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ABSTRACT

p53, also known as the Guardian of the Genome, has a plethora of functions in cells. This review 
focuses on the current understanding of p53’s roles in three mechanisms (cell cycle arrest, apoptosis, 
and senescence) and how p53 determines the fate of the cell among them. Cell cycle arrest occurs when 
cells temporarily halt the cell cycle in response to DNA damage, allowing time for repair. The main 
way in which p53 induces cell cycle arrest is by activating the target gene p21. Apoptosis is a form of 
programmed cell death that occurs if a cell is damaged beyond repair. p53 induces apoptosis through 
its interaction with the BCL-2 family of proteins, such as Bax and Bak. Cellular senescence is distinct 
from cell cycle arrest or apoptosis because it is an irreversible form of cell cycle arrest mediated by p53. 
The current understanding is that p53 makes cell fate decisions between cell cycle arrest, apoptosis, or 
senescence based on the level of DNA damage as well as the pathways it engages. This understanding 
of cell fate decisions is extremely hypothetical and advancing this understanding is key to being able 
to induce the various mechanisms of p53 for clinical benefit. This paper aims to investigate the cellular 
pathways induced by p53 in cells that have undergone DNA damage.
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INTRODUCTION

It is estimated that healthy somatic cells accumulate 
about 1.14 mutations per cell division (1). Human cells 
are prone to errors during division or when exposed 
to mutagens and toxins. These mutations could have 
extremely harmful effects because many of them alter 
genes involved in the growth and division of cells as well 
as processes that play a crucial role in tumorigenesis, 
tumor growth, and metastasis (2). However, not all of 

these mutations lead to cancer because DNA repair 
mechanisms exist to correct damage and prevent 
mutations from truly taking effect and consequently 
protecting human genomes. Protein p53 plays a critical 
role in regulating these mechanisms (3). Often referred 
to as the “Guardian of the Genome,” p53 is a tumor 
suppressor protein encoded by a gene located on 
chromosome 17 (4). Tumor suppressors are a group of 
proteins that regulate normal cell growth (5). Mutations 
in tumor suppressor genes can result in tumorigenesis. 
Though p53’s function in cell cycle regulation and 
apoptosis are most well known, p53 has a plethora of 
functions, likely due to its structural flexibility, which 
are required to prevent both tumor initiation and tumor 
growth, depending on the cell state (3). p53 interacts 
with hundreds of genes, therefore contributing to a 
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variety of biological processes, including metabolism, 
cell cycle, and DNA damage response (5). As mentioned 
earlier, the most widely studied functions of p53 are its 
ability to induce cell cycle arrest, a halt in the cell cycle, 
and apoptosis, a form of programmed cell death. Both 
of these functions are widely explored in the context of 
preventing tumor growth because of their ability to stop 
the uncontrolled growth and proliferation of cells (3). 
This review outlines the current understanding of p53’s 
roles in cell cycle arrest, apoptosis, and senescence and 
how p53 makes decisions on which pathways to drive 
cell fate. 

CELL CYCLE ARREST AND P53

When cells divide, they undergo four distinct phases: 
G₁, S, G₂, and M phases. The G₁ phase is when a cell 
grows and produces the various materials needed to 
undergo DNA replication. The S phase is when a cell’s 
DNA is replicated. The G₂ phase follows DNA replication 
and is when the cell continues to grow, preparing for 
mitosis. The M phase is when the cell divides its nucleus 
and cytoplasm, officially undergoing mitosis (6). 

Cell cycle arrest is when cells temporarily halt the 
cell cycle at G₁, G₂, or M phases (3). Cell cycle arrest 
typically occurs in response to repairable DNA damage, 
such as that caused by ultraviolet light, ionizing radiation, 
oxidative stress (7). Cell cycle arrest provides time to 
repair DNA damage, allowing cells to stay healthy, and 
proceed with the rest of the cell cycle (3). Upon DNA 
damage, ATM/ATR kinases phosphorylate p53. The 
phosphorylation prevents p53 degradation by MDM2, an 
E3 ubiquitin ligase, and lessens ARF tumor suppressor 
activity. ARF functions as a surveillance mechanism 
to induce and stabilize p53 activity thereby inhibiting 
tumorigenesis. MDM2 is a key negative regulator of p53 
that marks the protein for degradation in normal cells, 
inhibiting its tumor suppressor functions. Excess MDM2 
expression is a common feature in human cancers (8). 

