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Absiract The involvement of WNK3 (with no lysine [K]
kinase) in cell volume regulation evoked by anisotonic
conditionis was investigated in two modified stable lines of
HEK?293 cells: WNK3+, overexpressing WNK3 and
WNK3-KD expressing a kinase inactive by a punctual mu-
tation (D294A) at the catalytic site. This different WNK3
functional expression modified intracellular CI” concentra-
tion with the following profile: WNK3+>control>WNK3-
KD cells. Siimulated with 15 % hypotonic soluiions, WNK3
+ cells showed less efficient RVD (13.1 %), lower CI” efflux
and decreased (94.5 %) KCC activity, WNK3-KD cells
showed 30.1 % more efficient RVD, larger Cl™ efflux and
5-fold higher KCC activity, increased since the isofonic
condition. Volume-sensitive CI~ currents were similar in
controls, WNK3+ cells, and WNK3-KD cells. Taurine ef-
flux was not evoked at H15%. These results show a WNK3
influence on RVD in HEK293 cells via increasing KCC
activity. Hypertonic medium induced cell shrinkage and
RVI. In both WNK3+ and WNK3-KD cells, RVI and
NKCC activity were increased, in WNIC3+ cells presumably
by enhanced WKCC phosphorylation, and in WNK3-KD
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cells via the [Cl]; reduction induced by the higher KCC
activity in characteristic of these cells. These results support
the role of WNK3 in modulation of intracellular CI” con-
centration, in RVD, and indirectly on RV, via its effects on
KCC and NKCC activity. WNK3 in HEK293 cells is
expressed as puncfa at the intercellular junctions and dif-
fusely at the cytosol, while the inactive kinase was found
concentrated at the Golgi area. Cells with inactive WNK3
exhibited a marked change of cell phenotype.

Keywords RVI - RVD - NKCC - KCC - Osmolarity -
Kinase - SPAK

Introduction

Each cell lincage has a characteristic volume that is main-
tained within narrow ranges of variation along the cell life.
This ability to maintain a constant volume is present in most
cell types and has been preserved through evolution. In
terrestrial species, the osmolarity of the external milieu is
strictly regulated and most cells are not exposed to changes
in external osmolarity. Exceptions are intestinal cells and
some cells from the renal system, which are physiologically
exposed to broad variations in osmolarity. Adaptive mech-
anisms for cell volume regulation facing a variation in
external osmolarity are based on increasing water fluxes in
the necessary direction to restore the osmotic equilibrium,
The cell decrease facing hypotonic swelling is known as
regulatory volume decrease (RVD), and the cell volume
gain after hypertonic shrinkage is the regulatery volume
increase (RVI). Volume regulation is an active process
which occurs even if the external anisofonic condition per-
sists, and is achieved in most cases by franslocation of
osmotically active solutes between the extracellular and
intracellular compartments, modifying the water potential.
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Osmolytes involved are those present in concentrations suf-
ficiently high as to make a significant contribution to water
potential. The ions Na*, IK*, and CI7, and the organic osmo-
Iytes, Amino acids, polyalcohols, urea, and creatining, are
the main osmolytes involved in volume regulation, Na* and
CI™ for RVI and K* and CI™ for RVD. Cotransporters or/and
channels accomplish the osmolyte translocation [14, 31].

The electroneutral cation—chloride coupled cotransporters
(SLCI2A family) involved in volume regulation are the NCC
and NKCC1/2 for RVI and KCCs for RVD [9, 42]. Volume-
responsive K™ and CI” channels also participate, particularly
during RVD. Organic osmolytes are translocated by Na*-
dependent cotransporters during RVI and by diffusion path-
ways in RVD [14, 34, 35]. Cell volume sensors and the
signaling chains activating the regulatory cotransporters are
poorly known. Tt has been proposed that WNKs may be part
of these transduction mechanisms [32). WNKs are a family of
serine~threonine protein kinases widely distributed in mam-
malian cells and tissues, regulating the activity of ion channels
and cotransporters [19, 26, 46]. Four members of the WNK
family, WNK1-4, have been identified [18, 19]. WNKI and
WNK4 are responsive to hypertonicity [23, 43, 46, 47] and
regulate the activity of the ion cotransporters [18, 19, 46].
WNK increases NKCC1 activity [1] and WNK4 decreases
the activity of KCCs [8, 10]. WNK3 is of particular interest
because it reciprocally regulates the activity of both NKCCs
and KCCs. In the heterologous expression system of Xenopus
laevis oocytes, WNK3 activates NKCC1, NKCC2, and NCC
and inactivates the KCCs [5, 18, 37, 39]. The catalytically
inactive version of WNK3 obtained by substitution of the
aspartate 294 for alanine (WNIK3-D294A) does the opposite:
inhibition of NKCCs and activation of KKCCs under isotonic
conditions, with lower activation by changes in exfernal os-
molarity [32]. The ktiown contribution of these transporters on
volume regulation, prompted us to investigate the influence of
WNK3 on RVD and RVI in a mammalian cell system, the
embryonic renal cell line HEK293. For this purposs, two
stable transformed cell lines were created that either over-
express the wild-type WNK3 or a catalytically inactive form,
the WNK3-D294A. The activity of KCC, the volume-
sensitive CI” currents, the infracellular CI™ levels, and RVD
were examined in the two cell lines, NKCC1 activity and RVI
were also investigated. The cell localization and transtocation
of WNK3 in response to changes in cell volume were
examined.

