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Targeting Cyclin-Dependent Kinases (CDKs) for Cancer Therapy: An In-Depth
Review of Molecular Candidates, Their Synthesis, Evaluation, and Future
Directions

Cyclin-dependent kinases (CDKs) are ser/thr kinases that affect cell
cycle progression by phosphorylation of target substrates in a regulated
manner. The catalytic mechanisms of these enzymes operate in
complex with regulatory cyclin subunits. Their activities are tightly
controlled by CKIs and phosphorylation events. The mechanisms of
malignant transformation that affect CDK include cyclin overexpression,
CKl loss, alteration of upstream signaling pathways, and failure to
trigger the compensatory mechanisms necessary to inhibit CDK
activity. Ultimately, this results in the disruption of the cell cycle,

which leads to dysregulation of cellular proliferation and genomic
instability. This comprehensive review focuses on the current status

of CDK-targeted cancer therapeutics and the types of principles and
mechanisms employed in structure-based drug design. We review how
CDK4/6 inhibitors (palbociclib, ribociclib, and abemaciclib) in hormone
receptor-positive breast cancer have changed treatment paradigms
and the proof of concept for selective CDK targeting as a therapeutic
strategy. The acquisition of resistance, however, is not without
challenges - alterations to the Rb pathway, upregulation of cyclin E1,
and activation of alternative signaling network PI3K/mTOR and RTK/
RAS pathways. We present a critical review of recent strategies to
overcome resistance, including rational drug combination therapy, new
generation inhibitors of alternative isoforms of CDKs (CDK2, CDK7, CDK9,
and CDK12), and novel approaches applying PROTACs and molecular glue
therapies to lead to degradation of CDK proteins. In addition, biomarker-
based patient stratification is examined for harnessing precision
medicine in drug delivery outcomes. The development of CDK inhibitors
currently faces challenges in achieving selectivity with potency, off-
target toxicities, and predictive biomarkers of response. Future research
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will examine synthetic lethal interactions, immunological activities
following CDK inhibition, and combination with other treatment options

including new forms of immunotherapy and epigenetic modulators.

This review summarises what we know so far and points out the most
promising targets for developing more effective and personalised CDK
targeted therapies.

Keywords: Cyclin-dependent kinases (CDKs), CDK4/6 inhibitors,
Palbociclib, Ribociclib, Abemaciclib, Cancer therapy, Cell cycle
regulation, Drug resistance, Targeted therapy, Structure-based drug
design, Biomarkers, Precision medicine

© Farm Pol, 2025, 81(8): 489-499

INTRODUCTION

Cancer is a leading cause of morbidity and mor-
tality worldwide. It is characterized by uncontrol-
led cell proliferation and a tendency of cells to
avoid programmed cell death (apoptosis). Cen-
tral to these processes is the regulation of the cell
cycle, which is mainly run by cyclin-dependent
kinases (CDKs) and their cyclin partners. To date,
there is a total of 9 types of CDK.

Cyclin-dependent kinases (CDKs):
Structure and Function

CDKs are serine/threonine kinases that con-
trol processes ranging from the cell cycle to trans-
cription. Cyclin-dependent kinases function in
association with specific cyclins, and their levels

of expression differ during the cell cycle phases.
Well-known members of this family include CDK1,
CDK2, CDK4, CDK6, and CDK9, with various func-
tions in the cell cycle and in transcription. CDKs
become active upon phosphorylation and cyclin
binding and their activity is regulated by cyklin-
dependent kinase inhibitors (CKls) as well as by
phosphorylation and dephosphorylation [1].

The Role of CDKs in Oncogenesis

When CDKs or cyclins are improperly activa-
ted or highly expressed, they cause uncontrolled
proliferation. Expression of CDK 4/6 and cyclin D
is common in malignancies. Constitutively active
CDKs are mutational drivers of tumorigenesis [2].

Rationale for CDK Inhibition in
Cancer Therapy

The inhibition of CDKs can halt the prolifera-
tion of tumor cells, induce them to undergo apop-
tosis and make cancer cells susceptible to other
agents. Multiple inhibitors have shown promising
results in clinical trials [3].

Current cancer therapy is based on the notion
that the activity of CDK-cyclin complexes is
almost universally overactive in human cancers,
so these enzymes comprise a prime and clinically
validated target for antiproliferative drug deve-
lopment [4]. It is possible to selectively halt the
cancer cell cycle by inhibiting these energizing
engines, which can then lead to a halt in functio-
ning or death.

Figure 1. A 3D model illustrating the interaction between a Cyclin-Dependent Kinase (blue) and its activating Cyclin partner

(green). A small molecule inhibitor (magenta) is shown bound within the enzyme’s active site, preventing its function.
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Cyclin-dependent kinases (CDKs)
and their role in cancer

Cyclin-dependent kinases (CDKs) are serine/
threonine kinases that partner with cyclins to
facilitate cell cycle phase (G1, S, G2, and M) pro-
gression in a timely and coordinated manner.
CDK-cyclin complex activity is tightly controlled
by an intricate network of activators, inhibitors,
and phosphorylation events to regulate cell divi-
sion and maintain genomic integrity [5].

