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Involvement of p53 in the Repair of DNA
Double Strand Breaks: Multifaceted

Roles of p53 in Homologous Recombination
Repair (HRR) and Non-Homologous

End Joining (NHEJ])

Vijay Menon and Lawrence Povirk

Abstract p53is a tumor suppressor protein that prevents oncogenic transformation
and maintains genomic stability by blocking proliferation of cells harboring unre-
paired or misrepaired DNA. A wide range of genotoxic stresses such as DNA dam-
aging anti-cancer drugs and ionizing radiation promote nuclear accumulation of p53
and trigger its ability to activate or repress a number of downstream target genes
involved in various signaling pathways. This cascade leads to the activation of
multiple cell cycle checkpoints and subsequent cell cycle arrest, allowing the cells
to either repair the DNA or undergo apoptosis, depending on the intensity of DNA
damage. In addition, p53 has many transcription-independent functions, including
modulatory roles in DNA repair and recombination. This chapter will focus on the
role of p53 in regulating or influencing the repair of DNA double-strand breaks that
mainly includes homologous recombination repair (HRR) and non-homologous end
joining (NHEJ). Through this discussion, we will try to establish that p53 acts as an
important linchpin between upstream DNA damage signaling cues and downstream
cellular events that include repair, recombination, and apoptosis.
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Introduction

A number of mutagenic and cytotoxic agents pose a major threat to genomic integrity
and cellular homeostasis. Different cellular events that occur endogenously such as
the reaction of DNA with oxygen and water lead to the formation of a myriad of
DNA lesions, primarily involving chemical modifications of bases including oxida-
tion (e.g. 8-oxoguanine) and hydrolysis (e.g. uracil). In addition, replication errors
lead to base mismatches, while exogenous agents like ultraviolet light, industrial
chemicals, or ionizing radiation produce diverse bulky adducts, alkylated bases and
oxidized bases, all of which are potentially cytotoxic and mutagenic.

The tumor suppressor, p53, is a sequence-specific transcription factor, involved
in the activation of many signaling molecules. Mutations in the p53 gene are found
in ~50 % of tumors, providing a survival advantage to those cells. During normal
conditions, the level of wild-type p53 in cells is kept under check by the E3 ubiqui-
tin ligase, HDM2 (human homolog of the mouse double-minute 2 protein), which
blocks p53’s interaction with other co-activators. Eventually, it ubiquitinates p53
and targets it for proteasomal degradation [21]. As an alternative mechanism, loss
of wild-type p53 function has been shown to be due to the dominant-negative effect
of mutant p53 [9]. The role of p53 has been viewed as a double-edged sword
depending on the severity of damage. Early in the DNA damage response, p53
relays a wide range of pro-survival signals like cell cycle arrest allowing the cells to
repair the damage. But if damage continues to accumulate, p53 is seen to shift gears
and promote apoptosis or senescence. Over the past decade, p53 has also been
shown to positively or negatively regulate autophagy, which is deemed to be another
mode of programmed cell death.

The stabilization of p53 is caused by various cellular stresses such as irradiation,
exposure to genotoxic chemicals, oncogenic activation, hypoxia, nutrient depriva-
tion, etc. Since most of these processes damage DNA, there are various DNA repair
mechanisms to correct the damage incurred and p53 has been shown to play an
important role in several of these repair mechanisms including nucleotide excision
repair (bulky DNA adducts) [3, 49], base excision repair (base modifications) [56,
100], mismatch repair (base mismatch due to replication errors) [15, 41], homolo-
gous recombination repair and non-homologous end joining (DNA double strand
breaks). However, this chapter will focus on the role of p53 in the response to DSBs,
and its involvement in the repair of DSBs. In this context, p53 primarily plays an
“integrator-relayer” function, integrating upstream signaling events and relaying
them downstream to activate various cellular events like apoptosis, senescence, or
differentiation. Although this role is accomplished primarily by p53-mediated tran-
scriptional activation/repression, pS3 has transcription-independent functions in
many pathways, including HRR.

