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Structure-based design and synthesis of pyrimidine containing reversible epidermal 
growth factor receptor (EGFR) inhibitors 1a–d are reported. The compounds (1a–d) 
inhibited the EGFR kinase activity in vitro with IC50 range 740 nm to 3 μm. mRNA 
expression of EGFR downstream target genes, that is twist, c-fos and aurora were 
found to be altered upon treatment with compounds 1a–d. The compounds 1a–d 
exhibited excellent anticancer activity at low micromolar level (3.2–9 μm) in lung, 
colon and breast cancer cell lines. Furthermore, compounds induced the alteration in 
mitochondrial membrane potential and reactive oxygen species level and. Selected 
compound 1b was found to increase sub-G1 population indicative of cell death, the 
mode of cell death was apoptotic as evident from Annexin V verses propidium iodide 
assay. Molecular modelling further helped to investigate the binding recognition  
pattern of the compounds in ATP binding EGFR domain similar to erlotinib and  
dissimilar to WZ4002.
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1  |   INTRODUCTION

Cancer involves the uncontrolled proliferation of the cells 
and can occur almost in any type of tissue.[1] Cancerous 
cells possess certain characteristics that include tissue in-
vasion, metastasis, evasion of apoptosis, angiogenesis, in-
flammation, immortality which make them insensitive to 
conventional anticancer agents.[2–4] This necessitated the 
need of target-based anticancer drug discovery.[5] Amongst 
the various anticancer drug targets known, epidermal 
growth factor receptor (EGFR) belonging to a family of 
tyrosine kinase, discovered by Stanley and Cohen is well 
characterized and most studied due to its overexpression in 
a variety of cancer especially lung, breast, ovary, etc. and 
autophosphorylation leading to upregulated downstream 
cell signalling.[6]

Quinazoline-based first-generation EGFR inhibitors 
(Figure 1) such gefitinib and erlotinib were approved by 
USFDA in 2002 and 2004, respectively against non-small 

cell lung cancer (NSCLC).[7] However, the emergence 
of acquired resistance and point mutations (T790M and 
L858R) with their use made them ineffective and to over-
come this, development of second-generation EGFR in-
hibitors such as canertinib and afatinib able to make a 
covalent bond with CYS797 took place.[8–10] But, due to 
their skin and gastrointestinal toxicity[11]; possibly be-
cause of their similar quinazoline scaffold and covalent 
bond formation stimulated the researchers to explore an-
other alternate template, that is pyrimidine-based irre-
versible, third-generation EGFR inhibitors for instances 
WZ4002 and osimertinib.[12,13] However, early Phase I 
clinical trials of third-generation EGFR inhibitors are 
found to be promising and effective, but they are likely 
to produce off-target side-effects and toxicities after their 
prolonged use.[14,15]

Thus, based on our previous experiences in anti-
cancer drug discovery,[16–24] we have designed the tar-
get compounds (Figure 2) considering the common 
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pharmacophoric features of erlotinib (reversible) and 
WZ4002 (irreversible)[25] with the assumptions that com-
pounds should: (a) possess pyrimidine ring with 2-alkoxy/
hydroxyl aniline moiety for hydrogen bond interaction 
with MET793, (b) be able to selectively target hypoxic 
tumours by possessing nitro substituent on either or both 
the aromatic rings with/without solubility enhancer due to 
their bioreduction to yield electrophilic substances which 
are capable of damaging protein and nucleic acids[24,26] 
and have radiosensitizing ability,[27] (c) be reversible and 
non-covalent in nature as irreversible inhibitors not only 
make covalent interactions with CYS797 of target but also 
undergo conjugate addition with other nucleophiles in the 

body due to their Michael acceptor property, thereby lead-
ing to off-target side-effects and, (d) be easy to synthesize 
and cost-effective.

In the present work, synthesis and detailed in vitro bi-
ological evaluation of the target compounds are reported. 
Additionally, mechanistic interventions derived through tar-
get based EGFR inhibitory activities, reactive oxygen spe-
cies generation, mitochondrial destabilization potential, the 
effect of EGFR inhibition on its down regulatory mRNA lev-
els through RT-PCR, followed by the arrest of the cell cycle 
with respect to synthetics has been performed. The facts were 
further substantiated through molecular docking methods on 
kinase domain of EGFR.

