
Abstract The aim of this study was to investigate swell-
ing-activated taurine and K+ transport in human cervical
cancer cells under various culture conditions, testing the
hypothesis that the progression of cell cycle was accom-
panied by differential activities of swelling-activated
transport pathways. Aphidicolin, an inhibitor of deoxyri-
bonucleic acid (DNA) synthesis, was used to synchro-
nize the cell cycle. The distribution of cell cycle stage
was determined by fluorescence-activated cell sorting
(FACS). Hypotonicity activated taurine efflux, which
was sensitive to tamoxifen and 5-nitro-2-(3-phenylpro-
pylamino) benzoic acid (NPPB). Cell swelling also in-
duced both Cl–-dependent and -independent K+ (86Rb+)
efflux, presumably mediated by KCl cotransport (KCC)
and Ca2+-activated K+ channels, respectively. Cell cycle
arrest in G0/G1 was accompanied by a remarkable de-
crease in the rate constant for swelling-activated taurine
efflux, from 0.20±0.007 to 0.026±0.002 min–1 (n=6).
The activity of swelling-activated taurine efflux recov-
ered progressively on re-entry into the cell cycle. After
removal of aphidicolin and culture with 10% fetal calf
serum for 10 h, the rate constant increased significantly
from 0.026±0.002 to 0.093±0.002 min–1 (n=6). After
24 h release from aphidicolin, the efflux rate constant
had increased further to 0.195±0.006 min–1 (n=6), a val-
ue not significantly different from that in normally pro-
liferating cells. The differential activities of swelling-ac-
tivated taurine transport matched well with our previous
study showing a volume-sensitive anion channel associ-
ated with cell cycle progression. In contrast to the differ-
ential activities of swelling-activated taurine transport,
swelling-activated K+ (86Rb+) transport was independent
of the progression of cell cycle. Most importantly, phar-

macological blockade of swelling-activated taurine ef-
flux by tamoxifen or NPPB caused proliferating cervical
cancer cells to arrest in G0/G1, suggesting that the activ-
ity of this efflux was associated with G1/S checkpoint
progression. This study provides new and important in-
formation on the functional significance of swelling-acti-
vated transport system in the regulation of cell cycle
clock of human cervical cancer cells.
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Introduction

Most epithelial cells defend their volume against hypo-
tonic stress by losing solutes together with osmotically
obligated water, a process termed regulatory volume de-
crease (RVD). The principal solutes lost in RVD are K+,
Cl– and a group of largely uncharged organic solutes
known as organic osmolytes. These organic osmolytes
are present at high intracellular concentrations in some
types of cells and may play a central role in cellular os-
moregulation and cytoprotection [14]. Taurine is a major
representative of these organic osmolytes [11, 14]. In re-
sponse to hypotonic stress, K+ and Cl– can cross the
membrane either via separate K+ and anion channels, or
via the electroneutral KCl cotransporter (KCC) [11].
Much attention has been focused on the volume-sensi-
tive anion channel, since it shows a broad sensitivity for
different anions and organic osmolytes [23]. In addition
to volume regulation and osmolyte transport, the vol-
ume-sensitive anion channel participates in important
physiological processes, such as metabolic events, hor-
mone release, cell proliferation, differentiation and cell
death [16, 22].

Cervical cancer is the most common gynaecological
malignancy world-wide [25]. This disease is associated
strongly with infection by oncogenic types of human
papillomavirus (HPV), but only a small fraction of pa-
tients develop cancer, indicating that other factors con-
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tribute to the progression to cervical cancer [41]. Despite
intensive study, the aetiology and tumour biology of this
disease are still largely unknown, and the membrane
transport properties of human cervical epithelial cells
have received little attention. We have demonstrated pre-
viously that K+, Cl– and organic osmolyte efflux are up-
regulated strongly in the malignant transformation of hu-
man cervical epithelial cells [4, 5, 29, 32]. In addition,
the volume-sensitive ion channel and cotransport sys-
tems work synergistically for volume regulation in hu-
man cervical cancer cells [32]. Alterations in osmosens-
ing signalling pathways are also apparent during the pro-
cess of human cervical carcinogenesis [6, 30].

Several studies have shown that differential expres-
sion of K+ channels and concomitant changes in mem-
brane potential are critical for cell cycle checkpoints (re-
viewed in [39]). Cell volume undergoes a significant
change during the cell cycle progression [1], which per-
turbs cell volume homeostasis and should be counterbal-
anced by RVD. Activation of volume-sensitive transport
systems is therefore proposed to be a necessary step for
volume regulation during the cell cycle progression.
However, very little is known about the association be-
tween the cell cycle and volume-sensitive ion transport.

