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Abstract
Cell cycle dysregulation is a characteristic hallmark of malignancies, which results in uncontrolled cell proliferation and 
eventual tumor formation. Cyclin-dependent kinase 1 (CDK1) is a member of the family of cell cycle regulatory proteins 
involved in cell cycle maintenance. Given that overexpression of CDK1 has been associated with cancer, CDK1 inhibitors 
may restore equilibrium to the skewed cell cycle system and operate as an effective therapeutic drug. This study aimed to 
identify and classify inhibitors having a higher affinity for CDK1 and also evaluate the expression pattern and prognostic 
relevance of CDK1 in a wide range of cancers. We investigated therapeutic molecules structurally similar to dinaciclib for 
their ability to inhibit CDK1 selectively. To assess the therapeutic potential of screened Dinaciclib analogs, we used drug 
likeliness analysis, molecular docking, and simulation analysis. CDK1 was found to be highly upregulated across several 
malignancies and is associated with poor overall and relapse-free survival. Molecular docking and dynamics evaluation 
identified two novel dinaciclib analogs as potent CDK1 inhibitors with high binding affinity and stability compared to 
dinaciclib. The results indicate that increased CDK1 expression is associated with decreased OS and RFS. Additionally, 
dinaciclib analogs are prospective replacements for dinaciclib since they exhibit increased binding affinity, consistent with 
MDS findings, and have acceptable ADMET qualities. The discovery of new compounds may pave the road for their future 
application in cancer prevention through basic, preclinical, and clinical research.
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Abbreviations
RFS	� Relapse free survival
OS	� Overall survival
BLCA	� Bladder urothelial carcinoma
ESCA	� Esophageal carcinoma
BRCA​	� Breast invasive carcinoma
LIHC	� Liver hepatocellular carcinoma
HNSC	� Head and neck squamous cell carcinoma

KIRC	� Kidney renal clear cell carcinoma
STAD	� Stomach adenocarcinoma
LUAD	� Lung adenocarcinoma
PAAD	� Pancreatic adenocarcinoma
OV	� Ovarian serous cystadenocarcinoma
RCC​	� Renal cell carcinoma
UCEC	� Uterine corpus endometrial carcinoma
KIRP	� Kidney renal papillary cell carcinoma
LIHC	� Liver hepatocellular carcinoma
SARC​	� Sarcoma
MDS	� Molecular dynamic simulation
Rg	� Radius of gyration
SASA	� Solvent accessible surface area

Introduction

Presently, cancer is one of the leading causes of mortalities 
and health concern throughout the world [1]. According to 
GLOBOCAN 2020, an estimated 19.3 million new cancer 
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cases (18.1 million excluding nonmelanoma skin cancer) 
were diagnosed worldwide, with around 10.0 million cancer 
deaths (9.9 million excluding nonmelanoma skin cancer). 
Despite advances in diagnostics and therapeutics, the can-
cer incidence and mortalities are still alarming [2]. There-
fore, there is an urgent need to explore new diagnostic and 
therapeutic strategies for effective management of this lethal 
disease [3–5]. Cell cycle disruption is a defining character-
istic of cancer [6, 7]. The cell cycle is a highly conserved 
and tightly controlled cell process regulated by checkpoints, 
cyclin-dependent kinases (CDKs), and cyclins [8, 9]. Altera-
tions in the regulatory mechanisms result in loss of the cell 
cycle control system and subsequently uncontrolled prolif-
eration of cells, which ultimately leads to tumor formation 
[10–12]. Moreover, cell proliferation being the requisite pro-
cess for the development of tumors, targeting cell cycle regu-
latory proteins is a promising therapeutic strategy [13–15]. 
Cyclin-dependent kinase 1 (CDK1), a member of a family 
of cell cycle kinases, is central to cell cycle progression [16, 
17]. Numerous investigations have demonstrated that CDK1 
dysregulation results in aggressive tumor development, chro-
mosomal instability, and enhanced proliferation of cells [18]. 
The dysregulation of CDK1 in cancer is more significant as 
compared to other kinases because it is the universal master 
kinase that is being conserved from yeast to humans. Addi-
tionally, CDK1 overexpression has been found in various 
cancer types, such as esophageal adenocarcinoma, gastric 
cancer, ovarian cancer, oral squamous cell carcinoma, colo-
rectal cancer, liver cancer, and breast cancer, thus designing 
and development of therapeutics will have pan-can applica-
tion across several malignancies [19].

