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Objectifs 

Connaitre les notions : 
 

-  Oncogenèse pulmonaire 
-  Oncogène moteur 
-  Thérapie ciblée 
-  Addiction oncogénique 
-  Létalité synthétique 
-  Hétérogénéité tumorale 
-  Clones et sous-clones tumoraux 



Bases de l’oncogenése 

number and thus maintenance of normal tissue architecture and
function. Cancer cells, by deregulating these signals, become
masters of their own destinies. The enabling signals are
conveyed in large part by growth factors that bind cell-surface
receptors, typically containing intracellular tyrosine kinase
domains. The latter proceed to emit signals via branched intra-
cellular signaling pathways that regulate progression through
the cell cycle as well as cell growth (that is, increases in cell
size); often these signals influence yet other cell-biological prop-
erties, such as cell survival and energy metabolism.

Remarkably, the precise identities and sources of the prolifer-
ative signals operating within normal tissues were poorly under-
stood a decade ago and in general remain so. Moreover, we still
know relatively little about the mechanisms controlling the
release of these mitogenic signals. In part, the understanding
of these mechanisms is complicated by the fact that the growth
factor signals controlling cell number and position within tissues
are thought to be transmitted in a temporally and spatially regu-
lated fashion from one cell to its neighbors; such paracrine
signaling is difficult to access experimentally. In addition, the
bioavailability of growth factors is regulated by sequestration in
the pericellular space and extracellular matrix, and by the actions
of a complex network of proteases, sulfatases, and possibly
other enzymes that liberate and activate them, apparently in
a highly specific and localized fashion.

The mitogenic signaling in cancer cells is, in contrast, better
understood (Lemmon and Schlessinger, 2010; Witsch et al.,
2010; Hynes and MacDonald, 2009; Perona, 2006). Cancer cells
can acquire the capability to sustain proliferative signaling in
a number of alternative ways: They may produce growth factor
ligands themselves, to which they can respond via the expres-
sion of cognate receptors, resulting in autocrine proliferative
stimulation. Alternatively, cancer cells may send signals to stim-
ulate normal cells within the supporting tumor-associated
stroma, which reciprocate by supplying the cancer cells with
various growth factors (Cheng et al., 2008; Bhowmick et al.,
2004). Receptor signaling can also be deregulated by elevating
the levels of receptor proteins displayed at the cancer cell

Figure 1. The Hallmarks of Cancer
This illustration encompasses the six hallmark
capabilities originally proposed in our 2000 per-
spective. The past decade has witnessed
remarkable progress toward understanding the
mechanistic underpinnings of each hallmark.

surface, rendering such cells hyperre-
sponsive to otherwise-limiting amounts
of growth factor ligand; the same
outcome can result from structural alter-
ations in the receptor molecules that
facilitate ligand-independent firing.

Growth factor independence may also
derive from the constitutive activation of
components of signaling pathways oper-
ating downstream of these receptors,
obviating the need to stimulate these
pathways by ligand-mediated receptor

activation. Given that a number of distinct downstream signaling
pathways radiate from a ligand-stimulated receptor, the activa-
tion of one or another of these downstream pathways, for
example, the one responding to the Ras signal transducer,
may only recapitulate a subset of the regulatory instructions
transmitted by an activated receptor.
Somatic Mutations Activate Additional Downstream
Pathways
High-throughput DNA sequencing analyses of cancer cell
genomes have revealed somatic mutations in certain human
tumors that predict constitutive activation of signaling circuits
usually triggered by activated growth factor receptors. Thus,
we now know that !40% of human melanomas contain
activating mutations affecting the structure of the B-Raf protein,
resulting in constitutive signaling through the Raf to mitogen-
activated protein (MAP)-kinase pathway (Davies and Samuels
2010). Similarly, mutations in the catalytic subunit of phosphoi-
nositide 3-kinase (PI3-kinase) isoforms are being detected in
an array of tumor types, which serve to hyperactivate the PI3-
kinase signaling circuitry, including its key Akt/PKB signal
transducer (Jiang and Liu, 2009; Yuan and Cantley, 2008). The
advantages to tumor cells of activating upstream (receptor)
versus downstream (transducer) signaling remain obscure, as
does the functional impact of crosstalk between the multiple
pathways radiating from growth factor receptors.
Disruptions of Negative-Feedback Mechanisms that
Attenuate Proliferative Signaling
Recent results have highlighted the importance of negative-
feedback loops that normally operate to dampen various types
of signaling and thereby ensure homeostatic regulation of the
flux of signals coursing through the intracellular circuitry (Wertz
and Dixit, 2010; Cabrita and Christofori, 2008; Amit et al.,
2007; Mosesson et al., 2008). Defects in these feedback mech-
anisms are capable of enhancing proliferative signaling. The
prototype of this type of regulation involves the Ras oncoprotein:
the oncogenic effects of Ras do not result from a hyperactivation
of its signaling powers; instead, the oncogenic mutations
affecting ras genes compromise Ras GTPase activity, which
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Les facteurs de croissance 

•  Les oncogènes et gènes suppresseurs de tumeur 
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Les facteurs de croissance 

•  In vitro: gène capable de conférer à une cellule son 
phénotype cancéreux: 
–  Perte de l’inhibition de contact 
–  Perte de la dépendance vis à vis de l’ancrage (croissance 

possible en agar mou) 
–  Indépendance vis à vis des facteurs de croissance 
–  Immortalité ou croissance cellulaire illimitée 

•  In vivo 
–  Anomalie d’expression ou moléculaire dans les tumeurs : 

surexpression (?), amplification, translocation, mutation 
–  Oncogenèse  dans un modèle murin immuno-tolérant 

Quelles sont les caractéristiques d’un oncogène moteur ? 



Les facteurs de croissance 

Différence oncogène moteur et oncogène passager ? 



Les facteurs de croissance : EGFR 

Caractéristiques d’un oncogène moteur ? 

•  In vitro: gène capable de conférer à une cellule son 
phénotype cancéreux: 
–  Perte de l’inhibition de contact 
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–  Indépendance vis à vis des facteurs de croissance 
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•  In vivo 
–  Anomalie d’expression ou moléculaire dans les tumeurs : 

surexpression, amplification, mutation 
–  Oncogenèse  dans un modèle murin immuno-tolérant 
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Les facteurs de croissance : EGFR	

1.  Echappement	à	l’apoptose	

2.  Angiogenèse	

3.  Résistance	aux	signaux	
d’arrêt	de	croissance	

4.  Invasion	et	métastases	

5.  Auto-suffisance	en	facteurs	
de	croissance	

Gazdar AF. Personalized medicine and inhibition of EGFR signaling in lung cancer. N Engl J Med. 2009 ;3;361(10):1018-20.  



