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Aseries of novel COX-2 inhibitors was designed and synthesized as antitumor agents
based on the knowledge of known COX-2 inhibitors and in silico scaffold modification

strategy.

Abstract

COX-2 has long been exploited in the treatment of inflammation and relief of pain;
however, research increasingly suggests COX-2 inhibitors might possess potential
benefits to thwart tumour processes. In the present study, we designed a series of novel
COX-2 inhibitors based on analysis of known inhibitors combined with an in silico

scaffold modification strategy. A docking simulation combined with a primary screen
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in vitro were performed to filter for the lead compound, which was then substituted,
synthesized and evaluated by a variety of bioassays. Derivative 4d was identified as a
potent COX-2 enzyme inhibitor and exerted an anticancer effect through COX-2
inhibition. Further investigation confirmed that 4d could induce A549 cell apoptosis
and arrest the cell cycle at the G2/M phase. Moreover, treatment with 4d reduced A549
cell adhesive ability and COX-2 expression. The morphological variation of treated
cells was also visualized by confocal microscopy. Overall, the biological profile of 4d

suggests that this compound may be developed as a potential anticancer agent.
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1 Introduction

Cyclooxygenase (COX), which is known for its rate-limiting role in the conversion
of arachidonic acid to prostaglandin (PG), is generally classified into three subtypes:
COX-1, COX-2 and COX-3.(1) The isoforms differ not only in expression but also in
physiological and pathological functions. COX-1 is stimulated continuously in most
normal tissues and COX-3 primarily in the central nervous system, while COX-2 is
inducible. The amount of COX-2 often reaches a relatively high level when induced by
stimuli such as pro-inflammatory cytokines, growth factors and tumour promoters, but
it remains undetectable in most normal cells or tissues.(2-4) The significantly up-
regulated expression of COX-2 in pathological processes revealed its involvement in
diseases such as inflammation and various types of cancer. These characteristic
variances in expression and distribution between COX-2 and other isoenzymes laid the
foundation for designing COX-2-selective drugs that minimally disturb normal COX
function.(5, 6) In practice, COX-2 has long been exploited to treat inflammation and
relieve pain,(7-10) and along with continued research, interest in developing COX-2-
specific antitumor medicaments is increasing considerably.(11-14) According to the
database of clinical trials (www.clinicaltrials.gov), hundreds of clinical trials have been
or are being conducted to test the anti-cancer potential of COX-2 inhibitors, mostly
celecoxib (celebrex). The same repurposing strategy also applies to other known COX-
2 inhibitors, providing a reference basis for COX-2-inhibitor-based anti-cancer drug
development.(13, 15, 16) Given that there is a major discrepancy between supply and

demand of anti-cancer agents, it is important to expand the availability of various types
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of anti-cancer medicines. Therefore, in this study we attempted to design a class of
COX-2-selective agents and assess their potential in anti-cancer agent development.

In general, selective COX-2 inhibitors can be categorized as diarylheterocycles or
non-diarylheterocycles, and the largest proportion of selective COX-2 inhibitors
comprises diarylheterocycles with a five-membered core.(17-20) As illustrated in Fig.
1, the most famous Coxibs (COX-2 selective inhibitors) are unexceptionally composed
of various five-membered heterocyclic cores and 1, 2-diarylsubstitution. Based on this
knowledge, we exploited a new diarylheterocycle scaffold with a dihydropyrazole
group as the five-membered core ring. Additionally, a sulphonamide group was
attached to the p-position of one aryl ring, as many studies have indicated that this
pharmacophore plays a crucial role in COX-2 selectivity.(21, 22) The scaffold was
substituted to obtain a library of small molecules. Using virtual screening, the
molecules were ranked according to the docking score. The best hits were selected and
preliminarily screened in vitro. We then validated the lead compound, which possessed
good COX-2 inhibitory activity and comparable binding energy with celecoxib in
docking with the COX-2 enzyme (Table 1). Derivatives of the lead compound (4a-4t)

were synthesized and evaluated by additional bioassays.
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Fig. 1 Some well-known COX-2 inhibitors (coxibs) and the design pathway for novel

dihydropyrazole sulphonamide derivatives.
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Table 1. Interaction energy and AlogP of compounds 4a — 4t

cyclic core

Interaction energy
Compd R AIogPa
AGp (kcal / mol))
Lead oi® 58.44 3.736
e
4a BONS - 62.97 3.942
4b ) -60.15 3.942
F
4c @ﬁf @ - 59.01 3.942
F
4d /@ﬁf @ - 63.11 4.147
F
F 5
de \Q = - 62.60 4.147
af PON'S) -60.26 4.401
4 RN ®) -57.77 4.401
Cl
m @af = _57.38 4.401
=
R Cl 77{
4i B - 62.73 5.065
Cl -
4] 3@@ - 62.68 5.729
Cl
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Celecoxib -56.13 5.946
2 Calculated using Discovery Studio 3.5.

