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ABSTRACT

Significant advancements have been made in the domain of targeted anticancer therapy for the manage-
ment of malignancies in recent times. VEGFR-2 is characterised by its pivotal involvement in angiogenesis
and subsequent mechanisms that promote tumour cells survival. Herein, novel N-arylmethyl-aniline/chal-
cone hybrids 5a-5n were designed and synthesised as potential anticancer and VEGFR-2 inhibitors. The
anticancer activity was evaluated at the NCI-USA, resulting in the identification of 10 remarkably potent
molecules 5a-5j that were further subjected to the five-dose assays. Thereafter, they were explored for
their VEGFR-2 inhibitory activity where 5e and 5h emerged as the most potent inhibitors. 5e and 5h
induced apoptosis with cell cycle arrest at the SubGy-G; phase within HCT-116 cells. Moreover, their
impact on some key apoptotic genes was assessed, suggesting caspase-dependent apoptosis.
Furthermore, molecular docking and molecular dynamics simulations were conducted to explore the bind-
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ing modes and stability of the protein-ligand complexes.

Introduction

Cancer is a dynamic and complex disease primarily characterised
by the uncontrolled growth and spread of aberrant cells'. When a
solid tumour grows to a volume of more than 1-2mm?, the
resources available in the surrounding tissue become insufficient
to sustain further tumour growth® As a result, a microenviron-
ment gradually develops within the tumour tissue, releasing abun-
dant growth factors and cytokines that stimulate angiogenesis
and lymphangiogenesis to meet the increased demands of
tumour growth and metabolism®. Pro- and anti-angiogenic factors
control the vascular network within the tumour, assisting in the
transportation of nutrition, and oxygen®. The process of tumour
angiogenesis, which is controlled by the balance between pro-
angiogenic factors and anti-angiogenic factors created by the host
cells, as well as the tumour cells, is directly responsible for the
growth and metastasis of the tumour®. Several growth factors
have been shown to control angiogenesis, including vascular
endothelial growth factor (VEGF), basic fibroblast growth factor
(BFGF), and platelet-derived growth factors (PDGFs)°.

The VEGF family mainly consists of VEGF-A, PIGF (placenta
growth factor), VEGF-B, VEGF-C, VEGF-D, VEGF-E; each VEGF iso-
form playing distinct roles in vascular patterning and arterial
development through the activation of receptor tyrosine kinases
(RTKs), including VEGFR1, VEGFR2, and VEGFR3”®, Particularly, the
VEGF-A/VEGFR-2 signalling pathways appear to be crucial in medi-
ating the cellular responses involved in angiogenesis®. Several
types of cancer including cervical cancer'®, colorectal cancer'’,
non-small cell lung cancer'?, hepatocellular carcinoma'?, and renal
carcinoma'® have shown VEGFR-2 overexpression predictors with
poor prognosis and survival'®™'7. Additionally, suppression of
molecular pathways related to angiogenesis has been recognised
as a useful strategy for the generation of novel anticancer agents.
Therefore, suppression of the VEGF/VEGFR-2 signalling pathway
has emerged as a promising era of drug development to reduce
the rate of angiogenesis as a potential mechanism of anticancer
activity.

Several VEGFR-2 inhibitors have been developed in the last ten
years (Figure 1). FDA has licenced antibodies and small com-
pounds as VEGF inhibitors. Bevacizumab (Avastin®)'® binds to all
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Figure 1. Representative examples of FDA-approved VEGFR inhibitors.
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Figure 2. Examples of reported chalcone VEGFR inhibitors.
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isoforms of VEGF-A and is now approved for the treatment of
non-small cell lung cancer, breast cancer, advanced colorectal can-
cer, metastatic renal cell carcinoma, as well as recurrent glioblast-
oma'?. Aflibercept (Zaltrap®) is a second example of an approved
anti-VEGF drug, consisting of a soluble decoy receptor which
binds VEGF, without activating the endogenous receptors and
which has been indicated for metastatic colorectal cancer treat-
ment?®22, Ramucirumab (Cyramza®) is an antibody directed
against the VEGFR-2 extracellular domain, preventing the binding
of VEGF ligands, and hence blocking receptor activation. It is now
indicated to treat metastatic non-small cell lung cancer
(NSCLC)**2%. Alongside these biologics, small molecules have also
been developed as VEGFR inhibitors. Currently, there are eight
FDA-approved anti-angiogenic RTK inhibitors, with the VEGF
receptor being their main targetzs. These are Sorafenib, Sunitinib,
Pazopanib, Regorafenib, Cabozantinib, Axitinib, Vandetanib, and
Lenvatinib. All these standard VEGF inhibitors are able to induce
cellular apoptosis and inhibit cellular growth with activation of
key pro-apoptotic markers?®?’. However, some adverse effects,
such as cardiac and thyroid toxicities, were reported over the use
of VEGF, suggesting that the urgent need for the development of
new VEGF inhibitors with potent activity and minimal cytotoxicity.

Among the great variety of pharmacophoric features used to
design VEGFR-2 inhibitors, the chalcone motif bearing a variety of
aromatic and/or heterocyclic ring has already proved to lead to
potent anticancer compounds®®>° such as compounds I-il
(Figure 2).
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0
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(\N F

HN J 0

In line with our previous works to develop new anticancer
compounds®'¢, we are reporting here the design and the syn-
thesis of new N-arylmethyl-aniline/chalcone hybrids, incorporating
the same essential pharmacophoric features of Sorafenib, a clinic-
ally used VEGF inhibitor (Figure 3)*’. First, a heteroaromatic moi-
ety interacts through hydrogen bonds with the hinge region of
the ATP binding site. Second, an aromatic linker group can fill up
an area between the DFG domain and the hinge region. Third,
the pharmacophoric moiety can form hydrogen bonds and inter-
act with the DFG domain of the kinase. Fourth, the hydrophobic
group can interact with the allosteric hydrophobic pocket, adja-
cent to the ATP binding site.

Our concept includes molecularly altering the VEGFR-2 inhibitor
(Sorafenib) at four separate places in order to consider the four
primary VEGFR-2 pharmacophoric properties and to utilise bioisos-
teric modulation techniques. The heterocyclic moiety in Sorafenib
was changed to a variety of aryl/fused heteroaromatic rings with
respect to the first site. Second, the urea linker was changed into
an o, f-unsaturated carbonyl group of the chalcone moiety, while
the core aromatic linker (phenoxy moiety) was substituted with an
N-methylene aniline ring. Three different aromatic groups (Ary),
pyridine, N-phenyl acetamide, and imidazole, were chosen to
evaluate how their different physicochemical properties might
impact the activity of the newly developed compounds.

All targeted compounds were tested in vitro for anticancer effi-
cacy against the 60-cell line panel of the National Cancer Institute
(NCI, Bethesda, USA). The VEGFR-2 enzymatic inhibitory potency of
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Figure 3. New synthesised compound rational design.

the most active compounds was assessed for further exploration
of their putative anticancer mechanism, followed by DNA cell
cycle analysis and capacity to trigger apoptosis. The levels of key
apoptotic proteins, such as Cytochrome-C (Cyt. C), Bax, Bcl-2, and
caspase-3 were investigated for the most potent derivatives in the
HCT-116 cancer cell line. Finally, using Sorafenib as a reference lig-
and, the synthesised compounds were subjected to molecular
docking and dynamic investigations against VEGFR.

2. Results and discussion
2.1. Chemistry

The synthesis of the final compounds 5a-5n was started by Boc-
protection of amino group of 3-aminoacetophenone 1 which was
then reacted with the appropriate aromatic aldehyde to afford the
chalcones 3i-iii. Boc-deprotection of chalcones 3i-iii followed by
reductive amination with the appropriate aromatic aldehyde pro-
duced the final compounds 5a-5n with approximate yields rang-
ing from 72% to 90% (Scheme 1).

The proposed structures of all final compounds were confirmed
with different spectral analyses, NMR spectroscopy ("H-NMR, '*C-
NMR), LC/MS mass spectroscopy, and high-resolution mass spec-
trometry. All "H-NMR spectra of compounds 5a-5n displayed a
doublet peak at § 4.26-4.59 ppm corresponding to the N-methy-
lene group and a D,0 exchangeable triplet peak at ¢ 6.44—
6.67 ppm corresponding to anilino NH protons. In addition to the
D,0 exchangeable peaks corresponding to acetamido- NH protons
for compounds 5b, 5f-51. Compounds 5e, 5j, and 5m showed a
significant singlet peak corresponding to the O-methylene group
at J 446 ppm, and a D,0 exchangeable broad singlet peak at ¢
5.09 — 5.10 ppm corresponding to OH protons. Also, the imidazole
containing derivatives 51-5n showed an extra D,O exchangeable
peak at J§ 12.43-12.54ppm corresponding to imidazolo-NH
protons.

In addition, singlet peaks corresponding to methyl, acetamido-
methyl or methoxy groups appeared at the expected range for
compounds bearing such groups. For instance, compound 5h dis-
played three singlet peaks integrated for three protons each at o
3.73, 3.71, and 2.08 ppm corresponding to two methoxy groups

and one acetamido-methyl group, respectively. '>*C-NMR spectra
for compounds 5a-5n showed peaks corresponding to chalcone
carbonyl group carbons at ¢ 189.3 —190.2 ppm. Acetamido-con-
taining derivatives displayed another carbonyl group peaks at ¢
168.0 — 168.7 ppm. In addition, compounds 5k and 5n bearing
coumarin nucleus displayed an extra carbonyl carbon peak at ¢
159.9 — 160.7 ppm, respectively. Also, peaks corresponding to
methylene, methyl, acetamido-methyl or methoxy groups
appeared at the expected range for compounds bearing such
groups. For instance, compound 5h displayed four peaks in the
aliphatic region at ¢ 55.5, 55.4, 46.3, and 24.1 ppm corresponding
to two methoxy groups, methylene group, and one acetamido-
methyl group, respectively. Finally, the ESI-high-resolution mass
spectrometry for all final compounds 5a-5n confirmed the
molecular weight as all measured values were within
0.0001 —0.001 difference range from the calculated values.

2.2. Biological Evaluation

2.2.1. In vitro single-dose cellular antiproliferative assay

In vitro antiproliferative activity against NCI 60-cell lines for 14
newly synthesised compounds was tested for their in vitro anti-
cancer activity by the National Cancer Institute (NCI, Maryland,
USA), under the Developmental Therapeutic Program (DTP)*®~4°,
Single dose concentration of 10 uM of compounds was tested on
a panel of 60 tumour cell lines. The antiproliferative activity was
presented as growth inhibition percentage (Gl%) (Table 1). While
four compounds (5k-5n) showed low mean growth inhibition
against the full panel with a GI% between 24.1 and 39.0%, the
remaining 10 compounds (5a-5j) exhibited significant mean
growth inhibition against the full panel with a GI% between 61.8
and 123.2%. Among the highly potent compounds (5a-5j), com-
pounds 5e and 5h showed significant antiproliferative activities
against most of the tested cancer cell lines. Compound 5e exhib-
ited significant antiproliferative activity against 57 cancer cell lines
with Gl% ranging from 14.66 to 99.08%. It showed potent growth
inhibitory effects with GI% from 16.44 to 79.27% against NSCLC
cell lines, 14.66 to 98.45% against CNS Cancer cell lines, 17.22 to
91.93% against Melanoma cell lines, 32.6-97.21% against Ovarian
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Scheme 1. Synthesis of target derivatives 5a-5n

Cancer cell lines, 15.35-94.43% against renal cancer cell lines,
55.05-62.6% against prostate cell lines and 33.46-98.12% against
breast cancer cell lines (Table 1). On the other hand, compound
5h exhibited antiproliferative activity against 59 cancer cell lines
with GI% ranging from 11.47 to 99.09%. It showed potent growth
inhibitory effects with GI% from 7826 to 9831% against
Leukaemia cell lines, 21.2-94.9% against NSCLC Cancer cell lines,
56.87-84.14% against CNS cell lines, 53.74-61.5% against
Melanoma Cancer cell lines, 75.45-96.8% against ovarian cancer
cell lines, 11.47-60.74% against renal cancer cell lines, 75.42-
84.95% against prostate cancer cell lines and 89.39-99.09%
against breast cancer cell lines. Regarding sensitivity to individual
cell lines, it was noticed that all the newly synthesised compounds
exhibited high antiproliferative activity against 13 different cell
lines with a Gl mean greater than 100% (Figure 4), namely RPMI-
8236 (Leukaemia), NCI-H522 (Lung), HCT-116, HCT-15, HT29, KM12,
SW-620 (Colon), SF-539, U251 (CNS), LOX-IMVI (Melanoma), 786-0
(Renal), MCF7, and MDA-MB-438 (Breast).