The cell cycle consists of four main stages: G1,
S, G2, and M. A number of CDK-cyclin complexes
play an essential role in the process. Such com-
plexes include CDK4/6-cyclin D, CDK2-cyclin E,
and CDK1-cyclin A/B (Figure 2). The phosphory-
lation of Rb by CDK4/6-Cyclin D causes the rele-
ase of E2F, permitting gene expression neces-
sary for DNA synthesis and S phase entrance. In
cancers, this delicacy is frequently disrupted,
resulting in baseless expansion, instability, and
acquisition of malignant characteristics. Dysre-
gulated CDK activity occurs commonly in a wide
representation of human cancers basically due
to genetic and epigenetic defect[s] [6]. Enhanced
expression of specific cyclins or CDKs, deletion of
CDK inhibitors, or variations in upstream signa-
ling pathways can subsequently impact tumor
growth due to overactivation of CDK. Abnormal
activities of CDKs can lead to the emergence of
properties similar to cancer stemcCells [6]. The
cell cycle consists of four main stages: G1, S, G2,
and M. A number of CDK-cyclin complexes play
an essential role in the process. Such complexes
include CDK4/6-cyclin D, CDK2-cyclin E, and
CDK1-cyclin A/B (Figure 2). The phosphoryla-
tion of Rb by CDK4/6-Cyclin D causes the rele-
ase of E2F, permitting gene expression neces-
sary for DNA synthesis and S-phase entrance.
In cancers, this delicacy is frequently disrup-
ted, resulting in baseless expansion, instabi-
lity, and acquisition of malignant characteristics.
Dysregulated CDK activity occurs commonly in
a wide representation of human cancers basi-
cally due to genetic and epigenetic defect][s]
[6]. Enhanced expression of specific cyclins or
CDKs, deletion of CDK inhibitors, or variations
in upstream signaling pathways can subsequen-
tly impact tumor growth due to overactivation of
CDK. Abnormal activities of CDKs can lead to the
emergence of properties similar to cancer stem
cells [6].

Figure 3 highlights the various factors that
dysregulate CDKs in cancers. The hyperacti-
vity of CDKs resulting from the loss of endoge-
nous CKIs, mutations of IRs-coupled kinases,
and the overexpression of cyclins or CDKs lead
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Figure 2. Simplified Cell Cycle Diagram with Key CDKs and Cyclins.

to uncontrolled cell proliferation and eventually,
tumour growth.

Certain CDKs play essential roles
in cancer initiation and growth.

- CDK1: The G2/M transition in cell division is
initiated by the cyclin B/CDK1 complex. The
aberration of this system can cause abnormal
cell division and genomic instability which
leads to tumor development [7].

- CDK2: Cyclin A-CDK?2 complex is mainly invo-
lved in the G1/S transition and progression
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Figure 3.

Mechanisms of CDK Dysregulation

in Cancer.
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through S-phase. While it is not always essen-
tial for cell division in all contexts, its dysre-
gulation can lead to uncontrolled cell prolife-
ration and is often associated with resistance to
other therapies [8].

- CDK4/6: The G1 phase is controlled by cyclin
D/CDK4-complex and cyclin D/CDK6-com-
plex by causing Rb phosphorylation, which
releases E2F transcription factors from Rb that
cause the expression of genes required for DNA
synthesis.

- Excessive activity of CDK 4/6 is a common
feature in many cancers, rendering these kina-
ses prime targets for therapeutic intervention
[6].

- CDK9: The transcriptional cyclin-dependent
kinase, CDK9,in complex with Cyclin T, regu-
lates gene expression by phosphorylating RNA
polymerase II. The abnormal activation of these
genes is thought to establish a more favora-
ble environment for tumor poliferation and is

hydrogen bonds

hydrophobic
interaction

G——

': inhibitor
)y

Figure 4. General Binding Mode of CDK Inhibitors.
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a target in some hematological malignancies

and solid tumors [9].

Levels and activity of the specific CDKs can
serve as prognostic markers and as indicators of
response in cancer treatment. More effective and
targeted cancer therapies would depend on a bet-
ter understanding of the specific roles and regu-
latory mechanisms of individual CDKs in various
tumor types [10].

Evolution and current landscape
of CDK inhibitors

The journey from targets to approved drugs of
CDK inhibitors has seen many ups and downs with
substantial breakthroughs. In the early phases of
the project, focus was made upon pan-CDK inhi-
bition. In spite of their potential in causing cancer
cell death, first-generation inhibitors nonetheless,
had severe toxicities occurring outside of their
intended targets at the concentrations needed for
the inhibitors to be clinically successful. [11].

Small molecule inhibitors usually bind in
the ATP-binding pocket of a Cyclin-Depen-
dent Kinase (CDK) as illustrated in Figure 4. The
affinity and selectivity of the inhibitor are greatly
influenced by key interactions, including hydro-
gen bonds and hydrophobic interactions with key
amino acid residues.

The introduction of more selective inhibitors,
especially CDK4/6 inhibitors, reinvigorated the
field. These second and third generation inhibi-
tors’ success has changed the treatment paradigm
for some cancers.

