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Upregulation of swelling-activated CI~ channel sensitivity to
cell volume by activation of EGF receptors in murine
mammary cells
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Whole-cell recordings showed that, in mouse mammary C127 cells transfected with the full genome
of the bovine papilloma virus (BPV), a hypotonic challenge induced the activation of outwardly
rectifying Cl™ currents with a peak amplitude 2.7 times greater than that in control C127 cells. Cell-
attached single-channel recordings showed that BPV-induced augmentation of the peak amplitude
of the whole-cell current could not chiefly be explained by a small increase (1.2 times) in unitary
conductance. There was no difference between control and BPV-transfected cells in the osmotic cell
swelling rate, and hence, osmotic water permeability. However, a plot of the whole-cell current
density as a function of cell volume, which was measured simultaneously, showed that the BPV-
transfected cells had a strikingly greater volume sensitivity than control cells. Since the E5 protein of
BPV has been reported to induce constitutive activation of the epidermal growth factor (EGF)
receptor and platelet-derived growth factor (PDGF) receptor in a variety of cell lines including C127
cells, effects of the growth factors on volume-sensitive outwardly rectifying (VSOR) CI” currents
were examined in C127 cells. Application of PDGF peptides failed to affect the Cl™ currents in
control and BPV-transfected cells, although C127 cells are known to endogenously express PDGF
receptors. In contrast, EGF peptides significantly increased the VSOR CI” current in control cells.
However, they failed to induce further augmentation of the current in BPV-transfected cells. VSOR
CI currents were inhibited by tyrphostin B46, an inhibitor of the EGF receptor tyrosine kinase, in
both control and BPV-transfected cells. The ICs, value in BPV-transfected cells (12 uM) was lower
than that in control cells (31 um). However, the VSOR CI™ currents in both cell types were
insensitive to tyrphostin AG1296, an inhibitor of the PDGF receptor tyrosine kinase. The rate of
regulatory volume decrease (RVD) was markedly diminished by tyrphostin B46 but not
significantly affected by tyrphostin AG1296. We thus conclude that the EGF receptor tyrosine
kinase upregulates the activity of the VSOR CI” channel, mainly by enhancing the volume
sensitivity.

=
&
S
(7%
i
A
s
=
-
~
3
~

(Resubmitted 19 January 2003; accepted after revision 31 March 2003; first published online 17 April 2003)

Corresponding author Y. Okada: Department of Cell Physiology, National Institute for Physiological Sciences, Myodaiji,
Okazaki 444-8585, Japan. Email: okada@nips.ac.jp

Cells constantly go through osmotic transitions during their
lifetime, since both intracellular metabolism and membrane
transport produce fluctuations in the concentrations of
osmotically active constituents. Cellular swelling in response
to a hypo-osmotic challenge activates anion channels in
most cell types (Strange et al. 1996; Nilius et al. 1997a;
Okada, 1997). Volume-sensitive outwardly rectifying
(VSOR) CI" channels are expressed in a variety of cell
types. Cell volume regulation in response to a hypotonic
challenge has been recognised as a primary function of this
type of channel (Strange et al. 1996; Nilius et al. 1997a;
Okada, 1997). However, a number of recent studies have
shown that VSOR CI” channels are involved in other
physiological processes, including intracellular acid-base
balance due to permeability to lactate and bicarbonate ions

(Nilius et al. 1998), the cell cycle (Shen et al. 2000) and
apoptosis (Maeno et al. 2000; Okada et al. 2001). Also,
swelling-activated Cl™ channels play an important role in
mechanisms controlling the proliferation of a variety of
cultured cells (Voets et al. 1995; Nilius et al. 1997b;
Rouzaire-Dubois & Dubois, 1998; Wondergem et al.
2001).

