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The activation of volume-activated chloride Cl� channels has been implicated to play

important roles in modulating cell cycle and cell migration. The aim of this study was to

determine whether volume-activated Cl� channels are involved in cell-cycle-dependent

regulation of cell migration in HeLa cells. Using techniques including cell-cycle synchro-

nization, transwell migration assays and the patch-clamp technique, we demonstrate in

this study that both the expression of volume-activated chloride current (ICl,vol) and the

potential of cell migration are cell-cycle-dependent; specifically, these events were high in

G0/G1 phase, low in S phase, and medium in G2/M phase. Moreover, the mean density of ICl,vol

was positively correlated to the rate of cell migration during cell-cycle progression. Addi-

tionally, endogenous suppression of ICl,vol by transfecting cells with ClC-3 antisense oligo-

nucleotides arrested cells in S phase and slowed cell migration. Collectively, our results

suggest that volume-activated Cl� channels contribute to the cell-cycle-dependent regula-

tion of cell migration.
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1. Introduction

Tumor growth occurs as a result of aberrant cell-cycle

regulation. However, metastasis needs not only aberrant cell-

cycle regulation, but also increased motility of malignant cells.

Studies have evidenced the relationship between migratory

activity of cells and their position in the cell cycle [1]. In fact,

some mammalian cell lines demonstrate decreased motility in

the G2 phase when compared to that in the G1/S phase [2].

Specifically, concanavalin A-induced lymphocyte migration
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** Corresponding author. Tel.: +86 20 39352126.
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was lower for cells in late S and G2/M compared to cells in G0/G1

and early S phases [3]. Furthermore, p27 and p21, two cell-cycle

regulators, are also known to be involved in regulating cell

migration [4–6].

Volume-activated chloride current (ICl,vol), with its charac-

teristic biophysical and pharmacological properties, is critical

for the regulatory volume decrease (RVD) process after cell

swelling [7,8]. ICl,vol has also been implicated to have important

roles in modulating cell-cycle progression [9], although con-

troversy exists regarding the relationship between ICl,vol and
hotmail.com (J. Mao).
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cell-cycle progression. For example, in mouse fibroblasts, the

magnitude of ICl,vol was similar in S phase compared to G0/G1

[10]. However, in SiHa human cervicalcancer cells, the ICl,vol was

down-regulated in G0/G1 and increased in S [11]. In contrast, in

Ehrlich Lettre Ascites (ELA) cells, ICl,vol decreased in G1 and

increasedin early S phase, when comparedto that inG0 [12]. Our

previous results showed that in nasopharyngeal carcinoma

CNE-2Z cells, expression of ICl,vol was high in G1 phase, down-

regulated in S phase, and again increased in M phase [13].

Volume-sensitive Cl� channels are also involved in many

other physiological cell activities that are associated with

changes in cell volume and shape [14]. In glioma cells, for

example, inhibition of swelling-activated Cl� channels inhi-

bits tumor cell migration with these particular Cl� channels

localized to lipid-raft domains on invadipodia [15–17]. Con-

sistent with this, our previous work demonstrated that

pharmacological inhibition of ICl,vol inhibits CNE-2Z cell

migration [18], and that ICl,vol regulates CNE-2Z cell migration

by modulating RVD [19,20]. However, it is unclear whether

ICl,vol is involved in cell-cycle-related changes of cell migration.

The aim of this study is to investigate the role of volume-

sensitive Cl� channels in cell-cycle-dependent regulation of

cell migration in HeLa cells.
2. Materials and methods

2.1. Cell preparation

HeLa cells from epithelioid carcinoma of human cervix were

routinely seeded at a density of 1.3 � 104/cm2 and grown in 25-

cm2 plastic tissue culture flasks in RPMI 1640 medium with

10% fetal calf serum (FCS), 100 IU/mL penicillin and 100 mg/mL

streptomycin at 37 8C in a humidified atmosphere of 5% CO2.

Cells were subcultured every 2 days. For electrophysiological

experiments, cells that had been cultured for 48 h and

reached 80% confluency were trypsinized and resuspended

in culture medium. This cell suspension was plated onto

round coverslips of 22-mm diameter (150 mL/coverslip) and

incubated at 37 8C for approximately 2–3 h before current

recordings were taken.

