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ABSTRACT OF THE DISSERTATION

Functional analysis of p53 N-terminal phosphorylation and C-terminal multiple

posttrandl ational modifications in regulating p53 responses to DNA damage

by

Lijin Feng
Doctor of Philosophy in Biology

University of California, San Diego, 2006

Professor Cornelis Murre, Chair

p53 is the most commonly mutated tumor suppressor gene in human cancers.
Activation of p53 maintains the genomic integrity and protects the organism against
the propagation of cells that carry damaged DNA with potentially oncogenic
mutations. While p53 protein is normally short-lived and kept at low levelsin a
relatively inactive form, upon genotoxic and cellular stresses p53 is transiently
stabilized and activated as a transcription factor. The increase in protein level and
transcriptional  activity is attributed largely to the various posttranslational
modifications of p53, including the N-terminal phosphorylation, and the multiple C-

terminal modifications such as ubiquitination, acetylation, sumoylation, neddylation



and methylation. Specifically, the six Lysine residues at p53 C-terminus can be
posttrandationally modified by diverse mechanisms, among which the
ubiquitination of those residues has been thought to be required for Mdm2-mediated
ubiquitin-directed proteasoma degradation, and the acetylation is suggested to
activate p53 transcriptional activity and contribute to its stabilization. To investigate
the physiological functional outcome of the C-terminal modifications in regulating
p53 stability and activity, we introduced Lysine to Arginine missense mutations at
the six Lysine residues (K6R) into the endogenous p53 locus in mouse embryonic
stem cells (ESCs). Unexpectedly, analysis of mouse ESCs, mouse embryonic
fibroblast (MEFs) and thymocytes has concluded that ubiquitination of C-terminal
Lysine residues is not required for efficient p53 degradation either before or after
DNA damage. The outcome of loss of al potential posttranslational modifications
is a modestly impaired p53 activity after DNA damage in a promoter-specific
manner. Phosphorylation of Ser46 of human p53 is suggested to play an important
role in activating p53-dependent apoptosis. To address the physiological role of
Ser46 phosphorylation, we introduced Ser46 to Alanine mutation ($46A) into the
human p53 knock-in (HUPKI) alele in mice. Consistent with the previous cell line
studies, transactivation of p53 targeting apoptotic genes is preferentially affected by
the mutation and p53-dependent apoptosis after DNA damage is partialy impaired
in mutant thymocytes and in E1A/Ras-overexpressed MEFs. In addition, Ser46
phosphorylation may contribute to preventing spontaneous immortalization of

cultured MEFs and to oncogene Ras-induced premature senescence of MEFs.



Chapter 1

Introduction



The p53 gene is the most commonly mutated tumor suppressor gene in
human cancers (1). Around 50% of all human cancers show mutations in p53, and a
further fraction show a functional inactivation of the protein (2). During the past
twenty-seven years, the roles of p53 in cellular responses to various stresses and in

tumor suppression have been well established.

p53: the early years

p53 was firstly discovered in transformed cell lines as a 54kD protein
co-immunoprecipitated with SV40 large T antigen, which is needed for the ongenic
property of SV40 virus (3, 4). Another report found the same 54kD protein
associated with adenovirus protein E1B-55Kd (5). In addition, elevated p53 protein
level was detected in several human tumor cell lines compared to its undetectable
level in primary cells, leading to the hypothesis that p53 might be a proto-oncogene
(6). The identification of p53 as a tumor suppressor occurred after several groups
showing that expression of wild-type mouse p53 gene can inhibit tumor progression,
by controlling the cell growth or by mediating apoptosis (7-13).

Sequence analysis of p53 in various human tumors indicated that mutations
in the p53 gene were common events in diverse human malignancies, which
included point mutations resulting in single amino acid substitutions, base-pair
deletions, and chromosome 17p allelic deletions leaving only mutant forms of p53

(14-17). Most of the point mutations are missense mutations, the majority of which



are clustered within highly conserved region of p53, and there are at least three
mutation ‘hot spots’ affecting residues 175, 248 and 273 (18). Several subsequent
protein analysis suggested that the mutant p53 protein expressed in tumor cell lines
had a much longer half-life and greater level compared to the wild-type p53, which
was kept at a low steady-state level, resulting in large amounts of the mutant protein
in transformed cells or tumors, and that mutant p53 usually lost or reduced its
transcriptional activity (19, 20). Some mutants were also shown to have an altered
protein conformation, which could drive the wild-type p53 into the mutant form
through oligomerization (21). The notion that p53 may play an important role in
suppressing many common human tumors was further demonstrated by the finding
that germ line p53 mutations were detected in the families of Li-Fraumeni
syndrome (LFS), a rare autosomal dominant syndrome characterized by diverse
neoplasms occurring at many different sites in the body of affected individuals (22,
23). And its importance in tumor suppression is conclusively demonstrated by the
creation of the p53”" mice that are highly prone to spontaneous tumor formation and
develop a large spectrum of tumors (24, 25). Since these early findings were
published, numerous groups have focused on studying the biological function of

this molecule and the mechanisms of its tumor suppression.

Overview of p53 structure and function

The full-length human p53 gene encodes a 393-amino acid protein, which



is composed of four functionally interdependent domains: N-terminal
transactivation and proline-rich domain (amino acids 1-63 and 64-92, respectively),
the central sequence-specific DNA-binding domain (amino acids 110-286), the
tetramerization domain (amino acids 326-355) and the C-terminal regulatory
domain (amino acids 373-393) (2, 26). Besides the tumor suppressor p53, the p53
family also contains p63 and p73, both showing strong homology with p53 in terms
of overall domain structure and conformation (27, 28). However, distinct from p53,
both p63 and p73 have multiple isoforms resulting from variant splicing or
alternative internal promoters (27, 28). Recently, it was discovered that p53 also has
an N-terminally truncated isoform, ANp53 or p44, which uses an alternative
translation start site located in exon 4 at codon 40 in human mRNA (mouse codon
41) (29, 30). The resultant p44 protein, which lacks the N-terminal transactivation
domain of p53, is suggested to regulate both p53 transcriptional activity and its
ubiquitination by Mdm?2 and that the overexpression of p44 can accelerate the aging
process and reduce the mice life span (31-33). Besides the alternative initiation of
translation, Bourdon et al also reported that the human p53 gene contains an
alternative promoter in intron 3 and transcribes various splice variants (34).

The N-terminal transactivation domain mediates p53 interaction with the
basal transcriptional machinery and with the proteins that positively or negatively
regulate its function as a transcription factor. It consists of two subdomains with

complementary functions, the first domain (1-41) mainly carrying out



transactivation function and the second one (42-63) specifying the target genes (35,
36). Mdm2 and Mdmx, which are two critical negative regulators of p53, interact
with p53 through its N-terminal transactivation domain, specifically including
amino acids 19-26, inhibiting p53 transactivity or regulating its stability (37-40).
The N-terminal domain also binds to the TATA-binding protein (TBP),
TATA-associated factors TAF;70 and TAF;31, both of which are subunits of TFIID
and activate transcription of target genes (41). Coactivators CBP/p300 bind to p53
through its N-terminal domain and acetylate p53 during DNA damage response,
which is required for its full activation (42, 43). The role of the proline-rich region
(PXXP) is not clear, although evidence suggest that it may regulate
Mdm2-mediated p53 degradation and p53-dependent apoptosis (44, 45).

The central domain of p53 can bind to DNA in a sequence-specific manner.
The consensus p53 DNA binding site is composed of two copies of 10bp sequence
RRRC(A/T)(T/A)GYYY separated by 0-13 bp, where R is a purine and Y is a
pyrimidine. It is estimated that human genome may contain two to three hundred of
such p53 responsive elements. The importance of the central DNA-binding domain
is further underscored by the fact that the majority of tumor-derived p53 mutations
occurs in this region and disrupt the sequence-specific DNA-binding activity of p53
(1). Crystallography study of p53 structure suggested that those mutations located
within DNA-binding domain could either change the conformation of the central

domain or directly change the amino acids that mediate p53 interaction with DNA.



Most of p53 mutations in Li-Fraumeni syndrome are missense mutations located in
the central DNA binding domain. Two recent papers, by analyzing transgenic mice,
have shown that the mutant p53 allele harboring hot-spot mutations within
DNA-binding domain gained additional properties to promote tumorigenesis in vivo
and developed different spectrum of tumors than p53” mice (46, 47). One
mechanism of this gain-of-function phenotype has been proposed to be inactivation
of p53 family members, p63 and p73, by the dominant negative mutant p53 allele
(46, 48).

p53 exists in a latent form in unstressed cells, and transforms to its active
tetrameric form upon various cellular and genotoxic insults. The oligomerization of
p53 is specifically mediated by its tetramerization domain (residues 324-355). The
structure of this domain contains a dimer of a dimer with two B sheets and two a
helices, which are held together to form a four-helix bundle (49). It was suggested
that the active p53 tetramer could bind to DNA with much higher affinity and
interact with other proteins more efficiently, which is required to fully activate p53
function (50). On the other hand, the oncogenic forms of p53 can inhibit the tumor
suppressor activity of coexpressed wild-type p53 through forming heterotetramers
(51).

Different from the other typical transcription factors, such as stimulatory
factor 1 (Spl) and homeodomain proteins, p53 contains two DNA-binding domains

with distinct properties. The central DNA-binding domain of p53 binds to DNA in a



sequence-specific manner, while the C-terminus (363-393aa) possesses sequence
non-specific DNA-binding ability (52, 53). To date the role of the extreme
C-terminus of p53 in regulating p53 sequence-specific DNA-binding activity
remains controversial. Earlier studies established the negative regulator role of the
p53 C-terminus, with the evidence that deletion of the last 30 amino acids, mild
proteolysis of full-length p53, casein kinase II (phosphorylation of C-terminal
residues), or binding to an antibody (pAb421) whose epitope resides within the
C-terminus significantly stimulated the sequence-specific DNA binding, as
measured by an electrophoretic mobility shift assay (EMSA) using short DNA
oligonucleotides as p53 binding substrates (54). Further support came from the
studies demonstrating that by microinjecting a basic peptide spanning the epitope of
pAb421 in the C-terminus region into the cells, p5S3-dependent transactivation and
pro-apoptotic activity can be markedly enhanced in vivo, or even be restored in at
least some p53 mutant living cells (55-58). Further, the p53 C-terminus can undergo
extensively posttranslational modifications in response to genotoxic stresses,
including phosphorylation at Ser315 by cyclin-dependent kinase (CDK) and Ser378
by protein kinase C, and the multiple modifications of the six C-terminal lysine
residues, such as acetylation, ubiquitination, neddylation and methylation (59-66).
Specifically, Gu et al. suggested that CBP/p300 mediated acetylation of p53 can
increase p53 sequence-specific DNA-binding activity in vitro by electrophoretic

mobility-shift assay (EMSA) using short oligonucleotides (62). Several subsequent



studies also supported that the acetylation of p53 can dramatically stimulates its
sequence-specific DNA-binding activity both in vitro and in vivo, possibly caused
by an acetylation-induced conformational change (63, 67, 68). Therefore, it was
hypothesized that the p53 C-terminus acts as a negative regulator of p53
DNA-binding activity and the C-terminal modification can cause allosteric changes
in the conformation of the protein, thereby converting it from a latent form to an
activated state for DNA binding (62, 69).

However, this hypothesis was challenged by several following studies. By
EMSA assay with long carrier DNA molecules, Anderson et al. draw the conclusion
that only the interaction of long, nonspecific DNA with p53 C-terminus strongly
negatively regulates p53 DNA-binding by steric hindrance (70). Once the long
nonspecific DNA molecules are removed, addition of pAb421 can no longer
stimulate p53 sequence-specific DNA binding activity, which contradicts the model
that the C-terminus regulates the conformation of p53. Furthermore, Ayed et al. use
NMR experiments to show that the conformation of dimeric p53 remains the same
both containing and lacking the C-terminus and that there is no interaction between
the C-terminal domain and any other domains of p53 (71). Another recent study
indicates that p53 binds to its cognate promoters constitutively in vivo and
genotoxic stresses fails to increase the DNA binding level of p53 by chromatin
immunoprecipitation (ChIP) (72). In addition, C-terminal acetylation does not

increase the p53 DNA-binding activity when assayed by binding to an artificially



reconstituted chromatin (73). And the deleted form of p53 (pS3AC30), which lacks
the last 30 amino acids, exhibits a weaker binding to p53 target promoters, implying
the C-terminus is required for in vitro transcription from p53 target promoters. This
and other studies instead show that p53 acetylation is important for the recruitment
of co-activators (73, 74). Further, it is suggested that C-terminus is required for
high-affinity binding of p53 to minicircular DNA (75) and stem-loop structures (76).
Recent studies further indicate that p53 C-terminus is required for p53 linear
diffusion on chromatin and its efficient DNA binding as well as transactivation of
target promoters in vivo (77). However, acetylation and other modifications of
C-terminus do not increase this p53 activity, which support the positive role of p53

C-terminus in regulating p53 DNA-binding both in vitro and in vivo.

p53 stabilization and activation after cellular stresses
1. Signaling to p53

The mechanism of how upstream signals transmitted from damaged DNA or
insulted cellular microenvironment to activate the p53 pathway is not completely
understood, yet it’s now clearer that p53 can be activated through multiple ways in
response to a variety of cellular and genotoxic stresses, including those disrupting
the integrity of the DNA template — Gamma and UV irradiation, alkylation of bases,
depurination of DNA, and reaction with oxidative free radicals, and those altering

the physiological environment - hypoxia, ribonucleotide depletion, change of
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temperature and pH, mitotic spindle damage, and oncogene activation (78). In
unstressed cells, p53 is present in latent state and in extremely small quantities in
most cells and displays a rapid turnover rate, while both p53 stability and
transcriptional activity are greatly induced following stresses in a cell-type and
stress-type dependent manner (79).

Among all examined forms of genotoxic damages that activate p53, DNA
damage such as ionizing irradiation (IR) and ultraviolet (UV) has been extensively
studied. IR, causing DNA single strand or double strand breaks, activates p53
mainly through ATM and CHK2 kinase, while UV which induces DNA base
damage is more engaged in ATR, CHK1 and casein kinase-2 pathway (79). Several
studies have pointed out the important differences in the cellular responses to IR
and UV. Although p53 protein level increases in cells exposed to either IR or UV,
UV radiation can induce much greater p53 transcriptional activity than IR (80). In
mouse and human fibroblasts and epithelial cells, UV activates p53-dependent
apoptosis more effectively than IR (80, 81). Oxidative stress, mainly the reactive
oxygen species (ROS) produced by hydrogen peroxide (H,O,) or other peroxide,
can also cause DNA damage (82). For example, H,O; can oxidize DNA and induce
DNA single strand breaks, which activates p53 through ATM-dependent signaling
pathway (83). Doxorubicin (DOX), a widely used chemotherapeutic agent, exhibits
cardiotoxicity as an adverse side effect in cancer patients, which is linked to its

ability to induce apoptosis in endothelial cells and cardiomyocytes by activation of
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reactive oxygen species and p53 activity (84). DOX can induce apoptosis in human
primary endothelial cells through a p53-dependent mitochondrial-mediated
mechanism (85). Adriamycin can also induce p53-dependent apoptosis in oncogene
E1A transformed mouse embryonic fibroblasts (86). In addition, p53 accumulation
and activation can occur in response to several physiological processes that are not
associated with DNA damage, including hypoxia and nucleotide deprivation (79).
Hypoxia was suggested to decrease the expression of Mdm2, resulting in an
inhibition of p53 export from nucleus to cytoplasm and therefore the accumulation

of p53 activity in nucleus (87).

2. ubiquitin-mediated regulation of p53 protein levels

The growth inhibitory activities of p53 that play an important role in
preventing the outgrowth of cells with malignant tendencies are also extremely
detrimental to normal growth and development. p53 activity is therefore usually
kept under very tight control, in large part by the rapid turnover of the p53 protein,
which is normally maintained in tissues at extremely low level. The
ubiquitin-mediated proteasomal degradation of p53 plays a critical role in
regulating p53 protein stability in both unstressed and DNA damaged cells.
Ubiquitin is a highly conserved 76 amino acid eukaryotic protein that can be
covalently attached to Lysine residue on target protein through the sequential

actions of enzymes E1, E2, and E3, called ubiquitination. Ubiquitination is a series
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of highly specific enzymatic reactions, involving several E1 (ubiquitin-activating
enzyme), E2 (ubiquitin-conjugating enzyme) and a great number of E3 (ubiquitin
protein ligase) enzymes (88). Once modified with chains of four or more ubiquitin
molecules through Lys 48 of ubiquitin, known as polyubiquitination, proteins can
be efficiently targeted to the 26S proteasome where they are degraded (88). During
ubiquitination, E3 ubiquitin ligases can recognize substrates and therefore are the
primary specificity determining factors.

The first in vivo evidence of a role for ubiquitination in regulating p53
activity came from the study that discovered E6-associated protein (E6-AP) as a
p53 ubiquitin ligase which can regulate p53 level in cells infected by human
papillomavirus (HPV) (89). Soon after this finding, another cellular E3 ligase,
mouse double-minute 2 protein (Mdm2), was discovered to be able to ubiquitinate
and degrade p53 in the absence of exogenous factors (38, 90, 91). Mdm2 was firstly
discovered as one of the three genes located on extrachromosomal amplifications in
a spontaneously transformed murine cell line (3T3-DM) and thus named Mdm?2
(92). Mdm?2, as a proto-oncogene, is amplified in 7% of all human cancers observed
in 19 tumor types (92, 93). The ubiquitin ligase activity of Mdm?2 is centered within
the RING finger domain at the C-terminus, which is capable of both
self-ubiquitination and targeted-ubiquitination of other proteins (94). Mdm2 protein
itself is dynamically regulated in cells and was thought for some time to be the sole

E3 ligase responsible for p53 degradation both under normal physiologic and
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stressed conditions, while the basal expression of Mdm2 in murine tissues might not
depend on p53 activity (95). Notably, p5S3 can transcriptionally activate Mdm?2
expression which in turn inhibit p53 stability and activity, thus forming a negative
autoregulatory feedback loop (96). The critical role of Mdm2 in negatively
regulating p53 is highlighted by the studies carried out in mice where
Mdm?2-deficiency leads to embryonic lethality that can be completely rescued by
loss of p53 (37, 97). Consistent with this notion, recent data have shown that a
single nucleotide polymorphism (SN309) found in the Hdm2 promoter results in
higher Hdm2 mRNA level and thus protein level, leading to attenuation of the p53
pathway and accelerated tumor formation in human (98).

