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Abstract. Whole-cell recordings were used to identify in Introduction

MCF-7 human breast cancer cells the ion current(s) re-

quired for progression through G1 phase of the cellThere is substantial evidence that &urrents through K
cycle. Macroscopic current-voltage curves were fittedchannels in the plasma membrane are required for pro-
by the sum of three currents, including linear hyperpo-liferating cells to pass through the G1 phase of the cell
larized, linear depolarized and outwardly rectifying cur- cycle (reviewed in Wonderlin & Strobl, 1996). This re-
rents. Both linear currents, but not the outwardly recti-quirement might, in fact, represent a checkpoint in G1
fying current, were increased bypi intracellular C&*  phase at which communication must occur between K
and blocked by 2 m intracellular ATP. When tested at channels in the plasma membrane and the cytosolic sig-
concentrations previously shown to inhibit proliferation naling pathways that regulate the cell cycle. Changes in
by 50%, linogliride, glibenclamide and quinidine inhib- membrane potential or cell volume produced by dar-

ited the linear hyperpolarized current, and quinidine andents might stimulate or suppress specific cell cycle regu-
linogliride inhibited the linear depolarized current; none latory signals, and in a reciprocal manner, the activation
of these agents affected the outwardly rectifying currentof K channels might be controlled by signaling pathways
In contrast, tetraethylammonium completely inhibited that coordinate activation of the channels with other cell
the outwardly rectifying current, but did not inhibit either cycle regulatory signals. It appears that no single type of
linear current. Changing the bath solution to symmetricK channel ubiquitously regulates the cell cycle, and pu-
K* shifted the reversal potential of the linear hyperpo-tative regulatory roles have been proposed for diverse
larized current from near the *Kequilibrium potential ~ types of K channels, including voltage-gated, Ca-acti-
(-84 mV) to —4 mV. Arrest of the cell cycle in early G1 Vated and ATP-sensitive K channels () (reviewed in

by quinidine was associated with significantly smaller Wonderlin & Strobl, 1996). This diversity, in particular,
linear hyperpolarized currents, without a change in thechallenges our ability to model communication between
linear depolarized or outwardly rectifying currents, but K channels and cell cycle regulatory signals during pro-
this reduction was not observed with arrest by lovastatirgression through G1 phase. Although Burrents aris-

at a site=6 hr later in G1. The linear hyperpolarized ing from many types of K channels could stimulate regu-
current was significantly larger imas-transformed than latory pathways in an analogous manner, it is far more
in untransformed cells. We conclude that the linear hy-difficult to envision how cell cycle signaling pathways
perpolarized current is an ATP-sensitivé Kurrent re-  Might regulate K channels as diverse as voltage-gated

quired for progression of MCF-7 cells through G1 phase and ligand-gated K channels, channels whose gating is
controlled by fundamentally different processes. Clearer

Key words: ATP-sensitive K channel — G1 phase — insight into the communication between K channels and
MCF-7 — Proliferation — Breast cancer cell cycle regulatory signals can only be gained by a
more rigorous identification of the Kcurrents that regu-
late progression through G1 phase and a more detailed
* Present addressUniversity of Rochester, Cancer Center, Rm characterization of how the activity of thesé Kurrents
1-3101, 575 Elmwood Ave., Rochester, NY 14642, USA can be regulated.
The activity of voltage-gated Kv1.3 channels has
Correspondence taW.F. Wonderlin been demonstrated unambiguously to be required for the
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mitogen-stimulated entry of lymphocytes into G1 phaseNa-HEPES (15), glutamine (2), glucose (1 g/l), with the pH adjusted
(Price, Lee & Deutsch, 1989; Freedman, Price & with HCI to 7.2. In some experiments the KKoncentration was in-
Deutsch, 1992; Lin et al., 1993) ,but regulatory roles forcreased by equimolar replacement of NaCl with KCI, and the control

ther t f K ch | hi lusi INaCI concentration was increased to 144.68.nn other experiments,
other types o channels aré much [ess conclusive >fntracellular KCI was replaced with equimolar K-Gluconate. All re-

established. ATP-sensitive K Channel%@ﬁ) have been cordings were made with the cells superfused in a smallp@Qe-
proposed by several investigators as putative regulator&rding chamber.

of passage through G1 phase, and a regulatory role for  Patch pipettes were filled with a standard intracellular buffer of
this class of K channel is particularly intriguing given the following composition (m): KCI (150), MgCl, (1.0), H-HEPES
their sensitivity to many potential regulatory signals (Ed- (10). EGTA (0.5), glucose (10) with the pH adjusted to 7.4 with KOH.

