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 The p53 protein is one of the most important suppressors of neoplastic transformation. It regulates transcription of mul-
tiple genes and interacts directly with other proteins. It plays a significant role in the most important processes that take 
place in the cell, including: DNA repair, cell cycle and programmed cell death – apoptosis. Loss of its proper function leads 
to a disturbance of the mechanisms controlling cell proliferation and survival, which contributes to the development of 
neoplasms. 
 The TP53 gene is called the guardian of the genome. Its mutations occur in a large percentage of tumors. They most often 
concern sequences that encode the DNA-binding domain (exons 5–8). The TP53 gene, together with the TP63 and TP73 
genes, belongs to the oldest evolutionary family of cancer transformation suppressors. Its product, a full length p53 protein, 
consists of five domains and a flexible consolidator region and functions as a homotetramer. The regulation of p53 activity 
is caused by MDM2 protein, which contributes to proteasomal degradation of the suppressor. 
 This review deals with the most important aspects of the regulation of cell activity by p53 protein. It describes the structure 
of p53 protein and the associated therapeutic possibilities. 
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Introduction
According to the current state of knowledge, the main cause 
of death in the global population are cardiovascular diseases 
and cancers. In recent decades, however, cancer has been 
ranked as a number one in the hierarchy of the most common 
causes of death in developed countries. Europe accounts for 
23.4% of global cancer cases and 20.3% of cancer deaths, 
while the population of European countries accounts for 
only 9% of the global population. According to GLOBOCAN, 
9.6 million people worldwide died of cancer in 2018 and 
more than 18 million new cancer cases were diagnosed [1, 
2]. This ever-increasing threat has become the driving force 
behind research into the mechanisms of the cancer process. 
Genetic research has allowed us to distinguish several classes 
of genes that are involved in the carcinogenesis process. 
One of these classes is made up of genes responsible for 
suppressing abnormal cell proliferation. One of the most 

important suppressor genes is the TP53 gene, which is called 
the guardian of the genome. 

The p53 protein – the superior guardian of the 
genome
The history of p53 research dates back nearly forty years, and 
the protein itself was discovered in 1979 independently by 
several groups of scientists. They identified a protein of ap-
proximately 53kDa mass present in human and mouse cells, 
which bound to a large T-antigen of the SV40 virus. Research 
has shown the existence of a high level of the p53 protein in 
neoplastic cells with a low level of p53 in normal cells. In turn 
the overexpression of the newly discovered TP53 gene resulted 
in the transformation of a healthy cell into a neoplastic one. 
Therefore, initially TP53 was erroneously considered to be an 
oncogene. It was not until 10 years later that it was classified 
as a cancer transformation suppressor. It became clear then 



169

that the originally analyzed TP53 gene was mutated. This gave 
rise to intensified research on its role in the carcinogenesis 
process [3, 4].

The role of the wild type p53 protein in suppressing tumor 
development is well known. Suppressor regulates the trans-
cription of numerous target genes that are involved among 
other things in cell cycle monitoring, apoptosis and DNA re-
pair. The majority of mutations in this gene are missense type 
changes, leading to expression of full length but abnormal 
p53 protein. The altered protein not only loses its suppressive 
function, but also it can acquire new properties that promote 
carcinogenesis [5–7].

In normal cells, activation of TP53 transcription is a respon-
se to stress factors, including significant DNA damage and 
cell hyperproliferation signals. A normal suppressor interacts 
with proteins and regulates the transcription of many genes 
affecting the most important cellular processes. Depending 
on the degree of DNA damage, the p53 protein stops or slows 
down the cell cycle, giving the cell time to repair the genetic 
material and preventing duplication of the error. When the 
damage is too serious, the p53 protein directs the cell to the 
path of programmed death (apoptosis) [8]. Due to its important 
role in determining the fate of the cell, p53 is strictly controlled 
by a number of regulatory proteins: MDM2, MDM4, MDMX, 
p300/CBP and some kinases. Low p53 protein level is caused 
by interaction with MDM2, which contributes to proteasomal 
protein degradation. MDMX works in a similar way and also 
negatively regulates the p53 level. In stressful conditions the 
kinases phosphorylating p53 N-terminal domain are activated, 
which allows to releasing MDM2 and enhances the binding 
to transcription coactivators, including p300/CBP, leading to 
the activation of the suppressor [9].

Mutations, i.e. gene pathogenic variants, associated with 
cancer are usually somatic changes that arise and accumulate 
in cells during the carcinogenesis process. Somatic mutations 
are not transferred to reproductive cells, but only to the pro-
geny of cancer clone cells. The pathogenic variant of the gene 

that occurs in all cells of the organism (inherited or arised de 
novo) is called a germinal mutation. Such a change may in-
crease the risk of cancer development in affected individuals 
(hereditary cancer).

The presence of a germinal pathogenic variant of the TP53 
gene is associated with Li Fraumeni syndrome (LFS). The ClinVar 
database, which collects information on gene variants of clinical 
significance, contains so far over 750 described changes in 
the TP53 sequence detected in patients with LFS. Li Fraumeni 
syndrome is inherited in an autosomal dominant way. It is cha-
racterized by patient’s predisposition to rare types of cancer, 
especially in younger age. Half of the persons with LFS develop 
cancer before the age of 30, while in an unencumbered popu-
lation the risk of developing the disease is about 1% [10, 11].

The TP53 gene structure
The TP53 gene is located on the short arm of the chromoso-
me 17 (17p13.1). It consists of 19 198 nucleotides including 
11 exons, the first of which is non-coding [12–14]. There are 
no CAAT or TATA sequences in the TP53 gene promoter that 
are recognized by RNA II polymerase. On the other hand (like 
other areas that regulate transcription without the TATA-box 
sequence), the TP53 promoter contains multiple GC repetitions 
and binding sites for the SP1 transcription factor. It also has 
motifs specific to many other transcription factors, including: 
cMyc/Max, ETF, NF-κB complex [15, 16].

