N

N
N

HAL

open science

Tickets for p53 journey among organelles

Ioana Ferecatu, Vincent Rincheval, Bernard Mignotte, J. L. Vayssiere

» To cite this version:

Ioana Ferecatu, Vincent Rincheval, Bernard Mignotte, J. L. Vayssiere. Tickets for p53 journey among

organelles. Frontiers in Bioscience, 2009, 10.2741/3524 . hal-04017628

HAL Id: hal-04017628
https://hal.science/hal-04017628
Submitted on 29 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04017628
https://hal.archives-ouvertes.fr

Tickets for p53 journey among organelles

loana Ferecatu, Vincent Rincheval, Bernard Mignatté Jean-Luc Vayssiere

Laboratoire de Génétique et Biologie Cellulaire, RINUMR 8159, Université de Versailles
Saint-Quentin-en-Yvelines, and Laboratoire de Gguoét Moléculaire et Physiologique,

Ecole Pratique des Hautes Etudes, 45 avenue dissUiies, 78035 Versailles cedex, France.

TABLE OF CONTENTS

1. ABSTRACT
2. INTRODUCTION
3. STRESSORSWHICH ACTIVATE P53
4. P53 LOCALIZATION IN STRESSED AND UNSTRESSED CELLS
4.1. NUCLEAR LOCALIZATION
4.2. MITOCHONDRIAL LOCALIZATION
4.3. OTHER LOCATIONS
5. POST-TRANSLATIONAL MODIFICATIONS OF P53
5.1. PHOSPHORYLATION
5.2. ACETYLATION
5.3. UBIQUITINATION
5.4. OTHER MODIFICATIONS
6. REGULATION OF P53 LOCATION BY POST-TRANSLATIONAL MODIFICATIONS
6.1. POST-TRANSLATIONAL MODIFICATIONSIN NUCLEAR IMPORT-EXPORT
REGULATION
6.2. POST-TRANSLATIONAL MODIFICATIONSIN MITOCHONDRIAL TARGETING
7. CONCLUDING REMARKS
8. ACKNOWLEDGEMENTS
9. REFERENCES



1. ABSTRACT

A broad range of stressors — intrinsic and exiririsi the cell — stabilize and activate p53,
affecting it by a series of post-translational nficdtions such as phosphorylation,

acetylation, ubiquitination, methylation and sunadiin. p53 is able to integrate each kind of
post-translational modification and to adequatedgpond by inducing cell cycle arrest,
senescence or apoptosis. p53 controls the celbfatee level of different compartments, and
its trafficking among organelles is modulated byfedent types of post-translational

modifications. Thus, miss-location or sequestrata@np53 within a compartment might

obstruct its function as tumor suppressor leadingetl immortalization and tumorigenesis.
The aim of this contribution is to give a unifiedeoview of several reports in the literature,
concerning the post-translational modifications wed by p53 which regulate its cellular

trafficking and distribution at different organedle

ABREVIATIONS

AMPK, adenosine monophosphate-activated proteiad@nPARC, apoptosis repressor with
caspase recruitmer&TM, ataxia telangectasia mutated kinase; ATR, iatéedlangectasia and
Rad3-related protein; AurK, Aurora kinase A; Bad;IB Antagonist of Cell Death; Bax,
Bcl2-Associated X Protein; Bcl2, B-Cell CLL/Lymph@am2; BER, base excision repair;
CAK, CDK-activating kinase; Cdk2, Cdk5 and Cdk9clay-dependent kinase 2, 5 and 9;
Chkl and Chk2, checkpoint kinase 1 and 2; CK1 aK@,@asein kinase 1 and 2; CREB,
cAMP response element binding protein; CRM1, Chreonee Region Maintenance 1; CSN-
K, cop-9 signalosome associated kinase complex; IPIKAdsDNA-activated protein kinase;
EMSA, electrophoretic mobility shift assay; ERK,texellular signal-regulated kinase;
GSK33, glycogen synthase kinasp; HAT, histone acetyl-trasfersase; HAUSP, herpessvi

associated ubiquitin-specific protease; HIPK2, hodwoenain-interacting protein kinase 2;



Hsp70, Heat-Shock Protein 70; JNK, c-JUN-NErminal kinase; Lys, lysine residue;
MAPKAPK2, mitogen-activated protein kinase-activhteprotein kinase 2; mtDNA,

mitochondrial DNA; mtHSP, mitochondrial heat shopkotein; mtTFA, mitochondrial

transcription factor A; NBs, nuclear bodies; NESiclear export signal; NLS, nuclear
localization signal; p38K, p38 MAP kinase; p300CBBO0 CREB binding protein; PARP-1,
poly(ADP-ribose) polymerase-PCAF, p300/CBP associated factor; PKC, proteinden@;

PKR, dsRNA-activated kinase; PLK3, pol-like kina8g PML, promyelocytic leukaemia
protein; PTP, permeability transition pore complex; ROSctiea oxygene species; RSK2,
ribosomal S6 kinase 2; Ser, serine residue; Set3&7/9 methyltransferase; Smyd2,
Set/Mynd domain-containing methyltransferase 2; S8 small ubiquitin-related modifier;
TAF1, TATA-binding protein-associated factor 1; Thhreonine residue; UV, ultraviolet

light; VDAC, voltage-dependent anion channel; VRKaccinia-related kinase 1;.



2. INTRODUCTION

The p53 protein, first described about 30 years, agas characterized as tumor
suppressor at the beginning of 1990 decade (1),samdwadays subject of almost 47 000
articles. The p53 tumor suppressor protein plays a cerdtalin the regulation of apoptosis,
cell cycle and senescence as a response to a tangd of stresses such as DNA damage,
oncogene activation and hypox@3 gene or its product was found to be inactivated in more
than 50% of all human cancers. The crucial tum@psessor activity of p53 involves both
transcription-dependent and -independent mechanig®)s Thus, p53 activates the
transcription of genes that encode apoptotic effectsuch as Puma, Noxa, Bax, Bid,
p53AIP1 proteins (3, 4), and it represses the trptson of anti-apoptotic genes suchlat-

2 andsurvivin (5, 6). Beside these well known activities, p53 lhately been described as
regulating a wide spectrum of processes such am#tabolism (glycolysis, ROS damage),
autophagy, cell invasion and maotility, angiogengsae remodeling, etc (7). For more than a
decade now, many papers emerged describing thectiational-independent pro-apoptotic
activities of p53, and its capacity to regulate thiection of proteins involved in apoptosis
commitment (8-10). For example, p53 modulate mibochia outer-membrane
permeabilization by inducing the Bax translocatatrmitochondria (11). Moreover, recently
numerous publications report that p53 itself relesaand induces apoptosis directly at
mitochondriayia the interaction with members of Bcl2 family protei(12, 13).

Overall, the regulation of p53 function within aldavolves different mechanisms, such
as the control of stabilization and activity mainby post-translational modifications;
however, the sub-cellular localization is anotheywo regulate p53’s activity. The aim of

this contribution is to review the panoply of pa&dtions within the cell, in both stress-

! A search in PubMed database, with “p53” as quemyet, returns more than 46,000 results as of 2068.



induced and unstressed conditions, paralleled ley déscription of the pattern of post-

translational changes that occurs in p53 and régukacellular distributioriFigure 1)

3. STRESSORS WHICH ACTIVATE P53

The outstanding tumor suppressor activity of p53listinguished by its capacity to
contribute to genome stability and repair, primat the level of G1/S and G2/M cell-
division checkpoints (14). p53 is present in normealunstressed cells at a low basal level
having a short half-life, and its turnover is meeiibby the interaction with Mdmz2 protein
(15-17). A variety of different stresses — intrmsind extrinsic to the cell — stabilize and
activate p53, affecting p53 at post-translatioeakl, mainly to facilitate the dissociation of
p53-Mdm2 complex, rather than transcriptional cointt8). The most often described signals
that activate p53 are DNA-damaging agents, suchulaviolet light (19) or ionizing
radiations which were among the first stressesritest as increasers of p53 level (20). Base
alkylation, DNA depurination, oxidative free radgalso alter DNA in different ways and
activate p53. Another category of stresses whieman genotoxic are: hypoxia (such as heart
and brain ischemias) (21), nutrient deprivatiorgth@and cold-shock conditions which result
in denatured proteins and RNA aggregation, nitkicl®, oncogenic stimuli such as c-myc or
Ras, tumor suppressor gene inactivation includetinoblastoma (Rb), telomeric repeats,
spindle damage, cytokine stimulation, cell to @ahtact, metabolic drugs (22); all of them
activate p53 leading to different cell fates. Fdir these damaging agents, the cell has
developed different detection mechanisms and thHg p®tein is able to integrate these
signals and to give an adequate response: celé amrkst, senescence or apoptosis. This
explains why the loss or mutation of p53 gene ®prbduct is connected to a wide variety of

cancers.



