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Number of cancer whole genomes sequenced

Moore's Law
\
PCAWG
~ PanCancer Analysis
OFWHOLE GENOMES

~500 cancer WGS
Alexandrov, et al., ~2,800 WGS
Nature, 2013 from ICGC/TCGA
2014

First cancer
WGS,
Ley, Mardis, et

et e 38 al., Nature, 2008
Research Institute

genome.gov/sequencingcosts
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Genomic variants identified from sequencing

Human Ref.

ATGAACTGCAATTTCCAGAAGCATGCACCCTTGGAAG ---TCTA

ATGAACTGCAAATTCCAGAAGCATG - - - - CTTGGAAGAGTTCTA

SNP Deletion Insertion

Small Indels < 50 bp

Large structural variants

: Inversion
|:| Duplications |:| Insertions I:I
- Deletions

Human Ref.

An average human genome contains ~4 million inherited
variants and a tumor genome contains thousands of somatic
variants.



Drivers versus Passengers

- Driver mutations: Confer selective advantage to tumour cells
- Passenger mutations: Do not confer selective advantage to tumour cells

- Cancer elements: Genomic elements with driver mutations

Normal MRCA
cell

Cancer is an evolutionary process

©

Distant
metastasis
Time point X: Time point Y:
<+ Driver mutations diagnosis and distant and

treatment initiation  local relapse

Yates and Campbell et al, Nat Rev Genet 2012



Identifying
mutations
associated

with cancer

Cancer ‘
tissue
Normal @ i i
tissue
|

Cells from
biopsy
sample

Blood sample
(or other
surrogate

Sequencing and genotyping
to identify variants ¢

'

Common germline
(arrays, GWAS)

Io— I=—
N —

I

Rare germline
(WGS)

tissue for

germline

DNA status)
Somatic (WGS)

o=
Pein -

(Statistical tests for enrichment)

'

Odds ratio
L

Burden tests

v

Signals of positive
selection |

Computationally based functional
prioritization and interpretation

)

1 3 5 7 9 111315
Position

Motif gain/loss

s Human
mes Chimp
s Mouse

Evolutionary
conservation

: =

Network centrality

Experimental validation of
functional effects

(CRISPR—Cas9,
reporter assays etc.)

(Translation to the clinic)

Khurana et al, Nature Rev Genet, 2016



Signals of positive selection
Mutation frequency of cancer genes
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Computational methods to predict functional
impact of missense mutations

(@)

o

— Depends on

Gnad et al, BMC Genomics, 2013



PA AML

MB CLL DLBC BRCA PRAD PAAD LIHC STAD  LUAD
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Reference genome BRCA LUAD

Unannotated

Most
variants are
in
noncoding
regions

MB: medulloblastoma
DLBC: B cell ymphoma
STAD: gastric

BRCA: breast

PAAD: pancreatic
PRAD: prostate

LIHC: liver

PA: pilocytic
Astrocytoma

LUAD: Lung
adenocarcinoma

Khurana et al, Nature Rev
Genet, 2016



Noncoding mutations can be significant drivers
Transcription factor (TF) binding disruption

Gain-of-motif

CGGAGG

20 Promoter Gene
0 A | o
ot - - = @ /NN —" mRNA
l—’ N\NANA—
CGGAAG
Mutated —— — —
Loss-of-motif AN —
NNNN—
l—’ N\NANA—
C WT TATTTAT

1.0% T l
5 10 5 TATCTAT
Mutated — — ] A

* MYB motif created & drives TAL1
overexpression in T-ALL (Mansour et al,
Science, 2014)

