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Abstract

KCNH2 is one of the 59 medically actionable genes recommended by the American College of Medical Genetics for reporting
of incidental findings from clinical genomic sequencing. However, half of the reported KCNH2 variants in the ClinVar data-
base are classified as variants of uncertain significance. In the absence of strong clinical phenotypes, there is a need for
functional phenotyping to help decipher the significance of variants identified incidentally. Here, we report detailed meth-
ods for assessing the molecular phenotype of any KCNH2 missense variant. The key components of the assay include quick
and cost-effective generation of a bi-cistronic vector to co-express Wild-type (WT) and any KCNH2 variant allele, generation
of stable Flp-In HEK293 cell lines and high-throughput automated patch clamp electrophysiology analysis of channel func-
tion. Stable cell lines take 3–4 weeks to produce and can be generated in bulk, which will then allow up to 30 variants to be
phenotyped per week after 48 h of channel expression. This high-throughput functional genomics assay will enable a much
more rapid assessment of the extent of loss of function of any KCNH2 variant.
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Introduction

KCNH2 encodes the human ether-à-go-go-related gene (hERG)
potassium channel [1, 2], which is responsible for the rapid
component of the delayed rectifier potassium current, IKr, a ma-
jor contributor to cardiac repolarization [3]. Loss-of-function
variants in KCNH2, leading to reduced IKr current, result in pro-
longation of the cardiac action potential and cause congenital
long QT syndrome Type 2 (LQTS2) [4]. Loss of function may be

caused by reduced synthesis, misfold, and reduced trafficking
of channels to the cell membrane, altered gating or altered ion
permeability of assembled channels [5]. Variants may also
cause a dominant loss of function when co-expressed with WT
alleles [6].

Methods that are available to assess the in-vitro phenotype
of KCNH2 variants include the use of Western blot [6, 7], surface
enzyme-linked immunosorbent assay (ELISA) [8, 9], or manual
patch-clamp electrophysiology [10, 11]. Patch-clamp assays are
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the gold standard for assessing function as they can assay levels
of expression as well as altered gating and ion permeability all
in the one assay. Until recently, patch clamp assays were lim-
ited by their low throughput (a few cells per day). This limita-
tion, however, has been overcome by the introduction of high-
throughput automated patch clamp systems, which permit the
analysis of the function for a large number of ion-channel var-
iants, for example, KCNH2 [8], KCNQ1 [12], SCN5A [13], KCNB1
[14], and CACNA1I [15].

As hERG1a protein expresses as a tetrameric potassium ion-
channel potential dominant-negative effects will not be cap-
tured if phenotyping only the homozygous variant. To fill the
unmet clinical need for the classification of clinically detected
heterozygous KCNH2 variants we need a high-throughput elec-
trophysiology assay that can phenotype heterozygous KCNH2
variants.

Here, we describe the methods for (i) designing the heterozy-
gous expression vector; (ii) generation of the stable Flp-In
HEK293 cell lines in a high-throughput manner; and (iii) cell cul-
ture routine and cell preparation for use on automated patch
clamp systems. These protocols have been previously tested on
a small number of heterozygous KCNH2 variants [8] and has
since been optimized into a high-throughput manner, including
automated data analysis.

Materials and methods
Designing of DNA vector to express heterozygous
KCNH2 variant

To co-express variant and WT hERG1a protein, we subcloned an
internal ribosome entry site (IRES) into the pcDNATM5/FRT/TO
vector (Thermofisher, cat. # V652020). The variant KCNH2 cDNA
was subcloned into the vector before the IRES and the WT
KCNH2 cDNA was subcloned after the IRES site. Previously, we
showed using co-expression of hERG1a and hERG1b isoforms
that placing the variant prior to the IRES and the WT after the
IRES gave expression levels that most closely matched function-
ally equivalent expression of the two alleles [8]. To maximize
the efficiency of gene synthesis and subcloning of variants we
introduced one restriction site (Nsil) into the variant KCNH2
cDNA and silenced three restriction sites (BstXl, BstEll, and Sbfl)
in the WT KCNH2 cDNA. Thus, the variant KCNH2 cDNA was di-
vided into five regions, separated by BstXl, BstEll, Nsil, and Sbfl,
so that any heterozygous KCNH2 variant vector can be gener-
ated from a synthesised gene block regardless of the location of
the variant. We outsource this to GenScript Inc. (Pistcataway,
NJ, USA) (see Fig. 1).

