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Introduction

Abstract

The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase (RTK) that initiates
various signaling pathways resulting in processes such as gene expression, proliferation,
angiogenesis, and inhibition of apoptosis. Dysregulation of EGFR signaling causes tumor
development and metastasis. Therefore, targeting EGFR can be introduced as a promising way for
cancer treatment. Angiogenesis, the formation and growth of new capillaries from pre-existing
vasculature, is a key process in many physiological and pathological processes, including embryonic
development, tissue growth, wound healing, cancer, rheumatoid arthritis, diabetic retinopathy,
axon growth, and inflammatory diseases. Vascular endothelial growth factor receptors (VEGFRs),
as receptor tyrosine kinases, especially VEGFR-2, have been introduced as the main mediators of
angiogenesis. Therefore, VEGFR-2 inhibitors could be attractive agents for blocking angiogenesis
and tumor growth. Due to the common downstream signaling pathways of EGFR and VEGFR-2,
simultaneous inhibition of both receptor tyrosine kinases can be used as a valuable method in cancer
therapy. Targeting the ATP-binding site of the tyrosine kinase domain using small molecules, either
reversibly or irreversibly, is one way to inhibit EGFR and VEGFR-2. Different drugs with various
scaffolds such as quinazoline (Vandetanib) and pyrimidine (Regorafenib) have been approved by
the FDA for the treatment of various malignancies. Among them, the quinazoline skeleton is an
attractive core with a wide range of activities. Vandetanib, a quinazoline-based EGFR/VEGFR-2
dual inhibitor, is an orally administered drug for the treatment of locally advanced or metastatic
medullary thyroid cancer. Due to the limited number of multitarget kinases, as well as limitations
in their clinical efficacy, adverse effects, and drug resistance, there is a vital need to introduce
novel inhibitors with superior selectivity and efficacy compared to existing ones to overcome these
challenges. Therefore, we reviewed the structure-activity relationship (SAR), EGFR/VEGFR-2
inhibitory activities, anticancer effects, and docking studies of synthesized quinazoline-based
EGFR/VEGEFR-2 dual inhibitors.

serine and threonine residues, or the phenolic hydroxyl

Cancerisone ofthe mostsignificant threats facinghumanity.
After cardiovascular diseases, cancer is the second leading
cause of death worldwide."” There are various issues
associated with current anticancer drugs, including drug
resistance, lack of selectivity, and toxicity. Given these
challenges, it is imperative to discover chemotherapeutic
agents that are effective and specific simultaneously.>*
In order to discover new anticancer agents, it is crucial
to understand the role of various cellular and molecular
mechanisms in the initiation and progression of cancer
particularly proteins involved in the signal transduction
pathways.>” Protein kinases (PKs) reversibly catalyze the
transfer of a y-phosphate group from purine nucleotide
triphosphates (ATP and GTP) to the hydroxyl groups of

group of tyrosine residues. They act as phosphate acceptors
for their proteins, forming phosphate monoesters. Based
on the amino acids phosphorylated, PKs are divided into
two main families: tyrosine kinases or serine and threonine
kinases. Phosphorylation leads to conformational changes
in proteins or disrupts their surface, influencing the protein-
protein interactions that control the downstream signaling
cascades and potentially impact gene transcription. The
human PK gene family comprises 518 members and
106 pseudogenes, highlighting intricate internal and
external interactions. Among PKs, 90 genes are related
to protein tyrosine kinases (PTKs), including 58 receptor
tyrosine kinases (RTKs) (divided into 20 groups) and 32
nonreceptor tyrosine kinases (divided into 10 groups).
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The RTKs feature an extracellular domain at the protein’s
N-terminal with ectodomains serving as recognition sites
for extracellular signaling ligands, a single transmembrane
alpha-helix, and an intracellular domain containing a
tyrosine kinase domain at the protein’s C-terminal. The
binding of ligands to the extracellular ligand-binding
domain (ECD) of the RTKs results in conformational
changes, often leading to dimerization, activating the
kinase domain, and transmitting signals within the cell.
RTKs are essential enzymes in the signal transduction
pathways, and several physiological processes, including
proliferation, differentiation, migration, and angiogenesis,
rely on them.®' Additionally, they contribute to the
development of several diseases, including inflammatory
diseases, malignancies, and metabolic disorders.'>"?

The Epidermal Growth Factor Receptor (EGFR)

EGEFR is a member of the ErbB family of receptor tyrosine
kinases (RTKs) that initiate signaling pathways, mediating
the actions of epithelial cells. The ErbB family consists of
four closely associated members: ErbB1(HER-1/EGFR),
ErbB2(HER-2/neu), ErbB3(HER-3), and ErbB4(HER-4)
with close similarities in structure and function.'*'
EGEFR is a 170-kd glycoprotein that comprises three main
parts, including an extracellular ligand-binding domain
(ECD), a short transmembrane sequence (TMS), and an
intracellular domain (ICD) with a tyrosine kinase domain.
Approximately 40,000 to 100,000 EGFR receptors are
expressed in each normal cell.'® More than 40 ligands are
involved in the binding, activation, and further signaling
control of EGFR. These include high-affinity ligands
such as EGE transforming growth factor alpha (TGF-a),
heparin-binding EGF-like growth factor (HB-EGF), and
betacellulin, as well as low-affinity ones like amphiregulin
and epiregulin.'””'® The ECD of EGFR consists of four
domains, including two homologous I and III domains as
the ligand-binding site, and two cysteine-rich domains,
comprising II and IV."® Binding of a ligand to EGFR
results in homo- or heterodimerization of the receptor at
the extracellular region, followed by internalization and
autophosphorylation of the tyrosine kinase domains.”
Phosphorylated tyrosine kinase domains serve as binding
sites for recruiting signal transducers and activators of
intracellular proteins, like Ras, which in turn stimulates
intracellular signaling pathways. The Ras-Raf mitogen-
activated protein kinase (MAPK) and the phosphatidyl
inositol 3 kinase (PI-3K)/Akt pathways are the two main
signaling cascades for the HER family.*** Several biological
processes are regulated by these signaling pathways, like
gene expression, proliferation, angiogenesis, and apoptosis
inhibition, all of which play a crucial role in the cancer
progression.”** Overexpression of EGFR is observed in
a large number of solid tumors, including colon cancer,
breast cancer, non-small-cell lung cancer (NSCLC), head
and neck cancer, renal cancer, and ovarian cancer.”® This
activation can subsequently trigger downstream signaling
cascades.”” Overactivation, overexpression, or mutation of

EGFR may cause dysregulated EGFR signaling, leading to
tumor growth and metastasis.** The significant beneficial
role of targeting EGFR in several types of cancers, including
non-small cell lung cancer, colorectal cancer, squamous
cell carcinoma of the head and neck, pancreatic cancer,
and breast cancer has been well-established by a number
of research studies.”® Therefore, the development of new
antitumor compounds that specifically target EGFR can be
considered for cancer therapy.*"*

EGEFR Inhibitors

Monoclonal antibodies (mAbs) and tyrosine kinase
inhibitors (TKIs) are two approaches for targeting and
blocking the activation of EGFR, each working through
different mechanisms. Binding of mAbs to the ECD can
prevent EGFR activation, while TKIs target the tyrosine
kinase of ICD. Additionally, in non-small cell lung cancer
(NSCLC), colorectal cancer (CRC), pancreatic cancer,
breast cancer, and squamous cell carcinoma of the head and
neck (SCCHN) overall survival, progression-free survival
(PES), and overall response are all extended.** Small
molecules targeting TK interact reversibly or irreversibly
with the ATP-binding pockets of the tyrosine kinase
domain, blocking autophosphorylation and activation
of several downstream signaling pathways. Gefitinib and
erlotinib, as first-generation reversible TKIs, are clinically
associated with a better prognosis for patients with non-
small cell lung cancer with EGFR-activating mutations.
Second-generation irreversible inhibitors, such as afatinib
and dacomitinib, exhibit increased activity against EGFR
oncogenic cells. However, patients who respond to these
therapies eventually develop acquired resistance within
9-14 months. In nearly 60% of these cases, the secondary
point mutation T790M (substitution of methionine
with threonine at amino acid position 790) is observed.
Third-generation inhibitors, like osimertinib, olmutinib,
and rociletinib, have been introduced to overcome the
aforementioned resistance (Figure 1).** Also, cetuximab
and panitumumab are two anti-EGFR mAbs that are
currently available for clinical use. Several researches
have shown the significant effects of EGFR-targeted
drugs in numerous types of cancers, including metastatic
KRAS-negative SCCHN /CRC, metastatic or locally
advanced NSCLC, HER2-overexpressing breast cancer,
and metastatic or advanced pancreatic cancer.”® Figure 2
shows the pharmacophoric features of Erlotinib, an FDA-
approved quinazoline-based EGFR inhibitor.**

