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Abstract

Cyclooxygenase-2 (COX-2) is overexpressed in various cancers and has emerged as a
promising target in oncological pharmacotherapy.

This study investigates the in vitro antitumor properties and mechanism of action of novel
vicinal diaryl-substituted heterocyclic COX-2 inhibitors, with a focus on VA1213, in
comparison to celecoxib, a widely marketed COX-2 inhibitor known for its off-target effects.
We assessed cytotoxicity, apoptosis induction, cell-cycle distribution, antimetastatic activity,
and alterations in key signaling pathways in HT-29 colorectal carcinoma and MDA-MB-231
breast carcinoma cell lines. Among the novel compounds, VA1213 exhibited the most potent
growth-inhibitory activity, demonstrating time-dependent cytotoxicity with a lower ICs after
48-72 hours of treatment compared to VA692 and VA694, and consistent with that observed
for celecoxib.

Unlike celecoxib, which produced rapid cytotoxic effects, VA1213 required prolonged
exposure, suggesting a distinct mechanism of action. VA1213 induced Go/G: phase cell cycle
arrest and apoptosis via caspase-3 activation. Furthermore, it impaired EGFR downstream
signaling by reducing ERK1/2 and AKT phosphorylation, without directly inhibiting EGFR
itself. At sub-cytotoxic concentrations, VA1213 was more effective than celecoxib in
inhibiting cell migration and demonstrated a comparable reduction in clonogenic potential.
These findings highlight VA1213 as a COX-2 inhibitor with noteworthy in vitro antitumor
efficacy, comparable to that of celecoxib. Its ability to interfere with multiple cancer-
associated signaling pathways and reduce tumor cell aggressiveness underscores its potential
as a promising therapeutic candidate. Further in vivo studies are warranted to confirm its
efficacy and assess potential off-target effects.

1. Introduction



Cyclooxygenases (COX) are crucial enzymes that catalyze the conversion of arachidonic acid
into prostaglandins, existing in two main isozymes: COX-1 and COX-2. COX-1 is
constitutively expressed in various normal tissues, whereas COX-2 is inducible and often
overexpressed in inflammatory conditions as well as in many types of neoplastic tissues [1—
3]. Among the products of COX-2, prostaglandin E2 (PGEZ2) is a lipid mediator that supports
epithelial tumor aggressiveness by several mechanisms, including growth promotion, escape
from apoptosis, transactivation of tyrosine kinase growth factor receptors, and induction of
angiogenesis [4,5].

COX-2 overexpression has been implicated in the pathogenesis of several cancers, including
colorectal cancer (CRC) and triple-negative breast cancer (TNBC). The role of COX-2
derived mediators in carcinogenesis and progression of these tumors has been well-
documented over several years [6-10].

Traditional NSAIDs exert clinical efficacy mainly through COX-2 inhibition, modulating
pain, fever, inflammation, tumorigenesis, and cancer progression [11-13]. Selective COX-2
inhibitors, or coxibs, retain anti-inflammatory effects while reducing gastrointestinal toxicity.
They also suppress tumor growth and induce apoptosis in colorectal cancer cells by targeting
pathways like PI3BK/AKT and MAPK/ERK [14,15]. Celecoxib, the first FDA-approved coxib
(December 1998), marketed as Celebrex®, shares class-associated dose-dependent
cardiovascular risks [16]. Moreover, over 44 off-target proteins have been identified for
celecoxib, underscoring the need for better-tolerated COX-2 inhibitors [17]. Future efforts
should focus on designing more selective, better-tolerated inhibitors.

In the last decade, the synthesis of hybrid siructures endowed with selective COX-2
inhibitory properties while also capable to release nitric oxide (NO) (NO-donors), also known
as CINOD [18], has prompted the development of new anti-inflammatory and antinociceptive
drugs. These agents were specifically designed with the aim of avoiding cardiovascular and
renal side effects, particularly those related to the use of vicinal diaryl-substituted
heterocycles (VDHSs), to which coxibs structurally belong [18].

With two phenyl rings on adjacent atoms of a five- or six-membered heterocyclic system,
VDHs are a family of privileged scaffolds that have recently attracted considerable attention
in correlation to their potential clinical applications [19]. In light of this, we carried out a
thorough investigation into the development of 3-substituted-1,5-diarylpyrrole derivatives.
These latter include carboxylic acids and esters [20], alkoxy ethers [21,22], alkyl sulfides and
sulfoxides [23] along with NO-releasing moieties such as nitrooxyalkyl esters, [24] and
ethers (e. g. VAB94) [20,21,23-25] evaluated for their anti-inflammatory and selective COX-
2 inhibitory activities. The vast majority of these compounds demonstrated potent biological
activities in in vitro, in vivo, and ex vivo studies, comparable to those of the standard COX-2
inhibitors (e.g. celecoxib) [25]. The discovery of nitrooxy analogs [24] paved the way for the
development of novel dual COX-2 inhibitors/NO donors with NO-dependent vasorelaxant
property [26], therefore promoting gastrointestinal and cardiovascular safety. Both
nitrooxyalkyl inverse ethers and their metabolites, hydroxyethyl derivatives (e. g. VA692)
displayed very potent COX-2 inhibitory activity in the nanomolar range [25,27]. Spurred by
the encouraging results of previously reported nitrooxy- and hydroxyethyl ethers [25], we
concentrated on the synthesis of nitrooxy- and hydroxy ethyl sulfides (e.g., VA1213) as thio-
analogs of VA694 and VA692, as well as their oxidation products, nitrooxy- and
hydroxyethyl sulfoxides, respectively (also referred to as thio-CINOD) [28]. In fact, the
replacement of oxygen to sulfur atom is a well-established bioisosteric substitution frequently
adopted in medicinal chemistry [23]. Specifically, sulfur-containing homologues contributed
to expanding structure activity relationship studies and demonstrated favorable interactions
within COX-2 active site, in correlation with the oxidation state of the sulfur atom [28].
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In this work, we investigated the antitumor activity of the selective COX-2 inhibitors
VA1213, VA692, and VAG694 in cellular models of colorectal cancer and triple-negative
breast cancer, and their activity was compared to that of celecoxib.
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2. Materials and methods

