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Abstract.

The anti-proliferative function of the p53 tumour suppressor depends primarily on
its ability to act as a transcription facler and to coordinate the cellular response to
various stress signals, p53 can induce scveral ccllular responses, including cell-
cycle arrest, DNA repair and apoptosis. The choice of the p53 response is thought

to depend on many factors, including the action of p533-cooperating molecules.

The cofactor JMY has been demonstrated to cooperate with the p300 coactivator
to augment p53 activity. The aim of this study was to investigate the mechanisms
regulating JMY function to further undersiand its role in the stress response.
Results presented here indicate that the subcellular localisation of IMY is
regulated by the cellular environment. Wlilst DNA damage stimulated the
translocation of IMY from the cytoplasm to the nucleus, removal of proliferative
and survival signals by scrum deprivation induccd rapid nuclear export of JMY
and compromised its ability to affect cell cycle progression and stimulate

apoptosis.

The Mdm?2 oncoprotein negatively regulates p53 activity at multiple levels
including regulation of the intracellular location of p53 and inhibition of its
intcraction with the transcriptional coactivator CBP. Mdm2 interacts with IMY in
cells, and enhances its cytoplasmic localisation without promoting its degradation.
Leptomycin B blocked Mdm2-dependent redistribution of TMY, implying the
mvolvement of a nuclear export mechanism. DNA damage was found to abrogate

the effect of Mdm?2 on the subccliular localisation of JMY, and to reduce the



interaction between the two proteins, Mutations in the ubiquitin ligase domain of
Mdm2, as well as removal of the proline-rich region in TMY abolished the Mdm2-
mediated cyloplasmic translocation of JMY. These data suggest the existence of
a functional relationship between the p53 cofactor MY, and its major inhibitor
Mdm2, which is likely to impact on p53 activity. Importantly, regulation of the
intracellular localisation of JMY might provide an additional mechanism of

modulating the p53 response.
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Chapter 1. Introduction

Although cancer research and the study of evolution seem to be very distant
branches of biological study, they focus on similur fundamental mechanisms.
Canecer can be viewed as an evolutionary process al a micro-scale, not at the level
of populations or whole organisms but at the cellular level. In fact, the two major
forces of evolution, mutation and sclection are also the driving forces in the

development of cancer,

Cancer is a disease characterised hy the progressive accumulation of genectic
alterations which eventually lead (o the (ransformation of normal cells to
malignant cells with increasingly aggressive growth properties. Such cells must
evade the cellutar defence mechanisms that normally protect against malignancy,
and this process is accelerated by lesions thal target the cellular machinery
involved in the control of cellular proliferation, and the maintenance of genomic

integrity.

Human cancer mutations target two major classcs of genes, the “caretaker” genes
involved in the repair of DNA lesions, and the growth controlling oncogenes and
tumour suppressor genes (Kinzler and Vogelstein, 1997).

Since tumour suppressor proteins act to restrain cellular growth, their inactivation
confers a growth advantage to twmour cells and is a critical factor in
tumourigenesis. In particular, the p53 proiecin, which possesses potent tumour
suppressor functions, is targeted in the majority of human canccrs, This resulted

in the protein being the focus of intensive research that aims to understand its
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function and dysfunction and to use the acquired knowledge in the development

of novel cancer therapies.

1-1. Regulation of the p53 tumour suppressor protein

The p53 tumour suppressor is a short lived (ranscription factor with a pivotal role
in the prevention of malignant disease. The function of the protein is tightly
regulated by an intricate web of regulatory mechanisms which ensure its
appropriate activation, and coordinated action in response to a variety of cellular
insults. The ability of p53 to suppress tumourigenesis is mediated through its
ability to cause cell cycle arrest, programmed cell death or DNA repair in

respouse to cellular stress.

Mutation of the p53 tumour suppressor is one of the most common aberralions
observed in tumours. Tt is estimated that at least 50% of human cancers cairy
mutations of the p33 gene (Hollstein ef af., 1994), and accumulating evidence
indicates that a large part of the remaining cancers bear mutations that target
downstrcam or upstream effectors of the p53 pathway (Vousden and Lu, 2002).
The most common mutations identified in the p53 gene are missense mutations
affecting onec allele, and causing the production of a mutant protein that
accumulates at high levels in cells. The remaining wild type allclc is ofton
mutated or lost later during tumourigenesis. Rare deletions or clhain terminations
of the p53 gene have also been observed and cause a cancer-predisposing p33 null

phenotype (Levine, 1997).
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Maoreover, p53 is frequently targeted by virally enceded oncoproleins such as
SV40 large T antigen, adenovitus E1A, and HPV EG, which inactivate its
function (Prives and IIall, 1999).

The importance of p53 in the development of cancer is also highlighted by the
phenotype of £33 null mice. These micc develop nommally but display a very
high susceptibility to cancer (Donehower ef al., 1992). Furthermore, germiline
mutations of p53 are associated with the cancer-predisposition Li-Fraumeni
syndrome. Affected individuals develop a wide variety of tumours ofien al a very

early age (Malkin et al., 1990).

1-1.1 Integration of cellular insults at pS3

P33 is kept at low levels, in a latent form uvnder normal conditions. Tlowever, a
number of cellular stresses result in rapid stabilisation and activation of the
transcription factor, which then mediates the cell response to the particular stress

signal (Levine 1997) (figure 1.1).

Several types of stress have been shown to inducc p53 activity, including DNA
damage in the form of double strand breaks as well as DNA repair intermediates
resulting from ultraviolet exposure and chemical damage to DNA (Levine, 1997).

In addition to DNA damage, hypoxia is able to stimulale p53 activity (Gracber ¢/
al., 1996). This is relevant to the biology of tumours as hypoxia occurs when
tumours reach a critical size when the blood supply becomes rate-limiting. At this
stage, tumour cell survival and continued growth depends on the formation of new

bleod vessels, a process termed angiogenesis. Activation of p53 by hypoxia will

18



eliminate such cells, and may also be involved in the prevention of angiogenesis,
as suggested by its ability to regulate the gene encoding the anti-anglogenic factor

thrombospandin (Dameron et al., 1994).

Moreover, p53 is activated when the levels of ribonuclcoside triphosphate, which
are required to support DNA replication and repair, are low (Linke et al., 1996).
It also responds to aberrant growth signals such as those emanating from
abnormal activation of oncogencs, including Ras and Mye.  The oncogenic
pathway of pS3 activation involves the function of another tumour suppressor,

ART (Sherr and Weber, 2000).

1-1.2 The downsiream effects of p53

Activation of p53 results in multiple cellular responses that are not only
delermined by the type and intensity of cellular stress, but also by the genctic and
environmental context of the cell. The p53 response can manifest in the form of
DNA repair, senescence and regulation of angiogenesis but the best understood
activities of p53 ure those that inhibit cell growth through cell cycle arrest and

apoptosis (figure 1.1).

Cell cycle arrest

The ability of p53 to induce cell cycle arrest is correlated with 1ts {unction as a
transcription factor. A transcriptional target of p53 that is critical for this function

] wafl/seipl

is the p2 gene (El Deiry ef afl., 1993). The gene product is a4 cyclin

dependent kinase inhibitor which can block the ecll cycle at both the G1 and G2
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phases. Further, p21 binds to the DNA polymerasc proccssivity factor PCNA
(proliferating cell nuclear antigen), and blocks its function in DNA replication but
not its DNA repair function. Loss of p21 impairs G1 and G2 arrest and results in
uncoupling of DNA synthesis and mitosis (Waldman et al., 1995).

(Gadd45, the product of another pS3-responsive gene, can also cause G1 arrest in
certain cells in culture, Gadd45 also interacts with PCNA and this interaction is

also implicated in DNA repair (Smith e al., 1994).

The cell cycle arrcst functions of p53 also extend to the G2/M checkpoint.
Members of the 14-3-3 family of proteins are involved in signal transduction and
cell cycle control, and can mediatc their effects by binding and sequestering
proteins (Muslin and Xing, 2000). 14-3-3 sigma is induced by p53 and appears to
mediate the role of p53 at the G2/M checkpoint (Hermeking et al., 1997). 14-3-3
sigma deficient cclls can still arrest at G2 but are unable to maintain this arrest
{Chan ef al., 1999). Other p53 induced proteins which can contribute to G2 arrest
include Gadd45 (Wang et af, 1999), and Reprimo (Ohki et al., 2000}. Moreover,
P53 may contribute to G2/M arrest by negatively regulating the cellular levels of

cyclin B1, which is required for the initiation of mitosis (Innocente ef af.,1999).

Apoptosis
In addition to transient cell cycle arrest, p53 can irreversibly block cell growth by
inducing programmed cell dcath through several apoptotic pathways. Both

transcription dependent and independent mechanisms are believed to contribute to

20




p53-induced apoptosis, and the importance of p53-mediated transcription in this
process has been controversial.

p53-dependent apoptosis was reported in experimental systems in the presence of
actinomycin D, which blocks RNA synthesis, and cycloheximide, which prevents
protein synthesis. In these systems, transcriptional activation or translation of
pS3-regulated genes is prevented and cannot account for the obscrved apoptotic
cell death (Caelles ef /., 1994). In addition, introduction of p53 transcriptional
activation mutants into cells induced apoptosis, albeit more slowly than the wild

type protein (Haupt ez al., 1995).

Another line of evidence that questions the requirement for p53 (ransactivation for
apoptosis comes from examination of the effect of Rb on the stability and activity
of p53. The interaction of p53 with its negative regulator Mdm2 blocks its
(ransaclivation, cell cycle arrest and apoptotic activities and promotes its nuclear
export and degradation (Vousden, 2002). Rbh formns a trimeric complex with p53
and Mdm2, blocking Mdm2-dependent p53 degradation. This restores the
apoptotic activity of p53 as well as its ability to repress transcription. However,
Rb binding docs not relieve Mdm?2’§ inhibition of pS53 transactivalion (Hsieh ef
al., 1999). Tuken together, these data demonstrate that p53 dependent gene

activation is not essential for the induction of apoptosis.
Nevertheless, this conclusion was challenged by a study in which hemologous

recombination was used to generate mice carrying a Wransactivation-dclcetive p53

mutant (Jimenez e/ al., 2000). Analysis of mouse embryo fibroblasts (MEFs)
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from these mice revealed defects in cell cycle regulation and apoptosis and the
cells were readily transformed by oncogencs, These data firmly establish the
transactivation function of p53 as a crucial determinant of its apoptotic aciivity

{Iimenez ef «f., 2000),

Consistent with the transactivation function of p53 being necessary for the
effective induction of apoptosis is the ability of p53 to activate genes involved in
programmed cell death. Many of these encode proteins that mediate apoptosis via
the mitochondrial pathway, the death receptor pathway, and there is evidence for

inhibition of survival signalling by scme of these gene products.

The mitochondrial pathway

One of the first p33 responsive genes to be involved in apoptosis is the bax gene
(Miyashita and Reed, 1995), which encodes a Bel-2 —family member. Apoptotic
stimuli promote the {ramslocation of Bax from the cytoplasm into the
mitochondria, where it mecdiates cytochrome C release. p53 also activates the
expression of Peg3/Pw./ which encodes a protein that triggers Bax translocation to
the mitochondria, an effect blocked by expression of Peg3/Pwli antisense (Deng

and Wa, 2000).

Other proteins involved in the mitochondrial pathway that arc encoded by pS3
responsive genes include NOXA, PUMA and AIP1 which contribute to the loss of
mitochondrial membranc potential, triggering cytochrome C release (Oda, E. et

al., 2000; Oda et al, 2000; Nakano ef al., 2001; Yu ef «l., 2001). Further down
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the same pathway, the interaction of cytochrome C with the pS3-inducible Apafl
triggers the caspase degradation pathway thus committing the cells to apoptosis

(Srinivasula et al., 1998).

Another mechanism by which p53 activation targets the mitochoundria involves
PIGS, p53 inducible genes whose activalion is associated with the generation of
reactive oxygen species (ROSs). ROSs can cause damage to the mitochondiia,

which triggers apoptosis (Polyak ef a/., 1997).

Furthermore, a iranscription-independent role of p53 at the mitochondria has
recently been proposed. p53 has been reported to localise at the mitochondria of
tumour cells undergoing p53-mediated apoptosis, but not in cells undergoing p53-
dependent arrest or p53-independent apoptosis (Marchenko ef «f., 2000).
Moreover, the mitochondrial {ocalisation of p53 was correlated with its apoptotic
activity (Dumont ef af., 2003). Another study showed the ability of p53 to
localise to the mitochondria of ionising radiation-treated lymphocytes (Mihara et
al, 2003), and to antagonise the function of the anti-apoptotic molecules Bel-2 and

Bci-xI, in a transactivation-independent fushion (Mihara ef af, 2003),

Death receptor/death domain pathway

p53 may be involved in death receptor-mediated cell death. It activates the
expression of genes encoding the death receptors DRS/KILLER and FAS/APO]

(Takimoto and El Deiry, 2000, Fuchs ef al., 1997, Bennet ef al., 1998).
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PIDD (p53 induced protcin with a death domain), is another p53-induced pro-
apoptotic protein. PIDD as been proposed as a mediator of apoptosis as anti-sense
inhibition of PIDD reduces apoplosis in response to p53 activation and DNA

damage (Lin et al., 2000).

Loss of survival signalling:

In addition to apoptotic signals, cell death can also be potentiated by inhibition of
survival and anti-apoptotic signals. The IGF BP3 gene product blocks the
interaction of IGF1 with its receptor, thus blocking the IGI' mitotic signalling
pathway (Buckbinder ef af., 1995). Similarly, the tumour suppressor PTEN blocks
survival signals associated with PI3K/Akt signalling and contributes to the
stabilisation of p33, thus promoting its growth inhibitory function (Mayo et af.,

2002).

1-1,3 Choice of response to p53

The outcome of p53 activation appears to be determined by a multitude of factors.
Understanding these factors would provide important tools in the development of
pS53-based cancer therapies. As p33 is a stress responsive protein, it makes sense
that the type and intensity of stress dictate the outcome of the response.
Furthermore, tumourigenesis is associated with the accumulation of multiple
cellular aberrations and with increased genomic instability, The extent of these
aberrations could affect the way in which the cell responds to p53 activation

(Vousden and Lu, 2002).
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Other factors affecting (he outcome of the p53 response include differential
binding allinitics for p53 apoptotic and cell cycle arrest genes. Apoptotic genes
are thought to have a lower affinity [or pS3 binding, which may explain the
corrclation of apoptosis with high levels of p53 and cell cycle arrest with lower
concentrations of the protein in certain cxperimental systems (Chen er af., 1996).
TTowever, despite differences in binding affinity between certain p53-responsive
promoters, the finding that the PUMA promoter is not different from the p27 and
mdm2 gene promoters with respect to p53 binding indicates that binding affinity is

not the sole factor affecting the choice of p33 response (Kaeser ef al., 2002).

Phosphorylation of p53 can contribute to promoter specificity as is exemplified
by the A{P] gene promoter. Phosphorylation of p53 at scrinc 46 1s required for

activation of the gene, which encodes a pro-apoptotic molecule (Oda et al., 2000).

Moreover, accumulating cvidence implicates p53 cooperating proteins in the
induction of apoptosis. The p53 homologues p63 and p73 may perform such
functions since p53 is unable to bind promoters of apoptotic genes in p63/p73
double null cells, and is compromised in its ability to induce apoptosis (Flores ef

al., 2002).

Other pS3 cooperating molecules that modulate the choice of p53 response
inchude ASPP family members, which alfoet 'p53}*‘§ ability to bind to responsive
promoters. ASPP1 and 2 bind to p53, enhancing its interaction with promoters of

apoplolic genes such as hax. ASPP protleins greatly stimulate p53-dependent
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apoptosis and their inhibition blocks the apoptotic activity of p53 (Samuels-Lev

et al., 2001).

Similarly, the p300 cofactor JMY augments p53 dependent apoptosis by
selectively enhancing pS53°s abilily to activate apoptotic genes such as hax
(Shikama et /., 1999).

Interestingly, alternative splicing of the IMY mRNA resulls in a protein isoform
IMYAP, which favours p53-dependent G1 arrest as opposed to apoptosis
(Shikama er al., 1999). Thus, it is an attractive speculation that expression of the
different isoforms o[ IMY, potentially in response to different forms of stress, can
dircet the p53 response towards G1 arrest, apoptosis, or possibly favour other p53-

mediated reponscs.

1-1.4 Regulation of p53 function

As described above, p53 aclivation {riggers potent growth inhibitory processes
which would be detrimental to normal cells. This is demonstrated by the adverse
side effects of chemotherapeutic agents which are believed to be al least partly
due to p53 (Komarov ef al, 1999). Moreover, loss of Mdm2-dependent
regulation of p53 in mdm2” mice has a lethal phenotype that is attributed to
excessive p53-dependent cell death (Jones et al., 1995). Therefore, p53 activity
must be kept in check during normal growth and development. Various cellular
processes feed into the p53 pathway, providing tight regulation of the twmour
suppressor, and inducing its activity when neccssary. pS3 regulation has been

described at the level of its transcription and franslation but most importantly at

26



the level of its stability, its subccllular localisation and its activity as a

transcription factor.

Repulation of p33 stability

In addition to genes involved in cell cyele arrest and apoptosis, p53 aclivates the
expression of genes involved in its own regulation. The most important of these
is probably the mdm?2 gene. The Mdm2 protein is recognised as onc of the major
regulators of p53 and mediates its function by promoting the ubiguitination of
p53, which allows its recognition and degradation by thc 26S protcasome (Haupt
et al., 1997, Kubbutat et al., 1997, Fang ef al., 2000). The resulting feedback
loop, in which p53 induces the expression of its own ncgative regulator, is
responsible for maintaining low levels of the tumour suppressor and needs Lo be

interrupted to allow p53 accumulation in response to cellular stress.

p53 phosphorylation has been linked to its ability to stabilisc in response to
various forms of stress.  Scveral potential phosphorylation sites have been
identified in both the N-terminus and C-terminus of p53 including serines 15,
20,33, 37 and 46 and threonine 18 and 81 (Buschmann et /., 2001 and references
within). Phosphorylation of some of these residues has been correlated with
increcased stability of pS3 and attenuated interaction with Mdm?2. Examples
include phosphorylation of Serine 15 by the ATM (A4taxia felangieclasia mutated)
kinase, and serine 20 by the Chk2 kinasc (Chchab et al., 2000}, The imiportance
of the ATM/Chk kinase cascade in activating the p53 response to certain types of

genotoxic damage is highlighted by the finding that Chk2 deficient cells are
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defective in their ability to stabilise pS3 in rcsponse to jonising radiation (Hirao et

ai., 2000).

Further cvidence for the role of phosphorylation in regulating p53 stability comes
from mouse embryonic stem cells in which serinc 18 {equivalent to human serine
15) was mutated (Chao et @/., 2000). The p53 mutant accumulates less efficiently
comparcd to wild type p53 and is compromised in its ability to induce p27 gene

expression and cell cycle arrest (Chao ef al., 2000).

Nevertheless, the requirement for phosphorylation in p53 stabilisation has been
questioned by studies of mutants 1n which all potential N-terminal
phosphorylation residues were altered into non phosphorylatable residucs
{Asheroft et al, 1999; Blattner ef al., 1999). These mutants are stabilised in a
comparable fashion to the wild lype protein indicating that phosphorylation is not

essential for p53 stabilisation.

The ability of p53 to accumulate in the abseuce of phosphorylation suggests that
other mechanisms are involved in its stability. Since Mdm2 is a major regulator
of p53 slabilily, regulation of Mdm2 activity is likely to he one such mechanism,
and can occur at the level of its transcription, protein levels as well as by

postranslational modification {(described below).

In addition to Mdm2, other proteins that target p53 for degradation include the Jun

NH2 terminal kinase, TNK. JNK binding to p53 promotes its ubiquitination and

28



subsequent proteolysis (Fuchs ef af., 1998), JNK can also phosphorylate p53 at
threonine 81, leading to its stabilisation and enhanced growth arrest and apoptosis
by p53 (Buschmann et al., 2001), providing another example of the positive effect

of p533 phosphorylation on its protein ievels.

p53 phosphorylation does not always correlate with accumulation of the protein,
Phosphorylation of threonine 155 by the COP9 signalosome enhances its
degradation (Bech-Otschir ef al., 2001) and may contribule to maintaining low
levels of p53 in the absence of stress. Similarly, protein kinase C-dependent
phosphorylation of p33 in the C-terminus also enhances its ubiquitination and

degradation in unstressed cells (Chernov et al., 2001).

Regulation of the subcellular localisation of p53

As discusscd above, (he ability (o act as transcription factor is important for p3375s
growth inhibitory function. Since transactivation is a nuclear process, the nuclear
localisation of p53 is crucial for ils function and, like every aspect of pS53

function, is subject to regulation.

‘Three nuclear localisation signals (NLS) have been identified in the C-terminal
domain of p53 (figure 1.1.B), the first of which appears to be the most active n
mediating p53 nuclear import (Liang et al., 1999). The C-terminus of p53 also
containg a cytoplasmic scquestration domain (CSD) that can reduce the efficiency
of p53 nuclear import (Liang et a/., 1998,1999), and a nuclear export signal (NES)

that allows leptomycin B sensitive p53 export (Stommel ef o/, 1999). Another
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NES sequence has more recently been identilied in the N-terminal transcativation

domain of p53 (Zhang and Xiong, 2001).

The N-terminal leucine rich NES of p53 has been implicated in stress-regulated
control of p53 localisation. DNA damage-induced phosphorylation within this
domain (serine 15) blocks export of pS3 and may contribute to the nuclear
accumulation of the protein in the presence of stress (Zhang and Xiong, 2001).
Thus, in addition to contributing to the stability of p53, phosphorylation can also

regulate its localisation within the cell.

