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Combination of lactate calcium salt with 5-indanesulfonamide
and o-cyano-4-hydroxycinnamic acid to enhance the antitumor
effect on HCT116 cells via intracellular acidification
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Abstract. Maintenance of a neutral intracellular pH (pHi) is
favorable for the survival of tumors, and maintenance of highly
acidic extracellular pH (pHe) facilitates tumor invasiveness.
The aim of the present study was to investigate the antitumor
effects of lactate calcium salt (Cal.a), 5-indanesulfonamide (IS)
and o-cyano-4-hydroxycinnamic acid (CA) via pH regulation
in colon cancer cells. HCT116 cells were treated with Cal.a, IS,
CA and combinations of the three. Subsequently, the concen-
tration of intracellular lactate was determined. pHi and pHe
were measured using cell lysates and culture media. Colony
formation assay, cell viability assay and western blot analysis
were additionally performed to analyze the consequences of
the pH changes. CaLa, IS, CA and combination treatments
induced an increase in the concentration of intracellular lactate.
Lactate influx into the tumor microenvironment produced an
acidic pHi in colon cancer cells. Consequently, colony forma-
tion and cell viability were significantly decreased, as well as
poly(adenosine diphosphate-ribose) polymerase degradation.
The tumor microenvironment may be exploited therapeuti-
cally by disrupting the mechanism that regulates pHi, leading
to cell apoptosis. The present study indicated that treatment
with Cala, IS and CA induced intracellular acidification
via lactate influx, causing apoptosis of colon cancer cells.
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Additionally, the findings suggested that the combination of
CaLa with IS and CA may enhance antitumor activity, and
may provide a potential therapeutic approach for the treatment
of colon cancer.

Introduction

Colorectal cancer (CRC) is the third most common cause
of cancer-associated mortality worldwide. According to
mortality data from the National Center for Health Statistics
(Hyattsville, MD, USA), 71,000 men and 65,000 women are
estimated to be diagnosed with CRC in the USA each year,
and approximately 26,000 men and 24,000 women succumb
to disease annually (1). Treatment currently includes surgical
resection if the tumor has not progressed to an advanced stage,
cytotoxic chemotherapy and radiation. However, anticancer
drugs prolong survival without eliminating the cancer, and
they frequently have adverse effects (2).

A number of aspects of tumor function, growth and
division are affected by the pH of the tumor microenviron-
ment (3). The intracellular pH (pHi) of CRC tumors has been
identified to be neutral to alkaline (7.0-7.4), whereas extracel-
lular pH (pHe) is typically acidic (6.9-7.0) (4). Extracellular
acidification in tumors is thought to be primarily due to
lactate secretion following anaerobic glycolysis. Lactate is a
significant regulator of cancer development and maintenance,
and stimulates tumor angiogenesis (5). Metabolism of glucose
leads to the production of high concentrations of lactate, and
this results in an acidic microenvironment within a number of
solid tumors (6).

The expression of carbonic anhydrase 9 (CA9) on the tumor
cell membrane may contribute to an acidic pHe, as CA9 is able
to form H* via catalyzing the reversible hydration of CO, to
bicarbonate and a proton (7,8). The active site of CA9, which is
located in the extracellular space, contributes to acidification
of the extracellular environment during hypoxia and maintains
a neutral pHi within the tumor (9). CA9 expression has been
associated with tumor progression, aggressiveness and a poor
prognosis; therefore, it has been proposed as a potential thera-
peutic target (10). Pharmacological inhibition of CA9 catalytic
activity may be achieved via the use of specific CA9 inhibi-
tors or monoclonal antibodies that interrupt pH regulation in
cancer cells. This has been demonstrated to decrease tumor
growth and metastasis (11). Several CA9-targeted agents are
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in preclinical or clinical development, and this has established
a precedent for a novel, pH-targeted therapy for the treatment
of cancer (5,12).