- Palbociclib, Ribociclib, and Abemaciclib. The
selective inhibitors of CDK4/6 have changed
the treatment of both HR-positive and HER2-
-negative advanced breast cancer by blocking
the G1-S phase transition of cells, therefore
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Figure 5. Chemical Structures of Approved CDK4/6 Inhibitors.

stopping cell proliferation. The FDA recognized
the success of targeted CDK inhibition in cli-
nical settings, which often involved the com-
bination of endocrine therapy. Inhibitors that
act on different targets but that have similar
structure and binding modes generally bind to
the inactive kinase conformation (in the case
of CDK4/6 inhibitors), and they establish fixed
hydrogen bond interactions with the appro-
priate amino acid residues in the CDK4/6 active
site [12].

- Figure 5 shows the chemical structures of the
three FDA-approved CDK4/6 inhibitors, Pal-
bociclib, Ribociclib, and Abemaciclib. Rese-
arch into inhibitors of other CDKs that have
different functions in cancer biology continues
beyond CDK4/6. Selective CDK4/6 inhibitors
have made a big difference in the management
of metastatic breast cancer that is hormone
receptor positive and HER2 negative.

- CDK2 Inhibitors: While CDK2 was ini-
tially considered a less critical target due
to functional redundancy, its role in resi-
stance to CDK4/6 inhibitors and its involve-
ment in specific oncogene-driven cancers
have renewed interest. Efforts are focused
on developing selective CDK2 inhibitors to
overcome resistance and expand therapeutic
options [13].

- CDKO9 Inhibitors: As a key regulator of trans-
cription, CDK9 has emerged as an attractive
target, particularly in hematologic malignan-
cies and some solid tumors where its acti-
vity promotes the expression of pro-survival

Table 1. Comparative Profile of Key CDK Inhibitors.

genes. Novel CDK9 inhibitors like fadraciclib

and AZD-4573 have shown promising precli-

nical antitumor effects [14].

Lower values indicate higher potency. Notably
palbociclib, ribociclib, and abemaciclib exhibit
high selectivity for CDK4/6 compared to the pan-
-inhibitor, flavopiridol [15].

Challenges in CDK Inhibitor

Development

Although successes have been achieved,
there are several challenges to the use of CDK
inhibitors.

Drug Resistance: Intrinsic and acquired resi-
stance are both major challenges. Cell cycle com-
ponent alterations like Rb loss, cyclin E1/other
CDK upregulation, or activation of bypass signa-
ling pathways (e.g., PI3K/mTOR, RTK/RAS) resul-
ting in CDK blockade circumvention [16].

As seen in Figure 6, cancer cells exhibit diverse
mechanisms to overcome sensitivity to CDK inhi-
bitors. Specific changes to cell cycle machinery
(Rb loss, cyclin E1 upregulation, CDK overe-
xpression), activation of bypass signaling path-
ways (PI3K/mTOR, RTK/RAS) and upregulation
of drug efflux pumps lead to acquired resistance
and diminished response to therapy.

- Toxicity and Selectivity: Many kinases possess
an ATP binding pocket that is highly conse-
rved. This caused the 1st generation pan-CDK
inhibitors to be off-target toxic. There is a chal-
lenging effort to design a selective inhibitor
with low toxicity to normal cells for CDK other
than 4 or 6 [17].

CDK.1(30), CDK2.(100), CDK4.(20-40),

Flavopiridol C21H20.CINO5 CDK6(60), CDK.9(20) AML (“orphan drug”) Diarrhea, Nausea, Fatigue, Myelosuppression
Roscovitine  C19H26N60 CDK2.(700), CDK7.(460), CDK9.(600)  Investigational (e.g., Cushing’s)  Nausea, Vomiting, Hypokalemia, Liver enzyme elevation
Palbociclib C24H29N702 CDK.4(11), CDK.6(15) HR+/.HER2- Breast Cancer Neutropenia, Leukopenia, Fatigue, Nausea

Ribociclib (C23H3.0N80 CDK.4(10), CDK.6(39) HR+/.HER2- Breast Cancer Neutropenia, Hepatot.oxicity (li.ver), QT Prolon.gation
Abemaciclib ~ C27H3.2F2N8 CDK.4(2), CDK.6(10) HR+/.HER2- Breast Cancer Diarrhea, Neutropenia, Nausea, Fatigue
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Figure 6. Mechanisms of Resistance to CDK Inhibitors.

Biomarkers: Due to the absence of reliable bio-
markers for predicting treatment outcomes and
prognosis, the selection of appropriate patients
and their monitoring remains challenging.
Identifying which patients are likely to respond
to CDK inhibitor therapy and which are prone
develop resistance is essential for enabling per-
sonalized medicine [18].

Limited Efficacy in Certain Cancers: The effec-
tiveness of CDK4/6 inhibitors is mainly restric-
ted to HR+ breast cancer. With a better under-
standing of the specific CDK dependencies
underlying different cancers, it could be possi-
ble to expand their usefulness to other cancer

types [19].

Opportunities in CDK Inhibitor
Development
These challenges also present significant

opportunities for future research and develop-
ment:
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Overcoming Resistance

Combination Therapies: Researchers are inve-
stigating how combinations of CDK inhibi-
tors with other agents, including PI3K inhi-
bitors, mTOR inhibitors, HER2-targeted
therapies, chemotherapy, and immunothe-
rapy, may overcome resistance and enhance
efficacy [20].