Numerous studies have demonstrated that inhibiting 
CDK1 can be a highly effective anticancer strategy for the 
treatment of cancer [16, 18]. Several studies have evalu-
ated potent CDK1 inhibitors and its effect on tumor cell 
growth [16]. Dinaciclib is one of the most potent CDK1 
inhibitors, with significant pharmacokinetic properties and 
safety profile. In addition to CDK1, dinaciclib (SCH727965) 
also inhibits CDK2, CDK5, and CDK9 at nanomolar doses 
[20, 21]. Studies have shown that dinaciclib reduces tumor 
growth in preclinical models and is efficacious against a 
broad spectrum of human cancer cell lines [22, 23]. How-
ever, due to the orphan nature of dinaciclib, screening and 
evaluating dinaciclib-related compounds with high effective-
ness is needed. Computer-aided drug designing (CADD) has 
vastly enhanced and eased the drug development process 
[24–26]. CADD has gained academic appeal since it requires 
less time and produces findings more rapidly than traditional 
experimental approaches [27]. The recognition of sildenafil 
and thalidomide drugs are examples of CADD [27]. Addi-
tionally, the in-silico and CADD techniques can identify 
novel targets for already discovered drugs and predict the 
presence of adverse effects.

Herein the present study, we evaluated the expression pro-
files and prognostic significance of CDK1 across several 
malignancies. We also screened therapeutic molecules with 
structural similarity to dinaciclib for selective inhibition of 
CDK1. Drug likeliness evaluation, molecular docking, and 
simulation analysis were performed to analyze the therapeu-
tic potential of screened dinaciclib-related compounds. The 
study identified two novel compounds with high binding 
affinity to CDK1 and may be potential dinaciclib replace-
ments in treating malignancies overexpressing CDK1.

Materials and methods

Evaluation of the expression pattern of CDK1 
in pan‑cancer

GEPIA2 is a comprehensive online tool (http://​gepia2.​
cancer-​pku.​cn/#​index) that uses a standard processing 
pipeline to analyze the RNA sequencing expression data 
of 9736 tumors and 8587 normal samples from the TCGA 
and GTEx projects. Tumor/normal differential expression 
analysis, profiling according to cancer types or pathological 
stages, patient survival analysis, similar gene recognition, 
correlation analysis, and dimensionality reduction analysis 
are among the services that can be customized. GEPIA2 uti-
lized RNA-Seq datasets from the UCSC Xena project (http://​
xena.​ucsc.​edu), generated using a standard procedure [28]. 
The CDK1 expression in diverse malignancies was assessed 
using the Gepia2 portal. We also created a heat map of 
CDK1 expression patterns across all TCGA tumors using 
the TIMER 2.0 database. TIMER 2.0 is an online resource 
for analyzing immune infiltrates and expression analysis in 
various cancer types [29].

KM plotter

The Kaplan–Meier plotter (https://​kmplot.​com/) is a web 
resource that can evaluate the relationship between gene 
expression (mRNA, miRNA, protein) and survival in 
25k + samples from 21 tumor types including breast, ovar-
ian, lung, and gastric cancer. GEO, EGA, and TCGA are 
some of the databases sources. The tool’s primary goal is to 
develop and validate survival biomarkers using meta-anal-
ysis [30, 31]. The overall survival (OS) and Relapse Free 
Survival (RFS) of CDK1 were evaluated across pan-cancer. 
Patients were grouped into two cohorts viz low expression 
group and high expression group, based on the median 
expression of CDK1. The association of CDK1 expression 
with overall survival (OS) and relapse-free survival (RFS) 
was evaluated along with the hazard ratio.

