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Oncogenic signaling pathways Sanchez-Vega et al, Cell 173,

321-337.e10 (2018)
Genetic alterations in signaling pathways that control cell-cycle progression,
apoptosis, and cell growth are common hallmarks of cancer.

Cancer driver genes Martinez-Jimenz et al, Nature Rev
Cancer 20, 555-572 (2020)

Cancers are diseases characterized by abnormal and uncontrolled cellular

growth caused primarily by genetic mutations.

These mutations, called ‘drivers’ after their ability to drive tumorigenesis,

confer on cells in a somatic tissue certain selective advantages with respect to

neighboring cells.

They occur in a set of genes (called ‘cancer driver genes’).

Mutant forms of driver genes affect the homeostatic development of a set of

key cellular functions.
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Oncogenic Signhaling Pathways in TCGA

10 Cancer Pathways
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Pathway members
and interactions in the
10 selected pathways.
The downstream
effects of these
pathways are listed.

Genes are altered at
different frequencies
(see coloring legend)
by oncogenic
activations (red) and
tumor suppressor
inactivations (blue).

10 major signalling pathways

RTK/RAS pathway Nrf2 pathway
(REGER) (JeREE) (e (=~cev ) (e (PSR =]
( EEEE (T (EeED () (M) (TR G — e S
[(ReT ][ Rost |[ ALK ][ FLT3 |[NTRK1-3|[ JAK2 | Response
—L— } RTKs
((caL [ errFi1] (TABL1]—( sos1 | (INFI] (JRASAT) TGFR pathway
G s [t P
1 RAS
(e ) O -
N el
O — (. - (Swed]
LN MEK

Proliferation  Cell survival ~ Translation

l

Proliferation, stem/progenitor phenotype

PI3K pathway

L — ()

() (D +- (i)
!

(. -

[y

—r

mTORC2 l
Cell growth

mTORC1

— Activation
— Inhibition
| Part of complex

Fusions/Rearrangements
Epigenetic silencing

Copy number changes

Mutations Gene

Alteration frequencies

Oncogene

O <1% 3 >1% Il >5% Il >10%

Tumor suppressor [ <1% [ >1% [} >5% [} >10%

p53 pathway

r .
!
Oncogenic _

stress |
l CHEK2

|

<+— | RPS6KA3

DNA replication
stress

Ce T survival, §nesoenoe

proliferation apoptosis

The types of somatic alteration considered for each gene (copy-number alterations,
mutations, fusions or epigenetic silencing) are specified using a set of four vertical
dots on the left of each gene symbol.
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10 major signalling pathways
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Pathway alteration frequencies
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Fraction of altered samples
per pathway and tumor
subtype.

Pathways are ordered by
decreasing median
frequency of alterations.

Increasing color intensities
reflect higher percentages.

Highest mutation frequency
in RTK-RAS pathway: 46%
of samples contained
alterations.

Alterations in the WNT
pathway were most
variable.



RTK-Ras pathway alterations

Altered genes and their functional relationships in the RTK-RAS pathway.
Shades of red indicate frequencies of activating events (activating mutations or
fusions, amplifications) and shades of blue indicate frequencies of inactivating
events (inactivating mutations or fusions, homozygous losses).
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Compendium of cancer driver genes

(S
o
s

Cells in somatic tissues accumulate mutations.

Somatic mutations in certain genes provide the cell in which they occur with a
selective advantage and are thus positively selected.

Following a Darwinian process, over time, a clonal expansion occurs and the cells
carrying mutations in these genes become dominant within the population.

Martinez-Jimenz et al, Nature Rev
Cancer 20, 555-572 (2020)
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Number of cancer driver genes per tumor type
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Many well-known driver genes have a widespread role across cancer types). E.g., the

pattern of somatic mutations in histone-lysine N-methyltransferase 2C (KMT2C) shows

signals of positive selection across 31 tumour types.