2.2.2. In vitro five-doses cellular anti-proliferation assay

Based on the results of full panel mean growth inhibition, ten of
the final compounds (5a-5j) that met the predetermined thresh-
old inhibition criteria in a minimum number of cell lines were
selected for five-dose screening for further determination of half
maximum growth inhibition concentration (Glse) (Table 2). Total
growth inhibition (TGI) and half maximum lethal concentration
(LCso) were also calculated, in addition to, the mean graph

midpoints (MG-MID) for the different subpanels and for the full
panel have been calculated for the Glsq parameter, providing an
average activity parameter (all graphs are presented in the supple-
mentary data). The results of sorafenib as a reference compound
were obtained from NCI Data (NSC: 800934)*' (Table 2). The
results revealed that all compounds showed significant growth
inhibitory activity against different cancer cell lines with full panel
Glsp MG-MID ranging from 4.48 to 10.82 uM, compared to sorafe-
nib (full panel Glso MG-MID = 3.00 uM).

In general, compound 5h had comparatively homogenous anti-
proliferative effect throughout the whole NCI panel and elicited
low micromolar inhibitory dose values, with a full panel Glso MG-
MID of 4.48uM and subpanel Gls, MG-MID ranging between
2.36 UM (Leukaemia), and 8.91 uM (NSCLC cancer) (Table 2; Figure
5). This compound showed significant growth inhibitory activity
with single-digit micromolar Gls, value against 53 different cell
lines among which 22 cell lines showed superior activity to sorafe-
nib. The best potency of compound 5h was against HCT-116
(colon cancer) with a sub-micromolar Gls, value of 0.78 uM.
Compounds 5b and 5d were next in potency order and showed
similar activity pattern to compound 5h with a full panel Glsqg MG-
MID of 4.65 and 4.74 uM, respectively. Also, compounds 5b and
5d showed significant activity against HCT-116 with Gls, value of
1.80 and 1.82uM, respectively (all graphs are presented in the
supplementary data). Another potent compound is hybrid 5e
potent compound against most of the examined cancer cell lines
with a full panel Gls, MG-MID of 9.96 uM and subpanel Gls, MG-
MID ranging between 3.29uM (Leukaemia) and 13.62 uM (NSCLC
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Table 1. Anticancer effects of compounds 5a-5n versus NCI-60 cancer cell lines presented as percent growth inhibition.

5a 5b 5¢ 5d Se 5f 59 5h 5i 55 5k 51 5m 5n
Leukaemia cell lines
CCRF-CEM 53.15 87.06 87.87 9800 4564  62.10
HL-60(TB) 54.5 59.6 5896 6515 6591  85.38
K-562 9362 9984  89.01 99.08 9330 80.84 8037  87.20
MOLT-4 57.2 38.91 8420 4033 2853  61.06
RPMI-8226 98.6 99.68 8046 3800 6330  86.89
SR 8561 | N/A 9200 N/A N/A N/A N/A N/A N/A N/A 9290  98.11
NSCLC cell lines
A549/ATCC 2719 2776 1759 5308 1644 3047 1087 7733 4575 3433 21.50 754 1408 2565
EKVX 5231 9423 6227 10636  56.83 2092 4373 9490 7299 8886 6452 2480 3224 4565
HOP-62 1509 7404 3001 6524 2071 1388 3529 6232  73.80 9372 1076 506 1391 2430
HOP-92 4175 6850 3679 3944 2331 852 2694 6582 1229 3464 327 1235 2224 2575
NCI-H226 37.93 19.69 217 21200 91.89 3572 2169 1456  28.18
NCI-H23 47.9 73.60 79.27 2617 5511 10488 5748 9587 3858 1148 1865 2834
NCI-H322M 1958  29.58 1425 4265 1861 2254 2872 3199 4116 3880 1528 1280 1298  18.09
NCI-H460 4195 107.04  69.02 9131 6467  67.95 2268 48 683 2338
NCI-H522 57.56. 1065 3633 6418  89.4311137.76
Colon cancer cell lines
COLO 205 8649 3726 5367  30.69 -1322 -823 006  29.20
HCC-2998 15.15 1000 -231 —068 1681
HCT-116 7879 2942 3645  58.10
HCT-15 5071 1427 2152 3386
HT29 1564 822 2490  63.16
KM12 3442 4361 957 2506
SW-620 5216 2484 2383 3175
CNS cancer cell lines
SF-268 3819 8860 4044 6972 6485 4577 7874 6402 8005 8878 1820 1942 896 1092
SF-295 5889 9191 5373 9288 3976 2772 5177 8414 7313 7946 3682 —1.21 492 1264
SF-539 98.45 19.04 1407 1099 1477
SNB-19 3487  99.08  41.26 7486 3145 9540 5687  97.96 3882 2656 1684 2573
SNB-75 4660 3181 3420 6990 1466 3233 1699 6281 3049  18.23 2541 1169 N/A N/A
U251 4897 4834 5599 6823
Melanoma cell lines
LOX IMVI 57.82 4532 5860 7592
MALME-3M 101.09 10435 4141 3112 574 55.50 3778 2637 2311 3776
M14 91.93 5466 769 57.70 3057 1346 1497 2453
MDA-MB-435 J 58.71 3568  39.05 49.23 2205 11.04 836 1453
SK-MEL-2 3592 5274 7400 1772 16,51 2830 5374 3988  53.92 3573 1279 N/A N/A
SK-MEL-28 716 2496 9835 107.96 5337 2122 1336 666  13.27
SK-MEL-5 74.9 8570 4958 996 85.88 7631 1597 2170  30.63
UACC-257 39.5 3403 10476  61.39 1568 5113 6150  50.59 4508 1929 2246  43.63
UACC-62 58.42 6112, 151.15  59.83 4866 7416 13012  76.72 67.54 3402 3054 4523
Ovarian cancer cell lines
IGROV1 4453 8430 10822 8631 3897 5631 9680  56.9 2327 809 993 1664
OVCAR-3 84.8 106.56 77.9 4169  33.83 530  13.82
OVCAR-4 63.83 8854  80.10 8252 4884  56.11 3868 8940 6485 7549 4390 1727 2198  39.18
OVCAR-5 5219 10346 6840 9151 3260  29.19 4519 8408 3044 7402 16.75 508 —146 1045
OVCAR-8 8827 9713  85.10 97.21 88.08 12945  95.65 3491 886 1539 3250
NCI/ADR-RES N/A 91.14 N/A 101.38 10357 N/A 88.17 N/A 6893 -—1.58 675 1059
SK-OV-3 6022 1524 4181 3577 0.04 3157 018 7545 1.94 473 388 —994 -254 446
Renal cancer cell lines
786-0 10844  60.42 81.83 85187 2420 1163 1166  31.83
A498 1405 1750 2004 3649 1535 -063 1661 1147 9.33 3.83 2037 1113 2.28 482
ACHN 81.61 65.01  105.1 51.37 3470 1537 1655 2479
CAKI-1 3672 9593 3976 9830 4233 2319 5493 5638  57.67 3769 1243 8.35 8.01
RXF 393 67.8 64.93 328 93.20 1801 3772 3828 3851
SN12C 83.67 9443 8805  87.05 93.32 2953 19.82 19.87  29.84
TK-10 1895 8531 2389 5996 3061 —10.14 3320 6074 2392 9510 2584 1294 696  30.02
Uo-31 4749  N/A 64.95 N/A N/A 5020 N/A  [NT60I30MMIN/A N/A N/A N/A N/A N/A
Prostate cancer cell lines
PC-3 8481 9882 8900 9924 6260  67.19 5475 8495 7080 8181 27.60 764 1132 1713
DU-145 53.89 9224 6049 7194 5505 6211 6173 7542 7471 8478 1830 11.08  6.04 2091
Breast cancer cell lines
MCF7 9048  106.5 7359 8179 66.00  90.08
MDA-MB-231/ATCC 109.69  N/A 9447  N/A N/A 89.44  N/A 8939 N/A N/A N/A N/A N/A N/A
HS 578T 6924 8831 9835 7691 3346 4697 3205  99.09 6852 5791 22.10 760 431  13.60
BT-549 9812 6603 637 83.6 5577 3485 3403 2285
T-47D 10529 8196 10515 9125  59.08 8650 4636 10394 7970  70.23 65.98 5694 4775  53.97
MDA-MB-468 8556  68.1 97.91 7294 8402 8051  83.16
Full panel Mean Gl % 8276 12316  87.75 12002 8606 6175 8748 1085 82.81 12044 3900 2410 2519 3753
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Figure 4. Cell line sensitivity to compounds 5a-5n. The average of growth inhibition (GI) obtained with all compounds of the series was calculated for each cell line

of the panel. Red bars correspond to an average of Gl greater than 100%.

cancer). The highest potency of 5e was shown against HCT-116
(colon cancer) with a Gls, of 1.88 UM suggesting that this cell line
was particularly sensitive to this series of compounds (Table 2).

Concerning the safety of the new N-Arylmethyl-aniline/
Chalcone hybrids, the cytotoxicity impact towards the normal
fibroblast WI-38 cell line was evaluated for calculation of safety
index. The results revealed that all the synthetic analogues exhib-
ited safety index values much greater than 1 for all cancer cell
lines compared to normal fibroblast WI-38. Anticancer compounds
with higher safety index values (particularly when safety index >
1) are widely recognised to be more selective and safer for
upcoming in-vitro and in-vivo research****. According to the Sl
data in Table 2, all the evaluated compounds have a compara-
tively safe impact when compared to all cancer cell lines.

On the other hand, regarding subpanel selectivity, the index
obtained by dividing the full panel MG-MID (uM) of the com-
pounds by their individual subpanel MG-MID (uM) is considered
as a measure of compound selectivity. Ratios greater than 6 refers
to high selectivity towards the corresponding cell line, ratios
between 3 and 6 indicates moderate selectivity, while compounds
not meeting either of these measures are considered non-select-
ive®. In this context, the selectivity index was calculated for com-
pounds 5b, 5d, 5e, and 5h as represent to the examined series.
All the tested compounds proved to be non-selective with broad
spectrum anticancer activity against all cancer subpanels tested at
Glsg level, except for compound 5e that showed moderate activity
against leukaemia cancer cell lines. For compounds 5b, 5d, and
5h the selectivity ratios ranging from 0.62-1.90, 0.69-1.76, and
0.50-1.90, respectively, compared to sorafenib (0.79-1.45) (Table
3). These results suggest that this series of compounds shared sor-
afenib to be non-selective with broad spectrum anticancer activity
towards different cancer cells.

