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Mutational signatures in cancer genomes
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Curriculum Vitae

Speaker Name: Young Seok Ju, M.D. Ph.D.

» Personal Info

Name Young Seok Ju
iy Title Associate Professor
m-,f“ Affiliation Grad School of Medical Science and Engineering, KAIST
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(é . Address 291 Daehak-ro Yuseong-gu, Daejeon 34141
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Email ysju@kaist.ac.kr

Phone Number  042-350-4237

Research Interest

Somatic mutation, somatic mosaicism, bioinformatics, mutational process

Educational Experience
2007 M.D. in Medicine, Seoul Nat'l Univ College of Medicine, Seoul, Korea

2010 Ph.D. in Genomic Medicine, Seoul Nat'l Univ College of Medicine, Seoul, Korea

Professional Experience

2013-2015 Post-doc, Wellcome Sanger Institute, Daejeon, Korea
2015- Associate/Assistant Professor, KAIST

Selected Publications (5 maximum)

1.

Park S, Mali NM, Kim R, Choi JW, Lee J*...Oh J#, , Ju YS#. Clonal dynamics in early human
embryogenesis inferred from somatic mutation. Mature 2021

. Youk J* Kim T* Evans KV* Jeong Y-I*, Hur Y* Hong SP* .. Kim YT#, Koh GY# Choi B-S#,

Ju YS#, Lee JH#. Three-dimensional human alveolar stem cell culture models reveal infection
response to SARS-CoV-2. Cell Stem Cell. 2020

. Lee JS, An Y, Yoon CJ, Kim JY, Kim KH, .. , Lee EY# & Ju YS#. Germline gain-of-function

mutation of STAT1 rescued by somatic mosaicism in immune dysregulation-polyendocrinopathy-
enteropathy-X-linked-like disorder. J Alfergy Clin Immunol 2020

. Lee JJ-K, Park S, Park H, Kim S, Lee J, .. , Ju YS# & Kim YT# Tracing oncogene

rearrangements in the mutational history of lung adenocarcinoma. Cell 2019

. Lee JK, Lee J, Kim S, Kim S, Youk J, .., Kim TM# & Ju YS#. Clonal history and genetic

predictors of transformation into small cell carcinomas from lung adenocarcinomas. Journal of
Clinical Oncology 2017 Sep 10;35(26):3065-3074. PMID:28498782



KSBi-BIML

Mutational signatures in cancer genomes

ZIXM (KAIST) ysju@kaist.ac.kr

faSBi RReREEn

o QA OJAL: BHX} 2O A clinically actionable targetS &2, 2120 88
(EGFR activating mutation Z=)

+ Genomics, Bioinformatics 0ff &t410| Q= st TSt =]
MZ =AHO0| &=, technology/bioinformatics /&, =& &It

o
0=

T
>
e
-1
0
on

o QAL HFAO| HE AT
Pipeline 7% &

Sa i EReBR e



. i + : oo Chemotherapy-
- . - Early clonal Benign  Early invasive Late invasive :
Fertilized egg  Gestation Infancy Childhood  Adulthood expyansion tumc%r gsncer CarCEr resistant

recurrence

Intrinsic ¢

mutation processes Environmental

T and lifestyle exposuras Mutator
O Passenger mutation phenotype

1 Driver mutation

A Chemotherapy
resistance mutation 1-10 or more

> driver mutations

Chemotherapy o

10s-1,000s of mitoses 10s-100s of mitoses 10s-100,000 or more

depending on the organ dapending on the cancer passenger mutations
Figure 1| The lineage of mitotic cell divisions from the fertilized egg to a cancer other processes, for example DNA repair defects, may contribute to
single cell within a cancer showing the timing of the somatic mutations the mutational burden. Passenger mutations do not have any effect on the
acquired by the cancer cell and the processes that contribute to them. cancer cell, but driver mutations will cause a clonal expansion. Relapse after
Mutations may be acquired while the cell lineage is phenotypically normal,  chemotherapy can be associated with resistance mutations that often
reflecting both the intrinsic mutations acquired during normal cell division  predate the initiation of treatment.
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International consortia for cancer genome analyses

2005 2008 2010 2014 2016 sample size
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Driver mutations in pan-cancer genomes
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An example of base substitution
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The transcriptional landscape and mutational
profile of lung adenocarcinoma
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mutational origin: Mutation
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Single base substitutions (SBS) into 96 subclasses

sequence context
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Dictionary for mutational signatures: COSMIC

sangerseuk

COSMIC

Catokg Mtz In Cancer

Mutational Signatures (v3.1 - June 2020)

Introduction

Somatic mutations are preseot in all ceils of the Iman body and occur throughout life. They are the
consequence of multiple nml.:!mnu]rmu esses, including the intrinsic sfight infidelity of the DNA replication
machinery, or mutagen cxp i EnFymatic modi ion of DNA and defective
DMA repair. Differeat mutational processes generate unique combinations of mutation types, termed
“Mutational Signatures”,

In the past few years, large-scale analyses have revealed many mutational signatures across the spectrum of human
cancar types, including the latest effort by the 10GC/TCGA Pan-Cancer Analysis of Whole Genomes (PCAWG) ® Matwork
(8 v, LB, et al, 2020%) using data from mare than 23,000 cancer patients.