. : ; The composition of the CHEGTA buffers was the same as used by
¥?rdf 8;_9\3/;_3;02’ 1f953§,GGbOb[:|)a|allg’é88h nse;]n’ J?&n Il\sl &Wegman, Young & Cook (1991) to study Ca-dependent K channels in
rggle, ; Ashcroft nobie, » 2hyng 1= MCF-7 cells: 0.193um free C&* (1.92 mv EGTA and 0.97 m

chols, 1998; Baukrowitz et al., 1998). We previously cacy); 0.5 um free C&* (1.93 mu EGTA and 1.53 m CaCl); 1 um
reported that inhibitors of ATP-sensitive K channels, butfree C&* (1.73 m1 EGTA and 1.53 mu CaCl,). In all experiments the
not inhibitors of most voltage- and Ca-activated K chan-pH was adjusted to 7.4 with KOH. Unless otherwise noted, 0 m
nels, arrest MCF-7 human breast cancer cells in early GNa-UDP and 10Qum Mg-ATP were added to the pipette solution to
phase (Woodfork, Wonderlin & Strobl, 1995), and this prevent “rundown” of K1 currents and 0.193m Ca2* was added to

. . . f facilitate seal formation. The osmolality of the bath and pipette solu-
arrest is associated with decreased expressianmjc tions was adjusted to 83+ 5 mOsm by addition of glucose.

mMRNA, a fegU|at0f¥ signal essential for passage through Quinidine, tetraethylammonium (TEA), glibenclamide and 9-an-
early G1 (Melkoumian, Wang & Strobl, 1997). Further- thracene carboxylic acid (9-AC) were purchased from Sigma (St.
more, MCF-7 cells hyperpolarize during passage throughouis, MO). Linogliride was a gift from the R.W. Johnson Pharma-
G1 and entry into S phase, and this hyperpolarization iseutical Research Institute (Spring House, PA). Quinidine, TEA and
associated with an increase in the relative permeability tgnogliride were prepared as 10nmstocks in distilled water; glibencla-
K+ (Wonderlin, Woodfork & Strobl, 1995)_ The arrest mide and 9-AC were prepared as a 50 stock solution in dimethyl-

. S . _sulfoxide (DMSO). All stock solutions were made fresh daily and
of MCF-7 cells in G1 phase by quinidine, a nonselectlvediluted into HBSS. Lovastatin was obtained from A.W. Alberts

K channel antagonist, can be surmounted by cotreatmenierck, Sharp & Dohme Research Pharmaceuticals, Rahway, NJ).
with the K* ionophore valinomycin (Wang et al., 1998), Lovastatin was converted from its inactive lactone prodrug form to its
which indicates that the arrest by quinidine can be acactive dihydroxy open acid form by first dissolving 5.9 mg of prodrug
counted for simply by it preventing an increase in thein 118 ul of 95% ethanol, then adding 92! of IN NaOH and incu-
relative permeability to K Collectively, these observa- bating for 2 hr at 50°C. The pH c_)f the solution was adjusted to 7.2 with
tions support a key role for K currents in regulating -\ HCl- and the volume was increased to 1.5 mi (18)nby the
addition of water. The stock solution was stored at —20°C.
passage through G1 phase, but the presence o8 K
current in MCF-7 cells has not been established. In the
present study we have focused on identifying adgr- ~ ELECTROPHYSIOLOGY
rent in MCF-7 cells which can unify the observations the whole-cell recording configuration of the patch-clamp technique
described above, and we report that MCF-7 cells dowas used to study membrane currents in MCF-7 cells. The ruptured-
indeed, express a fp current whose activation is re- patch method was used to control the intracellular milieu and to allow
quired for progression through G1 phase. us to test the effects of intracellular ATP and?Can membrane
currents. All recordings were performed at room temperature (22—
24°C). Pipettes were pulled from borosilicate glass capillaries (World
Materials and Methods Precision Instruments, Sarasota, Florida; w/fil., 1.5 mm o.d.), coated
with Sylgard to within 0.2 mm of the tip and fire polished on a
Narashige microforge.
CeLL CULTURE Membrane currents were recorded using an Axopatch-1B ampli-
fier. The currents were filtered and digitized at 5 kHz and analyzed
MCF-7 cells were grown in Dulbecco’s Modified Eagle’'s Medium using software written by W.F.W. Current-voltage relations were de-
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum,termined by measuring the membrane current at a series of stepped
0.04 mg/ml gentamicine and 2urglutamine, at 37°C in a humidified command potentials between -80 and +40 mV (10 mV increments)
5% CO,~95% air incubator. Cells were passaged weekly at a ratio ofwith a holding potential between steps of ~50 mV. The duration of
1:5. Passages 38-55 were used in this study. Cells for patch-clampach step was 800 msec, with an interval of 1 sec between steps, and
experiments were harvested with 0.02% trypsin and plated onto 5 mnthe current amplitude was calculated as the average current during the
square glass coverslips in 35 mm dishes at a density of 3.4%x 10last 50 msec of each voltage step. The size of MCF-7 cells was highly
cells/dish 24 hr prior to recording. variable. To facilitate comparisons among cells, we converted the cur-
rent amplitudes to current densities by dividing each current amplitude
by the cell capacitance indicated by the capacity compensation adjust-
SOLUTIONS AND CHEMICALS ment. The pipette liquid junction potential calculated from the Hen-
derson equation (Barry & Lynch, 1991) for our standard recording
The standard bath solution for patch-clamp experiments was Hanksonditions (HBSS in the bath and the high-K solution in the pipette)
Buffered Salt Solution (HBSS) of the following composition Min was —4 mV, which was subtracted from the command voltages prior to
NacCl (136), KCI (5.37), CaGl(1.8), MgC}, (0.812), NaHCQ (4.17), display and analysis of the data.
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CELL SYNCHRONIZATION A
The HMB-CoA reductase inhibitor lovastatin and the K channel 0.3 5
blocker quinidine were used to arrest cells in G1 phase. Cells were E
plated at a densityfa7 x 10* cells/well into 6-well plates containing 0.2
10% DMEM. The medium was removed 40 hr after plating and re- _ ]
placed with medium containing 30m lovastatin or 90um quinidine. @ ]
Membrane currents were measured 30 hr after addition of the drugs. ‘g 01 _:
3 ]
w 00
CURVE FITTING/DATA ANALYSIS 3 ]
0.1
Each whole-celll/V curve was fitted by the sum of three currents,
including a linear hyperpolarized,(), a linear depolarized () and a 02 1t A
voltage-dependent, outwardly rectifying, current, as indicated in
the following equation: -100 -80 60 40 -20 0 20 40 60
Membrane Potential (mV)
Ve - E
I =G (Ve —E ) +Gp(Ve —Ep) + Corl CV _O\F;) (1)
1+exp <——C °'5> B
k
wherel is the total membrane current density is the step command 0.5 7
potential; E, , E p and Egg are the reversal potentials for the linear ]
hyperpolarized, linear depolarized and voltage-dependent components, 0.4 E
respectively; an@, ;, G, p, andGor are the conductance densities for . 03 3
the three components/,, s is the membrane potential for half-maximal £ ™%
activation andk is the slope parameter for the voltage-dependent cur- 3 02 E
rent, l,,. B 7
The relative sizes of the three components in dA¢lturve were 3 0.1 B
estimated by adjusting the paramet@&s,, G, p, and Gog, using the w- = ]
Simplex algorithm, to optimize a least-squares fit to thé curve. 00 3 —-
All other parameters were held constant at the following vallgs,, E
E, o andEgg were assumed to be the Nernst potential for(84 mV), 01 S+ LA e |