2.2.3. Structure-activity relationship

In this series of compounds, two different modulations were
studied: the aromatic group at the chalcone side (Ar; moiety)
which occupy the allosteric pocket of the kinase and a second
aromatic group at the aniline side (Ar, moiety), which should
interact with the hinge region. Concerning Ar;, the results showed
that substitution by adding an N-acetamido-phenyl ring (com-
pounds 5f-5j) or a pyridine (5a-5e) dramatically increased the
activity compared to the heteroaromatic imidazolyl ring (51-5n),
as confirmed by the NCI screening by promoting compounds (5a-
5j) to 5-dose assay screening. As well known, the amide function-
ality is very interesting because it has the unusual capacity to

generate important hydrogen bonding interactions, with the
C=0 and NH functioning as the hydrogen bond acceptor (HBA)
and hydrogen bond donor (HBD), respectively. In this context, all
compounds bearing acetamido group at the chalcone side
showed excellent to outstanding anticancer activity, except for
compounds 5k that bearing a coumarin ring at the other side.
Moreover, adding highly basic and polar (amidic bioisoterism) imi-
dazolyl group with both free N, shifted down the activities (as 5I-
5n showed low to moderate activities). This could be explained
by the hydrophilic character of this group, which is not tolerated
by the allosteric pocket of VEGFR-2 (Figure 6).

On the other hand, substitution at the aniline side with various
functional aromatic groups (Ar,) showed significant activity,
except for the coumarin containing compounds. In addition, by
adding oxygen-bearing derivatives, another impact was seen, par-
ticularly with the two most active compounds (5e; Ar,= 4-hydrox-
ymethylphenyl) and (5h; Ar,= 3,4-dimethoxyphenyl), probably
due to the possibility to increase hydrogen bond interactions in
the ATP pocket of the kinase. This point will be discussed in the
docking part of the study.

2.2.3. VEGFR-2-TK inhibitory activity

VEGFR, as one of the tyrosine kinases that regulates angiogenesis
is considered a potential target for the development of anti-can-
cer candidates*®™®. Therefore, all compounds promoted to 5
doses NCI assay 5a-5j were further evaluated for their ability to
inhibit VEGFR-2 using colorimetric assay of Human VEGFR-2
Enzyme-Linked Immunosorbent Assay (ELISA) using the clinically
known VEGFR-2 inhibitor, Sorafenib, as a reference drug. Results
were expressed as half-maximal inhibitory concentration (ICs) val-
ues and presented in Table 4. The ICsy of the tested compounds
ranged from 031uM to 20uM and compounds 5e and 5h
showed the highest potential of VEGFR-2 inhibitory effect among
the tested compounds with an ICso value of 0.37 uM and 0.31 uM,
comparable to Sorafenib IC5q = 0.27 uM (Table 4). These results
highly supported that VEGFR-2 could be a possible target for anti-
tumour activity of this series of compounds.

2.2.3. Apoptotic assay of compounds 5e and 5h

Since the newly synthesised analogues showed significant antipro-
liferative activity across different cancer cell lines, the two most
potent analogues both for enzyme inhibition and antiproliferative
activity, compounds 5e and 5h, were selected and tested for their
potential apoptotic effect and interference with the cell cycle pro-
gression on HCT-116 (colon cancer), the most sensitive cancer cell
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Table 2. In vitro anticancer activity presented as Glsqy (1tM) of selected active compounds (5a-5j) and Sorafenib (NSC: 800934) versus different cell lines.

5a 5b 5¢ 5d 5e 5f 59 5h 5i 5j Sorafenib
Leukaemia cell lines
CCRF-CEM 2.58 2.80 2.55 3.01 5.17 2.84 4.52 2.74 2.87 8.80 3.16
HL-60(TB) 6.25 2.78 2.78 2.73 423 3.99 7.08 2.54 3.53 11.60 0.63
K-562 3.09 2.52 2.71 3.14 2.75 3.04 293 2.50 3.07 343 1.58
MOLT-4 3.54 2.88 2.95 3.16 2.69 2.69 3.21 2.68 2.73 2.85 2.51
RPMI-8226 1.76 1.92 2.14 1.99 2.27 2.29 3.02 1.79 2.56 2.84 1.58
SR 2.82 2.01 2.48 2.51 2.62 1.51 243 1.93 2.79 2.61 1.99
MG-MID 3.34 2.49 2.60 2.76 3.29 2.73 3.87 2.36 2.93 5.36 1.91
NSCLC cell lines
A549/ATCC 17.30 14.90 17.20 11.50 16.90 24.60 15.80 23.60 17.00 17.20 3.16
EKVX 12.80 4.87 10.40 3.98 13.70 12.60 13.50 4.09 10.80 14.40 3.16
HOP-62 15.60 12.70 12.20 10.20 15.00 13.90 14.50 7.25 11.20 18.90 2.51
HOP-92 10.90 8.47 11.00 10.20 12.50 15.50 11.80 4.02 18.30 14.10 1.58
NCI-H226 11.90 2.76 14.70 343 11.20 13.70 12.90 12.40 7.73 13.70 1.25
NCI-H23 12.20 3.22 1.99 3.94 12.90 10.40 14.40 4.26 9.10 13.90 1.99
NCI-H322M 15.70 13.70 14.80 11.50 15.00 15.10 13.80 13.60 17.50 14.40 3.98
NCI-H460 12.90 2.87 522 4,98 14.00 418 6.29 2.10 3.84 13.40 3.16
NCI-H522 13.80 1.67 13.60 1.78 11.40 11.00 6.54 8.85 5.78 5.00 1.99
MG-MID 13.68 7.24 11.23 6.83 13.62 13.44 12.17 8.91 11.25 13.89 2.53
Colon cancer cell lines
COLO 205 17.10 10.90 16.50 11.60 16.30 16.00 16.00 9.39 17.00 16.00 2.51
HCC-2998 14.10 1.82 2.04 3.66 5.60 13.90 14.80 3.30 12.40 13.20 3.16
HCT-116 2.07 1.80 1.94 1.82 1.88 1.91 1.95 0.78 2.02 3.35 1.58
HCT-15 4.15 2.05 2.01 1.92 3.01 3.31 3.13 1.80 2.10 4.63 2.51
HT29 14.10 2.19 438 3.12 8.21 10.70 5.75 3.46 538 6.06 2.51
KM12 8.36 2.25 1.99 3.58 791 7.04 13.40 1.94 5.12 3.93 2.51
SW-620 2.03 1.83 2.31 1.84 2.06 2.17 1.90 2.00 2.60 427 3.98
MG-MID 8.84 3.26 4.45 3.93 6.42 7.86 8.13 3.24 6.66 7.35 2.68
CNS cancer cell lines
SF-268 12.80 13.60 5.86 12.00 16.90 4.58 18.40 3.01 12.70 15.40 3.98
SF-295 14.00 10.30 10.40 5.12 14.50 15.70 14.00 7.83 11.90 12.40 2.51
SF-539 15.60 6.35 12.40 6.15 14.50 9.33 12.20 2.31 2.74 7.37 1.99
SNB-19 14.00 3.61 9.49 3.86 12.40 12.40 7.00 5.19 3.76 10.10 5.01
SNB-75 13.10 8.99 12.90 3.34 9.69 12.50 4.87 10.10 3.39 11.90 1.99
U251 9.87 1.90 3.62 1.92 494 3.89 3.20 2.88 2.24 3.60 3.16
MG-MID 13.23 7.46 9.1 5.40 12.16 9.73 9.95 5.22 6.12 10.13 3.10
Melanoma cell lines
LOX IMVI 1.88 1.65 1.76 1.69 1.76 297 1.90 1.80 2.05 2.96 2.51
MALME-3M 13.60 2.19 12.50 5.92 13.30 12.30 7.11 3.50 9.28 11.00 3.16
M14 13.10 291 3.82 414 12.40 14.00 12.60 1.72 10.90 14.30 1.99
MDA-MB-435 3.04 2.28 2.46 2.55 5.26 6.21 10.30 2.22 437 13.80 1.99
SK-MEL-2 1430 NT 15.10 NT NT 11.50 NT 10.60 NT 15.30 1.25
SK-MEL-28 14.70 1.96 5.22 3.55 13.60 15.20 12.70 2.82 11.90 13.40 2.51
SK-MEL-5 8.96 6.51 5.86 2.89 12.50 7.24 12.00 413 5.97 10.20 1.58
UACC-257 14.40 9.35 12.50 5.58 14.70 14.20 12.50 9.28 14.20 11.70 1.99
UACC-62 11.10 5.03 10.50 3.75 11.30 10.80 8.03 3.90 6.44 10.80 2.51
MG-MID 10.56 3.99 7.75 3.76 10.60 10.49 9.64 444 8.14 11.50 2.16
Ovarian Cancer cell lines
IGROV1 13.60 2.30 11.00 3.32 3.58 12.90 5.59 4.54 418 6.71 3.16
OVCAR-3 7.19 2.85 2.74 3.19 10.30 3.19 6.09 2.28 347 4.63 3.98
OVCAR-4 6.81 8.63 9.31 427 11.60 6.18 14.00 3.09 9.52 14.80 3.16
OVCAR-5 15.60 3.44 13.90 7.07 14.60 18.50 12.30 4.53 13.00 12.60 3.16
OVCAR-8 13.10 NT 4.01 NT NT 2.98 NT 297 NT 14.80 3.16
NCI/ADR-RES 7.54 3.12 2.96 2.15 11.30 3.72 16.50 2.86 2.79 16.80 3.16
SK-OV-3 16.10 13.90 16.60 11.80 15.80 25.80 16.30 20.00 16.70 16.30 3.16
MG-MID 11.42 5.71 8.65 5.30 11.20 10.47 11.80 5.75 8.28 12.38 3.27
Renal cancer cell lines
786-0 15.50 343 3.68 8.65 15.20 10.30 13.70 1.57 11.40 14.10 3.98
A498 14.40 13.40 13.60 12.10 14.80 17.90 14.20 13.70 17.40 15.00 3.16
ACHN 14.00 1.90 3.95 2.82 8.07 13.20 5.10 2.07 7.35 10.30 3.16
CAKI-1 11.70 12.20 10.20 9.30 13.50 10.80 12.20 3.15 18.40 14.80 3.16
RXF 393 1230 3.09 10.80 4.67 13.70 10.90 11.30 1.87 10.00 11.80 3.98
SN12C 12.60 2.01 11.80 3.02 12.30 7.76 4.82 2.48 3.29 NT 3.16
TK-10 14.40 2.53 8.14 6.18 15.00 13.80 13.80 4.09 17.60 16.10 3.98
UO0-31 11.70 3.04 10.50 4.94 11.20 6.78 10.80 3.00 5.16 10.70 3.16
MG-MID 13.33 5.20 9.08 6.46 12,97 11.43 10.74 3.99 11.33 13.26 3.46
Prostate cancer cell lines
PC-3 14.20 3.05 8.00 3.76 11.60 12.70 11.60 2.81 4.57 12.30 1.99
DU-145 13.30 5.15 12.40 735 12.80 7.44 11.80 4.25 545 5.03 5.01
MG-MID 13.75 4.10 10.20 5.56 12.20 10.07 11.70 3.53 5.01 8.67 3.5
Breast cancer cell lines
MCF7 2.79 1.38 1.89 1.58 2.15 3.37 2.88 2.54 240 3.19 2.51
MDA-MB-231/ATCC 11.30 2.16 2.96 2.67 3.75 3.70 4.56 2.84 3.42 6.79 1.58

