
Cells have to avoid dramatic changes of cell volume that
would jeopardize the structural integrity and constancy
of the intracellular milieu. Epithelial cells possess
multiple volume-sensitive transport pathways leading to
regulatory volume decrease (RVD) in response to
hypotonic stress (reviewed in Lang et al. 1998). Different
ion transport pathways have been reported to be
responsible for the RVD-associated KCl loss, but in most
cell types, the predominant pathway for RVD is the
activation of separate volume-regulated K+ and Cl_

channels (Hoffmann & Dunham, 1995; Okada, 1997). In
addition to volume regulation, volume-regulated anion
channels (VRACs) participate in several important
physiological processes, such as osmolyte transport,
metabolism, hormone release, cell migration, proliferation
and differentiation (Nilius et al. 1996; Lang et al. 1998).
During cell cycle progression, cells undergo a significant

increase in size (especially at the G1/S transition), which
perturbs cell volume homeostasis and is counterbalanced
by RVD. Co-activation of K+ channels and VRACs is
therefore proposed to be a necessary step for volume
regulation during cell cycle progression. Several studies
suggest that differential expression of K+ channels and
concomitant changes in membrane potential are critical
for cell cycle checkpoints (reviewed in Wonderlin &
Strobl, 1996). However, comparatively little is known
about the association of cell cycle regulation with VRAC
activity.

Cervical cancer constitutes the second most common
cancer in women worldwide (Parkin et al. 1993). This
disease is strongly associated with infection by oncogenic
types of human papillomaviruses (HPVs), but only a
small fraction of those infected develop cancer, indicating
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1. This study investigated the volume-regulated anion channel (VRAC) of human cervical cancer
SiHa cells under various culture conditions, testing the hypothesis that the progression of the
cell cycle is accompanied by differential expression of VRAC activity.

2. Exponentially growing SiHa cells expressed VRACs, as indicated by the presence of large
outwardly rectifying currents activated by hypotonic stress with the anion permeability
sequence I_ > Br_ > Cl_. VRACs were potently inhibited by tamoxifen with an IC50 of 4.6 µM. 

3. Fluorescence-activated cell sorting (FACS) experiments showed that 59 ± 0.5, 5 ± 0.5 and
36 ± 1.1% of unsynchronized, exponentially growing cervical cancer SiHa cells were in G0/G1,
S and G2/M stage, respectively. Treatment with aphidicolin (5 µM) arrested 88 ± 1.4% of cells
at the G0/G1 stage. 

4. Arrest of cell growth in the G0/G1 phase was accompanied by a significant decrease of VRAC
activity. The normalized hypotonicity-induced current decreased from 48 ± 5.2 pA pF_1 at
+100 mV in unsynchronized cells to 15 ± 2.6 pA pF_1 at +100 mV in aphidicolin-treated cells.
After removal of aphidicolin, culturing in medium containing 10% fetal calf serum triggered a
rapid re-entry into the cell cycle and a concomitant recovery of VRAC density. 

5. Pharmacological blockade of VRACs by tamoxifen or NPPB caused proliferating cervical
cancer cells to arrest in the G0/G1 stage, suggesting that activity of this channel is critical for
G1/S checkpoint progression. 

6. This study provides new information on the functional significance of VRACs in the cell cycle
clock of human cervical cancer cells.
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that other factors contribute to the progression to cervical
cancer (zur Hausen, 1991). Despite intensive studies, the
aetiology and tumour biology of this disease are still
largely unknown, and the membrane transport
properties of human cervical epithelial cells have never
received attention. We have demonstrated previously
that KCl and organic osmolyte efflux are strongly up-
regulated during human cervical carcinogenesis (Chou et
al. 1995, 1997; Shen et al. 1996, 2000). Alterations in
osmosensing signalling pathways were also apparent
during the process of human cervical carcinogenesis (Shen
et al. 1998; Chou et al. 1998).