The precise activation mechanism of VSOR CI™ channels
is as yet unknown. However, it is evident that VSOR
Cl” channel activity involves one or more tyrosine
phosphorylation steps, in the light of the following
observations: (1) cell swelling induces activation of some
protein tyrosine kinases (PTKs) in a number of cell types
(Sadoshima et al. 1996; Tilly et al. 1996; Sinning et al. 1997;
Crepel et al. 1998; Lepple-Wienhues et al. 1998; MacKenna
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et al. 1998), (2) a number of PTK antagonists inhibited
swelling-induced "*I” efflux in Intestine 407 cells (Tilly et
al. 1993), and swelling-activated Cl” conductance in other
cell types (Sorota, 1995; Crepel et al. 1998; Lepple-
Wienhues et al. 1998; Voets et al. 1998; Bryan-Sisneros et
al. 2000; Shuba et al. 2000; Shen et al. 2001), (3) blockers of
protein tyrosine phosphatase potentiated swelling-
induced activation of Cl™ currents in some cells (Voets et
al. 1998; Shuba et al. 2000; Shen et al. 2001) and '*I" efflux
in Intestine 407 cells (Tilly et al 1993, 1994), and
(4) introduction of purified PTK p56'* induced activation
of outwardly rectifying ClI™ currents in lymphocytes
(Lepple-Wienhues et al. 1998).

Since receptor tyrosine kinases, especially growth factor
receptors, are known to play a pivotal role in cell
proliferation (Hubbard & Till, 2000), the possibility exists
that VSOR CI” channel activity is under the direct or
indirect control of some growth factor receptor tyrosine
kinase. In fact, an involvement of epidermal growth factor
(EGF) receptor tyrosine kinase in the regulation of swelling-
activated Cl” permeability (not CI” conductance directly)
was shown by monitoring swelling-induced 1" efflux
from Intestine 407 cells (Tilly ef al. 1993). In the present
study, this possibility was directly examined by comparing
the VSOR CI” currents in control mouse mammary C127
cells with those in C127 cells transfected with the full
genome of the bovine papilloma virus (BPV), which has
been demonstrated to induce cell growth transformation by
constitutively activating tyrosine kinase-coupled receptors
to EGF and platelet-derived growth factor (PDGF) (Martin
et al. 1989; Petti et al. 1991; Cohen et al. 1993). Here,
activation of EGF receptor tyrosine kinase was found
to upregulate the VSOR CI™ channel activity, and the
underlying mechanism was investigated.

A preliminary account of part of these results has appeared
in abstract form (Abdullaev et al. 2001).

METHODS

Cells

A murine mammary cell line, C127, was obtained from the
American Type Culture Collection (ATCC) and also kindly
provided by Dr H. Cheng (Genzyme Corporation, Framingham,
MA, USA). C127 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10 % fetal calf serum (FCS). The
amplitude and voltage dependence of swelling-activated whole-
cell CI" currents were indistinguishable between C127 cells
obtained from ATCC (data shown below) and Genzyme (data not
shown, n=7). C127 cells, which had originally been obtained
from ATCC, stably transfected with the pBPV vector (containing
the full genome of the bovine papilloma virus) alone (BPV cells)
or together with the AF508 mutant of the cystic fibrosis trans-
membrane conductance regulator (CFTR) (BPV/AF508 cells),
were provided by Dr H. Cheng (Genzyme). C127 cells (which also
originated from ATCC) stably transfected with wild-type (WT)
CFTR and BPV (BPV/CFTR cells) were kindly provided by Dr M.
J. Welsh (University of Iowa, IA, USA). Three types of BPV-
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transfected cells were cultured in DMEM with 10% FCS and
200 ug ml™' geneticin. In contrast to parental control cells, the
three types of BPV-transfected cells exhibited more prominent
proliferation, and did not exhibit contact inhibition.

Cells cultured on plastic flasks were resuspended by mechanical
detachment, as reported previously (Kubo & Okada, 1992), and
cultured with agitation for 15-300 min. Cells were then placed ina
chamber and after they had attached to the glass bottom of the
chamber were washed with bath solution. A hypotonic challenge
was applied by switching from an isotonic to a hypotonic bath
solution.

