
Abstract Hypotonicity-induced Ca2+ entry is a critical
signal for the normal regulatory volume decrease in hu-
man cervical cancer cells. The aim of this study was to
explore the role of myosin light chain kinase (MLCK) in
the regulation of hypotonicity-induced Ca2+ signalling
and Cl– channel activity. Blockade of MLCK activity by
MLCK(11–19) amide, a substrate-specific peptide inhibi-
tor, markedly attenuated hypotonicity-induced Ca2+ en-
try. A similar result was obtained with ML-7, a synthetic
naphthalenesulphonyl derivative that inhibits the binding
of ATP to MLCK. More than 85% of the activity of the
volume-regulated Cl– channel was suppressed when in-
tracellular Ca2+ was buffered to near zero in the absence
of extracellular Ca2+, suggesting that hypotonicity-
induced Ca2+ signalling is important for the activation of
the volume-regulated Cl– channel. Intracellular dialysis
with MLCK(11–19) amide or ML-7 concentration-depen-
dently reduced the amplitude and rate of activation of the
volume-regulated Cl– channel. Swelling-activated tau-
rine transport was also inhibited concentration depen-
dently by ML-7 and MLCK(11–19) amide with IC50 values
of 6.4 and 2.0 µM, respectively. Hypotonicity induced
MLC phosphorylation which was mediated totally by
MLCK and depended on Ca2+ entry. However, phosphor-
ylated MLC per se was not involved critically in the reg-
ulation of Ca2+ entry and activation of volume-sensitive
organic osmolyte/anion channels (VSOAC). We propose
that MLCK has a novel function in regulating the activa-
tion of VSOAC by mediating Ca2+ entry in response to
hypotonicity. This function of MLCK on Ca2+ signalling
does not correlate with MLC phosphorylation.

Keywords Ca2+ · Myosin light chain kinase · Volume
regulation · Cervical cancer

Introduction

Volume regulation is a physiological process of funda-
mental importance to most cell types. Cells defend them-
selves against hypotonic stress by losing solutes together
with osmotically obligated water, a process termed regu-
latory volume decrease (RVD). The principal solutes lost
in RVD are K+, Cl– and a variety of largely uncharged or
zwitterionic organic solutes, such as taurine [1]. The pre-
dominant pathway for RVD in most cell types is the
opening of separate K+ and anion channels [2]. The vol-
ume-sensitive organic osmolyte/anion channel (VSOAC)
has attracted wide interest because of its role in impor-
tant cellular functions, including volume regulation, con-
trol of membrane potential, pH homeostasis, transport of
organic osmolytes and amino acids and cell proliferation
[3, 4]. We have demonstrated previously that the activity
of VSOAC, which leads to Cl– and taurine efflux, is
strongly up-regulated during human cervical carcinogen-
esis [5, 6, 7, 8]. The cell cycle progression of cervical
cancer cells is also accompanied by differential activities
of VSOAC [9, 10].

Hypotonic cell swelling triggers an increase in intra-
cellular [Ca2+] ([Ca2+]i) that is deemed responsible for
the subsequent RVD in cervical cancer cells [10, 11, 12].
However, the mechanisms underlying the regulation of
hypotonicity-induced Ca2+ signalling remain ill-defined.
Activation of myosin light chain kinase (MLCK) and the
resultant phosphorylation of myosin light chain (MLC)
are considered key events in cytoskeletal remodelling,
including cell adhesion, spreading and motility [13]. In-
volvement of MLCK in intracellular signal transduction,
however, has classically been restricted to events associ-
ated with cell contraction and morphological changes
that contribute to cell-cell gap formation and increased
permeability in response to various stimuli [14, 15]. Al-
though it is often stated that MLC is the only known sub-
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strate for MLCK, agents that affect MLCK activity mod-
ulate ionic currents in some cell types [16, 17]. Further-
more, MLCK has a novel function in regulating endothe-
lial Ca2+ entry and mediating vasodilation in response to
shear stress [18, 19].

VSOAC can be activated by shear stress [20]. It is
likely that this pathway needs a linkage to the cytoskele-
ton which will induce changes in cell shape and possibly
folding and unfolding of the membrane. The present
study was designed to explore the possibility that MLCK
is involved in the RVD response of human cervical can-
cer cells. The results revealed a novel function of MLCK
in affecting Ca2+ entry in response to hypotonic shock.
The activation of VSOAC could be also modulated by
MLCK activity.

Materials and methods

Cell culture

SiHa cells, a human 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, UK).