The C-terminal localisation signals are close to, and in the case of the NES,
contained within the oligomerisation domain of p53. Mutations in the C-terminal
NES were reported to affect nuclear export as well as letramer formation which
suggested a possible role for tctramerisation in the regulation of p33 localisation
(Stommel er af, 1999). This hypothesis was supported by studies in
neuroblastoma cells in which p53 localises mainly to the cytoplasm as a result of
enhanced nuclear export (Moll et «l., 1995; Stommel et af., 1999). Ectopic
expression of the tetramerisation domain restores the nuclear localisation of p53,
implying that tetramerisation can mask the NES, and block p33 nuclear export

(Stommel et al., 1999).

The Mdm?2 protein is a major regulator of p53 function and it has been shown to

affect p53 localisation. The ring finger domain of Hdm2, which harbours its

ubiquitin ligase activity, is essential for it ability to rclocalise p53 to the cytopiasm
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(Boyd et al, 2000, Geyer et «l., 2000). Moreover, ubiquitination-deficient p53
mutanls arc rcsistant to Mdm2-mediated nuclear export (Lohrum ef «f.,2001).
Taken together, these data suggest that ubiquitination of p53 can affect its

cellular localisation and enhance ils export.

In addition to nuclear export mechanisms, cytoplasmic sequestration of p53 has
also been proposed to affect ils intracellular localisation. Interaction of p53 with
the glucocorticoid receptor (GR) results in the cytoplasmic sequestration of p53
and this is accompanied by inactivation of p53’s transaclivation and growth
inhibitory functions (Sengupta et al., 2000). In neuroblastoma cells, where p53
localises mainly to the cyloplasm, disruption of the p53-GR complex with GR
antagonists restores the nuclear localisation of p53 as well as its ability to activate

transcription, and to promote growth arrest and apoptosis {Sengupta ef af., 2000).

Another molecule that can retain p53 in the cytoplasm is Parc (p53-associated
parkin-like protein). Parc forms part of a cytoplasmic mega-complex, and binds
to p53 in the cytoplasm, preventing its transport into the nucleus (Nikolaev ef al.,
2003), Interestingly, Parc is expresscd at particularly high levels in
neuroblastomas. Taken together, these data provide support [or the involvement

of cytoplasmic sequestration of p53 in tumourigenesis.

The intraccllular localisation of p53 is also regulated by PMI.. PML is a tumour

suppressor famous for its ability to promote the formation of nuclear structures or

foci referred to as nuclear bodies (NBs). PML co-recruits pS3 and the
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transcriptional regulators p300/CBP to the NBs where pS53 1s acetylated by the
HAT activity of p300/CBP. This correlates with increased p53 activity (Wei et

al., 2003).

Regulation _of p53 transcription activation functions

Another level of p53 regulation relates to the modulation of its transcriptional
activation function. p53’s old friend Mdm?2 masks its transactivation domain
througlh direct interaction and reduces its ability to activate transcription (Chen et
al., 1993; Oliner et af., 1993).

A number of post-translational modifications have been implicated in the
regulation of p53’s transactivation functions. First, phosphorylation at the N-
lerminus which is associated with increased stability also enhances p33-dependent
transcriptional activation. Moreover, phosphorylation at the C-terminus stimulates
the activity of the protein. For example, phosphorylation of serine 392, and
serine 315 by casein kinase II and cyclin dependent kinases, respectively,
upregulates the transcriptional activity of p53, potentially through stimulation of
DNA binding (Blaydes et «f., 2001; IHupp e al, 1992). Moreover,
phosphorylation can confer promoter specificity to pS53 transactivation as
illustrated by phosphorylation at scrine 46 which is required for the induction of

AIP] expression (Oda et al., 2000).

N-terminal phosphorylation of p53 has been suggested to facilitate its acetylation
by p/CAF and to increase its interaction with p300 (Sakaguchi ef al., 1998,

Dumaz and Meek, 1999). As p53 acetylation is induced by DNA damage, and



inhibited by Mdm2 (Ito et «l., 2001}, it is not unreasonable to postulate an
important role for this modification in p53 activily. IHowever, although there is
some evidence for the ability of acetylation to increase the transcriptional activity
of pS53, its significance and mechanisms of action remain unclear and

controversial (Prives and Manley, 2001).

Finally, SUMO modification of p53 at lysine 386 has also been reported to
pasitively regulate pS3 transactivation. However, this modification does not
seecm o be absolutely necessary for p53 activity and only affects a small

proportion of cellular p53 (Rodriguez et al., 1999).

1-1.5 Feedback loops in the regulation of p53

An emerging theme in p53 research is the involvement of feedback loops in the
regulation of p53 activity. pS53-inducible genes appear to cluster into different
categorics according to the function of the protcins they encode. A particular
class of these gencs seems (0 be involved in the regulation of p53, the most
famoug example being the mdm2 gene. The negative feedback loop formed
between Mdm2 and p33 is responsible for maintaining fow levels of p33 under
normal conditions, and is regulated by several cellular mechanisms that allow the
release of p53 and its activation in rcsponse to stress (Alcaron-Vargas and Ronai,
2002).

Moreover, p53 also induces the expression of proteins that rcgulatc Mdm?2
function. Examples include cyclin G (Okamoto and Beach, 1994), which recruits

the serine/threonine phosphatase PP2A  to Mdm2, resulting in its

(8]
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dephosphorylation, and increasing its ability lo promote p53 degradation
(Okamoto et al., 2002). Conversely, the tumour suppressor PTEN inhibits
PIK3/Akl signalling, thus blocking the ability of AKT to promote nuclear entry of
Mdm2™. This restores the transactivation function of p533 and allows ils

-
accumulation (Mayo ef «i., 2002).

In addition to regulation of Mdm2, p53 can induce, or repress mecchanisms
involved in its own regulation. 14-3-3 sigma, whose expression is induced in
response to vy irradiation in a p53 dependent manner (Hermeking et al., 1997), can
bind the C-terminus of p53 and increase its sequence specific DNA binding
activity (Waterman ef a/., 1998). Conversely, a negatlive feedback loop has been
suggested between p53 and Chkl and Chk2, two kinases implicated in the
phosphorylation and stabilisation of p53 in responsc to DNA damage. p33
expression has been suggested to downregulate the mRNA levels of both Chk]

and Chk2 (Gottifredi ef af., 2001; Tominaga ef al., 1999).

Furthermore, a negative feedhack loop has been proposed between p33 and ARF,
the altcrnative product encoded by the mammalian CDKN2A4 locus. Whereas
ARF promotes pS53 stabilisation by interfering with the Mdm2-mediated
degradation of p53, p53 has been shown to negatively affect ART expression and
an inverse correlation has been demonstrated between AR expression and p53

status in tumour cells (Pomerantz et al., 1998; Stott ef af., 1998).
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The advantage conlerred by feedback loops is that they allow tight and
appropriate regulation of p53 under normal conditions. Whereas positive feedback
loops can contribute to the amplification of the response, negative feedback loops
ensure that the p53 response is only induced when necessary, i.e. In the presence

of stress.

1-1.6 Conclusions

The p53 tumour suppressor plays a crilical role in the prevention of
tumourigenesis by restraining the proliferation of cells wilh potentially oncogenic
lesions. This function of p53 relates to its ability to respond to diverse stress

signals and to translate these into appropriate cellular responses.

The importance of p33 function is reflected in the complexity of mechanisnis
regulating its function, The oncoprotein Mdm2 plays a central part in p53
regulation and the relationship between the two proteins is tar from being a simple
lingar mechanism as it is modulated by diverse signalling pathways which act
through  multiple protein-protein intcractions and post-translational

modifications.

Due to its inactivation in a large subsct of turnours, p33 is a very attractive target
for the development of cancer therapies. Consequently, a fuller understanding of
p53 function, and the mechanisms controlling its activity would provide

invaluable tools for the ireatment of cancer.
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1.1._The p33 response

P33 mediates the cellular response to various stress signals. These
signals commonly result in post-translational modification of the

protein and cause its stabilisation.

p53 activation generally inhibits cell growth, cither by cell cycle
arrest or apoptosis. The choice of response is infiuenced by

cofactor molecules such as IMY and ASPP.

Other outcomes of p53 activation have been reported, including
IDNA repair, senescence and regulation of angiogenesis. The level
of the p53 response is regulated by stress signals as well as
autoregulatory loops invelving pS53 and products of its target

genes,

The diagram was adaptcd from Lu and Vousden, 2000,
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1-2. Mdm?2, master regulator of p53:

Tumour developmenl occurs as a result of multiple events that cause the
deregulation of cellular pathways governing normal cclt proliferation, as well as
pathways that repair and prevent the propagation of potentially harmful lesions,

Inappropriate expression of oncogencs is one such event and can occur via many

mechanisms, including mutation, franslocation and gene amplification.

Onc of the cytogenctic manifestations of gene amplification is in the form of
paired, acentric chromatin bodies referred to double minutes (DMs). These
regions often contain amplified genes involved in the control of cell proliferation

and tumourigenesis (Cahilly-Snyder et af, 1987).

A seurch for genes located in double minutes in the spontaneously {ransformed
3T3 DM mouse cell line led to the identification of the mdm2 gene (murine
double minutc), which was amplilied in these cells {Cahilly-Snyder ef al., 1987),
The oncogenic abilities of mdm2 were demonstrated by its contribution o cell
immortalisation and transformation in several independent studies. For example,
overexpression of the mdm2 gene in rodent cells led to their transformation
(Fakharzadeh et al., 1991). Also, whilst overexpression of mdm?2 alone was
sufficient to immortalise primary fibroblasts, co-expression of activated ras led to

a transtformed phenotype (Finlay, 1993).

The early nineties were an exciting time in the Mdm?2 ficld. The human gene was

mapped to chromosome 12q13-14 and was shown to be amplified in sarcomas
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(Oliner et al., 1992). Morc crucially, Mdm2 was shown Lo interact with the
tumour suppressor p53 and (o inhibit its transcriptional activation and growth
inhibitory (unctions (Mommand et «f., 1992; Finlay,1993; Barak et al., 1993;
Qliner ef al., 1993). The abilily of Mdm2 to regulate p53 activity provided an
explanation [or its oncogenic properties and it was not long before Mdm2 became

the focus of intensive rescarch which highlightcd its koy role in p53 regulation.

1-2.1 Mdm?2 gene structure and protein domains

Mdm2 gene structure and protein domains

The mdm2 gene has (wo different promoters P1 and P2, which lead to transcripts
initiating at different AUG codons. The upstream promoter P1 is constitutively
active and allows low levels of mdm2 expression. P2 is downstream from p53
binding sites located in the first intron of the gene, and is induced by p53.
(Freedman ef al., 1999). The ability of p53 to induce mdm2 transcription is the
basis of the autoregulatory fcedback loop which is crucial for regulation of p53

activity.

The regulation of mdm2 gene expression is rather complex and muliiple mRNA
splice forms are expressed to give rise to different Mdm?2 proteins (Momaund and
Zambetti, 1997). For example, in the 313 DM cell line, from which mdm2 was
originally identified, five Mdm2 polypeptides have been identified with sizes
ranging from 57 to 90 kilodaltons (kDa) (Olson er al., 1993) Nevertheless, the

distinctive functions of the multiple forms of Mdm2 remain elusive.
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Mdm2 protein domains

The largest Mdm?2 protein consists of 489 amino acids in the mouse and 491
amino acids in humans and contains several evolutionarily conserved domains
(figure 1.2).

The first conserved domain resides in the amino-terminus (residues 19-102),
which is necessary for p53 binding, and sufficient to inhibit its transcriptional

activation and growth arrest functions (Chen et af., 1993, Wu ef al., 1996).

Mdm?2 afso contains a domain rich in acidic residues located between amino acids
221-472, which allows its interaction with the ribosomal protein L5 (Marcchal et
al., 1994), as well as with the ARF tumour suppressor protein (Pomerantz et al.,
1998). This region is also important in the reguiation of p53 stability. Deletion
mutants in this region promote p353 stabilisation in a dominant negative fashion,
indicating the importance of this region in the degradation function of Mdm2

(Argenitni et al., 2001).

Additional structural features of Mdm2 include a zinc finger motif between
residucs 305-322, and a ring finger domain at amina acids 438-478 (Lozano and
Montes Oca Luna, 1998). Ring finger motifs arc protein-protein interaction
motifs with an ability to interact with DNA and RNA in some cases. The Mdm?2
ring finger has been shown to bind specific RNA sequences or structures in vitro
(Flenbaas er al., 1996). Importantly, the ring finger domain of Mdm?2 possesses
E3 ubiquitin ligase activity (Fang ef al., 2000). 13 ligases catalyse the final step

of ubiquitination, which invelves the transfer of an activated ubiquitin molecule
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onto their substrate. This function of Mdm2 is crucial for the regulation of p53

and Mdm?2 stability (Fang et a/., 2000).

Other key features of Mdm2 include sequences involved in its sub-cellular
localisation. The conserved basic nuclear localisation signal (NLS) is in close
proximity to a nuclear export signal (NES) and these sequences allow the
shuttling of Mdm2 between the nucleus and the cytoplasm (Roth et al., 1998).
Moreover, a nucleolar localisation signal (NoLS) has been identitied in the C-
terminus of Mdm2, which is not functional in the absence of strcss. However, this
signal cooperates with the NoLS of the tumour suppressor pl4*™ to allow the

relocalisation of bolh proteins to the nucleolus (Lohrum ef a/., 2000).

1-2.2  Mdm2 negatively regulates p53 tunction

The most important known function of Mdm?2 is the negative regulation of p53.
Mdm2 binds to p53 and inhibits its activity at multiple levels; namely,

transcriptional activation, stability and sub-cellular localisation.

Inhibition of p53-dependent pene expression

Mdm2 inhibits p53-dependent transcription by directly interacting with, and
masking its transactivation domain (Mommand ef af., 1992; Oliner ef al., 1993).
This region of p33 is required for its interaction with components of the
transcriptional machinery, including the TATA-binding protein (TBP), and
transcription associated factors such as TAF32 and TAF 70 (Thut ef af., 1995,

Lu and Levine,1995). The partial overlap of interaction sites of Mdm?2 and
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components of the franscriptional machinery on the (ranscriptional activation
domain of p53 provides a biochemical mechanism for Mdm?2-mediated inhibition

of p53-dependent transcription.

In addition to interacting with components of the ranscriptional machinery, p53°%s
transactivation function  depends on the presence of the transcriptional
coactivators p300/CBP (Avantaggiati er al., 1997, Lill er af., 1997, Thomas and
White, 1998). p300/CBP interact with pS3, promoting its acetylation, which
potentially cnhances its function as a transcription factor (Prives and Manley,
2001). Overexpression of Mdm?2 has been shown (o reduce p53 acetylation by
p300/CBP, a function that requires binding to both p53 and p300/CBP (Inoue et
al., 2001).

Interestingly, Mdm2 also interacts with p300/CBP, and has been proposed io
inhibit the association of the p53 N-lermunus and p300/CBP, thercby down-

regulating p53 transactivation (Wadgaonkar and Collins, 1999).

Finally, fusion of Mdm2 to a heterologous DNA-binding domain revcaled its
ability to repress p53-dependent and -independent transcription in an in vifro
transcription system. This suggested an additional mechanism of inhibiting pS3
transactivation, involving intrinsic repressor activities of Mdm?2 (Thut et al,

1997).
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Regulation of p53 stability

One of the ways in which Mdm2 regulates p33 function is by targeting it for
degradation by the 26S proteasome pathway (Haupt et al. 1997; Kubutat et a/.,
1997). Mdm?2 acts as a ubiquitin ligase (E3) for p53 and this function depends on
the ring finger (ang et al., 2000), as well as the central acidic domain of Mdm2

(Meulmeester ef af., 2003, Kawa ef af., 2003).

Another requirement for Mdm2-depcndent pS3 degradation is the p300
coactivator. It has been demonstrated that most of the cndogenous Mdm?2 is in
complex with p300 (Grossman et al., 1998), and that this intcraction is essential
for p53 degradation. Overexpression of a C/H1 polypeptide, comprising the p53
and Mdm2 binding regions on p300 acts in a dominant negalive manner to
mcrease p53 stability, whereas Mdm?2 mutants that are defective in p300 hinding
are compromised in their ability to promote p33 degradation but not ils

ubiquitination (Zhu et al., 2001).

Regulation of the subcellular localisation of p53

Mdm?2-directed ubiquitination of p53 has been implicated in p53 export. This 1s
supported by studies in which mutation of the ring finger domain abrogates the
ability of Mdm?2 to stimulatc p53 export (Boyd ez af., 2000; Geyer et al., 2000).

Morcover, Mdm2 is also unable to promote p33 coxport at the restrictive
temperature in a cell line containing a temperature-sensitive mutation in the E1

ubiquitin charging cnzymec. Re-introduction of” wild type El1 enzyme restores



Mdm2-driven p53 export, highlighting the importance of Mdm2-mediated

ubiquitination for p33 export (Boyd er af., 2000),

Finally, thc acidic region of Mdm?2 has also been implicated in its ability to
ubiquitinate p53 and this was correlated with nuclear export (Kawai ef /., 2003).
These observations support a model in which ubiquitination of p53 by Mdm?2
activates its nuclear export signal (possibly by unmasking), thus allowing its

transport into the cytoplasm.

1-2.3  Regulation of the p53-Mdm2 feedback loop

The functional interaction of Mdm?2 and p53 forms a negative feedback loop
wherein p53 upregulates Mdm?2 and Mdm?2 downregulates p53. This loop serves
to kecep 153 function under tight control, and its physiological relevance was
demonstrated by the early embryonic death of mdm2 null mice. This phenotype is
completely rescued by deletion of the p33 gene, indicating that embryenic
lethality is the result of excessive, uncontrolled p53 activity, and pointing to

Mdm?2 as a principal regulator of p53 (Jones et af., 1995).

However, for p53 to respond to stress signals, the feedback loop has to be
interrupted. This is thought to result form the many cellular signals that feed into
the p53-Mdm?2 circuit, and involves post-transiational modification of p53 and
Mdm?2, regulation of Mdm2 levels, as well as the action of a number of

cooperating proteins (figurel.3).
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Post-translational modification of p53

The major phosphorylalion events thought to impinge on the p5S3-Mdm?2 interplay
involve phosphorylation sites in the N-terminus of p53, within and near the Mdm?2
binding site. DNA damage-induced phosphorylation of diffcrent sites in p53 is
well documented and has been proposed to abrogate its interaction with Mdm?2,

thus relieving inhibition by Mdm2 (Alarcon-Vargas and Ronai, 2002).

Nevertheless, mutation of all the phosphorylation sites on pS3 to non-
phosphorylatable residues yields a protein that is comparable to wild type p53 in
terms of Mdm2 binding, sensitivity to Mdm2-mediated degradation, and
stabilisation by DNA damage (Ashcroft ef af., 1999, Blatiner ef al., 1999). On the
other hand, mutation of serines 15 and 37 to aspartic acid, which mimics the
phosphorylated state resulted in slight resistance to Mdm?2-dependent degradation.
These obscrvations suggest that phosphorylation can contributc to p53

stabilisation without being absolutely essential {Ashcroft ef al.,1999).

Post-transiational modification and dowun-regulation of Mdm2

The dissociation of p5S3 phosphorylation from its stabilisation by DNA damage
raised the possibility that DNA damage results in the modification of other
molecules involved in p53 regulalion. Being a major regulator of p53, Mdm2 was
an attractive candidate and has been shown 1o be a phosphorylation target for a

number of kinases (Hay and Meck, 2000).
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Mdm2 phosphorylaytion on serine 395 by the ATM kinase has been reported {o
occur prior to p53 accumulation in response to ionising radiation (IR) (Khosravi e?
al., 1999, Maya et al., 2001). An Mdm?2 mutation that mimics phosphorylation at
this site does not affect the binding of Midm2 to p53 but compromises its ability to

destabilise p53 and promote its nuclear export (Mayu ef al., 2001).

Similarly, ¢-Abl mcdiated phosphorylation of Mdm2 on lyrosine 394 was
suggested to reduce Mdm?2°’s ability to promote p53 degradation, as well as its
ability to inhibit p33 transcription and apoptosis (Goldberg et al., 2002). As both
ATM and c-Abl have been implicated in p53 stabilisalion in response to DNA
damage, it is conceivable that regulation of both components of the p53-Mdm?2
[ecdback loop by the samc kinasc ensures a well-coordinated p53 response (Maya

et al., 2001; Goldberg ef al., 2002).

Mdm2 phosphorylation is not exclusively associated with down-regulation of its
effect on p53. Phosphorylation of at least two residues, serines 166 and 186 is
mediated by the Akl Sc1‘i11e;f{11rtle0nine kinase in response to mitogenic signals
(Mayo and Donner, 2001; Zhou et af., 2001; Ashcroft ef /., 2002). This allows
nuclear entry of Mdm?2 and cnhanccs its ability to interact with p300 (Mayo and
Donner, 2001; Zhou et a/., 2001). Consequently, Mdm2’s abilitly to inhibit p353 is
enhanced, an effect reversed by blockade of the PI3/Akt signalling pathway

(Mayo and Donner, 2001).
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Regulation of Mdni2 levels has also been linked to p53 stabilisation in response to
certain DNA damaging agents. Alkylating agents and UV radiation have been
reported to reduce the levels of Mdm2 mRNA and protein, and fo decrease p53
ubiquitination, providing an additional mechanism of p53 activation {Inoue e a/.,

2001).

Regulation of the p53-Mdm2 [vop by intferacting proteins

N

ARF

The ARF tumour suppressor contributes to the stabilisation of p53 in response to
oncogene activation. The ARF protein binds directly to Mdm2 and inhibits
Mdm?2-dependent p53 ubiquitination (Pomerantz e «/., 1998; Honda and Yasuda,
1999). Furthermore, at least when expressed at high levels, ARF can sequester

Mdm?2 in the nucleolus, thus physically preventing its interaction with p53 (Weber

et al., 1999).

