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Cholesterol regulates HERG K* channel activation
by increasing phospholipase C 31 expression
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Human ether-a-go-go-related gene (HERG) K* channel underlies the rapidly activating delayed rectifier K* conductance
() during normal cardiac repolarization. Also, it may regulate excitability in many neuronal cells. Recently, we showed
that enrichment of cell membrane with cholesterol inhibits HERG channels by reducing the levels of phosphatidylinositol
4,5-bisphosphate [PtdIns(4,5)P,] due to the activation of phospholipase C (PLC). In this study, we further explored the
effect of cholesterol enrichment on HERG channel kinetics. When membrane cholesterol level was mildly increased in
human embryonic kidney (HEK) 293 cells expressing HERG channel, the inactivation and deactivation kinetics of HERG
current were not affected, but the activation rate was significantly decelerated at all voltages tested. The application of
PtdIns(4,5)P, or inhibitor for PLC prevented the effect of cholesterol enrichment, while the presence of antibody against
PtdIns(4,5)P, in pipette solution mimicked the effect of cholesterol enrichment. These results indicate that the effect
of cholesterol enrichment on HERG channel is due to the depletion of PtdIns(4,5)P,. We also found that cholesterol
enrichment significantly increases the expression of 1 and B3 isoforms of PLC (PLCB1, PLCB3) in the membrane. Since
the effects of cholesterol enrichment on HERG channel were prevented by inhibiting transcription or by inhibiting PLCR1
expression, we conclude that increased PLCRB1 expression leads to the deceleration of HERG channel activation rate
via downregulation of PtdIns(4,5)P,. These results confirm a crosstalk between two plasma membrane-enriched lipids,

cholesterol and PtdIns(4,5)P,, in the regulation of HERG channels.

Introduction

The kinetic behavior of human ether-a-go-go-related gene
(HERG) K* channel is characterized by slow activation and
deactivation, on the order of hundreds of milliseconds to sec-
onds. Inactivation kinetics are very rapid, on the order of milli-
seconds to tens of milliseconds."? These unusual kinetics enable
HERG channels to serve as a rapidly activating delayed recti-
fier K* conductance (I, ) during normal cardiac repolarization.’
Long QT syndrome (LQTS), which is marked by delayed car-
diac repolarization, is a clinical condition for the cardiac ven-
tricular tachyarrhythmia and sudden death. The importance of
HERG channel is underscored by the fact that over 250 HERG
channel mutations and polymorphisms are linked or suspected
in LQTS.? In addition, blockade of HERG channel by various
prescription drugs causes LQTS. These include antihistamines
(terfenadine), gastrointestinal prokinetic agents (cisapride)
and many psychoactive agents (amitryptiline, chlorpromazine,
haloperidol and thioridazine). Hence, the early recognition
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of potential LQTS liability is an essential component of drug
discovery,® and any physiological inhibitory factors need to
be thoroughly studied. The functional significance of HERG
channel is suggested, not only in cardiac cells but also in vari-
ous neuronal cells, such as hippocampal glial cells” and Purkinje
cells.®

Phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P,] plays
a fundamental role in the plasma membrane, where it regulates
signal transduction, exocytosis/endocytosis, actin dynamics and
ion channel and transporter functions.”'® HERG channel is one
of the ion channels under the regulation of PtdIns(4,5),. When
internally dialyzed, PtdIns(4,5)P, accelerates the activation and
slows the inactivation kinetics of HERG channel."! Also, the
presence of anti-PtdIns(4,5)P, antibody in whole-cell pipette
solution produces the opposite effects of PtdIns(4,5)P,. The C
terminus of HERG channel contains cluster of basic residues,
which is proposed as a PtdIns(4,5) P, binding domain, since some
deletion at this segment abolishes the effects of PtdIns(4,5)P,."
Similar to PtdIns(4,5)P,, cholesterol is enriched in the plasma
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i downregulate the PtdIns(4,5)P, level. We also

found that cholesterol enrichment specifically

I increased the expression of the $1 and B3 iso-

forms of PLC (PLCR1, PLCB3) in the mem-
brane. Specific inhibition of PLCB1 expression
prevented the effect of cholesterol on HERG
channel, which may suggest a close link between
PLCR1 and HERG channel activity. From these
results, we conclude that one of the novel func-
tions of cholesterol is to modulate HERG chan-
nel by regulating the expression of PLC.

Cont

C 70 D
-40

[ 100puM Chol

Cont

-70-

700pA
4s

Figure 1. Increasing membrane cholesterol levels inhibits HERG K* currents. (A and B)
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Results

Inhibition of HERG K* currents by choles-
terol. MBCD, a water-soluble cyclic oligosac-
charide, has a hydrophobic cavity encapsulating
the insoluble cholesterol. MBCD saturated with
cholesterol (MBCD-cholesterol) can act as a
cholesterol donor and is used to increase cho-
lesterol level in the plasma membrane."*'® We
incubated HERG-transfected HEK293 cells
with MBCD-cholesterol for 1 h and monitored
the changes of cholesterol levels using the fluo-
rescence dye filipin. Typical staining results in
Figure 1A show that free cholesterol levels in the
plasma membrane were increased by MBCD-
cholesterol. Quantification of filipin stain-

Incubating HERG-transfected HEK293 cells with MBCD-cholesterol increased cholesterol
levels in the plasma membrane. Cells were incubated with 25 M or 100 M MBCD-
cholesterol for 1 h at 37°C. Filipin staining was performed for 30 min at room temperature
after cholesterol enrichment. Typical fluorescent images are shown (A). The scale bars rep-
resent 10 wm. Fluorescent intensities from plasma membrane were quantified as described
in Materials and Methods (B; n = 38). *p < 0.05; **p < 0.01. (C and D) HERG K* currents were
inhibited by cholesterol enrichment. Cells were incubated with 100 uM MBCD-cholesterol
for 1 h before recordings. Representative families of HERG K* currents from control cells (C)
and from cholesterol-enriched cells (D) were recorded using the voltage protocol shown in
the inset. Depolarizing steps were applied from a holding potential of —70 mV to between

ing indicated that the cholesterol levels in the
plasma membrane increased by 22.2 + 8.5% (n
=38) and 33.2 + 8.8% (n = 38) when cells were
incubated with 25 pM and 100 pM MBCD-
cholesterol, respectively (Fig. 1B).