Vascular Endothelial Growth Factor Receptor (VEGFR)
and Angiogenesis

The formation of new blood vessels, known as
vasculogenesis and angiogenesis, is involved in several
physiological and pathological processes. These processes
include embryonic development, tissue growth, wound
healing, cancer, rheumatoid arthritis, diabetic retinopathy,
axon growth, and inflammatory diseases. These signaling
routes are mediated through a variety of factors such
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Figure 1. The structures of EGFR tyrosine kinase inhibitors.

as vascular endothelial growth factors (VEGFs), basic
fibroblast growth factor (bFGF), platelet-derived growth
factor (PDGF), ephrin-Eph receptors, angiopoietin-1I,
hepatocyte growth factor (HGF), transforming growth
factor-p (TGF-f), and interleukin 6 (IL-6), etc.®®
Vasculogenesis is a fundamental process in the formation
of the blood vessel system in embryos. It occurs through
the de novo production and differentiation of endothelial
precursor cells into endothelial cells, representing the initial
stage of the vascular network formation. Angiogenesis is a
vital physiological process that involves the growth of new
capillaries from the pre-existing vasculatures developed
during the earlier stage of vasculogenesis. This process is
characterized by continuous growth, sprouting, splitting,
and further growth of vessels.”® It plays a crucial role in
providing oxygen and nutrients to cells, as well as removing
waste materials, and is a vital step in the development of
tumors and metastasis.”>** The human VEGF/VEGFR
system consists of five main ligands, including VEGF-A
(also known as VEGF), VEGF-B, VEGF-C, VEGEF-D,
and PGF (placental growth factor). It also includes three
main VEGF receptors VEGFR-1 (Flt-1), VEGFR-2
(KDR), and VEGEFR-3 (Flt-4). Additionally, there are
two non-protein kinase co-receptors, neuropilin-1 and

neuropilin-2 (NRP-1 and -2). VEGFR-1 and VEGFR-2
are involved in angiogenesis, while VEGFR-3 is a main
regulator of lymphangiogenesis. Among all mentioned
receptors, VEGFR-2 is primarily found in vascular
endothelial cells and serves as the major signal transducer
for angiogenesis. It functions through multiple pathways,
such as PLCy-PKC-MAPK, PLCy-PKCeNOS-NO, TSAd-
Src-PI3K-Akt, SHB-FAK-paxillin, SHB-PI3KAkt, and
NCK-p38-MAPKAPK2/3. As a result, VEGFR-2 is a
key target for controlling angiogenesis in malignancy. It
also plays a critical role in the management of neuronal
degeneration and ischemic diseases due to its participation
in proangiogenesis.”

VEGFR-2 Inhibitors

Vascular endothelial growth factor receptors (VEGFRs)
and their ligands, vascular endothelial growth factors
(VEGFs), have a key role in regulating both physiological
and pathological angiogenesis. The binding of VEGF
to VEGFR-2 is the critical pathway that activates
angiogenesis. Similar to EGFR, when dimeric VEGFs
bind to monomeric VEGFR-2, it results in receptor
dimerization and activation.***! The activation of vascular
endothelial growth factor receptor 2 (VEGFR-2/KDR)
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Figure 2. Pharmacophoric features of Erlotinib as FDA-approved EGFR inhibitor.

can initiate a number of signaling pathways, leading to
downstream signal transduction, biological responses, and
pathological mechanisms in angiogenesis. This enhances
vascular permeability, proliferation, and metastasis of
cancer cells.*** Consequently, blocking the activation
of VEGFR-2 is a promising strategy for inhibiting
angiogenesis and improving cancer chemotherapy.** It
can be achieved through different methods. Firstly, RNA
interference (RNAI), antisense oligonucleotides (ASOs),
and ribozyme (Rz) can block the expression of VEGF
and VEGFR-2 genes.*>* The second approach is to block
the binding of VEGF to VEGFR-2 using of neutralizing
antibodies (nAbs) and soluble VEGFR-2 (sVEGFR-2).
Small molecule inhibitors targeting the VEGF/VEGFR-2
tyrosine kinase domain can also effectively inhibit
angiogenesis.”>*® Vascular endothelial cells can be targeted
for destruction by linking VEGF with toxic small molecules
or VEGFR-2 monoclonal antibodies (mAbs) with small
molecule inhibitors. This strategy effectively hinders the
growth and development of vascular endothelial cells that
overexpressVEGFR-2.%7 Several VEGFR-2 inhibitors are
available, including regorafenib, sorafenib, pazopanib,

sunitinib, tivozanib, and vatalanib (Figure 3).** Figure
4 displays the pharmacophoric features of VEGFR-2
inhibitors based on the structure of sorafenib, an FDA-
approved VEGFR-2 inhibitor.

Types of Small Molecule Kinase Inhibitors

The active conformation of protein kinases is targeted by
conventional kinase inhibitors, such as ceritinib, crizotinib,
gefitinib, pazopanib, ruxolitinib, and vandetanib, which
competitively bind to the ATP bindingsite. Due to the highly
conserved ATP binding site of protein kinases, designing
selective small molecule inhibitors that only target the
ATP site is challenging. Reversible inhibitors (Type-I
inhibitors) must compete with the high concentration
of ATP, resulting in a decrease in their efficacy. Given
that most inactive protein kinases have a DFG-out
conformation, Type-II inhibitors, also known as DFG-out
inhibitors, can stabilize this inactive conformation and
demonstrate higher potency and selectivity compared to
Type-I inhibitors. Drugs like imatinib, sorafenib, nilotinib,
regorafenib, and ponatinib have been developed as Type-II
inhibitors. The Type-III kinase inhibitors (pexidartinib and
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Figure 3. The structures of VEGFR-2 tyrosine kinase inhibitors.
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Figure 4. Pharmacophoric features of sorafenib as FDA-approved VEGFR-2 inhibitor.

selumetinib) interact outside of the ATP-binding site and
act as allosteric inhibitors, making them noncompetitive
inhibitors of kinases. Their interaction near the ATP-
binding sites allows for highly selective inhibition. Type-
IV kinase inhibitors, also known as substrate-directed
inhibitors, like ON012380, reversibly bind outside the
ATP binding site, which is distinct from the ATP-binding
site. They are noncompetitive with ATP, making them
highly selective kinase inhibitors. Lastly, the covalent
kinase inhibitors (afatinib, ibrutinib, and dacomitinib) are
Type-V inhibitors that irreversibly bind to the kinase active
site through a covalent bond with the cysteine residue.**

EGFR/VEGFR-2 Dual Inhibitors

EGFR and VEGFR-2, which share common downstream
signaling pathways and functional relationships, can
contribute to the progression of several malignancies.
Additionally, blocking EGFR leads to a decline in VEGF
expression, which is a key inducer of angiogenesis.
Furthermore, inhibiting VEGFR-2 improves the
effectiveness of EGFR inhibitors.**  Therefore,
simultaneously inhibiting both signaling pathways can be
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considered a valuable method in cancer treatment.” Figure
5 illustrates dimerization, activation, shared signaling
pathways, and some small molecules TKIs.

Vandetanib (ZD6474), a 4-anilinoquinazoline, is one of
the FDA-approved drugs in 2012 that acts as an inhibitor
of multiple receptor tyrosine kinases, targeting both EGFR
and VEGFR-2 (Figure 6). Developed and successfully
marketed as a new therapeutic agent by AstraZeneca
in 2010, it is taken orally once a day for the treatment of
unresectable locally advanced or metastatic medullary
thyroid cancer.™

Figure 7 shows the pharmacophoric features of
vandetanib as EGFR/VEGFR-2 dual inhibitors with a
quinazoline scaffold."?

Development of quinazoline-based EGFR/VEGFR-2 dual
inhibitors: SAR and docking studies

Currently, various EGFR/VEGFR-2 dual inhibitors have
been designed and synthesized with different scaffolds.
This review aims to highlight the SAR, biological activities,
including cytotoxic activity and inhibition of EGFR/
VEGEFR-2, and the binding modes of quinazoline-based
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Figure 5. EGFR/VEGFR-2 common downstream signaling pathways and their small molecules TKis.
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compounds in docking studies, focusing on the recent
progress in design and synthesis of novel quinazoline-
based dual inhibitors.

