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   Foreword   

 There is a crucial need for oncologists to know cell–cell signalling pathways, to 
understand their interactions, their role in cell survival, proliferation and motility, 
and their involvement in cancer. The practice of clinical oncology has become 
dependent upon the knowledge of cancer biology. Not knowing that KRAS is down-
stream EGFR in one of the major proliferation signalling pathway would lead the 
clinician to prescribe useless, toxic and expensive treatments to half of the patients 
suffering from metastatic colon cancer. 

 This book aims at presenting the scientifi c bases of signalling pathways to read-
ers involved in the practice of oncology. I have not tried to hide the complexity of 
these pathways, of their interactions, of their connections; however, it is not neces-
sary to be confused for being accurate, and simplifi cation is always required when 
covering a large fi eld. All along the writing of this book, I have tried not to swamp 
the reader in unnecessary details and tortuous paths, but to present essentially accu-
rate and proven facts, to show their interest in clinical oncology, and to provide 
didactic drawings that the reader can easily reproduce by hand to better memorise 
the paths of information. 

 The main cell signalling pathways are presented in apparently independent chap-
ters, each of them being devoted to a ‘signalling system’ represented by the insepa-
rable pairing of a receptor type and its cognate ligands (although in some cases the 
description of downstream pathways required specifi c chapters). The biochemical 
substratum has not been avoided but I have tried to keep it unobtrusive. In order to 
remind the reader of the basis of molecular biology, that he has certainly learnt 
before but may have forgotten, the general mechanisms controlling DNA replica-
tion and repair, gene expression and protein activity have been presented in three 
annexes, together with the alterations of these mechanisms that contribute to 
oncogenesis. 

 Each chapter should be self-suffi cient, but the crosstalks between signalling 
pathways are so varied and important that many cross-references from one chapter 
to another have been introduced. In each chapter, after the presentations of the 
actors of the play comes the description of the course of information within the 
pathway and the implementation of effector action; negative and positive regula-
tions are then mentioned. Each chapter and annex is completed by a brief descrip-
tion of the oncogenic alterations of the pathway studied and by a short inventory of 
the pharmacological targets that may be taken in consideration for therapeutics. 
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Beyond the scope of this book would have been the description of the actual mole-
cules available or in development for cancer treatment. 

 I have tried to use standard shape and colour symbols in all graphs, so that the 
reader can recognise at fi rst sight a G-protein–coupled receptor or a small GTPase, 
for instance. I have priviledged the legibility of the graphs to the detriment of 
exhaustivity. Everyone knows the beautiful posters that contain so many arrows that 
it becomes impossible to discern what is crucial from what is not: such representa-
tions show the complexicity but do not bring usable information. I have tried to 
adopt in all fi gures a homogeneous colour code but this was not always possible. As 
a general rule, kinases are blue, phosphatases red, extracellular ligands beige, tran-
scription factors yellow, G-proteins green, adapter proteins purple, etc., but the rain-
bow does not contain enough shades for all purposes! 

 I have limited the bibliography, at the end of each chapter, to a series of up-to- 
date and easily accessible general reviews. The reader who wants to deepen his or 
her knowledge on a specifi c pathway would certainly take advantage of these 
reviews before reading the original articles where science was made. I have not 
referenced every assertion or description: this would have been impossible in an 
educational book; a  PubMed  research ‘ cell signalling  AND  cancer ’ retrieves more 
than 120,000 papers, among which 25,000 reviews. Moreover, because of the trivi-
alisation of  PubMed , the reader can easily fi nd the origin of every assertion by using 
the adequate keywords. For instance, when I mention (p. 16): ‘A t(8;9)(p11;q33) 
translocation of the  FGFR1  gene is responsible for the spontaneous dimerisation of 
the receptor in myeloproliferative syndromes’, the reader can immediately fi nd ten 
references on PubMed after typing ‘ translocation t ( 8 ; 9 )( p11 ; q33 ) AND  FGFR1 ’: 
there is no need to mention any of them in this book. 

 There are several possibilities for the study of cell signalling in oncology. One 
can start from the presentation of the actors that intervene in all pathways: ligands, 
receptors, protein kinases, small G-proteins, transcription factors, etc., and describe 
their multiple functions. One can also choose a ‘horizontal’, topological integration 
level: plasma membrane, cytoplasm, mitochondria, nucleus. I have preferred a ‘ver-
tical’ level of integration, defi ning each pathway by the type of receptor involved 
and describing the available corresponding data: ligands, receptor activation, trans-
duction of the information, implementation of effectors. 

 Despite the complexicity and the multiple connectivity of signalling path-
ways, there exist homogenous receptor families, able to interpret the signals 
brought by ligands belonging to defi nite families: the book is organised around 
this ligand–receptor axis. This choice allows a didactic presentation of signalling 
modules but induces some diffi culties at the level of the ‘common fi nal pathways’ 
of cell signalling, i.e. the transcription factors, that are activated in multiple path-
ways and play multiple roles. It would have been possible to write a special 
chapter on transcription factors, but I have preferred to spread their description 
with that of the signalling pathway which is predominantly involved in their 
activation. Maybe also a special chapter of small G-proteins mechanisms of acti-
vation and function would have been useful; in fact, I have described them within 
the most relevant chapters. 
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 I have identifi ed a defi nite number of ligand–receptor axes, but others may exist. 
I have not individualised the TNF–TNFR ( tumor necrosis factor – tumor necrosis 
factor receptor ) superfamilies because their study was required in the chapters on 
apoptosis and on T-cell receptors, so that a dedicated chapter would have been 
redundant. Some ligand–receptor axes of lesser importance have been briefl y 
described in connection with other pathways: the tyrosine phosphatase receptors at 
the end of the chapter on tyrosine kinase receptors, and the guanylyl cyclase recep-
tors after cytoplasmic guanylyl cyclases in the chapter on nitric oxide signalling. I 
have not written a special chapter on cell adhesion molecules and on the control of 
cell adhesion and motility: this is briefl y reviewed at the end of the chapter on sema-
phorins. Sensory signalling has not been studied (it could have been mentioned in 
the chapter on G-protein–coupled receptors) and I have only touched on the vast 
domain of nerve and muscle signalling in the chapter dedicated on ion channels–
coupled receptors. I found in these pathways no obvious relationship with cancer. 

 I hope that this book will fulfi l its role in providing essential basic information to 
the oncologist during his or her training. I am aware that, very soon, several chapters 
will be obsolete (some are probably obsolete right now) but in the meantime, this 
textbook may accompany the reader within the maze of the novel therapies that 
target oncogenic mechanisms, and enable young oncologists to situate any new pro-
posal of the pharmaceutical industry at its right place in the jungle of cell signalling 
pathways that I tried not to make inextricable. 

 Cellular and molecular biology makes an immoderate consumption of abbrevia-
tions and acronyms and it is sometimes diffi cult to recognise and interpret them. 
Some are very simple acronyms (EGFR for  epidermal growth factor receptor , for 
instance); other are abbreviations, such as AREG for  amphiregulin . Many of these 
became common names for genes and proteins and the original meaning is often 
forgotten; who remembers (and cares) that RAS was forged from  rat sarcoma  and 
RAF from  rat fi brosarcoma ? Finally, some abbreviations look like acronyms but 
have no meaning: this is the case for AKT, for instance. 

 I have followed the usual practice for protein names, with sometimes a tempta-
tion toward rationalisation and simplifi cation, eliminating hyphens as much as pos-
sible (why CD45 and IL-12?), lower case letters, etc., but this was not always 
possible because of the weight of history. We do not have an offi cial nomenclature 
system for proteins, but we have the HUGO ( human genome organisation ) nomen-
clature for genes: I have used it as frequently as possible, in italics for the gene 
itself, in roman characters for the corresponding protein. I have tried to always men-
tion the name of the gene when it is different from the usual name of the protein 
(p38α and  MAPK14 , p16 INK4a  and  CDKN2A , for instance); when there is no special 
indication for the gene name, the reader can infer that it is the same as that of the 
protein ( TRAF6  is the gene encoding TRAF6,  ICOS  the one encoding ICOS, for 
instance). 

 A recurrent problem is that numerous proteins may belong to small subfamilies 
encoded by distinct homologous genes but displaying similar functions; should we 
write ‘the AKT protein’ or ‘AKT1, AKT2 and AKT3 proteins’? ‘the RAS protein’ 
or KRAS, HRAS and NRAS proteins’? I have tried, when the distinction was not 
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required, to use generic names (AKT, RAS). Similarly, a single gene has often mul-
tiple protein products (isoforms), resulting from alternative splicing. The individual 
function of each isoform is exceptionally known and I did not even mention isoform 
existence, with few exceptions, such as the  BCL2L1  gene products, BCLX L  and 
BCLX S .  

Foreword
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  Introduction: General Principles of Cell 
Signalling F rom Receptors to Effectors Cell 
signalling and Cancer   

       Cell communication is indispensable for multicellular organisms: cells must nec-
essarily exchange the information required for coordinating their activities. It also 
exists in unicellular organisms such as yeast cells, which also must communicate, 
if only to fi nd sexual partners. The principles of cell communication are universal: 
signalling molecules are emitted by a given cell and recognised by another one, 
which in response activates a transduction pathway, leading to an effector system 
able to carry out the corresponding tasks. The achievement of this information 
transfer requires from the source cell the encoding of the message in a way that 
could be correctly interpreted, and from the cell receiving the message the corre-
sponding decoding systems (Fig.  1 ). The variety of signal transduction systems is 
considerable, at the level of both signal reception and task execution. However, it 
is certainly possible to identify general patterns and common structures of organ-
isation if sought for with enough patience.  

 At the level of signal reception, the mechanisms are roughly dependent upon the 
chemical structure of the messengers:

message

encoding decoding

effectorsignal

Signal–generating cell Signal–receiving cell

  Fig. 1    From the message to the effector. A cell generating a signal must fi rst encode the message 
in a way that could be correctly interpreted; the signal diffuses then in the extracellular space, 
sometimes the blood stream; and the cell receiving the message should perform the corresponding 
decoding so that the effectors can respond to the instruction       
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•    Hydrophilic messengers (aminoacids and derivatives, peptides, proteins) cannot 
enter the cells since they cannot easily cross the membranes; a membrane recep-
tor is required to receive and understand the message and to transduce the infor-
mation hereafter.  

•   Lipophilic messengers (steroids, fatty acids and derivatives, etc.) and very sim-
ple compounds (oxygen, nitric oxide) are able to diffuse inside cell membranes 
and to reach directly their intracellular targets, in the cytoplasm or the nucleus.  

•   Ionic compounds (Na + , K + , Cl −  and Ca 2+ ) are able to induce the opening or clos-
ing of membrane channels allowing the generation of transmembrane currents 
which are used for the transmission of nervous impulses but are also responsible 
for various intracellular events.    

 The transduction of the signals received by the receptors follows many different 
processes but the general mechanisms are not numerous, the main ones being:

•    Recruitment of adapter proteins able to interact with other proteins and induce 
conformational (3-dimensional) changes, and thus protein activity.  

•   Phosphorylation and dephosphorylation reactions, catalysed by kinases and 
phosphatases, respectively, which modify the protein tridimensional structure.  

•   Small G-protein activation, through processes of exchange and hydrolysis of 
guanyl nucleotides, which also induce changes in protein conformation.  

•   Generation of second intracellular messengers, which relay the information 
brought to the membrane by the extracellular fi rst messengers.    

 Finally, the effectors are also diverse, but there again it is possible to group them 
together in a few entities:

•    Transcriptional regulators, currently called  transcription factors  which com-
mand target genes transcription; these are the most general effectors and the most 
often used downstream the signal transduction pathways.  

•   Translational regulators acting on protein synthesis, which are directly involved 
in some signalling pathways.  

•   Proteins of the cytoskeleton or the extracellular matrix, which control the phe-
nomena of cell adhesion, motility and migration.  

•   Ionic channels, mentioned here as effectors, involved especially (but not 
uniquely) in synaptic transmission.    

 The cell, therefore, has a ‘standard toolbox’ from which it can draw the adequate 
tools to understand the information received and execute the orders that are given. 
This may be this ‘do-it-yourself’ aspect which is disconcerting for the student who 
enters the fi eld of cell signalling: he will fi nd, in apparently distant and independent 
pathways, common molecules, identical protein domains, and similar transcription 
factors. For instance, ‘EGF motifs’ are found in the proteins of the growth factors 
pathway, but also in the Notch and in the integrins pathways. That does not mean 
that everything is everywhere, and reciprocally! 
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 Cell signalling may operate at highly variable distances: the fi rst signalling sys-
tem that has been identifi ed, at the end of the nineteenth century, is the endocrine 
system, in which a specialised organ (an endocrine gland) secretes, into the blood 
fl ow, specifi c molecules (hormones) aimed at distant cells and organs. When it was 
discovered that molecules produced in a given cell could be delivered to the neigh-
bouring cells, was forged the word ‘paracrine’; then the term ‘juxtacrine’ for signal 
transmitted between jointed cells; and eventually the term ‘autocrine’ when the 
molecules, after transiting in the extracellular space, exert their effect on the same 
cell. A special mention should also be given on the synaptic transmission of infor-
mations between nerve cells or between nerve and muscle cells. 

 Besides the intercellular signalling exists an intracellular signalling, and both are 
tangled up and hardly separable. This mode of communication is in particular car-
ried out by the second messengers mentioned earlier, and also by a number of pro-
teins, which are synthesised in response to all kinds of requests. In addition, the 
multiple signals received by a cell from other cells and from its environment must 
be integrated inside the cell, which must take into account their synergistic or diver-
gent meanings. 

 For a schematic representation, the informations conveyed from one cell to 
another can be classifi ed into six large types of instructions to be executed, which 
form opposite pairs: to proliferate or to differentiate; to remain attached or to 
migrate; to survive or to die. One can distinguish, as a fi rst approximation, ‘prolif-
eration pathways’, ‘motility pathways’ and ‘survival pathways’. But, very often, the 
same signals can convey these different instructions: proliferation signals can 
become differentiation signals and survival signals can become death signals, 
according to the receptor equipment of the cell receiving the message. 

 When studying cell signalling, the linear model established by the endocrinolo-
gists of the end of the nineteenth century – a unique key for a unique lock ( one  
ligand,  one  receptor,  one  message,  one  physiological action) – must be abandoned. 
Indeed, the same ligand can bind various receptors (which may have opposite roles); 
and the same receptor can receive information from different ligands; the intracel-
lular signals transmitted after receptor activation are generally multiple and the 
physiological actions are variable from one tissue to another. The individual equip-
ment of each cell or tissue in receptors and transduction systems is responsible for 
the ultimate behaviour of the cells which receive a message; this explains why the 
same message can induce cell division in a given tissue and cell differentiation in 
another. The effect of the signals exchanged between cells is pleiotropic and depends 
upon the ‘cellular context’.  

    Cell Signalling and Cancer 

 We will not describe here the mechanisms involved in oncogenesis but present some 
characteristics of malignant cells to show how the molecular alterations occurring 
in cell signalling pathways constitute the bases of oncogenesis. The cancer cell is by 
defi nition genetically unstable, and is consequently able to explore the potentialities 
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of the whole genome, to select any proliferative or migratory advantage, and to 
transmit it to its descent. Proliferative, because any tumor is a neoformation requir-
ing active cell reproductive ability; migratory, not to say invasive, because the 
malignancy of cancers lies in their capacity to disseminate in the organism. All 
signalling pathways involved in cell proliferation and differentiation, in cell adhe-
sion and migration, in cell survival and death, may pave the way to oncogenic alter-
ations. In that sense, cancer appears as a disease of cell signalling. 

 In a general review elaborated 25 years after the discovery of the fi rst oncogene, 
Hanahan and Weinberg have classifi ed the mechanisms of oncogenesis in six large 
families; their contribution, with some personal adaptations, is still valid 15 years 
later, although (Fig.  2 ). 

•    Self-suffi ciency in growth signals  
•   Insensitivity to anti-growth signals (that I reformulate as ‘loss of cell cycle 

control’)  
•   Apoptosis evasion  
•   Limitless replicative potential  
•   Sustained angiogenesis  
•   Tissue invasion and metastasis    

Neo-angiogenesis Invasion and
metastasis 

Cell lineage
immortality 

Genomic
Instability 

Loss of
cell cycle control  

Loss of apoptotic
capacities  

Self-sufficiency
in growth factors 

  Fig. 2    The ‘hallmarks’ of cancer. This is an adapted reproduction of the scheme originally pub-
lished by Hanahan and Weinberg in 2000. The six core families of mechanisms are represented 
around the cancer cell, which can pick up specifi c alterations in each of them. This is possible 
thanks to the basic property shared by all cancer cells and might well be the primum movens of all 
oncogenetic mechanisms, genome instability       
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 One can add a last general mechanism which underlies all others: genomic insta-
bility. For all mechanisms, it is always possible to detect an alteration in information 
transfer originating from a mutation in a protein involved in signal transduction, 
leading to a disease of cell signalling. An ‘actualisation’ of the Hanahan and 
Weiberg paper in 2011 does not actually bring more concepts and needlessly adds 
new ‘basic mechanisms’ that cannot be considered as such, in my view. 

 The cancer cell way to grow, divide and disseminate certainly constitutes the best 
model to study Darwinian evolution at the cellular level. It would be so simple if the 
cancer cell would only divert the main mechanisms that control epithelial cell pro-
liferation and migration; but in addition, it is able to seek unsuspected pathways 
involved in infl ammation, cell polarity, axonal migration, intercellular junctions and 
many other specialised processes that seemed limited to a particular tissue or to a 
precise step of embryonic development. To understand the hijacking of cell signal-
ling pathways exerted by cancer cells, one should not be limited to study obvious 
processes, but seek for the unusual, unrecognised, even exceptional features. 

 The understanding of oncogenetic mechanisms and of signalling pathways alter-
ations in cancers has permitted the emergence of the concept of targeted therapies. 
Whereas the drugs used in classical chemotherapy target only the effectors of cell 
multiplication, normal or neoplastic, this new approach aims at targeting the true 
mechanisms of oncogenesis and cancer development, and should have, therefore, a 
high degree of selectivity toward cancer cells. In targeted therapies, the targets are 
the proteins involved in the  control  of cell proliferation, migration and survival, and 
no longer those involved in the  execution  of these programmes, in other words the 
 cause  of the abnormality generating a cancer, and not the  effect  resulting of this 
abnormality. These therapies have emerged when the understanding of cancer biol-
ogy has reached a suffi cient level and when the tools allowing to interfere with 
malignant transformation have become available. 

 One of the fi rst bibliographic connections that can be found between cell signal-
ling and cancer therapy resides in the Acts of a symposium held in Cambridge in 
1989 and published in the journal  Cancer Chemotherapy and Pharmacology . It was 
already mentioned that ‘ the idea that cell membranes and intracellular signal cas-
cades could become the target of antitumor drugs has come of age ’. The idea was 
however fairly new and 10 more years were required for the emergence of the fi rst 
targeted therapies.   

      Further Reading 

 Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100:57–70. 
 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144:646–74.   
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  1      Growth Factors and Tyrosine Kinase 
Receptors 

          Abstract  
  Signalling pathways originating from the interaction between growth factors 
(GF) and tyrosine kinase receptors (TKRs) are certainly the best known because 
of their leading role in oncogenesis. These pathways are multiple and will be 
studied in several chapters; the present chapter exclusively concerns GFs and 
TKRs, whereas Chaps. 2 and 3 will present two major signalling pathways 
downstream these interactions. We adopt here a defi nition of ‘growth factors’ 
restricted to those activating TKRs. Other classes of receptors will be studied in 
other chapters: receptors activating cytoplasmic tyrosine kinases (Chap. 4), ser-
ine/threonine kinase receptors (Chap. 5), etc. 

 More than 100 GF and 58 TKRs, distributed among 20 families, have been 
identifi ed and a large part of them may play a role in oncogenesis. Activation of 
TKRs occurs according to a unique mechanism, involving dimerisation and auto-
phosphorylation of the receptors, through their own tyrosine kinase activity, and 
constitutes the starting point of the signalling pathway. These dimeric associations 
of TKRs establish the link between GFs and cellular response; there exists a com-
plex combinatorial pattern of these associations, which determines the type of 
action exerted on the cell receiving the signal. The number of possible combina-
tions is high, which explains why the same signal may generate distinct conse-
quences in the target cells: for instance, proliferation and differentiation may be 
induced by the same signal acting on different cells. Lastly, the signalling pathways 
downstream the GF–TKR interaction are multiple and depend upon the proteins 
expressed by the target cell, which is often referred to as ‘the cellular context’.  

1.1               General Features of the GF–TKR Interaction 

1.1.1     Overview 

 The various GFs and TKRs can be grouped in families of homologous proteins: for 
instance, the GFs of the epidermal growth factor (EGF) family interact with the 
TKRs of the epidermal growth factor (EGFR) family, and so on. The denominations 
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‘epidermal’ or fi broblastic’ growth factors have more to do with the circumstances 
of their discovery than with the specifi city of their target: epithelial tissues may 
express fi broblastic growth factors (FGF) and non-epithelial tissues may express 
epidermal growth factors. 

 Growth factors are polypeptides transmitting mitogenic messages, i.e. messages able 
to trigger mitosis. They are secreted by numerous cell types, not organised in individual-
ised glands, and act mostly in the close vicinity of the cell of origin. By analogy (and 
opposition) to the  endocrine  system, comprised of hormones circulating in blood, growth 
factors are said to be  paracrine  factors. They may also act as juxtacrine factors (when the 
cell of origin and the target cell are linked by tight junctions) and as autocrine factors 
(when they directly act on the cell which secreted them). Whereas the cellular response 
to GFs, as mediated by TKRs, has been deciphered to a high degree of molecular under-
standing, as presented below, the regulation of the expression and secretion of GFs by the 
cells of origin has not been studied in depth, and we have no comparable knowledge of 
the pathways involved, which would be of utmost importance in oncogenesis. 

 Table  1.1  presents the 20 classes of TKRs and the corresponding GFs. All TKRs 
possess a single transmembrane domain; a homologous intracellular domain bearing 
the catalytic centre, of limited structural variety; and an extracellular part which is 
highly variable from one class to another. This extracellular part contains various pro-
tein domains characterised by specifi c amino acid sequences (cysteine-rich domains, 
acidic domains, immunoglobulin-like domains, etc.), which are presented on Fig.  1.1 . 
The mechanism of activation of all TKRs is the same: after GF binding occurs a step 
of dimerisation, which triggers the autophosphorylation of tyrosine residues located 
in the intracellular domain, close to the  C -terminal part of the receptor. The presence 
of phosphotyrosine residues constitutes the true signal that permits the implementa-
tion of a transduction pathway leading to the activation of intracellular effectors.

    These phosphotyrosine residues are recognised by proteins equipped with bind-
ing domains called ‘SH2 domains’ ( SRC homology domains 2 ) and ‘PTB domains’ 
( phosphotyrosine-binding domains ). These proteins are able to recognise in a very 
specifi c manner the different phosphorylated tyrosine residues of the activated 
receptor. More than 100 proteins bearing a SH2 domain and 35 bearing a PTB 
domain have been identifi ed. Two types of signalling can be implemented:

•    Cytoplasmic proteins with a SH2 or a PTB domain can be phosphorylated on 
tyrosine residues, thanks to the catalytic activity of the TKR, and hence dis-
play a new biological activity resulting from this phosphorylation. Some of them 
are cytoplasmic tyrosine kinases, such as SRC (from  sarcoma ) or JAK ( Janus 
kinase , Chap.   4    ), tyrosine phosphatases such as SHP1 ( SH2 domain-containing 
phosphatase 1 ) or other protein types regulated by phosphorylation, such as 
phospholipase C gamma (PLCγ).  

•   Adapter (docking) proteins, also bearing a SH2 or a PTB domain, can be 
recruited after TKR activation without subsequent phosphorylation but simply 
because they can specifi cally recognise and bind the phosphotyrosine residues 
of the  activated receptor. This is, for instance, the case of GRB2 ( growth fac-
tor receptor- binding protein 2 ), which is one of the main entries into the MAP 
kinase pathway (Chap.   2    ), and of p85 (gene  PIK3R1 ), which is one of the main 
entries into the phosphoinositide 3-kinase pathway (Chap.   3    ).     

1 Growth Factors and Tyrosine Kinase Receptors

http://dx.doi.org/10.1007/978-3-319-14340-8_4
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   Table 1.1    Families of tyrosine kinase growth factor receptors   

 Class  Family  Receptors  Ligands 

 Class I  EGF receptors  EGFR 
 ERBB2 (no ligand) 
 ERBB3 (no TK 
activity) 
 ERBB4 

 EGF 
 TGFα 
 HBEGF 
 Epigen (EPGN) 
 Epiregulin (EREG) 
 Betacellulin (BTC) 
 Amphiregulin (AREG) 
 Neuregulins 1 to 4 (NRG1 
to NRG4) 

 Class II  Insulin receptors  INSR 
 IGF1R 
 [IGF2R] a  
 INSRR 

 Insulin 
 IGF1 
 IGF2 

 Class III  PDGF receptors and 
related receptors 

 PDGFRα, PDGFRβ 
 KIT 
 FLT3 
 CSF1R 

 PDGFA to PDGFD 
 SCF (KITLG) 
 FLT3LG 
 CSF1, IL34 

 Class IV  FGF receptors  FGFR1 
 FGFR2 
 FGFR3 
 FGFR4 

 FGF1 to FGF14 
 FGF16 to FGF23 

 Class V  VEGF receptors  FLT1 (VEGFR1) 
 KDR (VEGFR2) 
 FLT4 (VEGFR3) 

 VEGFA, VEGFB, PlGF 
 VEGFA 
 VEGFC, VEGFD 

 Class VI  HGF receptors  MET 
 MST1R (RON) 

 HGF (SF) 
 MST1 

 Class VII  NTRK receptors  NTRK1 
 NTRK2 
 NTRK3 

 NGF 
 BDNF 
 NT3, NT4 

 Class VIII  Ephrin receptors  EPHA1 to EPHA8 
 EPHB1 to EPHB6 

 EFNA1 to EFNA5 
 EFNB1 to EFNB3 

 Class IX  Récepteurs TAM  AXL 
 MERTK 
 TYRO3 

 GAS6 
 PROS1 

 Class X  LTK/ALK receptors  LTK 
 ALK 

 PTN 
 MDK 

 Class XI  Angiopoietin receptors  TIE1 
 TEK (TIE2) 

 – 
 ANGPT1-4 

 Class XII  ROR receptors  ROR1 
 ROR2 

 WNT proteins 

 Class XIII  DDR receptors  DDR1 
 DDR2 

 Collagen 

 Class XIV  RET receptor  RET  GDNF 

(continued)

1.1 General Features of the GF–TKR Interaction
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ERBB IGFR PDGFR
KIT

FLT3

VEGFR FGFR TIE MET RET EPH

EGF IGF PDGF
KITLG

FLT3LG

VEGF FGF ANGPT HGF GDNF EFN

NTRK

NGF

DDR
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TAM ROR
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Leucin-rich domain
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αβ

  Fig. 1.1    The tyrosine kinase receptors family. Fourteen of the main TKR families are represented 
schematically. For each receptor, the abbreviated names are indicated below and the ligands above. 
The various TRKs differ essentially by their extracellular segment which contain characteristic 
protein domains able to carry out original functions and involved in ligand binding: leucine-rich 
domains, cysteine-rich domains, immunoglobulin-like domains, cadherin domains, fi bronectin III- 
like domains, EGF-like domains, etc. The intracellular segment especially contains the catalytic 
tyrosine kinase domain, the  C -terminal tyrosine residues serving as phosphorylation substrates 
and, in the case of ephrin receptors, a PDZ domain       

Table 1.1 (continued)

 Class  Family  Receptors  Ligands 

 Classes 
XV–XX 

 ROS receptor 
 RYK receptor 
 MUSK receptor 
 Lemur receptors 
 PTK7 receptor 
 STYK1 receptor 

 ROS1 
 RYK 
 MUSK 
 AATK, LMTK2, LMTK3 
 PTK7 (no TK activity) 
 STYK1 

 ? 
 WNT proteins 
 ? 
 ? 
 WNT proteins 
 ? 

    a IGF2R is not a TKR  
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1.1.2     Oncogenic Alterations 

 Mutations and overexpressions of growth factors certainly play an important role in 
oncogenesis, but the primary role of GF molecular alterations in oncogenesis has 
not often been demonstrated; in contrast, germline inactivating mutations of growth 
factor genes are responsible for many hereditary diseases such as various forms of 
dwarfi sm. In contrast, at the level of TKRs, numerous alterations have been found 
in cancers which play a major role in oncogenesis. The main alterations will be 
detailed along the presentation of the different TKR families. 

 Growth factors and their receptors constitute one of the major research fi elds to 
identify pharmacological targets in oncology; the development of targeted therapies 
has been, for a large part, based upon the research of molecules able to inhibit the 
proliferation signalling pathways from their fi rst steps. The main successes obtained 
up to now precisely concern growth factors and tyrosine kinase receptors.  

1.1.3     Pharmacological Targets 

 Growth factors can be targeted with molecules that are able to trap them and block their 
activity in the extracellular space. Soluble receptors, aptamers, antibodies and peptide 
constructs can be used to this goal. The major success in this respect concerns a human-
ised monoclonal antibody, bevacizumab, which binds and inactivates a proangiogenic 
growth factor, VEGFA; the antiangiogenic activity of this antibody is currently used in 
the treatment of various cancers in the palliative setting, especially colorectal cancers. 
Other antibodies directed against various growth factors are presently in development. 

 Tyrosine kinase receptors can be targeted either at the extracellular level, thanks 
to monoclonal antibodies, or at the intracellular level by small molecules able to 
inhibit their tyrosine kinase activity. Several receptors have been thus successfully 
targeted, especially the epidermal growth factor receptor (EGFR) and the vascular 
endothelial growth factors (VEGFRs), against which several drugs have been mar-
keted; several other TKRs have been taken in consideration for targeting and appro-
priate drugs are under development. Whereas monoclonal antibodies are by defi nition 
highly specifi c of a given TKR, this is not so for tyrosine kinase inhibitors (TKIs), 
which may present a preferential binding on a given receptor but are also active on 
other TKRs with signifi cant activity. Some TKIs are, therefore, multi- targeting com-
pounds, and it may be sometimes diffi cult to identify the receptor whose inhibition is 
actually responsible for pharmacological effect. Table  1.2  presents the main TKIs 
that have been developed and the target receptor(s) that they inhibit.

1.2         The Paradigmatic Example of the EGF (ERBB) Family 

1.2.1     Growth Factors and Their Receptors 

 Eleven growth factors of the EGF family have been identifi ed: EGF itself, TGFα 
( transforming growth factor α ), amphiregulin (AREG), epiregulin (EREG), 
HBEGF ( heparin-binding EGF ), β-cellulin (BTC), epigen or epithelial mitogen 

1.2 The Paradigmatic Example of the EGF (ERBB) Family
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    Table 1.2    Some tyrosine kinase inhibitors (TKIs)   

 TKI name  Code number 
 Pharmaceutical 
laboratory  Target  Present status 

 Gefi tinib  ZD1839  AstraZeneca  EGFR (reversible)  Phase III 
(Iressa®) 

 Erlotinib  OS-774  Roche  EGFR (reversible)  Approved 
(Tarceva®) 

 Lapatinib  GW572016  GSK  EGFR, ERBB2  Approved 
(Tyverb®) 

 Canertinib  CI-1033  Pfi zer  Pan-ERBB 
(irreversible) 

 Phase II 

 Afatinib  BIBW-2992  Boehringer 
Ingelheim 

 EGFR, ERBB2 
(reversible) 

 Phase III 

 Dacomitinib  PF-00299804  Pfi zer  Pan-ERBB 
(irreversible) 

 Phase III 

 HM781-36B  Hanmi  Pan-ERBB 
(irreversible) 

 Phase I 

 Neratinib  HKI-272  Wyeth  EGFR, ERBB2, 
(irreversible) 

 Phase II 

 Pelitinib  EKB-569  Wyeth  EGFR, ERBB2, 
(irreversible) 

 Phase II 

 Vandetanib  ZD6474  AstraZeneca  EGFR, FGFR1, 
VEGFR2, RET 

 Approved 
(Zactima® or 
Caprelsa®) 

 Sunitinib  SU-11248  Pfi zer  VEGFR, PDGFR, 
KIT, FLT3, FGFR1 

 Approved 
(Sutent®) 

 Sorafenib  BAY-439006  Bayer  B-RAF, RET, VEGFR, 
FGFR1, FLT3 

 Approved 
(Nexavar®) 

 Vatalanib  PTK787/
ZK222584 

 Novartis  VEGFR, KIT  Phase III 

 Axitinib  AG-013736  Pfi zer  VEGFR, PDGFR, KIT  ATU (Inlyta®) 

 Semaxanib  SU-5416  Pharmacia  KIT, FLT3, VEGFR2  Stopped 

 Cediranib  AZD-2171  AstraZeneca  VEGFR, PDGFR  Phase III 

 Motesanib  AMG-706  Amgen  VEGFR, PDGFR, 
RET, KIT, FLT3 

 Phase II 

 Pazopanib  GW-786034  GSK  VEGFR, PDGFR  Phase III 

 Imatinib  STI-571  Novartis  BCR-ABL, KIT, 
PDGFR 

 Approved 
(Glivec®) 

 Nilotinib  AMN-107  Novartis  BCR-ABL, KIT, 
PDGFR, RET 

 Approved 
(Tasigna®) 

 Dasatinib  BMS-354825  BMS  BCR-ABL, KIT, 
PDGFR 

 AMM 
(Sprycel®) 

 Masitinib  AB Science  FGFR3, PDGFR, KIT  Phase III 

 Lestaurtinib  CEP-701  Cephalon  FLT3, NTRK, JAK2  Phase III 

 Crizotinib  PF-02341066  Pfi zer  ALK, MET  Approved 
(Xalkori®) 

 Regorafenib  BAY-73-4506  Bayer  VEGFR, KIT, RET  Approved 
(Stivarga®) 

1 Growth Factors and Tyrosine Kinase Receptors
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(EPGN) and four neuregulins (NRG1-4). These factors play a major role in the 
proliferation capacity of many tissues. EGF itself is a small soluble molecule 
of 53 amino acids, with three intramolecular disulphide bridges (Fig.  1.2a ). It 
derives from a voluminous transmembrane protein of 1,207 amino acids contain-
ing a series of analogous egf motifs whose release by cleavage in the extracellular 
space provides soluble factors. The membrane insertion of native EGF permits its 
action on adjoining cells, explaining thus a juxtacrine activity. The other factors 
of the EGF family are also synthesised as transmembrane precursors but con-
tain only one egf extracellular motif. The cleavage of the transmembrane precur-
sors into soluble diffusible growth factors is carried out by metalloproteinases 
such as TACE ( TNF-alpha-converting enzyme ) or ADAM17 ( a disintegrin and 
 metalloproteinase ) (Fig.  1.2b ).   
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  Fig. 1.2    EGF family growth factors. ( a ) Primary structure of epidermal growth factor (EGF), 
comprised of 53 amino acids with three intramolecular disulphide bridges. ( b ) General structure of 
the ligands of the EGF family. EGF itself is synthesised as a transmembrane precursor bearing 9 
egf motifs which can be cleaved by a metalloproteinase such as ADAM17. The other growth fac-
tors are also synthesised as transmembrane precursors but contain only one cleavable EGF motif       
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 These 11 growth factors are recognised by 4 distinct ERBB (class I) receptors 
(EGFR or ERBB1, ERBB2 or HER2, ERBB3, ERBB4). There is a complex com-
binatorial pattern of interaction between the 11 growth factors and the 4 receptors 
able to recognise them and activate a signalling pathway. This interaction leads 
to the homo- or heterodimerisation of two molecules of receptor (Fig.  1.3 ). EGF, 
TGFα, amphiregulin and epigen only recognise and bind EGFR itself; HBEGF, 
epiregulin and β-cellulin recognise and bind EGFR and ERBB4; neuregulins 1 
and 2 recognise and bind ERBB3 and ERBB4, and neuregulins 3 and 4 ERBB4. 
There are two peculiarities: the ERBB2 receptor has no ligand (‘deaf’ receptor) 

GRB2 
PLCG 
SRC
SHC
SHP1
ABL2
STAT5

GRB2 
SHC

SH3BGRL
PTPN11

PIK3R 
GRB7 
SHC
ABL2

GRB2
SHC 

PLCG
ABL1 

RASA1
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STAT1

+ ++ +++ +

EGF 
TGFα
AREG
EPG

BTC 
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HBEGF
NRG1
NRG2

NRG3
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HBEGF

NRG1 
NRG2

NRG3
NRG4

3 3
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4 43 42 3 2 42 21 41 31 21 1
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b

  Fig. 1.3    Growth factors and receptors of the ERBB family. The 11 ligands and 4 receptors of the 
ERBB family are associated in a precise combinatory pattern, according to the respective affi nity 
of each ligand for each receptor. The combinatorial pattern of ligand–receptor interactions is rep-
resented in ( a ) before dimerisation and in ( b ) after dimerisation (ten possible combinations). The 
resulting signal is of variable intensity according to the respective affi nity of the diverse phospho-
tyrosine residues of the receptor for the SH2 or PTB domain-containing proteins. The ERBB2 
receptor does not recognise any ligand, and its homodimerisation only occurs when it is abundant 
enough in the membrane, especially due to gene amplifi cation. The ERBB3 receptor displays no 
kinase activity, and its homodimerisation induces no intracellular signal. The main proteins that 
recognise the phosphotyrosine residues via their SH2 or PTB domain are indicated below each 
receptor, and the quantitative importance of the interaction is represented by + signs       
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and cannot undergo homodimerisation in normal conditions; the ERBB3 receptor 
has no tyrosine kinase activity (‘dumb’ receptor) and its homodimers are inactive 
and cannot transduce a signal.  

1.2.2     ERBB Receptors Activation 

 EGFR dimerisation is permitted by the unmasking of a binding site between two 
molecules of receptor, this unmasking being induced by the binding of each mole-
cule of ligand to a molecule of receptor. At the inactive state, the receptor adopts a 
‘tethered’ conformation, not allowing the interaction between two molecules of 
receptor (Fig.  1.4 ). The binding of EGF, at the level of the extracellular domains 1 
and 3, allows the conversion to an ‘extended’ conformation, which unveils a binding 
site for another molecule of receptor having identically bound a molecule of ligand. 
The ERBB2 receptor has no ligand because it is always under extended conforma-
tion and, therefore, can be dimerised with other receptors without prior activation.  

 The dimerisation step allows the contact between two intracellular catalytic 
domains. Their interaction induces the opening of the active centre of the enzyme 
and allows ATP to access this centre, thus called the  ATP pocket ; the catalytic tyro-
sine kinase activity is then operative. The orientation of the two intracellular domains 
is asymmetric, one of the catalytic domains being able to phosphorylate the tyrosine 
residues of the  C -terminal end of the second one (Fig.  1.5 ). The phosphotyrosine 
residues may then be recognised and bound by a great variety of proteins bearing an 
SH2 ( SRC homology-2 ) or a PTB ( phosphotyrosine-binding ) domain. The two types 
of signalling described above can be then implemented, fi rstly through the activation 
of kinases or phosphatases such as SRC or SHP1, which are phosphorylated and acti-
vated by the tyrosine kinase activity of the receptor, and secondly through adapter 
proteins such as GRB2 or p85α (gene  PIK3R1 ). The receptor phosphotyrosine 
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  Fig. 1.4    EGFR dimerisation. In the absence of ligand, EGFR adopts a tethered conformation and 
cannot be dimerised; in the presence of a ligand such as EGF, the conformation of the receptor 
becomes extended, which unveils an affi nity site at the level of the extracellular domain 
II. Dimerisation induces a change in the relative arrangement of the intracellular catalytic domains 
of the receptor, allowing autophosphorylation to occur       
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residues that are recognised by each SH2- or PTB-domain- containing protein 
have been identifi ed: for instance, SRC recognises and binds with high affi nity the 
EGFR phosphotyrosine residue at position Tyr 974 , SHP1 the residue Tyr 1173 , GRB2 
the residues Tyr 1148  and Tyr 1173 , etc. In addition, the various ligands that activate 
EGFR induce the phosphorylation of different tyrosine residues: as a result, TGFα 
or AREG may induce specifi c effects, distinct from those induced by EGF.  

 The various ERBB receptors are activated by their ligands and activate in turn the 
downstream effectors according to the same general mechanisms, involving homo- 
or heterodimerisation and autophosphorylation. In addition to the various combi-
nations already mentioned (homodimers and heterodimers) and the various growth 
factors that induce their activation, Fig.  1.3  presents the main proteins that are acti-
vated by each of the receptors and the intensity of the resulting signal. Since proteins 
with SH2 or PTB domains have variable affi nities for the different phosphotyrosine 
residues of the receptors, the nature and the intensity of the signal vary according to 
the dimer that has been formed, the tyrosine residues that have been phosphorylated 
and the SH2- or PTB-domain-containing proteins available in the cell. 

 ERBB receptors are internalised by endocytosis and are subsequently either 
recycled or deactivated by transfer into the lysosome. Ligand binding accelerates 
internalisation and decreases thus the availability of the receptor at the surface of the 
cell. Internalisation occurs within clathrin-containing vesicles and can be followed, 
after transfer into endosomes, by ubiquitinylation by an E3 ubiquitin ligase (see 
Annex   C    ) called CBL ( Casitas B-lineage lymphoma ), which displays a binding 
domain for phosphotyrosine residues.  
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  Fig. 1.5    EGFR autophosphorylation. ( a ) Before receptor activation, the catalytic site is not acces-
sible to ATP because of the presence of the aliphatic amino acid residues Leu 833  and Leu 838 . ( b ) 
Upon receptor activation, the catalytic site is open to ATP and ATP can interact with charged 
amino acid residues (Lys 716  and Glu 734 ). ( c ) The phosphorylation of the  C -terminal tyrosine resi-
dues (Y) of one of the EGFR monomers is carried out by the catalytic activity of the second one       
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1.2.3     Oncogenic Alterations 

 The amplifi cation of the  EGFR  and  ERBB2  genes are oncogenic events; for  EGFR , 
this amplifi cation occurs in several types of epithelial cancers, but its importance in 
oncogenesis is still discussed; for  ERBB2 , an amplifi cation occurs in 15–25 % of 
breast cancers and constitutes a characteristic oncogenic event, defi ning the ERBB2- 
positive cancers and allowing specifi c targeted therapies.  ERBB2  amplifi cation also 
occurs in gastric cancers and some other malignancies. The mechanism of gene 
amplifi cation remains incompletely understood. 

 Two types of oncogenic mutations can be found in the  EGFR  gene. The fi rst one 
concerns the extracellular part of the protein, a part of which is deleted, leading to a 
permanent activation of the receptor in the absence of ligand. The vIII mutation is 
the most frequent one (with a large deletion of amino acids 24–297) and is found 
especially in glioblastoma. The second type concerns the intracellular catalytic site 
of the receptor (tyrosine kinase activity). These mutations have been identifi ed 
essentially in a small proportion (5–10 %) of non-small-cell lung cancers and allow 
the permanent accessibility of the catalytic site to ATP: they permit the autophos-
phorylation of the tyrosine residues in the absence of a mitogenic signal and of 
receptor dimerisation. These mutations are found on exon 18 (G719X, 5 % of acti-
vating mutations), exon 19 (various deletions in codons 747–751, 45 %), exon 20 
(rare insertions) and exon 21 (L858R, 50 %, the most frequent one). Since they 
maintain the ATP-binding domain open, they are also responsible for the sensitivity 
of tumour cells to inhibitors of the tyrosine kinase activity of the receptor, being 
thus simultaneously  oncogenic  and  drug-sensitising  mutations. 

 These mutations must be clearly distinguished from other mutations, also occur-
ring close to the catalytic domain of EGFR, which conversely block the access of 
the TKI to the active site and lead to resistance to these drugs; the most frequent of 
these mutations is the T790G mutation.  

1.2.4     Pharmacological Targets 

 EGFR can be recognised and blocked by monoclonal antibodies; two of them have 
been marketed: cetuximab (chimeric) and panitumumab (human); others are in 
development. The ERBB2 receptor can be also recognised and blocked by mono-
clonal antibodies; trastuzumab has proven for 10 years an important activity in 
 ERBB2 -amplifying breast tumours, both in metastatic and adjuvant situations. 
Pertuzumab has been marketed more recently; since it does not bind the same epit-
opes as trastuzumab (and therefore may not target the same ERBB complexes), it 
displays a synergistic action with trastuzumab. 

 Several inhibitors of the tyrosine kinase activity (TKI) of EGFR have been devel-
oped. Gefi tinib and erlotinib were the fi rst ones; they have been marketed for the 
treatment of  EGFR -mutated non-small-cell lung cancers. Some TKIs, such as lapa-
tinib, display activity on both EGFR and ERBB2 and some others, such as dacomi-
tinib, on all ERBB receptors. Afatinib and neratinib are characterised by an 
irreversible covalent binding to the EGFR and ERBB2 receptors and are expected to 

1.2 The Paradigmatic Example of the EGF (ERBB) Family
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display a higher activity than the classical TKIs. Other TKIs such as vandetanib also 
have a marked activity of VEGF receptors, and it may be diffi cult to decide whether 
their activity is due to ERBB receptor inhibition or to angiogenesis inhibition.   

1.3     Other Families of Growth Factors and Growth Factor 
Receptors 

1.3.1     Platelet-Derived Growth Factors (PDGF) and Related 
Growth Factors 

 Four growth factors named PDGFA to PDGFD have been identifi ed. They are active 
as homodimers (AA, BB, CC and DD) or heterodimers (AB). The association of the 
monomers is achieved through disulphide bridges. They are recognised by two 
receptors, PDGFRA or α and PDGFRB or β, which in turn form homodimers αα 
and ββ or heterodimers αβ, thanks to the fact that their ligands are already dimerised, 
allowing thus the association of two receptor molecules. The combinatory pattern is 
not completely elucidated; it is generally thought that ligand dimers PDGFAA and 
CC activate the formation of receptor dimers PDGFRαα and ligand dimers PDGFBB 
(and possibly DD) the formation of all types of receptor dimers (αα, ββ and αβ). On 
the other hand, the heterodimeric ligand PDGFAB would induce only the formation 
of the heterodimeric receptor PDGFRαβ and possibly that of the homodimeric 
receptor αα (Fig.  1.6c ). The messages that are transmitted depend on the equipment 
of the target cells in every variety of receptor.  

 Because of structural relationships, this family contains also four other growth 
factors, each of them able to bind one cognate receptor: SCF ( stem cell factor ), also 
known as KITLG ( KIT ligand ), whose receptor is KIT or SCFR; FLT3LG ( FMS- 
like tyrosine kinase-3 ligand ) whose receptor is FLT3; and CSF1 ( colony- stimulating 
factor 1 , also known as  macrophage colony-stimulating factor , MCSF) and inter-
leukin- 34 (IL34), which share a receptor called CSF1R. 

  PDGFB  is the homologue of the murine oncogene  Sis ; oncogenic mutations 
of this gene have been identifi ed in meningioma and a reciprocal translocation 
(t22;7) in a rare form of skin sarcoma. The  PDGFRA  and  PDGFRB  genes are 
altered in several cancer types: myeloproliferative syndromes, mastocytosis and 
gastrointestinal stromal tumours (GIST). These alterations may be translocations 
leading to fusion genes or activating mutations at the level of exons 12 (juxta-
membrane region), 14 (kinase domain) or 18 (activating loop) of the receptors. 

 The  KIT  receptor gene can be mutated also at the level of several exons (11, 13, 
17) and these mutations are the most characteristic alterations encountered in 
GISTs.  KIT  amplifi cation is also found in these tumours. The  FLT3  gene is mutated 
in one third of acute myeloid leukaemia, especially at the level of the juxtamem-
brane domain, which plays a negative regulatory role in receptor activity, and at the 
level of the kinase domain (amino acids Asp 835  and Ile 836 ). 

1 Growth Factors and Tyrosine Kinase Receptors
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  Fig. 1.6    Combinatorial pattern of some growth factors and TKRs. The combinatorial pattern of 
the interaction between growth factors and their cognate receptors is presented for some members 
of the FGF family ( a ) and for the members of VEGF ( b ), PDGF ( c ) and IGF ( d ) families         

FGFR1 FGFR2 FGFR3 FGFR4

b ccc b b

FGF1 FGF2 FGF6FGF3 FGF4 FGF5 FGF7

VEGFB, PGF VEGFA VEGFC, VEGFD

VEGFR1
(FLT1)

VEGFR2
(KDR, FLK1)

VEGFR3
(FLT4)

a

b

 The structural relationship between the TKRs of the VEGFR and PDGFR 
 families explains why most TKIs display cross activity on both types of receptors, 
so that the antitumour and the antiangiogenic activities cannot be easily distin-
guished. Imatinib, originally developed for the treatment of chronic myeloid leu-
kaemia because of its inhibiting activity of the cytoplasmic chimeric tyrosine 
kinase BCR- ABL, has also a marked activity on the KIT receptor, so that it is 
primarily prescribed in GIST treatment. In this indication, other TKIs such as 
nilotinib and dasatinib have been developed, with different properties according 
to the precise mutations of the  KIT  gene (either oncogenic and drug-sensitising or 
leading to imatinib resistance). The elaboration of treatment strategies aimed at 
optimising the prescription of the various available TKIs is an important  challenge 
to treat this disease.  
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Fig. 1.6 (continued)

1.3.2     Insulin-Like Growth Factors (IGF) and Their Receptors 

 Insulin is a well-known pancreatic hormone with hypoglycaemic properties and 
shares several properties with growth factors, especially the fact that it recognises 
and binds a TKR. Analogues of insulin, called  insulin-like growth factors  (IGF1 and 
IGF2) or somatomedins, are produced essentially by the liver and also work through 
the activation of a TRK. The insulin receptor (INSR) exists under two tissue- specifi c 
isoforms, A and B, due to an alternative splicing. Only insulin can induce the 
homodimerisation of INSR-B, expressed only in specifi c tissues, which leads to the 
classical effects of this hormone on carbohydrate metabolism. Insulin and IGF2 can 
activate other INSR dimerisation processes, involving the A isoform, expressed in a 
variety of epithelial tissues. IGF1 and IGF2 can induce the homodimerisation of 
another ubiquitous receptor, IGF1R, as well as the heterodimerisation of INSR (A 
or B) with IGF1R, which is also obtained by insulin itself (Fig.  1.6d ). INSR and 
IGF1R display an original structure among TKRs, with two polypeptide chains 
attached through disulphide bonds, one chain being only extracellular and the other 
mostly intracellular. There also exists a false receptor, IGF2R, which can bind IGF2 
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without being able to transmit a signal and behaves, as a consequence, as an  inhibitor 
of this signalling pathway. 

 The activation of the target proteins occurs through the preliminary phosphoryla-
tion of docking proteins, the insulin receptor substrates (IRS), which are subse-
quently recognised by the SH2 domain of the regulatory subunit of PI3 kinase; the 
PI3 kinase pathway is the main pathway activated downstream insulin and IGF 
binding to their cognate receptors (Chap.   3    ). 

 Concerning oncogenesis, it has been suggested that high circulating levels of 
IGF1 could be associated to the risk of cancer. INSR (isoform A) and IGF1R are 
frequently overexpressed in cancer cells, mostly in the absence of gene amplifi ca-
tion; no oncogenic mutations have yet been identifi ed. IGF2R would rather play a 
tumour-suppressor function, through binding to IGF2 without signal generation, 
although no loss-of-function mutation has been identifi ed. 

 Monoclonal antibodies against the growth factors IGF1 and IGF2 are in preclini-
cal development; in addition, several monoclonal antibodies against IGF1R, such as 
fi gitumumab or dalotuzumab, have entered clinical trials. Tyrosine kinase inhibitors 
active against IGF1R have also been identifi ed, such as linsitinib; targeting the 
receptor with monoclonal antibodies appears more promising than with TKIs since 
they have a high specifi city toward the receptor, whereas TKIs may inhibit the INSR 
with possible unwanted metabolic side effects.  

1.3.3     Fibroblastic Growth Factors (FGF) and Their Receptors 

 There exist 18 growth factors of this family, numbered after FGF1 (aFGF, acidic 
FGF or FGFα) and FGF2 (bFGF, basic FGF or FGFβ). FGFs play multiple roles in 
the development of numerous tissue types; in particular, FGF2 is an angiogenic fac-
tor. FGFs are recognised by 4 distinct receptors, FGFR1 to FGFR4, with the excep-
tion of a group related to FGFs named FHF ( FGF homologous factors ), which have 
no receptor-binding site. FGF activity is often dependent upon the presence of a 
membrane glycosaminoglycan, heparan sulphate, which plays a coreceptor role for 
the FGFs. FGFR1, FGFR2 and FGFR3 each exist under two isoforms, b and c, 
resulting from alternative splicing and expressed either in mesenchymal (conjunc-
tive) tissues or in epithelial tissues, with different affi nities to their substrates. 

 As for EGFR, FGF receptor dimerisation is required for activation. However, it 
seems that another mode of dimerisation would operate; it would involve fi rstly the 
existence of two binding sites for the growth factor, one with high and the other with 
low affi nity, and secondly the existence of a binding site of the receptor with hepa-
ran sulphate. The combinatorial pattern of FGFs with FGFRs is highly complex and 
Fig.  1.6a  only tries to illustrate this complexity for the seven fi rst FGFs. Finally, the 
activation of the effector substrates of the tyrosine kinase activity of FGFRs often 
requires the tyrosine phosphorylation of intermediate docking proteins named FRS 
( FGF receptor substrates ). 

 Concerning oncogenesis,  FGF3  is the homologue of the murine oncogene  Int2  
and is amplifi ed in several types of human tumours. Oncogenic alterations of 
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FGFRs have been also described in human tumours, essentially through activating 
 mutations of the tyrosine kinase domain of these receptors: this is the case for 
 FGFR1  in glioblastoma, for  FGFR2  in endometrial cancers, for  FGFR3  in multi-
ple myeloma and bladder cancers and for  FGFR4  in rhabdomyosarcoma. A t(8;9)
(p11;q33) translocation of the  FGFR1  gene is responsible for the spontaneous 
dimerisation of the receptor in myeloproliferative syndromes.  FGFR1  overexpres-
sion is an important oncogenic event found in a majority of prostate cancer cells, 
and  FGFR1  amplifi cation is found in hormone-resistant breast cancers and in non-
small-cell lung cancers. 

 Among the TKIs, few molecules exclusively target FGFRs; for instance, dovi-
tinib also targets the VEGF receptors. Antibodies against FGFR3 and protein traps 
against FGFs are developed for the treatment of cancers presenting an oncogenic 
activation of the FGF–FGFR pathways.  

1.3.4     Hepatocyte Growth Factor (HGF) and the MET Receptor 

 A tyrosine kinase receptor named MET ( mesenchymal-epithelial transition factor 
receptor tyrosine kinase ) is activated by HGF, also known as  scatter factor  (SF). 
MET is comprised of two chains, α and β, associated by a disulphide bridge, but it 
is synthesised as a unique polypeptide chain that is later cleaved by a proprotein 
convertase called  furin . MET contains a SEMA domain analogous to those found in 
semaphorins (Chap.   11    ) and four immunoglobulin-like domains. HGF is also an αβ 
heterodimer resulting from endopeptidic cleavage of a precursor by a serine protein-
ase,  matriptase ; it contains two MET-binding domains. 

 MET activation is a frequent oncogenic event in several cancer types and plays a 
major role in metastasis initiation through epithelial-to-mesenchymal transition 
(EMT). This activation can be obtained by  HGF  or  MET  gene overexpression,  MET  
gene rearrangements and mutations, and generation of autocrine stimulation of can-
cer cells. A related receptor is MST1R ( macrophage stimulating-1 receptor ) also 
known as RON ( récepteur d’origine nantaise ), and its ligand is MST1 ( macrophage 
stimulating-1 ) or HGFL ( hepatocyte growth factor-like ). 

 Targeting the MET pathway can be obtained with monoclonal antibodies directed 
against HGF or MET and with tyrosine kinase inhibitors with variable specifi city 
toward MET; tivantinib has a good specifi city against MET whereas cabozantinib 
is also active on the VEGF and TIE receptors and crizotinib is also active on the 
ALK receptor.  

1.3.5     Glial Cell Line-Derived Neurotrophic Factors 
and the RET Receptor 

 The RET ( rearranged during transfection ) receptor is involved in the development 
of the neural crest. It is structurally related to cadherins (Chap.   11    ). It is activated by 
a protein complex consisting of GFL ( GDNF family ligand ) and a coreceptor, GFRα 
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( GDNF family receptors alpha ). Germinal mutations of RET are associated to type 
II multiple endocrine neoplasia, and somatic mutations are found in medullary thy-
roid carcinomas. Several TKIs have shown activity against RET and vandetanib has 
been marketed for the treatment of medullary thyroid cancer.  

1.3.6     Anaplastic Lymphoma Kinase and Leukocyte 
Receptor Tyrosine Kinase Receptors 

 These receptors, ALK ( anaplastic lymphoma kinase ) and LTK ( leukocyte receptor 
tyrosine kinase ), were fi rst identifi ed in lymphoma, especially ALK, whose gene is 
rearranged in anaplastic large T-cell lymphomas (t2;5 translocation, leading to the 
chimeric protein NPM-ALK). It is also oncogenic in a small subgroup (around 5 %) 
of non-small-cell lung tumours through gene rearrangement with  EML4  ( echino-
derm microtubule-associated protein-like 4 ). The ligands of these receptors are small 
proteoglycans bound to heparan sulphate, pleiotrophin (PTN) and midkin (MDK). 

 Several effi cient tyrosine kinase inhibitors directed against ALK have been 
developed and marketed: crizotinib and ceritinib are available for the treatment of 
the small-cell lung tumours which bear ALK rearrangements.  

1.3.7     Vascular Endothelial Growth Factors 
and Their Receptors 

 Four VEGFs, named VEGFA to VEGFD, have been identifi ed in addition to a 
closely related placental growth factor, PGF or PlGF. They are secreted as homodi-
mers, the monomers being associated by two disulphide bridges. There exist three 
cognate tyrosine kinase receptors, VEGFR1 (gene  FLT1 ,  FMS-like tyrosine kinase 
1 ), VEGFR2 (gene  KDR ,  kinase insert domain protein receptor 2 ) and VEGFR3 
(gene  FLT4 ,  FMS-like tyrosine kinase 4 ). These growth factors stimulate mainly the 
proliferation and maturation of endothelial cells, which are normal, non-cancerous 
cells, contributing to oncogenesis through the formation of the blood vessels 
required for tumour nutrition. 

 VEGFA recognises and binds VEGFR1 and VEGFR2, VEGFB and PGF recog-
nise and bind only VEGFR1, whereas VEGFC and D recognise and bind VEGFR3 
(Fig.  1.6b ). Neuropilins 1 and 2 (NRP1 and 2) are coreceptors to VEGFA, able to 
bind the growth factor without transmitting a signal. They are associated to the 
VEGFR1 and 2 receptors and appear to be required for their activity (see Chap.   11    ). 
VEGFA is the key regulator of arterial and venous angiogenesis, with VEGFR2 as 
the principal mediator of its proangiogenic activity, while VEGFR3, activated by 
VEGFC and D, is the mediator for lymphangiogenesis. VEGFB and PGF are not 
indispensable to angiogenesis; they are thought to amplify the angiogenic signal 
brought by VEGFA by blocking its binding site on VEGFR1, which has only low 
tyrosine kinase activity and cannot contribute to angiogenesis. Due to the low expres-
sion of VEGFR1, homodimers have less chance to occur than VEGFR1–VEGFR2 
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heterodimers, which have limited action on endothelial cells’ proliferation and 
have essentially a role in angiogenesis modulation. In addition, a soluble form of 
VEGFR1, without tyrosine kinase activity, can sequester the VEGFs and plays a 
role in angiogenesis downregulation. 

 Several molecular forms of VEGFA have been identifi ed, resulting from alterna-
tive splicing (Annex   B    ). The principal one, VEGF 165 , lacks the exon 6 product. The 
VEGFA 121  isoform, lacking the domain encoded by exons 6 and 7, has a very low 
affi nity to glycosaminoglycans and has, consequently, a much higher diffusibility in 
the extracellular space, whereas the VEGFA 186  and VEGFA 201  isoforms keep high 
affi nity for these compounds and remain at the surface of the cells. The affi nity of 
these isoforms for neuropilins also differs, VEGFA 121 , for instance, having no bind-
ing site for these coreceptors. 

 VEGF production by tumour cells, which is stimulated by various signals such 
as hypoxia and infl ammation, is responsible for the neo-angiogenesis required by 
tumours to grow beyond a few millimetres in diameter. The endothelial cell does not 
participate itself to the cancer phenotype, and because of its genetic stability, the 
VEGFRs present in its membrane do not display activating mutations as other 
tumour cell receptors such as EGFR do. 

 An anti-VEGFA monoclonal antibody, bevacizumab, has been marketed, and its 
antiangiogenic activity is being used in the treatment of colorectal cancers and other 
malignancies. Another approach to target this growth factor utilises a pseudo- 
antibody, VEGF-trap or afl ibercept, whose Fab portion has been replaced by the 
sequences of VEGFR1 and VEGFR2 involved in binding to VEGFA, VEGFB and 
PGF; this results in a high affi nity of this trap to all three growth factors. Antibodies 
against VEGFR2 are also of interest and ramucirumab has been recently approved 
for the treatment of gastric cancers. 

 Numerous tyrosine kinase inhibitors have been developed, with variable speci-
fi city for the VEGFRs and generally cross inhibition of other receptors, especially 
of the PDGFR family (see above). It is not known whether the multiple targeting 
displayed by these TKIs is an advantage or a drawback for cancer treatment. 
Sunitinib and sorafenib, which are approved mainly for the treatment of kidney 
cancer and hepatocarcinoma, have especially low specifi city to VEGFRs. Newer 
compounds display better specifi city and can better be considered as antiangiogenic 
drugs: this is the case of axitinib, vatalanib, pazopanib and regorafenib (Table  1.2 ), 
which show cross-reactivity, however, with the KIT and PDGFR receptors.  

1.3.8     Angiopoietins (ANG) and the TIE Receptors 

 Angiopoietins are, as VEGFs, endothelial growth factors and play a role in angio-
genesis, explaining their potential interest in oncology. As for VEGF genes, angio-
poietin gene transcription is activated, among other factors, by hypoxia, via the 
activation of the HIF transcription factors (Chap.   16    ). There exist two angiopoietin 
receptors, TIE1 ( tyrosine kinase with immunoglobulin-like and EGF-like domains 
1 ) and TIE2, also known as TEK ( tyrosine kinase, endothelial ), and three ligands 
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(angiopoietins 1, 2 and 4 or ANG1, 2 and 4 [genes  ANGPT1, 2  and  4 ]). In addition, 
one should mention seven related proteins, the angiopoietin-like factors (ANGPTL 
1 to 7), having either a positive or a negative effect on angiogenesis, but whose 
receptor remains unknown. 

 The TIE2 receptor, which is present only in endothelial cells and stimu-
lates cell growth, is recognised, bound and homodimerised by ANG1, ANG2 
and ANG4, whereas the TIE1 receptor, which is inactive as a homodimer, is 
able to block TIE2 (and the angiopoietin-induced proliferation signal) after 
ANG2-induced TIE1–TIE2 heterodimerisation. Thus, ANG1 and ANG4 appear 
as agonists of endothelial cell proliferation, while ANG2 is either agonist or 
antagonist according to the type of receptor expressed by the cell (TEK only or 
both receptors). 

 Several pharmacological approaches have been developed to inhibit angiogene-
sis through the angiopoietin pathway; the interaction between ANG1 or ANG2 and 
the TIE2 receptor may be inhibited by a chimeric peptibody, AMG-386 (treba-
nanib), obtained by fusion of the Fc portion of a monoclonal antibody and the pep-
tide structure of the ANG2-binding domain of TIE2. Several anti-ANG2 monoclonal 
antibodies have been selected for further research, as well as tyrosine kinase inhibi-
tors of variable specifi city. One of them, regorafenib, now marketed, appears as 
active on both VEGF receptors and TIE2.  

1.3.9     Ephrins and Their Receptors 

 The ephrins (EFN) and their receptors (EPH) constitute the most important group in 
the superfamily of TKRs. They are separated in two subfamilies, A and B, EFNAs 
(fi ve members) recognising and binding EPHAs (9 members), whereas EFNBs (3 
members) recognise and bind EFNBs (5 members). The combinatorial pattern of 
EFN–EPH associations has not been completely deciphered. Ephrins A are associ-
ated to the plasma membrane of the producing cell through a glycosylphosphati-
dylinositol anchor, whereas ephrins B have a true transmembrane helix domain. In 
both cases, the interaction between ephrins and their receptors requires cell–cell 
contact (juxtacrine signalling). 

 Ephrins are involved in cell migration, axon guidance and vascular development. 
Their intracellular activities are mediated in particular by the cytoplasmic tyrosine 
kinase ABL and by the G-protein exchange factors active on G-proteins of the RHO 
family. They positively or negatively regulate cell proliferation and migration, as a 
function of the events occurring after receptor activation, which depend on the SH2 
domain-containing proteins recruited by the activated receptor. 

 Alterations in ephrin receptor expression are found in several cancer types, and 
they are involved in oncogenesis, either as tumour promoters (overexpression) 
or suppressors (loss of expression). Mutations in the EPH genes have also been 
described. As they are involved in angiogenesis, they may represent relevant targets 
in oncology. Antibodies against EPHA2 and against EPHB4 are under development 
for cancer therapy.  
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1.3.10     Other Growth Factor: Growth Factor Receptor Couples 

 The other TKRs are less known than the one presented above; their role in oncogen-
esis is less obvious and their therapeutic targeting is still in infancy. 

    Neurotrophic Tyrosine Kinase Receptors or 
Tropomyosin Receptor Kinases 
 Three receptors (NTRK1, 2 and 3 or TRKA, B and C) and four ligands (NGF 
[ nerve growth factor ], BDNF [ brain-derived neurotrophic factor ], NT [ neuro-
trophin ] 3 and 4) are essentially expressed in neural tissue. NGF is also recog-
nised by a lower- affi nity receptor of the tumour necrosis factor receptor (TNFR) 
superfamily, p75 NTR  (gene  TNFRSF16 ), which certainly plays a modulating role in 
NGF signalling through its high-affi nity TK receptor. Germline mutations of 
NTRKs are observed in several types of hereditary neurological diseases and 
mental defi ciency. 

 NTRK1 and NTRK3 are overexpressed in good-prognosis neuroblastomas and 
disappear at advanced stages. Conversely, NTRK2 and its ligand, BDNF, are over-
expressed in high-grade neuroblastomas, concomitantly with  MYC  gene amplifi ca-
tion. Rearrangements of the  NTRK  genes have been observed in papillary thyroid 
carcinomas and some childhood sarcomas.  NTRK  overexpression has been also 
noticed in breast and prostate cancers. 

 Lestaurtinib, a TKI originally selected for FLT3 inhibition, is also an inhibitor of 
the NTRKs and blocks their activation; it is currently in clinical trials against 
neuroblastomas.  

    TYRO3, AXL AND MERTK Receptors 
 This subfamily of TKRs called ‘TAM receptors’ is comprised of three receptors, 
AXL (from  anexelekto , which means ‘not controlled’ in Greek), MERTK ( mono-
cytes, epithelial and reproductive tissues tyrosine kinase ) and TYRO3 ( tyrosine 
kinase 3 ), and two ligands, GAS6 ( growth arrest-specifi c gene 6 ) and PROS1 
(  protein S ). 

 The genes of these receptors have been initially cloned from leukaemia cells and 
considered as proto-oncogenes: their level of expression appears to be related to the 
malignancy of solid tumours, especially glioblastomas, but gene mutations or rear-
rangements have never been found in tumours. Monoclonal antibodies and TKIs are 
in development for targeting these receptors.  

    Discoidin Domain Receptor Receptors 
 Discoidin domain receptors, DDR1 and DDR2, have a unique extracellular domain, 
homologous to  Dictyostelium discoideum  discoidin. They are in fact collagen recep-
tors, similarly to integrins (Chap.   10    ), and play a role in epithelial cell adhesion to 
the extracellular matrix, which explains their designation as ‘cell adhesion kinases’ 
(CAK). They are overexpressed in several carcinoma types and are involved in 
tumour cell invasivity.  
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    Tyrosine Kinase-Like Orphan Receptors  
 These two receptors, ROR1 and ROR2, have often been considered as ‘orphans’, i.e. 
without known ligand. They recognise in fact the WNT proteins (Chap.   7    ) and act as 
annex receptors for non-canonical pathways. They play a role in cell motility and polar-
ity and in skeletal and neuronal development.  ROR1  is overexpressed in acute lympho-
blastic leukaemia, and mutations have been found in dysmorphic hereditary diseases.  

    ROS Receptor 
 This receptor is the product of the murine  Ros  oncogene and has no known ligand. 
Gene rearrangements of  ROS  have been observed in glioblastomas and lung can-
cers, and gene overexpression has been found in several types of solid tumours.  

    PTK7 Receptor 
 This receptor is devoid of tyrosine kinase activity and might have a regulatory func-
tion in WNT proteins signal transmission (Chap.   7    ). Overexpression of this gene 
has been noticed in colorectal cancers.  

    Muscle, Skeletal, Receptor Tyrosine Kinase Receptor 
 This receptor, MUSK, is located at the level of neuromuscular synapses. Germline 
mutations are observed in myasthenic syndromes.  

    Apoptosis-Associated Tyrosine Kinase Receptor and 
Lemur Tyrosine Kinases 
 The apoptosis-associated tyrosine kinase receptor (AATK) and the lemur tyrosine 
kinase receptors (LMTK2 and 3) are three poorly known tyrosine kinase receptors 
are involved in neuronal differentiation.  

    Receptor-Like Tyrosine Kinase 
 As the ROR receptors, RYK is an atypical receptor is involved in WNT signalling 
(Chap.   7    ); it binds and activates the WNT proteins and participates in the regulation 
of axon guidance.  

    Serine–Threonine–Tyrosine Kinase Receptor 
 This receptor, STYK1, remains very poorly known.    

1.4     Tyrosine Phosphatase Receptors 

 In comparison to tyrosine kinase receptors, tyrosine phosphatase receptors (PTPR 
or RPTP) appear as forgotten, or at least neglected, signalling molecules. This fam-
ily of 21 proteins with tyrosine phosphatase activity display receptor functions and 
mediates a variety of cellular processes related to cell proliferation and differentia-
tion. PTPRs contain an extracellular segment with varied interaction domains, espe-
cially immunoglobulin-like and fi bronectin III-like domains (Fig.  1.7 ), a single 
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transmembrane segment and an intracytoplasmic catalytic domain, which is dupli-
cated in tandem in 12 PTPRs, the distal transmembrane segment being most often 
catalytically inactive. The active site is defi ned by the sequence HCX 5 R, the cyste-
ine residue being essential for catalysis. These proteins function in a coordinated 
manner with protein tyrosine kinases and control signalling pathways involved in a 
broad spectrum of basic physiological processes. Non-receptor tyrosine phospha-
tases (PTPN) constitute another group of phosphatases that share some functions 
with PTPRs but have no role in extracellular signal processing.  

 Signal transduction through PTPRs occurs through dephosphorylation of tyro-
sine residues of target proteins. Whereas cytoplasmic tyrosine phosphatases may 
be, for a large part of them, of dual specifi city (acting either on phosphotyrosine or 
phosphoserine/phosphothreonine residues), all tyrosine phosphatase receptors have 
single specifi city. PTPRs exist in the membrane as monomers or dimers and are 
inactive when dimerised: a helix-turn-helix domain of one monomer inhibits as a 
wedge the catalytic site of the other one, and reciprocally. This contrasts with tyro-
sine kinase receptors, which are activated by dimerisation. Several non-exclusive 
models have been proposed for PTPR regulation. In a fi rst model, PTPRs are 
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  Fig. 1.7    The tyrosine phosphatase receptors family. There are 21 tyrosine phosphatase receptors, 
distributed in 8 families. Several nomenclatures have been proposed; we have chosen the HUGO 
gene nomenclature, using the prefi x PTPR (protein tyrosine phosphatase receptor type) followed 
by a letter from A to U, with few omissions. Another nomenclature uses the prefi x RPTP followed 
by a Greek letter, and some tyrosine phosphatase receptors have received common names such as 
DEP1 ( density-enhanced phosphatase 1 , gene  PTPRJ ) or LAR ( leukocyte antigen-related , gene 
 PTPRF ). All of them have a transmembrane domain and two intracellular phosphatase domains, 
the distal one being inactive. They carry various motifs and domains in their extracellular portion, 
justifying the variety of potential ligands. Their cognate ligands remain yet poorly known       
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constitutively monomeric and active and downregulate tyrosine phosphorylation of 
various proteins; ligand binding induces receptor dimer formation, which deacti-
vates the catalytic activity of the receptor. In a second model, PTPRs are constitu-
tively organised as inactive dimers; ligand binding induces the loss of dimerisation 
and unmasks the phosphatase activity. 

 Another activation mechanism of PTPR dimerisation, and consequently activity, 
is provided by oxidation–reduction reactions. It was shown in vitro that hydrogen 
peroxide (H 2 O 2 ) could stabilise the dimeric, inactive form of PTPRs. The cysteine 
residues of the catalytic sites can serve as sensors of reactive oxygen species and 
can form intermolecular disulphide bonds which are responsible for dimer stabilisa-
tion. Such monomer covalent binding can also occur between distinct PTPR mono-
mers. This redox mechanism is reversible, through reduction of the disulphide bond 
which restores the monomeric state. 

 Until now, the cognate extracellular ligands and intracellular substrates of most 
PTPRs remain largely unknown. The identifi ed PTPR ligands are mostly heparan 
sulphate proteoglycans (HSPGs), such as syndecans (SDC), glypicans (GPC), agrin 
(AGRN) or pleiotrophin (PTN), a ligand of the ALK and LTK tyrosine kinase 
receptors. Other PTPR ligands are proteins of the extracellular matrix (ECM) such 
as collagen XVIII (gene  COL18A1 ) or laminin–nidogen complexes. Several PTPRs 
present the characteristics of cell adhesion molecules of the ICAM family (Chap. 
  11    ), and they interact with each other through homophilic interactions: the ligand of 
one PTPR molecule being the receptor of the other one, and reciprocally. 

 Effector proteins downstream PTPRs are certainly as varied as those located 
downstream TKRs. Only some of them have been identifi ed, and only for some 
PTPRs. For instance, RPTPζ (gene  PTPRZ1 ) dimerisation (thus inactivation) 
under the action of pleiotrophin is accompanied by an increase in the level of 
phosphorylation of β-catenin (Chap.   7    ) and, therefore, its destruction in the pro-
teasome; it also increases the level of phosphorylation of β-adducin and 
p190 RHOGAP , two proteins involved in cytoskeletal functions, the second one being 
the GTPase activator of small G-proteins of the RHO family (see Chaps.   10     and 
  11    ). Another example is the PTPR called LAR ( leukocyte antigen-related ) (gene 
 PTPRF ), which is activated by syndecans, and dephosphorylates auto-phosphor-
ylated cytoplasmic tyrosine kinases, such as SRC, FAK and ABL, as well as 
TKRs such as EGFR, ERBB2 or MET. Similarly, CD45 (gene  PTPRC ), when 
activated, limits the degree of phosphorylation of the cytoplasmic tyrosine kinase 
LYN; preventing dimer formation of CD45 leads to lymphoproliferative syn-
dromes, since LYN acts as a negative regulator of the B-cell receptor of lympho-
cytes (Chap.   13    ). 

 Because of their dephosphorylation activity of auto-activated tyrosine 
kinases, several PTPRs play a tumour suppressor role. Mutations and deletions 
of DEP1 (gene  PTPRJ ) have been found in colon, breast and lung cancers, and 
convergent evidence suggests that RPTPκ (gene  PTPRK ) mutations are involved 
in central nervous system lymphomas, whereas RPTPγ (gene  PTPRG ), LAR 
(gene  PTPRF ) and RPTPρ (gene  PTPRT ) are potential tumour suppressors in 
colorectal cancers.     

1.4 Tyrosine Phosphatase Receptors (PTPR)
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  2      MAP Kinase Pathway 

          Abstract  
  The MAP kinase pathway (or, better, the MAP kinase pathway s ) is certainly one 
of the main proliferation pathways, the best known and the one whose oncogenic 
alterations have elicited the highest number of studies devoted to these altera-
tions. This pathway is activated downstream numerous membrane receptors, 
especially those of the EGF receptor family, and leads ultimately to the activation 
of transcription factors called MAPs ( mitogen-activated proteins ), which govern 
the transcription of numerous genes required for DNA replication and cell 
 division. Besides the classical pathway, the best known, which will be presented 
in detail, several parallel MAP kinase pathways have been identifi ed. They are 
activated by other stimuli and lead to the activation of other transcription factors 
involved in stress response, infl ammation and development, rather than in cell 
proliferation. 

 In the previous chapter, we showed that the phosphotyrosine residues of the 
activated receptor could be recognised by a large number of adapter proteins 
bearing an SH2 or a PTB domain. We will start this chapter with some of these 
proteins, which associate receptor activation to a GTP exchange protein, which 
in turn activates a small G-protein of crucial importance, the RAS protein. RAS 
activation triggers a cascade of phosphorylations leading to the activation of 
transcription factors.  

2.1               From Receptor Activation to RAS Activation 

 The  growth factor receptor-bound protein 2  (GRB2) is an adapter protein with 
SH2 and SH3 domains. Its SH2 domain recognises specifi c phosphotyrosine resi-
dues of activated TKRs (Chap.   1    ). This allows the enrolment at the membrane of a 
GDP–GTP exchange factor (GEF) called SOS1 ( son of sevenless homologue 1 ), 
which replaces GDP by GTP as a ligand of the membrane protein RAS. The RAS 
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proteins belong to the large protein family of  small G-proteins , and GDP–GTP 
exchange on a small G-protein is commonly mediated by GEFs. Whereas the 
 pathway  EGFR–GRB2–SOS1–RAS is the best studied, there exist multiple other 
pathway downstream activations of tyrosine kinase receptors: other SH2 
 domain-containing adapter proteins are able to bind phosphotyrosine residues of 
tyrosine kinase receptors. This is especially the case for FGF receptors, for which 
a protein called FRS ( FGF receptor substrate ) is phosphorylated by the receptor 
and then recognised, at the level of its phosphotyrosine residues, by GRB2 or 
another adapter protein. 

 Three RAS protein homologues play similar roles in various tissues: KRAS 
(Kirsten RAS), HRAS (Harvey RAS) and NRAS (neuroblastoma RAS). All small 
G-proteins function similarly: they display high affi nity for GDP, which is replaced 
by GTP via a GEF. This exchange induces a change of conformation, triggering 
downstream activity (for instance, RAS activation by GTP leads in particular to its 
binding to a serine/threonine kinase called RAF). Small G-proteins possess an 
intrinsic GTPase activity, allowing the retroconversion of GTP to GDP by elimina-
tion of the GTP gamma phosphate group. This GTPase activity may be stimulated 
by a GTPase-activating protein (GAP), which constitutes therefore the third mem-
ber of the functional triad GEF–small G-protein–GAP, which is involved in many 
cellular events outside the control of proliferation studied in this chapter. 

 There are other possibilities of RAS activation. In the pathway opened by TKR 
activation, the GEF is SOS1 and the GAP is RASGAP (p120 RASGAP , gene  RASA1 ). 
Another GEF for RAS is RASGRP ( RAS guanyl nucleotide-releasing protein ), 
which can be activated by other molecules: inositol trisphosphate (IP3) through 
Ca 2+  mobilisation and diacylglycerol (DAG). These two molecules can be formed 
from phosphatidylinositol by phospholipase C gamma (PLCγ), which possesses a 
SH2 domain allowing its activation by a TKR (see Chap.   1    ). IP3 and DAG are ‘sec-
ond messengers’ that can also be formed by phospholipase C beta (PLCβ), which is 
activated via another signalling pathway (Chap.   6    ) involving receptors with seven 
transmembrane domains called GPCR ( large heterotrimeric G-protein-coupled 
receptors ). 

 The RAS proteins are anchored to the plasma membrane through covalent bonds 
with a branched hydrophobic moiety constituted of 15 carbon atoms (farnesyl) or 20 
carbon atoms (geranylgeranyl). These prenyl moieties, which are intermediates of 
cholesterol biosynthesis, are added as post-translational modifi cations at the level of 
the endoplasmic reticulum. Their binding to the RAS proteins occurs on a cysteine 
residue of the polypeptidic chain, borne by a –CAAX motif (C for cysteine, A for 
aliphatic amino acid (Val, Leu or Ile), X for Met or Ser), the three amino acids AAX 
being eliminated after prenylation by RAS-converting endopeptidase (gene  RCE1 ) 
(Fig.  2.1 ). In addition, some RAS proteins undergo palmitoylation in the Golgi 
apparatus. This modifi cation is a covalent binding of palmitic acid, a fatty chain of 
16 carbon atoms, at the level of a cysteine residue located upstream the one that is 
prenylated. It is generally admitted that the recruitment of SOS1 to the membrane, 
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thanks to its affi nity for GRB2, enables its interaction with its RAS protein substrate 
and, as a consequence, RAS activation. This membrane anchoring is required for 
RAS activity.  

 When RAS becomes bound to GTP, it undergoes a conformational modifi cation 
that allows the recruitment to the membrane of a serine/threonine kinase which is a 
RAF protein in the MAP kinase pathway. Besides being the main activator of the 
MAP kinase pathway described below, RAS has many effector proteins (Fig.  2.2 ): 
RAS can directly activate the catalytic subunit of PI3 kinase (Chap.   3    ), as well as 
other enzymes such as phospholipase C epsilon (PLCε). It can also regulate the 
activity status of other small G-proteins by activating their GEFs or GAPs: this is 
the case for RAL, which plays a role in endocytosis, and for RHO family G-proteins, 
which are involved in the control of cytoskeleton movements. The RAS proteins 
are, therefore, at an important crossroad of signalling pathways. RAS protein activa-
tion is a rapidly reversible, since intrinsic RAS GTPase activity, stimulated by the 
RASGAP protein, rapidly deactivates RAS by leading it back to its inactive form, 
RAS-GDP, which is unable to recognise RAF and attract it to the plasma membrane. 
RASGAP presents an SH2 domain allowing it to be recruited at the membrane level 
by a TKR to exert its action. The successive steps of the MAP kinase pathway are 
described below (Fig.  2.3 ).    
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  Fig. 2.1    Post-translational modifi cations of RAS proteins. The RAS proteins undergo, in the 
endoplasmic reticulum, covalent binding to a prenyl (farnesyl or geranylgeranyl) moiety on a cys-
teine residue included in a –CAAX box. The amino acids AAX are then deleted and replaced by 
an acetyl moiety at the  C -terminal end. Later, a palmitic acid is bound to RAS proteins on another 
cysteine residue located some amino acids upstream of the prenylated cysteine. These modifi ca-
tions are required for the plasma membrane insertion of RAS proteins       
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2.2     Kinase Cascade 

 The direct target of RAS in the MAP kinase pathway is a serine/threonine kinase 
called RAF. There are three distinct RAF proteins, ARAF, BRAF and CRAF (gene 
 RAF1 ). RAF binding to RAS–GTP induces a conformational change which unveils 
an activation loop allowing their phosphorylation and consequently their activation. 
The activation process of the RAF proteins is complex and not completely deci-
phered; it involves RAF dimerisation and phosphorylation on various sites by sev-
eral kinases such as cyclic AMP-activated protein kinase A (PKA), which is brought 
into play following GPCR activation (Chap.   6    ); the cytoplasmic tyrosine kinase 
SRC, activated by several types of stimulus; the JAK kinase activated by cytokine 
receptors (Chap.   4    ) or the kinase named PAK1 ( p21-activated kinase 1 ), which oper-
ates after activation of the integrin (Chap.   10    ) or semaphorin (Chap.   11    ) pathways. 

