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ABSTRACT

This work presents the design and synthesis of a series of new quinazolin-4-one derivatives, based on the
established effectiveness of quinazoline-based small molecules as anticancer agents. Synthesized com-
pounds were more potent against MCF-7 than A-549 with low to submicromolar IC5ps. Compound 17
exhibited the best IC5g being equipotent with the positive control doxorubicin (ICso — 0.06 uM) and better
than 5-fluorouracil (ICsp — 2.13 pM). Compound 17 was further tested against MDA-MB-231 and MCF-10A
and was found to be > 2 folds more cytotoxic on MCF-7. Significant apoptotic activity was elicited by 17
on MCF-7 where it increased apoptotic cell death along with induction of pre-G1 and G1-phase cell cycle
arrest. Similarly, 17 was able to induce apoptosis in MD-MB-231 treated cells associated with a disruption
of the cell cycle causing arrest at the pre-G1 and S phases. Investigation of gene expression in MCF-7
demonstrated an increased expression of the proapoptotic genes P53, PUMA, Bax, caspases 3, 8 and 9
and a decrease of the anti-apoptotic gene Bcl2. Also, 17 reduced autophagy giving way for apoptosis to
induce cancer cells death. This latter observation was associated with downregulation of EGFR and its
downstream effectors PI3K, AKT and mTor. As its biomolecular target, 17 also inhibited EGFR similar to
erlotinib (ICso = 0.072 and 0.087 pM, respectively). Additionally, in vivo testing in a mouse model of
breast cancer affirmed the anti-tumor efficacy of 17. Finally, docking of 17 against EGFR ATP binding site
demonstrated its ability to bind with EGFR resembling erlotinib.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

and treatment [1]. No matter how advanced the techniques for
cancer treatments are, continuous search for new anticancer mol-

Cancer is a multifactorial complex disorder that involves
abnormal cell growth with potential to invade and transfer other
parts of the body. According to Globocan 2020, the global estimate
of cancer cases is 19.3 million cases and 10 million cancer deaths in
2020. Consequently, cancer research is expanding over the years in
hope of reaching significant advances in the fields of its diagnosis
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ecules remains essential owing to matters associated with selec-
tivity, potency and drug resistance.

For discovery of new anticancer moieties, the search for small
molecules with definite target is quested regularly. Medicinal
chemistry field was able to introduce many heterocyclic moieties
covering extensive area of chemical space qualifying them as
magnificent starting points for developing anticancer agents.
Accordingly, the FDA has approved over 100 anticancer agents over
the past 50 years [2]. Due to wide prevalence in nature, heterocy-
cles are pretty much the main scaffold of all these anticancer
compounds which can interact with different targets involved in
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cancer progression [3]. Quite some of these approved anticancer
agents are based on quinazoline as their main scaffold [4].

Many quinazoline-based APIs were granted FDA approval and
are in clinical use for cancer management such as Erlotinib, Gefi-
tinib and Lapatinib (Fig. 1) [5]. On a molecular level, those drugs
elicit their chemotherapeutic action by virtue of being potent
epidermal growth factor receptor (EGFR)-targeted agents. Addi-
tionally, quinazolin-4-one derivatives have proven active against
multiple types of cancer with noticeable variability in their mech-
anism of action [6—11].

Anticancer activity of quinazoline-based cytotoxic agents is
mostly associated with alterations in cell cycle progression, in-
duction of apoptosis and modification of autophagy. The effect of
autophagy on cancer cells is still a matter of duality. At early
tumorigenesis autophagy suppresses cancer cells survival and
induce cell death, but at later stages it becomes pro-tumorigenic by
promoting allowing cancer cells survival under stressful conditions
of hypoxia helping them meet demanding metabolic needs thus
promoting proliferation, tumor growth [12—16]. It was reported
that mammary tumors for example benefit from autophagy as it
mitigates metabolic stress and gene damage as well as induce
chemotherapy resistance [14—16]. Thus, new quinazolin-4-one-
based chemotherapeutics regulating autophagy are being widely
explored (e.g. MJ-33 and DQQ, Fig. 1) [17,18].

Additionally, it has been demonstrated that there exists a cross
talk between EGFR and autophagy. EGFR signaling plays a pleo-
tropic role in regulation of autophagy where it can either sup-
presses or promote the autophagic response through two axes
downstream of EGFR. The PI3K/AKT1 axis activates mTOR, and
eventually inhibits autophagy [19] while EGFR-mediated RAS
signaling activation would promote autophagy [20]. EGFR-tyrosine
kinase inhibitors (TKIs) were found to induce stress conditions to
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Fig. 1. Structures of some quinazoline based anticancer agents and designed target
compounds.
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cancer cells with subsequent activation of protective autophagy in
multiple cancers [21,22] thus leading to refractory response to
EGFR-TKIs and development of resistance enhanced cancer cell
survival and poor prognosis [23—25]. Thus, targeting both EGFR
and autophagy can represent a logical combination for attaining
better results in cancer treatment. In fact, co-inhibition of EGFR
signaling and autophagy has demonstrated significant therapeutic
effectiveness [24—27].

In line with our previous attempts to explore new scaffolds that
act as anticancer agents [28—35], we herein report design and
synthesis of a new series of quinazolin-4-one backbone scaffold
based molecules (Fig. 1). From a structure-activity relationship
(SAR) perspective, the design of our compounds aimed at focusing
on the introduction of a variety of substituents at positions 2 and 3
of the 6,8-dibromoquinazolin-4-one ring system to be able to study
the SAR of this series. The groups added were varied between
aliphatic and aromatic, electron withdrawing and electron
donating as well as hydrogen bond donating and/or accepting
characters. The antiproliferative biological effect of all the synthe-
sized compounds were assessed against MCF-7 human breast
cancer cell lines and A-549 lung cancer cell line, with additional
specific testing against MDA-MB-231 and MCF-10A. A serious of
in vitro and in vivo assays were also conducted on the most active
representative of this class to investigate its effect on apoptosis, cell
cycle alteration, autophagy and EGFR inhibition and expression of
EGFR and related genes. Finally docking was performed to predict
the possible binding mode of a member of this class to their bio-
target EGFR.

2. Results and discussion
2.1. Chemistry

The synthesis pathway adopted for preparation of the target
compounds in this study are depicted in Schemes 1-—4.

Scheme 1 outlines the synthesis of the key synthetic interme-
diate of this project, 6,8-dibromo-2-methylquinazolin-4(3H)-one 4,
from the starting material 2-aminobenzoic acid 1 in three steps.
First, an acetic acid solution of 2-aminobenzoic acid -anthranilic
acid- (1) was treated with bromine solution to give 2-amino-4,6-
dibromobenzoic acid 2. This procedure has been modified from
the original suggestion of Oates et al. for obtaining the 3,5 dibro-
moanthranilic acid [36]. Reflux of the 4,6-dibromo-anthranilic acid
2 in acetic anhydride furnished 6,8-dibromo-2-methyl-4H-benzo
[d] [1,3]oxazin-4-one 3 which was finally converted to 4 through
refluxing in ethanol in the presence of concentrated ammonia [37].

Intermediate 4 was then deployed in three different schemes to
obtain the target compounds. Scheme 2 depicts the synthesis of
quinazolin-4-ones 5a-c, 6-11, 12a-c and 13. First, acetanilide de-
rivatives 5a-c were prepared by reacting 4 with the appropriate
corresponding chloroacetanilides in dry acetone in the presence of
anhydrous potassium carbonate. Second, compound 4 was allowed
to react with ethyl chloroacetate in dry acetone in the presence of
anhydrous K»COs to yield the ethyl acetate derivative 6 which was
then refluxed with hydrazine hydrate in absolute ethanol to give
the hydrazide counterpart 7 [38]. Compound 7 is a major inter-
mediate for the synthesis of derivatives 8,9, 10,11, 12a-c and 13. The
pyrazolyl quinazolin-4-one 8 was obtained by reflux of mixture of
the hydrazide 7 and ethyl acetoacetate in ethanol for 6 h [39].
Similarly, the analogous pyrazolyl derivatives 9 and 10 were ob-
tained as result of reflux of 7 with ethyl cyanoacetate and carbon-
disulfide, respectively. On the other hand, thiosemicarbazide
derivative 11 was obtained by treating 7 with phenyl isothiocya-
nate. Whereas Schiff's bases 12a-c were the products of reaction of
7 with the corresponding benzaldehydes [40]. Finally, compound
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Scheme 1. Synthesis of the key intermediate 4.
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Ethanol, Glacial acetic acid, reflux, 10h; ix) DMF-DMA, Xylene, piperidine, reflux, 2h.

