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Abstract
Convergent studies demonstrated that p53 regulates homo-
logous recombination (HR) independently of its classic
tumour-suppressor functions in transcriptionally transacti-
vating cellular target genes that are implicated in growth
control and apoptosis. In this review, we summarise the
analyses of the involvement of p53 in spontaneous and
double-strand break (DSB)-triggered HR and in alternative
DSB repair routes. Molecular characterisation indicated that
p53 controls the fidelity of Rad51-dependent HR and
represses aberrant processing of replication forks after
stalling at unrepaired DNA lesions. These findings estab-
lished a genome stabilising role of p53 in counteracting error-
prone DSB repair. However, recent work has also unveiled a
stimulatory role for p53 in topoisomerase I-induced recombi-
native repair events that may have implications for a gain-of-
function phenotype of cancer-related p53 mutants. Additional
evidence will be discussed which suggests that p53 and/or
p53-regulated gene products also contribute to nucleotide
excision, base excision, and mismatch repair.
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Introduction

Soon after having established TP53 as the most frequently
altered gene in human tumours in the 1990s,1,2 p53 was
understood as a major component of the DNA damage
response pathway.3,4 After the introduction of DNA injuries
the level of p53 protein rises, which in turn induces a transient
cell cycle arrest or apoptotic cell death. DNA damage
activates p53 through post-translational modifications by
specific kinases, such as the strand break sensor ataxia
telangiectasia mutated protein (Atm), by acetyltransferases
like CREB-binding protein (Cbp)/p300, and by the poly(ADP-
ribose) polymerase 1 (Parp-1), which prevent proteolysis via
the Arf-mouse double minute 2 (Mdm2) pathway and/or
enhance binding of p53 to consensus sequences within the
genome.5–7

Work on cells from mice nullizygous for TRP53 and on
tumour cells differing in the TP53 status revealed that p53 not
only responds to DNA damage, but in fact represents a central
player in genome stabilisation, thereby counteracting the
multistep process of tumorigenesis. Impaired p53 function
was shown to be associated with its inability to prevent genetic
instabilities, which become manifested as aneuploidies, allelic
losses, as well as increases in sister chromatid exchanges
and in gene amplification rates.8–11 Moreover, already in
1995, Reddel and co-workers12 noticed that loss of wild-type
TP53 during spontaneous immortalisation of Li-Fraumeni
fibroblasts is associated with telomere elongation through a
telomerase-independent, alternative pathway and proposed a
mechanism involving recombination.

Initially, investigations on a direct participation of p53 in
DNA repair were spurred by a number of biochemical
observations. Thus, the C-terminal 30 amino acids of p53
were shown to recognise several DNA damage-related
structures, such as DNA ends, gaps, and insertion/deletion
mismatches.13–16 p53 was also demonstrated to catalyse
reannealing of short stretches of single- and double-stranded
DNA and to promote strand exchange between them.13,17–19

Further, p53 binds to three-stranded heteroduplex joints and
four-stranded Holliday junction DNA structures with localisa-
tion specifically at the junction, suggesting that p53 directly
participates in recombinational repair.20–22 Moreover, several
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groups demonstrated a Mg2þ -dependent 30–50 exonuclease
activity intrinsic to p53.19,23–29 Noticeably, the same central
region within p53, where tumourigenic mutations are clus-
tered, recognises DNA sequence specifically, is required for
junction-specific binding of heteroduplex joints and is neces-
sary and sufficient for the 30–50 exonuclease activity on
DNA.23,25,30 In addition to p53’s biochemical activities,
numerous reports on physical and functional protein interac-
tions further strengthened the proposal of a direct role
of p53 in nucleotide excision repair (NER), base excision
repair (BER), and double-strand break (DSB) repair (see
Figure 1).31–33

p53 Transcriptionally Regulates Several
DNA Repair-related Genes

Until the burst of DNA repair-related studies in recent years,
genome stabilising functions of p53 were explained by its
ability to signal cell cycle arrest at the G1/S and G2/M
transition, thereby giving time for DNA repair before the entry
into S phase, and by inhibition of mitotic division in damaged
cells. p53 activates transcription of more than 100 genes
through binding to particular DNA sequences, with p53’s cell
cycle control functions mainly relying on the cyclin-dependent
kinase regulatory products of two genes, CDKN1A and 14-3-
3s. To avoid the manifestation of DNA damage in response to
excessive or irreparable damage, p53 induces apoptotic cell
death. Apoptotic signalling involves activation of target genes
like PUMA, NOXA, and BAX and, as discovered most
recently, direct protein interactions with members of the Bcl-

2 protein family to promote mitochondrial outer membrane
permeabilisation.3,4,34–37

Although several observations suggest a direct involvement
of p53 in NER (see below), there is growing evidence for a
transcription-dependent role of p53 in NER (see Figure 1).
NER removes a variety of DNA lesions, including photo-
products induced by UV and other bulky lesions, and can be
subdivided into the global genomic repair (GGR) and the
transcription-coupled repair (TCR) pathway depending on the
mode of damage recognition in the entire genome versus
actively transcribed regions. In GGR, the heterodimeric
complex of XPC-hHR23B appears to be the first NER factor
to bind the lesion. p48DDB2 which is encoded by the DDB2
gene mutated in patients belonging to the XP complementa-
tion group E, is thought to stimulate XPC-mediated recogni-
tion of cyclobutane pyrimidine dimers (CPDs) during GGR
together with its heterodimer partner p125DDB1.38,39 Two
groups noticed decreased GGR but not TCR efficiencies after
loss of p53 function in Li-Fraumeni patient fibroblasts carrying
TP53 mutations or in human papilloma virus (HPV)-E6
expressing mammary epithelial cells.40,41 Later on, transcrip-
tional transactivation of the XPC gene and the human, but not
the murine, DDB2 gene by p53 were discovered, thereby
unveiling the molecular links between p53 and GGR and
providing further insight into the differences in DNA repair
between humans and mice.42–45 With respect to a potential
role of p53 in TCR controversial data have been reported.
However, for TCR assessment, experiments that measure the
recovery of transcription from UV-damaged reporter genes
were frequently applied, so that one possible explanation for
apparent discrepancies could be a defect in a post-repair

