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Abstract

Background: p53, often referred to as the “guardian of the genome,” is a critical tumor suppressor that regulates cell cycle arrest, apoptosis,
and DNA repair. Mutations or dysregulation of the p53 pathway occur in approximately 50% of human cancers, making it a prime target for
therapeutic intervention. Reactivating p53 through genetic reprogramming offers a promising approach to overcome its dysfunction and improve
cancer treatment outcomes.

Objectives: This review aims to explore the mechanisms of p53 dysfunction in cancer, evaluate emerging strategies for its genetic reprogramming,
and address the associated challenges. It highlights innovative technologies, their applications in personalized medicine, and future directions
for research and clinical implementation.

Methods: An in-depth analysis of recent studies was conducted using data from PubMed, Google Scholar, and other scientific repositories. The
focus was placed on p53 reactivation strategies, including gene editing tools (e.g., CRISPR/Cas9), RNA-based therapeutics, and synthetic biology
approaches. Challenges such as delivery inefficiencies, off-target effects, and tumor heterogeneity were examined, alongside potential solutions.

Results: Innovative approaches to p53 reprogramming, such as RNA-based therapies and nanotechnology-enhanced delivery systems, have
demonstrated potential to overcome existing barriers. Machine learning and artificial intelligence are further optimizing therapeutic design
and enhancing specificity. Personalized medicine, leveraging genomic and proteomic profiling, offers tailored interventions for diverse p53
mutations, while combination therapies integrating p53 reactivation with immunotherapy are showing promise in preclinical and early clinical
trials.

Conclusion: Genetic reprogramming of p53 holds transformative potential for cancer therapy, but its success depends on addressing delivery
challenges, minimizing off-target effects, and overcoming resistance mechanisms. Advances in emerging technologies and personalized
approaches are paving the way for more effective and durable treatments. Future efforts must focus on the integration of these innovations into
clinical practice through collaborative research and development.

Keywords: P53; Genetic reprogramming; Cancer therapy; CRISPR/Cas9; RNA therapeutics; Nanotechnology; Personalized medicine;
Immunotherapy

Introduction

mutations typically disrupt p53’s ability to bind DNA and activate
The tumor suppressor gene p53, often referred to as the

“guardian of the genome,” is one of the most extensively studied
genes in cancer biology. It plays a pivotal role in maintaining
genomic stability by regulating key cellular processes, including
cell cycle arrest, apoptosis, and DNA repair. These mechanisms
are critical in preventing the proliferation of cells with damaged
DNA, thereby averting oncogenesis (Liu et al.,, 2022; Mantovani
et al, 2019) [1,2]. Mutations in the p53 gene, known as TP53,
are found in approximately 50% of all human cancers, making

target genes, resulting in loss-of-function or, in some cases, gain-
of-function properties that contribute to tumor progression
and resistance to therapy (Duffy et al., 2022) [3]. For instance,
missense mutations in the TP53 gene have been associated with
more aggressive cancer phenotypes and poorer survival rates
in certain cancers, such as breast and colorectal cancers (Mello
& Attardi, 2018; Stockwell, 2022) [4,5]. Given its central role
in tumor biology, targeting p53 dysfunction has become a focal
point in cancer research. However, challenges persist due to the

it one of the most frequently mutated genes in oncology. These complexity of p53 regulation and the diverse mechanisms through
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which its activity is disrupted. Innovative therapeutic strategies
that focus on reactivating or replacing p53 function are thus
critical to improving outcomes for patients with p53-mutated
cancers (Frontiers, 2023; Liu & Gu, 2022b) [6,7].

