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ABSTRACT

Regulation and function of ANp73 isofor ms after
DNA damage.

In our search for the underlying causes of cancer, TP53 is the most
intensively studied gene. p53 plays a central role for balancing the
antagonistic processes of proliferation and apoptosis. As a sequence-specific
transcription factor, p53 regulates the expression of genes involved in cell
cycle arrest and apoptosis in response to genotoxic damage or cellular stress.
Failure of p53 function consequently leads to uncontrolled cell growth, a
defining feature of cancer cells. Given the importance of p53 as a tumor
suppressor, it is therefore no wonder that p53 is the most frequent site of
genetic alterations found in human cancers. The recent discovery of two
TP53-related genes, TP73 and TP63 with striking sequence homology, was
therefore a big surprise, raising the possibility that other tumor suppressors
exist which share the power of p53 in preventing cancer formation.

The three members of the p53 family share significant homology both at
the genomic and at the protein level. The highest level of identity is reached
in the DBD (DNA-Binding Domain), suggesting that they can bind to the
same DNA sequence and transactivate the same promoters. In fact, p73 and
p63 are able to activate some p53 targets and to induce apoptosis, but they
appear more and more different from their relative. The study of the
respective knock-out mice gives a good illustration of these differences :
while p53-null mice develop normally but present spontaneous tumors, the
p73 and p63-null mice present severe developmenta troubles but no
spontaneous tumors, indicating that they may have more complex functions.

Conversely to p53, p73 and p63 contain additional C-terminal
extensions. In both proteins, these extensions show alternative splicing,
which results in at least six C-terminal variants for p73 and three for p63.
These isoforms have different transcription and biological properties, and
their expression patterns change among normal tissues. Moreover, the o
variants of p73 and p63 have close to their C terminus a SAM (Sterile Alpha
Motif) domain, which is thought to be responsible for regulating p53-like
functions, and is implicated in various human syndromes where p63 is
mutated. In addition to the C-termina variants aminoterminous truncated
variants of p73 and p63 exist : ANp73 and ANp63. These N-terminaly
truncated isoforms lack the transactivation domain (TA), which is coded by
the first 3 exons, and derive from the use of an alternative promoter (P2)
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located in intron 3 and an additional exon (exon 3"). While TAp73 isoforms
work as transcription factors and can induce irreversible cell cycle arrest and
apoptosis like p53, the ANp73 isoforms that lack the transactivation domain
are incapable of directly inducing gene expression and do not induce growth
arrest or cell death. However, the ANp73 forms have a very important
regulatory role, since they exert a dominant negative effect on p53 and
TAp73 by blocking their transactivation activity, and hence their ability to
induce apoptosis. The relative levels of expression of the ANp73 isoforms
can therefore determine the function of both TAp73 and p53. It is most
interesting that the ANp73 promoter (P2) contains a very efficient p53/p73
responsive element and consequently, p53 and TAp73 efficiently induce
ANp73 expression. Moreover, upon strong DNA damage, induced by UV
irradiation or drug treatment, ANp73 is rapidly degraded, releasing the block
exerted on p53 and TAp73 and thus allowing cell cycle arrest and apoptosis
to proceed. Hence, ANp73 is part of a dominant negative feedback loop that
regulates the function of both p53 and TAp73 and this regulation can be
overcomein case of strong DNA damage.

VI



RIASSUNTO

Regolazione e funzione delle isoforme ANp73
dopo danno al DNA.

Le celule di un organismo subiscono ogni giorno stress dovuti
all’ambiente (raggi UV, agenti chimici, metalli pesanti) che possono causare
lesioni al patrimonio genetico o un disequilibrio dello stato RedOx.
Numerosi sistemi cellulari permettono prima di tutto di identificare il danno,
ed in seguito d'indurre eventuamente la riparazione del DNA o la morte
della cellula se il danno subito € irreversibile. Una cellula tumorale é il
risultato dell’accumulo dei fallimenti dei sistemi di controllo intra- ed extra-
cellulari e della morte programmata. Identificata nel 1979, la proteina p53
un fattore di trascrizione mutato in 50% dei tumori. Ha un ruolo centrale
nella regolazione della proliferazione cellulare, della riparazione del DNA e
dell’ apoptosi dopo insulto, genotossico 0 meno. Stranamente, p53 sembrava
avere da sola questo ruolo preponderante che I’ é valso la denominazione di
“guardiano del genoma’, e, negli ultimi 20 anni, tutti i tentativi per
caratterizzare eventuali omologhi sono faliti. Nel 1997, p73, un omologo di
p53, fu identificata nella banda p36 del cromosoma 1, una regione la cui
delezione é spesso associata a numerosi neuroblastomi. La caratterizzazione
di p73 fu accolta con entusiasmo e la sua grande omologia con p53 sembrava
poter spiegare il 50% dei tumori che presentano p53 non mutata. L’ anno
successivo, un secondo omologo fu identificato e caratterizzato : p63. | tre
membri dellafamiglia di p53 presentano una grande omologia, in particolare
nel dominio di legame a DNA : p73 e p63 sono in effetti capaci di attivare
I"espressione di numerosi geni bersagli di p53 e d'indurre |'apoptosi o di
bloccareil ciclo cellulare.

Tuttavia, sei anni dopo laloro scoperta, p73 e p63 sembrano sempre pil
diversi dal loro “parente” p53. La generazione e lo studio di topi transgenici
mancanti dei diversi membri della famigliaillustrano queste differenze : sei
topi mancanti di p53 raggiungono senza problemi I’ eta adulta e sviluppano
tumori spontanel, i topi mancanti di p73 o p63 presentano gravi disturbi
nello sviluppo embrionale, indicando un loro ruolo principale nel
differenziamento cellulare. Se p73 e p63 presentano una struttura globale
paragonabile a p53 (un dominio di transattivazione, un dominio di legame a
DNA e un dominio di oligomerizzazione, implicato nella tetramerizzazione
della proteina indispensabile alla sua attivita trascrizionae), p73 e p63
possiedono in effetti un prolungamento del dominio C-terminale, assente
nella sequenza di p53, e che sembra coinvolto nelle loro funzioni. La
maturazione dei trascritti di p73 e p63 genera differenti varianti di splicing
(6 per p73 e dmeno 3 per p63) nella porzione C-terminale le cui funzioni

VI
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trascrizionale ed il loro quadro di espressione sono differenti. Inoltre, le
forme intere delle due proteine presentano un dominio SAM (Sterile Alpha
Motif) comune a numerose proteine implicate nel differenziamento. Questo
dominio & spesso mutato in acune sindrome umane che coinvolgono p63, il
che lascia presupporre un suo ruolo importante nella regolazione dell’ attivita
di p63 e p73. In piu, sono state descritte nel topo forme troncate
nell’estremita N-terminale : queste forme sono chiamate AN e non
possiedono il dominio di transattivazione, a contrario delle forme lunghe
(TA). Dungue, ANp63 e ANp73 agiscono nel topo come dominanti negativi
delle funzioni pro-apoptotiche di TAp63 e TAp73. In seguito, € stato
stabilito che ANp63 e ANp73 sono trascritti  da un secondo promotore,
localizzato nel terzo introne dellaforma lunga.

In questo lavoro, € descritta per la prima volta la caratterizzazione della
forma ANp73 umana, la regolazione della sua espressione e della sua attivita.
Come ANp73 murina, laforma umanainibisce le funzioni pro-apoptotiche di
TAp73 e pb3, attraverso I'interazione proteina-proteina o la competizione
per i siti di legame sui promotori bersagli. Inoltre, 1a presenza di un elemento
di risposta a p53 situato nel promotore di ANp73 indica I’ esistenza di un
feedback negativo che s aggiunge a quello gia descritto per MDM2 e p53.
Poiché ANp73 agisce come un oncogene, sembra che il rapporto AN/TA o
AN/p53 siafondamentale per I’ equilibrio cellulare e che |a sua deregolazione
possa essere implicata nella formazione tumorale. Questo rapporto pud
essere controllato a livello trascrizionale o post-traduzionale della proteina
ANp73. Lo studio del promotore di ANp73 a messo in evidenza numerosi
elementi di risposta per differenti fattori di trascrizione. Poiché lavori recenti
hanno associato I’aumento di ANp73 adiversi tipi di neuroblastomi, ci siamo
particolarmente interessati a N-Myc, un fattore di trascrizione ugua mente
amplificato in certi neuroblastomi. Tuttavia, non siamo stati in grado di
mettere in evidenza un’ attivazione trascrizionale diretta su ANp73 da parte
di N-Myc, ma altri elementi di risposta rimangono ancora da caratterizzare,
in particolare NFkB e p300, entrambi implicati nella regolazione
dell’ apoptosi. Inoltre, lo studio delle modificazioni post-traduzionali di
ANp73 ha messo in evidenza una rapida degradazione della proteina in
seguito a danno a DNA indotto da raggi ultravioletti o trattamento con
droghe, liberando quindi p53 e TAp73 dala sua inibizione e permettendo
I"apoptosi o I'arresto del ciclo cellulare. In piu, il nostro studio ha messo in
evidenza una emi-vita molto breve della forma AN rispetto alle forme che
contengono il dominio di transattivazione. Dunque, il rapporto AN/forme
lunghe potrebbe ugualmente dipendere da una fine regolazione della
degradazione delle due proteine.