Generation of Flp-InTM TTM
rex HEK293 KCNH2 variant cell

lines

The pipeline for generating a large number of Flp-In HEK293
KCNH2 variants cell lines was optimized for establishment of
100 Flp-In HEK293 cell lines per round. The protocol is described
as follow.

Day 0: Reviving Flp-In HEK293 parental cell (Thermofisher, cat. #
R78007)

• A minimum of 40 million cells is required for 100 transfections.
• Thaw parental Flp-In HEK293 cells by incubating cryogenic vials

in 37�C water bath for up to 3 min.
• Transfer cell suspension into a 15 mL centrifugate tube that con-

tains 4 mL BZ-DMEM [DMEM (Thermofisher, cat. # 10566016)]

supplemented with 10% FBS (Sigma-Aldrich, cat. # 12007C), 10

ug/mL Blasticidin (InvivoGen, cat. # ant-bl-1) and 100 ug/mL

Zeocin (Thermofisher, cat. #R25005).
• Centrifuge cells at 200g for 3 min. Aspirate old media and resus-

pend cells with BZ-DMEM, then dispense them into T75 flasks.
• Propagate cells to 80% confluency.

Day 1: Prepare parental Flp-In HEK293 cells for transfection

• Passaging cells from T75 flasks.
• Aspirate media, wash with 5 mL DPBS (Thermofisher, cat. #

14190144) and aspirate. Digest cells with 1 mL TrypLE

(Thermofisher, cat. # 12563011) and incubate flask at 37�C, 5%

CO2 for 4 min before adding 4 mL of BZ-DMEM to inactivate

TrypLE.

• Combine all cell suspensions into a T75 flask and count cells us-

ing Countess ll (Thermofisher, cat. # AMQAX1000). Transfer 40

million cells into a fresh T75 flask and adjust the cell density to

200,000 cells per mL by adding fresh BZ-DMEM into the flask.
• Transfer 2 mL of cell suspension from the T75 flask into 101 wells

(17 � 6-well plates), which will include one well for negative

control.

Day 2: Transfection of heterozygous hERG vector DNA into parental
Flp-In HEK293

• Prepare 100 wells (using 96-well plate format) that contain 520

ng of POG44 Flp-Recombinase Expression Vector (Thermofisher,

cat. # V600520) and 2.3 uL of P3000 (Thermofisher, cat. #

L3000015), add 60 ng of a different heterozygous KCNH2 vector

DNA into each well before adding 70 uL of Opti-MEM

(Thermofisher, cat. # 31985070) into each well.

Figure 1: Design of a heterozygous KCNH2 expression vector. Nsil was intro-

duced into the KCNH2 cDNA before the IRES, while BstXl, BstEll, and Sbfl were si-

lenced in the KCNH2 cDNA after the IRES. This allows the fragmentation of the

KCNH2 gene before the IRES into 5 sections to facilitate subcloning of variants.
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• In a separate set of 101 wells (one additional well is for transfect-

ing the negative control) (using 96-well plate format) add 2.3 uL

of lipofectamine 3000 (Thermofisher, cat. # L3000015) and 70 uL

of Opti-MEM into each well.
• Mix the DNA mixture and lipofectamine 3000 mixture by trans-

ferring the DNA mixture to the lipofectamine mixture and incu-

bate at room temperature for at least 15 min.
• Replace the culture media of all the six-well plates with 1.5 mL

prewarmed Opti-MEM per well and add transfection reagent into

each well.
• Return cells back into the 37�C, 5% CO2 incubator for 5 h before

replacing the culture media with 2 mL B-DMEM (Thermofisher,

cat. # 10566016) supplemented with 10% FBS (Sigma-Aldrich, cat.

