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Abstract Increased expression of the ubiquitous serine/

threonine protein kinase CK2 has been associated with

increased proliferative capacity and increased resistance

towards apoptosis. Taurine is the primary organic osmolyte

involved in cell volume control in mammalian cells, and

shift in cell volume is a critical step in cell proliferation,

differentiation and induction of apoptosis. In the present

study, we use mouse NIH3T3 fibroblasts and Ehrlich Lettré

ascites tumour cells with different CK2 expression levels.

Taurine uptake via the Na? dependent transporter TauT

and taurine release are increased and reduced, respectively,

following pharmacological CK2 inhibition. The effect of

CK2 inhibition on TauT involves modulation of transport

kinetics, whereas the effect on the taurine release pathway

involves reduction in the open-probability of the efflux

pathway. Stimulation of PLA2 activity, exposure to exog-

enous reactive oxygen species as well as inhibition of

protein tyrosine phosphotases (PTP) potentiate the swell-

ing-induced taurine loss. Inhibition of PI3K and PTEN

reduces and potentiates swelling-induced taurine release,

respectively. Inhibition of CK2 has no effect on PLA2

activity and ROS production by NADPH oxidase, whereas

it lifts the effect of PTEN and PTP inhibition. It is

suggested that CK2 regulates the taurine release down-

stream to known swelling-induced signal transducers

including PLA2, NADPH oxidase and PI3K.

Keywords Regulatory volume decrease � TBCA �
DMAT � SLC6A6 � Volume sensitive organic osmolyte

channel

Introduction

Cell volume control

Correct cell volume control is essential for normal cell

function and cell fate, including proliferation and apoptosis

(Hoffmann et al. 2009; Lambert et al. 2008; Poulsen et al.

2010). Animal cells are highly permeable to water due to the

presence of aquaporins, and the cell volume is controlled by

the cellular contents of osmotically active compounds and

by the osmolarity of the extracellular compartment. As a

consequence, shift in the intracellular or the extracellular

osmolarity elicits an instant change in cell volume which is

dictated and limited by the water permeability. Most mam-

malian cells activate volume restoring processes concomi-

tantly to change in cell volume, i.e. swollen and shrunken

cells regain their original volume by the volume regulating

processes, designated regulatory volume decrease (RVD)

and regulatory volume increase (RVI), respectively. RVD

involves activation of KCl cotransporters, K? and Cl-

channels together with transporters for organic osmolytes.

RVI, on the other hand, involves activation of Na-K-2Cl

cotransport, Na/H exchange, nonselective cation channels,

and Na-dependent transporters for organic osmolytes. For a

detailed review of osmo-sensing and characterization of the

volume regulatory machinery in mammalian cells under
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physiological and patophysiological conditions, see (Hoff-

mann et al. 2009; Lambert et al. 2008; Lang 2007).

Taurine homeostasis

Taurine is an inert b-amino acid (amino ethane sulphonic

acid) that contributes significantly to the cellular pool of

organic osmolytes in mammalian cells; hence net uptake or

net loss of taurine is an important element in cell volume

control. It has been estimated that normal intracellular

taurine concentration is in the range of 5–50 mM and that

taurine in some tissues such as heart and retina constitutes

over 50% of the free amino acid pool (Lourenço and

Camilo 2002). Mammalian cells accumulate taurine from

the extracellular compartment via the b-amino acid trans-

porter TauT (SLC6A6) and release taurine via an as yet

unidentified, volume-sensitive organic osmolyte channel.

Taurine uptake via TauT is strictly Na? dependent, i.e. no

taurine is taken up in the absence of extracellular Na?. In a

recent paper it was demonstrated that pharmacological

inhibition of CK2 in normal NIH3T3 fibroblasts increased

TauT0s affinity towards Na? and reduced the Na?: taurine

stoichiometry from 2.6 to 1.9 which resulted in an

increased maximal rate for taurine uptake (Jacobsen et al.

2008). It was proposed that the constitutively active CK2

limits the taurine uptake in mammalian cells through

phosphorylation of TauT or a putative regulator of TauT

(Jacobsen et al. 2008).

The volume-sensitive taurine release system is activated

within minutes after exposure to hypoosmotic medium and

the concomitant taurine transport is best characterized as a

Na? independent, non-saturable, passive transport process

which is sensitive to the anion channel blockers 4,40-
Diisothiocyanatostilbene-2,20-disulfonic acid (DIDS) and

tamoxifen (Lambert 2004; Wang et al. 2004). Activation of

the volume-sensitive taurine release in, e.g. NIH3T3

fibroblasts, Ehrlich ascites tumour cells (EAT) and Ehrlich

Lettré ascites tumour (ELA) cells following osmotic cell

swelling involves an unknown sensor of cell volume and

activation of phospholipase A2 (PLA2) subtypes (Hoff-

mann et al. 2009; Lambert and Pedersen 2006; Lambert

et al. 2006; Lambert and Hoffmann 1993; Lambert 2007).

The subsequent intracellular signalling involves arachi-

donic acid mobilization and most likely generation of

lysophospholipids, oxidation of the unsaturated fatty acid

via a 5-lipoxygenase (5-LO) to eicosanoides, as well as

generation of reactive oxygene species (ROS). Arachidonic

acid is released from the nuclear membrane in the NIH3T3

fibroblasts (Pedersen et al. 2006), and it has been demon-

strated that lysophosphatidic acid, when added in nano-

molar concentrations, leads to a significant potentiation of

the swelling-induced ROS production and taurine release

(Friis et al. 2008). Although inhibition of the 5-LO system

leads to complete impairment of the swelling-induced

taurine releases in, e.g. EAT, HeLa, NIH3T3 and C2C12

cells (Lambert and Hoffmann 1993; Lambert and Sepulv-

eda 2000; Lambert 2003; Lambert et al. 2001), it is only in

the EAT cells that the 5-LO product, i.e. leukotriene D4,

has been identified and demonstrated to act as a second

messenger in the activation of the volume-sensitive taurine

efflux pathway (Lambert 1998).

Generation of ROS following osmotic cell swelling has

been demonstrated in several cell lines (Friis et al. 2008;

Lambert 2003; Diaz-Elizondo et al. 2006; Ortenblad et al.

2003), and it has been shown that a NOX4/p22phox

complex constitutes the catalytic core of a volume-sensi-

tive NADPH oxidase in NIH3T3 cells (Friis et al. 2008).

Exogenous addition of the reactive oxygen species H2O2

has no impact on taurine release under isoosmotic condi-

tions, whereas H2O2 potentiates the taurine release once it

has been initiated by osmotic cell swelling (Lambert 2007).

In this respect, antioxidants impair the swelling-induced

taurine release (Lambert 2004). Hence, ROS generated by

osmotic cell swelling, are not considered as direct activa-

tors of the volume-sensitive taurine transporter per se but

as competent enhancer of its transport activity. H2O2

activates tyrosine kinases and oxidizes essential cysteines

in the active sites of protein phosphatases such as the

protein tyrosine phosphatase PTP1B (Meng et al. 2002),

resulting in loss of enzymatic function. Vanadate, which

inhibits protein tyrosine phosphatases, potentiates volume-

sensitive taurine release significantly, whereas protein

tyrosine kinase inhibitors not only block the swelling-

induced taurine release but also eliminate the effect of, e.g.

vanadate (Huyer et al. 1997). It is assumed that the

increased production of ROS, accompanying osmotic cell

swelling, leads to an increased tyrosine phosphorylation

state of proteins, involved in the activation/potentiation of

the volume-sensitive efflux pathway for organic osmolytes.