http://gepia2.cancer-pku.cn/#index
http://gepia2.cancer-pku.cn/#index
http://xena.ucsc.edu
http://xena.ucsc.edu
https://kmplot.com/
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Screening of dinaciclib analogs

Dinaciclib was used as a parent compound in the study, 
and we retrieved 100 compounds structurally related to 
dinaciclib for evaluation in our study. The compounds 
were obtained from the PubChem database with informa-
tion regarding structural properties, chemical and physical 
characteristics of the compounds, and pharmacological and 
biochemical information [32]. The compounds were down-
loaded in .SDF format and subjected to the Discovery Studio 
v18 for structure analysis.

Drug‑like dataset preparation

The retrieved dinaciclib analogs from PubChem were eval-
uated for their drug likeliness potential. SwissADME, an 
online portal, assessed Lipinski’s rule of five [33, 34]. Next, 
SwissADME was further utilized to analyze the absorption, 
distribution, metabolism, excretion, and toxicity (ADMET 
analysis) of the selected dinaciclib analogs. The following 
parameters were selected for the process: absorption was 
set to 0 (excellent) and 1 (moderate), solubility was set to 
2 (poor solubility), 3 (moderate solubility), and 4 (soluble). 
The blood–brain barrier (BBB) was maintained at levels 1 
(high), 2 (middle), and 3 (extreme) (low).

Selection of target and its preparation

The target protein viz CDK1 was obtained from the pro-
tein data bank with PDB ID 6GU7 in the PDB format [35]. 
CDK1 was subject to the ‘Prepare protein’ module in DS, 
which standardizes atom names, eliminates alternate con-
formations (disorder), inserts missing main- and side-chain 
atoms, and minimizes the structure. Additionally, water mol-
ecules and heteroatoms were eliminated [35].

Molecular docking

The screened compounds after the ADMET analysis were 
subject to molecular docking to provide insight into the 
binding propensities of the ligands with CDK1. Auto dock 
v 4.2.6 was used to perform docking investigations of the 
screened compounds with CDK1. The predetermined co-
crystallized X-ray structure from the RCSB PDB was used to 
calculate the binding cavity of proteins. The co-crystallized 
ligand was used to compute the residue locations within the 
4 Å radius. As part of the cavity selection process, Chimera 
(https://​www.​cgl.​ucsf.​edu/​chime​ra/) was used to remove 
co-crystallized ligands, and energy was reduced by energy 
using the steepest descent and conjugate gradient algo-
rithms. Both target and receptor molecules were saved in 
pdbqt format after combining non-polar hydrogens. Molec-
ular docking was performed within a grid box dimension 

14 × 14 × 13 Å. It was necessary to design grid boxes with 
particular dimensions and 0.3 Å spacing. Docking studies 
of the protein–ligand complex were carried out following 
the Lamarckian Genetic Algorithm (LGA). There were 
three replicates of molecular docking investigations, each 
of which included 50 solutions, a population size of 500, 
2,500,000 evaluations, a maximum generational number of 
27, and all other parameters left at their default values. Once 
the docking was complete, the RMSD clustering maps were 
generated by re-clustering with the clustering tolerances of 
0.25, 0.50, and 1 to find the best cluster with the lowest 
energy score and the most populations.

Molecular dynamics simulation (MD)