Figure 1 p53 exhibits multiple activities in DNA repair and checkpoint control. In response to genotoxic stress, damage sensing kinases like Atm and Atr phosphorylate
p53 at multiple sites, thereby modulating its downstream activities.174 p53 activates target genes like CDKN1A, Msh2, and p48 to give time for repair and to directly
promote removal of alkyl adducts (MGMT), mismatch repair (MMR), and nucleotide excision repair (NER), respectively. In cells exceeding a critical threshold of DNA
damage, transcriptional transactivation of proapoptotic genes such as PUMA, NOXA, and BAX induces the active cell death programme. There is growing evidence for a
direct role of p53 in the fidelity control of HR and NHEJ to ensure error-free DSB repair and, therefore, to suppress detrimental genome rearrangements that drive cancer.
Moreover, direct physical interactions of p53 with components of the BER and NER machinery may underlay enhancement of BER and possibly also of NER31,32,33
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process required for mRNA synthesis recovery rather than in
TCR itself.46

Another p53-regulated gene, GADD45, was originally
proposed to also participate in GGR downstream of p53.47

However, according to more recent reports alternative
functions of GADD45 in remodelling chromatin to give access
to the sites of DNA damage are more likely.48 The identifica-
tion of the p53R2 p53 target gene encoding a ribonucleotide
reductase caused much excitement, because work from yeast
and mouse had suggested an important role for this enzyme
in supplying precursors for DNA repair. Consistently, p53-
dependent upregulation was seen to follow DNA damage and
to cause increased [3H]dCTP incorporation into the damaged
genome.49 In view of the discriminatory role of p53 in GGR
versus TCR, it will be insightful to precisely define the
influence of p53R2 on distinct repair pathways to better
understand the biological meaning of this finding. Interest-
ingly, the tumour-suppressor breast cancer-related 1 protein
(Brca1protein) has been demonstrated to increase expres-
sion of the p53 target genes CDKN1A, 14-3-3s, XPC, DDB2,
GADD45, and p53R2.50,51 Indeed, an early hypothesis on the
possible function of Brca1 was to play an auxiliary role in
p53-dependent transcriptional transactivation.52 However,
later studies demonstrated additional, p53-independent func-
tions of Brca1 in GADD45 activation, in controlling the
checkpoint during the G2/M phase, and in inducing apopto-
sis.53 Therefore, today Brca1 is considered to regulate DNA
repair and DNA damage signalling via p53-dependent and
independent pathways.

Alkyl adducts at the O6 position of guanine can be directly
repaired by O6-methyl-guanine-DNA-methyl-transferase
(MGMT). Damage-induced expression of the enzyme de-
pends on p53 in murine fibroblast cell lines and animals.54,55

BER is the main pathway responsible for the repair of damage
resulting from deamination, oxidation, and alkylation of DNA
bases and is generally thought to reverse damage produced
by IR. The first step in the BER pathway is executed by
glycosylases, which hydrolyse the N-glycosylic bond between
the deoxyribose sugar moiety and the DNA base.56 Rotter and
co-workers showed that p53 promotes activation of 3-methyl
adenine DNA glycosylase (3-MeAde DNA glycosylase) in
response to g-ray treatment. Surprisingly, this initial step in
BER is also subject to negative transcriptional regulation by
p53. Thus, following exposure to nitric oxide (NO) p53
downregulates 3-MeAde DNA glycosylase via transcriptional
trans-repression.57 Recently, Donehower and co-workers
identified PPM1D as a p53-induced gene following UV and
ionising radiation (IR).58 PPM1D phosphatase interacts with
Uracil DNA glycosylase (Ung) 2 and suppresses BER
probably via dephosphorylation of Ung2. In analogy to the
Mdm2 feedback loop, these negative regulatory mechanisms
executed by p53 may serve to return DNA repair to the
deactivated state.

The identification of MutS homologue 2 (MSH)2,MLH1, and
postmeiotic segregation 2 (PMS2) as p53 target genes has
linked p53 to mismatch repair (MMR).59–61 MMR is in charge
of DNA repair following DNA polymerase errors, removes
mismatches in heteroduplex DNA during recombination, and
prevents recombination between similar, but nonidentical
(homeologous) sequences.62,63 Defects in MMR can lead to a

mutator phenotype, which is predisposing to different types of
cancer, both familial and sporadic. Inherited defects in genes
of the MMR system are implicated in the aetiology of
Hereditary Non-Polyposis Colorectal Cancer (HNPCC).64

Msh2 in complex with Msh6 or Msh3 is active in the
recognition of single base mismatches and short insertion/
deletion mispairs or larger loops of unpaired nucleotides,
respectively. The central MutL homologue (Mlh1), which can
form heterodimeric complexes with three other MutL homo-
logues Pms2, Pms1, and Mlh3. Mlh1-Pms2 is the major
human MutL heterodimer, whereas Mlh1-Pms1 and Mlh1-
Mlh3 play only minor roles in MMR and are suspected to be
redundant with respect to Mlh1-Pms2. The aforementioned
studies, therefore, suggest that p53 increases the fidelity of
DNA replication and homologous recombination (HR) by
transcriptional transactivation of MMR genes. Additionally, the
p53 target genes MSH2, MLH1, and PMS2 are able to signal
cell cycle arrest and apoptosis after certain types of DNA
damage via p53 or its homologue p73.65

So far, only very few reports described a possible regulatory
role of p53 in the transcription of genes related to DSB repair,
whereas growing evidence indicates a direct role of p53 in this
repair pathway (see below). Gel shift experiments showed
that wild-type p53 binds to a p53 consensus sequence in the
promoter of the gene coding for the Fanconi anemia
complementation group C (Fanc C) protein. Consistently,
p53-dependent activation of the endogenous FANC C gene
was also observed.66 Surprisingly, however, tumour-derived
mutants p53(175H) and p53(273H) retained FANC C gene
activation. Further, results from transient luciferase reporter
assays did not support a stimulatory role of p53 in FANC C
transcription, so that it remains open how p53 may affect
FANCC gene expression. A p53 binding site was also found in
theKARP-1 gene locus.67 Ku86 Autoantigen-related protein-1
(Karp-1) is thought to play a role in DSB repair as a regulator of
DNA-dependent protein kinase (DNA-PK). However, because
DNA damage-induced KARP-1 gene upregulation was
compared using TP53-positive and -negative cell lines of
different origins, the proposed dependency on p53 awaits
further confirmation.