2.1 Molecules.

Compounds VA1213, VA692, VA694 and celecoxib (Figure 1) were synthesized according
to previously reported procedures [28]. All compounds were solubilized in Dimethyl
Sulfoxide (DMSO, Merck KGaA Darmstadt, Germany). Stock solutions at a concentration of
100 mM were prepared in DMSO and stored at -20 °C until used for experiments.
Compounds were subsequently diluted in Dulbecco's Modified Eagle Medium (DMEM) with
Fetal Bovine Serum (FBS), according to the experimental model, at the concentrations
specified by the protocol, and kept on ice until cellular stimulation. Recombinant human
Epidermal Growth Factor (EGF) was supplied by PeproTech (Rocky Hill, NJ, USA).
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Figure 1: Chemical structure of COX-2 inhibitors

2.2 Cell lines and culture conditions.

The human colorectal carcinoma cells HT-29 and HCT-116, triple-negative breast cancer
cells MDA-MB-231 and MCF-7 were purchased from American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in DMEM 4500 high glucose (Euroclone SpA,
Milan, Italy) supplemented with 10 % FBS (Euroclone SpA, Milan, Italy), 2 mM glutamine,
100 units/mL penicillin and 0.1 mg/mL streptomycin (Merck KGaA, Darmstadt, Germany).
Tumor cells were cultured in 10 cm diameter Petri dishes maintained in a humidified
atmosphere with 5 % CO, and split 1:6 twice a week. All tumor cells were expanded and used
until passage 20.

2.3 MTT viability assay.

Cell viability was evaluated using the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide, Merck KGaA, Darmstadt, Germany) [29]. Tumor cells (3 x 10%) were
seeded into 96-well plates containing medium supplemented with 10 % FBS. The following
day, the cells were treated with logarithmically increasing concentrations (0-300 pM) of
VA1213, VA692, VAG94, and celecoxib, and incubated for 24, 48, and 72 h in medium with
10 % FBS at 37 °C. After each incubation period, the medium was replaced with MTT
solution (0.5 mg/mL), and the cells were further incubated for 4 h at 37 °C. Formazan
crystals were subsequently dissolved in DMSO (Merck KGaA, Darmstadt, Germany), and
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absorbance was measured at 540 nm using a multiplate reader (F200 Pro, Tecan Life
Sciences, Switzerland).

Cell viability data were expressed as percentage of residual survival, normalizing untreated
control cells to 100%. Data analysis was carried out using GraphPad Prism version 8
(GraphPad Software, San Diego, CA, USA). ICs, values for each compound at 24, 48, and 72
h were determined by non-linear regression analysis (log[inhibitor] vs. response — variable
slope [four parameters]) using the same software.

2.4 Cell cycle assessment.

Cell cycle distribution was analyzed using flow cytometry after propidium iodide staining.
Colon cancer cells (7 x 10°) were seeded in 6-multiwell plates in growth medium with 10%
FBS for 24 h and left to attach overnight. After starving in medium with 0.1 % FBS for 24 h,
cells were treated with VA1213 and celecoxib (20 uM) for 24 h. Cells were then washed
three times with PBS, trypsinized, and collected by centrifugation at 0.3 x g for 5 min. The
cells were fixed overnight in 80 % ethanol at -20 °C, then washed twice with PBS and
incubated with 0.5 mL of PBS containing 100 ug/mL RNase (Thermo Fisher Scientific, Inc.
Waltham, Massachusetts, USA) and 50 pg/mL propidium iodide (Merck KGaA Darmstadt,
Germany) at 37 °C for 30 min. Cell cycle distribution was analyzed by measuring DNA
content using a flow cytometer (BD Biosciences, Milan, ltaly). Data were analyzed in
triplicate by Cell Quest Pro (BD Biosciences, Milan, ltaly) [30].

2.5 Clonogenic assay.

For the clonogenic assay, HT-29 cells were seeded into 6-well plates at a density of 100 cells
per well in a medium containing 10 % FBS. The plates were then incubated at 37 °C with 5
% CO; in a humidified environment for 24 h to allow cell adhesion. Cells were treated with
VA1213 and celecoxib (20 uM) every 48 h and maintained under incubation for one week.
Colonies were fixed using a rapid-staining fixative (Panoptic No.1) for 15 minutes at room
temperature, followed by staining with eosin (Panoptic No.2) for 15 minutes. A final staining
step was performed using a blue dye (Panoptic No.3; Azur B-based; PanReac AppliChem
ITW Reagents, Darmstadt, Germany) for 15 minutes at room temperature.

Images of the colonies were captured using a contrast microscope (Nikon Eclipse TE 300,
Nikon, Tokyo, Japan). The results are presented as the fold change in the number of colonies
(containing more than 50 cells) relative to the control (untreated cells), which was arbitrarily
assigned a value of 1.

2.6 Migration assay.

The scratch assay was used to assess adherent HT-29 cell migration upon COX-2 inhibitors
treatments (VA1213 and celecoxib). HT-29 cells were seeded 6x10° cells per well (24-well
plate). After having reached the confluence, cells were wounded by scratching with a sterile
pipette tip and subsequently washed with PBS to eliminate impaired cells. The medium was
changed to a fresh medium with 10 % FBS. The cells were subjected to VA1213 and
celecoxib treatment for 18 h. The wound area was measured using Image-J software (NIH,
Bethesda, MD, USA). Images of the wound in each well were acquired from 0 to 18 h under
a phase contrast microscope (Nikon Eclipse TE 300, Nikon, Tokyo, Japan). The rate of
migration was measured by quantifying the uncovered area of the wound, which cells
covered starting from the edge of the scratch, using Fiji software (2.16.0). The results are
expressed as the percentage of the wound area covered [31].

2.7 Prostaglandin E2 Express ELISA Assay.



Tumor cells (HT-29 and MDA-MB-231) at the density of 3 x 10*/well were plated into 24-
well plates. After adherence medium was changed with 1% FBS medium and cells were
incubated for 24 h with COX-2 inhibitors (20 uM). To replenish COX-2 substrate pool,
arachidonic acid (10 pM, Merck KGaA Darmstadt, Germany) was added to the cells.
Conditioned media were collected and PGE2 levels were measured using an EIA Kit
(Prostaglandin E2 Express ELISA kit-Monoclonal, Cayman Chemical, Ann Arbor, MI USA).
Data are reported as pg/mL. As a reference, cells were fixed, stained, and counted.