Les facteurs de croissance : EGFR 

Politi & Varmus, Gene and Dev 2006; Calvayrac O, Clin Can Res 2014 
  
 

Lung adenocarcinoma induced by L858R mutated EGFR in a transgenic 
mouse model. Response to EGFR-TKI. 
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Mutation ponctuelle Mutation anti-sens Délétion 

Les facteurs de croissance : EGFR 



 Mutations de l’EGFR 

Lynch T et al., NEJM 2004 

Les facteurs de croissance : EGFR 

•  Modification de la conformation de la poche ATP du fait 
des mutations/délétions (en rouge) 

•  Création de liaisons hydrogènes avec des résidus 
aminés (en vert) 

•  Stabilisation de l’interaction avec les EGFR-TKI 



 Mutations de l’EGFR Les facteurs de croissance : EGFR 

Les principales anomalies moléculaires 

  ALK      MET       EGFR 
  ROS             BRAF 
  MET             HER2 
               KRAS 



 Mutations de l’EGFR Les facteurs de croissance : EGFR 

    Next Generation Sequencing    

  FISH, PCR       FISH, CISH    Séquençage
                  



Les facteurs de croissance : EGFR 

Qu’est ce qu’une thérapie ciblée ? 
 Pemetrexed et 

Thymidilate-synthase 
EGFR-TKI et EGFR 



Les facteurs de croissance : EGFR 

•  Les	récepteurs	HER	sont	facilement	accessibles	et	
consItuent	des	cibles	thérapeuIques	aKracIves	

AnIcorps	anI-
récepteurs	

AnIcorps	couplés	à	
un	cytotoxique	

Antagonistes	des	
protéines	

chaperonnes	

Inhibiteurs 
tyrosine kinase 

Tebbu&	N,	Pedersen	MW,	Johns	TG.	Targe8ng	the	ERBB	family	in	cancer:	couples	therapy.	Nat	Rev	Cancer	2013;13(9):663-73	.	
Mosesson	Y,	Yarden	Y.	Oncogenic	growth	factor	receptors:	implica8ons	for	signal	transduc8on	therapy.	Semin	Cancer	Biol	2004;14(4):262-70.	
	



Les facteurs de croissance : EGFR-TKIs 

Exon	18	 Exon	19	 Exon	20	 Exon	21	

	
classique	

Del	E746-T750	
TKI-1G/2G	

L858R	
TKI	1G/2G	

	
rare	

G719X	
TKI-2G	

T790M	
TKI-3G	

L861Q	
TKI	1G/2G	

	
	
excepIonnelle	

E709X	
V700D	
G720P	

D761Y	 inserIon	 G863D	
N826S	
A839T	V769X	

N771T	

MutaIons	complexes	



Les facteurs de croissance : HER2 

•  Une anomalie génétique (insertion exon 20 HER2) 

•  Oncogène moteur sur modèle murin 
Arcila ME, CCR 2012 

Perera SA, PNAS 2008 



Les facteurs de croissance : HER2 

•  Retrouvé dans les cancers bronchiques 

•  Molécules potentiellement efficaces (trastuzumab, T-
DM1, HER2-TKI) 

Cappuzzo NEJM 2004, Mazieres JCO 2013, Mazieres Annals of Oncology 2015 
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81 Le cas particulier de KRAS 

Discoveries made in the late 1970s and the early 1980s 
revealed that the transforming activities of the rat-derived 
Harvey and Kirsten murine sarcoma retroviruses contribute  
to cancer pathogenesis through a common set of genes, 
termed ras (for rat sarcoma virus). Soon thereafter, the use 
of recently developed techniques in gene transfer, DNA 
sequencing and DNA mapping led to the identification of 
ras genes as key players in experimental transformation 
as well as in human tumour pathogenesis. Unanswered by 
these initial discoveries, however, was the signalling con-
text in which the Ras proteins operate — which proteins 
impart signals to Ras and how do the resulting function-
ally activated Ras proteins pass signals on to downstream 
targets within the cell? The answers to these questions 
were complicated by the discoveries of multiple Ras regu-
lators and a large cohort of downstream effectors, each 
with a distinct pattern of tissue-specific expression and  
a distinct set of intracellular functions. Despite the lack of a  
complete understanding of the normal and pathological 
functions of Ras, significant progress has been made over 
the past three decades. Here, we chronicle some of these 
milestones, with particular emphasis on the role of Ras in 
normal and deregulated cellular physiology.

Cancer precursors
The cellular homologues of the viral Harvey and Kirsten 
transforming ras sequences were first identified in the rat 
genome in 1981 (REF. 1) and were subsequently found in the 
mouse2 and human3 genomes. These discoveries revealed 
that the ras oncogenes behaved, at least superficially, like 
the src oncogene of Rous sarcoma virus (RSV), the origins  
of which were first reported in 1976 (REF. 4). Thus, proto-
oncogenes residing in the genomes of normal cells can 
be activated into potent oncogenes by retroviruses, 
which acquire these sequences and convert them into 
active oncogenes. The Harvey sarcoma virus-associated  
oncogene was named Ha-ras (H-ras in mammals), 
whereas that of Kirsten sarcoma virus was termed Ki-ras  

(K-ras in mammals). Mutant alleles of these ras sequences 
were soon discovered in many human cancer cell lines, 
including those of the bladder, colon and lungs5–7 
(TIMELINE).

Detailed sequence analyses revealed that the oncogenic 
alleles invariably differed from their wild-type counter-
parts by point mutations that affect the reading frames 
of the various ras oncogenes. The resulting amino-acid 
replacements were usually found to affect residue 12, 
and also less commonly residues 13 and 61 (REFS 8–11). 
By 1983, the third member of the mammalian family of 
ras-related genes, N-ras, had been cloned from neuro-
blastoma and leukaemia cell lines12–15 (FIG. 1). This gene 
was also found to contain activating point mutations in 
certain human tumours.

The efficiency of the ras lesion in initiating cellular 
transformation in primary cells was soon questioned when 
it was discovered that a ras oncogene could not transform 
freshly isolated rodent embryo cells. Consequently, three 
reports that were published in 1983 described the abil-
ity of H-Ras-Val12 to transform primary cells that had 
previously been immortalized by either carcinogens16 or 
transfection with myc, SV40 large T antigen or adenovirus 
E1A oncogene17,18. These findings extended the concept 
of multistep carcinogenesis and suggested that mutant 
Ras proteins can only transform (to a tumorigenic state) 
cells that have undergone predisposing changes. As veri-
fied in various cell types19–21, these predisposing changes 
usually involved the acquisition by cells of an ability to 
proliferate indefinitely in culture — the phenotype of cell 
immortalization (BOX I).

 By 1984, mutant K-RAS alleles were found in lung 
carcinoma specimens, indicating that these mutations 
did not arise as a consequence of culturing cancer cells 
in vitro22,23. Moreover, specific associations were found 
between the various RAS oncogenes and particular 
types of human cancer (TABLE 1). K-RAS mutations  
were frequent in pancreatic24 and colonic carcinomas25, 

Whitehead Institute for 
Biomedical Research and 
Massachusetts Institute of 
Technology, Cambridge, 
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e-mails:  
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Rous sarcoma virus
(RSV). A retrovirus that was 
discovered in 1916 by Peyton 
Rous by injecting a cell-free 
extract of chicken tumour into 
healthy chickens. The extract 
was found to induce 
oncogenesis in Plymouth Rock 
chickens.

Ras oncogenes: split personalities
Antoine E. Karnoub and Robert A. Weinberg

Abstract | Extensive research on the Ras proteins and their functions in cell physiology over 
the past 30 years has led to numerous insights that have revealed the involvement of Ras not 
only in tumorigenesis but also in many developmental disorders. Despite great strides in our 
understanding of the molecular and cellular mechanisms of action of the Ras proteins, the 
expanding roster of their downstream effectors and the complexity of the signalling cascades 
that they regulate indicate that much remains to be learnt.
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Cardio-facio-cutaneous 
diseases
Congenital developmental 
disorders caused by 
disregulated Ras signalling. 
These diseases are 
characterized by the 
accumulation of sporadic 
tumours as well as skeletal, 
cardiac and visual 
abnormalities.