Sequential Treatment Strategies: The creation
of ideal series of treatments to slow down or
stop the emergence of resistance [21].
Next-Generation Inhibitors: The manufactu-
ring of new inhibitors is possible for the alte-
ration of specific resistance mechanisms or for
another selection of CDK isoforms [22].
PROTACs (Proteolysis-Targeting Chimeras):
Proteolysis-targeting chimeras (PROTACs)
promise a new way to degrade CDK proteins

rather than just inhibiting their enzyma-
tic action, potentially bypassing resistance
mechanisms based on protein overexpression
[23].

Expanding Therapeutic Indications: A bro-
ader range of cancer types, including pro-
state cancer, lung cancer, and hematologic
malignancies, where specific CDK depen-
dencies may exist, will be investigated to
assess the efficacy of existing and novel CDK
inhibitors [24].

Biomarker Discovery and Validation: Signifi-
cant research is being done to find solid bio-
markers that predict response, monitor resi-
stance, or guide treatment decisions that will
lead to personalized oncology [25].

Targeting Non-Canonical CDKs: Exploring
the therapeutic potential of other CDKs (e.g.,
CDK?7, and CDK12), which are important for
transcription and DNA repair, may offer addi-
tional drug discovery opportunities [26].
Precision Medicine Approaches: Using genomic
and molecular profiling to identify the right
CDK inhibitor or combination treatment based
on tumor molecular aberrations [27].

Current Hurdles

Acquired Resistance: The most important cli-
nical challenge is that tumors can eventually
learn to evade the CDK4/6 barrier. Most com-
monly, through a complete loss of the Rb pro-
tein (which is, after all, the ultimate target of
the drug) or through amplification of other
cell cycle drivers (like Cyclin E, which acti-
vates CDK2, pushing the cell cycle onward
without CDK4/6). (Wikipedia, Palbociclib
Resistance).

Toxicity Management: CDK4/6 inhibitors are
more targeted than cytotoxic agents but do
have side effects. On-target toxicities such as

Tom 81-nr8-2025
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neutropenia (myelosuppression) or off-tar-
gets like diarrhea or hepatotoxicity need to be
managed for patients to remain on therapy.
Future Directions.

- Combination Therapies: Smart combinations
are the future of CDK inhibition. The combina-
tion of agents such as endocrine therapy, apart
from CDK inhibitors, can create a better effect.
Moreover, it can enhance the efficiency of the
inhibitors. Plus, it will delay and also overcome
resistance. [3].

- Targeting Other CDKs: There is renewed inte-
rest in the development of selective inhibi-
tors for additional CDKs. Transcriptional CDKs,
specifically CDK7, CDK9, and CDK12, are par-
ticularly promising candidates as they regulate
the expression of critical oncogenes and help
cancer cells survive.

- Novel Modalities (Targeted Protein Degrada-
tion): Next-generation approach extends bey-
ond simple inhibition. New technologies such
as Proteolysis-Targeting Chimeras (PROTACs)
are being developed. These molecules do not
merely inhibit the active site of the CDK but
label the entire CDK protein for destruction by
the cell’s own waste-disposal machinery. This
may offer a more profound and possibly more
stable way of removing the target [15].

Synthesis and in vitro evaluation
methodologies

The discovery and development of new CDK
inhibitors involve chemical synthesis and thorough
in vitro biological evaluation. These processes are
essential to recognize potent and selective compo-
unds that possibly have desirable pharmacological
properties.

The steps involved in the discovery and deve-
lopment of CDK inhibitors are shown in Figure 7.
They start with target identification and lead
discovery (it could be high-throughput scre-
ening, fragment-based drug discovery, and ratio-
nal design), lead optimization, preclinical deve-
lopment (in vitro, in vivo, and ADME/tox studies),
clinical development (phases I, Il and I1I), regula-
tory approval, and post-marketing.

Synthesis Methodologies

A combination of rational design and traditio-
nal chemical methods is usually utilized for the
synthesis of CDK inhibitors.

- Rational Design: Using X-ray crystallography
of CDK-inhibitor complexes and molecular
docking computational methods, it is possible
to obtain structural information on the CDK
and mediate the design of molecules that can

Tom 81-nr8-2025

show better binding affinity and selectivity.

This usually means changing existing chemi-

cal scaffolds or building new ones that will fit

into the ATP binding site or allosteric pockets

of CDKs [28].

- Parallel Synthesis and Combinatorial Chemi-
stry: To hasten the process of drug discovery,
parallel synthesis and combinatorial chemi-
stry are often used for generating large libra-
ries of structurally diverse compounds in quick
succession. This high-throughput technique
advances studies of structure-activity rela-
tionships (SAR), enabling researchers to quic-
kly identify structural features that are respon-
sible for biological activity [29].

- Multi-step Organic Synthesis: Complex mole-
cules with CDK inhibitory activity are usu-
ally synthesized through a series of known
reactions. For example, the construction of
pyrazole derivatives, oxindole-indole conju-
gates, and pyrazolo-pyrimidine derivatives
as seen in the literature usually requires the
use of cyclization, coupling, and other func-
tionalization reactions to complete the syn-
thesis [30, 31].