The ability of Mdm?2 to inactivate p53 relies on a direct interaction between
the two proteins, where Mdm?2 can either promote ubiquitin-mediated degradation
of p53, or repress p53 transcriptional activity by concealing p53 from basic
transcriptional machinery and its co-activators or by recruiting transcriptional
co-repressors (64, 99). For example, mice with a hypomorphic allele of Mdm?2
reveal increase in both p53 transcriptional activity and apoptotic function, however
without an obvious increase in p53 protein level (100). CBP/p300 mediated
acetylation of p53 can be inhibited by Mdm?2 in vitro and in vivo through forming
p300-Mdm2-p53 ternary complex (101).

Several mechanisms exist to modulate the p53-mdm2 pathway during

cellular stresses, which include posttranslational modifications of p53 and Mdm?2
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and interactions with other cellular factors such as ARF (102). ARF (known as
p14”** in human and p19**" in mouse) is encoded by the INK4a locus that also
encodes the cyclin dependent kinase (CDK) inhibitor p16INK4al (103). ARF can
suppress aberrant cell growth in response to oncogene activation, partly by inducing
the p53 pathway through inhibiting the activities of either Mdm2 (104) or a recently
identified ARF binding protein ARF-BP1 (105). The ways ARF negatively regulates
Mdm2 remain controversial, including the direct association and inhibition of
Mdm2 E3 ligase activity by ARF (106), or restricting Mdm?2 localization to
nucleolus and inhibiting its interaction with p53 (107), or promoting
Mdm2-mediated ubiquitination of MdmX since MdmX is shown to be important for
Mdm?2 stability (108). In addition to ARF, several ribosome proteins such as L11
and L23 can also inhibit the Mdm?2 activity upon nucleolar stress and lead to
efficient stabilization of p53 (109, 110).

Multiple forms of posttranslational modifications of p53 and Mdm2 have
been identified for their important roles in regulating p53 ubiquitination and
degradation by Mdm2 under cell stress, including ubiquitination, phosphorylation,
acetylation, sumoylation, neddylation and methylation (64-66, 111).
Posttranslational modifications of p53 play an essential role in both stabilization
and activation of the protein (112). Phosphorylation at several p53 N-terminal
residues was shown to disrupt the p53-Mdm?2 interaction, while acetylation at p53

C-terminus might contribute to p53 stabilization by competing with
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Mdm2-mediated ubiquitination (64). In addition to the modification of p53, Mdm?2
can be modified posttranslationally to prevent its interaction with p53. Mdm2
phosphorylation by Ataxia telangiectasia (ATM) was shown to disrupt p53-Mdm?2
interaction (112). On the other hand, treatment of cells with IR resulted in a
dramatic decrease in Mdm2 phosphorylation and this hypophosphorylation
preceded p53 accumulation (113).

MdmX (also known as Mdm4) is a p53-binding protein that shares extensive
homology with Mdm2, including a RING finger domain at its C-terminus and
p53-binding domain at N-terminus. Unlike Mdm2, MdmX is not a p53
transcriptional target, nor is increased following genotoxic stimulation, nor does it
promote p53 ubiquitination (114). The ubiquitination and degradation of MdmX is
shown to be mediated by Mdm2 (108). Nevertheless, as is the case for Mdm?2,
MdmX is a critical negative regulator for p53 during embryonic development, since
MdmX-null embryos exhibit lethal phenotype and loss of p53 can completely rescue
the embryonic lethality (37, 97). MdmX amplification and overexpression are found
in certain human malignant gliomas (115). The physiological function of MdmX
remains ambiguous. It is reported that overexpression of MdmX can lead to p53
stabilization as polyubiquitinated forms of p53 readily accumulate within the
nucleus but without obvious effect on p53 ubiquitination by Mdm2 (114). In
addition, MdmX overexpression can also enhance p53 transactivation (116, 117).

On the other hand, MdmX and Mdm?2 negatively regulate p53 activity in a
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non-redundant and cooperative manner, where Mdm?2 is critical for regulating p53
level, MdmX is critical for the fine-tuning of p53 transcriptional activity (118).
When the ratio of MdmX:Mdm?2 is low, these proteins cooperatively decrease p53
levels (119). MdmX can also act as a transcriptional repressor, and inhibit the
acetylation of p53 by p300/CBP (120).It remains controversial whether Mdm?2 by
itself is sufficient to mediate formation of poly-ubiquitin chains on p53. Both mono-
and poly-ubiquitination can occur on p53. Whereas polyubiquitination can target
protein for degradation by providing a recognition signal for the 26S proteasome,
monoubiquitination has been implicated in a number of degradation-independent
processes (121). Mdm2 was recently found to differentially catalyze mono- and
poly-ubiquitination of p53 in a dosage-dependent manner (122). Therefore, low
levels of Mdm2 activity induce monoubiquitination and nuclear export of p53,
whereas high levels promote polyubiquitination and nuclear degradation of p53. It
was proposed that distinct mechanisms are employed under different physiological
settings, where Mdm2-mediated polyubiquitination and nuclear degradation may
play a dominant role in suppressing p53 function when Mdm?2 is malignantly
overexpressed (102, 121, 123). Another possibility is that Mdm2 needs another
factor to add multiubiquitin chain onto p53 in nucleus and such a factor that
facilitates p53 polyubiquitination is referred as E4 ubiquitin ligase (124). For
example, it was reported that p300/CBP has ubiquitin ligase activity for p53 and

promotes polyubiquitination of p53 together with Mdm?2, suggesting that p300
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could be an E4 for p53 (125).

Whereas Mdm?2 is a critical E3 ubiquitin ligase for p53, other proteins are
emerging implicated in the regulation of p53 stability. For example, COP1 has been
described as a direct ubiquitin ligase for p53 and promote p53 ubiquitination and
degradation, and at the same time is also a p53 inducible gene (126). Similarly,
Pirh2, another RING finger domain-containing protein, has been shown to interact
with p53 and mediate p53 ubiquitination and degradation as an E3 ligase (127).
Since Pirh2 binds to p53 at a region (residues 82-292) distinct from that to which
Mdm2 binds (residues 1-51), it is conceivable that Mdm2 and Pirh2 can bind to a
single p53 molecule and function in a cooperative manner.

Besides the ubiquitin-directed 26S proteasome degradation, p53 stability can
also be regulated in ubiquitin-independent manner. Studies have demonstrated that
native p53 without ubiquitination can be degraded by 20S proteasome and quinone
oxidoreductase 1 (NQOI1) can stabilize p53 by physically binding to it and
preventing proteasomal degradation, which is an Mdm2-independent process (128,

129).

3. Stress-induced posttranslational modification of p53
In normal unstressed cells, p53 is maintained as a relatively inactive form at
low protein levels through rapid degradation by its negative regulators, such as

Mdm?2. Upon various cellular and genotoxic stresses, p53 protein stability and
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transcriptional activity are both significantly induced, leading to downstream effects
including cell cycle arrest, DNA repair, apoptosis, senescence and differentiation.
Accumulating evidence indicates that various types of posttranslational
modifications play important role in regulating p53 stability and activity by

modulating p53 interaction with its positive or negative regulators (130).

(1). The N-terminus: DNA-damage induced phosphorylation of p53

Human p53 can be phosphorylated at multiple Serine and Threonine sites at
both the N-terminus and C-terminus by a number of kinases following DNA
damage in vitro and in vivo, demonstrated by polyclonal and monoclonal antibodies
recognizing specific modified sites developed by several groups (79). Studies have
reported that human p53 can be phosphorylated on at least 18 sites, including seven
serines, Ser 6, 9, 15, 20, 33, 37, 46 and two threonines, Thr 18 and 81 within the
N-terminus (residues 1-89), and Ser 315 and Ser 392 in the C-terminal domain of
human p53 (112).

In this context, phosphorylation of Serl5 can be induced both in vitro and in
vivo rapidly after DNA damage by several ATM family kinases, including ATM,
ATR and DNA-PK (131, 132). A number of groups have sought to elucidate the role
of phosphorylation of Serl5 in regulating p53 stability and activity. One study
reported that phosphorylation at Serl5 disrupted p53 interaction with Mdm?2 and

thereby led to p53 stabilization (133). Several other studies argued that Serl5
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phosphorylation is required for recruitment of coactivators CBP/p300 and for
enhancing the acetylation at C-terminal Lys residues, but dispensable for
p53-Mdm?2 interaction (134-136). Study from Xu lab has shown that Ser18 (mouse
equivalent of human Serl5) phosphorylation is required for full p53 activation in
both differentiated ES cells and MEFs in order to induce G1/S arrest, and for
efficient C-terminal acetylation in MEFs but not in ES cells, and that Serl8
phosphorylation is not required for p53-Mdm2 disruption upon DNA damage (137,
138). In addition, Ser15 phosphorylation can be dramatically induced in human
fibroblasts undergoing replicative senescence or oncogene Ras-induced premature
senescence, implicating that this modification may be critical in regulating p53
responses to DNA damage (139, 140).

Ser20 is another N-terminal residue discovered to be phosphorylated after
IR or UV, and its phosphorylation was suggested to be important for stabilizing p53
after DNA damage (141, 142). Two serine/threonine checkpoint kinases, CHK1 and
CHK2, which are activated by ATM after IR, can phosphorylate human p53 at
Ser20 in vitro (143). Two subsequent mouse model studies argued that Ser23
phosphorylation is not required for p53 stability and activity in ES cells and MEFs
after DNA damage, but may be required for protein stabilization and p53-dependent
apoptosis in thymocytes (144, 145). Since phosphorylation of Serl5 and Ser20
occur simultaneously after various types of DNA damage, and might be mediated

through ATM signaling pathways induced by DNA double-strand breaks, the two
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phosphorylation events are postulated to have synergistic functions in modulating
p53 stability and activity. Chao et al reported that the combination of Ser18 and
Ser23 phosphorylation is crucial for p53-dependent apoptosis in IR treated
thymocytes and important for suppression of spontaneous tumorigenesis, but
dispensable for suppression of DNA damage caused tumorigenesis (146).

Ser33 was shown to be phosphorylated by cyclin-dependent kinase
(CDK)-activating kinase (CAK) in vitro and by p38 MAPK in vivo (147). Of
particular interest, human p53 can be phosphorylated at Ser46 after UV by p38
MAPK or Homeodomain Interacting Protein Kinase-2 (HIPK2) in vivo (147, 148).
In response to IR, Ser46 phosphorylation may be mediated by ATM signaling
pathway (149). In addition, pS3DINP1, which is encoded by a p53-inducible gene,
can recruit PKC9, mediate Ser46 phosphorylation and regulate p53-dependent
apoptosis upon exposure to genotoxic stress (148, 150). Cell line transfection
studies have suggested that Ser46 phosphorylation might be specifically important
for p53-dependent apoptosis after DNA damage by preferentially activating
pro-apoptotic target genes. For example, Oda et al have identified a novel
p53-dependent apoptotic gene pP53AIP1 in human, induction of which may be
dependent on phosphorylation of Ser46 (151). Phosphorylation of Ser46 may also
be involved in UV-induced p53-dependent apoptosis, functioning synergistically
with Ser33 phosphorylation (147). It is recently reported that Ser46 phosphorylation

is correlated with activation of p53-dependent apoptotic genes, such as PTEN, to
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promote apoptosis instead of cell cycle arrest (152, 153). Another in vivo study
showed that codon47 polymorphism interrupts Ser46 phosphorylation and
decreases p53-dependent apoptotic activity (154), however, the codon47
polymorphism could have other impacts on p53 activity in addition to the loss of
Ser46 phosphorylation. Thr81 can be phosphorylated by Jun-N-terminal kinase
(JNK) in response to DNA damage-inducing agents and the phosphorylation
contributes to p53 transcriptional activity as well as stability (155).

At the C-terminus, the cyclin B-dependent kinase, p34 (Cdc2),
phosphorylates p53 at Ser315 in vivo after DNA damage, which coincide with
increased p53-dependent transcription activity (156). Interestingly, a recent study
indicates that the rapid downregulation of Nanog mRNA during ES cells
differentiation correlates with induction of p53 transcriptional activity and Ser315
phosphorylation, and that the absence of this phosphorylation event largely impairs
p53 activity in ES differentiation possibly due to failure to recruit co-repressor
mSin3a to the Nanog promoter (157). Phosphorylation of p53 at Ser392 can be
induced by overexpression of cyclin E in high-density cells or induced by UV light
but not IR, which may stimulate DNA-binding activity of p53 in vitro and mediate
G1 arrest in vivo (158, 159).

Two novel studies uncover a potential mechanism of how p53
posttranslational modifications lead to its conformational change and regulate its

transcriptional activity. Pinl is a peptidyl-prolyl isomerase catalyzing the switch of
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peptide bond between trans and cis configuration, for example, the X-Pro peptide
bond. When the amino acid X in X-Pro motif is serine or threonine, it is subjected
to modification by phosphorylation (160). The addition of a phosphate group to X
will change the energetic constraints of the Ser-Pro/Thr-Pro bond, resulting in the
selective catalyzation of a conformational change through Pinl binding to the
phosphorylated Ser/Thr-Pro motif (161). There are three phosphorylation sites
involved in Ser/Thr-Pro motif, Ser33, Thr81 and Ser315, and might be the targets of
regulation by Pinl. Both groups show that Pinl can bind to phosphorylated p53 and
stimulate the p53 transcriptional activity. Also, the phosphorylation of all these

three sites is required for the efficient binding of Pinl to p53 (162, 163).

(2). Regulation at p53 C-terminus

The multiple Lysine residues at the extreme carboxyl-terminal domain of
p53 (the last 30aa) can be posttranslationally modified by multiple mechanisms,
including acetylation, ubiquitination, sumoylation, neddylation and methylation, in
response to DNA damage and other cellular stresses (62-66) (164).
Human p53 undergoes acetylation at multiple lysine residues within its C-terminal
domain after a variety of stresses (165). CBP/p300, both containing histone
acetyltransferase (HAT) activity, was previously discovered to be able to acetylate
nonhistone proteins, such as transcription factors (62). Specifically, human p53 can

potentially be acetylated by CBP/p300 at five Lysine residues, Lys370, Lys372,
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Lys373, Lys381 and Lys382, both in vitro and in vivo (62, 68). Using
acetylation-specific antibody, it has been shown that the acetylation of p53 at
Lys373 and Lys382 is significantly induced in response to DNA damage in vivo (63,
67, 165). In addition, human p53 can also be acetylated by P/CAF (p300/CBP
associated factor) at Lys320 in vitro and this acetylation event is induced by DNA
damage in vivo (63, 67).

The role of p53 acetylation has been studied extensively. Gu et al firstly
demonstrated that CBP/p300 mediated acetylation of p53 can increase p53
sequence-specific DNA-binding activity in vitro by electrophoretic mobility-shift
assay (EMSA) using short oligonucleotides (62). Several subsequent studies also
supported that the acetylation of p53 can dramatically stimulates its
sequence-specific DNA-binding activity both in vitro and in vivo, possibly caused
by an acetylation-induced conformational change (63, 67, 68). This result is
consistent with the general idea that the C-terminal tail of p53 acts as a negative
autoregulator and the multiple posttranslational modifications at this region,
including phosphorylation and acetylation, can increase p53 DNA-binding ability
and induce its transcriptional activity (54). However, the hypothesis is challenged
by a recent study showing that p53 binds to its cognate promoters constitutively
(72). In addition, acetylation does not increase the p53 DNA-binding activity when
assayed by chromatin immunoprecipitation assay (ChIP) using an artificially

reconstituted chromatin (73). Instead, the p53 acetylation was suggested to promote
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the recruitment of its coactivators such as p300/CBP and to increase p53-dependent
transcriptional activity (74). Recent study also showed that p53 C-terminus is
actually required for p53 linear diffusion on chromatin and required for p53
efficient DNA binding and transactivation of target promoters in vivo (75, 77).
However, acetylation and other modifications of C-terminus do not increase this
p53 activity.

Several studies also suggested that ubiquitination and acetylation at the C-terminus
of p53 can regulate p53 stability. Early study indicated that p53 C-terminus was
required for Mdm?2-mediated degradation of p53 but not Mdm2-p53 interaction
(166). Since the lysine residues at the C-terminus might be ubiquitinated by Mdm?2,
two studies tested the importance of the C-terminal lysine residues in p53
stabilization. In one study, all six lysine residues were changed to Arginines (6KR
mutant) to prevent ubiquitination but preserve the structure of p53 (167). While
those 6KR mutants interact with Mdm?2 normally, they were not able to undergo
Mdm2-mediated ubiquitination and degradation in tumor cell lines, leading to p53
stabilization and activation (167). In addition, mutation of four lysine residues
(Lys372, 373, 381 and 382) into Alanine (A4 mutant) also abrogated the p53
ubiquitination and degradation, while the individual single lysine mutants could be
degraded efficiently, indicating that none of these lysine residues is essential for p53
ubiquitination (168). Since acetylation of the same lysine residues might prevent

ubiquitination at these sites, it has been suggested that p53 acetylation can stabilize
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p53. In support of this notion, increased levels of p53 acetylation by deacetylase
inhibitors could inhibit p53 degradation in vivo and the p53 degradation requires
deacetylation (165, 169).