F I G U R E   1   Chemical structures of some reported epidermal growth factor receptor inhibitors

F I G U R E   2   Design of target 
compounds (1) as epidermal growth factor 
receptor inhibitors
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2  |   EXPERIMENTAL SECTION
2.1  |  General
All the reagents required for synthesis were purchased Sigma-
Aldrich, Loba, Avra and CDH, India and were used without fur-
ther purification. All the reagents for biology were purchased 
from Sigma, Invitrogen and cells were procured from NCCS 
Pune, India. Flow cytometry experiments were performed in 
bd accuri c6 software, and all the absorbance/fluorescent-
based studies were performed on a Biotage microplate reader.

All yields refer to isolated products after purification. 
Products were characterized by spectroscopic data (IR, NMR, 
MS spectra and CHNS analysis). NMR experiments were mea-
sured in CDCl3/d6-DMSO relative to TMS (0.00 ppm). IR 
(KBr pellets) spectra were recorded on a Fourier transform in-
frared (FT-IR) Thermo spectrophotometer. Melting points were 
determined in open capillaries and were uncorrected. All the 
target compounds were characterized by IR, NMR, and Mass 
and/or elemental analyses (see Supplementary information).

2.2  |  Chemistry

2.2.1  |  Synthesis of 2-chloro-4-(3-
nitrophenoxy)pyrimidine (4)
A mixture of 2, 4-dichloro pyrimidine (0.5 g, 3.35 mmol), 
3-nitrophenol (0.46 g, 3.35 mmol) and NaOH (0.134 g, 
3.35 mmol) in acetone and water (3 ml v/v) was stirred at 
60°C for 24 hr. The completion of the reaction was observed 
by TLC. The reaction mixture was then allowed to cool down 
to room temperature and excess of solvent was removed 
using rotary evaporator. Dried compound was washed with 
a solution of 10% sodium carbonate (25 ml × 3) and dried 
over anhydrous Na2SO4 to afford the crude product which 
was used next step without further purification.

2.2.2  |  Synthesis of 2,4-bis(3-nitrophenoxy)
pyrimidine (1a)
A mixture of 2, 4-dichloro pyrimidine (0.5 g, 3.35 mmol), 
3-nitrophenol (0.92 g, 6.70 mmol) and NaOH (0.134 g, 
3.35 mmol) in acetone and water (3 ml v/v) was stirred at 
60°C for 48 hr. The progress of the reaction was monitored 
by TLC. The reaction mixture was then allowed to cool down 
to room temperature and excess of solvent was removed using 
rotary evaporator. Dried compound was washed with a solu-
tion of 10% sodium carbonate (25 ml × 3) and further dried 
over anhydrous Na2SO4 to afford the crude product. The pu-
rity of the isolated 1a was determined by HPLC (Shimadzu) 
(C18, 4.6 × 250 mm, 5 μm), using 25% MeOH as mobile 
phase with a flow rate of 1.0 ml/min. The physical data of 1a 
has been given in Supplementary information.

2.2.3  |  Synthesis of 1-(3-methoxy-4-
nitrophenyl)-4-methylpiperazine (8)
1-methyl piperazine (0.42 ml, 4.378 mmol) and 4-fluoro 
2-methoxy 1-nitrobenzene (0.5 g, 2.91 mmol) were heated at 
50°C for 4–6 hr in DMF and K2CO3 (2 eq., 0.80 g). After the 
completion of the reaction (TLC), the crude mixture was extracted 
with ethyl acetate (10 ml × 3). The organic layer was evaporated 
using a rotary evaporator to afford yellow colour compound.

2.2.4  |  Synthesis of 2-methoxy-4-(4-
methylpiperazin-1-yl) aniline (5)
To a solution of 8 (1.99 mmol, 0.5 g) in methanol (3 ml) 
was added tin (II) dichloride dihydrate (9.95 mmol 2.25 g). 
The reaction mixture was allowed to cool and conc. HCl 
was added (4 ml). The reaction was stirred further at room 
temperature for 6–8 hr. After the completion of the reaction 
(TLC), excess solvent was removed using rotary evaporator. 
The dried compound was washed and basified using conc. 
NaOH (pH 11). The water layer was extracted with diethyl 
ether (25 ml × 3). The combined organic layer was dried 
(Na2SO4), filtered and the solvent was removed under re-
duced pressure to afford the title compound (5).

