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The global burden of cancer continues to rise, underscoring the urgency of
developing more effective and precisely targeted therapies. This comprehensive
review explores the confluence of precision medicine and CDC25 phosphatases
in the context of cancer research. Precision medicine, alternatively referred to as
customized medicine, aims to customize medical interventions by taking into
account the genetic, genomic, and epigenetic characteristics of individual
patients. The identification of particular genetic and molecular drivers driving
cancer helps both diagnostic accuracy and treatment selection. Precision
medicine utilizes sophisticated technology such as genome sequencing and
bioinformatics to elucidate genetic differences that underlie the proliferation of
cancer cells, hence facilitating the development of customized therapeutic
interventions. CDC25 phosphatases, which play a crucial role in governing the
progression of the cell cycle, have garnered significant attention as potential
targets for cancer treatment. The dysregulation of CDC25 is a characteristic
feature observed in various types of malignancies, hence classifying them as
proto-oncogenes. The proteins in question, which operate as phosphatases, play
a role in the activation of Cyclin-dependent kinases (CDKs), so promoting the
advancement of the cell cycle. CDC25 inhibitors demonstrate potential as
therapeutic drugs for cancer treatment by specifically blocking the activity of
CDKs andmodulating the cell cycle inmalignant cells. In brief, precisionmedicine
presents a potentially fruitful option for augmenting cancer research, diagnosis,
and treatment, with an emphasis on individualized care predicated upon patients’
genetic and molecular profiles. The review highlights the significance of
CDC25 phosphatases in the advancement of cancer and identifies them as
promising candidates for therapeutic intervention. This statement underscores
the significance of doing thorough molecular profiling in order to uncover the
complex molecular characteristics of cancer cells.
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1 Introduction

Cancer is the unregulated and rampant replication of cells that
leads to the disease one can witness in all population groups. Cancer
diagnoses have been steadily rising in the younger demographic
worldwide (Ugai et al., 2022) and the search for more effective and
targeted therapies continues. Some of the deadliest of these reported
globally were breast cancer, stomach cancer, non-melanoma skin
cancer, colon and rectum cancer, cancers affecting the respiratory
system/tract, and prostate cancer have increased (Lin et al., 2021;
Semreen et al., 2022; Ahmed et al., 2023; Hagyousif et al., 2023).
Unfortunately, the progress of ready-to-market therapeutics has not
increased at the same rate with many of the drugs still in clinical
trials due to confounding data, poor clinical trial management and
experimentation on top of the inherent duration of sufficient clinical
experimentation for such novel treatments (Schilsky, 2010). Novel
treatments are sought for their effectiveness against current
treatment-resistant and aggressive tumours, increasing the
prognosis for cancer patients (Motawi et al., 2014; Alfarouk et al.,
2015). Another avenue that has in recent years been making strides
in delivering a more personalized and purported more effective
treatment has been the field of precision medicine. Precision
medicine considers the pharmacological and genomic effects that
arise from person to person delivering an effective treatment on a
case-by-case basis.

2 Definition and significance of
precision medicine

Precision medicine, also known as personalized medicine, is a
healthcare technique that incorporates each patient’s distinctive
characteristics when making decisions regarding their medical
treatment. It reflects that people differ in terms of their genetic
profile, environmental exposures, lifestyle choices, and illness
features. Precision medicine, instead of a one-size-fits-all strategy,
tries to personalize medical therapies to each patient’s needs
(Tsimberidou et al., 2020). Founded on the recognition that
individuals may respond differently to therapies depending on
the previously mentioned profiles. Precision medicine tries to
find particular biomarkers or genetic abnormalities linked with
certain diseases, such as cancer, by applying modern technologies
involving combinations of genomic sequencing, molecular profiling,
and bioinformatics (Olivier et al., 2019). This helps healthcare
providers forecast an individual’s likelihood of acquiring
particular disorders and select the most effective treatment
choices. Observations from many cancers cases have shown to be
unresponsive to traditional chemotherapy, the reasons which can be
found in the patient tumour molecular profile.

Precision medicine is critical in cancer research due to how it
improves diagnostic accuracy, optimizes treatment choices, and
improves patient outcomes. Precision medicine can uncover
specific genetic variations or modifications fuelling the growth of
cancer cells by examining a patient’s tumour at the molecular level
(Roelands et al., 2023). This knowledge can help lead to the
development of tailored medicines that directly target these
molecular anomalies, boosting the likelihood of a positive
response (Tsimberidou et al., 2020). More accurate methods of

screening arising from advancements in algorithmic imaging and
sorting and learning from data sets have reduced extraneous harm as
fewer patients would need to undergo radiotherapy (Avanzo et al.,
2020). Furthermore, precision medicine promotes the development
of biomarker-driven clinical trials, which aim to test the efficacy of
new medicines on patient subgroups with similar genetic or
molecular traits. This approach enables researchers to find novel
therapeutic targets and hasten the development of innovative
medications that are more effective and less hazardous
(Abushawish et al., 2022; Ahmed et al., 2023).

3 Introduction to CDC25 phosphatases
and their role in cell cycle regulation

These new treatments attempt to tackle the mechanism by which
cell replication or innate repair goes awry leading to tumorigenesis.
One promising avenue of research is the use of inhibitors of cell cycle
division. Cycle Division Cycle 25 (CDC25), a CDK phosphatase
(Lavecchia et al., 2009), plays a vital role in regulating the factors of
cyclic expression observed for cell cycle progression making it an
attractive target for targeted cancer therapeutics. As such,
CDC25 phosphatases are some of the more attractive targets for
cancer therapy, especially for cancer types that are more aggressive
and more difficult to treat such as receptor protein triple-negative
breast cancer (He et al., 2013; Liu et al., 2018).

CDC25 proteins are phosphatases expressed during the cell cycle
regulating factors including CDKs (Hoffmann and Karsenti, 1994).
CDKs are crucial for the progression and regulation of the
interphase and entry into mitosis. The regulation of CDKs occurs
through the phosphatase action of the three different paralogues of
CDC25. The well-documented component of CDC25 isoforms is
CDC25A expressed and active during G1/S and G2/M checkpoints,
while CDC25B and CDC25C are active during the G2/M
checkpoints and have additional roles, including DNA damage
repair and regulation of meiosis respectively.

In this review, we will discuss the actions of
CDC25 phosphatases in causing neoplastic growth and cell cycle
regulation, the overview of CDC25 inhibitors and efficacy in
different cancers and the development of CDC25 inhibitors for
cancer therapy both in-vitro and clinical trials, and finally review the
complications and future for human cancer treatments.

4 Exploring the link between precision
medicine, CDC25 phosphatases, and
the potential of CDC25 inhibitors in
cancer treatment

The main targets of precision medicine and in silico techniques
are the molecular or metabolomic profiles that can be used to
accurately predict patients’ risk for cancer and detect cancerous
tissue at an early stage (Li et al., 2022). Clinical sequencing
investigations have established that genomic profiling is feasible
in clinical settings and that it is possible to build procedures for
informing patients and healthcare professionals about the results of
these studies (Forrest et al., 2018). Omics’ technique matching scores
were associated with better disease control rates, suggesting that
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customizing combination therapies based on individual genomic
alterations may lead to improved outcomes (Figure 1). High
matching rates were found, primarily due to comprehensive
molecular profiling, timely Molecular Tumour Board discussions,
and rapid access to drugs (Sicklick et al., 2019; Dahabiyeh et al.,
2022; Semreen et al., 2022; Dahabiyeh et al., 2023). Screenings that
preceded cancer therapies to tailor therapy are in clinical trials, for
instance, endometrial cancer falls that have distinct molecular
profiles are actively being investigated with antagonists or
inhibitors that are pathological molecular markers. Markers in
this particular study play very similar roles in activating cell cycle
progression to CDC25 as PTEN, PI3K pathway activate Cyclin D1
(Arend et al., 2018).