Martinez-Jimenz et al, Nature Rev
Cancer 20, 555-572 (2020)
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Prevalence of driver genes

Cancer-specific, highly prevalent Maximum
Cancer specificity ) prevalence
Specific < > Widespread Burkitt lymphoma
MYC - . I 0.60
PTCH1 ) 1 Skin basal cell carcinoma 0.56
1.0 - o GNAQ Uveal melanoma | 0.50
B ,’f.} — \\l ) GTF2I Thymic carcinoma 0.49
2 / | - Burkitt lymphoma
T \ ‘\ e CCND3 = [ I 0.47
: 0.8 Cancer-specific '\\ . /,’/ GNA11 Uveal melanoma 1 0.45
2 ' highly prevalent | T ’”””””l’_", ’h’_’”d’”lf ”””””””” ’
e . | TP53 H3F3A ~ Mghrgradegiomay 0.43
o e Jgr— FBXO11. . Uvealmelanoma y 0.40
Q ’ \\ i .
1§ o] T pmm Cancerwide v ferelcdereeleooney 0.39
o T : o ! i drivers EZH? . ; ymphoma 0.36
HERE a7 y ’.JTEN “““““““““““““““““““
% T GNA1p , » CCND3 ’ KMT2D . Cancer-wide drivers
&l 5 ol o HEEEA . RBL * ° PIK3CA . [
o U mExo11 ; o KRAS Lod e oW 0.92
[ i 7
3 VHL - Ezh2 ; e 1753 teah LD ot Bl allh 0l . . 050
& Ty . e
g " AT - ARIDIA - IRPIB  mu—a b . . 066
é’é 02+ ! PTEN - | I e 0.50
B' RPN PIK3CA & s whewe w wo L0 o 0.44
‘ 1. .
S et KMT2D ws oww Bwoooo b 0.43
les
0_01. [ | I 1 0.42
I T I T T T { KMT2C - - e e m o Mme w 0.30
0 10 20 30 40 50 60 NRAS . L ) B 0.27
Number of driver tumour types ARIDIA oo b e ieee . - 0.25

Martinez-Jimenz et al, Nature Rev
Cancer 20, 555-572 (2020)
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Interpreting mutational patterns of driver genes

a PTPN11 (multiple myeloma) The oncogene protein tyrosine

12 - Missense N=23 " phosphatase non-receptor type 11
Sz 1 @ NO”SS:EEZ -0 (PTPN11) shows excessive missense
%E:; °] o o 1h mutations across multiple myelomas and
FERE Excess rate other tumor types, which significantly
© S _ . .
e N cluster within the SH2 domain of its

protein product.

Inhibitory contacts between this domain
and the phosphatase domain are
abrogated on phosphorylation by a
receptor tyrosine kinase in the wild type
or by mutations in the domain.

The activated PTPN11 then
dephosphorylates inhibitors of several
signaling pathways, such as the MAPK
or AKT pathways.
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Interpreting mutational patterns of driver genes

b NFE2L2 (lung squamous)

2 i e Missense v-ss Nuclear factor erythroid 2-related factor 2
8 L@ NOS[ N=0 (NFEZ2L2), another classic oncogene, encodes
g8 15 plice N=0 " . .
o= a transcription factor that is key in the control
g O 10 77-81 00 05 1.0 )
38 l Excess rate of the redox state of the cell and its response
EN 000 o to stress.
N : — Across lung squamous cell carcinomas, two
! @ Missense mutation _ .
. @ Nonsensemutation  N@rrow clusters of missense mutations appear
! Q _ O Mutation affecting . ] ]
ANy splicing at its N-terminal portion.
- @ Other non- ) )
i synonymous These mutations affect sequences recognized
/ by the cognate E3-ubiquitin ligase Kelch-like

ECH-associated protein 1 (KEAP1), and cause
the abnormal stabilization of NFE2L2, as
do KEAP1 mutations affecting the domain that
recognizes the NFE2L2 degrons.

Martinez-Jimenz et al. Nature Rev This, in turn, results in the constitutive

Cancer 20, 555-572 (2020) activation of NFE2L2-regulated genes.
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Interpreting mutational patterns of driver genes
For tumor suppressors such as RB1, the

c RB1 (bladder Missense [ N=10 _ _ _
adenocarcinoma) Nonsense [T no3s  Mutational features are radically different
2 Splice . |N=15  across bladder adenocarcinomas.
=25 —T T .
£2 4 00 05 10 There are more nonsense mutations and
<3 Excess rate . . .. .
o= 3 ® mutations affecting splicing than missense
53 7 ¢ @ mutations.
22T N T QMM I
=
=5 - . .
o RB_A RBB | RB.C - Most nonsense mutations trigger

DUF3452 nonsense-mediated decay of the
RB1 mRNA.