 RAF proteins may undergo phosphorylation on several distinct sites. Two of 
them are in the  N -terminal domain, on an SSYY motif where the fi rst serine residue 
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  Fig. 2.2    Effectors of the RAS proteins. The RAS proteins have a multiplicity of targets and can 
activate a large variety of signalling pathways. The MAP kinase pathway is central in this respect, 
but activation of phospholipase Cε ( PLCε ) and of PI3 kinase also concurs to proliferation, while 
the activation of G-protein exchange factors (GEFs) and GTPase-activating proteins (GAPs) 
entails several roles on cell processes such as endocytosis and cytoskeleton organisation       
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and the second tyrosine residue must be phosphorylated; however, for BRAF, the 
fi rst serine residue is constitutively phosphorylated, and the two tyrosine residues 
are replaced by aspartic acid residues whose negative charge is constitutively ‘phos-
phomimetic’. Two other phosphorylation sites are located on a threonine and a ser-
ine residue (Thr 599  and Ser 602  for BRAF). Whereas ARAF and CRAF require four 
phosphorylated residues for activity, BRAF requires only two; the consequences 
upon RAF-mediated oncogenesis will be detailed below. 

 Downstream RAF kinases are the kinases MEK1 and MEK2, and downstream 
MEK1/2 are the kinases ERK1 and ERK2 ( extracellular signal-regulated kinases ). 
This constitutes, therefore, a three-step kinase system, the RAF–MEK–ERK cas-
cade. The RAF kinases are also called MAP3 kinases (MAP3K or MAPKKK), the 
MEK kinases are MAP2K or MAPKK and the ERK kinases are the proper MAP 
kinases (MAPK). It will be shown later that this RAF–MEK–ERK ‘module’ is only 
one among others and that other parallel MAP kinase pathways exist, with similar 
three levels of phosphorylation. They are acting in stress response or infl ammation 
rather than in cell proliferation. A total of 25 MAP3K, 7 MAP2K and 13 MAPK 
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  Fig. 2.3    MAP kinase pathways. In the canonical signalling pathway, the activation of a TKR 
enables the recruitment of an SH2 domain-containing protein, GRB2; the SH3 domain of GRB2 is 
recognised by the SOS1 protein, a GDP–GTP exchange factor for RAS proteins. RAS–GTP can 
recruit to the plasma membrane a RAF protein, which thus can be phosphorylated by a variety of 
other kinases (PKA, PAK, SRC) activating its kinase function. RAS–GTP is then deactivated by its 
own GTPase activity stimulated by a RASGAP ( RAS GTPase-activating protein ) protein. RAF 
phosphorylates and activates a MEK protein, which in turn activates an ERK protein, which in turn 
phosphorylates and activates a transcription factor such as ELK1 or a kinase of the MK family       

 

2.2 Kinase Cascade



32

have been identifi ed in the superfamily of serine/threonine kinases. The offi cial 
gene names of the MEK and ERK proteins studied here differ from their common 
denomination:  MAP2K1  and  MAP2K2  for MEK1 and MEK2,  MAPK3  and  MAPK1  
for ERK1 and ERK2, respectively. 

 MEK1/2 activation is obtained by phosphorylation of two close serine residues: 
Ser 218  and Ser 222  for MEK1 and Ser 222  and Ser 226  for MEK2, located in the activation 
loop of the catalytic centre. The most active kinase on MEK1/2 is BRAF, followed 
by CRAF, while ARAF has lower activity. MEK1/2 is in turn able to phosphorylate 
ERK1/2. MEKs are dual kinases, able to phosphorylate both a threonine and a tyro-
sine residue, also at the level of the activation loop, following each other as TEY 
(Thr 202 –Glu 203 –Tyr 204  for ERK1 and Thr 185 –Glu 186 –Tyr 187  for ERK2). Kinase speci-
fi city to the kinase of lower level depends on interactions between protein–protein 
binding domains rather than on different catalytic activities. 
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  Fig. 2.4    Kinases organisation and scaffold proteins. The three MAP kinases acting sequentially 
are not scattered in the cytoplasm but assembled by scaffold proteins. ( a ) The signals brought by a 
growth factor (GF) to a tyrosine kinase receptor (TKR) activate the RAS–RAF–MEK–ERK path-
way at the plasma membrane level, thanks to the scaffold protein KSR ( kinase suppressor or RAS ). 
( b ) They can also activate phospholipase C gamma (PLCγ) leading, through the second messen-
gers inositol trisphosphate (IP3) and diacylglycerol (DAG), to the activation of the RAF–MEK–
ERK cascade in the Golgi apparatus, thanks to the scaffold protein SEF ( similar expression to FGF 
gene ). ( c ,  d ) Signals activating a G-protein-coupled receptor (GPCR) can activate the RAF–MEK–
ERK pathway, either by generating the second messengers IP3 and DAG produced by PLCβ ( c ), 
or by generating the second messenger cAMP (cyclic AMP), which activates the protein kinases A 
(PKA), using the scaffold protein MORG1 ( MAPK organiser 1 ) ( d ). ( e ) The activation of a TKR 
at the endosomal level leads to a classical activation of a RAS protein, then to the sequence RAF–
MEK–ERK using the scaffold protein MP1. Other systems may exist, involving the same kinase 
cascade RAF–MEK–ERK and other scaffold proteins such as β-arrestin or paxillin       

 

2 MAP Kinase Pathway



33

 The three successive steps of kinase action are not scattered in the cytoplasm. 
Scaffold proteins are able to maintain the three sequentially acting kinases as a 
functional complex. For the RAS–RAF–MEK–ERK pathway, this scaffold protein 
is KSR1 ( kinase suppressor of RAS-1 ) and operates at the level of the plasma 
membrane (Fig.  2.4 ). Other scaffold proteins operate for this MAP kinase module 
at other sites: endosomes, Golgi apparatus and focal adhesions; the scaffold pro-
tein of the Golgi apparatus is recruited by the exchange factor RASGRP1, acti-
vated by the second messengers generated by the PLCs γ and β, as mentioned 
earlier.  

 Downstream ERK1 and 2 are two types of substrates: a large set of transcription 
factors involved in proliferation and various kinases of the MK ( MAPK-activated 
protein kinases ) family; they are presented in paragraph 4. Negative regulators of 
the MAP kinase pathway consist in a series of dual phosphatases, called MKP 
( MAP kinase phosphatases ) or DUSP ( dual specifi city phosphatases ). They operate 
at the level of phosphothreonine and phosphotyrosine residues, with variable sub-
strate specifi city, at the level of the activating sequences TXY.  

2.3     Other Signalling Modules 

 As mentioned earlier, there are several signalling modules operating downstream 
RAS proteins, organised as phosphorylation cascades, with distinct MAP3Ks, 
MAP2Ks, MAPKs and scaffold proteins. These are the JNK module, the p38 mod-
ule and the ERK5 module. Figure  2.5  presents these pathways, which are parallel to 
the RAF–MEK–ERK canonical pathway. It is important to note that their cellular 
effects involve differentiation or apoptosis rather than cell proliferation, exemplify-
ing the diffi culty to assign a unique function to a given signalling pathway: the ‘cel-
lular context’, i.e. the conditions in which these effects are exerted, plays a crucial 
role.  

 There are three JUN  N -terminal kinases: JNK1, 2 and 3 (genes  MAPK8 ,  9  and 
 10 ), also known as SAPKs ( stress-activated protein kinases ). They are activated in 
response to various stresses such as heat shock, ionising radiations or DNA damage 
rather than by growth factors. TNF ( tumour necrosis factor ) and its analogues as 
well as the WNT ligands (Chap.   7    ) also activate this pathway. They are phosphory-
lated on a TPY sequence (Thr 183 –Pro 184 –Tyr 185  for JNK1) by MEK4 and MEK7 
(genes  MAP2K4  and  MAP2K7 ), which are themselves phosphorylated by diverse 
MAP3K at positions Ser 257  and Thr 261  for MEK4 and Ser 271  and Thr 275  for MEK7 
(see Fig.  2.5 ). The JUN kinases phosphorylate transcription factors such as JUN, 
MYC and ELK1, which in turn regulate the expression of specifi c genes involved in 
cell death or survival, differentiation or proliferation. They also phosphorylate sev-
eral kinases of the MK family. 

 There are four p38 kinases: p38 α, β, γ and δ (genes  MAPK14 ,  11 ,  12  and  13 ), 
which are also activated in response to stress (hypoxia, UV radiations, osmotic 
shock, infl ammation) rather than by growth factors. They are activated by phos-
phorylation on a TGY sequence (Thr 180 –Gly 181 –Tyr 182  for p38α) by MEK3 and 
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MEK6 (genes  MAP2K3  and  MAP2K6 ) themselves phosphorylated by various 
MAP3K at positions Ser 253  and Thr 257  for MEK3 and Ser 241  and Thr 245  for MEK6. 
They also phosphorylate transcription factors and MK kinases among which several 
are common to the ERK1/2 and JNK1/2/3 pathways. They exert a positive effect on 
apoptosis and a negative effect on cell proliferation; their role is likely to prevent 
cells that have undergone stress from entering the cell cycle. They also have a posi-
tive role on cell motility. 

 Finally, ERK5 or BMK1 ( big mitogen-activated protein kinase 1 , gene  MAPK7 ), 
activated by MEK5 (gene  MAP2K5 ), is a MAPK module involved in activating cell 
proliferation, as the ERK1/2 module. Other MAP kinases such as MAPK4 and 
MAPK6 remain poorly studied. 

 For each of these modules, there are distinct scaffold proteins, different phospha-
tases and various regulatory proteins: there is an important information redistribu-
tion from the original activation of a MAP3K, explaining the pleiotropic aspect of 
their physiological actions. The activation of these pathways generally originates 
from small G-proteins, whose archetype is RAS, which recruit the fi rst kinase of the 
cascade for phosphorylation. Other systems of activation exist, with fourth-level 
kinases (MAP4K) activated in response to various signals.  
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  Fig. 2.5    The different modules of kinase cascades. Five main modules of multistep kinases have 
been identifi ed; all of them originate from a stimulus (growth factor, cytokine, stress, etc.) which 
activates a MAP3K, which phosphorylates and activates a MAP2K, which phosphorylates and 
activates a MAPK, which phosphorylates and activates an effector (transcription factor or another 
serine/threonine kinase). The initial stimulus may originate from a small G-protein such as RAS or 
from phosphorylation by a fourth-level kinase (MAP4K). From left to right, the classical ERK1/2 
pathway, the p38 pathway, the JNK pathway and the ERK5 pathway       
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2.4     MAP Kinase Substrates 

 MAP kinases have the basal property of phosphorylating numerous transcription 
factors, such as ELK1, ETS, FOS, JUN, MYC and SP1 which induce the expression 
of numerous genes involved in cell cycle and cell proliferation; most of them were 
already known as proto-oncogenes. MAP kinases can also phosphorylate a series of 
kinases with various biological properties, known as MKs ( MAPK-activated protein 
kinases ), comprising RSKs (ribosomal S6 kinases), MSKs ( mitogen and stress- 
activated kinases ) and MNKs ( MAP kinase-interacting proteins ). These kinases 
exert various effects in the cell, especially at the level of cell proliferation and 
adhesion. 

2.4.1     MAP Kinases-Activated Transcription Factors 

    MYC Family 
 The transcription factors of this family are characterised by an HLH (helix– loop–
helix; see Annex   B    ) motif, which allow their dimerisation with a common partner, 
MAX ( MYC-associated factor X ). Their activation is fi nely regulated and their 
 half- life is short; MAX is in contrast stable, ubiquitous and permanently expressed. 
The MAX–MAX homodimers have no transcriptional activity, and only heterodi-
mers are active. The proteins able to bind MAX belong to several groups: the MYC 
group, originally identifi ed from the oncogenes c- myc , N- myc  and L- myc  (named 
after the avian myelocytomatosis) and comprising the MYC, MYCN and MYCL 
proteins; the MAD or MXD ( MAX dimerisation protein ) group and the MNT 
 ( MAX- interacting protein ) and MGA ( MAX gene associated ) proteins. 

 The MYC–MAX complexes are transcriptional activators that bind promoter 
sequences containing the hexanucleotide CACGTG of the E-box and recruiting the 
histone acetyltransferases required for chromatin relaxation (see Annex   B    ). They 
are also able to repress the transcription of other genes when binding the initiator 
elements (INR) of other gene promoters. Numerous genes are activated by MYC at 
the transcriptional level: genes involved in cell growth and proliferation and in cell 
cycle engagement (cyclins, CDKs (Chap.   17    ), telomerase (Annex   A    ), translation- 
initiating factors (Annex   C    ), etc.). Among the genes whose transcription is repressed 
by MYC are negative regulators of the cell cycle (p21 CIP1 , p27 KIP1 , p15 INK4b ), as well 
as the gene encoding p53. Paradoxically, MYC is able to induce apoptosis through 
BAX activation (see Chap.   18    ). 

 In contrast, the MAD–MAX complexes are transcriptional repressors at the level 
of the same gene promoters. This repression involves the corepressor SIN3 ( silenc-
ing homologue 3 ), which belongs to the histone deacetylase complex. MAD activity 
induces a blockade of cell proliferation and an inhibition of transformation, as well 
as the induction of differentiation in several tissues.  

    FOS–JUN Family 
 The transcription factors JUN and FOS (named after the corresponding onco-
genes) belong to a family called AP1 ( activator protein 1 ) and are associated to 
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cell proliferation and differentiation. They operate after dimerisation. There are 
three JUN proteins (JUN or c-JUN, JUNB and JUND) and four FOS proteins 
(FOS or c-FOS, FOSB, FRA1 and FRA2). The JUN proteins can form homodi-
mers or heterodimers with the FOS proteins, but the FOS proteins can only dimer-
ise with JUN proteins. Heterodimerisation with the transcription factors of the 
MAF ( musculoaponeurotic fi brosarcoma ) and ATF ( activating transcription fac-
tor ) families is also possible. The MAP kinases ERK, as well as those of the JNK 
and p38 modules, are able to phosphorylate the components of the AP1 com-
plexes. Other phosphorylations are possible: for instance, JUNB can be phosphor-
ylated by the mitosis entry cyclin B–CDK1 complex (Chap.   17    ) which drives it to 
proteolysis. 

 The various dimers that can be formed may have opposite physiological roles: 
the JUN–FOS dimer induces the transcription of proliferation genes, such as the 
genes of cyclin D ( CCND ) or of  CDK4  and  CDK6  (Chap.   17    ), whereas the JUN–
JUNB or JUN–JUND dimers are unable to do so; they appear, therefore, as MAP 
inhibitors. They induce, in contrast, the transcription of negative regulators of 
cell cycle. This explains why the different MAP kinase modules, which differen-
tially activate the various components of the AP1 complexes, may have opposite 
effects on cell proliferation and differentiation. Among the target genes of the 
AP1 complexes are also those encoding cytokines (Chap.   4    ) and TNF-related 
factors.  

   ETS Family 
 This family comprises a series of transcription factors, among which are ETS1, 
ETS2, ELK1, SAP1, SAP2, ERF, NET and ELK3. They can combine with other 
transcription factors to generate functional dimers. A fi rst group (ETS1 and 2) can 
combine with AP1 family elements; the group comprising ELK1 and SAP1 and 2 
(collectively called TCF [ T-cell factor ]) is combined with transcription factors of 
the SRF family ( serum responsive element-binding transcription factor ) to activate 
SRE ( serum responsive element ) sites on DNA. A third group is exclusively respon-
sible for transcription repression. 

 The ETS family factors target genes encoding other transcription factors, such as 
MYC and FOS, cell cycle regulatory proteins (cyclin D1, p53, p21 CIP1 ; Chap.   17    ), 
antiapoptotic proteins (BCL2; Chap.   18    ), cytokines (Chap.   4    ), growth factors (Chap. 
  1    ), etc.  

   FOXO Family 
 The FOXO ( forkhead box class O ) transcription factors, and especially FOXO3, are 
involved in the induction of apoptosis and cell cycle arrest by stimulating the tran-
scription of genes encoding p21, p27 (Chap.   17    ), BIM and TRAIL (Chap.   18    ). 
ERK1/2 phosphorylates FOXO3 on Ser 344 , Ser 294  and Ser 425 . These phosphoryla-
tions favour the interaction of FOXO3 with an E3 ubiquitin ligase, MDM2 (Chap. 
  17    ), which drives it to the proteasome. AKT (Chap.   3    ) is also involved in FOXO3 
phosphorylation, on different serine or threonine residues, leading also to FOXO3 
inactivation via another mechanism.   
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2.4.2     MAP Kinase-Activated Kinases 

 There are four RSK ( ribosomal protein S6 kinases ) and two MSK ( mitogen and 
stress-activated protein kinases ) (genes  RPS6KA1  to  RPS6KA6 ), which can be 
phosphorylated and activated by ERK1/2, JNK and p38 kinases, as well as, for 
some of them, by PDK1 ( phosphoinositide-dependent kinase 1 ) (Chap.   3    ); they play 
a role in cell growth, survival and proliferation and phosphorylate numerous sub-
strates, such as FOS, JUN (see above) and other transcription factors (CREB, ATF, 
NFκB), as well as the p27 KIP1  and MYT1 proteins (Chap.   17    ), IκBα (Chap.   12    ), 
BAD (Chap.   18    ), LKB1 (gene  STK11 ) (Chap.   3    ) and SOS1 (see above). Despite 
their denomination, the S6 ribosomal protein is only an accessory substrate in com-
parison with its activation downstream the mTOR pathway by three other RSK 
kinases (genes  RPS6KB1  to   RPS6KB3 ) (Chap.   3    ). 

 Two MNK kinases ( MAP kinase-interacting kinases , genes  MKNK1  and  2 ) and 
three MAP kinase-activated kinases (genes  MAPKAPK2 ,  3  and  5 ), also activated by 
ERK1/2, JNK and/or p38, are mainly involved in translation control and admit pro-
tein synthesis elongation factors as substrates.   

2.5     Oncogenic Alterations 

 The MAP kinase pathway is one of the principal oncogenic pathways, and several 
oncogenes and tumour suppressor genes have been identifi ed along this pathway for 
a long time. Whereas the adapter protein GRB2 and the GDP–GTP exchange factor 
SOS1 do not appear to contain oncogenic mutations, the three RAS proteins, KRAS, 
HRAS and NRAS, harbour recurrent mutations in numerous cancer types. For 
instance, KRAS is mutated in about 40 % of colorectal cancers, 20 % of non-small- 
cell lung cancers, 70 % of pancreatic cancers and 5 % of breast cancers. This is one 
of the most frequently mutated proteins in human cancers. The activating mutations 
are mainly located in codons 12 and 13 and replace glycine residues by other amino 
acids. The mutated protein is still able to bind GDP, to accept the GTP exchange and 
to recognise and activate a RAF protein, but it becomes unable to perform its enzy-
matic GTPase function and generate GDP from GTP: it remains permanently active 
to impose a proliferation instruction. It is often said that this mutation ‘transforms a 
one-shot gun into a machine-gun’. Less frequent mutations are found at the level of 
codon 61 (Gln), mutations that refrain the GTPase-stimulating activity of 
RASGAP. The functional consequences are similar, the RAS intrinsic GTPase 
activity appearing insuffi cient for a rapid deactivation. 

 For the same reasons, the loss-of-function mutations of the proteins which stimu-
late RAS GTPase activity (or some related factors such as the NF1 [ neurofi bromin 1 ] 
protein) are tumour suppressors; the germinal alteration of NF1 is responsible for a 
neurological disease, neurofi bromatosis, which is accompanied by cancer 
predisposition. 

 The RAF proteins are also the sites of activating oncogenic mutations. The main 
one is encountered on the  BRAF  gene where it replaces a valine residue at position 
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600 by a glutamic acid residue. No  ARAF  mutation and very few  RAF1  mutations 
have been identifi ed. This is due to the fact that several mutations in these proteins 
would be required to get constitutive activation, whereas BRAF, already ‘prepared’ 
at the level of the  N -terminal phosphorylation sites, only requires a negative charge 
in the vicinity of the amino acids 599–602 to mimic the presence of an activating 
phosphate moiety. The V600E mutation, which introduces a glutamic acid residue 
close to the catalytic domain, fulfi ls this offi ce. These mutations are encountered 
mainly in malignant melanomas and thyroid cancers and in other cancers such as 
ovarian and colorectal cancers. 

 The MEK and ERK proteins, in contrast, do not carry frequent and recurrent 
activating mutations. However, with the development of exome sequencing in a 
large number of tumours, activating mutations of MEK have been found, such as 
F129L or C121S, but no oncogenic mutations in ERK1 or ERK2 have ever been 
identifi ed. These proteins are often overexpressed in cancer and likely bring a con-
tribution to oncogenesis through this mechanism. The degree of activation of the 
MAP kinase pathway in cancer can be evaluated by the degree of phosphorylation 
of the MEK and ERK proteins, thanks to the availability of monoclonal antibodies 
that are specifi c of the phosphorylated forms of these proteins. 

 In contrast to the MEK1/2–ERK1/2 pathway, the MAP2K and MAPK of the p38 
and JNK modules may behave as suppressors of tumours, and loss-of-function 
mutations of MEK4 have been identifi ed in various cancer types, although with low 
frequency (pancreas, colon, lung, breast, etc.). This MAP2K is underexpressed in 
75 % of ovarian cancers. The level of activity of p38 kinases and MEK6 is very low 
in hepatocarcinomas. However, an increase in the phosphorylation level of p38α has 
been associated to an increased level of malignancy of various cancers, maybe 
because this pathway is involved in the regulation of the expression of infl ammatory 
cytokines such as IL6 (Chap.   4    ) or IL1 (Chap.   12    ). In addition, the JNK and p38 
pathways stimulate angiogenesis and tumour invasivity because of their stimulating 
activity for cell motility and metalloproteinase expression. One of the main effec-
tors of the JNK pathway, the JUN transcription factor, which is part of the AP1 
complex, is oncogenic when heterodimerised with FOS factors and not when 
homodimerised. 

 Finally, the MAP transcription factors, downstream the MAPK pathway, are also 
important proto-oncogenes. Among the transcription factors that are phosphory-
lated and activated by MAPK are the proteins MYC, MYB, JUN, FOS and several 
others of the ETS family whose oncogenic role is well known. Their contribution to 
oncogenesis is generally found at the level of their expression rather than at the 
level of mutational alterations, that is, in the amount of the MYC or JUN available 
protein for MAX or FOS binding, respectively. Conversely, the MAD proteins 
appear as tumour suppressors. MYC is amplifi ed in several tumour types, and the 
amplifi cation of  MYCN  is a marker of poor prognosis in children’s 
neuroblastomas. 

 In contrast to the MAPs, the FOXO transcription factors that are phosphorylated 
by the MAP kinases ERK1/2 are tumour suppressor genes; their translocation has 
been observed in leukaemias and sarcomas.  

2 MAP Kinase Pathway

http://dx.doi.org/10.1007/978-3-319-14340-8_4
http://dx.doi.org/10.1007/978-3-319-14340-8_12


39

2.6     Pharmacological Targets 

 All the steps of this signalling pathway have been explored from a pharmacological 
point of view, aiming at the discovery of molecules leading to its inhibition which 
might, therefore, present antiproliferative properties for the treatment of cancer. 

 The adapter proteins with SH2 domains could theoretically be inhibited by com-
pounds that mimic protein–protein interactions, i.e. peptides or peptidomimetics. 
This interesting approach is impeded by the fact that peptides, which can be handled 
in vitro, cannot enter cells easily and are poor candidates for pharmacological 
development. 

 The RAS proteins have been the subjects of intense research, principally oriented 
to the inhibition of its membrane insertion. Molecules able to inhibit farnesyl trans-
ferase or geranylgeranyl transferase activities have been identifi ed and have been 
subjected to clinical trials. Four classes of inhibitors have been selected: farnesyl-
pyrophosphate analogues, which are false substrates for farnesyltransferase; pepti-
domimetics of the CAAX box; bi-substrate inhibitors; and natural products selected 
by high-throughput screening. During preclinical exploration, several compounds 
displayed important antiproliferative activity. Four compounds have entered clinical 
trials, among which tipifarnib and lonafarnib, that are non-peptidic peptidomimetics 
of the CAAX box. Unfortunately, these compounds, with low activity and high 
toxicity, led to disappointing results. They seem to be more active on other small 
G-proteins, such as those of the RHO family, involved in other signalling pathways 
than on RAS proteins. Some clinical trials are pursued in combination with chemo-
therapy or radiotherapy, because these compounds have shown some radiosensibil-
ising properties. 

 It should be noted that the activating RAS mutations disconnect the MAP kinase 
pathway from TKR activation, allowing thus the tumour cells bearing such muta-
tions to self-suffi ciency regarding growth factors, one of the main families of onco-
genic mechanisms. It has been shown that, very consistently, the activating 
mutations of the RAS proteins induce a complete insensitivity to anti-EGFR anti-
bodies (Chap.   1    ). 

 The proteins of the MAP kinases cascade have also been subjected to pharmaco-
logical research. An original RAF inhibitor, sorafenib, had been identifi ed by 
screening; this compound is also a potent inhibitor of the VEGF receptors (Chap.   1    ) 
and appears as an antiangiogenic compound rather than as a tumour growth inhibi-
tor. Another RAF inhibitor, vemurafenib, is now available for the treatment of 
malignant melanoma. It is especially active on tumours bearing the mutated form of 
BRAF (V600E) and should be reserved for such tumours, because it behaves para-
doxically as an activator of the MAP kinase pathway in wild-type BRAF tumours. 
Other BRAF inhibitors are under development, such as dabrafenib. It should be 
noticed that resistance to BRAF inhibitors rapidly occurs, especially through 
 activating mutations of MEK1/2. 

 Several inhibitors of MEK1/2 are being evaluated in the clinics, especially in 
combination with BRAF inhibitors in the treatment of malignant melanomas 
 bearing the V600E or another activating mutation, in order to prevent the 
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development of resistance to BRAF inhibitors. The fact that ERK1 and ERK2 are 
the sole substrates of MEK1 and MEK2 and have no activating mutations encour-
ages MEK targeting, which could be conceived as a general way of targeting the 
whole ‘classical’ MAP kinase pathway and not the parallel pathways. The MEK 
inhibitors that are the most advanced in this development are trametinib and selu-
metinib. In contrast to many other kinase inhibitors, they do not act as ATP-
competitive molecules but interfere with an allosteric site. 

 The JNK and p38 pathways behave rather as tumour suppressor pathways than 
as pro-oncogenic pathways. The inhibition of these pathways has been developed 
for the treatment of infl ammatory syndromes, but the molecules available for kinase 
inhibition do not seem to present direct anticancer effects. However, as chronic 
infl ammation is a factor stimulating tumour progression, these compounds may 
interfere with oncogenesis, and they have been tried in oncology. In addition, these 
compounds may interfere with the proangiogenic properties of the JNK and p38 
pathways and, thus, deserve attention. 

 Finally, even if the transcription factors, which represent the ultimate part of the 
MAP kinase pathway, constitute potent bona fi de targets, the development of inhibi-
tors is still in infancy. Peptidomimetics targeting the protein–protein interactions at 
the level of MYC–MAX or JUN–FOS, for instance, might reveal therapeutic inter-
est in oncology.     
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  3      Phosphatidylinositol 3-Kinase Pathway 

          Abstract  
  The phosphatidylinositol 3-kinase (PI3K) pathway is one of the signalling path-
ways activated following the interaction of a growth factor with a tyrosine kinase 
receptor (TKR). It follows a parallel path to the MAP kinase pathway, and simi-
larly, it operates after binding a phosphotyrosine residue of the receptor to an 
adapter protein. It consists of sequential activations of kinases and leads to mul-
tiple effects on cell growth, proliferation and survival. 

 This pathway is especially interconnected with the MAP kinase pathway 
through the RAS proteins; it is, in addition, able to integrate metabolic and nutri-
tional signals which allow to coordinate cell growth and proliferation to nutrient 
availability. This is the pathway adopted by insulin, which can be considered by 
some aspects as a growth factor, as mentioned in Chap. 1. Multiple oncogenic 
alterations have been identifi ed in this pathway, which contains for this reason 
numerous potential targets for therapeutic approaches.  

3.1               From Phosphatidylinositol 3-Kinase to AKT Proteins 

 Phosphatidylinositol 3-kinases (PI3Ks) are a family of lipid kinases related to ser-
ine/threonine kinases. They function as heterodimers consisting of a catalytic sub-
unit and a regulatory subunit. In the main PI3Ks, responsible for the proliferation 
pathway described in this chapter, the catalytic subunit (p110) is encoded by the 
 PIK3CA  gene, and the regulatory subunit (p85) is encoded by the  PIK3R1  gene. 
This regulatory subunit bears a SH2 domain allowing binding to phosphotyrosine 
residues of activated TKRs, which induce the activation of the catalytic subunit 
(Fig.  3.1 ). In some cases, especially for the growth factors of the insulin family 
(Chap.   1    ), p85 activation occurs via an adapter protein, IRS1 or 2 ( insulin receptor 
substrate 1 or 2 ); this protein is phosphorylated by the IGF1R receptor after binding 
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to phosphotyrosine residues, and the phosphotyrosine residues thus generated on 
IRSs are recognised by the SH2 domain of p85.  

 PI3 kinase can also be activated by the RAS protein of the MAP kinase pathway 
(Chap.   2    ). The catalytic subunit bears, in its  C -terminal portion, a binding site for 
RAS–GTP. This is a major interconnection between the two signalling pathways, 
and its consequences are important in the fi eld of targeted therapies. Finally, some 
PI3 kinases can be activated by large heterotrimeric G-protein-coupled receptors 
(GPCR) (Chap.   6    ) (Fig.  3.1 ). 

 PI3 kinases catalyse the phosphorylation at position 3 of the inositol moiety of a 
membrane lipid, phosphatidylinositol 4,5-bisphosphate, to generate phosphatidylino-
sitol 3,4,5-trisphosphate (PIP3) (Fig.  3.2 ). In contrast to the important signalling path-
way involving phospholipases Cβ or γ, which generate 1,4,5-trisphosphoinositol (IP3) 
as a second messenger (Chap.   6    ), the message resides in the presence of a phosphate 
group at the position 3 of the intact lipid, because this phosphate group can be recog-
nised and bound by proteins equipped with a particular domain called  pleckstrin 
homology domain  (PH).  

 There are indeed three different classes of PI3 kinases, and four members in class 
I, of interest in this chapter. They are noted PI3Kα, β, γ and δ and have distinct tis-
sue distribution and distinct precise phosphoinositide substrate specifi city. Their 
catalytic subunit is called p110α, β, γ or δ (genes  PIK3CA  to  PIK3CD ), and they are 
activated by diverse regulatory subunits, p85α, p85β or p55 (genes  PIK3R1  to 
 PIK3R3 ) for PI3Kα, β and δ, whereas distinct regulatory subunits, p101 and p84/87 
(genes  PIK3R5  and  PIK3R6 ), are required for PI3Kγ. These class I PI3 kinases dif-
fer according to their capacity of being activated by TKRs, GPCRs, cytokines, inte-
grins and/or RAS proteins. Class II and III PI3 kinases are much less known, and 
their functions rather concern membrane traffi c and receptor internalisation. 

 The phosphorylation catalysed by PI3K is counterbalanced by dephosphoryla-
tion mediated by a lipid phosphatase, PTEN ( phosphatase and tensin homologue ). 
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This phosphatase ensures the negative regulation of this signalling pathway. It also 
intervenes as protein phosphatase in other signalling pathways. Figure  3.3  presents 
the whole PI3 kinase pathway, from the activated receptor to the ultimate 
effectors.  

 The presence of a phosphate moiety at position 3 of an inositol-containing lipid 
enables to recruit to the membrane PH domain-containing protein kinases, espe-
cially PDK1 ( phosphoinositide-dependent kinase 1 , gene  PDPK1 ), and the AKT 
proteins, also known as PKBs ( protein kinase B ). Likely because of a particular 
arrangement of these two kinases when bound to phosphoinositides, PDK1 can 
phosphorylate and activate AKT; this occurs on a threonine residue, Thr 308  (Thr 309  
for AKT2 and AKT3), located in the catalytic centre. Another PH domain- containing 
kinase is Bruton kinase (BTK), which is specifi cally expressed in B lymphocytes 
(Chap.   13    ).  

3.2     AKT Proteins and Their Substrates 

 There are three AKT proteins, AKT1, 2 and 3, the most common (and the most 
commonly involved in cancer) being AKT1. They have a catalytic function of ser-
ine/threonine kinase, they are activated by phosphorylation and they activate or 
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deactivate by phosphorylation a large variety of proteins, including other  serine/
threonine kinases. Among the main substrates of AKT proteins, and without the 
possibility of being exhaustive, one can mention (Fig.  3.3 ):

•    The TSC2 ( tuberous sclerosis complex 2 ) protein, also known as tuberin. This pro-
tein is inhibited by AKT-induced phosphorylation on Ser 939  and Thr 1462  residues; 
once combined with TSC1 (hamartin), the complex constitutes a GTPase- activating 
protein (GAP) for a small G-protein of the RAS family called RHEB ( RAS homo-
logue enriched in the brain ); this pathway leads to mTOR activation (see below).  

•   BAD ( BCL2-associated agonist of cell death ), which is a ‘BH3-only’ protein 
involved in the positive regulation of mitochondrial apoptosis (Chap.   18    ); this 
protein is inactivated by phosphorylation.  
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  Fig. 3.3    PI3 kinase pathway after activation by a TKR. After activation of a tyrosine kinase recep-
tor (TKR) by a growth factor (GF), the PI3 kinase regulatory subunit (p85) binds a phosphotyro-
sine residue of the activated receptor via an SH2 domain. The PI3 kinase catalytic subunit (p110) 
then phosphorylates PIP2 into PIP3, while the PTEN phosphatase catalyses the reverse reaction. 
The phosphate group at position 3 of the inositol moiety of PIP3 is recognised and bound by serine/
threonine kinases equipped with a PH domain, PDK1 and AKT, with the fi rst one phosphorylating 
the second. AKT is activated by this phosphorylation and can catalyse the phosphorylation of a 
large array of protein substrates, which are thus activated or inhibited. AKT substrates include 
TSC2, which is responsible for the control of mTOR activation (which will be detailed in the next 
fi gure), BAD, MDM2, p21 CIP1 , p27 KIP1 , GSK3β, IKK, WEE1, ASK1, FOXO3 and others. All these 
proteins are involved in cell survival and proliferation, through the control of apoptosis, cell cycle 
entry or protein synthesis       
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•   MDM2 ( murine double-minute p53 binding ) protein, activated by phosphoryla-
tion, which is the E3 ubiquitin ligase of protein p53 (see Chap.   17    ); MDM2 
activation is thus in opposition to the p53 effects on cell cycle arrest and apopto-
sis induction.  

•   p21 CIP1  (gene  CDKN1A ) and p27 KIP1  ( CDKN1B ), which are CDK ( cyclin- 
dependent kinase ) inhibitors and therefore are negative regulators of the advance-
ment of cells in the G1 phase of the cycle (see Chap.   17    ); AKT-mediated 
phosphorylation inhibits these CDK inhibitors.  

•   GSK3β ( glycogen synthase kinase 3β ), which integrates signals of metabolic 
origin (see below) and which plays an important role in the Wnt pathway (see 
Chap.   7    ). This protein is inhibited by AKT-mediated phosphorylation; as a con-
sequence, GSK3β can no longer phosphorylate β-catenin, and this last protein 
can relocalise in the nucleus and activate transcription programmes leading to 
cell proliferation and cell cycle entry, instead of being directed to the proteasome 
for proteolysis.  

•   IKK ( IκB kinase ), activated by phosphorylation, which phosphorylates and 
inhibits the IκB (inhibitor of NFκB) protein, an inhibitor of the transcription fac-
tor NFκB (Chap.   12    ); as a consequence, AKT positively regulates NFκB, which 
is involved in cell survival, proliferation, invasion, angiogenesis and 
chemoresistance.  

•   WEE1, inhibited by this phosphorylation, which is a CDK1-inhibiting kinase, a 
master component of mitosis triggering (Chap.   17    );  

•   ASK1 ( apoptosis signal-regulating kinase 1 ), inhibited by AKT-mediated phos-
phorylation, which is an MAP3K activating the JNK pathway (Chap.   2    ) involved 
in apoptosis induction in response to proapoptotic signals and to endothelial 
reticulum stress (ERS) (Chap.   18     and Annex   C    ).  

•   FOXO ( forkhead box class O ), already mentioned in Chap.   2    , which are 
apoptosis- inducing transcription factors acting both on the extrinsic pathway 
(TRAIL, FASL) and on the mitochondrial pathway (BH3-only proteins) (Chap. 
  18    ); their phosphorylation by AKT on Thr 32 , Ser 253  and Ser 315  induces their cyto-
plasmic relocalisation and the loss of their transcriptional functions.    

 All AKT actions, therefore, drive the cells toward proliferation and survival.  

3.3     mTOR Protein and the TORC Complexes 

 The mTOR protein ( mammalian target of rapamycin , now  mechanistic target of 
rapamycin ) was named by analogy with a yeast protein that is inhibited by a natural 
product, rapamycin, after binding to a small protein, FKBP12 ( FK506-binding pro-
tein 12 ). This is a serine/threonine kinase operating downstream AKT and is 
involved in the phosphorylation of a variety of substrates. mTOR, as well as the 
PI3Ks, belongs to the family of PIKKs ( phosphoinositide 3-kinase-related protein 
kinases ), like ATM and ATR involved in DNA repair (Chap.   17    ). A scheme of the 
various domains of the protein is presented in Fig.  3.4 . mTOR is not directly 
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activated by AKT: its activation results from the action of the small G-protein 
RHEB, mentioned earlier, which is active when combined to GTP. The double inhi-
bition of TSC2 by AKT and of RHEB by TSC2 ultimately results in an activation of 
mTOR by AKT (Fig.  3.5 ).   

 In addition to AKT-induced activation, mTOR is able to integrate metabolic and 
nutritional signals. The ‘purpose’ of that is the fact that cell proliferation requires a 
favourable nutritional state for the supply of ATP and amino acids necessary for the 
synthesis of new cellular components (proteins, nucleic acids, etc.). Hypoxia, hypo-
glycaemia, increased energy consumption by the muscle, etc., generate an inhibi-
tion of mTOR. AMP-dependent kinase (AMPK) constitutes a sensor of the 
nutritional state of the cell, represented by the AMP–ATP ratio. AMPK activates 
TSC2 by phosphorylation on residues Thr 1227  and Ser 1345 , which accelerates the 
deactivation of RHEB by stimulation of its GTPase activity. This leads to mTOR 
inhibition. Nutritional wealth, in contrast, leads to TSC2 inhibition, with opposite 
consequences. 

 AMPK has also various metabolic effects which reinforce glucose entry and 
metabolism in the cell; it also has autophagy-inducing properties, always aiming at 
energy sparing. AMPK can be activated by various kinases, especially a serine/threo-
nine kinase named LKB1 ( liver kinase B1 ) (gene  STK11 ). LKB1 is active after com-
bination with two proteins, STRAD ( STE20-related adaptor ) and MO25 ( mouse 
protein 25 ) to form a complex. In addition to its action on AMPK, LKB1 
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  Fig. 3.4    Structural organisation of the mTOR protein and of the TORC complexes. ( a ) Structural 
organisation of the mTOR protein. The  N -terminal part of the protein contains a tandem repeat of 
HEAT ( antiparallel α-helices found in huntingtin, elongation factor 3, PP2A and TOR ) domains, 
which are involved in protein interactions; an FAT ( FRAP, ATM and TRAPP ) domain; an FRB 
( FK506-binding protein 12-rapamycin binding ) domain, which is the binding site for the 
rapamycin- FKBP12 complex; the classical kinase domain, organised in two lobes as for all 
kinases; and a second FAT domain in the  C -terminal part (FATC). ( b ) Protein composition of the 
two complexes involving mTOR, TORC1 and TORC2. The two complexes share, in addition to 
mTOR, the proteins mLST8, TTI1 and TEL2 and the protein DEPTOR ( DEP domain-containing 
mTOR-interacting protein ). They differ by their association with RAPTOR ( regulatory associated 
protein of TOR ) in TORC1 and RICTOR ( rapamycin-insensitive companion of TOR ) in TORC2 
and of the associated proteins, PRAS40 (or AKT1S1) and mSIN1 (or MAPKAP1), which are 
substrates of AKT and of a MAPK, respectively       
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  Fig. 3.5    Activation of the mTOR protein. mTOR can be fi rst indirectly activated by AKT. AKT 
phosphorylates and inactivates the tuberous sclerosis complex (TSC) which consists of the asso-
ciation between TSC2 (tuberin) and TSC1 (hamartin) and which possesses GAP ( GTPase- 
activating protein ) activity on the small G-protein called RHEB ( RAS homologue enriched in the 
brain ). RHEB exists under two forms, an inactive one when bound to GDP and an active one when 
bound to GTP. The GTP-bound form activates mTOR but is rapidly deactivated by its intrinsic 
GTPase activity, which is stimulated by TSC. In addition to AKT control, TSC is able to integrate 
metabolic and nutritional signals which thus modulate mTOR activation. The decrease of ATP 
concentrations activates AMPK ( AMP-dependent kinase ), which in turn activates TSC2 by phos-
phorylation. In addition, the abundance of amino acids in lysosomes activates a vacuolar proton 
pump (H + -ATPase) which activates a protein complex called  ragulator , equipped with a GEF ( gua-
nyl nucleotide exchange factor ) activity. The ragulator activates the RAPTOR protein via the acti-
vation of small G-protein called RAGA and RAGB, through GDP–GTP exchange       

phosphorylates and activates various proteins involved in cell polarisation, indicating 
an unsuspected connection between energy metabolism and epithelial cell polarity. 

 Another nutritional sensor is the level of free amino acids generated by the lyso-
somal digestion of proteins. In the lysosome, they induce the activity of a vacuolar 
H + -ATPase which activates a protein complex called  ragulator . This complex dis-
plays a guanyl nucleotide exchange (GEF) activity toward small G-proteins called 
RAGA and RAGB. When bound to GTP (activated state), RAGA and RAGB acti-
vate a protein called RAPTOR ( regulatory associated protein of TOR ), which can 
recruit mTOR at the level of the lysosomal membrane where it can interact with the 
small G-protein responsible for its activation, RHEB (Fig.  3.5 ). 
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 mTOR can be engaged in two types of protein complexes (Fig.  3.4 ):

•    The TORC1 complex, in which mTOR is combined with RAPTOR and other 
proteins. This complex is sensitive to rapamycin and can phosphorylate numer-
ous substrates (see below).  

•   The TORC2 complex, in which mTOR is combined to a protein called RICTOR 
( rapamycin-insensitive companion of TOR ) and other proteins. This complex is 
insensitive to rapamycin and is able to phosphorylate a small number of protein 
substrates of the AGC kinase family, including AKT itself, which is activated by 
phosphorylation on Ser 473 , at the  C -terminal level, which constitutes thus a posi-
tive feedback loop reinforcing mTOR actions.    

 At the basal state, the TORC1 complex is combined to a translation initiation 
factor, EIF4E ( eukaryotic translation initiation factor 4E ), via a repressor protein, 
4EBP1 (gene  EIF4EBP1 ,  EIF4E-binding protein 1 ). In the absence of phosphoryla-
tion of 4EBP1, the EIF4E factor cannot be released to recruit the ribosomes required 
to initiate the translation process of mRNA into proteins. Upon activation, mTOR 
(TORC1) can phosphorylate 4EBP1, which releases the translation factor EIF4E, 
which can therefore exert its action on protein synthesis (Fig.  3.6 ).  

 mTOR (in the TORC1 complex) is also able to phosphorylate and activate a 
series of RSK ( ribosomal S6 kinase ) proteins, distinct from the RSK proteins 
activated by the MAP kinases (Chap.   2    ), which are known as p70 S6K  kinases and 
are encoded by the  RPS6KB1 ,  2  and  3  genes. These kinases belong to the AGC 
family as AKT does; they are involved in the phosphorylation and activation of 
the S6 ribosomal protein, which is required for ribosome structure and transla-
tional activity. Other substrates of the S6 kinases are other kinases such as 
PDK1, the activator of AKT; the proapoptotic protein BAD, which is inhibited 
by phosphorylation (Chap.   18    ); the p53 inhibitor MDM2; the translation elon-
gation factor EEF2 ( eukaryotic translation elongation factor 2 ), required in the 
process of protein synthesis; and the adaptive protein IRS, intermediate between 
TRKs and PI3 kinase activation (see above), generating thus a negative feed-
back loop. 

 mTOR has an important effect on the expression of several proteins, through 
mechanisms that have not always been elucidated but which may involve the phos-
phorylation of their transcription factors. mTOR phosphorylates and activates 
STAT3, a transcription factor downstream cytokine signalling (Chap.   4    ); phosphor-
ylation occurs on Ser 727 , in addition to STAT3 phosphorylation by JAK2 on Tyr 705 . 
mTOR also activates SREBPs ( sterol regulatory element-binding proteins ) and 
PPARα and γ ( peroxisome proliferator-activated receptors ), all required for adipo-
genesis; in addition to protein synthesis, mTOR thus activates also lipid 
synthesis. 

 mTOR plays also a role in angiogenesis, through the activation of HIF1α 
( hypoxia-induced factor 1α ), a transcription factor involved in neo-angiogenesis 
signalling (see Chap.   16    ); conversely, HIF1α is able to indirectly activate TSC2 and 
is, therefore, a negative regulator of mTOR. Finally, mTOR plays a role in 
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autophagy, through the inhibitory phosphorylation of proteins involved in the 
autophagy programme, especially the ULK1–ATG13–FIP200 complex, since 
ULK1 ( unc-51- like kinase 1 ) is a substrate of mTOR. 

 As a conclusion, all the actions of mTOR in the TORC1 complex converge, 
directly or indirectly, toward enhancement of protein and lipid synthesis, facilitation 
of cell proliferation and consequently cell and tissue growth.  

3.4     Oncogenic Alterations 

 The PI3 kinase pathway contains an important number of proto-oncogenes and 
tumour suppressor genes whose mutational and non-mutational alterations can lead 
to cancer. PI3 kinase is itself a major oncoprotein; mutations in the  PIK3CA  gene 
are frequent and belong to the oncogenic landscape of breast and colorectal cancers. 
The most frequent activating mutations are located on amino acids Glu 542 , Glu 545  
and His 1047 . Gene amplifi cation or protein overexpression may also be found in 
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  Fig. 3.6    Downstream signalling of mTOR: some of the main targets of mTOR as mediated by the 
TORC1 complex. mTOR can activate several proteins by phosphorylation, such as the p70 S6K  
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tumours. The regulatory subunit may also be subjected to activating mutations, 
mainly found in lymphoproliferative disorders and colorectal cancers. 

 PTEN phosphatase, which reverses PI3 kinase action, is the product of a tumour 
suppressor gene of the gatekeeper type, whose alterations are found in endometrial, 
colorectal and ovarian cancers, as well as in glioblastomas, melanomas, etc. PTEN 
mutations in the germline are found in a syndrome of cancer predisposition called 
Cowden disease. PTEN inactivation may occur through a large variety of events: 
invalidating mutations, deletions, gene underexpression associated to promoter 
methylation and all negative transcriptional regulation mechanisms. 

 AKT-activating mutations are known, but remain exceptional and are not com-
monly found in human cancers. In contrast, AKT gain of function by gene amplifi -
cation, overexpression and/or hyperphosphorylation is frequently oncogenic. 
Constitutive AKT phosphorylation on Ser 473  has been observed in several cancer 
types (breast, pancreas, endometrium, prostate, etc.). 

 TSC1 and 2 are thus called after a developmental disease associated with genetic 
predisposition to cancer and tuberous sclerosis. Germline mutations, followed by 
loss of heterozygosity in a somatic cell lineage, classically explain the involvement 
of these proteins in sporadic cancers such as angiosarcomas. 

 Among the numerous substrates of AKT, some activate pro-oncogenic pathways, 
such as those leading to NFκB (Chap.   12    ), and some other anti-oncogenic pathways 
such as those leading to the FOXO transcription factors, which are tumour suppres-
sors involved in rhabdomyosarcomas and certain leukaemias: chromosome rear-
rangements induce a loss of function of these proapoptotic factors. 

 LKB1 was initially identifi ed as the product of a tumour suppressor gene; its 
germline mutations are accompanied by the formation of hamartomas and polyps, 
especially in the intestines, through haploinsuffi ciency. This syndrome of predispo-
sition to cancer is known as Peutz–Jeghers disease. Indeed, the role of this protein 
in cell polarity explains its tumour suppressor effects, rather than its role in energy 
metabolism control. 

 This is only recently that several oncogenic mutations of mTOR were identifi ed. 
They are accompanied by kinase hyperactivity and, at least for some of them, by an 
exquisite sensitivity to rapamycin-derived anticancer drugs (see below). Most of 
them are located in different domains of the  C -terminal portion of the protein (for 
instance, E2014K, I2017V, A2020V and E2419K).  

3.5     Pharmacological Targets 

 Most proteins of the PI3 kinase pathway can be considered as potential targets for 
anticancer pharmacological development. At present time, only rapamycin-derived 
mTOR inhibitors have reached the market. 

 Two natural products, quercetin and wortmannin, were used as leads for the elab-
oration of PI3 kinase inhibitors. The crystallisation of the p110α–p85 complex was 
helpful for optimising several leads. These molecules have reduced specifi city 
because of the common structure of serine/threonine kinase catalytic centres, espe-
cially in the PIKK family, which comprises the various PI3 kinases, mTOR and the 
proteins involved in DNA damage detection, ATM ( ataxia telangiectasia-mutated ), 
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ATR ( ataxia telangiectasia and Rad3-related ) and DNA–PK ( DNA-dependent pro-
tein kinase ). Several molecules have entered clinical trials. Some compounds, such 
as GDC-0941, XL-147, BKM-120 (buparlisib) and BAY-806946, are active against 
the α, γ and δ enzymes and are less active on the β enzyme. Selective compounds 
against the α enzyme were obtained (BYL-719, GDC-0032) and some against the δ 
enzyme, which is involved in chronic lymphoid leukaemia (idelalisib or CAL-101). 
Due to the structural proximity of the various PIKK, several PI3 kinase inhibitors 
are also active on mTOR (see below). 

 The PDK1 serine/threonine kinase can also be targeted by inhibitors. UCN-01, a 
derivative of staurosporine, has been proposed for PDK1 inhibition, but this com-
pound is a weak and non-specifi c inhibitor. Other compounds are in development: 
OSU-03012 (AR-12), BX-795, BX-912 and GSK-2334470. 

 AKT proteins can also be targeted, fi rst by inhibitors of their kinase activity and 
second by compounds interacting with their PH domain. AKT kinase inhibitors have 
been developed, and as for all serine/threonine kinase inhibitors, problems of speci-
fi city were raised. Most identifi ed compounds are reversible ATP mimetics, such as 
GSK-690693, MK-2206, GSK-2141795, GDC-0068 and VQD-002. Some com-
pounds have also an activity against the p70 S6K  proteins, downstream mTOR, which 
have analogies with AKT. PH domain-interacting compounds are phosphoether lip-
ids such as miltefosine, which has been long ago as a topical drug for cutaneous 
metastases of breast cancer, and perifosine, which is present in development. 

 The mTOR protein benefi ts of a highly specifi c natural inhibitor, rapamycin, 
which acts in an allosteric manner and not at the level of the kinase catalytic centre. 
Rapamycin and its derivatives, called  rapalogues , are specifi c to the TORC1 com-
plex and require the binding of rapamycin to a small protein, FKBP12 ( FK506- 
binding protein 12 ). Rapamycin, under the name of sirolimus, has been used for a 
long time as an immunosuppressor; analogues were preferred for cancer treatment, 
such as temsirolimus, everolimus and deforolimus. These compounds are used in 
the treatment of renal advanced cancers and hepatocarcinomas. They are subjected 
to molecularly driven clinical trials in tumours bearing molecular alterations of the 
PI3 kinase pathway. An exquisite activity of rapalogues in tumours bearing activat-
ing mutations of mTOR has been noticed. 

 Outside the fi eld of rapalogues, mTOR can be targeted with serine/threonine 
kinase inhibitors. It should be underlined that these compounds are active on both 
TORC1 and TORC2 complexes. They can be either specifi c for mTOR (torin-1 and 
torin-2, AZD-8055, AZD-2014, OSI-027, CC-223 and INK-128) or with mixed 
activity against PI3 kinase and mTOR, as already mentioned. None of them has yet 
been approved for the clinics. 

 Finally, the p70 S6K  proteins are also serine/threonine kinases that can be targeted 
with inhibitors of variable specifi city: BI-D1870, H 89, PF-4708671 and AT-7867.     
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  4      Cytokines Pathway 

          Abstract  
  An important group of signalling molecules operate through a pathway which is 
slightly different from that described in Chap. 1: their receptors do not present 
tyrosine kinase activity but are coupled to a cytoplasmic tyrosine kinase which 
ensures, after receptor activation, the transduction of a signal leading to the tran-
scription of target genes. The main signalling pathway downstream the activa-
tion of these receptors by their ligands involves cytoplasmic JAK ( just another 
kinase , now  Janus kinase ) proteins and STAT ( signal transducer and activator of 
transcription ) transcription factors, but the activation of other kinases is some-
times possible, with connections with the MAP kinases (Chap. 2) and the PI3 
kinase (Chap. 3) pathways. 

 Whereas the word ‘cytokine’ designates often a large variety of signalling 
proteins, including growth factors (Chap. 1), TNF-related factors and chemo-
kines (Chap. 6), we will adopt a mechanistic defi nition and restrict this denomi-
nation to the ligands of membrane receptors devoid of tyrosine kinase activity 
but coupled with cytoplasmic tyrosine kinases. This includes most interleukins 
and interferons, but excludes many signalling molecules that activate other 
receptors, such as tyrosine kinase receptors, death receptors, interleukin-1 and 
toll-like receptors, etc. The cytokines envisaged in this chapter may be involved 
in multiple cell processes: proliferation and differentiation of blood cells, immu-
nity and infl ammation, body weight and size control, antiviral defences, etc.  

4.1               Cytokines 

 About 40 cytokines operating through the activation of a cytoplasmic tyrosine 
kinase have been identifi ed and can be distributed in two types according to their 
general structure and that of their receptors (Table  4.1 ). Type I, characterised by the 
presence of four α helixes, can be roughly subdivided in several families:
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•     Interleukin-2 (IL2) family: IL2, IL4, IL7, IL9, IL15 and IL21.  
•   Interleukin-6 (IL6) family: IL6, IL11, IL27, LIF ( leukaemia inhibiting factor ), 

CNTF ( ciliary neurotrophic factor ) and OSM ( oncostatin M ).  
•   Interleukin-3 (IL3) family: IL3, IL5 and GMCSF ( granulocyte-macrophage 

colony- stimulating factor receptor ).  

     Table 4.1    Main cytokines, cytokine receptors and downstream corresponding effectors   

 Type  Cytokine  Specifi c receptor 
 Family-specifi c 
receptor  Kinase 

 Transcription 
factor 

 Type I  IL2  IL2Rα/β  IL2Rγc ( IL2RG )  JAK1 + JAK3  STAT5 

 IL7  IL7Rα 

 IL9  IL9Rα 

 IL15  IL15Rα 

 IL4  IL4Rα  STAT6 

 IL21  IL21Rα  STAT1, 3 

 GMCSF 
( CSF2 ) 

 GMCSFRα 
( CSF2RA ) 

 IL3Rβc 
( CSF2RB ) 

 JAK2  STAT5 

 IL3  IL3Rα 

 IL5  IL5Rα 

 IL6  IL6Rα  gp130 ( IL6ST )  JAK1  STAT1, 3, 5 

 IL11  IL11Rα/β 

 IL25  IL17RB 

 CNTF  CNTFRα 

 LIF  LIFR 

 OSM  OSMR 

 IL27 (IL30)  IL27Rα 

 IL12  IL12Rβ2  IL12Rβ1  JAK2 + TYK2  STAT4 

 IL23  IL23Rα  STAT3 

 GH  GHR  JAK2  STAT5 

 PRL  PLR 

 OBS ( LEP )  OBR ( LEPR ) 

 EPO  EPOR 

 TPO 
( THPO ) 

 TPOR ( MPL ) 

 GCSF 
( CSF3 ) 

 GCSFR ( CSF3R ) 

 Type II  IFNα, β, ω, ε  IFNαR1  IFNαR2  JAK1 + TYK2  STAT1, 2, 3, 5 

 IFNγ  IFNγR1  IFNγR2  JAK1 + JAK2  STAT1, 3, 5 

 IL10  IL10Rα  IL10Rβ  JAK1 + TYK2 

 IL22  IL22Rα1/2 

 IL26  IL20Rα 

 IL19, 20  IL20Rα  IL20Rβ 

 IL24  IL22Rα 

4 Cytokines Pathway
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•   Interleukin-12 (IL12) family: IL12 and IL23.  
•   Hormones and other haematopoietic growth factors family: GCSF ( granulocyte 

colony-stimulating factor ), EPO (erythropoietin), TPO (thrombopoietin, gene 
 THPO ), GH ( growth hormone ), prolactin (PRL) and leptin (LEP or OBS).    

 Type II contains interferons and other interleukin subfamilies: IL10 family 
(IL10, IL22, IL26) and IL20 family (IL19, IL20, IL24). 

 The cytokines each have many functions and their physiological actions are not 
limited to a unique tissue but are often ubiquitous and pleiotropic. These functions 
are also often redundant, so that several cytokines may exert the same effect of some 
target tissues or cells. The precise role of all cytokines will not be presented in 
detail, and the reader is referred to immunology and haematology handbooks. We 
will essentially focus this chapter on haematopoietic growth factors because of their 
role in cell proliferation and haematological malignancies and on immunity- and 
infl ammation-related processes because of their potential role in oncogenesis.  

4.2     Cytokine Receptors and JAK Activation 

 Cytokine receptors are membrane proteins with a single transmembrane domain 
and an extracellular  N -terminal portion. They are characterised by the presence of 
cysteine residues in the distal part of the extracellular domain and by a motif con-
taining two tryptophan and two serine residues (WSXWS) on the proximal part of 
this domain. The intracellular domain does not contain a catalytic centre but several 
well-conserved domains, in particular box 1, close to the transmembrane domain, 
characterised by a proline-rich motif of eight amino acids, and box 2, consisting of 
a group of hydrophobic amino acid residues in the prolongation of the α helix of the 
transmembrane domain, followed by a series of charged amino acid and tyrosine 
residues able to bind a phosphate moiety. The two boxes are involved in receptor 
binding to a JAK protein. One of these receptors, CNTFR, has no transmembrane 
and intracellular domains and is anchored to the plasma membrane through a mol-
ecule of glycosylphosphatidylinositol (Annex   C    ). Several receptors present soluble 
variant isoforms generated by alternative splicing: this is the case for the receptors 
of IL4, IL5, IL7, IL9, LIF, GCSF, CNTF, GH and PRL. These soluble forms behave 
as cytokine transporters and some of them merely as traps, which bind a cytokine 
without transmitting a signal. 

 Cytokine receptors must be dimerised to activate the signalling pathway. The 
dimers and their ligand constitutes the ‘reception complex’ characteristic of the 
message to be transmitted. This can be a heterodimerisation between a ligand- 
specifi c monomer (α type) and a common, ligand family-specifi c, monomer (β or γ 
type). The most frequently used ligand family-specifi c receptors are IL3Rβ or βc for 
the GMCSF family, IL2Rγ or γc for the IL2 family and gp130 or IL6ST ( IL6 signal 
transducer ) for the IL6 family (Table  4.1 ). Heterodimerisation also occurs for the 
receptors of type II cytokines of the IL10 and IL20 families, with IL10Rβ and 
IL20Rβ as common receptors for these interleukins, respectively. In contrast, for the 
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hormone (GH, PRL, etc.) receptors and the other haematopoietic cytokine (EPO, 
TPO) receptors, there exists only one type of receptors that is homodimerised upon 
ligand binding. A total of 36 reception complexes have been thus identifi ed and 
Fig.  4.1  presents some of them.  

 Receptor homodimerisation occurs sequentially: the cytokine binds to a fi rst 
monomer, which induces a conformation change allowing the binding of a second 
monomer and the interaction between the two monomers. Receptor heterodimerisa-
tion is more complex and may follow various types of association between the ligand-
specifi c monomer and the common, family-specifi c, monomer, βc, γc or gp130. 

 Receptors are constitutively associated to JAK kinases. Receptor dimerisa-
tion allows the activation of these kinases, which undergo autophosphorylation 

a

Receptor  γc

IL2 IL4 IL7 IL9 IL15

b

Receptor  βc

IL3 IL5 GMCSF

c
IL6 IL11 CNTF LIF OSM

Receptor  gp130

d
GH PRL EPO TPO GCSF

  Fig. 4.1    Signal reception complexes of the main type I cytokines. The receptor dimers formed 
after recognition and binding of a cytokine are diverse. ( a ) Dimerisation occurs between an α 
receptor (specifi c to the cytokine) and a γc receptor (IL2Rγc, common to the IL2 cytokine family). 
( b ) Dimerisation occurs between an α receptor (specifi c to the cytokine) and a βc receptor (IL3Rβc, 
common to the IL3 cytokine family). ( c ) Dimerisation occurs between an α receptor (specifi c to the 
cytokine) and a gp130 receptor (IL6ST) (common to the IL6 cytokine family). ( d ) Dimerisation 
occurs between two identical cytokine-specifi c receptors       
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and then become able to phosphorylate the receptor at the level of tyrosine resi-
dues of box 2 (Fig.  4.2 ). Four JAK proteins have been identifi ed, called JAK1, 
JAK2, JAK3 and TYK2. The association between a JAK protein and a receptor 
occurs as described in Table  4.1 . Some receptors are associated to two identical 
JAK proteins, JAK1 or JAK2, while other receptors are associated to distinct 
JAK proteins: JAK1/JAK2, JAK1/JAK3, JAK1/TYK2 or JAK2/TYK2. No 
receptor associated to two JAK3 or two TYK2 proteins, or to JAK2/JAK3 or 
JAK3/TYK2 combinations, has been identifi ed. After autophosphorylation and 
receptor phosphorylation, the JAK proteins can phosphorylate a series of tran-
scription factors of the STAT family, which are recruited to the membrane 
thanks to their SH2 recognition domains of the phosphotyrosine residues of the 
activated receptor.  

 The JAK proteins are characterised by the presence of several homologous 
domains JH (JAK homology domains) (Fig.  4.3 ): a JH1  C -terminal domain, bearing 
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  Fig. 4.2    Cytokine receptor activation via the JAK kinases. JAK proteins are constitutively associ-
ated to the receptor complexes. The binding of a cytokine enables receptor dimerisation and auto-
phosphorylation of the associated JAK proteins. These kinases then phosphorylate the receptor on 
 C -terminal tyrosine residues, which are thus recognised by diverse proteins, especially the STAT 
transcription factors, which are phosphorylated by the JAK kinases. The negative regulation of the 
signalling pathway is ensured in particular by SOCS proteins, which compete with STAT proteins 
for receptor binding on phosphotyrosine residues and inhibit the JAK proteins, and by SHP phos-
phatases which bind the receptor complexes and dephosphorylate the JAK kinases       
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the tyrosine kinase activity; a JH2 pseudokinase domain able to negatively regulate 
kinase activity; and a FERM ( four-point-one, ezrin, radixin and moesin )  N -terminal 
domain involved in receptor binding.  

 The different JAK proteins are redundant but may play specific roles. JAK1, 
JAK2 and TYK2 are ubiquitous, while JAK3 is specifically expressed in the 
haematopoietic tissues and is activated in response to cytokines of the IL2 fam-
ily. JAK1 is activated in response to numerous cytokines, especially of the IL2, 
IL6 and type II cytokines. JAK2 is characteristic for the response to haemato-
poietic factors (EPO) and hormones. TYK2 is mainly involved in type II cyto-
kines response.  

KinasePseudokinaseSH2FERM
1 360 374 454 520 820 112436

a

b

Linker TransactivationSH2DNA bindingCoiled-coil

1 300 500 690 851130 575

Y     S

P P

PP

c

  Fig. 4.3    General structure of the JAK and STAT proteins. ( a ) JAK proteins contain a kinase 
domain, a pseudokinase domain, a SH2 domain for binding to the receptor phosphotyrosine resi-
dues and a FERM  N -terminal domain for receptor interaction. ( b ) STAT proteins contain a trans-
activation domain bearing the tyrosine residue that has been phosphorylated by JAK and a 
regulatory serine residue, a SH2 domain for binding the phosphotyrosine residues of the activated 
receptor, a DNA-binding domain and an  N -terminal coiled-coil domain. ( c ) Schematic representa-
tion of a STAT protein after dimerisation, from crystallography data; the DNA-binding domains 
enclose a DNA sequence ( red ); the SH2 domains of each monomer are associated to a phosphoty-
rosine residue of the other monomer       
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4.3     Signal Transduction 

 The JAK kinases ensure the phosphorylation of STAT transcription factors. Seven 
STAT proteins have been identifi ed, denominated STAT1, STAT2, STAT3, STAT4, 
STAT5A, STAT5B and STAT6. STAT expression is ubiquitous; all have a well- 
conserved SH2 domain allowing their recruitment by the activated receptor on its 
phosphotyrosine residues and a  C -terminal tyrosine residue which is the site of 
phosphorylation by JAK (Fig.  4.3 ). This induces the formation of phosphorylated 
STAT protein homodimers or heterodimers, thanks to reciprocal interactions 
between the SH2 domain of the fi rst one and the phosphotyrosine residue of the 
second one. These dimers can then migrate to the nucleus where they bind the pro-
moter sequences of target genes, thanks to their DNA-binding domain (Fig.  4.4 ). 
One or several distinct STAT proteins can be activated in response to the binding of 
a cytokine ligand to its receptor, depending on the cellular context (tissue type, dif-
ferentiation state, ligand concentration).  

 The physiological actions of the STAT proteins are not redundant: STAT1 is 
rather specifi c of the IFNs; STAT3 is preferentially activated by IL6 family 
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  Fig. 4.4    The JAK–STAT signalling pathway. After phosphorylation, STAT dimers migrate to the 
nucleus, where they recognise the promoters of target genes and activate their transcription. PIAS 
proteins can however bind STAT molecules and prevent their dimerisation. SOCS proteins inhibit 
signal transmission by binding the receptor to prevent binding and phosphorylation of STAT pro-
teins at these sites; they inhibit JAK proteins and drive the complex to proteasomal degradation       
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cytokines; STAT4 is activated by IL12, STAT6 by IL4 and STAT5 by IL2 and IL3 
 families interleukins, hormones and haematopoietic growth factors. 

 One of the main regulation processes of cytokine signal transduction is operated 
by SOCS ( suppressor of cytokine signalling ) proteins, also known as SSI ( STAT- 
induced STAT inhibitor ) or JAB ( JAK-binding protein ) proteins. There are eight 
SOCS proteins, denominated SOCS1 to SOCS7 and CIS ( cytokine-inducible SH2 
domain-containing protein ). These proteins bear a SH2 domain, which can bind the 
receptor phosphotyrosine residues and prevent STAT binding to the same activated 
receptor, and a JAK inhibition domain called KIR ( kinase-inhibitory region ); they 
also have a SOCS box which recruits E3 ubiquitin ligases (see Annex   C    ), allowing 
the destruction of the reception complexes and maybe of the STAT proteins them-
selves. The SOCS genes are target genes for the STAT transcription factors, which 
allow negative retrocontrol of this signalling pathway. Another negative regulation 
is ensured by PIAS ( protein inhibitor of activated STAT ) proteins, which are able to 
bind the phosphorylated STAT proteins, thus preventing their dimerisation. Finally, 
SHP ( SH2 domain-containing ) phosphatases or PTPN ( protein tyrosine phospha-
tases, non-receptor ), equipped with SH2 domains, are able to dephosphorylate the 
JAK kinases. 

 The target genes of the STAT transcription factors are numerous, but they remain 
incompletely identifi ed. STAT3 is involved in cell survival and proliferation, through 
the transcriptional activation of genes such as  BCL2  (Chap.   18    ),  CCND1  (cyclin D1, 
Chap.   17    ),  VEGFA  (Chap.   1    ),  MYC ,  JUN  and  FOS  (Chap.   2    ). In contrast, STAT3 is 
a repressor of  TP53  transcription (Chap.   17    ). It may seem paradoxical to observe 
that there is a multiplicity of signals able to activate the JAK–STAT pathway, as well 
as a large variety of ligand–receptor association complexes, whereas these various 
messages lead to the activation of a small number of distinct STAT factors. 

 There are numerous interconnections between the JAK–STAT pathway and the 
other signalling pathways. The JAK kinases are equipped with a SH2 domain and 
thus are able to recognise and bind phosphotyrosine residues of the tyrosine kinase 
receptors (TKRs) described in Chap.   1    : they can thus activate a STAT protein in 
response to growth factor signalling and so can do the STAT proteins themselves. In 
addition, the JAK proteins are able to activate the pathways that are classically 
located downstream TRK activation, such as the MAP kinase (Chap.   2    ) and the PI3 
kinase (Chap.   3    ) pathways.  

4.4     Oncogenic Alterations 

 Numerous oncogenic alterations have been identifi ed in this signalling pathway; 
many of them are related to infl ammation and immunity: immune defi ciencies, 
infl ammatory and autoimmune diseases. For instance, there is an association 
between  JAK3  germline mutations and severe combined immunodefi ciency (SCID) 
syndromes, in mice as in humans. Also, germline alterations of the leptin receptor 
or the growth hormone receptor generate various congenital hereditary endocrine 
diseases. We will not describe the immune or endocrine consequences of the 
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pathological alterations found in this pathway and focus only on the oncogenic 
alterations; these can be found at all the steps of this signalling pathway: haemato-
poietic growth factor receptors, JAK kinases, STAT transcription factors and their 
SOCS inhibitors. 

 The IL3Rα receptor is overexpressed in blast cells in more that 80 % of acute 
myeloid leukaemias, inducing an increase in STAT5 activation. In other cases, the 
common receptor IL3Rβ is expressed as a truncated form, which renders it insensitive 
to ubiquitinylation and subsequent proteolysis. Similarly, a truncated form of the 
GCSF receptor (GCSFR) is associated to STAT5 overstimulation, and point mutations 
in this receptor are also found in acute myeloid leukaemias. Mutations in the throm-
bopoietin receptor (TPOR) have been found in myeloproliferative neoplasias. 

 The discovery of the V617F JAK2 mutations in several myeloproliferative neopla-
sias has represented an important step in the knowledge of the genesis of these malig-
nant haematological diseases ( polycythaemia vera  or Vaquez disease, essential 
thrombocythaemia, idiopathic myelofi brosis). This mutation occurs in the JH2 domain 
of JAK2 and is responsible for a constitutive activation of its tyrosine kinase activity, 
leading to receptor hypersensitivity. Other molecular alterations of JAK2, such as 
K539L, have been described in V617E-negative myeloproliferative neoplasia, as well 
as in some acute lymphoblastic leukaemias and acute megakaryocytic leukaemias. 
Also, activating mutations of JAK1 have been found in acute T-cell lymphoblastic 
leukaemias and JAK3 mutations in acute megakaryocytic leukaemias. 

 Although no mutation of STAT genes have ever been found in malignant dis-
eases, these genes often behave as proto-oncogenes. Constitutive activation of 
STAT1 has been observed in acute myeloid leukaemias, B-cell acute lymphoblastic 
leukaemias and erythroleukaemias; that of STAT3 in Hodgkin disease and some 
acute myeloid leukaemias as well as in several solid tumours (prostate and breast 
cancer, hepatocellular carcinomas); and that of STAT5 in erythroleukaemias, acute 
myeloid leukaemias, acute lymphoblastic leukaemias, acute megakaryocytic leu-
kaemias and chronic myeloid leukaemias. However, the STAT proteins can play an 
ambiguous role: STAT1 is a promoter of apoptosis in interferon signalling and could 
behave as a tumour suppressor gene in late stages of oncogenesis by inducing apop-
tosis. Similarly, STAT3 is activated by IL10, which is an anti-infl ammatory cytokine 
and could reduce infl ammation-related oncogenetic processes. 

 The SOCS proteins behave as tumour suppressors; SOCS1 promoter methyla-
tion, leading to gene inactivation, has been observed in nearly 60 % of acute myeloid 
leukaemias, as well as in chronic myeloid leukaemias and in hepatocarcinomas. 
Similarly, SOCS3 promoter methylation is found in hepatocarcinomas as well as in 
various squamous cell carcinomas.  

4.5     Pharmacological Targets 

 Since 1992, recombinant IL2 (aldesleukin) has been introduced in the treatment of 
advanced renal cancers and malignant melanomas, two cancers that are highly resis-
tant to chemotherapy and appear to be associated to immune defi ciency. IL2 is 

4.5 Pharmacological Targets



64

physiologically produced by CD4 +  T lymphocytes. It induces an increase of lym-
phocyte proliferation and the clonal expansion of natural killer cells, which consti-
tutively express IL2 receptors. IL2 also stimulates the production of other factors 
such as tumour necrosis factor (TNF), interleukin 1 (IL1) and interferon γ. 
Conversely, an anti-IL2 approach could reveal interest in the treatment of the can-
cers for which IL2 may play a pathogenic role: T-cell leukaemias and lymphomas, 
Hodgkin disease, follicular B-cell lymphomas and hairy cell leukaemias. 

 Interferon α is also used in therapeutics because of its stimulatory activity of 
natural killer cells and antigen-presenting cells. Outside the fi eld of B and C hepati-
tis, it is prescribed in chronic myeloid leukaemias, hairy cell leukaemias, Kaposi 
sarcoma and metastatic malignant melanomas. Other interferons (interferons β and 
γ) are utilised outside the fi eld of oncology. 

 The haematological toxicity of high-dose chemotherapy has encouraged the 
development of therapeutic use of haematopoietic growth factors to accelerate the 
production of progenitor cells. Erythropoietin for the treatment of anaemia, throm-
bopoietin for the treatment of major platelet defi ciencies and GCSF and GMCSF for 
the prevention and treatment of neutropenia have been thus introduced in the onco-
logical armamentarium. 

 Targeting JAK2 activity by tyrosine kinase inhibitors (TKI) lies on the various 
successes that have been obtained in targeting other tyrosine kinase receptors 
(EGFR) or cytoplasmic tyrosine kinases (mainly BCR–ABL). Ruxolitinib has been 
approved for the treatment of myeloproliferative neoplasia, without taking into 
account the presence of the JAK2 V617F mutation. Other compounds are in devel-
opment, but the problem of substrate specifi city is certainly one of the most diffi cult 
to solve. Several JAK3-targeting TKIs are also in development for the treatment of 
rheumatoid arthritis, autoimmune diseases and transplant rejection. 

 Targeting STAT transcription factors, especially STAT3 and STAT5, is under 
study but remains a diffi cult task. Peptidomimetics targeting the STAT SH2 domains, 
STAT mRNA antisense oligonucleotides inhibiting STAT synthesis, decoy oligo-
nucleotides that mimic the DNA-binding site of STAT transcription factors and 
small molecules identifi ed by screening represent the various tracks that can be fol-
lowed. All of them remain far from current therapeutic usage.     
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  5      TGFβ Pathway 

          Abstract  
  Transforming growth factor beta (TGFβ) is the lead of a large family of factors 
studied in this chapter, which comprise several stricto sensu TGFβs and a subfam-
ily of related factors, and a subfamily of bone morphogenetic factors (BMPs). The 
receptors of these factors display serine/threonine kinase activity, which distin-
guishes them from those presenting (or are associated to) tyrosine kinase activity 
(Chaps. 1 and 4). They are involved in many cellular processes, especially during 
development, and play a role in cell survival, proliferation and differentiation, as 
well as in cell adhesion and motility, and its alterations are found in cancer, 
infl ammation and fi brosis. Overall, the TGFβ pathway generally works in opposi-
tion to cell proliferation and plays a tumour suppressor role counteracting onco-
genesis, but the role of this pathway is ambivalent since it frequently enhances cell 
motility and migration, participates to the epithelial-to- mesenchymal transition 
and, consequently, may favour metastasis dissemination. 

 The factors of the TGFβ family are active as homodimers and are responsible 
of the formation, at the level of the target cell, of a hexameric complex made of 
two molecules of ligand, two molecules of type I receptors and two molecules of 
type II receptors, in addition to coreceptors required for signalling. Once acti-
vated by ligand binding, type II receptors phosphorylate type I receptors, which 
in turn phosphorylate transcription factors of the SMAD family. This denomina-
tion comes from the names of the ortholog genes  sma  (small) of  Caenorhabditis 
elegans  and  mad  ( mothers against decapentaplegic homologue ) of drosophila. 
The SMAD factors bind to a common interactant, also of the SMAD family, and 
form a transcriptional activator or repressor complex which is able to relocate to 
the nucleus and regulate the transcription of target genes, which are more or less 
specifi c of the extracellular factor generating the signal.  
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5.1               TGFβ Family Ligands 

 Table  5.1  inventories the main factors of the lato sensu TGFβ family, whose total 
number exceeds 30. These factors and their receptors may have very variable tissue 
distribution and are expressed at defi nite periods of life: some of them are expressed 

     Table 5.1    Ligands of the TGFβ family (lato sensu) and their receptors   

 Ligand 
 Type I 
receptor 

 Type II 
receptor  Coreceptor 

 SMAD 
factor 

 TGFβ 
subfamily 

 TGFβ 1, 2, 3  TβR1, ALK5 
( TGFBR1 ) 

 TβR2 
( TGFBR2 ) 

 β-glycan 
( TGFBR3 ) 

 SMAD2, 
SMAD3   TGFB1 ,  2 ,  3  

 Activins A, B, C 
( INHBA ,  B ,  C ) 

 ALK2 
( ACVR1A ) 

  ACVR2A  

 ALK4 
( ACVR1B ) 

  ACVR2B  

 Myostatin 
( MSTN , GDF8) 

 ALK4 
( ACVR1B ) 

  ACVR2A  

  ACVR2B  

 Nodal ( NODAL )  ALK4 
( ACVR1B ) 

  ACVR2A   Cripto 
( CFC1, 
TDGF1 )  ALK7 

( ACVR1C ) 
  ACVR2B  

 GDF 1, 3 
( GDF1 ,  3 ) 

 ALK4 
( ACVR1B ) 

  ACVR2A   Cripto 
( CFC1, 
TDGF1 )  ALK7 

( ACVR1C ) 
  ACVR2B  

 Inhibin ( INHA )  ALK4 
( ACVR1B ) 

  ACVR2A   β-glycan 
( TGFBR3 )   ACVR2B  

 Lefty 1, 2 
( LEFTY1 ,  2 ) 

 ALK4 
( ACVR1B ) 

  ACVR2A  

 ALK7 
( ACVR1C ) 

  ACVR2B  

 BMP 
subfamily 

 BMP 2, 4 
( BMP2 ,  4 ) 

 ALK3 
( BMPR1A ) 

  BMPR2    RGMA   SMAD1, 
SMAD5, 
SMAD8  GDF 5, 6, 7 

( GDF5 ,  6 ,  7 ) 
 ALK6 
( BMPR1B ) 

  ACVR2A    RGMB  

  ACVR2B  

 BMP 6, 7 
( BMP6 ,  7 ) 

 ALK2 
( ACVR1A ) 

  BMPR2    RGMA  

 ALK3 
( BMPR1A ) 

  ACVR2A    RGMB  

 ALK6 
( BMPR1B ) 

  ACVR2B  

 BMP 9, 10 
( BMP9 ,  10 ) 

 ALK1 
( ACVRL1 ) 

  BMPR2   Endoglin 
( ENG ) 

 Anti- Mullerian 
hormone ( AMH ) 

 ALK3 
( BMPR1A ) 

  AMHR2  

 ALK2 
( ACVR1A ) 
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only in some cell types and/or during a very short period of embryonic life, while 
others are ubiquitous and/or expressed all life long. In the TGFβ subfamily are 
found three TGFβs stricto sensu; a series of proteins called inhibins or activins, 
nodal, lefty and myostatin; as well as GDF (growth differentiation factors) 1 and 3. 
In the BMP subfamily are found BMP 2, 4, 5, 6, 7, 9 and 10; GDF 5, 6 and 7; and 
AMH ( anti-Mullerian hormone ) also known as MIS ( Mullerian inhibitory 
substance ).

   These factors are synthesised as precursor latent forms, which are later submitted 
to proteolytic cleavage releasing the active  C -terminal part of the protein. The pro-
teolytic enzymes in charge of this activation are convertases of the subtilisin family, 
such as furin, and collectively called PCSKs ( proprotein convertases subtilisin/
kexin ) or PACEs ( paired basic amino acid cleaving enzymes ) (see Annex   C    ). After 
cleavage, the three TGFβs remain non-covalently attached to the  N -terminal pep-
tide, called the  latency-associated peptide , which is not the case for other factors of 
the TGFβ and BMP subfamilies. All TGFβs and BMPs are secreted as dimers and 
are characterised by the presence of a characteristic cysteine knot at the  C -terminal 
level, which allows the formation of three intramolecular disulphide bridges; a last 
disulphide bridge is used for dimerisation (Fig.  5.1 ).  

 All these factors are characterised by an antiparallel dimeric structure, which is 
formed before receptor interaction, allowing the recruitment of two molecules of 
type II receptors and of two molecules of type I receptor (Fig.  5.2 ). The ligands of 
the TGFβ subfamily have higher affi nity for type II receptors, and this is only after-
wards that two molecules of type I receptor are recruited and bound to the 

  Fig. 5.1    Schematic representation of a TGFβ dimer. TGFβ structure reveals the presence of four 
‘fi ngers’ linked by intrachain disulphide bridges ( black lines ) at the level of the ‘cysteine knot’. 
Two TGFβ molecules are bound by an interchain disulphide bridge ( orange line )       
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ligand- type II receptor complex. Some ligands of the BMP subfamily can bind 
indifferently to any receptor type, the complex thus formed recruiting afterwards the 
receptor of the other type. Dimerisation generally occurs between two identical 
molecules (homodimerisation); however, the dimerisation between an inhibin 
(INHA) and an activin (INHB) is possible, the heterodimer having a negative effect 
on receptor recruitment.  

 In the extracellular space, ligands of both subfamilies are protected from recep-
tor interaction by antagonistic proteins, which are generally secreted proteins, each 
of them being more or less specifi c of the factors. Some of them are associated to 
glycans to form proteoglycans, such as decorin; others are structural analogues of 
the ligands and inhibit their interaction with their receptor through a mechanism of 
negative dominance (cerberus, gremlin, sclerostin); others are binding proteins 
whose progressive diffusion in the extracellular space generates gradients, which 
play a major role in morphogenetic processes: this is the case of follistatin, chordin 
or noggin.  

5.2     Receptors and Activation 

 At the level of the target cells of this signalling pathway, the receptors of the TGFβ 
and BMP subfamilies are membrane proteins with a single transmembrane domain, 
an extracellular portion aimed at ligand recognition and binding and an intracellular 
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  Fig. 5.2    TGFβ reception complex. Schematic representation of the reception complex, which 
comprises the TGFβ dimer, the two molecules of TβR1 receptor, the two molecules of TβR2 recep-
tor and the coreceptor, β-glycan       
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part carrying serine/threonine kinase activity. These receptors are of two types, I 
and II, which especially differ by the presence of a glycine–serine (GS) box in the 
juxtamembrane domain of type I receptors. In addition, membrane proteins of the 
receptor cell are required for signal transduction and serve as coreceptors. Several 
nomenclatures have been used, which adds to the natural complexity of this system. 
Table  5.1  tentatively recapitulates the available data.

