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Abstract

Backgroound: At low extracellular potassium ([K™].) conditions, human cardiomyocytes can depolarize to —40 mV. This is closely
related to hypokalemia-induced fatal cardiac arrhythmia. The underlying mechanism, however, is still not well understood. TWIK-1
channels are background K™ channels that are highly expressed in human cardiomyocytes. We previously reported that TWIK-1 channels
changed ion selectivity and conducted leak Na™ currents at low [K™*].. Moreover, a specific threonine residue (Thr118) within the ion
selectivity filter was responsible for this altered ion selectivity. Methods: Patch clamp were used to investigate the effects of TWIK-
1 channels on the membrane potentials of cardiomyocytes in response to low [K™].. Results: At 2.7 mM [KT]. and 1 mM [KT].,
both Chinese hamster ovary (CHO) cells and HL-1 cells ectopically expressed human TWIK-1 channels displayed inward leak Na™
currents and reconstitute depolarization of membrane potential. In contrast, cells ectopically expressed human TWIK-1-T118I mutant
channels that remain high selectivity to K™ exhibited hyperpolarization of membrane potential. Furthermore, human iPSC-derived
cardiomyocytes showed depolarization of membrane potential in response to 1 mM [K ], while the knockdown of TWIK-1 expression
eliminated this phenomenon. Conclusions: These results demonstrate that leak Na™ currents conducted by TWIK-1 channels contribute

to the depolarization of membrane potential induced by low [K™ ] in human cardiomyocytes.
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1. Introduction

Hypokalemia is one of the common electrolyte dis-
orders present in hospitalized patients. Moderate (blood
K* 2.5-3.0 mM) and severe (blood K* <2.5 mM) hy-
pokalemia can lead to life-threatening cardiac arrhythmia
[1,2]. The membrane potential of cardiomyocytes in the
resting state show hyperpolarization, which is essential for
maintaining normal excitability of cardiomyocytes. Rest-
ing cardiomyocytes mainly open to background K+ chan-
nels, and therefore the membrane potential of cardiomy-
ocytes is close to the equilibrium potential of background
KT channels (approximately 90 mV) [3]. According to
Nernst equation theory, cardiomyocytes should be hyper-
polarized when [K ], is low, as observed in mouse and rat
cardiomyocytes [4,5]. However, previous studies showed
that human, sheep and canine cardiomyocytes can paradox-
ically depolarize to around —40 mV when [K™]. decreases

[6-9]. Although this abnormal electrophysiological phe-
nomenon is closely related to hypokalemia-induced fatal
cardiac arrhythmia, the underlying mechanism is still not
well understood.

K2P two-pore K+ channels belonging to background
K™ channels help to maintain the membrane potential of
many cell types [10-12]. TWIK-1 was the first subtype
of K2P two-pore K™ channels identified in human kidney
tissues. Unlike other types of KT channels, TWIK-1 chan-
nels are dimers with two pore-forming loop domains in each
subunit. The K* selectivity filter of TWIK-1 channels is
a conserved signature sequence (TTGYG) in the P1 loop
[13—15]. We previously reported that TWIK-1 channels can
change ion selectivity and conduct leak Na™ currents at sub-
physiological [K™]. [16,17]. Moreover, a specific threo-
nine residue (Thr118) within the pore selectivity sequence
TTGYG is responsible for the altered ion selectivity. This
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Fig. 1. CHO cells expressing human TWIK-1 channels show depolarization of membrane potential at low [K]"e. (A) showed
whole-cell currents of human TWIK-1 channels at 5.4 mM [K™].. (B,D) showed that CHO cells ectopically expressed human TWIK-1
channels were depolarized when [K™]. were decreased from 5.4 mM to 2.7 mM or 1 mM, respectively. (C) showed whole-cell currents
of human TWIK-1 channels at 5.4 mM [K ], (black lines), 2.7 mM (purple lines) and 1 mM [K ], (red lines), respectively. (E,F) showed
that membrane potentials of CHO cells transduced with empty vectors remained unchanged when [K™]. were decreased from 5.4 mM

to 2.7 mM or 1 mM respectively.

finding indicates that TWIK-1 channels may have a depo-
larizing effect on cardiomyocytes at low [K™].. The first
aim of the present study was therefore to determine whether
functional changes in TWIK-1 channels can induce depo-
larization of membrane potential in response to low [K™]..
This was studied in CHO cells using mammalian heterol-
ogous expression systems. The second aim was to deter-
mine whether TWIK-1 channels have a depolarizing effect
on cardiomyocytes at low [K*].. This was studied using
HL-1 cells (a mouse cardiac myocytes cell line) and human
iPSC-derived cardiomyocytes (hiPSC-CMs).