Rb

Mutations or inactivation of both p53 and Rb are very commonly found in
tumours. p53 is involved in the regulation of Rb phosphorylation through
activating the expression of the cyclin kinase inhibitor p21. Moreover, Rb can
affect p53 levels and function through its interaction with Mdm2. The binding of
Rb to Mdm?2 prevents its ability to promote p53 degradation, and inhibits its anti-

apoplolic functions (Hsieh et al., 1999).
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HIF-1o

HIF-1au is the regulated component of the hypoxia responsive HIF trunscription
factor, and has been implicated in the stabilisation of p53 in response to hypoxia.
This is thought to involve the interaction of HIF-1a and Mdm?2, which prevents
Mdm2-medialed ubiquitination, degradation and nuclear export of p53.
Furthermore, co-expression of HIF-la in a reporter assay abrogated the ability of
Mdm2 fo repress transcription in a transient transfection assay. These data
provide a potential mechanism for the regulation of the p53-Mdm?2 loop under

conditions of hypoxia (Chen et al., 2003).

1SG10!1

TSG101 is a ubiquitin conjugasc (E2)-like protein whose levels were found fo
decrease in the presence of high levels of Mdm?2. Conversely, TSG10l can
prevent Mdm2 degradation by the proteasome, and thus may form a ncgative
feedback loop with Mdm?2. This regulatory cireuit might impinge on the p53-
Mdm2 loop since the lethal phenotype of tsgl 0/ * mice is partially rescued by the

concomitant deletion of p53 (Li et al., 2001, Ruland ef /., 2001).

1-2.4 p5S3-independent fuunctions of Mdm?2

Overexpression of Mdm?2 contributes to human tumour formation, and this is
largely attributed to its ability to inhibit p53 function. However, as the list of
Mdm2-interacting proteins is becoming progressively longer (figure 1.2), several
lines of cvidence point to additional p53-independent functions of Mdm2, which

could potentially contribute to tumour formation.
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First, if the oncogenic potential of Mdm?2 }x;el‘é”restricted to the down-regulation
of p53, inappropriate expression of Mdm?2 in tumouwrs carrying p53 mutations
would be a redundant event. However, mdm?2 gene amplifications and p53
mutations have been reporied to occur in a rare subset of tumours. These tumours
arc morc aggressive than tumours carrying one of the two alterations (Cordon-
Carlo et al., 1994). Moreover, splice variants of Mdm?2 lacking the p53-binding
domain have heen found in certain human tumours, and these appcar to retain

their transfonming abilities (Sigalas ef af., 1996).

Another linc of cvidence comes from transgenic mice with targeted
overexpression of Mdm2 in the mammary epitheliom (Iundgren et al., 1997).
High levels of Mdm2 resulted in hyperplasia of the ducts of breast tissuc, as well
as lack of terminal differentiation and polyploidy. This phenotype was
maintained despite crossing into a p53 null background, but was not observed in
p53 null mice that do not overexpress Mdm2. These observations suggest that the
tumourigenic activitics of Mdm?2 in this situation do not involve p53 inhibition

{(Lundgren et al., 1997).

Several characteristics of Mdm2 could contribute to ils p33-independent
oncogenic potential. As discussed below, Mdm?2 forms an interacting partner for
a number of proteins involved in the control of ccllular proiiferation and/ or

differentiation ([igurc 1.2.A). Some of these interactions are summarised below.
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In addition to structural similarities, the p53 homologue p73 shares some
functional properties with pS3, namely induction of cell cycle arrest and
apoptosis. Mdm2 interacts with p73 and inhibits its transactivation and apoptotic
function without promoting its degradation, or nuclear export. Moreover, Mdm2
disrupts the interaction of p73 and p300 by competing with p73 for binding to the
N-terminus of p300 (Zeng ef al., 1999). Tt can also promote the redistribution of
p73 to nuclear agpregates, indicating divergentl regulatory mechanisms for p53

and its homologue (Gu et af., 2001).

E2r-1

An exciting candidate for regulation by Mdm?2 is E2F-1. Mdm2 interacts with the
E2F1/DP-1 heterodimer and increases E2F-1-mediated transaciivation in an
overexpression assay (Marlin e al., 1995). Moreover, Mdm2 cooperates with
E2F-1/DP-1 to stimulate DNA synthesis but also promotes the degradation of the
heterodimer. This has been proposed to reduce the abundance of the heterodimer

to levels appropriate for the GI-S transition but that are insufficient for the

induction of apoptosis (Loughran and LaThangue, 2000).

PML

The tumour suppressor PML is a nuclear phosphoprotein that characteristically
localises to distinct nuclear foci referred to as PML nuciear bodics (NBs).

PMI" mice have an increased susceptibility to carcinomas following treatment

with tumour promoting agents, and the cells derived from these mice display
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resistance to apoptosis (Wei ¢f «f., 2003, and references thercin).  The
mechanisms of tumour suppression by PML remain unclear but apparently depend
on its crucial role in the formation of NBs. Furthermore, PML can stimulate p53
activity by recruiting it, together with the transcriptional coactivators CBP/p300 to
the PML NBs, where p53 acetylation by its coactivators is believed to enhance its

function as a transcription factor (Pearson et al., 2000).

Mdm?2 interacts with PML and promotes its relocalisation to the cytoplasm, and
reduces its ability to stimulate the transcriptional activity of a Gal4-CBP fusion
protein (Wu et al., 2003). As the proper localisation of PML is important in its
function, it has been proposed that Mdm?2-mediated export could contribute to the

inhibition of PML function (Wei ef /., 2003).

Furthermore, Mdm2’s contribution o tumourigenesis could also invelve the

inhibition of tissue/cell type transcription factors:

MyoD

Amplification of the mdm2 gene has been described in certain rhabdoniyosarcoma
cell lines displaying a non-differentiating phenotype (Fiddler ef al., 1996). In
such cells, {ransfection of an anti-sense mdm.Z induced muscle specific genc
expression, suggesting that Mdm?2 is responsible for the lack of muscle specific
gene expression and also for the lack of differentiation of these cells. One

possible explanation for this effect of Mdm2 is its ability to block the
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transcriptional activity of the muscle-specific transcription factor Myo D (Fiddler

et al., 1996).

Numb

Numb is involved in cellular signalling and is believed to act as a determinant of
neural cell differentiation and/or ccll fate (Juven-Gershon et al., 1998).

Mdm?2 interacts with and promotes the ubiquitination and degradation of the
mammalian Numb protein. Moreover, elevated levels of Mdm?2 can also promote
the nuclear export of Numb (Juven-Gershon ef «f., 1998, Yogosawa ef al., 2003 ).
Thus, the ability of Mdm2 to regulate Numb levels may indicate a role of Mdm?2

in cell differentiation or cell fate.

1-2.5 Mdmn2 as a target for cancer thexapy

Mdm?2 is an attractive target for cancer therapy because of its pivotal role in pS3
regulation. Blocking the Mdm2-p33 interaction would relieve Mdm2-imposcd
inhibition and allow the accumulation and activation of p53. This has been
shown by the use of a synthetic protein which blocks pS3 binding (BOttger ef al.,
1997).  This protein greally elevates the levels of p33, and induces ils
transactivation and cell cycle arrest unctions in a comparable manner to DNA
damage. Moreover, micro-injection of a monoclonal antibody against the p53
binding domain of Mdm2 blocks the association of p53 and Mdm2 and allows the

activation of pS3 reporter genes (Boitger et al., 1997).
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Another mechanism of relicving inhibition of p53 by Mdm2 would be to reduce
the levels of Mdm?2 in cell lines that overexpress it. The use of anti-sense
oligonucleotides for the mdm2 message induces p33-dependent gene transcription
and apoptosis in cell lines overexpressing Mdm?2 and carrving wild type p53

(Chen et al., 1998).

Although these and other results are encouraging, and show the therapeutic
potential of targeting Mdm?2 to interrupt the pS3-Mdin2 regulatory circuit, the
transition from experimental systems to in vivo drug administration has proved
difficult due to physio-chemical properlies of cerlain inhibitors, as well as the

incredible diversity displayed by tumours (Chene, 2002)

1-2.6 _Conclusion

The Mdm?2 oncoprotein is a fascinating molecule, not only because of its ability to
closely control p53 aclivity, but also because ol its potential partnership with

other regulators of cell growth and difterentiation.

The relationship between pS53 and Mdm?2 provides a well established example of
the relationship between a tumour suppressor and an oncoprotein. The ability of
Mdm?2 to regulate p53 is coordinated with cellular conditions, thus ensuring that
p53 inactivation is restricted to normal conditions, and allowing pS3 to break {rec

in response to stress.



An emerging pattern in the regulation of the p53-Mdm2 circuit 1s the
simultancous recgulation of both partners by the same kinase, This adds precision

to the coordinated regulation of the two proteins.

In addition to its critical role m p53 regulation, the p53-independent properties of
Mdm?2 are likely to contribute to its oncogenic potential. Therefore, elucidating
the physiological significance of these propertics would further our understanding

of the role of Mdm?2 in cellular transformation.

54



L.2. Structural features of Mdm2

The functional domains of Mdm?2 are shown. NLS, nuclear
localisation sequence; NES, nuclear export sequence; ZF, zinc
finger domain; NoLS, nucleolar localisation signal. Some Mdm?2 -
interacting proteins and their sites of interaction are shown ( Daujat

et al., 2001, Wei ef al., 2003).
© Phosphorylation events enhancing Mdm?2’s inhibition of p53

® Phosphorylation events inhibiting Mdm?2's inhibition of p33



Mdm?2

P53 binding N_L_S Acidic region ZF Ring finger
NES NoLS
p300 Rb RNA binding

Numb
ARF
TBP
PML

PML




1.3. Regulation of the pS3-Mdm?2 feedback loop

The interplay between Mdm?2 and pS53 forms a negative feedback
loop in which p33 upregulates Mdm2 cxpression (red arrow)

whereas Mdm2 downregulates pS3 (Blue arrows).

The loop is interrupted by stress signals, allowing thc activation
of pS3. DNA damage activates a number of kinases with
opposing effects on the activity and stability of p53 and Mdm?2.
Other types of stress may involve the activity of p53-cooperating

molecules such as ART, HIFia, and Rb.

Conversely, Akt-mediated phosphorylation of Mdm?2 cnhances

its ability to inhibit p53 function.
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1-3. Regulation of p53 by p300/CBP

Many protein-protein interactions have been implicated in the regulation of p53
activity,. Onc of thc most important and most intensively studied of these
interactions is that with Mdm2 which was discussed in the previous section.
Another major regulator of p53 is the p300/CBP family of proteins. These
proteins act as coactivators for pS3. p300/CBP regulation of p53 is more
complex than simple stimulation of transcriptional activity and involves

cooperation with both positive and negative regulators of p53.

1-3.1 p306/CBP

The p300/CBP proteins are members of a family of proteins that, through
contributing to various signal dependent-transcription events, participate in many
physiological processes, including proliferation, differentiation and apoptosis

(Shikama e af., 1997).

The cellular functions of p300/CBP are compromised in a number of diseases
affecting the p300/chp genes. Haplo-insufficiency of CBP causes Rubinstein-
Taybi syndromc (RTS), a condition characterised by mental retardation, various
physical abnormalities and increased predisposition to cancer (Petrij et al., 1995).
Similar abnormalilies are observed in mice heterozygous [or a disruption in the
chp gene and these mice have an increased incidence of leukacmias and cerlain
types of sarcomas (Tanaka et al., 1997, Kung et al., 1999). These data indicate

that gene dosage of CBP, and therefore, the level of the protein, is important for
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its function and that despite sharing extensive homology, p300 cannot substitute

for CBP function.

Mutation of the p300/cbp genes has been observed in a number of human
tumours. Somatic mutations in the p300 gene have been observed in breast,
gastric and colon cancer and arc often associated with loss of heterozygosity of
the second allele (Gayther ef a/., 2000). Furthermore, chromosomal translocations
involving the chp and p300 genes are associated with certain forms of leukaeniia,
indicating a rolc in the proliferation and diffcrentiation of hacmatopoictic cells.
Therefore, p300 and CBY display some classical fealures of tumour suppressors

(Gayther ¢f al., 2000).

p300/CBP function as coactivators in that they assist transcription by sequence-
specific DNA binding transcription factors. A considerable number of
transcription factors haye been reported to interact with p300/CBP and to respond
to its coactivating properties (figure 1.4)(reviewed in Shikama er al., 1997).
These include ligand-dependent nuclear receptors, transcription factors involved
in myogenesis, and in mitogenic and serum-responsive signalling. Moreover,
signal ftransduction by the JAK/STAT pathway in response to interferon
stimulation utilises the coactivating propertics of p300/CBP (Shikama et «l.,

1997).

Competition among various transcription factors for limiting levels of p300/CBP

has been proposed as a mechanism of regulating transcription in response to
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different cellular signals. This is supported by studies demonsirating that the
engagement of p300/CBP 1n transcription by various hormone receptors inhibits
AP-1-dependent transcription.  Hormone signalling is often associated with
differentiation and inhibition of proliferation whilst AP-1 is involved in mitogenic
signalling. Thus, it is possible that p300/CBP function is targeted to a specific
subsct of transcription factors in response to various signal transduction pathways

(Kamei et al., 1996).

The ability of p300/CBP to interact with a multitude of transcription factors and
with companents of the basal transcription machinery allows it to cormect these
molecules, allowing transcriptional activation (Shikama ef al., 1997).

Furthermore, the central domain of p300/CBP contains a domain with hisione
acetyltransferase activity (HAT), which allows the acctylation of lysine residues
in histonc tails, a process associated with transcriptional activity. The HAT
activity of p300/CBP also cxtends to the (ranscription factors themselves,
enhancing their transcriplional activity (reviewed by Chan and LaThangue, 2001).
In fact, many of the tumour associated mutations of the p300 gene resull in loss of
the acetyltranslerase aclivily, indicating that the ability to acetylate one or more
cellular proteins may be critical for the control of cell growth (Gayther et al,

2000).

p300/CBP are also believed to mediate their function by acting as a platform for
the assembly of multi-compeonent coactivator complexes, which can also contain

other IATS such as SRC-1 and P/CAF (Chan and La Thanguc, 2001). The
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formation of these multi-component complexes may serve to increase the relative
concentration of transcription regulatory proteins in the local transcription
environment and facilitale protein-protein and prolein-DNA interaclions. Since
many proteins interact with p300/CBP 1n response to various signals, the ability to
nmucleate the formation of multi-protein complexes would also facilitate the
integration of a variety of cellular signals and would allow the coordination of
these signals with tanscription, TI'inally, by forming different combinations of
these cofactors, the cell can generate a very large number of regulatory complexes

through combinatorial specificity and synergism (Chan and LaThangue, 2001).

1-3.2 p300/CBP and p53 regulation

The adenovirus E1A targets p300/CBP and can generally repress the activation of
promoters that utilise the coactivating properties of p300/CBP, including p53-
target promoters. The inability of p300/CBP binding defective E1 A mutants to
repress pS3-dependent transcription provided one of the first clues to the role of
p300/CBP in pS3 activity (Somasundaram and El-Deiry, 1997). Since then,
numerous studies have proved the importance of p300/CBP in the regulation of
p53. The transfection of E1A was shown to inhibit p300/CBP and block p53-
dependent (ranscriptional activation and apoptosis. Cotransfection of full length
p300 restores both tunctions of p33 (1.1l et al., 1997). Moreover, p53-dependent
apoptosis was abrogated by dominant-negative derivatives of p300/CBP proteins.
These, and many more studies have cstablished p300 and CBP as critical

regulators of p33 function.
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Acetylation of p53 by p300/CBP

In addition to histones, the HAT activity of p300/CBP targcts p33 for acetylation
at the C-terminus {(Gu and Roeder, 1997, Ito ef af., 2001). Acetylation of p33 by
p300/CBP, and also by P/CAF has been shown to be induced by a variety of
cellular stresses (Ito et al., 2001), and to be stimulated by phosphorylation at the
N-terminus (Sakaguchi ef ¢/.,1998). The inilial studies suggested that acetylation
enhances sequence specific DNA binding by p53 (Gu and Roeder, 1997,
Sakaguchi et al., 1998). lowever, this view has been challenged by many studies
showing lack of effect of acetylation on DNA binding by pS3. For example,
comparison of p53 acetylation mutants with the wild type protein in CHIP assays
showed equal binding of both forms to the p21 promoter in U208 cells (Barlev et
al., 2001). The funclional significance of p53 acetylation is still ambiguous and
the best current guess is that it mighi have a positive effect on transcripional
activity of pS3 without being absolutely and ubiquitously essential (Prives and

Manley, 2001).

p33 stability and the Mdm2 connection

The multifunctional nature of p300/CBP is highlighted by their dual role in the
regulation of p53. In confrast to their positive cffect on pS3-dependent
transcription, p300/CBP are essential for the degradation of p53 by ils negalive
regulaltor Mdm?2 (Grossman et af., 1998). In facl, most of the endogenous Mdm2
is believed to be in complex with p300 and Mdm2 mutantls that arc defeetive in
p300 binding lose their ability to promote p53 degradation (Grossman ef al.,

1998, Zhu et al., 2001)
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p300/CBP contain three highly conserved cysteine and histidine-rich domains
referred to as C/H1, C/H2 and C/H3. These domains are believed to be important
in mediating protein-protein intcractions and interact with a number of cellular
and viral proteins. The most N-terminal of these, C/H1, has been shown to bind
p33 as well as Mdm2. Overexpression of this domain in osteosarcoma cells led to
the stabilisation of endogenous p53. This was dependent on C/H1 binding to
Mdm?2 but not Lo p53 (Grossman et al., 1998).

Further, p300 was shown to cooperate with Mdm2 in the polyubiquitination of

p53, thus acting as an E4 enzyme for p53 ubiquitination (Grossman et al., 2003).

Recruitinent of cofactors

As discussed above, p300/CBP can act as a scaffold for the formation of multi-
component coactivator complexes which are appropriate for the particular
transcription event. Because the molecular composition of such complexes
dictates their [unction, identilication of the individual components is crucial for a
better understanding of p300/CBP regulation and function. Cofaclors that interact
with p300/CBP have been identificd such as NAP and P/CAF (Shikama et al.,

1997; Schiltz and Nakatani, 2000).

Consistent with its role in p53 transactivation, p300 may also be¢ inveolved in the
recruitment of colators that enhance the p53 response. Two such cofactors, IMY

and Strap, have been identified recently and have been shown to impact on p353

function.
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1-3.3 JMY and Strap. novel cofactors for the p53 response

JMY and the p53 respornse

IMY (Junction mediating and regulatory protein) and p300 cooperale lo augment
the p33 response. This cooperation results from the ability of the two proteins to
interact directly with each other, and to bc rccruited to the p53 complex in
response lo DNA damage (Shikama e uf., 1999).

IMY is a 110 kDa protein with a number of interesting features (figure 1.5). The
N-terminal part of the protein contains a cluster of potential phosphorylation sitcs
for S/T-P-directed kinases, including three consensus sites for cyclin-dependent
kinases. A central region contains a domain with homology to the adenoviral
CR2 conserved region. The C-terminal half of IMY contains a WH2 (Wiscott
Aldrich homology) domain which in other proteins is associated with actin
regulation, as well as a proline-rich domain (Shikama et @/.. 1999, and

unpublished observations).

Spliced variants of IMY mRNA occur in certain types of cclls. One of these
variants is translated into a protein isoform of JMY, termed IMYAP, that neatly
lacks the proline rich region found in the C-terminus of the wild type protein. The
physiological significance of this variant became clear when its effect on the p33
responsc was comparcd to that of the wild type protein.

Co-expression of IMY and p300 results in enhanced p53-dependent activation of
the hax gene. However, the effect of IMY on other p53-responsive promoters,
namely wafi/cip! and mdm2 is less pronounced. In contrast, IMYAP is less able

to enhance franscription from the bax promoter. Given the role of Bax in
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apoptosis, these data prompted the examination of the role of JMY and ITMYAP

in p53-dependent apoptosis and growth arrest (Shikama et al., 1999},

Wild type MY efficiently enhanccs p53 dependent apoptasis whereas JMY AP
has a negligible effect on apoplosis. In contrast, JMYAP is more active at
inducing cell cycle arrest relative to JMY (figure 1.6), These data suggest a
potential role for the expression of different JMY isoforms in thc modulation of

the p53 response.

Strap: stress vesponsive activator of p300

Strap, another component of the p300 coactivator complex, was isolated as a
JMY -inleracting protein in a yeast two-hybrid screen. Strap is composed of six
tetratricopeptide repeat (TPR) motifs, which are generally involved in mediating
protein-protein interactions (figurc 1.5). This property of Strap is reflected in its
ability to iateract with both JMY and p300 and to facilitate (heir imleraction

(Demonacos et al., 2001).

As the name indicales, Strap is a stress responsive protein and is induced in
response to a variety of DNA-damaging stress signals, with a marked response to
ctoposide treatment. Stabilisation of Strap further stimulates complex [ormation
between JMY and p300, and also increases the association of Strap with the p53

complex.
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Consistent with its ability to interact with two p53 cofactors, JMY and p300, Strap
also increases p53 activity on p33-responsive promoters, and augments p53-
dependent apoptosis. These functions of sirap correlate with its ability to override
the inhibitory effect of Mdm2 on p53 levels and transcriptional activity. The
effcct of Strap on p53 activity is less pronounced in the absence of Mdm2,

suggesting that modulation of the activity of Mdm2 contributes to this function.

Taken together, these data point to an important role for Strap in the pS3 response,
which may involve the formation of multi-cofactor complexes as well as
modufation of Mdm2 activity and of p53-dependent transcription (Demonacos et

al., 2001).

