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Abstract
Cisplatin-based chemotherapy is the standard therapy used to treat non-small-cell lung cancer. However, its efficacy is largely

limited due to the development of drug resistance. The exact mechanism in which cancer cells develop resistance to the drug

is not yet fully understood. The purpose of the present study is to test the role of volume-sensitive Cl2 channels in cisplatin

resistance in human lung adenocarcinoma cells (A549 cells) using patch-clamp recording, cell volume measurement and

apoptosis assay. The results showed that cisplatin treatment induced an apoptotic volume decrease (AVD) and activated

a Cl2 current that showed properties similar to the volume-sensitive outward rectifying (VSOR) Cl2 current in wild-type

A549 cells. Both the AVD process and VSOR Cl2 current were blocked by the chloride channel blocker 4,40-

diisothiocyanostilbene-2,20 disulfonic acid. However, the A549/CDDP cells, a model of acquired cisplatin resistance cells,

on the other hand, had almost no AVD process and VSOR Cl2 current when treated with cisplatin. Treatment of A549/

CDDP cells with trichostatin A (TSA), a drug that inhibits histone deacetylases, partially restored the VSOR Cl2 current and

increased cisplatin-induced cell apoptosis rate. These results suggest that impaired activity of VSOR Cl2 channels

contributes to the cisplatin resistance in A549/CDDP cells.
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Introduction

Lung cancer is one of the leading causes of cancer-related
death worldwide, representing about 29% of all such cases,
while fewer than 15% of patients are still living after five
years.1,2 Non-small-cell lung cancer (NSCLC) accounts for
approximately 85% of all lung cancer cases.3 The most
promising therapy for NSCLC is complete lung resection.
However, the survival rate after complete lung resection
for NSCLC is far from satisfactory and most patients are
offered chemotherapy as an alternative, in particular cispla-
tin (cis-diamminedichloroplatinum II)-based chemotherapy.4

Cisplatin has been used clinically for approximately 30 y
and is effective against a variety of cancers. It is primarily
effective through the formation of adducts with DNA,
causing induction of apoptosis.5 However, the efficacy of
cisplatin-based chemotherapy is limited due to the develop-
ment of multidrug resistance (MDR) of the cancer cells.
Despite the recent increase in the understanding of the
signals contributing to drug resistance, cisplatin resistance
remains a major problem that severely limits the usefulness

of this chemotherapeutic agent. Thus, elucidating the mech-
anism of drug resistance will be beneficial for the develop-
ment of more effective methods to combat cisplatin
resistance for lung cancer.

Recently, multiple studies have pointed to the involve-
ment of plasma membrane ion channels in the cell’s apopto-
tic response to chemotherapy. A growing body of evidence
implicates the VSOR Cl2 channels as an important modu-
lator of apoptosis. It has been reported that both
mitochondrion-mediated intrinsic and death receptor-
mediated extrinsic apoptotic stimuli rapidly activate
volume-sensitive outward rectifying (VSOR) Cl2 conduc-
tance in a wide variety of cell types,6 – 11 crucial to the occur-
rence of apoptosis by inducing apoptotic volume decrease
(AVD), which is a major hallmark of cell apoptosis and is
an early prerequisite to apoptotic events. AVD is an
upstream event to biochemical apoptotic events such as
cytochrome C release, caspase-3 activation and DNA lad-
dering. Efflux of Kþ and Cl2 from the cell through Kþ

and Cl2 channels is primarily responsible for AVD.
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Following prevention of AVD in a variety of cell types, sub-
sequent apoptotic biochemical and morphological events
are also prevented and cells are rescued from death.7,12 – 14

Our previous study has also found that activation of
VSOR Cl2 channels is involved in carboplatin-induced
apoptosis in A549 cells by inducing AVD.6 Blockage of
VSOR Cl2 channels can eliminate the chemotherapeutic
agent-induced AVD process and apoptosis rate in A549
cells. These results, along with the finding that VSOR Cl2

current activation is essential to the progression of apoptosis
in various cell lines,7 – 9 suggest that the alteration in VSOR
Cl2 channel functional expression might contribute to cis-
platin resistance in A549 cells.

