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Clinical interpretation of KCNH2 variants
using a robust PS3/BS3
functional patch-clamp assay
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Summary
Long QT syndrome (LQTS), caused by the dysfunction of cardiac ion channels, increases the risk of sudden death in otherwise healthy

young people. Formany variants in LQTS genes, there is insufficient evidence tomake a definitive genetic diagnosis.We have established

a robust functional patch-clamp assay to facilitate classification of missense variants in KCNH2, one of the key LQTS genes. A curated set

of 30 benign and 30 pathogenic missense variants were used to establish the range of normal and abnormal function. The extent to

which variants reduced protein function was quantified using Z scores, the number of standard deviations from themean of the normal-

ized current density of the set of benign variant controls. A Z score of �2 defined the threshold for abnormal loss of function, which

corresponds to 55% wild-type function. More extreme Z scores were observed for variants with a greater loss-of-function effect. We pro-

pose that the Z score for each variant can be used to inform the application and weighting of abnormal and normal functional evidence

criteria (PS3 and BS3) within the American College of Medical Genetics and Genomics variant classification framework. The validity of

this approach was demonstrated using a series of 18 KCNH2 missense variants detected in a childhood onset LQTS cohort, where the

level of function assessed using our assay correlated to the Schwartz score (a scoring system used to quantify the probability of a clinical

diagnosis of LQTS) and the length of the corrected QT (QTc) interval.
Long QT syndrome (LQTS; MIM: 192500) is a rare genetic

disorder caused by variants in genes that encode cardiac

ion channel proteins. Abnormal variants in these genes

lead to cardiac ion channel dysfunction, which can result

in cardiac arrhythmia and an increased risk of sudden

death, often with no prior symptoms. Genetic testing is

recognized as a key component of patient management

and is recommended by clinical guidelines.1 Establishing

a genetic diagnosis can inform clinical management and

treatment strategies, provide greater accuracy in assessing

prognosis, and enable reproductive counseling. Impor-

tantly, as not all individuals with a pathogenic variant pre-

sent with clinical signs or symptoms of LQTS, where a ge-

netic diagnosis is confirmed in an affected individual,

genetic testing can be offered to family members to iden-

tify those at risk. The perceived clinical importance of mak-

ing a presymptomatic genetic diagnosis of LQTS is high-

lighted by the inclusion of the key causal genes in the
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American College of Medical Genetics and Genomics

(ACMG) list for reporting of secondary findings in clinical

exome and genome sequencing.2

Current genome sequencing technologies enable more

comprehensive genetic analysis to be performed cost

effectively, and genetic testing has become more widely

adopted for LQTS. While this has led to an increase

in the proportion of patients with a genetic diagnosis,

the interpretation of genetic test results remains chal-

lenging. Due to lack of definitive evidence for pathoge-

nicity, many missense variants detected in LQTS genes

are classified as variants of uncertain clinical significance

(VUSs), which are not actionable clinically. High

numbers of VUSs can reduce the clinical utility of genetic

testing.

In a recent study,3 we demonstrated the utility of a high-

throughput patch-clamp assay to assess the functional

consequences of a set of 31 missense variants (Table 1) in
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Table 1. Summary of the 60 variant controls

Benign/likely benign, total of 30

This study 17

Jiang et al.3 13

Pathogenic/likely pathogenic, total of 30

This study 13

Jiang et al.3 17

The details for each of the variant controls are available in Table S1.
the KCNH2 gene (GenBank: NM_000238.4; EnsEMBL:

ENST00000262186.10).3,4 This gene encodes Kv11.1, a pro-

teincomponentof thevoltage-gatedpotassium ionchannel,

which is responsible for the rapid delayed rectifier current

(IKr). Loss-of-function (LoF) variants in this gene are one of

the most common causes of LQTS.4 This assay, which quan-

tifies the current density at �50 mV as a surrogate for IKr in

heart cells,was able to clearlydiscriminatebetweenmissense

variants with normal and abnormal LoF.3 The accuracy of

this assay was comparable to other high-throughput ap-

proaches that assess the impact of protein trafficking5 or pro-

tein misfolding6 on channel expression (Figure S1).

We previously3 illustrated how data from this assay

could be used to inform clinical variant classification using

the ACMG and the Association for Molecular Pathology

(ACMG/AMP) framework,7 providing statistical support

for application of the functional evidence (PS3 and BS3

criteria) with ‘‘supporting’’ or ‘‘moderate’’ weighting. In

this study, we expand on our previous work,3 undertaking

functional analysis of additional variants to give a total of

30 pathogenic and 30 benign variant controls (Table 1).