VIl
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Régulation et fonction desisoformes ANp73
apresdommage al’ ADN.

Les cellules d'un organisme subissent chague jour des stress dus a
I”environnement (rayons UV, agents chimiques, métaux lourds) pouvant
conduire a des |ésions du patrimoine génétique ou a un déséquilibre de I’ état
RedOx. De nombreux systémes cellulaires permettent tout d abord
d'identifier le dommage puis d'induire éventuellement la réparation de
I”’ADN ou la mort de la cellule si le dommage subi est irréversible. Une
cellule cancéreuse est le résultat d’ échecs cumulés des systemes de contréle
intra et extra-cellulaires et de mort programmée. ldentifiée en 1979, la
protéine p53 est un facteur de transcription muté dans 50% des cancers. Elle
joue un rdle central dans la régulation de la prolifération cellulaire, de la
réparation de I’ADN et de |’apoptose aprés stress, génotoxique ou non.
Etonnamment, p53 semblait jouer seule ce réle prépondérant qui lui avalu la
dénomination de "gardienne du génome', et, pendant 20 ans, toutes
tentatives pour caractériser d'éventuels homologues sont restées vaines. En
1997, p73, un homologue de p53, fut identifiée dans la bande p36 du
chromosome 1, une région dont la délétion est souvent associée a de
nombreux neuroblastomes. La caractérisation de p73 fut accueillie avec
enthousiasme et sa grande homologie avec p53 semblait pouvoir expliquer
les 50% de cancers présentant une p53 non mutée. L'année suivante, un
deuxiéme homologue fut identifié et caractérisé: p63. Les trois membres de
lafamille p53 présentent une grande homol ogie, notamment dans le domaine
de liaison a I'ADN : p73 et p63 sont en effet capables d'activer |'expression
de nombreux génes cibles de p53 et dinduire I'apoptose ou de bloquer le
cyclecellulaire.

Toutefois, 6 ans aprés leur découverte, p73 et p63 semblent de plus en
plus différents de leur "parente” p53. La génération et I'étude de souris
déficientes pour les membres de la famille illustrent ces différences : si les
souris manquant p53 atteignent normalement I'age adulte et développent
spontanément des tumeurs, les souris mangquant p73 ou p63 présentent de
graves troubles du développement embryonnaire, indiquant un réle majeur
dans la différenciation cellulaire. Si p73 et p63 présentent une structure
globale comparable a p53 (un domaine de transactivation, un domaine de
liaison a I'ADN et un domaine d oligomérisation, impliqué dans la
tétramérisation de la proténe nécessaire a son activité transcriptionnelle),
elles possédent en effet un prolongement du domaine C-terminal, absent de
la séquence de p53, et qui semble impliqué dans leurs propriétés propres. La
maturation des transcrits de p73 et p63 donne lieu a différents splicing-
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variants (6 pour p73 et au moins 3 pour p63) en C-terminal, dont les
fonctions transcriptionnelles et le pattern d'expression sont différents. De
plus, les formes les plus longues des deux protéines présentent un domaine
SAM (Sterile Alpha Motif), commun a de nombreuses protéines impliquées
dans le développement. Ce domaine est souvent muté dans des syndromes
humains impliquant p63, ce qui laisse présager un rdle important dans la
régulation de I'activité de p63 et p73. Par ailleurs, des formes tronquées en
N-terminal ont été décrites dans la souris : ces formes sont nommées AN,
elles ne possedent pas le domaine de transactivation, au contraire des formes
longues (TA). Ainsi, ANp73 et ANp63 agissent dans la souris comme
dominants négatifs des fonctions pro-apoptotiques de TAp73 et TAp63. Il a
été établi par la suite que ANp73 et ANp63 sont transcrites & partir d'un
second promoteur, localisé dans le troisiéme intron de la forme longue.

L'étude présentée ici décrit la premiére caractérisation de la forme
ANp73 humaine, la régulation de son expression et de son activité. De méme
gque ANp73 murine, la forme humaine inhibe les fonctions pro-apoptotiques
de TAp73 et p53, via interactions protéines/protéines ou compétition pour
les sites de liaison sur les promoteurs cibles. De plus, la présence d’'un
élément de réponse a p53 situé dans le promoteur de ANp73 caractérise une
boucle de régulation négative qui Saoute a la boucle de régulation
MDM2/p53. ANp73 agissant comme un oncogene, il semble donc que le
ratio AN/TA ou AN/p53 soit fondamental a I’ équilibre cellulaire et que sa
dérégulation puisse étre impliquée dans la formation tumorale, ce ratio
pouvant étre contrdlé au niveau transcriptionnel ou post-traductionel de la
protéine ANp73. L’'étude du promoteur de ANp73 a mis en évidence de
nombreux ééments de réponse a différents facteurs de transcription. De
récents travaux ayant associé une augmentation de ANp73 a certains types de
neuroblastomes, nous nous sommes particuliérement intéressés a N-Myc,
facteur de transcription également amplifié dans certains neuroblastomes.
Nous n'avons pu toutefois mettre en évidence une activation
transcriptionnelle directe de ANp73 de la part de N-Myc, mais d’autres
éléments de réponse restent encore a caractériser, notamment NF«B et p300,
tous deux impliqués dans la régulation de I’ apoptose. Par ailleurs, |’ étude de
modifications post-traductionnelles de ANp73 a mis en évidence une rapide
dégradation de la protéine aprés dommages a I’ADN induits par rayons
Ultra-Violets ou traitement par drogues, libérant ainsi p53 et TAp73 de son
inhibition et permettant ainsi |’ apoptose ou I’arrét du cycle cellulaire. De
plus, notre éude a mis en évidence une trés bréve hémie-vie de la forme
AN par rapport aux formes contenant le domaine de transactivation. Aingi, le
ratio AN/formes longues pourrait également dépendre d'une fine régulation
de la dégradation des deux protéines.
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INRODUCTION — Control of DNA damage

An organism is composed of billions of cells and the division of each of
them leads to DNA duplication errors. In the majority of cases, the DNA
polymerase itself is able to detect and eliminate the mutations. Moreover,
every day, cells are exposed to exogenous and endogenous stress which can
act on cell metabolism (for example via the Reactive Oxygen Species) and
induce apoptosis. But stress (UV, chemical agents, metals) can also damage
DNA and cause modifications of the molecule, as, for example, the thymine
photo-dimerization. The control machinery of the cell is activated and the
process of reparation or the death of the cell, if DNA damage is too
important, can occur. If the control of DNA damage or the repairing
machinery of the cell fails, a modification in the genetic sequence is
introduced : in somatic cellsit can lead to cancer and in germ cells to genetic
disease of the next generations. One estimate is that a mammalian genome
undergoes about 100,000 modifications per day, each bearing a probability
of residual damage. Fortunately, only a small part of the genome is a coding
region, and nearly 97% can be mutated without any effect. Moreover, the
state of each cell (proliferation, differentiation, quiescence) is dependent on
signals received through cdl-cell and cell-matrix communication, and a
tumoral cell has to accumulate mutations, first to escape to this control and
then to be positively selected to proliferate and migrate in the organism.
Even if a the clinica level cancer is a large diffused disease, cell
transformation is a relatively rare event compared to the high level of
mutations an organism has to repair every day.

|. Control of DNA damage.

In order to avoid the risk of maintaining a cell dangerous for the other
ones, and also for the whole organism, cells have developed control
pathways which lead, if the genetic information is damaged, either to cell-
cycle arrest and repair of DNA, or to cell death. They have evolved
surveillance mechanisms that monitor the structure of chromosomes and
coordinate repair and cell-cycle progression. In addition to controlling cell-
cycle arrest, these pathways have been shown to control the activation of
DNA repair pathways (Cortez et al. 1999; Lim et al. 2000; Gatel et al. 2000;
Zhao et al. 2000; Wu et al. 2000), the composition of telomeric chromatin
and the movement of DNA repair proteins to sites of DNA damage (Martin
et al. 1999; Mills KD et al. 1999), activation of transcriptional programmes
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(Elledge 1996), telomere length (Naito et al. 1998; Ritchie et al. 1999) and,
in some cell types for reasons not fully understood, induction of cell death
by apoptosis (Lowe et al. 1993; Clarke et a. 1993; Xu Y and Batimore
1996; Hirao et al. 2000).

A. The DNA damage checkpoints.

1. General organization.

The DNA damage response is a signal transduction pathway consisting
of sensors, transducers and effectors (Fig.1). Although we refer to this as a
pathway, it is more accurately described as a network of interacting
pathways that together execute the response. The identities of the sensors are
not well known. Much is known about the signal transducers, which are
composed of four sets of conserved proteins with recognizable motifs. One
class is composed of phospho-inositide kinase (PIK)-related proteins which
include ATM (Ataxia Telangectasia Mutated) and ATM-Rad3-related (ATR)
in mammals and their homologues in budding and fission yeast. These
proteins are central to the entire DNA damage response. Downstream of
these proteins are two families of checkpoint kinases (CHK), the Chk1 and
Chk2 kinases, and their homologues. These kinases carry out subsets of the
DNA damage response in mammals and are targets of regulation by ATM
and ATR kinases. The fourth conserved family is the BRCT-repeat
containing proteins, which include budding yeast Rad9 and fission yeast
Crb2. No clear human orthologues of these proteins exist in mammals, but
BRCA1 and 53BP1 are possible candidates. The precise roles of these
proteins and where exactly they function with respect to the PIKs are not
understood.