Several 4-anilinoquinazoline derivatives were designed
and synthesized by Garofalo et al.** (Figure 8). These new
compounds were assessed for their cytotoxic effects on
hormone-independent prostate cancer cell lines (PC3)
and their ability to inhibitor EGFR and VEGFR-2. Urea
containing derivatives (compounds 2d-2j) showed slightly
lower cytotoxicity than the reference drug gefitinib, while
other compounds (compounds 2a-2¢) did not exhibit
significant cytotoxic activity, with IC_s greater than 10
uM. Urea derivatives bearing a phenyl group (compound
2d) or 2,4-difluorophenyl group (compound 2f) were
more cytotoxic than compounds with the bulky steric
substituents. Replacing one of the methoxy groups at
the 6- or 7-position of the quinazoline skeleton with
a diethylaminoethyl group (groups A and C) led to a
significant drop in enzymatic activities. Also, aliphatic-
urea derivatives (compounds 2h-2j) and carbamic acid
ester derivatives (compounds 2b and 2c) were not effective
cytotoxic agents. All of the compounds showed mild to
moderate inhibitory activity against EGFR and VEGFR
kinases. Most alkyl or arylurea derivatives exhibited
promising results against VEGFR-2, making them selective
VEGEFR inhibitors with IC, values ranging from 4.31 to

H-bond donor/acceptorin the spacer region

/N

Hydrophobic tail

6.62 uM. This may be due to the hydrogen bond formation
of urea oxygen and the NH moiety with the active site of
VEGEFR-2. Replacing the urea with a carbamic acid methyl
ester moiety (compound 2b) resulted in a dual EGFR/
VEGEFR active agent (IC_, values of 6.87 and 5.79 uM on
EGEFR and VEGEFR-2, respectively), whereas its ethyl ester
(compound 2c¢) did not show activity on EGFR. These
results indicate that bulky groups such as ethyl carbamate
(compound 2¢) with an IC_ of 5.62 uM or urea derivatives
(compounds 2d, 2e, 2g, 2h, and 2i) with IC,  values ranging
from 4.31 to 6.18 uM resulted in increased inhibitory
activity on VEGFR-2 kinase. However, those modifications
on the aniline ring led to a complete loss of activity on
EGFR.

Riadi and colleagues® reported the preparation of a novel
quinazolinone molecule, ethyl 2-((3-(4-fluorophenyl)-6-
methyl-4-oxo0-3,4-dihydroquinazolin-2-yl)thio)acetate
(Figure 9). They also studied its cytotoxicity towards three
cell lines: HeLa (human cervix cancer), A549 (human
lung adenocarcinoma), and MDA-MB-231(triple-negative
breast cancer). In addition, its inhibitory activities against
EGFR and VEGFR-2 tyrosine kinases were studied.
Compound 4 showed significant cytotoxicity towards
A549, MDA-MB-231, and HeLa cells (IC,, values of
0.57, 1.19, and 1.26 uM, respectively) compared to the
reference drug, docetaxel. (IC,, values of 10.08, 3.98,

Hydrophobic head

Flat heteroaromatic ring to bind the adenine

binding pocket

Figure 7. Pharmacophoric features of vandetanib as FDA-approved EGFR/VEGFR-2 dual inhibitor.
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Figure 8. Structure of 4-anilinoquinazoline derivatives containing amide, carbamic acid ester, and urea moieties.

and 9.65 pM, respectively). This compound also showed
IC,, values of 61.2 and 192 nM on EGFR and VEGFR-2
kinases, respectively. However, docetaxel, as the standard
drug, exhibited higher inhibitory activity on EGFR and
VEGFR-2 (IC, values of 56.1 and 89.3 nM, respectively).
Notably, the inhibitory activity against EGFR was better
than that against VEGFR-2 tyrosine kinase. Furthermore,
the results of the docking study were in line with the
in vitro tests, showing that the compound had better
binding energy with EGFR (-6.63 kcal/mol) than with
VEGFR-2(-5.97 kcal/mol). This stronger affinity for
EGFR, in comparison with VEGFR-2, may be related to
two hydrogen bonds formed between the carbonyl of the
quinazoline core and the ethoxy group of this compound,
as well as Met793 and Cys797 of EGFR, respectively. Also,
a halogen bond was formed between the fluorine and
Pro794 of EGFR. Conversely, this compound did not show

Met793 (H-bond )

(0]

Cys797 (H-bond )

i
’
.

compound 4

IC5q values of 56.1 against EGFR and 89.3 nM against VEGFR-2

Figure 9. Structure of new quinazolinone molecule containing
thioacetate group.

strong interactions with the VEGFR-2 complex and only
displayed some moderate intermolecular interactions,
which were in line with the activity on the VEGFR-2.

In a study by Bang et al®, a group of novel dual
inhibitors targeting EGFR and VEGFR-2 was designed and
synthesized (Figure 10). Also, the most potent inhibitor
against EGFR and VEGFR was evaluated for its toxicity
against four cell lines containing A431(human epidermoid
squamous carcinoma), HUVEC (human umbilical vein
endothelial cells), H1975 (human non-small cell lung cancer
cells), and Hs27 (human skin fibroblast cells). In this study,
different chain lengths (n) ranging from 1 to 3 carbons at
the 7-position of the quinazoline core were utilized. All the
synthesized analogs presented better IC_; values for EGFR
ranging from 2 to 10 nM than ZD-6474 as the standard
compound (IC, of 800 nM). However, compounds with
a one-carbon chain length (compounds 5¢-5i) exhibited
better VEGFR-2 inhibitory activity than derivatives with
two- (compound 5a) or three-carbon (compound 5b)
chain lengths. Also, the impact of R-substituted derivatives
was investigated, which were substituted with various alkyl
and heteroalkyl groups for the one-carbon chain length.
The analogs containing heteroalkyl groups (compounds
5g-51) displayed better inhibitory activities than the alkyl
substitutes. Among the analogs, compounds bearing
dimethylaminomethyl (compound 5g) and methoxymethyl
(compound 5i) substitutions presented stronger inhibition
of both EGFR and VEGFR-2. In addition, the compound
with dimethylaminomethyl and a one-carbon chain length
(compound 5g) demonstrated potent cytotoxicity against
A431, HUVEC, and H1975 (IC, values of 14, 93, and130
nM, respectively) compared to ZD-6474 and gefitinib as
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Figure 10. Structure of the synthesized 4-anilinoquinazoline acrylamide derivatives.

standard drugs (IC,  values ranging from 43 to >1000 nM).
However, this compound did not show any cytotoxicity on
Hs27 (IC,, value of >1000 nM). Therefore, this compound
revealed strong cytotoxic activities against cell lines, which
overexpressed EGFR (A431) and VEGFR-2 (HUVEC)
as well as a Ist generation EGFR inhibitor-resistant cell
line (H1975). Additionally, this compound significantly
blocked the angiogenesis in mice in a dose-dependent
manner due to the inhibitory activity on VEGFR-2.

Antonio Garofalo and his colleagues reported on a
study involving a series of anilinoquinazoline derivatives
that contain carbamic acid esters on the aniline ring.
The synthesized compounds were evaluated for their in
vitro inhibitory activity on EGFR and VEGFR-2 kinases,
as well as their cytotoxic activity against various cancer
cell lines, including PC3, HT29 (colon cancer cell line),
MCF-7 (breast cancer cells), and EAHY926 (umbilical
immortalized cancer cell line with overexpressed VEGFR-2
glycoprotein) (Figure 11).
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activity against both EGFR and VEGFR-2 kinases among all
synthesized compounds. Introduction of urea (X: NH) or
amide (X: CH,) derivatives resulted in a decrease in activity
on the two kinases. Compounds with a carbamic acid ester
at the para-position of the aniline ring (compounds 6a, 6b,
and 6¢) showed better activity on EGFR and VEGFR than
those with this group at the meta-position. Compounds
bearing methyl or chlorine groups at the ortho position
of the carbamate group showed dual inhibitory activity
against both EGFR and VEGFR-2 with submicromolar
IC,, values. Ethyl and propyl carbamates (compounds 6a,
6b, and 6¢), in comparison with methyl and butyl ones,
indicated better kinase inhibition targets. The substitution
of two chlorides on the ortho and meta positions of the
aniline ring led to a significant reduction in inhibitory
activity on EGFR and VEGFR-2 due to the steric hindrance.
Substitution of the methoxy groups located at the 6- or
-positions of the quinazoline scaffold with alkylamino
groups as a basic side chain led to an improvement in the
cytotoxicity. Substitution of the methoxy group at the 6- or
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6a: Ry:CHj; Ry:CHj: Ry:Ethyl: Ry:3-Cl; X:O; 4' carbamic acid ester (ICs, values of 0.9 and 0.5 pM against EGFR and VEGFR-2)
The most potent dual inhibitor
6b: R;:CH3; R,:CHj; Ry:Ethyl; Ry:3-CHj: X:O; 4' carbamic acid ester (ICs, values of 0.9 and 0.65 uM against EGFR and VEGFR-2)
6¢: Ry:CHj; Ry:CHj; Rj:Propyl; Ry:3-CHj: X:O: 4' carbamic acid ester (ICsq values of 0.9 and 0.85 uM against EGFR and VEGFR-2)

