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Abstract
Background/Aims: Extracellular acidic conditions impair cellular activities; however, some 
cancer cells drive cellular signaling to adapt to the acidic environment. It remains unclear how 
ovarian cancer cells sense changes in extracellular pH. This study was aimed at characterizing 
acid-inducible currents in an ovarian cancer cell line and evaluating the involvement of 
these currents in cell viability. Methods: The biophysical and pharmacological properties 
of membrane currents in OV2944, a mouse ovarian cancer cell line, were studied using the 
whole-cell configuration of the patch-clamp technique. Viability of this cell type in acidic 
medium was evaluated using the MTT assay. Results: OV2944 had significant acid-sensitive 
outwardly rectifying (ASOR) Cl− currents at a pH50 of 5.3. The ASOR current was blocked by 
pregnenolone sulfate (PS), a steroid ion channel modulator that blocks the ASOR channel as 
one of its targets. The viability of the cells was reduced after exposure to an acidic medium 
(pH 5.3) but was slightly restored upon PS administration. Conclusion: These results offer 
first evidence for the presence of ASOR Cl− channel in ovarian cancer cells and indicate its 
involvement in cell viability under acidic environment.

Introduction

Cancer cells are characterized by the overactivity of anaerobic glycolysis, which causes 
the accumulation of acidic metabolites, such as lactate; this phenomenon is referred to as the 
Warburg effect [1-3]. To maintain intracellular pH homeostasis, cancer cells export cytosolic 
lactate mainly through lactate-H+ symporters that work together with Na+/H+ exchangers 
and H+-ATPases [3, 4], leading to extracellular acidosis (i.e., acidic pH in the extracellular 
environment). Although the extracellular pH (pHe) in human tumors ranges between 6.3 and 
7.0, it sometimes falls below 6.0 [5-7].
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In the brain, the acidic pHe caused by ischemia can reach approximately 6.0, which 
ultimately results in brain infarction [8, 9]. However, in cancerous tissues, the acidic 
extracellular microenvironment promotes cancer development and progression [6]. In fact, 
pHe in the 6.4–6.8 range increases the metastatic activity of cancer cells, as reported for 
human melanoma, colorectal, and pancreatic cell lines [10-13]. For adaptation to the acidic 
microenvironment, cancer cells need to sense the increase in protons in the extracellular 
space and transduce the information about this change to the intracellular signaling 
network, which drives cellular responses, including alterations in metabolic processes and 
gene expression profiles [4, 14]. Nonetheless, it remains unclear as to how cancer cells sense 
changes in pHe.

Proton-sensing ion channels play a fundamental role in sensing the extracellular proton 
concentration by conducting Na+ through acid-sensing ion channels (ASICs) [15] and Cl− 
through acid-sensitive outwardly rectifying (ASOR) channels [16- 18]. ASOR currents have 
been observed in cancer cell lines, including cervical cancer (HeLa), epidermoid carcinoma 
(KB-3-1), neuroblastoma (SK-N-MC), lung capillary carcinoma (H441), and pancreatic duct 
adenocarcinoma (CFPAC) as well as in HEK-293 cells [19- 21].

Ovarian cancer tissue is influenced by an acidic pHe [22, 23]. Nonetheless, it remains 
unclear as to how ovarian cancer cells sense changes in pHe. To unravel the mechanisms by 
which ovarian cancer cells sense the extracellular proton, we examined acid-sensing currents 
in OV2944, a mouse ovarian cancer cell line, using whole-cell patch clamp configuration. We 
found prominent ASOR Cl− current in OV2944 cells at pHe less than 5.3. This ASOR current was 
inhibited by niflumic acid (NFA), a Cl− channel blocker, and pregnenolone sulfate (PS), an ion 
channel modulator, as reported for TMEM206-mediated ASOR currents [16]. Furthermore, 
decreased viability of OV2944 cells in acidic pHe was slightly restored by the administration 
of PS. These results indicate the presence of ASOR current in mouse ovarian cancer cells 
under highly acidic pH conditions and its involvement in the viability of these cells.

Materials and Methods

Cell culture
The mouse ovarian cancer cell line (OV2944) was obtained from Riken Bioresource (Tsukuba, 

Japan) and cultured in Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher Scientific, MA, USA) 
supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) and 1% penicillin-streptomycin 
(Thermo Fisher Scientific).