Below this level of signal transduction are the effectors that execute the
functions of the DNA damage response. These include substrates of both
PIK and CHK kinases and proteins involved in DNA repair, transcription
regulation and cell-cycle control, such as BRCA1, Nbsl, p53 and Cdc25C.
Depending on the context, certain molecules such as BRCA1 may have
multiple functionsin this signal transduction pathway.
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Figure 1. A simplified view of the general outline of the DNA damage response signal-
transduction pathway. (Zhou and Elledge 2000)

2. Sensors.

The proteins that initially sense the aberrant DNA structures, and initiate
the signaling response, are currently unknown. Owing to their ability to bind
and be activated by DNA strand breaks, poly (ADP-ribose) polymerase
(PARP) and DNA-dependent protein kinase (DNA-PK) have long been
proposed as DNA damage sensors. However, genetic evidence indicates that
these proteins are not activators of the global DNA damage response (Wang
ZQ et a. 1995; Jimenez et al.1999). In place of these molecules, a group of
four conserved proteins in yeast have emerged as candidates because they
share some of the properties expected for sensors, including an essentia
genetic role in the activation of the DNA damage response pathway and the
potential to interact with nucleic acids. In Schizosaccaromyces pombe, three
of these proteins, Radl, Rad9 and Husl, are related in structure to PCNA
(Proliferating Cell Nuclear Antigen), a repair and replication factor.
Modeling suggests that they may form a doughnut-like heteromer like
PCNA, and in principle could be loaded onto damaged DNA just as PCNA
is loaded onto primed DNA (O’ Connell et al. 2000). The human homologues
of these proteins form a DNA damage responsive complex (Volkmer 1999).
Consistent with yeast studies, inactivation of mouse Husl resultsin impaired
responses to genotoxic stress (Weiss et al. 2000).
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Alternative proteins have been suggested as candidate sensors, one of
which is the breast cancer protein BRCA1. Mouse cells lacking BRCA1
exon 11 are unable to arrest the cell cyclein G2, suggesting a possible defect
in sensing or signaling (Xu X. et al. 1999). BRCAL is part of a large
complex named BASC (BRCA1-associated genome surveillance complex)
that contains ATM, the Nbs1-MRE11- RAD50 complex, mismatch proteins
(MSH2/6 and MLH2), and the Bloom's helicase (BLM) (Wang Y. et a.
2000). This model is speculative, but it is interesting that each of these
proteins has the ability to recognize aberrant DNA structures and could thus
be involved in transmitting the presence of these structures to ATM and
BRCAL. Interestingly, several of these proteins are also substrates of ATM,
suggesting that they may be targets of regulation as opposed to directing
signal transduction. At present, it is impossible to distinguish between a
sensory role and an effector role for any of these proteins, and it is plausible
that the activity of an entire complex must be intact to properly sense and
respond to damage.

3. Transducers.

In contrast to our knowledge of damage sensors, our understanding of
signal transducers is more advanced (Fig.2). Two related and conserved
proteins, ATM and ATR, are central components of the DNA damage
response (Elledge 1996). ATM and ATR are protein kinases structurally
related to the PI(3)K family members. The function of ATM is wadll
understood. Cells from Ataxia Telangectasia patients have mutations in
ATM and are defective in severa responses to IR including G1 arrest
(Kastan et a. 1992), reduction in DNA synthesis (Painter and Y oung 1980)
and G2 arrest (Paules et al. 1995). ATM plays an important part in the
response to IR, controlling the initial phosphorylation of several key proteins
such as p53, Mdm2, BRCA1, Chk2 and Nbsl after DNA damage. These
proteins are still phosphorylated in y-irradiated AT cells, but with delayed
Kinetics, indicating that additional pathways respond to IR. Whereas AT
fibroblasts are very sensitive to IR, they show little sensitivity to ultraviolet
radiation, alkylating agents or inhibitors of DNA replication.
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Figure 2. Organization of the mammalian DNA damage response pathway.

Although the general organization of the pathway is correct, some details are omitted,
especialy  concerning  the  relationship  between the ATR/ATM  and
Husl/Rad17/Rad9/Radl proteins, which may participate in mutual regulation. (Zhou and
Elledge 2000)

Precisely how these kinases are controlled in response to various stimuli
is unknown. ATM kinase activity can be activated by DNA damage in vivo
(Canman et a. 1998; Banin et a. 1998; Khanna et a. 1998). Direct
activation by DNA is less well established. Some studies report that there is
no stimulation by DNA in vitro (Chan et al. 2000; Banin et al. 1998), others
have found that small amounts of purified ATM bind to and are activated by
DNA with DSBs (Double Strand Breaks) in vitro (Smith et a. 1999). It is
not clear, however, whether ATM alone retains the ability to bind DNA or
whether other proteins complexed with it are required. ATM may ultimately
resemble DNA-PK, which by itself has a low affinity for DSB-containing
DNA, but which acquires a significantly enhanced affinity in the presence of
a DNA end-binding factor, the Ku 70/80 complex, which loads DNA-PK
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onto DNA. Proteins to which ATM is bound are candidate sensors whose
identification will be essential for the molecular explanation of ATM
activation and DNA damage recognition. Similar activation by damage has
not been observed for ATR. However, ATR islikely to be regulated in some
fashion because it controls the late phosphorylation of p53 in response to IR
(Tibbetts et al. 1999; Lakin et al. 1999; Hall-Jackson et al. 1999) and the
ultraviolet-induced phosphorylation of Chkl (Liu et al. 2000). Thus, it is
likely that ATR activation is different from that of ATM and may involve a
type of substrate accessibility activation that is not readily recapitulated in
vitro. For example, sensor proteins may become activated and recruit
substratesto ATR.

B. DNA damage response pathway.

1. Apoptosis.

a) General mechanism.

Apoptosis is an active, programmed cell death, which allows a cell to
commit suicide without damaging the neighboring ones. Apoptosis has been
also described in unicellular organisms, and even in this case the whole
cellular population is important and influences the cell fate (Ameisen 2002).
Programmed cell-death involves cell shrinkage, plasma membrane blebbing
with partial maintenance of impermeability, mitochondria outer membrane
permeabilization, nuclear chromatin condensation and genomic DNA
fragmentation, cytoskeletal modifications, and segmentation of the cell into
apoptotic bodies. It also involves the expression of various death signaling
molecules, such as phosphatidyl-serine, on the outer side of the plasma
membrane, that allows neighboring cells to rapidly ingest the dying cell,
usually long before it has completed self-dismantling (Savill and Fadok
2000), preventing any reversal of the self-destruction process and leading to
the swift elimination of the apoptotic cells. Several of these features of
apoptosis contribute to the fact that programmed cell death, in contrast with
passive and chaotic necrotic death (that involves cell swelling, plasma
membrane rupture, and cell content spilling), usually induces no lesions in
the organ and tissue in which it occurs.

With few known exceptions, the terminal apoptotic programme of
mammalian cells depends on the activation of intracellular caspases and their
modification of protein substrates within the nucleus and cytoplasm




INRODUCTION — Control of DNA damage

(Hengartner 2000). Two major processes lie immediately upstream of these
effector events.

The first is the activation of the receptor mediated death-signaling
pathways that ultimately trigger caspase-8 and are exemplified by the
interaction of CD95 (Apo-1/Fas) with its ligand (Nagata and Golstein 1995;
Krammer 2000). Caspase 8 can in turn activate the mitochondrial pathway,
activating Bid, a pro-apoptotic protein (see below).

The second originates from mitochondria, which are central targets for
intracellular oxidative stress. This pathway can be profoundly influenced by
both pro-apoptotic and anti-apoptotic members of the Bcl-2 family (B-cells
Lymphoma 2). The pro-apoptotic proteins Bax, Bad, Bid, Bik and Bim
contain an o-helical domain (the Bcl-2 Homolog domain 3, or BH3) that fits
the hydrophobic BH3 binding pocket on the anti-apoptotic proteins Bcl-2
and Bcl-X, forming heterodimers that block the survival-promoting activity
of Bcl-2 and Bcl-X,.. The pro-apoptotic proteins act at the surface of the
mitochondrial membrane to induce permeability transition (PT). PT
consgtitutes the first rate-limiting event of the common pathway of apoptosis.
Upon PT, apoptogenic factors leak into the cytoplaam from the
mitochondrial intermembrane space. Two such factors, Cytochrome C and
AlF (Apoptosis Inducing Factor), begin a cascade of proteolytic activity that
ultimately lead to DNA fragmentation. In the presence of dATP,
Cytochrome C complexes with and activates Apaf-1 (Adaptor molecule
apoptosis Protease Activating Factor 1). Activated Apaf-1 binds to caspase
9, and this form the apoptosome complex (Apaf-1, Cytochrome C, dATP
and Caspase 9), where caspase 9 is activated (Kroemer and Reed 2000). This
begins a caspases cascade ultimately resulting in DNA fragmentation. Thus,
the relative abundance of pro- and anti-apoptotic Bcl-2 family proteins
determine the susceptibility of the cell to programmed cell death. Numerous
survival, or pro-apoptotic factors regul ate this ratio, either at a transcriptional
level (p53), or by post-transational modifications (phosphoinositide 3-
kinase (PI(3)K) and Akt (Korsmeyer 1999)). For example, the protein kinase
Akt/PKB can be activated by various growth factors and its activity can be
blocked by PTEN. Akt functions to promote cell survival through two
distinct pathways : it inhibits apoptosis by phosphorylating Bad, which then
interact with 14-3-3 and de-associates from Bcl-X,, alowing for cell
survival. or alternatively, it activates IKK-a that ultimately leads to NF-xB
activation and cell survival.