2.2. Cell synchronization

Cell-cycle synchronization of HeLa cells was achieved by three

well-established methods. First, after exponentially growing

cells were treated for 12 h with 0.25 mM demecolcine. The

‘‘mitotic shake-off’’ (also termed ‘‘mitotic detachment’’)

method, which can provide highly synchronous cultures of

mitotic cells [21,22], was used to collect mitotically enriched

floating cells from adherent cells. Second, the double-block

technique [21] was used to synchronize cells in S phase. For this,

cells were incubated in 2 mM thymidine for 14 h, then in normal

medium for 10 h and finally in hydroxyurea (2 mM) for 14 h.

Cells were harvested and cultured in normal medium for 4 h to

release cells from block. The third method involved serum

deprivation, which synchronized cells in G0/G1 phase. Cells at

60–70% confluence were incubated in RPMI 1640 medium with

0.2% FCS for 48 h. Cell-cycle distribution of control and

synchronized cultures were determined by a FACScan flow
cytometer (Becton Dickinson, San Jose, CA). Data were acquired

with Cell Quest software, and the percentage of G0/G1, S and G2/

M phase cells was calculated with MODFIT software (Verity

Software House, Inc., Topsham, ME).

2.3. Electrophysiological studies

Whole-cell currents of single HeLa cells were recorded using

the patch-clamp technique with a List EPC-7 patch-clamp

amplifier (List Electronic, Darmstadt, Germany). Experiments

were carried out at room temperature (20–24 8C). The patch-

clamp pipettes were made from standard wall borosilicate

glass capillaries with an inner filament on a two-stage vertical

puller and gave a resistance of 4–6 MV when filled with pipette

solution. Cell capacitance compensation and series resistance

compensation were used to minimize voltage errors. The

amplifier reading of capacitance was used as the value for

whole-cell membrane capacitance. Once the whole-cell

configuration was established, cells were held at the chloride

equilibrium potential (0 mV) and then stepped repeatedly to

200 ms pulses of 0, �40 and �80 mV, with 4 s intervals

between steps. Command voltages and whole-cell currents

were recorded simultaneously on a computer via a laboratory

interface (CED 1401, Cambridge, UK) with a sampling rate of

3 kHz. The voltage pulse generation, data collection and

current analysis were performed using EPC software (CED,

Cambridge, UK). All current measurements were collected at

10 ms following the onset of each voltage step.

2.4. Transwell migration assay

A modified version of a transwell migration technique

described previously [18] was used. Briefly, 3 � 105 HeLa cells

(100 mL) were added to 12 mm-pore transwell inserts, which

had been coated with 10 mL fibronectin (FN, 1 mg/mL) and air-

dried, and placed into wells of a 24-well plate. All assays were

performed at 37 8C in 5% CO2 and humidified air for 6 h. Cells

that migrated and attached to the lower surface of the filter

were trypsinized and resuspended in 300 mL RPMI 1640

medium. This cell suspension was added to the upper

compartment of a new transwell insert not precoated with

FN. Next, both inserts (including non-migrated and migrated

cells) were placed into another 24-well tissue culture plate

with each well containing 600 mL medium and 100 mL MTT

(5 mg/mL). Four hours after re-incubation, inserts were put on

filter paper and the medium was blotted. Subsequently, 100 mL

DMSO was added to solubilize the formazan. Finally, the color

solution was transferred to a separate well in a 96-well culture

plate, and the absorbance was colorimetrically measured at

570 nm. The percentage of migrated cells (migration rate) was

calculated with the OD values of non-migrated and migrated

cells. The rate of migration = ODmig/(ODmig + ODnon) � 100%,

where ODmig is the OD value of migrated cells and ODnon is the

OD value of non-migrated cells.

