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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, 
CKI 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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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 

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.

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.
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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 (CKIs) 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.
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Figure 2. Simplified Cell Cycle Diagram with Key CDKs and Cyclins.

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 

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-CDK2 complex is mainly invo-
lved in the G1/S transition and progression 
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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 

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 

CDK Dysregulation

Overexpression
of Cyclins/CDKs

Mutations in Upstream
Signaling

Hyperactive CDK Activity

CKI Loss Normal Cell Cycle

Controlled Proliferation

Uncontrolled Cell
Proliferation

Tumor Growth
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Figure 3.  
Mechanisms of CDK Dysregulation  
in Cancer.

Figure 4. General Binding Mode of CDK Inhibitors.
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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].

-- CDK9 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 

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].

Figure 5. Chemical Structures of Approved CDK4/6 Inhibitors.

Palbociclib Ribociclib Abemaciclib

Table 1. Comparative Profile of Key CDK Inhibitors.

Inhibitor Chemical Formula Main CDK Targets (IC50 nM) Approved Indication(s) Key Clinical Side Effects

Flavopiridol C21H20.ClNO5
CDK.1(30), CDK2.(100), CDK4.(20-40), 
CDK6(60), CDK.9(20)

AML (“orphan drug”) Diarrhea, Nausea, Fatigue, Myelosuppression

Roscovitine C19H26N6O CDK2.(700), CDK7.(460), CDK9.(600) Investigational (e.g., Cushing’s) Nausea, Vomiting, Hypokalemia, Liver enzyme elevation

Palbociclib C24H29N7O2 CDK.4(11), CDK.6(15) HR+/.HER2- Breast Cancer Neutropenia, Leukopenia, Fatigue, Nausea

Ribociclib C23H3.0N8O 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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-- 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:

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., 
CDK7, 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 

CDK Inhibitor Treatment

Initial Response

Drug Efflux Pump
Upregulation

Activation of Bypass
Signaling Pathways

Alterations in Cell Cycle
Components

Rb Loss Cyclin E1 Upregulation CDK Overexpression PI3K/mTOR Activation RTK/RAS Activation Resistance

Acquired Resistance
Mechanisms

Figure 6. Mechanisms of Resistance to CDK Inhibitors.
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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, II and III), 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 

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 



T E R A P I A  I   L E K I

Tom 81 · nr 8 · 2025496

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:

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 

Target Identification

Lead Discovery

Fragment-Based Drug
DiscoveryHigh-Throughput Screening Rational Design

Lead Optimization

Preclinical Development

In Vivo Evaluation

Clinical Trials

Phase I Phase II

Regulatory Approval

Post-Market Surveillance

Phase III

ADME/Toxicity StudiesIn Vitro Evaluation

Figure 7.  
Overview of CDK Inhibitor Drug 
Discovery Pipeline.
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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 GI50 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 G0/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 

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 

Figure 8. Scheme of a Typical CDK Kinase Assay.
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in order to identify synergistic combinations 
capable of improving efficacy and bypassing 
resistance.

5.	� 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.

6.	� 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.

7.	� 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.
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