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Genomics and predictive,medicine

Cancer,‘a.disease of the genome

Towards genome-based predictive cancer medicinge

Genomic medicine enabling personalized medicine




Hallmarks of cancer

Sustaining Evading
proliferative signaling growth suppressors

Deregulating Avoiding

cellular immune
metabolism @ destruction
DY
. \ . ‘ l

Enabling
replicative
immortality

Resisting
cell death

Genome

instability & Tumor-promoting
mutation inflammation
Inducing or accessing Activating invasion

vasculature & metastasis

Hanahan, Cancer Discov 2022
Hanahan & Weinberg, Cell 2000 & 2011



Cancer, a disease of the genome

e Cancer arises as a result of an accumulation of genetic and
epigenetic aberrations that are either acquired or inherited

— Numerical and structural chromosome changes (amplifications,
deletions, inversions, translocations)

— Nucleotide-level variants or mutations (e.g. causing amino acid
substitutions)

— Epigenetic changes




Cancer, a disease of the genome

e Cancer arises as a result of an accumulation of genetic and
epigenetic aberrations that are either acquired or inherited

e The set of mutations is unique to each cancer

CELL1  CELL2 CELL3

Unique combination of driver mutations in cancer

C s s L LI B ] pathway 1

Il e RO R R pathway 2 .. and cancer genomes are much more

RO RL_PO pathway 3 unigue than illustrated because:
D¢D¢D¢D¢D pathway 4 - although the mutated genes are the same, the
0RO LRl R BLIRL] pathway 5 particular mutations are different

o O P pathway 6

- large amount of passenger mutations, which

e pathway 7 rarely are shared between individual cancers

pathway 8

TUMOUR 2 TUMOUR 3

TS



Cancer, a disease of the genome

Cancer arises as a result of an accumulation of genetic and
epigenetic aberrations that are either acquired or inherited

The set of mutations is unique to each cancer

Mutation status of particular genes is relevant in predictive
medicine, e.g. through targeting of driver genes and proteins

Companion diagnostics

d

Enabling targeting of individual actionable
genes relevant to the cancer in question



Cancer, a disease of the anatomical site?

Traditionally, physicians and pathologists define types of cancers and subcategories
based on anatomic site of origin, clinical behaviour, and histopathologic appearance

’/.Q—\
4

S * Brain cancer

-

e Liver cancer

/Genome-based predictive medicine \

Aims to understand the relevant characteristics underlying a particular

individual’s disease (both disease and host factors), and then tailor therapy
to that individual/disease

In the context of genome-based predictive medicine, cancers are increasingly
\being classified by driving molecular events, rather than by organ site /

//b’/ﬂ e Leukemia




Towards genome-based predictive cancer medicine

e Gleevec (imatinib), drug for treatment of leukaemia with BCR-
ABL fusion gene

— and drug for treating cancers, as such, being driven by BCR-ABL
o fusion genes/proteins

\ & ABL1

R Sy BCR-ABL1
&—_—-) ':> |

t(9;22)(g34;911)
alias the Philadelphia chromosome

Nowell & Hungerford, Science 1960; Rowley, Nature
1973; Heisterkamp et al., Nature 1983; Groffen et al.,
Cell 1984; Druker et al., Nat. Med. 1996 and NEJM 2001



Towards genome-based predictive cancer medicine

e Gleevec (imatinib), drug for treatment of leukaemia with BCR-
ABL fusion gene

and drug for treating cancers, as such, being driven by BCR-ABL
fusion genes/proteins

First cancer drug, specifically targeting a certain cancer-critical
enzyme, rather than non-specifically killing all rapidly dividing cells

Also functional against 4 other activated tyrosine kinase receptors,
such as mutated KIT in gastrointestinal stromal tumours (GIST)

Approved to treat ten different cancers

Unspecific cancer drug (cancers in general)
Specifically targeting drug (but organ-confined)

Personalized (all cancers with particular mutation)

U

Nowell & Hungerford, Science 1960; Rowley, Nature
1973; Heisterkamp et al., Nature 1983; Groffen et al.,
Cell 1984; Druker et al., Nat. Med. 1996 and NEJM 2001




Towards genome-based predictive cancer medicine

e EFRBBZ2 (HERZ2), a breast cancer gene?