Electrophysiology
Membrane currents of OV2944 cells were recorded using the whole-cell configuration of the patch-

clamp technique at room temperature (~25 °C). Patch pipettes, with tip resistance of 3–5 MΩ for whole-
cell recordings, were constructed from borosilicate glass. The electrodes were connected to an Axopatch 
200B amplifier (Molecular Devices, CA, USA) controlled using the pCLAMP 8.0 analysis software (Molecular 
Devices), and the current or voltage output was viewed directly on the screen of a computer attached to 
the amplifier via a DigiData 1200 interface (Molecular Devices). The digitized data were analyzed using the 
OriginPro 8 J software (OriginLab, MA, USA). The frequency of the low-pass Bessel filter in the amplifier 
was set at 1 kHz. The sampling frequency was set at 5 kHz. Current recordings were performed by holding 
the cells at −100 mV and applying voltage step pulses (100 ms duration) from −100 to +100 mV in 20 mV 
increments, with compensating membrane capacitance. The capacitance (mean ± SD) of a sample of 62 cells 
used for data analysis was 23 ± 6 pF. Ramp-pulse protocol for current–voltage relationship was from −100 to 
+100 mV at a ramp speed of 0.05 mV/ms, with 18 s time intervals. Series resistance was maintained at <15 
MΩ and was uncompensated. Twenty-four to forty-eight hours after plating on a coverslip, the cells were 
used for electrophysiological experiments.

The composition of the extracellular standard solution was as follows: 150 mM NaCl, 4 mM KCl, 2 
mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM glucose (pH 7.3, ~320 mOsm/kg; herein referred to as 
“standard solution”). For eliminating extracellular Cl−, 150 mM NaCl in the standard solution was replaced 
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with 120 mM Na2SO4. For characterizing hypotonicity-induced currents, the concentration of NaCl was 
reduced to 120 mM, and this solution, with a lower osmolarity (~260 mOsm/kg), was used as a “hypotonic 
solution”; 60 mM mannitol (rendering ionic activity equivalent to that of 30 mM NaCl) was supplemented 
to the hypotonic solution to obtain a “control isotonic solution” (~320 mOsm/kg). To test for the presence 
of potassium-involved currents, 30 mM NaCl in the standard solution was replaced either with 30 mM 
TEA-Cl (a broad-spectrum K+ channel blocker), 30 mM KCl, or 30 mM choline-Cl. The pH of acidic solutions 
was adjusted with HCl. The composition of extracellular solutions used in each experiment is provided in 
Supplementary Table 1. An inlet tube for perfusion was positioned 400 μm from the recorded cell. The 
extracellular solution was perfused under gravity at a rate of 0.3 mL/min and was changed using a valve-
controlled solution changer. The pipette solution contained 145 mM CsCl, 5 mM NaCl, 10 mM HEPES, 1 
mM MgCl2, 3.5 mM EGTA, and 10 mM glucose (pH was adjusted to 7.2 with CsOH; final osmolality was 
~310 mOsm/kg). The liquid junction potentials of the control and low-Cl− extracellular solutions (+3 mV: 
measured using a 3 M KCl agar bridge) were not corrected. All chemicals, except pregnenolone sulfate and 
niflumic acid (Cayman Chemical, MI, USA), were purchased from Fujifilm Wako (Osaka, Japan) or Sigma-
Aldrich (MO, USA). We routinely checked and confirmed that the effect of changing the external solution 
was reversible during stable recordings. Statistical values are given as mean ± SE; confidence limits were 
determined using the Student’s t-test.

MTT assay
To evaluate cell viability after treatment, a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetra-zolium 

bromide (MTT) assay was performed as previously described [24]. Briefly, MTT was converted from yellow, 
water-soluble tetrazolium to blue, water-insoluble MTT-formazan by cellular mitochondrial dehydrogenases. 
Because the rate of this reaction is proportional to the number of living cells, the absorbance of the formazan 
product reflects cell viability. In this assay, cells were resuspended and cultured in one of the following three 
media: (i) control medium (pH 7.4; DMEM supplemented with 100 mM mannitol), (ii) acid-treated medium 
(pH 5.3; DMEM supplemented with 100 mM 2-morpholinoethanesulfonic acid (MES)), and (iii) acid- and 
pregnenolone sulfate (PS)-treated medium (pH 5.3; DMEM supplemented with 100 mM MES and 20 μM 
PS). After 2 h, 100 μM MTT was added, and after further 24 h, 20% SDS in dimethylformamide was added to 
dissolve the insoluble formazan product, and the OD560 was measured. Statistical values are given as mean ± 
SE; confidence limits were determined using the Student’s t-test.

