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Abstract: Background: New chalcones have been developed from the insertion of organic groups, among them sul-
fonamides, presenting varied biological activity.

Objective: The aim of this work was to determine the antitumor potential of a new synthetic sulfonamide chalcone
(SSC185) against a colorectal metastatic lymph node-derived colorectal cancer cell line (SW-620).

Methods: Synthesis and characterization, including crystallography, of SSC185 were performed. SSC185 showed a
selective cytotoxic effect against colorectal cancer cell lines. Therefore, the cytotoxic effect of SSC185 against SW-

ARTICLE HISTORY 620 was further investigated. We used optical and fluorescence microscopy, flow cytometry and Western blot to de-

termine the antitumor effects of SSC185.
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Accepted: November 01, 2021 Results: SSC185 induced cytotoxicity in SW-620 cells in a time and concentration-dependent manner. Cell cycle pro-
oL gression was disrupted, with increased G2/M cell number and consequent cell death, with morphological alterations
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associated with apoptosis and necrosis. Cell death was associated with the activation and cleavage of PARP, and with
reduced expression of the pro-apoptotic Bax protein and caspase 8, depending on the SSC185 concentration tested.
Expression of the necroptosis pathway proteins RIP and MLKL was also reduced. These proteins are phosphorylated
during the process of necroptosis.

Conclusion: We suggest that the mechanism involved in the cytotoxic effect of SSC185 against SW-620 in vitro may
be related to the induction of cell cycle arrest in the G2/M phase and cell death by apoptosis or necroptosis, depending
on the concentration used.
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1. INTRODUCTION including antitumor effect. These molecules are easily obtained
from the Claisen-Schmidt condensation reaction, allowing the syn-
thesis of chalcone derivatives. A promising strategy being used to
develop new chalcones is the addition of organic groups, such as
aromatic ring substituents [5]. Among the possible substituents,
sulfonamides are an important structural class of drug molecule,
with biological activities such as anticancer, antibacterial, and an-
timalarial. The anticancer effects of chalcones can be enhanced by
molecular hybridization to different compounds with interesting
pharmacological properties [6].

Cancer is a complex disease involving the disordered growth of
abnormal cells with invasive potential [1, 2]. The disordered growth
of cells in cancer is a result of self-sufficiency in signaling growth
factors and insensitivity to growth inhibitors, providing a selective
proliferative advantage to malignant cells. In addition, malignant
cells are better at adapting to stressful conditions, often evading pro-
grammed cell death and utilizing the immune system to their ad-
vantage. Thereby, malignant cells have unlimited replicative poten-
tial, being able to reprogram their energy metabolism, invade and

metastasize and promote angiogenesis, which results in their immor-
talization [3, 4]. Thus, it is important that new therapeutic strategies
are developed to eliminate tumor mass (whilst protecting normal cells
and minimizing patient discomfort) with greater effectiveness.

Chalcones are precursors of flavonoids and isoflavonoids, pre-
sent in many plants and bacteria, with broad biological activity
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Some biological activities of sulfonamide chalcones have been
described, such as antifilarial [7], antimalarial [8], antibacterial [9]
and anticancer [10-14], as well as a-glucosidase inhibitor [15], B-
secretase and acetylcholinesterase inhibitor [16], carbonic anhy-
drase inhibitor [17-19] and ecto-5'-nucleotidase and intestinal alka-
line phosphatase inhibitor [20]. However, the anticancer mechanism
of these molecules is yet to be explored. Despite the significance of
the antitumor potential of sulfonamide chalcones, few studies de-
scribe the possible pathways related to this effect. In a recently
published study, sulfonamide chalcones with an antitumor effect in
vitro that were submitted to structure-based pharmacophoric screen-
ing in silico, showed a strong potential activity as mitogen activated
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protein kinase 10 (JKN3) inhibitors [21]. However, further studies
are needed to confirm these findings. In fact, since both sulfona-
mide and chalcone motifs exhibit antitumor activities, their conju-
gate compounds are also promising anticancer candidates [22-24].

The incidence of cancer increases every year, demonstrating the
relevance of conducting research on cancer treatment in its various
modalities. Thus, this work aimed to study the antitumor potential
of a new synthetic sulfonamide chalcone (SSC185) by in vitro as-
says, evaluating the biochemical and molecular markers of cell
death in colorectal cancer-derived metastatic cells (SW-620).