•    There are seven type I receptors, called ALK ( activin receptor-like kinase ), from 
ALK1 to ALK7. The type I receptor of the three TGFβs is unique and is called 
TβR1 or ALK5 (gene  TGFBR1 ). The type I receptors of the other members of 
the TGFβ subfamily are ALK2, ALK4 and ALK7 (genes  ACVR1A ,  ACVR1B  and 
 ACVR1C ) and those of the BMP subfamily are most often ALK1 (gene  ACVRL1 ), 
ALK3 and ALK6 (genes  BMPR1A  and  BMPR1B ); the type I receptor of the anti- 
Mullerian hormone is ALK2 or ALK3.  

•   There are fi ve type II receptors; similarly, the type II receptor of the TGFβs is 
unique (TβR2, gene  TGFBR2 ); the type II receptors of the other members of the 
TGFβ subfamily are ACVR2A and ACVR2B (same gene names); the type II 
receptors of the BMP subfamily are either the same ACVR2A and ACVR2B or 
BMPR2; the type II receptor of the anti-Mullerian hormone is AMHR2.  

•   All the coreceptors, sometimes called type III receptors, have not all been identi-
fi ed; for the TGFβs, this is a proteoglycan called β-glycan or TβR3 (gene 
 TGFBR3 ); for the TGFβ subfamily, this is a protein called cripto (genes  TDGF1 , 
for  teratocarcinoma-derived growth factor 1 , and  CFC1  for  cripto ,  FRL1 ,  cryp-
tic family 1 ); for the BMP subfamily, these are either RGM ( repulsive guidance 
molecule ) A and B or endoglin (gene  ENG ) for BMP9 and 10. The mechanism 
of action of the coreceptors is not fully understood and may vary according to the 
receptor complexes and the ligands.  

•   Some decoy receptors have been identifi ed, such as the BAMBI ( BMP and 
activin membrane-bound inhibitor homologue ) protein; they have structural 
analogy with type I receptors but only a reduced intracytoplasmic portion, devoid 
of kinase activity. These molecules are negative regulators of the signalling 
pathway.    

 Most of the dimeric factors of the TGFβ and BMP subfamilies bind fi rst to two 
molecules of type II receptor, which then recruits two molecules of type I receptor; 
this is the reverse for some BMP factors such as BMP2 and 4. In all cases, the active 
complex is a hexameric complex that has been crystallised for some of them, allow-
ing X-ray diffraction structural studies. The variety of the possible combinations 
explains the variety of the messages that can be transduced by this signalling path-
way. The phosphorylation of type I receptor occurs at the level of the GS box, 
upstream the catalytic domain. This phosphorylation induces a conformational 
change which reveals the catalytic site of the type I receptor, which then can phos-
phorylate the SMAD proteins. The protein FKBP12 ( FK506-binding protein ) can 
bind the GS box when it is not phosphorylated and thus prevents receptor activation 
in the absence of the TGFβ signal.  

5.2 Receptors and Activation
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5.3     Signal Transmission in the TGFβ Pathway 

 In contrast to the complexity of the combinatorial pattern of ligands and receptors, 
there is a relative simplicity of the signal transduction pathway (Fig.  5.3 ). The TGFβ 
subfamily factors are responsible for the activation by phosphorylation of SMAD2 
and SMAD3 transcription factors, while those of the BMP subfamily induce the 
same for SMAD1, SMAD5 and SMAD8. The binding of these ‘primary’ SMAD 
proteins (R-SMADs) to SMAD4 (co-SMAD) induces their migration to the nucleus 
where they recognise and bind the promoter sequences of their respective target 
genes. Two proteins of the same family, SMAD6 and SMAD7 (I-SMADs), are com-
petitive inhibitors of R-SMADs at the level of the activated receptors and prevent 
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  Fig. 5.3    TGFβ signalling pathway. The TGFβ precursor is cleaved in the endoplasmic reticulum 
but the  N -terminal part ( orange diamonds ) remains non-covalently bound to TGFβ. In the extracel-
lular space, it can be inactivated through binding proteins such as chordin. It is recognised by a 
type II receptor, TβR2 (gene  TGFBR2 ), which undergoes dimerisation and autophosphorylation. 
Type II receptor recruits and phosphorylates two molecules of type I receptor, TβR1 or ALK5 
(gene  TGFBR1 ). The hexameric complex is associated to a coreceptor such as β-glycan (gene 
 TGFBR3 ) or endoglin (gene  ENG ). Type I receptor can recruit and phosphorylate a transcription 
factor, SMAD2 or SMAD3, thanks to an anchor protein, SARA ( SMAD anchor for receptor acti-
vation ). This phosphorylation can be inhibited by another SMAD protein, SMAD6 or SMAD7. 
The activated transcription factor is associated to SMAD4, which allows its relocalisation in the 
nucleus, where it recruits coactivators or corepressors and triggers the transcription of various 
target genes. The SMAD proteins can also be driven to the proteasome via an E3 ubiquitin ligase, 
SMURF ( SMAD ubiquitinylation regulating factor )       
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their phosphorylation. The specifi city of ligand–receptor interactions is not as strict 
as mentioned above or in Table  5.1 . ALK1 can be recruited by TGFβ when expressed 
at suffi cient levels in endothelial cells, leading to the activation to SMAD1, 5 or 8 
instead of SMAD2 or 3 and, consequently, to different, even opposite actions on the 
target gene promoters.  

 Several proteins are involved in the regulation of SMAD protein phosphorylation 
by the activated reception complexes; especially, SARA ( SMAD anchor for recep-
tor activation ) (gene  ZFYVE9 ) recruits certain R-SMADs to the activated receptor 
and appears to be required for their phosphorylation. The destruction of the recep-
tion complexes is ensured by endocytosis and proteolysis in the proteasome after 
the action of an E3 ubiquitin ligase (see Annex   C    ) called SMURF ( SMAD ubiquiti-
nylation regulating factor ). 

 The SMAD proteins contain two functional domains, MH1 ( MAD homology 
domain 1 ) and MH2 ( MAD homology domain 2 ), separated by a linker domain 
(Fig.  5.4 ). The MH1 domain is responsible for DNA binding, but the domain in 
charge of the transcriptional activity is MH2 and is also responsible for the interac-
tions with the other SMAD proteins and the type I receptor. This domain contains 
the SSXS sequence at the  C -terminal extremity, which is the phosphorylation target 
of the SMAD proteins by the ALK receptors. This phosphorylation induces a con-
formational change which releases domain MH1 from domain MH2, activating thus 
transcriptional activity. The SMAD transcription factors recruit transcriptional 
coactivators and corepressors so that, according to the context (i.e. the availability 
of nuclear proteins of the transcriptional machinery), the TGFβ stimulus can acti-
vate or repress the transcription of different genes. Nuclear inhibitors of TGFβ 
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  Fig. 5.4    Structural organisation of SMAD proteins. All SMAD proteins are characterised by the 
presence of two MAD homology domains, MH1 and MH2, separated by a linker with variable 
sequence. R-SMADs (SMAD1, 2, 4, 5 and 8) bear in addition a nuclear localisation sequence 
(NLS), a DNA-binding domain (DBD) and a  C -terminal phosphorylation site SSXS. R-SMAD 
MH2 domain contains in addition a series of interaction sites with various interactants, included 
the TβR1 receptor (T) and the protein SARA (S). Co-SMAD (SMAD4) bears a SMAD activation 
domain (SAD). R-SMADs and I-SMADs (SMAD6 and 7) have a SMURF binding sequence, 
PPXY (PY), localised in the linker       
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signalling operate at the SMAD-induced transcription level; these are the proteins 
SKI ( Sloan-Kettering Institute oncogene ) and SKIL (or SNO).  

 Besides the canonical signalling pathway described above, which is obtained 
through SMAD protein activation, the factors of the TGFβ family are able to acti-
vate the MAP kinase pathways (Chap.   2    ), likely through the activation of MAP3Ks 
such as TAK1 (gene  MAP3K7 ), leading to the activation of the ERK, p38 or JNK 
pathways. Conversely, the SMAD transcription factors can be phosphorylated by 
MAP kinases, especially ERK1/2, on target sites that can induce their activation or 
inhibition.  

5.4     Oncogenic Alterations 

 The pathways activated by TGFβ and its analogues play multiple roles in develop-
ment and morphogenesis, so that the germline mutations of the genes encoding the 
proteins of the pathway may generate numerous kinds of hereditary diseases and 
congenital malformations. Their roles in oncogenesis are complex and ambivalent. 
The TGFβ pathway is rather an anti-oncogenic pathway in the early stages, because 
it acts against proliferation and induces differentiation and apoptosis. However, in 
the late stages, it may favour invasion and metastasis through its actions on tumour 
cell adhesion and migration, on the tumour microenvironment, on angiogenesis and 
on immune survey. 

 In most studies, the different players of the TGFβ pathway behave as tumour 
suppressor genes. Invalidating germline mutations of  BMPR1A  (ALK3), of  SMAD4 , 
and more rarely of endoglin have been found in a syndrome of predisposition to 
digestive cancers called juvenile polyposis. In addition, some functional polymor-
phisms of TGFβs and their receptors are accompanied by an increase in susceptibil-
ity to some cancers. Breast and lung cancer metastases are frequently associated to 
the loss of  TGFBR3  gene expression. Mutations of  TGFBR2  and  SMAD4  are fre-
quently observed in colon, pancreas and lung cancers.  TGFBR2  mutations are 
related to the presence of a microsatellite within the coding sequence, which is fre-
quently altered when microsatellite instability occurs in colorectal cancers, either 
sporadic or with hereditary predisposition.  TGFBR2  loss of expression has been 
observed in various cancer types. 

 The positive role of TGFβ on metastasis formation has been detected experimen-
tally: the inhibition of the kinase activity of TβR1 inhibits the formation of lung 
metastases from human mammary tumours xenografted in  nude  mice. Such a role is 
suspected in human cancers, because TGFβ is a potent inducer of the epithelial-to- 
mesenchymal transition, through the action of SMAD on the expression of  SNAI1  
(SNAIL),  SNAI2  (SLUG) and  TWIST . 

 During angiogenesis, the protease activation of TGFβ latent forms of endothelial 
cells stimulates their differentiation into mural cells and, therefore, contributes to 
neovessel formation. In contrast, BMP9 ( GDF2 ) inhibits the proliferation of endo-
thelial cell and induces the vascular quiescence characteristic of the phase of 
neovessel maturation.  

5 TGFβ Pathway
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5.5     Pharmacological Targets 

 Targeting the TGFβ pathway should be conceived with much caution because of the 
ambivalent effect of this pathway, which schematically inhibits proliferation and 
stimulates metastatic dissemination. Macromolecular inhibitors of TGFβ (monoclo-
nal antibodies such as fresolimumab, trapping proteins, antisense oligonucleotides 
such as trabedersen [directed against TGFβ2], soluble receptors, sequestration pro-
teoglycans mimicking β-glycan) have undergone preclinical and early clinical stud-
ies, especially in glioblastomas and malignant melanomas. The TGFβ receptors can 
also be targeted, and antibodies against ALK5 (TβR1), TβR2, ALK1 and endoglin 
have entered clinical trials. 

 Small molecules inhibiting the serine/threonine kinase activity of ALK recep-
tors have also been developed with, as usual for such compounds, cross- reactivity 
with other kinases such as p38. However, ALK5 (TβR1) inhibitors with acceptable 
specifi city have been obtained, with an inhibitory effect on epithelial-to- 
mesenchymal transition in preclinical models. LY-2157299 has entered clinical 
trials in hepatocarcinomas, pancreatic cancers and glioblastomas. Inhibiting the 
TGFβ pathway may, as expected, inhibit metastatic dissemination but may also 
lead to stimulation of tumour immunogenicity and, therefore, contribute to the 
therapeutic effect. 

 The SMAD proteins are much more diffi cult to target. Aptamers able to inhibit 
the active domains of these proteins have been selected and appear to be functional 
in vitro.     
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  6      G-Protein-Coupled Receptors 

          Abstract  
  G-protein-coupled receptors (GPCRs) constitute a huge family of membrane 
receptors to numerous hormones, neurotransmitters and diverse compounds. A 
large part of cardiovascular and neurological pharmacology is based upon the 
knowledge of these receptors and on the identifi cation of molecules able to inter-
fere with them, in an agonistic or antagonistic way. We will only briefl y consider 
this vast domain, so as to focus on some of these receptors, those having a pos-
sible link with oncogenesis. In a fi rst part, we will present the overall way of 
operating of these receptors and the main events resulting from their activation. 
We will present in a special part a family of GPCR and cognate ligands, which 
are susceptible to be involved in oncogenesis and metastasis, the chemokine–
chemokine receptor families. 

 As a general feature, the functioning of these receptors involves the activation 
of heterotrimeric protein complexes called G-proteins, whose α subunit is able to 
bind and hydrolyse GTP. These proteins activate the membrane enzymes, espe-
cially adenylyl cyclase and phospholipase C, which produce second messengers 
(cyclic AMP, diacylglycerol, inositol trisphosphate, Ca 2+ ). These second mes-
sengers ultimately activate various types of serine/threonine kinases, especially 
protein kinases A (PKAs), B (AKT) and C (PKCs). Heterotrimeric G-proteins 
may also activate small G-proteins through the activation of their guanine nucle-
otide exchange factors (GEFs).  
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6.1               Structure and Mechanism of Action 
of  G-Protein- Coupled Receptors 

6.1.1     Receptors 

 GPCRs are comprised of a single polypeptidic chain equipped with seven trans-
membrane domains; these domains are made of a series of 22–25 hydrophobic 
amino acids, which allow the formation of an α-helix inserted within the aliphatic 
chains on membrane phospholipids. The  N -terminal part of the receptors is extracel-
lular while the  C -terminal part is intracellular; three loops separating the transmem-
brane domains are present on each side of the membrane. The polypeptidic chain 
thus winds in the membrane as a snake, and these receptors are sometimes called 
‘serpentine receptors’. The number of receptors in this family is higher than 800, 
which represents a signifi cant part of the genome; they are divided in several fami-
lies and subfamilies as a function of their structure, their ligands and the type of 
binding. With some simplifi cation, one can identify:

•    The  rhodopsin receptors  family, the most abundant (about 700 members). 
Among them are receptors to small molecules with intercellular messenger func-
tion: acetylcholine, catecholamines and other biogenic amines; nucleosides and 
nucleotides; lipid mediators such as retinal, prostaglandins, leukotrienes and 
thromboxanes, free fatty acids and endocannabinoids; and protein and peptide 
hormones (corticotropin [ACTH], gonadotropins [FSH, LH], thyrotropin [TSH], 
oxytocin [OXT], angiotensin [AGT], somatostatin [SST], chemokines, etc.). 
This family contains also all the olfactory and gustatory receptors, which repre-
sent more than 400 different proteins. The binding between receptor and ligand 
involves deep transmembrane structures of the receptors. Some of these recep-
tors are activated by thrombin- or trypsin-induced proteolysis, which cleaves the 
 N -terminal part of the receptor, which then behaves as an autonomous ligand; 
they are called protease-activated receptors (PAR).  

•   The  secretin receptors  family (15 members), which comprises the receptors to 
various peptide hormones: glucagon, parathormone, calcitonin, and hypothalamic 
releasing factors (CRH [corticotropin-releasing hormone], GNRH [gonadotropin- 
releasing hormone] or LHRH [luteinising hormone-releasing hormone], TRH 
[thyrotropin-releasing hormone]). The binding between ligand and receptor 
involves the transmembrane domains and the  N -terminal part of the receptor.  

•   The  glutamate receptors  family (22 members), comprising the metabotropic 
receptors (as opposed to ionotropic receptors, Chap.   15    ) of several neurotrans-
mitters (glutamate, GABA), which bind to the  N -terminal part of the receptor. 
This family also contains a Ca 2+  ‘sensor’ (CASR); the calcium ion binds to an 
extension of the  N -terminal part of the receptor, which then interacts with the 
deep transmembrane domains and behaves as an ‘auto-ligand’.  

•   The  adhesion receptors  family, whose receptors have a bulky  N -terminal domain 
allowing them to interact with extracellular molecules, but whose true ligands 
are mainly proteoglycans.  
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•   The  frizzled receptors  family, which comprises the 10 WNT protein receptors 
(Chap.   7    ) and the secondary receptor of the Hedgehog pathway, called  smooth-
ened  (SMO) (Chap.   9    ). These receptors present structural analogies with GPCR, 
but the G-protein activation characteristic for GPCR has not been always 
demonstrated.    

 In all cases, ligand–receptor binding induces a conformational change which 
generates the message. One can consider that the receptors exist under two forms, 
an active and an inactive form, and that their ligands stabilise one form or the other 
one. Some receptors have been shown to be activated after dimerisation, but this 
may not be the case for all receptors.  

6.1.2     G-Proteins 

 The common fi nal way for GPCR activation resides in the involvement of large 
heterotrimeric G-proteins. All G-proteins are able to bind and hydrolyse GTP (they 
are therefore GTPases); there is a distinction between ‘small G-proteins’ such as 
RAS (Chap.   2    ), RHEB or RAG (Chap.   3    ) and ‘large heterotrimeric G-proteins’ 
which are studied here and are transducers of the information received by 
GPCR. Large heterotrimeric G-proteins are comprised of three polypeptidic chains, 
called α, β and γ. The β and γ chains are tightly bound in a unique entity βγ. 
G-proteins are anchored to the membrane by two lipid moieties, the fi rst one being 
a linear chain (myristoyl or palmitoyl group), which is added post-translationally at 
the  N -terminal extremity of the α subunit, and the second one being a branched 
chain (farnesyl or geranylgeranyl group), which is post-translationally added to the 
 C -terminal part of the γ subunit. The α subunit contains the binding domain of gua-
nyl nucleotides, which is occupied by GDP at basal state. Large heterotrimeric 
G-proteins are stably associated with an effector enzyme and can transiently associ-
ate with a GPCR. 

 GPCR ligand binding induces this transient association between a GPCR and a 
large G-protein, and this binding induces the replacement of GDP by GTP at the 
level of the α subunit. The α subunit then detaches from the βγ subunit and realises 
the GTP cleavage thanks to its GTPase activity. During the brief period when the α 
subunit is bound to GTP, the associated effector enzyme is activated (sometimes 
inhibited when it has constitutive activity) and can exert (or no longer exert) its cata-
lytic activity. As soon as GTP is hydrolysed, this regulation ceases, the effector 
enzyme returns to basal state and the α subunit reassociates to the βγ subunit. 
Similarly, the βγ subunit can activate other effectors before reassociating with the 
GDP-bound α subunit. Large G-proteins thus function as switches giving one signal 
only; they must reassociate to a newly activated receptor molecule and exchange 
GDP against GTP to give a novel impulse to their effectors. Figure  6.1  presents the 
operating scheme of heterotrimeric G-protein activation.  

 In front of hundreds of receptors, there is a total of 16 genes encoding the α sub-
units (genes  GNAx) , 5 for β subunits (genes  GNB1  to  GNB5 ) and 12 for the γ 
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7-transmembrane-domain receptor and the heterotrimeric G-protein complex are dissociated; the 
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the α subunit exchanges its GDP ligand against GTP. At the active state ( c ), the GTP-bound α 
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case of an α i  subunit) the effector enzyme. cAMP is then generated from ATP by ADCY (or no 
longer synthesised), and DAG and IP3 are generated by phospholipase C beta (PLCβ), which 
induces especially protein kinase A (PKA) activation by cAMP, protein kinase C (PKC) activation 
by DAG and Ca 2+  release by IP3. In addition, the βγ subunit is able to activate the regulatory p101 
subunit of phosphoinositide 3-kinase gamma (PI3Kγ), which in turn can activate AKT       
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subunits of G-proteins (genes  GNG1  to  GNG12 ). The α subunits refl ect the tissue 
and functional diversity of G-proteins, whereas the βγ subunits are rather involved in 
controlling G-protein activity. There are several types of α subunits, the main ones 
being α s  (gene  GNAS ), α i  (genes  GNAI1  to  GNAI3 ), α q  (genes  GNAQ ,  GNAL  and 
 GNA11 ) and α 12  (gene  GNA12  and  GNA13 ), which differ accordingly to the effector 
enzyme they can activate: GTP-bound α s  subunits activate adenylyl cyclases (genes 
 ADCY1  to  ADCY10 ), while α i  subunits inhibit this activity; GTP-bound α q  subunits 
activate phospholipases C beta (PLCβ, genes  PLCB1  to  PLCB4 ) and GTP-bound α 12  
subunits activate small G-proteins of the RHO family. Adenylyl cyclase and PLCβ 
generate second messengers, which are common intermediates of the signals brought 
by GPCR ligands. The βγ subunit, transiently detached from the α subunit during 
activation, also has proper effectors, especially the regulatory subunit of PI3 kinase 
gamma (p101, gene  PIK3R5 ), as well as some types of ionic channels. 

 The activity of large heterotrimeric G-proteins is regulated by RGS ( regulator of 
G-protein signalling ) proteins, which stimulate GTPase activity and are therefore 
GAPs ( GTPase-activating proteins ). As a consequence, they deactivate large 
G-proteins that are brought back to GDP-bound, inactive state. There are about 20 
RGS proteins with variable specifi city toward G-proteins. Large heterotrimeric 
G-proteins can also be regulated by phosphorylation: the βγ subunit is able to recruit 
a kinase (GRK,  GPCR kinase ) which phosphorylates the activated receptor and 
accelerates its desensitisation through the formation of a β-arrestin-binding site, 
inducing receptor internalisation and recycling.   

6.2     Second Messengers of GPCR Activation 

6.2.1     Adenylyl Cyclases and Cyclic AMP 

 Adenylyl cyclases ( ADCYs ) are high-molecular-weight membrane enzymes, com-
prised of two homologous parts, each made of six transmembrane helices and a 
large  C -terminal domain called the C-domain. The two C-domains are associated 
and present an ATP-binding site and a catalytic site for its conversion into 
cAMP. These enzymes are controlled by heterotrimeric large G-proteins; those 
equipped with an α s  subunit activate adenylyl cyclase when bound to GTP, whereas 
those equipped with an α i  subunit inhibit adenylyl cyclase. They are also controlled 
by multiple factors and integrate much information, in particular through Ca 2+  bind-
ing and protein kinase C-induced phosphorylation. 

 Cyclic APM (cAMP) (Fig.  6.2 ) is the second messenger of a large number of 
signals received by GPCR: hormones, neurotransmitters, etc. It is involved in the 
regulation of numerous enzymes, especially in metabolic pathways. cAMP targets 
are protein kinases A (PKAα, β and γ, genes  PRKACA ,  B  and  G ), which are tetra-
meric serine/threonine kinases containing two catalytic and two regulatory subunits. 
They phosphorylate their targets on the serine residues of an RRXS consensus 
motif. cAMP-induced PKA activation is cooperative, which allows a rapid and wide 
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effect, rapidly terminated by the fact that PKAs phosphorylate and activate cAMP 
phosphodiesterases (genes  PDE4A  to  PDE4D ), which hydrolyse cAMP. PKAs tar-
get numerous proteins, among which are glycogen phosphorylase kinase (PHK), 
which is activated, and glycogen synthase (GYS), which is deactivated, in response 
to this phosphorylation. PKAs also exert an effect at the gene transcription level, by 
activating through phosphorylation a transcription factor called CREB ( cAMP 
response element-binding protein ), which relocalises into the nucleus and recog-
nises specifi c promoter sequences of several target genes, called CRE ( cAMP 
response element ). cAMP is also able to directly activate EPAC ( exchange protein 
directly activated by cAMP ), a GTP–GDP exchange factor of a small G-protein, 
RAP, which activates other intracellular signalling pathways.   
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  Fig. 6.2    Formation of second messengers. ( a ) Adenylyl cyclase can convert ATP into cyclic AMP 
(cAMP). ( b ) Phospholipase C beta hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) into 
inositol trisphosphate (IP3) and diacylglycerol (DAG)       

 

6 G-Protein-Coupled Receptors



83

6.2.2     Phospholipases C, Diacylglycerol and Inositol 
1,4,5-Trisphosphate 

 Phospholipases C (PLCs) are membrane enzymes equipped with a PH ( pleckstrin 
homology ) domain allowing them to recognise and bind phosphoinositides. PLCγ 
can be activated by a tyrosine kinase receptor (TKR, Chap.   1    ), whereas PLCβs are 
activated by a GPCR through the action of large heterotrimeric G-proteins equipped 
with an α q  subunit. They act on phosphatidylinositol 4,5-bisphosphate and generate 
a lipophilic molecule, diacylglycerol (DAG), and a hydrosoluble molecule, inositol 
1,4,5-trisphosphate (IP3) (Fig.  6.2 ). These two molecules are the second messen-
gers of numerous GPCR ligands, hormones and various transmitters. 

 DAG is the principal physiological activator of protein kinases C (PKCs). This 
family of nine serine/threonine kinases (genes  PRKCx ), of variable tissue expression, 
has numerous substrates with relatively low specifi city and exerts various intracel-
lular effects. Before DAG-induced activation, PKCs must be phosphorylated by 
PDK1 ( phosphoinositide-dependent kinase 1 ), which enables their autophosphoryla-
tion on two distinct sites. DAG interaction enables PKC anchoring in the plasma 
membrane, which is required for catalytic activity. Several other lipid compounds, 
produced by enzymes other than phospholipase C, such as phospholipases A2 and D 
and sphingomyelinase, are also able to activate PKCs: lysophosphatidic acid (LPA), 
arachidonic acid, sphingosine, etc. PKCs are able to bind numerous proteins that 
direct its action to precise protein targets: STICKs ( substrates that interact with 
C-kinase ), such as vinculin (VCN), talin (TLN) and annexin A (ANXA), PICKs 
( proteins interacting with C-kinase ) and RACKs ( receptors for activated C-kinase ). 
These proteins play major roles in cell adhesion and polarity and intracellular con-
tacts and explain the multiple actions of PKCs in these processes. 

 PKCs can be divided in several subfamilies: class A (‘conventional’: PKCα, 
PKCβ and PKCγ, activated by DAG and Ca 2+ ), class B (‘novel’: PKCδ, PKCε, 
PKCθ and PKCη) and class C (‘atypical’: PKCι/λ and PKCζ). PKCs phosphorylate 
many substrates, with variable specifi city, depending upon the different members of 
the family. They are involved in various pathways, especially in cell proliferation, 
cell cycle entry, cell survival, cell adhesion and cell migration (Fig.  6.3 ). Among the 
PKC substrates are the IKK ( IκB kinase ) proteins, which generate NFκB (Chap.   12    ), 
the CRAF ( RAF1 ) MAP3 kinase in the MEK–ERK MAP kinase pathway (Chap.   2    ), 
and GSK3β, which is inhibited by this phosphorylation on Ser 9  and which is known 
as a tumour suppressor in the Wnt (Chap.   7    ) and Hedgehog (Chap.   9    ) pathways.  

 IP3 is one of the main factors responsible for Ca 2+  mobilisation from intracellular 
storage compartments toward the cytosol. Cytosolic Ca 2+  concentration is very low 
(0.05–0.1 μM), and Ca 2+ -dependent ATPase pumps throw it out continuously to the 
extracellular space or the endoplasmic reticulum. IP3 allows a rapid mobilisation of 
Ca2+, thanks to the activity of IP3 receptors (IP3R1, 2 and 3; genes  ITPR1 ,  2  and  3 ), 
which are present at the surface of endoplasmic reticulum membranes. These recep-
tors are tetrameric calcium channels of which each component is a protein with six 
transmembrane domains and two intracellular cytosolic extremities (see Chap.   15    ). 
The  N -terminal part harbours the IP3-binding site as well as several regulation 
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domains. These receptors are activated by an increase in the local Ca 2+  concentra-
tion, which realises a positive feedback called CICR ( Ca   2+   -induced Ca   2+    release ), 
but their Ca 2+  sensitivity progressively decreases and they are rapidly deactivated. 

 Ca 2+  is involved in numerous cell processes (Chap.   15    ). As a divalent cation, it is 
able to bind two negative charges borne by proteins or other macromolecular 
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  Fig. 6.3    PKC-activating and PKC-activated pathways. ( a ) PKC-activating pathways. PKCs are 
activated by diacylglycerol (DAG) and, for some of them, by Ca 2+ , two second messengers obtained 
by hydrolysis of phosphatidylinositol 4,5-bisphosphate by a phospholipase C, which can be acti-
vated either by tyrosine kinase receptors (PLCγ) or by G-protein-coupled receptors (PLCβ). ( b ) 
PKC-activated pathways. Among numerous protein targets, only some of them are indicated. 
Activating phosphorylation of CRAF and IKK leads to the activation of MAP and NFκB transcrip-
tion factors, respectively. The phosphorylation of GSK3β is in contrast inhibitory; this kinase 
phosphorylates GLI (Hedgehog pathway, Chap.   9    ) and β-catenin (Wnt pathway, Chap.   7    ), which 
are transcription factors or transcriptional activators, which leads them to ubiquitinylation and 
proteasome destruction. This double inhibition explains the activation of these pathways by PKC       
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edifi ces and to play a major role at the level of cell adhesivity. Most Ca 2+  effects are 
mediated by its association to a small protein, calmodulin. The activity of many 
proteins is regulated by the Ca 2+ –calmodulin complex and thus by Ca 2+  availability, 
especially proteins involved in signalling, such as PKCs, PLCs, adenylyl cyclases, 
phosphodiesterases, NO synthase, etc. Other proteins display Ca 2+ -binding sites and 
can be directly activated by this ion: these are particularly cytoskeleton proteins 
involved in cell shape maintenance and cell motility.  

6.2.3     RHO Family Small G-Protein Activation 

 This is the third type of signalling downstream GPCR activation, which can pro-
mote the activation of GDP–GTP exchange proteins (GEFs) other than RAS; the 
small G-proteins of the RAP family are activated by a cAMP-activated GEF called 
EPAC ( exchange protein directly activated by cAMP ); the small G-proteins of the 
RHO family (RHOA-D, RND1-3, RAC1-3, CDC42, etc.) are activated by various 
GEFs, via the α 12  subunit of large heterotrimeric G-proteins. The activation of these 
small G-proteins leads to multiple intracellular actions, at the level of cell prolifera-
tion, cytoskeleton organisation, motility, polarity and adhesion (Fig.  6.4 ). The 
mechanism of GEF activation by the α 12  subunits of large heterotrimeric G-proteins 
is not completely elucidated but seems to involve direct interaction.   
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  Fig. 6.4    Small G-protein activation downstream  GPCR  signalling. A series of small G-proteins 
of the RHO family are activated in response to GEF activation by a large heterotrimeric G-protein. 
There are 16 small G-proteins in this family, including RHOA, RHOD, RND1-3, RAC1-3, CDC42 
and others, as well as 12 distinct GEFs. These small G-proteins are responsible for the activation 
of serine/threonine kinases, which in turn are able to phosphorylate myosin or actomyosin 
cytoskeleton- interacting proteins, such as cofi lin, profi lin and others       
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6.2.4     Connections with Other Signalling Pathways 

 The MAP kinase and the PI3 kinase pathways can be activated in different ways 
following GPCR activation (Chaps.   2     and   3    ). cAMP-activated PKAs are able to play 
the role of MAP4 kinases and to phosphorylate MAP3 kinases (Fig.   2.3    ) such as 
BRAF, which initiates the MEK–ERK MAP kinase module. DAG-activated PKCs 
are able to phosphorylate JUN  N -terminal kinase (JNK) in another MAP kinase 
module. In conjunction with Ca 2+ , DAG is able to activate a RAS protein GDP–GTP 
exchange, RASGRP1, initiating a MAP kinase module at the level of the Golgi 
apparatus (Fig.   2.3    ). Regulatory subunits of phosphatidylinositol 3-kinase gamma 
(PI3Kγ), namely, p101 (gene  PIK3R5 ) and p84/p87 (gene  PIK3R6 ), are also sus-
ceptible of activation by a large heterotrimeric G-protein, through the βγ subunit, 
leading to AKT pathway activation. All these interconnections show that GPCR-
activated pathways participate to cell proliferation and explain why pharmacologi-
cal DAG analogues, phorbol esters, exert a co-carcinogenic effect of tumour growth 
promotion.   

6.3      Oncogenic Alterations and Pharmacological Targets 

 GPCR-activated pathways are not as frequently altered in cancers as the TKR- 
activated pathways are (Chaps.   1    ,   2     and   3    ). It is however interesting to identify and 
describe such alterations, which may represent potential targets for innovative 
approaches. We have mentioned in the previous section the fact that, in a general 
way, GPCR-activated pathways could contribute to cell proliferation; we mentioned 
especially the tumour-promoting role of PKCs through their pharmacological alter-
ations by phorbol esters. Several specifi c alterations of these pathways can be men-
tioned for their contribution to oncogenesis. The special case of chemokines and 
their receptors will be studied below, in Sect.  6.4 . 

 Some GPCR ligands are known mitogenic factors: thrombin, lysophosphatidic 
acid (LPA), sphingosine-1-phosphate (S1P), gastrin-releasing peptide (GRP), endo-
thelin and prostaglandins stimulate cell proliferation through the activation of their 
cognate receptors; they are overexpressed in several cancer types, but their driver 
role in oncogenesis is hard to assign. This action on cell proliferation may be medi-
ated through PKC activation or by the classical proliferation pathways (MAP kinase 
and PI3 kinase), interconnected with GPCR-activated pathways via small G-proteins. 
Other GPCR ligands may also be considered as cancer promoters: this is the case for 
catecholamines, and the use of β-blockers has been proposed in cancer therapeutics; 
this is also the case for purinergic receptor (P2Y type) ligands. Conversely, several 
GPCR ligands can induce experimentally cancer growth inhibition and apoptosis, so 
that their use has been proposed as part of cancer therapy: this is the case of (endo)
cannabinoids, enkephalins and adenosine receptor (A3 type) agonists. 

 At the receptor level, MAS1, related to angiotensin receptors, has been presented 
as an oncogene, but no somatic mutations have been identifi ed. Most oncogenic 
mutations found in GPCRs concern the TSH ( thyroid-stimulating hormone ), FSH 
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( follicle-stimulating hormone ) and CCK ( cholecystokinin ) receptors in thyroid, 
ovary and colon cancers, respectively. Mitogenic factor receptors of the GPCR fam-
ily are overexpressed and sometimes mutated in cancers; this is the case for S1P and 
LPA receptors, as well as for PAR receptors: the thrombin receptor, F2A, is highly 
overexpressed in invasive cancers of various organs. Outside the rhodopsin family 
receptors, mutations have been found in glutamate metabotropic receptors, adhe-
sion receptors and SMO. Small-cell lung cancers and endocrine tumours in general 
could be sustained by paracrine or autocrine activation of the receptors of the pep-
tides that they produce in large excess: bombesin ( GRP ), bradykinin ( KNG1 ), neu-
romedin B ( NMB ), cholecystokinin ( CCK ), galanin ( GAL ), neurotensin ( NTS ) and 
vasopressin ( AVP ). The same occurs for carcinoid tumours secreting vasomotor 
substances. Activation of endothelin ( EDN ), bradykinin, bombesin and angiotensin 
( AGT ) receptors has been observed in prostate cancers. One can hypothesise that a 
therapeutic approach targeting these receptors or their ligands could be effi cient in 
the treatment of these rare but often lethal cancers. 

 At the level of large heterotrimeric G-proteins, it has been experimentally shown 
that several α subunits could be oncogenic. However, only some oncogenic muta-
tions have been described in human cancers; they concern the GTPase activity of α s  
and α 12  subunits in thyroid, adrenal and hypophysis tumours and the α q  and α 11  
subunits in malignant melanomas. More recently, large-scale tumour genome 
sequencing has revealed that α subunits were mutated in various digestive cancers, 
such as colon cancer, hepatocellular carcinoma and biliary tract and pancreatic 
tumours. 

 Downstream many GPCRs, PKCs have been involved in many pathological 
states, including cardiology, neurology and oncology. The oncogenic role of PKCs 
is multiple: PKCα is involved in proliferation and PKCβ and PKCδ in angiogenesis; 
PKCε is overexpressed in breast and colon cancers, PKCη in non-small-cell lung 
cancers and glioblastomas and PKCθ in gastrointestinal sarcomas. Several thera-
peutic approaches have been developed to target PKCs, unsuccessfully until now: 
kinase inhibitors, such as staurosporine or enzastaurin, DAG mimetics blocking 
PKC activation, PKC-interacting proteins such as RACK proteins, peptidomimetic 
inhibitors able to compete with defi nite PKC substrates and antisense oligonucle-
otides (ASO) able to inhibit the expression of specifi c PKCs, such as aprinocarsen 
for PKCα.  

6.4     Chemokine Pathway 

6.4.1     Chemokines and Chemokine Receptors 

 Chemokines constitute a class of small proteins of 8–15 kDa characterised by the 
presence of four cysteine residues generating two disulphide bridges. The two fi rst 
cysteine residues can be either consecutive (CCL chemokines) or separated by 
another amino acid residue (CXCL chemokines) (Fig.  6.5 ). There are in addition 
two rare chemokine types, CX3CL and XCL. The chemokine receptors are GPCRs 
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distributed into four families according to the cognate chemokines and are referred 
to with the same rule as chemokines (CCR, CXCR, CX3CR and XCR). About 46 
chemokines able to activate 18 chemokine receptors have been identifi ed (Table  6.1 ). 

   Chemokine–chemokine receptor interactions present an important pleiotropic 
character: each chemokine may have multiple intracellular effects and in addition a 
high level of redundancy; each receptor can be activated by several ligands, and the 
same ligand can often recognise and bind several receptors. Chemokines are mostly 
involved in the migration of various cell types, especially lymphocytes, via chemo-
tactic interactions aiming at attracting the cells equipped with the cognate receptors. 
Chemokines play a role as mediators of infl ammation, with CXCL being responsi-
ble for neutrophil recruitment and CCL for macrophage recruitment. Two chemo-
kine receptors, CXCR4 and CXCR5, are responsible for HIV entry in T cells and 
macrophages, contributing thus to virus infection. Chemokines also exert an effect 
on immunity and on tumour cell migrations, explaining their role in metastasis 
dissemination.  

6.4.2     Chemokine Signalling 

 The type of signalling induced by chemokines is not different from that of other 
GPCR ligands: signalling involves large heterotrimeric G-proteins and effector 
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enzymes, especially adenylyl cyclase, phospholipase C and GDP–GTP exchange 
factors for small G-proteins. The ultimate targets of this signalling pathway are cell 
adhesion and cytoskeleton proteins that are implicated in cell motility. This explains 
the chemotactism processes that are operated after chemokine–chemokine receptor 
coupling. Chemokines are secreted in the extracellular space around a source cell, 
and they bind the cognate receptors of circulating target cells such as lymphocytes. 
These cells will in turn exert, at this location, their specifi c functions downstream 
receptor activation. These phenomena are not exclusive of the immune system 
where it was fi rst discovered: chemokine action may occur at multiple levels, such 
as angiogenesis, development, etc.  

   Table 6.1    Chemokines and chemokine receptors   

 Chemokine  Alias  Chemokine receptor 

 CCL chemokines (β type)  CCL1  CCR4, CCR8 

 CCL2  CCR1, CCR2 

 CCL3  CCR1, CCR5 

 CCL3L1  CCR5 

 CCL3L3  CCR5 

 CCL4  CCR5, CCR8 

 CCL4L1  CCR5 

 CCL4L2  CCR5 

 CCL5  RANTES  CCR1, CCR3, CCR5 

 CCL7  CCR1, CCR2, CCR3, 
CCR5  CCL8 

 CCL10  CCR1 

 CCL11  Eotaxin  CCR3, CCR5 

 CCL13  CCR1, CCR2, CCR3, 
CCR5 

 CCL14  CCR1, CCR5 

 CCL15  CCR1, CCR3 

 CCL16  CCR1, CCR2 

 CCL17  Dendrokin  CCR4 

 CCL18  NI 

 CCL19  CCR7, CCR11 

 CCL20  CCR6 

 CCL21  ECL  CCR3, CCR7, CCR11 

 CCL22  CCR4 

 CCL23  CCR1 

 CCL24  Eotaxin 2  CCR3 

 CCL25  CCR9, CCR11 

 CCL26  Eotaxin 3  CCR3, CCR10 

 CCL27  Eskine  CCR10 

 CCL28  Skinkine 

(continued)
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6.4.3     Oncogenic Alterations and Pharmacological Targets 

 Chemokines are involved in multiple pathological processes, in the fi elds of infecti-
ology, pneumology or rheumatology. In oncology, chemokines are mostly involved 
in metastasis. An important role for the chemokines that are overexpressed by 
tumour cells is to recruit lymphocytes and macrophages to the tumour, so as to 
maintain a chronic infl ammatory state. CCL5 or RANTES ( regulated on activation, 
normal T cell expressed and secreted ) is a chemokine involved in macrophage 
recruitment. Macrophage activation induces the production of metalloproteinases 
(MMP) whose activity is crucial for metastasis development, because they hydro-
lyse the mesenchymal matrix of tumour stroma. Another tumour chemokine, 
CXCL12 or SDF1 ( stromal cell-derived factor 1 ), is able to recruit endothelial cells 
that contribute to neovessel development (angiogenesis), because the progenitors of 
these cells express the SDF1 receptor, CXCR4. Finally, the CXCL4 ( PF4 )–CXCR3 
axis plays a major angiostatic role. 

 Another aspect of chemokine function in oncology concerns tumour cell motil-
ity, thanks to the chemokine receptors that they often express to a high level, such 

Table 6.1 (continued)

 Chemokine  Alias  Chemokine receptor 

 CXCL chemokines (α 
type) 

 CXCL1  MGSAα  CXCR2 

 CXCL2  MGSAβ 

 CXCL3 

 CXCL4   PF4 , platelet factor 4  CXCR3 (splice variant 
B)  CXCL4L1   PF4V1  

 CXCL5  CXCR1, CXCR2 

 CXCL6 

 CXCL7 

 CXCL8  IL8 

 CXCL9  CXCR3 

 CXCL10 

 CXCL11 

 CXCL12  SDF1  CXCR4, CXCR7 

 CXCL13  CXCR5 

 CXCL14  Bolekine 

 CXCL15  Lungkine 

 CXCL16  CXCR6 

 CX3CL chemokines (δ 
type) 

 CX3CL1  Fractalkine  CX3CR1 

 XCL chemokines (γ type)  XCL1  Lymphotactin α  XCR1 

 XCL2  Lymphotactin β 

  Chemokines CCL6, CCL9, CCL10, CCL12 and CXCL15 were inferred from mouse orthologs and 
have not been identifi ed in the human genome. There are some discrepancies in the correspondence 
chemokine–chemokine receptor in the literature, in relation to the level of affi nity of the interactions 
 Abbreviation : ND, not determined  
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as CXCR4 and CCR7. Receptor activation enables these cells to also secrete metal-
loproteinases. In addition, CXCL12, which recognises and binds CXCR4 and 
CXCR7, is highly expressed in the lungs, liver and bone marrow, which suggests 
that it may be responsible for tumour cell metastasis to these organs, especially 
because CXCR7 appears to be only expressed in tumour cells. CCL21 or ECL ( effi -
cient chemoattractant for lymphocytes ), which is the main ligand of CCR7, is in 
contrast highly expressed in lymph nodes and thus would be responsible for tumour 
cell attraction to them. CXCL8 (IL8,  interleukin 8 ) and its receptors CXCR1 and 
CXCR2 are involved in oncogenesis and metastasis development and so are the 
CXCL16–CXCR6, CXCL1/2–CXCR2 and CCL2–CCR1/2 axes. 

 Finally, chemokine receptor activation is susceptible to favour their multiplica-
tion: we have mentioned earlier that GPCR activation could activate PI3Kγ pathway 
as well as some MAP kinase modules. 

 Several pharmaceutical laboratories have engaged into the development of drugs 
targeting chemokines or chemokine receptors. This research benefi ts from the fact 
that chemokines are involved in several pathological processes and are of interest in 
several therapeutic domains. However, the problems due to the pleiotropic and 
redundant aspects of this pathway have slowed down this development. A fi rst 
approach consisted in the synthesis of cyclic peptides mimicking CXCL12 and 
blocking its receptor, CXCR4. This was initiated in the AIDS fi eld with antileuki-
nate but was further developed in oncology; several molecules are presently in clini-
cal trials. Another approach is the identifi cation, from high-throughput screening, of 
small molecules able to inhibit chemokine receptors such as CXCR4, CXCR1, 
CXCR2 and CXCR7. Such molecules have shown preclinical activity, and some 
have entered clinical trials: reparixin, which prevents CXCR1 binding to its ligand, 
CXCL8 (IL8), is presently evaluated in early breast cancer. Targeting chemokines 
themselves is conceivable with aptamers able to trap them before receptor interac-
tion and with small molecules such as plerixafor, an anti-CXCL12 molecule. 
Finally, in view of the success of many antibodies as therapeutic agents, chemokine 
and chemokine receptor targeting by monoclonal antibodies should provide a series 
of active antimetastatic agents; carlumab is an anti-CCL2 monoclonal antibody 
evaluated in prostate cancer, and BMS-936564 is an anti-CXCR4 monoclonal anti-
body presently in phase I.      
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  7      Wnt Pathway 

          Abstract  
  The term Wnt was forged by contraction of  Win  gless-type mouse mammary 
tumour virus   int  egration site  after the discovery on a viral oncogene in mice 
which was homologous to a mutant  Drosophila  gene. The Wnt pathway, espe-
cially under its canonical form (Wnt–β-catenin pathway), is a signalling pathway 
involved in vertebrate and invertebrate development. It plays a major role in 
embryogenesis and morphogenesis and in stem cell commitment to differentia-
tion or proliferation. This pathway is relatively complex, and all its processes and 
physiological roles are not completely deciphered. The proteins involved in this 
pathway are called ‘Wingless’, ‘Frizzled’, ‘Dishevelled’, which originally desig-
nated the mutants of Drosophila development and demonstrates the universality 
of this pathway in the animal kingdom. Germline alterations of this pathway in 
humans determine congenital hereditary diseases, and some somatic and germi-
nal alterations are associated with oncogenesis. 

 Briefl y, protein messengers called WNT activate GPCR-related membrane 
receptors called Frizzled (FZD), and this activation leads to the stabilisation of the 
cytoplasmic form of a protein involved in intercellular junctions of epithelial tis-
sues, β-catenin. The stabilised protein can then be transferred into the nucleus 
where it activates transcription programmes of numerous genes, especially those 
encoding the proteins required for cell proliferation and cell cycle entry (cyclin D, 
MYC, etc.).  

7.1               WNT Ligands and Their Receptors 

 Nineteen distinct WNT proteins are found in humans. The fi rst of these genes, 
WNT1, had been identifi ed at the integration site of a retrovirus inducing mammary 
tumours in mouse and called  Int2 , showing thus a potential role of this gene in nor-
mal development and oncogenesis; an ortholog of this gene, called  Wingless , had 
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been thereafter identifi ed in  Drosophila : the Wnt name results from the contraction 
of  Wingless  and  Integration . 

 WNT proteins are cysteine-rich glycoproteins secreted by diverse cell types; 
their genes are organised in several clusters localised on different chromosomes and 
present high homology. Basic gene sequences are well conserved in all metazoans. 
WNT proteins are expressed in a tissue-specifi c manner, but the precise role of each 
WNT protein is yet poorly understood. 

 WNT ligands are recognised by  Frizzled  receptors (FZD); there are 10 FZD 
receptors in humans, but the combinatorial pattern between the 19 ligands and the 
10 receptors is not entirely known. FZD receptor activation requires the presence of 
a phosphorylable coreceptor, LRP5 or LRP6 ( LDL receptor-related protein ). FZDs 
are seven-transmembrane domain receptors or GPCRs ( G-protein-coupled recep-
tors , Chap.   6    ); the concomitant activation of an FZD receptor with LRP5/6 corecep-
tor leads to the formation of a complex with a cytoplasmic protein called  Dishevelled  
(DVL), an adapter protein whose activation allows the break of a cytoplasmic com-
plex including the central element of this pathway, β-catenin. Three DVL proteins, 
DVL1, 2 and 3, exist in humans. It was believed that the FZD receptors function 
without coupling with a large heterotrimeric G-protein, contrasting to other GPCRs. 
It seems in fact that such G-proteins operate between FZD and DVL activation, 
similarly as they operate downstream the activation of all GPCR.  

7.2     Wnt–β-Catenin Pathway 

 β-catenin (gene  CTNNB ) is a molecule involved in both cell adhesion and signal-
ling. In the fi rst function, β-catenin is bound, in the cytoplasm, to the actin cytoskel-
eton via a molecule of α-catenin and, in the extracellular space, to the junctional 
structures of E-cadherin (CDH1) (Fig.  7.1 ) (Chap.   11    ). β-catenin plays, therefore, a 
major role in adherens junctions of epithelial cells and in the maintenance of tissue 
architecture.  

 Free cytoplasmic β-catenin, which is in equilibrium with bound β-catenin at 
adherens junctions, is maintained in an inactive state, in the absence of WNT sig-
nals, thanks to its phosphorylation, which drives it to proteasomal destruction. This 
phosphorylation is ensured within a degradation complex, in which intervene 
adapter proteins, axin and APC ( adenomatous polyposis coli ), and two serine/threo-
nine kinases, CK1α ( casein kinase 1α , gene  CSNK1A ) and GSK3β ( glycogen syn-
thase kinase 3β , gene  GSK3B ), which can add phosphate groups on two different 
sites. β-catenin phosphorylation enables its binding to β-TRCP ( beta-transducing 
repeat- containing protein ), which is its cognate E3 ubiquitin ligase and drives it to 
proteasomal destruction (see Annex   C    ) (Fig.  7.2a ).  

 Frizzled receptor-induced DVL activation, likely through a large heterotrimeric 
G-protein, induces the phosphorylation of the coreceptor LRP5/6, on a PPPSPXS 
motif, by a membrane casein kinase (CK1γ, gene  CSNK1G1 ) and by GSK3β, which 
can no longer phosphorylate β-catenin (Fig.  7.2b ). This phosphorylation generates 
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a signal that induces the relocalisation of axin to the membrane, releasing then 
β-catenin from the cytoplasmic destruction complex which was until then driving it 
to the proteasome in the absence of receptor activation. This Wnt pathway, called 
the ‘canonical pathway’, appears to be most often activated after receptor binding of 
specifi c WNT ligands, WNT1, WINT3A and WNT8. 
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  Fig. 7.1    Intercellular junctions involving E-cadherin. Two types of epithelial cell intercellular 
junctions involve E-cadherin: adherens junctions and desmosomes. These intercellular junctions 
mobilise β-catenin, which allow the anchoring of E-cadherin to the actin cytoskeleton, via a mol-
ecule of α-catenin. The E-cadherin molecules are associated in the extracellular space via Ca 2+  
ions; their intracellular domain is attached to β-catenin and α-catenin molecules, which tie them to 
the actin cytoskeleton       
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 Free, non-phosphorylated β-catenin can then enter the nucleus, where it is able to 
move a transcription factor of the TCF/LEF ( T-cell factor/lymphoid enhancer factor ) 
family from its DNA binding sites and thus trigger the transcription of genes that 
were until then repressed (Fig.  7.2b ). Among the genes that are thus transcribed are 
 MYC , which encodes a transcription factor involved in cell proliferation (Chap.   2    ), 
and cyclin D1 ( CCND1 ), which is involved in cell cycle entry (Chap.   17    ). When it 
gets out of the nucleus, β-catenin is recaptured by APC and, in the absence of a new 
WNT signal, reinserted into a destruction complex. 

 Other systems appear to be able to indirectly activate β-catenin pathway, by 
inducing the break of the β-catenin–E-cadherin bond and the increase in cytoplas-
mic β-catenin availability for nucleus entry; this is achieved by tyrosine phosphory-
lation of β-catenin by tyrosine kinase receptors such as EGFR, ERBB2 or MET 
(Chap.   1    ). 

 More than hundred proteins are involved, with variable importance, in Wnt sig-
nalling. In addition to those already mentioned, one can mention:

•    FRAT ( frequently rearranged in advanced T-cell lymphoma ) proteins, which 
inhibit β-catenin phosphorylation by GSK3β.  
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  Fig. 7.2    The Wnt–β-catenin pathway. ( a ) In the absence of stimulation of the Frizzled ( FZD ) 
receptor by a WNT ligand, β-catenin is phosphorylated in a destruction complex-containing axin, 
APC and the GSK3β and CK1α kinases. This phosphorylation leads β-catenin to its E3 ubiquitin 
ligase, β-TRCP, and then to the proteasome. ( b ) In the presence of a WNT ligand bound to the FZD 
receptor, a dishevelled (DVL) protein is recruited, likely after activation of a large heterotrimeric 
G-protein, allowing thus the phosphorylation of the LRP5/6 coreceptor by CK1γ and GSK3β and 
the recruitment of axin to the membrane. The destruction complex is dissociated, and non- 
phosphorylated β-catenin can enter the nucleus, where it associates to a transcription complex 
including the TCF/LEF factors. The derepression of this complex allows the transcription of numer-
ous genes involved in cell proliferation, among which MYC and CCND1 are relevant examples       
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•   SFRP ( secreted Frizzled-related proteins , genes  SFRP1  to  SFRP5 ), which are 
decoy receptors for WNT ligands in the extracellular space; they divert the 
ligands from the receptor target and negatively regulate the pathway.  

•   WIF1 ( Wnt inhibitory factor 1 ), which binds to the WNT proteins in the extracel-
lular space and inhibit them.  

•   DKK ( Dickkopf homologues , genes  DKK1  to  DKK4 ) proteins, which also are 
secreted proteins interacting with the coreceptors LRP5/6, inducing their endo-
cytosis and the deactivation of FZD receptors.     

7.3     ‘Non-canonical’ Wnt Pathways 

 Non-canonical Wnt pathways are signalling pathways originating from the interaction 
of WNT proteins with an FZD receptor but not involving β-catenin. In particular, these 
pathways are operated downstream the WNT5A and WNT11 ligands. The fi rst one 
activates phospholipase C pathway after activation of a large heterotrimeric G-protein 
(subunit α q ), as commonly seen with GPCRs (Chap.   6    ), with the involvement of a DVL 
protein. This induces the cytosolic release of Ca 2+  via IP3 synthesis and the activation 
of protein kinase C via DAG formation (Fig.  7.3a ), as described in Chap.   6    .  
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  Fig. 7.3    Non-canonical Wnt pathways. These signalling pathways are activated by a WNT signal 
but do not involve β-catenin. ( a ) DVL induces the activation of phospholipase C, which generates 
from phosphatidylinositol 4,5-bisphosphate the second messengers diacylglycerol (DAG) and 
 trisphosphoinositol (IP3), activating the pathways described in Chap.   6    . ( b ) DVL induces the activa-
tion of small G-proteins such as RAC1, which allows the activation of a MAP kinase cascade 
leading to the phosphorylation of transcription factors and to the activation of proliferation genes 
(Chap.   2    )       
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 The second non-canonical pathway utilises the adapter protein DVL and a large 
heterotrimeric G-protein with an α 12  subunit, for the activation of JUN  N -terminal 
kinase (JNK), involved in one of the MAP kinase modules (Chap.   2    ), showing thus 
a good example of signalling pathway interconnections. This activation is done via 
small G-proteins of the RHO family, such as RHOA, RHOU, RAC or CDC42 
(Fig.  7.3b ) and governs cell orientation and planar cell polarity (PCP). Unusual 
tyrosine kinase receptors, ROR and RYK (Chap.   1    ), are coreceptors, or annex recep-
tors, to the WNT proteins and are able to activate or deactivate, through ligand 
sequestration, this non-canonical pathway.  

7.4     Oncogenic Alterations 

 There are numerous germline alterations in this pathway, leading to abnormalities 
of the embryonic and foetal development and determining congenital malforma-
tions. Oncogenic alterations may concern positive regulators of this pathway, which 
behave as proto-oncogenes or metastasis promoters (WNT ligands, especially 
WNT1, WNT3A and WNT7A, FZD receptors, LRP5/6 coreceptors), and also nega-
tive regulators, which behave as tumour suppressor genes (other WNT ligands, for 
instance, WNT5A and WNT11, APC, AXIN, GSK3β, DKKs, SFRPs). 

 In human cancers, numerous somatic alterations have been identifi ed; some are well-
defi ned mutations, in the β-catenin gene  CTNNB , in  APC  or  AXIN2 ; others are altera-
tions in gene expression, especially concerning WNT ligands, FZD receptors or DVL 
adapter proteins, whose driver role in oncogenesis has not always been demonstrated. 

 The  APC  gene has been identifi ed long ago as a tumour suppressor gene playing 
a major role in colorectal oncogenesis. Its germline mutations determine familial 
 adenomatous polyposis coli , one of the major syndromes of colorectal cancer hered-
itary predisposition. When somatic, its mutations constitute, in the Vogelstein 
model, the most frequent initiating events. Generally, these are nonsense mutations 
leading to a truncated protein. It seems that the mutation of only one allele would be 
enough to constitute this cancer-initiating event, by haploinsuffi ciency. 

 Colorectal cancers are especially dependent, for their genesis as for their develop-
ment, upon the β-catenin pathway. In addition to the  APC  mutations, those occurring 
in  AXIN2  or in the β-catenin gene  CTNNB  are frequent. Molecular alterations of this 
pathway are also found in hepatocarcinomas, ovary cancers and desmoid and fi bro-
matous sarcomas. The Wnt pathway is especially involved in stem cell proliferation, 
but also in angiogenesis and metastasis, especially by controlling the equilibrium 
between cell adhesion and migration, a process where β-catenin plays a major role.  

7.5     Pharmacological Targets 

 The β-catenin pathway represents a major potential target in oncology, in particular 
for colorectal cancers which keep, all along their evolution, a marked addiction to 
this pathway. We will not mention untargeted approaches and the potential role of 
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anti-infl ammatory nonsteroid compounds or of vitamins A and D on the possible 
inhibition of this pathway. 

 A fi rst target can be found at the level of WNT protein production, which is under 
the control of a protein called porcupine (gene  PORCN ), an acyltransferase required 
for their secretion. A small molecule inhibitor of porcupine has been identifi ed by 
screening; IWP-1 ( inhibitor of WNT production ) and others have been synthesised 
for clinical trials. 

 Targeting WNT ligands and FZD receptors can be achieved with monoclonal anti-
bodies. However, considering the facts that there are 19 WNT ligands, 10 FZD recep-
tors and 2 LRP coreceptors and that their combinatorial pattern is not completely 
deciphered, it might be diffi cult to identify valuable anticancer compounds. In pre-
clinical models, anti-WNT3A, anti-FZD7 and anti-LRP6 monoclonal antibodies have 
shown anticancer activity. Vantictumab, an anti-FZD7 antibody, has entered clinical 
trials. Peptidomimetics able to play an agonistic or an antagonistic role are also in 
development; this is the case for mimetics of SFRP1, which trap WNT factors in the 
extracellular space, and for FZD2 and FZD7 mimetics, which inhibit Wnt signalling. 

 At the intracellular level, small molecules identifi ed by high-throughput screen-
ing have been selected for further studies. Several potential targets can be identifi ed 
at the different levels of the signalling pathway: Iinterference with LRP5 adapter 
role, inhibition of FZD–DVL interaction, stabilisation of the β-catenin destruction 
complex, inhibition of β-catenin transport to the nucleus and prevention of TCF–β-
catenin association are among the various tracks that are followed by the pharma-
ceutical industry.     
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  8      Notch Pathway 

          Abstract  
  The Notch pathway, as the Wnt–β-catenin pathway, is an important signalling 
pathway in vertebrate and invertebrate development. It is involved in embryo-
genesis and morphogenesis and plays a major role in the fate of stem cells to 
differentiation. The loss of function of some of its actors leads to hereditary 
malformations, and activating mutations and/or overexpression are found in 
malignant diseases. 

 Briefl y, protein messengers called DSL ( Delta ,  Serrate ,  Lag2 , after the names 
of the ligands found, respectively, in mammals,  Drosophila  and  Caenorhabditis 
elegans ) recognise and activate membrane receptors called NOTCH, this activa-
tion consisting in receptor cleavage. The cleavage products can then migrate into 
the nucleus and activate the transcription of target genes through inhibition of 
transcriptional repressors. One of the important features in this pathway is the 
juxtacrine interaction of ligands and receptors, both ligands and receptors being 
transmembrane proteins: the presentation of a ligand to a neighbour cell induces 
the activation of the receptor cell.  

8.1               DSL Ligands 

 Two families of DSL ligands can recognise the NOTCH receptors in mammals: 
DLL ( delta-like ligands ) and JAG ( jagged ), which correspond to the  Serrate  ligands 
of  Drosophila . These ligands are type I transmembrane proteins (i.e., their 
 N -terminal part is in the extracellular space). 

 DSL ligands have a short intracytoplasmic domain, a single transmembrane 
domain and a large characteristic extracellular domain, made of 6–14 tandem 
repeats of EGF-like domains, a DOS ( delta and OSM-11-like ) domain absent from 
DLL3 and DLL4 and a DSL domain. DLL3 and DLL4, devoid of a DOS domain, 
require a DLK ( delta-like protein homologue ) coligand, equipped with DOS and 
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EGF-like domains but devoid of a DSL domain. The simultaneous presence of DOS 
and DSL domains appears necessary for the ligand–receptor interaction, the DOS 
domain being either directly brought by the ligand (for JAG1, JAG2 and DLL1) or 
by a coligand (for DLL3 and 4). The protein structure of ligands and coligands of 
the Notch pathway is presented on Fig.  8.1 .   

8.2     NOTCH Receptors 

 DSL ligands are recognised by NOTCH receptors; four NOTCH receptors exist in 
humans, which are also type I transmembrane proteins. Whereas the protein 
sequence in  Drosophila  is continuous and covers the extra- and intracellular parts, 
NOTCH receptors are heterodimeric in mammals, the monomers being generated in 
the Golgi apparatus by post-translational cleavage of a precursor containing the 

JAG1 JAG2 DLL1 DLK2DLK1DLL3 DLL4

DSL domain

DOS domain

EGF domain

Cysteine -rich domain

Trans-membrane
domain

Cytoplasm

Extracellular space

  Fig. 8.1    DSL ligands. DSL ligands contain a series of domains that are essential for their func-
tion: the DOS and DSL recognition domains and 6–14 EGF-like domains. The JAG ligands con-
tain in addition a cysteine-rich domain. DLL3 and DLL4 have no DOS domain and depend upon 
the presence of the coligands DLK1 and DLK2, which harbour a DOS domain but no DSL domain       
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whole sequence, followed by non-covalent reassociation of the two monomers. The 
cleavage is realised by furin, a member of the subtilisin-like proprotein convertase 
family at a site called S1, and the resulting monomers are called NECD ( notch 
extracellular domain ) and NTMICD ( notch transmembrane and intracellular 
domain ). 

 In their extracellular part, the NOTCH receptors consist of 29–36 tandem repeats 
of EGF-like motifs, which contain  O -glycosylation sites for fucose or glucose 
 residues. The EGF-like motifs are followed by a NRR ( negative regulatory region ) 
sequence consisting of three tandem repeats of LNR ( lin12 and notch repeats ) 
motifs and a heterodimerisation (HD) domain where the S1 cleavage site is located. 
After the transmembrane domain, the intracellular part contains a RAM 
(RBPJK [ recombination signal binding protein for immunoglobulin kappa J 
region ] – association module ) motif, followed by nuclear localisation sequences 
(NLS), ankyrin repeats (ANK) and a transactivation domain harbouring PEST 
 ( proline–glutamic acid–serine–threonine-rich ) domains. Figure  8.2  presents the 
general structure of the NOTCH receptors.   

8.3     NOTCH Receptor Activation and Signal Transmission 

 Ligand–receptor binding occurs by homotypic interaction of the EGF-like domains 
and induces the proteolytic cleavage of the receptor by a metalloproteinase, 
ADAM10 ( a disintegrin and metalloproteinase ) or ADAM17 (also known as TACE, 
 TNF-alpha converting enzyme ), at the level of the site S2 located within the het-
erodimerisation domain, thus in the extracellular part of the receptor, 12 amino acid 
residues ahead of the transmembrane domain. This cleavage is possible thanks to a 
conformational change releasing the S2 site from the protection exerted by the LNR 
domains. The intermediate protein is called NEXT ( notch extracellular truncation ) 
and is the substrate of the proteolytic activity exerted by the γ-secretase complex, at 
two transmembrane sites called S3 and S4. After cleavage, the NOTCH intracellular 
domain (NICD) is able to migrate to the nucleus, thanks to the unmasking of the 
NLS. γ-secretase is a multimeric transmembrane complex harbouring presenilins 1 
and 2 ( genes PSEN1  and  2 ), nicastrin ( gene NCSTN ) and activation and stabilisation 
factors of these proteases. 

 In the nucleus, NICD interacts, thanks to its RAM domain, with a DNA-binding 
protein of the CSL (CBF [ Core-binding factor-1 ] / su(H)/lag-1 ) family, which is 
RBPJK in humans. The ANK domain then recruits a coactivator called MAML 
( mastermind-like protein ), which in turn recruits the MED8 ( mediator of RNA poly-
merase II transcription ,  subunit 8 ) factor, allowing the transactivation of target 
genes. Figure  8.3  presents the steps of the post-translational maturation of the 
NOTCH receptors, interaction with DSL ligands, proteolysis, migration of the 
active part to the nucleus and interaction with activating and repressing transcrip-
tional complexes.  

 The NOTCH receptor, which must be cleaved and whose intracellular part con-
stitutes in fact the second messenger, can be used only once: ligand and receptor 
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availability at the surface of the two cells exchanging a message is, therefore, a 
decisive factor for signalling. Synthesis and degradation of the ligands and receptors 
are the key elements of this regulation. Ubiquitinylation plays a crucial role for 
ligand and receptor endocytosis and turnover (see Annex   C    ). 

 The heterodimerisation HD domain, containing the successive proteolytic cleavage 
sites, is certainly the most sensitive domain of the NOTCH receptors. Glycosylation of 
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  Fig. 8.2    NOTCH receptors. The four NOTCH heterodimeric receptors are built on the same 
model and associate an extracellular domain ( NECD ) and a transmembrane and intracellular 
domain (NTMICD), tied together via a non-covalent interaction at the level of a heterodimerisation 
domain HD; the two monomers result from the cleavage of a unique precursor protein, which is 
cleaved within the HD domain in the Golgi apparatus by furin. NECD contains 29–36 EGF-like 
domains and three LNR domains involved in the negative regulation of the Notch signalling path-
way by protecting the S2 cleavage site of the HD domain. NTMICD contains a RAM domain, 
involved in the interaction with DNA-binding proteins, together with nuclear localisation sequences 
NLS, ankyrin repeats ANK involved in the recruitment of the transcriptional activator MAML and 
a transactivation domain containing PEST motifs       
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the EGF-like motifs of the NOTCH receptors also represents an important feature for 
the regulation of this signalling pathway. Finally, numerous crosstalks with other sig-
nalling pathways have been described at the level of the transcription of target genes: 
for instance, the JAG1 ligand is the product of a gene activated by β-catenin (Chap.   7    ).  

CSL
MAML

Signal-emitting cell

Extracellular space

Signal-receiving cell

Golgi

DSL ligand

NOTCH receptor

S1 cleavage

S2, S3, S4 cleavages

NICD 
Transcription

Proteasome

Glycosylation

NICD 
Proteasome

A

B

C

D

E

F

G

H

  Fig. 8.3    Notch signalling pathway. ( A ) After synthesis, the NOTCH receptor is fucosylated and 
glycosylated on serine and threonine residues of EGF-like domains in the endoplasmic reticulum. 
( B ) In the Golgi apparatus, it is cleaved by furin at the S1 site of the HD domain, but the two cleav-
age products, NECD and NTMICD, remain associated by non-covalent bonds localised at the level 
of the HD domain and thus form a heterodimer. ( C ) Once in the plasma membrane, the NOTCH 
receptor can be recognised by the DSL ligands of a neighbour cell by homotypic interaction 
involving the EGF-like domains. ( D ) This recognition induces the unmasking of the cleavage site 
S2 of the HD domain of NTMICD by an ADAM proteinase, allowing then a new cleavage at the 
S3 and S4 transmembrane sites by the γ-secretase proteolytic complex. ( E ) The truncated receptor, 
NICD, can then migrate to the nucleus thanks to its nuclear localisation sites (NLS). ( F ) NICD is 
recognised in the nucleus, at the level of its RAM domain, by a CSL protein, which binds it to 
DNA sequences. ( F ) This allows the recruitment of a MAML protein, which binds to the ANK 
domains of NICD, so that transcription of target genes can occur. ( G ) NICD is then destroyed in 
the proteasome after ubiquitinylation, thanks to the PEST domains localised on its  C -terminal part. 
( H ) Similarly, the DSL ligands are digested in the proteasome after ubiquitinylation       
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8.4     Oncogenic Alterations 

 The Notch pathway plays a crucial role in the multiplication of stem cells in intesti-
nal villi and breast cancers; its inhibition allows the reorientation of these cells 
toward differentiation. Among the NOTCH target genes are  SNAI1  (SNAIL) and 
 SNAI2  (SLUG), which are transcriptional repressors of E-cadherin, an epithelial 
adhesion protein whose expression must be inhibited to allow cell migration 
(Chap.   7    ). The Notch pathway is thus responsible for the crucial steps of the 
 epithelial-to-mesenchymal transition (EMT). The Notch pathway is also involved in 
an important step of angiogenesis: the formation of vascular ramifi cations. The 
endothelial tip cells synthesise, upon VEGF impulse, a DSL ligand able to activate 
the proliferation of another type of endothelial cell, the stalk cells, which constitute 
the new vessel branches and their anastomoses. 

 The Notch pathway appears as an essential oncogenic pathway, and its role in 
oncogenesis is certainly far from being completely understood. Gain-of-function 
alterations in the Notch signalling pathway have been initially observed in T-cell 
lymphomas and lymphoblastic leukaemias. Thereafter, such alterations have been 
identifi ed in other malignancies, especially colon and prostate cancers. The role of 
the Notch pathway in the fate of stem cells is certainly a key factor for the interest 
of this pathway in oncology. 

 A rare t(7;9) translocation in T-cell lymphoblastic leukaemias allowed the iden-
tifi cation, as early as 1991, of the oncogenic role of a truncated, constitutively active 
NOTCH receptor. Later, numerous activating mutations have been identifi ed, espe-
cially at the level of the HD and PEST domains. Mutations in the HD domain induce 
weakening of the interaction between NECD and NTMICD: this facilitates the sub-
sequent cleavage at the S2 and S3–S4 sites for spontaneous release of NICD, with-
out DSL ligand interaction. Furthermore, mutations and deletions of the  C -terminal 
region may remove the NICD binding sites for its E3 ubiquitin ligase and stabilise 
the active form of the receptor at the level of its nuclear site of action.  

8.5     Pharmacological Targets 

 Pharmacological interventions on the successive steps of the NOTCH receptor acti-
vation aim at the inhibition of this signalling pathway in stem cell reproduction, 
oncogenesis and angiogenesis. Potential targets are found at the level of ligand–
receptor interactions, receptor glycosylation, initial cleavage generating NECD and 
NTMICD, subsequent ADAM- and γ-secretase-mediated cleavages, receptor or 
ligand ubiquitinylation, NICD interaction with nuclear proteins, etc. 

 Up to now, the essential target for pharmacological development has been the 
transmembrane cleavage mediated by the γ-secretase complex. γ-secretase inhibi-
tors had been designed and developed for the treatment of Alzheimer disease, such 
as semagacestat and avagacestat, because the proteolytic activities generating the 
β-amyloid peptides are also catalysed by γ-secretase. Several clinical trials with 
original γ-secretase inhibitors have been undertaken in oncology. Another approach 

8 Notch Pathway

http://dx.doi.org/10.1007/978-3-662-45074-1_7


107

concerns the development of monoclonal antibodies targeting the NRR domain of 
the NOTCH receptors and the DLL ligand more specifi cally involved in angiogen-
esis. Demcizumab (anti-DLL4), OMP-52M51 (anti-NOTCH1) and OMP-59R5 
(anti-NOTCH2) have entered clinical trials.     
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  9      Hedgehog Pathway 

          Abstract  
  The Hedgehog pathway is an important signalling pathway for the development 
of vertebrates and invertebrates. It is involved in embryogenesis and morphogen-
esis and plays a major role in the renewal and differentiation of stem cells. 
Ligands and receptors are normally not expressed beyond embryonic life, except 
in stem cells. Loss of function of the actors of this pathway determines hereditary 
malformations, and activating mutations or gene overexpression is found in vari-
ous malignancies. 

 Protein signals are issued in the vicinity of target cells equipped with adequate 
receptors. The ligands, fi rst identifi ed in Drosophila and called  hedgehog  (HHG) 
(by reference to the Drosophila larvae when affected by invalidating mutations of 
this gene), have been afterwards found in mammals. The membrane receptor of 
these ligands is called  patched  (PTCH). Receptor activation by the ligand induces 
the removal of a constitutive inhibition exerted by this receptor on a membrane 
protein called  smoothened  (SMO). This is followed by a cascade of events lead-
ing to the activation of transcription factors called GLI (for glial cells) and con-
sequently the transcription of target genes required for proliferation.  

9.1               Hedgehog Ligands 

 Three Hedgehog proteins are found in mammals; these are  sonic hedgehog  (gene 
 SHH ),  Indian hedgehog  (gene  IHH ) and  desert hedgehog  (gene  DHH ). They are 
fi rst synthesised as a 45 kDa precursor, which undergoes an autocatalytic cleavage 
releasing a 19 kDa  N -terminal peptide involved in signalling and a 45 kDa  C -terminal 
peptide, which is involved in cleavage and bears a catalytic activity of cholesterol 
transferase. 

 HHG proteins are subjected to post-translational modifi cations that are required 
for their activity; on the  C -terminal side, they are covalently bound to a cholesterol 
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molecule; on the  N -terminal side, a specifi c palmitoyltransferase, HHAT ( hedgehog 
acyltransferase ) or SKI ( skinny hedgehog ), binds them to a palmitic acid moiety at 
the level of a cysteine residue. When equipped with these two hydrophobic ligands, 
HHG proteins can be inserted in the peripheral phospholipid layer of a lipoprotein 
and thus form a multimeric complex (Fig.  9.1 ).  

 The mechanism of secretion of the HHG ligands is not precisely known. It 
involves a 12-transmembrane-domain protein called  dispatched  (DISP), which is 
indispensable and behaves as a membrane transporter of HHG proteins. This pro-
tein contains a sterol-binding domain, which should intervene in the processes of 
recognition and secretion of the HHG proteins.  

9.2     Patched Receptors and Their Activation 

 The HHG ligands with their two lipid substituents are recognised on a target cell by 
a receptor called  patched  (PTCH). There are two distinct PTCH proteins, encoded 
by the genes  PTCH1  and  PTCH2 , which seem to have different functions, the fi rst 
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  Fig. 9.1    HHG ligands and their post-translational modifi cations. ( a ) Native HHG proteins 
(45 kDa) are autocatalytically cleaved to generate a signalling fragment, which is covalently bound 
to a cholesterol molecule on its  C -terminal serine. Afterwards, a palmitoyltransferase HHAT adds 
a palmitic acid to a cysteine residue located at the  N -terminal extremity. ( b ) The molecule, with 
two lipid substituents, is inserted in phospholipid micelles, as part of lipoprotein structures       
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one being the best known and the only one to be considered here. PTCH belongs to 
the same transporter family as DISP and also presents 12 transmembrane domains 
and a cholesterol-binding domain. It also presents two large extracellular domains, 
which ensure HHG binding. PTCH is only an intermediary in HHG signal recep-
tion, since it transfers the information thus received to another membrane protein 
called  smoothened  (gene  SMO ), by releasing the constitutive inhibition exerted in 
this protein. The mechanism of this release is not intimately known, but it seems 
that no direct interaction exists between PTCH and SMO. PTCH would only be a 
transport protein and would control the localisation of a small inhibitory or excit-
atory molecule that remains to be identifi ed. In the absence of signal, PTCH would 
pump an SMO inhibitory molecule from the inside to the outside of the cell; when 
bound to HHG, PTCH would cease pumping and SMO would then be functional; 
the reverse would be true if the molecule could conversely activate SMO (Fig.  9.2 ). 
Some authors hypothesise that the small molecule transported by PTCH and 
 interacting with SMO could be vitamin D3 or an oxysterol.  
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  Fig. 9.2    PTCH receptor information transduction to SMO proteins. This fi gure presents a possi-
ble model for SMO activation by the PTCH receptor following HHG ligand binding. The SMO 
membrane protein is inactive in its endosomal localisation and is activated after migration to the 
primary cilium. In a fi rst hypothesis, a substrate of PTCH transport activity (oxysterol?) would 
favour SMO migration to primary cilia and stabilise the active form of SMO. In the absence of 
HHG ligand (schema  a ), PTCH would pump oxysterol outside the cell, preventing thus its positive 
action on SMO ciliary localisation. In the presence of the HHG ligand (schema  b ), PTCH pumping 
activity would be inhibited, and the oxysterol would be available for maintaining SMO under its 
active form. In a second hypothesis, the substrate of the transport activity of PTCH (vitamin D3?) 
would be an inhibitor of SMO and would favour its inactive, endosomal localisation. In the absence 
of HHG ligand (schema  a ), PTCH would pump this sterolic molecule outside the cell where they 
would inhibit SMO. In the presence of HHG ligands (schema  b ), PTCH pumping activity would 
be inhibited, and SMO would no longer be destabilised by the inhibitory sterol. The two hypoth-
eses are presented on the same schemas, the putative SMO activator (oxysterol?) as yellow circles 
and the putative SMO inhibitor (vitamin D3?) by red circles       
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 SMO is a membrane protein with seven transmembrane domains, belonging to 
the fi fth family of GPCRs ( G-protein-coupled receptors ) (Chap.   6    ) as FZD recep-
tors (Chap.   7    ). When PTCH binds an HHG ligand, SMO accumulates in primary 
cilia, which are subcellular organelles present in all vertebrate cells and form protru-
sions at the surface of the plasma membrane, devoid of motility and based upon a 
microtubule cytoskeleton. SMO migration to primary cilia is required for Hedgehog 
signalling. This migration is accompanied by SMO phosphorylation by GRK2 
( GPCR kinase 2 , gene  ADRBK1 ), which is thought to be required for migration. 
Proteins other than PTCH are able to bind HHG ligands and modulate the signal 
brought to the target cell: CDO ( cell adhesion molecule-related/downregulated by 
oncogenes ) and BOC ( brother of CDO ), which are members of the immunoglobulin 
superfamily and function as accessory receptors to HHG; it is not clear whether or 
not they are required for signal transmission. They operate via a glycosaminoglycan 
(heparan sulphate)-binding site. Another protein, HHIP ( hedgehog- interacting pro-
tein ), would be a decoy receptor for HHG ligands and would thus inhibit this signal-
ling pathway.  

9.3     HHG Signal Transduction 

 Whereas the previous steps of Hedgehog pathway signalling are highly similar in 
 Drosophila  and mammals, the subsequent steps of signal transduction, downstream 
SMO activation, appear to be different, and the proteins identifi ed in  Drosophila  
have no exact orthologs in humans. In the absence of HHG signal, zinc-fi nger tran-
scription factors called GLI ( glioblastoma-associated oncogene ) (genes  GLI1 , 
 GLI2  and  GLI3 ) are sequentially phosphorylated in the primary cilia by serine/
threonine kinases: PKA ( protein kinase A ), CK1 ( casein kinase 1 ) and GSK3β ( gly-
cogen synthase kinase 3β ), organised with an adapter protein called SUFU ( sup-
pressor of fused ) in a destruction complex; these phosphorylations lead the GLI 
transcription factors to the proteasome. In the presence of a HHG signal, the kinases 
are inhibited, and the GLI transcription factors can migrate to the nucleus and acti-
vate their target genes (Fig.  9.3 ).  

 PKA inhibition occurring upon SMO activation could be due to the recruitment 
by SMO of a large heterotrimeric G-protein with an α i  subunit, whose activation 
inhibits adenylyl cyclase and thus cAMP formation and cAMP-induced PKA acti-
vation (see Chap.   6    ). In  Drosophila , an assembly protein,  cos2 , is involved in the 
concerted activation of the kinases; its recruitment by SMO prevents this activation. 
In mammals, there is no  cos2  ortholog and this function could be assumed by the 
kinesin KIF7; in fact, a protein called SUFU ( suppressor of fused ) is the main nega-
tive regulator of the GLI transcription factors in mammals, whereas it plays a minor 
role in Hedgehog signal transduction in  Drosophila . In addition, a truncated variant 
of GLI3 could play a negative regulation of Hedgehog signalling by negative 
dominance. 

 The target genes of the GLI transcription factors are involved in morphogenesis, 
especially Homeobox (HOX) gene family members.  PTCH1  and  HHIP  are also 
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target genes, which explains positive and negative retroaction control of this path-
way. Genes encoding proteins involved in cell proliferation, such as BCL2 ( B-cell 
lymphoma 2 , Chap.   18    ), cyclin D1 (Chap.   17    ) or PDGFRα ( platelet-derived growth 
factor receptor α , Chap.   1    ), are also target genes of the Hedgehog signalling 
pathway.  

9.4     Oncogenic Alterations 

 The Hedgehog pathway was fi rst shown to be involved in a syndrome of predisposi-
tion to skin basocellular carcinomas (BCCs), called Gorlin syndrome. A heterozy-
gous mutation in the  PTCH1  gene has been identifi ed in normal cells of these 
patients, and an additional loss of the non-mutated allele has been detected in 
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tumour cells. These invalidating mutations induce the loss of PTCH-mediated SMO 
inhibition, which is in turn responsible for the increased transcription of the GLI 
target genes. Similarly, sporadic BCCs also present  PTCH1  inactivating mutations 
or  SMO  activating mutations.  PTCH1  and  SMO  appear, therefore, as a tumour sup-
pressor gene and a proto-oncogene, respectively. Other malignancies, such as 
medulloblastomas and rhabdomyosarcomas, also present such mutations, as well as 
less frequent  SUFU  inactivating mutations. 

 In other cancers, alterations can be found at the level of the HHG ligands. HHG 
overexpression, with subsequent increase in GLI activation, is observed in pancre-
atic and small-cell lung cancers, but the driver role of these alterations has not been 
proved; autocrine loops favouring cell proliferation could well be operating in such 
cases. Stromal cell interactions with the Hedgehog pathway in tumour cells have 
been evidenced. The Hedgehog pathway appears, therefore, as involved in basic 
mechanisms of oncogenesis and metastasis, especially because of its role in stem 
cell proliferation and epithelial-to-mesenchymal transition.  

9.5     Pharmacological Targets 

 A natural inhibitor of the Hedgehog pathway, cyclopamine, was discovered early; 
this sterol-related alkaloid induces alterations in lamb foetal development when 
pregnant ewes were fed with contaminated grass. This SMO inhibitor likely inter-
feres with an oxysterol-binding site. Cyclopamine itself does not seem usable in 
therapeutics because of its very low bioavailability, but other compounds, such as 
vismodegib, have been identifi ed and recently patented, with marked antitumour 
effect in metastatic invasive BCCs and medulloblastomas.  PTCH1  mutations, such 
as W844C, inducing a constitutive activation of the signalling pathway, have been 
identifi ed in vismodegib responders; conversely, secondary  SMO  mutations in 
treated patients, such as D473H, induce resistance to vismodegib. Vitamin D3 could 
behave as an SMO inhibitor, which would be in agreement with its known role on 
skin trophicity. 