The present study investigated VRACs in human cervical
cancer cells under various culture conditions, testing the
hypothesis that the progression of the cell cycle is
accompanied by differential expression of VRAC
activity. We demonstrate that cell cycle progression
correlates with the expression of VRAC activity.
Pharmacological blockade of VRACs by tamoxifen or
causes proliferating cervical cancer cells to arrest in
G0/G1 stage, suggesting that the activity of these
channels is critical for G1/S checkpoint progression.

METHODS

Cell culture

SiHa cells, a cervical cancer cell line, were obtained from the
American Type Culture Collection (Rockville, MD, USA). SiHa cells
were maintained at 37oC in a CO2–O2 (5%–95%) atmosphere and
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Grand Island, NY, USA) supplemented with 10% fetal calf serum
(FCS; Gibco), 80 IU ml_1 penicillin and 80 µg ml_1 streptomycin
(Sigma). 

Chemicals and solutions 

All chemicals were obtained from Sigma. NPPB, tamoxifen,
clomiphene and nafoxidine were dissolved in DMSO. The final DMSO
concentration in electrophysiological and cell proliferation
experiments was less than 0.05%. We have shown that this
concentration has no effect on current measurements and cell
growth. The osmolarity of solutions was measured using a vapour
pressure osmometer (Wescor 5500, Schlag, Gladbach, Germany). The
standard extracellular medium was a Krebs solution containing (mM):
NaCl 150, KCl 6, MgCl2 1, CaCl2 1.5, glucose 10 and Hepes 10, titrated
to pH 7.4 with NaOH (osmolarity, 320 ± 5 mosmol l_1). For
electrophysiological recording, the Krebs solution was replaced with
another isotonic solution after seal formation. This isotonic solution
contained (mM): NaCl 105, CsCl 6, MgCl2 1, CaCl2 1.5, glucose 10,
Hepes 10 and mannitol 90, titrated to pH 7.4 with NaOH
(320 ± 5 mosmol l_1). VRACs were activated in SiHa cells by
superfusing the cells with the same solution without mannitol,
resulting in a 25% hypotonicity (240 ± 5 mosmol l_1). To measure
VRAC activity, the pipette solution contained (mM): CsCl 40, caesium
aspartate 100, MgCl2 1, CaCl2 0.81, BAPTA 5, Na2ATP 4 and Hepes
10. In this pipette solution, the free Ca2+ concentration was buffered
at 25 nM. The pipette solution was adjusted to pH 7.2 with CsOH. 

Cell cycle synchronization 

For experiments on cell synchronization, SiHa cells were seeded at a
density of 2 w 104 cells cm_2 in T25 culture flasks and grown to
60–80% confluence to obtain cultures in the logarithmic growth

phase (Merrill, 1998). In experiments on serum starvation, cell
cultures were washed 3 times with DMEM and then cultured in
DMEM supplemented with 0.1% FCS. For chemical synchronization,
cultures were growth arrested by serum starvation for 2 days
followed by treatment with 5 µM aphidicolin for 16 h. Therefore, the
downregulation of VRAC activity is a specific effect of cell cycle
arrest. Identically treated cultures grown in parallel were harvested
for fluorescence-activated cell sorting (FACS) and electro-
physiological analysis at the indicated time points. Synchronization
experiments were repeated at least 3 times. Cell counts were
performed with the aid of a haemocytometer using Trypan Blue
exclusion (0.08%) to monitor cell viability. 

Determination of cell cycle stage by FACS 

Cellular DNA content was determined by staining cells with
propidium iodide and measuring fluorescence in a Becton Dickinson
FACScan (Rutherford, NJ, USA). SiHa cells were harvested by
trypsinization and fixed in cool 70% ethanol for 6 h. Subsequently,
the fixed cells were incubated in a solution containing 1 mg ml_1

RNase and 20 µg ml_1 propidium iodide for at least 30 min. For each
cell population, 10 000 cells were analysed by FACS and the
proportion in G0/G1, S and G2/M phases estimated using the Modfit
cell cycle analysis program (version 2.0, Verity Software House Inc.).
The percentage of cells in a specific phase of the cell cycle was
determined with a propidium iodide DNA staining technique: cells
were classified as being in G0/G1, G2/M and S phase depending on
the intensity of the fluorescence peaks (MacFarlane & Sontheimer,
2000). FACS measurements were performed in at least three
independent experiments on synchronized or unsynchronized cells. 

