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Abstract:    Tumor suppressor p53 is the most frequently mutated gene in human tumors. Meanwhile, under stress conditions, p53 
also acts as a transcription factor, regulating the expression of a series of target genes to maintain the integrity of genome. The 
target genes of p53 can be classified into genes regulating cell cycle arrest, genes involved in apoptosis, and genes inhibiting 
angiogenesis. p53 protein contains a transactivation domain, a sequence-specific DNA binding domain, a tetramerization domain, 
a non-specific DNA binding domain that recognizes damaged DNA, and a later identified proline-rich domain. Under stress, p53 
proteins accumulate and are activated through two mechanisms. One, involving ataxia telangiectasia-mutated protein (ATM), is 
that the interaction between p53 and its down-regulation factor murine double minute 2 (MDM2) decreases, leading to p53 
phosphorylation on Ser15, as determined by the post-translational mechanism; the other holds that p53 increases and is activated 
through the binding of ribosomal protein L26 (RPL26) or nucleolin to p53 mRNA 5′ untranslated region (UTR), regulating p53 
translation. Under hypoxia, p53 decreases transactivation and increases transrepression. The mutations outside the DNA binding 
domain of p53 also contribute to tumor progress, so further studies on p53 should also be focused on this direction. The subter-
ranean blind mole rat Spalax in Israel is a good model for hypoxia-adaptation. The p53 of Spalax mutated in residue 172 and 
residue 207 from arginine to lysine, conferring it the ability to survive hypoxic conditions. This model indicates that p53 acts as a 
master gene of diversity formation during evolution. 
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INTRODUCTION 
 
Tumor suppressor p53 is a transcription factor 

involved in maintaining genomic integrity by regu-
lating genes involved in cell cycle arrest, DNA repair, 
and programmed cell death, in response to various 
stress stimuli such as DNA damage and hypoxia 
(Asker et al., 1999). p53 protein was first discovered 
in 1979, during the study that simian virus 40 (SV40), 
a large T-antigen, was found able to bind to a protein 
of 53 000 Da to form a complex (Lane and Crawford, 
1979). p53 was defined as an oncogene until 1989 
when it was shown to be a tumor suppressor by Baker 
et al.(1989). p53 is the most frequently mutated gene 

in human cancers. Its functions as a transcription 
factor are crucial for tumor suppression (Miled et al., 
2005; Pietenpol et al., 1994), because p53 suppresses 
tumor progress mainly by inducing cell cycle arrest 
and apoptosis (Avivi et al., 2005). 

Dozens of genes have been identified as the 
targets of p53, which are classified into three groups: 
(1) down-stream mediators of p53-dependent cell 
cycle arrest, including p21 (WAF1), 14-3-3σ, 
GADD45 (growth arrest and DNA-damage inducible 
gene #45), and B99; (2) down-stream mediators of 
p53-dependent apoptosis, including p21(Bax), Fas/ 
APO1 (factor associated suicide/apoptosis-1), Killer/ 
DR5 (death receptor 5), PIGs (p53-induced genes), 
p85, PAG608 (p53-activated gene 608), and IGF-Bp3 
(insulin-like growth factor-binding protein #3); and 
(3) p53 targets that inhibit angiogenesis, including 
Tsp1 (thrombospondin 1), BAI1 (brain-specific an-
giogenesis inhibitor 1), and GD-AiF (glioma-derived 
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angiogenesis inhibitory factor). Another group of 
p53-upregulated targets has unknown functions, in-
cluding Cyclin G, GML (glycosyl phosphatidyl 
inositol (GPI)-anchored molecule-like protein), Wip1, 
EI24 (etoposide-induced #24), EF-1α (elongation 
factor-1α), HIC-1 (hypermethylated in cancer #1), 
and RTP/rit42 (reduced in tumor, 42 kDa) (el-Deiry, 
1998). 