Signature-based websites
45 the number of mutational signatures and varkant classes considered has Increased, the need for a curated census of
signotures has become apparent. Here, we deliver such a resource by providing a comprehenshve owerview of the key
information knawn, suspected or widely discussed in the schentific literature for each of the dentifled mutational
signatures on a dedicated wabsite,

This summary includes the mutstional profile, proposed seticlogy and tissue distribution of each signature, as well as
potential associstions with ather mutational signatures and haw the signature has changed dusing Herations of analysis

Currently, three different variant classes are considered, resulting in the following sets of mutational signatures.

r—
‘unmlmm

Signatures

Versions Bicinformatic tools

The current set of mutational signatures has been
extraeted using SigProfiler, a compilation of publicly
avaltablo bloinformatic tools addressing ol the stops
needad for signature identification. SigProfiler
functionalities inchude mutation matrix genesation from
raw data and signature sxtraction, amang ot

Mutational signatures version 3 was released as part of
COSMIC relesse vES (May 2019) and updated to version
1.1 In COSMIC rolaase w01 (June 2020). The version 3.1
update expands and improves upon the varsion 2
signatures (March 2015) that were part of earlier
COSMIC releasas and can still be consulted

COSMIC Projects

sangeracuk

tpaarwres

Single Base Substilution (SBS) Signalures

J8%,

Mutational signatures as o collection of operative mutational processes

Mutational processes from different astiologies are active during the course of cancer development. They can
be identilied tsing mutational signatures, due to thelr unique mutational patterm and specific sctivity on the
ganoma

This is Bustrated in the figure below using a framewark of & classes of single base substitutions, and throe
distinct mutational processes, whose respective strenpths vary throughout a patient’s life. At the beginning, all
mutations wene due to the scdivity of the endogenous mutational process. As time propresses, the other

processes get activated and the mutational spectrum of the cancer genome continues to change
r oA
Metstiaral spectrum
of findd Lancer pesame
Tima
]

Documentation

cancer.sanger.ac.uk/cosmic/signatures
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Signatures by patterns
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Validated Mutational Signatures

Validated Mutational Signatures

Signature 1 .
sigawrez @ @@ @

Signature 3 .

Extensive cell type specificity

signaturea ()
signature 5 (@)
Signature 6 .

signature 7 ([ED)

Signature 8 .
Signature 9 .
Signature 10 .
Slgnature 11 .
signature 12 (i)
Slgnatureﬁ... ...
Signature 14 .
Signature 15 .

Signature 16 .
signature 17 (&) [ ]
Slgnature 18 . . .
Signature 19 .
Signature 20 (&) (]

Signature 21 .
Signature 22 .
Signature 22 (il
Signature 24 .
Signature 25 .
signature 26 ()
Signature 27 .
Signature 28 (Jil)
Signature 29 .
Signature 30 .

]
Other signatures . .

@ Mutational signacure presant

ngnaturﬂ. TTTTIITTIIIYII IIIYTTTTTTTTYIIT
.. oes =
oe

Signature 2 @ 00 00
Signature 3 .
signature 4 ([
Signature 5 .
signawres ({0 @D C ¥ ]
signature 7 (F)

Signature 8 . .
signature 9 ([[E)
Signature 10 . . . .
Signatura 11 (@)
Signature 12 .

sgare @ DO GO0 @

Signature 14 .
Signature 15 .
Signature 16 (@)
Signature 17 .
signature 18 () @ (]
Signature 19 .

Signature 20 . .
Signature 21 .
Signature 22 .
Signature 23 (il
Signature 24 .
Signature 25 .
Signature 26 .
Signature 27 (i)
Signature 28 .
Signature 29 .
Signature 30 .
Other signatures ([

.Muwtlonal slgnature present

mdmm mutaticnal sighatures In a cancer type

.Total valldated mutational signatures In a cancer type
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(@ Total cancer types In which a signature Is operative

.Total cancer types in which a signature |5 operative




(1) SBS Signature 1: 5mC deamination

C>A C>G C>T T>A T>C T>G
= 0o, I I —
§ |SBS ApCPG e u
E:‘ 35.6% G C G HC I\N M,C fn/“
i pCp Alj—
‘Eu ™ CpCpG L) 'l‘/ko 3 H T/ko
,Eﬂ . 5-methyl cytosine thymine
s TpCpG
:g ° P — 1.1
Cancer types:

Signature 1 has been found in all cancer types and in most cancer samples.

Proposed etiology:

Signature 1 is the result of an endogenous mutational process initiated by spontaneous deamination
of 5-methylcytosine.

Additional mutational features:

Signature 1 is associated with small numbers of small insertions and deletions in most tissue types.
Comments:

The number of Signature 1 mutations correlates with age of cancer diagnosis.

faSBigRYzY=aY

(1) SBS Signature 5: unknown mechanism

C>A C>G C>T T>A T>C T>G
SBS5

0%

.
|| |I|.||I |I| ||| THANIIR |h ”“‘”I”'”
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Cancer types:

Signature 5 has been found in all cancer types and most cancer samples.

Proposed etiology:

The aetiology of Signature 5 is unknown.

Additional mutational features:

Signature 5 exhibits transcriptional strand bias for T>C substitutions at ApTpN context.

SaSBiERezY=A
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(1) SBS Signatures 1, 5; clock-like property
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Sig 1, 5 mutations accumulate over time with similar rate
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Alexandrov L et al., Nature Genet (2015)

(2) Signature 4: due to direct smoke exposure

@v
¢
o
5
8)0\"’ &
2

&
ke

Signature 1 .
Signature 2 @3
Signature 3 .
signature 4 ([
Signature 5 . . . .
signawres (@0 I
signature 7 (F)

Signature 8 .

signature 9 ([[E)

Signature 10 .

Signatura 11 (@)

Signature 12 .
sgere ;@ DH OO ®
Signature 14 .
Signature 15 .
Signature 16 .
Signature 17 .
signature 18 () @

Signature 19 .

Validated Mutational Signatures

Signature 20 .
Signature 21 .
Signature 22 .
Signature 23 (il
Signature 24 (il
Signature 25 .
Signature 26 .
Signature 27 (i)
Signature 28 .
Signature 29 .
Signature 30 .

Other signatures ([

.Muwtlonal slgnature present

.Total valldated mutational signatures In a cancer type
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(2) SBS Signature 4: tobacco smoking

C>A C>G C>T T>A T>C TG

1o, Y . —
SBs4

T.9%
5.2%

264

Percentage nrﬁingl: Base Substitutions
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|Signature of benzo[a]pyrene exposure in vitro

Mutation Type
Probability

o

Cancer types:

Signature 4 has been found in head and neck cancer, liver cancer, lung adenocarcinoma,

lung squamous carcinoma, small cell lung carcinoma, and esophageal cancer.