Electrophysiological recording and data analysis 

All experiments were performed at room temperature (20–23oC). The
whole-cell mode of the patch-clamp technique was used to measure
membrane potentials and membrane currents. Currents were
monitored with an EPC-7 patch clamp amplifier (List Electronic,
Germany). Patch electrodes had a resistance of between 3 and 5 MΩ.
A Ag–AgCl wire was used as the reference electrode. Linear
capacitance, leak currents and series resistance were compensated.
The current–voltage relationship and time course of VRACs were
obtained from either a ramp or a step protocol. The ramp protocol
consisted of a step to _80 mV for 0.4 s, followed by a step to
_150 mV for 0.1 s and a 1.3 s linear voltage ramp to +100 mV, after
which the potential was stepped back to the holding potential of
_20 mV. This voltage protocol was repeated every 15 s from a
holding potential of _20 mV. Currents were sampled at 2 ms
intervals (1024 points per record, filtered at 200 Hz). The step
protocol consisted of a 1 s voltage step, applied every 15 s from a
holding potential of _20 mV to test potentials from _100
to +100 mV with an increment of 20 mV. Currents were sampled at
1 ms intervals. Current density was determined by normalizing the
whole-cell current to the membrane capacitance.

The permeability of various anions (X_) relative to that of Cl_

(PX/PCl) was determined from the shift of the reversal potential
(∆Vrev) in anion substitution experiments. In this case, an agar bridge
was used to minimize the junction potential and permeability ratios
were calculated from a modified Goldman-Hodgkin-Katz equation:

PX [Cl_]nexp(_∆Vrev w F/RT) _ [Cl_]s—— = ————————————————,
PCl [X_]s

where [Cl_]n and [Cl_]s are the Cl_ concentrations in the normal and
substituted external solutions, respectively, [X_]s is the concentration
of the substituting anion, F is the Faraday constant, R is the gas
constant and T is absolute temperature.
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Volume measurements

Cell volume was estimated by measuring the cell diameter directly
from the cell image on the monitor before cell swelling and 3 min
after challenge by the hypotonic solution. 

Data were analysed by Winascd (designed by G. Droogmans) and by
Origin (version 6.0, MicroCal Software Inc). All data are presented as
means ± S.E.M. Student’s paired or unpaired t tests were used for
statistical analyses. Differences between values were considered
significant when P < 0.05.

RESULTS
Distribution of cell cycle stages in normal growth
conditions and following synchronization

We first characterized the cell cycle distribution of SiHa
cervical cancer cells under various culture conditions
(Table 1). SiHa cells cultured in medium supplemented
with 10% FCS proliferated continuously and reached
confluence within 2–3 days. The FACS measurements
showed that 59, 5 and 36% of cells were in G0/G1, S and
G2/M stage, respectively, in the presence of 10% FCS for
48 h. The above percentages changed to 65, 7 and 28% in
the presence of 10% FCS for 72 h. Compared to growth
under normal conditions, serum starvation (0.1% FCS) for
72 h significantly increased the percentage of cells
arrested in G0/G1 stage to 73% (P < 0.05, unpaired t test,
Table 1).

Subsequently we used aphidicolin to synchronize the cell
cycle. Aphidicolin can inhibit DNA synthesis and
prevents cells in G0/G1 phase from entering the DNA
synthesis period (Pedrali-Noy et al. 1980; Levenson &
Hamlin, 1993). Serum starvation for 48 h followed by
16 h treatment with aphidicolin arrested 88% of cells in
G0/G1 phase (Table 1). Six hours after removal of
aphidicolin and reintroduction of medium containing
10% FCS, 22 and 36% of cells reached S and G2/M phase,
compared to 6  and 6% in synchronized cells (Table 1).
Moreover, 45% of cells reached G2/M phase 12 h after
release of aphidicolin. After 24 h of release from
aphidicolin, the distribution of cell cycle stages had
become comparable to that of cells continuously growing
in 10% FCS (Table 1). Thus, aphidicolin plus serum
starvation blocked the cell cycle of SiHa cells more
effectively than serum starvation alone and this effect
was fully reversible.

