
Perhaps no other protein has been studied so thor�

oughly during the last few years as p53. More than 40,000

papers have been published on p53 during the quarter of

the century since its discovery, and the number of studies

continues to grow steadily. Such interest in p53 is due pri�

marily to the key role that this protein plays in the pre�

vention of cancer, the disease most feared by humankind.

The elucidation of the mechanisms related to functions of

p53 has proceeded in parallel with the uncovering of basic

mechanisms underlying intracellular signal transduction,

genome reparation, regulation of cell divisions and cell

death, coordinate balancing of metabolic processes, and

regulation of cell�to�cell communications. Quite surpris�

ingly, p53 functions were found to be tightly related to

each of the listed processes, and the connections

occurred at many levels, forming an integral regulatory

network. p53 was found to be not only capable of recog�

nizing certain deviations and errors that occur in the cell,

but of responding very discriminately depending on the

degree of the deviation, which either assists the correction

of the affected processes, or defines further fate of the

cell. Some functions of p53 in the organism are similar to

those of a conductor of an orchestra, although the other

functions resemble those of a judge: p53 supervises prop�

er execution of evolutionary programs and controls prop�

er pace and modes; it can also define fate of cells in the

organism.

While playing its control function, p53 is not

required for the execution of processes: it intervenes only

in cases of dangerous deviations from optimum.

Likewise, p53 is not required for normal differentiation

and development of the organism: the phenotype of p53�

knockout mice is almost indistinguishable from that of

the wild�type mice. The biological role of p53 is to ensure

genome stability and genetic identity of cells in the mul�

ticellular organism. Acknowledging its important role in

the organism, p53 is often described metaphorically,

either as the guardian of the genome [1], or the guardian

angel [2], or the gene of cell’s conscience [3], and mutant
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Abstract—The p53 tumor suppressor plays a pivotal role in multicellular organism by enforcing benefits of the organism over

those of an individual cell. The task of p53 is to control the integrity and correctness of all processes in each individual cell

and in the organism as a whole. Information about the state of ongoing events in the cell is gathered through multiple sig�

naling pathways that convey signals modifying activities of p53. Changes in the activities depend on the character of dam�

ages or deviations from optimum in processes, and the activity of p53 changes depending on the degree of the aberration,

which results in either stimulation of repair processes and protective mechanisms, or the cessation of further cell divisions

and the induction of programmed cell death. The strategy of p53 ensures genetic identity of cells and prevents the selection

of abnormal cells. By accomplishing these strategic tasks, p53 may use a wide spectrum of activities, such as its ability to

function as a transcription factor, by inducing or repressing different genes, or as an enzyme, by acting as an exonuclease

during DNA reparation, or as an adaptor or a regulatory protein, intervening into functions of numerous signaling pathways.

Loss of function of the p53 gene occurs in virtually every case of cancer, and deficiency in p53 is an unavoidable prerequi�

site to the development of malignancies. The functions of p53 play substantial roles in many other pathologies as well as in

the aging process. This review is focused on strategies of the p53 gene, demonstrating individual mechanisms underlying its

functions.
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p53 was compared to a fallen angel [4]. The definitions

reflect the important role of p53 in preventing diseases

and the dramatic events that follow the loss of p53 func�

tions. Functions of p53 exclude extremes in physiological

processes and thus prevent the development of patholo�

gies. Functional insufficiency in p53 unavoidably leads to

the development of serious diseases. On the other hand,

many pathological processes are accompanied by hyper�

active p53, which by itself can complicate the outcome of

diseases. In addition to cancer, the deregulated activities

of p53 are involved not only in malignant diseases: they

also accompany cardiovascular, neurodegenerative,

infectious and metabolic diseases, as well as participate in

the processes of aging.

The task of this review is to discuss the significance

of multiple functions of p53 and their influence on differ�

ent pathways and processes in the cell. We would like to

discuss apparently opposing strategies p53 takes in ensur�

ing genetic stability and maintaining overall homeostasis,

which play decisive roles in protecting health. We do not

touch a rather diverse array of processes that lead to defi�

ciency of p53�dependent mechanisms in cancer, as well

as the issues related to potential significance of p53�

dependent mechanisms for cancer therapy. These topics

have been discussed in detail in our recent review [5].

A HISTORICAL OVERVIEW

The view considering a breakdown in the genes con�

trolling cell divisions as a major cause of cancer became

widely accepted in the second half of the XX century [6].

Studies on viral carcinogenesis formed a concept describ�

ing oncogenes as mutant regulatory genes that induce

malignant transformation [7]. By the early 1970s the tech�

nologies for studying molecular functions of genes had

been developed, which boosted studies of the mechanisms

of cell transformation by viral oncogenes. The small DNA

tumor virus SV40 became a popular object for studying

transformation in cultured rodent cells. Particularly

promising were the studies of the SV40�encoded large�T

antigen, as it was found to be the single gene that is neces�

sary and sufficient for cell transformation [8].

In 1979, several reports described a cellular protein

with apparent molecular weight of 53 kD that was able to

form a tight complex with SV40 large�T antigen in trans�

formed mouse cells [9�12]. Initially the protein was

named a cellular T�antigen. The protein was considered

as the potential critical target for SV40 large�T antigen,

which is capable of mediating its transforming effects. In

independent studies, the protein was found to accumulate

in a variety of cell types transformed by other agents, as

well as in cancer cells derived from human tumors [13]. In

sera from cancer patients, antibodies reacting with cellu�

lar T�antigen (which soon was named p53) were fre�

quently found, suggesting the involvement of the protein

in human carcinogenesis [14]. The data suggested that,

being a tumor antigen, p53 represents a frequent marker

of tumor cells. The first hint on a possible function of p53

was obtained when microinjection into cultured cells of

antibodies to p53 was found to cause a delay in the

entrance to the S�phase of the cell cycle [15]. The finding

suggested a role of p53 in regulation of cell divisions,

which further boosted interest in this protein.

Successful molecular cloning of cDNA to p53 [16,

17], and then of the gene itself [18, 19], laid the founda�

tion for modern studies at the molecular genetics level. By

introduction into cells of recombinant expressor con�

structs, it was found that p53 can cooperate with onco�

genic Ras in malignant transformation, and when intro�

duced into primary rodent cells it can increase the num�

ber of cell divisions and even immortalize cells in culture

[20�22]. It was found that the oncogenic properties of p53

can be significantly activated by the introduction of arti�

ficial mutations into different positions of the protein�

coding region of p53 [23]. These findings added p53 to

the list of potential oncogenes, while the frequent accu�

mulation of p53 in human tumors suggested an involve�

ment of altered (oncogenic?) p53 in cancer.

In 1989, however, the results were reconsidered with

the realization that most of the initially cloned p53

cDNAs contained point mutations. Apparently, the

observed oncogenic properties of p53 corresponded to

mutant forms of p53 [24]. In fact, when p53 cDNA iso�

lated from normal cells was expressed the oncogenic

effects were not observed, and quite opposite, the expres�

sion resulted in the suppression of cell divisions in cell

culture [25�27]. In human tumors frequently observed

point mutations in one allele of the p53 gene coincided

with deletions of the region containing the second allele

[28]. This indicated that in human tumors the p53 gene is

a frequent target for inactivation and suggested that the

p53 gene is in fact a tumor suppressor gene, rather than an

oncogene [29].

Confirming the anti�oncogene nature of p53 were

the phenotypes of mice carrying experimental deletions

of the p53 gene. Quite surprisingly, it was found that the

newborn mice carrying homozygous deletion of the entire

p53 gene display no apparent phenotypic differences

compared to the wild�type mice. The p53 knockout mice

develop normally with no apparent abnormalities until

the age of 2�3 months, when an increased rate of malig�

nant diseases becomes evident. By the age of 9 months,

almost all homozygous p53 knockout mice die of malig�

nant diseases, which are mostly thymic lymphomas [30].

Cultured embryonic fibroblasts obtained from the p53�

knockout mice display tremendous chromosome instabil�

ity, leading to preponderance of the polyploid and aneu�

ploid cells after only few divisions in cell culture [31, 32].

The hasty accumulation of aneuploid cells continues

through the lifetime of mice, being one of the causes of

frequent lymphomas.



VERSATILE FUNCTIONS OF p53 PROTEIN 1401

BIOCHEMISTRY  (Moscow)   Vol.  72   No.  13   2007

THE FUNCTIONS OF p53 ENSURE

ALTRUISTIC BEHAVIOR OF CELLS

IN THE MULTICELLULAR ORGANISM

Since the early 1990s, a number of mechanisms by

which p53 lowers probability of malignant diseases have

been discovered. The p53 protein is capable of several dif�

ferent functions, which collectively enforce the benefits

of the whole organism through making sacrifice of indi�

vidual cells. The p53 functions develop in evolution only

in multicellular organisms. Owing to activities of p53 the

cells in a multicellular organism display altruistic behav�

ior: damaged or weak cells choose to commit suicide

rather than to enter competition with their healthy coun�

terparts. The prohibited intercellular competition would

result in restricted selection of genetic variants that

demonstrate certain growth or viability advantages under

particular conditions. Thus, the function of p53 ensures

genetic stability and genetic uniformity of somatic cells.

To succeed in this major task p53 uses several alter�

native strategies. It is monitoring the integrity of individ�

ual structures as well as supervising the proper execution

of various processes within the cell. Apparently, to prevent

the formation of genetically altered progeny the cell

needs to either intensify repair processes, or it must per�

ish. The p53 dependent control mechanisms define the

legitimate limits for deviation from optimum and the

legitimate tolerable levels of exposure to external and

internal stresses. Thus, p53 carries an important prophy�

lactic function by preventing damages inflicted by harm�

ful influences. Any cell that came under exposure to unfa�

vorable conditions or received damages either needs to

intensify the repair processes, or it needs to stop the divi�

sions or even die. The cell’s fate depends on the level and

activity of p53, which in turn depends on the character

and the intensity of the influence, as well as on the tissue�

specific tuning of mechanisms controlling the activity of

p53. In addition, the activity of p53 controls fine tuning

of the balance in glycolytic and aerobic metabolism, the

activity of antioxidant systems, and overall economy of

energy expense under conditions of scarcity. Owing to

activity of p53 there is constant scanning, monitoring,

and assessing of virtually all processes within the cells,

and the p53 itself is acting similar to an “Executor of

God’s Will” within the cell, that enforces the priority of

interests of the organism over needs of an individual cell.