In addition to acetylation and ubiquitination, the C-terminal lysine residues can
also be modified by other mechanisms. Lys386 of p53 can be modified by
conjugation to a small ubiquitin-like protein SUMO-1 in vitro and in vivo (111, 164),
although the role of this modification remains controversial. Recent studies also
showed that ubiquitin-like protein Nedd8 can be covalently linked to p53 at Lys370,
372 and 373, and Mdm2-dependent neddylation of p53 negatively regulates its
transcriptional activity (65). Additionally, methylation of p53 at Lys372 by Set9
methyltransferase has been identified and suggested to restrict p53 in the nucleus

and stabilize p53 (66).

p53 downstream effects

Upon various cellular and genotoxic stresses, pS3 is activated to be a
tetrameric transcription factor, binds to its cognate responsive elements within the
genome, activates the numerous downstream target genes, and contributes to
multiple biological effects, such as cell cycle arrest, DNA repair, apoptosis,
senescence and differentiation. Although how p53 can make its choice to exert
specific downstream effects is not clear, more evidence indicates that the cell

context, including the intracellular and extracellular microenvironment may play a
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role in determining p53 responses, among which the presence of extracellular
survival factors may predispose cells to undertake p53-dependent cell cycle arrest
instead of apoptosis (170). Additionally, the genetic alterations of cells that affect
the activity of either p53 or other proteins associated with apoptosis, cell cycle
progression or DNA repair can also modulate the p53 responses (170). Besides all
these, the p53 choice between life and death can also be determined by the ability of
p53 to preferentially activate its particular subsets of targets. While conditions favor
the activation of cell cycle related genes will lead to p53-dependent cell growth
arrest, more severe situations more likely to cause cell death will specifically
activate p53 targeting pro-apoptotic genes. The mechanism how p53 can
preferentially activate specific subsets of genes under different levels or types of
stresses is not completely understood, however, the differential posttranslational
modifications of p53 and its ability to recruit different coactivators or corepressors
may explain to some extent. Multiple posttranslational modifications of p53 may
modulate p53 conformational change and thereby alter p53 affinity for some DNA
binding sites, resulting in different DNA-binding specificity (60, 62, 162, 163). But
the hypothesis was challenged by the study showing that the DNA-binding capacity
of p53 is not significantly changed by posttranslational modifications and the
binding affinity has remained to be similar with or without stresses using ChIP
assay (72). Ser46 phosphorylation seems to specifically activate p53-dependent

apoptotic activity by targeting the apoptotic genes including pS3AIP1 and PTEN,
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therefore bias the transcriptional repertoire of p53 to favor cell death (151, 152,
154). Particular p53 modifications may also regulate the interaction of p53 with
other proteins. For example, phosphorylation of Serl5 is suggested to be required
for efficient recruitment of coactivators p300/CBP, which may lead to elevated
transactivation of target genes (135, 138). ASPP family protein and p300 cofactor
JMY have both been demonstrated to interact with p53 and specifically enhance
p53 apoptotic activity by upregulating specific pS3-dependent apoptotic genes in
response to cellular stresses (171, 172). Most interestingly, studies show that the
p53 family members, p63 and p73 are required for p53-dependent apoptosis after
DNA-damage (173). Therefore, the differential protein interaction with p53 may

also contribute to the specific activation of some p53 targeting genes.

1. Cell cycle checkpoint

Cell cycle checkpoint is a control mechanism by which cell arrests
progression through the cell cycle to make sure that the initiation of the late events
is dependent on the completion of the early events (174). In response to DNA
damage, p53 can mediate the delay or arrest at checkpoints preceding DNA
replication (the G1/S checkpoint), and is involved in delaying damaged cells prior
premitotic chromosome condensation (the G2/M check-point) and actual
chromosome partition (the spindle check-point). Checkpoint failure leads to

accumulation of mutations and chromosomal aberrations, which in turn increase the
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probability of developmental malformations or genetic syndromes and diseases
including cancer (175).

Upon DNA damage, activation of the PI(3)k-like kinase (PIKKs), ATM
(ataxia telangiectasia mutated) and ATR ( ATM- and Rad3- related) is conceived to
be the first step in the activation of signaling pathway that inhibits cell cycle
progression. While ATR seems critical in mediating cellular response to arrest of
DNA replication forks, ATM is primarily activated following DNA damage (174).
ATM kinase is present as homodimer and held at minimal activity in unstressed
cells, yet undergoes rapid activation through auto-phosphorylation and dimmer
dissociation after DNA damage (176). Activated ATM cooperates with checkpoint
mediator proteins such as 53BP1 and MDCI1, and with checkpoint kinase
CHK2/CHKI1 to trigger cell cycle delays at various transitions of the cell division
cycle, including Gl and GI1/S checkpoint, S phase checkpoint and the G2
checkpoint (177-180).

The ATM/CHK2-p53/MDM2-p21 pathway plays a dominant role in
mediating G1 checkpoint response to DNA damage in mammalian cells, as p53-null
MEFs fail to undergo G1 arrest upon DNA damage treatment (174). p53 is
transiently stabilized and activated as a transcriptional factor by ATM
phosphorylation within its N-terminal transactivation domain, stimulating the

| Wafl/Cipl

transcription of cyclin-dependent kinase inhibitor p2 , whose accumulation

is essential for silencing the cyclinE/Cdk2 and thereby inhibiting cell cycle entry
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into S phase (181, 182). Entry into mitosis is blocked by the G2 checkpoint when
DNA is completed replication but contains damage. G2/M checkpoint is exerted in
both p53-dependent and p53-independent manner (183). The mechanism by which
p53 regulates the G2/M transition may involve the regulation of the cyclin
dependent kinase Cdc2 which is essential for entry into mitosis, partly through

upregulating the CDK inhibitors p21, GADD45a and 14-3-3 sigma proteins (183).

2. DNA repair

DNA can be damaged in a variety of ways, either by normal metabolic
processes or exposure to an external source of ionizing radiation or chemicals, and
result in many different types of DNA lesions. DSBs are most severe type of DNA
damage, in which the sugar backbones of both DNA strands are broken close
enough to disrupt the base pairing, resulting in two DNA ends. While lesions on a
single DNA strand are repaired by base excision repair (BER) and nucleotide
excision repair (NER), the DNA double strand breaks (DSBs) are repaired via either
the nonhomologous end joining (NHEJ) or homologous recombination (HR)
pathways (184).

Besides DNA damage induced double-strand breaks, DSBs occur normally
during DNA replication, meiosis and immune system development, which is termed
as programmed DSBs (185). For example, DSB formation is a conserved step in the

initiation of meiotic recombination in eukaryocytes, which is repaired by HR and
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ultimately leads to exchange of genetic materials between two homologous
chromosomes (186). During lymphocytes development, both V(D)J recombination
and IgH class switch recombination employ DSB and the subsequent repair through
NHE]J to generate genomic rearrangement (187).

The proteins involved in the two major pathways of DSB repair, NHEJ and
HR, are highly conserved across all eukaryotes and ubiquitously expressed in
multi-cellular organisms (185). The four necessary components of NHEJ pathways,
Ku70, Ku80, XRCC4 and DNA ligase IV, are conserved from yeast to human,
where Ku70 and Ku80 are subunits of DNA-dependent protein kinase (DNA-PK)
and may function to remodel broken ends, the DNA ligase IV and XRCC4 function
as a complex to ligate DNA ends (187). There are a large number of proteins known
to be involved in the recognition and response to DSBs in HR pathway, including
several Rad proteins, Mrell and Nbsl, and proteins encoded by breast cancer
susceptibility genes 1 and 2 (Brcal and Brca2) (188). ATM functions as a master
regulator of the response to DSBs induced by exogenous and endogenous factors,
and MRN complex (Mrell, Rad50 and Nbsl) seems to be a break sensor and
required for both ATM activation itself and the ability of ATM to activate a number
of downstream proteins involved in DNA repair and cell cycle checkpoint (189).

While it is essential to modulate higher order chromatin structure in order
for NHEJ and HR repair proteins to access the broken DNA ends, phosphorylation

of histone H2AX (termed as y-H2AX) has been extensively studied regarding to its
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critical function in cellular response to DSBs (190). Phosphorylation of H2AX is
mediated by the PI3K-like protein kinase family members ATM, ATR, and
DNA-PK, and y-H2AX largely forms in the vicinity of DNA breaks that colocalize
with many known DSB repair proteins MRN complex, Brcal, 53BP1, MDC1 and
Rad51 (191). H2AX phosphorylation has been shown to be critical for protecting
the genome from spontaneous, irradiation and V(D)J recombination induced DSBs,
although it probably does not directly mediate enzymatic DNA repair (192). In
addition, y-H2AX plays an important role in suppressing oncogenic translocation,
which is supported by the fact that H2AX-haploinsufficiency can cause genomic
instability and in a p53-deficient background can dramatically increase the
tumorigenesis in mice (190, 192).

Several studies have suggested the in vivo role of XRCC4 by generating
XRCC4-deficient mice, that XRCC4 deficiency leads to embryonic lethality with
massive apoptosis of newly generated, postmitotic neurons during the nervous
system development, and also that progenitor lymphocyte development is arrested
due to impaired V(D)J recombination, possibly caused by impaired DNA end
joining (193). Further investigation has shown that p53 deficiency or severely
impaired p53-dependent apoptotic activity can rescue the embryonic lethality
observed in XRCC4”~ mice, implying that the increased neuronal apoptotic death
and cell proliferation defects of XRCC4”~ mice mainly result from a p53-dependent

response to DNA damage that has occurred but not repaired during embryo
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development (146, 194).

3. Apoptosis

The p53 tumor suppressor gene is considered as “guardian of genome” in
terms of its nodal role in linking many different pathways that safeguard the
genomic integrity of cells in response to various genotoxic and cellular insults (195).
It is widely accepted that p53 exerts its tumor suppression activity mainly through
activating apoptosis (196). Early evidence has come from the study of thymocytes
from p53 knockout mice indicating that p53 was required for radiation-induced
apoptosis, but not several other types of stimuli; and from the study of p53-null
MEFs indicating that p53 was required for MEFs apoptosis induced by oncogene
overexpression or chemotherapeutic agents (86, 197, 198). The in vivo study shows
that aggressive tumor development in the absence of p53 function corresponds to
loss of p53-dependent apoptosis (199). Another elegant in vivo study supportively
shows that mice develop p53-null-like myc-driven lymphomas by disruption of
apoptosis downstream of p53 either by Bcl-2 or dominant negative caspase 9, while
these apoptosis defective lymphomas that retain wild-type p53 do not display
checkpoint defects or aneuploidy (200). Similarly, mice harboring R172P missense
mutation, which abrogates p53 apoptotic activity and maintains cell cycle arrest,
developed many tumors but did not exhibit chromosomal instability (201). These

studies altogether imply that impaired p53-dependent apoptosis is a critical step in
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tumor development. Consistently, because of their loss of apoptotic potential, p53
deficient cells are highly enriched under hypoxia condition, which is common in
solid tumors (202).

Apoptosis proceeds through two major pathways, extrinsic pathway via the
death receptors and intrinsic pathway mediated by the mitochondria (203). The
extrinsic pathway is initiated by ligand binding to the death receptor on cell surface,
followed by recruitment of the adaptor molecules, and finally resulting in activation
of caspase cascade (204). The extrinsic pathway consists of cell surface death
receptors, their inhibitory counterparts, and the associated cytoplasmic proteins, in
which the regulation is either by altering the number of different types of receptors
or by modulating the expression levels of activating ligands and cytoplasmic
adaptors (205). The intrinsic pathway is engaged when cells are exposed to stresses,
such as DNA damage or growth factor withdrawal, and is mediated by the
mitochondria. The Bcl-2 family proteins are key regulators of this pathway. Upon
genotoxic or cellular stresses, cells regulate the interaction of the Bcl-2 family
members, initiate mitochondrial outer membrane permeabilization, and thereby
control the release of apoptogenic proteins, such as cytochrome ¢, SMAC/Diablo,
AIF and Omi/HtrA2, eventually leading to cell death through caspase-dependent
and —independent mechanisms (196).

CD95 (Fas/APO-1) and Killer/DR5 are among the best characterized

members of death receptors. CD95 receptor is a member of tumor necrosis factor
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(TNF) superfamily, normally being expressed on cell surface as a preassociated
homotrimer, containing a cytoplasmic protein-protein interaction domain termed the
death domain (DD) which mediates the formation of death-inducing signaling
complex (DISC) and initiates the death signaling (206). Killer/DRS is also a
member of TNFR family with the typical cytoplasmic death domain, and its
expression can be induced by cytotoxic chemotherapy (207). Both CD95 and
Killer/DR5 expression were shown to be upregulated by p53 and trigger or enhance
apoptosis upon DNA damage treatment or upon overexpression of p53 in a
tissue-specific manner, although CD95 can also be activated by DNA damage
independent of p53 (207, 208). PIDD, encoding another death domain containing
protein, was discovered in transformed mouse erythroleukaemia cells to be a
p53-regulated gene and contribute to p53-dependent apoptosis (209). PERP, a
PMP-22/gas family protein localized to both plasma membrane and Golgi
membrane, was a transcriptional target of p53 and highly induced in
El1A-transformed MEFs following DNA damage, partly contributing to
p53-dependent apoptosis (210). PERP was also shown to play a role in
p53-mediated apoptosis in thymocytes and neurons upon ionizing irradiation (211).

The intrinsic pathway centers on the mitochondria and directly impacts on
Bcl-2 family proteins. The Bcl-2 family members can be transcriptionally activated,
transcriptionally repressed or subjected to posttranslational modifications to

enhance or repress function. Cells that have engaged p53-dependent apoptosis
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typically follow the intrinsic cell death pathway (212).

Bcl-2 family has at least 20 members, all of which share at least one
conserved Bcl2 homology (BH) domain. Bcl-2 family contains anti-apoptotic
proteins that promote cell survival such as Bcl-2 and Bcl-x;, and pro-apoptotic
proteins including the Bax family and the BH3-only family members, such as Bax,
Bak, Bad, Bid, Noxa and Puma (213). The pro-apoptotic proteins are thought to act
by binding to their anti-apoptotic relatives and inhibiting the anti-apoptotic activity
(196). The Bax family members, Bax and Bak, mainly function at the mitochondria.
Bax was the first identified p53-regulated proapoptotic Bel-2 family member (214).
Bax is a cytosolic monomer in unstressed cells, but changes conformation during
apoptosis, integrates into the outer mitochondria membrane and oligomerizes (213).
Knockout studies indicate that Bax is mutated in some human gastric and colorectal
cancers and that Bax is largely responsible for p53-dependent apoptosis induced by
S-fluorouracil in colorectal cancer cells (215). It was also shown that loss of Bax
accounts for almost half of the accelerated tumor growth which results from p53
deficiency in a mouse brain tumor model (216). However, Bax expression is not
significantly induced in thymocytes after ionizing irradiation (our unpublished data)
and Bax is proposed to be dispensable in y-irradiation induced apoptosis in
thymocytes and intestinal epithelial cells (217).

Both Noxa and Puma are BH3-only members of the Bcl-2 family. Among

the numerous p53-dependent pro-apoptotic genes, Puma and Noxa are indicated to
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be critical mediators of the apoptotic responses induced by p53. In Noxa knockout
mice, the apoptosis in response to DNA-damaging agent treatment was significantly
compromised in both the primary MEFs and El1A-overexpressing MEFs (218).
Additionally, the absence of Noxa resulted in resistance to X-ray-induced apoptosis
in epithelial cells of small intestinal crypts (219). In Puma knockout mice, the large
resistance to p53-dependent apoptosis was not only detected in MEFs and
E1A-transfected MEFs, but also in primary thymocytes and developing postnatal
CNS upon DNA damage, and hematopoietic cells triggered by hyperproliferative
signals, such as c-Myc (218, 220). Therefore, Puma was considered as a principal
mediator of cell death in response to diverse apoptotic signals, since
Puma-knockout mice recapitulated several key apoptotic deficiencies observed in
the p53-knockout mice, which has not been observed in the knockout mice of most
other p53 targets. Puma (p53 up-regulated modulator of apoptosis) was initially
identified by differential gene expression studies as a p53 target gene and a potent
inducer of apoptosis (221). PUMA acts by binding to Bcl-2 and BcL-xp, and
activating Bax to facilitate cytochrome C release from the mitochondria, thereby
triggering the apoptotic cascade (220, 222). However, Puma-deficient mice do not
appear to be inherently predisposed to developing spontaneous tumors, further
supporting the notion that inactivation of multiple p53 effectors is critical for
tumorigenesis (220). Consistent with the notion, the requirement for specific p53

targeted apoptotic gene in mediating cellular apoptosis response to DNA damage is



37

highly selective and clearly cell type- and tissue-dependent. For example, In situ
hybridization assay in mouse tissues shows that although Killer/DR5, Bid, Puma
and Noxa are all induced in small intestine, the key effector of apoptosis in the red
pulp of spleen is Bid, while in thymus and the while pulp of spleen is Puma, and
that the target gene activation is even different between transverse and descending
colon (223).

p53AIP1 is another p53 target that mediates pS3-dependent apoptosis (151).
pS3AIP1 is localized at mitochondria and ectopic expression of p53AIP1 can induce
dissipation of mitochondrial potential, leading to cytochrome C release, whose
activity can be blocked by overexpression of Bcl2 (224). Interestingly,
phosphorylation of p53 at Ser46 seems to be specifically required for p5S3AIP1
induction after severe DNA damage (151).

