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Somatic mutations occur in all cells of the body throughout life

'




TP53 mutations in human cancer

Pa
686 skin cancers r

1647 lung cancers

AN

v

Ultraviolet light
causes C>T mutations

Tobacco carcinogens
cause C>A mutations



From fertilised egg to cancer cell

resistant
rrrrrrrrrr



From fertilised egg to cancer cell

resistant
rrrrrrrrrr



From fertilised egg to cancer cell

Chemotherapy
resistant
recurrence

Fertilised Gestation Infancy Childhood  Adulthood Early clc?nal Benign Early invasive Late
egg expansion tumour cancer cancer

Mutational
processes

|



From fertilised egg to cancer cell

Chemotherapy

Fertilised Early clonal Benign Early invasive Late resistant

Gestation Infancy Childhood  Adulthood .
expansion tumour cancer cancer
recurrence

Mutational
processes

i



From fertilised egg to cancer cell

Chemotherapy

Fertilised Early clonal Benign Early invasive Late resistant

Gestation Infancy Childhood  Adulthood .
expansion tumour cancer cancer
recurrence

Mutational
processes

I



From fertilised egg to cancer cell

Chemotherapy
resistant
recurrence

D
> \F B

Fertilised Early clonal Benign Early invasive Late
expansion tumour cancer cancer

COCOOEE

Gestation Infancy Childhood  Adulthood

Y

Mutational
processes

A Final cancer
genome
—
B _—
[ |
[
| ———




Mutational sighatures derived from cancer genomes
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NMF approach for extracting processes
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* Solving the blind source separation problem

* Infinite solutions as a matrix can be approximately decompose in two matrices in infinite
number of ways

* BSS problem is usually solved by constraining the solutions

* Intrinsic nonnegative constraints from our theoretical modal

» Other constraints are possible (e.g. sparsity, independence, etc.) but we will ignore them for
now

* Nonnegative matrix factorization as a method for decomposing the mutational spectrum
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Nonnegative matrix factorization (NMF)

Leaming the parts of objects hy
non-negative matrix factorization

Daniel D. Lee* & H. Sebastian Seung*{

* Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974, USA
T Department of Brain and Cognitive Sciences, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA
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Extracting mutational signatures from human cancers
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Extracting mutational signatures from human cancers

30,874 cancer cases of 91 cancer types

\4

30,874 mutation catalogues = 183,099,289 somatic mutations

\4

Apply two independent NMF approaches to all samples (global) and
samples in each cancer type (local)

\4

Extract mutational signatures of subs, dinucleotides, and indels

\4

Estimate the contribution of each mutational signature to the
mutational catalogue of each of the 30,874 cancer genomes



The repertoire of mutational signatures in human cancer
Single base substitution (SBS) mutational signatures
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Classification of base substitution mutations
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Classification of base substitution mutations
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Mutational signatures in human cancer
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Mutational signatures in human cancer
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Mutational signatures in human cancer
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Repertoire of substitution signatures in human cancer
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Repertoire of substitution signatures in human cancer
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Repertoire of substitution signatures in human cancer
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Repertoire of substitution signatures in human cancer
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Repertoire of substitution signatures in human cancer
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Repertoire of substitution signatures in human cancer
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Repertoire of substitution signatures in human cancer
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Repertoire of substitution signatures in human cancer
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Contributions of mutational signatures to individual cancer cases
A single lung cancer genome



Contributions of mutational signatures to individual cancer cases
A single lung cancer genome
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Contributions of mutational signatures to individual cancer cases
A single lung cancer genome

Mutational signatures and their exposures
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Contributions of mutational signatures to individual cancer cases
Mutational signatures in forty breast cancer genomes
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Substitution signatures activity in highly curated samples
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Substitution signatures activity in highly curated samples

w‘/ ff%f ff % / fé’;ﬁﬁiﬁf{/ wf‘/ / %ﬁgf

.ﬂ-- 4204 50 27 108 1 48 TIR 4T 100 88 13 31D 48 2% 104 400 430 300 138 171 W00 43 A2 VR ONT 85 AT 20 W 170 4 "2 arm

| T 1
PRALERRRTRERRIRRRRARRRREL, FRIIEEG R R E0 D hnnane



Substitution signatures activity in highly curated samples
100% of ALL samples <, , : o ¢ 50 »f?’
WA i

have signature 1 SN e e SIS RFA T,

0.032 median *.m.. T DA 204 V00 27 188 8 48 TIR AT V00 85 1D N0 48 2% 10 400 400 300 138 171 W00 40 A2 VR IRT RS AT 28 B 1NT 00 4 08 1R A T

mutations per MB

Uco-:m\'h”hw\o'w'
AMONgG tumons with 1he signature)