In order to survive in the acidic microenvironment, the
pHi-regulating system in tumor cells actively extrudes acids
via the monocarboxylate transporter (MCT) (13). MCT4 is
strongly expressed in tumors, and alterations in pHi have previ-
ously been reported to be produced by MCT4. The transport
of H* across the plasma membrane and the uptake of lactate
markedly increases with decreasing pHe (14). Studies have
previously shown that lactate transport in MCT4-expressing
cells is accompanied by changes in pHi. An increase in lactate
concentration generates an increase in acidification of the pHi,
indicating a concentration-dependent influx of H* (15,16).
Therefore, MCT-targeted agents may additionally be good
candidates for cancer therapy (17).

In the present study, HCT116 human colon cancer cells
were treated with lactate calcium salt (CaLa) to investigate the
antitumor effects of artificial lactate influx via pH regulation
of the cancer cells. The combined effects of treatment with
Cal.a, 5-indanesulfonamide and a-cyano-4-hydroxycinnamic
acid were additionally investigated in order to identify any
enhanced antitumor effects due to MCT4 and CA9 inhibition.

Materials and methods

Cell lines and reagents. The HCT116 colon cancer cell
line was obtained from American Type Culture Collection
(Manassas, VA, USA) and maintained in RPMI 1640 medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% fetal bovine serum (HyClone; GE
Healthcare Life Sciences, Logan, UT, USA), 2 mM L-gluta-
mine, 100 U/ml penicillin and 100 pg/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc.), at 37°C in a humidified atmo-
sphere of 5% CO,. Cala, a-cyano-4-hydroxycinnamic acid
(CA; a CA9 inhibitor) and 5-indanesulfonamide (IS; an MCT4
inhibitor) were acquired from Sigma-Aldrich (St. Louis,
MO, USA). Rabbit polyclonal anti-human antibodies against
poly(adenosine diphosphate ribose) polymerase (PARP; cat
no. 9542) and glyceraldehyde-3-phosphate dehydrogenase
(cat no. 2118 ) were obtained from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Rabbit polyclonal anti-human anti-
bodies against CA9 (cat no. SC-25599) were acquired from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).

Lactate assay. Lactate concentration was measured using a
Lactate Assay kit (Abcam, Cambridge, MA, USA) according
to the manufacturer's protocol (18). Briefly, HCT116 cells
were seeded into 60-mm dishes at a concentration of
5x10° cells/well and incubated at 37°C for 24 h. Following
incubation, cells were treated with RMPI 1640 media
(control), CalLa, CA and IS for 24 h. Cells were washed
using phosphate buffered-saline (PBS) and collected. The
cells were subsequently centrifuged (694.4 x g, 5 min) and
homogenized in assay buffer, and the total protein concen-
tration was measured with a Bicinchoninic Acid Protein
Assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA).
Lactate concentration was measured by spectrophotometry
and normalized to total protein. Sample solutions were incu-
bated with the reaction agent for 30 min at room temperature.
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Subsequently, the absorbance of samples was measured
with an Epoch microplate spectrophotometer (450 nm; cat
no. 0211-3030, Bio-Tek Instruments, Inc., Winooski, VT,
USA).

Measurement of pHe. Changes in pHe were measured using
a pH electrode (item no. EW-58823-36; Thermo Fisher Scien-
tific, Inc.) (19). Briefly, 2.5x10° HCT116 cells were seeded into
6-well plates with RPMI-1640 media and incubated for 24 h.
Cells were cultured with IS, CA, CalLa and combinations of the
three for 24 h. Media was collected, and pHe was measured.

Measurement of pHi. To measure pHi, cells were seeded at
2.5x10° cells/well into 96-well plates with RPMI-1640 media
and incubated for 24 h. Cells were cultured with IS, CA,
CaLa and combinations of the three for 24 h. Subsequently,
pH-sensitive pHrodo™ Red AM (Molecular Probes; Thermo
Fisher Scientific, Inc.) was incubated with the HCT116 cells.
Briefly, fluorescence was measured at an excitation wavelength
of 555 nm and emission wavelength of 580 nm, analyzed and
converted to pHi using a nigericin calibration curve.