the reversal potential of a TEA-sensitive linear current (-4 mV), and
the median reversal potential (-52.5 mV) calculated for six outwardly
rectifying tail-currents, respectively, s andk were estimated by fit- Membrane Potential (mV)
ting five I/V curves recorded with 2 mATP in the pipette by the sum
of an outwardly rectifying component and a small, linear leak compo-Fig- 1. Current-voltage relations in unsynchronized MCF-7 cells. Data
nent. These parameters were estimated to be +29.2 mV and 15.2 mWere scaled so that the area under/l curves was equal to oné
respectively. Cells with predominantly linealrV relations (i = 37). @) Cells with

For each blocking drug tested, the functional bldek, was cal-  Strongly outwardly rectifying/V relations ( = 17).
culated as Ggonyrol = Garug/Geontror The mean fractional block was
calculated at each concentration from experiments in which the con-
ductance density of the component wad x 10°% nS/pF, and the P< 0.05h, wheren is the number of tests, considered to be significant.
component constituted at least 10% of the cell's total conductancévleans are plotted sem.
density. The exclusion of smaller components helped reduce the vari-
ability in the estimates of the means. These concentration response

-100 -80 -60 -40 -20 0 20 40 60

curves were fitted by: Results
— Bmax
Fe=— "k \n (2 CURRENT-VOLTAGE RELATIONS OF
1 (B') EXPONENTIALLY GROWING MCF-7 CeLLS

whereB,,.,is the maximum fractional blocks; is the concentration at  1he I/V relations for 54 randomly selected, unsynchro-
which the block was half maximal) is the concentration of drug and nized, exponentially growing MCF-7 cells are shown in
his the Hill coefficient. The means were fitted using a nonlinear leastFig. 1. Thesd/V curves have been scaled to the same
squares method (JMP Statistical software, SAS Institute), with eactyrea by dividing eachfV curve by the sum of the abso-

mean weighted by the reciprocal of the standard error of the meai) te values of the data points for the curve, thereby elimi-

(SEM). . . . .
Statistical analysis was performed using JMP software. Student’snatlng differences amon[zjV curves due to size. With

t-test for multiple comparisons modified by the Tukey-Kramer HSD this sqaling, thd/V curves (?OIj'ld Pe unambigupu_sly d!'
method was used to compare treatment means with control means, atided into three clusters, distinguished by their linearity
one-sided-tests were used to test the significance of drug block with and reversal potential. The predominantly lind&y
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Fig. 2. Macroscopic membrane currents in unsynchronized MCF-7 cells. The currents were elicited by voltage steps from a holding potentic
-50 mV to test potentials between -80 and +40 mV, in 10 mV incremeetMaterials and Methods)Aj Linear hyperpolarized current(), (B)

outwardly rectifying currentl(,,), (C) linear depolarized currenk() (D) Voltage-step protocol. Each set of whole-cell currents shown was recorded
from a different cell.