How does p53 manage to play such complex func�

tions? Apparently, p53 does its job through interacting

with multiple components of a common regulatory sys�

tem, while playing the role of its master element. The sys�

tem includes a complex and branching sensor compo�

nent, which gathers information about the state of differ�

ent structures, conditions, and processes within the cell.

The integrated information is then adapted into retuning

of the systems that modify functional state of p53. In con�

cordance with the changed activity, p53 influences the

effector components of the system, which determine the

resulting effects and responses. However, the p53�mediat�

ed effects depend substantially on the type of a cell, or on

the tissue�specific context.

While being subject to complex regulation, the activ�

ities of p53 are quite diverse. The most studied one is the

transcriptional activity of p53. The structure of the p53

protein molecule has domain composition typical for

transcription factors. The domains are responsible for the

recognition and binding to specific DNA elements and

interaction with components of the transcriptional

machinery and transcriptional activation. By binding to

regulatory regions, p53 can either activate some genes, or

repress transcription of others. The majority of the effects

produced by p53 result from the combined action of the

genes that p53 is controlling. However, there is a distinc�

tive tissue�specific signature in responses to activated

p53, which is the result of the unique combination of ini�

tial levels and magnitudes of changes in individual p53�

regulated genes in different cell types.

The transcriptional function is not the only activity

of p53. Several transcription�independent functions of

p53 have been described, such as its proapoptotic effect

produced through direct translocation into mitochon�

dria, its direct involvement in DNA damage recognition

and repair, etc. The functional consequences of all these

diverse activities of p53 fit into the common strategy of

p53, which is the enforcement of genetic stability.

Therefore, p53 achieves its strategic goals by all available

means. It not only plays a dispatching and supervising

role, but in certain instances it acts as a direct performer

of rather particular and local tasks.

REGULATION OF ACTIVITY OF p53

Until quite recently the dominant view was that in

normal cells, which are not subjected to various stresses,

there is no or minimal activity of p53. The p53 gene is

transcribed constitutively, and the mRNA is translated to

p53 protein. However, the p53 protein is notoriously

unstable, which is due to changeable degradation process

that occurs in ubiquitin�dependent and ubiquitin�inde�

pendent systems of 20S and 26S proteasomes [33, 34]

(Fig. 1).

Degradation of p53 in 26S proteasomes is initiated

by a set of E3�type ubiquitin ligases. The most studied of

the E3 ligases is Mdm2, which is the product of a p53�

activated gene [35�37]. The resulting increase of p53

activity leads to upregulation of Mdm2, and respectively,

to accelerated degradation of p53 in 26S proteasomes.

Therefore, the Mdm2 and p53 proteins form an autoreg�

ulatory feedback loop, which controls the activities of

p53. Some other E3 ubiquitin ligases (Cop1, Pirh2, ARF�

BP/MULE, CHIP) have been recently found to be con�

nected to regulation the of p53 levels [38�41]. Similarly to
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Mdm2, the ubiquitin ligases Cop1 and Pirh2 are tran�

scriptional targets of p53, thus being subject to mutual

feedback effects. Obviously, the degradation of p53 is sub�

ject to complex regulation that is not yet studied in detail.

p53 can be also degraded by a ubiquitin�independent

mechanism in 20S proteasomes [42]. This pathway for

rapid protein turnover is characteristic for proteins that

possess distinct unstructured regions; it is also used for

rapid degradation of denatured proteins [43]. Masking of

unstructured regions during the formation of certain pro�

tein–protein complexes can assist in stabilizing otherwise

unstable proteins [34]. The protein molecule of p53 has

unstructured regions in the N� and C�terminal parts,

which drives its degradation in the 20S proteasomes. The

entry of unstructured proteins into the 20S proteasomes is

regulated by the NAD(P)H�dependent quinine oxidore�

ductase NQO1. In the presence of NADH the NQO1

binds to such proteins and prevents their degradation in

the 20S proteasomes [34]. Various stresses that lead to

DNA damage are able to increase the binding of NQO1

to p53, leading to its accumulation [42].

Degradation of p53 through the interaction with the

ubiquitin ligase Mdm2 remains the most studied and,

perhaps, the most important mechanism for regulation of

its activity. The interaction of p53 with Mdm2 is subject

to a fine regulation by a variety of mechanisms [44].

While some of the mechanisms are connected to regula�

tion of Mdm2, others aim modifications in its target—the

p53 itself [45].

An important player that regulates the activity of

Mdm2 is the closely related protein MdmX. This protein

has very similar composition [46], although unlike Mdm2

it does not have the E3 ubiquitin ligase activity [47]. The

MdmX protein binds to the N�terminal region of p53,

suppresses its transcription activity [48], but does not

induce its degradation. In addition, MdmX can oligomer�

ize with Mdm2 [49, 50], which leads to stabilization of

Mdm2 [51] and accelerated degradation of MdmX [52].

Therefore, changes in the proportion of these two pro�

teins can lead to fine regulation of levels and activity of

p53.

The complex formation of p53 with Mdm2 and

MdmX proteins is also a regulated process. Certain ribo�

somal proteins (L5, L11, and L23) bind to Mdm2, inhib�

it its activity toward p53 [53�55], and stimulate degrada�

tion of MdmX [56]. This mechanism is responsible for the

activation of p53 under certain conditions that are char�

acterized as ribosomal stresses [57, 58].

The activity of Mdm2 can be modified as a result of

its binding to the transcription activator protein

p300/CBP, leading to a switch in the ability of Mdm2 to

conduct mono�ubiquitinylation of p53 toward preferen�

tial poly�ubiquitinylation [59], which is required for

recognition and degradation of p53 in the 26S protea�

somes [60]. Transcription factor YY1 [61, 62] and tran�

scription repressor KAP1 [63] can also assist in degrada�

tion of p53, as their binding to Mdm2 stabilizes the com�

plex of the latter with p53. Degradation of p53 can also be

stimulated by binding of Mdm2 to gankyrin, which is

capable of interacting with ATPase S6 of proteasomes

[64].

Similar to p53, the MDM2 protein can also be

degraded in the 26S proteasomes, although this process

can be regulated by specific de�ubiquitinylating enzymes.

One of such enzymes, the HAUSP protein, is able to

remove the ubiquitin moieties from Mdm2 [65]. Another

protein Daxx can form complexes with Mdm2 and

HAUSP and prevent self�ubiquitinylation of Mdm2 [66],

leading to its stabilization [67] and accelerated degrada�

tion of p53. In addition, HAUSP can remove ubiquitin

from p53 itself leading to its stabilization [68]. By induc�

ing opposite effects within the p53 degrading system, the

HAUSP protein can mediate fine and discriminative reg�

ulation of p53 activity.

An important regulator of the Mdm2�dependent

degradation of p53 is p14ARF (or ARF [69]), the product

of an alternative reading frame of the CDKN2A gene that

in addition encodes the CDKs inhibitor p16. ARF is a

very basic protein that contains 20% arginine and no

lysine residues. In the unbound state ARF is poorly struc�

tured, although it tends to form complexes with other

proteins that neutralize the positive charge. ARF has

tumor suppressor activity, and its absence leads to a phe�

notype that resembles deficiency of p53 [70]. One of the

binding partners of ARF is the Mdm2 protein. By binding

to Mdm2, ARF inhibits its ubiquitin ligase activity, lead�

ing to p53 stabilization and the induction of apoptosis

[71�73].

Transcription of the ARF gene is subject to positive

and negative regulation by complexes that contain tran�

scription factor E2F1 [74, 75], which in turn is regulated

Fig. 1. Regulation of degradation of p53 protein in proteasomes.
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by pRB. In normal tissues, the transcription level of ARF

is low. However, upon oncogenic activation or sustained

stimulation of proliferation, the ARF gene is activated at

the transcription level. The accumulated ARF protein

blocks Mdm2 and induces p53, which increases sensitiv�

ity of cells to apoptosis [76].

ARF can also block the other E3 ligase ARF�BP (or

MULE), which also participates in degradation of p53.

However, in addition to p53 the E3 ligase ARF�BP is

involved in degradation of some other proteins, including

a proapoptotic protein Mcl1 [77]. Therefore, the ARF

protein serves as regulator and activator of several different

systems that potentially prevent genetic lesions and protect

an organism from the development of pathologies [41].

ARF is not the only factor that mediates upregula�

tion of p53 in response to oncogene activation. Recently

a quinine oxidoreductase Seladin�1, which is known as

one of the key enzymes in cholesterol biosynthesis [78],

was found to be able to displace p53 from its complex with

Mdm2 in response to oxidative stress and oncogene acti�

vation [79]. Therefore, there exists a large network of fac�

tors that interact with each other and determine the rate

of ubiquitinylation and degradation of p53.

In addition to changes in the systems that regulate

levels of p53, important roles are played by various modi�

fications of the p53 molecule, which not only change

quantity, but also the quality and character of p53. The

modifications include phosphorylation, acetylation,

methylation, and covalent attachment of ubiquitin and

ubiquitin�like proteins SUMO and NEDD8.

An additional level of complexity relates to a recent�

ly discovered array of different alternatively�spliced prod�

ucts of the p53 gene [80], and an additional N�terminal�

ly�truncated protein isoforms that originate from the

internal initiation of translation [81, 82]. The significance

of multiple isoforms of p53 is yet to be determined.