(continued)
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Table 2. Continued.
5a 5b 5¢ 5d 5e 5f 59 5h 5i 5j Sorafenib

HS-578T 14.60 257 14.30 4.49 18.00 15.40 10.60 3.07 4.49 18.90 3.16
BT-549 10.40 2.78 2.57 2.75 6.12 5.26 10.40 1.54 4.29 12.10 3.16
T-47D 9.84 4.14 10.00 2.83 9.17 10.20 777 5.04 4.14 13.50 1.99
MDA-MB-468 6.30 1.67 4.06 1.82 4.00 4.23 10.00 244 4.00 6.27 1.58
MG-MID 9.21 2.45 5.96 2.69 7.20 7.03 7.70 291 3.79 10.13 233
Full panel Gls, mean 10.82 4.65 7.67 474 9.96 9.25 9.52 448 7.06 10.29 2.76
Normal fibroblast WI-38 cell line
WI-38 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100
Safety index >1 >1 >1 >1 >1 >1 >1 >1 >1 >1
?Bold figures indicate superior potency than sorafenib, bold underlined figures refer to sub-micromolar Glsg values.
PNT: not tested.
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Figure 5. The dose response curves of NCl full panel for compound 5h (the graphs of the remaining compounds are presented in the supplementary data).

line of the NCI panel. Doxorubicin was used as positive standard
control in both apoptosis and cell cycle assays due to its known
potency to suppress DNA topoisomerase and inducing several
DNA damage mechanisms causing double-strand DNA breaks in
different types of growing cancer cells**™>° and its synergistic anti-
cancer effect with other compounds®®°°. 0.1% DMSO was used as
a negative control.

The results revealed that Doxorubicin, compounds 5e and 5h
were all able to induce reduction in the percentage of viable cells
with significant elevation in the late apoptotic cells percentage for
compounds 5e and 5h, while Doxorubicin-induced cellular necro-
sis in comparison to the control (DMSO) (Table 5; Figure 7). This
clearly indicates that cell death resulting from the antiproliferative

action of the target derivatives 5e and 5h was attributable to
apoptosis.

2.2.4. Cell cycle analysis

Continuous cell division is necessary for cancer cell growth, speci-
fication, and motility. This process is regulated through cell cycle
phases that serve as important checkpoints for continuous prolif-
eration®"®2, Our results showed that treatment of HCT-116 cancer
cells with compounds 5e and 5h resulted in interfering with the
cell cycle distribution, causing cell growth arrest at SubGy-G,
(Table 6; Figure 8). Additionally, compounds 5e and 5h showed
reduction in Go-G;, S and G,/M phases compared to the control
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Table 3. Median growth inhibitory concentrations (MG-MID-Glso, M) and selectivity index of in vitro subpanel tumour cell lines for compounds 5b, 5d, 5e, and 5h

and sorafenib (NSC: 800934).

5b 5d 5e 5h Sorafenib

Subpanel Cancer Cell Line MG-MID Ni MG-MID S MG-MID S MG-MID S MG-MID Ni
leukaemia 249 1.87 2.76 172 3.29 3.03 2.36 1.90 191 1.45
NSCLC 7.24 0.64 6.83 0.69 13.62 0.73 891 0.50 2.53 1.09
Colon Cancer 3.26 1.43 3.93 1.21 6.42 1.55 3.24 1.38 2.68 1.03
CNS Cancer 7.46 0.62 5.40 0.88 12.16 0.82 522 0.86 3.10 0.89
Melanoma 3.99 112 3.76 1.26 10.60 0.94 444 1.01 2.16 1.28
Ovarian Cancer 571 0.81 5.30 0.89 11.20 0.89 5.75 0.78 3.27 0.84
Renal Cancer 5.20 0.89 6.46 0.73 12.97 0.77 3.99 1.12 3.46 0.80
Prostatic Cancer 4.10 1.13 5.56 0.85 12.20 0.82 3.53 1.27 35 0.79
Breast Cancer 2.45 1.90 2.69 1.76 7.20 1.38 291 1.54 2.76 1.00
Full panel MG-MID 4.65 4.74 9.96 4.48 2.76
Sl = Selectivity Index

Ar; = Phenyl or bioisoteric (pyridinyl) Ar, = hydroxyl or ether containing

#* 10 of 14 newly synthesized compounds derivatives shown the highest anti-

shown high activity over 5 cancer types cancer activities
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Ar; =4- Imidazolyl ring
** Highly basic heteroaromatic
showed low to moderate activities

Figure 6. Structure-activity relationship for compounds 5a-5n.

Table 4. In vitro assessment of VEGFR inhibitory activity of
derivatives 5a-5j as measured ICs, compared to Sorafenib as
positive standard.

Compound VEGFR 1Cso (UM)
5a 2.00+0.023
5b 1.77 £0.021
5¢ 0.96 +0.012
5d 1.46 £ 0.009
5e 0.37+£0.012
5f 0.89 +0.009
59 0.47+0.013
Sh 0.31+0.015
5i 0.66+0.018
5j 0.82+0.016
Sorafenib 0.27+0.010

and Doxorubicin. This indicates that compounds 5e and 5h
arrested the cell cycle progression of HCT-116 cells mainly in the
SubGy-G; phase, which coincided with the previously observed
induction of apoptosis.

2.2.5. Effect of compounds 5e and 5h on Bax, Bcl-2, caspase-3,
Cyt-c, and TNF-o.

The Bcl-2 family has been identified as essential proteins in
controlling the mitochondrial pathway. Among them are

\/Arzk”
=
0 X
S (0] (0]

5d, 5i 5k, Sn

4 Arz = 6-coumarinyl decreased the activity,\
benzothiophenyl is tolerated

pro-apoptotic proteins (e.g., Bax, Bid, Bim, and Bak) and anti-apop-
totic proteins (e.g., Bcl-2, Bcl-XL, and Mcl-1). Bax specifically affects
the mitochondria, leading to an elevation into mitochondrial per-
meability, which subsequently triggers the release of specific cellu-
lar components like cytochrome-c (Cyt-c), leading to caspase
activation, including caspase-3, and finally to cell apoptosis®*5*,

In order to further explore the mechanisms of the induced
apoptosis by compounds 5e and 5h, the expression of some key
regulatory genes of Cyt-c, Bcl-2, Bax, TNF- o, and caspase-3 were
assessed in HCT-116 cells by RT-gPCR, after incubation with 5e
and 5h, using Doxorubicin as the positive control. The results are
indicated in Table 7. Compounds 5e and 5h greatly induced the
expression of the pro-apoptotic gene Bax by 5- and 30 folds
higher than Doxorubicin. Cyt-c was also overexpressed after treat-
ment by compounds 5e and 5h (around 2.3-folds) but remains
smaller than that obtained with Doxorubicin. An increase of cas-
pase-3 expression was also observed after treatment by only com-
pound 5e (2.28 folds compared to Doxorubicin). Furthermore,
compounds 5e and 5h also increased the level of pro-inflamma-
tory mediator TNF-o.. Particularly compound 5e induced a high
increase of the expression of this pro-inflammatory cytokine (372
folds), compared to compound 5h (2.2-folds) and Doxorubicin
(2.33 folds). Additionally, the level of the anti-apoptotic protein
Bcl-2 is virtually unchanged after treatment with either compound
5e or 5h, respectively compared to Doxorubicin. Consequently, a
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Table 5. Apoptosis assay measuring the percentage of viable, apoptotic, late apoptotic, and necrotic cells by AV/PI assay using flow cytometry.
The assay was performed after the treatment of HCT-116 (colon cancer) for 24 h with doxorubicin (positive control), 5e and 5h compared to 0.1%
DMSO negative control. Data represented as mean +standard error of the mean (SEM), n=3.

Cpd % Viable cells (LL) % Early apoptotic cells (LR) % Late apoptotic cells (UL) % Necrotic cells (UR)
DMSO Control 85.05+5.3 2.51+0.21 11.20+1.7 1.23+0.18
Doxorubicin 0.03 +0.001 0.00+0.0 3.86+0.66 96.12+ 14.1
5e 2.50+0.12 0.05 +0.001 94.74+89 2714033
5h 32.89+38 0.24+0.01 64.62+10.1 2.25+0.71
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Figure 7. Contour plots measuring the percentage of viable (LL), early apoptotic (LR), late apoptotic (UL), and necrotic cells (UR) by AV/PI assay using flow cytometry.
The assay was performed after the treatment of HCT-116 (colon cancer) for 24h with doxorubicin, 5e and 5h compared to 0.1% DMSO negative control.

Table 6. Cell cycle analysis of HCT-116 (colon cancer) treated for 24h with
doxorubicin (positive control), 5e and 5h compared to 0.1% DMSO negative
control showing the DNA content at different cycle phases.

Synthetic analogues % SubGy-G, % Go-G4 % S % G,M

DMSO Control 7.02+14 64.05+5.1 17.22+4.1 11.55+74
Doxorubicin 10.75+23 55.35+6.3 18.68+2.2 15.05+6.7
5e 49.01+£7.2 30.02+7.1 10.55+3.5 1042+1.7
5h 56.87+t7.7 35.12+£3.5 491+£1.1 321+1.1

higher increase of the Bax/Bcl-2 ratio was observed for com-
pounds 5e and 5h compared to Doxorubicin, supporting the pos-
sible apoptotic effect and anticancer activity of compounds 5e
and 5h against the HCT-116 cell line.

To investigate the effect of compounds 5e and 5h on final pro-
tein levels, caspase-3 and Bax proteins were measured using ELISA
assay. As observed at the mRNA level for the Bax gene, an
increase of the Bax protein level was also detected after treatment
of HCT-116 cells by compounds 5e and 5h in the same propor-
tions (3.14- and 2.96 folds respectively), and higher than with

Doxorubicin (1.86-fold) (Figure 9), suggesting that these com-
pounds have Bax-induced apoptotic cell death. Regarding cas-
pase-3, compound 5e showed parallel expression in both gene
and protein (58.44-fold) levels. However, in interesting observa-
tion, compound 5h showed minimal gene expression of caspase-3
with much elevated level on protein (43.12-fold) in a way matched
to Doxorubicin (34.15-fold). This difference in observation despite
the optimisation of procedures might suggest some explanations,
such as the gene expression of caspase-3 is not the major deter-
minant of its protein level, and there might be other contributing
regulatory factors controlling the level of caspase-3 and hence the
observed potency of compound 5h in apoptosis. Also, compound
5h might influence other regulatory processes controlling mRNA
translation, miRNA targeting species and post-translational modifi-
cations, like phosphorylation, acetylation, and glycosylation and
hence, increasing the stability of mRNA and protein products®
and this is something we are working-on currently in the project.
It was shown that apoptosis plays a critical determinant role in
network vascularity and cancer microvascular remodelling®®°®. The
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Figure 8. Histograms for cell cycle analysis measuring the percentage of SubGy-G;, Go-G;, S-, and G,M phases by Pl assay using flow cytometry. The assay was per-
formed after the treatment of both HCT-116 (colon cancer) for 24h with doxorubicin, 5e and 5h compared to 0.1% DMSO negative control. Data represented as mean-

+ standard error of the mean (SEM), n=3.

Table 7. Gene expression fold change in HCT-116 (colon cancer) treated for 24h
with doxorubicin (positive control), 5e and 5h compared to 0.1% DMSO nega-
tive control showing the expression fold change in n=3 using 224 method.

