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Abstract: Disulfiram has been used in the treatment of alcoholism and exhibits an anti-tumor
effect. However, the intracellular mechanism of anti-tumor activity of Disulfiram remains unclear.
In this study, we focused on the modulatory role of Disulfiram via oncogenic factor carbonic anhydrase
CA12 and its associated transporter anion exchanger AE2 in lung cancer cell line A549. The surface
expression of CA12 and AE2 were decreased by Disulfiram treatment with a time-dependent manner.
Disulfiram treatment did not alter the expression of Na+-bicarbonate cotransporters, nor did it
affect autophagy regulation. The chloride bicarbonate exchanger activity of A549 cells was reduced
by Disulfiram treatment in a time-dependent manner without change in the resting pH level.
The expression and activity of AE2 and the expression of CA12 were also reduced by Disulfiram
treatment in the breast cancer cell line. An invasion assay and cell migration assay revealed that
Disulfiram attenuated the invasion and migration of A549 cells. In conclusion, the attenuation of
AE2 and its supportive enzyme CA12, and the inhibitory effect on cell migration by Disulfiram
treatment in cancer cells provided the molecular evidence supporting the potential of Disulfiram as
an anticancer agent.
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1. Introduction

Disulfiram (DSF) has been used in the treatment of alcoholism as a proteasome inhibitor.
DSF inhibits acetaldehyde dehydrogenase involved in the oxidation of ethanol metabolite
acetaldehyde [1]. In addition, DSF binds to metal copper ion and binding complex DSF -copper has
been reported to exhibit anti-tumor effect. The binding complex generates reactive oxygen species,
which trigger cancer cell apoptosis [2]. DSF also chelated zinc ion, and subsequently inhibited the
proteolytic activity of matrix metalloproteinases (MMP), MMP-2 and MMP-9 [3], and is potentially
involved in the inhibition of cancer cell invasion and angiogenesis [4].

Plasma membrane-associated carbonic anhydrases 12 (CA12) can be considered as a cancer
cell surface marker [5–7] and exhibits a significant relationship in various cancers, such as breast
cancer [8,9]. In addition to being a novel prognostic indicator, modulation of CA12 exhibits a novel
therapeutic strategy for cancer. Previously, we reported that the involvement of CA12 enhanced several
bicarbonate transporters activities [10] and mutated CA12 modulated the expression of water channel
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aquaporin 5 [11]. The modulatory role of CA12, ion transporters, and its coordinated arrangement is
involved in the maintenance of acidic tumor microenvironment [12].

In this study, we focused on the anti-invasion effect and modulatory role of DSF via CA12 and its
associated transporter anion exchanger 2 (AE2). The upregulation of AE2 as a chloride/bicarbonate
exchanger (CBE) is associated with various cancer cell types, including hepatocarcinoma [13,14],
gastric cancer [15,16], and ovarian cancer [17]. Cellular migration and invasion are modulated by the
involvement of various ion transporters [18]. We hypothesized that the acidic tumor microenvironment
and surface-associated CA12 are also associated with the recruitment of transporters. In addition,
DSF -induced modulation of cancer cell invasion might be mediated by alteration in expression or
activity of CA12 and AE2. Thus, we examined the role of DSF on the modulation of CA12 and AE2
and, for the first, demonstrated the inhibitory effect of DSF on cancer cell invasion and AE2 activity.

2. Results

2.1. Surface Expression of CA12 Protein was Decreased by DSF Treatment

CA12 can be considered as a cancer cell surface marker [5–7]. To determine the dose of DSF on
CA12 expression, the expression of mRNA and protein was examined at rising concentrations from
0.1–4 µM DSF (Figure 1A–C). The 2 µM DSF was selected for further investigations. To evaluate the
effect of DSF on CA12 expression in a time-dependent manner, DSF-treated cells were immunostained
with native CA12. The CA12 is localized in the plasma membrane and the expression of CA12 was
decreased by DSF treatment in a time-dependent manner (Figure 1D). The biotinylation assay also
revealed reduced the surface expression of CA12 by DSF (Figure 1E,F). The viability of cells in the
presence of DSF was confirmed with MTT assay and FACS analysis (Supplementary Figure S1A–C).
The treatment with DSF under this condition did not affect the cell viability.

2.2. Surface Expression of AE2 Protein was Decreased by DSF Treatment

We have previously shown the interaction between CA12 and chloride/bicarbonate exchanger
AE2 [10,19]. Here, we verified the effect of DSF on the levels of AE2. To confirm the dose of DSF on AE2
expression, expression of mRNA and protein was examined at 0.1–4 µM DSF (Figure 2A–C). More than
2 µM DSF revealed statistical significance at the reduced expression of endogenous AE2 compared to
control. The immunostaining of endogenous AE2 revealed its localization on plasma membrane and
decreased membrane localization of AE2 following DSF treatment (Figure 2D). The surface expression
of endogenous AE2 was also decreased by treatment with DSF (Figure 2E,F). To confirm the effect
of DSF on the level of AE2, we used overexpressed AE2 in HEK293T cells. The surface expression
of overexpressed AE2 also was decreased by the treatment with DSF (Supplementary Figure S2).
In addition, Na+-dependent bicarbonate transporters are also involved in the cell migration [20,21].
However, DSF treatment did not alter the expression of electrogenic Na+-bicarbonate cotransporter
(NBC)e1 and electroneutral NBCn1 (Figure 2G,H). It has been previously reported that the expression
of AE2 was associated with autophagy regulation [22]. We examined the expression of autophagy
marker proteins. The expression of LC3B and p62 did not change in DSF-treated cells (Figure 2I,J).