P53 plays a role in cell cycle arrest by activating 
the transcription of p21 mRNA, resulting in increased 
production of the p21 protein. This protein induces cell 
cycle arrest in the G₁ phase by binding to cyclin E and 
cyclin D (Cdk2 and Cdk4). This causes Rb to bind to 
E2F1 which promotes the silencing of the E2F1 target 
genes. Many E2F1 target genes encode proteins that are 
necessary for DNA replication. Thus, the silencing of 
E2F1 target genes causes G₁ phase cell cycle arrest. The 
2.4 kb, 1.4 kb and 5’ binding sites of the p21 promoter 
are some known p53 binding sites when activating p21 

transcription. 
While p21 is a major part of inducing cell cycle 

arrest, it is not necessary. One study found that p21-
null cells were still able to achieve cell cycle arrest 
with the help of other p53 target genes such as 14-3-3​​σ 
suggesting a redundancy in their functions (3). 14-3-3​​σ 
is a target gene of p53 that is involved with blocking the 
cell cycle transition between the G₂ and M phase (9). Cell 
cycle arrest can also occur when cyclin B and cdc25C 
are repressed by p53. Together 14-3-3σ expression and 
cdc25C repression allow for G₂ and M phase arrest (10). 
In more severe cases of DNA damage, p53 may activate 
a different cellular pathway known as apoptosis.

CELLULAR APOPTOSIS AND P53

Apoptosis is a form of cell death that is carried out 
if a cell is damaged beyond repair (11). This mechanism 
removes cells with DNA damage or other irregularities 
that could potentially become cancerous. There are 
two main types of apoptosis: the intrinsic and extrinsic 
pathway, and p53 is involved in both. 

The intrinsic, or mitochondrial, pathway is regulated 
by the BCL-2 family of proteins (3). Because intrinsic 
apoptosis depends on p53, p53 mutations are common 
in cancer cells, resulting in uncontrollable growth of 
cancer cells (12). p53 can induce apoptosis through both 
transcription-dependent and transcription-independent 
activities (13). Multiple target genes work together 
to induce apoptosis by promoting death receptor 
dimerization, causing mitochondrial outer membrane 
permeabilization (MOMP), among others. p53 can 
induce apoptosis by directly promoting MOMP at the 
mitochondria (3). p53’s interaction with the BCL-2 
family of proteins, such as Bax and Bak, is the one of 
the primary forms of apoptosis induction by p53. PUMA 
(a member of the BCL-2 family of proteins) is a protein 
that is pro-apoptotic, a factor that is known to promote 
or induce apoptosis (12). The ASPP family of proteins 
also plays a large role in activating apoptosis target genes 
of p53. The ASPP family of proteins (including ASPP1, 
ASPP2 and iASPP) is a set of p53 binding proteins that 
bind to the promoters of apoptotic genes on p53 at both the 
core domain and the proline-rich region. This multisite 
binding combination allows for a conformational change 
that prompts p53 DNA binding (3). 

The extrinsic, or death receptor, pathway is initiated 
by death ligands binding to their corresponding receptors, 
such as FasL/FasR. p53 upregulates the expression of 
these death receptors. Once engaged, the receptors 
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activate intracellular signaling intermediates that trigger 
initiator caspase-8. Caspase-8 then activates caspase-3, 
or stimulated MOMP, eventually leading to apoptosis. 
Caspase-3 commonly mediates nuclear apoptosis through 
cell shrinkage and DNA fragmentation (14). 

CELLULAR SENESCENCE AND P53

Another cellular pathway activated by p53 is cellular 
senescence. Cellular senescence is an irreversible 
form of cell cycle arrest mediated by p53 (15). This 
mechanism puts cells in a state where they are not dead, 
but they no longer go through the stages of the cell 
cycle: they cannot grow or replicate. Although they are 
in a permanent state of arrest, they are still considered 
metabolically active and can secrete molecules in order 
to communicate with neighboring cells. Two major 
etiologies of senescence are replication and stress (16). 
Replicative senescence is linked to telomere shortening, 
DNA damage, and chromatin alterations, which activate 
the DNA damage response. This response activates the 
ATM kinase that phosphorylates p53 and MDM2 (15). 
Stress-induced senescence is caused by external stressors 
such as oxidative damage and UV light resulting DNA 
damage. Similar to apoptosis, severe DNA damage often 
results in senescence (16). Senescent cells in tissues can 
also inhibit tissue homeostasis and lead to age-related 
diseases (17).