2. MATERIALS AND METHODS
2.1. Synthesis and Physicochemical Characterization of SSC185

A new synthetic sulfonamide chalcone u-(2,5-dichloro-N-{4-
[(3E)-4-(3-nitrophenyl) buta-1,3-dien-2-yl] phenyl} benzene sul-
fonamide), identified as SSC185, was synthesized by Claisen-
Schmidt condensation. In a round-bottom flask, 1.0 mmol of N-(4-
acetylphenyl)-2,5-dichlorobenzenesulfonamide and 2.0 mmol of 3-
nitro-benzaldehyde in 10 mL of ethanol was added. KOH solution
(50% w/w as a function of N-(4-acethylphenyl)-2,5-dichloroben
zenesulfonamide) was added to the reaction mixture as a catalyst.
The reaction was continuously stirred at room temperature and
monitored by thin layer chromatography (TLC). After 24 h, ice
water was added to the reaction mixture and the precipitate formed
was filtered and dried. Recrystallization was achieved using a
methanol-acetone mixture, which yielded a potassium salt monohy-
drate. The melting points were measured on Karl Kolb apparatus
(Frankfurt, Germany). 'H and *C NMR spectra were recorded on a
Bruker Avance III 500 (500.15/125.77 MHz for 'H/"*C) spectrome-
ter using deuterated DMSO with TMS (Bruker Optik GmbH, Et-
tlingen, Germany). Infrared (IR) spectra were performed on a
Bruker IFS-55 FT spectrometer (Bruker Optik GmbH, Leipzig,
Germany). Mass spectra analysis was performed using a micrO-
TOF-Q III mass spectrometer (Bruker Daltonics, Bremen, Germa-
ny). The 'H NMR, >C NMR and mass spectra are included in the
Supplementary Information.

Yellow crystalline solid, 242-245°C, yield 99%. 'H (DMSO-ds,
500 MHz): 8 8.71 (dd, J=1.83 Hz and 2.44 Hz, H-2, 1H), 8.29 (ddd,
J=1.22 Hz, 1.83 Hz and 7.93 Hz, H-4, 1H), 8.23 (ddd, J/=1.22 Hz,
2.44 Hz and 8.24 Hz, H-6, 1H), 8.09 (d, J/=15.58 Hz, H-p), 7.97
(dd, J=1.53 Hz and 1.22 Hz, H-12°, 1H), 7.90 (d, J=8.85 Hz, H-3’
and H-1°, 2H), 7.71 (dd, J=7.93 Hz and 8.24 Hz, H-5, 1H), 7.70 (d,
J=15.58 Hz, H-a, 1H), 7.47-7.46 (m, H-9’ and H-10’, 2H), 6.86 (d,
J=8.85 Hz, H-4 and H-6’, 2H). C (DMSO-ds, 500 MHz):
0 186.42 (C=0), 156.93 (C-5”), 148.91 (C-3), 146.17 (C-7°), 139.27
(C-p), 137.65 (C-1), 135.20 (C-4), 133.33 (C-10"), 131.39 (C-11"),
131.16 (C-9), 130.72 (C-5), 130.67 (C-3” and C-1"), 130.16 (C-8°),
129.79 (C-127), 126.45 (C-27), 125.92 (C-a), 124.52 (C-6), 123.17
(C-2) and 120.36 (C-4’ and C-6’). FTIR (KBr, cm™) 3085 (N-H),
1589 (Ar-CO-C=C-Ar), 1648 (C=0), 1348 (S=0), 1533-1448
(C=C-Ar), 1172 (Ar-Cl). HRMS calculated for C,H;4CI,N,05S
477.3173, found 477.9877.

2.2. Crystallographic Methodology

The selected single crystal of SSC185 was mounted and aligned
on a K-goniostat before exposition to X-ray beam from Mo anode
(Ka, A= 0.71073 A) using a Bruker-AXS Kappa Duo diffractome-
ter with an APEX II CCD detector. Bruker programs SAINT and
SADABS [25] were used for cell refinement and data indexing,
integration, and reduction. Structure solution and refinements were
performed using the programs SIR2004 [26] and SHELXL-2018
[27], respectively, both within WinGX [27]. Structure analysis and
artwork preparation were performed using MERCURY [28] and
ORTEP-3 [29] software. Non-hydrogen and hydrogen atoms were
refined anisotropically and isotropically, respectively. All CH hy-
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drogens were added to their corresponding carbons following a
riding model with fixed bond lengths and angles. Water hydrogens
were also fixed during refinements, even though they were first
localized in the difference Fourier map and accordingly checked for
their intermolecular directionality. Hydrogens had their isotropic
atomic displacement parameters set to 1.2 Uiso of the correspond-
ing carbon, except for the hydrogen atoms of water molecules, for
which this value was increased to 1.5. The complete X-ray diffrac-
tion dataset is available at https://www.ccdc.cam.ac.uk/, under
CCDC number 1992701, and a summary of data collection and
processing is provided in the (Table S1, Supplementary Material).

2.3. Cell Cultures

Human and murine cell lines were used for cytotoxicity assays.
PC-3 (prostate), HCT-116 (colon), SF-295 (brain), NCI-H460
(lung), SW-620 (metastatic colon), HEP-G2 (liver), MCF-7
(breast), HL-60 (promyelocytic leukemia) and L-929 (fibroblast)
non-tumor cell lines were provided by the National Cancer Institute
(Bethesda, MD, USA). Cell lines were maintained as a monolayer
culture in RPMI 1640 (Gibco) or DMEM (Gibco) medium, sup-
plemented with 10% fetal bovine serum and 2 mM glutamine, 100
U/mL penicillin, and 100 pg/mL streptomycin at 37°C with 5%
CO,. Peripheral blood mononuclear cells (PBMC) were also tested.
PBMC were obtained by primary culture from heparinized blood
from healthy and non-smoking donors, using the method described
by Moura and collaborators [30].