2.8 Cyclooxygenase (COX) activity assay

COX-1 and COX-2 activity was evaluated using the manufacturer’s protocol (ab204699,
Abcam, Cambridge, UK). The assay quantifies COX peroxidase activity by measuring the
conversion of arachidonic acid into prostaglandin G2 (PGG2), which reacts with a
fluorescent probe to generate a signal proportional to enzyme activity.

PGG2 production was then examined in two complementary experimental setups to assess
the COX-2 selectivity of VA1213 and celecoxib. In the first setup, COX activity was
measured in HT-29 protein lysates treated with VA1213 or celecoxib either alone or after
pre-incubation with the COX-1-selective inhibitor SC-560. This allowed us to determine
whether PGG2 reduction remained consistent when COX-1 was blocked. In the second setup,
PGG2 formation was measured using purified COX-1 enzyme to directly compare the
inhibitory effects of VA1213 and celecoxib on COX-1. Together, these analyses provided
complementary evidence for the relative COX-1/COX-2 selectivity of VA1213.

Briefly, 6 x 10° HT-29 cells were scraped in Lysis buffer, subjected to two freeze—thaw
cycles, and centrifuged at 200 x g for 5 minutes. The supernatant was then collected and
quantified. For each reaction, 180 ug of protein (20 puL of sample) were mixed with 68 pL of
reaction mix and 2 pL of either a COX-specific inhibitor (SC560, celecoxib, or VA1213) or
DMSO as vehicle in a 96-well plate. Each condition was tested in duplicate wells. The
reaction was initiated by adding arachidonic acid solution, following the manufacturer’s
protocol. Fluorescence was subsequently measured (Ex/Em = 535/587 nm) in kinetic mode
every 3 minutes for 30 minutes (Synergy HTX multi-mode reader, BioTek, Winooski, VT,
USA)

2.9 Western blot.

Western blot was performed on cell lysates. Tumor cells (3 x 10°/dish) were seeded in 60 mm
Petri plates. After adherence, cells were starved for 18 h and then treated with VA1213,
VAG92, VAGY4, or celecoxib (20 pM) for 24 h in medium containing 10 % FBS. In a second
experimental protocol, cells were starved for 18 h and subsequently treated with VA1213 (10
and 20 pM) for 24 h and with PGE2 (1 uM for 15 minutes) where appropriate. In the final
protocol, tumor cells were starved for 18 h, then preincubated with VA1213 (20 uM), and
subsequently exposed to EGF (25 ng/ml) for 3 min.

At the end, cells were washed 2 times with cold Dulbecco’s Phosphate Buffered Saline (PBS)
(Merck KGaA Darmstadt, Germany) and lysed on ice with RIPA Lysis Buffer 10X,
supplemented with 2 mM NazVO, and 1x Protease inhibitor cocktail for mammalian cells
(Merck KGaA Darmstadt, Germany) as described previously [29]. Cell lysates (derived from
cell cultures) were centrifuged at maximum speed for 20 minutes at 4 °C and the supernatants
were then collected. Bradford assay was used to determine the protein concentration. Proteins
(50 pg/sample) were separated by polyacrylamide gel electrophoresis (Bolt 4 to 12 %, Bis-
Tris, 1.0 mm, Mini Protein Gel, 10-well, from Thermo Fisher Scientific, Inc.). Proteins were
transferred onto a nitrocellulose membrane (iBlot 2 Transfer Stacks, nitrocellulose, regular
size from Thermo Fisher Scientific, Inc.). Next, membranes were blocked with 5 % non-fat
dried milk for 1 h at room temperature, and then incubated at 4 °C overnight with primary
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antibody including anti-COX-2 (mouse, 1:1000) provided by Cayman Chemical, Ann Arbor,
MI USA), CDK2 (rabbit, 1:1000), CDK4 (rabbit, 1:1000), Cyclin D1 (rabbit, 1:1000), Cyclin
D3 (rabbit, 1:1000), p21 (rabbit, 1:1000), caspase 3 (rabbit, 1:1000), cleaved caspase-3
(Aspl75) (rabbit, 1:1000), pERK1/2 (rabbit 1:2000), ERK1/2 (rabbit, 1:1000), pAKT
(ser473) (rabbit 1:1000), anti-AKT (mouse 1:2000), pEGFR (rabbit, 1:1000) and EGFR
(rabbit, 1:1000) purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-B-
actin antibody (mouse, 1:10,000) was from Merck KGaA (Darmstadt, Germany).

The membranes were washed three times (with PBS and TWEEN20 0.5 %) and then
incubated with secondary antibodies, HRP conjugated (anti-rabbit, 1:2500, cat. n. W401B,;
anti-mouse 1:2500, cat. n. W402B, both from Promega Corporation Madison, Wisconsin,
USA) at room temperature for 1 h. At the end of incubation, membranes were washed with
PBS and TWEEN20 0.5 % (Merck KGaA. (Darmstadt, Germany) three times. The analysis
of protein bands was conducted using ChemiDoc XRS (Bio-Rad Laboratories, Inc. Milan,
Italy) after incubating the membranes at room temperature for 2 minutes with an enhanced
chemiluminescent substrate (Bio-Rad Laboratories, Inc. Milan, Italy) [32].

2.10 Statistical analysis.

Results are expressed as means + SD or + SEM. Statistical analysis was carried out using
Student's t test, two-way ANOVA, followed by Bonferrorni post-test for multiple comparisons
as appropriate. P<0.05 was considered statistically significant. Data was analyzed and
graphed using GraphPad Prism 8 (GraphPad Software, MA, USA).
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3. Results

3.1 Antiproliferative effect of COX-2 inhibitors on tumor cell lines.

To investigate the pharmacological activity of COX-2 inhibitors on interfering with tumor
cell proliferation, MTT survival test was performed. HT-29, and MDA-MB-231 cells were
treated for 24, 48, and 72 h with increasing logarithmically concentrations (1-300 uM) of
VA1213, VA692, VAG94, and celecoxib. Celecoxib was selected as a commercial control to
be compared with the compounds under investigation.

In HT-29 cells, under growth-promoting conditions (medium supplemented with 10% FBS),
celecoxib exhibited the greatest potency among all COX-2 inhibitors after 24 h, with an ICs
of 39.26+2.93 uM. VA1213 and VA694 showed ICsy values of 66.28 £3.44 uM and
71.35+5.42 uM, respectively (Figure 2A and Table 1). VA692 was less effective at
inhibiting the viability of HT-29 cells at 24 h, with an 1Csy exceeding 100 uM (Table 1).
However, a concentration of 300 uM was found to be toxic for all tested compounds (Figure
2A).