Genetic reprogramming involves the alteration of a cell’s
genetic profile to restore or enhance specific functionalities,
such as reactivating the tumor-suppressive activities of p53.
This strategy leverages advanced tools like CRISPR-Cas9 and
RNA-based therapeutics to directly modify the p53 gene or its
regulatory pathways. By correcting mutations or modulating the
activity of negative regulators (e.g., MDM2 and MDM4), genetic
reprogramming aims to restore wild type p53 functionality in
cancer cells (Duffy et al, 2022; Mantovani et al., 2019) [3,2]. The
advantages of genetic reprogramming over conventional therapies
lie in its specificity and adaptability. Traditional treatments, such
as chemotherapy and radiation, often have systemic toxicities and
limited efficacy against p53-mutated tumors. In contrast, genetic
reprogramming offers a precision medicine approach, targeting
the root causes of oncogenesis with minimal off-target effects. For
example, RNA-based delivery systems can reintroduce functional
p53 mRNA into cancer cells, thereby bypassing the need for direct
DNA editing (Stockwell, 2022) [5]. Furthermore, advances in
synthetic biology are enabling the development of programmable
gene circuits that dynamically regulate p53 activity in response to
cellular stress signals. These innovations highlight the potential of
genetic reprogramming to transform cancer therapy, particularly
for tumors with high p53 mutation burdens (Liu et al., 2022) [1].

Mechanisms of p53 Dysfunction in Cancer
Mutational Inactivation of p53

Approximately 50% of all cancers harbor TP53 mutations,
predominantly affecting the DNA-binding domain (DBD).
These mutations are largely missense mutations, which disrupt
p53’s transcriptional activity and its ability to regulate target
genes involved in apoptosis, cell cycle arrest, and DNA repair
(Gabriella D’Orazi, 2023) [6]. Mutations such as R248, R273,
and G245 hinder DNA-binding capacity, leading to reduced
tumor-suppressive activity. Certain mutations, like R175H and
R248Q, not only abrogate normal p53 function but also enable
the mutant protein to promote oncogenic processes, including
increased proliferation, metastasis, and chemoresistance (Lu et
al,, 2023; Zhang et al.,, 2023) [9,10]. The presence of mutant p53
often correlates with poor prognosis and resistance to standard
therapies. Gain-of-Function (GOF) mutants exacerbate tumor
progression by dysregulating cellular pathways, such as metabolic
reprogramming and immune evasion (Gabriella D’Orazi, 2023)
[6].

Non-Genetic Dysregulation of p53 Pathways

In cancers retaining wild-type p53 (wtp53), its tumor-
suppressive activity is frequently suppressed through non-genetic

mechanisms:

(a). Overexpression of Negative Regulators: MDM2/MDM4
Overexpression: These proteins bind to p53, inhibiting its
transcriptional activity and promoting its ubiquitination and
degradation via the proteasome pathway. Amplifications of MDM2
or MDM4 are observed in various cancers, effectively neutralizing
wtp53 function (Oren & Prives, 2024; Sun et al, 2024) [11,12].
WIP1 dephosphorylates activating residues on p53, counteracting
stress-induced stabilization and activity (Peuget et al., 2024).

(b). Epigenetic Modifications: Epigenetic silencing of genes
regulating p53, such as p14ARF diminishes its activation in
response to oncogenic stress (Wu et al., 2021) []. Overexpression
of certain miRNAs (e.g., miR-25 and miR-30d) directly inhibits p53
translation or its co-regulators, disrupting its tumor-suppressive
functions (Lu et al,, 2023) []. Understanding these mechanisms
of dysfunction is critical for developing therapies aimed at
reactivating p53. For instance, drugs targeting MDM2-p53
interactions (e.g., Nutlin-3) or epigenetic modifiers may restore
p53 activity. Additionally, identifying and counteracting specific
mutant p53-driven pathways remains a priority in personalized
oncology (Gabriella D’Orazi, 2023; Zhang et al., 2023) [8,10].

The reactivation of p53 through genetic reprogramming
is a rapidly evolving area of cancer therapy, offering hope for
overcoming the challenges posed by TP53 mutations and p53
pathway dysregulation. These strategies leverage advanced
gene editing, pathway modulation, and synthetic biology tools to
restore the tumor-suppressive functions of p53, offering a highly
targeted approach to cancer treatment. Gene editing technologies,
such as CRISPR/Cas9, have revolutionized the ability to correct
TP53 mutations directly at the genomic level. CRISPR/Cas9 can
specifically target and repair p53 mutations, restoring its wild-
type function. For example, missense mutations in the DNA-
binding domain can be precisely corrected using base editing
and prime editing, which minimize off-target effects compared to
conventional CRISPR. These precision tools hold great potential
for in vivo applications, especially in cancers where p53 mutations
drive aggressive progression (Liu et al., 2022; Zhang et al., 2023)
[1,10].