2.4. Cytotoxicity Assay

The cytotoxic effect of SSC185 against tumor and non-tumor
cell lines was evaluated by MTT assay. This assay is a quantitative
colorimetric method that allows quantification of cell viability by
the reduction of the tetrazolium 3-(4,5-dimethyl-2-thiazole)-2,5-
diphenyl-bromide (MTT) salt by metabolically active cells with a
consequent formation of formazan crystals [31]. Cells were plated
in 96-wells plates and treated with SSC185 concentrations ranging
from 0.4 to 52.4 uM, or with DMSO (vehicle). Doxorubicin was
used as a positive control. At the end of the incubation period, the
plates were centrifuged, and the supernatant was removed and re-
placed with fresh medium containing MTT (0.5 mg/mL). The plates
were incubated for 3 h, and the MTT formazan product was dis-
solved in DMSO. Cell viability was quantified using a microplate
reader (Spectra Count, Packard, Ontario, Canada) at 595 nm and
growth inhibition was estimated.

To investigate the influence of N-acetyl-cysteine (NAC) on the
cytotoxicity of SSC185, SW-620 cells were pre-treated with NAC
(4 mM) for two hours. After the incubation period, the medium
containing NAC was removed and cells were treated with SSC185,
or DMSO (vehicle) or Menadione (positive control) in concentra-
tions ranging from 0.2 to 50 uM. The plates were then incubated
again for 48 h. A no pre-treatment control plate was concurrently
assayed to ensure that NAC did not alter cell viability. Cell viability
was assessed by the MTT assay, as previously described.

2.5. Monitoring of Cell Proliferation by Real-Time Cell Analy-
sis

Inhibition of SW-620 cell growth during treatment with
SSC185 was monitored using the xCELLigence real-time cell anal-
ysis (RTCA) system (ACEA Biosciences). SW-620 cells were
seeded (5 x 10° cells/mL) in 16-well plates (E-plate 16, Roche,
Mannheim, Germany). Cell adherence, disposition and proliferation
were monitored every 30 minutes by the RTCA-DP (dual purpose)
instrument. Approximately 24 h after plating, the SW-620 cells
were treated for 72 h with SSC185 dissolved in a culture medium.
DMSO (vehicle) was used as a negative control and doxorubicin
(0.5 uM) was used as a positive control. The SSC185 compound
was tested at concentrations of 2.5; 5; 7.5; 10 and 15 pM, which
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were determined from the results of the MTT assay. The average
baseline cell index and percent reduction of baseline cell index for
SSC185-treated cells compared to control cells were calculated for
each incubation period analyzed (24 h, 48 h and 72 h).

2.6. Morphological Analysis

Morphological changes of SW-620 cells treated with SSC185
were analyzed by optical microscope. Cells were plated and treated
with SSC185 at 10 and 15 pM (concentrations with better inhibito-
ry activity) over 24 and 48 h. DMSO (vehicle) was used as a nega-
tive control and doxorubicin (0.5 uM) was used as a positive con-
trol. After incubation, cells were fixed and counterstained using the
Fast-Panoptic kit (Laborclin Ltd, Parana, Brazil). The cells were
analyzed by light microscopy (Olympus, Tokyo, Japan) at 200x
magnification.

2.7. Flow Cytometry Analysis

For flow cytometry analysis, SW-620 cells were plated and
treated with SSC185 at concentrations of 10 and 15 pM, or with
DMSO (vehicle) for 24 h. Doxorubicin (0.5 puM) was used as a
positive control. Fluorescence was measured using a Guava
easyCyte 6-2L flow cytometer (Merck Millipore). At least three
independent experiments were performed in triplicate and ten thou-
sand events were evaluated per experiment.

2.7.1. Cell Number Counting and Membrane Integrity Analysis

After incubation, treated and untreated SW-620 cells were in-
cubated with propidium iodide solution (50 pg/mL) in the dark for
5 minutes. Fluorescence was measured by flow cytometry. Data
were obtained on the number of cells, morphology (forward and
side scatter of the light, which corresponds to the size and relative
granularity of the cells, respectively) and cell membrane integrity
[32].

2.7.2. Cell Cycle and DNA Fragmentation Analysis

Cell cycle analysis of SSC185-treated SW-620 cells was per-
formed by flow cytometry. After incubation, the plasma membrane
of the treated and untreated cells was permeabilized using a lysis
solution (0.1% sodium citrate, 0.1% Triton X-100), and the DNA
content was stained with propidium iodide (50 pg/mL) in PBS.
After incubating in the dark for 30 minutes, the samples were ana-
lyzed on the flow cytometer. Fluorescence was measured and cell
cycle was analyzed using the program ModFit LT version 3.1 for
Win32, which was also used to quantify DNA fragmentation by the
Sub-G1 (debris) percentage.

2.7.3. Mitochondrial Transmembrane Potential Analysis

A 200 pL aliquot of treated or untreated cell suspension was
centrifuged and the pellet was resuspended in 200 uL of rhodamine
123 solution (1 pg/mL). After incubation (5% CO, at 37°C) in the
dark for 15 minutes, the samples were centrifuged at 2000 rpm for 5
minutes, the supernatant was removed, and the cells were resus-
pended in 200 pL of PBS and incubated at room temperature in the
dark for another 30 minutes. The samples were then analyzed by
flow cytometry [33].