In the present study, A549/CDDP cells, established from
wild-type A549 cells via stepwise dose escalation of cispla-
tin, were used to represent a model of acquired drug resist-
ance. The results showed that cisplatin treatment induced
the AVD process and activated a Cl2 current that showed
properties similar to the VSOR Cl2 current in wild-type
A549 cells. Both the cisplatin-induced AVD process and
VSOR Cl2 current were blocked by the chloride channel block-
ers 4,40-diisothiocyanostilbene-2,20 disulfonic acid (DIDS).
However, the cisplatin-resistant A549/CDDP cells, on the
other hand, exhibited no obvious AVD process and VSOR
Cl2 currents when treated with cisplatin. Trichostatin A
(TSA), a histone deacetylase inhibitor, not only partially
restored VSOR Cl2 channel activity but also decreased the
cisplatin resistance in A549/CDDP cells. The results suggest
that functional expression of VSOR channels was virtually
absent in A549/CDDP cells and that impaired activity of
VSOR Cl2 channels contribute to the cisplatin resistance in
A549/CDDP cells.

Materials and methods

Cell culture

The cisplatin-resistant human lung adenocarcinoma cell
line, A549/CDDP cells (Cancer Institute and Hospital,
Chinese Academy of Medical Sciences, Beijing, China)
were cultured as a monolayer in RPMI Media 1640 (Gibco,
Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (Hyclone Laboratories Inc., Logan, UT,
USA). Cisplatin (2 mg/mL) was added to the medium to
maintain drug resistance. Wild-type human lung adenocar-
cinoma cells (WT A549 cells; Peking Union Medical College,
Beijing, China) were cultured in identical medium without
cisplatin. For patch-clamp recordings and volume measure-
ments, cells were detached from the plastic substrate and
suspended, as described previously.15 Cell suspension
samples (0.2 mL) were placed in a chamber and, after attach-
ment to the glass bottom, perfused with bath solution at a
flow rate of approximately 2 mL/min. To restore the activity
of VSOR Cl2 channels, A549/CDDP cells in the log-growing
phase were incubated with TSA (400 nmol/L) for 24 h, as
described previously.7

Cell volume measurement

Cell volume was measured at room temperature (22–268C)
using the methods described previously.6,15 – 19 Briefly,

suspended cells in dishes were mounted onto an inverted
microscope (Eclipse TE2000-U, Nikon, Tokyo, Japan) with a
high-resolution electronic camera (Spot RF/SE, Diagnostic
Instruments Inc, Sterling Heights, MI, USA). Cell images
were captured and analyzed with a medical digital image
analysis system (HMIAS-2000, WuHan Champion Image
Technology Co, Ltd, WuHan, China). As the cells maintained
the spherical shape during the measurements, the relative
cell volume was calculated as follows with each cell used
as its own control:

volt=volc ¼ ð4=3pr3
t Þ=ð4=3pr3

cÞ

where t is the apoptosis inducer or/and blocker group and c
is the control.

For volume measurement, isotonic (310 mosmol/kg-H2O)
bathing solution contained (in mmol/L) 90 NaCl, 4.5 KCl,
0.5 MgCl2, 2 CaCl2, 110 mannitol and 10 N-2-hydroxyethyl-
piperazine-N-2-ethanesulfonic acid (HEPES) (pH 7.4).

Patch-clamp recordings

Volume-sensitive Cl2 currents were recorded using whole-
cell patch-clamp recordings at room temperature.6,15 Patch
pipettes were pulled from borosilicate thin-walled glass
capillaries using a micropipette puller (PC-10: Sutter instru-
ments, Novato, CA, USA) and had a resistance of 3–5 MV

when filled with electrode solution. Data were acquired
using an EPC-10 amplifier and Pulse software (HEKA
Electroniks, Lambrecht, Germany). Current signals were
low-pass filtered at 2.9 kHz using a four-pole Bessel filter.
Sampled data were analyzed using an original software
application called Pulsefit and Origin 6.1 (Origin Lab,
Northampton, MA, USA). In all experiments, a grounded
Ag-AgCl pellet electrode was placed in the perfusion sol-
ution. For whole cell recordings the series resistance
(,10 MV) was compensated 70%. In order to monitor the
voltage dependence of the current, step pulses were
applied using a prepotential of 2100 mV to test potentials
ranging from 2100 to þ100 mV in 20 mV increments. To
eliminate Kþ currents, a Cs-rich solution was employed.
The pipette solution consisted of (in mmol/L): 110 CsCl, 2
Na2ATP, 10 HEPES, 2 MgSO4, 1 EGTA and 50 mannitol
(295 mosmol (kg-H2O)21, pH 7.3). Isotonic (330 mosmol
(kg-H2O)21) or hypotonic (250 mosmol (kg-H2O)21)
bathing solution consisted of (in mmol/L) 110 CsCl, 10
HEPES, 2 MgSO4 and 80 or without mannitol (pH 7.4). To
prevent spontaneous cell swelling after attaining the whole-
cell mode,15 the osmolality of the pipette solution was set
lower than that of the isotonic bathing solution.