Proteins Doxorubicin Compound 5e Compound 5h
Caspase-3 0.75+0.09 2.28+0.14 0.002

Cyt-c 4432143 231+0.16 227+0.19
Bax 0.31£0.05 5.00+1.1 30.06+3.4
Bcl-2 0.15+0.03 1.11£0.09 0.95+0.09
Bax/Bcl-2 ratio 2 45 316
TNF-o 233+0.2 372.22+10.8 220+0.17

studies documented that capillary network formation is a dynamic
process involving cell-cell matrix interactions and cells that fail to
be incorporated within this network will show characteristic mor-
phological features of cell death. Additionally, inhibition of angio-
genesis will induce cellular hypoxia and production of reactive
oxygen species that induce cellular apoptosis*®®’. These observa-
tions may explain the antiproliferative effects of compounds 5e
and 5h and correlate with VEGFR-inhibition and apoptosis.

2.3. Molecular modeling

2.3.1. Molecular docking

A docking simulation experiment was carried out utilising the
most powerful derivatives, 5e and 5h, considering the strong anti-
cancer activity shown by the synthesised derivatives above

2e2e]]

Doxorubicin
Compound 5e
Compound 5h

7/

Protein expression

T
Casp-3
Figure 9. Measurement of caspase-3 (Casp-3) and Bax protein levels after treat-
ment of compounds 5e and 5h in HCT-116 cancer cells compared to 0.1% DMSO
(negative control). The cells were treated with the ICs, concentrations of com-
pounds for 24h and data were shown as mean+SEM of three independent
experiments (n=3).

mentioned. The purpose of the docking was to provide important
insights into the ways that compounds 5e and 5h bind to the
VEGFR-2 enzyme. To carry out and visualise each docking stage,
the molecular operating environment (MOE) 2019.02 was used.
Two scenarios were proposed as the compounds contain a
Michael system that may results in irreversible inhibition of the
VEGFR-2 enzyme Accordingly, both the docking approaches,
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covalent and non-covalent docking were applied to elucidate the
most potential mode of binding of the proposed compounds
interestingly, the covalent docking approach have failed as the
Michael system remained far away from the reactive thiol of
the cys919, and no poses were retrieved. In the opposite hand,
the non-covalent approach yielded successful binding poses with
similar binding pattern with the reported VEGFR-2 inhibitors.

After that, the co-crystallized pose of Sorafenib was re-docked
to the active sites of their corresponding targets in order to valid-
ate the docking investigation. For Sorafenib, the calculated RMSD
values between the co-crystallized and the docked poses were
found to be 1.01 A, demonstrating the accuracy of the used dock-
ing techniques. The docking scores (S) for Sorafenib were
—18.5 kcal/mol. The Sorafenib docking score was used as a stand-
ard for the docked compounds 5e and 5h (Figures 10 and 11).

Sorafenib interacts with the VEGFR-2 enzyme by a variety of
hydrophobic and hydrophilic (through hydrogen bonding) interac-
tions, as shown in Figure 10(A). Among the most common are
those that interact with Cys1045, Asp1046, Glu885, and Cys919 via
hydrogen bonds. The urea linker and terminal amide of sorafenib
are responsible for its major hydrophilic interaction. The fact that
compounds 5e and 5h were able to achieve docking scores of
—16.9 and —17.7 kcal/mol, which are extremely similar and yet
more affine to that of Sorafenib docking score (-18.5 kcal/mol),

(@)
A) (&)

explains their powerful inhibitory actions. For instance, the ter-
minal hydroxyl group for compound 5e formed three hydrogen
bond interactions with Cys919, Gly922, and Leu1035, the nitrogen
of the pyridine moiety formed two hydrogen bond interactions
with Leu1019 and lle1044, while the carbonyl group of the chal-
cone moiety interacted with Asp1046 and Lys868 via hydrogen
bond interaction. Furthermore, the aniline NH group formed two
hydrogen bonds with Val 848 and Val 916, as well as two hydro-
phobic interactions with Lys868 and Val916 (Figures 10B and 11A).
On the other hand, compound 5h showed similar binding mode
and various interactions with the VEGFR-2 binding site as seen
with Sorafenib and compound 5e. From Figures 10(C) and 11(B),
the terminal methoxy group for compound 5h was engaged in a
hydrogen bond interaction with Cys919; moreover, the aniline NH
group was involved in two hydrogen bond interactions with
Asp1046 and Val848. In addition, the olefinic carbon (HC=C*H-
CO) and the terminal amidic nitrogen interacted with Glu885 and
His1026, respectively. Besides, various hydrophobic interactions
were also formed between compound 5h and VEGFR-2 residues
such as Lys868, Leu1037, and Phe1047. Subsequently, both com-
pounds 5e and 5h achieved adequate interactions with the amino
acid residues of VEGFR-2, achieving a binding mechanism compar-
able to that shown for sorafenib, which explains their high enzym-

atic activity against VEGFR-2. Finally, molecular dynamic
val
B)

X |
1045

Figure 10. Docking interaction (2D) with the VEGFR-2 enzyme for (A) Sorafenib, (B) 5e, and (C) 5h.
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Figure 11. Docking interaction (3D form) for compounds (A) 5e and (B) 5h.
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Figure 12. Molecular dynamic simulation of two stable complexes of 5h-VEGFR-2 and Sorafenib-VEGFR-2; (A) RMSD analysis for the MD simulations of 5h-VEGFR-2
and sorafenib-VEGFR-2, in addition to the Apo form of VEGFR-2, (B) RMSF analysis for the MD simulations of 5h-VEGFR-2 and Sorafenib-VEGFR-2, in addition to the

Apo form of VEGFR-2.

simulations were used to emphasise the docking results even
more.

2.3.2. Molecular dynamics

2.3.2.1. RMSD and RMSF analysis. The results retrieved from the
biology and docking studies presented our synthesised com-
pounds, especially compound 5h, as promising anticancer agents.
Therefore, further in silico insights were performed using molecu-
lar dynamic simulations (MDSs) and their applications using
GROMACS 2.1.1 software. Well-established MDSs are privileged
over others in silico studies in the precise estimation of the stabil-
ity of a protein-ligand complex. Accordingly, this advantage was
considered, and the binding pose of 5h with VEGFR-2 retrieved
from the docking step were simulated for 100 ns. The Apo form of
VEGFR-2, alongside the binding of each target to its correspond-
ing co-crystallized ligand, was added to the simulation list to pro-
vide means of comparison and benchmarking.

As shown in Figure 12, the free VEGFR-2 enzyme demonstrated
significant dynamicity, serving its intended function as primary
oncogenic proteins. This was highlighted by RMSD calculations, in
which the unbound proteins of VEGFR-2 achieved average RMSD
values of 3.5A. Compound 5h demonstrated an excellent ability
to restrict the dynamic nature of VEGFR-2, as evidenced by the
lower RMSD values of 5h with VEGFR-2 (nearly 1.9A). The extent
of the decrease in RMSD values for compound 5h was very close
to sorafenib (1.4A). The RMSF values were similar to the RMSD

values, in which the residues of the Apo proteins reached average
fluctuations of 3.9A (Figure 12). The binding of 5h and sorafenib
to VEGFR-2 induced great stability for its residues, lowering their
fluctuation to average RMSFs of 1.8 and 1.3 A, respectively. In gen-
eral, both the RMSD and RMSF calculations led to one conclusion:
that compound 5h is capable of potently inhibiting VEGFR-2
owing to its ability to form strong and stable interactions with the
active sites of its intended target.

3. Conclusions

In summary, a series of fourteen N-arylmethyl-aniline/chalcone
hybrids (5a-5n) was synthesised to target VEGFR-2 and impeded
cancer cell growth. Evaluation against the NCI 60-cell line panel at
10uM revealed ten highly effective compounds (5a-5j) with
remarkable growth inhibition (mean GI% ranging from 61.8 to
123.2%) with minimal cytotoxic effect against normal fibroblast
WI-38 cells (safety index greater than 1 for the whole 10 com-
pounds). Further testing at five different concentrations identified
compounds 5b, 5d, 5e, and 5h as the most potent, with full panel
Glso values range of 9.96 —4.48 uM. HCT-116 colon cancer cells
showed heightened sensitivity to compounds 5e and 5h, with
Glso values of 1.88 and 1.95uM, respectively. Apoptotic and cell
cycle analyses of compounds 5e and 5h on HCT-116 cells demon-
strated significant reductions in viable cells and pronounced
elevation in late apoptotic cells, arresting the cell cycle at the
SubGy-G; phase. Additionally, compounds 5e and 5h exhibited



14 H. HAFFEZ ET AL.

the most potent VEGFR-2 inhibitory activity with 1C5, values of
0.37 and 0.31 uM, respectively. Mechanistic investigations for 5e
and 5h revealed significant upregulation of apoptotic genes, par-
ticularly Bax, leading to an elevated Bax/Bcl-2 ratio (4.5 and 31.6,
respectively) compared to the positive control Doxorubicin (2.0).
Bax protein levels were upregulated after treatment with com-
pounds 5e and 5h higher than Doxorubicin consistent with their
gene expression data suggesting the Bax-induced apoptosis. Also,
caspase-3 protein levels were upregulated with compounds 5e
and 5h, suggesting caspase-dependent pathway with further
investigations required to confirm the mechanistic effect. In terms
of SAR, the incorporation of N-phenyl acetamide or a pyridinyl
moiety within the lipophilic pocket of VEGFR-2 has been found to
increase potency. Moreover, the introduction of a hydroxyl or
methoxy groups into the hinge region also enhanced potency, as
observed with compounds 5e and 5h, the most potent VEGFR-2
inhibitors of this series. Furthermore, molecular docking analysis
of compounds 5e and 5h with VEGFR-2 revealed effective interac-
tions with key residues Cys919 and Asp1046, with 5h additionally
bound to another key residue, Glu885. Additionally, MDS involving
compound 5h complexed with VEGFR-2 highlighted its enhanced
stability (RMSD = 1.9A and RMSF = 1.8A) compared to free
unbound VEGFR-2 (RMSD = 3.5 A and RMSF = 3.9 A), and compar-
able stability relative to the VEGFR-2-Sorafenib complex (RMSD =
1.4A and RMSF = 1.3A).

4, Experimental
4.1. Chemistry

Melting points (°C) of the novel compounds were uncorrected
and were measured by using Electrothermal Stuart 5MP3.
Following up the progress of the chemical reactions was per-
formed using F,s4 - TLC Merck plates. The NMR data had been
recorded using Bruker-Avance 500 NMR spectrometer (500 MHz
for "TH-NMR and 101 MHz for '>C-NMR) and Bruker-Avance 600
NMR spectrometer (600 MHz for 'H-NMR and 126 MHz for '3C-
NMR) in deuterated dimethylsulphoxide (DMSO-dg). The chemical
shifts (04) were reported relative to the solvent (DMSO-dg).
Quattro microTM ESI triple quadrupole mass spectrometer (ESI*
electrospray ionisation mode) coupled to an Alliance HPLC system
(Waters, Milford, USA) equipped with a Chromolith High
Resolution RP-18e column (25 x 4.6 mm) was used for LC/MS anal-
yses. The samples were previously separated using gradient solu-
tions from 100% (H,O + 0.1% HCO,H) to 100% (ACN + 0.1%
HCO,H) in 3 min at a flow rate of 3 ml/min and with UV detection
at 214nm. High resolution mass spectrometry (HRMS) analyses
were measured at the Laboratoire de Mesures Physiques,
University of Montpellier, France using a time-of-flight (TOF) spec-
trometer coupled to a positive electrospray ionisation (ESIT)
source.