Scheme 2. Synthesis of derivatives 5-11, 12a-c and 13.

13 was synthesized by reaction of 7 with DMF-DMA. Structures of
all derivatives were supported by spectral and elemental analyses.

On the other hand, synthesis of compounds 15 and 16a-f is
displayed in Scheme 3. First off, a mixture of intermediate 4, DMF-
DMA and piperidine were refluxed in xylene to yield the dime-
thylaminovinyl compound 14. Afterwards, compound 14 was con-
verted to 15 using hydrazine hydrate. Arylaminovinyl derivatives
16a-f were obtained by refluxing compound 14 with the appro-
priate arylamine in ethanol. Structures of all derivatives were
confirmed on basis of spectral and elemental analyses.

Finally, Scheme 3 shows the synthesis of derivatives 17 and 18
where 17 was obtained by reflux of the benzoxazine 3 with hy-
drazine hydrate in absolute ethanol. Then, the formamidine de-
rivative 18 was synthesized by reaction of compound 17 with DMF-
DMA in the presence of piperidine. Validity of reaction of DMF-
DMA solely with the 3-amino of 17 without involvement of the
2-methyl group was affirmed by acquisition of an X-ray crystal of 18
(data provided in the supplementary material). Structures of the
synthesized compounds were confirmed by spectral and elemental
analyses.
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Scheme 3. Synthesis of derivatives 14, 15 and 16a-f.
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Scheme 4. Synthesis of derivatives 17 and 18.

2.2. Biology
2.2.1. Cytotoxic activity

2.2.1.1. SRB assay. All twenty-two synthesized compounds were
tested for their cytotoxic activity against MCF-7 breast cancer cell
line and lung cancer cell line A-549 using SRB assay (Table 1). The
synthesized quinazolin-4-ones were more potent on the MCF-
7 cells where they showed ICsgs in the low to submicromolar range

Table 1
ICso of the synthesized derivatives against breast cancer cell line MCF-7 and lung
cancer cell line A-549 cell lines.

Compd. # MCF-7 (uM) A-549 (uM)
5a >100 >100
5b 0.64 12.54
5c 0.12 >100
7 0.15 >100
8 40 48.62
9 1 >100
10 0.58 >100
11 0.44 26.48
12a >100 17.91
12b 20 20.41
12c 40 >100
13 0.78 61.27
14 0.58 >100
15 1.7 20.05
16a 2.8 >100
16b 8 >100
16¢ >100 67.53
16d 0.63 77.6
16e 1 >100
16f 70 40.07
17 0.06 >100
18 >100 >100
Doxorubicin 0.06 0.13
5-Fluorouracil 2.13 2.36

while displaying higher micromolar values against the A-549 cell
line. Moreover, three compounds (5a,12a and 18) were shown to be
inactive towards the MCF-7 cells at the experimental threshold in
this work with ICsg > 100 pM. In case of A-549 cell lines, nine
compounds (5a, 5¢,7, 9, 10, 12c, 14, 164, 16b, 16e, 17 and 18) have
crossed the cutoff value determined for the compounds’ activity
(>100 uM). Moreover, it was found that compound 17 was the most
active against MCF-7 cell lines and 5b was the most potent com-
pound against both A-549 and (ICso values of 0.06 uM and
12.54 pM, respectively). Activities were compared to doxorubicin
and 5-flourouracil as reference standard drugs.

2.2.11.1. SAR findings from in vitro cytotoxicity assay results
against MCF-7 cell line. In the acetanilide series 5a-c, 5a was not
potent (IC59 > 100 uM), however, para substitution on the phenyl
ring profoundly improved the activity to the submicromolar range
for both compounds 5b and 5c¢ (0.64 and 0.12 pM, respectively)
with more favoring towards an electron-withdrawing group at para
position rather an electron-donating one.

Replacing the phenyl group of 5a by an aliphatic NH; introduced
the active compound 7 with ICsg of 0.15 uM indicating that small
groups at this position may be in favor towards the activity. Upon
comparison of derivative 7 with its bioisosteres compounds 8, 9
and 10 it was observed that the activity was lowered indicating the
importance of the free aliphatic hydrazide to the activity. In com-
pounds 9 and 10, the presence of a H bond acceptor at position 5 of
the pyrazole ring has managed to shift the activity to <1 pM when
compared with compound 8 of ICsq value of 40 uM.

Upon the reaction of compound 7 with either phenyl-
isothiocyanate to give compound 11 or with different aldehydes to
provide the corresponding Schiff's bases 12a-c, the activity of
compound 7 declined with better value in case of compound 11
(0.44 uM) rather than much higher values > 20 uM for the Schiff's
bases 12a-c. Finally, compound 13 which is the dimethylformohy-
drazonamide of compound 7 has shown ICsg of 0.78 uM that is still
a less favorable value than that of compound 7.

In conclusion, upon comparing the activity of compound 7 with
all its derivative (8, 9, 10, 11, 12a-c and 13) it is clear the activity
declined where ICsg fell in the range of 0.44 to > 100 uM when
compared to 7 (ICsp = 0.15 uM). It seems that the free hydrazide
group at position 3 of the quinazoline ring is favorable for the ac-
tivity of the scaffold and any substitution has a negative effect on its
activity.

Compounds 14, 15 and 16a-f, helps in the demonstration of the
effect of changing the substituents at position 2. Compound 14 the
main precursor for this series has shown ICsq value of 0.58 uM. All
the changes in this moiety has decreased the activity significantly
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to fall between 0.63 and 70 uM. Finally, the 3-amino quinazolin-4-
one 17 was found to be the most active derivative with
IC50 = 0.06 pM (same as doxorubicin). However, replacing the free
amino in compound 17 with formamidine group in compound 18
has abolished the activity.

2.2.1.1.2. SAR findings from in vitro cytotoxicity assay results
against A-549 cell line. In the acetanilide series 5a-c, 5b was the
only active compound (ICsg = 12.54 uM) which may point out the
role of addition of an electron-withdrawing group at the para po-
sition of the phenyl ring. Among the derivatives of compound 7,
only 8,11, 12a, 12b and 13. It is clear the inclusion of the hydrazide
in a pyrazole ring (compound 8) enhances the activity when
compared to free hydrazide (compound 7). It is also essential for
the ring to be substituted with an electron donating group (com-
pound 8) rather than an electron withdrawing one (compounds 9
and 10).

In case of the hydrazide compound 7 and derivatives obtained
from it, while compound 7 showed no cytotoxic activity
(ICsp > 100 pM), variable behaviors were observed for its de-
rivatives were some showed enhanced activity where others were
still inactive. With regards to the bioisosteric pyrazole derivatives 8
and 9, compound 8 showed moderate activity with an
(IC50 = 48.6 uM) which is better than compound 9 which showed
no activity (ICso > 100 uM). The previous observation may possibly
be attributed to the lipophilicity of the methyl group in compound
8 which enhance its cytotoxic activity as compared to the hydro-
philic amino group of compound 9 which abolishes the cytotoxic
activity. However, it was found the replacement of the pyrazolidine
ring in compound 9 with an oxadiazole as in derivative 10, led also
to putting an end to the cytotoxicity (ICso > 100 uM).

Relating to the cytotoxic activity of the derivatives 11 & 12a-c
coming from the inactive hydrazide compound 7 (ICs¢p > 100 pM),
great improvement in the cytotoxicity against the lung cancer cell
line A-549 results was observed (ICsp range of 17.91—-26.84 to pM).