The role of p53 in senescence is an active field of 
research. Senescence in cell culture in vitro is modeled 
by triggering telomere shortening, oncogene activation, 
or artificial DNA damage with drug treatments. For 
example, one study was conducted to understand the role 
of splicing factor SRSF3 on cellular senescence. It found 
that the knockdown of SRSF3 altered the alternative 
splicing of p53 mRNA, inducing cellular senescence. 
This was demonstrated by comparing multiple fibroblast 
cell lines, each with a varying amount of SRSF3 
expression. The cell lines with the lowest amount of 
SRSF3 expression had the largest increase in senescence 
occurring (18). Another study using chemotherapy 
to induce senescence in cell culture showed that 
chemotherapy-induced senescence is temporary and 
often relapses (15). The choice between inducing these 
various cellular pathways by p53 is known as cell fate 
decision.

CELL FATE DECISION 

Cell fate decision, while widely studied, still has a 

lot of unknowns. Many believe that it depends on the 
pathways with which p53 interacts as well as regulatory 
proteins like pRb, NF-kb, and mTOR (3). Wang et al., 
explored the idea of cell fate decision based on the level 
of DNA damage. They showed that different enzymes 
posttranslationally modify p53 at low or high DNA 
damage and thereby regulate the cell fate. This study 
focused on Tip60, an enzyme that acetylates p53 at K120 
and induces both p21 and PUMA, proteins that play a role 
in inducing cell cycle arrest and apoptosis. At low levels 
of DNA damage, it was found that p21 levels increased 
while PUMA levels stayed the same, therefore inducing 
cell cycle arrest (11). p21 silences E2F1 target genes by 
binding to Cdk2 and Cdk4, causing G₁ phase cell cycle 
arrest (3). However, at high levels of DNA damage, the 
levels of both p21 and PUMA expression increased, 
pushing the cell into apoptosis (11). PUMA, as a member 
of the BCL-2 family of proteins, is able to promote 
MOMP and push the cell into intrinsic apoptosis (12). 
Inhibition of the IGF-1R/AKT pathway increases K120 
acetylation, therefore increasing p53 mediated apoptosis, 
but reduces p53 protein levels and p53- mediated cell 
cycle arrest as well as cellular senescence (11).

Cell fate decisions may depend on the type of cell 
responding to p53 activation because of the various 
cofactors that are expressed in different cell types. 
For example, hematologic cancer cells have a higher 
expression of apoptosis-inducing cofactors, making them 
more susceptible to apoptosis compared to fibroblasts 
or carcinoma cancers. It is also speculated that cell 
fate decision relies on metabolic differences, post-
translational modifications and the level of stress in a 
cell (19). One study found that the phosphorylation of 
p53 at Ser46 induces p53 to commit to apoptotic cell 
death. Exposure to genotoxic stress activates DYRK2, a 
protein kinase that translocates into the nucleus, causing 
Ser46 phosphorylation. This mainly occurs when DNA 
damage is severe. Upon repairable DNA damage, p53 
is phosphorylated at Ser15 and Ser20 activating p21 and 
causing G₁ cell cycle arrest (20). 

One way in which cellular senescence is induced via 
p53 is through the encoding of plasminogen activator 
inhibitor-1 (PAI-1). PAI-1 is linked to both replicative 
and stress-induced senescence. p21 is known to be 
relevant in inducing senescence and one study proved 
that the expression of both p21 and PAI-1 together 
proved to have resulted in inducing the most efficient 
senescence in human fibroblasts (21). This comprehensive 
understanding of the role of p53 in healthy cells is crucial 
in realizing p53’s significance in cancer biology.



p53 Regulation of Damage-Induced Cell Fate

December 2025    Vol. 3 No. 6    American Journal of Student Research    www.ajosr.org 898

P53 IN THE CONTEXT OF CANCER BIOLOGY

According to the Cancer Genome Atlas (TCGA) 
database, around 30.51% of all cancers have p53 
mutations. The prevalence of p53 mutation varies 
across different cancer types. Ovarian serous 
cystadenocarcinoma has the highest percent of cases 
affected by a p53 mutation at 87.59% followed by uterine 
carcinosarcoma at 85.96% and esophageal carcinoma 
at 84.24%. Sarcomas have the lowest p53 mutation 
prevalence at 37.45%. Understanding the impact of 
p53 mutation in cancers is critical because it affects 
the prognosis of the cancer patients. At a duration of 
10 years, p53 wild type cancers such as Lymphoid 
Leukemias have a survival rate of 48% meanwhile p53 
mutant cancers such as Testicular Germ Cell Neoplasms 
have a significantly smaller survival rate of 32% (1). 

