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A B S T R A C T   

Triple-negative breast cancer (TNBC) comprises 10 % to 20 % of breast cancer, however, it is more dangerous 
than other types of breast cancer, because it lacks druggable targets, such as the estrogen receptors (ER) and the 
progesterone receptor (PR), and has under expressed receptor tyrosine kinase, ErbB2. Present targeted therapies 
are not very effective and other choices include invasive procedures like surgery or less invasive ones like 
radiotherapy and chemotherapy. This study investigated the potential anticancer activity of some novel qui-
nazolinone derivatives that were designed on the structural framework of two approved anticancer drugs, 
Ispinesib (KSP inhibitor) and Idelalisib (PI3Kδ inhibitor), to find out solutions for TNBC. All the designed de-
rivatives (3a-l) were subjected to extra precision molecular docking and were synthesized and spectrally char-
acterized. In vitro enzyme inhibition assay of compounds (3a, 3b, 3e, 3 g and 3 h) revealed their nanomolar 
inhibitory potential against the anticancer targets, KSP and PI3Kδ. Using MTT assay, the cytotoxic potential of 
compounds 3a, 3b and 3e were found highest against MDA-MB-231 cells with an IC50 of 14.51 µM, 16.27 µM, and 
9.97 µM, respectively. Remarkably, these compounds were recorded safe against the oral epithelial normal cells 
with an IC50 values of 293.60 µM, 261.43 µM, and 222 µM, respectively. The anticancer potential of these 
compounds against MDA-MB-231 cells was revealed to be associated with their apoptotic activity. This was 
established by examination with the inverted microscope that revealed the appearance of various apoptotic 
features like cell shrinkage, apoptotic bodies, and membrane blebbing. Using flow cytometry, the Annexin V/PI- 
stained cancer cells showed an increase in early and late apoptotic cells. In addition, DNA fragmentation was 
revealed to occur after treatment with the tested compounds by gel electrophoresis. The relative gene expression 
of pro-apoptotic and anti-apoptotic genes revealed an overexpression of the P53 and BAX genes and a down-
regulation of the BCL-2 gene by real-time PCR. So, this work proved that compounds 3a, 3b, and 3e could be 
developed as anticancer candidates, via their P53-dependent apoptotic activity.   

1. Introduction 

The increased cancer incidence, as well as its high mortality rate 
worldwide, greatly drawn the devotion of the researchers in the past 
decades (Sung et al., 2021). Various therapies and interventions like 
chemotherapy, surgery, immunotherapy, and radiotherapy have been 
widely used to combat this lethal ailment (Chen et al., 2015). The most 

common approach to treat cancers is chemotherapy (Debela et al., 
2021). The chief concern about chemotherapy is their adverse effects 
that affect the quality of patient’s life. The chemotherapeutic drugs have 
many side effects as they affect the tumour with the production of 
reactive oxygen species (ROS) (Anand et al., 2022). Also, normal cells 
are also negatively affected by many cancer therapies (Navya et al., 
2019). The adverse effect includes alopecia, nausea, vomiting, fatigue, 
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Fig. 1. FDA-approved anticancer drugs having quinazoline or quinazolinone moiety.  
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severe pain and even death in some instances (Aslam et al., 2014). 
Hence, the discovery and development of novel targeted cancer che-
motherapeutics with precise efficacy and safety is an unmet medical 
need. 

Breast cancer is a heterogeneous and most common cancer type in 
women. It has been recorded that there were nearly 2 million cancer 
cases in the past decade. Breast cancer represents about 11.6 % of the 
total number of cancer cases (Łukasiewicz et al., 2021). Hormone re-
ceptor + ve breast cancers characterized by upregulated ER (estrogen 
receptors), PR (progesterone receptors) and HER2 (epidermal growth 
factor receptor 2) are generally treated with endocrine therapy and 
agents that blocks HER2 signalling (Li et al., 2016). However, the other 

type of breast cancer that does not overexpress these receptors is hard- 
to-treat and called as hormone receptor -ve breast cancers or triple- 
negative breast cancer (TNBC). TNBC comprises 10 %–20 % of breast 
cancer, however, it is more dangerous than other breast cancer types, 
because it lacks druggable targets, such as ER and PR, and has under 
expressed receptor tyrosine kinase, ErbB2 (often referred to HER2) 
(Wang et al., 2015; Liu et al., 2018; Van Swearingen et al., 2017). 
Consequently, new therapeutics are essential for the treatment of TNBC. 

