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Abstract
Adult T-cell leukemia/lymphoma (ATLL) has low overall survival, underscoring the need for the development of novel 
approaches. Present study aimed to investigate anti-proliferative effects of entinostat and its newly synthesized analogs on 
ATLL cells. Computational analyses were conducted to identify the potential molecular targets of entinostat, and construct a 
protein–protein interaction network. Then, enrichment analyses were performed, and the expression of CDK4 was assessed 
in MT-2 cells. Molecular docking and dynamics simulations were carried out to predict the interactions of entinostat and its 
novel analogs with target proteins. For in vitro studies, at first quinoline-based benzamide derivatives were synthesized. Then, 
MT-2 and normal cells were treated and their proliferation was evaluated by alamarBlue assay. Finally, flow cytometry was 
performed, and the expression of candidate genes was assessed by real-time PCR. Exploring potential targets of entinostat 
and pathogenic targets of ATLL revealed 51 overlapping molecules including CDK4. Volcano plot revealed over expression 
of CDK4 in MT-2 cells. Favorable and stable binding of entinostat and its analogs with the activation loop of CDK4 and 
the CDK-binding site of cyclin D1 was confirmed. Experimental studies revealed anti-proliferative effects of entinostat and 
analogs on MT-2 cells, confirmed by flow cytometry analysis and alterations in the expression of BAX, CCND1, and BCL-2. 
Present findings pave the way for the development of new drugs against ATLL, and provide evidence that justifies further 
preclinical evaluations of entinostat and its novel analogs.
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Introduction

Adult T-cell leukemia/lymphoma (ATLL) is a highly aggres-
sive peripheral T-cell malignancy that occurs in individu-
als infected with human T-cell lymphotropic virus type 1 
(HTLV-1), an oncogenic retrovirus [1]. HTLV-1 is prevalent 
in specific regions worldwide, including Taiwan, Japan, the 
Caribbean, Central and South Africa, and some areas of the 
Middle East, such as Northeast Iran [2–4]. HTLV-1 trans-
mission primarily occurs through breastfeeding, sexual con-
tact, blood products, and organ transplants. Most HTLV-1 
carriers remain asymptomatic, and a minority of infected 
individuals develop symptomatic conditions such as ATLL 
and autoimmune disorders. HTLV-1 can also contribute 
to co-infections with HIV, tuberculosis and chronic infec-
tive dermatitis [5]. ATLL is classified into four subtypes 
including acute, chronic, smoldering and lymphomatous. 
The median survival for chronic and smoldering ATLL is 
approximately 2–5 years, while for acute and lymphomatous 
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forms it is less than a year. Acute ATLL accounts for less 
than 50% of cases, and the overall survival rates for acute, 
chronic, lymphomatous and smoldering ATLL are 11%, 
36%, 14% and 52%, respectively [6]. Currently, there are 
several chemotherapeutic approaches for treating ATLL, 
such as zidovudine and interferon-alpha (AZT/IFN) antivi-
ral therapy for chronic and smoldering ATLL with overall 
response rate of 58% that extends overall survival by 6–18 
months [7, 8]. The poor prognosis of ATLL is largely attrib-
uted to the emergence of drug resistance and severe immu-
nosuppression, underscoring the need for the development 
of innovative therapeutic approaches.

As the main oncoprotein of HTLV-1, Tax plays a criti-
cal role in leukemogenesis by activating multiple cellular 
pathways and increased expression of viral genes [9, 10]. 
Tax promotes T-cell immortalization by disrupting cell cycle 
regulation and enhancing clonal proliferation. It upregulates 
cyclin-dependent kinase 4 (CDK4) and its regulatory partner 
cyclin D1 (CCND1), accelerating the G1/S-phase transition 
and cell cycle progression [11, 12]. A clinical study reported 
that CDK4 is significantly overexpressed in ATLL patients, 
with this increase closely associated with disease progres-
sion [13]. Mechanistically, Tax impairs cyclin-dependent 
kinase inhibitors like p16INK4A and directly interacts with 
CDK4 and cyclin D1, boosting CDK4 kinase activity and 
making the CDK4/cyclin D complex resistant to p21CIP 
inhibition [14, 15]. Furthermore, Tax activates transcription 
factors such as nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) and cAMP response element-
binding protein (CREB), which upregulate CCND1 expres-
sion, driving abnormal T-cell proliferation and ATLL devel-
opment [16]. Tax-mediated constitutive activation of NF-κB 
also induces multiple antiapoptotic genes such as BCL-2 
family members that promote cell survival [17], and inhibi-
tion of BCL-2 has been shown to induce apoptosis in ATLL 
cells [18]. ATLL cells also exhibit elevated levels of the 
pro-apoptotic protein BAX, increasing their sensitivity to 
apoptosis-inducing agents like Navitoclax [19]. Paradoxi-
cally, while high BAX expression may facilitate apoptosis, it 
is also linked to genomic instability and lymphoma progres-
sion, as observed in T-cell malignancies [20].

