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Abstract. Breast cancer (BC) is the most common cancer
and the main cause of mortality due to cancer in women
around the World. Histone deacetylase 6 (HDACS6) is a
promising target for the treatment of BC. In the present
study, a series of novel 3-carboxy-coumarin sulfonamides,
analogs of belinostat, targeting HDAC6 were designed and
synthesized. The compounds were synthesized and purified
through open-column chromatography. Characterization
was performed using spectroscopic techniques, including 'H
and C NMR, homonuclear and heteronuclear correlation
experiments, IR and UV. Molecular docking was carried
out using AutoDock Vina implemented in UCSF Chimera
version 1.16 against the HDAC6 protein structure (PDB:
5EDU). 2D protein-ligand interaction diagrams were gener-
ated with Maestro, and validation was conducted by redocking
trichostatin A into the HDACG6 active site. Additionally, the
compounds were evaluated in cancer cell lines (MDA-MB-231,
MCF-7 and NIH/3T3), and healthy cells using lymphocytes
from healthy volunteers. In the in vitro experiments, the
compounds evaluated showed cytotoxic activity against the BC
cell lines MCF-7 and MDA-MB-231 and the non-malignant
cells 3T3/NIH. Compounds 5, 8a-c exhibited antiprolifera-
tive activity comparable to that of cisplatin and doxorubicin.
Molecular docking studies showed that compounds with the
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3-benzoylcoumarin scaffold had favorable affinity with cata-
lytic domain of HDAC6 and whose interactions are similar
to those found in belinostat. Compounds 5, 8b, 8c, 4c, and 8a
exhibited higher viability against nonmalignant cells (leuko-
cytes), with percentages ranging from 73-87%, demonstrating
3-4-fold lower potency than belinostat against healthy cells.

Introduction

Breast cancer (BC) is a complex and heterogeneous disease
characterized by abnormal cell proliferation of the epithelial
cells lining the milk ducts (1). BC is the most common cancer
and the main cause of mortality due to cancer in women
globally, with an age-standardized incidence rate (world) of
46.8 per 100,000 and a mortality rate of 12.7 per 100,000 for
both sexes, as reported in the most recent data (2). There is
a wide variety of drugs for the pharmacological treatment of
BC. However, most drugs act directly on DNA with severe
adverse effects (3). Histone deacetylase (HDAC) inhibitors are
a promising new class of anticancer drugs, which indirectly
modifies the expression of genes (4).

HDAC:Ss are zinc-dependent enzymes that remove acetyl
groups from lysine and arginine residues in histone proteins
on DNA leading to chromatin compaction and therefore
transcription repression (5). Overexpression of HDACs has
been reported in numerous cancer types and is directly linked
to accelerated cell proliferation and survival (6). There are
18 isoforms identified in humans and the overexpression of
isoform HDAC-6 has been correlated with BC (7). HDAC
inhibitors have been successfully used in the treatment
numerous types of cancer inducing cell cycle arrest, activating
extrinsic and intrinsic apoptosis pathways, and autophagy
in tumor cells, among other mechanisms (8). Trichostatin A
(TSA) vorinostat, entinostat and belinostat (Fig. 1) are some of
the most known HDAC inhibitors (9).

Belinostat was approved by the Food and Drug
Administration in 2014 for the treatment of peripheral
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T-cell lymphoma (10). However, effectiveness of belinostat
over BC has been also reported (11). Han er al (12) reported
a significantly viability inhibition of the triple-negative BC
(TNBC) MDA-MB-231 cells, suppressing its migration
and invasion after belinostat treatment. On the other hand,
Tuncer et al (13,14) demonstrated that belinostat inhibited
the cell proliferation of MCF-7 cells with ICs, at M range;
meanwhile Lu et al (15) reported its effectiveness over in vivo
breast tumors.

Coumarin, a 2H-chromen-2-one heterocycle, is a privileged
scaffold with several medicinal properties (16). Coumarins
have been reported to have a wide variety of pharmacological
activities, among them, anticancer (17). A previous study
reported the anticancer behavior of coumarins by different
mechanisms including HDAC inhibition (18).

Following the authors' recent study on developing anti-
cancer compounds targeting HDAC6 (19), in the present
study, a set of six of 3-carboxy-coumarin sulfonamides,
based in belinostat design, were synthesized. Docking
studies were performed to obtain the free binding ener-
gies and to explore the interactions between the designed
compounds and HDAC6. The synthesized compounds were
evaluated for their cytotoxic activity against the BC cell
lines MCF-7 and MDA-MB-231 and the nonmalignant cells
3T3/NIH.

Materials and methods

Materials and equipment. The progress of all the reactions
was monitored by thin layer chromatography with ethyl
acetate-hexane mixtures as eluent. Salicylaldehyde, diethyl
malonate, ethyl benzoylacetate, piperidine, chlorosulfonic acid,
aniline, benzylamine and phenethylamine were purchased
from MilliporeSigma and used as received. The ACS grade
solvents were purchased from CTR Scientific (https://ctrsci-
entific.com/) and used without further purification. Melting
points were measured on an Electrothermal Mel-Temp 1201D
apparatus. IR spectra were collected using Varian 3100 FT-IR
EXCALIBUR series spectrophotometer (Tecan Group, Ltd.).
All NMR spectra were recorded in a Bruker advance TM-400
spectrometer (400 MHz 'H NMR, 100 MHz “C NMR) in
DMSO-d, or CDClj; solutions using (CH;),Si as an internal
reference compound; chemical shifts (8) are in ppm and
coupling constants ("J H-H) in Hz.

General procedure for synthesis of coumarins 2, 6.
Salicylaldehyde 1, diethyl malonate or ethyl benzoylacetate,
and piperidine were dissolved in 15 ml of ethanol and placed
under reflux at 78°C for 24 h. After cooling, the solvent was
removed by vacuum filtration, and the resulting solid was
recrystallized from cold ethanol.

General procedure for synthesis of sulfonyl chlorides 3, 7.
One g of 1 or 2 was placed in a 25 ml ball flask and 15
equivalents of chloro-sulfonic acid were added dropwise with
stirring and cooling. Ice bath was removed, and the reaction
mixture was heated at 115°C for 2 h. The cooled solution was
added dropwise to an ice-water mixture. The solid product was
separated by vacuum filtration, washed with cold water and
dried at room temperature.