DSBs and interstrand crosslinks (ICLs) constitute the most toxic DNA lesions
because they involve both the DNA strands. DSBs are mainly induced by ionizing
radiation (X-rays and gamma rays) [12, 34, 63] and radiomimetic drugs (bleomycin
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and neocarzinostatin) [58]. The defective processing of DNA DSBs result in
chromosomal translocations, deletions, insertions etc., [18, 74] leading to genomic
instability and subsequently malignancy.

In order to circumvent these effects, cells have evolved two major pathways for
repairing DNA DSBs; homologous recombination repair (HRR) and non-homologous
end joining (NHEJ). In addition to these, a third mechanism, single-strand annealing
(SSA), utilizes components from both HRR and NHEJ [8]. The major difference
between HRR and NHEJ lies in the fact that HRR is an error-free pathway that plays
a pivotal role during meiosis and during S and G2 phases of the cell cycle when
sister chromatids are available. On the other hand, NHEJ is an error-prone pathway
that occurs throughout the cell cycle and is shown to be important in mitotic cells.
Also, it has been shown that in spite of HRR being an error-free pathway of DNA
DSB repair, NHEJ competes effectively for the DSBs even when HRR is available.
Moreover, it appears that the initial recruitment of repair factors is crucial in selecting
one pathway over the other.

Structure of p53

Structural studies of p53 show that it is a tetramer in its active form, containing four
identical chains. The N-terminal region of p53 is a disordered, natively unfolded
region [7] containing the acidic TAD (transactivation domain), which is a binding
site for some of the p53 interacting proteins such as the transcriptional machinery
proteins [44], and MDM2 [35]. This is followed by the proline-rich region (PRR)
that links the TAD to the DNA binding domain (DBD) in p53 [89]. The central
DNA binding domain of p53 is one of the crucial components of p53 wherein most
of the cancer-related mutations occur (shown in Fig. 17.1). Most of these mutations
are missense mutations [31] wherein not only the wild-type function is lost, but
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Fig. 17.1 Domain structure of p53. The N-terminal region consists of a transactivation domain
followed by a proline-rich region, the central DNA binding domain, the tetramerization domain,
and the C-terminal region. The hotspot mutations in the DNA binding domains are indicated.
PTMs Post-translational modifications (phosphorylation, neddylation, sumoylation, acetylation,
methylation etc.)
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novel oncogenic functions are acquired along with a dominant-negative phenotype
that can inactivate the normal protein functions through heterotetramerization [51],
which is elicited via the tetramerization domain that follows the DNA binding
domain. The C-terminal domain is also a disordered domain, but undergoes structured
transitions on interaction with other proteins [66, 92]. This domain is where most of
the post-translational modifications of p53 occur, such as phosphorylation, acetylation,
sumoylation, neddylation, etc., which eventually regulate p53 levels and function.
In addition to these domains, there is a bipartite nuclear localization signal located
between the DBD and TET domain that is required for the nuclear import of p53
[39]. There is also a NES (nuclear export sequence) in the C-terminal region that
allows the nuclear export of p53 into the cytoplasm [57].

Activation of p53

In response to various cellular stresses that involve cellular DNA damage, p53 is
activated and stabilized. It has been shown to be highly sensitive to small gaps and
breaks in DNA that could ultimately lead to an early DNA damage response.
However, the primary event in the p53 activation cascade is the disruption of its
interaction with its negative regulators, MDM2 or MDM4. One of the mecha-
nisms involved in disrupting this interaction is the activation of p53 by the ataxia-
telengiectasia mutated (ATM) and ataxia-telengiectasia and Rad3-related (ATR)
protein kinases, which are the major DNA damage sensors mediating the rapid
degradation of MDM2 and MDM4 [81]. Both these kinases belong to the
phosphatidylinositol-3-kinase-like kinase family and are involved in initiating a
myriad of cellular signaling events following different forms of DNA damage.

The activation of p53 is also induced by the tumor suppressor, ARF. The INK/
ARF locus produces two proteins, p16™“* and pl194RF [73], that are mainly
involved in regulating the tumor suppressor functions of the retinoblastoma
protein and p53. It has been shown that during oncogenic stimulation or replicative
senescence, ARF binds to MDM?2 and sequesters it in the nucleolus, thus stabilizing
p53 levels [91].