Proposed etiology:

Signature 4 is associated with smoking and its profile is similar to the mutational pattern observed
in experimental systems exposed to tobacco carcinogens (e.g., benzo[a]pyrene).

Signature 4 is likely due to tobacco mutagens.

Additional mutational features:

Signature 4 exhibits transcriptional strand bias for C>A mutations, compatible with the notion that
damage to guanine is repaired by transcription-coupled nucleotide excision repair. Signature 4 is also
associated with CC>AA dinucleotide substitutions.

(2) SBS Signature 4: mutational burden and strand bias
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Fousteri and Mullenders (2008)
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(3) SBS Signature 7s: due to ultraviolet-light
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Signature 1
Signature 2
Signature 3
Signature 4
Signature 5
Signature 6
7
Signature 8
Signature 9 .
Signature 10 . . . . .
Signatura 11 (@) [ ] [ ]
Signature 12 . .
sgevre: @ @O GO0 O [ ® & oo o0 oes &
Signature 14 . .
Signature 15 . .
Signature 16 . .
Signature 17 . . . . . . .
signature 18 (B @
Signature 19 .
Signature 20 .
Signature 21 .
Signature 22 .
signature 23 [{il)
Signature 24 (il
Signature 25 . .
Signature 26 (@) . . . .
Signature 27 (i) ®
Signature 28 . .
Signature 29 . .
Signature 30 . . .
Other signatures . . . .. . . . . .

.Muwtlonal slgnature presant .Total valldated mutational signatures In a cancer type .Total cancer types in which a signature |5 operative

Validated Mutational Signatures

(3) Signature 7:

C=A GG =T T=A T=C =G
o Cancer types:
1 S8BSTv2 Signature 7 has been found predominantly in skin cancers and in cancers of the lip categorized as
i . head and neck or oral squamous cancers.
3
. O I d Sl g na t ure Proposed etiology:
Z Based on its prevalence in ultraviolet exposed areas and the similarity of the mutational pattern to th
I b observed in experimental systems exposed to ultraviolet light Signature 7 is likely due to
| f | .| L | ultraviolet light exposure.
““““““““““““““ Additional mutational features:
Signature 7 is associated with large numbers of CC>TT dinucleotide mutations at dipyrimidines.
CoA CoG CsT T=A T=C =G Additionally, Signature 7 exhibits a strong transcriptional strand-bias indicating that mutations occur a
e pyrimidines (viz., by formation of pyrimidine-pyrimidine photodimers) and these mutations are being
§B5Ta repaired by transcription-coupled nucleotide excision repair.
¥ £ 'y .
"N N N\ > 0 e e,
| SBS7a " sesm
IR || }- //__, i // o
con c>G T ToA T>C T>G 1 2 ¢ L o e
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SBSTb i 1 i = |
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i (1|
53 UTBERETL] th o : o i
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(3) Double base substitution (DBS1)

Percentage of Double Base Substitutions

Validated Mutational Signatures

AC>NN AT>NN CC>NN CG>NN CT>NN
[i=——=1 [

=1
&
#

=
=1
#

w
Y
#

na
o]
#

GC=>NN TA>NN TC>NN ~ TG>NN
[ — ] I |

DBS1

TT>NN

TTh

DBS1
T e T R T e T ST T i
“—.
1
|

DBS6
e i 5, i e i e e s
=
i
I

DBS11
ek e il el 5 e e sl

Signature 1 .
Signature 2

Signature 3 .

signature 4 (5D @

signawre 5 (@0 @D @ D9
Signatura & . .

signature 7 (§)

Signature 8 .

Signature 9 .

Signature 10 . .

Slgnatura 11 .

signature 12 (i)
Slgnature 13 .

Signature 14 .
Signature 15 .
Signature 16 .
signature 17 (&)
Slgnatura 18 . .
Signature 19 .
Signature 20 (@)
Signature 21 .
Signature 22 .
Signature 22 (il
signature 24 (il
Signature 25 .
signature 26 (@)
Signature 27 .
signature 28 {Jil)
Signatura 29 .
Signature 30 .
Other signatures .

@ Mutational signature presant

DBS2 DBS3 DBS4 DBSS
e e i i e e S | e e i | e
In-a ’nu o In-u
i i i ’ i
i i [ il I

DBS7 DBS8 DBS9 DBS10
e e e e i | e T o e e 5 e e | 5 i 0
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(4) SBS Signatures 2 and 13: APOBEC-mediated mutagenesis

C>A C>G C>T T>A T>C T>G

i ses TpCpA
émss TpCpT
[ 0 I|

UOULUDOLURORUDOLUO0LUDDLUNOUUUODUULOUU0OUUDORUOOU

C>A C>G C>T T>A T>C T>G
Y S ——

SBS13 TpCpA

48.0%

:“ 36.0% TpCpT
a

ﬁilu'ﬁ

i Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like
Elm I mMRNA editing enzyme (C>U) for protection from viral infection
B, T TR | N N

JoOuUooog DLUUO0LUDODUUB0UUDUUUODLLUODOUUOOUUODO

Cancer types:

Signature 2 has been found in 22 cancer types. Dominant processes in cervical and bladder cancers.
Proposed etiology:

Signature 2 has been attributed to activity of the AID/APOBEC family of cytidine deaminases.

On the basis of similarities in the sequence context of cytosine mutations caused by APOBEC enzymes
in experimental systems, a role for APOBEC1, APOBEC3A and/or APOBEC3B in human cancer appears

more Iikeli than for other members of the famili.