1-3.4 Conclusions

The p300/CBP coactivators occupy a cenfral position in the complex cellular
network controlling cell growth and differentiation. T'he formation of p300/CRP-
containing mulli-protein complexcs contributes to the cross-talk between diverse

cellular signals and to the ftranslation of these signals into patterns of genc

expression.

p300/CBP arc important regulators of p33 activity and have opposing effects on

the tumour suppressor. The dual function displayed by p300/CBP in p53

regulation reflects their pleiotropic nature.
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p53 regulation involves multiple layers of control which regulate every aspect of
s function. The identification of p53 cofactors that can affect the outcome of the
response (as shown for IMY isoforms), or that can modulate p53 activily through
modulating its rcgulators (illustrated by the relationship between Strap and
Mdm?2) adds another level of complexity to p53 regulation. In order to ensure a
coordinated response, such cofactors would be expected to be under regulation.
Understanding of the regulatory mechanisms that impact on coactivator function
is, therefore, crucial for better understanding of the p53 response, and can

polenlially provide novel targets for cancer therapy.
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1.4. The functional domains of p300.

The cysteinc/histidine-rich domains CH1, CH2 and CH3; the
KIX domain and the bromodomain, Br, of p300 are shown. CBP
shows high sequence homology to p300. The N- and C-terminal
domains of p300/CBP can function as transactivation domains,
and the central region accommodates the acetyl-transferase

domain.

The pleiotropic nature of p300/CBP is reflected in their ability to
interact with proteins involved in various ceilular processes. The
regions involved in protein-protein interactions and some of the
interacting proteins arc shown (Chan and LaThangue, 2001).
The binding domains in p300 for JIMY and Strap were taken
from Shikama et al, 1999 and Demonacos ef al., 2001;

respectively.



Transactivation domain Acetyl-transferase  Transactivation domain
1 CHI KIX Br CH2 CH3 2414
611 1257 1572 2283
IMY IMY
1 595 1572 2283
Strap Strap
RXR Stat2 CREB EIA
ER  E2F-1 Tax SV40 T antigen
RAR p53  RelA E2F1
GR  Mdm2 MYB pS3
TR SYT JUN P/CAF
PR HIFI SREBP-2 MyoD
FOS
T
i SYT
3
p7 p73
™8P

JUN
TF,B



1.5. Structural features of JMY and Strap

JMY :S/T-P region with a cluster of potential phosphorylation
sites for S/T-P directed kinases; CR2 : region with sequence
homology to the adenoviral CR2 region; WH2, Wiscott-Aldrich
syndrome homology domain 2; P-rich, proline rich domain;
Strap: 1-V1, tetratricopeptide(TPR) motifs in Strap. Interaction
domains for Strap, JMY and p300 are shown (Demonacos ef

al..2001).



Strap
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1.6. _Protein_isoforms of JMY alter the outfcome of the p33

respornse

IMY cooperates with p300 to enhance the p53 responsc and
augment p53-dependent apoptosis. In contrast, the isoform
IMYAP has compromised apoptotic activity and possesses

greater cell cycle arrcst activity than JIMY.
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1-4. Control of protein function by regulation of nuclear

fransport

The exchange of molecules between the nucleus and the cytoplasm is tightly
regulated by the nuclear envelope. This ensures that genctic information is
protected and transmitted correctly, and facilitates the coordination of nuclear and
cytoplasmic processes (Corbett and Silver,1997). Access across the nuclear
envelope involves the nuclear pore complexes (NPCs) (Keldberr ef al., 1984),
which are large protein structures composed of approximately 100 different
proteins referred to as nucleoporins. Metabolites, ions and molecules smaller than
40kDa can diffuse passively through the NPC, while larger molecules tend to be

actively transported (Doye and Hurt, 1997).

Nuclear import and cxport mechanisims exhibit considerable diversity, and are, in
certain cases, regulated rather than constitutive. The ability to regulate the nuclear
transport of certain molecules allows the integration of intracellular and
extracellular input signals, and the tailoring of the ccliular response to particular

signals.

1-4.1 Basic steps of nuclear transport

Nuelear transport reactions (import or export) involve the same basic steps:

Tirst, the transport cargo is recognised by, and associates with its transport
receptor. This involves recognition of nuclear transport signals in the cargo
molecule. The next step involves docking of the receptor-cargo complex at the

nuclear envelope through interaction of the transport reccptor with nuclcar pore



proteins. This is followed by the translocation of the transport complex through
the nuclear pore complex (NPC), and, finally, transport is terminated by
irreversible dissociation of the cargo-receptor complex, and transport receptors are

recycled for use in an another round of transport (Corbett and Silver, 1997).

1-4.2 Nuclear transport signals

Identification of cargos by the transport machinery involves inhercnt cis-acting
signals within the cargo molecule. These show a great level of diversity and
include:

Nuclear localisation signals (NLS)

The classical NLS was the first transporl signal to be identified and comprises a
shott stretch of positively charged residues, generally lysine or arginine residues
(Corbett and Silver, 1997). The bi-partitc NLS contains two basic clusters of
positively charged residues separated by a spacer region (Corbett and Silver,
1997). Other nuclear localisation signals include ankyrin repeats in the NIiB
inhibitor, kBt (Sachdev et al., 1998.; Lee and Hannink, 2002) and the trimethyl-

guanosine cap used in snRNA transport (Huber et ¢f., 1998).

Nuclear export signeals (NES)

Nuclear export signals were first identified by mutational analysis of proteins that
are rapidly translocated from the nucleus to the eytoplasm. The best understood
nuclear export signal (NES) is the leucine-rich NES in proteins such as the HIV
Rev protein (Fischer ef al., 1995), and the protein kinase A inhibitor (Wen ez al.,

1995). Similarly to NLS sigunals, nuclear export signals show great variability but




are generally characterised by a cluster of hydrophobic residues; generally
leucines but isoleucine and valine residues are also present in certain NESs

(Corbett and Silver,1997).

Nucleocytoplasmic shuttling signals (NS)

Nucleocytoplasmic shuttling signals are bi-directional transport signals (Michacl
2000). All proteins currently known to have a nucleocytoplasmic sequence arc

mRNA-interacting proteins.

The M9 motif is an cxample of an NS signal. It is much larger than a classical
NLS (38 amino acids) and does not contain clusters of basic residues. M9 has
been implicated in both the import and export of the RNA binding protein hnRNP
Al, and these two funciions proved to bc inseparable (Michael‘ZZOOO). In other,
less extreme cases, nuclear import and export functions of the NS overlap but are
spacially scparable, and can be independent of transport receptor binding,

involving direct interaction with the NPC (Michael, 2000).

1-4.3 Nuclear transport receptors

Nuclear localisation signals are recognised by members of the nuclear import
receptor family. These rcceptors arc generally large acidic proteins with an N-
terminal RanGTP binding domain and an N-lerminal cargo binding domain.
Another important feature of these receptors is their ability to interact with

components of the nuclear pore complex (Adam, 1999).
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Different types of NLS appear to associate with distinct receptors (Nadler ef al.,
1997). The importinbt/[_’; complex 1mports “classical NLS”-containing proteins.
While both subumits of the import receptor can interact with NLS sequences, the o,
subunit displays stronger binding and is believed to be responsible for interaction
with the NLS-bearing substrate while importin B mediates binding to the nuclear

pore complex (Gorlich er al., 1995).

Other importin a/p -like proteins bave also been identified. For example, import
of the M9-containing hnRNP Al protein is mediated by the import receptor
transportin, a distant relative of importin B (Pollard et a/., 1996), and the adaptor
protein snurportin-1 has been shown fo interact with importin B and mediale

snRNA import (Huber et ol., 1998).

Studies of nuclear export receptors have been greatly facilitated with the use of
the antibiotic Leptomycin B. Leptomycin B was found (o inhibit the export of the
HIV Rev protein, and to inhibit Rev-mediated RNA export (Fornerod ef al., 1997;
Wolfl ez al., 1997). LThe ability of leptomcin B to block exporl of other NES-
containing proteins indicated that it was an inhibitor of the nuclear export
machinery and identification of the cellular target of lepfomycin B revealed the
function of CRM1 as a nuclear export receptor. CRM1 shows sequence similarity
with importinf suggesting that nuclear ransport receptors form a family of

proteins (Fornerod ef ¢/.1997; Wolff er l., 1997).
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1-4.4 Carco-receptor interaction

The dircetionality of nuclear transport depends on the distribution of iransport
receptors and the regulated association of these receptors and their cargos.
The small GTPasc Ran plays a crucial role in the directionality of transport as it

regulates the assembly and disassembly of nuclear transport complexes.

Ran exists in two nucleotide-bound states: Ran GTP and Ran GDP. The
distribution of proteins that conirel the GTP/GDP-bound states of Ran creates a
steep gradient across the nuclear envelope such that Ran GTP localises mainly to
the nucleus whereas Ran GDP is cytoplasmic (Izawrralde e/ al., 1997, Nachury

and Weiss, 1999).

The association of export receptors with their cargo requires interaction with
RanGTP in the nucleus (Izawrralde ef al, 1997) and their dissociation occurs in
the cytoplasm where Ran GTP is rapidly hydrolysed into the GDP-bound form
(figure 1.7).

On the other hand, Ran GDP forms a stable association with cargo-import
complexes in the cytoplasm (Hopper e «l., 1990, Mahajan ef al., 1997). The
cargo is released in the nucleus upon binding of Ran GTP to the nuclear import
receptor (figwre 1.7). The importance of the Ran GTP/GDP gradient is
hightighted by in vitro cxperiments showing that when the Ran GTP/GDP
gradient is inverted across the nuclear membrane, the direction of the traffic is

reversed (Nachury and Weis, 1999). Furthermore, depletion of Ran GTP levels



by sodium azide has been reported to block nuclear transport (Schwoebel ef al.,

2002).

1-4.5 Regulation of nuclear transpoyxt

The multi-step nature of nuclear transport mechanisms provides several potential
points of rcgulation. These include regulation of components of the transport
machinery and regulation of the association between the receptor and cargo

molecules.

Reaulation of the transport machinery

The physiological state of the cell has been suggested to dictate the rate of nuclear
transport and the maximum aperture of the nuclear pore complex (Feldherr ef al.,
1998). For instance, the passage of cells from a quiescent to a proliferating, to a
transformed cell increases (he rate of nuclear transport as well as the aperture of
the nuclear pore complex (Feldherr et al., 1998).

Moreover, modification of the nuclear pore complex may contribute to the
regulation of nucleocytoplasmic traffic. Kchlenback ef al., have recently shown
that phosphorylation of a component of the nuclear pore complex inhibits
importin § and transportin-dependent import, without affecting CRM 1-dependent

export (Kehlenback et al., 2000).

Another mechanism of regulation involves preferential use of transport factors.

Mammalian cells contain three families of importin o proteins. Although there

may be considerable functional redundancy among these, some evidence suggests
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the existence of non-overlapping functions and specificity as illustrated by the
taport of the transcription factor STAT1 which specifically requires importin o5

(Sekimoto et al., 1997).

Regulation of transport through regulation of cargo molecules

a)Post-translational modification

Post-translational maodification of nuclear transport signals can affect the
accessibility of these sequences {0 the transport machinery and alter the affinity of
the cargo for receptors. Examples that illustrate the regulation of nuclear transport

by post-translational modification are summarised below.

Phosphorvlation

Phosphorylation of the yeast transcription factor Pho4 allows its interaction with
the export factor Msn5 (Komeili et al., 1999). Phosphatc starvation provides the
stimulus that triggers dephosphorylation of a serine residue in the NLS. This
relieves inhibition and allows the association of Pho4 with the import receptor

Psel (Kaffman ef a/., 1998).

In conirasl, phosphorylation of signal sransducers and activators of franscription
(STATSs) activates their (ransactivation funclion. STATs are involved in the
interferon-mediated cellular response to viral infection (O’shea et a/., 2002).
Interforon stimulation activates the JAK kinases which in turn, phosphorylate
tyrosine residues of STATs, allowing their dimerisation and subsequent nuclear

transport and DNA binding (O’shea ef al., 2002). Dephosphorylation of STATs




and their dissociation from DNA is believed to unmask their NES signal, allowing

CRM1-driven nuclear exporl (O’shea er af., 2002).

Methylation

Methylation of arginines has been proposed te affect the export of some yeast

hnRNPs (Shen et al., 1998).

Ubiguitination

The oncoprotein Mdm2 negatively regulates the p53 tumour suppressor at
multiple levels, including subcellular localisation . Early studies suggesled the
function of Mdm2 as a shuttling protein that can transport p53 out of the nucleus
(Roth et al., 1998). However, more recent findings demonstrated that the
ubiquitin ligase activity of Mdm2 rather than its nucleocytoplasmic shuttling
properties is critical in regulating the nuclear exclusion of p53 (Boyd ez al., 2000;
Geyer ef ¢l, 2000). Since Mdm2 promotes p53 ubiquitination at lysine residues
near the C-terminal NES, it was speculated that ubiquitination may reveal the p53

NES and allow its nuclear expori. This is supported by the inability of p53

ubiquitination mutants to undergo Mdm2-directed export (Lohrum et /., 2001).

bh) Protein-protein interaction

Masking

Masking involves the competitive binding of an accessory protein to the

NLS/NES signal, which masks the signal from the import/cxport machinery.
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A well characterised example of transport regulation by domain masking is the
interaction between NFxB and its negative regulators, the IgB proteins.
Association of NFyx B with its inhibitor masks one or both NLSs of the NI«
subunits, and prevents its nuclear import (Huxford ef al, 1998, Malek et al,
2001). Disruption of the NFxB/IgB complex allows the import and nuclear

localisation of NFgB (Beg et af., 1993).

Nuclear/cvtoplasmic anchoring and sequestration

This involves the immobilisation of a protein within a specific cellular
compariment.  The tumour supprcssor APC associates with cytoskeletal
microtubules which might be important for anchoring APC in the cytoplasm
(Smith ef al., 1994). Also, p53 contains a cytoplasmic sequestration domain
(CSD) which inhibits the association of importin ¢ with the main NLS signal in

the C-terminus of p53 (Liang ef al., 1999).

Piggy Back

In certain cases, nuclear transport of a particular protein is mediated by binding to
another protein which bears a nuclear transport signal. The cyclin component of
cdk2/cyclin E and cdcZ/cyclin B acts as a nuclear targeting unit for its partner
kinase. Cyclin E binds to the import adaptor importin o while cyclin B1 can
mteract directly through its NLS with the import recepior importin B. In addition
lo the NLS cyclin Bl also provides an NES for its associated kinase (Yang ef

al., 1998).
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1-4.6_Nuclear transport and regulation of ccll prolifecration and oncogenesis

A considerable body of evidence supporls the importance of factors such as
protein modification, protein stability and protein-protcin inferactions in the
regulation of protein function. In particular, protcins that control cellular
proliferation are tightly regulated at multiple levels to prevent abnormal cell
growth and propagation of potentially deleterious mutations. Regulated nuclear
transport is emerging as an imporlant mechanism regulating the function of a
variety of proteins and this property is highlighted by deregulation of the cellular

distribution of certain protcins in some cancers.

Cell cycle regulatory proteins

The intracellular localisation of cyclin Bl is regulated throughout the cell cyclc.
It is believed to shutile between the nucleus and cytoplasm during interphase.
However, phosphorylation of several serine residues at the beginning of mitosis
blocks CRM!1 binding, allowing nuclear accumulation of cyclin B1 {Yang et ol.,

1998).

Sional transduction

Regulated translocation of components of signal transduction cascades can be an
efficient mechanism of coordinating fast and adequate cellular responses to a
varicty of stimuli. Signal-induced translocation of signaling proteins to their site
of action not only regulaies their access of (he downstream components of the

cascadc, but also allows the signal to be rapidly amplified.
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The extracellular signal- regulated kinases (ERKs) 1 and 2 are cytoplasmic in
unstimalated cells. Stimulus—dependent phosphorylation is thought to trigger the
dimerisation, and nuclear localisation of these kinases. An NES-dependent export
mechanism is presumed to relocate the unphosphorylated forms of ERKs to the

cytoplasm (Khokhlatchev et al., 1998).

Tumour suppressors

The importance of nuclear transport in regulating the function of tumour
suppressors is highlightcd by the observation that it is deregulated in certain
tumours.

For example, BRCAl was reported to mislocalise to the cytoplasm in breast
cancer derived cell lines and in certain hreast carcinomas (Taylor ef al., 1998).
Further, abnormal cytoplasmic localisation of p53 has been reported in breast
carcinoma (Moll et «l., 1992), neuroblastomas (Moll et af,, 1995), and in
colorectal cancers (Bosari et al., 1995). As discussed earlier, several mechanisms
appear to regulate the subceellular localisation of p53, including phosphorylation,
ubiquitination, domain masking (tetramerisation) and cytoplasmic sequestration.
The existence of such a variety of regulatory mechanisms supports the

importance of localisation for p53 function.

1-4.7 Conclusions

Recent developments of the nucleocytoplasmic transport field have highlighted
the complexity of mechanisms governing the movement of molecules between the

nuclear and cytoplasmic compartments.  The regulation of nuclear transport
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involyes the regulation of the multiple componcats involved and the specificity of

their action.

Subecliular distribution is increasingly recognised as an important aspect of the
function of numerous cellular factors mveolved m cell prolifcration and
tumourigenesis. Therefore, better understanding of the mechanisms regulating
subceltular localisation would provide important clues to the function of such

proleins.
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1.7, Nuclear transport and the Ran cycle

Model for import and export of molccules through the nuclear

pore complex.

Import complexes assemble in the cytoplasm in the presence of
Ran GDP, and are translocated into the nucleus. In the nucleus,
binding of RanGTP to the import complex causes its dissociation

and cargo release.

Nuclear export complcxcs assemble in the nucleus in the
presence of RanGTP.  Following translocation into the

cytoplasm, GTP hydrolysis results in the releuse of the cargo.
© Leptomyecin B site of action

O Azide site of action
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1-5. Objectives

‘The ability of p53 to induce apoptotic cell death in response to stress signals is
crucial for its function as a tumour suppressor. This property of p53, frequently
compromised in tumouwrs, depends primarily on its function as a transcription
factor and on its ability to forrma complexes with other transcriptional regulators

that modulate its transcriptional activity.

The p300- associated cofactor IMY selectively augments p53-mediated apoptosis,
and thus forms part of a growing family of cofactors that are required for p53-
dependent apoptosis. The involvement of such cofactors in the p53 pathway
indicates the existence of additional mechanisms regulating the apoptotic
response, the understanding of which would prove invaluable in the development

of new therapies that restore p53 medialed apoplosis.

The work presented here focuses on the control of JMY function, and aims to
describe the mechanisms that allow it io co-operate with p53 under the
appropriate conditions.

Prcvious studics have demonstrated that IMY is recruited to p53 complexes in
response to stress. Therefore, it was of interest to determine if the intracellular
localisation of JMY was affected by cellular stress, and to examine the effect of

different cellular conditions on the cell cycle funclion of IMY.

The activity of p53 is partly regulated by its sub-cellular localisation and involves

the activity of its main regulator, Mdm2. Mdm?2 promotes the export of p53 into
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the cytoplasm, thus inhibiting its ability to activate gene expression. Considering
the involvement of both Mdm?2 and JMY in pS3 regulation and the ability of
Mdm2 to act as a shuttle profein, another objective of this research relates to the
ability of Mdm?2 to affect the cellular localisation of IMY. The requirement for
the ubiquitin ligase domain of Mdm?2 for such function led to questions about its

ability to regulate the cellular levels of IMY.

JMYAP, a protein isoform of JMY that lacks a proline-rich domain in the C-
terminal region of the protein, is also capable of enhancing the pS3 response.
However, this isoform of JMY favours p53-dependent G1 arrest as opposed to
apoptosis.  Counsidering that JMYAP possesses functional properties that
distinguish it from wild type JMY, it was of interest to assess whether the
differences between these two isoforms were reflected in the conirol of their

subcellular localisation.
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Chapter 2. Materials and Methods

2-1.  Plasmids

The following plasmids have previously been described: pcDNA3 TTAIMY
(Shikama ef af., 1999), pPCHDMIA, pCHDMAS58-89, pCHDM C464A, pCHDM1-
440 (Chen ef al., 1993; 1996).

pCHDM AS8-89;C464A was generated by restriction digest of pCHDMC464A
and pCHDMAS8-89 with Sall. The fragments containing the C464A and the
A58-89 mutations were ligated to generale a plasmid with both mutations.

2-2. _ Antibodies

Primary antibodies
HA Mouse monoclonal HA11 (Babco)
Rabbit polyclonal Y-11 (Santa Cruz)
IMY Rabbit polyclonal 1289 (generated in the laboratory)
Mdm?2 Mouse monoclonal Ab-1 (Oncogene)
Mouse monoclonal SMP-14 (Santa Cruz)
Rabbit polyclonal H-221 (Santa Cruz)
p53 Mouse monoclonal DO-1 (Santa Cruz)
Sheep polyclonal anti-p53 (Scotlish Antibody Production Unit)

CD20 L.27 (Becton Dickinson)

Secondary antibodies

Anti-Ig AP Alkaline phosphatasc-coniugated (Promega)




Anti Jg HRP Horseradishperoxidase-conjugated(Amersham Biosciences)
Immunofluorescence Anti-mouse Tg-Alexa Fluor®488 (green)(Molecular Probes)

Anti-rabbit Ig-Alexa Fluor® 594 (red) (Molecular Probes)

2-3.  Drugs and DNA damaging agents

Actinomycin D (Sigma) 20nM final concentration, incubated far 16 hours
Etoposide (Sigma) 10uM final concentration, incubated for 7 hours
Ultraviolet 60J/m? , cells harvested 6 hours later
Leptomycin B (Novartis) 1M final concentration, incubated for 5 hours

2-4.  Transfection

Unless stated otherwise,%tills were maintained in Dulbecco’s modified eagle
medium (DMEM) (Gibco BRL) supplemented with 10% (v/v) foetal calf serum
(FCS) and the anlibiotics streplomycin (10 mg/ml) and penicillin (100U/ml)
(Gibco BRL). Cell cultures were mamtained in a water-saturated 5% CO2

atmosphere at 37°C.

Cells were plated out 12-15 hours prior to transfection, at 1.5x 10° for
immunoprecipitation ”, western blotting and flow cytometry, or 1x10°  for

e

immunostaining.