A third mode of p53 activation is via its interaction with CBP (CREB binding
protein) and p300, which are important regulators of eukaryotic transcription [27].
They act as co-activators wherein they bind to sequence-specific transcription
factors and assist in the initiation of transcription from the target genes. They pro-
mote the interaction of the transcription factors with pol II holoenzyme [27] and
acetylate the neighboring histones to allow an open configuration of the chromatin
[75]. It was shown that there are two docking sites for p53 on p300/CBP; one in the
C/H3 and one in the C-terminal domain [4, 29]. Following y-irradiation, the interac-
tion of p300/CBP with p53 increases due to the phosphorylation of p53 on S15 by
the ATM kinase [37]. Furthermore, acetylation of p53 on the C-terminus by p300/
CBP and P/CAF histone acetyltransferases (HAT) results in DNA binding activity
and transactivation functions of p53 [33].
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It is also important to mention that the other members of the p53 family which
include p63 and p73 also play an important role in activating p53. Earlier reports
using p63- and p73-null MEFs showed that both p63 and p73 are essential for
p53-induced apoptosis following DNA damage [19].

DNA Damage Response and p53

ATM is primarily involved in detecting and perhaps binding to DSBs, leading ulti-
mately to the activation of cell cycle checkpoints and modulation of DNA repair
pathways. On the other hand, ATR mainly recognizes replication defects or disrup-
tion of replication by DNA lesions such as DNA-DNA/DNA-protein crosslinks
arising either endogenously (e.g., malondialdehyde from lipid peroxidation) or
from exposure to bifunctional DNA-damaging agents such as cisplatin and mitomy-
cin C. During the DNA damage response, ATM and ATR induce a wide variety of
post-translational modifications in p53 that promote its activation and stabilization.
For instance, it is seen that during DNA damage, ATM phosphorylates the check-
point kinase Chk?2 [46], which in turn phosphorylates serine 20 of p53 [13, 30]. This
residue is within the major site for MDM2 attachment [55] and as a result of its
phosphorylation, p53-MDM?2 interaction is disrupted leading to p53 stabilization.
This cascade culminates in the G1 phase checkpoint wherein activated p53 induces
the expression of its direct transcriptional target, p21, causing cell cycle arrest. A
p53-independent activity of p21 in inducing both G1 and G2 phase cell cycle arrest
has also been demonstrated in earlier work. MDM2, like p53, is also subjected to
post-translational modifications following DNA damage. The p53 binding domain
and the RING finger domains of MDM?2 are the hotspots for these modifications. It
was shown that following DNA damage, the serine 395 (S395) residue on MDM?2 is
phosphorylated by ATM both in vivo and in vitro [47]. This was corroborated
recently by the demonstration that ATM-induced MDM?2 phosphorylation at S395
increased the interaction of MDM2 with p53 mRNA, leading to increased p53 trans-
lation [23]. Furthermore, Gannon et al. [24] showed that ATM-mediated phosphory-
lation of S394 on MDM2 is important for the increase in p53 activity and subsequent
activation of downstream p53 targets. These findings show that ATM plays a key
role in regulating the DNA damage response by modifying both p53 and MDM?2 in
a way that allows activation and stabilization of p53.

In addition to the above regulatory role of ATM via Chk2 and MDM2, ATM
directly phosphorylates serine 15 on p53 following exposure to ionizing radiation
[36]. This effect was only partially suppressed in AT cells, suggesting that other
kinases can also phosphorylate S15 on p53 [5, 77]. The role of ATR in phosphory-
lating S15 on p53 was shown in y-irradiated fibroblasts that were transfected with a
vector expressing a catalytically inactive mutant of ATR, designated ATRX.
Overexpression of ATRY abrogated UV-induced p53 S15 phosphorylation [86].
Herein, it was shown that ATR phosphorylates pS3 on S37 (also a phosphorylation
site for DNA-PK) in vitro. Thus, although ATM and ATR are structurally similar,
they have both common and unique substrates.
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Mutant p53: Gain-of-Function and the DNA
Damage Response

The wild-type activity of p53 plays a crucial role in the induction of multiple
signaling processes such as cell cycle arrest, apoptosis, senescence, etc. However, in
~50 % of tumors, p53 is mutated [32, 88]. Numerous reports have shown that in
addition to losing the tumor suppressive activity, certain p5S3 mutants acquire a
“gain-of-function” (GOF) phenotype leading to oncogenesis and drug resistance.
For example, mutant p53 (D281G) activates the expression of MDR1 gene (normally
suppressed by wild-type p53) which encodes P-glycoprotein, an energy-dependent
drug efflux pump [69, 85].