Taken together, p53 has an influence on a set of DNA
repair, cell cycle regulatory, and proapoptotic genes via
transcriptional regulation. Thus, p53 participates in the
different branches of the cellular decision making process in
choosing between the removal of repairable damage to
promote cell survival and the elimination of cells with
excessive and irrepairable DNA damage to protect the
organism from genetically unstable cells that drive cancer.

Does p53 have a Direct Role in NER and
BER?

Following damage recognition by XPC-hHR23B in GGR and
stalled RNA polymerase II together with Cockayne syndrome
(CS) proteins in TCR, the initial complexes attract transcrip-
tion factor IIH (TfIIH), which consists of the xeroderma
pigmentosum group B protein (XPB) and XPD and the general
transcription factors p62, p52, p44, and p34. XPB and XPD
exhibit helicase activity of opposite polarity and partially
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unwind the DNA around the damaged site. TfIIH, then, recruits
the nuclease XPG, XPA to confirm the presence of the lesion,
and the human ssDNA binding protein, replication protein A
(RPA), to stabilise the bubble structure. Subsequently, Ercc1-
XPF is recruited and XPG and Ercc1-XPF excise an
oligonucleotide of 24–32 nucleotides containing the lesion,
which is filled in by the regular DNA replication machinery.38,39

Already in 1995, three groups reported on defective NER in
cells with reduced levels of wild-type p53.40,68,69 Wang et al.69

additionally described physical interactions between the C-
terminal end of p53 and the TfIIH subunits XPB and XPD as
well as the TCR factor CSB, suggesting that p53 regulates
NER through these helicase activities. Wild type, but not
mutant p53, was found to inhibit XPB and XPD activities,
which was hypothesised to stimulate a stable helicase-
damaged DNA complex. Although strong physical contacts
between p53 and the TfIIH complex and inhibition of helicase
activities could be confirmed, Leveillard et al.70 like other
groups were unable to demonstrate an effect of p53 on NER
with naked DNA in vitro. However, excision repair is strongly
affected by chromatin structure, and several histone modify-
ing and ATP-dependent remodelling enzymes are engaged
in the regulation of the accessibility of DNA in chromatin.
Rubbi and Milner71 recently discovered a new role of p53
in regulating chromatin relaxation during GGR. However,
studies indicating that the requirement for p53 in NER can be
bypassed by overexpression of damage recognition factors
argue against a direct participation of p53,51 so that
uncertainties remain on the implications of TfIIH and
chromatin interactions for the role of p53 in NER.

After the initial BER step executed by glycosylases, which
generates an apurinic/apyrimidinic (AP) site, AP endonu-
clease (Ape/Ref-1, redox factor 1) is required to hydrolyse the
DNA sugar-phosphate backbone 50 of the apurinic/apyrimi-
dinic site (AP site). On the major BER route, the short patch
pathway, Ape then recruits polymerase b. Polymerase b fills in
the missing, single nucleotide and, in the case of initial
cleavage by monofunctional glycosylases, excises the 50

terminal deoxyribosephosphate residue by its lyase domain.
Finally, Ligase 3 interacts with polymerase b via Xrcc1 and the
Ligase 3-Xrcc1 heterodimer seals the nick.56 Besides serving
as a nuclease and an assembly factor in BER, APE
additionally activates transcription factors such as AP-1 and
p53, through regulation of the redox state. Since 1999,
Rotter’s group has provided accumulating evidence suggest-
ing a direct involvement of p53 in BER.72–74 In these studies,
an augmented BER activity was observed when cell extracts
with overexpressed p53 were applied to in vitro BER assays.
Later on, p53 was shown to interact with polymerase b
indicating a direct role of p53 in BER.75 Moreover, Ape/Ref-1
also binds to p53, contributes to redox-dependent p53 protein
stabilisation, and enhances both DNA binding and p53
transactivation.76–78 Zhou et al.75 investigated the molecular
mechanism underlying p53-dependent BER stimulation in
more detail. From their data the authors concluded that direct
physical interactions between the N-terminal 96 amino acids
of p53 and polymerase b cause enhanced, Ape/Ref-1
facilitated loading of polymerase b on abasic DNA and
stabilised complex formation. Unfortunately, contradictory
observations have been made with p53 mutated at amino

acids 22 and 23 or at the C-terminus, so that it remains open in
how far p53 activities exerted by the N- and C-terminal
domains influence BER.73,75 Importantly, cancer-related p53
core domain mutants were unanimously reported to exhibit
strongly reduced stimulatory activities in BER.73,75 Further
support for the concept of a direct involvement of p53 in BER
has come from a study by Seo et al.79 demonstrating that the
cells from TRP53 mutant or null mice performed modestly
reduced BER of methyl methanesulfonate (MMS) damage,
showed MMS sensitivity, and reduced levels of polymerase b,
possibly due to stabilising interactions between p53 and
the polymerase particularly within p53-DNA complexes at
damaged sites. However, data from a study by Sobol et al.80

questioned that p53 is an essential component of this repair
pathway. Still, first indications for an involvement of p53 in
mitochondrial BER were also found, thereby initiating new
ideas on the potential role of mitochondrial p53. In mitochon-
dria p53 appears to stimulate polymerase g-mediated repair
synthesis.81

Harris and co-workers82 made the interesting observation
that damage-induced apoptosis is delayed in XPD lympho-
blastoid cells and depends on p53. As blockage of the
transcription machinery causes p53-dependent apoptosis, it
is conceivable that functional p53–TfIIH interactions, possibly
also involving phosphorylation of p53 by the cyclin H-Cdk7
component of TfIIH, modulate apoptosis induction depending
on the extent of elongation-blocking DNA lesions.83 Finally,
Rotter and co-workers74 noticed that depending on the
severity of DNA damage p53 promotes BER or apoptosis,
suggesting the existence of a p53-dependent switch mecha-
nism between DNA repair and apoptosis also with respect to
BER. In line with this idea, interactions between p53 and the
NER component RPA were found to inhibit sequence-specific
DNA binding, to become disrupted in the presence of ssDNA
and after UV damage, and to be inversely related to the
cellular GGR capacity.84,85