2.3. DSF Decreased CBE Activity in A549 Cells

We verified the effect of DSF on CBE activity. The CBE activity of A549 cells was reduced after DSF
treatment in a time-dependent manner (Figure 3A,B). The DSF treatment did not affect the resting pH
level (Figure 3C). As shown in Figure 3D, the changes in BCECF ratios was converted to intracellular
pH value followed by the calibration curve of A549 cells (pH = 6.97-log(5.84-R/R-2.53)).
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Figure 1. Surface protein expression of CA12 protein was decreased by DSF treatment. (A) Analysis 
of CA12 mRNA expression at rising concentrations from 0.1 – 4 μM DSF for 48 hrs (n = 5). (B) Protein 
expression of CA12 at indicated DSF concentration. (C) Analysis of relative CA12 intensity (n = 3, *p 
< 0.05). (D) Immunostained images of CA12 (green), nucleus (DAPI, blue), and cell morphology 
(TPM-T, gray) following 2 μM DSF treatment. The scale bars represent 20 μm. (E) Time-dependent 
changes in surface expression of CA12 in the presence of 2 μM DSF in A549 cells. The β-actin and 
input CA12 blots were used as loading controls. (F) Analysis of relative intensity of CA12 for input 
and biotinylated (Bio) blot. Bars represent mean ± SEM (n = 4, *p < 0.05). 
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AE2 expression, expression of mRNA and protein was examined at 0.1–4 μM DSF (Figure 2A–C). 
More than 2 μM DSF revealed statistical significance at the reduced expression of endogenous AE2 
compared to control. The immunostaining of endogenous AE2 revealed its localization on plasma 
membrane and decreased membrane localization of AE2 following DSF treatment (Figure 2D). The 
surface expression of endogenous AE2 was also decreased by treatment with DSF (Figure 2E,F). To 
confirm the effect of DSF on the level of AE2, we used overexpressed AE2 in HEK293T cells. The 

Figure 1. Surface protein expression of CA12 protein was decreased by DSF treatment. (A) Analysis
of CA12 mRNA expression at rising concentrations from 0.1–4 µM DSF for 48 h (n = 5). (B) Protein
expression of CA12 at indicated DSF concentration. (C) Analysis of relative CA12 intensity (n = 3,
* p < 0.05). (D) Immunostained images of CA12 (green), nucleus (DAPI, blue), and cell morphology
(TPM-T, gray) following 2 µM DSF treatment. The scale bars represent 20 µm. (E) Time-dependent
changes in surface expression of CA12 in the presence of 2 µM DSF in A549 cells. The β-actin and
input CA12 blots were used as loading controls. (F) Analysis of relative intensity of CA12 for input and
biotinylated (Bio) blot. Bars represent mean ± SEM (n = 4, * p < 0.05).

2.4. DSF Decreased the Expression of AE2 and CA12 and CBE Activity in Breast Cancer Cell Lines

To evaluate the inhibitory role of DSF on other types of cancer, breast cancer cell lines, MDA-MB-231
and MCF-7, were treated DSF in a time-dependent manner. The expressions of AE2 and CA12 were
also reduced by DSF treatment (Figure 4A,B). CBE activities of MDA-MB-231 and MCF-7 cells were
also inhibited by the treatment of DSF (Figure 4C,E). DSF treatment did not affect the resting pH
level in MDA-MB-231 and MCF-7 cells (Figure 4D,F). The changes in BCECF ratio were converted to
intracellular pH value followed by the calibration curve of each cell line (Supplementary Figure S3).
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Figure 2. Surface protein expression of AE2 protein was decreased by DSF treatment. (A) Analysis of 
AE2 mRNA expression at rising concentrations from 0.1–4 μM DSF for 48 hrs (n = 5). (B) Protein 
expression of AE2 at indicated DSF concentration. (C) Analysis of relative AE2 intensity (n = 3, *p < 
0.05, ***p < 0.001). (D) Immunostained images of AE2 (red), nucleus (DAPI, blue) and merge of cell 
morphology (TPM-T, gray) with and without DSF treatment. The scale bars represent 20 μm. (E) The 

Figure 2. Surface protein expression of AE2 protein was decreased by DSF treatment. (A) Analysis
of AE2 mRNA expression at rising concentrations from 0.1–4 µM DSF for 48 h (n = 5). (B) Protein
expression of AE2 at indicated DSF concentration. (C) Analysis of relative AE2 intensity (n = 3,
* p < 0.05, *** p < 0.001). (D) Immunostained images of AE2 (red), nucleus (DAPI, blue) and merge
of cell morphology (TPM-T, gray) with and without DSF treatment. The scale bars represent 20 µm.
(E) The surface expression of AE2 after treatment with 2 µM DSF. The β-actin and input AE2 blots
were used as loading controls. (F) Analysis of relative intensity of AE2 for input and biotinylated (Bio)
blot. Bars represent mean ± SEM (n = 3, ** p < 0.01). (G) Protein expressions of NBCe1 and NBCn1.
(H) Analysis of relative intensity of NBCe1 and NBCn1 blots. Bars represent mean ± SEM. (I) Protein
expressions of LC3B and p62. The β-actin blot was used as a loading control. (J) Analysis of relative
intensity of LC3B and p62 blots. Bars represent mean ± SEM.
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Figure 3. DSF decreased CBE activity in A549 cells. (A) CBE activity of A549 cells with and without
treatment with 2 µM DSF (blue trace at 24 h, red trace at 48 h, and control, black trace). Average traces
are represented. (B) Bars indicate the means ± SEM (n = 4, ** p < 0.01). (C) The bars show resting
intracellular pH (pHi) level of A549 cells represented as the means ± SEM. (D) The calibration curve of
A549 cells (pH = 6.97-log(5.84-R/R-2.53)).

