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ABSTRACT
Loss-of-function (LOF) variants in the KV11.1 potassium channel
cause long QT syndrome (LQTS). Most variants disrupt intracellu-
lar channel transport (trafficking) to the cell membrane. Since
some channel inhibitors improve trafficking of KV11.1 variants, a
high-throughput screening (HTS) assay to detect trafficking
enhancement would be valuable to the identification of drug can-
didates. The thallium (Tl1) flux assay technique, widely used for
drug screening, was optimized using human embryonic kidney
(HEK-293) cells expressing a trafficking-deficient KV11.1 variant in
384-well plates. Assay quality was assessed using Z prime (Z’)
scores comparing vehicle to E-4031, a drug that increases KV11.1
membrane trafficking. The optimized assay was validated by
immunoblot, electrophysiology experiments, and a pilot drug
screen. The combination of: 1) truncating the trafficking-deficient
variant KV11.1-G601S (KV11.1-G601S-G965*X) with the addition
of 2) KV11.1 channel activator (VU0405601) and 3) cesium (Cs1)
to the Tl1 flux assay buffer resulted in an outstanding Z’ of 0.83.
To validate the optimized trafficking assay, we carried out a pilot

screen that identified three drugs (ibutilide, azaperone, and aze-
lastine) that increase KV11.1 trafficking. The new assay exhibited
100% sensitivity and specificity. Immunoblot and voltage-clamp
experiments confirmed that all three drugs identified by the new
assay improved membrane trafficking of two additional LQTS
KV11.1 variants. We report two new ways to increase target-spe-
cific activity in trafficking assays—genetic modification and chan-
nel activation—that yielded a novel HTS assay for identifying
drugs that improve membrane expression of pathogenic KV11.1
variants.

SIGNIFICANCE STATEMENT
This manuscript reports the development of a high-throughput
assay (thallium flux) to identify drugs that can increase function
in KV11.1 variants that are trafficking-deficient. Two key
aspects that improved the resolving power of the assay and
could be transferable to other ion channel trafficking–related
assays include genetic modification and channel activation.

Introduction
The KCNH2 gene, formerly human ether-a-go-go–related

gene (hERG), encodes a major repolarizing potassium chan-
nel in the heart (KV11.1). Congenital long QT syndrome
(LQTS) occurs in approximately 1 in every 2000 newborns,

and pathogenic KV11.1 variants responsible for LQTS type 2
(LQT2) comprise nearly 30% of LQTS cases (Schwartz et al.,
2009). LQTS predisposes individuals to an often fatal ventricular
arrhythmia, torsades de pointes. If left untreated, 13% of individ-
uals with LQTS experience cardiac arrest or sudden death before
age 40 (Priori et al., 2003; Kapplinger et al., 2009). Current ther-
apy includes b-blockers and implantable cardiac defibrillators.
Unfortunately, b-blockers are not always effective (6–7% of
LQT2 patients on b-blockers have cardiac arrests), and implant-
able cardioverter defibrillator therapy is complicated by inappro-
priate shocks (Schwartz and Ackerman, 2013). Hence, there is a
need for better therapeutic approaches for LQT2 patients, ideally
targeting the underlying molecular mechanism.
Approximately 90% of pathogenic KV11.1 missense variants

are trafficking-deficient (Anderson et al., 2014). Although the
gene variant is translated into protein, intracellular transport
(trafficking) is halted in the endoplasmic reticulum (ER), likely
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caused by misfolding of the nascent protein. Interestingly, pro-
longed incubation (>8 hours) of KV11.1-N470D–expressing
human embryonic kidney (HEK-293) cells with a potent
KV11.1 pore-blocking drug, E-4031, increases trafficking of
KV11.1-N470D with an accompanying 16-fold increase in
Kv11.1 current (Zhou et al., 1999). Other drugs, such as terfe-
nadine, fexofenadine, cisapride, astemizole, and quinidine,
also increased KV11.1 current in cells expressing KV11.1 traf-
ficking-deficient variants (Ficker et al., 2002; Rajamani et al.,
2002; Anderson et al., 2006). However, increasing KV11.1 traf-
ficking in variants with gating or permeation abnormalities
may exacerbate the LQTS phenotype (Perry et al., 2016).
Drugs that increase trafficking of KV11.1 variants usually
inhibit the channel, which could be fatal in patients with
LQT2. Interestingly, the antihistamine fexofenadine increased
trafficking at 300× lower concentrations than its IC50 for chan-
nel blocking (Rajamani et al., 2002). Hence, drugs that par-
tially inhibit KV11.1 could be used at lower concentrations to
treat trafficking deficiencies.
Lumacaftor increases trafficking of variants in the cystic

fibrosis transmembrane conductance regulator (CFTR), which
improves symptoms in patients with cystic fibrosis. The clini-
cally approved drug, Orkambi, combines lumacaftor and the
CFTR channel activator ivacaftor. Neither lumacaftor nor
ivacaftor inhibit KV11.1 directly. Lumacaftor increases KV11.1
channel trafficking in patient-derived human induced pluripo-
tent stem cell cardiomyocytes from patients with LQT2
(Mehta et al., 2018; O'Hare et al., 2020). Orkambi treatment,
which includes lumacaftor, shortened the QT interval of LQT2
patients with KV11.1 trafficking deficiencies, which suggests
Orkambi increases KV11.1 current in vivo (Schwartz et al.,
2019). Unfortunately, Orkambi is expensive (more than
$200,000 per year) and has considerable side effects. Never-
theless, the study represents proof of principle for clinical effi-
cacy of increasing KV11.1 trafficking with drugs.
High-throughput screening (HTS) assays enabled the dis-

covery of drugs that improve CFTR trafficking. No HTS
assays exist for screening of compounds that increase KV11.1
channel trafficking. Huang and colleagues reported more
than 4000 unique molecular entities (drugs) approved world-
wide and close to 5000 registered compounds for experimen-
tal human use, which are not yet clinically approved (Huang
et al., 2011). With large amounts of drugs to test, HTS could
identify drug candidates for in vitro testing and subsequent
phase II clinical trials. Automated patch clamp techniques
(i.e., Syncropatch 384/768) have enabled HTS with electro-
physiological experiments, the gold standard for assessing
ion channel function. One study suggested the throughput
for the assay could generate 6000 data points per day for
testing acute inhibition or activation of ion channels (Li
et al., 2017). Unfortunately, this technology requires resus-
pension of cells, which is difficult for studies requiring over-
night drug incubation when screening thousands of drugs.
Hence, we sought a method utilizing HEK-293 cells

expressing trafficking-deficient variants and a more suitable
assay for overnight drug incubation that would not require
resuspension of cells. The thallium (Tl1) flux assay is a stan-
dard HTS tool for monovalent ion channels and is tradition-
ally used to screen compounds for acute inhibition or
activation in potassium channels (Weaver et al., 2004; Lewis
et al., 2009; Zou et al., 2010; Bhave et al., 2011; Li et al.,
2011; Raphemot et al., 2011). Here we report a high-

throughput, Tl1 flux-based fluorescent assay optimized to
identify drug candidates that increase trafficking of KV11.1
variants in HEK-293 cells. After testing nearly 100 stable
cell lines for the largest target-specific (KV11.1 trafficking)
signal, our results indicate that genetic modification (trunca-
tion) enhanced HTS screening characteristics. Combining
gene modification with channel activation, we improved the
Tl1 flux assay’s ability to detect drugs that increase KV11.1
trafficking.