One of the key mechanisms of mutant p53 GOF is the ability of certain mutant
forms of p53 to induce expression of genes that are not induced by wild-type p53. In
addition to the MDRI1 gene, other genes activated by mutant p53 include VEGFR
and EGFR, whose products induce angiogenesis and cellular proliferation, respec-
tively [60]. Mutant p53 also interacts with other proteins, modifying their functions
so as to provide a survival advantage to the cells. For example, mutant p53 disrupts
the tumor suppressive functions of both p63 and p73 [16, 22, 38] and increases DNA
non-homologous recombination by increasing topoisomerase-I activity in cells [2].

However, a more dramatic effect of mutant p53 is seen in the DNA damage
response. Earlier work showed an interaction of the R248W and R273H mutant
forms of p53 with Mrell, which is a part of the MRN complex (Mrel 1/Rad50/
NBS1) that is involved in the initial sensing of DNA DSBs and subsequent recruit-
ment of ATM [94]. This interaction disrupts the ability of Mrel 1 to recruit ATM to
DSBs, ultimately leading to inter-chromosomal translocations as a result of defec-
tive ATM-dependent cell cycle checkpoints [80]. While it is known that ATM-
deficient cells are radiosensitive [76, 95], cells harboring mutant p53 usually do not
exhibit radiosensitivity. This could be due to the presence of a partially functional
ATM in the p53 mutant cells that could still confer some radioresistance despite the
lack of interaction with Mrel1. Alternatively, mutant p53 could inhibit the function
of p73 which is a mediator of apoptosis in the absence of wild-type p53. Also, since
mutant p53 has the ability of deregulating the expression of genes involved in cell
survival, it could prevent radiosensitivity in ATM null cells [6].

As mentioned, p53 has been shown to play a role in myriad of cellular activities
from DNA damage response to gene transcription to differentiation. The following
sections will focus on its role specifically in the DSB repair pathways.

Homologous Recombination Repair and p53

Homologous recombination repair (HRR) is an error-free DSB repair pathway, most
active during late S and G2 phases of the cell cycle [83], and is primarily governed
by the presence of homologous sister chromatids, homologous chromosomes, or
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DNA repeats. It is evolutionarily conserved and plays an important role in maintaining
genomic integrity. HRR is believed to initiate with ATM sensing and localizing to
DSBs, where it phosphorylates H2AX in the surrounding chromatin, which in turn
recruits BRCA1 and NBSI1, repair proteins that are also phosphorylated by
ATM. The DNA is resected in a process that requires the MRN complex [87] and
gives rise to single-strand DNA overhangs bound by RPA, which is subsequently
replaced by RADS1. Since the MRN complex possesses only 3" — 5" but not 5" — 3’
exonuclease activity, other nucleases such as CtIP [70] and Exol [11] may also be
involved in the resection step. The polymerization of RADS51 on the overhangs
takes place with the agency of RAD52. RADS51 then searches for DNA homology
with the help of RAD54 which binds to RADS51. The ATPase activity of RAD54
helps unwind DNA and facilitates strand invasion [48]. RADS51 then forms a hetero-
duplex following the acquisition of a homologous duplex. This step is then followed
by heteroduplex extension and branch migration. After this, either a non-crossing
over event takes place wherein Holliday junctions are disengaged and DNA strands
pair followed by gap filling or a crossing-over event takes place resulting from the
resolution of Holliday junctions followed by gap filling.

Cells subjected to oxidative stress or to anti-cancer agents undergo a DNA
damage response which is characterized by the activation and stabilization of p53,
leading to cell cycle arrest in G1 phase, which requires the transactivation ability
of p53. However, a plethora of studies have shown that some of the genotoxic
agents including the replication elongation inhibitors hydroxyurea and aphidico-
lin, cause p53 accumulation independent of its role in G1 checkpoint [28, 67].
Likewise, some mutations in p53 (143, 175, 248, 273, and 281) do not affect the
G1 phase cell cycle arrest but stimulate both spontaneous and radiation-induced
recombination [1, 10, 50, 68].

