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The potential roles of p53 tumor suppressor in nucleotide
excision repair (NER) and base excision repair (BER)
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Abstract

The p53 tumor suppressor has long been en-
visaged to preserve genetic stability by the in-
duction of cell cycle checkpoints and apopto-
sis. More recently, p53 has been implicated to
play roles in DNA repair responses to genotoxic
stresses. UV-damage and the damage caused by
certain chemotherapeutics including cisplatin
and nitrogen mustards are known to be repaired
by the nucleotide excision repair (NER) pathway
which is reportedly regulated by p53 and its
downstream genes. There are evidences to sug-
gest that the base excision repair (BER) induced
by the base-damaging agent methyl methane-
sulfonate (MMS) is partially deficient in cells
lacking functional p53. This result suggests that
the activity of BER might be also dependent on
the p53 status. In this review, we discuss the
possibilities that p53 regulates BER as well as
NER; these are one of the most significant po-
tentials of p53 tumor suppressor for repairing
the vast majority of DNA damages that is in-
curred from various environmental stresses.
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Introduction

Genomic guardian, p53 tumor suppressor

p53 has been identified as a tumor suppressor protein
to protect cells from DNA damage. Over the past 10
years, p53 has been known to be activated by a wide
range of agents that induce genotoxic damages, such
as UV irradiation, chemical carcinogens, and oxidative
stress. Moreover, p53 activation was also induced by
non-genotoxic damage including hypoxia and onco-
gene activation (Pluquet and Hainaut, 2001). Ge-
nerally, the investigation of p53 activation and its re-
gulation has been focused on post-translational mo-
dification (Ryan et al., 2001) such as phosphorylation
(Meek, 1999), acetylation (Gu and Roeder, 1997) and
sumoylation (Gostissa et al., 1999; Rodriguez et al.,
1999). In addition, the regulation of p53 protein stabi-
lity was reported to be the essentials of p53 function
(Appella and Anderson, 2001; Brooks and Gu, 2003).
The other side, p53 activation by oxidative/reductive
(redox) modulation has been reported (Ueno et al.,
1999). The activation of p53 might be mediated by
the redox-sensitive interactions between redox fac-
tor-1 (Ref-1) and thioredoxin (TRX) (Gaiddon et al.,
1999; Seo et al., 2002c) (Figure 1).

Activated p53 is involved in maintaining stability of
the genome through the induction of various cellular
responses. In some cell types, p53 activation triggers
apoptosis (Choi et al., 2000; Lee et al., 2000), while
in other cell types, p53 protein displays a protective
function, attributable not only to the activation of cell
cycle checkpoints, but also to the enhancement of
DNA repair (Ko and Prives 1996; Giaccia and Kastan,
1998; Prives and Hall, 1999) (Figure 1). P53 has a
well known role as a sequence- specific transcription
factor that is able to mediate its downstream effector
genes. Indeed, Tokino and his college have suggested
that there might be more than 200 p53-regulated
genes in the human genome and already there have
been 57 tagged sequences, corresponding to p53
binding sites isolated from human genomic library
(Tonkino et al., 1994). The p21°*"™" gene product, for
instance, is one of the major mediators of p53-
mediated G1 cell cycle arrest by inhibiting the activity
of cyclin-CDK2 or the CDK4 complexes. On the other
hand, Bax, as the bcl2-homogous counterpart induces
apoptosis with its translocation from the cytosol to the
mitochondria. More recently, gadd45a, which has
been identified as one of p53-regulated genes and a
stress-inducible protein, has been reported to be
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Figure 1. Various roles of p53 tumor suppressor in response to
genotoxic stresses. p53 has been shown to be activated via
post-translational modification, regulation of protein stability, and redox
modulation. Activated p53 plays a role as a transcription factor for
stimulating a range of cellular responses. p53 induces apoptosis to
kill the damaged cells if the damage in cells is too extensive. On
the other hand, p53 enhances DNA repair and cell cycle arrest to
protect cells against DNA damages. These p53-mediated cellular
responses might provide a cancer preventive effect against various
environmental stresses.

involved in DNA repair as well as G,/M arrest, though
the detailed mechanisms still need to be discussed
(Smith et al., 2000; Jin et al., 2002) (Figure 1).

Despite a body of literature documenting the p53-
mediated cellular responses for maintaining genomic
stability under genotoxic conditions, there is not so
much knowledge concerning the DNA repair mecha-
nisms regulated by p53. Thus, this overview primarily
focuses on the roles of p53 tumor suppressor in DNA
repair, particularly nucleotide excision repair (NER)
and base excision repair (BER), in mammalian cells
against DNA damages. Our discussion on DNA repair
under p53 regulation would be helpful for under-
standing the novel feature of p53 for mediating a
protective response under mutagenic environmental
stresses.