The p53 protein structure 
The TP53 gene encodes a 393-amino acid protein that functions 
as a transcription factor and is biologically active as a homote-
tramer. Full length protein consists of five main domains and 
a flexible consolidator region (linker, L), which links the domain 
binding DNA with the tetramerization domain (Fig. 1) [12–14].

TAD (N-terminal transactivation domain)
A transactivation domain (N-terminal), due to its function, 
is also called a transcription activating domain. It consists of 

TAD I
aa 1–40

TAD II
aa 41–67

PRD
aa 68–98

DBD
aa 99–103

OD
aa 323–363

CTD
aa 364–393

NH2 COOH

L
Ser392Ser46 Arg175, Gly245, Arg248, Arg249, Arg273, Arg282Ser15, Ser20

aa 13–19

aa 117–142 aa 234–258

aa 171–181 aa 270–286
I

II IV

III V

Ser15, Ser20, Ser46, Ser392 – most frequent phosphorylation sites, 
Arg175, Gly245, Arg248, Arg249, Arg273, Arg282 – most often 
mutated codons,
TAD – transactivation domain, 
PRD – proline-rich domain, 

DBD – DNA-binding domain, 
L – consolidator, 
OD – oligomerization domain, 
CTD – regulatory domain,
I–V – regions of high evolutionary conservation

Figure 1. The p53 protein structure
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two independent subdomains: TAD I (1–40 amino acids) and 
TAD II (41–67 amino acids) that contain ф-X-X-ф-ф evolutiona-
ry conserved sequences (where ф stands for a hydrophobic 
amino acid, X for any amino acid). Each of the subdomains 
functions autonomously and is necessary for the regulation of 
different cellular processes [13, 17–20]. Mouse model studies 
have shown that TAD II inactivation impairs the transactivation 
of some genes, while other p53 functions are preserved. In turn, 
inactivation of  TAD I leads to much more serious cell function 
defects. It causes the lack of target gene transactivation and 
disturbs cell cycle inhibition and apoptosis initiation in re-
sponse to DNA damage. It does not affect the regulation of 
cell senescence and inhibition of the carcinogenesis process. 
Simultaneous elimination of both subdomains gives an effect 
similar to the total removal of p53 protein from the cell. This 
leads to disturbances in transcription of suppressor-depen-
dent genes, lack of activation of senescence and apoptosis, 
dysfunction of cell cycle control points and loss of ability to 
inhibit neoplastic transformation. 

The transactivation domain, except for two regions – 
Phe19 to Leu25 and Pro47 to Trp53, which form a pair of 
helixes (Pα1 and Pα2) – has an unordered structure. Pα1 and 
Pα2 play a key role in binding TAD to other proteins and the 
DNA-binding domain (DBD). Interaction with DBD affects the 
selectivity of the p53 binding to its specific sequences that are 
present in the target gene promoters [17]. It can also prevent 
premature binding of the TAD with transcription coactivators 
and other cofactors by masking their binding sites [9, 21]. Prote-
ins, with which the transactivation domain creates a complex, 
are among others: MDM2, p300/CBP acetyltransferase, subunit 
of transcription factor TFIIH and BCL-XL. The formation of the 
complex with MDM2 and p300/CBP affects the activation and 
stability of the p53. The p300/CBP protein plays an important 
role both in the activation of transcription with p53 and in 
the regulation of the stability of the p53-DNA complex by 
acetylation of lysines in the regulatory domain located at the 
carboxyl-terminus [9]. The transactivation domain, as a result of 
interaction with BCL-XL (anti-apoptotic mitochondrial protein), 
is also responsible for activating the apoptosis pathway in 
a cell, without the need to activate transcription of genes [4].

The transactivation domain contains one of the two nuc-
lear export signal sequences (NES) that are responsible for 
transporting the p53 protein from the cell nucleus to the cyto-
plasm. TAD also includes the first of five evolutionary conserved 
regions, HCD (highly conserved domain) [20, 22]. 

PRD (proline-rich domain)
The proline-rich region is mostly evolutionary conserved and 
includes amino acids 68–98. It consists of multiple repetitions 
of the PXXP motif, where P means proline and X corresponds 
to any amino acid [8, 23]. These repetitions are a specific ligand 
for proteins containing SH3 domains and facilitate their direct 
interaction with p53 [12]. Studies of cell lines have shown that 

the PRD domain is significant for activation of apoptosis by p53 
[24, 25]. Moreover, PRD may influence the kinetics of protein 
folding and facilitate its splicing [12]. It also plays an important 
role in the stabilization of the p53 protein through interaction 
with proline isomerase Pin1. In vitro studies have proven that 
phosphorylation of p53 in response to stress signals results in 
increased interaction with Pin1. This changes the protein con-
formation and reduces its availability for MDM2 [25].

DBD (DNA-binding domain)
The DNA binding domain is located centrally and includes 
amino acids 99–303 [8]. Its core forms a β-sandwich structure, 
similar to that of immunoglobulins, which consists of two 
antiparallel β-sheets and a helix [26]. There are four of the five 
evolutionary preserved sites here (HCD II-V). These are the areas 
where mutations are most frequently detected [27, 28]. The 
DBD domain is a region necessary for specific DNA binding. 

Direct contact with the double helix involves a complex 
of three elements. It includes: a β-hairpin structure formed by 
two antiparallel strands (S2 and S2’), L3 strand including a short 
α-helix (H1) and a zinc ion tetrahedrally coordinated by His-
179 and three side chains of cysteines: Cys-176, Cys-238 and 
Cys-242. The last component is the evolutionarily preserved 
α-helix (H2) located at the C-terminus of the domain. It is 
a functionally important part of the domain and is crucial for 
biological activity of p53 [12, 29, 30].