- 61.09 4314

U[0)

-52.51 4314

2 Materials and methods
2.1 Materials

All chemicals (reagent grade) used were purchased from Nanjing Chemical Reagent
Co. Ltd. (Nanjing, China). Celecoxib was purchased from Sigma-Aldrich (St. Louis,
MO). All the *H NMR spectra were recorded on a Bruker DPX 400 model spectrometer
in DMSO-ds, and chemical shifts (o) are reported as parts per million (ppm). ESI-MS
spectra were recorded by a Mariner System 5304 Mass spectrometer. Melting points
were determined on a XT4 MP apparatus (Taike Corp, Beijing, China). Thin layer
chromatography (TLC) was performed on silica gel plates (Silica Gel 60 GF254) and
visualized in UV light (254 nm and 365 nm). Column chromatography was performed
using silica gel (200-300 mesh) and eluting with ethyl acetate and petroleum ether (bp
30-60 °C).

The COX-1 (human) Inhibitor Screening Assay Kit (#701070) and COX-2 (human)

6
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Inhibitor Screening Assay Kit (#701080) were purchased from Cayman Chemical, (Ml,
USA). The PTGS2 small interfering RNA kit was purchased from Ribobio
(GuangZhou, China). RNase A (#EN0531) was purchased from Thermo Scientific,
Fermentas (USA). The AnnexcinV-FITC cell apoptosis assay kit (#BA11100) was
purchased from BIO-BOX (Nanjing, China). Fibronectin (#F1056) and laminin
(#L2020) were purchased from Sigma-Aldrich (St. Louis, MO). COX-2 anti-body

(#12282P) was purchased from Cell Signalling Technology (Beverly, MA, USA).

2.2 General procedure for the synthesis of compounds 4a-4t

A mixture of compound 3a-3t (5 mmol), 4-hydrazinylbenzenesulfonamide (5 mmol)
and glacial acetic acid (2 mL) in ethanol (20 mL) was refluxed for 8 h. Afterwards, the
cooled reaction contents were poured into ice water, and the products were filtered and
washed carefully with ice water and cool ethanol. The crude products were

recrystallized from methanol to obtain pure compounds 4a-4t.

2.3 Cell Culture

A human hepatoma cell line (HepG2), human lung adenocarcinoma epithelial cell
line (A549), carcinoma of cervix cell line (HeLa) and human kidney epithelial cell
(293T) were purchased from Nanjing Keygen Technology (Nanjing, China). Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone) (High Glucose)
with L-glutamine supplemented with 10% foetal bovine serum (FBS, BI), 100 U/mL

penicillin and 100 mg/mL streptomycin (Hyclone), and incubated at 37 C in a
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humidified atmosphere containing 5% CO..

2.4 COX inhibitor screening assay

The ability of compounds 4a-4t to inhibit COX-1 and COX-2 was determined using
COX inhibitor screening assay Kits according to the instruction manual.(23) In brief,
COX-1 or COX-2 enzyme was pre-incubated with test compounds at 0 M, 1 uM, 10
#M and 100 «M in reaction buffer (0.1 M Tris-HCI, pH 8.0, 5 mM EDTA, 2 mM phenol
and 1 «M heme) at 37 °C for 10 min. The reactions were initiated by adding arachidonic
acid to a final concentration of 100 xM and incubated at 37 °C for 2 min. Afterwards, 1
M HCI was added to the reaction mixtures to stop the reaction, followed by one tenth
the volume of saturated stannous chloride (50 mg/mL). The reaction mixtures were
incubated for 5 min at room temperature, and the amount of prostaglandin E2 formed

during the reaction was measured by enzyme immunoassay.(24)

2.5 Anti-proliferation assay

The anti-proliferative activities of the prepared compounds against the A549, Hela,
HepG2, and 293T cell lines were evaluated using a standard (MTT)-based colorimetric
assay with some modification.(25) Cell lines were grown to log phase in DMEM
supplemented with 10% foetal bovine serum. Cell suspensions were prepared and 100
uL/well dispensed into 96-well plates to give 10* cells/well. The subsequent incubation
was performed at 37 °C, 5% CO. atmosphere for 24 h to allow the cells to reattach.