Chemicals and solutions

Specific monoclonal antibodies for MLC were purchased from
Sigma-Aldrich. The secondary antibody, goat anti-mouse IgG con-
jugated to horseradish peroxidase was obtained from New En-
gland Biolabs (Hitchin, Herts., UK). ML-7, a specific inhibitor for
MLCK, was purchased from Calbiochem (CN Biosciences, Not-
tingham, UK). MLCK(11–19) amide, an inhibitory peptide for
MLCK, was purchased from Alexis (Nottingham, UK). This com-
pound is a substrate-specific inhibitor of MLCK and corresponds
to the region around the phosphorylation site (i.e. Ser19) of MLC
from chicken gizzard with the sequence: Lys11-Lys12-Arg13-Ala14-
Ala15-Arg16-Ala17-Thr18-Ser19. Two substitutions were made in
that Pro14 and Gln15 were replaced with Ala. This improves the in-
hibitory potency of the synthetic peptide [21]. All other chemicals
were obtained from Sigma-Aldrich. The osmolarity of solutions
was monitored using a vapour pressure osmometer (Wescor 5500,
Schlag, Gladbach, Germany). The isotonic medium (300±3 mosm
l–1) contained (in mM): NaCl 100, KCl 5, MgCl2 1, CaCl2 1.5,
glucose 10, HEPES 10 and mannitol 70, titrated to pH 7.4 with
NaOH. The components of the hypotonic medium were the same
as those of the isotonic medium except that mannitol was omitted,
resulting in a 23% hypotonicity (230±3 mosm l–1). In the experi-
ments of in which extracellular [Ca2+], the 1.5 mM CaCl2 was
omitted from the bath solution and 1.5 mM EGTA added. To mea-
sure the activity of the swelling-activated Cl– channel, KCl was
replaced by CsCl in the media and the pipette solutions contained
(in mM): CsCl 40, Cs-aspartate 100, MgCl2 1, CaCl2 1.93, EGTA
5, ATP 2, GTP 0.5, HEPES 5. In this pipette solution, the free
[Ca2+] was buffered at 100 nM. In some experiments, the free
[Ca2+] was buffered to near zero by the following components of
pipette solution (in mM): CsCl 40, Cs-aspartate 100, MgCl2 1,
BAPTA 10, ATP 2, GTP 0.5, HEPES 5. To activate the Cl– current
directly by high intracellular Ca2+, pipette solutions were used in
which the free [Ca2+] was adjusted to 100, 250, 500 or 1000 nM
by adding appropriate amounts of CaCl2 to the pipette solution, as
estimated with EQCAL software. All pipette solutions were ad-
justed to pH 7.2 with CsOH. The solvent for certain chemicals

was DMSO, the final concentration of which in all experiments
was less than 0.05%. This DMSO concentration had no effect on
electrophysiological recordings, flux, calcium and protein mea-
surements.

Fluorescence measurements of [Ca2+]i with fura-2

[Ca2+]i was measured with the fura-2 fluorescence ratio method on
a fluorimeter (F-2000 spectrophotometer, Hitachi, Tokyo, Japan)
as previously described [22]. In brief, cells attached on a cover-
slip were loaded with 2 µM fura-2/acetoxymethyl ester (fura-
2/AM) in DMEM culture medium at room temperature for 40 min
and then at 37 °C for 20 min. After loading, cells were washed 
3 times with PBS. After washing, the cover-slip was mounted in a
custom-made holder and placed in a 5-ml quartz cuvette. Fluores-
cence emission was collected from a group of approximately 
105 cells located in the excitation path. Excitation wavelength was
alternated between 340 and 380 nm and fluorescence intensity
(F340 and F380 respectively) was monitored at 510 nm. [Ca2+]i
was expressed as the ratio F340/F380 ratio, an indicator of Ca2+

activity [23].

Electrophysiological measurements

The whole-cell mode of the patch-clamp technique was used to
measure membrane currents at room temperature (22–25 °C) as
previously described [9, 12]. When the pipettes were connected to
the input stage of an amplifier (Axopatch-200A, Axon Instru-
ments, Union City, Calif., USA), their DC resistance was 3–5 MΩ.
A Ag-AgCl wire was used as reference electrode. The cur-
rent/voltage (I/V) relationship and time course of swelling-activat-
ed Cl– current were obtained from either a ramp or a step protocol.
The ramp protocol consisted of a step to –80 mV for 0.4 s fol-
lowed by a 1.3-s linear voltage ramp to +80 mV, after which the
potential was stepped back to the holding potential of –20 mV.
This 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 –80 to +80 mV or +120 mV with
an increment of 20 mV. Currents were sampled at 1-ms intervals.
The normalized hypotonicity-induced current was used to com-
pare the VSOAC activity in various experimental conditions. It
was defined as the difference in current density between isotonic
and hypotonic solutions and expressed per unit membrane capaci-
tance. Cell capacitance was 23±1.7 pF (n=82) in this study. Data
from electrophysiological experiments were digitized and analy-
sed using pCLAMP software (v. 6.0.3, Axon Instruments).

Functional [3H]taurine efflux assays

[3H]Taurine efflux experiments were carried out at room tempera-
ture as described in detail elsewhere [24]. In brief, SiHa cells
grown on six-well plates were pre-incubated with isotonic culture
medium loaded with 1 µCi ml–1 [3H]taurine (NEN Life Science
Products, Boston, Mass., USA) for 2 h at 37 °C. After pre-incuba-
tion, the loading medium was aspirated and the cells washed rap-
idly 7 times with PBS. After washing, appropriate efflux medium
with or without the drugs to be tested was added to the cells for a
15-min preincubation at room temperature. After preincubation, 
1-ml aliquots of efflux medium were taken and replaced at indicat-
ed intervals and saved for counting. The drugs tested were present
throughout the preincubation and flux measurement periods. Re-
lease of [3H]taurine from preloaded cells was measured from the
efflux medium at indicated intervals within a 25 min duration.
Cells were finally lysed with 0.5 M NaOH to release the remain-
ing [3H]taurine. The radioactivity present in the efflux samples
and in cell lysates was then determined by liquid scintillation
counting. [3H]Taurine efflux rate constants were estimated from