2.2.5  |  Synthesis of N-(2-methoxy-4-
(4-methylpiperazin-1-yl) phenyl)-4-(3-
nitrophenoxy) pyrimidin-2-amine (1b)
4 (0.5 g, 1.9 mmol) and 5 (0.36 g, 1.6 mmol) were dissolved 
in isobutanol and CF3COOH (1.6 ml, 1.05 mmol) was added. 
The reaction mixture was refluxed for 3 hr. After the comple-
tion of the reaction (TLC), the crude mixture was extracted 
with methylene chloride (10 ml × 3). The organic layer was 
evaporated using rotary evaporator to obtain a brownish col-
our solid that was purified through column chromatography 
(Silica gel #60-120, 70%–30% EtOAc: Petroleum ether) to 
obtain the pure product. The purity of the isolated 1b was 
determined by HPLC (Shimadzu) (C18, 4.6 × 250 mm, 
5 μm), using 30% MeOH as mobile phase with a flow rate 
of 1.0 ml/min. The physical data of 1b has been given in 
Supplementary information.

2.2.6  |  Synthesis of 2-((4-(3-nitrophenoxy)
pyrimidin-2-yl)amino)phenol (1c)
4 (0.5 g, 1.9 mmol) and 5 (0.4 g, 1.80 mmol) in DMF 
and K2CO3 (2 eq.) were heated at 50°C for 5 hr. After 
the completion of the reaction (TLC), the crude mixture 
was extracted with ethyl acetate (10 ml × 3). The organic 
layer was evaporated using a rotary evaporator to afford 
a solid compound. The product was purified through 
column chromatography (Silica gel #60-120, 20%–80% 
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EtOAc: Petroleum ether) to obtain the pure product (1c). 
The purity of the isolated 1c was determined by HPLC 
(Shimadzu) (C18, 4.6 × 250 mm, 5 μm), using 25% 
MeOH as mobile phase with a flow rate of 1.0 ml/min. 
The physical data of 1c has been given in Supplementary 
information.

2.2.7  |  Synthesis of 2-((4-(3-aminophenoxy)
pyrimidin-2-yl)amino)phenol (1d)
1c (0.5 g, 2.21 mmol) was dissolved in methanol (3 ml), 
and to it, tin (II) dichloride dihydrate (9.95 mmol 2.25 g) 
was added. The reaction mixture was allowed to cool and 
conc. HCl was added (4 ml). The reaction was stirred fur-
ther at room temperature for 6–8 hr. After the completion 
of the reaction (TLC), excess solvent was removed using 
rotary evaporator. The dried compound was washed and 
basified using conc. NaOH (pH 11). The water phase was 
extracted with diethyl ether (25 ml × 3). The combined or-
ganic layer was dried (Na2SO4), filtered dried and purified 
by column chromatography (Silica gel #60-120, 60%–40% 
EtOAc: Petroleum ether) to obtain the pure product (1d). 
The purity of the isolated 1d was determined by HPLC 
(Shimadzu) (C18, 4.6 × 250 mm, 5 μm), using 25% 
MeOH as mobile phase with a flow rate of 1.0 ml/min. 
The physical data of 1d has been given in Supplementary 
information.

2.3  |  Molecular docking studies
The protein structure PDB ID: 1M17[28] was procured 
from the protein data bank. It has better resolution of 2.6 
angstroms and contains co-crystallized erlotinib. The li-
gands were prepared using OPLS-2005 force field in the 
Ligprep module. The protein preparation was done using 
the “Prepwiz” module in which addition of hydrogen atoms, 
bond orders assignment, removal of water molecules be-
yond 5 Å and filling the missing side chain and loops using 
PRIME module was done. The preprocessed protein was 
further refined using the OPLS-2005 force field. The grid 
generation was carried out using grid generation module 
considering the centroid of the co-crystallized ligand er-
lotinib. The docking was performed using GLIDE module 
with extra precision (XP) mode.

2.4  |  Biology

2.4.1  |  EGFR inhibitory assay
EGFR Inhibitory potential of the investigational com-
pounds was determined by z-lyte kinase assay kit-tyr4 
peptide (catalogue no. PV3193). The inhibitory effect on 
kinase was measured spectrophotometrically at 400, 445 

and 520 nm, respectively. Erlotinib was used as a positive 
control for the inhibitory assay. For assay mixture consist 
of 133 μl kinase buffer, 0.5 μl kinase peptide mixtures, 
0.5 μl phosphopeptide mixtures, 0.5 μl ATP test sample 
solution. The investigational compounds were serially di-
luted at a concentration of 250, 750 nm and 1, 5, 25 μm in 
4% DMSO. The assay plates were prepared in triplicates 
and were mixed and incubated at room temperature for 
1 hr. After this treatment with 5 μl of development, the so-
lution was done and further kept in dark for another 1 hr. 
Ultimately the enzymatic reaction was stopped with the ad-
dition of 5 μl stop solution. The absorbance was measured 
using UV–VIS spectrophotometer.