The potential for CDC25 as a therapeutic target arising from a
precise analysis of various tumours can be related to cell cycle
markers found in previous studies and their results. Molecular
markers that are putatively ubiquitous with some cancers may
not be directly related to the cell cycle, as in they do not directly
act on the Cyclins, Cdks or checkpoint proteins involved, but they
may affect the proliferation of cells or indicate an irregularity in cell
cycle regulation as the case is for PD-L1 in various cancers (Schulz
et al., 2021) even those with more complex ontology (Banchereau
et al., 2021). Precision medicine studies involving machine learning
algorithms were able to decipher from complex and heterogenous
genomic (Tang et al., 2023) data the potential efficacy of using the
PD-L1 inhibitors on various cancers based on molecular
determinants of the tumours via transcriptional profiling using
RNA sequencing under immune checkpoint inhibitors
(Banchereau et al., 2021; Chen et al., 2021). Results from this can
be used to inform and direct treatment-responsive patients to those
respective therapeutic agents (Cristescu et al., 2018) or
radiotherapeutic procedures (He et al., 2020; Johannet et al.,
2021). The checkpoint PD-1 and PD-L1, similar to CDC25 have
been observed to sustain long term remission by utilizing

personalized and genomic based targeting specifically in
melanoma (Axelrod et al., 2018; Petrova et al., 2020).

An advantage of some of the aforementioned conjugation of in
silico and in vitromethods mentioned above is that new patterns and
markers can be retrieved from previously archived data that may be
obscured by the noise of redundant pathways (Salameh et al., 2022).
The image analysis of the microarrays, histographs and tumour
sections are closer to being linked than previously thought using
these machine learning methods to link the pathophysiological
characteristics of those objects to the molecular profiles (Chua
et al., 2021). Trials that used biomolecular markers such as
epidermal growth factor receptors targeted after genomic analysis
of patients’ tumor profiles’, observing a significant result without
chemotherapy using immunotherapy (Hainsworth et al., 2018). In
corollary, these same methods can be used to analyze drug libraries
to ascertain whether chemical structures and properties of archival
drugs can be repurposed for novel chemotherapeutic purposes (Issa
et al., 2021; Tao et al., 2021) and with the expansion of click chemical
construction many more can be constructed using the existing
functional backbones to overcome resistance (Tao et al., 2021;
Vartak et al., 2023; Chowdhary et al., 2024), which leaves hope
that there may already be an anti-CDC25 agent or a precursor that is
awaiting further testing or reconfiguration.

5 Cell cycle regulation and
CDC25 phosphatases

5.1 Overview of the cell cycle and its
importance in cellular function

The cell cycle in somatic cells is divided into two main parts,
interphase in which the cell replicates DNA, growth factors and
proteins required for the subsequent mitotic division to create the

FIGURE 1
illustration of multi-omics methods for finding cancer biomarkers for early diagnosis and pathogenesis. Created with BioRender.com.
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two daughter cells. Some cells enter the cell cycle from a G0 or gap
phase after interacting with a mitogenic factor. The cells will then
enter G1 followed by a phase specifically for replicating DNA, an
S phase a G2 phase where checks on the integrity of the replicated
DNA occur and finally the cell’s mitotic M phase and cytokinetic
division. Between each phase, there are figurative checkpoints
that are regulated by the activation and complexing of CDKs with
Cyclins (Figure 2). The regulation and control of cells determined
to enter the cell cycle begin at the G1 phase with the interaction of
Cyclin D with CDK4/6. This CDK-Cyclin complex interacts with
Retinoblastoma protein (RB) releasing chromatin remodelling
enzymes and transcription factors triggering the expression of
downstream CDK. The activation of these signals and regulating
proteins such as RB is achieved through the phosphorylation of
amino acid residues. CDK-Cyclin complexes are both activated
and inactivated by similar mechanisms. The activity of the
complexes is repressed mainly by the phosphorylation of
Threonine14 and Tyrosine15 catalyzed by WEE1 and
MYT1 kinases (Agius et al., 2015). The activation required for
cell cycle progression is completed by the protein
phosphatase CDC25.

5.2 Explanation of CDC25 phosphatases and
their role in cell cycle progression

As with many of the mitotic factors and cell cycle regulation
control proteins, CDC25 was first discovered in the fission yeast
Schizosaccharomyces pombe (Hoffmann and Karsenti, 1994) as a
positive regulator of CDC2 now known as CDK1 (Russell and
Nurse, 1986). CDK1 activation ensures that cells within
interphase can commit to mitotic division (Bretones et al., 2015).
As mentioned before the role of CDC25 as a protein phosphatase is
to remove the inhibitory phosphate group from Tyr15 of CDKs
involved in progression through the cell cycle checkpoints.
Activation of CDK through binding with Cyclins and potential

phosphorylation by protein tyrosine kinases (PTK) leads to
activation and progression through the cell cycle leading to
mitotic entry and continuation of the cell cycle. The constitutive
activation of CDK-Cyclin complexes has been implicated in the
initiation of many cancers, with constitutively active CDK-Cyclin
complexes ensuring continuous kinase activity and activation of cell
cycle factors such as downstream CDKs and chromatin remodelling
enzymes. Leading to an aberrant cell cycle and unregulated cell
division, forming a neoplasm that may progress into a cancerous cell
mass if left unchecked.

CDC25 not only has an effect on the activation of the CDK-
Cyclin complex but another regulator of cell cycles, the Raf/
MEK/ERK pathway. In prostate cancers, CDC25A inhibitors
were used and found to inhibit the downstream activation of
MEK with CDC25A directly (Nemoto et al., 2004). The Raf/
MEK/ERK pathway is activated by growth factors interacting
with growth factor receptors resulting in the downstream
activators of transcription factors such as AP-1, an important
trans-acting factor involved in regulating the expression of cell
proliferation, differentiation, and apoptosis. CDC25A was
hypothesized to remove the inhibitory phosphate group from
Raf as seen with the hyperphosphorylation of Raf after the
minimal application of CDC25 inhibitor, NSC 95397 or NSC
672121 (Nemoto et al., 2004). Specifically, a putative proto-
oncogene that has been more directly implicated in cancer
and connected to the Raf/MEK/ERK pathway is the
transcription factor c-Myc, inducing DNA replication by
binding to activator sites (Bretones et al., 2015).

The ability of CDC25 inhibitors to cause cell cycle arrest and
death in cancer cells makes them promise as cancer treatment
agents. This is accomplished by inhibiting CDK activation,
which inhibits cell division and regulates the cell cycle.
Because normal cells are less dependent on CDC25 for cell
division and cell cycle control than cancer cells, the
mechanism of action of CDC25 inhibitors renders them less
harmful to them.

FIGURE 2
a simplified overview of checkpoints associated with CDC25 and the regulation during genomic damage. Created with BioRender.com.