Histone deacetylases (HDACs) play significant roles in the 
epigenetic regulation by removing acetyl groups from lysine 
residues on histone proteins, leading to gene expression. There 
are four classes of human HDACs, with most being zinc- or 
NAD+-dependent. Overexpression of HDACs can contribute 
to the development of malignant features such as angiogen-
esis, migration and invasion in neuroblastoma, pancreatic, 
colorectal and lung carcinomas [21, 22]. Due to the impact 
of HDACs on cancer progression, various HDAC inhibitors 
(HDACis) are being explored as potential therapeutic mol-
ecules. These inhibitors have shown the ability to induce 
apoptosis, autophagy, cellular senescence, oxidative stress, 

DNA damage, and enhance the immune system [23]. To note, 
a number of HDACis have received FDA approval for different 
hematological malignancies except ATLL [24–27].

Entinostat (C21H20N4O3), also known as SNDX-275, selec-
tively targets class I and IV HDACs, promoting histone hyper-
acetylation and activation of genes associated with terminal 
differentiation and apoptosis. Entinostat has been extensively 
studied in clinical trials for the treatment of breast carcinoma, 
and has shown potential anticancer effects in multiple mye-
loma, leukemia, colon and esophageal carcinomas [28–32]. 
As a hydroxamate HDACi, the structure of entinostat consists 
of a benzamide moiety that acts as the zinc-binding domain 
(ZBD), a pyridine ring that functions as the surface recognition 
domain, and a phenyl ring that acts as the hydrophobic linker. 
In this study, we introduced a quinoline scaffold as the cap 
group, given its well-established role in anticancer drug devel-
opment and its potential to enhance anti-proliferative activity. 
Based on this, we designed two novel analogs, further modi-
fied by incorporating a 4-(aminomethyl) benzamide linker at 
the 4-position of the quinoline ring and using o-phenylenedi-
amine as ZBD. These structural modifications were intended 
to explore whether such changes could improve the biological 
efficacy and selectivity of the parent compound, entinostat.

Due to the dismal outcomes of available therapeutic 
approaches, there is an urgent need to develop novel and 
more efficacious strategies to improve long-term survival in 
ATLL patients. Therefore, this study aimed to investigate for 
the first time anti-proliferative effects of entinostat and newly 
synthesized analogs on ATLL cells. Initially, computational 
analyses were performed to identify the potential molecular 
targets of entinostat as well as pathogenic targets of ATLL, 
and protein–protein interaction (PPI) network was constructed 
for overlapping targets. Then, pathway enrichment analyses 
were performed and the expression of CDK4 was assessed 
in MT-2 cells using Gene Expression Omnibus (GEO) data-
base. Molecular docking and dynamics simulations were also 
carried out to predict the interaction of entinostat and novel 
analogs with CDK4 and cyclin D1. For in vitro studies, pro-
liferation of ATLL and normal cells was evaluated by alamar-
Blue assay upon treatment with entinostat and analogs, and 
flow cytometry was carried out to detect apoptosis. To gain 
insights into the molecular mechanism of observed effects, 
real-time PCR was performed to assess the expression of can-
didate genes.



Medical Oncology          (2025) 42:270 	 Page 3 of 13    270 

Materials and methods

In situ studies

Target prediction of entinostat and ATLL

SwissTargetPrediction database (https://​www.​swiss​targe​
tpred​iction.​ch) was used to provide a library of entinostat 
protein targets using the SMILE code obtained from 
PubChem (https://​pubch​em.​ncbi.​nlm.​nih.​gov/). In addi-
tion, ATLL-associated genes were obtained from GeneCards 
database (https://​www.​genec​ards.​org/). Then, overlapping 
targets related to entinostat and ATLL were defined by Venn 
diagram (https://​jvenn.​toulo​usein​ra.​fr/​app/​examp​le.​html).

Protein–protein interaction and gene set enrichment 
analyses

PPI network of overlapping targets was acquired from 
STRING database (https://​string-​db.​org/), and visualized by 
Cytoscape software (version 3.10.1) using CytoHubba 0.1 
plugin. To assess the biological significance of overlapping 
targets, enrichment analyses was conducted by STRING and 
results yielded false discovery rate (FDR) in terms of Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways and 
WikiPathways.