Our very recent study has shown the differential ac-
tivities of volume-sensitive anion channel during the cell
cycle progression of human cervical cancer SiHa cells
[33]. We did not know, however, whether taurine was re-
leased via volume-sensitive anion channel during RVD
in these cells. In addition, we were interested in the ac-
tivity of swelling-activated K+ transport during the cell
cycle. The aim of the present study was therefore to in-
vestigate swelling-activated taurine and K+ transport in
human cervical cancer SiHa cells under various culture
conditions, testing the hypothesis that progression of the
cell cycle is accompanied by differential activities of
swelling-activated transport pathways. The results dem-
onstrated that the cell cycle progression was accompa-
nied by differential activities of swelling-activated tau-
rine transport, which matched well with those of vol-
ume-sensitive anion channel.

Materials and methods

Cell culture

SiHa cells, a cervical cancer cell line, were obtained from the
American Type Culture Collection (Rockville, Md., USA) and
maintained at 37 °C in a CO2-air (5%-95%) atmosphere and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Grand Island, N.Y., USA) supplemented with 10% fetal calf serum
(FCS; Gibco), 80 IU/ml penicillin and 80 µg/ml streptomycin
(Sigma-Aldrich, Dorset, England).

Chemicals and solutions

All chemicals were obtained from Sigma-Aldrich. The osmolarity
of solutions was measured using a vapour pressure osmometer
(Wescor 5500, Schlag Instruments, Gladbach, Germany). The iso-
tonic solution contained (in mM): NaCl 100, KCl 5, MgCl2 1,

CaCl2 1.5, glucose 10, 4-(2-hydroxyethyl)-1-piperazineethanesul-
phonic acid (HEPES) 10 and mannitol 80, titrated to pH 7.4 with
NaOH (300±3 mosm/l). The hypotonic solution was the same as
the isotonic solution except for the omission of mannitol, resulting
in 27% hypotonicity (220±3 mosm/l). The solvent for various
chemicals was dimethylsulphoxide (DMSO). The final DMSO
concentration in experiments of flux and cell proliferation was less
than 0.05%; this had no effect on measured fluxes or cell prolifer-
ation.

Cell cycle synchronization

For experiments on cell synchronization, SiHa cells were seeded
initially at a concentration of 1×104 cells/cm2 in six-well culture
plates and grown to 60–80% confluence to obtain cultures in the
logarithmic growth phase. 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 synchroni-
zation, cultures were growth-arrested by serum starvation for
2 days and then treated with 10 µM aphidicolin for 12 h. Aphidi-
colin, an inhibitor of deoxyribonucleic acid (DNA) synthesis, can
prevent cells in the G0/G1 phase from entering the DNA synthetic
period [17]. Identically treated cultures grown in parallel were
harvested for fluorescence-activated cell sorting (FACS) and flux
experiments at the indicated times. Synchronization experiments
were repeated at least 3 times. In experiments on cell proliferation,
cell counts were performed with the aid of a haemocytometer us-
ing trypan blue exclusion (0.08%) to monitor cell viability [40].

Determination of cell cycle stage by FACS

Cell DNA content was determined by staining cells with prop-
idium iodide and measuring fluorescence (FACScan, Becton-
Dickinson, Rutherford, N.J., USA). Cervical cancer SiHa cells
were harvested by trypsinization and fixed in cool 70% ethanol for
6 h. Subsequently, the fixed cells were incubated in a solution con-
taining 1 mg/ml RNase and 20 µg/ml propidium iodide for at least
1 h. For each cell population, 10,000 cells were analysed by FACS
and the proportions in G0/G1, S and G2/M phases estimated using
the Modfit cell cycle analysis program (v. 2.0, Verity Software
House). The percentage of cells in a specific phase of the cell cy-
cle was determined with a propidium iodide DNA staining tech-
nique. Cells were classified in G0/G1, G2/M and S phase depend-
ing on the intensity of the fluorescent peaks [18]. FACS measure-
ments were performed in four independent experiments on syn-
chronization or unsynchronization.