Cell swelling has been reported to activate phosphati-

dylinositol 3-kinases (PI3K) (Wang et al. 2004; Nielsen

et al. 2008), resulting in generation of phosphatidylinositol

3,4,5-trisphosphate (PIP3) from phosphatidylinositol 4,5-

bisphosphate (PIP2) (Vanhaesebroeck et al. 1997), whereas

the protein and lipid phosphatase (PTEN) opposes PI3K

activity by catalysing the reverse process (Bunney and

Katan 2010). PIP3 generation by PI3K activates down-

stream effectors, such as protein kinase B (Akt/PKB) and

serum-and glucocorticoid-induced protein kinase (SGK),

through the phosphoinositide-dependent protein kinase-1

(PDK1) (Wang et al. 2004; Nielsen et al. 2008). Akt/PKB

is a negative regulator of the glucose synthase kinase 3

(GSK3), i.e. GSK3 activity is down regulated as a conse-

quence of PI3K activation (Frame and Cohen 2001). Active

SGK has been shown to result in increased activity of the

volume-sensitive organic osmolyte and anion channel
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(VSOAC) as well as several other ion transporters (Wang

et al. 2004; Lang et al. 2010), whereas inhibition of GSK3

amongst others increases cell proliferation.

Protein kinase CK2

The constitutively active serine/threonine kinase CK2 is

involved in the regulation of diverse processes ranging

from cell cycle control, regulation of cellular metabolism,

gene expression, protein synthesis as well as modulation of

signalling via a broad spectrum of intracellular signalling

cascades (reviewed in (Filhol and Cochet 2009; Guerra and

Issinger 1999; Meggio and Pinna 2003)). The CK2 holo-

enzyme is composed of two catalytic subunits (a and/or a0)
plus two regulatory subunits (b/b) (Thornburg and Lindell

1977), but the catalytic and regulatory subunits also func-

tion individually in most cell types (reviewed in (Bibby and

Litchfield 2005)). The expression of CK2 is elevated in

cancer cells, where CK2 ensures increased cell survival

through suppression of apoptosis and increased prolifera-

tive capacity (Guerra and Issinger 1999; Sarno and Pinna

2008). CK2 can potentially affect several signal transduc-

ers involved in swelling-induced taurine release, including

calmodulin (Arrigoni et al. 2004), sPLA2-IIA (Shimoyama

et al. 2001), NADPH oxidase (Park et al. 2001) and PTEN

(van Diepen et al. 2009; Silva et al. 2008).

The present investigation was initiated to test whether

CK2 regulates the active and the passive volume-sensitive

taurine transporting systems similarly in two cell types

with different expression levels of CK2. We test the effect

of specific inhibitors of CK2 on TauT and elements in the

swelling-induced signalling cascade that are involved in

the activation and modulation of the volume-sensitive

taurine efflux pathway.

Materials and methods

Chemicals

Penicillin, streptomycin, Dulbecco’s modified Eagle’s

medium (DMEM), Roswell park Memorial Institute med-

ium (RPMI-1640), foetal calf serum and trypsin were from

Invitrogen (Denmark). 3H-labelled taurine and 3H-labelled

arachidonic acid were from GE Healthcare (UK).

BpV(HOpic) (bisperoxo(bipyridine)oxovanadate) was from

Calbiochem (Europe), caboxy-H2DCFDA (5- (and 6-)car-

boxy -20,70-dichloro dihydrofluorescin diacetate) was from

Molecular Probes (The Netherlands). All other compounds

were from Sigma Chemical Co. (USA). The following

stock solutions were prepared in water or DMSO (dimethyl

sulfoxide): Carboxy-H2DCFDA (50 mM in DMSO),

2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole

(DMAT, 10 mM in DMSO), (E)-3-(2,3,4,5-Tetrabrom-

ophenyl) acrylic acid (TBCA, 10 mM in DMSO), W-7

(N-(6-aminohexyl)-5-chloro-1-naphthalene sulfonamide,

5 mM in H2O), vanadate (Orthovanadate, Na3VO4, 20 mM

in H2O), Wortmannin (1 mM in DMSO), SB216763 (3-(2,4-

Dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-1H-pyrrole-

2,5-dione, 10 mM in DMSO).

Cell cultures

Experiments were performed with Swiss NIH3T3 mouse

fibroblasts (clone 7 obtained from Dr BM Willumsen,

Department of Biology, University of Copenhagen) and

Ehrlich Lettre ascites tumour cells (ATCC, USA). NIH3T3

and Ehrlich Lettré cells were grown in DMEM and RPMI-

1640, respectively, containing 10% heat inactivated FBS

and antibiotics (100 U/ml penicillin/0.1 mg/ml streptomy-

cin). Both cell lines were grown at 37�C/5% CO2/100%

humidity and subcultured every 3–4 days by standard

trypsination.

Experimental media

Phosphate-buffered saline (PBS) contained 137 mM NaCl,

2.6 mM KCl, 6.5 mM Na2HPO4, and 1.5 mM KH2PO4.

Isoosmotic NaCl medium for NIH3T3 cells contained

159 mM NaCl, 5 mM KCl, 1 mM Na2HPO4, 1 mM CaCl2,

1 mM MgSO4, and 10 mM N-2-hydroxyethyl piperazine-

N0-2-ethanesulfonic acid (HEPES). Isoosmotic NaCl

medium for Ehrlich Lettre cells contained 141 mM NaCl,

5 mM KCl, 1 mM Na2HPO4, 1 mM CaCl2, 1 mM MgSO4,

and 10 mM HEPES. Hypoosmotic NaCl solution was

prepared by reduction of the NaCl concentration in the

isoosmotic solutions without reducing the other compo-

nents. Isoosmotic and hypoosmotic N-methyl-D-glucami-

neCl (NMDGCl) and KCl containing media were prepared

by substitution of NMDGCl and KCl for NaCl, respec-

tively. pH was in all media adjusted to 7.4.

Western blotting against CK2 a, a0 and b

The three subunits of protein kinase CK2 were separated

by SDS–PAGE and transferred to PVDF membrane (Bio-

Rad, Germany). Proteins were identified by probing the

membranes with mouse monoclonal antibodies against

CK2 a/a0 and –b (Calbiochem, USA) and b-actin (Sigma,

Denmark). Protein-antibody complexes were visualized by

a chemiluminescence detection system following the

manufacturer’s instructions (CDP-Star, Applied Biosys-

tems, USA). Quantification of subunit expression was

carried out using UN-SCAN-IT gel 6.1 gel densitometer

analysis software (Silk Scientific Inc., USA).
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Estimation of taurine and Na? transport kinetics

Taurine uptake was estimated on 80% confluent cells grown

in six-well polyethylene plates (9.6 cm2/well) at room

temperature as described previously (Voss et al. 2004).

Cells were washed and incubated with isoosmotic media

containing 3H-labelled taurine (6.3 9 1011 Bq/mmol, 15 or

20 min). For sodium kinetics the extracellular Na? con-

centration was varied between 0 and 150 mM adjusting the

osmolarity with NMDGCl. For taurine saturation kinetics

cells were incubated with isoosmotic NaCl medium with

unlabelled taurine in the concentration from 2 to 100 lM

plus 3H-taurine (0.05 lM). Taurine influx was terminated

by aspirating the extracellular medium followed by rapid

addition and aspiration of ice-cold MgCl2 (2 ml, 100 mM).