Materials and Methods
Molecular Biology and Stable Cell Line Generation. Plas-

mids (pcDNA3.1) containing cDNA transcripts encoding KV11.1 and
KV11.1-G601S were purchased from GenScript. HEK-293 cells were
transfected using Fugene 6 Transfection Reagent (Promega) and 2
mg of plasmid. The KV11.1-G601S LQTS variant was chosen because
it has wild type–like KV11.1 current when trafficked to the cell sur-
face, and because channel trafficking can be increased by treatment
with E-4031, reduced temperature (27�C), or histone-deacetylase
inhibition (Anderson et al., 2006; Li et al., 2018). After one week of
culture at 37�C with 5% CO2 in Minimum Essential Media (MEM,
Corning) containing 10% (v/v) FBS (Gibco) and 150 mg·mL�1 hygrom-
ycin (Millipore Sigma), monoclonal cell lines were isolated through
limiting dilution in 96-well clear-bottomed plates (0.1 cells/100 mL
and 100 mL/well, Corning). Nearly 100 monoclonal cell lines were
functionally tested using Tl1 flux assays (see below). Monoclonal
lines with the largest difference in Tl1 flux in vehicle (0.1% DMSO)
versus positive (10 mM E-4031) treated controls were selected for fur-
ther evaluation.

Tl+ Flux-Based Fluorescent Trafficking Assay. To develop a
Tl1 flux-based fluorescent trafficking assay suitable for HTS, HEK-
293 cells expressing trafficking-deficient KV11.1-G601S variants
were plated on 384-well clear-bottomed, amine-coated, black-walled
plates (Corning) at a density of 15,000 cells per well in 20 mL of
MEM per well 1 10% (v/v) FBS. Cell incubation (>8 hours) with E-
4031 improves KV11.1 trafficking in cells expressing trafficking-defi-
cient KV11.1 variants, so we incubated cells for 24 hours with 10 mM
of E-4031 as a positive control to assess the assay’s sensitivity for
detecting increased KV11.1 trafficking (Zhou et al., 1999). All com-
pounds were plated manually using a 300 mL, 8-channel electronic
pipettor (Eppendorf) or using an Echo555 Omics plate reformatter
(Labcyte). An additional 20 mL of media containing vehicle (0.1%
DMSO) or positive control (10 mM E-4031) per well were added in a
checkerboard treatment pattern, making the incubation volume prior
to Tl1 flux experiments 40 mL per well. The 384-well plates with cells
were kept in an incubator at 37�C with 5% CO2 for a duration of 24
hours before Tl1 flux experiments were conducted.

On the day of the Tl1 flux experiments, cells were washed with 20
mL of assay buffer (Hank’s Balanced Salt Solution, Corning, contain-
ing 20 mM of HEPES-NaOH, pH 5 7.3) per well. For wash steps,
plate medium was flicked from plates into a waste container and
then plates were tapped on a paper towel vigorously to remove resid-
ual medium. Cells were loaded with the Tl1-sensitive fluorescent
indicator Thallos by addition of 20 mL of assay buffer per well con-
taining 1.2 mM of Thallos-AM (ION Biosciences) dissolved in DMSO,
2.5 mM of sodium probenecid (Millipore Sigma), and 0.2% (w/v) Plur-
onic F-127 (ION Biosciences). Plates were incubated for 1 hour at
room temperature. After Thallos loading, two more wash steps with
20 mL of assay buffer per well were performed. After the two wash
steps, 40 mL of assay buffer were pipetted into each well, at which
time the plates were ready for Tl1 flux experiments. To optimize the
Tl1 flux assay, VU0405601, a KV11.1 channel activator, and cesium
gluconate were included in assay buffer and added to 384-well plates
at 40 mL per well for 10–15 minutes before Tl1 flux experiments.
During preparation, chloride-free stimulus solution (ION Bioscien-
ces) was used to dissolve Thallium Sulfate (Tl2SO4) and the medium
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was placed into a 384-well, polypropylene, v-bottom “stimulus” plate
(Greiner).

Plates were imaged (excitation, 482 ± 35 nm; emission, 536 ± 40
nm) at a frequency of 1 Hz using a Panoptic plate imager (Wavefront
BioSciences). After 10 seconds of baseline recordings, 10 mL of 11.25
mM Tl2SO4 were added to plates containing 40 mL of assay buffer
per well ± VU0405601 ± cesium gluconate for a final Tl1 concentra-
tion of 4.5 mM. All experiments were performed at 37�C. To control
for baseline variability, each well’s fluorescent signal was normalized
by dividing by the average fluorescent amplitude of the first five time
points to generate a static ratio (F/F0) for each individual well, which
controlled for variance due to Thallos loading and cell number.

To generate concentration response curves, 10 mM of E-4031 was
serial diluted (1:3) with 100% DMSO 10 times to achieve twice the
desired final concentrations of those used in Tl1 flux experiments.
Tl1 flux assay DMSO concentration was constant at 0.3% DMSO for
all concentrations of E-4031 tested during concentration response
assays. 20 mL of MEM 1 10% (v/v) FBS containing each concentra-
tion (2×) were plated directly into each well with HEK-293 cells and
20 mL of medium per well (40 mL per well total volume) and incu-
bated in a cell culture incubator for 24 hours at 37�C with 5% CO2.

To test the optimized Tl1 flux assay’s ability to distinguish drugs
that increase KV11.1 trafficking, true positives (sensitivity) from
drugs that do not, true negatives (specificity), 10 mL aliquots of drug
(10 mM) were individually pipetted into 384-well, Echo-qualified,
low-dead-volume plates (Labcyte). Test compounds were then trans-
ferred to 20 wells (90 nL/well) of a single 384-well, polypropylene
plate (Labcyte) using an Echo555 Omics plate reformatter (Labcyte).
A Combi reagent dispenser (Thermo Fisher Scientific) was used to
add 30 mL of MEM 1 10% (v/v) FBS per well to the compound plate
to make a 3× concentration (30 mM) in each well containing drug.
Finally, a Bravo automated liquid handler (Agilent) was used to dis-
pense 10 mL per well from the compound plates (30 mM) into a plate
containing cells in 20 mL of medium per well (1:3 dilution).

Drugs used in the sensitivity/specificity testing (see descriptions
above) included 10 mM of either positive control (E-4031), negative
control (gabapentin), ibutilide, azelastine, or azaperone (n 5 20 wells
per treatment condition) and incubated for 24 hours at 37�C with 5%
CO2. All other wells (n 5 284 wells) of the plate were treated with
vehicle control (0.1% DMSO). For analysis, 56 wells that were vehicle
treated were selected from rows in the center of the plate to calculate
the mean and standard deviation of the fluorescent signal (see calcula-
tions). Z scores (see calculations below) for each treatment were calcu-
lated, and scores $3 were considered positive “hits” in the assay.