Functional [3H]taurine efflux assays

[3H]taurine efflux experiments were carried out at room tempera-
ture as described in detail elsewhere [10]. In brief, SiHa cells,
grown on six-well plates, were pre-incubated with isotonic culture
medium loaded with 1 µCi/ml [3H]taurine for 2 h at 37 °C. After
pre-incubation, the loading medium was aspirated and cells
washed rapidly 7 times with phosphate-buffered saline. After
washing, appropriate efflux medium was added to the cells. A 1-ml
aliquot of efflux medium was replaced at indicated time intervals
and saved for counting. Release of [3H]taurine from preloaded
cells was measured in the efflux medium at indicated time inter-
vals within a 20 min duration. Cells were finally lysed with 0.5 M
NaOH to release the remaining [3H]taurine. The radioactivity
present in the efflux samples and in cell lysates was then deter-
mined by liquid scintillation counting. [3H]taurine efflux rate con-
stants were estimated from the negative slope of the graph of
ln[Xi(t)/Xi(t=0)] vs. time (t), where Xi(t=0) denotes the total amount of
[3H]taurine inside the cells at the beginning of the efflux time
course and Xi(t) the amount of [3H]taurine inside the cells at time t.
In some experiments, taurine release was expressed as fractional
taurine efflux, which was defined as the [3H]taurine release in
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each fraction as a percentage of the total [3H]taurine present in the
cells at the indicated time.

Functional 86Rb+ efflux assays

86Rb+ is a valid congener for K+ transport and, therefore, 86Rb+ ef-
flux assays were used to study the activity of K+ transport in vari-
ous experimental conditions. Efflux experiments were carried out
as described in detail elsewhere [32]. In brief, unidirectional K+

efflux was measured in cells grown on six-well plates using 86Rb+

as tracer. Cells were pre-incubated with isotonic culture medium
loaded with 2 µCi/ml 86Rb+ for 2 h at 37 °C. After preincubation,
the loading medium was aspirated and cells were washed rapidly
7 times with phosphate-buffered saline. After washing, the appro-
priate efflux medium (containing 0.1 mM ouabain and 0.01 mM
bumetanide to inhibit the Na+-K+ pump and the Na+K+2Cl– co-
transporter, respectively) was added to the cells. Release of 86Rb+

from preloaded cells was measured in the efflux medium at indi-
cated time intervals within a 20 min duration. Cells were finally
lysed with 50% trichloroacetic acid to release remaining cellular
86Rb+. 86Rb+ efflux rate constants were estimated from the nega-
tive slope of the graph of ln[Xi(t)/Xi(t=0)] vs. t, where Xi(t=0) denotes
the total amount of 86Rb+ inside the cells at the beginning of the
efflux time course and Xi(t) the amount of 86Rb+ inside the cells at
the time t. The hypotonicity-induced efflux was the difference be-
tween the effluxes in the isotonic media and hypotonic media.

KCl cotransport was taken as the Cl–-dependent K+ (86Rb+)
flux in the presence of 0.01 mM bumetanide [32]. To study the ac-
tivity of KCl cotransport, the Cl– dependence of K+ (86Rb+) efflux
was examined by substituting methylsulphate (CH3OSO3

–) for Cl–

in the efflux medium. The Cl–-dependent K+ (86Rb+) flux was de-
fined as the efflux difference between Cl– and CH3OSO3

– media.

Data analysis

Data are presented as mean±SEM. ANOVA, Student’s paired or
unpaired t-tests were used as appropriate for statistical analyses.
Differences between values were considered significant when
P<0.05.

Results

Distribution of cell cycle stages

Cell DNA content was measured by FACS to determine
the cell cycle distribution under various culture condi-
tions (Fig. 1). In the presence of 10% FCS for 48 h,
56±0.8%, 7.0±0.6% and 37±1.0% of cells were in
G0/G1, S and G2/M stages respectively (Fig. 1A, con-
trol group, n=4). To synchronize the cell cycle, cervical
cancer SiHa cells were initially deprived of FCS for
48 h and subsequently incubated with 10 µM aphidicol-
in for 12 h. This treatment significantly increased the
percentage of cells arrested in G0/G1 stage (Fig. 1B,
n=4, 89±1.0% vs. 56±0.8% of control groups, P<0.01).
Removal of aphidicolin triggered rapid re-entry into the
cell cycle. By 10 h after removal of aphidicolin, only
41±1% of cells were in the G0/G1 stage, whereas
20±1% and 39±1.2% of cells had reached the S and
G2/M stages respectively (Fig. 1C, n=4). The cell cycle
stage had a similar distribution with control groups after
24 h release from aphidicolin (Fig. 1D). Thus, aphidi-
colin effectively and reversibly arrested cervical cancer
cells in the G0/G1 stage.