Electrophysiology

Whole-cell recordings were performed as reported previously
(Kubo & Okada, 1992; Liu et al. 1998). Patch electrodes were
fabricated from borosilicate glass capillaries using a micropipette
puller (Sutter Instruments, Novato, CA, USA). Electrodes, filled
with pipette solution, had a resistance of about 2 MQ. Series
resistance (<5 MQ) was compensated (70-80%) to minimise
voltage errors. Currents were recorded using an Axopatch 200A
amplifier (Axon Instruments, Foster City, CA, USA), filtered at
1 kHz using a four-pore Bessel filter and digitised at 4 kHz.
pClamp software (version 6.0.2, Axon Instruments) was used for
command pulse control, data acquisition and analysis. The time
course of current activation and recovery was monitored by
repetitively (every 15 s) applying alternating step pulses from a
holding potential of 0 to 40 mV. To observe the voltage
dependence of current inactivation kinetics at large positive
potentials, step pulses (2 s duration) were applied from a pre-
potential of —100 mV to test potentials of =100 to +100 mV in
20 mV increments after reaching a steady-state level of swelling-
activated current. The amplitude of instantaneous current was
measured 1.25 ms after the step pulse onset. The current density
was calculated by dividing the current amplitude by the cell
capacitance (19.8 £ 0.9, 16.5 + 2.0, 14.7 £ 0.8 and 15.3 £ 1.2 pF
in control, BPV, BPV/CFTR and BPV/AF508 cells, respectively)
which was little changed upon osmotic cell swelling, as reported in
other cell types (Okada, 1997). The isotonic bath solution
contained (mm): CsCl 110, CaCl, 2, MgCl, 1, Hepes 5, glucose 5
and mannitol 50. The pH was adjusted to 7.4 with CsOH. The
osmolality of this solution was 275 £ 3 mosmol (kg H,O)". The
hypotonic bath solution had the same composition as the isotonic
solution but lacked mannitol, and its osmolality was
230 + 3 mosmol (kg H,0)™'. The pipette solution contained
(mm): CsCl 110, MgSO, 2, Na-Hepes 15, Hepes 10, Na,ATP 1 and
EGTA 1 (250 + 3 mosmol (kg H,0)™; pH 7.3).

Single-channel recordings were carried out in the cell-attached
mode, as described previously (Okada et al. 1994; Sabirov et al.
2000). A giga-seal was formed on cells which were pre-swollen in
hypotonic high K" solution. The hypotonic high K* solution
contained (mm): KCI 100, CaCl, 2, MgCl, 1, Hepes 5 and glucose
5. The pH was adjusted to 7.4 with KOH. The osmolality was
215 + 3 mosmol (kg H,0)™". The pipette solution was identical to
the hypotonic bath solution used for whole-cell experiments.

Volume measurements and osmotic water permeability

The mean cell volume was measured at room temperature using a
Coulter-type cell-sizing apparatus (CDA-500, Sysmex, Kobe,
Japan), as reported previously (Hazama & Okada, 1988). Isotonic
or hypotonic solution consisted of (mm): NaCl 95, KCl 4.5, MgCl,
1, CaCl, 1, mannitol 110 or 0 and Hepes 5 (pH 7.3, adjusted with
NaOH; 310 or 200 mosmol (kg H,0)™). Single-cell volume
measurements were performed in spherical cells during the
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whole-cell patch-clamp recordings, as described previously
(Morishima et al. 1998). Briefly, the cells were viewed with the
transmitted light of an inverted microscope (Nikon, Tokyo,
Japan) and imaged on a CCD camera (ICD-42AC, Ikegami,
Tokyo, Japan). Data were recorded on videotape for subsequent
off-line image analysis using a frame grabber, VISIONplus-AT
(Image Technology, Inc., Bedford, MA, USA), controlled by an
i-486-based computer (AST, USA). Images were collected every
5s. The video system was calibrated with certified particle-size
standards (glass microspheres, Duke Scientific Corporation, CA,
USA). Osmotic water permeability, Py, was calculated as reported
previously (Sabirov et al. 1998), using the following relation:

Pe= [V /(SV,AID][d(VIV,)/dt], (1)

where V, is the initial cell volume, S is the cell surface area (cm?),
V., is the partial molar volume of water (18 cm’ mol™), AITis the
osmotic gradient and d(V/V,)/dt is the rate of relative cell volume
change.

Chemicals

All the reagents except for Na-Hepes (Nacalai Tesque, Kyoto,
Japan), forskolin and EGTA (Wako, Osaka, Japan) were obtained
from Calbiochem (San Diego, CA, USA). The stock solutions were
prepared by dissolution in dimethyl sulfoxide (except for growth
factors, see below), stored at —20°C and diluted 1000 times in
solutions just before use. The final DMSO concentration did not
exceed 0.1%. PDGF was reconstituted in 1 ml sterile 4 mm HCI
containing 0.1 % bovine serum albumin and stored at —20 °C until

A
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use. EGF was dissolved in 10 mm Hepes buffer (pH 7.4). None of
the vehicles affected the VSOR CI~ current at the concentrations
used (< 0.1%).