General procedure for synthesis of sulfonamides 4, 5, S8a-c.
One gram of 3 or 7 and 2.2 equivalents of triethylamine were
dissolved in 20 ml of THF, dioxane or ethyl acetate, then 2.2
equivalents of the amines a-c were added dropwise with stir-
ring at room temperature for 1 to 24 h. Sulfonamides were
purified by open column chromatography using a silica gel 60
(0.063-0.200 mm) column (Merck KGaA), with dimensions of
3 cm in diameter and 50 cm in height. The mobile phase was
passed through the column at a flow rate of 2 ml/min, using
ethyl acetate-hexane mixtures as eluent. Spectroscopic data
was presented in Table SI.

Ethyl 2-oxo-2H-chromen-3-carboxylate (2). White crystals,
yield 72%, m.p. 88-90°C. IR (cm™) v (C=0) 1760, v (C=0)
1672. '"H-NMR (CDCl,), 8 (ppm): 8.53 (1H, s, H-4), 7.63 (1H,
dd, *J=7.3 Hz, H-7) 7.62 (1H, d, *J=8.2 Hz, H-5), 7.35 (IH,
d, *J=7.8, H-8), 7.34 (1H, dd, *J=7.6 Hz H-6), 4.40 (2H, q,
3J=1.2 Hz, H-12), 1.35 (3H, t, *J=7.2 Hz, H-13). *C-NMR
(CDCly), & (ppm): 163.0 (C-11), 156.6 (C-2), 155.1 (C-9),
148.4 (C-4), 134.3 (C-7), 129.5 (C-5), 124.8 (C-6), 118.3
(C-10), 117.8 (C-3), 116.6 (C-8), 61.8 (C-12), 14.1 (C-13). E.
A. C,H,,0, (%) Found: C (66.27), H (4.76); Calculated: C
(66.05), H (4.62).

6-(Chlorosulfonyl)-2-oxo-2H-chromen-3-carboxylic acid (3).
White solid, yield 72%, m.p. 96-99°C. IR (cm™) v (C=0) 1731,
v (C=0) 1692, v (S=0) 1174. "H-NMR (DMSO-d,): & (ppm):
8.77 (1H,s,H-4),8.13 (1H,d, *J=2.0 Hz,H-5),7.91-7.88 (2H, m,
H-7, H-8). "C-NMR (DMSO-dy), 8 (ppm): 164.3 (C-11), 157.2
(C-2), 155.0 (C-9), 148.5 (C-4), 1434 (C-6), 131.8 (C-7), 1274
(C-5), 119.1 (C-10), 117.6 (C-3), 116.7 (C-8). E. A. C,,HCIOS.
10H,0 (%) Found: C (26.09), H (5.58); Calculated: C (41.61),
H (1.75).

2-0x0-N-phenyl-6-(phenylsulfamoyl)-2H-chromen-3-car
boxamide (4a). White solid, yield 20%, m.p. 233-235°C. IR
(cm™) v (N-H) 3200, v (C=0) 1703, v (C=0) 1662, v (S=0)
1150. 'H-NMR (DMSO-dy), 6 (ppm): 8.93 (1H, s, H-4), 8.47
(1H, d, *J=2.3 Hz, H-5), 8.03 (1H, dd, *J=7.1 Hz, *J=2.3 Hz,
H-7),7.71 (1H,d,*J=7.1 Hz, H-8), 7.72-7.02 (10H, m, H-13-15,
H-17-19). BC-NMR (DMSO-d), 6 (ppm): 160.1 (C-11), 159.8
(C-2), 156.36 (C-9), 146.3 (C-4), 138.7 (C-12), 137.9 (C-6),
136.7 (C-16), 131.7 (C-7), 129.7, 129.5 (C-14, C-18), 129.6
(C-5), 1249, 124.8 (C-15, C-19), 122.7 (C-3), 120.8, 120.3
(C-13,C-17), 119.0 (C-10), 118.1 (C-8). E. A. C,,H;(N,OsS (%)
Found: C (62.98), H (3.92), N (6.52); Calculated: C (62.85),H
(3.84), N (6.66).

2-0x0-N-(2-phenylethyl)-6-[(2-phenylethyl)sulfamoyl]-2H-
chromene-3-carboxamide (4c). White solid, yield 22%, m.p.
192-194°C. IR (cm™) v (N-H) 3331, v (C=0) 1710, v (C=0)
1655, v (S=0) 1152. '"H-NMR (CDCl,), 6 (ppm): 8.89 (1H, s,
H-4), 873 (1H, t, NH), 8.1 (1H, d, *J=2.1 Hz, H-5), 8.01 (1H,
dd, 3J=7.6 Hz, *J=2.2 Hz, H-7), 747 (1H, d, *J=7.6 Hz, H-8),
7.37-7.08 (10H, m, H-15-17, H-21-23), 3.76 (2H, dd, 3J=6.6
Hz, H-12), 3.31 (2H, dd, *J=6.5 Hz, H-18),2.97 (2H, t, *J=7.2
Hz, H-13), 2.82 (2H, t, *J=6.7 Hz, H-19).*C-NMR (CDCl,),
d (ppm): 160.5 (C-11), 160.2 (C-2), 156.2 (C-9), 147.1 (C-4),
138.5 (C-14), 1374 (C-6), 137.3 (C-20), 131.7 (C-7), 128.9,
128.7, 128.6, 128.5 (C-15-16, C-21-22), 128.8 (C-5), 128.7
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Figure 1. Structure of representative histone deacetylase inhibitors.

(C-17), 128.6 (C-23), 120.1 (C-3), 118.6 (C-10), 117.6 (C-8).
E. A. C,sH,,N,0,S (%) Found: C (66.03), H (5.36), N (5.83);
Calculated: C (65.53), H (5.08), N (5.88).