The active molecule of the p53 protein (at least the

one that functions as a transcription factor) exists as a

homo�tetramer [83]. The monomeric subunit of p53 has

characteristic domain organization (Fig. 2). The N�ter�

minal region (amino acids 1�73) contains a multipartite

transcription activation (TA) domain and an adjacent

(amino acids 63�97) proline�rich SH3 domain. The

region responsible for the recognition and binding to the

specific elements in the DNA is localized in the central

third of the protein molecule (amino acids 94�312). This

region is the target for the majority of oncogenic point

mutations within the p53 gene. The oligomerization

domain is localized closer to the C�terminus (amino acids

325�355), proximal to the basic and unstructured C�ter�

minal domain (amino acids 360�393) that plays an

important role in the regulation of p53 activity [84].

Covalent modifications in the p53 protein are intro�

duced by a variety of enzyme systems in response to dif�

ferent influences. The modifications change the func�

tional portrait of p53, which mediates adequate respons�

es to changing conditions. More than 20 different amino

acid residues in the p53 molecule are known to be accep�

tors for covalent modification [85]. The sites of modifica�

tion cluster within the N� and C�terminal regions of p53.

Modifications within the N�terminal region of p53 (such

as phosphorylation of Ser15, Ser20, and Thr18) can

interfere with the binding of p53 to Mdm2 and other E3�

ligases, which leads to protein stabilization [3].

Depending on the type of modifications within the p53

molecule, there can be modulation of its ability to inter�

act with co�activators and co�repressors of transcription

and changes in the preferences for the p53 binding to

responsive elements in different genes. Various modifica�

tions at the C�terminal region of p53, such as phosphory�

lation, acetylation, methylation, and covalent attachment

of ubiquitin�like proteins SUMO [86] and NEDD�8 [87]

neutralize the inhibiting effect of the C�terminal regula�

tory segment, leading to further stabilization of p53,

either positive or negative modulation of its activity, and

changes in intracellular localization.

Different conditions change the ability of p53 to

interact and cooperate functionally with a variety of other

proteins, although it is difficult to predict what particular

impact a particular interaction would have on p53 func�

tions, as the result depends substantially on the particular

cell type.

Many different proteins are able to bind to p53 and

introduce covalent modifications in its molecule. These

proteins include more than thirty different protein kinas�

es, a few protein phosphatases, several ubiquitin ligases,

and factors that regulate interaction of p53 with the pro�

tein degradation machinery. There are also several methyl�

ases, deubiquitinylating enzymes, acetyltransferases,

deacetylating enzymes, and proteins that participate in

coupling to p53 of SUMO and NEDD8. In addition to

the p53�modifying enzymes, p53 interacts with a number

of proteins and forms functionally significant complexes.

For example, a protein belonging to the peptidyl�proline

isomerase family, Pin1, binds to the N�terminal region of

p53 following its modification by phosphorylation and

introduces conformational changes that modify the activ�

Fig. 2. Main functional domains of p53. The upper panel shows

the distribution by p53 molecules of frequencies of oncogenic

mutations revealed in human tumors.
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ity of p53 [88, 89]. Various components of the transcrip�

tional machinery interact with p53 during its function as

a transcription factor. Some proteins can bind to p53

depending on its redox state (HIF1α, Ref�1, thioredoxin,

Wox1, COX2, NQO1) and affect its function [90�95]. p53

can bind to a large group of proteins that participate in

DNA repair (RAD51, 53BP1, BRCA1/2, BARD1,

MDC1, HMG1, BLM, WRN, MRE1, RPA1, ERCC6,

SNF5, DNApolα, mtDNApolγ), which either affects the

efficiency of repair systems, or serves as part of a mecha�

nism of signal transduction to p53. Particularly important

is the interaction of p53 with the ASPP1 and ASPP2 pro�

teins [96, 97] and with their antagonist iASPP [98]. The

interaction changes relative affinity of p53 binding to dif�

ferent DNA elements located within the p53�modulated

genes and thus modulates the output of the p53 induc�

tion—either toward increasing survival or toward the

induction of cell death [99]. By acting through a tran�

scription�independent mechanism, p53 can induce apop�

tosis by directly interacting with certain apoptosis regula�

tor proteins, such as Bax [100], Bcl�XL [101], Bnip3L

[102], and Scotin [103]. Finally, it is known that p53 can

participate in interactions with dozens of other proteins,

although the functional significance of some of the inter�

actions is yet to be determined.

TRANSDUCTION OF SIGNALS TO p53

In early studies it was observed that the activity of

p53 is stimulated in response to DNA damage, as well as

in response to transfection into cells of partially degraded

DNA [104�106]. In was suggested that p53 is capable of

blocking divisions of cells that acquired damaged DNA.

However, later it became clear that there are several alter�

native mechanisms of p53 induction, not only in response

to different types of direct DNA damage, but also in

response to various genotoxic influences, or the condi�

tions that do not necessarily affect DNA directly, but that

can eventually compromise the genome integrity [44].

Various faults and errors in a wide variety of physio�

logical processes create conditions that can increase the

risk of generation of genetically altered cells. There is a

growing list of conditions that apparently affect p53 func�

tions, suggesting that p53 monitors and responds to a

variety of potential hazards. We already mentioned the

induction of p53 in response to deregulated balance of

proliferative signals, which particularly occurs during sus�

tained activation of oncogenes. In this case it was found

that the alarming signals are generated and transduced

through the transcription factor E2F1, which controls the

expression of products required for DNA synthesis and

simultaneously stimulates transcription of the ARF gene

[107]. The overexpressed ARF protein inhibits the activi�

ty of Mdm2, leading to accumulation of p53. Although,

as oncogene activation induces dramatic changes in many

signaling pathways, the induction of p53 can be initiated

though several alternative mechanisms. Indeed, severe

changes in morphology, unusual interactions with extra�

cellular matrix, altered cell�to�cell contacts, changes in

metabolism, elevated levels of reactive oxygen species,

unusual prolonged activation of some signal pathways

that leads to a misbalanced processes, accelerated con�

suming of energy resources and local depletion of nutri�

ents, exhausted pools of nucleotides—these and many

other features acquired in response to oncogene activa�

tion can send multiple alarming signals to p53 [44, 108].

Several characteristic conditions have been

described that lead to activation of p53, which include the

exhaustion of nucleotide pools [109], faults in cytoskele�

ton (altered polymerization of actin fibers and micro�

tubules) [110�112], altered ribosome biogenesis [113], the

condition of hypoxia and ischemia [114], hyperoxia

[115], lack or deficit of certain growth factors and

cytokines [116, 117], altered adhesion and focal contacts

[118], defective integrins [119], abnormal attachment of

cells to a substrate (leading to the p53�dependent anoikis,

or death of unattached cells) [120], accumulation of

polyploid cells [32, 121], formation of micronuclei [122],

destruction or malformation of mitotic spindle [112],

hypo� and hyperthermia [123, 124], and exposure to

nitric oxide (NO) [125]. These conditions induce charac�

teristic modifications, either within the protein molecule

of p53, or in the systems that control levels and activity of

p53. In turn, changes in the activity of p53 determine the

fate of an altered cell. The fate depends significantly on

the tissue origin or the cell type, as different cell types dis�

play a rather individual range of parameters that is recog�

nized as normal or optimal.

To date the DNA damage�induced mechanisms of

p53 activation are studied in most detail. As an example,

let us consider processes that take place after exposure to

two different DNA damage�inducing influences – ioniz�

ing gamma radiation and UV (Fig. 3). The ionizing radia�

tion produces mostly breaks in DNA, while the UV caus�

es cross�links in DNA due to formation of thymine

dimers. The DNA breaks are recognized through the

action of several sensor proteins, such as heterotrimers of

RAD9, RAD1, and Hus1 proteins that act together with

the RAD17 protein. The signal is converted to activation

of the ATM kinase, which phosphorylate several targets

[126, 127]. One of the targets is histone H2AX, and its

phosphorylation in the damaged regions of chromatin

serves as a signal for the recruitment of repair systems. In

addition, the ATM kinase phosphorylates several proteins

that participate in activation of p53. The ATM kinase can

participate in direct activation of p53 by phosphorylation

of its Ser15 [128]. Other targets of the ATM kinase include

the checkpoint kinase Chk2 [129], which becomes active

and in turn phosphorylates p53 at Ser20 [130].

Recognition of bulky DNA damage that blocks the

process of elongation by RNA polymerase II is achieved
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through different mechanisms. The bulky DNA damage

is produced, in addition to UV, by certain other influ�

ences, such as the anticancer drug cisplatin. This type of

damage is characterized by the introduction of road

blocks on DNA that prevent further movement of RNA

polymerase II. The RNA polymerase II transcription

complex is equipped with an associated system that is

entitled to remove DNA damage, which is called the tran�

scription�coupled repair (TCR) system [131]. In addi�

tion, the RNA polymerase II complex plays a role of a

sensor of bulky DNA damage that blocks transcription.

During RNA synthesis, the polymerase is able to scan

rather long portions of the genome. It is quite significant

that transcription inhibitors that block RNA polymerase

II movement during the elongation phase can also acti�

vate p53, which is found modified at Ser15 and Lys382

[132]. Very similar processes are initiated during blocking

the elongation by the bulky DNA damage. In either case,

there is activation of ATR kinase, which is similar to the

ATM kinase [133]. Like the ATM kinase, the ATR kinase

can phosphorylate p53 directly at Ser15, but in addition it

activates a checkpoint kinase Chk1, which similar to the

Chk2 kinase can phosphorylate p53 at Ser20 [134]. The

other mechanisms that recognize stalked polymerase

include the BRCA1 protein, which associates with the

RNA polymerase II during the elongation phase when its

C�terminal domain is fully phosphorylated [135]. After

transcription elongation block, the BRCA1 protein is

modified by phosphorylation leading to its release from

the transcription complex [136]. As BRCA1 can interact

with many different proteins, its release from the RNA

polymerase II complex can, perhaps, facilitate the

recruitment of repair enzymes; it can additionally signal

to systems that activate p53 [137].

There are many other pathways that can potentially

transmit signal to p53 either from the systems that recog�

nize DNA damage or from the DNA repair systems. The

p53 itself can serve as one of the sensors, as it can bind

preferentially to the damaged regions on DNA [138�141].