The Desmond 2020.1 from Schrödinger, LLC was used to 
run MD simulations on dock complexes for CDK1 with 
ligands having PubChem IDs 46916588 and 67133456. 
SPC water molecules and the OPLS-2005 force field were 
utilized in this system [36] in a period boundary salva-
tion box of 10  Å × 10  Å × 10  Å dimensions. Na+ ions 
were supplied to the system to neutralize the charge, and 
0.15 M of NaCl solutions were added to replicate the physi-
ological environment. When retraining with the complexes 
CDK1 + 46916588 and CDK1 + 67133456, the system was 
first equilibrated using an NVT ensemble for 100 ns. After 
the preceding phase, a 12-ns NPT ensemble run was used 
to perform a quick equilibration and reduction. The NPT 
ensemble was set up using the Nose–Hoover chain coupling 
approach [37] and run at 27 °C for 1.0 ps while under a 
pressure of 1 bar throughout the whole study. A time step 
of 2 fs was employed in this experiment. With a relaxation 
duration of 2 ps, the Martyna–Tuckerman–Klein barostat 
method was utilized for pressure control. Ewald’s particle 
mesh approach was utilized to calculate long-range electro-
static interactions; the radius for coulomb interactions was 
fixed at 9 nm. The bonded forces were calculated using the 
RESPA integrator with a time step of 2 fs for each trajec-
tory. Calculations were made to track the stability of MD 
simulations using parameters such as the root mean square 
deviation (RMSD), gyroradius, root mean square fluctuation 
(RMSF), number of hydrogen atoms (H-bonds), and solvent 
accessible surface area (SASA).

Results

CDK1 is highly upregulated across pan‑cancers

The TIMER 2.0 analysis of the CDK1 expression pattern 
showed upregulation of CDK1 across all TCGA datasets, 
as shown in the heatmap in Fig. 1A. We also evaluated the 
expression of CDK1 using the GEPIA 2 database across 

https://www.cgl.ucsf.edu/chimera/
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several malignancies. Our results illustrated that CDK1 is 
highly upregulated in several cancers, including BLCA, 
ESCA, BRCA, LIHC, HNSC, KIRC, LUAD, PAAD, OV, 
and STAD. Further, it was found that BLCA and STAD 

showed high mRNA levels of CDK1 in comparison to other 
cancers (Fig. 1B). The protein levels of CDK1 were evalu-
ated using CPTAC samples at the UALCAN database. The 
study revealed that CDK1 protein levels are also highly 

Fig. 1   Expression analysis of CDK1 mRNA levels in cancer. A Dif-
ferential expression of CDK1 between tumor and adjacent normal 
tissues across all TCGA tumors using TIMER 2.0 database. The 
box plots demonstrate that CDK1 is highly upregulated in several 
malignancies. The statistical significance was computed by the Wil-

coxon test and is annotated by the number of stars (*p-value < 0.05; 
**p-value < 0.01; ***p-value < 0.001. B Expression pattern of CDK1 
between tumor vs. paired normal samples in Gepia2 database by 
LIMMA analysis
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upregulated, in consistent with CDK1 mRNA levels. The 
trend was observed across most of the malignancies with 
colon cancer, RCC, UCEC, glioblastoma, and lung cancer, 
showing enhanced CDK1 protein levels compared to normal 
samples (Fig. 2). We systematically assessed pathway-level 
somatic alterations in CDK1 (by small mutation or copy 
number alteration) across tumors with combined proteomic, 
whole-exome, and CNA data, involving key pathways across 
multiple cancer types, as shown in Fig. 3. It was found that 
cancer patients with overexpression of CDK1 show altera-
tions in WNT signaling, mTOR signaling, and the p53-Rb 
pathway.

Prognostic significance of CDK1 in cancer

Next, we investigated the prognostic significance of CDK1 
across pan-cancers using a KM-plotter. The cancer patients 
were grouped into two cohorts based on the median expres-
sion of CDK1, and its association with overall survival (OS) 
and relapse-free survival (RFS) was studied. The study high-
lighted that high expression profiles of CDK1 is associated 
with poor overall survival in ESCA, HNSC, KIRC, LUAD, 
LIHC, and PAAD (Fig. 4A). The hazard ratio across cancers 
ranged between 1.4 and 2.6, with the lowest in HNSC and 
the highest in PAAD. We also evaluated the association of 
CDK1 mRNA levels with relapse-free survival (RFS) across 
all tumors. The study revealed that high mRNA levels of the 
CDK1 gene is associated with worse RFS in KIRP, LIHC, 
PAAD, and SARC (Fig. 4B). The hazard ratio across the 
tumors ranged from 1.95 for LIHC to 7.6 for KIRP. The 

evaluation of expression pattern and prognostic significance 
indicated that CDK1 is a promising target for the effective 
management of cancer.