Impaired p53 Function Associates with a
Mutator Phenotype, which is Related to
Aberrant DSB Repair in vitro and in vivo

DSBs are caused spontaneously during physiological DNA
processing in replication, Ig and TCR gene diversification, and
meiosis and can arise from exogenous sources, including IR
or cancer chemotherapeutic agents. DSBs are the most
severe type of DNA damage, and efficient removal of DSBs is
taken care of by two principal repair pathways: nonhomolo-
gous end-joining (NHEJ) and homology-based repair.86,87 In
the NHEJ pathway, Ku70 and Ku80 bind the DSB, followed by
recruitment and activation of the catalytic subunit of the DNA
protein kinase (DNA-PKcs), which mediates synapsis, recruits
the ligating compounds Xrcc4 and DNA Ligase 4, and
activates the putative end-processing nuclease Artemis.88

Pathways that utilise sequence homology for repair are
subdivided into two types, based on whether homologous
associations arise from strand annealing activities (single-
strand annealing, SSA) or from strand exchange (HR)
activities.86,87 In mammalian cells one of the first, if not the
initial step, in both pathways is the recognition of DSBs by a
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protein complex comprising Mre11, Rad50, and Nbs1 (MRN).
The MRN complex is involved in virtually all aspects of DNA
end metabolism, including DSB detection, tethering of the two
DNA substrates, DSB processing, and checkpoint signalling
via activation of the phosphatidylinositol 3-kinase-related
kinases (PIKK), Atm, and Atr (Atm- and Rad3-related
protein).89–91 Following DNA end resection to yield 30-ssDNA
tails, HR involves strand exchange reactions with an intact
homologous duplex catalysed by the human RecA counter-
part, Rad51. Rad52 promotes formation of the Rad51
nucleoprotein filament, the Snf2/Swi2 helicase Rad54 accel-
erates homology search by Rad51.92 SSA does not rely on
Rad51 but requires Rad52. Rad52 facilitates pairing of the
processed ssDNA tails before removal of the heterologous
overhangs by the structure-specific endonuclease Ercc1-
XPF. Emphasising the importance of Rad52 for the SSA
pathway, RAD52�/� mouse cells do not show an HR defect,
but SSA is decreased.86,93

NHEJ underlies V(D)J recombination and reseals DSBs
in mitotically growing cells during the whole cell cycle. HR
mediates genetic mixing during meiosis. In mitotically growing
cells, HR is confined to the S and G2 cell cycle phases, when
homologous sister chromatids are available.94 NHEJ is
frequently associated with the gain or loss of nucleotides at
the break site, SSA occurs between repeated sequences and
ultimately creates a deletion, and, therefore, is always
mutagenic. HR is considered the most error-free pathway,
because sister chromatids are the preferred template. Taken
together, depending on the type and quality of the DSB repair
pathway involved, the repair process may end up with
deletions, loss of heterozygosity (LOH), and chromosomal
translocations which may accelerate the multistep process of
tumorigenesis.

Chromosome painting and microsatellite marker mapping
unveiled a higher frequency of translocations and indicated
deregulated NHEJ in human lymphoblastoid cells, where
TP53 was inactivated (thymidine kinase (TK)6-E6) or point
mutated (WTK1) as compared to the isogenic counterpart with
wild-type TP53 (TK6).95 Xia et al.96 managed to distinguish
between LOH due to NHEJ and mitotic recombination by use
of a fluorescence in situ hybridisation technique, thereby
confirming that a large fraction of the LOH mutants arose by
more frequent HR events. Further investigations comparing
wild-type and mutant TP53 cells revealed a higher frequency
of TK gene alterations, which in part could be attributed to
HR.95 Therefore, both forms of DSB repair seem to operate in
mutant TP53 cells to a greater extent and contribute to
elevated LOH frequencies. Further indications for mitotic
recombination events leading to LOH upon loss of or reduced
p53 function came from investigations regarding the adenine
phosphoribosyl transferase and hypoxanthine-guanine phos-
phoribosyltransferease loci in TRP53�/� mice as well as the
second TRP53 allele in TRP53þ /� mice.97,98 Moreover, in the
pun mouse model, TRP53�/� mice showed an elevated rate of
intrachromosomal homology-based deletion events.99 Differ-
ent from the observations made for gross structural changes
at the chromosomal level, evidence for a mutator phenotype
was not found for point mutations when using LACI reporter
mice (Big Bluer) concomitantly differing in the TRP53
status.95

From the observation that p53 mRNA expression in testes
of mice is high and specific for spermatocytes in zygotene to
pachytene, it was also proposed that p53 might be involved in
HR in meiotic germ cells.100 However, Gersten and Kemp101

did not observe elevated rates for meiotic HR in TRP53
knockout mice. These observations suggested that p53
specifically contributes to the suppression of aberrant DSB
repair processes in mitotically growing cells.

Evidence for a Direct Role of p53 in HR

Two main methods have been established to measure HR
with respect to p53. The viral, SV40-based test system
measures intermolecular HR between two defective SV40
minichromosomes with HR reconstituting a functional viral
genome within doubly infected monkey kidney cells.102 The
second and more widely used assay monitors reporter gene
reconstitution through inter- and intramolecular HR between
tandem repeat sequences.103 The recent use of reporter gene
products emitting fluorescent light rather than conferring
antibiotic resistance provided a rapid readout and, therefore,
allowed to distinguish between growth and death regulatory
versus repair-related activities of p53.104,105 Inclusion of the
rare-cutting I-Sce I endonuclease enabled Akyüz et al.104 to
specifically cleave the reporter gene and, thereby, to exclude
indirect effects on DSB repair due to p53-dependent activities
in excision repair pathways.