Owing to its C�terminus, p53 can bind to the damaged

regions, and it can even serve as a repair enzyme itself.

The p53 protein molecule possesses 3′�5′�exonuclease

activity, which is able to excise damaged DNA regions,

and the gap can then be filled in by other components of

the repair systems [142]. It has been suggested that the

direct involvement in DNA damage repair represents the

most ancient function of p53, which is supported by the

fact that the exonuclease activity is present even in the

ancestral p53 of invertebrates [143]. Functions of p53

have probably evolved from its direct participation in

DNA repair toward the acquisition of the ability to super�

vise over the whole system controlling genetic stability.

The latter could become possible as p53 acquired the

activity of a transcription factor.

By binding to the regions of DNA damage, p53 can

become exposed to phosphorylation by the DNA�

dependent protein kinase (DNA�PK), or by the ATM

and ATR kinases, which lead to its nuclear accumulation

and activation of its transcription function. There are

other collateral connections linking p53 to repair systems

as p53 can interact with several proteins that are either

repair enzymes or components of the DNA replication

machinery. These include RPA [144], BLM [145], WRN

[146], RAD51 [147], ERCC2/3/6, and XRCC9 proteins

[148]. Although functional consequences of these com�

plexes are still not quite clear, it looks like the interactions

can affect both the functions of p53 and the efficiency of

the repair processes. One of the examples is the ability of

p53 to interact with Ref�1 protein [94], which acts as an

endonuclease that removes apurinic regions in DNA

[149, 150]. In turn, the Ref�1 protein can functionally

modify p53 by reducing one of its oxidized cysteines

[151]. Therefore, the processes couple the systems of

replication and DNA repair with p53. The coupling

allows p53 to gather information regarding the state of

DNA well before the onset of DNA synthesis.

TRANSCRIPTION ACTIVITY OF p53

Although p53 has several very important activities,

being an enzyme, or an adapter protein, or a co�factor in

a set of active protein complexes, the most functionally

Fig. 3. Scheme of basic mechanisms of p53 induction by penetrat�

ing radiation (a) and ultraviolet irradiation (b).
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significant activity of p53 is certainly the ability to regu�

late transcription of genes and to serve as a transcription

factor [152, 153]. The role of p53 in transcription is

diverse and controversial. When p53 binds to its specific

responsive DNA elements it can either activate or repress

transcription of appropriate genes. It can also repress

genes without binding to DNA owing to its ability to

inhibit the general transcription machinery through

blocking transcription factors CBP, TBP, and Sp1 [154�

156].

The specificity of transcription activation depends

on the ability of p53 to interact with the regulatory

regions of certain genes. Active tetrameric p53 can recog�

nize and bind the DNA sequence elements that are com�

posed of two adjacent ten�nucleotide segments, the half�

sites, each separated by few nucleotides. The consensus

structure of the p53�binding element includes two half�

sites, each composed of two tandem pentamers with tail�

to�tail orientation: PuPuPuCA/T
A/TGPyPyPy�(Nn)�

PuPuPuCA/T
A/TGPyPyPy, where Pu is purine and Py is

pyrimidine [157�159]. There are rather large variations

from the consensus structure as single or multiple changes

can be found in one or in both half�sites [160]. The

degeneracy of the p53�binding element specifies the het�

erogeneity in p53 binding, which partially explains the

apparent lack of synchrony in the induction of individual

p53�regulated genes [161, 162]. The p53�binding ele�

ments can be located not only in immediate upstream

regions of the gene, but often at large distances and even

in the intronic regions [163]. Some of the p53�regulated

genes may have two or even more p53�binding elements,

which are often separated by large distances. p53 can also

recognize elements that have substantial deviations from

the consensus structure, and still the elements can be

rather efficient in mediating the transcription activation

[164, 165]. The rules for composition of such elements

are still not clear. Along with the sequences that bind p53

and mediate transcription activation, there is a kind of

DNA elements that conducts p53�dependent transcrip�

tion repression. Such elements have a similar structure,

but the pentamers in their half�sites are oriented in tail�

to�head order. By binding to such elements p53 under�

goes conformational changes that provide affinity toward

components of the Sin3A complex containing histone

deacetylases, leading to transcriptional repression of the

corresponding gene [166, 167].

The p53 protein recognizes and binds to specific

DNA elements through its central DNA�binding domain

(DBD). The active p53 is organized as a homotetramer in

which each monomeric p53 is bound through its

oligomerization domain located near the C�terminus,

and the DBD of each monomer is bound to the appropri�

ate quarter�site of the DNA element [168]. Amino acid

changes in virtually any residue of the DBD (this domain

occupies approximately 100 amino acids) make the DNA

binding looser. When a mutation hits certain critical

regions, which are important for holding several loops of

the protein chain, the whole interface between p53 and

DNA collapses and the mutated protein looses complete�

ly the ability to bind the DNA elements.

Virtually every amino acid change within the DBD

leads to loss of activity, which explains very high frequen�

cy of missense mutations in the p53 gene in nearly half of

all cancer cases. To date approximately 20,000 types of

missense mutants of the p53 gene are described.

Apparently, each of the mutants provides some extent of

inhibition of p53 functions leading to positive selection

for mutant p53 in tumors [29, 169].

In early studies it has been established that mutant

forms of p53 can cause transdominant (or dominant�neg�

ative) effect on the endogenous wild�type p53 [170, 171].

Meanwhile, in tumors the mutations in one allele of the

p53 gene are usually accompanied by deletions of the sec�

ond allele owing to the partial or complete loss of the sec�

ond chromosome 17 [28]. In later experiments when

ratios between mutant and wild�type p53 were controlled,

it was found that the transcription activity is completely

inhibited only in cases when there are more than three

mutant p53 subunits per tetrameric complex [172]. In the

mixed tetrameric complex containing both mutant and

wild�type p53 the affinity of binding to DNA in the region

that contact the mutant p53 subunit is substantially

reduced, which leads to the reduced binding affinity of

the whole complex. The lower affinity leads to functional

consequences. While higher levels of p53 are required for

the activation of strongly p53�responsive genes, the genes

that initially contain low�affinity p53�binding elements

can loose the p53 responsiveness completely. Certainly,

mutations in one copy of the p53 gene result in certain

mitigation of genetic stability control, which increases

probability of the second allele loss through a genomic

deletion. In the end, the cell losses completely the control

over genetic integrity and it enters the process of evolu�

tion that is characteristic for unicellular organisms. The

process proceeds toward maximal autonomy of the cell,

leading to the formation of malignant tumor.

Similar mechanisms may underlie the functional

heterogeneity of the p53�binding elements. The affinity

of interaction between each monomer of the tetrameric

p53 would be lower depending on the number of excep�

tions from the consensus structure in each of the pen�

tameric quarter�sites of the p53�binding element. The

mismatches would result in substantial conformational

distortions in the tetrameric complex bound to DNA,

thus affecting the overall affinity of the interaction. As a

result, the induction kinetics for genes that have p53 ele�

ments with certain deviation from the high�affinity con�

sensus structure may vary substantially, and therefore

each of the p53�regulated genes responds individually to

a range of p53 levels that is unique to a particular gene.

The individual tuning of the p53�mediated effects for

each of the responsive genes allows p53 to play a role of a
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cunning conductor for the whole orchestra of the p53�

regulated genes. The effects of p53 represent the sum of

activities produced by individual levels of hundreds of the

p53 regulated genes, and the tuning of the whole system

allows p53 to produce effects that are adequate to any

particular condition of the cell.

The C�terminal domain (CTD) of p53 is also

involved in interactions with DNA. This unstructured

domain is rich in serine and arginine residues and serves

as a target for various regulatory modifications (phospho�

rylation, acetylation, methylation, ubiquitinylation,

binding of SUMO and NEDD8), which affect both the

stability of p53 and its transcription activity. The CTD of

p53 is capable of nonspecific sequence�independent

DNA binding, with particular binding preference toward

nonlinear DNA segments, including damaged regions of

DNA [138�141].

Many earlier studies focused on the ability of the

CTD to inhibit the specific DNA binding activity of p53,

which had been testing in an in vitro reaction measuring

shifts in electrophoretic mobility of short oligonucleotide

duplexes representing consensus sequence of the p53�

binding element [173]. According to the early model the

modifications within the CTD remove structural obsta�

cles that prevent interaction of p53 with specific DNA

elements, which converts latent non�active p53 to the

DNA�bound transcriptionally active form [174]. This

model was rejected after it was found that the CTD does

not affect interaction of the p53 consensus elements con�

tained within longer segments of DNA. By a chromatin

immunoprecipitation method, it has been established

that the CTD modifications do not affect the presence of

p53 in the region of the p53�binding element on chro�

matin [175, 176]. It seems likely that prior to binding to a

specific DNA element p53 interacts with a nonspecific

DNA stretch through its CTD, which leads to conforma�

tional changes and to activation of the central DNA�

binding domain. Such activation does not occur in case of

binding to short consensus oligonucleotide duplexes that

do not contain flanking stretches of DNA. Therefore,

binding to genomic DNA includes certain steric modifi�

cations within the CTD that expose the central DNA�

binding domain. It is likely that the regulatory function of

CTD plays a role in the modulation of the transcription

activity of p53, which is already bound to a DNA ele�

ment, or it can affect the stability of p53. One can also

speculate that modifications within the CTD act as a

switch in p53 activities, from the recognition and excision

of damaged regions of DNA toward the initiation of its

transcription functions.

The DNA binding activity of p53 can be also regu�

lated by changes in the redox state of the protein, partic�

ularly by reducing the cysteines residues. The redox�

active protein Ref�1 can play such a role depending on

the redox state in the cell. It was found that treatment

with selenomethionine, which affects redox conditions in

the cell, can enhance the activity of Ref�1; this affects the

spectrum of the p53�modulated genes in favor of the

DNA repair genes [177�181]. The DNA�binding activity

of p53 can be also modulated by certain metabolites.

