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ABSTRACT

Selective inhibition with sulphonamides of carbonic anhydrase (CA) IX reduces cell proliferation and indu-
ces apoptosis in human cancer cells. The effect on CA IX expression of seven previously synthesised sul-
phonamide inhibitors, with high affinity for CA IX, as well as their effect on the proliferation/apoptosis of
cancer/normal cell lines was investigated. Two normal and three human cancer cell lines were used.
Treatment resulted in dose- and time-dependent inhibition of the growth of various cancer cell lines. One
compound showed remarkably high toxicity towards CA IX-positive HelLa cells. The mechanisms of apop-
tosis induction were determined with Annexin-V and AO/EB staining, cleaved caspases (caspase-3, caspase-
8, caspase-9) and cleaved PARP activation, reactive oxygen species production (ROS), mitochondrial mem-
brane potential (MMP), intracellular pH (pHi), extracellular pH (pHe), lactate level and cell cycle analysis.
The autophagy induction mechanisms were also investigated. The modulation of apoptotic and autophagic
genes (Bax, Bcl-2, caspase-3, caspase-8, caspase-9, caspase-12, Beclin and LC3) was measured using real
time PCR. The positive staining using y-H2AX and AO/EB dye, showed increased cleaved caspase-3, cas-
pase-8, caspase-9, increased ROS production, MMP and enhanced mRNA expression of apoptotic genes,
suggesting that anticancer effects are also exerted through its apoptosis-inducing properties. Our results
show that such sulphonamides might have the potential as new leads for detailed investigations against
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CA IX-positive cervical cancers.

1. Introduction

The majority of current research on cancer treatments is targeted
on the development of specific methods and treatment techni-
ques. Promising results have emerged from recent studies on can-
cer treatment using carbonic anhydrase IX (CA IX) enzyme
inhibitors'. CA IX causes tumour cell growth by preventing acid-
osis associated with hypoxia through the alkalinisation of intracel-
lular pH (pHi) and an increase in metastatic activity by creating an
extracellular acidosis (pHe) environment*®. These findings show
that CA IX could be a useful therapeutic target against cancer®.
Therefore, there is significant evidence that an intervention to be
made to one or more effectors of this enzyme could have an
inhibiting effect on tumour growth”-2,

CA IX enzyme is a very well-known transmembrane enzyme
that is synthesised at a high rate in several solid cancer types and
in more limited amounts in several normal tissues. Moreover, in
several clinical studies, a clear relationship has been shown
between high levels of CA IX and a poor prognosis®®. This feature
therefore makes CA IX a clinically suitable new target for cancer
treatment'>1°,

In recently studies, various sulphonamide derivative inhibitors
of CA IX have been shown to halt cancer cell proliferation in an in
vitro environment and to be effective in the reduction of tumour

growth and have been determined to inhibit metastasis without
any nonspecific toxic effects in various tumour models*'". In add-
ition, when these types of inhibitors have been applied, especially
in conventional chemotherapy or in combination with radiother-
apy, they have been shown to inhibit the growth of various
tumours” 71>,

In a previous study, we have demonstrated the synthesis and
inhibitory activity against carbonic anhydrase isoforms |, I, IX and
Xll of some sulphonamide derivatives. In this study, the cytotoxic
effects were examined on cancer cells and normal cells of CA IX
expression of seven synthesised sulphonamide derivatives deter-
mined with the CA IX inhibitor property. In addition, by examining
the effects on cell proliferation, apoptosis and autophagy of com-
pounds showing a high cytotoxic effect, it was aimed to investi-
gate the underlying molecular mechanisms of the potential
antitumour effect of CA IX inhibitors.

2. Materials and methods

The cell culture medium (RPMI 1640), DMEM-F12, foetal bovine
serum (FBS), streptomycin and penicillin were purchased from
Gibco BRL (Life Technologies, Paisley, Scotland); WST-1 (Roche,
Germany), ROS kit (Abcam, Cambridge, UK), MPP kit, ethidium
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bromide, acridine orange, trypsin-EDTA solution and dimethyl
sulphoxide (DMSO), from Sigma Chemical Company (Germany)
and the culture plates from Nunc (Brand Products, Denmark).

2.1. Cell culture and drugs

Cancer and normal cell lines were purchased from ATCC and
stored in liquid nitrogen. HT-29 (colon adenoma cancer), Hela
(cervix adenoma cancer cell), MDA-MB-231 (breast adenoma can-
cer cell), HEK-293 (embryonic kidney epithelial cell) and PNT-1A
(normal prostate cells) cell lines were incubated in DMEM: F-12
and RPMI-1640, including 10% foetal bovine serum (FBS), 100 pg/
mL streptomycin/100 1U/mL penicillin, at 37 °C in an incubator con-
taining 5% CO,, 95% air in a humid atmosphere.

The CA inhibitor aromatic sulphonamides used in this research
were obtained according to our previous study. Briefly, the sul-
phonamide derivatives were synthesised through the reaction of
4-aminobenzenesulphonamide or 4-(2-aminoethyl) benzenesulpho-
namide with substituted aromatic aldehydes with catalytic
amounts of formic acid in methanol at the refluxing temperature
for 3-5h. All the synthesised compounds were characterised with
both analytical and spectral data. The aromatic aldehydes used in
the synthesis were 5-bromo-2-hydroxybenzaldehyde', 2-hydroxy-3-
methylbenzaldehyde®?, 4-methylbenzaldehyde®® and 4-methoxy-
benzaldehyde®’. These CA inhibitors have been shown to induce
a moderately effective, reversible inhibition of the membrane-
bound isozyme CA IX compared with traditional inhibitors. The Ki's
of the CA inhibitors and the chemical structures of the inhibitors
tested are shown in Table 1'%,

2.2. Cytotoxicity analysis

The cytotoxic effects of the substances were evaluated with WST-1
kits (Roche, Germany) in accordance with the manufacturer’s pro-
tocols. The cells were planted in 96-well plates (10* cells in each
well). After incubation for 24 h, the media were discarded and the
substances and 5-Fu as the control drug, at doses of 0, 2.5, 5, 10,
25, 50, 100 and 200 uM, were incubated for 24, 48 and 72h. WST-
1 reactive of 10 uL was added to all wells. Following 4-h incuba-
tion, the measurements were taken on a plate reader (Spectramax
M5) at wavelengths of 450 and 630 nm. Graphs were then created
and the ICsq value of each substance was calculated.

2.3. Investigation of antiproliferative effects

The effects of the substances on the proliferation of Hela cells
were investigated using a commercial proliferation kit BrdU

Table 1. Structures and K; values of compounds'®"”.
QNI
H N
R O
4 N\H/©/
n
Ry R,
R,
K; (nM)

Compound n -R; -R, -Rs  -Ry,  hCAI hCAIl hCAIX hCAXI
1 2 -OH -H -H -Br 351 413 187 397
2 2 -OH -CH; -H -H 448 619 295 1107
3 0 -OH -CH; -H -H 463 264 465 11.6
4 2 -H -H -CH; -H 308 433 123 1084
5 0 -H -H -CH; -H >50.000 469 237 9.9
6 0 -H -H -0OCH; -H >50.000 464 883 11.2
7 2 -H -H -OCH; -H 442 600 231 1045

(BioVision, Germany) according to the manufacturer’s protocols.
After 24 h, the cells were planted in 96-well plates (10* cell/mL),
the medium was replaced and the substances were administered
at doses ranging from 2.5 to 200 uM. After 72 h, the media were
discarded, 100 uL 1X of BrdU reactive was added and the samples
were incubated in an incubator, containing 5% CO,, 95% fresh air,
at 37°C for 4h. The medium was then removed, and 100 puL of
fixative/denaturation solution was added and incubated for
30min. 100puL 1X of the antibody solution BrdU was added and,
following 1-h incubation, was washed twice with 300 uL 1X of the
washing solution. 100 puL 1X of anti-mouse HRP-linked antibody
was added and incubated at room temperature for 1h. Then, the
cells were washed three times with 300 uL 1X of washing solution.
The final incubation was performed with 100 uL of TMB substrate
solution for 5min, after which the stop solution was added, and
then the reading was taken at a wavelength of 450 nm.