TERT promoter mutated in
many different cancer types

No. No. tumors
Tumor type* tumors  mutated (%)
Chondrosarcoma 2 1 (50)
Dysembryoplastic neuroepithelial tumor 3 1(33.3)
Endometrial cancer 19 2 (10.5)
Ependymoma 36 1(2.7)
Fibrosarcoma 3 1(33.3)
Glioma' 223 114 (51.1)
Hepatocellular carcinoma 61 27 (44.2)
Medulloblastoma 91 19 (20.8)
Myxofibrosarcoma 10 1(10.0)
Myxoid liposarcoma 24 19 (79.1)
Neuroblastoma 22 209
Osteosarcoma 23 1(4.3)
Ovarian, clear cell carcinoma 12 2 (16.6)
Ovarian, low grade serous 8 1(12.5)
Solitary fibrous tumor (SFT) 10 2 (20.0)
Squamous cell carcinoma of head and neck 70 12 (17.1)
Squamous cell carcinoma of the cervix 22 1(4.5)
Squamous cell carcinoma of the skin 5 1 (20)
Urothelial carcinoma of bladder 21 14 (66.6)
Urothelial carcinoma of upper urinary 19 9 (47.3)

epithelium

Killela et al, PNAS, 2013
Horn et al, Science, 2013
Huang et al, Science, 2013



Noncoding elements in the genome

-

—
—— -
— -

Loss or gain due to \
mutations ‘

Promoter
ncRNA locus

l Transcription

Post-transcriptional
regulation

Khurana et al, Nature Rev Genet, 2016
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Noncoding variants act via tissue-
specific regulatory networks

a ‘L ‘ _ Regulatory
Brain e - — elements
Open chromatin B Brain-specific dentified:
j k regions (DHS peaks), M Heart-specific | From functional
Heart S : histone modifications M Liver-specific | genomics assays
or TF binding L
l k (ChIP-seq peaks) B Ubiquitous .
Liver - , a O Verylowor | From evolutionary
- no signal _| conservation only

Connecting distal

regulatory elements — \a' 3
to target coding genes RO

Compile all

connections to
build regulatory
and enhancer—
promoter networks

Target gene

Khurana et al, Nature Rev Genet, 2016
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a H3K9me3
H3K4me1

H3K36me3

H3K27me3

H3K27ac

DNase

H3K9me3

Nhek replication
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H3K4me1

H3K9me3 muscle
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H3K9me3
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H3K36me3

H3K27me3
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H3K9me3

H3K4me1

H3K4me3

H3K9ac

H3K36me3

H3K9me3 duodenum
H3K9ac duodenum
H3K4me3 duodenum
H3K4me1 duodenum
H3K9me3 rectal

H3K9ac rectal

H3K9me3 colonic

H3K4me1 rectal

H3K27me3 rectal

H3K27me3 colonic
H3K36me3 colonic
H3K4me1 colonic

H3K4me3 colonic

H3K9ac colonic

H3K36me3

H3K4me1

Lymphoblastoid replication
H3K27me3 CD19

DNase CDS3 cord blood
DNase CD19

H3K4me3 dorsal neccortex fetal
H3K9ac mid frontal Brodman
H3K9ac hippocampus middle
H3K9ac cingulate gyrus
H3K9ac anterior caudate
H3K4me1 mid frontal Brodman
H3K4me1 hippocampus middle
H3K4me1 anterior caudate
H3K36me3

Mcf7 replication

H3K9me3

H3K4me1

H3K36me3

&
Cancer type
&

Skin melanocyte

Skin fibroblast

Skeletal muscle

Large intestine
mucosa

Small intestine fetal
Large intestine fetal

Bladder

Breast luminal
epithelial

B Significant variat

(P <0.001)

[] Non-significant

Need to account for
heterogeneity of
mutation rate in

cancer cells when
identifying drivers

+ Histone modification

marks

e DNase |

hypersensitive sites

* Replication timing

Polak et al. Nature 518, 360-364 (2015)
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Co-variates of mutation rates: Increased mutation
density at TF binding sites in melanoma and lung
cancer

UV or tobacco smoke % <«— Mutation Density

NER
’ proteins S
Damage g, :5 z
Histones £
Transcription- _.5

initiation 4
’ ( E‘ 1rproteins @m @ TF
3\ H,,

Voo v f\ T}f--r----r-r ------ P

DNA

Repair Mutation Mutation

Perera et al, Nature, 2016
Sabarinathan et al, Nature, 2016 Cuykendall et al, COISB, 2017

Khurana, Nature News & Views, 2016
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Identifying
mutations
associated
with cancer

[Case:
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tissue
Normal @ i i
tissue
|

[Controt:)

X
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to identify variants ¢
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Blood sample
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surrogate

l tissue for
germline
DNA status)
g]
Rare germline Somatic (WGS)

Common germline
(arrays, GWAS)

Ie—
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(Statistical tests for enrichment)

'

Odds ratio
L

v
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Burden tests
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prioritization and interpret
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ation
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1
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1 3 5 7 9 111315
Position

2
1

Bits

0
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] FunSeq

s Human
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: =

Network centrality

Evolutionary
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Experimental validation of
functional effects

(CRISPR—Cas9,
reporter assays etc.)