— or a gene overexpressed in a subset of cancers - which are most
commonly located in the breast?

— targetable by monoclonal antibodies (herceptin)
ERBB2 (HER2)

MRNA levels

B000

5000 —

4000 =

3000

2000 —

1000 —

o

Oral cavity
Respiratory system
Bladder

Bladder cancer

Breast cancer

5000 10000 15000

Samples

B Hematological

I Respiratory

Anatomical system

|
O Urogenital iloi
O Connectivity and muscular B Endocrine & Salivary O Gynegological & Breast Kllplnen et G/., m
m Stem cells Genome Biol., 2008

B Nervous

W Gl tract & organs
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Towards genome-based predictive cancer medicine

e BRAF-inhibitors: originally treatment of melanoma with BRAF-mut

— and drugs for treating cancers, as such, being driven by mutated
BRAE?

Growth G-protein- Ligand
factor coupled
PDGFR-family kinase receptor

One targeting inhibitor: vemurafenib,
has been tested for other cancers
with V60OOE mutated BRAF

Homologs: A-RAF,
B-RAF, C-RAF

Expression of genes
involved in profiferation,
. | differentiation and survival

Part of the RAS RAF-MEK-ERK (alias MAP-kinase) cell
signalling pathway, commonly activated in cancer cells




Towards genome-based predictive cancer medicine

e BRAF-inhibitors: originally treatment of melanoma with BRAF-mut

— and drugs for treating cancers, as such, being driven by mutated

BRA E?

CGrowth G-protein- Ligand ‘
factor coupled
PDGFR-family kinase receptor

OO0

Homologs: A-RAF,
B-RAF, C-RAF

‘ Expression of genes
N o involved_ in' profiferation,
2 H“ \\i mm differentiation and survival

Part of the RAS-RAF-MEK-ERK (alias MAP-kinase) cell
signalling pathway, commonly activated in cancer cells

..and having low levels of EGFR
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Unresponsiveness of colon cancer to
BRAF (V600E) inhibition through feedback
activation of EGFR
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Inhibition of the BRAF (V600E) oncoprotein by the small-molecule drug PLX4032

(vemurafenib) is highly effective in the treatment of melanoma’. However, colon cancer
patients harbouring the same BRAF(V600E) oncogenic lesion have poor prognosis and
show only a very limited response to this drug”™ ™ *. To investigate the cause of the EdWor’s susmimas Sl
limited therapeutic effect of PLX4032 in BRAF{V600E) mutant colon tumours, here we

performed an RNA-interference-based genetic screen in human cells to search for

nib
kinases whose knockdown synergizes with BRAF (VE00E) inhibition. We report that

blockade of the epidermal growth factor receptor (EGFR) shows strong synergy with
BRAF(V600E) inhibition. We find in multiple BRAF(VB00E) mutant colon cancers that
inhibition of EGFR by the antibody drug cetuximab or the small-molecule drugs gefitinib v

or erlotinib is strongly synergistic with BRAF(V600E) inhibition, both in vitro and in vive.
Mechanistically, we find that BRAF(VE00E) inhibition causes a rapid feedback activation
of EGFR, which supports continued proliferation in the presence of BRAF(V60OE)

inhibition. Melanoma cells express low levels of EGFR and are therefore not subject to
this feedback activation. Consistent with this, we find that ectopic expression of EGFR in
melanoma cells is sufficient to cause resistance to PLX4032. Our data suggest that won
BRAF(V600E) mutant colon cancers (approximately 8-10% of all colon cancers® ), for Contrnie
which there are currently no targeted treatment options available, might benefit from

combination therapy consisting of BRAF and EGFR inhibitors.