4. P53 LOCALIZATION IN STRESSED AND UNSTRESSED CELLS

4.1. NUCLEAR LOCALIZATION

Since the main function of p53 is the regulatiortrahscription, its nuclear localization is
crucial to determine p53’s response. The first regob observations of p53 localization
depended on the cell status; p53 displayed cytoptakcalization in normal/untransformed
cells, but was found to be nuclear in transformedronortalized cells (23, 24). Later, the
nucleo-cytoplasmic trafficking of p53 has been shdw be associated with cell progression
through the division cycle, in which p53 presentsytoplasmic accumulation in G1 phase,
enters the nucleus during G1/S transition and paek to the cytoplasm afterwards (25, 26).
p53 cellular trafficking is finely regulated; defecin p53 nuclear translocation or export
would impair its biological function leading eithi&r immortalization or to massive cell death
(27). After stress induction, p53 is rapidly accumbed into the nucleus either by its
importing or by its retentiovia the impediment of Mdm2-mediated cytosolic trafffak
(Mdm2-mediated turnover). Thus, p53 activity mayrkbgulatedvia nuclear import versus
export signals. The C-terminal regulatory domainps8 enclose both nuclear localization
signal (NLS) and nuclear export signal (NES) segaen28, 29). The nuclear localization
signal of p53 human protein, which is a bipartiéegieence composed mostly by clusters of
basic amino acids, is initiated by the binding péafic complex of proteins, such as importin
o/ (30, 31). The translocation of p53 into the nusléu terminated by the dissociation of
NLS/importin o/ complexe. The nuclear export signal of p53 is cosed of a highly
conserved leucine-rich sequence, and p53’s expgdimres exportin 1 binding (or CRM1).
The p53 human protein contains two such NES se@senone in the C-terminal
oligomerization domain (32), and the other one #ehninal Mdm2-binding region (33). As
one NES signal is situated in the oligomerizatiamdin of p53, it was proposed that the

tetramerization of p53 inhibits its nuclear expaoytmasking the NES sequence and blocking



the exportin 1 binding, but NES is functional wh#8 is either a monomer or a dimer (34).
Recently, it has been stated that ARC, an antidapigpprotein abundant in some breast
cancers, is able to bind wild type p53 within theclei (35). ARC binding inhibits p53
tetramerization domain, disabling its function asaascription factor, and exposes the p53’s
NES to CRML1 binding which triggers its nuclear exp@5). However, the tetramerization
domain of p53 is also necessary for its nuclearonnpegulation (29). Nevertheless, it is not
clear if p53 is oligomerized before or after entgrthe nucleus, because it is very difficult to
determine the oligomeric state in unstressed deésto the low level of p53 (34).

Once entered the nucleus, p53 may reside in spesifb-nuclear structures, such as
nucleoli (36) or else in nuclear bodies (NBs) (38); both being important for its
transcriptional activation property. This speciBab-nuclear distribution depends on the
interaction of p53 with the PML protein which aleohances p53’s transcriptional activity to
induce apoptosis or senescence (39-43). Indeed,PtMe& bodies serve as “assembly
platforms” for different proteins to favor protegmetein interaction, especially in stress
conditions (44). In this way, the recruitment of3p&t NBs facilitates post-translational
modification of p53 by the co-recruitment of kingsacetyltransferases or other enzymes (40,
45, 46). The nucleolus also plays a role in thellagn of p53’s activity. In stress conditions,
p53 sequestration within the nucleolus seems tbcpaate at its re-activation by preventing
p53’s ubiquitination and subsequent proteasomatadiagion (47-49). Within nucleoli, p53
can interact and undergo complex formation withtgires such as nucleolin, at sites of RNA
synthesis, were p53 can efficiently monitor theagea for DNA damage (36). Moreover,
Daniely et al. suggest that following stress, p&8leolin complex formation participates in
nucleolin translocation from the nucleolus to theclaoplasm, to transiently inhibit DNA
repair and replication (50). Under stress cond#jat nucleolus p53 can also form complexes

by the interaction with nucleophosmin (51), a plmgpotein which shuttles between the



nucleus and the cytoplasm, with PARP-1 (52) anaisgpnerase | (53); being important to
increase the stability and transactivation propefty53.
4.2. MITOCHONDRIAL LOCALIZATION

Recently, the non-transcriptional apoptotic funesicof p53 gain an increasing interest
(54). Moll and co-workers have reported that dun®@-dependent apoptosis a low fraction
of p53 proteins rapidly translocates to mitochoadn synergy to the nuclear translocation
(12, 55-57). p53’s translocation to mitochondriasudficient to induce Bax, Bak and VDAC
oligomerization causing mitochondria outer-membraeemeabilization and cytochrome c¢
release, providing evidence for a direct pathwaynfp53 to the activation of caspase cascade
(58). Collaterally, three groups proposed that p&8 a direct apoptotic effect at mitochondria
via a physical interaction with members of the Bchihily proteins; however there are some
controversies between authors concerning the mote@volved in the interaction and
concerning p53’s binding-region. On the one hamdi-apoptotic Bcl-2 and BclX proteins
(55, 59) were shown to interact with the centrakcof the DNA-binding domain and/or the
proline-rich domain of p53 and, on the other hati@, pro-apoptotic Bax, Bak and Bad
proteins (60-62) were described to bind the regibBNA-binding domain of p53, a region
close to the proline-rich domain (63). Moreover,3pStress-induced localization at
mitochondria may also disrupt the integrity of theer-membrane by forming a complex
with cyclophilin D (58), a component of PTP (perioidity transition pore) complex normally
located at this site. Indeed, involvement of p53mitochondrial PTP has recently been
proposed, by using a PTP inhibitor cyclosporine64)( but further evidence is needed in
order to confirm this result. Furthermore, in vasaell types, a mitochondrial localization of
p53 has been detected not only in apoptotic canditbut also associated to a growth arrest
response to drug treatment; however the connetiiween the two events is not yet well

established (65, 66).



The precise sub-mitochondrial localization of p§3itill subject of debate, the majority of
literature data suggest that p53 is located todimer membrane where it interacts with
proteins of the Bcl-2 family, although some pulicas suggest that a part of p53 is found
within the mitochondria matrix, for instance by rung a complex with chaperon proteins
like Hsp70 (12, 67). Localization of p53 within th@tochondria matrix has been described
by various authors, in which case p53 seems tonbehied in the transcription and the
replication of mitochondrial DNA (mtDNA) (68). Irhis way, Huang et al. suggests a novel
role of p53 in the mitochondrial genetic stabilityough its direct interaction with mtDNA
polymerasey and consequently enhances the DNA replicationtion®of polymerase (69).
Moreover, p53 could bind directly the mtDNA (70) bind to the mitochondrial base
excision repair machinery (mtBER) (71) to removendged base and stimulate the correct
nucleotide incorporation, otherwise p53 is abldittd the mitochondrial transcription factor
A (mtTFA) in order to regulate the mtDNA'’s trangation (72).

Furthermore, p53 can also be located at mitochandriabsence of stress. Knudsen and
the co-workers reported this observation by stuglytile mtDNA genomic response in the
presence of a dominant-negative p53 fused to achwoidrial import signal and they
proposed a direct positive influence of the mitoutrta targeted p53 on mitochondrial
biogenesis and function (73). We also confirm thalid type p53 can be localized at
mitochondria in absence of any kind of stress, witcetls are proliferating; and this
localization has been observed in many cell typssdad from different species, regardless of
their status (tumor, immortalized or primary cells) cells harboring wild type p53 (Ferecatu
| and Vayssiere J.L, submitted paper). Moreovergniwe studied the sub-mitochondrial

localization of p53 we found the greater part immbeanes compartments.



4.3. OTHER LOCATIONS

Mitochondrial localization of p53 was usually coeglwith stress conditions and there are
few literature data concerning the localizatiorpd8 in the absence of stress. In living cells,
p53 is maintained at a basal protein lexalMdm2, and the coactivator p300/CREB, induced
poly-ubiquitylation and degradation by the proteaso(74, 75). Some studies have shown
that Mdm2-mediated mono-ubiquitination exports @g&8n the nucleus into the cytoplasm
(76, 77). Once in the cytoplasm the major part 68 ps degradated by the proteasome,
however low levels of p53 are still present in nafntissues. In mild stress, p53 has a
protector role as a “guardian of the genome”. Tsuaee this function p53 is necessary in the
nucleus, at the onset of S phase, but is kept aitois the rest of the time (25, 26). During
neuronal differentiation p53 is translocated to thecleus and is then relocated to the
cytoplasm in differentiated cells (78). What abitsiiocalization in normal/living conditions?
Although few, some data exist about the localizaté p53 in such conditions, ranking from
exclusively cytoplasmic to exclusively nuclear, addpending mostly of the cell status
(normal or tumor/transformed cells). Few data com@ecytoskeleton associated location of
wild type p53 either with the actine filaments (78) with the microtubule network (80). The
interaction with microtubules is accomplished bg timk with a motor protein (the dynein),
which in stress conditions participates to the gpamt of p53 toward the nucleus using the
microtubule network as a “highway” (80, 81).