APOBEC-mediated mutations

mm ) ! @ ) )
= M Signature 1 [ Signature 2 Em [ Signature 1 []Signature 2
rl Si Si i 13 . Si t 5 .S ture 13 (£ EGFA tocal ampéfication wez ECERT Major clone
a M Signature 5 [l Signature B 'l ignature ignature normal EGFRTTO0M TR0M oy
Bladder & I it ¥ Mor s o LTh Wotectad in chinicat suting) [
a ] @ I ~ O—a — PIKICA EG45K + ET26K MAGA EGFR focal amplificasion
B I II-.. G I l._ ¥ hostase i i il PTEN KBO*
g LD LT T T — s -ll'll.-.. e AT R ik didRani BROAZ £33k
E L Miteseo,. 5, neax [ope e S i sl \ | [
= = TP53 CMG2426s + LOH Msjorclone  Normal call AR
EP300 roayratgement  Major clona of LETe of LETd —
b of LC2¢e
36 . N 36 . " Clindeal Advanced Clinical
2 MSignature 1 []Signatwre 2~ @ M Signature 1 [] Signature 2 histary LapE selc, seic histary Lape seic
Oral 5t [ signature 4 [l Signature 5 Sal M signature 4 [l Signature 5 GafinG: Geldinib
Cavity 2 W signature 13 & M signature 13 chamatharap Osimartinib chamotharagly EGFA16
avity = f@n @
c < L3 Lcs
e Qo i . normsl call normal eell Major clone of LCta
8 I ol ] Ll r— s [dF :'I-l-l"_'-- S @—1,@ Major clana of LT3 ¢ v—lslgn‘cg?;ng.:n (EGFR
£° 20 S— :“;m " ca| —" KENA 10 GRa5W
RB'MIIII\U‘II + LOH - RYRZE3200 EGFR dal ET46-ATS0|
@ @ P N Somrcen ressitatra - Lon|  paext
1 i r f i BCLILTT dslation + LOH % . 0 X1 DEgsN
= .S!gnature 1 DS!gnature 2 = -S!gnﬁture 1 DS!gnature 2 i m;:“‘-;""mw‘ e\, MYCampiication T e A M.|:11:3;nb
re W Signature 5 [llSignature 13 = M signature 5 [l Signature 13 Major clone KMT28 LBSBY
24 24
. E Ml Signature 26 []Signature A2 Diagnosis of LE3b Clinieal Diagnosis
Cervix =2 Clinical history LADC LADCSCLE history Lanc scLe
S Ill'l Gefitinib Cuimainit
- I=gge=angy-.
> || =g
=

. Lee J et al., J Clin Oncol (2017)
Alexandrov L et al., Science (2016)

Activated in the late branch in lung cancers.
(Episodically activating?)

Activated in many cancer types
including cervical, bladder, breast and lung cancers.
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(5) Signature 11: temozolomide-driven
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Signature 1 .
Signature 2 (@8)
Signature 3 .
signature 4 (D I
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Signature 6 . .
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Signature 10 .
Slgnatura 11

;

signature 12 (i}

Slgnatureﬁ... ... .
Signature 14 .
Signature 15 .
Signature 16 .
signature 17 (&)
Slgnature 18 . .
Signature 19 .
Slgnature 20 (&)
Signature 21 .
Signature 22 .
Signature 23 .
signature 24 (il
Signature 25 .
signature 26 (@)
Slgnature 27 .
signature 28 {Jil)
Signature 29 .
Signature 30 . .
Other signatures . . .

@ Mutational signature presant

Validated Mutational Signatures

.Total valldated mutational signatures In a cancer type

(5) SBS Signature 11: alkylating agent

Signature 11 has been found in melanoma and glioblastoma.
Proposed etiology:

(@ Total cancer types In which a signature Is operative

C>A C>G C>T T>A T>C T>G
2 30 s, I | E—
U‘a-ls.-ﬂh Cpcpc
i GpCpC
Eﬂ]ﬂ.h&
E o I il I -1l
Cancer types:

Signature 11 exhibits a mutational pattern resembling that of alkylating agents. Patient histories have revealed
an association between treatments with the alkylating agent temozolomide and Signature 11 mutations.
Additional mutational features:

Signature 11 exhibits a strong transcriptional strand-bias for C>T substitutions indicating
that mutations occur on guanine and that these mutations are effectively repaired by
transcription-coupled nucleotide excision repair.

SuGA-PNOSPNEN DACKDCOS

Bitunctional
alkylsting agents
can cause
intrastrand linking
and cross-linking

SaSBiERezY=A
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(6) SBS Signature 22: aristolochic acid driven

&
%, %("'zp%q, %, %, %%, %, q:‘”%, %y, %, T P,
K ‘5); %% o,% s, °6<9 4’% Qf(‘ %, % "9;, 4, Pél_b’"q, Y )3%?7%‘ q&b %Q)
-9%‘*//(_,%&%# ooﬁa%:..o?r,%e e%i: Q’&"%%%%#%%%' S
% S % Ry % P e B R B % Oy % R By By % s %y By By By
ENCNCY O REN CHENCHEREMCHONEMCOENENENL LI EMCNTIIEY
Signature 1 28 [ T I ] 2
Signature 2 ] [ ]
Signature 3
Signature 4 . ..
Signature 5 o9 (T ]
Signature & [ ] [ 1 ]
Signature 7
Signature 8
Signature 9

@
Signature 10 . . . . ﬁ
Slgnature 11 —
signature 12 (i) [ ]
s 3@ @D SO0 © o @ & o
Signature 14 . .
Signature 15 . .
Signature 16 . .
signature 17 (&)
Slgnature 18 . .
Signature 19 .
Signature 20 (&)
Signature 21 .
Signature 22 . .
Signature 22 (il [ )
Signature 24 . .
Signature 25 . .
signature 26 (@) . . . .
Signature 27 . .
Signature 28 (Jil) [
Signature 29 . .
Signature 30 . . .
Other signatures . . . .. . . . . .

tional signature present .Total valldated mutational signatures In a cancer type (@ Total cancer types In which a signature Is operative

Validated Mutational Signatures

(6) SBS Signature 22: aristolochic acids

C>A C>G C>T T>A T>C T>G

Eny.