Although p53 can by itself check the fidelity of homologous recombination by
mismatch recognition of heteroduplex intermediates [17, 43], the inhibition of
recombination by p53 is primarily mediated by its interaction with RADS5I
(Fig. 17.2) and also RADS54. Inhibition of p53 activity promotes spontaneous and
radiation-induced homologous recombination between both direct and inverted
repeats [68] wherein the latter mainly involves a RAD51-dependent gene conver-
sion process. This interaction of p53 with RAD51 and subsequent inhibition of
recombination was further confirmed by overexpressing mutant “*’RADS1 that
prevented p53 binding to RADS1 [43]. A 2-3 fold increase in homologous recom-
bination was seen following the overexpression of this p53 non-binding mutant of
RADSI1. The interaction of p53 with RAD54 mainly occurs via the extreme
C-terminal domain of p53 [43] which is involved in sensing mispaired homologous
recombination intermediates. In vitro experiments have shown that RADS5I
stimulates the 3’ — 5’ exonuclease activity of p53 that targets heteroduplexes con-
taining base mismatches [82]. Also, the p53-RADS51 complex inhibits branch
migration after the crossing-over or postsynaptic phase of recombination [96].
Further, the regulation of homologous recombination by p53 was found to be biased,
with p53 depletion promoting both intra- and extrachromosomal recombination but
not homologous DNA integration or gene targeting [97]. This is interesting because
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gene targeting or gene disruption could be considered a genome-destabilizing
process. Although most of these mechanistic studies involved measurements of
spontaneous recombination between ostensibly undamaged loci, other work [1, 10]
demonstrates that recombination between a locus containing a site-specific I-Scel-
induced DSB and an undamaged homologous sequence, presumably reflecting
HRR, is likewise suppressed by both wild-type and transactivation-defective p53.

While all the above studies are in general agreement that HRR suppression by
p53 is largely independent of its transcriptional activation ability, this view has
recently been challenged [59]. In this study, a wide variety of p53 manipulations
were carried out, and in all cases (even those involving transactivation-deficient p53
mutants) the extent of HRR for DSBs induced by the meganuclease /-Scel was
found to closely correlate with the fraction of cells in S/G2. Thus, these authors
argue that most of the reported effects of p53 on HRR can be explained by
transactivation-dependent cell cycle perturbations.
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During DNA replication, p53 is found at replication sites [93] and also is
transported into the nucleus during S-phase [45]. During replicative stress (resulting
from treatment with replication inhibitors or DNA crosslinking agents), pS3 inhibits
homologous recombination and this effect is dependent on the S15 phosphorylation of
pS3 and the interaction of p53 with the ssDNA binding protein RPA [61]. As dis-
cussed earlier, the phosphorylation of p53 on S15 is mediated by both the ATM and
ATR kinases. Inhibition of ATM with caffeine or the ATM specific inhibitor KU-55933
still allowed the formation of RAD51 foci, indicative of an active recombination in the
absence of ATM. Subsequently, following ATR inhibition using RNA interference,
the fraction of RADS51 foci-positive cells was reduced in the presence of either wild-
type p53 or the transactivation mutant, pS3QS [79]. A recent study [72] has shown
that the trio: DNA-PK, ATM, and ATR together downregulate p53-RPA binding.
DNA-PK phosphorylates RPA at S46, and ATM/ATR phosphorylates p53 at S37 (pre-
ceded by S15 phosphorylation as discussed above) causing the release of p53 and
RPA from the p53-RPA complex and thereby allowing RPA to fulfill its normal role
in facilitating HRR. DNA-PK is also involved in the other major DNA DSB repair
pathway, the non-homologous end joining (NHEJ, discussed in the next section).