Human p53 has 393 residues and 4 domains 
(Fig.1): (1) a transcriptional activation domain that 
contacts TAF (TATA-binding protein and associated 
factors) components of TFIID (transcription factor 
IID), residues 1~40 (Cho et al., 1994; Thut et al., 
1995); (2) a sequence-specific DNA binding domain, 
residues 120~290 (Cho et al., 1994; Bargonetti et al., 
1993); (3) a tetramerization domain, residues 
310~360, including the nuclear localization signal 
(NLS) region (Clore et al., 1995); and (4) a domain 
that recognizes and binds to damaged DNA non-  
specifically, residues 364~390 (Wang et al., 1993; 
Lee et al., 1995). A new fifth functional domain was 
identified, and is defined approximately by amino 
acids 61~94 (Walker and Levine, 1996). This region 
is rich in the amino acid proline (12/34 residues), 
contains five repeats of the amino acid sequence 
PXXP (P designating proline and X designating any 
amino acid), and plays an important role in efficient 
growth suppression (Walker and Levine, 1996).  

Since the p53 transcription factor regulates tran-
scription by sequence-specific DNA binding, the 
conventional p53 consensus binding site is composed 
of two copies of the 10-bp motif 5′-PuPuPuC 
(A/T)(T/A)GPyPyPy-3′, where Pu is G or A, Py is C 
or T (Miled et al., 2005; Avivi et al., 2005). 

 
 
CRYSTAL STRUCTURE OF p53 CORE DNA- 
BINDING DOMAIN 
 

p53 acts as a tumor repressor mainly by binding 
to its target genes to regulate their expression. Thus 
the structure of the p53 DNA-binding domain is  
 
 
 
 
 
 

critical for its function. The transcriptional activity of 
p53 is mediated by a tetrameric form of the protein 
that binds to DNA in a sequence-specific fashion to 
activate the transcription of target genes (Zhao et al., 
2001).  

The overall crystal structure of mouse p53 con-
tains three molecules of the core domain. The core 
domain forms a central region that adopts an immu-
noglobulin-like β sandwich architecture of two long 
twisted antiparallel β sheets of four (S1, S3, S8, and 
S5) and five (S10, S9, S4, S7, and S6) strands (Zhao 
et al., 2001). The overall computerized structure 
(http://swissmodel.expasy.org/workspace/index.php?
func=modelling_simple1&userid=USERID&token=
TOKEN) of the mouse p53 core domain based on the 
mouse p53 sequence (GenBank accession No. 
NM_011640) is shown in Fig.2.  

 
 

p53 ACTIVATION 
 
Generally, p53 is activated by stress through two 

mechanisms, one post-translational and the other 
before translation. 

 
Post-translational mechanism 

Under normal conditions, p53 is expressed at a 
low level, and has a short half-life. When cells are 
exposed to a stressful environment, p53 is activated 
and stabilized. 

p53 is activated in two ways, an N-terminal 
mechanism and a C-terminal mechanism (el-Deiry, 
1998; Waterman et al., 1998; Sakaguchi et al., 1998). 
The N-terminus of p53 ranging from residues 1 to 42 
is the transactivation region, including the site bind-
ing to murine double minute 2 (MDM2). The Mdm2 
gene is transcriptionally regulated by p53, and the 
product of the Mdm2 gene is a p53 binding protein. 
When MDM2 binds to the p53 N-terminus, p53 ac-
tivity is inhibited due to the obscuring of the transac-
tivation region. On the other hand, p53 is degraded 
through the ubiquitination pathway (Shieh et al., 1997;  
 

 
 
 
 
 Fig.1  Structural features of p53 protein 
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Woo et al., 1998; Canman et al., 1998). Proteins like 
ataxia telangiectasia-mutated protein (ATM) and 
DNA-dependent protein kinase (DNA-PK) can be 
activated under conditions of DNA damage, inducing 
p53 Ser15 phosphorylation, thus reducing the ability 
of p53 to bind to MDM2, stabilizing p53 protein, and 
increasing its activity (Canman et al., 1998; Banin et 
al., 1998). 

The C-terminus of p53 contains a tetrameriza-
tion domain (TD) and a nuclear localization signal 
(NLS). The tetramerization of p53 plays an important 
role in its DNA binding and prevents p53 from being 
transported out of the nucleus. NLS is involved in p53 
nuclear retention (Shaulsky et al., 1990; Stommel et 
al., 1999). The dephosphorylation of Ser376 induces 
p53 binding to a 14-3-3 protein, enhancing p53 DNA 
binding ability (Waterman et al., 1998). 