2.5. DSF Reduced Cancer Cell Invasion and Migration in Acidic Microenvironment

The localization of CA12 in plasma membrane provides favorable circumstances for cancer cell
migration. The ability of invasion and migration was mediated by transporters. Thus, we hypothesized
that the attenuation of AE2 activity by DSF affects the motility of cells. We examined the effect of DSF
on the invasion and migration of A549 cells. For invasion assay, cells were seeded on the agarose
spot-containing culture dishes. A549 cells invaded towards agarose spots (Figure 5A). The schematic
procedure was represented in Figure 5B. The invasion range decreased in DSF -treated cells (Figure 5C).
The effect of DSF on cell migration was analyzed using transwell-membrane migration assay (Figure 5D).
The cells migrated from upper chamber to bottom plates and migrated cells were placed in the porous
membrane of the upper chamber. Cell migration was analyzed to determine by evaluating the number
of nucleus with 4′,6-diamidino-2-phenylindole (DAPI) staining that represented migrated cells. A549
cell migration was also reduced by DSF treatment (Figure 5E). These results showed that DSF attenuated
the invasion and migration of A549 cells.
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Figure 4. DSF also decreased the expressions of AE2 and CA12 and CBE activity in breast cancer cell 
lines. (A) The protein expressions of AE2 and CA12 with and without treatment of 2 μM DSF in MDA-
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Figure 4. DSF also decreased the expressions of AE2 and CA12 and CBE activity in breast cancer
cell lines. (A) The protein expressions of AE2 and CA12 with and without treatment of 2 µM DSF
in MDA-MB-231 and MCF-7 cells. The β-actin was used as loading control. (B) Analysis of relative
intensity of AE2 and CA12 blots in MDA-MB-231 and MCF-7 cells. Bars represent mean ± SEM (n = 3,
* p < 0.05, ** p < 0.01). (C) CBE activity of MDA-MB-231 cells treated with 2 µM DSF (yellow trace) at
24 h and the cells not treated with DSF (Control, gray trace). Average traces are represented. The bar
graph indicates CBE activity of MDA-MB-231 cells with and without DSF and the means ± SEM
(n = 4, *** p < 0.001). (D) The bars show resting pHi level of MDA-MB-231 cells which indicate the
means ± SEM. (E) CBE activity of MCF-7 cells treated with 2 µM DSF (yellow trace) at 24 h and the cells
not treated with DSF (Control, gray trace). Average traces are represented. The bar graph indicates
CBE activity of MCF-7 cells with and without DSF and the means ± SEM (n = 4, * p < 0.05). (F) The bars
show resting pHi level of MCF-7 cells which indicate the means ± SEM.
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Figure 5. DSF reduced cancer cell invasion and migration in acidic microenvironment. (A) Time
dependent representative images of A549 cells, invading (4, 24, 48, and 72 h) towards agarose spots
containing PBS (pH 6.5) with and without DSF treatment. The red dotted lines indicate the direction of
invasion across the boundary of the agarose spot shown as a dashed curve. The yellow dotted lines
indicate the lineage of cells that migrated into the agarose spots. (B) The schematic representation
of agarose spot assay. (C) Analysis of invasion range per hour. Bars indicate the means ± SEM
(n = 4, ** p < 0.01). (D) A549 cell migration was measured by transwell-membrane migration assay
incubated with indicated conditions (bottom plates; pH 6.5, upper chamber; pretreated with 2 µM DSF
at 48 h). Immunofluorescence staining of nucleus (DAPI, blue) was analyzed for the evaluation of cell
migration. The scale bars represent 50 µm. (E) Analysis of total intensity of DAPI for A549 migration.
Bars represent mean ± SEM (n = 3, * p < 0.05).
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3. Materials and Methods

3.1. Immunofluorescence and Confocal Imaging

The A549 cells was transferred onto cover glasses and fixed with chilled methanol (−20◦C, 10 min for
AE2) and 4% paraformaldehyde (room temperature (RT), 10 min for CA12). For the paraformaldehyde
fixation, cells were treated 0.5% Triton-X 100 for 10 min. Fixed cells were treated with 5% goat serum (in
DPBS) for 1 hr at RT to block non-specific reaction. The cells were incubated with primary antibodies
(AE2 and CA12, 1:100 dilution factor in 5% goat serum) at 4 ◦C for overnight, followed by washing with
incubation buffer (5% BSA in DPBS). To detect the primary antibody, cells were treated with secondary
antibodies (1:200 dilution factor), goat immunoglobulin G (IgG)-tagged with rhodamine (1:50 dilution
factor in incubation buffer, Jackson ImmunoResearch, anti-mouse: 115-025-072, anti-rabbit: 111-025-144)
or fluorescein isothiocyanate (FITC, 1:50 dilution factor in incubation buffer, anti-mouse: 115-095-071,
anti-rabbit: 111-095-003) for 1 hr at room temperature (RT). Following incubation, cells were washed
thrice with PBS and the cover glasses were mounted on glass slides using 20 µL Fluoromount-GTM

with 4′,6-diamidino-2-phenylindole (DAPI, 17984-24, Electron Microscopy Sciences, Hatfield, PA, USA)
and incubated overnight at 4 ◦C. The immunostaining images were detected using LSM 700 Zeiss
confocal microscope (Carl Zeiss, Oberkochen, Germany).