RNA isolation and reverse transcription
polymerase chain reaction

Total RNA was extracted from the cells using TRIzol reagent
according to the manufacturer’s instructions, as previously
described.20,21 Specific primers for human ClC-3 (forward
primer: 50-TATGATGCGTGGTCAGGATG-30, reverse primer:
50-AACCATCACATTAGTCCTGGCT-30), MDR1 (forward
primer: 50-TCGTAGGAGTGTCCGTGGAT-30, reverse primer:
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50-CAAGGGCTAGAAACAATAGTGAAA-30), pIcln (forward
primer: 50-TATGGCACTTACTGATGTGGATGA-30, reverse
primer: 50-GGAGCCGTCTGTCCGTGTAG-30) were used to
detect the expression of these three genes. The primers for
b-actin (forward primer: 50-GTGGGGCGCCCCAGGCACCA
-30, reverse primer: 50-CTTCCTTAATGTCACGCA CGA
TTTC-30) were used as control for RNA integrity.
Polymerase chain reaction (PCR) was performed by an
Icycler Thermal Cycler (Bio-Rad, Hercules, CA, USA) under
the following conditions: the PCR reaction mixture was
denatured at 948C (0.5 min), annealed at 558C (0.5 min), and
extended at 728C (0.5 min) for 30 cycles. This was followed
by a final extension at 728C (5 min) to ensure complete
product extension. Amplified products were separated by
1.5% agarose gel electrophoresis and stained with ethidium
bromide. PCR product bands were visualized by ultraviolet
light, and the intensity values were measured by densitometry
with the Image J software and normalized to the intensity
values of b-actin for quantitative comparisons. The amplified
products were sequenced, respectively.

Cell counting and viability assay

Cells were seeded in 24-well plates at a density of 2 � 104 cells/
well for cell counting and 96-well plates at a density of 5�
103 cells/well for cell viability determination. To observe
whether TSA treatment affects the function of Cl2 channels
and cisplatin resistance, A549/CDDP cells were exposed to
the medium containing cisplatin (15 mmol/L) with or
without TSA (400 nmol/L) for 24 h. Cell counting and viability
were measured by directly counting the cell number and using
the MTT assay, as described previously.20,22

Apoptosis rate assay

To measure the rate of apoptosis, cells were seeded at a
density of 1 � 105 cells/well in six-well plates and exposed
to medium containing cisplatin (15 mmol/L), with or
without TSA (400 nmol/L) and DIDS (100 mmol/L) for
24 h. The MEBSTAIN Apoptosis TUNEL Kit Direct (MBL,
Nagoya, Japan) was used and analysis was performed
using a FACScan flow cytometer (Beckman Coulter,
Fullerton, CA, USA). Four parallel samples were measured
and over 1 � 104 cells were tested in each sample.6

Drugs and reagents

Cisplatin and TSA, as well as the Cl2 channel blockers,
DIDS, 5-nitro-2-(3-phenyl propylamino)- benzoate (NPPB)
and 4-(2-butyl-6, 7-dichloro-2-cyclopentyl-indan-1-on-5-yl)
oxobutyric acid (DCPIB) were obtained from Sigma-
Aldrich (Shanghai, China). Stock solutions of DIDS,
NPPB, DCPIB and TSA were prepared in dimethyl sulfoxide
(DMSO). The concentration of DMSO in the experimental
solutions was ,0.1%.

Statistical analysis

Data are presented as the mean+SEM of the number of
observations. Statistical differences in the data were

evaluated by the Student’s paired or unpaired t-test and a
P , 0.05 was considered statistically significant.

