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Membrane pools of phosphatidylinositol-4-
phosphate regulate KCNQ1/KCNET membrane
expression

Chen Braun', Xiaorong Xu Parks 1 Haani Qudsi' & Coeli M. B. Lopes =

Plasma membrane phosphatidylinositol 4-phosphate (PI4P) is a precursor of PI(4,5)P,, an
important regulator of a large number of ion channels. Although the role of the phospholipid
PI1(4,5)P; in stabilizing ion channel function is well established, little is known about the role
of phospholipids in channel membrane localization and specifically the role of PI4P in channel
function and localization. The phosphatidylinositol 4-kinases (Pl4Ks) synthesize PI4P. Our
data show that inhibition of PI4K and prolonged decrease of levels of plasma membrane PI4P
lead to a decrease in the KCNQ1/KCNET channel membrane localization and function. In
addition, we show that mutations linked to Long QT syndrome that affect channel interac-
tions with phospholipids lead to a decrease in membrane expression. We show that
expression of a LQT1-associated C-terminal deletion mutant abolishes Pl4Kinase-mediated
decrease in membrane expression and rescues membrane expression for phospholipid-
targeting mutations. Our results indicate a novel role for PI4P on ion channel regulation. Our
data suggest that decreased membrane PI4P availability to the channel, either due to inhi-
bition of PI4K or as consequence of mutations, dramatically inhibits KCNQ1/KCNET1 channel
membrane localization and current. Our results may have implications to regulation of other
PI4P binding channels.
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tidylinositol 4-phosphate (PI4P). Plasma membrane PI4P is

a precursor of PI(4,5)P,, an important regulator of a large
number of ion channels. PI4P is also known to be present in
intracellular membrane compartments, such as the membranes of
Golgi and trans-Golgi network and regulates trafficking to and
from the Golgi2. In mammals there are four different PI4K
enzymes, two type II enzymes (PI4KIla and PI4KIIB) and two
type III enzymes (PI4KIIla and PI4KIIIP). PI4KIIIB, together
with Rab GTPases, plays a key role in regulation of membrane
forward trafficking®*, PI4KIIla has been shown to regulate
plasma membrane PI4P, while surprisingly not being a strong
regulator of PIP,°. The role of PI4KIIla on ion channel regulation
has not being explored. Although PI4K inhibitors have recently
been proposed as treatment of hepatitis C and malaria®=®, and
powerful tools have been developed to study the role of PI4P in
the plasma membrane, PI4P known role in the regulation of ion
channels has been limited. To date a single study on PI4P reg-
ulation of ion channels revealed that PI4P is able to substitute for
PI(4,5)P2 in the regulation of TRPV1 channels, while having no
effect on TRPMS8 channel!?.

A decrease in the slow delayed rectifier potassium current (Ix)
due to mutations in the alpha subunit of the channel, KCNQI,
leads to prolongation of the QT interval on the ECG which
underlies the development of inherited cardiac arrhythmias
(LQT1). Phosphoinositols, including PI(4,5)P, and PI4P, are
negatively charged and known to interact with positively charged
amino acids in KCNQ1!L12, A number of LQTI-associated
mutations occur in phosphoinositide interaction domains!13,
Although the role of the phospholipid PI(4,5)P, in stabilizing ion
channel function, including KCNQ1/KCNE], is well established,
little is known about the role of phospholipids in channel
membrane localization and the role of the PIP, precursor PI4P or
other phospholipids in channel current and localization. PI4P has
been shown to directly bind the KCNQI subunit!2. However, the
roles of these interactions on cardiac electrophysiology are
unknown.

Here we show that inhibition of PI4 kinases dramatically
decrease KCNQ1/KCNE1 membrane localization. In addition, we
show that decrease in membrane PI4P but not PI(4,5)P, levels
lead to channel internalization. Mutations associated with Long-
QT syndrome in phospholipid interacting residues also show a
dramatic dominant-negative decrease in channel membrane
expression, while deletion of the distal C-terminus abolishes
PI4K-inhibitor effects and rescues membrane expression of
phospholipid-interacting Long QT mutant channels. Our results
suggest that PI4P plays a role in stabilizing channel membrane
localization. These results are the first to uncover a possible
harmful effect of PI4K inhibition on cardiac electrophysiology
and suggest the distal C-terminus of the channel is critical for
PI4P regulation of the KCNQ1/KCNEL1 channel.

Phosphatidylinositol 4-kinases (PI4Ks) synthesize phospha-

Results

Inhibition of PI4 kinase leads to decrease cell surface expres-
sion of KCNQ1/KCNEL1 channels. In order to study the role of
PI4 kinase (PI4K) on channel localization we expressed
C-terminal GFP-tagged KCNQ1 (KCNQI-GFP) together with
the untagged KCNE1 subunit in HEK293T cells. KCNQI locali-
zation was quantified as the ratio of membrane to cytosolic GFP-
fluorescence in a cross-section of the cell using confocal images.
Cells were treated with phenylarsine oxide (PAO), a PI4K inhi-
bitor (Fig. 1a). Inhibitors of PI4K activity such as PAO have been
shown to cause depletion of cellular PI4P, with only minor effects
on the total amount of PI(4,5)P2!014 PAO strongly inhibit
channel membrane localization after 60 min treatment (Fig. la
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Fig. 1 P14K inhibition leads to decrease in channel membrane localization
and current of KCNQ1/KCNET1. a Left: typical HEK293T cells expressing
KCNQT1-GFP and KCNET1 treated with PAO (2 uM, 90 min) as indicated.
Right: summary data of membrane to cytoplasmic fluorescence ratio (M/C)
measured in experiments conducted as in the left panels. b Left: typical
current traces recorded in HEK293T cells expressing untagged KCNQT and
KNCE1 subunits treated with PAO (2 uM, 90 min) as indicated. Right:
summary data (n = 6). ¢ Left top: typical adult rat ventricular myocytes
expressing KCNQ1-GFP and KCNET1 treated with PAO (2 uM, 90 min) as
indicated. Left bottom: fluorescent profiles of KCNQ1-GFP expression in the
boxed area. Right: summary data of sarcolemmal membrane to cytoplasmic
fluorescence ratio measured in experiments conducted as in left panels. d
Left: typical HEK293T cells expressing KCNH2-GFP treated with PAO