Calculation emission ratio: Emission ratio = Coumarin 
Emission (445 nm)/fluorescein emission (520 nm). The ex-
tent of phosphorylation was calculated by following 
formula:

where C0% = average coumarin emission signal of the 100% 
Phos. Control; C100% = average coumarin emission sig-
nal of the 0% Phos. Control; F100% = average Fluorescein 
emission signal of the 100% Phos. Control; F0% = average 
Fluorescein emission signal of the 0% Phos. Control.

2.4.2  |  RT-PCR assay
RNA was isolated from cells using Tri-reagent available 
with Sigma-Aldrich and was in accordance with manufac-
turer’s protocol. Cells were lysed using Tri-reagent and 
then mixed with chloroform and further centrifuged at 
12,000 g for 10 min. The aqueous phase was removed and 
precipitation of RNA was done using isopropanol. The 
precipitates were further pelleted at 7952 g for 10 min. 
The pellet was air-dried and suspended in ultrapure water.

One microgram RNA as template was used to synthesize 
cDNA in presence of MMLV-RT, MMLV-RT buffer, 10 mm 
dNTPs, DTT and RNAse OUT (Invitrogen).

The list of primer used for RT and real-time PCR is given 
below:

c-Fos (Fwd) - 5′ aaggagaatccgaagggaaa
c-Fos (Rev) - 5′ agggcccttatgctcaatct
Twist (Fwd) - 5′ gtccgcagtcttacgaggag
Twist (Rev) - 5′ ccagcttgagggtctgaatc
Actin (Fwd) - 5′ agagctacgagctgcctgac
Actin (Rev) - 5′ agcactgtgttggcgtacag
Aurora-A (Fwd) - 5′ ctcgccaggtaaacagaagc
Aurora-A (Rev) - 5′ ccttagttcgcctctgcatc

% phosphorylation

=1−
(Emission rate×F100%)−C100%

(C0%−C100%)+ [Emission rate(F100%−F0%)]
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2.4.3  |  3-(4,5-dimethythiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay
Antiproliferative potential of the investigational compounds 
was assessed using MTT assay. The assay was performed 
in 96-well plate in which each well was filled with 100 μl 
complete cell suspension media to which treatment with the 
synthetic compounds was given at three concentrations viz., 
1, 5 and 25 μm and incubated thereafter for 24 hr. After 24 hr, 
media was discarded and subsequently washed with 1× PBS 
and was consequently treated with MTT dye (5 mg in 10 ml 
of 1× PBS) at a concentration of 10 μl per well and incubated 
at room temperature in dark for 4 hr to allow the formation 
of formazan crystals. After that formazan crystals were dis-
solved in DMSO and the absorbance was read spectropho-
tometrically using microplate reader at 570 nm. The results 
were then represented as mean ± SD obtained from three in-
dependent experiments.

2.4.4  |  Human peripheral blood 
mononuclear cells (PBMCs), Buccal cell 
culture and MTT assay
Blood from healthy volunteer was drawn and treated with RBC 
lysis buffer to isolate hPBMCs. The cells were then suspended 
in RPMI media supplemented with 10% foetal Bovine serum 
(FBS), 1× antibiotic solution. The suspension was added to 96 
well plate (10,000 cells per well) at 100 μl and was incubated at 
37°C. The treatment with the synthetic compounds was given 
at three concentrations viz., 5 and 25 μm and incubated there-
after for 24 hr and were consequently treated with MTT dye 
(5 mg in 10 ml of 1× PBS) at a concentration of 10 μl per well 
and incubated at room temperature in dark for 4 hr to allow 
formation of formazan crystals. After that formazan crystals 
were dissolved in DMSO and the absorbance was read spec-
trophotometrically using microplate reader at 570 nm. The re-
sults were then represented as mean ± SD obtained from three 

S C H E M E   1   Synthesis of target compounds (1a–d). Reaction conditions: (i) acetone-water, 60°C, 24 hr, 94%; (ii) isobutanol, CF3COOH, 
100°C, 3 hr, 62%; (iii) DMF, K2CO3, 50°C, 5 hr, 60%; (iv) acetone-water, 60°C, 48 hr, 83%; (v) SnCl2 (3–4 equiv), conc. HCl, 6–8 hr, 71%; (vi) 
N-methyl-piperazine, K2CO3, DMF, 50°C, 4–6 hr, 93%, (vii) SnCl2 (3–4 equiv), conc. HCl, 6–8 hr, 73%
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independent experiments. Buccal cavity cells used during the 
experiment were harvested and culture according to the earlier 
described protocol by Weisberg et al.[29,30] All human cell-
based experiment was conducted in accordance with protocol 
no. CUPB/cc/14/IEC/4,483 approved by Institutional Ethics 
Committee of Central University of Punjab, Bathinda, as per 
guidelines issued by Indian Council of Medical Research 
(ICMR), Govt. of India.