The heterocyclic moiety “Quinazoline” has emerged as a promising 
scaffold for anticancer drug development. Quinazoline containing drugs 
have been reported to inhibit various kinases overexpressed in cancer 
cells and were approved by various food and drug administrations (FDA) 

Fig. 2. Design of quinazolinone derivatives (3a-l) as anticancer agents.  

Fig. 3. Scheme for the synthesis of designed compounds (3a-l).  
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over the years (Zayed, 2023; Ayala-Aguilera et al., 2021). Fig. 1 depicts 
various quinazoline/quinazolinone containing FDA-approved anti-
cancer drugs. Ispinesib is a quinazolinone containing potent kinesin 
spindle protein (KSP) inhibitor. It is an allosteric inhibitor of KSP kinesin 
motor ATPase. The inhibition of KSP disrupts mitotic spindle formation 
and arrest the progression of cell cycle and ultimately cause apoptosis. It 
was shown to have promising results in breast cancer treatments (Purcell 
et al., 2010). Another, structurally similar quinazolinone containing 
anticancer drug is Idelalisib. It is first-in-class phosphatidylinositol 3-ki-
nase (PI3K) inhibitor that more specifically blocks the delta isoform of 
PI3K, i.e PI3Kδ. It boosts antitumor response by modulating the immune 
response in tumor microenvironment (Lannutti et al., 2011). Based on 
the structural framework of these two drugs, some novel quinazolinone 
derivatives with varying substitution at position 2 connected through 
the thioether linkage, were designed to study their anticancer potential, 
as depicted in Fig. 2. The designed compounds (3a-l) were studied for 
their binding potential on the targets of Ispinesib and Idelalisib by extra 

precision docking (Molecular docking). These derivatives were synthe-
sized, characterized by various spectral techniques, and studied 
comprehensively for their anticancer potential. 

2. Materials and methods 

2.1. General: Instruments and reagents 

The reaction was monitored throughout the reaction time by thin- 
layer chromatography (TLC) along with UV or I2 vapor chamber. The 
melting point (MP) of prepared derivatives were recorded by Dynalon 
Stuart apparatus. The 1H and 13C NMR spectra were recorded by 
BRUCKER-PLUS NMR spectrometer in solvents like deuterated dimethyl 
sulfoxide (DMSO‑d6) or deuterated chloroform (CDCl3) at 500 MHz and 
125 MHz, respectively. The spectra of all the prepared derivatives are 
provided in the supporting materials. KBr pellet of the compounds were 
used to record IR spectra. All the reagents, chemicals and solvents were 
obtained from AK Scientific or Sigma-Aldrich. The route of synthesis is 
depicted in Fig. 3. 

2.2. Extra-precision (XP) molecular docking 

2D structure of the ligands (Ispinesib, Idelalisib and compounds 1 & 
3a-l) were sketched on ChemDraw Ultra (v. 12) and collected in 
structure-data format (sdf). The protonation and tautomerization of the 
ligands at pH 7.2 was performed by LigPrep and Epik programs available 
in Maestro, Schrodinger (v. 9.4). All the structures were subjected to 
energy minimization for extra-precision (XP) molecular docking by 
Glide. The X-ray structures of crystallized Eg5 human kinesin with 
Ispinesib (PDB ID: 4A5Y) (Kaan et al., 2013) and PI3K delta p110 sub-
unit with Idelalisib (PDB ID: 4XE0) (Somoza et al., 2015) were retrieved 
from protein data bank (PDB). Protein preparation wizard available in 
Maestro was used for protein structure’s correction and preparation, like 
removal of H2O, correction of bond orders, incorporation of H atoms, 
and correction of charge. Hydrogen bonding network was corrected 
afterwards, and energy of the structures were minimized by OPLS force 
field to root mean square deviation (RMSD) of 0.3 Å, keeping the heavy 
atoms fixed. Grids around the binding sites of 20 Å size was created by 

Fig. 4. Validation of the docking methodology.  

Table 1 
XP Gscore and Glide emodel of docked ligands after extra-precision (XP) 
docking.  