Variations within p53 cellular distribution weresalmentioned in tumor cells expressing
wild-type p53. In this case, one efficient way tmtrol the activity of transcription factors is
their shuttling out of nucleus (82). Thus, in certhuman cancers such as breast cancers,
colon cancers and neuroblastoma, wild-type p53eguastrated in the cytoplasm (83-85).
Cytoplasmic sequestration of p53 in these cancess lbeen associated with their poor

response to chemotherapy and radiation therapy8®4,In this case, proteins such as Parc



have been shown to be the cytoplasmic anchor flor type p53, and preventing its transport
in the nucleus (86, 87). This is the case for niglasioma cells which express high level of
Parc protein (88), therefore cytoplasmic accumaihabf p53 may occur because of Parc and
Mdm2-mediated high nuclear export activity and pléasmic retention (89). Moreover,
evidences suggest that Parc is able to bind ya3the tetramerization domain (90).
Nevertheless, since Parc displays ubiquitin ligastévity, ubiquitination could also partially
explain the stabilization and sequestration of (8. As well, cytoskeletal proteins such as
vimentin (an intermediate filament protein) conttd to cytoplasmic sequestration of a
temperature-sensitive mutant p53, and this seqigstrrequires intact intermediate filament
protein scaffold (91). Nevertheless, cytoplasmigusstration of p53 can also be associated to
a physiological occurrence in some cell types sagmammary gland during lactation (83)
and embryonic stem cells (92) to permit transientiferation.

Nowadays, lysosomes destabilization is consideyguatticipate in apoptosis induction by
different stressors, such as p53 overexpressi@uragporin and oxidative stresda a
lysosome-mitochondria pathway (93-95). Interestingkcent evidence suggests that in the
presence of a phytoactive ingredient of marijugr&8 is phosphorylated and relocates to
lysosome of cultured rat cortical neurons, wesdiihulates the cytosolic release of cathepsin-
D enzyme, which subsequently causes mitochondnaereanembrane permeabilization
leading to apoptosis commitment (96). This pap@rasents the first evidence of such a
localization of p53. As for the mechanism of p53duoced lysosomal membrane
permeabilization, the authors speculate a Bax-iedupermeabilization, such as for
mitochondria, since Bax is equally relocated tmsmmal membrane following staurosporine-
induced apoptosis. However, further investigatienrequired in other to evaluate the
significance of p53 phosphorylation when locatedlysosome, and to generalize this

localization to other types of stress inducers.



5. POST-TRANSLATIONAL MODIFICATIONS OF P53

p53 stabilization and activation is achieved byaes of post-translational modifications
that include phosphorylation, acetylation, methglat ubiquitination, sumoylation
neddylation, glycosylation and rybosylation. p53wst-translational modifications are
mediated by kinases, histone acetyl-transferasethytases, ubiquitin ligases and sumo
ligases, which respond to different stress stimitéich type of p53 modification at distinct
amino-acid residues, reflects a different typetodss and determines different p53 response
as cell fate (18, 97). Until today, post-translatibmodifications of p53, discovered following
DNA-damage, occur on at least 30 sites mostly ot in N-terminal transactivator and
prolin-rich domains, and in C-terminal regulatorynthin, whereas less site modifications in
the central DNA-binding domain have been reporg®).(While p53 phosphorylation occurs
at serine and threonine residues in both N- ancer@ibal of the molecule, other
modifications such as acetylation, methylation,quiiination or sumoylation take place on
lysines mostly at C-terminal regulatory domain &3pFor a complete list of human p53

amino acids residues subjected to modificationtisesvebsite of Carl Andersén

5.1. PHOSPHORYLATION

Phosphorylation of p53 has been the most commospprted protein modification
induced by DNA-damage. p53’s amino-acid sites subjéor phosphorylation are described
in Table 1(99, 100). Subsequent studies revealed that pars$tational modifications at
Serl5, Serl8, Ser20 and Ser37 which are locatdgeiMdm?2-binding site, prevent p53 from
being targeted for degradation by dissociatingrtbgative regulator Mdm2. However, some
other sites, such as Thr p55, Ser p376, Ser p3X&X ( meaning phosphorylated) are

constitutively phosphorylated in absence of steegsundergo dephosphorylation after DNA-

2 http://www.biology.bnl.gov/cellbio/human p53.html




damage in cells exposed to ionizing radiation; tlilephosphorylating p53 may also
contribute to its activation as stress responst)(10

ATM plays a key role in phosphorylating both p53 (8erl5, Ser20) and Mdm2 (on
Ser395) in response to DNA double-stand breakssphwylated Mdm2 also destabilizes its
interaction with p53, and thus appears to losectpacity to nucleo-cytoplasmic shuttle p53
(102). There is less literature data related to dbesequences of p53 dephosphorylation.
Some groups argue that Ser p376 dephosphorylaimedses the sequence specific DNA-
binding activity of p53 (103) and other studieseaed an increased expression of {f#1°*

and caspase-3 correlated with the induction of eyzp (104).

5.2. ACETYLATION

Acetylation is also an important modification inJStabilization. Several lysines can be
acetylated in C-terminal regulatory domain, by tdiferent histone acetyltransferases, the
coactivators p300/CBP (HAT) and PCAFable 1) Regarding the significance of p53 C-
terminal acetylation, literature data are partialgntradictory. Acetylation has mostly been
described to enhance sequence-specific DNA-bindityity of p53 (105). By the use of
EMSA assay, it has been shown that acetylation53f gt C-terminal domain increased its
ability to bind to short oligonucleotides vitro (106, 107). But these data were recently
refuted by the use of several more physiologicatem® (105, 108, 109). In such studies,
Barlev et al. showed that both wild-type or lysimegtant p53 (acetylation defective) are able
to bind the endogenous p21 promoter (110). They suggest that acetylation subsequently
promotes the recruitment of coactivators to thenmmiers of p53 responsive genes. Thus,
p53’s acetylation do not seems to play a direce rol the transactivation function, but
indirectly by facilitating the recruitment of coacitors p300/CBP and PCAF (105, 110).
Thus, nowadays it is not clear whether p53 acetylais required for its DNA-binding

activity or whether this modification is necesséoy its transcriptional activation function.



Otherwise, a commonly accepted fact is that lysicetylation protects p53 from proteasomal
degradation since the same lysine residues may etempth Mdm2 promoted ubiquitination

(111).

5.3. UBIQUITINATION

Other types of modifications occur in unstressetlscand are essential for p53
physiologic regulation by promoting its proteasonuigradationvia the polyubiquitin
pathway. In this way, p53 is maintained at a lowdbdevel via the interaction with Mdm2, a
RING domain ubiquitin E3 ligase, and the coactivaa®00/CBP which catalyze the addition
of polyubiquitin chains (112). Apart from the N4t@nal region of p53, which requires
interaction with Mdm2, the C-terminal domain holdsluster of lysines, likely to be affected
by Mdm2-induced ubiquitination. The generation aftamt p53 molecules containing single
and multiple lysine-to-arginine substitutions, whicare resistant to Mdm2-mediated
degradation, suggests that p53 C-terminal lysirsgdoes are the main sites for ubiquitin
ligation (Table 1)(113). Nevertheless, after genotoxic insult, thetgolytical degradation is

inhibited and p53 level rises dramatically.

Interestingly, all these modifications follow a spe order, termed “the
phosphorylation-acetylation cascade” (106). FormgXa, in response to ionizing radiation,
ATM induces a rapid phosphorylation of p53 at Seré&Sidue, which in turn acts as a
precursor for further N-terminal serine phosphdigla(Ser 18, Ser20, etc.) Then, N-terminal
phosphorylation enhance the recruitment of othetofa including p300/CBP or PCAF
acetyltrasferases that promote the acetylation-tédr@inal Lys382 or Lys320, which in turn

prevent ubiquitination and degradation of p53.



5.4. OTHER MODIFICATIONS

Sometimes, the same lysines targeted for ubiqtidinasuch as Lys386, can be modified
by conjugation with SUMO-1 (114), a small ubiquitelated protein which was found to
covalently bind various proteins in a process dafleotein “sumoylation”, a process which
increases p53 stability and transcriptional acti\{it15-117). In unstressed conditions the
sumoylation of p53 can be abrogated by phosphaoyldi.18). In response to DNA-damage,
p53 is also neddylated able 1)— by the ubiquitin-like protein NEDD8 — but theaee few
evidence concerning the implication of neddylatiorregulation of p53 function, or if this
process occurs in normal conditions (119, 120). fidwdylation is mediated by the ubiquitin
ligase Mdm2, which is also neddylated in the prec&ecently, Abida et al. show that p53
can be also neddylated by FBXO11 (a member of Fdvoiein family) on both Lys320 and
Lys321, this modification inhibiting its transcrighal activity (121).

Methylation of p53 occurs within the nucleus and neediated either by histone
methyltransferase Set7/9, for methylation at LysB¥due, or by methyltransferase Smyd2,
at Lys370. p53’s methylation at Lys372 increase3 stability and targets gene activation,
and is required for acetyltransferase binding mnpte further acetylation of p53 at multiple
sites (122, 123). In contrast, p53’s methylatiohy370 represses its transcriptional activity
(124). Thus, lysine methylation is responsible fmsth activating and repressing p53.
Moreover, a few papers suggest that p53 may equmdlya target for glycosylation or
ribosylation, affecting its stability and functiom these papers, the glycosylation seems to
activate DNA-binding property of p53 (125) and p58ybosylation may be involved in the

inhibition of topoisomerase | activities (126, 127)



6. REGULATION OF P53 LOCATION BY POST-TRANSLATIONAL

MODIFICATIONS

One of the key signals involved in cellular traffiieg of a protein between organelles are
post-translational modificationg-igure 1) although other proteins may also be involved in
this process.