There are different types of p53 mutations observed 
in cancer. The most common type of p53 mutation is 
a missense mutation (22). 25% of p53 mutations are 
either nonsense or frameshift mutations, which encode 
truncated proteins. The rest are considered splicing and 
in-frame mutations, which don’t have a clear biological 
significance. Loss of function is a common characteristic 
of these mutations. Cells are prone to becoming 
cancerous when a mutation occurs in the p53 gene 
because of its important role in regulating cell growth, 
cell division and DNA repair. When a mutation occurs, 
p53 loses its ability to perform these functions, resulting 
in damaged cells being able to proliferate and allowing 
for tumorigenesis to occur. p53 mutated cells lose their 
ability to undergo apoptosis which is a characteristic 
exploited in many anticancer treatments. This results 
in many p53 mutated cancers being highly treatment 
resistant and having a much worse prognosis (5).

THERAPEUTIC APPROACHES TO 
TARGETING P53

Though p53 is commonly mutated in various types of 
cancers, not all cancers harbor p53 mutations. Exploiting 
intact p53 in combination with targeted therapy or 
chemotherapy can cause synergistic effects in treating 
cancer. For instance, a combination of MDM2 inhibitors 
and DNA-damaging drugs are proven to be effective in 
synergistically inducing apoptosis in cancer cells without 
p53 mutations. As MDM2 targets p53 for degradation, 
MDM2 inhibitors block the pathway between MDM2 
and p53, thereby activating p53 pathways (23). p53-
mediated apoptosis in tumors is extremely helpful in 

controlling them, however many side effects of drugs are 
results of apoptosis taking effect in healthy tissue (3).

Developing treatment options for cancers with p53 
mutations has been a challenge. Currently, p53 mutant 
cancers are treated with standard chemotherapy and 
radiotherapy, but these cancers continue to be highly 
treatment-resistant. One study performed on patients 
with p53 mutated acute myeloid leukemia (AML) 
tested the outcomes of intensive chemotherapy (IC), 
hypomethylating agents (HMA), and combination 
(VEN + HMA) treatments. The study looked at the 
complete response rate (CR rate), which measures 
detectable evidence of cancer post treatment. CR 
rates are calculated by taking the average number of 
patients diagnosed with a certain cancer type that show 
a complete response to the provided treatment. The 
study showed that regardless of the type of treatment 
administered to p53 mutated AML, outcomes remained 
poor with a low percentage of patients that had no 
detectable evidence of cancer. The CR rate ranged 
between 13 and 49%. In contrast, p53 wild-type AML 
has a CR rate of approximately 85%. The same study 
highlighted other novel therapy options for p53-mutant 
AML such as immunotherapy, chimeric receptor antigen 
T-cell therapy, and monoclonal antibodies, which have 
shown efficacy in other hematologic malignancies (24). 
Another potential therapy is the use of non-coding 
RNAs (ncRNAs). ncRNAs modulate DNA transcription, 
regulating mRNA degradation and interacting with 
proteins. Further modulating ncRNAs can affect their 
regulation of cellular responses and signaling pathways. 
This shows lots of potential in being a target for drug 
development. The use of ncRNAs is in early stages of 
research for p53 mutated cancer treatments but it is 
promising for future therapeutic options. Other studies 
highlighted that because p53 often deals with G₁ cell 
cycle arrest, treatments for p53 mutant cancers should 
focus on targeting G₂ cell cycle arrest (23).