curves (Fig. B) clustered into two groups based on their The absence of selective antagonists for each of
reversal potential, including linear hyperpolarized (rever-these currents prevented us from using a pharmacologi-
sal potentials ranging from —-49 to —=73 mV) and linear cal approach to separate the currents effectively. As an
depolarized (reversal potentials ranging from —6 to —27alternative, we used a curve-fitting procedure (described
mV) curves. The third cluster includddv curves dis- in Materials and Methods) to estimate the contribution of
playing strong outward rectification (FigBL This clus- |, I,4 andl, to eachl/V curve, and this enabled us to test
tering of thel/V curves suggested the presence of at leasthe sensitivity of each of the three currents to experimen-
three macroscopic currents, including linear hyperpolartal manipulations. We do recognize, however, that each
ized (), linear depolarizedl(;) and outwardly rectify- of these currents might represent the sum of currents
ing (I,,) currents. produced by more than one type of ion channel. With
Although thel/V curves frequently included a mix- this caveat in mind, the goal of the experiments described
ture of I, I,y andl,,, we did record whole-cell currents below was to determine which of the three macroscopic
in which a single type of current predominated, and theseurrents, |, 1,4 and |, was most likely to include a
recordings highlight important differences among thecurrent required for the progression of MCF-7 cells
currents, as shown in Fig. 2., could be easily distin- through G1 phase of the cell cycle.
guished froml,, andl 4 as it was evoked only at mem-
brane potentials more positive tha®r10 mV, and it .
exhibited a delayed activation (FigBR |, did not in-  EFFECTS OFINTRACELLULAR C&f
activate during the voltage step,, (Fig. 2A) andl 4 (Fig.
2C) did not exhibit any voltage- or time-dependent prop-A small conductance (23 pS), €aactivated K channel
erties. The small delay in activation at positive poten-has been described in MCF-7 cells (Wegman et al.,
tials evident in the recordings shown in FigéA @&nd &  1991). We have observed that application of th&*Ca
is due to a small contribution bly,. ionophore ionomycin to MCF-7 cells elicited a rapid,
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quinidine-sensitive hyperpolarization of the membrane2 1.0 3
. . . c a
potential bur unpublished observatiopsand, therefore, 3 0.5 5
we predicted that a Gadependent K current would be 00 3 =7
present in the MCF-7 cells. We tested this prediction by Control 2 mM ATP

adding 193 m, 500 v or 1 pm C&* to the pipette

solution. Only the highest G& concentration (Qpm) Fig. 4. Effects of intracellular ATP on whole-cell current#) (Whole-
tested significantly increased any of the components?e” currents were recqrded with 0 €4control;n = 40) or2m/|.ATP
producing a 6-fold stimulation dfh and a 3-fold stimu- (n = 6). (B) currents in the control group were recorded withui

- . Ca* in the pipette i = 21) and compared with currents recorded with
lation of lig (Flg. 3)' lor was not affected by Caat the 2 mm intracellular ATP 6 = 6). Significant decreases in conductance

concentrations tested,, andl q were also present in the gensities, compared to control values, are marked by asterisks.
absence of G4, indicating either that activation of these
currents was not entirely dependent on Ca or that a mix-

ture of Ca-dependent and Ca-independent currents COxTp.independent current also contributed to this com-
tributed toly, andlyg. ponent. I, was not inhibited by ATP.

EFFECTS OFINTRACELLULAR ATP ErrecTs oFK CHANNEL BLOCKERS

We tested the hypothesis that ATP-sensitive currents ar€he current whose activation is required for progression
present in MCF-7 cells by determining the sensitivity of through early G1 phase should be blocked by glibencla-
whole-cell currents to the addition of 2umATP to the  mide, linogliride and quinidine, drugs which inhibited
pipette solution. BotH,, andl,; were significantly in-  proliferation and progression through G1 phase, but not
hibited by 2 mu ATP added to a pipette solution con- by TEA, which inhibited proliferation without arresting
taining either 0 or 1um C&* (Fig. 4). 1, was nearly the cell cycle (Woodfork et al., 1995). We first tested the
completely inhibited (>98%) with either 0 orjdm C&*  effects of each drug on the macroscopic currents at con-
in the pipette solution, indicating that all of the current(s) centrations most relevant to inhibiting proliferation (Fig.
contributing tol,,, were sensitive to ATP, and this ruled 5). Drugs were added to the bath solution since they all
out any contribution by an ATP-insensitive, €a inhibited the proliferation of MCF-7 cells when added to
activated current td;,. On the other hand|y was the culture medium. Quinidine (3%m), linogliride (770
blocked by 82% with 0 CH in the pipette and by 85% um) and glibenclamide (5Qum) were tested at their I§g
with 1 wm C&™ in the pipette, indicating that a small, concentration for inhibiting the proliferation of MCF-7
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Fig. 5. Effects of K channel antagonists on whole-cell currents. The
fractional block ofl,, l,4 andl, is shown for each drugh(= 4-15)
cells. Quinidine, glibenclamide, linogliride and TEA were tested at
concentrations of 25um, 50 M, 770 um and 10 nwm, respectively.
Statistically significant block is marked by an asterisk.

