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hERG, the pore-forming subunit of the rapid component of the delayed rectifier
K+ current, plays a key role in ventricular repolarization. Mutations in the KCNH2
gene encoding hERG are associated with several cardiac rhythmic disorders,
mainly the Long QT syndrome (LQTS) characterized by prolonged ventricular
repolarization, leading to ventricular tachyarrhythmias, sometimes progressing
to ventricular fibrillation and sudden death. Over the past few years, the
emergence of next-generation sequencing has revealed an increasing number
of genetic variants including KCNH2 variants. However, the potential
pathogenicity of the majority of the variants remains unknown, thus classifying
them as variants of uncertain significance or VUS. With diseases such as
LQTS being associated with sudden death, identifying patients at risk by
determining the variant pathogenicity, is crucial. The purpose of this review is
to describe, on the basis of an exhaustive examination of the 1322 missense
variants, the nature of the functional assays undertaken so far and their
limitations. A detailed analysis of 38 hERG missense variants identified in Long
QT French patients and studied in electrophysiology also underlies the
incomplete characterization of the biophysical properties for each variant.
These analyses lead to two conclusions: first, the function of many hERG
variants has never been looked at and, second, the functional studies done so
far are excessively heterogeneous regarding the stimulation protocols, cellular
models, experimental temperatures, homozygous and/or the heterozygous
condition under study, a context that may lead to conflicting conclusions. The
state of the literature emphasizes how necessary and important it is to perform an
exhaustive functional characterization of hERG variants and to standardize this
effort for meaningful comparison among variants. The review ends with
suggestions to create a unique homogeneous protocol that could be shared
and adopted among scientists and that would facilitate cardiologists and
geneticists in patient counseling and management.
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hERG phenotyping, why?

The Long QT syndrome (LQTS) is a cardiac disorder
characterized by abnormally prolonged ventricular repolarization
that results in episodic ventricular tachyarrhythmias sometimes
leading to ventricular fibrillation and sudden death in otherwise
healthy persons (Charpentier et al., 2010). LQTS is thus a lethal
disorder. Symptomatic patients left without therapy had a high
mortality rate, 21% within 1 year from the first syncope (Schwartz,
1985). However, mortality rate in properly treated patients has now
declined to around 1% over a 10-year period (Schwartz, 2013). Since
LQTS is associated with sudden cardiac death, identifying patients at
risk is instrumental. Uncovering a pathogenic variant, in one of the
genes known to be associated with LQTS (e.g. KCNH2 gene encoding
hERG channel), allows identifying the relatives at risk, in the
proband’s family (Alders et al., 1993) (Figure 1A), even when
ECGs are not always strongly evocative of the pathology (cf.
patient III-1 and patient III-4 in Figure 1B). In absence of robust
segregation data, determining the pathogenicity of the variant in the
gene sequence of the proband may not be simple. Such variant may be
a benign polymorphism that has nothing to do with the patient Long
QT syndrome. Hence, in vitro functional studies confirming the
pathogenicity of the variant will provide critical information.

The American College of Medical Genetics and Genomics (ACMG),
the Association for Molecular Pathology (AMP) and the College of
American Pathologists (CAP) proposed guidelines that compiles all
the parameters that contribute to predict the potential pathogenicity of
a given variant, namely the patient phenotype, the segregation data, the
conservation of the varying sequence across species, the population data,
the in vitro functional data, the nature of the amino acids implicated in the
sequence variation, the position of the amino-acids, etc. (Richards et al.,
2015). The final score classifies a given sequence variation according to
five categories: “pathogenic,” “likely pathogenic,” “uncertain significance,”
“likely benign,” and “benign.”