To elicit HERG currents, depolarizing steps
were applied from a holding potential of -70
mV to between -60 and +70 mV for 4 sec, fol-

—60 and +50 mV for 4 sec, followed by a step to —40 mV to elicit currents.

membrane, influencing structural and physical properties, such
as fluidity, curvature and stiffness. Therefore, cholesterol levels
may affect the function of various ion channels and receptors in
the plasma membrane. Recently, we showed that the increased
membrane cholesterol level negatively regulates PtdIns(4,5)
P -sensitive channels including HERG channel.” The effect of
cholesterol enrichment on HERG channel is by the downregula-
tion of PtdIns(4,5) P, level due to the activation of phospholipase
C (PLC).

In chis study, we further explored the effect of cholesterol
on HERG channel kinetics. We found that HERG current
amplitudes were reduced without any changes in the voltage-
dependence of the activation when HERG-transfected HEK293
cells were mildly enriched with cholesterol. The inclusion
of PtdIns(4,5)P, in the pipette solution or pre-treating with
PLC inhibitors prevented the effects of cholesterol suggesting
that increased cholesterol level activates the PLC pathway to
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lowed by a step to -40 mV. HERG currents
gave rise to very slow activation behavior (Fig.
1C), consistent with a prior report.'! When cells
were incubated with 100 puM MBCD-cholesterol for 1 h, the
amplitudes of the HERG current decreased, as shown in the
typical recording depicted in Figure 1D, which was consistent
with our previous result.”® Cells were incubated with 25 pM or
100 pwM MBCD-cholesterol, and the maximum currents (I_ ),
sep
and the tail currents (I ) were measured at different voltages
(Fig. 2A and C). Since HERG current activates slowly and
inactivates rapidly, I , measured by a repolarizing step pulse
to -40 mV was combinations of activation and recovery from
the fast inactivation. First, the effect of cholesterol enrichment
was observed at all voltages tested. Also, the inhibitory effect
of MBCD-cholesterol was larger at 100 wM than at 25 pM.
I, and I were normalized to obtain the voltage-dependent

step

activation curves for HERG current, as shown in Figure 2B and
D. MBCD-cholesterol at 25 pM did not change the voltage-
dependence of the activation curve, while 100 pM MBCD-
cholesterol induced a right shift. The curves in Figure 2B and
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Figure 2. Mild augmentation of membrane cholesterol levels inhibits HERG K* currents without changing the voltage dependence curve. (A and C)
Averaged current-voltage relations obtained for HERG K* currents (n = 7). Cells were incubated with 25 wM or 100 .M MBCD-cholesterol for 1-2 h at
37°C before recordings. Currents were measured at the end of the depolarizing step (A; Istep) or peak tail current amplitude (C; | ) following the step
to —40 mV as described in Figure 1C. (B and D) The voltage-dependent activation curves for letep and leat WETE obtained by normalizing the data at
(A) and (C), respectively. (E) Voltage-dependent activation curves at (B) and (D) were fit with Boltzmann equations, and the resulting half voltages
to maximal activation (Vm, ) were compared. (F) PtdIns(4,5)P, levels in the membrane fractions were measured by using PtdIns(4,5)P, ELISA kit as

described in Materials and Methods. Cells were treated with 25 .M or 100 M MBCD-cholesterol for 1 h at 37°C. **p < 0.01.

D were fit with Boltzmann equations, and the resulting half
voltages to maximal activation (Vm,,) were compared (Fig.
2E). MBCD-cholesterol at 100 M induced shifts in Vm,, by  showed that the inhibitory effect of cholesterol enrichment on
185+ 0.3 mV (n = 7) for Is[ep and by 22.0 + 0.3 mV (n = 7) for HERG channel is due to the downregulation of PtdIns(4,5)7,
L .» respectively. level, which is caused by the activation of PLC.” To validate this

Inhibition of HERG currents by cholesterol enrichment via
downregulation of PtdIns(4,5)P, level. In an earlier report, we
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Figure 3. The inhibitory effect of cholesterol on HERG K currents is blocked by intracellular PtdIns(4,5)P, or edelfosine. Cells were incubated with 25
.M or 100 wM MBCD-cholesterol for 1-2 h at 37°C before recordings. In some recordings cells were treated with MBCD-cholesterol along with PLC
inhibitor, 5 M edelfosine (Chol+Edel) or 25 WM PtdIns(4,5)P, was included in the pipette solution (Chol+PtdIns(4,5)P,). (A and C) Averaged current-
voltage relations obtained for HERG K* currents (n = 7), measured at the end of the depolarizing step following the step to —40 mV as described in

). (B and D) The peak tail HERG K* currents amplitude were measured (n = 7) following the step to —40 mV (I

).

peak’

observation in the current system, the PtdIns(4,5) P, level in the
membrane was measured using ELISA method. PtdIns(4,5)P,
levels were downregulated by 19.0 + 1.3% (n = 5) and 18.2 +
1.6% (n = 5) when cells were treated for 1 h with 25 pM and 100
uM MBCD-cholesterol, respectively (Fig. 2F). To confirm that
the downregulation of PtdIns(4,5)P, level was the underlying
mechanism for the effect of cholesterol enrichment on HERG
channel, we included 25 uM PtdIns(4,5)P, in the whole-cell
pipette solution. The presence of PtdIns(4,5)P, partially recov-
ered I e and L . from the effects of 100 uM MBCD-cholesterol
(Fig. 3A and B) On the other hand, the presence of PtdIns(4,5)
P, not only prevented the effects of 25 M MBCD-cholesterol
onl and I _, but also increased current amplitudes further
than in control cells (Fig. 3C and D). These results were consis-
tent with a previous report."