Colony formation assay. HCT116 cells were seeded into
6-well plates with RPMI-1640 media at a density of 5x10?
cells/well and incubated at 37°C. Following incubation and
treatment with CaLa, CA and IS, cells were allowed to grow
for 7 days to form colonies. The cells were washed twice using
PBS, and stained with hematoxylin. Colony morphology was
observed with an optical microscope (Eclipse TS100; Nikon,
Tokyo, Japan).

Cell viability assay. HCT-116 cells were seeded at a density
of 5,000 cells/well in 96-well plates and treated with
RMPI 1640 media (control), CaLa (5 mM), IS (1 mM) and
CA (5 mM) for 7 days. The cell viability assay was performed
using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT; 5 mg/ml; Biosesang Seongnam, Korea).
MTT reduction was assessed using an Epoch Micro-Volume
Spectrophotometer System (Bio-Tek Instruments, Inc.) at
460 nM.

Western blot. Cultured cells were washed twice using cold
PBS and lysed on ice in lysis buffer (Thermo Fisher Scien-
tific, Inc.) containing 1 M Tris-HCI (pH 7.4), 5 M NaCl,
0.5 mM ethylenediaminetetraacetic acid, NP-40, NaF, deoxy-
cholate, 0.1% Triton X-100 and protease inhibitor cocktail
tablets (Roche Diagnostics, Indianapolis, IN, USA). Protein
samples of 20 ug were loaded on 8% polyacrylamide gels and
subjected to electrophoresis. Protein bands were transferred
to nitrocellulose membranes (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) and blocked with 0.1% Tween 20 and 5%
skimmed milk protein in PBS for 1 h at room temperature.
Membranes were subsequently probed using primary poly-
clonal antibodies (Dilutions: PARP, 1:1,000; CA9, 1:5,000;
GAPDH, 1:5,000). Following incubation with goat anti-rabbit
IgG antibody (cat no. bs-0295G-HRP; 1:5000 dilution;
Bioss, Inc., Woburn, MA, USA), immunoblots were devel-
oped with western blot detection reagents (GE Healthcare
Life Sciences, Chalfont, UK) and exposed to X-ray film
(Agfa-Gevaert N.V,, Leverkusen, Germany), according to the
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Figure 1. Measurement of iLactate accumulation and cellular pH following inhibition of CA9 and MCT4 in colon cancer cells. IS was used to inhibit CA9,
and CA was used to inhibit MCT4. The graphs show the effects of (A) IS treatment and (B) CA treatment on iLactate concentration; the effects of (C) IS
treatment and (D) CA treatment on extracellular pH; and the effects of (E) IS treatment and (F) CA treatment on intracellular pH. Control cells were
treated with RPMI 1640 media. Results are presented as the mean + standard deviation. “P<0.05 vs. control. iLactate, intracellular lactate; CA9, carbonic
anhydrase 9; MCT, monocarboxylate transporter; IS, 5-indanesulfonamide; CA, a-cyano-4-hydroxycinnamic acid.

manufacturer's protocol. Densitometry measurements were
performed using ImageJ 1.48 software (National Institutes of
Health, Bethesda, MD, USA).

Statistical analysis. All data are presented as the mean + stan-
dard deviation. Statistical significance was analyzed using the
Student's t-test depending on the normality of the data. P<0.05
was considered to indicate a statistically significant differ-
ence. All statistical analyses were performed using SigmaStat
(version 3.5; Systat Software Inc., San Jose, CA, USA).

Results

Lactate accumulation occurs via CA9 and MCT4 inhibition.
In order to investigate the role of lactate transport via MCT4
and CA9 activity, HCT116 cells were cultured in 1 mM CA- or
5 mM IS-containing media. IS treatment led to a significant
increase (P=0.044) in the concentration of intracellular lactate
(iLactate) compared with the control group (Fig. 1A). CA
treatment also resulted in a significant increase to 1.77 nm/ul
(P=0.009) in the concentration of iLactate compared with the
control group (1.51 nm/ul; Fig. 1B).