Ligands KSP (PDB ID: 4A5Y) PI3Kδ (PDB ID: 4XE0) 

XP Gscore 
(kcal/mol) 

Glide emodel 
(kcal/mol) 

XP Gscore 
(kcal/mol) 

Glide emodel 
(kcal/mol) 

Ispinesib − 8.62 − 83.34 — — 
Idelalisib — — − 7.86 − 66.29 
1 − 4.87 − 46.35 − 5.00 − 39.78 
3a − 6.61 − 60.97 − 6.13 − 56.72 
3b − 6.73 − 62.42 − 5.81 − 55.02 
3c − 5.88 − 51.53 − 2.38 − 44.52 
3d − 6.09 − 56.92 − 5.56 − 45.07 
3e − 7.05 − 62.12 − 5.94 − 53.59 
3f − 6.10 − 46.12 − 5.52 − 47.95 
3g − 6.92 − 60.60 − 6.61 − 56.23 
3h − 7.00 − 64.60 − 6.04 − 54.71 
3i − 6.42 − 50.99 − 5.31 − 51.98 
3j − 4.60 − 54.03 − 5.35 − 38.90 
3k − 5.25 − 49.16 − 5.27 − 44.95 
3l − 4.06 − 50.45 − 5.03 − 34.13  

M.A. Alossaimi et al.                                                                                                                                                                                                                           



Saudi Pharmaceutical Journal 32 (2024) 101971

5

the program glide grid. Glide, Maestro was used for XP docking of the 
prepared ligands (Friesner et al., 2006). The two- and three-dimensional 
interactions of the ligands within the active site of protein structures 
were recorded by Discovery Studio software. 

2.3. In vitro inhibition assay 

2.3.1. Inhibition of KSP ATPase activity 
The in vitro KSP ATPase inhibition assay of the selected five com-

pounds (3a, 3b, 3e, 3 g and 3 h) having good glide XP score, was per-
formed by the microtubule-activated ATPase end-point assay kit 
(Cytoskeleton, Cat. # BK053) at 2 µM concentrations in triplicate, as per 
the manufacturer’s instructions (Funk et al., 2004). The selected com-
pounds and Ispinesib (positive control) were dissolved in DMSO. In 
short, KSP (0.4 µg), test compounds (2 µM) and microtubules (2 µg) were 
taken in 96-well half-area plates. ATP (0.3 mM) was added, and the 
wells were incubated at room temperature for five minutes. The reaction 

was then terminated by adding CytoPhos reagent (70 µl). The wells were 
then further incubated for additional ten minutes and absorbance was 
measured at 650 nm by a spectrophotometer. For IC50 value measure-
ment, a microtubule-activated ATPase kinetic assay kit (Cytoskeleton, 
Cat. # BK060) was used as per the manufacturer’s instructions (Webb, 
1992). The assay was performed for eight different concentrations of test 
compounds (3a, 3b, 3e, 3 g, 3 h and Ispinesib) in triplicate. 

2.3.2. Inhibition of PI3Kδ activity 
The in vitro PI3Kδ inhibition assay of the selected compounds was 

performed by the assay kit (BPS Bioscience, Cat. # 79799) at eight 
different concentrations of test compounds (3a, 3b, 3e, 3 g, 3 h and 
Idelalisib) in triplicate, as per the manufacturer’s instructions (Zhao 
et al., 2017). In brief, to each well, 5 μl PI3K lipid substrate, 5 μl test 
sample (inhibitor well) or inhibitor buffer (blank well), 5 μl ATP (12.5 
μM), and 10 μl of kinase buffer (2x) to blank wells only, was added. 10 μl 
of diluted PI3Kδ enzyme was added to the test wells to initiate the re-
action and incubated for 40 min at room temperature. 25 μl of ADP-Glo 
reagent was added to each well and further incubated for 45 min. 50 μl 
of kinase detection reagent was added and further incubated for 30 min 
under light protection. Luminescence intensity was measured using a 
microplate reader, and IC50 values were calculated using GraphPad 
prism. 

2.4. In vitro anticancer activity 

2.4.1. Cell lines and chemicals 
The oral epithelial normal cells and MDA-MB-231 cells were pre-

served in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10 % (v/v) 
fetal bovine serum (FBS) and 1 % (v/v) streptomycin/penicillin. The 
cells in the standard medium were incubated in 5 % CO2 incubator 
(NUAIRE, USA) at 37 ◦C before performing the experiment. Doxorubicin 
was purchased from Pharmacia (Egypt) and all other utilized chemicals 
were purchased from Merck (UK). 

Fig. 5a. Interaction pose of compound 3e with KSP.  