After 48 h of treatment, compound VA1213 emerged as the most potent among the
compounds under investigation, displaying comparable efficacy to celecoxib (Figure 2C).
The ICsp value for VA1213 at 48 h was 26.68 £3.02 uM, while that for celecoxib was
31.16 £2.64 uM (Table 1). At this time point, VA692 remained the least active compound,
with an 1Csp of 79.59+6.15 uM, wherecas VA694 exhibited intermediate activity (I1Cso:
51.52+4.43 uM).

VA1213 maintained superior potency among the COX-2 inhibitors even after 72 h of
exposure, as confirmed by ICsy values (Figure 2E and Table 1). It exhibited a distinct
pharmacodynamic profile characterized by a time-dependent increase in potency: its ICs
decreased from 66.28 + 6.44 uM at 24 h to 26.68 + 3.02 uM at 48 h, remaining stable up to 72
h (ICsp: 28.01 £2.33 uM) (Table 1, Figure 2E). The potency of VA1213 at longer time points
(48 and 72 h) was comparable to that of celecoxib, which, by contrast, exhibited a rapid
cytotoxic effect within the first 24 h that remained stable through 72 h. A weak
antiproliferative effect was observed for compound VA692 at equimolar concentrations
compared to the other tested compounds on HT-29 cells, whereas VA694 exhibited
intermediate activity, falling between the more potent compounds (VA1213 and celecoxib)
and the less active VA692 (Figure 2A, C, E).

In MDA-MB-231 cells, the compounds exhibited weak concentration-dependent
antiproliferative activity after 24 h of exposure (Figure 2B). VA1213 showed a lower ability
to inhibit cell survival compared to its effect in HT-29 cells. Among the tested compounds,
VAG692 was the least active, whereas celecoxib demonstrated the highest potency, with an
ICso value comparable to that observed at 24 h in HT-29 cells (44.24 + 6.42 uM).

After 48 h of treatment, celecoxib exhibited a strong cytotoxic effect, with an 1Csy of
29.99 +3.77 uM, whereas VA1213 showed an ICsy of 62.81 +4.88 uM. For VA694, the ICs
exceeded 100 uM, while for VA692 it reached approximately 150 uM (Figure 2D and Table
1). Interestingly, at 72 h, VA1213 was equipotent to celecoxib, while VA694 exhibited an
intermediate 1Cso value, and VA692 remained the least active compound (Figure 2F and
Table 1).

To clarify the contribution of COX-2 expression from tumor-type—specific factors, two
additional cancer models, MCF-7 and HCT-116, expressing moderate and low COX-2 levels,
respectively (Figure 2G and H), were included, enabling evaluation of whether compound
activity was driven by target abundance rather than by the cellular background.

HCT-116 cells were less sensitive, showing ICs, values of 148.9 + 19.81 uM at 24 h (Figure
21), 86.90 + 9.03 uM at 48 h (Figure 2K) and 72.73 + 8.07 uM at 72 h (Figure 2M). In
contrast, MCF-7 cells displayed a clearer time-dependent cytotoxic response, with 1C50
values decreasing from 71.81 = 8.12 uM at 24 h (Figure 2J) to 51.74 £ 4.42 uM at 48 h
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(Figure 2L) and 43.32 £ 2.18 uM at 72 h (Figure 2N), although the potency did not reach that
observed in HT-29 cells (Table 2). Celecoxib treatment affected both cell lines, and the
difference in sensitivity between MCF-7 and HCT-116 was less marked (Table 2). In
conclusion, HT-29 and MCF-7 cells exhibited a greater antiproliferative response to the
compounds under investigation than MDA-MB-231 and HCT-116 cells. Among the
compounds tested, VA1213 showed the highest potency, comparable to celecoxib. Sub-toxic
concentrations of 10 and 20 uM were selected to investigate early cellular responses at 24 h,
as these doses are non-cytotoxic at this time point but approach the 1Cs at 48 h, allowing the
study of initial molecular events preceding cell death.
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Figure 2. COX-2 inhibitors suppress tumor cells growth. HT-29 (A, C, E) and MDA-MB-
231 (B, D, F) were treated with increasing concentrations of COX-2 inhibitors (0.1-300 uM)
in medium with 10 % FBS for 24 h (A for HT-29 and B for MDA-MB-231), 48 h (C for HT-
29 and D for MDA-MB-231) and 72 h (E for HT-29 and F for MDA-MB-231). (G). COX-2
basal expression in HT-29, MDA-MB-231, HCT-116 and MCF-7 cells. Blot shown is
representative of three experiments with similar results. (H). Quantification of blot in (G)
reported as Arbitrary Densitometry Units (A.D.U.) £ SD of COX-2 vs B actin which was
used as loading control. *p < 0.05, ***p < 0.001 vs. HT-29. HCT-116 (I, K, M) and MCF-7
(J, L, N) were treated with increasing concentrations of VA1213 and celecoxib (0.1-300 puM)
in medium with 10 % FBS for 24 h (I for HCT-116 and J for MCF-7), 48 h (K for HCT-116
and L for MCF-7) and 72 h (M for HCT-116 and N for MCF-7). Cell viability was tested by
MTT assay. Dose-response curves were generated using GraphPad Prism 8 software, fitting
data with a four-parameter logistic (4PL) model. Data are expressed as percentage of cell
viability relative to untreated controls, which were set at 100%, and are presented as
mean + SD (n=3).
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ICs (lJ.M + SD) on HT-29

IC50 (UM + SD) on MDA-MB-231

24 h 48 h 72h 24 h 48 h 72h
VA1213 66.28+3.44 26.68+3.02 | 28.01+2.33 93.8+6.94 62.81+4.88 | 40.28+4.31
VA692 107.7+8.63 79.59+6.15 | 81.98+6.91 | 200.6+7.01 141.7+6.69 | 90.01+7.16
VA694 71.35+5.42 51.52+4.43 | 55.52+4.34 | 116.5+6.29 113.7#5.03 | 64.23+3.55
Celecoxib | 39.26+2.93 31.16+£2.64 | 32.47+2.86 | 44.24+6.42 | 29.99+3.77 | 42.95+591

Table 2. 1Cspin HCT-116 and MCF-7

ICso (UM £ SD) on HCT-116

1C50 (UM % SD) on MCF-7

24 h 48 h 72h 24 h 48 h 72h
VA1213 148.9+19.81 | 86.90+9.03 | 72.73+8.07 | 71.81+8.12 | 51.74+4.42 | 43.32+2.18
Celecoxib | 42.29+ 5.53 38.48+4.42 | 46.08+5.69 | 27.75£3.19 | 24.6+253 | 26.50+1.17

ICso values were calculated by the use of GraphPad Prism 8 software on the data of graphs

reported in Figure 2A-L.
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3.2 Evaluation of COX-2 inhibition and selectivity in tumor cells in vitro

To further investigate the different responses of tumor cells to the antiproliferative activity of
COX-2 inhibitors, a target validation was performed.