- Bioisosteric Replacement: The concept of bio-
isosterism involves the substitution of a func-
tional group or atom with a different group or
atom that possesses similar chemical or physi-
cal properties. This strategy is mainly used for
increasing potency, improving pharmacokine-
tic properties (such as solubility, and metabo-
lic stability), and reducing toxicity. Further-
more, the chief objective behind applying this
strategy is to avoid polar or ionic interactions,
which can significantly alter biological acti-
vity [32].

- Fragment-Based Drug Discovery (FBDD): Frag-
ment-based drug design is an increasingly
popular approach in which small molecular
fragments that bind weakly to the target pro-
tein, are first identified. These fragments can
subsequently be optimized and grown or lin-
ked together to create more potent and selec-
tive inhibitors. This approach can work espe-
cially well for difficult protein targets such as
kinases [33].

When developing compounds during the syn-
thesis phase, it is crucial to ensure selectivity for
specific CDK isoforms as well as to optimize drug-
-likeness properties, including solubility and oral
bioavailability. Efficient synthetic routes yielding
high-purity compounds should also be developed.

In vitro evaluation methodologies
The evaluation of CDK inhibitors is multiface-
ted process, encompassing in vitro methodologies
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Figure 7.

Overview of CDK Inhibitor Drug

Discovery Pipeline.
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designed to assess their potency,selectivity, and

cellular effects. A typical evaluation cascade invo-

lves:

- CDK Kinase Assays: These are key assays to
determine the direct inhibitory effect of com-
pounds on purified recombinant CDK/cyc-
lin complexes. They measure the capacity of
one inhibitor to stop a specific substrate from
being phosphorylated. Common techniques
include:
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As illustrated in Figure 8, a CDK kinase assay
is based on the ability of a CDK-cyclin complex to
phosphorylate a substrate in the presence of ATP.
Measurement of the level to which a CDK inhibi-
tor inhibits phosphorylation can determine the
potency of the compound.

- Enzymatic Assays (Kinase Assays): The main
processes for ascertaining the inherent inhi-
bitory potency (IC50) and selectivity profile of
a compound among the purified CDK-cyclin

Tom 81-nr8-2025 3]
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complexes (e.g., CDK4/Cyclin D1, CDK2/Cyc-
lin E). The test assesses the compound's capa-
city to prevent a phosphate group from being
transferred from ATP to a substrate. Direct
measurement of kinase inhibition can be per-
formed to asses compound activity. This repre-
sents a key step in distinguishing selective
inhibitors, such as palbociclib, from pan-CDK
inhibitors [30].

- Cell-based assays measure whether the inhibi-
tor can inhibit the growth of the cancer cells.
To discover the GIS0 of a compound, one can
perform an MTT, MTS, or sulforhodamine B
(SRB) assay. To verify engagement within the
cellular context, these assays are often per-
formed using cell lines with well-known CDK
dysregulation (e.g., Rb-positive breast cancer
for CDK4/6 inhibitors) [39].

- Flow analysis is critical for the confirmation
of the cell cycle. Mode of Action. We can stain
cells using a dye that intercalates with DNA.
The researchers can ascertain the distribution

of cells between the GO/G1, S, and G2 and M pha-

ses. A successful CDK4/6 inhibitor, for instance,
will cause a significant accumulation of cells in
the G1 phase. The observed build-up of cells in
the G1 phase confirms its intention. Method of cell
cycle arrest [40].

CONCLUSION
AND RECOMMENDATIONS

The cyclin-dependent kinase inhibitors
(CDKis) field has advanced markedly, with sub-
stances that went from hard-to-develop mole-
cules to those that have yielded good clinical
benefit, especially in hormone receptor-posi-
tive breast cancer. The path has demonstrated
the important role of CDKs in cancer pathoge-
nesis and the druggability of targeting these cell
cycle regulators.

The prototypes of pan-CDK inhibitors were
primarily meant to prove the concept of targeting
cyclin-dependent kinases. Nonetheless, off-tar-
get toxicities have largely limited their therapeu-
tic utility. As a result, the developmentof potent
and selective CDK4/6 inhibitors has been prioti-
zed. This represents the first drug whose efficacy
and toxicity can be managed. The increasing use
of compounds that inhibit epidermal growth fac-
tor receptor (EGFR) makes FISH and CISH reagent
availability essential for prediction of therapeu-
tic effectiveness.

Although the situation concerning CDK inhi-
bitor therapy is not that clear, he emergence of
both innate and acquired resistance is a major
obstacle to success. Resistance may arise through

Tom 81-nr8-2025

Phosphorylated
Substrate

CDK-cyclin

Figure 8. Scheme of a Typical CDK Kinase Assay.

several processes, including alteration of circa-
dian clock elements, activation of bypass signal-
ling pathways, or evolution of specific new genetic
aberrations. Furthermore, the selective inhibitors
of other CDK isoforms (for instance, CDK2, and
CDK9) and the broadening of indications beyond
breast cancer remain a hot area of research.

Recommendations for Future
Research and Development

1. Continuing the detailed study of what causes
resistance to the current CDK inhibitor will
be very useful. Gaining a better understan-
ding will facilitate the development of new
agents or rational combination therapies to cir-
cumvent or reverse resistance. Further investi-
gations should be carried out in tackling other
CDKs such as CDK2, CDK9, and utilizing the
PROTAC technology to degrade the proteins
of CDK.