Data collection from GEO

To find gene expression datasets for ATLL cells, GEO 
(http://​www.​ncbi.​nlm.​nih.​gov/​geo) was used as a public 
repository containing high-throughput functional genomic 
data. Key words were ‘MT-2’ and ‘normal lymphocyte’ and 
the study type was ‘Expression profiling by array’. GSE6034 
dataset was selected for further examination, and microarray 
data were obtained from GPL570 platform. Data were ana-
lyzed in R (version 4.4.0) using “GEOquery” and “limma” 
packages, with p-values adjusted using the Benjamini & 
Hochberg method for controlling the FDR (cut-off level 
= 0.05). The volcano plot was drawn using the “ggplot2” 
package in R with p-value < 0.05 and log2 fold-change 
(log2FC) > 1).

Molecular docking

To assess the potential binding between entinostat and ana-
logs with CDK4 and cyclin D1, molecular docking was per-
formed. The three-dimensional structure of entinostat (ID: 
4261) was obtained from PubChem (https://​pubch​em.​ncbi.​
nlm.​nih.​gov/), while the structures of novel analogs were 
created by ChemInfo (https://​www.​chemi​nfo.​org/) and 

NovoPro Bioscience (https://​www.​novop​rolabs.​com/) online 
tools, and ligand preparation was performed by energy mini-
mization in Avogadro 2. The crystal structures of CDK4 (ID: 
3g33) and cyclin D1 (ID: 2w96) were obtained from Protein 
Data Bank (https://​www.​rcsb.​org/). Proteins Plus (https://​
prote​ins.​plus/) was employed for molecular structure optimi-
zation and docking studies [33]. Molecular docking was per-
formed using the JAMDA tool, which estimates the stability 
and specificity of protein–ligand complexes by calculating 
binding free energies [34]. The resulting docking poses and 
interactions were analyzed and visualized in both two- and 
three-dimensional formats using PoseEdit and PoseView, 
facilitating comprehensive interpretation of molecular inter-
actions [35, 36].

Molecular dynamics simulations

To assess the conformational flexibility and binding stability 
of the entinostat–CDK4 complex, molecular dynamics simu-
lations were performed. The simulations were performed 
using GROMACS (version 2023) with the CHARMM36 
all-atom force field. A Bash script was created to stream-
line the preparation steps, including merging, solvation, 
energy minimization, and equilibration of protein–ligand 
topologies. The complex was solvated with TIP3P water 
molecules under CHARMM parameters, and counterions 
(Cl⁻/Na⁺) were added to neutralize the system, followed by 
energy minimization until atomic forces reached < 10 kJ/
mol. Sequential equilibration involved NVT (constant par-
ticles, volume, temperature) and NPT (constant particles, 
pressure, temperature) phases, maintaining 310 K and 1 bar 
with Parrinello-Rahman coupling. Subsequent production 
simulations extended to 100 ns using the leapfrog integra-
tor (2 fs timestep). Trajectory analysis included evaluating 
structural stability via root mean square deviation (RMSD), 
residue flexibility via root mean square fluctuation (RMSF), 
compactness via radius of gyration (Rg), surface solvent 
interactions via solvent accessible surface area (SASA), 
and intermolecular forces via Coulombic and Lennard–Jones 
potentials. Results were plotted using the ggplot2 package 
in R.

In vitro studies

Synthesis of analogs

Entinostat was purchased from Sigma-Aldrich. Two qui-
noline-based benzamide derivatives (Fig.  1), N-(4-((2-
aminophenyl)carbamoyl)benzyl)−6,7-dimethoxy-
2-methylquinoline-4-carboxamide (analog 1) and 
N-(2-aminophenyl)−2-(4-fluorophenyl)quinoline-4-carbox-
amide (analog 2), were synthesized as recently described 
[37, 38]. Briefly, the synthesis of analog 1 was started by the 
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production of a 2-methylquinoline-4-carboxylic acid deriva-
tive coupled with 4-(aminomethyl) benzoic acid. Then, an 
imidazole intermediate was formed and the reaction was 
continued with adding o-phenylenediamine to obtain analog 
1. Similarly, the reaction between a quinoline-4-carboxylic 
acid derivative with o-phenylenediamine led to the synthesis 
of analog 2.

Characterization of analogs

The chemical structures of both analogs were characterized 
by 1H NMR and 13C NMR spectra (Bruker FT-300 MHz 
instrument), infrared (IR) spectra (Perkin Elmer Model 1420 
spectrometer) and mass spectra (A 3200 QTRAP LC/MS 
triple quadrupole mass spectrometer).

