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Review

How important are post-translational modifications in
p53 for selectivity in target-gene transcription and
tumour suppression?

A Olsson', C Manzl', A Strasser? and A Villunger*'

A number of elegant studies exploring the consequences of expression of various mutant forms of p53 in mice have been
published over the last years. The results and conclusions drawn from these studies often contradict results previously obtained
in biochemical assays and cell biology studies, questioning their relevance for p53 function in vivo. Owing to the multitude of
post-translational modifications imposed on p53, however, the in vivo validation of their relevance for proper protein function
and tumour suppression is constantly lagging behind new biochemical discoveries. Nevertheless, mouse genetics presents
again its enormous power. Despite being relatively slow and tedious, it has become indispensable for researchers to sort out the
wheat from the chaff in an endless sea of publications on p53.
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To this very moment, more than 42500 papers have been
published dealing with p53, in one or the other way, and still
we are not quite sure what all of its biological functions are and
how exactly it activates and coordinates them. What we
assume is that p53 acts predominantly as a transcription
factor, regulating the expression of more than 100 target
genes to initiate apoptosis, cell cycle arrest, DNA-repair,
cellular senescence as well as differentiation.” We cannot be
entirely certain that transcriptional activation of target genes is
the only way by which p53 exerts its biological functions,
because it has also been reported to translocate to the outer
mitochondrial membrane where it interacts with pro- and
antiapoptotic members of the Bcl-2 protein family.2

This review focuses on post-translational modifications, which
have been reported to modulate p53’s transcriptional activity
and their influence on target gene expression, in particular those
involved in cell cycle arrest and apoptosis. We have also tried to
summarize attempts to verify the most important in vitro findings
on p53 modification using knock-in mouse models that express
certain variants of the molecule that lack key-residues subjected
to post-translational modifications, or, entire portions of the
protein considered relevant for proper function.

Target Genes Relevant for p53-Mediated Growth Arrest
and Cell Death

The tumour suppressor function of p53 is based on its ability to
regulate a range of cellular functions, including cell growth,

cell cycle progression, DNA-repair, cellular senescence and
cell death. We can assume today that deregulation of all these
processes contributes to neoplastic transformation of p53-
deficient cells.

The ability of p53 to induce cell cycle arrest depends on
three critical target genes: p21,° 14-3-3s* and GADD45
(growth arrest and DNA damage-inducible protein 45).° The
transactivation of p217 triggers G1 cell cycle arrest through
inhibition of G1 cyclin-dependent kinases (cyclinA/CDK2,
cyclinE/CDK2 and cyclinD/CDK4 complexes).® Maintenance
of the Rb-E2F complex and consequent inhibition of S phase
entry then stops cells with a damaged genome from under-
going faulty DNA replication, thereby preventing propagation
of mutations.® In response to DNA damage, cells lacking p21
fail to undergo G1 cell cycle arrest but they can still undergo
cell death.” Through induction of 14-3-3¢, a cytoplasmatic
scaffold protein, and GADD45 p53 can also induce G2/M
arrest in cells that have sustained DNA damage.*® 14-3-3¢
has been shown to prevent nuclear import of cyclin B1 and
CDC2, through sequestration in the cytoplasm,® whereas
GADD45 destabilizes CDC2/cyclinB complexes.'®™ 1t
appears that these two processes cooperate to prevent initiation
of mitosis. Although the most prominent function of p21 is the
mediation of G1 arrest, evidence has been presented that it also
participates in the G2/M arrest after DNA damage,'? presum-
ably by blocking PCNA function at replication forks.'®

P53 target genes that are directly involved in the execution
of apoptosis can be divided in two classes. First, components
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of the ‘extrinsic’ cell death signalling pathway, triggered by so-
called death receptors (DR), members of the tumour necrosis
factor (TNF) receptor (R) superfamily, after receptor-ligand (L)
interaction.' The TNF-R family members CD95/Fas/Apo-1,
DR4, DR5 (also known as TRAIL-R1 and R2) were all
reported to be transcriptionally induced by p53 and have been
postulated to contribute to p53-induced apoptosis in certain
model systems or in response to certain anticancer drugs (for
details see Michalak et al.'®). Analysis of mouse mutants
lacking individual proteins of this family, such as CD95 or
CD95L, however, demonstrated that these molecules are
dispensable for p53-induced apoptosis in response to DNA
damage (see Michalak et al'® and citations therein).
Lymphocytes from DRS5-deficient animals were recently
reported to resist radiation-induced apoptosis to a certain
degree,'® although cells lacking the downstream signalling
component of all DR able to induce apoptosis, that is, pro-
caspase-8 were reported to respond normally to DNA
damage."” One might therefore speculate that the observed
resistance of DR5-deficient cells in vivo may not be caused by
defects in p53-induced apoptosis, as also evidenced by the
normal sensitivity of E1A-transduced dr5/~ MEF to adria-
mycin,'® but may be due to enhanced clearance of apoptotic
corpses in vivo or impaired JNK activation in response to DR5/
TRAIL interaction. Maybe induction of DR by p53 may render
cells with damaged genomes or under oncogenic stress more
susceptible to immune surveillance by CTLs or NK cells.

The second class of p53 target genes relevant for apoptosis
induction are central components of the ‘cell-intrinsic’ mito-
chondrial cell death pathway. APAF-1, the key component of
the apoptosome, necessary for pro-caspase-9 recruitment
and activation has been reported to be a primary p53
response gene.'®'® APAF-1-deficiency confers significant
resistance to p53-induced apoptosis in multiple cell types,
albeit to various degrees.?®?' Lymphocytes lacking APAF-1
or caspase-9, on the other hand, undergo DNA damage-
induced apoptosis normally.?? Therefore, the relevance of
the induction of APAF-1 by p53 remains unclear but may be
required to enable a sustained DNA damage-induced
apoptotic response.

More relevant for the proapoptotic p53 response appears to
be its ability to regulate the abundance of a number of
proapoptotic Bcl-2 family members, such as Bcl-2-associated
protein X (Bax), and the BH3-only proteins p53-upregulated
modulator of apoptosis (Puma) Noxa and Bcl-2-interacting
domain death agonist (Bid). BH3-only proteins most likely
trigger apoptosis by engaging multiple Bcl-2 pro-survival
proteins in a stimulus- and possibly also cell-type-dependent
manner, leading to Bax and/or Bcl-2 antagonist/killer (Bak)
oligomerizaton, mitochondrial outer membrane permeabiliza-
tion and subsequent cell death.2®> Bax was the first Bcl-2-
family member reported to be a p53 target,?* although this has
been questioned later.?® Bax, in a manner largely redundant
with Bak,2® is essential for apoptosis induction downstream of
BH3-only proteins.?” Accordingly, Bax-deficient thymocytes
are normally sensitive to DNA damage-induced apoptosis and
MEFs from these knockout mice show only minor resistance
to DNA-damaging agents.?®2° However, in the context of
malignant cells in which Bak function is impaired, for example,
owing to mutation as reported for certain gastric and colon
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cancers,° Bax will become rate limiting for p53-mediated (but
also p53 independent) apoptosis. Whether induction of bax
transcription by p53 in such cells will determine overall
apoptosis sensitivity remains to be investigated. As for
APAF-1, we speculate that p53-mediated induction of bax is
not critical for apoptosis initiation but may rather serve to
amplify apoptosis signalling.

There is now solid evidence that induction of BH3-only
proteins is most essential for p53-induced apoptosis. The
BH3-only protein Bid, which is considered to amplify apoptosis
signalling, particularly by linking the DR pathway to the
intrinsic pathway was reported to be induced transcriptionally
by p53 in response to y-irradiation.®! Although this finding is
intriguing, it is unlikely that Bid is rate limiting for p53-induced
killing. Bid activation requires caspase-8 or caspase-2-
mediated cleavage, converting it into the truncated, active
form, called tBid, to trigger apoptosis.®*3® Caspase-8 or
caspase-2-deficient lymphocytes and MEF, however, were all
found to be normally sensitive to p53-dependent apoptotic
stimuli.’”3**3% |In general, the data reported on Bid in DNA
damage-induced apoptosis are highly contradictory. Bid-
deficient primary and hTERT immortalized MEF were shown
to be refractory to cell death triggered by etoposide, UV- or
y-irradiation.3® In contrast, immortalized myeloid progenitor
cells that lack Bid expression responded normally to apoptosis
induced by the very same stimuli.3” Scrutinizing these findings
in the originally published mouse strain as well as in an
independently established bid~~ mouse line, generated on
an inbred C57BL/6 background, did not reveal any evidence
for Bid in the cellular response to DNA damage.®®

Puma mRNA and protein were both reported to be induced
in normal as well as malignant cells following DNA damage or
in response to oncogenic stress.>*~*' Its induction in response
to DNA damage strictly depends on p53, as colon carcinoma
cells expressing a human papillomavirus E6 protein or
engineered to lack wt p53 (H1299 and HCT116 cells,
respectively) are unable to express Puma.3%!