Fig. 5b. Interaction pose of compound 3 h with KSP.  
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2.4.2. MTT assay 
MDA-MB-231 cells as well as the oral epithelial normal cells were 

seeded into 96-well cell culture plates. The concentration of about 104 

cells/ml was incubated for 24 h at typical conditions to attain sufficient 
growth. Cells were subjected to separate concentrations of the tested 
compounds (6.25, 12.5, 25, 50, and 100 µg/ml) dissolved in dimethyl 
sulfoxide (DMSO). The cells and drug mixtures were incubated for 24 
and 48 h. After the specified time, the utilized medium was discarded, 
and each well was supplied with 5 mg/mL of MTT reagent, then they 
were left for three to four hours (Alotaibi et al., 2021; Attallah et al., 
2022). The viable cells that formed formazan crystals were detected by 
dissolving in 100 µl acidified isopropanol. The results were recorded at 
630 nm by an ELISA reader (Malongane et al., 2022; Alotaibi et al., 
2021). Cell viability was determined as follows: 

Cell viability percentage =
Absorbance of the drug treated cells

Absorbance of the cells without drugs
× 100  

2.4.3. Morphological studies 
The changes that occurred phenotypically in MDA-MB-231 cells, 

after treatment with varying concentration of tested compounds post 48 
h, were elucidated by an inverted microscope (Leica, Germany) (Rah-
man et al., 2016). 

2.4.4. Flow cytometry studies 
The induction of apoptosis as well as necrosis after 48 h of treatment 

of MDA-MB-231 cells with the tested compounds was investigated by 
Novocyte Flow Cytometer (Acea Biosciences, USA). After harvesting the 
MDA-MB-231 cells, they were rinsed and suspended in 100 μl 
phosphate-buffered saline (PBS). Tested cells were then stained with 10 
μl Annexin V-FITC/propidium iodide solution. The flow cytometry 
analysis was performed after incubating the mixture for 20 min in a dark 
room (Noh et al., 2021; Murad et al., 2016). 

Fig. 5c. Interaction pose of Ispinesib with KSP.  

Fig. 6a. Interaction pose of compound 3a with PI3Kδ.  
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2.4.5. DNA fragmentation 
DNA was extracted from the MDA-MB-231 cells pre- and post- 

treatment with the tested compounds using a DNA extraction kit (Qia-
gen, USA) following the manufacturer’s instructions. The extracted DNA 

was tested for quality using a nanodrop spectrophotometer (Thermo 
Scientific, USA). Then, 1X loading dye was supplemented to the 
extracted DNA, and the mixture was run on the agarose gel. DNA frag-
mentation was visualized using a UV transilluminator, and photos were 
taken using Gel Doc (Bio-rad, USA) (Samarghandian et al., 2013). 

2.4.6. qRT-PCR 
RNA was extracted from the cells after 48 h of treatment, using 

MiniKit (PureLink™, Invitrogen, USA) and its purity was established by 
a nanodrop spectrophotometer (Thermo Scientific, USA). The genes 
P53, BAX, and BCL-2, were studied using B-actin as a housekeeping gene. 
The cDNA was manufactured using SuperScript™ III First-Strand Syn-
thesis kit (Thermo Fischer, USA). The RT-PCR was conducted using 
Rotor-Gene Q (Qiagen, USA). The utilized primers sequences are shown 
in Table S1 (Ramadan et al., 2019). 

2.5. Statistics 

All the performed tests were repeated thrice and revealed as mean ±
SD. ANOVA test was employed to elucidate the variance between the 
treated and untreated cells. GraphPad Prism (ver. 8) was used for the 
statistical analysis. Differences between the tested groups were regarded 

Fig. 6b. Interaction pose of compound 3 g with PI3Kδ.  

Fig. 6c. Interaction pose of Idelalisib with PI3Kδ.  

Table 2 
Inhibition assay of the synthesized quinazolinone compounds (3a, 3b, 3e, 3 g, 
and 3 h) against KSP (% inhibition at 2 µM and IC50), using Ispinesib as positive 
control, and against PI3Kδ using Idelalisib as positive control.  

Compound KSP ATPase inhibition [%]a (IC50 

[nM])b 
PI3Kδ activity (IC50 

[nM])b 

3a 88.35 ± 3.86 % (88.65 ± 3.15) 38.21 ± 2.15 
3b 89.62 ± 3.42 % (85.80 ± 3.35) 32.28 ± 2.18 
3e 93.28 ± 2.10 % (68.42 ± 2.65) 45.35 ± 2.05 
3g 90.55 ± 2.16 % (77.42 ± 3.32) 57.75 ± 2.75 
3h 92.62 ± 2.35 % (73.45 ± 2.86) 53.82 ± 3.10 
Ispinesib 95.48 ± 2.24 % (1.42 ± 0.13) — 
Idelalisib — 3.55 ± 0.18  

a % Inhibition values are KSP ATPase inhibition at 2 µM and are shown as 
mean ± SD (n = 3). 

b IC50 values are shown as mean ± SD (n = 3), using eight different concen-
trations of test compounds and positive controls. 
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to be significant if p-value < 0.05. 