The 30 benign/likely benign variant controls were selected

on the basis of their minor allele frequency (MAF) in

the Genome Aggregation database (gnomAD v.2.1.1;

maximum population filtering allele frequency8 greater

than 5 3 10�5, which were updated to include gnomAD

v.4.0.0 in Table S1 and Figure S2). The advantage of using

a larger number of benign variant controls, selected based

on the MAF, is that we were able to sample a broader range

of biological and experimental variation and more clearly

define a range for normal function measured by patch-

clamp electrophysiology (Figure 1). Using our assay, the

functionally normal range was defined by a Z score

within 52 of the mean normalized current density deter-

mined from 30 benign control variants. The functionally

abnormal LoF range was defined by a Z score of �2 or

below, corresponding to a variant having less than 55%

of normal function, a clinically relevant threshold consis-

tent with protein haploinsufficiency.6

In our previous study, the 17 pathogenic variant con-

trols had various levels of reduced function.3 In this study,

we included an additional 13 pathogenic variant controls

(Tables 1 and S1) to increase the statistical power of the

assay (Table 2). The experimental procedure is described

in the supplemental information. Fourteen out of the 30
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pathogenic variant controls were observed in gnomAD

v.4.0.0; however, with the exception of the Finnish

founder variant p.(Leu552Ser),9,10 all had a minor filtering

allele frequency lower than the threshold selected for

benign control variants (Table S1). All 30 pathogenic

variant controls had Z scores of �2 or less (Figure 1;

Table S3). Assay performance was evaluated using the

approach recommended by the Clinical Genome Resource

Sequence Variant Interpretation Working Group11; the

odds of pathogenicity were determined to be 30 for

abnormal function (PS3) and 0.034 for normal function

(BS3) (Table 2).

To integrate these functional data into variant classifica-

tion, and to take into consideration the various levels of

reduced function revealed by this assay, we considered a

graded evidence scale weighted according to the severity

of the LoF determined by the Z score. Using this scale, var-

iants with a Z score between �2 and �3 (mild LoF), �3

and�4 (moderate LoF), and less than�4 (severe LoF) could

be categorized as PS3_supporting, PS3_moderate, or

PS3_strong, respectively. It is important to note that this

in vitro cellmodel systemmay not fully reflect protein func-

tion in vivo andmight not capture all abnormal LoF. Taking

into consideration these limitations, we proposed that

normal function variants with a Z score between 0 and 1

or –1 could be classified as BS3_moderate andwith a Z score

between 1 and 2 or –1 and –2 as BS3_supporting (Figure 1).

To investigate the utility of our approach, the functional

evidence level determined from this assay was applied to

enhance the classification of 18 KCNH2 missense variants

detected by Westphal et al. in children with suspected

LQTS.13 Evidence of abnormal LoF was found for 14

missense variants (Figure 2A, yellow and brown circles;

Table S3). Four variants were in the range of normal func-

tion (Table S3). Two of these variants (p.Asp259Asn and

p.Thr983Ile) were detected in children who had been

included in the cohort due to a family history of sudden

cardiac death but had normal QTc and a Schwartz score

of less than 1 (low probability of LQTS14) (Figure 2C).

The p.Val409Ile variant was found in a child with a

Schwartz score of 2 (intermediate probability of LQTS14).

The p.Pro393Leu variant was found in a child who was

also heterozygous for the p.Arg176Trp variant, a possible

risk allele,15 which has been described as a founder variant

in the Finnish population.16
4
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Figure 1. Establishment of graded functional evidence strength based on the Z score determined from benign and pathogenic
variant controls
(A) The cutoff for functionally normal (blue circles) and abnormal (brown circles) was determined to be 55% of wild type (WT) using 2
standard deviations below the mean of all benign controls. Data are presented as mean 5 95% Cl.
(B) The establishment of evidence strength for functional data based on the Z score of �2 by using 30 benign variant controls. The level
of evidence strength was graded based on the Z score: BS3 at moderate (Z between 0 and 51) or supporting (Z between 1 and 2 or –1
and –2) for normal function and PS3 at supporting (Z between�2 and�3), moderate (Z between�3 and�4), and strong (Z less than�4)
for abnormal function. The comparison of benign variant controls was made against known benign/likely benign variants classified by
two other diagnostic laboratories. All the 30 pathogenic variant controls used were found to have function less than the benign variant
controls (see Table S3).
Considering data from 32 pediatric LQTS subjects in this

cohort who were heterozygous for one of these KCNH2

missense variants, there was a negative correlation be-

tween the Z score determined by this assay and Schwartz

score (r ¼ �0.74 [Figure 2B] with a R2 of 0.54 from linear

regression). Overall, the variants that were determined by

our assay to have severe LoF were detected in individuals

with a more severe clinical phenotype (measured by

Schwartz score) and a more prolonged QTc; this is consis-

tent with previous observations.17,18 The variant classifica-

tions inWestphal et al.13 were revised by applying the level

of functional evidence at the strength determined by the Z

scores (Table S3). Considering this additional evidence, the

classification of one variant (p.Leu697His) was upgraded

from VUS to likely pathogenic after PS3 was applied at a

strong level (Table S2).
Table 2. Odds of pathogenicity (OddsPath)