Schiff's bases of compounds 12a-c showed different activity. The
best activity in this series was elicited by the parent derivative 12a
which has no substituents on the phenyl ring, where it showed
relatively higher activity compared to the other members of this
series with IC5g of 17.91 pM. On the other hand, the para methoxy
derivative 12b showed a lowered activity having only moderate
cytotoxicity (ICs5o of 40 uM). Moreover, 12¢ with an electron with-
drawing para chloro substitution was found to have no potency
with ICs9 > 100 pM. This indicates that the presence of any sub-
stituent in the para position drops off the activity with the electron-
donating groups being less favorable than the electron-
withdrawing ones. Although compound 14 was inactive, its de-
rivatives 15 has shown ICsg of 20.05 uM while 16e (IC59 = 7.07 uM)
is considered the most active compound against the A-549 cell
lines.

Moreover, the series of compounds 16a-f showed different ac-
tivities. The parent unsubstituted derivative 16a was considered
inactive and the p-methyl substituent 16b behaved similarly. The
respective p-methoxy and the p-dimethylamino analogs 16c and
16d had slightly increased the cytotoxicity activity with ICsg values
of 67.53 pM and 77.6 puM respectively. Finally, for this series, the p-
chlorophenyl derivative 16e and the compound with a pyridinyl
ring in place of the phenyl 16f gave no activity which indicates that
substitution with a lipophilic group or bioisosteric replacement of
the phenyl ring demolished the cytotoxic activity.

2.2.1.1.3. Cytotoxic effect of 17 on MDA-MB-231 and MCF10-A.
The cytotoxicity of 17 on the triple negative breast cancer cell line
MDA-MB-231 was also tested and the ICsg was found to be 0.16 nM.
Additionally, 17 was tested against the normal breast cell line MCF-
10A where it demonstrated a very weak cytotoxic -effect
(IC50 = 0.27 nM). These results show that 17 has high selectivity
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towards MCF-7 breast cancer cell line being 2.66 folds more cyto-
toxic when compared to MDA-MB-231. Also, 17 is comparatively
safe on normal breast cells being 4.5 folds less cytotoxic.

2.2.2. Investigation of apoptosis against MCF-7

2.2.2.1. Annexin V/PI staining and cell cycle analysis. MCF-7 breast
cancer cells were treated with compound 17 for 48 h for investi-
gating its apoptotic activity through cell cycle analysis investiga-
tion. Compound 17 significantly increased apoptotic cell death with
25.43-fold (36.11% versus 1.42% for the control). It encouraged the
early and late apoptotic, and necrotic cell death by 6.51%, 7.42%, and
22.18% respectively as seen in Fig. 2.

Moreover, DNA flow cytometry for analysis of the cell cycle ki-
netics was performed in MCF-7 cancer cells to determine the cell
population at each phase. As seen in Fig. 3, treatment with 17
significantly increased cell population at the pre-G1 cell cycle phase
(36.11% versus 1.24% for the control) and the cell population in the
G1 phase (58.31% compared to 44.16% for control). However, it
decreased the cell population in both phases G2/M phase (5.45%
reduction compared to 8.96% for control) and S phase (36.24%
reduction compared to 46.88% for control). Thus, it can be
concluded that treatment with 17 induced pre-G1 and G1-phase
cell cycle arrest and inhibited the progression of MCF-7 cancer cells.

2.2.2.2. Real time-polymerase chain reaction for the selected genes.
For further investigation of the apoptotic pathway in MCF-7-
treated cell with the test compound 17, RT-PCR reaction was car-
ried out to follow the relative expression of apoptosis-related genes
including proapoptotic genes; P53, PUMA, Bax, caspases 3, 8 and 9
and the anti-apoptotic gene Bcl2. As seen in Fig. 4, compound 17
treatment increased the gene expression level of P53 with 9.98-
fold, Bax with 5.32-fold, PUMA with 8.11-fold, caspases 3, 8 and 9
with 9.11, 3.14 and 5.44-fold, respectively. On the other hand, it
decreased the anti-apoptotic gene Bcl2 with 0.41-fold.

These results are in harmony with previous literature proving
the apoptotic behavior through upregulation of proapoptotic and
downregulation of antiapoptotic genes. In effect, it can be inferred
that both the intrinsic and extrinsic apoptotic pathways were
activated.

2.2.3. Investigation of apoptosis against MDA-MB-231

2.2.3.1. Annexin V/PI staining and cell cycle analysis.
Compound 17 treated MDA-MB-231 breast cancer cells for 48 h
were subjected to cell cycle analysis to determine 17's apoptotic
effect. Compound 17 significantly increased apoptotic cell death by
inducing early and late apoptotic, and necrotic cell death by 2.33%,
14.76% and 11.52%, respectively as shown in Fig. 5.

Additionally, Fig. 6 demonstrates the DNA flow cytometric
analysis of the cell cycle kinetics in MDA-MB-231 cancer cells
treated with 17. Results show that treatment significantly increased
cell population at the pre-G1 cell cycle phase (28.61% versus 2.19%
for the control) and the cell population in the S phase (47.51%
compared to 39.84% for control). However, it decreased the cell
population in both phases G2/M phase (6.2% compared to 8.8% for
control) and GO-G1 phase (46.29% compared to 51.36% for control).
Thus, it can be concluded that treatment with 17 induced pre-G1
and S-phase cell cycle arrest and inhibited the progression of
MDA-MB-231 cancer cells.

2.2.4. In vivo effect of 17 in a breast cancer solid tumor animal
model

2.2.4.1. Antitumor potential on solid carcinoma cells. To evaluate the
anti-cancer activity of compound 17 on the cell growth of solid
Ehrlich carcinoma (SEC) cells, tumor mice were treated with
compound 17 day after day, starting from day 10 following
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inoculation of tumor cells with a total of seven doses. At the end of
the experiment, tumor was excised where the weight and volume
of the tumor mass were measured. As seen in Fig. 7, compound 17
treatment significantly decreased the weight of tumor mass from
170 mg in the positive control mice to 65.87 mg being more
effective than 5-FU (70.67 mg). Additionally, Compound 17 signif-
icantly decreased the tumor volume from 35.2 mm? in the positive
control mice to 16.7 mm? being also better than 5-FU (20 mm?). In
conclusion, compound 17-treatments significantly inhibited the
tumor progression by 52.56% compared to the 43.18% progression
inhibition elicited by 5-FU. The results highlighted the promising
chemotherapeutic anticancer activity of compound 17.

Also, the change of the biochemical and hematological param-
eters upon treatment with 17 was assessed. As seen in Table 2, the
SEC control shows elevated levels of serum ALT and AST when
compared to a normal group. This observation is an indicative sign
of the cancer induced hepatocellular damage. In case of treatment
with compound 17, a significant decline in the serum ALT and AST
by 68.57% and 63.37% has been noticed. On the other hand, that
decline has been detected to be 69.107% for ALT and 66.88%, for AST
for those animals treated with 5-FU when compared to the values
of tumor-bearing untreated mice (Table 2). In addition, the serum
total protein and albumin levels were higher in tumor bearing-mice
than those treated with compound 17 by 148%, and 105.9%,
respectively compared to 146.24%, and 103.87%, respectively for 5-
FU treated ones.

Additionally, compound 17 treatment has also changed the he-
matological parameters of SEC-bearing mice are also shown in
Table 2. CBC parameters are already changed in SEC mice when
compared to normal ones due to the propagating tumor. It was
obvious that treatment with compound 17 has led to an increase in
the hemoglobin, and RBC's count by 119.37%, and 129.62%,
respectively. Treatment with 5-FU has improved the hemoglobin
and REBCs count by 116.09% and 126.98%, respectively compared to
the values of the untreated tumor-bearing mice. Moreover, treat-
ment with 17 reduced the elevated WBC's in the SEC group count by
80.71%.

It is clear that treatment with compound 17 has multiple effects
as it can ameliorate both hematological and biochemical damage
caused by the cancer. Therefore, the compound can be promoted
for as an interesting analogue with good chemotherapeutic po-
tential and safe treatment outcomes.