2.4. Apoptosis detection by Annexin-V FITC

The apoptotic effect of the substances was explored with the com-
mercial FITC Annexin-V Apoptosis Detection Kit | (BD Biosciences,
New Jersey, USA) according to the manufacturer’s protocol. The
cells were planted in 6-well plates (5 x 10° cells/well), and follow-
ing 24-h incubation, sulphonamide derivative compounds at con-
centrations of 10-25-50puM were administered, followed by
incubation for 24 h. The cells were raised by trypsin handling and
transferred into new tubes within 1X binding buffer, as 1 x 10° in
each tube, which were incubated for 15 min at room temperature.
5L of fluorochrome-conjugated Annexin-V and 5 pL of propidium
iodide dyes were then added. 100 pL 1X binding buffer was added
to the cells, and they were then centrifuged at 1200rpm, for
5 min. Finally, the cells were analysed in flow cytometry (BD Via,
New Jersey, USA).

2.5. Detection of intracellular pH (pHi), extracellular pH (pHe)
and lactate level

Intracellular PH was measured according to the protocol of the
fluorometric intracellular pH assay kit (Sigma, Germany, MAK-150).
Fluorescent BCFL-AM indicator that was able to pass through the
cell membrane was used to measure pHi fluctuations in the fluoro-
metric intracellular pH kit. BCFL-AM was utilised to measure the
reductions in pHi of the cells that had been treated by various
conditions. The cells were planted in black plates, as 6 x 10* in
each well of the plate, and incubated for 24 h. The medium was
replaced with BCFL-AM reagent which had been prepared in
100 uL of HBS solution (Hank's buffer with 20 mM HEPES, 5mM
probenecid), then the cells were incubated at 37°C in an atmos-
phere of 5% CO, for 30 min (protected from light). Sulphonamide
compound at doses of 0, 10, 25 and 50 uM was added to the HBS
solution. In the next 5min, the measurement was performed at
wavelengths of 490 nm (excitation) and 535 nm (emission) in spec-
trofluorimetry (Spectramax, M5). Extracellular pH (pHe) and lactate
levels were measured with commercial kit by the blood gas device
(ABL90 FLEX PLUS, Radiometer, Copenhagen, Denmark) which is
routinely used in the clinical biochemistry laboratory of hospital.
After the application of the substance in this method, the media
were analysed directly by the device.

2.6. Detection of intracellular ROS production

Intracellular free radicals were measured using the Cellular
Reactive Oxygen Species Detection Assay Commercial Kit (Red



Fluorescence, Abcam, Cambridge, UK, 186027). In this kit, a fluor-
escence probe that is permeable to the cell is used. When the
probe reacts with ROS, it produces red fluorescence. The process
was applied following kit protocol. The cells were planted in black
plates, as 3 x 10* in 100 pL, and incubated for 24 h. Sulphonamide
compounds in PBS were administered at doses of 0-200uM and
incubated at 37°C in an atmosphere of 5% CO, for 1h (protected
from light). After the compounds were poured out, the wells were
filled with 100 L of ROS Deep Red Working Solution and incu-
bated at 37°C in an atmosphere of 5% CO, for 1h. A fluorometry
device (Spectramax, M5) Ex/Em =650/675nm (cut off =665nm)
was used to take the measurements.

2.7. Detection of mitochondrial membrane potential (VMP)

Mitochondrial membrane potential (MMP) changes appearing in
the intrinsic pathway of mitochondria were spectrophotometrically
detected. MMP was measured in a fluorometry device
(Spectramax, M5), at wavelengths of 490nm (excitation) and
530 nm(emission) according to the fluorometric Mitochondria
Staining Kit (Sigma, Germany, CS0390) protocol.

2.8. Cell cycle assay

Cell cycle analysis was performed using BD CycletestTM Plus DNA
Reagent kit (BD Biosciences). According to the kit protocol, 1 x 108
cells were planted in 6-well plates, and following 24 h, the cells
were incubated for 24 h, with sulphonamide derivative compounds
at concentrations of 10-25-50 pM. The cells were raised with tryp-
sin handling and centrifuged at 1500 rpm for 5min. A suspension
was formed with 1X binding buffer, and respectively, 250 pL solu-
tion A was added and incubated in a light-free environment for
10 min; 200 pL solution B was added and incubated in a light-free
environment for 10min; and 200 uL solution C was added and
incubated in at +4° C in a protected-light environment for 10 min.
All analyses were performed by flow cytometry (BD Via, New
Jersey, USA).

2.9. Acridine orange and ethidium bromide (AO/EB)
staining assay

At 24h after the plating of Hela cells in 12-well plates at 5 x 10*
cell/mL, sulphonamide derivative compounds at concentrations of
10, 25 and 50 uM were added to the plates, and the cells were
incubated at 37°C for 24 h. The cells were then washed with PBS
and released for incubation in a solution including 100 pL (acridine
orange (100 pg/mL) and ethidium bromide (100 pg/mL) at room
temperature for 5min. The morphological fluctuations indicating
apoptosis were investigated under florescent microscopy
(Olympus CKX53, DP73, Japan).
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2.10. Detection of DNA damage (y-H2AX) by
immunofluorescence staining

Hela cells (1 x 10%/mL) were seeded in 12-well cell culture dishes
and after 24h, they were administered with the sulphonamide
derivative compounds at doses of 10-25-50 uM and incubated for
24h. The cells were washed with PBS and fixed with 100% metha-
nol at —20°C overnight, which was followed by PBS washing three
times for 10 min for each washing. The cells were treated with 0.2%
Triton X-100 in a shaker, at room temperature for 5min. They were
washed with PBS, and 1% BSA-containing PBS was then added, and
incubation with primary mouse monoclonal anti-y-H2AX antibody
(Cell Signaling Technology, Danvers, MA) was applied at 37°C for
1h. The cells were washed with PBS for 5min three times.
Secondary goat anti-mouse Alexa-488-conjugated IgG (Invitrogen,
Thermo Fisher Scientific, USA) was administered and the cells were
incubated at 37°C for 20 min, followed by PBS washing for 4-5 min
three times. 1T mL 70% EtOH was added and, at +4°C, released to
incubation for 5 min. 1 mL 100% EtOH was added in a shaker, which
was then incubated at room temperature for 1-2 min. The nucleus
was stained with DAPI and the images were recorded using an
Olympus Inverted Fluorescence Microscope (Olympus CKX53, DP73).