The “uncertain significance” (VUS) usually occurs in two situations:
when there are conflicting results from the different observables, or when
there is insufficient evidence, as is often the case for novel missense
variants. Intuitively, it seems reasonable that functional data will be
significantly helpful to decrease the number of cases of “uncertain

significance.” A theoretical approach proposed by Brnich and
collaborators used an algorithm to calculate all combinations of
evidence. Using this systematic counting approach, they estimate how
functional data allows decreasing the number of VUS. They convincingly
illustrate that a majority of VUS could be reclassified with the addition of
solid functional data (Brnich et al., 2018). This observation motivates
functional studies of the variants identified so far. With the advent of the
Next-Generation Sequencing (NGS), the number of variants affecting
gene sequences are literally exploding: 99% of the 4.6 million reported
missense variations in the Genome Aggregation Database (http://
gnomad.broadinstitute.org/) (Lek et al., 2016) are rare (allele
frequency <0.005). Interpreting these variants represents a significant
roadblock. Only 2% of these variants have a clinical interpretation in
ClinVar (Landrum et al., 2014). This observation urges the development
of high-throughput and standardized methods for functional
characterization of the variants.

At the writing of this review, 2434 KCNH2 variants are referenced
in Clinvar https://www.ncbi.nlm.nih.gov/clinvar/, of which 1832 are
associated to LQTS. KCNH2 gene is associated with type 2 Long QT
syndrome, but also with Atrial Fibrillation (Hayashi et al., 2015) and
short QT (Brugada et al., 2004). It represents the second most
important genetic cause of Long QT syndrome, with an estimated
prevalence between 25% and 30% of all cases (Schwartz et al., 2001;
Kolder et al., 2015; Kutyifa et al., 2018). Figure 2 illustrates the
acceleration of the publication of KCNH2 variants over the years.
As mentioned above, 2434 KCNH2 variants are referenced in Clinvar,
including 1135 missense variants. Since other variants (frameshift,
non-sense, splice site) are most often pathogenic, we focused our
analyses on missense variants. Among these 1135 missense variants,
962 are classified as VUS, representing approximately 85%.

This review aims at describing the nature of the functional assays
undertaken so far and their limits, based on an exhaustive scan of these
1135 missense variants and additional 187 coming from the French
network CARDIOGEN, not yet in ClinVar. We also looked at some
specific details of the functional assays, in a smaller sample of 112 variants
issued from the same French database for type 2 Long QT syndrome
patients. This review then comes with new propositions to generate
standardized protocols that will help cardiologists and geneticists for
patient counseling in face of the increasing number of variants.

FIGURE 1
(A) Family pedigree harboring the c.2504G>C p.Arg835Pro KCNH2 mutation that leads to hERG loss of function (Oliveira-Mendes et al., 2021). The
proband (arrow) presented a sudden cardiac arrest (SCA) due to ventricular fibrillation at 45 during an episode of hypokalemia requiring an implantable cardiac
defibrillator (ICD). Post-Resuscitation ECG was normal. Family members cascade screening detected the KCNH2 variation in her sister and two children III-1
and III-4; QTc interval values (in ms) are shown between parentheses. Squares depict male subjects; circle, female subject; open symbols, unaffected
members; solid black symbol, affected members; grey symbol, mild phenotype. (B) ECG tracings in lead V5 of the proband (II-2), a non-carrier niece (III-7), a
daughter (III-1) and a son (III-4) who are both carriers of the variant and showing mild LQT2 phenotype (T waves: low amplitude amplitude for III-1 and very
slightly bifid for III-4).
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Heterogeneity of the functional assays

As mentioned above, functional data being very helpful to
reclassify the VUS, a functional evaluation of hundreds of variants
is necessary. Also, the methods of acquisition of these functional data
have to be scrupulously standardized to faithfully evaluate the
pathogenicity of any variant. In this review, our aim was to
establish how far we are from an extensive and standardized
evaluation of hERG variants.