We also pre-incubated cells with MBCD-cholesterol along
with 5 wM of the PLC inhibitor, edelfosine, for 1-2 h before
recordings. Edelfosine itself had no effect on HERG current (data
not shown). The presence of edelfosine partially prevented the

278 Channels

effect of 100 WM MBCD-cholesterol on L and Lo of HERG
currents (Fig. 3A and B). However, it completely prevented the
inhibitory effect of 25 pM MBCD-cholesterol on HERG cur-
rents (Fig. 3C and D). In this condition, the recovered HERG
current level by edelfosine was very similar to the current level
obtained with PtdIns(4,5) P, in pipette solution. Together, these
results may indicate that most of the effect of 25 M MBCD-
cholesterol on HERG channel can be attributed to the down-
regulation of PtdIns(4,5)P, level via the activation of PLC, and
that some part of inhibitory effect of 100 puM MBCD-cholesterol
is due to a pathway other than the downregulation of PtdIns(4,5)
P,. For this reason, further experiments in the present study
focused on the effect of 25 puM MBCD-cholesterol on HERG
channel.

Deceleration of HERG current activation by cholesterol
enrichment by PLC activation. To test whether cholesterol
enrichment altered the inactivation kinetics of HERG chan-
nel, we measured the voltage-dependence of steady-state inac-
tivation as described previously.” Figure 4A shows a typical
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Figure 4. Steady-state inactivation and deactivation of HERG currents are not affected by mild cholesterol enrichment. Cells were incubated with 25
.M MBCD-cholesterol for 1-2 h at 37°C before recordings. (A) To measure the voltage-dependence of steady-state inactivation, channels were acti-
vated by prolonged depolarization to +20 mV followed by a brief hyperpolarizing step to —120 mV and then depolarization to various potentials. The
voltage protocol is shown in the inset. Current traces were fit with single exponential equation to obtain, . . (B) Summary data of voltage-depen-
dence of rates of inactivation showing that the mild cholesterol enrichment slows the rate of inactivation only at depolarizing voltage over +10 mV (n
=5). Open circles: control cells. Closed circles: cells treated with 25 wM MBCD-cholesterol. *p < 0.05. (C) Deactivation of HERG current was measured.
Currents were stimulated by a 2 sec prepulse to —40 mV, followed by test pulses ranging from —120 to —20 mV for 3 sec. The voltage protocol is shown
in the inset. Current traces were fit with two exponential equations to obtain 7 (D) Summary of deactivation kinetic analysis shows that mild

deactivation®
cholesterol enrichment induced no significant changes in both the fast time constant (r. _), and the fast time constant (r, ) (n=5).

fast slow’

recording. As shown in Figure 4B, 25 uM MBCD-cholesterol
increased the inactivation rate (1, _. . ) only at depolarizing
test potentials to 0 or -10 mV. We also tested the effect of 25
wM MBCD-cholesterol on deactivation of HERG current
using relaxation of tail current analysis (Fig. 4C). Deactivation
of HERG current (1, . .
The measured relaxation time constants (1, , T, ) showed no
changes by cholesterol enrichment (Fig. 4D). These results
indicated that altering either inactivation or deactivation kinet-
ics of HERG channel cannot be the underlying mechanism
for the downregulation of HERG channel by mild cholesterol

enrichment.

) was well fit with two exponentials.

www.landesbioscience.com

Next, we examined the activation kinetics of HERG current
by varying the duration of the depolarizing pulse at different test-
ing voltages and measuring the peak inward tail current on repo-
larizing to -110 mV as previously described." A typical recording
at +40 mV testing voltage is shown in Figure 5A. The accumu-
lated peak inward tail currents were elicited by increasing the
duration of the depolarizing pulses as indicated by the arrow in
the figure. The kinetic time course of the activation at different
testing voltage is shown in Figure 5B for control HERG current.
The rate of current activation accelerates as the testing voltage
depolarized from +20 mV to +50 mV, which may indicate faster
channel openings as membrane potential depolarized. When
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the pipette solution [Chol+PtdIns(4,5)P,; n = 6]. ***p < 0.001.

Figure 5. Activation kinetics of HERG current are slowed by mild cholesterol enrichment due to the activation of PLC. HERG current was activated by
varying the duration of the depolarizing pulse at different testing voltages. The peak inward tail current was recorded following repolarization to —110
mV. (A) A typical recording at +40 mV testing voltage is shown from control cells and from cells incubated with 25 uM MBCD-cholesterol for 1-2 h at
37°C before recordings. The arrow in the figure represents the accumulation of peak inward tail currents elicited by increasing the duration of the de-
polarizing pulses. (B and C) Summary of activation kinetic analysis as determined by time constants fitted to depolarization-induced outward currents
shows that mild cholesterol enrichment decelerated channel activation. Each symbol represents time constants from different testing voltages (+20,
+30, +40 or +50 mV; n = 6). (D) The half times to maximal rise (7,,) were obtained by fitting the curves at (B), and (C) with single exponential decays. T
obtained at different testing voltages (+20, +30 or +40 mV) show that the mild cholesterol enrichment decelerated channel activation. In some record-
ings, cells were treated with MBCD-cholesterol along with the PLC inhibitor, 5 M edelfosine (Chol+Edel; n = 7), or 25 .M PtdIns(4,5)P, was included in

1/2

the half times to maximal rise (7,,) were obtained by fitting the
curves with exponential decays, they were 185 + 5 ms at +30 mV,
143 + 4 ms at +40 mV and 77 + 2 ms at +50 mV (Fig. 5D; n = 6).
Cholesterol enrichment with 25 wM MBCD-cholesterol deceler-
ated the kinetic time course of the activation, as shown in the
typical recording depicted in Figure 5A. The effect of cholesterol
enrichment on the time course of the activation was observed at
different testing voltages (Fig. 5C; n = 6). Cholesterol increased
T, t0 271 + 7 ms at +30 mV, 180 + 3 ms at +40 mV and 129 =+
2 ms at +50 mV (Fig. 5D). Thus, mild cholesterol enrichment
slowed HERG channel openings at all voltages tested.