Applying these tools, numerous groups observed that
wild-type p53 represses HR on both extrachromosomal and
intrachromosomal DNA substrates by at least one to two
orders of magnitude. Vice versa, inactivation of wild-type p53
by mutation or complex formation by viral proteins increased
HR by several orders of magnitude.21,30,102,104–110 In appar-
ent contrast, Willers et al.111 reported HR not to be
suppressed by wild-type p53, when employing a plasmid
shuttle assay with episomally replicating substrates. How-
ever, subsequent findings, suggesting that the extent of
recombination regulation by p53 is influenced by the p53/DNA
substrate ratio, offered low p53 expression levels relative to
transfected plasmid copy numbers as a likely explanation for
this conflicting result.104,105 Experiments with p53 mutants
revealed severe HR inhibitory defects for all tested hotspot
mutants, as was seen most convincingly when excluding
dominant-negative effects between endogenous and exo-
genous p53 variants in a TP53-negative background.30,104,108

Importantly, amino-acid exchanges 135V (murine p53), 138V,
143A, and 22Q,23S, which are known to reduce or even
abolish p53’s transcriptional transactivation and cell cycle
regulatory capacity, did not significantly affect HR inhibi-
tion.104,105,109,110,112 These findings demonstrated that p53
activities in transcriptional transactivation and checkpoint
control are separable from its functions in homology-based
DSB repair and provided convincing evidence for a direct role
of p53 in HR (see Figure 2).

The formation of DSBs has recently been discovered to
represent a frequent byproduct of normal DNA replication,
and these DSBs generated at the replication fork are repaired
by both NHEJ and HR.113 Moreover, replication blocking
lesions such as bulky adducts are subject to HR repair,
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thereby rescuing the replication fork.114 The importance of HR
in restoring replication forks in mitotically growing cells offers
an explanation why loss of central HR functions is incompa-
tible with life in the corresponding knockout mice.86 Two
studies demonstrated that p53 inhibits HR not only following
the introduction of an artificial DSB, but counteracts hyper-
recombination also in response to replication fork stal-
ling.115,116 This replication associated activity may also
explain earlier observations indicating that TP53 deficient
cells must proceed through S phase under conditions that
induce DNA breakage for genetic instability to occur.117

Consistently, two groups further noticed that p53 prevents the
accumulation of DSBs at stalled-replication forks induced
by UV or hydroxyurea treatment.118,119 When DNA replication
is blocked, p53 becomes phosphorylated on serine 15 and
associates with key enzymes of HR such as the MRN
complex, Rad51, and Rad54.105,112,120,121 Notably, during
replication arrest p53 remains inactive in transcriptional
transactivation,121,122 supporting the idea that p53 is involved
in HR regulatory functions unrelated to transcriptional
transactivation activities.

HR Surveillance by p53 as the Mechanistic
Basis of the Antirecombinogenic Effect

So far, HR repression has been the best understood direct
function of p53 in DNA repair. Important clues to the molecular

mechanism have come from the results of pull-down and
electrophoretic mobility shift assays with recombinant pro-
teins, immunoprecipitation experiments with mammalian cell
extracts, as well as immunofluorescence microscopy coloca-
lisation studies. Thus, direct physical interactions between
Rad51 (amino acids 125–220) and wild-type p53 (amino acids
94–160 and 264–315), were demonstrated. The p53 point
mutants p53(135Y), p53(249S), and p53(273H) showed
weaker interactions.105,112,123–125 p53 has also been reported
to interact with the products of the two major hereditary breast
cancer susceptibility genes, Brca1 and breast cancer-related
2 protein (Brca2 protein), which form stable complexes with
Rad51 in the nuclei of mitotic and meiotic cells.52,126,127 Brca1
serves as a molecular scaffold for the assembly of the HR
repair complex, Brca2 facilitates Rad51 filament assembly.128

Other DSB repair proteins reported to interact with p53 are
Rad54,112 RPA,129 and Bloom’s syndrome protein (Blm) and
Werner’s Syndrome Protein (Wrn), two helicases with
unwinding activities on Holliday junctions in vitro.130–132

Using recombination substrates that allowed to distinguish
between DSB repair mechanisms initiated by Rad51-depen-
dent strand invasion, that is mostly gene conversion, and
nonconservative events, that is mostly SSA, indicated an
interference of p53 with HR involving strand invasion.104,108

Linke et al.112 confirmed the dependence of p53’s antire-
combinogenic function on the Rad51 pathway when
applying expression plasmids for dominant-negative Rad51,
for mutant Rad51(186P), which cannot bind p53, and for

Figure 2 Separation of inhibitory functions in HR from transcriptional transactivation and cell cycle control. Accumulating evidence indicates a role of p53 in repressing
HR independently of its transcriptional activation (TA) and G1 cell cycle arrest (G1) functions. In these studies p53-dependent activities in TA, cell cycle control and HR
were monitored in the presence of wild-type (wt) or mutated TP53 or after expression of the human Mdm2 homologue human equivalent of mouse double minute 2
(Hdm2), which antagonises p53 TA functions. p53 originates from man or mouse (mu) as indicated. Beyond the cancer-related p53 mutants p53(143A), p53(175H),
p53(237I), p53(248Q), p53(248W), p53(273H), p53(273P), p53(281G), the temperature-sensitive mutants mup53(135V) and p53(138V), the alternatively spliced (AS)
form from mice, and variants with shortened C-terminus were analysed (p53(1–363), p53 (1–333)). Recent investigations with mutants carrying amino-acid exchanges in
the TA domain (p53(22Q, 23S)) and the RPA interaction domain (p53(48H, 49H), p53(53S, 54S)), respectively, provided final proof for separation of functions
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dominant-negative Rad54. As was suspected from the inter-
action of p53 with the highly conserved region within Rad51,
which is required for homo-oligomerisation of the Escherichia
coli homologue RecA, wild-type p53, but not p53(273H), was
observed to influence the formation of Rad51 polymers.
Biochemical investigations demonstrated that p53 inhibits
Rad51-mediated strand exchange in vitro.133 The results
suggested that wild-type but not mutant p53 may interfere with
Rad51 activities at two stages. First, via direct protein–protein
interactions p53 inhibits Rad51-ssDNA filament formation and,
therefore, hinders Rad51 from initiating strand exchange.
Second, p53 inhibits continued strand exchange, and, thus
counteracts branch migration promoted by Rad51. p53
mutants, p53(48H,49H) and p53(53S,54S), with amino-acid
exchanges which specifically abolished RPA binding, but not
transcriptional transactivation, failed to suppress HR in cell-
based recombination assays. This indicated that binding of
p53 to RPA is also necessary for HR repression.129 In a recent
report by Yun et al.,134 p53 was proposed to additionally affect
Rad51-independent, nonconservative DSB repair, although
further experiments are required to strengthen this interesting
finding. Mechanistically, it is not clear how p53 may regulate
SSA events, since colocalisation studies demonstrated inter-
actions of p53 with MRN-complexes, with Rad51, and with
Rad54, whereas no significant association was seen with
Rad52 which carries a central Rad51-independent role in SSA
in addition to its auxiliary function in HR.121