The noxa promoter region contains a functional p53-binding
site, as confirmed by promoter luciferase reportes assays.*?
Human noxa has already previously been cloned from
leukaemia cells treated with PMA and, therefore, was called
ATL-derived PMA-responsive gene or APR, but no function
was assigned to this gene.*®* Noxa mRNA is also rapidly
induced after adenovirus-mediated re-introduction of p53 into
MEFs derived from p53~/~ or wt mice and in wt thymocytes
subjected to y-irradiation but not in their p53~~ counter-
parts.*?

In line with their role as p53 target genes, cells derived from
Puma or Noxa-deficient mice show increased resistance to a
range of p53-dependent apoptotic stimuli.***® Thymocytes
and myeloid progenitors from Puma-deficient animals are
abnormally resistant to DNA damage caused by treatment
with etoposide or y-irradiation. Although upregulation of noxa
mRNA was also observed in these cells in response to these
death stimuli, Noxa-deficient cells were normally sensitive.
Similar results were obtained in an analysis of Puma-deficient
bone marrow-derived pre-B cells, mature peripheral B and T
cells as well as bone marrow-derived myeloid progeni-
tors.***® Again, loss of Noxa provided no protection against
these death stimuli in these cell types.***® In E1A-trans-



formed MEFs, Noxa and Puma appear to play an overlapping
role in mediating cell death in response to DNA damage
caused by cytotoxic drugs, such as etoposide or y-irradia-
tion.** Strikingly, in MEF and keratinocytes Noxa is the
rate-limiting BH3-only protein for UV-irradiation-mediated
apoptosis.*’ In contrast, Noxa can act together with Bim
(and not Puma) in triggering apoptosis in oncogene-trans-
formed MEF after UV-induced DNA damage, whereas both,
Noxa and Puma contribute to UV-induced death of primary
MEF.*” This indicates that, depending on the cellular context,
upstream signals induced by distinct forms of DNA damage,
that trigger different post-translational modifications on p53
(e.g. by ATM (ataxia telangiectasia mutated) versus ATR
(ataxia telangiectasia and Rad3-related) activation), induce
either Puma and/or Noxa to promote apoptosis. Puma and
Noxa often appear to act in concert with BH3-only proteins
that are not directly regulated by p53 (e.g. Bim) but may be
induced by parallel pathways triggered by DNA damage.*®4°

Besides the ability to transactivate proapoptotic target
genes, evidence has been presented that p53 can trigger
apoptosis directly by post-translational activation of proapop-
totic Bax or Bak. As a possible mechanism, it has been
proposed that cytoplasmic p53 is neutralized by Bcl-x, (or Bcl-
2) in healthy cells and in response to DNA damage (e.g.
caused by UV-radiation), nuclear p53 triggers expression of
Puma that subsequently disrupts this cytoplasmic p53/Bcl-x.
complex, allowing p53 to activate Bax and/or Bak.>>~%2 It is,
however, interesting to note that overexpression of Puma
potently triggers cytochrome c release in p53~~ MEF®* and
that deletion of the p53-response elements in the Puma
promoter completely abrogates DNA damage-induced apop-
tosis in HCT-116 and DLD-1 carcinoma cells.®® This indicates
that the transcription-independent proapoptotic potential of
p53 may only be a minor one. Hence, we believe that under
physiological conditions, similar to the effects of p53 on cell
cycle, apoptosis induction by p53 mainly depends on the
transcription of a distinct set of target genes that are central
components of the cell death machinery. Which modifications
in p53 promote the preferential expression of cell cycle arrest
plus DNA repair genes versusinduction of proapoptotic genes
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is poorly understood and under intense investigation (see
below).

Structure—Function Relationships in p53

The p53 gene contains eleven exons with two alternative
translation start sites in exon 2 and 4, respectively. Half a
dozen domains are known to contribute to p53 protein function
(Figure 1). At the N-terminus, two transactivation domains
(TAD), required for transcriptional activation of target genes
are encoded. The second TAD partially overlaps with the so-
called prolin-rich domain (PRD), which is required for multiple
protein—protein interactions. The central region of the protein
contains the DNA-binding domain (DBD) that is subjected to
heavy mutagenesis during tumour formation (> 90% of all p53
mutations found in human cancer reside in this region). The
DBD is followed by a domain that promotes oligomerization of
p53 (tetramerization domain (4D)). Functional p53 acts as a
transcription factor in tetrameric conformation, made up by
two p53 homo-dimers. Importantly, the oligomerization
domain also contains a nuclear export signal (NES). This
region is followed by the C-terminal regulatory domain (CTD),
harbouring three nuclear localization signals (NLS). The CTD
is also able to bind nonspecifically to damaged DNA (see also
http://p53.free.fr for further details). Post-translational mod-
ifications have been described to occur in all these domains
with different effects on protein stability and function
(Figure 1), but abundance, not so surprisingly, is also
regulated at the mRNA level, a fact long ignored in p53
biology.

Transcriptional and Translational Control of p53
Function

In response to a broad range of cellular stresses, such as DNA
damage, telomere erosion, aberrant oncogene activation or
lack of oxygen (hypoxia), p53 accumulates in the cell and
thereby becomes activated, indicating that protein abundance
dictates function.” Generally, p53 protein accumulation is not
considered to be due to an enhanced transcriptional response
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Figure 1 Domain-structure of human p53. The p53 protein consists of six major domains: TAD1 and 2; amino-acid residues 1-43 and 44-60; the PRD, residues 40-92;
the DBD, residues 100-300, the 4D, residues 307-355, and the CTD, residues 356-393). NLS, nuclear localization signal; NES, nuclear export signal. Post-translational
modifications are depicted in the individual domains of p53: P (phosphorylation), Ac (acetylation), Ub (ubiquitination), M (methylation), N (neddylation) and SU (sumoylation)
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of the cell but the consequence of p53 protein stabilization as
a consequence of a range of post-translational modifica-
tions.®® However, this dogmatic view has been challenged
recently by an elegant study, which showed for the first time
that the translational regulation of p53is modified in response
to DNA damage by the ribosomal protein L26 and nucleolin,
two interacting proteins found in the nucleolin-containing
ribonucleocomplex, that bind to the 5’UTR of p53 mRNA and
co-regulate its abundance with opposing functions.®” Further-
more, in germinal centre B cells, p53 mRNA and protein
expression is repressed by the proto-oncogene BCL6, which
appears to block p53 transcriptional activation in response to
physiological levels of DNA damage, required for immuno-
globulin class-switch recombination and somatic hyper-
mutation.®®

As p53was cloned at a time when PCR technology was not
yet available the possible existence of splice variants was
ignored for a long time. This issue has been extensively
investigated in the later discovered p53 relatives, p63 and
p73. These proteins exist in multiple shapes, colours, flavours
and sizes, which often display distinct biological properties.
For example, the N-terminally truncated versions ANp63 and
ANp73 appear to interfere in a dominant negative manner with
the action of their corresponding full-length counterparts.>®
This may have sparked the necessary interest to ‘re-clone’
p53.5° Until recently, only one alternative isoform has
been described for mouse p53, generated by alternative
splicing of intron 108" and four isoforms have been reported in
humans, p53, p53i9, 440p53 (also called AN-p53) and 4p53.
No evidence was found that p53i9, lacking the last 60 aa of
p53 would be functional or expressed endogenously in
cells.®? The third isoform, 4ANp53, which lacks part of the first
TAD (Figure 1), can still activate gene transcription
when overexpressed, but acts in a dominant-negative manner
against wt p53, interfering with p53-induced apoptosis as
well as MDM2-mediated degradation.®® Ap53 is generated
by alternative splicing lacking 66 aa residues (257-322)
encoded by exons 7-9 and appears to be expressed only in
primates.®* The deletion mutant, Ap53, reportedly can
only form oligomers with itself, still binds to p53 response
sites, but activates only a distinct subset of p53-target genes
such as p21 and 14-3-3¢ efficiently, thereby mediating ATR-
dependent inhibition of S-phase progression in damaged
cells.®*