A domain that binds DNA connects to the specific RE 
(response elements) sequence present in the target gene 
promoter region [28]. RE consists of two decameric palindrome 
sequences – 5’-RRRCWIGYYYY-3’ (where R stands for purine, Y 
for pyrimidine and W for alanine or threonine). Single sequen-
ces can be separated by a short 0–13 base pairs insertion. The 
p53-dependent gene promoters contain different numbers of 
RE sequences, which may be associated with differences in the 
activation strength of their transcription by the suppressor. 
Crystallographic findings suggest that the p53 homotetramer 
is capable of forming a complex with a single decameric sequ-
ence, with two of the four DNA-binding domains involved in 
the interaction. It is also possible that one p53 homotetramer 
binds to two RE sequences [28].

The selectivity of the DBD binding to specific target gene 
sequences is related to the interaction with the transactivation 
domain. TAD competes with a DNA molecule to bind to DBD. 
RE sequences specific for p53 are bind with higher affinity and 
replace TAD from the interaction with the central domain. In-
tramolecular interaction between TAD and the surface of DBD 
in the p53 homotetramer reduces by more than five times the 
ability of DBD to non-specific binding to DNA, but does not 
affect the interaction with the suppressor-specific sequence [21].

OD (oligomerization domain)
In the C-terminal part of p53 protein there is an oligomerization 
domain, which is responsible for the tetramerization of the 
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molecule and the formation of a functional homotetramer. It 
includes amino acids 323–363 and contains the second NES 
signal sequence [31, 32]. Structurally, OD is inscribed in the 
hairpin pattern. It consists of β-sheet (Glu326-Arg333 amino 
acids) and α-helix (Arg335-Gly356 amino acids) connected by 
glycine (Gly-334) [31–33].

CTD (C-terminal domain)
C-terminal region p53 includes amino acids 364–393. CTD is 
characterized by internal disorder and its important feature is 
the presence of lysines, which co-participate in the non-speci-
fic p53 binding to DNA. This domain also regulates the ability of 
the DBD domain to bind DNA, making it easier to match each 
other and favoring the maintenance of the p53-DNA complex. 
The unmodified form of the CTD domain inhibits DNA binding, 
while phosphorylation of Ser392 has a positive effect on the 
interaction with nucleic acid [18, 20, 27].

Similarly to the N-terminal domain, the C-terminal region 
is responsible for p53 interactions with other proteins. It is 
a region where transcription factors (TFs) bind [43, 45]. Fur-
thermore, the CTD is essential for interaction with MDM2, thus 
affecting the stability of p53 and its nuclear location. It contains 
sites that are the target of post-translational modifications that 
regulate p53 activity (e.g. acetylation of the domain modulates 
affinity to DNA) [18, 20, 27, 34].

The CTD may adopt different conformations depending 
on the interaction with other proteins: α-helix in contact with  
low-molecular-weight S100 calcium-binding protein B, β-sheet 
in contact with Sir2 (deacetylase NAD+-dependent), β-sheet 
in complex with p300/CBP (coactivation protein with histone 
acetyltransferase activity) and undefined secondary structure 
in connection with cyclin A/CDK2 complex. Therefore, depen-
ding on the conformation adopted by the C-terminal domain, 
the functionality of p53 protein is regulated both negatively 
and positively [20, 34].

Activity control of p53
The activity of p53 protein is regulated by a number of me-
chanisms. These include post-translational modifications, 
regulation of the degradation and oligomerization process. 
The inhibition of degradation contributes to the activation of 
p53 protein through its stabilization and accumulation in the 
cell. The level of suppressor in cells that are not exposed to 
a stress factor is low. It is facilitated by the short half-life of the 
molecule. Responsible for this are the MDM (murine double 
minute) proteins – MDM2 and MDM4, which bind p53 within 
the TAD domain. 

MDM2 has the ability to degrade p53 through proteasome 
due to its ubiquitin E3 ligase activity. MDM4 does not has liga-
se activity, but by heterodimerization it regulates enzymatic 
activity of MDM2, increasing the efficiency with which MDM2 
degrades p53 [35]. MDM2 synthesis is positively regulated by 
p53, which leads to an increase in MDM2 levels at a higher p53 

concentration. In inactive cells, p53 binds to MDM2, which 
promotes its ubiquitination. However, under stress conditions, 
such as the occurrence of DNA damage, the balance between 
proteins is disturbed. As a result of post-translational modifi-
cations blocking the interaction with MDM2, p53 is stabilized, 
its amount in the cell is increased and it is activated [8, 18, 36]. 

Post-translational modifications, including phosphory-
lation, acetylation, methylation, ubiquitination, neddylation, 
SUMOylation and the addition of N-acetylglucosamine amino 
acids at the end of the chain also contribute to p53 activation. 
Phosphorylation occurs mainly within the N- and C-terminal 
domains, as well as in the linker region. Lysines which are loca-
ted in those regions, may also be subjected to methylation or 
neddylation [36]. Neddylation is the attachment of the Nedd8 
molecule to the target protein. Nedd8 is a protein similar to 
ubiquitin, which promotes protein degradation by activating 
ubiquitin E3 ligases [37]. 

The number and type of DNA damage determine post-
-translational modifications of p53 protein, which directly 
affects the cell response. Induction of apoptosis pathway 
requires phosphorylation of the remaining amino acid Ser46 
by p38, DYRK2 or HIPK2 proteins. Acetylation of the Liz120 
residue by PCAF (p300/CBP-associated factor) activates trans-
cription of genes responsible for cell cycle arrest. In turn, 
acetylation by Tip60 (60-kDa tat-interactive protein) or hMof 
(human males absent on the first) introduces the cell on the 
p53-dependent pathway of apoptosis. Acetylation of Liz164 
via CEP and p300/CBP is necessary for both stopping the cell 
cycle and apoptosis [36].