Characterization of analog 1 was as follow: white solid; 
yield: 88%; melting point: 242 °C; IR (KBr): νmax 3386 and 
3303 (NH and NH2), 1643 and 1506 (CO); 1H NMR (300 
MHz, DMSO-d6) δ 9.69 (s, 1H, NH), 9.35 (t, J = 6.0 Hz, 1H, 
NH), 8.04 (d, J = 8 Hz, 2H, Ar–H), 7.58 (d, J = 8 Hz, 2H, 
Ar–H), 7.45 (s, 1H, Ar–H), 7.40 (m, 2H, Ar–H), 7.27–7.18 
(m, 1H, Ar–H), 7.02 (td, J = 7.5, 1.5 Hz, 1H, Ar–H), 6.83 
(dd, J = 8, 1.5 Hz, 1H, Ar–H), 6.65 (td, J = 7.5, 1.5 Hz, 1H, 
Ar–H), 4.94 (s, 2H, NH2), 4.65 (d, J = 6.0 Hz, 2H, CH2), 
3.96 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 2.66 (s, 3H, CH3). 
13C NMR (75 MHz, DMSO-d6) δ 167.76, 165.60, 156.09, 
152.60, 149.67, 145.54, 143.63, 143.28, 140.52, 133.83, 
128.46, 127.68, 127.20, 127.00, 123.85, 118.22, 116.81, 
116.66, 108.17, 103.35, 56.15, 55.88, 42.87, 24.89. LCMS 
(ESI, m/z): 471 [M + 1]+, 493 [M + 23]+. 1H NMR, 13C 
NMR, IR, and mass spectra for analog 1 are provided in 
Supplementary Information (S1).

Characterization of analog 2 was as follow: cream solid; 
yield: 59%; melting point: 199–204 °C; IR (KBr): νmax 
(cm-1) 3401, 3332 and (NH and.

NH2) and 1672 (CO); 1H NMR (300 MHz, DMSO-d6) δ 
10.09 (s, 1H, NH), 8.56–8.37 (m,

3H, Ar–H), 8.30 (dd, J = 8.5, 1.4 Hz, 1H, Ar–H,), 
8.23–8.16 (m, 1H, Ar–H), 7.88 (ddd, J = 

8.5, 6.8, 1.5 Hz, 1H, Ar–H), 7.71 (ddd, J = 8.3, 6.8, 1.3 
Hz, 1H, Ar–H), 7.46 (t, J = 8.8 Hz,

3H, Ar–H), 7.06 (td, J = 7.6, 1.6 Hz, 1H, Ar–H), 6.87 (dd, 
J = 8.1, 1.5 Hz, 1H, Ar–H), 6.69.

(td, J = 7.5, 1.5 Hz, 1H, Ar–H), 5.14 (s, 2H, NH2). 13C 
NMR (75 MHz, DMSO-d6) δ 163.92.

(1JCF = 245.25 Hz), 162.29, 155.27, 148.37, 143.66, 
143.41, 135.27 (4JCF = 3 Hz), 130.74,

130.16 (3JCF = 8.25 Hz), 130.02, 127.55 (2JCF = 30 Hz), 
127.01, 125.85, 123.90, 122.92,

117.44, 116.63, 116.50, 116.45, 116.16. LCMS (ESI, 
m/z): 358 [M + 1] +. 1H NMR, 13C NMR, IR, and mass 
spectra for analog 2 are provided in Supplementary Infor-
mation (S2).

Cell culture, treatment and proliferation assay

The present study utilized HTLV-1-transformed human 
T cells (MT-2 cell line) and normal human cells (HFF-3 
cell line), both obtained from the Pasteur Institute (Tehran, 
Iran). MT-2 cells were cultured in Roswell Park Memorial 
Institute-1640 medium (Capricorn), while HFF-3 cells were 
maintained in high-glucose Dulbecco’s modified Eagle’s 
medium (Capricorn); both media were supplemented with 
10% fetal bovine serum (Gibco), 0.1% L-glutamine (Gibco), 
and 1% penicillin/streptomycin (Sigma). All cells were incu-
bated at 37 °C in a humidified atmosphere with 5% CO₂.

To assess the effects of agents, at first stock solutions 
of entinostat (MW: 376.4 g/mol), analog 1 (MW: 468 g/
mol) and analog 2 (MW: 357 g/mol) were prepared using 
dimethyl sulfoxide (DMSO) as solvent, and final concentra-
tions (12.5, 25 and 50 µM) were prepared using complete 
medium. Then, cells were seeded into 96-well plates (SPL) 
at a density of 50,000 cells/well and treated with increas-
ing concentrations of entinostat and novel analogs for 24 
and 48 h. At the end of each time point, proliferation of 
cells was evaluated by alamarBlue assay as a colorimetric 
test. To do so, alamarBlue reagent (0.1 mg/ml, Sigma) was 
added to each well (10% v/v) and cells were incubated at 

Fig. 1   Chemical structure of entinostat (A), analog 1 (B) and analog 2 (C)
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37℃ for 3 h. Then, absorbance (A) was measured at 600 nm 
(Epoch Biotek) and proliferation (%) was calculated using 
the following equation: 100-(AT-AU/AB-AU)*100, where 
T, U and B represent treated cells, untreated cells and blank 
control, respectively.