Re-evaluation of the p53 gene structure and RACE-PCR
analysis revealed that at least six different mRNAs are
expressed in normal human tissue, due to alternative splicing,
as well as internal promoter usage. One of the novel isoforms,
denoted p53p was investigated in greater detail and was
shown to hetero-dimerize with wt p53 and to preferentially
bind to the promoters of the bax and p271 genes but not to
mdm2.%° Although p53f on its own was not able to activate
p21 or bax expression in promoter reporter studies, it
appeared to act in concert with wt p53 on the bax-gene
promoter, particularly under conditions of stress. This finding
did, however, not correlate with apoptosis induction, as co-
expression of wt p53 together with p53f did not lead to
increased apoptosis, when compared with cells overexpres-
sing wt p53 alone.® In this assay system, a different isoform
of p53, A133p53, which is transcribed from the internal
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promoter found in exon 4 clearly acted as a potent dominant
negative for wt p53 in apoptosis induction.®°

At the moment, it is unclear what the biological function of
the individual p53 isoforms might be. However, we can
speculate on the possible role of A133p53, as a mouse model
expressing a truncated version of p53 lacking the N-terminal 6
exons, generated from an ES cell clone that carried an
aberrant gene-targeting event,®® called p537"", has been
investigated. This truncated product, called p53™, lacking the
TAD, PRD and a significant part of the DBD appeared to
stabilize wt p53 in MEF from p53*/™ mice and increase its
transcriptional potential, at least on p271 expression, the only
target gene analysed in this study. Although about 45% of wt
and more than 80% of p53*/~ mice developed malignant
disease during their life, less than 10% of all p53+/"’ mice
showed signs of malignancy. However, although the tumour
resistance was significantly increased (subsequently shown
to depend on the presence of wt p53), p53*"™ mice died
earlier than wt mice, displaying features of premature ageing
such as strong weight loss and lordokyphosis but no other
signs of overt disease.®® This implicates that tumour
suppression comes at the price of premature ageing, a finding
that has been regarded as controversial.®® Expression of
extra copies of wild-type p53 in a BAC-transgenic mouse
model did not cause such a premature ageing phenotype but
showed clearly decreased tumour susceptibility in response to
different carcinogenesis protocols.®® However, a possible
explanation for these conflicting results could be that the
truncated p53 protein may induce initiators of apoptosis, such
as Puma or Noxa, more efficiently than wild-type p53 (even if
present in excess), thereby causing a generalized organ
atrophy leading to the premature ageing phenotype reported
in the p53+/”’ mutant mouse strain. Unfortunately, the
analysis of the impact of the p53™ mutant on target-gene
transcription was limited to p21 promoter—reporter assays.
This observation, however, indicates that the p53” mutant,
although similar in composition at the mRNA level, may be
fundamentally different from A133p53, which appears to act
as a dominant negative on p53-induced apoptosis (and
presumably also target-gene expression), at least when
overexpressed in vitro. Unfortunately, no common target
genes were evaluated between these studies that would
prove or disprove our theory.

The previously reported ANp53 (A40p53), lacking a
substantial part of the first TAD, arises from an alternative
translation initiation site encoded in exon 4, which is used
when wt p53 inhibits its own translation by binding to a stem-
loop structure in the 5UTR of its mRNA.®” This amounts to
approximately 5% of the level of full-length p53 transcripts in
healthy cells and can be readily detected in various cell
types.63 The auto-repression of p53 translation can be
relieved by MDM2-mediated degradation of p53, bound to
its own 5UTR, boosting expression of the full-length
transcript. Owing to the lack of the N-terminus, ANp53 is not
subjected to MDM2-dependent proteolytic degradation and
therefore has a much longer half-lives than full-length p53.5% A
shorter p53 transcript encoding a mouse version of ANp53
was subsequently also detected using RNase protection
assay and this was designated p44.58 Low-level expression of
p44 appears to enhance p53 function, maybe due to



increased overall stability of p53/p44 hetero-tetrameric com-
plexes compared with p53-homo-tetramers. On the other
hand, high-level expression of p44 was shown to have a
negative effect on p53-mediated gene transcription, presum-
ably by blocking p53-response elements.®® Interestingly,
moderate levels of p44 expression in transgenic mice was
reported to cause growth retardation, consistent with pre-
viously reported growth suppressive functions in cell culture,
premature senescence and ageing.®® The latter feature was
also reported in the p53™"™ mouse model.®® In both studies,
the effects were dependent on the presence of endogenous
p53. Mice expressing the p44 transgene on the p537/~
background showed a tumour incidence similar to P53~
mice. Whether p44 transgenic mice show reduced tumour
formation, as reported for the p537"™ mice®® was not
assessed due to the short lifespan of these animals of ~60
weeks, a time frame where wt mice do not develop
spontaneous tumours. The generation of p53+/~ mice
expressing the transgene or the analysis of radiation-induced
lymphomas may have been useful to address this question.
Overexpression of p44 appeared to enhance the transactiva-
tion of mdm2, IGF-BP3 and p21.%8 Sustained levels of p21 in
response to p53 activation were also reported in the p53*""
mice and we can therefore speculate that this may contribute
to inefficient cell division in adult stem cells, negatively
affecting tissue renewal and premature ageing. Unfortunately,
in both studies, a possible relationship between increased
spontaneous apoptosis and the observed organ atrophy was
not investigated.

Taken together, these experiments indicate that p53
function is essential to prevent tumourigenesis, as appre-
ciated for a long time, whereas the balance between the full
length and N-terminally truncated p44 isoform of the molecule
may determine its influence on ageing, cellular senescence
and perhaps other processes.%%8

Post-Translational Modifications of p53

The number of post-translational modifications on p53 that
have been reported appears endless. Mono- and poly-
ubiquitination, sumoylation and neddylation compete with
methylation, acetylation and prolyl-isomerization as well as
phosphorylation on multiple sites for physiological relevance
(Figure 2). Below, we focus on these modifications, particu-
larly those for which in vivo data based on the analyisis of p53
knock-in mouse models is available. We would also like to
refer to a number of excellent reviews, which have summar-
ized these findings lately.>%%7° We try to give an update on
this rapidly moving field and to add an additional angle by
summing up information on how p53 target gene expression is
affected in these mouse models and put this into the context of
apoptosis induction and tumour suppression (Table 1).

Regulation of p53 by Ubiquitination and Proteasomal
Degradation

In healthy (unstressed) cells, low concentrations of p53
protein are maintained by binding to E3 ubiquitin-ligases such
as the Hdm2 (human homolog of Mdm2) protein (Mdm2 in
mouse: mouse double minute 2),%¢ COP1 (constitutively
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photomorphogenic 1),%” Pirh2 (p53-induced, RING-H2 do-
main containing)®® and ARF-BP1 (ARF-binding protein 1),5°
which target p53 for proteosomal degradation. Mdm2, COP1
and pirh2 are also transcriptional targets of p53, securing its
self-destruction under physiological, stress-free conditions
(for a recent review see also).*°

P53 is subjected to both poly- and mono-ubiquitination.
Poly-ubiqutination targets p53 for proteasomal degradation,
whereas mono-ubiquitination promotes nuclear export of p53.
Both processes can be catalysed by MDM2. Low levels of
MDM2 activity induce mono-ubiquitination that allows for
further modifications of p53, such as PIASy-mediated
sumoylation, promoting nuclear export of p53, whereas high
levels promote poly-ubiquitination and proteasomal degrada-
tion of p53.91°2 |t has therefore been proposed that MDM2
keeps p53 in check by mono-ubigitination and nuclear export
in unstressed cells, in which the E3-ligase is found at low
levels, whereas polyubiquitination and degradation by MDM2
is considered to play a role during late phases of the DNA
damage response when damage has been successfully
repaired to allow re-entry into the cell cycle.®® Genetic
evidence strongly supports the idea that MDM2 is the most
critical regulator of p53 abundance due to the fact that
embryonic lethality caused by loss of mdm2 can be
completely rescued by concomitant loss of p53,°3%* thus
making us wonder how essential other E3 ligases such as
COP1 may be for p53 regulation.

