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“nothing in biology makes sense
except in the light of evolution”

Theodosius Dobzhansky (1976)



- 1859 Charles Darwin
natural selection

- 1866 Gregor Mendel
inheritance

- 1902 Theodor Boveri

The tumour problem is a
cell problem...

Tumours might be the consequence of a certain
abnormal chromosome constitution...

Inhibitory mechanisms that have to be eradicated before
unrestrained multiplication can take place... A tumour cell
that proliferated without restraint would be generated if

these inhibitory chromosomes' were eliminated...
Concerning the Origin of Malignant Tumours (1914)



- 1859 Charles Darwin
natural selection

- 1866 Gregor Mendel
inheritance

- 1902 Theodor Boveri
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Concerning the Origin of Malignant Tumours (1914)



1859 Charles Darwin
natural selection

1866 Gregor Mendel
laws of inheritance

1902 Theodor Boveri
the chromosomes

1943 Luria & Delbruck
is selection random?

1944 Oswald Avery
the information is in DNA

1953 Watson & Crick
the structure of DNA provides the basis for inheritance

1956 Hin Tjio & Levan
the number of human chromosomes

1960 Peter Nowell & David Hungerford
the first genetic alteration in cancer



Chronic Myeloid Leukemia  ***
Is defined by genetic alterations

cancer Is a clonal disease

22
} -
Philadelphia
Chromosome

- 1960 Peter Nowell & David Hungerford
the first genetic alteration in cancer




The clonal evolution N
of tumor cell populations

» cancer derives from a progression of mutations

» cancer evolution is a darwinian process

* “each patient's cancer may require
individual specific therapy”

» “even this may be thwarted by
emergence of a genetically variant
subline resistant to the treatment”

- 1976 Peter Nowell




evolution does not have a purpose A
the only evolutionary success is passing your genes

bacteria

~3.5 billion years

humans



evolution does not have a purpose A
the only evolutionary success is passing your genes

bacterigm=—pp 30 min / generation

unicellular,
asexual reproduction

humans=—===Pp 20 years / generation
multicellular,
highly complex,
sexual reproduction



evolution does not have a purpose A
the only evolutionary success is passing your genes

CANCEl m——lp hours / generation

unicellular,
asexual reproduction

humans=—===Pp 20 years / generation
multicellular,
highly complex,
sexual reproduction



evolution does not have a purpose A
the only evolutionary success is passing your genes

Barrett’s Oesophagus (displ/asia)
o 1.4-folds risk increase
per every genetically
different clone
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evolution does not have a purpose

**

the only evolutionary success is passing your genes

renal cell carcinoma
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evolution has eyes only for today

Hiley & Swanton, 2014



Survival of the fittest
among what is available...

appendicitis e pale skin
> sKin cancer

menstrual
cycle e hormones

> breast cancer
allergies > prostate cancer

e BRCAT1 in Ashkenazi Jews
> breast cancer

* (delayed infections in the 1st year
> childhood leukemia)



Survival of the fittest *
among what is available...

/ positive selection
the fate
of a mutant # genetic drift

\

selective advantage: 0.004
Bozic et al, 2010

negative selection



Oncogenes

Src
Ras
Myc
Wnt
BCL-2
BCR-ABL1

Tumor Suppressor
genes

RB1
TP53
APC
MLH1, MSH2, MSH6
BRCA1, BRC2
wrT
NF1, NF2



Tumor Suppressor

Oncogenes genes
C Src 49 RB1
Ras <\ 7p53
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Drivers & Passengers
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10-10 mutations per replication
3-6 driver mutations per cancer
100-100,000 passenger mutations per cancer



iIsk vs Stem Cell Divisions *™*
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The Consensus Coding Sequences of
Human Breast and Colorectal Cancers
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| | Breast cancers

| 3 Colorectal Carcinomas

Targeted Sequencing

365 Mutations in 236 genes

Discovery screen

Validation screen

Human genome consensus coding sequence
14,661 transcripts from 13,023 genes
L

Extract protein coding sequences
120,839 different exons

s
Design primers for PCR amplification
and sequencing of coding exons
21 Mb target sequence
135,483 p.rimer pairs

Amplify and sequence tumor DNA

(11 breast tumors, 11 colorectal tumors, 2 normal samples) Fract_lon
465 Mb total tumor sequence mutations
. remaining
Assemble sequence data and identify putative mutations —_——
816,986 putative mutations observed 100%
-——» 259,957 silent changes excluded 68.2%

+———# 163,006 changes present in normal sample excluded 48.2%
- 11,004 known polymorphisms excluded 46.9%

Py 353,738 changes excluded upon visual inspection: 3.6%

Resequence tumor DNA to confirm remaining 29,281 mutations

b » 9 295 unconfirmed mutations excluded 2.4%

Sequence patient-matched DNA from normal cells to
determine whether remaining 19,986 mutations were somatic

g _1 8,414 germline variants excluded i 0.19%

-——# 265 changes from highly related regions excluded 0.16%

1,307 somatic mutations in 1,149 genes

Assess gene mutation frequency and spectrum
by sequencing 24 additional samples of affected tumor type