2. The development of next-generation, highly
selective inhibitors remains a critical objective.
Although the CDK4/6 inhibitors have been suc-
cessful, there is a clear need for other oncoge-
nic CDK (e.g., CDK2, or CDK9) inhibitors with
little off-target activity.

3. One of the important strategies to enhance the
effectiveness of CDK inhibitors in the treatment
of breast cancer is to develop predictive and
prognostic robust biomarkers. Such biomarkers
can assist in patient selection, and risk stratifi-
cation, and enable early detection of resistance
and therapeutic adjustment for maximal bene-
fit and minimal toxicity.

4. Rationally designed combination therapies, in
which CDK inhibitors are paired with other
targeted agents (e.g., PI3K/mTOR inhibi-
tors, HER2-targeted agents), endocrine the-
rapy, chemotherapy, and/or immunotherapies,
represent an attractive therapeutic strategy.
Preclinical and clinical studies should continue
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in order to identify synergistic combinations
capable of improving efficacy and bypassing
resistance.

. The potential of CDK inhibitors to treat a bro-

ader spectrum of cancers beyond breast cancer
should be assesed. For instance, furure studies
may inversigate other cancers characterized by
CDK malfunctioning. In addition, the integra-
tion of CDK inhibitors with other treatments,
such as radiotherapy, warrants further explo-
ration.

. The field of structural biology can be advan-

ced through the development of better tools.
The structural biology toolkit is represented by
multiple experimental and in silico disciplines.
Further development of the Art of CryoEM (and
other microscopy techniques) will be useful for
better understanding of the binding modes of
CDK inhibitors.

Accordingly, more advanced CDK inhibi-
tors are expected to be developed to maxi-
mize their therapeutic potential. Effecti-
vely managing challenges and leveraging
emerging opportunities will be essential for
improving patient outcomes. Therefore, con-
tinued research is crucial for the improve-
ment and progress of similar drugs in order
to maximize their clinical impact against
cancer.

REFERENCES

. Malumbres M. Cyclin-dependent kinases. Genome Biol. 2014;

15(6): 122. doi: 10.1186/gb4184.

. 2- Ghafouri-Fard S, Khoshbakht T, Hussen BM, et al. A review on

the role of cyclin dependent kinases in cancers. Cancer Cell Int.
2022; 22(1): 325. doi: 10.1186/$12935-022-02747-z.

. ZhangM, Zhang L, Hei R, et al. CDK inhibitors in cancer therapy,

an overview of recent development. Am J Cancer Res. 2021; 11(5):
1913-1935.

. Asghar U, Witkiewicz AK, Turner NC, Knudsen ES. The history

and future of targeting cyclin-dependent kinases in cancer the-
rapy. Nat Rev Drug Discov. 2015; 14(2): 130-146. doi: 10.1038/
nrd4504.

. Gupta A, Dagar G, Chauhan R, et al. Cyclin-dependent kina-

ses in cancer: Role, regulation, and therapeutic targeting. Adv
Protein Chem Struct Biol. 2023; 135:2 1-55. doi: 10.1016/
bs.apcsb.2023.02.001.

. Topacio BR, Zatulovskiy E, Cristea S, et al. Cyclin D-Cdk4,6 Drives

Cell-Cycle Progression via the Retinoblastoma Protein’s C-Termi-
nal Helix. Mol Cell. 2019; 74(4): 758-770.e4. doi: 10.1016/j.mol-
cel.2019.03.020.

. Diril MK, Ratnacaram CK, Padmakumar VC, et al. Cyclin-depen-

dent kinase 1 (Cdk1) is essential for cell division and suppres-
sion of DNA re-replication but not for liver regeneration. Proc
Natl Acad Sci U S A. 2012; 109(10): 3826-3831. doi: 10.1073/
pnas.1115201109.

. Kettner NM, Bui TN, Navarro-Yepes J, et al. IL-6 predicts

CDK4/6 inhibitor resistance, identifying STAT3 as a target in
HR + /HER2-negative metastatic breast cancer. npj Precis. Onc.
2025; 9: 260. doi. 10.1038/541698-025-01041-1.

. Anshabo AT, Milne R, Wang S, Albrecht H. CDK9: A Comprehen-

sive Review of Its Biology, and Its Role as a Potential Target for
Anti-Cancer Agents. Front Oncol. 2021; 11: 678559. doi: 10.3389/
fonc.2021.678559.

. Hassanzadeh A, Shomali N, Kamrani A, et al. Cancer therapy by

cyclin-dependent kinase inhibitors (CDKIs): bench to bedside.
EXCLIJ. 2024; 23: 862-882. doi: 10.17179/excli2024-7076.

1

—

1

N

14.

1

w

16.

17.

18.

19.

20.

2

—

22.

2

w

24.

2

v

26.

27.

28.

29.

30.

3

=

3

¥

33.

. Jhaveri K, Burris Rd HA, Yap TA, et al. The evolution of cyc-

lin dependent kinase inhibitors in the treatment of cancer.
Expert Rev Anticancer Ther. 2021; 21(10): 1105-1124. doi:
10.1080/14737140.2021.1944109.