Hypotonicity activated NPPB- and tamoxifen-sensitive
taurine efflux

Figure 2A shows the time course of taurine efflux from
SiHa cells exposed to isotonic and hypotonic media.
Basal taurine efflux of SiHa cells was low and stable in
the isotonic solution. The swelling-activated taurine ef-
flux was reversible when isotonicity of the extracellular
medium was restored (Fig. 2A). Exposure to the hypo-
tonic solution markedly increased the taurine efflux rate
constant from 0.0095±0.002 min–1 to 0.20±0.007 min–1

(Fig. 2B, n=6). The swelling-activated taurine efflux was
inhibited significantly by 50 µM 5-nitro-2-(3-phenylpro-
pylamino) benzoic acid (NPPB) and 5 µM tamoxifen,
two well-known Cl– channel blockers (about 60% and
70% inhibition of hypotonicity-activated taurine efflux,
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Fig. 1A–D Representative results of fluorescence-activated cell
sorting (FACS) measurements to determine cell cycle stages of
cervical cancer SiHa cells under various culture conditions.
A Control: culture in the presence of 10% fetal calf serum (FCS)
for 48 h. B Cycle arrest: cultures growth-arrested by serum starva-
tion for 2 days followed by 10 µM aphidicolin for 12 h. C, D Cy-
cle re-entry: Release of aphidicolin and culture with 10% FCS for
10 h (C) and 24 h (D) (G0/G1, S, G2/M cell cycle phases, DNA
deoxyribonucleic acid)



respectively). This potency is close to that for their in-
hibitory effects on the volume-sensitive Cl– channel of
cervical cancer cells [29, 31].

Hypotonicity activates K+ (86Rb+) efflux that is mediated
by K+ channels and KCl cotransport

Figure 3A shows the time course of K+ (86Rb+) efflux
from SiHa cells exposed to isotonic and hypotonic me-
dia. The K+ (86Rb+) efflux was low and stable under iso-
tonic conditions. Exposure to the hypotonic solution
markedly increased the K+ (86Rb+) efflux rate constant
from 0.006±0.0006 to 0.017±0.001 min–1 (Fig. 3B, n=6).
The swelling-activated K+ (86Rb+) efflux was reversible
when the extracellular medium returned to the isotonic
solution (Fig. 3A).

KCl cotransport was taken as the Cl–-dependent K+

(86Rb+) flux in the presence of 0.01 mM bumetanide.
Subsequently, the Cl– dependence of K+ (86Rb+) efflux
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Fig. 2A, B Hypotonicity activates taurine efflux that is sensitive
to 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and tam-
oxifen (TAM). A Time course of taurine efflux from SiHa cells ex-
posed to isotonic and hypotonic media. Graph shows logarithm
(ln) of the fraction of the original intracellular [3H]taurine remain-
ing as a function of time. At times marked HYPO, efflux medium
changed from 300 to 220 mosm/l. At the point marked ISO, efflux
medium restored to 300 mosm/l. Means, n=6. B Swelling-activat-
ed [3H]taurine efflux is sensitive to 5 µM TAM and 50 µM NPPB.
Means±SEM, n=6. *P<0.01 between groups (unpaired t-test)

Fig. 3A–D Hypotonicity activates K+ (86Rb+) efflux that is medi-
ated by K+ channels and KCl cotransport. A Time course of K+

(86Rb+) efflux from SiHa cells exposed to isotonic and hypotonic
media. Graph shows logarithm of fraction of original intracellular
K+ (86Rb+) remaining as a function of time. Means, n=6. B K+

(86Rb+) efflux rate in isotonic (300 mosm/l) and hypotonic
(220 mosm/l) conditions. SiHa cells were incubated with 2 µCi/ml
86Rb+ at 37 °C for 2 h and then efflux assays run as described in
Materials and methods. Means±SEM, n=6. C Time course of K+

(86Rb+) efflux from SiHa cells exposed to isotonic and hypotonic
media. HYPO: efflux medium changed from 300 to 220 mosm/l
medium containing various inhibitors {10 µM [(dihydroinde-
nyl)oxy]alkanoic acid (DIOA), 10 µM clotrimazole, 10 µM DIOA
plus 10 µM clotrimazole, or 300 µM NPPB}. Means±SEM, n=6.
D K+ (86Rb+) efflux rate under hypotonic solution (Control), iso-
tonic solution (ISO) or hypotonic solution containing various in-
hibitors. Means±SEM n=6. *P<0.05 vs. control, unpaired t-test



Fig. 4 Influence of Ca2+ on swelling-activated K+ (86Rb+) efflux.
K+ transport in Cl– or CH3OSO3