6.1. POST-TRANSLATIONAL MODIFICATIONS IN NUCLEAR IM  PORT-EXPORT
REGULATION

Phosphorylation events are the principal modifaatf p53, which permit the regulation
of cellular localization and nuclear accumulatibnresponse to UV irradiation, the main sites
of p53 which by phosphorylation determines p53temgon into the nucleus are at Serl5 and
Ser20 (33). Evidence support that the phosphoylp3 is unable to leave the nucleus, and
thus may be retained in this compartment eitherabse it inhibits the N-terminal NES
sequence or because it inhibits Mdm2-binding (838)C-terminus domain, it has been shown
that phosphorylation of Ser392 enhances tetranrerdton (128, 129), but phosphorylation
of Ser315 has the opposite effect (130, 131),vledf them regulating p53 cellular location.
Although it is evident that p53’s phosphorylatia@tains p53 into the nucleus, nowadays is
unclear if p53 is phosphorylated before or afteteeng the nucleus. Together with p53
phosphorylation, some proteins might be involved pB3 nuclear retention. Indeed,
phosphorylated p53 (Ser392) undergoes complex fovmawith PARP-1, an enzyme
involved in DNA-repair and maintenance of genonmmtegrity, resulting in masking of the
NES signal, thereby preventing its nuclear exsizt (32).

Nuclear export of p53 is essential for forward pi&yradation. p53’s ubiquitination is
crucial in its nucleo-cytoplasmic shuttling, and nediated by the Mdm2 protein. Some
reports proposed that p53 is ubiquitinated by Mdmithin the nucleus, and then p53’'s NES

becomes unmasked permitting p53 to exit throughtladear pores into the cytoplasm where



it mediates its degradation by the proteasome133,135). However, Mdm2 alone catalyzes
only the addition of single ubiquitin moieties (noabiquitination of p53 at one or multiple
sites) and consequently p53 poly-ubiquitinatiorurezs the presence of a cytosolic cofactor,
p300, which mediates the formation of a complextaimmg both p53 and the proteasome
(75, 112). Moreover, Li et al. reported that pS@&te may depend on Mdm2 levels: low levels
of Mdm2 induce monoubiquitination and nuclear expdrp53 whereas high levels induce
polyubiquitination and degradation by nuclear pastanes (76). In this study Li et al.
produced p53-Ub fused proteins that mimics monauibigated p53 and observed that these
mutants accumulated into the cytoplasm, indicatihgt monoubiquitination may be a
possible trafficking signal. Recently, another s¥sh group suggested that initial
ubiquitination can promote further ubiquitinati@umoylation and neddylation of p53 (136).
In the same study, in order to see the consequancése p53 localization, they constructed
and used p53-SUMO fusioned proteins to reveal shatoylation participate in p53 nuclear
export by regulating the strength of the p53—MDMt&raction (136). However, p53—-NEDDS8
fusion protein, as well as the wild-type unfusedtgin, was located in the nucleus suggesting
that this process is involved neither to p53 immant to its export.

Acetylation also affects p53's sub-cellular locatinn, although the existing data are
puzzling. Acetylation may regulate the stability p63 by inhibiting Mdm2-induced
ubiquitination as they occur at the same sites )(1B¥ using p53 proteins carrying point
mutations at putative acetylation sites, which alsgair ubiquitination and render p53
resistant to MDM2-mediated degradation, Namakuraletshow that lysine mutants are
localized in both nucleus and the cytoplasm as @vetpto nuclear location of wild type p53.
The cytoplasmic localization of p53 lysine mutawtss due to insufficient ubiquitination but
not to inefficient transport toward the cytoplash3?7). In contrast, one year later, Barlev et al

using the same lysine mutants did not detect atgptasmic localization in their study (110).



Recently, Kawaguchi et al. highlighted the role Ipdine acetylation in controlling p53
oligomerization and subcellular trafficking. Thelgjosved that p53 hyperacetylation or the
overexpression of p300/CBP acetyltransferase, ptev@53 oligomerization (by lysine
“charge patch” neutralization) and determine theopghasmic accumulation of p53 by
exposing the NES (138). The contradiction betwdenihvolvement of acetylation in p53
activation but also in its cytoplasmic shuttling yriae explained by the number of lysine
involved in these processes. Kawaguchi et al supperidea that when fewer than three
lysines residues are acetylated p53 would be stadiin the nucleus. In order to export p53
to the cytoplasm, p53 has to be acetylated on e four lysines (138). However, no
functional importance has yet been associated toptasmic p53 in such hyper-acetylated
status. In this context the natural question thédea is if acetylation or other kind of
modification are required for the novel role of p&3mitochondria, or if these modifications
determine its mitochondrial targeting?
6.2. POST-TRANSLATIONAL MODIFICATIONS IN MITOCHONDR IAL
TARGETING

Not long ago, the idea that p53 is exported topgsm because it requires its degradation
has been questioned. Some authors suggested hakpbrt may represent a safety measure
to ensure the normal cell functioning, becausectir@ginuous presence of p53 in the nucleus
may represent an obstacle for natural cell cyctgymassion (139). Interestingly, a secondary
role of p53 within the cytoplasm has been suggeseently, in which p53 may have a direct
role at mitochondria.

Mitochondria or endoplasmic reticulum shuttling aly requires specific targeting
sequences that are removed during the import. §ubsdy, since the structure of p53 does
not harbor a typical mitochondrial leader sequettise, mechanisms of p53 mitochondrial

translocation still remain unclear. Due to theiplioation in p53 accumulation and activation,



the main investigations have been turned toward spiarylation and acetylation

modifications of p53 as putative mitochondria ttaoation signals. Moll et al. investigated
such modification patterns at both nuclear and chibodria after genotoxic stress. Even
though p53 translocates at mitochondria after strédse nuclear and mitochondrial p53
proteins were similarly charged, and there was ffilerdnce between the phosphoserine
patterns, and only a small difference in the ae#ityh pattern, indicating that neither the
acetylation nor the phosphorylation seems to beluad in p53 targeting to mitochondria
(140). The same year, data from another group wenéradictory. Yoo et al. sustained that
Serl5 phosphorylation is responsible for mitoch@atargeting and contributes to interaction
with Bcl2 and Bcl-xL (141).

Protein ubiquitination can occur in both nucleusl agtoplasm compartments, and may
also be a protein trafficking signal. Although pabyquitinated proteins are directly targeted
to proteasome and degradated, protein multi-momputimation (the addition of single
ubiquitin moieties at multiple sites) is a signat fntracellular trafficking among organelles.
Protein recognition and degradation by the prot@@scequires a minimum of four ubiquitin
subunit within a chain per lysine (142), and thudtirmonoubiquitanated proteins are more
stable. Recently, Moll and co-workers pointed up ttonoubiquitylation of p53 as a possible
mechanism for mitochondrial translocation (143).tHis model, monoubiquitination switches
the fate of p53 from degradation to mitochondrianslocation and activation as stress
response. Upon arrival at mitochondria, p53 undesgteubiquitination by HAUSP, a process
indispensable for complex formation with Bcl2 faynthembers or with mtHsp70, because
only non-ubiquitinated p53 forms such complexes.rddwger, they found that p53 protein
which relocates at mitochondria do not arrive froncleus but from a cytoplasmic pool. Last,

they support the idea of two independent pools5# m unstressed cells, cytoplasmic and



nuclear, which simultaneously respond to stressedliions to induce apoptosis either at

nuclear or at mitochondrial level.

7. CONCLUDING REMARKS

Altogether, p53 may be located at different cellildampartments (nucleus, mitochondria or
cytoskeleton association), its localization dependscell status (normal, immortalized or
tumoral) and on cell condition (proliferation orress). In stress conditions, nuclear
localization of p53 is essential for the transcopal regulation of its target genes, however
recent investigations indicate that p53 can alsduge apoptosis in the absence of its
transcriptional activities by mitochondria relocatiand direct interaction with members of
Bcl2 family protein. Thus, p53 acts simultaneowsiyuclei and mitochondria level to induce
apoptosis as stress response. In absence of strexssjs a basal pool of p53 either associated
to cytoskeleton proteins, which also serve aslavagifor p53 migration toward nucleus, or at
mitochondria having an active role in its biogesesd function.

To display a specific location, p53 is shuttle agna@mganelles and its traffiking can be
modulated by different types of post-translatiomaddifications. To summarize, in general
phosphorylations are involved in nuclear import@xp processes, acetylations and
ubiquitinations in nuclear exports, and ubiquitioas in mitochondria shuttling. All these
data indicate that the sub-cellular localization g3 is subject to distinct regulatory

mechanisms within the cell.

8. ACKNOWLEDGEMENTS

This work was supported by the Association pouRégherche Contre le Cancer (#3819) and
the Ligue Nationale Contre le Cancer. loana Feveeas a fellow from the Ministere de

'Enseignement Supérieur et de la Recherche (MESR).