For transfections based on calcium phosphate DNA precipitation, the growth
media was replaced by fresh media 2 hours prior to transfection. The indicated
amount of plasmid DNA was mixed with a Cacl, solution to give a final salt
concentration of 200 mM, The solution was added drop-wise to an equal volume

of 2x HEPES Buffered Saline (S0 mM HEPES plI 7.1, 280mM NaCl, 1.5 mM



NapHPOy), followed by gentle mixing. The mixture was incubated for 20 minutes

at room temperature before being added drop-wisc to the cells.

The backbone vector pcDNA3J was used to maintain a constant amount of
transfected DNA among samples, and pCMVpgal was inclnded as an internal
control for transfection efficiency.

12-18 hours post transcription, cells were washed 3 times with PBS fo remove
excess precipitate and fresh media was added. Cells were harvested 24-72 hours

post transfection.

2-5. Immunofluorescence

Cells sceded onto 35mm glass coverslips were washed three times in cold PBS
and fixed in a solution of 4% paraformaldehydc at room temperature for 15
minutes. Following three washes in PBS, permeabilisation of the cells was
performed at 4°C for § minutes with a PBS solution contaiming 0.5% 'I'riton X-
100. ¥ixed cells were then incubated in a blocking 10% FCS PBS solution for 10
minutes at room temperature. Primary antibodics diluted in 1% FCS PBS were
incubated with the cells for 30 minutes at room tempcrature. Cells were then
extensively washed in a 1% FCS PBS solution, and the secondary antibody was
added in a 10% FCS PBS solution for 30 minutes. Anti-mouse or anti-rabbit 1gG
conjugated to Alexa Fluor®488 (green), or Alexa Fluor® 594 (red) (Molecular
Probes) was used for detection. Coverslips were washed extensively, with
addition of DAPI (4,6-Diamino-2-phenylindole) to the final wash., Finally, cells

were mounted on microscope slides using Citifluor
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(Citifluor Ltd) and immunofluorescence was viewed under a fluorescence
microscope (Olympus).

Where cellulur compartmentalisation was quantified, the percentage of cells with
each cellular localisation was defined relative to the population of transfected

cells.

{o

2-6. Immumfeclmtatmu

Cells were washed twice in PBS and incubated in trypsin for 2 minutes at 37°C.
Media supplemented with 10% FCS was then added and the cells collected and
centrifuged at 1000 rpm for 5 minutes. The cell pellets were washed three times
in cold PBS, re-suspended in TNN buffer (50 mM Tris-HC! pH7.5, 150mM
NaCl,0.5% NP-40, 5SmM EDTA, 0.1mM DTT, 0.5ug/ml leupeptin, 0.5pg/ml
apotinin, 40ug/ml bestatin), and after a 30 minute incubation on ice, they were
centrifuged at 13000 rpm for 30 minutes at 4°C. The cell extract was pre-cleared
by incubating with protein G agarose for 30 minutes and then harvested and
rotated on a wheel at 4°C with 35ul protein A agarosc and 1-4ul primary
antibody. The reaction was left for 6-16 hours. The agarose beads were
subsequently washed three times in TNN reaction buffer. Bound proteins were
released into 3x SDS loading buffer (375mM Tris-HCI pHG6.8, 30% glycerol,
6%SDS, 0.015% Bromophenol Blue). The sample was hoiled for 3 minutes and

separated by SDS-PAGE and the proteins of interest were detected by weslern

blot with the appropriate antibody.

o
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2-7.  Western blot analysis

Protein expression was detected by immobilisation of cell extract onto a
nitrocellulose membrane (Inverclyde Biologicals), blocking in a 5% milk PBS
solution and detection with specific antibodies. All antibodies were diluted in a
5% milk PBS solution. Primary antibodies were used at a 1:500-1:2000 dilution
and secondary antibodies were diluted 1:5000. Two detection systems were used
to amplify the signal. Horseradish peroxidase-conjugated secondary antibodies
{Amersham Biosciences UK Ltd) were used with the Super Signal ® West Pico
solutions (Pierce); and substrate tablets (Sigma Fast™  5-Bromo-4-chloro-3-

indoyl phosphate/nitro blue tetrazolium) were used for detection of calf alkaline

phosphatase conjugated secondary antibodies (Promega).

2-8. _Phosphatase treatment of cell cxtracts

Phosphatase treatment of cellular cxiracts was performed by addition of Ipl
iamhda protein phosphatase (New England Biolabhs). The extracts were incubated
with the phosphatase (final concentration 2000 U/ml) at 30°C for 1 hour prior to

SDS-PAGT: and western blot analysis.

2-9.  Flow cyvtomctry

UZ20S cells were transfected with Spg pCMV-HATMY or pcDNA3 empty vector,
and 8ug of CD20 expression vector. Cells were serun starved for 16 hours,
exposed to ultraviolet light 6 hours before harvesting, or harvested without
reatment. In all cases, cells were harvesiced 48 hours post-transfection. For flow

cytometry analysis the cells were captured by monitoring the expression of the
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cell surface marker CD20. After transfection cells were harvested by treatment
with cell dissociation solution (Sigma) for 30-45 minutes at 37°C. Cells were
washed in PBS by centrifugation al 2000 rpm for 3 minutes, and resuspended in
200ul of PBS containing 20ul of a mouse anti-CD20 antibody (Becion
Dickinson) conjugated to fluorescein isothiocyanite (FITC). The cell suspension
was incubated on ice for 30 minutes followed by washing in cold PBS. Cell
pellets were subsequently fixed by the drop-wise addition of 50% ethancl/PBS

solution and left overnight at 4 °C,

Cells were then washed in PBS and re-suspended in 5001l of PBS containing
propidiwm 1odide (20pg/ml) and RNAse (125 U/ml). Flow cytometry was
performed on a Becton Dickinson flucrescence activated ccll sorter.  All cell
populations were analysed at a rate of 100-200 cells/second to prevent mis-rcad.
To determine the cell cycle profiles of transfected cells the intensity of propidium
iodide staining was analysed in cells positive for FITC staining. Using Cell Quest

Pro sofiware, the cell cycle profile of 10000 transfected cells was analysed.
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Chapter 3. The subcellular localisation of JMY is

regulated by cellular conditions

3-1. Introduction

Many cancer-related molecules are regulated at multiple levels to ensure tight
control of cellular proliferation. Defects in these regulatory mcchanisms can
affect the ce]l/s: response to external insults and fo internal aberrations, and

eventually lead, or contribute to the development and progression of cancer.

Recent developments in the field of nucleocytoplasmic transport have provided
insight into the mechanisms governing the cellular distribution of proteins, and
highlighted the importance of subcellular localisation in protein function (Hood
and Silver, 2000). Aberrant intracellular localisation of cancer-related molecules
has been reported in cerlain cuncers. Examples include the mis-localisation of
BRCALI to the cytoplasm i breast cancer cells but not normal cells (Taylor ef al,
1998), and cytoplasmic sequestration of p53 in neuroblastomas, breast and colon

cancers (Moll et al, 1992; 1995; Bosari et al, 1995).

The potent apoptotic and growth inhibitory functions of p53 are tightly controlled
by diverse mechanisms. These not only regulate the stability of the protein and
its ability to act as a transcription factor, but also impact on its intracellular

distribution (Vousden, 2002).
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In addition to direct regulation of the pS3 protein, a growing number of cofactors
have been reported to modulate the outcome of p53 activation (Lu and Vousden
2002). Such cofactors could potentially provide additional regulation points for
the p33 response, and include the p300 cofactor IMY. IMY cooperates with p300
to enhance p53-dependent transcription and apoptosis (Shikama et al., 1999).
Whilc IMY has the ability to enhance p53-dependent apoptosis, IMYAP, a protein
isoform of JMY that arises through alternative splicing of the mRNA, has a more
pronounced eftect on p53-mediated cell cycle arrest, suggesting that the different

isoforms of JMY can modulate the functional outcome of p53 activation (Shikama

et al., 1999),

Considering the involvement of JMY in the p53 response, it was of interest to
investigate whether it was regulated by cellular stress. The intracellular
localisation of JMY was of particular interest because previous studies had
reported variation in the localisation of the protein, and demonstrated (hal DNA
damage results in enhanced interaction of JMY/p300 with the p53 complex

(Shikama er a/., 1999).
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3-2. The subcellular localisation of JMY in unstressed cells

The subcellular localisation of IMY was assesscd in the absence of siress. Due to
difficulty in generating suitable antibodies for the analysis of endogenous IMY,

this study focused on the use of ectopially expressed IMY.

U208 cells were transfected with the HAJMY expression vector pCMV-HAIMY
and the subcellular localisation of HAJMY was examined by indirect
immunofiuorescence (Figure 3.1.A).

To quantify the results, cells were categorised as having exclusively cyloplasmic,
nuclcar, or uniform (both nuclear and cytoplusmic) fluorescence staining and the

percentage of cells in each category was graphically represented (Figure 3.1.C).

In T208 cells, IMY localised to both the nucleus and the cytoplasm in the
majority of cclls. A considerable proportion of transfected cells (42%) also
displayed exclusively cytoplasmic staining and very few cells (1%) showed
nuelear staining (Figures 3.1.A and C).

A similar pattern was observed with Flag-lagged IMY and the data were not
affected by the transfection method nor the amount of plasmid transfected since

titration of the plasmid produced similar results (not shown).

SAOS2 cclls, which lack endogenous p53, were also examined for the

intracellular distribution of HAJMY. A similar distribution pattern fo that seen in

U208 cells was observed, with the majority of cells displaying uniform staining
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(73%), and smaller populations exhibiting cytoplasmic and nuclear staining (22%

and 6%, respectively) (Figures 3.1.B and C).

Interestingly, U20S cells appear to conlain a relatively higher proportion of

cytoplasmic-staining cells than SAOS2 cells (43% and 22 %, respectively),

suggesting a degree of cell type variation in the subccllular localisation of JMY.

3-3. DNA damage causes the translocation of JMY into the nucleus

The above experiment showed an important tevel of cytoplasmic localisation for
JMY. IMY cooperates with p300 to stimulale pS3-dependent transcription, and
has been shown to interact more efficiently with p33 under DNA damage
conditions (Shikama e a/,1999). Considering that DNA damage induces the p53
response, and that nuclear localisation is required for transcriptional coactivation,
it was speculated that the sub-cellular localisation of IMY might also be regulated

by DNA damage.

Three types of DNA damaging treatments, actinomycin D, etoposide and
exposurc to UV, were used to investigate whether IMY was regulated by DNA
damage. These cause damage to DNA via different mechanisms. Actinomycin ID
blocks the movement of RNA polymecrase along the DNA template by hinding
tightly to DNA whils{ UV bradiation causes the formation of pyrimidine dimers,
and etoposide friggers double strand breaks through its ability to target

topoisomerase II (Friedberg ef af., 1995),
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U208 cells were transfected with pCMV-HAIMY and were treated with 20nM
actinomycin D for 16 hours, 10uM Etoposide for 7 hours, or exposed o UV (60
J/m?) and harvested 6 hours later. Changes in the sub-cellular localisation of MY
compared to untreated control <cells were examined by indirect

immunofluorescence.

Actinomyein D resulted in an almost twofold reduction in the population of cells
with exclusively cytoplasmic IMY (42% to 24%). This was paralleled by an
merease in the population of cells with nuclear IMY (1.7% to 17%). A similar
effect was observed with UV which caused a sharp decrease in the percentage of
cytoplasmic-staining cells {(42% to 4.5%) and an increase in cells with nnelear
(1.7% to 27%), or uniform (56.4 to 68.5%) staining; implying translocation of
the protein into the nucleus (Figures 3.2. A, B, D). In contrast, etoposide
treatment did not significantly alter the localisation of MY (Figures 3.2.C and D).
Taken together, these data suggest that, under certain conditions of DNA damage,
the nuclear localisation of JMY is enhanced, possibly by enhanced inmport or
reduced nuclear export, which would facilitate its interaction with other
components of the p53 complex, and potentially enhance its transcriptional

coactivation properties.

3-4. Sernm withdrawal enhances the cyvtoplasmic localisation of JMY

The above data show that DNA damaging conditions enhance the nuclear
localisation of JMY.  Considering that DNA damage activates cellular

checkpaints which prevent cell-cycle progression to allow repair of the damage, it
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was of interest to examine the subcellular localisation of JMY under conditions
which halt cell cyele progression without causing damage to DNA. In particular,
the effect of serum deprivation on the imtraccllular distribution of JMY was

examined.

Conditions of low serum (0.2% serum for 16 hours) did not alter the subeellular
localisation of p53 (figurc 3.3.A) and, in contrast to actinomyecin D treatment, did

not cause its stabilisation (Itigure 3.3.R).

To investigate the response of JMY to scrum withdrawal, U20S cells were
transfected with pCMV-HAIMY, and 24 hours following transfcction, they were
incubated for 16 hours in media supplemented with 0.2% serom.

The sub-~cellular localisation of JMY was observed by indirect
immunofluorescence.  Under such conditions, JMY localised exclusively to the
cytoplasm in the majority of cells (65%), implying reduced import, or enhanced

nuclear export of the protein (Figures 3.3 C, 3.5.B).

Western blot analysis of HAJMY under these conditions showed the appearance
of a faster migrating hand following serum withdrawal (Figurc 3.3.D, lane 2).
The possibility that this band is a phospho-form of the protein was confirmed by
phosphatase treatment of the cell extracts which reduced the appearance of the

band (Figure 3.3.D lane 3).
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3-5. Rapid cvtp‘élasmic translocation of JMY in response to serum
'3

withdrawal and nuclear re-entrv following serum stimulation

The kinetics of the cytoplasmic translocation of JMY in response to serum
withdrawal were investigated. U20S cells were transfccied as above and
ncubaled in low serum media (0.2% FCS) 24 hours following transcription. The
subeellular localisation of IMY was examined following 1, 2, 4 and 16 hours of
serum withdrawal. At 16 hours, cells were divided into two groups. The first
group was maintained in low serunm media whilst the second group was incubated
in 10% FCS media. The subcellular distribution of IMY was examined 4 hours

later. The data are ssmamarised in fgure 3.4,

An increase in the proportion of cells with cytoplasmic JMY was observed after
one hour of serum deprivation (40% to 46%), and this continued throughout the
time course (Fignre 3.4). After 16 houwrs of serum withdrawal, approximately
67% of cells displayed nuclear exclusion of JMY. Examination of the subcellular
localisation of MY after 20 howrs revealed a decrease in this population in cclls
stimulated with serum (48%) but not in cclls that were maintained in low serum
(70%) (Figure 3.4).

These data suggest thal the cytoplasmic relocalisation of JMY is an early event
during serum deprivation, and hint that growth factor signalling may be involved

in regulating the intracellular distribution of IMY.
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3-6. The cytoplasmic localisation of JMY in serum starved cells is the resuli

of nuclear export

The enhanced cytoplasmic localisation of JMY in serum-starved cells could be the
outcome of enhanced nuclear export, or reduced import of the protein. To
distinguish between these two events, U208 cells were transfected with the
expression vector pPCMV-HAIMY, and were subsequently sernm starved in the
presence of lhe antibiotic leptomycin B. Leptomycin B is a specific inhibitor of
nuclear export which targets CRMl-dcpendent export and causes the
accumulation of CRM 1-substrates in the nucleus (Fornerod et al., 1997; Wolll ef
al., 1997).

Confirming the nuclear export hypothesis, leptomycin B {rcatment reversed the
cyloplasmic relocalisation of HAJMY since there was an increase in the
percentage of cells with nuclear HAIMY (7% to 60%), paralleled by a deerease in
the population of cells exhibiting cyloplasmic staining (64.5% to 28.5%)

(compare 3.5.A(1) and (ii) and 3.5.1B).

To further confirm that the cytoplasmic localisation of IMY is the result of active
transport into the cytoplasm, HAJMY-overexpressing U208 cells were incubated
in 0.2% serum media supplemented with sodium azide. Sodium azide depletes
the levels of RanG'lP, which is essential for the assembly the nuclear export
complex (Schwoebel et a/., 2002). Sodiwmn uazide (reatment reduced the
cytoplasmic localisation of JMY (64.5% to 27%) and increascd uniform and
nuclear staining, further demonstrating that NES dependent export is involved in

IMY regulation (Figures 3.5.A (iii) and 3.5.B).
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3-7. Effect of UV and serum deprivation on the cell cvcle function of JVEY

JMY has been demonstrated to stimulate both p53-dependent G1 arrest and
apoptosis (Shikama ef al., 1999). Considering that the intraccllular distribution of
JMY is regulated by DNA damage and serum deprivation, it was of interest to
examine the effect of these conditions on the cell cycle arrest and apoptotic
propertics of IMY.

To this end, U20S cells were transiently transfected with an empty vector, or with
an expression vector for HAJMY. The cells were exposed to UV, or incubated in
0.2% FCS media, and the cell cycle profiles were examined and compared to

profiles of untreated cells (Figure 3.6).

Overexpression of JMY in unstressed cells cansed a {wo-fold increase in
apoptosis relative to mock transfected cells (Figure 3.6.A), consistent with the
ability of IMY to induce apoptosis in the presence of p53 (Shikama ef al., 1999).
Surprisingly, a different effect was observed in UV treated cells as a slight
increase in G1 and decrease in G2/M were observed (Figure 3.6 B). A morc
dramatic effect of IMY was expected under these conditions due to the UV-
induccd nuclear translocation of IMY. Nevertheless, it cannot be excluded that
IMY participates to pS3-mediated transactivation of non-apoptotic genes in

response to {JV.

Serum starvation completely abolished lhe effect of IMY on the cell cycle and
the cell cycle profiles are identical in the absence or presence of overexpressed

IMY (Figure 3.6.C). This may be explained by the cytoplasmic translocation of
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IMY under these conditions which could prevent it from contributing to

transcriptional events in the nucleus.

3-8, The proline rich region of JMY is dispensable for response to serum

withdravwal

The JMY isoform AP, which lacks the proline rich region in the C-terminus
(Figure 3.7.A), has distinct properties that distinguish it from the wild type
protein. The two proteins have the ability to augment the p53 response, albeit
with different cutcomes. While wild type JIMY preferentially augments apoptosis,
IMY AP appears (o favour p53-dependent cell cycle arrest and is compromised in

ils ability to facilitatc apoptosis (Shikama et al., 1999),

To delermine whether the different properties of IMY and IMYAP are reflected in
their subcellular localisation, HAIMYAP was overexpressed in U208 cells and
changes in its intracellular localisation were assessed in the presence of DNA

damagc, or following serum starvation.

Similatly to the wild type protcin, the majority of cells displayed uniform JIMYAP
staining in the absence of stress, Nevertheless, despite the presence of ITATMYAP
in both the nucleus and the cytoplasm, the majorily of these cells exhibited strong
staining in the nucleus relative to the cytoplasm, In other words, most IMYAP-
overexpressing cells exhibited strong nuclear and weaker cytoplasmic staining.
Moreover, the proportion of cells with exclusive nuclear staming (18%) was

higher than that obscrved with the wild type protein (1.6%) (Figures 3.7.B and
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E). These observations suggest that TTAITMYAP can more readily localise to the
nucleus compared to wild type JIMY, implying possible diffcrenccs in the rates of

import and/or export belween the two isoforms.

When IMYAP-overexpressing cells were treated with actinomycin D (20nM for
16 hours), etoposide (10uM for 7 hours) or UV (60J/m ), there was a very slight
change in the intracellular localisution of JMYAP, and no further nuclear

accumulation of the protein was observed (Figures 3.7. C and E ).

In contrast, serum starvation resujted in an increase in the population of cells with
exclusively cytoplasmic JMYAP (18.5% to 61%), paralleled by a decrease in the
populations with nuclcar or uniform staining (Figures 3.7. D and T3). This
indicates that, in a similar fashion to the wild type protein, JMYAP can be
exported out of the mucleus and that its nuclear export is enhanced under

conditions of serum starvation.

Given the different responses of IMY and JMYAP to DNA damage, and the
ability of both proteins to undergo nuclear export under low serum conditions, it is
conceivable that IMY utilises different properties under these conditions and that

different cellular pathways impinge on the regulation of IMY.
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3-9, Conclusions

Through its function as a p53 coactivator, JIMY is involved in the regulation of
the p53 response. The dala presented here suggest that JIMY is itself a regulated

protein, and that it is regulated at the level of its sub-cellular localisation.

Under normal growth conditions, transfected cells were heterogeneous with
respect to the localisation of JMY, suggesting that the intracellular distribution of
JMY might be regulated.  Although the majority of cells exhibited both nuclear
and cytoplasmic localisation, JMY was excluded from the nucleus in a
considerable proportion of cclls, which was not consistent with its function as a

transcriptional cofactor.

However, DNA damage, as a result of actinomycin D treatment, or ¢xposurc to
UV light, reduced the cyloplasmic localisation of JMY, and caused iis
translocation into the nucleus, the cellular compartment where it is required for
transcriptional coactivation. This is consistent with the enhanced ability of IMY
lo interact with p53 and p300 under such conditions, and with its role in
stimulating p53 activity (Shikama et a/, 1999). Nevertheless, although it slightly
enhanced G1 arrest, JIMY was unable to augment apoptosis in UV-treated cells.
It is speculated that nuclear translocation of IMY f{ollowing UV -treatment might

regulate its function in processes other than apoptosis.

In contrast to UV and actinomycin D, ctoposide treatment did not significantly

alter the distribution of JMY, suggesting that its relocalisation to the nucleus
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might Involve particular cellular signals that are not triggered by ctoposide

treatment.

Furthermore, JMY also responds to signals rclated to cellular growth. Whereas
withdrawal of serum did not alter the stability or subcellular distribution of p53, it
promoted rapid cytoplasmic translocation of IMY which was reversed by serum
stimulation of starved cells.

The cytoplasmic relocalisation of JMY wus blocked by inhibiting CRMI-
dependent export with leptomycin B, and sodium azide, implicating nuclear

export in the regulation of the intracellular localisation of JMY.