2.8. Fluorescence Microscopy Analysis

To detect and quantify the cell death pattern induced by
SSC185, SW-620 cells were stained with acridine orange and eth-
idium bromide and analyzed by fluorescence microscopy. SW-620
cells were plated and treated with SSC185 at concentrations of 10
and 15 pM, or with DMSO (vehicle) for 24 h. Doxorubicin (0.5
uM) was used as a positive control. After the incubation period, a
50 uL aliquot of cell suspension was stained with 1 pL of a solution
containing 8 pL of PBS, 2 uL of acridine orange (100 pg/mL) and
10 puL of ethidium bromide (20 pg/mL). Three hundred cells were
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classified and counted under a fluorescence microscope. All exper-
iments were performed in triplicate.

2.9. Western Blot

Untreated and treated SW-620 cells with SSC185 for 24 h were
lysed in cold radio-immunoprecipitation assay buffer (RIPA - Mil-
lipore) supplemented with PMSF (1:100 v/v - Sigma), sodium or-
thovanadate (1:100 v/v - Sigma) and protease inhibitor cocktail
(1:100 v/v - Sigma).

Protein concentrations were estimated using the DC Protein
Assay kit (BioRad Laboratories). 30 pg of total protein from each
sample was loaded into the stacking gel, and separated by 12.5%
SDS-polyacrylamide gel electrophoresis, and then transferred onto
polyvinylidene difluoride (PVDF) membranes (Millipore). The
membranes were blocked with 5% (v/v) skim milk in TBS buffer
containing 0.1% Tween-20 for 1 h and then incubated with the
primary antibody for detection of cell signaling (Cyclin B1, pChkl,
pChk2, PARP, Bax, Caspase-8, RIP, MLKL and fB-actin) (1:1000
VIV - Cell Signaling Technology™) overnight at 4°C. After washing,
the membranes were incubated with horseradish peroxidase-
conjugated anti-mouse or anti-rabbit IgG antibodies (1:2000 v/v -
Cell Signaling Technology®™). The membranes were visualized us-
ing a chemiluminescent kit (Clarity and Clarity Max Western ECL
Blotting Substrates, BioRad) and detected using ImageQuant300
(GE Healthcare Life Sciences) according to the manufacturer's
instructions. The images were quantified using the Image J program
[34].

2.10. Statistical Analysis

All analyses were carried out using GraphPad Prism (Intuitive
Software for Science, San Diego, California, USA). The ICs values
and their 95% confidence intervals (CI 95%) were obtained by non-
linear regression. Data analysis was based on the mean + S.E.M of
at least three independent experiments. Differences between the
experimental groups were compared by one-way analysis of vari-
ance (ANOVA) followed by Tukey's test, with a significance level
of 5% (p <0.05).

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization and Crystallographic
Analysis

The results of 'H and *C NMR and FTIR spectra confirmed
that the synthesized compound is a sulfonamide chalcone, identified
as SSC185, which was obtained with high purity (Fig. 1). The
NMR spectra are available in the Supplementary Information.

Fig. (1). Structure of u-(2,5-dichloro-N-{4-[(3E)-4-(3-nitrophenyl)buta-1,3-
dien-2-yl] phenyl}benzene sulfonamide), identified as SSC185.

The crystal structure of SSC185 was elucidated by single-
crystal X-ray diffraction technique. The ORTEP-3 representation of
its experimental molecular backbone in the solid state is shown in
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Fig. (2), and all information related to the collection, treatment and
refinement of the crystal structures can be found in the (Table S1).

| [/ [ [ |m
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Fig. (2). Asymmetric unit of the potassium salt monohydrate of SSC185.
Non-hydrogen atoms are represented as 50% probability ellipsoids follow-
ing a Fig. (1) labelling (NMR assignments), while hydrogens are shown as
arbitrary radius spheres. (4 higher resolution / colour version of this figure
is available in the electronic copy of the article).

SSC185 crystallized in the triclinic centrosymmetric space
group P-1, as a potassium salt monohydrate. Unlike all other related
chalcone-sulfonamide hybrids [35-37], SSC185 crystallizes as po-
tassium salt in its deprotonated form. In contrast, all others crystal-
lized in their neutral form under the same alkaline conditions. This
reveals a higher acidity of SSC185 when compared to its related
compounds. In fact, here, we have chosen 3-nitro and 2,5-dichloro
substituents to increase the acidity of the sulfonamide group due to
their electron withdrawing abilities. Electron deficiency would be
more pronounced on the sulfonamide group with ortho and para
substitutions at the central benzene ring. However, ortho analogues
have a propensity either to assemble intramolecular hydrogen bond-
ing between sulfonamide and carbonyl groups or for intramolecular
cyclization [35]. Therefore, we have prepared a para-substituted
analogue, which has an increased tendency to lose its NH hydrogen
and hold a negative charge, putatively playing a key role in its strik-
ing cytotoxicity. For instance, its deprotonated sulfonamide group
can interact electrostatically with cellular macromolecules as a hy-
drogen bonding acceptor from amino acid residues bearing OH,
NH, NH+ or SH groups, which is impossible for its non-ionized
parent compounds with the protonated NH moiety.