Subsequently, cells were treated with the target compounds at 0 xM, 1 uM, 10 xM and
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100 uM in the presence of 10% FBS for 24 h. Afterwards, cell viability was assessed
by the conventional 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) reduction assay carried out strictly according to the manufacturer’s instructions
(Sigma). The absorbance (ODs7o) was read on an ELISA reader (Tecan, Austria). In all
experiments, three replicate wells were used for each drug concentration. Each assay

was performed at least three times.

2.6 Cell adhesion assay

For the cell adhesion assay, 96-well flat-bottom plates were coated with 50 uL
fibronectin and laminin (10 xg/mL) at 4 °C for 12 h and then blocked with 0.2% BSA
for 2 h at room temperature followed by washing three times. Afterwards, A549 cells
treated with 4d and celecoxib for 24 h each were plated to the coated wells (10* per
well) and incubated at 37 °C, 5% CO; for 40 min. A549 cells were allowed to adhere
to the coated surface, washed intensively with PBS three times to remove non-adherent
cells, and then incubated in 5 ug/mL MTT in complete medium at 37 °C for 4 h. Next,
MTT-treated cells were lysed in DMSO, and absorbance was measured on an ELISA

reader (Tecan, Austria). Each assay was performed at least three times.

2.7 Cell apoptosis assay
Approximately 10° cells/well were plated in a 24-well plate and allowed to adhere.
Subsequently, the medium was replaced with fresh culture medium containing

compound 4d at final concentrations of 0, 1, 3 and 10 M. Non-treated wells received
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an equivalent volume of ethanol (<0.1%). After 24 h, cells were trypsinized, washed in
PBS and centrifuged at 2000 rpm for 5 min. The pellet was resuspended in 500 uL
staining solution (containing 5 uL AnnexinV-FITC and 5 L PI in Binding Buffer),
mixed gently and incubated for 15 min at room temperature in dark. The samples were
then analysed by a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA,

USA).

2.8 Cell cycle analysis

Cells were plated in 6-well plates (10° cells per well) and incubated at 37 °C for 24
h. Exponentially growing cells were then incubated with compound 4d at different
concentrations (0, 1, 3 and 10 xM). After 24 hours, cells were centrifuged at 1500 rpm
at 4 °C for 5 minutes, fixed in 70% ethanol at 4 °C for at least 12 hours and subsequently
resuspended in phosphate buffered saline (PBS) containing 0.1 mg/mL RNase A and 5
mg/mL propidium iodide (PI). The cellular DNA content was measured by flow
cytometry for cell cycle distribution analysis, plotting at least 10000 events per sample.
The percentage of cells in the GO/G1, S and G2/M phases of the cell cycle were

determined using Flowjo 7.6.1 software.

2.9 Confocal microscopy assay
Ab549 cells were incubated with 5 M compound 4d for 30 min at 37 °C and washed
three times with Hepes buffer, then scanned under microscopy. Subsequently, cells were

seeded on a cover glass-bottom confocal dish and allowed to adhere for at least 24 h.

10
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After treatment with compound 4d at 1, 3, or 10 «M for 8 h, A549 cells were washed
with cold PBS three times and fixed in 4% paraformaldehyde for 20 min. Fixed cells
were stained with 1 ug/mL DAPI for 15 min. Before scanning by microscopy, the
staining solution was removed, the dishes were washed with methanol three times, and
glycerin was added to the dishes for imaging. The nuclear morphology of A549 cells

was observed under an Olympus confocal microscope.