 
Mechanism before translation 

It is known that the presence of p53 in the cell is 
in synthesis/degradation balance. The increase of p53 
under stress is due to the inhibition of degradation, 
similar to some other transcription factors, such as 
hypoxia-inducible factor (HIF) (Nikinmaa and Rees, 
2005). Recent studies show that the accumulation of 
p53 under stress is not solely by the inhibition of p53 
degradation. Rather, two proteins, ribosomal protein 
L26 (RPL26) and nucleolin, increase p53 synthesis 
under stress (Takagi et al., 2005). The studies dem-
onstrated that both RPL26 and nucleolin bind to the 5′ 
untranslated region (UTR) of p53 mRNA. In normal 
cells, nucleolin binds to p53 mRNA 5′UTR, inhibit-
ing p53 translation, while in stressed cells, RPL26 
binds competitively to the 5′UTR, increasing the p53 

protein level. The increase is independent of Ser15 
phosphorylation induced by ATM, indicating that 
under stress RPL26 induces p53 translation directly to 
increase its protein level (Takagi et al., 2005). 
Through the two mechanisms, p53 can be accumu-
lated and activated efficiently under stress, preserving 
genomic integrity. 
 
 
p53 AND HYPOXIA 

 
Following DNA damage, p53 binds to DNA in a 

sequence-dependent manner to induce transcription 
that ultimately influences cell cycle arrest or apop-
tosis. The transcription needs the interaction between 
p53 and p300 (also called cAMP-response-element- 
binding protein (CREB) binding protein (CBP)), the 
transcription coactivator of p53. Besides transactiva-
tion, p53 also has the ability to induce transrepression 
of several genes, mainly through the interaction be-
tween p53 and the corepressor mSin3A (Murphy et 
al., 1999). 

Accumulating evidence shows that under hy-
poxia, p53 level increases without the induction of its 
target gene p21 (Koumenis et al., 2001; Hammond et 
al., 2006). In the human colorectal carcinoma RKO, 
in which expression of p21 is p53-dependent, when 
cells are exposed to a series of hypoxic environments 
(oxygen concentrations ranging from 20% to 0.2%), 
p53 increases (Koumenis et al., 2001). This increase 
is evident at an oxygen concentration of 0.2%. 
However, this increase in p53 does not increase p21 
protein level (Koumenis et al., 2001). Similar results 
were found in the human breast carcinoma MCF-7, 
suggesting that the inability of hypoxia-induced p53 
to induce p21 accumulation is not cell line specific 
(Koumenis et al., 2001). MDM2, another target of 
p53, binds to the N-terminus of p53 protein, inhibiting 
its transactivation and inducing proteolysis (Haupt et 
al., 1997; Kubbutat et al., 1997). Under hypoxia, 
MDM2 level decreases, and this may be related to the 
p53 increase under hypoxia. In the MCF-7 cell line, 
p53 mRNA does not increase after exposure to hy-
poxia, indicating that the increase of p53 level after 
hypoxia is through a post-transcriptional mechanism. 
Similar results were also found in experiments on 
cervical epithelial cells, suggesting that the mecha-
nism is not cell line specific (Koumenis et al., 2001). 
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Fig.2  The overall structure of the mouse p53 core domain
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Different from DNA damage, hypoxia fails to induce 
the acetylation of Lys382 of p53 and the association 
between p53 and p300, preventing p53 transactiva-
tion. Meanwhile, the ability of p53 to bind to mSin3A 
increases, enhancing p53 transrepression (Koumenis 
et al., 2001; Hammond et al., 2006). 

The decrease in p53 transactivation and increase 
in p53 transrepression under hypoxia is a strategy for 
the cell to adapt to hypoxia. Inducing a series of genes 
to synthesize new mRNA costs much energy, and 
thus consumes more oxygen. In cells under hypoxia, 
it is much easier for p53 to inhibit a series of genes’ 
expressions than to transactivate them. This is partly 
attributed to the transactivation of HIF, which re-
quires the presence of the transcriptional coactivator 
CBP/p300. HIF may attract CBP/p300 away from p53, 
inhibiting p53 transactivation under hypoxia. 