However, the asymmetric unit was made up of two anionic
molecules of SSC185, which were present with deprotonated sul-
fonamide groups, two potassium counterions and two crystallizing
water molecules (Fig. 2). The two crystallographically independent
molecules of SSC185 were labeled A and B and are not similar
conformationally. These are classical conformers differing pro-
foundly for rotations on two bond axes, namely, N2-C5’ and C1-
C15 (Fig. 3). There is a ca. 180° twist on N2-C5’, as can be viewed,
for instance, on the S1-N2-C5’-C6’ torsion values for conformers A
[166.9(3)°] and B [-0.8(5)°]. As a consequence of this rotation, the
nitrogen lone pairs are pointed towards the same side of the carbon-
yl oxygen in molecule B, while they face opposite sides in molecule
A.

In both molecules, the 2,5-dichlorobenzene mean plane is al-
most perpendicular to the chalcone average plane crossing through
the carbons of rings B and C and propenone non-hydrogen atoms
(Fig. 3), as can be viewed by the angle between these aforemen-
tioned planes [81.61(11)° in molecule A and 74.02(7)° in B]. How-
ever, the halogenated ring has an opposite orientation relative to the
chalcone basis in the two conformers, also resulting from the ca.
180° rotation on N2-C5’ (Fig. 3). The other rotation, on C1-C15,
deviates slightly from 180°, as can be noted in the C14-C15-C1-C2
torsion values [11.8(10)° in A and 172.3(4)° in B] (Fig. 3). Moreo-
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ver, this rotation is responsible for two phenomena in the molecular
backbone of SSC185. First, nitro groups are pointed towards oppo-
site sides relative to the carbonyl oxygen, following the same pat-
tern of lone nitrogen pairs in the conformers A and B. Second, the
chalcone core of molecule A is more bent than that of molecule B
(the root-mean-square deviation for the non-hydrogen atoms of the
above defined chalcone plane is 0.225 A in molecule A, against a
lower value, and therefore higher planarity, of 0.0883 A in mole-
cule B). In the solid state, potassium ions are mainly surrounded by
sulfonamide atoms and water oxygens, even though chlorine atoms
and one nitro oxygen are also bonded to K+ ions. Their coordina-
tion environment draws an §-vertices polyhedron with six oxygens,
one chlorine and one nitrogen (Fig. 4).

’ ring A

s1B /’
L S c2A

ring A

Fig. (3). Molecular overlay through propenone moiety for conformers A and
B present in the potassium salt monohydrate of SSC185. Round arrows
indicate ca. 180° rotations converting a conformation into another one. Ring
labelling scheme is shown, as well as key atom labels are also depicted
(labels ending with either A or B refer to the corresponding molecule, while
superimposed atoms in the drawing had their labels shown only with charac-
ters common to both conformers, i.e., omitting A or B). (4 higher resolution
/ colour version of this figure is available in the electronic copy of the arti-
cle).

Fig. (4). Coordination polyhedron of the two crystallographically independ-
ent potassium ions. Vertex atoms and potassium ions were outlined as
spheres to highlight the polyhedral enclosing. (4 higher resolution / colour
version of this figure is available in the electronic copy of the article).

3.2. Cytotoxicity Effect of SSC185 Against Tumor and Non-
Tumor Cell Lines

Molecules containing sulfonamide and chalcone moieties may
lead to new hybrid architectures with improved biological profiles
[6, 12, 14, 24]. Recent studies have reported the chemical synthesis
of new sulfonamide chalcones and their antitumor potential. The
antitumor effect of these molecules in vitro has been described in
some tumor cell lines, such as, MCF-7 (breast cancer) [6], K562
(leukemia) and LOX IMVI (melanoma) [10], SF-295 (glioblasto-
ma), PC-3 (prostate cancer) and HCT-116 (colorectal cancer) [18],
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and HEPG?2 (liver cancer) [24]. However, no studies have described
the mechanism of cell death involved in the antitumor effect of
sulfonamide chalcones.

The cytotoxic effect of SSC185 against tumor and non-tumor
cell lines was evaluated by MTT assay after 72 h of incubation
(Table 1). SSC185 showed antiproliferative potential against all
tumor and non-tumor cell lines tested, with lower 1Cs, values for
the colorectal cancer cell lines HCT-116 (5.59 uM) and SW-620
(6.27 uM) and leukemia cell line HL-60 (8.46 uM), while for the
other tumor cell lines (MCF-7 and PC-3) the ICs, value was 19.76
and 29.52 puM respectively. The ICs, value of SSC185 against non-
tumor cell lines L-929 and PBMC was 24.10 and 22.54 uM, respec-
tively (Table 1).

The selectivity index (SI) was calculated by comparing ICs,
values in non-tumor cell lines (L-929 and PBMC) to the I1Cs, of the
same compound in tumor cell lines. The SI of SSC185 was four
(SI=4) for colorectal cancer cell lines HCT-116 and SW-620 and
2.8 for HL-60 cell line (SI=2.8). No selectivity was observed for the
other cell lines. The selectivity index of doxorubicin, when compar-
ing the ICsy value in PBMC with the tumor cells, ranged from 2 to
138 depending on the cell line tested.

3.3. Time and Concentration-Dependent Effect of SSC185
Against SW-620 and HCT-116 Cells

In view of the aggressiveness and high death rate of colorectal
cancer [38], the discovery of new compounds with an apparently
selective effect against colorectal cancer cells is interesting, and the
study of the mechanism involved in the anticancer effect of these
compounds is necessary. Thus, the selective cytotoxic effect of
SSC185 against colorectal cancer cells presents opportunities for
further study of the mechanism of cell death induced by this mole-
cule.