278

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. Following hypo-
tonic shock, [3H]taurine efflux occurs in two phases: an initial fast
loss within 5 minutes and a slower subsequent loss [10]. The
[3H]taurine efflux rate constant in the hypotonic solution was
therefore calculated from the negative slope of the semi-logarithm
graph in the initial 5 min after exposure to hypotonicity. The
swelling-activated [3H]taurine efflux was defined as the difference
between the efflux rate constants in hypotonic and isotonic solu-
tions.

Determination of MLC phosphorylation

SiHa cells grown in 100-mm dishes to 90% confluence were
washed 3 times with serum- and PO4-free DMEM and labelled
metabolically for 3 h at 37 °C with 250 µCi ml–1 [32P]orthophos-
phate (NEN Life Science Products) in PO4-free DMEM supple-
mented with 10% FCS. Before experiments, the cells were left at
room temperature for 1 h and the cell culture then washed with
PBS and replaced by isotonic or hypotonic solution. After stimula-
tion with hypotonic solution, cells were washed quickly with ice-
cold PBS and harvested on ice with protein lysis solution contain-
ing a protease inhibitor cocktail (Roche Diagnostic) (in mM): 100
KCl, 80 NaF, 10 EGTA, 50 β-glycerophosphate, 10 p-nitrophenyl
phosphate, 1 vanadate, 0.5% sodium deoxycholate, 1% Nonidet 
P-40. Lysates were collected and microcentrifuged for 5 min at
4 °C. Protein concentrations were determined with a Bio-Rad pro-
tein assay. Equal amounts of proteins were separated by 12%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) then trans-
ferred to polyvinylidene difluoride membranes (PVDF; Strata-
gene, La Jolla, Calif., USA). The MLC phosphorylation was de-
tected by autoradiography. To identify the MLC position in the au-
toradiograph, the same PVDF membrane was immunoblotted with
monoclonal MLC antibody using the following procedure. Non-
specific binding was blocked with 5% (w/v) non-fat dried milk in
PBS overnight at 4 °C. The blots were incubated with monoclonal
MLC antibody at 1/5000 dilution in PBS with 0.1% Tween for 2 h
at 37 °C, washed with PBS 4 times (10 min/each time) and then
incubated with goat anti-mouse IgG conjugated to horseradish

peroxidase at 1/5000 dilution for 1 h at room temperature. Follow-
ing washing, the membrane was developed with enhanced chemi-
luminescence reagents according to the manufacturer’s instruc-
tions (Amersham Pharmacia Biotech, Bucks, UK).

Statistics

All values in the present study are reported as means±SEM. Stu-
dent’s t-test for paired or unpaired samples was used for statistical
analyses. Differences between values were considered significant
when P<0.05. The concentration/inhibition curves for the drug ef-
fects were fitted to the following equation:

where C is the drug concentration, P the Hill coefficient and IC50
the drug concentration needed for half-maximal inhibition.

Results

MLCK inhibitors attenuate hypotonicity-induced Ca2+

signalling

The Ca2+ signalling in response to hypotonicity was in-
vestigated in SiHa cells loaded with the Ca2+-sensitive
dye fura-2/AM. Superfusion with a hypotonic solution
(230 mosm l–1) resulted in a rapid increase of the fluo-
rescence ratio, from a basal level of 1.77±0.01 to a peak
of 2.35±0.04 (P<0.01; n=12). The initial steep rise of
[Ca2+]i was followed by a decay to a plateau of
1.90±0.03 (Fig. 1A, B). To explore the possibility that
MLCK may be involved in the regulation of hypotonici-
ty-induced Ca2+ signalling, the effects of ML-7 and
MLCK(11–19) amide, two structurally unrelated, mem-

Fig. 1A–D Myosin light chain
kinase (MLCK) inhibitors con-
centration-dependently attenu-
ate Ca2+ signalling in swollen
cervical cancer (SiHa) cells. 
A, C Representative recordings
of the changes of intracellular
[Ca2+] ([Ca2+]i) evoked by 
replacing the isotonic 
(ISO, 300 mosm l–1) bathing
medium by a hypotonic solu-
tion (HYPO, 230 mosml–1)
containing 1.5 mM Ca2+

([Ca2+]o). SiHa cells were pre-
incubated with 0.05% DMSO
(Control) or MLCK inhibitors
(MLCK(11–19) amide and ML-7)
for 15 min at room temperature
before [Ca2+]i measurement.
The drugs were also present
during [Ca2+]i measurement. 
B, D Summary of the changes
of [Ca2+]i evoked by hypoto-
nicity. Means±SEM, n=12.
*P<0.05, **P<0.01 vs. control,
unpaired t-test



2.00±0.03 (n=12) and 1.87±0.015 (n=12), respectively,
and also depressed the plateau level significantly. ML-7
also inhibited the [Ca2+]i rise evoked by hypotonicity
concentration dependently (Fig. 1C, D). The IC50 values
for the inhibition of the initial peak rise of [Ca2+]i were
0.8 and 2.1 µM for ML-7 and MLCK(11–19) amide, re-
spectively.