Fractional block

T
100 1000

cells, and TEA was tested at 10vimits 1C45 concentra-
tion for inhibiting proliferation (Woodfork et al., 1995).
The thre.e .Currents exhibited dISt!nCtly different pattemSFig. 6. Concentration-dependent inhibition kf, 1,4 andl,,. The up-
of sensitivity to the four antagonistsy, was reversibly per, middle and lower panels show dose-response curves for quinidine,
blocked by quinidine, glibenclamide and linogliride, but glibenclamide and linogliride, respectively. The data are plotted as the
not by TEA. I,4 was blocked by quinidine and linoglir- mean tsem of 3-7 experimentssem bars smaller than the symbols are
ide, but not by TEA or glibenclamidd,,, was nearly  not shownl,, is plotted as open circleky is plotted as filled boxes and
completely blocked by TEA, but it was not inhibited by I, is plotted as open triangles. Least-squares fits of dose-response
the other drugs. The blocking action of all of the drugscurves are plotted as solid lines, and the parameter values are given in
. the Table. For datasets that could not be fitted, the data points are

was completely reverablei&ta not ShOW)] Of J_[he three_ connected by dotted lines. The data point for 200 glibenclamide
currents, onlyly, matched the pharmacological profile yas not included in the fit of,,.
expected for the target of the drugs that arrest the cell
cycle in G1 phase.

A more detailed examination of the dose-dependentable. Best-fit parameters for concentration-dependent inhibition of
inhibition of I, I,y andl,, is shown in Fig. 6. The dose- 'nandlq
response data were fitted using Eq. 2, and the fitted

linogliride (uM)

R . . Component Ki (M) Brax h
curves are shown in Fig. 6 with the parameters for the fits
given in the Table. The block df;, by quinidine was  Quinidine I 8.36 1.05 1.24
fitted well by a single-site blocking model, with saturat- Glibenclamide I 44.82 0.61 8.67
ing maximum block and a Hill coefficient not signifi- ha 61.12 0.52 2.26
cantly different from 1. The variable block &f, andl,, ~ Linogliride i 176.22 0.61 8.19
ha 185.51 0.33 3.66

by quinidine was not fitted. In contrast, glibenclamide
and linogliride prOduc.ed a Steep'Y ConCF"mm‘tlon'See Materials and Methods for a description of the curve-fitting pro-
dependent block ofy,, with Hill coefficients andB,ax  cedure.

values for both drugs near 8 and 0.6, respectively. Gli-

benclamide and linogliride also inhibitég with K; val-

ues similar to those for inhibition df,, but with lower  solution were -84, +69 and +0.9 mV, respectively.
values forB,,,and the Hill coefficients (Table). Clearly, the cluster of/V curves associated with, was
closest toE. (Fig. 1A). When |4 was partially sup-
pressed by 20 m TEA, we observed/V curves in some
The equilibrium potentials for K Na” and CI calcu-  cells that indicated dominance by a current with a rever-
lated for extracellular HBSS and our standard pipettesal potential very nedE,. An example is shown in Fig.

IoN SELECTIVITY OF I ,,, |, AND I
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7, in whichl/V curves are shown for a cell recorded first (‘08 ]
in HBSS and then in symmetric 150MKCI with TEA 0.0 Bl )
(20 mv) added to both solutions. The reversal potential T
of thel/V curve shifted fronT+85 to[-4 mV when the 13
-0. B e B o o N e e o B

HBSS solution was changed to symmetri&, Kvhich is
very close to the shift predicted for a'telective cur- .
rent. In symmetric K, thel/V relation also exhibited a Membrane potential (mV)

Sllght inward rectification, as expected for afbcurrent Fig. 8. Pharmacology of an outwardly rectifying Cturrent. An out-

(Zhou, Tate & Palm?r' 1994). L wardly rectifying CI' current was elicited by equimolar substitution of
The ion selectivity ofl,; was more difficult to de-  the 150 nw KClin the pipette solution with KGIu, ant}, was blocked

termine because we could not pharmacologically isolat@y adding 20 m TEA to the HBSS. Currents were measured at step

it from I,. Our best estimate of the reversal potential of command potentials from —80 to +60 mV, with a holding potential of

I,4 was obtained from recordings in whitk was absent =50 mV, in 10_mV increme.nt. For each pair of control and drug-

andl, was very small in which case TEA blocked a 0% Seongs o - 30 ot e e ot e o e

Curren,t with a,reversa_‘l po'tentlal near —4 mV, a r,eversa he drug-exposed data. The'scaled data were averaged and are plotte

potential consistent with either a nonselective cation CUryg the mean sem. (A) 1 mw 9-AC partially inhibited the current(=

rent or a chloride current. We tested several inhibitors of). @) 50 uw glibenclamide did not inhibit the rectifying current

nonselective cation channels, including p® fluf- (n=2).

enamic acid, Jum amiloride and 1 ma gadolinium chlo-

ride (data not showh Among these agents, only the

addition of gadolinium chloride to the pipette solution be distinguished from,, because: (i) it was observed

inhibited I,4, decreasing the current by 41.0 + 7% € only in the presence of a very steep @radient, (ii) its