(2 uM, 90 min) as indicated. Right: summary data. M = plasma (a) or
sarcolemmal (¢) membrane fluorescence; C = cytoplasmic fluorescence.
Scale bars, 5uM. *p <0.05. number of cells indicated in parenthesis.

and Supplementary Fig. 1). In all, 30 min treatment had no sig-
nificant effect on channel membrane localization (Supplementary
Fig. 1). We also examined the effect of PAO on channel currents
by expressing untagged KCNQI and KCNEI subunits in
HEK293T cells (Fig. 1b). We also examined the effect of PAO on
channel current by expressing untagged KCNQI and
KCNEL1 subunits in HEK293T cells (Fig. 1b). PAO treatment
strongly inhibited channel current (Fig. 1b and Supplementary
Fig. 2). To investigate possible effects of PAO on channel gating
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we tested the functional effect of 60 min PAO treatment on
channel current (Supplementary Fig. 2), we observed a significant
inhibition of channel conductance, but no significant effect of
PAO on channel voltage dependence of activation, consistent
with the effect on channel membrane localization. Overall, our
data indicate that PI4K inhibition decreased channel membrane
localization and current.

We additionally tested the effect of Wortmannin (WMN) on
channel membrane localization. WMN is an irreversible PI3
kinase inhibitor at low concentrations (ICs, = 1-10 nM)!° and an
inhibitor of the PI4IIIK isoforms at 50-100-fold higher
concentrations!®!7. Low concentration of WMN (10 nM,
30min) did not change channel localization. However, high
WMN concentration (5pM) promoted channel internalization
(Supplementary Fig. 3). Overall, our data indicate that PI4K
inhibition decreased channel membrane localization and current.

Inhibition of PI4 kinase leads to decrease cell surface expres-
sion of KCNQ1/KCNE1 channels expressed in cardiomyocytes.
We next investigated the effect of PAO in KCNQI localization in
isolated adult ventricular rat myocytes. Cardiomyocytes were
infected with human GFP-tagged KCNQI adenovirus, together
with untagged human KCNE1 adenovirus. Cells were treated 24 h
after infection for 2h with PAO. KCNQ1 sarcoplasmic mem-
brane localization was decreased by PAO treatment (Fig. 1¢). Our
results suggest that the effect of the PI4K inhibitor on KCNQI1
localization is conserved in cardiomyocytes.

Inhibition of PI4 kinase does not affect cell surface expression
of KCNH2 channels. We next investigated the effect of PAO on
other ion channels. GFP-tagged channel subunits were expressed
in HEK293T cells. Cells were treated 24 h after transfection with
PAO. We first tested whether membrane localization for the other
major cardiac repolarizing channel, KCNH2, was affected.
KCNH2 membrane localization was not affected by the PAO
treatment (Fig. 1d). We additionally tested other ion channels
(Kir2.1, Kv2.1, and KCNQ4, Supplementary Fig. 4), and none of
the channels tested were sensitive to PAO. Our results suggest
that the effect of the PI4K inhibitor on KCNQI localization is
specific to the KCNQI1 channel.

Mutations in phospholipid interaction sites decrease cell sur-
face expression of KCNQI/KCNE1 channels. Phospholipids
have been shown to bind to cytoplasmic regions of the
KCNQI subunit!8. Here we investigated whether mutations in
cytoplasmic domains affect channel plasma membrane expres-
sion. We focused on both common cytoplasmic mutations seen in
patients!®20 and mutations on residues previously suggested to
either interact or be in close proximity with phospholipids?1-23.
The majority of the studied mutations decreased membrane
expression. In order to study the effect of cytoplasmic mutations
on channel we tested the effect of 14 cytoplasmic mutants linked
to Long QT syndrome type 1 on channel membrane expression
(12 of the mutants tested were missense mutations and 2 deletion
mutations, Fig. 2). We expressed the GFP-tagged KCNQ1 WT
together with the untagged KCNQI1 mutant subunit and the
untagged KCNEL1 subunit (ratio 0.5:0.5:1.0). Expression of mutant
KCNQ1 with KCNQ1 WT-GFP subunit decreased WT mem-
brane localization in a dominant negative fashion for 10 of 12 of
the missense mutants tested (Fig. 2).

To ascertain whether lack of the mutant expression in the
plasma membrane was responsible for the lack of regulation of
plasma membrane expression, we measured channel current for
two mutants that show no decrease in plasma membrane

expression when co-expressed with KCNQ1 WT (D242W and
K527N). Previous work has shown that the D242W mutant
channel shows current in the absence of KCNEI1 expression24,
thus, we measured channel current in the absence on KCNEL.
Our results show that the mutant channel conductance is not
significantly different from WT KCNQ1 current (Supplementary
Fig. 5). For the K527N mutant we expressed the channel in the
presence of KCNE1 and showed the channel conductance was
also not significantly different from the WT KCNQI1/KCNE1
channel (Supplementary Fig. 5). Previous work had also showed
K527N expressed current?®, Our results are consistent with these
mutant channels effecting gating and not channel membrane
localization as previously published.

For mutants that show a dominant negative regulation of
channel membrane expression, similar decrease in membrane
expression were observed when the GFP-tagged mutant subunits
were expressed alone in the absence of the KCNQ1 WT subunit
(Supplementary Fig. 6). GFP-mutants also showed decrease in
membrane expression in the presence of untagged WT channels
(WT-GFP + WT: M/C:4.8 £ 0.3; R243C-GFP + WT: M/C=1.25+
0.05; R555C-GFP + WT: M/C = 1.3 +0.1), suggesting both mutant
and WT subunits membrane expression are inhibited. Note that
most of the mutations that show decrease in membrane expression
are located in known phospholipid interacting domains of
the channel!8.