The p53 protein is phosphorylated by the protein kinases 
ATM (ataxia telangiectasia mutated) and ATR (ataxia-telan-
giectasia and Rad3-related). In response to DNA damage, they 
interact with the Chk2 and Chk1 kinases respectively, which 
stabilize p53 by attaching the phosphate residue to Ser20. In 
addition, ATM protein phosphorylates MDM2 that prevents its 
interaction with p53. This results in inhibition of degradation 
and accumulation of the suppressor [8, 18, 36]. ATM or ATR 
kinases also directly phosphorylate of p53 at Ser15. Sequential 
phosphorylation of amino acid residues facilitates acetylation 
at the C-terminus of the chain, enabling oligomerization of the 
protein and its nuclear transport. This has a positive effect on 
the transcription activity of p53 and at the same time streng-
thens the bond with DNA [7].

Another process that affects p53 activity is its oligomeri-
zation. This dynamic process is regulated by protein-protein 
interactions and depends on the level of p53 in the cell. Nu-
merous proteins that directly bind to the OD domain can 
modify the oligomerization of the molecule and change its 
stability. Interactions between proteins enhance or inhibit the 
oligomer formation process, thus promoting the monomeric 
forms of p53 [31]. When creating a tetramer, the NES sequence 
is masked, suggesting that the regulation of tetramerization 
and nuclear export is correlated [31, 32].
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Homotetramer of p53 protein is structurally a dimer of 
two dimers and the oligomerization process takes place 
in stages. Primary dimer is created by interaction between 
β-sheets of two p53 monomers, which in an antiparallel 
way bind together with hydrophobic interactions between 
α-helixes. Subsequently, the two primary dimers merge with 
each other and form a p53 protein homotetramer [31, 38, 
39]. In case of other the p53 family members: p63 and p73, 
it is observed an additional helix that stabilizes the formed 
tetrameter [38]. Under normal conditions most of the p53 
molecules are in the form of dimers – nearly 60% of the cell 
pool. It was shown that the structure of the tetramer increases 
the affinity and ability of p53 to bind to DNA in relation to the 
dimeric form. Therefore, during cellular stress, homotetramer 
formation is observed with simultaneous reduction of p53 
degradation. Correct oligomerization of the molecule affects 
the functionality of the suppressor, it is necessary to direct 
the cell to the apoptosis pathway, inhibit its growth or allow 
for proliferation. Defects during the oligomerization process 
decrease the transcription activity of the protein and con-
tribute to the formation of a number of neoplasms [31, 39].

The p53 protein as the main driver of cellular 
processes
The p53 protein plays a key role in the control of many of the 
most important cellular processes. 

It participates in the regulation of proliferation, program-
med death and repair of genetic material. It is also involved in 
the control of cell metabolism, autophagy and cell senescence 
processes [8]. The suppressor works by interacting directly with 
other proteins and regulating gene transcription. For example, 
it forms complexes with proteins that are involved in DNA 
repair (including RAD51, RecA, BRCA2). It also interacts with 
individual members of the BCL-2 family regulating the mito-
chondrial pathway of apoptosis. In addition, p53 influences 
the control of transcription of target genes in different ways: 
• it directly activates genes expression through an extended 

mechanism that includes the interaction of p53 with the 
RE in the promoter,

• directly inhibits target genes expression, which occurs after 
interaction of p53 with RE or by binding p53 via an adaptor, 
in particular the NF-Y factor (nuclear transcription factor Y),

• indirectly inhibits the expression of target genes through:
 ū activation of p21, DREAM (p53-DREAM pathway; DP, 

RB-like, E2F4 and MuvB) or pocket protein complexing 
(RB/E2F),

 ū interaction with transcription activators, in particular 
NF-Y, Sp1 (specificity protein 1) and TBP (TATA-box 
binding protein),

 ū activation of transcriptions of non-coding RNAs (ncR-
NAs), including: mir34a (MicroRNA 34a), lincRNA-p21 
(long intergenic non-coding RNA p21) and PANDA (p21 
associated ncRNA DNA damage activated) [27, 40–44].

The role of p53 in DNA repair
DNA in cells of living organisms is exposed to numerous da-
mage related to both endogenous factors (reactive oxygen 
species, replication errors) and the effects of exogenous fac-
tors, including ionizing radiation and UV radiation, as well as 
genotoxic compounds. In response to abnormalities in the 
genetic material, in a cell the pathway of response to DNA 
damage – DDR (DNA damage response) is activated. Its im-
portant element is the p53 protein [36, 45].

The main role in DDR pathway activation play ATR and 
ATM kinases, which belong to the PIKK (phosphatidylinositol 
3-kinase-related kinase) family. The first one is involved in the 
response to single-strand breaks (SSB) damage caused by e.g. 
stopping the replication fork. Its activation takes place mainly 
during the S-phase of the cell cycle. The ATM kinase, on the 
other hand, is active during all phases of the cell cycle. It inter-
mediates in response to double stranded DNA damage – DSB 
(double strand breaks). The consequence of the signal cascade 
activated by the above mentioned kinases is the activation 
of effector proteins, including p53. Depending on the extent 
of damage, various post-translational modifications of the 
suppressor occur. This affects the cell response: an attempt to 
DNA repair or in the case of irreversible changes, launching 
the apoptosis pathway [36, 46, 47].

There are many mechanisms for DNA repair. One of them 
is a direct repair without breaking the continuity of the DNA 
strands. It is related to the action of O6-methylguanine me-
thyltransferase (MGMT), which transcription is activated by 
p53 protein. MGMT reduces alkylation by removing the alkyl 
group from the guanine O6 atom, transferring it to its own 
cysteine residue (Cys145) in the active center [36, 48, 49]. High 
methyltransferase activity in neoplastic cells affects resistance 
to treatment with alkylating agents such as nitrosourea or 
dacarbazine derivatives and thus to therapy failure and che-
moresistance in patients [50].