 Another potential target is represented by the GLI transcription factors, down-
stream the Hedgehog pathway. Several small molecules have been identifi ed and 
may likely enter clinical trials. Finally, upstream the PTCH–SMO interaction, 
monoclonal antibodies targeting the HHG proteins have shown activity in preclini-
cal models.     
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  10      Integrins 

          Abstract  
  Integrins constitute a family of heterodimeric transmembrane receptors, whose 
ligands are essentially the proteins of the extracellular matrix (collagens, laminins, 
fi bronectin, etc.). They play a structural role by recruiting inside the cell the cyto-
skeleton-associated multiprotein complexes responsible for cell–matrix junctions; 
they also play a functional role, as their activation leads to proliferation and migra-
tion signals, via cytoplasmic kinases and small G-proteins. One of the original 
features of integrins is the bidirectional signalling that characterises their function: 
from outside to inside the cell, as most signalling pathways, and from inside the 
cell to outside, aiming at modulating cell attachment to the extracellular matrix as 
well as the activity of matrix metalloproteinases. 

 Integrins are, therefore, primarily involved in cell adhesion and motility mech-
anisms and, via signalling crosstalks, in cell proliferation processes. They play a 
central role, therefore, in epithelial-to-mesenchymal transition during develop-
ment. Several integrins are involved in angiogenesis, as they mediate endothelial 
cells migration and multiplication. A subclass of integrins is essentially involved 
in immune processes, as they mediate lymphocyte attachment to their target cells. 
The alterations of integrins are found in diseases affecting the extracellular matrix 
(rheumatoid arthritis, multiple sclerosis, psoriasis) as well as in the invasiveness 
and metastatic capacity of endothelial and tumour cells; they represent, therefore, 
a major potential target in oncology and clinical trials are ongoing.  

10.1               Integrins and Integrin Ligands 

10.1.1     Structural Organisation of Integrins 

 Integrins are heterodimeric receptors with a single transmembrane domain per 
monomer, able to bind the components of the extracellular matrix (ECM) through 
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their extracellular part. With 18 distinct α subunits (genes  ITGA ) and 8 β subunits 
(genes  ITGB ), a total of 24 different integrins can be assembled (Fig.  10.1 ). The 
extracellular part of integrins is considerably larger than their intracellular part; it 
can be represented as an  N -terminal globular head above two legs.  

 The globular head of the α chains consists of seven identical domains arranged 
as the blades of a propeller. Some integrins contain in addition, upstream the propel-
ler domain, a domain analogous to type A von Willebrand factor (αI integrins). This 
domain enables the fi xation of a divalent cation, Ca 2+  or Mg 2+ , which interacts with 
the ECM; it is called the  metal ion-dependent adhesion site  (MIDAS). Downstream 
the propeller domain, the α chains contain domains sequentially called thigh, genu, 
calf1 and calf2, then the transmembrane domain and the intracellular domain 
(Fig.  10.2a ).  
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  Fig. 10.1    Integrin assembly from their α and β subunits. The 18 α chains and 8 β chains can 
assemble in diverse ways to form the 24 integrins. Some integrins are specifi cally expressed in 
leukocytes and serve as immunoglobulin receptors. Some α chains have an interaction domain with 
the extracellular matrix (ECM); others do not and signalling operates only with the β-chain interac-
tion (βI) domain       
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 The β chains also contain a globular head, a βI domain analogous to the αI 
domain but constant, bearing a MIDAS that follows a folding of the  N -terminal 
extremity; this domain is inserted between two homologous hybrid domains, them-
selves inserted between two homologous PSI ( plexins, semaphorins and integrins ) 
domains. Downstream are four EGF domains, a tail domain (TD), the transmem-
brane domain and the intracytoplasmic part (Fig.  10.2a ). 

 The intracytoplasmic domains of α and β chains are short but are functionally 
important; the interaction between these two cytoplasmic domains is stabilised by 
an ionic bond between an arginine residue of the α chain and an aspartic acid resi-
due of the β chain. 
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  Fig. 10.2    Integrin structure and spatial conformation of α and β chains. ( a ) Schematic represen-
tation of the characteristic domains of the α and β chains of integrins along the polypeptidic 
sequence. The αI domain of interaction with ECM is not present on all α chains. ( b ) Spatial rep-
resentation of integrins. The propeller domains of the α chains are organised in a globular part, 
the head; the βI domains are exposed following the folding of the hybrid domains over the PSI 
domains. ( a ) Integrins adopt a folded conformation in the absence of stimulation; ( b ) under the 
effect of an intracellular stimulation (inside-out signalling), integrins adopt an extended confor-
mation; ( c ) they can thus unmask a binding site with the extracellular matrix (ECM), which 
allows the interaction between the cytoplasmic domains and the generation of a signal (outside-in 
signalling)       
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 In the absence of stimulation, integrins present a bent conformation, with the glob-
ular head lying down on the membrane (Fig.  10.2b ). Intracellular messages induce 
their straightening, allowing them to interact with extracellular ligands. Ligand– 
integrin binding takes place at the level of the αI domain, for those having such a 
domain, and at the level of the βI domain for the others. These domains exist under 
two conformations, one closed, with low affi nity for the ligand, and the other one 
open, with a MIDAS bound to Ca 2+  or Mg 2+ , enabling the formation of a ionic bond 
with an aspartic acid residue of the ligand (Fig.  10.2b ). Binding of integrins to their 
ligands induces a conformational change of the cytoplasmic domains of the α and β 
chains. The α chains are constitutively phosphorylated, whereas the β chains display 
phosphorylation sites allowing the regulation of their activity. Diverse protein kinase 
C (PKC) enzymes are involved in the phosphorylation of β chains serine/threonine 
residues, but it appears that tyrosine residues may also be phosphorylated. 

 An important feature in inside-out signal transduction is the aggregation of sev-
eral integrin dimers; such a clustering is required in order to increase the attachment 
of the cell to the ECM. All along the polypeptidic chains of the matrix proteins are 
present numerous integrin binding sites, requiring a suffi cient number of cell adhe-
sion molecules for effi cient gripping; these clusters of integrin dimers attached to 
the ECM are called  focal adhesions . Signal transduction arising out of these clusters 
depends on both  affi nity  changes (conformational switch of the intracytoplasmic 
domain) and  avidity  changes (clustering of integrin dimers).  

10.1.2     Integrin Ligands 

 The main extracellular ligands of integrins, considered as receptors, are the ECM 
proteins: fi brinogen (FG), fi bronectin (FN), von Willebrand factor (VWF), colla-
gens (COL), laminin (LAM) and vitronectin (VTN). Some integrins display high 
ligand specifi city, while others are in contrast of low specifi city. Particularly, a tri-
peptidic sequence present in some ECM proteins is specifi cally recognised by α V  
integrins: the RGD (arginine–glycine–aspartic acid) sequence. This sequence can 
serve as a guide for the design of competitive inhibitors of integrins; some snake 
venoms take advantage of this sequence for the disruption of the ECM. Other inte-
grins recognise different tripeptidic sequences, such as IET or LDV, and some inte-
grins recognise more complex tridimensional structures. 

 A subgroup of integrins (see Fig.  10.1 ) are selectively present at the surface of 
leukocytes, where they participate to immune functions. These integrins, such as 
α L β 2  or LFA1 ( lymphocyte function-associated antigen 1 ) and α M β 2  or MAC1 (from 
 macrophage ), can recognise molecules of the immunoglobulin superfamily, such as 
ICAMs ( intercellular adhesion molecules ) and VCAM ( vascular cell adhesion mol-
ecule ). The fi ve ICAMs (ICAM1 to ICAM5) are leukocyte transmembrane immuno-
globulins whose binding to integrins allows cell–cell adhesion (see Chap.   11    ). Other 
extracellular integrin ligands are bacterial polysaccharides and viral proteins. 

 On the intracellular side, integrins are able to interact with many proteins involved 
in cytoskeleton structure regulation; these proteins bind the integrin β chain on the 
one hand and actin on the other hand, linking thus the ECM to the cytoskeleton. The 
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most important of these proteins are talins (TLN), kindlins (FERMT, for  fermitin 
family homologues ), α-actinins (ACTN), fi lamins (FLN), cytohesins (CYTH), 
parvins (PARV) and tensins (TNS). These proteins not only are structural proteins, 
but they display diverse functions which are involved in transduction of signals 
received and transmitted by integrins. Adapter proteins are also involved in signal 
transduction: vinculin (VCL), paxillin (PXN) and various 14-3-3 proteins. The lay-
out of integrin clusters with these proteins constitutes the focal adhesions (Fig.  10.3 ).    

10.2     Signalling Pathways Arising from Integrins 

 Integrins operate via two signalling ways:  inside-out  signalling, allowing intracel-
lular messages to induce extracellular ligand recognition and binding via integrin 
activation, and  outside-in  signalling, as all receptors, allowing extracellular 
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  Fig. 10.3    Integrin-activated signalling pathways. A focal adhesion is schematised in the middle 
of the graph, showing the association between extracellular matrix (ECM) and intracellular acto-
myosin cytoskeleton (ACT/MY), via the assembly between integrins and several interactants 
(parvin, paxillin, cofi lin, talin, actinin), some of which only are represented here. Two signalling 
pathways generated by integrin activation are shown: On the left, ILK ( integrin-linked kinase ), 
recruited, for instance, by PI3 kinase, phosphorylates the integrin β chains as well as several focal 
adhesion proteins; ILK also activates exchange factors (GEF) of small G-proteins of the RHO fam-
ily, such as CDC42 and RAC1, which, once activated by GTP binding, can activate in turn some 
kinases like PAK, which can directly act on cytoskeleton proteins. On the right, FAK ( focal adhe-
sion kinase ), recruited through integrin activation, phosphorylates focal adhesion proteins as well 
as SRC family kinases (SFK). Adapter proteins are able to activate proliferation pathways such as 
the AKT and the MAP kinases pathway. FAK also activates, via GEFs, small G-proteins of the 
RHO family, which, once activated, can activate in turn some kinases like ROCK ( RHO- activated 
kinase ), which can act on cytoskeleton proteins, either directly or through the phosphatase MLCP 
( myosin light chain phosphatase )       
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messages to induce specifi c cell responses. Integrins are therefore bidirectional 
receptors. These two activities are however inseparable: intracellular signals origi-
nating especially from TKR or GPCR activation activate fi rst the receptor function 
of integrins by inducing their straightening, which governs ligand recognition; 
afterwards, this binding with extracellular ligands activates the formation of focal 
adhesions clusters and generates various intracellular messages. Integrin activation 
leads especially, according to cell type and integrin dimer, to the activation of cyto-
plasmic kinases, among which the tyrosine kinase FAK ( focal adhesion kinase ) 
(gene  PTK2 ,  protein tyrosine kinase 2 ) and the serine/threonine kinase ILK 
 ( integrin-linked kinase ). These kinases are committed to various signalling 
 pathways, leading either to the activation of transcription factors or to the activation 
of small G-proteins. These pathways are presented on Fig.  10.3 . 

 FAK contains an  N -terminal FERM ( four-point-one ,  ezrin ,  radixin and moesin ) 
domain, a central domain bearing the tyrosine kinase activity and a  C -terminal FAT 
( focal adhesion targeting ) domain, allowing FAK binding to paxillin and talin, and 
consequently its recruitment to focal adhesions. Integrin-mediated FAK activation 
operates through autophosphorylation, leading to the recruitment of other cytoplas-
mic tyrosine kinases of the SRC family (SFK,  SRC family kinases ), which complete 
FAK phosphorylation and are phosphorylated by FAK in return. FAK can also phos-
phorylate other proteins at the level of focal adhesions, such as α-actinin and 
paxillin. 

 FAK bears domains recognised by the SH2- and SH3-binding sites of various 
proteins:

•    Via its SH3 domain-interacting sites, FAK induces the activation of GDP–GTP 
exchange proteins (GEF) of small G-proteins of the RHO family, such as 
p190 RHOGEF  or RGNEF ( RHO-guanine nucleotide exchange factor ), which are 
involved in cell motility through the control of the actin cytoskeleton.  

•   Via its phosphotyrosine    residues recognised by proteins with SH2 domains, FAK 
activates adapter proteins such as GRB2, the classical activator of the MAP 
kinase proliferation pathway (Chap.   2    ); p85, the regulatory subunit of PI3 kinase 
(Chap.   3    ), also governing proliferation and survival pathways; NCK ( non- 
catalytic region of tyrosine kinase ); CRK ( chicken tumour virus regulator of 
kinase ) and its associate CAS ( CRK-associated substrate ), which are involved in 
cell motility; and fi nally the SHC ( SH2 domain-containing ) proteins, which are 
involved in multiple cell processes.    

 ILK bears an  N -terminal domain with ankyrin (ANK) repeat sites, allowing bind-
ing to PINCH ( particularly interesting new Cys–His-rich ) proteins, equipped with 
LIM ( LIN-11, ISL-1 and MEC-3 ) domains and also known as LIMS ( LIM and 
senescent cell antigen-like domains ) proteins, to a phosphatase called ILKAP ( ILK- 
associated protein phosphatase ) and to integrin β chains. ILK also bears a central 
PH ( pleckstrin homology ) domain, allowing its activation by phosphatidylinositol 
3,4,5-trisphosphate (see Chap.   3    ), and a  C -terminal domain of binding with parvins 
(PARV), which are themselves actin-binding proteins and constitute a complex with 
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ILK and PINCH, known as IPP ( ILK, PINCH and PARV ). ILK belongs to focal 
adhesions and is responsible for the phosphorylation of its partners, the integrin β 
chain, parvins, cofi lins (CFL), paxillin, etc. 

 Beyond the focal adhesions, ILK main substrates are the serine/threonine 
kinases AKT (Chap.   3    ) and GSK3β (Chaps.   7     and   9    ), both involved in cell sur-
vival and proliferation. ILK also activates small G-proteins of the RHO family, 
such as RHOA, RHOD, CDC42 ( cell division cycle 42 ), RND1 and RAC1 ( RAS-
related C3 botulinum toxin substrate 1 ), involved in cell motility as mentioned 
above. 

 Downstream the two integrin-activated kinases, FAK and ILK, one can fi nd other 
kinases involved in cell proliferation and survival as well as the activation systems 
of small G-proteins of the RHO family, involved in cell motility. These proteins 
interact with the actomyosin cytoskeleton and induce the modifi cations required for 
cell migration. They promote actin polymerisation and the assembly of polymerised 
fi laments, allowing thus the formation of fi lipods and lamellipods involved in cell 
movements. CDC42 and RAC1 activate various proteins such as WASP ( Wiskott–
Aldrich syndrome protein ) and PAK ( p21-activated kinase ). RHOA induces the 
assembly and contraction of actomyosin fi bres, especially through the activation of 
ROCK ( RHO-associated kinase ), which inhibits MLCP ( myosin light chain 
phosphatase ). 

 There exist multiple connections between the integrin pathway and the pathways 
induced by tyrosine kinase receptors (TKR, Chap.   1    ), especially their common acti-
vation of the MAP kinase pathway (Chap.   2    ) and the PI3 kinase pathway (Chap.   3    ), 
via the integrin-dependent kinases, FAK and ILK. NCK appears as an important 
link between the two signalling pathways; this adapter protein bears SH2 and SH3 
domains. The integrin pathway is as important for the control of cell proliferation 
and survival as for the control of cell adhesion and motility; the cytoplasmic kinases 
FAK and ILK and the small G-proteins of the RHO family are the preferred media-
tors of these effects. 

 Some integrins are able to induce apoptosis when they are not bound to their 
ligand. They behave as dependence receptors (Chap.   18    ); this mechanism is called 
IMD ( integrin-mediated death ) and operates through caspase 8 activation. It espe-
cially concerns integrin α V β 3 , a cell proliferation-associated integrin. This integrin- 
mediated death mechanism can be inhibited through the recruitment of cytoplasmic 
tyrosine kinase of the SRC family (SFK), which induce cell proliferation and sur-
vival via the activation of appropriate transcription factors.  

10.3     Oncogenic Alterations 

 Various integrins are overexpressed in cancers, such as α 6 β 4 , α V β 3 , α V β 5 , α 5 β 1  and 
α 4 β 1 , and they appear to play a major role in metastatic tumour development. These 
integrins cooperate with growth factors of the EGF and PDGF families (Chap.   1    ) 
and exert a positive effect on cell proliferation. Other integrins are in contrast nega-
tively regulated in cancers, such as α 2 β 1 , which activates the p38 MAP kinase 
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pathway (Chap.   2    ), or α V β 6  and α V β 8 , which contribute to TGFβ activation (Chap.   5    ); 
these integrins exert, therefore, a downregulation of cell proliferation. 

 Because of their effects on cell migration, integrins are central to the epithelial-
to- mesenchymal transition, which allows tumour cells of epithelial origin to acquire 
a mesenchymal phenotype capable to migrate and disseminate. These are again α V β 6  
and α V β 8  integrins that can favour tumour invasiveness through TGFβ activation. 
Germline mutations of some integrin genes are found in some systemic diseases 
such as  epidermolysis bullosa  (integrin α 6 β 4 ) and congenital muscular dystrophy 
(integrin α 7 β 1 ), but they have not been found in cancers. 

 Endothelial cells express integrins in response to proangiogenic factors secreted 
by tumour cells; the binding of these integrins to ECM proteins (collagens, fi bro-
nectin, vitronectin, etc.) controls proliferation and migration of these endothelial 
cells, contributing thus to vessel formation and maturation. The α V  integrin chains 
can associate with various β chains; integrin α V β 3 , equipped with a RGD-binding 
domain present on fi bronectin, vitronectin and fi brinogen, is more abundant in 
tumour vessels than in normal tissue vessels. It is overexpressed during wound heal-
ing and infl ammation, suggesting that infl ammation could well be at the origin of 
the angiogenic switch of tumours. Integrin α V β 3  plays thus a major role in survival 
and migration of endothelial cells; its antagonists induce endothelial cells apoptosis 
in vitro as in vivo .  

 Several other integrins have a major effect on angiogenesis. Integrin α V β 5 , closely 
related to α V β 3  and which binds vitronectin, is induced by VEGF. Integrin α 5 β 1 , the 
ligand of which is fi bronectin, is mainly induced by bFGF in endothelial cells. 
Integrin α 4 β 1 , stimulated by VEGF and bFGF (FGF1), recognises VCAM ( vascular 
cell adhesion molecule ) as a ligand, which enables the attachment of endothelial 
cells and pericytes to the smooth muscle cells that express this cell adhesion mole-
cule on their surface. Integrins α 1 β 1  and α 2 β 1  have opposite roles in angiogenesis; 
they recognise mainly the collagens and their expression in endothelial cells is con-
trolled by VEGFA and VEGFC, which suggests a role in both blood and lymphatic 
vessels.  

10.4     Pharmacological Targets 

 Because of the major role played by integrins in cell adhesion and migration, they 
constitute a potential therapeutic target in oncology. Three approaches have been 
developed for integrin targeting: peptides and peptidomimetics that can imitate their 
ligand, monoclonal antibodies and small molecules interfering with their activity. 

 The RGD tripeptide is the docking place on the ECM for several integrins, espe-
cially α V β 3 ; peptides that mimic this sequence are susceptible to block cell signal-
ling events induced by integrin activation when they are attached to the matrix. 
Natural peptides originating in particular from snake venoms and are called disinte-
grins have been tested as anticancer agents, but synthetic peptides are preferred, 
such as cilengitide, which entered clinical trials but was shown to be devoid of 
activity. 
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 Monoclonal antibodies directed against specifi c integrins have been developed 
outside the fi eld of oncology, and this approach is promising. The assembly of the α 
and β chains raises the problem of the optimal strategy: should specifi c chains be 
targeted or rather the assembly of two chains in a defi nite integrin? In addition, the 
extended conformation of integrins seems a better target than its folded conforma-
tion. In oncology, several antibodies have entered clinical trials: etaracizumab (tar-
geting α V β 3 ), volociximab (α 5 β 1 ), intetumumab (α V  subunit) and natalizumab (α 4  
subunit). Finally, small non-peptidic molecules able to interact with integrins at the 
level of their docking sites on ECM have been identifi ed; they can mimic, for 
instance, the RGD structure of ECM proteins interacting with α V β 3  and other integ-
rins (GLPG-0187) or the interaction of the α 4  subunit with VCAM (AJM-300) or 
the interaction of α 5 β 1  with fi bronectin (JSM-6427). 

 Downstream integrin receptors, the FAK and ILK proteins represent bona fi de 
targets of the integrin pathway. The FAK-encoding gene,  PTK2 , is overexpressed in 
several cancer types, especially during metastatic spreading, but no activating muta-
tions have been identifi ed. The mechanism of this overexpression remains unknown, 
but the fact that the  PTK2  gene promoter harbours sites repressed by p53 and acti-
vated by NFκB suggests the existence of crosstalks between these transcription fac-
tors and FAK expression. FAK targeting is conceivable, as it displays tyrosine 
kinase activity: ATP-competitive inhibitors have entered clinical trials. The com-
pounds in development display cross-reactivity with a closely related cytoplasmic 
tyrosine kinase, PYK2 ( proline-rich tyrosine kinase 2 ) (gene  PTK2B ), and with 
IGF1R, a receptor of the insulin-like growth factor subfamily (Chap.   1    ). 

 The ILK protein is activated in cancers, especially when a mutational or tran-
scriptional defect of PTEN is present, which usually constitutes a potent brake for 
all proliferation effects depending on phosphatidylinositol 3,4,5-trisphosphate. This 
activation is associated to ILK overexpression, and ILK activating mutations have 
not yet been identifi ed in cancers. ILK inhibition by antisense approaches or by 
serine/threonine kinase inhibitors is under study, because it induces in vitro impor-
tant effects on cell proliferation and migration, especially in cells harbouring an 
invalidating  PTEN  gene mutation. However, in view of the redundant character of 
the signalling pathways activated by ILK, one can doubt about the therapeutic effi -
ciency of ILK targeting.     
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  11      Semaphorins and Adhesion Molecules 

          Abstract  
  Semaphorins constitute a group of signalling proteins originally described in 
the central nervous system where they are involved in the growth of the axonal 
cone and in axonal guidance. They have in fact pleiotropic roles during develop-
ment of multiple organs and can stimulate or inhibit the same function according 
to the receptors activated in the target tissues. Semaphorin receptors are especially 
present at the surface of endothelial cells, which implies that they play a role in 
angiogenesis. Since most semaphorins are membrane integral proteins, the signal-
ling pathways are exclusively implemented in juxtacrine situations. Semaphorins 
play a major role in cell adhesion and motility, so that the alterations of this sig-
nalling pathway contribute to neurodegenerative diseases and cancer. 

 Only some of the signalling pathways involving semaphorins are presently 
known from ligand binding to intracellular effectors: we will present them in 
this chapter. Many things remain to be discovered in the semaphorin fi eld. 
This chapter is completed by a short presentation of various adhesion mole-
cules, outside the semaphorin fi eld, which are involved in various types of 
cell–cell and cell–matrix contacts, in addition to those already studied in 
Chaps. 10 and 11.  

11.1               Semaphorins and Semaphorin Receptors 

 Semaphorins, usually abbreviated as SEMA, constitute in vertebrates a group of 20 
proteins distributed in 5 classes, from class 3 to class 7. Those belonging to class 3 are 
secreted, whereas the other ones are membrane-bound, either through the existence of 
a single transmembrane domain (semaphorins of classes 4, 5 and 6) or by anchoring 
with a glycosylphosphatidylinositol membrane lipid (semaphorin 7A). All semapho-
rins have a characteristic  N -terminal domain called the SEMA domain, 500 amino 
acids long, which consists of a seven-blade β-propeller structure and contains dimerisa-
tion and receptor-binding sites. They also contain other specifi c domains (Fig.  11.1 ). 
Semaphorins operate as homodimers associating two polypeptidic chains bound by a 
disulphide bridge.  
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  Fig. 11.1    General structure of semaphorins, plexins and neuropilins. Semaphorins (SEMAs) are 
a family of 21 proteins distributed in 5 subfamilies, from semaphorins 3 to semaphorins 7. They 
are either secreted (semaphorins 3) or bound to the plasma membrane. Membrane insertion is 
obtained either by a transmembrane domain (semaphorins 4, 5 and 6) or anchoring via a glyco-
sylphosphatidylinositol (GPI) group (semaphorins 7). All semaphorins contain a SEMA domain 
allowing receptor binding and dimerisation and, according to the class they belong to, an 
immunoglobulin- like (IgG) domain, a thrombospondin-like (THBS) domain or a basic domain. 
Plexins (PLXNs) are a family of 9 proteins distributed in 4 subfamilies, from plexins A to plexins 
D. These are transmembrane proteins equipped, on the extracellular side, with a SEMA domain 
and glycine- and proline-rich (GP) domains and, on the intracellular side, with a small G-protein 
binding domain, a GAP ( GTPase activating protein ) domain and, for plexins B, a PDZ ( postsyn-
aptic density-95 ,  disc-large and zonula occludens ) domain and a GEF ( guanyl nucleotide exchange 
factor ) domain. Neuropilins (NRPs) are a group of 2 proteins, neuropilin 1 and neuropilin 2. These 
are transmembrane proteins, with a very short intracellular domain and, on the extracellular side, 
two domains  a  for complement binding (CUB,  complement protein ,  urchin embryonic growth fac-
tor and bone morphogenic protein 1 ), two domains  b  homologous to the coagulation factor V/VIII 
and a domain  c  called MAM ( meprin ,  A5 protein ,  µ protein tyrosine phosphatase ), involved in 
neuropilin dimerisation and interactions with other receptors       
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 The semaphorin receptors of membrane-bound semaphorins (classes 4–7) and sema-
phorin 3E are the plexins (PLXNs): plexins A for semaphorins 6, plexins B for sema-
phorins 4 (except semaphorin 4A) and semaphorins 5, plexin C1 for semaphorin 7A and 
plexin D1 for semaphorins 3E and 4A. A given semaphorin can bind several plexin 
receptors, and a given plexin can bind several semaphorin ligands (Table  11.1 ). Secreted 
semaphorins (class 3, but with the exception of semaphorin 3E) use neuropilins (NRPs) 
as primary receptors, together with plexins A, which are responsible for signal transduc-
tion. In lymphocytes, SEMA4A also uses TIM2 ( T-cell immunoglobulin and mucin 
domain-containing protein ), as a receptor or coreceptor, while SEMA4D can use CD72, 
a membrane lectin expressed in B-cells. Diverse membrane proteins may be associated 
to semaphorin reception: tyrosine kinase receptors (TKR, Chap.   1    ), integrins (Chap. 
  10    ), through the interaction of a RGD motif borne by SEMA7A, as well as TREM2 
( triggering receptor expressed on myeloid cells 2 ) and DAP12 ( DNAX-activation pro-
tein 12 ), a TRK-binding protein encoded by the gene  TYROBP  ( TYRO protein tyrosine 
kinase binding protein ). Proteoglycans with heparan sulphate (HSPG) or chondroitin 
sulphate (CSPG) moieties are also associated with several semaphorin receptors.

   Plexins, which appear as the main semaphorin receptors, constitute a family of 9 
proteins distributed in 4 classes (A to D). These proteins display a single transmem-
brane domain and, on the intracytoplasmic side, a binding domain to small 
G-proteins of the RHO subfamily such as RHOD, RND1 or RAC1, and they exert 
on these small G-proteins a GTPase stimulating activity (GAP). Plexins B present 
in addition, on the  C -terminal side, a PDZ ( postsynaptic density 95/disc-large/zona 
occludens ) domain for binding a GDP–GTP exchange factor (GEF) for small 
G-proteins. The extracellular part of plexins contain a SEMA domain involved in 
semaphorin binding, and class B plexins have in addition a proteolytic domain simi-
lar to that of the subtilisin protein convertase, furin (Fig.  11.1 ). Due to the dimeric 
structure of the active ligands, plexins are thought to also act as dimers. 

   Table 11.1    Combinatorial pattern of semaphorins and semaphorin receptors   

 Receptor  Ligand  Coreceptor 

 PLXNA1  SEMA6C, SEMA6D 

 PLXNA2  SEMA6A, SEMA6B 

 PLXNA3 

 PLXNA4  SEMA6A, SEMA6B 

 PLXNB1  SEMA4D  CD72 

 PLXNB2  SEMA4A, SEMA4C, SEMA4D 

 PLXNB3  SEMA5A, SEMA5B  SYN3 

 PLXNC1  SEMA7A  Integrin α 1 β 1  

 PLXND1  SEMA3E  NRP1, NRP2 

 SEMA4A  TIM2 a  

 NRP1  SEMA3A, SEMA3B, SEMA3C, SEMA3D  PLXNA1-PLXNA4 

 NRP2  SEMA3B, SEMA3C, SEMA3D, SEMA3F, 
SEMA3G 

   a TIM2 is a mouse protein whose human closest equivalent is TIMD1 ( T-cell immunoglobulin and 
mucin domain-containing protein )  
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 Neuropilins (2 proteins in mammals) are the primary receptors of class 3 
 semaphorins (excepted SEMA3E), but signalling requires the intervention of a class 
A plexin. They contain two domains for complement binding (CUB [ complement 
protein, urchin embryonic growth factor and bone morphogenic protein 1 ]), two 
domains homologous to the coagulation factor V/VIII and a domain called MAM 
( meprin ,  A5 protein ,  µ protein tyrosine phosphatase ), which is important for their 
dimerisation and their interaction with other receptors. Their intracellular domain is 
very short and does not seem able of signal transduction, which explains the require-
ment of a plexin molecule as receptor. Neuropilins can also be used as coreceptors 
for some forms of VEGF ( vascular endothelial growth factor ) (Chap.   1    ) and they 
interact with VEGF receptors. They may also interact with other TKR, such as 
MET, FGFR2 and PDGFRB, and serve as coreceptors to several growth factors 
(Chap.   1    ). Furthermore, they interact with adhesion factors of the CAM ( cell adhe-
sion molecules ) family and integrins (Chap.   10    ).  

11.2     Semaphorin-Induced Signal Transmission 

 The diversity of semaphorins and semaphorin receptors explains why the signalling 
pathways they activate are only partially known. Only the pathways originating 
from semaphorins 3A and 4D have been deciphered and will be presented here as 
representative examples. It appears that the different complexes semaphorin–plexin 
can each activate several transduction pathways involving various systems: small 
G-proteins, cytoplasmic tyrosine kinases, integrins, etc. The action of semaphorins 
on cytoskeleton, cell adhesion and motility is pleiotropic and certainly redundant. 

11.2.1     Semaphorin 3A Signalling 

 The reception complex NRP1–PLXNA1, at the basal inactive state, is associated to 
a protein called FARP2 ( FERM ,  RHO-GEF and pleckstrin domain protein 2 ) with 
GEF ( guanine nucleotide exchange factor ) activity (Fig.  11.2a ). When bound to 
SEMA3A, the reception complex releases FARP2, unmasking its GEF activity and 
allowing it to activate RAC1, a small G-protein, through GDP–GTP exchange. 
RAC1 can then sequentially activate the serine/threonine kinases PAK1 ( p21- 
activated kinase 1 ) and LIMK1 ( LIM domain kinase 1 ) and cofi lin (CFL), a protein 
controlling actin polymerisation (Fig.  11.2b ). RAC1 facilitates also the association 
of RND1, another small G-protein of the RHO subfamily, with plexin A1, which 
stimulates the GAP activity of the plexin. The target of this action of plexin A1 is 
RRAS, another small G-protein also involved in integrin signalling (Fig.  11.2c ). 
This results in the inactivation of integrin β 1  subunit, inducing the detachment of 
cells from the extracellular matrix. The interaction of RND1 with plexin A can be 
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inhibited by another small G-protein, RHOD, which can bind the same site of plexin 
A1.  

 Upon activation by SEMA3A, the NRP–PLXNA1 reception complex can acti-
vate cytoplasmic tyrosine kinases such as FYN, FES or FER. This activation allows 
the phosphorylation of plexin A1 by CDK5 ( cyclin-dependent kinase 5 ), which 
induces the recruitment of a protein called CRMP2 ( collapsin response mediator 
protein 2 ) (gene  DPYSL2  [ dihydropyrimidinase-like 2 ]) to be phosphorylated 
(Fig.  11.2d ). CRMPs act as microtubule-depolymerising agents and are thus 
 mediators of SEMA3A-induced effects on the cytoskeleton.  
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  Fig. 11.2    Semaphorin 3A signalling pathway. ( a ) SEMA3A recognises, on the target cell, an 
inactive reception complex constituted of NPL1 and PLXNA1. This plexin is bound to protein 
FARP2 ( FERM ,  RHO-GEF and pleckstrin domain protein 2 ), which is a guanyl nucleotide 
exchange factor (GEF). ( b ) The interaction of SEMA3A with the reception complex induces the 
release of FARP2, which can exchange the GDP bound to the small G-protein RAC1 against GTP; 
RAC1 is thus activated and induces a cascade of kinases, PAK1 and LIMK1, leading to the activa-
tion of cofi lin (CFL), which depolymerises the actin cytoskeleton. ( c ) RAC1 and RND, other small 
G-proteins of the RHO subfamily, activate the GAP ( GTPase activating protein ) function of 
PLXNA1, which deactivates another small G-protein, RRAS. This induces the deactivation of 
integrin β 1  subunit and the detachment of the cell from the extracellular matrix. ( d ) Once activated, 
PLXA1 can in turn activate cytoplasmic tyrosine kinases such as FYN, FES or FER. They recruit 
in turn and phosphorylate the serine/threonine kinase CDK5, allowing thus the activation of 
CRMP2 ( collapsin response mediator protein , gene  DPYSL2 ,  dihydropyrimidinase-like 2 ), a 
microtubule-depolymerising agent       
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11.2.2     Semaphorin 4D Signalling 

 Plexin B1, the semaphorin 4D receptor, is dimeric in the absence of signal. Binding 
SEMA4D induces the activation of small G-proteins of the RHO subfamily (RHOD, 
RND1, RAC1), giving similar effects to those elicited by SEMA3A on the NRP1–
PLXNA1 reception complex. However, SEMA4D may also have opposite effects: 
the activation of its receptor may induce, on the one hand, the activation of a RHO- 
GAP protein (and therefore RHO deactivation); and on the other hand the activation 
of a RHO-GEF protein (and therefore RHO activation).   

11.3     Oncogenic Alterations and Pharmacological Targets 

 Semaphorins play a major role in cell adhesion and motility and consequently 
in invasion, metastasis, angiogenesis and immune processes. Semaphorin sig-
nalling can induce opposite effects as a function of the ligand–receptor system 
involved and may give positive or negative instructions concerning cancer cell 
growth and metastatic dissemination. Semaphorins 3B and 3F are considered as 
tumour suppressors; the loss of function of SEMA3B, related to promoter hyper-
methylation or gene polymorphism, is frequently found in non-small-cell lung 
cancers. This semaphorin has experimentally an inhibitor effect on cell growth. 
Similar observations have been made on SEMA3F, which displays antiangiogenic 
properties and inhibits cell attachment to the extracellular matrix; this semapho-
rin could be, therefore, antimetastatic, as SEMA3A. Semaphorins 3C and 3E 
have been shown in contrast to favour angiogenesis and consequently tumour 
progression. SEMA4D, which induces the activation of the MET and ERBB2 
tyrosine kinase receptors, via PLXNB1, favours tumour invasiveness; it has also 
been shown to display proangiogenic properties; the same is true for the couple 
SEMA5B–PLXNB3. 

 Neuropilin overexpression has been observed in numerous cancer types and is 
associated to tumour progression in digestive, mammary and pulmonary cancers, 
among others. The experimental inhibition of NRP2 is able to slow down the devel-
opment of colorectal tumours. Plexins A are overexpressed in several cancer types 
and  PLXNB1  mutations have been detected in prostate cancers. However, some con-
fl icting results have been published, with a decrease in the expression of plexin 
B1 in some cancer types and an overexpression in others. 

 Because of their pleiotropic and redundant effects, the semaphorins appear as 
hardly druggable for cancer therapy. The monoclonal antibody technology 
offers several relevant tracks for semaphorin, plexin and neuropilin inhibition. 
Especially, the pro-oncogenic semaphorins, SEMA3C, SEMA3E and SEMA4D, 
could be candidates for antibody targeting, as well as the plexin they activate, 
PLXNB1. Conversely, the tumour-suppressing semaphorins of the SEMA3 fam-
ily could be used for the development of gene replacement or peptide  mimicking 
therapies.  
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11.4     On Some Other Adhesion Proteins 

 Cell–cell adhesion is required for the cohesion of epithelial tissues. Several types 
of cell–cell junctions have been described, with distinct molecular organisations 
and functions: tight junctions ( zonula occludens ), adherens junctions, desmosomes 
and gap junctions. In addition, cell–matrix adhesion is required in both epithelial and 
mesenchymal tissues for the attachment of cells to the stroma. Both types of adhe-
sion should be disrupted to enable cells to migrate: this is required for a multiplicity 
of physiological events, especially during embryo development, and this is used 
by cancer cells to evade their original location and implant metastases. Adhesion 
and motility are connected to signalling processes, fi rst because they are triggered 
by messages received by the cells and also because they trigger in turn the acti-
vation of signalling pathways. Integrins and semaphorins represent archetypes of 
cell–matrix and cell–cell adhesion molecules, respectively, and of the connections 
between adhesion and signalling. There exist in addition a number of cell–cell adhe-
sion molecules which are not directly involved in cell signalling but whose altera-
tions are associated to oncogenesis and metastatic processes. 

11.4.1     Cell–Cell Junctions 

 Tight junctions (TJ) are constituted of several types of proteins involved in cell–cell 
contacts at the apical side of epithelial and endothelial cells. They contain integral 
transmembrane proteins (notably claudins [CLDNs], occludin, tricellulin, MARVEL 
domain-containing proteins, junctional adhesion molecules [JAMs] of the mem-
brane immunoglobulin family and some others) and peripheral anchoring proteins 
located on the cytoplasmic membrane surface and linking tight junctions to the 
cytoskeleton ( zonula occludens  [ZO] proteins [TJPs], membrane-associated guany-
lyl kinases [MAGIs] and some others). In addition to their barrier and fence func-
tions, tight junctions are involved in cell proliferation and migration and therefore 
in oncogenesis and metastasis. 

 Adherens junctions and desmosomes are constituted with proteins belonging to 
the same families but with different members: cadherins (CDHs), armadillo repeat- 
containing proteins and plakins. In adherens junctions, E-cadherin extracellular por-
tions of two adjacent cells are bound together thanks to Ca 2+  affi nity sites and to the 
actin cytoskeleton through β-catenin and α-catenin (Fig.   7.1    ). Desmosomal cadher-
ins are called desmogleins (DSGs) and desmocollins (DSCs). They are bound to the 
armadillo repeat-containing proteins called junction plakoglobin (JUP), desmopla-
kin (DSP) and plakophilins (PKPs), which bridge the desmosomal cadherins to the 
cytoskeleton, as catenins do in adherens junctions. Overexpression of some of these 
proteins and reduced expression of other are found in various epithelial cancers. 

 Gap junctions (GJ) are transmembrane channels connected between adjacent 
cells, which enable the passage of small molecules (less than 1,000 Da) from one 
cell to another, including metabolites (glucose, amino acids, nucleotides) and sig-
nalling molecules such as the second messengers IP3, Ca 2+ , cAMP and cGMP. They 
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are constituted of two hexameric transmembrane protein complexes called  connex-
ons  or hemichannels. About 20 different proteins with some tissue specifi city may 
enter in the constitution of connexons and are called  connexins  (CXs, genes  GJx ). 
Connexins are transmembrane proteins with four transmembrane helices. Most con-
nexons are heterohexameric, but homohexameric associations are also found; in 
addition, two opposite hemichannels may be constituted of identical or different 
connexins. This variety in connexin associations and connexon structure likely 
explains the variety of gap junction functions in various tissues. As a general fea-
ture, there is loss of gap junctions and downregulation of CXs in cancers, which 
suggests a tumour suppressor role for these proteins.  

11.4.2     Claudins 

 Claudins (CLDNs) constitute a family of 24 tight-junction transmembrane proteins 
of 200–300 amino acids containing four transmembrane helices with  N - and 
 C -terminal ends in the cytoplasm. The  C -terminal end contains a PDZ ( postsynaptic 
density 95/discs-large/zonula occludens ) motif that interacts with corresponding 
motifs in the peripheral cytoplasmic ZO proteins. Claudins are also phosphorylated 
in the  C -terminal region by various kinases with different consequences. They are 
expressed in a tissue-specifi c way, although the same tissue or cell type generally 
expresses several different claudins. They may be associated to various processes 
according to the tissue and to the claudin molecule; for instance, some of them 
(CLDN2, CLDN15) behave as cation channels and others (CLDN4, CLDN7) as 
anion channels. Also, some of them (CLDN1, 4, 7) increase transepithelial resistance 
and others (CLDN2 and 10) decrease this parameter. The complete understanding of 
individual claudin functions in epithelial tissues remains to be established. 

 Several alterations of claudin expression have been found in cancers: upregula-
tion of  CLDN3  and  CLDN4  is observed in various epithelial cancers, while  CLDN1  
and  CLDN7  are downregulated in invasive cancers, possibly in relation to the acqui-
sition of metastatic properties, since the epithelial-to-mesenchymal transition genes 
 SNAI1  (SNAIL) and  SNAI2  (SLUG) repress claudin expression.  

11.4.3     Cadherins 

 Cadherins (CDHs) constitute a large family of adhesion molecules which play a 
major role at the level of cell–cell junctions, in connection with Ca 2+  ions. E-cadherin 
(CDH1) is characteristic of epithelial cells, P-cadherin (CDH3) of placenta, 
N-cadherin (CDH2) of mesenchymal tissues, etc. Cadherins allow homophilic 
interactions at the level of adherens junctions and desmosomes. Cadherins are trans-
membrane proteins with a voluminous extracellular segment and a small intracel-
lular segment    (Fig.  11.3 ). They are characterised at the extracellular level by a 
repeat of fi ve Ca 2+  interaction domains; the association between cadherin molecules 
takes place at their  N -terminal extremity, where HAV (His–Ala–Val) domains and 
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tryptophan residues interact with hydrophobic domains. Their intracellular segment 
is connected to the actin cytoskeleton via molecules of α-, β-, γ- and δ-catenin, con-
stituting together a cytoplasmic cell adhesion complex (CCC).  

 E-cadherin behaves as a tumour suppressor or rather a metastasis suppressor. Its 
expression is repressed during the epithelial-to-mesenchymal transition, which is 
the initiating event of tumour invasion; the transcriptional regulators SNAIL (gene 
 SNAI1 ) and SLUG (gene  SNAI2 ) play a major role in this repression. E-cadherin is 
then replaced by mesenchymal cadherins such as N-cadherin during a  cadherin 
switch . The role of E-cadherin in the cytoplasmic availability of β-catenin has been 
presented in Chap.   7    . E-cadherin intervenes also during δ-catenin-induced activa-
tion of RHO family small G-proteins, RAC1 and CDC42, through the activation of 
various GEFs such as VAV2 and TIAM1. The activation of these small G-proteins 
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  Fig. 11.3    Cell adhesion molecules. General organisation of fi ve main types of adhesion  molecules: 
( a ) integrins; ( b ) semaphorins; ( c ) E-cadherin; ( d ) selectins; ( e ) IgCAM; ( f ) tetraspanins       
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releases α-catenin, which induces the disruption of CCCs and the rearrangement of 
cytoskeleton proteins: CDC42 would be involved in fi lipod formation, RAC1 in that 
of lamellipods and RHOA in that of stress fi bres. Other pathways of GEF activation 
or GAP deactivation of RHO proteins have been mentioned in Chaps.   6     (chemo-
kines) and   10     (integrins). 

 Direct targeting of N-cadherin can be obtained through various approaches: 
monoclonal antibodies recognising the ectodomain; cyclic and linear peptides 
reproducing the structure of the homophilic interaction domain, such as exherin   ; 
and small molecules mimicking this structure.  

11.4.4     Selectins 

 Selectins are transmembrane proteins with an  N -terminal extracellular segment, 
containing a lectin-type domain, an EGF-like domain and a CRP ( complement regu-
latory protein ) domain; a single transmembrane segment; and a  C -terminal intracy-
toplasmic domain (Fig.  11.3 ). Three types of selectins have been identifi ed in 
tissues: endothelium (selectin E, gene  SELE ), platelet (selectin P,  SELP ) and leuko-
cytes (selectin L,  SELL ). Via their lectin domain, they are able to bind several leu-
kocyte membrane glycoproteins, especially blood group-specifi c proteins bearing a 
terminal fucose residue. P-selectin ligand (gene  SELPLG ) is the best known ligand, 
present on leukocyte cell membranes. All three selectins bind to SELPLG, and 
binding is facilitated by sulphation of the  N -terminal part of the protein. Another 
common selectin ligand is the leukocyte membrane glycoprotein CD44, which 
interacts with various components of the extracellular matrix, including glycosami-
noglycans such as hyaluronic acid. 

 Selectin ligands are often abnormally expressed in cancer cells (annex   C    ) and 
their interaction with selectins may be involved in tumour progression. Several 
interaction levels should be considered: tumour cell interactions with platelets and 
leukocytes to constitute vascular emboli; and tumour cell interactions with endothe-
lial cells to modulate tumour cells extravasation (and consequently metastatic 
migration) and to stimulate endothelial cell proliferation (and consequently neoan-
giogenesis). Targeting selectins for cancer treatment has been proposed, especially 
with inhibitors of mucin  O -glycosyltransferases and fucosyltransferases, with pep-
tides mimicking the interaction site with selectins and with anti-selectin monoclonal 
antibodies.  

11.4.5     Cell Adhesion Molecules of the Immunoglobulin Family 

 A large family of membrane immunoglobulins are cell adhesion molecules; we 
already mentioned ICAM and VCAM as integrin ligands; there are also two neu-
ronal NCAMs, a melanoma-derived MCAM, a platelet/endothelium PECAM 
and some others. Some IgCAM have a proper transmembrane domain; others are 
attached to the membrane thanks to a glycosylphosphatidylinositol anchor. They are 
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involved in immune response, cerebral development, epithelial and vascular tissue 
morphogenesis. They are characterised by the presence, at the extracellular level, of 
immunoglobulin-like domains and fi bronectin III domains (Fig.  11.3 ). They ensure 
cell adhesion through  trans  homophilic interactions and by heterophilic interactions 
with other molecules such as integrins, N-cadherin and tyrosine kinase receptors. 

 NCAMs are especially involved in intracellular signalling, through the activation 
of cytoplasmic tyrosine kinases like FYN, which activate FAK. NCAMs behave as 
tumour suppressors and lower expression has been associated with oncogenesis and 
metastatic dissemination; in combination with N-cadherin and FGFR4, they induce 
a stimulation of integrin attachment to the extracellular matrix (inside-out signal-
ling). Other CAMs are also involved in cancer progression, exerting sometimes a 
pro-oncogenic role, such as MCAM, and sometimes an anti-oncogenic role. A spe-
cial class of IgCAM, called nectins (genes  CADM1  to  CADM4 ), play an important 
role in adherens junctions and cell motility, in conjunction with integrin signalling. 

 Several CAM-targeting antibodies have been developed up to clinical trials: for 
instance, edrecolomab and catumaxomab against EPCAM, this last compound 
being bispecifi c and targeting also CD3, a component of the T-cell receptor (Chap. 
  13    ); lorvotuzumab against NCAM; and labetuzumab against CEACAM, these two 
last antibodies being coupled with toxins or radionuclides, so that it is diffi cult to 
know whether they actually inhibit their target or simply direct the toxin to this 
target.  

11.4.6     Tetraspanins 

 Tetraspanins constitute a family of 33 transmembrane proteins with four membrane- 
spanning domains (Fig.  11.3 ). They have short  N - and  C -terminal intracellular seg-
ments, a very short intracellular loop and two longer extracellular loops, especially the 
second one (70–130 amino acids), with recognition sites for various interactants and 
four intramolecular disulphide bridges. They are linked to juxtamembrane palmitic 
acid residues through covalent binding with cysteine residues. They are organised as 
clusters gathering, in addition to tetraspanins, several types of membrane proteins: 
other adhesion molecules such as VCAM, ICAM or EPCAM, integrins and tyrosine 
kinase receptors. These clusters are called tetraspanin-enriched microdomains (TEM). 

 Some tetraspanins are expressed in lymphocytes and play a role in the immune 
response at the level of lymphocyte adhesion and migration; most tetraspanins are 
expressed at the surface of endothelial and epithelial cells and are also involved in 
cell adhesion and motility. Tetraspanins 8 and 24 (TSPAN8 and CD151, respec-
tively) have clear pro-metastatic and proangiogenic effects through their interac-
tions with integrins α 3 β 1  and α 6 β 4 , inducing FAK activation. Tetraspanins 27, 29 and 
30 (CD9, CD82 and CD63, respectively) rather appear as metastasis suppressors, 
both by their inhibitor effects on maturation of endothelial cells and on intravasation 
of tumour cells. 

 Antibodies against tetraspanins, especially CD151, have been developed, but 
have not yet demonstrated an anticancer activity.      
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  12      Toll-Like Receptors, Interleukin 1 
and NFκB 

          Abstract  
  Toll-like receptors (TLR) constitute a family of receptors involved in immune 
and infl ammatory processes, which recognise molecules derived from infec-
tious agents (bacteria, viruses) and endogenous substances. They are stud-
ied in this chapter together with interleukin 1 (IL1) and its receptors (IL1R) 
and with related interleukins such as IL18 and IL33, with which they share a 
general activation mechanism. The activation of these receptors leads, after 
several steps involving cytoplasmic kinases, to the activation of transcription 
factors of the NFκB ( nuclear factor κB ) family, which activate the infl amma-
tory response. NFκB can be activated in response to other signalling pathways, 
especially AKT in the PI3 kinase pathway (Chap. 3) or tumour necrosis fac-
tor (TNF). The signals generated by TLR/IL1R activation induce cell survival 
and proliferation: this is why the corresponding pathways can be diverted by 
oncogenesis processes. 

 The immune system contains two types of receptors able to recognise bacterial 
and viral components, called  pattern - recognition receptors  (PRR): membrane 
toll-like receptors and intracellular receptors called NLR ( NOD - like receptors , 
NOD meaning  nucleotide binding and oligomerisation domain ). Activation of 
NLR activates in turn IL1 family interleukins, which, once secreted, induce an 
infl ammatory response when recognised by cells equipped with their cognate 
receptors.  

12.1               IL1 Family Interleukins and Their Receptors 

 The interleukins of this family are distinct from those studied in Chap.   4    , because 
they are structurally different and induce a different signalling pathway. The IL1 
family comprises 11 members distributed in four groups. In the IL1 group are IL1α 
(IL1F1) and IL1β (IL1F2) (genes  IL1A  and  IL1B ) as well as IL1RA ( IL1 receptor 
antagonist ) or IL1F3 (gene  IL1RN ), which cannot activate the signalling pathway 
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and is therefore an inhibitor of this pathway. IL18 (IL1F4) and IL33 (IL1F11) each 
constitute a group; the IL36 group, recently identifi ed, comprises IL36α (IL1F6), 
IL36β (IL1F8), IL36γ (IL1F9), IL37 (IL1F7), IL38 (IL1F10) and IL36RN (IL1F5), 
which is an antagonistic ligand as IL1RA. IL1 family interleukins are synthesised as 
precursors which are activated by proteolytic cleavage, by calpain for IL1α and by 
caspase 1 or ICE ( IL1-converting enzyme ) for IL1β, IL18, IL33 and the other ones. 

 There are two IL1 receptors (IL1R1 and IL1R2) and two IL18 receptors (IL18R1 
and IL18BP, for  IL18-binding protein ), but there is only one for IL33 (IL33R or 
ST2L, gene  IL1RL1 ) and one for the group of IL36α, IL36β, IL37 and IL38 (IL36R, 
gene  IL1RL2 ). IL1R1 contains a large cytoplasmic domain and is able to transduce 
appropriate signalling, whereas IL1R2 has lost the major part of this domain and can-
not transduce any message; it behaves as a decoy receptor and can be removed from 
the membrane and adopt a soluble extracellular form; this is the same for IL18BP 
toward IL18. In addition to these receptors, there are accessory proteins (ILRAP), 
which are coreceptors able to form heterodimers with the primary receptors, con-
stituting thus ternary complexes IL–ILR–ILRAP required for signal transduction. 
IL1α and β, IL33 and IL36 utilise IL1RAP, while IL18 utilises IL18RAP. The com-
binatory pattern of ligands and receptors of the IL1 family is presented Fig.  12.1a . 
Other ‘orphan’ receptors have also been identifi ed. All these receptors, collectively 
called ILRs, contain, at the extracellular level, immunoglobulin-like domains and, 
for the active receptors, a domain called TIR ( toll - interleukin receptor ).  

 IL1 family interleukins are basic mediators of immunity and infl ammation. Most 
of them have a proinfl ammatory role, against which act the antagonistic ligands, 
IL1RN and IL36RN, as well as the decoy receptors IL1R2 and IL18BP. Caspase 1 
activation is the initiating event of IL1 activation. This occurs at the level of supra-
molecular platforms, called infl ammasomes, where adapter proteins enable the 
autoproteolytic activation of procaspase 1 into an active caspase, similarly as apop-
tosomes enable the activation of procaspase 9 (Chap.   18    ). The physiological roles 
of IL1 will not be described here; we will only mention the involvement of IL1β in 
autoimmune diseases, in which the infl ammatory aspect is important and which are 
called auto-infl ammatory diseases. Numerous strategies for blocking IL1, its activa-
tors and its effectors, have been developed in therapeutics.  

12.2     Toll-Like Receptors and Their Ligands 

 Toll-like receptors (TLRs) have been originally discovered in  Drosophila  and then 
researched and identifi ed in mammals. They are characterised by intracytoplasmic 
domains that are homologous to those of IL1 family receptors, but their extracellular 
domains are different: they contain leucine-rich domains and no immunoglobulin- like 
domains. The signalling pathways downstream toll-like and IL1 receptors are mostly 
common. There are nine TLRs (TLR1 to TLR9), among which fi ve are present on the 
plasma membrane and four on endosomal membranes (Fig.  12.1b ). Their activation 
results from dimerisation, generally homodimerisation, sometimes  heterodimerisation 
as the one occurring between TLR2 and its partners TLR1 and TLR6. 
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 The ligands able to activate TLRs are from extracellular or intracellular origin. 
These are essentially molecules of microbial origin, generically called PAMPs 
( pathogen - associated molecular patterns ): lipopolysaccharides (LPS) of Gram- 
negative bacteria for TLR4; lipoproteins and lipoteichoic acid for TLR1, 2 and 6; 
fl agellin for TLR5 and viral nucleic acid fragments, essentially RNAs, for the intra-
cellular TLR3, 7, 8 and 9. Numerous endogenous ligands are also able to activate 
TLRs, mainly TLR2 and 4: heat-shock proteins (HSPs), HMGB1 ( high mobility 
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  Fig. 12.1    Interleukin 1 receptors and toll-like receptors. ( a ) Interleukin 1 receptors (IL1R) trans-
mit a signal ( red arrow ) when IL1 is bound to a complex IL1R1–IL1RAP ( IL1 receptor accessory 
protein ). IL1RA ( IL1 receptor antagonist ) cannot transmit a signal. IL1 binding on an IL1R2–
IL1RAP complex cannot transmit a signal. ( b ) Toll-like receptors are localised on the plasma 
membrane or at the level of endosomes. They induce signalling when homodimerised, sometimes 
heterodimerised (TLR1 or 6 with TLR2)       
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group box 1 ) protein, uric acid crystals, surfactants, glycosaminoglycans, S100A9 
protein and extracellular matrix proteins, such as fi brinogen and fi bronectin. 

 Without entering into the details of the physiological roles of TLRs in immunity 
and infl ammation, one can mention that TLRs, at the surface of epithelial cells, are 
at the forefront of recognition of infectious agents. Their roles in the fi ght against 
infection are varied: they are able to induce an infl ammatory reaction, to activate 
NADPH oxidase which generates reactive oxygen and nitrogen species, to recruit 
leukocytes and macrophages, to allow the activation of cytokines such as interleukin 
12 and interferons (Chap.   4    ) or interleukin 1, etc.  

12.3     Signal Transduction from TLRs and ILRs 

12.3.1     General Aspects 

 Several signalling pathways can be opened from ILRs and TLRs: the MAP kinase 
pathways (ERK, p38, JNK, Chap.   2    ); the NFκB pathway, which is presented below; 
as well as the IRF3 ( Interferon regulatory factor 3 ) pathway, which regulates the 
activity of cytokines (Chap.   4    ). NFκB activation occurs following the activation of 
most ILRs and TLRs, with the exception of TLR3; IRF3 activation mainly occurs 
downstream TLR3 receptor activation. 

 The signals generated by ILRs and TLRs are overall similar, because both recep-
tor families contain a common TIR ( toll - interleukin receptor ) domain in their intra-
cellular segment. TIR domains are also present in the sequence of a series of adapter 
proteins which are recruited by homophilic interactions. The MYD88 ( myeloid dif-
ferentiation primary response gene 88 ) protein is an adapter protein common to all 
ILRs and TLRs; other adapter proteins are specifi c for TLR2 and/or TLR4, espe-
cially MAL/TIRAP ( MYD88 adapter - like / TIR domain-containing adapter protein ), 
TRIF ( TIR domain-containing adapter-inducing interferon β ) and TRAM ( TRIF- 
related adapter molecule ). Receptor activation occurs through dimerisation and is 
followed by the recruitment of these proteins, which will in turn recruit cytoplasmic 
kinases, called IRAKs ( IL1 receptor - associated kinases ).  

12.3.2     NFκB Pathway 

 In the pathway leading to NFκB ( nuclear factor of kappa light polypeptide gene 
enhancer in B-cells ) downstream the activation of IL1R, TLR4 or the endosomal 
TLRs, the fi rst step is the autophosphorylation of IRAK1, stimulated by IRAK4, 
which allows the recruitment of the adapter protein TRAF6 ( TNF receptor- 
associated factor 6 ), a member of the TRAF family, and of another adapter protein, 
pellino 1 (gene  PELI1 ), which together form the complex 1 (Fig.  12.2 ). The cyto-
plasmic constituents of complex 1 detach from the receptor and can interact with a 
membrane-bound MAP3 kinase (Chap.   2    ), TAK1 ( TGFβ - activated kinase 1 ) (gene 
 MAP3K7 ) and with two other adapter proteins, TAB1 and TAB2 ( TGFβ - activated 
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kinase 1 binding protein ) to form complex 2. At the level of complex 2, comprising 
IRAK1, TRAF6, TAK1, TAB1 and TAB2, IRAK1 can phosphorylate TAK1, which 
allows the dissociation of this complex from the membrane and its release in the 
cytosol as complex 3 (which comprises thus TRAF6, TAK1, TAB1 and TAB2). 
TRAF6 is an E3 ubiquitin ligase (see Annex   C    ) able to perform auto- ubiquitinylation; 
this does not lead it to the proteasome, but on the contrary enables it to activate 
complex 3. TAK1 can thus phosphorylate a serine/threonine kinase called IKK ( IκB 
kinase ), which is responsible for the formation of NFκB. As TAK1 is a MAP3 
kinase, it can also phosphorylate the MAP2 kinases of the p38 and JNK pathways 
(Chap.   2    ).  

 IKK is comprised of three protein subunits, two of which presenting kinase activ-
ity (IKKα or IKBKA [gene  CHUK ] and IKKβ [gene  IKBKB ]), while the third one 
presents kinase regulatory activity (IKKγ [gene  IKBKG ], also known as NEMO, for 
 NFκB essential modulator ). In this complex, IKK phosphorylates, on two serine 
residues, a group of proteins called IκB (α, β, δ, ε and ζ) ( inhibitors of NFκB ), which 
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  Fig. 12.2    The main signalling pathway downstream TLRs and ILRs. After the intervention of an 
adapter protein (MYD88), IRAK1 can autophosphorylate and recruit other adapter proteins 
(TRAF6, PELI1) and form a complex. This complex can activate the membrane MAP3 kinase, 
TAK1, through phosphorylation by IRAK1 and form another complex after recruitment of the 
adapter proteins TAB1 and TAB2. This complex can leave the membrane, and TAK1 can phos-
phorylate IKK, which is comprised of two kinase subunits, IKKα and β, and a regulatory subunit, 
IKKγ or NEMO. IKK can then phosphorylate the proteins IκB, which leads them to proteasome. 
The transcription factors of the NFκB–REL family are released, and their nuclear localisation 
sequence unmasked; they can thus translocate into the nucleus and exert their function on target 
genes. In parallel to this canonical pathway, other modalities can lead to NFκB or IRF3 activation; 
they require other adapter proteins and other kinases for the phosphorylation of IκB proteins, but 
the general scheme remains the same       
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are associated via ankyrin domains to the precursors of NFκB, which also display 
such domains. This allows IκB to be recognised by an E3 ubiquitin ligase, β-TRCP 
( transducing repeat-containing protein ), of the SCF ( SKP1 / cullin / F - box ) family, 
which drives it to ubiquitinylation and proteasomal proteolysis. The destruction of 
IκB is accompanied by the proteolysis-induced activation of NFκB precursors by 
unmasking a nuclear localisation sequence (Annex   C    ), which drives NFκB tran-
scription factors to the nucleus and to the recognition of their target gene promoters. 
IKK proteins also have functions other than those leading to NFκB activation, but 
which will not be envisaged here. 

 Active NFκB factors are heterodimers associating: (i) a strictly speaking NFκB 
factor NFκB1 (p50, gene  NFKB1 ) or NFκB2 (p52, gene  NFKB2 ); both bear IκB- 
interacting ankyrin domains and are activated by proteolysis of inactive precursors, 
p105 and p100; and (ii) a REL ( reticuloendotheliosis viral oncogene homolog ) factor, 
REL (c-REL), RELA (p65, NFκB3) or RELB. All these factors are characterised by a 
dimerisation and DNA-binding domain called RHD ( REL homology domain ). REL 
factors display in addition transcription activation domains (Fig.  12.3 ). It is therefore 
necessary that an NFκB factor and a REL factor be combined and that this heterodimer 
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  Fig. 12.3    General structure of NFκB, IκB and IKK proteins. The three protein families are 
 presented, with their amino acid length and their characteristic domains. RHD, REL homology 
domain; TAD, transactivation domain (sometimes subdivided in TA1 and TA2); A, ankyrin repeat; 
DD, death domain; PEST, proline–glutamic acid–serine–threonine-rich domain; LZ, leucine 
 zipper domain; ZF, zinc fi nger domain; HLH, helix–loop–helix domain; NBD, NEMO (IKKγ)-
binding domain; CC, coiled-coil domain       
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migrates in the nucleus, for rendering possible the transcription of target genes. NFκB 
factors are the common fi nal outcome of the ILR and TLR pathways. They are also 
produced downstream the PI3K pathway, via AKT (Chap.   3    ), via the lymphocyte 
receptor pathway (Chap.   13    ) and by the TNF receptor pathway (Fig.  12.4 ), following 
activation schemes close to those operating after TLR or ILR activation. In addition, 
some kinases such as NIK ( NFκB - inducing kinase ) (gene  MAP3K14 ) or RIPK1 ( TNF  
 receptor - interacting serine / threonine kinase 1 ), downstream TNF-family receptors 
activation, are able to phosphorylate IKK via other TRAF adapter protein.   

 NFκB transcription factors activate the transcription of numerous genes, such as 
those involved in the negative control of apoptosis (especially those encoding the 
antiapoptotic proteins BCL2, BCLXL, CIAP1, CIAP2, XIAP, survivin, Chap.   18    ); 
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and afterwards of protein kinase C; ( b ) some tyrosine kinase receptors (TKR), either via RAS 
activation and phosphorylation of TBK1 ( TANK - binding kinase 1 ) or via the activation of PI3 
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like receptors (TLR), via the activation of TAK1 ( TGFβ - activated kinase 1 , gene  MAP3K7 ); ( d ) 
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( receptor - interacting serine / threonine kinase 1 ). All these activated pathways lead to the phos-
phorylation of the IKKα–IKKβ–IKKγ complex, which phosphorylates IκB. This phosphorylation 
drives it to the proteasome and enables the activating proteolysis of the NFκB1 precursor (p50) 
which, associated to RELA, can be translocated to the nucleus and exert its transcription factor 
function. A special event ( e ) concerns some receptors of the TNF superfamily (CD40, RANK), 
which activate a homodimeric complex of IKKα via NIK ( NFκB - inducing kinase , gene  MAP3K14 ) 
and then allow the activation of NFκB2 (p52) associated to RELB. Other adapter proteins are not 
included in this simplifi ed schema       
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in cell proliferation (cyclin D, MYC, Chap.   2    ); in cell adhesion and motility (ICAM, 
VCAM, fi bronectin, metalloproteinases); in infl ammation (IL6, Chap.   4    ); and in 
angiogenesis (VEGF, COX2). NFκB thus exerts positive effects on cell cycle entry, 
survival and proliferation. NFκB also induces the synthesis of IκB, which keeps it 
under inactive state, realising thus a negative feedback.  

12.3.3     IRF3 Pathway 

 In the pathway leading to the transcription factor IFR3, the adapter protein TRAM 
is recruited upon activation of the TLR3 receptor at the level of endosomes and of 
TLR4 at the level of plasma membrane. Viral RNAs are the best-known ligands 
of these receptors. As in the pathway leading to NFκB, successive complexes are 
formed, which detach from the membrane to activate the transcription factor IRF3. 
To these complexes belong the adapter proteins TRIF and TRAF3, of the TRAF fam-
ily, and kinases which play a role analogous to that of IKK, called TBK1 (TANK 
[ TRAF - associated NFκB activator ]- binding kinase 1 ) and IKKε (IKBKE). IRF3 is 
a transcription factor responsible for the transcription of the genes encoding the type 
I interferons (IFNα4, IFNβ, Chap.   4    ) and the chemokines RANTES ( regulated on 
activation ,  normal T - cell expressed and secreted ) or CCL5 and CXCL10 (Chap.   6    ).   

12.4     Oncogenic Alterations and Pharmacological Targets 

12.4.1     At the Receptor Level 

 TLRs open a major signalling pathway for response to bacterial and viral infections; 
with ILRs, these are essential mediators of the infl ammatory reaction. At the level 
of the intestinal and pulmonary mucosae, these receptors play a role of epithelium 
protection against the ingested or breathed chemicals. They are also important for 
tissue homoeostasis, especially for tissue repair and regeneration. TLR activation 
may play a benefi cial role for mucosae protection against carcinogenic compounds 
and for tumour cell lysis, thanks to the recruitment of immunologically competent 
cells. In addition, TLR3 activation induces proapoptotic pathways. The activity of 
certain antitumour vaccines could be mediated through TLR4 activation to induce 
antitumour immune response of T-cells. 

 These tumour suppressor effects of the TLR/ILR pathway are counterbalanced by 
obvious pro-oncogenic effects. TLR stimulation of tumour cell lines leads in vitro to 
an increase in cell survival and proliferation. Experimentally, tumour progression can 
be induced by TLR agonists, and carcinogenesis can be facilitated by downstream 
adapter proteins such as MYD88. Furthermore, there is a positive effect of these sig-
nalling pathways on angiogenesis, which certainly contributes to their pro-oncogenic 
properties. Oncogenic mutations of TLRs or ILRs have not yet been identifi ed; how-
ever, some gene polymorphisms borne by TLRs are associated to differences in 
 susceptibility to epithelial cancers (prostate, breast, colon, nasopharynx). 
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 TLR stimulation may be used in therapeutics for the treatment of viral  infections 
and cancers. Imiquimod, a derivative of imidazoquinoline, is an agonist for TLR7 
and has been developed for the topical treatment of papillomavirus-associated 
cancers, such as vulvar intraepithelial neoplasia, as well as skin basocellular car-
cinomas. TLR9 agonists, such as agatolimod, a synthetic oligodeoxynucleotide 
mimicking single-strain viral DNA molecules, have also entered clinical trials in 
basocellular carcinomas, cutaneous T lymphomas and metastatic malignant mel-
anomas. Similarly, fl agellin preparations stimulating TLR5, and poly(A:U) and 
poly(I:C) (rintatolimod) stimulating TLR3, are in clinical trials. These compounds 
can induce immune responses but display moderate antitumour activity.  

12.4.2     At the NFκB Level 

 In the absence of recurrent mutations of the kinases involved in the transduction of 
signals received by TLRs or ILRs, NFκB factors appear as the main modulators of 
the pro-oncogenic effects of this signalling pathway, because of their effects favour-
ing cell survival and proliferation. Several mechanisms of NFκB activation in 
human tumours or cell lines have been described:

•    Overexpression or hyperactivity of the different receptors (EGFR, ERBB2, 
MET, TNFR, integrins, cytokine receptors), whose activation especially induces 
NFκB activation.  

•   Overexpression or hyperactivity of the ligands of such receptors (IL1β, cyto-
kines, TNF, HGF, etc.).  

•   Hyperactivity of cytoplasmic kinases such as JAK, ABL (in connection with the 
BCR–ABL translocation) and AKT (   in connection with the oncogenic character 
of the PI3 kinase pathway).  

•   Mutations of the genes encoding the IκB proteins, especially IκBα ( NFKBIA ), 
more rarely IκBε ( NFKBIE ) in Hodgkin disease, together with the loss of the 
non- mutated allele, according to the classical process of activation of tumour 
suppressor genes.  

•   Mutations of the genes encoding the various components of NFκB, especially 
 REL , whose amplifi cations and point mutations have been described in B-cell 
lymphomas. Rearrangements of the  NFKB2  gene have also been found in vari-
ous haematopoietic malignancies.    

•  One can mention in addition germinal mutations of the genes encoding NEMO 
(IKKγ, gene  IKBKG ), IκBα (gene  NFKBIA ) and IRAK4, which lead to congeni-
tal hereditary diseases affecting the immune system. 

 Targeting NFκB could fi nd multiple therapeutic applications, principally in rheu-
matology and oncology but, as a general feature, targeting transcription factors in a 
diffi cult task. The inhibition of several proteins upstream NFκB activation (AKT, 
PI3 kinase, MAP kinases, etc.) contributes to its downregulation. Indirectly, pro-
teasome inhibition (Annex   C    ) seems to slow down IκB destruction following its 
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phosphorylation, therefore decreasing NFκB activation. This could be one of the 
main mechanisms of action of bortezomib in the treatment of myelomas. Also 
upstream NFκB, targeting the serine/threonine kinase activity of IKKs is conceiv-
able; small molecules extracted from natural products, such as curcumin, resveratrol 
or genistein, would act at this level, and an original inhibitor of IKK, CHS-828, 
has entered clinical trials. RNA interference (Annex   B    ) is experimentally able to 
inhibit the synthesis of IKK, TAK1 or NFκB itself. Peptides mimicking the struc-
ture of NFκB or NEMO have also shown potential activity. Downstream NFκB, his-
tone deacetylase inhibitors (Annex   B    ) could prevent the execution of transcriptional 
programmes driven by NFκB. Finally, as some effectors of NFκB are involved in 
infl ammation, corticosteroids, nonsteroid anti-infl ammatories and COX2 inhibitors, 
developed as anticancer drugs, might eventually act on the effectors of this signalling 
pathway. In all cases, the use of such compounds will fi nd its clinical applications in 
the potentialisation of chemotherapy rather than as anticancer drugs per se.      
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  13      Lymphocyte Receptor Pathways 

          Abstract  
  The two types of lymphocytes, B and T, which are, respectively, responsible for 
humoral and cell-mediated immunity, express membrane receptors in relation to 
their immune functions: their task involves antigen recognition and elaboration 
of appropriate responses. Toward a multitude of possible antigens, a huge diver-
sity in recognition structures is necessary: it is represented by the membrane 
immunoglobulins in charge of their binding. Contrasting to this diversity is the 
relative uniformity of receptor-associated proteins that are in charge of the elabo-
ration of the response and are bound to the receptor itself by non-covalent bonds. 
Downstream the receptor complex, several pathways that have been studied in 
other chapters may be implemented to regulate lymphocyte proliferation and 
migration; they mainly involve the activation of cytoplasmic kinases, the genera-
tion of second messengers and the activation of small G-proteins. 

 We cannot summarise all immunology in a single chapter, but only extract 
some information related to the modalities of lymphocyte signalling, from recep-
tors to effectors, trying to identify the features that cancer cells can utilise to 
reach their own goals and how these features can serve as potential targets for 
anticancer treatments.  

13.1               B-Cell Receptors 

13.1.1     B-Cell Receptor Activation 

 B-cell receptors (BCRs) are multiprotein complexes comprising a membrane immuno-
globulin (Ig), which can bind the antigen and may be of infi nite diversity, and a signal-
ling element comprised of two constant proteins bound together via disulphide bridges, 
Igα (CD79A) and Igβ (CD79B). The antigen-binding element is a complete Ig, associat-
ing two heavy H chains and two light L chains, which is inserted in the plasma mem-
brane through its Fc portion, while the  N -terminal Fab portions are presented to the 
outside (Fig.  13.1 ). These Fab portions present a huge variety of sequences, obtained by 
gene recombination and somatic hypermutations; they determine the clonal specifi city 
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  Fig. 13.1    B-cell receptors and associated signalling pathways. B-cell receptors are comprised of 
two immunoglobulin chains for ligand (soluble antigen) recognition and a complex formed of two 
α and two β chains for signal transduction. Phosphorylation of tyrosine residues of the α and β 
chains by LYN, an SRC family kinase, equilibrated by SHP phosphatases, allows the recruitment 
of another tyrosine kinase, SYK, which phosphorylates the adapter protein BLNK. BLNK induces 
the activation of proliferation pathways, thanks to the recognition of its phosphotyrosine residues 
by SH2 domain- containing proteins, of which an example is given (the MAP kinase pathway). 
Activated via BCAP ( B - cell cytoplasmic adapter for PI3K ), PI3Kδ plays a major role in activating 
the Bruton kinase, BTK, which in turn activates PLCγ2. PLCγ2 catalyses the formation of PIP3 
and DAG from phosphatidylinositol 4,5-bisphosphate, and DAG activates PKCβ, a serine/threo-
nine kinase at the origin of the production of active NFκB transcription factors through the phos-
phorylation of an adapter protein, CARD11, which forms a complex with two proteins, MALT1 
and BCL10 (not shown). IP3 activates Ca 2+  release from intracellular stores, which activates, 
among many other effects, the NFAT transcription factor       

of antibodies, and each of them is able to recognise and bind an original antigen. The 
signalling element, Igα and Igβ, is associated to them through non-covalent bonds. Igα 
and Igβ both contain an activation motif containing two tyrosine residues (ITAM,  immu-
noreceptor tyrosine - based activation motif ) on the cytoplasmic side.  

 Cytoplasmic tyrosine kinases are in charge of the phosphorylation of these ITAM 
tyrosine residues (Fig.  13.1 ); this allows subsequent phosphotyrosine recognition 
by SH2 domain-containing proteins (see Chap.   1    ). These kinases belong to the SRC 
family kinases (SFK), especially LYN ( Yamaguchi sarcoma viral related oncogene 
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homologue ), FYN ( FES-YES-related novel gene ), BLK ( B-lymphoid tyrosine 
kinase ) and LCK ( lymphocyte-specifi c protein tyrosine kinase ). These kinases are 
anchored to the plasma membrane thanks to a myristoyl chain added after transla-
tion. Their activity is facilitated by the local aggregation of the receptors in lipid 
rafts; this aggregation takes place upon receptor activation and enables kinase clus-
tering. Phosphatases like SHP1 ( SH2 - containing phosphatase 1 ) can be recruited to 
counterbalance kinase activation and obtain an adequate level of phosphorylation of 
the ITAM tyrosine residues. Outside the reception complex, LYN is itself submitted 
to a balance between inactivating phosphorylation, mediated by CSK ( C - terminal 
SRC tyrosine kinase ), and activating dephosphorylation mediated by CD45 or 
PTPRC ( protein tyrosine phosphatase ,  receptor type ,  C ) (Chap.   1    ). 

 The ITAM phosphotyrosine residues of Igα and Igβ constitute docking sites for 
another tyrosine kinase, SYK ( spleen tyrosine kinase ), which afterward recognises 
and phosphorylates target substrates serving as effectors of BCR activation, among 
which is BLNK ( B - cell linker protein ) or SLP65, able to recruit various SH2 
domain-containing proteins and to serve as a scaffold for diverse signalling mole-
cules. The main early effector of BCR signalling pathway is a cytoplasmic kinase of 
the TEC family, called  Bruton kinase  (BTK). This kinase, which is equipped with 
SH2, SH3 and PH domains, is fi rst attracted to the membrane by interaction of its 
PH domain with phosphatidylinositol 3,4,5-trisphosphate (PIP3) and then activated 
by phosphorylation on Tyr 551  by SYK or SFKs. PIP3 is generated by PI3 kinase δ 
(Chap.   3    ), which is activated by the binding of the SH2 domains of its regulatory 
subunit, p55 (gene  PIK3R3 ), to the phosphotyrosine residues of an adapter protein, 
BCAP ( B - cell cytoplasmic adapter for PI3K , gene  PIK3AP1 ), generated by SYK. 

 After recognition and binding, the BCR-activating antigen is internalised with 
the receptor and sent to endosomal compartments to be presented later to the major 
histocompatibility complex. Igα and Igβ are in contrast kept in the membrane so 
that they can sustain signalling in the absence of the reception complex. Figure  13.1  
presents the initiation of BCR signalling.  

13.1.2     BCR Signal Transduction Pathways 

 BCR activation leads to several signalling pathways (Fig.  13.1 ), especially aimed at 
cell proliferation required for the clonal expansion of B lymphocytes. We have 
already presented most of these pathways, and we refer the reader to the specifi c 
chapters where details are given:

•    The PI3 kinase pathway (Chap.   3    ), already mentioned, is activated through mul-
tiple ways: one of them involves the adapter protein BCAP and another one the 
adapter protein GAB2; these adapter proteins are phosphorylated by SYK, and 
the resulting phosphotyrosine residues are recognised by the SH2 domain of the 
regulatory subunits of PI3K. CD19, a membrane protein considered as a core-
ceptor for the BCRs, is also involved in PI3 kinase activation pathway via the 
adapter protein BCAP; in addition to BTK activation, mentioned above, the PI3 
kinase pathway activates AKT and mTOR, in  lymphocytes as in other cells.  
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•   The MAP kinase (ERK) pathway (Chap.   2    ) is activated through the recruitment 
of GRB2 by the adapter protein BLNK; GRB2 recruits in turn SOS1, the usual 
GEF for RAS proteins, which activates the MAP3 kinases of the RAF subfamily. 
Other GEFs activate the other MAP kinase pathways (p38, JNK) via the recruit-
ment of the adequate MAP3 kinases.  

•   The IKK pathway (Chap.   12    ), which leads to the production of NFκB transcrip-
tion factors, is activated by several means: IKK can be activated either by AKT, 
downstream PI3 kinase, or by TAK1 through the activation of small G-proteins 
by recruitment of an SH3 domain-containing GEF; IKK activation can also occur 
in lymphocytes via a more complex way: BTK can activate a phospholipase C, 
PLCγ2 (gene  PLCG2 ), recruited via binding the phosphotyrosine residues of 
BLNK; PLCγ2- mediated cleavage of phosphatidylinositol 4,5-bisphosphate gen-
erates diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Chap.   6    ). IP3 
activates calcium release from storage compartments to the cytosol, which acti-
vates in particular the NFAT transcription factor (Chap.   15    ), while DAG can in turn 
activate PKCβ, at the origin of the production of active NFκB transcription factors 
through the phosphorylation of an adapter protein, CARD11, which forms a com-
plex with two proteins, MALT1 and BCL10, able to activate the IKK complex.    

 All these pathways converge toward transcription factors involved in lymphocyte 
survival and proliferation, which are studied in the corresponding chapters, such as 
MYC, ELK, JUN and above all NFκB, which appears as the main transcription 
regulator of BCR activation. BLNK phosphotyrosine residues can also be recog-
nised by GEFs such as VAV1, which activate the small G-proteins of the RHO fam-
ily (CDC42, RAC1 and others), which control cell motility by their actions on the 
actin cytoskeleton, via proteins of the WASP family (see below).  

13.1.3     Oncogenic Alterations and Pharmacological Targets 

 Since the B-cell reception system is exclusively expressed in B lymphocytes, the only 
malignancies that could be associated to the deregulation of this pathway are lympho-
mas, which can occur either through specifi c alterations occurring in lymphocyte signal-
ling pathways or through common alterations occurring specifi cally in lymphocytes. 

 It is suspected for more than 50 years that antigen stimulation can contribute 
to the genesis of malignant non-Hodgkin lymphoma, owing to chronic infl amma-
tory states. In addition, antigenic stimulation of BCRs is required for B lymphocyte 
survival: as a consequence, the expression of a functional BCRs would be the way 
through which original molecular alterations (translocations) could be expressed in 
a transformed lymphocyte lineage. Lymphocyte proliferation would be dependent 
upon antigen stimulation, and indeed very few malignant lymphoma cells no longer 
express BCRs. This would explain why anti-infectious or anti-infl ammatory treat-
ments contribute to lymphoma regression; this is the case for lymphomas associated 
to the hepatitis C virus or to the bacteria  Helicobacter pylori : in these situations, the 
antiviral or antibacterial treatment represents an effi cient therapeutic option. More 
generally, any approach aiming at the elimination of the antigens involved in tumour 
cell expansion would be effi cient. 
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 In addition to this non-specifi c mechanism explaining the global involvement of 
BCRs in lymphoma genesis, molecular alterations of specifi c proteins involved in BCR 
signalling have been related to oncogenesis. Activating mutations of  CD79A  and 
 CD79B  have been identifi ed in B-cell lymphomas. The tyrosine kinases of the SRC 
family as well as SYK do not seem to harbour common activating mutations in B-cell 
malignancies. BTK is crucial for the survival and proliferation of B cells; loss-of-function 
germinal mutations lead to X-linked agammaglobulinaemia (XLA), an immunodefi -
ciency disease, but activating mutations have not been identifi ed in lymphocyte prolif-
erations. The  CARD11  gene presents activating mutations that disconnect NFκB 
production from BCR activation, and the genes encoding its partners,  MALT1  and 
 BCL10 , are rearranged in some B-cell lymphomas. As in common epithelial cancers, 
activating mutations in the MAP kinases and PI3 kinase pathways, when they occur in 
lymphocytes or lymphocyte progenitors, can contribute to oncogenesis. 

 Several potential therapeutic targets can be found in the BCR-activated pathway. 
SRC family kinases can be inhibited by various tyrosine kinase inhibitors (TKIs), such 
as dasatinib, bosutinib and saracatinib, but these TKIs are certainly not specifi c for 
the fi rst kinase of the BCR pathway, LYN. A TKI developed for specifi c SYK target-
ing, fostamatinib, has entered clinical trials in non-Hodgkin lymphomas. The Bruton 
kinase benefi ts from a selective and irreversible TKI, ibrutinib, which has revealed 
a marked activity in malignant lymphoma, but not in those harbouring an activating 
mutation downstream BTK, such as those occurring in the  CARD11  gene. Moreover, 
ibrutinib appears able to select resistant clones through mutations in  BTK  itself or in 
 PLCG2 . PKCβ is also a potential target in lymphomas; however, the clinical trials per-
formed with enzastaurin or sotrastaurin have been disappointing. Of course, the non-
lymphocyte-specifi c pathways activated downstream BCR activation can be used for 
lymphoma treatment; the corresponding inhibitors have been subjected to clinical trials 
but will not be detailed here: MEK inhibitors (Chap.   2    ), PI3 kinase inhibitors (Chap.   3    ), 
rapalogues (Chap.   3    ), NFκB downregulators (Chap.   12    ), etc. 