We performed an exhaustive scan of the literature on the
1322 missense variants (Figure 3A). We can distinguish two kind
of functional assays: i) trafficking assays which are only estimating
eventual alteration of hERG channel membrane targeting, without
giving any keys on channel activity once at the membrane; these assays
presented the advantage of between compatible with high-throughput
characterization, early on (Anderson et al., 2014). ii)
Electrophysiological assays, giving precise and global information
on the ion channel activity, whatever the mechanistic nature of the

alteration, trafficking and/or gating. We observed that functional
assays were performed for only 37% (484/1322) of the variants. In
24% of cases, both trafficking and electrical activity of the variant were
evaluated (311/1322) (Figure 3B). In 6% of cases, only
electrophysiological experiments were performed, with no parallel
trafficking study (74/1322).

Regarding functional studies, it is important to note that patch-
clamp is the gold standard for assessing mutations affecting hERG
functionality but to date, not all studies have extensively
characterized all biophysical aspects. To understand this point,
one should know that hERG channels present two gates (one
activation gate and one inactivation gate) with specific voltage-
dependence and kinetics. In the simplest case, maximal current is
evaluated when both activation and inactivation gates are open. If
this maximal current is lower in the variant as compared to WT
hERG channel, there is a loss of function (Delisle et al., 2005). But
despite preserved maximal currents, a potential loss of function of
the channel activity may express as an alteration of the voltage-
dependence of at least one of the gates: for example, a shift of the
activation curve to positive potentials, necessitating greater
depolarization to activate the channel, such as for the N470D
mutation (Lin et al., 2010). It can also express as a change in
channel opening or closing kinetics. For example, hERG N33T,
R56Q, G903R, P1075L are associated with faster deactivation
kinetics (closing of the activation gate) without any modification
of the maximal current amplitude (Ng et al., 2020).

Thus, it is possible that a mutation alters a single parameter among
all known biophysical parameters, namely the maximal current
amplitude, the half-activation potential, the slope of the activation
curve, the half-inactivation potential, the slope of the inactivation
curve, activation and deactivation kinetics, inactivation and recovery
from inactivation kinetics, and also the ion selectivity. This indicates
how critical it is to study systematically all channel parameters of a
given variant.

On a sample of 38 variants that were studied in electrophysiology,
we examined how exhaustive all these parameters were characterized.
These 38 variants were studied in electrophysiology among a total of
112 missense variants (i.e., 34%) collected in the national database of
long QT patients constituted by a network of French Centers of
Reference on cardiac arrhythmias (including the ones from Nantes

FIGURE 2
Cumulative published KCNH2 variants. Years are Pubmed
publication years. The two major increases correspond to high-
throughput studies, the first focusing on membrane trafficking
(Anderson et al., 2014), and the second focusing on ion channel
activity with automated patch-clamp experiments (Ng et al., 2020).

FIGURE 3
(A). Diagram presenting the principle of the present literature analysis of all the hERG missense variants. (B). Pie chart presenting the percentage of the
variants that were not studied at all, studied in electrophysiology only, trafficking studies only, or both (from analysis of Supplemental Table S1).
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University Hospital and the “Assistance Publique-Hôpitaux de
Paris”). These Centers of Reference belong to the French
network CARDIOGEN, which has developed a common
database extensively reporting clinical and genetic information
from all identified French cases. In the case of these 38 missense
variants we are far from an extensive study of hERG biophysical
parameters (red/green pie charts of Figure 4), despite the evidence
that indeed all of the biophysical parameters can be affected
individually (monochrome pie charts).

Experimental temperatures used for
functional studies

A literature scan of electrophysiological studies of the
1135 missense variants also illustrates major variations in the
temperature applied during two distinct steps of the evaluation of
channel variants pathogenicity: 1) during hERG channel expression by
the cultured cells, after introduction of the DNA/RNA encoding the
channel and 2) during the electrophysiological characterization of the
variants.