Materials and methods
Stable cell lines and cell culture

The full-length human WNK3 ¢DNA was subcloned into the
mammalian expression vector pcDNA3.I/NT-GFP TOPO
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(Invitrogen) with 5’ Kprl and 3" Notl restriction sites. WNK3
was fused in fiame to the 3' end of the GFP. Site-directed
nmtagenesis was performed on WNK3 cDNA to generate
kinase dead WNK3-KD uging the QuikChange Mutagenesis
kit (Stratagene). All constructs were verified by automatic
DNA sequencing. To generate the stable cell lines, HEK293
cells grown on 35-mm diameter dishes (90 % confluence) were
transfected with 1 pg of each construct (pCDNA-WNK3,
pCDNA-WNK3-KD, or empty vector) using Lipofectamine
2000® (lavifrogen) according the manufacturer’s protocol.
After 24 h, transfected cells were selected in a medium supple-
mented with 3 mg/ml G418 (Calbiochem, Merck Millipore),
and the culture medium was replaced every 36 h maintaining
the antibiotic. After 2 weeks, fluorescent single clones were
isolated and subcultured in selection media (1 mg/ml G418).
The presence of the endogenous and overexpressed WNK3-
GFP protein was detected by immunobloting assay.
HEK293, empty vector (V), overexpressing WNK3
(WNK3+), and WNK3-KD cell lines were maintained in
Dulbecco’s Modified Eagle Medium supplemented with
10 %% FBS, 50 U/ml penicillin, and 50 pg/ml streptomycin
(all from GIBCO), in a humidified atmosphere containing
5% CO, and 95 % air at 37 °C. Cells were plated on 35-mm
dishes at 1.5%10% cells/dish for *H-taurine release and
Rubidium-86 (**Rb) uptake (American Radiolabeled Chem-
icals and PerkinElmer, respectively), and at 25x 10% celis/
dish for intracellular C1™ assays and for electrophysiological
recordings. Cells were used after 2-3 days of plating.

Western blot analysis

For immunoblotting assays, cells cultured on 60-mm dishes
were washed, and then scraped info lysis buffer containing
20 mM Tris/HCE pH 7.4, 1 mM EDTA, 50 mM NaCl, 1 mM
BGTA, 1 % Triten X-100, 0.5 mM NazVO,, and | mM 2-
glycerophosphate, Cell homogenates were sonicated and clavi-
fied by centrifugation for 5 min at 11,000xg and protein con-
centration determined by the Bradford method. Then, 80 ug of
protein was separated by SDS-PAGE (7.5 % acrylamide gel)
and transferred onto PYDF membranes (Bio-Rad). Membranes
were blocked with TBS-T (Tris-buffered saline/Tween 20,
100 mM Tris/HCl, 150 mM NaCl, and 0.1 % Tween 20,
PH 7.5) containing 5 % (w/v) non-fat dried milk and incubated
(1:1,000) overnight at 4 °C, with the rabbit primary antibodies
anti-WNK3 (Alpha Diagnostic International), anti-GFP or anti-
f aciin (Santa Cruz Biotechnology). After further washing,
blots were incubated with HRP-conjugated goat anti-rabbit
TgG antibody (1:7,500; Zymed) for 1 h at room temperature.
Chemoluminiscent reaction was assayed using ECL®-Plug
‘Western Blot Detection Reagents (GE Healthcare) according
to the manufacturer’s recommendations, and bands were visu-
alized with exposition to Kodak BioMax light films (Sigma).
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Imnmnocytochemistry

Cells cultured on round cover glasses (25x 10? cells in 35-
mm dishes) were fixed with 4 % paraformaldehyde
(15 min), washed (three times, 5 min each) with PBS+
0.1 % BSA, permeabilized/blocked with PBS+0.1 % BSA+
10 % goat serum~+0.3 % Triton 100x, during 1 h, at room
temperature. Cover glasses were incubated with the antibodies
rabbit anti-WNK3 (1:100, Aipha Diagnostic International),
mouse anti-occludin (1:100, Zymed), or mouse anti-golgin-
97 (1:60, Molecular Probes) ovemight at 4 °C. Afier incuba-
tion, cells were washed and incubated with the secondary
antibodies FITC conjugated goat anti-rabbit 1gG (1:250,
Zymed) or CY5-conjugated goat anti-mouse 1gG (1:250, Mo-
lecular Probes) at room temperature for | h and washed. The
coverslips were mounted on glass slides containing 20 ul
Vectashield mounting medium with DAPT {Vector Laborato-
ries). Microphotographs were obtained on a confocal micro-
scope {Olympus FluoView FV1000),

Measurement of changes in cell volume

Cell volume changes in the experimental conditions were
measured as the cell volume decrease or increase relative to
volume in isotonic conditions. Isotonic medium contained (in
mM): 160 NaCl, 5 KClL, 1.17 MgSQ,, 1 CaCl,, 10 glucose,
and 10 HEPES, pH 7.4, with an osmolarity of 350 mOsm. The
composition of this medium was made o match the osmolar-
ity of the culture medium (345+5 mOsm) in which the cells
are grown. Osmolarities of media and solutions were deter-
mined with a freezing point osmometer (Osmefte A, Precis-
sion Systems Inc, Natick, MA). Volume measurements were
carried out using a large angle light scattering system accord-
ing to [36]. Cells were cultured on rectangular cover glasses
(1050 mm) at 90 % confluence at the time of experiments.
Cover glasses were placed at a 50° angle relative to the
ineident light in a cuvette with 1 ml of isotonic medium in a
Fluoromax-3 Horiba luminescence spectrometer. Cells were
excited at 585 nm with an argon arc lamp and light scattering
was detected at the same wavelength. Cells were maintained
during 100 s in isotonic solution (2 ml). The hypotonic solu-
tion (298 mOsm) was obtained by adding to the cuvette 1 ml
of a solution containing the reduced NaCl concentration re-
quired {o reach 298 mOsm, i.e., 15 % hypotonic. The hyper-
tonic {600 mQOsm) sohition was obtained by addition to the
cuvette of 1 ml of the isotonic medium plus 500 mM sorbitol,
to reach a final osmolarity of 660 mOsm. Results are
expressed as the inverse of the emission signal as light inten-
sity inversely correlates with cell volume, according to the
equation 1/7, (where 1, is the emission signal average when
basal signal has been reached just before the stimulus; /, is the
emission signal at time £).
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Electrophysiological recordings and data analysis