3) and shifting the reversal potential in the hyperpolar-reversal potential was more depolarized and it did not

ized direction by —22 + 6 mV (0 = 3). These obser- shift significantly in symmetric K (data not show)) and

vations support a tentative conclusion thgtprobably  (iii) the current was insensitive to 20 NmTEA. The

includes a nonselective cation current. reversal potential of the TEA-insensitive, outwardly rec-
To determine if a Cl current might also contribute tifying current was very depolarized (0 to —20 mV) com-

to 14, we substituted the internal KCI with either pared to the Clequilibrium potential (-109 mV), per-

equimolar K-Gluconate or K-Acetate, and 20umTEA  haps due to the ability of the anions substituted fortGl

was added to the bath. Both substitutions revealed @ermeate the channels or the presence of a small back-

small, outwardly rectifying current (Fig. 8) which could ground current with a more depolarized reversal poten-
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04 = 6), from which aP./Py, permeability ratio of 12 was
1 calculated from the GHK equation, indicating a selectiv-
ity of 1., for K* over N&. Based on thi®, /Py, value,
the reversal potential under symmetric conditions (150
mm [K*]) was predicted to be 0 mV, and, as shown in
Fig. 9 (middle traces), the tail currents recorded in sym-
3 ; metric 150 nm [K™] reversed at approximately 0 mV,
0.1 F—rr e e e close to the predicted value.

0 100 200 300 400 500 600 700 800

Current density (nA/pF)

Ti
ime (msec) CURRENT-VOLTAGE RELATIONS OF CELLS ARRESTED IN

EarLy G1
0.4 -
02 We previously reported that the membrane potentials of
“ MCF-7 cells arrested in early G1 phase are depolarized
0.0 —:f 0mvV—s relative to the membrane potentials of cells accumulated
- in S phase (Wonderlin et al., 1995), and we hypothesized
] that the difference in membrane potential results from
0.4 5 the cells having a lower relative K permeability during
e early G1 phase than in S phase. If the lower relative
0 100 200 300 400 500 600 700 800 permeability to K is associated with a decreased acti-
vation ofl,,, then the average conductance density;pf
should be lower in cells arrested in early G1 phase than
in control, unsynchronized cells. We compared the cur-
+60mV rents recorded from cells arrested by either quinidine or
lovastatin, an inhibitor of cholesterol biosynthesis; both
of these drugs have been shown to arrest reversibly the
= cell cycle of MCF-7 cells in early G1 phase (Keyomarsi
e——-120mVv et al, 1991; Woodfork et al, 1995). Quinidine arrests the
cell cycle of MCF-7 cells at a site approximately 12 hr
were blocked by adding 2mATP to the pipette solution. The cell was after entry into G1, and the site of arrest by lovastatin is

held at -50 mV, depolarized to +60 mV and then hyperpolarized to2—6 hr after the site of arrest by quinidine (Wang et al.,

potentials from +30 to —120 mV (lower panel). The tail currents were 1998)- ) )
recorded in either 5.37 m [K*], (upper panel) or 150 m [K*], Cells were treated with 3Qlm lovastatin or 90um

(middle panel). The currents were not leak subtracted. quinidine, concentrations previously shown to increase
the percentage of cells in GO/G1 to 80—85% after 30 hr
treatment. To minimize direct effects of the drugs on ion

tial. The TEA-insensitive, outwardly rectifying current .

was blocked nearly 50% by bath gpplicagor? of Mm currents, the cells were washed in drug-free DMEM for

9-anthracene carboxylic acid (9-AC), an agent that30 min prior to recording. The time allowed for washout

blocks CI' channels in epithelial cells and cardiac myo- was estimated from whole-cell recordings in which in-

cytes (Fig. @) (Welsh, 1984; Harvey, Clark & Hume hibition of linear currents by quinidine was fully re-

1{)90) | gll and | V\;ere no't affect)é,d by 9-ACdata ' versed within 15 min after beginning washout of the drug
= lh lid or B

not showi. Glibenclamide can inhibit myocardial and I(see taI?oF_@. 3in (\thing et al.,t 19981' %F'n'dgglqub
epithelial CI' channels at high concentrations (1Q0) ovastafin Increased the percentage of cetis in y

) . 21 £ 2% f = 2) and 15 = 2% 1§ = 2), respectively.
(Sheppard & Welsh, 1992; Tominaga et al., 1995), but L
50 uum glibenclamide, which inhibited the proliferation ~€St of the cell cycle by lovastatin did not affect the

of MCF-7 cells by 50% (Woodfork et al., 1995) did not conductance density of any of the three components of

r e o the I/V (n = 18), whereas arrest by quinidine signifi-
?Iifigctge TEA-insensitive, outwardly rectifying current cantly decreased the conductance densitdby 96%

The ion selectivity ofl,, was investigated by exam- relative to controlif = 13, Fig. 10). Arrest by quinidine

ining the reversal potential of tail currents (Fig. 9). Cells did not affect the conductance densities! gfand .

were held at -50 mV, depolarized to +60 mV, and then

stepped in 10 mV increments from +30 to =120 mV. OVEREXPRESSION OFRAS-ONCOGENE INCREASESI,,,