Western blot analysis revealed that COX-2 expression varies between the four cell lines
(Figures 2G and H). Specifically, starting from the same protein content, HT-29 cells
exhibited high levels of the protein followed by MCF-7, whereas in MDA-MB-231 and HCT-
116 cells COX-2 levels were significantly lower.

Accordingly, to evaluate the extent of COX-2 inhibition exerted by the compounds under
investigation, the levels of PGE2, one of the principal terminal metabolites of the arachidonic
acid cascade, were quantified in HT-29 and MDA-MB-231. PGE2, synthesized via
microsomal prostaglandin E synthase-1 (MPGES-1) downstream to COX-2, is a critical pro-
tumorigenic mediator implicated in the pathogenesis and progression of both colorectal and
breast cancer [33]. Using an ELISA assay, PGE2 was quantified in cell-conditioned media,
and a significant increase in its production was observed in the presence of arachidonic acid,
a precursor added to replenish intracellular substrate stores. After 24 h of treatment with the
compounds under investigation, tested at a concentration of 20 UM, a marked reduction in the
production of soluble prostaglandin in the medium was recorded. In line with the protein
analysis, HT-29 cells showed a production and release capacity of around 700 pg/mL (Figure
3A), whereas MDA-MB-231 cells, which express lower levels of COX-2, produced less than
100 pg/mL of PGE2 within 24 h (Figure 3B).

Next, we examined the selectivity of the compounds toward human COX in HT-29 lysates
using a time-course assay monitoring PGG2 production. Based on previous evidence
identifying VA1213 as the most COX-2-selective compound [28], we evaluated its activity
toward both COX-1 and COX-2 in this system, including celecoxib as a reference inhibitor.
Both compounds were tested at 100 nM, consistent with reported Ki values of 8 nM and 61
nM for VA1213 and celecoxib, respectively [28]. COX-1/2 activity was followed over a 30-
minute incubation (time-course profiles in Supplementary Figure 1A-1C), and PGG2
formation was quantified by calculating the area under the curve (AUC; Figure 3C-3D).

In HT-29 lysates, the COX-1—selective inhibitor SC560 caused only a modest AUC reduction
(~15%), indicating that COX-1 contributes minimally to PGG2 production in this context. In
contrast, VA1213 and celecoxib decreased the AUC by approximately 50% and 60%,
respectively (Figure 3C and Supplementary Figure 1A-1B). SC560 pretreatment did not
further lower PGG2 levels when combined with VA1213 or celecoxib, as AUC values were
comparable to those obtained with each inhibitor alone. These results indicate that the
inhibitory effects of VA1213 and celecoxib primarily reflect COX-2 targeting.

Consistently, the isolated COX-1 assay confirmed complete suppression of PGG2 generation
by SC560, while VA1213 showed no measurable effect and celecoxib induced only minimal
inhibition (Figure 3A and Supplementary Figure 1C). Overall, these findings strongly suggest
that VA1213 maintains a clear COX-2—selective profile in HT-29 cells, closely matching the
inhibitory pattern observed for celecoxib.

Overall, all tested compounds, VA1213, VA692, VA694, and celecoxib, markedly reduced
PGE2 production to near baseline in both cell lines. In terms of selectivity, VA1213
displayed clear COX-2 preference. Based on their higher sensitivity and responsiveness, HT-
29 cells were chosen for subsequent molecular experiments.
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Figure 3. Evaluation of COX-2 inhibition and selectivity in tumor cells. ELISA assay for
PGE2 measurement in the supernatant of HT-29 (A) and MDA- MB-231 (B) treated with
VA1213, VA692, VA694, and celecoxib (20 uM) after 24 h in the presence of arachidonic
acid (10 uM). ***p < 0.001 vs Ctr (untreated cells). ###p< 0.001 vs Arachidonic acid alone.
(C). Time-course of PGG2 formation in HT-29 cell lysates and (D) isolated human COX-1
following treatment with SC560, VA1213 (100 nM), celecoxib (100 nM), or their
combinations, reported as area under the curve (AUCo—30 min).Data are reported as mean *
SD. ***p <0.001 vs Ctr or Ctr pos (untreated cells) (ANOVA test).

3.3 VA1213 regulates cell cycle checkpoint proteins and apoptosis in colorectal cancer
cells

Cell cycle arrest and apoptosis constitute the two major cellular events leading to the
impaired proliferation of cancer cells due to anticancer agents [34].

To investigate whether cell cycle arrest contributes to the inhibition of HT-29 cell growth,
cell cycle regulatory proteins were analyzed following treatment with a sub-cytotoxic dose
(20 uM) to capture early molecular changes prior to any loss of viability measured at 24 h.
Analysis of cell cycle regulators, including CDKs and CDK inhibitors (CDK:is), revealed that
VA1213, and to a lesser extent celecoxib, induced a significant increase in the expression of
the tumor suppressor protein p21 (Figures 4A and 4B), which is a cyclin-dependent kinase
inhibitor, known to be involved in arresting the cell cycle at the G1, G2, or S phase.
Interestingly, VA1213 significantly reduced the expression of cyclin D1, D3, CDK2, and
CDK4, which are key regulators mediating the transition from G1 to S phase. Celecoxib
exhibited a statistically significant reduction in cyclin D3 expression. At the same
concentration, VA692 and VA694 did not exhibit activity on the analyzed cell cycle
regulatory proteins (Figures 4A and 4B).
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Building on the observed regulation of cyclins and CDKs, mainly affected by VA1213, we
investigated cell cycle progression through flow cytometry. Results showed that the treatment
with VA1213 (20 uM) caused a significant increase in the apoptotic cells represented by sub
GO0/G1 population which was accompanied by a reduction of the number of cells in the G2/M
phase (Figure 4C). At the same concentration, celecoxib was not effective in altering the
distribution of cells across the different phases of the cell cycle (Figure 4C).