Also, an important potential role of p53 in HRR that is not discussed here in
detail is its interaction with BLM (Bloom syndrome) and WS (Werner syndrome)
proteins that belong to the class of RecQ helicases involved in homologous recom-
bination [78]. It was shown that BLM and p53 show co-localization at sites of
stalled replication forks [71]. Although BLM localizes to these sites in a p53-
independent manner, it eventually enhances the p53 accumulation at these sites.
Sengupta et al. [71] showed that the interaction of BLM with p53 is enhanced by the
localization of 53BP1 at these sites, independent of y-H2AX. This event was depen-
dent on active Chkl kinase (possibly phosphorylated by ATR), leading to BLM
stabilization and ultimately p53 accumulation at stalled replication sites.

To summarize, p53 plays multiple roles in the regulation of the HRR pathway
and the mechanism of some of these regulatory roles is still being elucidated.

Non-homologous End Joining and p53

The NHEJ pathway is the predominant pathway for the repair of DNA DSBs, occurring
throughout the cell cycle [65]. It is a dynamic process that does not require sequence
homology as in HR [64] and has been shown to utilize a wide variety of DNA sub-
strates converting them into joined products. Since this process can lead to the join-
ing of incorrect ends, NHEJ is an error-prone pathway. Radiation-induced DNA
damage via the production of oxygen radicals leads to deoxyribose fragmentation, as
well as producing modified DNA bases such as 8§-oxoguanine and thymine glycols.
DNA DSBs induced by deoxyribose oxidation are characterized by both 5’- and
3’-staggered termini with chemically modified ends. Moreover, clusters of localized
radicals can produce complex DNA lesions consisting of terminally blocked DSBs
flanked by nearby damaged bases. DSBs of widely diverse terminal structure can be
repaired via NHEJ irrespective of the sequence or DNA homology.
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The first step in NHEJ is the binding of the Ku heterodimers to DSBs [52].
This is followed by DNA-PK binding to Ku and this complex serves as a beacon for
nucleases, polymerases, and ligases to bind. However, the formation of a stable
complex between Ku and DNA-PK requires conformational changes in Ku which
occur only in the presence of DNA ends [40], and promote the interaction of Ku
with DNA polymerases p and A, and with the XRCC4-DNA ligase IV complex [14].
Interaction between two such complexes on two DNA ends tethers the ends and
triggers the kinase activity of DNA-PK which then phosphorylates various repair
proteins. Artemis, along with DNA-PK, gains a 3’-endonucleolytic activity that has
been shown earlier to act specifically near 3’ DNA termini and resolve noncanonical
DNA DSB ends such as 3’-phosphoglycolate moieties. This endonuclease activity
is essential for Artemis’ role in promoting radioresistance and repair proficiency in
mammalian cells [53]. In addition to Artemis and DNA-PK, other proteins such as
TDP1 and Metnase have been shown to function in a similar fashion to resolve dam-
aged DNA overhangs. TDP1 removes glycolate residues from 3’ ends followed by
additional processing by PNKP to remove the resulting 3’'-phosphates [99]. Recently,
Metnase was shown to endonucleolytically trim 3’-overhangs greater than 3 bp on
DNA duplexes, although its lack of activity when added to NHEJ-competent extracts
casts some doubt on such a role in vivo [54]. The various enzymes involved in the
NHE] pathway have a high flexibility in binding to DNA lesions, allowing them to
interact or bind with a plethora of DNA end structures.

The role of p53 in NHEIJ is not clearly understood although p53 has been shown
to regulate NHEJ by itself or in association with other NHEJ proteins. Early studies
with mice harboring knockouts of the NHEJ factors XRCC4 and Ligase IV have
shown that in the absence of NHEJ, DNA DSBs remain unrepaired, and that these
eventually trigger apoptosis in a p5S3-dependent manner [20, 26, 25]. Thus, p53
deficiency can rescue the otherwise embryonic lethal phenotype of Xrcc4—/— or
Lig4—/— mice.