Table 1.
presented as ICs, values and 95% confidence interval.
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The time- and concentration-dependent antitumor effect of
SSC185 on HCT-116 and SW-620 cell lines was evaluated. It was
observed that SSC185 showed no cytotoxic effect against HCT-116
(IC50>52 uM) after 24 h of incubation but was able to inhibit cell
proliferation of SW-620, with an ICsy value of 28.35 uM after the
same incubation period. After 48 h of incubation, SSC185 showed
1Cs values of 18.10 and 10.31 uM for HCT-116 and SW-620 cell
lines, respectively (Table 2). This indicates that SSC185 may have
a distinct cytotoxic profile depending on the cell context and may
also distinguish the mechanism of cell death.

Because SSC185 had an antitumor effect against the human
metastatic colorectal cancer cell line (SW-620) with only 24 h of
incubation, these cells were chosen to continue studies of the possi-
ble mechanism involved in the antitumor effect of this compound in
vitro.

The SSC185 tumor inhibition profile in SW-620 cells was also
assessed by real-time cell growth monitoring using the xCELLi-
gence System (Fig. SA). Normalization of cell index values based
on the negative control value for each incubation period analyzed
allowed the percentage of inhibition of cell growth to be estimated.
SSC185 (15 uM) was able to inhibit 37%, 53% and 67% of SW-
620 cell growth after 24, 48 and 72 h incubation, respectively,
while 10 puM SSC185 inhibited 13% of cell growth only after 72 h
of incubation. Doxorubicin (0.5 uM) inhibited 32% and 69% of cell
growth after 48 and 72 h of incubation, respectively (Fig. 5B). The-
se results show a time-dependent profile for the cytotoxic effect of
SSC185 and are consistent with the results of the MTT assay, in
which cell proliferation was also affected in a time-dependent man-
ner.

3.4. Induction of Cell Death by SSC185 in SW-620 Cells

Many flavonoids are associated with colorectal cancer control
and prevention, affecting carcinogenesis through different targets,

Cytotoxicity of SSC185 against tumor and non-tumor cell lines. ICs, values obtained by MTT assay after 72 h of incubation. Data are

IC . (uM)
5
Cell Lines 95% Confidence Interval
SSC185 Doxorubicin
29.52 0.76
PC-3
(26.82-32.49) (0.59-0.93)
5.59 0.21
HCT-116
(5.22-6.01) (0.16-0.29)
26.88 0.41
SF-295
(27.91-33.69) (0.21-0.47)
24.00 0.15
NCI-H460
(20.27-28.41) (0.13-0.18)
Tumor
6.27 0.06
SW-620
(5.84-6.74) (0.04-0.10)
22.05 0.33
HEP-G2
(18.79-25.87) (0.29-0.37)
19.76 0.15
MCEF-7
(18.09-21.58) (0.12-0.19)
8.46 0.02
HL-60
(7.69-9.30) (0.01-0.02)
24.10 1.72
L-929
(21.40-27.14) (1.58-1.87)
Non-tumor
22.54 2.76
PBMC
(20.59-24.66) (2.30-3.31)
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Table 2. Time- and concentration-dependent effect of SSC185 on HCT-116 and SW-620 cell viability determined by MTT assay. Data are pre-
sented as ICs, values and 95% confidence interval.
IC_ (nM)
5
Cell Lines 95% Confidence Interval
24 h 48 h 72h
18.10 5.59
HCT-116 >52
(14.08-23.26) (5.22-6.01)
28.35 10.31 6.27
SW-620
(25.16-31.93) (9.28-11.46) (5.84-6.74)
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Fig. (5). Real-time monitoring of SW-620 cell growth inhibition during treatment with SSC185 by xCELLigence system. (A) Representative cell index of SW-
620 cell growth after treatment with SSC185 (2.5, 5, 7.5, 10 and 15 uM) and Doxorubicin (0.5 uM) from a representative experiment. (B) Normalized cell
index based on negative control (vehicle) for each incubation period analysed (24 h, 48 h and 72 h). (4 higher resolution / colour version of this figure is

available in the electronic copy of the article).

including cell cycle progression and apoptosis induction [39]. Chal-
cones, precursor molecules of flavonoids and isoflavonoids, have
offered advantages as anticancer agents compared to other flavo-
noids due to their interaction with DNA and low risk of mutagene-
sis [40-42]. However, there are no studies that demonstrate the
mechanism of cell death involved in the cytotoxic effect of sulfon-
amide chalcones.

To verify the mechanism of cell death involved in the cytotoxic
effect of SSC185, morphological analysis of SSC185-treated SW-
620 cells was performed using light microscopy and staining with
the fast-panoptic kit. All tested concentrations of SSC185 induced
the formation of apoptotic bodies in the membrane of some SW-
620 cells, with the formation of blebs, and condensation and nucle-
ar fragmentation, after 24 and 48 h of incubation. In addition to
these changes, a change in the cytoplasmic membrane and the ap-

pearance of cell debris was observed (Fig. 6). These characteristics
are compatible with cell death of apoptotic and necrotic mor-
photypes.