Results

Acid-sensitive outwardly rectifying current in OV2944 cells
Perfusion of an acidic bath solution (pH 4.5) elicited strong outwardly rectifying currents 

at positive holding potentials (Fig. 1A). The current–voltage relationships, as revealed by the 
ramp-pulse protocol, exhibited steep outward rectification in a pH-dependent manner (Fig. 
1B). The normalized current–pH relationship, by fitting with a Hill function, yielded a pH50 of 
5.3 and a Hill coefficient of 3.7 (Fig. 1C), suggesting current activation by cooperative binding 
of protons to the corresponding channel. This current–pH relationship was comparable to 
that of the ASOR current, which has been reported in wild-type (e.g., epithelial cells: [21]; 
neurons: [25]; glial cells: [26]) and TMEM206-transfected [16] cells. Accordingly, the acid-
sensitive outwardly rectifying current in OV2944 cells is hereafter referred to as the ASOR 
current.

ASOR current persists after a long exposure of OV2944 cells to the acidic medium
The change in pHe probably occurs chronically (i.e., in a slow progression) in cancerous 

tissues. Our patch-clamp recording was completed several minutes after the replacement 
of the bath solution. We were uncertain about the presence of the ASOR current after long 
exposure to the acidic medium. To clarify this, we examined whether the ASOR current 
persisted after a long exposure of the cells to the acidic medium. Twenty minutes after 
changing the pHe from 7.3 to 5.0, the ASOR current decreased to ~20% of that recorded 
at the time of replacement, confirming that the ASOR current was present after persistent 
exposure of the cells to the acidic medium (Fig. 1D and E).
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ASOR current is caused by the influx of Cl−, which is blocked by niflumic acid and 
pregnenolone sulfate
Next, we investigated ion selectivity and inhibitor sensitivity of ASOR current in 

OV2944 cells. The replacement of [Cl−]o with [SO4
2−]o abolished the outward current (Fig. 

2A), suggesting that the influx of extracellular Cl− generated the outward ASOR current. In 
addition, this replacement shifted reversal potential of the current positively (Inset: −0.7 ± 
0.5 mV ([Cl−]o) and 11.1 ± 3.8 mV ([SO4

2−]o); n = 5; p < 0.05), consistent with the notion that 
the current is caused by a Cl− permeable channel. This ion replacement also significantly 
decreased the inward current due to anion efflux, as reported for TMEM206-mediated ASOR 
[16] (Fig. 2A Right). Because intracellular Cl− was not replaced, this result may be ascribed to 
the blocking of Cl− efflux by extracellular SO4

2− (or HSO4
−) [16]; alternatively, the activation of 

ASOR may require the presence of extracellular Cl− [16].
The outward ASOR current was significantly suppressed by extracellular administration 

of 20 and 100 μM NFA, a broad-spectrum anion channel blocker (Fig. 2C). The extent of 
suppression was significant (~65% suppression; 5, 35, and 10 pA/pF for pH 7.4, pH 4.5, and 
pH 4.5+100 μM NFA, respectively, Fig. 2B), which was similar to the effect of NFA on ASOR 
currents in other cell lines, such as HEK-293, HeLa, and SK-N-MC [21, 27]. Furthermore, 
the ASOR current in OV2944 cells was inhibited by 20 μM PS, which shuts off several ion 
channels [28], including TMEM206, a transmembrane protein conducting the ASOR current 
[16, 29] (Fig. 2D). The effect of PS on the ASOR current was drastic: the extent of inhibition 
was ~90% and ~100% for 5 and 20 μM PS treatments, respectively (Fig. 2D and E). Recording 
in KCl-based intracellular solution with the application of TEA (30 mM), a broad-spectrum 
blocker of K+ channels, and of high-[K+]o (+ 30 mM), in the bath showed no significant effect 
on the current–voltage relationship (Supplementary Fig. 1), which indicates that voltage-
dependent K+ channels are unlikely to have a significant function in OV2944 cells under the 
bath conditions that were examined in this study.