P53 can also be modified post-translationally by the
ubiquitin-like molecules NEDD8 (neural precursor cell ex-
pressed developmentally downregulated 8) and SUMO-1
(small ubiquitin-like modifier-1). The functional consequences
of these modifications are less well understood. Neddylation
of human p53 at lysines in the CTD (Lys370, 372, 373) occurs
in an MDM2-dependent manner and inhibits the transcrip-
tional activity of p53, at least in overexpression studies.?® In
contrast, neddylation of Lys320 or Lys321 in human p53 can
be mediated by FBXO11, a member of the F-box protein
family and a component of the Skp1.Cullin1.F-box (SCF)
complex, which inhibits p53 function.®® SUMO-1 can be
attached to human p53 at Lys386, which was report to
enhance the transactivation activity of p53 in vitro.%"%8
Sumoylation is mediated by the SUMO-1 activating enzyme
ubc9 and is promoted by MDM2 and ARF.*® Some studies
found that a K386R sumoylation-resistant mutant of p53 had a
weaker transcriptional activity and slightly impaired proapop-
totic activity compared with wt p53,°° but others could not find
any difference between the K386R mutant and wt p53 in
transactivation and cell growth suppression assays. '’

Attempts to Interfere with p53 Proteasomal Degradation
in vivo

The PRD that follows TAD1 and overlaps with TAD2 in p53
(Figure 1) has been implicated in the modulation of p53
stability, mainly by prolyl-isomerase-mediated conformational
changes of prolin residues (Figure 2). These are thought to
reduce MDM2 binding and, hence, cause enhanced protein
stability, 2193 as well as transactivation potential via binding
of the histone acetyl transferase (HAT) p300.'%4-'%® Based on
in vitro studies, the PRD was also considered essential for the
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Figure 2 Proteins known to modify p53 post-translationally. The p53-modifications of specific amino-acid residues are indicated in (a) with P (phosphorylation), and in (b)
Ac (acetylation), Ub (ubiquitination), M (methylation), N (neddylation) and SU (sumoylation). Proteins responsible for the relevant modifications are depicted in boxes
in matching shades of grey. Abbreviations: ATM, ataxia telangectasia mutated; ATR, ataxia telangectasia and Rad3-related protein; AURKA, aurora kinase A; CDK,
cyclin-dependent kinase; Chk, checkpoint kinase; CK, casein kinase; CSN, cop-9 signalosome; DNA-PK, DNA-dependent protein kinase; DYRK2, dual-specificity tyrosine-
phosphorylation-regulated kinase 2; E4F1, Ubiquitin E3 ligase; ERK, extracellular signal-regulated kinase; GSK3p, glycogen synthase kinase 3 f3; HIPK2, homeodomain-
interacting protein kinase2; hMOF, human ortholog of the Drosophila MOF gene (males absent on the first); JNK c-Jun NH,-terminal kinase; MAPKAPK2, mitogen-activated
protein kinase-activated protein kinase2; p38, p38 kinase; MDM2, mouse double-minute 2 protein; PCAF, p300/CBP associated factor; PKC, protein kinase C; PKR, double
stranded RNA-activated kinase; SET9, SET9 methyltransferase; SMYD2, SET/MYND domain-containing methyltransferase 2; SUMO, small ubiquitin-like modifier 1; TAF1,
TATA-binding protein-associated factor1; Tip60, Tat-interactive protein. § constitutively phosphorylated and dephosphorylated in response to ionoizing radiation.” Modification
caused by UV-light only. * Overexpression of AURKA causes phosphorylation of p53 at Ser>'®

proapoptotic activity of p53, as APRD mutants of p53, lacking
the entire PRD, were reported to induce cell cycle arrest but no
longer apoptosis.'®” 1% The PRD was also reported to be
responsible for apoptosis induction in transactivation-deficient
mutants of p53.5" Although it is unclear what consequences
deletion of the PRD domains really has on overall structure of
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p53, mice expressing such a mutant were generated and
heterozygous intercrosses gave rise to offspring at the
expected Mendelian numbers, without gender bias.®* In
contrast, a significant number (>50% on an inbred 129/0la
background) of female p53~/~ mice die in utero due to defects
in neuronal tube closure.® ' |t has therefore been



Table 1 Collection of p53 knockin mutant and transgenic mouse strains
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Mouse Impact on cell cycle Impact on Replicative Tumour suppression Reference
model apoptosis senescence
p44tg Elevated basal p21 levels and Not assessed Increased Not assessed Maier et al.%®
reduced proliferation
p53*/’" Enhanced p217 induction after Not assessed Not assessed Increased?® Tyner et al%®
y-rad, arrest not assessed
p53518A Conflicting data between Impaired Normal Normal® Sluss et al.”" and Chao
studies etal™
p53523A Normal Conficting data  Not assessed - Decreased® Wu et al.”® and
between studies presumably mildly MacPherson et al.”*
impaired®
18254 |mpaired Impaired Mildly impaired Decreased?, see p53°?**  Chao et al.”®
p53hpk>#¢4  Mild defects in p21 induction,  Mild/no defects  Mildly impaired Not assessed Feng et al.”®
arrest not assessed
p53°%8%A  Normal Minor defects®  Not assessed Decreased® Bruins et al.”’
p53<H Mild defects in p21 induction, Mild/no defects Not assessed Not assessed Feng etal.”®
arrest not assessed
37KR Normal Normal Accelerated Normal® Krummel et al.”®
p5317"  Normal Increased Not assessed Not assessed Chao et al.®°
p53%° Impaired Impaired Impaired Impaired® Jimenez et al.,®' Chao
et al®2 and Johnson et al.®®
p532PA0 Impaired Mild defects Impaired Impaired® Toledo et al.8*
p53TTAA Normal Normal Normal Normal® Toledo et al.®®
p53 VXA Normal Normal Normal Normal® Toledo et al.®®

2Spontaneous tumour formation. ®Based on comparison with p53°784 and p53°792%4 data. °UV-induced apoptosis and skin carcinogenesis. “Xenograft model using

E1A+RAS-transduced MEF.

proposed that the APRD version of p53 retains sufficient
proapoptotic potential during embryogenesis to allow normal
neural tube closure. The APRD mutant of p53 was normally
phophorylated in response to DNA damage but showed
reduced transactivation potential on some target genes, most
prominently noxa and p21.84 In contrast, induction of mdm2or
puma was not, or only mildly, impaired after doxorubicin
treatment of MEF.2* In agreement with data from transfection
studies, the overall half-life of the APRD mutant was found to
be significantly reduced compared with wt p53, due to
increased sensitivity to MDM2-mediated degradation.®*
Defects in target gene transcription, again, were most likely
due to secondary effects on co-activator recruitment, as
promoter binding appeared unaffected. Consistent with the
most prominent effects on target gene transcription, cell
cycle arrest functions were impaired in 4PRD/APRD homo-
zygous cells. This was in contrast to in vitro studies, in which
apoptotic responses in E1A-transduced MEF exposed to
various forms of DNA damage inducing drugs were only
significantly different to wt cells when low concentrations of
these agents were used. This demonstrates that the APRD
mutant retains a reduced but still significant proapoptotic
potential. This correlates well with the observation that
expression of Noxa and Puma is impaired (albeit to varying
degrees; noxa > puma), but not abrogated in response to
DNA damage. Consistently, only very few APRD/APRD
homozygous animals were reported to develop spontaneous
tumours.®*

Toledo et al. also addressed the question whether the
internal deletion of the PRD may cause the observed
phenotypes in p53FPRPAPRD mice by interfering with the
overall structure of p53 or by preventing the interaction with
the co-activator p300 or the prolyl isomerase Pin1, respec-

tively. In order to examine this, they generated two more p53
knock-in mouse strains: one lacking Pin1-binding sites (Thr81
in human p53), by mutating the relevant threonines in mouse
p53, Thr76 and Thr86, to alanin (p5374) and another strain,
which retained these sites but lacked the four critical proline
residues (79, 82, 84, 87) in this region, making up the tandem
PXXP sites (p53**). Animals carrying either of these
mutations were born at the expected Mendelian ratio,
indicating that the mutated p53 proteins maintain the majority
of their proapoptotic functions during embryogenesis.®®
Stabilization of p53 in response to DNA damage was
comparable with wt p53 in the p53**** mutant but reduced
in the p53"™A mutant cells, consistent with the in vitro
observations, showing that the interaction with Pin1 promotes
p53 stabilization by interfering with MDM2-mediated degrada-
tion."°21%% However, p53""* accumulated with delayed
kinetics and Pin1 binding was observed to p53™™* in
response to UV-irradiation, indicating the existence of Pin1-
binding sites outside the PRD. In contrast to the p53!7*P4PRD
mutant, activation of mdm2 and p21 in response to
doxorubicin treatment was not affected, nor was replicative
senescence, pointing to a functional cell cycle arrest in the
p53Y*4 and p53"™* mutant animals. Most strikingly,
apoptotic responses in MEF or primary thymocytes were
unaffected by either of these two mutations. Consistently,
oncogene-induced tumourigenesis in E1A/RAS xenograft
assays was also efficiently suppressed.®®