Frontiers in Pharmacology frontiersin.org04

Dakilah et al. 10.3389/fphar.2024.1324001

http://BioRender.com
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1324001


5.3 Dysregulation of CDC25 phosphatases in
cancer and its impact on tumour formation

Dysregulation and constitutive expression of CDC25 have
shown to be a constitutional mechanism in some cancers, with
an overexpression observed and implicated in clinical outcomes of
breast, ovarian and colorectal cancer patients (Figure 2). In the case
of ovarian cancer studies, found that the overexpression investigated
using immunohistochemistry that the poor prognosis had a link to
the overexpression of CDC25A and CDC25B in a sample of
106 patients (Broggini et al., 2000). Additionally, breast cancer
resistant to ionizing radiation was found to overexpress CDC25A
(Löffler et al., 2003). CDC25A and CDC25B showed strong
correlations to high-grade lymphoma reported as aggressive
(Kristjánsdóttir and Rudolph, 2004). Cdc25A and Cdc25B were
also overexpressed in non-Hodgkin’s lymphoma and various other
cancers, including oesophageal, gastric, lung, thyroid, and head and
neck cancers (Kristjánsdóttir and Rudolph, 2004). Exclusive
overexpression of CDC25A in hepatocellular carcinoma is rare
(Xu et al., 2003), while pancreatic ductal carcinoma and gastric
carcinomas exclusively overexpress Cdc25B (Kristjánsdóttir and
Rudolph, 2004).

All three isoforms of CDC25 would be considered proto-
oncogenes, with the overexpression or constitutive activation
leading to premature entries into either the S or M phase of the
cell cycle. The role of Myc protein in overexpressing CDC25 is rather
complicated and according to the literature quite contested. It
appears that the role of Myc in overexpressing CDC25 follows
cancer-specific patterns. In lymphoma and certain lung cancers,
there was a clear correlation between the overexpression of Myc and
CDC25 (Hernández et al., 1998). Some speculate that the interaction
and overexpression of CDC25 in relation to MYC is context-
dependent, as both CDC25A and CDC25B proteins have Myc
target sites (Galaktionov et al., 1996; Kristjánsdóttir and
Rudolph, 2004).

A big discovery was the fact that CDC25 overexpression did not
drive cell proliferation with an absence of correlation found between
the expression and rate of proliferation in many studies (Hernández
et al., 1998; Cangi et al., 2000; Miyata et al., 2000). This is most likely
due to the involvement of other necessary growth factors and
signalling cascades required for the expression of cell cycle genes.
It does appear that CDC25 overexpression allows for bypassing
checkpoints involved in checking for genomic damage before
entering S and M phases (Kristjánsdóttir and Rudolph, 2004).

6 Precision medicine and
molecular profiling

6.1 Definition and purpose of precision
medicine in cancer treatment

Precision medicine is a cutting-edge medical strategy that
examines the genetic, genomic, epigenetic, and proteomic
changes present in cancer cells using cutting-edge molecular
profiling technology. Precision medicine enables oncologists to
choose tailored therapies that directly interfere with the aberrant
signalling pathways responsible for tumor genesis and progression

by discovering particular biological drivers of cancer growth and
survival (Naithani et al., 2021). Precision medicine therapies are
intended to specifically attack cancer cells while preserving healthy
organs, hence lowering treatment-related adverse effects, in contrast
to standard chemotherapy, which broadly targets rapidly
dividing cells.

Personalized methods are being made critical to cancer research
due to improvements in diagnostic accuracy, optimizing treatment
choices, and generally improving patient outcomes. Precision
medicine can uncover specific genetic variations or modifications
fuelling the growth of cancer cells by examining a patient’s tumour
at the molecular level. This knowledge can help lead to the
development of tailored medicines such as individual
immunotherapy that directly target personalized and distinct
immunophenotypes (Zeggini et al., 2019) that can be formulated
from the previously mentioned molecular aberrations, boosting the
likelihood of a positive response (Naithani et al., 2021).
Furthermore, precision medicine promotes the development of
biomarker-driven clinical trials, which aim to test the efficacy of
new medicines on patient subgroups with similar genetic or
molecular traits (Kong et al., 2022). This approach enables
researchers to find novel therapeutic targets and hasten the
development of innovative medications that are more effective
and less hazardous.

With the explosion of machine learning models and AI-driven
methods for pattern recognition in large biological data sets it
appears that precision medicine may only become more granular
and effective by detecting the relevant and appropriate markers
associated with detection and for relating patients to the correlating
effective treatment (Bhinder et al., 2021; Nayarisseri et al., 2021). In
addition to molecular identification of personal biomarkers, archival
images retrieved from radiotherapy can be used to glean the efficacy
of other radiological treatments for personal cancers (Viswanathan
et al., 2014). By incorporating radiomics into cancer research, we
may combine imaging data with other genetic profiling methods to
better understand the heterogeneity of the tumour and develop
individualized therapy plans encompassing post-procedure lifestyle
and care (Wang et al., 2022). As it provides a non-invasive and
therapeutically accessible way to evaluate the genetic properties of
tumours and track treatment outcomes over time, this technology is
crucial to the field of precision medicine.

6.2 Introduction to molecular profiling
techniques for identifying molecular
alterations in cancer cells

Cancer is a challenging and heterogeneous pathology that is
triggered by genetic and molecular changes that impair regular
cellular functions and cause unchecked cell growth and
proliferation. For the purpose of improving cancer research,
diagnostic, and treatment methods, it is crucial to comprehend
the molecular environment of cancer cells. The development of
comprehensive molecular profiling tools has advanced significantly
over the past two decades, revolutionizing our ability to identify the
genomic, transcriptomic, epigenomic, and proteomic changes found
in cancer cells (Figure 3). Using previous data points precision
medicine has also been able to identify radiomic response of certain
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molecular mutations inherent in some populations of cancer, easing
both the load on patient and healthcare providers (Rosario
et al., 2018).

Liquid biopsies, such as circulating tumor DNA and circulating
tumor cells, present promising results for non-invasive tools for
detecting and monitoring Small cell lung carcinoma, providing
insights into tumor heterogeneity and potential therapeutic
targets (Meijer et al., 2022). Non-invasive methods in
combination with personalized medical techniques, increasing
turnaround times and detection for particularly heterogeneous
cancer types such as colorectal cancer and prostate cancer
(Vandekerkhove et al., 2019; Malla et al., 2022). Along with
genomic and deep learning analyses biomolecular markers,
potentially CDC25, can be used as predictive measures for
predictive biomarkers for treatment outcomes and recurrence
risk in cancers, emphasizing the need for further multicentred
investigations (Nakano et al., 2023). Heterogeneity in major
cancers such as breast and gastric cancers poses a major hurdle
for therapy, with precision medicine it is proposed that it will be
significantly easier to choose patients for certain treatments
(Garrido-Castro et al., 2019; Wang et al., 2019). CDC25 can be
identified from single-cell analysis due to cytoplasmic localization of
the phosphatase in rapidly proliferating and continual cells
(Gabrielli et al., 1996).