– efflux medium. The isotonic K+

(86Rb+) efflux rate was used as control and other rates expressed
relative to it. ISO: 300 mosm/l; HYPO: 220 mosm/l; HY-
PO+EGTA: Ca2+-free hypotonic solution with 1.5 mM ethylene-
glycol-bis(β-aminoethylether)-N,N,N′,N′-tetraacetic acid; HY-
PO+Thapsigargin+EGTA: SiHa cells pre-incubated with 1 µM
thapsigargin for 30 min and efflux measured in Ca2+-free medium
containing 1.5 mM EGTA; HYPO+BAPTA-AM+EGTA: SiHa cells
pre-incubated with 50 µM 1,2-bis(2-aminophenoxy)ethane-
N,N,N′,N′-tetraacetic acid, tetrakis(acetoxymethyl)ester for 30 min
and efflux measured in Ca2+-free medium containing 1.5 mM
EGTA. Means±SEM, n=6. *P<0.05 vs. control, unpaired t-test
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was examined by substituting CH3OSO3
– for Cl– in the

efflux medium. The Cl–-dependent K+ (86Rb+) flux was
defined as the difference in efflux between Cl– and
CH3OSO3

– media. In isotonic medium, the Cl–-depen-
dent K+ (86Rb+) efflux was very low, being 0–5% of total
K+ (86Rb+) efflux (Fig. 3B). Hypotonic stress stimulated
the Cl–-dependent K+ (86Rb+) efflux markedly, which
then constituted 33% of total K+ (86Rb+) efflux in the hy-
potonic solution (Fig. 3B). In addition, the swelling-acti-
vated K+ (86Rb+) efflux was sensitive to [(dihydroinde-
nyl)oxy]alkanoic acid (DIOA) and clotrimazole, inhibi-
tors of KCC and the Ca2+-activated K+ channel, respec-
tively (Fig. 3C and D). However, swelling-activated K+

(86Rb+) efflux was refractory to NPPB, a Cl– channel in-
hibitor, at concentrations up to 300 µM (Fig. 3C and D).
DIOA (10 µM) and clotrimazole (10 µM) inhibited
30–40% and 50–60% of total hypotonic K+ (86Rb+)
transport, respectively. Furthermore, 10 µM DIOA plus
10 µM clotrimazole completely abolished the swelling-
activated K+ (86Rb+) efflux (Fig. 3C and D). Together
with the results from Cl– replacement, this indicates that
both K+ channels and KCl cotransport work synergisti-
cally in mediating swelling-activated K+ transport.

Influence of Ca2+ on the swelling-activated K+ (86Rb+)
efflux

The above results demonstrated that the swelling-activat-
ed K+ (86Rb+) efflux is sensitive to clotrimazole, a fairly
specific inhibitor of Ca2+-activated K+ channel [34]. Ac-
cordingly, we investigated the influence of Ca2+ on the
swelling-activated K+ (86Rb+) efflux (Fig. 4). In the ab-
sence of external Ca2+ ([Ca2+]o), 27±2% and 30±3% of
swelling-activated K+ (86Rb+) efflux was decreased in
Cl– and CH3OSO3

– media, respectively. The reduction in
K+ (86Rb+) efflux was not significantly different between
Cl– and CH3OSO3

– flux media, indicating that the Cl–

dependent K+ (86Rb+) efflux (KCl cotransport) is insensi-
tive to [Ca2+]o. In the Ca2+-depleted cells, treatment with
1 µM thapsigargin in Ca2+-free medium decreased fur-
ther the already reduced swelling-activated K+ (86Rb+)
efflux to 50–60% of that in the Cl– efflux medium.
Moreover, it was completely inhibited in the CH3OSO3

–

medium. Since K+ transport in CH3OSO3
– medium is via

K+ channels, this result indicates the activation of K+

channels by cell swelling depends on both extracellular
Ca2+ entry and intracellular stores. To buffer free Ca2+

further, SiHa cells were pre-incubated with 50 µM 1,2-
bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid,
tetrakis(acetoxymethyl)ester (BAPTA-AM) for 30 min
and efflux measured in the Ca2+-free medium. This treat-
ment abolished 80% of swelling-activated K+ (86Rb+)
transport in the Cl– efflux medium. In the CH3OSO3

– ef-
flux medium, this treatment not only completely abol-
ished swelling-activated K+ (86Rb+) efflux, but also in-
hibited 45±3% of basal K+ (86Rb+) efflux (Fig. 4). This
suggests the basal K+ transport in the isotonic solution
depends partly on Ca2+.