Fig. 1. Characterization of acid-
sensitive outwardly rectifying 
(ASOR) current in cultured OV2944 
cells. A. Typical time course of 
ASOR current activated using the 
voltage step protocol at pH 4.5. B. 
Current–voltage relationship of the 
ASOR current activated using the 
voltage ramp protocol (Left: from 
pH 7.3 through 5.5 to 4.5; Right: 
from pH 7.3 through 5.0 to 4.5). C. 
Normalized current (background-
subtracted current at pH 4.5 and 
+100 mV as 1) to pH relationship 
fitted with the Hill equation curve 
(pH50: 5.3; Hill coefficient: 3.7). 
The number of cell analyzed for 
each pH value is indicated in the 
graph. D. ASOR current at +100 mV 
persisted for 20 min at pH 5.0. E. 
Changes in normalized current at a 
persistent pH of 5.0 (background-
subtracted current at +100 mV as 1; n = 3 shown with circles).   
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Fig. 2. Cl− selectivity and 
inhibitor sensitivity of 
acid-sensitive outwardly 
rectifying (ASOR) current 
in OV2944 cells. A. Left: 
Current–voltage relationship 
of the ASOR current 
recorded using the voltage 
ramp protocol and current 
inhibition by replacement 
of [Cl−]o with [SO4

2−]o at pH 
4.5. Inset: Traces of the 
recording (smoothed with 
Savitzky–Golay filter) at a 
higher magnification. Right: 
Summary of current density 
at +100 and −100 mV in 
control, at pH 4.5, and in 
[SO4

2−]o at pH 4.5. B. Left: 
Current–voltage relationship 
of the ASOR current 
recorded using the voltage 
ramp protocol and current 
inhibition by 100 μM NFA at 
pH 4.5. Right: Summary of 
current density at +100 and 
−100 mV in control, at pH 4.5, 
and in NFA (100 μM) at pH 
4.5. C. Left: Effect of NFA on 
the ASOR current at +100 mV. 
Right: Changes in normalized 
current in the presence of 
NFA (background-subtracted 
current at +100 mV as 1; n = 
3 for 20 μM and n = 6 for 100 
μM). D. Left: Current–voltage 
relationship of the ASOR 
current recorded using the 
voltage ramp protocol and 
current inhibition by 20 μM 
pregnenolone sulfate (PS) at 
pH 4.5. Right: Summary of 
current density at +100 and 
−100 mV in control, at pH 
4.5, and in PS (20 μM) at pH 
4.5. E. Left: Effect of PS on 
ASOR current at +100 mV. 
Right: Changes in normalized 
current in the presence of PS 
(background-subtracted current at +100 mV as 1; n = 3 for 5 μM and n = 6 for 20 μM). (Bar: mean ± SEM. 
***p<0.01, **p<0.02, and *p<0.05; Circles: individual data).
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Hypotonicity-induced current, partial Cl− current, is insensitive to pregnenolone sulfate
In addition to the ASOR Cl− current, hypotonicity-induced anion current is present in 

human cancer cell lines, including Ehrlich ascites, epidermoid, and pancreatic cancer cell 
lines [30-34]. OV2944 cells exhibited an outwardly rectifying current upon perfusion of a 
hypotonic extracellular solution (Fig. 3). The replacement of [Cl−]o (120 mM) with [SO4

2−]o 
(102 mM) partially suppressed the outward current at a positive potential by ~50% (Fig. 
3A); the extent of this suppression was distinct from that of the ASOR current, which was 
suppressed by ~90% (Fig. 2A). Extracellular administration of PS (20 μM) had no significant 
effect on the hypotonicity-induced current (Fig. 3B), whereas PS administration suppressed 
the ASOR current by ~90% (Fig. 2D and E). These results indicate that ion selectivity and 
drug sensitivity of hypotonicity-induced current are distinct from those of the ASOR current. 
Furthermore, the outward ASOR current was evoked by the acidic change of pHe under 
persistent hypotonic stimulation (Supplementary Fig. 2), strengthening the contention that 
the ASOR and hypotonicity-induced currents originate from distinct channel types.

Fig. 3. Cl− selectivity and pregnenolone sulfate (PS) sensitivity of hypotonicity-induced current in OV2944 
cells. A. Left: Current–voltage relationship of hypotonicity-induced current recorded using the voltage ramp 
protocol and current inhibition by replacement of [Cl−]o with [SO4

2−]o under hypotonic conditions. Right: 
Summary of current density at +100 and −100 mV in control, under hypotonic conditions, and in [SO4

2−]
o under hypotonic conditions. (Bar: mean ± SEM. **p<0.02; ns: non-significant; Circles: individual data). 
B. Left: Current–voltage relationship of hypotonicity-induced current recorded using the voltage ramp 
protocol and the effect of 20 μM PS under hypotonic conditions. Right: Summary of current density at +100 
and −100 mV in control, under hypotonic conditions, and in PS (20 μM) under hypotonic conditions. (Bar: 
mean ± SEM. **p<0.02 and *p<0.05. ns: non-significant; Circles: individual data).
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Pregnenolone sulfate slightly 
improves cell viability under acidic 
environment