Electrophysiological recording was carried out on cells
seeded on 35-mm dishes. Currents were measured with an
Axopatch 200 patch-clamp amplifier (Axen Instruments,
Molecular Devices, Ontario, Canada) using the whole-cell
patch clamp configuration. All recordings were performed
at room temperature (25 °C). Paich electrodes were prepared
from 1.5-mm OD, 1.0-mm 1D borosilicate glass (World
Precision Instruments, FL, USA), and had resistances be-
tween 3 and 5 M{) when filled with the pipette solution. The
recorded signal was filtered at 10 kHz with a low-pass
Bessel filter and transferred to a computer with the Digidata
1200 interface {Axon mstruments). All recordings were
acquired and analyzed with pCLAMP6 software (Axon
Instruments). Whole-cell currents were elicited by 300 ms
duration voltage steps ranging from —100 to +10¢ mV in
20 mV increments, from a holding potential of 0 mV. The
voltage protocol was carried out every 2 min and the current
at 100 mV monitored to insure steady-state recordings. To
express currents as current densities, the capacitance of the
cell was measured at the beginning of the whole-cell record-
ing by integrating the capacitive current transient. The stan-
dard pipette solution contained (in mM): 117.5 CsCl, 20
TEA-CI, [ MgCl,, 10 HEPES, 1 EGTA, 0.7 CaCl, (approx-
imately 200 nM buffered calcium), 44 mannitol, and 5 Mg
ATP, pH 74 and 335 mOsm. The bath solution had the
following composition (in mM): 135 NaCl, 5 KCl, 1.7
MgS0y, 1 CaCly, 5 glucose, 10 HEPES, 50 mannitol,
pH 7.4, and 350 mOsm. The hypotonic bath solution
(298 mOsm) was prepared by omitting mannitol from the
standard bath solution, This procedure did not alter the C1”
reversal potential (0 mV), Solution changes were carried out
using a peristaltic pump-based perfusion system. For experi-
ments with blockers, DCPIB (10 uM; Tocris Bioscience) or
DIOA (20 uM) (Sigma) were added in hypotonic medinm
after the volume-sensitive currents were developed.

Na™—K*—2CI” and K*-CI” cotransporters activity

Bumefanide-sensitive **Rb uptake assays were used to mea-
sure the activity of the Na'K'-2CI™ colransporter in hypo-
tonic (298 mOsm) or hypertonic (600 mOsm) conditions. Cells
were pre-incubated for 30 min in a CI'-free medium (in mM:
150 Na* gluconate, 10 K" ghuconate, 4.6 Ca* gluconate, 1
MgS0y, 5 glucose, and 10 ITEPES/Tris, pH 7.4) confaining
0.1 mM ouabain (Sigma) and then transforred to the uptake
medium (in mM: 160 NaCl, [0 XC, | CaCl,, 1 MgSOq, 5
glucose, and 5 HEPES/Tris, pH 7.4) containing 0.1 mM oua-
bain plus { #Ci **Rb/ml for 3 or 15 min. %Rb uptake due only
to NKCC activity was calculated by subtraction of the uptake
in the presence of 10 pM bumetanide (Sigmay.
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K'~CI' cotransport was assessed by measuring Cl™-de-
pendent %Rb uptake under isotoric or hypotonic condifions
(350 and 298 mOsm). Cells were pre-incubated in a Na*-
free, Cl -free medium {in mM: 15¢ N-methyl-p-glucamine
gluconate, 10 K* gluconate, 4.6 Ca?* gluconate, 1 MgSO,,
5 glucose, and 5 HEPES/Tris, pH 7.4) containing 0.1 mM
ougabain, during 30 min, Cells were then transferred to a
Na'-free medium (in mM: 150 N-methyl-p-glucamine-CT,
10 KCI, 1 CaCl,, 1.7 MgS0y, 5 glucose, and 10 HEPES/
Tris, pH 7.4) containing 0.1 mM ouabain and *Rb 11Cy/ml
and uptake proceeded during 10 min. The exiracellular Na*
removal prevents *Rb uptake by the endogenous NKCC
cotransporter, The Cl™-dependent **Rb uptake due to KCCs
was obtained by subtraction of uptake in Cl -free medium
(CI” substituted by gluconate).

Determination of changes in intracellular ClI™
by epiflyorescence

Changes in intracellular CI” were measured using the fluo-
rescent Cl™ ton indicator, 6-methoxy-N-ethylquinolinium io-
dide (MEQ). MEQ was placed under a stream of N3 adding
the reducing agent, sodium borohydride (30 uM) to create
the cell-permeable form dihydro-MEQ (diH-MEQ). Cells on
35 mm dishes were incubated during 10 min with freshly
prepared diH-MEQ (25 pM). After loading, cells were
washed and incubated 15 min at 37 °C fo obtain a homoge-
neous intracellular distribution. The diH-MEQ loaded into
cells is rapidly reoxidized to the cell-impermeant, Cl™-sensi-
tive fluorescent MEQ (absorption/emission maximal of 344/
440 nm). Fluorescent cells were observed on an epifluores-
cence microscope Olympus IX71. A peristaltic pump-based
perfusion system (1 ml/min} was used to measure the effect
of hypotonicity on infracellular CI” concentration. Cells
were perfused during 5 min with isotonic medium (basal
recordings) and then perfused with the hypotonic medium
during 15 min. Images of cells were captured every minute
using a digital camera, and fluorescence brightness intensi-
ties were determined using an Image J software (Image]
1.36b NIH, USA). In order to calibrate MEQ fluorescence
and estimate intracellular [CI']; we used the Stern—Volmer
equation Fo/Fo-=1+K, [CI];. Amphotericin B (10 pM)
was added in all solutions to equilibrate intracellular and
extracellular CI™ concentrations. Briefly, cells were placed
in a free-Cl” isotonic medium (140 mM of K™ -gluconate and
4.6 mM of Ca**-gluconate, pH 7.4) by 5 min, Solutions
containing three different CI” concentrations (20, 40, and
80 mM) were then sequentially added. Finally, the fluores-
cence was completely quenched by adding a KSCN 166 mM
(background fluorescence). The total quenchable signal (Fy)
was caleulated by subtracting the fluorescence in the pres-
ence of KSCN from the fluorescence in the free-Cl- medinm,
The ratio of Fy to the fluorescence in the presence of
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increasing [C17] (Fe-) is given as Fo/Fo, where Fo_ is
the fluorescence in the presence of a given Cl™ conceniration,
A plot of Fy/F,- versus [CE] provides a slope, from which
the Stern—Volmer constant (K} is obtained to determine the
Cl concentration in each experiment [13].