 Tumour B lymphocytes can also be targeted in therapeutics independently of the 
pathways studied in this chapter; normal and tumour B lymphocytes are character-
ised by the presence of membrane proteins whose role remains most often elusive: 
CD20, CD52, CD22 and CD23 are the best known. These membrane proteins can 
be targeted with appropriate monoclonal antibodies: rituximab and ofatumumab 
against CD20, alemtuzumab against CD52, are available for the treatment of malig-
nant lymphomas. Several newer monoclonal antibodies bearing a toxin or a radioac-
tive element to be delivered to the malignant cells are in development.   

13.2     T-Cell Receptors 

13.2.1     T-Cell Receptor Activation 

 T-cell receptors (TCR) are also multiprotein complexes dedicated to the binding 
of antigens presented by antigen-presenting cells (APC) of various types and to 
the elaboration of adequate responses, especially T-cell proliferation. They com-
prise an antigen-recognition element and a signalling element (Fig.  13.2 ). They are 
 associated to coreceptors, CD4 or CD8, also of the immunoglobulin superfamily, 
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  Fig. 13.2    T-cell receptors and their modulation. T-cell receptors are comprised of two groups of 
immunoglobulin αβ chains for ligand (antigen-presenting cells) recognition, and a CD3–CD247 
complex associating two ε, two γ, two δ and two ζ chains. The phosphorylation of the ζ chains by 
FYN, an SRC family kinase (SFK), generates downstream signalling (Fig.  13.3 ). Accessory recep-
tors of the immunoglobulin superfamily (left) allow the modulation of T-cell stimulation via the B7 
proteins of the antigen-presenting cells, either positively (CD28, ICOS) or negatively (CTLA4, 
PD1). Modulators of the TNF receptor superfamily (right) (OX40, BAFFR, CD27, CD40) posi-
tively regulate T-cell receptor activation. TNFR superfamily members have been represented as 
monomers, whereas they are trimerised when activated by their ligand       
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which mediate T-cell binding to the molecules of the major histocompatibility 
 complex (MHC), either of class I (CD8) or of class II (CD4), reinforcing thus the 
docking between T cells and APC. Another coreceptor, LAG3 or CD223, is in 
 contrast with an inhibitor of TCR activation.  

•    The antigen-recognition element is comprised of two transmembrane polypep-
tides, α and β, whose glycosylated extracellular part is analogous to the Fab 
immunoglobulin portions; each of them contains a constant part and a variable 
part associated through a disulphide bond, a single transmembrane domain and 
a very short intracellular domain (4–10 amino acid residues). This element bears 
therefore the antibody diversity characteristic for immunoglobulins but is devoid 
of the Fc portion of immunoglobulins.  

•   The signalling element is comprised of transmembrane heterodimeric polypep-
tides, CD3, and a transmembrane homodimeric polypeptide, CD247. Three dis-
tinct molecules, CD3γ, CD3δ and CD3ε, encoded by the genes  CD3G ,  CD3D  
and  CD3E , are able to generate two CD3 heterodimers, CD3ε–CD3γ and CD3ε–
CD3δ. CD247 is made of two ζ chains having a short extracellular domain. The 
intracellular segment of the CD3 proteins contains about 50 amino acid residues 
and that of the CD247 protein contains 110 residues. The ζ chains contain motifs 
with tyrosine residues susceptible of phosphorylation, the ITAMs.    

 The stoichiometry of the reception complex comprises two TCR heterodimers 
(TCRα–TCRβ), two CD3 heterodimers and one CD247 homodimer [(αβ) 2 :εγ:εδ:ζζ]. 
These reception complexes are aggregated as multimeric clusters localised within 
the lipid rafts of the T-cell plasma membrane. 

 In addition to the main receptor, TCR, T lymphocytes display accessory or co-
signalling receptors (Table  13.1 ), which are transmembrane immunoglobulins or 
members of the tumour necrosis factor receptor (TNFR) superfamily. Among those 
of the immunoglobulin superfamily, some have a stimulatory effect, such as CD28 
or ICOS ( inducible T - cell co - stimulator ), whereas others have an inhibitory effect, 
such as CTLA4 ( cytotoxic T - lymphocyte antigen 4 ) and PD1 ( programmed death 1 ). 
TCR activation requires the binding, on these receptors, of co-signalling ligands 
collectively called B7 proteins (Table  13.1 ), also brought by antigen-presenting 
cells (APC). These ligands are also membrane proteins of the immunoglobulin 
superfamily. All the accessory co-signalling receptors of the TNFR superfamily, 
such as CD40, CD27 or CD137, are stimulators, and their cognate ligands belong to 
the TNF superfamily (Table  13.1 ).

   As for BCRs, the fi rst step of the signalling pathway is the activation of SRC fam-
ily kinases such as FYN and LCK. These kinases phosphorylate the ITAM borne 
by CD247, which allows the recruitment of another cytoplasmic kinase, ZAP70 
( zeta - chain-associated protein kinase ,  70 kDa ). Adapter proteins with SH2 domains 
are then attracted to the membrane: LAT ( linker for the activation of T cells ) and 
SLP76 ( SH2 domain - containing leukocyte phosphoprotein of 76 kDa ) or LCP2 
( lymphocyte cytosolic protein 2 ). These proteins are the required  intermediates for 
the recruitment of the effector proteins. 

13.2 T-Cell Receptors
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 A general inhibitor of T-cell activation is a protein called CBL ( Casitas B - lineage 
lymphoma ), which is an E3 ubiquitin ligase able to recognise phosphotyrosine resi-
dues; this molecule induces immune tolerance and plays a major role in the control 
of T-cell activation, especially in order to avoid self-recognition and autoimmune 
phenomena. 

 In addition to the T-lymphocyte-specifi c receptors, T cells express the channel 
receptor of Ca 2+ , CRAC ( calcium release - activated calcium modulator ), which 
allows the activation of calcineurin, a phosphatase that activates the transcription 

     Table 13.1    Ligands and co-signalling receptors of T lymphocytes   

 Superfamily  Effect on TCR  Receptor  Ligand 

 Immunoglobulins  Activator   ICOS  (CD278)   ICOSLG  (B7-H2, 
CD275) 

  CD28   B7.1 ( CD80 ) 
 B7.2 ( CD86 )  Inhibitor   CTLA4  (CD152) 

 PD1 ( PDCD1 , CD279)  PDL1 (B7-H1,  CD274 ) 

 PDL2 ( PDCD1LG2 , 
B7-DC, CD273) 

 TLT2 ( TREML2 )  B7-H3 ( CD276 ) 

 HVEM a  ( TNFRSF14 , 
CD270) 

  BTLA  (CD272) 

 VISTA (PD1H)  B7-H4 (VTCN1) 

  NCR3  (CD337)   NCR3LG1  (B7-H6) 

 TNFSF 
 TNFRSF 

 Activator   CD40  (TNFRSF5)   CD40LG  (CD154, 
TNFSF5) 

 OX40 (CD134,  TNFRSF4 )  OX40L (CD252, 
 TNFSF4 ) 

  CD27  (TNFRSF7)   CD70  (CD27L, TNFSF7) 

 CD137 (4-1BB,  TNFRSF9 )  CD137L (4-1BB-L, 
 TNFSF9 ) 

 GITR (CD357,  TNFRSF18 )  GITRL ( TNFSF18 ) 

 BCMA (CD269, 
 TNFRSF17 /13A) 

 APRIL (CD256, 
 TNFSF13 ) 

 BAFFR (CD268, 
 TNFRSF13C ) 

 BAFF (CD257, 
 TNFSF13B ) 

 TACI (CD267, 
 TNFRSF13B ) 

  Offi cial gene names are in italics 
  Abbreviations : APRIL, A proliferation-inducing ligand; BAFF, B-cell-activating factor; BCMA, B-cell 
maturation antigen; BTLA, B- and T-lymphocyte attenuator; CTLA4, cytotoxic T-lymphocyte antigen 
4; GITR, glucocorticoid-induced TNFR-related protein; HVEM, herpesvirus entry mediator A; ICOS, 
inducible T-cell co-stimulator; NCR3, natural cytotoxicity triggering receptor 3; PD1, programmed 
cell death 1; TACI, transmembrane activator and CAML [calcium modulating ligand] interact; TLT2, 
TREM1 [triggering receptor expressed on myeloid cells]-like transcript 2; VISTA, V-domain Ig 
 suppressor of T-cell activation; VTCN1, V-set domain-containing T-cell activation inhibitor 1 
  a HEVM is a receptor of the TNFR superfamily whose ligand is BTLA, of the immunoglobulin 
superfamily  
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factor NFAT ( nuclear factor of activated T cells ). This transcription factor, despite 
of its name, is not specifi c for T cells and is studied in Chap.   15    .  

13.2.2     TCR Signal Transduction Pathway 

 A number of effector proteins can exert their effects through their recruitment by the 
adapter proteins LAT and SLP76. Most of the pathways activated by T-cell receptor 
stimulation are involved in cell proliferation and survival, in order to maintain the 
immune function of T cells and expand the adequate clones; and in cell adhesion 
and motility, in order to enable T-cell migration to their sites of action. Several pro-
teins that activate these pathways have already been presented in other chapters, as 
they are not specifi c for T-cell activation:

•    GRB2, which activates the MAK kinase pathway through RAS activation 
(Chap.   2    ).  

•   p85 ( PIK3R1 ), the regulatory subunit of PI3 kinases, which opens the PI3 kinase 
pathway (Chap.   3    ) by recruiting the catalytic subunit PIK3CA.  

•   PLCγ, which allows the formation of DAG and IP3, and therefore opens Ca 2+  
signalling as well as PKC activation (Chap.   6    ).  

•   PKCθ, which induces the formation of a complex called CBM, specifi c of lym-
phocyte activation; this complex comprises the proteins CARMA1 ( CARD  [ cas-
pase recruitment domain ]  and membrane - associated guanylate kinase ), BCL10 
( B - cell lymphoma 10 ), an adapter protein with a CARD domain,    and MALT1 
( mucosa - associated lymphoid tissue lymphoma translocation gene 1 ). This com-
plex enables the activation of NIK ( NFκB - inducing kinase ), an IKK-activating 
kinase in charge of NFκB activation (Chap.   12    ).  

•   ITK ( IL2 - induced tyrosine kinase ), a serine/threonine kinase of the TEC family, 
which allows the recruitment of VAV1, a GEF activating small G-proteins of the 
RHO family, such as CDC42 and RAC1; these proteins are involved in cell adhe-
sion and migration, through proteins interacting with the actin cytoskeleton, 
called WASP ( Wiskott – Aldrich syndrome proteins ). This pathway enables the 
intracellular activation of integrins by promoting their aggregation (Chap.   10    ). 
ITK contains a PH domain explaining its attraction to the membrane and its acti-
vation of the AKT pathway.  

•   RAP1 ( regulator of adhesion and polarisation 1 ), which is a small G-protein 
activated by a trimeric complex recruited by SLP76: ADAP ( adhesion and 
degranulation - promoting adapter protein ), RIAM ( RAP1 - interacting adapter 
molecule ) and SKAP55 ( SRC kinase - associated phosphoprotein of 55 kDa ); 
RAP1 is also a mediator of intracellular activation of integrins (Chap.   10    ) and 
plays a role in cell migration.    

 As BCR activation by soluble antigens, TCR activation by APC results in 
both clonal expansion and migratory capacities of the corresponding 
lymphocytes.  
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13.2.3     Oncogenic Alterations and Pharmacological Targets 

 T lymphocytes play a major role in the immune surveillance of tumours and the 
implementation of antitumour immunity; their capacity of survival and activation of 
their targets, especially IL2, is crucial for the inhibition of tumour cell proliferation 
in several cancer types, in particular malignant melanomas. The immune response 
toward tumour cells is most often ineffi cient or insuffi cient; most tumour antigens 
are not specifi c to tumour cells, and this prevents or delays the development of 
immune therapies targeting such antigens. In addition, cancers develop a variety of 
mechanisms to escape the host immune surveillance: mutations modifying the epi-
topes recognised by T cells, downregulation of co-stimulatory molecules, secretion 
of immunosuppressive cytokines, etc. 

 The therapeutic approaches in this fi eld have long been disappointing, but the 
landscape of immunotherapy has completely changed within a few years: the inhibi-
tion of the co-inhibitory signalling molecules, both at the ligand and at the receptor 
levels, is possible thanks to monoclonal antibodies, and such treatments are now 
marketed or in late clinical evaluation for the treatment of metastatic malignant 
melanomas and advanced kidney cancers, and much hope is placed in other cancers. 
An anti-CTLA4 monoclonal antibody, ipilimumab, is available for the treatment of 
malignant melanomas, and another one, tremelimumab, is in development. Anti-PD1 
(nivolumab, pembrolizumab, pidilizumab) and anti-PDL1 (BMS-936559) mono-
clonal antibodies will also be soon available. An original approach to stimulate 
the immune targeting of tumour cells consists in bispecifi c monoclonal antibodies, 
one target being a tumour antigen such as ERBB2 (breast cancers) or CD19 (B-cell 
lymphomas), the other target being CD3: ertumaxomab and blinatumomab are the 
respective  bispecifi c T - cell engagers  (BiTE) in development in these malignancies. 
In contrast, the co-signalling of the TNFR superfamily is all stimulatory and can 
only be targeted with agonist antibodies; dacetuzumab and lucatumumab are such 
agonist antibodies of CD40. 

 Cell therapy using genetically engineered T cells is an option that has been 
considered for a long time and has elicited numerous clinical trials. This can be 
conceived either by transferring to T-cell-specifi c genes encoding tumour antigen 
receptors, so that T cells will recognise the antigen-bearing cancer cells once rein-
troduced in the host or by transferring to T cells some genes involved in general 
capacities for survival, proliferation or migration, so that T cells will optimise their 
functions against cancer cells. 

 Another approach consists in combatting the immunosuppressive effects of CBL 
by small molecules interfering with its RING domain and in the future through 
interfering RNAs.      
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  14      Nuclear Receptor Pathways 

          Abstract  
  Nuclear receptors constitute a special class of transcription factors that are acti-
vated by an extracellular signal. This signal is a hydrophobic substance, such as 
a steroid hormone, which can cross the plasma membrane and does not require a 
surface receptor to recognise it and transmit to the nucleus the information it 
conveys. The intracellular receptor is in charge of this function and of the regula-
tion of target gene expression, after having recognised and bound its ligands. 
This is the most obvious difference between steroid hormones and polypeptidic 
hormones, which are recognised by G-protein-coupled receptors (GPCRs) 
(Chap. 6). 

 Nuclear receptors are the targets of many drugs aimed at treating metabolic 
and endocrinal diseases, drugs that can be agonists or antagonists of receptor 
activity. Two types of frequent cancers are hormone dependent: breast and pros-
tate cancers. The nuclear receptors of oestrogens and androgens are, therefore, of 
major importance in oncology, because their alterations can participate to onco-
genesis and cancer development and because they constitute major therapeutic 
targets. The hormonal treatments of breast cancer were historically the fi rst ‘tar-
geted therapies’ of cancers, but other nuclear receptors also present a major inter-
est in oncology.  

14.1               Structure and Function of Nuclear Receptors 

 There are about 50 nuclear receptors distributed in three major classes (Table  14.1 ); 
one of them (NR3 for  nuclear receptor 3 ) contains especially the steroid hormones 
receptors: oestrogens (ERα and ERβ, genes  ESR1  and  ESR2 ), progesterone (PGR), 
androgens (AR), glucocorticoids (GR) and mineralocorticoids (MR). Another class 
(NR1) gathers the receptors of thyroid hormones TRα and TRβ (genes  THRA  and 
 THRB ), vitamin D (VDR), retinoic acid (RARα, RARβ and RARγ; genes  RARA , 
 RARB  and  RARG ), oxysterols (LXR,  liver X receptor ), biliary acids (FXR,  farnesoid 
X receptor ), fatty acids and eicosanoids (PPARα, PPARβ and PPARγ,  peroxisome 
proliferator - activated receptor , genes  PPARA ,  PPARD ,  PPARG ) and various 
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xenobiotics (PXR,  pregnane X receptor , gene  NR1I2 ; and CAR,  constitutive andro-
stane receptor , gene  NR1I3 ). The last class (NR2) only contains the accessory recep-
tors of retinoic acid (RXRα, RXRβ and RXRγ,  retinoid X receptors , genes  RXRA , 
 RXRB  and  RXRG ). Each class contains in addition some related ‘orphan’ receptors, 
whose ligand remains unknown, such as ERRα, ERRβ and ERRγ ( oestrogen recep-
tor - related receptors ). The structure of some ligands of nuclear receptors is presented 
on Fig.  14.1 .

    Nuclear receptors contain an  N -terminal domain of transcription activation in the 
absence of ligand (AF1,  activation function 1 ), a central domain for DNA binding 
(DBD,  DNA-binding domain ), owing to two zinc fi nger domains, a hinge domain 
and a  C -terminal domain for ligand recognition and binding (LBD,  ligand-binding 
domain ), containing the AF2 site for dimerisation and ligand-activated transcription 
(Fig.  14.2 ). Depending on the case, nuclear receptors can act as monomers, homodi-
mers or heterodimers and, in this case, always with a RXR receptor. They recognise 
on DNA a sequence called HRE ( hormone - responsive element ). This sequence is 
either repeated in tandem, forming two half-sites separated by a variable number of 

   Table 14.1    Main nuclear receptors and their ligands   

 Usual names  Nomenclature  Main ligands 

 TRα, TRβ  NR1A1, NR1A2  Thyroxine, triiodothyronine 

 RARα, RARβ, RARγ  NR1B1, NR1B2, 
NR1B3 

 All- trans  retinoic acid 

 PPARα, PPARβ, PPARγ  NR1C1, NR1C2, 
NR1C3 

 Fatty acids, leukotrienes, 
prostaglandins 

 RORα, RORβ, RORγ  NR1F1, NR1F2, 
NR1F3 

 Cholesterol, cholesterol sulphate 

 LXRα, LXRβ  NR1H3, NR1H2  Oxysterols 

 FXRα, FXRβ  NR1H4, NR1H5  Biliary acids 

 VDR  NR1I1  Vitamin D 

 PXR, CAR  NR1I2, NR1I3  Xenobiotics 

 RXRα, RXRβ, RXRγ  NR2B1, NR2B2, 
NR2B3 

 9- cis -retinoic acid 

 ERα and ERβ ( ESR1  and 
 ESR2 ) 

 NR3A1 et NR3A2  Oestradiol, tamoxifen 

 ERRα, β, γ  NR3B1, NR3B2, 
NR3B3 

 Diethylstilbestrol 

 GR  NR3C1  Cortisol 

 MR  NR3C2  Aldosterone 

 PR ( PGR )  NR3C3  Progesterone 

 AR  NR3C4  Testosterone 

 AHR  Aromatic hydrocarbons (dioxin) 

  N.B. Only the physiological ligands are mentioned. Some receptors also accept various drugs as 
ligands. There are also numerous orphan receptors not listed here. AHR ( aryl hydrocarbon recep-
tor ) or dioxin receptor is related to the nuclear receptors  
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nucleotides (most frequently 3), or repeated in an inverted, palindromic way, the 
two half-sites being also separated by a variable number of nucleotides. In both 
cases, each receptor monomer binds on one of the half-sites.  

 Ligand–receptor binding can occur in the cytoplasm; the translocation of the acti-
vated receptor to the nucleus is possible thanks to the unmasking of a nuclear locali-
sation sequence (Annex   C    ). In other cases, the receptor is permanently localised in 
the nucleus; in the absence of ligand, the LBD is bound to a corepressor NCOR 
( nuclear receptor corepressor ); when the LBD has recognised and bound a ligand, 
the transcription activation domain is activated owing to the intervention of a coacti-
vator NCOA ( nuclear receptor coactivator ). The function of corepressors and 
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  Fig. 14.1    Structure of the main ligands of some nuclear receptors. The ligands presented here 
recognise the following receptors: oestradiol, oestrogen receptor (ER, gene  ESR1 ); progesterone, 
progesterone receptor (PR, gene  PGR ); testosterone, androgen receptor (AR); cortisol, glucocorti-
coid receptor (GR, gene  NR3C1 ); calcitriol, vitamin D receptor (VDR); cholesterol sulphate, 
RAR-related orphan receptor (RORα, gene  RORA ); 7β-hydroxycholesterol, liver X-receptor 
(LXR, gene  NR1H2 ); thyroxine, thyroid hormones receptor (TRα, gene  THRA ); all- trans  retinoic 
acid (ATRA), retinoic acid receptor (RARα, gene  RARA ); cholic acid, biliary acid receptor (FXR, 
gene  NR1H4 ); arachidonic acid and prostaglandin 15-deoxy-Δ 12,14 -PGJ2, peroxisome prolifera-
tor–activated receptor (PPARα, gene  PPARA )       
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coactivators is to recruit histone-modifying enzymes, which control the degree of 
methylation and acetylation of histones (Annex   B    ). Histone deacetylation induces a 
compaction of the chromatin that does not allow target gene transcription, whereas 
their acetylation facilitates transcription (Fig.  14.3 ). Nuclear receptors can exert 
other effects, independently of their transcription function: some of them are able, in 
the cytoplasm, to activate signalling pathways such as the MAP kinases or the PI3 
kinase pathways (Chaps.   2     and   3    ) or the pathways related to Ca 2+  release in the cyto-
sol (Chap.   6    ).  

 It is impossible to establish a list, even succinct, of the genes whose transcription 
is activated by nuclear receptors. Several hundreds of genes harbour, in their pro-
moter sequence, responsive elements specifi c for one or several activated receptors. 
The research of target genes can be realised in silico, thanks to algorithms of iden-
tifi cation of these promoter sequences over the whole genome, or by analysing the 
gene expression profi les obtained before and after treatment by a given ligand. The 
genes transcribed by an activated receptor refl ect the characteristics of the cognate 
hormones, in the fi elds of cell metabolism, proliferation and differentiation. 
Oestrogens and androgens, for instance, induce a proliferation of the cells which 
express oestrogens and androgen receptors, respectively, which can be used by 
hormone- dependent cancers.  
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  Fig. 14.2    General structure of nuclear receptors. ( a ) The polypeptidic sequence can be subdi-
vided in  A / B ,  C ,  D ,  E  and  F  domains. The  A / B  domain contains a sequence AF1 ( activation func-
tion 1 ) which enables the receptor to exert weak activity in the absence of ligand.  C  is the 
DNA-binding domain ( DBD ) which contains the zinc fi nger motifs recognising the hormone- 
responsive elements (HRE) on the target genes.  D  is a hinge domain allowing the receptor to fold 
after ligand binding and dimerisation.  E  is the ligand-binding domain ( LBD ), which also contains 
the dimerisation site and the AF2 sequence for ligand-dependent transactivation. ( b)  The interac-
tion between ligand and receptor leads to the binding of the activated receptor on a DNA sequence. 
 F or NR3 receptors ( left ), there is homodimerisation of the hormone (H)-activated receptor and 
recognition of a palindromic sequence; for NR1 receptors ( right ), there is heterodimerisation of the 
specifi c receptor (VDR in this example) activated by its ligand (vitamin D) and the common RXR 
receptor activated by 9- cis -retinoic acid, with recognition of a tandem sequence       
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14.2     Steroid Hormones Receptors 

 Five classes of steroid hormones can activate nuclear receptors: oestrogens, proges-
terone, androgen, glucocorticoids and mineralocorticoids. In the absence of ligand, 
these receptors are associated in the cytoplasm to chaperone HSPs ( heat shock pro-
teins ) which maintain them in inactive state. Ligand binding induces the removal of 
the HSP, the homodimerisation of the receptor and its translocation into the nucleus. 
The dimer recognises the target sequence HRE and triggers the transcription of the 
corresponding genes. 

14.2.1     Oestrogens and Progesterone Receptors 

 The activity of oestrogens on breast cancer growth has been known for a long time, 
since castration was proposed more than one century ago as breast cancer treatment. 
Oestrogens favour the proliferation of tissues expressing ERα (NR3A1, gene  ESR1 ), 
which occurs in 75 % of breast cancers. Oestrogens, used as hormone replacement 
therapy of menopause, have induced an increase in breast cancer incidence, which 
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  Fig. 14.3    Transcription activation by nuclear receptors. ( a ) In the absence of ligand, the transcrip-
tional activity of the nuclear receptor is inhibited by a corepressor NCOR, which is associated to 
histone deacetylase activity HDAC. Chromatin is compact and does not enable transcription. ( b ) 
After ligand binding, the receptors can be combined with a coactivator NCOA, which recruits a 
histone acetyltransferase HAT; chromatin is thus relaxed and the transcription of target genes 
becomes possible       
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is now decreasing, since an international warning on their use has been outspread. 
The second oestrogen receptor, ERβ (NR3A2, gene  ESR2 ), is a negative regulator 
of ERα in normal    breast tissue, in controlling its transcriptional activity through 
heterodimerisation, which decreases the transcription rate. 

 Since the 1970s, a hormonal therapy targeting this relationship between oestro-
gens and breast cancer growth has been implemented: tamoxifen and its derivatives, 
under the generic name of SERM ( selective oestrogen receptor modulators ), dis-
play an antagonistic effect to oestradiol, which is in some tissues partially agonistic. 
After binding to the receptor, they prevent some oestradiol transcriptional effects, 
but not all. In contrast, SERDs ( selective oestrogen receptor downregulators ), such 
as fulvestrant, bind to ERα with the same affi nity as oestradiol but without any ago-
nistic activity and inhibit receptor expression at the transcriptional level. In addition 
to the compounds which bind ERα, another therapeutic approach is available for 
hormone-dependent breast cancers: the inhibition of aromatase, the enzyme that 
produces C18 steroids (oestrogens) from C19 steroids (androgens). 

 Hormone treatments can only be effi cient when breast tumour tissue expresses 
ERα. However, about 30 % of cancers expressing ERα are hormone resistant. For 
more than 20 years, a biochemical technique evaluating the binding capacity of 
oestradiol to its receptor in tumour cytosolic extracts was used to restrict tamoxifen 
prescription to the sole patients whose tumours expressed the receptor. This assay 
has been replaced by an immunohistochemical technique, more rapid and less 
expensive, but certainly much less informative. ERβ does not seem to be frequently 
expressed in breast cancers; anyway, it is not systematically evaluated like ERα. Its 
expression should be theoretically associated to an absence of hormonal depen-
dency of cancer cells. Progesterone receptor PR (NR3C3, gene  PGR ) is also rou-
tinely evaluated in breast cancers. PR expression is highly correlated to that of ERα, 
but the two receptors are sometimes dissociated; it appears that the simultaneous 
presence of both receptors would be required for tamoxifen activity, to which ER + –
PR −  tumours are less often sensitive than ER + –PR +  tumours. 

 Even if the presence of hormone receptors in the tumour is an oncogenesis- 
promoting phenomenon, it appears diffi cult to consider this presence as an ‘onco-
genic alteration’ since it occurs in the normal gland. Rare mutations of ERα 
accompany tamoxifen resistance. A variant form of ERα, in which the initial 
sequences of transcription activation in absence of ligand are deleted, would stimu-
late cell proliferation via activation of the MAP kinases and PI3 kinase pathways. In 
addition to receptor alterations, some alterations in the coreceptors of ERα have 
been identifi ed: this is the case for the coactivator NCOA3, which was called AIB1 
( amplifi ed in breast cancer ). A decrease in the expression of corepressors could, 
conversely, accompany tamoxifen resistance. 

 Loss of expression of ERα in breast cancers reveals a poor prognosis, in addition 
to the loss of hormone sensitivity. Several mechanisms have been suggested to 
explain this absence of expression, among which are promoter methylation, change 
in the level of activity of the transcription factors of the  ESR1  gene, mRNA degrada-
tion and proteasomal receptor destruction. The inhibition of the proliferation path-
ways downstream tyrosine kinase receptors such as ERBB2 (Chap.   1    ) seems able to 
restore ERα expression.  

14 Nuclear Receptor Pathways

http://dx.doi.org/10.1007/978-3-319-14340-8_1


171

14.2.2     Androgen Receptors 

 Similarly to breast cancers, prostate cancers are stimulated by androgens because of 
the high expression of the androgen receptor (AR, NR3C4) in prostate tissue. These 
cancers are, therefore, also sensitive to hormonal treatments: castration, which elim-
inates androgen secretions; analogues and antagonists of the hypothalamic hormone 
LH-RH (gonadoliberin, gene  GNRH1 ), which lead to an exhaustion of gonadic 
androgen secretions (leuprorelin, buserelin and others); anti-androgen compounds, 
which compete with androgens on the receptor-binding sites (cyproterone, fl u-
tamide, more recently enzalutamide); inhibitors of CYP17A1, the enzyme in charge 
of the 17α-hydroxylation of progesterone and pregnenolone, which leads to andro-
gens (abiraterone). However   , the antitumour effect of these treatments progressively 
decreases, and the tumour becomes hormone resistant when mutant forms of the 
receptor appear, which replace androgen stimulation by other stimuli. 

 A particular form of breast cancers, called apocrine tumours, is developed from 
special breast glands which expresses the androgen receptor and whose prolifera-
tion can also be inhibited by anti-androgens. The molecular identifi cation of these 
tumours may enable such treatments in breast cancers.  

14.2.3     Glucocorticoid Receptors 

 Glucocorticoids, via their interaction with GR (NR3C1), present essentially anti- 
infl ammatory and immunosuppressive activities that are widely used in therapeu-
tics. They also have the capacity of inducing cancer cell apoptosis in malignant 
haematological diseases and belong for a long time to the armamentarium of leu-
kaemias, lymphomas and myelomas. Activated GR binding to a GRE induces the 
activation of the transcription of target genes involved in immunity and infl amma-
tion. Furthermore, activated GR can interact with transcription factors such as AP1 
(Chap.   2    ) and NFκB (Chap.   12    ), forming transcriptional repression complexes, 
which lead to the inhibition of the pathways activated by these transcription factors, 
essentially cell survival and proliferation. More than 50 genes involved in the nega-
tive regulation of apoptosis (see Chap.   18    ) can thus be involved in the glucocorticoid- 
induced massive apoptosis of leukaemia or lymphoma cells. The loss of some of 
these pathways explains glucocorticoid resistance. GR mutations have been 
described in leukaemia cell lines, but the proof of their involvement in clinical resis-
tance seems to be still lacking.   

14.3     Thyroid Hormones Receptors 

 Thyroid hormones, thyroxin (T4) and triiodothyronine (T3), are ligands of TRα 
(NR1A1, gene  THRA ) and TRβ (NR1A2, gene  THRB ), these receptors being able to 
exist under two isoforms owing to alternative splicing. The TRα2 isoform is a false 
receptor which does not bind ligands and behaves as an inhibitor of hormonal action. 
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These receptors are heterodimerised with RXR; in the absence of ligand, they are 
bound to DNA at the level of their responsive element, TRE, and repress transcrip-
tion thanks to the corepressor NCOR2 or SMRT ( silencing mediator of retinoic and 
thyroid receptor ). After ligand binding, TRs recruit coactivators which replace core-
pressors, and target gene transcription is possible after chromatin remodelling. 
There are also ‘negative’ TREs, which repress target gene transcription once the 
ligand is bound. Finally, thyroid hormones exert effects that are not mediated by 
TRE, especially via membrane interactions with other signalling systems. 

 TRs are the homologs of the viral oncogene  erb - A , which is co-responsible, with 
the viral oncogene  erb - B , of avian erythroblastosis and is able to block the differen-
tiation of erythroid progenitors. Genetic and epigenetic alterations of TRs can be 
found in human cancers, leukaemia and carcinomas: point mutations, gene rear-
rangements, promoter methylation and loss of heterozygosity. Hepatocarcinomas 
present especially mutant forms of  THRA  or  THRB , which behave as negative domi-
nants. Some authors have described an inhibitory effect of TRs upon RAS-driven 
signalling. Taken together, these observations suggest that TRs play a tumour sup-
pressor role, despite the fact that T3 has a mitogenic effect on the liver. The pharma-
cological use of these observations seems to be diffi cult because of the anticipated 
interactions with the potent hormonal effects of thyroid hormones.  

14.4     Vitamin D Receptors 

 The active metabolite of vitamin D is a true hormone, which is formed, after photo-
activation of sterol precursors brought by diet, by successive hydroxylations on car-
bons #1 and 25 to obtain 1α,25-dihydroxycholecalciferol or calcitriol; this compound 
exerts numerous physiological effects, especially on intestinal absorption of cal-
cium and bone mineralisation. Calcitriol binds a nuclear receptor, VDR or NR1I1, 
which must heterodimerise with RXR to recognise target sequences on DNA. In the 
absence of ligand, the dimer is bound to VDRE ( vitamin D-responsive element ) and 
the transcription of target genes is inhibited, thanks to its association to the core-
pressor NCOR2 or SMRT. In this situation, histones are deacetylated and chromatin 
compaction does not allow gene transcription (Annex   B.1    ). Ligand binding induces 
the replacement of the corepressor by a coactivator, the activation of histone acetyl-
transferases and the transcription of target genes, those having a VDRE in their 
promoter. 

 Several observations suggest the involvement of VDR in cell proliferation:

•    Among the target genes of calcitriol are several genes involved in cell cycle 
arrest: p21 CIP1  ( CDKN1A ) and GADD45 ( growth arrest and DNA damage induc-
ible transcript ).  

•   Experimentally, calcitriol has antiproliferative effects in vitro, which has been 
also observed in in vivo studies.  

•    VDR  gene knockout in mice is accompanied by an increase of sensitivity to car-
cinogenic agents.  
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•   In human tumours, an overexpression of the enzymes of vitamin D catabolism 
(CYP24A1) is observed, together with a decrease in the expression of biosynthe-
sis enzymes (CYP27A1, CYP27B1).  

•   Although  VDR  mutations or rearrangements have not been observed in human 
tumours, an overexpression of  NCOR2  has been observed in breast, colon and 
prostate cancers.  

•   From an epidemiologic point of view, there is an association between vitamin D 
defi ciency or low sunlight level and the risk of cancer.  

•   Several  VDR  gene polymorphisms are associated with a decrease or a loss of 
receptor activity and an increase in cancer risk.    

 The pathway initiated by vitamin D appears thus as playing an anti-oncogenic 
role, and associations of vitamin D and histone deacetylase inhibitors (HDAC, 
Annex   B    ) have been proposed for the treatment of squamous cell carcinomas or 
myelodysplastic syndromes. This is a diffi cult approach, because pharmacological 
doses of vitamin D have deleterious effects owing to induced hypercalcaemia. 
However, since these effects seem to be mediated by membrane actions of vitamin 
D, independently of receptor binding, it may be possible to research vitamin D ana-
logues able to bind with its nuclear receptor without displaying the toxic effects 
associated with the increase in intestinal calcium absorption. Nonsteroid modula-
tors of calcitriol–VDR interaction are also under study, in combination with cyto-
toxic drugs.  

14.5     Retinoic Acid Receptors 

 All-trans retinoic acid (ATRA) and, although at a lesser level, 9-cis-retinoic acid 
(9-cis-RA) are the principal active forms of vitamin A. They play a major role in 
growth and differentiation of many tissues. There are two types of retinoic acid 
receptors: those of the RAR type (RARα, RARβ and RARγ or NR1B1, NR1B2 and 
NR1B3; genes  RARA ,  RARB  and  RARG ) and those of the RXR type (RXRα, RXRβ 
and RXRγ or NR2B1, NR2B2 and NR2B3; genes  RXRA ,  RXRB  and  RXRG ). The 
fi rst group represents high-affi nity receptors for ATRA and 9-cis-RA, whereas the 
second group comprises ‘adopted’ receptors, able to bind only 9-cis-RA and with a 
lower affi nity. These receptors are dimerised either as heterodimers RAR–RXR or 
as homodimers RXR–RXR, the fi rst ones on DNA sequences called RARE ( retinoic 
acid responsive elements ) and the other ones on DNA sequences called RXRE ( reti-
noic X responsive elements ). In the absence of ligand, receptors repress gene tran-
scription thanks to the intervention of NCORs that maintain the histones in 
deacetylated form, which prevents the accessibility of transcription initiation sites. 
When the ligand is bound, corepressors are replaced by coactivators, which recruit 
the histone acetyltransferases able to remodel chromatin and initiate transcription. 

 Retinoic acid exerts on normal and tumour cells an antiproliferative effect char-
acterised by cell cycle arrest in G1 and induction of differentiation. RARβ expres-
sion, at the level of both mRNA and protein, is decreased in many cancer types. 
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Restoration of this expression enables tumour cell sensitisation to ATRA and tumour 
growth inhibition. This is the same for RARα and RARγ in some cancers. With the 
exception of acute promyelocytic leukaemia (next paragraph), the mechanism 
inducing RAR expression downregulation is not completely understood. RARβ pro-
moter methylation and loss of heterozygosity at the level of the 3p24 locus have 
been suggested as mechanisms without defi nitive evidence of their involvement. 

 The role of the RARα receptor in acute promyelocytic leukaemia (APL) is in 
contrast well established. It was deciphered after the discovery of the therapeutic 
effi ciency of ATRA in this disease, which represents one of the fi rst successes of 
therapies targeted to a defi nite oncogenic mechanism. APL pathogenesis results 
from  RARA  gene translocation to diverse genomic sequences, leading to the synthe-
sis of fusion proteins X-RAR or RAR-X. The most frequent fusions occur with the 
gene  PML  ( promyelocytic leukaemia ). In all cases, the fusion proteins exert a nega-
tive dominant effect on the normal function of the RAR, preventing the release of 
the corepressors, and consequently the transcription of retinoic acid target genes. 
The administration of ATRA at pharmacological doses allows to overfl ow this block 
and to normalise this signalling pathway. This results in the differentiation of pro-
myelocytic cells that were blocked in their normal programming. In contrast, little 
is known concerning the precise target genes whose expression is required for nor-
mal cell growth. Disease progression occurs when cells become resistant to ATRA; 
resistance is associated to the occurrence of additional mutations of the fusion pro-
tein at the level of its ATRA-binding sequences.  

14.6     Peroxisome Proliferator-Activated Receptors 

 Peroxisomes are intracytoplasmic organelles in charge of the detoxifi cation of 
molecular oxygen and reactive oxygen species (ROS) (Chap.   16    ). They are also 
involved in fatty acids β-oxidation, cholesterol biosynthesis and degradation and 
glycerolipid synthesis. A series of endogenous and exogenous molecules exert an 
important effect on peroxisome proliferation; these are essentially lipids: polyun-
saturated fatty acids (PUFA), prostaglandins and leukotrienes, which derive from 
PUFA, and some drugs, mainly the fi brates, which inhibit cholesterol biosynthesis. 
The PPARα, PPARβ/δ and PPARγ receptors (NR1C1, NR1C2 and NR1C3; genes 
 PPARA ,  PPARB  and  PPARG ), which were ‘orphan’ receptors, are activated by these 
molecules that they can bind with relatively low affi nity and are consequently now 
‘adopted’ receptors. 

 PPARs are heterodimerised with RXR for DNA binding. As the other nuclear 
receptors, they exert, in the absence of ligand, a repression of transcription at the 
level of PPREs ( peroxisome proliferator responsive elements ) through adequate 
NCORs, which are removed after ligand binding, thanks to the intervention of 
NCOAs. As the last resort, the level of chromatin acetylation regulates the transcrip-
tional activity of these receptors. PPRE are found in the promoters of genes involved 
in fatty acid transport and lipid metabolism, as well as genes involved in cell prolif-
eration, such as PDK1,  phosphoinositide - dependent kinase  (Chap.   3    ), and adhesion, 
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such as ILK,  integrin - linked kinase  (Chap.   11    ). The tissue distribution, ligand struc-
ture and physiological roles of the various PPARs are distinct but will not be dis-
cussed here. 

 PPARγ has been particularly studied in relation with cancer; its involvement in 
oncogenesis is still controversial: it is anti-oncogenic in most models but pro- 
oncogenic in some cases. Thiazolidinediones, which are PPARγ agonists and are 
used in the treatment of type II diabetes, have a preventive effect on tumour occur-
rence in mice. PPARγ mutations have been observed in colorectal cancers, as well 
as translocations leading to fusion proteins with negative dominant effect in thyroid 
cancers and homozygous mutations in prostate cancers. In    contrast, thiazolidinedio-
nes may stimulate tumour evolution of APC-mutated colic adenomas (Chap.   7    ), 
which must lead to coloscopic surveillance of diabetic patients treated with this 
drug. Indirectly, cyclooxygenase 2 (COX2), which produces potent PPARγ ago-
nists, is involved in the pro- or anti-oncogenic effects of these nuclear receptors. The 
combination of COX2 inhibitors and PPARγ agonists could exert a synergistic 
effect against tumour growth. 

 The oncogenic role of PPARβ/δ is even less clear than that of PPARγ; its activa-
tion may have pro-oncogenic consequences (resistance to apoptosis, increase of 
migratory capacities) and anti-oncogenic consequences (decrease in cell prolifera-
tion), according to the tissue or cell context. PPARα rather appears pro-oncogenic; 
its pharmacological agonists are fi brates, which induce in vitro and in vivo stimula-
tion of hepatocyte proliferation and inhibition of apoptosis. These drugs have a 
long-term liver carcinogenic effect in rodents, but this has not been observed in 
humans.  

14.7     Xenobiotics Receptors 

 The xenobiotics receptors, PXR ( pregnane X receptor , gene  NR1I2 ) and CAR ( con-
stitutive androstane receptor , gene  NR1I3 ) were considered initially as orphan 
receptors since they do not bind any endogenous compound with high affi nity. They 
recognise in fact a large variety of ligands and play a major role against the harmful 
effects of the accumulation of toxic exogenous and endogenous compounds. They 
share some agonistic ligands but not some others; and they also share the same 
DNA-binding sequences. They are mainly expressed in the liver, kidney and intes-
tine. PXR and CAR target the genes encoding drug metabolising enzymes, in par-
ticular the cytochromes P450, and drug transport proteins, such as P-glycoprotein 
and other ABC transporters. They play a major role in the detoxifi cation of xenobi-
otics and of toxic endogenous products (bilirubin, biliary acids). In oncology, these 
‘xenoreceptors’ can modulate cancer risk as well as the activity of anticancer drugs. 

 As the other receptors of the NR1 family, they heterodimerise with an RXR 
receptor, bind in the absence of ligand to XREs ( xenobiotic-responsive elements ) 
and repress the transcription of target genes; in the presence of a ligand, this repres-
sion is alleviated and transcription can occur. Among the target genes that have been 
well characterised are cytochrome P450 3A4 (CYP3A4), which ensures the 
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oxidative metabolism of a large variety of drugs; UDP-glucuronosyltransferase 1A1 
(UGT1A1), which conjugates drugs and endogenous compounds to glucuronic 
acid; and P-glycoprotein (Pgp, MDR1 for  multidrug resistance 1 , gene  ABCB1 ), a 
transporter involved in the elimination of many xenobiotics out of the organism. 
Xenoreceptor agonists have not always been identifi ed precisely; they had been 
identifi ed initially as inducers of cytochromes and ABC transporters: rifampicin, 
phenobarbital, hyperforin, paclitaxel, ritonavir, etc. These compounds behave as 
potent inhibitors of the activity of oral drugs because of this induction 
phenomenon. 

 PXR and CAR expression is regulated by promoter methylation, which is higher 
in tumour cells than in normal cells, at least for  NR1I2 ; by micro-RNAs at the level 
of the 3’ UTR of the genes; and by the negative dominant effect of a truncated vari-
ant of the protein, obtained by alternative splicing. 

 AHR ( aryl hydrocarbon receptor ) is a xenoreceptor not belonging to the nuclear 
receptor family, but playing a similar role as PXR and CAR in xenobiotics metabo-
lism. It is bound in the cytoplasm to chaperone proteins such as HSP90; when it 
binds to a ligand, it migrates to the nucleus, leaves its chaperone and binds to an 
intermediate protein called ARNT ( aryl hydrocarbon nuclear translocator ). Once    
in the nucleus, it binds DNA sequences called DRE ( dioxin response elements ) and 
activates the transcription of various genes, among which are  CYP1A1 ,  CYP1A2  
and  CYP1B1  and  UGT1A1 ,  GSTP1 ,  ALDH3A1  and  NQO1 . AHRR is a negative 
regulator of AHR expression.     

   Further Reading 

   Ali S, Coombes RC. Endocrine-responsive breast cancer and strategies for combating resistance. 
Nat Rev Cancer. 2002;2:101–12.  

   Altucci L, Leibowitz MD, Ogilvie KM, de Lera AR, Gronemeyer H. RAR and RXR modulation 
in cancer and metabolic disease. Nat Rev Drug Discov. 2007;6:793–810.  

   Aranda A, Pascual A. Nuclear hormone receptors and gene expression. Physiol Rev. 
2001;81:1269–304.  

   Aranda A, Martínez-Iglesias O, Ruiz-Llorente L, García-Carpizo V, Zambrano A. Thyroid recep-
tor: roles in cancer. Trends Endocrinol Metab. 2009;20:318–24.  

   Chen Y, Tang Y, Guo C, et al. Nuclear receptors in the multidrug resistance through the regulation 
of drug-metabolizing enzymes and drug transporters. Biochem Pharmacol. 2012;83:1112–26.  

   Collingwood TN, Urnov FD, Wolffe AP. Nuclear receptors: coactivators, corepressors and chro-
matin remodeling in the control of transcription. J Mol Endocrinol. 1999;23:255–75.  

   Conzen SD. Nuclear receptors and breast cancer. Mol Endocrinol. 2008;22:2215–28.  
   de Cremoux P. Hormonothérapie des cancers du sein. Bull Cancer. 2011;98:1311–9.  
   Deeb KK, Trump DL, Johnson CS. Vitamin D signalling pathways in cancer: potential for antican-

cer therapeutics. Nat Rev Cancer. 2007;7:684–700.  
   Francis GA, Fayard E, Picard F, Auwerx J. Nuclear receptors and the control of metabolism. Annu 

Rev Physiol. 2003;65:261–311.  
   Frankfurt O, Rosen ST. Mechanisms of glucocorticoid-induced apoptosis in hematologic malig-

nancies: updates. Curr Opin Oncol. 2004;16:553–63.  
   González-Sancho JM, García V, Bonilla F, Muñoz A. Thyroid hormone receptors/THR genes in 

human cancer. Cancer Lett. 2003;192:121–32.  

14 Nuclear Receptor Pathways



177

   Gronemeyer H, Gustafsson JA, Laudet V. Principles for modulation of the nuclear receptor super-
family. Nat Rev Drug Discov. 2004;3:950–64.  

   Handschin C, Meyer UA. Induction of drug metabolism: the role of nuclear receptors. Pharmacol 
Rev. 2003;55:649–73.  

   Hu X, Lazar MA. Transcriptional repression by nuclear hormone receptors. Trends Endocrinol 
Metab. 2000;11:6–10.  

   Lee JS, Kim KI, Baek SH. Nuclear receptors and coregulators in infl ammation and cancer. Cancer 
Lett. 2008;267:189–96.  

   Massard C, Fizazi K. Targeting continued androgen receptor signaling in prostate cancer. Clin 
Cancer Res. 2011;17:3876–83.  

   Michalik L, Desvergne B, Wahli W. Peroxisome-proliferator-activated receptors and cancers: 
complex stories. Nat Rev Cancer. 2004;4:61–70.  

   O’Malley BW, Kumar R. Nuclear receptor coregulators in cancer biology. Cancer Res. 
2009;69:8217–22.  

   Pascussi JM, Gerbal-Chaloin S, Duret C, et al. The tangle of nuclear receptors that controls xeno-
biotic metabolism and transport: crosstalk and consequences. Annu Rev Pharmacol Toxicol. 
2008;48:1–32.  

   Privalsky ML. The role of corepressors in transcriptional regulation by nuclear hormone receptors. 
Annu Rev Physiol. 2004;66:315–60.  

   Rosenfeld MG, Glass CK. Coregulator codes of transcriptional regulation by nuclear receptors. 
J Biol Chem. 2001;276:36865–8.  

   Ryan CJ, Tindall DJ. Androgen receptor rediscovered: the new biology and targeting the androgen 
receptor therapeutically. J Clin Oncol. 2011;29:3651–8.  

   Soprano DR, Qin P, Soprano KJ. Retinoic acid receptors and cancers. Annu Rev Nutr. 
2004;24:201–21.  

   Tenbaum S, Baniahmad A. Nuclear receptors: structure, function and involvement in disease. Int J 
Biochem Cell Biol. 1997;29:1325–41.  

   Thorne J, Campbell MJ. The vitamin D receptor in cancer. Proc Nutr Soc. 2008;67:115–27.  
   Wang T, Xu J, Yu X, Yang R, Han ZC. Peroxisome proliferator-activated receptor gamma in malig-

nant diseases. Crit Rev Oncol Hematol. 2006;58:1–14.    

Further Reading



179© Springer International Publishing Switzerland 2015
J. Robert, Textbook of Cell Signalling in Cancer: An Educational Approach, 
DOI 10.1007/978-3-319-14340-8_15

  15      Ion Channel-Coupled Receptors 

          Abstract  
  Conduction of nerve impulse is a major signalling pathway in multicellular 
organisms and requires ion channels situated at the level of plasma mem-
branes of excitable cells. Opening and closing of these channels are controlled 
by the level of membrane polarisation, and this explains their generic name of 
 voltage - operated   channels  (VOC). At the level of synapses, nerve impulse 
transduction from a neuron to another one or to a muscle cell is operated 
through the release, in the synaptic cleft, of signals that activate the opening 
of other ion channels. These are called  receptor - operated channels  (ROC), 
ionotropic receptors or  ligand - gated ion channels  (LGIC). Their ligands are 
neurotransmitters: acetylcholine, serotonin, amino acids and purine nucleo-
tides (ATP). They can in addition react with intracellular proteins (small 
G-proteins, cytoplasmic tyrosine kinases) and with cytoskeletal proteins. 
Outside the nervous tissues, they can behave as signalling molecules in many 
cell types. 

 Receptor-activated ion channels are also present within the cells and enable 
especially the transfer of Ca 2+  ions from one compartment to another one. 
Calcium signalling has been mentioned in Chap.   6    : the second messenger 
resulting from GPCR ( G - protein-coupled receptors ) activation leads to Ca 2+  
release in the cytosol, which enables this ‘third messenger’ to activate numer-
ous effectors, which play a major role in muscle contraction and secretion 
processes. 

 We will not detail here all the aspects of the signalling operated by ionic 
fl uxes, which pertain to neurosciences rather than to oncology; after a simplifi ed 
presentation of LGIC in excitable cells, we will focus on two special types of 
channel receptors: purinergic receptors and receptors enabling intracellular Ca 2+  
mobilisation.  

http://dx.doi.org/10.1007/978-3-319-14340-8_6
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15.1                Activation of Ligand-Gated Ion Channels 

 Ionotropic receptors or LGICs are ion channels allowing the transfer through the 
plasma membrane of excitable cells of anions (Cl − ) or cations (Na + , K + , Ca 2+ ). They 
are distinct from voltage-gated ion channels acting upstream or downstream their 
activation. The main LGICs are the acetylcholine nicotinic receptor, the serotonin 
receptor, certain receptors of γ-aminobutyric acid (GABA), glutamic acid and gly-
cine, and ATP receptors called purinergic or P2X receptors. For most of these 
ligands, other receptors exist, which belong to the GPCR family; they are called 
 metabotropic  receptors to distinguish them from ionotropic receptors: the acetyl-
choline muscarinic receptor, amino acid receptors and a second kind of purinergic 
receptors, called P2Y, which also recognise adenylyl    nucleotides, distinct from the 
adenosine receptors P1 or ADORs. 

 LGICs have a similar general structure, comprising transmembrane proteins that 
are assembled together to constitute a pore through which ions (anions or cations 
according to the LGIC) are transferred. There exist about 70 protein subunits con-
stituting precise functional units, localised especially at the level of synapses. Some 
have a pentameric structure (acetylcholine, serotonin, GABA, glycine receptors), 
others a tetrameric structure (glutamate receptors) or a trimeric structure (purinergic 
receptors). The diversity of subunit assembly in each type of receptor (Fig.  15.1 ) 
enables the specifi city of ligand recognition and binding and determines the ion to 
be transferred, the conductance of the channel, the speed of opening and closing of 
the channel, etc.  

H2N

HOOC

NH2

HOOC

NH2

H2N COOH2N COOH

a b c

  Fig. 15.1    General organisation of ion channel-coupled receptors. Plasma membrane ligand-gated 
ion channels (LGIC) are of several types. The  N -terminal and  C -terminal domains can be extracel-
lular or cytoplasmic. Disulphide bridges are indicated in yellow. ( a ) Pentameric receptors, each 
monomer being constituted of four transmembrane helices: acetylcholine nicotinic receptor, sero-
tonin, GABA and glycine receptors; ( b ) tetrameric receptors, each monomer being constituted of 
three transmembrane helices: glutamate receptor; ( c ) trimeric receptors, each monomer being con-
stituted of two transmembrane helices: purinergic receptors, P2X type       
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 Acetylcholine and serotonin receptors are Na + , K +  and Ca 2+  channels; they induce 
membrane depolarisation and stimulate the opening of the voltage-dependent ion 
channels that convey nerve impulses: they are present at the level of  excitatory  syn-
apses. Glycine and GABA receptors, in contrast, are Cl −  channels, which induce 
membrane hyperpolarisation when open; they have a negative effect on nerve 
impulse conduction and are therefore present at the level of  inhibitory  synapses. 
Finally, the ionotropic glutamate receptors are calcium channels involved in special 
modalities of synaptic transmission that will not be described here. 

 The nicotinic receptor of acetylcholine has been one of the fi rst receptors identi-
fi ed, both at the physiological and at the molecular levels; it has clearly left its mark 
on the history of cell signalling and synaptic transmission at the level of the neuro-
muscular synapse. It comprises fi ve assembled subunits: two of α type and one of 
each other type (β, γ and δ). There are nine different genes encoding the α subunits, 
four the β subunits and one the γ and δ subunits. Each subunit is a transmembrane 
protein with four membrane-spanning helices (M1 to M4) and extracellular 
 N -terminal and  C -terminal domains. The M2 helices interact together to delineate 
the pore used for cation fl ux, and the  N -terminal domains also interact to delineate 
the binding site of acetylcholine. The ionotropic receptors of serotonin, glycine and 
GABA are built according to the same general scheme.  

15.2     Purinergic Receptors 

 There are seven purinergic P2X receptors, P2X1 to P2X7, which are formed of three 
subunits, identical or different, each made of two transmembrane domains separated 
by a long extracellular loop containing always ten cysteine residues bound by disul-
phide bonds, and intracytoplasmic  N -terminal and  C -terminal domains. Ligand- 
driven receptor activation induces the entry of Na +  or Ca 2+  ions inside the cells and 
the effl ux of K +  ions, as a function of their concentration gradient and without 
marked selectivity. This results in membrane depolarisation, which is able to acti-
vate voltage-dependent channels and to generate an action potential. Purinergic 
receptors are localised in excitable cells (neurons, nonstriated muscle cells) and also 
in epithelial cells (lung, intestine, etc.) and endothelial cells. 

 It had been observed long ago that ATP could display antiproliferative activity. 
One can hypothesise that this effect is mediated by purinergic receptor (GPCR or 
LGIC) activation but possibly also by the synthesis of adenosine by membrane ecto- 
ATPases, since adenosine can bind distinct GPCRs called ADORs, or even by a 
nutritional effect of ATP. P2X and P2Y receptors are expressed in many cancer types, 
especially P2X5 and P2X7, which are the most frequently expressed. ATP treatment 
of cultured cells that express these receptors induces apoptosis, as detected by cas-
pase 3 activation (Chap.   18    ), although the mechanisms underlying this involvement 
have not been described. In contrast, metabotropic (P2Y) receptors have a positive 
effect on cell signalling, which are mediated, as always for GPCR, by the second 
messengers, cyclic AMP, inositol trisphosphate IP3 and Ca 2+  (Chap.   6    ). 
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 Clinical trials have explored the feasibility of ATP perfusions, but it was not pos-
sible to conclude, beyond that step, whether these perfusions could be effi cient in 
oncology. However, therapeutic tools more stable than ATP itself might reveal some 
interest.  

15.3     Ca 2+  Signalling 

 The particular importance of Ca 2+  in signal transduction arises from the consider-
able difference existing between its extracellular concentration (about 1.3 mM) and 
its cytosolic concentration (around 100 nM). The existence of important Ca 2+  stores 
in cytoplasmic organelles such as endoplasmic reticulum, lysosomes and mitochon-
dria enables the generation of intracellular signals enabling the implementation of 
rapid and transient reactions. Four successive steps are involved in Ca 2+  signalling:

•    Various stimuli generate signals for Ca 2+  mobilisation from extra- or intracellular 
sources.  

•   These signals activate ion channels that transfer a critical amount of Ca 2+  in the 
cytosol.  

•   Ca 2+  activates a series of cytoplasmic effectors which are sensitive to its 
concentration.  

•   Various active transporters pump out Ca 2+  out of the cytosol to restore the initial 
state.    

 This general scheme operates in multiple ways within cells as a function of the 
equipment in adequate proteins at each of these four steps. 

15.3.1     Ca 2+  Mobilisation Signals 

 Several types of signals can induce Ca 2+  mobilisation from the extracellular space or 
from the intracellular stores (Fig.  15.2 ). These signals induce the opening of chan-
nels enabling a 5–10-fold increase in Ca 2+ cytosolic concentration (from 100 nM to 
500–1,000 nM).  

 At the intracellular levels, these signals are inositol trisphosphate (IP3, Chap.   6    ), 
which acts on specifi c receptors (IP3R or ITPR) and on cyclic ADP-ribose (cADPR, 
Fig.  15.3 ), the physiological activator of ryanodine receptor (RYR). Other signals, 
such as sphingosine 1-phosphate (S1P) and nicotinic acid adenine dinucleotide 
phosphate (NAADP), are also active on these poorly characterised receptors. In all 
cases, Ca 2+  itself induces its own release in cytosol thanks to a positive retrocontrol 
called CICR ( Ca   2 + - induced Ca   2 +   release ). The true action of IP3 and cADPR is to 
increase receptor sensitivity to Ca 2+  effects. The same cells can harbour different 
types of receptors, so that they can respond similarly to different stimuli.  

 IP3 generation is essentially obtained through the activation of G-protein- 
coupled receptors (GPCR) by various ligands (Chap.   6    ). Briefl y, this second 
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messenger is produced from phosphatidylinositol 4,5-bisphosphate by phospholi-
pase C beta (PLCβ) after activation by a large heterotrimeric G-protein. IP3 can also 
be produced by PLCγ after activation by tyrosine kinase receptors (Chap.   1    ), by 
PLCε after activation by small G-proteins of the RAS and RHO families or by 
PLCδ after activation by variations in the cytosolic Ca 2+  concentration. 

 cADPR and NAADP are formed from NAD by membrane receptor enzymes, 
CD38 and CD157 (gene  BST1 ), characterised by ADP-ribosyl cyclase and cADP- 
ribose hydrolase activities. CD38 is present in lymphoid tissues, especially 
chronic lymphocytic leukaemia cells. The messengers that activate CD38 and 
CD157 are not precisely known. CD38 activation can occur after interaction with 
membrane receptors expressed by lymphoid cells, especially B-cell and T-cell 
receptors (Chap.   13    ). Targeting CD38 could be of interest in chronic lymphocytic 
leukaemia. 
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  Fig. 15.2    Ca 2+  signalling. Cytosolic Ca 2+  (100 nM) can come from the extracellular space 
(1.3 mM) via receptor-activated channels (called ROC or LGIC) or from the endoplasmic reticu-
lum via channels activated by IP3 (ITPR) or cAPDR (RYR). It is pumped back via ATPase trans-
porters of the plasma membrane (PMCA) or the endoplasmic reticulum (SERCA). IP3 is produced 
especially after activation of a GPCR or a TKR, through the cleavage of phosphatidylinositol 
4,5-bisphosphate by PLCβ or PLCγ. cAPDR is produced from NAD by membrane ecto-enzymes, 
CD38 and CD157. The Ca 2+  stores of the endoplasmic reticulum can be reconstituted, when 
depleted, with extracellular Ca 2+ , by a direct channel, CRAC, working in connection with an endo-
plasmic reticulum Ca 2+  sensor, STIM. Thus, the signals that can modulate the cytosolic Ca 2+  con-
centration are GPCR ligands ( a    ), TKR ligands ( b ), CD38 ligands ( c ) and LGIC ligands ( d ), CRAC 
activation being realised by the depletion of endoplasmic reticulum stores. Among its multiple 
actions, Ca 2+  can activate, via calmodulin, a phosphatase called calcineurin, which activated the 
NFAT transcription factors       
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 At the level of the plasma membrane, Ca 2+  is mobilised through the activation 
of  voltage - operated channels  (VOCs); of  ionotropic receptor - operated channels  
(ROCs), activated by GABA and other ligands (see Sect.  15.1 ); and of a third 
variety of channels of slow activation, SOCs ( store - operated channels ), which 
aim at restoring the Ca 2+  stores of the endoplasmic reticulum (ER). VOCs are of 
fi ve different types (L, N, P/Q, R, T) and are activated by membrane depolarisa-
tion, induced in excitable cells by nerve impulses. Their activity is modulated by 
phosphorylation for type L channels and by small G-proteins for the other channel 
types. ROCs of nerve cells are localised at the postsynaptic level and transduce 
inhibitory messages. SOCs are present in various cell types, especially T lympho-
cytes and endocrine glands (pancreas, hypophysis, etc.). The main SOC is a 
plasma membrane Ca 2+  channel, CRAC ( calcium release - activated calcium mod-
ulator , gene  ORAI1 ), which is topologically and functionally coupled to an ER 
Ca 2+  sensor, STIM ( stromal interaction molecule , gene  STIM1 ), so that Ca 2+  can 
be transferred directly from the extracellular space to ER to restore the intracel-
lular stores. 

 Mitochondria actively participate to the process of Ca 2+  storage, when they are 
localised in the neighbourhood of the channel receptors ITPR and RYR, thanks to 
a special transporter, the  mitochondrial calcium uniporter  (MCU), associated with 
Ca 2+  mitochondrial uptake (MICU) proteins to avoid mitochondrial Ca 2+  
overload.  
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  Fig. 15.3    Intracellular Ca 2+  channels and their ligands. ( a ) General structure of the IP3 receptor 
(ITPR). This receptor is constituted of four subunits, each comprising six transmembrane helices, 
and delineates a pore allowing the transfer of Ca 2+  from the endoplasmic reticulum to the cyto-
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15.3.2     Opening of Ca 2+  Channels 

 Whereas ROCs (and SOCs in excitable cells) are responsible for Ca 2+  entry in the 
cytosol from the extracellular space, Ca 2+  cytosol entry from the ER is realised 
thanks to the opening of Ca 2+ -selective membrane channels (Fig.  15.2 ), which are in 
fact ITPR and RYR themselves. ITPRs (Chap.   6    ) are actual intracellular ionotropic 
receptors ( ligand - gated ion channels ). There are three of them (ITPR1, 2 and 3), 
assembled as homo- or heterotetramers forming a pore of about 1.2 MDa. There is 
a large variety of possible combinations whose exact role remains to be deciphered. 
Each monomer contains six transmembrane helices and a large number of interac-
tion domains with other proteins as well as various post-translational modifi cation 
sites (Fig.  15.3 ). The  N -terminal and  C -terminal domains of each monomer are 
localised in the cytosol, and the IP3-binding domain is on the  N -terminal side. 
Channel opening is mainly regulated by three ligands: Ca 2+  itself, IP3 and ATP, 
which exerts an allosteric regulation of variable intensity according to the tetramer. 
ITPR phosphorylation by protein kinase C (Chap.   6    ), AKT (Chap.   3    ) and cytoplas-
mic tyrosine kinases constitutes a major regulatory mechanism. 

 Ryanodine receptors (RYRs) were fi rst identifi ed owing to the activity of this 
alkaloid as receptor agonist. Their physiological ligand, in addition to Ca 2+  itself, is 
cADPR. There are also three of them (RYR1, 2 and 3) with tissue specifi city, assem-
bled as high molecular weight (2 MDa) homotetramers to enable Ca 2+  transfer. Each 
monomer also contains six transmembrane helices forming the pore, and the 
 N -terminal domain bears numerous regulation sites. As for ITPRs, this is in fact 
Ca 2+  itself which is the main agonist of these receptors for CICR function. 

 The exit of Ca 2+  from ER can take several aspects: sometimes, it consists of 
single emissions from the channel receptor, which are called  blips  for ITPR and 
 quarks  for RYR. The aggregation of receptor channels enables their concerted acti-
vation and the emission of  puffs  (ITPR) or  sparks  (RYR). Finally, the self-sustained 
entry of large amounts of Ca 2+  in the cytosol enables the propagation of calcium 
waves, which rapidly and transiently extend to the whole cell and can reach neigh-
bour cells through intercellular junctions. Ligand-mediated GPCR activation, 
which generates IP3, determines the type of Ca 2+  response implemented by the 
effectors.  

15.3.3     Ca 2+ -Dependent Intracellular Activities 

 When Ca 2+  enters the cytosol, it immediately binds to trapping proteins, such as 
parvalbumin, calsequestrin or calreticulin, which play a buffering role; a small frac-
tion remains free and is available to activate specifi c proteins, which are sensitive to 
the variations of Ca 2+  concentration and are called  Ca   2 +   sensors . Two types of pro-
tein domains are able to bind Ca 2+ :  EF - hand  motifs and  C2  motifs. The principal 
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Ca 2+ -sensitive protein is calmodulin (CALM), the activation of which by Ca 2+  
induces a conformational change enabling downstream the control of several pro-
cesses: smooth muscle contraction, interaction between signalling pathways, gene 
transcription and ion channel modulation. 

 Calmodulin contains four Ca 2+ -binding sites in EF-hand motifs; once Ca 2+  is 
bound, calmodulin can bind and activate a variety of proteins, among which:

•    Kinases such as glycogen phosphorylase kinase and glycogen synthase kinase, 
which reinforce the action of PKA for glycogen mobilisation (Chap.   6    )  

•   Enzymes such as adenylyl cyclase and phosphodiesterase (Chap.   6    ), which gen-
erate a brief pulse of cAMP  

•   Phosphatases such as calcineurins (CALN; genes  PPP3CA ,  PPP3CB  and 
 PPP3CC ; and  PPPCR1  and  PPPCR2 ), which enable the activation of the tran-
scription factor NFAT (see paragraph Sect.  15.3.5 )  

•   Nitric oxide synthase (NOS), which is responsible for NO 
●
  formation and, 

beyond, of cGMP formation, with many vascular effects (Chap.   16    )  
•   Calcium/calmodulin-dependent protein kinases (CAMK), a series of serine/thre-

onine kinases involved in multiple physiological processes, especially apoptosis 
(Chap.   18    )    

 Proteins other than calmodulin are able to directly respond to Ca 2+  concentration 
changes, as they harbour EF-hand or C2 domains:

•    Protein kinase C beta (PKCβ), involved in the production of NFκB and interfer-
ing with apoptosis (Chaps.   12     and   18    )  

•   Calpains (CAPN), cysteine proteases especially involved in IL1α activation 
(Chap.   12    )  

•   Synaptotagmins (SYT) and other proteins involved, at the presynaptic level, in 
neurotransmitter release from storage vesicles  

•   Diacylglycerol kinases (DAGK), which phosphorylate DAG, the second 
 messenger synthesised from phosphatidylinositol 4,5-bisphosphate by PLCβ 
(Chap.   6    ) or PLCγ (Chap.   2    ); these enzymes enable the resynthesis of inositol 
phospholipids  

•   Cytoskeleton proteins, such as α-actinins (ACTN) and gelsolin (GSN)    

 As a brief statement, cytosolic Ca 2+  may exert effects on cell proliferation and 
differentiation, adhesion and motility, synaptic transmission, muscle contraction, 
carbohydrate metabolism, hormone secretion, apoptosis, chemotactism and various 
signalling pathways.  

15.3.4     Restoration of the Initial State 

 Ca 2+  is rapidly expelled out of the cytosol and sent back outside the cell or to 
intracellular storage sites, once the Ca 2+  signal has been emitted. There are ATPase 
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pumps in the plasma membrane called Ca 2+ -ATPases or PMCAs ( plasma mem-
brane calcium ATPases ), encoded by genes of the ATP2B subfamily, with devel-
opmental and tissue-specifi c variants; these enzymes are able to effl ux Ca 2+  out of 
cells against an important concentration gradient (Fig.  15.2 ). In the ER, similar 
pumps are expressed, especially in muscle cells, called SERCA 
( sarcoplasmic / endoplasmic reticulum calcium ATPases ), encoded by genes of the 
ATP2A subfamily. In addition, Na + /Ca 2+  exchangers called NCX (genes  SLC8A1  
to  SLC8A3 ) are in charge of Ca 2+  pumping back to the endoplasmic (or sarcoplas-
mic) reticulum and/or to the extracellular medium. They have relatively low affi n-
ity for Ca 2+  but high transport activity. Other Ca 2+  exchangers exist in other 
organelles harbouring Ca 2+  stores, such as the mitochondria, which express an 
NCLX protein (gene  SLC8B1 ) with similar function of returning to the resting 
state as NCX in the ER.  

15.3.5      NFAT, a Transcription Factor Activated by Ca 2+  Entry 

 NFAT ( nuclear factor of activated T cells ) is a small family of fi ve transcription 
factors fi rst described in T lymphocytes (Chap.   13    ), but which were identifi ed there-
after in many cell types. They are initially present in the cytoplasm at the phos-
phorylated state; calcineurin, upon activation by cytosolic Ca 2+  release, coming 
especially from the extracellular space thanks to the channel receptor CRAC, 
removes this phosphate group. As a consequence, NFATs can migrate to the nucleus, 
where they can exert the transcription control of their target genes. 

 These fi ve homologous transcription factors are structurally related to the REL 
factors of the NFκB pathway (Chap.   12    ); they contain a REL ( reticuloendotheliosis 
viral oncogene homologue ) domain and a transcription transactivation domain 
called NHD ( NFAT homology domain ). NFATs bind DNA as homodimers or het-
erodimers; they cooperate with other transcription factors such as AP1 (JUN–FOS, 
Chap.   2    ) and can form tetrameric assemblies. 

 NFATs are phosphorylated in the cytoplasm; there are several sites of phosphory-
lation, some of them being clustered in a serine-rich region (SRR), and others more 
spread. The cytoplasmic phosphorylation of NFATs is carried out by several serine/
threonine kinases, protein kinases A (PKAs), casein kinase 1 (CK1) and glycogen 
synthase kinase 3 (GSK3β). As already mentioned, the opening of the CRAC 
plasma membrane Ca 2+  channel is required for the activation of calcineurins (phos-
phatase activity), which dephosphorylate NFAT and induce its relocalisation in the 
nucleus, thanks to the unmasking of a nuclear localisation sequence. Once in the 
nucleus, nuclear kinases can rephosphorylate NFAT, thus inducing its way back to 
the cytoplasm. 

 The individual NFATs may play distinct or even opposite roles. NFAT1 acts 
against cell proliferation and induces the transcription of apoptosis genes, whereas 
NFAT2 has opposite effects on cell proliferation and survival. As a consequence, 
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 NFAT1  appears as a tumour suppressor gene and  NFAT2  as a proto-oncogene. 
However, NFAT1 also induces the transcription of migration and invasion genes, 
which correspond to pro-metastatic and pro-angiogenic effects. A high level of 
NFAT2 activation is observed in numerous cancer types, especially, but not only, 
B- and T-cell lymphomas, with a permanent localisation of the factor in the 
nucleus. The mechanisms underlying hyperactivation in cancers are not presently 
known. 

 A potential target of NFAT is the action of calcineurin and other Ca 2+ -activated 
proteins on compounds such as cyclosporine A and FK-506. These compounds 
have marked immunosuppressive activity and are used especially to treat trans-
plant rejection. However, inducing immunosuppression does not seem desirable 
in cancer treatment, and more selective targets should be sought for. Peptides 
mimicking the interaction between calcineurin and NFAT have been identifi ed, as 
well as small molecules with NFAT2-specifi c inhibition properties, based upon 
the structure of cyclosporine A or FK-506, and devoid of immunosuppressive 
effects.      
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16Signalling by Oxygen and Nitric Oxide

Abstract
Oxygen is, first of all, the combustive agent required for life and the provider of 
energy required by all heterotrophic organisms, those which cannot directly use 
solar energy as chlorophyllous plants do. Oxygen supply must be finely tuned, 
because insufficiency is as damaging as excess: hypoxia endangers cellular life 
through lack of energy supply, and reactive oxygen species (ROS) also endangers 
life because of their toxicity. In order to inform the organism of hypoxia or oxida-
tive stress, signalling pathways are implemented and are studied in this chapter. In 
relation to oxidative stress, a special oxidised form of nitrogen, nitric oxide, is also 
a true intracellular messenger with multiple effects and will also be studied here.

The tumour cell is exquisitely sensitive to the effects of hypoxia and oxidative 
stress; it reacts to hypoxia by stimulating tumour vascularisation (angiogenesis), 
oxygen-independent energy supply and protein synthesis downregulation; it 
reacts to oxidative stress by activating signalling pathways still not completely 
deciphered. Reactive oxygen species appear as a double-edged sword, involved 
in carcinogenesis but perhaps useful to combat cancers.

16.1  Hypoxia

The main signalling pathway involved in hypoxia response depends on the activation 
of a transcription factor, HIF (hypoxia-inducible factor), which induces the expres-
sion of a large set of genes aimed at remedying this situation. The available oxygen 
amount is by itself the signal enabling HIF activation; oxygen thus appears as a sig-
nalling molecule, a messenger inducing the generation of appropriate responses.

16.1.1  Activation and Role of HIF

HIF is a heterodimeric complex consisting of an oxygen-sensitive α subunit and an 
oxygen-insensitive β subunit. There exist three distinct α and two β subunits. In the 
presence of adequate oxygen concentration, several amino acids of the α subunit 
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undergo post-translational hydroxylation, which drives HIFα to ubiquitinylation 
and proteasomal destruction (Annex C). A decrease in the availability of oxygen 
induces a decrease of this hydroxylation and a relocalisation of the α subunit to the 
nucleus; in the nucleus, the α subunit can be associated to the β subunit and the 
complex can stimulate the transcription of target genes (Fig. 16.1). There are many 
signalling pathways which activate HIF transcription, especially the proliferation 
pathways opened by MAP kinases and PI3 kinase (Chaps. 2 and 3). Several tran-
scription factors, such as MYC or NFκB, thus activate the synthesis of HIF mRNAs.

The α subunits contain a domain called ODDD (oxygen-dependent degradation 
domain), with two proline residues that can be hydroxylated by prolyl 4- hydroxylases 
(PHD, genes EGLN) and a C-terminal domain containing an asparagine residue that 
can be hydroxylated in the nucleus by asparagine hydroxylase, an enzyme also 
known as FIH (factor inhibiting HIF, gene HIF1AN). These enzymes are non-haem 
dioxygenases, which use molecular oxygen, α-ketoglutarate and Fe2+ as a cofactor. 
Their activity is decreased when their substrate O2 is not abundant enough (hypoxia). 
The hydroxylated proline residues are recognised by the VHL (von Hippel–Lindau) 
 protein, which belongs to an E3 ubiquitin ligase complex called VBC (VHL–elongin 
B–elongin C), which enables HIF1α to be directed to the proteasome.
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HIF1a HIF1a HIF1β 
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O2
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Fig. 16.1 Hypoxia signalling. (a) In the presence of oxygen, the transcription factor HIF1α is 
hydroxylated in the cytoplasm on two proline residues; this enables its recognition by the protein 
VHL, which is part of an E3 ubiquitin ligase complex, leading to proteasomal degradation. In addi-
tion, HIF1α is hydroxylated in the nucleus as an asparagine residue, which prevents its recognition 
by the transcription activator CBP (CREB-binding protein) that enables histone acetylation. (b) In 
the absence of oxygen, these hydroxylations cannot take place; HIF1α is stabilised and migrates to 
the nucleus, recognises its partner HIF1β and initiates transcription of target genes via the binding 
of the transcription activator CBP
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In the nucleus, asparagine hydroxylation prevents HIFα binding to a coactivator 
of transcription, CBP (CREB-binding protein), which acts as a histone acetyltrans-
ferase for chromatin relaxation (Annex B). In the nucleus, the HIFα and HIFβ sub-
units are combined through their N-terminal domains and bind DNA, via a HLH 
(helix–loop–helix, Annex B) motif, on a hypoxia-responsive element (HRE) belong-
ing to the promoter of the target genes. In the C-terminal domain lays the transacti-
vation domain, TAD, divided, for HIF1α and HIF2α, into a hydroxylation-independent 
domain (N-TAD) and a domain inhibited by the FIH-mediated hydroxylation of an 
asparagine residue, C-TAD. The HIF3α subunit could rather play a negative domi-
nant role on the transcription induced by the other HIFα subunits. The main target 
genes of HIF proteins are those encoding the VEGFs (vascular endothelial growth 
factors), especially VEGFA (Chap. 1). HIFs appear, therefore, as fundamental regu-
lators of angiogenesis. Several dozens of other target genes are under the depen-
dence of HIFs, involved especially in energy metabolism, erythropoiesis, 
vasodilatation and autophagy: for all these processes, oxygen availability is a cru-
cial limiting factor.

16.1.2  Consequences of Hypoxia on Tumour Angiogenesis

Hypoxia constitutes the more important angiogenesis-promoting signal. 
Angiogenesis is indispensable to tumour growth beyond some millimetres in diam-
eter, because only vessels can bring to the tumour the required nutriments and oxy-
gen. In the absence of vascularisation, the deep tumour regions do not benefit of this 
supply and become rapidly necrotic, which limits tumour growth. Neo-angiogenesis 
is one of the major oncogenic processes and its targeting, which had been suggested 
40 years ago as susceptible to bring original anticancer weapons, has eventually 
allowed the development of therapeutic approaches.

HIF overexpression is commonly observed in human cancers, sometimes in 
association with poor prognosis. Whereas there are no known activating mutations 
of the genes encoding the various HIF subunits, a loss-of-function mutation fre-
quently occurs in the VHL gene, especially in renal cancers in which it appears 
recurrent. In the absence of this E3 ubiquitin ligase activity, the stability of the HIFα 
subunits is increased and their effects on tumour growth are increased. Antiangiogenic 
agents such as bevacizumab, an anti-VEGFA monoclonal antibody (Chap. 1), have 
brought proof of activity in this type of cancer as in several others.

16.1.3  Consequences of Hypoxia on Tumour Energy Metabolism

Among the target genes of HIFs, several genes are involved in glucose transport and 
anaerobic metabolism. In order to provide ATP, glucose can be metabolised accord-
ing either to the mitochondrial pathway of oxidative phosphorylation, which 
requires oxygen, or to the cytosolic anaerobic glycolysis pathway. This pathway is 
less energetically profitable (two molecules of ATP are formed per molecule of 
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glucose instead of 38), but it can present an utmost interest for hypoxic cells. By 
favouring glucose uptake and commitment to glycolysis, HIFs enable hypoxic cell 
survival. It has been known for a long time that tumour cells have a high rate of 
anaerobic glycolysis, even in normoxic conditions (this is the Warburg effect); this 
may represent a preadaptation to the risk of hypoxia, which may have been geneti-
cally selected during repetitive hypoxia events followed by re-oxygenation.

Whereas there are presently no ways to target tumour cells by agents that would 
selectively kill the cells using anaerobic glycolysis rather than oxidative phosphory-
lation, this peculiarity of tumour cells is utilised by an imaging technique, positron- 
emission tomography: 2-deoxy-2-18 F-glucose, a non-metabolised glucose analogue, 
serves as a glucose substitute to detect tumour cells.

16.1.4  Other Consequences of Hypoxia

Among the various hypoxia-regulated genes is DDIT4 (DNA damage-inducible 
transcript 4), which encodes REDD1/RTP801 (regulated in development and DNA 
damage response). This protein activates the complex TSC1–TSC2, an inhibitor of 
mTOR activation by the small G-protein called RHEB (Chap. 3); mTOR is involved 
in protein synthesis, lipogenesis, cell growth and autophagy. Hypoxia appears there-
fore as a way to reduce protein synthesis and to protect cell survival by autophagy.

Other potential targets of HIFs are the genes involved in apoptosis triggering 
(Chap. 18), via the opening of the transition pore that enables the efflux of cyto-
chrome c from the mitochondria: proteins of the BNIP (BCL2-interacting protein) 
family are induced by HIFs. It seems that apoptosis induction can be operated when 
the hypoxic cell can no longer envisage survival.

Finally, many proteins playing a fundamental role in cell adhesion and migration 
are also transcriptionally induced by HIFs: vimentin (VIM), fibronectin (FN), kera-
tins (KRT), matrix metalloproteinases (MMPs), cathepsins (CTSs), etc. Indirectly, 
E-cadherin (CDH1, Chaps. 7 and 11), which plays a major role in inhibiting 
epithelial- to-mesenchymal transition, is repressed during HIF activation. Hypoxia 
is, therefore, heavily implicated in metastatic processes.

16.1.5  Pharmacological Targeting of Hypoxia

Since tumour cells generally live and grow in a hypoxic environment, it would be 
interesting to develop drugs which would selectively target hypoxia. An old method 
for targeting hypoxic cells is the use of bioreductive drugs, which are activated by 
hypoxia by monoelectronic reduction catalysed by DT-diaphorase (NQO1) or cyto-
chrome P450 reductase (POR). Mitomycin C is a good example of such drugs. 
Another approach is the use of nitroimidazoles, which have a radiosensibilising 
effect at the level of hypoxic regions of tumours; after reduction, these compounds 
stabilise DNA lesions. Misonidazole is used in positron emission tomography to 
visualise hypoxic tumour regions.
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Upstream HIF1α, hypoxic cells targeting may consist in mTOR inhibition, which 
would induce a decrease in HIF1α expression (Chap. 3). Rapalogs and mTOR ser-
ine/threonine kinase inhibitors can be considered as antiangiogenic treatments and 
are especially active in renal cancers for which VHL mutations is an oncogenic 
driver. Targeting HIF1α itself is a difficult challenge. Indirect approaches with heat 
shock proteins (HSPs) inhibitors, such as geldanamycin, are considered. Direct 
approaches are represented by antisense oligodeoxynucleotides or by small mole-
cules or monoclonal antibodies targeting HIF1α-induced proteins, such as carbonic 
anhydrase IX (CA9) or the glucose transporter GLUT1.

16.2  Oxidative Stress

16.2.1  Generation of Reactive Oxygen Species (ROS)

ROS are endogenously produced from molecular oxygen in several organelles, 
especially mitochondria, which is the main place where oxygen is utilised. ROS is 
the generic name for three chemical entities: the superoxide radical O2

– ●, the 
hydroxyl radical OH

●

 and hydrogen peroxide H2O2. Superoxide ions are formed by 
reduction of molecular oxygen during a reaction catalysed by several enzymes, 
especially the oxidoreductases of the mitochondrial electron transport chain and 
membrane NADPH oxidases (NOX):

 NADPH O O NADP+ → +− +•
2 2  

Superoxide ions are detoxified by superoxide dismutases (SOD), Cu2+-Zn2+−SOD 
in the intermembrane mitochondrial fluid and Mn2+−SOD in the mitochondrial 
matrix. The dismutation reaction generates hydrogen peroxide as follows:

 2 22 2 2 2O H H O O− +• + → +  

Hydrogen peroxide itself is detoxified by various enzymes: catalases (CAT) and 
peroxiredoxins (PRDX). However, in the presence of some metal ions such as Fe2+, 
but also copper, chromium and cobalt, hydrogen peroxide can participate to the 
Fenton reaction, which generates hydroxyl radicals, OH

●

.