2.2.4.2. Histopathological examination for liver tissues. The effect of
compound 17 on the liver tissues of SEC mice was evaluated. In
normal cells, a regular architecture of the hepatic lobule is main-
tained where the central vein is surrounded by cords of hepato-
cytes. Between the strands of hepatocytes, the narrow blood
sinusoids are often seen. In SEC-bearing mice there is an observable
hyrdropic degeneration in the hepatocytes where the cell bound-
aries are lost and ballooning degeneration occur. Some hepatocytes
have also shown nuclear pyknosis and karyolysis (Fig. 8). Upon
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Fig. 4. Gene expression results for the apoptosis-related genes in MCF-7 cells treated
with compound 17. Values are expressed as Mean + SD for 3 independent experi-
mental runs. Dashed horizontal line represents the control (Fold change = 1).

treatment with compound 17, the hepatic lobes in SEC mice have
started to regain its original form and looked more like the normal
cells. That effect is even better than that found in SEC mice treated

with 5-FU group that still showed hydropic degeneration of the
hepatocytes along with nuclear pyknosis and karyolysis. Few he-
patocytes showing hydropic degeneration and the activated
Kupffer cells were observed.

2.2.5. Effect of treatment by 17 on autophagy

2.2.5.1. Autophagy assessment by acridine orange lysosomal stain.
Herein, MCF-7 cells treated with compound 17 (IC5o = 0.06 uM,
48 h) were further inspected for the effect on autophagy using
acridine orange lysosomal stain coupled with flow cytometric
analysis. Results showed that treatment by compound 17 induced
significant reduction in autophagic cell death (9828 cells, average of
three independent runs), compared to 11,240 for untreated control
cells (P < 0.01) (Fig. 9 displays result of one out of three runs, data of
the other two runs are in the supplementary sections). This
observation deemed promising as treatment with 17 counteracted
autophagy that is usually correlated with enhanced drug resistance
and poor prognosis. This is also in line with previous reports that
induction of autophagy delays apoptotic cell death [41], thus, it can
be inferred that inhibition of autophagy gave way for apoptosis to
take place as perceived in the apoptosis study.

These findings combined with the results from cytotoxicity and
cell cycle analysis directed us to further investigate the effect of 17
on EGFR, the upstream regulator of autophagy, as detailed in the
following sections.
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2.2.5.2. Effect on EGFR and correlation with autophagy

2.2.5.2.1. Immunohistochemistry of EGFR in vivo expression.
Stimulated by the autophagy assay finding it deemed of interest to
investigate the nexus between the autophagy inhibition and EGFR
expression as one of the key regulators of autophagy. Thus, solid
tumors excised from tumor mice treated as previously described
with compound 17 were processed for IHC staining to investigate
the expression level of EGFR in these tumor tissues. Results shown
in Fig. 10 demonstrated that mice with induced SEC but not sub-
jected to treatment have dark membranous stain reflecting high
expression of EGFR. On the contrary, cancer tissues coming from 17
treated cells exhibited much less staining indicating the lower
expression of EGFR and thus highlighting the role of compound 17
in downregulation of EGFR in the cancer cells.

2.2.5.3. Effect on PI3K, AKT and PI3K, the downstream effectors of
EGFR. To further explore the correlation between the EGFR lowered
expression and the autophagy inhibition, the downstream effec-
tors, PI3K, AKT and mTOR, of the upstream regulator EGFR were
investigated using RT-PCR (Fig. 4). Experimental results revealed
that genes of the EGFR downstream effectors PI3K, AKT, mTOR were
significantly downregulated by 0.44, 0.58 and 0.38-fold, respec-
tively upon treatment of MCF-7 cancer cells with 17. This obser-
vation complies with several other studies that interrelated the
EGFR inhibition pathway and EGFR-dependent signaling pathways,
especially the PI3K/AKT/mTOR pathway in solid tumor, with

autophagy inhibition as a mechanism towards cancer cell death
[42—44].

2.2.5.3.1. Direct effect of 17 on EGFR autophosphorylation and its
inhibition in vitro. As it has been well reported that some quina-
zolin-4-one derivatives elicit part of their cytotoxic action by acting
as EGFR inhibitors [45,46], we wanted to test the effect of 17 on
EGFR autophosphorylation and determine its IC5g in comparison
with the well-known EGFR inhibitor erlotinib. Compound 17 has
shown significant increase in autophosphorylation percentage in-
hibition (84.56%) exceeding that of the reference erlotinib (80%) at
10 uM concentration for. Additionally, 17 was more potent as an
EGFR inhibitor than erlotinib (ICsps = 0.072 and 0.087 uM,
respectively) (Table 3). Collectively it can be inferred that the
antitumor effect of quinazolin-4-one 17 is not only driven by
reduced autophagy but also by the under-expression and inhibition
of the upstream autophagy regulator EGFR as well.

In effect, the obtained results reflect that the mechanism of drug
cytotoxicity is pleiotropic being mediated by apoptosis induction,
autophagy reduction and EGFR lowered expression as well as EGFR
inhibition.

2.3. Molecular docking
Finally, to elucidate the plausible mechanism of binding of 17 to

EGFR in comparison to Erlotinib as standard EGFR inhibitor, mo-
lecular docking study towards was carried against EGFR protein
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Fig. 7. Compound 17 treatment in solid Ehrlich carcinoma SEC-bearing mice model
including tumor mass, volume, tumor inhibition ratio (TIR %). Values are expressed as
mean + SEM values of mice in each group (n = 5). **P < 0.001 and *P < 0.05 are
significant different to the positive control using an unpaired t-test using GraphPad
prism.

(PDB = 1M17) using MOE version 2019.01. As illustrated in (Fig. 11),
compound 17 had a good recognition to the ATP binding site of
EGFR in a similar fashion to Erlotinib. While Erlotinib displayed a
binding score of —7.57 kcal/mol, 17 had a —5.23 kcal/mol, binding
score. Also, compound 17 formed the same binding interactions as
Erlotinib, which also formed one HB with Met769 as HB-acceptor
through the quinazoline oxygen in addition to a pi-H interaction
with Val702. It is well recognized that docking scores do not

precisely reflect the actual ligand enzyme inhibition capacity so S
scores are only displayed here for the sake of approximate binding
energetics calculation.

Overall taken together, the combined results EGFR related
studies introduce compound 17 as a promising EGFR potent in-
hibitor with simple structure through three integrated approaches
in vitro, in vivo and in silico.

3. Conclusion

In the current study, a series of quinazolin-4-one derivatives has
been synthesized and studied as potential anticancer agents. The
developed compounds were tested against two cancer cell lines
namely MCF-7 and A-549 where all of them showed better activity
towards the MCF-7 breast cancer cell lines with ICsgs values in the
low to sub-micromolar range. Compound 17, the most active in this
study, exhibited an ICsq of 0.06 M being equipotent to doxorubicin
and more potent than 5-FU. Investigation into the mechanism of
action of 17, as a representative of this class, has revealed its ca-
pacity to induce intrinsic and extrinsic apoptosis, effect cell cycle
arrest and reduce autophagy. In vivo, it was able reduces tumor
mass and volume while maintaining normal biochemical and he-
matological parameters and a near normal liver histopathology
with a better outcome than 5-FU. Additionally, 17 was able to
reduce the EGFR expression levels in tumors of treated mice along
with demonstrating a capacity to inhibit the enzymatic activity of
EGFR compared to that of erlotinib. Also, the downstream effectors
of EGFR, viz. PI3K, AKT and mTOR, were downregulated upon
treatment of MCF-7 cells with 17. Docking of 17 with EGFR
demonstrated its ability to bind with key active site amino acids
like erlotinib. In conclusion, this study discloses a new class of
potent anticancer agents that have a pleotropic mode of action that
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Table (2)
Biochemical and hematological parameters in the tested groups.
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Parameter/Treatment ALT (U/L) AST (U/L) Total Protein (g/dL)  Albumin (g/dL)  Hb (g/dL) RBCs count ( x 106/uL)  WBCs count ( x 103/uL)
Normal control 403 + 3.5 474 +28 7.6 + 0.4 6.4 + 04 8.02+04 5.04+0.76 3.69 + 0.53
SEC control 56 + 2.7 59.8 +3.7 5.06 + 0.4 3.87 0.7 6.4 + 0.6 3.78 + 0.42 5.34 + 0.65
SEC + 17 (5 mg/kg BW) 38.4* £ 9.1 37.9*% + 84 7.5% +0.2 41+0.2 7.64 + 0.5 4.9 + 0.58 431 + 0.68
SEC + 5-FU (5 mg/kg BW) 38.7* + 3.5 40* + 46 7.4* +04 4.02+0.3 743+ 0.6 4.8 +043 4.54 + 0.98

- Values are expressed as Mean + SEM of 3 independent experiments.