Results

Generation of stable HEK-293 cells lines overexpressing
WNK3 and WNK3-KD

Two cell lines were generated to examine the influence of
WNK3 on cell volume regulation, One of these exhibits
WNK3 overexpression from a ¢cDNA cloned in
peDNA3. I/NT-GFP vector as described in “Materials and
methods™, This cell line is referred as WNK3+, The second
cell line contains a cDNA of the catalytically inactive
WNK3-D294A. These cells are referred in this study as
WNK3-KD cells (from WNK3-kinase dead). A cell line
containing the empty vector (V cell ling) was used as
control,

WNK3 expression in HEK293 detected by an anti-
WNK3 antibody shows two bands in the Western blot.
The signal of the upper band is higher in the transfected
cells lines (Fig. 1a). This band co-migrates with the trans-
fected pcDNA/GFP-WNK3, detected by the anti-GFP anti-
body. This confirms the expression of the WNK3 protein in
both celi lines (Fig. la). Noteworthy, transfection of the
catalytically inactive WNK3 (WNK3-KD) induced a re-
markable change in the cell shape. Cells look flattened and
show elongations and filopodia-like extensions (arrows).
This morphclogy is not present in the wild-type (HEK293
WT) or in WNK3+ cells (Fig. 1b),

Cell localization and redistribwtion upon anisotonic stress

HEK293 WT cells contain endogenous WNK3 that in iso-
tonic conditions was found localized in puncia at the infer-
cellular junctions, and diffusely at the cytosol (Fig. 2a). This
location was the same in cells overexpressing the kinase in
WNK3+ cells (Fig. 2a, d, upper panel). The WNK3 local-
ized at the cellular junctions partly co-localizes with an anti-
occludin antibody (Fig. 2d, upper panel). The expression
pattern of the inactive kinase was markedly different from
that of WNK3, Localization at the cell junctions was notably
lower and the signal was accumulated at the cytosol, at an
area near the nucleus, which partly co-localizes with anti-
golgin-97 antibody (Fig. 2a, d, lower panel).

Exposure of WNK3+ cells to hypotonic medium de-
creased WNK3 expression from the junction areas,
without an evident increase at the cytosol {Fig. 2b and
bars). Hypertonic mediom (600 mOsm) also reduced the
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Fig. 1 Expression of WNK3 in a
wild-type HEK293 (HEK293
WT) cells, in cells overex-
pressing WINK3 by transfection
with cDNA WNK3 (WNK3+)
or with the mutated cDNA,
catalytically inactive WNK3-
KD cells. a Stable cell lines
were generated as described in
“Materials and methods”. Cell
lysates were separated on a

250 KDag me

160 KDa -—
100 KDa =

2

7.5 % SDS-PAGE gel, trans-

Blot;: '

n 1§ v

“ferred to a PVDF membrane, anti-WNK3 anti-GFP

and treated subsequently with

anti-WNK3 antibody and anti- anti-actin | - A A - iy S
GFP antibody. Anti-actin dem-

onslrates equal amounts of
loaded protein. Representative
blots of three separate determi-
nations. b Representative
images of the morpholopy of
HEK293 WT, WNK3+, or
WNK3-KD cells, Arrows indi-
cate the elongations and
filopodia-like extensions in
WNK3-KD cells. Digital
images were obtained in a con-
focal microscope using differ-
ential interference contrast
ilhunination, Bar 10 pm

HEK293 wt

number of puncta at the cell junctions and WNK3 now
appears more concentrated at the cytosol (Fig. 2c¢ and
bars). In WNK3-KD cells, the response to either hypo-
tonic or hypertonic conditions was rather similar, ie.,
the kinase prominent expression at the near-nuclear site
was reduced and new sites of expression were found at
the intercellular junctions (Fig. 2b, ¢, and bars).

Regulatory volume decrease

Swelling and voluine regulation were examined in WNK3+
or in WNK3-KD cells. Cells with the empty vector (V) were
used as controls. No significant differences on swelling or
cell volume regulation were found between V and non-
transfected FHEK293 WT cells (Fig. 3a—c). Therefore, V
cells were used as controls for most parameters throughout
the study. Stimulation of V cells with hypotonic medium
(15 % hypotonic solition, made by reducing NaCl; see
“Materials and methods™) induced the typical fast swelling
and RVD pattern. Maximal swelling ocenrred within 10—
20 s, followed by the regulatory process to recover the
original cell volume. Two phases were identified in the
RVD curves, a fast phase lasting about 2 min after the peak
of swelling, and a slow phase through the next 2-15 min
(Fig. 3a). RVD efficiency was calculated as the percentage

AS - Silvia Cruz-Rangel

WNK3+ WNK3-KD

of volume recovery at 15 min, the time of the experiment. In
V cells, regulatory volume decrease was of 79.2 % (Fig. 3b).

RVD features were then investigated in WNK3+ and
WNK3-KD cells. Figure 3a shows that cell swelling in
WNK3+ or WNK3-KD was not significantly different from
V cells, RVD at the end of the experiment in WNK3+ cells
was mildly reduced (13.1 %), while it was 30.1 % increased
in WNK3-KD celis (Fig. 3b). The less efficient RVD in
WNK3+ cells was due to a lower rate of the first {2 min)
regulatory phase, as shown by the rate constant values
shown in Fig. 3c. At this time, RVD in WNK3+ cells is
27.1 % lower than in confrols. The increased volume regu-
tation found in WNK3-KD cells is the consequence of an
accelerated cell volume decrease in the slow phase (Fig. 3¢).

These differences on RVD between control and overex-
pressed or mutated WINK3, may be ascribed to an effect on
one or several of the mechanisms responsible for the volume
regulatory process, i.e., KCC, the volume-sensitive CI™
channel and the organic osmolyte fluxes. The efficiency of
these three mechanisms on V, WNK3+, and WNK3-KD
cells was then examined. Taurine was selected as represen-
tative of organic osmolytes. *H-taurine release experiments
were carried out as previously described [45]. However, in
HEK?293 cells, no taurine efflux was induced by a 15 %
osmolarity decrease, as that used for RVD measurements (%
*H-taurine effiux in 5 min, isotonic 1,24:£0,08; hypotonic
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Fig. 2 Expression of WNK3 in

HEK293 cells and its re- a
Iocation by changes in extra-
cellular osmolarity, HEK293
WT, WNK3+, and WNK3-KD
cells were left unstimulated
(isotonic, a) or stimulated with
hypotonic (298 mOsm, H15%,
b) or hypertonic (600 mOsm, ¢)
solutiens for 3 min, before fix-
ation. Bars (means+SE) repre-
sent the number of puncia per
cell, under the different condi-
tions, counted in six images for
each condition from: different
experiments, *Significantly dif-
ferent from isotenic condition
in each cell line at P<0.03;
*significantly different from
HEK293 WT cells in isotonic
condition at P<0.05. d Upper
panel WNK3 cells immunos-
tained with anti-WNK3 (greer),
anti-occludin (magenta psetido- ISOTONIC
color), and merge. Lower panel

WNK3-KD cells immunos- d
tained with anti-WNK3 (green),

anti-golgin-97 (red), and merge,

Orthogenal views in merge

show the xy image plane, xz

image plane (bottons) and yz

(right). Fluorescent imaging

was performed using a confocal

laser scanning microscope.