Western Blot. HEK-293 cells expressing KV11.1, KV11.1-G601S,
KV11.1-N470D, or truncated KV11.1-G601S-G965*X were grown to
confluency in 6-well, flat-bottomed cell culture plates (Corning). The
* denotes an introduction of 17 amino acids after the KV11.1 amino
acid G965. Prior to lysate collection, cells were treated with vehicle
control (0.1% DMSO), positive control (10 mM E-4031), or 10 mM of
specified drug and incubated for 24 hours at 37�C with 5% CO2. Cells
were collected using TrypLE express (ThermoFisher), pelleted and
lysed with 500 mL of radioimmunoprecipitation assay buffer (Milli-
pore Sigma; 150 mM NaCl, 50 mM Tris, and 1 mM dithiothreitol)
and 1× protease cocktail (Millipore Sigma) for 30 minutes at 4�C
with gentle rocking. Next, cells suspended in radioimmunoprecipita-
tion assay buffer were placed on ice and sonicated (Qsonica, XL-2000
series) at 10 W in 1.5-mL Eppendorf tubes for 6×3 second each, with
a 5 second pause between each pulse and samples kept on ice. The
lysate was again incubated on a rocker at 4�C for 30 minutes. After
incubation, lysates were centrifuged at 13,000g for 15 minutes at
4�C to pellet insoluble material. The supernatant was collected and
quantified using bicinchoninic acid reagent (ThermoFisher).

After protein quantification, a total of 20 mg of protein were loaded
per lane of a 7.5% Tris-Glycine eXtended (BioRad) precast gel and
run at 30 V for 30 minutes to resolve the stacking layer. Next, the gel
was run at 200 V for 1.25 hours in a cold room (4�C) in running buffer
(KD medical). 0.45 mm pore polyvinylidene difluoride membranes

(Millipore Sigma) were equilibrated in 100% methanol for 5 minutes
before transferring the gel at 0.2 A for 2 hours with 10% (v/v) metha-
nol (Millipore Sigma) in transfer buffer (KD Medical). After transfer,
the membranes were blocked with 5% (w/v) molecular-grade nonfat
milk (Research Products International) for 1 hour. Primary anti-
KV11.1 antibody (Cell Signaling, 1:2000) was incubated overnight at
4�C in Tris-Buffered Saline with 0.1% Tween 20 (TBST). The next
day, the membrane was washed (3×5 minutes) with TBST and incu-
bated in secondary anti–rabbit IgG horseradish peroxidase (Promega,
1:5000) for 1 hour. After incubation with the secondary antibody, the
membranes were washed again 3×10 minutes with TBST before
imaging. For imaging, the membranes were incubated for 3 minutes
using Western Lightning plus enhanced chemiluminescence reagents
(PerkinElmer) and imaged with the iBright 1500 (ThermoFisher).

Manual Patch Clamp Electrophysiology. KV11.1 current was
measured in HEK-293 cells by whole-cell, patch-clamp electrophysi-
ology using a Multiclamp 700A amplifier (Axon Instruments), Digi-
data 1322A analog-to-digital converter (Axon Instruments), and
TE200 microscope (Nikon). A total of 15,000 cells were plated on 35-
mm dishes with 20-mm glass-bottomed wells (Cellvis D35-20-1.5-N).
After a minimum of 2 days culturing in a 37�C incubator with 5%
CO2 and 24-hour incubation with drugs, cells (�50% confluent) were
washed with external patching solution (see below) before patch-
clamp experiments and included perfusing �2 mL per minute for 30
minutes and heated with a TC2-BIP and HPRE2 preheater (Cell
MicroControls) temperature controller to 33–35�C to remove residual
drug from solution. External patch-clamp solution contained (in mM)
NaCl 137, KCl 4, CaCl2 1.8, MgCl2 1, Glucose 10, and HEPES 10
(pH 7.4 using NaOH). Internal solution contained (in mM) KCl 137,
MgCl2 1, EGTA 5, HEPES 10, MgATP 5 (pH 7.2 using KOH). Glass
capillaries (World Precision Instruments) were pulled to 1.5–3.5
megaohm internal resistance. Recordings from single, isolated cells
were performed at room temperature (�23–24�C).

To measure steady-state KV11.1 current, voltage-clamp activation
protocols were used. From a holding potential of �80 mV, near the
reversal potential for potassium for the solution pair used, voltage
steps were applied in 10 mV increments from �60 to 140 mV (4 sec-
onds), followed by a subsequent holding step to �40 mV (4 seconds).
Peak steady-state current was measured at the end of each depola-
rizing step (�60 to 140 mV).

To generate current-voltage (I-V) curves, cells were depolarized to
140 mV (2 seconds) from a holding potential of �80 mV, followed by
voltage steps in 10-mV increments from �120 mV to 140 mV (2 sec-
onds). Peak tail current was measured for each step potential (�120
to 140 mV).

To generate inactivation I-V curves, cells were held at �80 mV,
depolarized to 140 mV (2 seconds), then stepped in 10-mV incre-
ments from �120 mV to 160 mV (2 milliseconds) before depolarizing
to 140 mV again (2 seconds). The peak tail current generated upon
depolarizing to 140 mV the second time was divided by the sweep
from vehicle control treated cells exhibiting the maximum KV11.1
peak tail current to normalize the data and generate inactivation
curves.

Coding DNA Sequencing and 30 Rapid Amplification of
cDNA Ends. For sequencing, we used a protocol and primers for 30

rapid amplification of cDNA ends (RACE) similar to a published proto-
col (Ozawa et al., 2004). Briefly, HEK-293 cells were grown to conflu-
ency in 6-well plates and harvested with TrypLE Express. RNA was
collected from cell pellets using an RNeasy Mini-kit (Qiagen). Remain-
ing genomic DNA was degraded using DNase I (NE Biolabs). Next, 1
mg of RNA was reverse transcribed with Superscript III (Invitrogen)
using a random seven-mer adaptor primer (see Supplemental
Table 1). We performed polymerase chain reaction (PCR) with primers
amplifying 500 base pair segments of the KV11.1 cDNA. Sequencing
suggested the truncation occurred in the Carboxy-terminus (C-termi-
nus) portion of the gene within 1000 base pairs of the KV11.1 stop
codon. To target the unknown coding sequence of the 1000–base pair
region of the C-terminal end of the KV11.1 cDNA, we used 50
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gene-specific primers and a 30 anchor primer (AP1) in a PCR reaction.
We next performed a nested PCR using overlapping 50 gene-specific
primers and a second 30 primer (AP2), which overlapped AP1. Due to
presence of multiple DNA products observed on a DNA gel, we subcl-
oned the cDNA into a pcr2.1-TOPO vector using the TOPO TA Clon-
ing Kit (Invitrogen) and selected individual clones from miniprep
isolation for sequencing. All PCR reactions used GoTaq Colorless Mas-
termix (Promega). PCR conditions included a hot start at 95�C for 5
minutes, followed by 35 cycles of 95�C for 60 seconds, 55�C for 60 sec-
onds, and 72�C for 180 seconds. All sequencing was performed by
Genewiz with premixed samples including the nested 50 gene-specific
primer. For primers used in the RACE protocol, see Supplemental
Table 1.