Deletion of the distal C-terminus of the channel inhibits PAO-
mediated effects on cell surface expression of KCNQ1/KCNE1
channels. In contrast to the dominant-negative effect of most
C-terminal point mutations, channels containing KCNQ1 WT-
GFP co-expressed with C-terminal truncation mutations
(KCNQI1(Q530X) or KCNQI(R518X)) showed robust surface
expression (Fig. 2). Thus, we tested the effect of the expression of
both KCNQ1(Q530X) and KCNQI1(R518X) subunit on
KCNQI(WT) channel regulation by PI4K inhibitors. In cells
expressing either the C-terminal KCNQI truncation mutation
(Q530X) or (R518X) together with the wild-type KCNQ1-GFP
subunit, the channel regulation by PAO was blunted when
compared to wild-type KCNQ1/KCNE1 membrane localization
(Fig. 3a). In order to investigate whether deletion of the distal
C-terminus could rescue the membrane expression of a phos-
pholipid interacting mutant, we co-expressed KCNQI(R555C)-
GFP with either the KCNQI(WT) or KCNQ1(Q530X) subunit
(Fig. 3b). Channels expressing the deleted mutant subunit had
significantly increased membrane localization when compared
with the mutant channel co-expressed with the wild-type subunit.
Taken together our data show deletion of the distal C-terminus
abolishes PI4K inhibitor effects on channel membrane localiza-
tion and can partially rescue the membrane expression of phos-
pholipid interacting domain mutants, suggesting the distal
C-terminus of KCNQ1 is critical for PI4P-mediated regulation
of channel membrane localization.

Decreased level of plasma membrane PI4P leads to decreased
cell surface expression of KCNQI. To investigate the effect of
changes in membrane phospholipid levels on channel membrane
localization, we used a previously described rapamycin-induced
heterodimerization system!0. For these experiments, the FKBP-
fused version of a bifunctional phosphatase pseudojanin (PJ)
construct containing both 4- and 5-phosphatase domains was
used. To specifically regulate either PI4P and PI(4,5)P2 levels we
used constructs containing either the 4- phosphatase or
5-phosphatase domains. As controls we used a construct con-
taining both 4- and 5-phosphatase domains (PJ) and a kinase
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Fig. 2 Expression of LQT1 mutant channel subunits causes a dominant negative decrease in channel membrane expression. a Scheme indicating the
location of LQT1 mutant channels tested. Red circles indicate mutants that have a dominant negative effect on channel membrane localization, while white
circles indicate mutations that do not affect channel membrane localization. b Representative confocal images of cells expressing KCNQ1-GFP, untagged
mutant KCNQ1 and KNCET1 subunits, as indicated. € Summary data of membrane localization measured as ratio of membrane to cytoplasmic fluorescence
(M/C) in cells expressing wild type and mutant channels as indicated. Scale bar, 5uM, *p <0.05, at least 20 cells for each condition.
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Fig. 3 KCNQ1 deletion mutants abolishes PAO sensitivity when co-expressed with WT KCNQ1 and rescues membrane expression when co-expressed
with R555C. a Top: typical HEK293T cells expressing KCNQ1-GFP, with and without untagged KCNQ1(Q530X) and KCNQ1(R518X) and KCNET1 treated
with PAO (2 uM, 60-75 min), as indicated. Bottom: summary data of membrane to cytoplasmic fluorescence ratio (M/C) measured as in the top panels. b
Top: typical HEK293T cells expressing KCNQ1(R555C)-GFP, together with either untagged KCNQ1(WT) or untagged KCNQ1(Q530X) and KCNE1, as

indicated. Bottom: summary data of membrane to cytoplasmic fluorescence ratio (M/C) measured as in the top panels. Scale bars, 5uM. *p <0.05,
(n) =number of cells.
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Schematic figure showing Pseudojanin (PJ), PJ-Sac, PJ-INPP5E, and PJ-dead constructs and the membrane targeted Lyn-11-FRB-mCherry construct. b
Schematic figure showing Pseudojanin (PJ) and the membrane targeted Lyn-11-FRB-mCherry construct together with the PI4P biosensor SidM-GFP before
and after rapamycin treatment. ¢ Representative confocal images in HEK293T cells expressing PLC81-PH-GFP and the PJ constructs indicated (PJ, PJ-Sac,
PJ-INPPSE or PJ-DEAD) before and after rapamycin treatment (1 pM, 30 min). d Summary data of PLC81-PH-GFP (top) and SidM-GFP (bottom) membrane
to cytoplasmic fluorescence ratio (M/C) measured. Cells were treated as indicated. Scale bars, 5 pM. *p < 0.05. number of cells indicated in
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dead construct (PJ-dead). FRB was targeted to the plasma
membrane using the membrane targeting sequence of the Lyn
protein (Fig. 4a). Effects of these manipulations on PI4P and
PI(4,5)P2 levels were validated using biosensors based on specific
lipid-binding domains: SidM as the PI4P sensor?® and PLCS-PH
as the PI(4,5)P, sensor?’. Treatment with rapamycin (30 min)
induced PJ recruitment, resulting in a decrease in both PI4P and
PI(4,5)P, membrane levels. Constructs containing 4-phosphatase
alone specifically changed PI4P levels and constructs containing
5-phosphatase alone specifically changed PI(4,5)P, levels, while
PJ-dead construct expression showed no effect on channel loca-
lization (Fig. 4b).

Next we treated cells co-expressing KCNQI and
KCNEI1 subunits together with the membrane FRB-Lynll-
target domain and each of the FRB-phosphatase constructs with
rapamycin for 30 min to induce lipid phosphatase translocation
and to investigate the effect of prolonged inhibition of
phospholipids (Fig. 5b). Our results show that only after
recruitment of the 4-phosphatase to the membrane, causing
reduction on PI4P levels, but not when 5-phosphatase alone was
recruited, and PI(4,5)P, levels reduced, channel membrane
localization was decreased (Fig. 5). Taken together, our data
suggest that PI4K activity inhibits channel membrane localization
via decreases in membrane levels of PI4P, leading to channel
internalization.