4.1.1. General method for synthesis of compounds 3a-3c

A mixture of 3-aminoacetophenone 1 (100 mmol, 13.5g) and
Boc,O (120 mmol, 26.16g) in dichloromethane (DCM, 20 ml) was
stirred in the presence of triethylamine (TEA, 200 mmol, 27.9 ml) at
room temperature for 2h. The solvent was evaporated, and the
remaining was purified using silica gel column chromatography
(DCM: Methanol/99:1) to afford the Boc-protected derivative 2. A
mixture of compound 2 (10 mmol, 2.359g) and appropriate aro-
matic aldehyde (11 mmol) in ethanolic NaOH solution was refluxed
for 3 h. The reaction mixture was cooled, and the resulting precipi-
tate compounds 3a-c were collected, washed with cold ethanol,

and dried. The structures of compounds 3a-c were confirmed
with different spectral analyses.

4.1.2. General method for synthesis of compounds 5a-5n
Compounds 3a-c (1 mmol) were Boc-deprotected by stirring in
1:1 mixture of DCM and trifluoracetic acid for 20 min to afford
amines 4a-c. Without purification, compounds 4a-c were mixed
with the appropriate aromatic aldehyde (1.1 mmol) and sodium
triacetoxyborohydride (2 mmol, 0.424 mg) in methanol (30 ml) and
were refluxed for 2h. The solvent was evaporated, and the
remaining was purified using silica gel column chromatography
(DCM: Methanol/99:1) to afford the final compounds 5a-5n.

4.1.2.1. (E)-1-(3-((4-methylbenzyl)amino)phenyl)-3-(pyridin-3-yl)
prop-2-en-1-one (5a). Orange powder (yield 78% — 0.78 mmol,
255mg); m.p. 114-116°C; IR (Vmax/cm™") 3303 (N-H), 1656 (C =O);
'"H NMR (500 MHz, DMSO-dg) & 8.98 (s, TH), 8.61 (dd, J=1.53,
4.73Hz, 1H), 8.29 (td, J=1.89, 7.97Hz, 1H), 7.89 (d, J=15.87 Hz,
1H), 7.68 (d, J=15.72Hz, 1H), 7.49 (dd, J=4.73, 7.93 Hz, 1H), 7.36
(d, J=7.78Hz, 1H), 7.27 (s, TH), 7.22—-7.26 (m, 3H), 7.13 (d,
J=7.78Hz, 2H), 6.87 (dd, J=2.06, 7.86 Hz, 1H), 6.52 (t, /=6.03Hz,
1H, exchangeable with D,0), 4.29 (d, J=5.95Hz, 2H), 2.26 (s, 3H).
3C NMR (126 MHz, DMSO-de) & 189.4, 150.8, 150.1, 149.0, 139.8,
138.0, 136.6, 135.7, 134.9, 130.5, 129.1, 128.8, 127.1, 124.3, 123.8,
117.3, 116.5, 111.3, 46.1, 20.6. MS (ESI) m/z: 329 [M +HI"; HRMS
(ESI) m/z [M + H]™: Calcd. 329.1648, Found, 329.1651.

4.1.2.2. (E)-N-(4-(((3-(3-(pyridin-3-yl)acryloyl)phenyl)amino)methyl)-
phenyl)acetamide (5b). Orange powder (yield 85% — 0.85mmol,
315mg); m.p. 194-196°C; IR (Umax/CM ') 3289 and 3196 (N-H),
1670 and 1603 (C=0); '"H NMR (500 MHz, DMSO-dg) & 9.88 (s, 1H,
exchangeable with D,0), 8.98 (s, 1H), 8.61 (dd, J=1.60, 4.81 Hz,
1H), 8.29 (td, J=1.79, 8.01Hz, 1H), 7.90 (d, J=15.72Hz, 1H), 7.69
(d, J=15.72Hz, 1H), 752 (d, J=8.54Hz, 2H), 7.48 (dd, J=4.81,
8.01Hz, 1H), 7.37 (d, J=7.93Hz, 1H), 7.29 (d, J=8.54Hz, 2H),
722-726 (m, 2H), 6.87 (dd, J=2.14, 793Hz, 1H), 649 (t,
J=5.87Hz, 1H, exchangeable with D,0), 4.28 (d, J=5.80Hz, 2H),
2.01 (s, 3H). ">C NMR (126 MHz, DMSO-dg) & 189.3, 168.0, 150.8,
150.1, 149.0, 139.8, 138.0, 138.0, 134.9, 134.1, 130.5, 129.1, 127.5,
124.3, 123.8, 119.0, 117.3, 116.5, 111.3, 46.0, 23.8. MS (ESI) m/z:
372 [M+HI"; HRMS (ESI) m/z [M+H]': Calcd. 372.1707, Found,
372.1711.

4.1.2.3. (E)-1-(3-((3,4-dimethoxybenzyl)amino)phenyl)-3-(pyridin-3-
yl)prop-2-en-1-one (5c). Orange powder (yield 77% — 0.77 mmol,
288 mg); m.p. 126-128°C; IR (vmax/cm™") 3300 (N-H), 1666 (C = O);
'"H NMR (500 MHz, DMSO-d¢) & 8.98 (s, 1H), 8.61 (d, J=4.43Hz,
1H), 829 (d, J=7.78Hz, 1H), 791 (d, J=15.72Hz, 1H), 7.69 (d,
J=1572Hz, 1H), 748 (dd, J=4.35, 755Hz, 1H), 737 (d,
J=7.63Hz, 1H), 7.28 (s, 1H), 7.25 (t, J=7.86Hz, TH), 7.01 (s, 1H),
6.86 —6.93 (m, 3H), 645 (t, J=5.65Hz, 1H, exchangeable with
D,0), 426 (d, J=5.65Hz, 2H), 3.73 (s, 3H), 3.71 (s, 3H). '>)C NMR
(126 MHz, DMSO-dg) 6 189.4, 150.9, 150.2, 149.1, 148.7, 147.7,
139.9, 138.0, 134.9, 132.1, 130.5, 129.1, 124.3, 123.9, 119.3, 1174,
116.5, 111.8, 111.4, 55.5, 55.4, 46.2. MS (ESI) m/z: 375 [M+H]™;
HRMS (ESI) m/z [M + H]™: Calcd. 375.1703, Found, 375.1704.

4.1.2.4.  (E)-1-(3-((benzo[b]thiophen-3-ylmethyl)amino)phenyl)-3-
(pyridin-3-yl)prop-2-en-1-one (5d). Yellow powder (yield 87% —
0.87mmol, 323mg); m.p. 132-134°C; IR (Umax/cm ') 3282 (N-H),
1671 (C=0); 'H NMR (500 MHz, DMSO-ds) § 8.99 (d, J=2.44Hz,



1H), 8.61 (dd, J=1.53, 4.73Hz, 1H), 8.29 (td, J=1.83, 8.09Hz, TH),
7.97 —8.00 (m, 2H), 7.93 (d, J=15.87 Hz, 1H), 7.70 (d, J=15.72Hz,
1H), 7.63 (s, 1H), 7.48 (dd, J=4.73, 7.93Hz, 1H), 7.37—7.44 (m,
3H), 7.36 (t, J=1.83Hz, 1H), 7.28 (t, J=7.86Hz, 1H), 6.98 (dd,
J=2.06, 7.86Hz, 1H), 6.56 (t, J=5.72Hz, 1H, exchangeable with
D,0), 459 (d, J=5.49Hz, 2H). "*C NMR (126 MHz, DMSO-dg) &
189.4, 150.9, 150.3, 149.0, 140.1, 140.0, 138.1, 138.0, 135.0, 134.1,
130.5, 129.3, 124.5, 124.3, 124.1, 123.9, 123.8, 122.9, 122.2, 117.3,
116.7, 111.3, 41.2. MS (ESl) m/z: 371 [M+HI"; HRMS (ESI) m/z
[M+ HJ*: Caled. 371.1213, Found, 371.1210.

4.1.2.5.  (E)-1-(3-((4-(hydroxymethyl)benzyl)amino)phenyl)-3-(pyri-
din-3-yl)prop-2-en-1-one (5e). Yellow powder (yield 83% -
0.83mmol, 285mg); m.p. 131-133°C; IR (Umax/cm™') 3304 (N-H),
1661 (C=0); '"H NMR (500 MHz, DMSO-d¢) § 8.97 (s, 1H), 8.61 (d,
J=4.43Hz, 1H), 8.28 (d, J=7.93Hz, 1H), 7.89 (d, J=15.72Hz, 1H),
7.68 (d, J=15.72Hz, 1H), 7.45—-7.52 (m, 1H), 7.31-7.38 (m, 3H),
7.21—-7.29 (m, 4H), 6.88 (d, J/=8.09Hz, 1H), 6.53 (t, J/=5.42Hz, 1H,
exchangeable with D,0), 5.09 (br. s., TH, exchangeable with D,0),
446 (s, 2H), 4.33 (d, J=5.80Hz, 2H). "3C NMR (126 MHz, DMSO-d¢)
0 189.4, 150.8, 150.1, 149.0, 141.0, 139.8, 138.1, 138.0, 134.9, 130.5,
129.1, 126.9, 126.5, 124.3, 123.8, 117.3, 116.5, 111.3, 62.7, 46.2. MS
(ESI) m/z: 345 [M+H]*; HRMS (ESI) m/z [M + H]™": Calcd. 345.1598,
Found, 345.1599.

4.1.2.6. (E)-N-(4-(3-(3-((4-methylbenzyl)amino)phenyl)-3-oxoprop-
1-en-1-yl)phenyl)acetamide (5f). Orange powder (yield 83% —
0.83mmol, 319mg); m.p. 89-91°C; IR (Umax/cM™") 3314 and 3269
(N-H), 1670 and 1628 (C=0); H NMR (500 MHz, DMSO-dg) 0 10.17
(s, TH, exchangeable with D,0), 7.74—-7.77 (d, J=8.70Hz, 2H),
7.65—-7.69 (d, J=8.70Hz, 2H), 7.61 (d, J=2.14Hz, 2H), 7.25-7.31
(m, 3H), 719—-7.24 (m, 2H), 7.13 (d, J=7.78Hz, 2H), 6.84 (dd,
J=2.06, 7.86Hz, 1H), 6.50 (t, J=5.95Hz, 1H, exchangeable with
D,0), 4.29 (d, J=5.80Hz, 2H), 2.26 (s, 3H), 2.07 (s, 3H). >*C NMR
(126 MHz, DMSO-dg) 6 189.5, 168.7, 149.0, 143.2, 141.5, 138.6,
136.8, 135.7, 129.6, 129.3, 129.1, 128.9, 127.2, 120.6, 1188, 117.0,
116.2, 111.3, 46.1, 24.1, 20.7. MS (ESI) m/z: 385 [M+H]"; HRMS
(ESI) m/z [M + H]™: Calcd. 385.1911, Found, 385.1906.