N-benzyl-3-[(E)-(benzylimino)methyl]-4-hydroxybenzene-1-
sulfonamide (5). Yellow crystals, yield 52%, m.p.
156-158°C. IR (cm™) v (N-H) 3248, v (C=N) 1628, v (S=0)
1153. '"H-NMR (CDCl;), 6 (ppm): 8.39 (1H, s, H-4), 7.80
(1H, d, *J=2.4 Hz, H-5), 7.77 (1H, dd, *J=8.8 Hz, ‘J=2.4
Hz, H-7) 7.42-7.20 (10H, m, H-13-15, H-18-20) 7.04 (1H,
d, 3J=8.8 Hz, H-8), 4.83 (2H, s, H-11) 4.14 (2H, d, *J=6.2
Hz, H-16).*C-NMR (CDCl;), 8 (ppm): 166.2 (C-9), 164.5
(C-4), 136.9 (C-17), 136.2 (C-12), 134.9 (C-6), 131.6 (C-5),
131.1 (C-7),129.3,128.9, 128.7, 128.0, 127.9, 127.8 (C-13-15,
C-18-20), 118.5 (C-8), 117.9 (C-16). E. A. C,;H,,N,O,S (%)
Found: C (66.56), H (5.68), N (7.22); Calculated: C (66.29),
H (5.29), N (7.36).

3-Benzoyl-2H-chromen-2-one (6). White crystals, yield
1%, m.p. 134-136°C. IR (cm™) v (C=0) 1717, v (C=0) 1656.
'H-NMR (CDCl,), & (ppm): 8.11 (1H, s, H-4), 791 (2H, dd,
3J=7.1,%J=1.6 Hz, H-13), 7.70-7.64 (2H, m, H-7, H-15), 7.63
(1H,d,*J=7.6 H-5),7.51 (2H, dd, *J=7.8 Hz, H-14), 7.44 (1H, d,
*J=8.3 H-8), 7.38 (1H, dd, *J=7.4, H-6). *C-NMR (CDCl,), 6
(ppm): 191.6 (C-11), 158.3 (C-2), 154.8 (C-9), 145.3 (C-4), 136.2
(C-12), 133.8 (C-5), 133.6 (C-15), 129.5 (C-13), 129.1 (C-7),
128.6 (C-14), 127.1 (C-3), 124.9 (C-6), 118.2 (C-10), 116.9 (C-8).
E. A. CiH,,O;5 (%) Found: C (76.43), H (4.11); Calculated: C
(76.79), H (4.03).

3-[3-(Chlorosulfonyl)benzoyl]-2-oxo-2H-chromen-6-sul
fonyl chloride (7). White solid, yield 85%, m.p. 75-78°C.
IR (cm) v (C=0) 1743, v (C=0) 1665, v (S=0) 1167.
"H-NMR (DMSO-d,), & (ppm): 8.53 (1H, s, H-4), 8.10 (1H,
d,*J=2.0 Hz, H-5), 8.08 (1H, dd, *J=1.6 Hz, H-13),7.92 (1H,
dd, 3J=8.0 Hz, “*J=2.0 Hz, H-15), 7.90 (2H, dd, *J=7.7 Hz,
4J=1.6 Hz, H-7, H-15), 7.52 (1H, dd, *J=7.8 Hz, H-16), 7.46
(IH, d, *J=8.6 Hz, H-8). *C-NMR (DMSO-d;), 6 (ppm):
191.1 (C-11), 158.4 (C-2), 154.4 (C-9), 149.0 (C-14), 146.0

(C-4), 145.4 (C-6), 136.1 (C-12), 131.4 (C-17), 131.2 (C15),
130.7 (C-7), 128.9 (C-16), 127.1 (C-13), 126.8 (C-3), 126.1
(C-5), 117.8 (C-10), 116.4 (C-8). E. A. C,(H,Cl,0,S,. 10H,O
(%) Found: C (30.68), H (4.58); Calculated: C (42.97),
H (1.80).

2-oxo-N-phenyl-3-[3-(phenylsulfamoyl)benzoyl]-2H-chromene-6-
sulfonamide (8a). Brown solid, yield 25%, m.p. 94-96°C. IR
(cm™) v (N-H) 3237, v (C=0) 1723, v (C=0) 1669, v (S=0)
1151. '"H-NMR (DMSO-dy), 6 (ppm): 8.54 (1H, s H-4), 8.33
(1H, d, *J=2.3 Hz, H-5), 8.22 (IH, dd, *J=1.6 Hz, H-13), 8.17
(1H, dd, *J=7.8 Hz, *J=1.6 Hz, H-17), 8.05 (1H, dd, *J=7.3 Hz,
4J=2.3 Hz, H-7), 8.01 (1H, dd, *J=7.8 Hz, *J=1.7 Hz, H-15),
7.69 (1H, dd, *J=7.8 Hz, H-16), 7.68 (1H, d, *J=7.3 Hz, H-8),
7.26-7.0 (10H, m, H-19-21, H-23-25). *C-NMR (DMSO-dy), 6
(ppm): 190.6 (C-11), 157.7 (C-2), 156.9 (C-9), 145.8 (C-4), 140.8
(C-12), 137.6, 137.6 (C-18, C-22), 137.0 (C-6), 136.4 (C-14),
134.2 (C-17), 131.8, 131.7 (C-7,C-15), 130.5 (C-16), 129.8, 129.7
(C-20,C-24), 1294 (C-5),127.4 (C-13),127.3 (C-3),125.0, 1249
(C-21, C-25), 121.1, 120.8 (C-19, C-23), 118.9 (C-10), 118.3
(C-8). E. A. C,4H,,N,0,S, (%) Found: C (60.14), H (3.93), N
(5.11); Calculated: C (59.99), H (3.59), N (4.99).