Preparation of drug‑like dataset

The 100 compounds retrieved from the PubChem were 
assessed for Lipinski's Rule of 5, trimming the list to 91 
compounds with drug likeliness properties (Supplementary 
Table 1). Furthermore, ADMET evaluation was applied, 
and the number of compounds with drug likeliness proper-
ties was further reduced to 73 (Supplementary Table S2). 
These 73 compounds were selected for molecular docking 
to assess the binding affinity with CDK1 at the active site 
of the target.

Molecular docking analysis

Molecular docking studies were performed to analyze 
the binding affinity of CDK1 with the 73 selected ligands 
screened after ADMET evaluation. Among the 73 ligands, 
several ligands showed moderate to modest binding affinity 
with CDK1 compared to dinaciclib, as shown in Table S2. 
However, two ligands with PubChem IDs: 46916588 and 
67133456 exhibited increased binding affinity with CDK1. 
Molecular docking studies revealed that the 46916588-mole-
cule bound significantly with CDK1 with the lowest binding 
energy − 9.3 kcal/mol and an inhibitory concentration (Ki) 
of 1.07 µM. The molecular surface view displayed the sad-
dle-shaped binding cavity occupied by the ligand as depicted 

Fig. 2   Expression analysis of CDK1 levels in cancer. The protein levels of CDK1 across several malignancies were evaluated using the UAL-
CAN database. It was found that CDK1 protein levels are augmented in tumors compared to paired normal samples, p-value < 0.01
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in Fig. 5A. Compound 46916588 formed pi-sigma interac-
tion with Leu135, conventional hydrogen bond with Ile10, 
Ser84, and Asp86 residues (Fig. 5B). Other non-bonded 

interactions such as van der Waal’s interactions involved 
with LYS9, GLY11, GLU12, PHE82, LEU83, LYS88, and 
GLN132 were also observed as depicted in Fig. 5B. All the 

Fig. 3   Expression of CDK1 across pan-cancer based on pathway status. Utilizing the UALCAN database, the expression of CDK1 was evaluated 
for alteration in signaling pathways viz, A Wnt signaling, B mTOR pathway, and C p53/Rb-related pathway, p-value < 0.01
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Fig. 4   High expression of CDK1 is associated with poor overall sur-
vival (OS) and relapse-free survival (RFS). A OS plots of CDK1. 
High mRNA levels of CDK1 were associated with poor OS in ESCA, 
HNSC, KIRC, LIHC, LUAD, and PAAD. B RFS plots of CDK1. 
High mRNA expression of CDK1 in ESCA and STAD is associated 

with better RFS with HR = 0.31 and 0.32, respectively. However, 
high mRNA levels of CDK1 in KIRP, LIHC, PAAD, and SARC were 
found to be associated with worse RFS, with a hazard ratio reaching 
up to 7.6 in KIRP
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binding energy scores are calculated from the best cluster 
(95%) that fall within the lowest RMSD 0.25 Å.

The second compound with PubChem ID: 67133456 
exhibited significantly higher binding affinity with CDK1 
protein with a binding energy of − 9.2 kcal/mol and an 
inhibitory concentration (Ki) of 2.1 µM. The molecular 
surface view also displayed the saddle-shaped binding 
cavity occupied by the ligand, as shown in Fig. 6A. The 
67133456-molecule formed pi-sigma interaction with 
Ile10, Leu135, conventional hydrogen bond with Ser84, 

Asp86, Gln132 residues (Fig.  6B). Other non-bonded 
interactions, such as van der Waal’s interactions involved 
with PHE82, LEU83, and ASP146, are also depicted in 
Fig. 6B. All the binding energy scores were calculated 
from the best cluster (95%) that fall within the lowest 
RMSD 0.25 Å. The docking affinity studies found that 
46916588 and 67133456 exhibited the highest binding 
affinity with CDK1 and thus considered for MD simula-
tion studies among the screened molecules.