Other Omics technologies other than radiomics have utilities for
either the identification of targets for developing and formulating
small molecule inhibitors. Analysing proteomic alterations in
protein expression or post-translational modifications throughout
checkpoint inhibitor therapy facilitates the assessment of

therapeutic efficacy and prognostication of patient outcomes.
Proteomic scrutiny alongside learning platforms enables thorough
and dynamic monitoring of shifts in protein profiles across different
graded cancers (Mehlich and Marusiak, 2022; Monsivais et al.,
2023), providing critical insights into treatment responsiveness
and the emergence of resistance mechanisms (Yu et al., 2023).
With the repository of microarray data, comparative and
exploratory algorithms checking for overexpression between
cancerous and benign tissue can illuminate subjects for
treatment, such as checkpoint inhibitors. A similar basis can be
used for CDC25 as was used for MCM6 (mini-chromosome
maintenance), a vital protein for chromosome stability.
Proteomics has linked other members within this protein family,
finding overexpression between cancerous and normal tissue,
particularly in bowel cancer (Wang et al., 2023). The utility of
proteomics was not just singled out to this check-point inhibitor,
Proteolysis targeting chimera D6 in triple-negative breast cancer
along a CDC25-CDK1 axis was found by comparing triple-negative
breast cancer cell line response against D6 (Wu Y. et al., 2024).

Later on in this review, we will expand on the subject of
quinones, a derivative of which 6-isomer of 5,8-quinolinedione
performed cytotoxically well in colorectal cell lines. A
combination of proteomic and phosphorylation profiling was
able to demonstrate the efficacy (Narwanti et al., 2023),
presenting other avenues for trialling small molecule inhibitors.
Within the precision medicine parameter integration of proteomics,
particularly concerning small molecule inhibitors, empowers
clinicians and researchers with intricate molecular insights.
Through mass spectrometry-based techniques, protein expression

FIGURE 3
Molecular profiling techniques and imagining in precision oncology.
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levels, post-translational modifications, and interactions are
comprehensively analyzed. Using machine learning models and
evolving functional and spatial mathematical modelling reveals
cellular pathways that are vital for stemminess a crucial property
of understanding cancer therapeutics (Plattner et al., 2023). This
synthesis aids in the tailored selection, validation, and optimization
of therapeutic strategies, advancing the realization of precision
medicine’s promise for personalized and effective patient care
(He and Wang, 2023; Plattner et al., 2023; Srivastava et al., 2024).

Other revolutionary technological advance representing a
synergy of large cancer data analysis and diagnosis/discovery is
metabolomics, using low molecular weight metabolites produced by
various aberrant cellular processes (Carapito et al., 2024).
Underpinned by the reality that cancer cells have different
metabolic profiles than normal cells and can be used to find
biomarker signature. Glutamine, a pivotal metabolite, acts as a
versatile substrate intricately involved in a myriad of biosynthetic
pathways critical for the unchecked proliferation of cancer cells.
Serving as a fundamental building block fuelling diverse cellular
processes, encompassing the synthesis of nucleotides, amino acids,
and fatty acids essential for sustaining the rapid growth and
expansion characteristic of malignant cells making the catabolic
enzyme glutaminase a valuable target for cancer therapeutics (Cyriac
and Lee, 2024). Other profiles that are used for research purposes
and hopefully another facet for therapeutic discovery is the lipid
profile (Wu Q. et al., 2024) and kynurenine resulting from liver
metabolism, demonstrating results with a high precision and
specificity using machine learning models (Wu Q. et al., 2024)
illuminating other potential targets for cancer treatment or diagnosis
by finding enzymes and differentially regulated genes within their
respective pathways (Dai et al., 2023). Another subset of
metabolomics, volatile organic compound–omics presents
another potentially valuable avenue of research using the volatile
profile of human exudates or excretions in, for example, bladder
cancer marker identification (Carapito et al., 2024).

The traditional molecular techniques used in conjunction with
the recent machine learning approaches have broadened the
knowledge gap in some of the more difficult and more
ontologically convoluted cancers such as prostate cancer. Most
notably deep neural networks, a class of machine learning
algorithms designed to model complex patterns and relationships
in data by using multiple layers of interconnected artificial neurons,
can predict Gleason scores from visuals of prostate cancers taken
during histopathology, deep neural networks have so far produced
excellent results (Nagpal et al., 2020).

7 Genetic variations in
CDC25 phosphatases

As mentioned above there are three major isoforms of CDC25:
CDC25A, CDC25B and CDC25C. The molecular weights of the
three CDC25 isoforms range from 53 to 65 kDa. CDC25A and
CDC25B comprise 524 and 580 amino acids respectively whilst
CDC25C consists of only 473 (Brenner et al., 2014). The
CDC25 protein structure is separated into two major regions: the
N-terminal area and the C-terminal region. The N-terminal region
is quite varied, including phosphorylation and ubiquitination sites

governing phosphatase activity. The catalytic site is located at the
C-terminus, which as mentioned before is quite consistent between
the isoforms (Sur and Agrawal, 2016). The CDC25 family’s highly
conserved area with uncertain function is the adjustable cysteine
residue, Cys484, which is situated in a cleft binding to a sulphate
group (Reynolds et al., 1999). Oxidation of active site cysteine has
been suggested to be a part of a checkpoint for increasing the
oxidation state within the cell, ROS attacking the cysteine leads to a
triggering of this checkpoint (Kristjánsdóttir and Rudolph, 2004).
Hotspots, considered essential for substrate identification, are
situated around 20–30Å away from the active site (Sohn et al.,
2004). All CDC25 isomers contain conserved catalytic domains but
very different regulatory regions. Regulatory areas are subjected to
alternative splicing events, which result in two variants for CDC25A
and five each for CDC25B and CDC25C (Baldin et al., 1997;
Wegener et al., 2000). The phosphatases’ intracellular location
and turnover are determined by the non-catalytic domain. The
general structure outlined has strong similarities to other dual
specificity phosphatases involved in cellular communication and
cell cycle regulation, which will have implications for inhibitor
generation.

CDC25A is activated during the G1 phase of the cell cycle and is
responsible for driving the cell through the G1 checkpoint and into
the S phase. It is degraded by proteolysis via the ubiquitination
mechanism at the end of mitosis (Donzelli et al., 2002). CDC25B is
expressed during the G2 phase of the cell cycle and stimulates CDK1,
which is necessary for mitosis to begin (Gabrielli et al., 1996).
CDC25C is similarly involved in the mitotic entrance, but it is
controlled by the checkpoint kinase CHK1 and is activated only after
DNA damage has been repaired (Frazer and Young, 2012).

CDC25 activity is closely controlled by a variety of processes,
including phosphorylation, proteolysis, and gene expression
regulation. Checkpoint circuits that respond to DNA damage and
other stimuli to limit cell cycle advancement until the damage is
repaired also control CDC25 activity. Phosphorylation is one of the
essential CDC25 regulatory mechanisms. A variety of kinases,
including CHK1, CHK2, and ATM, phosphorylate CDC25 (Sur
and Agrawal, 2016). CDC25 phosphorylation can either promote or
inhibit its action, depending on the location phosphorylated and the
kinase involved. For example, phosphorylation of CDC25 in
response to DNA damage by CHK1 or CHK2 limits its function,
preventing the cell from starting mitosis until the damage is repaired
(Sur and Agrawal, 2016).

Proteolysis regulates CDC25 as well. After mitosis, the anaphase-
promoting complex/cyclosome (APC/C) targets CDC25B for
degradation, preventing it from activating CDK1 and sending the
cell back into the G1 phase. Similarly, during the S phase, the SCFβ-
TrCP complex targets CDC25A for degradation, preventing
premature entrance into mitosis. Degradation is achieved by the
phosphorylation of three serine residues by CHK1/CHK2 (Boutros
et al., 2006). The MAPK5 pathway, JNK and p38 pathways, and
checkpoint kinase Chk1 all target CDC25 phosphatases, particularly
CDC25B, for degradation or inhibition, leading to cell cycle arrest or
delay. CDC14A phosphatase can also inhibit the catalytic activity of
CDC25B by dephosphorylating it, preventing premature entry into
mitosis (Sur and Agrawal, 2016).