Morcover, serum deprivation abolished the effect of JMY on the cell cycle,
suggesting that cytoplasmic relocalisation under these conditions may serve to

limit the growth artest or apoptotic functions of IMY.

Besides changes in intracellular localisation, serum starvation resulted in a
mobility shift of HAJIMY which was abrogatcd by phosphatase treatment,
suggesting that a phosphorylation event may also be inveolved in JMY regulation

under these conditions.

The IMY isoform JMYAP, which lacks the proline rich region in the C-terminus,
digplayed stronger nuclcar staining relative to the wild Lype protein. The nuclear
localisation of IMYAP was not enhanced by actinomycin D, etoposide or UV~

induced DNA damage, suggesting different mechanisms of regulation for the two
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isoforms. In contrast, serum withdrawal augmented the cytoplasmic localisation

of IMYAP in a similar fashion to the wild type protein.

Taken together, these data indicate that the intraccllular distribution of JMY is
regulated, and may impact on its ability to induce apoptosis or enhance cell cycle
arrest.  Similar mechanisms appcar to regulate the localisation of JMY and

IMYAP in response to serum withdrawal but not in the presence of DNA damage.
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3.1. The subcellular localisation of HAJMY in unstressed cells
A, U208

U208 cells were transfected with 2pg of pPCMV-HAIMY. Thirty
six hours following transfection, the localisation of JMY was
determined by indirect immunofluorescence using a rabbit anti
HA antibody (Y-11) and a red fluorescent secondary antibody.
The nuclear stain DAPI was used to determine the position of

nuclei.

B. SA0S2

SAQS2 cells were transfected with 3 pg of pCMV-HAIMY and
fixed 36 hours post-transfection. IMY was detected with the anti-

HA Y-11 antibody and a red fluorescent secondary antibody.
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C. Quantification of the intracellular distribution of

overexpressed JMY in U20S and SAOS2 cells:

The data were quantified by scoring 100-150 cells with respect to
the localisation of IMY. The data represent average values from 3

separate experiments.
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3.2. The subcellular localisation of JMY in response toe DNA

damage
A. Actinemycin D treatment

U208 cells were transfected with 2ug pCMV-HAJMY. Twenty
four hours [ollowing transfection, the cells were incubated for 16
hours in actinomycin D-containing media (20nM) before being
fixed and examined for the subcellular localisation of IMY. JMY
was detected with the anti-IA Y-11 antibody and a red fluorescent
secondary anlibody. The nuclear stain DAPT was used to delermine

nuclei position.

B. UV treatment

U208 cells were transfected with 2ug pCMV-HAIMY. Thirty
hours following transfection, the cells were exposed to UV (60
J/m?) for 6 hours. JMY was detected by immuno[luorescence
using the anti-HA Y-11 antibody and a red fluorescent secondary

antibody.
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C. Efopeoside treatment

U208 cells were transfected with 2tg pCMV-HAIMY. Thirty
hours following transfection, the cells were treated with
etoposide (10 puM) for 7 hours. JMY was detected by
immunofluorescence using the anti-HA Y-11 antibody and a red
fluorescent secondary antibody. DAPI staining shows the

position of nuclei.

D. Quantification of the effect of DNA damage on JMY

localisation

The data were quantified by scoring 100-150 cells with respect to
the subcellular localisation of IMY. The data represent average

values from 3 separate experiments.
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3.3, The subcellular localisation of JMY in response to serum

withdrawal

A. The subcellular localisation of p33 is not affected by low

serum conditions

Endogenous p53 was visualised in U20S cells that werc grown
under normal growth conditions (i), or following a 18 hour
incubation in 0.2% serum media (i1). p53 was detected with the
anti-pS3 antibody DO-1 and a green fluorescent secondary

antibody, and DAP! was used for nuclei identification.

B. Serum starvation does not cause the accumulation of p53

Endogenous p53 levels in U208 cells were examined under
normal conditions (lane 1), 16 hours post-treatment with
actinomycin D (20oM, lane 2), or after 16 hours of serom
withdrawal (lane 3). Sheep anti-p53 serum was used to detect

p53.
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C. _Serum _starvation causes the translocation of JMY into the

cytoplasm

U20S cells were transfected with 2ug of pCMV-HAIMY and
incubated in media supplemented with 10% (i) or 0.2%(ii) foetal
calf serum. JMY was detected by indirect immunofluorescence

with Y-11 and a red fluorescent secondary antibody.
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D. MY phosphorylation in response lo serum withdrawal,

HAJIMY levels were examined in serum-starved cells. U20S cells
were transfected with 4ng pCMV-HA-JMY and were incubated in
media with 10% serum (lanel), or serum starved (0.2% FCS) for 16
hours (lanes 2 and 3). Half the cell lysaie was used in a
phosphatase reaction using A phosphatase (Jane 3). The arrow

indicates the position of the faster migrating phosphoform of IMY.
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3.4. Time course of the effect of serum deprivation on the

subcellular localisation of JIMY

24 hours following transfection with pCMV-HAIMY, U208 cclls

were incubaied in 0.2% serum media for 1, 2, 4, and 16 hours.
After 16 hours, the cells were maintained in low serum media (solid
lines), or incubated in serum supplemented with 10% FCS (dotted
lines) for a further 4 hours. The subcellular localisation of JIMY
was examined by indirect immunofivorescence with the anti-HA
antibody Y-11 and a red fluorescent sccondary antibody. The

graph represents the average of three experiments.
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3.5. Regulation of the localisation of JMY by nuclear export

A.(i) Serum starved cefls

Twenty four hours following transfection with 2pg of pCMV-
HAIMY, U208 cells were incubated for 16 hours in media with
0.2% FCS. IMY was detected by immunofluorescence with an
anti HA antibody (Y-11) and a red fluorescent secondary

aintibody. The position of nuclei was determined using DAPI

stain.

(ii) Leptomycin B inhibits IM ) 2] cytoplasmic relocalisation

Cells transfected and serum starved as described above. Five
hours prior to {ixation, the nuclear export inhibitor leptomycin B
was added at a final concentration of 1uM. JMY was detected

with the anti-HA Y-11 antibody and a red fluorescent secondary

antibody.
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(iii). Inhibition of nuclear export with sodimmn azide inhibits the

cytoplasmic relocalisation of IMY

U208 cells were transfected with 2pg of pCMV-HAJMY and, 24
hours after transfection, were serum starved for 16 hours. Seven
hours before fixation, sodium azide was added to the Jlow serum
media at a final concentration of 10 mM. JMY was detected with
the anti-HA Y-11 antibody and a red fluorescent secondary

antibody.

B. Quantification of the effect of leptomycin B and sodinm azide

on the localisation of JMY in serum starved cells

The data were quantified by scoring 100-150 celis with respect to
the subcellular localisation of IMY. The data represent average

values from 3 separate experiments.
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3.6, Cell cycle effects of JMY in response to UV and serum

withdrawal

A, U208 cells were transfected with 8ug of the celi surface
expression marker CD20 together with 5 ug pcDNA3 empty vector,
or with 5 pg pCMV-ITAIMY. Transfected cells grown in 10% FCS
were identified by staining with the anti-CD20 fluorescein-
conjugated antibody and their DNA content observed using the
DNA inter-chelater propidium iodide. Cell cycle profilcs were

examined with the Cell Quest Pro software.

B. U208 cells were transfected as described in (A). Twenty four
hours following transfection, cells were incubated in low scrum
media (0.2% FCS) for 16 hours before examination of cell cycle

profiles with the Cell Quest Pro software.

C. U208 cells were transfected as described in (A). Thirty hours
post-transfection, cells were exposed to UV (60 J/m?) and were

incubated for 6 hours prior to cell cycle analysis.



control

UV

0

Low serum

Mock

SubGl 12
Gl 355
S 13.5

G2/M 39

SubGl 13
Gl 41

S 14
G2/M 32

SubG1 13
Gl 47
S 9

G2/M 31

JMY

SubG1 24
Gl 31
S 13

G2/M

JMY

SubG1 13
Gl 43
S 15

G2/M

SubGl1 12
Gl 47
S 10

G2/M 32




3.7. The proline rich region of JMY is not necessary for nuclear

export_in response to serum withdrawal

A. Schematic representation of IMY and IMY A P

The p300 binding domains (black) and the proline rich region (red)

are shown. P-rich, proline rich region.
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B. Subcellular localisation af JMY A P in unstressed cells

U208 cells were transfecled with 2ug of pCMV- HA-JIMY AP.
IMY AP was detected by indirect immunofluorescence with the
anti-HA antibody Y-11 and a red fluorescent secondary

antibody.

C. Subcellular localisation of JMY A P in actinomycin D

treated cells

1J208 cells were transfected with 2ug pCMV-HAIMY AP
Twenty four hours following transfection, the cells were
incubated for 16 hours in actinomycin D-containing media
(20nM) before being fixed and examined for the subcellular
localisation of IMY. JIMY was detected with the anti-HA Y-11
antibody and a red {luorescent secondary antibody. The nuclear

stain DAPI was used to determine nuclei position.
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D. Subceliular localisation of JMY A P serum-starved cells

Twenty four hours after transfection with pCMV-HAIMY AP,
U208 cells were incubated for 16 hours in media supplemented
with 0.2% foetal calf serum. JIMYA P was detected by indirect
immunofluorescence with the anti-HA antibody Y-11 and a red

fluorescent secondary antibody.

E. Quantification of the effect of serum starvation, and DNA

damage on the subcellular Iocalisation of HAJMY AP

Cells overexpressing HAIMY AP were treated with actinomycin 1D
(20nM for 16 hours), UV (60 J/m*and fixed following 6 hours), ot
etoposide (10uM for 7 hours). The data were quantified by
scoring 150 cclls with respect to the intracellular localisation of
JMY AP. The data represent average values from 3 separate

experiments.
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Chapter 4. Hdm?2 regulates the subcellulax localisation of

JIMY

4-1. Introduction

Nuclear localisation is essential for the tumour suppressor activity of p53 as
cvidenced by the impaired response to stress signals in certain tumours where
cytoplasmic sequestration of p53 occurs (Stommel e al, 1999, Moll ef
al,1992;1995). A considerable body of evidence has shown that p53 activity is
controlled partly by regulation of its localisation within the cell, and the molecular

mechanisms involved have been intensively studied.

The oncoprotein Mdm?2 enhances the cytoplasmic relocalisation of p53. This
function of Mdm2 1s dependent on ils ability to intcract with p53, and lo promote
its ubiquiltination. The impoitance of Mdm2-directed ubiquitination in p53 export
is highlighted by studies in which loss of Mdm2-mediated ubiquitination of p53

blocks p53 export (Boyd er al., 2000, Geyer ef al., 2000, Lohrum et ¢f., 2001),

The data presented in the previous chapter suggest that the subeellular
distribution of JMY is regulated. Considering that both JMY and p53 are
regulated at the level of intracellular localisation, and that Mdm?2 has nuclear
export properties, it was of interest to investigate whether Mdm?2 could also affect

the localisation of IMY wilhin the cell.
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4-2. TIdm?2 promotes the nuclear export of JMY

To test the hypothesis that Mdm2 regulates the nuclcar cxport of JMY, the effect
of'its co-expression on the intracellular localisation of MY was assessed.

U208 cells were transfected with the HAJMY expression vector pCMV-HAJMY,
together with an empty vector, or a plasmid encoding {the human homologue of
Mdm2, Hdm2 (pCHDMIA).

The data were quantified by scoring the cells into threc categories based on
whether HAIMY was cytoplasmic, nuclear, or detected in both compartments
(referred to as uniform). The majority of cells displayed nuclear IIdm2 and only

these were included in the study.

In the absence of exogenous Hdm2, HAIMY localised to both the nucleus and the
cyloplasm, as well as to the cytoplasm in a proportion of cells (Figures 4.1.A(i)
and 4.1.C). When ITdm2 was co-expressed with HAIMY, an increase in
cytoplasmic HAIMY (44% to 77%), and decrease in uniform (54% to 23% of
transfected cells) and nuclear (1.5% to 0% of transfected cells) HAJMY staining

were observed (Iigures 4.1.A. (ii) and C).

To determine whether the effect of Idm2 on HAIMY was the result of nuclear
export, HAJIMY and Hdm2 were co-cxpressed in the presence of the nuclear
export inhibitor leptomycin B. Leptomycin B reversed the effect of Hdm2 on
HAJMY, increasing its nuclear localisation and confirming that the relocalisation
of IMY in the prescnce of elevated levels of Hdm?2 involves CRM1-dependent

export (Figures 4.1.3, C).
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A possible explanation for the eytoplasmic relocalisation of IMY by Hdm?2 is that,

being part of the pS3 complex, IMY is being relocalised as an indirect result of

Hdm%medi}ﬁted nuclear export of p53.

To test this hypothesis, the effect of Hdm2 on the localisation of HAIMY was
assessed in the pi3-null cell line SAOS2. Hdm2 caused the cytoplasmic
relocalisation of HAIMY in these cells in a similar way to that observed in U208
cells, suggesting that p53 is not necessary for JMY relocalisation (Figures 4.1.D

and E).

4-3. Hdm2 does not mediate the degradation of MY

In addition to promoting p53 export, Mdm2/Hdm?2 also targets it for proteasome-
dependent degradation (Haupt ef al., 1997; Kubbutat er @/, 1997). Given that
Hdm?2 can enhance the cytoplasmic localisation of JMY, it was of interest to

determine whether it can also promote its degradation in a similar manner to p53.

To this end, 1J208S cells were transfected with pCMV-HAIMY and an empty
vector (Figure 4.2, lanc 1) or increasing amounts of the Hdm2 expressing
plasmid pCHDMIA (lancs 2 and 3). The levels of endogenous pS3 were
examined as a positive control.

Hdm2 overexpression did not result in degradation of JMY and JMY levels
remained stable as opposed to p33 levels, which were cfficiently reduced by

Hdm?2 (Figure 4.2). Therefore, Hdm2 does not affect the protein levels of JMY.
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4-4, Effect of IIdm2 on JMY localisation is abolished following DNA

damage
As UV and actinomycin D-induced DNA damage increased the nuclear
localisation of JMY, it was of interest to see how Hdm?2 could affect the ability of

JMY to move into the nucleus following DNA damage.

U208 cells over-expressing HAJMY and Hdm2 were treated with actinomyein D
(20 nM) for 16 hours, or exposed to UV (GOJ/'mZ) and fixed 6 hours later. The
subcellular localisation of both HAIMY and Hdm2 were examined under these
conditions and in the absence of stress.

Both treatments attenuated the cffect of Hdm2 on HAJMY localisation as
indicated by the decrease in the percentage of cells exhibiting cytoplasmic
staining (from 77% in vnireated cells to 30% in actinomycin D-treated, and 17%
in and UV-trcated cells), and the increase in uniform and nuclear-staining cells

compured to untreated cells (Figures 4.3. A-C).

4-5, The proline rich region of JMY is necessary for export by Hdm2

The subcellular localisation of IMYAP is regulated in a similar tashion to JMY
under conditions of serum starvation, but not in the presence of DNA damage.
Considering that both isoforms can be regulated by nuclear export, it was
speculated that Hdm2 could affect the localisation of IMYAP in a similar manner

to wild type IMY.
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To examine the effect of Hdm2 on JMYAP, U208 cells were transfected with a
vector for HAIMYAP expression, pCMV-HAIMYAP, together with an empty
vector or with the Hdm2 cxpression vector pCHDMIA, The localisation of
Hdm?2 and TTA IMYAP was examined by indirect immunofluorescence as before,

and cells were scored with respect to the localisation of HAIMYAP.

In the absence of overexpressed Hdm2, HAIMYAP exhibited both nuclear and
cytoplasmic staining in the majority of cells, with a lower pereentage of cells with
exclusively cytoplasmic, or nuclear staining (figures 4.4.A(i) and B).

Hdm2 overexpression did not significantly alter this profile, indicating that Hdm?2

fails to relacalise the AP isoform of IMY (4.4.A (ii) and B).

4-6. _Mapping of the functional domains in Hdm2 that are required for

JMY export
Since the ability of Hdm2 to export p33 requires intact p53 binding and ring
finger domains (Boyd et ai., 2000, Geyer et al., 2000), it was of interest to assess
the possibility that these domains are alsa involved in the cytoplasmic

relocalisation of JMY.

A panel of Hdm2 mutants with deficient p53-export functions was nsed to address
this question (Figure 4.5.A). The Hdm2 mutants 1-440 and C464A have
deficient ubiquifin ligase domains generated by a deletion, and a single residue
substitution, respectively. Hdm2 AS8-89 conlains a deletion in the p53 binding

domain, and Hdm2 A58-89;C4644, has the same deletion as well as a cysteine to
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alanine substitution in a zine coordinating residue in the ubiquitin ligase domain
(Figure 4.5.A).
The effect of these mutants on the sub-cellular localisation of HAIMY was

assessed by inununofluorescence in U20S cells (summarised in fgure 4.5.F).

In contrast to wild typc Hdm2, overexpression of the ring finger mutants Hdm?2
C464A and Hdm?2 1-440 did not increase the population of cells with exclusively
cytoplasmic HAJMY.  Interestingly, these mutants allowed the nuclear

accumulation of HAIMY in a small population of cells (figures 4.5.8, C, I9),

The proportion of cells with exclusively cytoplasmic HAIMY mcreased (44% to
68%) following overexpression of Hdm2 AS58-89 in a similar fashion to wild type
Hdm?2 (figure 4.5.D, F), confirming that p53 is dispensable for Hdm2-driven JMY
export. However, additional mutation of the ring finger domain in Hdm2 A58-89;
C464A abolished the cytoplasmic relocalisation of HAIMY as indicated by the
increase in nuclear and uniform staining of HAJMY, and the decreass in
cytoplasmic Jocalisation (Figure 4.4.E) relative to Hdm2 A58-89 (27% of
transfected cells with exclusively cytoplasiic MY compared to 68% following

overexpression of Hdm2 A58-89).

Taken together, these results show that, in a similar fashion to p$3, an intact ring
finger is necessary for Hdm2 to promote the cytoplasmic franslocation of JMY.
In contrast, the N-terminal region involved in p33 binding is only required for p53

cxport but not for the relocalisation of IMY.
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4-7.  Conclusions

The ability of Hdm2 to regulate the intraceliular distribution of JMY was
investigated. The data presented suggest that overexpression of I1dm?2 increases
the cytoplasmic localisation of exogenous JMY in a leptomycin B-sensitive
manner suggesting a nuclear oxport mecchanism. This cffcet of Hdm2 is
independent of p53 since it was observed in a pS3-null context in SAOS2 cells.

Examination of TMY levels in the presence of elevated levels of Hdm?2 indicates

that, in contrast to pS3, Hdm2 does not target IMY for degradation.

Actinomycin D and UV-induccd DNA damage was shown to mcrcasc the nuclcar
localisation of IMY. This property of IMY is not affccted by Hdm?2 since Hdm?2-
mediated relocalisation of JMY was compromised under these conditions. This

suggests that the effect of Hdm2 on JMY is regulated by cellular conditions.

Hdm?2 failed to promote the cytoplasmic relocalisation the JMY isoform JMYAP,
indicating that the C-terminal proline-rich rvegion of JMY is essential for its

relocalisation by Hdm?2.

Moreover, examination of the domains mvolved in Hdm2-directed nuclear export
of IMY revealed the importance of the ring finger of Hdim2. Deletion, or point
mutation of this domain abrogated its ability to export JMY. In contrast, deletion

of the p53 binding domain did not affect the ability of Hdm2 to enhance Lhe
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cytoplasmic localisation of JMY, further confirming that p33 is not required for

this function,
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4.1. HDM? affects the subcellular localisation of JMY

AA(D) IMY in U20S cells

U208 cells were transfected with 3pg of pCMV-HAJMY and
Sug pcDNA3 empty vector. The subcellular localisation of IMY
was determined by indirect immunofluorescence 30-36 hours
post-transfection. JMY was detected with the anti-HA antibody
Y-11 and a red fluorescent secondary antibody. Nuclei were

visualised with the nuclear stain DAPI.

(ii) Hdm?2 enhances the cytoplasmic localisation of IMY

U208 cells were transfected with 3ug of pPCMV-HAIMY and
9ng of the Hdm?2 expression vector pPCHDMIA. The subcellular
locatisation of JMY and Hdm2 was determined by indirect
immunofluorescence 30-36 hours following transfection. JMY
was detected with the anti-IIA antibody (Y-11) and red
fluorescent secondary antibody. IHdm2 was detected with the
monoclonal antibody Ab-iand a green fluorescent secondary

antibody. DAPI staining shows the position of nuclei.




(i)

Hdm2 JMY DAPI

(i)




B. Leptomycin B blocks the relocalisation of JMY by Hdm2

U208 cells were transfected with 3pg of pCMV-HAJMY and Sug
of the Hdm2 expression vector pCHDMIA, and the subcellular
localisation of IMY and Hdm2 was determined 36 hours following
transfection. Five hours prior to fixation, the nuclear export
inhibitor leptomycinB was added at a final concentration of 1uM.

JMY and Hdm2 were visualised by immunostaining as described in

(A)-

C. Quantification of the effect of Hdm2 on the subcellular

localisation of JMY

100-150 cells were scored with respect to the subcellular
localisation of JMY. The data represent average values from 3
separale experiments. Only cells with nuclear Hdm2 siaining

(which represent the majority of cells) were included.
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D. Hdm2 promotes the cytoplasmic relocalisation of JMY in

SAOS2 cells
(i) JIMY in SAOS2 cells

SAOS82 cells were transfected with 3pg of pCMV-HAIMY and
9ug pcDNA3 empty vector, The subcellular localisation of IMY
was determined by indirect immunofluorescence 30-36 hours post-
transfection. JMY was detected using an anti HA antibody (Y-11)

and a red fluorescent secondary antibody.