N-benzyl-3-[3-(benzylsulfamoyl)benzoyl]-2-oxo-2H-chromene-6-
sulfonamide (8b). White crystals, yield 42%, m.p. 168-170°C.
IR (cm™) v (N-H) 3305, v (C=0) 1722, v (C=0) 1676, v (S=0)
1153. 'TH-NMR (DMSO-dy), 6 (ppm): 8.98 (1H, s H-4), 8.85
(1H, dd, *J=1.7 Hz, H-13), 8.79 (1H, d, *J=2.2 Hz, H-5), 8.69
(1H, dd, *J=7.8 Hz, *J=2.3 Hz, H-17), 8.62-8.60 (2H, m, H-7,
H-15), 8.22 (1H, dd, 3J=7.8 Hz, H-16), 8.05 (1H, d, *J=8.7 Hz,
H-8),7.74-7.68 (10H, m, H-20-22, H-25-27),4.66 (4H,d,*J=6.0
Hz, H-18, H-23). *C-NMR (DMSO-dy), & (ppm): 190.5 (C-11),
157.7 (C-2), 157.2 (C-9), 145.5 (C-4), 142.5 (C-12), 138 4 (C-6),
137.7, 137.7 (C-19, C-24), 136.6 (C-14), 133.4 (C-17), 132.0,
132.0 (C-7,C-15), 130.1 (C-16), 129.5 (C-5), 128.8, 128.4, 128.3,
127.9, 127.8 (C-20-22, C-25-27), 128.0 (C-3), 127.8 (C-13),
118.9 (C-10), 118.0 (C-8),47.3 (C-18,C-23). E. A. C;,H,,N,0,S,
(%) Found: C (61.58), H (4.29), N (4.85); Calculated: C (61.21),
H (4.11), N (4.76).
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2-0x0-N-(2-phenylethyl)-3-{3-[(2-phenylethyl)sulfamoyl]
benzoyl}-2H-chromene-6-sulfonamide (8c). Brown solid,
yield 22%, m.p. 78-80°C. IR (cm™) v (N-H) 3274, v (C=0)
1724, v (C=0) 1667, v (S=0) 1148. 'H-NMR (DMSO-d;):
d (ppm): 8.98 (1H, s H-4), 8.85 (1H, s, H-13), 8.78 (1H, d,
4J=1.9 Hz, H-5), 8.68 (1H, dd, *J=7.8 Hz, *J=1.6 Hz, H-17),
8.60 (2H, dd, *J=7.4 Hz, *J=2.0 Hz, H-7, H-15), 8.21 (1H, dd,
3J=1.8 Hz, H-16), 8.05 (1H, d, *J=7.4 Hz, H-8), 7.70-7.61 (10H,
m, H-21-23, H-27-29), 3.73-3.65 (4H, m, H-18, H-24) 3.29-3.24
(4H, m, H-19, H-25). *C-NMR (DMSO-d;), 6 (ppm): 190.6
(C-11), 1579 (C-2), 157.3 (C-9), 145.9 (C-4), 142.3 (C-12), 139.1,
139.0 (C-20, C-26), 138.1 (C-6), 137.7 (C-14), 133.5 (C-17),
131.9,131.9 (C-7,C-15), 130.2 (C-16), 129.4 (C-5), 129.2,129.2,
128.8,126.8 (C-21-23,C-27-29), 128.0 (C-3), 127.7 (C-13), 119.1
(C-10), 118.0 (C-8), 45.0, 44.9 (C-18, C-24), 36.2 (C-19, C-25).
E. A. C;,H,N,0,S, (%) Found: C (62.78), H (4.94), N (4.62);
Calculated: C (62.32), H (4.58), N (4.54).

Molecular docking. Molecular docking was performed using
the AutoDock Vina tool implemented in UCSF Chimera
version 1.16 (www.cgl.ucsf.edu/chimera). 3D structures of
the test compounds were constructed using Maestro version
13.3 (Schrodinger, Inc.). The protein structure of HDAC was
retrieved from the Protein Data Bank (https:/www.rcsb.org/)
with the accession code SEDU. All water molecules and also
the co-crystallized ligands were removed from the crystal-
lographic structure. The grid box was defined surrounding the
co-crystallized ligand trichostatin A (TSA) within the HDAC6
active site. The grid box size was set at 20 A, 20 A, and 20
A (x, y and z). In all simulations, the ligands were flexible,
and the protein remained static. 2D protein-ligand interaction
diagrams were generated through Maestro. Validation was
performed using AutoDock Vina tool in UCSF Chimera 1.16
by redocking the co-crystallized ligand TSA. The 3D structure
of TSA was built through Maestro 13.3 and docked within the
active site of HDAC6 (SEDU). The grid box was centered at
the crystallographic coordinates of the co-crystallized ligand,
and the grid box size was set at 20 A, 20 A, and 20 A. This
validation was carried out based on important interactions.

In vitro assays

Cell culture. A total of three cell lines were used to evaluate
the synthesized compounds: The human TNBC cell line
MDA-MB-231 (cat. no. HTB-26), the human BC cell line
MCEF-7 (cat. no. HTB-22) and the NITH/3T3 mouse fibroblast
cell line. MCF-7 and MDA-MB-231 BC cell lines were
obtained from the American Type Culture Collection. The
MDA-MB-231 and MCF-7 BC cell lines were selected for the
present study due to their well-documented characteristics.
MDA-MB-231 is a TNBC cell line known for its aggressive
and invasive properties, representing a challenging subtype of
BC. By contrast, MCF-7 is an estrogen receptor-positive cell
line that is less aggressive and more responsive to hormone
therapy.

The NIH/3T3 cell line was obtained from the Parasitology
Laboratory, Faculty of Medicine, Public Health, and Nursing
(FKKMK), University Gadjah Mada (Sleman, Indonesia).
This cell line is widely used to assess cellular mechanisms
and was chosen to provide a baseline for comparing the effects
of the synthesized compounds. Given that HDACG6 inhibition

has been shown to reverse metastatic traits and restore normal
cellular organization in cancer cells, NIH/3T3 cells, which do
not exhibit these malignancy-associated traits, offer a valu-
able control. NIH/3T3 cells were included as non-malignant
controls. All of them were cultured in Dulbecco's modified
Eagle's Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS, Biowest; https://biowest.net/) and 1%
antibiotic-antifungal (penicillin G, sodium salt and 1% strep-
tomycin sulfate). Cell cultures were incubated at 37°C under
a 5% CO, and 95% air atmosphere; PBS-Trypsin-EDTA
solution was used to detach the cells when their confluency
was up to 80%, and cells were seeded in a 96-plate well with
10x10° cells in each well. After 24 h, the medium was replaced
by compounds at concentrations of 6.25, 12.5, 25, 50 and
100 M, previously dissolved in DMSO (0.1%). For manipula-
tion and visualization, a biosafety level 2 vertical laminar flow
cabinet (NUAIRE A2 NU-543-400) and an inverted binocular
microscope (MOTIC AE-20) were used, respectively.

Viability assay. Cells were seeded in a tissue culture
(TC)-treated 96-well flat-bottom microplate (Corning, Inc.)
at a density of 1x10* cells/well in supplemented DMEM-HG
and incubated for 24 h. Afterward, the medium was removed,
replaced with the treatments previous described in a final
volume of 100 pl/well, and the cells were incubated for 48 h in
a 5% CO, atmosphere at 37°C. At the end, the treatments were
removed and replaced with 100 ul/well 1X Alamar Blue™
Cell Viability Assay Reagent (MilliporeSigma) in phenol
red-free medium for 4 h. The optical density was measured
on a microplate reader (iMark; Bio-Rad Laboratories, Inc.)
at a wavelength of 570-600 nm for excitation-emission. The
percentage of cytotoxicity was calculated as: 100-[(experi-
mental OD value-blank OD value)/(control OD value-blank
OD value) x100%]. Cisplatin (58.32 yuM), doxorrubicin (2 uM)
and belinostat (40 xM) (MilliporeSigma) were used as positive
controls. The compounds 4a, ¢, 5, and8a-c were evaluated at
a concentration of 40 M.