3.2. Agarose Spot Assay for Cell Invasion

Directional cell invasion was examined by performing an agarose spot assay as described
previously [23] with mild modifications. Briefly, 10 mg of agarose (UltraKem LE, Young Sciences,
Bucheon, South Korea) was placed into 50 mL conical tube and diluted using 2 mL Physiological salt
solution (called PSS, 140 mM NaCl, 10 mM HEPES, 10 mM Glucose, 5 mM KCl, 1 mM MgCl2, 1 mM
CaCl2, 300mOsm, pH 7.4) to prepare a 0.5% agarose solution and spotted (four spots per plate) onto
six-well plates (Thermo Fisher Scientific, Waltham, MA, USA) and allowed to cool for 8 min at 4 ◦C.
Then, 4 × 105 cells were plated and allowed to adhere for 4 h before replacement with a medium
containing 0.1% fetal bovine serum (FBS; 1600-044, Invitrogen, Carlsbad, CA, USA) and 100 U/mL
penicillin (15140122, Invitrogen, Carlsbad, CA, USA) in DMEM. After incubation for 4, 24, 48, and 72 h
at 37 ◦C, images were collected using Meta Morph software (Molecular Devices, San Jose, CA, USA)
with 20 x objective lens (Olympus, Tokyo, Japan). Invasive cells referred to the cells that appeared
underneath the agarose spot—their distance of movement per hour was measured to evaluate the
migration range.

3.3. Analysis of Cell Motility on Transwell System

First, 500 µL of A549 cell culture (5 × 104 cells) was added to each bottom plate for 12~18 h.
After incubation, top chambers were filled with 200 µL of A549 (5 × 104 cells) containing 1% FBS and
reagents for 6 h. Then, chilled methanol was added on the bottom plates for 1 min at -20◦C. The chilled
methanol was removed and PBS was added for washing. Then, DAPI solution, mixed with distilled
water (DW), was loaded on the bottom plates. The plate was incubated for 30 min in dark. The media
on the top and bottom plates was removed carefully. DW was added in the bottom plates at RT and
measured at 340 nm using an LSM 700 confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany). A549 cell migration was determined by evaluating the number of nucleus with DAPI
staining on the transwell-membrane.

3.4. DNA Transfection

Plasmid DNA transfection was performed by Lipofectamine 2000 as per manufacturer’s protocol
(Invitrogen, Carlsbad, CA, USA). Each plasmid DNA was diluted in 200 µL of Opti-MEM and 4 µL of
Lipofectamine 2000, and was incubated for 5 min at RT with 200 µL of the same medium. The DNA
samples and Lipofectamine 2000 were mixed and added to the cell culture dish after the incubation
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for 25 min. After further 4 h incubation, the medium was replaced with fresh DMEM containing FBS.
The cells were cultured and used for experiment after 48 h of transfection.

3.5. Reverse Transcription-polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from A549 cells using the RiboEx™ (GeneAll, Seoul, South Korea), as per
the manufacturer’s instructions. RNA concentrations were quantitated with the Spectrophotometer
ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA) and were amplified according to
manufacturer’s protocol using the Hybrid-R™ (GeneAll, Seoul, South Korea) RT-PCR kit. The human
primers used are listed; GAPDH (forward, 5′-CAT GGC ACC GTC AAG GCT GAG-3′ and reverse,
5′-CTT GGC CAG GGG TGC TAA GC-3′), CA12 (forward, 5′-CGT GCT CCT GCT GGT GAT CT-3′

and reverse, 5′-AGT CCA CTT GGA ACC GTT CAC T-3′), and AE2 (forward, 5′-GGG GAC AAG CCC
AAG ATT CA-3′ and reverse, 5′-CTC GGT CGG TGA AGA TAC GG-3′). The PCR cycling protocol
was as follows; denaturation at 95◦C for 5 min, followed by 45 cycles of 95 ◦C for 1 min, an annealing
step for 1 min, and an extension step at 72 ◦C for 1 min. Final extension was carried out at 72◦C for
10 min. PCR products were electrophoresed on 1% agarose gels. Bands were visualized and acquired
with a CCD camera, and scanned using the GelDocXR imaging system (BioRad, Hercules, CA, USA).

3.6. Surface Biotinylation and Western Blotting

To detect the surface expression of proteins, cells were incubated with 0.5 mg/mL EZ-LINK
Sulfo-NHS-LC-biotin (21335, Thermo Fisher Scientific, Waltham, MA, USA) for 30 min on ice, followed
by their treatment with 100 mM cold glycine solution for 10 min. Incubated cells were washed with
phosphate-buffered saline. The cells were incubated with 1x lysis buffer (Cell signaling, Danvers, MA,
USA) containing 20 mM Tris, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, and a protease inhibitor
mixture for 30 min and subjected to sonication. The lysed cells were centrifuged at 11,000× g for 15 min
at 4 ◦C and protein concentration was determined by Bradford assay (5000001, BioRad, Hercules,
CA, USA). The supernatants were incubated overnight with 90 µL Avidin beads (20347, Thermo
Fisher Scientific, Waltham, MA, USA) at 4 ◦C, followed by washing of the beads with lysis buffer.
The collected beads were incubated with protein sample buffer at 37 ◦C for 15 min to recover the proteins.
The recovered protein samples (30 µg) were subjected to separation using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and then, transferred onto polyvinylidene difluoride
(PVDF, 1620177, BioRad, Hercules, CA, USA) membranes soaked in methanol. The membrane was
blocked with 5% non-fat milk solution in TBS-T (Tris-buffered saline [TBS] and 0.5% Tween-20) for
1 hr. The membrane was then incubated with β-actin (A5441, Sigma, Saint-Louis, MO, USA), AE2
(ab42687, Abcam, Cambridge, UK), NBCe1 (ab187511, Abcam, Cambridge, UK), NBCn1 (ab82335,
Abcam, Cambridge, UK), LC3B (NB100-2220, Novus Biologicals, Centennial, CO, USA), p62 (ab56416,
Abcam, Cambridge, UK), and CA12 (15180-1-AP, Proteintech Group Inc, Rosemont, IL, USA) antibodies
overnight at 4 ◦C and washed thrice with TBS-T. The membranes were incubated with horseradish
peroxidase-conjugated anti-mouse and anti-rabbit secondary antibodies and the protein bands were
visualized using the enhanced luminescent solution (BioRad, Hercules, CA, USA).