Increased level of plasma membrane PI4P leads to increased
cell surface expression of mutant KCNQI channels. To inves-
tigate the effect of changes in membrane phospholipid levels on
mutant channel membrane localization, we used a FKBP-fused
version of a construct containing either a constitutively active
PI4-kinase or PI4-kinase dead constructs?8. As the PJ constructs,
FRB was targeted to the plasma membrane using the membrane
targeting sequence of the Lyn protein (Fig. 6a). Effects of these
manipulations on PI4P levels were validated using the biosensors
SidM as the PI4P sensor?® Overnight treatment with rapamycin
resulted in an increase of PI4P levels in cells expressing the PI4K
constructs compared to PI4K-dead (Supplementary Fig. 7).
Shorter rapamycin treatment did not affect SidM localization.
Next we treated cells co-expressing KCNQ1, KCNQ1 mutant
and KCNEI subunits together with the membrane FRB-Lyn11-
target domain and each of the FRB-phosphatase constructs with
rapamycin to investigate the effect of prolonged regulation of PI4P
membrane levels on mutant membrane localization. Our results
show the wild-type channel membrane localization was inhibited
by the expression of the PI4P-dead construct when compared to
the PI4P construct (Fig. 6b, ). Our results show that for the
mutants tested located in the channel cytoplasmic loops (G189R
and R243C) and for one of the C-term located mutants (K526N),
the channel membrane localization was comparable to WT,
suggesting increase PI4P levels rescued the mutant phenotype
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(Fig. 6d). Two of the mutants (R366W and R555C) abolished the
sensitivity of the channel to PI4P, suggesting they are crucial to
PI4P regulation. Taken together, our data suggest that decreased
levels of PI4P underlie decrease in mutant membrane localization
and R366 and R555 are essential to the channel regulation.

Discussion
This work explored the role of specific phospholipids interactions
on KCNQ1/KCNE1 membrane localization. We showed that the
majority of the cytoplasmic missense Long QT type 1 associated
mutations tested decreased channel membrane localization. We
showed that PI4K inhibition and plasma membrane PI4P
depletion, but not PI(4,5)P, depletion, resulted in decrease in
wild-type channel membrane localization. Our results indicate
that the distal C-terminus is critical for this effect. We show that
co-expression of a C-terminus truncation mutant subunit both
abolished the PI4K-mediated inhibitory effect and co-expression
of two C-terminus mutant subunits abolished PI4P regulation of
membrane localization. Our results are the first to indicate a role
of PI4P on ion channel membrane localization, and suggest that
decrease in PI4P availability to the channel, either due to inhi-
bition of PI4K or as consequence of a mutation, has profound
consequences for channel membrane localization and current.
Membrane PI(4,5)P, binding to cytoplasmic domains of the
KCNQ1 subunit is critical for KCNQI1/KCNE1 channel
function!8. We and others have shown that mutations in KCNQ1
that affect binding to PI(4,5)P, decrease channel function and
increase sensitivity to agonist-mediated PI(4,5)P, hydrolysis!!.
Residues in the cytoplasmic domains of KCNQI1 have been shown
to bind to other phospholipids!?222930 including PI4P!2,
although consequences of the interactions with PI4P have not

been explored. Recently, acute depletion of PI4P from the plasma
membrane was shown not to affect KCNQ1/KCNEI function3!.
In contrast to our results, the same study showed that prolonged
depletion of membrane PI4P did not affect membrane expression
using an N-terminus KCNEI tagged construct fused to the
KCNQ1 subunits. We have recently shown KCNEI is critical to
KCNQ1 regulation of membrane localization mediated by
PKCBII32. In our experience, tags to KCNEI strongly affect its
interaction with the KCNQI subunit and are likely responsible
for the different results obtained. Consistently, we measured
current regulation of the channel using a KCNQ1-KCNE1 tan-
dem construct®? and observed a strong shift in voltage dependent
of activation by PAO (V1/2 CTRL 44+4, PAO 73+10,
p =0.015), without observing a decrease in channel conductance
(Gmax CTRL 1.00+0.14, PAO 0.82+0.23, p=0.51), these
results are in strong contrast to our data for the WT channel,
suggesting regulation is affected by the link. Our results suggest
an important novel role of PI4P on KCNQI/KCNE1 channel
membrane localization. PI4P may also be important for mem-
brane localization of other PI4P-sensitive channels.

A number of mutations associated with Long QT syndrome are
located in residues that affect channel interactions with
phospholipids!82>29:3034 " including PI4P!8. For this study, we
selected mutations in cytoplasmic regions to investigate their effect
on channel membrane localization. These mutations have been
shown to either change or be in close proximity to cytoplasmic
charge shown to affect phospholipid interactions?!-23. Here we
show that cytoplasmic missense mutations tested show a con-
sistent decrease in channel membrane expression (10/12 tested).
Interestingly, the LQT mutations tested show a dominant nega-
tive, despite presumably not affecting all lipid-binding sites in the
channel, suggesting intact interactions of all sites are necessary to
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Fig. 6 KCNQ1(R366Q) and KCNQ1(R555C) mutations abolish PI4K regulation of KCNQ1 plasma membrane localization. a Schematic figure showing
PI4K-FKBP construct and the membrane targeted Lyn-11-FRB-mCherry construct. b Representative confocal images in HEK293T cells expressing KCNQT-
GFP and the PI14K constructs indicated (P14K or PI4K-DEAD) after rapamycin treatment (1 pM, overnight). Number of cells indicated. € Summary data of
KCNQT1-GFP membrane localization normalized to membrane localization observed in the presence of PI4K construct. d Summary data of KCNQ1-GFP
membrane localization normalized membrane localization observed in the presence of the WT construct. At least 30 cells for each condition. Cells are

treated as indicated. Scale bars, 5pM. *p < 0.05.