Since the presence of PtdIns(4,5)P, recovered HERG cur-
rent amplitudes for I _and I , from the effects of 25 uM
cholesterol enrichment (Fig. 3C and D), we tested whether it
was also able to recover the time course of the activation. The
presence of PtdIns(4,5)P, in the pipette solution recovered T, ,
values similar to those of control cells at all of tested voltages

280 Channels

from cholesterol-enriched cells [Chol+ PtdIns(4,5)P,; Fig. 5D].
We also tested the effect of edelfosine on the time course of
the activation. Edelfosine itself was without effect on HERG
channel activation (data not shown). Similar to PtdIns(4,5)
P,, edelfosine recovered 7, values even in cholesterol-enriched
cells (Chol+Edel; Fig. 5D). From these results, we confirmed
that enriching plasma membrane with cholesterol using 25 wM
MBCD-cholesterol decelerated the activation rate of HERG K*
current by the downregulation of PtdIns(4,5)P, level via PLC
activation.

Deceleration of HERG current activation by depletion of
PtdIns(4,5)P,. To further confirm that the downregulation of
PtdIns(4,5) P, level was the underlying mechanism for the effect
of mild cholesterol enrichment on HERG channel, we included
anti-PtdIns(4,5) P, antibody in the intracellular pipette solution.
Theantibody sequestered PtdIns(4,5) P, from plasma membranes,
effectively reducing PtdIns(4,5)P, level without interfering with
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Figure 6. Depletion of PtdIns(4,5)P, mimics the effect of the mild cholesterol enrichment. (A) Averaged current-voltage relations were measured at the
end of the depolarizing step following the step to —40 mV as described in Figure 1C (Imp). Either control antibody (Cont Ab; n = 4) or anti-PtdIns(4,5)

P, antibody [PtdIns(4,5)P, Ab; n = 7] was included in the intracellular pipette solution (1/100 dilution). For the effective sequestering of PtdIns(4,5)P,

by anti-PtdIns(4,5)P, antibody, recordings of HERG current were started 10 min after obtaining whole-cell configuration. The inset shows voltage-de-
obtained by normalizing the current by the maximum currents. (B) The time course of HERG channel activation was

PtdIns(4,5) P, metabolism."> The presence of anti-PtdIns(4,5)P,
antibody (PtdIns(4,5)P, Ab), but not that of control antibody
(Cont Ab), resulted in the inhibition of HERG currents in these
cells (Fig. 6A). The voltage-dependent activation curve for ImP
was not changed by the antibody (inset of Fig. 6A), consistent
with our previous conclusion that the mild cholesterol treatment
induces the downregulation of PtdIns(4,5)P, without affecting
the voltage-dependency of the channel.

The presence of anti-PtdIns(4,5)P, antibody in the pipette
solution also induced changes in the time course of the activation
as shown in Figure 6B. When control antibody was present in the
pipette solution at testing voltage of +50 mV, T, , value was 70 + 3
ms (n = 4), while it was 115 + 5 ms (n = 7) when anti-PtdIns(4,5)
P, antibody was present. Thus, the changes induced by seques-
tering PtdIns(4,5)P, from membranes were very similar to the
effects of 25 uM MBCD-cholesterol. These results may suggest
that most of 25 M MBCD-cholesterol effect on HERG channel
can be attributed to the downregulated PtdIns(4,5) 7, level.

Increase of PLCPB1 and B3 expression by cholesterol enrich-
ment. The major catabolic pathway for PtdIns(4,5)P, is the
hydrolysis by PLC in the plasma membrane. We already showed
that cholesterol enrichment increased the expressions of 1 and
B3 PLC isoforms in Hel.a cells.”® To validate this observation in
the current system, the expression levels of PLC isoforms were
compared in membrane and cytosol fractions from HERG-
transfected HEK293 cells using western blot analysis. Cells were
incubated with 25 pM MBCD-cholesterol for 0.5-2 h. Then
cells were homogenized and membrane and cytosol fractions were
obtained. PLC proteins were probed with a polyclonal antibody
raised against rabbit PLCB1, PLCB3 and PLCy2. The expres-
sion levels of PLCB1 and PLCR3 were significantly increased by
cholesterol enrichment only in membrane fractions, as shown in
Figure 7A for a typical result. Densitometry analysis of the bands
indicated that cholesterol increased PLCB1 level in membrane

www.landesbioscience.com

fraction by about 26% (n = 3) after 0.5 h incubation time. The
PLCP3 level was increased only after 1 h. Cholesterol did not
induce the translocation of these proteins from cytosol to mem-
brane since the expression levels of PLCB1 and PLCB3 in cytosol
fractions were not reduced at all. Instead, the levels of PLCB1
and PLCPB3 increased only in membrane fractions. Cholesterol
did not change the expression levels of other PLC isoform such
as PLCy2, as shown in Figure 7A. Similarly, the expression level
of PLCyI was not changed by cholesterol enrichment (Fig. S1).
These results suggest that mild cholesterol enrichment specifi-
cally increases the levels of PLCB1 and PLCB3 in the membrane.

We used MBCD-cholesterol to enrich cholesterol in the
plasma membrane. However, we feared that the effects of cho-
lesterol enrichment might be due to the non-specific effects of
MBCD."” To avoid the use of MBCD, cholesterol was solubilized
by sonication in DMEM. When cells were incubated with 25
M solubilized cholesterol for 1 h, the expression of PLCBI in
the membrane fraction was increased, while the expression of
PLCP3 was not changed (data not shown). We also measured
PtdIns(4,5) P, level in the membrane after cells were treated with
25 uM solubilized cholesterol for 1 h by ELISA. PtdIns(4,5)P,
level was downregulated significantly by 13 + 2.1% (n = 4) com-
pared with control cells. Thus, these results indicated that the
effects of MBCD-cholesterol on PLCB1 expression was not due
to the non-specific effect of MBCD.