2.5. Western blot analysis

For protein extraction, HeLa cells were first washed with PBS

once, and the whole-cell lysate was next prepared using lysis

buffer containing Tris–Cl (50 mM), NaCl (150 mM), NaN3
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(0.02%), Nonidet P-40 (1%), SDS (0.1%), sodium deoxycholate

(0.5%), leupeptin (5 mg/mL), and aprotinin (1 mg/mL). Protein

content of cell lysates was quantified with Coomassie Brilliant

Blue. Proteins of interest were separated by SDS-PAGE and

transferred to nitrocellulose membranes (Schleicher &

Schuell, Keene, NH), and membranes were blocked at room

temperature (24–26 8C) for 1 h in a solution containing (in mM):

130 NaCl, 2.5 KCl, 10 Na2HPO4, and 1.5 KH2PO4, and 0.1% Tween

20 and 5% BSA (pH 7.4). Membranes were next incubated first

with a polyclonal antibody directed against ClC-3 (C670–687) (a

gift from Dr. William J. Hatton [23]) overnight at 4 8C and then

with a peroxidase-conjugated antibody (HRP-linked anti-

rabbit secondary antibody) for 1 h at room temperature. Final

detection was accomplished with Western blot luminol

reagent (SC-2048; Santa Cruz Biotechnology Inc., California,

USA) as described by the manufacturer. The density of target

bands was quantified by the computer-aided 1D gel analysis

system.

2.6. Treatments with antisense and sense oligonucleotides

Antisense and sense oligonucleotides corresponding speci-

fically to the initiation codon region of human ClC-3 mRNA

were synthesized (Sangon, Shanghai, China) as reported in

our previous study [24]. The antisense sequence was 50-

TCCATTTGTCATTGT-30; for sense, the sequence was 50-

ACAATGACAAATGGA-30. For the two oligonucleotides, the

first three bases at either end were phosphorothioated. To

examine uptake of these constructs by HeLa cells, oligonu-

cleotides were labeled with fluorescence. The identity and

purity of oligonucleotides were confirmed by [31P]-NMR,

capillary gel electrophoresis, hybridization melting tempera-

ture and theA269/mass ratio. All oligonucleotides had purities

higher than 95% with a phosphodiester content lower than

0.3%. Cells were transfected with oligonucleotides in the

presence of lipofectamine 2000 (5 mL/mL, Invitrogen, CA, USA)

in serum-free medium for 4.5 h and then in medium

containing 10% fetal calf serum for additional time depending

on the experiment being performed.

2.7. Solutions and chemicals

The pipette solution contained (in mM): 70 N-methyl-D-

glucamine chloride (NMDG-Cl), 10 HEPES, 1.2 MgCl2, 1 EGTA,

140 D-mannitol, and 2 ATP. The isotonic bath solution contained

(in mM): 70 NaCl, 0.5 MgCl2, 2 CaCl2, 10 HEPES, and 140 D-

mannitol. The 47% hypotonic bath solution was obtained by

omitting D-mannitol from the solution, giving an osmolarity of

160 mosmol/L (47% hypotonicity compared to the isotonic

solution). The 47% hypertonic solution was obtained by adding

D-mannitol to the isotonic solution, giving an osmolarity of

440 mosmol/L (47% hypertonicity, compared to the isotonic

solution). The pH of the pipette and bath solutions was adjusted

to 7.25 and 7.4, respectively, with Tris base. 5-Nitro-2-(3-

phenylpropylamino)benzoic acid (NPPB) and tamoxifen were

dissolved with dimethyl sulfoxide (DMSO) and methanol,

respectively, resulting in a concentration of 100 mM. Solutions

were diluted to their final concentrations for each experiment

using corresponding solutions. All chemicals in the study were

purchased from Sigma (St. Louis, MO, USA).
2.8. Statistics

Data are expressed as mean � standard error (number of

observations). ANOVA was used to analyze data to detect

statistically significant differences and Student Newman–

Keuls was employed as the post hoc identifying test. P < 0.05

indicated significant difference. All experiments were

repeated at least 3 times. The IC50, the inhibition concentra-

tion at which the inhibition is 50%, was obtained by curve

fitting on the data obtained with the different concentrations

of inhibitors using a four parameter logistic equation,

y = y0 + (a � y0)/(1 + (x/x0)b). The parameters x and y are the

concentration of the given reagent and the response value

(inhibition), a and y0 the maximum and minimum inhibition,

x0 and b the x value at the maximum rate of change and the

slope coefficient, respectively.
3. Results

3.1. Volume-activated ClS currents in HeLa cells

We hypothesize that Cl� currents are activated during both

cell-cycle progression and migration of HeLa cells, since these

events require the cell to undergo shape and volume changes.