2. Materials and Methods
2.1 Cell Culture and Transduction

Recombinant lentiviral vectors carrying sequences en-
coding human TWIK-1, human TWIK-1 mutant chan-

nel (human TWIK-1-T118I) and human TWIK-1 specific
shRNA (GCACATCATAGAGCATGACCAACTGTCCT)
were constructed and packaged into the corresponding
lentiviruses (Cyagen Biosciences, Suzhou, China). CHO
cells were cultured in DMEM (Dulbecco’s Modified Ea-
gle’s Medium) containing 1% penicillin-streptomycin and
10% FBS (fetal bovine serum) (Invigentech, Irvine, USA).
HL-1 cells were cultured in Claycomb medium contain-
ing 10% FBS, 1% penicillin-streptomycin, 0.1 mM nore-
pinephrine and 2 mM L-glutamate. Cells at 80% conflu-
ence were transduced with lentiviral-GFP (Green fluores-
cent protein ) -TWIK-1 or lentiviral-GFP-TWIK-1-T118] at
concentrations of 1.8-3 x 107 PFU mL~!. After 48 hours
transduction, the GFP positive cells were used for patch
clamp recordings.

hiPSC-CMs were purchased from Help Therapeutics
(Nanjing, China). CHO cells and HL-I cells were obtained
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Fig. 2. Inward Na™ currents conducted by TWIK1 channels induce the depolarization of membrane potentials in response to

low [K™].. (A) showed that CHO cells expressing human TWIK-1 channels were hyperpolarized when bath solutions containing 5.4
mM [KT]. changed to NMDG-based bath solutions containing 1 mM [K™].. (B) showed whole-cell currents of TWIK-1 channels at 5.4
mM [KT]e (black lines), or 1 mM [K ], (red lines), and NMDG-based bath solutions containing 1 mM [K*]. (blue lines). (C) showed
that CHO cells expressing human TWIK-1-T118I channels were hyperpolarized when [K™]. were decreased from 5.4 mM to 1 mM. (D)
showed whole-cell currents of TWIK-1-T118I channels at 5.4 mM [K™]. (black lines), or I mM [K™]. (red lines).

from the Institute of Cardiovascular Research, Southwest
Medical University (Luzhou, China). The cells were a mix-
ture of atrial-, nodal- and ventricular-like myocytes. The
cells were cultured with Cardiomyocyte Plating Medium,
which was later replaced with Cardiomyocyte Maintenance
Medium. After culture for 8-20 days, cells were transduced
with lentiviral -GFP-TWIK-1 shRNA, and patch clamp
recording was performed 2 days after viral transduction.

2.2 Electrophysiology

The HEKA patch clamp system (EPC10) was used to
record membrane potentials and whole cell currents sepa-
rately under current clamp mode and voltage clamp mode.
A standard 2.2 second voltage ramp protocol from —140 mV
to +80 mV every 15 seconds was performed at a sample rate
of 2KHz[16,17]. Patch pipettes with resistances of 3.0-5.0
M were used and data was analyzed by PatchMaster version
2x91 (HEKA Elektronik, Lambrecht, Germany) and IGOR
pro version 6.05 (WaveMetrics, Portland, OR, USA) soft-
ware. All data are reported as the mean = SEM. Student’s
t-tests were used to evaluate the significance of differences
between two groups.

Solutions for patch clamp recordings in CHO cells,
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pipette solution (mM): 140 KCI, 1 MgCl,, 10 EGTA, 1
K2-ATP and 5 Hepes (pH 7.4), bath solution (mM): 135
NaCl, 5 KCl, 2 CaCls, 1 MgCls, 15 glucose and 10 Hepes
(pH 7.4). Solutions for patch clamp recordings in HL-1
cells and human iPSC-derived cardiomyocytes, pipette so-
lution (mM): 20 KCl, 120 K aspartate, 1 MgCls, 5 Nas-
ATP, 0.5 Nas-GTP, 10 EGTA and 5 Hepes (pH 7.4), bath
solution (mM): 140 NaCl, 5.4 KCl, 1.8 CaCl,, 1 MgCls,
10 glucose and 10 Hepes (pH 7.4). To prepare the bath so-
lutions containing low KT, the [K*], was decreased and
equimolar Na™ was added to the bath solutions. CoCl, and
TTX (tetrodotoxin) were added to bath solutions to block
voltage-gated Ca?" currents and voltage-gated Na™ cur-
rents in cardiomyocytes.