High levels of ADP or dADP increase DNA binding,

while ATP and GTP act in the opposite direction [182].

The inhibition of DNA binding occurs also in case of

increased levels of TDP and NAD+ [183], which estab�

lishes a direct link between the rate of major metabolic

processes in the cell and the activity of p53.

The products of the p53 family—the p63 and p73

proteins—can also affect the efficiency of interaction of

p53 with its DNA elements, as all members of the p53

family bind to very similar (if not identical) DNA ele�

ments. An additional level of complexity arises from the

fact that each member of the p53 family has several iso�

forms. The isoforms have distinct functions, and by bind�

ing to each other in heterooligomeric complexes they can

produce multiple functional combinations [184].

Apparently, the interactions among different isoforms

might modify substantially both the activities of p53 and

the activities of its family members. Binding of p53 to a

DNA element does not necessarily induce transcription

activation, because the activation may require some addi�

tional influences that eliminate the repressor effect from

certain p53�interacting proteins, such as Mdm2 and

MdmX. Therefore, the DNA element that is already

occupied by a particular type of complex would be some�

what protected from the influences of other isoforms. In

light of this competition, the tissue�specific differences in

the p53�mediated responses may be explained by the fact

that there is wide variation in the expression levels of p63

and p73 isoforms in different cell types.

The presence of mutant p53 in tumor cells results in

certain modifications in the activities of p63 and p73,

which is reflected by the acquisition of so�called gain of

function activities of mutant p53 [185�191]. The gain of

function activities promote further increase in malignan�

cy and increased resistance to anticancer therapy [192,

193].

The transcriptional activation is determined by the

N�terminal segment of p53, which contains several

regions interacting with the transcription machinery and

recruiting factors that modify local chromatin structure.

The N�terminal segment of p53 contains frequent combi�

nation of aspartate and glutamate residues characteristic

to the acid activator domains of proteins that interact

with components of the transcription machinery [194].

The transcription activation (TA) domain of p53 is weak�

ly structured [195, 196], forming short α�helical regions

[197], which collectively form a scaffold for binding of

several factors. Introduction of single amino acid substi�

tutions within the TA domain does not usually lead to

substantial changes in the transcription activity, which

explains the observed low frequency of tumor derived

mutations falling in this region. However, introduction of
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paired mutations has allowed identifying two critical

regions: the substitution of two hydrophobic amino acids

Leu22 and Trp23 dramatically inhibits the transcription

activation capacity [198], while mutations of the Trp53

and Phe54 lead to selective inhibition of induction of

some proapoptotic p53 target genes [199]. Later the TA

domain was divided into relatively independent subdo�

mains located between amino acids 1�42 and 43�73,

respectively [200], though the interaction of p53 with

components of the transcriptional machinery involves

some additional segments as well. The region between

amino acids 63 and 97 is responsible for the interaction

with peptidyl prolylisomerase Pin1, which mediates con�

formational changes within the TA domain following

activating phosphorylation at the N�terminus of p53 [88,

89]; the same region binds to the transcriptional co�acti�

vator protein CBP/p300 [201]. The TA domain is flanked

by a recently identified repressor domain (located

between amino acids 100 and 116), although the mecha�

nism of its function has not yet been determined [202].

The details of transcription activation by p53 are still

not quite understood, although there are numerous evi�

dences suggesting that the binding of p53 to a specific

DNA element in a gene assists the recruitment of chro�

matin remodeling factors. This leads to promoter opening

for its further interaction with the components of the

transcription machinery [203�205]. Some of the compo�

nents include the p53�interacting histone acetyltrans�

ferases and histone metyltransferases, thus modifying not

only the opened region of chromatin but also the p53

itself, which changes its activities [206�210]. In addition

to its effects on chromatin, p53 participates in transcrip�

tion activation by direct recruitment of certain basal tran�

scription factors, such as TFIIA and TFIID [194, 211].

Finally, an additional model for the p53�mediated tran�

scription regulation cannot be excluded that involves

stimulation of re�initiation, or elongation of preformed

short attenuator transcript, which has been frozen shortly

after its initiation [212].

The control regions of genes that determine tran�

scription of the downstream sequences have composite

organization and bind to many different factors.

Transcription factors can interact with each other both

functionally and physically, which complicates predic�

tions concerning the final effect. The ability of p53 to

activate or repress a gene is determined not only by the

presence of appropriate DNA binding element, but also

by additional transcription factors that control expression

of the gene.

Bioinformatic calculations suggest that more than

4000 genes in the human genome contain p53 binding

elements [213], although the experimental estimations

based on chromatin immunoprecipitation reduce the

number of p53 regulated genes to 500�1600 [214, 215].

Remarkably, only half of the genes that actually bind p53

to the DNA elements demonstrate increased transcrip�

tion upon p53 activation; the other half of the genes

respond to p53 by reduced transcription [215].

The ambiguity of the responses to p53 may be

explained by cross talk between different transcription

factors. Various physiological or pathological influences

usually induce several different signaling pathways that

involve a number of transcription factors. Therefore,

response to the influences that induce p53 may differ sub�

stantially from that observed in the experiments involving

simple overexpression of recombinant p53. Particularly,

in response to limited supply of nutrients, the combined

effect of interacting p53 and transcription factor Foxo3a

results in a switch from the p53�dependent repression of

SIRT1 gene to its activation [216]. Another significant

example is the interaction of p53 with the transcription

factor NFκB. It is known that NFκB affects regulation of

apoptosis through several different pathways, and usually

the resulting effect is antiapoptotic. In certain systems,

NFκB can even block the p53�induced apoptosis.

However, quite surprisingly, activities of NFκB were

found to be required for the efficient induction of cell

death mediated by activated p53 [217, 218]. Apparently,

NFκB is able to cooperate with p53 in the regulation of

certain genes, such as KILLER/DR5, which are required

for the induction of apoptosis [219]. Cooperation of p53

with the transcription factor Miz is required for the effi�

cient induction of CDKN1A (p21) gene [220]. Likewise,

the p53�dependent activation of the BBC3 (PUMA) gene

is inhibited by combined effect of p53 and SLUG, which

protects hematopoietic precursor cells from p53�depend�

ent apoptosis [221]. In cooperation with KLF5 there is

abrogation of the p53�dependent repression of the gene

encoding apoptosis inhibitor Survivin [222]. A function�

ally opposite effect is produced by the cooperation with

transcription factors YB1 and MUC1, resulting in selec�

tive inhibition of the p53�mediated induction of certain

proapoptotic genes [223, 224].

The balance between the proapoptotic and pro�sur�

vival p53�regulated genes can be regulated by products of

the ASPP1/ASPP2/iASPP gene family. The ASPP1 and

ASPP2 proteins can bind to p53 in the region overlapping

the TA and DNA�binding domains leading to modified

binding preference of p53 toward different DNA ele�

ments [97]. As result, the expression of p53�dependent

proapoptotic genes is increased [96]. The iASPP protein

serves as an antagonist of ASPP1 and ASPP2, leading to

inhibition of the apoptotic activity of p53.

It is likely that very similar structural changes

accompany phosphorylation of p53 at Ser46, which is

located within the second segment of the TA domain. The

Ser46 phosphorylation is mediated by protein kinase C

(PKCdelta) [225], and the process of PKCdelta binding

to p53 is assisted by the p53�regulated gene product

p53DINP1 [226]. Meanwhile, another p53�regulated

gene encoding protein phosphatase PPM1D/Wip1 acts in

the opposite manner by interfering with phosphorylation
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at Ser46 [227]. The Ser46 phosphorylation facilitates the

interaction of the TA domain of p53 with p62/Tfb1 [228],

a subunit of the transcription factor TFIIH, leading to

changes in the spectrum of the p53�induced genes in

favor of proapoptotic genes [229] with simultaneous

release of the p53�dependent repression of the genes

encoding antiapoptotic factors, such as the galektin�3

protein [230]. Therefore, regulation of the transcription

activity of p53 includes numerous components and

mechanisms allowing the cells to respond discriminately

to various situations in order to take optimal decisions.

THE p53�REGULATED GENES

The transcriptional activity of p53 specifies the

majority of its functions. This is why quite significant

efforts have been invested in the identification of p53�reg�

ulated genes. Tracing of the p53�regulated genes was con�

ducted both by identification of potential p53�binding

elements in the DNA, and by monitoring the changes in

expression of genes that take place in response to activa�

tion or inhibition of p53. An important role in the identi�

fication of p53�regulated genes has been played the

SAGE (serial analysis of gene expression) method [231,

232], as well as the use of hybridization with microarrays

specific for human transcripts [233].

Two genes specifying negative regulators of cell divi�

sions, the Gadd45 protein [163] and the cyclin�depend�

ent kinase inhibitor p21 [234], were among the very first

identified p53�activated genes. Then the list was

enhanced by a set of genes that participate in the induc�

tion of apoptosis [235, 236]. The character of the identi�

fied p53�regulated genes was in good agreement with the

observations that following activation of p53 there was

either inhibition of the cell cycle progression at certain

checkpoints, or even the induction of cell death. Further

studies have revealed additional p53�regulated genes,

which contributed to the understanding of a much wider

role for p53 in the control of important processes in the

cell. Below we will describe several groups of p53�regulat�

ed genes, each targeting characteristic functional output.