2.4.5  |  Reactive oxygen species (ROS) and 
mitochondrial membrane integrity assays
Cancer cells were treated with the investigational com-
pounds. 24 hr post-treatment, the cells were processed for 
JC-1 and DHE staining to study mitochondrial membrane 
polarization and ROS generation, respectively. DHE anal-
ysis was carried out in flow cytometer (BD Accuri) (for 
single cell analysis), and also by measuring OD at 610 nm 
using a microplate reader. JC-1 assay analysis was carried 
out by measuring OD at (emission at 527 and 590) using 
a microplate reader. The experiments were performed at 
37°C followed by washing with 1× PBS to remove the 
extra dye.

2.4.6  |  Cell apoptosis assay and mode of cell 
death (using Annexin V and Propidium Iodide)
Cellular samples (A549 previously treated with compound 
1b for 24 hr) were prepared for staining by transferring 
1 × 106 cell per tube. The cells were further centrifuged at 
115 g for 5 min and washed with 1× PBS. Thereafter cells 
were fixed using chilled ethanol and incubated for 3 hr at 
−20°C. Post 3 hr cells were subjected to centrifugation at 
495 g and washed once with 1× PBS. 50 μl of propidium 
iodide (along with 50 μl Ribonuclease A) was added to each 
well and incubated for 30 min at room temperature in dark. 
The DNA content was then measured using Flow cytometer 
(BD Accuri).

To investigate the exact mode a cell death, Annexin V 
vs propidium iodide assay was performed. The cancer cell 

lines treated with investigational compound 1b previously for 
24 hr were harvested and to each tube added Annexin V dye 
and propidium iodide (above-mentioned steps were repeated) 
and incubated for 30 min at room temperature in the dark.

3  |   RESULTS AND DISCUSSION
3.1  |  Synthesis
Synthesis of the target compounds (1a–d; Scheme 1) was ac-
complished by heating 2, 4-dichloro pyrimidine (2; 1 equiv) 
with 3-nitrophenol (3; 2 equiv) at 60°C in the acetone-water 
mixture under basic condition (sodium hydroxide) for 24 hr 
that regioselectively afforded 4. However, the complete SNAr 
occurred when 2 (1 equiv) was reacted with 3 (2 equiv) and 4 
when treated with 5 at 100°C in isobutanol under the catalytic 
influence of CF3COOH for 3 hr yielded 1b. The compound 
5 was synthesized from 6 using the reported procedure.[31] 
Interestingly, 4 when heated with 5 in DMF at 50°C in the 
presence of K2CO3 for 5 hr, resulted in the formation of 1c, a 
methyl ether as well as N-methylpiperzinyl cleaved product. 
However, deprotection of methyl ether under basic condi-
tions is known but to the best of our knowledge cleavage of 
N-methylpiperzinyl is unreported. Compound 1c underwent 
reduction of the nitro group to afford 1d in methanol when 
treated with SnCl2 (3–4 equiv) and concentrated hydrochlo-
ric acid for 6–8 hr.

All the final compounds were purified by column chro-
matography and were unreported and fully characterized 
by mp, IR, NMR, Mass and or elemental analyses (see 
Supplementary information).

3.2  |  Biological evaluation

3.2.1  |  EGFR kinase inhibitory activity
To investigate EGFR inhibitory potential, investigational 
compounds (1a–d) were screened for inhibition of ATP-
dependent phosphorylation of EGFR and inhibitory poten-
tial was measured spectrophotometrically at 400, 445 and 
520 nm respectively. Erlotinib was used as a positive control 
for the inhibition test. The assay relies upon an enzymatic 
reaction through which autophosphorylation and signalling 
activity of the EGFR is measured.[17] The results are summa-
rized in Table 1. Compounds 1b and 1d showed activities in 
nanomolar range in accordance with erlotinib, whereas com-
pounds 1a and 1c exhibited low micromolar activity.