Neural crest
A group of embryonic cells that 
separate from the embryonic 
neural plate and migrate, giving 
rise to the spinal and 
autonomic ganglia, peripheral 
glia, chromaffin cells, 
melanocytes and some 
haematopoietic cells.

Neurofibromatosis type-1 is a dominantly-transmitted  
familial cancer syndrome that is manifested by the 
accumulation of pigmented lesions in the skin and  
the eye, and by a predisposition to sporadic malignant 
outgrowths, such as neurofibromas, neurofibrosarcomas,  
phaeochromocytomas, astrocytomas and juvenile 
myelomonocytic leukemia (JMML)173. The syndrome is 
caused by a mutation in the NF1 gene, which encodes 
neurofibromin-1, the second of the RasGAPs to be 
characterized71,73. Nf1-mutant mice exhibit a multitude 
of abnormalities, including cardiovascular, haemato-
poietic and neural crest defects174,175. Although expression 
of the RasGAP domain of NF1 in these mice rescued the  
cardiac and haematopoietic defects, it did not rescue 
the neural crest overgrowth, and mice died in utero176. 
This suggests a causative role for the NF1–Ras axis in 
regulating developmental processes, at least in selected 
cell lineages of the developing embryo.

PTPN11 encodes Src-homology-2 domain-containing  
protein Tyr phosphatase-2 (SHP2), a non-receptor pro-
tein Tyr phosphatase that has a key role in conveying 
upstream growth factor signals to Ras177. Mutations in 
PTPN11 account for ~50% of Noonan syndrome cases178  

and are gain-of-function mutations that mostly 
deregulate the phosphatase activity and the substrate 
specificity179 of SHP2. The syndrome is characterized 
by skeletal abnormalities, learning disabilities, cardiac 
defects and symptoms that are consistent with JMML180. 
Moreover, a direct causal link between PTPN11 muta-
tions and Ras signalling can be found in JMML. First, 
activating mutations in PTPN11 cause deregulated 
ERK signalling and abnormal myeloid colony growth 
in vitro181. Second, activating PTPN11 mutations are 
found in ~35% of cases of JMML, and the mouse model 
of Noonan syndrome (where the activated Asp61Gly-
Ptpn11 gene is expressed from the Ptpn11 endogenous 
promoter) is also characterized by increased ERK activ-
ation182. Third, K-Ras-mutant mice develop JMML-like 
abnormalities and a significant number of human cases 
with JMML exhibit mutations in K-RAS183. It is note-
worthy that PTPN11 mutations also cause LEOPARD 
syndrome, a disease that is characterized by cardiac 
and visual abnormalities, pulmonary stenosis, stunted 
growth and partial deafness184. However, the involve-
ment of Ras signalling in this syndrome has not yet 
been validated.

Figure 5 | Ras signalling networks. Ras proteins function as nucleotide-driven switches that relay extracellular cues to 
cytoplasmic signalling cascades. The binding of GTP to Ras proteins locks them in their active states, which enables high 
affinity interactions with downstream targets that are called effectors. Subsequently, a slow intrinsic GTPase activity cleaves 
off the -phosphate, leading to Ras functional inactivation and thus the termination of signalling. This on–off cycle is tightly 
controlled by GTPase-activating proteins (GAPs) and guanine-nucleotide exchange factors (GEFs). GAPs, such as p120GAP 
or neurofibromin (NF1), enhance the intrinsic GTPase activity and hence negatively regulate Ras protein function. 
Conversely, GEFs (also known as GTP-releasing proteins/factors, termed GRPs or GRFs), such as RasGRF and son of 
sevenless (SOS), catalyse nucleotide ejection and therefore facilitate GTP binding and protein activation. The classical view 
of Ras signalling depicts Ras activation and recruitment to the plasma membrane following receptor Tyr kinase (RTK) 
stimulation by growth factors (GF). Activated Ras engages effector molecules — belonging to multiple effector families — 
that initiate several signal-transduction cascades. Outputs shown represent the main thrusts of the indicated pathways.  
Ras activation can also occur in endomembrane compartments, namely the endoplasmic reticulum and the Golgi. 
Activating mutations in the different components of the Ras–Raf–mitogen-activated protein kinase (MAPK) pathway are 
associated with the indicated developmental disorders, suggesting that MAPK-signal antagonism might be a rational 
approach to manage certain cardio-facio-cutaneous (CFC) syndromes. AF-6, acute lymphoblastic leukaemia-1 fused gene 
on chromosome 6; CD1, cadherin domain-1; CDC42, cell division cycle-42; ELK, ETS-like protein; ERK, extracellular signal-
regulated kinase; ETS, E26-transcription factor proteins; Ins(1,4,5)P3, inositol-1,4,5-trisphosphate; JNK, Jun N-terminal 
kinase; MEK, mitogen-activated protein kinase/ERK kinase; NF- B, nuclear factor- B; PI3K, phosphoinositide 3-kinase;  
PKB/C, protein kinase B/C; PLA/C /D, phospholipase A/C /D; RalBP1, Ral-binding protein-1; RASSF, Ras association  
domain-containing family; Rin1, Ras interaction/interference protein-1; SAPK, stress-activated protein kinase;  
SHP2, Src-homology-2 domain-containing protein Tyr phosphatase-2; TIAM1, T-cell lymphoma invasion and metastasis-1.
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Ras three-dimensional structure. Detailed insights into the 
three-dimensional fold of Ras proteins were provided in 
1990 by crystallographic determinations of the structures 
of GDP- and GTP-bound Ras proteins97–100 and of their 
mutant variants101,102. The overall Ras structure was shown 
to consist of a hydrophobic core of six stranded -sheets 
and five -helices that are interconnected by a series of 
ten loops (FIG. 4a). Five of these loops are situated on one 
facet of the protein and have crucial roles in determining 
the high affinity nucleotide interactions of Ras and in regu-
lating GTP hydrolysis. In particular, the GTP -phosphate 
is stabilized by interactions that are established with the 
residues of loops 1, 2 and 4 (for example, Lys16, Tyr32, 
Thr35, Gly60 and Gln61; see FIG. 4b). A prominent role is 
attributed to Gln61, which stabilizes the transition state 
of GTP hydrolysis to GDP, in addition to participating in 
the orientation of the nucleophilic attack that is necessary 
for this reaction. As such, oncogenic mutations of Gln61 
reduce the intrinsic GTP hydrolysis rate, thereby placing 
the Ras protein in a constitutively active state.

The structural differences between the RasGDP and 
the RasGTP conformations reside mainly in two highly 
dynamic regions, termed switch I (residues 30–40) and 
switch II (residues 60–76). Both regions are required for the 
interactions of Ras with upstream as well as downstream 
partners (see also FIG. 2a). The binding of GTP alters the 
conformation of switch I, primarily through the inward 
reorientation of the side chain of Thr35, thereby enabling 
its interactions with the GTP -phosphate as well as the 
Mg2+ ion. Similarly, the -phosphate induces significant  

changes in the orientation of the switch II region through 
interactions it establishes with Gly60 (FIG. 4b).