The final member of the CDC25 cohort, CDC25C, is inactivated
by various protein kinases and phosphatases. Chk1, Cds1/Chk2,
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c-TAK1 kinase, and JNK are involved in the phosphorylation of
CDC25C at Ser287, Ser168, and Thr138 (Liu et al., 2020), leading to
the inactivation of CDC25C (Boutros et al., 2006; Sur and Agrawal,
2016). Phosphatases like PP1, PP2A, and hCDC14B dephosphorylate
CDC25C to activate it, while the PP2A-B56δ complex negatively
regulates CDC25C activity by dephosphorylating Thr138, leading to
its exit from mitosis (Sur and Agrawal, 2016).

CDC25 expression is also controlled at the transcriptional level.
The E2F family of transcription factors, which are activated by the
RB protein, can promote cell cycle advancement by inducing the
expression of CDC25A and CDC25B (Vigo et al., 1999; Sur and
Agrawal, 2016). In contrast, the tumour suppressor protein p53 can
limit CDC25C expression, preventing cells from entering mitosis in
response to DNA damage.

TABLE 1 Mode of action and mechanism of potential anti-cancer compounds with the limitations/hurdles with the application for treatment. Progress in
trials was either inferred from research papers or direct results from ClinicalTrials.gov.

Name of Cdc25 inhibitors General inhibitor
type

Molecule type Mode of action Sources

NSC-663284 Small molecule inhibitor Quinolinedione Blocking the binding of
CDC25A

Lazo et al. (2002)

IRC-083864 Small molecule inhibitor Bis quinone Binding to CDC25B Brezak et al. (2009), Sarkis
et al. (2017)

NSC-95397 Small molecule inhibitor Quinone-based Binding to all isoforms Peyregne et al. (2005)

BN82685 Small molecule inhibitor Quinone-based Direct binding to
CDC25

Brezak et al. (2009)

SN-38 Indirect inhibitor active metabolite of irinotecan Activation of CHK1/2 Ditano et al. (2021)

2-fluoro-4-hydroxybenzonitrile Small molecule inhibitor nitrile derivative CDC25B catalytic
domain binding

Lund et al. (2015)

Genistein natural product, an indirect
inhibitor

isoflavone compound (legume
derived)

Activation of CHK1/2 Brenner et al. (2014)

Bozitinib small molecule inhibitor Amino pyrimidines Inhibits activation of
CDC25

Lavecchia et al. (2010)

UPD-140 Small molecule inhibitor Naphthoquinone Inhibits CDC25A Kabakci et al. (2019)

UPD-176 Small molecule inhibitor Naphthoquinone Inhibits CDC25A Kabakci et al. (2019)

UPD-172 Small molecule inhibitor Naphthoquinone Inhibits CDC25A Kabakci et al. (2019)

UPD-596 Small molecule inhibitor Naphthoquinone Inhibits CDC25A Kabakci et al. (2019)

UPD-1419 Small molecule inhibitor Quinone Inhibits CDC25A Kabakci et al. (2019)

UPD-1416 Small molecule inhibitor Quinone Inhibits CDC25A Kabakci et al. (2019)

UPD-795 Small molecule inhibitor Naphthoquinone Inhibits CDC25A Kabakci et al. (2019)

Menadione Small molecule inhibitor Quinone Inhibits CDC25A, B, C Abdelwahab et al. (2022)

Cpd-5, [2-(2-mercaptoethanol)-3-methyl-1,4-
naphthoquinone]

Small molecule inhibitor Quinone Inhibits CDC25A, B, C Abdelwahab et al. (2022)

Cpd-42 Small molecule inhibitor Vitamin K derivative Inhibits CDC25A Abdelwahab et al. (2022)

Cpd-5, derivative 6 Small molecule inhibitor Vitamin K derivative Inhibits CDC25A, B, C Abdelwahab et al. (2022)

Cpd-5, isomer 7 Small molecule inhibitor Vitamin K derivative Inhibits CDC25A, B, C Abdelwahab et al. (2022)

NS1’ Protein natural product, an indirect
inhibitor

Japanese Encephalitis Virus Inhibits CDC25C Li et al. (2021)

SV37 Small molecule inhibitor coumarin-quinone derivative Inhibits CDC25B, C Abdelwahab et al. (2022)

Caulibugulones A-F natural product, direct
inhibitor

marine bryozoan Caulibugula
intermis

Inhibits CDC25B Abdelwahab et al. (2022)

Albendazole Small molecule inhibitor Benzimidazole Inhibits CDC25A Di Fusco et al. (2020)

Shikonen Natural product, direct
inhibition

Naphthoquinone, Lithospermum
erythrorhizon

Inhibits CDC25C Zhang et al. (2019)

APE Natural product, Indirect
inhibition

Annurca apple, polyphenol extract Upregulate phosphor-
CDC25C

Martino et al. (2019)
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8 CDC25 inhibitors in precision
cancer medicine

8.1 Overview of CDC25 inhibitors and their
classification

Many CDC25 inhibitors are currently being investigated for
clinical use against tumorigenesis or the metastasis of more
developed cancers. The initial testing as with all treatments starts
with an in-vitro trial on the relevant cancer cell lines or tissue, and if
proven to have successful inhibitory effects on cancer would then
follow onto in vivo using graft models of humanized mice and then
the clinical trials (Liu et al., 2020). However, this poses a challenge
with CDC25 as there are 3 forms of the protein with slightly different
structures and it has been shown that suppression of one may
suppress the tumour growth but may not be sufficiently powerful to
move forward into clinical testing and development of a ready-for-
market treatment. The isoform predicament can also be seen as a
blessing in disguise as some research shows that all three interactions
are required for entry into M phase (Sur and Agrawal, 2016). In this
section of the review, the origins, effects, and results of several
putative cdc25 inhibitors will be summarized (Table 1). The three
general types of CDC25 cancer inhibitors include small molecule
inhibitors, peptide-based inhibitors, and natural product inhibitors.

The discovery of dysidiolides in 1994 marked the beginning of
the discovery of natural and synthetic compounds that modulate
CDC25 family proteins. Many compounds have been described in
recent reviews, and more patents and studies have reported new
interacting molecules for CDC25 phosphatase inhibitors. Much
effort has been focused on CDC25 phosphatase inhibitors in the
past 5 years (Lavecchia et al., 2010). Dysidiolides are part of the small
molecule inhibitor group, inhibiting CDC25 by binding to their
catalytic site. These small molecule inhibitors are usually found
using pharmacokinetic modelling studies. Knowledge of the
crystalline and genetic structure has been evaluated and
confirmed, opening up avenues for these small molecule
inhibitors to be found using complex modelling and kinetic
energy studies using a specific isoform of CDC25 and a
repository of chemicals from the National Cancer Institute (Lazo
et al., 2002). These inhibitors become pillars from which derivatives
are constructed, using them as a backbone which has shown
functional effectiveness for exploration against a
CDC25 structural query, as in the dysidiolide case (Koch et al.,
2004; Shimazawa et al., 2004).