Representative images of three

separate experiments

WNK3+ HEK293 WT

WNK3-KD

1900

o)
X
o)
X
P
=

51

15 %, 1.28+0.11; 30 % 2.53+0.14; 35 % 4.884:0.36; 40 %
7.06+0.7; n=4 for all experiments).

These results suggest that RVD must be supported by the
efflux of fon osmolytes, among which CI™ has a prominent
role. WNK3 activity has been suggested to modulate inéra-
cellular CI™ levels [CI7); via its action on the electroneutral
cotransporters {24}, This, though, has not been directly
assessed. Changes in [Cl7]; in V, WNK3+ and WNK3-KD
under basal (isotonic) conditions were first examined.

The Stern—Volmer constant {Kg) in our experimental
conditions (medium composition, temperature, and pH)
was first deterinined from a calibration curve at CI™ concen-
trations in the range of 0-80 mM (Fig. 4a). The obtained
value of 32.3 M was used to determine [Cl ], in isotonic
medium for V, WNK3+, and WNK3-KD cells. Small but
significant differences were found between WNK3+ and
WNK3-KD cells, with respeet to control V cells, Values
found were, in mM, 34.2 (+1.8), 41.6 (=2.4), and 26.4
(£1.4) for V, WNK3+, and WNK3-KD cells, respectively
(table, Fig. 4a). These results show that the stable over-
expression of functional WNK3 in cells, significantly
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HYPOTONIC

[ Isotonic
b c [® Hypotonic
M Hyperionic

-
.-

HYPERTONIC

# of puncta per ceil

occludin

modifies [CI]; in the expected direction, that is, wild-type
WNK3 increases, whereas mutant WNK3-KD decreases
[CI];, consistent with their effects on the electroneutral
cation coupled cotransporters. The hypotonic stimulus
(H15%) induced a rapid decline of 2428 % in [CI"]; in all
cells, during the first 4 min, likely due to dilution by water
influx. A second phase of gradual reduction in [CI7]; was
next observed, attributable to the CI™ efflux during RVD.
Figure 4b shows that [CI}, reduction, indicative of CI”
efflux, was significantly lower in WNE3+ cells (12.1 %)
and higher in WNK3-KD cells (23.9 %) as compared to
control V cells (19.8 %). These values were calculated
considering as 100 % the Fy/F_ after the dilution phase
(min 4).

This CI” efflux might be carried either by the activation
of volume-sensitive CI™ channels (IC1 ;) or/and by the
electroneutral cotransporter KCC. CI™ currents (ICI gwen)
were first examined in all cell lines, using the whole-cell
configuration of the patch-clamp technique, as described in
“Materials and methods”. To focus on the Cl' currents, we
used 73 mM CsCl and 20 mM TEA—CI in the patch pipette
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Fig. 3 Swelling and regulatory
volume decrease (RVD) in
wild-type HEK293, V, WNK3
+, or WNK3-KD cells, Changes
in cell volume were measured
using a large-angle light-
scattering system as described
in “Materials and methods™ a
Representative traces of
changes in cell volume after
exposure to 15 % hypotonic
(H15%) medium in each cell
type. RVD curves are biphasic
showing a fast component be-
tween 110-200 s and a slow
component thereafter. Bars (a,
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Fig. 4 Changes in intracellular chloride concentration [CI'} in V,
WNK3+, and WNK3-KD cells exposed to hypotonic (H15%) medivm,
Cells were loaded with diH-MEQ (25 uM) for 10 min as desoribed in
“Materials and methods”. a Calibration plot used to calculate the
Stern—Volmer constant (Kq) of 32,3 Mt (vegression line, dotted iine,
#=(1.99). b Relative reduction of [CI™]; after hypotonic stimulus as
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percentage of conirol in isotonic condition for each cell type. For
simplicity in the graph, curves show only selected points, from meas-
ursments made every minute (b, insef). Bars represent the decrease (%)
of [CI7); from 4-15 min. Mean of three experiments£SEM. *Signifi-
cantly different from V cells at P<0.05
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Fig, 5 Whole-cell CI” currenis a
activated by hypotonicity in V,

WNK3+, and WNK3-KD cells.

The holding pofential was

0 mVY. Currents were elicited by

apptication of step pulses from

~100 to +100 mV in 20 mV

increments, during 300 ms. a

Representative whole-cell cur- <
rent traces at the indicated ex- ©
perimental conditions. The
figure shows currents obtained
after a 10 min equilibration in
{he indicaied solution. b Cur-
rent density {pA/pF} vs voltage
(mV) curves for V (circle),
WNK3+ (square), and WNK3-
KD (sriangle) cells in hypotonic
H15% mediun, Bars represent
the current density of each cell 50 Ti
type at +100 mV, Results are 0
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—— Vector
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—4— WNK3-KD

300+
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I

means+SE of 7-15 experi-
ments. Values were not signifi-
cantly different at P<0.05

to minimize the contribution of K* currents. After obtaining
the whole-cell configuration, the isotonic medinm was
replaced by a 15 % hypotonic solution and evoked currents
were registered during 15 min. Upon exposure to hyposmo-
lar conditions, in all cells (V, WNK3+, and WNK3-KD
cells) a large curtent was developed which exhibits the
reported features characteristic of ICT gyey [29]. It is an
outwardly rectifying current, with inactivation kinetics at
large positive voltages and a reversal potential of —3 mV,
close to the reversal equilibrium potential of C1 predicted
by our solutions of ~0.0 mV (Fig. 5a, b). The membrane
cutrent was normalized to the cell membrane capacitance
(current density) to correct for different cell sizes. The
current density activated by H15% at +100 mV was similar
in Vand WNK3+ cells (271.1+41.6 pA/pF and 268,7+23.4
PA/PF, respectively), and stightly lower in WNK3-KD cells
(242.8+8.6 pA/pF; Fig. 5b).