3.2.2  |  RT-PCR assay
EGFR signalling is a growth promoting signalling that en-
sures cell survival as well as proliferation via modulation 
of target gene expression. As the synthesized compounds 

T A B L E   1   EGFR inhibitory activity of the investigational 
compounds 1a–d

Compound name EGFR inhibitory activity; IC50
a

1a 3 ± 0.65 μm

1b 740 ± 0.6 nm

1c 4 ± 0.91 μm

1d 750 ± 0.32 nm

Erlotinib 195 ± 0.46 nm

aValues are derived from averaging three independent experiments and each  
experiment was performed in triplicate.
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are designed to target EGFR, we proceeded to analyse 
the mRNA expression of EGFR target genes, twist, c-Fos 
as well as aurora. EGFR is known to up-regulate expres-
sion of twist as well as aurora to exert anti-apoptotic 
effect,[17,32] while it down-regulates the expression of 

c-Fos, which is apoptotic in nature.[17,32] Briefly, A549 
cells were treated with designed EGFR inhibitors (at 5 μm 
of concentration) and Erlotinib was used as positive con-
trol for its inhibition followed by RT-PCR-based analysis 
of above-mentioned target gene expression. The results 
showed that twist expression was down-regulated upon 
treatment with 1b, 1c and 1d, as well as erlotinib (Figure 3 
lane 2 of 4) compared to the control cells while Aurora 
expression was downregulated by compounds 1b and 1d. 
On the other hand, same treatments lead to up-regulation 
of c-Fos expression (Figure 3, lane 2–4) compared to the 
control cells. As c-Fos is negatively regulated by EGFR, 
it may be concluded from our results that compounds 1b 
and 1d were able to inhibit EGFR activity which leads to 
down-regulation of twist and up-regulation of c-Fos ex-
pression while aurora, which is also a target of EGFR ki-
nase, expression remained unchanged. β-Actin was used 
as loading control for all the expression studies.

3.2.3  |  Molecular docking
As designed compounds were able to inhibit EGFR ki-
nase activity, a molecular docking of all the compounds 

F I G U R E   3   RT-PCR showing Twist, Aurora and c-Fos alongside 
loading control β-actin after treatment with compounds as indicated 
while Erlotinib (Erl) is used as positive control

F I G U R E   4   (a) Aligned compounds 1a (pink), 1b (yellow), 1c (peach) and 1d (cyan) depicting the similar binding pattern with that of 
erlotinib (green); (b) 3D-interaction diagram depicting the similar binding pattern of 1b (yellow; a representative compound) and erlotinib to the 
EGFR wild type; (c) Aligned compound 1d (peach; a representative compound) and erlotinib (green) depicting the dissimilar binding pattern 
with that of WZ4002 (purple); (d) 3D-interaction diagram depicting the dissimilar binding pattern of 1b (yellow; a representative compound) and 
WZ4002 (purple) to the EGFR wild type
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(1a–d) along with standard EGFR inhibitors, erlotinib and 
WZ4002 into ATP binding site of EGFR kinase domain 
(PDB: 1M17)[28] was performed to theoretically under-
stand and investigate their binding pattern. The favour-
able interactions between the compounds and EGFR were 
scored using Glide (Schrödinger Suite with MAESTRO 
10.6 version). We validated the docking protocol by re-
docking the erlotinib, an EGFR inhibitor, into the crystal 
structure of ATP binding domain of EGFR kinase domain. 
The docked erlotinib exhibited a binding pose similar to 
the co-crystallized erlotinib with a root mean square de-
viation of 1.27 Å which was in good agreement. It was 
observed that all the target compounds occupied the ATP 
binding site with similar binding cavity and interactions 
to erlotinib (Figure 4a,b). However, WZ4002 exhibited U-
shaped pattern dissimilar to erlotinib and target compounds 
(Figure 4c,d). This supported the fact that designed com-
pounds were reversible in nature. It was observed that 1b 
and 1d were found to have better dock score (1b: −7.92 
and 1d: −8.09; erlotinib: −9.02) and hence better EGFR 
inhibitory activity.

In spite of the different binding orientations of target 
compounds and erlotinib as compared to WZ4002, the py-
rimidine ring of all the compounds superimposed each other 
and one of its nitrogen atoms and NH linker formed hydro-
gen bonds with the NH2 and carbonyl oxygen atom of an 
important hinge region residue MET769 of the kinase ATP 
binding site. The hinge residues region of ATP binding site 
starts from the LYS764 and ends with CYS773. The other 
common amino acids such as GLU738, THR766, CYS773 
and ASP831 were involved in the hydrogen bonding inter-
actions whereas LEU768, GLY772 and LEU694 formed 
a hydrophobic pocket and participated in hydrophobic in-
teractions with the compounds. The NO2 group of 1b was 
aligned towards THR766; a gatekeeper residue and involved 
in favourable hydrogen bonding interaction with THR766 
(Figure 5). THR766 is blocked by the addition of the inhibi-
tor while it does not participate in ATP binding. The P loop 
of kinase domain starts from PHE688 and ends with the 
TRP707. It also contains activation loop with DFG motif 
that contains ASP831, PHE832 and residues GLY833. The 
nitrophenyl ring of 1b was surrounded by DFG motif.