No. classified

Proportion
pathogenic
(prior, P1)

Assay result

Total Pathogenic Benign
Total assay
abnormal

Total assay
normal

True path in
abnormal

60 30 30 0.50 31 29 30

Modified from Fayer et al.12 Note: this estimate ‘‘adds 1.0’’ to the numerator and

Hum
Overall, the findings of our study indicate that the func-

tional evidence produced by this validated assay is

extremely valuable for the interpretation of KCNH2

missense variants in the context of LQTS. However, func-

tional data from this assay should not be used as sole evi-

dence to classify a variant as pathogenic or benign but

should be considered in the context of other evidence, as

outlined in the ACMG/AMP framework.7

At present, we have not extensively examined the func-

tional range of so-called risk alleles, which display incom-

plete penetrance and may only have pathogenic potential

in the presence of other environmental or genetic risk fac-

tors. For example, the p.(Arg176Trp) variant, which was de-

tected in the Westphal et al. childhood-onset LQTS cohort,

has been reported as founder variant in the Finnish popula-

tion10 and reported to be enriched in individuals referred for
‘‘þ1 proportions’’
(posterior, P2)

OddsPath ¼ [P2 3 (1 � P1)]/
[(1 � P2) 3 P1]

True path
in normal

Proportion
path in
abnormal

Proportion
path in
normal

Pathogenic
(evidence
strength
equivalent)

Benign (evidence
strength equivalent)

0 0.97 0.03 30.0
(PS3_Strong)

0.034 (BS3_Strong)

the denominator to do a calculation.

an Genetics and Genomics Advances 5, 100270, April 11, 2024 3
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Figure 2. Missense KCNH2 variants from children with LQT syn-
drome
(A) The functional assessment of these variants using patch-clamp
assay. Blue region indicates the functionally normal range deter-
mined from a set of 30 benign variant controls. Variants are color
coded to indicate the Z score: blue for Z scores between 0 and51,
light blue for Z scores between 1 and 2 or –1 and –2, yellow for Z
scores between �2 and �3, orange for Z scores between �3 and
�4, and brown for Z scores less than �4. Variants that were down-
graded to VUS in Westphal et al.13 are indicated by a hash symbol
(#). The heterozygous variant p.(Pro393Leu) with a risk allele
p.(Arg176Trp) is indicated with a red outline. Data are presented
as mean 5 95% Cl.
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LQTS genetic testing but lacking a molecular diagnosis.19

The frequency of this variant in the gnomAD European

(non-Finnish) population was higher than the threshold

used toselectbenignvariantcontrols for this study;however,

it was determined by the assay to have a mild LoF effect (Z

score �2.75); these findings are consistent with this being a

variant with low or incomplete penetrance. Further studies

may provide additional functional evidence, which might

help clarify the pathogenic potential of this class of variant.

In conclusion, this patch-clamp assay, which used exten-

sively characterized variant controls to calibrate thresholds

for normal and abnormal LoF missense variants in the

KCNH2 gene, provides reliable functional evidence that

can be incorporated into clinical variant classification.

This has potential to reduce uncertainty in variant inter-

pretation in this clinically important gene.
Data and code availability

The code supporting the current study is available

at https://git.victorchang.edu.au/projects/SADA/repos/

syncropatch_automated_analysis/browse, and the patch-

clamp datasets are available from the corresponding

author upon request.
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.xhgg.2024.100270.
Acknowledgments

This work was funded by an NSW Cardiovascular Disease Senior

Scientist grant (J.I.V.), a National Health and Medical Research

Council Principal Research Fellowship (J.I.V.), and a Medical

Research Future Fund: Genomics Health Futures Mission grant

MRF2016760 (J.I.V. and C.-A.N). We also acknowledge support

from the Victor Chang Cardiac Research Institute Innovation Cen-

ter, funded by the NSW government.
Author contributions

Conceptualization, K.L.T., J.I.V., and C.-A.N.; data curation, K.L.T.,

E.R., and C.-A.N.; formal analysis, K.L.T., C.J., E.R., D.S.W., T.B.,
(B) The correlation of Schwartz score from children that have these
variants and the corresponding function of the variant assessed by
patch-clamp assay. The region of Schwartz score above 3.5 is high-
lighted to indicate the severity of the LQT clinical phenotype. The
Pearson r for this correlation is �0.74 and the R2 of linear regres-
sion is 0.54 with p¼ 0.0007. The Schwartz score for the compound
heterozygous p.(Pro393Leu) with a risk allele p.(Arg176Trp) was
not included. Data are presented as mean 5 SEM.
(C) The correlation of QTc and the corresponding function of the
variant assessed by patch-clamp assay. The region of QTc above
480 ms is highlighted. The Pearson r for this correlation is �0.76
and the R2 of linear regression is 0.58 with p ¼ 0.0004. The QTc
for the compound heterozygous p.(Pro393Leu) with a risk allele
p.(Arg176Trp) was not included. Data are presented as mean 5
SEM.