Data analysis

Data analysis was performed using WinASCD (kindly provided by
G. Droogmans, KU Leuven), Clampfit (Axon Instruments) and
Puls + Pulsfit (Heka Elektronik, Lambrecht, Germany) software
packages. Statistical analysis, fittings and graphs were performed
with Origin 6.0 or 6.1 (OriginLab Corporation, Northampton,
MA, USA). To eliminate variations caused by differences in cell
size, we have normalised current amplitudes by unit membrane
capacitance. Values are means + s.E.M. from #n cells. Statistical
significance was tested by Student’s paired ¢ test using P < 0.05 as
the level of significance.

Experiments were performed at room temperature (23-25°C).

RESULTS

Augmented activity of volume-sensitive C1
channels in BPV-transfected cells

Mouse mammary C127 cells transfected with BPV alone or
with BPV together with CFTR have been shown to respond
to a hypotonic challenge with the activation of large Cl~
currents associated with osmotic swelling, under the
whole-cell configuration (Xia et al. 1996; Hazama et al.
2000). To examine the effects of BPV transfection, swelling-
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Figure 1. Effects of BPV transfection on whole-cell VSOR CI- currents in C127 cells

A, representative records for control (top panel), BPV (second panel), BPV/CFTR (third panel) and
BPV/AF508 cells (bottom panel) before, during and after a hypotonic challenge. Alternating pulses from 0 to
+40 mV or step pulses from —100 to +100 mV in 20 mV increments (at a—d) were applied. Expanded traces
of current responses to step pulses (a—d) are shown on the right. B, mean VSOR current densities recorded at
+40 mV in control, BPV, BPV/CFTR and BPV/AF508 cells after osmotic swelling under hypotonic
conditions. The currents recorded from the three different BPV-transfected cells are significantly larger than
that from the control. C, current—voltage relationships for instantaneous VSOR currents. Each symbol
represents the mean instantaneous current density + s.e.M. of 9, 7, 7 and 7 observations in control, BPV,
BPV/CFTR and BPV/AF508 cells, respectively, under hypotonic conditions.
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activated Cl~ currents were recorded in control C127 cells
and compared with those in BPV-transfected C127 cells in
the present study. As shown in Fig. 1, both control C127
(control) and BPV-transfected C127 (BPV) cells exhibited
activation of Cl” currents when swelling was induced by
hypotonic stress (84 % osmolality). The half-maximal
activation time was 475 + 52 s (n = 7) in control cells and
was not significantly different from that of 405+ 37s
(n=7) in BPV cells. The current in both cell types had the
same phenotypic characteristics of VSOR CI” current, such
as outward rectification and time-dependent inactivation
at large positive potentials. The two currents also shared
sensitivity to phloretin (data not shown, n = 3), which was
shown to cause a relatively specific block of VSOR CI”
currents in BPV/CFTR cells (Fan et al. 2001). However, the
amplitude of peak current was 2.7 times greater in BPV
cells than in control cells.

Similar VSOR CI” currents were observed in BPV/CFTR
and BPV/AF508 cells (Fig. 1). The half-maximal activation
time was 345 + 29 and 384 £ 70 s (n=7) in BPV/CFTR
and BPV/AF508 cells, respectively, and was not significantly
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different from that in BPV cells. The amplitude of peak
currents (Fig. 1B) and the degree of outward rectification
(Fig. 1C) were indistinguishable among the three types of
BPV-transfected cells. We therefore conclude that BPV
transfection induces upregulation of VSOR CI currents,
irrespective of whether or not WT CFTR or the AF508
mutant is expressed.

