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Main causes of “premature” death in France
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Estimated age standardized mortality rate from cancer
per 100 000
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Causes of Cancer
Observational approaches

Environmental factors Genetic factors

Secular variation Twin studies
in fixed populations

First degree relatives
Migration studies

_ _ _ Cancer families
Analytical epidemiology
Intervention studies
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Causes of Cancer
Experimental approaches

Chemical
carcinogenesis

Infectious
carcinogenesis

|

|

Somatic
genetics

|

Most carcinogens
are mutagens

Most oncoviruses alter
the cell genome

Evidence for dominant
& recessive mutations

|

Cancer is a genetic disease
of the somatic cell










- . 3 \

{
'
S
Yo

.
,
\.!

Q
O
72
®
O
-
-
o
-
-
o
-
-
(©
(©

id Human Genome

4]

R\
B

\‘\\\“
_ Diplo

"
.




Traditional strategies to identify
candidate "cancer" genes

Retrovirology Cytogenetics
- Transduced cellular gene - Balanced translocation
- Site of viral insertion - Deletion

- Amplification
Transfection assays

- NIH 3T3 Positional cloning of high
- Embryonal fibroblasts penetrance cancer susceptibility
genes

Functional candidate
- Pathway

- Gene familie



Many routine tests for the management of cancer patients
search for germline or somatic mutations

Cancer prevention and early detection

High penetrance predisposition to cancer
(BRCA1&2, MSH2, MLH1, MSHG, ....)

Diagnosis (and prognosis)
- Many fusion genes mostly in hematological diseases and sarcomas.
- KIT mutation for mastocytosis
- KIT or PDGFRA mutations gastrointestinal stromal tumors
- JAK2 mutations for myeloproliferative disorder
- Somatic mutation rate in IGHV in grade3 CLL

Response to treatment
- HER2 ampilification for Herceptin in breast cancer
- KRAS and BRAF mutations for Cetuximab in colorectal cancer
- EGFR mutation for Gefitinib in NSC lung cancer
- ABL mutations for Imatinib in CML
- KIT for Imatinib in some sarcomas and related tumors
- FLT3 , NPM1, CEBPA mutations in AML (evaluate interest of engraftment)

- MGMT methylation for Temolozomid in glioblastoma



The irruption of Next Generation Sequencing

Increasing throughput
Million bp per day per machine

Single
molecule?
1,000,000 1
Massively parallel
sequencing
Short-read
sequencers
1,000 1
| Capillary sequencing hizenel)
pyrosequencing
Gel-based systems |
1 A Second-generation
AiEITEE] capillary sequencer
Manual slab gel First-generation
slab gel capillary
0.01 -
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M. Stratton

Decreasing cost
Cost per million bp sequenced

$100,000

$10,000

Moore’s law

$1,000 -

$100 -

$10 \

$1
2000 2002 2004 2006 2008



Carcinogenesis : a multistep process

Metastasis

Polyclonal Monoclonal Monoclonal Monoclonal Monoclonal
renewal expansion 1 expansion 2 expansion 3 expansion 4



Somatic genetic events
from the fertilized egg

to an aggresive cancer mvasive  Metastatic fﬁsﬁgﬁt
Benlgn cancer cancer cancer
tumor
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The "average" genome of blood cells provides
a fair representation of the fertilized egg genome



Somatic genetic events
from the fertilized egg to an aggresive cancer

Early ' Chemo-
Fertilized clonal Benign Invasive  Metastatic  resitant
Gestation Childhood Adulthood expansion  tumor cancer cancer cancer

*ﬂ X S
o xe Sy
oo oo oo oo NS N
/

Multlple clonal expansions
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mutation during normal mitosis
[

L—

mutation due to environmental exposure
[

Acquired genetic instability in cancer cells | —
mutations due to radio/chemotherapy HE——————

Passenger mutations
Driver mutations !