Results

Absence of the AVD process in A549/CDDP cells

Treatment of WT A549 cells with cisplatin (15 mmol/L) for
two, four, six and eight hours, resulted in an obvious time-
dependent reduction in cell volume (Figure 1). This normo-
tonic cell shrinkage caused by apoptotic inducer is known
as AVD and reported to be an early prerequisite for apopto-
tic cell death. This AVD process was blocked by the Cl2

channel blocker, DIDS. However, cisplatin-induced AVD
was almost absent in the cisplatin-resistant A549/CDDP
cells. Treatment of A549/CDDP cells with TSA partially
restored the cisplatin-induced AVD process. These results
suggest that A549/CDDP cells could escape from the cispla-
tin-induced AVD process that potentially contributes to pro-
tection against apoptosis in the cell line similar to the
reported MDR Ehrlich ascites tumor cells.23

Dysfunction of VSOR Cl2 channels in A549/CDDP cells

It has been suggested that the AVD process is accomplished
by activation of VSOR Cl2 channels in human epithelial
HeLa, lymphoid U937, rodent neuronal PC12, NG108-15
cells and A549 cells.7,9,24 Hence, we chose to compare the
functional expression of VSOR Cl2 channels in A549/
CDDP cells with WT A549 cells.

As shown in Figure 2, hypotonic solution induced an
obvious Cl2 current in WT A549 cells that exhibited moder-
ate outward rectification and time-dependent inactivation
kinetics at a large positive potential. Addition of a volume-
sensitive Cl2 channel blocker, NPPB (100 mmol/L) and

Figure 1 Cisplatin (CDDP)-induced AVD in WT A549 and A549/CDDP cells.

Cisplatin (15 mmol/L) was used to induce AVD process. The blocking effect

of DIDS (100 mmol/L) and restoration effect of TSA were observed. Each

symbol represents the mean+SEM (vertical bar). �P , 0.05 WT A549 versus

other groups (n ¼ 25). AVD, apoptotic volume decrease; DIDS, 4,40-

diisothiocyanostilbene-2,20 disulfonic acid; TSA, Trichostatin A; SEM, standard

error of mean
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DCPIB (20 mmol/L), to the bath solution inhibited
hypotonic-activated current at both the outward and
inward directions. All of these properties are the hallmark
of VSOR Cl2 channel current.

Perfusion of WT A549 cells with cisplatin in an isotonic sol-
ution also activated a VSOR-like current, which exhibited
outward rectification, time-dependent inactivation kinetics at
a large positive potential and sensitivity to DCPIB (Figure 3).

However, in cisplatin-resistant A549/CDDP cells, hypotonic-
activated Cl2 currents were virtually undetectable despite
the cells exhibiting osmotic swelling to nearly the same extent
under hypotonic conditions. As shown in Figure 4, the
currents were almost completely absent in A549/CDDP cells
responding to the hypotonic challenge as well as cisplatin.
This is a surprising finding because VSOR Cl2 currents have
been detected in nearly all cell types to date.6,15 Figure 5
depicts a comparison of Cl2 currents in A549 and A549/
CDDP cells during hypotonic and cisplatin treatment.

TSA treatment restored VSOR currents in
A549/CDDP cells

The above results implied that VSOR Cl2 channel currents
were involved in the AVD process in WT A549 cells, and
that impaired activity of VSOR Cl2 channels may be respon-
sible for the absence of the AVD process in A549/CDDP cells.
In order to demonstrate this further, we need to restore the
activity of VSOR Cl2 channels. Currently, no specific
opener for VSOR Cl2 channels has been determined. It has

been reported that TSA, a drug that inhibits histone deacety-
lases, by removing the gene inhibition, could partially restore
VSOR Cl2 currents in KCP-4 cells.8 Thus, we treated A549/
CDDP cells with TSA (400 nmol/L) for 24 h. As shown in
Figure 6, hypotonic- and cisplatin-induced Cl2 currents
were partially restored after the TSA treatment. The restored
currents exhibited properties similar to VSOR Cl2 currents,
sensitive to DCPIB as well as NPPB and DIDS (data not
shown).

TSA treatment decreased cisplatin resistance in
A549/CDDP cells

Cell number and viability were measured to determine
whether TSA treatment exhibits an effect on the cisplatin
resistance in A549/CDDP cells. The results showed that
there was a significant decrease in A549/CDDP cell
number (Figure 7A) and viability (Figure 7B) after treatment
with cisplatin (15 mmol/L) plus TSA (400 nmol/L) for 24 h,
in comparison with cisplatin alone, suggesting that the cell’s
sensitivity to cisplatin is increased after TSA treatment. This
effect was inhibited by DIDS (100 mmol/L).