Hypotonic cell swelling-induced Cl_ currents in
cervical cancer cells

Whole-cell voltage-clamp recordings were obtained from
SiHa cervical cancer cells. Membrane currents recorded
during the step protocol applied to SiHa cells in isotonic
solution were small and time independent (Fig. 1A).
Application of a hypotonic solution induced cell swelling
as evidenced by visual inspection, which was
accompanied by activation of large outwardly rectifying
currents. At potentials more positive than +80 mV, the
currents showed time-dependent inactivation, which was
more pronounced at higher membrane potentials (Fig. 1A

and B). The current–voltage relationship in hypotonic
solution, obtained from the step protocols, reversed close
to the theoretical equilibrium potential for Cl_

(ECl = _25 mV), indicating that the volume-regulated
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Figure 1. Volume-activated currents in SiHa
cervical cancer cells

A, current traces (step protocol) were recorded in
isotonic and hypotonic solutions. Horizontal lines
either side of the traces represent the zero current
level. B, current–voltage relationships obtained from
traces in A. 0 and 9, hypotonicity-induced current at
the beginning and end of the voltage pulse,
respectively; 1, current in isotonic solution. C, anion
permeability of volume-activated currents. The anion
permeability relative to that of Cl_ (PX/PCl) was
calculated from the shift in reversal potential as
described in Methods. Each bar represents the
mean ± S.E.M. (n = 5).



currents were carried mainly by Cl_ (Fig. 1B). The anion
selectivity of the volume-activated currents in SiHa
cervical cancer cells was examined using the voltage ramp
protocol. At maximal current activation, the normal
hypotonic solution was replaced by hypotonic solutions
containing NaI or NaBr. The sequence of anion
permeability, calculated from the shifts in reversal

potential, was I_ > Br_ > Cl_ (Fig. 1C, 1.4 ± 0.2:
1.3 ± 0.1:1, n = 5).

Tamoxifen, a well-known anti-oestrogen drug, has been
shown to be a potent inhibitor of VRACs in several cell
types, such as endothelial cells (Voets et al. 1995),
vascular smooth muscle cells (Greenwood & Large, 1998)
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Figure 2. Effect of non-steroidal oestrogen antagonists
on the volume-regulated Cl_ currents of human cervical
cancer SiHa cells

A, representative recordings of volume-regulated Cl_

currents from the ramp protocol. Trace 1, basal membrane
current recorded in isotonic solution; traces 2 and 3,
currents recorded after perfusion with hypotonic solution
in the absence or presence of 10 µM tamoxifen, respectively.
B, time course of membrane currents activated at
+100 mV. Data points were obtained from the voltage
ramp protocol, which was applied every 15 s. The
numbered points correspond to the current traces recorded
in A. Horizontal bars indicate application of hypotonic
solution (HTS) or 10 µM tamoxifen (TAM). Horizontal line,
zero current level. C, dose–response curves for the
inhibition of the volume-regulated Cl_ currents by non-
steroidal oestrogen antagonists, measured at +100 mV.
Each point represents the mean ± S.E.M. (n = 4).

Table 1. Distribution (%) of SiHa cervical cancer cells at G0/G1, S and G2/M stages of the cell cycle
under various culture conditions

6 h release 12 h release 24 h release
Cell cycle 48 h with 72 h with 72 h with *16 h with from from from
stage 10% FCS 10% FCS 0.1% FCS aphidicolin aphidicolin aphidicolin aphidicolin

G0/G1 59 ± 0.5 65 ± 1.2 73 ± 1.1 88 ± 1.4 42 ± 1.0 46 ± 0.7 63 ± 2.8
S 5 ± 0.5 7 ± 0.6 7 ± 0.7 6 ± 1.7 22 ± 0.7 9 ± 1.4 5 ± 0.7
G2/M 36 ± 1.1 28 ± 0.1 20 ± 1.1 6 ± 2.0 36 ± 1.1 45 ± 0.7 33 ± 2.1 