Although a large number of genes are transcriptionally regulated by p53
during induction of apoptosis, none of the target genes has been identified whose
altered expression or genetic deficiency can sufficiently phenocopy p53 deficiency
in vivo (225). As an additional mechanism of p53-dependent pro-apoptotic activity,
recent studies have suggested the non-transcriptional apoptotic activity of p53. The
initial finding has shown that in response to a broad spectrum of apoptotic stimuli, a
fraction of p53 can translocate to mitochondria in primary cells and in vivo in mice,
and that forced targeting of p53 to mitochondria is sufficient to induce mitochondria

outer membrane permeabilization (MOMP) by forming complex with the Bcl2 and
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Bcl-xg. proteins, liberating pro-apoptotic Bcl2 family members such as Bax and Bak,
and promoting cytochrome C release (226). Subsequent study on the direct role of
p53 at mitochondria indicated that p53 can physically interact with Bak and directly
promote the pro-apoptotic activity of Bak by causing Bak oligomerization and
disrupting the interaction between Bak and Mcll (227). The other elegant in vitro
study provided compelling evidence that cytosolic accumulation of p53 directly
activated Bax in the absence of other proteins or p53 transcriptional activity and led
to cytochrome C release (228). Consistently, the first in vivo evidence by analysis in
mouse fibroblasts indicated that high amount of activated p53 in cytosol is required
to promote UV-induced fibroblasts apoptosis in a transcriptional-independent way
(229). In accordance with this model, the difference of apoptotic potentials of two
human p53 polymorphic variants (codon 72, Arg/Pro) was suggested to be caused
by greater ability of Arg72 variant to localize to the mitochondria, and the
cytoplasmic accumulation of p53 was correlated with Mdm2-mediated
ubiquitination (230). Thus, the physical appearance of p53 in cytoplasm but not its

transcriptional activity is responsible for the apoptosis.

4. Senescence
Since Hayflick discovered for the first time that human diploid fibroblasts
only have limited division potential in culture, the phenomenon of cellular

senescence or replicative senescence has been extended to many other cell types,
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which is defined as the irreversible cell growth arrest at the G1 stage of the cell
cycle (231, 232). The senescent cells exhibit distinct phenotypic characteristics with
dramatic changes in chromatin structure and gene expression, with enlarged and
flattened cell morphology and increased B-galactosidase (SA-B-gal) activity (233).
The process is now also known as replicative senescence, which is mainly caused
by telomere shortening. Telomere is a heterochromatin structure present at the end
of linear chromosome structure, differentiating chromosomal end from broken DNA
end, preventing chromosome fusion and instability (234). Owing to the nature of
DNA replication, 50-200 bp of 3’ telomeric DNA is left unreplicated during S phase;
and since most human cell types do not express telomerase, telomeres shorten with
each cell division. Replicative senescence phenotype occurs in human cells when
the length of one or more telomeres shortens to an average size of 4-6 kb, before
short enough to cause chromosome instability (235).

Besides telomere shortening, certain types of DNA damage, such as DNA
strand breaks and oxidative lesions due to environmental or endogenous insults can
also cause cells to senesce, with little or no impact on telomeres, which is termed as
premature senescence (235-237). This might also explain why mouse embryonic
fibroblasts, which have longer telomeres and frequently express telomerase, are
instead easier to undergo senescence in culture than human fibroblasts, because they
are more sensitive to supraphysiological oxygen stress (238) (239). In addition, the

excess mitogenic signals resulted from overexpression of certain oncogenes, such as
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Ras and other components of RAS-RAF-MEK pathway, or the epigenetic changes
to chromatin structures can lead to premature cellular senescence (240-242). The
replicative senescence and stress-induced premature senescence may represent two
disparate signals eliciting one common cellular response (243). Consistent with the
role of cellular senescence in tumor suppression, p53 and pRB, both of which are
critical tumor suppressors, play a major role in mediating cell senescence response.
In mouse embryonic fibroblasts (MEFs), p53 or ARF deficiency is sufficient for
cells to bypass both the replicative senescence and the premature senescence
induced by DNA damage, oxidative stress, oncogenes or intense mitogenic stress
(244).

Primary murine cells in culture undergo senescence in response to
overexpression of the Ras oncogene or of downstream effectors such as Raf,
activated MAP kinase and PML (245-247). Although the mechanism of how
premature senescence stimulates p53 activation is not clear, many studies indicated
that two major pathways can be crucial for p53 activation by cell senescence (248).
One is the ATM/ATR and Chk1/Chk2 mediated p53 phosphorylation and activation
in response to DNA damage; the other is the activation of p53 by hyperproliferative
signals from oncogenes such as Ras, Raf and c-Myc, mainly mediated through
pS3/ARF pathway (248). Previous studies have identified a number of
posttranslational modifications of p53 during replicative senescence (139). In this

context, increased phosphorylation of human p53 is detected at Serl5, Thrl8 and
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Ser376. Our study also showed that in Hupki MEFs Ser46 is phosphorylated upon

overexpression of Ras, and that mutant p53hki®***

MEFs escape Ras-induced
cellular senescence (data not published). p14**" (p19**" in mouse) is encoded by
an alternative transcript of the INK4a locus, which shares two exons with the
pl16™** transcript but has a separate promoter and is translated in a different
reading frame (103). In MEFs, Ras induced cellular senescence is mediated
primarily through p53/ARF pathway (244, 245). p19*%" can be activated by
hyperproliferating signals, such as overexpressed Ras, Myc, E2F1 and E1A, and

activation of p19*%*

can prevent negative regulation of p53 by Mdm2, either by
sequestering Mdm2 in nucleolus of cells or by inhibiting Mdm2 E3 ubiquitin ligase
activity, therefore stimulating p53 activity (103). In addition, the p38/MAPK
pathway has been shown to play a crucial role in mediating Ras-induced senescence
and in activating p53 (249). Interestingly, it has been suggested that Ras
overexpression induces senescence through the generation of reactive oxygen
species (ROS), which could lead to p38MAPK activation (243). Therefore,
overexpressed Ras may also activate p53 response by producing high levels of
DNA-damaging ROS.

p53 then promote cellular senescence by controlling the activity of its
effectors, including p21 and PML (250). p21 is a well characterized downstream

effector of p53-mediated growth arrest following DNA damage (251, 252). The

expression level of p21 has also been shown to increase dramatically when human
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diploid fibroblasts undergo replicative senescence, which is correlated with
increased p53 transcriptional activity (253). Moreover, p2l expression is
significantly elevated in oxidative stress and oncogene induced senescent cells, and
may play an important role for p53-dependent initiation of cellular senescence (254,
255). Inactivation of p21 failed to arrest cell cycle in response to DNA damage and
was sufficient to bypass senescence in human fibroblasts (256). Overexpression of
PML (promyelocytic leukemia) can induce cell growth arrest or apoptosis
depending on cell types and/or PML expression level (257). Recently, a link
between premature senescence, PML and p53 has been established. Oncogene Ras
upregulates PML expression and overexpression of PML can recruit p53 and CBP
colocalization to nuclear bodies and activate p53 through acetylation on Lys382 and
phosphorylation on Serl5, inducing p53-dependent premature senescence (140,
247). In addition, it has been shown that overexpression of PML isoform IV can
cause cellular senescence by activation of p53 through acetylation at Lys382 as well
as phosphorylation at Ser46, while it is independent of nuclear bodies (258).
Another recent study indicated that PML not only acts upstream of p53, but itself is
a p53 target gene mediating p53 antiproliferative effects, and that PML deficiency
compromises p53 activated premature senescence and apoptosis (259).

It has been shown that overexpression of oncogene can lead to senescence in
in vitro cultured cells, which may serve as protection against cell transformation

and thereby a tumor suppressive mechanism (238). However, whether cellular
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senescence represents a physiological process in living tissues in Vivo remains
poorly understood. Four recent papers indicated that endogenous oncogene Ras or
Ras downstream effectors can trigger premature senescence in vivo which may be
p53-dependent, and that by analyzing tumors induced by oncogenes, cellular
senescence did exist in premaligmant but not malignant tumor cells which is
detected by SA-R-gal enzymatic activity (260-263). Therefore, oncogene-induced
premature senescence occurrs in Vivo and they can provide a barrier to oncogene
induced tumorigenesis.

Recent studies suggest a tight link between p53 and PTEN, another major
tumor suppressor. The PTEN (phosphatase and tensin homolog deleted on
chromosome 10) tumor suppressor gene was identified to be frequently mutated or
deleted in various human cancers, and germline mutations in the PTEN gene have
been associated with sporadic and heritable syndromes, including Cowden
syndrome and Bannayan-Riley-Ruvalcaba syndrome (264, 265). The major
function of the tumor suppressor PTEN relies on its phosphatase activity and
subsequent antagonism of the PI3K/AKT pathway (266-268). Loss of PTEN
function can result in activation of PI3K/AKT kinase activity and subsequent
activation of its downstream effectors, which is an important cell survival signaling
pathway. Early cell line transfection data showed that the PI3K/AKT pathway can
phosphorylate Mdm?2 in vivo and thereby promote nuclear translocation of Mdm?2,

resulting in decreased p53 protein level and transcriptional activity (269). Another
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group by using primary mouse embryonic fibroblasts indicated that Pten can not
only regulate p53 protein level by retaining Mdm?2 in the cytoplasm through its
phosphatase activity on PI3K/Akt, but can also physically interact with p53 and
control the transcriptional activity of p53 by modulating its DNA binding activity,
which is independent of its phosphatase activity (270). A recent study further
supported the notion that Pten can increase p53 stability and its transactivation of
Pten itself, both dependent and independent of Pten phosphatase activity (271).
Interestingly, Chen et al debated that acute loss of Pten in mouse embryonic
fibroblasts (MEFs) can increase both p53 stability and activity, especially activating
p53-dependent senescence response and therefore restricting tumorigenesis in

Pten-deficient prostate (261).

5. Aging

Recent studies have suggested that p53, despite a tumor suppressor, can
contribute to organism aging or age-related diseases, such as late-life cancer (272).
More studies have suggested a tight link between aging and p53-induced cellular
senescence. By using both pl6 and SA-B-gal markers, Campisi group show that
cells characteristic of senescence accumulate with age in multiple human and
mouse tissues, or present at sites of certain age-related pathologies (273). They also
indicate that the accumulation of non-dividing senescent cells can compromise

tissue renewal and repair by depleting stem cells pool or affecting stem cell niches,
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and can alter tissue microenvironment, tissue structures and functions at least partly
by fibroblasts secretory factors resembling phenotypes of wounding responses or
fibroblast associated carcinomas (272).

However, the relationship between p53 activity and aging has remained to
be controversial. Tyner et al generated a truncated p53 allele lacking the first six
exons and suggested that this mutant p53 allele can augment the wild-type p53
activity, which is shown by enhanced tumor resistance in p53™™ mice, enhanced
p53 stability and transcriptional activity in response to both DNA damage and
oncogenes (274). Unexpectedly, accompanied with the elevated p53 activity is the
carly aging phenotypes. But it is worthy to note that in the p53™™ mouse model
Tyner et al analyzed there were additional 23 genes deleted, therefore suggesting
that the age-related phenotype might not be solely caused by p53 mutation (275).
Another group generated the transgenic mice overexpressing a naturally occurred
N-terminal truncated isoform of p53 (p44), and showed that the mice had reduced
size because of slower growing rate both pre- and postnatally, and had reduced
lifespan with premature aging phenotypes possibly due to upregulated IGF
signaling (31). However, Mendrysa group argue against that elevated p53 activity
caused by reduced Mdm?2 expression resulted in significantly reduced tumor
formation without causing reduction in lifespan or any age-related phenotypes (276).
In addition, the “super p53”, in which an extra copy of p53 is expressed in the

context of wild-type p53 alleles, has been shown to enhance p53-mediated response
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to DNA damage and increase resistance to tumor development, yet have normal
lifespan without premature aging (277). The possible reason why decreased Mdm?2
level or additional p53 allele does not cause shortened lifespan or early aging
phenotype while overexpression of short isform or mutant form of p53 does could
be that it is the altered ratio between different p53 isoforms and thereby the
imbalanced expression of p53 target genes, but not the overall increased p53

activity, that lead to aging. (278).

6. Differentiation

Besides playing a role in regulating cell proliferation and apoptosis, p53 has
also been implicated in controlling stem cell self-renew and differentiation (157,
279). The hallmark features of stem cells are the pluripotency and capacity of
infinite self-renewal. The extensive self-renewal of stem cells is in many ways
resembling the expansion of cancer cells, and in this context several important
tumor suppressors, such as p53, PTEN and Bmi-1 are involved in controlling
embryonic stem cell or normal tissue stem cell self-renew (157, 280, 281). Studies
have shown that p53 protein stability decreases while p53 activity dramatically
increases during ES cell differentiation in vitro induced by retinoic acid (RA) (157,
282). Lin et al further indicate that upregulated p53 activity in ES cells in response
to DNA damage or RA-induced differentiation is accompanied by Ser315

phosphorylation and results in direct suppression of Nanog expression, mainly by
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p53 recruiting co-repressor mSin3A to Nanog promoter (157). Therefore, while
DNA damage induced cell cycle arrest or apoptosis are not efficient in ES cells,
p53-dependent suppression of Nanog expression exhibits an alternative mechanism
to maintain genetic stability by promoting the ES cell differentiation (283). It is also
reported that p53 can negatively regulate neural stem cell proliferation, survival and
thereby self-renewal possibly functioning through its downstream target p21,
therefore suggesting that p53-mediated suppression of stem cell self-renewal may
be general although the mechanisms can be different depending on the stem cell

types (279).

p53 knock-in mouse model

Since the early conclusive demonstration that p53 plays a central role in
tumor suppression by analyzing p53 knock-out mice which are highly prone to
tumorigenesis, the study of p53 in mice through transgenic, knock-out and knock-in
approaches, as well as through various crosses to other mouse strains, has greatly
enhanced our understanding of the genetics and the contexts in which it plays a role
in tumor suppression (24, 25, 284). Among them, the knock-in strategy is a
powerful approach to investigate p53 function in vivo, especially for those with
subtle changes in the p53 locus. The advantage of this strategy is that a particular
mutant gene is expressed from the endogenous promoter at physiological levels,

with the correct spatial and temporal profile. This approach is very useful for
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functional analysis of p53 activities in vivo, and in some cases, it can mimic a p53
mutation found in human tumors to better understand how such a mutation
contributes to tumorigenesis (46, 47). Specifically, to assess the role of p53
posttranslational modification in vivo, several groups of investigators, including our
laboratory, have generated knock-in mice with single phosphorylation site or
combination of modification sites altered, in order to study the physiological
importance of single as well as combinatorial posttranslational modifications in
suppressing tumor (138, 144, 146, 285).

One knock-in mouse model was created to study the human p53 activity in
the experimental in vivo system, known as HUPKI (human p53 knock-in) model
(286). In this model, exons 4 to 9 and the intervening introns of mouse p53 are
replaced by the corresponding human p53 sequence. This HUPKI p53 allele has
been demonstrated to maintain normal biological functions equivalent as mouse p53
allele and HUPKI mice do not develop spontaneous tumor at early age (286). More
importantly, our unpublished data have suggested the signaling pathway leading to
phosphorylation of human p53 at Ser46, the residue only appearing in human, is
conserved in various types of mouse cells. In spite of the high homology between
mouse and human p53 genes, they have different nucleotide sequence and thus
differential amino acid sequence, therefore this knock-in model can provide a
tractable in vivo system for mutagenesis studies to define the p53 mutation profiles

in their contribution to tumor initiation and development. In addition, this mouse
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model could be useful in providing a system for testing potential cancer
therapeutics for their ability to modulate human p53 DNA binding in vivo, a step
that is important for validating the efficacy of such therapy agents in tumor

treatment (284).
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Abstract

Posttranslational modification of tumor suppressor p53 plays important roles
in regulating its stability and activity. Six lysine residues at p53 C-terminus can be
posttranslationally modified by various mechanisms, including acetylation,
ubiquitination, neddylation, methylation and sumoylation. Previous cell line
transfection studies show that ubiquitination of these lysine residues is required for
ubiquitin-dependent degradation of p53. In addition, biochemical and cell line
studies suggested that p53 acetylation at the C-terminus might stabilize p53 and
activate its transcriptional activities. To investigate the physiological functional
outcome of these C-terminal modifications in regulating p53 stability and activity,
we introduced missense mutations (Lysine to Arginine) at the six Lysine residues
(K6R) into the endogenous p53 gene in mouse embryonic stem (ES) cells. K6R
mutation prevents all posttranslational modifications at these sites but conserves the
structure of p53. In contrast to the conclusion of previous studies, analysis of p53
stability in K6R ES cells, mouse embryonic fibroblasts (MEFs) and thymocytes
showed normal p53 stabilization in K6R cells both before and after DNA damage,
indicating that ubiquitination of these lysine residues is not required for efficient
p53 degradation. However, p53-dependent gene expression was impaired in K6R
ES cells and thymocytes in a promoter-specific manner after DNA damage,
indicating that the net outcome of the posttranslational modifications at the

C-terminus is to activate p53 transcriptional activities after DNA damage.
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Introduction

p53 is one of the most frequently mutated tumor suppressor genes in human
cancers (1). It is a transcriptional factor composed of four functional domains: the
N-terminal transactivation domain, through which p53 interacts with coactivators or
corepressors, the central sequence-specific DNA binding domain, the
tetramerization domain and the extreme C-terminal regulatory domain (2, 3). In
unstressed cells, p53 is present in a latent form and is maintained at low levels
through rapid protein degradation. Recent studies showed that Mdm?2, Pirh2 and
COPI can all facilitate p53 degradation via the ubiquitin-proteasome pathway by
functioning as ubiquitin ligase (4-8). In response to genotoxic and cellular stresses,
the stability and activity of p53 are greatly induced, leading to cell cycle arrest,
DNA repair, and/or apoptosis, depending on the cell types (2, 9-13).