Multiple cellular mechanisms can be invoked when dealing with
CDC25 inhibition. The action may be direct by binding to
CDC25 hotspots (Lavecchia et al., 2010), or indirectly through
upstream inhibition, extant phosphorylation of CDC25 species
(Lu et al., 2012) halting cell cycle progression, and inducing
apoptosis (Martino et al., 2019). In terms of upstream effectors,
regulating kinases such as JNK in cancers that have been observed to
have perturbed activity in various cancer tissue, especially the
invasive triple negative MDA-MB-231 breast cancer cells, are
targets for many exploratory research groups for shutting down
cell cycle progression (Sur and Agrawal, 2016; Martino et al., 2019).
Another critical anti-oncogenic cellular pathway that should be
considered within the discovery of cell cycle inhibitors are those
that additionally trigger apoptosis. Polyphenols that are found in

apple skins demonstrated, namely, APE was found to not only arrest
cell cycle in G2 phase in CDC25C dependent manner but triggered
ROS dependent intrinsic and extrinsic apoptosis in MDA-MB-231
(Martino et al., 2019). Once verified by in-vitro/in-vivo assays
CDC25 inhibitor backbones that are not specific should be
investigated, rather than discarded as there are programs using
single cell transcriptomics in development that integrate patient-
derived data to inform on drug combinations, such as ComboSC and
the work of Berlow et al. (Berlow et al., 2019; Tang et al., 2023)

Modelling for active site binding mediated inhibition is difficult
in CDC25 due to its unique structure. CDC25 has a shallow active
site region and the reactivity of the catalytic cysteine residue
compound this issue of active site binding. As an alternative,
attention has turned to identifying hotspots in the enzyme that
are critical for interactions at the phosphatase-substrate interface.
Thirteen residues in CDC25B were identified, and mutations in
R488 and Y497 reduced both in vitro and in vivo dephosphorylation
of CdK2-pTpY/CycA by Cdc25B. A deep pocket adjacent to the
hotspots on CDC25B harbours amino acids essential for substrate-
phosphatase interactions, making compounds that selectively bind
in this pocket potentially effective in disrupting CDC25B enzyme
activity (Lavecchia et al., 2010). General protein phosphatase
inhibitors can be found to potentially sensitize tumors to
immunotherapy and chemotherapy through targeting of larger
conserved domains (Stanford and Bottini, 2023). Active sites of
enzymes are not the only potential targets that can be modelled for,
as has been shown in an analogous case of binding to dimerization
or ligand binding sites (Vartak et al., 2023). When taking these sites
into account it seems that the possibilities to affect cellular
mechanisms are vastly more plentiful and potentially more
fruitful than the tunnel vision of active site binding. Briefly, this
allosteric targeting can be used in downstream targets of CDC25,
such as cyclin E/CDK2 or CDK1 at Y15, thus preventing
phosphatase and subsequent proliferation (Pellerano et al., 2017),
although this may lead to adverse effects compared to targeting of
the functionally narrow CDC25 (Chu et al., 2021).

8.2 Small molecule inhibitors

One of the earliest small molecule inhibitors that arose from
these early searches was NSC-95397 which was reported to be a
dual-phosphatase inhibitor (Lazo et al., 2002). NSC-95397, a para-
naphthoquinone, was found to bind to all of the isoforms of
CDC25 with a low IC50 for CDC25 in colon cancer cells of
9.9–18.6 µM. However, within this study, it was found that
CDC25A expression was not downregulated compared to
controls but was actually phosphorylating downstream ERK1/2
(Dubey et al., 2018). In the context of acute myeloid leukemia,
CDC25 inhibitor NSC-95397 was shown to exert anti-proliferative
effects on cell suspensions. Most likely due to the aforementioned
cyclin/CDK inhibition in a cytogenic-state-dependent manner
(Brenner et al., 2017). Suggesting that some of the established
CDC25 inhibitors still require deeper validation to confirm and
understand the mechanisms at play.

Similarly, NSC-663284 was found to inhibit in a similar
magnitude to the traditional gemcitabine treatment in mouse
model experiments, with an inhibitory dose of 5 mg/kg. The
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efficacy of this CDC25 inhibitor for use in treatment was suggested
to be influenced by several factors inherent to the molecule and the
reaction with the metabolic reactions within the cells (Guo et al.,
2007) and toxicity to the surrounding tissue. For instance, the
quinone class of organic compounds, of which NSC-663284 is a
part, has many members that effectively target and inhibit the
enzyme activity of cdc25, binding with Tyr428, Arg482,
Thr547 and Ser549 according to chemical binding simulations,
(Guo et al., 2007; Ge et al., 2017), along with the additive effect
of generating ROS that damage DNA, damages cellular
superstructures and halts the progression of the cell cycle (Njus
et al., 2023). Within the context of NSC-663284 it has been
hypothesized that the inhibitor undergoes editing in order to
form the electrostatic bonds to exert its inhibitory effects (Ge
et al., 2017), if this modelling proves to be true with
experimental data, the metabolite/edited product can be used in
patient specific metabolic profiling of single cell colonies to evaluate
the efficacy of NSC-663284 (Martino et al., 2019; Wekking
et al., 2023).

CDC25 inhibitors could work indirectly on the deactivation of
CDC25 by using endogenous regulation pathways and
overexpressing/activating them leading to downregulation of
CDC25. IRC-083864 is a strong CDC25 family protein inhibitor
with low nanomolar activity and no inhibitory action on other
phosphatases. Preventing mitosis and boosting
CDK1 phosphorylation significantly suppressed tumour cell
growth and changed cell cycle progression. IRC-083864 also
caused apoptosis in tumour cells produced as spheroids and
inhibited the development of human MIA PaCa-2 and LNCaP
xenografts in animal models. While greater doses resulted in
animal body weight loss, no harm was seen at lower doses
(Brenner et al., 2014). The strong potency and anti-tumour
activity of IRC-083864 promotes its further development as a
viable treatment for drug-resistant malignancies. Another
mechanism that can be used is ROS-mediated damage which
would lead to the deactivation of CDC25 by phosphorylation via
CHK1/2 (Kristjánsdóttir and Rudolph, 2004; Sur and Agrawal,
2016). NSC 119915, an irreversible inhibitor of this vein of
mechanics, creates intracellular ROS in cells and stops them in
the G0/G1 stage and G2/M stage of the cell cycle by inhibiting the
two CDC25A and CDC25B. In previous studies, Genistein as an
inhibitor has demonstrated a restriction of K562 leukemia, PC-3
prostate cancer, and MCF-7 breast cancer cell line progression
considerably (Brenner et al., 2014).

Many novel small molecule inhibitors have been synthesized
working off of in silico modelling of CDC25 inhibitors, considering
structural, steric and isoformic activity and interactions. An issue
can arise where there are toomany small molecule inhibitors that are
formulated from these methods and arise from too narrow a scope,
but this is probably a good problem to have in relation to relying on
possible ineffective and “brute-force” generalized therapies. The
issue can be circumvented by using high-throughput methods
but will experience a bottleneck at the animal testing stage, an
invaluable stage that cannot be replaced (Tanoli et al., 2021).
Suggesting that inhibitors to CDC25 activity may not need to
specifically target the CDC25 protein but can affect the
physiological effects associated with CDC25 involving pathways
including mitotic spindle assembly (Cazales et al., 2007). For

instance, the novel inhibitor WG-391D tested in ovarian cancer
mouse models, presented advantageous effects to inhibiting tumor
growth by down-regulating CDC25B (Xiao et al., 2019).