Increased volume sensitivity of VSOR CI” channel in

BPV-transfected cells

Single CI” channel currents could be consistently observed
on both cell types when the patch pipette was attached to
preswollen cells. Also, the channel activity quickly ran down
after excision in ATP-free bath solution. These observations
are in good accord with phenotypical properties of VSOR
CI” channel (Okada, 1997). Single-channel recordings in
cell-attached patches showed time-dependent unitary
closing events at large positive potentials in both swollen
control and BPV/CFTR cells, as shown in Fig. 2A (four
upper sets of traces). However, the channel stayed mostly
in the open state and did not exhibit such time-dependent
inactivation at +60 and +40 mV (Fig. 2A: two lower sets of
traces) or at more negative potentials down to —100 mV

BPVICFTR
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e e
> s +80 mV *
> +60 mV >
, +40mV .
20 pA|
100 ms
B 12 - C
O Control PA Control
m BPVCFTR | n 2 e
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30. BPV/CFTR
100 -50 S |
e 0 50 100 150 n
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Figure 2. Effects of BPV transfection on single VSOR CI- channel conductance in C127 cells

A, representative single-channel recordings from cell-attached patches on control (left panel) and
BPV/CFTR cells (right panel), taken during application of step pulses (applied immediately before traces)
from a holding potential of —140 mV to the indicated potentials (—=V,,, where V, is pipette potential). The
number of active channels contained in a patch was 2.9 + 0.4 and 3.8 £ 0.5 in control and BPV/CFTR cells,
respectively. Arrowheads represent the zero current level. B, current—voltage relationships for the single-
channel currents of control (O, # = 3-20) and BPV/CFTR cells (B, n = 3-16). C, amplitude histogram plots
for single-channel currents recorded at +100 mV from 58 control (upper panel) and 58 BPV/CFTR cells

(lower panel) with s.D. values of 1.3 and 0.9, respectively.
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(data not shown, n =5-12), in both control and BPV-
transfected cells.

Single-channel currents exhibited similar outward
rectification in the two cell types (Fig. 2B). As shown in
Fig. 2B and C, however, the single-channel conductance
in BPV/CFTR cells (57.0 £ 1.7 pS at +100 mV, n=58)
was slightly larger compared with that in control cells
(46.7 + 1.4 pSat+100 mV, n = 58). However, this difference
of 1.2 times in single-channel conductance can account for
only a part of the large difference (of 2.7 times) between
whole-cell current amplitudes of control and BPV-
transfected cells. Since the open probability (P,) was around
1 at physiological potentials, BPV-induced enhancement of
whole-cell VSOR CI” conductance could be chiefly explained
by an increase in the number of active channels.

The cell swelling rate did not significantly differ between
control and BPV/CFTR cells, as shown in Fig. 3A. The
osmotic water permeability (Pr) was essentially the same
for the two cell types (inset, Fig. 3A). In contrast, when the
current density was plotted as a function of the relative
cell volume, which was measured simultaneously during
whole-cell recordings, a striking difference between the
two cell types was observed (Fig. 3B). As shown by the
normalised curves (Fig. 3B, inset), the mid-point of
activation was shifted to the left by BPV transfection.
Volume sensitivity of the channel activity in BPV-
transfected cells was much more prominent than in
control cells. Thus, it is evident that the augmented activity
of the VSOR CI” channel can be ascribed to enhanced
volume sensitivity of the channel.
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Activation of EGF receptors is associated with the
augmentation of volume-sensitive Cl” conductance
in BPV-transfected cells

Since BPV is known to contain a gene encoding the E5
protein, which induces constitutive activation of the
PDGF receptor and EGF receptor in many cell types
(Martin et al. 1989; Cohen et al. 1993; Nilson & DiMaio,
1993; Goldstein et al. 1994) including C127 cells (Petti et
al. 1991; Petti & DiMaio, 1994), the effects of EGF and
PDGEF peptides on VSOR CI™ currents were studied in
control and BPV cells. EGF and PDGF never affected the
basal Cl” currents under isotonic conditions in control
cells (data not shown, n = 3). The peptides were then
applied after VSOR CI™ currents reached the steady-state
level of full activation. As shown in Fig. 4A and C, EGF
caused a further increase in VSOR CI” current in control
cells, but had no effect on the current in BPV cells. In
contrast, PDGF failed to affect the Cl™ current in either
control or BPV-transfected cells (Fig. 4B and C).