3. Results 

3.1. Synthesis and spectral characterization 

The procedure followed for the synthesis of the derivatives (3a-l) 
started with the dropwise addition of 4-Fluorophenyl isothiocyanate (1 
mmol) with stirring into the solution of 5-chloroanthranilic acid (1 
mmol) in ethanol (20 ml) containing catalytic amount of triethylamine 
(1.1 mmol). The reaction mixture was refluxed for about two hours. The 
obtained solid was recrystallized with ethanol that afforded pure in-
termediate compound 1. This intermediate compound 1 (1 mmol) was 
refluxed with different alkyl or aryl halides (1 mmol) in the presence of 
anhydrous potassium carbonate (1.5 mmol) in solvent acetone (10 ml) 
for about ten hours. The progress of the reactions was continuously 
monitored by TLC. After reaction completion, the mixture was cooled 
and obtained solid was filtered and dried. The crude product was 
recrystallized from EtOH to attain the final products (3a-l). The spectra 
and data proving successful synthesis of the derivatives is provided in 
the supporting material. 

3.2. Extra-precision (XP) molecular docking 

The molecular docking method adapted was authenticated by 
docking Ispinesib with human kinesin Eg5 (PDB ID: 4A5Y) (Kaan et al., 
2013) and Idelalisib with p110 subunit of PI3K delta (PDB ID: 4XE0) 
(Somoza et al., 2015) by XP docking program of Glide. The heavy atoms 
of the docked poses were aligned with the pose of co-crystallized 
structures and found to be within 1 Å. Heavy atoms RMSD for the co- 
crystallized and docked poses of Ispinesib and Idelalisib were found to 
be 0.87 Å and 0.45 Å, respectively (Fig. 4). The docking score (glide XP 
score) and binding energy (glide emodel) of all the docked ligands and 

Table 3 
In vitro Anticancer activity of the compounds by MTT assay.  

Compound MDA-MB-231 breast cancer cells Oral epithelial 
normal cells 

IC50 after 24 h in 
µg/mL (µM) 

IC50 after 48 h in 
µg/mL (µM) 

IC50 after 48 h in µg/ 
mL (µM) 

1 13.60 ± 0.12 
(44.34 ± 0.39) 

7.23 ± 0.15 (23.57 
± 0.48) 

80.03 ± 1.05 
(260.90 ± 3.42) 

3a 9.54 ± 0.11 (28.49 
± 0.32) 

4.86 ± 0.18 (14.51 
± 0.53) 

98.30 ± 1.20 
(293.60 ± 3.58) 

3b 17.80 ± 0.12 
(47.48 ± 0.32) 

6.10 ± 0.10 (16.27 
± 0.26) 

98.00 ± 1.31 
(261.43 ± 3.49) 

3c 22.00 ± 0.13 
(56.00 ± 0.33) 

7.01 ± 0.12 (17.84 
± 0.30) 

58.28 ± 1.15 
(148.36 ± 2.92) 

3d 9.05 ± 0.10 (20.98 
± 0.23) 

6.59 ± 0.09 (15.27 
± 0.20) 

65.40 ± 1.30 
(151.63 ± 3.01) 

3e 8.94 ± 0.08 (21.54 
± 0.19) 

4.14 ± 0.11 (9.97 
± 0.26) 

92.10 ± 1.40 
(222.00 ± 3.37) 

3f 27.39 ± 0.10 
(58.92 ± 0.21) 

17.19 ± 0.12 
(36.97 ± 0.25) 

67.80 ± 1.20 
(145.85 ± 2.58) 

3g 26.92 ± 0.09 
(50.51 ± 0.17) 

20.32 ± 0.23 
(38.13 ± 0.43) 

70.40 ± 1.90 
(132.11 ± 3.56) 

3h 14.89 ± 0.11 
(30.15 ± 0.22) 

8.14 ± 0.13 (16.48 
± 0.26) 

51.40 ± 1.50 
(104.10 ± 3.03) 