Based on our data indicating that VA1213 induced GO/G1 phase cell cycle arrest by
modulating cyclin D1, D3, CDK2, CDK4, and p21, as well as promoting the induction of a
sub-GO/G1 peak, a hallmark of apoptosis, we aimed to assess the cleavage of the apoptotic
effector caspase-3 after 24 h of exposure. VA1213 induced a concentration-dependent
cleavage of caspase-3, the final effector of the apoptosis cascade (Figures 4D and 4E), clearly
demonstrating that colon cancer cell death occurs in a caspase-3-dependent manner.

To determine whether the time-dependent cytotoxicity of VA1213 relative to celecoxib
observed in Figure 2 was associated with slower cumulative alterations in cell-cycle
progression and pro-apoptotic signaling, we examined the expression of p21 and cleaved
caspase-3 at early time points (6 and 12 h) following treatment with either VA1213 or
celecoxib. As shown by our results, celecoxib induced a marked upregulation of p21 as early
as 6 h, whereas VA1213 produced a slower and more gradual increase in p21 expression
(Supplementary Figure 2A and B).

In contrast, caspase-3 cleavage was minimal at 6 h for both treatments but showed marked
activation by 12 h for both treatments (Supplementary Figure 2C and D). It is plausible that
celecoxib also acts through caspase-3-independent mechanisms capable of inducing p21
upregulation as early as 6 h. At 12 h, caspase-3 activation becomes significantly increased for
both compounds, consistent with the toxicity data measured at 24 h.

These data demonstrated that sub-toxic concentrations (20 uM) of VA1213 induce cell cycle
arrest through the regulation of checkpoint proteins involved in the cell cycle, p21 induction,
accumulation of cells in the GO/G1 phase, and activation of apoptosis via caspase-3 cleavage.
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Figure 4. COX-2 inhibitors modulate the cell cycle checkpoint proteins and induces
apoptosis in HT-29. HT-29 were exposed to COX-2 inhibitors (20 uM) for 24 h and the cell
cycle checkpoint proteins were assessed by western blot (A). (B). Quantification of cell cycle
checkpoint proteins in HT-29 reported as Arbitrary Densitometry Units (A.D.U.) £ SD vs B-
actin which was used as loading control. *p<0.05, **p<0.01 and **p<0.001 vs. ctr (untreated
cells). (C). The percentage of cells at each stage of the cell cycle was analyzed by flow
cytometry after DNA staining with propidium iodide. (D). HT-29 cells were exposed to
VA1213 for 24 h and cleaved-caspase 3 was assessed by western blot. (E). Quantification of
blot in D. Arbitrary Densitometry Units (A.D.U.) £ SD were reported as Cleaved-Caspase
3/Caspase 3 vs B-actin (n= 3). **p <0.01 and ***p < 0.001 vs. ctr (untreated cells).

3.4 VA1213 impairs tumor cell migration and colony forming ability

Several studies suggest that COX-2 may significantly promote development and progression
of colorectal cancer including metastasis [35]. Cell migration is a measure of the metastatic
potential of cancer cells; therefore, the influence of COX-2 inhibitors on cell migration was
investigated by the scratch assay [36]. At the same concentration (20 puM), COX-2 inhibition
by VA1213 resulted in a significantly greater reduction in HT-29 migration compared to
celecoxib (Figure 5A and B).

Focusing on another property that could also be beneficial in the treatment of malignancies,
we investigated the clonogenic capacity of HT-29 cells exposed to COX-2 inhibitors. Both
VA1213 and celecoxib, at a concentration of 20 uM, were effective in significantly reducing
the ability to form colonies (Figure 5C and D).
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Figure 5. VA1213 inhibits the migration and clonogenicity of HT-29 cells. (A) HT-29
cells were seeded onto 24-well culture plates and grown to confluence in medium containing
10% FBS. The cells were scratched with a sterile tip and subsequently treated with VA1213
and celecoxib (20 uM) for 18 h. The images are representative of three independent
experiments. (B) Quantification of migration. Data are reported as the percentage of
migration area ratio (% of area at 18 h/area at 0 h). *p<0.05 and **p<0.01 vs. Ctr (untreated
cells).

(C). Representative images of clonogenic assay in HT-29 treated with VA1213 or celecoxib
(20 puM) every 48 h. After 7 days, cells were fixed, stained, and photographed. ((D).
Quantification of colony number (C) of HT-29 treated with VA1213 or celecoxib (20 uM)
for 7 days. ***p<0.001 vs. Ctr (untreated cells).

3.5 VA1213 impairs tumor cell response by inhibiting the MAPK, PI3K/AKT pathways
and EGFR activation

Aberrant COX-2 signaling is responsible for the activation of the MAPK and PI3K/AKT
pathways, leading to cell proliferation and tumor progression [3,37]. Here, we investigated
whether VA1213 could interfere with these signaling pathways. As shown in Figure 6,
VA1213 at 20 puM induced a significant reduction in ERK1/2 (Figure 6A and 6B) and AKT
phosphorylation (Figure 6C and 6D), consistent with the proliferation arrest and cell
apoptosis seen above.

As EGFR and its activated downstream signaling pathways play a crucial role in colon cancer
development and progression, we assessed whether VA1213 affected receptor activity.
Notably, treatment of HT-29 cells with VA1213 reduced EGFR activation, as indicated by
decreased phosphorylation at tyrosine 845 (Figure 6E and 6F).

To assess the role of PGE2, one of the major downstream products of COX-2 activity
implicated in tumor progression [4,5], in the activation of EGFR, a rescue experiment was
performed using exogenous PGE2. HT-29 cells were treated with 20 uM VA1213 for 24 h,
which resulted in reduced EGFR activation. As shown in Figure 6G and 6H, the addition of
PGE?2 for 15 minutes induced a statistically significant rescue of EGFR activation.
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Of note, no phospho-EGFR reduction was observed in MDA-MB-231 cells (Figure 61 and
6J), which express low levels of COX-2 and high levels of EGFR. This suggests that the
inhibition of EGFR activation is a consequence of COX-2 inhibition rather than a direct off-
target effect of VA1213 on EGFR.