2.11. Western blot analysis

The cells were seeded on 6cm? cell culture dishes and treated
with sulphonamide compounds, at doses of 10-25-50 uM, for 24 h.
The cells were then washed with cold PBS, which was followed by
lysis with RIPA lysis buffer (10mM Tris-HCIpH=8, 1 mM EDTA,
1 mM EGTA, 140 mM NaCl, 1% Triton X-100, 0.1 SDS, 0.1% sodium
deoxycholate), 1X phosphates and protease inhibitor (Santa Cruz
Biotechnology, Dallas, USA). The acquired supernatants from the
lysates which were centrifuged at 12,000g, + 4 °C, for 10 min, were
transferred to new tubes. Protein concentration was detected
using the protein assay kit BCA (Thermo Fisher Scientific, Waltham,
MA). After a 30-min period of protein (50pug) standing in 10%
SDS-PAGE gel at 50V and at 80V for 3 h, those were blotted to
PVDF membrane at 70V for 5min (Bio-Rad Turbo Transfer System).
After embedding in 1X TBST (12.1g Tris, pH 7.5, 70g NadCl, 0.1%
Tween-20) containing 5% dry milk or 5% BSA, the primer mono-
clonal antibodies shown in Table 2 were applied to the membrane
and left overnight, which was followed by washing with 1 X TBS-T
and an incubation period with secondary antibodies of HRP rabbit
or mouse (1/10.000) for 60 min. The membrane was again washed
with 1 X TBS-T. For band imaging, ECL substrate (EMD Millipore
Corp., Billerica, MA) was added and observations were made via
the imaging system (LI-COR Odyssey Fc).

2.12. Real-time quantitative PCR

All gene expression levels of the cells were examined following 24-
h incubation with sulphonamide compound 2 at a dose of 25 puM.
Total RNAs were isolated using the miRNeasy mini kit (Qiagen,

Table 2. List of antibodies used for the Western blot.

Antibody Brand Dilution ratio Rabbit/Mouse Time
Cleaved caspase-3 ST John's Laboratory 1/1000 Rabbit Overnight +4°C
Cleaved caspase-8 ST John’s Laboratory 1/1000 Rabbit Overnight +4°C
Cleaved caspase-9 ST John’s Laboratory 1/1000 Rabbit Overnight +4°C
Cleaved-PARP Millipore 1/1000 Rabbit Overnight +4°C
CA-9 Cell Signaling 1/1000 Rabbit Overnight +4°C
Beta-actin Cell Signaling 1/50000 Mouse 1-2h +4°C
Anti-rabbit 1gG HRP Cell Signaling 1/10000 Rabbit 1-2h +4°C
Anti-mouse IgG HRP Santa Cruz 1/10000 Mouse 1-2h +4°C
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Table 3. List of primers used for real-time PCR.

Primer Forward(5’-3") Reverse(3'-5')
Caspase-3 GAGCACTGGAATGTCATCTCGCTCTG TACAGGAAGTCAGCCTCCACCGGTATC
Caspase-8 CATCCAGTCACTTTGCCAGA GCATCTGTTTCCCCATGTTT
Caspase-9 ATTCCTTTCCAGGCTCCATC CACTCACCTTGTCCCTCCAG
Caspase-12 GCCATGGCTGATGAGAAACCA TCGCATCCCCAAAAGGTCAA
CA IX AGTCATTGGCGCTATGGAGG TCTGAGCCTTCCTCAGCGAT
NRF-2 TTCGGCTACGTTTCAGTCAC TCACTGTCAACTGGTTGGGG
BAX TCCATTCAGGTTCTCTTGACC GCCAAACATCCAAACACAGA
BCL-2 ATCGTCGCCTTCTTCGAGTT ATCGTCGCCTTCTTCGAGTT
LC3 ATCATCGAGCGCTACAAGGG AGAAGCCGAAGGTTTCCTGG
Beclin-1 CGACTGGAGCAGGAAGAAG TCTGAGCATAACGCATCTGG
GAPDH GGAAGGACTCATGACCACAGT GGATGATGTTCTGGAGAGCCC

Hilden, Germany) and reverse transcription was performed with the
Ipsogen RT Set (Qiagen, Hilden, Germany) according to the kit
protocol. RT-qPCR was then performed using the QuantiTect SYBR
Green PCR kit (Qiagen, Hilden, Germany) in the Rotor-Gene Q real-
time PCR system (Qiagen, Hilden, Germany). Each sample was
studied in triplicate, using primer sets (Table 2) and GAPDH. Gene
expressions were calculated with the 2724 method and were com-
pared to control groups. The GraphPad Prism 6 program defined
the p values. Primers were designed using Primer blast on the
National Center for Biotechnology Information website (https://blast.
ncbi.nim.nih.gov/Blast.cgi). All primers were determined to be
95-100% efficient and all exhibited only one dissociation peak. The
sequences are listed in Table 3.

2.13. Measurement of intracellular free amino acids by LC-
MS/MS

The intracellular free amino acid level was measured according to
the Chen et al. method®. Hela cells were planted in 10cm? cell cul-
ture dishes, and following 24-h treatment with sulphonamide at a
dose of 25 uM, the growth medium was poured out, and the cells
were swiftly washed twice with 5mL cold PBS. Pre-cooled MeOH
(—60°C) was added, and the cells were stripped with a cell scraper.
The cell suspension obtained was replaced in 15-mL conic tubes.
The samples were kept in liquid nitrogen for 10 min and then dis-
solved on ice, which was triplicated until the cells were shredded.
The samples were centrifuged at 3000g at 4 °C, for 30 min, and the
supernatants were transferred to new tubes. The amino acid level in
the supernatant was measured using LC-MS/MS according to the
protocol of the Jasem kit. The Jasem-free amino acid assay kit is
used for studies involving the diagnosis of various hereditary meta-
bolic disorders and the feeding of newborns with hereditary meta-
bolic disorders. In this study, the protocol used to determine the
intracellular free amino acid is as follows. In a new tube, 50puL
supernatant, 50 pL internal standard solutions and 700 L reagent 1
were mixed by vortex for 10s, and the acquired solution was centri-
fuged at 4000rpm for 5min. Twenty-seven amino acids in the
acquired supernatant were analysed in HPLC vials using LC-MS/MS
(Shimadzu 8045, Japan). The residual pellet was lysed in 1 mL lysis
buffer, protein concentration of which was detected using the BCA
protein assay kit (Thermo Fisher Scientific, Waltham, MA). Finally,
the total protein levels were normalised and the net amino acid lev-
els in the supernatants were defined.

3. Results
3.1. Growth inhibition and cell viability

The time and dose-dependent cytotoxic effects on cancer (HT-29,
Hela, MDA-MB-231) and normal cells (HEK-293 and PNT-1A) of

synthesised seven sulphonamide derivatives determined with the fea-
ture of CA IX enzyme inhibitor in a study by Durgun et al.'®'” were
examined with the WST-1 method. The values of the compounds
and 5-Fu ICsq used as positive control are shown in Table 4.

As a result of the WST-1 analysis, while compound 1 of the
seven sulphonamide derivative substances was observed to have
the strongest cytotoxic effect in 72h on Hela cells with a high
level of CA IX expression; it was seen to be less effective on other
cells (Table 4). Compound 1 was also seen to be more effective on
the Hela cells than 5-Fu. Therefore, of all the substances, as com-
pound 1 showed the strongest and selective cytotoxic effect on
Hela cells, the apoptotic effect mechanisms on cervical cancer
cells with high CA IX expression (HeLa) and the relationship of this
effect with CA IX were investigated.

3.2. The effects of compound 1 on HelLa cell proliferation

The effects of compound 1 on Hela cell proliferation were exam-
ined with the BrdU ELISA method. Compound 1 was determined
to show a dose-dependent, strong, antiproliferative effect on Hela
cells (Figure 1).

3.3. The effects of compound 1 on Hela cell apoptosis

Sulphonamide compounds are known to be cytotoxic to cancer
cells by inducing apoptosis'. In this study, to confirm that com-
pound 1, which showed the strongest cytotoxic effect, induced
apoptosis, the Annexin-V FITC test was performed as an indicator
of early apoptosis. The Hela cell line was treated with compound 1
at doses of 10-25-50uM. The flow cytometric Annexin-V FITC
models of the Hela cancer cells are shown in Figure 2(a). It was
determined that compound 1 showed an apoptotic effect from
25 uM onwards and as the dose increased, so the apoptotic effect
increased. Most of the apoptotic effect was at the stage of early
apoptosis (29.9%-59.1%) and the cell death rate (10%-16.7%) was
determined to be at the same level as in the control group
(Figure 2(a)). Compound 1 also significantly increased the cleaved
caspase-3 level in Hela cells and these findings were confirmed
morphologically in the AO/EB results (Figure 2(b)).