*Significant difference between treated groups and SEC control using unpaired t-test (P < 0.05) using the GraphPad prism7).

Fig. 8. Upper left panel: Normal control group. The central vein (asterisk) surrounded by cords of hepatocytes. Upper right panel: SEC untreated control group mice, nuclear
pyknosis (arrowheads) and karyolysis (arrows); lower left panel: SEC mice treated with compound 17; lower right panel: SEC mice treated with 5-FU group, nuclear pyknosis
(arrowheads) and karyolysis (arrows). (H&E stain: upper left panel magnification x 200; other panels magnification x 400).

can serve as leads for further optimization and future drug dis-
covery of small molecules related to this chemotype.

4. Experimental
4.1. Chemistry

Melting points were recorded on Stuart Scientific apparatus and
were uncorrected. FT-IR spectra were recorded on a Perkin—Elmer
spectrophotometer. '"H NMR and >C NMR spectra were obtained
using Varian Mercury-300 NMR Spectrometer or Bruker Avance
400 MHz NMR Spectrometer using TMS as an internal standard.
Elemental analyses were carried out at the Microanalytical center,
Faculty of Pharmacy, Al-Azhar University, Egypt and are within +0.4
% of the calculated values. Mass spectra were carried out at the
micro analytical unit, Faculty of Science, Cairo University. All
chemical and solvents were purchased from Sigma Aldrich and
used as provided. Compounds (2-4, 6 and 7) were synthesized and
confirmed according to the reported data [36,37,47,48].

10

4.1.1. General procedure of synthesis of 2-(6, 8-dibromo-2-methyl-
4-oxoquinazolin-3(4H)-yl)-N-arylacetamide (5a-c)

To a solution of compound 4 (0.32 gm, 1 mmol) in dry acetone
(20 mL) was added anhydrous K>CO3 (0.276 gm, 2 mmol) and the
corresponding substituted 2-chloro-N-phenylacetamide (1 mmol).
The reaction mixture was refluxed overnight. Upon reaction
completion, the solvent was evaporated under reduced pressure
followed by recrystallization of the residue to obtain the corre-
sponding derivatives 5a-c.

4.1.1.1. 2-(6,8-Dibromo-2-methyl-4-oxoquinazolin-3(4H)-yl)-N-phe-
nylacetamide (5a). White powder, Yield, 88%, m.p. > 300 °C. IR
(cm~1): 3320 (NH), 3141 (CH arom.), 2956-2933 (CH aliph.), 1691
(C=0), 1656 (C=0)."H NMR (300 MHz, DMSO-dg) ppm: 52.6 (s, 3H),
498 (s, 2H), 7.05—7.08 (m, 1H), 7.30—7.32 (m, 2H), 7.51 (d, 2H,
J = 7.8 Hz) 8.1 (s, 1H), 8.3 (s, 1H), 10.46 (s, 1H). MS m/z (%): 453
(M™ + 4), 451 (MT + 2), 449 (M™). Anal. Calcd. for C;7H13BraN30,
(451): C, 45.26; H, 2.90; N, 9.31, Found: C, 45.41; H, 2.97; N, 9.38.
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Fig. 9. Autophagic cell death assessment in MCF-7 treated with compound 17
(ICs0 = 0.06 uM, 48 h) using the acridine orange lysosomal stain coupled with the flow
cytometric analysis. Green: Negative control (untreated), Red: Compound 17-treated
cells (data presented is for one out of three independent runs).

4.1.1.2. 2-(6,8-Dibromo-2-methyl-4-oxoquinazolin-3(4H)-yl)-N-(p-
tolyl)acetamide (5b). White powder, Yield, 90%, m.p. > 300 °C. IR
(cm™1); 3267 (NH), 3136 (CH arom.), 2962-2923 (CH aliph.), 1689
(C=0), 1654 (C=0). 'H NMR (300 MHz, DMSO-de): & 2.25 (s, 3H),
2.49 (s, 3H),4.95 (s, 2H), 7.12 (d, 2H, ] = 6 Hz), 7.45 (d, 2H, ] = 6 Hz),
8.1 (s, 1H), 8.3 (s, 1H), 10.3 (s, 1H). MS m/z: 467 (M" + 4), 465
(M™ + 2), 463 (M™). Anal. Calcd. of C1gH15BryN30; (465): C, 46.48;
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H, 3.25; N, 9.03, Found: C, 46.76; H, 3.31; N, 9.18.

4.1.1.3. N-(4-Chlorophenyl)-2-(6,8-dibromo-2-methyl-4-
oxoquinazolin-3(4H)-yl)acetamide (5c). White powder, Yield, 89%,
m.p. > 300 °C, IR (cm™!): 3286 (NH), 3061 (CH arom.), 2937-2850
(CH aliph.), 1683 (C=0), 1651 (C=0). 'H NMR (300 MHz, DMSO-dg):
3 1.54 (s, 3H), 4.88 (s, 2H), 7.47 (d, 2H, ] = 8 Hz), 7.66 (d, 2H, ] = 8 Hz),
8.17 (s, 1H), 8.38 (s, 1H), 10.27 (s, 1H). Anal. Calcd. for
C17H12Br2CIN30; (486): C, 42.05; H, 2.49; N, 8.65, Found: C, 42.21;
H, 2.56; N, 8.82.

4.1.2. 6,8-Dibromo-3-(2-(2,3-dihydro-3-hydroxy-5-methylpyrazol-
1-yl)-2-oxoethyl)-2-methylquinazolin-4(3H)-one (8)

A mixture of compound 7 (0.39 gm, 1 mmol) and ethyl acetoa-
cetate (0.13 gm, 1 mmol) was refluxed in ethanol for 6 h, The
product was obtained as a white powder; Yield, 80%, m.p. < 300 °C;
IR (cm™'): 3064 (CH arom.), 2972 (CH aliph.), 1685, 1668 (C=0), 'H
NMR (300 MHz, DMSO-dg): 6 1.8 (s, 3H), 2.45 (s, 3H), 4.86 (s, 2H),
6.82 (s, 1H), 8.16 (s, 1H), 8.34 (s, 1H), 9.88 (s, 1H); >C NMR
(100 MHz, DMSO-dg): 6 20.87, 23.62, 45.57, 118.98, 122.63, 123.23,
128.66, 140.18, 144.19, 157.48, 160.10, 165.91, 166.05, 168.57. MS m/z:
457 (M" + 3), 456 (M + 2), peaks for bromine isotope (312, 310),
(156, 154), (198, 196), (103, 101). Anal. Calcd. for Ci5H12BraN403
(456): C,39.50; H, 2.65; N, 12.28, Found: C, 39.66; H, 2.71; N, 12.34.

4.1.3. 6,8-Dibromo-3-(2-(3-hydroxy-5-imino-2H-pyrazol-1(5H)-
yl)-2-oxoethyl)-2-methylquinazolin-4(3H)-one (9)

A mixture of compound 7 (0.39 gm, 1 mmol) and ethyl cya-
noacetate (0.11 gm, 1 mmol) was refluxed in glacial acetic acid for
6 h. The product was obtained as a white powder; Yield, 85%, m.p. <
300 °C. IR (cm™1): 3588 (NH), 3446 (NH), 3062 (CH arom.), 2972
(CH aliph.), 1683, 1670, 1655 (C=0); 'H NMR (300 MHz, DMSO-ds):
0 1.85 (s, 3H), 2.56 (s, 1H), 4.85 (s, 2H), 8.15 (s, 1H), 8.29 (s, 1H), 9.88
(s, 1H), 10.24 (s, 1H); MS m/z:: 459 (M" + 4), 457 (M* + 2), 455
(M™). Anal. Calcd. for C14H11BraNsO3 (457): C, 36.79; H, 2.43; N,
15.32, Found; C, 36.90; H, 2.51; N, 15.44.