Volume-activated Cl� channels may be involved in cell

progression and migration. To first examine the properties

of volume-activated Cl� currents in unsynchronized HeLa

cells, unsynchronized HeLa cells were voltage clamped at

0 mV in the whole-cell configuration and stepped repeatedly

to 0, �40, and �80 mV. As shown in Fig. 1A and B, under the

isotonic condition, these cells possessed a small and stable

current of 6.90 � 1.67 pA/pF at +80 mV and �5.15 � 1.43 pA/pF

at�80 mV (n = 18). When changed to a 47% hypotonic solution,

the current was increased, at �80 mV, to 80.69 � 5.95 and

�44.87 � 4.52 pA/pF (n = 18), respectively. The currents were

outward rectified and lacked time-dependent inactivation at

the voltages tested. The increase in current was partially

reversible upon return to isotonic conditions in 10 min.

Extending the bathing period in isotonic conditions after the

hypotonic challenge would return further the swelling-

activated current towards normal level, but 30–60 min was

needed to fully return the cells to normal. The residual

swelling-activated current could also be eliminated by

perfusing cells with hypertonic (47%) solution. Addition of

the chloride channel blocker NPPB (300 mM) into the hyper-

tonic solution speeded up the hypertonic effect on the residual

current. The cells appeared swollen under hypotonic condi-

tions and remained so until subjected to isotonic conditions.

The swelling-activated current exhibited an almost linear

current–voltage (I–V) relationship (Fig. 1B). In experiments

(n = 18) with nearly identical Cl� concentrations inside and

outside of the cells, the reversal potential of the I–V curve was

close to the calculated ECl (�0.9 mV), with a mean value of

�2.5 � 1.2 mV.

Currents activated by hypotonic challenge were almost

completely inhibited by external application of two well

known Cl� channel blockers, NPPB (300 mM) and tamoxifen

(20 mM). Fig. 1C–F shows current traces of representative

cells exposed to hypotonicity, the effect of adding NPPB or



Fig. 1 – Volume-activated ClS current in HeLa cells. (A) Current traces recorded under isotonic conditions and at the peak of

47% hypotonic conditions, upon return to isotonic, in 47% hypertonic bath solution and in 47% hypertonic bath solution

plus chloride channel blocker NPPB (300 mM) in response to 0, W40, W80 voltage steps. (B) The current–voltage (I–V)

relationship is presented (n = 18). (C) and (E) show typical current traces recorded under isotonic and 47% hypotonic

conditions and the effects of extracellular application of NPPB (300 mM) and tamoxifen (20 mM) on the hypotonic-activated

current. (D and F) I–V relationship under different conditions (n = 5). Iso, isotonic bath solution; Hypo, 47% hypotonic bath

solution; Hyper, 47% hypertonic bath solution. The time in (A) shows the time period exposed in the indicated condition.
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tamoxifen, and the corresponding I–V relationship (n = 5

independent experiments). The inhibitory effects were rever-

sible and concentration-dependent. Fitting the data with the

four parameter logistic equation (see Section 2), gave an IC50 of

178.13 mM for NPPB and 9.34 mM for tamoxifen.

3.2. Cell synchronization

To investigate expression of volume-sensitive currents and

the migration ability at different stages of the cell cycle, HeLa
cells were synchronized by serum starvation, chemical block,

or by combining mitotic shake-off with demecolcine treat-

ments as described in Section 2. As demonstrated by flow

cytometry, highly synchronized cells were obtained (Fig. 2A

and D). In unsynchronized cells, 57.5%, 25.7%, and 16.8% of the

population were distributed in G0/G1, S and G2/M phases,

respectively. Cells were sampled at 48 h following incubation

in medium containing 0.2% fetal calf serum. At this point, 82%

of the cells were in G0/G1 phases. When cells were treated with

combined application of thymidine and hydroxyurea, 88% of



Fig. 2 – Cell-cycle-dependent expression of volume-activated ClS current. Cells were arrested at different phases of the cell

cycle by three methods: X, cells incubated in the medium with 0.2% fetal calf serum for 48 h (G0/G1 phases); Y, cells treated