An inhibitor of EGF receptor tyrosine kinase-mediated
phosphorylation, tyrphostin B46 (Gazit et al. 1991),
suppressed VSOR CI” currents in both control and BPV
cells, as shown in Fig. 5A and B. The concentration—
response curves (Fig. 5C) yield ICs, values of 31.4 + 3.7
and 12.0 + 0.9 uMm (n = 4-5) for control and BPV cells,
respectively. These data may suggest that BPV-transfected
cells have a higher EGF receptor tyrosine kinase activity
than control cells. In the presence of tyrphostin B46,
swelling-induced activation of VSOR currents was almost
completely prevented in control cells (data not shown,
n = 6).In contrast, VSOR Cl currents were not affected by
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Figure 3. Effects of BPV transfection on osmotic water permeability and volume expansion
sensitivity of whole-cell VSOR CI currents in C127 cells

A, osmotic swelling rates in control (O, n=28) and BPV/CFTIR cells (W, n=8) under the whole-cell
configuration. Cell volume was normalised to the volume before a hypotonic challenge. Osmotic water
permeability (Py) was calculated using eqn (1) and is summarised in the inset. B, whole-cell VSOR CI” current
densities in control (O, n = 8) and BPV/CFTR cells (M, n = 8) plotted as a function of relative cell volume,
which was monitored simultaneously during recordings. The inset shows the normalised current plotted

against relative cell volume.
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Figure 4. Effects of EGF and PDGF peptides on whole-cell VSOR CI- currents in control (left
panel) and BPV-transfected C127 cells (right panel)

A and B, effects of EGF (50 ng ml™') and PDGF (20 ng ml™") on whole-cell VSOR current densities recorded
at +40 mV in swollen control and BPV cells. C, summary of these effects. The current densities were

normalised to the values recorded before application of EGF or PDGF. * Significantly different from the
control values recorded before application of EGF or PDGF.
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Figure 5. Effects of EGF and PDGF receptor tyrosine kinase inhibitors on whole-cell VSOR CI~
currents in control and BPV-transfected C127 cells

A, effects of the EGF receptor tyrosine kinase inhibitor tyrphostin B46 (50 M) and the PDGF receptor
tyrosine kinase inhibitor tyrphostin AG1296 (50 uM) on whole-cell VSOR CI” currents recorded at +40 mV
in swollen control (upper panel) and BPV cells (lower panel). B, summary of these effects. The current
densities were normalised to the control values recorded before application of tyrphostin B46 or AG1296.
* Significantly different from the control values. C, concentration—response curves for tyrphostin B46 effects
in control (O, n = 4-5) and BPV cells (@, n = 4-5). Curves represent logistic non-linear curve fits. The ICs,

and Hill coefficient were 31.7 + 3.7 uM and 1.3 + 0.2, respectively, in control cells and 12.0 £ 0.9 #M and
1.0 + 0.1, respectively, in BPV cells.




5
S
S

(7%
i
A
s
=

=

~

3
~

] Physiol 549.3

an inhibitor of PDGF receptor tyrosine kinase, tyrphostin
AG1296 (Kovalenko et al. 1994), in either control or BPV
cells (Fig. 5A and B). These results suggest that the VSOR
CI” current in C127 cells is under the control of the EGF
receptor, but not the PDGF receptor, signalling pathway.

During a hypotonic challenge (65 % osmolality), BPV cells
were found to exhibit slow volume regulation after
osmotic swelling (Fig. 6A, open circles), as was the case for
BPV/CFTR cells (Hazama et al. 2000). The regulatory
volume decrease (RVD) was not significantly affected
by the presence of tyrphostin AG1296 (Fig. 64, filled
triangles). In contrast, tyrphostin B46 strongly impaired
volume regulation after osmotic swelling (Fig. 64, filled
squares), suggesting the regulation of VSOR CI~ channels
by EGF receptor tyrosine kinases in the RVD mechanism.
In control C127 cells, RVD was also observed after osmotic
swelling induced by a hypotonic challenge (Fig. 6B, open
circles) though this was less prominent compared with
BPV cells (Fig. 6A, open circles), as observed previously
(Hazama et al. 2000). Tyrphostin B46 also exhibited an
inhibitory effect on the RVD in control C127 cells (Fig. 6B,
filled squares).