Fig. 10. Immunohistochemical staining for EGFR of solid tumor sections. Right panel: Negative control mice-induced SEC; left panel: Mice-induced SEC and treated with com-

pound 17 (magnification: x 200).

Table (3)
EGFR autophosphorylation inhibition and ICsq of 17.

Cmpds Autophosphorylation percentage inhibition EGFR PK inhibition, ICsg [uM]
17 84.56 + 1.19* 0.072 + 0.00574%**
Erlotinib 80.05 + 1.07 0.087 + 0.00621

- values are expressed as mean =+ SD of three independent replicas.

- ICs0 values were calculated using sigmoidal non-linear regression curve fit of percentage inhibition against five concentrations of each

compound.
*P < 0.05, **P < 0.001.
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Binding Ligand-receptor interactions
Compd energy i

(Kcal/mol) HB interactions Dls(t;;lce Lipophilic interactions

Erlotinib -7.57 1.70 Good lipophilic

1 HB with Met 769 interactions with Met 769,

as the key amino Ala 719, Leu 620, Phe
17 -5.23 acid of interaction 1.97 771, Leu 694, Pro 770,
Leu 768, and Leu 764

Fig. 11. Ligand-receptor interactions within the ATP binding site of EGFR (PDB = 1M17). Upper panel: binding details; bottom left panel: 3D representation generated by Chimera
of binding disposition of Erlotinib (Cyan) and 17 (Orange) with EGFR; bottom right panel: 2D representation of 17 generated by MOE 2019.01.

4.14. 6,8-Dibromo-3-(5-mercapto-3-oxo-3H-pyrazol-4-yl)-2-
methylquinazolin-4(3H)-one (10)

A mixture of compound 7 (0.39 gm, 1 mmol) and carbon di-
sulfide (0.07 gm, 1 mmol) was refluxed in absolute ethanol for 6 h,
Yellowish white powder; m.p. < 300 °C, Yield, 88%: IR (cm~!): 3058
(CH arom), 2940 (CH aliph), 2361 (SH), 1687 (C=0), 1626 (C=0). 'H
NMR (300 MHz, DMSO-dg): 8 2.38 (s, 3H), 8.14 (d, 1H, Hz = 2.1), 8.28
(d, 1H, Hz = 2.1), 12.57 (s, 1H). 3C NMR (100 MHz, DSMO-dg):
022.34,118.37,123.14,123.73,128.16, 139.89, 146.05, 156.67, 160.66.
Anal. Calcd. for C13HgBraN40,S (430): C, 33.36; H, 1.87; N, 12.97;
Found: C, 33.19; H, 2.23; N, 12.61.

4.1.5. 1-(2-(6,8-Dibromo-2-methyl-4-oxoquinazolin-3(4H)-yl)
acetyl)-4-phenylthiosemicarbazide (11)

A mixture of compound 7 (0.39 gm, 1 mmol) and phenyl-
isothiocyanate (0.13 gm, 1 mmol) was refluxed in ethanol for 10 h
where the corresponding thiosemicarbazide was obtained and
confirmed as reported [40,49].

4.1.6. General procedure for synthesis of Schiff's bases N'-
Arylidinene-2-(6,8-dibromo-2-methyl-4-oxoquinazolin-3(4H)-yl)
acetohydrazide (12a-c)

A mixture of 7 (0.39 gm, 1 mmol) and benzaldehyde derivatives
(1 mmol) in absolute ethanol (10 mL) and a few drops of acetic acid
was refluxed for 10 h, and the reaction mixture left to cool. The solid
was then filtered off, and crystallized from ethanol/acetic acid [40].

4.1.6.1. N'-Benzylidene-2-(6,8-dibromo-2-methyl-4-oxoquinazolin-
3(4H)-yl)acetohydrazide (12a). White powder, m.p. 263—265 °C,
Yield, 80% as reported [38].

4.1.6.2. 2-(6,8-Dibromo-2-methyl-4-oxoquinazolin-3(4H)-yl)-N'-(4-
methoxybenzylidene )acetohydrazide (12b). White powder; Yield,
77%; m.p. < 300 °C; IR (cm™"): 3203 (NH), 3061 (CH arom.), 2972
(CH aliph.), 1683, 1668 (C=0). 'H NMR (400 MHz, DMSO-dg): 6 2.50
(s, 3H), 3.81 (s, 3H), 5.30 (s, 2H), 7.01 (dd, 2H, J = 4.8, 8.8 Hz), 7.64

12

(dd, 2H, ] = 4.8, 8.8 Hz), 8.01 (s, 1H), 8.17 (d, ] = 2 Hz, 1H), 8.37 (d,
J = 2 Hz, 1H), 11.75 (s, 1H, NH,-D,0 exchangeable). MS m/z: 510
(M* + 4),508 (M" + 2), 506 (M"). Anal. Calcd. for C19H1¢Br,N403
(508): C, 44.91; H, 3.17; N, 11.03, Found: C, 45.1; H, 3.23; N, 11.23.

4.1.6.3. N'-(4-Chlorobenzylidene)-2-(6,8-dibromo-2-methyl-4-
oxoquinazolin-3(4H)-yl)acetohydrazide (12c). White powder, as re-
ported [50].

4.1.7. 2-(6,8-Dibromo-2-methyl-4-oxoquinazolin-3(4H)-yl)-N'-
(dimethylamino-methylene)acetohydrazide (13)

A mixture of compound 7 (0.39 gm, 1 mmol) and DMF-DMA
(012 mL, 1 mmol) was refluxed in xylene for 3 h. The solid ob-
tained was crystalized from ethanol. Yellow powder, Yield, 77%;
m.p. 260—262 °C; IR (cm™1): 3226 (NH), 3066 (CH arom.), 2972 (CH
aliph.), 1691 (C=0), 1627 (C=0). 'H NMR (400 MHz, DMSO-ds):
0 2.49 (s, 3H), 2.81 (s, 6H), 4.72 (s, 2H), 5.01 (s, 1H), 8.16 (s, 1H), 8.34
(s, 1H),10.59 (s, 1H). MS m/z: 402 [M* + 4 — N(CH3),], 400 [M" + 2
— N(CH3);], 498 [M" — N(CHs);], peaks for bromine isotopes (323,
321),(239, 237), (210, 208). Anal. Calcd. for C14H15BraN502 (445): C,
37.78; H, 3.40; N, 15.73, Found; C, 37.90; H, 3.54; N, 15.88.

4.1.8. 6,8-Dibromo-2-((E)-2-((dimethylamino)vinyl)quinazolin-
4(3H)-one (14)

Compound 4 was dissolved in xylene (10 mL), 3 drops of
piperidine were added and the mixture was refluxed for 10 min,
after which DMF-DMA (1.2 mL, 1 mmol) was added & refluxed for
1 h. The solvent was evaporated and the solid obtained was
recrystallized from ethanol as golden yellow powder; Yield, 88%;
m.p. 250—252 °C; IR (cm~1): 3171 (NH), 3050 (CH arom.), 2937 (CH
aliph.), 1665 (C=0), 1618 (CH=CH). 'H NMR (400 MHz, DMSO-dg):
03.48 (s, 6H), 5.06 (d, 1H, ] = 11.92 Hz), 7.98 (s, 1H), 8.06 — 8.09 (m,
2H), 8.60 (s, 1H, NH, D,0-exchangeable). MS m/z: 375 (M" + 4), 373
(M™ + 2),371 (M™). Anal. Calcd. for C1oH11BraN30 (373): C, 38.64; H,
2.97; N, 11.26, Found: C, 38.87; H, 3.01; N, 11.44.
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4.1.9. 6,8-Dibromo-2-(2-hydrazinylvinyl)quinazolin-4(3H)-one
(15)

A mixture of compound 14 (0.37 gm, 1 mmol) and hydrazine
hydrate 99% (0.04 gm, 1 mmol) in absolute ethanol (20 mL) was
refluxed for 3 h where the product was then obtained by crystal-
lization from ethanol, Yellow precipitate, m.p. > 300 °C, Yield, 66%,
IR (cm™!): 3200 (NHy), 3132 (NH), 3059 (CH arom.), 2937 (CH
aliph.), 1669 (C=0). 'H NMR (400 MHz, DMSO-dg): 6 4.60 (br s, 2H,
NH,, D,0-exchangeable), 5.20 (d, 1H, ] = 8 Hz), 7.68—7.73 (m, 1H),
8.13(d, 1H,J = 2.4 Hz), 8.23 (d, 1H, J = 2.4 Hz), 12.15 (s, 1H, NH, D,0-
exchangeable), 12.60 (s, 1H, D,0O-exchangeable). Anal. Calcd. For
C1oHgBraN40 (360): C, 33.36; H, 2.24; N, 15.56, Found: C, 33.61; H,
2.32; N, 15.22.