Temperature at which the cells are cultured during hERG channel
expression mainly depends on the expression model used, the two
main models being Xenopus laevis oocytes, which require incubation
at low temperature (12°C–18°C) and mammalian cells, typically
incubated at 37°C. Noteworthy, incubation at room temperature
rescues the impaired trafficking of many hERG channel variants, as
observed by hERG protein glycosylation which is an indicator of
correct cell trafficking (Anderson et al., 2014). Functionally,
incubation at room temperature may recover channel current
amplitudes to values at least similar to WT values (Paulussen et al.,
2002). With this knowledge in hand, it seems clear that, Xenopus laevis
oocytes as the expression model, were not always able to make a logical
link between the variant properties and Long QT syndrome.

For example, expression of the LQTS variant R534C, in X. laevis
oocytes, surprisingly leads to a shift in the activation curve to negative
value, predicting thus a shortening in the action potential by a
computer model (Nakajima, 1999). In contrast, in mammalian
CHO cells, kept at 37°C, R534C is associated with a major decrease
in maximal current amplitude that is due to reduced trafficking
(Oliveira-Mendes et al., 2021). To reconcile these data, it was
shown in HEK293 cells that this reduced trafficking is rescued by
incubating the cells at 27°C during the expression time course
(Anderson et al., 2006). Since X. laevis oocytes are maintained at
12°C–18°C after cRNA injection, it is likely that this temperature
favors membrane trafficking of the variant and hence masked the
trafficking defect in the aforementioned study (Nakajima, 1999). Thus,
the X. laevis oocyte model, which was used in 16% of the
electrophysiology studies (cf. Figure 6 below) is clearly not the
most relevant model to study the pathogenicity of hERG variants
and should be avoided in the future.

Regarding the electrophysiological characterization of the
variants, they are most frequently done at room temperature
(Figure 5). For Xenopus oocytes, 37°C is largely above the
physiological temperature and hardly tolerable by this cell type
(Bienz and Gurdon, 1982). For mammalian cells, room
temperature is paradoxically preferred for a technical reason: the
success of the experiments (e.g., seal stability) is much higher at
room temperature than at 37°C, as illustrated in a study using
automated patch-clamp (Ranjan et al., 2019), which shows a
success rate of 15% as compared to 80% at room temperature.
However, hERG channel biophysical properties, and in particular
kinetics such as activation and inactivation kinetics are highly
temperature-dependent (Vandenberg et al., 2006). To properly
report the biophysical properties of a given hERG variant, it would
be wise to study it at 37°C. Alternatively, it would be interesting to keep
studying the variant at room temperature and develop a method that
would allow extrapolating the evolution of the channel properties with

FIGURE 4
Pie chart presenting, among themissense variants referenced in the French network CARDIOGEN (n = 112) and studied in electrophysiology (n = 38), the
percentage of which half-activation potential (A), half-inactivation potential (B), activation gate kinetics (C), and inactivation gate kinetics (D)were studied, and
when studied, the percentage of variants showing an alteration of the given parameter (from analysis of Supplemental Table S2).
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rising temperatures from room temperature to physiological
temperature.

Use of various cell models

Another source of variability is the cell model of study. Three categories
of models are used for hERG variants phenotyping (Figure 6):

(i) A non-mammalian model, X. laevis oocytes which generate large
currents, in the µA range, but have to be maintained at non-
physiological temperature which may rescue some mutant
impaired trafficking, as developed above. The validity of this
model has already been discussed.

(ii) Mammalian cell lines that are easy to maintain and animal-free
(van der Velden et al., 2022). Two cell lines are mainly used
(CHO, HEK-293). They are cultured at physiological
temperature, which represents a clear advantage over X. laevis
oocytes. The presence of endogenous currents, in these models,
but also in X. laevis oocytes, may interfere with measurements
when studying mutants which generate currents of low
amplitudes. To that respect CHO cells are a good model since
they expressed minimal voltage-gated currents, when compared
to other cells such as HEK-293 cells (Yu and Kerchner, 1998). On
the down side, CHO cells proliferate twice faster as HEK-293
cells, potentially leading to much lower currents 48 h after
transfection because transfected DNA would be split between
more cells (Abaandou et al., 2021). This has to be considered,
especially in automated patch-clamp experiments in which one
cannot select efficiently transfected cells with a GFP-like reporter
gene, as it is routinely done in conventional patch-clamp.
Without reporter gene and with high rates of division such as
in CHO cells, amplitude may then be too low in many cells for
precise characterization of the biophysical parameters.