GAP- and GEF-mediated regulation of Ras activity. The 
structural details of GAP-mediated and GEF-mediated 
regulation of Ras activity were ultimately laid out by the 
groups of both Alfred Wittinghofer and John Kuriyan in 
the late 1990s, when the structures of H-Ras in complex 
with the p120GAP GRD103 (GAP-related domain) and 
that of H-Ras in complex with the catalytic domain of 
SOS104 were reported (FIG. 4c,d,e). Importantly, the binding 
of the variable loop of GAP 7 to the switch I of Ras estab-
lishes the pairing specificity between GAP and Ras. This 
is followed by a high affinity interaction with the GAP 
Phe-Leu-Arg (FLR) motif, which stabilizes the two switch 
domains as a highly conserved GAP Arg-finger loop88 
inserts itself into an active site, provoking a ~1,000-fold  
acceleration in GTP hydrolysis.

An analogous mechanism has been described for the 
SOS-mediated ejection of guanine nucleotides from Ras. 
During the course of this interaction, an -helical hairpin 
of the Cdc25 domain pries open the switch I and switch II 
domains of Ras, causing a series of side-chain rearrange-
ments that involve Ala59, which reorientates and inserts 
itself into the Mg2+-binding cleft. These changes, together 
with structural perturbations of the phosphate-binding 
loop, cause a 10,000-fold enhancement in the GDP  
ejection rate and its preferential replacement in the 
nucleotide-binding site with GTP, which is approximately 
tenfold more abundant than GDP in the cytosol.

 Box 1 | The Ras tumour-suppressor effect

Oncogenic Ras has been shown to cause senescence in primary cells 
through the activation of the p53–p21WAF and/or p16INK4A–
Retinoblastoma (Rb) tumour-suppressor pathways212–214. These 
observations suggested that the normal response of ‘uninitiated’ naive 
cells to hyperactive Ras signalling is to undergo cell-cycle arrest and/or 
senescence rather than unlimited proliferation and/or transformation. 
Indeed, the susceptibility of certain normal cells to Ras-mediated 
transformation would seem to rely mostly on prior inactivation of these 
tumour-suppressor pathways (for example, see REF. 215). In addition,  
the findings that Ras-induced senescence in primary cells explained the 
molecular basis of the oncogenic cooperation model that was proposed in 
1983 (see REFS 17,18), as Ras-collaborating oncoproteins, such as E1A, 
SV40 and E6/E7 are all well-known inactivators of the Rb and the p53 
pathways. Collectively, these observations suggested that Ras activation  
in normal cells causes a halt in cell proliferation rather than an initiation of 
tumorigenesis.

Other groups have reported that human embryonic fibroblasts are 
resistant to Ras-induced cellular senescence216. Furthermore, in vivo expression of oncogenic K-Ras at levels comparable to 
those of its endogenous counterparts caused cellular transformation217,218. These and similar experiments led to the finding 
that p16 was the key factor in determining whether cells become senescent or are transformed in response to Ras 
activation. High levels of Ras expression cause an acute elevation of p16, resulting in cell-cycle arrest. By contrast, 
moderate activation of Ras (such as that mimicked in the endogenous K-Ras mouse models) does not cause an acute p16 
response, allowing Ras-induced transformation. Similarly, Ras activation in the background of suppressed p16 (for example, 
in cells maintained at low-stress-culture conditions or by using short hairpin RNA against p16) causes cellular proliferation.

Ras activation of p16 and p53 seem to depend, in part, on the activation of the p38 mitogen-activated protein kinase 
(MAPK) pathway219 through unidentified mechanisms. Ras activation has been shown to cause elevated reactive oxygen 
species (ROS) levels220, and ROS promote p38 activation221. However, whether ROS are the mediators of Ras activation of 
the p38 MAPK remains to be fully delineated. The Ras-induced Raf–MAPK pathway might feed into the p53 pathway by 
activating the p38-regulated/activated protein kinase (PRAK), which in turn phosphorylates and activates p53 directly222. 
MDM2, murine double minute-2; PI3K, phosphoinositide 3-kinase; p14/19ARF, p14ARF in humans and p19ARF in mice.
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Stratégies d’inhibition de KRas muté 

81 Le cas particulier de KRAS 

MEK inhibitors 

Inhibitor of 
BRaf. 
Sorafenib. 

FTI & GGTI 
Dual FGGTI 

Inhibitors of PH 
domain of KRAS 

PI3K/AKT 
inhibitors 
mTOR inhibitors 
HSP90 inhibitors 



Létalité synthétique: principe général 
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Létalité synthétique: exemple 

•  Un exemple de létalité synthétique 

•  L’inhibition de CDK4 par si ou inhibiteur pharmacologique inhibe 
la croissance de tumeur guidée par KRAS G12V 
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SUMMARY

We have unveiled a synthetic lethal interaction between K-Ras oncogenes and Cdk4 in a mouse tumor model
that closely recapitulates human non-small cell lung carcinoma (NSCLC). Ablation of Cdk4, but not Cdk2 or
Cdk6, induces an immediate senescence response only in lung cells that express an endogenous K-Ras
oncogene. No such response occurs in lungs expressing a single Cdk4 allele or in other K-Ras-expressing
tissues. More importantly, targeting Cdk4 alleles in advanced tumors detectable by computed tomography
scanning also induces senescence and prevents tumor progression. These observations suggest that robust
and selective pharmacological inhibition of Cdk4 may provide therapeutic benefit for NSCLC patients
carrying K-RAS oncogenes.

INTRODUCTION

Genetic interrogation of the cell cycle in mice has revealed that
most cell types proliferate well in the absence of the interphase
Cdks, Cdk2, Cdk4, and Cdk6 (Santamarı́a et al., 2007). A fourth
interphase Cdk, Cdk3, is inactivated by a naturally occurring
mutation in most strains of laboratory mice, thus indicating that
it is dispensable for normal homeostasis (Ye et al., 2001).
However, interphase Cdks, either individually or in combination,
are essential to drive proliferation of certain cell types during
specific developmental stages (Malumbres and Barbacid,
2009). For instance, Cdk4 is essential for proliferation of
insulin-producing beta cells only during postnatal development

(Rane et al., 1999; Tsutsui et al., 1999). Likewise, mice lacking
Cdk2 and Cdk4 complete embryonic development to die at birth
due to a defect in the number of cardiomyocytes (Barrière et al.,
2007). Yet, ablation of Cdk2 and Cdk4 in adult mice does not
result in obvious pathological conditions except for hypergly-
cemia, a direct consequence of the essential role of Cdk4 for
proliferation of postnatal pancreatic beta cells (Barrière et al.,
2007). These findings have raised the possibility that interphase
Cdks may also be selectively required by tumor cells depending
on their cellular origin and, possibly, their pathogenetic profile
(Malumbres and Barbacid, 2009).

Previous studies have provided evidence that Cdk4 and its
cognate cyclin, Cyclin D1, are required for the development of

Significance

CDK inhibitors have failed as anti-cancer agents due to their limited activity and significant toxicity. Recent genetic evidence
indicates that whereas Cdk1 is essential for the mammalian cell cycle, interphase Cdks, Cdk2, Cdk4, and Cdk6, are only
essential for proliferation of highly specialized cells. Here, we provide genetic and pharmacological evidence indicating
that Cdk4, but not Cdk2 or Cdk6, is essential for proliferation of lung cells providing they express a K-Ras oncogene. To
date, a selective CDK4 inhibitor has shown no significant therapeutic benefit in clinical trials against leukemias and breast
tumors. Our results suggest that this compound as well as more potent CDK4 inhibitors should be tested in clinical trials
against K-RAS-driven lung adenocarcinomas.