Towards genome-based predictive cancer medicine

e Colorectal cancer actionable genes

— Patients/cancers with mutated KRAS or BRAF are less likely to
resqﬁ)nq to anti-EGFR therdaps alone

G-protein-
fac tcr coupled ) ) )
PDGFR-family kinase receptor Overall survival according to KRAS mutation

XN DO OO0 O..Q. -
NN N >'v',»>>)>s‘>)> INNHDNND 35»» 1%

NONNND ! } !
e et 00000 T0LE0E e L0 e e el 10t g 00 1t Leee et e e gt te (et «(( (et
OOCOOK [0 .oooooooooooooo oooooooo 111 OO0

| T 1L
¥ . 7

Loy non mutated KRAS

Percent survival
&

254 mutated KRAS p=0.016

\ 0 T T T T T T T 1
00 25 50 7.5 10.0 125 15.0 175 20.0

l Cell motility. Months

Lieévre et al., Cancer Res., 2006
Later, the same has been observed in
much larger patient series, and also for
cancers with BRAF mutation

‘ Expression of genes
involved in profiferation,
m“\J m differentiation and survival
Part of the RAS-RAF-MEK-ERK (alias MAP-kinase) cell
signalling pathway, commonly activated in cancer cells




Towards genome-based predictive cancer medicine

e Androgen receptor transcript variant 7 (AR-v7) predicts

resistance to inhibition of androgen signalling in prostate cancer
Patients treated with Enzalutamide ,

1.0+ P<0.001 by log-rgnk test
L
= 0.8+
a
g 0.6+
8 0.4-
&
x AR-V7 negative
; 0.2- —_—
* 0.0 | AR-VI7 positive : ;

0 3 6 9 12
Patients treated with Abiraterone

1.0 P<0.001 by log-rank test
s
g 0.8 PROTEIN
0 (androgenic effect)
é 0.6+
< .
T o ARV negative AR full length transcript
2 %
£ ] NTD DBD LBD
Q AR-V7 positive

0.0

0 3 6 5 AR-v7 transcript

months e dERTACe

Antonarakis et al., NEJM 2014



Towards genome-based predictive cancer medicine

Growing list of targeted drugs with predictive biomarkers
across several cancer types

— GIST with KIT-mutations => leukaemia medicine (Gleevec)

— Bladder cancer with HER2/ERBB2-overexpression => breast cancer medicine
(Herceptin)?

— Prostate or colon cancer with RAF rearrangements => melanoma RAF
inhibitors (vemurafenib)?

— Prostate cancer with AR-V7 transcripts => resistant to androgen inhibition

Is it feasible to test for all possibilities?

Companion diagnostics Genome-based PCM

J O

Targeting individual actionable genes  Genome analyses, testing
relevant to the cancer in question all of DNA/RNA



Therapeutic targeting of the Hallmarks of cancer

EGFR Cyclin-dependent
inhibitors kinase inhibitors

N 4

. . Sustaining Evading —
Aerobic glycolysis proliferative growth Immune activating
inhibitors signaling suppressors anti-CTLA4 mAb

( Proapoptotic ) E RS
. . ‘
BH3 mimetics i N

N
=7
Genome &@7
instability &

Enabling Telomerase
replicative Inhibitors
immortality

Y
umor-
promoting

inflammation

mutation
PARP Inducing Activating Selective anti-
inhibitors angiogenesis invasion & inflammatory drugs
metastasis

A a

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met
Hanahan, Cancer Discov 2022

Hanahan & Weinberg, Cell 2000 & 2011




Genome technologies: Enabling personalized medicine
In diagnosis, treatment decisions and monitoring of disease

—

Essential to exploit the potential of personalized mediei
and clinical research

Ao ) Ion seguencing, Whole-genome/transcriptom
SeoUS testing for virtually all mutations, transcri

haracterisation,
variants, etc.

microarrays,
olymorphism

Microarray-based methods, numerous typi :
array-CGH, tissue microarrays, DNA _
arrays, exon mvi\croarrays, fusion gene mic o}

\ / " f



Importance of RNA in canceromics

e Whereas DNA holds information on what the cell is capable of,
RNA may reveal what it is actually doing

e Distorted RNA-processing cannot easily be inferred from DNA

— Mutations at splice sites, mutation of splicing factors, chimeric
RNAs, ..