A third pathway, the autophagy, starts to be studied in mammalian cells
but is much better understood in yeast. In case of amino acid depletion for
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example, cells start to digest owly their components in lysosomes until the
environment becomes more favorable. It seems that in some cases
mammalian cells activate this “ primitive way of dying”.

Apoptosisis not only aresponse to cell injury, but is also responsible for
the modeling of numerous embryonic structures. In fact, apoptosis
participates to the sculpting of the form of the embryo : during
embryogenesis, numerous cells are produced in excess and are eliminated to
shape the organs and the whole embryo. The most classical example is the
interdigital space, vestige of the evolution, which disappear to form the
definitive hands and feet. Another example is the large excess of neurons
that will die by competition for their innervating targets, which alow the
great plasticity of the whole nervous system. It appears more and more
clearly that a cell is always “ready to commit suicide’, and this doesn’t
happen till the neighboring ones send it life signals.

b) Apoptotic and survival pathways after stress.

Radiation damage triggers multiple stress and apoptotic pathways
dependent on the cell type involved (Fig.3). Stress signals generated outside
the nucleus include activated mitogen-activated protein kinase (MAPK)
cascades, extra-cellular signal-regulated protein kinase (ERK), JNK and p38
and protein kinase C (PKC) (blue arrow). Transcription factors are an
important target of MAPK cascades, ERK activation tends to favor survival,
whereas INK activation assists cell death. The RedOx-sensitive transcription
factor NF-xB also translocates to the nucleus after its activation by reactive
oxygen species (ROS). The activity of this transcription factor is generally
associated with protection from apoptosis, but it has been also shown that its
activation correlates with the ability of p53 to induce apoptosis (Ryan et al.
2000). Expression levels of several membrane desath receptors might be
augmented by stabilized p53 (red dashes). These outcompete decoy
receptors, leading to the activation of caspases and an additional caspase-
dependent pathway that loops through the mitochondrion (M) via Bid.
Stabilized p53 aso increases the concentration of Bax while diminishing the
level of Bcl-2, thus favoring the disruption of mitochondrial membranes and,
ultimately, the activation of caspases. The non-receptor tyrosine kinase, c-
Abl, has dual roles in the cytoplasm and in the nucleus. The nuclear version
is activated by ATM and can stabilize p53. Several pro-apoptotic activities
have been suggested for c-Abl, although it is probably fair to say that many
of these are till speculative. An important survival pathway (green arrow) is
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the protein-kinase-B-mediated inactivation of Bad, which is inhibited by
cytoplasmic c-Abl.
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Figure 3. Apoptotic and survival pathways. (Rich et al. 2000)

4, DNA damage response and repair are interacting
networks.

Recent observations have made it clear that the response to DNA
damage in mammals is not limited to decisions on cell-cycle arrest and
apoptosis, but is intimately involved in controlling repair itself. DNA repair
pathways consist of an intricate network of repair systems that each target a
specific subset of lesions (Fig.4). Much of DNA repair is constitutive, but a
number of regulatory connections between the DNA damage response
pathway and DNA repair have emerged. First, in yeast and mammals, alarge
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number of genes involved in DNA repair are transcriptionaly induced in
response to DNA damage in a DNA damage response pathway dependent
manner, suggesting that many facets of repair are enhanced (Elledge 1996;
Jelinsky and Samson 1999). Second, fibroblasts lacking p53 have been
shown to be defective in global excision repair of cyclobutane dimers. The
p48 gene, which is mutated in Xeroderma pigmentosum group E cdlls, is
induced by DNA damage in a p53-dependent fashion (Hwang et al. 1999),
possibly explaining p53's role in excision repair. Recently, a new nuclear
localized subunit of ribonuclectide reductase, p53R2, was found to be
induced by p53 in response to DNA damage. Blocking p53R2 expression
increases cell killing by a variety of DNA damaging agents (Tanaka et a.
2000), supporting a functional role for p53R2 in DNA repair. Regulation of
ribonucleotide reductase through the DNA damage response pathway
represents a conserved strategy employed by the DNA damage response
kinases to facilitate repair (Elledge 1996). Together these results challenge
the long-held notion that p53 functions mainly to induce apoptosis and
suggest that p53 also promotes cell survival in response to DNA damage
under certain circumstances, as we will seein detail below.

CMNA damage
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Figure 4. Interactions between the DNA damage response pathway and DNA repair
networks. The regulatory connections include transcriptional upregulation of repair
proteins such as p48 and p53R2 after DNA damage, and phosphorylation of repair
proteins such as BRCA1, Nbsl and Rad55 after DNA damage. (Zhou and Elledge 2000)

10



INRODUCTION — Control of DNA damage

a) Double-strand break (DSB) repair.

A DSB is potentially lethal. Two competing repair processes called
homol ogous recombination and non homologous end-joining (NHEJ) target
DSBs (Karran 2000) (Fig.5). Homologous recombination uses a sister
chromatid or homologue to patch up the damage, whereas NHEJ is less
accurate and simply joins DNA ends together. Variations of each process
exist, most importantly in the use of conservative or non-conservative
homologous recombination, which, as the name suggests, have different
mutagenic potentials. NHEJ and homologous recombination are often
described as the dominant repair pathways for mammals and yeast
respectively. Despite its inaccuracy, mammals seem to favor NHEJ as their
repeat-ridden genomes make sequence alignment tricky. But it is now known
that vertebrates are al so proficient at homologous recombination (Liang et al.
1998), prompting a major reassessment of the value of this process to
mammalian repair. The mechanics of NHEJ entails the binding of Ku
heterodimers to DNA breaks, protecting them from degradation and
stabilizing the lesion. Ku then recruits the catalytic subunit of DNA-PK
(DNA-PKcs) to activate the DNA-PK holoenzyme. The formation of this
activated nucleoprotein complex promotes rejoining by a DNA ligase 1V—
XRCC4 heterodimer (XRCC4 denotes the X-ray cross-complementation
group containing a deletion of the XRCC4 gene product). For the particular
case of homologous recombination shown, hRAD52 is recruited to the DNA
break, followed by invasion of the intact sister chromatid by hRAD51 to
generate a recombination intermediate. As the sister chromatid acts as a
template, repair must take place in late S or the G2 phase of the cell cycle.
The breast-cancer susceptibility gene BRCA1 product co-localizes with
hRAD51 and promotes homologous recombination, perhaps to discourage
the less accurate NHEJ process. There is also considerable interest in the
Mrell-Rad50-NBS1 complex, which performs the nucleolytic processing
of DSBsand is also implicated in cell-cycle checkpoints through ATM.

b) Single-strand break repair.

Single-strand repair is determined by the site and nature of the bresk.
Nucleotide excision repair (NER) is used to excise bulky lesions (Fig.6),
such as pyrimidine dimers, that distort the DNA helix. Two NER machines
repair the inactive (the global mechanism) and active portion of the genome;
RNA polymerases have a mgjor role in the latter. For either complex, lesion
recognition is followed by excision of the damaged DNA (steps 1-3 and 1-4
in the respective panels) so that re-replication can occur.

11
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Figure 5. Repairing double-strand breaks. (Rich et al. 2000)

Global genoma NER

@ @ XPC r=oiits lesion

to matrix

Helicass urmvinds

@' ¥PG

3’ incizion

@ XPFERCCI
5'incision

@ XPA/RPA recognizss
lesion and origntates and
stabilizes repaircsoms

Mismatch repair

hMUTL hMLUITL

hMUTER E hMLUTS o

Transcription couplad NER

@ CSB,CSAS
displaces ANA polll

o ANA polll

detects lasion?