4.1.10. General method for synthesis of 6,8-dibromo-2-((E)-2-
(arylamino )vinyl)quinazolin-4(3H)-ones (16a-f)

A mixture of compound 14 (0.37 gm, 1 mmol) and the appro-
priate aniline (1 mmol) in ethanol was refluxed for 3 h to obtain the
compounds (16a-f).

4.1.10.1. 6,8-Dibromo-2-(2-(phenylamino)vinyl)quinazolin-4(3H)-
one (16a). Yellow powder; Yield, 75%, m.p. > 300 °C; IR (cm™!):
3385 (NH), 3134 (NH), 3037 (CH arom.), 2922 (CH aliph.), 1664
(C=0), 1669 (C=C). 'H NMR (400 MHz, DMSO-dg): 6 5.20 (d, 1H,
J=8.4Hz),7.03(t,1H,] = 8 Hz), 7.30—7.39 (m, 4H), 7.83 (dd, ] = 8.4,
12.5 Hz, 1H), 8.10 (d, 1H, ] = 2.2 Hz), 8.32 (d, 1H, | = 2.2 Hz), 11.65 (d,
1H,J = 12.5 Hz), 12.25 (s, 1H, NH, D,0-exchangeable). MS m/z: 423
(M* + 4), 421 (M" + 2), 419 (M™). Anal. Calcd. for Ci6Hq1BryN30
(421): C, 45.64; H, 2.63; N, 9.98, Found: C, 45.78; H, 2.68; N, 10.14.

4.1.10.2. 6,8-Dibromo-2-(2-(p-tolylamino)vinyl)quinazolin-4(3H)-
one (16b). Yellow powder, Yield, 70%, m.p. > 300 °C; IR (cm™!):
3446 (NH), 3132 (NH), 3051(CH arom.), 2970 (CH aliph.), 1672
(C=0), 1633 (C=C). '"H NMR (400 MHz, DMSO-dg): 6 2.26 (s, 3H),
5.15(d,1H,J = 8.4 Hz), 715 (d, 2H, ] = 8.8 Hz), 7.18 (d, 2H, ] = 8.8 Hz),
7.72 (dd, 1H, J = 8.4, 1.5 Hz), 8.07 (d, 1H, J = 2 Hz), 8.28 (d, 1H,
J =2 Hz),11.61 (d, 1H, J = 12.5 Hz), 12.18 (s, 1H). MS m/z (%): 437
(I\/[Jr + 4), 435 (]\/[Jr + 2). 433 (M+) Anal. Calcd. for C17H13Br,N3O
(435): C, 46.93; H, 3.01; N, 9.66, Found: C, 47.12; H, 3.05; N, 9.84.

4.1.10.3. 6,8-Dibromo-2-(2-((4-methoxyphenyl)amino )vinyl)quina-
zolin-4(3H)-one (16¢). Yellow powder, Yield, 78%, m.p. > 300 °C. IR
(cm~1): 3400 (NH), 3132, 3048 (CH arom.), 2949 (CH aliph.), 1678
(C=0),1629 (CH=CH). 'H NMR (400 MHz, DMSO-ds): 6 3.72 (s, 3H),
511 (d, 1H, J = 8.4 Hz), 6.93 (d, 2H, ] = 8.8 Hz), 7.23 (d, 2H,
J=8.8Hz),7.72 (dd, 1H, ] = 8.4,12.5 Hz), 8.06 (d, 1H, ] = 2 Hz), 8.27
(d,1H,J = 2 Hz),11.63 (d, 1H, ] = 12.5 Hz), 12.15 (s, 1H). MS m/z: 453
(M+ + 4), 451 (M+ + 2), 499 (M+) Anal. Calcd. for Ci7H13BraN30,
(451): C, 45.26; H, 2.9, N, 9.31, Found: C, 45.49; H, 2.9; N, 9.45.

4.1.10.4. 6,8-Dibromo-2-(2-((4-(diethylamino)phenyl)amino)vinyl)
quinazolin-4(3H)-one  (16d). yellow powder; Yield, 80%,
m.p. > 300 °C; IR (cm™!): 3446 (NH), 3421 (NH), 3061 (CH arom.),
2972 (CH aliph.), 1683 (C=0), 1627 (CH=CH). 'H NMR (300 MHz,
DMSO0-dg): 6 1.06 (t, 6H, ] = 6.9 Hz), 3.3 (q, 4H, ] = 6.9 Hz), 5.06 (d,
1H,J = 8.1 Hz), 6.69 (d, 2H, J = 8.7 Hz), 713 (d, 2H, ] = 8.7 Hz), 7.68
(dd, 1H, J = 8., 12.5 Hz), 8.05 (d, 1H, J = 2.4 Hz), 8.25 (d,1H,
J=2.4Hz),11.68 (d, 1H, J = 12.5 Hz, NH, D,0-exchangeable), 12.1 (s,
1H, NH D,0-exchangeable). MS m/z: 494 (M" + 4), 492 (M™ + 2),
490 (M), peaks for bromine isotopes: (449, 447), (238, 236), (195,
193), (93, 91). Anal. Calcd. for CyoH,0BraN40 (492): C, 48.80; H, 4.10;
N, 11.38, Found: C, 49.03; H, 4.17; N, 11.61.

4.1.10.5. 6,8-Dibromo-2-(2-((4-chlorophenyl)amino )vinyl)quinazo-
lin-4(3H)-one (16e). Yellow powder; Yield, 80%; m.p. > 300 °C. IR
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(cm™1): 3414, 3132 (NH), 3066 (CH arom.), 2966-2920 (CH aliph.),
1676 (C=0),1631 (CH=CH). "H NMR (300 MHz, DMSO-dg): 6 5.35 (d,
1H,J = 8.1 Hz), 7.29—7.22 (m, 4H), 7.80 (dd, 1H, ] = 8.1,12.5 Hz), 8.05
(d,1H,] = 2 Hz), 8.21 (d, 1H, ] = 2 Hz), 11.94 (d, 2H, J = 12.5 Hz, 2NH,
D,0-exchangeable). 3C NMR (100 MHz, DSMO-ds): 6 29.96, 86.85,
115.49, 116.07, 120.10, 120.57, 128.19, 129.81, 130.64, 138.60, 138.93,
142.32, 143.75, 156.01, 159.28, 172.77. MS m/z: 455 (M* + 2), 453
(M™). Anal. Calcd. for CygH19BroCIN3O (456): C, 42.19; H, 2.21; N,
9.22, Found: C, 42.38; H, 2.08; N, 9.37.

4.1.10.6. 6,8-Dibromo-2-(2-(pyridin-2-ylamino)vinyl)quinazolin-
4(3H)-one (16f). Off white powder; Yield, 77%; m.p. 275 °C, IR
(cm™1): 3404, 3346 (NH), 3068 (CH arom.), 2933 (CH aliph.), 1685
(C=0), 1622 (CH=CH). '"H NMR (400 MHz, DMSO-dg): 6 5.23 (d, 1H,
J = 8 Hz), 7.89—8.10 (m, 6H), 8.21 (d, 1H, ] = 2.4 Hz), 11.75 (s, 1H),
12.60 (s, TH). MS m/z: 424 (M" + 4), 423 (M" + 3), 422 (M" + 2),
peaks for bromine isotopes: (413, 411), (417, 415), (277, 275), (247,
245), (221, 219), (145, 143). Anal. Calcd. for C1sH1oBraN4O (422): C,
42.68; H, 2.39; N, 13.27, Found: C, 42.92; H, 2.44; N, 13.43.