Figure 11. Structure of 4-aniliquinazoline carboxamide ester, urea, and amide derivatives.
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7-position of the quinazoline skeleton by a diethylamino
side chain resulted in a considerable reduction in enzymatic
activities. It is worth mentioning that substitution of the
methoxy group with alkylamino at the 7-position of the
quinazoline core is better tolerated than at the 6-position.
Piperidine and morpholine side chains at the 7-position of
the quinazoline core exhibited a significant reduction in
EGEFR inhibition, with an IC_ value of more than 1 uM.
However, they showed increased activity on VEGFR-2.
None of the synthesized compounds displayed significant
cytotoxicity on all evaluated cell lines in comparison with
gefitinib and vandetanib as the standard compounds.
Piperidine ethoxy at the 7-position of the quinazoline
scaffold derivatives showed promising antiproliferative
activity on HT29 cells (IC,, <6 uM). A butoxy side chain
at the 6-position revealed significant cytotoxicity on PC3
and EAHY926 cells (IC, <3 uM), surpassing the effects of
gefitinib and vandetanib. These findings confirmed that
these modifications caused an increase in antiproliferative
activity. Compounds with a propoxy side chain at the
7-position of the quinazoline skeleton also represented
notable inhibition of VEGFR-2 with an IC, <1 uM. In
the molecular docking study into the ATP active site of
EGFR, the N1 nitrogen of the quinazoline interacted with
the Met769 NH of EGFR through a hydrogen bond. Also,
the N3 nitrogen of quinazoline formed a hydrogen bond
with the Thr766 hydroxy group. Furthermore, the NH
and the carbonyl oxygen of the carbamate group showed
interactions with NH of Glu738 and Thr830, respectively.
In the ATP active site of VEGFR-2, the quinazoline core
indicated various interactions between the CO carbamate
group and Aspl046 as well as the NH carbamate group
and the Lys866 and Glu883. The essential hydrogen bond
interaction was observed between the N1 of the quinazoline
core and the Cys919.”

The best EGFR (3'urea) and VEGFR-2
(4' urea) inhibitory activities
(82 and 17 nM, respectively) ~ 1

U R

R:{CH;0} MorpholineCH>CH>CH:0, _/—N
et HO 5

4-Anilinoquinazoline urea derivatives were synthesized
and evaluated for their inhibition of EGFR and
VEGFR-2. A molecular docking study was carried out for
investigating the interactions with kinases (Figure 12).
The 4-anilinoquinazoline scaffold plays a critical role in
activity against EGFR. So, sorafenib with a pyridine ring
instead of a quinazoline core lacks activity on EGFR. The
3’-urea linker (compound 7a) showed increased inhibitory
activity toward EGFR compared to the 4’-urea substitute
(compound 7b), whereas the opposite was observed for
VEGFR-2. Substitution of 4-chloro-3-(trifluoromethyl)-
phenyl with 3-chloro-4-fluorophenyl on phenyl urea
(R,) led to an inactive compound against both EGFR
and VEGFR-2. Using 3-methyl (R,) on the phenyl urea
resulted in a substantial loss of activity against EGFR and
VEGEFR-2. Also, some compounds containing aliphatic
tertiary amino substitutes with an ether linked to the
7-position of the quinazoline skeleton were synthesized.
Removing the substitute at the 6-position of the
quinazoline core decreases molecular weight and prevents
potential metabolic liability. Introduction of the more polar
hydroxyl-containing group, 4-(2-hydroxyethyl)piperazin-
1-yl or ethyl(2-hydroxyethyl)amino at the 7-position of
the quinazoline core, resulted in improved inhibitory
activity against EGFR and VEGFR-2. It has been proven
that the inhibitory activity toward kinases is affected by
both the substituted urea group (R,) and substituent at
the 7-position of the quinazoline (R,). Docking was done
in the ATP binding site of the DFG-out conformation of
VEGEFR-2 (PDB code 20H4). The quinazoline core resides
in a hydrophobic pocket containing Leu838, Ala864,
Phe916, and Leul033. Quinazoline N1 forms a hydrogen
bond with the Cys917 backbone in the hinge region. The
para-substituted aniline ring occupies a hydrophobic
pocket near the ATP binding site. The carbonyl and two

Ry: 3-CF3-4C1, 3-C1-4-F, CH3
N——
The best dual inhibitors
Ry

The best VEGFR-2 inhibitory activity
o

The best EGFR inhibitory activity

A

_/_/ , (OHCH2CH2)(CH2CH2)NCH>CH,0

[o]

3

N -
2N =27

\_é

7a: Ry:MorpholineCH,CH,CH,0; Ry:OCHj3: R3:3-CF3-4-Cl; 3' Urea (ICsq value of 82 nM against EGFR)
The most potent EGFR inhibitor
7b: Ry:MorpholineCH,CH,CH,0: R»:OCH3: R3:3-CF3-4-Cl; 4' Urea (ICs) value of 17 nM against VEGFR-2)
The most potent VEGFR-2 inhibitor

Figure 12. Structure of 4-aniliquinazoline urea derivatives.
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NHs of urea interact with the backbone of Asp1044 and the
side chain of Glu883 through hydrogen bonds, respectively.
The terminal 4-chloro-3-(trifluoromethyl)phenyl occupies
another hydrophobic pocket lined with Ile866, Leu887,
11e890, Leul017, and His1024.%®

In another study by Zhang et al*, some
4-anilinoquinazolines with unsymmetrical diaryl urea
derivatives were synthesized and tested for their inhibitory
activity on EGFR and VEGFR-2. The cytotoxicity of the
compounds was also evaluated against three cell lines: HT-
29, MCF-7, and H460 (human lung cancer) (Figure 13).

A benzyloxy group at the 7-position (R) of the
quinazoline core resulted in a significant reduction in
inhibitory activity towards EGFR and VEGFR-2 (IC, > 10
uM). Also, substitution of chlorine at the ortho position
of the urea (X) on the aniline ring led to an increase in
inhibition on both kinases. Compounds containing
a 4-methylpiperazine moiety at the 7-position of the
quinazoline scaffold showed better activity on both EGFR
and VEGFR-2 in comparison with the compounds with a
morpholine and piperidine group at this position. However,
morpholine (compound 8b) or piperidine substitutes at
the 7-position of the quinazoline core caused a significant
decrease in inhibitory activity on EGFR, but increased
activity on VEGFR-2 compared to the 4-methylpiperazine
group (compound 8a) at the mentioned position,
considering that all compounds contained meta and para-
dimethyl substituents on the phenyl urea (R,) (1 and 14 nM
against EGFR and VEGFR-2, respectively). Substitution of
phenylurea with a glycine methyl ester group (compound
8c) exhibited moderate inhibition against EGFR and
VEGEFR-2. Cellular cytotoxicity evaluation showed that
chlorine in the ortho position of the urea group is critical for
cytotoxic activity (compounds 8a and 8b). The compound
bearing piperidine at the 7-position of the quinazoline core,
as well as meta and para methyl substitutes (R,), exhibited
the best cytotoxicity on all tested cancer cell lines. It showed

IC, values of 1.85 uM for HT-29, 1.27 uM for MCF-7, and
2.90 uM for H460. Additionally, this compound displayed
moderate inhibitory effects on EGFR and VEGFR-2.
Similarly, the compound bearing a piperidine substitute at
the 7-position of the quinazoline scaffold and p-chlorine on
the phenyl urea ring (R,) exhibited high cytotoxic activity
against three cancer cell lines (IC_, <5 uM). Using glycine
methyl ester (compound 8c) instead of phenylurea led to a
complete loss of cytotoxicity (IC_, > 50 uM) in most of the
compounds. Docking studies showed that the protonated
N4 of piperazine formed an ionic bond with Asp1003 in
the ATP binding site of EGFR. N1 of the quinazoline and
NHs of urea moiety interacted with Met793 and Asp855
with hydrogen bonds, respectively. Furthermore, Val726,
Leu718, and Leu844 played a role in forming hydrophobic
interactions with the compounds. The hydrophobic pocket
containing Leu838, Ala864, Phe916, and Leul033 amino
acids interacted with the quinazoline nucleus. In VEGFR-2
docking studies, quinazoline N1 as well as the carbonyl and
NHs of the urea formed hydrogen bonds with the Cys917
backbone as well as the Asp1044 backbone and Glu883
side chain, respectively. The phenyl of aniline occupied
the hydrophobic pocket near the ATP binding site. The
3,4-dimethylphenyl urea located into another hydrophobic
pocket lined with Leu887, I1e886, Leul017, and I1e890.
4-anilinoquinazoline-acylamino  derivatives ~ were
synthesized and evaluated for the cytotoxicity against three
cell lines, including HT-29, MCF-7, and H460, as well as
inhibitory activities towards EGFR and VEGFR-2 (Figure
14). Also, a docking study was carried out to investigate the
binding mode of the synthesized compounds.
Compounds with a benzyloxy chain at the 7-position of
the quinazoline core presented a reduction in inhibitory
activity against EGFR and VEGFR-2 (IC,>10uM). On
the other hand, compounds with a 4-methylpiperazinyl
propoxy group at the 7-position of the quinazoline scaffold
(compounds 9a and 9b) showed better potency against both