Detection of apoptosis

To detect cell apoptosis, annexin V-fluorescein isothiocy-
anate (FITC) and propidium iodide (PI) staining was per-
formed. Briefly, upon 24 h treatment with 50 µM entinostat 
and analogs, cells were collected and washed twice with 
PBS. Subsequently, the cell pellet was resuspended in bind-
ing buffer containing annexin V-FITC and PI (MabTag) 
and incubated at room temperature for 15 min. Finally, flow 
cytometry was performed using FL1-H and FL2-H filters 
(BD FACSCaliber) and results were analyzed by Flow Jo 
software.

Real‑time PCR

The expression of CD44, CCND1, BAX, and BCL-2 was 
assessed by real-time PCR. Briefly, cells were treated 
with 50 µM entinostat and analogs for 24 h and RNA was 
extracted following the manufacture’s instruction (DENA 
Zist). Upon confirming the purity of RNA spectrophotomet-
rically (Thermofisher), cDNAs were synthesized by reverse 
transcription using oligo dT, random hexamer and M-MuLV 
reverse transcriptase according to the manufacturer’s pro-
tocol (Thermo Scientific). Real-time PCR was performed 
in Rotor Gene 6000 cycler using SYBR green master mix 
(Biofact) and primers listed in Table 1. PCR conditions were 
defined as holding at 94 °C for 5 min, followed by 36 cycles 
of 95 °C for 20 s, 58 °C for 30 s and 72 °C for 30 s.

Statistical analysis

The data were analyzed statistically by one-way ANOVA 
in GraphPad Prism software. Results are presented as mean 
± SD, and statistical significance was considered for p < 
0.05, < 0.01, < 0.001, and < 0.0001.

Results

CDK4 was recognized as a therapeutic target 
with important interactions and functions

Through screening the targets from GeneCards database, a 
total of 3357 potential targets associated with ATLL were 
identified. These targets were then analyzed with targets of 
entinostat obtained from the SwissTargetPrediction data-
base. Venn diagram was constructed (Fig. 2-A), and a total 
of 51 overlapping targets were emerged including CDK4, 
and the PPI network was constructed by STRING and 
Cytoscape. As shown in Fig. 2-B-C, 50 nodes in the net-
work were interconnected by 230 edges. Then, CytoHubba 
identified the top ten hub genes by DMNC method, and 
CDK4 was ranked as the sixth. Pathway enrichment analyses 
were conducted for ten hub targets and results demonstrated 
significant terms in various categories (Fig. 2-D-E). Viral 
carcinogenesis (FDR: 2.73e-10) in KEGG pathways, and 
Cell cycle (FDR: 4.54e-07) in WikiPathways were identified 
among the most significant terms.

Gene expression analysis revealed upregulation 
of CDK4 in MT‑2 cells

Since CDK4 was among the overlapped targets for ATLL 
and entinostat with significant interactions and functions, 
we then explored the expression of CDK4 in MT-2 cells 
using GSE6034 dataset. As presented in Fig. 3, the volcano 
plot generated for MT-2 cells demonstrated over expression 
of CDK4.

Entinostat and novel analogs exhibited favorable 
and stable interactions with CDK4 and cyclin D1

To define whether entinostat and novel analogs could inter-
act with CDK4 and cyclin D1 and affect the proliferation 
of ATLL cells, molecular docking was performed. The 
optimal binding pocket for CDK4 was identified within its 
activation loop, whereas for cyclin D1, it was located at the 
CDK4 binding site. The cavities that exhibited the high-
est affinity score were subsequently chosen for the calcula-
tion of the minimum docking binding energy. As illustrated 

Table 1   List of primers used 
for real-time PCR analysis in 
current study

Gene Length (bp) Forward (5′ → 3′) Reverse (5′ → 3′)

TBP 120 ACA​ACA​GCC​TGC​CAC​CTT​A GAA​TAG​GCT​GTG​GGG​TCA​GT
BCL-2 124 GAT​GAC​TGA​GTA​CCT​GAA​CATGG​ CAG​AGA​CAG​CCA​GGA​GAA​ATC​
BAX 150 GGA​CGA​ACT​GGA​CAG​TAA​CATGG​ GCA​AAG​TAG​AAA​AGG​GCG​ACAAC​
CCND1 151 TGA​AGG​AGA​CCA​TCC​CCT​G TGT​TCA​ATG​AAA​TCG​TGC​GG
CD44 176 CGG​ACA​CCA​TGG​ACA​AGT​TT GAA​AGG​CCT​TGC​AGA​GGT​CAG​
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in Fig. 4 and summarized in Table 2, entinostat interacted 
with the activation loop of CDK4 through hydrogen bonds 
with Tyr22, Gln173, Ala175, Leu176 and Thr177 and sev-
eral hydrophobic contacts, exhibiting a binding affinity 
of −2.757 JAMDA score. In addition, entinostat interacted 
with cyclin D1 through hydrogen bonds with Arg87, Lys149 
and Trp150, with a favorable binding affinity of −2.608 
JAMDA score. The interaction between analog 1 and CDK4 
was also stable and involved hydrogen bonds with Ala21, 
Ala175, Tht177 and Arg186 and multiple hydrophobic con-
tacts with a binding affinity of − 2.986 JAMDA score. Like-
wise, binding position of analog 2 was predicted within the 
activation loop of CDK4 and the best pose show suitable 
binding affinity with a JAMDA score of −2.301. In addi-
tion, the interactions between analog 1 and analog 2 with 
cyclin D1 exhibited binding energies of − 2.57 and − 2.065 
JAMDA score, respectively.