F I G U R E   5   3D interaction diagram of 
1b depicting the important interactions with 
the wild-type EGFR kinase domain

Cd

IC50 valuea (μm)

Colon (HCT-116) Breast (MCF-7) Lung (A549)

1a 9.0 ± 0.31 5.1 ± 1.32 5.2 ± 0.54

1b 5.3 ± 0.74 4.9 ± 0.89 3.9 ± 0.65

1c 4.0 ± 0.51 5.2 ± 0.58 4.1 ± 0.44

1d 5.0 ± 1.1 3.7 ± 0.74 3.2 ± 0.92

Erlotinibc –b –b 2.8 ± 0.32
aValues are derived from averaging three independent experiments and each experiment was performed in triplicate.
bNot tested.
cPositive control.

T A B L E   2   Antiproliferative activity of 
investigational compounds 1a–d



      |  9JOSHI et al.

3.2.4  |  Antiproliferative assay
To evaluate the antiproliferative potential[17,21,23] of synthet-
ics (1a–d). MTT-based cell viability assay was performed 
using breast (MCF-7), colon (HCT-116 wild type) and lung 
(A549) cancer cell lines. 10,000 cells (100 μl/well) were 
seeded in 96 well plate and treatments with synthetics at 1, 
5 and 25 μm concentration were given in triplicate followed 
by 24 hr incubation and thereafter analysed via MTT assay. 
The results are compiled in Table 2. Compound 1c was 
found to exhibit IC50 values of 4 μm in HCT-116 wild type, 
Compound 1d exhibited IC50 values of 3.7 and 3.2 μm in 
MCF-7 and A549 cancer cell lines, respectively. However, 
the compounds 1a and 1c were not much active against 
EGFR but showed comparable IC50s against cancer cell lines 
suggesting their alternate mode of anticancer mechanism(s) 
and not solely due to EGFR inhibition.

Further, we also evaluated the investigational compounds 
for their selective toxicities towards normal cells. The experi-
ment was set using normal cells (Buccal Cavity cells) and we 
found no significant cytotoxicity towards normal cells even at 
the highest concentration of 50 μm (Figure 6a). Based on our 
previous research experience[17] whereby we found erlotinib 
possess the acute cytotoxicity to Human Peripheral Blood 
Mononuclear Cells (hPBMCs) at higher concentration, we 

were interested in evaluating our investigational compounds 
for their effect on hPBMCs. To our delight, we observed no 
significant cytotoxicity towards hPBMCs even at the highest 
concentration of 25 μm for 24 hr (Figure 6b).

In order to find out the anticancer effect of compounds in 
addition to EGFR inhibition (if any), we next planned to mea-
sure the intracellular reactive oxygen species (ROS) and al-
teration in mitochondrial membrane integrity of cancer cells 
induced by the compounds as follows.

3.2.5  |  Dihydroethidium (DHE)-based 
reactive oxygen species (ROS) assay
Anticancer effects are generally associated with a change 
in ROS levels inside the cell.[17,21,23] To assess the effects 
of the synthetics on ROS level and to conclude whether the 
anticancer effect of the investigational compounds (1a–d) is 
mediated by free radicals, ROS assay was performed using 
DHE-based fluorescent detection system on lung (A549) 
cancer cell line.

Investigational compounds (1a–d) were evaluated for 
their ROS generation properties at 1, 5 and 25 μm concen-
tration at 610 nm. The results showed that there is not much 
change in ROS levels at all concentration in comparison with 
positive control (Figure 7a).

F I G U R E   6   (a) Per cent survival of buccal cavity cells at 50 μm in response to treatment with investigational compounds (1a–d) for a time 
duration of 24 hr. (b) Per cent survival of human peripheral blood mononuclear cells in response to treatment with investigational compounds 
(1a–d). Data is expressed as mean values ± SD. of three independent experiments