@ XPG

' incision

Helicase urmwinds

@ XPF/ERCCI
S'incision

@ XPA/RPA recognizes
le=zion and arientates and
stabilizes repaircsoms

Base axcision repair

Figure 6. Repairing single-strand. (Rich et al. 2000)



INRODUCTION — Control of DNA damage

Mismatch repair (MMR) detects several types of single-base mismatches
in addition to more complicated loops or deletions (Kolodner 1999). Current
interest in this process derives from the identification of defective MMR
genes as the causative agents of hereditary non-polyposis cancer. Various
combinations of hMUTS and hMUTL heterodimers recognize each class of
lesion to recruit repairosomes. ATP hydrolysis facilitates either
translocation/looping of the DNA or the conversion of hMUTS to a dliding
clamp that activates and recruits repair proteins including hMUTL
complexes, polymerases-6/e, exonucleases and replication factors. Finaly,
base excision repair removes small lesions such as alkylated and methylated
bases. This is an ancient repair process that counteracts the natural
instabilities of DNA as well as those posed by environmental genotoxins
(Krokan 2000). In the example shown, the damaged base is literally swung
out of the helix and into the ‘pocket’ of a correcting enzyme (yellow ball),
which snips it from the helix. The abasic site can be processed by APE1
endonuclease before DNA polymerase 3 inserts the correct nucleotide and
XCCUligase Il seds the nick. These proteins may be orientated on PARP.
“Short patch repair’ is used in this instance, although ‘long patch repair’ is
available for gaps of two to eight nucleotides.

In some cases large complexes of proteins must sequentially assemble
over the lesion. This raises the critical question of how DNA damage
detectors should be distributed in a manner that allows them to survey the
entire genome. Although the ‘active’ nucleotide excision repair (NER)
repairosome can tether itself to complexes that naturally navigate the DNA
thread, not all repair processes are tied to transcription or replication. An
attractive solution would be to corral repair proteins at various nuclear foci
for release under conditions of genotoxic stress.

C. A maor role for p53 after DNA damage and the emergence
of its two new relatives.

Cdlls differ in their response to DNA damage : their sensibility to
ionizing radiation or drug treatment usually decrease when they differentiate.
For example, the post-replicative epithelial cells of the adult intestinal crypt
are resistant to apoptosis in response to ionizing radiation and many other
DNA-damaging agents, but replicative cells of the same lineage, just a few
hours earlier in their life history and one cell position deeper in the crypt, are

13
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highly sensitive to both radiation-induced and drug-induced apoptosis (Bach
et a. 2000).

The final decision to initiate apoptosis rather than cell-cycle arrest or a
failure to respond by either route is likely to be conditioned by the
magnitude and duration of the damage stimulus. It will also reflect the
damaged cell’s replicative status, its recent history as demonstrated by the
availability of apoptosis effectors, and even its position, because the local
growth factor environment expresses proximity to neighboring cells and to
basement membrane. Figure 7 illustrates the extreme complexity of the
ATM checkpoint and shows a major role for p53 activated by DNA damage
on the different steps of cell cycle, as will be detailed below. p53 is able to
lead the cell either towards cell-cycle arrest and DNA repair or to apoptosis.
The mechanism by which the decision is taken is not yet fully understood,
but the activation, regulation and action of p53 have been well studied. The
fact that p53 is mutated in 50% of cancers and that its sequence is conserved
from mollusks to human led to call it “The Guardian of the Genome”. The
regulations of its action are extremely complex and a lot of partners have
been identified : they allow p53 either to block the cell cycle or to induce
cell death in case of DNA damage.

However, for amost 20 years, it seemed, surprisingly, that p53 was
alone to play such an important role in the cell. In fact, many of tumor
suppressors are part of gene families, which allow the cell to compensate a
possible mutation of the gene by the redundancy of function of the other
family members. Any attempt to find p53-related genes failed, until 1997,
when a human homolog of p53 has been identified and called p73. The year
after, another member has been found (p63), and it seems now that the
family is complete.

A very recent work explored the implication of p63 and p73 on DNA
damage-induced apoptosis in mouse embryo fibroblasts deficient for one or
a combination of the p53 family members. It appeared that the combined
loss of p63 and p73 resultsin the failure of cells containing functional p53 to
undergo apoptosis in response to DNA damage (Flores et al. 2002),
suggesting a strong inter-dependence between the 3 family members.

In fact, p73 and p63 are able to activate some p53 targets and to induce
apoptosis (Fig.7), but in the light of p73 and p63 study, p53 appears more
and more different from its two relatives : the genes TP73 and TP63 give
rise to numerous proteins isoforms which may play very different roles from
differentiating factors and apoptosis inducers to apoptosis inhibitors, which
makes the story more and more complex, as we will develop now.

14
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Figure7. ATM, checkpoints and the cell cycle.

DNA damaged by ionizing radiation can be sensed by ATM, triggering a cascade of
downstream pathways to arrest the cell cycle. ATM-proximal events are phosphorylation
reactions (denoted by P) that can lead to downstream transactivation events (T),
degradations (D) or inhibitory blockades (B). p21 can block the G1/S transition and
prevents aneuploidy. Multiple proteins transactivated by p53 block the S/G2 transition.
Green boxes mark an auxiliary pathway that uses p73 to activate p21. S-phase blocking is
aso achieved by the phosphorylation of CDC25C by CHK, resulting in its cytoplasmic
sequestration (by 14-3-3). Similarly, Cdc2 and cyclin B are inhibited by 14-3-3s. (Rich et
al. 2000)
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INTRODUCTION — The p53 family - p53 and the tumoral process.

[. p73: member of the p53 transcription factors family.

The report of the first p53 homolog, p73, and the fact it was located in a
long-suspected tumor suppressor locus (1p36, a region frequently deleted in
neuroblastoma), was met with great excitement and anticipation. The
hallmark features of the p53 protein (an acidic, amino-termina
transactivation domain, a core domain for DNA binding and a carboxy-
terminal oligomerization domain) are shared by p73. Notably, the DNA-
binding domain, wherein nearly all cancer-associated p53 mutations are
found, show over 60% identity with that of p53.

Although significant homology can suggest a conservation of function,
we cannot simply assume these relationships. While the p53 family members
have established roles in tumorigenesis, DNA damage and/or development,
many functions of these proteins are still unknown or doubtful, and p73 and
p63 develop more and more their own identities.

However, the nearly 20 years of p53 study allow to understand better
the identities and differences between p53 and its two new relatives.

A. p53 and the tumoral process.

1. A centra rolein tumor development.

p53 has been identified in 1979 in cdls transformed by SV40 virus
(Simian Virus 40), and was first thought to be an oncogene, as it was able to
bind to antigen-T and was stabilized by this binding. p53 has been
characterized as a tumor suppressor gene instead of an oncogene only 11
years after, when it has been clear that T-antigen bound to p53 inhibits its
transcriptional activity and was shown that the originally cloned p53 cDNAs
used in the early experiments contained dominant negative missense
mutations within a conserved region of p53, important for both the
conformation and biological activity of the protein.

p53 protein is encoded by a tumor suppressor gene, which is mutated in
more than 50% of human cancers (Soussi & Béroud 2001). Even in cancer
types in which TP53 mutations are rare, p53 function is indirectly abolished
either by nuclear exclusion (neuroblastoma), interaction with a viral protein
(cervical cancer), interaction with overexpressed MDM2 protein (sarcoma)
or inactivation of p19°¥ (Moll et al. 1996; Oliner et al. 1993; Crook et al.
1992). There are a few tumours in which TP53 mutations have never been
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detected, such as testicular cancer and melanoma; but in melanoma the
apoptotic pathway that is induced by p53 in response to chemotherapeutic
agents is affected by alterations in the APAF gene, which acts downstream
of p53 (Soengas et a. 2001).

The importance of these observations was underscored by the finding
that mice transgenic for expressing mutant p53 alleles (Lavigueur et al.
1989) or homozygously defective for p53 (Donehower et al. 1992; Harvey et
al. 1993; Purdie et al. 1994; Jacks et al. 1994) develop normally but they
have a high incidence of tumors, especially of lymphoid tissue.

Moreover, the human TP53 mutation leads to a dominant autosomic
disease, the Li-Fraumeni syndrome, which enhances dramatically
predisposition to sarcoma, breast cancer or brain tumors (Malkin et al.
1990). In individuals who have Li—Fraumeni syndrome but lack TP53
mutations, Bell et al. have described germ-line aterations of the CHK2
kinase, which activates p53 after DNA damage (Bell et a. 1999). Cells from
patients with the radiosensitive and cancer-prone disease Ataxia
Telangectasia show radioresistant DNA synthesis and a reduced or delayed
y—radiation-induced increase in p53 protein levels. This is due to an
inactivating germ-line mutation in ATM, which activates p53 in response to
irradiation, as we have seen before (Rotman et al. 1999).

2. p53 domains: structure and function

The human TP53 gene is situated on the chromosome 17, in position
p13.1 and is composed of 11 exons. Alternative splicings have been
described, but their biologica relevance has not been established yet
(Flaman et al.. 1996).

The p53 has been conserved during evolution (Soussi et al. 1987).
Through cross-species comparison of amino acid sequences, the p53 proteins
showed the existence of five highly conserved regions within the amino acid
residues 13-23, 117-142, 171-181, 234-250 and 270-286 (Soussi et a. 1990;
Soussi and May 1996) (Fig.8). These regions, termed domains I-V, were
expected to be crucia for the p53 functions. The more recent data of the
literature confirm this view (Soussi and May 1996).

The acidic N-terminal transcriptional domain (1 to 62) alows p53 to
recruit the basal transcriptional machinery, including the TATA box binding
protein (TBP) and TBP-associated factors (TAF) components of TFIID (Lu
and Levine 1995; Thut et al. 1995). It contains two transactivating domains :
AD1 and AD2 (Candau et al.. 1997, Zhu JH et a. 1998). AD1 binds to
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transcription co-factors, repair or replication proteins. AD2 seems to be
responsible for pro-apoptotic genes activation. This N-termina region is
involved in p53 stability and activation.