Subsequent experiments were done by altering extra-
cellular [Ca2+] ([Ca2+]o). Figure 2 shows the effect of
MLCK(11–19) amide and ML-7 on the hypotonicity-in-
duced Ca2+ signalling with a [Ca2+]o of practically
0 mM. Under this condition, hypotonic stress only in-
duced a small, progressive increase of [Ca2+]i, from a
basal level of 1.42±0.003 to a plateau of 1.59±0.006
(Fig. 2A, P<0.05; n=10), while neither MLCK(11–19)
amide nor ML-7 affected this Ca2+ signalling. These
findings indicate that MLCK(11–19) amide and ML-7 in-
hibited Ca2+ entry from the extracellular medium, but did
not affect the mobilization of Ca2+ from intracellular
stores.

To confirm the effect of MLCK on Ca2+ entry, 2 µM
thapsigargin, an inhibitor of the Ca2+-ATPase in the en-
doplasmic reticulum, was used to deplete the internal
Ca2+ stores in the absence of [Ca2+]o. Cells were then ex-
posed to a Ca2+-containing hypotonic solution. As shown
in Fig. 2C, pretreatment with 10 µM ML-7 significantly
reduced the peak level of Ca2+ signalling induced by hy-
potonicity (control: 3.30±0.01 vs. ML-7: 2.45±0.005;
n=5, P<0.01, unpaired t-test).

Ca2+ dependence of VSOAC activation

We studied the significance of Ca2+ signalling in volume
regulation further. As shown in Fig. 3A, whole-cell volt-
age-clamp recordings were obtained from SiHa cells, in
which the pipette solution contained 1.93 mM CaCl2 and
5 mM EGTA with 1.5 mM CaCl2 in the extracellular me-
dium. Membrane currents recorded during the ramp pro-
tocol applied in isotonic solutions were small. Exposure
to a hypotonic solution induced cell swelling and activat-
ed a large, outwardly rectifying current. When the pipette
solution contained 10 mM BAPTA and there was no Ca2+

in the extracellular medium, more than 85% of VSOAC
activity was suppressed (Fig. 3, control: 90±3 pA pF–1,
n=24 vs. Ca2+-free: 12±2 pA pF–1, n=10; P<0.01, un-
paired t-test). This indicates that hypotonicity-induced
Ca2+ signalling is important for the activation of VSOAC.

A question arises promptly: is it possible to activate
VSOAC simply by increasing [Ca2+]i? To test this point,
we loaded SiHa cells with a pipette solution buffered at
an elevated [Ca2+]i. Figure 4A shows current traces re-
corded during the voltage-step protocol from cells load-
ed with different [Ca2+]i and Fig. 4B shows the current
densities at +120 and –80 mV as a function of [Ca2+]i.
Increasing [Ca2+]i stimulated a current with time-depen-
dent activation at more positive potentials (>60 mV),
which is a typical characteristic of the Ca2+-activated Cl–

current [26]. In contrast, VSOAC showed time-depen-
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brane-permeable, potent and specific inhibitors of
MLCK, on Ca2+ signalling were investigated. MLCK(11–19)
amide is a substrate-specific inhibitory peptide of MLCK
and corresponds to the region around the phosphoryla-
tion site of MLC [21]. ML-7, a synthetic napthalenesul-
phonyl compound, blocks ATP binding to MLCK [25].
Whilst cell treatment with ML-7 or MLCK(11–19) amide
did not affect the basal level of [Ca2+]i, both attenuated
the hypotonicity-stimulated increase of [Ca2+]i concen-
tration dependently (Fig. 1). MLCK(11–19) amide (1 µM)
inhibited the peak rise of the fluorescence ratio from
2.35±0.04 to 2.09±0.01 (P<0.05, n=12) and also signifi-
cantly suppressed the plateau level after hypotonic expo-
sure (control: 1.90±0.03 vs. MLCK(11–19) amide:
1.79±0.003). Higher concentrations of MLCK(11–19)
amide (10 and 50 µM) further decreased the peak level to

Fig. 2A–C MLCK mediates Ca2+ entry in response to hypotonici-
ty. A A recording representative of ten different experiments
showing the changes of [Ca2+]i evoked by hypotonic solution in
the absence of extracellular Ca2+, plus 1.5 mM EGTA ([Ca2+]o
~0 mM). B Summary of hypotonicity-induced Ca2+ signalling in
the absence of [Ca2+]o. Means±SEM, n=10. C Representative re-
cordings showing the effect of 2 µM thapsigargin (TG) on [Ca2+]i
in the absence or presence of [Ca2+]o. SiHa cells were pre-incubat-
ed with 0.05% DMSO (Control) or drugs for 15 min at room tem-
perature before [Ca2+]i measurement. The drugs tested were also
present during [Ca2+]i measurement
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Fig. 3A–C The activation of swelling-activated Cl– channels de-
pends on Ca2+ signalling. A Representative current traces (ramp
protocol) recorded under isotonic and hypotonic solutions with
[Ca2+]i buffered at 100 nM by 5 mM EGTA (Control). The perfus-
ing isotonic or hypotonic solution contained 1.5 mM Ca2+