4

https://git.victorchang.edu.au/projects/SADA/repos/syncropatch_automated_analysis/browse
https://git.victorchang.edu.au/projects/SADA/repos/syncropatch_automated_analysis/browse
https://doi.org/10.1016/j.xhgg.2024.100270
https://doi.org/10.1016/j.xhgg.2024.100270


C.M.W., M.V., S.M.H., J.I.V., and C.-A.N.; funding acquisition,

J.I.V.; methodology, K.L.T., C.J., E.R., J.I., J.I.V., and C.-A.N.;

writing – original draft, K.L.T., J.I.V., and C.-A.N.; writing – re-

view & editing, K.L.T., E.R., D.S.W., T.B., C.M.W., M.V., S.M.H.,

J.I., C.R.B., B.M.K., J.I.V., and C.-A.N.
Declaration of interests

M.V. is an employee and stockholder of Invitae Corporation.

Received: October 6, 2023

Accepted: January 8, 2024
References

1. Wilde, A.A.M., Semsarian, C., Márquez, M.F., Sepehri Sham-

loo, A., Ackerman, M.J., Ashley, E.A., Sternick, E.B., Barajas-

Martinez, H., Behr, E.R., Bezzina, C.R., et al. (2022). European

Heart Rhythm Association (EHRA)/Heart Rhythm Society

(HRS)/Asia Pacific Heart Rhythm Society (APHRS)/Latin Amer-

ican Heart Rhythm Society (LAHRS) Expert Consensus State-

ment on the state of genetic testing for cardiac diseases. Euro-

pace 19, e1–e60.

2. Miller, D.T., Lee, K., Abul-Husn, N.S., Amendola, L.M.,

Brothers, K., Chung, W.K., Gollob, M.H., Gordon, A.S., Harri-

son, S.M., Hershberger, R.E., et al. (2022). ACMG SF v3.1 list

for reporting of secondary findings in clinical exome and

genome sequencing: A policy statement of the American Col-

lege of Medical Genetics and Genomics (ACMG). Genet. Med.

24, 1407–1414.

3. Jiang, C., Richardson, E., Farr, J., Hill, A.P., Ullah, R., Kroncke,

B.M., Harrison, S.M., Thomson, K.L., Ingles, J., Vandenberg,

J.I., and Ng, C.A. (2022). A calibrated functional patch-clamp

assay to enhance clinical variant interpretation in KCNH2-

related longQTsyndrome. Am. J. Hum.Genet. 109, 1199–1207.

4. Adler, A., Novelli, V., Amin, A.S., Abiusi, E., Care, M., Nannen-

berg, E.A., Feilotter, H., Amenta, S., Mazza, D., Bikker, H., et al.

(2020). An International, Multicentered, Evidence-Based Re-

appraisal of Genes Reported to Cause Congenital Long QT

Syndrome. Circulation 141, 418–428.

5. Ng, C.A., Ullah, R., Farr, J., Hill, A.P., Kozek, K.A., Vanags, L.R.,

Mitchell, D., Kroncke, B.M., and Vandenberg, J.I. (2021). A

Massively Parallel Trafficking Assay Accurately Predicts Loss

of Channel Function in KCNH2 Variants. Preprint at bio-

Rxiv 10.

6. Anderson, C.L., Routes, T.C., Eckhardt, L.L., Delisle, B.P.,

January, C.T., and Kamp, T.J. (2020). A rapid solubility assay

of protein domain misfolding for pathogenicity assessment

of rare DNA sequence variants. Genet. Med. 22, 1642–1652.

7. Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J.,

Grody,W.W.,Hegde,M., Lyon, E., Spector, E., et al. (2015). Stan-

dards and guidelines for the interpretation of sequence variants:

a joint consensus recommendation of the American College of

Medical Genetics and Genomics and the Association forMolec-

ular Pathology. Genet. Med. 17, 405–424.

8. Whiffin, N., Minikel, E., Walsh, R., O’Donnell-Luria, A.H.,

Karczewski, K., Ing, A.Y., Barton, P.J.R., Funke, B., Cook, S.A.,

MacArthur, D., and Ware, J.S. (2017). Using high-resolution
Hum
variant frequencies to empower clinical genome interpreta-

tion. Genet. Med. 19, 1151–1158.

9. Piippo, K., Laitinen, P., Swan, H., Toivonen, L., Viitasalo, M.,

Pasternack, M., Paavonen, K., Chapman, H., Wann, K.T., Hir-
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