 H O Fe OH OH Fe2 2
2 3+ → + ++ − +•  

The Haber–Weiss reaction is also able to generate OH
●

 radicals:

 O H O OH OH O2 2 2 2
− −• •+ → + +  

This reaction combines in fact the Fenton reaction with Fe3+ reduction by  superoxide 
ions:

 Fe O Fe O3
2

2
2

+ +−+ → +•  

Hydroxyl radicals OH
●

 are highly reactive chemical species, with a half-life in 
aqueous media of less than 1 ns. They react therefore instantaneously very close 
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from their production sites and indifferently attack all molecular electron-rich 
regions in lipids, proteins and nucleic acids, especially because there are no rescue 
mechanisms for OH

●

 detoxification. As a consequence, peroxide radicals ROO
●

 are 
formed in these molecules. These peroxides can be detoxified by peroxiredoxins, 
thioredoxin (TXN) and other enzymes such as glutathione peroxidases (GPX), 
which catalyse the following reaction (Fig. 16.2a):

 G SH ROO G SS G ROH− + → − − +• ‰  

ROS can also generate protein mild oxidations and induce the formation of disul-
phide bridges that glutathione or thioredoxin can also detoxify (Fig. 16.2b).

16.2.2  ROS Contribution to Carcinogenesis and Anticancer 
Therapy

At the level of nucleic acids, ROS generate several oxidation products of purine and 
pyrimidine bases, the most frequent being 8-oxoguanine (Annex A). ROS appear, 
therefore, as mutagenic and carcinogenic agents; protection against ROS may rep-
resent a cancer prevention strategy. Several antioxidants such as ascorbic acid or 
β-carotene, and ROS scavengers such as resveratrol, N-acetylcysteine or quercetin 
have been proposed as nonconventional cancer therapies without any success. ROS 
are also formed by the action of ionising radiations on the water molecule: they are 
considered as one of the major modalities of cell death induction by radiotherapy. 
The effect of ionising radiations is highly increased by the oxygenation of irradiated 
tissues (what has been called the ‘oxygen effect’); much research has been devoted 
to the identification of ways of increasing tumour tissue oxygenation, aiming at 
potentialising radiotherapy efficiency. In addition, ROS-generating agents at the 
tumour level have been proposed in therapeutics.

16.2.3  ROS as Signalling Agents

Independently of their deleterious effects, ROS may operate as signalling molecules 
and participate to the regulation of several physiological processes: cell prolifera-
tion and differentiation, adhesion and migration, apoptosis and survival. Upstream, 
various growth factors and cytokines are able to induce ROS formation by activat-
ing the transcription of NADPH oxidases; downstream, ROS can oxidise cysteine 
residues of various kinases and phosphatases and modulate their activity. Regulation 
of these processes can be exerted by ROS detoxification proteins such as SOD.

A first example is provided by ROS activation of the MAP3 kinase ASK1 (apop-
totic signal-regulated kinase 1, gene MAP3K5), upstream the JNK and p38 path-
ways (Chap. 2). This kinase is kept inactive through binding to thioredoxin. 
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Fig. 16.2 Detoxification of oxidation products generated by ROS. (a) ROS can oxidise the thiol 
functions of cysteine residues of proteins (P) and form disulphide bridges. Reduced glutathione 
G–SH is able to reduce these disulphide bonds to thiols, thus forming oxidised glutathione G–S–
S–G. Reduced glutathione is regenerated, thanks to a flavoprotein utilising reduced NADP, gluta-
thione reductase (GSR). Thioredoxin can play the same role as glutathione; it is regenerated by 
thioredoxin reductase (TXNRD). The formation of disulphide bridges in a given protein, included 
thioredoxin, can initiate a signalling pathway owing to conformational changes of the protein. (b) 
ROS can oxidise hydroxyl functions borne by proteins (P) to form peroxides. Glutathione peroxi-
dases (GPX) are able to reduce the peroxides –OOH into hydroxyls –OH by oxidising reduced 
glutathione G–SH into oxidised glutathione G–S–S–G

16.2 Oxidative Stress
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Thioredoxin is oxidised by ROS to form a disulphide bridge, which releases ASK1 
and enables the initiation of the MAP kinases cascade. Another example is that of 
the NFκB transcription factors (Chap. 12), which are deactivated by ROS-induced 
oxidation of cysteine residues to form disulphide bridges. Another group of tran-
scription factors, FOXOs (forkhead box class O, Chaps. 2 and 3), are specifically 
activated by hydrogen peroxide and induce cell death or a cell quiescence state 
characterised by tolerance to oxidative stress. Peroxiredoxins and thioredoxin are 
able to reduce these oxidised transcription factors and thus participate to the regula-
tion of these signalling pathways.

The question is raised of the specificity of such highly reactive signalling mol-
ecules; whereas it is possible, because of their longer half-life, that hydrogen 
peroxide or superoxide ion may have some specificity, this is not conceivable for 
the hydroxyl radical. ROS-mediated signalling remains controversial. Bacteria 
have developed ROS response systems with high-affinity receptors that have been 
well characterised. This does not appear to be the same in mammals, for which 
ROS responses seem more diffuse and less specific, being only possible for some 
transcription factors such as MYC, NFκB, FOXO, p53 and a PPAR coactivator 
called PGC1 (PPAR gamma coactivator). The presently available data are insuf-
ficient to present an overall well-systematic view of ROS signalling in 
mammals.

16.3  Nitric Oxide

16.3.1  NO● Generation

Nitric oxide or nitrogen monoxide NO
●

 is a gaseous radical compound, highly dif-
fusible, of low molecular weight, with a half-life of some seconds in aqueous media, 
all features that have shed strong doubts on its status of intracellular messenger. It is 
produced by the three NO synthases (NOS): neuronal (nNOS, gene NOS1), induc-
ible (iNOS, gene NOS2) and endothelial (eNOS, gene NOS3), from arginine as 
nitrogen donor, molecular oxygen and NADPH as electron donor. NOSs are haem 
proteins, sharing some similarities with cytochromes, and operate as dimers. They 
undergo several post-translational modifications (acylation, phosphorylation; see 
Annex C). They are activated by Ca2+ via calmodulin (Chap. 15) and by kinases 
such as AKT. iNOS is induced in response to various transcriptional stimuli, brought 
by some cytokines (Chap. 4) or NFκB (Chap. 12) and, conversely, repressed by 
other transcription factors such as p53.

NO
●

 is generated in response to endothelial or nerve cell stimulations; it is able to 
rapidly diffuse and exert, therefore, paracrine effects on cells present in the immedi-
ate vicinity of those where it was produced, frequently smooth muscle cells. NO

●

 
plays numerous physiological roles at the vascular level (flux, permeability, angio-
genesis, etc.) and in neuronal transmission. It is cytotoxic at high concentrations and 
exerts pro- and antiproliferative effects in different contexts. It is able to react with 
the superoxide ion to generate the peroxynitrite ion, ONOO−, highly reactive and 
toxic, as follows:
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 NO O ONOO• •+ →− −
2  

as well as with haem proteins such as guanylyl cyclases (see below):

 Fe NO Fe NO2 2+ ++ → −•  

on which it can compete with another haem ligand, carbon monoxide CO. Finally, 
it is also able to induce protein nitrosylation at the level of cysteine residues, form-
ing thus an –SNO adduct.

16.3.2  Cell Responses to NO●

The main targets of NO
●

 are cytoplasmic guanylyl cyclases (GUCYs), enzymes able 
to convert GTP into cyclic GMP (cGMP), which it is itself catabolised into GMP by 
a phosphodiesterase. This is similar to the conversion of ATP into cAMP by adeny-
lyl cyclases (Chap. 6). GUCYs are αβ heterodimers, encoded by genes GUCY1A2 
and 1A3 for the α subunit and GUCY1B2 and 1B3 for the β subunit. NO

●

 can bind 
the haem Fe2+, which activates the enzyme.

cGMP is able to regulate cationic channels, protein kinases as well as some phos-
phodiesterases. A group of serine/threonine kinases, called PKG or PRKG, are spe-
cifically activated by cGMP. Effects of cGMP of smooth muscle relaxation or 
platelet adhesion and aggregation are now well characterised and have been used in 
pharmacology for a long time: trinitroglycerol, able to generate nitric oxide, is used 
for more than 150 years as a coronary vasodilator, and sildenafil, a phosphodiester-
ase inhibitor, is used for some years as a vasodilator of erectile tissues.

Another process engaging NO
●

 is protein nitrosylation, a still poorly known pro-
cess. Caspase 3 nitrosylation inhibits its activity, whereas RAS nitrosylation acti-
vates the MAP kinases cascade. HIFα nitrosylation stabilises this factor and mimics 
therefore the effects of hypoxia.

16.3.3  NO● Contribution to Carcinogenesis and Anticancer 
Therapy

Owing to the endothelial localisation of eNOS, NO
●

 appears as an important media-
tor of angiogenesis. Thanks to cGMP and PKG, it is able to activate endothelial cell 
proliferation using the MAP kinases pathway (Chap. 2), either after activation of 
RAF proteins or through RAS nitrosylation.

In tumour cells, iNOS expression may have the same consequences on cell pro-
liferation and migration as those exerted by eNOS on endothelial cells. However, 
controversial results have been published, and it appears difficult to attribute an 
oncogenic character to the NO

●

 pathway.
Two pharmacological approaches have been developed: the first one aims at 

decreasing NO
●

 production by NOS inhibitors; there are several possible ways, 
especially peptides mimicking caveolin structure; the second one aims at generating 
high intratumour NO

●

 concentrations in order to benefit of its cytotoxic effect.
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16.4  Guanylyl Cyclase Receptors

In addition to NO
●

-activated cytoplasmic guanylyl cyclases, there exist a small 
group of guanylyl cyclase receptors which offer an original signalling pathway for 
a cognate small group of peptides. These proteins serve as receptors for the natri-
uretic peptides (NPPs), namely, atrial natriuretic peptide (ANP, gene NPPA), brain 
natriuretic peptide (BNP, gene NPPB) and CNP (gene NPPC). These factors display 
natriuretic, diuretic and vasorelaxant properties and are involved in blood pressure 
regulation. ANP and BNP behave rather as endocrine hormones and CNP as a para-
crine factor in the heart. These receptors are GCA or GUCY2A (gene NRP1) for 
ANP and BNP, and GCB or GUCY2B (gene NRP2) for CNP. Both receptors have 
an extracellular part for ligand binding, with cysteine-rich domains, a single 
membrane- spanning domain and an intracellular part with a kinase homology 
domain, an oligomerisation domain and a C-terminal catalytic guanylyl cyclase 
domain. They are phosphorylated in the basal state and undergo desensitisation 
upon dephosphorylation of specific sites in their kinase homology domain. A third 
receptor (NRP3), with very short intracellular domain, mainly serves as a decoy 
receptor for clearing extracellular NPPs.

Guanylyl cyclase activators, guanylin (gene GUCA2A) and uroguanylin (gene 
GUCA2B), serve as ligands for an intestinal endotoxin receptor with guanylyl 
cyclase activity (GCC, gene GUCY2C), and two other membrane guanylyl cyclases, 
GUCY2D and GUCY2F, are present in olfactory and photoreceptors, respectively, 
but are not known to display specific receptor functions. Stimulation of GCC pro-
motes colon cancer cell growth arrest, and this protein appears as a tumour suppres-
sor. Agonist activation of GCC has been proposed as a prevention approach for 
colorectal cancer.

Downstream guanylyl cyclase receptors, cyclic GMP plays the same roles as 
those already mentioned for cytoplasmic soluble guanylyl cyclases.
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  17      Cell Cycle Control 

          Abstract  
  Cell cycle consists of the sequential events occurring between the emergence of 
a new cell and that of the two daughter cells generated by the fi rst one. Cell cycle 
integrates a continuous growth cycle (increase in cell mass) and a discontinuous 
division chromosomal cycle (DNA replication and mitosis, i.e. distribution of the 
genome between the two daughter cells). Cell cycle entry represents, therefore, 
the execution of the cell proliferation programme, in response to the messages 
brought by growth factors, as studied in the previous chapters. The transduction 
of these messages leads, among other events, to the transcription of the genes 
required for cell cycle entry, the fi rst one being cyclin D1. Cell cycle control is of 
crucial importance in oncogenesis, as the loss of some of its essential check-
points characterises malignant transformation. 

 We present here essentially the pathways used for triggering and controlling cell 
cycle progression, and not the events themselves (DNA replication, mitosis). After a 
brief description of the main events that occur during the different phases of the 
cycle, we will present the effectors of these events, then the control processes them-
selves, before the description of the alterations of cell cycle regulation in cancer. 
In the early days, cell cycle was only defi ned by two phases, mitosis and interphase; 
DNA replication was afterwards recognised as an active phase, separated from mito-
sis by two  gaps ; these gaps are in no way resting phases, but important periods during 
which are actively prepared the events leading to DNA replication and mitosis.  

17.1               Cell Cycle Phases 

17.1.1     G1 Phase 

 G1 phase, between mitosis and DNA synthesis, has the most variable length among 
cell cycle phases. If nutriments are lacking or if the cells receive an antiproliferative 
signal, or a signal inducing terminal differentiation, the cells can delay their 
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progression in the cycle or leave the cycle and enter a quiescent phase, called G0. G1 
progression is controlled by a checkpoint on DNA integrity; once this checkpoint has 
been cleared, the cycle is engaged without any possibility of stopping. DNA replica-
tion is prepared in G1 through derepression of transcription factors, which enable the 
transcription of the genes required for replication. This derepression involves their 
release from proteins that retain them and are called  pocket proteins . The synthesis 
of the purine and pyrimidine nucleotides aimed at DNA incorporation requires 
numerous enzymes such as dihydrofolate reductase, thymidylate synthase and many 
others; DNA replication itself also requires numerous enzymes such as diverse poly-
merases, primase, helicases, topoisomerases, etc. The promoters of many of the 
genes encoding these proteins are activated during the G1 phase.  

17.1.2     S Phase 

 DNA replication is simultaneously initiated on numerous different sites, called 
  origins of replication . Each DNA region that is replicated from a given origin is 
called a   replicon . Each group of replicons is replicated at a characteristic time of the 
S phase, generally at its beginning for the actively transcribed regions, whereas the 
regions containing transcriptionally inactive heterochromatin are transcribed later. 

 During the G1 phase, the chromosomes are modifi ed in order to obtain the 
‘authorisation’ to replicate by binding special proteins at the origins of replication, 
so that they form a pre-replication complex. During replication, these complexes are 
inactivated, preventing thus the chromosomal regions to replicate two times during 
the cycle. Phase S steps (see Annex   A    ) comprise the opening of the double helix 
(requiring, for instance, helicases, topoisomerase 2, etc.) and the synthesis of DNA 
(requiring, for instance, primase, DNA polymerases, etc.). In addition to these 
enzymes, several proteins are required, associated to the initiation, elongation and 
termination processes, as well as histones for DNA packaging in nucleosomes.  

17.1.3     G2 Phase 

 During the G2 phase, between DNA synthesis and mitosis, cells can make corrections 
to DNA structure, thanks to DNA repair processes, and prepare to mitosis. If damaged 
or non-replicated DNA is detected at the G2 checkpoint, a cascade of protein kinase 
activities is triggered, leading to the inactivation of cell cycle progression. Furthermore, 
protection mechanisms prevent the cell from initiating a new DNA replication process 
as long as mitosis has not occurred.  

17.1.4     M Phase 

 During M phase and the subsequent cytodieresis (often improperly called cytokine-
sis), chromosomes and cytoplasm are divided to form two daughter cells. 
Chromosome segregation is controlled by the metaphase checkpoint, which delays 
chromatid separation until chromosomes are correctly in alignment on the equato-
rial plate of the mitotic spindle. Mitosis is divided in fi ve phases (Fig.  17.1 ): 
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Prophase Prometaphase

Metaphase

Anaphase

TelophaseCytodieresis

G2

G1

  Fig. 17.1    Schematic representation of a mitosis.  Prophase : chromatin is condensed to form 
chromosomes that gather the two sister chromatids; the centrosomes, duplicated in G2, get 
organised and serve as nucleation starters for microtubules.  Prometaphase : the nuclear envelope 
is disrupted, the centrosomes migrate at two opposite poles of the cell and the microtubules get 
organised as a spindle on which chromosomes are attached at the level of their kinetochore. 
 Metaphase : the chromosomes get aligned along the equatorial plate after their ‘capture’ by 
microtubules.  Anaphase : the two sister chromatids are separated by APC/C ( anaphase- 
promoting complex ); the chromatids are directed to opposite poles and the microtubular spindle 
is spread in the entire cell.  Telophase : the two copies of the genome are distributed at each pole 
of the cell, the nuclear envelope is reconstituted and a pinch is formed between the two opposite 
poles.  Cytodieresis : a contractile ring is formed between the two nuclei and the daughter cells 
can separate       
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•     Prophase : chromatin is condensed into chromosomes; centrosomes, duplicated 
during the G2 phase, are organised and serve as nucleation origins for 
microtubules.  

•    Prometaphase : the nuclear envelope is disrupted, the centrosomes migrate at the 
two poles of the cell and the microtubules are organised as a spindle where chro-
mosomes are attached, at the level of their kinetochore.  

•    Metaphase : chromosomes align at half-distance of the two poles, on an ‘equato-
rial plate’, after they have been ‘captured’ by the microtubules.  

•    Anaphase : the homologous chromosomes leave the equatorial plate after deacti-
vation of cohesins and activation of the separase complex enabled by the 
 degradation of securin (gene  PTTG1 ) in the proteasome, where it is driven by the 
APC/C–CDC20 ( anaphase-promoting complex / cyclosome – cell division cycle 20 ) 
 complex; homologous chromosomes migrate in opposite directions to the poles.  

•    Telophase : the two copies of the genome are distributed at each pole of the cell, 
the nuclear envelope is reconstituted and a tightening occurs between the two 
nuclei.  

•    Cytodieresis : a contractile actin ring is assembled at half-distance of the two 
poles and tightens the equatorial zone. This process enables the separation of the 
daughter cells.      

17.2     Effector Proteins of Cell Cycle Control 

17.2.1     Cyclins and Cyclin-Dependent Kinases 

 Cyclins (CCNs) are proteins of 35–90 kDa with no catalytic activity, but indispens-
able to the activity of serine/threonine kinases which are thus called cyclin- 
dependent kinases (CDKs). They are constituted of two central symmetric domains 
comprising fi ve α helices. One of these domains (cyclin box) is highly conserved 
and represents the structural characteristic of these proteins. Cyclins undergo cyclic 
production and are present in the cell at defi nite periods of the cell cycle: cyclins D 
during G1 phase, cyclin E at the end of the G1 phase, cyclin A during S and G2 
phases and cyclins B during M phase. Synthesis and degradation of cyclins follow 
thus a precise regulation, which requires defi nite transcription factors for synthesis 
and E3 ubiquitin ligases for their proteasomal destruction. 

 Cyclin-dependent kinases (CDKs) are generally smaller than cyclins (30–
40 kDa) and display serine/threonine kinase activity only after binding with a cyclin. 
Cyclin binding to CDKs induces a conformational change enabling the ATP present 
in the active centre to react with protein substrates. CDKs are present in constant 
amounts all along the cell cycle: this is indeed the binding to a stimulatory cyclin 
that constitutes the decisive event for them to play their catalytic role. CDK4 or 
CDK6 binds cyclin D during the G1 phase, CDK2 binds cyclin E at the end of the 
G1 phase and cyclin A during the S phase; CDK1 binds cyclin A during the G2 
phase and cyclin B during the M phase. Figure  17.2  presents the intervention of the 
cyclin–CDK  complexes during cell cycle progression.  

17 Cell Cycle Control
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 Each cyclin–CDK couple presents phase specifi city and substrate specifi city for 
the proteins they can phosphorylate. Some of these substrates are well identifi ed, for 
instance the RB1 ( retinoblastoma 1 ) protein for the complex cyclin D–CDK4/6 
(see below), but all substrates have not yet been identifi ed. As a general feature, the 
cyclin–CDK substrates are either enzymes that intervene in a specifi c way to 
catalyse a step required for cell cycle progression, or transcription factors enabling 
the synthesis of the proteins required for these processes. A special cyclin–CDK 
couple operate as activators of other cyclin–CDK couples: this is the cyclin 
H–CDK7 couple which, when associated to a third protein, MAT1 ( Ménage à trois 1 ), 
phosphorylates the cyclin D–CDK4/6 and the cyclin B–CDK1 complexes on a thre-
onine residue (Thr 161  for CDK1), rendering them up to 300-fold more active. This is 
why the cyclin H–CDK7 is also known as CAK ( CDK - activating kinase ). This 
complex also operates in DNA repair (Annex   A    ) and cannot activate a new mitosis 
as long as this repair has not been carried out.  
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Cyclin B
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Chromosomes
duplication
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  Fig. 17.2    Cyclin–CDK complexes and their intervention during the cell cycle. Cyclins are 
 produced during precise periods of the cell cycle; by associating to cyclin-dependent kinases 
(CDK), they enable these kinases to phosphorylate the proteins required for cell cycle progression. 
The cyclin D–CDK4/6 complexes are involved in cell cycle progression in G1; the cyclin E–CDK2 
complex allows cell entry into S phase; the cyclin A–CDK2 and cyclin A–CDK1 complexes are 
active during the S and G2 phases, respectively; the cyclin B–CDK1 complex appears at the end of 
the G2 phase and constitutes the triggering factor of mitosis       
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17.2.2     Inhibitory Kinases WEE1 and MYT1 

 In addition to the cell cycle-activating kinase complexes, several inhibitory 
kinases can delay cell cycle progression. WEE1 (from the name of the ‘petite’ 
yeast mutation in Scottish) can phosphorylate CDKs on a tyrosine residue (Tyr 15  
for CDK1) while MYT1 ( myelin transcription factor 1 ) phosphorylates CDKs on 
a threonine residue (Thr 14  for CDK1), at the level of the ATP-binding site. They 
inhibit thus the kinase activity of the target CDKs, which will require reactivation 
thanks to phosphatases of the CDC25 subfamily (see below). WEE1 and MYT1 
are deactivated by phosphorylation catalysed by AKT, a key element of the PI3 
kinase pathway (Chap.   3    ), as well as by ubiquitinylation that drives them to the 
proteasome (Annex   C    ).  

17.2.3     Phosphatases 

 In addition to the two kinase types, stimulatory and inhibitory, two types of phos-
phatases, conversely inhibitory and stimulatory, hydrolyse the phosphate moieties 
brought by the kinases. Inhibitory phosphatases operate thus against CDK function 
and remove the phosphate brought by CAK (Thr 161  for CDK1); it has been called 
KAP or KAC (gene  CDKN3 ) by inverting the acronym CAK. Stimulatory phospha-
tases remove the phosphate groups brought by WEE1 and MYT1; these are called 
CDC25s, a small family of three different enzymes (CDC25A, B and C) with over-
lapping specifi cities. 

 CDC25A seems rather involved in the regulation of the G1 → S transition and 
CDC25B and CDC25C in the G2 → M transition. CDC25 are major targets for the 
control checkpoint of DNA integrity in G2. The activation of cyclin–CDK com-
plexes by CDC25 phosphatases constitutes the triggering event for these com-
plexes. CDC25 phosphatases can be activated by phosphorylation catalysed by 
PLK1 ( Polo - like kinase 1 ) and by cyclin–CDK complexes, in a positive retroactive 
loop, and deactivated by phosphorylations on other residues by the checkpoint 
kinases CHK1 and CHK2 (genes  CHEK1  and  CHEK2 ), two serine/threonine 
kinases activated by the kinases in charge of DNA damage detection, ATM and 
ATR (see below).  

17.2.4     Protein Inhibitors of CDKs 

 In addition to the regulation system involving phosphorylation–dephosphorylation 
processes, a system of regulation through protein–protein interactions has been 
identifi ed. It involves two families of small protein inhibitors of CDKs that are 
called CKIs. The fi rst family is INK4 ( inhibitors of kinases ) and comprises four 
proteins with molecular weights of 16, 15, 18 and 19 kDa, respectively encoded by 
genes INK4a, INK4b, INK4c and INK4d (now  CDKN2A ,  CDKN2B ,  CDKN2C  and 
 CDKN2D ), and usually called p16 INK4a , p15 INK4b , p18 INK4c  and p19 INK4d . These 
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proteins inhibit the binding of cyclins D to CDK4 or 6 and modify the conformation 
of the CDKs and their ATP-binding site. The second family is called CIP/KIP and 
comprises three proteins: p21 CIP1 , p27 KIP1  and p57 KIP2 , which indicates both their 
molecular weights and the (older) names of the genes that encodes them, which now 
are  CDKN1A ,  CDKN1B  and  CDKN1C , respectively. These proteins bind the cyclin 
E–CDK2 complex and strongly inhibit its function, fi rstly by modifying the confor-
mation of the CDK, secondly by binding the ATP site. The cyclin E–CDK2 com-
plex phosphorylates the KIP proteins, enabling their transfer to the proteasome by 
the E3 ubiquitin ligase complex SKP1–SKP2 ( S phase kinase - associated protein 
1 / 2 ). The AKT protein of the PI3 kinase pathway phosphorylates p21 and p27, 
ensuring thus their inhibition (Chap.   3    ). 

 CKI plays a fundamental role in cell growth regulation during the G1 and G0 
phases, causing cell cycle arrest in response to antiproliferative signals, while this 
inhibition is alleviated in the presence of proliferation signals.  

17.2.5     Mitotic Kinases 

 Two other serine/threonine kinase families are involved in cell cycle, the  aurora 
kinase  family (genes  AURKA ,  AURKB  and  AURKC ) and the  polo-like kinase  
 family (genes  PLK1  to  PLK5 ); they are mainly involved in mitosis control. The 
aurora kinases can autophosphorylate when activated by appropriate protein inter-
actions. AURKA controls mitosis entry by activating CDC25B and PLK1 by phos-
phorylation; it then ensures centrosomes separation and maturation, recruiting the 
proteins required to the assembly of the mitotic spindle. AURKB is localised at the 
level of the chromosomal kinetochores and ensures the attachment of the kineto-
chores on the spindle. AURKC principally intervenes during meiosis. 

 The polo-like kinases are present at the level of the spindle poles and of chromo-
some kinetochores. PLK1 is phosphorylated by AURKA, then by AURKB, and 
phosphorylates a series of substrates whose activation or inactivation is required to 
ensure their functions during mitosis, such as cohesin and separase during ana-
phase. PLK1 ensures thus the coordination of the successive steps of the mitosis. 
The other PLKs have been less studied.  

17.2.6     Checkpoint Kinases and DNA Integrity Control Kinases 

 As mentioned earlier, there are two checkpoint kinases, CHK1 and CHK2 
(genes  CHEK1  and  CHEK2 ), which are involved in the control of cell cycle 
progress at the level of the G1 → S and of the G2 → M transitions, respectively. 
They inhibit the corresponding CDC25 phosphatases by phosphorylation and 
can therefore delay cell cycle progression. They are under the control of other 
kinases that check DNA integrity, ATM ( ataxia telangiectasia mutated ), ATR 
( ataxia telangiectasia and Rad - 3 related ) and DNA-dependent protein kinase, 
DNAPK (gene  PRKDC ).  

17.2 Effector Proteins of Cell Cycle Control
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17.2.7     Biochemical Mechanisms of Cell Cycle Regulation 

 Several mechanisms of regulation of the controlling elements of the cell cycle have been 
described here: (1) protein–protein interactions (between cyclins and CDKs, between 
CKIs and cyclin–CDK complexes); (2) phosphorylation–dephosphorylation processes 
(kinase and phosphatase activities, either on tyrosine or on serine/threonine residues);  
(3) proteasomal destruction of proteins such as cyclins, WEE1 and p27 KIP1  after ubiqui-
tinylation. Other regulatory mechanisms can operate to control the activity of the cyclin–
CDK complexes, such as their translocation from the cytoplasm where they are 
synthesised to the nucleus where they must operate. Cyclin phosphorylations appear to 
be responsible for these translocations. Figure  17.3  presents the main positive and nega-
tive regulatory processes that ensure cell cycle progression.    

17.3     Control of Cell Cycle Progression 

17.3.1     G1 → S Transition and DNA Synthesis 

 The mechanisms ensuring cell cycle progression in G1, with the objective of DNA 
replication, are well understood now. The G1 phase is not a simple gap, but an active 
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  Fig. 17.3    Positive and negative regulations exerted on cell cycle. The cyclin–CDK complexes can 
receive a stimulatory phosphorylation on a threonine residue (Thr 161  for CDK1) from the cyclin H–
CDK7–MAT1 complex also known as CAK ( CDK-activating kinase ) and inhibitory phosphorylations 
on tyrosine and  threonine residues (Tyr 14  and Thr 15  for CDK1) from WEE1 and MYT1. CDC25s are 
tyrosine phosphatases that activate the cyclin–CDK complexes by removing the inhibitory phosphate 
group. They are deactivated through phosphorylation by the checkpoint kinases, CHK1 and CHK2. 
The INK4 and CIP/KIP protein families are inhibitors of the cyclin–CDK complexes       
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phase during which decisive events occur toward well multiplication. These events 
are schematised on Fig.  17.4 .  

 Cyclins D are produced thanks to the intervention, on the promoter of their 
genes, of the transcription factors activated through the MAP kinases and PI3 kinase 
proliferation pathways (Chaps.   1    ,   2     and   3    ). Cyclins D will then meet and bind CDK4 
or CDK6 molecules. These complexes, still inactive owing to inhibitory phosphory-
lations by WEE1 and MYT1, are activated fi rst by CAK and then by CDC25 phos-
phatases, enabling them to exert their catalytic function. CDC25A is the major 
activator of the G1 → S checkpoint; it is inhibited by CHK1-mediated phosphoryla-
tion, CHK1 being in turn is controlled by ATM. 

 Among the main substrates of the cyclin D–CDK4/6 complex are the retinoblas-
toma protein RB1 and its homologues RBL1 and RBL2 ( retinoblastoma - like 1  
and  2 ) (p107 and p130), also known as  pocket proteins . These proteins regulate the 
activity of transcription factors of the E2F family. At the basal state (non- 
phosphorylated), RB1 is bound to E2F, which renders it inactive, maintaining cells 
in G0 or G1; after phosphorylation on various sites by the cyclin D–CDK4/6 com-
plex, RB1 progressively loses its affi nity for E2F, which can thus, once released, 
activate the transcription of a series of genes involved in DNA replication: DNA 
polymerases, primase, helicases, etc. (Annex   A    ). The last phosphorylation of RB1, 
which allows the maximal release of E2F, is ensured by another cyclin–CDK com-
plex: the cyclin E–CDK2 complex, which allows phase S entry. 
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  Fig. 17.4    G1 → S transition: phosphorylation of RB proteins. One of the major roles of the cyclin 
D–CDK4/6 and cyclin E–CDK2 complexes is to phosphorylate the RB1 protein, which is then 
dissociated from the transcription factors E2F, these factors becoming thus functional and activate 
the transcription of the genes required for DNA synthesis. Several phosphorylation sites are pres-
ent on RB1, some of them being phosphorylated by the cyclin D–CDK4/6 complex and the last 
one by the cyclin E–CDK2 complex, which triggers the maximum release of E2F       
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 This process is negatively regulated by INK4 family proteins ( CDKN2 ), at the 
level of the cyclin D–CDK4/6 complexes, and by CIP/KIP family proteins ( CDKN1 ), 
at the level of the cyclin E–CDK2 complex. Interestingly, these proteins also bind, 
but do not inhibit, CDK4: they facilitate cyclin D binding and activate the transloca-
tion of the complex to the nucleus. Thus, p27 KIP1  allows the formation of the cyclin 
D–CDK4 complex while delaying the activation of the cyclin E–CDK2 complex. 

 DNA synthesis is initiated through anchoring, on the origins of replication, of 
protein factors assembled as an ORC ( origin recognition complex ), then through the 
binding of the protein complex called MCM ( mini - chromosome maintenance ). In 
addition to the cyclin E–CDK2 complex, which phosphorylates a factor enabling 
the binding of DNA polymerase α to DNA, CDC45, another kinase complex of the 
same type, associating a cyclic protein, DBF4, to a kinase, CDC7, enables the stim-
ulatory phosphorylation of the MCM proteins. DNA replication can then take place, 
according to the classical scheme described in Annex   A    .  

17.3.2     G2 → M Transition and Mitosis 

 The mechanisms of activation of the cyclin B–CDK1 complex, once known as MPF 
( mitosis-promoting factor ), then CDC2, are schematised of Fig.  17.5 . Inhibitory 
phosphorylations, catalysed by the WEE1 and MYT1 kinases, take place on Tyr 15  
and Thr 14 , whereas the CAK complex (cyclin H–CDK7–MAT1) carries out a stimu-
latory phosphorylation on Thr 161 . WEE1 and MYT1 are then deactivated by AKT 
and driven to the proteasome by an E3 ubiquitin ligase complex, associating TOME1 
( trigger of mitotic entry , gene  CDCA3 ) to the factor SKP1 ( S phase kinase - associated   
protein ). Once bound to cyclin B, the complex is inactive as long as a CDC25 tyro-
sine phosphatase has not released the phosphate on the Tyr 15  residue. This G2 → M 
checkpoint, ensured by CDC25B or C, is controlled through the inhibitory phos-
phorylation of CDC25 by CHK2, which is itself under the control of ATR.  

 Thanks to interactions of cyclin B with other proteins, the cyclin B–CDK1 com-
plex can migrate to the nucleus and ensure all the phosphorylations required for mito-
sis (histones involved in chromosome decondensation, lamins, nucleolin, condensin, 
kinesins, peroxiredoxin, etc., as well as proteins implicated in cytoskeleton reorgan-
isation during mitosis). Other regulatory controls of the activity of the cyclin B–CDK1 
complex are exerted by kinases such as PLK1, which phosphorylates and activates 
cyclin B, and AURKA (which activates PLK1 by phosphorylation), B and C. 

 The active cyclin B–CDK1 complex exerts a positive retroaction on its own pro-
duction through phosphorylation of CDC25 phosphatases and another positive 
action on the system in charge of cyclin B destruction by driving it to the protea-
some; this double mechanism explains the rapidity with which the active complex 
cyclin B–CDK1 reaches a high concentration and then disappears at the end of 
mitosis. Finally, the cyclin B–CDK1 ensures an inhibitory phosphorylation of the 
WEE1 kinase, which also constitutes a positive retroaction. During its short exis-
tence, the cyclin B–CDK1 complex realises a high number of phosphorylations of 
the effector proteins of mitosis. 
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 We will only describe here some crucial events during mitosis control (Fig.  17.6 ): 

•     Chromosomes condensation  is realised by a protein complex called condensin, 
activated by phosphorylation by the cyclin B–CDK1 complex; it also requires 
chromatin rearrangements obtained through post-translational modifi cations of 
histones, especially phosphorylations.  

•    Formation of the mitotic spindle  occurs by polymerisation of αβ tubulin dimers and 
is regulated by diverse proteins that are activated by phosphorylation, kinesins on 
the + side and dyneins on the – side. Chromosomes bind the spindle on the equato-
rial plate and those not yet bound generate a ‘waiting signal’ serving as a mitotic 
checkpoint ensured by MAD2 ( mitotic arrest defi cient 2 ) and BUB1 ( budding 
uninhibited by benzimidazoles 1 ), which inhibit a protein complex associating two 
proteins, APC/C ( anaphase-promoting complex / cyclosome ) and CDC20.  

•    Chromosome separation  is carried out through inactivation of cohesins, owing to 
PLK1-mediated phosphorylation, PLK1 being itself activated by AURKA, and by 
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  Fig. 17.5    G2 → M transition: activation of the cyclin B–CDK1 complex. To be active, the cyclin 
B–CDK1 complex must be phosphorylated on Thr 161  by the cyclin H–CDK7–MAT1 complex 
(CAK) and dephosphorylated on Tyr 14  by CDC25B/C after having received this phosphate group 
from WEE1. This complex stimulates its own activating dephosphorylation by CDC25 and its own 
proteasomal destruction by stimulating the engagement of cyclin B to the proteasome, enabling 
thus the formation of a high but transient peak of concentration of the active complex, which can 
thus phosphorylate its many substrates, including the APC/C–CDC20 complex. Kinase activity is 
represented by  blue lines  and that of the phosphatases by  red lines . Substrate activation is repre-
sented by an  arrow  and its inhibition by a  bar        
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the activation of a protease that maintains it inactive, securin. Once the ‘waiting 
signal’ is alleviated, the APC/C–CDC20 complex acts an E3 ubiquitin ligase and 
leads securin to the proteasome. Separase and APC/C are activated by phosphory-
lation by the cyclin B–CDK1 complex.  

•    Migration of the chromosomes  is realised when all chromosomes are attached to 
the mitotic spindle by their kinetochore. MAD2 sequesters CDC20 as long as it 
remains a chromosome not attached to the equatorial plate. The MAD2–CDC20 
interaction is regulated by phosphorylation. The APC/C–CDC20 complex also 
governs the destruction of cyclin B in the proteasome, thus terminating mitosis.     
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  Fig. 17.6    Two aspects of mitosis: metaphase and anaphase. ( a ) Metaphase. To enter in  metaphase, 
it is necessary to orientate the balance between tubulin and microtubules toward polymerisation, 
which is in part carried out by kinesins, which are activated by phosphorylation by the cyclin 
B–CDK1 complex. ( b ) Anaphase. Chromosome separation during anaphase is allowed by the 
deactivation of cohesins through phosphorylation by PLK1, and by activation of a protease com-
plex, called separase, ensured by the destruction of a protein that maintain it inactive, securin (gene 
 PTTG1 ). The APC/C–CDC20 complex drives securin to the proteasome. Separase and APC/C 
are activated by phosphorylation by the cyclin B–CDK1 complex       
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17.3.3     Control of DNA Integrity 

 The cell cycle is controlled at the level of several checkpoints, which can stop its 
progression; these checkpoints are under the supervision of the proteins that survey 
the integrity of newly synthesised DNA and assess the absence of lesions that would 
lead to hereditary abnormalities (Fig.  17.7 ). These proteins are serine/threonine 
kinases whose deleterious mutations lead to some diseases that are characteristic of 
DNA fragility such as  ataxia telangiectasia : ATM, ATR and DNAPK. These kinases 
activate by phosphorylation the checkpoint kinases CHK1 and CHK2; ATM prefer-
ential substrate is CHK1 and ATR preferential substrate is CHK2. CHK1 and CHK2 
can phosphorylate in turn the CDC25 phosphatases (CDC25A for CHK1 and 
CDC25B/C for CHK2), but these phosphorylations inhibit CDC25 activity, prevent-
ing thus the activation of the cyclin–CDK complexes required for cell cycle pro-
gression through the G1 → S transition or through the G2 → M transition. CHK2 
activates in addition the inhibitory kinase WEE1, which reinforces the inhibition of 
CDK1 and maintains the cells in G2 phase. In addition, CHK2 inhibits PLK1 and 
prevents thus the realisation of the early mitotic events, since PLK1 is involved in 
centrosomes formation, chromosomes separation and mitotic spindle set up.  

CHK1

ATR

(Ionising radiations,
Double-strand breaks)

CDK2

Cyclin E/A

CHK2

ATM

(UV rays
Replicative errors)

CDK1

Cyclin B

MDM2
p53

MDM2

p53

p21CIP1

p14ARF

NOXA

PUMA
CDC25B/C CDC25A

G1

M

G2 S

  Fig. 17.7    Cell cycle checkpoints and control of DNA integrity. CHK1 and CHK2 kinases, which 
hinder cell cycle progression by phosphorylating and inhibiting CDC25 phosphatases, are activated by 
ATM and ATR kinases, which control DNA integrity and are activated mostly by single- strand breaks 
for ATR or by double-strand breaks for ATM. In addition, CHK2 phosphorylates and activates p53 
while ATM removes p53 from MDM2 binding, the E3 ubiquitin ligase that normally leads p53 to the 
proteasome. In response to DNA damage, p53 can exert its function of transcription factor and drive 
cells to cell cycle arrest by activating the transcription of p21 CIP1 , an inhibitor of the cyclin D–CDK4/6 
complexes, or to apoptosis by activating the transcription of the BH3-only proteins, PUMA and NOXA       
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 CHK2 is also able to activate by phosphorylation the transcription factor p53, 
which is thus at the crossroads between the information received from DNA integ-
rity and the implementation of the pathways aiming at preventing the propagation 
of mutagenic DNA damage. p53 (gene  TP53 ) is normally present in the cell at very 
low concentrations, owing to its binding to its E3 ubiquitin ligase, MDM2 ( murine 
double - minute homologue ), which drives it to the proteasome. p53 activation by 
CHK2-mediated phosphorylation releases it from MDM2 binding and enables it to 
play, after homotetramerization, its role of transcription factor. More than hundred 
genes are transcriptionally activated by p53. This protein, of utmost importance in 
oncology as a tumour suppressor, is able to delay cell cycle progression in the G1 
phase, by stimulating the production of p21 CIP1 , a CKI that inhibits cyclin D–
CDK4/6 complexes. It is also able to induce apoptosis through the transcription of 
the BH3-only proapoptotic proteins PUMA and NOXA (Chap.   18    ). p53 availability 
is reinforced by the fact that MDM2 is directly inactivated by phosphorylation by 
ATM. MDM2 is also inactivated by an alternative product of the  CDKN2A  gene, 
which also encodes a CKI, p16 INK4a . This alternative protein, ARF ( alternate read-
ing frame ) or p14 ARF , has no structural similarity with p16 INK4a , but is involved in the 
same tumour suppressor function. p14 ARF  production is activated by p53, which 
inhibits therefore its own MDM2-driven proteasomal destruction.   

17.4     Oncogenic Alterations in Cell Cycle Control 

 The delicate machinery of cell cycle is susceptible to be altered in many ways that 
may contribute to the loss of its control and to oncogenesis. Numerous proteins 
that regulate cell cycle progression can behave as oncogenes products or as tumour 
suppressors. Without drawing up an exhaustive list, one can consider as proto- 
oncogenes the genes encoding CDK4 and CDK6, whose amplifi cation is noticed in 
sarcomas, or cyclin D1, whose constitutive (and no longer cyclic) expression fol-
lows the t(11;14) translocation occurring in certain types of lymphomas. CDC25 
genes also appear as oncogenic, owing to their overexpression in various cancer 
types, associated with poor prognosis. MDM2 also behaves as an oncoprotein: an 
amplifi cation of the  MDM2  gene, which is located on the same amplicon as CDK4 
(chromosome 12q14-15), occurs in liposarcomas and other sarcomas. Without 
being directly oncogenic, the aurora and the polo-like kinases are often overex-
pressed in cancers. 

 One can consider as tumour suppressors p16 INK4a  and p14 ARF , the gene they share 
being mutated or invalidated in many leukaemias and solid tumours, as well as the 
other members of the INK4 or the CIP/KIP families. Loss of function of RB1 is 
associated to various cancer types. This protein is in a crucial gatekeeper for cell 
engagement into DNA replication. Its germinal mutations are characteristic of the 
familial form of retinoblastoma. CHK1 and CHK2, as well as the proteins that acti-
vate these checkpoint kinases, ATM, ATR and DNAPK, behave as tumour suppres-
sors of the caretaker type and protect the cell against inopportune reproduction when 
DNA lesions have not yet been cleared. Last but not least, p53 is the protein whose 
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invalidating mutations are the most frequent in human cancers; p53 mutations are 
encountered in about 50 % of all cancers and generally occur as a late and pejorative 
event in cancer evolution. These mutations are extremely varied and their conse-
quences may differ according to the alteration of the process of promoter recognition 
by the altered transcription factor. Among many other effects, p53 mutations prevent 
it to induce cell cycle arrest (via p21 CIP1 ) or apoptosis induction (via NOXA and 
PUMA) in response to DNA damage: the resulting genomic instability is a factor of 
acceleration of cancer progression. 

 As already mentioned, there are two major checkpoints of cell cycle progression; 
their oncogenic alterations enable the cells to pursue their proliferation despite the 
presence of DNA lesions, which should lead to cell cycle arrest or cell death:

•    The G1 → S transition, which is especially under the control of the INK4 and the 
CIP/KIP family; since p21 CIP1  transcription is dependent upon p53, this protein 
appears as the main factor responsible for this checkpoint.  

•   The G2 → M transition, which is mainly under the control of WEE1 and MYT1, 
whose inhibition allows to relieve    the mitosis block.     

17.5     Pharmacological Targets 

 Cell cycle control appears, therefore, as a major element of the regulation of cell 
proliferation, and its alteration contributes to oncogenesis. Because of their motor 
role in cell cycle progression and of their pro-oncogenic properties, CDKs are con-
sidered as valuable pharmacological targets for cancer treatment, and several 
 laboratories are devoted to the identifi cation of specifi c inhibitors of their kinase 
activity. Screening of natural products has gathered numerous molecules of poten-
tial interest, belonging to various chemical families: purines, pyrido-pyrimidines, 
indirubines, paullones, etc. However, these molecules are exceptionally specifi c of 
a single CDK, and the problem is indeed recurrent for serine/threonine kinase inhib-
itors. In addition, it appears that the various CDKs can replace each other in control-
ling the successive steps of cell cycle, with the exception of CDK1, which is not 
replaceable. More than a dozen of molecules have entered clinical trials, such as 
roscovitine (seliciclib), palbociclib or dinaciclib, which bear a purine moiety with 
various heterocyclic substitutions. 

 CDC25s also constitute interesting potential targets for the identifi cation of 
antiproliferative molecules. Several chemical classes of phosphatase inhibitors, 
especially dicoumarins, are being evaluated. The checkpoint kinases CHK1 and 
CHK2 can also be targeted by kinase inhibitors, with the aim of sensitising the 
cells to the anticancer agents that induce DNA damage: these agents elicit an 
accumulation of cells in G1 and/or in G2, which limits their effects when the 
checkpoints of cell cycle progression are operational. Similarly, targeting the 
WEE1 kinase could prove to be a valuable approach, because it strictly controls 
the G2 checkpoint. 

17.5 Pharmacological Targets
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 The aurora and polo-like kinases, which control the execution of the crucial 
phases of mitosis, may also be targeted with appropriate kinase inhibitors, which 
could inhibit mitosis triggering or progression through its successive phases. 
However, the compounds under study appear to behave as mitotic poisons (such as 
vinca-alkaloids or taxanes) rather than as targeted therapies. Several compounds 
have entered clinical trials, either targeting both AURKA and AURKB (tozasertib, 
danusertib) or presenting some specifi city for one of the two kinases. Similarly, 
PLK1 inhibitors have also been developed, such as volasertib or rigosertib. 

 It is always diffi cult to target tumour suppressors, since this would require the 
restoration of a lost function and not to inhibit an excessive catalytic action; however, 
high-throughput screening of molecules able to inhibit p53–MDM2 binding has 
allowed the identifi cation of a novel class of molecules, nutlins, that interfere with 
this association and stimulate the proapoptotic functions of p53. They are only active 
on cells not harbouring p53-invalidating mutations. Other types of p53 reactivating 
approaches are being developed. 

 The execution of the programmes of cell cycle progression can also be inhibited 
during the various phases and represent fundamental targets for cancer treatment, 
and numerous drugs targeting the DNA replication or mitosis programmes have 
been used for many years in cancer therapy. In that case, all proliferating cells are 
the targets of such drugs, and not only those that have undergone an oncogenic 
alteration of the control processes topoisomerase inhibitors and antimetabolites, 
which hinder DNA replication (S phase), and spindle poisons that counteract tubu-
lin polymerisation (vinca-alkaloids) or inhibit microtubule depolymerisation 
 (taxanes)—belong to the basic anticancer armamentarium.     
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  18      Apoptosis Induction and Regulation 

          Abstract  
  Apoptosis is one of the main modalities of cell death, so important that it has 
outshined all others that only begin to be rediscovered. Apoptosis is an active, 
programmed way of cell death, implemented in response to intracellular or 
extracellular signals. Intracellular signals can originate from DNA lesions, 
mitosis defects, oxidative stress or other stresses, while extracellular signals 
correspond to death messages emitted by other cells. Apoptosis leads to the 
activation of proteases, called caspases, able to hydrolyse the cell constituents 
independently from the proteasome. Apoptosis plays many fundamental roles 
during embryology and tissue homoeostasis; to provide only one example, it 
is responsible for thymus regression during the passage from childhood to 
adulthood. Many authors have considered apoptosis as the obligate pathway 
to cell death induced by anticancer drugs, but in many cases it is only a phe-
notypic consequence, secondary to other mechanisms of drug-induced cell 
death, which only indirectly involve apoptosis. Apoptosis is often opposed to 
necrosis, but comparisons can also be made with senescence and mitotic cell 
death. 

 We present in this chapter the signalling pathways which lead to the execu-
tion of the cell death programme, but we neither describe the techniques that 
allow to detect or quantify apoptosis nor the execution of the apoptosis pro-
gramme. In the fi rst part, we present the most important proteins involved in 
apoptosis, from effectors to initiators. We present then the intracellular mes-
sages and the ‘intrinsic’ pathway that drive cells to death after they have under-
gone diverse types of stress and the extracellular signals that activate the 
‘extrinsic’ pathway and drive cells to death on command. Various oncogenic 
alterations in apoptosis pathways have been identifi ed, which lead to the iden-
tifi cation of  pharmacological targets.  
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18.1               Proteins Involved in Apoptosis 

18.1.1     Caspases 

 Caspases are the effector enzymes of apoptosis; these are proteases characterised by 
the presence of a cysteine residue in their active centre and by the capacity of hydro-
lysing polypeptide chains at the level of an aspartic acid residue, which explains the 
name of  casp ase. Some caspases (class I) are able to activate signalling molecules 
through proteolysis, such as interleukin 1 (IL1) (Chap.   12    ). Other caspases (class II) 
are the apoptosis effector caspases and can hydrolyse and destroy a large variety of 
cell proteins; caspase 3 (CASP3) is the main class II caspase. Finally, class III cas-
pases, such as caspase 8 and caspase 9, are apoptosis initiator caspases, which acti-
vate the class II caspases by proteolysis. 

 Protein activation by mild proteolysis on defi nite sites is one of the most important 
mechanisms of post-translational modulation of protein activity (Annex   C    ). Cell pro-
teins should normally be protected from proteolytic enzymes; most of them exist 
therefore under inactive forms (procaspases in the case of caspases), which  themselves 
are activated by mild proteolysis. Of course, this requires an initiating event in order 
to carry out the fi rst proteolytic activity of the cascade. In the case of apoptosis, this 
event consists in the formation of transient supramolecular edifi ces, sometimes called 
 platforms , which arrange the procaspases, with the help of adapter proteins, so that 
they will become able to mutually hydrolyse themselves and thus become activated. 

 As a general mechanism, the activation of effector caspases requires initiator pro-
caspases, adapter proteins enabling them to organise a platform and the effector pro-
caspases awaiting proteolytic activation. In the case of the intrinsic pathway, the 
initiator procaspase is procaspase 9, and the activation platform is called the  apopto-
some ; in the case of extracellular signal-triggered apoptosis, the initiator procaspase 
is procaspase 8, and the activation platform is called the DISC ( death - inducing   sig-
nalling complex ). The activation of a procaspase into a caspase involves the elimina-
tion of an  N -terminal prodomain, the break of a  C -terminal domain that remains 
non-covalently attached to the rest of the molecule and the dimerisation of two rear-
ranged caspase monomers (Fig.  18.1 ). Initiator and effector procaspases differ by the 
structure of their  N - and  C -terminal domains; initiator procaspases harbour in their 
 N -terminal part specifi c recognition domains, which are called CARDs ( caspase 
recruitment domains ) or DEDs ( death effector domains ) as appropriate. All caspases 
have kept the same amino acid sequence in their active centre (QACXG) and the 
capacity, one activated and dimerised, to split polypeptide chains immediately ahead 
an aspartic acid residue. Figure  18.2  presents the two steps of the activation of an 
initiator procaspase into a caspase and of an effector procaspase into a caspase as 
well as the ultimate intervention of an activated effector caspase on a target protein.    

18.1.2     BCL2 Family Proteins 

 BCL2 ( B - cell lymphoma 2 ) proteins constitute a family of 22 proteins, which are 
either mitochondrial or able to associate to mitochondria during their activation pro-
cess. They present sequence homologies explaining why they belong to the same 
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  Fig. 18.1    Caspase structure and activation. ( a ) General structure of caspases. All procaspases contain two 
domains, p20 and p10, the cleavage of which, at the level of an aspartic acid residue D, allows the transi-
tion to an active conformation. They also contain a prodomain whose elimination is required for catalytic 
activity. Initiator procaspases have an especially long prodomain, which bears DED (caspase 8 and cas-
pase 10) or CARD (caspase 9) interaction domains. ( b ) Caspase activation. The example represented here 
is that of caspase 9. The catalytic site responsible for cleavage is characterised by the QACXG sequence. 
The arrangement of procaspases in apoptosome or DISC enables the proteolytic cleavage of one molecule 
by another one at the level of the aspartic acid residue. After prodomain elimination, the rearrangement of 
p10 and p20 domains and the dimerisation of the protein activate the catalytic function       
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  Fig. 18.2    Caspase proteolytic cascade. An initiator caspase (here caspase 8, with two DED 
domains for the recognition of the adapter proteins FADD and TRADD), which is itself autocata-
lytically activated, activates in turn an effector procaspase at the level of two aspartic acid residues. 
The cleavage products, after dimerisation, constitute the active caspase that can hydrolyse in turn 
various cell proteins, always at the level of an aspartic acid residue       
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family, but their functions may be quite different from one to another and it is neces-
sary to divide this family into subfamilies. They are characterised by the presence of 
specifi c domains of different types called BH ( BCL2 homology ) domains. Some of 
them comprise four BH domains (BH1 to BH4) and a transmembrane domain 
enabling their insertion in the mitochondrial outer membrane. BH1 and BH2 domains 
are involved in the regulation of the permeabilisation of this membrane; the BH3 
domain, in association with BH1 and BH2 domains, is a protein–protein interaction 
domain allowing their homo- or heterodimerisation; the BH4 domain, essentially 
intracytoplasmic, is an interaction domain for the adapter protein, APAF1 ( apoptotic 
peptidase-activating factor 1 ). The BCL2 protein subfamilies are the following ones 
(Fig.  18.3 ): 

•    Proteins containing all four BH domains and a transmembrane domain: BLC2; 
BCLX L/S  (gene  BCL2L1 ), which are splicing variants with opposite functions; 
BCLW (gene  BCL2L2 ); MCL1 ( myeloid cell leukaemia sequence 1 ) or BCL2L3; 
BCL2A1 or BCL2L5; BCL-RAMBO (gene  BCL2L13 ); BNIP3 
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APAF1 interaction
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BCLXL
BCLW
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BCLA1
RAMBO

Pro-apoptotic molecules
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  Fig. 18.3    BCL2 family proteins. These proteins can contain a transmembrane domain and up to 
four special interaction domains, involved in dimerisation (BH1, BH2 and BH3 domains), in the 
opening of the mitochondrial permeability transition pore (BH1 and BH2 domains) and in the inter-
action with APAF1 (BH4 domain). The BCL2-type antiapoptotic proteins are inserted in the mito-
chondrial outer membrane thanks to their  N -terminal portion bearing the transmembrane domain 
and mobilise APAF1 in the cytosol through their  C -terminal portion. The BAX-type proapoptotic 
molecules also have a transmembrane domain, dimerisation domains and protein–protein interac-
tion domains. The BH3-only proteins have generally no transmembrane domain and are not inserted 
in the mitochondrial membrane but display mitochondrial tropism due to their BH3 domain, which 
can interact with the corresponding domains of the other BCL2 family proteins       
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( BCL2 / adenovirus-interacting protein 3 ); and DIVA ( death     -inducing 
vBCL2 / Apaf1-binding protein , gene  BCL2L10 ); these proteins are antiapop-
totic, except the BCLX S  variant.  

•   Proteins containing three BH domains (the BH4 domain is lacking): BAX 
( BCL2 - associated X protein ) or BCL2L4, BAK ( BCL2 homologous 
antagonist / killer ) or BCL2L7 (gene  BAK1 ), BCL2L12, BCL2L14 and BOK 
( BCL2 - related ovarian killer ) or BCL2L9; these proteins are proapoptotic.  

•   Proteins containing only a BH3 domain ( BH3 - only proteins ), which are proapop-
totic; some of them also contain a transmembrane domain: BIK ( BCL2 - interacting   
killer ) and HRK ( Harakiri BCL2 - interacting protein ), while others do not: BAD 
( BCL2 - associated agonist of cell death ) or BCL2L8; BID ( BH3 domain-interact-
ing death agonist ); BIM ( BCL2 - interacting mediator of cell death ), also known as 
BOD ( BCL2 - related ovarian death agonist ) (gene  BCL2L11 ); BMF ( BCL2-
modifying factor ); BFK ( BCL2 family kin , gene  BCL2L15 ); NOXA (gene 
 PMAIP1 ,  phorbol myristate acetate-induced protein 1 ); and PUMA ( p53 - upregu-
lated mediator of apoptosis ) (gene  BBC3 ,  BCL2-binding component ).    

 We describe the mechanisms by which these proteins are engaged in the control 
of apoptosis triggering in the part devoted to the intrinsic apoptosis pathway.  

18.1.3     IAP Family Proteins 

 IAPs ( inhibitor of apoptosis proteins ) or BIRCs ( baculovirus IAP repeat-containing 
proteins ) constitute a group of eight cytoplasmic caspase inhibitors. These proteins 
harbour a series of characteristic domains (Fig.  18.4 ). Some are constant, the BIR1, 
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  Fig. 18.4    IAP family proteins. These eight proteins with caspase inhibitory function are cyto-
solic. They harbour various interaction domains, especially a CARD domain enabling their inter-
action with caspases, several BIR domains, a RING domain for E3 ubiquitin ligase activity or a 
UBC domain for E2 ubiquitin-conjugating activity. Gene names are in italics. The number of 
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BIR2 and BIR3 domains, and allow protein–protein interactions, especially with 
caspase 3. Others are inconstant, the CARD ( caspase recruitment domain ) domains, 
which allow their interaction with initiator caspases or adapter proteins, and the 
RING ( really interesting new gene ) domains, which display an E3 ubiquitin ligase 
activity toward caspases, driving them to the proteasome and adding caspase 
destruction to caspase inhibition. In addition to their role in apoptosis inhibition, 
these proteins play an important role in cytodieresis, at the end of mitosis 
(Chap.   17    ), and in the regulation of NFκB pathway (Chap.   12    ).  

 The proteins equipped with a CARD domain, and therefore able to interact with 
CASP8, are cIAP1 and cIAP2 ( cellular inhibitor of apoptosis protein ) (genes  BIRC2  
and  BIRC3 , respectively). Together with XIAP ( chromosome X inhibitor of apopto-
sis protein ), alias BIRC4 or ILP1, they also have a RING domain, indicating their 
function of E3 ubiquitin ligase toward caspases. Apollon or bruce (gene  BIRC6 ) 
contains in contrast a ubiquitin-conjugating (UBC) domain and functions as an E2 
ubiquitin-conjugating enzyme. NAIP ( NLR family apoptosis inhibitory protein ), 
alias BIRC1, seems to be confi ned to neural cells, preventing them from apoptosis. 
Survivin (gene  BIRC5 ), livin (gene  BIRC7 ) and ILP2 ( IAP - like protein 2 ) (gene 
 BIRC8 ) are involved in cancer cell apoptosis; livin and ILP2 harbour a RING 
domain. 

 Most of these proteins are themselves inhibited by a mitochondrial protein, 
SMAC ( second mitochondria - derived activator of caspase ) (gene  DIABLO , 
 direct inhibitor of apoptosis - binding protein with low pI ). This protein acts as a 
dimer and binds the BIR3 domains of the IAP, so that their binding to caspases is 
inhibited.  

18.1.4     Death Receptors and Their Ligands 

 Death signals are brought by proteins that are members of the TNF superfamily 
(TNFSF). TNFSF members that are type II transmembrane proteins (intracellular 
 N -terminal extremity) can be cleaved and generate diffusible ligands. They recog-
nise, on the plasma membrane of the target cell, cognate receptors of the TNF recep-
tor superfamily (TNFRSF). There exists a total of about 17 TNFSF members and 26 
TNFRSF members; only those involved in cell death induction are studied here. 
Three TNFSF members are involved in apoptosis signalling: FASL ( FAS ligand ) or 
TNFSF6 (gene  FASLG ), TNF ( tumour necrosis factor ) or TNFSF2 and TRAIL 
( TNF - related apoptosis - inducing ligand ) (gene  TNFSF10 ). 

 The TNFRSF members that recognise these death signals are called  death recep-
tors . These are type I transmembrane proteins that harbour an extracellular ligand- 
binding domain, a single transmembrane domain and an intracellular signalling 
domain (Fig.  18.5 ). Death receptors contain a  death domain  (DD), which enables 
their interaction with an adapter protein harbouring a homologous domain; there are 
four main death receptors: FAS ( fragment for apoptosis stimulation ), also known as 
CD95 or TNFRSF6; TRAILR1 or DR4 (gene  TNFRSF10A ); TRAILR2 or DR5 
(gene  TNFRSF10B ); and TNFR1 or DR1 (gene  TNFRSF1A ). These receptors 
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recognise the extracellular ligands FASL, TRAIL and TNF, respectively. FAS, 
TRAILR1 and TRAILR2 bind to the same intracellular adapter protein, FADD 
( FAS - associated death domain protein ), whereas TNFR1 binds to the adapter pro-
tein TRADD ( TNF receptor-associated death domain protein ). Both adapter pro-
teins can activate an initiator protein, caspase 8.  

 In addition, some receptors harbour no intracellular binding domain and trans-
duce no message. They have either a very short intracellular domain or are simply 
attached to the membrane by a GPI anchor. These are  decoy receptors , DcR1 or 

TRAIL

DcRFAS TRAILR1 TRAILR2 TNFR1 TNFR2

TNF

FADD TRADD

FASL

D
DD
D

D
D T
IM

D
D

D
D

D
D

D
D

D
E

D

D
E

D

D
E

D

D
E

D

D
D

  Fig. 18.5    Cell death receptors, ligands and adapter proteins. The ligands of the TNF superfamily 
(FASL, TNF and TRAIL) recognise and bind receptors of the TNFR superfamily (FAS, TNFR1, 
TRAILR1 and TRAILR2) as well as decoy receptors (DcR) devoid of binding domains with an 
adapter protein. Many other ligands members of the TNF superfamily can bind cognate receptors 
of the TNFR superfamily outside the fi eld of apoptosis       
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TRAILR3 (gene  TNFRSF10C ), DcR2 or TRAILR4 (gene  TNFRSF10D ) and DcR3 
(gene  TNFRSF6B ), which are able to block the signals brought by TRAIL 
(for DcR1 and DcR2) or FAS (for DcR3) and divert the information received. 

 We describe the mechanisms by which these proteins are engaged in the control 
of apoptosis triggering in the part devoted to the extrinsic apoptosis pathway. 
A variety of other proteins also harbour interaction domains with the adapter pro-
teins FADD and TRADD; some are found in the caspase family and in the IAP 
family and have been already mentioned; others will be described with the extrinsic 
apoptosis pathway.   

18.2     Intrinsic (Mitochondrial) Apoptosis Pathway 

18.2.1     Activation of the Intrinsic Pathway 

 The activation of the intrinsic apoptosis pathway depends upon the emission of 
signals that are sent to the mitochondria; the mitochondria integrate these signals 
and elaborate a response which leads to the activation of an initiator caspase, cas-
pase 9, from which ensues the activation of the effector caspases, caspase 3 and 
caspase 7 (Fig.  18.6 ). The signals that reach the mitochondria consist of a variety of 
proteins of the BCL2 family called the  BH3 - only  proteins, which are produced in 
response to various stresses by several types of mechanisms. Some BH3-only 

APAF1 Cyt c Procaspase 9

Lateral view

  Fig. 18.6    Formation and activation of the apoptosome. APAF1, which is folded at the basal state, 
is able, in the presence of cytochrome  c , to undergo a conformation change and form a heptameric 
structure, apoptosome, to which are associated procaspase 9 molecules. The APAF1 CARD 
domains can interact with the corresponding domains of caspase 9, allowing autocatalytic activa-
tion of caspase 9       
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proteins are simply regulated by transcriptional control, and others undergo post- 
translational modifi cations that govern their activity. DNA damage, which enables 
p53 activation (Chap.   17    ), leads in particular to the transcription of the genes encod-
ing PUMA and NOXA. Similarly, microtubule damage leads to the transcription of 
the genes encoding BIM and HRK. In contrast, BAD deactivation is induced by 
AKT-mediated phosphorylation (Chap.   3    ) in response to growth factor signalling, 
and BID is activated by proteolysis carried out by caspase 8, the initiator caspase of 
the extrinsic pathway.  

 BH3-only proteins are able, thanks to their BH3 domain, to interact at the level 
of the mitochondria with other BCL2 family proteins equipped with transmembrane 
domains allowing their mitochondrial membrane insertion. These interactions 
between BCL2 proteins control the permeabilisation of the mitochondrial outer 
membrane; the proapoptotic proteins BAX and BAK are able to form oligomers 
constituting transmembrane channels or inducing its permeabilisation through 
lipid–protein interactions. The exact mechanisms used by antiapoptotic (BCL2 
type) and proapoptotic proteins (BAX type) to regulate the permeability of the mito-
chondrial outer membrane are not fully understood and remain still controversial. 

 The ‘rheostat theory’ is based upon the equilibrium between these two types of 
proteins, which are subjected to homo- or heterodimerisation processes. In this sce-
nario, the abundance of BCL2-type proteins favours BCL2–BCL2 dimers and pre-
vents permeabilisation, whereas the abundance of BAX-type proteins favours 
BAX–BAX dimers and promotes mitochondrial permeabilisation, the BH3-only 
proteins interacting with the corresponding binding domains of BCL2 or BAX to 
orientate toward one type of dimerisation or the other. All BH3-only proteins do not 
have the same direct activator effect on BAX-type proteins (or inhibitor effect on 
BCL2-type proteins): there exists some specifi city for their action. BID, BIM and 
PUMA interact with all BCL2-type proteins, whereas BAD interacts only with 
BCL2, BCLX L  and BCLW, and NOXA with BCLA1 and MCL1. In addition, there 
is also some tissue specifi city in BCL2-type (and possibly BAX-type) protein 
expression. These specifi c features of the interactions between the inducers of intra-
cellular apoptosis (BH3-only proteins) and the mitochondrial proteins in charge of 
regulating mitochondrial membrane permeability (BCL2-type and BAX-type pro-
teins) enable the adaptation of apoptosis implementation as a function of the cellu-
lar context. 

 There should be complementary hypotheses explaining the permeabilisation of 
the mitochondrial outer membrane, which implies the regulation of opening the 
mitochondrial permeability transition pore (PTP), also called the  megachannel . PTP 
is a protein complex forming a channel of about 3 nm through the inner and outer 
mitochondrial membranes, which enables a transient direct communication between 
the mitochondrial matrix and the cytoplasm. It is comprised of several proteins, 
among which two membrane transporters that establish a contact, VDAC ( voltage - 
dependent   anion channel ) at the level of the outer membrane and ANT ( adenine 
nucleotide translocator ) at the level of the inner membrane, in association with 
cyclophilin D (CYPD, gene  PPIF ,  peptidylprolyl isomerase F ) in the matrix. PTP is 
opened and contributes to mitochondrial membrane permeabilisation when the 
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electrochemical transmembrane potential is lost (oxidative stress, alterations of cal-
cium homoeostasis), since in the usual conditions the inner membrane does not play 
any role in the permeabilisation of the mitochondrial outer membrane.  

18.2.2     Cell Death Induced by the Intrinsic Pathway 

 Whatever the sequence of the events leading to this process, and the respective roles 
of the PTP and BCL2 family proteins, mitochondrial membrane permeabilisation 
enables the exit, from the intermembrane space, of several proteins that are known 
under the generic name of AIFs ( apoptosis - inducing factors ) (Fig.  18.6 ). The most 
important AIF is cytochrome  c , an electron transporter of the mitochondrial chain. 
The release of cytochrome  c  out of the mitochondria represents the triggering event 
of apoptosis. It is responsible for the organisation, in the cytoplasm, of a ‘platform’ 
allowing the activation of procaspase 9 into active caspase 9 by proteolysis, accord-
ing to an autocatalytic mechanism. This platform, called  apoptosome  (Fig.  18.7 ), is 
a transient supramolecular edifi ce following a seven-order symmetry and associates 
seven molecules of cytochrome  c , seven molecules of an adapter protein called 
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  Fig. 18.7    Intrinsic (mitochondrial) apoptosis pathway. Various signals induced by intracellular or 
extracellular stresses are brought to mitochondria by BH3-only proteins and interact with the mito-
chondrial BCL2 family proteins, favouring the opening of the transition pore. The release of cyto-
chrome  c  out of the mitochondria enables its interaction with APAF1, generating with procaspase 
9 and dATP the heptameric structure called apoptosome. This results in the proteolytic auto- 
activation of procaspase 9 into active caspase 9, which in turn activates procaspase 3 into caspase 
3 by proteolysis. Caspase 3 becomes thus able to hydrolyse its target proteins       
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APAF1 ( apoptotic peptidase-activating factor 1 ), seven molecules of dATP and 
seven molecules of procaspase 9. This supramolecular structure enables a special 
disposition of the molecules of procaspase 9, such that they can mutually cleave 
each other and generate active caspase 9, which is then able to activate procaspase 
3 into caspase 3, as previously described.  

 Another important factor able to exit out of mitochondria when it becomes per-
meable is SMAC. This protein is an inhibitor of the proteins that inhibit caspases 
(the IAPs). SMAC reinforces apoptosis induction ensured by cytochrome  c  exit 
from mitochondria by inhibiting the effector caspases of the cell death programme. 
Other AIFs are susceptible to be released by mitochondria during outer membrane 
permeabilisation, such as HTRA2 ( high temperature requirement protein A2 ). 
Finally, some reactive oxygen species (ROS) can also leave mitochondria in the 
same conditions: the superoxide ion O 2  

– ● , the radical OH 
●
  and hydrogen peroxide 

H 2 O 2 . These toxic species are produced from molecular oxygen (Chap.   16    ), used in 
the electron transport chain and generate an oxidative stress within the cell.   

18.3     Extrinsic (Death Receptor) Apoptosis Pathway 

18.3.1     Activation of the Extrinsic Pathway 

 The apoptosis-inducing ligands described above, FASL, TNF and TRAIL, are able 
to specifi cally recognise their cognate receptors FAS, TNFR1 and TRAILR1 and 
TRAILR2, in addition to decoy receptors (Fig.  18.5 ). TNF can also bind TNFR2 
and activate a distinct type of pathway described below. The ligands are originally 
trimeric transmembrane proteins whose  C -terminal part is localised outside the cell; 
this part can be cleaved to generate the soluble forms, called ‘death factors’, by 
analogy with growth factors. Ligand–receptor interaction can occur in a juxtacrine 
way, when both partners are embedded in the plasma membrane, or in a paracrine 
way when the ligand has been cleaved and released in the extracellular space. The 
receptors harbour extracellular ligand-binding domains and intracellular domains 
able to transduce the death signals. However, the decoy receptors titrate the death 
signals without transducing the signal received and display antiapoptotic functions. 
The relative expression of true and decoy receptors modulates the death message 
brought by the ligands. Ligand binding to its cognate receptor induces its trimerisa-
tion. However, some receptors are already pre-associated as oligomers thanks to 
PLAD ( pre - ligand assembly domain ), so that the ligand does not actually induce 
trimerisation but rather stabilises the receptor trimers. Death receptor trimerisation 
appears as analogous to growth receptor dimerisation described in Chap.   1    . 

 Receptor activation by trimerisation allows the homophilic interaction between 
their death domains (DD) and the corresponding death effector domains (DED) of 
the adapter proteins, FADD and TRADD, FADD binding to FAS, TRAILR1 and 
TRAILR2 and TRADD binding to TNFR1. The DED domains of the adapter pro-
teins are in turn recognised by the corresponding domains of procaspase 8, so that a 
molecular edifi ce is constituted, a platform called DISC ( death - inducing signalling 
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complex ), which plays in the vicinity of the plasma membrane the role played by 
apoptosome in the vicinity of mitochondria (Fig.  18.8 ). Several DISCs are associ-
ated together at the level of membrane lipid rafts and form macroaggregates.   

18.3.2     Cell Death Induced by the Extrinsic Pathway 

 The activation of procaspase 8 in the DISC is performed by autocatalytic cleavage, 
which leads to the active form of the molecule. Caspase 8 is then able to activate 
procaspase 3 into caspase 3 as already described. In some cell types, caspase 8 is 
also able to activate a BH3-only protein, BID, called t-BID once truncated by 
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  Fig. 18.8    Extrinsic (death receptors) apoptosis pathway. Various signals brought by cell death 
ligands (FASL, TNF, TRAIL) activate membrane receptors (FAS, TNFR, TRAILR1 and 
TRAILR2) by inducing their trimerisation. The intracytoplasmic portion of these receptors con-
tains a death domain DD, which allows the recruitment of adapter proteins (FADD, TRADD) 
equipped with an analogous death effector domain (DED). Procaspase 8 molecules, also harbour-
ing DEDs, are then recruited and constitute with the adapter proteins a supramolecular edifi ce 
called the DISC ( death - inducing signalling complex ). By autocatalytic proteolysis, procaspase 8 is 
activated into caspase 8, which in turn activates procaspase 3 into caspase 3. Caspase 3 becomes 
thus able to hydrolyse its target proteins. Caspase 8 is also able, in some cell types, to activate by 
proteolysis the BH3-only protein BID which, under its truncated t-BID form, interacts with BCL2 
proteins at the level of the mitochondria, intensifying thus the extrinsic apoptotic signalling by a 
mitochondrial contribution. FLIP ( FADD - like inhibitory protein ) is homologous to caspase 8, with 
DED domains, but is devoid of caspase activity and acts as an inhibitor of apoptosis. cIAP1 and 
cIAP2 can inhibit caspase 8 and therefore the induction of apoptosis       
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caspase 8. As other BH3-only proteins, t-BID interacts with BCL2 proteins and 
stimulates the permeabilisation of the mitochondrial outer membrane allowing 
cytochrome  c  exit from the mitochondria. This crosstalk between the extrinsic and 
intrinsic apoptosis pathways enables the amplifi cation of the death messages; the 
cells that use this bypass are said to be ‘type II’ cells, by contrast with ‘type I’ cells, 
which do not. 

 In addition to the intracellular portion of the receptor, the adapter protein and the 
initiator caspase, another partner, may participate to the DISC; it is called FLIP 
( FADD - like inhibitory protein ) (gene  CFLAR ,  caspase 8 and FADD - like apoptosis 
regulator ). This protein exists under a long form, with  N -terminal DED domains and 
 C -terminal sequence homology with caspase 8 (but without the catalytic cysteine 
residue), and a truncated form on the  C -terminal end, this post-translational modifi -
cation being mediated by caspase 8. FLIP acts at a competitive caspase 8 inhibitor.  

18.3.3     Alternative Signalling Pathways Induced by TNF 
Superfamily Ligands 

 The activation of an initiator caspase and the implementation of apoptosis are not 
the only consequence of the activation of a death receptor by a ligand. The receptor 
death domains and the death effector domains of adapter proteins (FADD and 
TRADD), caspase 8 and FLIP, can be recognised by various proteins involved in 
cell signalling (Fig.  18.9 ). 

•    DAXX ( death - domain associated protein ) interacts in the cytoplasm with FAS 
via its death domain and activates the JUN  N -terminal kinase pathway (JNK) via 
a MAP3 kinase, ASK1 (gene  MAP3K5 ). It may in turn be activated by JNK, in a 
positive feedback loop. DAXX is able to reinforce the apoptosis-inducing func-
tion of FAS activation via the JNK pathway.  

•   RIP ( receptor - interacting protein ) kinases (RIPK1 to RIPK4) harbour CARD 
domains that can interact with the DED domains of TRADD, caspase 8 and 
FLIP. Via the MAP3 kinase TAK1, they activate both the IKK ( IκB kinase ) com-
plex to generate NFκB (Chap.   12    ) and the JNK pathway (Chap.   2    ) to generate 
JUN.  

•   The apoptosis inhibitory proteins cIAP and cIAP2 (genes  BIRC2  and  BIRC3 ) 
also harbour CARD domains enabling them to directly interact with caspase 8 to 
inhibit its proapoptotic function, as well as with the adapter protein FLIP. They 
are able to activate NIK ( NFκB - inducing kinase ) and thus the IKK complex, also 
generating NFκB.    

 As already mentioned, there is an important number of TNF and TNFR super-
family members, which are involved in various cellular processes such as apoptosis, 
immunity or infl ammation. Death receptors are characterised by the presence of 
DDs, as described above, but other TNFRSF members, including a second TNF 
receptor, TNFR2 (gene  TNFRSF1B ), harbour another type of domain called TIM 
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( TRAF - interacting motif ) and activate various adapter proteins called TRAFs ( TNF 
receptor - associated factors ). The full description of the ligand–receptor systems 
and of the pathways activated is beyond the scope of this book, and only an insight 
on the pathways opened by TRAFs is given below (Fig.  18.9 ). 
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  Fig. 18.9    Signalling pathways activated by death receptors and other TNFRSF members. ( a ) 
Death receptor-activated pathways. In addition to apoptosis induction (Fig.  18.8 ), these receptors 
are able to activate several pathways by recruiting adapter proteins equipped with a DD domain, 
which in turn can recruit effector proteins thanks to their DED or CARD domain: (1) thanks to the 
adapter protein DAXX, they can activate the JNK pathway via the MAP3 kinase ASK1 and thus 
reinforce apoptosis induction; (2) thanks to the adapter protein TRADD, with or without the inter-
vention of TRAF2, they can activate RIPK1 ( receptor - interacting protein kinase 1 ), which in turn 
activates by phosphorylation the MAP3 kinase TAK1 and subsequently the JUN kinase (JNK) 
pathway, but may also activate the IKK complex which generates NFκB. ( b ) Pathways activated 
by other TNFRSF members such as TNFR2. These receptors do not induce apoptosis, as they 
harbour no DD domain but a TIM ( TRAF interacting motif ) domain. They recruit the adapter 
TRAFs ( TNF receptor - associated factors ) such as TRAF5 in the case of TNFR2, which can acti-
vate several types of proteins such as NIK ( NFκB - inducing kinase ) and thus generate NFκB. This 
illustrates the ambivalent role that can be played by TNF superfamily members; these proteins 
behave as apoptosis inducers or protectors as a function of the cellular context, i.e. the cell equip-
ment in receptors and adapter proteins. The trimerisation of the ligands and receptors is schema-
tised, but not the subsequent trimerisation of their partners       
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 TRAFs constitute a family of six proteins (TRAF1 to TRAF6), each of them 
interacting with various TNFRSF members with variable selectivity. TRAF6 is also 
involved downstream the activation of IL1 and TLR receptors (Chap.   12    ). TRAFs 
work as homo- or heterotrimers formed thanks to the trimerisation of the receptors 
with which they interact. Most TRAFs harbour a RING domain, suggesting their 
potential role as E3 ubiquitin ligases, which has been demonstrated only for TRAF6. 
TRAF2 is able to bind TIM domains of the TNFR2 receptor and of other TNFRSF 
members, but also the adapter protein TRADD downstream TNFR1 activation, as 
well as the antiapoptotic molecules cIAP1 and cIAP2. In addition, TRAFs contain 
domains allowing the activation of signalling molecules such as TANK ( TRAF - 
associated   NFκB activator)   and NIK. These proteins activate the IKK ( inhibitor of 
NFκB kinase ) complex and thus enable the formation of NFκB (Chap.   12    ). Another 
pathway induced by TRAFs is the JNK pathway, via the involvement of a MAP3 
kinase, TAK1 (gene  MAP3K7 ), which reinforces apoptosis induction by TNFR acti-
vation. The same signals are therefore able to generate apoptosis, both through cas-
pase 8 and JNK pathway activation, and survival through NFkB activation. This can 
be explained by the nature of the TRAF family member expressed in the cell receiv-
ing the signal.   

18.4     Oncogenic Alterations of Apoptosis Pathways 

 Numerous alterations in the proteins in charge of apoptosis initiation and control are 
found in cancer cells. However, the question is not    resolved of whether these altera-
tions are among the causes or the consequences of apoptosis, in other words whether 
these alterations play a driver role in oncogenesis or intervene merely as a facilitator 
of cancer cell survival without being required for malignant transformation. We will 
not present here the oncogenic alterations of the inducing mechanisms of apoptosis, 
such as the mutations of p53, which have been presented in Chap.   17     (control of 
DNA integrity). 

 At the level of mitochondrial apoptosis,  BCL2  behaves as a proto-oncogene, 
especially in malignant lymphomas; its overexpression is most often due to the 
t(14;18) translocation which relocates it under the dependence of a strong pro-
moter, that of the heavy chains of immunoglobulins. This overexpression is the 
initiator event of oncogenesis for follicular lymphomas. According to the tissues 
where they are specifi cally expressed, other genes of the BCL2 family, such as 
 MCL1 , may play an oncogenic role. It is not certain, however, that the genes encod-
ing proapoptotic proteins of the BCL2 family, BAX and BAK, are tumour suppres-
sor genes. Deletions and invalidating mutations of  BAX  have nevertheless been 
found in cancers. 

 At the level of extrinsic apoptosis,  FAS  mutations have been observed in non- 
Hodgkin lymphomas of various types, so that this gene is considered as a tumour 
suppressor gene. In addition, a decrease in expression of death receptors like 
FAS and an overexpression of decoy receptors are classically observed in 
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tumours, but the question of whether these changes are simply the consequence 
of oncogenesis or causal features is raised. It is diffi cult to assign to TRAIL and 
its receptors a tumour suppressor role outside some murine tumour models, 
although mutations have been observed in the TRAIL2 receptor in some human 
tumours. 

 Some authors have assigned a tumour suppressor function to initiator cas-
pases, especially CASP8 in neuroblastomas, in which the promoter of its gene is 
hypermethylated. In contrast, some IAP may play an oncogenic role:  BIRC2  and 
 BIRC3  (proteins cIAP1 and 2) are amplifi ed in various carcinomas; they can 
however be deleted in multiple myeloma, loosing thus their property of driving 
NIK to the proteasome and favouring the formation of the transcription factor 
NFκB (Chap.   12    ).  

18.5     Pharmacological Targets 

 Even though there are few driver oncogenic alterations in the proteins involved in 
the apoptosis pathways, they constitute a potential reserve of targets, either to favour 
apoptosis induction in cancer cells or to amplify the action of the therapeutic agents 
that induce apoptosis through DNA damage. 

 At the level of mitochondrial apoptosis, molecules mimicking BH3-only pro-
teins have been identifi ed and developed up to clinical trials; they can induce apop-
tosis through binding the antiapoptotic proteins of the BCL2 family. Navitoclax and 
obatoclax are such BH3 mimetics that are being evaluated. In addition, a strategy 
targeting the mRNA of the BCL2 gene by antisense oligonucleotides has been con-
ceived and developed up to phase III studies, but this drug, oblimersen, was eventu-
ally not approved. 