stabilize channel membrane localization. 83-Blockers are the first
line of therapy for patients with LQT13>. We have also shown that
the current of LQT1-associated channels with mutations in
phospholipid interacting residues is partially rescued by £3-
adrenergic activation, suggesting that inhibition of $3-adrenergic
signaling by 3-blockers may not be as effective in the treatment of
these mutants®3¢ Thus, alternative and/or additional treatment
may be necessary for LQT1 patients with KCNQI mutations in
phospholipid interacting sites. Here we show that deletion of the
distal C-terminus of the channel abolish PAO regulation and co-
expression with the KCNQ1(Q530X) subunit can rescue mem-
brane localization of mutant channels with impaired trafficking.
Consistently, patients with C-terminal truncation mutations at
Q530X and R518X, show lower arrhythmic risk and modest QTc
prolongation when compared to other Long QT patients3-38,
Functional studies showed that the expression of KCNQI1(R518X)
and KCNQ1(Q530X) mutants did not decrease the overall current
when expressed with KCNQI1(WT)3%40, Our data show the distal
C-terminus of the KCNQ1 channel is required for KCNQ1/
KCNEI channel regulation by PI4P. In particular, we show that
two mutations in the C-terminus of the channel abolish channel
regulation, suggesting they may be necessary for PI4P interactions.
This is consistent with intact lipid interactions being necessary for

channel membrane localization. The truncation mutations,
KCNQI1(R518X) and KCNQ1(Q530X), may prevent the forma-
tion of a macromolecular complex and recruitment of proteins
that are necessary for channel regulation!®41-43, We have pre-
viously shown that clinical phenotype of patients with these
mutations are mild and basal current conductance are not sig-
nificantly affected®. Although our results suggest that expression
of these truncated mutants may rescue the mutant channel phe-
notype, readthrough of both R518X and Q530X mutants with
premature termination codons were shown to rescue the R518X
mutant but not Q530X mutant. These results are consistent with
the larger deletion non-sense mediated decay also contributing to
the patient phenotype®4.

Although decrease in Golgi-PI4P levels has been acutely
observed in response to hypertrophic stimulus*> and PI4KpIII
activity and overall PI4P levels have been shown to increase in in
intro and in vivo hypertrophy models*®, the consequences of
changes in PI4P levels to cardiac electrophysiology are currently
unknown. Our studies indicate that further steps to investigate
the effects of PI4K inhibitors to cardiac electrophysiology in vivo
are important. Our data show that inhibition of PI4 kinase
decreased KCNQI1/KCNE1 membrane expression and current.
Decrease in KCNQI1/KCNEI current is known to be associated
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with prolongation of action potential and cardiac arrhythmias.
Although phospholipids have been shown to regulate ion chan-
nels in general, and cardiac channels in particular, the focus of
most studies has been on gating effects of PI(4,5)P, while the role
of its precursor, PI4P, has been overlooked. Here we uncovered
that PI4P is a major regulator of KCNQ1/KCNE1 membrane
trafficking. Although PI4K inhibitors have recently been pro-
posed as treatment of hepatitis C and malaria®=®, the arrhyth-
mogenic potential of these drugs has not been investigated. Our
data indicate a potentially pro-arrythmic effect of PI4K inhibitors,
prolonging cardiac repolarization via a reduction in repolariza-
tion reserve. This novel signaling pathway may have important
consequences for arrhythmogenesis in inherited and acquired
Long QT syndrome.

Methods

Constructs and chemicals. hLKCNQI, hKCNE1, hKCNQI-GFP, and eGFP plas-
mids used were previously described4”-48; Mutants KCNQ1(D242W),
KCNQI1(L353W), KCNQ1(Q357W), KCNQI1(R366W), KCNQI1(K526N), and
KCNQI(K527N) were a generous gift from Dr. Bernard Attali (Department of
Physiology and Pharmacology Sackler School of Medicine, Tel Aviv University,
Israel)49°0, Mutants KCNQ1(Y184S), KCNQI1(G189R), KCNQI(R190Q),
KCNQI(R243C), KCNQI1(V254M), KCNQ1(R555C)47 and KCNQ1(R518X),
KCNQ1(Q530X)3 were cloned into pPCDNA3.1 using site direct mutagenesis as
previously described!!. GFP-tagged constructs were fused with GFP at the
C-terminus. Additional constructs used were Pseudojanin (PJ), a fusion protein of
Sac and INPP5E phosphatase domains with FKBP (Addgene, #37999); PJ-Sac, a P]
based construct containing an inactivating mutation (Asp1263Ala) in the INPP5E
domain (Addgene, #38000); PJ-INPP5E, a PJ based construct with an inactivating
mutation (Cys779Ser) in the SAC1 domain (Addgene, #38001); PJ-DEAD, a PJ
based construct containing an inactivating mutation (Asp1263Ala) in the INPP5E
domain and an inactivating mutation (Cys779Ser) in the SAC1 domain (Addgene,
#38002)1031; PH-PLCS1-GFP (Addgene, #51407); LYN11-FRB-mcherry
(Addgene, #38004); GFP-P4M-SidM (Addgene, #51469), hKCNH2-EGFP (Vec-
torBuilder); EGFP-Kir2.1 (Addgene, #107184); Kv7.4-EGFP (Addgene, #111453);
Kv2.1-EGFP (Addgene, #111531); constitutively active PI4K (Addgene, #139311);
dominant negative PI4K-dead (Addgene, #139312); KCNE1-KCNQ1 tandem?3,
The adenoviral constructs hKCNQ1-GFP, hKCNE1 (Vector Biolabs) were used to
infect rat ventricular cardiomyocytes. Di-8-ANEPPS dye (Enzo, # 52204) was used
to label the cells membrane. Phenylarsine oxide (PAO) (Santa Cruz Biotechnology,
# sc-3521) and Wortmannin (Cayman Chemical Company, #19545-26-7) were
used, all other chemicals were purchased from Sigma Aldrich.

Cell culture and transient expression. HEK293T cells (ATCC: The Global
Bioresource Center) were cultured in 35-mm petri dishes in DMEM (Corning
Cellgro, 15-013-CV) supplemented with 10% FBS (Sigma-Aldrich) and 1%Gluta-
Max (Cellutron Life Technologies) under 5% CO, at 37 °C. Cells were transiently
transfected with the plasmid DNA of interest using FuGene HD following man-
ufacturer’s instruction (Promega). Equal amount of plasmid DNA of KCNQI1 (or
KCNQI-GFP or its mutants) and KCNE1 were used. Confocal images and current
recordings were conducted 48-56 h after transient expression of the channels.