The highest activity on both EGFR and VEGFR-2
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8a:R;:N-methylpiperazineCH,CH,CH); ;R,:m-CH,, p-CHj; X:Cl
1 and 79 nM against EGFR and VEGFR-2, respectively (The most potent EGFR inhibitor)
8b:R,:MorpholineCH,CH,CH), ;R,:mCH;, p-CHj; ;X:Cl
51 and 14 nM against EGFR and VEGFR-2, respectively (The most potent VEGFR-2 inhibitor)

Figure 13. Structure of 4-anilinoquinazoline derivatives containing phenylurea and a glycine methyl ester groups.
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kinases in comparison with the compounds with piperidin-
1-yl ethoxy and morpholin-4-yl propoxy substitutes at this
position. Most of the compounds demonstrated moderate
to good anti-proliferative activities. The compound with
4-methylpiperazin-1-yl propoxy at the 7-position of the
quinazoline core and a m-Cl group on the phenylamide
displayed the best cytotoxicity against HT-29, MCF-7, and
H460 cells with IC_ values of 5.27, 4.41, and 11.95uM,
respectively. Interestingly, the compound containing
piperidin-1-yl ethoxy at the 7-position of the quinazoline
skeleton showed high selectivity towards MCF-7 (IC, of
0.10 uM on MCF-7 versus IC, values of 5.12 uM and 16
uM against HT-29 and H460, respectively).

In the ATP binding site of EGFR, the protonated N4 of
piperazine interacted with Glu804 via an ionic bond. A
hydrogen bond formed between N3 of the quinazoline core
and the Cys797 backbone. Also, hydrophobic interactions
were observed with a pocket lined with Val726, Leu718, and
Leu844. Within the ATP-binding cavity of VEGFR-2 kinase
(PDB:4ase), N1 of the quinazoline core, N4 of piperazine,
and the NH of the acylamino interacted through H-bonds
with Cys919, Leu840, and Glu885, respectively. Fitting into
the DFG-out conformation of VEGFR-2 (PDB:20H4) was
comfortable, with the quinazoline skeleton occupying a
hydrophobic pocket created by Leu838, Ala864, Phe916,
and Leul033 amino acids. N1 of the quinazoline core
accepted a hydrogen bond from the backbone of Cys917
in the hinge region. The methoxy at the 6-position of
the quinazoline formed hydrogen bonds with two NHs
of Argl049. The phenylamide occupied the hydrophobic
pocket neighboring the ATP binding site. The carbonyl
and NH of the acylamino interacted with the backbone of
Asp1044 and the side chain of Glu883 through hydrogen
bond interactions. The terminal phenyl was located in

The highest activity on VEGFR-2

a second hydrophobic pocket lined by Leu887, Ile886,
Leul017, and 11e890.

Sun and colleagues designed and synthesized
quinazoline- and thiourea-containing sorafenib derivatives.
They evaluated the inhibitory activities of these derivatives
against EGFR and VEGFR-2 tyrosine kinases, as well as
against three cancer cell lines: HCT116, MCF-7, and B16
(Figure 15). Moreover, the most potent compounds were
investigated for their in vivo antitumor activity by a B16
melanoma xenograft model test. A docking study was
conducted to clarify the mode of interaction at the ATP
binding site of EGFR and VEGFR-2.

Compounds with two strong electron-withdrawing
groups on the terminal aromatic ring (Ar) connected to the
thiourea displayed strong inhibitory activity on EGFR (IC_
ranging from 0.01 to 0.05 uM) and VEGFR-2 (IC, ranging
from 0.05 to 0.19 uM). However, compounds containing
electron-donating groups presented a noticeable decline
in activity (IC,>10 uM). Compounds bearing chlorine
or bromine at the para position and trifluoromethyl at the
meta position of the terminal phenyl (Ar) with sulfur as
the linker (X: S) (compound 10a) showed the best activity
against EGFR (IC_  of 0.01uM). Conversely, the compound
with chlorine at the para position and trifluoromethyl at
the meta position of the terminal phenyl (Ar) with oxygen
as the linker (X: O) (compound 10b) presented the most
potent activity against VEGFR-2 (IC,, of 0.05uM). This
may be attributed to several reasons. First, compounds with
an electron-deficient phenyl ring can form hydrophobic
interactions with specific amino acid residues. Also, some
electron-withdrawing groups (-F -CF)) can interact with
the ATP binding site through the formation of hydrogen
bonds. Additionally, compounds bearing diaryl thioether
moieties (X: S) showed more potent activity against both

R,: H, p-Cl, m-Cl, 0-Cl. 0-CHj;, p-OCHj. p-CH;
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9a:R;:N-methylpiperazineCH, CH, CH; ;R,:0-Cl
0.02 and 1.71 pM against EGFR and VEGFR-2, respectively (The most potent EGFR inhibitor)
9b:R;:N-methylpiperazineCH,CH,CH, ;R,:H
0.13 and 0.56 pM against EGFR and VEGFR-2, respectively (The most potent VEGFR-2 inhibitor)

Figure 14. Structure of 4-anilinoquinazoline acylamino derivatives.
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Figure 15. Structure of quinazoline-and thiourea-containing sorafenib derivatives.

EGFR and VEGFR-2 in comparison with the diaryl ether
compounds (X: O). Moreover, the introduction of a
chlorine substituent at the ortho position of the thiourea
group on the terminal phenyl (Ar) resulted in a decrease
in activity against both EGFR and VEGFR-2. The same
compounds with the best inhibitory activities toward
EGFR and VEGFR-2 also showed the most potent in
vitro and in vivo antiproliferative activities, surpassing
sorafenib as the standard. Furthermore, molecular docking
of the compound containing bromine at the para position
and trifluoromethyl at the meta position of the terminal
phenyl (Ar) with sulfur as the linker (X: S) showed that
this compound could effectively bind with EGFR (PDB:
2ity). The protonated N3 of quinazoline interacted with
the Met793 in the ATP binding site of EGFR using an ionic
bond. The NH of the thiourea could form two H-bonds
with Pro794 and Met793. Also, oxygen atoms of the 6
and 7 methoxy groups of the quinazoline core interacted
with Lys745 through a hydrogen bond. Hydrophobic
interactions were also formed with the hydrophobic pocket
in the active site of EGFR lined with Phe795, Met793,
and Leu718. This compound could also interact with the
inactive DFG-out conformation of the VEGFR-2 ATP
active site (PDB: 4asd). The quinazoline and disubstituted
phenyl formed hydrophobic interactions with Phe795,
Leu844, Met793, Val726, and Leu718. The two hydrogen
bonds were formed between the NH of the thiourea
moiety, as well as the 6 and 7 methoxy groups with Asp800
and Lys745, respectively.®!

In a study, Wei et al.* reported the synthesis of several

4-anilinoquinazoline derivatives containing a 3-nitro-
1,2,4-triazole moiety to achieve potent EGFR/VEGFR-2
inhibitors (Figure 16). The cytotoxicity of these compounds
was assessed on the A549 cell line and human small cell
lung cancer cells (H446) under normoxic and hypoxic
conditions.