3 Mb target sequence Fraction
77 Mb total tumor sequence mutations
' remaining
Assemble sequence data and identify potential mutations 2
133,693 putative mutations observed 100%
- 41,586 silent changes excluded 68.9%
——# 18,198 germline variants excluded 55.3%
-——# 68,961 changes excluded upon visual inspection 3.7%
Resequence tumor DNA to confirm remaining 4,948 mutations
[ * 2,345 unconfirmed mutations excluded 1.9%
Sequence patient-matched DNA from normal cells to
determine whether remaining 2,603 mutations were somatic
pommgp 12_,042 germline variants excluded 0.42%
;—’ [196 changes from highly related regions excluded 0.27%

365 mutations in 236 genes
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Which genes drive the cancer?
Driver & Passenger Mutations

Which processes drive the onset
of mutations?



Drivers & Passengers
Which genes drive the cancer?

frequency
alterations in p53: 5%-50% in most tumors

effects of the mutation
Inactivation of Protein Kinases

timing of the mutations
ovarian cancer

network analysis
medulloblastoma classification

improbability/conservation of the mutation
ras-related genes



How probable are driver N
mutations?

SYNONYMOUS
Mutations

11000 pazienti

Cancer SNVs
(DATASET)

2x106 mutazioni

NON-SYNONYMOUS
Mutations

( )
Nucleotide to Nucleotide
0.4
- p(x->y) |
0.3 7
0.2} ; 9
0.1}
Q25885386828
\ J
Mutational Background Model
(one for each tumor type)

/ Codon to Codon \
(e.g. CAC codon for Histidine)
CCC
CTC ®) TAC
(L)x_p~0.01 p~0.05 )
p~0.35
CAA_ p~0.05 ~0.07 yWGAC
Q¢ cACtH) ——P p)
0,07 p~0.05
p~0.12 \ CAG p~0.05  Coc
Q) AAC (R)
(N)
J/conversion
Amino Acid to Amino Acid
P
L Y
p~0.01 p~0.07
p~0.5
Q4 p~0.07 H p~0.1 ' D
p~0.17 p~0.1 p~0.07
Q p~0.07 R
\_ " Y,

Mutational Divergence

Smut = Di=1 1091029?’(9

Mutational Entropy
H=- ) flogf,

i=x,y,2.
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How probable are driver R4
mutations?

Mutational Mutational
Likeliness | ] Entropy

« 1IN ]
Cancer Drivers

]
Non-Cancer Drivers

]
Validated Drivers

[ ]
Gain of Function =

]
Loss of Function




Mutational Signatures R
Which processes drive the onset of mutations?
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3 Mutation at non-dipyrimidine sites
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Mutational Signatures
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Ludmil Alexandrov 2013



Mutational Signatures

C>T
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Process 1 Process 3

Ludmil Alexandrov 2013



Mutational Signatures

C>T
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Somatic mutations Somatic mutations

Somatic mutations
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Deamination
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the (cancer) evolutionary process *

S— Stability
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— Evolution

More
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EVOLUTION - LIVE!

ANTIBODY DIVERSIFICATION

) IMMUNOGLOBULIN GENE\
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Diversification by Deamination
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Diversification by Deamination

Somatic Hypermutation
VJ Cu Cy Co

Class Switch
Recombination



Diversification by Deamination

Somatic Hypermutation
VJ Ch Cy Ca

Class Switch
Recombination



PHYSIOLOGY:

CLASS SWITCH RECOMBINATION

IGH

J,4 Eu Su Sy Cy



PATHOLOGY:

CHROMOSOMAL TRANSLOCATIONS

I il{ fmill

EMI; su cu EY Sy Cy

AlID

1]
c-Mve - -
EXON 1 EXON 2 EXON 3

IcH/cC-MYC -_. ] B
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IcH -

J 4

Ramiro et al. 2004; 2006 Robbiani et al. 2008; 2009



AID & LYMPHOMAS:
CHROMOSOMAL TRANSLOCATIONS

sporadic Burkitt’s Lymphoma c-myc, t(8;14)

Diffuse Large B Cell Lymphoma  bcl-6, t3:18) | Cromosomal
B-Chronic Lymphocytic Leukemia bcl-3, t(id;19) | OreaKkpoints
Lymphoplasmacytoid Lymphoma Pax-5, 1(9;14) at the Switch
Diffuse Large Cell Lymphoma  lyt-10, (10;14) Regions
Extranodal Lymphoma MUC-1, t(1;14)

MUTATION

w— YA

w— YT

w— PAXS

G G
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C 4 C 12

=== ==
4 45 5 26
G A T C G A T C
G G
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c-Myc 7 [ = Bcl-6 ° 5,; :
C 16 3 22 C 12 3 19
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CORRELATION BETWEEN CIN

AND APOBEC EXPRESSION
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