9. REFERENCES

1. Hofseth, L. J., S. P. Hussain & C. C. Harris3p35 years after its discoveryrends
Pharmacol Sci, 25, 177-81 (2004)

2. Fridman, J. S. & S. W. Lowe: Control of apopsdsy p53 Oncogene, 22, 9030-40 (2003)

3. Oda, E., R. Ohki, H. Murasawa, J. Nemoto, T.b8&j T. Yamashita, T. Tokino, T.
Taniguchi & N. Tanaka: Noxa, a BH3-only member bé tBcl-2 family and candidate
mediator of p53-induced apoptostsience, 288, 1053-8 (2000)

4. Miyashita, T. & J. C. Reed: Tumor suppressor ig8direct transcriptional activator of the
human bax gen€ell, 80, 293-9 (1995)

5. Shen, Y. & T. Shenk: Relief of p53-mediated s@iptional repression by the adenovirus
E1B 19-kDa protein or the cellular Bcl-2 protefroc Natl Acad Sci U S A, 91, 8940-4.
(1994)

6. Hoffman, W. H., S. Biade, J. T. Zilfou, J. Ch&rM. Murphy: Transcriptional repression
of the anti-apoptotic survivin gene by wild type3p3 Biol Chem, 277, 3247-57 (2002)

7. Vousden, K. H. & D. P. Lane: p53 in health amkdseNat Rev Mol Cell Biol, 8, 275-83
(2007)

8. Caelles, C., A. Helmberg & M. Karin: p53-depenide@poptosis in the absence of
transcriptional activation of p53-target gendature, 370, 220-3 (1994)

9. Haupt, Y., S. Rowan, E. Shaulian, K. H. Vousd@eM. Oren: Induction of apoptosis in
HelLa cells by trans-activation-deficient p%anes Dev, 9, 2170-83 (1995)

10. Oren, M.: Decision making by p53: life, deatid a&ancerCell Death Differ, 10, 431-42
(2003)

11. Schuler, M., E. Bossy-Wetzel, J. C. GoldsteinFitzgerald & D. R. Green: p53 induces
apoptosis by caspase activation through mitochahdsitochrome c releasd.Biol Chem,
275, 7337-42 (2000)

12. Marchenko, N. D., A. Zaika & U. M. Moll: Deatsignal-induced localization of p53
protein to mitochondria. A potential role in apaptasignaling.J Biol Chem, 275, 16202-12
(2000)

13. Moll, U. M. & A. Zaika: Nuclear and mitochondtiapoptotic pathways of p58EBS
Lett, 493, 65-9 (2001)

14. Stark, G. R. & W. R. Taylor: Control of the GRtransition.Mol Biotechnol, 32, 227-48
(2006)

15. Momand, J., G. P. Zambetti, D. C. Olson, D. i@eo& A. J. Levine: The mdm-2
oncogene product forms a complex with the p53 pro@nd inhibits p53-mediated
transactivationCell, 69, 1237-45 (1992)

16. Barak, Y., T. Juven, R. Haffner & M. Oren: mde¥pression is induced by wild type p53
activity. Embo J, 12, 461-8 (1993)

17. Chen, J., V. Marechal & A. J. Levine: Mappinfytbe p53 and mdm-2 interaction
domainsMol Céll Biol, 13, 4107-14 (1993)

18. Harris, S. L. & A. J. Levine: The p53 pathwagsitive and negative feedback loops.
Oncogene, 24, 2899-908 (2005)

19. Maltzman, W. & L. Czyzyk: UV irradiation stimates levels of p53 cellular tumor
antigen in nontransformed mouse cellel Cell Biol, 4, 1689-94 (1984)

20. Appella, E. & C. W. Anderson: Post-translatiomadifications and activation of p53 by
genotoxic stressekur J Biochem, 268, 2764-72 (2001)

21. Hammond, E. M. & A. J. Giaccia: The role of ppdypoxia-induced apoptosiBiochem
Biophys Res Commun, 331, 718-25 (2005)

22. Lavin, M. F. & N. Gueven: The complexity of pStbilization and activatioi@ell Death
Differ, 13, 941-50 (2006)



23. Dippold, W. G., G. Jay, A. B. DeLeo, G. Kho&yL. J. Old: p53 transformation-related
protein: detection by monoclonal antibody in moasd human cell$?roc Natl Acad Sci U S

A, 78, 1695-9 (1981)

24. Rotter, V., H. Abutbul & A. Ben-Ze'ev: P53 tediormation-related protein accumulates in
the nucleus of transformed fibroblasts in assammativith the chromatin and is found in the
cytoplasm of non-transformed fibroblagEsnbo J, 2, 1041-7 (1983)

25. Shaulsky, G., A. Ben-Ze'ev & V. Rotter: Subgkdt distribution of the p53 protein during
the cell cycle of Balb/c 3T3 cell@ncogene, 5, 1707-11 (1990)

26. Ryan, J. J., E. Prochownik, C. A. Gottlieb,JI.Apel, R. Merino, G. Nunez & M. F.
Clarke: c-myc and bcl-2 modulate p53 function hgrhg p53 subcellular trafficking during
the cell cycleProc Natl Acad Sci U SA, 91, 5878-82 (1994)

27. Knippschild, U., M. Oren & W. Deppert: Abrogati of wild-type p53 mediated growth-
inhibition by nuclear exclusio®ncogene, 12, 1755-65 (1996)

28. Shaulsky, G., N. Goldfinger, A. Ben-Ze'ev & Rotter: Nuclear accumulation of p53
protein is mediated by several nuclear localizasmmnals and plays a role in tumorigenesis.
Mol Cell Biol, 10, 6565-77 (1990)

29. Liang, S. H. & M. F. Clarke: Regulation of p8alization.Eur J Biochem, 268, 2779-83
(2001)

30. Liang, S. H. & M. F. Clarke: A bipartite nuctelacalization signal is required for p53
nuclear import regulated by a carboxyl-terminal @omJ Biol Chem, 274, 32699-703 (1999)
31. Liang, S. H. & M. F. Clarke: The nuclear impoftp53 is determined by the presence of a
basic domain and its relative position to the naiclecalization signalOncogene, 18, 2163-6
(1999)

32. Stommel, J. M., N. D. Marchenko, G. S. Jimehezy. Moll, T. J. Hope & G. M. Wahl:
A leucine-rich nuclear export signal in the p53rdeterization domain: regulation of
subcellular localization and p53 activity by NESskiag.Embo J, 18, 1660-72 (1999)

33. Zhang, Y. & Y. Xiong: A p53 amino-terminal naal export signal inhibited by DNA
damage-induced phosphorylatid@aience, 292, 1910-5 (2001)

34. Gottifredi, V. & C. Prives: Molecular biologgetting p53 out of the nucleuScience,
292, 1851-2 (2001)

35. Foo, R. S., Y. J. Nam, M. J. Ostreicher, M.Mtzl, R. S. Whelan, C. F. Peng, A. W.
Ashton, W. Fu, K. Mani, S. F. Chin, E. ProvenzahoEllis, N. Figg, S. Pinder, M. R.
Bennett, C. Caldas & R. N. Kitsis: Regulation of3pgtramerization and nuclear export by
ARC. Proc Natl Acad Sci U SA, 104, 20826-31 (2007)

36. Rubbi, C. P. & J. Milner: Non-activated p53looalizes with sites of transcription within
both the nucleoplasm and the nucleofdiscogene, 19, 85-96 (2000)

37. Lain, S., C. Midgley, A. Sparks, E. B. Lane &P Lane: An inhibitor of nuclear export
activates the p53 response and induces the lotalizaf HDM2 and p53 to U1A-positive
nuclear bodies associated with the POb$ Cell Res, 248, 457-72 (1999)

38. Gostissa, M., T. G. Hofmann, H. Will & G. DehlSRegulation of p53 functions: let's
meet at the nuclear bodig3urr Opin Cell Biol, 15, 351-7 (2003)

39. Fogal, V., M. Gostissa, P. Sandy, P. ZacchStérnsdorf, K. Jensen, P. P. Pandolfi, H.
Will, C. Schneider & G. Del Sal: Regulation of p&8tivity in nuclear bodies by a specific
PML isoform.Embo J, 19, 6185-95 (2000)

40. Pearson, M., R. Carbone, C. Sebastiani, M.eCibt Fagioli, S. Saito, Y. Higashimoto,
E. Appella, S. Minucci, P. P. Pandolfi & P. G. leeli PML regulates p53 acetylation and
premature senescence induced by oncogenicNRag.e, 406, 207-10 (2000)

41. Ferbeyre, G., E. de Stanchina, E. Querido, &tiBte, C. Prives & S. W. Lowe: PML is
induced by oncogenic ras and promotes prematuressence Genes Dev, 14, 2015-27
(2000)



42. Guo, A., P. Salomoni, J. Luo, A. Shih, S. Zhong Gu & P. P. Pandolfi: The function of
PML in p53-dependent apoptosidat Cell Biol, 2, 730-6 (2000)