*For synchronization, cultures were growth arrested by serum starvation for 2 days followed by 5 µM

aphidicolin for 16 h. Data represent means ± S.E.M. (n = 5).



and colonic myocytes (Dick et al. 1999). The inhibitory
effect of tamoxifen on VRACs is thought to occur via an
oestrogen-independent mechanism (Hardy & Valverde,
1994). However, its effect has never been tested on the
activation of VRACs in human cervical epithelial cells. To
characterize VRACs further, we investigated the effect
of some non-steroidal anti-oestrogen drugs on the
activation of VRACs in human cervical cancer cells. As
depicted in Fig. 2A and B, 10 µM tamoxifen induced a
fast, potent and reversible inhibition of VRACs in SiHa
cervical cancer cells. Tamoxifen and its analogue
clomiphene inhibited VRACs in a dose-dependent
manner with half-maximal inhibitory concentrations
(IC50) of 4.6 and 15.6 µM, respectively (Fig. 2C). However,
another non-steroidal oestrogen antagonist, nafoxidine,
showed only a minor inhibition of VRAC activity even at
concentrations of 100 µM (Fig. 2C).

Downregulation of VRACs in G0/G1 stage of the cell
cycle

To investigate VRAC activity during the cell cycle, we
compared the activity of VRACs in synchronized and
unsynchronized cells (Fig. 3). The unsynchronized cells

had a small background current density in the isotonic
medium, averaging _14 ± 2.0 pA pF_1 at _100 mV and
+22 ± 3.4 pA pF_1 at +100 mV (n = 25). For SiHa cells
synchronized in G0/G1 phase, the background current
density was _18 ± 2.4 pA pF_1 at _100 mV and
+21 ± 3.6 pA pF_1 at +100 mV, respectively (n = 22).
There was no significant difference in background
isotonic current density between these two groups of cells
(P > 0.05, unpaired t test).

For unsynchronized cells growing in 10% FCS, exposure
to hypotonicity induced a fast activating and outward
rectifying current (Fig. 3A and B). The normalized
hypotonicity-induced current was used to compare
VRAC activity in various culture conditions. It was
defined as the difference in current density between
isotonic and hypotonic solutions and was expressed per
unit membrane capacitance. For cells cultured in 10%
FCS, the normalized hypotonicity-induced current was
48 ± 5.2 pA pF_1 at +100 mV and _23 ± 2.3 pA pF_1 at
_100 mV. VRAC activity was still present in arrested
cells (Fig. 3C and D), but the current density was
significantly decreased to 15 ± 2.6 pA pF_1 at +100 mV
and _9.9 ± 1.7 pA pF_1 at _100 mV (P < 0.0001,
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Figure 3. Downregulation of volume-regulated Cl_ current in growth-arrested cells

A and C, representative recordings of volume-regulated Cl_ currents of SiHa cervical cancer cells during
unsynchronized, exponential growth (A) and growth arrest by aphidicolin (C) from the ramp protocol.
Trace 1, basal membrane current recorded in isotonic solution; trace 2, currents recorded after perfusion
with hypotonic solution. B and D, time course of membrane currents activated at +100 mV (filled
symbols) or _100 mV (open symbols). Data points were obtained from the voltage ramp protocol, which
was applied every 15 s. The numbered points in B and D correspond to the current traces recorded in A
and C, respectively. Horizontal bars indicate application of hypotonic solution (HTS). Horizontal line, zero
current level. E, normalized currents activated by hypotonicity measured at _100 or +100 mV in
synchronized or unsynchronized SiHa cells. The number of cells examined is indicated in parentheses
beside each bar. 10% FCS, unsynchronized cells cultured with 10% fetal calf serum. Aphidicolin, cell
synchronization in G0/G1 phase by incubation with 5 µM aphidicolin. *P < 0.0001 by unpaired t test.