Data and Statistical Analysis. Statistics were calculated using
Microsoft Excel (Microsoft 365, version 2102) or GraphPad Prism
(8.2.1). All Z’ and Z score statistics were calculated in Excel. Graph-
Pad Prism was used for ANOVA with post hoc Dunnett’s test. T-tests
were also performed with Prism. All statistics with P < 0.05 indicate
significance. For all optimization protocols with checkerboard treat-
ment of vehicle (0.1% DMSO) and positive control (10 mM E-4031),
the mean and standard deviation for each treatment were calculated
using all wells under the conditions specified. Electrophysiological
data acquisition and analysis were performed using pClamp 10.7
software. OriginPro 9.8 was used to generate representative traces.

Z’ was used to assess the quality of the Tl1 flux assay after each
step of optimization and judge the overall resolution. For all Z’ calcu-
lations, positive (10 mM E-4031) or vehicle (0.1% DMSO) controls
were plated in a checkerboard pattern directly after cell plating and
24 hours prior to Tl1 flux experiments. The Z’ was calculated using
the slope of the fluorescent signal (DF/s; described below) from assay
recordings with the following formula:

Z0 ¼ 1� 3 scþ1 sc�ð Þ
mcþ�mc�j j (1)

where scþ ¼ S.D. (positive control), sc� ¼ S.D. (vehicle control),
mcþ ¼ mean ðpositive controlÞ, and mc� ¼ mean vehicle controlð Þ:
Tl1 flux data were quantified using the slope of fluorescent signal
(DF/s) for each individual well, which was calculated by averaging
the slopes (DF/s) of five 1-second intervals from 15 to 20 seconds of
the Tl1 flux assay and shortly after the addition of Tl1. A mean slope
(DF/s) for a given treatment (i.e., vehicle versus positive control) was
calculated from the average slope of all wells given that treatment,
and likewise for the S.D.

Z scores were calculated using the formula below, and we quanti-
fied compounds as “hits” if they achieved a slope of fluorescence (DF/
s) $ 3 standard deviations from the mean of control treated wells. Z
scores are used to quantify hits as opposed to Z’, which measures
assay quality. Average Z scores were calculated for the slope (DF/s)
of positive control (E-4031)–treated wells by subtracting the mean
slope (DF/s) of vehicle control (0.1% DMSO) and dividing by the S.D.
of the slope in all vehicle control wells.

Zscore ¼ ðmcþ�mc�Þ
sc�

(2)

Concentration response curves were generated in GraphPad Prism
with the following formula:

Y ¼ Bottom1 ðTop-BottomÞ=ð11 10 ððLogEC50- X) � HillSlopeÞÞ
(3)

Where Bottom is the lowest slope of fluorescence (DF/s) of any con-
centration, Top is the maximal slope of fluorescence (DF/s), HillSlope
is the slope of the concentration response curve, and EC50 is the cal-
culated value for concentration that achieves 50% of maximal effi-
cacy. X is the log of concentration of the series.

Materials. The primary anti-KV11.1 antibody, AB_2798054, was
purchased from Cell Signaling. Untransfected HEK-293 cells were

generously donated from the laboratory of Dan Roden, Vanderbilt
University Medical Center. The positive control used in all 24-hour
incubation experiments, E-4031, was purchased as dry powder from
Cayman Chemicals. Ibutilide, gabapentin, and azaperone were pur-
chased from SelleckChem, Azelastine and VU0405601 were pur-
chased from Millipore Sigma, and Cesium gluconate was purchased
from HelloBio, all as dry powder.

Results
We first screened approximately 100 monoclonal HEK-293

cell lines that stably express KV11.1-G601S to identify cell
lines that are optimal for a Tl1 flux-based trafficking assay.
For each cell line, we quantified the difference in Tl1 flux
(slope, DF/s) between cells incubated with either vehicle
(0.1% DMSO) or positive (10 mM of E-4031) control. Three
cell lines that exhibited the greatest difference in Tl1 flux
between vehicle and E-4031, indicating the greatest assay
sensitivity to detect increased KV11.1 channel trafficking,
were selected for further expansion. Western blot analysis
and DNA sequencing identified a truncated KV11.1-G601S
variant (KV11.1-G601S-G965*X) in two of the three selected
cell lines. Similar to KV11.1-G601S, the truncated variant is
trafficking-deficient and 24-hour E-4031 treatment improved
membrane trafficking (Fig. 1A; Supplemental Fig. 1). To
examine the HTS-suitability of the three HEK-293 cell lines
identified from our initial screen, we performed additional
Tl1 flux experiments and quantified Z’ values for each cell
line. Lines expressing the KV11.1-G601S-G965*X variant
consistently outperformed KV11.1-G601S lines in distinguish-
ing E-4031–treated from vehicle-treated wells, resulting in
higher Z’ values (Fig. 1 and Supplemental Fig. 2). Therefore,
we used one of the clones expressing the KV11.1-G601S-G965*X
variant for further optimization of the Tl1 flux trafficking
assay.
Tl+ Flux Assay Detects a Reduction of KV11.1 Cur-

rent. Patch-clamp electrophysiology demonstrated the
KV11.1-G601S-G965*X variant causes a drastic reduction in
KV11.1 current. Compared with wild-type KV11.1, current in
HEK-293 cells expressing KV11.1-G601S-G965*X was reduced
more than 90% (tail current at �120 mV: �92.2 ± 7.6 pA/pF ver-
sus �7.3 ± 0.4 pA/pF, P < 0.05; maximal outward current at �30
mV: 61.5 ± 7.4 pA/pF versus 3.7 ± 0.3 pA/pF, P < 0.05, Fig. 2A).
Next, we compared HEK-293 cells expressing the KV11.1-G601S-
G965*X variant to cells expressing wild-type KV11.1 using the
Tl1 flux assay. Fluorescent traces show a clear difference in Tl1-
related fluorescent signaling between KV11.1 and KV11.1-G601S-
G965*X (Fig. 2B). The slope of the fluorescent signal (DF/s) was
used to quantify Tl1 flux related to KV11.1 current. Compared
with cells expressing KV11.1, the total Tl1 flux was reduced five-
fold in cells expressing the truncated KV11.1 variant (0.19 ± 0.002
DF/s versus 0.039 ± 0.001 DF/s, P < 0.05, Fig. 2C). Taken
together, the patch-clamp and Tl1 flux results establish that
KV11.1-G601S-G965*X causes a substantial loss of function (LOF)
phenotype, which can be readily quantified using our Tl1 flux
assay.
Tl+ Flux Assay Detects Increased KV11.1 Membrane