3.7. Measurement of CBE Activity

Cells were attached onto coverslips one day before and loaded in the chamber with 4 µM
BCECF-AM (2′,7′-bis-(carboxyethyl)-5-(and-6)-carboxyfluorescein, 0061, TEFlabs Inc, Austin, TX, USA)
in the presence of same volume of 0.05% pluronic acid (P-3000MP, Invitrogen, Carlsbad, CA, USA) for
15 min at RT. After incubation of the fluorescence dye, the cells were perfused with regular solution,
as previously described [24], for at least 5 min prior to intracellular pH (pHi) measurements. The pHi

was measured by BCECF fluorescence using dual excitation wavelengths of 495 and 440 nm and
emission wavelength of 530 nm. The cells were incubated with CO2-saturated HCO3

− solution for the
acidification of the cytosol, and then, perfused with Cl−-free HCO3

− solution. All incubated solutions
were maintained at 37◦C. Cl−-HCO3

− exchanger (CBE) activity of AE2 was calculated from the slope of
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increase in pHi during the first 30-45 sec in Cl−-free HCO3
− solution and expressed as the percent fold

change relative to that of CBE activity of control. Fluorescence images were obtained with Retiga 6000
CCD camera (Q-Imaging) recruited to an inverted microscope (Olympus, Tokyo, Japan) and analyzed
with a Meta Fluor system (Molecular Devices, San Jose, CA, USA). Each image was analyzed after the
removal of the background fluorescence.

3.8. pH Calibration

Ratios of BCECF-AM (TEFLabs Inc, Austin, TX, USA) were converted to pH unit using calibration
curves as previously described [25,26]. Briefly, pH calibration was performed by aspirating the
calibration solution slowly to A549 cells attached on coverslips. Cells were incubated in the calibration
solutions (pH 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5) for 5 min at RT. The equation of pH calibration curve
was pH = 6.97 − log((Rmax [5.84]-R)/(R-Rmin [2.53])) (pKa of BCECF; 6.97, R; ratio value of BCECF,
Rmax [5.84]; maximum ratio, Rmin [2.53]; minimum ratio) of A549 cells. The BCECF fluorescence ratio
was converted to changes in pHi (∆pHi) value, followed by the calibration curve.

3.9. MTT Assay for Cell Viability

A549 cells were cultured in 96-well plates at a density of 5 × 103 cells per well. The cells were
treated with DSF (D2950000, Sigma, Saint-Louis, MO, USA). After the indicated incubation time,
the medium was replaced with MTT (2 mg/mL, MT1036, BioPrince, Chuncheon, South Korea) solution
followed by incubation for 2 h at 37 ◦C. The formazan crystals were dissolved by replacing with DMSO.
The absorbance was determined using a Fluorescence micro-plate reader (VICTOR X3, PerkinElmer,
Waltham, MA, USA) at 570 nm.

3.10. FACS Analysis

For analyzing apoptotic pathways in A549 cells treated with DSF, cells were seeded in six-well
plates at a density of 3 × 105 cells and incubated for the indicated time. Cell suspension with
no DSF treatment was used as control. Apoptosis was assessed using an LSR-II flow cytometer
(Invitrogen, Carlsbad, CA, USA). Cells were stained with annexin V using an apoptosis detection kit.
After incubation, cells were detached from the culture dish and prepared according to the protocol
supplied with the Annexin V-Pacific Blue™ kit (Invitrogen, Carlsbad, CA, USA). Briefly, 5 µL of
Annexin V-Pacific Blue™was applied to each sample and incubated for 15 min in the dark at RT. Then,
cells were re-suspended in 400 µL of PBS containing 10% FBS, and analyzed at 410 nm excitation using
a 455 nm filter to measure Pacific Blue.

3.11. Statistical Analyses

Data from the indicated number of experiments were expressed as mean ± standard error of the
mean (SEM). Statistical significance was determined by the analysis of variance in each experiment
(* p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion

In this study, we reported, for the first time, that DSF modulated endogenous CA12 and endogenous
AE2 and attenuated the migration and invasion of cancer cells by reduction of expression and
activity of AE2. Broadly expressed AE2 is upregulated in several tumor types, such as hepatocellular
carcinoma [13,14], gastric cancer [15,16], and ovarian cancer [17]. The involvement of ion transporters
reveals enhanced cell motility [18]. In addition to motility, the acidic or hypoxic tumor microenvironments
are needed for sophisticated pH regulation for cancer progression. Tumor microenvironment was
regulated by the acid-base balancing mechanism. As diagnostic markers, CA9 and CA12 have been
shown to be tumor hypoxia markers [27,28]. Thus, the involvement of bicarbonate transporters and
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associated enzymes, such as CA9 and CA12, provides favorable condition to facilitate cancer progression
as well as motility [21,29].