unpaired t test; Fig. 3E). However, other fundamental
characteristics of VRACs were similar to those of
proliferating cells, such as inactivation at potentials
greater than +80 mV, the weak field strength anion
selectivity I_ > Br_ > Cl_ and sensitivity to the Cl_

channel inhibitors tamoxifen and NPPB (data not
shown). Therefore, these results demonstrate that cell
cycle arrest in G0/G1 is accompanied by a significant
drop in VRAC activity. Acute administration of
aphidicolin alone up to 20 µM showed no effect on VRAC
activity. Therefore, the downregulation of VRAC
activity is a specific effect of cell cycle arrest. In response
to hypotonic stress, cells swelled to a diameter 30 ± 3 and
31 ± 2% (n = 12) above the original size within 3 min for
synchronized and unsynchronized cells, respectively. This
rules out the possibility that the down-regulation of
VRACs in growth-arrested cells was due to the absence of
full swelling. In addition, it should be mentioned that
different cell swelling can be ruled out in patch clamp
experiments because due to dialysis with the pipette
solution the cells remain swollen although the current
reaches a constant value (for detailed discussion see Voet
et al. 1999).

Recovery of VRAC activity after cell cycle re-entry

Subsequently, we tested whether the activity of VRACs
could be recovered after release from G0/G1 arrest. We
chose SiHa cells which were initially incubated with 5 µM

aphidicolin for 16 h and then cultured for 12 h with 10%
FCS after removal of aphidicolin. Under these conditions,
46, 9 and 45% of cells were in G0/G1, S and G2/M phases,
respectively (Table 1). For these cells, the normalized
current density induced by hypotonicity increased
markedly to _23 ± 4.2 pA pF_1 at _100 mV and
+36 ± 5.1 pA pF_1 at +100 mV (n = 43), both of which
were significantly different from the VRAC activity of
arrested cells (P < 0.01, unpaired t test) but were not
significantly different from those of normally
proliferating cells (P > 0.1, unpaired t test). Therefore,
continuation of the cell cycle beyond the G1/S checkpoint
is accompanied by an increase in VRAC activity.

As depicted in Fig. 4A, 88% (19/22) of synchronized cells
had a VRAC current density below 20 pA pF_1 at
+100 mV and the same percentage of cells were arrested
in G0/G1 phase. Accordingly, we used 20 pA pF_1 as the
cut-off point to analyse the distribution of VRAC
activity during cell cycle re-entry. After removal of
aphidicolin and culture for 12 h in 10% FCS, the
percentage of cells in G0/G1 phase was reduced to 46%
and, concomitantly, only 44% (19/43) of cells had a
VRAC current density below 20 pA pF_1 (Fig. 4B). These
data suggest that a correlation between cell cycle phase
and VRAC activity exists, with VRAC activity
decreasing in G0/G1 and increasing upon progression
through S and G2/M. 
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Figure 4. Recovery of activity of volume-
regulated Cl_ current following cell cycle reªentry

Distribution of normalized currents activated by
hypotonicity measured at +100 mV in synchronized
cells (A) or in cells re-entering the cell cycle (B). The
histograms were constructed with a bin width of
20 pA pF_1 and the inset shows the distribution of
cells within the cell cycle, measured in parallel
experiments by FACS. The vertical dashed line is the
cut-off point for convenience of comparison. The cell
numbers in A and B are 25 and 43, respectively.



Pharmacological blockade of VRACs causes
proliferating cervical cancer cells to arrest in G0/G1
stage

In the next series of experiments, we investigated
whether potent VRAC blockers such as tamoxifen and
NPPB can inhibit the proliferation of cervical cancer cells
and, if so, whether the inhibitory effect on cell growth is
due to arrest in the G0/G1 phase. Figure 5A and C shows
the dose-dependent inhibition of the proliferation of
SiHa cervical cancer cells by tamoxifen and NPPB. SiHa
cells were seeded initially at a density of 1 w 105 cells ml_1

and counted 24 and 48 h after incubation with various
concentrations of tamoxifen or NPPB. After 48 h
incubation, 5 µM tamoxifen, which blocks 55% of VRAC
activity, inhibited proliferation by 55–60%. Moreover,