Cells were subsequently lysed with ethanol (96%), the

ethanol blown off and the cellular 3H-taurine activity

extracted by addition of ddH2O (1 ml, 2 h). Cell extracts

plus two wash outs were used for estimation of total
3H-taurine (cpm) taken up by the cells at a given time point

by b-scintillation counting, (Ultima GoldTM, Perkin Elmer,

USA). For protein quantification cells in the sixth well of

the polyethylene plates were added isotope-free NaCl

medium, proceeded as the wells for isotope uptake before

wash outs, hydrolysed (NaOH, 24 h) and the protein con-

tents (mg protein per well) estimated by the Lowry method

(Lowry et al. 1951) using BSA as standard. 3H-taurine

influx for sodium kinetics (cpm mg protein-1 per 15 min)

was plotted versus the extracellular Na? concentration

([Na?]) and the curves fitted to a Hill type equation:

Y = (Vmax�[Na?]n)/((Km)n ? [Na?]n). 3H-taurine influx for

taurine kinetics (cpm mg protein-1 per 20 min) was plotted

versus the extracellular taurine concentration ([taurine]) and

fitted to a Michaelis–Menten equation: Y = (Vmax�[tau-

rine])/((Km) ? [taurine]). Vmax is the maximal taurine

uptake, Km is the substrate (Na?/taurine) concentration

required for half maximal taurine uptake and n is the

number of Na? ions required for initiation of the uptake of

one taurine.

Estimation of taurine efflux

Cells were grown as described for estimation of taurine and

Na? transport kinetics. Each well in the six-well polyeth-

ylene plates represented an experimental setup. Cells were

pre-loaded for 2 h in growth medium containing 3H-taurine

(2 lCi/well, 2 h). The medium was aspirated at the end of

the pre-incubation period, the cells washed three times and

left with 1 ml isoosmotic NaCl medium. The taurine efflux

was executed by sampling of the extracellular medium with

2 min interval. Samples were drawn for 30 min with a shift

in tonicity at 8 min. Cells were lysed at the end of the

efflux experiment by addition of NaOH (1 ml, 1 M, 1 h).

The total 3H-taurine in the cell system was estimated as the

sum of 3H-activity in all the efflux samples, the NaOH

lysate plus two wash-outs with ddH2O. For each experi-

mental situation, i.e. well, the natural logarithm to the

fraction of 3H-activity remaining in the cells was calculated

and plotted versus time. The fractional rate constant for the

taurine efflux (min-1) at time (t) was estimated from the

logarithmic (ln) plot as the slope between the time point

and its proceeding time point. Remaining fraction is esti-

mated at time 30 min, i.e. following 22 min of hypotonic

exposure.

Estimation of arachidonic acid release

The protocol followed the protocol outlined for taurine efflux

with the exception that cells were loaded with 3H-arachi-

donic acid (3 lCi/well, 24 h) and that 0.1% BSA was

included in the efflux medium in order to trap released ara-

chidonic acid. Release of 3H-arachidonic is given as a frac-

tional release of the 3H-arachidonic acid pool (% min-1).

Cell volume measurements

Absolute cell volumes were estimated by electronic cell

sizing in a Coulter Multiziser III (100 lm orifice). Cells

(80% confluence) were trypsinated, pelleted by centrifu-

gation (700g, 1 min) and resuspended in isoosmotic NaCl

medium for 5 min at 37�C. For estimation of the absolute

cell volume, an aliquot was transferred to experimental,

filtered media (final cell density & 90,000 cells/ml) and

cell volume distribution curves recorded within the initial

5 min (3–4 estimations per minute). Absolute cell volumes

(10-15 l) were obtained from the median of the distribution

curves, using latex beads (diameter 15 lm) for calibration.

Rate of volume recovery following hypoosmotic exposure

was estimated as the reduction in cell volume within 2 min

following maximal cell swelling.

Estimation of ROS production

Cells, grown on pre-treated cover slips, were washed

two times with PBS and incubated in serum-free growth

medium containing the ROS-sensitive fluorescent probe

carboxy-H2DCFDA (25 lM, 2 h). The cells were subse-

quently washed with isoosmotic NaCl medium and the

cover slip placed in a polystyrene cuvette (50� angle to the

excitation light) in isoosmotic or hypoosmotic NaCl med-

ium. ROS estimation was performed on a thermostatic PTI

Ratio Master spectrophotometer at 37�C. The excitation

and emission wavelengths were 490 nm and 515 nm,

respectively, and data were collected every 2 s. for 200 s.

The initial increase in fluorescence from 0 to 20 s. was

used as an estimation of the ROS production.
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Statistical analysis

Data are presented as mean values ± standard error of the

mean (SEM). Statistical significance was estimated by

paired Student’s t test. For all statistical evaluations P val-

ues \0.05 were taken to indicate a significant difference.

Results

Changed substrate kinetics of TauT following CK2

inhibition

Cancer cells have increased levels of CK2 expression

compared with their tissues of origin (Guerra and Issinger

1999; Sarno and Pinna 2008), and the present investiga-

tion was initiated to test whether increased expression of

CK2 affects regulation of taurine transporting systems,

and their sensitivity towards CK2 inhibitors. We have

previously shown that inhibition of CK2 with DMAT

(2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole)

or TBB (4,5,6,7-tetrabromobenzotriazole) increased tau-

rine uptake via the Na?-dependent taurine transporter

TauT in NIH3T3 cells and that this effect reflected an

increased maximal transport rate (Vmax), an increased

affinity of TauT towards Na? and a reduction in the Na/

taurine stochiometry (Jacobsen et al. 2008). ELA cells

express higher levels of all three CK2 subunits compared

with NIH3T3 cells (Fig. 1) and Table 1 compares the

effect of CK2 inhibition in these two cell lines. We have

used TBCA ((E)-3-(2,3,4,5-Tetrabromophenyl) acrylic

acid) as CK2 inhibitor, which is a TBB derivative and

has been shown to be a more specific and potent CK2

inhibitor compared with TBB and DMAT (Pagano et al.

2008, 2007). From Table 1 it is seen that even though the

Na/taurine stoichiometry in NIH3T3 cells is higher than

in ELA cells (2.6 vs. 1.8), inhibition of CK2 with TBCA

affects NIH3T3 and ELA cells similarly, i.e. Vmax and Km

for taurine are increased, the Na:taurine stoichiometry is

reduced, whereas Km for sodium is unaffected or slightly

reduced. The effect of DMAT on TauT kinetics, taken

as a whole, is similar to the effect of TBCA, with the

exception, that the reduction in Km for sodium is more

pronounced in NIH3T3 cells exposed to DMAT (Jacobsen

et al. 2008).