Cellular migration is modulated by various transporters, including NBCs, Na+K+Cl− cotransporter,
and AE [20,21]. We previously reported that CA12 is associated with NBC and AE2 [10]. Thus,
we assumed that DSF treatment could inhibit NBC and AE. Interestingly, DSF treatment did not inhibit
Na+-bicarbonate cotransporters as shown in Figure 2G,H. It indicated that DSF prominently regulated
both CA12 and AE2. We previously reported the supportive function of CA12 on the regulation of AE2
activity [10]. The current results have addressed that co-modulation of CA12 and AE2 by DSF may
provide effective strategy to attenuate the migration of cancer cells. Specific inhibitors or si/shRNAs of
AE2 and/or CA12 may mimic the attenuated effect of DSF on migration.

It was previously shown that decreased AE2 expression was related to autophagy
dysregulation [22]. In this study, attenuation of AE2 by DSF was independent of autophagic regulation.
Accumulating evidence suggests that AE2 is involved in tumorigenesis. Celay et al. addressed the role
of AE2 and its target peptide reduced tumor growth in vivo [30]. Enhanced AE2 promotes ovarian
cancer progression by activating mTOR signaling [17]; whereas, reduction of AE2 enhances cellular
migration via the activation of MMP pathways in the esophageal squamous cell carcinoma [31]. Despite
the controversial effect of AE2 on tumorigenesis, as a drug repurposing, the attenuation of AE2 and
its supportive enzyme CA12, and the inhibitory effect on cell migration by DSF in lung and breast
cancer cells, provides evidence supporting the therapeutic potential of DSF against cancer as well
as alcoholism.

Supplementary Materials: The following are available online, Supplementary Figure S1. Cell viability of
DSF-treated A549 cells. Supplementary Figure S2. The effect of DSF on the localization of AE2 in AE2-overexpressed
HEK293T cells. Supplementary Figure S3. Calibration curve of intracellular pH change (ratio) of MDA-MB-231
and MCF-7 cells.

Author Contributions: J.H.H. and D.M.S. contributed to the conception and design of the manuscript, and
critically revised it. S.H. collected the information, performed the experiments, analyzed the data, and drafted the
article. J.H.H. and D.M.S. approved the final version of the manuscript.

Funding: This research was funded by by the National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIT) [NRF-2019R1F1A1046785 (J.H.H.), NRF-2017R1D1A1B03028015 (D.M.S.)] and the
grant from the Gachon University Gil Medical Center project [FRD 2018-07 (J.H.H.)].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahadome, S.D.; Abraham, D.J.; Rayapureddi, S.; Saw, V.P.; Saban, D.R.; Calder, V.L.; Norman, J.T.; Ponticos, M.;
Daniels, J.T.; Dart, J.K. Aldehyde dehydrogenase inhibition blocks mucosal fibrosis in human and mouse
ocular scarring. JCI Insight 2016, 1, e87001. [CrossRef] [PubMed]

2. Yang, Y.; Zhang, K.; Wang, Y.; Li, M.; Sun, X.; Liang, Z.; Wang, L.; Chen, L.; Yang, H.; Zhu, L. Disulfiram
chelated with copper promotes apoptosis in human breast cancer cells by impairing the mitochondria
functions. Scanning 2016, 38, 825–836. [CrossRef] [PubMed]

3. Cho, H.J.; Lee, T.S.; Park, J.B.; Park, K.K.; Choe, J.Y.; Sin, D.I.; Park, Y.Y.; Moon, Y.S.; Lee, K.G.; Yeo, J.H.;
et al. Disulfiram suppresses invasive ability of osteosarcoma cells via the inhibition of MMP-2 and MMP-9
expression. J. Biochem. Mol. Biol. 2007, 40, 1069–1076. [CrossRef] [PubMed]

4. Shian, S.G.; Kao, Y.R.; Wu, F.Y.; Wu, C.W. Inhibition of invasion and angiogenesis by zinc-chelating agent
disulfiram. Mol. Pharmacol. 2003, 64, 1076–1084. [CrossRef] [PubMed]

5. Hynninen, P.; Vaskivuo, L.; Saarnio, J.; Haapasalo, H.; Kivela, J.; Pastorekova, S.; Pastorek, J.; Waheed, A.;
Sly, W.S.; Puistola, U.; et al. Expression of transmembrane carbonic anhydrases IX and XII in ovarian tumours.
Histopathology 2006, 49, 594–602. [CrossRef] [PubMed]

6. Kopecka, J.; Campia, I.; Jacobs, A.; Frei, A.P.; Ghigo, D.; Wollscheid, B.; Riganti, C. Carbonic anhydrase
XII is a new therapeutic target to overcome chemoresistance in cancer cells. Oncotarget 2015, 6, 6776–6793.
[CrossRef]

http://dx.doi.org/10.1172/jci.insight.87001
http://www.ncbi.nlm.nih.gov/pubmed/27699226
http://dx.doi.org/10.1002/sca.21332
http://www.ncbi.nlm.nih.gov/pubmed/27353661
http://dx.doi.org/10.5483/BMBRep.2007.40.6.1069
http://www.ncbi.nlm.nih.gov/pubmed/18047805
http://dx.doi.org/10.1124/mol.64.5.1076
http://www.ncbi.nlm.nih.gov/pubmed/14573756
http://dx.doi.org/10.1111/j.1365-2559.2006.02523.x
http://www.ncbi.nlm.nih.gov/pubmed/17163844
http://dx.doi.org/10.18632/oncotarget.2882


Molecules 2019, 24, 3409 12 of 13

7. Waheed, A.; Sly, W.S. Carbonic anhydrase XII functions in health and disease. Gene 2017, 623, 33–40.
[CrossRef] [PubMed]