HIF was first discovered in cancer cells, playing 
roles in promoting vessel and blood formation and 
preventing cells from being damaged in the hypoxic 
environment of tumor tissues. HIF induces the ex-
pressions of vascular endothelial growth factor 
(VEGF) and erythropoietin (EPO), which promote 
angiogenesis and hemocytogenesis, respectively.  

During hypoxia, HIF-1α accumulates in cells, 
and when cells are reoxygenated, HIF-1α protein is 
rapidly degraded. The fluctuation of HIF-1α with the 
changes of reactive oxygen species (ROS) levels may 
attribute to the interaction between p53 and HIF-1α. 
Earlier studies demonstrated an indirect interaction 
between p53 and HIF-1α, probably through MDM2 
(Chen et al., 2003). However, a later study presented 
evidence of a direct interaction between p53 and 
HIF-1α (Fels and Koumenis, 2005; Hansson et al., 
2002; Sánchez-Puig et al., 2005). Two p53-binding 
sites have been identified within the oxygen-  
dependent degradation (ODD) domain of HIF-1α, 
suggesting that one HIF-1α interacts with one p53 
dimer. Under normoxia, both p53 and HIF-1α are low 
because of proteasome-mediated degradation. Mild or 
moderate hypoxia activates HIF-1-dependent angio-
genesis but is not stringent enough to induce p53 
accumulation. Under severe hypoxic or anoxic con-
ditions, p53 also accumulates and, when it reaches a 
threshold level, it binds to the ODD domain of 
HIF-1α (Fels and Koumenis, 2005; Sánchez-Puig et 
al., 2005). The binding of p53 inhibits HIF-1-  
dependent transactivation or facilitates MDM2-  

dependent degradation of the HIF-1α subunit (Fels 
and Koumenis, 2005; Sánchez-Puig et al., 2005). A 
recent study using Mdm2/p53 double knockout mouse 
embryonic fibroblasts (MEFs) and p53−/− MEFs in-
dicated that MDM2, either alone or in cooperation 
with p53, does not promote HIF-1α protein degrada-
tion during hypoxia (Nieminen et al., 2005). 

HIF-1 protein level increases under mild hy-
poxia, while p53 increases only in severe hypoxia 
(close to anoxia). The degree of hypoxia that induces 
p53 accumulation is also enough to facilitate the in-
hibition of duplication, which induces phosphoryla-
tion of p53 and other molecules involved in DNA 
repair and cell cycle regulation. The tolerance of p53 
to mild hypoxia and the induction of apoptosis under 
severe hypoxia play significant roles in the adaptation 
of cells and tissues to hypoxia. HIF functions to pro-
tect cells under mild hypoxia; under severe hypoxia 
such as in tumors, p53 is induced to promote apop-
tosis, inhibiting tumor progress and protecting the 
normal physiological functions of tissues and organs. 

p53 shows specificity in some hypoxia-adaptive 
animals. The Israeli blind subterranean mole rat 
Spalax has four allospecies. Spalax spends its entire 
life underground in subterranean burrows at decid-
edly low oxygen tension (Ashur-Fabian et al., 2004). 
Since its origin some 40 million years ago, Spalax has 
adopted multiple adaptations to the underground 
habitat. A series of genes relate to hypoxia change in 
their structure and function (Ashur-Fabian et al., 
2004). p53 in the four allospecies of Spalax has mu-
tated during evolution, substituting arginine (R) to 
lysine (K) in residue 172 (Arg174 in human) and 
residue 207 (Arg209 in human) (Ashur-Fabian et al., 
2004). The two sites, especially Arg174, are highly 
conserved during evolution. In the evolution of 
Spalax, p53 underwent a change that mimics the 
human tumor mutation (Ashur-Fabian et al., 2004). In 
Spalax p53, the mutation of Arg174 to Lys reduces its 
DNA binding due to reduction of dimer stability 
(Ashur-Fabian et al., 2004). The Spalax p53 favors 
cell cycle arrest rather than apoptosis targets, pre-
venting cells from damage induced by p53 under 
hypoxic conditions; arrest is beneficial to normal/ 
healthy individuals but harmful to individuals who 
suffer from tumor mutation. Thus we can speculate 
that, during evolution, Spalax adopted a strategy by 
which normal individuals survived under stressful 
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conditions (hypoxia) but in the cost of a high mortal-
ity rate of tumor-bearing individuals. Additionally, 
several animals living in hypoxic aquatic or muddy 
bottoms carry the R174K mutation of p53. These 
aquatic animals include Xenopus (African frog), 
Xiphophorus (tropical fish), Loligo forbesi (squid), 
and Mya arenaria (softshell clam). 