4.1.2.7.  (E)-N-(4-(3-(3-((4-acetamidobenzyl)amino)phenyl)-3-oxo-
prop-T1-en-1-yl)phenyl) acetamide (5 g). Orange powder (yield 85%
— 0.85mmol, 363mg); m.p. 109-111°C; IR (Umax/cM ') 3290 and
3184 (N-H), 1660 and 1601 (C=0); 'H NMR (500 MHz, DMSO-dg) &
10.17 (s, 1H, exchangeable with D;0), 9.89 (s, TH, exchangeable
with D,0), 7.6 (d, J=8.70Hz, 2H), 7.66 (d, J=8.54Hz, 2H), 7.62 (d,
J=534Hz, 2H), 752 (d, J=839Hz, 2H), 7.28—-7.32 (m, 3H),
720—-7.24 (m, 2H), 6.84 (dd, J=2.06, 8.01Hz, 1H), 648 (t,
J=5.87Hz, 1H, exchangeable with D,0), 4.27 (d, J=5.80Hz, 2H),
2.07 (s, 3H), 2.02 (s, 3H). '>*C NMR (126 MHz, DMSO-dg) & 189.5,
168.5, 168.0, 148.9, 143.1, 141.4, 138.5, 137.9, 134.2, 129.5, 129.3,
129.0, 1275, 1206, 119.0, 118.8, 116.8, 116.2, 111.4, 46.0, 24.0,
23.8. MS (ESI) m/z: 428 [M +H]*; HRMS (ESI) m/z [M +H]*: Calcd.
428.1969, Found, 428.1959.

4.1.2.8. (E)-N-(4-(3-(3-((3,4-dimethoxybenzyl)amino)phenyl)-3-oxo-
prop-1-en-1-yl)phenyl) acetamide (5h). Orange powder (yield 90%
— 0.9mmol, 387 mg); m.p. 94-96°C; IR (Vmax/cM ') 3292 and 3271
(N-H), 1662 and 1642 (C=0); 'H NMR (600 MHz, DMSO-dg) 6 10.17
(s, TH, exchangeable with D,0), 7.76 (d, J/=8.80Hz, 2H), 7.68 (d,
J=851Hz, 2H), 7.63 (d, J=2.35Hz, 2H), 731 (d, J/=7.63Hz, 1H),
7.26 (s, TH), 7.23 (t, J=7.78 Hz, 1H), 7.01 —7.03 (m, 1H), 6.86 — 6.92
(m, 3H), 6.44 (t, J=5.72Hz, 1H, exchangeable with D,0), 4.26 (d,
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J=5.28Hz, 2H), 3.73 (s, 3H), 3.71 (s, 3H), 2.08 (s, 3H). 3C NMR
(151 MHz, DMSO-dg) & 189.5, 168.6, 149.0, 148.8, 147.7, 143.2,
141.5, 138.5, 132.1, 129.6, 129.3, 129.1, 120.5, 119.3, 118.9, 117.0,
116.2, 111.7, 111.4, 111.3, 55.5, 55.4, 46.3, 24.1. MS (ESI) m/z: 431
[M+HI"; HRMS (ES) m/z [M+HI": Calcd. 431.1965, Found,
431.1965.

4.1.2.9. (E)-N-(4-(3-(3-((benzo[b]thiophen-3-ylmethyl)amino)-
phenyl)-3-oxoprop-1-en-1-yl) phenyl) acetamide (5i). Orange pow-
der (yield 78% — 0.78 mmol, 332mg); m.p. 99-101°C, IR (vmax/
em™') 3302 and 3275 (N-H), 1672 and 1642 (C=0); 'H NMR
(500 MHz, DMSO-dg) 6 10.17 (s, 1H, exchangeable with D,0), 7.99
(d, J=7.78Hz, 2H), 7.75 (d, J=8.70Hz, 2H), 7.60—-7.69 (m, 5H),
7.37-7.45 (m, 2H), 730—-7.35 (m, 2H), 7.25 (t, J=7.78Hz, 1H),
6.92-6.99 (dd, J=2.21, 8.16Hz, 1H), 6.54 (t, J=5.65Hz, 1H,
exchangeable with D,0), 4.59 (d, J=5.65Hz, 2H), 2.07 (s, 3H). *C
NMR (126 MHz, DMSO-dg) 6 189.4, 168.7, 149.0, 143.2, 141.5, 140.1,
138.6, 138.0, 134.1, 129.6, 129.3, 129.2, 124.5, 124.1, 123.8, 122.9,
122.2, 120.5, 118.8, 116.9, 116.4, 111.4, 41.2, 24.1. MS (ESI) m/z
427 [M+HI*; HRMS (ESI) m/z [M+H]": Calcd. 427.1475, Found,
427.1468.

4.1.2.10. (E)-N-(4-(3-(3-((4-(hydroxymethyl)benzyl)Jamino)phenyl)-3-
oxoprop-1-en-1-yl) phenyl) acetamide (5j). Yellow powder (yield
75% — 0.75 mmol, 300 mg); m.p. 139-141°C; IR (Vmax/cM™") 3300
(N-H), 1661 and 1643 (C=0); 'H NMR (500 MHz, DMSO-ds) 6 10.16
(s, TH, exchangeable with D,0), 7.76 (d, J=8.54Hz, 2H), 7.66 (d,
J=8.54Hz, 2H), 7.62 (d, J=3.05Hz, 2H), 7.31-7.35 (m, 2H),
7.25-7.31 (m, 3H), 7.20-7.24 (m, 2H), 6.84 (dd, J=2.21, 8.16 Hz,
1H), 6.52 (t, J=5.95Hz, 1H, exchangeable with D,0), 5.10 (br. s.,
1H, exchangeable with D,0), 4.46 (br. s., 2H), 4.32 (d, J=5.80Hz,
2H), 2.07 (s, 3H). "*C NMR (126 MHz, DMSO-de) & 189.5, 168.6,
148.9, 143.1, 141.5, 141.0, 138.5, 138.2, 129.6, 129.3, 129.1, 126.9,
126.5, 120.6, 1188, 116.9, 116.2, 111.3, 62.7, 46.2, 24.1. MS (ESI) m/
z: 401 [M +HJ*; HRMS (ESI) m/z [M +H]™: Calcd. 401.1860, Found,
401.1850.

4.1.2.11.  (E)-N-(4-(3-oxo-3-(3-(((2-oxo-2H-chromen-6-yl)methyl)a-
mino)phenyl)prop-1-en-1-yl)phenyl)acetamide (5k). Yellow powder
(yield 83% — 0.83 mmol, 364 mg); m.p. 153-155°C; IR (Dmax/cM ™)
3316 and 3274 (N-H), 1673 and 1629 (C=0); '"H NMR (500 MHz,
DMSO-dg) o 10.16 (s, 1H, exchangeable with D,0), 8.06 (d,
J=9.61Hz, 1H), 7.75 (d, J=8.54Hz, 2H), 7.71 (s, 1H), 7.59—-7.68
(m, 5H), 738 (d, J=854Hz, 1H), 7.33 (d, J=7.48Hz, 1H),
721-726 (m, 2H), 6.86 (dd, /=221, 801Hz, 1H), 6.62 (t,
J=595Hz, 1H, exchangeable with D,0), 6.47 (d, J=9.46Hz, 1H),
441 (d, J=5.80Hz, 2H), 2.07 (s, 3H). '3C NMR (126 MHz, DMSO-d¢)
0 189.4, 168.5, 159.9, 152.4, 148.7, 144.1, 143.1, 141.4, 138.6, 136.3,
130.9, 129.5, 129.2, 129.1, 126.5, 120.6, 118.8, 118.5, 116.8, 116.5,
116.3, 116.2, 111.4, 45.6, 24.0. MS (ESI) m/z: 439 [M +H]"; HRMS
(ESI) m/z [M+H]™": Calcd. 439.1652, Found, 439.1640.

4.1.2.12. (E)-N-(4-(((3-(3-(1H-imidazol-4-yl)acryloyl)phenyl)amino)-
methyl)phenyl)acetamide (51). Yellow powder (yield 72% -
0.72 mmol, 260 mg); m.p. 94-96 °C; IR (bmax/cm™") 3292 and 3185
(N-H), 1661 and 1602 (C=0); 'H NMR (600 MHz, DMSO-d¢) 6 12.43
(br. s., TH, exchangeable with D,0), 9.87 (s, 1H, exchangeable with
D,0), 7.81 (br. s., 1H), 748 —7.62 (m, 5H), 7.28 (d, J=8.51Hz, 2H),
7.15-7.23 (m, 3H), 6.81 (d, J=7.04Hz, 1H), 6.49 (t, J=5.87 Hz, 1H,
exchangeable with D,0), 4.26 (d, J=5.87 Hz, 2H), 2.01 (s, 3H). 3C
NMR (151 MHz, DMSO-dg) 6 189.9, 168.6, 149.5, 139.2, 138.5, 138.0,
134.7, 130.2, 129.6, 128.0, 122.1, 119.5, 119.2, 118.8, 116.8, 116.2,
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112.0, 46.5, 24.4. MS (ES) m/z: 361 [M+H]"; HRMS (ESI) m/z
[M + HI*: Caled. 361.1659, Found, 361.1653.

4.1.2.13  (E)-1-(3-((4-(hydroxymethyl)benzyl)amino)phenyl)-3-(1H-
imidazol-4-yl)prop-2-en-1-one (5m). Yellow powder (yield 85% —
0.85mmol, 283mg); m.p. 104-106°C; IR (Umax/cm™') 3358 and
3316 (N-H), 1656 (C=0); 'H NMR (600 MHz, DMSO-dg) 6 12.43 (br.
s, TH, exchangeable with D,0), 7.83 (br. s, 1H), 7.50-7.62 (m,
3H), 7.31-7.34 (d, J=7.92Hz, 2H), 7.25—-7.28 (d, J=8.22Hz, 2H),
7.12—7.24 (m, 4H), 6.81 (d, J=7.92Hz, 1H), 6.55 (t, J=6.02Hz, 1H,
exchangeable with D,0), 5.10 (br. s., TH, exchangeable with D,0),
4.46 (s, 2H), 4.31 (d, J="5.87 Hz, 2H). ">C NMR (151 MHz, DMSO-de)
0 190.2, 149.3, 141.2, 139.1, 138.7, 138.0, 137.0, 129.7, 127.4, 1271,
122.0, 119.0, 117.2, 116.5, 113.3, 111.7, 63.1, 46.4. MS (ESI) m/z:
334 [M+H]"; HRMS (ESI) m/z [M+H]*': Calcd. 334.1550, Found,
334.1543.

4.1.2.14. (E)-6-(((3-(3-(1H-imidazol-4-yl)acryloyl)phenyl)amino)-
methyl)-2H-chromen-2-one (5n). Yellow powder (yield 83% —
0.78 mmol, 308 mg); m.p. 104-106°C; IR (Umax/cm™") 3299 (N-H),
1674 and 1642 (C=0); 'H NMR (600 MHz, DMSO-dg)  12.54 (br.
s, TH, exchangeable with D,0),8.06 (d, J=9.39Hz, 1H), 7.82 (s,
1H), 7.71 (d, J=2.05Hz, 1H), 7.58—-7.64 (m, 2H), 7.57 (s, TH),
7.50—7.55 (m, 1H), 7.38 (d, J=8.51Hz, 1H), 7.17-7.25 (m, 3H),
6.82 (dd, /=235, 7.92Hz, 1H), 6.67 (t, J=6.02Hz, 1H, exchange-
able with D,0), 6.47 (d, J=9.68Hz, 1H), 4.40 (d, J=5.87 Hz, 2H).
>C NMR (151 MHz, DMSO-de) & 190.1, 160.7, 152.8, 149.0, 144.8,
139.2, 136.9, 132.6, 131.4, 131.3, 129.8, 129.7, 127.0, 119.0, 118.9,
117.2, 116.8, 116.7, 116.7, 113.3, 111.8, 45.9. MS (ESI) m/z: 372
[M+HI*; HRMS (ESl) m/z [M+H]": Caled. 372.1343, Found,
372.1335.