(ii) Hdm2 enhances the cytoplasmic localisation of JMY in

SAOS2 cells

SAOS2 cells were transfected with 3ug of pCMV-HAIMY and
9ug of the Hdm2 expression vector pCHDMIA. Thirty six hours
following transfection, JMY was dctected using the polyclonal anti-
HA antibody Y-11 and a red tluorescin-conjugated antibody.
Hdm?2 was detected with the monoclonal antibody Ab-1 and a
green fluorescent secondary antibody. DAPI staining shows the

position of nuclei
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JMY
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E. Quantification of the cytoplasmic redistribution of JMY in

Hdm2-overexpressing SAOS2 cells

70-100 cells werc scored with respect to the subcellular
localisation of JMY. The data represent average values from 3
separate cxperiments and only include data from cells with nuclear

Hdm?2 staining (which represent the majority of cells).
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4.2. Hdm?2 does not promote JMY degradation

11208 celis were transfected with lpg of pCMV-HAJMY and
6pg of an empty vector (lane 1), or 3 and 6pg Hdm?2 expression
vector (lanes 2 and 3; respectively). The levels of MY were
cxamined with a mouse anti-HA antibody (HA11). Hdm?2 was
detected with the monoclonal antibody Ab-1. p33 levels were
examined as a positive control, and p53 was detected with the

monoclonal antibody DO-1.







4.3. DNA damage reduces the effect of Hdm?2 on the subcellular

distribution of JMY

A. Actinemycin D treatment

U20S cells were transfected with 3pg of pPCMV-HAIMY and 9pg
of pCHDMIA. Twenty four hours following transfection the cells

were treated with 20nM actinomycin D for 16hrs.

The subcellular localisation of JMY was visualised by indirect
immunofluorescence with the anti-HA antibody Y-11 and a red
Muorescent secondary antibody. Hdm2 was detected with the
monoclonal antibody Ab-1 and a green fluorescent secondary

antibody. DAPI staining shows the position of nuclei.
B, UV treatment

Cells were transfected with 3 and 9ug of pCMV-HAIMY and
pCHDMIA, respectively. Thirty hours following transfection, cells
were exposed to UV (60J/m? and fixed 6 hours later. JMY and
Hdm2 were detected with the Y-11 and Ab-1 antibodies as

described in (A).
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C. DNA damage reduces the relocalisation of JMY by Hdm?2

70-100 cclls were scored with respect to the subcellular localisation
of IMY. The data represent average values from 3 separate
cxperiments. Ounly cells with nuclear Hdm2 staining (representing

the majority of cells) were included in the analysis.
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4.4. _Ildm2 does not promote the cytoplasmic_transiocation of

JMY AP

A (). U20S cells were transfected with 3pg of pCMV-HAIMY
A P and 9ug pcDNA3 empty vector. The subeellular localisation
of IMYA P was determined by indirect immunofluorescence using
an anti A antibody (Y-11) and a red fluorescent sccondary

antibody. Nuclei were visualised with the nuclear stain DAL

(i). U208 cclls were transfected with 3pg of pCMV-HAIMY A P
and 9pg of the Hdm2 expression vecior pCHDMIA. The
subcellular localisation of IMY 4 P was visualised by indirect
immunofluorescence with the polyclonal anti-FIA antibody Y-11
and a red fluorescent secondary antibody. Hdm2 was detected with
the monoclonal antibody Ab-1 and a green fluorcscent secondary

antibody. DAPI staining shows the position of nuclei.




(i)
Hdm2 JMYAP DAPI

(ii)
Hdm2 JMYAP DAPI




B.  Comparison of the cffect of Hdm2 on the subcellular

relocalisation of JMY and JMYAP

100-150 cells were scored with respect to the subcellular
localisation of IMY and IMY 4 P in the prescnce of elevated levels
of Hdm2. The data represent average values from 3 separate

experiments.
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4.5. Mapping of the domains in Ildm?2 that are required for JMY

export

A. Diagram illustrating the Hdm?2 mutants used

The p53 binding domain is shown in blue. JMYAS58-89 Jacks a
region that is essential for binding to p53. The mutants, 1-440,
C464A and A58-89;C464A all have deficient ligase activity due to

ring finger deletion (1-440) or substitution in a critical, Zinc

co-ordinating cysteine (C464A).




p53 binding Ring Finger
HDM2

1 491
HDM2 -

1 491
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B. Deletion of the ring finger in Hdm2 1-440 abolishes its effect

on the localisation of JMY

U208 celis were transfected with 3pg of pCMV-HAIMY and 6ug
of pCIDM 1-440. The subcellular localisation of IMY was
visnalised by indirect immunofluorescence with the anti-HA

antibody Y-11 and a red fluorescent secondary anlibody.

Hdm?2 1-440 was detected with the monoclonal antibedy Ab-1 and
a grecen fluorescent secondary antibody. The DAPI staining shows

the position of nuclei.

C. Hdm2 C464A is unable to promote the nuclear export of JMY

The localisation of JMY was examined in U20S cells transfected
with the expression vectors pCMV-HAIMY (3pg) and pCHDM
464 Ala (6ug). Y-11 and a red [luorescent secondary antibody
were used to detcet HAIMY while Hdm2 C464A defection was

with Ab-1 and a green fluorescent.




DAPI




D. Hdm2 A 58-89 enhances the cytoplasmic localisation of JMY

U208 cells were transfected with 3ug of pPCMV-HAJMY and Sug
of pCHDM 4 58-89. Thiry six hours following transfection, MY
was detected with Y-11 and a red fluorescent secondary antibody;
and 1ldm2 A 58-89 was detected with the monoclonal antibody

Ab-1 and a green fluorescent secondary antibody.

E. Mutation of the ring finger in Hdm2 A 58-89 abolishes the

relocalisation of JMY into the cyfoplasm

U208 cclls were transfected with 3pg of pPCMV-HAIMY and opg
of an expression vector for the double mutant Hdm2 AS58-
89;C464A (pCHDM A58-89;C464A). Thiry six hours following
transfection, JMY was detected with Y-11 and a red fluorescent
secondary antibody; and Hdm?2 A58-89;C464A was detected with
the monoclonal antibody Ab-1 and a green fluorescent secondary

antibody.
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F. Quuntification of the effect of Hdm2 mutation on the

subcellular localisation of JMY

100-150 cclls were scored with respect to the subeellular
localisation of IMY. The data represent average values from at
least 4 separate experiments, Only cells with puclear Hdm2

staining {which represent the majority of cells) were included.
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Chapter 5. Interaction of JMY and Hdm?2 in cells

5-1. _Introduction

The oncogenic potential of Mdm?2 is largely attributed to its ability to tightly
regulate the activity of the p53 tumour suppressor (Momand et af, 2000).
ITowever, incrcasing evidence for p53-independent functions of Hdm?2 suggests
that alternative roles may also confribute Lo the oncogenic properties of Hdm?2

{Daujat et al., 2001).

The list of Mdm?2 interacting partners includes cell cycle regulators such as Rb
and E2T1 (Martin ef al., 1995; Xiao ef al., 1995, Hsich et al., 1999), the tumour
suppressor PML (Wu ef «f., 2003), ribosomal proteins (Marechal et al., 1994),
and tissue for cell type factors such as Numb (Juven-Gershon et al., 1998;
Yogosawa ef al., 2003) and Myo D (Fiddler et al., 1996). Nevertheless, the
physiological significance of the majority of these interactions is yet to be
elucidated, and may point to the involvement of Mdm?2 in the regulation of cell

proliferation and /or differentiation.

I have shown above that Hdm2 can affect the intraceliular distribution of MY in
the absence of stress but not under conditions of DNA damage. This implied the
existence of a functional interaction between the two proteins, and prompted the
analysis of the physical interaction between JMY and Hdm?2 and its potential

rcgulation by cellular conditions.
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5-2. JMY and Hdm2 interact in cells

To investigale whether IMY and Hdm?2 can form a complex, HA-tagged IMY and
Hdm2 were overexpressed i U208 cells, and the cell exiracls were
immuoprecipitated using a monoclonal anti- HA antibody (Figure 5.2.A lane 2),
or a monoclonal anlibody against Mdm2 (Ab-1) (Figure 5.1.A. lanc 3). Western
blot analysis demonstrated the presence of Hdm2 in JMY immunoprecipitates.
Endogenous pS3 also co-immunoprecipitated with HAJMY, confirming the

previous results that JMY associates with the p53 complex (Shikama ef «/., 1999).

The complementary analysis of immunoprecipitation with an Hdm2 antibody
showed that, in conirast to endogenous p53, which was efficiently co-
immunoprecipitated with IIdm2, JMY was not delcclable in  these
immunoprecipitates (Figure 5.1.A lane 3, and IFigure 5.1.B lane 2). A possible
explanation is that the Hdm2 antibody Ab-1 interferes with the JMY-Hdm?2
interaction. To test this possibility, the experiment was repeated using the SMP14
anti- Mdm?2 antibody, which recognises a different epitopc from Ab-1 (Ab-1
recognises an epitope between residues 26-150, and the epitope for SMP14 is
between amino acids 154-167). Both JMY and endogenous p53 were detected in
the SMP14 Hdm?2 immunoprecipitation products (FigureS.1.B. lane 3), but not in
immunoprecipitates of an irrelevant antibody (Figure 5.1.B. lane 4) conlirming

the interaction of IMY and Hdm?2 in cells (Figure 5.1.B. lane3).




Further, the interaction of Hdm?2 and the JMY isoform JMYAP was investigated
to determine whether the inability of Hdm2 to translocatc JMYAP to the
cytoplasm reflects lack of interaction between the two proteins.

HAIMYAP and Hdm?2 were overexpressed in U20S cells and the cell extracls
were immunoprecipitated with a monoclonal anti-HA antibody, or an irrelevant,
anti-Gald antibody (Figuwre 5.1.C). Examination of the HAIMYAP
immunoprecipitales showed the presence of Hdm2 as well as endogenous pS3
(lane 2) whereas the two proteins were not detected in the control
immunoprecipitates (lane 3). Therefore, the proline-rich region of JMY is not

essential for its ability to interact with Hdm?2.

Mutations in the ring finger of Hdm?2 abrogated its ability to promote the nuclear
export of IMY whereas deletion of the p53 binding domains had no effect. To
test whether these phenotypes are the result of differential binding to JMY,
HAIMY was coexpressed with wild type Hdm?2, the ring finger mutant C464A or
the p53 Dbinding mutant A58-89. The interaction was ftested by
immunoprecipitation using the anti-Mdm2 antibody SMP14 and the presence of
endogenous p33 in the immunoprecipitales was examined as a positive control

(Figure 5.1.I2).

p53 efficiently co-immunoprecipitated with both wild type Hdm2 (lanc 2} and

Hdm2 C464A (lane 4) but not with Hdm?2 AS58-89 (lane 6). A small level of p53

is detectable in the Hdm2 AS58-89  immunoprecipitates which reflects the

interaction of p53 with endogenous Hdm2 in U208 cells {lane 6).

174




Examination of the immunoprecipitation products revealed the ability of IMY to
intera%t}"lédnﬁ A58-89 and Hdm?2 C464A as well as with wild type Hdm2.
However, the inleraction of IMY with Hdm2 C464A 1s reduced relative to that
with wild type Hdm2 and Hdm2 A58-89. This observation may provide a
potential explanation for the inability of TIdm2 C464A to promote the

cytoplasmic relocalisation of MY,

5-3.  The interaction of JMY and Hdm?2 is regulated by cellular conditions

The main known function of Mdm2 1s the maintenance of low levels and activity
of p53 under normal conditions. A considerable body of evidence supporis a role
of DNA damage m attenuating the inhibition of p53 by Mdm2, which allows the
activation of the tumnour suppressor. Several mechanisms have been described
that interrupt the p533-Mdm2 regulatory loop, including phosphorylation events
that may interrupt or reduce the iuteraction between the two proteins, or that
reduce the ability of Mdm2 to downregulate pS3 without affecting their
interaction (Inoue et al., 2001; Maya et al., 2001; Alcaron-Vargas and Ronai,

2002),

Since DNA damage also attenuated Hdm2-mediated redistribution of IMY, it was
of interest to determine the effect of DNA damage on the JMY-T1dm2 interaction.
To this end, Hdm2 and HAIMY were co-expressed in U208 cells, which were
grown under normal conditions (Figure 5.2,A), or in the presence of the DNA

damaging drug actinomyein D for 16 hours {(Figure 5.2.B). The interaction of

Cvem,
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[TAJMY and IIdm2 was assessed by immunoprecipitation with a monoclonal

anti-HA antibody (FLA11) and western blot analysis with the relevant antibodies.

Consistent with the previous results, both Hdm2 and endogenous pS3 were co-
immunoprecipitated with JMY under normal conditions. Actinomycin D caused
the stabilisation of p53, which was reflected in its increased levels in the IMY
immunoprecipitates.  However, although Hdm2 was still deiected in the
immunoprecipitates, its levels were reduced by approximately two-fold (reduced
by 56%) relative to those observed in unstressed cells (compare 58.A lane 2 and
52B lane 2). This suggests that the IMY-Hdm2 interaction is attenuated by
actinomycin D freatment, and is consistent with the reduced ability of Hdm2 to
stimulate the translocation of HAJMY into the cyfoplasm of aclinomycin D

treated cells.

Next, the effect of serum starvation on the JMY-Hdm2 interaction was examined.
HAJMY and Hdm2-programmed U20S cells were incubated in low sertm media
{0.2%}) for 16 hours and the cell extracts were immunoprecipitated as above, using
a monoclonal anti-HA antibody (Figure 5 /3.(2‘,) Under these conditions, neither
Hdm2 nor endogenous p53 were detected in HAIMY immunoprecipitates. Since
low scrum conditions cause the nuclear exclusion of JMY, it is conceivable that
under these conditions, JMY dissociales completely from the pS53-Hdm2

complex.




5.4. Conclusions

The data presented in this chapter indicate the ability of MY and Hdm2 to
interact in cells. The N-terminal domain of Hdm2 might be involved in its ability
to interact with JMY as suggested by the absence of interaction in
immunoprecipitation assays targeting the N-terminus of Hdm2. However, the
ability of the p53-binding deficient mutant (AS8-89) of Hdm2 to interact with
IMY indicates that this region is not necessary for the interaction. Interestingly,
mutation of the ubiquitin ligase domain reduces the IMY-Hdm?2 interaction,
which might explain the inability of this mulant lo enhance the cytoplasmic

localisation of IMY.

Deletion of the proline rich region in JMY did not affect its ability to interact with
Hdm?2, indicating that the failure of IMYAP to undergo Mdm2-mediated cxport is
not the result of lack of intcraction between the proteins. This suggests that the
interaction with Fldm2 is not sufficient for eytoplasmic relocalisation of IMY and

that additional properties of JMY and/ or additional factors may be involved.
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5.1. JMY and Hdm?2 interact in cells

A. U208 cells were transfected with pCMV-HAIMY(10pg) and
pCHDMIA (10ug), and were harvested 36 hours post-transfection.
MY was immunoprecipitated from cell extracts with the mouse
anti-HA  antibody HAI11 (lanefQ); and Hdm2 was
immunoprecipitated with the monocll/(:nal Ab-1 antibody (lane 3).
JMY was detected with a rabbit anti-HA antibody (Y-11), Hdm2
with the polyclonal antibody H-221 and p53 with shecp anti-p33

serum. The input lane (Jane 1) represents 10% of the ccilular

extract.

B. U208 cells were transfected as described in (A} and the cell
extracts were subject to immunoprecipitation with the anti-Mdm2
antibodies Ab-1 (Jane 2), or SMP14 (lane 3). Monoclonal anti-Gal4
antibody was used as a control for specificity (lane 4). IMY was
detected with a rabbit anti-HA antibody (Y-11), Hdm2 with the
polyclonal antibody H-221 and p53 with sheep anti-p53 scrum. 10%

of the extract was loaded as input (lane 1).
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C. IMYAP interacts with Hdm2

U208 cells were transfected with 10 pg of pCMV-HAIMYAP and
10 ng pCHDMIA, and harvested 36 hours after transfection. Cell
extracts were immunoprecipitated with monoclonal anti-HA (lane
2), or with monoclonal anti-Gal4 antibody (lane 3). The
immunoprecipitates were analysed for Hdm2 and p53 binding.
JMY AP was detected with a rabbit anti-HA antibody (Y-11),
11dm?2 with the polyclonal antibody H-221 and p53 with sheep anti-
p53 serum. The input lane (lane 1) represents 10% of the cellular

extract.
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D. _JMY interacts with p33 binding and ring finger mutants of

Hdm2

U208 cells were transfected with 10 ug pCMV-HAIMY and 10
pg of pCHDMIA (lanes 1 and 2), pCHDM/@64Ah (lanes 3 and 4)
and pCHDM A58-89 (lanes 5 and 6). Thirty six hours post-
transfection, cell extracts were immunoprecipitated with the anti-
Mdm2 SMP'14 antibody (lanes 2, 4, 6). The immunoprecipitates
were analysed for the presence of p53 and HAIMY with shecp
anti-pS3, and rabbit anti JMY (1289) sera, respectively. Hdm2

was detected with the polyclonal H-221 antibody.
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3.2. The JMY-Hdm?2 interaction is regulated by cellular

conditions
A. In unstressed cells

U208 celis were transfected with pCMV-HAIJMY(10ug) and
pCHDMIA (10ug). The cell extracts were immunoprecipitated
with mouse anti-HA antibody (lane?); or with mouse anti-Gal4
antibody as a control (lanc 3). The immunoprecipitates were
analysed for Hdm2 and p53 binding. JMY was detected with a
rabbit anti-HA antibody (Y-11), Hdm2 with thc rabbit H-22]
antibody, and p53 with sheep anti-pS3 serum. Lane 1 shows the

input (10% of cell extract).
B. Following ActinomycinD treatment

U208 cells were transfecicd with the pCMV-HAIMY and
pCHDMIA expression vectors (10pg of each). Twenty four hours
after transfection, cells were incubated in media containing 20 nM
actinomycin D and were harvested 16 hours later. The lysates were
immunoprecipitated with an anti-HA antibody (Jane 2), or anti-
Gal4 antibody (lane 3). JMY, p53 and Hdm2 were detected by

western blot analysis as described in (A).
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C. Serum starvation

Twenty four hours following transfection with pCMV- HAJMY
(10ug) and pCHDMIA (10pg), UZ0S cells were incubated with
media supplcmented with 0.2% foetal calf serum, and harvested
16 hours later. The presence of Hdm2 and p33 wn HAIMY
immunoprecipitates ( lane 2) was exawined with the polyclonal
antibody H-221 for Fidm2 and a sheep serum for p53. HAIMY
was immunoprecipitated with a mousc anti-HA antibody, and

detected with the rabbit anti-HA antibody Y-11.
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Chapter 6. Discussion

A mualtitude of cellular strategies cnsurc the tight regulation of cellular
prolifcration. Defects in the pathways that control the cell’g response to DNA
damage, cell cycle checkpoints or growth stimuli can contribute to inappropriate

cell division and the initiation, or progression of cancer.

In addition to control of proiein stubility and post-translational modification,
regulated nuclear transport is proving to be a fundamental and critical mechanism
in the regulation of protein fuuction, Regulation of both nuclear import and
nuclear cxport has emerged as an efficient mechanism of translating signals
related to the cellular environment into pattemns of gene expression. This control
mechamsm has the advantage of allowing a rapid response to a particular signal,
and of restricting the access of transcriptiondregulators to their target genes in the

absence of the appropriatc stimulus.

Intensive research in the field of transcriptional regulation yielded multiple
examples of the control of iranscription factors by regulated nuclear transport.
Examples include the cytokine -induced nuclear translocation of STATS,
hormone-induced translocation of ligand—lependent transcription factors, and the
nuclear export of the p53 tumour suppressor by its negative regulator Mdm?2.
Moreover, the activity of another class of transcriptional regulators, caoctivator
proteins, is increasingly viewed as another layer of transcriptional control and
reeent studies have highlighted the importance of nuclear transport in the

regulation of some (ranscriptional cofactors (Muller ez al., 2002).
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For example, stimulation of Rho signalling induces the translocation of the
transcriptional coactivator FHL2, which results in the activation of androgen
receplor responsive genes (Muller er al., 2002).  Moreover, the steroid receptor
coactivator SRC-2, which is involved in skeletal muscle differentiation,

translocates into the nucleus during the differentiation process (Chen ef al., 2001).

The dala presented here relate to the regulation of the p53 cofactor, IMY. JMY is
regulated at the level of subcclliular localisation. While conditions of DNA
damage enhanced the nuclear localisation of JMY, scrum deprivation as well as
the Mdm2 oncoprotein had the opposite effect, enhancing the relocalisalion of

TMY to the cytoplasm.

0-1. DNA damage enhances the nuclear localisation of JMY

IMY cooperates with p300 to stimulate the p53 responsc. Conditions of DNA
damage enhance the association of IMY with the p53 complex, indicating that
stress-dependent mechanisms allow the recruitment of IMY to the p53 complex
(Shikama ef af., 1999). The data presented in this thesis suggest that enhancement

of the nuclear localisation of IMY is one such mechanism.

The DNA-damage induced nuclear transiocation of JTMY would be predicted to
facilitate its ability to acl as a transcriptional colactor {or p533 and {0 augment p53-
dependent apoptlosis. Examination of the effect of UV treatment on the cell cycle
effect of JIMY revealed that TMY does not augment apoptosis under these

conditions. Censidering that the transcriptional targets of pS3 include genes
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involved in DNA repair and angiogenesis as well as ccll cycle arrest and
apoptosis, it is conccivable that in response to UV, JMY is involved in responses

other than apoptosis.

The nuclear translocation of JMY was not triggered by all types of DNA
damaging trcatments. Whilst UV and actinomycin D incrcased the nuclear
localisation of JMY, ctoposide failed to produce such an effect. A possible
explanation relates to the type of damage resulting from each treatment.