Isolation of lymphocytes from human peripheral blood
and cell viability test. The methodology for isolation of
lymphocytes from human peripheral blood and cell viability
test was performed according to the methodology of
Calderén-Segura et al (20) and Herndndez-Fuentes ef al (21)
with slight modifications. A total of 20 ml of heparinized
venous blood from three healthy volunteer donors was centri-
fuged at 500 x g for 20 min at room temperature (22-25°C).
The resulting cellular layer was diluted 1:1 with HBSS, layered
over Ficoll-Paque, and centrifuged at 250 x g for 10 min
at room temperature (22-25°C). Lymphocytes were then
collected, washed twice in RPMI-1640 medium (Biowest, Inc.)
by centrifugation at 250 x g at room temperature (22-25°C)
for 10 min, and resuspended in RPMI-1640 medium (37°C)
supplemented with 1% penicillin/streptomycin. The lympho-
cyte pellet was immediately assessed for cellular viability
using a Neubauer chamber. Cell viability was determined
before and after treatments using the trypan blue exclusion
method, where trypan blue penetrates the damaged membrane
of dead cells and stains the nucleus. A mixture of 10 pl of cell
pellet and 10 pl of trypan blue was incubated for 3 min, and
then the number of dead cells out of 100 consecutive cells was
counted in duplicate (20,21). The compounds (4a, c, 5, 8a-c)
and belinostat were evaluated at a concentration of 40 yM.
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All experiments were performed in triplicate in independent
assays.

The present study was approved by the Ethics Committee
of the Clinical Research Center of the National Cancer Institute
(approval no. CEICANCL23062023-DISULFA-21; Colima,
Mexico). Cells were isolated from three healthy male volun-
teer donors, all of whom provided oral informed consent for
the collection of their samples. The donors were aged between
26-27 years, with no history of drug use or medication intake
72 h prior to the sample collection.

Statistical analysis. The results are presented as the
mean + standard deviations (SD). In the viability assay, the
data represent the mean of three independent experiments
with 10 replicates per experiment. Group differences were
evaluated using the Kruskal-Wallis statistical test, followed by
a Dunn's post hoc test for multiple comparisons. All statistical
analyses were conducted using SPSS Statistics 20 software
(IBM Corp.). Statistically significant difference is denoted
by the corresponding symbols in the figures for P<0.05, were
necessary.

Results and Discussion

Design features of 3-carboxy-coumarin sulfonamides. The
general pharmacophore model for the HDAC inhibitors essen-
tially consists in three parts: i) A cap group, a hydrophobic
region that interacts with the external domain of the enzyme;
ii) a zinc binding group (ZBG) that coordinates the zinc ion in
the active site of the enzyme; and iii) a linker, a semi-flexible
chain (generally a six carbon unsaturated chain) that connects
the cap group and the ZBG and set them in within the binding
site for interactions (22-24).

Hydroxamate is the most common ZBG for its strong
binding affinity with metal ions; however, this feature leads to
lack of selectivity, binding to multiple metalloenzymes, gener-
ating side effects, besides being metabolically unstable (25,26).
Additionally, numerous other studies have reported
non-hydroxamate inhibitors with significant in vitro activity
over HDACs (27-29). On the other hand, numerous studies
indicated that HDAC6 active site cavity is wider and shal-
lower than other isoforms, allowing to accommodate bulkier
molecules (30-32). Moreover, aromatic moieties are useful
for increasing affinity and selectivity for HDAC6 (33,34). In
this context, the coumarin scaffold was incorporated on the
linker region (Fig. 2), maintaining the sulfonamide moiety,
the aromatic central ring and the o,p-unsaturated system of
belinostat; and the hydroxamate moiety was replaced by the
same aromatic substituents used in the cap group.

Chemistry. The synthesis of the designed sulfonamides 4a, c,
5 and 8a-c is demonstrated in Fig. 3. This approach includes
a three-step reaction sequence. Coumarins (2,6) were synthe-
sized by the Knoevenagel condensation of salicylaldehyde
with the corresponding ketone in accordance with previously
described methods (35,36). Chlorosulfonation of 2 and 6 was
carried out without solvent, with a large excess of chlorosul-
fonic acid and under reflux to provide sulfonyl chlorides 3
and 7 in favorable yields. The treatment of sulfonyl chloride
3 with aniline or/and phenethylamine provided sulfonamides
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Table 1. Selected chemical shifts in ppm ('H-NMR/"*C-NMR)
for compounds 2-8c in CDCl; or DMSO-d, at 400 MHz.

Compound H-4 C-6 NH, NH,
22 8.53 124.8 -
6° 8.11 124.9
30 8.77 1434
7° 8.53 1454
4a° 8.93 1379 10.68 10.54
4c? 8.89 1374 4.60 8.73
5° - 1349 4.83 -
8aP 8.54 137.0 10.52 10.40
8b° 8.98 1384 7.62 7.62
8ct 8.98 138.1 723 7.28
*CDCl,; "DMSO-d.
CAP LINKER ZBG
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O o0 (0]
\V
@\N S A " LOH
H H
Belinostat
(0] O
R \\‘//O R
\N/‘S \ N/
H H
(0] O
4a,c
\\ // \\ //
h L O 24
8a—

Figure 2. Design of 3-carboxy-coumarin sulfonamides (compounds 4a, 5,
8b, 8¢, 4c and 8a).

4a, ¢ meanwhile with benzylamine provided 5 probably
due to steric effects. On the other hand, treatment of 7 with
the corresponding amines provided sulfonamides 8a-c. All
sulfonamides were obtained at room temperature in the
presence of triethylamine as a base.

