capable of sensing DNA

Current

Passes through the pore
and is modulated as
DNA passes through

cE ONT output (squiggles)
o 5< Each current shift as DNA
=he translocates through the

0 1 2 3 4 pore corresponds to a

Time (seconds) particular k-mer

Goodwin, Mcpherson, McCombie Nature Reviews Genetics 2016



Linked-read whole genome sequencing
(10x genomics)

100 Kbp “synthetic long reads” $7/Gb

Emulsion PCR 74 =
Arbitrarily long DNA é p 8

is mixed with beads ocm OE'I” 1
loaded with Payesge ™|\ gy Dy
barcoded primers, o -
enzyme and dNTPs

Padp
L

Pooling
Amplification The emulsion is
GEMs Long fragments are broken and DNA is
Each micelle amplified such that the pooled, then it
has 1 barcode product is a barcoded undergoes a standard
out of 750,000 fragment ~350 bp library preparation

Goodwin, Mcpherson, McCombie Nature Reviews Genetics 2016



Phasing rearrangements with 10X
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Phasing genomic
kidnappings with 10X

Coverage
(standard
WGS)
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PhaSing genomiC 10X Chromium library
kidnappings Wlth 1 OX barcode overlap 718

359

Barcode count

10X Linked reads
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Whole Whole
exome genome

Diving into the ocean of (WCMIPM)  (NYGC)
regulatory DNA

\\-”4

/’ -

Gene transcription start site

>100 kb 1-100 kb <1kb

Alexander Nature Reviews Genetics 2011



Enhancer perturbations

Chr 15

Chr 11
Chr 22
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