Reduced taurine release following CK2 inhibition

To test whether CK2 modulates taurine release in parallel

to taurine uptake, we investigated the effect of CK2 inhi-

bition on taurine release under isoosmotic as well as

hypoosmotic conditions in NIH3T3 and ELA cells. In

agreement with previous findings (Lambert 2007), it is seen

from Fig. 2 that taurine release from both cell types, shown

as the fractional rate constant, is low under isoosmotic

conditions, increases significantly following hypoosmotic

exposure and reaches a maximal value 2–4 min following

the osmotic challenge, where later it gradually returns

towards the initial value. The fractional release rate in ELA

reaches a maximum under hypotonic conditions, which is

1.5 fold higher than in NIH3T3 cells [0.07 ± 0.002 min-1

(n = 5) vs. 0.05 ± 0.007 min-1 (n = 11)]. Taurine efflux

is defined as the fractional release rate times the cellular

taurine pool. As ELA cells, in addition to the higher release

rates (Table 1), have a greater cellular taurine concentra-

tion than NIH3T3 cells [17 mM vs. 10 mM (Villumsen

et al. 2010; Moran et al. 1997)]; this cell lines have greater

taurine efflux under isoosmotic as well as hypoosmotic

conditions compared with NIH3T3 cells.

CK2 inhibition by TBCA leads to significant reduction

of the rate constant for taurine release under isoosmotic

condition in NIH3T3 and ELA cells compared with

untreated control cells (Table 1). However, inhibition of

CK2 with TBCA in NIH3T3 and ELA cells does not, in

spite of the reduced isoosmotic release rate; increased Vmax

and reduced stoichiometry for TauT (Table 1), result in

increased long term accumulation of 3H-taurine (24 h,
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Fig. 1 ELA cells express higher levels of CK2 compared with

NIH3T3 cells. Western Blots were prepared and quantified as

described in ‘‘Materials and methods’’. Insert: representative

western-blot comparing NIH3T3 and ELA cells expression levels of

CK2 subunits using b-actin as loading control. Bar diagram CK2

subunit expression was for each sample normalizes to b-actin.

Expression levels of CK2 subunits in ELA cells are given relative to

expression levels in NIH3T3 cells. Values are given as mean ± SEM

and represent three sets of experiments
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Table 1 Effect of CK2 inhibition on TauT kinetics (maximal transport capacity, Na/taurine stoichiometry and affinity towards Na?), taurine

release under isoosmotic conditions and long-term taurine accumulation in NIH3T3 and ELA cells

Cell type Vmax (per cent

of control)

Km for

taurine (lM)

Km for

Na (mM)

Na/taurine

stoichiometri

Isoosmotic release

(per cent of control)

3H-taurine load

(cpm/mg protein)

NIH3T3

Control 100 8 ± 1.4 (3) 90 ± 8 (6) 2.6 ± 0.2 100 1.99 9 106 ± 0.57 9 106 (3)

TBCA 148 ± 13 (3)* 13 ± 1.4 (3)* 79 ± 12 (5) 2.1 ± 0.3 (5)* 66 ± 11 (5)* 1.91 9 106 ± 0.8 9 106 (3)

ELA

Control 100 9.7 ± 1.1 (3) 68 ± 4 (6) 1.8 ± 0.1 (6) 100 2.09 9 106 ± 0.20 9 106 (4)

TBCA 171 ± 31 (5)* 20 ± 3 (3)* 62 ± 4 (5) 1.6 ± 0.2 (5)* 66 ± 14 (5)* 1.86 9 106 ± 0.15 9 106 (4)

Taurin influx was estimated from the 3H-taurine uptake within 15 (Na? kinetics) or 20 min (taurine kinetics) in control cells and TBCA treated

cells (5 lM, 2 h pre-incubation and during experiment). Efflux experiments were conducted and parameters estimated as described in ‘‘Materials

and methods’’ and legend to Fig. 2. Vmax values are given relative to control cells (ELA: 7 ± 1.5 nmol/mg protein•20 min-1; NIH3T3:

6 ± 0.1 nmol/mg protein 20 min-1, n = 3). Isoosmotic release were estimated as the average release rates at time 6–8 min and given relative to

control (NIH3T3: 1.6 9 10-3 ± 2.0 9 10-4 min-1, n = 11; ELA: 1.5 9 10-3 ± 2.7 9 10-4 min-1, n = 5). 3H-taurine load is estimated as

total accumulated activity following 24 h of incubation with or without TBCA. Values are given as mean ± SEM. The number of experiments is

indicated in the parenthesis. *Significant difference from control values
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Fig. 2 CK2 inhibition reduces taurine release in NIH3T3 and ELA

cells. Cells, grown at 80% confluence, were pre-incubated with 3H-

taurine for 2 h, washed in tracer-free, isoosmotic NaCl medium

(NIH3T3 cells: 335 mOsm l-1, ELA cells 300 mOsm l-1) before

being exposed to isoosmotic NaCl (0–8 min) and hypoosmotic NaCl

medium (200 mOsm l-1, 8–30 min). The taurine release was esti-

mated in 2-min intervals and expressed as fractional release rate

constants (min-1). a, b Fractional taurine release rate constants as

function of time in NIH3T3 and ELA Control cells (open symbols)

and cells exposed to TBCA (5 lM, closed triangles) or DMAT

(5 lM, closed squares). TBCA and DMAT were present from 2 h

before and during the efflux experiment. Arrow indicates the

reduction in osmolarity. c Maximal rate constant under hypoosmotic

conditions in the absence (open bars) or presence of TBCA/DMAT

(grey bars). Values are given relative to Control (NIH3T3:

0.05 ± 0.007 min-1; ELA: 0.07 ± 0.002 min-1). d Remaining tau-

rine fraction was estimated at time 30 min., i.e. after 22 min

hypoosmotic exposure in the absence (open bars) or presence of

TBCA/DMAT (grey bars). All values are given as mean ± SEM.

Values for NIH3T3 cells represents 11, 5 and 6 sets of experiments

for Control, TBCA and DMAT, respectively. Values for ELA cells

represent five sets of experiments. Asterisk indicates significant

difference from control values
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Table 1). This inconsistency reflects the accompanying

decrease in TauT taurine affinity resulting in unchanged

actual uptake rate under the experimental conditions where

the substrate concentration is 0.05 lM, i.e. it is signifi-

cantly lower than Km for taurine (Table 1). It is assumed

that under more physiological conditions, where substrate

concentration is 100 lM (Jacobsen and Smith 1968), the

increased Vmax will dominate and taurine uptake increase,

following CK2 inhibition.

From Fig. 2 it is seen that CK2 inhibition by TBCA and

DMAT reduces the maximal fractional rate constants signifi-

cantly under hypoosmotic conditions in NIH3T3 as well as

ELA cells (Fig. 2a–c), and the remaining cellular fraction of
3H-taurine in both cell types, estimated 22 min after hypoos-

motic exposure, is increased by CK2 inhibition when com-

pared with untreated control cells (Fig. 2d). The decreased

fractional release rate following CK2 inhibition reflects

reduced open-probability of the volume-sensitive taurine

efflux system. Thus, the higher fractional release rate in ELA

cells following osmotic swelling, compared with NIH3T3,

could be the result of greater CK2 expression (see Fig. 1).