IS and CA affect the regulation of pH in colon cancer cells.
To determine the role of CA9 and MCT4 in pH regulation,
HCT116 colon cancer cells were cultured in 1 mM CA- or 5 mM
IS-containing media. pHe was observed to be significantly

increased (IS, 7.19+0.006; CA, 7.29+0.012; P=0.016) following
treatment with IS and CA (Fig. 1C andD). By contrast, IS or
CA treatment induced a significant decrease (IS, 6.94 + 0.017;
CA, 6.21+0.045; P=0.007) in the pHi (Fig. 1E and F).

CalLa treatment affects the pH-associated tumor microenvi-
ronment. iLactate concentration, pHe and pHi were measured
in colon cancer cells following 5 Mm CalLa treatment. iLac-
tate was significantly increased to 0.285 nm/ul (P=0.001)
following CaLla treatment compared with the control group
(0.216 nm/ul; Fig. 2A). The pHe was similar in the control
and CaLa-treated groups (Fig. 2B). However, pHi was signifi-
cantly decreased to 6.50+0.020 (P<0.001) in the CaLa-treated
group compared with the control group (6.94+0.017; Fig. 2C).
This indicated that lactate-induced acidification was facili-
tated by the addition of CaLa to colon cancer cells.

Combined treatment with CalLa, IS and CA affects the
pH-associated tumor microenvironment of colon cancer
cells. A treatment strategy for combination treatment of Cala
(5 mM) with IS (1 Mm) and CA (5 mM) was established.
Initially, cells were exposed to CaLa, IS and CA separately and
incubated for 12 h. Subsequently, the cells were washed using
PBS and treated to form combinations of CaLa+IS, CalLa+CA
or CaLa+IS+CA. On the final day of the experiment, the
iLactate concentration, pH and cell viability were measured
(Fig. 3A). iLactate concentration was significantly increased
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Figure 2. Measurement of iLactate accumulation and cellular pH following treatment with CaLa. (A) Effect of CaLa treatment on iLactate accumulation.
(B and C) Effect of CaLa treatment on the cellular pH. Control cells were treated with RPMI 1640 media. Results are presented as the mean =+ standard devia-
tion. “P<0.001 vs. control. iLactate, intracellular lactate; CaLa, lactate calcium salt; N.S., not significant.
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Figure 3. Combined effects of treatment with CaLa, IS and CA on lactate accumulation and cellular pH. (A) Schematic representation of a strategy for com-
bined treatment with CaLa, IS and CA. Effect of combined treatment on (B) iLactate accumulation, (C) extracellular pH and (D) intracellular pH. IS was used
as a carbonic anhydrase 9 inhibitor, and CA was used as a monocarboxylate transporter 4 inhibitor. Control cells were treated with RPMI 1640 media. Results
are presented as the mean + standard deviation. "P<0.05 and “P<0.001 vs. control; “P<0.05; $P<0.001. CaLa, lactate calcium salt; IS, 5-indanesulfonamide; CA,
a-cyano-4-hydroxycinnamic acid; iLactate, intracellular lactate; pHe, extracellular pH; pHi, intracellular pH; PBS, phosphate-buffered saline.

in the CalLa-treated (2.01 nm/ul; P=0.017), IS+CA-treated
(1.85 nm/ul; P=0.016) and CaLa+IS-treated
(2.02 nm/ul; P=0.017) groups compared with the control group
(1.51 nm/ul, Fig. 3B). The CaLa+CA-treated (2.55 nm/ul)
and Ca+IS+CA-treated (2.75 nm/ul) groups demonstrated a
greater increase in the iLactate concentration, which indicated
an increased effect on lactate content (P<0.001; Fig. 3B).
According to the pHe results, the IS+CA-treated (7.32+0.02),
CaLa+IS-treated (7.26+0.02), CaLa+CA-treated (7.25+0.018)