RNA-based therapies have emerged as a powerful modality
for modulating the p53 pathway. Small interfering RNA (siRNA)
and messenger RNA (mRNA) technologies are being explored
to regulate p53 activity. For instance, synthetic mRNA encoding
functional p53 can be delivered to cancer cells, bypassing genomic
mutations. siRNAs targeting MDM2 and MDM4, the negative
regulators of p53, can stabilize p53 levels, enabling its tumor-
suppressive effects. These strategies offer flexibility and reduced
immunogenicity, making them attractive for clinical development
(Gabriella D’Orazi, 2023; Sun et al,, 2024) [8,12]. Small molecules
targeting the MDM2-MDM4-p53 axis, such as nutlins, have been
extensively studied for their ability to disrupt protein-protein
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interactions that inhibit p53 activity. Nutlin-3, a prototype
molecule, binds to MDM2 and prevents it from ubiquitinating p53,
thereby stabilizing and activating p53. Several derivatives with
improved pharmacokinetic profiles are under clinical evaluation,
highlighting the promise of pharmacological reactivation of p53
in tumors retaining wild-type TP53 (Oren & Prives, 2024) [11].

Synthetic biology approaches have introduced innovative
methods for dynamic and precise regulation of p53 activity.
Designer transcription factors engineered to bind to the TP53
promoter can upregulate p53 expression in response to oncogenic
stress. Additionally, synthetic gene circuits are being designed
to mimic natural stress-response pathways, enabling real-time

Table 1: Genetic Reprogramming Strategies for p53 Reactivation.

control of p53 activity based on cellular signals. These circuits can
be programmed to activate or suppress p53 dynamically, providing
atunable therapeuticplatform for cancers with complex regulatory
landscapes (Liu & Gu, 2022) []. The integration of these strategies
represents a multi-faceted approach to p53 reactivation, with each
method addressing specific challenges posed by p53 dysfunction.
Advances in delivery systems, such as lipid nanoparticles and
viral vectors, further enhance the feasibility of translating these
technologies into clinical applications. By combining these tools,
researchers aim to develop personalized, effective, and durable
therapies for p53-related cancers (Table 1).

Strategy Approach Mechanism Examples Advantages Challenges
Corrects TP53 muta- . . High specificity; s
Gene Editing Tools CRISPR/Cas9 tions by precise DNA Correction of.mls permanent correc- Off-target e.ff.ects, delivery
. . sense mutations . efficiency
cutting and repair tion
Modifies specific bases . Precision correc- Limited to specific muta-
o - . Adenine and cyto- - L - : .
Base Editing without creating dou- . . tion; minimal DNA tions; requires delivery
sine base editors I
ble-strand breaks damage optimization
. . Directly cgrrec.ts Prime editing for Bx.’oader appllca— Complexity of implemen-
Prime Editing sequences via guided P53 tion for diverse tation
reverse transcriptase mutations
siRNA or mRNA deliv- Transient effect:
Modulation of p53 . ery targeting MDM2, | siRNA to suppress . - Stability of RNA; immuno-
RNA-based therapies avoids genomic L
Pathway MDM4, or mutated MDM2 . . genicity
integration
p53
. Dlsrup.ts p53-MDM2 Nut11n§ (e, Non-invasive; Resistance mechanisms;
Small molecules interaction to stabilize | RG7112, idasanu- . .
. ; reversible tumor heterogeneity
and activate p53 tlin)
. . . Target.s promqter DNMT or HDAC Reactivates si- Specificity; risk of global
Epigenetic modulation | methylation or histone R . .
e inhibitors lenced p53 epigenetic changes
modifications
A . A Engineered transcrip- Zinc-finger or High specificity; . -
Synthetic Biology Designer transcription tion factors selectively | TALE-based acti- | adaptable to tumor Requlres.soph¥st1cated
Approaches factors . engineering
upregulate p53 vators environment
. oo Dynamic syste.zms that AND/OR logic T}1m(?r-spe01flc Complexity in design; scal-
Synthetic gene circuits | sense tumor signals to circuits activation; reduces ing up for clinical use
activate p53 off-target effects gup
Combination Ap- Immune checkpoint p.53 actl\./atl.on com- Anti-PD-1, An- Synergistic tumor Balancing immune activa-
s bined with immune . )
proaches inhibitors . ti-PD-L1 clearance tion and control
checkpoint blockade
RN Inhibition of com- PI3K, Ras pathway | Prevents resistance | Tumor-specific pathway
Pathway inhibitors pensatory oncogenic A S .
inhibitors to p53 reactivation adaptation
pathways
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Figure 1: In normal cells, p53 acts as a crucial tumor suppressor, maintaining homeostasis by responding to various stresses through
transcriptional regulation and protein interactions to mediate context-dependent cellular responses [14].
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Figure 1: In normal cells, p53 acts as a crucial tumor suppressor, maintaining homeostasis by responding to various stresses through
transcriptional regulation and protein interactions to mediate context-dependent cellular responses (Hu et al., 2021) [].
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Figure 1: Depicts the frequency and impact of common mutations in the DNA-binding domain of p53. The red line represents the mutation
impact scale, emphasizing the severity of specific mutations.
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Figure 2: Highlights the contributions of non-genetic dysregulation mechanisms (MDM2/MDM4 overexpression, promoter methylation, and
microRNA interference) to p53 dysfunction. J
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Challenges in p53 Reprogramming for Cancer
Therapy