Activation of intrinsic cell death programs or passive interrup-
tion of membrane integrity can result in cell death associated with
an apoptotic or necrotic phenotype, respectively. Necrotic cell death
has long been defined as a form of uncontrolled passive cell death.
However, in addition to apoptosis, other intrinsic programs can lead
to programmed necrotic cell death [43].

To confirm cell morphological changes observed by microsco-
py, and to evaluate the initial mechanism of cell death induced by
SSC185, a flow cytometry membrane integrity analysis of SW-620
cells treated with SSC185 for 24 h was performed. SSC185 induced
membrane damage and decreased the number of SW-620 cells at 10
and 15 pM concentrations after 24 h of incubation when compared



2346 Anti-Cancer Agents in Medicinal Chemistry, 2022, Vol. 22, No. 12

Control Dox 0.5 uM

L g - e

Moura et al.

SSC185 10 uM SSC185 15 uM

!

Fig. (6). SSC185 induced morphological changes in SW620 cells. Microscopic analysis of SW-620 cells fixed with methanol and counterstained with 0.1%
xanthenes and 0.1% thiazines after 24 and 48 h of incubation. The cells were analysed by light microscopy (200x). Green arrows: cytoplasmic membrane
changes; blue arrows: apoptotics bodies; yellow arrows: debris; red arrows: chromatin condensation and nuclear fragmentation; black arrows: extracellular
release of cytoplasmic components. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

to the negative control (*p <0.05) (Fig. 7A and 7B), corroborating
our findings with light microscopy.

Therefore, to verify the role of mitochondria in the cytotoxic
effect of SSCI185, the transmembrane potential of mitochondria
(A¥Ym) was evaluated using flow cytometry by incorporation of
Rhodamine 123 dye after 24 h of treatment. As observed in Fig.
(7C), SSC185 induced significant (*p <0.05) mitochondrial depo-
larization in 18.2% and 21.3% of SW-620 cells treated with 10 pM
and 15 pM SSC18S5, respectively, when compared to the negative
control (12.9%), after 24 h of incubation. Using fluorescence mi-
croscopy and staining with acridine orange and ethidium bromide, a
differential cell count of viable, early apoptotic, late apoptotic or
necrotic cells was performed. SSC185 induced a significant in-
crease in necrotic cells with a consequent reduction in the number
of viable cells after 24 h of incubation at 10 pM and 15 uM concen-
trations (Fig. 7D).

Studies have shown the cytotoxic effect of various chalcone
derivatives on several cancer cell lines [39, 44, 45]. In general,
chalcones and chalcone derivatives induce cell death by apoptosis,
resulting from a variety of cellular events, such as mitochondrial
damage, modifications in oxidative metabolism with change in ATP
content, and alterations in the expression of genes involved in the
regulation of apoptosis [46-50]. However, research into the influ-
ence that added organic groups such as sulfonamide have on the
mechanism of cell death induced by chalcones remains inconclu-
sive [10-14].

Western blot assays were performed to evaluate the expression
of cell death-related proteins in SSC185-treated SW-620 cells using
concentrations of 10 uM and 15 uM after 24 h of treatment. Fig.
(7E) shows that PARP cleavage was observed at both tested con-
centrations of SSC185. In addition, a reduction in pro-apoptotic
Bax protein expression was observed at the 15 pM concentration,
while the positive control, doxorubicin (0.5 pM), increased expres-
sion of this protein. Only cells treated with SSC185 (15 uM) did
not demonstrate caspase 8 cleavage.

Programmed cell death is a complex network of interconnected
signaling pathways that can result in several types of cell death, and
death-regulating proteins can be involved in more than one type.
While the RHIM (RIP homotypic interaction motif) domain of
RIPK3 promotes apoptosis, the kinase activity of RIPK3 contrib-
utes to necroptosis [51]. Furthermore, hyperactivation of PARP

may be related to the release of apoptosis-inducing factors as well
as various types of necrosis, including necroptosis and response to
DNA damage [52].

Necroptosis is a type of regulated necrosis that is increasingly
being recognized by the scientific community as an important form
of cell death [52]. This programmed necrotic cell death is character-
ized by the activation of controlled processes such as mitochondrial
dysfunction, increased ROS generation by mitochondria, ATP de-
pletion, calcium homeostasis failure, perinuclear organelle aggrega-
tion, PARP activation, lysosomal rupture, and plasma membrane
permeabilization [53, 54]. Necroptosis critically depends on a se-
quential activation and phosphorylation of RIPK3 (receptor-
interacting serine/threonine-protein kinase 3) and MLKL (mixed
lineage kinase domain like pseudokinase) proteins and is induced
by death receptors, interferons, toll-like receptors, and intracellular
DNA and RNA sensors, among other mediators [55].

The biomarkers used to detect the activation of RIPK 1, RIPK3,
and MLKL in necroptosis include phosphorylated RIPK1/3 and
MLKL. Apoptosis needs caspase activation, but necroptosis can
induce tumor cell death when caspases are inhibited or defective
[53, 54]. Thus, caspase-8 is a determining factor in apoptosis and
necroptosis, required during the activation of apoptosis and sup-
pressed in the activation of necroptosis. In vitro studies have
demonstrated that inhibition of caspase-8 resulted in activation of
RIPK3, a key player in necroptosis, as it phosphorylates MLKL
[56, 57].