3i 40.33 ± 0.11 
(95.59 ± 0.26) 

26.49 ± 0.13 
(62.79 ± 0.30) 

86.45 ± 1.50 
(204.92 ± 3.55) 

3j 22.48 ± 0.12 
(50.87 ± 0.27) 

13.96 ± 0.12 
(31.59 ± 0.27) 

78.30 ± 1.40 
(177.20 ± 3.16) 

3k 17.71 ± 0.14 
(38.01 ± 0.30) 

8.57 ± 0.10 (18.39 
± 0.21) 

80.50 ± 1.20 
(172.79 ± 2.57) 

3l 13.18 ± 0.13 
(26.90 ± 0.26) 

6.98 ± 0.12 (14.24 
± 0.24) 

79.00 ± 1.30 
(161.24 ± 2.65) 

Doxorubicin — 0.77 ± 0.14 (1.41 
± 0.25) 

40.5 ± 0.86 (74.51 
± 1.57)  

Fig. 7. Morphological alterations that occurred in MDA-MB-231 cells after treatment with compounds 3a (A), 3b (B), 3e (C), doxorubicin (D), and untreated cells (E). 
The symbol CS means cell shrinkage, Ab means apoptotic bodies, and MB membrane blebbing. 
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reference structures (Ispinesib and Idelalisib) are tabulated in Table 1. 
Among all the thirteen docked ligands, five compounds (3a, 3b, 3e, 3 g, 
and 3 h) scored comparable scores and binding energies with the 
respective reference structures. The XP Gscore of compounds 3a, 3b, 3e, 

3 g, 3 h and Ispinesib after docking with human kinesin Eg5 of KSP 
protein were found to be − 6.61, − 6.73, − 7.05, − 6.92, − 7.00, and 
− 8.62 kcal/mol, respectively. While XP Gscore of compounds 3a, 3b, 3e, 
3 g, 3 h and Ispinesib after docking with p110 subunit of PI3K delta 

Fig. 8. (A and C) Flow cytometric dot plot, and (B and D) histograms for compound 3a. The staining was performed using annexin V FITC/PI dual staining method.  

Fig. 9. (A and C) Flow cytometric dot plot, and (B and D) histograms for compound 3b. The staining was performed using annexin V FITC/PI dual staining method.  
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protein were found to be − 6.13, − 5.81, − 5.94, − 6.61, − 6.04, and 
− 7.86 kcal/mol, respectively. Also, the binding energy (glide emodel) of 
these top five scoring compounds were comparable to the reference li-
gands. The 2D and 3D binding poses of top two scoring compounds (3e & 
3 h) against KSP and compounds (3a & 3 g) against PI3Kδ and reference 
ligands are depicted in Figs. 5a–5c and Figs. 6a–6c, respectively. The 
interactions of other good scoring compounds are provided in the sup-
porting information (Figs. S1–S6). 

3.3. In vitro inhibition assay (KSP ATPase and PI3Kδ activity) 

Five compounds having good docking scores (3a, 3b, 3e, 3 g and 3 h) 
were subjected to in vitro enzyme inhibition assay against the anticancer 
targets, viz. KSP and PI3Kδ. At 2 µM concentration, all the selected 
compounds inhibited the KSP ATPase activity up to or more than 90 %, 
as compared to the potent inhibitor, Ispinesib. Further assay was per-
formed to determine their IC50 values at eight different concentrations 
ranging from 100 nM to 0.78 nM (Table 2). All the compounds showed 
nanomolar potency, IC50 value ranging from 68.42 to 88.65 nM, as 
compared to Ispinesib (1.42 nM). Compound 3e (4-fluoro) showed 
highest potency, followed by 3 h (2-fluoro,4-bromo), 3 g (3,5-ditri-
fluoromethyl), 3b and 3a. However, in PI3Kδ assay, a different pattern of 
inhibition was observed. Less bulky substituted derivatives, 3a (38.21 
nM) and 3b (32.28 nM) showed highest potency followed by halogen 
substituted derivatives, viz. 3e (45.35 nM), 3 h (53.82 nM) and 3 g 
(57.75 nM), as compared to standard control, Idelalisib (3.55 nM). 