. Teysir J, Lloyd MR, Alkassis S, et al. After a CDK4/6 Inhibitor:

State of the Art in Hormone Receptor-Positive Metastatic Breast
Cancer. Am Soc Clin Oncol Educ Book. 2025; 45(3): €473372. doi:
10.1200/EDBK-25-473372.

. Pandey K, Park N, Park KS, et al. Combined CDK2 and

CDK4/6 Inhibition Overcomes Palbociclib Resistance in Breast
Cancer by Enhancing Senescence. Cancers (Basel). 2020; 12(12):
3566. doi: 10.3390/cancers12123566.

Walsby E, Pratt G, Shao H, et al. A novel Cdk9 inhibitor preferen-
tially targets tumor cells and synergizes with fludarabine. Onco-
target. 2014; 5(2): 375-385. doi: 10.18632/oncotarget.1568.

. Lukasik P, Zatuski M, Gutowska I. Cyclin-Dependent Kinases

(CDK) and Their Role in Diseases Development-Review. Int J Mol
Sci. 2021; 22(6): 2935. doi: 10.3390/ijms22062935.
Zapatero-Solana E, Ding Y, Pulliam N, et al. Models of Early Resi-
stance to CDK4/6 Inhibitors Unveil Potential Therapeutic Treat-
ment Sequencing. Int J Mol Sci. 2025; 26(6): 2643. doi: 10.3390/
ijms26062643.

Whittaker SR, Mallinger A, Workman P, Clarke PA. Inhibitors
of cyclin-dependent kinases as cancer therapeutics. Pharmacol
Ther. 2017; 173: 83-105. doi: 10.1016/j.pharmthera.2017.02.008.
da Silva JL, Oliveira LJC, de Resende CAA, et al. Understan-
ding and overcoming CDK4/6 inhibitor resistance in HR+/HER2-
metastatic breast cancer: clinical and molecular perspecti-
ves. Ther Adv Med Oncol. 2025; 17: 17588359251353623. doi:
10.1177/17588359251353623.

Pavlovic D, Niciforovic D, Papic D, et al. CDK4/6 inhibi-
tors: basics, pros, and major cons in breast cancer treatment
with specific regard to cardiotoxicity - a narrative review.
Ther Adv Med Oncol. 2023; 15: 17588359231205848. doi:
10.1177/17588359231205848.

Zhong G, Chang X, Xie W, Zhou X. Targeted protein degrada-
tion: advances in drug discovery and clinical practice. Signal
Transduct Target Ther. 2024; 9(1): 308. doi: 10.1038/s41392-024-
02004-x.

. Garg P, Malhotra J, Kulkarni P, et al. Emerging Therapeutic Stra-

tegies to Overcome Drug Resistance in Cancer Cells. Cancers
(Basel). 2024; 16(13): 2478. doi: 10.3390/cancers16132478.

Yuan K, Wang X, Dong H, et al. Selective inhibition of CDK4/6:
Asafe and effective strategy for developing anticancer drugs. Acta
Pharm Sin B. 2021; 11(1): 30-54. doi: 10.1016/j.apsb.2020.05.001.

. ZhaoK, ZhangJ, Yang Z, WangR, ShiY, JiY, Zhang S, Liu M. Rese-

arch Progress of PROTAC-Degraded CDKs in the Treatment of Bre-
ast Cancer. Breast Cancer (Dove Med Press). 2025 Jun 13;17:511-
521. doi: 10.2147/BCTT.S527906. PMID: 40534947; PMCID:
PMC12174868.

Siskin M, Economides MP, Wise DR. Cyclin-Dependent Kinase
Inhibition in Prostate Cancer: Past, Present, and Future. Cancers
(Basel). 2025; 17(5): 774. doi: 10.3390/cancers17050774.

. Goossens N, Nakagawa S, Sun X, Hoshida Y. Cancer biomarker

discovery and validation. Transl Cancer Res. 2015; 4(3): 256—
269. doi: 10.3978/j.issn.2218-676X.2015.06.04.

Marei HE, Bedair K, Hassan A, et al. Targeting CDKs in cancer the-
rapy: advances in PROTACs and molecular glues. NPJ Precis Oncol.
2025; 9(1):204. doi: 10.1038/s41698-025-00931-8.

Bidard FC, Mayer EL, Park YH, et al. First-Line Camizestrant for
Emerging ESR1-Mutated Advanced Breast Cancer. N EnglJ Med.
2025; 393(6):569-580. doi: 10.1056/NEJM0a2502929.

Noble ME, Endicott JA. Chemical inhibitors of cyclin-dependent
kinases: insights into design from X-ray crystallographic studies.
Pharmacol Ther. 1999; 82(2-3): 269-278. doi: 10.1016/s0163~
7258(98)00051-5.

Liu R, Li X, Lam KS. Combinatorial chemistry in drug disco-
very. Curr Opin Chem Biol. 2017; 38: 117-126. doi: 10.1016/j.
cbpa.2017.03.017.

Marei HE, Bedair K, Hasan A, et al. Targeting CDKs in cancer
therapy: advances in PROTACs and molecular glues. NPJ Precis
Oncol. 2025; 9(1):204. doi: 10.1038/s41698-025-00931-8.