Taken together, cell-based recombination and protein
association studies provided strong evidence for a role of
p53 in Rad51-dependent HR. From the kinetics of the
interaction of p53 with HR proteins, it is likely to be involved
in the earliest steps of HR.121 HR is considered an error-free
DNA repair pathway, however, it can also produce genetic
instability upon up- or deregulation. First clues to the biological
meaning of this somewhat paradoxical activity of p53 directed
against a fairly safe DNA repair activity came from observa-
tions indicating that p53 preferentially represses HR between
certain mispaired DNA sequences.21 p53 was further dis-
covered to specifically recognise preformed heteroduplex
joints structurally resembling early recombination intermedi-
ates, particularly when comprising these mispairings.21,22,125

Already in 1996,23 the discovery of a 30–50 exonuclease
activity had raised the question, whether p53 is involved in
fidelity control mechanisms. Notably, p53 was then found to
exonucleolytically attack DNA particularly during Rad51-
mediated strand transfer and to exhibit a DNA substrate
preference for heteroduplex recombination intermediates
with a further enhancement of the exonucleolytic activity for
mispaired as compared to correctly paired heteroduplex
DNA.125 Emphasising the importance of p53 DNA interactions
in the regulation of strand exchange events, p53 was seen to
inhibit branch migration of Holliday junctions in the absence of
any recombinase as well as when promoted by the bacterial
RuvAB branch migration enzyme.135 Together with the
observed stabilisation of p53-DNA complexes after preas-
sembly of Rad51-nucleoproteins, all these data suggested
that the mechanism underlying HR inhibition by p53 involves
stable interactions with and proofreading of the heteroduplex
immediately after Rad51-mediated strand exchange (see
Figure 3).

In contrast to the MMR and HR regulatory protein Msh2,
which recognises G–T single base mispairings best, mis-
match recognition by p53 has a preference for A–G and C–C
mismatches.21,24,26,27,136 Strikingly, both Msh2 and p53 were
described to interact with Holliday junctions, to associate with
recombinative repair complexes containing factors like Rad51
and Rad50, to regulate Blm helicase, and to sense hetero-
logies between the substrates during HR.21,120,137–139 Sub-
ramanian and Griffith140 further demonstrated that binding
of p53 to Holliday junctions is stimulated by Msh2. These
observations have led to a model where p53 and Msh2 play
complementary or even synergistic roles in the fidelity control
of HR.

p53 mutant analyses revealed qualitative and quantitative
correlation between HR repression and related biochemical
activities. Thus, the integrity of the core domain is required for
HR repression, recognition of the junction DNA structure, and
exonuclease activity. p53 must be in the tetrameric form for
effective execution of HR repression and stable heteroduplex
DNA complex formation. As was similarly seen for sequence-
specific DNA binding, the C-terminal 30 amino acids of p53
negatively regulate heteroduplex joint binding and HR
repression, an effect which can be neutralised by concurrent
mismatch recognition, truncation, and post-translational
modification of serine 392.14,15,22,23,25,30,125,141 Notably,
residues 373–383 are critical for Blm and Wrn interactions,
but are dispensable for HR repression, which is why a major
role of these enzymes in the execution of the p53-dependent
antirecombinogenic effect is rather unlikely.30,109,132 More-
over, cell-based studies revealed a complementary rather
than an epistatic relationship for p53 and Blm in the
suppression of HR.105 On the other hand, p53 was reported
to counteract Holliday junction unwinding by Blm and Wrn in
vitro, and to inhibit Wrn exonuclease activity on forked duplex
DNA.132,142 Additionally, immunoprecipitation and immuno-
fluorescence microscopy data from Harris and co-workers105

showed that Blm, Rad51, and p53 phosphorylated on serine
15 (p53pSer15) interact during replication arrest and found
Blm to be necessary for efficient accumulation of p53 within
Rad51 foci at stalled replication forks. It is of interest that
p53 counteracts regression of replication forks promoted by
Rad51 to form a Holliday junction.133 In the next step, p53 also
inhibits branch migration of the Holliday junction, thus,
preventing reversal of regression to restart replication. Both
regression of replication forks and reversal of regression may
as well be executed by Blm or Wrn,105,143 and regulated by
p53 (see Figure 3). Therefore, the possibility remains that p53
cooperates with Blm and/or Wrn in recombination surveillance
particularly during replicational stress to protect stalled
replication forks from collapsing into a substrate for HR and
to destroy aberrant recombination intermediates.