The structure-activity relationship (SAR) showed
that the length of the linker between the triazole and
quinazoline moiety (n) significantly influenced inhibitory
activity. The optimal length for EGFR/VEGFR-2 inhibitory
activity was found to be 2 carbons (n=2). The substituent
on the aniline ring is crucial for VEGFR-2 selectivity, with
bulky and heavy halogens on the aniline ring favoring the
inhibition of EGFR and VEGFR-2. The compound 11j, with
bromine and methyl at the meta and para positions of the
aniline ring, respectively, showed the best EGFR inhibitory
activity with an IC_| of 0.37 nM. On the other hand,
substitution of fluorine and bromine at the ortho and para
positions of the aniline ring (compound 11h) displayed the
most potent inhibition of VEGFR-2 (IC,; value of 36.78
nM). In cytotoxicity assays, compounds with the highest
inhibitory activity against EGFR and VEGFR-2 displayed
the strongest inhibition in hypoxia against A549 and
H446 cells in comparison with vandetanib, the standard
compound. The highest anti-proliferative activities of these
compounds in hypoxia may be related to their superior
inhibitory activity against VEGF gene expression in the
A549 cell line. Additionally, these compounds exhibited
noteworthy inhibitory activity and a favorable safety profile
against tumor development in dose-dependent anticancer
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Figure 16. Structure of 4-anilinoquinazoline derivatives containing 3-nitro-1,2,4-triazole moieties.

tests using A549 xenograft models. Also, the molecular
docking of 10h with EGFR (PDB code 4123) showed that
the N1 of the quinazoline core formed a critical H-bond
with Met793. Additionally, the aniline ring interacted with
the EGFR active site through hydrophobic interactions,
whereas the 3-nitro-1,2,4-triazole moiety did not show
any additional hydrogen bond with EGFR. Furthermore,
the docking study of 10j inVEGFR-2 active site (PDB
code 2RL5) demonstrated the aniline ring was positioned
in a narrow and deep hydrophobic pocket of VEGFR-2.
Also, a crucial hydrogen bond was formed between the
backbone Cys919 and N1 of the quinazoline atom. 10j
showed a coplanar binding mode to EGFR, while the
folding of the 3-nitro-1,2,4-triazole moiety of 10j formed a
U shape, which resulted in a n-n stacking interaction with
the Phel047 amino acid of VEGFR-2. Furthermore, an
additional hydrogen bond was formed between the N3 of

Rz:
N,N-diethylamine
N-methylpiperazine

Morpholine

the quinazoline skeleton of 10j and the Thr916 amino acid
side chain hydroxyl group of VEGFR-2, and two hydrogen
bonds were formed between the side chain carbonyl
oxygen atom of 10j and the Asn923 backbone residue.

In different studies by Moghadam et al.>*%*%* a new series
of 4-anilinoquinazoline were designed, synthesized, and
evaluated for their toxicity against A431, HUVEC, and
HUO02 (normal human foreskin fibroblast cells) (Figure 17).
Different aniline derivatives (R ) as well as aromatic and
aliphatic amines (R,) were used to evaluate the cytotoxicity
of compounds. Most of the synthesized compounds
showed significant cytotoxicity against both cancer cell
lines, including A431 and HUVEC, while they did not show
any activity against HU02. Among the tested compounds,
the compound bearing m-toluidine at the 4-position of
the quinazoline (R)) and imidazole at the 7-position of
the quinazoline (R)) (compound 12) showed the best

RII

3-Chlorophenyl
3-Chloro-4-fluorophenyl
3-Bromophenyl
4-Bromo-2-methylphenyl 3-
Bromo-4-fluorophenyl
3-(Trifluoromethyl)phenyl
3-Benzonitrile
3-Ethylphenyl
3-Fluorophenyl
4-Bromo-2-fluorophenyl

el mynylphenyl

Compound 12: The most potent
compound on both A431 and HUVEC

Figure 17. Structure of 6,7-disubstituted 4-anilinoquinazoline derivatives.
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activity against both cancer cell lines with IC_ values of
0.11 and 5.01 uM against A431 and HUVEC, respectively,
which was better than vandetanib as the standard drug
(10.62 and 5.75 uM on A431 and HUVEC, respectively).
Also, incorporating 3-ethynylaniline at the R, position and
imidazole at the R, position resulted in a potent compound
with IC_ of 0.2697 and 5.243 uM on A431 and HUVEC,
respectively. In the imidazole-containing compounds
at the 7-position of the quinazoline core, compounds
with 3-(Trifluoromethyl) aniline, 3-aminobenzonitrile,
3-bromoaniline and 3-chloro-4-fluoroaniline at the
4-position of the quinazoline skeleton were other potent
compounds that showed activity lower than vandetanib. In
compounds with aliphatic substituents at the R, position,
N, N-dimethyl at 7-position of the quinazoline core with
3-ethylaniline and 3-chloro-4-fluoroaniline at 4-position
of the quinazoline core were the most potent compounds
withIC, of8.2and 9.7 uM on A431and 0.87 and 3.57 uM on
HUVEQC, respectively, which were better than vandetanib.
Within this group, the compound with 3-bromoaniline
and morpholine was the most potent compound on A431
with an IC,  value of 1.78 uM. Docking studies showed that
the N1 of the quinazoline core of compound 12 formed
a vital hydrogen bond with Met769 of the EGFR ATP-
binding site. Additionally, hydrophobic interactions were
formed with amino acids in the hydrophobic pocket lined
with Val702, Ala719, Lys721, Met742, Leu764, and Thr766.
Moreover, docking analysis with VEGFR-2 ATP-binding
site exhibited the formation of one H-bond between N3
of imidazole and Cys919 residue. Also, the m-tolyl of
this compound interacted with hydrophobic interactions
with the hydrophobic pocket comprising Val848, Ala866,
Lys868, Thr916, and Phe1047.

Ghorab et al® reported the synthesis of novel
6-iodoquinazolinone =~ compounds  containing a
benzenesulfonamide group with different acetamide
moieties (Figure 18). The compounds were evaluated on
HepG2, MCF-7, HCT-116, and A549 cell lines as well as
against EGFR-mutant and VEGFR-2. A docking study was
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carried out to clarify the interactions of compounds.

In this study, the focus of the SAR study was on the
effect of substituting the pyridine ring and two methoxy
ethoxy moieties in two FDA-approved drugs, Sorafenib
and Erlotinib, with a 6-iodoquinazolin-4-one moiety. The
investigation also included replacing the urea and amino
linkers in Sorafenib and Erlotinib with alternative long
spacers. Additionally, various substituents with diverse
electronic and lipophilic properties were introduced to
evaluate their influence on anticancer activity. Overall,
factors such as the iodoquinazolinone ring, spacer, linker
(HBA-HBD), lipophilicity, and electronic properties
of the substituents played a significant role in the
anticancer activity. Compounds bearing naphthalene
(compound 13n), 3,3-dimethylbutyl (compound 13b),
phenethyl (compound 13f), and 3,4-dimethoxyphenethyl
(compound 13g) presented the highest potency against
MCF-7, HepG2, A549, and HCT116, respectively.
Moreover, compound 13n with naphthalene-1-yl exhibited
the highest inhibitory activities towards EGFR™™
(IC,, of 0.0728 uM) and VEGER-2 (IC,, of 0.0523uM)
tyrosine kinases compared to Erlotinib (IC, against
EGFR =0.24 uM) and Sorafenib (IC_ against VEGFR-2
=0.14 uM). The HepG2 cell line was most susceptible to
the compound bearing neohexyl substitute (compound
13a), while derivatives with naphthalene-1-yl (compound
13n), 3,3-dimethoxyphenylethyl (compound 13g), and
phenylethyl (compound 13f) displayed more cytotoxicity
against MCF-7, HCT-116, and A549. Compound 8 arrested
the growth of MCF-7 cells at the radio-sensitive G2/M
phase. Flow cytometric studies confirmed the induction of
early and late apoptosis. Likewise, evaluating the selectivity
index of compound 13n using the HEK-293 normal cell
line showed a favorable safety profile of this compound.
The docking studies of compound 13n into the active site
of EGFR formed four hydrogen bonds, including the NH
group of the acetamide linker, carbonyl, quinazoline N1,
and the terminal NH of sulfonamide moiety with GIn791,
Met793, Val726, and Pro794, respectively. The naphthyl

R:
13a:4-methylpentan-2-yl

~ 13b:3.3-Dimethylbutyl

13c:Cyclohexyl
13d:Benzyl
13e:2,3-Dimethoxybenzyl
13f:phenethyl
13g:3,4-Dimethoxyphenethyl
13h:3.4-Dimethylphenyl
13i:2,5-Dimethylphenyl
R 13j:2,6-Dimethylphenyl
13k:3-Acetylphenyl
13l:4-Acetylphenyl
13m:A damantan-1-y1

13n:naphthalen-1-y)
- 130:9-Ethyl-9H-carbazol-3-y1

The most potent EGFR and VEGFR-2 inhibitor
Inhibitory activities on EGFR(IC5, of 0.0728 pM) and VEGFR-2 (IC5, of 0.0523pM)

Figure 18. Structure of quinazoline sulfonamide derivatives.
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ring occupied the hydrophobic pocket I lined with GIn791,
Met790, Asp855, Thr854, Leu777, Leu788, Lys745, Val726,
Gly724, and Phe723. Also, the phenyl ring at the 3-position
of the quinazoline core placed in the hydrophobic pocket II
comprising Val845, Leu844, Pro794, Phe795, Met793, and
Leu718. The binding mode of this compound showed five
hydrogen bonds with the VEGFR-2 active site. The carbonyl
group of quinazoline and NH of the acetamide linker
formed two H-bonds with Glu917 and Glu885, respectively.
Additionally, the sulfonamide group interacted with the
active site through three hydrogen bonds with Asp1046,
Cys1045, and His1026. The quinazoline skeleton occupied
the hydrophobic pocket created by Leul035, Cys919,
Phe918, Glu917, Lys868, Val848, and Leu840. Moreover,
the naphthyl ring located in the hydrophobic region lined
by Asp1046, Cys1045, His1026, 11e892, 11e888, and Glu885.