Fig. 5   Molecular docking evaluation of 46916588 with CDK1. A 3D schematic of 46916588 in the docked state with CDK1. B 2D plot of inter-
actome between CDK1 and 46916588. C Structure of 46916588
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Molecular dynamics simulation (MD)

Molecular dynamics and simulation (MD) were carried 
out to assess the stability and coherence of CDK1 with 
46916588 and 67133456 molecules. Simulation of 100 ns 
displayed stable conformation while comparing the root 
mean square deviation (RMSD) values. The RMSD of 
the Cα-backbone of CDK1 bound to 46916588-molecule 
exhibited a deviation of 0.2 Å (Fig. 7A). While Cα-backbone 
RMSD of CDK1 bound to 67133456 exhibited a deviation 

of 0.9 Å (Fig. 8A). Stable RMSD plots during simulation 
signify good convergence and stable conformations [38]. 
Therefore, it can be suggested that 46916588 or 67133456 
molecules bound to CDK1 are quite stable in complex due 
to the higher affinity of the ligand. The plot for root means 
square fluctuations (RMSF) displayed small spikes of fluctu-
ation in CDK1 protein bound to 46916588 except at residues 
47, 155, and 220–240 might be due to higher flexibility of 
the residues conformed into the loop region. In contrast, the 
rest of the residues showed less fluctuation during the entire 

Fig. 6   Molecular docking evaluation of 67133456 with CDK1. A 3D schematic of 67133456 in the docked state with CDK1. B 2D plot of inter-
actome between CDK1 and 67133456. C Structure of 67133456
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100 ns simulation (Fig. 7B). RMSF of 67133456 bound 
complex displayed spikes of fluctuation at 25–60, 155, and 
220–240 in CDK1 protein, indicating higher flexibility of 
the residues conformed into the loop region, while the rest 
of the residues less fluctuated during the entire 100 ns simu-
lation (Fig. 8B) indicating the stable amino acid conforma-
tions during the simulation time. All these RMSF values 
were found to fall in the acceptable region. From the RMSF 
plots, it can be suggested that CDK1 has significant flex-
ibility to accommodate the ligand at the biding pocket [38].

Next, we evaluated the radius of gyration of CDK1 bound 
to docked molecules. The radius of gyration (Rg) meas-
ures the compactness of the protein. CDK1 Cα-backbone 
bound 46916588 lowered gyration (Rg) radius from 20.5 
to 18.6 Å (Fig. 7C). While CDK1 Cα-backbone bound to 
67133456-molecule displayed a stable radius of gyration 
(Rg) from 20.25 to 20.24 Å (Fig. 8C). Significantly low-
ering and stable gyration (Rg) indicates a highly compact 
orientation of the protein in the ligand-bound state [39]. The 
comprehensive study of Rg signifies that the ligand-binding 
compels CDK1 to become more compact and less flexible.

The number of hydrogen bonds between protein and 
ligand suggests the significant interaction and stability of the 

complex. A significant number of hydrogen bonds developed 
between CDK1 with 46916588 throughout the simulation 
time of 100 ns (Average 1 number) (Fig. 7D). Consistent 
numbers of hydrogen bonds were also observed between 
CDK1 and 67133456 (Average 2 numbers) (Fig. 8D).

Followed by Rg analysis, higher stability of the complex 
was also analyzed in solvent accessible surface area (SASA) 
in both ligand unbound and bound states. In the unbound 
state of 46916588-molecule to CDK1, a high surface area 
was accessible to solvent. The SASA value of CDK1 low-
ered compared to the unbound state upon ligand binding 
(Fig. 9A). A similar pattern of accessible surface area was 
observed for 67133456 bounds to CDK1. Nevertheless, 
comparatively, less binding for 67133456 can be predicted 
from the SASA plot (Fig. 9B).