Despite the promise of p53 reprogramming as a therapeutic
strategy, several challenges must be addressed to translate these
advances into effective clinical applications. These challenges
span delivery systems, off-target effects, immune responses, and
resistance mechanisms, all of which require innovative solutions
to enhance efficacy and safety.

Delivery Systems

Effective delivery of genetic reprogramming tools to tumor
cells is a critical bottleneck. Current viral vectors, such as adeno-
associated viruses (AAV) and lentiviruses, face limitations,
including immune recognition, limited payload capacity, and
integration risks leading to potential mutagenesis. Non-viral
methods, like lipid nanoparticles, have shown promise but are
hindered by lower transfection efficiency and non-specificity
to tumor cells (Wang et al, 2023) [13]. Recent advances in
nanotechnology have significantly improved targeted delivery.
For instance, nanoparticles functionalized with tumor-specific
ligands, such as folic acid or antibodies, can enhance selective
uptake in cancer cells. Moreover, stimuli-responsive systems
that release therapeutic cargo in response to pH changes, redox
conditions, or enzymes in the tumor microenvironment have
shown potential to minimize systemic side effects (Xu et al., 2023)
[]. However, scaling these technologies for diverse clinical settings
remains a challenge.

Off-Target and Immune Responses

The precision of gene-editing tools, such as CRISPR/Cas?9, is
still not perfect, leading to concerns about unintended edits in
non-target genes. Off-target effects could disrupt essential cellular
pathways, potentially leading to genotoxicity or secondary
malignancies. Additionally, delivery systems and therapeutic
components often elicit immune responses. Viral vectors may
trigger strong immune activation, while protein and RNA-
based therapies may induce inflammatory reactions, reducing
therapeuticefficacy (Liuetal.,,2022) [1]. Toaddress these concerns,
strategies have been developed to enhance specificity and reduce
immunogenicity. High-fidelity Cas9 variants and base editors
are engineered to minimize off-target activity. Encapsulation of
therapeutic components in immune-shielding materials, such as
polyethylene glycol (PEG) or self-assembled lipid layers, has also
demonstrated success in reducing immunogenicity (Sun et al,
2024) [12].

Resistance Mechanisms

Tumor heterogeneity poses a formidable challenge to p53
reprogramming. Cancers often comprise diverse subpopulations
of cells with distinct genetic and epigenetic profiles. This
heterogeneity enables some cells to escape p53-mediated
control, resulting in resistance to therapy. Moreover, tumors can

adapt by activating compensatory oncogenic pathways, such as
the PI3K/AKT or MAPK pathways, which diminish the efficacy
of p53 reactivation (Oren & Prives, 2024) [11]. Combination
therapies targeting multiple pathways simultaneously may help
overcome resistance. For example, coupling p53 reactivation
with inhibitors of compensatory pathways, such as PI3K or Wnt
signaling, has shown promise in preclinical models. Additionally,
integrating advanced genomic profiling and single-cell analyses
into treatment planning can identify resistance patterns and
guide personalized therapeutic strategies (Zhang et al,, 2023)
[10]. Addressing these challenges is imperative to harness the full
potential of p53 reprogramming in cancer therapy. By leveraging
interdisciplinary advances in nanotechnology, gene editing, and
immunology, researchers are gradually overcoming these hurdles.
Collaborative efforts between scientists, clinicians, and industry
stakeholders will be critical to translating these innovations into
effective and widely accessible treatments.