with 2 mM thymidine and 2 mM hydroxyurea (S phase) and then released from the treatments for 4 h; Z, cells collected by

mitotic shake-off technique after treated with 0.25 mM demecolcine for 12 h (G2/M phases). (A) Representative distribution of

cells with different DNA contents detected by flow cytometry in cells subjected to various conditions. (B) Whole-cell

currents in response to 0, W40 and W80 mV steps from a holding potential 0 mV and activated by 47% hypotonic solution

were recorded in cells collected from three independent groups (n = 11, 14, and 10, in groups X, Y, and Z, respectively). The

hypotonic-activated current was inhibited by 300 mM NPPB or 20 mM tamoxifen. (C) Comparison of volume-activated ClS

current at +80 and S80 mV among the three groups. (D) Cell distribution at different cell-cycle stages in the three groups.

The data in the figure represent mean W SE of 3–5 experiments in (A) and (D) and 10–14 cells in (B) and (C).
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the blocked cells progressed into S phase 4 h after release from

the block. 90% of the cells harvested with the shake-off

technique 12 h after incubation in the medium containing

0.25 mM demecolcine were in G2/M phases.

3.3. Cell-cycle-dependent expression of volume-sensitive
ClS current

Cl� currents activated by 47% hypotonic solution in cells

sampled at 48 h of incubation in the medium containing 0.2%

fetal calf serum, with 82% of cells in G0/G1 phase (Fig. 2A, X),

were large. These currents showed properties of outward

rectification and negligible time-dependent inactivation. The

mean value was 106.62� 6.95 pA/pF at +80 mV and �56.23�
5.25 pA/pF at �80 mV (n = 12; Fig. 2B, X). These currents were

inhibited by NPPB and tamoxifen, similar to those of unsyn-

chronized cells.

In the cells arrested in S phase by the double chemical block

technique (88% of cells in S phase as demonstrated by the flow

cytometry; Fig. 2A, Y), the hypotonic-activated Cl� currents

declined dramatically. The peak current (43.06 � 6.02 pA/pF at

+80 mV and �23.44 � 4.23 pA/pF at �80 mV; n = 18; Fig. 2B, Y)

was much smaller than that of cells arrested at G0/G1 phase by

serum starvation (P < 0.01), although the properties of the

currents were similar. The current was sensitive to 300 mM

NPPB and 20 mM tamoxifen.

For the cells synchronized in G2/M phases (90% of cells in

G2/M phase; Fig. 2A, Z) by demecolcine and shake-off

treatments, exposure to 47% hypotonic solution induced a

Cl� current with properties similar to that of cells arrested

in G0/G1 phases. The peak values of the current are 75.69

� 6.95 pA/pF at +80 mV and �38.87 � 7.52 pA/pF at �80 mV

(n = 10; Fig. 2B, Z). The current was smaller than that of G0/G1

(serum-starved) cells (P < 0.01), but larger than that of S cells

released from the double chemical block (P < 0.05). The

current was also sensitive to NPPB and tamoxifen.

Fig. 2C summarizes the expression of the ICl,vol in the three

groups of cells, G0/G1cells (serum-starved for 48 h, Fig. 2C, X), S

cells (4 h after released from double chemical block, Fig. 2C, Y),

and G2/M cells (demecolcine block for 12 h and shake-off,

Fig. 2C, Z). Fig. 2D shows the cell distribution at each stage of

the cell cycle for the three groups using parallel flow

cytometric analysis. The data indicate that the expression

or activation of volume-activated Cl� channels was signifi-

cantly modulated throughout the cell cycle. Channel activity

was high in G0/G1 phase, down-regulated in S phase, but

increased in G2/M phase. There was no statistically significant

difference in activation of volume-activated Cl� channels

between cells synchronized at G2/M phases by mitotic shake-

off alone and those synchronized at G2/M phases by

demecolcine and mitotic shake-off treatments.

3.4. Cell-cycle-related changes in chemotactic
migration of HeLa cells

As shown above, expression of ICl,vol varied greatly as the cell

cycle progressed. Previously in vitro studies in a variety of cell

lines have shown that ICl,vol is involved in cell migration

[15,17,18]. The question remains, then, whether the migratory

potential of HeLa cells shares this similar property with ICl,vol
during cell-cycle progression. To address this issue, migratory

potential of HeLa cells was analyzed during the cell cycle using

the transwell migration assay in synchronized cells.