DISCUSSION 

Here, the current understanding of p53 biology and 
its implications in cancer biology are reviewed. p53 has 
a wide range of functions, including inducing cell cycle 
arrest, apoptosis, and senescence, as well as playing 
a major role in cancer biology and cancer therapeutics 
(Table 1). Cell cycle arrest occurs in response to 
repairable DNA damage (11). The p21 protein plays 
a major role in cell cycle arrest, halting the cell cycle 
so that DNA repair mechanisms can take place (3). 
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Apoptosis is programmed cell death that occurs because 
of irreparable DNA damage (11). It is often induced by 
the BCL-2 family of proteins. Cellular senescence is an 
irreversible form of cell cycle arrest in which cells can 
no longer grow or replicate but remain metabolically 
alive (3). Cell fate decision, as currently understood, 
relies on the various pathways that p53 interacts with, 
or the various cofactors within the cell that p53 is 
responding to (19). Because of p53’s critical role in 
preventing tumorigenesis, tumor growth often relies 
on p53 mutations (3). This also means that p53 mutant 
cancers have a much lower survival rate and are much 
more difficult to treat. Current treatment options for p53 
mutant cancers include chemotherapy and radiotherapy 
but there are studies for new therapeutic methods 
including those targeting G₂ cell cycle arrest and the use 
of ncRNAs. However, regardless of treatment type, p53-
mutant cancers remain largely treatment resistant (24).

	 Despite extensive research on p53 biology, 
how cells decide between undergoing cell cycle arrest 
versus apoptosis remains elusive. Gaining a better 
understanding of the mechanisms governing cell fate 
decisions in p53-intact cells is important for clinical 
applications. This especially holds true for cell fate 
decisions because of the role the various p53 pathways 
can play in cancer treatment. Apoptosis is one of 
the most beneficial outcomes in cancer therapies, so 
understanding how to effectively and safely trigger it 
in affected cells could significantly improve treatment 
outcomes. The same principle holds true for cell cycle 
arrest and senescence. As described earlier, cells undergo 
cell cycle arrest, senescence, or apoptosis in the presence 
of DNA damage. Investigating how to stably induce 

normal cells to enter cell cycle arrest upon DNA damage, 
instead of cells entering senescence or apoptosis, will 
allow us to prevent excessive apoptosis in normal cells 
that often occur due to cytotoxic chemotherapy (24). 
Stably inducing cell cycle arrest in normal cells gives 
the body enough time to repair DNA damage and better 
react to the treatments. Understanding cell fate decisions 
would allow for medical professionals to design effective 
treatments that properly exploit p53’s functions in cancer 
cells.

CONCLUSION

As discussed in this paper, p53 is related to a vast 
set of functions and processes within the cell, including 
cell cycle arrest, apoptosis, and cellular senescence. The 
cell fate decision that regulates which of these processes 
is carried out is speculated to be related to the various 
other pathways with which p53 interacts, as well as the 
level of damage a cell has experienced. In the context 
of cancer biology, p53’s role varies depending on if it is 
damaged or not. In a cancer cell where p53’s function 
remains, p53 is often exploited to rid the cell of damage; 
however, p53 mutant cancers are often resistant to the 
standard cancer therapy because cancer cells lacking p53 
fail to undergo apoptosis effectively. It is important that 
cell fate decision continues to be studied because of its 
importance in exploiting p53’s pathways which could be 
crucial to developing more effective treatments for both 
p53-intact and mutant cancers. Future studies should 
focus on the various cofactors and specific levels of DNA 
damage that influence the cell fate decision between cell 
cycle arrest, cellular senescence and apoptosis.

Table 1. Overview of the major cellular pathways regulated by p53, highlighting representative target genes involved in cell cycle 
arrest, apoptosis, and senescence, along with the corresponding biological outcomes.
Mechanism p53 Target Genes Outcome References 
Cell Cycle 
Arrest

p21: p53 activates by binding to gene promoter
14-3-3σ: p53 activates by direct transcription
CDC25C: p53 inhibits with transcriptional repression and by 

promoting protein degradation

The Cell Cycle is halted at G₁, 
G₂, or M phases

 (11)
(9)
(10)

Apoptosis PUMA: p53 activates by direct transcription
Bax and Bak: p53 activates through transcription dependent and 

independent pathways
FasL/FasR: p53 activates with direct binding

Programmed cell death where 
the complete destruction 
of a cell takes place upon 
irreversible DNA damage

(11)
(12)

(14)
Cellular 
Senescence

p21 and PAI-1: p53 activates by binding to the gene promoter Cells enter a state of permanent 
arrest but remain metabolically 
active

(21)
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