Indirect, CK2-mediated effect on the inactivation

of the volume-sensitive taurine release

Taking the volume-sensitivity of the swelling-induced

taurine release into consideration, the reduced fractional

release rates following incubation with DMAT and TBCA

(Fig. 2) could reflect an accelerated RVD response caused

by an increased ion loss via volume-sensitive ion channels/

transporters, and hence an accelerated inactivation of the

volume-sensitive taurine release pathway. From Fig. 3a it

is seen that TBCA and DMAT accelerate the RVD

response in NIH3T3 cells following exposure to hypoos-

motic (200 mOsm) NMDGCl medium. Exposing cells to a

greater hypoosmotic challenge (150 mOsm NMDG ringer),

in order to accelerate the RVD even further, results in near

depletion of 3H-taurine (Fig. 3b). However, even under
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Fig. 3 Accelerated volume regulation does not explain decreased

fractional taurine release rates following CK2 inhibition. Experiments

were conducted on NIH3T3 cells grown at 80% confluence. Volume

recovery measurements were conducted as described in ‘‘Materials

and methods’’ using NMDGCl medium. Taurine efflux was conducted

as indicated in the legend to Fig. 2 using NaCl and KCl medium.

TBCA or DMAT (5 lM) when present, was added 2 h prior to and

during the experiment. Symbols are defined in legend to Fig. 2.

a Volume recovery (fl min-1) in cells exposed to hypoosmotic

(200 mOsm) NMDGCl medium in the absence or presence of TBCA

or DMAT and represents 3 and 5 sets of paired experiments for

DMAT and TBCA, respectively. b Remaining taurine fraction

following 22 min exposure to hypoosmotic (150 mOsm) NMDGCl

medium and represents 9, 4 and 5 experiments for Control, TBCA and

DMAT, respectively. c Fractional taurine release rate constants in

KCl ringer as function of time in Control cells and cells exposed to

TBCA or DMAT. Arrow indicates reduction in osmolarity from 335

to 200 mOsm. Number of experiments is 7, 4 and 5 for Control,

TBCA and DMAT, respectively. d Remaining taurine fraction was

estimated at time 30 min., i.e. after 22 min’ hypoosmotic exposure in

the absence or presence of TBCA or DMAT. Number of experiments

is 13, 8 and 9 for Control, TBCA and DMAT, respectively. All values

are given as mean ± SEM. Asterisk indicates significant difference

from Control
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these conditions, TBCA and DMAT increase the remaining

fraction significantly (Fig. 3b).

In order to eliminate the possibility of indirect effect of the

accelerated RVD of CK2 inhibition on the taurine release

rates and remaining fraction we exposed NIH3T3 cells to

hypoosmotic (200 mOsm) KCl medium, i.e. a condition

where the normal RVD response is prevented by the high

extracellular K? concentration (Sarkadi et al. 1984). From

Fig. 3 it is seen that the fractional release rate for taurine in

KCl is increased as a result of osmotic swelling; however, as

the RVD response is prevented, the increased fractional

release rate is maintained during the experiment. The

remaining 3H-taurine fraction is reduced by 40% compared

with cells exposed to hypoosmotic NaCl, i.e. from 56

(Fig. 2d) to 32% (Fig. 3d). Inhibition of CK2 in NIH3T3

cells under the non RVD-permissive conditions results in

decreased taurine release rates (Fig. 3c) and increased

remaining 3H-taurine fraction (Fig. 3d) as seen under RVD-

permissive conditions (Fig. 2). This is taken to indicate that

the reduced fractional taurine release rate under RVD-per-

missive conditions is not indirectly caused by the accelerated

RVD response by TBCA and DMAT. Thus, CK2 is modu-

lating signalling transducers from cell swelling to activation

of the taurine release channel, or the channel directly.

Set-point

Swelling-induced taurine release from NIH3T3 cells is

previously shown to increase with the osmotic challenge

(Lambert 2003). To test whether CK2 affects the initiation of

the signalling pathway via a sensor of cell swelling, i.e. by

changing the volume set-point for the volume-sensitive

taurine release system, we followed taurine release with time

from NIH3T3 cells after exposure to decreasing osmolarities

(isoosmotic: 320 mOsm, hypoosmotic: 285–195 mOsm).

The maximal rate constant, obtained under the hypoosmotic

condition, was used as an indication of the volume-sensitive

taurine release. From Fig. 4 it is seen that there is a signifi-

cant increase in the taurine release rate when cells are

exposed to hypoosmotic NaCl media at 218 mOsm or below.

The volume-sensitive taurine release in TBCA-treated cells

is like the release in the untreated control cells significantly

activated at 218 mOsm and lower osmolarities (Fig. 4),

indicating that CK2 inhibition does not affect the osmolarity

needed for activation of the volume-sensitive taurine release.

Volume-sensitive PLA2 activity

Activation of the intracellular Ca2?-independent PLA2

(iPLA2) and secretory PLA2 (sPLA2) is an upstream event in

the activation of swelling-induced taurine release pathway

in NIH3T3 cells (Lambert and Pedersen 2006; Pedersen

et al. 2006), and it has also been demonstrated that

hypoosmotic cell swelling in the NIH3T3 cells is associated

with loss of arachidonic acid from the nucleus which is

inhibited by the iPLA2 specific inhibitor bromoenol lactone

(BEL; Lambert and Pedersen 2006; Pedersen et al. 2006).

The catalytic activity of iPLA2 (iPLA2b) is inhibited by

calmodulin interaction (Jenkins et al. 2001), and CK2

mediated phosphorylation is reported to inhibit calmodulin

interaction with other proteins (Arrigoni et al. 2004). In the

case of NIH3T3 cells it has previously been shown that

exposure to the calmodulin antagonist W-7 potentiates the

activation of the swelling-induced taurine release pathway

(Lambert 2004). This is confirmed in Fig. 5, where it is

shown that W-7 increases the maximal taurine release rate

constant 1.56 ± 0.14 fold (n = 6). From Fig. 5b, it is seen

that the relative reduction in the maximal release rate con-

stants, induced by TBCA or DMAT, is unchanged in the

presence of W-7, indicating that the inhibition of CK2 does

not affect the taurine release through calmodulin.

iPLA2 has a potential CK2 phosphorylation site (Man-

cuso et al. 2000), and CK2 phosphorylation of sPLA2-IIA

has been shown to stimulate the PLA2 activity in vitro

(Shimoyama et al. 2001). Inhibition of iPLA2 with BEL and

sPLA2 with manoalide has previously been shown to reduce

the release of arachidonic acid to the extracellular com-

partment under hypoosmotic conditions in NIH3T3 cells
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Fig. 4 CK2 inhibition does not affect the set-point for activation of

the volume-sensitive taurine release. NIH3T3 cells, grown at 80%

confluence, were pre-incubated with 3H-taurine for 2 h. The cells

were exposed to isoosmotic NaCl medium (335 mOsm l-1, 0–8 min)

and hypoosmotic NaCl medium (300 to 200 mOsm l-1, 8–30 min).

The fractional taurine release was estimated in 2-min intervals and

expressed as fractional release rates (min-1). The maximum frac-

tional release rate was determined for each osmolarity in the absence

(Control, open symbols) or presence of TBCA (5 lM, closed symbols)

and plotted against the measured values for the extracellular

osmolarity (depression of freeze-point, Knauer osmometer auto-

matic). x indicates significant difference compared with isoosmotic

values, asterisk indicates significant difference from Control cells at

equivalent osmolarity. Data are given as average values ± SEM and

represents four sets of experiments
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(Pedersen et al. 2006). From Fig. 6a it is seen that there is a

significant increase in released 3H-activity from NIH3T3

cells, pre-loaded with 3H-labelled arachidonic acid, within

4 min following hypoosmotic exposure (200 mOsm).