3 � 105 synchronized HeLa cells in G0/G1, S or G2/M phases

were added to the upper compartments of transwell chambers

for chemotactic migration, and the rate of migration was

calculated. As shown in Fig. 3A and B, pronounced changes in

cell migration occurred as cells progressed from G0/G1 to G2/M

phases. The highest migratory rate was observed in G0/G1

phases, with approximately 25.57% cells migrated to the lower

face of the membrane. The number of migrated cells in S

phase decreased to 7.02%, the lowest rate of the three groups.

In the G2/M phases, however, an increase in migratory rate

was observed with 11.42%. These data indicate that HeLa

cells exhibit pronounced cell-cycle-related alterations in

migration ability. Similar to the activities of volume-activated

Cl� channels during cell-cycle progression, the potential of

migration was high in G0/G1 phases, down-regulated in S

phase, and again increased in G2/M phases.

In order to investigate the relationship between ICl,vol and

cell migration further, we assessed the effects of Cl� channel

blockers (NPPB and tamoxifen) on HeLa cell migration (Fig. 3C

and D). Results show that the migration rate of G0/G1 cells

treated with NPPB (300 mM), tamoxifen (20 mM) was signifi-

cantly reduced, compared to that observed in the control cells

(G0/G1 phase). NPPB and tamoxifen could also inhibit the

migration of S and G2/M cells (data not shown). These results

show that reagents that inhibit ICl,vol also slow cell migration.

3.5. Correlation between ICl,vol and cell migration
demonstrated by cell-cycle progression

As shown above, both the ICl,vol and migration of HeLa cells

were well regulated during cell-cycle progression. This

relationship was further analyzed by comparing current level

and migratory capability during cell-cycle progression. As

shown in Fig. 4, cell migratory potential was plotted against

the corresponding current (evoked at +80 mV step) of the G0/G1

group, S group, and G2/M group. Fitting the data by linear

regression resulted in a positive correlation between the two

factors (migratory rate and current), with a linear correlation

coefficient of r = 0.96 (P < 0.01).

3.6. Effect of endogenous suppression of ICl,vol on
cell-cycle-dependent migration

The presented data thus far suggested that volume-activated

chloride channels play an important role in cell-cycle-

dependent migration of HeLa cells. ClC-3 has been suggested

to be a component and/or regulator of volume-activated

chloride channel activity. Inhibition of endogenous ClC-3

expression and function by antisense oligonucleotides against

ClC-3 or an anti-ClC-3 antibody causes a decrease in ICl,vol in

bovine non-pigmented ciliary epithelial cells [24], smooth

muscle cells [23,25], AGS cells [26], HeLa cells, and Xenopus

oocytes [27]. We therefore investigated the effect of ClC-3

protein ‘knock-down’, using a ClC-3 antisense oligonucleotide,

on cell-cycle-dependent migration of HeLa cells.

HeLa cells were transfected with fluorescein-labeled

antisense and sense oligonucleotides for ClC-3. After 48 h,



Fig. 3 – Migratory potential of HeLa cells through the cell cycle. Synchronized cells were collected and seeded into upper

compartments of transwell chambers for migration assays. The migration rate of cells synchronized in G0/G1, S or G2/M

phases was measured. The number of migrated cells was captured by CCD camera imaging (100T) and assessed by MTT

assay. (A) Photomicrographs of the bottom side of filters with migrated cells arrested in different cell-cycle stages, stained

with the Hematoxylin and Eosin (HE) staining method. (C) Effects of chloride channel blockers NPPB and tamoxifen on

migration of cells arrested in G0/G1 phases. Data are presented as mean W SE of three independent experiments.
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fluorescence was observed in most cells showing that

transfection efficiency was high. ClC-3 protein expression in

cells harvested on day 2 was examined by Western blotting.