§ SBS22

Sikin
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Z o® oo - = e ags e - e L e SR i A
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C>A C>G C>T T>A T>C T>G

2 13, I I S

2129

2 ranscril iy

: SBs22 S o e

-‘JE_ % %, .

i %4%('».4%,.‘ &, %,

i ;e fop Vgn on

__E 1.000
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Cancer types: Z o1 7_ ‘

Signature 22 has been found in urothelial (renal pelvis) carcinoma and liver cancers. g i ‘
o

Proposed aetiology: 2 ‘

Signature 22 has been found in cancer samples with known exposures to aristolochic acid. & ‘

Additionally, the pattern of mutations exhibited by the signature is consistent with the one oo b—

previous observed in experimental systems exposed to aristolochic acid. 184 493 185 179 389

Additional mutational features:

Signature 22 exhibits a very strong transcriptional strand bias for T>A mutations indicating adenine damage

that is being repaired by transcription-coupled nucleotide excision repair.

Comments:

Signature 22 has a very high mutational burden in urothelial carcinoma; however, its mutational burden is much lower in liver cancers.

- 23 -




(6) SBS signature 22: aristolochic acids

< OH
NO,

OCH,

Aristolochia clematitis
FYSEE, 5505, B2

faSBigRYzY=aY https://www.accessdata.fda.gov/cms ia/importalert 141.html

(7) SBS Signature 3: HR-based DNA repair
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@
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Signature 5 ............ [ L 1 I I X L X X X X1 XXX XU 11 X 171)
signawres (@0 I (] {1 ] 28 2 [ [ ] [ ] .
signature 7 ([F)

Signature 8 . . .
Signature 9 ([[@) [ ] -
Signature 10 . . . . .

Signatura 11 (@) [ ] [}

Signature 12 . .

sz @ DO GO0 @ L ® & oo o0 oeos o
Signature 14 . .

Signature 15 . .
Signature 16 . .

Signature 17 . . . . . . .
signature 18 (B @ (]
Signature 19 .

Signature 20 . .
Signature 21 .

Signature 22 .

signature 23 [{il)

Signature 24 (il

Signature 25 . .

Signature 26 (@) . . . .
Signature 27 (i) [ ]

Signature 28 . .

Signature 29 . .

Signature 30 . . .

Other signatures . . . .. . . . . .

.Muwtlonal slgnature presant .Total valldated mutational signatures In a cancer type .Total cancer types in which a signature |5 operative

Validated Mutational Signatures
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(7) SBS Signature 3: HR-based DNA repair

C>A C>G C>T T>A T>C T>G
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Proposed aetiology

Wi, %% o %%4% (-‘f;i)"‘%ff“’*a,&’“ﬁ:*‘”d Fr:t': :‘:’“f“‘% g . Defe_ctive'homolo.go_us recombi'nation-based D.NA damage
Lm‘%, e, Ty g P, B, g, o, B, S, o, o, T g W Y repair which manifests predominantly as small indels and
SBS3 genome rearrangements due to abnormal double strand break
£ oo repair but also in the form of this base substitution signature.
_:i‘ 10| - - = == — Comments
L. P _; 7Z AL -‘..J‘I e W SBS3 is strongly associated with germline and somatic BRCA1
£ - 7./_' 7'_ ,"L e < S : and BRCA2 mutations and BRCA1 promoter methylation in
z 2 breast, pancreatic, and ovarian cancers. In pancreatic cancer,
:Q oo : responders to platinum therapy usually exhibit SBS3 mutations.
.,3 0.001 Together with associated indel and rearrangement signatures,

| SBS3 has been proposed as a predictor of defective
; S .
T e S e e e e e e s homologous recombination-based repair and thus of response
to therapies exploiting this repair defect.
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Alexandrov L et al., Cell reports (2013)

(1) For inferring de novo mutational signature: many whole-genome sequences
(2) For fitting known signatures: whole-genome, (exome?)

SaSBiARYzY=Es

Tools for extracting mutational signatures

Inferring de novo signatures

Alexandrov, MatLab (Nature 2013)

EMu (Genome Biology 2013)

Maftools (Genome Res 2018)
MutationalPatterns (Genome Med 2018)
MutSpec (BMC Bioinformatics 2016)

SigFit (BioRxiv 2020)

SigMiner (medRxiv 2020)

SignatureAnalyzer (Nature Commun 2015)
SignatureToolsLib (Nat Cancer 2020)
SigneR (Bioinformatics 2017)
SomaticSignatures (Bioinformatics 2015)

SigProfiler (COSMIC)

SaoBiB3ezE=e

Fitting known signatures

deconsructSigs (Genome Biology 2016)
SignatureEstimation (Bioinformatics 2018)
YAPSA (R Package v 1.16.0)

Web interfaces

MutaGene (NAR 2017)
mSignatureDB (NAR 2018)

MuSiCa (BMC Bioinformatics 2018)
Mutalisk (NAR 2018)
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(1) Sigprofilers

&1 sanger.acuk/ensmic/signature B ax - @ & v D @

Mutational Signatures (v3.1 - June 2020) ¥ T e ; Gl

Introduction ases fram different astiologies are active during the course of cancer developmant. They
€1 be idennifid using mutationsl SQNAIres, due to their UNKGUS mucationdl pattern and spearfic activity on

Somatic mutations are present in all cells of the human body and occur throughout fife. iatidonsy i e W H i

They are the consequence of multiple mutational processes, |n(ludmg the intrinsic siight N

Infidefity of the DNA replication machinery, or This is llustrated in the figure below using a framework of 6 casses of single base subsUEUTions, and three

exposures, ensymatic modification of DNA and defective DNA repair. ifferent mutationa! distinet mutational processes, whose respective strengths vary throughout a patient’s ife. At the

processes generate unique combinations of mutation types, termed "Mutational begmnning, all mutations were due to the activity of the endogenous mutational process, As tme

Signatures®. progresses, the other processes get activated and the mutasonal spectrum of the cancer genome

In the past few years, large-scale analyses have revealed mary mutationsl signatures across the continues to change.

spectrum of human cancer types, induding the latest effort by the ICGC/TCGA Pan-Cancer Analysts
af Whale Genomes (PCAWG) ¥ Network (Alexandroy. LB, et al.. 2020 %) using data from more than
23,000 cancer patients.