Cancer Cell 18, 63–73, July 13, 2010 ª2010 Elsevier Inc. 63

Puyol M, Cancer Cell 2010 

vehicle increased the number of CT+ tumors by 3-fold at the 15
day time point and by 4-fold at the end of the experiment. In
contrast, mice treated with the Cdk4 inhibitor only increased
the number of tumors by 1.5-fold (Figure 8A). These differences
became more significant when we measured tumor burden. As
shown in Figure 8B, mice exposed to vehicle increased their
tumor burden by 10-fold after 15 days of observation and
25-fold by the end of the experiment. In contrast, mice exposed
to PD0332991 only increased their tumor burden by 3- to 4-fold
at 15 days and 5- to 6-fold at 30 days (Figure 8B). No significant
differences were observed between the two doses of inhibitor,
suggesting that we may have reached saturating levels even at
the lower dose of 100 mg/kg. We also compared the metabolic
activity of these tumors as criteria for advanced tumor develop-
ment. Whereas 59% of the lesions in the vehicle-treated cohort
were positive for 18F-glucose uptake by positron emission
tomography (PET), only 29% of the mice treated with the inhibitor
displayed 18F-glucose uptake (data not shown).

Finally, we investigated whether exposure to PD0332991
blocked phosphorylation of pRB, the primary substrate for
Cdk4 and elicited a senescence response. As illustrated in
Figures 8C and 8D, PD0332991 efficiently diminished the phos-
phorylation of pRb in the Cdk4-specific Ser807 and Ser811 resi-
dues. However, tumors exposed to PD0332991 did not express
SA-b-Gal. Likewise, none of the tumors tested had increased
phosphorylation on p53P-Ser15 residues or increased p19Arf

expression (data not shown). These results suggest that induc-
tion of a senescence response must require a more robust and

possibly sustained inhibition of Cdk4 activity that could be
achieved with the PD0332991 inhibitor.

DISCUSSION

We have assessed the relative contribution of individual inter-
phase Cdks, Cdk2, Cdk4, and Cdk6, to the proliferative and
oncogenic properties conveyed by expression of an endoge-
nous K-RasG12V oncogene. In culture, the absence of any indi-
vidual interphase Cdk cancelled the ability of K-RasG12V-
expressing MEFs to proliferate in limiting serum conditions and
to overcome senescence induced by adaptation to culture
conditions. We obtained similar results using human tumor cell
lines derived from NSCLCs providing that these tumor cells
also carry K-RAS oncogenes. The lack of specificity for any
particular CDK suggests that K-RAS signaling in these tumor
cells demands increased overall CDK activity, rather than phos-
phorylation of selective substrates.

In principle, these findings raised the possibility that limited
inhibition of overall interphase CDK activity may have selective
therapeutic effect on K-RAS-driven lung tumors. Yet, these
in vitro studies could not be fully paralleled in vivo. Expression
of a resident K-RasG12V oncogene in mice null for Cdk6 resulted
in efficient induction of NSCLCs. Likewise, absence of Cdk2 did
not prevent tumor formation. In this case, however, there was
a limited reduction in tumor burden that resulted in increased
life span. These findings are similar to those currently observed
with a number of targeted therapies in clinical trials. However,

Figure 7. Conditional Ablation of Cdk4
Expression Inhibits Progression of K-
RasG12V-Driven NSCLC
(A) Three-dimensional reconstruction of CT

scans from representative K-Raslox/LSLG12Vgeo;

RERTert/ert;Cdk4!/frt mice treated with adenoviral

particles expressing control GFP (Ad-GFP) or

Flpe (Ad-Flpe) at the time of treatment and

3 months after treatment.

(B) Quantification of the average tumor volume

of K-Raslox/LSLG12Vgeo;RERTert/ert;Cdk4!/frt mice

treated with control Ad-GFP (open bars; n = 5) or

with Ad-Flpe to excise the Cdk4frt conditional allele

(solid bars; n = 5). Data shown represent mean ±

SD. *p = 0.014.

(C) Quantification of tumor burden present

in K-Raslox/LSLG12Vgeo;RERTert/ert;Cdk4!/frt mice

3 months after exposure to Ad-GFP (open bars;

n = 5) or Ad-Flpe (solid bars; n = 5). Data shown

represent mean ± SD. *p = 0.049; **p = 0.005;

***p < 0.001.

(D) Partial (top) and uniform (bottom) Cdk4

expression, as determined by IHC analysis with

anti-Cdk4 polyclonal antibodies, in residual

tumors of K-Raslox/LSLG12Vgeo;RERTert/ert;Cdk4!/frt

mice treated with Ad-Flpe. The scale bar repre-

sents 100 mm.

(E) The top panels show BrdU incorporation in whole-mount X-Gal-stained lung sections and the bottom panels show senescence-associated b-galactosidase

(SA-b-Gal) staining of lung sections obtained from K-Raslox/LSLG12Vgeo;RERTert/ert;Cdk4!/frt mice 2 weeks after exposure to Ad-GFP or Ad-Flpe. Scale bars repre-

sent 20 mm (top) and 200 mm (bottom).

(F) Western blot analysis of individual tumors (T1 to T4) microdissected from lungs of K-Raslox/LSLG12Vgeo;RERTert/ert;Cdk4!/frt mice 3 months after treatment with

Ad-GFP or Ad-Flpe with antibodies specific for Cdk4, p53 phosphorylwithated at residue Ser15, p53, and p19Arf. Migration of the corresponding proteins is indi-

cated by arrowheads. Antibodies against GAPDH were used as loading controls. See also Figure S2.
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for patients with advanced cancer. 
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Bases de l’oncogenése 

number and thus maintenance of normal tissue architecture and
function. Cancer cells, by deregulating these signals, become
masters of their own destinies. The enabling signals are
conveyed in large part by growth factors that bind cell-surface
receptors, typically containing intracellular tyrosine kinase
domains. The latter proceed to emit signals via branched intra-
cellular signaling pathways that regulate progression through
the cell cycle as well as cell growth (that is, increases in cell
size); often these signals influence yet other cell-biological prop-
erties, such as cell survival and energy metabolism.

Remarkably, the precise identities and sources of the prolifer-
ative signals operating within normal tissues were poorly under-
stood a decade ago and in general remain so. Moreover, we still
know relatively little about the mechanisms controlling the
release of these mitogenic signals. In part, the understanding
of these mechanisms is complicated by the fact that the growth
factor signals controlling cell number and position within tissues
are thought to be transmitted in a temporally and spatially regu-
lated fashion from one cell to its neighbors; such paracrine
signaling is difficult to access experimentally. In addition, the
bioavailability of growth factors is regulated by sequestration in
the pericellular space and extracellular matrix, and by the actions
of a complex network of proteases, sulfatases, and possibly
other enzymes that liberate and activate them, apparently in
a highly specific and localized fashion.