Innovations and Future Prospects

As the field of p53 reprogramming progresses, innovations
in emerging technologies and personalized medicine are driving
transformative changes in cancer therapy. The integration of
advanced tools, tailored approaches, and synergistic therapies is
poised to enhance the effectiveness of p53-based interventions
while addressing current limitations.

Emerging Technologies

Recent advances in RNA therapeutics and gene delivery
platforms have opened new avenues for p53 reprogramming. RNA
therapeutics, including synthetic mRNA and small interfering
RNA (siRNA), allow transient modulation of p53 and its regulators
with reduced risk of permanent off-target effects. Innovations in
lipid nanoparticles and extracellular vehicles have improved the
stability, specificity, and efficiency of RNA delivery, overcoming
challenges in systemic administration (Liu et al., 2023; Zhang
et al, 2023) [1,10]. Machine learning and artificial intelligence
(Al) are revolutionizing the design of reprogramming strategies.
Predictive models trained on genomic and transcriptomic data
can identify optimal targets for p53 activation and predict tumor
responses. Additionally, Al-driven algorithms are being employed
to enhance the design of highly specific gene-editing tools, such
as CRISPR/Cas9 variants with minimized off-target activity (Lu et
al, 2023).

Personalized Medicine and p53 Reprogramming

Personalized medicine represents a paradigm shift in p53-
targeted therapies. By integrating genomic and proteomic
profiling, researchers can identify specific TP53 mutations and
pathway alterations in individual patients. This information
guides the development of custom-tailored therapeutic strategies,
such as base editing for missense mutations or RNA-based
therapies targeting specific regulatory pathways. Efforts are also

How to cite this article: Muhammad W, Razia B. P53 Reprogramming in Cancer Therapy: Challenges, Innovations, and Future Prospect. Canc Therapy
& Oncol Int J. 2024; 28(1): 556230. DOI: 10.19080/CTO01J.2024.28.556230


http://dx.doi.org/10.19080/CTOIJ.2024.28.556230

Cancer Therapy & Oncology International Journal

underway to integrate tumor microenvironment profiling with
p53 reprogramming approaches. By considering the broader
ecosystem of cancer, therapies can be designed to overcome
microenvironmental resistance mechanisms, further enhancing
treatment efficacy (Oren & Prives, 2024) [11].

Future Directions in Research and Development

The translation of preclinical findings into clinical applications
remains a key challenge and opportunity. Promising approaches,
such as synthetic biology-based gene circuits and small molecules
like MDM2 inhibitors, are moving through the clinical pipeline.
Enhancing the scalability and manufacturability of these therapies
will be critical for their adoption in clinical practice. Synergistic
therapies combining p53 reprogramming with immunotherapy
are an exciting frontier. For instance, reactivating p53 can enhance
the immunogenicity of tumors, improving the efficacy of immune
checkpoint inhibitors like anti-PD-1/PD-L1 antibodies. Such
combination therapies are under active investigation in both
preclinical and clinical settings [12-14].

Conclusion

The reprogramming of p53 represents a transformative
strategy in cancer therapy, leveraging advanced gene-editing tools,
RNA therapeutics, and synthetic biology to restore the tumor-
suppressor functions of this critical protein. While significant
progress has been made in understanding the mechanisms of p53
dysfunction and developing innovative reactivation approaches,
challenges such as delivery efficiency, off-target effects, immune
responses, and tumor heterogeneity remain hurdles to clinical
translation. Emerging technologies, including nanotechnology
and machine learning, alongside personalized medicine,
promise to address these challenges by enabling tailored
and dynamic therapeutic solutions. As research progresses,
synergistic therapies that combine p53 reprogramming with
immunotherapy and pathway inhibitors offer exciting prospects
for more effective and durable treatments, holding the potential
to significantly improve outcomes for patients with p53-mutated

007

cancers. Collaborative efforts between researchers, clinicians, and
policymakers will be crucial to realize the full clinical impact of
these breakthroughs.
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