Potential roles for p53 in NER and BER

The DNA repair system is crucial for the genomic
maintenance. Alterations in DNA structure, if left
unrepaired, cause mutation that enhances the risk of
cancer. Genomic instabilities are induced by the usual
metabolic processes as well as by exogenous factors
such as diet, life style, and environmental stresses
such as solar radiation. Indeed, DNA repair is one
of the major cellular responses to minimize genetic
alterations. Deficiency of DNA repair is now believed

to be a significant carcinogenic event. Among the
DNA repair pathways, nucleotide excision repair (NER)
is the primary process to remove bulky DNA adducts
such as UV-induced pyrimidine dimmers and poly-
cyclic aromatic hydrocarbone. This system comprises
one of the major DNA repair pathways in cells and
it provides a significant barrier against neoplasia,
mutagenesis, and cytotoxicity. In contrast, the base
excision repair pathway (BER) is believed to maintain
genomic integrity by correcting DNA base modifica-
tions. Base damages are frequently generated by
reactive oxygen species including superoxide, hydro-
xyl radical, and hydrogen peroxide, and these DNA
damages are corrected by BER (Lee et al., 2003).
Moreover, base alkylation damages from endogenous
alkylating agents (e.g. S-adenosylmethionine) and from
monofunctional alkylating agents (e.g., methyl methane-
sulfonate (MMS) and vinyl chloride) are also repaired
by BER. This DNA repair system is also responsible
for the repair of abasic sites, which may arise
spontaneously as a function of temperature fluctua-
tions or which may arise as intermediates in the DNA
repair process.

One similarity between NER and BER is that both
processes are carried out by multiprotein complexes
composed of approximately 20 proteins (Matsumoto
et al,, 1999). A second similarity is that incision is
required to occur on the damaged DNA strand, with
subsequent re-synthesis of the correct sequence in-
formation by using the complementary strand as a
template. The repair patch size differs, however, in
that the BER repair patch is 1-6 bases in length,
while NER produces repair patches approximately 30
bases in length (Friedberg et al., 1995). The multi-
protein complexes that carry out BER and NER differ
for most of the subunits, even though a few proteins
such as proliferating cell nuclear antigen (PCNA) and
XP-G (the product of the xeroderma pigmentosum
complementation group G gene) are found in both
BER and NER repairosome complexes (Matsumoto et
al., 1999). Both repairosome complexes contain a
DNA polymerase with which to conduct repair syn-
thesis, DNA polymerases ¢ and & for NER, and DNA
polymerase [ for BER (Stucki et al., 1998).

The DNA excision repair genes that have been
suggested to be regulated by p53 are Gadd45a,
p48-XPE, and DNA polymerase. Gadd45a has been
suggested to play a role in binding to UV-damaged
chromatin and it also affects accessibility to the sites
of DNA damages (Smith et al., 2000). Gadd45 protein
is known to interact with proliferating cell nuclear
antigen (PCNA), core histones, and p21. In addition,
reduced repair of UV-damaged DNA was observed in
gadd45-deficeint cells (Smith et al., 2000). Recent
studies using gadd45-null cells have shown the in-
crease of multiple chromosome abnormalities and ra-
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Figure 2. Potential roles for p53 in DNA excision repair. p53 plays a significant roles in NER as a transcriptional
factor for the regulation of gadd45 and p48-XpE (Smith et al., 2000), resulting in the enhancement of the
repair of carcinogen-induced DNA damages caused by agents such as UV and benzopyrene. p53 also affects
the sensitivity to DNA-damaging chemotherapeutic agents including cisplatin and nitrogen mustards (Fan et
al, 1995). In addition to NER, p53 regulates the BER response to base-damaging agents. The evidence so
far implies that p53 protein might interact with DNA polymerase beta, which is required for BER (Zhou et

al., 2001).

diation carcinogenesis, suggesting that gadd45 contri-
butes to maintenance of genomic stability. p48-XPE
(xeroderma pigmentosum group E), is a component
of NER protein complex, and it is involved in the
process of binding to UV-damaged DNA as the small
subunit of the heterodimeric damage-specific DNA
binding protein (DDB) (Hwang et al., 1999). As unique
clinical and cellular phenotype among the eight known
XP groups, XP-E patients suffer from skin cancers
without displaying the typical xerosis. In addition, cell
strains from XP-E patients are abnormally sensitive to
UV treatment (Itoh et al., 2000). DNA polymerase 3
(B-pol), one of major factors in BER protein complex,
participates in filling in the incised repair patch,
following incision of the damaged strand 5 of AP site.
This B-pol enzyme also contributes to removing the
overhang created by the displaced strand (Wilson and
Kunkel, 2000). Indeed, mice lacking the B-pol gene
exhibit a BER-deficient phenotype and mouse embryo-
nic fibroblasts (MEFs) derived from B-pol-null mice
showed sensitivity to a typical DNA base-damaging
agent MMS (Wilson and Kunkel, 2000).