1T 11 | g8 g8
UL U R H T

e "aeee
0 0s A\l
Propontion of dmors
wih e sgnature



Substitution signatures activity in highly curated samples
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Substitution signatures activity
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Substitution signatures activity in highly curated samples
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Substitution signatures activity in highly curated samples
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Substitution signatures activity in highly curated samples
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Substitution signatures activity in highly curated samples
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Substitution signatures activity in highly curated samples
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Substitution signatures activity in highly curated samples
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Cancer Type Example: Stomach Cancer
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Cancer Type Example: Stomach Cancer
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Cancer Type Example: Stomach Cancer
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Cancer Type Example: Stomach Cancer
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Cancer Type Example: Stomach Cancer
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Aetiologies of SBS mutational signhatures
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Aetiologies of SBS mutational signatures

Tobacco
smoking

"
A I.‘:JJ
“0624 RURPLY “one s082e
0829 EUERT =S S085) 0832
! | |
083 EURRE] S08638 e
¥ | M el I.‘JH.
sB54 snsa2 sHsed Sased




How do you know these aetiologies?



Signature 4 is likely due to tobacco smoking
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Contributions of mutational signatures to smoking
induced and non-smoking induced cancer types

Lung adenocarcinoma Lung squamous carcinoma
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The mutational signature of in vitro benzo[a]pyrene
exposure is similar to signature 4
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Identified only in cancer types epidemiologically known to be caused
by tobacco smoking
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Evidence for the aetiology of signature 4

Identified only in cancer types epidemiologically known to be caused
by tobacco smoking

Highly enriched in tobacco smokers when compared to tobacco non-
smokers

The pattern of signature 4 matches in vitro experimental results in
which cells were exposed to known tobacco carcinogens
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Aetiologies of SBS mutational signatures

5881 SBS3 5854

‘ll | | il.HIll Y "
- T e -

I-m.hlnlh; |“|”| I | “ ‘
S887c Snsra Snss sase

Defective sesia p— o e | e
mismatch | \&¥ -

repair Ly

S0817» 170 SBs» sSB8s519

| .A ng..

- —

uuo“ LULSE l LTS Y R LS ) |
- . ) P J
T - . Ith..lllI.I.JlI“.
s8s40 SBsa2 T S8584
e e T I



Defective
BRCA1, BRCA2,

homologous
recombination

repair

Im

Bl bt l'l. 1hil

Aetiologies of SBS mu

sH%a2

tational signatures

IthllIl Ll



Aetiologies of SBS mutational signatures

5881 SBS) S8S4
‘H | nJ | iMIl ) G
S05s sSns6 SBS7s sSasn
st I ) ; | Al ‘
S887c Snsra snss SB%9
S85100 SBS100 SBS = S8512
Defective |
base excision sBs14 s8815 seste

repair

¥ | M lth..illl”H“.
- ul il SIS T S _..L‘L_L' —




Defective
polymerase
epsilon
activity

Aetiologies of SBS mutational signat

il

I 1) hihathdh
, sus7s

sB8814 SB88515
!
sSBs1 7 sB58
sns2 0622
sns2s soue
AN AN
sns0 s0sy
AHL AII
EULRE] “06)
)P |
S8538 SB5%
sSB%42 sHNed
| g |

ures

b d A

sS85

AL



Aetiologies of SBS mutational signatures

‘Ill 1’ | iMI] : SUPSRIAEY -
, s657s

Bl bt l|l. kil

Infidelity of
polymerase

eta activity

S88517 sSBs' 7 snsw S8s519 ‘
bl
| “,l

0624 sSh82s sihLe 08

S08 EULSTH = S0%) s082

AHILII |‘ |

S04 LULSE LTS Y R LS )

" Mgl bl

S8%4 Snsa2 SBSee S8584




Aetiologies of SBS mutational signatures

SBS3 5854
L L) i .
SBS7a

APOBEC 3A/B
cytosine
deamination

ki

A ||1J‘|

I\ “l"l |‘ sl

T L hlbtl ukabilh
— - .lll. e -_,_“_ __A S— . _M—




Aetiologies of SBS mutational signatures

‘ 1] \ | mﬂl 1 T

N 1T Ll | Al ‘

S8S7c sSns7a snsa S889

s881

Activation-
induced cytidine
deaminase (AID)