DISCUSSION

The C127 cell line is derived from mouse mammary gland
tumours (Lowy et al. 1978) and has been used as a recipient
cell line for papilloma virus-induced transformation (Law
et al. 1981; Reddy et al. 1987; Petti et al. 1991; Lai et al.
2000) or stable expression of various proteins, including
CFTR (Marshall et al. 1994), using the entire BPV genome
or its plasmid-containing part. In the present study, we
investigated the effects of BPV-induced transformation on
VSOR CI” channels in this cell line.

Upregulation of VSOR Cl” channels due to
constitutive activation of EGF receptor tyrosine
kinase in BPV-transfected C127 cells

Transfection with the BPV genome confers a transformed
phenotype on C127 cells (DiMaio et al. 2000). Indeed,
BPV-transfected C127 cells, irrespective of whether or not
WT or AF508 CFTR was coexpressed with BPV, exhibited
a higher growth rate and a decreased contact inhibition
compared with control C127 cells. In the present study,
VSOR CI” channel activity was found to be enhanced in
BPV-transfected cells, irrespective of whether or not WT
or AF508 CFTR was coexpressed (Fig. 1). This observation
is in good agreement with previous reports that showed
evidence for the involvement of the volume-sensitive Cl~
channel in cell proliferation (Voets et al. 1995; Nilius et al.
1997b; Rouzaire-Dubois & Dubois, 1998; Wondergen et
al. 2001).

Previous studies demonstrated that BPV E5, a 44 amino
acid membrane-associated protein, leads to constitutive
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activation of tyrosine kinase-coupled receptors for EGF
(Martin et al. 1989; Cohen et al. 1993) and PDGF (Petti et
al. 1991; Cohen et al. 1993; Nilson & DiMaio, 1993;
Goldstein et al. 1994; Petti & DiMaio, 1994; Lai et al. 2000)
in many cell types. The following previous observations
suggest EGF receptor involvement in the regulation of
swelling-activated CI” conductance: (1) EGF potentiated
swelling-induced '*’I" efflux from Intestine 407 cells (Tilly
et al. 1993) and (2) a blocker of the EGF receptor tyrosine
kinase, tyrphostin B46, suppressed volume-regulated Cl
currents in endothelial CPAE cells (Voets et al. 1998) and
mouse fibroblasts (Bryan-Sisneros et al. 2000). In the
present study, in fact, we found that EGF peptides enhanced
VSOR CI” currents in control C127 cells but did not
further augment VSOR CI” currents in BPV-transfected
cells (Fig. 4). Also, tyrphostin B46 was found to inhibit
VSOR CI” currents more strongly in BPV-transfected cells
than in control cells (Fig. 5). In contrast, PDGF peptides
and an inhibitor of the PDGF receptor, tyrphostin
AG2396, did not affect VSOR Cl™ currents in either control
or BPV-transfected C127 cells (Figs 4 and 5).
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Figure 6. Effects of EGF and PDGF receptor tyrosine
kinase inhibitors on volume regulation of BPV-
transfected and control C127 cells after osmotic swelling.

Ahypotonic challenge was applied at time 0 to BPV-transfected
(A) and control (B) cells in the absence of inhibitor (O), presence
of 50 #M tyrphostin B46 (M) or presence of 50 uM tyrphostin
AGI1296 (A). Cell volume was normalised to the volume before a
hypotonic challenge. Each symbol represents the mean of 5-7
observations. * Significantly different from the control values
measured in the absence of tyrphostin B46 and AG1296.
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Enhancement of VSOR Cl” channel volume
sensitivity with EGF receptor activation

Activation of the EGF receptor in response to an
environmental stress such as irradiation or the presence of
hydrogen peroxide, or by the binding of ligands including
EGF and transforming growth factor TGFa, causes the
generation of signals by the tyrosine-phosphorylated
receptor protein. This enables the receptor to communicate
with other membrane proteins, cytoskeletal proteins and
the nucleus, and leads to cell proliferation, differentiation,
migration and so on (Adamson & Wiley, 1997; Hubbard &
Till, 2000). So far, it has been shown that EGF receptors
regulate a number of cation channels, including Na*
channels (Greene & Tischler, 1982; Fanger et al. 1997;
Hilborn et al. 1998), Ca** channels (Fu et al. 1997), K*
channels (Timpe & Fantl, 1994; Bowlby et al. 1997;
Wischmeyer et al. 1998) and store-operated cation channels
(Ma & Sansom, 2001). In the present study, we provide
evidence for the EGF receptor-mediated regulation of
anion channels.