I, and I,y were blocked by 2 m ATP added to the

pipette solution. Tail currents recorded from cells bathedMICF-7 cells transformed with theas oncogene have a
in HBSS (5.37 mn [K™],) reversed at -52.5 + 2.5 m\A(  shorter G1 transit time than control, untransformed

0.2

Current density (nA/pF)

Time (msec)

-50mvV —

Fig. 9. lon selectivity of the outwardly rectifying current,, and |4
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] Fig. 11. 1, is larger inras-transformed MCF-7 cells. Current-voltage
0.0 ] * data were collected from unsynchronized control MCF-7 cells and
- f f 1

| | ras-transformed MCF-7 cells. Significant differences in the current
Ih Id or densities ofras-transformed cells compared to control values are

) ) ) marked by asterisks.
Fig. 10. I, increases during G1 phase. Current-voltage data were col-

lected from MCF-7 cells arrested in G1 phase by lovastatir=(20) . S -
or quinidine i = 13). Arrest by quinidine significantly decreaskg was Its nearly complete inhibition by millimolar Ccytoso-

alone (asterisk), whereas arrest by lovastatin did not affect any currentdic ATP, and this warrants the C|a_55iﬁcati0n_ Igf as an
ATP-sensitive K current (Kp). This conclusion is con-

sistent with the ability of antagonists of - currents,
ut not voltage-gated or Ca-activated currents, to arrest
the cell cycle of MCF-7 cells in early G1 phase (Wood-
fork et al., 1995). However, the position lgf among the
different classes of Kp currents is unclear. The low
potency and very high Hill coefficients of inhibition by
glibenclamide and linogliride distinguigf, from all pre-
viously reported K p currents, although ke currents
with low sensitivity to glibenclamide have been reported
(reviewed in Gopalakrishnan et al., 1993). We speculate
that I, might be produced by the association of a K
&hannel with a unique sulfonylurea receptor whose li-
gand-binding properties are different from the SUR or
SUR2 subtypes (Inagaki et al., 1996; Ashcroft &
Gribble, 1998), and this association might confer the
lower sensitivity to glibenclamide and linogliride. Fur-
thermore, although virtually all of;, could be inhibited
by ATP, indicating that it is comprised entirely of,K
currents, we observed both Ca-independent and Ca-
dependent components kf, which might be evidence
Discussion that two types of K;p currents are present. We have
identified an 8 pS K channel in MCF-7 cells that might
I, 1s THE TARGET OF K CHANNEL DRUGS THAT ARResT ~ Produce the conductance underlyikg(Klimatcheva &
THE CELL CYCLE IN G1 RHASE Wonder”n, 1995), SurpriSingly, the properties of this
channel resemble most closely those of a small-
We identified three currents in the macroscopic currentconductance K:p channel previously identified in the
voltage relationships of MCF-7 cells. Among these cur-mitochondrial inner membrane (Inoue et al., 1991).
rents, only the linear hyperpolarized currekt, exhib- We recently reported that MCF-7 cells arrested in
ited the properties expected for an ion current that mighearly G1 phase by quinidine could be released from the
regulate the progression of MCF-7 cells through earlyarrest by treatment with the 'Kionophore valinomycin,
G1 phase. These properties include its sensitivity tan the continued presence of quinidine (Wang et al.,
agents that arrest the cell cycle, ion selectivity and cell1998). The ability of valinomycin to overcome the arrest
cycle-specific activity. The most prominent featurd,gf by quinidine demonstrated that inhibition of & Kurrent

MCF-7 cells, and the shorter transit time probably result
from changes in specific cell cycle regulatory signals,
such as the observed increase in cyclin D1, a G1 cyclin
andc-mycmRNA (J. Stroblunpublished data We pre-
dicted thatras-transformed cells are also more hyperpo-
larized, which might facilitate their passage through G1
phase. We tested this prediction by comparlpg I,
andl, in control versugas-transformed cellsl,, was
significantly larger inras-transformed cells (Fig. 11).
The increase iny, did not appear to involve expression
of a new type of current, because there was no differenc
in the fractional block ofl,, in control andras-
transformed cells by 90.m quinidine @ata not showh
Cells transformed byas were also less sensitive to arrest
by quinidine, theK; for quinidine was increased 2.8 fold
in ras-transformed cells (J. Strobynpublished data