From the colocalisation data of Restle et al.121 it is
conceivable that at later stages Blm–p53 interactions might
play an additional role in checkpoint signalling at persistently
stalled replication forks. This scenario is especially interest-
ing, since Blm also recruits 53Bp1 to replication fork lesions
and facilitates physical interaction between p53 and p53
binding protein 1 (53Bp1), a recruiting factor for Atm targeting
to DSBs.144,145 Blm–p53 interactions most likely promote
phosphorylation of p53 through Atm and Atr, which in turn may
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stabilise complexes with other DSB repair proteins like Rad51,
Rad54, and RPA. A recent study also showed that Blm itself
is required for optimal activation of Atm, the kinase which
regulates DSB repair proteins and induces checkpoint
signalling.145

Evidence for a Regulatory Role of p53 in
NHEJ

With respect to a possible involvement of p53 in NHEJ, results
that initially appeared contradictory were reported. Thus, two
groups observed an increase in rejoining of linearised plasmid
DNA in the presence of wild-type or temperature-sensitive
mutant p53.146,147 However, an inhibitory effect by p53
became apparent in five other studies applying reporter gene
reconstitution, integration, and in vitro end-joining as-
says,104,148–151 and with experimental results from Comet
assays, showing that after the exposure to IR DSB rejoining
increases with loss of wild-type p53 function.152 Inhibition of in
vitro end-joining was also observed with the oncogenic mutant
p53(175H), whereas the phosphorylation-mimicking mutant
p53(15D) failed to inhibit, thereby providing a first hint to a
possible role of Atm-mediated p53 phosphorylation in the
regulation of NHEJ.150 In an attempt to bring these contra-
dictory results together Akyüz et al.104 proposed that p53 may
particularly strongly inhibit microhomology-mediated NHEJ,

that is proofread NHEJ. Microhomology-mediated NHEJ as
compared to simple rejoining of compatible ends is generally
error-prone, as it involves gain or loss of nucleotides at the
break site. In support of this concept, both Lin et al.153 and
Dahm-Daphi et al.151 noticed that p53 inhibits microhomo-
logy-mediated NHEJ and from their data hypothesised that it
may even facilitate precise religation at a single cleavage site.

The NHEJ stimulatory effect observed by Tang et al.147

relied on the C-terminal reannealing activity of p53. Interest-
ingly, Selivanova and co-workers154 discovered that C-
terminal recognition of terminal ssDNA overhangs facilitates
simultaneous core domain binding, whereas interaction with
gaps is inhibitory to core domain binding. Therefore, in one
scenario p53 might stimulate error-free NHEJ by its ability to
efficiently bind protruding DNA ends and catalyse dsDNA
formation with complementary ssDNA, whereas unpaired gap
regions may even trigger p53 facilitated denaturation of this
type of non-B DNA structure, thereby resolving the error-
prone NHEJ DNA structure.155 Additionally, p53 interacts with
and may cooperate with helicases like Blm which inhibits
error-prone NHEJ.156 Thus, in view of a fidelity control
function of p53 in HR, it is conceivable that p53 plays a
similar role in NHEJ, either by mere recognition of hetero-
logies and abrogation of the process or by exonucleolytic
resolution of error-prone NHEJ structures, because p53
preferentially removes unpaired nucleotides at the 30-DNA
end.24,26,27,29 It will be one of the challenges of the future

Figure 3 Model for the regulation of HR at DSBs and stalled replication forks by p53. Biochemical and cell-based data indicate that p53 represses Rad51-dependent
HR, particularly when recognising mismatches after the formation of heteroduplex joints.21,22,112,133 Strand exchange is blocked by direct contacts with Rad51 and
intermediate DNA structures. DNA recombination intermediates are reversed by exonucleolytic processing. When encountering a DNA lesion, the replication fork stalls.
Spontaneous, Rad51- or Blm/Wrn-mediated replication fork regression will generate a so-called chicken foot structure, thereby shifting the lesion into a DNA duplex for
DNA repair. Regression of the replication fork will allow restart of replication. p53 recognises this Holliday junction-like structure and controls the generation and branch
migration of the replication fork as well as its resolution, to prevent error-prone DSB repair and to cause replication pausing until the DNA lesion is repaired133,135
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years to unveil the mechanistic basis of p53’s surveillance
function in NHEJ that significantly counteracts gross chromo-
somal rearrangements.

p53 Participates in Novel Recombination
Stimulatory Pathways

In sharp contrast to the sequence-independent HR repression
by p53, two recent SV40-based studies unveiled recombina-
tion stimulatory activities of p53 at distinct DNA elements. In
the first work,157 it was discovered that p53 upregulates
recombination at a fragment of the RARa breakpoint cluster
region, which comprises two perfect topoisomerase 1
recognition sequences. Treatment with the topoisomerase 1
inhibitor camptothecin indicated an epistatic relationship
between p53 and topoisomerase 1 with respect to recombina-
tion enhancement. This stimulatory activity was not restricted
to wild-type p53 but was similarly seen with mutant p53(138V)
with impaired transcriptional transactivation activities, which
suggested a direct role of p53 in HR stimulation. Previously,
wild-type and mutant p53 were shown to form stable
complexes with topoisomerase 1 and to enhance topoisome-
rase 1-mediated relaxation of supercoiled DNA.158,159 More-
over, Soe et al.160 noticed that p53 stimulates the formation
of a double cleavage complex with two topoisomerase 1
molecules encompassing a DNA lesion. After the introduction
of certain types of DNA lesions, such as caused by g-
irradiation, p53 may, therefore, maintain genomic stability by
promoting homology-based repair via this newly discovered
topoisomerase 1-dependent lesion excision mechanism and
subsequent recombinative gap repair. Damage-specific pro-
cessing via topoisomerase 1-p53 complexes might also
explain earlier in vivo data with X-ray treated mice showing
elevated recombination frequencies for TRP53þ /þ mice
compared with TRP53�/� mice.161

In the second work, HR stimulation was found upon
sequence-specific binding of wild-type p53 to the ribosomal
gene cluster repeat (RGC repeat).162 The consensus DNA-
binding defective mutant p53(138V) exhibited a significantly
reduced stimulatory effect, although p53(138V) is active in
sequence-independent HR repression and topoisomerase
1-mediated HR stimulation. Interestingly, the TGCCT repeat
present in the RGC has not been connected to transactivating
functions, rather to replication origins.163 Consistently, HR
increase was not seen with replication incompetent plasmid
substrates and correlated with a replicational delay of viral
genomes. Thus, different from the stimulatory mechanism
strictly involving topoisomerase 1, here, a delay of replication
fork progression is likely to promote replication-associated
recombination. From the DNA binding data of Brazdova
et al.164 it is conceivable that oligomeric p53, tightly bound to
the RGC repeat on supercoiled DNA, represents an obstacle
to replication fork progression, thereby triggering strand
exchange. Thus, although p53 inhibits recombination induced
by aphidicolin or hydroxyurea treatment,115,116 p53, when
sequence-specifically bound to DNA, stimulates recombina-
tion. One possible explanation for this apparently conflicting
role of p53 is that upon replication pausing in the absence of
DNA breakage p53 will not or only partially be relocalised from

the consensus binding to the recombination site. A stalled
replication fork alone may be insufficient to induce the
recombination inhibitory activity of p53, as was similarly
proposed for the induction of the SOS response in E. coli.114