# 12007C), 10 ug/mL Blasticidin (InvivoGen, cat. # ant-bl-1).

Day 3: Preparation of transfected Flp-In HEK293 for antibiotic
selection process

• Passaging cells from each well into T25 flask
• Aspirate media, wash with 1 mL DPBS and aspirate. Digest

cells with 0.15 mL TrypLE and incubate flasks at 37�C, 5% CO2

for 4 min before adding 1 mL of B-DMEM to inactivate TrypLE.
• Transfer all of the cell suspension from each well into a sepa-

rate T25 flask that contains 4 mL of fresh B-DMEM.

Day 4/6/8/10/12: Selection of stably integrated heterozygous KCNH2
clones

• Replace the culture media in each T25 flask with BH-DMEM

(DMEM supplemented with 10% FBS, 10 ug/mL Blasticidin and

200 ug/mL Hygromycin) (Thermofisher, cat. # 10687010) at 2-day

intervals.

Day 14: Propagation of stably integrated heterozygous KCNH2 Flp-
In HEK293 clones

• Passaging stably integrated clones into a new T25 flask.
• Aspirate media, wash with 2 mL DPBS and aspirate. Digest

cells with 0.35 mL of a 1:1 diluted TrypLE with DPBS for 4 min

at 37�C, 5% CO2 incubator before adding 2 mL of BH-DMEM to

inactivate TrypLE.
• Transfer all of the cell suspension into a new T25 flask that

contains 2.5 mL BH-DMEM.

Days 18–25: Freezing down heterozygous KCNH2 Flp-In HEK293

• Passaging cells when they reach 80% confluency.
• Aspirate media, wash with 2 mL DPBS and aspirate. Digest

cells with 0.35 mL TrypLE for 4 min at 37�C, 5% CO2 incubator

before adding 2 mL of BH-DMEM to inactivate TrypLE.
• Transfer all of the cell suspension into a 15 mL tube and centri-

fuge at 200g for 3 min.

• Freezing cells
• Aspirate old media from the tube and resuspend cells with 2

mL cold BH-DMEM supplemented with 10% sterile DMSO

(Sigma-Aldrich, cat. # D2438).
• Dispense 1 mL per cryogenic vial and place them in an insu-

lated container (Thermofisher, cat. # 5100-0001) for slow cool-

ing. Place the insulated container in �80�C freezer and transfer

the vials to liquid nitrogen vapour phase for long-term storage

the next day.

Cell culture routine of heterozygous KCNH2 Flp-In
HEK293 for automated patch clamp electrophysiology

The cell culture routine was established to allow the phenotyp-
ing of 10 variants and 2 controls (WT and negative controls) on
a 384-well plate. This process can be up-scaled to 30 variants if
desired.

Day 1: Reviving heterozygous KCNH2 Flp-In HEK293 cells from
cryogenic storage

• Thaw positive control (WT:WT), negative control (blank Flp-In

HEK293) and 10 heterozygous variants by incubating these cryo-

genic vials in 37�C water bath for 3 min. This step is typically

done on a Tuesday.
• Transfer each of the cell suspensions into a 15 mL centrifugation

tube that contains 4 mL BH-DMEM and centrifuge at 200g for 3

min.
• Aspirate old media and resuspend cells with 5 mL BH-DMEM and

dispense them into individual T25 flasks.
• Propagate cells to near confluency, typically takes around 3 days.

Day 4/7/9/11: Recovery of heterozygous KCNH2 Flp-In HEK293

• Passaging cells for 1 week to recover and synchronize cell growth
• Aspirate media, wash with 2 mL DPBS and aspirate. Digest

cells with 0.35 mL TrypLE and incubate flasks at 37�C, 5% CO2

for 4 min before adding 2 mL of BH-DMEM to inactivate TrypLE

(negative control uses B-DMEM).
• Count cell using Countess ll and seed appropriate cell density

into a fresh T25 flask that contains 4.5 mL of fresh BH-DMEM

(negative control uses B-DMEM). For Days 4 and 11 passaging,

seed 500k cells. For Days 7 and 9 passaging, seed 670k cells.

Day 14: Seed heterozygous KCNH2 Flp-In HEK293 for patch clamp
experiment

• Passaging 12 Flp-In HEK293 cell lines
• Aspirate media, wash with 2 mL DPBS and aspirate. Digest

cells with 0.35 mL TrypLE and incubate at 37�C, 5% CO2 for 4

min before adding 2 mL of BH-DMEM to inactivate TrypLE (neg-

ative control uses B-DMEM).
• Count cell using Countess ll and seed 1 million cells into a

fresh T75 flask that contains 10 mL of fresh BH-DMEM (nega-

tive control uses B-DMEM).