([Ca2+]o=1.5 mM). B Current traces recorded in isotonic and hy-
potonic solutions with [Ca2+]i buffered near 0 nM. For these ex-
periments, the pipette solution contained 10 mM BAPTA and the
external solution was free of Ca2+, plus 1.5 mM EGTA ([Ca2+]o
~0 mM). Trace 1: basal membrane current recorded in the isotonic
solution; trace 2: currents recorded after perfusion with hypotonic
solution. C Swelling-activated Cl– currents measured at +80 mV
in n cells. *P<0.01, unpaired t-test

Fig. 4 A Representative current traces during voltage step proto-
col in cervical cancer SiHa cells loaded via the patch pipette with
[Ca2+]i buffered at 100, 250, 500 or 1000 nM. B Steady-state cur-
rent/[Ca2+]i relationship at +120 mV (open triangles) and –80 mV
(closed circles). C Swelling-activated Cl– currents in cervical can-
cer SiHa cells. Current traces (step protocol) recorded in isotonic
and hypotonic solutions. Horizontal lines represent zero current
levels. Current/voltage (I/V) relationships were obtained from
traces in isotonic and hypotonic solutions. Closed circles and open
triangles are the hypotonicity-induced current at the beginning
and end of pulse respectively; open circles are the current in iso-
tonic solution. The step protocol for A and C consisted of a 1-s
voltage step, applied every 15 s from a holding potential of
–20 mV to test potentials from –80 to +120 mV with an increment
of 20 mV. Means±SEM, n=5

dent inactivation at more positive potentials (Fig. 4C).
This suggests increasing [Ca2+]i alone is not adequate to
activate VSOAC.

The activation of VSOAC requires MLCK activity

To study the significance of MLCK activity in volume
regulation, whole-cell voltage-clamp recordings were
obtained from SiHa cells. Membrane currents recorded
during the step protocol applied to SiHa cells in isotonic
solutions were small and independent of time (Fig. 5A).
Exposure to a hypotonic solution (230 mosm l–1) in-
duced cell swelling and activated a large, outwardly rec-
tifying current. At potentials more positive than +60 mV,
the currents showed time-dependent inactivation; this be-
came more pronounced at higher membrane potentials
(Fig. 5A). Intracellular dialysis with MLCK(11–19) amide
markedly and concentration-dependently reduced the ac-
tivity of the volume-regulated Cl– channel (Fig. 5). For
control cells, the swelling-activated Cl– current was
90±3 pA pF–1 (n=24) at +80 mV. The current density de-
creased significantly to 65±4 (n=6), 38±3 (n=12) and
18±5 (n=6) pA pF–1 with 1, 10 and 50 µM MLCK(11–19)
amide, respectively (Fig. 5B). The other MLCK inhibi-
tor, ML-7, had similar effects on the activity of the vol-
ume-regulated Cl– channel. As depicted in Fig. 6, intra-
cellular dialysis with ML-7 did not change the isotonic
Cl– current (trace 1), but inhibited the activation of the
volume-regulated Cl– channel concentration dependent-
ly. For the inhibition of swelling-activated Cl– current,

IC50 values were 10.4 and 6.0 µM for ML-7 and
MLCK(11–19) amide, respectively. 

In addition to altering the current amplitude, the acti-
vation rate of the volume-regulated Cl– channel was also
significantly decreased by ML-7 and MLCK(11–19) amide
(Fig. 7). In the control group, exposure to hypotonicity
activated the outwardly rectifying current rapidly
(1.20±0.03 pA pF–1 s–1 at +80 mV, n=24). The rate of
current activation was significantly slower in ML-7- or
MLCK(11–19) amide-treated cells: 0.51±0.05, n=12 and
0.34±0.02 pA pF–1 s–1, n=12, respectively.

Hypotonicity-induced taurine transport also required
MLCK activity. Figure 8 shows the time course of taurine
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efflux from SiHa cells in the presence or absence of
MLCK inhibitors. Efflux in isotonic medium was low and
stable both in the presence or absence of MLCK inhibi-
tors. Exposure to the hypotonic solution markedly in-
creased the taurine efflux rate constant from 0.0095±0.002
to 0.19±0.01 min–1 (Fig. 8A, P<0.01, n=4). Cell pretreat-
ment with 10 µM ML-7 or MLCK(11–19) amide for 15 min
decreased the swelling-activated taurine efflux rate signif-
icantly by 55% and 79%, respectively (Fig. 8A and B).
For MLCK(11–19) amide, the estimated IC50 and Hill coef-

ficient were 2.0±0.2 µM (n=4) and 0.9±0.1 (n=4) respec-
tively. In the case of ML-7, these values were 6.4±0.2 µM
(n=4) and 0.8±0.1 (n=4) (Fig. 8C).