Down-regulation of taurine efflux in cells arrested 
in G0/G1 stage

In the next series of experiments, we compared swelling-
activated taurine efflux in synchronized and unsynchro-
nized cells (Fig. 5). Cervical cancer cells presented similar
time courses for swelling-activated taurine efflux under
various culture conditions. After an initial 1- to 1.5-min
lag, the stimulatory effect on taurine efflux reached a
maximum within 2 min and then gradually declined in
the continuing presence of the hypotonic stress
(Fig. 5A). The unsynchronized cells had a small basal
taurine efflux rate constant in the isotonic medium, aver-
aging 0.0095±0.0002 min–1 (Fig. 5B, n=8, control
group). For cervical cancer cells synchronized in G0/G1
phase, the background taurine efflux rate constant was
0.0087±0.0009 min–1 (n=6). There was no significant
difference in background isotonic taurine efflux between
these two groups of cells.

For unsynchronized cells growing in 10% FCS, expo-
sure to hypotonicity activated rapid taurine efflux with a
rate constant of 0.20±0.007 min–1 (Fig. 5B). Volume-ac-
tivated taurine efflux was still present in arrested cells,
but the efflux rate decreased significantly to 0.026±
0.002 min–1 (P<0.001; Fig. 5B). This indicates that the
arrest of the cell cycle in G0/G1 is accompanied by a re-
markable decrease in the activity of swelling-activated
taurine efflux.



Recovery of taurine efflux after cell cycle re-entry

We subsequently investigated whether the activity of
swelling-activated taurine efflux recovered with re-entry
into the cell cycle. After removal of aphidicolin and cul-
ture with 10% FCS for 10 h, the swelling-activated tau-
rine efflux rate constant increased significantly from
0.026±0.002 to 0.093±0.002 min–1 (Fig. 5, n=6). After
24 h release from aphidicolin, the efflux rate had in-
creased further to 0.195±0.006 min–1 (n=6), which was
not significantly different from that of normally prolifer-
ating cells. Therefore, increasing activity of swelling-
activated taurine efflux accompanies re-entry into the
cell cycle.

We also investigated the acute effect of aphidicolin on
the swelling-activated taurine efflux to rule out the possi-
bility that the down-regulation of taurine efflux in cells
arrested in the G0/G1 stage is caused by a non-specific
effect of aphidicolin. Pre-incubated for 30 min at 37 °C,
aphidicolin up to 20 µM had no effect on the volume-
sensitive taurine efflux (data not shown). This supports
the idea that differential activities of the swelling-acti-
vated taurine efflux are a specific consequence of the
progression of the cell cycle.

The swelling-activated K+ (86Rb+) efflux is independent
of the progression of the cell cycle

We also investigated the possible change of swelling-ac-
tivated K+ (86Rb+) efflux during cell cycle progression
(Fig. 6). There was no significant difference in back-
ground isotonic K+ (86Rb+) efflux among various culture
conditions. With cell cycle arrest, hypotonic stress in-
creased the K+ (86Rb+) efflux rate constant to 0.0163±
0.0014 min–1, which is not significantly different from
that of the control group (0.0170±0.0012 min–1, n=6,).
Similar efflux rates were also noted during cell cycle re-
entry (0.0175±0.0019 and 0.0180±0.0006 min–1 for 10 h
and 24 h cell cycle re-entry, respectively). Similar results
were obtained when CH3OSO3

– substituted for Cl– in the
efflux medium (Fig. 6B). In contrast to the differential
activities of taurine transport, the activation of swelling-
activated K+ (86Rb+) efflux is independent of the pro-
gression of the cell cycle.

Blockade of swelling-activated taurine efflux arrests 
proliferating cervical cancer cells in the G0/G1 stage

We finally investigated whether the potent inhibitors of
swelling-activated taurine efflux, tamoxifen and NPPB,
inhibit the proliferation of cervical cancer cells and, if
so, whether the inhibitory effect on cell growth is due to
arrest of the cells in the G0/G1 stage. Figure 7A shows
the inhibitory effect of tamoxifen and NPPB on cell pro-
liferation. Cervical cancer SiHa cells were seeded initial-
ly at the same cell numbers and counted after 2 days in-
cubation with or without inhibitors. Tamoxifen (5 µM),
which blocked 60% of swelling-activated taurine efflux,
inhibited 65% of cell proliferation. NPPB (50 µM),
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Fig. 5A, B Differential activities of swelling-activated taurine ef-
flux during cell cycle progression. A Time course of fractional
[3H]taurine release for SiHa cells under various culture conditions.
Means±SEM, n=6. B [3H]taurine efflux rate under various culture
conditions. Means±SEM, n=6. ISO: 300 mosm/l; HYPO:
220 mosm/l. *P<0.01; **P<0.001 vs. control, unpaired t-test