Antisense oligonucleotides (20 mM) for ClC-3 significantly

diminished ClC-3 protein expression to the level that was

15% of that observed in sense oligonucleotide-treated cells or

in control non-transfected cells (Fig. 5A). Similarly, hypotonic-
Fig. 4 – Correlation between ICl,vol and cell migration at different

rate against that of the currents in each group indicated that th

correlated to that of currents. A straight line was obtained by fit
activated Cl� currents recorded from cells transfected with

ClC-3 antisense oligonucleotides were quite different from

those of control cells. In the antisense (20 mM) group, the

hypotonic-induced currents were activated at a slower rate

and the peak currents were reduced (Fig. 5B). The remained

hypotonic-activated current could be inhibited by the chloride

channel blocker tamoxifen (20 mM). Moreover, treating with
stages of the cell cycle. Plot of the mean value of migratory

e mean value of the migratory rate of cells is positively

ting the data with a linear regression equation, y = y0 + ax.



Fig. 5 – Effects of endogenous inhibition of ICl,vol expression on cell-cycle-dependent migration. After incubating with 20 mM

ClC-3 antisense or sense oligonucleotides for 48 h, volume-activated chloride currents, cell-cycle distribution, and

migration rate of transfected cells were measured. (A) Effects of ClC-3 antisense oligonucleotide transfection on ClC-3

protein expression in HeLa cells. (B) Inhibition of ICl,vol by ClC-3 antisense oligonucleotides. Chloride channel blocker

tamoxifen (20 mM) could inhibit the hypotonic-activated current in the three groups. (C) Effects of ClC-3 antisense

transfection on cell-cycle distribution. (D) Effects of ClC-3 antisense transfection on HeLa cell migration, viewed with

Hematoxylin and Eosin (HE) staining and detected with the MTT assay. Data in the figures are presented as means W SE of

3–5 independent experiments.
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ClC-3 antisense oligonucleotides, which arrests cell-cycle

progression at S phase, significantly decreased the rate of

cell migration (Fig. 5C and D). The hypotonic-activated Cl�

currents and migratory rate were not significantly different

between cells treated with or without ClC-3 sense oligonu-

cleotides. These results indicate that ClC-3 may mediate cell-

cycle-dependent migration of HeLa cells by regulating

volume-activated chloride channel activity, and also verify

that ICl,vol is involved in cell-cycle-dependent migration in

HeLa cells.
4. Discussion

Recent studies have shown that migration of some mamma-

lian cells is modulated in a cell-cycle-dependent manner.

Several molecular candidates (p21 and p27) have been

identified for their roles in regulating both cell cycle and cell

migration. Although some controversy still exists regarding
the relationship between volume-activated chloride current

(ICl,vol) and cell cycle, ICl,vol has been recognized to have

important roles in modulating cell-cycle progression [9]. The

findings from studies of Sontheimer and co-workers [15] and

our previous research show that ICl,vol is also involved in

regulating tumor cell migration [18]. This suggests that

volume-activated Cl� channels may play an important role

in cell-cycle-dependent modulation of cell migration.

We first verified both expression and properties of ICl,vol in

HeLa cells. The recorded currents in this study are similar to

those described previously in mammalian cells exposed to

hypotonic solutions. The outward rectification, the observed

reversal potential near the equilibrium potential for Cl�, and

the inhibition by the conventional Cl� channel blockers NPPB

(IC50 = 178.1 mM) and tamoxifen (IC50 = 9.3 mM) are typical of

ICl,vol in many cell types, including HeLa cells. It has been

shown that NPPB and tamoxifen inhibit ICl,vol and cell

proliferation in human nasopharyngeal carcinoma cells

(tomoxifen, IC50 = 16.9 mM for ICl,vol and 15.6 mM for prolifera-
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tion; NPPB, IC50 = 96.5 mM for ICl,vol and 98.0 mM for prolifera-

tion) [28] and in mouse liver cell (tomoxifen, IC50 = 0.7 mM for

ICl,vol and 1.3 mM for proliferation; NPPB, IC50 = 2.3 mM for ICl,vol

and 40 mM for proliferation) [29] and in canine colonic

myocytes (tomoxifen, IC50 = 0.6 mM for ICl,vol)[30]. It seems

that the IC50 of the two chloride channels blockers vary greatly

in different cell types. Tamoxifen is also shown to inhibit the

volume-sensitive current associated with the ClC-3 protein

[31]. Our current results show that both the expression of ICl,vol

and cell migration in HeLa cells are cell-cycle-dependent.