Multilayer omics-data

Omics characterizations

Mutation

Copy number

Gene expression

DNA methylation

2
=
b
o
b=
S
a
/

MicroRNA
RPPA

Clinical data




The Cancer Genome Atlas Pan-Cancer analysis project

12 tumor types

Glioblastoma (GBM . . .
; el ) Omics characterizations

fl
Lung adenocarcinoma 4

(LUAD) ,
% Breast(BRCA) P e,
{ Ovarian (OV) Z F > % \‘
Kidney (KIRC) [ - > o o
o e e
Endometrial (UCEC) g s LR
£
©
a

Thematic
pathwayi/
Sy e LW 7y

Important to exploit such resources in
conjunction with own research!

Mutation

_ . Copy number

Gene expression
DNA methylation
MicroRNA

RPPA

Clinical data

Molecular patterns of
11091 patients/cancers
representing 33 tumor

types
2.5 petabytes
7 different data types
Pan-cancer study:
— 12 cancer types

cancergenome.nih.gov
nature.com/tcga
intogen.org



Different mulecular subtypes of prostate cancer?

The Cancer Genome Atlas

Subtypes: 1 2 .4_.7 Other
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:';’ NCBI stemap Aldat

£ d b Ga P Logged in as Rolf Skotheim | Log out
: L e L Browse/Search m

Beacon JLi'BYigl=wi-8 My Requests Downloads Downloaders My Profie

rojectrenewal  AVAilable cancer genomics raw data

#2313: Cancer SPECiﬁC transcripts for biomarker discovery OMB control number: 0925-0670 Expiration date: March 31, 2016
S0: Peder Utne

m

Review Applications

8173-4  AML Sequencing Project (phs000159.v6.p4) SO review 2015-02-03 Tl view
General Research Use (phs000159.v6.p4.c1), NHGRI revised, GRANTED

8174-5  TCGA - The Cancer Genome Atlas (phs000178.v8.p7) S0 review 2015-02-03 Fview
General Research Use (phs000178.v8.p7.c1), TCGA revised, GRANTED

8175-4 | The Cancer Genome Characterization Initiative (phs000235.v6.p1) S0 review 2015-02-04 FEview
Cancer Research and General Methods (phs000235.v6.p1.c1), eNCI DAC revised, GRANTED

8177-4  Genentech whole-genome sequencing of a non-small cell lung carcinoma (phs000299.v2.p1) SO review 2015-02-04 Fview
Health/Medical/Biomedical (MDS) (phs000299.v2.p1.c1), eNCI DAC revised, GRANTED

13643-4 Characterization of complex chromosomal aberrations in primary prostate cancer genomes (phs000330.v1.p1) S0 review 2015-02-03 Fview

For general medical research, for non-profit only (phs000330.v1.p1.c1), NHGRI

13644-4 Discovery of Non-ETS Gene Fusions in Human Prostate Cancer using Next Generation RNA Sequencing (phs000310.v1.p1) 2015-02-03 Fview

For general medical research, for non-profit only (phs000310.v1.p1.c1), NHGRI

13645-4 FusionSeq: a Modular Framewaork for Finding Gene Fusions by Analyzing Paired-End RNA Sequencing Data (phs000311.v1.p1)
For general medical research, for non-profit only (phs000311.v1.p1.c1), NHGRI

2015-02-03 Fview

13646-4 Genomic Sequencing of Colorectal Adenocarcinomas (phs000374.v1.p1) 2015-02-03 Fview

General Research Use (phs000374.v1.pl.c1), NHGRI

13647-4  Epigenetic Profiling of Human Colorectal Cancer (phs000385.v1.p1)
General Research Use (phs000385.v1.pl.c1), eNCI DAC

19362-3 Prostate Cancer Genome Sequencing Project (phs000447.v1.p1)
General Research Use (phs000447.v1.pl.c1), NHGRI

19363-3  Prostate Cancer Genome Sequencing Project (phs000447.v1.p1)
Cancer Research Only (phs000447.v1.p1.c2), NHGRI

2015-02-04 Fview
2015-02-03 B view
2015-02-03 B view

19364-3 MPC_Transcriptome sequencing to identify non-coding RNAs in prostate cancer (phs000443.v1.p1) 2015-02-04 B view

Cancer Research and General Methods (phs000443.v1.pl.c1), eNCI DAC

19365-3  Genomic Sequencing of Medulloblastoma (phs000504.v2.p2)
Disease-Specific (Cancer) (phs000504.v2.p2.c1), NHGRI