Fig. 6A, B Swelling-activated K+ (86Rb+) efflux is independent of
the progression of cell cycle. A K+ (86Rb+) transport in Cl– efflux
medium for SiHa cells under various culture conditions. B K+

(86Rb+) transport in CH3OSO3
– efflux medium for SiHa cells un-

der various culture conditions. Means±SEM, n=6. ISO:
300 mosm/l; HYPO: 220 mosm/l



which blocked 70% of taurine efflux, inhibited 73% of
cell proliferation. By trypan blue exclusion (0.08%), the
cell viability was 93±1%, 91±3% and 89±2% (n=3) for
control group, tamoxifen-treated and NPPB-treated cells,
respectively. The viability of cells grown in the presence
of tamoxifen or NPPB was not different from the control
group, suggesting that tamoxifen and NPPB were inhib-
iting cell growth rather than causing cell death. The si-
multaneous FACS measurements showed that 75±2%
and 83±3% of cervical cancer cells were arrested in the
G0/G1 stage by tamoxifen and NPPB, respectively. By
contrast, in the absence of inhibitors, only 56±3% of
cells were in G0/G1 (Fig. 7B). These results indicate that
pharmacological blockade of swelling-activated taurine
efflux by tamoxifen or NPPB causes proliferating cervi-
cal cancer cells to arrest in G0/G1, suggesting that the
activity of this efflux is associated with G1/S checkpoint
progression.

Discussion

This study demonstrates a direct correlation between
swelling-activated taurine transport and cell cycle pro-
gression. What is the functional significance of the dif-
ferential expressions of swelling-activated taurine trans-
port during cell cycle progression? The most likely pos-
sibility is the involvement of swelling-activated organic
osmolyte channels in cell volume regulation and metabo-
lism. Proliferating cells usually have higher rates of me-
tabolism, mitosis and migration than cells in growth ar-
rest. Growth, mitosis and migration all perturb cell vol-
ume homeostasis. The maintenance of cell volume ho-

meostasis is a fundamental property of mammalian cells,
and all cells possess mechanisms for regulating 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 indicates that swelling-activated organ-
ic osmolyte channels play an important role in the pro-
cesses of the cell cycle clock. Furthermore, during G1/S
transition, cells prepare for S entry and are committed to
important tasks, including uptake of amino acids, meta-
bolic substrates, materials for synthesis of DNA and pro-
teins and the processing of cell-cycle regulatory signals
[39]. Swelling-activated organic osmolyte channels func-
tion as a potential transport pathway for metabolic com-
pounds (e.g. amino acids) that are required for cell
growth [5, 13]. Moreover, the cell cycle rate might be
maximal at a slightly acid intracellular pH since, for ex-
ample, intracellular alkalinization inhibits proliferation
in astrocytes [24]. The swelling-activated organic osmol-
yte channel may be involved also in pH-regulation and
its inhibition may induce cell alkalinization [28]. The ac-
tivity of the volume-sensitive anion channel in human
cervical cancer cells differs during the cell cycle progres-
sion [33]. Here we demonstrated that swelling-activated
taurine transport and volume-sensitive anion channels
might share identical pathways. More importantly, the
differential activities of swelling-activated taurine trans-
port matched well with that of the volume-sensitive an-
ion channel during the progression of the cell cycle. Tak-
en together, we suggest that the volume-sensitive anion
channel, leading to RVD and taurine transport, is impor-
tant for G1/S checkpoint progression in human cervical
cancer cells.

The present study also showed that cell swelling in-
duced both Cl–-dependent and -independent K+ (86Rb+)
efflux, presumably mediated by KCC and Ca2+-activated
K+ channels, respectively. The KCCs of human cervical
cancer cells is nearly quiescent under normal physiologi-
cal conditions, but works synergistically with Ca2+-acti-
vated K+ channels for volume regulation in response to
hypotonic stress. We have identified previously messen-
ger ribonucleic acid (mRNA) transcripts of KCC1,
KCC3 and KCC4 by reverse transcription polymerase
chain reaction (RT-PCR) in human cervical cancer cells
and confirmed by digestion with specific restriction en-
donucleases [32]. In addition, the activation of volume-
sensitive KCC in cervical cancer cells is modulated by a
phosphorylation cascade [32].