Discussion

Cancer is a major public health problem globally and the 
second leading cause of death, with nearly one in six deaths 
[40–42]. Despite advances in diagnostics and therapy, prog-
nosis remains poor due to emergence of drug resistance 

Fig. 7   Analysis of MD simulation trajectories of 46916588 with 
CDK1 at 100  ns time scale. A RMSD plot displaying the molecu-
lar vibration of Cα backbone of CDK1 (red) and 46916588 (black). 
B RMSF plot showing the fluctuations of respective amino acids 

throughout the simulation time 100  ns for CDK1 + 46916588. 
C Radius of gyration plots to deduce compactness of protein 
CDK1 + 46916588. D Number of hydrogen bonds formed between 
CDK1 + 46916588 during 100 ns simulation time scale
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pointing toward identification of new therapeutic regimens 
for effective management of cancer [43–46]. During the last 
decade, combination therapy approach has minimized the 
drug resistance [47, 48], and also enhanced the prognosis of 
cancer patients [49, 50]. Moreover, therapeutic regimens 
used in combination may act in a synergistic manner reduc-
ing the drug dose required as well as reducing the toxici-
ties associated with chemotherapy [51]. Targeting CDKs in 
combination with conventional therapeutic regimens is a 
promising approach, given the role of CDKs in cancer [12]. 
Thus, there is an urgent need to identify therapeutic agents 
specifically targeting CDKs in tumor cells. In the present 
study, we performed an in-silico validation of CDK1 as a 
therapeutic target and evaluation of novel dinaciclib analogs 
in inhibiting CDK1 as cancer therapeutics.

The activation of several CDKs is linked to cell cycle 
dysregulation, which is a hallmark of most malignancies [6]. 
CDKs are serine/threonine kinases that play a role in eukary-
otic cell cycle progression and transcription [18]. Addition-
ally, recent studies reveal high heterogeneity of CDKs in 
primary and metastatic tumors, indicating role in cancer 
metastasis [52–54]. CDKs are becoming appealing and 

potent targets for anti-cancer therapeutics because of their 
functional relevance [55]. As a result, creating highly selec-
tive and effective CDK inhibitors as novel therapeutic targets 
offers a compelling case for treating various malignancies.

This study showed that CDK1 is highly overexpressed 
across several malignancies. We utilized the TIMER 2.0 
database and evaluated the expression pattern of CDK1 
across all TCGA tumors. Differential gene expression anal-
ysis with normal samples demonstrated that tumors tend 
to overexpress CDK1. Given its role in regulating the cell 
cycle, a vital process for the proliferation of tumor cells, 
targeting CDK1 is a promising strategy. Gepia2 analysis 
also showed high expression of CDK1 in tumors except for 
Acute Myeloid Leukemia (LAML), wherein downregula-
tion of CDK1 was observed. Among TCGA tumors, cervical 
squamous cell carcinoma and endocervical adenocarcinoma 
(CESC), Glioblastoma multiforme (GBM), Lymphoid Neo-
plasm Diffuse Large B-cell Lymphoma (DLBC), Bladder 
Urothelial Carcinoma (BLCA), Adrenocortical carcinoma 
(ACC), Breast invasive carcinoma (BRCA) showed signifi-
cantly high mRNA levels of CDK1 compared to normal 
healthy controls.

Fig. 8   Analysis of MD simulation trajectories of 67133456 with 
CDK1 at 100  ns time scale. A RMSD plot displaying the molecu-
lar vibration of Cα backbone of CDK1 (red) and 67133456 (black). 
B RMSF plot showing the fluctuations of respective amino acids 

throughout the simulation time 100  ns for CDK1 + 67133456. 
C Radius of gyration plots to deduce compactness of protein 
CDK1 + 67133456. D Number of hydrogen bonds formed between 
CDK1 + 67133456 during 100 ns simulation time scale
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In tandem with mRNA levels, protein levels of CDK1 
were also found upregulated in cancer patients across sev-
eral malignancies. Given the high levels of CDK1 protein 
across several malignancies, targeting CDK1 seems a prom-
ising therapeutic strategy for several malignancies. Next, 
we assessed the association between the expression pattern 
of CDK1 and alteration in key signaling cascades in can-
cer cells. The study demonstrated that high expression of 
CDK1 across several malignancies correlates with altered 
Wnt signaling, mTOR pathway, and p53/Rb pathway. These 
results indicate that CDK1 may play a key role in mediating 
tumorigenicity via the modulation of these pathways.