Day 15: Induce the expression of heterozygous KCNH2 Flp-In
HEK293

• Induce expression by adding 200 ng/uL doxycycline (Sigma-

Aldrich, cat. # D9891) into the media of each flask and propagate

cells for 48–52 h.

Day 17: Harvest cells for automated patch clamp experiment

• Passaging 12 Flp-In HEK293 cell lines
• Aspirate media, wash with 5 mL DPBS and aspirate. Digest

cells with 1 mL Accumax (Sigma-Aldrich, cat. # A7089) and in-

cubate at 37�C, 5% CO2 for 4 min.

• Initial stage of cell recovery
• To recover cells following digest, add 5 mL of cold standard ex-

tracellular recording solution (in mM: NaCl 140, KCl 5, CaCl2 2,
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MgCl2 1, HEPES 10, D-glucose 5; adjusted to pH 7.4 with NaOH)

and incubate the flasks at 4�C for up to 15 min.

• Single-cell suspension
• Breaking cells into single cells by triturating the cell suspen-

sion 3–5 times and transfer the cell suspension into a 15 mL

tube and centrifuge at 200g for 3 min.
• Aspirate the supernatant and resuspend cells with 5 mL of di-

valent-free extracellular recording solution (in mM: NaCl 140,

KCl 5, HEPES 10, D-Glucose 5; adjusted to pH 7.4 with NaOH) in

a 15 mL centrifugation tube, which will achieve a cell density

between 0.5–1 million cells/mL depending on the confluency of

cells. In our experience this range of cell densities does not af-

fect the rate of cell catch on the SyncroPatch.

• Final stage of cell recovery
• Rotate these tubes on a roller at 4�C for 30 min and transfer 3–4

mL of each cell suspension to a 12-well trough and rotate it at

300 rpm on a cell hotel that is maintained at 10�C on the

SyncroPatch 384PE for up to 1 h.

Operation of SyncroPatch 384PE automated patch clamp

Operation of the SyncroPatch 384PE is according to the manu-
facturer’s instruction. Briefly, upon initiating the Biomek and
PatchControl software, the robotic platform of Biomek is first re-
set by performing home axis and followed by executing the
module ‘system flush’ with water in PatchControl software after
the tubes for the water and waste have been clamped. Place a
box of tips and set up the internal solution (in mM: KF 110, KCl
10, NaCl 10, HEPES 10, EGTA 10; adjusted to pH 7.2 with KOH),
80% ethanol, divalent-free extracellular recording solution, high
calcium extracellular recording solution (in mM: NaCl 140, KCl
5, CaCl2 10, MgCl2 1, HEPES 10, D-glucose 5; adjusted to pH 7.4
with NaOH) and standard extracellular recording solution
(Table 1). Enter the name for the 12 Flp-In HEK293 cell lines and
complete the experiment definition and volumes for each of the
solutions in the BioMek software. Place a one-hole plate with
medium resistance on the tray after it has been at room temper-
ature for 15 min and start the experiment. The loading order of
solutions/cells into the plate is as follows: divalent-free

extracellular recording solution, internal solution, cells, high
calcium extracellular recording solution, then two washing
steps with standard extracellular recording solution to dilute
the calcium back down to 2.75 mM. Cells were caught using –70
mbar whilst whole cell configuration is achieved by using a
pressure of –250 mbar. Finally, voltage protocols are run. These
can be configured for individual requirements. We typically re-
cord 1 s steady-state activation, onset of inactivation and 3 s
steady-state deactivation protocols [8]. At the end of the record-
ing, the plate is discarded and a technical replicate is performed
with a new plate. The system is flushed with 80% ethanol with
a blank plate prior to system shut down.