(Translation to the clinic)

Khurana et al, Nature Rev Genet, 2016



Estimating

. o1
negative — -
selection .’
H - ' BN
°
H =B B
X e3
X H = B
Il =B
a ..
A e 1 —
EBE-C-=2E B
Evolutionary conservation Conservation among humans
- Typically defined by comparison - Depletion of common variants/Enrichment
across species of rare variants
Common variant Rare variants

Fraction of rare variants = (Num of rare variants/ Total num of variants)

15



Fraction of rare SNPs (nonsyn)

Enrichment of rare SNPs as a metric for

0.9

0.8

0.7

0.6

0.5

negative selection

* Depletion of common
polymorphisms in regions

under selection

Negative selection restricts the allele
frequency of deleterious mutations.

* Results for coding genes
consistent with known
phenotypic impacts

0.4

All Coding —

« Other metrics for selection
* Evolutionary conservation
(e.g. GERP)
* SNP density
(confounded by mutation
rate)

GWAS —
Cancer —

Essential —

Recessive —
Dominant —

(rare=derived allele freq < 0.5%)

LOF-tol (Loss-of-function tolerant): least negative selection
Cancer: most selection Khurana et al., Science, 2013
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Organism-level negative selection in

Genomic Avg  27M SNPs
Coding  0.27M

>
Missense | 0.15M
Synonymous | 0.12M
UTR| 0.4M

Enhancer [

TFSS

General

TFBS

Chromatin

A Broad Categories
'
. H
: —
-
DHS| 4.8M o
T ) T T 1
0.56 0.6 0.64 0.68 0.72

Fraction of rare SNPs

Specific Categories

noncoding elements

TF Families (motifs)

Coding .
HMG
Forkhead

050 055 060 0.65

0.70
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| i

—r1r 1 1T 1T T 1
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Forkhead motif T
2.0
00 5 1
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| +
T
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0.0 0.2 0.4 0.6

Motif breaking SNP
chr1: 98,100,579

0 15

AP-2 motif T Motif breaking SNP
20 chr14: 99,849,316

1.0
0.0-

Khurana et al., Science, 2013
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Which noncoding categories are under very
strong “coding-like” selection ?

Coding 0.27M

Pseudogene 57K —

N°§;ﬁ‘;ﬂ232 /1,2/Z’/<,////V/ / //"' ~0.4% genomic coverage (~ top 25)
vaSoreie (2K L/ L/ L/ L/ /5 ~0.02% genomic coverage (top 9

0.56 06 0.64 0.68 0.72
Fraction of rare SNPs

O Top categories among ranked 102 . _“400-\f0|d
cgtegorles 2 5. § Enrichment of know disease-
L Binding peaks of some general TFs @ § ol causing mutations from
82 4 - ~40-fo
eg FAMA48A) RN .
( . - @ o \ N Human Gene Mutation
O Core motifs of some TF families (eg 2% 97 \ % database
JUN, GATA) EREIN N
Q DHS sites in spinal cord and 5§ % §
connective tissue L0 % N

1
Ultra- Sensitive Annotated
sensitive

Khurana et al., Science, 2013 18



|dentification of noncoding mutations with high impact:

Cancer genome ©® SNV & Indel
variants
1000
Genomes - == == 1000 Genomes variants
screen
Non-coding annotation
Functional (
annotation
Degree of negative selection
Sensitive - -——-

Motif disruptive score

Motif

) o8 4
T

Degree of network centrality
Promoter

[

[

|
O—am»—-

Occurrence in multiple samples

Recurrence

19

.__ —
RS
~
N
\
\
\
\
\
v
'
'
\
'
'