and CaLa+IS+CA-treated (7.29+0.021) groups demon-
strated an increased pHe compared with the control group
(7.00+0.026) and CaLa-treated group (6.96+0.015; Fig. 3C).
The pHi was significantly lower (6.84+0.015; P=0.018)
following CaLa treatment (6.59+0.019) compared with the
control group (6.84+0.015, Fig. 3D). Similarly, treatment with
IS+CA (6.31+£0.018), CaLa+IS (6.27+0.015) and CaLa+CA
(6.33+0.018) induced a decrease in the pHi compared with
the CaLa-treated group (6.59+0.019). The greatest decrease in
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Figure 4. Combined effects of treatment with CaL.a, IS and CA on the viability of colon cancer cells. (A) Microscopic observation of the morphological struc-
ture of colon cancer cells during the colony formation assay. (B) Inhibitory effects of single or combination treatment with CaLa, IS and/or CA on the viability
of colon cancer cells. (C) Western blot analysis for PARP following single or combination treatment with CaLa, IS and CA (measured relative to GAPDH).
IS was used to inhibit carbonic anhydrase 9 and CA was used to inhibit monocarboxylate transporter 4. Control cells were treated with RPMI 1640 media.
Results are presented as the mean + standard deviation. "P<0.05 and “"P<0.001 vs. control; **P<0.001. CaLa, lactate calcium salt; IS, 5-indanesulfonamide; CA,
a-cyano-4-hydroxycinnamic acid; PARP, poly(adenosine diphosphate ribose) polymerase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

pHi was observed with the three-agent combination treatment
of CaLa+IS+CA (6.19+0.015; Fig. 3D). The decrease in pHi
signified lactate-induced intracellular acidification.

Treatment with CalLa, IS and CA has a combined effect
on the viability of colon cancer cells. Colony formation
was markedly decreased following single treatment with
CaLa, IS or CA compared with controls. Additionally, treat-
ment with combinations of the agents (IS+CA, CaLa+IS,
CaLa+CA or CaLa+IS+CA) completely inhibited colony
formation compared with the control group (Fig. 4A). The
cytotoxic effects on colon cancer cells were compared using
an MTT assay. Relative to the control group (defined as
100% cell viability), decreased cell viability was observed
following administration of a single-agent treatment with
CaLa (66.61+16.17; P=0.029), IS (62.01£15.01; P=0.028) or
CA (59.9+13.13; P=0.023) (Fig. 4B). Administration of two
different agents (IS+CA, 15.42+4.18; CaLa+IS, 29.01+8.52;
or CaLa+CA, 21.01+3.26) significantly reduced cell viability
(P<0.001), whilst the three-agent combination of CaLa+IS+CA
(8.42+1.31) led to a greater reduction in cell viability (P<0.001)
compared with the two-agent combinations.

PARP is involved in acid-induced cell death. In order to inves-
tigate the mechanism underlying the decrease in viability of
colon cancer cells, the expression of PARP was determined
using western blot analysis (Fig. 4C). Among the single
treatments, only the CaLa-treated group (0.70+0.04) demon-
strated a decrease in PARP expression compared with the
control group (1.03+0.01). Similarly, PARP was significantly
decreased (P=0.017) following treatment with the two-agent
combinations (IS+CA, 0.65+0.08; CaLa+IS, 0.79+0.06;
and CaLa+CA, 0.72+0.09). The three-agent combination of
CaLa+IS+CA resulted in a greater reduction (0.38+0.008) in
the expression of PARP compared with CalLa-only treatment
and two-agent combination treatments.

Discussion

In the present study, the effects of CalLa on the pH micro-
environment of colon cancer cells were investigated. The
findings revealed that lactate was able to induce intracellular
acidification via MCT4 and CA9 inhibition. CaLa increased
the intracellular lactate concentration, which led to a more
acidic pHi. These conditions may contribute to the inhibition
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of cancer cell survival. Combination treatment of CalLa with
CA and IS led to a marked decrease in the viability of colon
cancer cells. The current findings demonstrate that Cal.a may
potentiate the activity of CA9 and MCT4 inhibitors, providing
in vitro evidence for the utility of Cala as a potential pharma-
cological agent for the treatment of colon cancer.