The dynamic behavior of the interaction between enti-
nostat and CDK4 was examined, focusing on stability and 
structural integrity (Fig. 5). The RMSD of the entinostat-
CDK4 complex ranged from 0.005 to 3.437 Å, indicating 

stable ligand binding with rotational flexibility within the 
CDK4 activation loop. The RMSF analysis revealed that 
CDK4 in complex with entinostat exhibited fluctuation pre-
dominantly below 3.928 Å, suggesting minimal structural 
disruption. The analysis of Rg confirmed consistent struc-
tural compactness, indicating maintained overall integrity 
of the complex. Assessment of changes in hydrophilic and 
hydrophobic residues by SASA yielded an average value of 
152.13 nm2 for the complex, highlighting significant solvent 
exposure of the protein surface, which may facilitate ligand 
binding. Additionally, Coulombic and Lennard–Jones poten-
tial analyses demonstrated sustained interaction between 
CDK4 and entinostat throughout the simulation, reinforc-
ing the stability of their binding.

Entinostat and analogs induced anti‑proliferative 
effects and apoptosis in MT‑2 cells

As favorable interaction of entinostat and analogs with 
cell cycle regulators was determined by computational 
analyses, we then conducted in vitro studies to evaluate 

Fig. 2   Identification of CDK4 as a hub target with multiple interac-
tions and functions. Venn diagram illustrates the overlap of 51 tar-
get genes between ATLL and entinostat (A). The PPI network, con-
structed using STRING, depicts functional associations among the 
overlapping targets (B). Cytoscape visualization of the PPI network 

highlights ten hub genes, with node colors reflecting expression levels 
from significantly high (red) to low (yellow) (C). Pathway enrichment 
analyses were performed on top 10 hub genes to determine the most 
significant terms in KEGG pathways (D) and WikiPathways (E)
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whether entinostat and novel analogs have the potential to 
affect the growth and survival of ATLL cells. As presented 
in Fig. 6-A-B, all three agents reduced the proliferation of 
MT-2 cells in a dose-dependent manner. The highest anti-
proliferative effects were observed after 24 h, as treatment 
with 50 μM entinostat, analog 1 and analog 2 significantly 
(p < 0.0001) reduced proliferation down 54.3%, 65.5% and 
60.8%, respectively. In addition, upon 48 h treatment with 
50 μM entinostat, analog 1 and analog 2, cell proliferation 
was significantly (p < 0.01) decreased to 66.3%, 66.3% 
and 50.5%, respectively. Notably, entinostat and its ana-
logs showed minimal effects on normal cells, with pro-
liferation rates of 100%, 86.8%, and 84.6% following 48 
h treatment with 50 μM entinostat, analog 1 and analog 
2, respectively. Beside results of alamarBlue assay, flow 
cytometry analysis revealed induced apoptosis upon treat-
ment with entinostat and analogs. Figure 6-C shows that, 
compared to the DMSO control group (10.4% apoptotic 
cells), 24 h treatment with 50 μM entinostat, analog 1, and 
analog 2 resulted in 26.2%, 11.7%, and 16.2% apoptotic 
cells, respectively. These results suggest that the effects 
observed in alamarBlue assay were mainly attributable 
to the anti-proliferative effects of entinostat and analogs 
rather than the induction of apoptosis.

Entinostat and analogs altered the expression 
of target genes

To unravel the molecular mechanism behind observed 
effects of entinostat and novel analogs, real-time PCR was 
carried out (Fig. 6D–G). Obtained results revealed signifi-
cant (p < 0.05) down regulation of BCL-2 upon treatment 
with analog 1 and analog 2. Additionally, up regulation 
of BAX and down regulation of CCND1 by analog 1 and 
analog 2 were observed, although not significant. To note, 
the expression of CD44 was not affected by the treatments.