Another mechanism of DNA repair is the repair by cut-
ting out the nucleotides – NER (nucleotide excision repair). 
Depending on the type of damage, p53 protein stimulates 
this pathway in a way dependent or independent of the 
activation of the transcription. It facilitates the availability 
of repair proteins to chromatin or mediates the activation 
of gene expression responsible for diagnosing damage and 
initiating DNA repair [51]. The first mechanism is related to the 
interaction between p53 and p300/CBP protein, which has 
the acetyltransferase activity. The p53 protein, when bound 
to p300/CBP, modifies its conformation, thus activating the 
enzyme, which relaxes heterochromatin and facilitates access 
of repair proteins to DNA [52, 53]. A similar mechanism can 
be observed in the interaction of p53 with p33ING1 (inhibi-
tor of growth 1) and p33ING2 proteins, which by increasing 
the level of H4 histone acetylation activate the relaxation of 
chromatin structure and reveal the DNA damage sites for 
the repair proteins [54].
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In turn, the NER repair mechanism dependent on acti-
vation of transcription by p53, includes, among others, the 
following genes: XPC (xeroderma pigmentosum) and Gadd45 
(growth arrest and DNA-damage-inducible) [51, 55]. The DDB2 
protein (damage specific DNA binding protein 2) encoded by 
XPC is necessary to repair DNA in response to damage caused 
by UV rays. It is part of a complex that acetylates histones [56]. 
A product of the Gadd45 gene by interaction with the PCNA 
(proliferating cell nuclear antigen) increases the access of repair 
proteins to damaged DNA. In this way, it plays a key role in 
preventing neoplastic transformation [54, 57]. 

The role of p53 in the regulation of the cell cycle 
The cell cycle is a cascade of consecutive events that lead to 
the division of a cell into two offspring cells. Its correct course 
is monitored at checkpoints, whose correct realization deter-
mines the start of the next phase of the cycle. The key protein 
involved in this process is p53.

The role of p53 at G1/S checkpoint
The first stage of the cell cycle is the G1 phase, in which the 
cell makes the final decision about the division. However, if 
damage of genetic material is detected, a sequence of pro-
cesses, which leads to the arresting of the cell cycle at the 
turn of the G1/S phases is started. DNA damage is detected 
by ATM/ATR kinases, which directly and indirectly – through 
Chk1/Chk2 proteins – phosphorylate p53 and stimulate its 
activation [58]. The active suppressor is transported to the cell 
nucleus. There it acts as a transcription factor and influences 
the expression of target genes, in particular cyclin-dependent 
kinase inhibitors from the Kip/Cip family: CDKN1A (p21) and 
CDKN1B (p27) [58–60]. The p21 and p27 proteins bind to the 
complex of CDK2 kinase and cyclin E, inhibiting its activity. 
The p21 protein is also an inhibitor of the cyclin D/CDK4/6 
complex [61]. Diminished activity of CDK2 and CDK4 blocks 
RB phosphorylation. It favors the binding of RB protein to 
transcription factor E2F1 and prevents its action. This leads to 
the silencing of transcription of the genes necessary to carry 
out the cell to the subsequent stages of division. This provides 
time to repair the DNA. Removal of damage allows the division 
to continue. In the case of significant, irreparable changes, p53 
starts a programmable cell death [62].

The role of p53 at the checkpoint in S-phase
The condition for proper cell division is complete and error-
-free replication of genetic material, which takes place during 
the S-phase. The occurrence of errors causes phosphorylation 
of p53 by ATR and CHK1 kinases. The activated p53 suppres-
sor induces expression of p21 protein, which by interaction 
with PCNA and CDK2 inhibits DNA replication [58, 61]. The 
association of p21 with PCNA interferes its DNA dependent 
polimerase activity, but does not affect the repair functions 
of PCNA [63].

The role of p53 at G2/M checkpoint
The G2 checkpoint protects the cell from passing into the 
last stage of division with unreplicated DNA. As a result, it 
prevents the inappropriate chromosome segregation into 
offspring cells. The condition for a cell’s entering into M-phase 
is the activation of Cdk1/cyclin B complex. The p53 prote-
in stimulates the expression of Gadd45, SFN (14-3-3σ) and 
CDKN1A (p21) genes in that way contributes to the inhibition 
of cell cycle in the G2 phase [5]. The p21 molecule binds to 
the cyclin-dependent kinase Cdk1, blocking its active center. 
Its results in inactivation of the Cdk1/cyclin B complex [62]. In 
turn, Gadd45, the negative regulator of the cell cycle, contri-
butes to the decomposition of the cyclin B and Cdk1 complex. 
Cyclin B dissociates and changes its location from nuclear to 
cytoplasmic, which reduces its availability for cyclin-depen-
dent kinase. This hinders the further stages of the division 
[64]. The next protein controlling the G2/M checkpoint is 
14-3-3σ. This protein binds to Cdk1 to prevent the formation 
of a complex with cyclin B. In addition, it contributes to the 
activation of Chk1 kinase, which by phosphorylation inacti-
vates Cdc25 and inhibits the interaction between Cdk1 and 
cyclin B [65, 66].

Another mechanism of control of cell division by p53 is 
repression of topoisomerase II promoter. Topoisomerase II is 
an enzyme that regulates the correct chromatin condensation 
in the process of forming mitotic chromosomes. Decreasing 
its concentration during the G2 phase results in the cell cycle 
arrest [67].

Cell self-destruction process – the role of p53 
Cell cycle arrest and programmed cell death are among the 
most noticeable effects of p53 activity in response to DNA 
damage, occurrence of stress factors or activation of oncoge-
ne. A neoplastic cell’s entering into the apoptosis pathway is 
a desirable event [62].

There are two main pathways of apoptosis initiation: in-
tracellular – mitochondrial and extracellular – associated with 
death receptors [35]. The p53 protein is actively involved in 
both. It is closely related to the activation of transcription of 
pro-apoptotic genes and direct interaction with anti-apoptotic 
proteins. Another mechanism targeted at initiation apoptosis 
by the suppressor is stimulation of microRNA expression, which 
is aimed at silencing genes associated with the cell cycle and 
DNA repair [36, 68].