43. Gottifredi, V. & C. Prives: P53 and PML: newrors in tumor suppressiof.ends Cell
Biol, 11, 184-7 (2001)

44, Salomoni, P. & P. P. Pandolfi: The role of PMLiumor suppressiorCell, 108, 165-70
(2002)

45. D'Orazi, G., B. Cecchinelli, T. Bruno, I. Manii. Higashimoto, S. Saito, M. Gostissa, S.
Coen, A. Marchetti, G. Del Sal, G. Piaggio, M. Hafllc E. Appella & S. Soddu:
Homeodomain-interacting protein kinase-2 phosplabveg p53 at Ser 46 and mediates
apoptosisNat Cell Bioal, 4, 11-9 (2002)

46. Hofmann, T. G., A. Moller, H. Sirma, H. Zentfyr&. Taya, W. Droge, H. Will & M. L.
Schmitz: Regulation of p53 activity by its inteliact with homeodomain-interacting protein
kinase-2Nat Cell Biol, 4, 1-10 (2002)

47. Klibanov, S. A., H. M. O'Hagan & M. Ljungmancéumulation of soluble and nucleolar-
associated p53 proteins following cellular strdgsell Sci, 114, 1867-73 (2001)

48. Wsierska-Gadek, J. & M. Horky: How the nucledaquestration of p53 protein or its
interplayers contributes to its (re)-activatiddnnals of the New York Academy of Sciences,
1010, 266-72 (2003)

49. Saxena, A., C. J. Rorie, D. Dimitrova, Y. Déyi& J. A. Borowiec: Nucleolin inhibits
Hdm2 by multiple pathways leading to p53 stabil@atOncogene, 25, 7274-88 (2006)

50. Daniely, Y., D. D. Dimitrova & J. A. Borowie&tress-dependent nucleolin mobilization
mediated by p53-nucleolin complex formatidol Cell Biol, 22, 6014-22 (2002)

51. Colombo, E., J. C. Marine, D. Danovi, B. FaBnP. G. Pelicci: Nucleophosmin regulates
the stability and transcriptional activity of p3%at Cell Biol, 4, 529-33 (2002)

52. Wesierska-Gadek, J., J. Wojciechowski & G. SdhrCentral and carboxy-terminal
regions of human p53 protein are essential foraateon and complex formation with PARP-
1.J Cell Biochem, 89, 220-32 (2003)

53. Mao, Y., I. R. Mehl & M. T. Muller: Subnucledistribution of topoisomerase | is linked
to ongoing transcription and p53 statlsoc Natl Acad Sci U SA, 99, 1235-40 (2002)

54. Moll, U. M., S. Wolff, D. Speidel & W. Deppertranscription-independent pro-apoptotic
functions of p53Curr Opin Cell Biol, 17, 631-6 (2005)

55. Mihara, M., S. Erster, A. Zaika, O. PetrenkoChittenden, P. Pancoska & U. M. Moll:
p53 has a direct apoptogenic role at the mitochaniliol Cell, 11, 577-90 (2003)

56. Erster, S., M. Mihara, R. H. Kim, O. PetrenkdJ&M. Moll: In vivo mitochondrial p53
translocation triggers a rapid first wave of ceflath in response to DNA damage that can
precede p53 target gene activatibtol Cell Biol, 24, 6728-41 (2004)

57. Talos, F., O. Petrenko, P. Mena & U. M. Mollitd¢hondrially targeted p53 has tumor
suppressor activities in viv@&ancer Res, 65, 9971-81 (2005)

58. Wolff, S., S. Erster, G. Palacios & U. M. Mopi53's mitochondrial translocation and
MOMP action is independent of Puma and Bax and refvedisrupts mitochondrial
membrane integrityCell Res (2008)

59. Tomita, Y., N. Marchenko, S. Erster, A. Nemay&x, A. Dehner, C. Klein, H. Pan, H.
Kessler, P. Pancoska & U. M. Moll: WT p53, but turnor-derived mutants, bind to Bcl2 via
the DNA binding domain and induce mitochondrial mpeabilization.J Biol Chem, 281,
8600-6 (2006)

60. Chipuk, J. E., T. Kuwana, L. Bouchier-HayesM\N.Droin, D. D. Newmeyer, M. Schuler
& D. R. Green: Direct activation of Bax by p53 maeis mitochondrial membrane
permeabilization and apoptos&eience, 303, 1010-4 (2004)

61. Leu, J. I, P. Dumont, M. Hafey, M. E. Murphy & L. George: Mitochondrial p53
activates Bak and causes disruption of a Bak-Molmex.Nat Cell Biol, 6, 443-50 (2004)



62. Jiang, P., W. Du, K. Heese & M. Wu: The Bad gagperates with good cop p53: Bad is
transcriptionally up-regulated by p53 and forms a&df53 complex at the mitochondria to
induce apoptosisviol Cell Biol, 26, 9071-82 (2006)

63. Perfettini, J. L., R. T. Kroemer & G. Kroemé&iatal liaisons of p53 with Bax and Bak.
Nat Cell Biol, 6, 386-8 (2004)

64. Liu, J., D. K. St Clair, X. Gu & Y. Zhao: Blolg mitochondrial permeability transition
prevents p53 mitochondrial translocation duringngkimor promotionFEBS Lett, 582, 1319-
24 (2008)

65. Mahyar-Roemer, M., C. Fritzsche, S. WagnerL e & K. Roemer: Mitochondrial p53
levels parallel total p53 levels independent oéstrresponse in human colorectal carcinoma
and glioblastoma cellncogene, 23, 6226-36 (2004)

66. Essmann, F., S. Pohlmann, B. Gillissen, P. &ni€&, K. Schulze-Osthoff & R. U.
Janicke: Irradiation-induced translocation of p&3ritochondria in the absence of apoptosis.
J Biol Chem, 280, 37169-77 (2005)

67. Merrick, B. A., C. He, L. L. Witcher, R. M. Ratson, J. J. Reid, P. M. Pence-Pawlowski
& J. K. Selkirk: HSP binding and mitochondrial Idization of p53 protein in human HT1080
and mouse C3H10T1/2 cell lind&iochim Biophys Acta, 1297, 57-68 (1996)

68. Czarnecka AM, G. A., Di Felice V, & a. C. F.rdmo G: Cancer as a Mitochondriopathy.
Journal of Cancer Molecules, 3, 71-79 (2007)

69. Achanta, G., R. Sasaki, L. Feng, J. S. CarewL¥Y H. Pelicano, M. J. Keating & P.
Huang: Novel role of p53 in maintaining mitochormdirgenetic stability through interaction
with DNA Pol gammaEmbo J, 24, 3482-92 (2005)

70. Heyne, K., S. Mannebach, E. Wuertz, K. X. Knaup Mahyar-Roemer & K. Roemer:
Identification of a putative p53 binding sequenaghin the human mitochondrial genome.
FEBSLett, 578, 198-202 (2004)

71. Chen, D., Z. Yu, Z. Zhu & C. D. Lopez: The ppathway promotes efficient
mitochondrial DNA base excision repair in colorécancer cellsCancer Res, 66, 3485-94
(2006)

72. Yoshida, Y., H. lzumi, T. Torigoe, H. Ishiguch. Itoh, D. Kang & K. Kohno: P53
physically interacts with mitochondrial transcrgoti factor A and differentially regulates
binding to damaged DNACancer Res, 63, 3729-34 (2003)

73. Donahue, R. J., M. Razmara, J. B. Hoek & TKBudsen: Direct influence of the p53
tumor suppressor on mitochondrial biogenesis andtion. Faseb J, 15, 635-44 (2001)

74. Haupt, Y., R. Maya, A. Kazaz & M. Oren: Mdmapnotes the rapid degradation of p53.
Nature, 387, 296-9 (1997)

75. Grossman, S. R., M. E. Deato, C. Brignone, H.(¥an, A. L. Kung, H. Tagami, Y.
Nakatani & D. M. Livingston: Polyubiquitination @53 by a ubiquitin ligase activity of
p300.cience, 300, 342-4 (2003)

76. Li, M., C. L. Brooks, F. Wu-Baer, D. Chen, Rad8 & W. Gu: Mono- versus
polyubiquitination: differential control of p53 faby Mdm2.Science, 302, 1972-5 (2003)

77. Brooks, C. L. & W. Gu: p53 ubiquitination: Mdnghd beyondMol Cell, 21, 307-15
(2006)

78. Eizenberg, O., A. Faber-Elman, E. Gottlieb,den, V. Rotter & M. Schwartz: p53 plays
a regulatory role in differentiation and apoptosiscentral nervous system-associated cells.
Mol Cell Biol, 16, 5178-85 (1996)

79. Katsumoto, T., K. Higaki, K. Ohno & K. Onodef2ell-cycle dependent biosynthesis and
localization of p53 protein in untransformed huncatis.Biol Cell, 84, 167-73 (1995)

80. Giannakakou, P., D. L. Sackett, Y. Ward, KWrebster, M. V. Blagosklonny & T. Fojo:
p53 is associated with cellular microtubules anttassported to the nucleus by dynéeitat
Cell Biol, 2, 709-17 (2000)