Moreover, the mean density of ICl,vol was positively correlated

to the rate of cell migration during cell-cycle progression.

These results collectively indicate that volume-activated

Cl� channels are involved in cell-cycle-dependent migratory

behaviour of HeLa cells.

Endogenous inhibition of ClC-3 protein expression sup-

pressed ICl,vol [24,32]. To verify the role of volume-activated Cl�

channels on cell-cycle-dependent migration, we investigated

whether ‘knock down’ of ClC-3 protein expression affected

ICl,vol, cell-cycle distribution and cell migration by using ClC-3

antisense oligonucleotides. Our results showed that decreas-

ing ClC-3 protein expression by transfecting with antisense

oligonucleotides diminished both ICl,vol and cell migration.

Moreover, consistent with our observation that rate of

migration in S phase was the lowest among the three cell-

cycle phases (G0/G1, S and G2/M) in HeLa cells, inhibition of

ClC-3 protein expression arrested the cell cycle at S phase.

These data then provided compelling evidence that volume-

activated Cl� channels play a critical role in cell-cycle-

dependent migration of HeLa cells.

As stated above, tumor cell-cycle-dependent migration

may be modulated by ICl,vol. How does this current affect cell-

cycle-dependent migration? We speculate that ICl,vol is

involved in volume regulation during cell cycle and cell

migration in HeLa cells, since volume regulation plays a

critical role during both cell-cycle progression and migration.

For example, in mammalian cells, cell volume continuously

changes throughout the cell cycle [33]. Furthermore, an

increase of cell volume coincides with entry of fibroblasts

into S phase [34].Tumor cells must also undergo cell shape and

volume changes as they navigate through the narrow,

tortuous extracellular spaces [35]. Volume-activated chloride

channels are of particular importance for regulatory volume

decrease after cell swelling by mediating Cl� efflux. In fact,

blockage of volume-activated chloride channels decreases

RVD capacity [7,36]. Our previous work revealed that RVD

plays an important role in migratory processes in tumor cells

[20]. Similar to the cell-cycle-dependent change of ICl,vol,

another previous work of ours showed that RVD capacity was

actively regulated during the cell cycle, and that its capacity

was highest in G1 and lowest in S phase [37]. These imply that

ICl,vol may be involved in cell-cycle-dependent migration by

regulating RVD.

Water outflow following ion efflux may be necessary for

maintaining specific concentrations of critical elements for

controlling cell-cycle progression. By regulating RVD, ICl,vol

may serve as an effective means of maintaining proper

concentrations of cyclin/cyclin dependent kinase (CDK),

endogenous CDK inhibitors (CDK inhibitors p15, p1, p18,

p19, p20, p21, p27 and p57) and/or other important factors
needed for regulating cell-cycle progression [9]. Blocking

volume-activated chloride channels pharmacologically by

Cl� channel blockers provoked cell-cycle arrest at G0/G1 phase

and was also represented by p21 or p27 accumulation [38,39].

Several studies have revealed that p21 or p27 have CDK-

independent cytoplasmic functions in cell migration, since

up-regulation of either p21 or p27 inhibited cell migration

[4–6,40]. These data indicate that blocking ICl,vol may suppress

cell migration by up-regulating p21 or/and p27 levels. This up-

regulation may be an underlying mechanism that chloride

channel blockers NPPB and tamoxifen almost completely

inhibit cell migration of G0/G1 phase cells arrested by serum

starvation. Therefore, ICl,vol potentially plays a critical role in

mediating high migratory potential in G0/G1 cells by regulating

cell volume to maintain some molecular candidates, which is

related to the regulation of both cell cycle and cell migration,

on suitable concentration. However, how ICl,vol regulates the

different migration potentials related to S and G2/M phase

remains to be determined.

In conclusion, this study demonstrates that both ICl,vol and

cell migration are cell-cycle-dependent. We identified a

positive correlation between the current and cell migration

dependent on cell-cycle phases. Endogenous inhibition

of ICl,vol diminished cell migration and blocked cell-cycle

progression. These results collectively indicate that the

volume-activated Cl� channel plays important roles in cell-

cycle-dependent migration in HeLa cells.
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