Aetlologles of SBS mutatlonal signatures

.‘||| “ “.HII T
Sns6 S8sv
m il
- - — -
585102 . o S8S510b — sSB511 58
Unknown |
aetiologies | qes1s — sas1s
18/49 {
" N
A

_—u-L_-_-_- —d.J.d-JL—_.___




Aetlologles of SBS mutatlonal signatures

.‘||| lJ | “HI[ RTI
S056 S8sv
m il
- - — B
585102 . o S8S510b — sSB511 58! ‘
Unknown
aetiologies — ' o -
18/49 H

ez “' “oLre

36 additional substitution signatures that are either known artifacts (20) or possible artifacts (16)



The repertoire of mutational signatures in human cancer
Indel (ID) mutational signatures
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: i : >1bp deletions at repeats >1bp insertions at repeats  Deletions with microhomology
10p deletion 1bp insertion (Deletion length) (Insertion length) (Deletion length)
27.2¢ RS c 2 bl B 5+ -l 5+  FRl § S5+
ID3
20.4%
13.6%
6.8%
U1 IFYFeTrossm—— | foe -
1

I
123456+1234564012345+¢012 3454123 456+123456+123456+123456+012345+012345+012345+012345+¢11212312345+
Homopolymer length Homopolymer length Number of repeat units Number of repeat units Microhomology length



27.2%

20.4%

13.6%

6.8%

C deleted at
&CC

Example pattern of an ID mutational signature

: : : >1bp deletions at repeats >1bp insertions at repeats  Deletions with microhomology
1bp deletion 1bp insertion (Deletion length) (Insertion length) (Deletion length)
c c 2 . 2 3 Imamm 23 an
ID3

Homopolymer length Number of repeat units Number of repeat units Microhomology length



Example pattern of an ID mutational signature

1bp deletion 1bp insertion >1bp deletions at repeats >1bp insertions at repeats  Deletions with microhomology
(Deletion length) (Insertion length) (Deletion length)
27.2¢ RS c 2 iy § 5+ | 2 Sl 5+ FR B 5+
20.4%
13.6%
6.8%
[ |
123456+1 23456401 2345401234541 2345641 23456+123456+123456+012345+401 2345401 23454012 3454112123123 45+
omopolymer length Homopolymer length Number of repeat units Number of repeat units Microhomology length

T insertion at

C deleted at
&CC



Example pattern of an ID mutational signature

: ‘ : >1bp deletions at repeats >1bp insertions at repeats  Deletions with microhomology
1bp deletion 1bp insertion (Deletion length) (Insertion length) (Deletion length)
27.2¢ RS c 2 iy § 5+ | 2 3 L B 5+ FR B 5+
ID3

20.4%
13.6%
6.8%
0.0%" I..lll lI '-l

[ [

123456+123456+4012345+4012 3454123 456+123456+123456+#1234564012345+012345+012345+012 3454112123123 45+
omopolymer length Homopolymer length Number of repeat units Number of repeat units Microhomology length

C deleted at
&CC

Deletion of
TCCATT at

LCCALLTCCATT

T insertion at



Example pattern of an ID mutational signature
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The repertoire of mutational signatures in human cancer
Double base substitutions (DBS) mutational signatures



Example pattern of a DBS mutational signature



Example pattern of a DBS mutational signature

TT>NN

TC>NN

TG>NN
. 1

CC>NN CG>NN CT>NN GC>NN_ TA>NN

AT>NN

AC>NN

DBS1

20
20
¥
20
20
Yo
ov
IV

LD
)
¥
LI
20
o
hA 4
o) {

LD
20
L )
Lo
20
()
AA
o

1O
20
20
Lo
20
LV
YL
20
YO
LY
v

oL
L
YL

)
A )
o
o)