In summary, these data indicate that the deletion of the
PRD has much more profound structural consequences for
p53 than previously anticipated and that PXXP-dependent
protein interactions are dispensable for transcriptional activa-
tion of p53 target genes and apoptosis induction. Pin1
interaction may fine-tune p53 abundance but does not
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interfere with its transcriptional potential. Although one would
also have predicted that deletion of the four key-prolin
residues in the PRD should substantially reduce the proposed
transcription-independent proapoptotic action of p53, DNA
damag%e-induced apoptosis occurred normally in these mutant
cells.

Overexpression experiments indicated that insertion of two
point mutations in the TAD, changing leucin 25 to glutamin
and tryptophan 26 to serine (residues 22 and 23 in human
p53) disrupt MDM2-binding, leading to constitutive high-level
expression of a transcription-deficient mutant, p53°° that was
found to be able to bind constitutively to DNA.8' In agreement
with previous data, implicating MDM2 in nuclear-cytoplasmic
shuttling of p53, mutant p539° was found to be abundant not
only in the nucleus but also in the cytoplasm of MEF
expressing this p53 mutant. The distorted distribution pattern
did not change in response to DNA damage, highlighting the
role of MDM2 in nuclear-cytoplasmic shuttling of p53. DNA
damage-mediated induction of p271 was abrogated in these
mutant cells, as was thymocyte apoptosis. Oncogenic
transformation of MEF was as readily achieved in p539°
MEF as in p53~~ MEF and E1A/Ras""?-transduced colonies
formed tumours in nude mice with comparable efficiency as
similarly transformed p53-deficient MEF. These results
indicate that the p53°° mutant behaves like a null allele.®
Subsequent sequencing of the expressed mutant p53
revealed that the p539S mutant carried an additional alanin
to valine exchange at position 135. However, two additional
laboratories reported the generation of cells expressing
p539S. Both studies observed essentially identical pheno-
types as the first group, regarding apoptosis induction and cell
cycle arrest in ES cells, MEF and thymocytes.32:83

Collectively, these results demonstrate the importance of
transcriptional transactivation of target genes by p53 for cell
cycle arrest and apoptosis induction. Interestingly, despite
retaining the intact PRD, which has been implicated in
transcription-independent apoptosis, this p53 mutant was
unable to induce apoptosis in response to DNA damage.®*'""
Surprisingly, bax mRNA induction in response to doxorubicin
appeared largely unaffected, whereas induction of noxa or
p21 was impaired in the p539S-expressing cells. Over-
exposure of northern blots suggested, however, that this
p53 mutant retains some transactivation capacity, at least on
the p21 gene.® Unfortunately, this was not assessed in direct
comparison with p53~~ cells, which would have been
informative given that p53-independent activation of p217 in
response to DNA damage, for example by UV, has been
described previously.''211® The observation that the p53%S
mutant does not protect E1A-expressing MEF from hypoxia-
induced cell death may simply be due to different target-gene
modulation for cell death induction, rather than transcription-
independent proapoptotic functions of p539S. Consistent with
this idea, p53 accumulation in response to hypoxia is not
associated with the post-translational modifications seen after
DNA damage and apoptosis under hypoxic conditions
appears mediated mostly by trans-repression of target genes
via recruitment of co-repressors, such as mSin3A.""* This
function may still be fulfilled by p53%® especially, as it was
found to bind constitutively to (at least certain) promoter
sequences.
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Regulation of p53 by Phosphorylation

Numerous serine and threonine residues, mainly located
within the N-terminal TAD and the CTD of p53 are targets for
phosphorylation (Figure 2). Various kinases, including ATM ,
ATR, Chk1 (checkpoint kinase 1), Chk2, CK1 (casein kinase
1), JNK, HIPK2 and DYRK2, have been shown to phosphory-
late p53 after DNA damage (for a recent review see also).%®
Most sites that are phosphorylated in response to a stress
signal lead to p53 protein stabilization, and thereby enhance
its function and/or affect the binding specificity of p53 to target
sequences in the genome. In addition to stress-induced
phosphorylation, there are also a few sites in p53, which are
constitutively phosphorylated (e.g. Ser378) and certain sites
are actually de-phosphorylated in response to stress signals,
such as Ser376 and Thr55.115:116

The phosphorylation of the amino-acid residues Ser15,
Thr18 and Ser20 in the N-terminal TAD domain of human p53
has been studied most extensively. These residues are
located in, or close to, the region in p53 that also binds to
MDM2.%81"® Ser15 is phosphorylated in an ATM-dependent
manner early in response to y-irradiation but is not phos-
phorylated upon exposure to UV-light.'">"'” Data from in vitro
or overexpression studies indicate that phosphorylation at this
position stimulates p53-dependent transactivation, growth
arrest and apoptosis in response to DNA damage.''®'20
However, there exist conflicting data on whether Ser15
phosphorylation affects MDM2 binding or not.''®12" Phos-
phorylation of other residues, including Thr18 and Ser20,
which occurs later in the response to DNA damage, was
shown to depend on initial phosphorylation at Ser15.122123
Phosphorylation of Thr18 and Ser20 has been found in
numerous studies to interfere with the interaction of p53 with
MDM2, preventing the ubiquitination of p53 and thus promot-
ing its stabilization.2+12%

In contrast to the proposed inhibition of MDM2/p53
interaction, phosphorylation of Ser46 by the kinases HIPK-
226 or DYRK-2'?” was reported to mediate selectivity in
promoter binding by p53 and to specifically promote the
induction of apoptosis inducing genes, such as p53-regulated
apoptosis-inducing protein 1 (p53AIP)."?® Phosphorylation of
Ser315, on the other hand, was reported to increase the
transactivation potential of human p53 in response to
irradiation damage,'®® possibly by promoting nuclear reten-
tion, mediated via interaction of p53 with E2F1."3° Phosphory-
lation at the same site by aurora kinase A, however, was
suggested to promote MDM2-dependent ubiquitination and
proteolysis of p53,'3" arguing for an inhibitory role of this
modification.

Ser392 within the CTD of p53 (Ser389 in mouse p53) is
phosphorylated by p38 MAPK or casein kinase 2 in response
to UV-irradiation, but only very inefficiently after y-irradia-
tion.132_135

In summary, the relevance of phosphorylation of p53 in its
stabilization and activation remains controversial. Some
studies investigating phosphorylation-deficient mutants of
p53, generated by alanine-replacement of serine and threo-
nine residues at single residues, or, combinations of up to
twelve residues failed to show any effect on p53 stabilization,
activation of target gene transcription or cellular re-



sponses.’® 13" However, the massive overexpression of
these mutant proteins may have obscured effects that might
be evident if p53 levels are limiting, that is in normal cells.