To determine whether the effect of cholesterol enrichment
on PLC expression was due to the increased transcription, we
performed semi-quantitative RT-PCR for PLCB1 and PLCPR4.
HERG-transfected HEK293 cells were incubated with choles-
terol for 0.5 and 1 h. PLCB1 mRNA level was increased while
PLCPR4 mRNA level was not affected by cholesterol (Fig. S2).
We also used the selective pharmacological inhibitor, actinomy-
cin-D (Act, 10 pM). Cells were pre-incubated for 10 min with
Act before additional incubation with 25 WM MBCD-cholesterol
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Figure 7. Mild cholesterol enrichment increases PLCB1 and PLCB3 expressions. (A)
Representative western blotting results show that mild cholesterol enrichment increased
PLCB1 and PLCB3 expressions from HERG-transfected cells. Cells were incubated with 25
.M MBCD-cholesterol for 0.5, 1 and 2 h. Membrane and cytosol fractions were obtained

as described in Materials and Methods. Similar results were obtained from four different
experiments. Note that PLCB1 and PLCR3 expressions were increased in time-dependent
manner by cholesterol from membrane fraction but not from cytosol fraction. In contrast,
PLCy2 expression was not changed by cholesterol. B-tubulin was used to confirm the
amount of proteins loaded. Similar results were obtained from three different experiments.
(B) Transcription inhibitor prevented the effects of mild cholesterol enrichment on PLCR1
and PLCRB3 expressions. Cells were pre-treated with the transcription inhibitor, 10 wM acti-
nomycin-D (Act) for 10 min, which was followed by the additional 0.5 h incubation with 25
.M MBCD-cholesterol. In the presence of Act, the effect of cholesterol on PLCB1 and PLCB3
expressions in membrane fractions was prevented. Similar results were obtained from three
different experiments. -tubulin was used to confirm the amount of proteins loaded. (C)
Transcription inhibitor prevented the effect of mild cholesterol enrichment on PtdIns(4,5)
P, levels. Cells were incubated in the absence (~Act) or presence (+Act) of 10 uM Act with 25
M MBCD-cholesterol for 1 h. PtdIns(4,5)P, levels in membrane fractions were measured by
using a PtdIns(4,5)P, ELISA kit as described in Materials and Methods. In the absence of Act,
cholesterol decreased PtdIns(4,5)P, levels by 20.0 + 4.5% (n = 5). However, the presence of
Act prevented the effect of cholesterol on PtdIns(4,5)P, levels (n = 5). *p < 0.05.

for 1 h, the downregulation of PtdIns(4,5)P,
level was prevented (Fig. 7C; n = 5). Thus,
these results demonstrated that cholesterol
increases the expression of PLCB1 and PLCR3
and consequently downregulates PtdIns(4,5) P,
level.

Preventing the effect of cholesterol enrich-
ment on HERG K* current activation by
inhibition of PLCP1 expression. Having
demonstrated that the downregulation of
PtdIns(4,5) P, level by mild cholesterol enrich-
ment was due to the increased transcription
of PLCB1 and PLCP3, we next examined
whether the inhibition of transcription pre-
vented the effects of mild cholesterol enrich-
ment on HERG current. For this purpose, cells
were incubated for 1 h with 25 pM MBCD-
cholesterol with or without Act. As shown
in Figure 8A, the effect of 25 pM MBCD-
cholesterol on HERG current amplitudes was
partially prevented by Act (Chol+Act), while
Act alone had no effect on HERG current (data
not shown). MBCD-cholesterol at 25 uM did
not change the voltage-dependence of HERG
current (Fig. 8B), as previously shown in Figure
2B. We also tested the effect of Act on the time
course of the activation at +40 mV testing volt-
age. As expected, the activation was deceler-
ated by 25 puM MBCD-cholesterol (Fig. 8C).
However, the effect of MBCD-cholesterol was
prevented by the presence of Act (Chol+Act).
T,,, was decreased from 114 + 3 ms (n = 6) in
control cells to 180 + 4 ms (n = 6) in choles-
terol-enriched cells. It was recovered to 121 +
3 ms (n = 7) by the presence of Act. The effect
of Act at different testing voltage is as shown
in Figure 8D. These results indicate that the
increased PLC transcription by mild choles-
terol enrichment induces the downregulation
of PtdIns(4,5) P, level, which caused the decel-
eration of HERG channel activation.

To specifically prevent the increase of
PLCPL or PLCR3 expressions without further
transfection, we utilized antisense oligonucle-
otides. Cells were pretreated with serum-free
DMEM containing 10 wM antisense oligonu-

for 1 h. Representative western blots for PLCB1 and PLCPB3
from three different experiments are shown in Figure 7B. The
increased PLCB1 and PLCP3 expression by mild cholesterol
enrichment was completely prevented by Act. These results indi-
cate that the effect of cholesterol enrichment on the expression
of PLC was via the upregulation of transcription. In the absence
of Act, incubating cells with 25 pM MBCD-cholesterol down-
regulated PtdIns(4,5)P, level by 20.0 + 4.5% (Fig. 7C; n = 5).
However, when cells were pre-incubated for 10 min with Act
before the additional incubation with 25 wM MBCD-cholesterol
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cleotides against PLC isoforms for 2 h. Then cells were incubated
for additional 1 h with or without 25 wM MBCD-cholesterol.
Antisense oligonucleotides having no target were used in the same
concentration for controls in all experiments. Typical western
blots for PLCB1 and PLCR3 obtained from three independent
experiments are shown in Figure 9A. The effect of cholesterol on
PLCP1 and PLCR3 expressions was blocked by the specific anti-
sense oligonucleotides against PLCB1 (anti 31) and PLCB3 (anti
B3). Next, we tested the effect of these antisense oligonucleotides
on the PtdIns(4,5) P, levels. When cells were pre-incubated with
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Figure 8. The effect of mild cholesterol enrichment on HERG channel is prevented by transcription inhibitor. Cells were incubated with 25 uM
MBCD-cholesterol for 1 hin the presence or in the absence of 10 wM Act. (A) Averaged current-voltage relations obtained for HERG K* currents (n = 6),
measured at the end of the depolarizing step following the step to —40 mV as described in Figure 1C (Islep)' The inhibitory effect of cholesterol on HERG
K* currents was partially blocked by Act (Chol+Act). (B) Voltage-dependent activation curve for letep obtained by normalizing the currents in (A) by

the maximum currents. No changes were observed by 25 M MBCD-cholesterol or Act. (C) The time course of HERG channel activation was analyzed
from cells incubated with 25 wuM MBCD-cholesterol for 1 h in the presence or in the absence of 10 wM Act as described in Figure 5B. *p < 0.05. (D) The

half times to maximal rise (r, ,) were compared in different conditions. They were obtained by fitting the curves from the time course of HERG channel

activation shown in (C) at different testing voltages.