This causes depletion of the protein and
abrogates its functions in the regulation of
cell cycle progression and the cell division
cycle, the response to cellular stress,
differentiation, cellular senescence,
programmed cell death and maintenance of

chromatin structure.
WS 2020/21 - lecture 9 Cellular Programs
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Interpreting mutational patterns of driver genes

Missense [ N-68  PTEN, another tumor suppressor, shows an
Nonsense [IN=24 oy cass of both nonsense and missense

d PTEN (glioblastoma)

8— Splice N=6 ) )
5 R SRR mutations across glioblastomas.
%g ® ® Excess rate
gs ® Like nonsense mutations in RB1, nonsense
e %cﬁ> ¢  mutations in PTEN trigger nonsense-mediated
; LalS \ decay. This reduces the production of a
Yy @ B functional PTEN protein product, while
\\ V - N \ X - . - - - 0
‘oA N TAIRROR N o | missense mutations hinder either its enzymatic
oA 4 O ol activity or its recruitment to the membrane, or

; f increase its susceptibility to ubiquitylation for
proteasome-mediated degradation.

These outcomes, in turn, interfere with its role
in the regulation of a host of cellular functions,

h Il cycle progression IS an
Martinez-Jimenz et al, Nature Rev such as cell cycle progression, apoptosis and

Cancer 20, 555-572 (2020)
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Interpreting mutational patterns of driver genes: EGFR

B ECER (Olinblssrmia) Some driver genes are affected by different
Missense N=108 . . .
tumorigenic mechanisms across tumor types.

25 ® A289  Nonsense N=0
s 20 Splice N=0
SE o 00 05 1.0 _ _ _ _
5% . Excess rate E.g. in glioblastomas, missense mutations
'o%’ a )
g2 S]L h T of EGFR tend to cluster in the extracellular
=E o @ . : .

il | PkinaseTyr domains of its protein product.

Furin-like  GF recep i\\/\\ N

These act as gain-of-function alterations,
likely through the stabilization of the open
conformation of the receptor, which stimulates
its autophosphorylation in the absence of a
ligand.

Martinez-Jimenz et al, Nature Rev
Cancer 20, 555-572 (2020)
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Interpreting mutational patterns of driver genes: EGFR
\V

f EGFR (lungadenocarcinoma) By contrast, across lung adenocarcinomas,
Missense _ N=44 . . .
251 Nonsense [ | N—2 missense mutations tend to cluster in the
20 Splice N=o LB tyrosine kinase domain of the protein product

0.0 0.5 1.0
Excess rate

-
wn
|

of EGFR.

[
2] o
| |

Mutated samples in
lung adenocarcinoma

This altering its ‘on—off’ equilibrium and
increases its activity at the expense of reduced
affinity for ATP.

Martinez-Jimenz et al, Nature Rev
Cancer 20, 555-572 (2020)
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Mutations in driver genes
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Martinez-Jimenz et al, Nature Rev
Cancer 20, 555-572 (2020)
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Historic look backward:
How did we get where we
are today?

Outlook on the consolidation
of cancer genomics and
future trends in cancer
genomics research.

ICGC, International Cancer
Genome Consortium;
TCGA, The Cancer Genome
Atlas.
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Outlook

— Cancer
driver genes

— Knowledge of
mechanisms of
tumorigenesis

568

Rare tumour types

Knowledge gap

Driver genes in
diverse populations
and/or ethnicities

Low-frequency driver genes

Driver genes upon new conditions
(treatment, metastasis, etc.)

® Other omics
* Functional assays
* Gene interactions

* Premalignant
and healthy tissues

Time
A
Before Initial cancer genomics Consolidation cancer genomics '
cancer (e.g. TCGA and ICGC) '
genomics 1
:
First cancer This Review Millions of
genome (~30,000 tumour tumour genomes
sequenced genomes or exomes) or exomes

Cellular Programs

Martinez-Jimenz et al, Nature Rev
Cancer 20, 555-572 (2020)
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Paper #8

The genomic landscape of metastatic breast cancer highlights changes in
mutation and signature frequencies

Lindsay Angus et al.

Nature Genetics 51, 1450-1458 (2019)

Paper presentation Jan 26, 2021

tissue biopsies from 442 patients with metastatic breast cancer:

- compared to primary breast cancer, tumor mutational burden doubles,

- the relative contributions of mutational signatures shift and

- the mutation frequency of six known driver genes increases in metastatic breast
cancer.

- Significant associations with pretreatment are also observed.
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