Investigations on the in vivo Relevance of p53
Phosphorylation

As mentioned above, in humans, a number of serine residues
at the very N-terminus of p53, comprising the first TAD,
become phosphorylated in response to DNA damage caused
by y- or UV-irradiation.5®

Two groups established mouse models that express a
mutant version of p53 that can no longer be phosphorylated at
Ser18 by ATM in response to DNA damage (corresponding to
Ser15 in human p53).”"7? Both studies observed an abnor-
mally reduced sensitivity of p53°'®4 homozygous mutant
thymocytes to DNA damage induced apoptosis, and the extent
of protection was similar to the one conferred by the loss of one
p53allele in mice. In cells from both mouse strains, stabilization
of mutant p535'8 protein after DNA damage appeared normal.
Gene expression profiling using RNA from y-irradiated thymo-
cytes revealed defects in the induction of the p53 targeted cell
cycle regulators p21 and 714-3-30, but proapoptotic targets
such as APAF-1, baxor the BH3-only protein bik/blk, previously
reported to mediate E1A-induced cell death in a p53-
dependent manner,'® were normally induced, suggesting a
promoter-specific impact of the S18A mutation.”? In addition,
gRT-PCR confirmed differential expression of most of the
genes found differentially expressed on the micro-arrays and
additionally revealed impaired induction of the mRNA coding
for the BH3-only protein Noxa. The reduced induction of noxa
is, however, irrelevant for the observed apoptosis resistance of
thymocytes, as Noxa-deficient lymphoid cells are normally
sensitive to y-irradiation.** Consistent with the abnormally
increased resistance of p53°%4 thymocytes to DNA damage,
the other study reported reduced induction of Puma, the key
p53-effector in lymphocyte apoptosis in response to y-irradia-
tion or DNA damage-inducing drugs.** The differences
observed in target gene induction between the two studies is
most likely due to the fact that older generations of Affimetrix
chips, as the ones used here, did not contain all relevant p53
target genes, in particular puma.

Contradicting results were observed regarding the effects
of the p53°5'® mutant on DNA damage-induced cell cycle
arrestin MEF. This may, at least in part, be due to the fact that
different stimuli were used to trigger cell cycle arrest. In
response to UV-irradiation, p53°7®* homozygous mutant
MEF failed to undergo normal cell cycle arrest in one study,
consistent with the reduced induction of p27 mRNA seen in
the micro-array analysis. In contrast, in the other study, no
defects in cell cycle arrest or differences in p27-induction in
MEF subjected to y-irradiation. This may point to differential
requirements regarding Ser18 phosphorylation for p21-
induction, depending on the form of DNA damage and the
subsequently activated checkpoint kinases.

Interestingly, the p535'8” mutation did not appear to affect
binding to a number of target gene promoters, as assessed by
ChlIP. This indicates that impaired co-regulator recruitment or
promoter-specific transactivation defects may be responsible
for the observed phenotypes. Both studies failed to observe
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the increased rates of spontaneous tumourigenesis in
p535"%4 homozygous mutant mice, indicating that phosphor-
ylation of Ser18 alone, is not relevant for the tumour
suppressor function.”"” However, given the fact that the
most prominent defects were observed in response to y-
irradiation in thymocytes, investigation of radiation-induced
thymic lymphoma development may have helped to unravel
minor differences in tumour suppression more easily.

A number of studies have indicated that phosphorylation of
Ser20 by Chk1 and/or Chk2 in human p53 (Ser23 in the
mouse p53) is critical for its stabilization in response to DNA
damage, most likely by interfering with MDM2 binding and
subsequent proteasomal degradation (see above). Consis-
tent with this notion, chk2~ cells are defective in p53
stabilization in response to y-irradiation.’® Using different
blastocyst complementation approaches, Xu and co-workers
generated MEFs and thymocytes that express a single
p53°234~ mutant allele of p53, using a p53*/~ ES cell line
where exons 2—4 were replaced by a loxP element on one
allele, for gene targeting.”® Loss of p53 phosphorylation at the
Ser23 site was confirmed in ES cells using phospho-site-
specific antibodies but stabilization of p53 occurred normally
in response to UV- or y-irradiation. Induction of p21and mdm2
in response to UV-irradiation in cells expressing mutant p53
did not differ from MEF or ES cells expressing wt p53.”3
Furthermore, the amount of MDMZ2 that could be co-
immunoprecipitated with p53 did not differ between wt and
mutant p53. This indicates that Ser23 phosphorylation on its
own cannot disrupt p53/MDM2 interaction. Consistent with
this hypothesis, UV-irradiation induced apoptosis in ES cells
or y-irradiation induced apoptosis in thymocytes was normal in
cells expressing mutant p53.”® This indicates that transcrip-
tional activation of the relevant p53-effectors mediating UV-
and y-irradiation-induced apoptosis, that is Noxa and Puma
respectively,***” probably occurs normally in the p53 mutant
cells. A small number of p5352%4 rag2~"~ chimeric mice were
followed for up to 8 months, a time frame during which most
p53-deficient animals develop thymic lymphomas or fibrosar-
comas, but none of the p535?%4 animals presented with
malignant disease.”® This, however, does not prove that
Ser23 phosphorylation is dispensable for p53 tumour sup-
pressor function in vivo. It is conceivable that an unknown
number of downstream effectors may not be regulated
normally in p53°2%4 mutant cells and a more comprehensive
analysis of p53 target gene expression and a longer follow-up
of chimeric animals may have revealed subtle impairments of
p53 function, as observed in a similar study by Jacks and
colleagues.” Mice that express mutated p53523* protein in all
somatic cells presented with increased B-cell lymphoma
incidence in their second half of life and, although p53
stabilization in MEF appeared largely normal, as in the
previous study, thymocytes were reported to be partially
refractory to y-irradiation-induced apoptosis. This partial
resistance correlated with decreased protein stabilization in
p53°2%4 homozygous mutant thymocytes exposed to j-
irradiation in vitro or in vivo.”* TUNEL analysis of spleens
and the developing cerebellum, collected after whole body
y-irradiation revealed strongly reduced numbers of apoptotic
cells in tissues from p53°2%4 mice compared with control wt
animals. This indicates that the p5352*A mutation may cause a

1569

Cell Death and Differentiation



p53 modifications, cell death induction and tumour suppression
A Olsson et al

1570

defect in puma induction. p53 protein accumulation appeared
strongly impaired in the brains of y-irradiated p53523* mutant
mice. We therefore assume that the overall transcriptional
response activated by p53 must have been strongly impaired
(due to its low levels) rather than mutant p5352*A exhibiting a
specific defect in engaging target gene promoters. The
molecular basis for the difference in apoptosis susceptibility
of thymocytes between the two studies remains unknown.

It is interesting that p5352%4523A homozygous animals
developed mostly B-cell ymphomas and some sarcomas but
not the classical thymic lymphomas, observed in p53~~ mice.
A possible explanation for these findings may be a cell type-
specific threshold of p53 activity that is necessary to delete
highly sensitive thymocytes versus mature T and B cells in
response to DNA damage or oncogenic stress. Alternatively,
this may also reflect the fact that these mice were kept on a
mixed genetic background well known to modulate the tumour
spectrum caused by the loss of p53.

Recently, a combined mutant mouse model expressing a
p53°1%23A mutant protein was described.”® Accumulation of
this mutant p53 in response to DNA damage in MEF appeared
normal, although the overall stability appeared increased.
Expression of classical p53 target genes, such as p21, noxa,
bax and dr5, was significantly reduced, but not more than in
p53518A single mutant cells. This indicates that Ser18 and
Ser23 phosphorylation may exert distinct functions in vivo.
Upon y-irradiation, cell cycle arrest was partially impaired in
the p53°'92%A MEF, but this defect was clearly less
pronounced compared with p53~~ MEF. The propensity to
undergo replicative senescence was only mildly impaired,
suggesting that the reduced target gene expression is still
sufficient to execute at least certain key effector functions of
p53.7% In contrast, thymocytes expressing p535'®2%A were
almost as resistant to DNA damage-induced apoptosis as
p53~"~ cells, indicating overlapping functions for both amino
acid residues in the induction of proapoptotic target genes, at
least in this cell type. In contrast to the findings in MEF,
stabilization of p535'¥2%A in thymocytes was drastically
impaired and the mutated protein appeared to be degraded
more rapidly, which is consistent with the hypothesis that
mainly Ser23 and Ser18 phosphorylation promote p53-
stabilization and by interfering with MDM2-binding in re-
sponse to DNA damage. In line with decreased p53
stabilization, induction of the proapoptotic targets noxa, bax,
dr5 or puma was abnormally low (~10-20% compared with
wt cells).”® Again, it must be assumed that loss of puma
induction may be the most critical event contributing to the
apoptosis resistance of these p535'®2%* mutant thymocytes.
The extent of protection observed in p535'%/23A thymocytes
after y-irradiation is comparable with those afforded by loss of
Puma, but still lower than the protection observed in p53~/~
cells.”® Which p53 target(s) mediate Puma-independent
thymocyte apoptosis in response to y-irradiation is unclear
at present, but Noxa and/or Bim are possible candidates.*'4°

Consistent with impaired cell cycle arrest and apoptosis
function of the p53°7%34 mutant, mice expressing this protein
were abnormally prone to tumourigenesis, although tumour
incidence was significantly lower and latency longer com-
pared with p53~/~ mice. Tumour latency and the hetero-
geneous tumour spectrum in these animals appeared to be
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comparable with the one observed in p53°2°4/525A mice and
this fits with the observation that p535'%/5784 mutant mice
were not abnormally tumour prone.”27475:141

Collectively, these results support the idea that phosphory-
lation of Ser23 predominantly interferes with MDM2 binding
and subsequent p53 degradation. In addition, phosphoryla-
tion of both serines affects the expression of a number of p53
target genes required for p53-mediated cell death and cell
cycle arrest, maybe by differential recruitment of co-activators
to some but not all target gene promoters. This indicates that
loss of both p53-induced cell cycle arrest and apoptosis are
required for tumourigenesis. Moreover, it is possible that
oncogene-induced senescence is also critical for the tumour
suppressive function of p53, as indicated by studies with mice
expressing conditionally active forms of p53.'%%'% |t is
presently not known whether activation of the senescence
pathway is defective in cells expressing p53518/234 or p53523A
mutant protein.