The Proline-rich region (63 to 91) is composed of five repetitions of the
motif PXXP (Walker & Levine 1996). This region may bind to anti-
proliferative proteins with SH3 domains, it seems to be essential for p53-
dependent apoptosis (Sakamuro et a. 1997) and may be involved in physical
interaction with elements of signal transduction pathways, for example c-abl.
Although deletion of the proline-rich domain does not affect transactivation
of several promoters it does alter transcriptional repression (Venot et al.
1998).

The DNA-binding domain (102 to 292) contains the four conserved
regions |1-V. It iswithin this central part that 80-90% of the tumor mutations
are found and this region also functions as a protein binding domain
interacting with simian virus 40 (SV40) large T antigen (Jenkins et al. 1988).
Moreover, it is known that the p53 protein forms tetramers, which are the
functional forms (Kraiss et al. 1988; Clore et a. 1994, 1995). X-ray
crystallography analysis by Cho and colleagues (Cho et al. 1994) of the
crystal structure of the core DNA-binding domain bound to its cognate site
has been immensely informative (Fig.9). Under these conditions, the
structure of the core domain consists of a large p sandwich that acts as a
scaffold for three loop-based elements. The sandwich is made up of two
antiparallel f sheets containing four and five B strands, respectively. The
scaffold anchors the loops and participates in head-to-tail dimerization. The
first loop L1 (LSH for loop-sheet-helix) binds to DNA within the major
groove. The second loop L2 binds to DNA within the minor groove. The
third loop L3 packs against L1 and stabilizes it. The L2 and L3 loops are
connected by a zinc atom tetrahedrally coordinated on amino acids Cysl176,
His179, Cys238 and Cys242. This zinc atom stabilizes the structure of the
loops. Such arole of zinc is substantiated by the fact that metal chelating
agents inhibit the sequence-specific DNA binding and change its
conformation as detected by antibodies (Hainaut and Milner 1993a,b).

The C-Terminal domain (300 to 393) has got severa functions. It
contains the oligomerization domain, necessary for the p53 transcriptional
activity. The structure of this tetramerization domain has been deduced from
nuclear magnetic resonance (Clore et a. 1994) and X-ray crystallography
(Jeffrey et al. 1995). Tetramerization appears to be required for efficient
transactivation in vivo and for p53-mediated suppression of growth of
carcinoma cell lines (Pietenpol et al. 1994).
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Figure 8. Schematic representation of the p53 protein.

The functional domains, regions of sequence conservation, and structural domains. L1,
L2, and L3 indicate loops, and LSH indicates a loop—sheet—helix structure. Tetrahedrally
coordinated zinc is necessary for DNA binding.

(Soussi and Beroud 2001)

Figure 9. p53 interaction with DNA.
Crystallographic structure of the p53 DNA binding domain in contact with DNA, in a
trimeric form.
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Moreover, two NLS (Nuclear Localization Signal) and one NES
(Nuclear Export Signal) are present and regulate p53 cellular localization.
Adjacent to the oligomerization domain (323-356), there is a basic region
(amino acids 363-393) which has also been referred as an apoptotic domain
(Wang XW et a. 1996), a transcriptiona regulatory domain (Wang and
Prives 1995) or a DNA damage recognition domain. This extreme C-
terminal domain (amino acids 363-393) seems to act as a negative regulator
of p53 sequence specific binding, which could hide the DNA binding
domain in the non-stressed cells and liberate it after a stress-induced
conformational change (Hupp et al. 1992).

3. Regulation of p53 stability.

The p53 protein is found at very low levels in normal, unstressed cells,
and presents a short half-life (about 20'). In this way, it doesn't interfere
with cell cycle or cell survival in normal conditions of growth. Regulation of
protein stability is a common mechanism by which the function of cell
growth regulatory proteins is controlled and p53, like many other proteins, is
targeted for degradation by the proteasome following ubiquitination. This
form of proteolysis involves a system of enzymes that conjugate multiple
ubiquitin, a 76 amino acid polypeptide, to lysines in the targeted protein
(Varshavsky, 1997). These polyubiquitinated proteins are then recognized
and degraded by the proteasome. Attachment of ubiquitin to the proteins
destined for degradation depends on three activities : E1, the ubiquitin-
activating enzyme; E2, the ubiquitin-conjugating enzyme and E3, the
ubiquitin-ligase (Fig.10). The ubiquitin-ligases comprise a large and diverse
group of proteins, sometimes functioning in large multiprotein complexes,
and these are the enzymes that are responsible for determining the substrate
specificity of the ubiquitin pathway.

Numerous post-trandational modifications of p53 lead principally to a
regulation of its binding with its negative regulators : Mdm2 and the Jnk
proteins, which are able to induce p53 degradation.

a) Mdm2.

Mdm2 (Murine Double Minute 2) has been identified as the product of
the MDM2 oncogene, which is amplified in some types of tumor (Momand
et a. 1992; Oliner et a. 1993). It presents at least 40 different transcriptsin
normal and tumoral cells, due to aternative splicing and to the presence of 2
promoters. The mice MDM2-null are lethal (Jones et a. 1995; Montes de
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Oca Luna et al. 1995), but this phenotype is reverted in the double Knock-
Out TP53 -/- ; MDM2 -/-, where the mice present the same phenotype as the
TP53-null. This strongly suggests that loss of Mdm2 leads to uncontrolled
p53 activity. Mdm2 is an E3 ubiquitin-ligase with a C-terminal RING finger
domain (Tyers and Willems 1999). It presents both nuclear export and
nuclear import sequences, which are necessary for p53 regulation

The negative regulation of p53 through Mdm2 functions in two major
ways. Firstly, Mdm2 binds to the N-terminal domain of p53 and thereby
inhibits the ability of p53 to stimulate transcription (Momand et al. 1992;
Oliner et al. 1993). For example, the coactivating protein TAF(I1)D
competes with Mdm2 for its binding site on p53 (Buschmann et al. 2001a).
Secondly, Mdm2 also plays a central role in the regulation of p53 levels
since the oncoprotein targets p53, and also itself, for rapid degradation
(Haupt et al., 1997a; Kubbutat et a., 1998). In the nucleus, Mdm2 binds
specifically to the p53 N-terminus and induce the ubiquitination of the C-
terminal lysines (370, 372, 373, 381 and 382) (Nakamura et a. 2000;
Rodriguez et al. 2000), thanks to its E3 ligase activity. p53's NES isinactive
when the protein is in the tetrameric form. The ubiquitination of the lysine
residues in the C-terminus, alows the NES to be reveded by a
conformational change, so that the protein is exported (Honda et al. 1997,
Freedman and Levine 1998; Vousden 2000; Lohrum et a. 2001), and in the
cytoplasm, p53 is degradated by the proteasome pathway.

Another action of Mdm2 on p53 has recently been described : Mdm2
induces trandation of p53 mMRNA from two distinct aternative initiation
sites, resulting also in the production of AN-p53 (also called p53/47), a
shorter amino terminal truncated protein lacking the transactivation domain
(Yin et a. 2002; Courtois et al. 2002). This trandlation requires Mdm2 to
interact directly with the nascent p53 polypeptide. AN-p53 does not contain
the Mdm2 binding site, but it is still able to hetero-oligomerize with p53,
negatively regulating its transcriptional and growth-suppressive activities.
Therefore, Mdm2 regulates the steady-state protein levels of p53 at its
synthesis level.

Moreover, it is noteworthy that the two mdm2 promoters present p53
responsive elements, which gives the opportunity for feedback negative
control of p53 activity (Wu et a. 1993) (Fig.11).

A MDM2 homolog has been recently identified and characterized :
MDMX (Shvart et a. 1996). The role of MdmX is not yet fully understood.
MdmX is able to bind p53 without targeting it for degradation. It binds to
and stabilizes Mdm2 via their C-terminal domain (Sharp et al. 1999) and
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protect p53 from the Mdm2-induced degradation (Jackson and Berberich
2000). However, it has been recently described that MdmX is a negative
regulator of p53 activity as low levels of MdmX in the cell are correlated to
p53 stabilization, increase of UV-induced apoptosis and higher levels of Bax
expression (Finch et al. 2002).
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Figure 10. Ubiquitination.

Free Ubiquitin (Ub) is activated in an ATP-dependent manner with the formation of a
thiol-ester linkage between E1 and the carboxyl terminus of ubiquitin, Ubiquitin is
transferred to one of a number of different E2s. E2 associates with E3, which have or not
substrate already bound. In the case of RING E3s, it seems that ubiquitin is transferred
directly from the E2 to the substrate.
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Figure11. MDM2 regulates p53 activity in a negative feedback loop. (Oren 1999)
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b) The JNKs proteins.