Genes participating in cell cycle control. The ability

of cells to stop in late G1 phase of the cell cycle is impor�

tant for the maintenance of genome stability, as it pre�

vents the replication of damaged DNA. An important role

in the p53�dependent G1 phase block is played by the

p53�regulated p21, which inhibits CDK2 and CDK4,

thus preventing the phosphorylation of pRB, the initia�

tion of transcription of genes encoding cyclin K, hCDC4,

p53RFP, and a set of genes responsible for the DNA

biosynthesis [233]. Some other p53�regulated genes, such

as BTG2 (inhibits cyclin E1) [237], and MCG10 [238]

contribute to the p53�dependent G1 block. The p53 pro�

tein can also block the cell cycle progression during the

DNA synthesis S�phase, and it is likely that the activity is

mediated by alternative isoforms of the p53 protein [239],

which participate in the induction of the 14�3�3σ and p21

proteins [240]. Various damages and faults during the S�

phase induce the ATR�dependent activation of the Chk1

kinase, which modifies p53 at Ser20. However, most like�

ly the major function of the predominant full�length iso�

form of p53 during the S�phase is in the activation of

DNA repair, rather than in the inhibition of the cell cycle

[241]. The ability to block the G2/M transition is impor�

tant to prevent segregation of damaged and incompletely

replicated chromosomes. The block at this checkpoint

occurs through the inhibition of Cdc2–cyclin B complex,

while several p53�inducible genes, such as GADD45,

BTG2, B99 (GTSE�1), REPRIMO, HZF, and MCG10 may

assist in this process [241, 242].

Genes that participate in DNA repair. The genes

encoding components of the global genome repair

(GGR)—the DDB2 (XPE) [243] and XPC [244]—are

among the targets of p53. This is why the p53�deficient

cells tend to switch the excision repair from GGR to the

transcription couples repair (TCR) [241]. Certain factors

of the DNA mismatch repair, such as MSH2, PCNA,

MLH1, and PMS2 [245�248] are also encoded by the

p53�inducible genes. It is noteworthy that after severe

DNA damage that induces substantial increase in the p53

level, the accumulating p53�dependent PMS2 is able to

enhance the proapoptotic function of p73, which suggests

a role for PMS2 as a damage dosimeter [241]. The p53

protein induces DNA polymerase η [249], which assists

DNA repair at the replication forks. It can also inhibit

processes that involve homologous recombination—not

only through activity modulation owing to the direct

binding to such factors as RPA, RAD51, WRN, and

BLM, but also through the transcription of RAD51,

WRN, and RecQ4 genes [250�252]. Finally, p53 induces

the p53R2 gene encoding a structural homolog of ribonu�

cleotide reductases, which is important for maintenance

of the nucleotide pools during the DNA repair [253].

Genes that regulate angiogenesis and other tissue
reactions. These genes play important roles by limiting

tumor growth and by preventing events that aid survival

and spreading of abnormal cells. Such p53�regulated

genes include an angiogenesis inhibitor thrombospondin

(TSP�1) [254], GD�AIF [255], BAI1 [256], inhibitors of

tumor invasion and metastasis KAI1 [257], collagenase

MMP2 [258], MASPIN [259], an inhibitor of the plas�

minogen activator protein PAI�1 [260], and several

secreting protein factors which inhibit proliferation of

exposed cells [261].

Genes participating in induction of cell death. This is,

perhaps, the most abundant group of the p53�induced

genes. There are several alternative pathways leading to

programmed cell death, and virtually all of them can be

controlled by a p53�regulated gene. Apoptosis is a type of

programmed cell death that is mediated through the

action of cysteinic proteases (caspases). Effector caspases
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2, 3, and 7 execute the major dismantling of cellular

structures. They are activated by initiator caspases 8 and

9. The activation of the initiator caspases includes two

major mechanisms. One of the mechanisms involves acti�

vation of death receptors that bind to certain extracellular

ligands, leading to the assembly of active protease com�

plexes that activate the initiator caspase 8. This is the

extrinsic apoptotic pathway. The second is the mitochon�

drial pathway. It is initiated by cytochrome c released

from mitochondria and serves as an activating subunit for

the latent protease Apaf1, while the latter activates the

initiator caspase 9 [262]. Regulation of permeability of

the outer membrane of mitochondria is maintained by

balanced interaction of the Bcl2�like protein family

members. One of the proteins acts by reducing the per�

meability and preventing the cytochrome c release (the

antiapoptotic proteins), while the proapoptotic family

members act in opposite manner, by assisting the

proapoptotic mitochondrial pore opening. The p53 pro�

tein affects both the extrinsic and the mitochondrial

apoptotic pathways [263�265]. By acting in the mito�

chondrial pathway, p53 represses transcription of the

antiapoptotic Bcl2 protein and activates transcription of

the proapoptotic proteins Bax [266], Noxa [267],

p53AIP1 [229], and Puma [236, 268]. Also, p53 activates

transcription of the APAF1 gene [269�271] and increases

the sensitivity to extrinsic proapoptotic ligands by stimu�

lating transcription of FAS (APO1) [272] and

KILLER/DR5 genes [273]. In addition, p53 induces a

number of other proteins that somehow participate in the

apoptosis induction process. These proteins include Perp

[274], Pidd [275], Wip1 [276], Scotin [103], GML,

STAG1, p53CABC1, p53RDL1 [233], and others. A large

group of p53�induced proteins is involved in changing the

redox balance of the cell. This group includes PIG3, PIG8

[277], FDXR [278], and some other genes. According to

one model [277], a significant elevation of intracellular

reactive oxygen species (ROS) taking place in response to

the combined action of the mentioned genes is able to

assist in acceleration of apoptosis. Recently a novel strat�

egy used by p53 in the process of cell death induction has

been described, which includes transcriptional activation

of a gene encoding a micro RNA (miRNA). The miRNA

are short hairpin�like noncoding RNA that inhibit trans�

lation of certain mRNAs by direct binding through the

short complementary segments [279]. The p53�activated

miRNA miR34 can also affect the expression of a set of

genes, although its particular mRNA targets have not yet

been identified. Introduction of recombinant constructs

expressing miR34 results in block in cell divisions and

apoptosis. Apparently, by inducing the expression of

miR34 p53 affects a whole spectrum of the genes that

mediate the suppressor effect [280�283].

Antioxidant genes. Along with the p53�induced genes

that elevate intracellular levels of ROS, another group of

the genes upregulated by p53 encode a set of antioxidant

proteins, such as glutathione peroxidases Gpx1 [284] and

Gpx2 [285], superoxide dismutase Sod2 [284], aldehyde

dehydrogenase Aldh4A1 [286], and two members of the

sestrin family, PA26 (Sesn1) [287] and Hi95 (Sesn2)

[288]. The sestrins participate in the regeneration of

overoxidized peroxiredoxins (Prxs) [289]. The peroxired�

oxins are cysteinic peroxidases that remove excess H2O2.

In addition to being a harmful byproduct of mitochondr�

ial respiration, the hydrogen peroxide serves as an impor�

tant signaling molecule. The H2O2 can be produced from

the superoxide molecule synthesized by the NADPH�

dependent oxidases in response to interaction of the

membrane receptors with their ligands. The produced

H2O2 is able to modify certain redox�sensitive compo�

nents of signal transduction pathways [290]. Therefore,

the formation of H2O2 represents an important physiolog�

ical process that is needed for the transduction of intra�

cellular signals. The sestrins control the activity of peroxi�

redoxins, thus contributing to the protection of the

genome from excessive oxidation and acquisition of

mutations. Inhibition of p53 by the RNA interference

method, as well as selective inhibition of sestrins, results

in a substantial increase in DNA oxidation and accelerat�

ed mutagenesis [291]. Apparently, even without stresses

p53 carries an important antioxidant function that main�

tains minimal levels of intracellular ROS. Remarkably,

dietary supplementation of p53 knockout mice with an

antioxidant results in normalization of the intracellular

ROS levels and prevention of the early development of

lymphomas [291]. Accumulating evidences suggest an

involvement of the p53�regulated sestrins in the carcino�

genesis. Oncogenic Ras can induce a substantial upregu�

lation of the ROS levels, and one of the mechanisms

involves transcriptional inhibition of sestrins. The

increased ROS induces p53, which leads to irreversible

growth arrest and/or apoptosis. In case of breakdowns of

the p53�dependent mechanisms, the restriction of the

cells expressing oncogenic Ras and overproducing ROS is

abolished, and this leads to rapid proliferation of abnor�

mal cells that have accelerated rate of mutagenesis due to

the increased oxidation of DNA [292]. Therefore, the

antioxidant function of p53 is one of the most important

components of its suppressor activity that prevents tumor

formation.

Genes affecting metabolism. In the early 1930s Otto

Warburg described the property of cancer cells to use gly�

colysis as a major source of energy even under aerobic

conditions [293]. The Warburg effect was not explained

until recently, when it was found that perhaps the major

contribution to the effect is played by the ability of p53 to

induce transcription of the SCO2 gene, which encodes a

protein factor required for the assembly of mitochondrial

respiratory complex COXII [294]. The p53�knockout

mice display a substantially lower physical endurance in

swimming test, which is explained by the insufficiency of

mitochondrial respiration. Another p53�regulated gene
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TIGAR was found to be important for the regulation of the

glycolytic pathway. The gene encodes a protein that is

homologous to phosphofructokinase, the glycolytic

enzyme converting glucose�6�phosphate to fructose�2,6�

biphosphate [295]. The reaction is reversible, as the phos�

phofructokinase has a biphosphatase domain responsible

for the conversion of the fructose�2,6�biphosphate to

fructose�6�phosphate, which is then isomerized to glu�

cose�6�phosphate. The product of the TIGAR gene

resembles the biphosphatase domain of phosphofructoki�

nase. It can therefore block glycolysis at the glucose�6�

phosphate stage, which activates the pentose phosphate

shunt pathway. Deficiency in p53 results in accelerated

glycolysis and downregulated pentose phosphate pathway,

which is an important source of NAD(P)H. Therefore,

relative deficit of NAD(P)H and the increased ROS,

along with the enhanced glycolysis and reduced respira�

tion represent common consequences of the p53 defi�

ciency [296].

THE MITOCHONDRIAL FUNCTION OF p53

In addition to being capable of transcriptional upreg�

ulation of the proapoptotic gene, p53 can affect the mito�

chondrial cell death pathway by direct interaction with

the proteins that regulate the permeability of mitochon�

drial membrane [297�301]. Following activation in

response to various stresses, a fraction of p53 is translo�

cated directly into mitochondria where it interacts with

the anti� and proapoptotic proteins of the Bcl2 family.