Phosphorylation of Ser46 in human p53 was reported to
play a relevant role in the p53-mediated DNA damage
response by inducing the proapoptotic factor p53AIP."28
Ser46 can be phosphorylated by at least two kinases,
HIPK2'** and DYRK2."?” Remarkably, this residue does not
appear to be conserved between mouse and man, but Ser37
(localized within the PRD) in mice may carry out an equivalent
function to human Ser46. Therefore, Xu and co-workers took
advantage of the human p53 knock-in ‘HUPKI"” mouse model
(here referred to as: hki), in which a substantial portion of
mouse p53 sequences was replaced by human p53
sequences.’® Introducing the relevant mutation in the
previously used targeting construct, they generated p53hki-
5464 mice.”® They found that the human-derived Ser46
residue was phophorylated in MEF in response to y- or UV-
irradiation, but the time of p53 stabilization appeared shorter
in p53hki°*A cells compared with cells expressing p53hki.
Induction of the proapoptotic target genes noxa, dr5, pidd (a
death domain containing protein involved in caspase-2
activation), puma as well as p21, perp and mdm2 revealed
that expression of noxa and perp were most affected, whereas
the induction of all other targets was, if anything, only
moderately reduced compared with ‘wt p53hki cells.”
Unfortunately, p53AIP, a target specifically induced in
response to Ser46 phosphorylation in human cells'?” was
not evaluated in this study. However, as Puma and Noxa
account for most, if not all the proapoptotic activity of p53, the
role of p53AIP in cell death is uncertain. In E1A/Ras
transformed MEF, loss of Ser46 phosphorylation in p53
resulted in partially reduced apoptosis in response to DNA
damage, and this correlated well with impaired induction of
noxa and puma, whereas pidd or dr5 were unaffected. Loss of
p53, again, proved more potent in inhibiting death of
transformed MEF, indicating that other modifications in p53
must also contribute to the induction of Puma and Noxa
expression or that additional targets required for killing, but
not assessed by qRT-PCR, are induced normally in the
p53hki®*eA cells. Death of thymocytes after y-irradiation was
only modestly affected, if at all, further pointing to cell type
specific post-translational requirements for p53 function.”®

Analysis of mouse ES cells expressing p53hkiS3'5A
generated in the same lab, revealed that Ser315 phosphory-



lation is critical for activating p53 transcriptional activities
during differentiation as exemplified by impaired induction of
p21 and repression of the homeodomain protein gene
nanog.'*® Nanog is required to maintain ES cells in an
undifferentiated stage. It was proposed that p53-mediated
downregulation of nanog, that is also observed in ES cells
exposed to DNA damage, serves as an alternative mechan-
ism to maintain genomic stability, by promting ES cell
differentiation into cell types that undergo p53-dependent cell
cycle arrest or apoptosis more efficiently.'® Unfortunately,
the impact of this post-translational modification on either of
these functions was not addressed in this study and it will be
interesting to see how this modification influences embryonic
development and/or tumour suppression by p5353'%4 in mice.

Last, but not least, mice carrying a Ser389 to alanin
mutation (Ser392 in human p53) were found to have
increased sensitivity to UV-irradiation induced skin carcino-
genesis, consistent with the UV-specific induction of Ser389
phosphorylation.®147 P53 protein stability, however, was
not impaired in p53°%%4 mutant cells, but the DNA-binding
efficiency of p535%%* was reduced after UV-treatment
compared with wt p53.”” Whether this is due to impaired
tetramerization is unclear, but it would be interesting to test if
this modification modulates interaction of p53 with other p53
isoforms, such as ANp53, which is known to act as a dominant
negative on some p53-regulated promoters (see above).
Consistent with this hypothesis, activation of some target
genes, such as mdm2 or p21, was reduced, but induction of
the BH3-only protein Noxa was only mildly delayed. Given the
prominent role of Noxa in UV-irradiation induced apoptosis of
MEF and keratinocytes,*” this observation might explain why
only minor apoptosis defects were observed in such cells from
these p53 mutant mice.

Spontaneous tumourigenesis was not increased in
p535%894 homozygous mice when compared with wt mice
and the consequences of p535389A expression on an already
abnormally tumour prone background, such as p5353894~
was not assessed. However, after crossing of the animals
onto the hairless back-ground (SKH:HR?7), chronic UV-B-
irradiation induced skin tumours (papillomas and squamous
cell carcinomas) occurred significantly earlier in p535%894
mutant mice compared with control wt mice but still later than
in p53*/~ mice.”” It appears unlikely that this abnormal
tumour predisposition is only due to reduced Noxa expression
in UV-exposed keratinocytes, but it may well contribute to
disease establishment and/or progression. In line with the
specific requirement of Ser389 phosphorylation for the
nucleotide excision repair response, p53°%%%4 mutant mice
were normally susceptible to y-irradiation-induced thymic
lymphomas but showed an increased tumour incidence when
treated with carcinogens that cause bulky adducts, such as 2-
actylaminofluoren.'#®

Acetylation and Methylation — can p53 Work without it?

P53 can be acetylated at several lysines by different HAT.
CBP/p300 heterodimers acetylate p53 at lysines within the
C-terminal domain (Lys370, 372, 373, 381, 382).'*° In
contrast, Lys320 and Lys305 in the nuclear localization
domain are acetylated by PCAF (p300/CBP-associated
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factor) and p300, respectively.'%®141:150 Moreover, the MYST
family acetyl transferases, hMOF and TIP60, were recently
shown to acetylate p53 at Lys120 in the DBD."®"'%2 Lys120-
acetylated p53 was reported to accumulate preferentially on
the promoters of proapoptotic target genes, including bax and
puma. Mutants of p53 that can no longer be modified at this
residue showed impaired proapoptotic activity in overexpres-
sion experiments, whereas cell cycle arrest functions and
induction of mdm2 were not affected.'®"%?

Acetylation of p53 by p300 and PCAF occurs in response to
DNA damaging agents, such as UV- and y-irradiation. CBP/
p300 and PCAF act as co-activators for p53-mediated
transcription. However, although some studies could show
an enhancement of sequence-specific DNA-binding activity of
acetylated p53,19%:196:153 55 well as more potent promotion of
transcriptional activation of target genes, '** others suggested
that the enhancing effect of CBP/p300 on p53 transactivation
function was independent of p53 acetylation.'® As the lysine
residues within the CTD of p53 are also targets for
ubiquitination, it was proposed that acetylation of these
residues may promote the stabilization of p53 by interfering
with proteasomal degradation.5¢15¢

Nevertheless, a number of recent studies have indicated
that acetylation of different lysine residues has differential
effects on which target genes are activated by p53. Using
acetylation-mimicking lysine to glutamine mutations, func-
tional differences between acetylation of Lys320 versus
Lys373 were reported.’” Acetylation of Lys320 in p53 was
shown to favour interaction with high-affinity p53-binding sites
in target genes, promoting cell survival and cell cycle arrest. In
contrast, acetylation of Lys373 led to a stronger interaction of
p53 with low-affinity binding sites, which are found in
proapoptotic target genes and therefore promoted cell
death.'®”