2.10 Western blot analysis

The A549 cells on 6-well plates were rinsed twice with cold PBS and lysed in RIPA
lysis buffer containing a protease inhibitor mixture at 1:100 dilution on ice for 30 min.
The insoluble components of cell lysates were removed by centrifugation (4 °C, 12000
x g, 10 min), and protein concentrations were measured using a Pierce BCA protein
assay kit. Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF)
membranes. Membranes were blocked using skim milk and then incubated with diluted
anti-COX-2 primary antibody (1:1000 dilution) at 4 °C with gentle shaking overnight.
After washing five times, membranes were incubated with secondary antibody (1:1000-

1:3000 dilution) for 1 h at room temperature.

2.11 siRNA transfection
Transfections of SIRNA (nonsense siRNA and PTGS2 siRNA) into A549 cells were
carried out using Opti-MEM and Lip02000 (Invitrogen, Carlsbad, CA) according to the

11
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manufacturer’s instructions. Lipo2000 and siRNA were diluted separately in Opti-
MEM, mixed and incubated for 5 min. The mixture was then added to A549 cells
cultured in 6-well plates or 96-well plates. The treated cells were cultured at 37 °C, 5%
CO; atmosphere for 24 h. Subsequently, A549 cells in 6-well plates were harvested for
Western blotting, and the transfected cells in 96-well plates were treated with drugs for
another 24 h. Cell viability was determined by the MTT assay in 96-well plates as

previously described.

2.12 Scaffold modification

Scaffold modification was achieved with the module Grow Scaffold in Discovery
Studio (version 3.5). Following the protocol, the scaffold was docked into COX-2 (PDB
code: 3LN1) binding site beforehand. The 3-position of the dihydropyrazole core and
the unsubstituted aryl ring were then marked as sites to be substituted. After calculation,

modified molecules were produced to generate a library of small molecules.

2.13 Docking simulation

Molecular docking of the compounds binding the three-dimensional X-ray structure
of COX-2 (PDB code: 3LN1) was carried out using Discovery Studio (version 3.5) as
implemented through the graphical user interface DS-CDOCKER protocol. The
aforementioned compounds were constructed, minimized and prepared. The crystal
structures of the protein complex were retrieved from the RCSB Protein Data Bank

(http://www.rcsh.org/pdb/home/home.do). All bound waters and ligands were

12
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eliminated from the protein. Molecular docking was performed by inserting molecules
into the binding pocket of COX-2 based on the binding mode. The types of interactions
between the docked protein with ligand-based pharmacophore model were analysed

after the end of molecular docking.

3. Results
3.1 Chemistry

The synthesis of compounds 4a-4t followed the general pathway outlined in Scheme
1. The target compounds were obtained in three steps as described in the experimental
section. All of the synthetic compounds 4a-4t are being reported for the first time
(Table 1) and gave satisfactory analytical and spectroscopic data. tHNMR and ESI-MS
spectra were in full accordance with the assigned structures, which are presented in the

Supplementary Material.

/@CHO /@/\)LR
" NH a N b N
2
R
-
c N ,OS,‘*NHQ
B —
N
S

4a-4t

Scheme 1 (a) 1.0 equiv, 4-fluorobenzaldehyde, DMSO, 120 °C, 4 h; (b) 1.0 equiv, acetophenones,
CH3CH20H, 0 °C, 2 h; (c) 1.2 equiv, 4-hydrazinylbenzenesulfonamide, CH3CH>OH, 80 °C, 8 h.

3.2 Compound 4d selectively inhibited COX-2 activity

13
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The ability of the tested compounds to inhibit human COX-1 and COX-2 was
determined using COX inhibitor screening assay kits. The efficacies of the tested
compounds were determined as the concentration causing 50% enzyme inhibition
(I1Cs0) (Table 2). The majority of the tested compounds showed no inhibition of COX-
1 up to 60 uM. However, a reasonable in vitro COX-2 inhibitory activity was observed
with compounds 4d with 1Csg 0.08 £ 0.03 M. The selectivity indices (COX-1/COX-

2) were calculated and compared with that of the standard COX-2 selective inhibitor,

celecoxib.