10 µM tamoxifen, which blocks 80% of VRAC activity,
completely abolished proliferation. Importantly, the
viability of cells grown in the presence of tamoxifen was
not different from that of control cells, suggesting that
tamoxifen inhibited cell growth rather than causing cell
death (viability 48 h after seeding: control, 94 ± 2%;
10 µM tamoxifen, 91 ± 3%; 60 µM NPPB, 90 ± 0.8%;
n = 3). FACS measurements showed that 73 ± 5 and
90 ± 2.5% of SiHa cells were arrested in G0/G1 phase
after treatment with 5 and 10 µM tamoxifen,
respectively. In contrast, in the absence of tamoxifen
only 58 ± 3% of cells were in G0/G1 (Fig. 5B). NPPB,
another potent VRAC inhibitor, exerted similar effects to
tamoxifen on both cell proliferation and cell cycle arrest
in G0/G1 phase (Fig. 5C and D). These results indicate
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Figure 5. Blockade of volume-regulated Cl_ current by tamoxifen and NPPB induces growth
arrest of proliferating SiHa cervical cancer cells in G0/G1 phase

A and C, inhibition of the proliferation of SiHa cells by tamoxifen and NPPB. Cell were seeded at a
density of 1 w 105 ml_1, and counted 24 and 48 h after incubation with various concentrations of
tamoxifen or NPPB. B and D, the simultaneous FACS measurement for the distribution of cells in the
different cell cycle phases (G0/G1, S and G2/M) after 48 h incubation with various concentrations of
tamoxifen or NPPB. Each point in the curves represents the mean ± S.E.M. (n = 3).



that pharmacological blockade of VRACs by tamoxifen or
NPPB causes proliferating cervical cancer cells to arrest in
G0/G1, suggesting that the activity of this channel is
critical for G1/S checkpoint progression.

DISCUSSION
This is the first study to demonstrate a direct correlation
between VRAC activity and cell cycle progression.
Human cervical cancer SiHa cells, grown in normal
culture conditions, expressed VRACs as shown by the
presence of large outwardly rectifying currents induced
by hypotonic stress. The VRACs had an anion
permeability sequence of I_ > Br_ > Cl_ and were
inhibited by tamoxifen with an IC50 of 4.6 µM. Arrest of
cell growth in G0/G1 phase was accompanied by a
marked decrease of VRAC current density. Most
importantly, VRAC activity recovered upon re-entry
into the cell cycle. Pharmacological blockade of VRACs by
tamoxifen or NPPB caused proliferating SiHa cells to
arrest in G0/G1, suggesting that the activity of this
channel is involved in G1/S checkpoint progression.
However, we cannot exclude the contribution of other Cl_

channels, which might be of importance in other cell
types (Schlichter et al. 1996; Rouzaire-Dubois & Dubois,
1998).

What is the functional significance of the differential
expression of VRACs during cell cycle progression? One
possibility is the involvement of VRACs in cell volume
regulation. Proliferating cells usually have higher rates of
metabolism, mitosis and migration, compared with cells
in growth arrest. Growth, mitosis and migration will all
perturb cell volume homeostasis. The maintenance of cell
volume homeostasis is a fundamental property of
mammalian cells, and all cells possess mechanisms to
regulate their volume during osmotic challenge.
Therefore, some beneficial and necessary mechanisms are
proposed to be activated in the processes of cellular
proliferation and growth. The close linkage of cell volume
homeostasis, cell growth and proliferation suggests that
VRACs play an important role in the processes of the cell
cycle clock. Modulation of the factors controlling cell
volume would influence cell proliferation. For example,
Cl_ channel blockers as well as K+ channel blockers
increase the cell volume and decrease the proliferative
rate of neuroblastoma cells (Rouzaire-Dubois & Dubois,
1998). Furthermore, during the G1/S transition, cells
prepare for entry into S phase and are committed to
several tasks, including uptake of amino acids, metabolic
substrates and material for the synthesis of proteins, and
the processing of cell cycle regulatory signals (Wonderlin
& Strobl, 1996). VRACs have been reported to function as
a potential transport pathway for metabolic compounds
(e.g. amino acids) which are required for proliferation in
many cell types (Kirk et al. 1992; Chou et al. 1997).
Moreover, cell cycle rate might be maximal at a slightly
acid intracellular pH. For example, intracellular