control antisense oligonucleotides, followed by 25 uM MBCD-
cholesterol treatment for 1 h, PtdIns(4,5)P, levels were decreased
by 18.2 + 3.5% (n = 5; Fig. 9B), similar to the result in Figure
2F. In the presence of antisense oligonucleotide against PLCP1,
25 pM MBCD-cholesterol decreased PtdIns(4,5) P, levels only by
3.6 + 1.3% (n = 5). In contrast, cholesterol decreased PtdIns(4,5)
P, levels by 10.2 + 2.1% (n = 5) in the presence of antisense oligo-
nucleotide against PLCB3. Thus, inhibiting PLCB1 expression,
but not inhibiting PLCB3 expression, completely prevented the
effect of mild cholesterol enrichment on PtdIns(4,5)P, levels.
These results may suggest that the downregulation of PtdIns(4,5)
P, levels by cholesterol enrichment is specifically via the increased
expression of PLCPI.

Then, we tested the effect of mild cholesterol enrichment
on HERG current activation in the presence of these antisense
oligonucleotides. The activation was decelerated by 25 uM

www.landesbioscience.com

MBCD-cholesterol as expected (Fig. 9C), and the presence of
Anti B1 prevented the effect of mild cholesterol enrichment com-
pletely (Chol+Anti B1). This was clearly demonstrated by com-
paring the half times to maximal rise of HERG channel, T, At
different testing in Figure 9D. However, anti 33 (Chol+Anti 33)
or control antisense oligonucleotides (Chol+Cont Anti) were not
able to prevent the effect of 25 pM MBCD-cholesterol. These
results suggest that cholesterol enrichment specifically increased
PLCPI expression, leading to a decelerated rate of HERG chan-
nel activation.

Discussion
Presently, cholesterol enrichment inhibited PtdIns(4,5)

P,-sensitive HERG channels by downregulating PtdIns(4,5)
P, levels due to the activation of PLC. MBCD-cholesterol at
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Figure 9. Suppression of PLCB1 expression prevents the effects of the mild membrane cholesterol enrichment on HERG channel. (A) The effect of the
mild membrane cholesterol enrichment on PLCB1 and PLCB1 expression was blocked in the presence of antisense oligonucleotides directed against
PLCB1 and PLCPB3, respectively. Cells were incubated with or without 25 uM MBCD-soluble cholesterol for 1 h, and the expression levels of PLCB31

and PLCRB3 were tested using western blotting. Before cholesterol enrichment, some cells were pre-treated with 10 wM antisense oligonucleotides
for 2 h directed against PLCB1 (anti 31) or PLCB3 (anti B3). Similar results were obtained from four different experiments. Antisense oligonucleotides
having no specific target were used for controls in all of experiments. (B) Anti 31 prevented the effect of cholesterol on PtdIns(4,5)P, levels. Cells were
incubated with anti 31 or anti 3 for 2 h and then incubated with or without 25 uM MBCD-cholesterol for the additional 1 h. PtdIns(4,5)P, levels in the
membrane were measured by using PtdIns(4,5)P, ELISA kit. The effect of cholesterol on PtdIns(4,5)P, levels was blocked in the presence of anti 1 (n

= 5). However, anti 33 was not able to block the effect of cholesterol (n = 5). *p < 0.05; **p < 0.01. (C) The time course of HERG channel activation was
analyzed from cells incubated with 25 M MBCD-cholesterol for 1 h in the presence or in the absence of Anti 31 as described in Figure 5B. (D) The half
) were obtained by fitting the curves from the time course of HERG channel activation at different testing voltages.

100 pM shifted the voltage-dependent activation curve to the
depolarizing direction (Fig. 2B and D) and decelerated the time
course of the activation (data not shown). On the other hand,
25 wM MBCD-cholesterol did not induce a shift of the voltage-
dependent activation curve (Fig. 2B and D) while decelerating
the time course of the activation (Fig. 5C and D). The effect
of 25 uM MBCD-cholesterol could be explained solely by the
downregulation of PtdIns(4,5)P,. This conclusion was sup-
ported by reversal of the effect of 25 wM MBCD-cholesterol by
supplying PtdIns(4,5)P, and by the presence of PLC inhibitor
(Fig. 3C and D). In addition, the presence of anti-PtdIns(4,5) P,
antibody in intracellular pipette solution mimicked the effects of
25 wM MBCD-cholesterol on channel activation (Fig. 6A and
B). These results show that the downregulation of PtdIns(4,5)
P, specifically decelerated the time course of the activation with-
out affecting any other kinetic parameters of the channel. Our

finding is consistent with previous results concerning the role of
PtdIns(4,5)P, on HERG channel, in which PtdIns(4,5) P, accel-
erated the activation of HERG channel when it was dialyzed
internally."! On the other hand, the presence of anti-PtdIns(4,5)
P, antibody in whole-cell pipette solution produced the opposite
effects of PtdIns(4,5) P,, which was reproduced in our study. The
putative PtdIns(4,5)P, binding domain containing a cluster of
basic residues exists in the HERG channel C terminus.!? When
this domain is deleted the effect of PtdIns(4,5) P, is abolished.
We concluded that the increased PLCB1 transcription by mild
cholesterol enrichmentinduces the downregulation of PtdIns(4,5)
P, level, which causes the deceleration of HERG channel acti-
vation. Alternative interpretations are possible for the effect of
cholesterol on HERG channel. Cholesterol may act directly on
the channel in a manner that is antagonistic to PtdIns(4,5)P,,
and its effects on PLC and PtdIns(4,5)P, metabolism may be
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separate events. For this scenario, cholesterol should bind either
to the same binding site as PtdIns(4,5)P, or to another site that
competitively interacts with the PtdIns(4,5) P, binding site. Also,
cholesterol may affect HERG channel independently of its effects
on PLC by disrupting communication among HERG tetramers.
This interpretation could explain the reduction of current den-
sity and the change of gating of HERG current by cholesterol.
However, in our experiments, inhibiting PLCB1 expression
either by transcription inhibitor or by antisense oligonucleotides,
specifically prevented the effect of cholesterol on PtdIns(4,5)P,
level as well as HERG channel. These results show an indispen-
sible role of PLCP1 linking cholesterol enrichment to the regula-
tion of HERG channel.