Table 2. Data from the in vitro COX-1/COX-2 enzyme inhibition assay of the designed

compounds
IC50£SD (M) Selectivity®
Compd COX-1 COX2 Index (SI)

Lead 44,12+ 0.26 0.11+0.11 ~ 401
da 31.62 +0.13 1.23+0.16 ~ 26
4b 46.73 £0.01 2.67 £0.33 ~18

4c > 60 6.32 £ 0.68 >9
4d 36.11 + 0.56 0.08 £0.03 ~ 451
de 40.09 £ 0.19 0.11 £ 0.07 ~ 364
4f > 60 3.21+£0.18 >19
49 > 60 3.92+£0.36 > 15
4h > 60 483+0.44 >12
4i 33.32 £ 1.06 0.17 £0.09 ~ 196
4 29.15+£0.29 0.31 £ 0.05 ~ 94
4k 44,13 +£0.73 0.92+0.51 ~ 48
4] 47.10+£0.51 1.68+1.01 ~ 28
4dm > 60 0.22+0.24 > 273
4n > 60 2.23+0.59 > 27
40 > 60 3.12+0.51 >19
4p > 60 523+1.13 > 11
4q > 60 1.12+0.17 > 54
4r 36.23 £ 0.06 0.24 £ 0.09 ~ 151
4s 30.16 £0.34 0.19£0.11 ~ 159
4t 29.12 £0.53 0.14 £0.50 ~ 208
Celecoxib 29.1+0.12 0.07+£0.01 ~ 415

b In vitro COX-2 selectivity index (ICso COX-1 / ICso COX-2).

3.3 Compound 4d inhibited cancer cell proliferation in a dose-dependent manner

14
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All the compounds 4a-4t were evaluated for their anti-proliferation activities against
three cancer cell lines, HeLa (human cervix cell line), HepG2 (human liver cell line),
A549 (human lungs cell line), and one non-cancer cell line, 293T (human kidney
epithelial cell) by the MTT assay, and the calculated 1Cso values are listed in Table 3.
All compounds showed moderate to excellent anti-proliferative effects on A549 and
Hela cancer cell lines but not on HepG2. Against the A549 cell line, compound 4d
showed the best anti-proliferative activity with lower 1Cso value (1.63 £ 0.97 uM)
compared with celecoxib (2.21 + 1.31 uM). Subsequently, the MTT assay against one
non-cancer cell line, 293T, was performed to test the cytotoxicity of the obtained
compounds. As shown in Table 3, all the compounds have low cytotoxic effects on
293T, indicating a considerable safety profile.

Compound 4d and celecoxib were further tested in COX-2 knockdown A549 cells
with nonsense siRNA treated A549 cells used as control. Compared to the control
group, the knockdown of COX-2 in A549 cells led to remarkable reduction of cell
viability after drug treatment. The results are summarized in Fig. 2 and demonstrate
that the inhibitory action of compound 4d against cancer cell proliferation is related to

the level of COX-2.

Table 3. Proliferation inhibitory activities of compounds 4a-4t against three cancer cell lines and
cytotoxicity towards non-cancer cells

IC50+SD (uM CCo0tSD (uM
Caize A549 SOHeLa(ﬂ : HepG2 50293T(ﬂ :
Lead 318024 9.12% 0.3 18.15% 025 >100
2a 4432031 10.37 £ 0.49 1488087 >100
b 6.20 % 043 11442034 2051+ 0.66 >100
ac 9.87 £ 101 227 %115 2738134 >100
2d 163097 612084 10.21% 045 >100

15
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291

4e 1.80+0.25 6.98 £0.21 18.92 + 0.67 >100
4f 5.18 £0.37 13.51+0.33 20.92 +0.34 >100
4g 11.51+1.05 15.88 + 0.65 19.99 +0.85 >100
4h 13.65+1.30 18.47 + 0.53 23.75+0.44 >100
4i 4.21+0.32 13.43+0.21 15.91 +0.98 >100
4j 3.25+0.19 10.3+0.34 14.26 + 0.25 >100
4k 6.38 + 0.54 8.69 +£0.88 954+124 >100
41 6.80 +0.29 9.06 £1.54 11.38 + 2.08 >100
4m 10.22 +0.14 15.82 + 0.58 13.28+0.71 >100
4an 10.47+0.91 14.24 + 0.82 11.54 +1.90 >100
40 11.61+0.28 12.55+0.35 11.93+1.36 >100
4p 15.11 + 0.47 17.30+0.51 22.96 + 0.98 >100
4q 20.84 £ 0.13 15.35+0.32 38.53 £ 0.67 >100
4r 4.43 +0.45 11.44 + 0.69 1450+ 2.71 >100
4s 8.29+0.19 22.70 £ 2.09 31.39 +2.28 >100
4t 6.87 £0.12 10.37+0.21 13.11 £ 0.82 >100
Celecoxib 221+131 751+1.28 0.68 +3.14 65.34 + 0.18
120 - [1A549-4d
[CJ A549 (COX-2 siRNA)-4d
[ A549-Celecoxib
1004 ] I A549 (COX-2 siRNA)-Celecoxib
& o

g o S

< & &

% 0 _ cox-2 -

> ] GAPDH -

8 40

0 uM 1uM 3uM 10 uM

Fig. 2 Knockdown of COX-2 in A549 cells led to remarkable reduction of cell viability after drug

treatment.