Other cellular proteins also appear to contribute to the degradation of
p53 in normal cells, and the interaction of INK (c-Jun NH2-terminal kinase)
with p53 has been shown to regulate p53 ubiquitination and stability (Fuchs
et al. 1998a). The JNK protein is part of the Mitogen-Activated Protein
Kinases (MAPK) family which are involved in signal transduction and are
able to induce cell differentiation or apoptosis after stress signals (Ip and
Davis 1998). JNK-directed degradation is independent of Mdm2 and does
not require the kinase activity of JNK. The mechanism by which JNK
functions to regulate p53 stability is not yet understood, although it has been
suggested that INK can function as part of a ubiquitin-ligase (Fuchs et al.,
1998a), and is able to phosphorylate p53 on Thr81 in order to activate it after
astress signal, , as we will see below (Fig.12). INK1, 2 or 3 deficient mice
do not show the early p53 dependent lethality characteristic of MDM2
deficiency, athough this could reflect compensatory activities of the

remaining JNK family members.
, Stress

Degradation Stabilization

Figure 12. The INK proteins induce p53 degradation or stabilization.
In anon-stressed cell, INK induces p53 ubiquitination and thus degradation. After a stress
signal, activated INK phosphorylates p53 on Thr81, which is then stabilized.
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c) Other p53 degradation pathways.

It has been recently shown that the HAUSP protein (Herpes virus
Associated Ubiquitin Specific Protease) interacts with p53 to induce its de-
ubiquitination in vitro and in vivo (Li M et al. 2002). HAUSP stabilizes p53
even in excess of Mdm2 and is able to induce cell cycle arrest and apoptosis.

The de-acetylase mSin3a interacts with the p53 proline-rich region and
protects it against the proteasome dependent degradation, independently of
Mdm2 and JNK proteins (Zilfou et al. 2001).

The NADH Quinone Oxydoreductase 1 protein (NQO1), whose
expression is activated by p53, is able to stabilize p53 in a distinct pathway.
The inhibition of NQOL increases Ubiquitin-dependent p53 degradation
(Asher et a. 2001).

Finally, sequences within the p53 DNA hinding domain seem to be
involved in an interaction with a fragment of the transcriptional co-activator
p300/CBP (Grossman et a. 2003). It has been observed that a p53 mutant
defective for binding to p300 is resistant to MDM2-mediated degradation. It
seems that, while Mdm2 catalyzes the addition of a single ubiquitin to a
cluster of six C-terminal lysines in p53, p300 can polyubiquitinate p53,
thanks to an E4 activity, and needs as a substrate the Mdm2-ubiquitinated
p53. N-terminal region of p300 interacts with Mdm2 which allows to bring
together necessary catalytic and/or regulatory factors needed for p53
ubiquitination. The full length p300/CBP has a second contribution in p53
activation, which will be detailed in the next part.

4. p53 activation.

Different stresses may induce p53 activation : (i) genotoxic stress, such
as ionizing radiations, UV or chemotherapeutic drugs which are able to
induce DNA damages (Huang et al., 1996; Kastan et a., 1991; Maltzman
and Czyzyk, 1984); (ii) non genotoxic stress which may involve the spindle
checkpoint (Cross et al. 1995), ribonucleotides starvation (Linke et al.
1996), hypoxia (Graeber et al. 1996), heat shock (Ohnishi et a. 1996), nitric
oxide exposure (Forrester et al. 1996) and (iii) finally, oncogenes activation
(Sherr, 1998) (Fig.13).

Nevertheless, it seems that p53 induction is principally due to a
stabilization of the protein and that p53 transcription increase is only aminor
event. The activation of p53 in cultured mammalian cells has been correlated
with phosphorylation (Ko and Prives 1996), acetylation (Sakaguchi et al.
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1998) glycosylation (Shaw et al. 1996), sumoylation (Meek 1998), binding
to regulatory proteins and proteolytic removal of the C-terminal domain
(Okorokov et al. 1997). The p53 protein is then stabilized and accumulates
in the nucleus to transactivate the expression of its target genes, in order to
“repair” the cell or induce its death.

An early clue was the observation (Maltzman and Czyzyk, 1984) that wt
p53 is stabilized in cells exposed to UV radiation, and a considerable amount
of research has since confirmed the central role of DNA damage in
mediating the p53-induced growth arrest or apoptosis. Following the DNA
damage the p53 protein rapidly accumulates and becomes activated (Kastan
et al. 1991; Lu and Lane 1993), probably in response of double strand breaks
induced by the genotoxic agents. p53 binds strongly to strand breaks by its
C-terminal domain (Nelson and Kastan 1994) and this leads to the
stabilization and activation of the protein.

Oncogene activation DNA damage
(Deregulated growth signals)

Mitotic spindle damage

Hypoxia
Nitric Oxide Ribonucleotide depletion
Other stress
N
63

/TN

Biological effects

Figure 13. Signalsthat activate p53.
Activation resultsin markedly increased overall p53 protein levels and most probably aso
in qualitative changes in the protein (Oren 1999).
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a) Phosphorylation.

With the understanding that p53 degradation is regulated in large part by
Mdm2 came the realization that stabilization of p53 is likely to involve
mechanisms to protect p53 from Mdm2. One of the most obvious ways is to
prevent the interaction between the two proteins, and this could be achieved
by modification of either proteins in response to an activating signa
(Fig.14).
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Figure 14. Inhibition of MDM2-mediated degradation can occur through several
pathways (Ashcroft and V ousden 1999).

Recently, p53 has been shown to be inducibly phosphorylated at a
number of sites after various forms of DNA damage (Meek 1998). A
plethora of kinases have been shown to phosphorylate residues within the
N-terminus of p53 in vitro (See Fig.2), including ATM (Ataxia
Telangectasia Mutated), ATR (ATM-Rad3-related), DNA-PK, JNK (See
Fig.12) and CKI (Jayaraman and Prives, 1999). Endogenous p53 has been
shown to be phosphorylated at severa sites following DNA damage,
including serine 15, 20, 33 and 37 (Siliciano et a. 1997; Banin et al. 1998;
Canman et al. 1998; Shieh et al. 1999), and there is evidence that ATM and
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ATR can phosphorylate serine 15 in vivo (Khanna et a., 1998; Tibbetts et
a., 1999). Our understanding of the structura requirements for the
p53/Mdm2 interaction (Kussie et al., 1996) indicates that phosphorylation
within the N-terminus of p53 could impede binding between the two
proteins, athough the observation that different patterns of phosphorylation
occur in response to different stabilizing signals indicates that no individual
site is responsible for stabilization in response to al signals. Indeed, studies
using p53 proteins in which al the known and potential N-terminal
phosphorylation sites have been mutated to non-phosphorylable residues
indicate that phosphorylation is not essential for all forms of DNA damage
induced stabilization of p53 (Ashcroft et al. 1999).

p53 itself may not be the only critical target for phosphorylation. Most
obviously, Mdm2 has been shown to be phosphorylated (Mayo et al. 1997),
for example by ATM, possibly leading to an inhibition of Mdm2's ahility to
bind p53, function as a ubiquitin ligase or export p53 from the nucleus.
Moreover, the hypophosphorylation of Mdm2 centra residues is able to
inhibit the p53 degradation without influencing its ubiquitin-ligase activity
(Blattner et al. 2002) and may involve the Cyclin G1.

In addition to inducing p53 to accumulate, DNA damage is widely
believed to activate p53 as a transcription factor through post-translational
mechanisms. These phosphorylation events effect the transactivation
function of p53. The C-termina regulatory domain of p53 is a target for
phosphorylation by casein kinase 2 (CK2), protein kinase C (PKC)
(Herrmann et al. 1991), cdk (Wang and Prives 1995), and p34cdc2 (Milner
et a. 1990). p34cdc2 can bind to p53 in vivo (Milner et a. 1990) and
phosphorylate it in vitro (Wang and Prives 1995). Phosphorylation by cell
cycle-dependent protein kinases suggests that the activity of p53 is regulated
differentially during the cell cycle. Phosphorylation by PKC and casein
kinase2 (CK2) in vitro stimulate p53 to bind to DNA (Hupp et a. 1993)
probably through a conformational change of the protein. Taken together,
the data suggest that, in vivo the C-terminal domain of p53 may have
functions in addition to regulating DNA binding and that constitutive
phosphorylation of this domain may be required to elicit such functions.

After the stress signal, de-phosphorylation is necessary to come back to
the p53 basal level, but these phosphatases are still poorly studied.
Moreover, instead of being phosphorylated, some p53 amino acids have to
be de-phosphorylated after stress (Gatti et al. 2000). Hence, inactivity of p53
wt in different tumors may be also explained by the deregulation of one or
more phosphatases (Minamoto et al. 2001; Satyamoorthy et al. 2000).
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b) Acetylation.
It has been shown that the Histones Acetyl Transferases p300/CBP and

PCAF (p300/CBP Associated Factor) are able to acetylate p53 (Goodman
and Smolik 2000). After genotoxic stress, PCAF acetylates Lys320, and
p300/CBP the Lys372, 373, 381, 382 (Ito et al. 2001; Liu et a. 1999,
Sakaguchi et a. 1998) (Fig.15). Full length p300/CBP binds to the
transactivation domain within the N-terminus of p53, and this interaction is
enhanced by the phosphorylation in Serl15, 20, 33 and 37. Acetylation was
first supposed to enhance p53 DNA binding, possibly by inhibition of p53's
non-sequence-specific DNA-binding activity (Anderson et al. 1997; Gu and
Roeder 1997; Lill et al. 1997; Sakaguchi et al. 1998; Liu et a. 1999), but
recent studies showed that p53 acetylation was not correlated to its
transcriptional activity (Guo et al. 2000; Nakamura et al. 2000; Pearson et al.
2000; Prives and Manley 2001; Rodriguez et a. 2000).

p300/CBP may compete with Mdm2 for its binding site on p53, and for
the post trandational modifications, as the ubiquitinated Lysines are aso the
ones acetylated by p300/CBP (Avantaggiati et al. 1997; Grossman et al.
1998), so the phosphorylation of Serl5 and 20 may enhance the p300/CBP
binding, more than inhibit the interaction with Mdm2 (Dumaz and Meek
1999).