In an episomal reactivation assay, pS3 was shown to enhance DSB rejoining of
transfected linearized plasmids in y-irradiated cells [84]. This enhancement was
found to be dependent on the carboxy terminal domain of p53 (which harbors non-
specific DNA-binding activity), but independent of transcriptional activation ability.
Interestingly, only the repair of DNA DSBs with short cohesive ends but not blunt
ends was enhanced by p53. In cells harboring an integrated DSB substrate contain-
ing tandem sites for meganuclease I-Scel, the p53 inhibitor pifithrin-a reduced pre-
cise end-joining while having little or no effect on end joining overall, suggesting a
role for p53 in enforcing end-joining fidelity [42]. In a different I-Scel-based NHEJ
assay, expression of wild-type p53 inhibited NHEJ events that required trimming of
noncomplementary overhangs from the DSB ends. In this case, it was speculated
that p53 plays a role in NHEJ either by inhibiting exonucleolytic proofreading or by
recognizing heterologies and inhibiting NHEJ [1].

The Artermis endonuclease involved trimming of damaged or noncomplemen-
tary ends for NHEJ has been shown to interact with p53 in the suppression of onco-
genic N-Myc in progenitor B-cells [62]. Other reports have also shown Artemis to
be a negative regulator of p53 activity in response to oxidative stress. Artemis
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knockdown in U2-OS cells induced p53 accumulation, cell cycle arrest, and
apoptosis [98]. This reflects on a DNA repair-independent role of Artemis and its
subsequent effect on p53 activity.

To summarize, the exact regulatory role of p53 in NHE]J is still poorly under-
stood. Certainly, p53 does have genetic interactions with the players of the NHEJ
pathway, eliciting DNA repair-dependent and -independent downstream effects on
cell cycle progression and cell survival. However, early suggestions of more direct
biochemical effects of p53 on NHE]J itself have been neither refuted nor further
elucidated.

Conclusions

Overall, p53 acts as an important link between upstream signaling and activation of
downstream signaling cascades depending on the extent of DNA damage. It can
activate cell cycle arrest and allow the damage to be repaired or it could transacti-
vate genes involved in the apoptotic machinery.

The role of p53 in regulating cell cycle checkpoints following DNA damage is a
pivotal event toward maintaining genomic stability. DNA damage leads to the acti-
vation of cell cycle checkpoints in different phases of the cell cycle. The G1/S phase
checkpoint that is mainly triggered by DNA DSBs (detected by the presence of
y-H2AX or 53BP1, [90]) involves the ATM kinase that detects DSBs and phos-
phorylates p53 either directly or indirectly leading to its stabilization. As the repair
of some DSBs by NHEJ in G1 requires several hours, this arrest provides a crucial
opportunity for the cell to restore the integrity of the genome before it can be repli-
cated. The intra-S-phase checkpoint is mainly activated by stalled replication forks
arising as a result of replication defects or DNA damaging agents. It likewise allows
for repair of replication-associated DSBs by HRR before new replication forks are
initiated. Thus, in either case, cell cycle arrest will serve to enhance genomic stabil-
ity, and is the primary function of p53 in DSB repair.

More direct regulatory effects of p5S3 on DSB repair are more difficult to ratio-
nalize in terms of genomic stability. It might be expected that the role of p53 in
regulating these pathways could be bimodal, either inhibiting these pathways to
maintain genomic stability or activating them in response to genotoxic stress or
DNA damage cues. While DSBs must be rejoined if genomic integrity is to be pre-
served, inaccurate repair by the same or very similar mechanisms will lead to rear-
rangements and instability. It is ostensibly surprising that the primary direct effect
of p53 on DSB repair appears to be suppression of HRR, which is usually accurate
and certainly more accurate than NHEJ or other alternative DSB repair pathways.
Ideally, a genomic surveillance system would evolve so as to specifically detect and
suppress events that are likely to be associated with inaccurate repair. There is some
suggestion of such a bias in the finding that p53 most strongly inhibits HRR between
substrates with a limited extent of homology (<200 bp) — events that could reflect
illegitimate recombination between repetitive sequences that could lead to
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rearrangements [1]. Similarly, p53 reportedly suppresses NHEJ that requires resection
of mismatched overhangs (such as might occur in the joining of exchanged ends of
two DSBs), while promoting cohesive-end joins [1, 84]. Finally, in cases of extensive
damage, the proliferation of cells with unstable genomes might be most efficiently
prevented by blocking repair entirely and thereby driving those damaged cells
toward apoptosis or senescence.
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