Actinomycin D interacts with DNA, forming obstructive structures for the
movement of RNA polymerase, whereas UV promotes the formation of bulky
adducts within the DNA structure, which would also affect the processivity of the
enzyme. Etoposide, in contrast, favours the formation of double and single strand
DNA breaks due to its interference with Topoisomerase II (Friedberg et al.,
1995). Therclore, il is conceivable that IMY responds fo particular signal
transduction pathways which are aclivated upon the formation of bulky DNA

sltruclures, or stalled transcription,

Two major components of the DNA damage checkpoinl, ATM and ATR, are
thought to contribute differentially to the DNA damage checkpoint. ATM has
been mostly implicated in responses to DNA double strand breaks, whereas ATR
is thought to regulate responses to various types of damage, including double
strand breaks, stalled replication and pyrimidine dimers (Zhou and Elledge, 2000).
Therefore, it is an attractive, yet unproven speculation that the ATR pathway may

be involved in enhancing the nuclear localisation of JMY. This hypothesis can be
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assessed by overexpression of a kinase-defective mutant of ATR, which would be
predicted to attenuate or abolish the nuclear translocation of IMY in response to

UV and actinomycin D,

6-2. Sernmn deprivation promotes ithe nuclear cxport of JMY

In contrast to DNA damage, low serim conditions stimulale the translocation of
IMY into the cytoplasm. The cffect on subcellular localisation is rapid (observed
alter 1 hour of serum withdrawal) and is reversed by the reintroduction of serum.
The rapid kinetics of IMY localisation in response to serum withdrawal, and its
ability to re-enter the nucleus following serum stimulation suggest a role for

growth factor signalling in the regulation of IMY.

Cellular signalling pathways commonly involve signal-regulated translocation of
proteins between cellular compartments. hosphorylation is the most frequent
post-translational modification known to regulate nuclear transport, and a
considerable number of examples illustrate the link between phosphorylation and
the subcellular localisation of signal transduction molecules as well as
transcription regulators. For example, phosphorylation of the transcription factor
NF-AT in the presecnce of moderate calcium levels exposes its NES, thus
enhancing its nuclear cxport (Turpin et ai., 1999). In contrast, phosphorylation of
p53 has been propused lo block its nuclear export and allow its nuclear

accumulation in response to DNA damage (Zhang and Xiong, 2001).
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The appearance of a phosphatase-sensitive, electrophoretically faster migrating
band of IMY [ollowing serum deprivation suggests that such oonhditions mediate
the phosphorylation of JMY. Although a more common manifestation of a
phosphorylation event is a shift 1o a slower migrating form, examples of faster
electrophoretic mobility have been reported, and include Mdm2 following

phosphorylation by ATM (Khosravi et al., 1999).

It is conceivable that phosphorylation of JMY iriggers its nuclear export or
impairs its nuclear import, resulting in a predominantly cytoplasmic protein.
Alternatively, nuclear transport may facilitate the phosphorylation of TMY in the
cytoplasm. Tdentification of the phosphorylation sites and the kinases involved
will provide further clues with as to the role of JMY phosphorylation, and its

connection with the observed nuclear export.

The relocalisation of JMY to the cytoplasm occurs via a leptomycin B-, and
sodinm azide-sensitive mechanism. T.eptomycin B is an inhibitor of NES-
dependent cxport by CRM1 (Tornerod er al., 1997, Wolff et al., 1997) whilst
sodium azide acts by depleting the levels of RanGTP, thus disturbing the
RanGTP/RanGDP gradient across the nuclear membrane, Given that the
RanGTP/GDP gradient is requircd for multiple rounds of nuclear transport
(Schwoebel et al., 2002), and that sodium azide reduces the nuclear export of
JMY, these data support the involvement of the CRMI-dependent pathway in
JMY export, and indicate that it constantly shuttles between the nucleus and the

cytoplasm.
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Considering that CRM1-dependent nuclear export requires the interaction of
CRM1 with leucineqrich nuclear export sequences (NES), it is likely that MY
containg an NES signal. Hxamination of the primary protein sequence of IMY
reveals the presence of a leucine-rich sequence which fits the criteria established
for an NES (Bogerd ef ai., 1996) (figure 6.1). The importance of this sequence in
the nuclear export of IMY can be assessed by mutation analysis. Moreover, fusion
of the minimal sequence to a heterologous, non-shuttling protein would establish
whether it is sufficicnt to mediate nuclear export without the assistance of an
NES-containing binding partner. Of note, the data presented in this thesis do not
exclude the possibility that JMY export is mediated by another protein which

would provide the NES required for nuclear export.

The physiological significance of the cytoplasmic translocation of JMY in
response (0 serum withdrawal is unclear. If is possible that nuclear export of IMY
acts to inhibit its activity as a transcriptional cofactor for p53 and that MY is
maintained in an inactive state in the cytoplasm. This hypothesis is supported by
the observation that the ability of IMY to augment apoptosis is abolished under
low serum conditions. An alternative and attractive possibility is that JMY
possesscs an additional function in the cytoplasm which is related to serum/

growth factor signalling.

Serum signalling also affects actin dynamics, and the absence of serum

stimulation is associated with increased levels of unpolymerised actin (G actin)

{Miralles ef al., 2003). In this respect, it is intriguing that the C-terminus of IMY
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(residues 916-933) contains a region with high homology to the Wiscott Aldrich
homology domain (WH2) which has been implicated in actin polymerisation.
Considering the transcriptional coactivation properties of IMY and its ability to
shuttle between the nucleus and the cytoplasm, it would be interesting to examine
the functional importance ot this domain to assess any potential links between
transcription and the organisation of actin. Such a link has been demonstrated for
another transcriptional cofactor, MAL, which acts as a transcriptional coactivator

for the serum #esponse factor SRF (Miralles et al., 2003).

The subcellular localisation of MAI. displays similar dynamics to that of JMY.
In serum starved cells, MAL localises predominantly to the cytoplasm due to its
association with actin monomers. Serum stimulation causes a decrease in the
levels of actin monomers, thus allowing the relocalisation of MAL into the
nucleus, where it associates with SRF and activates SRE (serum response

element) mediated gene expression (Miralles ¢ al, 2003).

6-3. Differential regulation of the subcellular localisation of JMY and

JMYAP

The IMY iseform IMYAP possesses distinet properties from the wild type protein
(Shikama et al., 1999). JMYAP has been shown to have ncgligible effects on
pS53-dependent apoptosis, and to augment G1 arrest whercas wild type JMY has a
morc marked effect on apoptosis. Al the level of subcellular localisation, IMYAP
displays stronger nuclear staining than IMY and, in contrast to JMY, its nuclear

localisation is not enhanced by DNA damage. A possible explanation for the
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observed differences is that nuclear-cytoplasmic shuttling of IMY may provide an

additional control mechanism to prevent inappropriate induction of apoptosis.

Proline-rich domains induce bends in protein structurc and have been shown to
create binding sites for SH3 domains (Yu ef al., 1994). Therefore, it is possible
that structural differences between JMY and the AP isoform, and/or potential
interactions with SH3 confaining proteins may influcuee their association with the

nuclear transport machinery, and with components of the damage response.

In contrast, serum withdrawal promotes the relocalisation of JMYAP to the
cytoplasm in a similar fashion to the wild type protein, indicaling that the proline-

rich region is not essential for the serum response.

Thus, in addition to having different effects on the p53 response, JMY and
IMYAP are dilferentially regulated by DNA damuging conditions whereas they
appear to be rcgulated in a similar fashion in response to serum withdrawal.
Taken together, these data imply the possibility that different mechanisms

regulate JMY in response to DNA damage and to serum withdrawal.

Considering that JMY can constantly shuttle between the nucleus and the
cytoplasin, and the observed changes in its intraceliular distribution under
different cellular conditions, it is proposed that the steady state distribution of
JMY is determined by a balance between imiport and export mechanisms (figure

6.2). Depending on the cellular conditions, this balance is shifted by changes in




the rate of import, cxport or both. Thus, DNA damage [acilitates nuclear
accumulation by reducing the rate of export relative to import. DNA damage has
been shown to enhance complex formation between IMY, p300 and p53 (Shukama
et al., 1999), which could potcntially reduce its ability to shuttle to the cytoplasm.
In conirast, serum starvation increases nuclear cxport relative to import, thus

resulting in predominantly cytoplasmic localisation of TMY,

6-4. Mdm?2 affects JMY localisation

The oncoprotein Mdm?2 is a major negative regulator of (e p53 tumour
suppressor, and mediates its inhibitory function partly through enhancing the
nuclear export of p53.

The data presenled here indicate that Mdm2 can also affect the subcellular
distribution of the p53 cofactor JMY in a leplomycin B-sensitive, p53-

independent manner.

The ability of Mdm2 to relocalise JMY to the cytoplasm was abrogated following
treatment with actinomycin D and UV, which are inducers of DNA damage and
activators of pS3. This may cxplain the enhanced nuclear localisation of JMY
under these conditions and may be accounted for by moditications affecting MY,
Mdm?2, or both. Another potential explanation would be that DNA damage
* affeets the molecular composition of the JMY-Mdm2 complex in a way that

renders IMY resistant to Mdm?2- mediated cytoplasmic relocalisation.
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Mdm2-dependent inhibition of pS3 is similarly attenuated under DNA damage
conditions. For example, jomising radiation-induced Mdm2 phosphorylation
appears to reduce its ability to promote p53 degradation and export (Maya ef al.,
2001), whereas UV and certain alkylating agents reduce the mRNA and protein

levels of Mdm2, allowing the accumulation of p33 (Inoue et al., 2001).

6-5. Mdm2-mediated cxport of JMY is independent of p53 binding but

requires an intact ring finger of Mdm?2

Mutations that abolish the binding of Mdm?2 to p53 do not reduce ils effect on
IMY sub-cellular distribution. This indicates that Mdm?2-mediated relocalisation
of IMY is independenl of its ability to bind p53 and is consistent witli the fuct that
Mdm?2 can promote the redistribution of IMY inio the cytoplasm i the p53-null

SAOS2 cells.

In confrast, ring finger domain mutants of Mdm?2 fail to promote the cytoplasmic
localisation of IMY, suggcesting that the ubiquitin ligase activity of Mdm2 might
be involved. Alternatively, mutations in this region might affect the interaction
between JMY and Mdm?2. Interestingly, in a small proportion of cells, the nuclear
localisation of JMY increases in the presence ol these mutants relative to cells
overexpressing JMY alone. This was also observed in two studies assessing the
role of the ring finger domain in Mdm2-dependent export of p53 (Boyd e al.,
2000; Geyer er al., 2000). These studies used cells that express endogenous

Mdm2 (NIH 373 and U208, respectively), and showed the inability of ring finger
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mutants to relocalise p53 to the cytoplasm. In both studics, the proportion of cells
with nuclear p53 was higher in the presence of the ring finger mutants relative to
that observed in cells expressing p53 alone. Since UZOS/NIH3T3 cells already
contain cndogenous Mdm2, it 1s concelvable that the ring finger mutants act in a
dominant negative fashion and inhibit the effect of endogenous Mdm2 on JMY,
and p53. Figure 6.3, sunmmarises the effect of the described Mdm?2 mutations on

p53 and JIMY binding and nuclear export.

Mdm?2-mediated export of IMY might account for the variations in ils distribution
in U208 cells, which express endogenous Hdm?2, and SAOS2 cells, which
express almost undetectable levels of Hdm2 due to their 53 null status. The
proportion of cells displaying nuclear exclusion of JMY is almost twofold higher
in. U208 than SAOS2 cells, which might reflect a degree of nuclear export by

endogenous Hdm2 in U20S cells.

However, a significant percentage of cells display cytoplasmic MY staining even
in SAQS2 cells and in U208 cells in the absence of overexpressed Mdm?2. This
suggests thal additional factors might affect the distribution of JMY, and that
Mdm2 enhances the cytoplasmic localisation of JMY as opposed to being the
single main regulator of JMY localisation. Similarly, although Mdm2 can
significantly enhance p53 export, p53 can shuitle between the nucleus and the
cytoplasm independently of Mdm?2, For example, an Mdm2-binding defective
mutant of p53 has been shown to rotain shuttling activity and pS53 localisation can

be regulated by DNA damage independently of Mdm2 (Stommel e af., 1999,
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Zhang and Xiong, 2001). The situtation where the subccllular localisation of a
protein is regulated by an interacting protein as well as independently of the
binding partner is not uncommon, For example, the subcellular localisation of the
oncogenic transcription factor p-catenin is determined by an intrinsic
nucleocytoplasmic shuttling activity in growth factor stimulated cells. Ilowever,
in the absence of stimulus, the tumour suppressor APC actively exports fi-

catenin into the cytoplasm (Henderson and Fagotto, 2(G02).

JMYAP is resistant to Mdm2-mediated nuclear export despite maintaining the
ability to undergo nuclear export in response to scrum deprivation. This suggests
that one or more features associated with the polyproline region of IMY are
essential for Mdm2-mediated export. Further, these data indicate that elevated
levels of Mdm2 and serum deprivation may utilise different properties of TMY to

promote its cytoplasmic relocalisation.

6-6. Mdm?2 does not target JMY for degradation

The data presented above suggeslt that Mdm2 can regulale the subcellular
localisation of JMY and p53 by a similar mechanism. However, this similarity
does not extend to the regulation of protein levels. In contrast to its ability to
promote the degradation of p53, Mdm?2 fails to downregulate the protein levels of
JMY. This might be a reflection of the fact that MY is a relatively stable protein

and does not seem to be regulated at the level of its slability.
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6-7. JMY and Hdm?2 interact in cells

Consistentl with the ability of Mdm?2 to promote the redistribution of JMY to the
cytoplasm, the two proteins can interact in cells. ITowever, the ability of IMYAP
to interact with Mdm2 indicates that the presence of JMY and Mdm?2 in the same
complcx is not sufficient for Mdm2 to promote the cytoplasmic translocation of
JMY, and that an additional property of IMY that is associated with the proline

rich region is required,

Accumulating evidence shows thal Mdm2 does not always promote both nuclear
export and degradation of associated proteins, and complex formation with Mdm2
does not necessarily translatc into reduced levels and nuclear export. For
example, although il can inhibit p73 function, Mdm2 does not target it for
degradation nor nuclear export. The inability of p73 to underge Mdm2-directed
nuclear export is attributed to its non-functional nuclear export sequence (Gu et

al., 2001).

Another example relales to the regulation of the E2F/ DP heterodimer (Loughran
and La Thangue, 2000). Mdm2 downregulates the levels of E2F-1 only in the
presence of its hetcrodimeric partner DP-1, whereas it can promote the
degradation of the latter independently of E2I-1. Moreover, the interaction of
Mdm2 with DP-1 promotes its nuclear accumulation as opposed to export

(Loughran and LaThangue, 2000).
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Thus it appears that properties infrinsic to Mdm2-binding proleins determine, at
least in part, the outcome of the associalion with Mdm2. This may explain the
nability of Mdm2 to promote the degradation of MY, and may also account for

its inability to enhance the nuclear export of IMYAP.

6-8. Regulation of the JMY-Mdm2 complex by cellnlar conditions

Examination of IMY-containing complexes in cells reveals its ability to associate
with both Mdm2 and p53. The p53-Mdm2-IMY complex seems to possess a
dynamic nature as it is affected by cellular conditions. Whereas the three proteins
cocxist in a complex under normal conditions, actinomycin D-induced DNA
damage reduces the ability of Mdm2 but not p53 to co-immunoprecipitate with
JMY. This is consistent with the observation that actinomycin 1D compromises
Mdm?2-mediated nuclear export of JMY, and might contribute to the nuclear

accumulation of JMY in response to actinomyein D.

In contrast, serum starvation conditions, which stimulate the nuclear export of
IMY, not only block the interaction hetween IMY and Mdm2, but also prevent
the association of JMY and pS53. A possible explanation is that under these
conditions, JMY dissociates from the p53 and Mdm?2 complex, and is exported

into the cytoplasm via an Mdm2-independent mechanism.

A model for the regulation of the subcellular localisation of IMY is proposed

{figure 6.4). Under normal conditions, JMY constantly shuttles between the

nucleus and the cytoplasm and can interact with p53 and Mdm2. Mdm?2
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enhances the export of JMY, which presumably attennates its function as an
apoptotic cofactor for p53. DNA damage stimulates the nuclear translocation of
IMY and causes a reduction in its association with Mdm2, thus reducing the rate
of IMY export and allowing its accumulation in the nucleus. In the nucleus, JMY
cooperates with p300 to enhance p53-dependent transactivation.

Under conditions of growth [actor/serum deprivation, an Mdm2-independent
export mecchanism is proposed to stimulate the relocalisation of JMY to the

cytoplasm and, as a result, IMY dissociates [rom the p53-Mdm?2 complex.
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6-9. Concluding comments:

The results presented in this thesis relate to the regulation of the p53 cofactor
JIMY. JMY is demonstrated to shuttle between the nucleus and the cytoplasm in a
regulated manner, and cellular conditions are shown to shift the intracellular
distribution of JMY towuards a4 more nuclear or more cytoplasmic localisation.
The present study focused on the subceliular localisation of ectopially expressed
JIMY due to difficulty in gencrating antibodies thal are suitable for the analysis of

the endogenous protein by immunofluorescence.

In the absence of serum, a nuclear export mechanism results in a predominantly
cytoplasmic localisation of IMY. The opposite effect is produced by certain
conditions of DNA damage, which facilitate the recruitment of JMY o the
nucleus, the site of pS3 action. Furthermore, the interaction of JIMY and p33 is
regulated by these conditions. Whereas JMY can associate with p53 in the
presence of DNA damage, this mteraction is abrogated in the absence of serum,
The purification and comparison of JMY-containing complexes from DNA
damaged or serum starved cells would provide further insight into the regulation
of IMY and could potentially reveal other cooperating molecules or targets of

JMY function.

The finding that the JMY and JMY AP do not respond to DNA damage treatment
in the same manner suggests the existence of divergent regulatory mechanisms for
the two isoforms. An Intriguing question relates to whether different stress

signals result in the preferential use of a particular MY isoform in the p53




response. Given the ability of IMY and JMYAP to modulate the outcome of the
p53 activation, further understanding of their mechanisms of regulation could

provide valuable clues regarding the choice of the p53 response.

Interestingly, MY can associate with the pS3 inhibitor Mdm2, an interaction
regulated by cellular conditions. Furthermore, elevated levels of Mdm?2 result in
enhanced cytoplasmic localisation of JMY and this effect is attenuated under
DNA damage conditions.

The rematning crucial question relates to the functional significance of the IMY-
Mdm?2 interaction, and the relocalisation of IMY by Mdm?2. Mdm2-dependent
inhibition of p53 occurs at multiple levels, including inhibition of its interaction
with transcriptional coactivators (Wadgaonkar and Collins, 1999), and recruitment
of co-repressors (Mirnezami ef af., 2003). It 1s speculated that Mdm?2-mediated
export of JMY might represent an additional mechanism of modulating the
transcriptional activity of pS53. Since TIMY preferentially stimulatcs p53-
dependent apoptosis (Shikama et af., 1999), its cytoplasmic rclocalisation in the
presence of Mdm2 might serve to attenuate the apoptotic function of p53. In this
respect, it would be inleresting (o compare the effect of the p53 binding mutant
{(Hdm2 AS58-89) and the combincd double mutant (Hdm2 AS58-89;C464A) on the
coactivation and pro-apoptolic function of JMY. The above hypothesis predicts
that Hdm2 A58-89 but not Hdm2 A58-89,C464A (which is deficient in IMY
export) can reduce or block ihe effect of IMY on p53 transcriptional activity and

apoptosis. TFinally, if the ubove hypothesis is correct, and if Mdm2-directed
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export of IMY attenuates the p53 response, blocking the IMY-Mdm?2 interaction

might stimulate the p53 response, providing potential use in therapy development.
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6.1. Potential NES sequences of JMY

Sequences in the primary protein sequence of JMY that [it the
criteria for an NES are shown. The consensus proposed for an

NES (Bogerd ef af., 1996) sequence is shown
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6.2 Model for the regulation of the net subcellular localisation

of IMY

The distribution of JMY is determined by a balance between
nuclear import and nuclear export processes. This distribution can
be altered by shifting the balance towards nuclear import or

towards export and depends on cellular conditions




Cytoplasm Nucleus

resting state

Steady state balance between

import and export rates
»
<

DNA damage

Increased import/export ratio

Serum withdrawal

Increased export/import ratio
. >




“P21$9) 10U YN AT Pub £5d 140 Sjuvinul Juip ] Jo 1o3f]a a4] JO LuDuituns € § d4nst]

V9vD:68

- IN - - - -8G5V ZWIpPH

- + - - + 68-8sV TWPH

- paonpay - + - VorD TWpPH

- IN - + - 0ry-1 TWPH

+ + + + + QWpH

Jodx?

Ieafonu surpuiq yrodx? IsedI|

AT AT xeaponu god | Burpmiq ¢gd | uninbiqqy | yuejnuy/zwpy




6.4, Model for the regulation of the subcellular localisation of JMY

by Mdm2

A. Normal conditions

Under normal conditions, JMY constantly shuttles between the nucleus
and the cyloplasm and can intcract with p53 and Mdm2. Mdm?2
augments the cyloplasmic localisation of JMY in an NES- dependent,
leptomycin B-sensitive fashion. This effect of Mdm2 is independent
of binding to p53 as the p53-binding mutant Ildm2 A58-89 retains the
ability to associate with and promote the nuclear exclusion of IMY. In
contrast, mutation of the ring finger domain abolishes Mdim2-mediated
relocalisation of JMY, potentially by reducing the ability of the two

profeins to interact.
B. DNA damage

The associalion of Mdm2 with the JMY complex is weakened, thus
reducing the rate of the nuclear export of JMY and allowing ils

accumulation in the nucleus, and enhanced interaction with p53.

C. Serum deprivation
Under conditions of growth factor/serum deprivation, JMY dissociates
from the p53-Mdm2 complex and is shuttied to the cytoplasm via an

Mdm?2-independent mechanism.
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