Using the release of 3H-arachidonic acid at time 6–8 min

(isoosmotic condition) and the average release at time

12–20 min (hypoosmotic condition), it is estimated that

osmotic swelling increases the fractional release of arachi-

donic acid from 0.03 to 0.06% (Fig. 6a). The swelling-

induced arachidonic acid release is unaffected by DMAT

(Fig. 6b, d), whereas it is significantly reduced in the

presence of TBCA (Fig. 5c, d). It is plausible that the effect

of TBCA on arachidonic acid release is not directly medi-

ated by CK2 as DMAT exposure does not result in similar

results. Such a significant reduction in arachidonic acid

mobilization would be expected to result in severe retar-

dation of the general RVD response, including potassium

and chloride release, which on the contrary was stimulated

following treatment with TBCA (Fig. 3a).

Swelling-induced ROS production and ROS mediated

potentiation of the volume-sensitive taurine release

NIH3T3 cells express the regulatory NADPH oxidase

subunits p67phox, p47phox, p22phox and the catalytic subunits

NOXO1, NOX4 and DUOX2 with NOX4/p22phox being

sufficient for generation of ROS (Friis et al. 2008). p47phox

does not seem to be directly required for the swelling-

induced potentiation of the ROS production in NIH3T3

cells (Friis et al. 2008) although the role of p47phox and

p67phox is unclear. On the other hand, CK2 has been shown

to phosphorylate p47phox thereby potentially inhibiting the

activation of the NADPH-oxidase (Park et al. 2001), giving

CK2 a putative role in regulation of ROS production in the

NIH3T3 cells. To test the effect of TBCA and DMAT on the

swelling-induced increase in the ROS production, we used

the ROS-sensitive fluorescent probe carboxy-H2DCFDA. In

agreement with previously published data (Lambert 2007;

Friis et al. 2008) it is seen in Fig. 7a, b, that exposure to

hypoosmotic media (200 mOsm) results in a significant

increase in ROS production in NIH3T3 cells. Using the

initial increase in fluorescence intensity following hypoos-

motic exposure as an estimate of the ROS production it is

seen from Fig. 7b that exposure to TBCA and DMAT has

no effect on the ROS production under isoosmotic condi-

tions, whereas inhibition of CK2 has a tendency to poten-

tiate the swelling-induced increase in the ROS production.

It is estimated that exposure to DMAT potentiates the

swelling-induced ROS production 1.6 fold (Fig. 7b).

However, an increase ROS production would lead to a

potentiation of the swelling-induced taurine release and not,

as observed, a decrease in the release (see Fig. 2).

To test whether the reduced taurine release seen in CK2

inhibited cells could reflect a reduced sensibility towards

ROS, we followed the effect of 0.5 mM H2O2 on the tau-

rine release under isoosmotic and hypoosmotic conditions

(200 mOsm) in control cells and cells treated with TBCA.

In agreement with previously published data (Lambert

2003), it is seen from Fig. 7c that H2O2 exposure does not

affect the taurine release rates under isoosmotic conditions,

whereas it significantly potentiates the release rates fol-

lowing hypoosmotic exposure. Exposure to TBCA leads to
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Fig. 5 Reduction in volume-sensitive taurine release following CK2

inhibition does not involve calmodulin. NIH3T3 cells were prepared

and the taurine efflux conducted as indicated in the legend for Fig. 2.

DMAT (5 lM) and TBCA (5 lM), when present, were added 2 h

prior to and present during the efflux experiment. The calmodulin

inhibitor W-7 (50 lM) was only present during the efflux experiment.

a Time trace of fractional release rates in Control cells (open symbols)

and cells exposed to W-7 (closed symbols). Reduction in osmolarity

(335 to 200 mOsm l-1) is indicated by the arrow. b Maximal

fractional release constant for taurine in hypoosmotic NaCl medium

in the absence (Control, white bar) or presence of TBCA/DMAT

(grey bars) and/or W-7 (hatched bars). Values are given relative to

Control (0.031 ± 0.002 min-1) or W-7 (0.047 ± 0.004 min-1). Data

represent 5, 4, 4 and 5 sets of paired experiments for TBCA, DMAT,

W-7 plus TBCA and W-7 plus DMAT, respectively. c Inactivation of

the taurine release following 22 min’ hypoosmotic exposure in the

absence (Control, white bar) or presence of TBCA/DMAT (grey bars)

and/or W-7 (hatched bars). Data represent 6, 6, 5, 5, 4 and 5 sets of

experiments for Control, W-7, TBCA, W-7 plusTBCA, DMAT, and

W-7 plus DMAT, respectively. Asterisk indicates significant differ-

ence from Control. #Significant difference from W-7 treated cells
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a significant reduction in maximal release rates in the

ROS-stimulated cells (Fig. 7c), and it is estimated that the

relative reduction in the maximal rate constant in H2O2-

treated cells is similar to the relative reduction in cells not

stimulated by H2O2 (Fig. 7d). Hence, the effect of CK2

inhibition on the taurine release under hypoosmotic con-

ditions seems not to involve the ROS mediated regulation.

Effect of CK2 inhibition on tyrosine phosphotases

and PI3K/PTEN signalling

Inhibition of protein tyrosine phosphatases with vanadate

has been shown to potentiate the maximal release rate con-

stant and delay the inactivation of the volume-sensitive

taurine release pathway in NIH3T3 cells, whereas inhibition

of protein tyrosine kinases not only inhibits the activation of

the efflux pathway but also eliminates the effect of phos-

phatase inhibition (Lambert 2003). Data in Fig. 8 confirm

the effect of vanadate on taurine release under hypoosmotic

conditions in NIH3T3 cells. The potentiating effect of

vanadate is completely lifted by TBCA, and there is no

significant difference in the maximal release rates under

hypoosmotic conditions in TBCA-treated and in TBCA-

plus vanadate-treated cells (Fig. 8). The effect of TBCA on

the maximal rate constant is similar to the tyrosine kinase

inhibitor genistein (Lambert 2004), i.e. there is no significant

difference in maximal rate constants for control and vana-

date-treated cells in the presence of TBCA (P [ 0.2, n = 3).

This is taken to indicate that CK2 modulates the tyrosine

phosphorylation state of the taurine release pathway or a

signalling component leading to its activation.

CK2 is known to reduce the activity of PTEN, and to

increase PTEN stability as well as membrane localization

(van Diepen et al. 2009; Silva et al. 2008). PTEN antag-

onises PI3K signalling. Furthermore, PTEN is inhibited by

reactive oxygene species (Silva et al. 2008) and possibly by

vanadium compounds (Lai et al. 2007; Schmid et al. 2004).

Hence, PTEN is a potential downstream signalling trans-

ducer in the swelling-induced taurine release pathway. We

used the specific PTEN inhibitor HOpic and the PI3K
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Fig. 6 Effect of CK2 inhibition on swelling-induced arachidonic acid

release. NIH3T3 cells, grown at 80% confluence, were pre-incubated

with 3H-labelled arachidonic acid for 24 h before the experiment.