(iii) Induced pluripotent stem cells developed by Shinya Yamanaka
(Takahashi and Yamanaka, 2006) allow the generation of

human cardiomyocytes, iPS-CMs (Jouni et al., 2015) that
constitute a very relevant model since their genotype is
much closer to the patient’s than transfected cells such as
CHO or HEK-293 cells. These latter cell lines may be
especially limited if the mutant phenotype depends on the
presence of a specific auxiliary protein that is not expressed in
the cell line, but would be present in native cardiomyocyte. For
instance, a study on iPS-derived cardiomyocytes suggests the
physiological relevance of the splice variant hERG 1b, which is
shorter than the original isolate hERG 1a. hERG 1b, that lacks
the N-terminal PAS domain, efficiently associates with hERG
1a, and modifies the generated IKr current (Jones et al., 2014).
It remains possible that hERG 1b modifies to some extent the
functional effect of at least some variants. For instance, in
iPSC-derived cardiomyocytes, the H70R variant of the PAS
domain leads to an approximately 50% decrease in current
amplitude and an acceleration in deactivation (Feng et al.,
2021). At the molecular level, the mutation induces a decrease
in hERG 1a membrane trafficking but logically, there is a
normal trafficking of hERG 1b lacking the PAS domain and
thus the H70R mutation. Such an imbalance between hERG 1b
(normal) and hERG 1a (decreased) may theoretically have an
impact on the current characteristics.

Are the results obtained with iPS-CMs very different than those
obtained in a simpler model and do they justify the use of the more
complex, time consuming and costly iPS-derived cardiomyocytes?
In X. laevis oocytes, the aforementioned mutation (H70R) led to
similar deactivation alteration, but had a lower impact (around
25% decrease in homozygous condition) on current amplitude
(Chen et al., 1999). Given that X. laevis oocytes are not the
most relevant model for trafficking-deficient mutants, as
mentioned above, the H70R mutation should be extensively
studied in patch-clamp, using a simple mammalian model
(HEK-293, CHO). So far H70R has only been studied by
Western blots from HEK-293 cells, but this technique showed
opposing results: one study suggests that H70R hERG is
trafficking-deficient (Anderson et al., 2014), whereas another
study suggests the opposite (Harley et al., 2012). Hence, it is
critical to test whether or not the activities of a given hERG

FIGURE 5
Pie chart presenting the percentage of hERG missense variants
(among all the published missense variants), studied at room
temperature, at physiological temperature, at both temperatures, or
particular temperatures (32°C or 34°C). This chart includes all
missense variants studied in patch-clamp experiment performed in
mammalian cells (from analysis of Supplemental Table S1).

FIGURE 6
Pie chart presenting the percentage of the cell models used to
study the KCNH2 variants (from analysis of Supplemental Table S1).
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variant evaluated in transfected mammalian cells line and iPS-CMs
hERG are very different. Table 1 compares major modifications
induced by a variant across various models. More differences can
be observed in the X. laevis oocytes model as compared to the iPS-
CMs model, probably because of the temperature of incubation that
rescues the mutation-induced impaired trafficking of the channel,
thereby masking or underestimating the effect of the mutation.

Adding a level of complexity, it is possible that the current level is
not always a quantitative marker of the pathology, even in iPS-CMs.
One study identified two modifier genes in a family presenting a
highly variable severity of the LQT among its members (carrying the
R752W mutant), but similar hERG current levels in their
corresponding iPS-CMs (Chai et al., 2018). Another study was also
able to mimic, at the action potential level, the patient-dependent
severity of the LQTS due to the L552S mutation in hERG despite
similar current levels in asymptomatic vs. symptomatic patients iPS-
CMs (Shah et al., 2020). Nevertheless, more studies are needed to
firmly conclude on the added value of the more complex, time-
consuming and costly iPS-derived cardiomyocytes in most of the
variants. Noteworthy, patient-specific iPS-CMs is not a resource that
all investigators have access to. Another option is to use commercially
available iPS-CMs cell lines which can be infected with hERG variants
to study their biophysical characteristics in a cardiac cell type (Liu and
Trudeau, 2015).