In the case of NER, p53 affects DNA repair th-
rough the transcriptional activation of downstream
effector genes such as gadd45a (Smith et al., 2000)
and p48-XPE (Hwang et al, 1999) (Figure 2). The
possibility of p53-dependent DNA repair in vivo has
been supported by the observations that p53 in-
creased global genomic repair, but not the transcrip-
tion-coupled repair (NER; Hwang et al, 1999). A
direct role for p53 in NER has been implied, but this
has been difficult to demonstrate. Specifically, the

addition of recombinant p53 protein in vitro did not
enhance NER (Leveillard et al., 1996).

On the contrary, in the case of BER, several re-
ports have suggested the role for the p53 protein
itself. The addition of recombinant p53 did stimulate
DNA repair in cells (Offer et al., 2001). Specifically,
B-pol repair synthesis in vitro was increased by p53
recombinant protein, suggesting the direct interaction
of p53 and B-pol (Zhou et al, 2001) or the direct roles
of p53 protein in BER pathways. These results sup-
port our previous data showing the alteration of B-pol
protein expression in p53-deficient cells (Seo et al.,
2002b). Interestingly, p53 has also been shown to
interact with APE (Jayaraman et al., 1997). These
reports suggest that p53 may play a direct role in
BER through protein-protein interaction among p53
and BER proteins (B-pol, APE) (Figure 2).

Implications for carcinogenesis and
chemotherapeutics

The importance of p53 for safeguarding genetic infor-
mation has long been recognized with the formal
proof being in the form of p53-null mice that exhibited
genetic instability and enhanced rates of carcino-
genesis (Donehower et al., 1992), and this is consis-
tent with the idea of p53 having a ‘tumor suppressor’
function. In exploring the downstream genes that con-
tribute to this important phenotype, mice lacking
p21"MP" genes were generated. The mice exhibited
the degradation of cell cycles, as predicted with the
loss of cyclin-dependent kinase inhibitor, but the
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instability of genome was not observed (Deng et al.,
1995). There has also been tremendous attention
given to p53-mediated apoptosis, an important cellular
response that is most predominate in lymphoid cells
(Fan et al., 1994). The p53-regulated bax gene is an
important mediator of apoptosis, but mice lacking bax
gene did not exhibit genomic instability (Knudson et
al., 1995). One could conclude that more than one
p53-regulated gene contributes to a condition of geno-
mic instability and a cancer-prone phenotype, which
would not be recapitulated by single gene knockouts.
Indeed, our group suggests the possibility that DNA
repair deficiencies such as the BER defects would be
found to contribute, to a large degree to the enhanced
carcinogenesis associated with p53 loss (Hollander et
al., 2001; Seo et al., 2002b).

It was predicted that many of cancer chemothe-
rapeutic drugs are DNA-damaging agents that involve
a p53-regulated component for the repairing of their
respective damages (Hawkins et al,, 1996). Fan et al
showed that p53-defective breast cancer cells were
preferentially sensitive to nitrogen mustards (Fan et
al., 1995). More recently, we have obtained evidence
of enhanced sensitivity to oxaliplatin and thio-TEPA
(N, N’, N’-triethylene phosphoramide; Seo et al,
2002a). The recent findings showing the sensitivity of
p53 defective cells to the base-damaging agent MMS
(Lackinger and Kaina, 2001; Seo et al., 2002b),
suggest that certain p53-deficient cancers may be
preferentially sensitive to chemotherapeutic base-da-
maging agents e.g. cyclophosphamide, that is re-
paired by BER. However, as has been noted by other
authors, there have been surprisingly few studies on
the role of p53 in response to DNA-damaging che-
motherapeutic agents for the treatment of epithelial
cancers that are not intrinsically prone to undergo
apoptosis (Brown and Wouters, 1999).

Concluding remarks

In this review, we suggested an emerging role of p53
for DNA repair as a protective response to genotoxic
stresses. Particularly, we focused on base excision
repair (BER) as well as nucleotide excision repair
(NER) for eliminating mutagenic and carcinogenic
risks. Indeed, the elimination of damaged cells by
apoptosis is probably the important mechanism of
cancer prevention and chemotherapies. However, it is
not feasible that apoptosis induction by itself is able
to remove all the mutagenic risk incurred under gen-
otoxic stresses, and thus the capacity of DNA repair
might be another key determinant of the predis-
position for cancer. Therefore, further studies of the
DNA repair pathways and their regulation by p53 are
clearly warranted, and the future results are likely to
yield a wealth of biologically and therapeutically-
relevant findings.
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