Moreover, p53 is recruited in the nuclear bodies by PML
(ProMyelocytic Leukemia) (Fogal et a. 2000; Guo et al. 2000), hence, co-
localizes with p300/CBP in these structures (Ferbeyre et al. 2000; Fogal et
a. 2000; Pearson et a. 2000). The p300/CBP HAT activity may enhance
p53 transcriptional activity by recruiting the transcriptional machinery
directly on the p53 target genes (Espinosa and Emerson 2001) (Fig.16).

¢) Phosphorylation-independent activation.

Insults such as heat shock, oncogene activation or treatment with
actinomycin-D, stabilize p53 without significant phosphorylation of serine
15 (de Stanchina et al. 1998; Nakagawa et al. 1999). Some activating signals
have been shown to specifically inhibit the transcription of Mdm2, thereby
reducing Mdm2 protein levels and increasing p53 stability (Arriola et al.
1999; Blattner et a. 1999). Cytoplasmic sequestration of p53 would result in
a similar inability of p53 to activate Mdm2 expression, with consequent
stabilization of the p53 protein. In this case, however, the cytoplasmic p53
protein would also fail to activate transcription of other target genes that are
necessary to mediate cell cycle arrest and apoptosis, and is therefore likely to
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be defective in activating the full tumor suppressor response (Moll et al.
1996).

p53 unstable,
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Figure 15. A model for the activation of p53 involving N-terminal phosphorylation.
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Figure 16. Roles of Acetylation in Transcriptional Regulation by p53.

Association of p53 (blue spheres) with chromatin is not affected by its state of acetylation,
but p53-dependent alterations in chromatin structure by histone acetylation and
subsequent recruitment of the transcriptional machinery (general transcription factors,
mediator and RNA polymerase 1l) are facilitated by interactions with acetylases, and
possibly by acetylation of p53 itself (acetyl groups on p53 and histones are indicated by
red circles). Deacetylases serve to repress p53-mediated transcription, likely by returning
chromatin to arepressed state. (Prives and Manley 2001).
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The DNA-binding activity and conformation of p53 are also regulated
by the RedOx state of the protein : oxidation inhibits DNA binding, whereas
reduction favorsit (Hainaut et al. 1993a,b; Hupp et a. 1993; Rainwater et al.
1995). Severa cysteine residues in the core DNA-binding domain have been
involved in zinc coordination, and mutational analysis has allowed to
identify cysteines at positions 173, 235 and 239 which participate in DNA
binding and are also critical for transcriptional activation and suppression of
transformation (Rainwater et a. 1995). p53 might be regulated by both the
presence of oxygen intermediates and the antioxidant defense mechanism of
the cell (Hainaut et al. 1993a,b).

The best understood of the phosphorylation independent stabilization
mechanisms at the moment involves activation of expression of a small
tumor suppressor protein called p14*7F in humans, p19*%* in the mouse
(Kamijo et al. 1998; Pomerantz et a. 1998; Stott et al. 1998). p14*~ binds
directly to Mdm2 in a region distinct from the p53 binding domain, and
inhibits the degradation of p53 without preventing the binding (Fig.14).
p14*7" functions both by inhibiting the ubiquitin ligase activity of Mdm2
(Honda and Yasuda 1999) and by sequestering Mdm2 into the nucleolus,
thus preventing nuclear export which is necessary for p53 degradation
(Weber et al. 1999).

d) Oncogenes activation.

Amongst the stress signals that induce p53, abnormal proliferation
driven by oncogene activation has recently emerged as one of the most
interesting and important. Cell cycle progression depends to a large extent
on the activity of the E2F family of transcription factors. Many of the genes
necessary for cell growth are regulated by E2F, and activation of E2F occurs
at each cell cycle (Dyson 1998), to alow the cell to enter the S phase. In
normal cells E2F activity is tightly regulated by several mechanisms, and
loss of this regulation is a common event in cancer cells (Hall and Peters
1996). It appears that abnormal proliferation characteristic of malignant
progression is achieved in part by uncontrolled activity of E2F, but in
addition to driving proliferation this is aso the signal to mechanisms that
eliminate cells undergoing such oncogenic changes (Pan et a. 1998; Tsai et
a. 1998). One member of the E2F family, E2F1, shows strong apoptotic
activities (Nevins 1998) which are in part reflected by the ability of E2F1 to
stabilize p53. This stabilization of p53 is achieved through the direct
transcriptional activation of p14*%, which inhibits Mdm2 as described
above (Bates et al. 1998) (Fig.14). Other oncogenes, such as Ras, Myc and
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E1A have also been shown to stabilize p53 through p14**" (de Stanchina et
al. 1998; Palmero et al. 1998; Zindy et a. 1998) and the p14**/Mdm2/p53
pathway represents an important failsafe mechanism to protect the organism
from the outgrowth of abnormally proliferating cells.

e) SUMO.

SUMO-1 (Small Ubiquitin-like MOdifier) is an ubiquitin-like protein,
first identified as GAP-modifying protein. SUMO is aso a binding partner
of proteins such as PML and CD95 and is essential for PML localization in
the PML oncogene domain. It also covalently modifies IkBa, on the
ubiquitin modified lysines, thus inhibiting its degradation.

It has been recently shown that p53 may be also modificated by SUMO-
1 on the K386, which is not ubiquitinated nor acetylated (Gostissa et a.
1999; Rodriguez et a. 1999). The sumoylation of p53 seems to activates its
transcriptional activity and to modify its cellular localization, even if the p53
mutant K386R is still transcriptionaly active and localized in the nucleus
(Kwek et a. 2001). Ancther recently identified protein, PIASL (Protein
Inhibitor of Activated STAT1), isinvolved in p53 sumoylation thanks to its
SUMO-ligase activity (Kahyo et al. 2001).

5. p53 activity.

We have seen that after different signals, such as aberrant growth
signals, DNA damage or non genotoxic stress such as hypoxia, p53 is
stabilized by post-trandational modifications. The p53 protein functions as a
tetrameric transcription factor and its activation leads either to cell cycle
arrest to contribute directly or indirectly to DNA repair, or to programmed
cell death (depending on the cellular context, the extent of damage and other
unknown parameters) (Figl7). Precise mapping of the binding sequences
revedled a consensus binding site with a striking internal symmetry
consisting of two copies of the 10 base-pair motif 5'-PuPuPu-
C(A/T)(T/A)GPyPyPy-3' separated by 0-13 nucleotides.

The number of genes transactivated by p53 might be as many as several
hundred, at least when p53 is artificially overexpressed (Zhao R et al. 2000,
Yu et a. 1999, Kostic et al. 2000, Kannan et a. 2001a,b). By DNA-chip
analysis, numerous genes have been found to be activated by p53 : genes
responsible for cellular adhesion, signal transduction, transcription, cell
growth, cytosqueletal formation, extra cellular matrix, growth factors.
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Figure 17. Schematic representation of the events occurring after ionizing irradiation of
cellswith awt p53 gene.

The outcome of the cellular response is either cell growth arrest or apoptosis, depending
on several determinants, including the cell type, the extent of DNA damage, the level of
p53 and the genetic background. lonizing irradiation produces DNA strand breaks that
result in accumulation and activation of p53. Optimal induction of p53 after irradiation
appears to require a wild type ATM product. Activation of p53 results in the
transcriptional transactivation of many genes (GADD45, mdm2, p21 WAF1, BAX,
Cyclin G, IGF BP3, PIG3) and in the down-regulation of severa genes including BCL2.
In cellsin which the outcome is G1 arrest, an increase in p21 WAF1 protein contributes to
the arrest of cells in G1, through inhibition of cyclin-cdk complexes, with a subsequent
accumulation of unphosphorylated form of RB which arrests cellsin G1 by preventing the
release of E2F from its complex with RB. E2F is required for the G1-to-S transition. In
certain cells, the outcome is apoptosis. It is likely to be mediated by increased levels of
FassAPO1/CD95, BAX, IGF BP3 and PIG3. In addition the products of INK4a/ARF
locus, namely pl6INK4a and p19 ARF are involved at the junction of p53 and RB
pathways. p16INK4ais an inhibitor of cyclin-dependent kinase that functions upstream of
RB. p19 ARF blocks MDM?2 inhibition of p53 activity. (May 1999)
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Nevertheless, all these studies have been realized on tumoral cells and only a
few of these genes have been fully validated in normal cells or tissues. In
fact