The interactions lead to the increased permeability of the

outer mitochondrial membrane, cytochrome c release,

and apoptosis induction. The process of translocation of

p53 into mitochondria is regulated by the ubiquitinyla�

tion process: The poly�ubiquitinylation process takes

place in the nuclei, and the poly�ubiquitinylated p53 is

then degraded in the 26S proteasomes. Meanwhile, the

mono�ubiquitinylated p53 targets mitochondria [302], to

where it enters directly from the cytoplasm, without

entering the nuclei. Therefore, the stress�stabilized p53

either enters the nuclei where it participates in transcrip�

tion regulation and in other nuclear functions (such as

DNA repair), or it goes directly to the mitochondria to

sensitize the cells to apoptosis. The Mdm2 protein itself

does not participate in the translocation of p53 into mito�

chondria, although its background level may be important

for the mono�ubiquitinylation. However, the participa�

tion of some additional E3 ligases in the mono�ubiqui�

tinylation of p53 cannot be ruled out.

After entering mitochondria, p53 is rapidly de�ubi�

quitinylated by the mitochondrial HAUSP protein,

which converts it to an active form. Then p53 interacts

with BH4 domains of the antiapoptotic proteins BclXL

and Bcl2, while the interacting domain on p53 corre�

sponds to its DNA�binding domain [101]. The latter

explains the paradoxical fact that oncogenic mutations in

p53 disrupt simultaneously both the transcriptional and

the mitochondrial activities [300]. The binding to anti�

apoptotic proteins displaces the associated Bax and Bid

proteins boosting their proapoptotic activity. During its

activation by the cytoplasmic p53, the Bax protein under�

goes conformational changes and an oligomerization,

which assists in its translocation from the cytosol into

mitochondria [100, 303]. In addition, in mitochondria

p53 binds to Bak and assists in its oligomerization and

functional activation [297, 298, 300]; it also displaces Bak

from its complex with antiapoptotic Mcl�1 [298]. The

described interactions induce cytochrome c release and

the induction of apoptosis even in the absence of tran�

scriptional activation of the p53�regulated proapoptotic

genes. It is noteworthy that a polymorphic variant of p53

(Arg72) is much more active in the mitochondrial

translocation process as compared to the Pro72 variant of

p53, and this property is in good agreement with the

much weaker proapoptotic activity of the latter [304].

The direct induction of apoptosis by p53 perhaps

represents an immediate response to very massive dam�

ages. For example, following irradiation of radiosensitive

tissues (thymus or spleen) the translocation of p53 into

mitochondria and activation of effector caspase 3 are

observed during the first 30 min, which is long before the

accumulation of the proapoptotic products owing to the

induction of the p53�regulated genes. The latter products

specify the second wave of apoptosis induction, which is

detected after 6�7 h following the stress exposure [297].

The presence of p53 in the cytoplasm further sensitizes

the cell to the products of the p53�regulated genes PUMA

and NOXA. The Puma protein can efficiently displace p53

from its complex with BclXL, while the released p53 can

activate the proapoptotic function of Bax. In addition,

Puma is able to displace the proapoptotic proteins Bim

and Bid from the complex with BclXL, which further

increases the efficiency of apoptosis [303, 305, 306].

Thus, through its ability to act simultaneously at different

levels and to use distinct mechanisms, p53 is capable of

responding quickly and strongly to severe stresses, and to

guide a delayed, but still very efficient program for the

elimination of damaged cells.

REGULATORY LOOPS

THAT CONTROL ACTIVITIES OF p53

Activities of p53 are triggered by numerous and very

diverse signals. Certainly, in settling the cell’s fate p53

plays a role of a supreme judge that evaluates thoroughly

the entire upcoming information about the cell’s condi�

tion, its compliance with the rules of behavior for the par�

ticular cell type under the particular circumstances.

Based on this information, p53 makes decisions regarding

the measures that would be optimal for the whole organ�
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ism. p53 is able to play such a complex role due to the

existing tight functional connections with virtually all sig�

naling pathways in the cell, which occur through interac�

tions and feed�back regulations involving numerous indi�

vidual components of the pathways. To date at least ten

distinct regulatory circuits have been identified that form

negative or positive feedback loops [307]. However, it

should be kept in mind that the dissection of individual

circuits is rather artificial, as the circuits are actually

embedded into the global regulatory network that inter�

connects all processes within the cell, allowing p53 to

respond to any deviation from the optimum.

As an example, let us consider a fragment of the reg�

ulatory circuit involving p53, Mdm2, and ARF proteins.

The ARF protein binds Mdm2 and prevents ubiquitinyla�

tion and degradation of p53, leading to accumulation of

p53 [308]. The ARF gene transcription is activated by the

transcription factors E2F1 [309] and β�catenin [310] and

is repressed by p53 itself. In turn, the ARF expression is

increased in response to oncogenic Ras and Myc [76].

ARF can also regulate the activity of Myc [311]. Being

localized to the nucleoli, the ARF protein affects the pro�

cessing of ribosomal RNA and the maturation of ribo�

some subunits [312]. In turn, in the nucleoli Mdm2 binds

to ribosomal proteins L5, L11, and L23, which results in

down�regulation of its ubiquitin ligase activity [55]. The

pRB protein can form complexes with p53 and with

Mdm2, which leads to p53 activation and elevated apop�

tosis [313]. Increased level of free (not bound to pRB)

transcription factor E2F1 switches the activity of p53

toward apoptosis. Similarly to Mdm2, the pRB protein

can be inhibited through phosphorylation by the

Cdc2/cyclin E kinase complex. p53 activates the synthe�

sis of p21, which inhibits Cdc2/cyclin E, thus affecting

the pRB/Mdm2 complex and tuning up the p53�depend�

ent apoptosis. DNA damage induces the ATM�depend�

ent phosphorylation of p53 and Mdm2; like in the case of

p53–Mdm2–pRB complex formation, this leads to the

enhanced activity of p53 and to apoptosis [314].

Listing of various components of positive and nega�

tive regulatory feed�back loops involving p53 can be con�

tinued with no end, because each of the interacting com�

ponents is linked to numerous additional elements of sig�

nal transduction pathways. It should also be kept in mind

that any given regulatory interaction has quite individual

value in different cell types, as the overall tuning of sig�

naling pathways as well as the levels and activities of indi�

vidual regulatory proteins may have strong cell type speci�

ficity.

p53 ACTS UNDER ANY CIRCUMSTANCES

Until recently, it was considered that the activity of

p53 is characteristic of cells that either were exposed to

stresses or had acquired certain damages. It was consid�

ered that the function of p53 is mediated mainly by

restrictive measures against cells that represent risk for

acquiring inherited mutations. The discovery of addition�

al functions of p53 that are directed toward stimulation of

DNA repair, regulation of glycolytic and respiratory

metabolism, regulation of the levels of basic metabolites,

as well as of the levels of ROS suggests that the roles of

p53 in the control of processes in cells and in the organ�

ism as a whole is virtually limitless. The function of p53 is

to ensure optimal balance in each and every process in

every cell type and under any circumstances. The p53

protein is entitled to intervene into processes in case of

any deviation from the optimum. One can assume that

activities of p53 are absent under the condition of ideal

optimum. However, it is unlikely that such a condition

ever exists, which is why even subtle and transient misbal�

ancing caused by exercise or any other physiological load

could induce certain functional changes in p53.

One can formally suggest two major modes of p53

function. Under mild, physiologically acceptable levels of

stress that include exercising of all sorts, dietary abuses,

mild inflammatory processes, etc., the activity of p53 is

directed to restore homeostasis, to mobilize adequate

repair, to choose the optimal balance of energy sources,

to switch biosynthesis processes, and to protect the

genome from mutagenic influences of ROS. Upon reach�

ing certain physiologically tolerable threshold of damages

the activity of p53 is switched toward the elimination of

genetically hazardous damaged cells, which is achieved

either by the induction of apoptosis or by other kinds of

genetic death, such as the terminal exit of the cells from

further cell divisions.

The outcomes from the absence or deficiency in the

background activity of p53 are evident from the studies

observing behavior of cells or animals after artificial inhi�

bition of p53 and maintaining under non�stressful condi�

tions. Even without stresses, the p53�knockout cells

demonstrate substantial increase in intracellular levels of

ROS, leading to increased DNA oxidation, elevated

mutagenesis, and chromosome instability [291]. The

effects are due to the deficiency in the p53�mediated tun�

ing of the antioxidant defense mechanisms toward expe�

dited and efficient neutralization of the peroxide com�

pounds that form during normal functioning of signal

transduction pathways. When subjected to physical exer�

cises the p53�deficient animals demonstrate insufficiency

in normal switching of metabolic processes, weak aerobic

processes, and prevalence of glycolysis, which is particu�

larly manifested by the reduced endurance of the p53�

knockout mice in the swimming test [294].

One of the background activities of p53 affects the

IGF�1�Akt�mTOR regulatory circuit, which controls the

adaptive switches in glucose metabolism [315, 316]. The

function of the circuit is affected by the availability of glu�

cose and ensures the most favorable mode for energy

metabolism. An AMP�dependent protein kinase AMPK
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serves as a sensor component of the circuit, being activat�

ed in response to reduced ATP/AMP ratio. The AMPK is

able to activate by phosphorylation the GTPase TSC2

[317], which acting in a complex with TSC1 inhibits the

activity of the G�protein RHEB, an activator of the

mTOR kinase [318]. Low availability of glucose induces

inhibition of mTOR kinase that promotes autophagy, the

digestion of certain volumes of cytoplasm inside the cell.

The autophagy is manifested by the formation inside the

cell of the extended vacuoles that represent large regions

of the cytoplasm surrounded by a membrane. The vac�

uoles are fused with lysosomes, and the content is digest�

ed by the lysosomal enzymes, thus supplying the cell with

recycled nutrients [319]. The mTOR kinase phosphory�

lates the 4EBP1 protein that inhibits translation initiation

factor 4E [320]; it can also phosphorylate the S6 kinase

that participates in ribosome biogenesis and in the deliv�

ery and consumption of oxygen [321]. Therefore, active

mTOR kinase promotes efficient translation and energy

consumption under conditions of glucose excess.