4.1.11. 3-Amino-6,8-dibromo-2-methylquinazolin-4(3H)-one (17)

An equimolar mixture of compound 3 (0.319 gm, 1 mmol) and
hydrazine hydrate 99% (0.5 mL, 1 mmol) in 20 mL absolute ethanol
was refluxed for 12 h. Upon reaction completion, the mixture was
concentrated in vacuum where compound 17 was obtained as
white crystals upon recrystallization from ethanol and confirmed
as reported [51,52].

4.1.12. N'-(6,8-dibromo-2-methyl-4-oxoquinazolin-3(4H)-yl)-N,N-
dimethylformamidine (18)

Compound 17 (0.33 gm, 1 mmol) and DMF-DMA (1.2 mlL,
1 mmol) were refluxed in xylene (10 mL) for 90 min. After cooling
and evaporating the solvent, large colourless needle crystals were
obtained. Yield, 77%; m.p. 1770—172 °C. IR (cm™!): 3056 (CH arom.),
2934 (CH aliph.), 1668 (C=0), 1622 (CH=N). 'H NMR (300 MHz,
DMSO-dg): 3 2.48 (s, 3H), 2.96 (s, 6H), 7.90 (s, 1H), 8.04 (s, 1H), 8.15
(s, 1H). Mass m/z: 346 [M" + 4 - N(CH3),], 344 [M™ + 2 - N(CH3)3],
342 [M' — N(CH3),], peaks for bromine isotopes: (290, 288), (278,
276), (263, 261), (225, 223), (196, 194), (155, 153). Anal. Calcd. for
C12H12BraN40 (388): C, 37.14; H, 3.12 N, 14.44, Found: C, 37.39, H,
3.19, N, 14.47.

4.2. Biology

4.2.1. Cytotoxic activity via SRB assay

MCF-7 human tumor cell line, (breast adenocarcinoma) was
grown as monolayer and routinely maintained in RPMI-1640 me-
dium supplemented with 5% heat inactivated FBS, 2 mM glutamine
and antibiotics (penicillin 100 U/ml, streptomycin 100 pg/ml), at
37 °Cin a humidified atmosphere containing 5% CO,. Exponentially
growing cells were obtained by plating 1.5 x 105 cells/ml for MCF-7
followed by 24 h of incubation. The effect of the vehicle solvent
(DMSO) on the growth of these cell lines was evaluated in all the
experiments by exposing untreated control cells to the maximum
concentration (0.5%) of DMSO used in each assay. The activity of the
compounds was evaluated using sulforhodamine B dye where cells
were treated with five different serial dilutions (up to 150 uM) of
the compounds for 48 h. Doxorubicin was used as a positive control
and tested in the same manner. The cytotoxicity of the compounds
were then determined using the SRB method as previously
described by Skehan et al. [53]. Similarly, compound 17 was tested
on the triple negative human tumor breast cancer cell MDA-MB-
231 and on the normal breast cell line MCF-10A.

A-549 human lung cancer cell line were grown in DMEM sup-
plemented with 10% heat inactivated FBS, 50 units/ml of penicillin
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Fig. 12. In vivo experimental design [56].

and 50 mg/ml of streptomycin and maintained at 37 °C in a hu-
midified atmosphere containing 5% CO,. The cells were maintained
as monolayer culture by serial subculturing. The cytotoxicity of the
compounds were then determined using the SRB method as pre-
viously described by Skehan et al. [53]. The ICs9 values were
calculated according to the equation for Boltzman sigmoidal
concentration—response curve using the nonlinear regression
fitting models (Graph Pad, Prism Version 5).

4.2.2. Investigation of apoptosis by annexin V/PI staining and cell
cycle analysis

Apoptosis rate in cells was quantified using annexin V-FITC (BD
Pharmingen, USA). Cells were seeded into 6-well culture plates
(3—5 x 10° cells/well) and incubated for an overnight. Cells were
then treated with compound 17 for 48 h at its ICsg value concen-
tration. Next, media supernatants and cells were collected and
rinsed with ice-cold PBS. Next, the cells were suspended in 100 uL
of annexin binding buffer solution “25 mM CaCl;, 1.4 M NacCl, and
0.1 M Hepes/NaOH, pH 7.4” and incubated with annexin V-FITC
solution (1:100) and propidium iodide (PI) at a concentration of
10 ug/mL” in the dark for 30 min. Stained cells were then acquired
by Cytoflex FACS machine. Data was analyzed using cytExpert
software [54—56].

4.2.3. Real time-polymerase chain reaction for the selected genes
To further investigate the apoptotic pathway, we followed the
gene expression of P53, Bax, PUMA, Caspapses-3, 8 and 9 as pro-
apoptotic genes and BCL2 as the anti-apoptotic gene; their se-
quences in forward and reverse direction were provided in the
supplementary data. MCF-7 cells were treated with compound
17 at its IC5q value for 48 h. After completing the treatment period,
cells were collected and total RNA was extracted using Rneasy®
Mini Kit (Qiagen, Hilden, Germany). Then, cDNA was synthetized
using 500 ng of RNA (i-Script cDNA synthesis kit, BioRad, Hercules,
USA). Finally, each RT-PCR reaction was performed using 25 pL of
Fluocycle®Il SYBR® (Euroclone Milan, Italy), 10 ng of cDNA and 2 pL
of 10 uM for forward and reverse primers. We completed the re-
action mix by adding 19 pL of nuclease free water. All reactions
were performed for 35 cycles using the following temperature
profiles: 95 °C for 5 min (initial denaturation); 95 °C for 15 min
(Denaturation), 55 °C for 30 min (Annealing), and 72 °C for 30 min
(Extension). Then, the Ct values were collected for calculation of the
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relative genes’ expression in all samples by normalization to the f-
actin housekeeping gene [54,57].

4.3. In vivo experiment

The experimental protocol was approved by the Research Ethics
Committee at Suez Canal University (Approval number REC-07-
2020, Faculty of Science, Suez Canal University). In vivo experi-
ments were conducted as illustrated in Fig. 12.

4.4. Autophagy evaluation using acridine orange quantitative
assessment

Autophagic cell death is quantitatively assessed using acridine
orange lysosomal stain coupled with flowcytometric analysis. After
treatment with test compound for 48h, MCF-7 cells (10 cells) were
collected by trypsinization and washed twice with ice-cold PBS (pH
7.4). Cells were stained with acridine orange (10 uM) and incubated
in the dark at 37 °C for 30 min. After staining, cells were injected
into ACEA Novocyte™ flowcytometer (ACEA Biosciences Inc., San
Diego, CA, USA) and acridine orange fluorescent signals was
analyzed using FL1 signal detector (Aex/em 488/530 uM). For each
sample, 12,000 events were acquired and net fluorescent in-
tensities (NFI) were quantified using ACEA NovoExpress™ software
(ACEA Biosciences Inc., San Diego, CA, USA).

4.5. EGFR PK inhibition

EGFR-TK cell-free assay was used to explore the effect on the test
compounds on inhibition of EGFR kinase according to the reported
method. The autophosphorylation percentage inhibition was

calculated using the following equation: {100 — |Control _control

Treated

IC5 was calculated from the curves of percentage inhibition of five
concentrations (0.01, 0.1, 1, 10 and 100 pM) for each compound,
using GraphPad prism7 software [58].

4.6. Molecular docking

Both protein and ligand structures were optimized, and ener-
getically favored using Maestro. Molecular docking study towards
EGFR protein (PDB = 1M17) was performed using MOE version
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2019.01 following routine work [54] of preparation of the appro-
priate formats of receptor and ligands. Grid box dimensions were
determined for a box of 10 A in the x, y and z directions centered on

the

ligand. Finally, docking was performed using default parame-

ters and S scores were recorded. Chimera was used to analyze the
binding disposition and interactive modes.
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