The use of iPS-CMsmay be more critical in other pathologies such
as the Brugada syndrome in which the cell environment/patient’s
genome is more influent. For instance, iPS-CMs generated from six
Brugada patients with different genetic backgrounds, revealed the
same INa current abnormality in the six cell lines, independently of the
presence (2 Brugada patients) or absence (4 Brugada patients) of a
mutation in the SCN5A gene, coding for the sodium channel NaV1.5
(Al Sayed et al., 2021). This suggests that iPS-CMs are critical to study
the mechanisms implicated in complex polygenic pathologies such as
the Brugada syndrome (Barc et al., 2022).

The generation of iPS-CMs may in the future allow identifying the
impact of a variant in a hERG channel regulator, such as
KCNE2 which has been proposed as a potential accessory subunit
for hERG, but this remains to be confirmed (Eldstrom and Fedida,
2011). If KCNE2 is confirmed as an auxiliary subunit, co-transfection
of hERG with this subunit in a mammalian cell line may add more
precision to this kind of hERG phenotyping by allowing the system to
be more similar to the patient cardiomyocyte. On the other hand, any

hypothetical accessory subunit has to be carefully validated first.
Moreover, relative expression of hERG vs. the auxiliary subunit has
to be carefully calibrated since non-physiological overexpression of
this subunit can rescue a loss of function mutation on the channel
subunit, and underestimate the effect of a mutant, a story quite similar
to the use of room temperature in X. laevis oocytes experiments
described above (Liu et al., 2016).

At last, some articles use neonatal cardiomyocytes, as in a study
which described similar effect of the G601S and N470D mutations on
the current characteristics as in HEK-293 cells, for instance on the
activation curve and deactivation kinetics (Lin et al., 2010).

Is it possible to easily mimic
heterozygosity in high-throughput
systems?

Importantly, most LQT2 mutation carriers are heterozygous. For
instance, less than 1% of probands registered in the French database
from the CARDIOGEN network are homozygous for a mutation. In
order to mimic as much as possible, the condition of the patient, it is
useful 1) to determine if there is an equal expression of both alleles,
which seems to be the case (Shah et al., 2020), and 2) to be able to
reproduce in the model of study this equal expression of both alleles.

In conventional patch-clamp study, equal expression of both
alleles is achieved by transfecting cells with the equal amount of
the two DNAs (Ficker et al., 2000; Chevalier, 2001; Saenen et al., 2007;
Hayashi et al., 2009; McBride et al., 2013). Mimicking such
heterozygosity is not always performed, some studies only
comparing the WT and mutant condition, without testing the WT
+ mutant co-expression (22% of all variants studied in
electrophysiology are only studied in the homozygote condition, cf.
Supplemental Table S1). Classical transient transfections, such as
FuGENE, Lipofectamine based transfections, are not very efficient
in term of the percentage of transfected cells, requiring the co-
expression of a reporter such as GFP to select the transgene
expressing cells. In a high-throughput system, it is not possible to
detect and select a transfected cell, leading to two major options: i)
electroporation, which is much more efficient than chemical
transfection in term of the percentage of transfected cells, has been
successfully used for KCNQ1 high-throughput phenotyping (Vanoye
et al., 2018). ii) A cell line stably expressing the WT or mutant channel

TABLE 1 Major modifications induced by a variant across various models.