Inhibition of mTOR results in the prevalence of catabolic

processes and energy saving. The processes in the circuit

are regulated by the insulin�like growth factor IGF�1 and

by the Akt kinase. IGF�1 activates the Akt�1 kinase,

which inhibits FOXO, the transcription factors of the

fork�head like family. The latter induce changes in the

expression of many genes that participate in metabolism

and antioxidant defense [316, 322]. Akt�1 can also inhib�

it activity of the TSC2 GTPase, leading to the activation

of mTOR kinase [323].

The p53 protein controls transcription of several key

components of the IGF�1�Akt�mTOR regulatory circuit:

it can activate the synthesis of both subunits of AMPK,

protein phosphatase PTEN, GTPase TSC2, and IGF�1

inhibitor IGF�BP3 [315]. Activation of p53 leads to the

inhibition of mTOR and to the prevalence of catabolic

processes, energy saving, increased activity of FOXO,

enhanced autophagy, and reduced level of intracellular

ROS. Along with the inhibition of the IGF1–Akt–mTOR

circuit, the p53 protein boosts the more economical

processes of aerobic respiration. Thus, tolerable and

physiologically relevant conditions introduce mild p53�

dependent corrections to the metabolism and switch to a

more economical energy mode, with simultaneous reduc�

tion in the ROS levels.

The stress�induced activation of p53 occurs in

response to severe stresses, substantial damages, or con�

stant oncogene activation, and the outcomes of the defi�

ciency in such responses are much more evident. The

deficiency leads to the accumulation of genetically

altered cells, which start to compete with each other

resulting in the selection of the cells that are most rapidly

growing are increasingly insensitive to local conditions.

The process leads unavoidably to the development of

tumors. However, the relative significance of two alterna�

tive mechanisms of stress�induced activation of p53 for

the prevention of cancer is not quite clear. In some exper�

imental models the antitumor activity of p53 was mainly

ARF mediated, while the DNA�damage induced activa�

tion was quite dispensable [324, 325], whereas in other

models it was found that genotoxic stresses are still very

important for p53 activation and tumor suppression, even

in the absence of functional ARF pathway [326, 327]. The

contradiction is perhaps due to the cell�specific differ�

ences, which emphasizes the importance of redundancy

of alternative p53�dependent mechanisms.

THE p53 PROTEIN AND AGING

Being in the center of mechanisms that supervise

correct execution of genetic programs, p53 should cer�

tainly be related to the processes of organism aging. There

is a clear distinction between the aging process and the

diseases that frequently accompany old age. It is still not

quite clear whether aging of the organism represents a

programmed process, or it simply proceeds at the accel�

erated rate after certain mechanisms that regenerate and

repair tissues start to fail at older ages. The quite substan�

tial differences in the life span of organisms belonging to

different species suggest the existence of certain genetic

predetermination. On the other hand, commonly there

are quite substantial differences in the lifetime of individ�

ual organisms within the same species, and there are

powerful evidences in favor of genetic inheritance of the

longevity trait. Good heredity, perhaps, can be considered

as the first and the most important among the factors that

favor longevity [328]. Lifestyle can be considered as the

second important factor, as there are numerous argu�

ments in favor of the substantial influence of habits, diet,

and living conditions on the span of an individual’s life

[329].

Calories restriction in the diet represents the most

clear and reliable factor affecting longevity [330]. The

evolutionary significance of the correlation is easily

understood: under limitation of nutrients, an organism

needs to extend its existence to reach better times and to

save the seed of life. In contrast, under vast excess of

nutrients life is usually intense, energy consuming, fertile,

and full of stresses. Such lifestyle leads to more substan�

tial wear and leads to a shorter lifespan [331, 332].

There are also good arguments in favor of the impor�

tance of oxidative processes in the development of the

aging processes. The organism is well equipped with pow�

erful antioxidant mechanisms that efficiently protect its

different components from oxidation and ensure timely

repair of damages. However, the mechanisms are deplet�

ed with age and tend to fail.

The existing views on the role of p53 in the aging

process are quite controversial. Various genetic manipula�

tions with the p53 gene in mice have yielded rather

ambiguous results. First, it is practically impossible to
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study aging process in p53 knockout mice because the

mice do not live until the age of one year, succumbing to

malignancies [30]. The introduction to the mouse

genome of constantly activated p53 results in a significant

reduction in the frequency of sporadic tumors, though the

mice develop premature aging phenotype [333]. On the

other hand, the introduction of an additional copy of

unmodified p53 gene [334], or certain down�regulation

of the Mdm2 gene expression [335], results in a protec�

tion against cancer formation without any reduction in

the lifespan. In humans there is a polymorphism in the

codon 72 of p53 [336]. The Arg72 allele of p53 differs

from the Pro72 variant in much higher resistance to

malignancies, which is connected with its efficient mito�

chondrial proapoptotic function. The individuals

homozygous in the Pro72 allele, while displaying more

frequent development of malignant diseases, generally

live longer and have increased mean lifespan compared to

the individuals possessing the Arg72 allele [337]. The

results suggest that the downside of better anticancer

defense could be the acceleration of the aging processes

[338].

How one could explain this paradox and are there

means for overcoming the negative sides of p53? To find

an answer to the question we need to consider critical

determinants that specify expression of either of the

opposing effects of p53. Low levels of p53 contribute to

optimal balancing of various processes leading to the

lower risk of acquiring mutations and to the enhanced

rate of repair. Obviously, these functions of p53 are favor�

able both for cancer prevention and for delaying the aging

processes. Lifespan extension due to calorie restriction

probably does not occur without critical influences from

p53, as the physiologically relevant levels of p53 are able

to inhibit the IGF–mTOR circuit, and glucose deficien�

cy induces adaptive upregulation of p53 activity through

AMPK activation. Autophagy may also be beneficial for

delaying the aging process, and it was found to be stimu�

lated by the p53�dependent gene DRUM [339]. The

autophagy leads to the efficient regeneration and re�juve�

nescence of the cytoplasm, as it assists in removing dam�

aged proteins and organelles, especially worn�out mito�

chondria that are known to overproduce ROS [340]. Low

levels of p53 can also reduce risk of mutations and dam�

ages to other components of the cell due to its antioxidant

function. The antioxidant function of p53 delays the

process of depletion of cell division capacity, as under the

influence of ROS there is accelerated erosion of telomeres

leading to the removal of several telomeric repeats in one

cell division [341]. Therefore, under moderate lifestyle

the activity of p53 is directed both against the risk of

malignant diseases and against premature aging.

The other side of p53 function is connected with the

radical measures that are taken in case of severe stresses,

intoxications, irradiations, inflammations and infections,

dietary excesses with the increased consumption of calo�

ries, metabolic diseases (such as diabetes), drug abuses,

etc. These conditions induce strong activation of p53,

leading to a qualitatively different responses, which

include the induction of apoptosis of gravely damaged

cells. Apoptosis is accompanied by the massive outbreak

or oxygen radicals, affecting not only the cells that are

committed to die, but also the whole microenvironment

[342]. The latter can induce increased oxidation of DNA,

excessive mutagenesis, changes in the extracellular

matrix, the accumulation of damaged proteins, the devel�

opment of pathologic changes in tissues, such as prefer�

ential death of parenchyma and the development of fibro�

sis [343], etc. Likewise, chronic inflammation processes

are accompanied by constant oxidative stress in the

affected tissues, which results in accelerated telomere

erosion and local exhaustion of the tissue regeneration

capacity. The condition leads to the development of

“local progerias”, which is local aging of tissues that leads

to pathologies, such as various neurodegenerative dis�

eases, pulmonary emphysema and fibrosis, renal patholo�

gies, etc. [332]. Apparently, p53 plays a substantial role in

the development of these pathological conditions. Thus,

functions of p53 not only restrict abnormal cells, but also

define the fate of individual people in cases of unhealthy

life habits. Proper understanding of the opposing func�

tions of p53 confirms the undeniable advantages of pre�

ventive approaches in the fight with diseases. Wise and

moderate way of life is certainly the basis of good health

and longevity, as is this case p53 indeed becomes our

Guardian Angel.

As the breakdown of the p53 gene was found in the

majority of cancer cases, unprecedented efforts have been

invested in the study of its functions. It was established

that the protein molecule of p53 has several quite inde�

pendent activities. The majority of functions of p53 are

attributed to its ability to act as a transcription factor and

to activate the expression of numerous genes. Other activ�

ities of p53 specify transcription repression of another set

of genes, or enable its involvement in DNA repair as a

DNA exonuclease, or to affect many different processes

in the cell by binding to numerous proteins (enzymes,

transcription factors, adapter proteins, etc.). In spite of

the vast diversity of different activities of the p53 mole�

cule, each of them contributes to a common macrofunc�

tion, which is maintenance of genetic identity of somatic

cells in a multicellular organism. The biological role of

p53 is related to its important “social” function in the

organism, which ensures benefits of the organism over

those of an individual cell. The function of p53 specifies

altruistic behavior of cells in a multicellular organism,

which is manifested by separate decisions of individual

cells to commit suicide. Activities of p53 are changing

depending on the condition and balance of virtually each

and every process within the cell. Numerous connections

converge on p53 and convey upcoming signals that report
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about all sorts of structural damages, deviations from

optimum in processes, and the activity of p53 changes

depending on the degree of the aberration, which results

in either stimulation of repair processes and protective

mechanisms, or the cessation of further cell divisions and

the induction of programmed cell death. The strategy of

p53 ensures genetic uniformity of cells and excludes com�

petition among cells and selection of cells with certain

advantages to local conditions. Loss of functions of the

p53 gene is observed in virtually every cancer case, and

conversely, the loss of p53 unavoidably leads to the devel�

opment of cancer. The understanding of mechanisms

underlying functions of p53 not only allows the develop�

ment of new approaches to cancer treatment, but also

defines important strategies for the prevention of numer�

ous diseases and for delaying the process of aging.
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