3.4. Acridine orange/ethidium bromide (AO/EB) double staining

The AO/EB double staining method was applied to observe the
morphological changes in cell death. AO/EB staining revealed the
morphological changes of apoptosis in the Hela cells treated with
compound 1. As seen in Figure 2(b), the nonapoptotic control
cells were stained green and in the apoptotic cells, yellow/red col-
ours emerged due to the fragmentation of the nuclear DNA in
the nuclei.
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Table 4. Cytotoxicity of derivatives of sulphonamide on tumour cell lines and normal cell lines.

ICs (M)?

Normal cell

Cancer cell

PNT-1A

HEK-293

MDA-MB-231

HT-29

Hela

72h
197.4+11.2

48h
86.2+12.1

24h

72h
358+11.2 221.2+12.2

752+56

48h
83.6+21.2

305.8+12.3

24h
59.7+11.2
113.9+3.44
196.5+14.3

639.4+12.3

72h
56.7 £3.55
3709+23.4

48h

24h
5984+1254 68.8+4.65
12329+67.5

72h
107.6 +34.5

926.3+54.3

48h
438+1.2

24h
46.1+5.4

72h
11.3+1.1

24h 48h
188+1.1

199+ 1.1

Compound

641.3+10.2 470.5+10.2
3001.9+45.4

339.5+32.2
700.8+74.33

951.5+76.5

255.8+32.2 9355.7+254 4232.7+12.2

367.6+232 2421.1+32.2

49.6+0.8

271+13

80.6+124  96.7+33.4 2685+143 379+36 7533+6.5
1783+11.2 1074.0+24.3

690.5 +34.5

1786.4+65.4

1050.5+23.2 1365.0+45.4

29.8+23

36.3+0.2

2949+354
1328.3+13454

96.2+12.2 403.5+843

2159+23.2

23.7%22 118.9+23.2 232.7+135

33.0+23

262.5+13.2 3264+233 2447x243

373.8+11.1

1336.9+45.4

14453+254 1702+£11.2 626.2+55.4

230.3+56.7 100.2+22.2

747+124 62324+342.2 261.6+205

5129+65.4

182.1+£12.2 211.0£12.2 2811.2+453 19741.8+343 6330.6+124.4

1202+11.2 7643+13.3

1543 +16.5

340.3+286
120.2+13.8
446+7.2

3003+123

450.3+123.2 3403454

2343+234
42.6+2.56

3243+223 1873+234
200.2+19.3

3454+93

1234111

2353+10.2 1983+143

130.2+32.2
17.5+7.6

190.3+8.6

854+11.2 250.3+13.55

145+3.2

98.3+11.2

98.2+11.2

123.2+£123

2493164

453.2+122

546.3+232 3475+10.2 210.2+10.2

378+43

21.2+22

23.1+4.55

19.8+23

21.0+43

379+123

14.7+£0.6 473+1.2 234+2.1 19.3+1.2

31.2+23

5-FU

?Values are means of three independent experiments.
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100 |
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0
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Figure 1. Antiproliferative effect of sulphonamide 1 against cervical cancer cell
(HeLa) growth in vitro: Hela cells grown in 96-well plates were treated with vari-
ous concentrations of compound 1 (0-200uM) diluted in the RPMI media for
24 h. All data are expressed as mean + SD values from three independent experi-
ments. *p < 0.01, compared with the control group, are considered significant.
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3.5. The effects of compound 1 on pHi, pHe and lactate level

CA IX has been shown to have a significant role in protecting the
cytosol against intracellular acidosis, thereby allowing survival and
proliferation of the cell even in hypoxic conditions’. Therefore, it
was examined whether CA IX inhibition in cancer cells could inter-
vene in pHi, pHe and lactate level. It was shown that treatment of
Hela cells with compound 1 CA IX inhibitors caused a significant
dose-related fall in pHi and lactate level of media and a significant
increase in pHe (Figure 3). It has been shown that pHi has an
important role in homeostatic balance in cancer cells, just as in
normal cells, and changes in the pH of Hela cells lead to an
increase in ROS and DNA damage by impairing MMP and thus
induce cellular apoptosis'®2". Similarly, as pHe plays an important
role in the metastatic progression of many cancers, CA IX continu-
ously contributes to the maintenance of the slightly alkaline pHi in
cancer cells, whereas it decreases the external pHe. The results
obtained in this study confirmed that the reducing extracellular
lactate and pHi levels and increased pHe are a consequence of CA
IX inhibition by compound 1%2.

3.6. Compound 1 induces apoptosis through the extrinsic and
intrinsic mitochondrial pathway

Apoptosis may start through intrinsic or extrinsic pathways?>~*. To
better identify the initial pathway of apoptosis, the Western blot
for apoptosis regulators was applied. The presence of cleaved
caspase-3, caspase-8, caspase-9, and cleaved-PARP was investi-
gated to determine by which route cellular apoptosis had
occurred. The CA IX level was also examined to partially determine
the CA IX inhibitor property of compound 1.

When the cleaved caspase-9 and caspase-8 levels were exam-
ined, which provide determination of the main pathways of apop-
tosis, it was determined that the internal apoptosis pathway was
triggered through an increase in the cleaved caspase-9 level asso-
ciated with an increased dose of compound 1 and the external
apoptosis pathway was triggered associated with an increase in
cleaved caspase-8 at a dose of 50uM (Figure 4). According to
these results, it was determined that compound 1 caused cell
death by activating both the intrinsic and extrinsic pathways.

The mitochondrial apoptotic pathway is induced with cyto-
chrome-c expression from the mitochondrial external membrane
regulators, which are regulated by the Bcl-2 family. While anti-
apoptotic Bcl-2 gene expression was reduced in Hela cells treated
with compound 1, the apoptotic Bax gene expression increased
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Figure 2. Induction of apoptosis in Hela cells by sulphonamide 1. (a) The apoptosis ratio analysed by flow cytometry data analyses of Hela cells and contour diagram
of Annexin-V/PI flow cytometry, (b) morphological changes observed under florescence microscope in compound 1 treated Hela cells after staining with AO/EB. All
data are expressed as mean =+ SD values from three independent experiments. *p < 0.05, compared with the control group, are considered significant.

(Figure 8). It was found that the compound 1 induces apoptosis
through the mitochondria-dependent intrinsic pathway according
to the results of increasing cleaved caspase-9 and caspase-3.

3.7. The effect of compound 1 on changes in mitochondrial
membrane potential (MMP)

MMP loss has been reported to be related to the start and activa-
tion of some apoptotic cascades®>*. To examine changes in MMP
after treatment with compound 1, MMP was measured with the
JC-1 method. As seen in Figure 5(a), MMP was determined to have
reduced in a dose-dependent manner after treatment with com-
pound 1.

3.8. The effect of compound 1 on changes in intracellular free
radicals (ROS)

A reduction in pHi and a significant increase in cellular ROS produc-
tion have been revealed to mobilise a “signal molecule” for the acti-
vation of MAPK associated with the pH of ROS*”%. In the current
study, when the effect of compound 1 was examined on the intra-
cellular ROS amount which occurred associated with the decrease
in pHi in the Hela cells, there was a dose-related increase in the

amount of ROS (Figure 5(b)). In addition, the increase occurring in
the NRF-2 gene level (Figure 8), which triggers the intracellular anti-
oxidant system, confirmed the increase in intracellular ROS.