The ASOR channels decrease cell 
viability below pHe 6.0 [16, 17, 19, 
25]. We performed the MTT assay to 
investigate whether ASOR channels 
affect the viability of OV2944 cells. The 
viability of the cells decreased to 22% 
and 16% of that in the control after 3 and 
6 h of exposure to the acidic medium, 
respectively (Fig. 4). Addition of PS to the 
acidic medium slightly increased the cell 
viability after 3 h of exposure compared 
with that in the absence of PS (22% and 
27% in the absence and presence of PS; 
p < 0.01), and this tendency persisted 
after 6 h of exposure (17% and 19% 
in the absence and presence of PS; p < 
0.02). These results indicated that ASOR 
current (i.e., channel(s) that opens in 
response to acidic pHe, resulting in the 
ASOR current) contributes slightly to 
facilitate acidic pHe-caused damage to 
OV2944 cells.

Discussion

Besides cancer cell lines, ASOR Cl− currents have also been reported in various mammalian 
cell types, including murine cardiac myocytes, human monocytes, human vein, endothelial 
cells, and astrocytes [18, 26, 35-38]. OV2944 cells recorded with CsCl-based pipette solution 
exclusively showed the Cl− current as the ASOR current (Fig. 2), suggesting that the ASOR 
current in this study may be ascribed to acid-sensitive Cl− channel. The ASOR channel has 
been identified as TMEM206 (alternatively named proton-activated chloride (PAC) channel) 
[16, 17]. The biophysical and pharmacological properties of ASOR current in OV2944 cells, 
including Cl− selectivity, extracellular pH dependency (pH50: 5.3), pH-cooperative activation 
(Hill coefficient: 3.7), and blockade by NFA and PS, were similar to those of the TMEM206-
mediated ASOR current [16], implying that the ASOR current in our study was brought about 
by opening of the TMEM206 Cl− channel. As of date, specific blockers for ASOR/TMEM206 
are not available. NFA is known to block several types of anion channels, such as calcium-
activated and volume-regulated ones [39]. PS modulates several types of ion channels; for 
example, it activates TRPM1 and 3, potentiates NMDA receptor-based current, and inhibits 
GABAA current [28]. TMEM206 is the only non-ligand-gated anion channel blocked by both 
NFA and PS among the channels mentioned above; therefore, TMEM206 may be responsible 
for the ASOR current that was observed under acidic pHe in OV2944 cells. The channel 
responsible for the ASOR current observed in our study remains to be identified.

In electrophysiological experiments using acidic bath solutions, we used extracellular 
buffer containing HEPES. The pH of the 10 mM HEPES buffer was kept constant at 4.5 over 
24 h, ensuring the consistency of pH throughout our experiments. However, the buffering 
range of HEPES is between pH 6.8 and 8.2 at 25°C; therefore, it would be necessary to use a 
different buffer, such as MES (buffering range: pH 5.5–6.7) [20, 21, 27] and/or citrate buffer 
(buffering range: below pH 6.2) [16, 17, 26] in future studies.

Fig. 4. Viability of OV2944 cells incubated at pH 7.4 or 
5.3 without (−) or with (+) 20 μM PS for 3 (Left) or 6 
h (Right). (Bar: mean ± SEM. ***p<0.01 and **p<0.02. 
ns: non-significant; Circles: individual data. Numbers in 
the bars represent averaged values for each condition. 
The number of samples for each condition is indicated 
in parenthesis).
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In cancerous tissue, the pHe probably changes slowly; therefore, the functional channel 
under the acidic pHe in the cancerous tissue must be persistently activated. As shown in Fig. 
1D and E, the ASOR current in OV2944 cells persisted even when the cells were settled under 
acidic pHe over 20 min, indicating that the activation of ASOR channel in response to an acidic 
environment is not transient but persistent. This suggests that the ASOR channel in OV2944 
cells is functional under persistent acidic pHe. Administration of PS significantly suppressed 
the ASOR current whereas it increased the cell viability slightly (Figs. 2 and 4). Thus, ASOR 
may be activated under severe acidosis and may, in turn, be involved in the acidosis-induced 
cell death of OV2944 cells.

Conclusion

We provide the first evidence for the presence of ASOR Cl− channels in ovarian cancer 
cells and indicate its involvement in cell viability. However, molecular identification of the 
ASOR channel in this cell type is warranted.
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