 
 

CLINICAL MUTATIONS OF p53 OUTSIDE THE 
DNA-BINDING DOMAIN  

 
p53 is the most frequently mutated gene in 

various cancers. The mutation of p53 in cancer occurs 
mainly within the highly-conserved DNA-binding 
domain, in which changes of amino acids may affect 
its DNA binding ability, hence decreasing the trans-
activation of p53 targets that induce cell cycle arrest 
or apoptosis. Until recently, little was understood 
about the mutation outside of the DNA-binding do-
main that also contributes to cancers.  

Recently, a family suffering from Li-Fraumeni 
syndrome (LFS) was found, bearing a mutation of 
p53 outside the DNA-binding domain (Gu et al., 
2001). In this syndrome, mutation was found in 
residues 108~111, where a change from Gly-Phe- 
Arg-Leu to Ile-Gln has occurred. The mutation lo-
calized within the region that is necessary for 
MDM2-mediated p53 degradation. Mutation in this 
region is also associated with an impaired response to 
DNA damage. In addition, p53 (LFS) mutant is de-
fective in its transactivation function, due to its pre-
dominantly cytoplasmic localization, probably caused 
by a faulty nuclear import mechanism. An Arg337His 
mutation was found in several adrenocortical tumor 
patients (Latronico et al., 2001). Two p53 mutants, 
Arg342Pro and Leu344Pro, are inactive in vitro; three 
mutants, Leu330His, Arg337Cys, and Arg337Leu, 
show no activity in vitro at low expression levels but 
become active at higher expression levels (Davison et 
al., 1998). p53 lacking parts of the oligomerization 
domain and NLS was found in SK-N-AS (human, 
bone marrow, neuroblastoma) cells. The protein is 
expressed largely in the cytoplasm and has lost its 
transactivation function (Nakamura et al., 2007). 
Thus, in clinical investigations, more attention should 
be paid to mutations outside the p53 DNA-binding 
domain, especially exons 9 and 10.  

Hypoxia is a stressful environmental condition 
harmful to many organisms. However, due to their 
adaptability, many special species live under different 
and unusual conditions. Adapting to hypoxia requires 
the species to change (mutation), and that is how the 
diversity occurs. The site of mutation in Spalax p53 
differentially changes the expression and function of 
a series of target genes, suggesting p53 as a master 
gene of diversity. The functional mutations of p53 
and the variations in expression contribute to a vast 
number of phenotype outcomes (Resnick and Inga, 
2003). This hypothesis leads to a new understanding 
of upstream transcription factor p53. 

 
 

CONCLUSION 
 
p53 is an important tumor suppressor and a 

transcription factor, inhibiting tumor progression by 
transcriptionally regulating many target genes. p53 is 
sensitive to stress and is activated under stress like 
DNA damage or irradiation. Meanwhile, p53 is also 
sensitive to hypoxia. The manner of expression and 
transactivation of p53 is different under hypoxia from 
other stresses, showing increase in protein level, re-
duction of transcriptional activity, and enhancement 
of transrepression, and promoting apoptosis. The 
manner of expression and activity of p53 under hy-
poxia corresponds to its induction of tumors when 
mutated, because in tumor tissues, the microenvi-
ronment is hypoxic. Thus, further studies on the un-
derstanding of the relationship between p53 and hy-
poxic adaptation will provide new strategies for 
cancer therapy. 
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