Voltage protocols and data analysis

Prior to analysing the current traces, all recordings were
assessed using the following quality control parameters: seal re-
sistance > 300 MX, capacitance between 5 and 50 pF, series re-
sistance <20 MX and leak corrected current measured at
�120 mV leak step is within 640 pA of the baseline (Table 2).
The QC assessment and data analysis were performed using
custom written python scripts (see https://git.victorchang.edu.
au/projects/SADA/repos/syncropatch_automated_analysis/
browse; a sample data for WT is also available at https://doi.org/
10.26190/7tqy-gc11, the data that support the findings of this
study are available upon reasonable request). In addition, if the
number of wells that pass QC for analysis of gating parameters
is <10% of the recordings that have passed the plate recording
QC parameters then these variants are classified as not ana-
lysed (N/A) for the relevant gating parameters in the result.

Peak current density
Cells were depolarized to þ40 mV for 1 s then hyperpolarized to
�120 mV. Peak current density was measured as the peak am-
plitude of the tail current (see Fig. 4A, asterisks indicate where
the peak tail current amplitudes were measured). Membrane ca-
pacitance was used to normalize the current density for com-
parison between recordings.

V0.5 of activation
The voltage dependence of activation was measured using a 1 s
isochronal activation protocol; cells were depolarized to poten-
tials from –50 to þ70 mV in 10 mV increments for 1 s before step-
ping to –120 mV to record tail currents (see Fig. 5A, the tail
currents correspond to the dashed box highlighted in the volt-
age protocol). To determine the mid-point of the voltage depen-
dence of activation (V0.5), the �120 mV peak tail currents
recorded after each depolarizing voltage step, I, were fit with a
Boltzmann distribution using the following equation:

I ¼ Imax=ð1þ eðV0:5�VtÞ=kÞ Equation 1

where, V0.5 is the half-maximum activation voltage, Vt is the

Table 1: Recording solutions

mM NaCl KCl CaCl2 MgCl2 HEPES Glucose KF EGTA

Internal (pH
7.2 with
KOH)

10 10 10 110 10

Divalent-free
extracellu-
lar (pH 7.4
with
NaOH)

140 5 10 5

High calcium
extracellu-
lar (pH 7.4
with
NaOH)

140 5 10 1 10 5

Standard ex-
tracellular
(pH 7.4
with
NaOH)

140 5 2 1 10 5

Table 2: Quality control parameters for the six WT plates (including
negative control)

Seal resistance >300 MX 2083/2304 wells
Capacitance 5–50 pF 1381/2083 wells
Series resistance <20 MX 1206/1381 wells
Leak corrected current 640 pA of the baseline 1201/1206 wells
% of wells passing all QC 1201/2304 (52.1 %)
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test potential, k is the slope factor, and Imax is the maximum tail
current (see Fig. 5A, i).

Channel deactivation
The rate of hERG channel deactivation was measured by depo-
larising cells to þ40 mV for 1 s before repolarizing cells to poten-
tials in the range þ20 to �150 mV in 10 mV decrements for 3 s
(see Fig. 6A, the tail currents correspond to the dashed box
highlighted in the voltage protocol). The tail current represents
the recovery from inactivation followed by channel deactiva-
tion. To determine the time constant of deactivation, the decay-
ing portion of the tail current recordings were fit with a double
exponential function (red line). The overall time constant of de-
activation was calculated as a weighted sum of the two compo-
nents (i.e. fast and slow components of deactivation) using the
following equation:

sweighted ð–50mVÞ¼ðAfast�sfastþAslow�sslowÞ=ðAfastþAslowÞ Equation2

where, A is the current amplitude and s is the time constant.
We also directly measured the extent of channel deactiva-

tion at 500 ms, by measuring the peak current at �50 mV (indi-
cated by † in Fig. 6A, i) and 500 ms later (indicated by * in Fig. 6A,
i), which is reported as the current decay ratio at 500 ms (see
Fig. 6C).

Channel inactivation
The rate of onset of inactivation was measured using a triple pulse
protocol where cells were depolarized to þ40 mV for 1 s to fully ac-
tivate and then inactivate the channels before stepping to

�110 mV for 10 ms to allow channels to recover from inactivation
into the open state. Membrane potential was then depolarized to
voltages in the range þ60 to �20 mV (in 10 mV decrements) to in-
activate channels (see Fig. 7A, the tail currents correspond to the
red line highlighted in the voltage protocol). To determine the time
constant for the onset of inactivation, we fitted a single exponen-
tial to the inactivating current trace (red line). To minimize the im-
pact of poor voltage clamp control during large outward current
traces we only fitted the exponential function to the current trace
after it had fallen to <500 pA. A second estimate of the effects of
variants on inactivation were obtained by measuring the ratio of
the peak tail current amplitudes at �50 mV (indicated by * in
Fig. 7C) and �120 mV (indicated by † in Fig. 7C) recorded from the
deactivation protocol (see above).