3.9. The effect of sulphonamide compound 1 on DNA
damage (y-H2AX)

DNA damage developed with the increase in ROS in Hela cells. To
investigate DNA damage, immunofluorescent imaging analysis of
y-H2AX focus points in the nucleus was used to reveal the extent
of the damage leading to apoptosis. The results showed that the
treatment with compound 1 increased the absence of y-H2AX in
the nucleus and the effects throughout 24 h following treatment
were dependent on the concentration in the Hela cells (Figure 6).
The increasing y-H2AX focus points in the DNA with compound 1
treatment provided further evidence that the damage in the DNA
of the Hela cells originated from ROS production (Figure 5(b)).

3.10. Cell cycle-perturbed distribution of HelLa cells treated with
compound 1

ROS accumulation plays an important role in the initiation and
maintenance of the apoptosis and cell cycles in cancer cells.
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Figure 3. Measurement of pHi, pHe and extracellular lactate level. (a) The effects of sulphonamide 1 on pHi in Hela cell. (b) The effects of compound 1 on pHe in
Hela cell media. (c) The effects of sulphonamide 1 on lactate level in Hela cell media. The data are presented as the mean+SD (n=3). *p <0.01 compared with

the control.

The flow cytometric cell cycle patterns of the Hela cells treated
with compound 1 are shown in Figure 7. Sub-G1 populations
were higher in Hela cells treated with compound 1 than in the
control cells (Figure 7). The cell division effect of compound 1 on
the Hela cells was seen from 25 uM onwards and cell division was
determined to have slowed related to an increase in dose. At
50uM dose, cell cycle stages were determined as 10.8% in the
Sub-G1, 56.4% in the GO/GI phase, 20.1% in the S phase and
12.8% in the G2/M phase. When the 50 uM dose was compared
with the control group, it was observed that after application of
the substance, cells in Sub-G1 phase were halted (Figure 7).

3.11. The measurement of gene expression levels

To confirm the results found in the PCR method based on partial
amounts, the real-time PCR (gqRT-PCR) method was used in this
study. Using mRNA samples isolated in the Hela cells incubated
for 24h with a 25uM dose of the sulphonamide derivative com-
pound 1 used in the cell vitality and proliferation experiments, the
gene expression levels were examined of the genes (caspase-3,
caspase-8, caspase-9, and caspase-12, Bcl-2, Bax, Lc3, Beclin-1)
associated with the apoptosis and autophagy pathways and NFR-2
gene (Figure 8).

Increases observed in the levels of the genes which have a role
in the apoptosis pathway (caspase-3, caspase-8, caspase-9, and
caspase-12 and Bax) in the Hela cells after application of com-
pound 1 (p<0.01) showed triggering of the apoptosis pathway.
The synthesised substances thought to be potential CA IX inhibi-
tors showed a statistically significant increase in the intracellular
ROS in the level of NFR-2 gene (p <0.01). These data showed a
correlation with ROS analysis.

3.12. The effect of compound 1 on the intracellular free amino
acid level

The change occurring in the intracellular 27 free amino acid levels
in the Hela cells after application of the substance was examined
with LC-MS/MS (Figure 9). Hela cells treated with compound 1
were identified as positive and those not applied as negative
group. When we compare amino acid levels in Hela cells, the lev-
els of intracellular free amino acids in the positive group were
decreased relative to those of the negative group.

4, Discussion

Some new inhibitors such as sulphonamides with high affinity for
CA IX have been determined to induce apoptosis by reducing pHi
and proliferation in cancer therapy®'82°2°, Therefore, various stud-
ies have been conducted for the synthesis of analogues and deriv-
atives of sulphonamides because of this CA IX inhibition property
to further increase the anticancer potential and reduce the toxic
effects on normal cells'®3'3>,

In a previous study by the current authors, various derivatives
of sulphonamides were synthesised to produce a greater CA IX
inhibitor property and stronger bioactive compounds, and in com-
parison with traditional CA inhibitors such as acetazolamide (AAZ),
these substances were shown to have higher selectivity against
CA IX'®". In the current study, the effects of these substances
were examined for the first time on various cancer cell lines in
respect of their ability to inhibit cell proliferation and for selective
death in Hela cells with CA IX expression. The primary aim of the
study was to examine dose and time-related cytotoxic effects of
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Figure 4. Effect of sulphonamide 1 on apoptosis signalling proteins (cleaved caspase-3, caspase-8, caspase-9, and PARP) and CA IX expression levels in Hela cells. Cells
were treated with compound 1 (0, 10, 25 and 50 uM) for 24 h. Proteins were normalised to the respective B-actin and are presented relative to the value for the
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Figure 5. Reactive oxygen species (ROS) levels and mitochondrial membrane potential (MMP) stability detected by spectroflourimetry. Cells were treated with various
concentrations of compounds 1 (0-200 pM) for 24 h. (a) The cells were stained with the JC-1 dye and spectroflourimetry was performed to determine the MMP stability.
(b) The cells were stained with the ROS red dye and spectroflourimetry was performed to determine the intracellular ROS. The data are presented as the mean +SD

(n=3). *p < 0.05 compared with the control.

seven sulphonamide compounds on human cancer cells (Hela,

HT-29 ve MDA-MB-231) and normal cell lines (HEK-293, PNT-1A).
Among the seven sulphonamide derivatives used in this study,

compound 1 showed the strongest cytotoxic effect on Hela cells

with high CA IX expression. While compound 1 applied to Hela
cells inhibited proliferation in a dose-related manner with an ICsq
value (11.3 uM) lower than that of 5-Fu (14.7 uM) which is used in
chemotherapy, much lower cytotoxicity was seen in normal cells.
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Figure 6. Representative DNA damage microscopy images from Hela cell treated with sulphonamide 1. A fragment of each cell was fixed and processed for y-H2AX
immunofluorescent staining (IFA). y-H2AX staining is green; nuclei are stained with DAPI blue.
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Furthermore, when growth was not affected in normal cells (HEK-
293, PNT-1A) and in cancer cells such as MDA-MB-231, compound
1 selectively inhibited Hela cell growth. These results suggest that
CA IX inhibitors could have a role in the mediation of the antitu-
mour effect of CA inhibition. Similar to the results obtained in the
current study, previous studies have shown that various CA inhibi-
tors induced apoptosis and inhibited the invasive capacity of can-
cer cell lines with high CA-ll, CA IX and CA-XIl levels'®3¢, Small
structural changes in the R moiety of the synthesised compounds
1-7 lead to the changes in the cytotoxicity properties. Since the
variation of cytotoxicity values for compounds®~ is minimal (HeLa

72h), it is difficult to perform SAR evaluation. The most remarkable
situation of the compound 1 is that the cytotoxicity effect in the
presence of a bromine atom is 10-34 times higher than the other
compounds 2-7.

Based on the data of growth inhibition, compound 1 was
selected to test the apoptotic effects on CA IX-positive cervical
cancer cells (HeLa). To understand the dynamics of the molecular
changes related to apoptosis and the phenotypic changes
observed in the cancer cells, cleaved caspase-3, caspase-8, cas-
pase-9, and cleaved-PARP, CA IX protein level, y-H2AX, pHi, pHe,
lactate level change, MMP, ROS activity, cell cycle distribution,
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amino acid metabolism and gene expression analyses were used.
Annexin-V, AO/EB and cleaved caspase-3 activation (a sign of
apoptosis) were observed in the Hela cells. The results of the
study showed that apoptosis was started through mediation of
caspases in the Hela cells by compound 1.