MLCK-mediated phosphorylation of MLC in response 
to hypotonic shock

Phosphorylation of MLC plays a key role in promoting
cell contractility and shape in vertebrate muscle and non-

Fig. 5A, B MLCK(11–19) amide
inhibited the activation of the
swelling-activated Cl– current
concentration dependently. 
A Representative current traces
(step protocol) recorded in iso-
tonic and hypotonic solutions
without (Control) or with intra-
cellular dialysis with 1, 10 or
50 µM MLCK(11–19) amide. The
dotted line is the zero current
level. B Swelling-activated Cl–

currents measured at +80 mV
in n cells. *P<0.05, **P<0.01,
unpaired t-test

Fig. 6A, B ML-7 inhibited the activation of the swelling-activated
Cl– current concentration dependently. A Representative current
traces (ramp protocol) recorded in isotonic and hypotonic solu-
tions without (Control) or with intracellular dialysis with 1, 10 or
50 µM ML-7. Trace 1: basal membrane current recorded under
isotonic conditions for control cells and cells dialysed with ML-7;
Trace 2: currents recorded in control cells after perfusion with hy-
potonic solution; Traces 3–5: hypotonic current recorded in cells
dialysed with 1, 10 or 50 µM ML-7, respectively. B Swelling-acti-
vated Cl– currents measured at +80 mV in n cells. *P<0.05,
**P<0.01, unpaired t-test

Fig. 7A, B Activation rate of the swelling-activated Cl– channel
was significantly decreased by ML-7 and MLCK(11–19) amide. 
A Time course of membrane currents activated at +80 mV in con-
trol cells or in cells after intracellular dialysis with 10 µM ML-7 or
MLCK(11–19) amide. Data were obtained from the voltage ramp
protocol applied every 15 s. Thick horizontal bar: application of
hypotonic solution (230 mosm l–1). Horizontal dashed line: zero
current level. B Summary of activation rate for swelling-activated
Cl– channel under various conditions for n cells. *P<0.05,
**P<0.01, unpaired t-test
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muscle cells. The molecular weight of MLC is approxi-
mately 20 kD. For cervical cancer cells, on a 12% 
SDS-PAGE, few proteins in the 26–20 kD range co-mi-
grate with MLCK. To determine MLC phosphorylation,
SiHa cells were labelled metabolically with [32P]ortho-
phosphate and exposed to isotonic or hypotonic solutions.
Whole-cell extracts were then separated by 12% SDS-
PAGE (50 µg/lane), transferred to PVDF, autoradio-
graphed (32P-MLC) and immunoblotted with monoclonal
MLC antibody. As shown in Fig. 9, hypotonic shock sig-
nificantly increased MLC phosphorylation, an effect
which appeared after 5 min (87±14% increase) of hypo-
tonic stimulation and reached a maximum (180±13% in-
crease) at about 10 min. The total amount of MLC was
constant and not affected by osmotic change (Fig. 9A).

The increased phosphorylation of MLC could have
resulted from activation of MLCK or inhibition of MLC
phosphatase [13]. We investigated further whether
MLCK mediates the hypotonicity-induced phosphoryla-
tion of MLC. As shown in Fig. 10A and B, pre-treatment
with 1 µM ML-7 completely abolished the hypotonicity-

induced phosphorylation of MLC, indicating that the
phosphorylation of MLC in response to hypotonicity is
totally dependent on the activity of MLCK (Fig. 10A and
B). Depletion of [Ca2+]o also reduced the phosphoryla-
tion of MLC significantly, suggesting that MLCK-medi-
ated phosphorylation of MLC requires Ca2+ entry
(Fig. 10A and B).

Fig. 8A–C Effect of MLCK inhibitors on swelling-activated tau-
rine transport in human cervical cancer SiHa cells. A Time course
of taurine efflux from SiHa cells exposed to isotonic and hypoton-
ic media. The graph shows the logarithm of the fraction of the
original intracellular [3H]taurine remaining as a function of time.
The thick horizontal line indicates the application of hypotonic so-
lution (230 mosm l–1). SiHa cells were pre-incubated with 0.05%
DMSO (Control) or MLCK inhibitors [10 µM ML-7 or
MLCK(11–19) amide] for 15 min at room temperature and then ex-
posed to flux medium in the presence or absence of inhibitors.
Means±SEM, n=4. B Summary of swelling-activated [3H]taurine
efflux rates, expressed as a fraction of control, under various con-
ditions. Means±SEM, n=4. *P<0.05, **P<0.01 vs. control, un-
paired t-test. C Concentration/response curves for the inhibition of
swelling-activated taurine transport by ML-7 or MLCK(11–19)
amide. Means±SEM, n=4

Fig. 9A, B Hypotonicity-induced MLC phosphorylation in cervi-
cal cancer SiHa cells. A Time courses of MLC phosphorylation in
response to hypotonicity. Total MLC: MLC determined by immu-
noblotting; 32P-MLC: phosphorylated MLC determined by autora-
diography after labelling with [32P]orthophosphate (see Materials
and methods). B Phosphorylated MLC measured by densitometry.
Means±SEM, n=3 independent experiments. *P<0.05, **P<0.01
vs. isotonic, unpaired t-test



283

However, it remained unclear whether MLCK regu-
lated Ca2+ entry by acting directly on Ca2+ influx path-
ways or indirectly through MLC phosphorylation. Ac-
cordingly, calyculin A, an inhibitor of types-1 and -2A
phosphatase [27], was used to enhance MLC phosphory-
lation and therefore investigate its effect on hypotonici-
ty-induced Ca2+ signalling. As shown in Fig. 10A and B,
0.1 µM calyculin A further increased the phosphorylated
form of MLC induced by hypotonicity but had no effect
on the Ca2+ signalling in response to hypotonic shock
(Fig. 10C and D). This suggests that MLCK controls
Ca2+ signalling via by an MLC phosphorylation-inde-
pendent mechanism.