To evaluate potential off-target effects of VA1213 on EGFR, receptor activation was
assessed following stimulation with its ligand, EGF, in both cell lines. As shown in Figures
6K-L (HT-29) and 6M-N (MDA-MB-231), preincubation with VA1213 (20 min) did not
interfere with EGF-induced EGFR activation, suggesting that VA1213 does not exert off-
target effects on EGFR. These findings indicate that the reduced phosphorylation of EGFR
observed upon VA1213 treatment is a consequence of COX-2 enzymatic inhibition and
reduced PGEZ2 levels.

Collectively, these data demonstrate that VA1213 inhibits COX-2 activity, thereby leading to
decreased activation of EGFR, ERK1/2, and AKT.
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Figure 6. VA1213 exerts antitumor activity by blocking the activation of several
signaling cascades. (A). ERK1/2 activation after 24 h of VA1213 treatment. (B).
Quantification of blot in A. Arbitrary Densitometry Units (A.D.U.) £ SD were reported as
pPERK1/2/ ERK1/2 vs B-actin (n = 3). **p < 0.01 vs. ctr (untreated cells). (C). AKT activation
after 24 h of VA1213 treatment. (D). Quantification of blot in C. Arbitrary Densitometry
Units (A.D.U.) = SD were reported as pAKT/AKT vs B-actin (n =3). ***p <0 .001 vs. ctr
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(untreated cells). (E). EGFR activation (Y845) after 24 h of VA1213 treatment in HT-29
cells. (F). Quantification of blot in E. Arbitrary Densitometry Units (A.D.U.) + SD were
reported as pEGFR vs B-actin (n=3). **p <0.01 vs. ctr (untreated cells). (G). EGFR
activation (Y845) after 24 h of VA1213 (20 uM) and then exposed to PGE2 (1 uM) for 15
minutes. PGE2 alone (20 uM for 15 minutes) is used as positive control. (H). Quantification
of blot in G. Arbitrary Densitometry Units (A.D.U.) £ SD were reported as pEGFR vs EGFR
vs B-actin (n=3). (I) EGFR activation (Y845) after 24 h of VA1213 treatment in MDA-MB-
231. (J). Quantification of blot in G. Arbitrary Densitometry Units (A.D.U.) £ SD were
reported as pEGFR vs B-actin (n=3). (K). Activation of pEGFR (Y845) in HT-29 pre-treated
with VA1213 (20 puM for 20 minutes) and then exposed to EGF (25 ng/ml for 3 minutes).
(L). Quantification of blot in 1. Arbitrary Densitometry Units (A.D.U.) £ SD were reported as
PEGFR vs EGFR vs B-actin (n=3). ***p <0.001 vs. ctr (untreated cells). (M). Activation of
PEGFR (Y845) in MDA-MB-231 pre-treated with VA1213 (20 uM for 20 minutes) and then
exposed to EGF (25 ng/ml for 3 minutes). (N). Quantification of blot in K. Arbitrary
Densitometry Units (A.D.U.) + SD were reported as pEGFR vs EGFR vs B-actin (n=3).
***pn < 0.001 vs. ctr (untreated cells).



4. Discussion

COX-2 may represent a valid target for antitumor pharmacotherapy [38], particularly in
colorectal cancer in combination with antineoplastic therapies [1,13]. In this study, we
demonstrated the in vitro efficacy and cellular mechanism of action of new selective COX-2
inhibitors, belonging to the family of vicinal diaryl-substituted heterocycles (VDHs) [25],
comparing its activity to celecoxib, which has been widely tested for its antineoplastic
properties [3, 34, 38].

These selective COX-2 inhibitors were previously characterized for their antinociceptive and
anti-inflammatory properties, as well as their in vitro COX-2 inhibitory activity using J774
murine macrophages. Among them, VA1213 exhibited the lowest Ki value (0.008 uM; [28]),
being significantly more potent than celecoxib (Ki = 0.061 pM). Furthermore, VA1213,
together with VAG692 and VA694, showed greater selectivity for COX-2 over COX-1 (COX-
1 1C5o >10 uM), whereas celecoxib was significantly less selective (COX-1 ICsy >3.83 uM).
Notably, VA1213 displayed the highest COX-2 selectivity, with a COX-1/COX-2 selectivity
index (SI) exceeding 1250 [28]. Among the COX-2 inhibitors, VA1213 showed the highest
efficacy both in reducing cell viability, with a peak effect at 48 h that persisted through 72 h,
and in isolated enzyme. Its potency was comparable to celecoxib, which, in contrast, initiates
its antiproliferative action as early as 24 h and sustains it over the same time frame. This
suggests that celecoxib induces a rapid and sustained arnti-proliferative effect, potentially
through mechanisms that do not require prolonged cellular exposure or intracellular
accumulation [40]. Indeed, the literature reports that celecoxib can trigger ROS production in
carcinoma cells as early as 2 h [40] or rapidly enhances mitochondrial superoxide production
in situ in cancer cells within minutes [41]. Additionally, celecoxib, but not other COX
inhibitors, inhibits sarcoplasmic/ER calcium ATPase at micromolar concentrations, causing
calcium leakage into the cytosol, ER stress, and apoptosis [42].

The ability of celecoxib to induce programmed cell death has been reported in the literature
since the early 2000s. Arico and colleagues demonstrated that celecoxib induces apoptosis in
HT-29 cells within the first 24 h of exposure, but only at high concentrations (50-100 puM).
Importantly, a portion of HT-29 cells remained sensitive to celecoxib even in the presence of
the caspase inhibitor, suggesting that celecoxib may also trigger caspase-independent cell
death in these cells [43].

In contrast, VA1213 exhibits maximal activity at 48 h, which remains stable up to 72 h, with
IC50 values comparable to those of celecoxib. In the time-course experiments, celecoxib
promoted a time-dependent accumulation of p21, with an initial rise at 6 h and, whereas
VA1213 exhibited an initial rise at 12 h and its maximal effect at 24 h. In contrast, the levels
of cleaved caspase-3 did not follow a time-dependent pattern; instead, both compounds
showed an increase after 12 h of treatment. This confirm that celecoxib may trigger cell death
pathways that are at least partially caspase-independent [43], while p21, being a more general
cell-cycle checkpoint regulator, displays a more temporally consistent response.