81. Vousden, K. H.: p53: death st@ell, 103, 691-4 (2000)

82. Vousden, K. H. & G. F. Woude: The ins and aitg53.Nat Cell Biol, 2, E178-80 (2000)
83. Moll, U. M., G. Riou & A. J. Levine: Two distth mechanisms alter p53 in breast cancer:
mutation and nuclear exclusidlr.oc Natl Acad Sci U SA, 89, 7262-6 (1992)

84. Moll, U. M., M. LaQuaglia, J. Benard & G. RioWild-type p53 protein undergoes
cytoplasmic sequestration in undifferentiated nblastomas but not in differentiated tumors.
Proc Natl Acad Sci U SA, 92, 4407-11 (1995)

85. Bosari, S., G. Viale, M. Roncalli, D. Grazia@, Borsani, A. K. Lee & G. Coggi: p53
gene mutations, p53 protein accumulation and commesmtalization in colorectal
adenocarcinomadm J Pathol, 147, 790-8 (1995)

86. Nikolaev, A. Y., M. Li, N. Puskas, J. Qin & Wau: Parc: a cytoplasmic anchor for p53.
Cell, 112, 29-40 (2003)

87. Sembritzki, O., C. Hagel, K. Lamszus, W. DepgekWV. Bohn: Cytoplasmic localization
of wild-type p53 in glioblastomas correlates witkpeession of vimentin and glial fibrillary
acidic proteinNeuro Oncol, 4, 171-8 (2002)

88. Nikolaev, A. Y. & W. Gu: PARC: a potential tatgor cancer therapgell Cycle, 2, 169-
71 (2003)

89. Kastan MB, Z. G.: Parc-ing p53 in the cytopla€ail, 112, 1-2 (2003)

90. Vvitali, R., V. Cesi, B. Tanno, G. Ferrari-Amtip C. Dominici, B. Calabretta & G.
Raschella: Activation of p53-dependent responsesumor cells treated with a PARC-
interacting peptideBiochem Biophys Res Commun, 368, 350-6 (2008)

91. Klotzsche O, E. D., Hohenberg H, Bohn W, Deppér. Cytoplasmic retention of mutant
tsp53 is dependent on an intermediate filamenteprofvimentin) scaffold Oncogene, 16,
3423-34 (1998)

92. Aladjem, M. I, B. T. Spike, L. W. Rodewald, J.. Hope, M. Klemm, R. Jaenisch & G.
M. Wahl: ES cells do not activate p53-dependengsstrresponses and undergo p53-
independent apoptosis in response to DNA dam@age.Biol, 8, 145-55 (1998)

93. Yuan, X. M., W. Li, H. Dalen, J. Lotem, R. Kama Sachs & U. T. Brunk: Lysosomal
destabilization in p53-induced apopto$tsoc Natl Acad Sci U SA, 99, 6286-91 (2002)

94. Terman, A., T. Kurz, B. Gustafsson & U. T. Bkuhysosomal labilizationlUBMB Life,
58, 531-9 (2006)

95. Stoka, V., B. Turk, S. L. Schendel, T. H. Kim,Cirman, S. J. Snipas, L. M. Ellerby, D.
Bredesen, H. Freeze, M. Abrahamson, D. Bromme,r§jelski, J. C. Reed, X. M. Yin, V.
Turk & G. S. Salvesen: Lysosomal protease pathwaygpoptosis. Cleavage of bid, not pro-
caspases, is the most likely routdiol Chem, 276, 3149-57 (2001)

96. Gowran, A. & V. A. Campbell: A role for p53 the regulation of lysosomal permeability
by delta9-tetrahydrocannabinol in rat cortical me@s: implications for neurodegeneratidn.
Neurochem, 105, 1513-24 (2008)

97. Colman, M. S., C. A. Afshari & J. C. Barrettedulation of p53 stability and activity in
response to genotoxic strebtutat Res, 462, 179-88 (2000)

98. Alessi, D. R. & P. Cohen: Mechanism of actiwatiand function of protein kinase B.
Curr. Opin. Genet. Dev., 8, 55-62. (1998)

99. Bode, A. M. & Z. Dong: Post-translational machtion of p53 in tumorigenesiblat Rev
Cancer, 4, 793-805 (2004)

100. Siliciano, J. D., C. E. Canman, Y. Taya, Kk&puchi, E. Appella & M. B. Kastan: DNA
damage induces phosphorylation of the amino tersioiup53.Genes Dev, 11, 3471-81
(21997)

101. Gatti, A., H. H. Li, J. A. Traugh & X. Liu: Blsphorylation of human p53 on Thr-55.
Biochemistry, 39, 9837-42 (2000)



102. Maya, R., M. Balass, S. T. Kim, D. Shkedy,FJ.Leal, O. Shifman, M. Moas, T.
Buschmann, Z. Ronai, Y. Shiloh, M. B. Kastan, E.t#a& M. Oren: ATM-dependent
phosphorylation of Mdm2 on serine 395: role in p&Avation by DNA damagésenes Dev,
15, 1067-77 (2001)

103. Waterman, M. J., E. S. Stavridi, J. L. Waterm8aT. D. Halazonetis: ATM-dependent
activation of p53 involves dephosphorylation ansbagation with 14-3-3 proteinslat Genet,
19, 175-8 (1998)

104. Fan, G., X. Ma, P. Y. Wong, C. M. Rodrigue£&J. Steer: p53 dephosphorylation and
p21(Cipl/Wafl) translocation correlate with caspasactivation in TGF-betal-induced
apoptosis of HUH-7 cell®poptosis, 9, 211-21 (2004)

105. Prives, C. & J. L. Manley: Why is p53 acetgti2Cell, 107, 815-8 (2001)

106. Sakaguchi, K., J. E. Herrera, S. Saito, T.iMk Bustin, A. Vassilev, C. W. Anderson
& E. Appella: DNA damage activates p53 through agphorylation-acetylation cascade.
Genes Dev, 12, 2831-41 (1998)

107. Gu, W. & R. G. Roeder: Activation of p53 semgespecific DNA binding by
acetylation of the p53 C-terminal doma@ell, 90, 595-606 (1997)

108. Espinosa, J. M. & B. M. Emerson: Transcripgioregulation by p53 through intrinsic
DNA/chromatin binding and site-directed cofactarrtetment.Mol Cell, 8, 57-69 (2001)

109. Ahn, J. & C. Prives: The C-terminus of p53 thore you learn the less you kndvat
Struct Biol, 8, 730-2 (2001)

110. Barlev, N. A,, L. Liu, N. H. Chehab, K. Mardfi, K. G. Harris, T. D. Halazonetis & S.
L. Berger: Acetylation of p53 activates transcopti through recruitment of
coactivators/histone acetyltransferadédsl Cell, 8, 1243-54 (2001)

111. Li, M., J. Luo, C. L. Brooks & W. Gu: Acetylah of p53 inhibits its ubiquitination by
Mdm2.J Biol Chem, 277, 50607-11 (2002)

112. Lai, Z., K. V. Ferry, M. A. Diamond, K. E. We¥. B. Kim, J. Ma, T. Yang, P. A.
Benfield, R. A. Copeland & K. R. Auger: Human mdnm2ediates multiple mono-
ubiquitination of p53 by a mechanism requiring engyisomerizationJ Biol Chem, 276,
31357-67 (2001)

113. Rodriguez, M. S., J. M. Desterro, S. LainPDLane & R. T. Hay: Multiple C-terminal
lysine residues target p53 for ubiquitin-proteasenezliated degradatioMol Cell Biol, 20,
8458-67 (2000)

114. Melchior, F. & L. Hengst: SUMO-1 and p%3| Cycle, 1, 245-9 (2002)

115. Gostissa, M., A. Hengstermann, V. Fogal, md8aS. E. Schwarz, M. Scheffner & G.
Del Sal: Activation of p53 by conjugation to theiguatin-like protein SUMO-1Embo J, 18,
6462-71 (1999)

116. Rodriguez, M. S., J. M. Desterro, S. Lain,AC.Midgley, D. P. Lane & R. T. Hay:
SUMO-1 modification activates the transcriptionasponse of p53mbo J, 18, 6455-61
(1999)

117. Watson, . R. & M. S. Irwin: Ubiquitin and waiitin-like modifications of the p53
family. Neoplasia, 8, 655-66 (2006)

118. Muller, S., M. Berger, F. Lehembre, J. S. &eef. Haupt & A. Dejean: c-Jun and p53
activity is modulated by SUMO-1 modificatiohBiol Chem, 275, 13321-9 (2000)

119. Harper, J. W.: Neddylating the guardian; Mdratalyzed conjugation of Nedd8 to p53.
Cell, 118, 2-4 (2004)

120. Xirodimas, D. P., M. K. Saville, J. C. BourddR. T. Hay & D. P. Lane: Mdm2-
mediated NEDDS8 conjugation of p53 inhibits its sanptional activity.Cell, 118, 83-97
(2004)



121. Abida, W. M., A. Nikolaev, W. Zhao, W. Zhang W&. Gu: FBXO11 promotes the
Neddylation of p53 and inhibits its transcriptioredtivity. J Biol Chem, 282, 1797-804
(2007)