Discussion

This study demonstrates the involvement of MLCK in
the volume regulation of human cervical cancer (SiHa)
cells. Ca2+ entry in response to hypotonic stress was
largely blocked by the inhibition of MLCK activity. ML-
7 and MLCK(11–19) amide inhibited the hypotonicity-in-
duced Ca2+ entry with IC50s of 0.8 and 2.1 µM, respec-

tively. These values are similar to reported inhibition
constants of these inhibitors of MLCK in vitro (0.4 and
10 µM for ML-7 and MLCK(11–19) amide, respectively)
[21, 25]. This suggests that MLCK is a modulator of
Ca2+ entry during RVD. The amplitude and activation
rate of VSOAC were also inhibited potently by blockers
of MLCK, thereby identifying a functional link between
MLCK activity and VSOAC activation. Activation of
VSOAC correlates more closely with Ca2+ influx than
with Ca2+ release from intracellular stores in human cer-
vical cancer cells [8, 11, 12]. Here we also demonstrated
that the activation of VSOAC depends on Ca2+ signal-
ling. Accordingly, it is likely that a cause-effect relation-
ship exists between the inhibitory effects exerted by
blocking MLCK activity on Ca2+ entry and activation of
VSOAC. In addition to regulating Ca2+ entry and
VSOAC activation, MLCK also mediated MLC phos-
phorylation in response to hypotonic stress. Ca2+ entry is
also required for the MLCK-mediated MLC phosphory-
lation.

This result prompts the question of whether MLC
phosphorylation is linked to the regulation of Ca2+ sig-
nalling in swollen cervical cancer cells. Several observa-
tions suggest a negative answer. First, 1 µM ML-7 inhib-
ited only 50–60% of the Ca2+ transient in response to hy-
potonicity (Fig. 1) but completely abolished the hypoto-
nicity-induced phosphorylation of MLC (Fig. 10). This
indicates that MLC phosphorylation is not critically in-
volved in the regulation of Ca2+ signalling. Second, en-
hancing phosphorylation of MLC by calyculin A had no
effect on Ca2+ signalling and, further, the hypotonicity-
induced MLC phosphorylation was itself dependent on
Ca2+ entry from the extracellular medium. It is likely that
MLCK regulates Ca2+ entry independently of MLC
phosphorylation and that the MLCK-mediated Ca2+ en-
try in turn controls MLC phosphorylation. Third, hypo-
tonicity-induced Ca2+ signalling showed a fast time

Fig. 10 A, B MLC phosphorylation in response to hypotonicity is
mediated by MLCK activity and Ca2+ influx and is enhanced by
calyculin A. MLC phosphorylation was determined 10 min after
exposure to isotonic (300 mosm l–1) or hypotonic (230 mosm l–1)
solution. ML-7 (1 µM), calyculin A (0.1 µM), or 0 mM [Ca2+]o
plus 1.5 mM EGTA ([Ca2+]o=0), was applied 15 min before and
during stimulation with hypotonic stress. MLC phosphorylation
was determined as described in Materials and methods.
Means±SEM, n=3 independent experiments. *P<0.05, **P<0.01
vs. isotonic, unpaired t-test. C, D No effect of calyculin A
(0.1 µM) on Ca2+ signalling in response to hypotonicity. SiHa cells
were pre-incubated with 0.05% DMSO (Control) or calyculin A
(Cal A, 0.1 µM) for 15 min at room temperature before [Ca2+]i
measurement. The drug tested was also present during [Ca2+]i
measurement. Means±SEM, n=6



course in which [Ca2+]i rose to a peak level at about 50 s
and finally plateaued within 200 s on exposure to hypo-
tonic stress. In contrast, hypotonicity-induced phosphor-
ylation of MLC required 5 min to become significantly
different on exposure to hypotonicity. The lack of con-
sistency in these time courses rules out involvement of
MLC phosphorylation in the regulation of hypotonicity-
induced Ca2+ signalling. MLCK is known to regulate
many contractile events in both muscle and non-muscle
cells and therefore it is possible that the blockade of
MLCK activity prevents cytoskeletal reorganization im-
pinging on the Ca2+ influx pathways and thus secondari-
ly modulates Ca2+ entry or production of another second
messenger that activates Ca2+ activity [19, 28]. In addi-
tion to MLC, MLCK might phosphorylate other targets
in swollen cervical cancer cells.