8. Li, Y.; Lei, B.; Zou, J.; Wang, W.; Chen, A.; Zhang, J.; Fu, Y.; Li, Z. High expression of carbonic anhydrase 12
(CA12) is associated with good prognosis in breast cancer. Neoplasma 2019, 66, 420–426. [CrossRef]

9. Cohen, A.S.; Khalil, F.K.; Welsh, E.A.; Schabath, M.B.; Enkemann, S.A.; Davis, A.; Zhou, J.M.; Boulware, D.C.;
Kim, J.; Haura, E.B.; et al. Cell-surface marker discovery for lung cancer. Oncotarget 2017, 8, 113373–113402.
[CrossRef]

10. Hong, J.H.; Muhammad, E.; Zheng, C.; Hershkovitz, E.; Alkrinawi, S.; Loewenthal, N.; Parvari, R.; Muallem, S.
Essential role of carbonic anhydrase XII in secretory gland fluid and HCO3 (−) secretion revealed by disease
causing human mutation. J. Physiol. 2015, 593, 5299–5312. [CrossRef]

11. Hwang, S.; Kang, J.Y.; Kim, M.J.; Shin, D.M.; Hong, J.H. Carbonic anhydrase 12 mutation modulates
membrane stability and volume regulation of aquaporin 5. J. Enzym. Inhib. Med. Chem. 2019, 34, 179–188.
[CrossRef] [PubMed]

12. Alfarouk, K.O. Tumor metabolism, cancer cell transporters, and microenvironmental resistance. J. Enzym.
Inhib. Med. Chem. 2016, 31, 859–866. [CrossRef] [PubMed]

13. Wu, T.T.; Hsieh, Y.H.; Wu, C.C.; Tsai, J.H.; Hsieh, Y.S.; Huang, C.Y.; Liu, J.Y. Overexpression of anion
exchanger 2 in human hepatocellular carcinoma. Chin. J. Physiol. 2006, 49, 192–198. [PubMed]

14. Hwang, J.M.; Kao, S.H.; Hsieh, Y.H.; Li, K.L.; Wang, P.H.; Hsu, L.S.; Liu, J.Y. Reduction of anion exchanger
2 expression induces apoptosis of human hepatocellular carcinoma cells. Mol. Cell. Biochem. 2009, 327,
135–144. [CrossRef] [PubMed]

15. Song, L.J.; Liu, R.J.; Zeng, Z.; Alper, S.L.; Cui, H.J.; Lu, Y.; Zheng, L.; Yan, Z.W.; Fu, G.H. Gastrin inhibits a
novel, pathological colon cancer signaling pathway involving EGR1, AE2, and P-ERK. J. Mol. Med. 2012, 90,
707–718. [CrossRef] [PubMed]

16. Yang, Y.; Wu, P.P.; Wu, J.; Shen, W.W.; Wu, Y.L.; Fu, A.F.; Zheng, L.; Jin, X.L.; Fu, G.H. Expression of anion
exchanger 2 in human gastric cancer. Exp. Oncol. 2008, 30, 81–87. [PubMed]

17. Zhang, L.J.; Lu, R.; Song, Y.N.; Zhu, J.Y.; Xia, W.; Zhang, M.; Shao, Z.Y.; Huang, Y.; Zhou, Y.; Zhang, H.;
et al. Knockdown of anion exchanger 2 suppressed the growth of ovarian cancer cells via mTOR/p70S6K1
signaling. Sci. Rep. 2017, 7, 6362. [CrossRef]

18. Stock, C.; Schwab, A. Ion channels and transporters in metastasis. Biochim. Biophys. Acta 2015, 1848,
2638–2646. [CrossRef]

19. Jeong, Y.S.; Hong, J.H. Governing effect of regulatory proteins for Cl(-)/HCO3(-) exchanger 2 activity. Channels
2016, 10, 214–224. [CrossRef]

20. Lauritzen, G.; Stock, C.M.; Lemaire, J.; Lund, S.F.; Jensen, M.F.; Damsgaard, B.; Petersen, K.S.; Wiwel, M.;
Ronnov-Jessen, L.; Schwab, A.; et al. The Na+/H+ exchanger NHE1, but not the Na+, HCO3(-) cotransporter
NBCn1, regulates motility of MCF7 breast cancer cells expressing constitutively active ErbB2. Cancer Lett.
2012, 317, 172–183. [CrossRef]

21. Parks, S.K.; Pouyssegur, J. The Na(+)/HCO3(−) Co-Transporter SLC4A4 Plays a Role in Growth and Migration
of Colon and Breast Cancer Cells. J. Cell. Physiol. 2015, 230, 1954–1963. [CrossRef] [PubMed]

22. Sasaki, M.; Sato, Y.; Nakanuma, Y. An impaired biliary bicarbonate umbrella may be involved in dysregulated
autophagy in primary biliary cholangitis. Lab. Investig. J. Tech. Methods Pathol. 2018, 98, 745–754. [CrossRef]
[PubMed]

23. Wiggins, H.; Rappoport, J. An agarose spot assay for chemotactic invasion. Biotechniques 2010, 48, 121–124.
[CrossRef] [PubMed]

24. Lee, D.; Lee, S.A.; Shin, D.M.; Hong, J.H. Chloride Influx of Anion Exchanger 2 Was Modulated by
Calcium-Dependent Spinophilin in Submandibular Glands. Front. Physiol. 2018, 9, 889. [CrossRef] [PubMed]

25. Nehrke, K. Intracellular pH measurements in vivo using green fluorescent protein variants. Methods Mol.
Biol. 2006, 351, 223–239. [PubMed]