While the mechanism how p53 responses are activated after various
genotoxic and cellular stresses remains to be established, accumulating evidence
indicates that posttranslational modifications of p53 play important roles in
regulating its stability and transcriptional activity (10). Specifically, the multiple
lysine residues at the extreme carboxyl-terminal domain of p53 (the last 30aa) can
be posttranslationally modified by multiple mechanisms, including phosphorylation,
acetylation, ubiquitination, neddylation and methylation, in response to DNA
damage and other cellular stresses (14-20). In this context, human p53 can

potentially be acetylated by CBP/p300 at five lysine residues, Lys370, Lys372,
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Lys373, Lys381 and Lys382 (16, 21). Using acetylation-specific antibody, it has
been shown that the acetylation of p53 at Lys373 and Lys382 is significantly
induced in response to DNA damage in vivo (17, 22, 23). In addition, human p53
can also be acetylated by P/CAF (p300/CBP associated factor) at Lys320 in vitro
and this acetylation event is induced by DNA damage in vivo (17, 22).

The roles of p53 acetylation have been studied extensively. Gu et al. suggested that
CBP/p300 mediated acetylation of p53 can increase p53 sequence-specific
DNA-binding activity in vitro by electrophoretic mobility-shift assay (EMSA) using
short oligonucleotides (16). Several subsequent studies also supported that the
acetylation of p53 can dramatically stimulates its sequence-specific DNA-binding
activity both in vitro and in vivo, possibly caused by an acetylation-induced
conformational change (17, 21, 22). However, recent studies showed that p53
binds to its cognate promoters constitutively (24). In addition, acetylation does not
increase the p53 DNA-binding activity when assayed for binding to an artificially
reconstituted chromatin (25). Instead, this and other studies showed that p53
acetylation is important for the recruitment of co-activators (25, 26). Recent studies
also showed that p53 C-terminus is required for p53 linear diffusion on chromatin
and its efficient DNA binding as well as transactivation of target promoters in vivo
(27). However, acetylation and other modifications of C-terminal do not increase
this p53 activity.

Several studies also suggested that ubiquitination and acetylation at the C-terminus
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of p53 can regulate p53 stability. In this context, one study showed that p53
C-terminus was required for Mdm2-mediated degradation of p53 but not
Mdm2-p53 interaction (28). Since the lysine residues at the C-terminus might be
ubiquitinated by Mdm2, two studies tested the importance of the C-terminal lysine
residues in p53 stabilization. In one study, all six lysine residues were changed to
Arginine (6KR mutant) to prevent ubiquitination but preserve the structure of p53
(29). While 6KR mutant interacts with Mdm?2 normally, it could not undergo
Mdm2-mediated ubiquitination and degradation in transfected tumor cell lines,
leading to p53 stabilization and activation (29). In addition, mutation of four lysine
residues (Lys372, 373, 381 and 382) into Alanine (A4 mutant) also abrogated the
p53 ubiquitination and degradation (30). Since acetylation of the same lysine
residues might prevent ubiquitination at these sites, it has been suggested that p53
acetylation can stabilize p53. In support of this notion, increased levels of p53
acetylation by deacetylase inhibitors could inhibit p53 degradation in vivo and the
p53 degradation requires deacetylation (23, 31).

In addition to acetylation and ubiquitination, the C-terminal lysine residues can
also be modified by other mechanisms. Lys386 of p53 can be modified by
conjugation to a small ubiquitin-like protein SUMO-1 in vitro and in vivo (32, 33),
although the role of this modification remains controversial. Recent studies also
showed that ubiquitin-like protein Nedd8 can be covalently linked to p53 at Lys370,

372 and 373, and Mdm2-dependent neddylation of p53 negatively regulates its
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transcriptional activity (19). Additionally, methylation of p53 at Lys372 by Set9
methyltransferase has been identified and suggested to restrict p53 in the nucleus
and stabilize p53 (20).

To further study the physiological roles of the posttranslational
modifications at the C-terminal lysine residues in regulating p53 stability and
activity, we employed homologous recombination and LoxP/Cre-mediated deletion
to introduce six Lysine to Arginine mutations (Lys367, 369, 370, 378, 379 and 383
to Arg; K6R) into the endogenous mouse p53 gene in ES cells. Analysis of p53
stability and activity before and after DNA damage indicated that ubiquitination of
the six C-terminal lysine residues is not required for p53 degradation. However, the
net effects of these modifications increase p53 transcriptional activities in a cell

type-dependent manner.
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Materials and Methods
Construction of targeting vector and generation of p53K6R mutant ES cells
The six lysine residues, Lys367, Lys369, Lys370, Lys378, Lys379 and
Lys383 are encoded by exonll of murine p53 gene. A fragment of mouse p53
genomic sequence extending from exon 2 through exon 11 was cloned into pBS
vector.  Site-directed mutagenesis was performed to introduce Lys to Arg
mutations into cloned exon 11. To facilitate screening of ES cell clones, an ECORI
restriction site was introduced to intron 1 and a neomycin resistance gene
(PGK-neo") flanked by loxP sites was inserted into intron 7. This targeting vector
was then linearized with Notl and electroporated into AY ES cells. To excise the
PGK-neo" gene flanked by loxP sites, 20ug of a circular plasmid expressing Cre
enzyme was transiently transfected into the mutant ES cells; and the
loxP/Cre-mediated deletion was screened by PCR using primers shown in Fig. 1C
and D. The PGK-neo' deleted ES cell clones identified by PCR were then
subcloned and the Cre deletion was further confirmed by Southern blot using the

same probe.

Derivation, culture and treatment of p53"“®f MEFs
We employed the Hprt-deficient blastocyst complementation approach to
generate MEFs from the mutant ES cells as previously described (34). MEFs

recovered from the embryos at E12.5 were cultured and selected in Dulbecco's
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modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum,
glutamine, antibiotics, 50 pM B-mecaptoethanol and HAT (0.016mg/ml
hypoxanthine, 0.0lmM aminopterin and 0.0048mg/ml thymidine). After we
confirmed that all the live MEFs were derived from mutant ES cells, the HAT
selection was removed and MEFs were cultured in normal medium. MEFs were
treated with 60J/M? UV-C light or 0.25 pM Doxorubicin (Sigma) and harvested at

different time points for the analysis of protein levels or gene expression.

Culture and treatment of ES cells

ES cells were cultured on feeder layer in DMEM supplemented with 15%
fetal bovine serum, glutamine, nonessential amino acids, sodium pyruvate,
antibiotics, 100 uM 2-mecaptoethanol, and recombinant leukemia inhibitory factor
(LIF). Before experiments, ES cells were split and plated on gelatin-coated plates in
the presence of LIF but without feeder layer cells. ES cells were exposed to 60J/M?
UV-C light and harvested at different time points for protein levels or at 8hr for

gene expression analysis.

Ubiquitination Assay
AY, K6R and p53” ES cells were cultured in 10 cm plates. The cells were
treated for 6h with proteasome inhibitors, 25uM LLNL and 25uM MG132, before

harvested, and were then lysed with RIPA buffer (1% Nonidet P-40, 0.1% SDS,
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Tris-HCI, pH 7.8, 150mM NaCl, ImM DTT, 0.5mM EDTA, 25uM LLNL, 25uM
MG132, 5mM NEN, and fresh proteinase inhibitors) with mild sonication. Protein
extract of 2x10° cells samples was incubated with Iug p53 antibody against the
full-length protein (Santa Cruz Biotechnology) for 1h at 4°C. 30ul of protein A/G
agarose beads were added, and the reactions were further incubated overnight at
4°C. The immunoprecipitates were subsequently resolved by 8% SDS-PAGE and
analyzed by Western blot with anti-Ubiquitin antibody (P4D1, Santa Cruz

Biotechnology) or anti-p53 antibody (Pab240, Santa Cruz Biotechnology).

IR-induced apoptosis in thymocytes

Thymocytes were recovered from 4-6 weeks-old mice and cultured in
DMEM supplemented with 5% FCS and 25mM HEPES (pH 7.4) before treatment.
Thymocytes were treated with 5Gy of ionizing radiation (IR) and harvested at
different time points for analysis of p53 protein levels. For apoptosis assay,
thymocytes were exposed to 2.5, 5, 10 or 20 Gy of IR and apoptotic cells were
identified 10hr after treatment by staining with Annexin V. For Real-time PCR,
thymocytes were irradiated with 5Gy of IR and RNA was harvested 8hr after

treatment.

Western blot analysis

Protein extract from 2x10* ES cells and MEFs or 2x10° thymocytes were
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separated on 10% SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked with 5% dry milk and probed with CMS5, a polyclonal
antibody against p53 (Novo laboratories, Inc.) or the polyclonal antibodies
specifically against mouse p53 phosphorylated at Ser18 or Ser389 (Cell Signaling
Technology). The membranes were subsequently incubated with horseradish
peroxide-conjugated secondary antibody, developed with ECL Plus (Amersham
Biosciences) and exposed to X-ray film. To determine whether the total amount of
proteins loaded in each lane was comparable, the membranes were probed with a

goat polyclonal antibody against B-actin (Santa Cruz Biotechnology).

RNA preparation and quantitative real-time PCR analysis

Total RNA was prepared from the frozen cell pellets by following RNeasy
RNA Cleanup protocol (Qiagen). Up to 1ug RNA from individual samples was
reversely transcribed to cDNA using Superscript II First-strand Synthesis kit
(Invitrogen). Real-time PCR was performed on ABI PRISM® 7000 sequence
detection system with SYBR Green PCR MasterMix (ABI). The average
threshold cycle (C;) for each gene was determined from triplicate reactions, and the
levels of gene expression were determined relatively to the average C; value of
glyceraldehyde-3- phosphate-dehydrogenase (GAPDH) as previously described

(35). The primer sequences used in real-time PCR are described previously (36).
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Statistic analysis
To determine statistical significance, quantitative RT-PCR data and
apoptosis data were subjectedto a two-tailed Student's t-test analysis. Significance

was noted for p values less than 0.05.
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Results
Generation of K6R mutant murine ES cells.

A DNA fragment harboring murine p53 exon 11 was cloned into pBluescript
and the nucleotides encoding the six lysine residues (Lys367, 369, 370, 378, 379
and 383) were mutated to those encoding arginine by site-directed mutagenesis. The
knock-in vector was constructed by replacing the germline exon 11 of the cloned
mouse p53 genomic DNA with the K6R exon, followed by inserting the PGK-neo'
gene flanked by loxP sites into intron 7 (Fig. 1B). To facilitate the mutagenesis
process, the knock-in vector was electroporated into AY ES cells, which contain one
wild type p53 allele and the AY allele with exons 2 to 4 replaced with a loxP site
(Fig. 1A) (34). The AY allele does not produce any truncated p53 protein, therefore,
the genotype of AY ES cell line is p53”". Homologous recombination between the
wild type allele of AY ES cells and the targeting vector was screened by Southern
blotting analysis of genomic DNA with ECORI digestion and hybridization to probe
1 (Fig. 1C and E). The PGK-neo' gene in the mutant ES cells was deleted through
transient expression of the Cre enzyme as previously described (37). The
LoxP/Cre-mediated deletion was confirmed by Southern Blot analysis with ECORI
digestion and hybridization to the probe 1 (Fig. 1F). The final knock-in ES cells
were denoted pS3K6R. Both the genomic DNA and cDNA from pS3K6R ES cells
were sequenced to confirm that the pS53 gene expressed in p53K6R ES cells

harbored the six lysine to arginine mutations but no other mutations.
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p53 responses to DNA damage in p53K6R ES cells.

Since previous cell line transfection studies indicated that the C-terminal
lysine residues of p53 are important for ubiquitin-mediated degradation of p53 (29,
30), we determined the p53 stability in the pS3K6R ES cells before and after DNA
damage induced by UV radiation. p53 protein levels were similarly low before
DNA damage but greatly induced in both AY and p53K6R ES cells after UV
radiation (Fig. 2A). While the protein levels of p53 were slightly reduced at 4 hrs
after UV radiation, the peak levels of p53 induction were similar between AY and
p53K6R ES cells at 8 hrs after UV radiation (Fig. 2A). Therefore, K6R mutation
had no significant impact on p53 stabilization in ES cells with or without DNA
damage. In addition, K6R mutation had no significant impact on p53
phosphorylation at N-terminal (Serl8) or C-terminal (Ser389) (Fig. 2A). The
normal stability of p53 in pS3K6R ES cells in the absence of DNA damage
indicates that other lysine residues of p53 can also be ubiquitinated and contribute
to the destabilization of p53. In support of this notion, p53 was ubiquitinated in
p53K6R ES cells (Fig. 2B). However, the levels of p53 ubiquitination appeared to
be slightly reduced in p53K6R ES cells, indicating that the lysine residues at the
C-terminus are ubiquitination targets.

Activation of p53 transcriptional activities by DNA damage is important to

maintain genetic stability in ES cells (38, 39). To determine whether K6R affects
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p53 transcriptional activities, we analyzed the p53-dependent gene expression in
p53K6R and control AY ES cells after UV radiation. While there was no significant
difference in the p53-dependent induction of perp mRNA in p53K6R and AY ES
cells after UV radiation, the expression of several other p53 target genes, including
p21, Mdm2, Noxa, Pidd and PUMA, was significantly reduced in p5S3K6R ES cells
8 hrs after UV radiation when compared with that in AY ES cells (Fig. 2C). As
internal controls, no significant difference in the mRNA levels of p53 or actin was
detected in p5S3K6R and AY ES cells after UV radiation (Fig. 2C). Since the protein
levels of p53 were similar in K6R and AY ES cells 8 hrs after UV radiation, these
findings indicated that K6R mutation impaired p53-dependent transcriptional

activity in a promoter-specific manner in ES cells after DNA damage.

p53 responses to DNA damage in p53K6R MEFs.

MEFs undergo p53-dependent cell cycle arrest after DNA damage.
Therefore, we examined the effects of K6R mutation on p53 stability and activity in
p5S3K6R MEFs after DNA damage. We employed the Hprt-deficient blastocyst
complementation to derive pS3K6R MEFs from ES cells as previously described
(34). Since the genotype of AY ES cells is p53", p53 protein levels in p53K6R and
the control p53™" MEFs before and after DNA damage were analyzed. Consistent
with the findings in ES cells, the protein levels of p53 were very low before UV

treatment and similarly induced in both p53K6R and p53” MEFs after UV
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radiation (Fig. 3A). p53 stabilization also appeared to be normal in pS3K6R MEFs
after DNA damage induced by Doxorubicin (Fig. 3B). Consistent with the findings
in ES cells, K6R mutation did not affect the phosphorylation of p53 at Serl8 or
Ser389 after UV radiation and Doxorubicin treatment (data not shown). To test
whether K6R mutation affects p53-dependent transcriptional activities, we analyzed
the expression levels of several p53 target genes, including p21, Mdm2, Bax and
Pidd, after UV radiation and Doxorubicin treatment (Fig. 3C and D). There is no
significant difference in the p53-dependent gene expression between pS3K6R and
control MEFs after these types of DNA damage. In addition, there was no
significant difference in the mRNA levels of p53 and actin between pS3K6R and
p53”" MEFs after DNA damage (Fig. 3C, D). Therefore, K6R mutation has no

apparent impact on the p53 stability and activity in MEFs after DNA damage.

p53 responses to IR in p53K6R thymocytes.

Mouse thymocytes undergo p53-dependent apoptosis in response to IR. To
determine the effects of K6R mutation on p53-dependent apoptotic activities in
thymocytes, we derived the pS3K6R and control AY thymocytes by Rag2-deficient
blastocyst complementation assay as described (34, 40). In addition, p53™"
thymocytes were also used as controls because the genotype of AY cells is p53™"
and previous studies indicated that p53 responses to IR is the same between AY

thymocytes and p53™ thymocytes. Consistent with the notion that K6R mutation
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does not affect p53 stabilization, p53 protein levels were similar in p5S3K6R and
control thymocytes before and after IR (Fig. 4A). p5S3K6R thymocytes were slightly
more resistant to the p53-dependent apoptosis after IR than control AY thymocytes
(Fig. 4B). However, while the p53-dependent induction of Mdm2, Bax and Pidd
was similar between p5S3K6R and control thymocytes, induction of p53 targeted
apoptotic genes, including Killer/DR5 and PUMA, was significantly impaired in
p53K6R thymocytes after IR (Fig. 4C). Therefore, we concluded that K6R mutation
impaired p53 transcription activities in a promoter-specific manner in thymocytes

after IR.
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Discussion

Multiple lysine residues at p53 extreme C-terminal domain can be
posttranslationally modified by several mechanisms. To investigate the
physiological importance of these posttranslational modifications, we introduced
the six Lysine to Arginine missense mutations into the endogenous p53 gene in ES
cells, which can be differentiated in vivo into MEFs and thymocytes. Previous cell
line transfection studies reached the conclusion that the C-terminal lysine residues
are ubiquitination sites by Mdm2 and are required for ubiquitin-dependent p53
degradation (29, 30). In contrast to these previous findings, our studies indicated
that the K6R mutation has no significant impact on p53 stability either before or
after DNA damage in mouse ES cells, MEFs and thymocytes. While our findings do
not argue against the notion that these C-terminal lysine residues could be
ubiquitinated and involved in regulating p53 stability, the finding that p53 was
ubiquitinated in pS3K6R ES cells clearly indicate that ubiquitination of lysine
residues residing in other regions of p53 could play redundant roles in
ubiquitin-dependent p53 degradation. One likely explanation for apparent
discrepancy between previous findings and our findings is that the p53” tumor cell
lines or mouse cells used in previous studies might harbor additional mutations that
disrupt the redundant pathways involved in ubiquitination of p53 at other lysine
residues. In addition, previous studies only focused on the involvement of Mdm2 in

the ubiquitination of p53 by overexpressing Mdm2 with p5S3K6R mutant, and drew
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the conclusion that the six C-terminal lysine residues are the primary targets for
Mdm2-mediated ubiquitination (29, 30). However, recently identified additional E3
ligases for p53, including p53 targets Pirh2 and COP1, might ubiquitinate p53 at
alternative lysine residues and thus destabilize p53K6R (7, 8). In this context,
overexpression of Pirh2/COP1/Mdm2 with p53K6R might lead to the
ubiquitination and degradation of p53K6R. Consistent with this notion, while

Gln25Ser26 1 - : :
370 which cannot interact with

p5S3K6R is as unstable as the wild type p53, p5
Mdm?2 and is essentially abolished in its p53-dependent expression of genes such as
Pirh2 and COP1, is constitutively stable (38).

p53 acetylation is correlated with p53 stabilization after DNA damage (41).
Previous studies have suggested that acetylation of lysine residues, particularly the
ones at the C-terminus, might prevent ubiquitination of the same residues, thus
leading to p53 stabilization (23, 42). Since our findings indicate that ubiquitination
at the C-terminal lysine residues is not required for efficient p53 degradation, the
importance of the competition of the acetylation and ubiquitination at the p53
C-terminal lysine residues remains questionable. However, our findings do not
argue against the notion that p53 acetylation at multiple lysine residues, including
those within the extreme C-terminus, can prevent ubiquitination, leading to p53
stabilization.