In order to elucidate whether the TSA-induced cell viabi-
lity decrease was due, at least in part, to cell apoptosis, flow
cytometry was performed to assess the cell apoptosis rate.
As shown in Figure 7C, cells treated with TSA and cisplatin
had a significantly enhanced apoptosis rate in comparison
with cells treated with TSA or cisplatin alone. This enhance-
ment was similarly blocked by the addition of DIDS

Figure 2 Hypotonic-activated VSOR Cl2 currents in WT A549 cells. (A-a) Basal currents in WT A549 cells under isotonic solution. (A-b) Hypotonic-activated Cl2

currents. (A-c, d) Blockade effect of DCPIB and NPPB on Cl2 currents. (B) I/V relationships of the volume-sensitive Cl2 currents in the presence of isotonic, hypo-

tonic and hypotonic solutions containing DCPIB (20 mmol/L) or NPPB (100 mmol/L). Each symbol represents the mean+SEM (vertical bar). �P , 0.05 versus

hypotonic groups (n ¼ 5). VSOR, volume-sensitive outward rectifying; DCPIB, 4-(2-butyl-6, 7-dichloro-2-cyclopentyl-indan-1-on-5-yl) oxobutyric acid; NPPB,

5-nitro-2-(3-phenyl propylamino)-benzoate; SEM, standard error of mean
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(100 mmol/L) to the medium. These results further con-
firmed that the decrease in cisplatin resistance in A549/
CDDP cells follows restoration of VSOR chloride channel
activity by TSA, suggesting that the activity of volume-
sensitive Cl2 channels is an important factor in determining
the sensitivity of cancer cells to cisplatin.

TSA treatment did not alter MDR1, pIcln and
ClC-3 gene expression level

TSA is a kind of a drug that inhibits histone deacetylases. It
can cause the increase in gene expression or downregulation
of certain gene expression by inhibiting histone deacetylase
(HDAC). In order to investigate whether TSA restored the

Figure 4 Hypotonic- and cispaltin-activated VSOR Cl2 currents in A549/CDDP cells. (A-a) Basal currents in A549/CDDP cells under isotonic condition.

(A-b) Hypotonic-activated Cl2 channel currents in A549/CDDP cells. (A-c) CDDP-activated Cl2 channel currents in A549/CDDP cells. (B) I/V relationships of

hypotonic- (a) and CDDP- (b) activated Cl2 currents. Each symbol represents the mean+SEM (vertical bar) (n ¼ 5). VSOR, volume-sensitive outward rectifying;

SEM, standard error of mean

Figure 3 Cisplatin (CDDP)-activated VSOR-like Cl2 channel current in WT A549 cells. (A-a) Basal currents in WT A549 cells. (A-b) CDDP-activated Cl2 channel

currents in WT A549 cells. (A-c) Blockade effect of DCPIB. (B) I/V relationships of CDDP-activated Cl2 currents under control, CDDP and CDDP þ DCPIB con-

ditions. Each symbol represents the mean+SEM (vertical bar). �P , 0.05 compared with blocker groups. CDDP: 15 mmol/L; DCPIB: 20 mmol/L, n ¼ 5. DCPIB,

4-(2-butyl-6, 7-dichloro-2-cyclopentyl-indan-1-on-5-yl) oxobutyric acid; SEM, standard error of mean
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VSOR Cl2 channel current and if decreased cisplatin resist-
ance in A549/CDDP cells is related to the gene expression
changes, the level of mRNA transcript expression of three
molecular candidates reported previously for the VSOR

Cl2 channel was detected by semi-quantitative reverse tran-
scriptase (RT)-PCR.15,25 First, the expression level of MDR1
(gene encoding P-glycoprotein), pIcln and ClC-3, was com-
pared in both WT A549 and A549/CDDP cells. As shown in

Figure 5 Comparison of VSOR Cl2 currents between WT A549 and A549/CDDP cells. (A) Hypotonic-activated Cl2 currents in A549/CDDP cells (a) and WT A549

(b). (A-c) I/V relationships of hypotonic-activated Cl2 currents in WT A549 and A549/CDDP cells. (B) CDDP-activated Cl2 currents in A549/CDDP cells (a) and WT

A549 (b). (B-c) I/V relationships of CDDP-activated Cl2 currents in WT A549 and A549/CDDP cells. Each symbol represents the mean+SEM (vertical bar).
�P , 0.05 compared with A549 group (n ¼ 5). VSOR, volume-sensitive outward rectifying; SEM, standard error of mean

Figure 6 Restoration of VSOR Cl2 channel activity by TSA treatment in A549/CDDP cells. (A-a) Basal currents in TSA-treated A549/CDDP cells under isotonic

solution. (A-b) Hypotonic-activated Cl2 currents in TSA treated A549/CDDP cells. (A-c) CDDP-activated Cl2 currents in TSA-treated A549/CDDP cells.