Signature-based websites

As the number of mutational signatures and vanant dasses considered has increased, the need for
3 curated census of signatures has become apparent, Here, we deliver such a resource by providing
a comprehensive overview of the key information known, suspected or widely discussed in the
soentfic ierature for each of the ientified mutational signatures on a dedicated website.

This summary indudes the mutational profile, proposed aetiology and tissue distnbution of each
signature, as well as potential with other p— and haw the signature
has changed during terations of analysis.

Currently, three different variant dasses are considered, resulting in the following sets of mutational
signatures.

Time
. .
Versions
Mutational signatures version 3 was released as The current sat of mutational signatures has I
part of COSMIC release vB9 (May 2019) and been extracted using SigProfier, a compilation
updated to version 3.1 in COSMIC release vi1 of publicly avadable biolnformatic tools .
(June 2020). The version 3.1 update expands addressing all the steps needed for signature Tt ot
and improves upon the version 2 signatures enufication. SigProfier funcuonalies ndude l
(March 2015) that were part of earker COSMIC mutation matrix generation from raw data and
releases and can stil be consulted. signature extraction, among others., l
e --I0EENN
lolnforr T
Blolnfo s j— =3 =

R unanssy (==) WD

ety for Biaindos

« C @ U a B w0z -4 rmnm e &

> COSMIC 3

Catologue OF Somatic Mutation In Cancer

il

ersanger.ac.uk

Singhe Basae S ution (SAS) § Douhlel Base Subsdilution (DAS) Small Tneasrtion and Dl
signatu signatures, signatures,

informatic Tools

=sigProfiler provides a comprehensive and inteqgrated suite of
bininformatic Looks for performing mutational signature analysis. |
The software covers the analytical Bfecyde starting with the §|I@Bm@|F|‘IILEW |||| |||||||||"
generation of the mutational matnx and finishing with signature

extraction, as well as supporting functionality for plotting and MatrixGenerator !
simulation.

[+ @D@IFIII.EW o

Extractor|

Hover over any of the logos to learn mare about each of our
software tools, Induding the GitHub repository, a wiki page
describing how Lo use the tool and the corresponding publication. gl‘@@@@|F[‘LEﬁ |l||||||||||| ﬁm@@@@ IILEE ||||||||||[|j| Il
All serofiler software s available both in Python and B Pl ottlng | 8imulator | |
environments,

A et o Lt

.
- ty four B
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(1-1) Sigprofiler matrix generator

A
5¢ ~GTTACGCAT-3" 5% =GTTAAGCAT=3"  Reference Genom Strand ()
3'-CAATGCGTA-5'  B° 3/ _CRAATTCGTA-5'
SBS-6 $BS-96 SBS-1536
classification|| classification classification
€:G > A:T ACG:TGC > AAG:TTd |TACGC:ATGCG > TAAGC:ATTCE|Compleic
c>a ACG > AAG TACGC > TARGC Pyrimidine
G>T CGT > CTT GCGTA > GCTTA Purine (RevComp) Python and R
B .
5/ -GITACTGCAT-3° 5% LGTTARAGCAT-3" (|n pUt)
3 -CAATGACGTA-5¢ PB% 3/ _canTrTCGTA-5¢ VC F/MAF
DBS-78 DBS-1248
classification classification
CT:GA > AA:TT ACTG:TGAC > ARAG:TTTC
eT > A ACTG > ARAG (OUtpUt)
AG > TT CAGT > CTTT . .
Matrices with
c Sequencmg context
5/ - COTAATAATAATAAGC -3/ 5' COTANTARTAAGC 3 P Transcriptional strand bias
a1 3 e . assification
3 CCATTATTATIATICG 5/ oot 31 CCATTATTATTCG 5! 3:Dal:R:4
Delation of ibp
at repeat of 4 units
&' —CAGGGGEGGGEETC -3’ 5 -CAGGGGGGGEEEGETC- 3 Insertion
SEEEEITEIs TG mb R e R e T Il E PR Classification
3¢ -GTCCCCCCEOOEAG-5" 37 -GTCCCCCCCCOCCCAG-5 2:Ine:R:54
Insertion of Zbp
At repeat of 54 units
5/ CGTAATAGCTAGTAAG-3" 5/ —CGTANTAGTAAG-3' Microhemology
m ST e ¥ Classification
“ it p R 4:Del:M:3
31 -GCATTATCGATCATTC-5" EE, o S
a hemslogy of ibp
] . .
OB EauBz Ry Bergstrom et al., BMC Genomics (2019)

OSFHOME = Search  Suppert Dona SignUp Sign In

Files Wiki Analytics Registrations

= Menu < & View Wiki Version: (Current) Uma Mahto: 2018.06-13 21:10:02400:00 UTE |

- B Project Wiki Pages

SigProfilerExtractor

[ 1. installation

SigProfilerGenerater is a python framewerk that allows de neve extraction of mutational signatures from data generated in a matrix
[ 2 Quick Start Example farmat. The tool identifies the number of aperative mutational signatures, their activities in each sample. and the probability for each
signature to cause a specific mutation type in a cancer sample. The tool makes use of SigProfilerMatrixGenerator and

Tool - . - . -
O 3. Using the Tool - Input SigProfilerPlotting, seamlessly integrating with ather SigProfiler tools.

[ 4 using the Tool - Output

[ 5. Output - All Solutions Citation
[ & Output - suggested Solution In progress,
License

This software and its documentation are copyright 2018 as a part of the SigProfiler project. The SigProfilerExtractor framewark is free
software and is distributed in the hope that it will be useful, but WITHOUT ANY WARRANTY: without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the GNU General Public License for more details.