In addition to their impact on p53 stability, the functions of the

posttranslational modifications at C-terminal lysine residues in regulating p53
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activities have been extensively studied in biochemical and cell line transfection
studies. In this context, various posttranslational modifications of p53 at the
C-terminus have been suggested for different roles in regulating p53 activities.
Acetylation of p53 at C-terminal has been thought to recruit co-activators to the
p53-dependent promoters and thus to activate pS3-dependent transcription (25, 26).
However, neddylation of p53 at the C-terminal lysine residues might inhibit p53
transcriptional activities (19). Our analysis of p53-dependent transcriptional
activities in K6R mutant ES cells, MEFs and thymocytes indicated that K6R
mutation impaired p53 activities after DNA damage in ES cells and thymocytes.
The lack of defects in MEFs might be due to the activation of functionally
redundant posttranslational modification pathways that are induced by stresses of in
vitro culturing, as indicated by the findings that p53 activities are normally
increased during the continuous passage of MEFs eventually leading to cellular
senescence (43, 44). In conclusion, our findings are consistent with the notion that
p53 acetylation at C-terminus activates p53 transcriptional activation in a
promoter-specific manner. In addition, the partial defects observed in K6R mutant
mouse cells might underestimate the whole impact of the lack of C-terminal
acetylation, since the simultaneous disruption of neddylation at C-terminal by K6R

mutation might compensate by increasing p53 activities.
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Figure 1. Generation of p53K6R ES cells. (A) Genomic configuration of the
endogenous p53 genes in AY ES cells. AY cdll line has one wild-type p53 dlele
and one mutant p53 alele (AY allele) with exons 2 to 4 replaced with a LoxP site.
The filled boxes represent p53 exons, and the filled bar represents the probe for
Southern blot anaysis. The 14-kb germline EcoRl fragment and 6-kb EcoRI
fragment of AY alele are indicated. (B) The targeting construct. The PGK-neo’ gene
flanked by LoxP sites was inserted into intron 7. K6R mutation within exon 11 is
indicated by an asterisk. (C) Targeted configuration after homologous
recombination between the wild-type p53 allele and the targeting vector. The 9.8-kb
mutant EcoRI fragment is shown. The positions of the primer sets used to screen for
LoxP/Cre-mediated deletion are shown by arrowheads. (D) p5S3K6R knock-in alele.
The size of the mutant EcoRI fragment is indicated. (E) Southern blotting analysis
of the genomic DNA derived from targeted AY ES cells before PGK-neo’ deletion.
Genomic DNA was digested with EcoRI and hybridized to the probe. The positions
of EcoRI fragments derived from the germline, AY alele and targeted allele are
indicated by arrows. (F) Southern blot analysis of genomic DNA from wild-type ES
cells (lane 1), AY ES cdlls (lane 2), targeted AY ES cells before LoxP/Cre deletion
(lane 3) and p53K6R knock-in ES cells after the deletion of PGK-Neo" gene (lane
4). Genomic DNA was digested with EcoRI and hybridized to the probe. The
positions of the 14-kb germline 12.5-kb PGK-neo-deleted, 9.8-kb
PGK-neo-inserted and 6-kb AY EcoRI fragments are indicated.
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Figure 2. p53 responses to DNA damage in p53K6R ES cells.  (A) Induction of
p53 in AY and p53K6R ES cells. ES cells were cultured on gelatinized plates in the
presence of LIF but without feeder layer cells before UV radiation. Cell extracts
were prepared from AY and p53K6R ES cells at the indicated time points after
60JM2 UV-C irradiation and analyzed for p53 protein levels or p53
phosphorylation levels at Serl8 and Ser389. Genotypes of ES cells are shown on
top and the p53/actin indicated on the right. (B) Ubiquitination levels of p53 in
p53K6R ES cells. Western blot analysis of the ubiquitination levels of p53
immunoprecipitated from AY and p53K6R ES cells either not treated (lanes 3 and
5) or treated with proteasome inhibitors (25puM MG132 + 25uM LLNL) for 6h
(lanes 4 and 6) as indicated. Unsaturated amount of anti-full length p53 antibody
(1ng) was used to ensure similar total amount of immunoprecipitated pS3.
Ubiquitinated p53 and total p53 are indicated. (C) p53-dependent transcriptional
activity in p5S3K6R ES cells after UV radiation. The mRNA levels of several p53
target genes in AY and p53K6R ES cells 8 hrs after 60J/M2 UV radiation were
anayzed by quantitative real-time PCR. The mRNA levels of each gene were
standardized by the mRNA level of GAPDH. p53 and actin mRNA levels were aso
anayzed as non p53-dependent controls. The ratio of MRNA levelsin p5S3K6R cells
after UV radiation versus those in AY cells is presented. Mean vaues from three
independent experiments are presented with standard deviation. The p vaue
representing the statistical significance of the difference between each mean value
and 1 is shown on top of each ratio bar. The approximate folds of induction for each
p53 target gene in AY ES cells after UV treatment are: p21, 10 folds, Mdm2, 3.5
folds; Noxa, 7 folds; Perp, 7.5 folds; Pidd, 3 folds, PUMA, 5 folds.
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Figure 3. p53 responses to DNA damage in p53K6R MEFs. Induction of p53
protein levels in p53" and p53K6R MEFs after 60JM? UV treatment (A) or 0.25
uM Doxorubicin treatment (B). The genotype and time points after DNA damage
are indicated on the top. p53/actin are indicated on the right. p53-dependent
transcriptional activity in p53K6R and control MEFs 18 hrs after treatment with
60JM2 UV radiation (C) or 24 hrs after treatment with 0.25 uM Doxorubicin (D).
The mRNA levels of p53 target genes were analyzed by quantitative real-time PCR.
In addition, p53 and actin MRNA levels were analyzed as internal controls. Ratio of
mRNA levels in treated p53K6R MEFs versus those in treated p53"" MEFs is
indicated. Mean values from at least three independent experiments are presented
with standard deviation. The p values are shown on top of each bar. The folds of
induction for each p53 target gene in p53*" MEFs after UV radiation are: p21, 5
folds, Mdm2, 5 folds; Bax, 1.5 folds; Pidd, 7 folds. The folds of induction after
Doxorubicin treatment are: p21, 11 folds, Mdm2, 7 folds; Bax, 2.5 folds; Pidd, 8.5
folds.
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Fig. 4. p53 responses to DNA damage in p53K6R thymocytes. (A) Induction of
p53 protein levels in p53"" and p53K6R thymocytes after IR. The genotype and
time points after IR are indicated on the top. p53/actin are indicated on the right. (B)
p53-dependent apoptosis in pS3K6R and control AY thymocytes 10 hours after
increasing dosages of IR. The p values representing the statistical significance of
the difference in apoptosis between pS3K6R and AY thymocytes are also indicated.
(C) p53-dependent transcriptional activity in p53K6R and control p53*" thymocytes
8hrs after 5Gy of IR. The ratio of MRNA levels in irradiated p5S3K6R thymocytes
versus those in irradiated p53*" thymocytes is shown. Mean value from three
independent experiments were shown with standard deviation. p value is indicated.
The folds of induction of each p53 target gene in p53" thymocytes after IR are: p21,
17 folds; Mdm_2, 3 folds; Bax, 15 folds; Killer/RD5: 4 folds; Pidd, 5 folds; PUMA,
28 folds.
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Abstract

Posttranslational modification such as phosphorylation of p53 plays
important roles in activating p53 responses to various cellular and genotoxic
stresses. Cell line studies have shown that phosphorylation of Ser46 is correlated
with the activation of p53 apoptotic activities. To address the physiological roles of
Ser46  phosphorylation, we employed homologous recombination and
LoxP/Cre-mediated deletion to introduce Ser46 to Ala missense mutation into the
human p53 knock-in (HUPKI) allele in mice (p53hkiS46A). p53 stabilization in
response to various types of DNA damage is modestly reduced in p53hki****
embryonic stem (ES) cells, mouse embryonic fibroblasts (MEFs) and thymocytes.

In addition, p53-dependent apoptosis is partially impaired in p53hki®***

thymocytes
and E1A/Ras-expressing mouse embryonic fibroblasts (MEFs) after DNA damage.
Consistent with this finding, transcription of p53 target apoptotic genes is
preferentially affected by S46A mutation after DNA damage. p53hki®*** MEFs
proliferate and reach senescence normally but can be spontaneously immortalized
more easily than wild type MEFs. In addition, p53hki**** MEFs more readily

escapes from RAS-induced senescence. Therefore, Ser46 phosphorylation activates

p53-dependent apoptosis and cellular senescence induced by oncogenic stress.
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Introduction

p53 is one of the most frequently mutated tumor suppressor genes in human
cancers (1). Structural and functional analyses show that full-length human p53
gene encodes a 393-amino acid transcription factor composed of N-terminal
transactivation domains that interact with coactivators or corepressors, a
sequence-specific DNA-binding domain, a tetramerization domain and the extreme
carboxy-terminal regulatory domain (2). In normal unstressed cells, p53 is inactive
and maintained at low levels through rapid protein degradation. In this context, p53
transcriptional targets, including Mdm?2, Pirth2 and COPI1, can all function as
ubiquitin ligases to facilitate p53 degradation via the ubiquitin-proteasome pathway
(3-7). Upon the introduction of the cellular or genotoxic stresses, pS3 protein levels
are upregulated and its transcriptional activity induced, leading to cell cycle arrest,
senescence, or apoptosis, partially depending on the cell types and the strength of
the stress stimuli (8). In addition, activation of p53 can induce cellular differentiaton
(9-11).

Accumulating evidence indicates that various types of posttranslational
modifications play important roles in regulating p53 stability and activities by
modulating the interactions between p53 and its positive and negative regulators
(12). For example, studies of the N-terminal phosphorylation of p53 have indicated
that phosphorylation of human p53 at Serl5 (Serl8 of mouse p53) is important to

recruit co-activators to p53 target promoters and activate p53 responses to DNA
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damage in a promoter- and cell type- specific manner (13-17). While Ser23
phosphorylation is important to stabilize p53 in a cell type-specific manner (18, 19),
recent studies indicate that phosphorylation of mouse p53 at Serl18 and Ser23 are
critical to activate p53-dependent apoptosis after DNA damage and suppress
tumorigenesis in aging animals (20).

Human p53 can also be phosphorylated at Ser46 after DNA damage (21).
Cell line transfection studies have suggested that Ser46 phosphorylation might be
important for p53-dependent apoptosis after DNA damage by activating apoptotic
target genes. For example, Oda et al. have identified a novel p53-dependent
pro-apoptotic gene pP53AIP1 in humans, induction of which might be dependent on
Ser46 phosphorylation (22). In addition, phosphorylation of p53 at Ser46 and Ser33
might be involved in UV-induced p53-dependent apoptosis (23). Phosphorylation at
Ser46 is also shown to transcriptionally activate PTEN to promote p53-dependent
apoptosis instead of cell cycle arrest (24, 25). A recent study also showed that codon
47 polymorphism interrupts Ser46 phosphorylation and decreases p53-dependent
apoptotic activity (26), however, the codon 47 polymorphism could have many
impacts on p53 stability and activity in addition to the loss of Ser46
phosphorylation.

To address the physiological role of Ser46 phosphorylation in regulating p53
stability and activity, we employed homologous recombination and

LoxP/Cre-mediated deletion to introduce Serd46 to Ala mutation into the
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endogenous human p53 knock-in (Hupki) allele in mice. Hupki (or p53hki as
named in this paper) allele includes the core domain of human p53 gene spanning
exons 4 through 9 and the intervening introns (codons 33-332 representing over
75% of human p53 sequence) and the highly conserved extreme N- and C-terminal
domain of mouse p53 (27). p53hki allele was used because there is no apparent
mouse counterpart of human Ser46 but the signaling pathways leading to Ser46
phosphorylation is conserved in mice (21). In addition, p53hki is functionally
equivalent to the endogenous mouse p53 since the p53hki mice exhibit normal
p53-dependent activities and tumor suppression in mice (27). Analysis of
p53-dependent functions in p53hki®*** mice indicates the roles of Ser46

phosphorylation in regulating p53 activities in apoptosis and cellular senescence.
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Materials and Methods

S46A mutant mice

Generation of p53hki

Ser46 is encoded by exon 4 of the human p53 gene. A DNA fragment of
human p53 genomic DNA covering exon 4 through exon 6 was cloned into pBS
vector. Site-directed mutagenesis was performed to introduce Ser46 (TCC) to Ala46
(GCC) missense mutation. The targeting vector was made by replacing the
corresponding germline genomic sequence of the Hupki construct with the genomic
DNA fragment harboring S46A mutation (27). This targeting vector was linearized
with Notl and electroporated into ES cells by electroporation. Homologous
recombination between the targeting vector and the endogenous mouse p53 allele in
ES cells was screened by Southern blotting with BgllI/BamHI digestion of genomic
DNA and hybridization to the probe 1. To excise the PGK-neo" gene from the
targeted allele, 20pg of a circular plasmid expressing Cre enzyme was transiently
transfected into the mutant ES cells; and the loxP/Cre-mediated deletion was
screened by PCR using primers (Fig. 6C). The PGK-neo" deleted ES cell clones
were subcloned and the deletion event was further confirmed by Southern blotting.
The heterozygous p53hki®***/+ mutant ES cells were used to generate chimeric
mice that transmit the mutant allele into mouse germline. The confirmed
germline-transmitted mice were p53hki****/+. Heterozygous mutant mice were bred

S46A

to obtain homozygous p53hki>™" offsprings. To ensure that the control p53hki cells

have the same genetic background as p53hki®*** cells, p53hki>*** mice were
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intercrossed to produce littermate embryos or offsprings of p53hki and p53hki®*®*

genotypes.

Culture and treatment of ES cells and MEFs

ES cells were cultured on feeder layer in DMEM supplemented with 15%
fetal bovine serum (ES cell qualified), glutamine, nonessential amino acids, sodium
pyruvate, antibiotics, 100uM B-mecaptoethanol, and leukemia inhibitory factor. ES
cells were cultured in the absence of feeder layer, exposed to 60J/m> UV-C and
harvested at different time points after treatment.

MEFs derived from E13 embryos were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, glutamine,
antibiotics and 50uM B-mecaptoethanol MEFs were treated with 60J/m*> UV-C light,
200uM H,0O,, 400uM paraquat (Sigma) or 0.25uM Doxorubicin (Sigma) and
harvested at the indicated time points for the analysis of protein or mRNA levels.

To obtain retroviral E1A/Ras or Ras-expressing MEFs, early passage (P3 or
P4) p53hki, p53hki®*** and p53”~ MEFs were infected with retrovirus-containing
supernatant in the presence of 4ug/ml polybrene (Orbigen Phoenix'™ Retroviral
System) for 24hr. Media were changed on the following day and puromycin
(2ng/ml, Sigma) was added to select for stably infected cells.

For MEF proliferation assay, we followed the standard 3T3 growth protocol

(28). Briefly, passage 2 MEFs derived from littermate p53hki and p53hki®***
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embryos were serially passaged on duplicate 60mm dishes once every three days at
a density of 3x10° cells/plate. The total cell number was counted at each passage
and averaged. The accumulative cell number at each passage = (the increase fold of
the cells) x (the total cell number of the last passage).

For colony formation assay of Ras-expressing MEFs, Ras-overexpressed
MEFs were plated on 10cm dish at a low density of 4x10° cells/plate after two days
of puromycin selection post-infection. The colony was visualized by staining with

Crystal Violet (Sigma) 14 days after plating.

Western blotting analysis

Protein extract from 2x10* MEFs or 2x10° thymocytes were separated on
10% (for p53) or 12% (for p21) SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were blocked in 5% dry milk in TBST and probed with a
polyclonal antibody CM1 against p53 (Novo laboratories) or a polyclonal antibody
against p21 (Santa Cruz Biotechnology). The membrane was subsequently
incubated with horseradish peroxide-conjugated secondary antibody, developed
with ECL Plus (Amersham biosciences) and exposed to X-ray film (Kodak). To
determine whether the total amount of proteins loaded in each lane was comparable,
the membranes were probed with a goat polyclonal antibody against B-actin (Santa
Cruz Biotechnology, Inc.). Quantification of Western blots was performed using an

Alphalmager 2200 (Alpha Innotech, San Leandro, CA).
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Flow cytometry

For thymocytes apoptosis assay, thymocytes were recovered from
p53hki**** and control mice (age 4-6 weeks), and plated at a density of 1x10°
cells/ml in freshly made medium (DMEM supplemented with HEPES, 25mM,
pH7.4, 5% FCS and glutamine). Cells were then treated with different dosages of
IR and stained with FITC-conjugated AnnexinV (Pharmingen) 24 hour later for
apoptotic cells by flow cytometry as previously described (29).