Xenopus oocytes CHO, HEK-293, COS-7 iPS-CMs References

R56Q 2-3x acceleration in deactivation 2-3x acceleration in
deactivation

Liu and Trudeau (2015)

H70R 25% decrease in current 50% decrease in current Chen et al. (1999), Feng et al. (2021)

2x acceleration in deactivation 2x acceleration in deactivation

R534C No decrease in current in heterozygous
condition

50% decrease in current Nakajima (1999), Mesquita et al.
(2019)

A561P 70% decrease in current in heterozygous
condition

50% decrease in current Bellocq et al. (2004), Jouni et al.
(2015)

10-mV shift of the activation curve No shift of the activation curve

G601S 40% decrease in current 85% decrease in current Furutani et al. (1999)
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can overcome the need of transient transfection and was used for
hERG high-throughput phenotyping (Ng et al., 2020). Yet, one first
limit is that production of stable cell lines is time consuming (several
steps of antibiotic selections). Second, such strategy allows the
integration of a unique plasmid in cells, representing a limit as
compared to transient transfection, which allows transfection of 2
(or more) plasmids, as mentioned above. Thus, the heterozygote
situation can be mimicked only by the use of a plasmid with two
expression cassettes, provided that expressions of the two cDNA are
equivalent. This requirement does not seem to be respected in several
studies that make use of bicistronic plasmids containing an Internal
Ribosome Entry Site (IRES), in which expression of the first cassette is
at least five time greater than expression in the second cassette
(Mizuguchi et al., 2000). Of note, a study suggests it may be
possible to reduce the difference by mutating the IRES (Al-Allaf
et al., 2019). If this strategy is successfully applied for equal
expression of hERG cDNA in the two cassettes, it would be a
worthwhile recommendation for the study of hERG variants.

Artifactual heterogeneity of the
recordings

It is critical to identify the potential artifacts leading to
misevaluation of the effects of a given variant on the current
characteristics and hence on the channel biophysical properties. A
study using a mathematical model elegantly suggested that variability
in hERG-channel-independent parameters (such as leak current,
series resistance, etc.) is responsible for a major variability in the
observed biophysical parameters (Lei et al., 2020). We also
mathematically modeled the variability of the biophysical
parameters of a voltage-dependent potassium channel, studied in
conventional and high-throughput patch-clamp channels
(Montnach et al., 2021). From the results we obtained, we
proposed to reduce such variability, by limiting maximal current
amplitude and series resistance. Beyond such maximal values,
insufficient voltage-clamp generates variability in the voltage-
dependence of activation. Our model also pinpoints that a
phenomenon observed in several Kv channels and named “delayed
repolarization” is in fact an artifactual property due to insufficient
voltage-clamp. This strongly suggests that, in the case of transient
transfection, the protocol has to be finely tuned to prevent currents
larger than 10 nA (Montnach et al., 2021).

In the same vein, in order to limit the artifactual heterogeneity
of the recordings, it is also critical to design the most adapted
voltage simulation protocol specific to a given channel, since
voltage-dependence and kinetics drastically vary from one
channel type to another. For instance, a steady-state activation
protocol in which the depolarizing pulse are too short in time may
lead to erroneous effect of a given variant, such as the negative shift
in the activation curve in the case of the R176W variant (Oliveira-
Mendes et al., 2021).

Up to now, a majority of studies focused on a limited number of
biophysical parameters among the following: the maximal current
amplitude, the half-activation potential, the slope of the activation
curve, the half-inactivation potential, the slope of the inactivation
curve, activation and deactivation kinetics, inactivation and recovery
from inactivation kinetics, and also the ion selectivity. Standardized
and complete protocols, allowing a fast and quasi-exhaustive

characterization of hERG channel activity, will prove more
insightful than those studies. Such a protocol, used in (Oliveira-
Mendes et al., 2021) can also be very short (35-s). This shortness is
another criterion of robustness, giving little chance for cell
characteristics such as the seal quality, series resistance, current
amplitude, to vary during the course of the experiment. Another
interest of such fast protocol is that it can be used to track concomitant
variations of several parameters (e.g., amplitude, half-activation
potential, deactivation). We used a simplified version of this
complex protocol, to be able to follow the concomitant variations
of several biophysical parameters caused by the variation in the
membrane level of the membrane phospholipid PIP2. Such a great
deal of data allowed us to add many numerical constraints on a kinetic
model and to demonstrate that PIP2 stabilizes hERG channel open
state (Rodriguez et al., 2010).