3. Results

3.1 CHO Cells Expressing TWIK-1 Channels Exhibit
Depolarization of Membrane Potential at Low [K™ ],

CHO cells ectopically expressed human TWIK-1
channels were used in order to observe whether functional
changes in these channels can have a depolarizing effect on
the membrane potential in response to low [KT].. Fig. 1A
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Fig. 3. HL-1 cells exhibited hyperpolarization of membrane potential at low [K] . (A,B) showed that HL-1 cells were hyperpolar-

ized, when [K*]. were decreased from 5.4 mM to 1 mM or 2.7 mM, respectively. (C) showed whole cell currents of HL-1 cells at 5.4
mM [K*]. (black lines), 2.7 mM [K ™ ], (red lines) or | mM [K ™. (purple lines).

shows a typical TWIK-1 whole cell current at 5.4 mM
[K*].. We evaluated the effects of low [K™]. on membrane
potentials and whole cell currents in CHO cells expressing
TWIK-1. When [K*], was lowered from 5.4 mM to 2.7
mM and to 1 mM, transduced CHO cells initially hyperpo-
larized, and then depolarized to —60 £+ 3 mV and to —41 +
2 mV, respectively (n = 16; Fig. 1B,D). The reversal poten-
tials of TWIK-1 whole cell currents depolarized from —77
4+ 0.9 mV to —58 £ 2 mV, and then to —40 &+ 2 mV, respec-
tively (n = 12; Fig. 1C). Fig. 1E,F show that 2.7 mM and
1 mM [K*]. had no effects on the membrane potentials of
CHO cells transduced with empty vectors (n=8-11). Based
on these results, we conclude that TWIK-1 channels cause
depolarization of membrane potential at low [KT]..

3.2 Na* Currents Mediated by TWIK-1 Channels Induce
Depolarization of Membrane Potential in CHO Cells at
Low [KT],

We performed two sets of experiments to investigate
whether Na* currents mediated by TWIK-1 channels can
induce depolarization of membrane potential in CHO cells
at low [K*].. First, extracellular Na™ was removed and
changes in the membrane potential in response to low [K ],
were monitored. When bath solution containing 5.4 mM
[K*]. was switched to an NMDG-based solution contain-
ing 1 mM [K™],, the transduced CHO cells hyperpolarized

to 92 £ 4 mV (n=15; Fig. 2A) and the reversal potentials
of TWIK-1 currents hyperpolarized from —77 4+ 0.9 mV to
-89 + 3 mV (n=13; Fig. 2B). Second, we transduced CHO
cells with human TWIK-1-T118I channels that remain high
selectivity to K™ at low [K*].. The CHO cells expressing
human TWIK-1-T118I channels hyperpolarized to —90 + 2
mV in response to 1 mM [KT], (n = 13; Fig. 2C), while the
reversal potentials of TWIK-1-T118I currents hyperpolar-
ized from —74 & 3 mV to -87 & 2 mV (n = 12; Fig. 2D).

3.3 HL-1 Cells Transduced with TWIK-1 Channels Exhibit
Depolarization of Membrane Potential at Low [K™ ],

The phenomenon of membrane potential depolariza-
tion induced by low [K™]. was not found in mouse car-
diomyocytes [5,18]. We therefore used HL-1 cells trans-
duced with human TWIK-1 channels to observe whether
functional changes to these channels have a depolarizing
effect on cardiomyocytes at low [KT].. Cells that were
electrophysiologically quiescent were selected to investi-
gate the effects of low [K™]. on the membrane potential.
When [K*], was lowered from 5.4 mM to 1 mM or 2.7
mM, HL-1 cells hyperpolarized to —108 + 5 mV and -89 +
2 mV, respectively (n = 17; Fig. 3A,B), while the reversal
potentials of whole cell currents hyperpolarized from —78
+2mV to-105 + 3 mV and —90 + 2 mV, respectively (n
= 17; Fig. 3C). In contrast, HL-1 cells expressing human
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Fig. 4. HL-1 cells ectopically expressed human TWIK1 channels show depolarization of membrane potential at low [K] .. (A,B)

showed that HL-1 cells ectopically expressed human TWIK1 channels were depolarized, when [K™]. were decreased from 5.4 mM to