The data indicate that VA694 exerts a more pronounced antiproliferative effect than its
congener VA692, positioning itself between the more potent compounds VA1213 and
celecoxib, and the less active VA692. The contribution of NO release becomes more evident
at higher concentrations in line with literature reports indicating that concentrations of at least
100 uM are required to elicit significant NO-mediated biological effects [44,45].

We tested the compounds on cell lines where COX-2 is known to play a critical role in tumor
progression, such as colon cancer and breast cancer [46].

All compounds except celecoxib demonstrated greater toxicity against HT-29 cells and MCF-
7, which express higher levels of COX-2, compared to triple-negative breast cancer cells
MDA-MB-231 and colorectal cancer HCT-116 cell line. Furthermore, celecoxib exhibited



greater toxicity in these cells after just 24 h of treatment, a time frame inconsistent with cell
death resulting solely from PGE2 synthesis inhibition.

The differing susceptibility of the cell lines to the tested compounds may be partly due to the
presence of efflux pumps, which were not evaluated in this study.

Additionally, when dissecting the molecular mechanism triggered in the cells, we observed
that at 20 pM, VA1213 induced cell cycle arrest by increasing the proportion of cells in
GO/G1 and reducing those in G2/M. A corresponding increase in the sub-G0/G1 population
indicated enhanced cell death likely due to DNA fragmentation associated with apoptosis.
Indeed, VA1213 activated the apoptotic cascade by promoting caspase-3 cleavage in a
manner consistent with COX-2 inhibition, and the associated reduction in arachidonic acid
pathway products such as PGE2 (24 h) [47,48].

The mechanism of apoptosis induction by COX-2 inhibitors is widely debated and context
dependent. Celecoxib is particularly known to have these COX-2-independent effects, which
were reviewed by Ghosh et al [49]. These effects include the inhibition of [-catenin
translocation to the nucleus, modulation of MAPK activation, blockade of AKT activation,
regulation of 15-lipoxygenase-1 and 13-SHODE, induction of phosphodiesterases, activation
of peroxisome proliferator-activated receptors, modulation of nuclear factor-kB activity, and
induction of genes associated with nonsteroidal anti-inflammatory drugs [50].

Furthermore, we found dose-dependent impairment of ERK1/2 and AKT, which are critical
for colon cancer cell growth and survival [35]. As ERK1/2 and AKT are downstream
effectors of EGFR, which plays a crucial role in the development and progression of
colorectal cancer, we examined EGFR phosphorylation and found reduced activation at
tyrosine 845 (Y845). Importantly, this effect was not due to an off-target action of VA1213,
as preincubation with the compound did not block EGF-induced receptor activation. The
exact sequence of events will need to be elucidated in future studies. Indeed, these effects
might instead stem from reduced PGE2 production and the consequent decrease in EP
receptor signaling [51]. Our data substatiate this finding as exogenous PGE2 can rescue
EGFR activation when COX-2 is inhibited by VA1213.

Previous studies have shown interplay between COX-2 and EGFR: COX-2-derived
prostanoids can transactivate EGFR in colon cancer cells [52,53], whereas EGFR activation
can stimulate COX-2 expression [54].

The molecular signaling, and functional studies here reported were conducted using a
concentration of 20 uM for VA1213 and an equimolar concentration of celecoxib as a
control. Although the ICs, value of the test compound in MTT test at 24 h was 66.28 UM, we
observed molecular modulations at 20 uM after 24 h of treatment. This is consistent with the
notion that early signaling events and regulatory changes, particularly those involving cell
cycle control, can occur at sub-cytotoxic concentrations and precede overt cell viability loss.
This concentration and timing were deliberately chosen to avoid nonspecific toxicity and to
capture early pharmacodynamic responses. Therefore, the observed alterations in key cell
cycle regulators likely reflect direct pharmacodynamic effects of the compound rather than
downstream consequences of cell death. The molecular data obtained at 24 h support the
extent of cell death observed in the concentration—response curves at 48—72 h, where 20 uM
VA1213 induces detectable cytotoxicity, consistent with its subtoxic range given that ICs
values fall between 26 and 28 uM.

The progression of cancer cell migration, invasion and subsequent metastasis is the main
cause of mortality in cancer patients [55]. Therefore, to evaluate the effect of VA1213 and
celecoxib on the migration of HT-29 cells, we performed a scratch assay. Following
treatment of the cell with both COX-2 inhibitors, a clear reduction in cell migration was
observed; however, at equal concentrations, VA1213 demonstrated greater efficacy in
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inhibiting migration. Finally, both COX-2 inhibitors showed comparable ability in reducing
the clonogenic capacity of HT-29 cells.

Since the early 2000s, numerous studies have described the pharmacological effects both as a
treatment and as prevention for many solid tumors, especially colorectal cancer, but also
breast cancer [49,56,57]. Although efficacy has been proven in various clinical studies, the
off-target effects of celecoxib have always raised concerns about the safety profile of these
drugs [17,42,58]. Therefore, celecoxib is known for its ability to induce tumor-Kkilling effects
through COX-2-independent mechanisms in a range of cancer models [59].

In this context, the identification of COX-2 inhibitors, with greater selectivity, is an area of
interest in antitumor pharmacology research.

This study presents several strengths. VA1213 is a promising selective COX-2 inhibitor with
interesting in vitro activity compared to celecoxib. Detailed molecular analyses revealed that
VA1213 induces apoptosis, impairs the activation of EGFR, ERK1/2, and AKT, and reduces
both cell migration and clonogenic potential. Additionally, the direct comparison with
celecoxib highlights VA1213 as a potentially effective alternative. However, there are also
limitations. All findings are based on in vitro models, and further in vivo and pharmacokinetic
studies are required. Moreover, although VA1213 appears selective, potential COX-2-
independent effects should be explored to rule out unintended off-target actions.

In conclusion, these data demonstrate that pharmacological inhibition of COX-2 significantly
increases tumor cell death and reduces their aggressiveness and metastatic potential. This
effect is further supported by the impairment of several hallmarks involved in cancer
progression. Among the COX-2 inhibitors here tested, VA1213 emerged as the most potent,
showing comparable activity to celecoxib, in line with its in vitro documented COX-2
selectivity.
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