Participation of p53 in intracellular pathway of 
apoptosis
Intracellular cell death pathway is associated with the interac-
tion of p53 with one of the two protein groups that belong to 
the BCL-2 family (B-cell leukemia/lymphoma 2). The common 
feature of these proteins is the presence of one or more BH do-
mains (Bcl-2 homology): BH1, BH2, BH3 and BH4. Proteins from 
the first group, including BAX and BAK, contain BH domains 
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from 1 to 3 and form channels in the mitochondrial membrane. 
This allows pro-apoptotic factors to enter the cytoplasm. In an 
inactivated cell, these proteins are associated with anti-apop-
totic proteins such as: BCL-2, BCL-XL, MCL-1. Proteins from the 
second group have only one domain type – BH3. These are: 
• PUMA (p53 upregulated modulator of apoptosis), 
• NOXA (phorbol-12-myristate-13-acetate-induced protein 1), 
• BID (BH3 interacting domain death agonist), 
• BIM (Bcl-2 interacting mediator of cell death). 
Under the influence of stress factors, they cause the release and 
activation of pro-apoptotic proteins. This results in mitochon-
drial outer membrane permeabilization (MOMP) [36, 68, 69].

Numerous studies indicate that p53 protein positively re-
gulates the transcription of genes encoding proteins from the 
second group (which have only the BH3 domain). Moreover, it 
may also interact directly with the anti-apoptotic BCL-2, BCL-XL 
or MCL-1 proteins, inhibiting their action, which leads to the 
activation of pro-apoptotic BAX and BAK proteins [36, 68, 70]. 
As a result of permeabilization of the mitochondrial membrane, 
cytochrome c is released into cytoplasm and together with 
APAF1 protein (apoptotic protease activating factor 1) and 
caspase-9 (initiator caspase) forms apoptosome. This complex 
initiates activation of the remaining effector caspases and 
degradation of individual elements of the cell. There are also 
released proteins: SMAC/DIABLO (second mitochondria-deri-
ved activator of caspases/direct IAP binding protein with low 
pI) and OMI/HTRA2, that block inhibitors of effector caspases 
-3, -7 and -9 – IAPs (inhibitors of apoptosis) [36, 69, 71]. Studies 
on the role of p53 in cell death have shown that this protein 
activates apoptosis by regulating the expression of APAF1 and 
also inhibits transcription of caspase inhibitors (IAPs), which are 
responsible for blocking apoptosis [71, 72].

Marchenko and Moll proved that p53 can also perform 
a direct pro-apoptotic function independent of transcription 
[68]. This is closely related to the specific post-translational 
modifications of this protein. In stressful conditions, p53 mo-
lecules are translocated and placed in mitochondria, where 
the suppressor behaves as a pro-apoptotic factor with the 
BH3 domain and initiates MOMP.

The role of p53 in extracellular pathway of 
apoptosis
The extracellular apoptosis pathway is activated by signals from 
outside the cell. The stimuli are received by death receptors 
(DR), located on the cell surface, which belong to the TNFR 
(tumor necrosis factor receptor) family. They consist of the 
extracellular domain, the transmembrane part and death do-
main (DD) extending into cytoplasm, which directly interacts 
with the complex of adaptor proteins. The stimulation of the 
death receptor occurs by binding a specific ligand, which leads 
to conformational changes in the internal domain and forma-
tion of the DISC complex (death-inducing-signaling-complex). 
This complex is initiated by combining the death domain with 

adaptor protein FADD (Fas associated death domain protein) 
and initiator procaspase 8 or 10. Autoproteolysis of caspase 
8 leads to direct activation of effector caspase 3. This, in turn, 
entails irreversible changes – the beginning of cutting the 
cytoskeleton of the cell and, as a result, its death [36].

In response to gamma radiation and DNA damage, the p53 
protein regulates the transcription of genes that encode death 
receptors and their ligands, CD95/FAS/Apo-1 and DR5/KILLER 
respectively [70, 71, 73]. Numerous studies also indicate the 
important role of p53 in the induction of apoptosis via TNFR1 
(tumor necrosis factor receptor 1) [71, 74]. In addition, p53 
sensitizes the cell to signals from the external environment 
and may be directly responsible for activating caspase 8, which 
initiates the cascade of effector caspases [72].

The p53 protein as a superior regulator of 
apoptotic proteins 
In addition to the the basic pathways of cell death, the p53 
protein directly regulates the expression of other genes asso-
ciated with apoptosis. These include PERP (p53 apoptosis ef-
fector related to PMP-22), whose product is a response to DNA 
damage as well as the hyperproliferation of cells induced by 
E2F1 and its overexpression initiates apoptosis [75, 76]. Another 
target for p53 is AEN (apoptosis-enhancing nuclease) – a gene 
activated by genotoxic stress, encoding nuclease, which during 
apoptosis digests double-stranded DNA [77]. 

The p53 protein also influences the transcription of the 
following genes:
• PIDD (p53-induced protein with a death domain) [78], 
• p53DINP1 (p53-dependent damage-inducible nuclear 

protein 1),
• p53AIP1 (tumor protein p53 regulated apoptosis inducing 

protein 1) [79]. 
PIDD expression occurs in response to genetic damage. The 
PIDD gene product forms, together with RAIDD (RIP-associa-
ted protein with a death domain), a p53-dependent complex 
called PIDDosome, which cooperates with caspase 2. Caspase 
2 activates the BID protein, which initiates the mitochondrial 
pathway of apoptosis [36, 75, 80]. 

Expression of the p53DINP1 gene is initiated when serious 
damage is detected in DNA. Its product regulates the phospho-
rylation of Ser46 in p53. This is necessary for the transaction 
of the pro-apoptotic p53AIP1 gene, which is involved in the 
mitochondrial pathway of apoptosis dependent on p53 [4, 79]. 
The p53AIP1 product interacts directly with BCL-2, inhibiting its 
activity and increasing the permeability of the mitochondrial 
membrane. This results in releasing cytochrome c and initiates 
the cell death [81].