1 mM or 2.7 mM, respectively. (C) showed whole cell currents of HL-1 cells ectopically expressed human TWIK1 channels at 5.4 mM
[K*]e (black lines), 2.7 mM [K ™. (red lines) or 1 mM [K™*]. (purple lines).

TWIK-1 channels initially hyperpolarized, and then depo-
larized to —41 + 3 mV and —-58 £ 4 mV, respectively (n =
10; Fig. 4A,B), while the reversal potentials of whole cell
currents depolarized from —82 + 2 mV to -39 + 2 mV and
—60 + 3 mV, respectively (n = 17; Fig. 4C). To confirm
that TWIK-1 channels induce depolarization of membrane
potential in HL-1 cells by conducting Na™ currents in re-
sponse to low [K*]., we transduced these cells with human
TWIK-1-T118I channels. When [K*]. was lowered from
5.4 mM to 2.7 mM or 1 mM, the cells remained hyperpo-
larized (n = 12; Fig. 5A,B), while the reversal potentials of
whole cell currents hyperpolarized from —76 £+ 2 mV to—87
+ 2 mV and —107 & 4 mV, respectively (n = 12; Fig. 5C).

3.4 TWIK-1 Channels Contribute to the Low

[K™ ] ~-Induced Depolarization of Membrane Potential in
hiPSC-CMs

hiPSC-CMs were used to investigate whether TWIK-
1 channels contribute to low [K*].-induced depolarization
of membrane potential in human cardiomyocytes. When
[K*]. was lowered from 5.4 mM to 1 mM, the membrane
potential in 35 cells out of 113 depolarized to 42 + 3 mV
(Fig. 6A). These cells had inward leak Na™ currents with
a reversal potential of -40 + 2 mV (Fig. 6C). When extra-
cellular Na™ was removed, the 1 mM [K*].-induced mem-
brane potential depolarization was eliminated, and the in-
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ward Na* currents were abolished (n = 10; Fig. 6B,C).

To evaluate the contribution of TWIK-1 channels to
low [KT]c-induced depolarization of membrane potential
in hiPSC-CMs, we first verified the quinine-sensitive Na™
currents at 0 mM [K* ], to demonstrate TWIK-1 expression.
Among the 35 cells that showed depolarization of mem-
brane potential in response to 1 mM [K*]., we recorded
quinine-sensitive TWIK-1-like inward Na* currents in 10
cells at 0 mM [K*]. (Fig. 6D). Next, we used previously
validated TWIK-1-specific shRNA to knockdown TWIK-1
channels in hiPSC-CMs. Less than 10% of cells that ex-
pressed TWIK-1-specific ShRNA showed depolarization of
membrane potential at 1 mM [K*]., whereas 31% of con-
trol cells showed this phenomenon (Fig. 6E).

4. Discussion

TWIK-1 channels play important physiological and
pathophysiological roles and are expressed in brain, heart,
and kidney [19]. Mice that are deficient in TWIK-1 show
defective phosphate transport in the proximal tubule and
defective water transport in the medullary collecting duct
of the kidney, as well as aberrant membrane potential in
pancreatic 3 cells [20,21]. TWIK-1 also contributes to the
intrinsic excitability of dentate granule cells in mouse hip-
pocampal brain tissue [22,23]. Silencing TWIK-1 in ze-
brafish showed cardiac bradycardia and atrial dilation of
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Fig. 5. HL-1 cells transduced with human TWIK-1-T118I channels exhibited hyperpolarization of membrane potential at low
[K]*e. (A,B) showed that HL-1 cells ectopically expressed human TWIK1-T1181 channels were hyperpolarized, when [K™]. were
decreased from 5.4 mM to 1 mM or 2.7 mM, respectively. (C) showed whole cell currents of HL-1 cells ectopically expressed human
TWIK1-T1181 channels at 5.4 mM [KT]. (black lines), 2.7 mM [K "], (red lines) or I mM [K™]. (purple lines).

the heart [24]. In transgenic mice that conditionally express
TWIK-1 specifically in the heart, we recently reported that
TWIK-1 induces ventricular ectopic beats and sudden death
due to hypokalemia [25].