3.4. In vitro anticancer activity 

3.4.1. Cytotoxic effects of the tested compounds on the oral epithelial 
normal cells and MDA-MB-231 cells 

The IC50 values of the compounds were determined by in vitro MTT 

assay for both the oral epithelial normal cells and MDA-MB-231 cells. As 
shown in Table 3 and Figs. S7 and S8, compounds 3a, 3b, and 3e were 
found to have significantly low IC50 for MDA-MB-231 cells with values 
of 14.51 µM, 16.27 µM and 9.97 µM, respectively. In contrast, they were 
relatively safe on the oral epithelial normal cells with IC50 values of 
293.6 µM, 261.43 µM, and 222 µM, respectively. So, the cytotoxic effect 
of these three compounds was further studied at the molecular level. The 
IC50 of doxorubicin was 1.41 µM for MDA-MB-231 cells and 74.51 µM 
for oral epithelial normal cells after 48 h. 

3.4.2. Impact on cell morphology 
The morphological changes that occurred in the treated cells in 

contrast with untreated cells are revealed in Fig. 7. After treatment with 
the tested compounds (3a, 3b, and 3e), observed morphological changes 
were cell shrinkage, apoptotic bodies formation, and membrane 
blebbing). 

3.4.3. Flow cytometry 
The MDA-MB-231 cells were stained by Annexin V-FITC & PI and 

then studied by flow cytometry, as revealed in Figs. 8, 9, 10, 11, and 12. 
There was a significant increase in the number of cells in the early and 
late apoptosis, post-treatment with compounds 3a, 3b, and 3e in rela-
tionship with the untreated cells (Fig. 13). 

3.4.4. Impact on the DNA fragmentation 
The influence of the synthesized derivatives (3a, 3b & 3e) on the 

fragmentation of the extracted DNA from the MDA-MB-231 cells was 
studied by gel electrophoresis. As shown in Fig. 14, internucleosomal 
fragmentation was noticed in the MDA-MB-231 cells, post-treatment 
with the tested compounds. 

Fig. 10. (A and C) Flow cytometric dot plot, and (B and D) histograms for compound 3e. The staining was performed using annexin V FITC/PI dual staining method.  
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Fig. 11. (A and C) Flow cytometric dot plot, and (B and D) histograms for doxorubicin (standard drug). The staining was performed using annexin V FITC/PI dual 
staining method. 

Fig. 12. Flow cytometric dot plot (A and C) as well as histograms (B and D) of the untreated cells. The staining was performed using annexin V FITC/PI dual 
staining method. 
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3.4.5. Impact on the gene expression 
The influence of compounds 3a, 3b, and 3e was revealed on the 

relative gene expression of P53, BAX, and BCL-2 genes using qRT-PCR, 
as depicted in Fig. 15. It was observed that the tested compounds 
resulted in a significant overexpression of P53 and BAX genes, whereas a 
downregulation of BCL-2 gene was noticed. 

4. Discussion 

This study demonstrates the designing of some novel quinazoline 
derivatives (3a-l) based on the structural framework of two established 
anticancer drugs Ispinesib and Idelalisib. The designed compounds (3a- 
l) were synthesized efficiently by S-alkylation or arylation of 6-chloro-3- 
(4-fluorophenyl)-2-mercaptoquinazolin-4(3H)-one (compound 1) and 
their successful synthesis was validated by spectroscopic techniques. All 
the compounds were studied for their binding potential on two potential 
anticancer targets, KSP and PI3K delta. Among them, five compounds 
(3a, 3b, 3e, 3 g, and 3 h) showed promising results that were comparable 
to the reference structures, Ispinesib and Idelalisib. To confirm the in- 
silico results, compounds (3a, 3b, 3e, 3 g and 3 h) were subjected to in 
vitro inhibition assays (KSP ATPase and PI3Kδ activity). At 2 µM con-
centration, the compounds inhibited the KSP ATPase activity up to or 
more than 90 %. The compounds showed nanomolar potency, IC50 value 
ranging from 68.42 to 88.65 nM, as compared to Ispinesib (1.42 nM). In 
PI3Kδ inhibition assay, less bulky substituted derivatives, 3a and 3b 
showed highest potency followed by halogen substituted derivatives, 
viz. 3e 3 h and 3 g (IC50 value ranging from 38.21 to 57.75 nM), as 
compared to standard control, Idelalisib (3.55 nM). However, all the 
compounds (3a-l & 1) were selected for further in vitro anticancer po-
tential to find out the most promising molecules. 

The in vitro anticancer study revealed the capability of the com-
pounds to hinder the proliferation of MDA-MB-231 cells by MTT assay. 