alkalinization accounts for the inhibition of proliferation
in astrocytes (Pappas et al. 1994). VRACs are also
possibly involved in pH-regulatory steps and their
inhibition may induce cell alkalinization (Sakai et al.
1999). From the viewpoint of metabolism and pH
regulation, it is therefore suggested that upregulation of
VRAC activity is necessary for passing through the G1/S
transition.

Cl_ channels have been implicated in the proliferative
response of particular cell types. Cl_ channel blockage
inhibited cell proliferation of rat microglia (Schlichter et
al. 1996), neuroblastoma cells (Rouzaire-Dubois & Dubois,
1998), endothelial cells (Voets et al. 1995) and glioma cells
(Ullrich & Sontheimer, 1996). However, the Cl_ channel
blockers 4-acetamido-4Ÿ-isocyanatostilbene-2,2Ÿ-disulphonate
(SITS) and 4,4Ÿ-diisothiocyanatostilbene-2,2Ÿ-disulphonate
(DIDS) enhanced the proliferation of Schwann cells
cultured from newborn rat sciatic nerve (Wilson & Chiu,
1993). In lymphocytes, Cl_ permeability varied with cell
cycle phase, being low in G0 and S phase and increasing in
G1/S (Bubien et al. 1990). The expression of a glioma-
specific Cl_ channel depended on cell cycle stage and was
proposed to be linked to cytoskeletal changes (Ullrich &
Sontheimer, 1997). Alterations of VRAC activity have
also been associated with muscle differentiation (Voets et
al. 1997). In addition to Cl_ channels, K+ channels are
associated with cell proliferation. K+ channel inhibitors
such as 4ªaminopyridine and tetraethylammonium
suppressed proliferation of lymphocytes in a dose-
dependent manner (DeCoursey et al. 1984). Blockade of
voltage-activated K+ channels also led to a decrease in the
proliferation of melanoma cells (Nilius & Wohlrab, 1992),
breast cancer cells (Woodfork et al. 1995), and several
types of neurons (Pappas et al. 1994). Although the exact
role that channel activity plays in cell proliferation and
cell cycle progression is still a mystery, it has been
proposed that changes in channel activity result in both
short-term modulation of pre-existing channel proteins
and long-term changes in gene expression (Premack &
Gardner, 1991). 

VRACs have been described in many mammalian and
non-mammalian cell types (Okada, 1997). However, they
have not yet been identified at the molecular level and
little information is available on specific high-affinity
ligands for VRACs. A search for pharmacological tools
that bind to VRACs with high affinity may therefore be
useful for the purification and molecular identification of
these channels as well as for their functional
characterization. The non-steroidal anti-oestrogens
tamoxifen and clomiphene are used primarily for the
treatment of breast cancer and female infertility,
respectively. They belong to the triphenylethylene class
of compounds derived from the same stilbene nucleus as
diethylstilbestrol. The present study reveals that
tamoxifen and clomiphene inhibit the VRACs of cervical
cancer cells in a dose-dependent manner with IC50 values
of 4.6 and 15.6 µM, respectively. We have shown
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previously that NPPB, SITS and DIDS inhibited VRACs
of human cervical cancer cells with IC50 values of 50, 100
and 500 µM, respectively (Chou et al. 1998; Shen et al.
1999). Tamoxifen and clomiphene are therefore more
potent than these well-known Cl_ channel inhibitors. In
the present study, we also found that pharmacological
blockade of VRACs by tamoxifen or NPPB caused a dose-
dependent inhibition of proliferation of cervical cancer
cells. More importantly, the inhibitory effect of these
agents on proliferation was via growth arrest in G0/G1
phase, indicating that VRAC activity is required for G1/S
checkpoint progression.

In conclusion, this study provides new and important
information on the functional significance of VRACs in
the cell cycle clock of human cervical cancer cells.
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