122. Chuikov, S., J. K. Kurash, J. R. Wilson, Ba&i N. Justin, G. S. Ivanov, K. McKinney,
P. Tempst, C. Prives, S. J. Gamblin, N. A. Barleb&Reinberg: Regulation of p53 activity
through lysine methylatiorNature, 432, 353-60 (2004)

123. Kurash, J. K., H. Lei, Q. Shen, W. L. MarstBnW. Granda, H. Fan, D. Wall, E. Li &
F. Gaudet: Methylation of p53 by Set7/9 Mediate8 p6etylation and Activity In VivoMol
Cell, 29, 392-400 (2008)

124. Huang, J., L. Perez-Burgos, B. J. Placek, éhg8pta, M. Richter, J. A. Dorsey, S.
Kubicek, S. Opravil, T. Jenuwein & S. L. Berger:pRession of p53 activity by Smyd2-
mediated methylatiorNature, 444, 629-32 (2006)

125. Shaw, P., J. Freeman, R. Bovey & R. Iggo: Retigun of specific DNA binding by p53:
evidence for a role for O-glycosylation and chargedidues at the carboxy-terminus.
Oncogene, 12, 921-30 (1996)

126. Wesierska-Gadek, J., G. Schmid & C. Cerni: AbBsylation of wild-type p53 in vitro:
binding of p53 protein to specific p53 consenswgisace prevents its modificatidBiochem
Biophys Res Commun, 224, 96-102 (1996)

127. Smith, H. M. & A. J. Grosovsky: PolyADP-ribesediated regulation of p53
complexed with topoisomerase | following ionizingdration. Carcinogenesis, 20, 1439-43
(1999)

128. Lu, H., Y. Taya, M. lkeda & A. J. Levine: Wtriolet radiation, but not gamma radiation
or etoposide-induced DNA damage, results in thesphorylation of the murine p53 protein
at serine-389Proc Natl Acad Sci U SA, 95, 6399-402 (1998)

129. Sakaguchi, K., H. Sakamoto, M. S. Lewis, C.ANderson, J. W. Erickson, E. Appella
& D. Xie: Phosphorylation of serine 392 stabilizes tetramer formation of tumor suppressor
protein p53Biochemistry, 36, 10117-24 (1997)

130. Bischoff, J. R., P. N. Friedman, D. R. Marsh@k Prives & D. Beach: Human p53 is
phosphorylated by p60-cdc2 and cyclin B-cdP2oc Natl Acad Sci U S A, 87, 4766-70
(1990)

131. Wang, Y. & C. Prives: Increased and altereddiding of human p53 by S and G2/M
but not G1 cyclin-dependent kinasbigture, 376, 88-91 (1995)

132. Wesierska-Gadek, J., J. Wojciechowski & G.nddh Phosphorylation regulates the
interaction and complex formation between wt p5&gin and PARP-1] Cell Biochem, 89,
1260-84 (2003)

133. Maki, C. G., J. M. Huibregtse & P. M. Howldwg: vivo ubiquitination and proteasome-
mediated degradation of p53(Dancer Res, 56, 2649-54 (1996)

134. Boyd, S. D., K. Y. Tsai & T. Jacks: An int&atDM2 RING-finger domain is required for
nuclear exclusion of p5®at Cell Biol, 2, 563-8 (2000)

135. Geyer, R. K., Z. K. Yu & C. G. Maki: The MDMRING-finger domain is required to
promote p53 nuclear expoNat Cell Biol, 2, 569-73 (2000)

136. Carter, S., O. Bischof, A. Dejean & K. H. Vdaa: C-terminal modifications regulate
MDM2 dissociation and nuclear export of pB&t Cell Biol, 9, 428-35 (2007)

137. Nakamura, S., J. A. Roth & T. Mukhopadhyay:ltiie lysine mutations in the C-
terminal domain of p53 interfere with MDMZ2-depenteprotein degradation and
ubiquitination.Mol Cédll Biol, 20, 9391-8 (2000)

138. Kawaguchi, Y., A. Ito, E. Appella & T. P. YaG@harge modification at multiple C-
terminal lysine residues regulates p53 oligomeimaand its nucleus-cytoplasm trafficking.
Biol Chem, 281, 1394-400 (2006)



139. Vousden, K. H.: Activation of the p53 tumopptessor proteirBiochim Biophys Acta,
1602, 47-59 (2002)

140. Nemajerova, A., S. Erster & U. M. Moll: Thegbdranslational phosphorylation and
acetylation modification profile is not the deteninig factor in targeting endogenous stress-
induced p53 to mitochondri@ell Death Differ, 12, 197-200 (2005)

141. Park, B. S., Y. S. Song, S. B. Yee, B. G. I®eY. Seo, Y. C. Park, J. M. Kim, H. M.
Kim & Y. H. Yoo: Phospho-ser 15-p53 translocates imitochondria and interacts with Bcl-
2 and Bcl-xL in eugenol-induced apoptogipoptosis, 10, 193-200 (2005)

142. Thrower, J. S., L. Hoffman, M. Rechsteiner & I@. Pickart: Recognition of the
polyubiquitin proteolytic signaEmbo J, 19, 94-102 (2000)

143. Marchenko, N. D. & U. M. Moll: The role of whiitination in the direct mitochondrial
death program of p5&ell Cycle, 6, 1718-23 (2007)

144. Toledo, F. & G. M. Wahl: Regulating the p53hpeay: in vitro hypotheses, in vivo
veritas.Nat Rev Cancer, 6, 909-23 (2006)

145. Xu, Y.: Regulation of p53 responses by pastdlational modificationsCell Death
Differ, 10, 400-3 (2003)



Keywords: p53, phosphorylation, acetylation, ubiquitinatiomitochondria, nucleus,

cytoskeleton, lysosome, DNA damage, Mdm2.

Corresponding author’s address:

Jean-Luc Vayssiere

Email: jean-luc.vayssiere @uvsq.fr

Laboratoire de Génétique et Biologie Cellulaire
CNRS UMR 8159

Université de Versailles Saint-Quentin-en-Yvelines
55 Avenue de Paris 78035 Versalilles, France
Phone: 33 6 64 04 20 03

Fax: 331392579 24

Running title: p53 journey among organelles

Figure legends:
Figure 1.Modifications required for p53 trafficking among organelles Several post-
translational modifications which regulate p53 slltar location are depicted here. For

details see text.
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Table 1.Modifications of p53 at specific residues

Domains of Residue Modification Role Enzymes
human p53
Ser 6 P Act CK1
Ser 9 P Act CK1, DNA-PK
Ser 15 P Act AMPK, ATM, ATR, Cdk9, DNA-PK, ERK, mTOR, p38, RSK2
TAD Ser 18 P Act CK2, Chk2, DNA-PK, VRK1
and Ser 20 P Act Chk2, JINK, MAPKAPK2, PLK3
PxxP Ser 33 P Act CAK, Cdk5, Cdk9, GSK3, p38K
domains Ser 37 P Act DNA-PK, ATR
Ser 46 P Act Cdk5, HIPK2, p38K, PKCd
Thr p55 deP Act TAF1, ERK2
Thr 81 P Act JNK
Ser 149 PIG Act / Act CSN-K/
DBD Ser 150 P Act CSN-K
domain Ser 155 P Act CSN-K
Ser 215 P Act AurK, STK15
Lys 305 Ac ldc p300CBP
Ser 313 P Act Chk1, Chk2
Ser 314 P Act Chk1, Chk2
Ser 315 P Act AurK, Cdk2, Cdk9, GSK3B, STK15
Lys 320 Ac/Ub/N Idc / Inh / Inh PCAF / EAF1 [ N8(FBXO11)
Lys 321 N Inh N8(FBXO11)
Ser 366 P Act Chk2
CTR Lys 370 Ub/N/M Inh /Inh /Inh Mdm2 / N8(FBXO11) / Smyd2
domain Lys 372 Ac/Ub/N/M Idc/Inh/Inh/Act p300CBP / Mdm2 / N8(FBOX11) / Set7, Set9
Lys 373 Ac/Ub/N Idc / Inh / Inh p300CBP / Mdm2 /N8(FBXO11)
Ser p376  deP Act PKC
Ser 377 P Act Chk1, Chk2
Ser p378 deP Act Chk1, Chk2, PKC
Lys 381 Ac/Ub Idc / Inh p300CBP / Mdm?2
Lys 382 Ac/Ub Idc / Inh p300CBP / Mdm?2
Lys 386 Ub/S Inh / Act Mdm2 / SUMO-1
Thr 387 P Act Chk1
Ser 392 P Act Cdk9, CK2, FACT, p38K, PKR

Abbreviations: Act, activation; Inh, inhibition; Idc, indecisive; Ser, serine residue; Lys, lysine residue; Thr, threonine residue;
P, phosphorylation; dP, de-phosphorylation; Ac, acetylation; Ub, ubiquitination; N, neddylation; S, sumoylation; M,
methylation; G, O-glycolsylation; TAD, transactivation domain; PxxP, proline-rich domain; DBD, DNA-binding domain; CTR,
C-terminal regulatory domain. A code of colours is used to distinguish each modification, which is also conserved in the
Figure 1. Modified after (20, 22, 144, 145).
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