Results and discussion

To enable cost-effective gene fragment synthesis, Nsil was in-
troduced into the variant KCNH2 cDNA and BstXl, BstEll, and Sbfl
within the WT KCNH2 cDNA were silenced. Together with the 50

Hindlll and 30 BamHl, gene synthesis of any fragments (either P1,
P2, P3, P4, or P5) that harbour specific KCNH2 variants can be
synthesized and subcloned into the heterozygous KCNH2 vector
(Fig. 1). The heterozygous KCNH2 vector can then be used to
generate isogenic heterozygous KCNH2 Flp-In HEK293 cell lines
for functional phenotyping [8].

As the phenotyping patch clamp experiment is performed
using a high-throughput automated patch clamp system
(SyncroPatch 384PE), we have optimized the high throughput
generation of Flp-In HEK293 cell lines as well. A total of up to
100 Flp-In HEK293 cell lines can be generated per round (see

1 2 3 4 5 6 7 8 9 10 11 12

Figure 2: Overview of PatchControl software. Example of �120 mV tail currents for unmodified (columns 1–6) and modified (columns 7–11) WT hERG channels, as well

as, a negative control (column 12). In this example, out of a total of 384 wells, 86% of wells have seal resistance >500 MX (green), 4% have a seal resistance in the range

300– 500 MX and 10% of wells have seal resistance <300 MX (grey).
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Materials and methods) with very high efficiency when individ-
ual transfection reagents are used (i.e. lipofectamine 3000 and
P3000 reagent were prepared individually for each transfection
using multichannel pipettes in a 96-well format). Typically, sta-
ble isogenic heterozygous KCNH2 Flp-In HEK293 clones will be
ready for cryo-preservation 3 weeks post transfection.
Generation of stably integrated heterozygous KCNH2 doxycy-
cline inducible Flp-In HEK293 cell lines enabled us to obtain a
very high number of cells that are expressing the hERG potas-
sium channel. In this study, of the 2112 wells seeded with
KCNH2 Flp-In HEK293 cells, 1908 wells had seal resistance
>300 MX (�90% of wells). Out of these wells, 1841 wells (96.5%)
have ‘hooked’ tail currents. This compares very favourably with
previous analyses of transient transfection which achieved
�80% transfection efficiency as detected by flow cytometry [12].

To phenotype heterozygous KCNH2 Flp-In HEK293 cell lines
we used a SyncroPatch 384PE automated patch clamp electro-
physiology system (Nanion Technologies, Munich, Germany).
We found that the medium resistance, single hole chips, were
suitable for performing the patch clamp experiment on Flp-In
HEK293 cells. It is worth noting that the incubation of these Flp-
In HEK293 cells with cold standard extracellular recording

solution immediately after the treatment with accumax (see
Materials and methods) is essential to achieve a good seal resis-
tance; in our experience this enables >80% with seal resistances
>500 MX (green panels in Fig. 2). However, it is worth noting
that this cold incubation step is likely to be cell type and cell
line dependent.

The SyncroPatch assay was designed to phenotype 10 var-
iants in parallel (columns 2–11 in Fig. 2) together with a posi-
tive (column 1; WT) and a negative control (column 12; blank
Flp-In HEK293), that is, the assay is designed to produce equal
number of patch clamp experiments for WT, variants and
negative control per plate. Each experiment is also run in du-
plicate to achieve a total of 64 patch clamp experiments per
variant.