In the '"H NMR spectra the H-4 signal indicated the forma-
tion of coumarins (2,6), observed as the most de-shielded
signal due to the intramolecular hydrogen bond with the
O-carbonyl as previously reported by Garcia-Béez er al (37).
H-4 appeared in 8.53 ppm in compound 2 and shifted
to higher frequencies in the 8.89-8.93 ppm range due to
amide formation in 4a, ¢; meanwhile it shifted from 8.11
ppm in compound 6 to 8.54-8.98 ppm in sulfonamides 8a-c
(Table I). The chemical shifts of sulfonamide N-H proton
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Figure 3. Scheme of synthesis of 3-carboxy-coumarin sulfonamides 4a, ¢, 5 and 8a-c. Reagents and conditions: i) Diethyl malonate/ethyl benzoylacetate,
piperidine, EtOH, reflux 24 h; ii) HSO,Cl, reflux 2 h; iii) amines (a, b, ¢), Et;N, THF, stirring 1-24 h, room temperature.

varied according to the amine residue; the N-H signals were
observed in the 4.60-7.62 ppm range with the alkylamines
benzylamine and phenylethylamine (compounds 4c, 5, 8b-c),
whereas with aniline (compounds 4a, 8a) the N-H appeared in
the 10.40-10.68 ppm range. The amidic N-H proton appeared
in 8.73-10.54 ppm range in compounds 4a, c. The aromatic
protons appeared as expected in the region 7.34-7.63 ppm for
2 and 6, 7.52-8.13 ppm for 3 and 7, and 7.69-8.79 ppm for
4a-8c (Table SI).

The C NMR spectra C-6 carbon was de-shielded from
124.8-124.9 ppm range in compounds 2 and 7 to 143.4-145.4
ppm range in compounds 3 and 7 after chlorosulfonation
reaction occurred; meanwhile in the sulfonamides 4a, c, 5,
8a-c it was observed in the 134.9-138.4 ppm range due to the
electron-donor effect of the amines. The IR spectra (Figs. S1
and S2) showed four characteristic stretching absorption bands
at 3331-3200, 1760-1703, 1692-1656 and 1174-1151 cm™ corre-
sponding to sulfonamide N-H, exocyclic C=0, lactonic C=0
and S=0, respectively.

Molecular docking. To determine the possible interaction
mode between the synthesized compounds (4a, c, 5 and
8a-c) and the HDACS6 catalytic site, molecular docking was
performed using a validated molecular program (Chimera
1.16). Validation of the method was performed by redocking
the co-crystallized ligand TSA where coordination with zinc
ion of HDACG in a bidentate fashion was observed (Fig. S3).
The molecular docking studies showed that all ligands reached
the catalytic binding site of HDAC6.

Free binding energies AG (kcal/mol) are listed in Table II.
AG values are in the -6.9 to -8.7 kcal/mol range, close to
the value obtained for the reference compound, belinostat
(-8.3 kcal/mol). Compounds 8a-c,having an additional aromatic
ring, exhibit the most favorable AG values, being close or even
higher than belinostat in some cases. This is consistent with
previous studies suggesting that the HDAC6 catalytic cavity is

wider than other isoforms, thus bulky aromatic rings are well
tolerated in the molecule design (38).

All ligands interact with Ser 568, Phe 620, Hid 651, Phe
679 and Phe 680 amino acid residues (Fig. 4), which are
common interactions among the HDACG6 inhibitors (39-42).
These interactions are similar to those found in belinostat (Gly
619, Hid 651, Phe 679 and Phe 680) where the main difference
is that in ligands 4a, c, 5, 8a-c no coordination with the zinc
ion is observed which can be explained by the absence of a
traditional ZBG as N-OH in these ligands. As can be observed,
hydrogen bonding is formed between sulfonamide N-H of
compound 8a and Ser568; meanwhile, the N-R-phenyl moiety
of all ligands is involved in ;-7 interactions with the aromatic
residues surrounding the HDACH6 cavity.

In vitro evaluation. In a preliminary study, the cytotoxic effi-
cacy of six newly synthesized compounds was evaluated in the
MDA-MB-231 cell line, alongside three control agents-belino-
stat, cisplatin and doxorubicin. The compounds, which share
structural similarities with belinostat, were tested to deter-
mine their comparative effectiveness. Belinostat, tested at a
concentration of 40 uM, served as a direct comparator given
its structural relevance. The well-established chemotherapy
agents, cisplatin at 58.32 yM and doxorubicin at 2 yM, known
for their potent cytotoxic effects in this cell line, served as
benchmarks. The evaluation included compounds labeled as
4a, 5, 8b, 8c, 4c and 8a.

The results, shown in Fig. 5, highlight the cytotoxic
activities (expressed as percentages) of the compounds tested.
Compounds 4a, 5, 8c, 4c and 8a exhibited lower cytotoxic
activity levels, though comparable to that of doxorubicin. It
is important to emphasize that, although the mean inhibi-
tion percentages were slightly lower, only compounds 4
and 4c showed statistically significant differences when
compared individually to doxorubicin (P<0.05, for both
comparisons). The other compounds (5, 8b, 8c and 8a) did
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Figure 4. 2D representation of the interactions of compounds (A) 4a, (B) 4¢c, (C) 5, (D) 8a, (E) 8b and (F) 8c with the HDACH catalytic site. Pink color represents
the hydrogen bond interaction and green color represents the -7 interaction.
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Figure 5. (A) Preliminary evaluation of cytotoxic activity of 3-carboxy-coumarin sulfonamides (compounds 4a, 5, 8b, 8c, 4c and 8a) at 40 uM in MDA-MB-231
cell line, compared with standard chemotherapeutic agents belinostat (40 xM), doxorubicin (2 yM) and cisplatin (58.32 uM). (B) Evaluation of leukocyte
viability after exposure to compounds 4a, 5, 8b, 8c, 4c and 8a and belinostat at 40 zM. Data are presented as the mean + SD. All assays were performed in
triplicate. “P<0.05 vs. belinostat; *P<0.05 vs. doxorrubicin; *P<0.05 vs. cisplatin.
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Table II. Binding energies AG (kcal/mol) of molecules docked
into the active site of histone deacetylase 6.