(B) Comparison of hypotonic solution- (a) and cisplatin- (b) induced VSOR Cl2 currents in A549/CDDP cells before and after TSA treatment. Each symbol rep-

resents the mean+SEM. �P , 0.05 versus blocker groups (B-a, b). NPPB: 100 mmol/L; DCPIB: 20 mmol/L, n ¼ 5. TSA, trichostatin A; VSOR volume-sensitive

outward rectifying; SEM, standard error of mean
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Figure 8A, there was no obvious difference in the expression
level of pIcln and ClC-3, but MDR1 expression decreased in
A549/CDDP cells compared with WT A549 cells. TSA treat-
ment had no obvious effect on the expression level of the
three molecular candidates, as summarized in
Figure 8B. These data indicate that ClC-3, MDR1 and
pIcln may not be responsible for TSA-induced restoration
of VSOR Cl2 channel activity and decrease in cisplatin
resistance in A549/CDDP cells. The mechanism for
TSA-induced VSOR Cl2 channel activity restoration needs
to be further explored.

Discussion

In this study we demonstrated that impaired activity of
volume-sensitive Cl2 channels was involved in cisplatin
resistance in A549/CDDP cells. These results further impli-
cated the close relationship between VSOR Cl2 channel
activity and drug sensitivity in this cell line. The evidence
comprises: (a) VSOR Cl2 channel activity is responsible
for the AVD and apoptosis process induced by cisplatin in
WT A549 cells; (b) VSOR Cl2 channel currents are almost
absent in A549/CDDP cells; (c) A549/CDDP cells lack the
cisplatin-induced AVD process; and (d) restoration of

Figure 7 TSA treatment decreased cisplatin resistance in A549/CDDP cells. Cisplatin (CDDP)-induced A549/CDDP cell number, cell viability and apoptosis rate

after treated with cisplatin (15 mmol/L), TSA (400 nM) or together for 24 h with or without DIDS (100 mmol/L). (A) Relative cell number was determined by cell

counting. (B) Relative viability of the cells was measured by MTT. (C) CDDP-induced apoptosis rate assessed by flow cytometry analysis. Each symbol represents

the mean+SEM (vertical bar), �P , 0.05 TSA þCDDP versus other groups (n ¼ 6). TSA, trichostatin A; DIDS, 4,40-diisothiocyanostilbene-2,20 disulfonic acid;

SEM, standard error of mean

Figure 8 The mRNA expression levels of three candidate genes for volume-sensitive Cl2 channels. (A-a) PCR-amplified products in WT A549 cells and A549/

CDDP cells. (A-b) Data normalized to the amount of b-actin (n ¼ 4). �P , 0.05 versus A549 (n ¼ 4). (B-a) PCR-amplified products of A549/CDDP and TSA-treated

A549/CDDP cells. (B-b) Data normalized to the amount of b-actin (n ¼ 4). PCR, polymerase chain reaction; TSA, Trichostatin A
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VSOR Cl2 channel activity in A549/CDDP cells increases
cisplatin sensitivity.

The occurrence of drug resistance is a common drawback
of cancer chemotherapy, and cisplatin is no exception. It is
clear that cisplatin resistance of cancer cells is a complicated
phenomenon that occurs through a variety of mechanisms,
including reduction in platinum accumulation or uptake,
increase of thiol-containing biomolecules such as gluta-
thione and metallothioneins, alteration of expression of
oncogenes that limit the formation of cisplatin-DNA
adducts and activation of anti-apoptotic pathways, enhance-
ment of the DNA damage repair and mutation of p53 and
other genes.5

Recently, VSOR Cl2 channel blockers were found to
inhibit apoptotic cell death in cancer cells treated with cis-
platin,26 in cardiomyocytes subjected to ischemia–reperfu-
sion27 and in hippocampal neurons subjected to ischemia–
reperfusion in vivo.28 In the present study, the
cisplatin-induced AVD process in WT A549 cells was also
prevented by VSOR Cl2 blocker DIDS. Thus, the results
suggest that the VSOR Cl2 channel activity may be a prere-
quisite for the occurrence of cisplatin-induced apoptosis.
This would explain why cisplatin-treated WT A549 cells
exhibited an increased VSOR Cl2 current and A549/
CDDP cells, with impaired activity of VSOR Cl2 channels,
did not undergo AVD during exposure to cisplatin.