Another similar strategy to maximize the amount of information
gathered with minimal time required is to use an unconventional
protocol (such as a sinusoidal voltage-clamp protocol for conventional
patch-clamp or a staircase protocol compatible with high-throughput
system) generating enough information on the current characteristics,
to use it to constrain a kinetic model that will be accurate enough to
describe the properties of the activation and inactivation gates.
Impressively, the protocol is able to predict the current obtained by
the classical protocols (Beattie et al., 2018; Lei et al., 2019b). A major
interest is that such approach may also be used to predict channel
behavior at 37°C from experiments done at room temperature, which
are much more successful than experiments at 37°C, as exposed above
(Lei et al., 2019a). It remains to be determined if this unconventional
protocol (sinusoidal; staircase), tested on the WT channel, is robust
enough for the prediction of the biophysical behavior of channel
variants. The 35-s protocol mentioned above, which does not need a
kinetic model, has already been proven to be robust to study the
electrophysiological activity of channel variants (Oliveira-Mendes
et al., 2021).

In silico phenotyping

The guidelines proposed by the ACMG, AMP and CAP,
mentioned above include criteria issued from In Silico
pathogenicity prediction softwares, which are evaluating the
evolutionary conservation of an amino acid or nucleotide, the
location and context within the protein sequence, and the
biochemical consequence of the amino acid substitution (Richards
et al., 2015). Such tools are far from being 100% reliable (Riuró et al.,
2015), but new effort have been engaged to improve the robustness of
the prediction using deep learning (Qi et al., 2021).

The Cryo-EM structure of hERG channel in the open state
represents an instrumental template on which molecular variants
can be introduced to test their propensity to affect channel
structure and hence function. One major limit is that the actual
sequence lacks non-negligible intracellular regions of the channel
(Wang and MacKinnon, 2017). It is though worth noting that
hERG channel characteristics are not completely disturbed by the
deletions operated in the cytoplasmic domain (Zhang et al., 2020). But
it is clear that using such structure will be more predictive of a variant
phenotype when the whole structure will be solved, in the different
states (open, closed and inactivated) and in presence of potential
hERG channel partners.
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Conclusion

Our analysis of the large body of published work on hERG variants
highlighted a lack of standardized analysis for hERG variants functional
studies, which prevents an accurate comparison of the variants
pathogenicity. In the future, a gold standard approach should use a
single cell model, that must be a mammalian cell model (e.g., CHO or
HEK293) and not X. laevis oocytes, and should mimic the heterozygote
situation. iPS-derived human cardiomyocytes should be used as much as
possible to further validate/invalidate such a simple heterologous
expression system. In addition, electrophysiological recordings should
be performed at physiological temperature, but it is still rarely the case,
most probably due to the impact of temperature on seal quality, a problem
that will be difficult to address. Also, standardized cell transfection
protocols should be used to limit current amplitude and consequently
incorrect voltage-clamp. Finally, standardized and optimized voltage-
clamp protocol should be used to limit variability in the results.
Recent initiatives using high-throughput electrophysiology are
naturally going in that direction. This new tool represents a way to re-
visit the body of variants in a much more standardized way. In
complement to this standardization in the functional characterization,
it is also important to standardize variant interpretation, as suggested by
the Clinical Genome Resource Sequence Variant Interpretation Working
Group and a laboratory working on KCNH2 variant high-throughput
phenotyping (Brnich et al., 2020; Jiang et al., 2022).

At last, development of In Silico methods will logically bring in
parallel a standardized approach to predict the functional impact of a
given variant.
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