Trafficking. Patch-clamp electrophysiology demonstrated
that 24-hour incubation of cells expressing KV11.1-G601S-
G965*X with 10 mM E-4031 increased maximal inward
KV11.1 current approximately sevenfold (�43.9 ± 5.5 pA/pF
versus �6.7 ± 0.6 pA/pF, P < 0.05, Fig. 3A). Next, we
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examined the sensitivity of the Tl1 flux assay to detect
increased membrane trafficking of KV11.1-G601S-G965*X.
Tl1 flux fluorescent traces show a clear concentration-
response relationship to 24-hour E-4031 incubation (Fig. 3B).
Incubation with 10 mM of E-4031 increased the slope of the
fluorescent signal (DF/s) by a factor of three, indicating that
the assay detects increased membrane trafficking at com-
pound concentrations typically used for HTS (0.073 ± 0.0029
DF/s and 0.022 ± 0.0023 DF/s, P < 0.05). Since 10 mM dis-
played the largest increase in Tl1 flux fluorescent signal, we
used this concentration for all subsequent assay optimization
steps. Treatment with low nanomolar concentrations (4.4 nM
E-4031) also resulted in increased slope (0.025 ± 0.00028 ver-
sus 0.022 ± 0.00015 DF/s, P < 0.05), suggesting the Tl1 flux
assay is quite sensitive. The concentration-response curve
with E-4031 revealed half-maximal efficacy in the nanomolar
range (Fig. 3C). These data indicate that the Tl1 flux assay
detects increased KV11.1 trafficking in cells expressing the
KV11.1-G601S-G965*X variant and may be suitable for HTS.

HTS Optimization of the Tl+ flux Trafficking Assay
Using the KV11.1 Channel Activator (VU0405601) and
Cesium (Cs+). High-quality HTS assays should be sensitive
to accurately detect drugs that restore (or diminish) channel
activity. The Z’ score (see Materials and Methods) is often
used to assess assay quality. An excellent HTS assay should
have a Z’ value $ 0.5, which indicates that the primary
screen can sufficiently distinguish vehicle from positive con-
trol treatments and accurately detect pharmacological “hits”
during drug screening (Zhang et al., 1999). Z’ values ranging
from 0 to 0.5 can be sufficient but require increased sample
sizes. Before optimization, the Tl1 flux trafficking assay with
cells expressing either KV11.1-G601S or KV11.1-G601S-
G965*X yielded Z’ scores that were too low for HTS applica-
tions (Fig. 1). After optimization of stimulus solution, cell
density, and Thallos loading (Fig. 4, A and B), Z’ scores were
on average 0.44 ± 0.16 across nine plates (n 5 24 or 96 wells
per treatment group), which is still suboptimal for HTS
applications.

Fig. 2. Tl1 flux assay detects reducedKV11.1 cur-
rent in HEK-293 cells expressing KV11.1-G601S-
G965*X. (A) Representative current traces (left)
and current-voltage (I-V) relationship (right) from
whole cell patch-clamp recordings of HEK-293
cells expressing KV11.1 (blue) or KV11.1-G601S-
G965*X (black, n5 6 cells/group). Data are mean
± S.D. (B) Fluorescent traces from monolayers of
HEK-293 cells expressing KV11.1 or KV11.1-
G601S-G965*X in 384-well plates. Black arrow
indicates Tl1 (4.5 mM) addition. (C) Slope (DF/s)
values calculated from individual wells of cells
expressing KV11.1 or KV11.1-G601S-G965*X (n5
96 wells/group). Bars show the mean of each
group. Data compared with Student’s t test.
*5 P< 0.05.

Fig. 1. Truncation and removal of the ER retention signal from KV11.1-G601S improves Tl1 flux assay results. (A) Treatment layout used for
384-well plates with HEK-293 cells expressing KV11.1-G601S or the truncated KV11.1-G601S-G965*X variant. Every other well was treated with
vehicle (black) or positive (red) control in a checkerboard layout for 24 hours prior to experiments. (B) A fluorescent trace from an individual well
plated with a monolayer of HEK-293 cells expressing KV11.1 in 384-well plates. Fluorescent signal was normalized to baseline using the average
fluorescence of the first five time points to generate a static ratio (F/F0). Blue Box Inset: Timepoints used to calculate slope (slope 5 average of
segments 1-5 or 15-20 second). Black arrow indicates Tl1 (4.5 mM) addition. (C) Fluorescent traces for vehicle and positive control–treated wells
with HEK-293 cells expressing KV11.1-G601S or KV11.1-G601S-G965*X. Black arrow represents Tl1 (4.5 mM) addition. All wells were washed
before experiments and replaced with assay buffer. (D) Scatter plot of fluorescent slope (DF/s) for vehicle and positive control wells. For all experi-
ments, vehicle (0.1% DMSO) and positive control (10 mM E-4031), n 5 96 wells/treatment condition/plate. Data for cell lines expressing each
KV11.1 variant are separate plates on the same experimental day.

240 Egly et al.



To achieve higher Z’ scores, we tested pharmacological
approaches that activate KV11.1 channels, specifically ampli-
fying Kv11.1-mediated Tl1 flux. First, we used the compound
VU0405601, which is a well-characterized activator of
KV11.1 channels (Potet et al., 2012). As previously reported,
application of the KV11.1 activator VU0405601 to HEK-293
cells expressing wild-type KV11.1 increased steady-state
KV11.1 current (Supplemental Figs. 3 and 4). We then quan-
tified the effect of VU0405601 on steady-state KV11.1 current
in HEK-293 cells expressing KV11.1-G601S-G965*X with and
without preincubation in E-4031 (Fig. 5A). In the absence of
VU0405601, 24-hour treatment with E-4031 increased
steady-state current approximately fourfold versus vehicle
control (3.3 pA/pF versus 11.2 pA/pF at 0 mV, P < 0.05, Fig.
5B). In the presence of VU0405601, the difference in maxi-
mum steady-state current between 24-hour vehicle and
E-4031–treated cells was more than eightfold higher (15.1 pA/
pF versus 127.3 pA/pF at 0 mV, P < 0.05, Fig. 5C). Given that
VU0405601 drastically enhances the differences of KV11.1-
G601S-G965*X steady-state current between vehicle and
E-4031 incubation (Fig. 5), we next repeated the experiment
using the Tl1 flux assay. Two concentrations were tested for
VU0405601 (10 mM and 30 mM), while the remaining wells

contained vehicle control (0.1% DMSO). Both concentrations
of VU0405601 increased Z’ scores (Fig. 6, A and B).
Next, we tested whether addition of Cs1 can also increase Z’

scores in the Tl1 flux assay. Cs1 permeates KV11.1 channels
and decreases the rate of KV11.1 inactivation (Zhang et al.,
2003). Cs1 increased Z’ scores from 0.49 ± 0.13 (3 intraday
plates, n 5 192 wells each, mean ± S.D.) to 0.67 (Fig. 7, A and
B). Finally, we tested the combination of Cs1 and VU0405601,
which further increased the Z’ scores (Fig. 7, A and B). These
data indicate that VU0405601 and Cs1 work additively to
improve the HTS suitability of our Tl1 flux trafficking assay.
Validation of Tl+ Flux Trafficking Assay in a Pilot