Novel 2-chloro-4-anilino-quinazolines designed as
EGFR and VEGFR-2 dual inhibitors were synthesized
and assessed for their inhibitory activities by de Castro
Barbosa et al.”” (Figure 19). Among the synthesized
compounds bearing sulfonamide, amine, and acetamide
substituents at the 4-position of the aniline ring, a direct
relationship was observed between the inhibitory activities
against EGFR and VEGFR-2. However, this correlation
did not hold true for the acetamide derivative bearing
acetamide at the 4-position of the aniline ring as well as
methoxy at the 6- and 7-positions of the quinazoline core
which showed an IC, of 37.6 uM for EGFR and 1.99 uM
for VEGFR-2. Moreover, the lack of inhibition on both
enzymes for compounds without any substitutes at the
6- and 7-positions of the quinazoline scaffold showed the
importance of the dioxygenated quinazoline skeleton in
interacting with the ATP binding site. Conversely, replacing
the 6,7-dimethoxy group with a dioxolane ring was not
suitable for interacting with the ATP binding sites of both
kinases. The compounds bearing a hydrogen bond donor
at the para position of the aniline ring showed an increase

The best EGFR/VEGFR-2
Inhibitory activity R,

R; and RZ: H, OCH,0

in activities on both the EGFR and VEGFR-2 tyrosine
kinases. The primary and secondary sulfonamides (Y: SO,;
W:NH, and NHCH,, respectively) resulted in an increase in
potency in comparison with the corresponding dimethyl-
sulfonamide (Y: SO; W: NH(CH,),) and methyl sulfone
(Y: SO,; W: CH,). The results showed that the hydrogen
bond donating ability in the primary sulfonamide is an
important structural property. The methyl-sulfonamide
derivatives displayed similar potency in the inhibition
of EGFR and VEGFR-2 in comparison with the primary
sulfonamide. Additionally, the primary amide (Y: CO; W:
NH,) showed significant inhibitory activity against both
tyrosine kinases, whereas the corresponding sulfonic acid
(Y: SO; W: OH) and carboxylic acid (Y: CO; W: OH) were
not inhibitors. It could be concluded that binding to the
ATP binding site of the EGFR and VEGFR-2 tyrosine
kinases was not dependent on the acidity of the para
substituents. The docking studies of potent compounds
(compounds 14a, 14b, and 14c) into the active site of
EGFR showed the formation of five hydrogen bonds.
These include N1 of quinazoline with Met793, the sulfone
group with Lys745 and NH of the Asp855 backbone, and
the sulfonamide moiety with Glu762 and Asp855. The
quinazoline ring occupied a hydrophobic pocket lined with
Leu718, Val726, Leu792, and Leu844. Also, the aniline ring
at the 4-position of the quinazoline core interacted with
Lys745 side chain through a cation-m interaction. Similarly,
these compounds also formed five hydrogen bonds with
the VEGFR-2 active site, including the N1 of quinazoline
with Cys919, the sulfone group with Lys868 and NH from
the Aspl1046, and the primary sulfonamide with Glu855
and Aspl1046. The quinazoline core was located into a
hydrophobic pocket created by Leu840, Val848, Phe918,
and Leul035. Furthermore, the aniline ring formed a
cation-m bond with Lys868.”

A group of quinazoline-based derivatives was designed,
synthesized, and evaluated against EGFR and VEGFR-2

Y.
4' “~

The best VEGFR-2 The best EGFR
Inhibition Inhibition

\N3 \

Y: S0, CO
W: N(CH3),, CH;, NH,, OH, NHCHs,
Cl NHCOCHS;, Thiazol-2-yl-2-amine

14a:R; and R,: OCHj;; Y: CO; W: NH, (The best EGFR Inhibitor )
(EFGR IC5,=0.9 uM and VEGFR-2 Inhibitor IC55=1.17 uM)
14b:R; and R,: OCH;; Y: SO,; W: NHCH; (The best VEGFR-2 Inhibitor)
(EFGR IC5p=1.63 nM and VEGFR-2 Inhibitor IC5,=0.85 uM)
14c:R; and R,: OCH3: Y: SO,; W: NH,
(EFGR IC5;=2.37 pM and VEGFR-2 Inhibitor IC5,=1.02 uM)

Figure 19. Structure of 2-chloro-4-anilinoquinazoline derivatives.
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tyrosine kinases using various ATP concentrations ranging
from 1pM to ImM (Figure 20). Compounds bearing a
quinone ring at the 4-position of the quinazoline scaffold
(compounds 15a-15d) could be inhibitors of VEGFR-2,
with IC, values ranging from 46.1 to53.7 nM, without
any significant activity on EGFR. On the other hand, the
compounds with the 4-(dimethylamino)crotonamide
Michael acceptor moiety at the 6-position of the quinazoline
skeleton but without a quinone ring at the 4-position of
the quinazoline core showed inhibitory activity on EGFR
with weak activity against VEGFR-2 tyrosine kinase.
Compounds with both groups could block the activity
of both enzymes. It is evident that the presence of the
4-(dimethylamino)crotonamide Michael acceptor group
has modified the inhibitory profiles of these compounds,
leading to enhanced EGFR activity. Additionally, the
inclusion of the quinone ring imparts VEGFR-2 inhibitory
activity. Reversible EGFR inhibitors lose all inhibition on
EGEFR kinase when the ATP concentration is raised from
1 uM to 1 mM. As dual irreversible inhibitors, compounds
showed an average increase in IC, values when the
ATP concentration was raised from 1 uM to 1 mM. For
reversible VEGFR-2 inhibitors, the inhibitory activity
on VEGFR-2 kinase significantly decreased as the ATP
concentration increased from 1 pM to 1 mM. Docking
study of compound 15a into the ATP binding site of EGFR
showed that the carbonyl group of a quinone interacted
with the NH of aniline through an intramolecular H-bond.
Also, an H-bond formed between the N1 of quinazoline
and NH of Met-769. The N3 of the quinazoline formed a

Favourable for EGFR inhibitory activity

water bridge H-bond with the hydroxyl group of Thr-766.
A benzyloxy quinone ring formed a n-stacking interaction
with the phenyl ring of Phe-832. Docking of compound
15a in ATP-binding site of VEGFR-2 revealed that N1 of
the quinazoline formed an H-bond with the NH of Cys-
919. Also, a m-stacking interaction between the benzyloxy
quinone ring and the phenyl ring of Phe-1047 was
observed.”