For E1A/Ras transformed MEFs apoptosis assay, E1A/Ras-MEFs were
plated at a density of 2x10° cells/well and treated with 0.5 or 0.75ug/ml
Doxorubicin (sigma) for 24 hours and analyzed for apoptotic percentage by flow

cytometry following AnnexinV-FITC staining.

RNA preparation and Real-time PCR analysis

Total RNA was prepared from the frozen cell pellets by RNeasy RNA
Cleanup (Qiagen). Up to 1pg RNA from each sample was reverse transcribed to
cDNA using Superscript II First-strand Synthesis kit (Invitrogen). Real-time PCR
was performed on ABI PRISM® 7000 sequence detection system with SYBR
Green PCR MasterMix (ABI). The average threshold cycle (C;) for each gene was
determined from triplicate reactions, and the levels of gene expression were

determined relatively to the average C; value of glyceraldehyde-3-
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phosphate-dehydrogenase (GAPDH) as previously described ((30)). The primer

sequences used in real-time PCR are described previously (17).

Statistics
To determine statistical significance, quantitative RT-PCR data and
apoptosis data were subjectedto a two-tailed Student's t-test analysis. Significance

was noted for p values less than 0.05.
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Results

S46A mutant mice.

Generation of p53hki

Ser46 is located within the proline-rich domain of human p53 and is not
conserved in mouse p53 gene. While certain phosphorylation site of mouse p53
such as Ser37 might be functionally equivalent to Ser46 of human p53, it is difficult
to predict the counterpart of Ser46 in mouse p53. Since the pathways leading to
Ser46 phosphorylation after DNA damage is conserved in mice (Fig. 5), we took
advantage of the Hupki (human p53 knock-in) mouse model to analyze the
physiological importance of Ser46 phosphorylation. The strategy to introduce the
Ser46Ala mutation into the endogenous HUPKI allele is described in Figure 6.
Homologous recombination event was screened by Southern blot analysis with
Bglll/BamHI digestion of genomic DNA and hybridization to probe 1, giving rise to
a 4.2kb germline band and a 6.2kb mutant band (Fig. 6A, C and E). The PGK-neo'
gene in the targeted allele was deleted through transient expression of the Cre
enzyme as previously described (29). The LoxP/Cre-mediated deletion was
screened by PCR using primers shown as arrows (Fig. 6D and E). Both the genomic
DNA and cDNA from p53hki®***/+ ES cells were sequenced to confirm that only

S46A allele.

Ser46Ala mutation was present in the p53 gene expressed from the p53hki
In addition, Ser46 phosphorylation could be easily detected in p53hki/+ ES cells
after UV radiation but was undetectable in p53hki®***/+ ES cells, further supporting

the success of the knock-in mutation (Fig. 6F). When analyzed with antibody
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specific for human p53, the protein levels of p53hki in p53hki/+ ES cells after UV
radiation were higher than those in p53hki****/+ ES cells, indicating that Ser46
phosphorylation may be important for p53 stabilization in ES cells after DNA
damage.

The offspring from heterozygous p53"™**" mice intercross yielded 29

p53™T, 41 p53MMSOAT o) p53MISIOASIA hice, close to the expected 1:2:1

Mendelian ratio, indicating that p53hki®***

embryos develop normally.
p53 responses to DNA damage in p53hki®*** MEFs.
To determine the roles of Ser46 phosphorylation in regulating the p53

S46A
and control

responses to DNA damage, we examined p53 stabilization in pS3hki
p53hki MEFs after various types of DNA damage. The protein levels of p53 in
p53hki®*** MEFs at some time points after UV radiation were less than those in
p53hki MEFs (Fig. 7A, B). Since oxidative stress can induce p53 stability and
activity in MEFs, leading to p53-dependent apoptosis or senescence (31, 32), p53

protein levels in p53hki and p53hki®*®* MEFs treated with H,O, or paraquat were

also examined. The protein levels of p53 in p53hki®*** MEFs were consistently
lower than those in p5S3hki MEFs at various time points after oxidative stress (Fig.
7C, D). Therefore, Ser46 phosphorylation contributes to p53 stabilization after

DNA damage.

Previous studies suggest that phosphorylation of human p53 at Ser46 may
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be important for activating apoptosis by upregulating p53 target apoptotic genes (22,
23, 26, 33). To examine the impact of Ser46Ala mutation on p53-dependent
transcription activities, the expression levels of a number of p53 targets, including
p21, Mdm2, and pro-apoptotic genes Noxa, Killer/DR5, Perp, Pidd, and Puma in
p53hki and p53hki®*®* MEFs after UV treatment were analyzed by quantitative
real-time PCR. While the expression of several p53 target genes was not affected in
response to UV, p53-dependent transcription of the pro-apoptotic gene Noxa and
Perp was significantly reduced in p53hki®*** MEFs (Fig. 7E). Therefore, Ser46
phosphorylation was required for the expression of p53 target genes in a
promoter-dependent manner.

To further examine the DNA-damage induced apoptosis in MEFs, p53hki as
well as p53hki®*** MEFs were infected with retrovirus expressing E1A/Ras, which
sensitized MEFs to p53-dependent apoptosis after DNA damage (34-36). While
E1A-p53” MEFs were largely resistant to Dox-induced apoptosis as previously
reported, E1A-p53hki**** MEFs exhibited significant less apoptotic levels than
E1A-p53hki MEFs after different dosages of Doxorubicin treatment (Fig. 8B). To
determine whether the reduced p53-dependent apoptosis in E1A-p53hki**** MEFs
is caused by the defective p53 transcriptional activity, both the p53 protein
stabilization and the p53-dependent gene expression level were examined after Dox
treatment. The p53 protein level was only slightly reduced at some time points in

E1A-p53hki**** MEFs when compared with that in E1A-p53hki MEFs after Dox



123

treatment (Fig. 8A). The mRNA levels of two p53-dependent pro-apoptotic genes,
Noxa and Puma, were significantly impaired in E1A-p53hki®*** MEFs after DNA
damage (Fig. 8C). Therefore, phosphorylation of Ser46 is important for

p53-dependent transcription in a promoter-specific manner.

p53 responses to DNA damage in p53hki®*®** thymocytes.

To further test the importance of Ser46 phosphorylation in activating p53
apoptotic activities, we determine the effects of S46A mutation on p53-dependent
apoptotic activities in thymocytes after IR. p53 protein levels in p53hki®***
thymocytes at various time points after IR were consistently reduced compared to
those in p53hki thymocytes (Fig. 9A). In addition, p53-dependent apoptosis was

modestly but statistically significantly lower in p53hki®***

thymocytes after IR than
that in p53hki thymocytes, indicating that Ser46 phosphorylation is important for
optimally activating p53 apoptotic activity (Fig. 9B). Consistent with this notion,
p53-dependent transcription of target genes, including Noxa, Bax and Puma, was all

modestly reduced in p53hki®***

thymocytes after IR (Fig. 9C).

S46A mutation cannot rescue the embryonic lethality of XRCC4™ mice.
XRCC4 is required for non-homologous end joining and XRCC4-deficient

mice die during embryonic development due to massive p53-dependent apoptosis in

the nervous system (37). Significant loss of p53-dependent apoptosis, such as
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p5S3-deficiency, can rescue the neuronal apoptosis and embryonic lethality of
XRCC4" mice (37). In addition, recent studies show that p53521/23A mutation
greatly impairs p53 apoptotic activities and completely rescues the embryonic
lethality of XRCC4” mice (20). To test whether S46A mutation can rescue the
embryonic lethality of XRCC4”~ mice, the p53hki®*** mice were bred with
XRCC4™" mice. So far, no p53hki®***XRCC4” double mutant mice were observed
in 114 offsprings from p53hki*****XRCC4™" intercross (7 expected based on
Mandelian ratio) nor 27 offspring from p53hki****XRCC4 ™" intercross (6 expected).
Therefore, the absence of Ser46 phosphorylation did not abrogate p53-dependent

apoptosis enough to rescue the embryonic lethality of XRCC4™ mice.

Cellular senescence in p53hki and p53hki®*** MEFs.

MEFs undergo cellular senescence after a few number of doublings in
culture possibly due to culture stress such as oxidative stress (38). p53 is required
for senescence in MEFs induced by diverse stimuli, including DNA damage, intense
mitogenic signals and oxidative stress (32, 39). To test the potential role of Ser46
phosphorylation in cellular senescence, we employed the standard 3T3 assay to

S46A

compare the proliferation of p53hki and p53hki>™" MEFs over the course of 20

passages. At early passages, both p53hki and p53hki****

MEFs proliferated at
similar rate and reached senescence around passage 8 (Fig. 10A). However,

p53hki**** MEFs was more readily immortalized than p53hki MEFs (Fig. 10A).
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Therefore, phosphorylation of p53 at Ser46 might play a role in activating p53
responses to suppress spontaneous immortalization.

Oncoprotein Ras induces p53-dependent cellular senescence and the
phosphorylation of p53 at Ser46 (40-45). To examine the roles of Ser46
phosphorylation in p53 responses to oncogenic stresses, Ras was overexpressed in
p53hki and p53hki®*** MEFs via retroviral infection and its impact on senescence
also analyzed by the 3T3-type proliferation assay. As expected, Ras-expressing
p53” MEFs did not undergo senescence and proliferated robustly (Fig. 10B). While
Ras-expressing p53hki MEFs underwent cellular senescence after only a few

S46A

doublings, Ras-expressing p53hki ME-Fs escaped from cellular senescence but

proliferated with a much slower rate than Ras-expressing p53” MEFs (Fig. 10B).

S46A MEFs formed three times as

Consistent with this notion, Ras-expressing p53hki
many colonies as Ras-expressing p53hki MEFs by the quantitative colony
formation assay (10C, and D). Therefore, phosphorylation at Ser46 contributed to

activation of p53 responses to oncogenic stresses induced by Ras.
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Discussion

Various stress stimuli activate distinct as well as overlapping signaling
pathways, leading to distinct phosphorylation patterns of p53 that eventually
activate p53 responses (12). These distinct combinations of phosphorylation events
after various stresses could modulate the p53 responses in a manner that dictate the
cellular outcome. Therefore, it is important to understand the roles of individual as
well as combinatorial phosphorylation events in regulating p53 responses to stresses.
The phosphorylation event of human p53 at Ser46 appears to be a common one
after many types of genotoxic and cellular stresses (21). While Ser46 is not
completely conserved in p53 of other species, the stress-induced signaling pathways
leading to the phosphorylation of human p53 at Ser46 are conserved between
human and mice, suggesting the importance of these pathways in regulating p53
responses after stresses (Fig. 5). Previous cell line studies have shown that
phosphorylation of human p53 at Ser46 is correlated with the p53-dependent
apoptosis (22-24, 26).

To address the physiological roles of Ser46 phosphorylation, we employed
the human p53 knock-in allele to construct the Ser46Ala knock-in mutant mice. Our
results conclusively demonstrate that Ser46 phosphorylation is important for the
optimal p53-dependent apoptosis and efficient induction of some p53-dependent
pro-apoptotic genes, such as Noxa and perp, after DNA damage. However, the

defects in p53-dependent transcription are different in MEFs and thymocytes. Of



127

the seven p53 target genes analyzed in p53hki®*** MEFs after UV radiation, only
the induction levels of Noxa and Perp were significantly reduced. However, the

reduced apoptosis in p53hki®***

thymocytes is correlated with the reduced induction
of all examined p53 targets, possibly as a result of the impaired p53 stabilization.
Therefore, Ser46 appears to play overlapping as well as distinct roles in modulating
p53 activities in different cell types. Similar scenario has been seen in the studies of
Ser18 phosphorylation that plays cell type-specific roles in activating p53 responses
to DNA damage (17).

Ser46 phosphorylation appears to be important for p53 stabilization after
some types of DNA damage. The reduced p53 protein levels appear to be the result
of the decreased p53 stability. p53 stability is negatively regulated by several E3
ligases, including Mdm2, Pirh2 and COP1, which are p53 transcriptional targets
and can ubiquitinate p53 (6, 7). We did not observe any difference in the interaction
between the endogenous p53 and Mdm2 in p53hki**** MEFs before and after DNA
damage, indicating that Ser46 phosphorylation is not required to disrupt the
interaction between Mdm2 and p53 after DNA damage (data not shown). Since
Pirh2 might interact with the proline-rich domain of p53 (7), it is possible that
Ser46 phosphorylation disrupt the interaction between p53 and Pirh2. However, this
hypothesis remains to be tested when better Pirh2 antibodies that can detect

endogenous Pirh2 become available. In contrast to the p53 response to stresses

induced by UV radiation and oxidative stresses, a full p53 response to DNA damage
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induced by Doxorubicin does not require Ser46 phosphorylation (data not shown).
Therefore, Doxorubicin treatment might induce other phosphorylation events of p53
that play redundant roles of Ser46 phosphorylation in stabilizing p53 in MEFs.

Our study has also identified another important role of Ser46
phosphorylation in suppressing spontaneous transformation and inducing
p53-dependent cellular senescence in response to oncogenic stresses. In this context,
the absence of Ser46 phosphorylation confers the MEFs the ability to be
immortalized more easily. More importantly, Ser46 phosphorylation is crucial for
Ras-induced p53-dependent senescence in MEFs. Previous studies indicated that
oncogenic Ras-induced cellular senescence is associated with p53 acetylation at
Lysine 382 (43, 44). In addition, another study indicated that overexpression of
PML isoform IV can also cause premature senescence by activation of p53 through
posttranslational modifications such as acetylation at Lysine 382 and
phophorylation at Ser46 (45). Since acetylation of lysine 382 is not important in
activating p53 responses during cellular senescence (29, 46), our findings indicate
important roles of Ser46 phosphorylation in cellular senescence induced by in vitro
culture stress as well as oncogene activation. Therefore, p53hki®*** mice will be

employed to determine the roles of Ser46 phosphorylation in suppressing

oncogene-induced tumorigenesis in vivo.
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Figure 5. DNA damage induced phosphorylation of p53hki at Ser46 in mouse
cells. (A) Serd6 phosphorylation in p53hki/+ ES cells. ES cells were irradiated
with UV-C (60Jm?2) or IR (5Gy) and harvested at the indicated time points. p53hki
protein was immunoprecipitated with pAb1801 from the harvested cell lysates and
Ser46 phosphorylation was detected by Western Blot using the antibody specifically
recognizing human p53 phosphorylated at Ser46. The primary antibodies pAb1801
(anti-p53) (Santa Cruz Biotechnology) and pAbSer(P)46 (Cell Signaing) are
indicated on the right. Both irradiated and unstressed cells were treated with
proteasome inhibitor ALLN (20uM) for 4hr before harvest so that comparable
amount of p53hki was present in cells harvested at different time points. (B) Ser46
phosphorylation in p53hki MEFs in response to Doxorubicin treatment. MEFs were
harvested from E12.5 p53hki embryos, treated with 0.25uM Doxorubicin, and cell
lysates were directly analyzed for p53 phosphorylation and p53 protein levels by
Western Blotting at different time points as shown. Ser46 phosphorylation was aso
detected in p53hki MEFs upon UV-C radiation and in thymocytes upon IR
treatment (data not shown). (C) Serd46 phosphorylation in p53hki MEFs after
paraquat treatment. pS3hki MEFs were exposed to 200uM paragquat (Sigma) and
analyzed for Ser46 phosphorylated and p53 total protein levels at different time
points.
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Figure 6. Generation of p53hki®*®* mice. (A) Schematic diagram showing the

structure of endogenous mouse p53 gene in ES cdlls. The filled boxes represent
mouse p53 exons, and the filled bar within exon 11 represents the probe for
Southern blot analysis. The 4.2-kb Bglll/BamHI digestion fragment is indicated. (B)
The targeting construct. The sequence indicated within arrow A range indicates the
human p53 gene fragment encompassing exons4 to 9 (aa 33-332). The filled boxes
represent mouse p53 exons, and the open boxes represent human p53 exons. The
PGK-neol gene flanked by LoxP sites was inserted within intron 3. *, the S46A
mutation in exon 4. (C) Targeted p53 locus after homologous recombination
between the wild-type p53 alele and the targeting vector. The knock-in allele
6.2-kb Bglll/BamHI fragment is shown. The position of the primer sets that are used
to screen for LoxP/Cre-mediated deletion is shown in arrowheads. (D) Knock-in
alele after PGK-neor deletion. The size of the Bglll/BamHI fragment is indicated.
(E) Southern blot analysis of genomic DNA from targeted ES cells after PGK-neor
deletion. Genomic DNA was digested with Bglll/BamHI and hybridized to the
probe 1. Homologous recombination occurred between the germline mouse p53
alele and the targeting vector, which is indicated as a 6.2-kb and a 4.2-kb
Bglll/BamHI fragment (lane2) compared to one 4.2-kb fragment in untargeted ES
cells (lane 1). Lane3, Bglll/BamHI fragments from homozygous p53hki>***
genomic DNA. The positions of germline allele and targeted alele Bglll/BamHI
fragments are indicated by arrows. (F) Induction of p53 protein level in p53hki/+
and p53hki>***/+ ES cells. Cell extracts were prepared at the indicated time points
after 60J/m2 of UV-C irradiation and analyzed for p53 protein level by Western
Blot. Quantification of p53 protein level from Western blots was performed using
Alphalmager 2200. The signal intensity of protein p53hki®*® was normalized to
that of p53hki at each corresponding time points, and the ratios were shown under
the blot as 1.4 at Ohr, 0.55 at 4hr and 0.53 at 8hr after treatment. The absence of
induced Ser46 phosphorylation in p53hki®*®/+ ES cells further confirmed the
success of the knock-in strategy. Genotypes of ES cells are shown on top of the
panel and the primary antibodies used are indicated on the right.