Screen. To establish that our optimized Tl1 flux trafficking
assay can accurately detect drugs that increase KV11.1 traf-
ficking, we performed a pilot screen with 24 drugs approved
for in-human use by the Food and Drug Administration
(FDA). Since most drugs that increase trafficking also inhibit
KV11.1, we selected drugs from three common classes of
KV11.1 channel inhibitors (class III antiarrhythmics, anti-
histamines, and antipsychotics). Antiepileptic drugs were
tested because of variable KV11.1 inhibition and a high inci-
dence of cardiac arrhythmias occasionally due to off-target
effects in other cardiac ion channels. Each drug was tested in

Fig. 3. Tl1 flux assay detects increased channel trafficking of KV11.1-G601S-G965*X with high sensitivity. (A) Example traces (left) and bar
graph (right) of peak tail current density of KV11.1 current at �120 mV step in whole cell patch clamp. Data show KV11.1-G601S-G965*X channel
current in absence (n 5 7 cells) and presence (n 5 8 cells) of 10 mM E-4031 for 24 hours. Inset shows enlarged current at �120 mV voltage step.
Washout was performed before the start of experiments. Horizontal bar in scatter plot shows mean current in each treatment condition. (B) Rep-
resentative fluorescent traces (Tl1 flux) of concentration response after 24-hour incubation with E-4031 and washout before experiments. Traces
are normalized to the first five fluorescent values to generate a static ratio, (F/F0), then average fluorescence of 60 representative control wells
were subtracted from normalized traces (F/F0 – Fcontrol). Black arrow represents Tl1 (4.5 mM) addition. (C) Concentration response curve for
HEK-293 cells expressing KV11.1-G601S-G965*X and treated with E-4031 for 24 hours with washout before recording. The graph is normalized
by dividing slope (DF/s) in E-4031 treated wells by slope (DF/s) in vehicle control (0.1% DMSO)–treated wells and subtracting 1. (n 5 13 wells for
each concentration, data plotted as mean ± S.D.). * 5 P < 0.05.

Fig. 4. Nonoptimized Tl1 flux assay not suitable for
HTS. (A) Nonoptimized, average fluorescent traces
for vehicle (black) and positive (red) control wells
during Tl1 flux experiments. Black arrow represents
Tl1 (4.5 mM) addition. All wells were washed out
before experiments. (B) Nonoptimized scatter plot
showing fluorescent slope (DF/s) of vehicle and posi-
tive control wells in the Tl1 flux assay. Red lines indi-
cate mean for vehicle or positive control. Dotted
black lines indicate ± 3 S.D. from the mean of each
control group. For all experiments, vehicle (0.1%
DMSO) or positive (10 mM E-4031) controls were
used (n5 96wells/treatment).
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single wells at a concentration of 10 mM. From the positive
hits in the pilot screen, one drug from each class of inhibitors
was chosen and further screened as a positive control to
determine the assay’s ability to detect drugs that are true
positives (sensitivity) and distinguish true negatives (specific-
ity) of the Tl1 flux assay.
The following three novel drug candidates that increased

KV11.1 trafficking were chosen for further study: ibutilide
(class III antiarrhythmic), azelastine (antihistamine), and
azaperone (antipsychotic), none of which have been previously
reported to increase trafficking in KV11.1 trafficking-deficient
variants. From the antiepileptic drugs tested in the pilot
screen, gabapentin was selected as negative control and has
minimal inhibition of KV11.1 channels at 10 mM (Danielsson
et al., 2005). The optimized Tl1 flux assay correctly identified
increased KV11.1-G601S-G965*X channel trafficking based on

Z scores$3 with 10 mM treatment of E-4031, ibutilide, azelas-
tine, and azaperone treatment in 100% of the wells tested
(n 5 20 wells/treatment, Fig. 8A). This result signifies the
assay has high sensitivity to detect drugs that increase
KV11.1-G601S-G965*X channel trafficking. Gabapentin was
not detected as a hit in any of the wells tested.
To validate that the three FDA-approved drugs identified

from the Tl1 flux assay (ibutilide, azelastine, and azaperone)
indeed increase KV11.1 channel trafficking, conventional
measures of KV11.1 trafficking (i.e., western blots and patch-
clamp electrophysiology) were performed in cells expressing
the KV11.1-G601S-G965*X variant. All three drugs increased
membrane trafficking as evidenced by appearance on western
blot of the mature protein, which has an increased molecular
weight (�20 kD) due to glycosylation that occurs during trans-
port from the ER through the golgi apparatus (Fig. 8B and

Fig. 5. KV11.1 channel activator (VU0405601)
increases separation of KV11.1-G601S-G965*X
steady-state current between vehicle and E-4031
treatment. (A) Example current traces from HEK-
293 cells expressing KV11.1-G601S-G965*X in
absence (black) or presence (red) of E-4031 for 24
hours with wash. For vehicle and E-4031 treat-
ment, KV11.1 current was measured in absence or
presence of 30 mM VU0405601. Black dotted line
represents 0 current for each trace. (B) Current-
voltage (I-V) plot of KV11.1-G601S-G965*X treated
for 24 hours with vehicle or E-4031 with washout
(n 5 8 cells/treatment) in absence of VU0405601.
(C) I-V plot of KV11.1-G601S-G965*X treated for
24 hours with vehicle or E-4031 with washout in
presence (n 5 6 cells) and absence (n 5 8 cells) of
30 mM VU0405601 in bath solution during experi-
ments. All data plotted as mean ± S.D. For all
experiments, vehicle (0.1% DMSO) or positive (10
mM E-4031) control were used.

Fig. 6. KV11.1 channel activator (VU0405601) increases Z’ value of Tl1 flux assay. (A) Representative fluorescent traces from HEK-293 cell mono-
layers expressing KV11.1-G601S-G965*X and checkerboard-treated plates with vehicle (black) or positive (red) control for 24 hours with washout. After
24-hour treatment and wash, plates were treated acutely with vehicle (n5 192), VU0405601 (10 mM, n5 96), or VU0405601 (30 mM, n5 96) for 10–15
minutes before experiments and left in solution. Black arrow indicates Tl1 (4.5 mM) addition. (B) Scatter plot showing fluorescent slope values (DF/s)
for every well and each respective acute treatment condition from A. Red lines indicate the mean of slope (DF/s) for all wells after 24-hour treatment
with positive or vehicle control. Black dotted lines indicate ± 3 S.D. from the mean slope (DF/s) of each 24-hour treatment group. Light blue boxes high-
light area of separation (Z’) for 24-hour treatment conditions: (mean of positive control� 3 S.D.s) and (mean of vehicle control1 3 S.D.s). All data from
the same the day of experiments. For all experiments, vehicle (0.1%DMSO) or positive (10 mME-4031) control were used.