Binding site and docking analysis

Based on the interactions with ATP, the EGFR tyrosine
kinase ATP-binding site consists of the following regions:
the hinge region, which serves as the adenine binding site,
the solvent-accessible region where sugar and phosphate
bind, hydrophobic pocket I, hydrophobic pocket II, and
the back pocket known as the allosteric pocket. Two
regions that typically display the active and inactive
conformations of EGFR TK are the aC helix and the DFG
motif. In the active conformation, the aC helix located
at residues 753-767 in EGFR, rotates inward against the
N-lobe and towards the active site. This movement results
in a decrease in the distance between Glu762 of the aC
helix and Lys745 of the 3 strands, leading to the formation
of a salt bridge and additional interactions with the a- and
B-phosphate groups of ATP.%¢ The C-terminal domain
consists of a flexible activation loop typically with 20-30
residues in length, characterized by a conserved Asp-Phe-
Gly (“DFG”) motif. In the active conformation of EGFR,
the Asp855 residue points into the ATP-binding pocket,
known as DFG-in. However, in the inactive form, flipping

Favourable for VEGFR-2
inhibitory activity

15a: R = OCH,Ph-3-F (The best EGFR inhibitor)
(EGFR ICs of 4.1 nM; VEGFR-2 ICsq of 113.4 nM)
15b:R=0OCH,-2-thiophene (The best VEGFR-2 inhibitor)
(EGFR ICsq of 47.5 nM; VEGFR-2 IC5, of 76.2 nM)
15¢:R=0OCH,Ph-3-Cl (The best dual inhibitor)
(EGFR ICs of 12.2 nM; VEGFR-2 IC5, of 80.2 nM)
15d:R=OCH,Ph
(EGFR ICsg of 18.7 nM; VEGFR-2 ICs of 102.3 nM)

Figure 20. Structure of quinazoline derivatives containing quinone and 4-(dimethylamino)crotonamide Michael acceptor groups.
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the DFG motif by approximately180° relative to the active
conformation moves the Asp855 away from the ATP
binding pocket, known as DFG-out. Docking studies of the
quinazoline-based EGFR TKIs (vandetanib as the standard
drug and synthesized compounds) have shown that the
Met793 or Met769 residues form H-bonds with the N1 of
the quinazoline core. Additionally, the Thr766 or Thr830
amino acids can interact with the N3 of the quinazoline
skeleton through water bridges. Also, the N3 of the
quinazoline ring can interact with the Asp1003 or Met 793
through an ionic bond. The 4-aniline group is located in
hydrophobic pocket I, where the quinazoline ring extends
into hydrophobic pocket II. The groups at the 6- and
7-positions of the quinazoline ring extend into the solvent-
accessible region and interact through an additional ionic
bond with Asp800 (Figure 21).27:53555759-6565

The VEGFR-2 binding site is comprised four main
regions. The hinge region is lined with crucial residues,
including Cys919 and Glu917, which are crucial for
forming H-bonds. The conserved DGF motif is made up
three residues, including Asp1046, Phe1047, and Gly1048.
Based on the arrangement of the Phel047 residue in the
kinase domain, there are two states: active (DFG-in)
and inactive (DFG-out). In the DFG-in conformation,
Phel047 is deep within the allosteric site, whereas in the
DFG-out conformation, Phe1047 amino acid flips out of
the hydrophobic pocket, creating an empty hydrophobic
pocket to accommodate the aromatic ring of inhibitors.
The DFG-motif region, rich in H-bonds, contains residues
Glu883, Aspl046, and Phel047, which occupied with
H-bond donors and acceptors. The hydrophobic pocket
I is comprised of Leu840, Phe918, and Gly992 residues,
while hydrophobic pocket II consists of Leu889, 11892,
Val898, and Ile1044 residues. In synthesized compounds
and vandetanib as the standard drug, the N1 or N3 of the
quinazoline skeleton forms one to three critical H-bonds
with Cys919, Cys917, or Glu917 in the hinge region. These

Hydrophobic Pocket I

Solvent accesible region
(Electron donors in 6 and 7 positions)

()
Rl/
Ionic bond .-~ 4 -\O
with Asp800 v

bonds are critical for fitting the quinazoline skeleton
properly in the VEGFR-2 ATP-binding site and ensuring
the proper inhibitory activity of the inhibitors. Additionally,
the quinazoline core of the compounds interacts with
hydrophobic pocket I. In the DFG domain, the amide,
urea, sulfonamide, carboxamide, thiourea, and acylamino
groups interact with Asp1046 and Glu885 through two or
three H-bonds. The substituted or unsubstituted aniline
rings of the compounds occupy hydrophobic pocket II
(Figure 22)'27,53,57-65,69-71

Structure-activity relationship of EGFR/VEGFR-2 dual
inhibitors

Based on the structure of different synthesized compounds,
the SAR of quinazoline-based EGFR/VEGFR-2 inhibitors
can be concluded as follows: The nitrogen atoms,
especially N1 of the quinazoline ring, play a key role in
interacting with receptor tyrosine kinases using a H-bond.
The aniline ring bearing small lipophilic and electron-
withdrawing groups such as fluoro, chloro, bromo, or
trifluoromethyl at 2-, 3-, and 4-positions of the phenyl
group, binds to the lipophilic pocket and is favorable for
both kinases. Large lipophilic and electron-withdrawing
groups, such as chlorine or bromine, are better tolerated
at 3- and 4-positions of the aniline ring, whereas smaller
substitutes, such as fluorine and hydrogen, are preferred
at the 2-position. The replacement of the linker between
the quinazoline and phenyl rings dramatically affects the
inhibitory activity. A nitrogen linker is favorable for both
kinases, while oxygen and sulfur atoms are more favorable
for VEGFR-2. Substituting urea and thiourea groups
on the aniline ring leads to increased potency on both
kinases. The substitution of alkyl or arylurea derivatives at
the para position of the aniline ring has shown promising
results against VEGFR-2 (selective VEGFR inhibitors),
likely because of the H-bonds formation between urea O
and NH moieties with the active site of VEGFR-2. The

Allosteric Pocket

H-Bonds with

) “Hy O ooee Thr766 or Thr830

N

Hydrophobic Pocket IT "H-Bond with Met793 or Met769

Figure 21. ATP Binding Site of EGFR.
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Figure 22. ATP Binding Site of VEGFR-2.

carbamic acid methyl ester substituent leads to dual EGFR/
VEGER inhibitors, especially when bearing chlorine
at its ortho position, while the ethyl ester only displays
activity on VEGFR-2. The two chlorine atoms on the
aniline ring result in a significant reduction in inhibitory
activity on both EGFR and VEGFR-2 because of the steric
hindrance. The presence of hydrogen bond acceptors
containing lipophilic groups such as alkyl groups at the
6- and 7-positions of the quinazoline ring, is beneficial for
both kinases. Modifications at the quinazoline position
6 are more restricted, with methoxy being the preferable
choice. Substituting the methoxy group with alkylamino
at 7-position of the quinazoline core is better tolerated
than at the 6-position. Various types of substituents,
including neutral, basic, and heteroaromatic side chains
at the 7-position of the quinazoline core, have resulted in
potent derivatives. A two-carbon chain length (ethoxy)
is the optimum distance between the substituents at the
7-position of the quinazoline core and quinazoline scaffold.
The quinazoline skeleton containing basic side chains at
the 7-position demonstrates potent inhibition of EGFR
and VEGER tyrosine kinases. Any substituents at the 2- or
3-positions of the quinazoline result in a significant drop
in inhibitory activity against both kinases. In addition,
the incorporating a Michael acceptor at the 6-position
of quinazoline leads to the formation of irreversible
inhibitors‘4,27,52,53,56,58-62,65,72-76

Conclusion

Recently, blocking specific targets for cancer treatment has
emerged as one of the most promising fields of research
in chemotherapy due to the urgent need for drugs that
offer the highest efficacy with minimal side effects. The
development of multi-target design methods for creating
novel potential anticancer drugs has resulted in the
discovery of numerous multi-functional compounds,
especially multi-kinase inhibitors. The EGFR tyrosine
kinase plays a key role in gene expression, proliferation,

and inhibition of apoptosis. The VEGFR-2 tyrosine kinase
acts as a critical mediator in angiogenesis. Together,
these proteins play a vital role in cancer progression and
metastasis. Because of the synergistic effects of these
kinases, dual inhibition of EGFR/VEGFR-2 tyrosine
kinases could be a valuable strategy for cancer treatment.
The quinazoline skeleton is one of the first synthesized
scaffolds used in developing kinase inhibitors. This
scaffold commonly acts by blocking the ATP binding site
of kinases and there are several quinazoline-based FDA-
approved drugs for cancer therapy. Vandetanib, an EGFR/
VEGFR-2 inhibitor with a 4-anilinoquinazoline scaffold,
is approved by the FDA for locally advanced or metastatic
medullary thyroid cancer therapy. Modifications of the
quinazoline core, especially at the 4-, 6-, and 7-positions,
have led to developing potent inhibitors with promising
anticancer activity. The aniline ring with small lipophilic/
electron-withdrawing groups as well as urea, thiourea, and
carbamic acid methyl ester is favorable for both kinases.
The methoxy group at the 6-position and alkylamino at
the 7-position, especially aminoethoxy, of the quinazoline
scaffold lead to potent dual inhibitors. For both kinases,
the quinazoline core and aniline ring are located in two
distinct hydrophobic pockets. Also, N1 of the quinazoline
core interacts with Met 793 or Met 796 of EGFR and
Cys919 of VEGFR-2, which are critical for the best fitting of
quinazoline with the active site of kinases. These inhibitors
could serve as lead compounds for further investigation in
in vivo and clinical trials.
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