HEK293T cells were transfected with GFP-tagged KCNQI (1.5 pg) and
KCNE1(1.5 pg). 6 h after transfection, cells were plated on glass bottom dishes
(MatTek Corporation). Forty-eight hours after transfection, cells were washed two
times with PBS (Quality Biological) and incubated at 37 °C for treatment in
extracellular recording solution (below). For all treatments, cells were incubated at
37°C, 5% CO,. DMSO treated cells were used as control for PAO (2 uM) and
WMN (0.01 uM, 5 uM) treatment. Rapamycin (1 uM) was applied for 30 min to
induce PJ, PJ-SAC, PJ-INPP5E, or PJ-DEAD translocation to the plasma
membrane. Confocal images and patch clamp experiments were performed at
room temperature immediately after treatment.

Adult cardiomyocyte isolation and cell culture. Animal care and procedures
follow UCAR (University Committee on Animal Resources) guidelines at Uni-
versity of Rochester. Ventricular cardiomyocytes from 6-12-weeks-old SD (Spra-
gue Dawley) female rat hearts were isolated as previously described®!->°. Heart was
removed and placed in ice-cold isolation solution (in mM: 133.5 NaCl, 4 KCl, 1.2
NaH,PO,, 10 HEPES, 1.2 MgSOy, 11 Glucose. pH value was adjusted to 7.4 with
NaOH,). Heart was then cannulated via the aorta, and placed on the Langendorff
perfusion system. All solutions were oxygenated (95% O,) during perfusion and
kept at 37 °C. The hearts were initially perfused with calcium-containing (1 mM)
isolation solution for 5 min followed by calcium-free isolation solution with added
0.1% BSA (Control Solution-BSA) for 5 min, followed by collagenase containing
solution (0.09% w/v) for 20-30 min or until heart was soft to touch. Hearts were
removed from the cannula and placed in a petri-dish with pre-warmed (37 °C)
collagenase solution. Atria were removed, and the ventricular tissue was minced

and cells isolated by gentle trituration with Pasteur pipettes of decreasing dia-
meters. Cells were allowed to precipitate by gravity and calcium concentration was
progressively increased in isolation solution (in puM: 50, 100, 200, 500, and 1000
CaCl,). Cells were plated in glass bottom dishes for 2 h, and incubated at 37 °C, 5%
CO,. After 2 h, cells were infected with av-KCNQI1-GFP and av-KCNE1 (1 x 108
p-fu./ml each) overnight in 1 ml of culture media (M-199) supplemented with
1-2% penicillin/streptomycin. Cells were washed with fresh media daily.

Electrophysiological data acquisition and analysis. For patch clamp experi-
ments, HEK293T cells were transfected with 0.5 pug plasmid of untagged KCNQI,
0.5 pg plasmid of KCNEI, and 0.1 ug EGFP (used as a transfection marker).
Conventional whole-cell patch-clamp was conducted 48-56 h after transfection.
Extracellular recording solution contained (in mM):145 NaCl, 5.4 KCI, 1.8 CaCl,, 1
MgCl,, 10 HEPES, 10 D-Glucose, pH adjusted to 7.4 with NaOH. The pipette
solution contains (in mM): 130 K Aspartate, 11 EGTA, 1 MgCl,, 1 CaCl,, 10
HEPES, and 5 K,ATP, pH adjusted to 7.2 with KOH. Cells were held at —80 mV, a
3 s depolarizing step from —80 mV to +100 mV in 10 mV interval was applied,
followed by a step to —20 mV. Data were acquired using Axopatch 200B (Axon
Instruments) equipped with an A/D converter Digidata 1322 A (Axon Instru-
ments) and recorded and stored in a PC computer using Clampex 10 software.
Data were analyzed in Clampfit software. Peak tail currents were fit into a Boltz-
mann equation, G(v) = Gmax/[1 + exp(—(V—V;,,)/k)] for conductance Gmax,
which reflects channel density on plasma membrane, and midpoint voltage V75,
where channels are half-maximally activated. More details have been previously
described 47.

Statistics and reproducibility. All results are shown as mean + standard error of
the mean (SEM). For comparison of two groups a -test was used. For comparison
of more than two independent groups, one-way ANOVA, followed by Dunnet’s
test was done. The significance level was set at P < 0.05.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The source data for the graphs and charts in the main figures is available as
Supplementary Data 1. Any remaining information can be obtained from the
corresponding author on reasonable request.

Received: 23 July 2020; Accepted: 24 November 2021;
Published online: 14 December 2021

References

1. Santiago-Tirado, F. H. & Bretscher, A. Membrane-trafficking sorting hubs:
cooperation between PI4P and small GTPases at the trans-Golgi network.
Trends Cell Biol. 21, 515-525 (2011).

2. Venditti, R. et al. PI(4)P homeostasis: who controls the controllers? Adv. Biol.
Regul. 60, 105-114 (2016).

3. Minogue, S. & Waugh, M. G. The phosphatidylinositol 4-kinases: don’t call it
a comeback. Subcell. Biochem. 58, 1-24 (2012).

4. Szentpetery, Z., Varnai, P. & Balla, T. Acute manipulation of Golgi
phosphoinositides to assess their importance in cellular trafficking and
signaling. Proc. Natl Acad. Sci. USA 107, 8225-8230 (2010).

5. Nakatsu, F. et al. PtdIns4P synthesis by PI4KIIlalpha at the plasma membrane
and its impact on plasma membrane identity. J. Cell Biol. 199, 1003-1016
(2012).

6. Paquet, T. et al. Antimalarial efficacy of MMV390048, an inhibitor of
Plasmodium phosphatidylinositol 4-kinase. Sci. Transl. Med. 9, eaad9735
(2017).

7. Kwon, J. et al. Targeting phosphatidylinositol 4-kinase IIlalpha for
radiosensitization: a potential model of drug repositioning using an anti-
hepatitis C viral agent. Int. J. Radiat. Oncol. Biol. Phys. 96, 867-876 (2016).

8. Mejdrova, L et al. Rational design of novel highly potent and selective
phosphatidylinositol 4-kinase IIIbeta (PI4KB) inhibitors as broad-spectrum
antiviral agents and tools for chemical biology. J. Med. Chem. 60, 100-118
(2017).