F I G U R E   7   (a) DHE-based assay to measure intracellular reactive oxygen species (ROS) induced by investigational compounds on A549 
cancer cell lines. (b) JC-1 dye-based assay to measure change in mitochondrial membrane potential induced by investigational compounds on A549 
cancer cell line
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3.2.6  |  Mitochondrial membrane integrity 
(JC-1) assay
During programmed cell death several key events occur in mi-
tochondria amongst which mitochondrial transmembrane po-
tential is an important parameter that defines the fate of cancer 
cells. Anticancer drugs are known to cause variation in mito-
chondrial potential which is easily detected by cytofluorimetric 
dyes.[17,21,23] Deviations in mitochondrial membrane potential 
lead to the release of cytochrome-c into cytoplasm thus induce 
intrinsic pathway of apoptosis. To investigate the changes in 
mitochondrial membrane induced by the synthetic molecules 
(1a–d; at 1, 5 and 25 μm concentration) were assayed on A-
549 lung cancer cells using lipophilic cationic dye, 5,5′,6,6
′-tetrachloro-1,1′,3,3′tetraethylbenzimi-dazolylcarbocyanine 
iodide (JC-1). JC-1 dye selectively enters mitochondria and 
reversibly changes colour from red to green as membrane po-
tential decreases (OD590/OD527 ratio). The results showed 

that all the compounds lead to imbalance OD590/527 ratios 
and thus destabilize mitochondrial membrane (Figure 7b) 
which in turn, leads to cytochrome-c leakage to the cytoplasm. 
Cytochrome-c leakage into the cytoplasm is one of the foun-
dation steps during initiation of apoptosis.

3.2.7  |  Cell cycle analysis and mode of 
cell death
Anticancer compounds tend to cause cell death and delay 
the cell cycle progression by arresting cell cycle.[17,21] To 
investigate the specific phase of inhibition, A549 cell line 
was treated with a selected compound 1b at 1, 5 and 25 μm 
concentrations for 24 hr. The results showed no significant 
changes in G1, S as well as G2–M phases, but it was ob-
served that sub-G1 population increased several folds at 
higher concentration of the 1b (0%–30%) indicative of cell 
death. It may be hypothesized that the drug may be toxic to 

F I G U R E   8   (a) Cell cycle analysis using flow cytometry. Compound 1b was used in the study using A549 cancer cell line (EGFR positive) 
that showed apoptosis (sub-G1 phase arrest). (b) The bar graph represents the per cent cell count (DNA) at various stages of cell cycle. (c) 
Analysis of the mode of cell death. The experiment was performed using annexin V vs propidium iodide with compound 1b and positive control 
(camptothecin). The compound 1b binds specifically to annexin V showing mode of cell death as apoptotic
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the cells independent of the status of the cell cycle as it is evi-
dent from the Figure 8a that G1, S and G2–M phases showed 
very less number of cells at a higher dose of the drug com-
pared to the profiles observed in control cells (Figure 8b). 
Another possible explanation is that these cancer cells might 
be having mitotic catastrophy[33] at higher drug concentra-
tions. So, to confirm the mode of cell death, we went on to 
perform annexin V as well propidium iodide staining at the 
same concentrations. Annexin V positive cells indicate apop-
totic populations while under normal conditions, propidium 
iodide does not stain live or early apoptotic cells due to the 
existence of an undamaged plasma membrane. In late apop-
totic and necrotic cells, the integrity of the plasma and nu-
clear membranes declines to allow propidium iodide to pass 
through the membranes which further intercalate into nucleic 
acids and display red fluorescence. Whether the investiga-
tional compound 1b exhibited early apoptosis or the mode 
of cell death was late apoptosis/necrosis the experiment was 
setup using A549 cell line in conjugation with propidium io-
dide and annexin V. This experiment detects the release of 
phosphatidylserine and its conjugation with annexin V dye. 
The result exhibited that the mode of cell death was apopto-
sis (early apoptosis) as seen by annexin V binding to early 
apoptosis quadrant in (Figure 8c). Camptothecin was taken 
as positive control for the study at a concentration of 10 μm.

4  |   CONCLUSION

In summary, we have designed, synthesized and evaluated 
the pyrimidine-based compounds (1a–1d) for their potential 
to exhibit anti-EGFR kinase activity at nanomolar range (1b 
and 1d) and anticancer activity at the low micromolar range. 
The above observations were further supported by the facts 
that they were able to alter the levels of EGFR downstream 
targets and mitochondrial membrane potential leading to the 
initiation of apoptosis of cancer cells. However, compounds 
were not able to alter the intracellular ROS levels of cancer 
cells. Molecular docking studies revealed that compounds 
could align in the ATP binding pocket of EGFR similar to 
erlotinib but dissimilar to WZ4002. Annexin V versus pro-
pidium iodide-based assay suggested that mode of cell death 
was due to apoptosis. All the above observations indicated 
multiple modes of mechanisms involved in anticancer effects 
of compounds. Further results on their detailed antitumor po-
tential will be published in due course.
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