The KCC activity was measured as the Cl -sensitive intra-
cellular acoumulation of *Rb (see “Materials and methods™)
under isotonic or 15 % hypotonic conditions. Basal Cl™-sen-
sitive **Rb uptake in control V cells was about 8 pmol/(ug
proteinx min), and this uptake was increased by hypotonicity,
raising **Rb accumulation by almost 2-fold (130 %; Fig.6). In
WNEK3+ cefls both basal and stimulated %°Rb uptake were
essentially abolished. Noteworthy, in WNK3-KD cells, 86R1
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uptake was already extremely high in isotonic conditions,
about 5-fold higher than uptake in V cells, and this was not
further increased by hypotonicity (Fig. 6).

To evaluate the contribution of the volume-sensitive CI™
channel and of KCC to RVD in HEK293 cells, attempts
were made to reduce the efficiency of these two mechanisms

No'teee
70- .
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ie 604 7] Hisw
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g g 30
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161 mll .0
o i Py
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Fig. 6 Effect of hypotonic stimulus on the KCC electroneutral
cotransporter activity in controf V, WNK3+ or mutant WNK3-KD
cells. KCC activity was measured as the Cl™-dependent **Rb uptake
as described in “Materials and methods”. KCC activity was measured
in isotenic (clear bar) or hypotonic H15% (dark bar) conditions. Bars
represent the mean+SE of 3 separate experiments. *Significantly dif-
ferent from control V cells in isotonic medium at P<0.01. ¢ Signifi-
cantly different from control V cells in H15% at P<0.05
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Fig. 7 Effects of DIOA and DCPIB on KCC, ICI ., and RVD in
HEK293 cells exposed io Hi5%. a Curent density vs voltage curves
from TIEK 293 cells in the presence or absence of the blockers ICI g
elicited by H15% were recorded as in Fig, 3. The blockers DIOA (20 uM)
or DCPIB (10 (M) were added at the time of maximal ICI™,,,.y current
amplitude, Control (cirele), plus DIOA (square), plus DCPIB (triangle).
Bars represent the current density at +100 mV, expressed as 100 % for
controls and the comesponding decrease in the presence of the blocker.
Results are means=SE of 6-14 experiments. b Inhibitory effect of DCPIB
and DIOA on the hypotonic-stimulated KCC activity, CI -sensitive **Rb
uptake measured as in Fig. 6. Cells were pre-incubated during 30 min

by a pharmacological approach. This could not be properly
achieved, however, since the two agents commonly used to
block KCC (DIOA) or Cl gyey channel (DCPIB), exerted a
potent inhibition on both the cotransporter and the channel,
DIOA 20 uM, had a strong inhibitory effect (71.5 %) on the
H15%-stimulated CI” currents (Fig. 7a), and at the same
concentration also reduced (79.3 %) the hypotonic KCC
activity (Fig. 7b). Similarly, DCPIB (10 M) prevented
the H15%-stimulated CF currents and reduced by 43.4 %
the hypotonic KCC activity (Fig. 7a, b). In accordance with
these results, RVD was inhibited by the blockers. The effect
was more evident at the first phase (300 s} of the volume
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with DIOA or DCPIB in isotonic medium before the stimulus and were
present throughout the experiment. *Significantly different from the
isotonic condition at P<0.05; ¢ significantly different from the hypotonic
condition at P<0.05. ¢ RVD after hypotonic (H15%) swelling in
HEK293 cells exposed to DIOA, DCPIB, and both, Cells were preincu-
bated with the blockers 30 min before the stimulus and were present
throughout the experiment. Results in bars (means+SE of 6-16 experi-
ments) represent the cell volure recovery, expressed as percentage of
maximal swelling at 300 s after the stimulus. *Significantiy different from
control H15% at P<0.05

regulatory process, when DIOA and DCPIB reduced by
RVD by 25.4 and 344 %, respectively, and these effects
were additive (Fig. 7c).

Regulatory volume increase

Cells exposed to a medium made hypertonic by addition of
sorbitol to reach a final osmolarity of 600 mOsm (see
“Materials and methods™) initially shrink and immediately
after, initiate the adaptive process of volumne recovery,
known as regulatory volume increase (RVI). Figure 8a
shows RVI in WNK3+ and WNK3-KD cells as compared
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Tig. 8 Volume reduction and regulatory volume increase {RVI) after a
hypertonic stimulus in control (V), WNK3+, or WNK3-KD cells. a
Representative curves of changes in cell volume after hypertonic
(600 mOsm) stimulus in each cell type. Cell shrinkage is followed by
a biphasic process of RVI, with a first, fast component, evident ai 110—
300 s and a secoud slow component. Bars (insef) represent the cell
volume recovery at the end of the experiment, calculated as percentage
of maximal shrinkage. *Significantly different from RVI in confrol V
cells at P<0.05; ¢ significantly different from WNK3+ without

to control V cells. The RVI pattern in control cells showed
two phases of different rate, an initial, rapid phase lasting
110-300 s and a slow, second phase occurring up to 15 min.
RVI efficiency at the end of the experiments in V cells was
48 % (Fig. 8a, b). Bumetanide decreased RVI only by 10.3+
2.4 % (results not shown). In WNK3+ cells, RVI was 30 %
higher, due to a more rapid regulation at the second phase of
the regulatory process (Fig. 8a, b). This effect was prevented
by bumetanide (Fig. 8b). In WNK3-KD cells no difference
was found in total RVT as compared to controls (Fig. 8a, b);
however, these cells showed a significantly faster volume
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bumetanide at P<0.05. b RVI at the first component. ¢ Rate constants
from the slope caloulated by fitting a linear regression to the logarith-
mically transformed data during the fitst 100 s after maximal shrink-
age. *Significantly different from control V cells at P<0.05; ¢
significantly different from WNK3-KD without bumetanide ai P<
0.05. Bars (a, inset) represent the cell volume recovery at the end of
the experiment, expressed as percentage of maximal swelling. b RVI
caleulated after the fast component of the volume recovety process. ¢
Rate constants for the first RVI phase cafculated as in Fig. 3¢

recovery at the initial phase, which was 26.2 % more rapid
than in controls (Fig. 8a, ¢). This increased was abolished by
bumetanide 10 uM (Fig 8a, ¢).