The leak current can be corrected by the PatchControl soft-
ware to produce leak-corrected current traces but to prevent
over or under correction, a 50 ms step at �120 mV was imple-
mented at the beginning for all protocols. Recordings were ex-
cluded from analysis when the leak corrected current at this –
120 mV is >6 40 pA (Fig. 3). Most of the recordings corrected by
the PatchControl software is good (panels i and ii) or acceptable
(panel iii). Overall, in the WT data presented in this study, <1%

A B

(i)

(ii)

(iii)

(iv)

(i)

(ii)

(iii)

(iv)

Figure 3: Examples of leak current correction. (A) Uncorrected and (B) corrected current traces. Only corrected current traces that have median current value that are

less than 640 pA from the baseline for the region between 60 and 80 ms in each protocol are accepted for further analysis. Panels (i)–(iii) pass this QC criterion whereas

panel (iv) would fail.
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of wells were excluded due to failing the 640 pA threshold crite-
rion (see Table 2).

As the restriction sites of the heterozygous KCNH2 vector
were modified to WTNsil:WT(BstXl/BstEll/Sbfl)-silenced to allow afford-
able gene fragment synthesis and subcloning of variants, we
first compared our modified WT construct with an unmodified
WT:WT hERG1a, which shows the modification of the restric-
tion sites has not affected the channel expression level (Fig. 4B).
We also included three other KCNH2 variants with gating or
trafficking defects (R56Q—accelerated deactivation, T618S—en-
hanced inactivation and F805C—trafficking deficient) to illus-
trate how the molecular phenotypes of different KCNH2
variants can be assessed using the automated patch clamp phe-
notyping assay.

We first measured the tail current amplitude at –120 mV af-
ter the channel was depolarized at þ40 mV for 1 s (Fig. 4A). In
this example, F805C (panel v) is a known trafficking deficient
variant [16] and the analysis of tail current amplitude can un-
ambiguously identify its loss-of-function phenotype (Fig. 4B). In
addition to the loss-of-function phenotype as a result of having
reduced hERG expression, abnormal hERG channel gating can
also reduce hERG function. Steady-state activation is the transi-
tion of the channel from closed to open conformation and the
V0.5 of activation can be measured by fitting the tail current
amplitudes using Boltzmann function (Fig. 5A). R56Q has the
modest shift in the V0.5 of activation (–10 mV), while the other
variants tested in this study had WT-like V0.5 values (Fig. 5B).

For those variants that are capable of passing current at –
50 mV (Fig. 6A, i–iii), some of them might accelerate channel de-
activation (i.e. transition from open to closed conformation
more rapidly) and cause loss-of-function phenotype (panel iii).
The decay of the current can be fitted using a double exponen-
tial function to derive the weighted time constant of channel
deactivation. For example, R56Q deactivates twice as fast com-
pared to WT channels (Fig. 6B). The weighted time constant
includes both the fast and slow components of channel deacti-
vation. In addition, the current amplitude ratio is taken at
500 ms from the peak, which predominantly reflects the fast
component (Fig. 6C) and has the capability to detect those var-
iants that have slower channel deactivation in the physiological
time range. Identifying fast deactivating variants is important
as these variants can reduce protective IKr current that is critical
for suppressing premature depolarizations or ectopic beats [17].

Figure 4: Current density measurements. (A) Examples of �120 mV tail current

traces for (i) unmodified WT, (ii) modified WT, (iii) R56Q:WT, (iv) T618S:WT, and

(v) F805C:WT. Voltage protocol is shown as inset on panel (ii) and the dashed

lines indicate region of the protocol corresponding to the current traces shown.

The peak current is indicated by asterisk. (B) Summary of current densities for

all constructs shown as violin plot with median indicated by the red horizontal

bar with upper and lower quartiles shown as black bars.

Figure 5: Activation phenotyping. (A) Example of �120 mV tail current traces

recorded for (i) unmodified and (ii) modified WT KCNH2, (iii) R56Q:WT and (iv)

T618S:WT following 1 s of depolarization from the holding potential to voltages

in the range �50 to þ70 mV. Dashed box on the voltage protocol highlights the

portion of the protocol depicted in the current traces. Example of Boltzmann fit

to the normalized peak current indicated by asterisk in (i) to show how the V0.5

of activation is calculated. (B) Summary of V0.5 values for steady-state activation

derived from fitting a Boltzmann function to the peak tail current amplitudes

(see Methods for details). The median values are indicated by the red horizontal

bar with upper and lower quartiles shown as black bars. N/A indicates when the

n number is <10% of recordings that pass the QC.
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For the two variants that are incapable of passing current at
–50 mV (see Fig. 6), F805C is mostly trafficking defective whilst
T618S has an enhanced inactivation (Fig. 7A, iv and 7B). This en-
hanced inactivation causes loss-of-function as the channel
does not pass current at –50 mV (Fig. 7C, ii). This loss-of-func-
tion phenotype can also be quantified by taking the ratio be-
tween the –50 and –120 mV tail current amplitudes (Fig. 7C). A
smaller value than control is an indicative of loss-of-function
phenotype due to enhanced inactivation phenotype (Fig. 7D).