 At the level of death receptor-mediated apoptosis, analogues and agonists of the 
ligands have been identifi ed. It is not possible to use FASL, which is highly hepato-
toxic, but TNF itself, under the name of tasonermin, is being used to treat distal 
metastases of malignant melanomas and limb sarcomas, provided the drug is 
injected in the isolated perfused limb, because the passage of the molecule in the 
systemic circulation would be lethal. TNF is in this case generally associated to 
melphalan, a cytotoxic alkylator. TRAIL can be used in systemic injections, and a 
recombinant fragment of the protein has been introduced in clinical trials (dulaner-
min). Agonistic antibodies recognising the TRAIL receptors are also in develop-
ment, such as mapatumumab for TRAIL1 and lexatumumab and tigatuzumab for 
TRAIL2; they are able to mimic the ligand action on the receptor and to stabilise 
and even aggregate the DISCs. 

 The last potential target is offered by the IAPs; all of them are not ubiquitously 
expressed, but some of them could be effi ciently targeted, especially survivin. An 
antisense approach has validated the concept. Small molecules able to inhibit XIAP 
(embeline) or survivin (terameprocol) are in development. Also, SMAC-mimicking 
molecules have been identifi ed and generically called SMC ( SMAC mimetic 
compounds ).  
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18.6     Dependence Receptors 

 A special variety of receptors is involved in apoptosis induction and is distinct from 
the classical death receptors: they are called  dependence receptors  or  addiction 
receptors . In the presence of their ligand, they transduce, as all receptors do, a mes-
sage of cell proliferation, differentiation, migration or else; but in the absence of 
ligand, these receptors induce apoptosis. They render thus the cell dependent on the 
ligand for survival. This particular situation prevents the cells from migrating 
beyond the area where the ligand is able to diffuse and thus control cell migration. 
They play a major role in organogenesis, especially in the nervous system (axon 
guidance) and in ‘branched’ organs (vessel arborescence, bronchial tree,    etc.). 

 At least 15 receptors have been identifi ed that fulfi l the criteria for being 
dependence receptors; they belong to various families: in the tyrosine kinase 
receptor family (Chap.   1    ), this would be the case for RET, NTRK3 and ALK; in 
the TNFR superfamily, this is the case for NGFR ( nerve growth factor receptor ); 
this is also the case for some integrins (Chap.   10    ) and for the PTCH receptor of 
the Hedgehog pathway (Chap.   9    ). We focus here to a group of original receptors, 
the netrin 1 (NTN1) receptors, NTN1 and some homologous proteins being 
secreted proteins of the laminin family. These receptors are DCC ( deleted in 
colon cancer ) and the UNC5H1 to UNC5H4 receptors (genes  UNC5A  to  UNC5D ) 
(named after  uncoordinated , the ortholog gene of  Caenorhabditis elegans ). 
NTN1 is an axon guidance factor, as probably also are the other NTN proteins; 
ligands and receptors are mainly expressed in the nervous system during devel-
opment, but also, less specifi cally, in other organs such as the colon, lung, mam-
mary gland or blood vessels. 

 UNC5H and DCC receptors are transmembrane proteins with a single trans-
membrane domain; they contain, in their extracellular portion, immunoglobulin- 
like domains and thrombospondin domains, which are replaced in DCC by 
fi bronectin domains. At the intracellular level, UNC5H receptors harbour a death 
domain analogous to the death domains of FAS of TNFR and a protein interaction 
domain called ZU5 ( zona occludens homologue 5 ), which are both absent in the 
DCC receptor. Receptor oligomerisation in the presence of NTN1 enables their acti-
vation and opens signalling pathways where cytoplasmic kinases such as FYN, 
FAK or ERK intervene and phosphorylate the receptor. 

 Apoptosis induction by dependence receptors is obtained, in the absence of 
ligand, through cleavage of the intracellular portion of the receptor by a caspase, at 
the level of an ADD ( addiction dependence domain ) (Fig.  18.10 ). In the case of 
DCC, caspase 9 is thus activated via adapter proteins. In the case of UNC5H recep-
tors, the cleavage unmasks the death domain and the ZU5 domain. The death 
domain interacts with a serine/threonine kinase, DAPK ( death - associated protein 
kinase ), which contains a homologous death effector domain, responsible for apop-
tosis induction through caspase activation. The ZU5 domain recruits a protein called 
NRAGE ( neurotrophin receptor melanoma antigen homologue , gene  MAGED1 ), 
which is able to induce the JNK ( JUN N - terminal kinase ) pathway (Chap.   2    ) and 
inhibit the IAPs.  
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 DCC plays a major role in the renewal of the cells of the colic mucosa. NTN1 is 
produced by the cells located at the bottom of the crypts of the intestinal villi, while 
DCC is expressed all along the villi; proliferating cells at the bottom of the crypts 
are thus protected from apoptosis, while the differentiated cells, which migrate 
along the villi, move away from the NTN1 source and are thus progressively led to 
apoptosis. The NTN1 gradient would constitute a regulatory mechanism of the life-
time of intestinal cells, by eliminating the cells reaching the top of the villi, where 
they are submitted to mechanical and chemical aggressions in the intestinal lumen 
and should therefore be replaced. 

 Dependence receptors are bona fi de tumour suppressor genes with  DCC  as a 
model.  DCC  is sometimes mutated, but more frequently lost in colon cancers, by 
deletion of the chromosomal region. NTN1 overexpression is associated to onco-
genesis and tumour progression in several experimental models and is frequently 
observed in human cancers. By analogy, it seems that the  UNC5H  genes are also 
tumour suppressor genes. 
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  Fig. 18.10    Dependence receptors. ( a ) Activation of the DCC receptor. Left, the receptor is bound 
to netrin 1 (NTN1) and transduces a proliferation signal. Centre, in the absence of NTN1, it is 
cleaved by a caspase at the level of the ADD ( addiction dependence domain ). Right, it can thus 
activate caspase 9 and induce apoptosis. ( b ) Activation of a UNC5H receptor. Left, the receptor is 
bound to NTN1 and transduces a proliferation signal. Centre, in the absence of NTN1, it is cleaved 
by a caspase at the level of the ADD domain. Right, its ZU5 domain, via an adapter protein called 
NRAGE, can activate the JNK pathway and inhibit an IAP, whereas its death domain can activate 
DAPK and also induce apoptosis       
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 Therapeutic approaches can be envisaged for targeting dependence receptors; 
NTN1 titration or sequestration can be obtained by small molecules. The role of 
UNC5H2 in blood vessel development suggests the possibility of developing origi-
nal angiogenesis inhibitors.     
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                                        Annex A: Control of DNA 
Replication and Repair 

         Abstract 
 We present in this annex some basic features concerning DNA structure, replica-
tion and repair. Cancers are gene diseases, associated to mutations or genes rear-
rangements, which generallay occur in a somatic cell, especially when exposed 
to environmental mutagenic agents (the term ‘environment’ being understood in 
a general sense). DNA replication is the target of several pharmacological 
approaches that aim at cancer treatment by preventing cell proliferation:

•     Alkylating and platinating agents  covalently bind to the nitrogen bases that 
constitute the DNA nucleotides.  

•    Antimetabolites  inhibit nucleotides biosynthesis and disrupt DNA structure, 
frequently through fraudulent incorporation of abnormal nucleotides into 
DNA.  

•    Topoisomerase inhibitors  stabilise the DNA breaks induced by specialised 
enzymes, topoisomerases, in charge of the regulation of the three-dimensional 
DNA structure.  

•    Spindle poisons  interfere with mitosis, the ultimate step of cell reproduction, 
by disorganising the microtubule spindle where chromosomes attach.    

 All these compounds exert anticancer properties because they inhibit the mul-
tiplication of proliferating cells, cancerous or not, and are not studied here. We 
focus instead on the control of the events which govern DNA synthesis, on the 
one hand, and DNA damage repair, on the other hand. We also present the con-
trol processes that govern the protection of chromosome ends (telomeres) at the 
end of replication. All these processes are often altered in cancer cells, of which 
a fundamental feature is genomic instability. There is an important pharmaco-
logical research aiming at identifying relevant targets for cancer treatment in 
genomic instability.  
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    A.1   General Organisation of the Genome 

 We simply present in this section some basic data concerning the human genome, 
aiming at understanding the nature and role of oncogenic alterations. 

    A.1.1 Chromosomes and Chromatin 
 The human genome contains two times 3.2 billion nucleotide pairs distributed in 23 
pairs of chromosomes. Figures  A.1  and  A.2  simply remind of base, nucleotide and 
DNA structure. Each chromosome contains a single DNA molecule under an 
extremely dense form (Fig.  A.3 ). Cell chromosomes are only recognisable during 
mitosis, during which they are highly compact. Outside mitosis, this compaction is 
less, and chromosomes are no longer identifi able. In the chromosomes, DNA is 
tightly associated with numerous proteins, which together with DNA constitute 
 chromatin . Heterochromatin is highly packed and cannot allow transcription pro-
cess, while less dense euchromatin enables transcription to occur. Chromatin is 
comprised of regularly chained particles, nucleosomes, piled up one over each 
other. Each nucleosome contains a cylindrical protein core around which DNA is 
coiled up (Fig.  A.4 ).     

 The protein constituents of nucleosomes are the histones, which are basic pro-
teins interfering with DNA through ionic bonds. The nucleosome core is an octamer 
assembling two copies of histones belonging to the H2A, H2B, H3 ad H4 subfami-
lies, while H1 subfamily histones serve to internucleosomal interactions. Histones 
can undergo multiple post-translational modifi cations, which modulate their 
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interaction with DNA and participate to transcriptional regulation (Annex  B ), espe-
cially methylations, acetylations and phosphorylations.  

    A.1.2  Genomic Sequences 
 Only a small part of chromosomal DNA sequences constitutes the genes, and among 
them, only a part encodes protein sequences. Close to the coding sequences, numer-
ous transcription regulation sequences have been identifi ed. Within the genome are 
encountered numerous non-coding and, as far as we presently know, not directly 
regulating sequences, among which a large part are repetitive and whose function 
remains unknown. 

   Genes 
 Genes contain the information required for protein synthesis. This information is 
discontinuous in the eukaryotic genome, and informative (coding) sequences called 
 exons  are separated by non-informative sequences called  introns  (Fig.  A.5 ). The 
protein sequence is thus determined by the nucleotide sequences of the exons only. 
The junctions between exons and introns are short characteristic sequences that are 
recognised by specialised enzymes for the maturation of mRNAs (Annex  B ). On 
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  Fig. A.3    Chromosomal DNA packaging. Such a packaging is required to allow a molecule of 1 m 
long inside a cell nucleus of 1 µm diameter (Published with the courtesy of M. Donon)       

each side of a group    of coding sequences constituting a gene are found non-trans-
lated extremities, 5′UTR and 3′UTR, which play regulatory roles and are also elimi-
nated during the maturation step.  

 These transcription-regulating sequences are often localised upstream the fi rst 
exon, in the gene  promoter , and are recognised by specifi c proteins called 
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  Fig. A.4    Nucleosomes structure. Nucleosomes are comprised of dimers of protein complexes 
associating four different histone molecules belonging to H2A, H2B, H3 and H4 classes. Histone 
H1 serves as internucleosomal scaffold (Published with the courtesy of M. Donon)       
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  Fig. A.5    Discontinuous structure of eukaryotic genes. The gene ( a ) contains a long sequence of 
nucleotides that are transcribed into a primary mRNA ( b ), which is matured ( c ) so that only some 
fragments ( exons ) are translated into proteins. The 5′ and 3′ untranslated regions (UTR) and the 
introns are not translated into proteins. Introns are then eliminated by splicing (Annex  B ); specifi c 
nucleotide mRNA codons indicate the beginning (generally within exon 1) and the end (generally 
within the last exon) of translation (Annex  C )       
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 transcription factors . Other regulatory sequences are found sometimes at long dis-
tances from the gene they control and may be either  enhancers  or  silencers  of gene 
expression. Finally, regulatory sequences can also be found in the introns of a gene 
or in the 3′UTR, downstream the last exon, where micro-RNA binding domains can 
be found (Annex  B ). 

 Not all genes encode proteins: they may also encode RNAs devoid of messenger 
functions: ribosomal and transfer RNAs used for the machinery of protein synthesis 
(Annex  C ), micro-RNAs, RNAs contributing in the structure of ribonucleoproteins 
such as telomerase, etc.  

   Structural Chromosomal Sequences 
 Several chromosomal regions contain sequences that are essential for chromosomal 
functions: at the level of the centromere, where chromosomes are attached to the 
equatorial plate of the mitotic spindle (Chap.   17    ); at the level of the telomeres, the 
extremities of the chromosomes that must be protected from exonucleases 
(Sect.  A.5 ); and at the level also of the origins of replication that are scattered all 
along the chromosomes (see Sect.  A.3 ).  

   Repetitive Sequences 
 About 50 % of the genome is comprised of repetitive sequences, either one after 
the other (tandem repeats) or scattered all over the genome. They are of various 
lengths and made of repeats of a unit motif more or less complex. They can be 
distinguished according to the length of the motif and the number of repeats: (1) 
Microsatellites ( short tandem repeats  or STR)   , comprising some dozens of 
repeats of a short motif (two to fi ve nucleotides), are found all over the genome, 
especially within introns where two-nucleotide CA repeats are frequent. The 
number of repeats is variable from an individual to another one, constituting a 
polymorphism that can be used as a genetic marker. (2) Minisatellites, with 
motifs of some dozens of nucleotides that are repeated several hundreds of times 
and are widespread in the genome, with highly polymorphic sequences. (3) 
Satellites, for which the motif of several hundreds of nucleotides is repeated 
500,000–1,000,000 times. 

 Among the widespread sequences are:

•    SINE ( short interspersed elements ) sequences, which contain 100–300 nucleo-
tides. One of them, the Alu sequence, long of 282 nucleotides, is found in aver-
age every 4,000 base pairs, so that about 1,000,000 copies are to be found in the 
whole genome. They encode no protein and their role is unknown. They may 
derive from a gene encoding the RNA of a  signal recognition particle  whose 
transcripts would have been reinserted within the genome.  

•   LINE ( long interspersed elements ) sequences, which contain 5,000–7,000 nucle-
otides. They are thought to derive from certain transcripts from DNA polymerase 
II or from a retrotranscriptase, which would have been reinserted in the genome. 
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There are about 500,000 such sequences in the genome, often incomplete. Their 
insertion in a gene sequence can inactivate the transcription of this gene. They 
contain LTR ( long terminal repeat ) at their extremities, similar to those of 
viruses.     

   Transposable Elements 
 The LINE and SINE sequences are mobile sequences that can move randomly from 
a chromosomal location to another one; these sequences precisely encode enzymes 
able to catalyse their transposition, either directly (transposons) or after retrotrans-
cription (retrotransposons). In normal cells, these enzymes are not expressed, owing 
to the high level of methylation of their promoters (Annex  B ). In several cancer 
types, however, these genes are reactivated, in relation to the loss of hypermethyl-
ation, but the mechanism of transcription reactivation of these genes remains poorly 
understood. It could be attributed to cancer genomic instability in relation to geno-
toxic stresses, including those elicited by anticancer agents. In addition, the transpo-
sition activity of the proteins thus synthesised amplifi es genomic instability; 
according to the site of reinsertion of the transposed elements, transposition is able 
to inactivate tumour suppressor genes or even to activate proto-oncogenes. The inhi-
bition of transposition activity in vitro induces the arrest of cell proliferation, so that 
a therapeutic approach could be conceived by inhibiting retrotranscriptase activity 
encoded by  LINE1 .   

    A.1.3  Main Genome Alterations 
 Various diseases, including cancers, are primarily associated to genome alterations. 
Some of them are point mutations, involving one single nucleotide: they can be 
identifi ed by sequencing. Others correspond to gene rearrangements and can some-
times be detected by cytogenetics. In addition, common variations in DNA sequence 
are found all along the genome and responsible for the wide diversity of human 
species: these are called genetic polymorphisms. 

   Point Alterations: Mutations and Polymorphisms 
 Errors that occur during replication or that are induced by mutagenic agents can 
lead to the replacement of a nucleotide by another ( substitution ), to the loss of one 
or several nucleotide(s) ( deletion ) or by the addition of one or several nucleotides 
( insertion ). The protein encoded by the gene may bear, therefore, a structural 
alteration that can lead to a decrease in its activity or the complete loss of its func-
tion. These mutations explain many hereditary diseases and malformations when 
they occur in a germinal cell and cancers when they occur in a somatic cell line. 
One can distinguish  silent mutations  (preservation of the amino acid in the poly-
peptide chain),  missense mutations  (replacement of an amino acid by another one) 
and  nonsense mutations  leading to truncated proteins (occurrence of a stop codon, 
alteration of a splicing site). Insertions and deletions of one or two nucleotides 
modify the reading frame and therefore the complete protein sequence: they are, 
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as a rule, nonsense alterations, whereas deletions and insertions of three (or a 
multiple of three) nucleotides preserve the reading frame, with loss or addition of 
one amino acid, and generally behave as missense alterations. The reader can fi nd 
in Annex  C  (Table  C.1 ) a reminder of the genetic code and of amino acid usual 
abbreviations. 

 In addition to these pathological alterations, rare but deleterious, there are 
numerous individual variations of the genome sequence that are called genetic 
polymorphisms. Their frequency may vary from one gene to another one; it is 
higher in introns than in exons. They are the support, in most cases, of minor 
phenotypic variations and explain the minor differences, from eye colour or 
skull shape to hereditary predisposition to some diseases or sensitivity to some 
drugs: as such, genetic polymorphisms are of major interest to the physician 
and the pharmacologist. Gene polymorphisms are not only simple replace-
ments of a nucleotide by another one (that are called  single nucleotide poly-
morphisms  or SNPs): there are also polymorphisms involving insertions and 
deletions, as well as gene copy number ( copy number variations , CNV), which 
may vary from an individual to another and may play a major role in gene 
expression level. 

 Mutations by substitutions and SNPs are, therefore, the same event from a bio-
chemical point of view (replacement of a nucleotide by another), but they have 
different functional signifi cance: one uses the word  mutation  for rare deleterious 
events and the word  polymorphism  for non-deleterious and frequent events (allele 
frequency of at least 10 %, which gives a frequency of at least 1 % of homozygous 
variants). As for mutations, one can distinguish silent or synonymous polymor-
phisms from non-synonymous polymorphisms, with replacement of an amino acid 
by another. Synonymous polymorphisms, nevertheless, may have consequences: 
the frequency of codon use for protein synthesis may vary, so that the correspond-
ing transfer RNA population may not be adapted; as a possible consequence, pro-
tein synthesis may be slowed down and protein folding may be defective. In 
addition, the three-dimensional structure of the mRNA may be different after 
replacement of an amino acid by another one, and this may have consequences on 
mRNA stability and on translation effi ciency, thus on the amount of protein 
produced.  

   Genome Rearrangements 
 Abnormal events during meiosis, and sometimes mitosis, may lead to important 
genome rearrangements. Trisomies are the most frequent rearrangements, with 
major pathological consequences. Deletions or insertions of large chromosome 
fragments may occur during homologous recombination or transposition processes. 
Gene duplication may also occur in the germinal cells during meiosis, but gene 
amplifi cation, i.e. the large increase in gene copy number, essentially occurs in 
somatic cell lines and is generally observed in cancer cells. Finally, chromosome 
translocations, most often due to unequal recombination between homologous 
sequences between two different chromosomes, are also observed mainly in cancer 
cells, especially leukaemia cells.    
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     A.2   DNA Replication Machinery 

 DNA replication takes place during the S phase of the cell cycle (Chap.   17    ). This is a 
semi-conservative process, as demonstrated more than 50 years ago by Meselson and 
Stahl: each of the two strands is used as template to be copied in a complementary 
way, by DNA polymerase(s). The constitutive elements of DNA, the four 2′-deoxy-
nucleotides, are brought as trisphosphate esters, which provide both the required 
material and the energy required for their assembly. This polymerisation is carried 
out, on the two strands, in the 5′ → 3′ direction, in an antiparallel way and by pairing 
the homologous nucleotides, which are attached together by a phosphodiester bond. 
One of the two strands of the template is continuously copied from 3′ to 5′ to generate 
a  leading strand , while the other one is also copied from 3′ to 5′ but discontinuously 
by fragments of about 200 deoxynucleotides called ‘Okazaki fragments’. This new 
 lagging strand  requires afterwards the ligation of the fragments that have been thus 
generated (Fig.  A.6a ). The two new strands are simultaneously synthesised by DNA 
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  Fig. A.6    Replication process. ( a ) After the opening of the double helix, the two DNA strands are 
simultaneously copied in the 5′ → 3′ direction after the formation of a RNA primer which is 
replaced afterwards by DNA. This requires the continuous synthesis of one strand (leading strand) 
and the discontinuous synthesis of the other (lagging strand) by fragments of about 200 nucleotides 
(Okazaki fragments) that are bound together by ligase 1 (LIG1). ( b ) A loop formed by the lagging 
strands allows in fact the synthesis of the two strands by the same DNA polymerase dimer δ or ε 
(Published with the courtesy of M. Donon)       
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polymerases δ and ε (genes  POLD  and  POLE ), thanks to the fact that these enzymes 
act as dimers and that the DNA template constitutes a loop around them, in order to 
present in parallel the deoxynucleotides intended for copy (Fig.  A.6b ).  

 Replication starts simultaneously on several sites of each chromosome, called 
‘ origins of replication ’, characterised by precise sequences allowing their recognition 
by the replication machinery proteins. The opening of the template DNA molecule 
is carried out (1) by DNA topoisomerases II (TOP2), enzymes that realise transient 
double-strand breaks allowing the local relaxation of the double-helix supercoil-
ing, and (2) by helicases allowing the opening of the double helix itself by transient 
breaks of the hydrogen bonds involved in base pairing. DNA synthesis is bidirec-
tional and  replication forks  progress in both directions from the replication origins. 
After binding of RPA ( replication protein A ) at the level of the replication origins, an 
RNA strand is fi rst synthesised by a heterodimeric RNA polymerase called  primase , 
because DNA polymerase itself cannot initiate DNA synthesis but only pursue it from 
an RNA  primer  of about ten nucleotides. Once the RNA primer is synthesised, DNA 
polymerase α (gene  POLA ), in association with primase, takes over and begins DNA 
synthesis. 

 After binding other DNA-interacting proteins, RFC ( replication factor C ) and 
PCNA ( proliferating cell nuclear antigen ), the DNA polymerases δ and ε carry out 
DNA chain elongation (Fig.  A.7 ). These polymerases, in addition to their DNA 

  Fig. A.7    Replication machinery. The replication machinery involves a large number of different 
proteins. After intervention of topoisomerase II (TOP2), a helicase enables the opening of the 
double helix. Then RPA ( replication protein A ) is attached at the level of the origins of replication 
and an RNA strand is synthesised by an RNA polymerase called  primase , because DNA poly-
merase cannot initiate DNA synthesis but only pursue synthesis from an RNA primer of about ten 
nucleotides. Once the RNA primer is synthesised, DNA polymerase α (POLA), in association with 
primase, takes over and begins DNA synthesis. After binding other DNA interaction proteins, RFC 
( replication factor C ) and PCNA ( proliferating cell nuclear antigen ), the DNA polymerases δ or ε 
elongate the DNA chain. The RNA primer is then hydrolysed by RNase H and replaced by DNA 
via polymerases δ or ε (Published with the courtesy of M. Donon)       
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synthesis function, display an editing (proofreading) function, i.e. the capacity of 
verifying that the last nucleotide added to the chain is the right one. This editing 
function is of crucial importance for genome stability and explains why the endog-
enous rate of DNA mutations (i.e. due to replication) is very low, about 10 −10 . 
Transgenic mice expressing a mutant DNA polymerase devoid of editing function 
develop spontaneous cancers. The RNA primer is then destroyed by RNase H and 
replaced by DNA synthesised by DNA polymerases δ or ε. During DNA synthesis 
progress, ligase 1 (gene  LIG1 ) enables the attachment of the fragments that are dis-
continuously synthesised on the lagging strand.   

    A.3   DNA Repair 

 Newly synthesised DNA can contain errors, despite the editing functions of the 
DNA polymerases δ and ε. It permanently also undergoes aggressions from physi-
cal and chemical agents: UV or ionising radiations, heat, mutagenic compounds, 
reactive oxygen species, etc. Several types of repair mechanisms must operate to 
restore DNA structure, each of them being directed toward given types of lesions, 
on the basis of the complementarity of the two DNA strands. When DNA damage 
cannot be repaired, the cell is normally driven to death; DNA damage tolerance 
characterises genomic instability of cancer cells and participates to oncogenesis: 
these lesions can induce an adaptive benefi t from which cancer cells take advantage 
to proliferate and spread all over the body. 

    A.3.1  DNA Damage 
 DNA lesions are generally divided in two categories; Fig.  A.8  presents some of 
these lesions: 

  Endogenous Damage 

•   Abasic sites whose formation most often results from the spontaneous break-
down of the glycosidic bond between the base and deoxyribose.   

•   Base oxidative alterations, leading in particular to 8-oxoguanine.  
•   Base deamination, inducing an alteration of the coding information, thus to 

mutations.  
•   Base mismatches resulting from non-corrected errors made by DNA 

polymerases.  
•   Accidental base methylations, leading for instance to  N  7 -methylguanine or 

 N  3 -methyladenine.   

  Exogenous Damage 

•   Pyrimidine or purine dimers, obtained by covalent bonds between two adjacent 
bases, especially induced by UV radiations.  

•   Polycyclic aromatic hydrocarbon adducts, such as benzopyrene, which attacks 
the electron-rich regions of nucleic bases.  

Annex A: Control of DNA Replication and Repair



252

N

N

N

N

O

H2N

CH3

O

O–

O

P

O

H2C

O

O

O–

O

P

O

O6-methylguanine

O

O

HN

N

CH3

O–

O

P

O

H2C

O

O

O–

O

P

O

O

OH

OH

Thymine glycol

O–

O

P

O

H2C

O

O–

O

P

O

O

CHOOH

Abasic site

HN

N

H
N

N

O

H2N
O

O–

O

P

O

H2C

O

O

O–

O

P

O

O

8-oxoguanine

O

O

NH

N

CH3

O–

O

P

O

H2C

O

O

O–

O

P

O

OO

O

HN

N

CH3

O–

O

P

O

H2C

O

O

O–

O

P

O

O

Thymine dimer

N7-methylguanine

HN

N

N+

N

O

NH2

CH3

O

O–

O

P

O

H2C

O

O

O–

O

P

O

CH3

N

N

N

NO

O–

P

O

H2C

O

O

O–

O

P

O

+

NH2

N3-methyladenine

O
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cinogenic or anticancer agents. Structural alterations are indicated in  red        

•   Adducts of other electrophilic compounds, which preferentially attack the  N  7 ,  N  2  
and  O  6  atoms atoms of guanine residues; some of these compounds are antican-
cer agents (alkylators, cisplatin).  

•   Double-strand breaks resulting from ionising radiations or drug-induced topoi-
somerase stabilisation.     
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    A.3.2  DNA Repair Mechanisms 
 Each type of DNA damage can be carried out by a specialised repair mechanism. 
Table  A.1  lists the main mechanisms and their involvement in the different types of 

   Table A.1    Main DNA lesions and repair mechanisms   

 Lesions  Repair mechanism 

  O  6 -methylguanine  Repair by direct reversal 

 Base mismatch  Mismatch repair (MMR) 

 Abasic sites  Base excision repair (BER) 

 8-oxoguanine 

  N  3 -methyladenine 

  N  7 -methylguanine 

 UV-induced lesions  Nucleotide excision repair (NER) 

 Thymine dimers 

 Single-strand breaks 

  N  3 -methyladenine 

  N  7 -methylguanine 

 Cisplatin adducts 

 Dichloroethyl adducts (nitrogen mustards) 

 Carcinogenic adducts (benzopyrene) 

 Ionising radiation-induced lesions  Homologous recombination (HRR) 

 Double-strand breaks  Non-homologous recombination (NHEJ) 
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petitive inhibitors such as  O  6 -benzylguanine enables the saturation of its catalytic activity and 
potentiates the activity of alkylating agents       

damage. The fi rst step of all repair mechanisms is the recognition of the lesion and of 
its lethal character; this step is generally followed by cell cycle arrest, enabling either 
the implementation of the appropriate repair mechanism or the induction of a cell 
death programme if the damage cannot be repaired (Chap.   18    ). There is in addition a 
possibility of tolerating the lesions, allowing DNA polymerases to pursue DNA rep-
lication without DNA repair; this process is called  translesion synthesis  (TLS).

     Direct DNA Repair 
 This mechanism (Fig.  A.9 ) enables the repair of alkyl adducts on the  O  6  of guanine 
residues by genotoxic agents and by some anticancer drugs such as temozolomide or 
nitrosoureas. These lesions are mutagenic because they induce G:C → A:T transitions 
during replication. Their repair involves an enzyme,  methylguanine methyltransferase  
(MGMT), which transfers the alkyl group to the thiol group of a cysteine residue. This 
is a suicide enzyme, which cannot be detoxifi ed and can only serve for the repair of a 
single lesion. This mechanism is thus dependent upon MGMT availability and conse-
quently on its transcription and translation rates. The MGMT promoter is subjected to 
methylation of its CpG islands, which thus governs its expression level (Annex  B ). 
This expression is highly variable from a tissue to another and tumours present either 
the  Mer  +  or the  Mer  −  phenotype as a function of MGMT expression. Evaluating 
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MGMT expression and/or promoter methylation can constitute a tool for predicting 
the activity of temozolomide in glioblastomas. An agent able to overcome MGMT 
activity is  O  6 -benzylguanine, which can serve as a decoy in diverting MGMT from the 
alkylated DNA adducts. Other derivatives are in development, such as lomeguatrib.   

   Mismatch Repair 
 This mechanism (MMR, Fig.  A.10 ) aims at correcting the errors made during DNA 
synthesis by polymerases δ and ε, when these errors have not been corrected by 
their editing activity, which occurs with a frequency of about 10 −10 . The introduction 
of the wrong base in front of the right one generates a  mismatch . In addition, some 
DNA adducts, when nonrepaired, induce a confusion with another base: for instance, 
 O  6  guanine can be paired with thymine; during the replication, adenine is inserted in 
front of thymine on one strand, but the adduct persists on the other, generating futile 
MMR cycles and accumulation of G:C → A:T mutations. MMR defi ciency leads to 
resistance to agents that generate  O  6  adducts, such as temozolomide.  

 Heterodimers formed by proteins MSH2 and MSH6, or MSH2 and MSH3 (MSH 
standing for  MutS homologue 2 ), are able to recognise such mismatches and to 
recruit proteins specialised in their repair, MLH1 ( MutL homologue 1 ) and PMS2 
( postmeiotic segregation increased ), forming all together a heterotetramer. The pro-
tein complex slides along the DNA to a short distance of the mismatch, then hydro-
lyses the strand that carries the mismatch over some dozens of nucleotides 
downstream, whereas the other strand is protected from exonucleases by RPA ( rep-
lication protein A , gene  RPA1 ). DNA resynthesis is then realised by DNA poly-
merase β (gene  POLB ) and strand continuity is ensured by a ligase. 

 This repair mechanism is defi cient in certain cancers that present the phenotype 
of  microsatellite instability  (MSI), characterised by the fact that the dinucleotide 
repeats present in many microsatellites, which are diffi cult to replicate exactly the 
same during DNA replication, remain altered in the absence of functional MMR, so 
that the exact number of repeats is not maintained. This occurs especially in some 
forms of colon, ovarian and endometrium cancers, which present some phenotypic 
characteristics. This can be encountered both in sporadic cancers, when MLH or 
MSH mutations occur in a given somatic cell, and in cancers with hereditary predis-
position when they occur in the germline. (HNPCC,  hereditary non-polyposis colon 
cancer ) Some microsatellites are more vulnerable than others and allele heterogene-
ity is evaluated for the molecular diagnosis of MSI.  

   Base Excision Repair 
 This mechanism BER, (Fig.  A.11 ) mainly aims at replacing the bases that have been 
altered by an endogenous oxidative process, such as 8-oxoguanine and 
5- hydroxycytosine. DNA glycosylases, which are diverse as a function of the dam-
aged base (MPG [ N - methylpurine DNA glycosylase ], OGG1 [ 8 - oxoguanine DNA 
glycosylase ], etc.), are able to hydrolyse the  N -osidic bond between the base and 
deoxyribose and thus to eliminate this base, generating an  abasic site . This site may 
be recognised by the endonuclease APEX1 ( apurinic – apyrimidinic  endonuclease 1 ), 
which hydrolyses the phosphodiester bond and thus generates a single-strand break. 
Proteins XRCC1 ( X - ray repair cross-complementation group 1 ) and PARP1 
( poly ( ADP ) ribose polymerase 1 ) can recruit a  polynucleotide kinase  (PNK) that 
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phosphorylates the 5′OH end and dephosphorylates the 3′P end at the level of the 
break, a step required for the restoration of the phosphodiester bond by DNA poly-
merase β, sometimes polymerase θ or λ (genes  POLQ  and  POLL ). The sole missing 
nucleotide is replaced in the  short patch BER , whereas fi ve to six nucleotides are 
added at the level of the damage in the  long patch BER , producing thus an overlap 
or a  fl ap , which is removed by a  fl ap endonuclease , FEN1 or GEN1. In both cases, 
ligase 3 (LIG3) must afterwards restore DNA continuity.   

   Nucleotide Excision Repair 
 This mechanism (NER, Fig.  A.12 ) is mainly involved for UV-induced DNA damage 
but is also used to repair the damage generated by adducts formed with alkylating 
and platinating agents, especially at the level of the nitrogen atom #7 of guanine 
residues. NER utilises several XP proteins, owing their names because germinal 
mutations of their genes induce a group of diseases called  xeroderma pigmentosum , 
characterised by UV-rays hypersensitivity and a hereditary predisposition to skin 
cancers. XP proteins are also often called ERCC ( excision repair cross - 
complementation    ) proteins. Damage recognition can proceed in two different ways: 

•    In the case of  global genome NER  (GG-NER), the lesions are recognised, inde-
pendently of their genomic localisation, by a protein complex XPC-RAD23B.  

•   In the case of  transcription - coupled NER  (TC-NER), only the lesions occurring 
in transcribed DNA regions are repaired, when RNA polymerase II must inter-
rupt transcription, thanks to proteins called CSA and CSB ( Cockayne syndrome 
A  and  B ). This mechanism is carried out for a more rapid repair of transcribed 
genes in a given tissue.    

 In both cases, helicases called XPD (gene  ERCC2 ) and XPB (gene  ERCC3 ), 
with opposite polarities, associated to the protein transcriptional complex TFIIH, 
maintain the double helix in an open position to allow its accessibility to repair 
enzymes. XPA recognises and verifi es the presence of the lesion, RPA binds to dam-
aged DNA and the endonuclease XPG (gene  ERCC5 ) hydrolyses the damaged 
strand on the 3′ side of the lesion. Then, the endonuclease XPF (gene  ERCC4 ), 
associated to ERCC1, hydrolyses the damaged strand on the 5′ side of the lesion, 
thus releasing a DNA fragment of 24–32 nucleotides. DNA polymerase δ and ε 
reconstitute the excised sequence, bringing complementary nucleotides to the 
undamaged strand serving as a template, and ligase 3 (LIG3) restores DNA 
continuity. 

 NER is under the control of p53 (Chap.   17    ): tumours carrying a p53 mutation 
cannot activate this pathway, which results in an increased genomic instability. NER 
protein expression or activity plays a major role in the sensitivity to DNA damage- 
inducing anticancer drugs, especially platinum compounds. ERCC1 overexpression 
has been associated to cisplatin resistance in non-small-cell lung cancers, while 
some polymorphisms of ERCC2 have been associated to oxaliplatin effi cacy in 
colorectal cancers. The development of drugs aimed at inhibiting NER to potentiate 
the activity of alkylating and platinating agents is currently explored. A particular 
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the fact that the lesion is localised within non-transcribed DNA ( global genome NER ) or tran-
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opening by helicases XPB and XPD of the TFIIH complex. Nucleases XPG and XPF–ERCC1 
excise part of the damaged strand, then DNA polymerase β ensures the resynthesis of the excised 
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Annex A: Control of DNA Replication and Repair



260

alkylator, trabectedin, which targets the nitrogen atom  N  2  of guanine residues, inter-
feres with NER: contrary to other alkylators, it is more active when NER is highly 
profi cient, probably because it stimulates a futile NER activity. Its combination with 
cisplatin in cancers like ovarian carcinomas could prove synergistic.  

   Homologous Recombination Repair 
 This mechanism (HRR, Fig.  A.13 ) is involved in the repair of DNA double-
strand breaks, either generated by ionising radiations or resulting from DNA 
cross-links induced by alkylating agents. It is activated after damage recognition 
by kinases, which play a role of damage sensor: ATM ( ataxia telangiectasia 
mutated ) and ATR ( ataxia telangiectasia and Rad - 3 related ). These kinases are 
able to phosphorylate many proteins, directly involved either in DNA repair (his-
tone H2AX) or in cell cycle arrest (CHK1 and CHK2 [ checkpoint kinases , genes 
 CHEK1  and  CHEK2 ]) (Chap.   17    ) or in apoptosis (MDM2    [ murine double-min-
ute homologue 2 ]). Homologous recombination is a relatively slow process, 
because it utilises the undamaged chromosome as a template, but it ensures an 
accurate copy.  

 A protein complex called MRN, comprised of the three proteins MRE11 (  meiotic 
recombination homologue 11 ), RAD50 ( radiation response yeast homologue 50 ) 
and NBS1 ( Nijmegen breakage syndrome 1 ) or nibrin (gene  NBN ), is activated by 
phosphorylation by ATM and exerts a 3′ exonuclease activity. A series of proteins, 
namely RAD51, XRCC2, XRCC3, BRCA1, BRCA2 ( breast cancer protein 1 and 
2 ) as well as PARP1 ( poly ( ADP ) ribose polymerase 1 ), are involved in the resynthe-
sis of damaged DNA, which is obtained by copying the homologous sequence on 
the sister chromatid. This resynthesis, starting from the 3′ ends of each strand, 
extends beyond the lesion, and the restoration of the original DNA fragment is 
enabled by a specifi c enzyme called  resolvase .  BRCA1  and  BRCA2  gene mutations 
are found in an important proportion of breast and ovarian cancers, especially those 
occurring with hereditary predisposition. 

 Inhibitors of homologous recombination have been identifi ed: inhibition of 
MRE11 can be achieved by a small molecule, mirin, as well as the inhibition of 
ABL-mediated phosphorylation of RAD51 on a tyrosine residue by imatinib (Chap. 
  1    ); the inhibition of CDK1-mediated phosphorylation of BRCA1 by CDK inhibi-
tors is achieved by dinaciclib (Chap.   17    ). Inhibition of the DNA damage sensor 
kinases, ATM and ATR, might sensitise cells to anticancer agents inducing DNA 
double-strand breaks (topoisomerase II inhibitors, ionising radiations). Wortmannin 
and caffeine have low selectivity; more active agents are being developed for clini-
cal trials.  

   Non-homologous End Joining  
 This DNA double-strand break repair mechanism (NHEJ, Fig.  A.14 ) involves a 
mere reassociation of the ends that were separated by the break. This process is 
rapid, but it is error-prone because it can introduce point deletions. This is the most 
common double-strand break repair mechanism in mammals. The split endings are 
recognised by a protein complex made of KU70 (gene  XRCC6 ), KU80 (gene 
 XRCC5 ) and another kinase, DNAPK ( DNA - activated protein kinase , gene 
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  Fig. A.13    Homologous recombination (HRR). Double-strand breaks are detected by sensor pro-
teins belonging to the PIKK family, ATM and ATR, which phosphorylate several effector proteins, 
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error-prone       
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 PRKDC ), which activates by phosphorylation a 3′ exonuclease called  artemis  (gene 
 DCLRE  for  DNA cross - link repair ), which prepares the separated endings to enable 
ligase 4 ( LIG4 ), associated to XRCC4 and XLF ( XRCC4 - like factor ) (gene  NHEJ1 , 
for  non-homologous end - joining factor 1 ), to bind the two endings. Defects in 
NHEJ are likely due to the occurrence of chromosomal abnormalities in cancers and 
leukaemias (translocations, inversions, etc.)    

    A.3.3  DNA Damage Tolerance Mechanisms 
 Prokaryotes and eukaryotes have developed various mechanisms for DNA damage 
tolerance, a process less expensive in energy than DNA repair, but contributing to 
genome instability. In mammals, DNA damage tolerance involves especially trans-
lesion DNA polymerases, devoid of editing functions, each of them being able to 
clear a given type of lesion: DNA polymerase η (gene  POLH ) for UV-induced thy-
mine dimers and cisplatin-mediated guanine–guanine cross-links; DNA polymerase 
ι (gene  POLI ) for oxidative damage; DNA polymerase κ (gene  POLK ) for minor 
grove adducts such as those formed on guanine  N  2  by mitomycin C; DNA poly-
merase θ (gene  POLQ ) for abasic sites, etc. Some of them are also utilised for post- 
repair DNA resynthesis. These polymerases are highly mutagenic and translesion 
synthesis is used by tumours to increase their level of genomic instability. Their 
expression is often altered in cancers, either decreased (so that DNA repair resyn-
thesis is altered) or increased (favouring thus the accumulation of mutations). 
Mutations in  POLH  have been identifi ed in some forms of  xeroderma pigmentosum  
(XPV). Helicases may also participate to DNA translesion synthesis. High-fi delity 
DNA polymerases (POLΔ and POLε), when their gene is mutated, can also lose 
their proofreading function, participate to genome instability and favour the emer-
gence of cancers.  

    A.3.4  Role of Poly(ADP-Ribose) Polymerases 
 Poly(ADP-ribose) polymerases (PARP) constitute a family of seven enzymes 
involved in the regulation of many processes, including transcription, cell cycle 
progression, cell death and DNA repair. PARPs catalyse the binding, to nuclear 
proteins glutamic acid residues, of ADP-ribose polymers produced by NAD +  hydro-
lysis that they also catalyse (Fig.  A.15 ). Two of them, PARP1 and PARP2, are acti-
vated by DNA damage and play a role as damage sensors and in signalling. PARP1 
is able to bind the endings of DNA double-strand breaks during homologous or 
non-homologous DNA repair or during excision of abasic sites by the BER endo-
nucleases. PARP2 interacts with PARP1 by associating with their common partners. 
Numerous proteins directly involved in DNA repair or in DNA damage response are 
PARP1 substrates: ATM, p53, KU70 (gene  XRCC6 ), KU80 (gene  XRCC5 ), DNAPK 
(gene  PRKDC ), XRCC1, MRE11, POLβ, LIG3, TOP1, etc. PARP1 is also able to 
bind poly(ADP-ribose) groups to histones, taking thus part in chromatin deconden-
sation, as well as to transcription factors such as NFκB. Protein poly(ADP- 
ribosylation) constitutes thus a fundamental post-translational covalent modifi cation 
of proteins.  
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 The discovery of the role of PARP1 in BER led to the development of inhibitors 
aiming at potentiating the effect of alkylating agents (Fig.  A.11 ). In the case of 
temozolomide, adenine  N  3  and guanine  N  7  methylations are rapidly repaired by 
BER with the help of PARP1 and PARP2 and do not contribute to cytotoxicity, only 
the  O  6  guanine methylations being lethal, at least in the absence of MGMT-mediated 
repair. If PARP1 inhibitors are combined with temozolomide, BER is inhibited and 
cell death occurs, independently of  O  6  guanine methylation. Similarly, these com-
pounds are able to potentiate the effect of ionising radiations, which produce 
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double- strand breaks, and of topoisomerase I inhibitors, which also generate double- 
strand breaks during the collision of a replication fork with a cleavage complex. 
Another potential use of PARP1 inhibitors is for treating tumours presenting a defi -
ciency in double-strand break repair mechanisms: this is the case of breast and 
ovary cancers displaying a deleterious  BRCA1  or  BRCA2  gene mutation or more 
generally tumours with BRCA1 or BRCA2 defects, encountered in the phenome-
non of  BRCAness . 

 3-aminobenzamide was the fi rst molecule identifi ed as a PARP1 inhibitor. More 
specifi c and more active compounds have been developed afterwards; they belong 
to various chemical families: isoquinolines, benzoxazoles, benzimidazoles and 
quinazolinones. Olaparib, rucaparib, veliparib and some others are presently in 
clinical trials, either in association with DNA-damaging anticancer drugs (topoi-
somerase I inhibitors, temozolomide, cisplatin, etc.) or alone in tumours presenting 
the BRCAness phenotype, in a synthetic lethality approach.   

     A.4   Protection of Chromosomes Endings 

    A.4.1 Telomeres and Telomerase 
  Telomeres  are nucleoprotein complexes aimed at protecting chromosome endings 
from exonucleases and from accidental recombinations that could alter genomic 
information. At each cell generation, a fragment of telomeric DNA is eliminated, 
and this progressive chromosome shortening explains why normal cell lineages can 
realise a limited number of divisions, as if they harboured a ‘mitotic clock’. When 
telomeres become too short, the cell replicative potential is exhausted, what is called 
the  Hayfl ick limit  (Fig.  A.16 ). They acquire in a fi rst step (M1) a replicative senes-
cence phenotype then undergo a ‘crisis’ (M2) accompanied by lethal chromosome 
fusions generating genomic instability and leading to cell death. However, in germi-
nal tissues as well as during embryogenesis, telomere regeneration occurs after each 
replication cycle, so that the replicative potential is maintained. This is catalysed by 
telomerase, an enzyme whose activity and/or expression is null in adult somatic tis-
sues, excepted stem cells.  

 During the senescence step (M1), genetic or epigenetic alterations may allow 
some cells to pursue a replicative activity and to enter cell cycle; then, during the 
crisis (M2), these cells may escape cell death through reactivation of telomerase 
activity and thus acquire an indefi nite replicative potential called ‘immortality’. The 
occurrence of subsequent mutations, facilitated by genomic instability, confers to 
these cells the phenotype of cancer cells. Telomere maintenance and lineage immor-
tality are characteristic features of cancer cells but are insuffi cient to determine the 
full cancerous phenotype. The telomeres of cancer cells are generally shorter than 
those of the surrounding stromal cells, which does not seem to hinder their function 
of chromosome protection. 

 Telomeres adopt a characteristic structure, consisting of several thousands of a 
six-nucleotide repeat (5′ TTAGGG 3′). They extend over 6–8 kb in somatic cells 
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and 10–20 kb in germline cells. The 200 last nucleotides constitute a single DNA 
strand folded as a lasso, the  T - loop , which realises, at its 3′ end, a hybridisation with 
an upstream sequence to form the  D - loop  (Fig.  A.17 ). Several proteins are associ-
ated to these loops: TRF1 and TRF2 ( telomere repeat binding factors ), TIN2 ( TRF1 -
 interacting protein  2), RAP1 ( transcriptional repressor / activator protein ), POT1 
( protection of telomeres 1 ) and TPP1 ( TIN2- and POT1 - organising protein ) 
(Fig.  A.17 ). TRF1, TRF2 and POT1 are bound to double-stranded telomeric struc-
tures and are interconnected by other proteins. TRF1 and TRF2 also interact with 
PARP ( poly ( ADP - ribose ) polymerase ) and with another enzyme called  tankyrase  
(gene  TNKS ), as well as with DNA repair proteins: the MRE11–RAD51–NBS1, the 
heterodimer KU70–KU80 and the kinase ATM. All together, this constitutes an 
organelle at the extremity of chromosomes, called the telomeric cap,  telosome  or 
 shelterin . The exact role of each protein of the complex is still incompletely 
understood.  

 Telosomes enable telomeres to exist under several distinct forms that can be 
converted from one to the other: a  capped  form, in which DNA is unavailable to 
exonucleases or to DNA recombination and repair as well as to telomerase, and an 
open  uncapped  form enabling telomerase to reconstitute the sequence lost during 
the previous replication cycle. In addition, telomeres can also adopt a third confor-
mation, in which the single-stranded telomere end forms planar guanine tetramers 
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  Fig. A.16    Evolution of telomere length as a function of the number of cell divisions. Telomere 
shortening occurs regularly at the end of each cell cycle; when the M1 threshold is reached 
(Hayfl ick limit), cells enter senescence and cannot undergo more divisions unless oncogenic alter-
ations are present. Further telomere shortening leads to the M2 crisis, which generates a high level 
of genomic instability, generally leading to cell death. If cells survive crisis, they can become 
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called G-quadruplexes. In these structures (Fig.  A.18 ), the consecutive guanine resi-
dues are associated by hydrogen bonds different from those involved in the classical 
Watson-and-Crick pairing. This constitutes exonuclease-resistant compact 
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  Fig. A.17    Structure of telomeres. Telomeres present a characteristic structure consisting of sev-
eral thousands of repeats of a 6-nucleotide sequence (5′ TTAGGG 3′). In the  capped  telomere 
conformation ( a ), the last single-stranded 200 nucleotides are folded to constitute the lasso-like 
T-loop which hybridises, at its 3′ end, with a complementary segment to form the D-loop. Several 
proteins are associated to these loops, forming the TRF1 and TRF2 complexes. This capped con-
formation prevents telomere availability to exonucleases or telomerase. It can be converted to the 
 uncapped  conformation ( b ), available for telomerase-mediated elongation, in which G-quadruplexes 
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structures. The mechanism of interconversion between the different telosome con-
formations is not fully understood. G-quadruplexes are not exclusively present in 
telomeres; they are also present in other DNA sequences, such as ribosomal DNA 
and minisatellites.  

 Telomerase is a dimeric ribonucleoprotein particle containing an RNA chain of 
451 nucleotides (TR or TERC,  telomerase RNA component ), in which a 12- nucleotide 
sequence will be used as a template for telomere resynthesis; a protein of 170 kDa 
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with retrotranscriptase function (TERT,  telomerase reverse transcriptase ); and an 
assembly of proteins constituting the  dyskerin  complex (Fig.  A.19 ). TERT function is 
to catalyse nucleotide polymerisation at chromosome endings to reconstitute the telo-
meres. This is obtained by copying the RNA template by groups of six nucleotides to 
elongate the truncated DNA in the 5′ → 3′ direction with a shift of the same number of 
nucleotides at each step (Fig.  A.20 ). Telomerase activity is regulated during embry-
onic development thanks to the transcriptional control of TERT, which is the limiting 
component of the protein complex. TERT is submitted to alternative splicing and a 
variant called TERTα exerts a negative dominant effect of telomerase activity.   

 Several proteins are associated to telomerase and contribute to its function: these 
are small nucleolar ribonucleoproteins (snoRNP), dyskerin (DKC1) and the 
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  Fig. A.19    Structural organisation of telomerase and associated proteins. In its holoenzyme form, 
telomerase is a ribonucleoprotein associating: (i) a RNA molecule (TERC), of which a 12- nucleotide 
sequence is used as a template for telomere synthesis; (ii) a 170-kDa protein with retrotransferase 
catalytic activity (TERT); and (iii) a non-enzymatic, structural protein called dyskerin (DKC1), 
associated to the proteins NOLA1 (GAR1), NOLA2 (NHP2) and NOLA3 (NOP10), which are 
required for stability of telomerase RNA       
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proteins NOLA1 (gene  GAR1 ), NOLA2 (gene  NHP2 ) and NOLA3 (gene  NOP10 ), 
which are required for the stability and accumulation of telomerase RNA and dis-
play distinct nucleolar functions. In addition, two ATPases, pontin and reptin, are 
required for the assembly of the complex TERT–TERC–dyskerin but do not remain 
associated to the telomerase functional complex. In addition, telomerase presents 
functions unrelated to telomere regeneration: it is a transcriptional regulator of the 
Wnt–β-catenin pathway and acts as a DNA-dependent RNA polymerase for the 
biosynthesis of small interfering RNAs (siRNAs).  

    A.4.2  Oncogenic Alterations and Pharmacological Targets 
 Telomerase activity is absent in somatic cells, with the exception of stem cells 
and some rapidly proliferating cell types. Reactivation of telomerase activity in 
cancer cells represents a critical way to ensure lineage immortality, and 85 % of 
cancer cells present such a reactivation. Another mechanism for telomere main-
tenance, independent from telomerase, has been described in cancer cells and 
involves homologous recombination; it is called ALT ( alternative lengthening of 
telomeres ). TERT reexpression occurring during the crisis of telomere evolution 
represents an important step of neoplastic transformation. In addition, telomer-
ase inhibition triggers apoptosis or senescence of most cancer cell lines, which 
occurs rapidly due to the short size of their telomeres. For these reasons, telom-
erase constitutes a relevant target for inhibiting the proliferation of cancer cells. 

 Convincing experimental evidence has shown that telomerase reactivation in 
somatic cells is oncogenic: the introduction of telomerase in primary cultured 
cells contributes to the malignant phenotype and, conversely, the expression of 
a TERT negative dominant protein induces the reversal of the cancer phenotype 
associated with a decrease in telomere length. However, the molecular mecha-
nisms involved in telomerase reactivation in somatic cells remained poorly 
understood until the recent discovery of a series of  TERT  mutations in various 
cancer types (central nervous system, bladder, thyroid, melanoma), which are 
responsible for an increase in TERT expression. In addition,  TERT  genetic 
polymorphisms, especially the intronic SNP rs2736100, with high allele fre-
quency, have been associated to the risk of cancer and to sensitivity to antican-
cer drugs. 

 Several germline mutations of TERT lead to protein inactivation and are asso-
ciated to various diseases, such as congenital dyskeratosis, which can also be 
associated to mutations of dyskerin (gene  DKC1 ) or other proteins involved in 
telomere regeneration. However, these diseases are associated to a high risk of 
myelodysplastic syndromes that frequently evolve to acute leukaemia; this shows 
that, whereas telomerase is required for indefi nite cell proliferation through cell 
lineage immortality, its loss can also lead to genome instability, which is also 
potentially oncogenic. 

 Numerous tracks have been followed for identifying relevant targets for cancer 
treatment. The most promising targets concern telomerase expression and/or activ-
ity and telomere structure. Telomerase catalytic activity can be targeted with nucle-
osidic drugs similar to those active against viral retrotranscriptases (azidothymidine, 
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carbovir, acyclovir, ganciclovir, penciclovir, etc.), but these compounds have shown 
poor anticancer activity. Non-nucleosidic compounds have been sought by high- 
throughput screening, using a functional test, the  telomere repeat amplifi cation pro-
tocol  (TRAP). The long delay required by such drugs to induce antiproliferative 
effect is a major drawback for their development. 

 A variety of antisense approaches have been suggested, directed either against 
the RNA component TERC or the protein component TERT. Imetelstat, a 
13- nucleotide thiophosphoroamidate mimicking the telomere sequence TTAGGG, 
is presently in clinical trials. Immunotherapy (‘vaccination’) and gene therapy 
approaches have also been suggested and are under study; this is, for instance, the 
case of telomelysin, an oncolytic virus preparation, aimed at killing telomerase- 
overexpressing cells. 

 Targeting the G-quadruplexes with planar molecules able to intercalate between 
the guanine plateaus is a strategy developed by numerous laboratories. Porphyrin 
and acridine derivatives have been especially studied. Pyridostatin, quarfl oxin and 
telomestatin, a natural compound produced by  Streptomyces  species, are undergo-
ing clinical evaluation.    
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   Abstract 
 This annex aims at deepen the understanding of signalling pathways by present-
ing the modalities of gene expression regulation, in other words the amount of 
messenger RNA (mRNA) that is made available for protein synthesis. Most sig-
nals received by cells eventually lead to modifi cations of gene expression; sev-
eral signalling pathways end in the nucleus by the activation or inhibition of the 
transcription of specifi c genes. It appears necessary to describe in a simple way 
the general rules that govern genome transcription, also because these processes, 
downstream signal transduction, can harbour oncogenic alterations and pharma-
cological targets. In addition, we have often used the expression ‘cell context’ 
without defi nition, when describing the opposite effects that may induce the 
same signalling proteins in different circumstances. The cell context is the state 
of cell at a given moment and in a given place: level of differentiation, topologi-
cal localisation in a tissue and in the organism, interactions with other cells, etc. 
This may be represented by the collection of the genes that the cell expresses at 
this moment and at this location. There again, we need to know how gene expres-
sion regulation proceeds for understanding the ‘cell context’. 

 We briefl y present the transcription machinery, as it is described in basic text-
books to which the reader is referred for more details. We then present the basic 
mechanisms that control transcription and the genetic and epigenetic factors that 
modify gene products, with special emphasis on cancer-related alterations and 
on the solutions proposed by pharmacology. Several transcription factors have 
already been presented: MYC, JUN, ELK1 and ETS in Chap.   2    , FOXOs in 
Chaps.   2     and   3    , STATs in Chap.   4    , SMADs in Chap.   5    , β-catenin in Chap.   7    , GLI 
in Chap.   9    , NFκB in Chap.   12    , nuclear receptors in Chap.   14    , NFAT in Chap.   15    , 
HIF1α in Chap.   16    , p53 and E2F in Chap.   17    , etc.  

    B.1   Transcription Machinery 

 RNA synthesis results from the activity of RNA polymerases. It proceeds in the 
5′ → 3′ direction, uses as substrates the four ribonucleoside triphosphates (ATP, 
UTP, CTP and GTP) and generates phosphodiester bonds between the 3′ OH RNA 
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end in the course of elongation and the 5′ P end of a new nucleotide (Fig.  B.1 ). DNA 
nucleotide sequence determines RNA nucleotide sequence: RNA synthesis occurs 
after the opening of the DNA molecule by specialised enzymes and each nucleotide 
of the RNA strand is complementary to that of the template DNA strand, thymine 
being replaced by uracil. According to the gene, transcription proceeds on one DNA 
strand or the other. The copied strand, with a sequence complementary to that of 
RNA, is the antisense (−) strand; the other one, with a sequence identical to that of 
the synthesised RNA, is the sense (+) strand (Fig.  B.2 ).  

 The enzymes responsible for RNA synthesis are the DNA-dependent RNA poly-
merases. Three distinct enzymes are in charge of RNA synthesis: RNA polymerase I 
(POLR1) for the synthesis of large ribosomal RNAs; RNA polymerase II (POLR2) 
for the synthesis of messenger RNAs (mRNA), small nuclear RNAs (snRNAs), 
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  Fig. B.1    Structure of a RNA fragment. As an example, the CAUG sequence is presented here       
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small interfering RNAs (siRNAs) and micro-RNAs (miRNA); and RNA polymerase 
III (POLR3) for the synthesis of transfer RNAs (tRNAs) and other short stable RNAs. 
We will consider here essentially POLR2, as it is in charge of the synthesis of mRNAs 
and consequently of protein production. RNA polymerases are comprised of several 
subunits encoded by different genes, 15 in the case of POLR2.  

 As already mentioned, gene sequence is discontinuous in eukaryotes; the coding 
sequences (exons) are interrupted by non-coding sequences (introns). The transcrip-
tion of a gene encoding a protein begins upstream (5′) the fi rst exon, comprises all 
exons and introns, and ends downstream (3′) the last exon. After the transcription 
step, primary mRNAs are matured: the introns are excised by splicing, so that the 
mature mRNAs only contain: (1) a coding sequence resulting from exon connect-
ing, which is later translated into proteins, and (2) untranslated (UTR) sequences in 
5′ and 3′. 

 Upstream the transcription start site (TSS) is localised the promoter of the gene, 
which is the binding site for RNA polymerase, which determines the DNA strand to 
be copied. In its close neighbourhood are a series of characteristic sequences 
enabling transcription factor binding, especially a sequence called the  TATA box , 
located 25 nucleotides upstream the TSS, which is only present in domestic genes 
and which is recognised by  TATA box-binding proteins  (TBPs). In non-domestic 
genes, other specifi c boxes play the same role as the TATA box. 

 A series of protein complexes called  general transcription factors —TFIIA, B, 
D, E, F and H ( transcription factor IIA , etc.)—are required for transcription, in 
addition to the enzyme (POLR2), the DNA template and the substrate nucleotides 
(Fig.  B.3 ). All together, POLR2 and the general transcription factors (to be 
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  Fig. B.2    RNA synthesis (transcription). RNA synthesis is carried out from 5′ to 3′ and copies the 
DNA template sequence of the antisense or (−) strand. RNA sequence is thus identical to that of 
the DNA (+) strand, excepted for the replacement of thymine (T) by uracil (U)       
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distinguished from the specifi c transcription factors involved in the control of tran-
scription and described below) constitute the transcription initiation complex. 

•    TFIIA is a heterodimeric protein associating TF2AL (large, gene  GTF2A1 ) and 
TF2AS (small, gene  GTF2A2 ), which facilitates the binding of TBP to the TATA box.  

•   TFIIB (gene  GTF2B ) is involved in the association of the main POLR2 subunit 
(RPB1, gene  POLR2A ) with TBP.  

•   TFIID results from the association of several proteins, including TBP itself and 
a series of TBP-associated factors (TAFs).  

•   TFIIE is a heterodimeric protein (genes  GTF2E1  and  GTF2E2 ) and is involved 
in the separation (melting) of the two DNA strands.  

•   TFIIF is also a dimeric protein (genes  GTF2F1  and  GTF2F2 ) that binds primarily 
to POLR2 and prevents it to bind DNA sequences outside the promoter region.  

•   TFIIH results from the association of ten subunits, seven of which (XPD 
[ ERCC2 ], XPB [ ERCC3 ], p62 [ GTF2H1 ], p44 [ GTF2H2 ], p34 [ GTF2H3 ], p52 
[ GTF2H4 ] and TTDA [ GTF2H5 ]) form the core complex. To the core complex 
is transiently associated the cyclin-activating kinase complex (CDK7, MAT1 
[gene  MNAT1 ] and cyclin H [ CCNH ]) already mentioned in Chap.   17    .    

 XPD displays helicase activity enabling the opening or melting of the DNA mol-
ecule (i.e. the local separation of the two DNA strands, by forming a loop) in order 
to make the nucleotides available for copy. CDK7 displays kinase activity for the 
phosphorylation and activation of RNA polymerase II. Transcription begins 25 
nucleotides downstream the TATA box when it exists and is pursued by copying the 
antisense DNA strand, forming a transient RNA:DNA hybrid. The nascent RNA 
strand is progressively detached from the DNA template. 

 Elongation of RNA synthesis does not occur at constant rates and often pauses 
for various periods of time, aiming, for instance, at coordinating the transcription of 
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  Fig. B.3    Transcription initiation complex. The catalytic activity of RNA polymerase II (POLR2) 
is possible only in the presence of the general transcription factors TFIIA, B, D, E, F and H, which 
are protein or protein complexes, some of them bearing a catalytic activity: TFIIH harbours a 
helicase activity borne by XPD, which allows the unwinding of the double helix to make it avail-
able for POLR2. It harbours also kinase and ATPase activities borne by other proteins of the 
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different genes. These pauses are mediated by the NELF ( negative elongation fac-
tor ) complex in association with the DISF ( DRB sensitivity - inducing factor ) com-
plex. Elongation also requires positive transcription elongation factors which are 
organised in the P-TEFb complex containing especially CDK9, which phosphory-
lates several substrates (POLR2 on a serine residue of its  C -terminal domain, the 
two negative elongation factor complexes, DSIF and NELF) and factors required for 
RNA modifi cations that occur during RNA synthesis, such as capping which is 
described below. 

 Characteristic nucleotide sequences signal the termination of transcription; 
they are located downstream the gene coding sequence and are recognised by 
POLR2. Two protein complexes carried by the  C -terminal domain, CPSF ( cleav-
age and polyadenylation specifi city factor ) and CSTF ( cleavage stimulation fac-
tor ), recognise such signals in the transcribed RNA, so that the newly synthesised 
mRNA is detached from the complex by hydrolysis. POLR2 still continues to 
move along the template and synthesises a novel RNA molecule which is rapidly 
cleaved by  exonucleases, enabling POLR2 to eventually detach from the elonga-
tion complex. 

 mRNAs undergo a series of modifi cations during and after synthesis:

•    During synthesis, mRNAs are equipped with a cap (Fig.  B.4 ) aimed at protecting 
their 5′ end and at ensuring their recognition by the translation machinery: the γ 
phosphate group of the fi rst nucleotide is hydrolysed, and this nucleotide then 
binds to a molecule of GTP at its 5′ end, generating a 5′ → 5′ bisphosphate bond; 
a methyl group is then added to GTP  N  7 , forming thus a MeGTP cap. Methylation 
of the 2′ OH moieties of initial nucleotides may also occur.    

•    After synthesis, mRNAs are equipped with a poly(A) tail (Fig.  B.5 ), thanks to 
poly(A) polymerase (gene  PAPOLA ) which adds, at the 3′ ends, a series of 
approximately 200 adenylic nucleotides and enables the distinction between the 
messengers RNAs and the other cell RNAs. The polyadenylation signal in the 
gene sequence is in fact the termination signal mentioned above.    

•    mRNAs undergo the deletion of the introns through a process called  splicing . 
Splicing is realised by a ribonucleoprotein complex, spliceosome, which recog-
nises the initial nucleotide of the intron  n  +  1  (GU, donor site), the terminal 
nucleotide of intron  n  (AG, receiver site) and a nucleotide located 40 nucleotides 
upstream the receiver site (A, branching site). The endonuclease activity of the 
spliceosome enables the excision of the intron, which is eliminated as a lasso, 
and the religation of the 3′ end of the upstream exon to the 5′ end of the 
 downstream exon (Fig.  B.6 ).     

 Once matured, mRNAs can migrate to the cytoplasm. They only contain the 
sequence to be translated (Annex  C ). DNA transcription rate, mRNA stability and 
religation of exons after splicing (alternative splicing) are important features for 
gene expression control that will be described in this chapter.  
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  Fig. B.4    Structure of the 5′ end of an mRNA. The characteristic elements of the cap are indicated 
in  red : guanine methylation on  N  7 , 5′ → 5′ phosphate bond, methylation of the fi rst nucleotides in 
 O  2′        

    B.2   Transcription Regulation 

 Gene transcription is controlled by regulatory proteins synthesised from other genes 
( trans  regulatory sequences) and recognising short DNA sequences inside or close 
to the gene ( cis  regulatory sequences). Hundreds of different  cis  regulatory DNA 
sequences have been identifi ed in the genome, each of them able to be recognised 
by regulatory proteins synthesised from  trans  regulatory sequences.
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•    The  cis  regulatory DNA sequences are often designated with the suffi x RE 
(responsive element) such as CRE ( cAMP-responsive element , Chap.   6    ) or HRE 
( hormone-responsive element ) which recognise ligand-bound nuclear receptors 
(Chap.   14    ). Some are responsible for an increase in transcription rate and are 
called  enhancers ; others are responsible for a decrease in transcription rate and 
are called  silencers .  

•   Regulatory proteins synthesised from  trans  regulatory sequences contain a 
DNA-binding domain that generally binds DNA at the level of the major groove 
(where are localised accessible base substituents, not engaged in interstrand 
complementarity) and an effector domain for transcription regulation. In addi-
tion, they may contain a signal-sensing domain able to bind specifi c ligands that 
can activate or inhibit their function. These regulatory proteins are generally 
called  transcription factors  and should be distinguished from the general tran-
scription factors TFII of the transcription machinery. About 2,600 proteins con-
tain at least one DNA-binding domain and most of them are considered to be 
transcription factors.    

 Several characteristic DNA recognition motifs are found in transcription factors, 
the most common being  helix – loop – helix  (HLH),  zinc-fi nger  and  leucine zipper  
motifs. Regulatory proteins often function as dimers, trimers or tetramers. The 
 helix – loop – helix  motif is comprised of two perpendicular α helices separated by a β 
turn. One of the helices is inserted in the major groove and establishes contacts with 
the reactive base atoms.  Zinc fi ngers  consist in the folding of the peptide chain 
around a Zn 2+  ion, bound by coordination to two cysteine residues and two histidine 

5'
A U C G U G U A U C A U C G U G U C G C

3'
A U C G U G U A U C A U C G U G U C G C

ATP

PP

Signal for transcription termination

Poly(A) polymerase

5'
A U C G U G U A U C A U C G U G U C G C

3'

5'
A U C G U G U A U C A U C G U G U C G C A A A A A A A A A A A A A A A A A A A A

3'

  Fig. B.5    Formation of the poly(A) tail at the 3′ end of mRNAs. When the transcription complex 
meets a characteristic signal sequence, RNA polymerase II stops transcription; a poly(A) poly-
merase then intervenes to add adenylic nucleotides at the 3′ end of the newly synthesised RNA       

 

Annex B: Control of Gene Expression

http://dx.doi.org/10.1007/978-3-319-14340-8_6
http://dx.doi.org/10.1007/978-3-319-14340-8_14


280

residues ( Cys   2   His   2    zinc fi ngers ). Several consecutive zinc fi ngers enable the protein 
to coil up spirally around DNA, allowing contacts between an α helix and the major 
groove. There is a variant in nuclear receptors, two α helices being separated by a 
gap where a Zn 2+  ion is bound by coordination to four cysteine residues ( Cys   4    zinc 
fi ngers ). Finally,  leucine zippers  enable contacts between the  C -terminal hydropho-
bic, leucine-rich ends of two proteins to form a homo- or a heterodimer, the α heli-
ces coiling up one around the other and DNA binding occurring at the  N -terminal 
end of the α helix, in the DNA major groove (Fig.  B.7 ).  

 Transcription factors can interact with the gene promoter, located upstream the 
transcription initiation site; they can also interact upstream, inside or downstream 
the transcribed region, interacting with the transcription initiation site thanks to a 
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  Fig. B.6    Splicing mechanism. Introns are characterised by the presence (1) of a ‘donor’ site GU 
at their 5′ end, (2) of a ‘receiver’ site AG at their 3′ end and (3) by a branching point A, located 40 
nucleotides upstream the receiver site. Splicing is carried out by a ribonucleoprotein complex, the 
 spliceosome , which recognises these characteristic signals. The events are then as follows: intron 
excision at its 5′ end ( a ), RNA folding ( b ), reconnection of this end at the branching point and 
intron excision at its 3′ end ( c ), intron elimination as a lasso ( d ) and reconnection of the 3′ end of 
the upstream exon to the 5′ end of the downstream exon ( e ). Donor and receiver nucleotides are in 
 red , the exonic nucleotides are in  blue  and the intronic nucleotides in  black        

 

Annex B: Control of Gene Expression



281

folding of the DNA chain. Activator proteins recognising enhancer sequences 
directly interfere with the transcription initiation site and facilitate transcription 
through enhancement of TFII factors binding to the promoter, while repressor pro-
teins recognising silencer sequences can interfere either with the binding site of 
RNA polymerase to prevent its action or with the binding site of activator proteins. 

 Numerous cofactors (coactivators and corepressors) can interact with transcrip-
tion factors. These cofactors generally act by recruiting proteins able to remodel 
chromatin by histone modifi cations (Sect.  B.5 ), essentially histone deacetylases and 
histone acetyltransferases. All these regulatory factors are gene products whose 
transcription is regulated by other factors, and they can undergo post-translational 
modifi cations able to activate or deactivate them (Annex  C ). This emphasises the 
complexity of transcription regulation and the subtlety of its fi ne-tuning. 

 There have been many ways for classifying transcription factors: mechanistic 
classifi cation takes into account the type of protein–DNA interaction involved; 
functional classifi cation relies on the ways used for their activation: some transcrip-
tion factors are constitutively active in cells and others are activated by extracellular 
messages (nuclear receptors, Chap.   14    ), or by internal signals, often generated by 
transduction cascades leading eventually in many cases to their phosphorylation: 
ETS (Chap.   2    ), STAT (Chap.   4    ), SMAD (Chap.   5    ) and NOTCH (Chap.   8    ); structural 
classifi cation takes into account their mode of interaction with DNA (helix–loop–
helix, zinc fi nger, leucine zipper, etc.). There are a number of oncogenic alterations 
of structure or function of transcription factors, which have been presented in the 
previous chapters. 

 Transcription ends up with the synthesis of the messengers that will govern pro-
tein synthesis in the cytoplasm. It is possible since the beginning of the 2000s to 
obtain a snapshot of the relative amount of each transcript present in a cell popula-
tion or a tissue at a given moment. This has been made possible thanks to the 

Zn2+

3'
5'

5'
3

a b

  Fig. B.7    Structures of DNA-binding domains. Transcription factors carry precise protein motifs 
enabling them to recognise and bind specifi c DNA sequences, especially at the promoter level. ( a ) 
zinc-fi nger structure; ( b ) helix–loop–helix structure       
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completion of genome sequencing, the progress in molecular biology techniques 
and the bioinformatics tools required for high-throughput analysis. Oncology has 
especially benefi ted from these expression microarrays, which enable comparisons 
between tumour and healthy tissue, between sensitive and drug-resistant tumours, 
etc. From these expression profi les, it has been possible to establish molecular sig-
natures or portraits characteristic of a given situation, which sometimes appear 
easier to establish than to interpret. Nosological tumour classifi cation, risk of meta-
static recurrence and treatment response prediction are the main fi elds that have 
been explored, with the aim of helping physicians to refi ne a diagnosis, to establish 
a prognosis and to personalise a treatment. Numerous validation clinical trials 
should be implemented before these approaches become routinely used.  

    B.3   DNA Methylation 

 DNA methylation of cytosine residues located in the promoter region of a gene 
represents an important regulation mechanism of gene expression. The level of 
DNA methylation allows the distinction between ‘active’ genes, i.e. transcribed 
genes, and ‘inactive genes’, not transcribed. This constitutes a key determinant of 
cell differentiation: in a tissue where a protein should not be expressed, the pro-
moter of the corresponding gene undergoes a high level of methylation. The gene 
expression profi le of a tissue is, at least in part, the refl ect of the methylation level 
of the gene promoters. 

 DNA methylation is carried out by DNA methyltransferases on the  C  5  of cyto-
sine residues belonging to CG doublets, generally clustered in areas of several doz-
ens of nucleotides called ‘CpG islands’. Through a maintenance DNA 
methyltransferase, DNMT1 ( DNA methyltransferase 1 ) using  S -adenosylmethionine 
as a substrate, cytosine methylation is transmitted from a cell to its daughter cells as 
if it was genetic; it is said to be  epigenetic . DNA replication can only incorporate 
non-methylated cytosine residues into DNA; this is after DNA replication that DNA 
methyltransferase adds a methyl group on the cytosine complementary to the gua-
nine residue immediately upstream the methylated cytosine residue of the template 
strand (Fig.  B.8 ).  

 The methylcytosine residues of a gene promoter may directly inhibit transcrip-
tion by preventing the recognition of promoter sites by transcription factors. Several 
transcription factors, such as AP2, MYC, CREB, E2F or NFκB, recognise CpG 
island-containing sequences, and their action is inhibited by methylation of these 
islands. More generally, methylcytosine residues indirectly inhibit transcription, 
because they are recognised by proteins which induce chromatin remodelling and 
compaction, through histone modifi cations. These proteins belong to the MBD 
( methyl CpG - binding domain protein ) family. Chromatin compaction reduces pro-
moter recognition by the general transcription factors and highly reduces transcrip-
tion rate. Conversely, chromatin remodelling infl uences DNA methyltransferase 
activity, so that histone deacetylation is accompanied by DNA demethylation, 
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  Fig. B.8    DNA methylation. In the promoting regions of numerous genes, the cytosine residues 
immediately upstream a guanine residue undergo methylation on their  C  5 . Thanks to a mainte-
nance DNA methyltransferase, cytosine methylation is transmitted from a cell to its daughters as 
if it were genetic. Replication can only incorporate unmethylated cytosine residues in DNA; after 
replication, the DNA methyltransferase adds a methyl group on the cytosine residue complemen-
tary to a guanine residue next to the methylated cytosine residue of the template strand       

 

Annex B: Control of Gene Expression



284

demonstrating information exchanges between chromatin and DNA, which concur 
to gene expression regulation. 

 In cancer cells, there is overall DNA hypomethylation, especially at the level of 
repetitive sequences, and hypermethylation localised to certain promoters, espe-
cially at the level of tumour suppressor genes. Overall hypomethylation would be a 
factor of genomic instability, and localised hypermethylation is certainly a process 
for maintaining tumour suppressor gene expression at low level: it represents, there-
fore, an important contribution to oncogenic mechanisms. Numerous genes are 
hypermethylated in cancer, generally in a specifi c way; among them are genes 
involved in cell cycle control ( CDKN2A  or p16 INK4a ,  CDKN1A  or p21 CIP1 ,  RB1  [ reti-
noblastoma protein 1 ], Chap.   17    ), DNA repair ( BRCA1  [ breast cancer 1 ],  MGMT  
[ methylguanine methyltransferase ],  MLH1  [ MutL homologue 1 ], Annex  A ), apop-
tosis ( DAPK  [ death - associated protein kinase ], Chap.   18    ), angiogenesis, metastatic 
spreading (E-cadherin, Chap.   7    ), signalling pathways ( APC  [ adenomatous polypo-
sis coli ], Chap.   7    ), etc. The methylation of a DNA repair gene,  MGMT , is associated 
to a low repair of the lesions generated by some anticancer drugs such as temozolo-
mide, which potentiates their anticancer activity. 

 Pharmacological agents that induce DNA demethylation are used in the treat-
ment of malignant diseases such as myelodysplastic syndromes. These are espe-
cially nucleoside analogues, 5-azacytidine, decitabine (5-aza-2′-deoxycytidine) and 
zebularine. These agents are incorporated into DNA during replication and irrevers-
ibly block DNMT1, preventing this enzyme to carry out the maintenance genome 
methylation during replication. The DNA demethylation they induce may however 
reactivate the oncogenes which were precisely repressed by methylation. Non-
nucleosidic inhibitors of DNA methyltransferases and inhibitors of MBD2 are 
under study. In addition, since DNA methylation can repress transcription through 
histone deacetylation, histone deacetylase (HDAC) inhibitors can behave as demeth-
ylating agents (see next section).  

     B.4   Histones and Chromatin Structure 

 Chromatin (defi ned in Annex  A ) consists of DNA and structurally and functionally 
associated proteins, mainly histones, and participates to gene expression regulation. 
The elementary motifs of chromatin are the nucleosomes, which form linearly 
chained particles all along DNA, like a string of pearls, with regular spacing of 
about 180 nucleotide pairs. Nucleosomes are comprised of a cylindrical central core 
around which DNA is coiled up. This core is a histone octamer: a tetramer (H3–
H4) 2  surrounded by two H2A–H2B dimers, histone H1 being engaged in internu-
cleosomal interactions (Fig.  A.4 ). In the nucleus, chromatin is present either under 
condensed form (heterochromatin) in non-transcribed gene regions or under relaxed 
form (euchromatin) in actively transcribed regions (Fig.  B.9 ).  

 Histone  N -terminal extremities that protrude out of the nucleosome can be post- 
translationally modifi ed by methylation, acetylation and phosphorylation (see 
Annex  C ). This gives to each histone molecule a specifi c mark ( histone code ) gen-
erating a high number of possible variants (Fig.  B.10 ). Transcription activation or 
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  Fig. B.9    Chromatin-directed transcription regulation. ( a ) ‘Inactive’ chromatin has a compact structure; 
nucleosomes do not allow the access of the transcription machinery to the DNA template. ( b ) Histone H1 
phosphorylation contributes to chromatin relaxation and transcriptional activity. It is carried out by spe-
cialised kinases while dephosphorylation is ensured by phosphatases. ( c ) Acetylation of histones 2A, 2B, 
3 and 4 also enables transcription, thanks to chromatin decondensation and accessibility of the sequences 
to be transcribed by the transcription machinery and the transcription control protein factors. Acetylation 
is carried out by histone acetyltransferases (HAT) and deacetylation by histone deacetylases (HDAC)       
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repression factors recruit the histone-modifying enzymes (methyltransferases and 
demethylases, acetyltransferases and deacetylases, kinases and phosphatases) at the 
level of specifi c genes and thus defi ne histone marks profi les in the gene environ-
ment. The histone code is complex, because of the high number of possible sites on 
each histone molecule and of the combination of the modifi cations that can be 
made. This histone marking is reproduced in tissues, from a cell to its daughter 
cells, and represents, with DNA methylation, another type of epigenetic transmis-
sion of information. Specialised proteins, equipped with histone substituents–rec-
ognition domains, are in charge of the interpretation of the signals brought by 
histone marks; in particular, proteins bearing specifi c domains called  bromodo-
mains  (BET,  bromodomain and extraterminal protein ) can bind histone acetylation 
marks and participate to chromatin remodelling.  

 The marking profi le of histones is usually abbreviated, with indications of the 
histone, the amino acid residue and its position in the protein chain and the modifi -
cation undergone. For instance, H2BK120ac means ‘histone 2B, Lys 120 , acetyla-
tion’. Such profi les have been established in some cell types and associated to high, 
medium or low expression levels of the corresponding gene. For instance, the marks 
associated to active transcription are histone H3 trimethylation of Lys 79  (H3K79me3), 
histone H4 methylation of Lys 20  (H4K20me1, H4K20me2, H4K20me3) and histone 
H3 acetylation of Lys 4 , Lys 9 , Lys 18 , Lys 27  and Lys 36  (H3K4ac, H3K9ac, H3K18ac, 
H3K27ac, H3K36ac) and of histone H4 Lys 5 , Lys 8  and Lys 91  (H4K5ac, H4K8ac, 
H4K91ac). Conversely, the histone H3 trimethylation marks of Lys 4 , Lys 9  and Lys 27  
(H3K4me3, H3K9me3, H3K27me3) and of histone H4 Lys 20  of (H4K20me3) cor-
respond to repression of gene transcription. More generally, a high level of histone 
acetylation is often associated to the maintenance of an undifferentiated, pluripotent 
state, while a high level of histone methylation is associated to cell differentiation 
and the loss of expression of the corresponding genes. 
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  Fig. B.10    Post-translational histone modifi cations. Histones can undergo numerous post- 
translational modifi cations on the  N -terminal portions, at the level of lysine residues (methylation, 
acetylation) or serine residues (phosphorylation). They can also undergo ubiquitinylation on sev-
eral amino acid residues (Annex  C )       
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 A class of proteins called  polycomb  proteins is involved in post-translational 
histone modifi cations. These proteins form transcription repressor complexes that 
bind specifi c gene promoter sites (PRE,  polycomb responsive elements ), where they 
are recruited by transcription factors or by non-coding RNA molecules of about 200 
nucleotides called ncRNA. Two polycomb protein complexes are found in mam-
mals: PRC1 ( polycomb repressive complex 1 ) and PRC2, which is the support of the 
enzymatic trimethylation of H3K27. Polycomb proteins induce a permanent repres-
sion of the expression of their target genes, which are often involved in tissue devel-
opment and differentiation, such as the negative regulators of cell cycle of the INK4 
and the CIP–KIP families (Chap.   17    ). The promoters of these genes are frequently 
hypermethylated; repression of gene expression by DNA methylation and poly-
comb proteins are likely to be associated in many circumstances, especially for the 
maintenance of adult tissue differentiated state. 

 Important alterations of the various histone modifi cations are found in cancer 
cells. For instance, the promoter of  CDKN2A  (p16 INK4a ) is hypermethylated on 
H3K9 and hypomethylated on H3K4 in colorectal cancers. It is impossible to list 
the specifi c alterations and generate general features, but some trends can be brought 
up. A reduction in H4K16ac and H4K20me3 is common during the development of 
many tumours, especially in repetitive sequences, in association with CpG island 
DNA methylation. Associations between such histone modifi cations and cancer 
evolution and prognosis are actively sought. The origin of such histone marking 
alterations may lie at the level of polycomb proteins, which are frequently mutated 
or overexpressed in cancers following gene amplifi cation or translocation. For 
instance, this is the case in many tumour types for EZH2 ( enhancer of zeste homo-
logue 2 ), which is a lysine  N -methyltransferase. 