26. Rochon, P.; Jourdain, M.; Mangalaboyi, J.; Fourrier, F.; Soulie-Begu, S.; Buys, B.; Dehlin, G.; Lesage, J.C.;
Chambrin, M.C.; Mordon, S. Evaluation of BCECF fluorescence ratio imaging to properly measure gastric
intramucosal pH variations in vivo. J. Biomed. Opt. 2007, 12, 064014. [CrossRef] [PubMed]

27. Tafreshi, N.K.; Lloyd, M.C.; Proemsey, J.B.; Bui, M.M.; Kim, J.; Gillies, R.J.; Morse, D.L. Evaluation of CAIX
and CAXII Expression in Breast Cancer at Varied O2 Levels: CAIX is the Superior Surrogate Imaging
Biomarker of Tumor Hypoxia. Mol. Imaging Biol. 2016, 18, 219–231. [CrossRef]

http://dx.doi.org/10.1016/j.gene.2017.04.027
http://www.ncbi.nlm.nih.gov/pubmed/28433659
http://dx.doi.org/10.4149/neo_2018_180819N624
http://dx.doi.org/10.18632/oncotarget.23009
http://dx.doi.org/10.1113/JP271378
http://dx.doi.org/10.1080/14756366.2018.1540475
http://www.ncbi.nlm.nih.gov/pubmed/30451023
http://dx.doi.org/10.3109/14756366.2016.1140753
http://www.ncbi.nlm.nih.gov/pubmed/26864256
http://www.ncbi.nlm.nih.gov/pubmed/17058451
http://dx.doi.org/10.1007/s11010-009-0051-3
http://www.ncbi.nlm.nih.gov/pubmed/19224338
http://dx.doi.org/10.1007/s00109-011-0851-2
http://www.ncbi.nlm.nih.gov/pubmed/22228178
http://www.ncbi.nlm.nih.gov/pubmed/18438347
http://dx.doi.org/10.1038/s41598-017-06472-w
http://dx.doi.org/10.1016/j.bbamem.2014.11.012
http://dx.doi.org/10.1080/19336950.2015.1134068
http://dx.doi.org/10.1016/j.canlet.2011.11.023
http://dx.doi.org/10.1002/jcp.24930
http://www.ncbi.nlm.nih.gov/pubmed/25612232
http://dx.doi.org/10.1038/s41374-018-0045-4
http://www.ncbi.nlm.nih.gov/pubmed/29540861
http://dx.doi.org/10.2144/000113353
http://www.ncbi.nlm.nih.gov/pubmed/20359295
http://dx.doi.org/10.3389/fphys.2018.00889
http://www.ncbi.nlm.nih.gov/pubmed/30072910
http://www.ncbi.nlm.nih.gov/pubmed/16988437
http://dx.doi.org/10.1117/1.2821698
http://www.ncbi.nlm.nih.gov/pubmed/18163830
http://dx.doi.org/10.1007/s11307-015-0885-x


Molecules 2019, 24, 3409 13 of 13

28. Supuran, C.T. Carbonic anhydrase inhibitors as emerging agents for the treatment and imaging of hypoxic
tumors. Expert Opin. Investig. Drugs 2018, 27, 963–970. [CrossRef]

29. Svastova, E.; Witarski, W.; Csaderova, L.; Kosik, I.; Skvarkova, L.; Hulikova, A.; Zatovicova, M.; Barathova, M.;
Kopacek, J.; Pastorek, J.; et al. Carbonic anhydrase IX interacts with bicarbonate transporters in lamellipodia
and increases cell migration via its catalytic domain. J. Biol. Chem. 2012, 287, 3392–3402. [CrossRef]

30. Celay, J.; Lozano, T.; Concepcion, A.R.; Beltran, E.; Rudilla, F.; Garcia-Barchino, M.J.; Robles, E.F.; Rabal, O.;
de Miguel, I.; Panizo, C.; et al. Targeting the anion exchanger 2 with specific peptides as a new therapeutic
approach in B lymphoid neoplasms. Haematologica 2018, 103, 1065–1072. [CrossRef]

31. Shiozaki, A.; Hikami, S.; Ichikawa, D.; Kosuga, T.; Shimizu, H.; Kudou, M.; Yamazato, Y.; Kobayashi, T.;
Shoda, K.; Arita, T.; et al. Anion exchanger 2 suppresses cellular movement and has prognostic significance
in esophageal squamous cell carcinoma. Oncotarget 2018, 9, 25993–26006. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds, chemicals, and cell lines are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/13543784.2018.1548608
http://dx.doi.org/10.1074/jbc.M111.286062
http://dx.doi.org/10.3324/haematol.2017.175687
http://dx.doi.org/10.18632/oncotarget.25417
http://www.ncbi.nlm.nih.gov/pubmed/29899837
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Surface Expression of CA12 Protein was Decreased by DSF Treatment 
	Surface Expression of AE2 Protein was Decreased by DSF Treatment 
	DSF Decreased CBE Activity in A549 Cells 
	DSF Decreased the Expression of AE2 and CA12 and CBE Activity in Breast Cancer Cell Lines 
	DSF Reduced Cancer Cell Invasion and Migration in Acidic Microenvironment 

	Materials and Methods 
	Immunofluorescence and Confocal Imaging 
	Agarose Spot Assay for Cell Invasion 
	Analysis of Cell Motility on Transwell System 
	DNA Transfection 
	Reverse Transcription-polymerase Chain Reaction (RT-PCR) 
	Surface Biotinylation and Western Blotting 
	Measurement of CBE Activity 
	pH Calibration 
	MTT Assay for Cell Viability 
	FACS Analysis 
	Statistical Analyses 

	Discussion 
	References