3.4 Compound 4d reduced the adhesive ability of A549 cells.

Cell adhesion plays a significant role in cancer progression and metastasis, and
decreased cell adhesion benefits cancer therapy. In this study, a cell adhesion assay was
employed to assess the effects of treatment with compound 4d and celecoxib at different
concentrations for 24 h on the ability of A549 cells to adhere. After harvesting the cells,
their adhesive ability to fibronectin and laminin was measured. The results shown in

Fig. 3 indicated that compound 4d could significantly reduce the adhesive ability of

16
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A549 cells to fibronectin and laminin while the effects of celecoxib were not as striking.

® . . ®
Fibronectin Laminin

Bound cells (%)

Bound cells (%)

T T
0 pM 1M 3uM 10 uM

80 Fibronectin Laminin

—_

Bound cells (%)
&

Bound cells (%)
&

T T B T T
0 M 1 uM 3 M 10 uM 0 M 1 M 3 M 10 uM

Fig. 3 Influence of compound 4d and celecoxib on A549 cell adhesion to fibronectin and laminin
(A) Influence of compound 4d on A549 cell adhesion to fibronectin; (B) Influence of compound 4d
on A549 cell adhesion to laminin; (C) Influence of celecoxib on A549 cell adhesion to fibronectin;
(D) Influence of celecoxib on A549 cell adhesion to laminin.

3.5 Compound 4d caused cell apoptosis in A549 cells in a dose-dependent manner

To verify whether compound 4d could inhibit the growth of A549 by inducing
apoptosis, flow cytometry was applied, and the results indicated that after treating A549
cells with varying concentrations (0 uM, 1 uM, 3 uM and 10 M) of 4d for 24 h, the
percentage of apoptotic cells was markedly elevated in a dose-dependent manner.
Likewise, A549 cells were treated with corresponding doses of celecoxib (0 uM, 1 uM,
3 uM and 10 xM). As shown in Fig. 4, increased concentrations of compound 4d
yielded an increased apoptotic rate of A549 cells. The percentages of cell apoptosis of
8.30%, 19.86%, 34.52% correspond to treatment concentrations of compound 4d of 1,

3 and 10 uM, respectively. Clearly, compound 4d can cause cell apoptosis more
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effectively than celecoxib. In conclusion, compound 4d could induce apoptosis in A549

cells in a dose-dependent manner.

A

3200%

7 Jas
0.506%

PI| 1oy

[

Q6
637%

0695% 10

7Qs
3313%

Q6

17.9%

10 10° 10

o q68

97 6%
w T

0 H]‘1

w0 w0

1.36%
T

a7
236%
T

3619%
T

273%
T

10

10

o 10t

10 10 10

@ @ A
s & B
L L )

N
5]
L

o
! L

Apoptosis cells (%)

o
!

Annexin V

@ @ A
s & B
L L )

N
5]
L

o
! L

Apoptosis cells (%)

o
!

0 1 3 10 0 1 3 10

Compound 4d uM) Celecoxib uM)

Fig. 4 A549 cells treated with 0, 1, 3 and 10 M 4d and celecoxib for 24 h were collected and
analysed. The percentage of early apoptotic cells is shown in the lower right quadrant (Annexin V-
FITC positive/PIl negative cells), and late apoptotic cells are located in the upper right quadrant
(Annexin V-FITC positive/Pl positive cells). Images are representative of three independent
experiments.
3.6 Compound 4d induced cell-cycle arrest in A549 cells in a dose-dependent manner
We further assessed the effect of compound 4d on the cell cycle to ascertain whether
A549 cells are blocked in mitosis. A549 cells were treated with different concentrations