DMAT (5 lM) and TBCA (5 lM) when present were added 2 h prior

to and present during the release experiment. The arachidonic acid

release experiment was performed by reducing the medium osmolar-

ity (335 to 200 mOsm l-1) and estimating the arachidonic acid

release (%) as described in ‘‘Materials and methods’’. a–c Time traces

of arachidonic acid release from Control cells (a), cells exposed to

DMAT (b) or TBCA (c). Reduction in osmolarity is indicated by the

arrow. x represents significant increase in arachidonic acid release

compared with isoosmotic conditions. d Increase in arachidonic acid

release following reduction in osmolarity (x), calculated as the

difference in release during isoosmolarity (time 6–8 min) to average

release during hypoosmolarity (time 12–20 min) and presented as

increase in percentage points. Asterisk indicates significant difference

compared with control
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inhibitor Wortmannin in order to determine whether CK2

regulates the volume-sensitive taurine release via PTEN/

PI3K signalling. It is seen in Fig. 8a that inhibition of

PTEN and PI3K increases and reduces the swelling-

induced taurine release, respectively. Furthermore, TBCA

treatment decreases the swelling-induced taurine release

even under conditions where PTEN is inhibited (Fig. 8c).

The effects of TBCA and Wortmannin on taurine release

are not additive, i.e. the decrease in maximum taurine

release rate in the presence of Wortmannin plus TBCA is

not more pronounced than with TBCA alone (Fig. 8c).

These results are taken to indicate that CK2 could modulate

signalling downstream to PI3K. However, this modulation

does not necessarily involve inactivation of PTEN.

GSK3 is inactivated by Akt/PKB, the activity of which

is increased by PI3K following cell swelling (Wang et al.

2004; Nielsen et al. 2008), and GSK3 phosphorylation is in

some cases primed by CK2-mediated phosphorylation (Fiol

et al. 1987). As TBCA as well as DMAT, in addition to

CK2, are reported to inhibit GSK3 (Pagano et al. 2008,

2007), the effect of these inhibitors on the taurine release

rates could be (1) a direct effect of CK2 inhibition, (2) an

indirect effect of GSK3 inhibition and (3) inhibition of

CK2, affecting a priming phosphorylation for GSK3 in

conjunction with general inhibition of GSK3 activity. In

order to determine whether TBCA and DMAT have these

putative off-target effects on the taurine release pathway,

we examined the effect of GSK3 inhibition using the

specific GSK3 inhibitor SB216763. From Fig. 8b, c it is

seen that inhibition of GSK3 with SB216763 results

in significantly reduced taurine release rate following

hypoosmotic exposure. However, the time trace of taurine
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Fig. 7 Effect of CK2 inhibition on the production of, and sensitivity

towards, reactive oxygen species. The production of reactive oxygene

species and the sensitivity towards H2O2 stimulation were estimated in

NIH3T3 cells (80% confluence) in the absence (Control) or presence of

TBCA or DMAT (5 lM) as described in ‘‘Materials and methods’’.

Taurine efflux was conducted as indicated in the legend to Fig. 2. H2O2

(0.5 mM) was only present during the efflux experiment. a Time traces

of fluorescence intensity (arbitrary units) from cells in isoosmotic

medium, hypoosmotic medium and cells pre-treated with DMAT in

hypoosmotic medium. b Initial increase in fluorescence intensity

(0–20 s) in isoosmotic and hypoosmotic media in the absence (Control,

white bars) or presence of TBCA/DMAT (grey bars), was used as an

estimate of the ROS production. c Time trace of fractional release rates

in Control cells (open circles), cells exposed to H2O2 (open squares)

and cells exposed to H2O2 plus TBCA (closed squares). Reduction in

the osmolarity (335–200 mOsm l-1) is indicated by the arrow.

d Maximal fractional release constant for taurine in hypoosmotic NaCl

medium in the absence of TBCA (white bars), in the presence of TBCA

(grey bars), H2O2 (hatched bars), and TBCA plus H2O2 (grey, hatched
bars). Values for a and b are presented as average ± SEM and represent

11, 9, 5, 4, 5 and 3 experiments for isoosmotic Control, hypoosmotic

Control, isoosmotic plus TBCA, hypoosmotic plus TBCA, isoosmotic

plus DMAT and hypoosmotic plus DMAT, respectively, Asterisk
indicates significant different ROS production compared with the

isoosmotic Control. #Significant larger ROS production compared with

hypoosmotic Control. c, d Represent 8, 6 and 7 sets of experiments for

TBCA, H2O2 and H2O2 plus TBCA, respectively. Values for d are given

relative to Control cells (0.030 ± 0.002 min-1) or H2O2 treated cells

(0.114 ± 0.011 min-1), Asterisk indicates significant difference from

Control or H2O2 treated cells
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release rates in the presence of SB216763 differs from that

of TBCA or DMAT, i.e. there is no inactivation of the

taurine release pathway in the presence of SB216763

(compare Figs. 2, 8b). Furthermore, inhibition of GSK3

does not affect the isoosmotic taurine release rates

(90 ± 17% of control, n = 3), and SB216763 in combi-

nation with TBCA has an additive effect on the swelling-

induced release rates (Fig. 8c). Together, these data are

taken to indicate that GSK3 and CK2 affect the taurine

release via separate signalling pathways.

Discussion

CK2 regulates active taurine uptake via TauT

and passive taurine release via the volume-sensitive

transporter for organic osmolytes

CK2 inhibition results in changed TauT kinetics, i.e. Vmax

and Km for taurine are increased, the Na:taurine

stoichiometry is reduced, whereas Km for sodium is slightly

(TBCA, Table 1) or significantly [DMAT, (Jacobsen et al.

2008)] reduced. The response towards CK2 inhibition on

the taurine uptake kinetics is similar in NIH3T3 and ELA

cells, the latter of which express increased levels of regu-

latory and catalytic subunits of CK2. If CK2 expression

levels correlate with TauT kinetics, we would expect that

the increased expression of CK2 in ELA cells should result

in TauT kinetics opposite to that seen in CK2-inhibited

cells. This is not the case, and we currently assume that

normal function of TauT depends on CK2 activity, but is

unaffected by changed CK2 expression levels.

Inhibition of CK2 limits the open-probability of the

taurine release pathway in NIH3T3 and ELA cells under

isoosmotic as well as hypoosmotic conditions (Fig. 2;

Table 1). The taurine transporters involved in taurine efflux

under isoosmotic and hypoosmotic conditions have not yet

been identified. However, the taurine efflux differs from

taurine uptake by TauT as it has different pH profile and is

sodium independent (Lambert 2004; Lambert and
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Fig. 8 Potentiation of the volume-sensitive taurine release by

vanadate and HOpic in NIH3T3 cells is reduced by CK2 inhibition.