L
YL
1O
20
LY

oL
Vi
1O

¥
LY
oV

YL
)
o
20
20
YO

L
Vi
LD
20
A )
LD
20
o

100.0% |

7500‘ o

50.0% |

25.0% |

0.0%



100.0%

75.0%

50.0%

25.0%

0.0%

AC>NN

DBS1

Example pattern of a DBS mutational signature

AT>NN

CC>NN

CG>NN
I

CT>NN

GC>NN
|

TA>NN

TC>NN

TG>NN

TT>NN

o

C)
O 001

THEFEE

4




Aetiologies of DBS sighatures in human cancer

oess . = oBss
. Ll __.,..J ,

DBS7 oBss

- __la.__ |-

DBS11

T e s e h———_




Aetiologies of DBS sighatures in human cancer

ossi =T . osss . —
L e I L. Lh A__uJ _ _ l_. |_I.
DBSS DBS7 DBS8

Bl B R —

J.LL_ L

DBS9  pBS10  pBS1



Aetiologies of DBS sighatures in human cancer

DBS3 pBSs
U I I A I ._,_uJ - . L

DBS6 DBS7

DBSs
PP PPN T PSR VS Y w— - | IPPRERP | - ——— il il -hL— L—-—-_‘_h__

pBS11

N

A




DBS1

Aetiologies of DBS sighatures in human cancer

Defective

polymerase
epsilon
activity




Aetiologies of DBS sighatures in human cancer

Defective DNA
mismatch repair



DBS1

Aetiologies of DBS sighatures in human cancer

APOBEC 3A/B
cytosine
deamination

L.



Aetiologies of DBS sighatures in human cancer

Unknown
aetiologies
4/11




Summary



Summary

* There are at least 85 SBS signatures, 17 ID signatures, and 11 DBS signatures in
human cancer

* Some signatures are due to technical artefacts, known mutagenic exposures, or
known defects in DNA maintenance but the cause of many is unknown

* Understanding the mutational processes underlying mutational signatures will
inform on cancer causation, prevention and treatment
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Research plan
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The illustrative example of aristolochic acid

California Poppy and Birthwort Liquid Extract, Cali
Californica) and Birthwort (Aristolochia Clematitis)

by MawaliPtharm

$34% ($8.74/Fl O2)

FREE Shipping on eligible orders

Aristolochia
clematis

T>A T>C T>G

0% .,
Signature 22

Mutation Type
Probability

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

Czech
UK Romani Russia Republic

30000 I I

20000

Renal clear cell cancers
||I

100 !!:!!!! !!!!!!!!.I.lllz-!_ !! !!l _____ i--_!l !!!-!!!!=--!Il'!_-_-!!--.!!!II!!.!!!!!!!!!!,_!.

Signature 18 Signature 5 Signature 22 M



Aristolochic acid and liver cancer across the world

Science,
Translational

Medicine

AVAAAS




Aristolochic acid and liver cancer across the world

Science, e ol
Translational

Medicine

Mayo Clinic North America

Unknown

Brazil
[J
Japan
Legend - ¢
North America China
Europe
Northeast Asng South Korea
Southeast Asia
Pie charts Southeast Asia
W AA-negative
: B AA-positive
AVAAAS
C>A C>G C>T T>A T>C T>G
Y P
30% _,
g Signature 22
>
/= 20%
€ 0
-3 ]
- 2
8 210%
= Q.
=
0%5:;}csg-%g—)péfzuga;q:)gsg-«iuoé&665@0(9@-3:béé;uéa;:En-sgc-;:665«&fma»tow:—u:uwe»tuot«n:ouan:uu:«:ouen:ouan:vua»touan:oua-tuua-s:uwe-
HAARO00000ODEEEERRRROD00B0B0HEEERLRL000000008EEEdMLUOU0UOBYHHHHACL0 V00D OOVE HE M LUV OO OO EHEE



GRAND
CHALLENGE

#CRUKGRANDCHALLENGE

£ SEY Alfred P. Sloan

FOUNDATION

%3 }% CANCER T
RESEARCH T
He g



2anger Institute
Mike Stratton
Peter Campbell
Sam Behjati

Inigo Martincorena
Mia Petljak

University of California. San Di

Scott Lippman
Jill Mesirov

Michael Karin
Silvio Gutkind

David Brenner
Catriona Jamieson

Acknowledgements — thanks!

Signatures Collaborators
Steve Rozen

Allan Balmain

Jiri Zavadil

David Wedge

Elli Papaemmanuil
Jaegil Kim

Stefan Pfister
Sean Grimmond
Peter Lichter

Jessica Zucman-Rossi
Gad Getz

Tatsuhiro Shibata
Reiner Siebert
Margherita Bignami
Graham Mann

Paul Brennan
David Phillips
Roger Woodgate
Young Seok Ju

Moritz Gerstung
Faiyaz Notta

Jan Korbel
Jinghui Zhang
Elias Campo

Xose Puente
Matthew Meyerson

Lincoln Stein
Niccolo Bolli
Steven Gallinger
Rebecca Fitzgerald



MG

UC SanDiego

SCHOOL o MEDICINE