O uM, 1 uM, 3 uM and 10 M) of compound 4d for 24 hours. As illustrated in Fig. 5,

treatment of A549 cells with compound 4d led to G2/M arrest in a dose-dependent
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manner. Incubation of the cells with 3 «M compound 4d caused 35.38% of cells to
arrest at the G2/M phase. When the concentration of compound 4d increased to 10 uM,
85.93% of cells were arrested in the G2/M phase. In summary, the accumulation of cells

in G2/M phase increased with increased concentration of compound 4d.
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Fig. 5 Effect of compound 4d on the cell cycle distribution of A549 cells in a dose-dependent
manner (0, 1, 3 and 10 «M). Images are representative of three independent experiments. (G1 phase,
green; S phase, yellow and G2/M phase, blue).
3.7 Compound 4d was able to permeate cell membrane and affect cell morphology
Many studies have applied the strategy of conjugating a fluorescent probe with
agents to illustrate the location of these compounds in cells and verify their membrane
permeability. Given that our target compounds are generally fluorescent under certain
excitations, the conjugation with probe was actually inessential in this assay. Under
two-photon excitation, we imaged compound 4d in A549 cells as shown in Fig. 6. No
fluorescence was observed in normal A549 cells; however, intense blue fluorescence
emerged after incubating A549 cells with 5 xM compound 4d for 30 min at 37 °C and
washed three times with Hepes buffer. The results reflected the ability of 4d to penetrate
cell membrane and its location in cells. Additionally, morphological alterations between

A549 cells treated with different concentrations (0 M, 1 uM, 3 uM and 10 uM) of
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compound 4d for 8 h were observed. DAPI staining was exploited because it can
partially penetrate the nucleus to stain nuclear DNA. As shown in Fig. 7, while non-
treated A549 cells exhibited normal morphology, cells undergoing apoptosis induced

by compound 4d were morphologically varied, with condensed or fragmented nuclei.

d

Fig. 6 Confocal microscopy images of A549 live cells visualizing changes in the level of florescence
using compound 4d (5 xM). Images represent emission intensities collected in optical windows
between 500 and 600 nm upon excitation at 450 nm for compound 4d. (a) Two-photon image of
A549 cells. Aex = 450 nm (emission wavelength from 500 to 600 nm); (b) Bright-field image of
A549 cells; (c) Overlay of (a) and (b); (d) Two-photon image of A549 cells incubated with 5 uM
compound 4d after 30 min of incubation, washed with Hepes buffer. Aex = 450 nm (emission
wavelength from 500 to 600 nm); (e) Bright-field image of A549 cells; (f) Overlay of (d) and (e).

10pM
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Fig. 7 Morphological changes of DAPI-stained A549 cells after treatment with compound 4d (0, 1,
3and 10 xM) observed under confocal microscope.
3.8 Compound 4d reduced the expression of COX-2 in A549 cells.

Western blot analysis was performed to determine whether compound 4d could
suppress the expression of COX-2 in A549 cells. Total proteins were extracted from
A549 cells treated with compound 4d at different concentrations (0 M, 1 uM, 3 uM
and 10 uM). The results were analysed by Image J and indicated that the COX-2
expression of treated cells was inferior to that of untreated cells. As pictured in Fig. 8,
the expression of COX-2 was reduced as the concentration of compound 4d increased.
In summary, compound 4d could reduce the protein expression of COX-2 in A549 cells
in a dose-dependent manner.

We also performed a Western blot to estimate the transfection efficacy of control
SiIRNA and COX-2 siRNA into A549 cells. The results shown in Fig. 2 indicated that
the interference was performed effectively, and the expression of COX-2 decreased
sharply in COX-2 siRNA-mediated cells while it varied undetectably in the control
cells.

1.5+

DMSO 0.2uM 1uM 5pM  10pM
1.04

COX-2

0.5

[ 1

COX-2/GAPDH

S & S

Fig. 8 A549 cells were treated with compound 4d (0.2, 1, 5 and 10 uM) for 24 h, and the protein
level of COX-2 was observed in A549 cells by immunoblotting assay.