Structural information for the regulation of HERG channel
by PtdIns(4,5)P, is currently unavailable. However, in the case
of the classical inward rectifier (Kir2.2) K* channel, PtdIns(4,5)
P, binds at an interface between the transmembrane domain and
the cytoplasmic domain of the channel, affecting channel gat
ing.?* In a previous report, cholesterol was depleted or loaded in
HERG-transfected HEK293 cells.” Voltage-dependent activa-
tion curve is shifted to the depolarizing direction in both condi-
tions, and the fast component of deactivation of HERG current
(1,..) is faster only in cholesterol-depleted cells. The time course
of the activation, which was the most affected kinetic parameters
in our hand, was not tested in their experiment. However, direct
comparison of the results was not possible due to the difference
in the way cells were enriched with cholesterol.

Since numerous drugs capable to block HERG channel causes
LQTS,® inhibition of HERG channel by mild cholesterol enrich-
ment may be potential LQTS liability. However, the connection
of hypercholesterolemia to LQTS is not reported yet. Similar to
what we observed in HEK293 cells, we observed clear increase of
PLCPI expression from the isolated rat heart cells by mild cho-
lesterol enrichment (Fig. S3). Unfortunately, dissecting HERG
current (I ) from the various endogenous currents was almost
impossible. Further studies will be needed for the pathophysi-
ological significance of HERG channel regulation by cholesterol
enrichment.

PtdIns(4,5)P, has been implicated in many physiologi-
cal functions, such as rearrangement of the cytoskeleton and
membrane trafficking.!® There is growing evidence pointing to
the role of PtdIns(4,5)P, in the spatially selective regulation of
the actin cytoskeleton and in plasma membrane-cytoskeleton
interaction.”” Since PtdIns(4,5)P, is enriched in cholesterol-
and sphingolipid-rich rafts within the plasma membrane, par-
titioning of PtdIns(4,5)P, into these rafts would provide the
restricted signaling mechanism of local PtdIns(4,5) P, hydrolysis
by PLC.*?* The concerted action of phosphoinositide kinases
and phosphatases within this confined domain may maintain or
regulate the steady-state level of PtdIns(4,5)P,. Since we dem-
onstrated the existence of an important crosstalk between two
plasma membrane-enriched lipids, cholesterol and PtdIns(4,5)
P,, cholesterol may function as a regulatory factor for PtdIns(4,5)
P, levels via PLC activity in such specific microdomains. Very
extensive studies are reviewed regarding structure, function and
control of PLCB1.” However, the regulation of its expression by
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lipids such as cholesterol is not known. A recent report described
the localization of PLCB1 on detergentresistant membrane
microdomains from the synaptic plasma membrane fraction
of rat brain.” Interestingly, human Kvi1.1 (hERGI) is local-
ized in cholesterol and sphingolipid enriched membranes, and
membrane cholesterol can modulate Kv11.1 channel.? Since we
showed that the increase of PLCB1 expression, but not that of
PLCP3, affected the HERG channel, these results may indicate a
close link between PLCB1 and HERG channel activity. Further
study is needed to elucidate the mechanism of specific regulation
of HERG channel by PLCPI.

The gating of HERG channel was found to be very similar
to that of large conductance, Ca**-activated K* (BK) channel.
BK channel is activated by membrane depolarization. At a given
intracellular Ca** concentration [(Ca**) ], depolarization opens
the channel. Because BK channel is also a ligand-gated channel,
the conductance-voltage (G-V) relationship of BK channel shifts
to the hyperpolarizing directions by increasing (Ca*)..*” Thus,
binding of the ligand, Ca*, to its sensor facilitates the opening
of the gate. However, the coupling between the gate and ligand
sensors is arranged such that the BK channel may open even in
the absence of the activation of sensors.?® Similar to BK channel,
the activation rate of HERG channel is voltage dependent. At a
given PtdIns(4,5) P, level, HERG channel takes less time for the
activation as membrane potential depolarizes (Fig. 5B). Thus,
by analogy to G-V relationship of BK channel, “conductance-
time (G-T)” relationship of HERG channel in Figure 5B shifts
to the left as membrane potential depolarizes, which means a
more rapid opening of the channel. In another analogy to (Ca?**)
. of BK channel, PtdIns(4,5)P, in HERG channel may act as a
ligand. Downregulation of PtdIns(4,5)P, level by mild enrich-
ment of cholesterol slows the activation time of HERG channel
at the same membrane potentials, shifting the G-T curve to the
right (Fig. 5C and D). This result is consistent with the previ-
ous observations that the application of PtdIns(4,5) P, accelerates
HERG channel activation,' and that PtdIns(4,5) P, stabilizes the
channel open state.”’