8.3 Natural product

The utilization of natural products and plant extracts has
become more significant in the field of cancer research, primarily
due to their potential as supplementary treatments. These
substances present unique opportunities for the development of
innovative therapeutic approaches. The extensive array of bioactive
chemicals found within this particular subject matter offers
promising prospects for precise and focused interventions. The
potential for enhanced cancer management lies in the utilization
of the synergistic effects between natural medicines and
conventional therapy (Al-Eisawi et al., 2022a; Al-Eisawi et al.,
2022b; Eldesouki et al., 2022; Bou Malhab et al., 2023; Tarawneh
et al., 2023).

Another indirect and small molecule inhibitor of CDC25, from
natural components, is Genistein. Genistein, a tyrosine kinase
inhibitor, activated p38 in human mammary epithelial cells,
involved in the downregulation of CDC25C levels and
phosphorylation of CDC2 leading to an arrest of the cell cycle at
the G2/M checkpoint (Frey and Singletary, 2003). Activation of p38,
a mitogen-activated protein kinase, is essential for genistein-
mediated growth inhibition, although it is not the only
requirement. Additionally, genistein induces a G2 arrest by
impairing the Tyr15 dephosphorylation of CDC2 via CDC25C,
likely through a genistein-induced activation of CHK2 (Ouyang
et al., 2009). Moreover, downregulation of the CDC25 level through
p38 participation may be an important way to impair its actions and
a meaningful act in G2/M checkpoint regulation. The investigation
of the activities underlying the genistein inhibition or other agents
on proliferation will need further clarification, considering the
responses of other mitogen-activated protein kinase pathways,
especially when considering different cytological sources (Frey
and Singletary, 2003).

Even though there are beneficial result for single target
CDC25 natural product inhibitors there is a greater need in our
opinion for a multifaceted inhibitory attack on multiple isoforms of
CDC25, that does not lose any specificity. In this regard natural
products, such as Shikonin, could be of greater utility as observed in
other phosphatase inhibitor combinations accompanying treatment
granted that there is synergy and not agonistic effects (Marciniak
et al., 2023). The research shows that the target effect of cell cycle
checkpoint inhibitors may be expanded to inducing apoptosis. In the
case of metabolite polyphenols APE retrieved from apple skins it was
found to induce both apoptotic pathways, observed in the depletion
of procaspase 3, 8 and 9, as well as arresting the cell cycle in a mimic
to CDC25C action inhibition. However the main mode of action of
the increase in inactivate phosphor-CDC25C was through ROS
mediated cellular pathways indirectly acting on cell cycle
progression rather than directly on CDC25 as is seen with most
of the small molecule inhibitors (Martino et al., 2019). Offering
additional anti-neoplastic effects that can be implemented in patient
data driven combinatorial therapies, mainly through single cell
metabolic profiling or a multiplexed omics platform which have
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been implemented with combinatorial therapies for ROS inducing
agents (Huttunen et al., 2023) or immune checkpoint inhibitors
(Massa et al., 2022). Given the results in other types of cellular
pathway enducers and inhibitors there is hope that these results can
also be translated to cell cycle checkpoint inhibitors such as
CDC25 for sub-groups of patients identified as susceptible to
the treatment.

8.4 Antisense oligonucleotides

In contrast, antisense oligonucleotides target the CDC25 mRNA
and block its expression and synthesis much like the siRNA or
miRNA mechanism of downregulation of translation. This is
beyond the scope of this review, but the research shows that
antisense oligonucleotides of CDC25 are effective in inhibiting
cell cycle continuation through G1 to S. However, within the
review search, it appears that researchers are studying affecting
or upstream proteins to CDC25 which may suggest that post-
transcriptional silencing of CDC25 directly is not a viable path
for therapeutics due to the penetration of the silencing to the cell
cycle. In theory, this could work but would require accurate and
reliable delivery systems to specifically target neoplastic tissue.
Allowing silencing through these means opens up combinatorial
avenues of treatment with existing methods (Gharaibeh et al., 2021).
One of the many advantages of using relatively novel strategies when
it comes to tackling cancer is the hope that it may reduce multiple-
drug resistance that can otherwise be observed with the more
traditional and long-used chemotherapy cocktail of drugs. In
Xenopus laevis studies of CDC25A antisense oligonucleotides,
eggs injected with the oligonucleotide were found to prolong the
presence of the repressed phosphorylated Cdk1 in a dose-dependent
manner up to a threshold concentration (Yoshitome et al., 2019),
suggestive of a potential therapeutic dose for inhibiting aberrant
CDC25A activity. Further explored in hepatocellular carcinoma
where the overexpression was related to poor prognosis,
CDC25A antisense oligo demonstrated the ability to decrease
invasiveness but more importantly reduced cell proliferation and
progression (Xu et al., 2008). Although from the research articles
found this field is not being explored as much recently relative to the
aforementioned inhibitor types.

9 Challenges and future directions

9.1 Addressing challenges in developing
specific and effective CDC25 inhibitors

However, the development of CDC25 inhibitors as a cancer
treatment has been challenged by several limitations and obstacles.
One of the challenges in the development of CDC25 inhibitors is the
specificity of the inhibitors for different copies of CDC25 and their
functions inmaintaining the integrity of DNA on top of the cell cycle
progression. CDC25A, CDC25B, and CDC25C have slightly
different roles in the cell cycle; CD25A is involved in the G1/S
transition activating the CDK2 promoting DNA replication entry in
S-phase, CDC25B Therefore, it is important to develop inhibitors
that are specific for each isoform of CDC25 to minimize off-target

effects. A related challenge arises from the potential toxicity of
CDC25 inhibitors due to the role CDC25 has in the regulation of the
cell cycle, inhibiting its activity and leading to cell death. However,
this can also affect normal cells and tissues, leading to side effects
such as bone marrow suppression, gastrointestinal toxicity, and
neurotoxicity. Therefore, it is important to develop
CDC25 inhibitors that are selective for cancer cells and have
minimal toxicity to normal cells.

Research has shown that the inherent structure and mechanism
of action of CDC25 could also play a role in limiting the efficacy of
CDC25 inhibitors. For one their broad substrate specificity poses a
huge issue in terms of off-target effects. Dual specificity
phosphatases (DSP) such as CDC25 can dephosphorylate a wide
range of substrates, including kinases and phosphatases. This makes
it challenging to design inhibitors that are specific to a particular
DSP, without affecting other enzymes. The more broad-acting DSP
would lead to the disruption of Mitogen-activated protein kinase
phosphatase, Protein tyrosine phosphatase and Vaccinia H1-related
phosphatase activities. Disruption of these DSPs can lead to
irregularities in EGFR-initiated cell signalling cascades which
could in fact lead to cancers (Wang et al., 2011). The structure of
CDC25 as a DSP leads to difficulty in finding new potent inhibitors,
arising from three obstacles presented by the active site on the
Cdc25 phosphatase: the shallow active site region, the highly reactive
cysteine in the active site, and the lack of homology with other
protein phosphatases (Lavecchia et al., 2010).