According to the results of the present experiments, it can
be concluded that the absence of VSOR Cl2 channel activity
in A549/CDDP cells may be a mechanism to protect the
cells from cisplatin-induced cell death by at least partially
inhibiting the AVD process. To investigate the reason for
the loss of VSOR Cl2 channel activity in A549/CDDP
cells, semi-quantitative RT-PCR was used to check
whether the level of transcript expression was different in
WT A549 as compared with A549/CDDP cells, for genes
that have previously been suggested to encode the VSOR
Cl2 channel (MDR1, pIcln and ClC-3).8 Of the three
genes, only the level of MDR1 expression was significantly
decreased in A549/CDDP cells (Figure 8A); however, no
clear differences were found before and after TSA pretreat-
ment (Figure 8B). These results suggested that these three
genes have no clear relationship with the activity changes
induced by TSA in A549/CDDP cells.

TSA is known to be a HDAC inhibitor and, along with
histone acetyltransferase, regulates the transcriptional
status of chromatin by determining the level of histone
acetylation.8,29 However, the exact mechanism for restor-
ation of the VSOR Cl2 channel by TSA treatment is
unknown. It might be related to the upregulation of the
gene encoding the VSOR Cl2 channel, the alteration of the
expression for a regulator gene of the channel, or related
to changes in the expression level of multiple genes that
affect the VSOR Cl2 channel activity.

MDR1 is the gene encoding P-glycoprotein.
P-glycoprotein is an important drug efflux protein. The
changes of the MDR1 expression level in drug resistance
cells are controversial. In NSCLC cell lines, it has been
reported that increased MDR1 mRNA and/or protein
expression levels were associated with resistance to anthra-
cyclines,30,31 vinca alkaloids,32 etoposide33 and taxanes.34

However, some other reports indicated that the MDR1/
P-gp expression neither correlate significantly with sensi-
tivity to cisplatin or carboplatin, nor with intracellular or
intranuclear cisplatin accumulation, and cisplatin and car-
boplatin actually increase cellular concentrations of some
other agents by inhibiting P-gp.35 – 40 The results of this
experiment showed that MDR1 expression decreased in
A549/CDDP cells. But we could not yet reach any con-
clusion with regards to what the decreased MDR1
expression in A549/CDDP cells really means. In this exper-
iment, the A549/CDDP cells were cultured in the medium
with 2 mg/mL cisplatin to maintain the cell’s resistance to
cisplatin. Maybe we can attribute the MDR1 expression
reduction in A549/CDDP cells to the cisplatin in the
medium because it has been reported that platinum drugs
could inhibit the expression of MDR1. In addition, it
should be noted that P-glycoprotein is a known regulator
of the VSOR Cl2 channel,41,42 and thus it is possible that
an alteration in this protein could affect Cl2 channel acti-
vation. But TSA-induced restoration of the Cl2 channel
activity is independent of MDR1 because TSA does not
change the expression level of it.

The molecular mechanism for the loss of activity of VSOR
Cl2 channels in A549/CDDP cells is not clear. It may
involve a disruption or lack of the protein(s) comprising
the channel per se; alternatively, the alteration of channel
regulators may be also involved. There may be other intra-
cellular signals involved in the impairment of VSOR Cl2

channel activity in cisplatin-resistant cells.
Similar results have been reported in a cisplatin-resistant

KCP-4 human epidermoid cancer cell line.26 It is possible
that lack of VSOR Cl2 channel activity is specific to
cisplatin-resistant cells as activity of the channel was
observed in other types of drug-resistant cells. Thus, the
results of this experiment imply the importance of further
investigation into the signaling pathways of the channel
activation and the molecular orientation that may shed
light on the mechanism of cisplatin resistance and lead to
more effective cancer therapies.
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