Apoptosis is an essential phenomenon for the elimination of terminally 
damaged cells (Su, 2020; Kumari et al., 2021; Hanahan, 2022). During 
this process, a series of changes occur in the cells, like shrinkage, bleb-
bing, nuclear fragmentation, chromatin condensation, and fragmenta-
tion of the chromosomal DNA. These events finally end with cell death 
(Poon et al., 2014). The cytotoxic study of the compounds (3a, 3b, and 
3e) on the morphology of MDA-MB-231 cells showed cell shrinkage, 
apoptotic bodies formation, and membrane blebbing. All such findings 
are features of apoptosis (Elmore, 2007; Alotaibi et al., 2021). Cells 
display diverse alterations throughout the early and late stages of 
apoptosis, like the loss of phospholipid asymmetry (Julian et al., 2015). 
This leads to the exposure of phosphatidylserine on the outer surface of 
the cell membrane. Annexin V is usually employed for the identification 
of apoptotic cells using flow cytometry, as it binds to phosphatidylser-
ine. Staining the cells with Annexin V and PI can differentiate between 
the early (Annexin V stained and PI not stained) and late (Annexin V 
stained and PI stained) apoptotic cells (Lee et al., 2013). The obtained 
flow cytometric data of the current study designated that compound 3a, 
3b, and 3e have induced the early and late stages of apoptosis in MDA- 
MB-231 breast cancer cells. 

Nuclear DNA fragmentation is considered a biochemical hallmark of 
the apoptotic process (Samarghandian et al., 2013). Interestingly, this 
was observed in the MDA-MB-231 cells after exposure to compounds 3a, 
3b, and 3e by gel electrophoresis. Also, measuring the relative expres-
sion levels of the genes that regulate apoptosis (P53, BAX, and BCL-2) 
was performed in this study. The activation of P53 genes often results in 
either cell-cycle arrest or apoptosis. P53 protein is an important regu-
lator which provokes a cellular response to various signals of stress 
(Hassin et al., 2023). This is attributed to its tumour suppressor role via 
persuading the growth arrest, apoptosis, and inhibition of angiogenesis. 
Thus, the low levels of P53 potentiate cell-cycle arrest, whereas its 
higher level induces apoptosis (Borrero et al., 2021; Liebl et al., 2021). 
Apoptosis is controlled by the release of cytochrome C that is affected by 
either pro-apoptotic [Bcl-2-associated X protein (BAX)] or anti- 
apoptotic [B-cell lymphoma 2 (BCL2)] proteins (Qian et al., 2022; 
Kaloni et al., 2023). Investigation of the gene expressions using real-time 
PCR proved that compounds 3a, 3b, and 3e overexpressed P53 and BAX 
and downregulated BCL-2 expression. These findings established that 
compounds 3a, 3b, and 3e induced apoptosis in a P53-dependent 
manner (Ghatei et al., 2017; Lopez et al., 2022; Ismail et al., 2022). Our 
results demonstrated that compounds 3a, 3b, and 3e have exerted po-
tential anticancer effect on the MDA-MB-231 breast cancer cells. 

5. Conclusion 

Twelve novel quinazoline derivatives (5a-l) having similar structural 
features with two known FDA-approved anticancer drugs, Ispinesib 
(KSP inhibitor) and Idelalisib (PI3Kδ) were designed, synthesized, and 
characterized. The molecular docking studies revealed that compounds 
3a, 3b, 3e, 3 g, 3 h have strong binding affinity with KSP and PI3Kδ. All 
these five compounds were found to be potent in nanomolar range in 
inhibiting KSP ATPase and PI3Kδ activity. Compounds 3a, 3b, and 3e 
were found to have lowest IC50 for MDA-MB-231 cells with values 14.51 
µM, 16.27 µM, and 9.97 µM, respectively, as compared to doxorubicin 
(1.41 µM) in MTT assay. The compounds were found to be safe on 
normal oral epithelial cells. The flow cytometric analysis study revealed 
an increase in the early and late apoptotic cells. qRT-PCR study 
concluded that apoptosis was induced in a P53-dependant manner due 
to the upregulation of the P53 and BAX genes in addition to the down-
regulation of the BCL-2 gene. Further study is required to reveal the 
impact of the tested compounds (3a, 3b, and 3e) on other cancer cell 
types at molecular level. 

Fig. 13. Bar chart showing the early apoptosis percentage as revealed from the 
results of the flow cytometry. NS and * indicates a non-significant and signifi-
cant difference, respectively. 
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