The TP53 gene mutations
The loss of proper function of p53 protein causes disturbance 
of proliferation control mechanisms and plays a key role in the 
development of a large group of neoplasms. TP53 is the gene 
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whose mutations in human cancer cells are described most 
frequently and concern more than half of all cases of malignant 
tumors [23]. They are detected, among other things, in:
• 43% of cases of colorectal cancer, 
• 41% of cases of HNC (head and neck cancers), 
• 41% of all esophageal cancers,
• nearly 39% of epithelial ovarian carcinomas. 
(Database of the International Agency for Research on Cancer 
(IARC), R19 edition) [82].

Loss (deletion) of one of the TP53 gene copy in cells is 
a common disorder in various types of leukemia. For example, 
in chronic CLL (chronic lymphocytic leukemia), both TP53 
deletion and its somatic point mutations cause genetic insta-
bility of cancer cells, which results in worse prognosis. TP53 
deletion occurs in about 10% of patients with CLL at the time 
of diagnosis, but in patients during relapse after ineffective 
treatment with fludarabine it is as much as 40%. Deletion is 
associated with the loss of one gene allele and it is an impor-
tant factor that determines the classification of hematological 
tumors. It is associated with a worse response to treatment, 
shorter disease free survival and shorter overall survival [83]. 
Mutations of TP53 cause various types of disturbances in the 
activity of p53 protein itself, as well as a number of dysfunctions 
in interactions of p53 with other proteins, which significantly 
affects the probability or progression of cancer [84]. 

The prognostic significance of mutations in the TP53 gene 
in solid tumors is not fully clear. Most publications on cancers 
such as ovarian, prostate, breast, bladder, lung and gastroin-
testinal cancers suggest that the presence of p53 disorders is 
associated with worse prognosis. On the other hand, howe-
ver, other analyses of the same cancers do not indicate such 
a connection [85].

Somatic mutations of TP53 are mostly missense type 
changes, resulting in the formation of full length protein with 
a single amino acid change. In most cases, the physiological 
effect of this mutation is a significantly prolonged half-life of 
p53, manifested by protein accumulation in the cell. Mutations 
can contribute to the acquisition of new functions by incor-
rect protein, which was not present in the wild form of the 
p53 – GOF (gain-of-function) [8, 86–88]. The second type of 
changes are mutations leading to the formation of a premature 
termination codon. These include mutations of the nonsense 
type, i.e. substitutions leading to the formation of STOP codon 
and frameshift mutations (deletions and insertions), which 
cause the shift of the reading frame. Nonsense type mutations 
represent about 10% of all changes [82].

Mutations in the TP53 gene are detected in the whole 
length of the coding sequence, but their frequency in par-
ticular regions varies. The most disturbances are observed in 
the sequences that encode the DNA binding domain – exons 
5–8. A lower percentage of mutations is recorded in exons 
2–4 and 9–11, which encode transactivation, proline-rich and 
oligomerization domains [89, 90]. The majority of mutations 

within the DNA binding domain are missense changes, whi-
le outside of this region the proportion changes in favor of 
alterations causing the shortening of the reading frame [91]. 
The codons in which the highest percentage of substitution 
is detected are: Arg175, Gly245, Arg248, Arg249, Arg273 and 
Arg282 [30, 86, 92, 93].

Mutations in the TP53 gene can be divided into two groups 
depending on the type of changes they cause in the protein. 
The first one involves modifications in the region involved in 
the direct interaction with DNA (class I) and the second one 
refers to the conformational changes of the molecule (class II). 
The first class includes the substitutions transforming Arg248 
and Arg273 codons (L3 loop and loop-sheet-helix motif ) which 
are involved in the interaction with DNA [12, 30, 93]. Such muta-
tions do not lead to defects within the protein spatial structure. 
Mutated molecules are able to adopt correct conformation, 
but the contact with the DNA sequence recognized by p53 
protein is impaired. 

The second class includes mutations within the Arg175, 
Gly245, Arg249 and Arg282 codons. The changes concern 
amino acids responsible for stabilization of native DNA bin-
ding domain structure (L2 loop in the region of zinc atom) 
and directly affect the tertiary structure of p53. Adoption of 
incorrect conformation by the protein causes partial or total 
unwind of DBD. This affects the stability of the molecule and 
interferes with the interaction with the target proteins [12, 
30, 82, 91, 93–95]. Mutations that lead to a change in confor-
mation seem to be of greater importance in the process of 
carcinogenesis than modifications within the part in the direct 
contact with DNA [96].

The analysis of the mutation spectrum of TP53 gene sho-
wed that the most frequent substitution is G:C transition in A:T, 
with the highest percentage of such changes occurring in CpG 
dinucleotides. This is related to the susceptibility of cytosine to 
methylation by DNA methyltransferase and its spontaneous 
deamination leading to the formation of thymine [82, 91]. 
It is also important that many of the functionally important 
residues of the DNA-binding domain are arginines. They are 
coded by three nucleotides particularly susceptible to damage 
due to the presence of GC dinucleotides, which are repaired 
with lower fidelity [12].

Family of cancer transformation suppressors
For a long time, the p53 was believed to be a one-of-a-kind 
suppressor. However, in the late 1990s, two similar proteins 
were discovered. This allowed for the separation of a new 
family of proteins, which is one of the oldest evolutionary 
families of proteins, to which p53, p63 and p73 belong. Studies 
to identify differences and similarities between the different 
members of the group, particularly concerning regulation and 
the possibility of interaction, are still ongoing [97].