I, Was also significantly smaller iras-transformed cells
(Fig. 11).
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was the mechanism responsible for the arrest of the celirrested in early G1 phase, and this hyperpolarization
cycle by quinidine, and we now conclude thatis the  was associated with an increase in the relative perme-
K™ current inhibited by quinidine. We have not yet ability of the plasma membrane to"KWonderlin et al.,
tested the ability of valinomycin to overcome the arrest1995). This increase in the relative permeability t6 K
by glibenclamide or linogliride. The selectivity of gli- can be accounted for by the large increasé,jrduring
benclamide for K1p currents at the high concentrations progression through early G1 to middle G1 phase, as
required to inhibitl,, might be questionable, because theindicated by the relative sizes f, in cells arrested by
inhibition of voltage-gated Kcurrents and Clcurrents  quinidine and lovastatin, respectively. Furthermore, we
at similar concentrations of glibenclamide has been reconclude that the quinidine-sensitilygis the primary, if
ported (e.g., Tominaga et al., 1995; Vandorpe et al.not the only, physiological mechanism that hyperpolar-
1995). However, we can rule out Gdurrents as the site  jzes the membrane potential of MCF-7 cells during pro-
of action of glibenclamide in MCF-7 cells because thegression through G1 phase, because the application of
small CI" current revealed by introduction of a large Cl - qyinidine depolarizes all MCF-7 cells to approximately
gradient was not inhibited by glibenclamide. The func-_10 mv (wang et al., 1998), the membrane potential of
tional importance of this Clcurrent is not obvious be-  cejis arrested in early G1 phase (Wonderlin et al., 1995).
cause the membrane potential of MCF-7 cells is not sen- e present study provides valuable insight into

sitive to <_:hanges in the extracellular"Gloncentration 1 achanisms that might coordinate the activity@fwvith
(Wonderlin etal., 1995), and MCF-7 cells do not volume o1 el cycle signals. We now have direct evidence
regulate (Altenberg et al., 1994), a common role of SOM&hat the channels which generagecan be acutely acti-

Cl. channelst. IFlnaIIy, a:)TEA-(sjenﬁl'tl\r/]ea'oultwaréjly rectl- \ ated by a fall in the cytosolic ATP concentration or a
fying current,l,,, was observed which displayed proper- rise in the cytosolic C4 activity, providing rapid, short-

f[les that were opposlte from thos_e expected for a curreqterm regulation of;,. On the other hand, the increase in
involved in regulating progression through G1 phase.

A similar voltage-dependent current has been describe!jh. during G1 pha;e, as revealed by differences in quin-
. idine- vs. lovastatin-arrested cells, cannot be accounted
in T47D human breast cancer cells (Gallagher et al.

. . . for solely by parallel changes in the cytosolic concentra-
1996), although the reversal potential of its tail currents ions of C&", ATP or any other freely diffusible cyto-

was more hyperpolarized than the reversal potential fof O . : .
l,.. The voltage-dependent activation Igf might func- solic constituent, because we observed the increalgg in

tion to keep the membrane potential more hyperpolarize(ﬂISIng ruptureq-patch, vyhole-cell reqordmgs n wh|ch_the
than 0 mV, a limit that is evident as a sharp boundarycytOSOI was dialyzed with the same mtraceIIL_JIar solution.
near 0 mV in the distribution of membrane potentials in | "€réfore, these channels must also be activated by pro-
MCF-7 cells (Fig. 1 in Wonderlin et al., 1995). cesses that produce more stable, long-term activation of
The inhibition ofl,, by glibenclamide and linoglir- Karechannels, such as increased phosphatidylinositol in
ide was an extraordinarily steep function of drug con-the cytoplasmic leaflet of the plasma membrane (Shyng
centration, especially compared to the inhibitiogby & Nichols, 1998; Baukrowitz et al., 1998), protein phos-
quinidine. We previously observed similar, steep rela-Phorylation (e.g., Light etal., 1996), or the expression of
tionships for the inhibition of proliferation by gliben- additional channels. Although dialysis of the cytosol us-
clamide and linogliride, but not quinidine (Woodfork et iNg the ruptured-patch recording technique provides
al., 1995). The steepness of the concentration-dependet@luable insight into the mechanisms of activation and
inhibition might provide further support for the presence regulation of the currents, it will be important in future
of an unusual SUR in MCF-7 cells. We have proposedexperiments to examine these currents using a perforatec
that the ratio of concentrations at which the cell cycle ispatch recording technique, which will preserve the nor-
arrested by 50% and the K current is inhibited by 50%mal intracellular milieu, thereby providing a more physi-
should be the same for all K channel blocking agents thaelogically relevant measure of the activity of the currents
arrest the cell cycle by selectively inhibiting K currents at different stages of the cell cycle.
(Wonderlin & Strobl, 1996), but the incomplete inhibi- Hyperpolarization by 10-25 mV during progression
tion of 1, by glibenclamide and linogliride prevents us from early G1 phase to S phase has been observed in
from making this direct comparison. Itis clear, however,rapidly proliferating cells other than MCF-7 cells (Boon-
that there is not a simple relationship among these drugstra et al., 1981; Sachs, Stambrook & Ebert, 1974), and
between the fractional block df,, and the degree of it seems plausible that this hyperpolarization is necessary

inhibition of proliferation. to provide a sufficient electrochemical gradient for the
Na-dependent uptake of substrates, such as amino acids

SIGNIFICANCE OF |,,, FOR REGULATING PROGRESSION glucose and nucleotides, required for the G1 buildup

THROUGH G1 PHASE (Villereal & Cook 1977; Gomez-Angelats et al., 1996).

Hyperpolarization might also play a critical role in pro-
We previously reported that MCF-7 cells in S phase wereducing C&" signals required for passage through check-
hyperpolarized by 15-30 mV relative to MCF-7 cells points in early G1 phase and at the G1/S border (Pittet et
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