 The level of histone acetylation on lysine residues plays a major role on gene 
transcription. It is governed by the activity of two enzyme types, histone acetyl-
transferases (HAT or KAT) and histone deacetylases (HDAC). As a general feature, 
there exists a trend to HDAC overexpression during oncogenesis and cancer pro-
gression. The modulation of histone acetylation by histone deacetylases (HDAC) 
may represent an interesting pharmacological target, and several natural and syn-
thetic inhibitors have been developed, the fi rst one being valproic acid, now replaced 
by hydroxamic acid derivatives and cyclic peptides. Several HDAC inhibitors (HDI) 
are under clinical evaluation and have an indication in the treatment of cutaneous T 
lymphomas. They induce cell cycle arrest, growth inhibition, cell differentiation and 
apoptosis in several types of cancer cells. Their mechanism of action involves the 
alleviation of the downregulation of tumour suppressor genes such as  CDKN2A  
(p16 INK4a ),  CDKN1A  (p21 CIP1 ) or  RB1 . However, they have pleiotropic cellular 
actions and it is not proven that histone deacetylation inhibition is their unique, or 
even principal, mechanism of action. They could potentiate cytotoxic activity of 
alkylating or platinating agents through facilitating DNA accessibility by chromatin 
decompaction. 

 Histone methylation of lysine residues and less often of arginine residues does not 
play an unequivocal role on transcription, whose stimulation or inhibition depends 
on the precise amino acid involved. The level of methylation is governed by two 
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types of enzymes, histone methyltransferases (HMT or KMT) and histone demethyl-
ases (HDM or KDM). Multiple alterations of these enzymes may play an oncogenic 
or a tumour suppressor role and have been identifi ed in various cancer types: muta-
tions, translocations, overexpressions, etc. These enzymes can also represent relevant 
targets for cancer treatment, and several inhibitors have been identifi ed. The specifi c-
ity of the role of methyl adducts does not favour their development. 

 Histone phosphorylation is ensured by multiple kinases, especially those that are 
involved in proliferation signalling (AKT, JAK2). The activity of the inhibitors of 
these kinases may depend, at least in part, on their action on histones. Finally, his-
tone ubiquitinylation is catalysed by various E3 ubiquitin ligases, with variable 
specifi city.  

    B.5   Chromatin Maintenance 

 In addition to the numerous enzymatic proteins involved in histone post- translational 
modifi cations, several protein complexes are able to modulate chromatin structure. 
These protein complexes can interfere with transcription factors, modulate gene 
expression and contribute to proliferation and differentiation. Instead of modifying 
covalently the structure of nucleosomes, as histone modifi ers do, they reshape 
nucleosome organisation, using the energy provided by ATP hydrolysis. One of the 
most important protein complexes is the SWI/SNF complex. The name of this com-
plex comes from yeast mutants ( switch  and  sucrose non - fermentable ) of genes 
encoding some subunits of the ortholog proteins. These complexes are connected to 
the actin cytoskeleton, and β-actin (gene  ACTB ) and actin-like proteins 6 (genes 
 ACTL6A  and  ACTL6B ) are members of the SWI/SNF complexes. 

 SWI/SNF complexes are composed of 12–15 subunits and have a large size 
(2 MDa). In addition to β-actin and actin-like proteins, they contain an ATPase 
subunit, either BRM ( Brahma , gene  SMARCA2  for  SWI / SNF - related matrix - asso-
ciated actin - dependent regulator of chromatin ) or BRG1 ( BRM - related gene 1 , 
gene  SMARCA4 ), and a series of subunits that are either mutually exclusive such 
as SMARCD1/D2/D3 or unique such as SMARCB1, SMARCC1 and SMARCE1. 
Two types of complexes are found: the BAF ( BRG1 - associated factors ) complexes 
that are structured around ARID1A ( AT - rich interactive domain - containing pro-
tein 1A ) or ARID1B and the PBAF ( polybromo BRG1 - associated factors ) com-
plexes that are structured with ARID2 and contain in addition the proteins BDR7 
( bromodomain - containing    ) and PBRM1 ( polybromo 1 ), absent from the BAF com-
plexes. Due to the various homologous proteins that can be associated, there are 
hundreds of theoretically possible complexes, so that the exact structure of each 
complex is variable and tissue dependent.  

 Several genes encoding the SWI/SNF protein subunits are mutated in cancers, 
especially  SMARCB1  and  ARID1A , and these mutations are found in ovary, lung, 
breast, pancreas, kidney and other cancers. As much as 20 % of cancers present at 
least one mutation of a SWI/SNF gene. In all cases, it appears that these mutations 
are invalidating, i.e. that these genes are tumour suppressor genes. The mutations 
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are sometimes biallelic, but in most cases they concern only one allele, suggesting 
that their oncogenic effect is related to haploinsuffi ciency. It has been suggested that 
these complexes act as DNA protectors and that their alterations generate a mutator 
phenotype, as is the case for mutations of DNA repair genes. However, the fact that 
rhabdoid tumours often harbour a unique  SMARCB1  mutation is not in favour of 
this hypothesis; the oncogenic mechanism associated to their deleterious mutations 
is rather to be found at the level of the control of specifi c transcriptional programmes, 
so that disruption of chromatin structure may directly alter the signalling pathway 
using such programmes. Several signalling pathways are affected by mutations 
occurring in SWI/SNF genes: the inactivation of SMARCB1 induces p16 INK4a  
downregulation (Chap.   17    ), so that it has been proposed to prescribe CDK4 inhibi-
tors to patients with such mutations in a synthetic lethality approach;  BRG1  deletion 
results in downregulation of WNT receptors and similar approaches have been sug-
gested to target the specifi c vulnerabilities of SWI/SNF mutant tumours.  

    B.6   Micro-RNAs 

 Micro-RNAs (miRNAs or MIRs) are small non-coding RNAs of 19–24 nucleo-
tides that are involved in the regulation of the expression of at least 30 % of the 
human genome. Their total number is around 1,000 different molecular species. 
About 70 % of MIR genes are localised within the introns (sometimes the exons) 
of coding genes and 30 % in intergenic regions. They are transcribed by RNA 
polymerase II as sequences of several kb, equipped as all mRNAs with a MeGTP 
cap and a poly(A) tail. These primary precursors (pri-MIRs) are then matured by 
cleavage carried out by a nuclear RNase called  drosha  (gene  RNASEN ) to generate 
pre-MIRs of about 65–85 nucleotides. These pre-MIRs have a hairpin-like struc-
ture with a double- strand rod and a loop. They are exported to the cytoplasm by 
 exportin  (gene  XPO5 ). Pre-MIRs bind then another RNase called  dicer  ( double -
 stranded RNA - specifi c endoribonuclease , gene  DICER1 ) in a complex called RISC 
( RNA - induced silencing complex ) which also contains other proteins, in particular 
TRBP ( transactivation - responsive   RNA - binding protein , gene  TARBP2 ) and  argo-
naute  (genes  AGO1  and  AGO2 ). MIRs are generated by the RNase dicer as double 
strands; the active strand remains attached to the RISC while the antisense strand 
is hydrolysed (Fig.  B.11 ).  

 Mature MIRs of 19–25 nucleotides can recognise, through their 2–8 fi rst 5′ 
nucleotides (the  seed  region), complementary sequences borne by target mRNAs at 
the level of their 3′ untranslated end (3′UTR). The target mRNA thus binds the 
RISC, resulting either in mRNA degradation or in the inhibition of its translation 
into proteins (Fig.  B.12 ). The MIR seed sequence is only partially complementary 
to the target 3′UTR mRNA sequence, so that the same MIR can inhibit the transla-
tion of hundreds of different mRNAs; algorithms allow to predict which messengers 
are able to recognise a given MIR. Conversely, a given mRNA may be regulated by 
multiple MIRs. MIRs exert therefore multiple functions and they can participate to 
the regulation of all cellular activities. Similarly to the mRNA profi les that can be 
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established for a given tissue in a given situation, MIR expression profi les have been 
established for various cell types. Qualitative and quantitative MIR alterations are 
able to perturb cell functions.  

 MIRs involvement in oncogenesis has been recognised soon after their discov-
ery. MIRs can act similarly to oncogene or tumour suppressor genes, depending on 
their target. MIRs of the LET7 family behave as tumour suppressor genes: they can 
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  Fig. B.11    Generation of micro-RNAs (MIRs). Transcription of DNA-specifi c sequences gener-
ates special messenger RNAs, called pri-MIRs, with the usual cap and the poly(A) tail. Pri-MIR 
maturation begins in the nucleus where they are converted into a double-stranded hairpin structure, 
pre-MIRs, thanks to a nuclease called  drosha . They are the exported into the cytoplasm by the 
transporter exportin ( XPO5 ) and converted by another nuclease called  dicer , in a protein complex 
called RISC ( RNA - induced silencing complex ), which eliminates the antisense strand and remains 
attached to the MIR       
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  Fig. B.12    Mechanism of action of micro-RNAs (MIRs). ( a ) MIRs imperfectly hybridise mRNA 
sequences, generally in 3′UTR regions, between the codon stop and the poly(A) tail. ( b ) RISC is 
able ( 1 ) to inhibit the translation initiation step, ( 2 ) to hydrolyse the poly(A) tail of the mRNA, ( 3 ) 
to inhibit the translation elongation step and ( 4 ) to hydrolyse the neosynthesised protein       
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post-transcriptionally repress  RAS  gene expression (Chap.   2    ) and can induce cell 
cycle arrest and cell death. On the contrary, MIR214, which represses  PTEN  expres-
sion (Chap.   3    ), behaves as an oncogene. MIRs intervene in the regulation of most 
proliferation and cell death signalling pathways. MIR genes undergo, as oncogenes 
and tumour suppressor genes, qualitative (mutations) and quantitative (expression 
level) variations that explain their role in oncogenesis. For instance, the transcrip-
tion factor MYC activates a cluster of MIR genes involved in the regulation of the 
expression of transcription factors of the E2F family. A complete description of 
MIR functions in oncogenesis is beyond the limit of this book. 

 The establishment of MIR expression profi les and the identifi cation of their com-
mon sequence variations may lead in the future to their routine use in diagnostic, 
prognosis and prediction of response of cancers to treatment. MIRs may be targeted 
by oligonucleotides called  antagomirs  and ways allowing therapeutic applications 
are actively researched. MIR discovery has enabled the implementation of a general 
strategy of specifi c gene expression inhibition, by using short RNA molecules able 
to interfere with mRNAs that have been called s mall interfering RNAs  (siRNAs). 
siRNAs recognise specifi c mRNA sequences and induce RISC activity to hydrolyse 
them. This technique is now widely used experimentally in molecular biology to 
specifi cally inhibit gene expression. Therapeutic applications in oncology will 
become available when siRNAs will be formulated as drugs, i.e. when effi cient 
ways for cell entry will be discovered.  

    B.7   Alternative Splicing 

 We have already mentioned that splicing was required for the maturation of eukary-
ote mRNAs, because of the discontinuous gene structure, where exons and introns 
follow each other. One of the main features is that splicing can intervene on several 
sites of the mRNA, so that variations exist in the choice of the exons that are main-
tained when introns are eliminated. These variations concern at least 90 % of genes 
and are a general rule, not an exception; the ancient dogma—‘one gene, one pro-
tein’—has been shown to be inexact when alternative splicing was discovered. We 
do not describe here the mechanisms that govern the choice between ‘constitutive 
exons’ and ‘alternative exons’ during splicing. They involve various nuclear pro-
teins, especially proteins with serine–arginine domains ( SR proteins ) and hnRNP 
( heterogeneous nuclear ribonucleoproteins ), which bind activator or repressor exon 
domains or primarily transcribed intron domains. The activation of such proteins is 
the outcome of various signalling pathways; alternative splicing is governed by 
extra- or intracellular signals. 

 Several elementary splicing modalities exist (Fig.  B.13 ): (1) a given exon (cas-
sette exon) is kept or not; (2) one or the other of two mutually exclusive exons is kept; 
(3) there is competition between two GU splicing donor sites; (4) there is competi-
tion between two AG splicing receiver sites; (5) a usually intronic sequence is kept 
in mature mRNA. In addition to these alternative splicing events, two processes also 
generate distinct transcripts of the same gene: the existence of alternative promoters, 
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which alter the  N -terminal sequence of the protein, and the existence of alternative 
polyadenylation sites, which modify the  C -terminal sequence of the protein. 

 There are multiple alterations of alternative splicing in cancers; some of them are 
actually oncogenic, others concur to oncogenesis without playing a crucial role. 
High-throughput approaches have been developed to make a complete directory of 
splicing alterations in cancer cells, in order to provide splicing profi les analogous to 
the various profi les of cancer molecular alterations presented in the previous sec-
tions. Such alterations may have various origins:

•    They may concern the proteins responsible for the splicing operations or their 
control, such as SR proteins. The overexpression of SFRS1 ( splicing factor , 
 arginine / serine - rich 1 ), involved in splicing of signalling proteins of the MAP 
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  Fig. B.13    Modalities of alternative splicing. Alternative splicing may allow to exclude an exon 
( a ), to replace an exon by another ( b ), to use a given donor site or another ( c ), to use a given 
receiver site or another ( d ), to keep an intronic structure usually spliced ( e ), to use a given promoter 
or another ( f ), to use a site of polyadenylation or another ( g )       
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kinases (Chap.   2    ) or the PI3 kinase (Chap.   3    ) pathways, is associated to oncogen-
esis, and this protein behaves as a true oncoprotein.  

•   Mutations in splicing sequences can lead to pathological alternative splicing, 
with integration or elimination of sequences that should not be integrated or 
eliminated. Such mutations have been described in the  APC  ( adenomatous pol-
yposis coli ) gene (Chap.   7    ) or in the  BRCA1  gene, involved in DNA repair 
(Annex  A ). Such special oncogenic mutations occur with a non-exceptional 
frequency.  

•   Finally, alternative splicing is one of the basic mechanisms allowing the adapta-
tion of a synthesised protein to its function at each step of development. 
Reactivation of the production of ‘normal’ protein isoforms outside the right 
period may also be oncogenic. This is the case for RAC1, a small G-protein 
found in colorectal cancers under the variant form RAC1b containing 19 supple-
mentary amino acids resulting from an exon that is usually eliminated in adult 
tissues for the synthesis of the RAC1a isoform.    

 Alternative splicing can be considered as a potential therapeutic target in oncol-
ogy. It is possible to interfere with the proteins responsible for splicing regulation, 
thanks to small molecules selected by high-throughput approaches. It is also possi-
ble to target the splicing sites or the splicing regulatory sites on primary mRNAs 
with antisense approaches. The common problem is always the entry of oligonucle-
otides into the target cells where they are supposed to act. BCLX (gene  BCL2L1 ) is 
a member of the BCL2 protein family (Chap.   18    ), which is antiapoptotic in its long 
isoform (BCLX L ) obtained after using a given splicing site and proapoptotic in its 
short isoform (BCLX S ) obtained by the use of another splicing site, located upstream 
the fi rst one. Blocking the downstream splicing site could contribute to cell death in 
tumour cells expressing BCLX L . Another example is that of the alternative splicing 
of the messenger of  FGFR1  ( fi broblastic growth factor receptor 1 , Chap.   1    ), for 
which blocking a repressor splicing sequence has been proposed as a therapeutic 
approach.   
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   Abstract 
 This third annex describes the events occurring after transcription; it considers 
the mature mRNAs at the cytoplasmic sites, where they are translated into pro-
teins, and describes afterwards the post-translational protein modifi cations 
which allow them to ensure their activities, up to their eventual destruction. 
Proteins are the effectors of all the orders and programmes contained in the 
genome; multiple processes of regulation of their activity should be imple-
mented for rendering them able to carry out the orders they receive from inside 
or outside the cell. Whereas a total of about 23,000 genes is enough for pro-
gramming the life of a mammal, the total number of proteins that can exist may 
exceed one million; through alternative splicing, fi rst, as described in Annex  B ; 
through post-translational modifi cations, such as phosphorylations, glycosyl-
ations, prenylations and other covalent adducts; and through truncation by a 
variety of proteinases. 

 Along the different chapters of this book, we have seen how the regulation 
processes of protein activity are important for signal transduction; this annex 
aims at describing the general rules that govern the implementation of protein 
activity regulation, following them from synthesis to destruction. A variety of 
excellent molecular biology textbooks can be used to deepen these basic notions. 
These processes are often altered in cancers, as exemplifi ed by the fact that many 
enzymes that catalyse phosphorylation, called kinases, are oncogene products.  

    C.1   Translation Machinery 

 The existence of four different nucleotides, in DNA as in mRNAs, which should 
correspond to the 20 amino acids necessary for protein structure, requires the exis-
tence of a code of at least three nucleotides per amino acid. A code of two nucleo-
tides would only allow 16 combinations, while a code with three nucleotides allows 
64 combinations. Such a three-nucleotide code is actually utilised to allow the 
correspondence between DNA sequence and protein sequence. The genetic code is 
degenerated: several 3-nucleotide codons may correspond to the same amino acid. 
When an amino acid corresponds to several codons, the two fi rst nucleotides are 
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generally the same, and the replacement of the third by mutation has no conse-
quence on protein sequence. Three special codons do not specify an amino acid but 
are used for synthesis termination ( stop  codons, UAA, UAG and UGA). There 
exist in theory three possible reading frames, but only one is actually used: it is 
identifi ed by the codon of translation initiation (codon AUG). In addition to the 
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  Fig. C.1    Transfer RNA structure. ( a ) tRNAs adopt a folded, cloverleaf-shaped structure, thanks to 
nucleotide pairings that confer this secondary structure. The three  red  nucleotides represent the 
anticodon, which recognises the matching codon ( blue ) on the mRNA. At the 3′ end, the three 
nucleotides consists always of two cytidylic acid residues and one adenylic acid residue, which is 
bound to the amino acid via an ester bond. The example presented here is the tRNA of methionine 
(tRNA met ), characterised by the anticodon CAU which recognises the initiator codon AUG. ( b ) The 
3′ terminal sequence CCA and its binding to methionine       
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mRNA template, translation utilises small RNAs, called transfer RNAs (tRNAs), 
which bring on the one hand the amino acid required for the synthesis of the pep-
tide chain and on the other hand the genetic information, carried out by a nucleo-
tide triplet called the anticodon, enabling it to recognise on mRNA the matching 
codon. Figure  C.1  presents the general structure of a tRNA and Table  C.1  the 
genetic code. 

   Translation takes place in voluminous ribonucleoprotein complexes called  ribo-
somes , which associate ribosomal RNAs (rRNAs) and ribosomal proteins. Ribosomes 
are comprised of two subunits, the large one (L) and the small one (S). They carry 
several binding sites for other RNAs: one for mRNA and three for tRNAs. The tRNAs 
that bring a novel amino acid bind fi rst to the site A; this amino acid is then attached 
to the peptide chain in the course of elongation, in the P site, and the tRNA that has 
lost its amino acid is expelled through the E site (Fig.  C.2 ). Translation begins by 
binding, on the small ribosomal subunit, of a particular initiator tRNA bearing the 
initiation anticodon, CAU (read from 5′ to 3′) and bound to a methionine. Several 

    Table C.1    The genetic code   

 1st 

 2nd 

 3rd  U  C  A  G 

 U  UUU  phe  UCU  ser  UAU  tyr  UGU  cys  U 

 UUC  phe  UCC  ser  UAC  tyr  UGC  cys  C 

 UUA  leu  UCA  ser  UAA  stop  UGA  stop  A 

 UUG  leu  UCG  ser  UAG  stop  UGG  trp  G 

 C  CUU  leu  CCU  pro  CAU  his  CGU  arg  U 

 CUC  leu  CCC  pro  CAC  his  CGC  arg  C 

 CUA  leu  CCA  pro  CAA  gln  CGA  arg  A 

 CUG  leu  CCG  pro  CAG  gln  CGG  arg  G 

 A  AUU  ile  ACU  thr  AAU  asn  AGU  ser  U 

 AUC  ile  ACC  thr  AAC  asn  AGC  ser  C 

 AUA  ile  ACA  thr  AAA  lys  AGA  arg  A 

 AUG  met  ACG  thr  AAG  lys  AGG  arg  G 

 G  GUU  val  GCU  ala  GAU  asp  GGU  gly  U 

 GUC  val  GCC  ala  GAC  asp  GGC  gly  C 

 GUA  val  GCA  ala  GAA  glu  GGA  gly  A 

 GUG  val  GCG  ala  GAG  glu  GGG  gly  G 

  Two usual abbreviations are used for the amino acids constitutive of protein structure: the 3-letter 
one used in this table and the one-letter abbreviation explained below 
 Alanine ala A leucine leu L 
 Aspartic acid asp D lysine lys K 
 Glutamic acid glu E methionine met M 
 Arginine arg R phenylalanine phe F 
 Asparagine asn N proline pro P 
 Cysteine cys C serine ser S 
 Glutamine gln Q threonine thr T 
 Glycine gly G tryptophan trp W 
 Histidine his H tyrosine tyr Y 

 Isoleucine ile I valine val V  
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initiation protein factors EIFs ( eukaryotic initiation factors ) also bind the ribosome: 
EIF2, comprised of three subunits, α, β and γ, then EIF4E and EIF4G, whose function 
is regulated by phosphorylation (see Chap.   3    ). The small ribosomal subunit binds then 
to the 5′ end of a mRNA, identifi ed thanks to its 7-methylguanosine 5′-trisphosphate 
cap (Annex  B ), and slides along mRNA up to the fi rst AUG codon recognised by the 
initiator tRNA. The mRNA region upstream this AUG codon is not translated and is 
known as the 5′ UTR. EIFs are then released from the ribosomal small subunit and are 
replaced by the large  ribosomal subunit to constitute the complete ribosome.  
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  Fig. C.2    Translation steps: from mRNA to protein. Initiation: the small ribosome subunit ( 1 ) 
binds the initiator tRNA on site P ( 2 ) as well as proteic factors EIF (not represented here). The 
small ribosome subunit binds then to the 5′ end of a mRNA ( 3 ), which is recognised thanks to its 
cap, and slides along mRNA up to the fi rst AUG sequence, recognised by the anticodon of the 
initiator tRNA ( 4 ,  arrow ). The large ribosome subunit binds to the small one ( 5 ) to form the com-
plete ribosome.  Elongation : A tRNA carrying the anticodon that recognised the codon following 
the initiator codon AUG, and the corresponding amino acid binds to the ribosome site A ( 6 ). A 
peptidic bond is formed between the –COOH of the upstream amino acid and the –NH 2  of the 
downstream amino acid ( 7 ). The binding between the upstream amino acid and its tRNA is dis-
rupted and the tRNA migrates to the ribosome site E, while the tRNA of the following amino acid, 
carrying now the growing peptide chain, migrates to ribosome site P ( 8 ). The ribosome then slides 
by one step, i.e. by three nucleotides, along mRNA; tRNA is removed from site E, a novel tRNA 
carrying a novel anticodon and a novel amino acid can then bind to site A so that a new cycle starts 
again ( 9 ). This is reproduced as many times as the peptide chain will contain amino acid residues. 
Elongation protein factors EEF (not represented here) are required for these processes.  Termination : 
the end of translation occurs when the ribosome meets a stop codon ( arrow ) on the mRNA, not 
recognised by any tRNA anticodon (UAA, UAG, UGA), which gives a translation termination 
signal ( 10 ). Termination protein factors recognise the vacant ribosome site A; the polypeptide 
chain is detached from the tRNA and the ribosome ( 11 ). The mRNA is detached from the ribo-
some, and the two ribosome subunits are dissociated and recycled for further protein synthesis       
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 A three-step cycle is then undertaken to enable, from the initial methionine, the 
synthesis of the polypeptide chain. A tRNA bringing the anticodon that recognises 
the codon immediately downstream the initiator AUG codon binds to the ribosomal  
site A; a peptide bond is formed between the –COOH of the upstream amino acid 
(the fi rst one being methionine) and the –NH 2  of the downstream amino acid. This 
bond is catalysed by the peptidyltransferase activity of the large ribosomal subunit. 
The bond between the upstream amino acid is disrupted and the corresponding 
tRNA migrates to the ribosomal E site, while the tRNA that brought the new amino 
acid, now bringing an elongating peptide chain, migrates to the P site. The ribosome 
then moves forward of one notch, i.e. three nucleotides, along the mRNA; the tRNA 
of the E site is expelled; a novel tRNA, bringing a novel anticodon and the corre-
sponding amino acid, can then bind to the site A and the cycle can start again. 
Elongation protein factors EEF ( eukaryotic elongation factor ) watch over the accu-
racy of the translation process and help the movements of tRNAs from site A to site 
P and from site P to site E. Figure  C.2  presents the elongation cycle of proteins. 

 The ending of the translation process is ensured by the encounter of a stop codon, 
which is not recognised by any tRNA, giving thus a translation termination signal. 
Termination protein factors identify the empty site A; peptidyltransferase cannot 
transfer any amino acid on the free –COOH extremity of the polypeptide and the 
chain is detached from the tRNA and the ribosome. mRNA is in turn detached from 
the ribosome, whose subunits are dissociated to be then reutilised for the synthesis of 
a new protein. In fact, a given mRNA molecule is simultaneously ‘read’ by several 
ribosomal complexes which regularly progress along the polynucleotide chain, giv-
ing to the particle the characteristic aspect of a string of pearls called the  polysome . 

 Translation control mechanisms are added to transcription control mechanisms 
(Annex  B ) to adapt protein synthesis to the needs and possibilities of the cell. 
Translational repressors binding to the 5′ end of a given mRNA can hinder its reading 
until the encounter of a ligand that induces their detachment when the cell is required 
to produce the corresponding protein. Another regulation mechanism is carried out by 
the phosphorylation of the EIF initiation and EEF elongation factors. EEFs are small 
G-proteins that can be inhibited by phosphorylation. Finally, a particular regulation 
occurs at the level of certain mRNAs which carry sequences, most often in the 5′ UTR, 
able to adopt a secondary structure enabling them to bind to translation initiation fac-
tors (EIF4G): these are called IRES ( internal ribosome entry site ) sequences (Fig.  C.3 ).  

 IRES sequences are used as starting points for protein translation distinct from 
translation initiated from the fi rst AUG codon met on mRNA, usually called the 
 cap - dependent translation . Most of the known IRES have been found in the mRNAs 
that encode proteins associated to the control of proliferation and cell death. IRES- 
dependent translation is used for the translation of mRNAs encoding transcription 
factors MYC, JUN (Chap.   2    ), SMAD5 (Chap.   5    ), p53 (Chap.   17    ) and HIF1α (Chap. 
  16    ); apoptosis regulators XIAP, APC and APAF1 (Chap.   18    ); growth factors FGF2, 
PDGFA and IGF2 (Chap.   1    ); and various receptors such as ERα (Chap.   14    ), IGF1R 
(Chap.   1    ) and NOTCH2 (Chap.   8    ). This modality of translation initiation may con-
stitute a shortcut enabling rapid synthesis of proteins required for mitosis or cell 
death, especially when the cap-dependent translation initiation factors are absent or 
inhibited. This process is used by some viruses to enable priority synthesis of their 
own proteins over the proteins of the infected cell: their mRNAs are equipped with 
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an IRES sequence and their synthesis can therefore take place without cap- dependent 
factors. This explains why alterations of these mechanisms can contribute to 
oncogenesis. 

 In multiple myeloma, an increase in MYC expression has been attributed to a 
mutation of the 5′ UTR sequence of the corresponding mRNA, at the level of an 
IRES; this mutation would stabilise the IRES and facilitate the depending transla-
tion. As a general feature, the research of mutations within the IRES of genes 
encoding oncoproteins such as p53 may reveal fruitful. In addition, protein factors 
called ITAF ( internal initiation trans - acting factors ) are required for IRES- 
dependent translation initiation, in a more or less mRNA-specifi c way. Qualitative 
and quantitative alterations of these proteins could well play a role in IRES-
dependent translation and be involved in oncogenesis: this is the case for the EIF4G1 
factor whose overexpression could explain the overproduction of δ-catenin, a cell 
adhesion molecule able to bind E-cadherin. Such an overexpression has been 
observed in a high percentage of metastatic breast cancers and might play a role in 
invasion processes.  
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  Fig. C.3    Cap-dependent translation and IRES-dependent translation. ( a ) Cap-dependent transla-
tion requires the intervention of the initiation factors EIF4, whose availability depends on the 
intervention of complex regulations involving in part the mTOR pathway (Chap.   3    ). ( b ) IRES- 
dependent translation can be more rapidly implemented; IRES are mRNA secondary structures 
able to activate translation after the simple recognition of an initiation factor EIF4G. PAPBC: 
 polyA - binding protein ,  cytoplasmic        
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    C.2   Protein Conformation and Protein–Protein Interactions 

    C.2.1 Regulation of Protein Conformation 
 Proteins are made of linear sequences of amino acids bound together by covalent 
bonding. The protein amino acid sequence (called its  primary structure ) is deter-
mined from the gene DNA nucleotide sequence, via the information transmitted by 
mRNAs. This protein sequence is suffi cient to characterise the protein univocally. 
However, nothing can be deduced from this sequence about the functions of the 
protein if its spatial structure is not known. This three-dimensional structure is of 
course the consequence of the amino acid sequence but involves numerous interac-
tion forces between the lateral chains of the amino acids, so that the most sophisti-
cated softwares are only partially able to predict the spatial structure of the protein 
from its amino acid sequence. They are able to predict some arrangements of short 
sequences of amino acids (α helices, β sheets) that constitute  secondary structures , 
but the relative arrangement of these domains and their interactions, which repre-
sents the  tertiary structure  of the protein, can only be deciphered, thanks to complex 
physical techniques such as X-ray diffraction of the crystallised protein. 

 Proteins are synthesised linearly; this synthesis is rapidly followed by protein 
folding, which involves non-covalent interactions, to which may be added disul-
phide bridges between two cysteine residues of the polypeptidic chain by a  protein 
disulphide isomerase  (PDI), which generates an important stabilisation of the 3D 
structure of the proteins. These non-covalent bonds are:

•    Ionic bonds between a positive charge carried by a basic amino acid (lysine, 
arginine, histidine) and an acidic amino acid (aspartic and glutamic acids)  

•   Van der Waals interactions, electrostatic in nature, which occur between charge 
fractions, either permanent or induced by interactions between neighbour atoms  

•   Hydrogen bonds between amino acids carrying polarised functions that exert 
attractive or repulsive effects as a function of their electronic properties (serine, 
threonine, cysteine, proline, etc.)  

•   ‘Hydrophobic’ bonds which are due to privileged interactions between aliphatic 
and aromatic nonpolar amino acid residues that exclude the presence of water 
molecules (glycine, alanine, valine, leucine, isoleucine, phenylalanine)    

 Protein folding leads in principle to the adoption of a fi nal minimal energy status; 
however, chain length and the complexity of the interactions cannot allow the simple 
computation of a minimal energy status; folding is also a function of the ‘history’ of 
the synthesis, i.e. the order of amino acid addition and the interactions that occur 
during the course of synthesis. It is known for more than a century, for instance, that 
heating leads to a loss of protein spatial structure: non-covalent bonds are disrupted, 
and cooling, even if progressive, does not generally allow the recovery of the native 
protein conformation, which is required for its function. Alterations in the folding of 
some proteins lead to their aggregation and their insensitivity of proteolytic pro-
cesses: they are found in some neurodegenerative diseases. In some cases, these pro-
tein aggregates display an ‘infectious’ character, able to catalyse the conversion of a 
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normal tertiary structure to an aberrant conformation: this is the case of the prion 
protein, which is the support of prion diseases such as Creutzfeldt–Jakob disease. 

 The optimal folding of a protein (the one allowing it to acquire its functional 
tertiary structure) can be guided by  chaperone proteins , whose function is to interact 
with the protein during its synthesis to help it adopt the eventual spatial conforma-
tion it should present (Fig.  C.4 ). These proteins are also involved later for protein 
protection against sublethal stresses that could alter tertiary structures, such as 
hypoxia, acidosis, osmotic shock or moderate heating: the misfolded proteins are 
handled by chaperone proteins that restore its native functional structure (Fig.  C.5 ). 
When the alterations are irreversible, the chaperones may lead the proteins they 
protect (their ‘clients’) to proteasomal degradation. Chaperone proteins belong to 
an ancestral highly conserved protein family called HSP ( heat - shock proteins ), 
named after their molecular weight: HSP100, HSP90, HSP70, HSP40, etc. They 

NH2
COOH

HSP70
COOH

H2N

  Fig. C.4    Protein folding during synthesis. During protein synthesis, HSP70 chaperone proteins 
interact with hydrophobic amino acid residues of the growing chain and govern its progressive 
folding to enable it to acquire its defi nitive three-dimensional conformation required for its 
functions       
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undergo multiple post-translational modifi cations (phosphorylation, nitrosylation, 
acetylation). They function together with co-chaperone proteins and adapter mole-
cules to form large-size protein complexes.   

 HSP genes are transcribed in response to  heat - shock factors  (HSF) which recog-
nise on DNA the activator sequences of heat-shock response elements (HSE). The 
HSP mRNA transcription and maturation steps are especially rapid as HSP genes 
are devoid of introns. There are three HSFs in humans (HSF1, 2 and 4). HSF1 is 
maintained inactive, thanks to binding to HSP90, from which it is detached under 
stress conditions, allowing it to migrate to the nucleus, get trimerised and induce 
HSP genes transcription. The implementation of HSPs is relatively complex 
(Fig.  C.6 ): ‘client’ proteins are recruited by a complex associating a chaperone 
HSP70 and a co-chaperone HSP40, bound together by an adapter protein HOP 
( HSP organising protein ). The complex is then bound to an ADP-bound HSP90 

NH2 COOH+

HSP60

  Fig. C.5    Restoration of the conformation of misfolded proteins. When proteins are misfolded, 
HSP60 chaperone proteins are able to enclose them as within a shell where they can recover their 
optimal functional conformation       
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dimer. An ADP–ATP exchange, activated by the adapter protein AHA1 ( activator 
of HSP90 ATPase 1 ), enables then conformational change and ensures the protec-
tion of the client protein for assuming its function. In the absence of ATP activation, 
the client protein is bound to ubiquitin and driven to the proteasome.  

 Numerous proteins involved in cell proliferation and survival are HSP clients: 
tyrosine kinase receptors such as EGFR, ERBB2, KIT and MET (Chap.   1    ); intracel-
lular kinases such as BRAF, AKT and CDK4 (Chaps.   2    ,   3    , and   17    ); transcription 
factors such as p53, HIF1α and the oestrogen receptor (Chaps.   14    ,   16    , and   17    ); 
apoptosis proteins such as BCL2 and APAF1 (Chap.   18    ); as well as telomerase 
(Annex  A ). HSPs enable these proteins to endure the hypoxic and acidic conditions 
of the tumour environment; they even enable them to tolerate oncogenic mutations 
that could be lethal. HSPs are overexpressed in a variety of solid tumour types and 
haematological malignancies, and they participate to oncogenesis, as having a posi-
tive effect on cell proliferation and survival. HSF1 knockout in mice is associated to 
tumour growth inhibition. 

 Intensive pharmacological research aims at identifying HSP inhibitors, especially 
at the step of ADP–ATP exchange which allows them to protect client proteins 
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HSP40
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  Fig. C.6    Implementation of heat-shock proteins (HSPs). ( a ) HSP genes are transcribed in response 
to heat-shock factors (HSFs). The transcription factor HSF1 is maintained at an inactive state 
through binding HSP90, from which it is detached under stress effects. It can thus migrate to the 
nucleus, where it trimerises and induces HSP transcription. ( b ) Bringing HSP into play occurs 
through a complex process: the ‘client’ proteins are recruited by a complex between HSP70 and a 
co-chaperone HSP40, bound together by an adapter protein HOP. The assembly is then attached to 
an ADP-bound HSP90 dimer. An ADP–ATP exchange, activated by the protein, enables a confor-
mation change and ensures the protection of the client protein so that it can exert its function. In 
the absence of ADP–ATP exchange, the client protein is bound to ubiquitin and led to the protea-
some. HSP inhibitors such as geldanamycin inhibit this ADP–ATP exchange and favour the 
destruction of the client protein       
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instead of leading them to the proteasome. The core structure for ATP exchange 
blocking and HSP inhibition is presented by ansamycins, such as geldanamycin, 
several analogues of which are being developed. Other targets could be found, for 
instance, at the level of the interactions between the chaperone or the co-chaperone 
and its client proteins or at the level of the post-translational HSP modifi cations. 
Since chaperones have many clients, inhibiting their function could lead to the inter-
ruption of several proliferation pathways and thus constitutes a multi-target approach.  

    C.2.2  Protein–Protein Interactions 
 Protein–protein interactions involve the same interaction forces as those that deter-
mine protein tertiary structure and folding: ionic bonds, van der Waals forces, hydro-
gen bonds and hydrophobic interactions. These non-covalent bonds enable proteins 
to interact with high specifi city. The study of protein–protein interactions is a major 
fi eld in biochemistry and allows the understanding of numerous physiological and 
pathological processes. Frequently, well-defi ned selective protein domains are 
involved in these interactions: SH2 domains enabling proteins to bind phosphotyro-
sine residues of other proteins (Chaps.   1     and   2    ), PH domains for the specifi c binding 
of the 3-phosphate carried by phosphatidylinositol 3,4,5- trisphosphate by AKT or 
PDK1 (Chap.   3    ), etc. Specifi c techniques allow to isolate the complete set of proteins 
interacting with a given protein, and this has led to numerous discoveries. In the 
signalling pathways, several examples of protein–protein interactions which play a 
crucial role in information transmission have been described: just to name one, such 
interactions are involved in the recruitment of GRB2 by activated TKRs and of SOS1 
by GRB2 in the MAP kinase pathway (Chap.   2    ). 

 Mutations of the genes involved in cell proliferation and survival, or in cell adhe-
sion and motility, induce structural modifi cations able to disturb protein–protein 
interactions and consequently to stimulate or activate the signalling pathway where 
the mutated protein intervenes. For the pharmacologist, protein–protein interactions 
are especially diffi cult to target, primarily because of the large interaction area 
between protein partners, involving many non-covalent bonds: small molecules 
hardly achieve the specifi c inhibition of these interactions with enough affi nity. 
Peptides that mimic the structure of one of the interacting domains represent the 
principal pharmacological approach for the inhibition of protein–protein interac-
tions. One can mention, as an example, the development of peptides that disturb the 
interaction between GRB2 and SOS1 as a mean for interrupting the information 
process, along the MAP kinase pathway (Chap.   2    ), between a tyrosine kinase recep-
tor and the RAS protein.   

    C.3   Covalent Post-translational Protein Alterations 

    C.3.1 Hydroxylation (Fig.  C.7a ) 
    Post-translational hydroxylation of lysine and proline residues is found in collagen, 
a group of fi bre proteins of the extracellular matrix. These hydroxylations allow the 
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formation of novel hydrogen bonds between polypeptidic chains and induce the 
formation of triple-helix structures that confer to collagen its rigid structure. 

 Some hydroxylations play an important informative role: for instance, the 
hydroxylation of proline residues of the transcription factor HIF1α ( hypoxia induc-
ing factor , Chap.   16    ) enables its binding to an E3 ubiquitin ligase, the VHL ( von 
Hippel–Lindau disease ) protein, which drives it to proteasomal destruction (see 
Sect.  C.8 ). These hydroxylations are catalysed by an oxygen sensor, proline hydrox-
ylase. Another oxygen sensor, asparagine hydroxylase, catalyses the hydroxylation 
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  Fig. C.7    Post-translational covalent protein modifi cations. ( a ) Examples of hydroxylations. 
Hydroxylysine and hydroxyproline residues are found in collagens. The hydroxylation of two 
proline residues of HIF1α represents a signal driving it to the proteasome via ubiquitinylation 
(Chap.   16    ); the hydroxylation of an asparagine residue of the same transcription factor leads to an 
inhibition of its transcriptional activity. ( b ) Examples of methylations and acetylations. These 
modifi cations are found in particular on histone lysine residues (Annex  B ). The methylation of 
arginine residues is found in transcription factors downstream several signalling pathways, such as 
the JAK–STAT pathway (Chap.   4    ). The detoxifi cation of methylated DNA bases by MGMT occurs 
by the binding of the methyl group on a cysteine residue of this enzyme (Annex  A ). ( c ) 
Phosphorylation. Kinase-mediated phosphorylation of serine, threonine and tyrosine residues rep-
resents a universal mechanism of regulation of protein activity       
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of an asparagine residue of HIF1α, preventing thus its activation. In both cases, 
HIF1α cannot induce the transcription of the genes required for angiogenesis, such 
as VEGFA ( vascular endothelial growth factor ). The identifi cation of therapeutic 
targets for HIF1α gene inactivation could contribute to the inhibition of tumour 
angiogenesis.  

    C.3.2  Methylation and Acetylation (Fig.  C.7b ) 
 Alkylation and acetylation are frequent post-translational protein modifi cations, 
which can intervene on several types of amino acids. Histone modifi cations by methyl 
or acetyl groups on lysine residues constitute an important mechanism for regulating 
their activity and thus for gene expression control, as described in Annex  B . The 
methylation of other proteins, often involved in transcription regulation such as 
STAT (Chap.   4    ), can take place on arginine residues, thanks to protein-arginine 
 N -methyl-transferases (PRMT). Methylations can also be catalysed by specifi c 
methyltransferases on histidine and aspartic or glutamic acid residues. In all cases, 
the methyl donor is  S -adenosylmethionine, which is transformed into 
 S -adenosylhomocysteine by this reaction. Another important example is that of 
methylguanine methyltransferase (MGMT), which can transfer, on one of its cyste-
ine residues, a methyl group bound to the  O  6  of a DNA guanine residue formed 
through the action of some alkylating agents (Annex  A ). This is a direct DNA repair 
pathway that induces defi nitive enzyme inactivation.  

    C.3.3  Phosphorylation (Fig.  C.7c ) 
 Proteins can be phosphorylated on serine, threonine and tyrosine residues, which 
carry a hydroxyl function that can be esterifi ed by a phosphoric acid moiety 
brought by an ATP molecule whose γ phosphate moiety can be transferred. The 
enzymes that ensure phosphorylation reactions are called  kinases ; these are 
either serine/threonine kinases (428 genes have been identifi ed in the human 
genome) or tyrosine kinases (90 genes). Some serine/threonine kinases are 
indeed dual kinases and can also phosphorylate tyrosine residues in addition to 
serine or threonine residues. This is, for instance, the case for MEK1/2 (Chap. 
  2    ) and WEE1 (Chap.   17    ). Some others are lipid kinases and can phosphorylate 
a phosphoinositide on the 3 hydroxyl group of the inositol moiety (Chap.   3    ). All 
kinases together constitute the  kinome  that can be represented under the form of 
a genealogic tree as a function of their homology. Phosphatases are the enzymes 
that catalyse the reverse reaction: they hydrolyse the phosphoric ester bond and 
release a phosphate group. There are serine/threonine phosphatases, tyrosine 
phosphatases and dual phosphatases on the basis of the amino acid whose phos-
phate adduct is released. 

 Phosphorylation of substrate proteins is the leading event for transduction of the 
signals brought by growth factors and constitutes one of the principal modes of 
regulation of their activity. The phosphate moiety carried by a protein, sometimes a 
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lipid, represents the message itself in many signalling pathways. In the 1960s, the 
second messenger of the action of several hormones such as insulin or growth hor-
mone was actively researched, after the identifi cation of cyclic AMP and trisphos-
phoinositol (IP3) as second messengers of glucagon and hypophysis hormones. In 
transduction systems, however, the phosphate group borne by a tyrosine residue of 
a protein or the inositol moiety of a phosphoinositide is frequently the messenger 
itself. Numerous kinases have been mentioned in the previous chapters: tyrosine 
kinase receptors (Chap.   1    ), serine/threonine kinase receptors (Chap.   5    ), cytoplasmic 
tyrosine kinases (Chap.   4    ) and serine/threonine kinases of the cell cycle (Chap.   17    ), 
of the MAP kinase pathway (Chap.   2    ), of the PI3 kinase pathway (Chap.   3    ), etc. 
Similarly, numerous phosphatases have been mentioned: tyrosine phosphatase 
receptors (Chap.   1    ), non-receptor tyrosine phosphatases (Chap.   3    ), CDC25s in the 
cell cycle (Chap.   17    ), PTEN in the PI3 kinase pathway (Chap.   3    ), etc. 

 Phosphorylation takes place on specifi c residues of the substrate protein and dif-
ferent amino acid targets may lead to different functional effects. For instance, AKT1 
can be phosphorylated on Thr 308  by PDK1 and on Ser 473  by TORC2 (Chap.   3    ), both 
phosphorylations having activating consequences, while CDK1 can be activated by 
CDK7-mediated phosphorylation on Thr 161  and inhibited by WEE1 phosphoryla-
tion on Tyr 15  (Chap.   17    ). There is generally a strict specifi city of the amino acid 
target, but sometimes several amino acid residues on a protein can be phosphory-
lated by the same kinase: this is the case for tyrosine kinase receptor autophos-
phorylation (Chap.   1    ). The phosphate group bears a negative charge that induces 
important modifi cations of the reactivity of the phosphorylated amino acid, which 
can be accompanied by modifi cations of protein conformation and of protein–pro-
tein interactions. Some mutations are said to be ‘phosphomimetic’ when they 
replace a neutral amino acid by an acidic one, carrying a negative charge, close to a 
hydroxylated amino acid that may undergo phosphorylation; such a phosphomi-
metic mutation is the V600E mutation of BRAF (Chap.   2    ).  

    C.3.4  Glycosylation (Fig.  C.8 ) 
    Numerous proteins carry glucidic chains, either on the amino group of asparagine resi-
dues by  N -osidic bond ( N -glycoproteins, Fig.  C.8a, c ) or on the hydroxyl group of 
serine, threonine or hydroxylysine residues by  O -osidic bond ( O -glycoproteins, 
Fig.  C.8b, d ). The glucidic moieties of glycoproteins, called glycans, are generally 
branched, thanks to the multiple available functions carried by oses and osides. 
Membrane proteins often carry such glycans that are exposed to the outside of the cell; 
these glycans play an antigenic role and behave sometimes as a marker of various dis-
eases, in particular cancers. For instance, the determinants of blood and tissue groups 
are borne by glucidic structures exposed at the surface of circulating blood cells. 

 In the case of  N -glycoproteins, the glycosylation site is always comprised of the 
three amino acids S/T–X–N, and the oside directly bound to asparagine is always 
 N -acetylglucosamine. The glycosylation reaction takes place in the lumen of the 
endoplasmic reticulum (ER): sugars are fi rst successively added in a precise order, 
with branchings at the level of mannose residues, on a voluminous phospholipid 
species inserted within the ER membrane, dolichol-pyrophosphate. They are 
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brought under activated forms through binding with a specifi c nucleotide (UDP, 
CMP, GDP) and each addition is catalysed by a distinct glycosyltransferase. The 
glycan chain is then transferred in one piece to a protein carrying a glycosylation 
site protruding in the ER lumen, by an oligosaccharide transferase. Purely cytosolic 
proteins are never glycosylated. The glycosidic chain of the protein is then reshaped 
during the maturation of the glycoprotein and its transfer to the Golgi and then to its 
fi nal destination; some sugars, such as glucose, are removed while others are added, 
such as galactose, fucose and  N -acetylneuraminic acid, which give to the protein its 
specifi c properties, especially antigenic. An example of a glycan structure of a 
 N -glycoprotein is given Fig.  C.8c . 
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  Fig. C.8    Post-translational covalent protein modifi cations: glycosylations. ( a )  N -osidic bond 
between an asparagine residue and a molecule of β- N -acetyl  d -glucosamine. ( b )  O -osidic bond 
between a threonine residue and a molecule of β- N -acetyl  d -galactosamine. ( c ) Enchainment of 
oses and osides in the glycan of an  N -glycoprotein, lactotransferrin. ( d ) Enchainment of oses and 
osides in the glycan of a membrane  O -glycoprotein, the protein carrying the Lewis a  antigen marker. 
( e ) Structure of a glycosaminoglycan, chondroitin sulphate A, bound through a β  d -xylose to a 
serine residue of a protein chain, all together forming a  proteoglycan . The characteristic motif, 
repeated  n  times, is comprised of  d -glucuronic acid and β- N -acetyl  d -galactosamine 4-sulphate       
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 In the case of  O -glycoproteins (Fig.  C.8d ), sugars are sequentially directly added 
on the protein under their activated, nucleotide-bound form, by specifi c glycosyl-
transferases, without the intervention of a dolichol intermediate. In the case of 
mucins, the extracellular part of the transmembrane protein carries multiple gly-
cans, as thorns along a stem. Related to these glycoproteins are  proteoglycans , 
which also constitute arrangements between a polypeptide chain and osides that are 
bound to the protein by  O -osidic bonds. In that case, the glucidic structure consists 
of a monotonous linear chain of a uronic acid and an  N -acetylglucosamine 
(Fig.  C.8e ), this type of glycan being called  glycosamino - glucuronoglycan  (GAG). 
These structures, whose molecular weight can be very high, may bear sulphate 
groups that confer negative charges (heparan sulphate, chondroitin sulphate, etc.). 
Whereas glycoproteins are informative molecules, due to the precise sequence of 
their constitutive oses and osides, proteoglycans mainly play a structural role but 
may sometimes facilitate the transduction of extracellular messages and act as core-
ceptors: this is the case of β-glycan in the TGFβ signalling pathway (Chap.   5    ). 

 Numerous alterations of protein glycosidic chains are found in tumour cells. 
Most of them are more likely the consequence of malignant transformation, but 
some of them may play a crucial role in oncogenesis. The inconstant passage of 
tumour glycoproteins in the circulation may be used to follow tumour evolution 
(CA125 [gene  MUC16 ] for ovarian cancers, CEA [ carcinoembryonic antigen ] for 
colon cancers, etc.). Structural alterations of glycoproteins may also serve as thera-
peutic targets for cancer treatment. A frequent phenomenon seen in cancer cells is 
the increased complexity of  N -glycoprotein glycans, due to the hyperactivity of 
glycosyltransferases such as β1,6- N -acetylglucosaminyl transferases and sialyl-
transferases and to the resulting enrichment in sialic acid and fucose, located at the 
extremity of glycan chains. The abundance in sialic acids could be a factor favour-
ing metastatic dissemination, through a reduction of cell–cell interactions involving 
terminal sialic acids. In addition, cancer cells of epithelial origin often present 
mucin alterations, characterised by glycan truncation leading to new antigenic epit-
opes. However, there are no obvious constant alterations allowing to separate nor-
mal and tumour tissues. 

 These peculiarities of tumour cells, together with the antigenic character of the 
glycans exposed at the cell surface, have elicited important research on vaccinal 
therapies aimed at sensitising the immune system against the altered glycoproteins 
of tumour cells, especially mucin 1 (MUC1) in prostate cancers. Some antibodies 
directed against glycan epitopes of malignant cells have also been developed. 
Finally, it is also possible to target the terminal sialylation of glycans with oligosac-
charides used as decoys for sialyltransferases, or inhibitors of sialyltransferases or 
 N -acetylglucosaminyltransferases.  

    C.3.5  Lipidation (Fig.  C.9 ) 
    Several types of lipid moieties can be covalently bound to proteins. These substitu-
ents enable the protein to anchor to the membranes, especially the plasma mem-
brane, thanks to the hydrophobic interactions exerted between the aliphatic chains 
of membrane phospholipids and those covalently bound to proteins. This anchoring 
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may be required for protein activity and may be used to recruit its interactants to the 
membrane. A classical example in oncology is that of RAS proteins, which are 
covalently bound to two types of lipid chains (Chap.   2    ); another is that of the 
Hedgehog proteins, also covalently bound to two lipid moieties (Chap.   9    ). 
Semaphorin 7 is an example of a protein bound to the membrane through a glyco-
sylphosphatidylinositol anchor (Chap.   11    ). 

 A frequent substituent is a fatty acyl chain, especially myristoyl (C14:0) and 
palmitoyl (C16:0) chains, which are bound, respectively, to  N -terminal glycine resi-
dues through amide bonds and to internal cysteine residues through thioester bonds. 
Other frequent substituents are of polyisoprene structure: farnesyl groups (3 iso-
prene units, 15 carbon atoms) and geranylgeranyl groups (4 isoprene units, 20 car-
bon atoms). These groups are provided as pyrophosphates and are bound to cysteine 
residues through thioester bonds by various farnesyl or geranylgeranyl transferases. 
A third type of lipid covalent protein adduct is cholesterol, which can be bound to 
the  C -terminal amino acid of proteins through an ester bond. Finally, some proteins 
are attached to the membranes through binding to a glycosylphosphatidylinositol 
(GPI) moiety; this reaction takes place in ER and replaces the  C -terminal end of a 
protein by a glycosylphosphatidylinositol anchor. 

 A therapeutic approach of prenylation of small G-proteins has been developed, 
aiming at inhibiting RAS protein farnesylation, which is required for its membrane 
insertion and its activation of the MAP kinases cascade (Chap.   2    ). Up to now, this 
approach has not allowed the discovery of active anticancer drugs able to 
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  Fig. C.9    Post-translational covalent protein modifi cations: lipid adducts. ( a ) Myristic acid is 
bound to the  N -terminal glycine residue of some proteins, such as the α subunits of large heterotri-
meric G-proteins (Chap.   6    ) through an amide bond. ( b ) Palmitic acid is bound to a cysteine residue 
of various proteins such as RAS (Chap.   2    ) or Hedgehog (Chap.   9    ) through a thioester bond. ( c ) A 
farnesyl or geranylgeranyl moiety is bound to the cysteine residues of proteins such as RAS by a 
thioether bond (Chap.   2    ). ( d ) A molecule of cholesterol is bound to a  C -terminal serine residue of 
the Hedgehog proteins (Chap.   9    ) through an ester bond       
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specifi cally inhibit RAS function, but it could well be useful in oncology for the 
targeting of other small G-proteins of the RHO family.  

    C.3.6  Poly(ADP-Ribos)ylation 
 The addition of poly(ADP-ribose) groups, synthesised from NAD coenzymes, on 
glutamic acid residues of proteins has been described in Annex  A . Beyond the role 
of protein poly(ADP-ribosyl)ation in DNA repair, these covalent modifi cations of 
proteins are found in numerous pathways and represent an important modality of 
regulating protein activity.  

    C.3.7  Nitrosylation 
 The addition of the NO •  radical on the sulphur atom of cysteine residues (Chap.   16    ) 
is one of the mechanisms used by nitric oxide to control protein activity, either acti-
vating them (case of RAS proteins) or inhibiting them (case of caspase 3).   

     C.4   Subcellular Protein Localisation 

 Proteins are synthesised in the cytoplasm, but they must afterwards migrate to vari-
ous cell compartments to exert their actions or be secreted. Protein relocalisation or 
routing represents a crucial step for their function. This relocalisation is enabled by 
 addressing signals  represented by common amino acid sequences of the protein 
primary structure. There are addressing signals allowing protein import into mito-
chondria; long of 20–50 amino acids in the  N -terminal part, they allow recognition 
and binding of the protein, guided by a chaperone protein (HSP70), by multiprotein 
complexes called mitochondrial translocases. One of them, TOM ( translocase of 
the outer membrane ), enables the protein to reach the intermembrane fl uid, while 
two other proteins, TIMs ( translocases of the inner membrane ), enable it to cross 
the inner membrane and reach the mitochondrial matrix. Proteins are then freed of 
the signal sequence by a peptidase and they acquire their defi nitive conformation 
thanks to mitochondrial chaperone proteins (Fig.  C.10 ).  

 Nuclear proteins carry a  nuclear localisation signal  (NLS), rich in basic amino 
acids. The activation of transcription factors, which can be associated in the cytosol 
to various signalling proteins, is due to the possibility, in precise conditions such as 
phosphorylation, to migrate to the nucleus to enable the transcription of their target 
genes. This is the case of STATs (Chap.   4    ), SMADs (Chap.   5    ), GLIs (Chap.   9    ), of 
β-catenin (Chap.   7    ), of the truncated NOTCH receptor (Chap.   8    ) and of NFκB 
(Chap.   12    ). Proteins that should migrate to the nucleus are recognised in the cyto-
plasm by transporter proteins ( importins ) working as a shuttle between cytoplasm 
and nucleus (Fig.  C.10 ), thanks to the recognition of nucleoporins, the proteins that 
constitute the nuclear pore complexes (NPC). Once in the nucleus, the complex 
protein transported–importin is dissociated thanks to a small G-protein, RAN ( RAS - 
related   nuclear protein ), which binds to importin when associated to GTP; after 
release of the transported protein in the nucleus, the RAN–importin complex returns 
to the cytoplasm. RAN then hydrolyses GTP and leaves the transporter protein, 
which can thus carry on a new transport cycle of an NLS-bearing protein. 

Annex C: Control of Protein Activity

http://dx.doi.org/10.1007/978-3-319-14340-8_16
http://dx.doi.org/10.1007/978-3-319-14340-8_4
http://dx.doi.org/10.1007/978-3-319-14340-8_5
http://dx.doi.org/10.1007/978-3-319-14340-8_9
http://dx.doi.org/10.1007/978-3-319-14340-8_7
http://dx.doi.org/10.1007/978-3-319-14340-8_8
http://dx.doi.org/10.1007/978-3-319-14340-8_12


313

a b

c d

NucleusNucleus

HSP70HSP70
TOMTOM

TIMTIM

RAN-GDPRAN-GDP RAN-GTPRAN-GTP

RAN-GDPRAN-GDP

MitochondriaMitochondria

ImportinImportin

NucleoporinNucleoporin

Endoplasmic reticulum

  Fig. C.10    Protein translocation. Protein synthesis must be followed by the translocation of the 
proteins to the cell compartments where they will ensure their functions, thanks to localisation 
structural domains. ( a ) Protein synthesis at the level of endoplasmic reticulum-associated ribo-
somes enables their insertion in the plasma membrane after fusion of ER membrane and plasma 
membrane. ( b ) Such ER-associated synthesis enables also protein secretion to the outside of the 
cell, when they have no transmembrane domain. ( c ) Protein synthesis in the cytosol enables protein 
export to the mitochondria, which are reached thanks to specialised transporters localised in the 
outer membrane ( translocase of the outer membrane , TOM) or in the inner membrane ( translo-
cases of the inner membrane , TIM). ( d ) Cytosolic protein synthesis also enables protein export to 
the nucleus. After coupling to an importin, they can cross the nuclear membrane, thanks to nucleo-
porins. A small G-protein, RAN, is able to associate importin when bound to GTP; it can thus cross 
the nuclear membrane, hydrolyse GTP, release importin and return back to the nucleus       
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 Some proteins are directly synthesised in the endoplasmic reticulum, which can 
bind ribosomal chains (polysomes). They can either entirely get into the ER if they 
are soluble or remain embedded in the ER membranes if not. The ER serves as an 
entry point of these proteins in other membrane systems of the cell: Golgi, endo-
somes and plasma membrane. Polysome binding to the ER is allowed by the recog-
nition of a signal sequence, from the beginning of protein synthesis, by a 
ribonucleoprotein complex called s ignal recognition particle  (SRP), which enables 
the elongating chain to localise straightaway in the ER. This signal sequence is 
cleaved in the case of soluble proteins, which therefore are entirely located in the 
ER lumen, where they are taken over by a chaperone protein that ensures their func-
tional folding. Transmembrane proteins preserve one or two α helix sequences that 
cross the ER membrane and reach their defi nitive location in this confi guration. 

 Protein localisation in the right cell compartment (the one where they must 
ensure their function) constitutes an important mode of regulation of their activity. 
For instance, β-catenin, if non-phosphorylated by the kinase complex, in particular 
because a mutation of APC (Chap.   7    ), migrates to the nucleus where it activates the 
transcription of proliferation genes. Another example is that of p53, of which cer-
tain mutations hinder nuclear localisation (Chap.   17    ). This is the same for p21 CIP1  or 
p27 KIP1  (Chap.   17    ) whose defective localisation prevents the inhibitory activity of 
the cyclin–CDK complexes. Conversely, an excessive nuclear import of NFκB 
(Chap.   12    ) is an oncogenic event. Therapeutic peptides aimed at targeting the 
nuclear import of this transcription factor are in development.  

    C.5    Endoplasmic Reticulum Stress and Unfolded Protein 
Response 

 For proteins synthesised in the ER, some environmental features (acidity, hypoxia, 
glucose defi ciency) lead to protein folding abnormalities and to what has been 
called  unfolded protein response  (UPR). This consists in the generation of adapta-
tion and alarm signals aiming at restoring cell homoeostasis and eliminating mis-
folded proteins. UPR activates various signalling pathways: the JNK ( JUN 
N - terminal kinase ) and p38 pathways, for instance, (Chap.   2    ), and the pathways 
leading to NFκB (Chap.   12    ). One of the consequences of UPR is autophagy, a pro-
cess which enables cells to survive stress but can induce cell death. 

 UPR starts by the activation of transmembrane proteins whose  C -terminal extrem-
ity is localised in the cytosol and the  N -terminal extremity in the ER, where they are 
bound to a special chaperone protein, GRP78 ( glucose - regulated protein ,  78 kDa , 
gene  HSPA5  [ heat-shock 70 kDa protein 5 ]) (Fig.  C.11 ). Accumulation of misfolded 
proteins induces the oligomerisation of such proteins, which determines their activa-
tion. Among them have been identifi ed IRE1 ( inositol - requiring kinase 1 ) (gene 
 ERN1 ,  endoplasmic reticulum to nucleus signalling 1 ), PERK ( PRKR - like ER kinase ) 
(gene  EIF2AK3 ,  eukaryotic translation initiation factor 2 - alpha kinase 3 ) and ATF6 
( activating transcription factor 6 ). This activation enables the recruitment of chaper-
one proteins which take over the misfolded proteins, the arrest of mRNA translation 
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and the retrotransport of these proteins to the cytosol where there are ubiquitinylated, 
then hydrolysed in the proteasome (Sect.  C.7 ) or digested by autophagy.  

 IRE1 carries both serine/threonine kinase and endoRNase activities, the last one 
admitting as a substrate the mRNA of XBP1 ( X - box - binding protein 1 ) and ensuring 
its maturation for translation. XBP1 is a transcription factor which, after heterodi-
merisation with a trimeric transcription factor, NFY, activates the transcription of 
several genes required for UPR. The kinase activity of IRE1 enables the activation 
of a special MAP3K, ASK1 ( apoptosis signal - regulating kinase 1 , gene  MAP3K5 , 
Chap.   2    ), which initiates the MAP kinase cascade of JNK and p38, initiating the 
apoptotic process. The proapoptotic proteins BAK and BAX (Chap.   18    ) directly 
activate IRE1, demonstrating another connection between apoptosis and UPR. 

 PERK is also a serine/threonine kinase whose activity is revealed by oligomeri-
sation, enabling autophosphorylation. It phosphorylates and inactivates the transla-
tion elongation factor EIF2α, slowing down the translation process and reducing 
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  Fig. C.11    Endoplasmic reticulum stress (ERS). The accumulation of misfolded proteins in cancer 
cells, in particular immunoglobulins in multiple myeloma, may lead them directly to the protea-
some; these proteins can also be taken over by GRP78, which activates several signalling pathways 
initiated by proteins that have their  N -terminal extremity in ER and their  C -terminal extremity in 
the cytosol, like IRE1, PERK and ATF6. IRE1 displays endonucleasic activity and catalyses 
mRNA splicing of a transcription factor, XBP1, which is thus translated into its functional form 
and activates transcription of a series of genes. IRE1 also displays serine/threonine kinase activity, 
which leads, via an adapter protein of the TRAF protein family, to the activation of the MAP3K 
ASK1 (which activates the JNK and the p38 pathways, Chap.   2    ) and of the IKK complex (which 
activates the NFκB pathway, Chap.   12    ). PERK also displays serine/threonine kinase activity and 
activates the transcription factor NRF2 as well as, through the elongation factor EIF2α, the tran-
scription factor ATF4. Finally, ATF6 is a transcription factor that is activated by proteolysis in the 
Golgi. The ERS-activated transcription factors induce the transcription of genes involved in apop-
tosis, autophagy, protein chaperoning, redox homoeostasis, etc., as well as of the genes encoding 
GRP78 and XBP1 themselves       
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protein synthesis. However, this phosphorylation of EIF2α has a reverse effect on 
the mRNA of a transcription factor, ATF4 ( activating transcription factor 4 ) whose 
target genes encode the chaperone proteins GRP78 and GRP94 (gene  HSP90B1 ), as 
well as those involved in protection against oxidative stress, in glutathione synthesis 
and in autophagy induction, such as the one encoding CHOP ( C / EBP homologous 
protein , gene  DDIT3  [ DNA damage - inducible transcript 3 ]). This protein is a tran-
scription factor phosphorylated by the MAP kinases JNK and p38 (Chap.   2    ), 
involved in apoptosis triggering via the activation of the BH3-only protein BIM and 
the repression of the antiapoptotic protein BCL2 (Chap.   18    ). 

 ATF6 is also a transcription factor which is activated by release from GRP78 and 
migration to the Golgi, where it is activated by proteolysis. It migrates afterwards to 
the nucleus to activate transcription of various genes, among which XBP1, whose 
mRNA is specifi cally matured by IRE1. Among the target genes of ATF6 are those 
encoding GRP78, PDI ( protein disulphide isomerase ), CHOP and EDEM1 ( ER 
degradation - enhancing α - mannosidase - like protein 1 ), which increases the ER 
 protection activity toward misfolded proteins or their degradation. 

 Endoplasmic reticulum stress (ERS) is associated to several diseases such as 
neurodegenerative diseases, diabetes and cancer. Acidosis, hypoxia and hypogly-
caemia, which are often present in the tumour environment, induce such a stress 
which triggers the processes of UPR protection. It has been observed that GRP78 
and XBP1, for instance, are overexpressed in the hypoxic areas of tumours. 
Pharmacological interventions aimed at preventing tumours from adaptation to 
hostile environments have been conceived. Inhibition of the serine/threonine 
kinase activity of IRE1 or PERK is the fi rst approach; inhibition of the recruit-
ment of GRP78 in response to stress is another, and several compounds have 
been identifi ed. Interleukin 24 (IL24), which binds to and antagonises GRP78, 
presents antitumour properties. Indirectly, protease or poly(ADP-ribos)ylation 
inhibitors (Annex  A ) are able to induce ERS and are developed as potential anti-
cancer drugs.  

     C.6   Proteolytic Cleavage 

 There are various kinds of proteolytic cleavages. Some are catabolic and aim at 
protein destruction, either by effector caspases in the apoptotic processes (Chap.   18    ) 
or in specialised organelles such as proteasomes (Sect.  C.8 ) or lysosomes, or else in 
the extracellular space for the destruction of the extracellular matrix ( matrix metal-
loproteinases , MMP). Other types of protein cleavage are in contrast required for 
protein activation and reveal protein function. They are ensured by a variety of pro-
teases; we give here some examples drawn from oncology. 

 The initiator caspases (essentially CASP8 and CASP9) are activated by autopro-
teolysis and elimination of their prodomain (Chap.   18    ), at the level of dedicated 
platforms, DISC ( death - inducing signalling complex ) and apoptosome, which 
enable the contact between the catalytic domain of a caspase and the cleavage site 
of another. They activate in turn by proteolysis the effector caspases such as CASP3, 
which are thus cleared of their prodomain. Other caspases, not involved in apoptotic 
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processes, are able to activate signalling proteins such as interleukin 1 (IL1, 
Chap.   12    ), so that CASP1 is also known as  interleukin 1 converting enzyme  (ICE). 

 Matrix metalloproteinases (MMPs) are also activated by proteolysis: there exists 
a cascade of proteolytic activities, starting from cathepsin D (CTSD), which cleaves 
the pro-activator of plasminogen to form the plasminogen activator (PLAU), which 
cleaves in turn plasminogen (PLG) to form plasmin, which cleaves in turn pro- 
MMPs to generate collagens, gelatinases and stromelysins. These last proteins are 
the MMPs responsible for the digestion of the extracellular matrix. They are 
involved in the metastatic dissemination of tumours, and pharmacological research 
aims at identifying MMP inhibitors. Some inhibitors were quite effi cient in preclini-
cal models but did not reveal anticancer properties during various clinical trials. 

 ADAM ( a disintegrin and metalloprotease ) proteins, also known as α-secretases, 
are a group of 21 proteinases with structural homology with the snake venom disin-
tegrins. These are transmembrane proteins and some of them carry, in addition to 
the metalloproteinase domain, a thrombospondin domain (ADAMTS). They are 
involved in a large variety of cell processes, infl ammation, angiogenesis, cell migra-
tion and proliferation and exert an effect on many signalling pathways. They display 
‘shedding’ activity, i.e. they can cleave transmembrane proteins and solubilise the 
complete ectodomain of their substrates, exerting therefore control on the extracel-
lular side of signalling processes. ADAM17 or TACE ( TNF - alpha converting 
enzyme ) is especially involved in the activation of EGF and other growth factors by 
releasing them from their transmembrane precursors (Chap.   1    ) and in the activation 
of the Notch pathway (Chap.   8    ). Overexpression of ADAM proteins has been found 
in various cancer types and active pharmacological research aims at their inhibition, 
especially through monoclonal antibodies. 

 Proprotein convertases constitute a family of nine proteinases, also known as 
subtilisins, PCSKs ( proprotein convertases subtilisin / kexin ) or PACE ( paired basic 
amino acid cleaving enzymes ). Some of them, such as furin, have a transmembrane 
domain. They cleave their substrate proteins at two KR pairs of amino acid residues 
separated by 0–6 residues. They are involved in the modulation of various signalling 
pathways; they activate the latent forms of TGFβ (Chap.   5    ), the NOTCH receptors 
(Chap.   8    ), as well as numerous hormone precursors: parathormone, nerve growth 
factor (NGF), insulin, adrenocorticotrophin (ACTH), renin, enkephalin, dynorphin, 
somatostatin, gastrin, etc. Some of them are responsible for the proteolytic activa-
tion of the gp160 and gp140 of the HIV envelope. They are activated by autocata-
lytic proteolysis. Oncogenic alterations of these proteins have been described: 
 PCSK1  gene mutations in carcinoid tumours,  PCSK7  gene rearrangements in 
malignant lymphomas, etc. Proteinase inhibitors are currently used in AIDS treat-
ment; their possible use in cancer is under consideration. 

 Gamma secretase is a protein complex to which participate various polypeptides, 
especially presenilins, nicastrin, cathepsin B and other partners. γ-secretase is involved 
in the activation of the NOTCH receptors (Chap.   8    ) and inhibitors are being developed 
for cancer treatment. These enzymes are responsible for the cleavage of the amyloid 
protein precursor (APP) and contribute thus to the pathogenesis of Alzheimer disease. 
γ-secretase components may be involved in oncogenesis: for instance, cathepsin B is 
overexpressed in oesophagian adenocarcinomas and other tumours.  
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      C.7   Ubiquitinylation and Proteasome 

    C.7.1 Mechanism of Action 
 Protein destruction by proteolysis represents an essential mean of regulation of pro-
tein life. Systems such as apoptosis, autophagy and lysosome digestion are not pro-
tein specifi c; proteasome also ensures the degradation of most proteins but only after 
they have been specifi cally tagged by ubiquitinylation. The ubiquitin–proteasome 
system is an important component of gene expression control and plays a role in 
signal transduction, cell cycle progression, DNA repair and apoptosis. In addition, it 
enables the destruction of misfolded, damaged or mutant proteins, whose accumula-
tion could be deleterious for the cell. Alterations in the ubiquitin–proteasome path-
way lead to pathological processes and may constitute a target for cancer therapy. 

 Ubiquitin is a 76-amino acid protein which is conjugated with the protein to be 
hydrolysed after a series of three reactions: a fi rst E1 enzyme,  ubiquitin-activating 
enzyme , activates ubiquitin through binding the  C -terminal glycine residue of ubiq-
uitin to a cysteine residue of the enzyme active centre by a thioester bond (Fig.  C.12 ). 
Ubiquitin is then transferred on a reactive cysteine residue of a second E2 enzyme, 
 ubiquitin-conjugating enzyme , by transthiolation. Finally, E3 enzymes,  ubiquitin 
protein ligases , transfer ubiquitin on the protein to be destroyed by generating an 
amide bond between the  C -terminal ubiquitin glycine residue and the amine group 
of an internal lysine residue of the substrate protein. There exist two E1 enzymes, 
two dozens of E2 enzymes and several hundreds of E3 enzymes, which bear the 
specifi city for the protein to be ubiquitinylated. In fact, several ubiquitin moieties 
are attached together from the beginning by internal lysine residues, generally Lys 48  
(Fig.  C.12 ), so that ubiquitin chains are attached to the target protein substrate. 
Chain length must be long enough (at least 4 ubiquitin molecules) for the recogni-
tion of the complex by the proteasome.  

 Ubiquitin ligases (E3 enzymes) belong to two major families, those equipped 
with a HECT ( homologous to E6 - associated protein C terminus ) domain and those 
carrying a RING ( really interesting new gene ) domain, whose mechanisms of action 
are different. For RING domain-carrying E3 enzymes, the transfer of ubiquitin on 
the protein substrate is obtained without previous binding of ubiquitin with E3. 
Ubiquitin ligases may be monomeric or multimeric, with ubiquitin-recognition sites 
carried by different subunits. The mode of recognition of substrate proteins by E3 
enzymes is complex and varies from a protein to another. Phosphorylation is often 
used for directing ubiquitinylation: this is, for instance, the case for p27 KIP1  (gene 
 CDKN1B ) which controls cell cycle progression (Chap.   17    ) and that of β-catenin 
(Chap.   7    ). Other protein substrates with short half-life carry PEST ( proline – glutamic 
acid – serine – threonine-rich ) domains, which enable their recognition by E3 enzymes. 

 Proteasomes are corpuscles with similar size as ribosomes (26S); they consist of 
a multimeric protein complex (PSM proteins), with two main subunits whose assem-
bly requires ATP: the 20S catalytic particle and the 19S regulatory particle (Fig.  C.13 ). 
The 20S particle sequesters the protease sites inside a cylindrical structure consisting 
of four heptameric rings: two outer ones made of seven α subunits and two inner ones 
made of seven β subunits. The β subunits carry the threonine protease activity, which 
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  Fig. C.12    Protein ubiquitinylation. ( a ) A fi rst enzyme ( ubiquitin-activating enzyme , E1) activates 
ubiquitin through binding the  C -terminal glycine residue of ubiquitin to a cysteine residue of the 
enzyme catalytic site through a thioester bond. ( b ) Ubiquitin is then transferred to a cysteine residue 
of a second enzyme ( ubiquitin-conjugating enzyme , E2) through transthiolation. ( c ) A third type of 
enzyme ( ubiquitin protein ligase , E3) transfers ubiquitin on the substrate protein, thanks to an amide 
bond between the carboxyl moiety of the  C -terminal glycine residue of ubiquitin and a lysine inter-
nal residue of the substrate protein. ( d ) Thioester bond between the E1 or E2 cysteine residue and 
the  C -terminal glycine residue of ubiquitin. ( e ) Peptidic (amide) bond between the Lys 48  residue of 
a molecule of ubiquitin and the  C -terminal glycine residue of the following ubiquitin molecule       
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can be  chymotrypsin - like  (CTL),  trypsin - like  (TL) or  post - glutamate   peptide hydro-
lase  (PGPH), and enable the degradation of a large variety of proteins into small 
peptides of 6–12 amino acids. The outer rings comprising the α subunits form thin 
pores at each extremity of the cylinder, restricting thus the access to the catalytic 
chamber. This type of architecture isolates the catalytic sites and prevents the degra-
dation of proteins that should not be destroyed. The 19S complex recognises the 
polyubiquitin chain carrying the protein to be destroyed; hydrolyses the bond 
between the substrate and the ubiquitin chain, which is recycled in ubiquitin mono-
mers by deubiquitinylases; denatures the substrate; binds to the 20S complex at the 
level of the outer rings; and opens the catalytic chamber in which the substrate is 
translocated. This mechanism avoids non-selective protein degradation.   
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  Fig. C.13    Protein destruction in the proteasome. ( a ) The 19S and 20S proteasome subunits are 
assembled to form the 26S particle. The 19S particle regulates protein entry into the cylinder con-
stituted by the 20S particle. The 20S particle results from the stacking of four heptameric rings, 
two outer ones ( green ), made of seven α subunits, and two inner ones ( orange ), made of seven β 
subunits which carry threonine protease activity. ( b ) The ubiquitinylated protein is led by E3 to the 
proteasome when it is hydrolysed. Ubiquitin molecules are recycled. The protein is fragmented 
into peptides 6–12 amino acids long. ( c ) The 20S subunit, viewed from above. The outer rings 
form narrow pores at each extremity of the cylinder, restricting thus the access to the catalytic 
chamber       
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    C.7.2  Oncogenic Alterations 
 A large number of oncogene mutations or tumour suppressor gene inactivations 
directly affect the ubiquitin–proteasome pathway. Some oncogenes encode ubiqui-
tin ligases. Deleterious mutations occurring in this process prevent the degradation 
of certain proteins such as transcription factors or angiogenic inducers. Also, gene 
amplifi cation can lead to the degradation of gene suppressor proteins. Some exam-
ples can be mentioned:

•    The  VHL  ( von Hippel – Lindau disease ) gene encodes the E3 ligase of a hypoxia- 
inducible transcription factor, HIF1α (Chap.   16    ). In response to hypoxia, this 
factor activates the expression of genes such as  VEGFA  ( vascular endothelial 
growth factor ). VHL mutations prevent the degradation of HIF1α in normoxic 
conditions and predispose to the formation of hypervascular lesions and renal 
tumours.  

•   The  APC  ( adenomatous polyposis coli ) gene is a tumour suppressor gene 
which is mutated in 70 % of colorectal cancers. Its protein product binds and 
regulates β-catenin (Chap.   7    ).  APC  mutations lead to the formation of trun-
cated proteins unable to bind β-catenin and, therefore, to enable its phosphory-
lation, then its polyubiquitinylation, enhancing thus its transcriptional 
stimulatory activity.  

•   The  MDM2  ( murine double-minute homologue 2 ) gene encodes a RING domain- 
containing E3 ligase which induces p53 ubiquitinylation (Chap.   17    ).  MDM2  over-
expression, resulting especially from gene amplifi cation, is a mechanism responsible 
for p53 inactivation in several cancer types, in particular soft-tissue sarcomas.  

•   The  SMURF  ( SMAD ubiquitinylation regulatory factor 2 ) gene encodes a HECT 
domain-containing E3 ligase which regulates SMAD proteins degradation in the 
TGFβ pathway (Chap.   5    ). An accelerated degradation of these transcription fac-
tors prevents the downregulation of cell proliferation by TGFβ.  

•   The  CDKN1B  gene encodes the p27 KIP1  protein, a CDK2 inhibitor with tumour 
suppressor properties, which regulates the G1 → S transition of cell cycle through 
interaction with CDK2–cyclin E complexes (Chap.   17    ). One of the mechanisms 
responsible for the downregulation or p27 expression in tumours is its ubiquiti-
nylation by an E3 ubiquitin ligase of the SCF ( SKP1 / cullin / F - box ) family, whose 
concentration is especially high in several tumour types.  

•   Most cyclins are degraded in the proteasome after ubiquitinylation, in order to 
oblige them to stop their CDK-activating functions after the passage from one 
phase of the cell cycle to the following one. As for p27 KIP1 , this reaction is 
 catalysed for cyclin E by an E3 ligase of the SCF family, a component of which 
is the protein CDC4 whose gene ( FBXW7 ) is mutated in colorectal and ovarian 
cancers.  

•   EGFR (Chap.   1    ) is the substrate of a RING domain-containing E3 ubiquitin 
ligase called CBL ( Casitas B - lineage lymphoma ). EGFR ubiquitinylation repre-
sents a signal of internalisation in endosomal vesicles, leading to receptor prote-
olysis after fusion with lysosomes. The EGFR–ERBB2 heterodimers, which are 
favoured when the  ERBB2  gene is amplifi ed, are less sensitive to CBL action 
than the EGFR–EGFR homodimers.     
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    C.7.3  Therapeutic Targets 
 Because of the action of the ubiquitin–proteasome system on multiple proteins 
involved in cell proliferation and survival processes, pharmacological interventions 
might contribute to inhibit tumour cell proliferation, induce apoptosis and/or 
increase the sensitivity of tumour cells to anticancer drugs. The preservation of the 
activity of damaged proteins that would be driven to the proteasome, such as the 
CDK inhibitors p21 CIP1  and p27 KIP1  or the antiapoptotic agents BAX and p53, might 
be effi cient in cancer therapy. However, these proteins, which are essential for pro-
liferation, are also degraded in the proteasome and their stabilisation could favour 
tumour growth. The identifi cation of compounds that target the proteasome has 
enabled the successful development of an inhibitor of chymotrypsin-like activity, 
bortezomib, which has been marketed for the treatment of multiple myeloma and is 
presently under evaluation in solid tumours. Other compounds, with structure anal-
ogy to bortezomib or not, are also being studied. The initial success has encouraged 
much research at the level of E3 ligases inhibition, whose activity may well prove 
more selective than that of bortezomib: for instance, nutlin-3 blocks the p53 binding 
site of MDM2 and increases p53 stability (Chap.   17    ).   

    C.8   Sumoylation 

 Protein sumoylation consists in binding, on a specifi c lysine residue of a protein, of 
a small ubiquitin-related protein of about 100 amino acids, SUMO ( small ubiquitin - 
like   modifi er ). This covalent modifi cation is involved in the regulation of protein 
function and specifi c interactions. There are four SUMO proteins (SUMO1, 2, 3 and 
4), which are activated by proteolytic cleavage of their  C -terminal extremity to gen-
erate a diglycine motif, through a proteinase called SENP ( sentrin - specifi c prote-
ase ). The activated SUMO protein is transferred to a cysteine residue of a 
 SUMO - activating enzyme  (SAE), the equivalent of the E1 enzyme of the ubiquiti-
nylation process. SUMO is then transferred on an equivalent of the E2 enzyme, 
called UBC9 ( ubiquitin - conjugating enzyme homologue ) and then on a lysine resi-
due of the target protein, at the level of a consensus sequence, ΨKXD/E (Ψ desig-
nating a hydrophobic amino acid). The E3-equivalent enzymes that have been 
identifi ed are the proteins PIAS ( protein inhibitor of activated STAT , Chap.   4    ), the 
polycomb repressing complex 2 (Annex  B ) and a RAN-binding protein, RANBP2 
(Sect.  C.5 ). Sumoylation is generally a transient process that is reversed by desu-
moylating proteases. SENP can also detach the SUMO adduct from the target pro-
tein and allow its recycling. 

 The best known sumoylated proteins is the GTPase-activating protein of the 
nuclear traffi cking protein RAN, called RANGAP1. Other sumoylation substrates 
are expressed in the nervous system and are involved in neurodegenerative diseases: 
huntingtin (HTT, Huntington disease), ataxin (ATXN, spinocerebellar ataxia), 
synuclein α (SNCA, Parkinson disease), superoxide dismutase 1 (SOD, amyo-
trophic sclerosis) and APP ( amyloid beta precursor protein , Alzheimer disease). In 
addition, several transcription factors are sumoylated, such as MYB, STAT and 
HIF1α, as well as nuclear receptors such as the androgen receptor (AR) or the oes-
trogen receptor (ER, gene  ESR1 ) (Chap.   14    ). 
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 Alterations in protein sumoylation can be associated with oncogenesis. UBC9 
overexpression is found in several cancer types and this protein is able experimen-
tally in enhance cell proliferation. Certain E3 proteins such as PIAS3 are also over-
expressed in cancer. Sumoylation regulates the activity of several oncogene products 
and tumour suppressors, such as p53 and its homologues p63 and p73, the retino-
blastoma protein RB1 (Chap.   17    ) and MDM2 (Chap.   17    ), etc. Finally, the protein-
ase SENP is overexpressed in prostate and thyroid cancers. The relationships 
between sumoylation and cancer are still poorly understood but could lead to thera-
peutic targeting.    
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