It was shown that p53 family members were characterized 
by a significant similarity in the structure of the protein chain. 
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Within the DNA-binding domain, the homology between p53 
and p73 is about 63%, and between p53 and p63 – about 60% 
[97]. This allows the p63 and p73 to interact directly with gene 
promoters regulated by p53, such as: CDKN1A (p21), PUMA, 
NOXA, BAX and MDM2 [98]. In terms of the structure, also the 
other domains of p53 family proteins – the proline-rich domain, 
C-terminal oligomerization domain and the transactivation  
domain – are characterized by significant similarity between 
the group members. However, in some of p63 and p73 isoforms 
is described an additional, not observed in p53, domain that 
inhibits transactivation - TID (transactivation inhibitory domain) 
[99, 100]. It is believed that it reacts with the TAD domain of the 
second molecule, thus generating a closed and inactive dime-
ric conformation that inhibits the transactivation properties of 
isoforms [101]. The second additional domain, located at the 
C-terminus, is the sterile alpha motif (SAM) domain, which is 
responsible for the protein-protein interaction. It is essential for 
the tetramerization process – the formation and stabilization 
of an active molecule. At the level of amino acid sequences, 
p63 and p73 proteins show higher homology to each other 
than to p53 [99, 100]. Unlike the TP53, genes encoding p63 
and p73 are rarely mutated in neoplastic cells [97].

Despite sharing some activities with p53, homologous 
proteins are characterized by a high level of functional spe-
cificity. Studies have shown that p73 protein plays an impor-
tant role in the development and differentiation of nervous 
system cells and regulates non-specific (congenital) immune 
response. The p63 protein, on the other hand, is significant for 
embryonic development and functioning of the epidermis and 
other squamous epithelia. It is responsible for regulating the 
development of the cells of the nipple, prostate, cervix and 
internal reproductive system both during human embryonic 
development and in adult life. As a protein, which belongs to 
the family of anti-oncogenic transcription factors, it also plays 
an important role in the neoplastic process. It was shown that 
p63 is involved in inhibition of neoplastic metastases [97–101].

Defective p53 protein as a therapeutic target
The prevalence of mutations in the TP53 gene in human tumors 
makes the disturbances in p53 an important therapeutic goal. 
The main directions of research are focused on the restoration 
of the defective protein to normal function, the degradation of 
abnormal p53 or the affect on the pathways associated with 
the suppressor [102]. 

Research has shown that the restoration of p53 function 
in tumors with mutation inhibits the development of cancer. 
However, the development of a drug that would restore the 
proper function of the suppressor seems to be a more diffi-
cult challenge than the development of therapies blocking 
overactive protein, as is the case with the commonly used 
tyrosine kinase inhibitors. So far, a number of small molecule 
reactivators have been developed, which when combined 
with the mutated p53 protein, are able to restore its function 

completely or partially [102]. Most of them are still in the pre-
-clinical testing phase, but some of them are already in the 
patient testing phase. One of them is the APR-246 molecule, 
which causes the defective p53 protein to assume normal 
conformation, activate transcription of target genes and inhibit 
tumor growth [102, 103]. The drug is currently being studied 
in clinical trials including leukemia, lymphoma, melanoma, 
ovarian and esophageal cancer. Another molecule tested in 
the first phase of clinical trials – in gynecological cancer, head 
and neck cancer – is COTI-2, which functions as a chelator 
for zinc ions [104]. This drug, similarly to APR-246, combines 
with incorrectly coiled p53 and changes its conformation as 
well as restores its proper function. Thanks to this, apoptosis 
is activated in cancer cells [102–104]. 

Gene therapies are also used to reactivate normal p53 by 
providing a wild type copy of the TP53 gene to tumor cells. On-
colytic viruses, which have a selective ability to replicate in cancer 
cells, are used for this purpose [105]. The first commercial drug for 
gene therapy based on TP53 is Gendicine, which has so far been 
approved for use only in China. This drug is a genetically modified 
human adenovirus, which served as a vector delivering the wild 
type sequence of the TP53 gene to neoplastic cells [106].

Another therapeutic strategy is to eliminate the abnormal 
p53 protein, which accumulates in the cell and by aqusiting 
new functions contributes to the growth of neoplasm. This can 
be achieved by activating its proteasomal degradation. For this 
purpose, among other things, chaperone inhibitors are used. Cha-
perons, when combined with mutated p53, stabilize it and protect 
it against proteolysis [102, 103]. One example is Ganetespib, small 
molecule Hsp90 (heat shock protein 90) inhibitor, which as shown 
in mouse model studies, contributes to increased degradation of 
the defective p53 [103].

Some therapies are not targeted directly at the damaged 
p53, but at the associated pathways active in cancer cells. This 
strategy is used, among others, in the case of atorvastatin and 
AZD1775, the studies of which in oncological patients have 
already entered the clinical phase [102, 107]. Atorvastatin is 
a commonly used statin drug that blocks the production of 
cholesterol and is used in cardiovascular diseases. Its use in 
tumor cells with TP53 mutation results in a decrease in the 
amount of abnormal protein and a change in the morphology 
of tumor cells, which results in the inhibition of tumor growth. 
In turn, AZD1775 is an inhibitor of WEE1 kinase, which initiates 
cycle stopping at G2/M checkpoint. In cells with TP53 mutation, 
inactivation of the G2/M checkpoint leads to cell elimination 
due to a mitotic catastrophe and increases cancer sensitivity 
to drugs damaging DNA and radiotherapy [102, 107].

Summary
The presented literature review summarizes data which in-
dicates that p53 protein is one of the most important tumor 
transformation suppressors. As a result of a wide spectrum of 
stress factors, such as DNA damage, hypoxia or stimulation 
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of oncogenes, p53 is activated and through the regulation 
of the most important processes in the cell decides its fate. 
Therefore, its dysfunction is a key element in the process of 
transforming a normal cell into a cancer cell. The prevalence 
of TP53 gene mutations in many types of cancer makes it an 
attractive target for potential therapies that focus mainly on 
eliminating defective protein or restoring its normal function. 
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