K2P channels are responsible for setting the mem-
brane potential [26]. We previously demonstrated that
TWIK-1 channels conducted leak Na™ currents at low
[KT]e [16]. This led us to hypothesize that TWIK-1 chan-
nels have a depolarizing effect on the membrane potential.
We first investigated the effect of TWIK-1 channels on the
membrane potential by employing a mammalian heterol-
ogous expression system in CHO cells. CHO cells ectopi-
cally expressed of human TWIK-1 channels was found to be
depolarized at 1 mM or 2.7 mM [KT].. This result demon-
strates that TWIK-1 channels have a depolarizing effect on
the membrane potential under both moderate and severe hy-
pokalemia conditions.

The membrane potential of cardiomyocytes is mostly
maintained by IK1 currents that are primarily mediated by
Kir2.x channels. Under hypokalemia conditions, the mem-
brane potential of mouse or rat cardiomyocytes was hy-
perpolarized due to the activity of Kir2.x channels [4,5].
TWIK-1 channels are not expressed in mouse cardiomy-
ocytes [27]. Therefore, we used HL-1 cells to evaluate
whether TWIK-1 channels could have a depolarizing effect
on cardiomyocytes at low [K™].. Control HL-1 cells and

HL-1 cells transduced with human TWIK-1-T118I mutant
channels was found to be hyperpolarized, whereas that of
HL-1 cells transduced with TWIK-1 channels was depolar-
ized at low [K™].. These results are consistent with our pre-
vious report that TWIK-1-T1181 mutant channels remain
high selectivity to K at low [K™], [16]. Moreover, they
demonstrate that TWIK-1 channels can cause depolariza-
tion of membrane potential in cardiomyocytes by mediating
leak Na™ currents in response to low [K™]e.

Depolarized membrane potential of cardiomyocytes
is the main electrophysiological basis for hypokalemia-
induced fetal cardiac arrhythmia. A study on sheep car-
diomyocytes showed that depolarized membrane potential
induced by low [K*]. was abolished when extracellular
Na™ was removed, suggesting that Na™ influx is essential
for this phenomenon [28]. In the present study, we pro-
vide evidence to support the hypothesis that TWIK-1 leak
Na™ currents contribute to hypokalemia-induced depolar-
ization of membrane potential in human cardiomyocytes.
We first showed that hiPSC-CMs exhibited depolarization
of membrane potential in response to low [K*]., consis-
tent with previous studies in human adult cardiomyocytes
[6,9]. Furthermore, this phenomenon could be eliminated
by the removal of external Na™. Overall, these results im-
ply that Na™ currents are responsible for the depolarization
of membrane potential induced by low [K*]. in human car-
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diomyocytes. Second, we demonstrated that TWIK-1 are
the major channels responsible for Na™ currents. We found
that 31% of control hiPSC-CMs showed depolarization of
membrane potential in response to low [K*]., compared
to <10% of cells that expressed TWIK-1-specific shRNA.
Other non-selective cation ion channels may be responsi-
ble for the depolarized membrane potential in the remaining
cells. A previous study reported that inward Ca?* flux may
also contribute to the depolarization of membrane potential
induced by low [KT]. in cardiac Purkinje fibres [29].

There are several limitations with the present study.
First, the effect of TWIK-1 on membrane potential was
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studied only in cell lines, which may not be the best model
to test our hypothesis. Therefore, the results require further
confirmation using primary cultures of cardiomyocytes.
Second, the difficulty in obtaining primary cultures of hu-
man cardiomyocytes meant that the effect of TWIK-1 was
tested only in hiPSC-CMs. Future studies should therefore
aim to determine the effects of TWIK-1 using clinical sam-
ples of hypokalemic hearts. Third, our experiments were
performed in vitro, and hence the functional role of TWIK-
1 in the pathophysiology of hypokalemia remains to be con-
firmed in vivo.
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5. Conclusions

TWIK-1 channels contribute to the depolarization of
membrane potentials induced by low [K™], in human car-
diomyocytes by conducting inward leak Na* currents.
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