From the example data we have presented in this study it is
also possible to estimate the power of the assay to detect a 25,
50, or 75% loss-of-function in current density. For 80% power
with an a of 0.05, and effect sizes of 0.47, 0.94, and 1.41, respec-
tively (determined based on the standard deviation for the WT

data) we would require n¼ 35, 9, or 4 to detect a 25, 50, or 75%
loss-of-function.

In conclusion, we have developed an efficient workflow
that allows high-throughput functional phenotyping of any
KCNH2 variant by integrating specially design cloning strategy,

Figure 6: Deactivation phenotyping. (A) Example �50 mV tail current traces (cor-

responding to dashed line within the voltage protocol) for (i) unmodified and (ii)

modified WT KCNH2, (iii) R56Q:WT, (iv) T618S:WT, and (v) F805C:WT. The double

exponential fitting of the deactivation decay is shown as red in (i) with arrows

indicating the fast and slow components. (B) Summary of weighted time con-

stant for channel deactivation (see Materials and methods for details). The me-

dian values are indicated by the red horizontal bar with upper and lower

quartiles shown as black bars. It was only possible to analyse those constructs

where the peak tail current was >100 pA, hence, T618S:WT is excluded and

F805C:WT has limited numbers. (C) Summary of normalized current amplitude

ratio where the current amplitude at 500 ms after the peak current (* in panel i)

is divided by the peak current (†). N/A indicates when the n number is <10% of

recordings that pass the QC. Figure 7: Inactivation phenotyping. (A) Normalized current traces for the onset

of inactivation. The dashed box within the voltage protocol highlights the region

shown in the current traces. (i) unmodified and (ii) modified WT KCNH2, (iii)

R56Q:WT, (iv) T618S:WT, and (v) F805C:WT. The single exponential fitting of cur-

rent decay from 500 pA was shown as red in (i). (B) Summary of tau constants for

the onset of inactivation at 0 mV. The median values are indicated by the red

horizontal bar with upper and lower quartiles shown as black bars. (C) Example

tail currents recorded at �50 mV (outward currents) and �120 mV (inward cur-

rent) for modified WT KCNH2 (i), and T618S:WT (ii). (D) Summary of the normal-

ized current amplitude ratio (i.e. */† in C) for all constructs. The smaller value for

the T618S:WT constructs is indicative of enhanced inactivation of this variant.

The median values are indicated by the red horizontal bar with upper and lower

quartiles shown as black bars.
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generation of heterozygous KCNH2 Flp-In HEK293 cell lines
and high-throughput automated patch clamp electrophysiol-
ogy (Fig. 8). This phenotyping assay has the potential to assist
in the classification of KCNH2 variants, which will hopefully
improve the diagnosis and management of LQTS2 patients
and more importantly reduce the number of variants that are
classified as VUS. However, before this can be considered it
will be important to establish the robustness of this assay in
predicting the loss of function of variants for which there is
already strong clinical data to indicate whether the variants
are pathogenic or benign as per the recommendations pro-
posed by Brnich et al. [18].
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Figure 8: Typical timeline for KCNH2 phenotyping assay. Generation of heterozy-

gous KCNH2 vectors are typically done in a batch of 100. We outsource this pro-

cess to GenScript Inc (Pistcataway, NJ, USA), which has a turnaround of �30

days. Generation of heterozygous KCNH2 Flp-In HEK293 cell lines will take

around 25 days. Cell culture and the SyncroPatch assay takes 17 days which is

done in batches of 10 variants staggered at weekly intervals. Data analysis and

curation takes �7 days per batch of variants. In total, it will take less than 3

months from generating the variant vector to the final data analysis.
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