21



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

3.9 Scaffold modification
Because the scaffold was constructed based on analysis of known COX-2-selective
inhibitors, modifications were made to establish a library of small molecules in order
to screen for potential anticancer compounds. The members in the library were filtered
by Lipinski's “Rule of 5” to ensure good drug characteristics, complementing the
docking screening. In addition, the complexity of the synthesis route for these
candidates was taken into consideration to ensure synthetic feasibility. A primary
screen was conducted to identify the best hits in an in vitro COX-2 inhibition assay.
Finally, the lead compound with good activity was validated (Fig. 1). It possessed
better AlogP (with value of 3.736) and binding potential with COX-2 (with binding
energy of - 58.44 kcal/mol) than celecoxib (with AlogP of 5.946 and binding energy
of - 56.13 kcal/mol). It was then substituted to generate the class of compounds

investigated in this study.

3.10 Molecular docking

A docking study was performed iteratively in this study, and the general workflow
was described in the method section. In modifying the diarylheterocylic scaffold in
silico, molecular docking was carried out to fit the scaffold molecules into the activity
pocket of COX-2. Afterwards, docking screening was employed to filter the candidates
for better binding potential. When the lead compound was finally validated and

concomitantly modified to produce the target compounds, docking simulation was also
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performed to explore the probable binding modes of these compounds. The latter
docking results are summarized in Table 1, and a model of compound 4d docked with
COX-2 is depicted in Fig. 9(A). In the binding model, compound 4d is nicely bound to
the active site of the cyclooxygenase-2 by five hydrogen bonds with GLN 178 (angle
O - H-N =125.41°, distance = 2.30 A), LEU 338 (angle O - H-N = 144.42°, distance =
2.48 A), SER 339 (angle O - H-N = 146.24°, distance = 2.40 A), ARG 499 (angle O - H-
N = 159.09°, distance = 2.30 A), and PHE 504 (angle O - H-N = 149.07°, distance =
2.32 A), and one Pi-Sigma bond with SER 339. Furthermore, other weak interactions,
such as van der Waals and carbon-hydrogen bonds, also contributed to the binding
affinity of 4d with COX-2. In Fig. 9(B), 3D models of the interaction between
compound 4d and cyclooxygenase-2 are depicted. The molecular docking suggests that

compound 4d may be a potential COX-2 ligand.

ARG

A:106
PHE
A:191 Assife VAL
2 A335
ALA TYR
A8 PHE A3 g
A367

TRP AGELlYZ
¢ LEU. %
A373 [dagg

Fig. 9 Binding mode of compound 4d with COX-2 (PDB code: 3LN1). (A) 2D diagram of the
interaction between compound 4d and amino acid residues of the nearby active site. (B) 3D diagram
of compound 4d inserted in the COX-2 binding site: for clarity, only interacting residues are
displayed.

4. Conclusions

Aberrant expression of COX-2 has been found to be closely related to various types
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of cancer, and it is generally accepted that targeting COX-2 is a promising treatment
strategy in cancer therapies that has yet to be fully realized. However, the corresponding
research is not very elaborate; to further explore the anti-proliferative potential of COX-
2 inhibitors, we designed a series of novel dihydropyrazole sulphonamide derivatives
with high COX-2 selectivity. These compounds were tested in a series of experiments,
and the results indicated that some compounds may be promising in drug development.
Compound 4d is the most impressive, with a notable biological profile. Analysis
revealed that it has a lower AlogP value compared with the famous COX-2 agent
celecoxib, along with a higher binding affinity to COX-2. The advantages of 4d were
also highlighted by bioassays. Against COX-2 and the A549 cancer cell line, 4d
demonstrated better inhibitory potency than celecoxib. Assisted by siRNA-mediated
COX-2 knockdown, 4d was shown to exert its anticancer effect through COX-2
inhibition. The initial investigation also suggested satisfying selectivity and safety.
While no overt adhesive reduction was observed in the celecoxib-treated group, 4d was
found able to decrease the adhesive ability of A549 cells. Compound 4d could induce
apoptosis of A549 cell and cell cycle arrest in G2/M phase in a dose-dependent manner.
The morphological alterations of A549 cells affected by compound 4d can be directly
perceived by confocal microscopy observation. The western blot results also
demonstrated that compound 4d could reduce the expression of COX-2 in A549 cells,
hinting that a more complicated mechanism is involved in its inhibitory activities. In
summary, we reported a series of dihydropyrazole sulphonamide derivatives, along
with their design and bioactivities. We hope that this study will benefit the study of
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cancer treatment through COX-2 inhibition.
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