9. Park, Y. et al. Inhibition of PI4K Illalpha radiosensitizes in human tumor
xenograft and immune-competent syngeneic murine tumor model. Oncotarget
8, 110392-110405 (2017).

10. Hammond, G. R. et al. PI4P and PI(4,5)P2 are essential but independent lipid
determinants of membrane identity. Science 337, 727-730 (2012).

11. Matavel, A, Medei, E. & Lopes, C. M. PKA and PKC partially rescue long QT
type 1 phenotype by restoring channel-PIP2 interactions. Channels 4, 3-11
(2010).

8 COMMUNICATIONS BIOLOGY | (2021)4:1392 | https://doi.org/10.1038/s42003-021-02909-1 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02909-1

ARTICLE

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Thomas, A. M. et al. Characterization of a binding site for anionic
phospholipids on KCNQI. J. Biol. Chem. 286, 2088-100. (2011).

Zaydman, M. A. et al. Kv7.1 ion channels require a lipid to couple voltage
sensing to pore opening. Proc. Natl Acad. Sci. USA 110, 13180-13185 (2013).
Hammond, G. R, Schiavo, G. & Irvine, R. F. Immunocytochemical techniques
reveal multiple, distinct cellular pools of PtdIns4P and PtdIns(4,5)P(2).
Biochem. J. 422, 23-35 (2009).

Fruman, D. A., Meyers, R. E. & Cantley, L. C. Phosphoinositide kinases. Annu.
Rev. Biochem. 67, 481-507 (1998).

Liu, Y. et al. Wortmannin, a widely used phosphoinositide 3-kinase inhibitor,
also potently inhibits mammalian polo-like kinase. Chem. Biol. 12, 99-107
(2005).

Liu, Y. et al. Polo-like kinases inhibited by wortmannin. Labeling site and
downstream effects. J. Biol. Chem. 282, 2505-2511 (2007).

Dvir, M. et al. Long QT mutations at the interface between KCNQI helix C
and KCNE1 disrupt I(KS) regulation by PKA and PIP(2). J. Cell Sci. 127(Pt
18), 3943-3955 (2014).

Barsheshet, A. et al. Mutations in cytoplasmic loops of the KCNQI channel
and the risk of life-threatening events: implications for mutation-specific
response to beta-blocker therapy in type 1 long-QT syndrome. Circulation
125, 1988-1996 (2012).

Jons, C. et al. Use of mutant-specific ion channel characteristics for risk
stratification of long QT syndrome patients. Sci. Transl. Med. 3, 76ra28 (2011).
Choveau, F. S. et al. Phosphatidylinositol 4,5-bisphosphate (PIP2) regulates
KCNQ3 K(+) channels by interacting with four cytoplasmic channel
domains. J. Biol. Chem. 293, 19411-19428 (2018).

Choveau, F. S. et al. Opposite effects of the $4-S5 linker and PIP(2) on voltage-
gated channel function: KCNQ1/KCNE1 and other channels. Front.
Pharmacol. 3, 125 (2012).

Wang, Y., Eldstrom, J. & Fedida, D. Gating and regulation of KCNQ1 and
KCNQ1 + KCNEI channel complexes. Front. Physiol. 11, 504 (2020).
Moreno, C. et al. D242N, a KV7.1 LQTS mutation uncovers a key residue for
IKs voltage dependence. J. Mol. Cell Cardiol. 110, 61-69 (2017).

Tobelaim, W. S. et al. Competition of calcified calmodulin N lobe and PIP2 to
an LQT mutation site in Kv7.1 channel. Proc. Natl Acad. Sci. USA 114,
E869-E878 (2017).

Hammond, G. R,, Machner, M. P. & Balla, T. A novel probe for
phosphatidylinositol 4-phosphate reveals multiple pools beyond the Golgi. J.
Cell Biol. 205, 113-126 (2014).

Varnai, P. & Balla, T. Visualization of phosphoinositides that bind pleckstrin
homology domains: calcium- and agonist-induced dynamic changes and
relationship to myo-[3H]inositol-labeled phosphoinositide pools. J. Cell Biol.
143, 501-510 (1998).

Zewe, ]. P. et al. Probing the subcellular distribution of phosphatidylinositol
reveals a surprising lack at the plasma membrane. J. Cell Biol. 219, 201906127
(2020).

Park, K. H. et al. Impaired KCNQ1-KCNEI and phosphatidylinositol-4,5-
bisphosphate interaction underlies the long QT syndrome. Circ. Res. 96,
730-739 (2005).

Matavel, A. & Lopes, C. M. PKC activation and PIP(2) depletion underlie
biphasic regulation of IKs by Gq-coupled receptors. J. Mol. Cell. Cardiol. 46,
704-712 (2009).

Royal, A. A, Tinker, A. & Harmer, S. C. Phosphatidylinositol-4,5-
bisphosphate is required for KCNQ1/KCNEI channel function but not
anterograde trafficking. PLoS ONE 12, e0186293 (2017).

Parks, X. X., Qudsi, H., Braun, C. & Lopes, C. M. B. The auxiliary subunit
KCNEI regulates KCNQI channel response to sustained calcium-dependent
PKC activation. PLoS ONE 15, 0237591 (2020).

Wang, W., Xia, J. & Kass, R. S. MinK-KvLQT1 fusion proteins, evidence for
multiple stoichiometries of the assembled IsK channel. J. Biol. Chem. 273,
34069-34074 (1998).

Matavel, A., Medei, E. & Lopes, C. M. PKA and PKC partially rescue long QT
type 1 phenotype by restoring channel-PIP2 interactions. Channels 4, 3-11
(2010).

Kutyifa, V. et al. Clinical aspects of the three major genetic forms of long QT
syndrome (LQT1, LQT2, LQT3). Ann. Noninvasive Electrocardiol. 23, e12537
(2018).

Barsheshet, A. et al. Mutations in cytoplasmic loops of the KCNQ1 channel
and the risk of life-threatening events: implications for mutation-specific
response to beta-blocker therapy in type-1 long QT syndrome. Circulation.
125, 1988-1996 (2012).

Jervell, A. & Lange-Nielsen, F. Congenital deaf-mutism, functional heart
disease with prolongation of the Q-T interval and sudden death. Am. Heart J.
54, 59-68 (1957).