Cellular acidosis is a trigger of the early stage of apoptosis and
it has therefore been assumed that pHi is kept high to prevent
apoptosis in cancer cells?’?°37, By inducing activation of endo-
nuclease I, a reduction in pHi induces cellular apoptosis by DNA
fragmentation and MMP impairment, leading to an increase
in ROS**™*,

In a study by Matsuyama et al.**, it was reported that cytochro-
mic acidification to apoptotic stimuli associated with the mito-
chondria such as staurosporine and ultraviolet light and
cytochrome-c expression stimulated caspase activation and mito-
chondrial depolarisation and therefore, with the impairment of
intracellular homeostasis and metabolism by drugs which reduce
the pHi in cancer cells, apoptosis is expected to form in cancer
cells*. In a similar study, the decrease in pHi occurring as a result
of CA IX inhibition was determined to cause apoptosis of tumour
cells by causing an increase in ceramide amount, upregulation of
p38-MAPK activity and stimulation of oxidative stress'®. In the cur-
rent study, despite a reduction in pHi with sulphonamide 1 treat-
ment, there was an increase in pHe and ROS leading to MMP loss.
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Figure 8. Effects of sulphonamide 1 (25 tM)) on the expression of apoptotic (cas-
pase-3, caspase-8, caspase-9, caspase-12 and Bax), anti-apoptotic (Bcl-2) and
autophagy (LC3, Beclin) related genes. The data are presented as the mean+SD
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These results were similar to those of previous studies and are an
important indicator that sulphonamide 1 showed an apoptotic
effect on CA IX inhibition.

An increasing amount of ROS lead to DNA damage which leads
to an increase in p53 expression. The activation of p53 activates
the intrinsic apoptotic pathway by triggering the permeability of
the outer mitochondrial membrane and coordinating pro-apop-
totic Bax and anti-apoptotic Bcl-2. The activated intrinsic pathway
is very important in starting apoptotic cell death under the effect
of ROS. By activating the apoptotic protease activating factor 1/
caspase-9 apoptosome complex, cytochrome-c that is expressed
causes activation of cleaved caspase-3 that is critical for
apoptosis*> ™,

The results of this study showed that by impairing MMP, the
application of compound 1 on human Hela cells caused an
increase in ROS, thereby creating oxidative stress and causing
apoptotic cell death. In addition, after 24 h of treatment with sul-
phonamide 1, intrinsic apoptosis was shown to have been trig-
gered by activating the fragmentation of procaspase-3 and PARP
fragmentation, thereby increasing the levels of cleaved caspase-3
and cleaved caspase-9 protein expression (Figure 4). Moreover,
compound 1 was found to induce the intrinsic apoptosis pathway
by increasing cleaved caspase-9 level at low doses (10-25 uM). The
increase in cleaved caspase-8 and CA IX protein expression that
occurred at a dose of 50 uM was observed to have activated the
extrinsic apoptotic pathway associated with CA IX (Figure 4).

In the light of the interaction of the molecular markers of
apoptosis explained above, it was observed in the current study
that Bcl-2 was downregulated, and proapoptotic caspase-3, cas-
pase-8, caspase-9, caspase-12 and Bax were upregulated. The Bcl-2
protein family controls the sensitivity of apoptosis as a regulator
of MMP. After impairment of MMP, the mitochondrial permeability
pores will open to allow the flow of apoptotic factors*®. By upre-
gulating following treatment, the Bax/Bcl-2 ratio, Bax gene expres-
sion increases and Bcl-2 gene expression decreases and as a
result, caspase-3 mobilises to trigger a signalling cascade as an
effector of the apoptosis pathway (Figure 8). In addition, a signifi-
cant increase was determined in NRF-2 gene expression (Figure 8).
NRF-2 is an important transcription factor that regulates a broad
gene sequence for antioxidant and detoxification enzymes and
protects cells by activating the antioxidant system against an
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Figure 9. Intracellular free amino acid profiling of Hela cells: The absolute levels of intracellular free amino acids were quantified using LC-MS/MS. All data are pre-

sented as mean = SD values (n = 3). Error bars indicate the SD.



increase in free radicals®®. The increasing NRF-2 level determined
in the current study was confirmed by the increasing intracellular
ROS level.

ROS accumulation plays an important role in the onset of the
apoptosis and cell cycle stoppage in cancer cells®'. An increasing
amount of ROS leading to DNA damage leads to an increase in
p53 expression®®. The activation of p53 following DNA damage
causes the cell cycle to halt and the emergence of several proteins
that are important for repair and the control of apoptosis>.
Holding the cell at the G1 control point in the cell cycle is very
beneficial in the prevention of continuing proliferation of cancer
cells®*. These data showed that sulphonamide 1 triggered the
halting of the G1 phase in Hela cells. G1 holding is a well-known
result of DNA damage related to p53 induction. It was confirmed
in the immunofluorescence analysis that there was DNA damage
in the increasing y-H2AX foci (Figure 6) and an increase in the
cleaved-PARP level in the Hela cells treated with compound 1
(Figure 4).

In addition, the increasing p53 associated with the increase in
ROS is known to mediate apoptosis by holding the cell cycle in
the G1 stage and by inhibiting the PI3K/AKT/mTOR pathway>*.
The production of amino acids is prevented in mTOR inhibition.
Amino acid deficiency provides a suppression signal that covers
more than others such as the insulin signal of the mTORC1 path-
way. mTOR supports anabolic metabolism and inhibits autophagy
induction. The intracellular amino acid level is a signal necessary
for the regulation of mTOR kinase activity. At the same time,
mTOR kinase activity is controlled by growth factors®>>%. As amino
acids are both the building blocks of protein synthesis and media-
ting metabolites triggering other biosynthetic reactions, they have
an important role in cellular metabolism>’. While amino acids sup-
press autophagy, a lack of amino acids stimulates autophagy?®.
Amino acid deficiency provides a suppression signal inhibiting the
mTORC1 pathway. Therefore, through the mTORC1 pathway,
amino acids play a key regulatory role in cell proliferation®®.

With autophagy management, cells can be brought to a revers-
ible state necessary for biosynthesis with amino acids and other
macromolecular materials®®. In the autophagy process, when the
amino acid concentration falls, autophagy provides amino acid
production which is necessary for the survival of the cell. When
the demand for amino acids is increased, autophagy is sup-
pressed®’. By inducing autophagy, the associated Beclin-1 and LC-
3 genes can suppress tumour growth. Therefore, they are
accepted as a potential therapeutic target in cancer manage-
ment®>®3, In the current study, there was a decrease in the
amount of all the amino acids in the Hela cells treated with sul-
phonamide 1 (Figure 9) and associated with that, it was seen that
autophagy had increased Beclin-1 and LC3 gene expression
(Figure 8).

In conclusion, the results of this study showed that as a result
of CA IX inhibition by the sulphonamide derivative 1, the change
created in pH (pHi and pHe) was able to reduce cell proliferation
and could induce apoptosis in cancer cells. One of the most
important mechanisms in this potential antitumour effect is the
ability of compound 1 to induce intracellular acidosis by suppress-
ing CA IX activity. These findings indicate that CA IX inhibition
could be a useful method in the clinical treatment of human
tumours that express this enzyme at a high rate.

Disclosure statement

No potential conflict of interest was reported by the authors.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1147

Funding

This study was supported by the research fund of TUBITAK
(Project No: 115Z681).