The mitogenic signaling in cancer cells is, in contrast, better
understood (Lemmon and Schlessinger, 2010; Witsch et al.,
2010; Hynes and MacDonald, 2009; Perona, 2006). Cancer cells
can acquire the capability to sustain proliferative signaling in
a number of alternative ways: They may produce growth factor
ligands themselves, to which they can respond via the expres-
sion of cognate receptors, resulting in autocrine proliferative
stimulation. Alternatively, cancer cells may send signals to stim-
ulate normal cells within the supporting tumor-associated
stroma, which reciprocate by supplying the cancer cells with
various growth factors (Cheng et al., 2008; Bhowmick et al.,
2004). Receptor signaling can also be deregulated by elevating
the levels of receptor proteins displayed at the cancer cell

Figure 1. The Hallmarks of Cancer
This illustration encompasses the six hallmark
capabilities originally proposed in our 2000 per-
spective. The past decade has witnessed
remarkable progress toward understanding the
mechanistic underpinnings of each hallmark.

surface, rendering such cells hyperre-
sponsive to otherwise-limiting amounts
of growth factor ligand; the same
outcome can result from structural alter-
ations in the receptor molecules that
facilitate ligand-independent firing.

Growth factor independence may also
derive from the constitutive activation of
components of signaling pathways oper-
ating downstream of these receptors,
obviating the need to stimulate these
pathways by ligand-mediated receptor

activation. Given that a number of distinct downstream signaling
pathways radiate from a ligand-stimulated receptor, the activa-
tion of one or another of these downstream pathways, for
example, the one responding to the Ras signal transducer,
may only recapitulate a subset of the regulatory instructions
transmitted by an activated receptor.
Somatic Mutations Activate Additional Downstream
Pathways
High-throughput DNA sequencing analyses of cancer cell
genomes have revealed somatic mutations in certain human
tumors that predict constitutive activation of signaling circuits
usually triggered by activated growth factor receptors. Thus,
we now know that !40% of human melanomas contain
activating mutations affecting the structure of the B-Raf protein,
resulting in constitutive signaling through the Raf to mitogen-
activated protein (MAP)-kinase pathway (Davies and Samuels
2010). Similarly, mutations in the catalytic subunit of phosphoi-
nositide 3-kinase (PI3-kinase) isoforms are being detected in
an array of tumor types, which serve to hyperactivate the PI3-
kinase signaling circuitry, including its key Akt/PKB signal
transducer (Jiang and Liu, 2009; Yuan and Cantley, 2008). The
advantages to tumor cells of activating upstream (receptor)
versus downstream (transducer) signaling remain obscure, as
does the functional impact of crosstalk between the multiple
pathways radiating from growth factor receptors.
Disruptions of Negative-Feedback Mechanisms that
Attenuate Proliferative Signaling
Recent results have highlighted the importance of negative-
feedback loops that normally operate to dampen various types
of signaling and thereby ensure homeostatic regulation of the
flux of signals coursing through the intracellular circuitry (Wertz
and Dixit, 2010; Cabrita and Christofori, 2008; Amit et al.,
2007; Mosesson et al., 2008). Defects in these feedback mech-
anisms are capable of enhancing proliferative signaling. The
prototype of this type of regulation involves the Ras oncoprotein:
the oncogenic effects of Ras do not result from a hyperactivation
of its signaling powers; instead, the oncogenic mutations
affecting ras genes compromise Ras GTPase activity, which
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Les	voies	de	survie	et	de	mort	cellulaire	

	

1.  Effet	anI-tumoral	rapide	

2.  AssociaIon	avec	la	
chimiothérapie	non	opImale	

3.  AcquisiIon	de	la	résistance	
par	échappement	au	choc	
oncogénique	(altéraIon	des	
signaux	de	survie)	
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Les thérapies ciblées en 2015 

Cibles Anomalie %age Addiction Molécules 
EGFR Mutation 10% Oui EGFR-TKI 1G, 2G, 3G 

ALK Translocation 4% Oui ALK-TKI, HSP inh. 

KRas Mutation 25% Oui ? MEK-TKI, létalité synthétique, inh 
spécifiques 

BRaf Mutation 2% Oui BRAF-TKI. Association avec MEK 
inh 

PI3K 
 

Mutation 2% Non Inh PI3K / AKT / mTor 

HER2 Mutation 1% Oui HER2-Mab et HER2-TKI 

ROS1 Translocation 
 

1% Oui ROS1-TKI 

MET Amplification
mutation 

2-5% Oui MET-TKI, MET-MAb 

RET Translocation 
 

2% Oui RET-TKI 



Les résistances 

Deux grandes limites au ciblage des voies de signalisation : 
–  Acquisition de mécanismes de résistance 
–  Hétérogénéité tumorale 

Rosell et al., Lancet Oncol 2012 

Résistance 
primaire : 15% 

Résistance 
secondaire : 100% 

PFS :  
9 à 13 mois 



Les résistances 
presence of gefitinib or erlotinib, this may lead to resistance.
Indeed, several preclinical studies have shown that continued
activation of downstream signaling, especially the PI3K
pathway, is sufficient to confer resistance to EGFR TKIs. Most,
if not all, laboratory models of acquired resistance show

continued activation of the PI3K pathway despite TKI treatment
(36, 37, 44, 45). Additionally, activation of PI3K/Akt signaling
by an ectopically expressed p110a-activating mutant (PIK3CA)
confers an EGFR mutant cancer resistant to TKIs (44). Similarly,
in HER2-amplified breast cancers, the presence of an activating

Fig. 1. EGFR signaling in gefitinib/
erlotinib ^ sensitive and gefitinib/
erlotinib ^ resistant EGFR mutant NSCLCs.
A, EGFR phosphorylates erbB3 to
activate PI3K/Akt signaling in gefitinib/
erlotinib ^ sensitive NSCLCs. In such
cancers, following gefitinib/erlotinib
treatment, EGFR, erbB3, and Akt
phosphorylations are turned off.
B, gefitinib/erlotinib are unable to inhibit
EGFR phosphorylation in the presence
of EGFR T790M. EGFR signaling persists
in the presence of gefitinib/erlotinib,
leading to persistent erbB3 and Akt
phosphorylation. C, METcan also activate
PI3K/Akt signaling through erbB3. In
NSCLCs withMET amplification,
gefitinib/erlotinib can still inhibit
EGFR phosphorylation but not erbB3
phosphorylation.This leads to persistent
activation of PI3K/Akt signaling via erbB3
in an EGFR-independent manner. D, other
potential mechanisms of gefitinib/
erlotinib resistance.These potential
mechanisms include alternative ways of
maintaining PI3K/Akt signaling, such as by
an oncogenic PIK3CA or by other receptor
tyrosine kinases that could activate PI3K/
Akt signaling in an erbB3-independent
fashion. In such cancers, gefitinib/erlotinib
would be expected to inhibit EGFR and
erbB3 phosphorylation but not Akt
phosphorylation. Adapted by permission
fromMacmillan Publishers Ltd. (Arteaga
CL. HER3 andmutant EGFRmeetMET. Nat
Med 2007;13:675^7), copyright 2007.