Jervell, A., Thingstad, R. & Endsjo, T. O. The surdo-cardiac syndrome: three
new cases of congenital deafness with syncopal attacks and Q-T prolongation
in the electrocardiogram. Am. Heart . 72, 582-593 (1966).

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ruwald, M. H. et al. Stop-codon and C-terminal nonsense mutations are
associated with a lower risk of cardiac events in patients with long QT
syndrome type 1. Heart Rhythm 13, 122-131 (2016).

Huang, L. et al. A spectrum of functional effects for disease causing mutations
in the Jervell and Lange-Nielsen syndrome. Cardiovasc. Res. 51, 670-680
(2001).

Marx, S. O. et al. Requirement of a macromolecular signaling complex for beta
adrenergic receptor modulation of the KCNQ1-KCNEI potassium channel.
Science 295, 496-499 (2002).

Policarova, M., Novotny, T. & Bebarova, M. Impaired adrenergic/protein
kinase A response of slow delayed rectifier potassium channels as a long QT
syndrome motif: importance and unknowns. Can. J. Cardiol. 35, 511-522
(2019).

Wu, J., Ding, W. G. & Horie, M. Molecular pathogenesis of long QT syndrome
type 1. J. Arrhythm. 32, 381-388 (2016).

Harmer, S. C. et al. Readthrough of long-QT syndrome type 1 nonsense
mutations rescues function but alters the biophysical properties of the
channel. Biochem ]. 443, 635-642 (2012).

Nash, C. A. et al. Golgi localized betal-adrenergic receptors stimulate Golgi
PI4P hydrolysis by PLCepsilon to regulate cardiac hypertrophy. Elife 8, 48167
(2019).

Xu, J. X. et al. Phosphoinositide kinases play key roles in norepinephrine- and
angiotensin II-induced increase in phosphatidylinositol 4,5-bisphosphate and
modulation of cardiac function. J. Biol. Chem. 289, 6941-6948 (2014).
O-Uchi, J. et al. Impaired IKs channel activation by Ca(2+)-dependent PKC
shows correlation with emotion/arousal-triggered events in LQT1. J. Mol. Cell
Cardiol. 79, 203-211 (2015).

Parks, X. X. et al. Fluvastatin inhibits Rab5-mediated IKs internalization
caused by chronic Ca(2+)-dependent PKC activation. J. Mol. Cell Cardiol.
129, 314-325 (2019).

Shamgar, L. et al. Calmodulin is essential for cardiac IKS channel gating and
assembly: impaired function in long-QT mutations. Circ. Res. 98, 1055-1063
(2006).

Gibor, G. et al. External barium affects the gating of KCNQI potassium
channels and produces a pore block via two discrete sites. J. Gen. Physiol. 124,
83-102 (2004).

Jhun, B. S. et al. Adrenergic signaling controls RGK-dependent trafficking of
cardiac voltage-gated L-type Ca2t channels through PKD1. Circ. Res. 110,
59-70 (2012).

Ronzier, E. P., X. Xu, Qudsi, H. & Lopes, C. M. Statin-specific inhibition of
Rab-GTPase regulates cPKC-mediated IKs internalization. Sci. Rep. 9, 17747
(2019).

O-Uchi, J. et al. Isoform-specific dynamic translocation of PKC by alphal-
adrenoceptor stimulation in live cells. Biochem. Biophys. Res. Commun. 465,
464-470 (2015).

Williams, D. M. et al. Molecular basis of decreased Kir4.1 function in
SeSAME/EAST syndrome. J. Am. Soc. Nephrol. 21, 2117-2129 (2010).
Braun, C,, Parks, X. X., Qudsi, H. & Lopes, C. M. PKCBII specifically regulates
KCNQI1/KCNE1 channel membrane localization. J. Mol. Cell. Cardiol. 138,
283-290 (2020).

Parks, X. X. et al. Fluvastatin inhibits Rab5-mediated IKs internalization
caused by chronic Ca(2+)-dependent PKC activation. J. Mol. Cell. Cardiol.
129, 314-325 (2019).

Author contributions
C.B.,, X.X.P,, and H.Q. performed experiments, analyzed data, and wrote the paper;
C.M.L. supervised the project, designed experiments, analyzed data, and wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-021-02909-1.

Correspondence and requests for materials should be addressed to Coeli M. B. Lopes.

Peer review information Communications Biology thanks the anonymous reviewers for
their contribution to the peer review of this work. Primary Handling Editors: Anam
Akhtar.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

COMMUNICATIONS BIOLOGY | (2021)4:1392 | https://doi.org/10.1038/s42003-021-02909-1 | www.nature.com/commsbio 9


https://doi.org/10.1038/s42003-021-02909-1
http://www.nature.com/reprints
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/542003-021-02909-1

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

10 COMMUNICATIONS BIOLOGY | (2021)4:1392 | https://doi.org/10.1038/s42003-021-02909-1 | www.nature.com/commsbio


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Membrane pools of phosphatidylinositol-4-phosphate regulate KCNQ1/KCNE1 membrane expression
	Results
	Inhibition of PI4 kinase leads to decrease cell surface expression of KCNQ1/KCNE1 channels
	Inhibition of PI4 kinase leads to decrease cell surface expression of KCNQ1/KCNE1 channels expressed in cardiomyocytes
	Inhibition of PI4 kinase does not affect cell surface expression of KCNH2 channels
	Mutations in phospholipid interaction sites decrease cell surface expression of KCNQ1/KCNE1 channels
	Deletion of the distal C-nobreakterminus of the channel inhibits PAO-mediated effects on cell surface expression of KCNQ1/KCNE1 channels
	Decreased level of plasma membrane PI4P leads to decreased cell surface expression of KCNQ1
	Increased level of plasma membrane PI4P leads to increased cell surface expression of mutant KCNQ1 channels

	Discussion
	Methods
	Constructs and chemicals
	Cell culture and transient expression
	Adult cardiomyocyte isolation and cell culture
	Electrophysiological data acquisition and analysis
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Author contributions
	Competing interests
	Additional information