Discussion

ATLL is a highly aggressive lymphocytic neoplasm with a 
prognosis that is typically poorer compared to other types 
of non-Hodgkin’s lymphomas. Despite availability of multi-
agent approaches, clinical outcomes are unsatisfactory due 
to intrinsic chemoresistance and severe immunosuppression. 
Therefore, the quest for novel and more efficacious regimes 
to ensure the long-term survival of ATLL patients remains 
a crucial focus of research.

Fig. 3   Upregulation of CDK4 in MT-2 cells. Volcano plot visualize 
the expression of CDK4 in GSE6034 dataset (Platform GPL570). The 
plots utilize both p-values and log2 (fold-change) to identify differ-
entially expressed genes in MT-2 cells. Colored dots showed genes 

with specific expression based on log2 FC (green dots), both adjusted 
p-value and log2 FC (red dots), and not significant in both terms 
(gray dots)
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HDACs have elevated expression in various human 
neoplasms, and thus, the introduction of HDACis is of 
paramount importance in cancer treatment. HDACis 
regulate the intrinsic apoptosis pathway by increasing 

the expression of pro-apoptotic protein BAX and apop-
tosis-inducing ligand (TRAIL) receptors, while decreas-
ing anti-apoptotic proteins BCL-2, BCL-XL, and Mcl-1, 
and pro-survival protein XIAP [39]. At the present time, 

Fig. 4   Favorable interactions of entinostat and novel analogs with 
CDK4 and cyclin D1. Molecular docking diagrams of entinostat (A 
and B), analog 1 (C and D) and analog 2 (E and F) binding to the 

activation loop of CDK4 (A, C and E) and the CDK-binding site of 
cyclin D1 (B, D and F). 2D and 3D images were generated using 
PoseView
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four HDACis have received FDA approval, including vori-
nostat (SAHA) for cutaneous T-cell lymphoma, belinostat 
(PXD101) for peripheral T-cell lymphoma, panobinostat 
(LBH589) for multiple myeloma and romidepsin (FK-
228) for peripheral T-cell lymphoma [24–27]. Regarding 
entinostat, it has shown promising anti-tumor activity 
in Hodgkin lymphoma, acute myeloid leukemia (AML), 
chronic myelomonocytic leukemia and multiple myeloma 
[31, 32, 40, 41]. Since no study has yet determined the 
effects of entinostat on ATLL cells, the present research 
investigated anti-proliferative effects of entinostat on 
MT-2 cells for the first time. Additionally, based on the 
pivotal role of the quinoline scaffold in anticancer drug 
development, we synthesized two novel benzamide ana-
logs incorporating this moiety as the cap group. These 
analogs were further structurally optimized by introduc-
ing a 4-(aminomethyl) benzamide linker, combined with 
o-phenylenediamine as the ZBD. This strategic modifi-
cation aimed to refine the pharmacophore of entinostat, 
potentially improving its anti-proliferative efficacy against 
ATLL cells.

Exploring potential molecular targets of entinostat and 
pathogenic targets of ATLL revealed several overlapping 
targets including CDK4, which had high interactions in the 
PPI network. Enrichment analyses revealed various molec-
ular functions for CDK4 and indicated its involvement in 
several biological pathways. Volcano plot generated from 
the expression profile of MT-2 cells revealed over expres-
sion of CDK4. Molecular docking provided insight into 
the action of entinostat and novel analogs, as binding of 
all three agents with the activation loop of CDK4 and the 
CDK-binding site of cyclin D1 were predicted with appro-
priate affinity. Additionally, molecular dynamics simula-
tions confirmed the conformational flexibility and bind-
ing stability of the entinostat-CDK4 complex. To provide 
experimental evidence for the effects of entinostat and 
novel analogs on ATLL cells, the proliferation of MT-2 
cells was assessed. The results indicated that all agents 
reduced proliferation of cells in a dose-dependent manner. 
Flow cytometry analysis revealed that observed effects of 
entinostat and analogs were, to some extent, due to the 

induction of apoptosis, as also indicated by alterations in 
the expression of BAX, CCND1, and BCL-2.