Resistance to EGFRTKIs in Lung Cancer

www.aacrjournals.org Clin Cancer Res 2008;14(10) May15, 20082897

Résistance aux EGFR-TKI 
 

•  Importance de la 
dimérisation HER1/
HER2,3,4 

•  Importance de la voie PI3K-
AKT 

•  Importance des autres RTK 
dont cMET 
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Mécanismes de résistance aux TKIs 

EGFR-TKI ALK-TKI CAT 

PFS  9-13 mois 8-10 mois 

Résistance 
primaire 

15% 15% 

Mutation de 
résistance 

40% 50-60% Place des nouveaux 
anti-ALK 

Nouveaux 
oncogénes 

10% 20% (KRas, 
EGFR, ALK) 

Intérêt de nouvelles 
inhibitions 

Amplification 
de la cible 

Rare 10% Augmentation de la 
dose ? Anti-HSP90 

Négativation 0 5-10% Chimiothérapie 

Transformation 5% 0 



Mécanismes de résistance aux TKIs 
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Mécanismes de résistance 

L’hétérogénéité tumorale 

  

Gerlinger, Swanton, NEJM 2012 



Résistance 

Hétérogénéité tumorale et évolution branchée 
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Mécanismes de résistance aux TKIs 

L’hétérogénéité tumorale et la dominance clonale 
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Résistance 

L’hétérogénéité tumorale et la dominance clonale 

  

Risque d’échec du traitement 

  



Résistance 

L’hétérogénéité tumorale et la dominance clonale 

  

(LUAD, P = 0.00354; LUSC, P = 0.046), consist-
ent with an ancestral footprint of smoking on
these genomes. Conversely, no statistically sig-
nificant difference was observed between early
and latemutations in current smokers (LUAD, P =
0.23; LUSC, P = 0.22).
In themajority ofM-seq tumors, the decreased

proportion of C>A mutations was accompa-
nied by an increase in C>T and C>G mutations
at TpC sites, indicative of APOBEC cytidine de-
aminase activity (13–15). Mutations consistent
with APOBEC-mediated mutagenesis were more
pronounced on the branches than the trunk in
four out of five LUAD M-seq samples (Fig. 3C).
On average 31% (8 to 41%) of nonsilent branch
mutations occurred in an APOBEC-mutation
context compared with 11% (7 to 16%) of trun-
cal nonsilent mutations. Branched driver genes
PIK3CA, EP300, TGFBR1, PTPRD, and AKAP9
harboredmutations in anAPOBEC context, which
indicated a possible functional impact of APOBEC
activity on subclonal expansion. Likewise, TCGA
LUAD tumors with detectable APOBEC muta-
tional signatures showed significant enrichment
in late, compared with early, APOBECmutations
(P < 0.001) (fig. S12), and 20% of subclonal driver
mutations were found to occur in an APOBEC
context, compared with 11% of clonal driver mu-
tations. However, for TCGA LUSC tumors with
detectable APOBEC mutational signatures, tem-
poral dissection of APOBEC mutations did not
reveal such a clear trend (fig. S12), which indicated
potential differences in the temporal dynamics
of APOBEC-mediated mutagenesis between his-
tological subtypes. In addition to temporal het-
erogeneity, spatial heterogeneity in both the
proportion of APOBEC-associated mutations
(Fig. 3, D and E) and APOBECmRNA expression
was observed in the M-seq tumors (fig. S13).
To gain a deeper understanding of NSCLC

evolution, we focused on the two tumors with

high-coverage M-seq WGS and temporally placed
the genomic instability processes relative to the
emergence of the most-recent common ancestor
(Fig. 4). In patient L002, a current smoker, to-
bacco carcinogens played a significant role early
in tumor development, with C>A transversions
representing 39% of truncal mutations (Fig. 4A).
Early mutations included multiple driver genes,
such as TP53 and CHD8. Upon diversification into
a LUAD subclone and a LUSC subclone, copy
number alterations (fig. S7) and drivermutations
were acquired independently in both subclones,
such as a stop-gainmutation in the tumor suppres-
sor gene FAT1 on the LUSC branch and muta-
tions affecting TGFBR1, ZFHX4, ARHGAP35, and
PTPRD in the LUAD region. APOBEC-associated
mutations were elevated specifically in the LUAD
region, which included the driver mutations in
TGFBR1 and PTPRD, and the highest APOBEC3B
mRNA expression was detected in this region
(fig. S13).
The tumors from patient L008 also displayed

truncal C>A transversions and spatial heteroge-
neity in APOBEC enrichment, with a more pro-
nounced APOBEC signature in the tumor of
the middle lobe compared with the upper lobe
(Fig. 4B). In L008, we gained further temporal
resolution by exploring the mutations before
and after the truncal genome-doubling event.
All truncal driver mutations were found to oc-
cur before genome doubling. However, a tobacco
smoke signature of C>A transversions was ob-
served in more than 30% of truncal mutations
both before and after doubling, and only in
21% and 9% of heterogeneous mutations in the
two regions R1 and R3 from separate lobes of
the lung. Because L008 ceased smoking more
than 20 years before surgery (table S1), these
data suggest that the genome-doubling event
and truncal driver mutations occurred within a
smoking carcinogenic contextmore than 20 years

ago. Similarly, the genome-doubling event and
truncal driver mutations in former smoker L001
also appeared to occur before smoking cessation
more than 20 years before surgery (fig. S14).
These data suggest a prolonged tumor latency
period after genome doubling and before clin-
ical detection in NSCLC.
Through sequencing multiple surgically re-

sected tumor regions, we were able to unravel
both the extent of genomic heterogeneity and
the evolutionary history of seven NSCLCs. In con-
trast to the situation in clear cell renal cell car-
cinoma (ccRCC) (27, 28), known driver mutations
typically occurred early in NSCLC development,
and themajority of high-confidence driver events
were fully clonal. Conceivably, this explains the
progression-free survival benefits associated with
NSCLC oncogenic driver targeting (29). However,
like ccRCC (27, 28), all NSCLCs exhibited heter-
ogeneous driver mutations and/or recurrent
copy number aberrations and many heteroge-
neous mutations gave the “illusion of clonal-
ity,” as they are present in all cells from certain
regions but undetectable within other regions.
Notably, although our multiregional sampling
approach allowed us to evaluate spatial hetero-
geneity, only a small part of the entire tumor
was sampled (on average <5%), which indicates
that we might be underestimating the full extent
of heterogeneity in these tumors.
Conceivably, intratumor heterogeneity may

compromise the ability of a single biopsy to de-
fine all driver events comprehensively for opti-
mal tumor control. For instance, L008 presented
with an activating BRAF (G469A) mutation (30)
in all regions and an activating PIK3CA (E542K)
mutation (31) only in region R3. Thus, a biopsy
taken from R3 might suggest treatment with an
inhibitor of the phosphatidylinositol 3-kinase–
mammalian target of rapamycin (PI3K/mTOR) sig-
naling axis and combination therapy. Conversely,
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Fig. 4. Amodel of the evolutionary history of NSCLC. Evolutionary histories of tumors from patients L002 (A) and L008 (B) are depicted.Genomic instability
processes defining NSCLC evolution have been placed on their phylogenetic trees. Driver mutations occurring in an APOBEC context are highlighted with a blue
box, and those occurring in a smoking context with a gray box. In each case, the timing of genome-doubling events is indicated with an arrow. CIN, chromosomal
instability; muts, mutations.
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that a meiosis I–specific factor from budding
yeast, monopolin, generates kinetochores with
more microtubule-binding elements and greater
strength. These findings provide direct evidence
that sister kinetochore fusion underlies the cose-
gregation of sister chromatids during meiosis I.
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LUNG CANCER EVOLUTION

Spatial and temporal diversity in
genomic instability processes defines
lung cancer evolution
Elza C. de Bruin,1* Nicholas McGranahan,2,3* Richard Mitter,2* Max Salm,2*
David C. Wedge,4* Lucy Yates,4,5† Mariam Jamal-Hanjani,1† Seema Shafi,1

Nirupa Murugaesu,1 Andrew J. Rowan,2 Eva Grönroos,2 Madiha A. Muhammad,1

Stuart Horswell,2 Marco Gerlinger,2 Ignacio Varela,6 David Jones,4 John Marshall,4