To date there are not many CDC25 inhibitors that have shown
significant results in immunosuppressed xenografted mouse models,
and of the few I have mentioned the most relevant ones in terms of
cancer therapeutics. The most notable to reach phase II of clinical
trials was Debio 0931, the licensing name for IRC 083864 in 2009 but
there is no news of if they have succeeded to phase III or require
more confirmatory results. This reflects the lack of efficacy and
displays the lack of translation of the in-vitro results to in-vivo and
may be a significant drawback for using CDC25 inhibitors for cancer
therapeutics. The promising technologies of omics and machine
learning modules in biological chemistry seem to hold promise for
identifying new molecules and derivatives that may be more
successful than the current inventory of CDC25 inhibitors. Using
some of the more chemically involved algorithms novel and
synergetic CDC25 inhibitors have been found that demonstrate
inhibition at the protein level (Lauria et al., 2021).

The repertoire of functional cell cycle checkpoint inhibitors is
further expanded with the development of chemically inexpensive
techniques, namely, click-chemistry, to build off putative backbones
that demonstrate functional inhibitory activity. Constructive
techniques have proven effective for radioligand imaging for
immune checkpoint inhibitors, translation of this development
for use in developing in cell cycle check-point inhibitors is not
farfetched as reported in non-small cell lung cancer (Vartak et al.,
2023). The power of which is expanded through integration of such
formulation techniques with chemical library searching (Kabakci
et al., 2019) prioritizing scaffolds, such as the quinone backbone, that
show functional cell cycle inhibition in-vitro demonstrated in
NSC663284 in colorectal cancer (Narwanti et al., 2023). The in-
vitro testing is crucial as it can and has been used to validate in silico
modelled compounds in other case types for anti-cancer effects
(Berlow et al., 2019), which may slow down discovery but increases
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validity when combined with genes or gene products identified from
omics techniques that are subsequently modelled for inhibitors
(Chua et al., 2021; Wu Y. et al., 2024).

9.2 Exploring combination therapies
involving CDC25 inhibitors

There are a growing number of studies that present personalized
treatment with combination therapies improving outcomes in
patients with refractory malignancies (Sicklick et al., 2019).
Multimodal therapies have been observed to stratify risk, have
stronger chemotherapy, and multimodality treatment strategies
have significantly improved the mortality for children with
cancer. Initial in vitro results showed additive and synergistic
effects with other cell cycle inhibitors indirectly, or directly in the
CDC25-specific inhibition paradigm that proved promising in their
anti-proliferative action on various cancer cell lines (Larsson et al.,
2009; Ock and Kim, 2021; Zhao et al., 2023). However, more
improvement in survival rates and a decrease in long-term
negative effects are required (Forrest et al., 2018). Many studies
are coming to the same conclusion that combinatorial methods
encompassing genomics, transcriptomics, and pathological images
have improved prognostic models for various cancer types (Shao
et al., 2023).

These methods have been involved with biomarkers not too
dissimilar to the cell cycle marker CDC25 in cancers affecting large
swathes of the population, including oesophageal squamous cell
carcinoma (Liu et al., 2023), breast cancer (Greenwalt et al., 2020)
and colorectal and bladder cancers (Ciardiello et al., 2022; Kong
et al., 2022) and gastric cancers (Lee et al., 2019). Growing numbers
of studies have pushed this field of study into clinal trials with
promising results, as was seen with the gastric cancer umbrella study
and in subsets of larger precision oncology clinical trials (O’Dwyer
et al., 2023; Rodon et al., 2019) not only showing whether a
particular clinical trial for a therapy is effective but by virtue of
testing increasing knowledge of molecular significance of tumors;
HER2 amplification for instance was found at a frequency of 2% in
multiple tumors, not including breast cancers and gastric cancers
(Jhaveri et al., 2019). However, analysis from other trials, in which
specific biomarkers like CDKN2A, KRAS, and PIK3CA were
identified, has shown that these methods may still provide
limited results and require further development before entering
regular patient processing procedures (Trédan et al., 2019). Clinical
trials may seem to lag on the potential of personalizing treatments
with regard to aberrant cell cycle control checkpoints.

The synergy between click chemistry methodologies and the
conjugation of small molecule inhibitors to monoclonal antibodies
represents an innovative Frontier in personalized cancer therapy
within the realm of precision medicine. Click chemistry’s precision
in molecular design and modification allows for the customization
of small molecule inhibitors, enabling their conjugation to
monoclonal antibodies tailored to individual patients’ molecular
profiles. Additionally, the involvement of mathematical modelling
as well as machine learning modalities can expand potential useful
conjugates (Pang et al., 2023). This personalized and in silico refined
approach facilitates the development of targeted therapeutic agents
designed to recognize and bind with high specificity to unique

antigens or surface markers present on an individual’s cancer
cells (Vartak et al., 2023; Greenlee et al., 2024). By leveraging the
specificity of monoclonal antibodies for these patient-specific
molecular signatures, click chemistry empowers the creation of
highly personalized multifunctional agents capable of precisely
delivering the small molecule inhibitors to the patient’s specific
cancerous lesions. This personalized targeting strategy holds
immense promise in tailored cancer therapy within the
framework of precision medicine, offering a bespoke and targeted
therapeutic avenue by harnessing the amalgamation of small
molecule inhibitors, monoclonal antibodies, and individualized
molecular characteristics for enhanced treatment outcomes.

Personalized medicine data along with advanced chemical-focused
exploratory algorithms (Rifaioglu et al., 2019) can direct combination
therapies based on novel assaymethods working through databases in a
high-throughput manner (Lauria et al., 2021). Artificial intelligence
along with traditional methods of immunotherapy and chemotherapy
have preliminarily shown beneficial prognosis for cancer patients based
on results from in-vitro assays and limited clinical trials (Kuenzi et al.,
2020). Identifying and typing cancerous tissue from benign tissue have
been investigated more than the clinical trials, AI models have been
developed to predict RNA-Seq profiles andMSI in various cancer types,
incorporating multimodal data and transfer learning for improved
predictions in various cancers including breast, gastrointestinal and
colorectal cancer types (Shao et al., 2023). In endometrial cancer a
variety of combinatorial treatments were tested in clinical trials and
applied based on molecular markers found within patients’ malignant
tissue, increasing late-stage patients from 40% to almost 80% survival
aftermore precise (Arend et al., 2018). Combiningmolecular omics and
radiomics (Avanzo et al., 2020) can potentially increase the effectiveness
of targeted radiotherapy by reducing and eliminating patients that
would prove unsuccessful or remittent to such an approach.

10 Conclusion

Ultimately the evidence reveals that CDC25 inhibitors have
tremendous potential as a therapeutic target for cancer therapy,
but we would not recommend it as complete but may be part of a
greater whole to additionally target in combinatorial therapy. These
inhibitors, by modulating CDC25 activity, can impede CDK
dephosphorylation and subsequent cell cycle progression,
resulting in cell cycle arrest, apoptosis, and decreased tumour
development. Preclinical investigations using numerous
CDC25 inhibitors, including small molecules, peptides, and
natural substances, have yielded encouraging findings, exhibiting
significant antitumor action in several cancer types. Clinical trials
examining the safety and effectiveness of these inhibitors as
monotherapy or in combination with other anticancer
treatments, however, are still in the early stages and should
validate the results found in the many in-vitro studies.
Furthermore, the possible toxicity and off-target consequences of
these inhibitors should be explored further. The combinatorial
treatment high throughput information driven paradigm
alongside comprehensive CDC25 inhibitors are some of the most
promising directions in halting cell cycle progression in cancer and
should garner more focus with regards to clinical trials, even though
they may be more difficult to design. While the development of
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CDC25 inhibitors as a cancer therapy method is still in its early
stages and has faced some obstacles, data shows that this technique
has tremendous potential and needs further exploration.
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