ORCID

Ismail Koyuncu http://orcid.org/0000-0002-9469-4757
Ataman Gonel http://orcid.org/0000-0001-7200-1537
Abdurrahim Kocyigit {5 http://orcid.org/0000-0003-2335-412X
Ebru Temiz (®) http://orcid.org/0000-0001-8911-7763

Mustafa Durgun http://orcid.org/0000-0003-3012-7582
Claudiu T. Supuran (&) http://orcid.org/0000-0003-4262-0323

References

1. Supuran CT. Carbonic anhydrases: novel therapeutic applica-
tions for inhibitors and activators. Nature Rev Drug Discov
2008;7:168.

2. McDonald PC, Winum J-Y, Supuran CT, et al. Recent develop-
ments in targeting carbonic anhydrase IX for cancer thera-
peutics. Oncotarget 2012;3:84.

3. Supuran CT, Alterio V, Di, et al. Inhibition of carbonic anhy-
drase IX targets primary tumors, metastases, and cancer
stem cells: three for the price of one. Med Res Rev. 2018.
[In press]. doi: 10.1002/med.21497.

4. Chen R, Zou Y, Mao D, et al. The general amino acid

control  pathway regulates mTOR and autophagy
during serum/glutamine starvation. J Cell Biol 2014;206:
173-82.

5. Chiche J, llc K, Laferriere J, et al. Hypoxia-inducible carbonic
anhydrase IX and XII promote tumor cell growth by counter-
acting acidosis through the regulation of the intracellular
pH. Cancer Res 2009;69:358-68.

6. Thiry A, Dogné J-M, Masereel B, et al. Targeting tumor-asso-
ciated carbonic anhydrase IX in cancer therapy. Trends
Pharmacol Sci 2006;27:566-73.

7. Swietach P, Patiar S, Supuran CT, et al. The role of carbonic
anhydrase 9 in regulating extracellular and intracellular pH
in three-dimensional tumor cell growths. J Biol Chem
2009;284:20299-310.

8. Dubois L, Lieuwes NG, Maresca A, et al. Imaging of CA IX
with fluorescent labelled sulfonamides distinguishes hypoxic
and (re)-oxygenated cells in a xenograft tumour model.
Radiother Oncol 2009;92:423-8.

9. Giatromanolaki A, Koukourakis MI, Sivridis E, et al. Relation
of hypoxia inducible factor 1z and 2« in operable non-small
cell lung cancer to angiogenic/molecular profile of tumours
and survival. Br J Cancer 2001;85:881.

10. Pastorekova S, Parkkila S, Parkkila AK, et al. Carbonic anhy-
drase IX, MN/CA IX: analysis of stomach complementary
DNA sequence and expression in human and rat alimentary
tracts. Gastroenterology 1997;112:398-408.

11. Supuran CT. Inhibition of carbonic anhydrase IX as a novel
anticancer mechanism. World J Clin Oncol 2012;3:98.

12.  Swietach P, Hulikova A, Vaughan-Jones RD, et al. New
insights into the physiological role of carbonic anhy-
drase IX in tumour pH regulation. Oncogene 2010;29:
6509.

13.  Maresca A, Supuran CT. Coumarins incorporating hydroxy-
and chloro-moieties selectively inhibit the transmembrane,
tumor-associated carbonic anhydrase isoforms IX and Xl


https://doi.org/10.1002/med.21497

1148 @ . KOYUNCU ET AL.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

over the cytosolic ones | and Il. Bioorg Med Chem Lett
2010;20:4511-4.

Maresca A, Scozzafava A, Supuran CT. 7,8-Disubstituted- but
not 6,7-disubstituted coumarins selectively inhibit the trans-
membrane, tumor-associated carbonic anhydrase isoforms IX
and XII over the cytosolic ones | and Il in the low nanomo-
lar/subnanomolar  range. Bioorg Med Chem Lett
2010;20:7255-8.

Maresca A, Temperini C, Pochet L, et al. Deciphering the
mechanism of carbonic anhydrase inhibition with coumarins
and thiocoumarins. J Med Chem 2010;53:335-44.

Durgun M, Turkmen H, Ceruso M, et al. Synthesis of
Schiff base derivatives of 4-(2-aminoethyl)-benzenesulfona-
mide with inhibitory activity against carbonic anhydrase
isoforms I, I, IX and XI. Bioorg Med Chem Lett
2015;25:2377-81.

Durgun M, Turkmen H, Ceruso M, et al. Synthesis of 4-sulfa-
moylphenyl-benzylamine derivatives with inhibitory activity
against human carbonic anhydrase isoforms |, Il, IX and XII.
Bioorg Med Chem Lett 2016;24:982-8.

Cianchi F, Vinci MC, Supuran CT, et al. Selective inhibition of
carbonic anhydrase IX decreases cell proliferation and indu-
ces ceramide-mediated apoptosis in human cancer cells.
J Pharmacol Exp Ther 2010;334:710-9.

Lagadic-Gossmann D, Huc L, Lecureur V. Alterations of intra-
cellular pH homeostasis in apoptosis: origins and roles. Cell
Death Differ 2004;11:953.

Tsuda S, Kakinuma K, Minakami S. Intracellular pH of red
cells stored in acid citrate dextrose medium. Experientia
1972;28:1481-2.

Tomoda A, Tsuda-Hirota S, Minakami S. Glycolysis of red
cells suspended in solutions of impermeable solutes: intra-
cellular pH and glycolysis. J Biochem 1977;81:697-701.

Hu X, Chao M, Wu H. Central role of lactate and proton in
cancer cell resistance to glucose deprivation and its clinical
translation. Signal Transd Target Ther 2017;2:16047.

Elmore S. Apoptosis: a review of programmed cell death.
Toxicol Pathol 2007;35:495-516.

Zapata JM, Pawlowski K, Haas E, et al. A diverse family of
proteins containing tumor necrosis factor receptor-associ-
ated factor domains. J Biol Chem 2001;276:24242-52.
Agarwal C, Singh RP, Agarwal R. Grape seed extract induces
apoptotic death of human prostate carcinoma DU145 cells
via caspases activation accompanied by dissipation of mito-
chondrial membrane potential and cytochrome c release.
Carcinogenesis 2002;23:1869-76.

Marchetti P. Mitochondrial permeability transition is a central
coordinating event of apoptosis. J Exp Med 1996;
184:1155-60.

Sauvant C, Nowak M, Wirth C, et al. Acidosis induces multi-
drug resistance in rat prostate cancer cells (AT1) in vitro and
in vivo by increasing the activity of the p-glycoprotein via
activation of p38. Int J Cancer 2008;123:2532-42.

Riemann A, lhling A, Schneider B, et al. Impact of extracellu-
lar acidosis on intracellular pH control and cell signaling in
tumor cells. In: Van Huffel S, Naulaers G, Caicedo A, Bruley
DF, Harrison DK, eds. Oxygen transport to tissue XXXV.
New York, NY: Springer; 2013:221-28.

Vander Heiden MG, Cantley LC, Thompson CB.
Understanding the Warburg effect: the metabolic require-
ments of cell proliferation. Science 2009;324:1029-33.
Supuran CT, Briganti F, Tilli S, et al. Carbonic anhydrase
inhibitors: sulfonamides as antitumor agents? Bioorg Med
Chem 2001;9:703-14.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Dubois L, Douma K, Supuran CT, et al. Imaging the hypoxia
surrogate marker CA IX requires expression and catalytic
activity for binding fluorescent sulfonamide inhibitors.
Radiother Oncol 2007;83:367-73.

Dubois L, Peeters S, Lieuwes NG, et al. Specific inhibition of
carbonic anhydrase IX activity enhances the in vivo thera-
peutic effect of tumor irradiation. Radiother Oncol 2011;
99:424-31.

Ahlskog JKJ, Dumelin CE, Trussel S, et al. In vivo target-
ing of tumor-associated carbonic anhydrases using aceta-
zolamide derivatives. Bioorg Med Chem Lett 2009;19:
4851-6.