Thierry Voet,4,7 Peter Van Loo,4,7 Doris M. Rassl,8 Robert C. Rintoul,8 Sam M. Janes,9

Siow-Ming Lee,1,10 Martin Forster,1,10 Tanya Ahmad,10 David Lawrence,10 Mary Falzon,10

Arrigo Capitanio,10 Timothy T. Harkins,11 Clarence C. Lee,11 Warren Tom,11 Enock Teefe,11

Shann-Ching Chen,11 Sharmin Begum,2 Adam Rabinowitz,2 Benjamin Phillimore,2

Bradley Spencer-Dene,2 Gordon Stamp,2 Zoltan Szallasi,12,13 Nik Matthews,2

Aengus Stewart,2 Peter Campbell,4 Charles Swanton1,2‡

Spatial and temporal dissection of the genomic changes occurring during the evolution of
human non–small cell lung cancer (NSCLC) may help elucidate the basis for its dismal
prognosis. We sequenced 25 spatially distinct regions from seven operable NSCLCs
and found evidence of branched evolution, with driver mutations arising before and after
subclonal diversification. There was pronounced intratumor heterogeneity in copy number
alterations, translocations, and mutations associated with APOBEC cytidine deaminase
activity. Despite maintained carcinogen exposure, tumors from smokers showed a
relative decrease in smoking-related mutations over time, accompanied by an increase
in APOBEC-associated mutations. In tumors from former smokers, genome-doubling
occurred within a smoking-signature context before subclonal diversification, which
suggested that a long period of tumor latency had preceded clinical detection. The regionally
separated driver mutations, coupled with the relentless and heterogeneous nature of the
genome instability processes, are likely to confound treatment success in NSCLC.

L
ung cancer is the leading cause of cancer-
related mortality (1, 2). Understanding the
pathogenesis and evolution of lung cancer
may lead to greater insight into tumor ini-
tiation and maintenance and may guide

therapeutic interventions. Previous work char-
acterizing the genome of non–small cell lung
cancer (NSCLC) has demonstrated that NSCLC
genomes exhibit hundreds of nonsilent muta-
tions together with copy number aberrations and
genome doublings (3–9). Although subclonal pop-

ulations have been identified within single bi-
opsies (9), the extent of genomic diversity within
primary NSCLCs remains unclear. Moreover, al-
though both exogenous mutational processes,
such as smoking (10–12), and endogenous pro-
cesses, such as up-regulation of APOBEC cyti-
dine deaminases (13–15), have been found to
contribute to the large mutational burden in
NSCLC, the temporal dynamics of these processes
and their contribution to driver somatic aberra-
tions over time remain unknown.
To investigate lung cancer evolution, we per-

formed multiregion whole-exome and/or whole-
genome sequencing (M-seqWES/WGS) on a total
of 25 tumor regions, collected from seven NSCLC
patients who underwent surgical resection before
receiving adjuvant therapy. The major NSCLC
histological subtypes, including adenocarcinoma
(LUAD) and squamous cell carcinoma (LUSC),
were represented (table S1). Sequencing of tumor
and normal DNA to mean coverage depths of
107× and 54× for M-seq WES and M-seq WGS,
respectively (table S2), identified 1884 nonsilent
and 76,129 silent mutations (16).
To evaluate the intratumor heterogeneity of

nonsilentmutations, we classified eachmutation
as ubiquitous (present in all tumor regions) or
heterogeneous (present in at least one, but not
all, regions). Spatial intratumor heterogeneity
was identified in all seven NSCLCs, with a me-
dian of 30% heterogeneous mutations (range 4
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Résistance 

Conséquences thérapeutiques 

  
•  Evénements génétiques 

« branchés »  
–  présents dans certaines cellules 

cancéreuses 
–  dynamique dans le temps 

•  Evénements génétiques « du 
tronc »  
–  présents dans toutes les cellules 

cancéreuses 
–  définit les « trunk drivers » 



Résistance 

Conséquences thérapeutiques 

  



Résistance 

L’hétérogénéité tumorale et la dominance clonale 

  

•  Conséquences 
–  Des clones différents peuvent coexister dans une tumeur avec 

des pouvoirs métastatiques différents. 
–  Ces clones ne sont néanmoins pas totalement indépendants et 

obéissent à la loi de la dominance clonale 
–  L’hétérogénéité existe mais elle n’est pas anarchique 
–  Les sous-clone tumoraux peuvent justifier des traitements 

ciblés combinés entre eux ou avec de l’immunothérapie. 



Conclusion 

therapies. For example, the deployment of apoptosis-inducing
drugs may induce cancer cells to hyperactivate mitogenic
signaling, enabling them to compensate for the initial attrition
triggered by such treatments. Such considerations suggest
that drug development and the design of treatment protocols
will benefit from incorporating the concepts of functionally
discrete hallmark capabilities and of the multiple biochemical
pathways involved in supporting each of them. Thus, in partic-
ular, we can envisage that selective cotargeting of multiple
core and emerging hallmark capabilities and enabling character-
istics (Figure 6) in mechanism-guided combinations will result in
more effective and durable therapies for human cancer.

CONCLUSION AND FUTURE VISION

We have sought here to revisit, refine, and extend the concept of
cancer hallmarks, which has provided a useful conceptual
framework for understanding the complex biology of cancer.

The six acquired capabilities—the hallmarks of cancer—have
stood the test of time as being integral components of most
forms of cancer. Further refinement of these organizing princi-
ples will surely come in the foreseeable future, continuing the
remarkable conceptual progress of the last decade.

Looking ahead, we envision significant advances during the
coming decade in our understanding of invasion and metastasis.
Similarly, the role of aerobic glycolysis in malignant growth will
be elucidated, including a resolution of whether this metabolic
reprogramming is a discrete capability separable from the core
hallmark of chronically sustained proliferation. We remain
perplexed as to whether immune surveillance is a barrier that
virtually all tumors must circumvent, or only an idiosyncrasy of
an especially immunogenic subset of them; this issue too will
be resolved in one way or another.

Yet other areas are currently in rapid flux. In recent years, elab-
orate molecular mechanisms controlling transcription through
chromatin modifications have been uncovered, and there are

Figure 6. Therapeutic Targeting of the Hallmarks of Cancer
Drugs that interfere with each of the acquired capabilities necessary for tumor growth and progression have been developed and are in clinical trials or in some
cases approved for clinical use in treating certain forms of human cancer. Additionally, the investigational drugs are being developed to target each of the
enabling characteristics and emerging hallmarks depicted in Figure 3, which also hold promise as cancer therapeutics. The drugs listed are but illustrative
examples; there is a deep pipeline of candidate drugs with different molecular targets and modes of action in development for most of these hallmarks.
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Conclusion (en pratique) 

•  Identifier les oncogènes moteurs dès le diagnostic (6 
BM « standards » et NGS). 

•  Anticiper les mécanismes de résistance primaire et 
secondaire 

•  Monitorer les biomarqueurs dans le temps et l’espace 
(intérêt de la rebiopsie et du sang circulant) 

•  Avoir une approche dynamique de la maladie 
•  Avoir accès à un panel d’essais cliniques couvrant les 

principales anomalies + RCP moléculaire. 
•  Place des traitements séquentiels et combinés 

(thérapies ciblées entre elles et immunothérapie) 
•  Continuer à chercher…. 