Our findings are in consistence with previous reports, 
which indicated anti-proliferative and apoptosis-inducing 
effects of entinostat on Hodgkin lymphoma cell lines were 
mediated via altering the expression of P21, BCL-2 and 
BCL-xL without affecting Mcl-1 or BAX levels. Addition-
ally, entinostat modulated cytokine levels, including inter-
leukin-12 p40-70, interleukin-13, interleukin-4 and CXCL10 
[41]. It has also been reported that entinostat induced apop-
tosis in AML cells through induction of c-Jun, JunB, death 
receptor TRAIL and pro-apoptotic proteins BIM and Noxa 
[42]. Combinatorial effects of entinostat and fludarabine 
were also investigated on chronic lymphocytic leukemia 
(CLL) cells, and results revealed induction of apopto-
sis through upregulation of BAX and downregulation of 
HDAC1, HO-1, and BCL-2. In a xenograft mouse model, 
entinostat and fludarabine combination induced apoptosis, 
suggesting targeting HDAC1 as a potential approach to over-
come chemotherapy resistance in TP53-mutated CLL [32]. 
Likewise, combinatorial effects of entinostat and cladrib-
ine were investigated against multiple myeloma cells, and 
results revealed both agents synergistically induced anti-
proliferative/anti-survival effects via down regulation of 
CCND1 and E2F and up regulation of P21 [31]. Similar to 
the present research, in the study carried out by Singh and 
colleagues, the bicyclic aromatic ring of entinostat was used 
to design and synthesize class I HDACis. In vitro enzymatic 
and cellular assays led to the identification of a new com-
pound that exerted better anti-proliferative effects against 
human cutaneous T-cell lymphoma, leukemia, breast, cer-
vical, colorectal, and gastric carcinomas [43]. Accordingly, 
quinoline-based benzamide derivatives of entinostat could 
be considered as potent candidates to design novel drugs for 
hematological neoplasms.

The present study has some limitations that warrant fur-
ther investigation. While extended time-course studies would 
provide deeper insights into the anti-proliferative potential 
of entinostat and its benzamide derivatives, their intrinsic 
physicochemical properties pose significant challenges for 
prolonged in vitro exposure. Due to their relatively non-polar 

Table 2   Docking details of entinostat, analog 1 and analog 2 with CDK4 and cyclin D1

Protein Ligand Affinity
(JAMDA score)

Hydrogen Bond & pi–pi interactions Hydrophobic contacts

CDK4 entinostat − 2.757 Tyr22—Gln173—Ala175—Leu176—Thr177 Ala21—Tyr22—Gly23—Thr24—Tyr170—Ala175
analog 1 − 2.986 Ala21—Ala175—Thr177—Arg186 Ala175—Pro178—Val181
analog 2 − 2.301 Tyr170—Ala175—Thr177 Tyr22—Met174—Pro178—Val181

cyclin D1 entinostat − 2.608 Arg87—Lys149—Trp150 Leu148—Asn151
analog 1 − 2.570 Thr37—Ala39 Ala34—Thr37—Arg87—Leu91—Leu148—Asn151
analog 2 − 2.065 Lys149—Trp150 Lys149—Trp150
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nature, these compounds exhibit limited aqueous solubil-
ity and reduced stability at time points exceeding 48 h, as 
observed in our preliminary 72-h treatments. This limitation 

constrained the feasible treatment duration (up to 48 h) and 
concentration range (up to 50 μM) for reliable assays in the 
current study. To address these challenges, future research 

Fig. 5   Stable interaction of entinostat with CDK4. Plots generated 
from 100 ns molecular dynamics simulations, illustrating various 
structural and energetic properties of the entinostat-CDK4 complex: 

RMSD (A), RMSF (B), Rg (C), and SASA (D), short-range Coulom-
bic potential (E) and short-range Lennard–Jones potential (F)
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should focus on optimizing formulation strategies-such as 
the use of solubilizing agents or nanoparticle-based deliv-
ery systems-to improve the solubility, stability, and bioavail-
ability of these compounds, enabling more comprehensive 
evaluation over extended treatment periods. Additionally, 
while our study assessed proliferation markers at the mRNA 
level, we acknowledge the importance of validating these 
findings at the protein level to fully support our conclusions 
and recommend this as a key direction for future research.

Conclusion

Present study indicated for the first time that entinostat and 
novel analogs induced anti-proliferative effects on ATLL 
cells via interaction with CDK4 and cyclin D1, which exhibit 
elevated expression in ATLL cells. These findings pave the 
way for the development of new drugs against ATLL and 
provide evidence that justifies further preclinical and clinical 
evaluations of entinostat and its novel analogs.

Fig. 6   Effects of entinostat and novel analogs on the proliferation, 
apoptosis and gene expression in MT-2 cells. Proliferation assay of 
MT-2 cells following treatment with entinostat, analog 1 and analog 
2 for 24 h (A) and 48 h (B). Flow cytometry detection of apoptosis 
upon 24 h treatment of MT-2 cells with 50 µM entinostat and analogs 
(C). Cells are categorized as alive (negative for both annexin V-FITC 
and PI), necrotic (positive for PI only), and early or late apoptotic 

(positive for annexin V-FITC). Quantitative analysis of the expression 
of BAX (D), BCL-2 (E), CCND1 (F) and CD44 (G). Data represent 
the mean ± SD from experiments performed in triplicate. Statistical 
significance compared to the DMSO control was determined using 
One-Way ANOVA, with *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001 indicating significance
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