Pacchiano F, Carta F, McDonald PC, et al. Ureido-substituted
benzenesulfonamides potently inhibit carbonic anhydrase 1X
and show antimetastatic activity in a model of breast cancer
metastasis. ] Med Chem 2011;54:1896-902.

Lou Y, McDonald PC, Oloumi A, et al. Targeting tumor hyp-
oxia: suppression of breast tumor growth and metastasis by
novel carbonic anhydrase IX inhibitors. Cancer Res
2011,;71:3364-76.

Parkkila S, Rajaniemi H, Parkkila A-K, et al. Carbonic anhy-
drase inhibitor suppresses invasion of renal cancer cells in
vitro. Proc Natl Acad Sci 2000;97:2220-4.

Thews O, Gassner B, Kelleher DK, et al. Impact of extra-
cellular acidity on the activity of P-glycoprotein and the
cytotoxicity of chemotherapeutic  drugs. Neoplasia
2006;8:143-52.

Zheng M, Reynolds C, Jo S-H, et al. Intracellular acidosis-acti-
vated p38 MAPK signaling and its essential role in cardio-
myocyte hypoxic injury. FASEB J 2005;19:109-11.

Riemann A, Schneider B, Ihling A, et al. Acidic environment
leads to ROS-induced MAPK signaling in cancer cells. PLoS
One 2011;6:e22445.

Chang H-W, Li R-N, Wang H-R, et al. Withaferin A induces
oxidative stress-mediated apoptosis and DNA damage in
oral cancer cells. Front Physiol 2017;8:634.

Chang Y-T, Huang C-Y, Li K-T, et al. Sinuleptolide inhibits
proliferation of oral cancer Ca9-22 cells involving apoptosis,
oxidative stress, and DNA damage. Arch Oral Biol 2016;
66:147-54.

Chen C-Y, Yen C-Y, Wang H-R, et al. Tenuifolide B from
Cinnamomum tenuifolium stem selectively inhibits prolifer-
ation of oral cancer cells via apoptosis, ROS generation,
mitochondrial depolarization, and DNA damage. Toxins
2016;8:319.

Chiu C-C, Haung J-W, Chang F-R, et al. Golden berry-derived
4-hydroxywithanolide E for selectively killing oral cancer
cells by generating ROS, DNA damage, and apoptotic path-
ways. PLoS One 2013;8:e64739.

Matsuyama S, Llopis J, Deveraux QL, et al. Changes in intra-
mitochondrial and cytosolic pH: early events that modulate
caspase activation during apoptosis. Nat Cell Biol 2000;2:318.
Wang J-P, Hsieh C-H, Liu C-Y, et al. Reactive oxygen species-
driven mitochondrial injury induces apoptosis by teroxirone
in human non-small cell lung cancer cells. Oncol Lett
2017;14:3503-9.

Xu H, Li X, Ding W, et al. Deguelin induces the apoptosis of
lung cancer cells through regulating a ROS driven Akt path-
way. Cancer Cell Int 2015;15:25.

Fulda S, Debatin K-M. Extrinsic versus intrinsic apoptosis
pathways in anticancer chemotherapy. Oncogene 2006;
25:4798.

Ricci J-E, Munoz-Pinedo C, Fitzgerald P, et al. Disruption of
mitochondrial function during apoptosis is mediated by



49.

50.

52.

53.

54,

55.

caspase cleavage of the p75 subunit of complex | of the
electron transport chain. Cell 2004;117:773-86.

Yao J, Jiao R, Liu C, et al. Assessment of the cytotoxic and
apoptotic effects of chaetominine in a human leukemia cell
line. Biomol Ther (Seoul) 2016;24:147.

Basak P, Sadhukhan P, Sarkar P, et al. Perspectives of the
Nrf-2 signaling pathway in cancer progression and therapy.
Toxicol Rep 2017;4:306-18.

Ziech D, Franco R, Georgakilas AG, et al. The role of reactive
oxygen species and oxidative stress in environmental car-
cinogenesis and biomarker development. Chem Biol Interact
2010;188:334-9.

Schieber M, Chandel NS. ROS function in redox signaling
and oxidative stress. Curr Biol 2014;24:R453-62.

Bargonetti J, Manfredi JJ. Multiple roles of the tumor sup-
pressor p53. Curr Opin Oncol 2002;14:86-91.

Bertoli C, Skotheim JM, De Bruin RA. Control of cell cycle
transcription during G1 and S phases. Nat Rev Mol Cell Biol
2013;14:518.

Nobukuni T, Joaquin M, Roccio M, et al. Amino acids medi-
ate mTOR/raptor signaling through activation of class 3
phosphatidylinositol 30H-kinase. Proc Natl Acad Sci USA
2005;102:14238-43.

56.

57.

58.

59.

60.

61.

62.

63.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1149

King FW, Fong S, Griffin C, et al. Timosaponin Alll is prefer-
entially cytotoxic to tumor cells through inhibition of mTOR
and induction of ER stress. PLoS One 2009;4:e7283.

Tsun ZY, Possemato R. Amino acid management in cancer.
Semin Cell Develop Biol 2015;43:22-32.

Mortimore GE, Schworer CM. Induction of autophagy by
amino-acid deprivation in perfused rat liver. Nature
1977;270:174.

Hara K, Yonezawa K, Weng QP, et al. Amino acid sufficiency
and mTOR regulate p70 S6 kinase and elF-4E BP1 through a
common effector mechanism. J Biol Chem 1998;273:
14484-94.

Gozuacik D, Kimchi A. Autophagy as a cell death and tumor
suppressor mechanism. Oncogene 2004;23:2891.

Mathew R, Karantza-Wadsworth V, White E. Role of autoph-
agy in cancer. Nat Rev Cancer 2007;7:961.

Liu C, Xu P, Chen D, et al. Roles of autophagy-related genes
Beclin-1 and LC3 in the development and progression of
prostate cancer and benign prostatic hyperplasia. Biomed
Rep 2013;1:855-60.

Mathew R, Kongara S, Beaudoin B, et al. Autophagy
suppresses tumor progression by limiting chromosomal
instability. Genes Dev 2007;21:1367-81.



	Abstract
	Introduction
	Materials and methods
	Cell culture and drugs
	Cytotoxicity analysis
	Investigation of antiproliferative effects
	Apoptosis detection by Annexin-V FITC
	Detection of intracellular pH pHi, extracellular pH pHe and lactate level
	Detection of intracellular ROS production
	Detection of mitochondrial membrane potential MMP
	Cell cycle assay
	Acridine orange and ethidium bromide AO/EB staining assay
	Detection of DNA damage -H2AX by immunofluorescence staining
	Western blot analysis
	Real-time quantitative PCR
	Measurement of intracellular free amino acids by LC-MS/MS

	Results
	Growth inhibition and cell viability
	The effects of compound 1 on HeLa cell proliferation
	The effects of compound 1 on HeLa cell apoptosis
	Acridine orange/ethidium bromide AO/EB double staining
	The effects of compound 1 on pHi, pHe and lactate level
	Compound 1 induces apoptosis through the extrinsic and intrinsic mitochondrial pathway
	The effect of compound 1 on changes in mitochondrial membrane potential MMP
	The effect of compound 1 on changes in intracellular free radicals ROS
	The effect of sulphonamide compound 1 on DNA damage -H2AX
	Cell cycle-perturbed distribution of HeLa cells treated with compound 1
	The measurement of gene expression levels
	The effect of compound 1 on the intracellular free amino acid level

	Discussion
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages false
	/AutoRotatePages /All
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