Candidate driver



FunSeq2: Feature weight
- Weighted with mutation patterns in natural polymorphisms
(features frequently observed weighed less)

- entropy based method ey ,
! HOT region '

+ Sensitive region

i Polymorphisms

_____________________________

Genome NI N W I A S O | I

Feature weight: Wq = 1 + palog.pa + (1-— pd)logz(l — pd)
p T W, l p = probability of the feature overlapping natural polymorphisms

For a variant: Score = E w, of observed features

https://github.com/khuranalab/FunSeq PCAWG

Fu et al., Genome Biology, 2014



Identifying
noncoding
variants
associated
with cancer
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Normal @ i i
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(Statistical tests for enrichment)
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Computationally based functional
prioritization and interpretation
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[Experimental validation o
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(CRISPR—Cas9,
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}

(Translation to the clinic)

CNCDriver



CNCDriver for detecting driver coding & noncoding
elements

(1) Map somatic variants onto functional elements

— (4) Calculate p-value and multiple hypothesis correction
cds,
. X . promoter,
Somatic variants ~ Functional element enhancers .
lincRNA, £,
(2) Calculate compositeDriver score (S) T A

Fi = functional impact score .
(5) QQ-plot for each functional element

high
F1 F2 F3 F4
% I Melanoma
% " FTH1
— A — 267 TERT/

? T . - | I P A P
53 8
52 ; "
e -~ ; ; I
5 o —I - 0 2 4 6

. . Expected -logy(p)
S = compositeDriver score i

n .
r = functional element
Sk = ZWixFi n = number of variantsinr
=0 W; = number of samples with variant i

(3) Null model

aiiaed st

22




Observed —log;o(p)

CNCDriver results in lung cancer (n=84)

cds, g-value= 0.05

promCore, g-value= 0.05

~

o

PIK3CG KRAS

PIK3CA

TP53 meee NPEL2

CTNNB1
CD

Observed —logo(p)

no

~

2 4 6
Expected —logyg(p)

Incrna_nctna, g-value= 0.05

Observed —log;o(p)

RNF121
PAN2 pee-«LRBCAC
D

F1

2 4 6

Expected ~logyg(p)

enhancers, g-value= 0.05

Observed —log;o(p)

5UTRs, g-value=0.05

RNF121

RPL

6
LINC00966 G066632
LINC00599 f MALA g
DLEAP1,AS2 i
:
é?
0
2 4 6 0 2 4

Expected -logyo(p)

Expected ~logyo(p)

2 4
Expected —logyo(p)

Observed —logo(p)

>

=2}

3UTRs, g-value=0.05

ZNF595 AL031666.2

RAB3D
HEST TMEM107
ASXL3 ATXN7L3B
PDE4DIP BEST1
HIST1H2B

2 4 6
Expected -logso(p)

23



O Sanger sequencing in 19 additional samples

Functional validation of candidates in prostate

WDR74 promoter

confirms the recurrence

U  WDR74 shows increased expression in tumor

“YOVLYVOlv/ollo02[LoloL 1999y

Sanger sequencing of

FAM48A binding site (~570 bp)

inWDR74 promoter

from 19 additional samples

— chr11: 62,609,084

— ¢hr11:62,609,138

D

samples

l0g2(RPKM+1)
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4.5

4.0 1

3.5 1

3.0
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[P —
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RET promoter EIF4EBP3 promoter
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Ret 5
291A $ z: P <0.0001 B pGL421_emply
TCCCGC 4 e GIC G C %% I = oLt 21 EHERPA
A .
2 83
Ret Mut
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VAV

P=0.0027

100
Il pGL4.21 empty
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120

=]
o

[=2]
(=]

SO=tah
ououwo

Fold Change Over Empty Vector
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International Cancer Genome Consortium & The
Cancer Genome Atlas PCAWG