The BPV E5 peptide has been shown to interact with the
vacuolar H" pump (Schapiro et al. 2000). Since intra-
cellular pH is known to play a role in regulating VSOR CI
channels (Nilius et al. 1998; Sakai et al. 1999; Sabirov et
al. 2000), there is a possibility that intracellular pH
(pH;) in BPV-transfected cells is different from that in
control cells. However, 2°,7"-bis(carboxyethyl)-5-carboxy-
fluorescein (BCECF) fluorescence studies demonstrated
that pH; values in control and BPV/CFTR cells were not
significantly different from each other, under isotonic
conditions as well as hypotonic conditions (K. Dezaki,
I. F. Abdullaev, R. Z. Sabirov & Y. Okada, unpublished
observations). Thus, it appears that augmented VSOR CI
conductance in BPV-transfected cells cannot be accounted
for by a difference in pH,.

Here it was observed that with activation of the EGF
receptor tyrosine kinase, VSOR Cl~ channel volume
sensitivity was enhanced (Fig. 3). Augmentation of VSOR
Cl” currents by stimulation of EGF receptors could be
chiefly explained by an increase in the number of active
channels. Thus, it is likely that activation of the EGF
receptor facilitates swelling-induced channel transition
from an off state to an open state, according to the gating
model proposed by Jackson & Strange (1995). EGF
receptor activation is known to lead to the activation of
parallel signal transduction pathways, including those of
phospholipase Cy (PLCy), phosphatidylinositol-3-kinase
(PI3K) and a small guanine nucleotide-binding protein
(Ras) as well as its downstream MAP kinase cascade
(Schlessinger & Ullrich, 1992; Adamson & Wiley, 1997).
However, we have not been able to identify the precise
signalling pathway for EGF receptor-mediated upregulation
of VSOR CI” channels, because preliminary experiments
(I. F. Abdullaev, R. Z. Sabirov & Y. Okada, unpublished

] Physiol 549.3

observations) demonstrated that VSOR CI~ currents in
C127 cells were not affected by application of the PLC
inhibitor U73122 (50 uM), the PI3K inhibitor wortmannin
(5 um) or the MAPK/ERK kinase (MEK) inhibitor PD98059
(30 gM). The precise molecular mechanism of interactions
between EGF receptors and volume-sensitive Cl~ channels
remains to be elucidated.

CFTR-mediated downregulation of VSOR CI™
channels does not occur in BPV-transfected cells
CFTR is known to be a multi-functional protein which acts
as a Cl™ channel per se and as a regulator for a number
of channels and transporters (Schwiebert et al. 1999;
Kunzelmann, 2001). Vennekens et al. (1999) reported
CFTR-mediated downregulation of volume-regulated
anion currents in CPAE and COS cells, when CFTR
was expressed using the vector pCINeo/IRES-GFP. We
reproduced this CFTR-VSOR CI” channel interaction by
expressing CFTR in HEK293T cells with the same expression
vector (Ando-Akatsuka et al. 2002). In contrast, Xia et al.
(1996) had previously reported that no evidence for an
interaction between CFTR and swelling-activated CI
channels could be found using BPV-transfected C127 cells
either with or without coexpression of WT or AF508
CFTR. In the present study, VSOR CI” currents were
indeed found to be indistinguishable in BPV, BPV/CFTR
and BPV/AF508 cells (Fig. 1). However, BPV transfection
was seen to induce prominent augmentation of VSOR Cl™
currents by constitutive activation of EGF receptors. This
suggests that the CFTR—VSOR CI™ channel interaction was
overridden by the activation of EGF receptor tyrosine
kinase signalling pathways. In this regard, it is noteworthy
that the CFTR protein itself may serve as a substrate of
some tyrosine kinase (Fisher & Machen, 1996).

In conclusion, the present study demonstrates that the
EGF receptor tyrosine kinase upregulates the activity of
VSOR CI' channels mainly by enhancing the volume
sensitivity of active channels in murine mammary C127
cells.
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