242 Egly et al.



Supplemental Fig. 5). To test whether ibutilide, azaperone,
and azelastine increase trafficking of other KV11.1 channel
variants, we performed a western blot with HEK-293 cells
expressing KV11.1-N470D and full-length KV11.1-G601S. The
formation of fully mature KV11.1 protein indicates that all

three drugs increase membrane expression of both trafficking-
deficient KV11.1 variants (Fig. 8C and Supplemental Fig. 5).
We next tested whether the rescued fully glycosylated protein

is on the plasma membrane and generates functional KV11.1
current by patch-clamp experiments. 24-hour preincubation

Fig. 7. Combination of cesium (20 mM) with KV11.1 channel activator (30 mM VU0405601) increases Z’ value of Tl1 flux assay. (A) Representative
fluorescent traces from HEK-293 cell monolayers expressing KV11.1-G601S-G965*X and checkerboard treated with positive (n 5 64 wells) or vehi-
cle (n 5 64 wells) control for 24 hours with washout. In addition to 24-hour checkerboard treatment, wells were treated with 20 mM cesium, 30
mM VU0405601, or both (n 5 96 wells/treatment) for 10-15 minutes before experiments. Black arrows indicate Tl1 (4.5 mM) addition. (B) Scatter
plot showing slope values (DF/s) for every well and each condition from A. Red lines indicate the mean of slope (DF/s) for all wells after 24-hour
treatment with positive or vehicle control. Black dotted lines indicate ± 3 S.D. from the mean slope (DF/s) of each 24-hour treatment group. Light
blue boxes highlight area of separation (Z’) for 24-hour treatment conditions: (mean of positive control � 3 S.D.s) and (mean of vehicle control 1 3
SDs). All data from the same day of experiments. For all experiments, vehicle (0.1% DMSO) or positive (10 mM E-4031) control were used.

Fig. 8. Optimized Tl1 flux assay detected increased KV11.1-G601S-G965*X trafficking with three known KV11.1 inhibitors. (A) Bar graph show-
ing Tl1 flux Z scores after 24-hour treatment with E-4031. 56 wells were selected from central rows of the plate as representative of control. Dot-
ted black line indicates threshold for “hit” selection set to Z score $ 3. (B) Western blot showing increased fully glycosylated protein (mature),
representative of increased KV11.1 protein trafficking after 24-hour treatment with 10 mM azelastine, azaperone, or ibutilide. All wells loaded
with 20 mg of protein. (C) Western blot showing increased KV11.1 protein trafficking after 24 hours of treatment with 10 mM azelastine, azaper-
one, or ibutilide in HEK-293 cells expressing KV11.1-N470D and KV11.1-G601S. All wells loaded with 20 mg of protein. (D) Whole cell current
recordings at �120 mV step. Representative current traces (left) and bar graphs (right) depicting KV11.1-G601S-G965*X current after 24-hour
incubation with 10 mM drug and washout before experiments. Inset shows enlarged current traces at �120 mV voltage step. N 5 8 for E-4031
treatment and n 5 7 for all other treatments. Treated samples compared with vehicle control (0.1% DMSO) by one-way ANOVA with post hoc
Dunnett’s t test. Bars on scatter plots represent mean of each group. * 5 P < 0.05. Veh. 5 0.1% DMSO, E-4. 5 E-4031, Azel. 5 azelastine, Azap.
5 azaperone, and Ibu. 5 ibutilide.
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with ibutilide, azelastine, or azaperone increased KV11.1 cur-
rent at least fivefold (vehicle �6.74 ± 1.41 pA/pF; ibutilide
�60.5 ± 19.5 pA/pF; azelastine�32.8 ± 11.9 pA/pF; and azaper-
one�47.5 ± 21.41 pA/pF, allP< 0.05, Fig. 8D). This result dem-
onstrates that all three drugs were able to rescue trafficking
and restore functional KV11.1 channels at the cell membrane.
The drug effect was specific for mutant KV11.1, because drugs
that increased KV11.1-G601-G965*X trafficking do not increase
wild-typeKV11.1 trafficking or function (Supplemental Fig. 6).

Discussion
Taken together, our results indicate that our new Tl1 flux

assay can correctly identify FDA-approved drugs that
increase membrane trafficking of KV11.1 variants. Utilizing
three optimization methods in combination (a truncated
Kv11.1-G601S-G965*X variant, VU0405601, and Cs1), we
created a new HTS-capable Tl1 flux assay for discovering
drugs that improve KV11.1 channel trafficking (Fig. 8).
Although the drugs identified in our pilot screen acutely
inhibit KV11.1 current, previous research identified drugs
and compounds that increase KV11.1 trafficking and do not
inhibit KV11.1 channels (Jiang et al., 2018; Mehta et al.,
2018). As shown here, the new Tl1 flux assay offers a high-
throughput, highly sensitive methodology to screen for drugs
that increase KV11.1 trafficking.
In our study, we used the Z’ statistic and a target value of

$0.5 to develop an HTS-capable assay. We discovered that 1)
deletion of a portion of the C-terminus and utilizing two meth-
ods to activate KV11.1 channels, 2) VU0405601, and 3) cesium
increased the Z’ statistic of the Tl1 flux assay and enhanced
the average Z’ between vehicle and positive control-treated
wells. Strikingly, the truncated variant, KV11.1-G601S-
G965*X, had severely diminished KV11.1 current (Fig. 2A)
even though previous reports have shown that KV11.1-G965X
generated more current than wild-type KV11.1 (Puckerin
et al., 2016). This suggested that the G601S variant causes a
dominant, trafficking-deficient phenotype. Cs1 blocks other
potassium channels, but decreases the rate of inactivation of
KV11.1 channels (Zhang et al., 2003). Therefore, Cs1 likely
decreases background Tl1 flux in experiments caused by
endogenous potassium channels expressed in HEK-293 cells
while simultaneously increasing the open probability of
KV11.1 channels. The KV11.1 channel activator, VU0405601,
increased the KV11.1-related signal and separation of cells
treated with E-4031 (increased trafficking) from vehicle. This
activation of the channel further enhanced the resolving power
of the Tl1 flux assay. The three methods worked additively for
a robust, HTS-compatible assay.
Our study provides two new and unique ways to increase

target-specific activity in trafficking assays: genetic modifica-
tion and channel activation. Our genetic modification caused
a deletion of part of the C-terminus in KV11.1 that contains
an ER retention sequence RXR (residues 1005-1007) (Puck-
erin et al., 2016). A question remains whether deletion of this
motif or similar structural modifications can enhance traf-
ficking-related signal for assays in other ion channels. Chan-
nel activation exemplifies another concept that could aid
development for other trafficking assays by increasing the
target-specific signal. Numerous ion channel activators have
been discovered, which could be used to differentiate signals
from cells treated with vehicle from positive controls where

trafficking was increased (Li et al., 2011; Potet et al., 2012).
Multiple monovalent ion channels, such as Nav1.5 and Kir6.2
channels, have genetic variants that cause trafficking-defi-
cient phenotypes, which can at least be partially alleviated
through pharmacological treatment (Martin et al., 2016;
Gando et al., 2020). Ion channel plasma membrane expres-
sion can also be enhanced without direct effects on channel
trafficking (Andersen et al., 2013, 2015; Parks et al., 2019).
Considering that many genetic ion channel disorders (e.g.,
cystic fibrosis) are caused by trafficking defects, developing
HTS assays to discover drugs or compounds that increase
plasma membrane expression holds promise.
Two potential limitations of our study include the use of a