The effect of bumetanide preventing the increase in RVI in
WNK3+ cells and the faster phase of the volume regulatory
process in WNK-KD cells, suggest that the cotransporter
NKCC is responsible for these differences. The activity of
NKCC was then examined in controls and in the two experi-
mental groups of cells, at the times corresponding to the two
phases of RVI. Figure 9a shows that at short times (3 min)
NKCC was not gignificantly increased by the hypeitonic
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Fig. 9 NKCC activity in WNK3+ and WNK3-KD cells. Bumetanide-
sensitive **Rb uptake assays were used to measure the NKCC activity,
as described in “Materials and methods”, a **Rb uptake at 3 min and b
at 15 min. Experiments were performed in isetonic (clear bar) or
hypertonic {dark bar) conditions. *Significantly different from isotonic
control V cells at P<0.05;  significantly different from control V cells
in hypertonicity at P<0.05

Vector

condition in V cells, norin WNIK3+ cells, while in WNK3-KD
cells, NKCC activity was markedly increased in isotonic con-
ditions, and was not further enhanced by the hyperosmolar
condition, This hgher NKCC activity seems then responsible
for the higher volume regulation in these cells at the fast initial
phase shown in Fig. 8c. At longer times (15 min) NKCC
activity in control cells was not increased by hypertonicity,
but in WNK3+ or of WNK3-KD cells, NKCC activity signif-
icantly increased in isotonic conditions without further activity
in hypertonic conditions (Fig. 9b). These results on the NKCC
activity may explain the differences observed at the two phases
of RVI in WNK3+ and WNK3-KD cells.

BDiscussion

In the present study in HEK293 cells, WNK3 was found
localized at the intercellular junctions. This result confirms a
report showing immunohistochemical expression of WNK3
at the cell junctions in a variety of epithelial tissue sections
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{17, 40]. The functional kinase is required for its localization
at the cell junctions, since in cells with a mutated catalytic
site, WNK3 is relocated and found predominantly at a
perinuclear area, partly the trans-Golgi network (Fig. 2b,
lower panel). The structures and mechanisms which deter-
mine the WNK3 intracellular localization are so far unclear.
In terms of function, the presence of WNK3 at the intercel-
Tular junctions suggests a role in parallel CI” fluxes, as has
been proposed for WNK1 or WNK4 [16, 30]. In contrast to
HEK293 cells, in human glioma cells in culture, WNK3 is
locatized prominently at the cytosol, and associated with
vacuole-like subcellular structures [12]. More information
is necessary o define whether the intracellular localization
of WNK3 is cell specific.

Introduction of a catalytic inactive WNK3 in HEK293
cells as in the present study induced a remarkable change in
cell shape, This effect, not previously described, suggests an
mteraction of the active WNK3 with cell structures, possibly
elements of the cytoskeleton, related to maintain the char-
acteristic shape of these epithelial cells. A difference is
found again with glioma cells, in which silencing of
WNIK3 by siRNA did not induce a change in cell shape [12],

In response to oesmotic stimuli, WNK?3 translocates to the
cytosol (Fig. 2). This mobilization may be required to es-
tablish the interactions with signal molecules or structures
related to cofransporter trafficking or/and for the cytoskele-
ton adaptations necessary to face the change in cell volume.
No translocation of WNK3 into the cell membrane was
observed, suggesting that its effects on the cotransporters
occur via intermediate signaling chains ultimately responsi-
ble for the cotransporier activation, This chain most likely
involves the Ste20-like kinases SPAK and OSRI1, whose
functicnal inferaction with WNKs including WNK3 is well
documented [33, 38].

The present resuits in HEK293 cells showed that WNK3
activity has a clear influence on RVD, The volume regula-
tory efficiency is reduced in cells ovetexpressing WINK3
(WNK3+) and markedly increased in cells expressing the
catalytically inactive WNK3 (WNK3-KD cells). These
effects are related to WNK3 effect on the cotransporter
KCC (compare Figs. 3 and 6). It is known that the phos-
phorylation status of the KCC molecule determines the
fimctional activity of the transporter, which is reduced by
phosphorylation and increased by dephosphorylation [2,
18]. Dephosphorylation of two key phosphorylation sites,
threonine residues 991 and 1048 of KCC3 have been cleatly
shown to be associated with activation of the cotransporter
[401. The present results in HEK293 cells demonstrate that
the observations done in the heterologous expression systen
of Xenopus oocytes {5, 17] also occur in 2 mammalian cell
system, confirming that WNK3 has a profound influence on
the KCC activity, decreasing or increasing the cotransporter
efficiency according to the presence or absence of catalytic
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activity of the kinase. IEK293 cells under isotonic condi-
tions express endogenous WINK3 and basal KCC activity,
which are both suppressed in cells overexpressing WNK3.
Conversely, in cells stably transfected with the kinase inac-
tive by intervention of the catalytic site, the KCC activity
increases dramatically, These results point to an effect of the
WNI3 in the control of the phosphorylation state of the
cotransporter, which involves the catalytic site of the kinase.
This influence of WNK3 in isotonic conditions affects the
KCC response to hypotonicity. In control cells, a mild de-
crease in osmolarity activates KCC, and this response is
prevented in WNK3+ cells, suggesting that KCC is inactive
by the overexpressed WNK3 and is unable to respond to
hypotonicity. In WNK3-KD cells, containing the catalytically
inactive WNK3, the KCC activity is already maximal and
cannot be further increased by hypotonicity (Fig. 6). These
results can be interpreted as to mean that inactivation of
WNK3 promotes maximal dephosphorylation of the trans-
porter molecules, which cannot be further increased by other
stimuli. In experiments in oovcyles expressing WNK3-KD,
KCC activity also markedly increases in isotonic conditions,
but in contrast to the present results in HEK293 cells, hypo-
tonicity is still able to increase KCC activity over the level
found in the isomolar condition {5, 17]. This may occur
because in the oocyte study KCC is overexpressed, and thus
cells may have a surplus of transporters to be activated by
hypotonicity, not present in HEK293 cells, Disparities in the
magnitude of the hypotonic stimulus, 50 % in oocytes and
15 % in HEK cells, may also explain this difference.