The role of Ca2+ in volume regulation of cervical can-
cer cells has been investigated in our previous study [6].
The activation of a volume-sensitive Cl– channel re-
quires the presence of extracellular Ca2+. The time
course of RVD is sensitive to both Ca2+ influx and dis-
charge of intracellular stores. Here we demonstrated fur-
ther that cell swelling induces K+ transport via K+ chan-
nels as well KCC. The activation of a volume-sensitive
K+ channel in cervical cancer cells depends on both ex-
tracellular Ca2+ influx and intracellular Ca2+ stores. In
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Fig. 7A, B Blockade of swelling-activated taurine efflux by tam-
oxifen and NPPB arrests proliferating cervical cancer SiHa cells in
the G0/G1 phase. A Inhibition of the proliferation of cervical can-
cer cells by 5 µM tamoxifen and 50 µM NPPB. Cell numbers
counted initially and recounted after 2 days incubation with or
without inhibitors. Means±SEM, n=4. *P<0.01 vs. control (un-
paired t-test). B Simultaneous FACS measurement for the distribu-
tion of cell cycle phases G0/G1, S and G2/M after 2 days incuba-
tion with or without inhibitors. Means, n=4



contrast, the activation of volume-sensitive KCC, at
least, is independent of extracellular Ca2+. Volume-sensi-
tive K+ channels have been described in Ehrlich ascites
tumour cells [7], tracheal epithelial cells [3], distal neph-
ron A6 cells [21], bovine aortic endothelial cells [26],
human T lymphocytes [12] and murine erythroleukaemia
cells [35]. The relationship between Ca2+ and volume-
sensitive K+ channels is, however, controversial. For ex-
ample, the activation of volume-sensitive K+ channels
depends on Ca2+ in Ehrlich ascites tumour cells [7], mu-
rine erythroleukaemia cells [35], MDCK cells [38] and
human T lymphocytes [12]. On the other hand, swelling-
activated K+ efflux is not mediated by a Ca2+-sensitive
K+ channel in bovine aortic endothelial cells [26] and
cerebellar granular neurons [19].

The present study showed that the activation of
swelling-activated K+ efflux was independent of the cell
cycle progression. This indicates that KCC and Ca2+-ac-
tivated K+ channels have no association with the cell cy-
cle clock of human cervical cancer cells, but we cannot
rule out the possibility that other types of K+ channel
are involved in the regulation of the cell cycle in human
cervical cancer cells. Indeed, expression of some types
of K+ channels correlates with the cell cycle clock. For
example, the delayed-rectifier K+ channel in lympho-
cytes is critical for cell cycle progression from G0 to
G1, a transition which relies on membrane depolariza-
tion and requires a transmembrane flux of Ca2+ [27]. In
mouse oocytes, a voltage-activated K+ channel with a
large conductance (241 pS) is active in the G1 and M
phases but is inactive during the G1/S transition [9]. Ar-
rest of spinal cord astrocytes at defined stages of the cell
cycle clock also causes significant changes in the ex-
pression of voltage-gated K+ currents [18]. Blockade of
voltage-activated K+ channels decreases proliferation of
melanoma cells [20] and several types of neurons [24].
For MCF-7 human breast cancer cells, an adenosine 5′-
triphosphate (ATP)-sensitive K+ current is required for
progression through G1 phase [15] and blockade of this
type of K+ channel causes MCF-7 cells to arrest in the
Go/G1 phase [40]. Cl– channels have also been impli-
cated in the proliferative response of particular cell
types. For example, the activity of the volume-sensitive
Cl– channel is down-regulated when muscle cells switch
from a proliferating to a non-proliferative, differentiated
state [37]. Alterations in the activities of volume-sensi-
tive Cl– channels have also been reported in the prolifer-
ative response of endothelial cells [36]. In human lym-
phocytes, permeability to Cl– varies with the cell cycle
stage, being low in G0 and S phases and increased in
G1/S [2]. The expression of a glioma-specific Cl– chan-
nel depends on the cell cycle stage and could be linked
with cytoskeletal changes [34]. Although the exact role
that ion channel activity plays in cell cycle progression
is still ill-defined, changes in channel activity may re-
sult in both short-term modulation of pre-existing chan-
nel proteins and long-term changes in gene expression
[27]. Other possible mechanisms for the involvement of
ion channels in cell proliferation include transduction of

mitogen-stimulated protein synthesis [39], rearrange-
ments of cytoskeleton [31], generation of Ca2+ signals
[8] and pH regulation [24].

In conclusion, this study provides new and important
information on the functional significance of swelling-
activated transport system in the regulation of cell cycle
clock of human cervical cancer cells.
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