Adapted from M. Stratton



Overall strategy for detection of somatic mutations

Sequence randomly Sequence randomly
sheared Cancer DNA sheared Normal DNA
| |
Align to reference genome Align to reference genome
| |
Cancer variant set Normal variant set

\/

Subtract Normal genome
variants from Cancer
genome variants

|

Catalogue of somatic mutations



Paired-end sequencing

(iv)

(i) (ii)

file 1 file 2
ACCTCGAGAGTCA. ............ AACCGAGTTTACG
_ 100 bp 100 bp
Y d < d
400 bp
Size < >
Paired end reads

Random

Fragmentation Sequencing

Selection

Map sequences back to reference genome

Reference chromosome

Present standard : reliable reconstructionr equires average sequence coverage > 30

Total sequence to be acquired : 90 000 000 000 base pairs
(lumina : 900 000 000 sequence reads)



Acquisition and analysis of whole genome sequences for
a matched pair of normal/tumor DNAs

HiSeq sequencer Data quality control |dentification of
somatic mutations
9 days 4 days Several weeks
images intensities reads alignments
e —— S O Genome
—— Reconstruction
SEE = SR & comparison

32 files 256 Cores ,

400 GiBytes RAM : 768 GBytes Multiple algorithms

in development
Requires independent
validation

Mostly standardized Mostly automatic Partly manual



Types of genomic alteration acquired by cancer
cells during tumorigenesis

Structure
* Gene amplification

* Interchromosomal rearrangements
* Intrachromosomal rearrangements
* Point mutations

Function

* Driver mutations == “driving” the clonal expansions
* Passenger mutations == “hjtchhiking” the clonal expansions



Neuroblastoma
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Estimated copy number (x haploid)

Comparative evaluation of copy number variation
by sequencing and DNA arrays

Sequencing
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Chronic myeloid Leukaemia




Search for
interchromosomal rearrangements (translocations)

Chromosome A Chromosome B



Search for
Intrachromosomal rearrangements

Insertion
| =» =
Deletion
Wildtype = (= Wildtype Wildtype
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Reference chromosome

size fractionated 400 bp random fragments of cancer genome

Chromosome Inversion
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Predicted
alignability

Coverage \

“Oversized”
fragment

Fragments with_~=
inverted ends
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Intensity Ratio

Single-end mapping of short reads
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Paired-end mapping of short reads
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Chromosome rearrangement in the small
cell lung cancer NCI-H2171 cell line
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Spectral Karyotyping Paired end sequencing
~10 chromosome rearrangements 88 chromosome rearrangements
(all interchromosomal) (59 intrachromosomal, 22 interchromosomal)

Courtesy M. Stratton



Chromosome rearrangements in
breast cancer
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Detection of single nucleotide variants
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The number of somatic point mutations is highly variable
among tumors, even within a single tumor type.
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Sequence context of mutations in COLO-829 (melanoma)
33,345 somatic base substitutions
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Many somatic mutations in melanoma
are due to ultraviolet light exposure

ULTRAVIOLET LIGHT

..TraccTAaAcGegTT GACTCAGG..

..TAGCTACGTTITTGACTT CAGG..




Heterozygous mut.—, -

Homozygous mut. -~ \ 4 5

Copy number _Tl\ln\

Intrachromosomal rearrangements—./

Interchromosomal rearrangements — \
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"Driver" genes with at least 4 known somatic

mutations in breast cancer

Cosmic Feb 2011
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94 additional genes with
3 known somatic mutations
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Conclusions from large scale screens
for somatic mutation in cancer

- Frequency and type distribution of somatic mutation indicative :
- of tissue of origin
- of previous environmental exposure (including therapy)
- of acquired or of innate defect in DNA repair
- DNA repair is not uniform along the chromosomes

- For a given tumor type :
- The set of frequently (>20%) mutated driver cancer genes is small (<10).

- The set of rarely (<10%) mutated driver cancer genes is large (> 50) and
poorly known.

- In breast cancer, on a per tumor basis
- Several thousand somatic mutations
- Average of 2 in-frame fusion genes
- Average of 1 promoter fusion
- Most of the rearranged genes are expressed



Cancer Gene Census

Genes bearing mutations causally implicated in human cancer

» 436 different genes (about 2% of all human genes)

« Type of alteration
— Large rearrangements
» Amplification 14 genes
* Translocation 301 genes
« Large deletions 33 genes

— point mutations
« Missense m. 118 genes
* Nonsensem. 78 genes
 Frame shiftm. 82 genes
« Splicing m. 52 genes

* Germline mutations 74 genes

Cosmic , Feb 2011



Whole Genome shotgun sequencing
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ICGC Map - Nov 2010
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Present applications of new
generation sequencing

- Full characterization of complex nucleic acids mixtures
- Whole genome
- Whole transcriptome

- Targeted sequencing

- Long range PCR

-Specific genes (e.g. BRCA1) or families of genes (e.g. tyrosine kinases)
- Hybrid Capture (Pull down):

- All exons (Exome)

- All CpG islands

- Chromatin conformation/interaction