In agreement with this idea, we noticed that p53 regained
recombination inhibitory activities at the RGC binding site
upon camptothecin-mediated DNA breakage. In analogy to
the role of the Fob1 protein in yeast, the biological meaning of
this newly discovered activity could be that p53 plays a role in
rDNA copy number adjustment and sequence homogenisa-
tion. Further analysis will be required to fully understand the
potential HR stimulatory role of p53 when sequence-specifi-
cally bound to nontransactivating DNA-elements.

Regulation of DNA Repair as a Potential
Tumour-suppressor Function?

Progression of mammalian cells to malignancy is a multistep
process that involves the sequential accumulation of muta-
tions in important regulatory genes. It is also generally agreed
upon that p53 represents a central factor for the maintenance
of genome stability, and, consequently, for the suppression of
cancer. Some of the reports in the literature indicate that
mechanisms alternative to growth and death control must
contribute to tumour suppression by p53. Thus, different from
TRP53 knockout mice, which die between 4 and 6 months,
usually due to lymphomas and sarcomas,165 mice nullizygous
for CDKN1A did not display increased cancer susceptibil-
ities.166 However, even the concept that p53-mediated
apoptosis in addition to the transcriptional upregulation of
cell–cycle regulatory genes prevents tumorigenesis turned
out to be incomplete. This was indicated by the absence
of tumour formation after treatment of mice with g-ray and
Pifithrin a, a compound which inactivates transcriptional
transactivating and proapoptotic functions of p53.167 More-
over, using a myc mouse model with or without concomitant
apoptosis disruption by BCL2 overexpression versus TRP53
knockout, Schmitt et al.168 noticed an intermediate overall
survival time for BCL2 overexpression. As Myc impairs
p53-mediated transactivation of CDKN1A,169 this outcome
suggested that among the plethora of tumour-suppressor
functions exhibited by p53, one function was still missing.
Notably, the authors also saw that during lymphomagenesis in
mice, apoptosis is the only p53 function that is selected
against. Different from transgenic mice harbouring a mutant
TRP53 gene which develop lymphomas and sarcomas,
female Li-Fraumeni patients with an inherited defect in the
TP53 gene are characterised by a predominance of breast
carcinomas.98,170 Therefore, different modifier genes involved
in cancer formation may be active in mice and man, and may
also cause differences concerning the importance of single
tumour-promoting activities of mutant p53. Consequently, we
propose that defective DNA repair activities due to mutations
in the TP53 gene underlie the high rate of chromosomal
aberrations associated with the Li-Fraumeni syndrome and
contribute to the formation of early onset neoplasms
and multiple primary tumours.

DNA repair defects such as in NER and BER may,
depending on the cell type, either compromise cellular survival
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or contribute to the enhanced carcinogenesis associated with
p53 loss of function when the cells can no longer be eliminated
by apoptosis due to the mutant TP53 status. Excision and
recombinative DNA repair are coordinated, because incom-
plete excision repair intermediates are shuttled into HR.80

Clearly, error-prone DSB repair increases the cancer risk,
as is illustrated best by the large number of breast cancer
susceptibility syndromes that are related to defects in HR
surveillance factors.171 Within the hierarchy of DSB repair
surveillance, Brca1 directs repair from NHEJ into the safer,
homology-based pathway, at the next step Brca2 promotes
nonmutagenic HR.93 Msh2 and p53 may then be responsible
for the identification and alignment of perfectly homologous
sequences to ensure error-free HR (see Figure 4). Indeed,
TP53 mutant as compared to wild-type cells not only display
elevated LOH frequencies but also an increased length of
exchange tracts, indicating reduced homology surveillance
functions.95 Moreover, two studies unveiled that p53 prefer-
entially represses recombination between sequences with
short homologies, that is with extensively divergent se-
quences.104,172 A threshhold of homology length for recombi-
nation in mammalian cells has been described, so that p53
may contribute to the barrier for recombination between
repetitive sequences in the genome.

The comparison of TRP53þ /� mouse fibroblasts to their
TRP53þ /þ counterparts showed that not only loss of but also
reduced dosage of p53 promotes HR.173 Thus, haploinsuffi-
ciency of TP53 for HR repression is a likely explanation for the
mutator phenotype in LFS cells that drives early tumour
formation even without complete TP53 loss. Different from the
loss-of-function phenotype, several studies, using an isogenic
set of human lymphoblastoid cells, indicated that aberrant
DSB repair processes occur more frequently in TP53 mutant

than TP53 null cells suggesting a gain-of-function for the
mutant proteins.95 The newly discovered recombination
stimulatory activity of p53 that may be connected to
topoisomerase 1-dependent excision repair is a good
candidate for this gain-of-function phenotype.157 Thus, failure
to suppress aberrant HR coupled to the remaining capacity
to stimulate DNA exchange via this topoisomerase 1 repair
pathway would be expected to generate a gain-of-function
phenotype in recombination, which also could explain the rise
in gene amplification observed with some mutant p53
proteins. Specific recruitment and differential modification of
the p53 molecule might coordinate the different repair-related
activities, as suggested by the tightly regulated interactions
of wild-type p53 with topoisomerase 1 in response to DNA
damage. In conclusion, we propose that wild-type p53
performs caretaker functions by global suppression of
mutagenic DNA exchange events as well as by stimulatory
interactions with topoisomerase 1 at specific DNA lesions.
The analyses of different cancer-related p53 mutations with
respect to the participation in recombination-inhibitory versus
-stimulatory pathways will be important in describing the
complexity of p53 activities during tumorigenesis.
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