4.2. Biological assays

4.2.1. Preparation of compounds stock solutions

DMSO (Sigma-Aldrich, St. Louis, MO, USA) was used as solvent for
either negative control or for preparation of 1 mM stocks of the
synthetic analogues and stored at —20°C.

4.2.2. Assay for anticancer activity

The newly synthesised analogues were sent to the National
Cancer Institute, Germantown, MD, USA for testing their potential
anti-cancer activity after 48h using sulforhodamine B assay®®.
Parameters for cellular growth inhibition including 50% growth
inhibitory concentration (Glsy) were determined in 60 different
cancer cell lines represent nine human cancers: breast, central ner-
vous system, colon, kidney, leukaemia, lung, melanoma, ovary,
and prostate®® deposited in National Cancer Institute, USA as pre-
sented in Tables 1 and 2. The one-dose results resemble the mean
graphs from the 5-dose experiment in appearance and presented
as a mean graph of the treated cells' growth percentage. The
one-dose assay'’s reports figure percent growth of treated cells in
comparison to both the time zero cell count and the no-drug con-
trol. This makes it possible to identify growth inhibition (values
between 0 and 100) and lethality (values less than 0). The cancer
screening panel’s human tumour cell lines are cultured in RPMI
1640 media supplemented with 2mM L-glutamine and 5% foetal
bovine serum. Depending on the doubling time of each cell line,
100 uL of cells are plated at plating densities ranging from 5,000
to 40,000 cells/well for a standard screening experiment in 96-well
microtiter plates. Before adding the compounds, the microtiter

plates are incubated for 24 h at 37° C, 5% CO,, 95% air, and 100%
relative humidity following cell inoculation*®. 10 uM was used as
initial testing concentration followed by single dose analysis.
Compounds which exhibit significant growth inhibition in the
one-dose screen are evaluated against the 60-cell panel at five
concentration levels at five dose concentrations: 0.01 uM-100 uM
using the same previously mentioned protocol. For cytotoxicity
assessment, WI-38 normal human fibroblast cells were used for
the calculation of safety index which is the ratio of I1Cs, compound
(WI-38)/ICs, compound (cancer cell line)”°. Increasing S| value
above 1 indicates a more effective and safer drug as an anticancer
compared to normal tissues’'. Synthetic analogues that showed
promising anti-proliferation activity with low cytotoxicity at low
concentrations were considered the most effective compounds.

4.2.3. Cell culture

The HCT-116 cancer cell line was obtained from the tissue culture
unit’s cell culture bank at the Holding company for the production
of vaccines, sera, and drugs (VACSERA), Giza, Egypt, and grown,
maintained, observed for growth and further assays in the Centre
of Scientific Excellence "Helwan Structural Biology Research,
(HSBR)" according to the previous protocol’®3. Briefly, HCT-116
cells were cultured in McCoys5a culturing media supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin/strepto-
mycin at 37°C in a humidified atmosphere containing 5% CO,
and kept for observation until 90% confluency and being ready
for splitting using 0.25% Trypsin.

4.2.4. Flow cytometry analysis

Apoptosis and cell cycle were performed according to the stand-
ard protocols’*”7. Briefly, HCT-116 cancer cell line was incubated
at a density of 1 x 10° cells per 25 cm2 flask for 24 h. the ICs, of
the Doxorubicin (positive control) or synthetic compounds 5e and
5h were employed in this investigation. To find cells with a sub-
G; DNA content, cells were concentrated at 1500 x g and sus-
pended in 50g/ml propidium iodide (Pl) staining solution and
20 g/ml RNaseA’®, The Cytoflex flow cytometer (Beckman Coulter,
USA) was used for the measurement of cell flow. This will be fol-
lowed by flow cytometric analysis using a Beckman Coulter
CytExpert software (version 2.4.0.28). The gating strategy used
includes characterising heterogeneous large population by plot-
ting population against 2D- plot forward scattered beam area
(FSC-A) against forward side scattered beam height (SSC-H) to
eliminate doublets followed by plotting the resulted collective
population by plotting 2D contour plot to show the core cell
population spread of Annexin-FITC-H against Pl PE-H to spread
cell populations in four quadrants known as Q1(LL), Q2 (LR), Q3
(UL), and Q4 (UR)”?%°, For cell cycle analysis, treated HCT-116 cells
were trypsinized and washed with PBS and fixed with ethanol
(70%) for approximately an hour followed by washing with PBS.
The cells were finally resuspended in solution of propidium iodide
(P) (50png/ml) and RNasel (250ug/ml) with incubation for a
period of 30min at room temperature and final investigation
Cytoflex flow cytometer (Beckman Coulter, USA).

4.2.5. VEGFR-2 inhibition assay

All newly synthetic derivatives were investigated in vitro for their
inhibitory activities against VEGFR-2 as a potential molecular tar-
get. The VEGFR-2 Kinase Assay Kit (BPS-Bioscience, #78857,
USA)®"82 was used for testing the VEGFR tyrosine kinase activ-
ity®*84 Sorafenib was used as a positive control. Briefly, all



synthesised compounds were evaluated for their ability to inhibit
VEGFR-2 using 96-well plate seeded with a particular VEGFR-2
antibody, 100uL of the standard solution (for preparation of
standard curve) or the tested compounds were added, and all
reactions was then incubated at room temperature for 2.5h.
Following a wash, 25 uL of the ADP-Glo™ reagent was added to
each well, which was then incubated for an additional 45min at
room temperature before being washed. 50 ul of Kinase Detection
reagent solution was then added, and the mixture was incubated
at room temperature for 45min. Immediately reading was per-
formed in  Luminoskan™ Ascent Microplate Luminometer
(Thermofisher, USA, Cat. No. 2805621). Half-maximal inhibitory
concentrations (ICsg) were calculated from standard and samples
as concentration-inhibition response curve. The developed signal
was detected and quantified by a BioTek microplate reader for
determination of ICsq of the tested compounds.

4.2.6. Gene expression analysis using RT-qPCR

Assessment for the gene expression analysis of key regulatory
genes were performed using real-time quantitative PCR (RT-qPCR)
as previously documented’>7>. Briefly, HCT-116 cancer cells were
treated with ICso of compounds 5e and 5h for 24 h and cells were
harvested, and total RNA was extracted using Favor-PrepTM
Blood/Cultured cell total RNA purification mini kit (Favorgen
Biotech Corp., Ping-Tung, Taiwan). The purified RNA was then
reverse transcribed into the first-strand cDNA using Revert Aid
First-Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA,
USA). Key regulated genes (Caspase-3, Cyt-c, TNF-o, Bax, and Bcl-2)
were assessed by gene expression analysis (primers sequence in
Table 8) using HERAPLUS SYBR® Green gPCR Kit (Willowfort,
Nottingham, UK). Differential gene expression was performed
using 27227 method using f-actin as reference gene®.

4.2.7. Determination of caspase-3 and Bax levels using ELISA
assay

The assays for caspase-3 (Abcam, ab39401)%® and Bax activity
(Abcam, ab199080)%” are based on cleavage of the chromogenic
substrate. Control and treated cells with ICsy of compounds 5e
and 5h were harvested from 25cm? flasks and lysed in HCT-116
cell lysis buffer (50 nmol/l, Tris-HCL, pH 7.5, 0.03% NP40, 1.0 mmol/
| DTT) for 10 min. Lysates were then centrifuged at 12,000g for
12min and protein concentration of the supernatant (cytosolic
extract) was estimated using the Biorad assay. Equal amounts of
protein extracts were loaded onto a 96-well microplate and incu-
bated with reaction buffer, DTT, DMSO. The assay is based on
spectrophotometric detection of the chromophore p-nitroaniline
(p-NA) after cleavage from the labelled substrate DEVD-pNA. The
p-NA light emission was quantified colorimetry using BioTek
microtiter plate reader (Biotek 800 TS) according to each kit
requirement. Briefly, 50 L of Reaction Mix (2X Reaction Buffer and
DTT) was added to each sample, sample background control and
the background wells that are pre-coated with primary antibodies
specific to caspase-3 and Bax proteins. 5ulL of the 4mM DEVD-
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pPNA (200 uM final concentration) was added to each sample well,
and the background well and incubate for 120 min and colour
was determined colorimetry.

4.3. Molecular docking studies

4.3.1. Molecular docking

All the docking studies in the current work were carried out by
implementing the docktite wizard of the Molecular Operating
Environment (MOE 2019.02) package®®®. The structural coordi-
nates of the target enzyme were downloaded from the protein
data bank: PDB IDs 4ASD for VEGFR-2 in complex with sorafenib.
The two selected proposed ligands were sketched using the MOE
builder and then energy minimisation and a conformational
search were conducted using the default parameters of MOE soft-
ware. The energy-minimized compounds 5e and 5h were saved to
a single database file with the *mdb extension ready for docking
conduction. By choosing the pocket around the binding domain
of the co-crystallized ligand, the binding site where the docking is
conducted was determined. To elucidate the most potential mode
of binding for the proposed compounds, both covalent and non-
covalent approach were applied the non-covalent approach gave
the best results, suggesting a reversible binding mode Pose-
retrieval docking step for the X-ray coordinates of the co-crystal-
lized Sorafenib within its respective binding site was conducted to
verify the applied docking shoed the best procedure®. After that,
compounds 5e and 5h were docked into the VEGFR-2 binding site
with the validated protocol. Finally, docking results were further
analysed through 2D interaction diagrams generated for the pre-
dicted binding mode between compounds 5e and 5h with
VEGFR-2 enzyme.

4.3.2. Molecular dynamics

The two complexes 5h-VEGFR-2 and sorafenib-VEGFR-2, in add-
ition to the Apo form of VEGFR-2, were subjected to molecular
dynamic simulation (MDS) for 100,000 ps. The same MDS method-
ology as previously published by our group was applied in the
current study®®®'. The receptor and ligand topologies were gener-
ated by PDB2gmx (embedded in GROMACS) and GlycoBioChem
PRODRG2 Server respectively, both under GROMOS96 force field®?.
After rejoining ligands and receptor topologies to generate three
systems, the typical molecular dynamics scheme of GROMACS was
applied for all the systems. This includes, solvation, neutralisation,
energy minimisation under GROMOS96 43a1 force field and two
stages of equilibration (NVT and NPT)*®°"3_ Finally, unrestricted
production stage of 100 ns was applied for the four systems with
the Particle Mesh Ewald (PME) method implemented to compute
the long-range electrostatic values using 12A cut-off and 12A
Fourier spacing. Indicative parameters, such as RMSD and RMSF,
were calculated to evaluate the stability of all the complexes.

Table 8. Primer's sequence of apoptotic genes used for gene expression analysis.

Gene Forward primer sequence Reverse primer sequence
Caspase-3 5’- ACATGGAAGCGAATCAATGGACTC -3/ 5’- AAGGACTCAAATTCTGTTGCCACC -3’
Cyt-c 5’- GAGGCAAGCATAAGACTGGA -3’ 5’- TACTCCATCAGGGTATCCTC -3’

Bax 5’- CCCGAGAGGTCTTTTTCCGAG -3’ 5’- CCAGCCCATGATGGTTCTGAT -3’
Bcl2 5'- TTGTGGCCTTCTTTGAGTTCGGTG -3’ 5’- GGTGCCGGTTCAGGTACTCAGTCA -3
TNF-o 5’- ATGAGCACTGAAAGCATGATCC -3’ 5’- GAGGGCTGATTAGAGAGAGGTC -3/
GAPDH 5’- CTGACTTCAACAGCGACACC -3’ 5’- TAGCCAAATTCGTTGTCATACC -3
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