Given the relationship between caspase 8 cleavage inhibition
and necroptosis activation, the influence of SSC185 on the expres-
sion of necroptosis-related proteins, MLKL and RIP, was evaluated.
SSC185 reduced the expression of MLKL and RIP proteins at both
concentrations tested when compared to the negative control, sug-
gesting that one of the cell death mechanisms induced by this com-
pound is necroptosis associated with caspase activation, depending
on the SSC185 concentration tested (Fig. 7E).

Additionally, SSC185 induced DNA fragmentation in SW-620
cells after 24 h of incubation, assessed by the percentage of cells in
the sub-G1 phase using flow cytometry, probably related to oxida-
tive stress (Fig. 8A). Different types of cell death are often associat-
ed with mitochondrial dysfunction and the generation of reactive
oxygen species (ROS). Therefore, to investigate the influence of
ROS on the cytotoxic effect of SSC185, SW-620 cells were pre-
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Fig. (7). SSC185 decreased membrane integrity of SW-620 cells, with mitochondrial depolarization and induction of necroptosis cell death. Effects of SSC185
on SW-620 (A) membrane integrity, (B) cell number, and (C) transmembrane mitochondrial potential, evaluated by flow cytometry after 24 h of incubation.
(D) Mechanism of cell death involved in the cytotoxic effect of SSC185 in SW-620 cells after 24 h of incubation, determined by acridine orange and ethidium
bromide staining by fluorescence microscopy. Data are presented as mean + S.E.M. from three independent experiments performed in triplicate. (*) p < 0.05
compared to negative control by ANOVA followed by Tukey’s test. Ten thousand events were analyzed in each experiment. (E) Representative Western blot
analysis of cell death-related protein expression of SSC185-treated SW-620 cells after 24 h incubation. Doxorubicin (Dox - 0.5 uM) was used as a positive

control. Adjusted fold change is shown.

treated for 2 h with N-acetyl-L-cysteine (NAC, 4 mM), an indirect
way to assess oxidative stress. NAC is an antioxidant agent capable
of sequestering formed ROS. These cells were then treated with
serial concentrations of SSC185 for 48 h to determine the ICsgvalue
by MTT assay. We can suggest that ROS participate in the cytotox-
ic effects of SSC185 since the ICsy value was higher when the SW-
620 cells were pre-treated with NAC (IC5y= 30.30 uM). The posi-
tive control of the experiment, menadione (IC5,=16.98 uM), had a
higher ICsy value when cells were pre-treated with NAC (ICs5p=
27.36 uM) (Fig. 8B). However, other assays are needed to confirm
the participation of ROS in the cytotoxic effect of SSC185.

3.5. Induction of G2/M Cell Cycle Arrest by SSC185 in SW-620
Cells

There are no studies reporting the effect of sulfonamide chal-
cones on the cell cycle of tumor cells. However, some chalcones
and their derivatives induce cell arrest in the G2/M phase of the cell
cycle, cause nuclear fragmentation and condensation, and cell death
by apoptosis by different mechanisms in different colorectal cancer
cell lines [39, 41, 44, 45].

A group of proteins is activated and inactivated during the cell
cycle. Cyclins are catalyzed and activated when bound to protein
kinase-like enzymes called cyclin-dependent kinases (Cdk). This
binding allows Cdks to perform the function of phosphorylating

other proteins involved in the cell cycle. Each cyclin is specific for
certain cell cycle periods, for example, Cyclin B is present at its
highest levels during G2 and M phases [58].

DNA content flow cytometry analysis was performed to evalu-
ate the effect of SSC185 on the cell cycle of SW-620. It was possi-
ble to observe a significant increase (*p <0.05) in the percentage of
cells in the G2/M phase at both tested concentrations (10 uM and
15 uM) after 24 h of incubation. The positive control, doxorubicin
(0.5 uM), induced G2/M phase cell cycle arrest (Fig. 9A).

Key proteins involved in the G2/M phase were evaluated by
Western blot. We observed an increased expression of cyclin Bl
and pChk2 in cells incubated for 24 h with doxorubicin (0.5 pM) or
SSC185 (10 uM), and a decrease in cyclin B1 expression when
incubated with SSC185 (15 uM), compared to the negative control.
An increase of pChk1 expression was observed only in cells treated
with doxorubicin (0.5 pM) (Fig. 9B).

Stress induction during the replication process and the cellular
response to DNA damage in tumor cells activate ATR/Chkl or
ATM/Chk2, depending on the type of genotoxic stress. Their acti-
vation provides an anticancer barrier, often leading to the elimina-
tion of highly proliferative potential tumor cells by inducing cell
death [59]. However, future studies can be carried out to assess
whether SSC185 interferes with any DNA damage or repair path-
way or even if it directly interacts with DNA.
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positive control. Adjusted fold change is shown.
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CONCLUSION

The mechanism of cell death induced by SSC185 may be relat-
ed to G2/M cell cycle arrest, associated with the induction of mito-
chondrial depolarization and cell death occurring by apoptosis or
necroptosis, depending on the concentration used. Further studies
are needed to explain the higher activity of SSC185 in colorectal
cancer cells.
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