We have demonstrated recently that the functional in-
tegrity of actin filaments plays an essential role in main-
taining the normal RVD responses and the activation of
VSOAC in human cervical cancer cells [29]. Phosphory-
lation of MLC can promote the contraction of the actin-
based cytoskeleton. Therefore, there is a possible linkage
between MLC phosphorylation and RVD. It is likely that
hypotonic stress changes cytoskeletal dynamics by in-
creasing MLCK activity and subsequent MLC phosphor-
ylation. However, it is important to establish whether
MLC phosphorylation directly triggers the activation of
VSOAC. In fact, this is not so for the following reasons.
First, Ca2+ signalling is critical for the activation of
VSOAC (Fig. 3), but MLC phosphorylation does not
control this Ca2+ signalling. Second, 1 µM ML-7 inhibit-
ed activation of VSOAC to a minor extent, but complete-
ly abolished the hypotonicity-induced MLC phosphory-
lation, implying that MLC phosphorylation is not criti-
cally involved in the regulation of VSOAC. Third,
thrombin increases MLC phosphorylation by inhibiting
MLC phosphatase [30] but does not activate VSOAC in
endothelial cells under isotonic conditions [31]. Similar-
ly, the nuclear inhibitor of protein phosphatase-1 [NIPP-
1(191–210)], an inhibitory peptide for MLC phospha-
tase, has no effect on membrane current under isotonic
conditions [32].

MLCK activity is reportedly involved in activating
ion currents in some cell types. For example, there is a
positive correlation between MLCK activity and
VSOAC activation in calf pulmonary artery endothelial
cells [32]. MLCK could also mediate the noradrenaline-
evoked cation current in rabbit portal vein myocytes
[17]. In bullfrog sympathetic neurons, inhibiting MLCK
activity reduces the amplitude of voltage-dependent K+

currents [33] and the carbachol-activated non-selective
cation currents in guinea-pig gastric myocytes are modu-
lated by MLCK activity [16]. In spite of these examples,
it is not established how MLCK activity or MLC phos-
phorylation regulates the activities of these ion channels.

Here we demonstrate that the activation of VSOAC
depends on the hypotonicity-induced [Ca2+]i transient.
This result is consistent with our previous findings in an-
other cervical cancer cell line (HT-3 cells) indicating that

activation of a volume-sensitive Cl– channel requires
Ca2+ entry [12]. However, simply increasing [Ca2+]i
could not activate VSOAC. In swollen cervical cancer
cells, several signal pathways are activated, such as pro-
tein kinase Cα (PKCα) and extracellular-signal related
kinase-1 (ERK1)/ERK2 mitogen-activated protein kinase
(MAP kinase) pathway. The activation of PKCα and
ERK1/ERK2 MAP kinase pathways requires Ca2+ entry
and is critical for the activity of VSOAC [12, 34]. Ac-
cordingly, the activation of VSOAC involves the hypoto-
nicity-induced Ca2+ transient coupled with other signal-
ling pathways.

Osmotic swelling of SiHa cells induces an initial
steep rise of [Ca2+]i that is followed by a decay to a pla-
teau. The initial peak rise of [Ca2+]i reflects the activa-
tion of Ca2+ entry across the cell membrane and the pla-
teau level of [Ca2+]i is mainly maintained by Ca2+ release
from intracellular stores [34]. ML-7 and MLCK(11–19)
amide seem not to act in the same manner on the hypoto-
nicity-induced Ca2+ transient. In addition to inhibiting
the peak rise of Ca2+ transient, MLCK(11–19) amide de-
pressed the plateau. This indicates MLCK(11–19) amide
might inhibit the internal release of Ca2+ as well.

The common pathways for swelling-induced taurine
transport and the volume-sensitive Cl– channel are still
being debated. In cervical cancer cells, despite the lack
of molecular identity, these two swelling-activated trans-
port pathways share the same signal pathways, have sim-
ilar sensitivities to Cl– channel inhibitors [e.g. 5-nitro-2-
(3-phenylpropylamino)benzoate (NPPB) and tamoxifen]
and are modulated by hypotonicity-induced Ca2+ tran-
sient [34]. Here we show that the activation of volume-
regulated Cl– channel is concentration-dependently in-
hibited by ML-7 and MLCK(11–19) amide with IC50s of
10.4 and 6.0 µM, respectively. For swelling-activated
taurine transport, the IC50s were 6.4 and 2.0 µM, respec-
tively. These values are not considerably different.

The present study demonstrates that MLCK has a
novel function, namely to regulate the activation of
VSOAC by mediating Ca2+ entry in response to hypoto-
nicity. This novel function of MLCK in Ca2+ signalling
does not correlate with MLC phosphorylation. We there-
fore propose that, in addition to MLC, MLCK might
phosphorylate other targets or have other immediate
downstream substrates in swollen cervical cancer cells.
The most likely target is the Ca2+ channel that is respon-
sible for hypotonicity-induced Ca2+ entry, or the signal
pathway linked with the activation of Ca2+ channel. We
are trying to identify the Ca2+ channel using both molec-
ular and electrophysiological approaches. Until the mo-
lecular and electrophysiological identities of the Ca2+

channel and the underlying signal pathways are estab-
lished, we are limited to indirect methods to show this
unusual MLCK function in cervical cancer cells. Never-
theless, the use of structurally unrelated specific inhibi-
tors allows us to make significant progress in demon-
strating this novel role for MLCK.
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