Contact

All SigProfilerGenerator related queries or bug reports should be directed to 5 M Ashiquil Islam (Mishu) at mislars

Somatic mutation matrix = NMF =» model selection (# of signatures and stability)

=>» Detection of de novo mutational signatures =» comparison with known signatures
roSBinauzune
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Tools for extracting mutati

onal signatures

Inferring de novo signatures

Alexandrov, MatLab (Nature 2013)

EMu (Genome Biology 2013)

Maftools (Genome Res 2018)
MutationalPatterns (Genome Med 2018)
MutSpec (BMC Bioinformatics 2016)
SigFit (BioRxiv 2020)

SigMiner (medRxiv 2020)
SignatureAnalyzer (Nature Commun 2015)
SignatureToolsLib (Nat Cancer 2020)
SigneR (Bioinformatics 2017)
SomaticSignatures (Bioinformatics 2015)
SigProfiler (COSMIC)

faSBigRYzY=aY

(2) deconstructSigs

Fitting known signatures

deconsructSigs (Genome Biology 2016)
SignatureEstimation (Bioinformatics 2018)
YAPSA (R Package v 1.16.0)

Web interfaces

MutaGene (NAR 2017)
mSignatureDB (NAR 2018)

MusSiCa (BMC Bioinformatics 2018)
Mutalisk (NAR 2018)

R based package. Mutation matrix as an

input (sample, chr, pos, ref, alt)

SaSBiERezY=A

B tumor profile
Input Tumor Profile Input Signatures 012 mutation
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0,00 sl e i et WHESINEY | oo
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Rosenthal et al., Genome Biology (2016)
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Tools for extracting mutational signatures

Inferring de novo signatures Fitting known signatures
Alexandrov, MatLab (Nature 2013) deconsructSigs (Genome Biology 2016)
EMu (Genome Biology 2013) SignatureEstimation (Bioinformatics 2018)
Maftools (Genome Res 2018) YAPSA (R Package v 1.16.0)

MutationalPatterns (Genome Med 2018)
MutSpec (BMC Bioinformatics 2016)
SigFit (BioRxiv 2020)

SigMiner (medRxiv 2020)
SignatureAnalyzer (Nature Commun 2015)
SignatureToolsLib (Nat Cancer 2020) MutaGene (NAR 2017)
SigneR (Bioinformatics 2017) mSignatureDB (NAR 2018)

SomaticSignatures (Bioinformatics 2015) MuSiC.a (BMC Bioinformatics 2018)
SigProfiler (COSMIC) Mutalisk (VAR 2018)

Web interfaces

SaSBiARYzY=Es

(3) Web interfaces: Mutalisk

g © & mutaliskorg I ot

Home  Analyze  Tuloral  Contact

() mutalisk

About the project

ments with more thar different genomic element W a5 seplication timing and histone modifichtions (ENCODE project dataset
MUTALISK

Input AnalysisiOutput Results

Mutalisk: a web-based somatic MUTation
AnaLyIS toolKit for genomic, transcriptio]
and epigenomic signatures @

Lee JK et al., NAR 2018
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(3) Workflow in Mutalisk

input ] Processing Coutput

® Localized hypermutation (Kataegis)

(Optional)
b - —
— > 2. Pl .
|| « s /f ' : *, :??’J} g’ii'h
TXT : v e o,
Distance . * =
Chr | T b s 4 e 5 5 & sevoos
@ Mutational signatures p ~
Mutalisk : E— Model 100
S mutation Model 2 0 ) :
Signature/ : types Model 3 0 Performance :{‘"‘:"": — L
- 9 ignature o
annotation DB i ok S o Mode.M evaluation signature s 3
I T>A T>C :
cosmic : - 7 i il
BEANE 1 Mutatl?n utationa sngr}a ure Mod.el
. : subtyping decomposition selection . ok [Nl L ‘ ‘-
Custom signature DB «~ \ y
® Transcriptional strand bias P
Te—— 3’ Goodness of
45’— 5 3 fit test
— —_—
ye 3% .| £y
Strand annotation
(RefSeq) Expected Observed
RefSeq L
(ucsc)

(3) Workflow in Mutalisk (2)

@ GC-content

-
NNNNNNATG CanG C G CraG Cannnnnnn W
i High GC % w,G AN
G, Cproportion = — — int.6c% G Cum
A+T+G+ Low GC % NNNGCNNN
ENCODE e \ .
® DNA replication timing
r a
DNA replication gl". o
timing VCF, preprocessed s:; al
data Py I . Ea
y J ol L
G il
Phase annotation
- e Goodness of \ /
. ® Histone modification fit test
istone nd DNase | hypersensitivi n
modification andDNeselmperensuvity
- N
Expected  Observed
A
VCF, preprocessed S £ H_ish
@ w
DNase | data | sy 75% S ==
hypersensitivity > o Int. EE~
Read density - - e
Peak annotation g|low == ==
\ J

( Correlation )

FaoBiaResEEms
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(3) Input for Mutalisk

[E] mutalisk

This site js optimized for Chrome.

m The following shows an example of how to run Mutalisk using the sample data.

1. Genome assembly 3. Mutational signatures 4. Genomic & epigenomic annotation

-GRCTIST;f_hglg [Homo sapiens {I:luman_}] v 3-1. MLE method Linear Regression ] B4 Localized hypermutation (kataeqis)
B Transcriptional strand bias

2. Input file [ GC content

The input file format of this tool 1s VCF Tile 3-2. Cancer type User Selection - [ ENCODE dataset reference cell |
You can select multiple files (max 300). 3-3. Select the mitational signatures. GM12878 (B|D'Dd - Normal} w
The total size of mutliple files should be less D eplicatio y
than 1GB. U signaturel Ll Signature2 Ll signature3 p DNA replication timing
Osignatureds  Osignatures O signatures b4 DNasel hypersensitivity
+ Add Files J Osignature7  OSignatureg O Signature Histone modification
: > Olsignature1o  ClSignaturel1l  ClSignaturel 2
® No Files Selected Osignatwre13  ClSignaturel4 [l Signaturel 5
CIsignatwre e ClSignaturel 7 [lSignature 1 8 Reference to the genomic fepigenamic data:
Usignature 19 OSignature20 O Signature2 | % The ENCODE Project & UCSC genome browser

Osignature22  Osignature23 O Signature24
Osignature25 OSignature26 O Signature27
Osignature28  ClSignature29  [lSignature30

Select All | Deselect All

Reference to the mulational signatures.