Compounds AG (Kcal/mol)
4a -74
4c -6.9
5 -12
8a -8.7
8b -8.3
8c -79
Belinostat -8.3

not present statistically significant differences (P>0.05, for all
comparisons) under the conditions of the analysis performed.
Regarding cisplatin, another chemotherapeutic agent used
to treat this type of cancer, a similar trend was observed to
that with doxorubicin. Compounds 4a, 5, 8c, 4c and 8a exhib-
ited lower cytotoxic activity levels compared with cisplatin.
However, only compounds 4 and 4c showed statistically signif-
icant differences when individually compared with cisplatin
(P<0.05, for both comparisons). The other compounds (5, 8b,
8c and 8a) did not present statistically significant differences
(P>0.05, for all comparisons) under the conditions of the anal-
ysis performed. Notably, compound 8b exhibited a 1.12-fold
greater potency than cisplatin at comparable concentrations,
demonstrating the highest cytotoxic activity with an average
of 61.99+8.82%. This was followed by compound 8c, which
showed 46.14+1.61% cytotoxicity, and compound 8a, with
45.09+8.03%. These results highlight 8b, 8a and 8c as the most
potent compounds, prompting further detailed cytotoxicity
testing in the MDA-MB-231 cell lines.

On the other hand, under the tested conditions, belino-
stat exhibited cytotoxic activity at 64.34+2.99%. Although
belinostat is primarily used to treat other cancers, such as
peripheral T-cell lymphoma, it serves as the core structure for
the compounds examined. However, in preliminary evaluations,
compounds 4a, 5, 8c, 4c and 8a exhibited lower cytotoxicity
percentages compared with belinostat. Notably, compound 8b
showed inhibition percentages similar to those of belinostat,
without statistically significant differences (P=0.459). By
contrast, the rest of the compounds demonstrated statistically
significant differences when compared with belinostat (P<0.05,
for all comparisons). Additionally, morphological changes
were observed in MCF-7, MDA-MB-231 and NIH/3T3 cells
incubated with different concentrations of compounds 8c, 8b,
and 5 (Figs. 6-8, respectively). These changes potentially alter
the cell structure to a more spheroidal form, possibly affecting
the cytoskeleton and related proteins. However, further studies
are required to confirm these observations.

A brief structure-activity relationship analysis revealed
some structural differences that could potentially account
for the observed effects. For instance, compound 4a, which
is structurally similar to belinostat, demonstrated a cytotoxic
activity of 26.5%. This compound has a high structural
analogy to belinostat but features a coumarin system replacing
the aromatic ring (linker, Fig. 2) adjacent to the sulfonamide
group. At this point it is important to highlight the fact that the

Table III. ICs, values of compounds 5, 8b and 8c.

Compound MCEF-7 MDA-MB-231 NIH/3T3
5 718 uM 8512 uM 60+5 uM
8b 25+4 uM 1742 uM 4613 uM
8c 30+£2 uM 39+6 uM 73+6 uM

These ICs, values represent the concentrations of each compound
required to inhibit 50% of cell proliferation under the experimental
conditions used. The data are expressed as the mean =+ standard devia-
tion, indicating the cytotoxic potency of each compound in inhibiting
cell proliferation in both human breast cancer cell lines (MCF-7 and
MDA-MB-231) and a mouse fibroblast cell line (NIH/3T3). Results
for at least three independent experiments.

sulfonamide group was proposed to be important to maintain
the activity of the molecules; this last point correlates with the
results obtained in the present study (24). Additionally, this
the incorporation of a coumarin heterocycle has also been
reported to increase the cytotoxicity activity against cancer
cell lines such as MDA-MB-231 (43).

Compounds 5, 8a and 8c demonstrated cytotoxic activities
exceeding 50% at a concentration of 40 M. Dose-response
curves were obtained to determine the IC,, values of
compounds 5 and 8b-c against MCF-7, MDA-MB-231 and
3T3/NIH cells. All three compounds exhibited ICs, values in
the micromolar range (17-85 uM, Table III). Compound 8b
showed the best antiproliferative activity over both MCF-7 and
MDA-MB-231 cell lines. However, compound 8c exhibited
an improved safety profile, being less cytotoxic to normal
3T3/NIH cells and with similar IC,, values over MCF-7 and
MDA-MB-231 to those of compound 8b.

It is important to note that there are slight structural differ-
ences among these compounds that could explain their effects.
Specifically, compounds 8a-c all incorporate a coumarinic
system within their structure. However, variations exist in the
spacers (methylene groups, CH,) between the aromatic ring
and the sulfonamide-coumarin system. Compound 8a lacks
methylene spacer, while compound 8b contains one methylene,
and compound 8c has two methylene spacers. These structural
variations result in cytotoxicity percentages of 45%, 62%, and
46%, respectively, as represented in Fig. SA. These findings
suggested that the presence and number of methylene spacers
are critical factors influencing the cytotoxic activity of these
compounds. This is a significant point for discussion in future
research efforts to further elucidate the mechanism of action
and optimize the therapeutic potential of these compounds.

Regarding compound 5, it structurally differs from the
others previously discussed as it lacks the coumarinic system;
however, it still exhibits a comparable level of cytotoxicity
at 44%. A detailed analysis of its structure revealed a simi-
larity to belinostat, with a critical distinction: Compound 5
incorporates a single methylene spacer between the aromatic
ring and the sulfonyl group. This observation is noteworthy
because, as observed with compounds 8a-c, the presence and
number of methylene spacers have had a substantial impact
on cytotoxic activity. These facts have been observed in
other derivatives of compounds with HDAC activity, such
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Figure 6. Morphological changes (magnification, x10) in MCF-7, MDA-MB-231 and NIH/3T3 incubated with different concentrations of compound 5.

as belinostat, where an increase in the spacer length is ulti-  methylene spacer and a sulfonamide group, could be a key
mately detrimental to cytotoxic activity (44). This similarity  structural motif for modulating the biological activity in these
raises the possibility that the phenyl ring, combined with a  kinds of molecules. However, further research is required
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NIH/3T3

Figure 7. Morphological changes (magnification, x10) in MCF-7, MDA-MB-231 and NIH/3T3 incubated with different concentrations of compound 8b.

to delve deeper into this structural feature, exploring how
it influences efficacy and could potentially be optimized for
therapeutic use in cancer treatment.