132

’.“ <4— Pseudo mouse pS3

A 4.2 kb
— as s —
= g g =
) = = )
ﬂf El f? E2 E3 F4 ES E6 E7 mIEs E9 EI0  Ell ﬂlﬁ
B 1. L § i il
L |
Probe 1
= T —
= g =
M <
E2 E3 Neor A F4 E5 E6 E7 E8 E9 MI E10
—-—I—H—'—Q—D—D [ — 1
< A >
6.2 kb
< >
— T = T -
= E 2 g =
m El M E2 E3 Neor 2 F4 E5 E6 E7 E8 E9 E10 Ell L‘?
loxP
l transient Cre transfection
6.2 kb
< >
= as)
= E =
&n < o] 20
m El m E2 E3 Q? F4 E5 E6 E7 E8 E9 E10 Ell M
—| .6 {1 +—1+—{1] —m
| %
oxP
F
1 2 3
p53hki/+ p53hki> Y+
I 1 I 1
“ 0 8 <4—Knock-in p53 (6.2kb) 0 4 8 4 8 (hr)
— — < Ser46p
1 =]
’_ - <4— Wild-type mouse p53 «p53
(4.2kb)
T aar eaay e aEr-ea® < actin
1 1 1 1.2 055 0.53  p53/actin



133

Figure 7. p53 responses to DNA damage in p53hki>*®* MEFs. p53 protein level

in p53hki and p53hki>*** MEFs before and after UV treatment. MEFs are irradiated
with UV-C light at the dosage of 60Jm2 (A) or 30J/m2 (B), harvested at the
indicated time points and analyzed for protein levels by Western blot. Genotypes
are shown on top of the panels, and the primary antibodies used CM1 (anti-p53),
pAbSer(P)18, pAbSer(P)389 and actin as indicated on the right. p53hki>*** signals
were normalized to the intensity of p53hki protein bands at each time point using
Alphalmager 2200, and the calculated numbers were shown under the blot as 1 at
Ohr, 0.4 at 12hr, 0.7 at 24hr and 0.1 at 36hr after 60J/m2 of UV-C, and 0.9 at Ohr, 1
at 6hr, 0.8 at 12hr, 0.6 at 18hr and 0.9 at 36hr after 30J/m2 of UV-C respectively. (C)
p53 protein level in p53hki and p53hki®*®* MEFs after H,O, treatment. MEFs are
treated with 400uM H,0O, and analyzed for protein levels at different time points as
shown. The p53hki**® signal volume ratios are 0.9 at Oh, 0.4 at 1hr, 0.8 at 2hr, and
0.7 at 4hr after H,O, treatment. (D) p53 induction level in p53hki and p53hki®*®*
MEFs after 200uM Paraquat treatment. The p53hki>*®* verses p53hki signal ratios
are 1, 0.6, 0.7 and 0.9 at each time point following treatment. (E) p53-dependent
transcriptional activity in p53hki®*** MEFs. Total RNA from p53hki and p53hki>**
MEFs was harvested at 18hr after treatment with 30J/m2 of UV. The mRNA levels
of several p53 targets were analyzed by quantitative real-time PCR. The values are
represented as the ratios of MRNA level in UV treated p53hki>*®* MEFs versus that
in treated p53hki MEFs. Each value is the average from at least three independent
experiments, with error bars indicating the standard deviation. p values resulted
from Student’s t-test are shown on top of each bar, and statistical significance is
noted for p values less than 0.05. The approximate folds of induction of each p53
target gene in pS3hki cells after UV treatment are: p21, 6 folds; Mdm2, 7 folds;
Noxa, 12 folds; Killer/DR5, 2 folds; Perp, 33 folds; Pidd, 8 folds, PUMA, 2.5 folds.
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Figure 8. p53-dependent apoptosisin EIA/Ras-MEFs. (A) p53 protein levelsin
E1A/Ras transfected p53hki and p53hki®*® MEFs before and after Doxorubicin
treatment. Cell extracts were harvested at the indicated time points after Dox
treatment and analyzed by Western blotting. The quantification of p53 signals
indicates 0.9, 0.8, 0.7 and 0.9 at each time point in E1A/Ras-p53hki>*** MEFs. (B)
p53-dependent apoptosis in E1A/Ras-p53hki®*®* MEFs after Dox treatment.
E1A/Ras-expressing p53hki and p53hki®** MEFs were treated with 0.5pg/ml or
0.75ug/ml Dox for 24hr and followed by Annexin-FITC staining and flow
cytometry. The mean percentage of viable cells and the SD from at least three
independent experiments for each genotype is shown. p values indicates the
significance of the apoptosis difference between p53hki and p53hki=*** samples. (C)
p53-dependent expression of target genes in E1A/Ras-expressing MEFs. The
p53hki and p53hki>*** E1A/Ras-MEFs were treated with 0.75ug/ml Dox, and total
RNA harvested 12hrs after treatment. The mRNA levels of severa p53 targets were
anayzed by quantitative real-time PCR. Values are presented as the ratio of mRNA
level in Dox treated E1A/Ras-expressing p53hki>*** cells versus that in Dox treated
El1A/Ras-p53hki MEFs. Each value is the average from three independent
experiments, with error bars indicating the standard deviation.
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Figure 9. p53 responses to DNA damage in p53hki®** thymocytes. (A) p53
protein levels in p53hki and p53hki®*® thymocytes before and after IR treatment.
Thymocytes from one-month old p53hki or p53hki>*®* littermate mice were isol ated
and exposed to 5Gy of ionizing radiation (IR). Cell extracts were harvested at the
indicated time points after IR treatment and analyzed by Western blotting.
Quantitative p53hki>*** protein level was 1, 0.4, 0.2 and 0.5 compared to p53hki
respectively. (B) p53-dependent apoptosis in thymocytes after IR. Apoptosis in
p53hki and p53hki¥*® thymocytes irradiated with different dosages of IR (2.5 or
5Gy) as shown was analyzed 24hr after IR by annexin V-FITC staining. The values
represented are the average from four independent experiments, with error bars
indicating the standard deviation and p vaues indicating the significance of the
apoptosis difference between p53hki and p53hki=*** samples. (C) p53-dependent
gene expression in thymocytes. The p53hki and p53hki*® littermate thymocytes
were isolated and irradiated with 5Gy of IR, and total RNA harvested 18hrs after
treatment. The gene expression levels of several p53 targets were analyzed by
guantitative real-time PCR. Vaues are represented as the ratio of mRNA level in IR
treated p53hki>*® cells versus that in IR treated p53hki thymocytes. Each value is
the average from at least three independent experiments, with error bars indicating
the standard deviation. The approximate folds of induction of each p53 target gene
in p53hki thymocytes after IR are: p21, 15 folds; Mdm2, 3.8 folds; Noxa, 5 folds,
Killer/DR5, 2.8 folds; Bax, 10 folds; Pidd, 9 folds;, PUMA, 14 folds.
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Figure 10. Cellular proliferation of p53hki and p53hki>*®* MEFs. (A) Proliferation
of MEFs analyzed by standard 3T3 assay. The accumulative cell number at each
passage (10g10) is plotted against passage numbers. Data of p53hki>*** MEFs from 3
different embryos are shown. (B) Proliferation of Ras-transfected MEFs anayzed
by 3T3-type assay. (C) Colony formation assay. Picture of colonies in
Ras-expressing p53hki (left), p53hki=*** (right) and p53” (top) MEFs that were
plated at alow density of 4x10° cells per 10 cm plate. (D) Quantitative summary of
colony formation. Each bar represents the average colony number of four samples.
The average colony number is 10 (p53hki), 28 (p53hki®*®*) and 146 (p53™),
respectively, and is presented with standard derivation. The p value for the colony
numbers of Ras-p53hki vs. p53hki>*** MEFs s 0.001.
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The tumor suppressor gene p53 has been extensively studied since it
becomes clear that more than 50% of human cancers harbor mutations or functional
inactivation in this gene (1, 2). p53 sits in the hub of a complex network composed
of genes and their products that are involved in regulating cellular homeostasis in
response to a variety of intrinsic and extrinsic stress signals. Upon various stresses,
p53 is activated, where the increased protein half-life leads to p53 stabilization in
cells and enhanced ability of sequence-specific DNA-binding and co-activators
recruitment leads to increased p53 transcriptional activity for target genes.
Accumulating evidence indicates that multiple posttranslational modifications of
p53 play acritical role in regulating p53 responses to stress such as DNA damage,
impacting on both p53 stability and activity (3, 4). In this context, p53 knock-in
mouse model provides an invauable source for assessing the physiological
importance of p53 posttranslational modifications in vivo in modulating p53 tumor
suppression (5).

The six Lysine residues at the extreme C-terminal domain of human p53
(Lys 370, 372, 373, 381, 382 and 386) can be posttrandationaly modified by
multiple mechanisms, including ubiquitination, acetylation, sumoylation,
neddylation and methylation, in response to DNA damage (6-12). To investigate the
physiologica role of these modifications, we introduced six Lysine to Arginine
missense mutations into the endogenous p53 gene in mouse ES cells which can be

further differentiated in vivo into MEFs and thymocytes, thus knocking out all the
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potential modifications on those Lysine residues while reserving the C-terminus
conformation (13). In contrast to the previous finding that the C-termina Lysine
residues are maor ubiquitination sites of Mdm2 and required for
ubiquitin-mediated p53 degradation (6, 7), our studies indicate that the K6R
mutation has no significant impact on p53 stability either before or after DNA
damage in ES cdls, MEFs and thymocytes, which is consistent with the finding
from another group that the mutant mice are viable and phenotypically normal and
mutant p53 protein has normal half-life and functions in both MEFs and thymocytes
where they mutate all the seven Lysine at C-terminus of mouse p53 to Arginine (13,
14). The apparent discrepancy between our study and previous cell line studies may
partly be explained as that the specific tumor cell lines used by early studies could
contain some unknown mutations which impaired redundant pathways involved in
p53 ubiquitination and degradation. Also, since the previous studies mainly focused
on analyzing Mdm2-mediated p53 degradation by overexpression of Mdm2 and
p53, it is possible that other E3 ligases for p53 such as Pirh2 and COP1 may
contribute to ubiquitination of p53 at alternative Lysine residues and thereby
destabilizes p53K6R (15, 16). The ubiquitination assay from our study (Figure 2,
Chapter 2) clearly shows that p53K6R in ES cells can be efficiently ubiquitinated
although the ubiquitination level is dightly reduced than that in wild-type control,
implying that other Lysine residues at the other regions of p53 can play an essential

role for ubiquitin-mediated p53 degradation, at least in the absence of the
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C-terminal ubiquitination. A recent study suggested that several conserved lysine
residues in the DNA-binding domain of p53 could be critical for p53 ubiquitination
(7).

Our analysis of p53-dependent transcriptional activities in p53K6R ES cells,
MEFs and thymocytes indicate that loss of all the potentia C-termina Lysine
modifications results in modestly impaired p53 activity after DNA damage in ES
cell and thymocytes but not in MEFs (Figure 2, 3, and 4, Chapter 2). The lack of
defects in MEFs might be due to different regulatory mechanisms in MEFs since
p53 transcriptionally activate its target genes in a cell type-specific manner (18, 19),
or due to the activation of redundant pathways induced by in vitro culturing stresses,
as suggested by the finding that p53 activity is normally increased during the
continuous passage of MEFs eventually leading to cellular senescence (20, 21).
Since our studies did not distinguish the physiological role of individual
posttranslational modifications in regulating p53 transcriptiona activity, we do not
argue against the notion that p53 acetylation at C-terminus can significantly
stimulate p53 transactivation in a promoter-specific way (10, 22). In addition, the
partial defects observed in K6R mutant cells may underestimate the whole impact
of the lack of C-termina acetylation, since the simultaneous disruption of
neddylation might compensate by increasing p53 activities (11). Unexpectedly, the
studies from Wahl group point out that while cell cycle arrest and apoptosis are

normal in p53(7KR) MEFs, p53(7KR) is activated more easily by DNA damage in
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thymus than wild-type p53 and that p53(7KR) MEFs was not escaped to
spontaneous immortalization in a 3T3 growth assay (14). The discrepancy in p53
activity between p53K6R and p53(7KR) could be caused by different mouse
genetic backgrounds and/or by the additional mutation (mouse Lys 384) in
p53(7KR) which might by itself contribute to p53 activation after cellular stress.
The N-terminus of p53 can be phosphorylated at multiple Serine and
Threonine sites after DNA damage, modulating the p53 interactions with its
positive and negative regulators (19). For example, phosphorylation of human p53
at Serl5 isindicated to be important for recruitment of co-activators to p53 target
promoters and activate p53 responses in a promoter- and cell type- specific manner
(18, 23). Of particular interest, Ser46 of human p53 can be induced to
phosphorylation after avariety of genotoxic and cellular stresses (24). And cell line
studies have shown that phosphorylation of Ser46 is specifically correlated with
p53-dependent apoptosis through activating p53 targeting pro-apoptotic genes
(25-28). Although Ser46 is not conserved in mouse p53 or p53 of other species, we
demonstrate that the stress-induced signaling pathways leading to Serd6
phosphorylation are conserved between human and mouse cells, suggesting the
important role of these pathways in mediating p53 responses upon stresses (Figure
1, Chapter 3). To further address the physiological importance of Serd6
phosphorylation, we employed the human p53 knock-in (HUPKI) alee to

introduce Ser46 to Alanine mutation into the endogenous p53 locus in mice (Figure
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2, Chapter 3). Our studies of p53-dependent transcriptional activity are generally
consistent with the previous reports that Ser46 phophorylation is important for
optima induction of p53-dependent apoptosis and for efficient activation of
p53-dependent apoptotic genes after DNA damage, in both E1A-MEFs and
thymocytes (Figure 3, 4 and 5, Chapter 3). However, we were not able to analyze
the expression level of p53AIP1, a critical p53 downstream pro-apoptotic gene
whose induction seems to specifically require phosphorylation at Ser46, since there
is no homolog of p53AIP1 in mouse genome (26). The defects in p53
transcriptional activation of specific target genes may be caused by different
mechanisms in MEFs and thymocytes. Only the induction levels of Noxa and Perp
in MEFs, or Noxa and Puma in E1A-MEFs were obviously reduced, while the
induction of almost all the p53 targets examined in p53>** thymocytes was reduced
(Figure 3, 4 and 5, Chapter 3). Since the p53 protein levels in MEFs and
E1A-MEFs after DNA damage is only dightly reduced, and p53 protein
concentration in MEFs does not clearly affect its transcriptional activation of
several downstream target genes including p21, Mdm2 and Noxa compared between
p53"* and p53"~ MEFs (data not shown), we postulate that in MEFs loss of Ser46
phosphorylation may affect p53 transactivity through modest defect in recruiting
co-activators to specific promoters or reduced affinity to sequence-specific
DNA-binding. However in thymocytes the global reduction of p53-dependent

activation of target genes may be caused by the impaired p53 stabilization, since the
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gene expression induction fold seems to be dramatically affected by p53 protein
level in thymocytes (data not shown). Therefore, Ser46 phosphorylation appears to
play overlapping as well as distinct roles in modulating p53 activity in different cell
types.

Ser46 phosphorylation also seems important for p53 stabilization after some
types of DNA damage treatment, and the reduced p53 protein level may be the
result of the decreased p53 stability, as suggested by protein half-life assay (data not
shown). Mdm2 is a critical negative regulator of p53 stability and activity, however,
we did not observed any difference in the interaction between endogenous p53 and
Mdm2 proteins in MEFs either before or after DNA damage, indicating that Ser46
phosphorylation is not required for efficient disruption of p53-Mdm2 interaction
upon DNA damage (data not shown). Besides Mdm2, Pirh2 and COP1 are both E3
ubiquitin ligases, physicaly interact with p53 and can ubiquitinate p53 in vivo
independent of Mdm2 (15, 16). Since Pirh2 might interact with the proline-rich
domain of p53 (15), it is possible that Ser46 phosphorylation disrupts the
interaction between p53 and Pirh2. It will be further investigated when better Pirh2
antibody is available to analyze the interaction between endogenous Pirh2 and p53.

Our study aso identified another important aspect of Ser46 phosphorylation
in suppressing spontaneous immortalization of cultured MEFs and inducing
p53-dependent cellular senescence in response to oncogene activation. Previous

reports indicated that overexpression of PML isoform IV can cause premature
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senescence in part by activation of p53 through posttransational modifications,
including acetylation at Lysine 382 and phosphorylation at Ser46 (29, 30). The
absence of Ser46 phosphorylation causes MEFs easier to escape replicative
senescence due to in vitro culture stress and be spontaneously immortalized; more
importantly, loss of Ser46 phosphorylation confers the MEFs the ability to escape
Ras-induced premature senescence much faster and more easily (Figure 6, Chapter
3). Since acetylation of Lysine 382 may not be important in activating p53
responses during cellular senescence (13, 14), our finding indicates potential role of
Serd6 phosphorylation in replicative senescence as well as oncogene Ras induced
premature senescence. In this context, it will be more informative when p53hki>*®*
mice are employed to cross with other transgenic lines such as Ras-transgenic mice

to determine the role of this phosphorylation event in suppressing

oncogene-induced tumorigenesis in vivo.
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