NIH3T3 cells were prepared, the taurine efflux conducted and release

rates calculated as indicated in legend for Fig. 2. TBCA and

SB216763 (5 lM), when present, were added 2 h prior to and present

during the efflux experiment. Wortmannin, when present, was added

20 min prior to and during the experiment. Vanadate (50 lM) and

HOpic (5 lM) were only present during the efflux experiment.

a Time trace of fractional release rates in Control cells (open circles),

cells exposed to vanadate (closed squares), HOpic (closed circles)

and Wortmannin (closed triangles). Reduction in osmolarity

(335–200 mOsm l-1) is indicated by the arrow. b Time trace of

fractional release rates in Control cells (open circles) and cells

exposed to SB216763 (closed circles). Reduction in osmolarity is

indicated by the arrow. c Maximal fractional release constant for

taurine in hypoosmotic NaCl medium in the absence (white bars) or

presence of TBCA (grey bars). Values are given relative to Control

cells and the number of paired experiments is: 21 (Control, TBCA), 3

(Vanadate ± TBCA), 4 (HOpic ± TBCA), 3 (Wortman-

nin ± TBCA), 3 (SB216763 ± TBCA). Asterisk indicates significant

difference from Control, #Significant effect of TBCA and ¤ indicates

additive effect of TBCA
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Hoffmann 1993). Several translation products of TauT

have been demonstrated in various cell types (Jacobsen

et al. 2008; Poulsen et al. 2002; Voss et al. 2004). TauT

contributes to isoosmotic taurine release, whereas it does

not contribute to swelling-induced taurine release (Lambert

2004; Voss et al. 2004). The swelling-induced taurine

efflux system is, in contrast to the isoosmotic taurine

release system, sensitive towards inhibition by DIDS

(Villumsen et al. 2010), and stimulation by ROS (Lambert

2003), indicating that swelling-induced taurine release is

independent of TauT. Isoosmotic and hypoosmotic release

are, however, both sensitive to CK2 inhibition.

Our observations also indicate that despite the reduced

open-probability of the taurine leak pathways following

inhibition of CK2, the overall volume restoration following

osmotic cell swelling is accelerated. The K? permeability is

rate limiting the RVD response in NIH3T3 cells following

osmotic cell swelling (Lambert 2007), i.e. an increase in the

K? permeability will accelerate not only loss of KCl and

hence volume restoration but also the inactivation of the

volume-sensitive taurine release pathway. CK2 plus the

protein phosphatase 2A (PP2A) co-associate with small

conductance, calcium-activated potassium channels (SK),

and it has been shown that CK2-phosphorylation of CaM

inactivates the SK-channel by reducing the Ca2? sensitivity

of the system, whereas the activity of PP2A increases the

Ca2? sensitivity (Bildl et al. 2004; Allen et al. 2007).

Whether CK2 modulates the RVD response through vol-

ume-sensitive (TASK2) or SK-channels, is to be deter-

mined. However, inhibition of CK2 still limits taurine

release even when the RVD response is prohibited by high

extracellular K?, indicating that the effect of the CK2

inhibitors on the fractional release rates are caused by

direct modulation of the taurine release pathways or

signalling transducers controlling open possibility of the

pathways.

CK2 regulates taurine release downstream to known

volume-sensitive signal transducer

CK2 inhibition does not seem to interfere with the set-point

for taurine release, mobilization of arachidonic acid by

PLA2 or generation of/sensitivity towards ROS. ROS are

known to inhibit multiple phosphatases including protein

tyrosine phosphatases (Lee et al. 1998), as well as protein

serine-threonine phosphatases (Rao and Clayton 2002).

Previous studies have shown that the broad range tyrosine

phosphatase inhibitor vanadate potentiates the swelling-

induced release of taurine, and inhibition of tyrosine

kinases with genistein not only prevents the activation of

the volume-sensitive taurine release pathway but also

suppress the vanadate-induced potentiation in NIH3T3

cells (Lambert 2003). Thus, tyrosine kinase activity is a

prerequisite for activation of the volume-sensitive pathway

for organic osmolytes in NIH3T3 cells. Inhibition by

TBCA completely lifts the effect of vanadate on the

swelling-induced taurine release (Fig. 8). This response is

similar to the effect of genistein (Lambert 2004), indicating

that CK2 could affect the activity of a tyrosine kinase,

either directly or indirectly.

Inhibition of PI3K results in decrease taurine release

following cell swelling and as PTEN antagonizes PI3K

signalling, the increased taurine release following inhibi-

tion of PTEN is in line with the involvement of PI3K/

PTEN in the swelling-induced activation of VSOAC

(Wang et al. 2004). As CK2 is known to inhibit PTEN

(Silva et al. 2008) we expected that inhibition of PTEN

would render CK2 inhibition ineffective. However, expo-

sure to TBCA results in decreased taurine release rates

even when PTEN is inhibited, indicating that CK2 does not

regulate taurine release through PTEN.

We demonstrate that inhibition of GSK3 results in

reduced taurine release rate and that inhibition of CK2 is

additive with inhibition of GSK3. This indicates that both

of these kinases are positive regulators of the swelling-

induced taurine release pathway and that they are involved

in parallel signalling pathways. Akt/PKB is known to

phosphorylate and inactivate GSK3b in response to insulin

or PI3K activation and as GSK3 is a positive regulator of

the taurine release pathway, this would seem to be in

conflict with the positive effect of inhibiting PI3K on

taurine release. However, Akt/PKB phosphorylation inac-

tivates only a specific subpopulation of GSK3b that

requires substrates which are primed through phosphory-

lation (Weston and Davis 2001). Thus, priming of GSK3

targets by CK2, would in this case not be necessary for

GSK3b activity, explaining why inhibition of GSK3 and

CK2 are additive even in the presence of activated Akt/

PKB.

Figure 9 summarises our present knowledge of swell-

ing-induced activation of the release pathway for the

organic osmolyte taurine. At least three separate signalling

cascades are activated in parallel by unknown sensors of

cell volume, and activation of PLA2, NADPH oxidase and

PI3K can be considered upstream events. Cross-talk

appears between the three pathways, i.e. ROS potentiate

the signalling cascades initiated by PLA2 and PI3K,

whereas lysophospholipids, generated by PLA2 stimulates

the NADPH oxidase. The exact role of PDK1 and SGK in

volume-sensitive taurine release requires further experi-

ments. Inhibition of CK2 has no effect on PLA2 activity

and ROS production by NADPH oxidase, whereas it lifts

the effect of PTEN and PTP inhibition. It is suggested that

CK2 regulates the taurine release downstream to PLA2,

PTP and PI3K. The volume-sensitive efflux pathway for

taurine has to be cloned in order to determine CK2
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phosphorylation sites and whether CK2 modulates channel

activity directly.

CK2: a putative manager of volume regulatory systems

and cell fate

CK2 expression is upregulated in several cancer types,

including ELA cells, as a result of dysfunctional regulation

caused by the already high proliferative state (Guerra and

Issinger 1999; Trembley et al. 2009; Ahmad et al. 2008).

Down-regulation of CK2 by RNA interference results in

inhibition of cell-cycle progression, as well as sensitization

towards apoptosis (Guerra and Issinger 1999; St-Denis and

Litchfield 2009). CK2 is, in addition to being vital to cell

cycle, a potent suppressor of apoptosis as the CK2 phos-

phorylation sequence often is a part of the caspase con-

sensus sequence (Ortenblad et al. 2003). Cancer-treatment

by targeting CK2 is now under investigation (see (Zhu

et al. 2009; Ruzzene and Pinna 2010)). Apoptosis is

accompanied by net loss of organic osmolytes in parallel to

loss of potassium and chloride, and inhibition of the vol-

ume-sensitive ion channels impairs the apoptotic response

(Poulsen et al. 2010). Our data indicate that inhibition of

CK2 results in accelerated RVD-response even though the

open-probability of the taurine efflux pathways is reduced.

Thus, inhibition of CK2 as a part of cancer-treatment will

promote reduction in cell volume and hence the apoptotic

process. Whether the effect on the taurine transport sys-

tems, i.e. reduced open-probability of the release systems

and increased taurine uptake by TauT, will affect the

apoptotic process is currently under investigation.
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