In the present study, it was observed that the belinostat
derivatives have significant effects on BC cell lines, but further
research is needed to fully elucidate their mechanisms of
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Figure 8. Morphological changes (magnification, x10) in MCF-7, MDA-MB-231 and NIH/3T3 incubated with different concentrations of compound 8c.

action. HDAC6 plays a critical role in BC (45), as it is involved ~ deacetylates HMGN?2 to regulate STAT5a activity and BC
in the invasive behavior of tumor cells and impacts the epithe-  growth (46). Clinical trials have identified that HDAC6 mRNA
lial organization of HER2-positive BC cells. HDAC6 also  expression levels can be a prognostic factor and marker of
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endocrine responsiveness; patients with HDAC6-positive BC
have longer progression-free survival and increased overall
survival (46). It is noteworthy that a previous study found that
HDAC4, 6, and 8 levels are higher in MDA-MB-231 cells
compared with MCF-7 cells (47). This finding aligns with the
results of the present study, where the MDA-MB-231 cell line
revealed different sensitivities to the compounds compared
with MCEF-7 cells (Tables II and III). The observed variations
in ICs, values for the compounds across these cell lines can
be partially attributed to the differential expression levels of
HDAC:S. Further exploration of these differences, along with
comprehensive physiological, toxicological and morphophysi-
ological evaluations, will be crucial in understanding the full
impact of these belinostat derivatives and their potential as
therapeutic agents.

Additionally, an experiment was conducted where leuko-
cytes from healthy patients were exposed to the synthesized
compounds (4a, 5, 8b, 8c, 4c and 8a) at 40 uM, with belinostat
used as a reference (structural core of the compounds). The
results indicated that while these compounds demonstrated
cytotoxic activity against cancer cell lines, some exhibited
slight cytotoxic effects on healthy cells. One compound that
demonstrated particularly strong effects was 4a, which exhib-
ited cytotoxic activity of ~84%, making it at least 1.95-fold more
cytotoxic than belinostat, with a statistically significant differ-
ence (P<0.05), indicating its non-selective cytotoxicity across
both cancerous and healthy cells. By contrast, compounds 5,
8b, 8c, 4¢ and 8a exhibited higher viability in leukocytes, with
percentages ranging from 73-87%, demonstrating 3-4-fold
lower potency than belinostat against healthy cells. Despite this,
these compounds maintained strong cytotoxic effects against
MDA-MB-231 cancer cells, with statistically significant differ-
ences (P<0.05, for all comparisons) compared with belinostat.
Considering all the aforementioned information, it could be
possibly suggested that these compounds may have similar
mechanisms of action that allow for selective cytotoxic effects,
impacting cancer cells more than healthy cells. The variations
in their effects on leukocytes could be related to differences in
their chemical structures, such as the presence of methylene
spacers and the coumarin system, which might influence their
affinity for specific molecular targets. Compound 4a's broad
cytotoxicity, while potent, may lack this selectivity, making it
less ideal for therapeutic applications where sparing healthy
cells is crucial. By contrast, the other compounds' ability to
reduce cancer cell viability while preserving a significant
proportion of healthy leukocytes suggests a more favorable
therapeutic profile, likely due to more selective interactions
with their targets. Although this compound appears to exert
considerable activity on leukocytes, it would be important
in future studies to evaluate its potential in hematological
cancer cell lines, as well as to explore other cell lines to fully
understand its therapeutic potential.

However, the broad cytotoxicity of compound 4a, while
potent, raises the question of whether its mechanism of action
could involve pathways beyond HDAC inhibition (45,46),
possibly affecting other cellular targets. To further understand
the potential therapeutic application of these compounds, it
would be interesting to explore whether the observed loss of
viability is driven by apoptotic or necrotic mechanisms, as this
could significantly influence their safety profile. Additionally,

investigating whether these compounds impact other
molecular pathways apart from HDACs could reveal broader
implications for their use in cancer treatment. These questions
highlight the need for more detailed studies to elucidate the
precise mechanisms at play and to assess the full therapeutic
potential of these compounds.

It is important to acknowledge the limitations of the
present study. While various BC cell lines were considered,
such as MDA-MB-231 and MCF-7, to enhance the generaliz-
ability of the present findings across different BC subtypes,
these specific cell lines were chosen due to their distinct levels
of HDACSG, a critical factor in the activity of the compounds
studied. Although other BC cell lines could be relevant for
similar research, the comparison against HDACG6 levels in
MDA-MB-231 and MCF-7 cells was central to the focus of the
current study. In future research, the authors plan to evaluate
additional BC cell lines, including MCF-10A, which is widely
used as a model in toxicity studies due to its structural simi-
larity to the normal human mammary epithelium (48.,49),
to provide a more comprehensive understanding of the
compounds' effects.

Another point to discuss is the choice of chemotherapeutics
employed. Additionally, cell cycle flow cytometric analysis
will be also included in future experiments to evaluate HDAC
inhibitors, including the belinostat derivatives. This additional
analysis will help to understand the mechanisms by which these
compounds affect cell cycle regulation and include detailed
evaluations of physiological, toxicological and morphophysi-
ological parameters.

The primary goal of the present study was to assess
whether the belinostat derivatives could enhance biological
activity compared with existing chemotherapeutic agents.
To this end, belinostat, doxorubicin and cisplatin were used
in our experiments. Belinostat served as a reference for
comparing the biological effects of the derivatives, doxoru-
bicin was included as a standard compound commonly used in
Mexico (50,51), and cisplatin was selected due to its extensive
use and demonstrated efficacy in numerous studies (52,53),
particularly in the context of BC treatments in Mexico (50).
Future experiments will also aim to evaluate the effects of
other chemotherapeutics, such as carboplatin and oxaliplatin,
among others, to provide a more comprehensive overview
of the effects of belinostat derivatives and their potential to
enhance biological activity. Additionally, animal experiments
will be also considered in future studies to verify the effect of
drug action in vivo, which will help increase the reliability of
the research results.

In conclusion, the synthesis, biological evaluation
and molecular docking studies of 3-carboxy-coumarin
sulfonamides have provided compelling evidence of
their potential as effective HDAC inhibitors, particularly
targeting HDACG6. The present study revealed that struc-
tural features, such as the presence and length of methylene
spacers and the incorporation of coumarin systems, are
crucial in modulating cytotoxic activity. Molecular docking
results showed strong interactions within the HDAC6 cata-
lytic site, with aromatic - interactions playing a significant
role. These interactions not only align with the observed
cytotoxic profiles but also offer insights into further optimi-
zation of these compounds. By focusing on enhancing these
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structural elements, there is substantial potential to develop
more potent and selective HDAC inhibitors, which could
become valuable tools in cancer therapy. This comprehen-
sive approach, integrating synthesis, biological testing and
computational studies, paves the way for the rational design
of next-generation anticancer agents, ensuring both effec-
tiveness and specificity.
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