The present results, though clearly supporting the involve-
ment of WNK3/KCC in RVD, showed that a substantial
volume regulation is still found in WNK3+ cells in which
KCC activity is almost abelished (Figs. 3 and 6), stress the
important contribution of mechanisms for RVD other than the
transporter, and independent of WNK3. The volume-sensitive
CI” channel (CI g 18 a strong candidate, as a robust CI™
current activates in control cells exposed to 15 % osmolarity
reduction. This channel seems not to be under the influence of
WNK3 since no significant difference was found in our study
between control cells and WNK3+ or WNK3-KD cells. Po-
tassium fluxes are also key contributors fo RVD in most cells.
Interestingly, K* translocation during RVD occurs not always
via volume-sensitive K+ channels but rather through a number
of other K* channels activated by factors concurrent with
hypotonicity and swelling. This is the case of voltage-
sensitive channels, Ca*"-dependent K* channels, or stretch-
activated K* channels [14]. In fact, K channels strictly de-
pendent on swelling have described only in few cell types
[28]. To our knowledge, the K* channel(s) involved in RVD in
HEK293 cells have not been so far identified. Heterologous
expression of TASK-2 in HEK-293 cells generates osmosen-
sitive K* currents which contribute to volume regulation [27],
but the TASK channels are not influenced by WNKs [18, 19].
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WNK4 inhibits the maxi-K* channel heterologously
expressed in HEK293 cells [48], but there is as yet no evi-
dence of its contribution to RVD in these cells. WNKI,
WNK3, and WNK4 inhibit the ROMKI1 [20, 22, 24, but
these channels are not involved in RVD [14]. Clarifying the
role of WNKs on K channels related to volume regulation is
an interesting subject to be pursued in future investigations.

The relative contribution to RVD of the cotransperter and
the volume-sensitive C1™ channel could not be accurately
measured in HEK293 cells since as here shown (Fig. 7),
DIOA and DCPIB, considered as potent blockers of KCC
and Cl gwen, respectively [6], interfere with both, the
cotransporter and the channel activity. Also, the non-
specific effect of DIOA, which inhibited the volume-
sensitive K™ fluxes has been previously reported [21]. These
results should be taken into consideration when using these
drugs as tools to evaluate the contribution of either one of
these mechanisms to volume regulation [7, 44]. The contri-
bution of KCC to RVD in HEK293 cells, where Cl gy Was
unaffected by WNK3, may be evaluated by the differences
in RVD efficiency found between WNK3+, WNK3-KD, in
which KCC activity is either suppressed (WNK3+) or mark-
edly increased (WNK3-KD).

The influence of WNI3 in the cell response to hypertonic
conditions was examined in the preseni study. In HEK293
cells, hypertonic stimulus evoked a fast cell shrinkage fol-
lowed by cell volume recovery. This adaptive process in most
cells occurs by the operation of several mechanisms, i.e.,
channels, exchangers, and transporters. The present results
suggest that in HEK293 cells the cotransporter NKCC is not
prominently involved in RVI. This conclusion is based, first,
in the low effect on RVI of the specific NKCC blocker
bumetanide, and second, because NKCC was not activated
by increases in external osmolarity in these cells ([15] and
present results, Fig, 9). Although preswmably not involved in
RVI in physiological conditions, WNK3 showed a marked
influence on NKCC activity in HEK293 cells, These cells
have a low NKCC activity, but it can be many-fold increased
by overexpression of WNK3. This is in accordance with
previous results in oocytes [17]. NKCC activity in most cells
depends on the phosphorylation siatus of the molecule and the
WNK3 overexpression may increase the phosphorylated, ac-
tive transporters [18]. Surprisingly, NKCC activity was also
enhanced in cells expressing the inactive form of WNK3
(Fig. 9). We propose that this is due to the effect of the inactive
kinase strongly increasing the activity of the KCC transporter,
leading to a decrease in [Cl J; which is then, the stimulus
increasing NKCC activity [11, 25)]. Besides, the activity of
endogenous WNK1 and WNK2, which are expressed in
HEK293 cells [12], may contribute to the NKCC activity
observed in the WNK3-KD cells. Thus, even though via
different mechanisms, NKCC is activated in cells overex-
pressing either the active or the inactive form of WNK3, and
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RVI was increased in the two cell lines. Altogether, these
results show that even if NKCC is not a significant confributor
to RVI in HEK293 cells, this process may be influenced by
WNK3 due to its dual role affecting both KCC and NKCC,
and through this effect, regulating the cell Cl™ levels. It is
worthy to notice that steady state [Cl™]; in control, WNK3+,
and WNK3-KI> cells was significantly different, with the
following profile; WNK3+>control> WNK3-KD, due to the
inhibition and activation of KCCs by wild-type WNK3 and
catalytically inactive WNK3-KD, respectively. Even when
this role of WINK3 regulating [CI™; has been suggested [32],
this is the first time, to our knowledge, that this has been
demonstrated by direct evidence and using a mammalian cell
system. Our data thus support the proposal that WNK3 could
be the Cl ™-sensitive kinase.

In contrast to HEK293 cells, RV] in glioma D54-MG
cells is essentially dependent of NKCC, also under the
influence of WNK3, since bumetanide at high concentra-
tions, and silenced WNK3, abolished RVI in these cells
[12]. Interestingly, WNK3 was not found expressed in nor-
mal glia [17] and there is essentially no information about
the expression and activity of this kinase in other cell types.

WNKI1 and WNK4 are also responsive to changes in exter-
nal tonicity. WNK1 activates by hypertonicity and cell shrinlk-
age and via the downsfieam sipgnaling chain formed by the
Ste20-kinases SPAK and OSRI, regulates the cotransporters
NCC and NKCC, sustaining their functional activity [23, 43,
46, 47). This sequence of events point to a role for WNK1 on
the regulatory volume increase, although only few studies have
effectively shown this action [4], KCC3 is also subject of
WNKI1 influence, decreasing its activity upon phosphoryla-
tion, WK1 also activates by hypotonicity though to a lower
extent [23, 40]. WNK4 also regulates NCC, NKCC [3, 16],
and KCCs ([8, 10], but its possible influence on volume
regulation is so far unknown. A recent study in X. laevis
oocytes revealed that WNK2, similar to WNK3, reciprocally
activates NKCC1 and inactivates KCC2 in a kinase-dependerit
manner [41] Thus, it may also contribute to volume regulation
in those cells where it is expressed.

In summary, the present study in HEK293 cells which
documented the implication of WNK3 in cell volume con-
trol as well as in the regulation of intracellular Cl levels,
contributes to support the influence on WNIKs on these two
important elements of cell homeostasis.
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