Materials and Methods

Chemicals. All chemicals were purchased from Sigma-Aldrich,
except for edelfosine (Calbiochem) and antibody against
PtdIns(4,5)P, (Santa Cruz Biotechnology). PtdIns(4,5)P, acid
was dissolved in pipette solutions for whole-cell recordings and
sonicated for 10 min at ice-cold temperature just before use.
Cell culture. Stable HEK293 cells expressing HERG channel
were obtained from Dr. Eckhard Ficker (Case Western Reserve
University) and were maintained as described previously.?® To
enrich the cells with cholesterol, we exposed them to Dulbecco’s
modified Eagle’s medium (DMEM) containing cholesterol water-
solubilized with methyl-B-cyclodextrin (MBCD-cholesterol) for
1-2 h. During the incubation, cells were maintained in a humidi-
fied CO, incubator at 37°C. In some experiments, cholesterol was
solubilized using sonication to avoid the use of MBCD. For this
purpose, cholesterol in methanol/chloroform mixture (1:1 v/v)
was dried under nitrogen gas and sonicated for 2 min in DMEM.
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Cholesterol enrichment of membrane. Cells were incubated
for 1-2 h with MBCD-cholesterol. To confirm the changes of
free cholesterol levels at the plasma membrane, filipin staining of
cells (0.05%, dimethylsulfoxide 1%) was performed for 30 min
at room temperature after cholesterol enrichment. Fluorescence
images were obtained using a LSM 710 confocal microscope
(Carl Zeiss) using a laser emission wavelength of 351 nm. Images
were quantified to obtain the mean fluorescence density values
of plasma membrane from the edge of the cell to 500 nm inside
the cell using the Image J program. To obtain cell membrane
enriched with cholesterol, cells were incubated for 1-2 h with
MBCD-cholesterol. Then cells were washed twice with ice-cold
phosphate-buffered saline and homogenized with a hypotonic
buffer (10 mM TRIS-HCI, pH 7.5, 5 mM MgCl,, 2 mM EGTA,
25 mM B-glycerol phosphate, 5 mM sodium fluoride, 2 mM
sodium pyrophosphate and 1 mM sodium orthovandate) using a
22-gauge needle. The samples were then centrifuged at 1,000 x
g for 10 min to remove nuclei and cell debris. Membranes were
pelleted from the post-nuclear supernatants by centrifugation for
1 h at 100,000 x.

Electrophysiology. Patch pipettes were fabricated from boro-
silicate glass (TW150-4; World Precision Instrument) using
a model P-97 Flaming/Brown micropipette puller (Sutter
Instrument). Patch-clamp experiments were conducted in a stan-
dard whole-cell recording configuration at room temperature.
Junction potentials were zeroed with the electrode in the stan-
dard bath solution. Currents were amplified using an Axopatch
1D patch-clamp amplifier (Axon Instruments). Data were ana-
lyzed using pClamp7 (Axon Instruments) and the Origin 6.0
program (OriginLab). To ensure the voltage-clamp quality, the
electrode resistance was kept from 2.5 M) to 3.5 M(). Typical
peak HERG currents were less than 1500 pA. For all experiments
with individual cells, at least three independent batches of cells
were used in different experimental days.

ELISA for PtdIns(4,5)P,. The amount of PtdIns(4,5)P,
extracted from HEK293 cells were measured by using PtdIns(4,5)
P, Mass ELISA kit (Echelon Biosciences). PtdIns(4,5)P, was
extracted from control or cholesterol-treated cell for 1 h. Cellular
PtdIns(4,5) P, quantities were estimated by comparing the val-
ues from standard curve, which showed linear relationship in the
concentration range of 0.5-1000 pM.

Antisense oligonucleotides. The antisense oligonucleotides
(IDT) targeting the PLCB1 and PLCB3 were designed to be
complementary to the 5' sequences, and were phosphorothion-
ated at all positions to enhance their stability and to minimize
intracellular cleavage by enzymes (5'-actccgggtt gagecccgge-3'
for PLCPBI and 5'-tccaactgcac gegtggac-3' for PLCP3). Antisense
oligonucleotide (5'-gccecgtatg accgegeegg-3') having no target
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was used as control. The cells were plated at a density of 2 x 10°
cells per 60 mm dish and then treated with the 10 M antisense
oligonucleotides for 2 h in serum-free DMEM. After treatment,
the medium was replaced by a new medium containing 10 wM
antisense oligonucleotides with or without water-soluble choles-
terol for 1 h. Cells were homogenized to confirm PtdIns(4,5)P,
levels and PLC expression levels.

Western blot analysis. Equal amounts of protein for each
sample were separated by SDS-PAGE and transferred to nitro-
celluose membranes. After blocking in 5% nonfat milk for
1 h at room temperature, membranes were incubated with rabbit
polyclonal anti-PLCBI (SC-9050), PLCB3 (SC-13958), PLCy2
(SC-9015), mouse monoclonal anti-PLCyl (SC-7290) anti-
bodies (Santa Cruz Biotechnology) and rabbit anti B-tubulin
(T2200; Sigma-Aldrich) overnight at 4°C. After washing,
membranes were incubated for 1 h at room temperature with
horseradish peroxidase-conjugated goat anti-rabbit IgG (1:2000
dilution; Zymed) and washed. Peroxidase activity was visual-
ized with enhanced chemiluminescence. Blots were quanti-
fied with the Multi Gauge software using a LAS-3000 system
(Fugi Film).

RNA isolation and RT-PCR. RNA was harvested from
HERG-transfected HEK293 cells incubated with 25 pM
water-soluble cholesterol for 0.5 and 1 h using the RNeasy
Mini kit (74104; Qiagen). RNA was quantitated and used in
a semi-quantitative RT-PCR to synthesize cDNA (18080-051;
Invitrogen). For amplification of the cDNA, primer for PLCB1
(forward: AGCTCTCAGA ACAAGCCTCC AACA, reverse:
ATCATCGTCG TCGTCACTTT CCGT) and primer for
PLCB4 (forward: GCACAGCACA CAAAGGAATG GTCA,
reverse: CGCATTTCCT TGCTTTCCCT G TCA) were used.
PCR amplification was performed by 35 cycles consisting of a
denaturation at 94°C for 30 sec, an annealing at 58°C for 30
sec and an extension at 72°C for 60 sec, and ended by terminal
extension at 72°C for 10 min.

Statistical analysis. Data are expressed as mean + SEM.
Statistical comparisons between controls and treated experimen-
tal groups were performed using the Student’s ¢t test. p < 0.05 was
considered statistically significant.
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