= Signatures of Mutational Processes in Human Cancer

» PCAWG - SigProfiler (provisiona

» Custom signatures

aSBidRBEEAs

(3) Output in Mutalisk (1)

C>A C>G C>T T>A T>C TG
Total mutations: 33334

Observed
spectrum (%)

= C>A C>G C>T T>A T>C T>G
°\ o
N
m "
W o
=5
Signature 7 _ =
=3 l II
0., (ARERIERIIRERES LIAAUNNGRANADIN] Ly o
Signature 5 - 25.9%
\? C>A C>G C>T T>A T>C T>G
; L »
bignature 17|3.8/° @ .
©
0 2 50 75 100 - *
O
7]
()]
o

Cosine similarity : 0.965

vaoBi aeBEEns
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(3) Output in Mutalisk (2)

M Expected i Observed T

w0l Cp-value = 5.18¢e-189

i M Expected | Observed
sod ** p-vaiue = 2.240-07

204
101
o4

WO g adt

W@

§aSBigRYIR=Es

Untranscribed : 5869

i65_"-‘d\ 8.4 % \‘Egab
5 % LW £ j 258

Low : 8378

HC>AMCGECT T>A T>C T>G

[(59% 72%

719 % 64.2%

WC>AMC>GMC>T T>AL T>C T>G

Intermediate : 16227

(5.5 %) . :
529) 1.8 %)|

Transcribed : 4527
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Amplification/sequencing artifacts make unique signatures

L 2anger.scuk B ws @&

Mutational Signatures (v3.1 - June 2020)

inghs Base Sarstuticn (W5
E———

Single Base Sub

ufion (SBS) Signatures

Single: base substitutions (SBS), 5o brown as Sngie nudectide varants, are defined as a fepiscement of 2 Signature extractian methods
cartin rcdentise base. Conudnnn the pyrmadies of the Watson-Crick base pair, thers am only sex affenent
€T, T, THC, hnd T2G. These SUS clisses can b Further ex)

o8 wetre extracied using 5

Wi 8 Pew exceptions, the sgrg A #) from the 2.700 whok-
enome varsant cals produced by the 1CGC/TCGA Fan Ca i Gores Netmr. The stabiry and reproducbity
of the signatures were assessed on SOMATK MUtACoNS from an addonal 1,865 whole genomes and 19,184 cxomes. Al ngwt Sata and
Cusment SBS mgnatires have been dentified Lsng 56 dfferent contexts, consksenng ot oely the mutated hase. " origead pources wn avalable fem syeapss e 10 sl
but sl the bases mmedacely §' and 3,

The COSMIC v3 sgratures are svadable in nimenical form in syl 1%, ard sttributions of the sigratures to mutatons i tamors are
ChCk 0N ANy SOBTUNE Delow 10 AN MOTe 3DOUT K3 detnss. wvatatie 0 i1 0% and synll #. The COSMIC v1.1 signatures can be downiaded here.

it 3 o)
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First report for 8-oxoG artificial signature

0.25<AF<0.50
n=71940

0 £AF<0.10
n=91790

Costello et al., NAR (2012)
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A typical pipeline for cancer genome analyses

Real Point Mutations

o Le==]
-_— e

Whole-Exome or Alignment
- - Whole-Genome Sequencing e

s, Artifactual
Tumor/normal Point Mutations
Sequencing Artifact Pair BAM Files
| | | ¥
Tumor Normal

Variant Calling

DNA Damage Strand

Conventional Manual
(FFPE) Ox0G | *** | “Bias

Hard-Filtering Pipeline

MuTect2, Muse slc

SaoBiB3ezE=e
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Workflow in FIREVAT, a software for filtering artifacts

Software | Open Access | Published: 17 December 2019
FIREVAT: finding reliable variants without artifacts in
human cancer samples using etiologically relevant

mutational signatures Kim et al., Genome Medicine 2019
~ - )
Config i FIREVAT Repori
Prepi ing Generate Candidate Solutions | — ;
VARIANT REFINMENT OPTIMIZATION
JCCCTTETPEPRUETERPRERTEN G Optimization Log
! Putative Refined :
: Mutations : —
Mutational - T e T : Identify Mutational Publication
Signatures Filter VCF (g Signatures Ready Figures
Putatlvo Artlfactual
Mutations —
S ey i Refined
Mutations
Evaluate pr—
cosOf - (1 - w") - cosOf . wit
Clinical " ( ,Z‘ & £ ,;‘ !
r‘V‘arlant ) Artifactual
Mutati
Strand Bi VCF Si Clinical fr— L,
T\ R A as ummary inica S—
Additional y Analysi Tosts An Son —_—
faSBi =By ! J

Refined Mutations

8

R
\’II 'Hll i 'w'l“ H ||.f~mllu ' |. [‘...mmu

|| \ V
i Current Smoker Llfeums Nonsmoker Current Smoker Lifetime Nonsmoker

~
L

Contribution Probability (%)
] 8

sotadooldnbd .. . ——
Mutations Count Mutations Count
C TCGA-CR-7399
C>A C>G C>T
Unrefined Mutations
01 ‘
i TCGA-HNSC cohort

o:s l —

Artifactual Mutations

0.1 ‘

02 SBS45 (8-0x0G Signature)
0.1

°~°,-AH |

Kim et al., Genome Med 2019
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