. Jain PM, Gutierrez DA, Kumar S, et al. Synthesis of Novel Pyra-

zole-Oxindole Conjugates with Cytotoxicity in Human Cancer
Cells via Apoptosis. Chem Biodivers. 2023; 20(9): €202300843.
doi: 10.1002/cbdv.202300843.

. Langdon SR, Ertl P, Brown N. Bioisosteric Replacement and Scaf-

fold Hopping in Lead Generation and Optimization. Mol Inform.
2010; 29(5): 366-385. doi: 10.1002/minf.201000019.

Bon M, Bilsland A, Bower J, McAulay K. Fragment-based drug
discovery-the importance of high-quality molecule libraries. Mol
Oncol. 2022; 16(21): 3761-3777. doi: 10.1002/1878-0261.13277.

Tom 81-nr8-2025



) TERAPIA | LEKI

34.
35.

36.

37.

38.

3

40.

4

=

42.

[/}~ Tom81-nrs8-2025

0

Tanega C, Shen M, Mott BT, et al. Comparison of bioluminescent
kinase assays using substrate depletion and product formation.
Assay Drug Dev Technol. 2009; 7(6): 606-614. doi: 10.1089/
adt.2009.0230.

Bankston AN, Ku L, Feng Y. Active Cdk5 Immunoprecipitation and
Kinase Assay. Bio Protoc. 2017; 7(13): e2363. doi: 10.21769/Bio-
Protoc.2363.

Ouhtit A, Gaur RL, Abdraboh M, et al. Simultaneous inhibition
of cell-cycle, proliferation, survival, metastatic pathways and
induction of apoptosis in breast cancer cells by a phytochemical
super-cocktail: genes that underpin its mode of action. J Cancer.
2013; 4(9): 703-715. doi: 10.7150/jca.7235.

Hashemzaei M, Delarami Far A, Yari A, et al. Anticancer and apop-
tosis-inducing effects of quercetin in vitro and in vivo. Oncol Rep.
2017; 38(2): 819-828. doi: 10.3892/01.2017.5766.

Karakas D, Ari F, Ulukaya E. The MTT viability assay yields stri-
kingly false-positive viabilities although the cells are killed
by some plant extracts. Turk J Biol. 2017; 41(6): 919-925. doi:
10.3906/biy-1703-104.

Vichai V, Kirtikara K. Sulforhodamine B colorimetric assay for
cytotoxicity screening. Nat Protoc. 2006; 1(3): 1112-1116. doi:
10.1038/nprot.2006.179.

LiuM, ChuW, Guo T, et al. Challenges of Cell Counting in Cell The-
rapy Products. Cell Transplant. 2024; 33: 9636897241293628.
doi: 10.1177/09636897241293628.

. Franken NA, Rodermond HM, Stap J, et al. Clonogenic assay

of cells in vitro. Nat Protoc. 2006; 1(5): 2315-9. doi: 10.1038/
nprot.2006.339.

Pozarowski P, Darzynkiewicz Z. Analysis of cell cycle by flow
cytometry. Methods Mol Biol. 2004; 281: 301-311. doi: 10.1385/1-
59259-811-0:301.

43.

44.

45.

46.

47.

48.

49.

Gomes MT, Palasiewicz K, Gadiyar V, et al. Phosphatidylserine
externalization by apoptotic cells is dispensable for specific reco-
gnition leading to innate apoptotic immune responses. J Biol
Chem. 2022; 298(7): 102034. doi: 10.1016/j.jbc.2022.102034.
Stefanis L, Park DS, Friedman WJ, Greene LA. Caspase-dependent
and -independent death of camptothecin-treated embryonic cor-
tical neurons. J Neurosci. 1999; 19(15): 6235-6247. doi: 10.1523/
JNEUROSCI.19-15-06235.1999.

De Martino L, Marfé G, Longo M, et al. Bid cleavage, cytochrome
c release and caspase activation in canine coronavirus-induced
apoptosis. Vet Microbiol. 2010; 141(1-2): 36-45. doi: 10.1016/j.
vetmic.2009.09.001.

Wlodkowic D, Telford W, Skommer J, Darzynkiewicz Z. Apopto-
sis and beyond: cytometry in studies of programmed cell death.
Methods Cell Biol. 2011; 103: 55-98. doi: 10.1016/B978-0-12-
385493-3.00004-8.

Agu PC, Afiukwa CA, Orji OU, et al. Molecular docking as a tool
for the discovery of molecular targets of nutraceuticals in diseases
management. Sci Rep. 2023; 13(1): 13398. doi: 10.1038/s41598-
023-40160-2.

Tadesse S, Yu M, Mekonnen LB, et al. Highly Potent, Selective,
and Orally Bioavailable 4-Thiazol-N-(pyridin-2-yl)pyrimidin-
-2-amine Cyclin-Dependent Kinases 4 and 6 Inhibitors as Anti-
cancer Drug Candidates: Design, Synthesis, and Evaluation. J
Med Chem. 2017; 60(5): 1892-1915. doi: 10.1021/acs.jmed-
chem.6b01670.

LuH, Chang DJ, Baratte B, et al. Crystal structure of a human cyc-
lin-dependent kinase 6 complex with a flavonol inhibitor, fisetin.
J Med Chem. 2005; 48(3): 737-743. doi: 10.1021/jm049353p.

499