OFWHOLE GENOMES
CANADA EU/UNITED GERMANY SAUDI ARABIA
* Pancreatic cancer KINGDOM * Lung cancer 7| * Thyroid cancer
(Ductal adenocarcinoma) o Braast canc —_— ('M.Ar’.ide rare subtypes) (Papillary carcnoma)
. a2 ) | - e .
* Pediatic beain tumors (ER positive * Malignant ymphoma
(Medulkblastoma) HER2 rv:qat‘r\'a) (Gerrrinal conter B-cnll
® Prostate cancer . — darived lymphomas)
(Adenocarcinoma) * Pediatric brain Lmors CHINA
Medu lobbstoma and ¢ Cobroctal cancor
UNITED Pediatric pilocytic (Adenocarcinoma,
KINGDOM asrogtoma) non-Westorn)
Bo * Prostate cancer * Esophaged cancer
* Bone cancer .
([Eerly onset) (SquamoLs cardnoma)
UNITED STATES (Ostecsarcomal ’  Gastric cancer
o Bladder cancer chondlccarco‘mn. ([ ntestinal- and diffuse-type)
) i rase subtypes) Fy— 00
* Blood cancer ITALY * Liver cancer {Hepatowellular
{Aaste myeloid loukemia) © Broast cances carcinoma, HBV-assocated)
* Brain La';?:v (Tiple negative/lcbulae/ - ® Rare pancreatic tumoss . Nazophavy.ngeal ancer
- 3 N ather) Enteropancreatic endocring . naal INOM
G ioblzt?mal(rjdufmn./ * Chronic Mysldd Disorders Rrors and rare oncre oic 2;?!1 aryngeal carcinorma, JAPAN
. Bvcu;‘g::;:c? o (Myelodysplastic syndromes, exoching mors) ) ® Liver cancer
D 'y . myalopraliferative neoplasms {Hepatocelular carcinoma)
{Ductal & lobular) R - )
.« lean and other chronic myeslaid Mirus-asso o ated)
":‘wnmn rca ) el malignancies)
. 2: ‘:‘a' ':f AN G * Esophageal cancer b
AOnradtal can e - y S
{Adenocandngma) (Escphageal adenocardinoma)
* Prostate cancer
* Endometrial cancer )7
{Uterine corpus endometral »*
CRIG NOM a) T
o Gastric cancer SPAIN ;?:J H KOREA
{Adenocarcinomay) X . * Blod cancer
* Head and Neck cancer ¢ Chronic lymphocytic {Acute myeloid ke ukem a)
{Squarnows cell carcinomal laukemia * Breast cancer
Thyraid earcinorma) (CLLwith mutated and {Asian phenotype)
o Liver cancer unmutated IgVH)
{Hepatocelular caranom
. L ) INDIA -1
el MEXICO IN USTRAL
squamous cel | carcinoma) * Blood cancer FRANCE * (C:i";:;;:,w“ * Ovarian cancer
. CS):ad an car::; ) ’ l(Di‘ﬁi:: Iar,gc B-cel . :35;:- ast car;:nﬁr by ) . S:u;n;yﬂuﬁa»c’maminxna
{Serous cystadenocarinoma) ymphoma) ubtype defined by an ; NCroatic cance
* Pangoatic cancor ¢ Broxt cancor arrplification of the l' , (Luctal adenocara noma)
Adencc arcinoma) (Ductal carcinoma) HER2 gene) 4 B * Prostate cancer
* Frostate cancer * Cervical cancer * Ewing sarcoma dé c |
|Adenaoc arcinoma) o Head and Neck cancer ® Liver cancer 3 »> -
* Renal aancer (Squamous cell cardnoma [Hepatocel luar carcinoma) EU / FRANCE \ e ,."
{Renal dear cal carcinoma)/ of aral cavity/orcpharyny BRAZIL (Secondary 1o aloohol * Renal cancer e e y
Renal Il i i d adi — . . -
enal papillaty caranoms sinonasal cavity/ and adiposity) {Renal cell cascinarna) -
* Skin cancer hypophargrodlaryred * Malanama ® Prostate cancar {Focus on but not limited
{Cutaneous melanoma) * Padiatic solid tumors (Adenocarcinoma) (Adenocardnoma) to dear cell subtype)

~2800 WGS (tumor & normal), ~1500 RNA-Seq, ~1400 methylation
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