Acetylation levels of p53 can be regulated via deacetylation
by an HDAC1 (histone deacetylase 1)-containing complex or
by the NAD-dependent histone deaceytylase Sir2x (silent
information regulator 2«). Deacetylation was shown to repress
p53-dependent transcriptional activation, apoptosis and
growth arrest'®®-'6° MDM2 also seems to interfere with the
acetylation of p53 and was shown to inhibit p53 acetylation by
p300 and PCAF'¢":162 and to promote the HDAC1-mediated
deacetylation of p53."%®

Finally, lysine residues that can be subjected to acetylation
are also targeted by methyl transferases. Methylation of p53
can occur at least two different sites, reported to lead to
opposing effects on p53 function. Methylation at Lys372, by
the methyl-transferase Set9, increases the stability of p53,
restricts it to the nucleus and enhances p53 dependent
transcription, '®* whereas methylation of Lys370, mediated by
another methyl transferase, Smyd2, leads to repression of
transcriptional activity.'6®

Lessons from Mice Expressing Lysine-Deficient Mutants
of p53

As mentioned above, a number of biochemical studies
suggest that p53 protein stability is regulated by the
competition of E3 ligase-mediated ubiquitination and HAT-
mediated acetylation. Acetylation of lysine residues prevents
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ubiquitination (but not binding) by MDM2, thereby increasing
p53 stability. A number of studies proposed that the
acetylation status might influence co-regulator recruitment
as well as sequence-specific DNA binding (see above).

Replacement of six or seven C-terminal lysine residues in
p53 by gene targeting in mice (p53<¢F and p53”F mice),
including the five residues known to be targeted by p300,
however, revealed that this caused only surprisingly mild
abnormalities. On first sight, this indicates that p53 stabiliza-
tion is not critically influenced by the proposed E3-ligase/HAT
competition for lysine modification. Importantly, the overall
ubiquitination of p53 appeared to be only slightly reduced by
these mutations indicating that other lysine residues in p53
suffice to promote its MDM2-dependent degradation.”®"®

Consistent with the idea that lysine modifications are
relevant for co-repressor recruitment and/or sequence-
specific DNA binding, one study reported that expression of
proapoptotic target genes (noxa, pidd, puma) was impaired
after DNA damage in p53*©" ES cells and thymocytes, but
surprisingly not in MEF.”® Along that line, in response to DNA
damage, apoptosis was abnormally reduced in ES cells and
thymocytes expressing mutant p53“®? but occurred normally
in MEF.”® A minor resistance of thymocytes was reported in
the K6R study and this correlated with reduced expression of
dr5and puma mRNA.”8 In contrast, analysis of p53”<F mutant
mice showed that in thymocytes that have sustained DNA
damage this p53 mutant was actually stabilized abnormally
rapidly, and this correlated with accelerated transcription of
the only common target analysed, puma.”® The difference
regarding puma activation may be due to the fact that a non-
conserved lysine in mouse, at position 394, was not mutated
in the p53°“" mutant mice and may still be a target for
modification, impacting on Puma expression. In summary,
these studies indicated that acetylation of C-terminal lysines
may mediate cell-type-specific target gene expression but are
not rate-limiting for modulation of p53 protein stability or
apoptosis induction. As the same residues mutated in the
aforementioned knock-in mice are targets for methyl-trans-
ferases, one might speculate that methylation of lysine
residues is of minor importance for p53 regulation. However,
as MDM2-mediated ubiquitination at the very same lysines is
also not possible in the mutant mouse strains, such a
conclusion might be premature. Inhibition of site-specific
methyl-transferases or p53-acetylating enzymes in vivo will be
necessary to clarify this issue.

Lysine modification by PCAF may affect nuclear localiza-
tion of p53 and specificity of binding to target genes. However,
expression of p21, noxa, dr5 and pidd and cell cycle arrest
were found to be largely normal in MEF derived from mice
expressing p53<'"R (K320 in human p53).%° Interestingly,
thymocytes and E1A transformed MEF from these mutant
mice were found to have abnormally increased susceptibility
to DNA damage-induced apoptosis. This hypersensitivity was
also observed in vivo, as demonstrated by TUNEL staining of
small intestine and retina derived from mice that were
exposed to whole body y-irradiation. In all cases analysed,
proapoptotic target gene transcription was increased in
p533'7R over wt cells, and noxa as well as puma were most
prominently affected.®® A micro-array analysis performed on
mRNA derived from wt and p53<%"”% mutant thymocytes
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revealed that about 88% of the p53 target genes affected by
the K317R mutation were more strongly induced when
compared with wt. PCAF-mediated modification of Lys317
appears to counterbalance high level expression of proapop-
totic target genes, including noxa, pidd and puma, in a cell
type-specific manner, whereas expression of other targets,
including p21, mdm2 or gadd45, were not affected by this
modification.®® In summary, these results support only in part
published in vitro data, which proposed that this modification
favours cell survival.'®” Changes in cell cycle arrest efficiency,
as also proposed, were not observed in vivo. Nevertheless,
Lys317 modification by acetylation appears to play a crucial
role in fine-tuning proapoptotic target gene expression in vivo.
Consistently, neddylation of Lys320 in human p53 (Lys317 in
mice) by the F-Box protein FBXO11 was also reported to exert
inhibitory effects on p53’s apoptotic function in vitro.%®

A number of papers have demonstrated that mutations in
the DBD of p53, which are frequently found in human tumours,
impede its ability to act as a tumour suppressor. Mutant
knock-in mice harbouring such mutations (e.g. p53R172H
p537172Pp53hki %W or p53R270H) proved to be excellent
models of Li-Fraumeini syndrome and they will be useful tools
to investigate the impact of these mutations on target gene
transcription.'®®~1%® However, based on these observations, it
will be difficult to speculate on the relevance of Lys120
modification by hMOF and TIP60, as it is located in the DBD.
Although it was reported that the K120R mutant binds p53
target sites equally well as wt p53, this was only investigated
for a limited number of target genes."®' The K120 residue in
p53, however, interacts with the major groove of DNA'° and,
therefore, possible phenotypes arising in putative K120R
knock-in mice may not entirely be due to the effects on target
gene expression caused by loss of p53 acetylation.

Conclusions

What can we extract from all these animal models regarding
the relevance of post-translational modifications on p537? If we
look at the relatively modest phenotypical changes in many of
the knock-in mouse strains generated to validate the
significance of in vitro observations from overexpression
experiments (Table 1), one might conclude that biochemical
studies describing various modifications are highly overrated.
So far, ubiquitination of p53 by MDM2 is the only post-
translational modification that has been confirmed to be also
highly relevant in vivo.%3°* This does not mean that the others
are irrelevant or do not occur in vivo (meaning in a living
organism, not cells in the culture dish), but nature appears to
be able to compensate quite easily for the loss of one or even
two or more of these modifications in p53. One might argue,
that due to its importance for tumour suppression, there must
be such a high degree of redundancy. Conversely, one might
say that the in vivo studies only analysed a very restricted set
of p53 target genes in a very limited number of cell types, that
is ES cells, MEF and thymocytes only, and those that are
genuinely influenced by post-translational modifications of
p53, were overlooked.

What the in vivo studies show us, however, is that we are
left within a dilemma. Biochemical analysis of post-transla-
tional protein modifications in cells is highly relevant and



appreciated to help us to understand the multiple facets of cell
biology and protein function but this technology is also
confronted with a number of inherent problems. Overexpres-
sion of p53 or site-mutants, either alone or in combination with
the potential modifying enzyme, for example, will never reflect
the natural levels or balance of the interacting proteins. They
are produced in vast excess and the natural spatial-temporal
regulation of these molecules can no longer be maintained. In
addition, the overall consequences of single or multiple amino
acid changes or deletion in p53 on the overall structure and
accessibility for modifying enzymes are still hard to predict.
Cell lines used for these studies are often transformed or of
malignant origin, sometimes carrying countless mutations that
deregulate the control of their survival and proliferation in
culture by unknown processes. Their response to enforced
expression of modified p53 molecules will never reflect
biological responses in primary cells or tissues. Maybe the
comparative analysis of in vivo labelled proteomes of model
organisms, such as mice, will allow us to pin down the relevant
modifications of p53. However, even if technologies like this
will guide the future, validation of biochemical observations in
genetic model organism will always be of paramount
importance to separate the wheat from the chaff.
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