The majority of cancer cells produce lactate under aerobic
conditions, which indicates a state of active glycolysis (20).
The intracellular lactate shuttle is important in maintaining
the redox balance within cells (21). Lactate overproduction by
tumors may be due to exaggerated glycolysis and a decreased
clearance capacity caused by an impaired capacity for oxidative
phosphorylation (22). Lactate accumulation has been proposed
as a marker of malignancy in certain types of human cancer (23).

CA is known to inhibit MCT4, preventing monocarbox-
ylate uptake and therefore inhibiting extracellular lactate
transport (24). In addition, IS may block lactate transport via
inhibition of CA9 activity (4). Therefore, intracellular lactate
is increased following treatment with CA and IS. Lactate
accumulation in tumor cells is accompanied by changes in the
cytosolic pH, leading to acidification (25).

The primary function of CA9 in cancer is maintenance of pH
homeostasis, which is associated with acidification of the tumor
microenvironment and promotion of cancer cell migration and
invasiveness. An additional function of CA9 is to maintain
the intracellular pH under hypoxic conditions (9). Expression
of CA9 has been proposed to be a marker of hypoxia and an
indicator of poor prognosis (25). MCT offers a mechanism
for achieving low pHe, while maintaining an alkaline pHi (4).
This mechanism has been well-demonstrated using an MCT4
inhibitor, which led to an alkaline pHe and an acidic pHi (5,26).
Previous reports have demonstrated that lactate transport in
MCT4-expressing cells was accompanied by changes in the
cytosolic pH (16). The high levels of lactate produced by cancer
cells are usually removed by MCTs. MCT transport depends on
pH, intracellular vs. extracellular lactate concentration and the
levels of additional MCT substrates. The cotransport of protons
with lactate prevents the toxic buildup of lactate and the acidi-
fication of the intracellular environment. Accordingly, lactate
transport by MCTs is a therapeutic vulnerability of cancer cells,
as intracellular acidosis poses a threat to cell survival (5).

In the present study, Cal.a was used to induce iLactate
accumulation in colon cancer cells. Cal.a was observed to pass
easily through tumor cell membranes. As a number of cancer
cells are able to utilize calcium, a calcium-bound form of lactate
was used. MCT4 channels were able to facilitate the transport of
CalLa out of tumor cells. Therefore, inhibition of MCT4 led to
increased intracellular acidification following CaL.a treatment.

PARP is important in the maintenance of genetic integrity
in response to DNA damage, and has been implicated in cell
death induced by DNA damage (27). PARP is the substrate for
the majority of caspases in vitro, and it has been reported that
intracellular acidification may lead to apoptotic cell death (28).
Apoptotic stimuli, including cancer chemotherapies, are capable
of inducing intracellular acidification (29). Direct induction of an
acidic pHi reportedly triggers the classic hallmarks of apoptosis,
including nuclear condensation, cytoplasmic vacuolization and
endonuclease-mediated DNA degradation (30). These observa-
tions suggest a direct association between acidification and a
decrease in the viability of colon cancer cells. In the present
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study, downregulation of PARP activity was significant in the
CalLa-treated group. Furthermore, combination treatment with
CaLa+IS+CA led to enhanced inhibition of PARP activity.

In conclusion, the present study demonstrated that combina-
tion treatment with CaLa+IS+CA is able to induce intracellular
acidification in colon cancer cells via maintenance of lactate
accumulation, and to inhibit the viability of colon cancer
cells. Therefore, it is proposed that combined treatment with
CaLa+IS+CA may enhance antitumor activity compared
with single-agent treatment, and this may provide a potential
approach for the treatment of colon cancer via regulation of pHi.
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