CDK1 expression pattern and survival outcome showed 
significant association in several malignancies with high 
hazard ratio. The study revealed that increased mRNA levels 
of CDK1 is associated with poor overall survival in ESCA. 
HNSC. KIRC, LIHC, LUAD, and PAAD. In other malignan-
cies, CDK1 expression patterns did not significantly impact 
the overall survival of patients. In terms of relapse-free 
survival (RFS), high CDK1 mRNA levels were associated 
with worse RFS in KIRP, LIHC, PAAD, SARC, and STAD. 
These findings indicate that patients with low mRNA levels 
of CDK1 have better survival rates, and targeting CDK1 in 
patients with high CDK1 may prolong the survival rates.

Dinaciclib, a recently designed pan-can CDK inhibi-
tor, including CDK1, has a substantially lower IC50 in the 
nano-molar range than existing CDK inhibitors [20, 56]. 
Dinaciclib exhibited outstanding anticancer activity in 
preclinical trials, outperforming earlier CDKIs, and sup-
pressed the growth of a wide range of pre-clinical tumor 
models [22, 47]. Moreover, studies showed that dinaciclib 
was well tolerated in early trials and showed therapeu-
tic benefit in patients with chronic lymphocytic leukemia 
and solid malignancies [21]. Given the orphan nature of 
dinaciclib, we screened dinaciclib analogs with potentially 
a better binding affinity toward CDK1. We utilized the 
PubChem database and in-silico methods to screen and 
evaluate dinaciclib analogs.

This mode of the in-silico approach has been utilized by 
various studies where the Molecular Docking and Molecular 
Dynamic Simulation analysis of the screened compounds 
have yielded the compounds having better properties than 
the already known compound [57–59]. For instance, the 
study done by Qazi et al. used the same approach to analyze 
potent inhibitors of SARS-CoV-2 RdRp and 3CLpro [60].

We retrieved 100 dinaciclib analogs from the PubChem 
database and subsequently analyzed for Lipinski’s Rule of 
5 and further evaluated for ADMET Analysis. Among the 
screened compounds, 72 compounds showed characteristics 
acceptable for drug purposes.

After structural analysis and target preparation, the 
screened compounds were evaluated for binding affin-
ity with CDK1. Among several compounds, two analogs 
showed a high binding affinity with CDK1 compared to 
dinaciclib and were selected for further evaluation using 
MD simulation studies. MD results revealed stable patterns 
during the entire simulation run, as is observed from the 
RMSD plots (Figs. 7A, 8A). These findings suggest that 
the compounds have not brought any abnormal behavior 
to the complex system. Higher flexibility of the resides in 
loop region of the protein may be responsible for the small 
spikes observed during RMSF. Most of the RMSF values 
were observed to fall in the acceptable region during the 
100 ns. From the RMSF plots, it can be suggested that 
CDK1 has significant flexibility to accommodate the ligand 
at the biding pocket. The Rg plots also have shown that the 
protein remained compact during the simulation process. 
Delineating on the average recorded findings (Figs. 7C, 8C), 
it can be inferred that the protein backbone was compact. 
The residue fluctuations were analyzed during the simula-
tions to recognize the behavior of the residues during the 
simulation run. Moreover, the accessible surface area of the 
target to solvent was lower upon ligand binding. In addition, 
the compound’s originality was determined by extracting 
their SMILES id and entering it into ChemSpider [61]. The 
results showed that these compounds had not been tested for 
CDK1 previously.

Fig. 9   Solvent accessible surface area (SAS area). The SASA plot 
displays the area accessible to solvent in the unbound and bound form 
of the ligand, A 46916588 and B 67133456
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In conclusion, this study signifies the overexpression, 
copy number elevations, and prognostic association for 
CDK1 in human cancer specimens. In addition, our find-
ings revealed the potential of dinaciclib analogs as a viable 
selective therapeutic approach for cancer treatment, either 
alone or in conjunction with other treatments (Table 1).
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