truncated variant of KV11.1-G601S, KV11.1-G601S-G965*X,
and the lack of the hERG1b isoform. The G965*X variant
deletes 195 amino acids from the C-terminus of KV11.1,
which excludes a large region of the channel for potential
drug binding and improved trafficking. For instance, the ER
retention signal could be a specific target of undiscovered
drugs that increase the trafficking of KV11.1. Nevertheless,
without increasing trafficking of KV11.1-G601S-G965*X with
E-4031 treatment, patch-clamp electrophysiology showed a
near absence of current in the channel. The truncated
KV11.1-G601S-G965*X variant also displayed improved Tl1

flux results suitable for HTS compared with cell lines
expressing KV11.1-G601S. Using the truncated clone, we
were able to identify three drugs that increase KV11.1 traf-
ficking upon washout and confirmed the results in two inde-
pendent full-length clones, KV11.1-N470D and KV11.1-
G601S, expressed in HEK-293 cells. These drugs don't
increase function in wild-type KV11.1 (Supplemental Fig. 6).
In a native environment, KV11.1 includes hERG1a and
hERG1b isoforms. Our assay detects drugs that increase
hERG1a, but it is unclear how hERG1b will affect overall
trafficking.
Current therapies have been integral in decreasing sudden

cardiac death in patients with LQTS, but they have limita-
tions. Problems with current therapies and lack of direct
mechanisms for restoringKV11.1 channel trafficking and func-
tion leave opportunities for pharmacological development and
discovery. Despite many compounds identified to improve
KV11.1 trafficking, there are still no drugs approved specifi-
cally for KV11.1 trafficking deficiency. Lumacaftor (as the com-
bination product Orkambi) is undergoing clinical trials for
patients with LQT2, but has some adverse effects (e.g., diar-
rhea, which can cause hypokalemia, a dangerous complication
for patients with LQTS). It’s also expensive, and the mecha-
nism of lumacaftor that increases KV11.1 trafficking remains
elusive. The high sensitivity of our HTS assay, coupled with
proof-of-concept identification of drugs that increase KV11.1
variant trafficking, shows promise for discovering other drugs
that increase KV11.1 variant trafficking. For example, the new
fluorescent HTS assay could be used to quickly screen drugs
approved for clinical use and hits from the assay could immedi-
ately undergo clinical testing in patients with LQT2 due to
their well-established safety profiles.
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Table 1 - Oligonucleotide primers used for identification of 3’ KV11.1 stop codon. 

Oligonucleotide 

name 

Sequence (5’ – 3’) Description 

3’ anchor primer 1 

(AP1) 

ACAGCAGGTCAGTCAAGCAGTA 
 

3’ anchor primer 2 

(AP2) 

AGCAGTAGCAGCAGTTCGATAA Nested AP1 

Random 7mer 

adapter 

ACAGCAGGTCAGTCAAGCAGTAGCAGCAGTTCGATAAGCGGCCGCCATGGANNNNNNN 
 

5’ Kv11.1-GSP 

(1) 

TCACCTTCAACCTGCGAGAT Base pairs 

2573-2592 

5’ Kv11.1-GSP 

(2) 

TAGAGGGTGGCTTCAGTCGG Base pairs 

2630-2649 

5’ Kv11.1-GSP 

(3) 

ACCTGCGAGATACCAACATGA Nested 5’ 

Kv11.1-GSP 

(1) 

5’ Kv11.1-GSP 

(4) 

AACGCAAGCGCAAGTTGTC Nested 5’ 

Kv11.1-GSP 

(2) 

(Start at 2651) 



 

 

Figure S1 – Western blot and sequencing reveal KV11.1 truncation at glycine residue at amino 

acid 965 (G965). A) Western blot showing KV11.1 and KV11.1-G601S-G965*X variant with and 

without increased KV11.1 protein trafficking with 24-hour E-4031 treatment. B) Sequencing 

revealed KV11.1 cDNA stops at residue G965 and encodes an additional 17 amino acids before a 

stop codon. Black line represents end of gene sequence and blue line indicates end of 17 amino 

acid addition. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S2 – KV11.1-G601S-G965*X variant performs better than KV11.1-G601S in optimized 

Tl+-flux assay. A) Fluorescent traces from HEK-293 cell monolayers treated for 24 hours with 

positive or vehicle control after optimizing stimulus concentrations, Thallos loading, and cell 

density for the Tl+ flux assay. Black arrow represents Tl+ (4.5 mM) addition. All wells were 

washed out before experiments. B) Scatter plot showing Tl+ flux slope values (ΔF/s) after 24-

hour treatment with positive and vehicle control. Red line indicates mean slope (ΔF/s) for 

positive and vehicle control. Dotted black lines indicate ±3 SDs from the mean of each control. 

For all experiments, vehicle (0.1% DMSO) or positive (10 µM E-4031) were used (n=96 

wells/treatment condition). 

 

 

 

 



 

 

Figure S3 – KV11.1 channel activator (VU0405601) increases steady-state activation current in 

wild-type KV11.1 A) Example current traces of KV11.1 in absence and presence of 10 µM 

VU0405601. Dotted black line represents 0 current. B) Current-voltage (I-V) relationship of 

KV11.1 steady-state current in absence (n=6 cells) and presence (n=3 cells) of 10 µM 

VU0405601. C) Normalized tail current data from cells in absence (n=6 cells) and presence (n=3 

cells) of 10 µM VU0405601. All data in C normalized to the average of maximum tail current 

(pA/pF) from cells expressing KV11.1 treated with vehicle. All data reported as mean ± SD. 

Vehicle control = 0.1% DMSO treatment. 

 

 

 

 



 

 

Figure S4 – KV11.1 channel activator (VU0405601) decreases KV11.1 channel inactivation in 

wild-type KV11.1. A) Example KV11.1 current traces in absence and presence of 10 µM 

VU0405601 in extracellular bath solution during experiments. Inset shows KV11.1 tail currents 

used to analyze peak current. Dotted black line indicates 0 current. B) Normalized current-

voltage (I-V) relationship of KV11.1 channel inactivation in absence and presence (n=3 

cells/treatment) of 10 µM VU0405601. Data normalized to the average of maximum tail current 

(pA/pF) in cells expressing KV11.1 treated with vehicle. All data reported as mean ± SD. Vehicle 

control = 0.1% DMSO. 

 

 

 

 

 



 

 

 

Figure S5 – Western blot from HEK-293 cells expressing KV11.1-G601S showing increased 

fully glycosylated protein, representative of increased protein trafficking after 24-hour treatment 

with 10 µM of azelastine, azaperone, or ibutilide. All wells loaded with 20 µg of protein. Vehicle 

= 0.1% DMSO. 

 

 

 

 

 

 

 

 



 

 

 

Figure S6 – Drugs that increase KV11.1-G601-G965*X trafficking do not increase KV11.1 (wild-

type) trafficking or function. Concentration response comparing 24-hour treatment and washout 

with 10 µM positive control (E-4031) or azelastine, azaperone, and ibutilide in KV11.1 (blue 

open symbols) and KV11.1-G601S-G965X (black closed symbols). The graph shows slope 

(ΔF/s) with the average slope of 38 wells (0.1% DMSO control) subtracted. N=5 wells for each 

concentration tested. All data reported as mean ± SD. 

 

 

 

 

 