19366-3 RNA seguencing of human glioma stem cells (phs000505.v2.p1)
General Research Use (MDS) (phs000505.v2.pl.c1), eNCI DAC

25620-2 @ Somatic L1 Retratransposition of Colorectal Tumors (phs000536.v1.p1)
General Research Use (phs000536.v1.pl.c1), NIGMS

m

2015-02-03 B view
2015-02-04 B view

2015-02-07 B view

25621-2 Germline Sequencing For Aggressive Prostate Carcinoma (phs000661.v1.p1) S0 review 2015-02-03 T view
Disease-Specific (Prostate Cancer) (phs000661.v1.p1.c1), NHGRI revised, GRANTED
35060-1  Whole exome sequencing of circulating tumor cells (CTCs) as a window into metastatic cancer (phs000717.v1.p1) SO review B view

Disease-Specific (Prostate Cancer, MDS) (phs000717.v1.pl.cl), e
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Local research project: Enabling genome-based
predictive medicine in multifocal prostate cancer

Multisample biobank enables heterogeneity aware analyses, in
the development of diagnostic and prognostic biomarkers

Cohort with 571 patients (2010-2012), 67 % multifocal
3 to 8 frozen tissue samples from each
Histopathological & clinical data (median 8.7 years follow-up)

Molecular data (genome-scale seq of DNA & RNA, etc.)
ERG TMPRSS2

T1:§ ehé vt Pl &
]
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T3:4 #pir = e B ST s o
" 5

DNA copy numbers along
chromosome 21



Point mutations and DNA copy number changes
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Levf et al., Eur. Urol. 2019



Separate foci have separate sets of somatic mutations

1109 13 23 35 08 30 20 07 21 05 25 36 39 06 34 24 40 22 12 18 04 33 15 10 16 38 28 26 03 27 41 31 01 02 17 32 19 14 29 37
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Levf et al., Eur. Urol. 2019



Separate foci have separate sets of somatic mutations

Molecular biomarkers from a random tissue sample
can be irrelevant for the most significant cancer focus

Prostate with Somatic mutations per
three cancer-foci  focus, none shared

Mutations
1000 ; @

100+

101

No shared

1- II I

. | @ :
Patient 1 4 5 8 1132343539 2 3 6 7 9 10151617 1819202122 2324 3133 36 37 384041 13 29 12 14 27 ' 28 [ 30 mutations

i 00000000000000000000000000000000 i § i § s One of few
F1-F3 ‘
® shared mutations

F2-F3

Levf et al., Eur. Urol. 2019



Different molecular subtypes of prostate cancer?

The Cancer Genome Atlas

Subtypes: 1 2 I7 Other
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Different molecular subtypes of prostate cancer?

The Cancer Genome Atlas
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Carm et al., Sci Rep 2019




Different molecular subtypes of prostate cancer?
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Carm et al., Sci Rep 2019



Different mulecular subtypes of prostate cancer?

The Cancer Genome Atlas

Subtypes: 1 2 .4_.7 Other
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Different mulecular subtypes of prostate cancer?

The Cancer Genome Atlas

Subtypes: 1 2 34 5 67 Other
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Molecular classification — per focus
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Heterogenity in prostate cancer

 Tumour foci in ppimAary cancers are heterogeneous

Metastatic foci ¢ a large degree homogeneous,

Molecular biomarkers from a random )
tissue sample can be irrelevant for the P
most significant cancer focus
——
Levf et al., Liu etal.,
Eur Urol 2019 Nat Med 2009
Carmetal., Kumar et al.,

Sci Rep 2019 Nat Med 2016



Liquid biopsies
s ~Mutation testing in cfDNAmay!/give
better overview than from tlssue
samples o |

~—* Aim: identify the original guilty
primary tumour focusfrom cfDNA
mutations in patients with relapse

« Develop markers of aggressiveness
and search for the relevant
predictive biomarkers from
commeon-characteristics of the
original tumour foci |

Wan et al. Nature Reviews Cancer 2017



Whole-exome seq in cell-free DNA
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